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ABSTRACT: Point mutants with alterations to Leu249, Lys252, Leu253, Asp254, and Glu255 in membrane
segment M3, and Pro824, Lys825, and Glu826 in loop-L6of the sarcoplasmic reticulum &aATPase

were analyzed functionally by steady-state and transient kinetic methods. In mutants Leu249Ala, Lys252Glu,
and Leu253Ala, the rate of €adissociation from the cytoplasmically facing high-affinity Tasites

was increased 4- to 7-fold relative to wild type, and in Leu249Ala and Lys252Glu the raté&obi@eing

was increased as well. Substitution of Lys252 with arginine, alanine, glutamine, or methionine affected
C& interaction much less, indicating that the negative charge of the glutamate is particularly disturbing.
These findings may be understood on the basis of the hypothesis that a water-accessible channel leading
between membrane segments M1 and M3 in the thapsigargin-bouner€a structure [Toyoshima, C.,

and Nomura, H. (2002\ature 418 605-611] is closely related to the migration pathway forPCalrhe

effects of alanine mutations to Leu249 and Leu253 ofi"@ssociation may arise from destabilization

of the hydrophobic wall lining the pathway. In mutant Lys252Glu, unfavorable interaction between the
glutamate and L67 may open the pathway. In addition, Leu253Ala, and to a lesser extent some of the
other mutations, reduced the rate of thd?Ea to E,P transition of the phosphoenzyme, enhanced the
rate of dephosphorylation of,B, and reduced the apparent affinity for vanadate, suggesting interference
with the conformational change of the phosphoenzyme and the function of the catalytic siteumdl E

EsP.

The C&"-ATPasé of sarcoplasmic reticulum is an ion Scheme 1: Reaction Cycle of €aATPasé

pump that mediates the uptake of°Cé&rom the cytoplasm ATP ADP

at the expense of ATP being hydrolyzdd-3). This integral E1Ca, 5 E1PCa,
membrane protein consists of 10 membrane-spanning seg-

ments, M:-M10, of which M4, M5, M6, and M8 contribute Z,JI 41\ ”
ligands to C&" binding, and a cytoplasmic part comprised (eriton (iumen)
mainly of three distinct domains named “N” for nucleotide- E1Ca E2P
binding, “P” for phosphorylation, and “A” for “actuator4j. H,0
During the enzyme cycle (Scheme 1), the aspartic acid ca?* N N,
residue Asp351 in domain P undergoes phosphorylation and (eytosol) 6 '

dephosphorylation, and a crucial question is how these events Et E2

are coupled with the translocation of Tabccurring in the : , :
. A The functional com- conformational states are |nv0Ive(_1 in t_he transport proce_sEzEEll_D,
membrane domain some 40 A away. and EP. In addition, the sequential binding of the two?Céo E; is

munication over this distance seems to be mediated byaccompanied by further conformational rearrangements that aliGas E

distinct conformational changes in the protein that are still to be phosphorylated from ATP. The partial reaction steps are numbered
for reference in the text and figure legends.

a2 The forward direction of the cycle is clockwise. At least four major
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actuator domain, and, furthermore, M3 participates in a
hydrogen bond network with domain P and the cytoplasmic

Clausen and Andersen

phosphate precipitation metho#i7j. The microsomal frac-
tion containing expressed wild-type or mutanfGATPase

loop extending between membrane segments M6 and M7was isolated by differential centrifugatioh). The concen-

(loop “L6—7"). The actuator domain and & have both
been implicated together with domain P in the transport
associated conformational rearrangemebts1(0). M3 resi-
dues also participate in the binding of thapsigardih (2),

an inhibitor that interferes both with €abinding and the
function of the catalytic site. Furthermore, in the recently
published crystal structure of the thapsigargin-bound"Ca
free form of the C& -ATPase, a water-accessible pocket,
or channel, has opened up between M1 and W3.(This
channel might provide a passage fo?Ct the binding sites

in the native C#&'-free enzyme 12).

Information about structurefunction relationships can be
obtained by examining the functional consequences of site
mutations, but few mutagenesis studies of thé&"&€rPase
have focused on M3. In a recent study from this laboratory
(13), we analyzed chimeras with short sequences of té-Ca

ATPase replaced by the corresponding segments of the

closely related NgK*-ATPase and found that replacement
of the segment Lys252L eu—Asp—GIlu255 near the cyto-
plasmic end of M3 with the NgK*-ATPase segment, Glu
lle—Glu—His, led to functional changes suggesting that this
region plays previously unrecognized roles in control of'Ca
migration to and from the binding sites and in the confor-
mational changes involved in &atranslocation 13). A
major concern in such studies of chimeras/cluster mutants

tration of expressed wild type or mutant was quantified by
a specific enzyme-linked immunosorbent asskg),(using

as standard expressed wild-type SERCAla, for which the
concentration had been determined by measurement of the
maximum capacity for phosphorylation by inorganic phos-
phate in the presence of 30% (v/v) dimethyl sulfoxi@g)(

In some cases, the determination of maximum capacity for
phosphorylation was, furthermore, used as an additional assay
to check the concentration of expressed mutait-®@d Pase.

The ATP-driven transport of°Ca*t into the microsomal
vesicles was measured by filtration, and the ATPase activity
by determining the amount of; Rberated 20, 21) under
conditions corresponding to maximal activity for the wild
type at 37°C, pH 7.0, and 5 mM MgATP. Following
subtraction of the background activity determined with
control microsomes isolated from mock-transfected COS-1
cells, the specific activity (“turnover rate”) was calculated
by relating the rate of Ga transport or ATP hydrolysis to

the expression level.

