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ABSTRACT. Chimeric exchanges and mutations were produced in tR&-@aPase (SERCA) to match

(in the majority of cases) corresponding sequences of tHekNaATPase. The effects of these mutations

on the concentration dependence of the specifié"@a Pase inhibition by thapsigargin (TG) and
cyclopiazonic acid (CPA) were then determined. Extensive chimeric mutations on the large cytosolic
loop, on the S4 stalk segment, and on the M3 transmembrane segments produced little or no modification
of the C&"-ATPase sensitivity to either inhibitor. On the other hand, the presence of a six amino acid
Na",K*-ATPase sequence within the S3 stalk segment of tR&-B@Pase raised 60-fold the apparét

for TG and 250-fold the appare for CPA. More limited mutations within the same S3 segment,
however, affected differently the concentration dependence of the AL&Pase inhibition by TG or CPA.
Specifically, single mutation of Phe256 to Val increased 20-fold the app&sefor TG, while having

very little effect on the apparetd for CPA. These findings indicate significant overlap of the TG and
CPA binding domains within the S3 stalk segment of thé*&&TPase, where the contribution of each
protein residue is dependent on the structures of the two inhibitors. Saturating concentrations of either or
both TG and CPA produce an identical reduction of the affinity of the ATPase for ATP, suggesting that
only one inhibitor can bind at any time due to significant overlap of their binding domains. It is suggested
that perturbations produced by binding of either inhibitor within the stalk segment interfere with the
long-range functional linkage between ATP utilization in the ATPase cytosolic region dido@aing

in the membrane-bound region.

Thapsigargin (T®), a sesquiterpene lactone derived from strating that the S3 stalk segment has an influence on the
the plantThapsia garganica(l), and cyclopiazonic acid ATPase affinity for both inhibitors. Mutations of specific
(CPA), a secondary metabolite of certddenicillum and amino acid within the same segment, however, affect
Aspergillusfungi (2), are specific and potent inhibitors of differently the apparent affinity of the enzyme for TG or
sarco-endoplasmic reticulum €aATPases (SERCA)3— CPA. We also report experiments suggesting that occupancy
7). Previous mutational studies of the {CaATPase (here  of the same binding domain by either TG or CPA is involved
after used to indicate SERCA) showed that chimeric replace-in decreasing the Ca&-ATPase affinity for ATP.
ment of the entire transmembrane and stalk segment(M3
S3) of the C&™-ATPase with the corresponding segment of MATERIALS AND METHODS
the Na ,K"-ATPase reduces the sensitivity of the?Ga Recombinant DNA Construct¥he cDNA encoding the
ATPase to TG §-10). It was then found X1) that it is chicken fast muscle SERCALla isoform of the?GATPase
actually the S3 stalk segment that is specifically involved in (12) was used for PCR mutagenesis by the overlap extension
determining the Ca-ATPase affinity for TG. We report here  method (3). This method, as adapted by Zhong and Inesi
a comparative mutational analysis of the concentration (11), was used sequentially to produce additive mutations.
dependence of ATPase inhibition by TG and CPA, demon- On the other hand, the chicken NK*-ATPaseal subunit
(14) was used for chimeric replacement of a large portion
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cells was obtained by differential centrifugation of disrupted
cells as described by Strock et a7). Immunodetection of
Ca&"-ATPase expression was obtained by Western blotting,
using the CaF-5C3 monoclonal antibody). Large chimeric
replacement of the cytosolic region of the’GATPase with

the corresponding region of the NK*-ATPase was detected
with a monoclonal antibody to the N&K*-ATPase al
subunit (8).

Preparation of Sarcoplasmic Reticulum (SR) Vesicles from
Skeletal MuscleThe microsomal fraction enriched in €a
ATPase protein (SR vesicles) was isolated from rabbit leg
white muscle according to Eletr and InesB.

Total protein concentratiom COS-1 cell microsomes and
SR vesicles was measured by the colorimetric procedure of
Lowry et al. 0), standardized with bovine serum albumin.

