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The Length of the A-M3 Linker Is a Crucial Determinant of the
Rate of the Ca®* Transport Cycle of Sarcoplasmic Reticulum
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Ion translocation by the sarcoplasmic reticulum Ca’*-
ATPase depends on large movements of the A-domain, but the
driving forces have yet to be defined. The A-domain is con-
nected to the ion-binding membranous part of the protein
through linker regions. We have determined the functional con-
sequences of changing the length of the linker between the
A-domain and transmembrane helix M3 (“A-M3 linker”) by
insertion and deletion mutagenesis at two sites. It was feasible to
insert as many as 41 residues (polyglycine and glycine-proline
loops) in the flexible region of the linker without loss of the
ability to react with Ca®>* and ATP and to form the phosphoryl-
ated Ca,E1P intermediate, but the rate of the energy-transduc-
ing conformational transition to E2P was reduced by >80%.
Insertion of a smaller number of residues gave effects gradually
increasing with the length of the insertion. Deletion of two resi-
dues at the same site, but not replacement with glycine, gave a
similar reduction as the longest insertion. Insertion of one or
three residues in another part of the A-M3 linker that forms an
a-helix (“A3 helix”) in E2/E2P conformations had even more
profound effects on the ability of the enzyme to form E2P. These
results demonstrate the importance of the length of the A-M3
linker and of the position and integrity of the A3 helix for stabi-
lization of E2P and suggest that, during the normal enzyme
cycle, strain of the A-M3 linker could contribute to destabilize
the Ca,E1P state and thereby to drive the transition to E2P.

The sarco(endo)plasmic reticulum Ca**-ATPase (SERCA)?
is a membrane-bound ion pump that transports Ca®>* against a
steep concentration gradient, utilizing the energy derived from
ATP hydrolysis (1-3). It belongs to the family of P-type
ATPases, in which the y-phosphoryl group of ATP is trans-
ferred to a conserved aspartic acid residue during the reaction
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cycle. Both phospho and dephospho forms of the enzyme
undergo transitions between so-called E1 and E2 conforma-
tions (Scheme 1). The £1 and E1P states display specificity for
reaction with ATP and ADP, respectively (“kinase activity”),
whereas E2P and E2 react with water and P, instead of nucleo-
tide (“phosphatase activity”). The E1 dephosphoenzyme of the
Ca®"-ATPase binds two Ca>* ions with high affinity from the
cytoplasmic side, thereby triggering the phosphorylation from
ATP. In E1P, the Ca>" ions are occluded with no access to
either side of the membrane, and Ca** is released to the luminal
side after the conformational transition to E2P, likely in
exchange for protons being countertransported. The structural
organization and domain movements leading to Ca>" trans-
location have recently been elucidated by crystallization of
SERCA in various conformational states thought to represent
intermediates in the pump cycle (4—7). SERCA is made up of 10
membrane-spanning mostly helical segments, M1-M10 (num-
bered from the N terminus), of which M4—-M6 and M8 con-
tribute liganding groups for Ca®>* binding, and a cytoplasmic
headpiece separated into three distinct domains, named A
(“actuator”), P (“phosphorylation”), and N (“nucleotide bind-
ing”). The A-domain appears to undergo considerable move-
ment during the functional cycle. In the E1/E1P states, the
highly conserved TGE"'®S loop of the A-domain is at great dis-
tance from the catalytic center containing nucleotide-binding
residues and the phosphorylated Asp®®! of the P-domain, but
during the Ca,E1P — E2P transition, the A-domain rotates
~90° around an axis perpendicular to the membrane, thereby
moving the TGE'®3S loop into close contact with the catalytic
site such that Glu'®® can catalyze dephosphorylation of E2P (8,
9). During the dephosphorylation, Glu'®? likely coordinates the
water molecule attacking the aspartyl phosphoryl bond and
withdraws a hydrogen. Hence, the movement of the A-domain
during the Ca,E1P — E2P transition is the event that changes
the catalytic specificity from kinase activity to phosphatase
activity. During the dephosphorylation of E2P — E2, there is
only a slight change of the position of the A-domain, and a large
back-rotation is needed to reach the £1 form from E2; thus, the
A-domain rotation defines the difference between the E1/E1P
class of conformations and the E2/E2P class. Because the
A-domain is physically connected to transmembrane helices
M1-M3 through the linker segments A-M1, A-M2, and A-M3,
the A-domain movement occurring during the Ca,E1P — E2P
transition may be a key event in the opening of the Ca>" sites
toward the lumen, thus explaining the coupling of ATP hydrol-
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ysis to Ca®* translocation. An important unanswered question
is, however, how the movement of the A-domain is brought
about. Which are the driving forces that destabilize Ca,E1P
and/or stabilize E2P such that the energy-transducing
Ca,E1P — E2P transition takes place? To answer this, it
seems important to elucidate the exact roles of the linkers.
Intriguing results have been obtained by Suzuki and
co-workers, who demonstrated the importance of the A-M1
linker in connection with luminal release of Ca®>* from E2P
(10). In this study, we have addressed the role of the A-M3
linker. An alignment of two crystal structures thought to
resemble the Ca,E1P and E2-P; forms (5), respectively, is shown
in Fig. 1. The A-domain rotation is associated with formation of
a helix (“A3 helix”) in the N-terminal part of the A-M3 linker,
and this helix seems to interact with a helix bundle consisting of
the P5-P7 helices of the P-domain, a feature exhibited by all
published crystal structures of the E2 type (cf. supplemental Fig.
S1and Ref. 11). Moreover, when structures of similar crystallo-