Phosphorylation fromy[-32P]ATP and®?P;. Manual mixing
experiments at various buffer and temperature conditions
(detailed in the figure legends) were carried out according
to the principles described previouslp, (14, 19, 20).
Transient kinetic experiments at 26 were performed using

is, however, whether the observed effects can be associate@ Bio-Logic quench-flow module QFM-5, as describ2a)(

to particular functionally important residues, or the effects

or using a Bio-Logic quench-flow module SFM-400/Q (Bio-

are more unspecific, requiring the simultaneous replacementLogic Science Instruments, Claix, France) that works by the
of several residues. For these reasons, we have nowsame principle as the QFM-5 module. Even though the two
undertaken a more detailed study of the functional conse-quench-flow modules gave essentially identical results, each
quences of point mutations to the same residues and otherset of experiments was performed exclusively on the same

in their vicinity. Interestingly, the EC& crystal structure
shows that the side chain of Lys252 is within hydrogen
bonding distance of the two backbone carbonyls of Pro824
and Glu826 in the C-terminal part of loop £& (4), whereas

in the crystal structure of the thapsigargin-bound'Claee
form, the side chain of Lys252 has moved away from-IZ6
(12). To investigate the importance of the interaction between
Lys252 and L6-7 in E;Ca, we have studied a series of point
mutations with alterations to Lys252, Pro824, Lys825, and
Glu826. We have, furthermore, focused our attention on the
acidic residues Asp254 and Glu255, and the hydrophobic
residue Leu253, which like Lys252 are part of the Lys252
Leu—Asp—Glu255 segment pinpointed in the previous study
(13). Moreover, we have investigated the importance of
Leu249, which is located one-helical turn above Leu253

in M3. Our results demonstrate that either of the point
mutations Leu249Ala, Lys252Glu, and Leu253Ala interferes
profoundly with C&" migration, and in addition Leu253 is
very important for the BPCa to E,P transition and for the
function of the catalytic site in £Fand EP.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Assays @i@ll Function.
Oligonucleotide-directed mutagenesis of cDNA encoding the
rabbit fast twitch muscle Ca-ATPase (SERCA1a isoform)
was carried out as described previoudif)( For expression,
the wild-type or mutant cDNA, inserted in the pMT2 vector
(15), was transfected into COS-1 cellif using the calcium

module. Acid quenching of phosphorylated enzyme was
performed with 0.5-2 volumes of 25% (w/v) trichloroacetic
acid containing 100 mM BPQ,. The acid-precipitated protein
was washed by centrifugation and subjected to SDS
polyacrylamide gel electrophoresis in a 7% polyacrylamide
gel at pH 6.0 §), and the radioactivity associated with the
separated Ca-ATPase band was quantified by imaging,
using a Packard Cyclone Storage Phosphor system. Back-
ground phosphorylation levels were subtracted from all data
points. The background was determined in parallel experi-
ments, either with control microsomes isolated from mock-
transfected COS-1 cells or by adding an excess of EGTA to
remove C&" before initiating the phosphorylation. In some
of the dephosphorylation experiments, the constant phos-
phorylation level reached after the exponential decay was
taken as background.

Calculations and Data Analysighe SigmaPlot program
(SPSS Inc.) was used to analyze the data by nonlinear
regression, and the best fits are shown as lines in the figures.
Extracted parameters are given in the tables and figure
legends. The analysis of ligand concentration dependences
was based on the Hill function. Monoexponential functions
were fitted to the phosphorylation and dephosphorylation
time courses. Generally, the experiments were conducted at
least twice. Standard errors are indicated for the means and
for parameters extracted by regression analysis in those cases
where the analysis was based o 4 determinations.
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Table 1: Results of the Functional Analysis of Overall and Partial Reactions

turnover Ko s for rate of rate of
max rate in Ca* rate of rate of Ko s for dephos- dephos-

turnover  the absence cat activation of cat car vanadate phorylation phorylation

ratet of ionophoré  transport ATPase dissociatiof  binding inhibitions  of E;PCa" of E;P

mutation (s (%) (%) activityd (uM) (s (s (uMm) (min™Y) (min™Y)
wild type 117+ 2 41+1.3 100+ 2 0.31+0.01 2.2+0.1 209+ 09 0.17+£0.01 19.1+11 21+0.1
Leu249Ala 111+ 3 37 107+ 3 0.32+0.01 11.1+0.9 275+£1.2 0.93+0.08 17.8+1.9 7.0+ 1.1
Lys252Ala 106 35 1089 0.36+ 0.02 3.2+ 0.2 255+1.8 0.16+0.02 22.1+1.9 5.2+ 0.3
Lys252Glu 91+ 6 32 86+ 6 0.37+0.01 8.9+ 0.3 541+ 21 1.24+0.13 12.2+1.2 8.0+ 0.3
Lys252GIn 113+ 6 34 97+ 10 0.354+ 0.02 3.3£0.1 31.8+3.0 0.15+0.02 19.7£2.0 6.3+ 04
Lys252Met 115+ 7 39 114+ 17 0.37£0.01 4.0+ 0.1 29.6+25 0.14+0.01 18.0+1.7 4.2+ 0.6
Lys252Arg 106+ 6 41 105+ 12 0.364+ 0.02 3.3+0.1 243+15 0.12+0.02 18.0+14 5.0+ 04
Leu253Ala 47+ 4 29 43+ 6 0.20+ 0.02 147t 1.4 20.5+1.1 1.57+0.20 4.5+ 0.5 28.6+ 1.5
Asp254Ala 70+ 5 32 67+ 3 0.25+ 0.02 3.3+ 0.2 209+ 1.6 0.14+0.01 7.6+£0.6 10.0+£0.8
Glu255Ala 110+ 10 30 100+ 6 0.31+ 0.02 24+ 0.1 234+ 1.0 0.15+0.01 14.2+1.8 3.0+£04
Glu255His 114+ 7 34 98 0.39+ 0.03 3.2+0.2 274+ 15 0.19+0.02 152+1.1 3.4+0.1
Pro824Leu 86t 7 38 105+ 13 0.30+ 0.01 3.2+0.2 246+ 17 0.31+£0.03 13.3+1.0 2.8+0.3
Lys825Leu 1029 51 103+ 9 0.26+ 0.02 3.9+0.1 27623 0.14+0.01 17.1+15 25+0.1
Glu826Leu 75t 6 49 95+ 10 0.17+0.01 2.6+0.1 27.9+15 0.22+0.02 143t16 3.8+ 05