ATPase actiity was assayed in a reaction mixture contain-
ing 20 mM MOPS, pH 7.0, 80 mM KCI, 3 mM Mgg0.2
mM CaChk, 5 mM sodium azide, 2Q:g of microsomal
protein/mL, 3uM ionophore A23187, 3 mM ATP, and-b
uM TG or 0-300 uM CPA. C&"-independent ATPase
activity was assayed in the presence of 2.0 mM EGTA and
no added C#. The reaction was started (3T) by the
addition of ATP, and samples were taken at serial times for
determination of Pby the method of Lanzetta et aR1).
The C&'-dependent ATPase activity was estimated by
subtracting the Ca-independent ATPase from the total
ATPase. The ATPase activity was also corrected to account
for the level of expressed ATPase protein in each microsomal
preparation, as revealed by immunoreactivity and with
reference to a standard preparation of microsomes obtaine
from COS-1 cells transfected with WT SERCA1 cDNA.

Phosphorylated intermediatsteady-state levels were
determined by first adding the experimental concentration
of TG or CPA (or an equal volume of solvent) to an ice-
cold reaction mixture containing 20 mM MOPS, pH 7.0, 80
mM KCI, 5 mM MgCl,, 1.0 mM EGTA, and 1530 ug of
microsomal protein. Following 10 min incubation, an equal
volume of a mixture containing 20 mM MOPS, pH 7.0, 80
mM KCI, 5 mM MgCl,, 1.0 mM CacC}, and 20uM [y-32P]-

ATP was added by rapid mixing. After 10 s incubation, the
reaction was quenched with 0.4 mE4M perchloric acid.
The quenched samples were transferred onto Eppendorf tube
containing 10Qug of carrier protein and centrifuged at 5@00
for 5—10 min. The sediment was washed twice with 0.125
M perchloric acid and once with cold distilled water. The
entire procedure was carried out in the cold room. The
samples were then solubilized and subjected to electrophore
sis at pH 6.3 22). The radioactive phosphoenzyme inter-
mediate was then detected by autoradiography and phos
phoimaging.

TNP-ATP binding to SR ATPaseas assessed with the
aid of a Bio-Logic (Claix, France) modular fluorometer,
taking advantage of the fluorescence signal developed by
the bound nucleotide analogu@3]. The samples were
irradiated with a 150-W mercuryxenon arc lamp at 410
nm excitation wavelength. The emission signal was selected
with an OG515 cutoff filter (Ealing Electro-Optics, Holliston,
MA). The composition of the reaction mixture is given in
the legend for Figure 6.
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Ficure 1: Diagrams of various chimeric mutations. The topology

of the C&"-ATPase sequence with respect to the membrane bilayer
is represented according to MacLennan et24).(The two cytosolic
loops are connected by stalk segments (S) to the transmembrane
segments (M). The filled black lines indicate mutated amino acid-
(s) within the C&"-ATPase sequence. Scheme A was obtained by
exchange between chicken SERCA1 cDNA2)( and chicken

Na" K*-ATPaseua-subunits {4). Schemes BE were obtained by
additive mutations of chicken SERCA1 cDNAZ). See Materials

and Methods for details.

Table 1: Site-Directed Mutations within the S3 Stalk Segment
(Scheme D in Figure 1) of the €aATPasé

sequence no.

254 255 256 257 258 259
dWT Ca?"-ATPase  Asp Glu Phe* Gly Glu GIn
Mut 254,255 Glu*  His*
Mut 254—257 Glu*  His* lle*
Mut 254258 Glu*  His* lle*  His*
Mut 254—259 Glu*  His* lle* His* Leu*
Mut 256 Val

a Additive mutations of two, three, four, and five amino acids of
the C&™-ATPase were made to the corresponding residues of the
Na',K*-ATPase (noted with *). Phe 256 is the only amino acid naturally
conserved in both ATPases. For this reason, Phe256 was replaced with
Val through a single-site-directed mutation.

RESULTS

S Description of MutantsThe C&"™-ATPase segments that
were subjected to mutations are indicated by the schemes
shown in Figure 1. Unless otherwise stated, the mutations
consisted of chimeric changes of aATPase amino acids

to the corresponding residues of the '@ -ATPase.