ATP ADP
Ca,E1 Ca,E1P
(gyt(gsafl; (I2u mCeani+
E2 <7T> E2P
P; H.O

A-M3 Linker of SERCA

graphic resolution are compared (as in Fig. 1), the non-helical
part of the A-M3 linker in E2-type structures has a higher rel-
ative temperature factor (“B-factor”) than the corresponding
segment in Ca,E1P (Fig. 1C, thick part colored orange-red for
high temperature factor), thus suggesting a higher degree of
freedom of movement relative to Ca,E1P. Hence, the A-M3
linker appears more strained in Ca,E1P compared with E2
forms, and the greater flexibility of the linker in E2 forms may
promote the formation of the A3 helix.

Here, we have determined the functional consequences of
changing the length (and thereby likely the strain) of the A-M3
linker. Polyglycine and glycine-proline loops of varying lengths
were inserted at two different sites in the linker (Fig. 1), and
deletions were also studied. Rather unexpectedly, we were able
to insert as many as 41 residues in one of the sites without loss
of expression or ability to react with Ca®>" and ATP, forming
Ca,E1P, but the Ca,E1P — E2P transition was greatly affected.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Assays for the Overall Reaction—
Using the QuikChange site-directed mutagenesis kit, inser-
tions, deletions, or point mutations were introduced into the
cDNA encoding the rabbit fast twitch muscle Ca*>*-ATPase
(SERCA1a isoform) contained within the pMT2 vector (12).
The mutations were validated by sequencing the cDNA
throughout. The calcium phosphate precipitation method (13)
was used for transfection with either wild-type or mutant
c¢DNA into COS-1 cells (14). Differential centrifugation was
used for isolation of microsomal vesicles containing either
expressed wild-type or mutant
Ca®"-ATPase (15). The concentra-
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tion of expressed Ca®>" -ATPase was
determined by an enzyme-linked
immunosorbent assay (16), and the
amount of active enzyme (“active-
site concentration”) was deter-
mined by measurement of the max-
imum capacity for phosphorylation
with [y-**P]ATP at 0 °C in the pres-

FIGURE 1. A-M3 linker configuration in E1- and E2-type crystal structures. Crystal structures with Protein
Data Bank codes 2zbd (Ca,E1P analog) and Twpg (E2-P; analog) are shown aligned. A, overview of structure
2zbd in bluish colors with green A-M3 linker and structure Twpg in reddish colors with wheat A-M3 linker.
B, magnification of the A-M3 linker (corresponding to the red box in A) with arrows indicating site 1, between
Glu*** and GIn?**, and site 2, between Gly**® and Lys***, in both conformations. The green A-M3 linker to the
right is structure 2zbd. The wheat A-M3 linker to the left is structure Twpg. Note the kinked A3 helix forming
part of the latter structure. C, same A-M3 linker structures as in B but with the magnitude of the temperature
factor (B-factor) indicated in colors (red > orange > yellow > green > blue) and by tube diameter. Because the
two crystal structures selected here as E£1- and E2-type representatives have similar crystallographic resolution
(2.40 and 2.30 A, respectively), the differences in temperature factor in specific regions provide direct informa-

tion about chain flexibility.
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ence of 100 um Ca®* under condi-
tions in which the dephosphoryla-
tion is slow relative to the
phosphorylation.  Transport of
%>Ca* into the microsomal vesicles
was measured by filtration (17),
and the ATPase activity was deter-
mined by following the liberation
of P, (18, 19).