a2The maximum rate of Ca-activated ATP hydrolysis was determined at &7 in the presence of AM C&" ionophore A23187, using the
Baginski method Z0, 21) to measure the amount of kberated during a 10-min incubation of the microsomes in a medium containing 50 mM
TES/Tris (pH 7.0), 100 mM KCI, 7 mM MgG] 1 mM EGTA, 0.9 mM Cadl (giving a free C&" concentration of 3(M), and 5 mM ATP. The
ATPase turnover rate was calculated as the amountlitfePated per Ca-ATPase molecule per secorfdThe ATPase turnover rate was determined
as described above, except for the exclusion dfGanophore A23187. The percentages indicate the turnover rates determined in the absence of
ionophore relative to those determined in its presefibteasurements of ATP-driven €atransport were performed by filtration following incubation
for 5 min at 37°C in a medium containing 20 mM MOPS/Tris (pH 6.8), 100 mM KCI, 5 mM MgATP, 5 mM potassium oxalate, 0.5 mM EGTA,
and 0.45 mM*CaCb. The C&* transport activity of the wild type was taken as 100% and each mutant was related to this level following correction
for the variation of expression levelThe ATPase turnover rate was determined as described abo%e i@aphore present), but at varying
concentrations of Ga. TheKg s values for C&" activation were deduced by fitting the Hill equaticiThe rate of C& dissociation at 23C, pH
6.0 determined as described for Figuré The rate of phosphorylation at pH 7.0, 25 determined following simultaneous addition t?P]ATP
and C&' to Ca&"-deprived enzyme as described for Figure 3 (examination of the reaction sequence consisting of reactions 6, 1, 2, and 3 in Scheme
1). 9 The apparent affinity for vanadate determined as described for FiglifEt rate of dephosphorylation offECa phosphoenzyme determined
at 0°C as described for Figure 6 (examination of th€ €Ea — E,P transition, i.e., reaction 4 in Scheme IJhe rate of dephosphorylation offE
phosphoenzyme determined as described for Figure 7 (reaction 5 in ScherBéahgdard errors are indicated in those cases where the analysis was
based om > 4 determinations.

RESULTS is avoided 20). Mutants Leu253Ala and Asp254Ala showed
the most pronounced reduction of the turnover rate, to 40

Mutagenesis and Expressiohhe 13 point mutations to and 60% of wild type, respectively. For Lys252Glu,

the C&"-ATPase examined in the present study are listed
in Table 1. Lys252 was replaced with alanine, glutamate (the Pro824Leu, and Glu826Leu, the turnover rate was affected

substitution present in the Na*-ATPase), glutamine, toalesse_r e>_<tgnt, a}nd for the remgining mutants the turnover
methionine, and arginine to study the effects of variations "at€ was indistinguishable from wild type. In the absence of
in size, polarity, and charge of the side chain. Residues calcium ionophore, the ATPase activity was2fold lower
Leu249, Leu253, and Asp254, which show a high degree of than that measured in the presence of ionophore for the wild
homology to the corresponding residues in thet )Ka- type and all the mutants (Table 1), demonstrating that the
ATPase (I1e279, 1le283, and Glu284, respectively, in the rat mutants were able to pump €aand, like the wild type,

a; form), were each replaced by alanine. Glu255 was were inhibited by luminal Cd. The ability to transport Ca
replaced with alanine or histidine, the latter being the residue was also demonstrated by direct measurement of the rate of
found at the corresponding position in the\l&"-ATPase 45Ca* accumulation in the microsomal vesicles at°&7in

(i.e., His285). The interaction between the side chain of the presence of oxalate to trap®in the lumen (Table 1).
Lys252 and L6-7 was furthermore studied by replacement The mutational effects on €atransport are seen to be
of Pro824, Lys825, and Glu826 with leucine. Although similar to those described above for the rate of ATP
Lys252 is believed to interact with the main chain carbonyls hydrolysis, indicating a retained coupling between ATP

of Pro824 and Glu8264j, we speculated that changes to hydrolysis and C# translocation in the mutants.
the side chains of these residues might cause some perturba- .
tion of the main chain that would interfere with the bonds The turnover rate for ATP hydrolysis was furthermore

to Lys252. All the mutants could be expressed in COS-1 measured at varying concentrations of C@ata not shown).
cells to levels similar to that of the wild type. The C&* concentration giving half-maximum activation of

Assays for @erall Function To assess the overall function ATP hydrolysis was deduced by fitting the Hill equation to
of the mutants, we measured the maximum rate Gf*Ca the data, and the €aactivation constants are listed in Table
activated ATP hydrolysis at 37C in the presence and 1. A 1.5-2-fold higher apparent Ca affinity (lower Kos)
absence of the calcium ionophore A23187 (Table 1). The relative to wild type was evident for mutants Leu253Ala and
ionophore permits passive efflux of €aaccumulated inthe ~ Glu826Leu. For the remaining mutants, tgs values for
microsomal vesicles, whereby the “back inhibition” imposed C&* activation deviated less or insignificantly from that of
by Ca&" accumulated at high concentration in the vesicles the wild type.
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FIGURe 2: Ca&" dissociation at pH 7.0: examination of reaction 2,
reverse, in Scheme 1. The phosphorylation level of enzyme
preincubated in medium containing 40 mM MOPS/Tris (pH 7.0),
80 mM KCI, 5 mM MgClh, and 100uM CaCl, was determined 34
ms after mixing with an equal volume of a medium containing 40
mM MOPS/Tris (pH 7.0), 80 mM KCI, 5 mM MgGJ 10 uM
[y-32P]JATP and either 4 mM EGTA (“ERp+ecTa’) OF 100 uM
CaCl (“EPatp”), using the quench flow module QFM-5 at 2&

as previously describe@2). The columns show the ratio between
EPatp+ecTa @nd ERtp, Which is inversely related to the rate of
Ca&* dissociation.
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Phosphorylation (%)

100 E255A | 100 4
80 4 80
60 - 60 ]
40 40

20 conspicuous increase of the rate constantA4old), relative
E 20 4

to wild type, was seen for Leu249Ala, Lys252Glu, and

0 — 01 —— Leu253Ala, whereas the other mutants showed much smaller
00 05 10 15 00 05 10 15 effects (up to 2-fold increase).
Time (s) To obtain information about the mutational effects oR'Ca

Ficure 1: Rate of C&" dissociation at pH 6.0: examination of  dissociation at pH 7.0, where the rate of the wild type is
reaction 2, reverse, in Scheme 1. Quench-flow experiments wereconsiderably higher than at pH 6.0, we used the previously

carried out as illustrated in the diagram above the panels using a,,,; ; ; ; ;
SFM-400/Q module at 25C. Wild-type (open circles) or mutant validated simple approach based on a single time point at

(solid circles) enzyme preincubated in medium containing 40 mm 34 Ms (3, 22). Figure 2 STOWS the ,r’at_io BibecTa/EPATe
MES/Tris (pH 6.0), 80 mM KCI, 5 mM MgGl and 10QuM CaClh, determined at pH 7.0. “Effp+ecra” iS the amount of
was mixed with an equal volume of 40 mM MES/Tris (pH 6.0), phosphoenzyme measured 34 ms after the simultaneous

80 mM KCI, 5 mM MgCh, and 4 mM EGTA. At the time interval addition of b,_32p]ATp and excess EGTA to @asaturated

indicated on the abscissa, the double volume of 40 mM MES/Tris « o
(PH 6.0), 80 mM KCl, 5 MM MgCJ, 2 mM EGTA, and 1QuM enzyme. “ERp" is the amount of phosphoenzyme measured