Scheme A (Figure 1) shows a chimeric exchange of the
large cytosolic loop of the Ca-ATPase with the corre-
sponding loop of the NgK*-ATPase 8). Scheme B shows

an additive mutation of five amino acids to yield a chimeric
segment of 26 amino acids in the S4 stalk segment,
considering identical and conservative homologies in the
native sequence24). Scheme C shows a chimeric additive
mutation of nine amino acids in the M3 transmembrane
segment 11). Scheme D shows a six amino acid segment
in the S3 stalk that was subjected to single and additive
mutations. Since the D segment was subjected to detailed
analysis, its specific mutations are listed in Table 1 above
their replacements, which are marked with an asterisk (*) to
indicate their correspondence to the'i\&a"-ATPase. Note
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Ficure 2: Effects of TG and CPA on phosphorylation of WT &
ATPase and chimera A by ATP. Phosphorylation was obtained as << 120
described in Materials and Methods. The concentrations of TG and 20
CPA are given in nanomolar units.
that Phe256 is naturally conserved in both ATPases. Phe256 0 40
was then changed to Val since it was found that this single 0.001 001 01 1 10 100 1000 10
mutation occurs spontaneously in cell lines developing TG (nM)
resistance to TG25). Scheme E shows the location of two
amino acids within the M3 segment (very close to the S3 100 100
segment) that were mutated to their\\@t-ATPase coun-
terparts. _ 2 sl 180
Expression of the mutants in COS-1 cells occurred at levels s,
comparable to those of WT ATPase. At any rate, the "§
expression levels were determined by Western blotting, and 5 60} {60
the resulting densitometric values were used to compare <
functional parameters of various preparations with reference 8
to WT ATPase. S or 140
Sensitiities of Cytosolic Loop and S4 and M3 Chimeras =
to TG and CPAChimeric exchange of the large cytosolic < 20| ] 20
loop (scheme A in Figure 1) produces strong inhibition of
ATPase turnover but allows formation of phosphorylated
enzyme intermediate by utilization of ATP. It was previously 0 0
reported that, in analogy to the WT ATPase, phosphorylation 0.1 1 10 100 1000 10* 10° 10°
of chimera A is strictly C&" dependent and is still inhibited CPA (nM)

by TG 8—10). In our experiments, we titrated carefully the

inhibition of the phosphorylation reaction by TG and CPA FIGURE 3: Inhibitory concentrations of TG and CPA on Ta

; ; ; ATPase activity of WT ATPasea) and mutated enzyme containing
and found that the Iaré:je Chlrgerf'ihretams apprOX|m_ater thea 26-amino acid NgK*-ATPase homology in S4 as indicated in
same sensitivity as observed with WT ATPase (Figure 2). scheme B ¢) or a nine amino acid homology in M3 as indicated

These experiments suggest that the large cytosolic loop ofin scheme CH). C&*-dependent ATPase activity was measured

the SERCA ATPase contributes relatively little to the binding as described in Materials and Methods. The experimental points

affinity of the ATPase for TG and CPA. were fitted assuming binding of a single inhibitory molecule per
Contrary to the large cytosolic loop chimera (A in Figure ATPase and using thi; values listed in Table 2.

1), neither a 26 amino acid chimera in transmembrane comparable to those of the wild-type enzyme. The only

segment S4 (B in Figure 1) nor a nine amino acid chimera exceptions are the 25£58 and the 254259 mutants that

in transmembrane segment M3 (C in Figure 1) produce major exhibited an approximately 50% reduction. We then could

interference with the Ga-ATPase turnover. In fact, chimeras measure conveniently the concentration dependence of their

B and C retain 40% and 70% activity, respectively, when inhibition by TG or CPA.