Phosphorylation with [y->2PJATP

r 32P,—Steady-state and kinetic
measurements of phosphorylation
from [y-**P]ATP at 0 °C and meas-
urements of equilibrium phospho-
rylation from 3?P; at 25°C and
dephosphorylation kinetics at 0°C
were carried out by hand-mixing as
described previously (16, 17, 19, 20).
Transient state kinetics at 25°C
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FIGURE 2. Ca?*-ATPase activity. The rate of Ca?"-activated ATP hydrolysis
was determined at 37 °Cin 50 mm TES/Tris (pH 7.0), 100 mm KCl, 7 mm MgCl,,
1 mm EGTA, 0.9 mm CaCl, (3 um free Ca®*), 5 mm ATP, and 1 um Ca®" iono-
phore A23187. Following subtraction of the background activity determined
in the absence of Ca®*, the catalytic turnover rate was calculated as the molar
ratio of P; liberated per active site/s. The active-site concentration was deter-
mined by phosphorylation with 5 um [y-32PJATP for 10 s on ice in 40 mm
MOPS/Tris (pH 7.0), 80 mm KCl, 5 mm MgCl,, and 0.1 mm CaCl,. The bars illus-
trate the catalytic turnover rates relative to the wild type (WT).

were analyzed using the Bio-Logic QFM-5 quench-flow mod-
ule (Bio-Logic SAS, Claix, France) (21). Details of reaction con-
ditions are given in the figure legends. All phosphorylation and
dephosphorylation assays were quenched with 0.5-2 volumes
of 25% (w/v) trichloroacetic acid containing 100 mm H;PO,.
The acid-precipitated enzyme was washed by centrifugation
before SDS-PAGE on 7% gels at pH 6.0 (20, 22). Using the Pack-
ard Cyclone™ storage phosphor system, the **P-labeled radio-
active band corresponding to the Ca®>*-ATPase was quantified.
Background phosphorylation levels determined in the presence
of EGTA and Ca>" for assays carried out with [y->’P]JATP and
2P, respectively, were subtracted from the data points.

Data Analysis—The experiments were generally conducted
at least twice, and the complete set of data was analyzed by
nonlinear regression. Ligand concentration dependences were
fitted by the Hill equation (23). Monoexponential functions
were fitted to the phosphorylation or dephosphorylation time
courses using, in most cases, the SigmaPlot program (SPSS,
Inc.). The time course of phosphorylation with [y-**P]ATP
starting from the Ca,E1 form was analyzed using the SimZyme
program with a three-intermediate reaction scheme according
to the previously described principles (21) as further detailed in
the supplemental figure legends.

RESULTS

Mutants and the Overall Reaction—The A-M3 linker muta-
tions studied here are indicated in Fig. 2. The importance of the
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length of the A-M3 linker was primarily examined by insertion
and deletion mutagenesis at “site 1” between Glu*** and GIn**%,
where there is no secondary structure in any of the crystallized
conformations (Fig. 1). The inserts were originally planned to
vary in length from one to nine glycines and to include, in addi-
tion, 5G 1P 5@ as the longest, 11-residue insert. However, by
PCR error, an additional three mutants were obtained with 16
(5G 1P 4G 1P 5G), 26 (5G 1P (4G 1P); 5G), and 41 (5G 1P (4G
1P)4 5G) residues inserted.

The deletion mutants studied lacked either Glu*** or Gln***
or both. As a control, testing the importance of the side chains
of Glu**2 and GIn?**, a mutant with both of these residues sub-
stituted with glycine was also examined.

Studies were furthermore carried out with mutants carrying
1G and 3G inserts at “site 2” between Gly*** and Lys*** (cf. Fig.
1) or substitutions of Lys®>**. Mutants with substitutions of
Gly**® were not studied here, as the effects of single substitu-
tions of this residue have been described previously (20).