[y-32P]ATP was added, followed by acid quenching 34 ms later. 34 Ms after the addition ofyf*PJATP without EGTA to
To obtain the point corresponding to zero time, 4 MM EGTA was C&*-saturated enzyme, i.e., under conditions wher& Ga
replaced by 10quM CaChk. The lines show the best fit of a  present in the medium. When EGTA is added together with
monoexponential decay function, giving the rate constants listed [,,_32p]ATP, the ECa, species partitions between phospho-
;?o;att;lg &b;;r(?rele?‘tr%?nnell.mes correspond to the wild-type curve rylatio_n (reacti_on 3, forwar_d, in Scheme_ 1), formingDE:ag,_
and dissociation of the first €& (reaction 2, reverse, in
Scheme 1), leading to the nonphosphorylatahl@eEinter-
mediate. An increase of the rate of¥Caissociation therefore
reduces the ERp+ecta/EPAtp ratio. Figure 2 shows that the
EPatp+ecTa/EPaTe ratio was markedly reduced relative to
wild type for mutants Leu249Ala, Lys252Glu, and Leu253Ala
(to 23, 31, and 45%, respectively, compare with 70% for

S ) wild type), consistent with an increase of the?Cdissocia-
such as EGTA, the ability to phosphorylate disappears at tion rate. Previously, we found a value of 27% for the

rate corresponding to that of the first Calissociation step chimeric cluster mutant in which Lys252 eu—Asp—

in the sequential mechanism (reaction 2, reverse, in Schemeg 255 had been replaced by Gllle—Glu—His (13). As

1), because activation of phosphorylation requires the bindingther seen in Figure 2, the conservative mutation Lys252Arg
of both C&" ions 23). The results shown in Figure 1 were  anq the mutations to Asp254 and Glu255 had little or no
obtained at 25C and pH 6.0 by mixing the Ca-saturated  influence on the ERpseara/EPare ratio. A reduction to
enzyme with an excess of EGTA to allowTdo dissociate  yg|yes ranging between 51 and 63% was seen for the
for the indicated time intervals, followed by testing the ability remaining Lys252 mutants and for the three-{Bmutants.

to phosphorylate by a 34-ms incubation with¥P]ATP Rates of Phosphorylation and &aBinding. Using the
prior to acid quenching, as indicated in the flow diagram at rapid quench module, the time course of phosphorylation
the top of the figure. As seen in Figure 1, good fits of a with [y-32P]JATP was studied at pH 7.0, 2%, either for
monoexponential decay function to the data could be enzyme preincubated with a saturating*Caoncentration
obtained. The extracted rate constant fof'Cdissociation of 100 uM, or upon simultaneous addition of £?P]ATP

is listed in Table 1 for the wild type and all mutants. A with C&" (giving a final free C&" concentration of 102M)

Rate of Ca" Dissociation.C&" dissociation from ECa
was studied by the previously described rapid kinetic
methods 13, 22). The assays for Ca dissociation take
advantage of the fact that phosphorylation from ATP requires
occupancy of the Ca sites 3). When free C# is removed
from C&*-saturated enzyme by addition of a®Ca&helator



Leu249, Lys252, and Leu253 in &aATPase Biochemistry, Vol. 42, No. 9, 2002589

100 4 100 4 100 4 100 4
80 80 . 80 80 J
60 60 ] 60 60
e 0] 40 g 0] 40 §
c 20 20 = 20 ] 20 ]
-% 0] Wildtype [ 0 L249A = 0 Widtype | 0 L249A
-— T T T T T T T T v T T —_— L] v T v T T T T T T T T
2 0 100 200 300 400 0 100 200 300 40 g 0 250 500 750 1000 0 250 500 750 1000
=
< 100 | 100 - & 100
8 80 80 o 80 J
= 4 L 4
o 60 60 o 60 ]
40 ] 40 ] 40 ]
20 20 ] 20
0 K252 | 0] L253A 0 - K252E | 04 L253A
T T T T T T T T T T T L] L T T T T T L T
0 100 200 300 400 0 100 200 300 400 0 250 500 750 1000 0 250 500 750 1000
Time (ms) Time (ms)

FiGURE 3: Time course of phosphorylation from-f2P]JATP at 25 Ficure 4: Time course of phosphorylation from-f?P]JATP at 25

°C and pH 7.0 of enzyme preincubated in the presence &f Ca °C and pH 6.0 of enzyme preincubated in absence of"Ca
(examination of reaction 3 in Scheme 1) or absence ¢*Ca Examination of the proton dissociation steps assomateo! with
(examination of the reaction sequence consisting of reactions 6, 1,reactions 6 and 1 in Scheme 1. The experiments were carried out
2, and 3 in Scheme 1). The experiments were carried out using a@s for Figure 3, enzyme initially present in the*Galeprived form,
QFM-5 quench-flow module at 25C with mixing protocols as ~ €Xcept that 40 mM MES/Tris (pH 6.0) was used as buffer instead
previously described 2@) To monitor the phosphoryla’[ion of of MOPS/THS The lines ShOW the best fits of a monoexponentla|
enzyme initially present in the €&bound form (open triangles), ~ function, giving the following rate constants: wild type, 6:30.3
microsomes suspended in a buffer containing 40 mM MOPS/Tris S Leu249Ala, 13.74 0.9 s%; Lys252Glu, 13.7+ 0.7 s

(pH 7.0), 80 mM KCI, 100uM CaCh, and 5 mM MgC} were Leu253Ala, 4.8+ 0.3 s'1. The broken lines correspond to the wild-
mixed with an equal amount of the same buffer containing in type curve from the upper left panel.