compared with the WT Ca-ATPase 11). ATPase activity The 254-259, 254-258, and 254257 mutants (corre-

of both WT and chimeric enzymes proceed at constant ratessponding to six, five, and four amino acid chimeric exchanges

when inhibition by accumulated €ais prevented by the  within the segment indicated in scheme D of Figure 1; see

addition of a C&" ionophore. also Table 1) manifest a substantial reduction in sensitivity
With regard to sensitivity to TG or CPA, we found that to both TG and CPA when compared to WT ATPase. The

no change was produced by the large chimeric replacementinhibition curves shown in Figure 4 and the apparknt

in the S4 transmembrane segment (B in Figure 1). Introduc- values listed in Table 2 suggest that the reduction of

tion of chimeric homology in the M3 transmembrane sensitivity is greater for CPA than for TG. Furthermore, the

segment (C in Figure 1) produced only a slight reduction of four amino acid homology of mutant 25257 is already

sensitivity to both TG and CPA (Figure 3), as indicated by sufficient to produce the maximal effect on sensitivity to

a 2—3-fold increase of the appareHKi for either inhibitor CPA, while the effect on sensitivity to TG is gradually

(Table 2). increased as the homology is raised from four to six amino
Sensitiities of S3 Stalk Segment Mutants to TG and CPA. acids.

All S3 stalk fragment mutants (scheme D in Figure 1) listed  The three amino acid homology mutation (25255 in

in Table 1 retained ATPase activity at levels that are S3, within scheme D of Figure 1) decreases the ATPase
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Table 2: ApparenK; Values for C&™-ATPase Inhibition by TG
and CPAR

TG CPA

sample Ki Kiwt/Kite Ki Kiwt/Kicpa
WT Ca&*-ATPase 0.5 120
Chim S4 (B) 08 16 400 33
Chim M3 (C) 2.0 4.0 100 0.8
Mut 254, 255 (D) 1.1 22 400 33
Mut 254257 (D) 6.0 12.0 30 000 250.0
Mut 254—258 (D) 10.0 20.0 30 000 250.0
Mut 254—-259 (D) 50.0 100.0 30 000 250.0
Mut 256 (D) 20.0 40.0 350 2.9
Mut 264,267 (E) 1.0 2.0 200 1.7

aThe values for WT C&-ATPase and various mutants were derived
from the experiments shown in Figures3. The letters in parentheses
refer to the schemes in Figure 1. Note that the values listed in the table
correspond to the apparent inhibitory constant. They are related to but
do not correspond to dissociation constants (see Discussion). For a
description of the mutants, see Table 1.
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Ficure 4: Inhibitory concentrations of TG and CPA on the’Ga
ATPase activity of WT ATPasea() and mutants 254,258, 254—

257 (v), 254-258 @), and 254-259 @) in S3 as indicated in
scheme D. Ci-dependent ATPase was measured as described in
Materials and Methods. The experimental points were fitted
assuming binding of a single inhibitory molecule per ATPase and
assuming thé&; values listed in Table 2.

sensitivity to CPA by 1 order of magnitude, while the effect
on the sensitivity to TG appears to be much lower (Figure 4
and Table 2).
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FicUre 5: Inhibitory concentrations of TG and CPA on the?Ga
ATPase activity of WT ATPasea), mutant 264,267 in M3 as
shown in scheme BM), and the single mutant Phe256Val in S3
within the D segment4). C&"-dependent ATPase was measured
as described in Materials and Methods. The experimental points
were fitted assuming binding of a single inhibitory molecule per
ATPase and using thi§; values listed in Table 2.

It is of interest that single mutation of Phe256 (which is
naturally conserved in both €aand Na,K™-ATPases) to
Val produces a marked reduction of the ATPase sensitivity
to TG while having very little effect on the ATPase
sensitivity to CPA (Figure 5 and Table 2). It is also
interesting that the sensitivity of the S3 segment to mutations
is quite localized within the S3 segment (scheme D in Figure
1). In fact, mutation of two (scheme E in Figure 1) or nine
(scheme C in Figure 1) amino acids in the neighboring M3
segment has no significant effect on the concentration
dependence of ATPase inhibition by either TG or PCA
(Figures 3 and 5).