All 18 A-M3 linker mutants (even those with the very long
inserts of 26 or 41 residues) could be expressed in COS-1 cells at
a level sufficiently high for reliable measurements of the func-
tional properties. The mutant with the longest insert generally
showed an expression level of ~50% that of the wild type.
Mutant 233/234 3G® gave the lowest expression level of all the
mutants (~30% of the wild type). Except for 233/234 1G and
233/234 3G, the mutant enzymes were able to catalyze ATP-
driven **Ca** uptake in the microsomal vesicles at a measura-
ble rate. The overall reaction was characterized by determining
the Ca®" -activated ATPase activity in the presence of saturat-
ing concentrations of Ca®>" and ATP as well as Ca>* ionophore
to make the vesicles leaky and thereby avoid back-inhibition by
accumulated Ca**. Fig. 2 depicts for all mutants the Ca**-
ATPase activity per unit of active enzyme expressed (catalytic
turnover rate) relative to the value determined for the wild type.
As the length of the insert at site 1 increased, the catalytic turn-
over rate decreased, roughly in proportion to the length of the
insert. The mutant with the longest 41-residue insert displayed
a catalytic turnover rate of only 0.3 relative to the wild type (see
the values in supplemental Table S1). However, the mutant
with only one glycine inserted at site 1 did not follow the general
trend, as its activity was reduced significantly more than that of
the mutant with a 3G insert. The deletion of either Glu®>*® or
GIn*** resulted in a decrease in the relative Ca®>*-ATPase activ-
ity to 0.7-0.8. Deletion of both residues reduced the relative
activity to 0.4, whereas the mutant having these two residues
replaced by glycines showed wild type-like Ca®>* -ATPase activ-
ity. Substitution of Lys>** at site 2 with either glycine or alanine
had only minor effects on the Ca®>"-ATPase activity, whereas
1G and 3G inserts at site 2 had severe consequences (relative
Ca?*-ATPase activity of 0.08 —0.15, i.e. insignificant), consist-
ent with the lack of measurable Ca*" transport.

Ca®" Interaction and Phosphorylation from [y->*PJATP—In
the wild-type enzyme, only the form with two bound Ca>”" ions,

3 A slash between numbers followed by residues in single-letter code desig-
nates insertion between the two numbered residues of the indicated res-
idues, e.g. 233/234 3G means that three glycines were inserted between
residues 233 and 234. Deletions are indicated by single-letter code fol-
lowed by “del,” e.g. E243del means deletion of Glu?*3,
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FIGURE 3. Turnover and ADP sensitivity of phosphoenzyme. Phosphorylation was carried out with 5 um [y->2P]ATP for 10 s on ice in the presence of 40 mm
MOPS/Tris (pH 7.0), 80 mm KCl, 5 mm MgCl,, 1T mm EGTA, 0.955 mm CaCl, (10 um free Ca®"), and 2 um calcium ionophore A23187. Dephosphorylation was
followed by acid quenching at the indicated time intervals after a chase with 6.7 mm EGTA (@). For comparison, the wild-type (WT) data from the upper left panel
are indicated in all panels by the dashed line. The ADP-insensitive E2P fraction of the phosphoenzyme was determined by the addition of 0.9 mm ADP 2 s prior

to acid quenching (O).

Ca,E1, can be phosphorylated by ATP (Scheme 1). Like the wild
type, all A-M3 linker mutants showed a Ca>"-dependent phos-
phorylation from [y-**P]JATP, and the apparent Ca>" affinity
for activation was similar to that of the wild type or slightly
higher (supplemental Fig. S2 and Table S1). Hence, there was a
tendency of those mutants that displayed the largest reduction
in Ca®>"-ATPase activity to show a slight reduction in the K, 5
(ligand concentration giving a half-maximum effect) for Ca>*
activation. The rate of Ca®>" dissociation from Ca,E1l deter-
mined by taking advantage of the dependence of the ability to
phosphorylate on the binding of the two Ca** ions (24) was for
all mutants similar to that of the wild type (supplemental Fig. S3
and Table S1). Moreover, the time course of phosphorylation of
the Ca,E1 form with [y->*P]ATP was also wild type-like for
most of the mutants, including those with the longest inserts at
site 1. Only the two mutants with inserts at site 2 showed a
slight reduction of the phosphorylation rate relative to the wild
type (from 40 s~ ! to 28 and 29 s~ ') (supplemental Fig. S4 and
Table S2).