addition 10uM [y-32P]ATP, followed by acid quenching at the

indicated time intervals. To monitor the phosphorylation of enzyme observed rate constant was almost the same following

initially present in the CH-deprived form (solid circles), mi- preincubation in the absence and presence 8f 28 and
crosomes suspended in a buffer containing 40 mM MOPS/Tris (pH 1 . .
7.0), 80 mM KCl, and 2 mM EGTA were mixed with an equal 34 s1, respectively, Figure 3). None of the other mutants,

amount of buffer containing 40 mM MOPS/Tris (pH 7.0), 80 mM  including Leu253Ala (Figure 3), ShOV\_/ed SUC_h a 005}|es§enCe
KCl, 2.2 mM CaC}, 10 mM MgCh, and 10uM [y-32P]ATP, of the rate constants observed following preincubation in the
followed by acid quenching at the indicated time intervals. In each absence and presence of?Ca

case, the maximal level of phosphorylation was taken as 100%. Eqr the wild type and mutants Leu249Ala, Lys252Glu
The lines show the best fits of a monoexponential function. The . '
respective rate constants obtained following preincubation in the anq Leu253AIa, the rate of phosphorylation of en;yme
presence and absence of?Care as follows: wild type, 57.& preincubated in the absence offCwas, furthermore, studied
2.0 s%, 20.94+ 0.9 s} Leu249Ala, 33.9+ 1.5 s, 27.5+ 1.2 at pH 6.0, where the ion binding sites of the larm are

s Lys252Glu, 59.3 3.4 sh 54.1+ 21" Leu253Ala, 54.8  thought to be protonated, so that proton dissociation (“deoc-
+40s% 205+ 1.1s% clusion”), occurring in relation to reactions 6 and 1 of
. . . Scheme 1, contributes to rate limitation of theE E;Ca

to enzyme preincubated in the absence of'Cln the wild - qition p4). Under these conditions, the respective rate
type, phosphorylation is slower in the latter condition than constants were 6.3, 13.7, 13.7, and 4.8 §igure 4). The

in the former, because in addition to reaction 3 of Scheme enhancement of the,E~ E;Ca transition at pH 6.0 seen
1, also C&'" binding with associated conformational changes for Leu249Ala and Lys252Glu is in line with the above-

(the C&" binding & — E.Ca transition, cf. Scheme 1,  yegcribed finding for these mutants at pH 7.0 and suggests
reactions 6, 1, and 2) contribute to rate limitation. Figure 3 {nat in addition to C& binding and dissociation, proton
shows the data for selected mutants, and Table 1 lists for all jissociation is accelerated relative to wild type.

the mutants the rate constant for phosphorylation determined \/3nadate Binding To further study the equilibrium

following preincubation in the absence of C§'rate of C&" between Eand E (reaction 6 in Scheme 1) and the vanadate
binding”). This rate constant was slightly increased, relative pinding properties of the Horm, we determined the apparent

to wild type, in several of the mutants. However, for mutant affinity for vanadate (Figure 5). Vanadate is believed to act
Lys252Glu a conspicuous increase of the rate constant, t0as a transition state analogue of the phosphoryl gr@ap (

54 s', was seen. This value is indistinguishable from that and binds preferentially to the;Eorm, thereby arresting the

of 59 s'! obtained following preincubation in the presence Cg+-ATPase in a stable £vanadate complex2). Fol-

of C&* (i.e., corresponding to€a — EiPCa, cf. Scheme  |owing equilibration with various concentrations of vanadate
1, reaction 3), the two curves being superimposable (Figurein the absence of Ga and ATP, the amount of phospho-
3). Hence, in Lys252Glu, the phosphorylation rate deter- enzyme formed upon the addition of Taand [y-32P]ATP
mined following preincubation in the absence ofCseems  was measured. Vanadate binding is competitive with respect
to be limited only by the ECa& — E;PCa step (reaction 3)  to phosphorylation, and because the dissociation of vanadate
and not by the Ca binding transition, E— E;Ca (reactions is very slow at 0°C (half-life for the enzyme-vanadate

6, 1, and 2 in Scheme 1), indicating that the rate ofE complex of the order of hours both for wild type and
EiCa (the “on-rate” for C&") is markedly enhanced in  mutants), the amount of phosphoenzyme formed in this assay
Lys252Glu, relative to wild type. A similar reasoning holds reflects the equilibrium between the free and vanadate-bound
for mutant Leu249Ala, because in this mutant, as well, the enzyme forms existing before the addition of?Cand
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Ficure 5: Vanadate inhibition of phosphorylation: examination
of the equilibrium between Eand g (reaction 6 in Scheme 1) and
the vanadate binding properties of thef&rm. Microsomes were
incubated fo 1 h at 25°C and subsequently 15 min at°C in a
buffer containing 40 mM MOPS/Tris pH 7.0, 80 mM KCI, 5 mM

MgCl,, 2 mM EGTA, and the indicated concentrations of ortho-

vanadate. Phosphorylation was then carried out by sequential

addition of 2.5 mM CaGland 5uM [y-32P]ATP at 0°C, followed
by acid quenching 15 s later. The maximal level of phosphorylation

obtained in the absence of vanadate was taken as 100%. The line

show the best fits of the equation EPER,(1 — [vanadate]Kos

+ [vanadate])), giving th& s values listed in Table 1. Open circles,
wild type; open squares, Lys252Ala; triangles pointing upward,
Lys252Glu; solid circles, Pro824Leu; solid diamonds, Lys758lle;
solid squares, Leu249Ala; triangles pointing downward, Leu253Ala;
open diamonds, Asp254Ala. Mutant Lys758lk ¢ = 86 + 4 nM)
described previously2Q) was included for comparison.

[y-*2P]JATP. From the results shown in Figure 5, it is clear
that mutants Leu249Ala, Lys252Glu, and Leu253Ala all
displayed much lower apparent affinity for vanadate (5-, 7-,
and 9-fold, respectively) than the wild type, whereas for the

Clausen and Andersen
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Ficure 6: Dephosphorylation at 8C of E;PCa phosphoenzyme
formed from p-32P]JATP: Examination of the fPCa — E,P
transition (reaction 4 in Scheme 1). Phosphorylation was performed
for 15 s at 0°C in a medium containing 40 mM MOPS/Tris (pH
7.0), 80 mM KCI, 5 mM MgC}, 1 mM EGTA, 0.955 mM CaGl
(giving a free C&" concentration of 1QuM), 10 uM calcium
ionophore A23187, and &M [y-32P]JATP. To monitor the dephos-
phorylation, the phosphoenzyme was chased by addition of 600
uM nonradioactive ATP, and acid quenching was performed at the
indicated time intervals. The lines show the best fit of a monoex-
ponential decay function, giving the rate constants listed in Table
1. Open circles, wild type; solid circles, Lys252Ala; squares,
Lys252Glu; triangles pointing upward, Leu253Ala; triangles point-
ing downward, Asp254Ala; diamonds, Pro824Leu.