Effects of TG and CPA on the Displacement of TNP-ATP
by ATP.The mutational analysis reported above suggests
significant overlap of the TG and CPA binding domains
within the S3 stalk segment of the ATPase. Since specific
binding of TG and CPA is very difficult to measure directly,
we attempted to obtain indirect evidence of mutual exclusion
of the two inhibitors at the specific inhibitory site. To test
the possibility of binding domain overlap, we then studied
the effects of TG and PCA on the ability of ATP to displace
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100 , 100 ATPase molecular structure. For this purpose, we consider
the two-dimensional model proposed by MacLennan et al.
(29) for the topology of the ATPase sequence. The model
180 includes 10 membrane spanning (M) segments and two
extramembranous loops, one of which is much larger that
the other (Figure 1). In the folded structure of the protein,
the two extramembranous loops form a cytosolic globular
head connected through stalk segments (S) to the transmem-
440 brane segments (M). Several lines of evidence indicate that
the ATP binding domain and the catalytic site reside within
the cytosolic globular head of the ATPase, while the calcium
120 binding domain resides within the transmembrane region [see
Inesi et al. 80) and MacLennan et al3() for representative
0 , . 0 reviews].
6 5 4 3 2 Prior to this paper, most of the work on the ATPase
Log[ATP] |n'h|p|tory' domain was a!med at localization of the TG
binding site. Spectroscopic studies showed that TG, due to
Ficure 6: Displacement of bound TNP-ATP by ATP in the absence  jts strong hydrophobic character, partitions almost exclusively

(©) and in the presence of TA}, CPA @), or TG plus CPAN). e . .
TNP-ATP binding to the SR ATPase was measured by fluorometry within or near the membrane phase of sarcoplasmic reticulum

as explained in Materials and Methods. The reaction medium Vesicles 87). On the other hand, mutational studies suggested
contained 20 mM MOPS, pH 7.0, 80 mM KCI, 5 mM Mg¢0.2 that chimeric replacement of the entire M33 segment
mM EGTA, 0.2 mg of SR protein/mL, andM TNP-ATP. When increases the TG concentration required for ATPase inhibi-

indicated, 1uM TG (a), 1 uM CPA (@), or 1uM TG and 1uM tion (10). It was later found that it is actually the S3 stalk
CPA (@) were added to the medium. Displacement of bound TNP- ) . . o
ATP was assessed by monitoring the reduction of fluorescence SE9MeNt 10 play a most important role in determining the

following incremental additions of ATP. In these experiments, rabbit ATPase affinity for TG {1). We now find that the same S3
skeletal muscle SR vesicles were used as a source of wild-typestalk segment is also involved in determining the ATPase

Ca*-ATPase. Note that 0.2 mg of SR protein/mL corresponds affinity for CPA, as indicated by the effects of mutations.

approximately to 1uM enzyme, which is therefore stoichiomet- \shaction of Figure 4 and Table 2 suggests that mutational

rically equivalent to the concentrations of inhibitor used in the

experiment. effects on the CPA apparekt are greater than those on the
TG apparenkK;. The observed values, however, are apparent

the substrate analogue TNP-ATP from the nucleotide binding Since€ we can only plot total rather than free inhibitor
site 26, 27. In these experiments, we used SR vesicles concentrations. This distinction is particularly important for
obtained from rabbit skeletal muscle since their high content TG, which is effective at concentrations seemingly equal to
of wild-type C&'"-ATPase is well suited to spectroscopic the WT ATPase stoichiometr). Therefore, the concentra-
measurements. In fact, bound TNP-ATP vyields a very tions of free TG in the WT ATPase inhibition curves are
convenient fluorescence signal when bound to thé*Ca ~ certainly much lower than shown in the figures, and the
ATPase 23). displacement of the actual dissociation constants are likely
to be much greater than indicated in Table 2. It should be
understood that observed inhibitory constants are related to
but in principle not identical to dissociation constants.