Conformational Transition of the Phosphoenzyme—The
Ca,E1P — E2P transition was examined by following the phos-
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phoenzyme decay upon phosphorylation with [y->P]JATP
under conditions in which Ca,E1P accumulates as the major
steady-state intermediate in the wild-type enzyme (0 °C, pres-
ence of K", neutral pH). An excess of EGTA was added to
prevent formation of new phosphoenzyme by removing Ca>",
and the remaining phosphoenzyme was determined at various
time intervals by acid quenching (Fig. 3, closed circles). Under
these conditions, the Ca,E1P phosphoenzyme intermediate
decays through the steps Ca,E1P — E2P — E2 + P,. Depending
on the rate constants, some of the ADP-insensitive E2P may
accumulate during processing of the phosphoenzyme, and in a
parallel set of experiments, the addition of ADP to remove
Ca,E1P before acid quenching allowed quantification of the
amount of E2P present at each time point (Fig. 3, open circles;
see also supplemental Table S3 for the fraction of phosphoen-
zyme that initially was ADP-insensitive E2P). For most of the
mutants, the major part of the phosphoenzyme was initially
ADP-sensitive, as was the case for the wild type, but for the
mutant with one glycine inserted at site 1, >50% of the phos-
phoenzyme was initially ADP-insensitive E2P. Following sub-
traction of the ADP-insensitive fraction (Fig. 3, open circles)
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FIGURE 4. Rate of Ca,E1P — E2P. The decay of the Ca,E1P phosphoenzyme
calculated as the difference between the total amount of phosphoenzyme
and the ADP-insensitive E2P fraction (difference between closed and open
circles in Fig. 3) was fitted by a monoexponential decay function as illustrated
in supplemental Fig. S5, and the extracted rate constants are shown relative
to that of the wild type (WT).
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from the total amount of phosphoenzyme (closed circles) to
obtain the decay of Ca,E1P, the rate constant for the Ca,E1P —
E2P transition could be determined by fitting a monoexponen-
tial decay function (supplemental Fig. S5). In Fig. 4, the rate
constants are illustrated relative to that of the wild type, and the
pattern observed here for the Ca,E1P — E2P transition is very
similar to that seen for the ATPase activity in Fig. 2, with the
rate constant decreasing with increasing length of the insert at
site 1, down to 0.18 relative to the wild type for the longest
inserts. Again, the insertion of one glycine at site 1 reduced the
rate disproportionately (to 0.58, compare with 0.84 for the 3G
insert), and there was also a quite significant reduction in the
rate of Ca,E1P — E2P in the deletion mutants, with the
E243del-Q244del double deletion mutant showing a relative
rate constant as low as 0.18. Furthermore, the 1G and 3G inserts
at site 2 led to a virtual block of Ca,E1P — E2P, thus explaining
the very low ATPase activity of these mutants (Fig. 4; see also
supplemental Table S2 for the values).

E2P Phosphoenzyme Formed from P,—The phosphorylation
of E2 from *?P; in the backward direction of the reaction cycle
was examined under conditions (0.5 mm **P, (pH 6.0), 30%
(v/v) dimethyl sulfoxide, no K* present) that are highly
favorable for E2P formation in the wild type (25). All mutants
with insertions or deletions at site 1 were able to phospho-
rylate with 3?P; to levels >50% that of the wild type, whereas
mutations at site 2 interfered strongly with the phosphoryl-
ation from *2P, (supplemental Table S3, see column labeled
“EP(P;)/EP(ATP)”). Hence, only very small amounts of phos-

243/244 5G
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— | 4
T T T T =
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Er
4l Time
Dilution Collect
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FIGURE 5. Dephosphorylation of E2P. Phosphorylation was carried out with 0.5 mm 2P, for 10 min at 25 °C in the presence of 100 mm MES/Tris (pH 6.0), 10 mm
MgCl,, 2 mm EGTA, and 30% (v/v) dimethyl sulfoxide (to increase P; affinity). Following cooling on ice and 19-fold dilution into an ice-cold buffer containing 40
mm MOPS/Tris (pH 7.0), 2 mm EGTA, 5 mm MgCl,, 0.5 mm H5PO,, and 80 mm KCl, acid quenching was performed at the indicated time intervals (®@). The lines
illustrate the best fits of a monoexponential decay function to the data. The extracted rate constants are listed in supplemental Table S3. For comparison, the
wild-type (WT) data from the upper left panel are indicated in all panels by the dashed line.
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FIGURE 6. Rate of E2 — Ca,E1. The E2 — Ca,E1 transition was followed at
25 °Cin 40 mm MES/Tris (pH 6.0), 80 mm KCl, T mm EGTA, and 1.1 mm CaCl,, by
determining the amount of phosphorylatable enzyme appearing, as illus-
trated in supplemental Fig. S6. The bars illustrate the rate constants relative to
the wild type (WT).

phoenzyme formed from 3?P, were observed for the mutants
with 1G and 3G inserts at site 2. For K234G and K234A, the
phosphorylation from *?P; was <50% of the wild type, but
clearly significant.