0 5

the wild type, the phosphoenzyme was initially present in
{he ADP-sensitive BPCa form. When on the other hand
the dephosphorylation in the forward direction was examined
by chase with 0.6 mM nonradioactive ATP, the decay rate
was for some of the mutants significantly lower than that of
the wild type (Figure 6 and Table 1). Leu253Ala showed a
pronounced reduction of the dephosphorylation rate to 24%
of wild type. Also mutants Asp254Ala and Lys252Glu show-
ed significant reductions of the dephosphorylation rate, to
40 and 64% of wild type, respectively, whereas the other
four Lys252 mutants were indistinguishable from wild type.
Some of the remaining mutants, including Pro824Leu and
Glu826Leu that displayed a slightly reduced rate of ATP

remaining mutants the apparent affinity for vanadate differed hydrolysis, also showed a slight reduction of the dephosphor-
much less or insignificantly from that of the wild type (Figure ylation rate, relative to wild type (Table 1). The reaction se-
5 and Table 1). The reduced apparent affinity for vanadate quence studied here comprises the conformational transition

may reflect either a depletion of the vanadate-reactive E
state or a reduction of the “true” affinity of,Hor vanadate
(destabilization of the E-vanadate complex). For compari-
son, results obtained with mutant Lys758Ile were included
in Figure 5 to exemplify a mutant with a reduced rate of the
E, — EiCq transition 0). Lys758lle displayed a 2-fold

increased apparent affinity for vanadate, relative to wild type,

consistent with accumulation of,E
The BEPCa to E;P Conformational TransitionThe decay

of phosphoenzyme was examined following phosphorylation

with [y-2?P]JATP under conditions known for the wild type
to lead to accumulation of the;PCg intermediate (O°C,
neutral pH, presence of . This intermediate can dephos-
phorylate either in the backward direction of the reaction
cycle by transfer of the phosphoryl group to ADP, yielding
ATP (reaction 3, reverse, in Scheme 1), or in the forward
direction via the EBPCa — E,P conversion (reaction 4,
forward, in Scheme 1) followed by,P hydrolysis (reaction

5, forward, in Scheme 1). A chase with 1 mM ADP resulted
in a very rapid dephosphorylation of the mutants, indistin-
guishable from that of the wild type (less than 5% of the
initial phosphoenzyme remaining aftes dephosphorylation,

E;PCa — E,P (reaction 4, forward, in Scheme 1) followed
by the hydrolysis of the 2 phosphoenzyme (reaction 5,
forward, in Scheme 1). It is well-known that for wild type
the latter step is much faster than the former under the
experimental conditions corresponding to Figure 6. As will
be demonstrated in the following paragraph, none of the
mutations reduced the rate offEhydrolysis, implying that
the step limiting the dephosphorylation rate was thieEa

— E,P transition (reaction 4, forward, in Scheme 1).

Dephosphorylation of £2. The C&"-ATPase in the Cd-
free & form can be phosphorylated in the backward direction
of normal turnover by inorganic phosphate (reaction 5,
reverse, in Scheme 1). This reaction requiresMand is
promoted by acid pH and presence of the organic solvent
dimethyl sulfoxide 27). The phosphorylation level reached
by incubation with®?P, under optimal conditions for £
formation was for all mutants indistinguishable from that of
the wild type (i.e.,>90%, data not shown). To study the
rate of dephosphorylation of thefEphosphoenzyme (reac-
tion 5, forward, in Scheme 1), the phosphorylated enzyme
was diluted into a medium of the same composition except
for the absence of radioactive phosphate, a reduction of the

data not shown), demonstrating that for the mutants, as fordimethyl sulfoxide concentration from 30 to 15%, and the
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Ficure 7: Dephosphorylation of phosphoenzyme formed from
32p;: Examination of BP hydrolysis (reaction 5 in Scheme 1). Wild
type and mutants were phosphorylated at°’€5for 10 min in a
medium containing 100 mM MES/Tris (pH 6.0), 2 mM EGTA,
30% (v/v) dimethyl sulfoxide, 10 mM MgG| and 0.5 mM32p,.
Dephosphorylation was studied at 25 by a 19-fold dilution into

a medium containing EDTA (to remove free fg corresponding

to a final concentration of 10 mM, 100 mM MES/Tris (pH 6.0), 2
mM EGTA, 15% (v/v) dimethyl sulfoxide, and 0.5 mM nonradio-
active R, followed by acid quenching at serial time intervals. The
lines show the best fit of a monoexponential decay function, giving
the rate constants listed in Table 1. Circles, wild type; squares,
Lys252Glu; triangles pointing upward, Leu253Ala; triangles point-
ing downward, Asp254Ala; diamonds, Pro824Leu.

presence of an excess of EDTA to remove?Mgnd, thus,

terminate phosphorylation. As seen in Figure 7 and Tablel,

several mutants showed a markedly increased ratel@f E
hydrolysis relative to wild type, most pronounced for
Leu253Ala (14-fold), Asp254Ala (5-fold), and Lys252Glu
(4-fold).

Ca?" Dependence of Steady-State Phosphorylafiagure
8 and Table 2 show the results of titrating the?Ca
dependence of steady-state phosphorylation frefF]ATP
for selected mutants. At 25, theKq s for Ca&2* activation
of mutants Leu249Ala, Lys252Glu, and Lys252Arg was
indistinguishable from that of the wild type, whereas e
for Leu253Ala was slightly reduced (corresponding to an
increased apparent affinity), consistent with the result
obtained by C# titration of the ATPase activity (Table 1).
Given that the C& dissociation rate (“off-rate” for Ca)
was increased in Leu249Ala, Lys252Glu, and Leu253Ala,
relative to wild type (Figures 1 and 2), a reduction of
apparent affinity for C& might have been expected. For
Leu249Ala and Lys252Glu, the normal apparent affinity for
C&" may, however, be ascribed to the increase of the on-
rate for C&" (Figures 3 and 4), balancing the increased off-

rate. For Leu253Ala, there was no indication of an increased

on-rate (Figures 3 and 4), but the rate of th®Ea — E,P
transition was reduced considerably (Figure 6). As previously
demonstrated by computer simulatidr8), a change oKq s
for Ca* activation of phosphorylation at steady-state toward
lower values (increase of apparent affinity) should indeed
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FiIGURE 8: Ca&" dependence of steady-state phosphorylation from
[y-32P]ATP. Phosphorylation was performed with wild type (solid
symbols) and selected mutants (open symbols) by manual mixing,
either fa 5 s at 25°C (circles) or for 15 s at OC (squares) in a
medium containing 40 mM MOPS/Tris (pH 7.0), 80 mM KCI, 5
mM MgCl,, 1 mM EGTA, 5 uM [y-3P]JATP, and varying
concentrations of Caglto set the free Ca concentration as
indicated. The lines show the best fits of the Hill equation,=EP
EPna{CatV(Kp 5 + [Ca2*]"), to the data, giving th& s values
and Hill numbers listed in Table 2. The maximum phosphorylation
level deduced from the fits was taken as 100%.