An interesting feature of the data shown in Figures 4 and
5 as well as in Table 2 is that various mutations affect
differently the apparent T®; and the apparent CPK;. For
instance, it takes additive mutations of 254 up to 259 to
obtain incremental displacements of the TG concentration
curve, while the maximal effect on the CPA concentration
curve is obtained with the 25€257 mutation, and no
additional effect is obtained with the 25258 or 254-259
mutations (Figure 4). Furthermore, the Phe23@l single
mutation is effective on the TG concentration curve but not
on the CPA concentration curve (Figure 5). The Phe256
residue is particularly important since spontaneous mutations
of this residue to Leu, Ser, or Val were found in three cell
lines following development of resistance to T&b( 33.
In fact, Phe256 is the only residue found to undergo

80 |

460

We found that ATP, in the micromolar range, displaces
completely TNP-ATP from the nucleotide binding site. On
the other hand, in the presence of TG or CPA producing
total ATPase inhibition, the ATP concentration required for
displacement of TNP-ATP is raised to the millimolar range,
consistent with reduction of the ATPase affinity for ATP. It
is of interest that, when the two inhibitors are added together,
no additional increase of the ATP concentration required for
TNP-ATP displacement is observed (Figure 6), suggesting
that saturation of the effector site by one inhibitor prevents
an effect by the alternate inhibitor. It should be pointed out
that in these experiments the two inhibitors were used at
micromolar concentrations in order to match the ATPase
stoichiometry that was required by the measurements. The
effects observed with ATPase and inhibitors matching
stoichiometries imply that very low concentrations of either
inhibitor remained free (nonbound) in the reaction mixture.

DISCUSSION spontaneous mutations as a consequence of selective pressure
with TG.
TG and CPA are two highly specific €aATPase Another important aspect of our experiments is that

inhibitors used extensively in experimental studies of intra- ATPase inhibition is still observed in all mutants as long as
cellular C&" signaling [see Inesi and Sagar28) for a sufficient concentrations of inhibitors are used. Therefore,
review]. The experiments reported here deal with the the mechanism of inhibition is not interfered with by our
localization of the inhibitors' binding domains within the mutations. Rather, the effects of site directed and spontaneous
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mutations indicate that the S3 stalk segment plays a role in
the ATPase binding affinity for the inhibitors. It is likely
that binding occurs by equilibration of inhibitor partitioned
in the membrane lipids with a membrane interphase domain
where interaction with S3 residues (and possibly others)
provides specificity.

The overall analysis of our mutational experiments sug-
gests that the TG and PCA binding domains overlap at the
level of the S3 stalk segment. We then attempted to obtain
independent evidence for such an overlap by studying the
displacement of bound TNP-ATP by ATP. It was previously
reported 26, 27 that both TG and CPA increase the ATP
concentration required to displace bound TNP-ATP from the
ATPase. In our experiments, we found that the effects of
TG and CPA are identical, and no additive effect is observed
when both inhibitors are present at saturating concentrations
(Figure 6). This suggests that the same reduction of the
ATPase affinity for ATP is produced by occupancy of a
single inhibitory domain by either TG or CPA.

Finally, an interesting question is how occupancy of an
inhibitory site near the S3 stalk segment can influence the
relatively distant nucleotide binding and catalytic domains.
We consider, in this regard, that the coupling mechanism of
ATP utilization and C&" transport is based on a long-range
intramolecular linkage34) whereby phosphorylation of a
catalytic aspartyl residue in the cytosolic region of the
ATPase produces destabilization of calcium bound in the
transmembrane region. In this mechanism, the clustered stalk
segments provide a direct and functionally relevant connec-
tion between the aspartyl residue undergoing phosphorylation
and the calcium binding domain. It is possible that inhibitory
perturbations of the S3 stalk segment are transmitted through
this long-range linkage to the nucleotide binding and catalytic
domain. An interesting example of this effect is our previous
finding that single mutation of Phe256 to Arg produces
complete ATPase inhibition, while mutations of the same
residue to Ala, Glu, Gly, Leu, Ser, lle, Thr, Tyr, or Val do
not (25). This inhibitory effect is most likely related to charge
interaction (or repulsion) between the Arg introduced at
position 256 and other neighboring charged residues. It is
possible that a similar inhibitory perturbation is produced
by occupancy of TG and CPA binding domains in the S3
stalk segment.
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