Table 2: Apparent Affinities for Cd and the Hill Numbers
Obtained for the Wild Type and Selected Mutants by 'CEitration
of Phosphorylatioh

25°C
Kos (C&"),
uM

0°C
Kos (Cet),
uMm

mutation Ny Ny

wild type

Leu249Ala
Lys252Glu
Lys252Arg
Leu253Ala

0.39+0.01
0.43+0.01
0.4 0.02
0.38+ 0.02
0.2%+ 0.01

1.56+ 0.05
1.79+ 0.07
1.95+0.17
1.50+ 0.09
1.98+0.14

0.95+ 0.02
ND?
2.30+0.11
0.754+ 0.03.
ND

1.90+ 0.06
ND
2.14+0.20
1.86+0.12
ND

a Data shown in Figure 8 were analyzed by fitting the Hill equation.
5 ND, not determined.

was found for Leu249Ala, Lys252Glu, and Leu253Ala, but

not for Lys252Arg. By computer simulation, we have
previously demonstrated that the Hill number should increase
toward the limiting value of 2.0 when the rate of €a
dissociation from ECg is enhanced and/or the rate of the

be expected when phosphoenzyme turnover is reducedfE;PCa — E,P transition reducedl@). Hence, the observed

because lower Ca concentrations are required for the

phosphoenzyme to accumulate under these conditions.
It should, furthermore, be noticed that for Leu249Ala,

Lys252Glu, and Leu253Ala, the &aactivation profile

increase of the Hill number is in accordance with the other

findings with these mutants.

For Lys252Glu and Lys252Arg, the &a activation
profiles were determined at’C, as well (Figure 8 and Table

showed a tendency to be steeper than the activation profiles2). Under these conditions, the apparent'Caffinity of

corresponding to the wild type and mutant Lys252Arg Lys252Glu was reduced 2.4-fold below that of the wild type,
(Figure 8). The steepness of the curves can be evaluatedndicating that the balance between on- and off-rate was
quantitatively by comparing the Hill numbens,(values in changed relative to wild type when the temperature was
Table 2) extracted by fitting the Hill equation to the data, reduced. This may be explained by a less steep temperature
and a slight increase of th&, value relative to wild type  dependence of the off-rate in the mutant as compared with
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the wild type, which would correspond to a lower activation
energy associated with €adissociation in the mutant. This

Clausen and Andersen

ligands at these sites are provided by oxygen-containing side
chains and backbone carbonyls of M4, M5, M6, and M8 (

could reflect a more open state of the dissociation pathway 4). Leu249, Lys252, and Leu253 could, however, be associ-

in the mutant as compared with the wild type (see Discus-

sion).
DISCUSSION

Roles of Leu249, Lys252, and Leu253 in Control of'Ca
Migration. Of particular interest is the increase of the rate
of C&" dissociation from the cytoplasmically facing high-
affinity binding sites of the ECa form observed for mutants
Leu249Ala, Lys252Glu, and Leu253Ala. At pH 6, a 4- to
7-fold increase of the rate of €adissociation was seen for

ated with the entry pathway for €aand/or be involved in
control of the opening and closure of this pathway. The
recently published crystal structure of the?’GaATPase in

the thapsigargin-bound €afree form (L2) provides some
clues. In this structure, a water-accessible channel, or pocket,
has opened up between M1 and MR, see Figure 9A.
This channel, which leads to the €ainding residue Glu309

in M4, is closed in the crystal structure of the?Ca#ATPase

in E;Ca form, where the CH ions presumably are occluded
(4), and even though the binding of thapsigargin to residues
in M3 may have distorted the structure of theGaee form

these mutants, whereas the other mutations exerted muchyyowhat in this region, the channel between M1 and M3

smaller effects (Figure 1 and Table 1). Although Leu253Ala

responded less to the pH change than the other mutants ang -+

may well be closely related to the migration pathway for
. As shown in Figure 9A, the two hydrophobic side

the wild type, the general picture seemed to be the same alohaing of Leu249 and Leu253 form an integral part of the

pH 7 as at pH 6, with Cd dissociation being markedly
enhanced in Leu249Ala, Lys252Glu, and Leu253Ala, relative
to wild type, and the effects of the other mutations being
less pronounced or insignificant (Figure 2). By taking into
consideration the rate of phosphorylation aft& (Figure

3, preincubation in the presence of?Ca it is possible to
calculate the rate constant for Calissociation on the basis
of the ERtp+ecTa/EPaTp ratio determined at pH 7 (Figure
2), as previously describe@Z). The resulting rate constants
were for the wild type and mutants Leu249Ala, Lys252Glu,
and Leu253Ala: 34, 185, 160, and 90'srespectively,
corresponding to a 3- to 5-fold increase relative to wild type.
Previously, we found that cluster mutation of residues
Lys252-Leu—Asp—GIlu255 to the residues at the corre-
sponding positions in the N&K*-ATPase, Glu-lle—Glu—
His, increased the rate of &adissociation 6-fold at pH 7

hydrophobic wall lining the channel. The prominent effects
on C&" migration of substitution of Leu249 and Leu253
with the smaller, but still hydrophobic, alanine may, there-
fore, result from a destabilization of the wall of the channel,
changing channel proportions or allowing the?Cins to
dissociate from ECg by an alternative route. The side chains
of Asp254 and Glu255 are, on the other hand, more
peripherically located with respect to the channel, and this
may explain the finding that the negative charges of these
side chains are unimportant for €amigration, although
some role of the negative charges in directing thé"Gans
toward the channel entrance might have been expet®d (

In the BECg& crystal structure, Lys252 is seen to form
hydrogen bonds to the two backbone carbonyls of Pro824
and Glu826 in L6-7 (Figure 9B), whereas in the crystal
structure of the thapsigargin-bound “Cdree form, where

(13). Hence, the present data clearly demonstrate that also,o channel is open, the side chain of Lys252 has moved

single mutations near the cytoplasmic end of M3 can be

effective in increasing Ca dissociation, and point to the

away from L6-7 (Figure 9C). This movement seems to
involve the whole M3 helix, which inclines and moves

importance of the specific properties of the side chains at downward toward the lumenl®). Simultaneously, M1

positions 249, 252, and 253. The result obtained for
Glu255His (Table 1 and Figure 2) indicates that this mutation
is of little importance for the previously observed enhance-
ment of C&" dissociation in the cluster mutant. Furthermore,
we conclude from the result obtained with Asp254Ala that
the negative charge of Asp254 is of little importance fot'Ca

moves upward and bends at the suggested channel inlet
(Figure 9A), and it can be imagined that the bending occurs
as a consequence of steric collision with M), Hence,

the movement of M3 could be instrumental in opening the
channel. The present finding that the alanine, glutamine, and
methionine substitutions of Lys252 and the leucine substitu-

migration, although we cannot exclude that the change 10 jons of prog24, Lys825, and Glug26 exerted less functional

the larger glutamate may have contributed to the enhanced

rate of C&" migration in the cluster mutant.

It is interesting to note that mutations Leu249Ala and
Lys252Glu not only increased the rate of dissociation Gf'Ca
(off-rate), but also increased the on-rate for?Caas

perturbation than the glutamate substitution of Lys252 shows
that the prominent effects of the latter mutation can only be
partially accounted for by breakage of the hydrogen bonds
to the L6-7 backbone. The presence of the negatively
charged glutamate side chain in place of Lys252 must be

evidenced by the similar phosphorylation rates observed for particularly disturbing. This could possibly be due to

enzyme preincubated with and without®C4Figure 3) as
well as by the normal apparent affinity for €aseen by
C&" titration of steady-state phosphorylation at’#5(Figure

8). Furthermore, as shown by the results in Figure 4, in
Leu249Ala and Lys252Glu the rate of theCadinding &

— E,Ca transition was enhanced even at acidic pH, where

electrostatic repulsion of the backbone carbonyls of- 6
(cf. the energy minimized conformation of the glutamate side
chain shown in Figure 9D) or other unfavorable interactions
with side chain(s) of L6-7 in the C&"-bound form. These
effects might destabilize the closed form of the channel by
bringing about a movement of M3 resembling to some extent

the release of counter-transported protons is likely to be ratethat seen when the two crystal structures of the wild-type

limiting (24), thus suggesting an important role for these
residues in the control of proton release, as well.

Leu249, Lys252, and Leu253 are not directly involved in
C&" ligation at the high-affinity membrane sites, as alfCa

enzyme are compared, thus explaining the enhanced rate of
dissociation and binding of Gain Lys252Glu.

Importance of Leu253 for the;ECa to E,P Transition
and the Function of the Catalytic Site in Bnd BEP. Several
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Ficure 9: Paosition in the protein structure of residues examined in the present study. The cytoplasmic side is above and the luminal side
below. (A) View of the structure of the thapsigargin-boundCliee form of the C& -ATPase (Protein Data Bank accession code 11WO).

The possible entrance pathway for’Cas located between M3 and M1 (bent at the top part) and has its inlet in the upper left part of the
figure, with Leu253 and Leu249 forming a hydrophobic lining of the backside. TRé ading residue Glu309 is at the bottom of the

pocket. (B) Interaction between Lys252 and backbone carbonyls 6f7Lié the ECa form of the C&™-ATPase (Protein Data Bank
accession code 1EUL). The view is perpendicular to that corresponding to panel A, and the side chains of Leu253 and Leu249 are now
behind the main chain of M3. (C) Position of Lys252 in the thapsigargin-bourt-féze form of the Ca"-ATPase (Protein Data Bank
accession code 1IWO) viewed from the same direction as in panel B. Note that in this conformation Lys252 no longer interactsiwith L6

(D) View of the ECa form identical to that in panel B, but with Lys252 replaced by glutamate (energy minimized conformation of the
side chain determined by use of the SWISS-MODEL Comparative Protein Modeling fa28))y Kote that the glutamate does not interact

with L6—7 in the ECa& form. Prepared by use of WebLab Viewer Pro (Molecular Simulations Ltd., Cambridge, England). ZFhierza

are shown in dark green. The side chains of residues to be highlighted are shown as ball-and-stick. Carbon atoms are shown in grey,
nitrogen in blue, and oxygen in red.

lines of evidence have indicated that the actuator domain correlation with the maximum turnover rate for ATPase
undergoes large movements in relation to ion translocation activity. This was actually observed, as the maximum
(4, 6, 7), and site-directed mutagenesis and proteolytic turnover rate decreased in the order Lys252&asp254Ala
cleavage studies have previously demonstrated that the most Leu253Ala (Table 1). Thus, it is not only in relation to
C-terminal part of the actuator domain, that links it to M3, C&" and thapsigargin binding to dephosphoenzyme, as
plays a crucial role for the C&translocating BPCa — E,P represented by the two crystal structures, that M3 seems to
conformational transitiorg 8). This suggests that M3 could move. The mutational effects suggest that a movement
be a pivotal element in the long-range functional coupling involving M3 takes place in relation to the €aranslocating
between the catalytic site and the?Cdinding domain in E;PCa — E,P transition of the phosphoenzyme, as well,
the membrane. In accordance with this hypothesis, theand that Leu253 is a very important residue in this connec-
present results demonstrate that the rate of t{eCa — tion. It should, furthermore, be noted that a slight reduction
E,P conformational transition is reduced in Lys252Glu, of the ATP hydrolysis rate with a corresponding slight
Leu253Ala, and Asp254Ala, to 64, 24, and 40% of the wild reduction of the rate of the,PCa — E,P transition was
type rate, respectively, thus focusing particularly on Leu253 seen for Pro824Leu and Glu826Leu, implying some involve-
as a critical residue for this conformational transition. ment of loop L6-7 in this transition. The putative hydrogen
Because the fPCa — E,P transition is a major rate-limiting  bonds between L67 and Lys252 seem to be of limited
step in the wild type pump cycle at saturating substrate importance, as the rate of thgHCg — E,P transition was
concentrations, the rate of this transition should show wild type-like for all mutants with alterations to Lys252
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except Lys252Glu. mutant Glu282Lys showed a block of theFNa — E,P
An enhanced rate of dephosphorylation gPEvas found transition and an increased rate of dephosphorylation®f E
for several M3 mutants. Again, the effect was most pro- (29). Although for the C&-ATPase we found that the
nounced for Leu253Ala (14-fold acceleration relative to wild corresponding effects on theCa — E,P transition and
tyDE), stressing that Leu253 is critical to the Iong-range dephosphory|ati0n of £ were most pronounced for

communication with the catalytic site. Because Leu253Ala | g253Ala, they were also seen to some extent for Lys252Glu
showed the most conspicuous effect, both with respect to (Taple 1).

the block of the BPCa — E,P transition and the enhance-

ment of BP hydrolysis, these two changes could be ACKNOWLEDGMENT
interrelated. In the catalytic site of the,fE form, the
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