For the mutants that were able to become phosphorylated
with P;, we investigated the rate of E2P dephosphorylation (Fig.
5), and the relative rate constants corresponding to the decay of
E2P are listed in supplemental Table S3 (see column labeled
“Relative rc of E2P — E2”). Several of the site 1 insertion
mutants, as well as the E243del-Q244del double deletion
mutant, showed a reduced E2P dephosphorylation rate relative
to the wild type. In most cases, this was only a slight effect, and
it did not increase with increasing linker length. In fact, there
was a tendency toward the opposite, with 243/244 1G and 243/
244 5G showing the most pronounced reduction of the dephos-
phorylation rate, 243/244 1G to as little as 0.21 relative to the
wild type, thus explaining the accumulation of E2P seen for this
mutant in Fig. 3 and supplemental Table S3. The substitutions
of Lys®** at site 2 did not reduce the E2P dephosphorylation
rate at all.

Ca®" Binding Transition of the Dephosphoenzyme—In the
wild type, the E2 — Ca,E1 transition is a relatively slow step
compared with the phosphorylation of Ca,E1 by ATP, par-
ticularly at acidic pH values where two to three protons
being countertransported have to dissociate in connection
with the rearrangement that allows Ca®* to bind (26). It is
therefore possible to measure the rate of E2 — Ca,E1 by
following the appearance of the ability to phosphorylate with
[v-32P]ATP upon the addition of Ca?* to Ca®*-deprived
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enzyme in the E2 form (supplemental Fig. S6). The relative
rate constants obtained with the A-M3 linker mutants are
illustrated in Fig. 6 and listed in supplemental Table S2. For
amino acid substitutions and small inserts (up to 11 in
length) at site 1, deletions at site 1, and substitutions at site 2,
we observed only small effects on the rate of the E2 — Ca,E1
transition. However, the longest inserts of 16, 26, and 41
residues at site 1 led to spectacular 5-, 8-, and 10-fold
increases, respectively, in the rate constant for the £2 —
Ca,E1 transition. The 3G insert at site 2 also had a major
effect, increasing the rate by ~15-fold.

DISCUSSION

Mutants with Long Inserts at Site I—Both the Ca® " -activated
ATPase activity and the rate of the Ca,E1P — E2P transition
were found to decrease in parallel with an increasing length of
the insert at site 1, beginning at a length corresponding to
approximately five glycines (Figs. 2 and 4). Under the condi-
tions of our measurements of ATPase activity, the Ca,E1P —
E2P transition is likely rate-limiting for the overall reaction,
thus explaining the similar patterns exhibited by the overall
reaction and the Ca,E1P — E2P partial reaction step in the
dependence of the rate on the linker length. The slowing effect
of long A-M3 linker inserts may be explained by a stabilization
of Ca,E1P relative to E2P. Hence, in the wild type, strain of the
A-M3 linker (c¢f. Fig. 1) could contribute to destabilize the
Ca,E1P state and thereby to drive the transition to E2P (27), and
by reducing the strain through an increase in the length of the
peptide backbone chain, the long inserts would stabilize
Ca,E1P. It is furthermore likely that the E2P form is destabi-
lized by the long inserts, if they change the linker conformation
and thereby interfere with the formation of the A3 helix, which
has important stabilizing interactions with the P5-P7 helix
bundle of the A-domain (see supplemental Fig. S1). An alterna-
tive interpretation could be that, because the A-M3 linker has
to move in connection with the Ca,E1P — E2P transition (cf.
Fig. 1 and supplemental Fig. S1), the long inserts would tend to
slow the kinetics simply by virtue of the mass they represent.
However, we furthermore observed an increased rate of the
E2 — Ca,E1 transition for the longest inserts at site 1 (Fig. 6).
Because the rotation of the A-domain during the E2 — Ca,E1
transition is facilitated rather than impeded by long inserts, the
mass effect does not seem very important. The acceleration of
the E2 — Ca,E1 transition is in accordance with the Ca,E1 form
being stabilized relative to E2 by the longest inserts and seems
to indicate that the dephospho forms of the enzyme generally
behave in a way rather similar to the phospho forms.

The mutants with the longest inserts at site 1 showed a slight
increase in the apparent Ca®" affinity for activation of phos-
phorylation relative to the wild type. This probably does not
represent any “true” increase in the intrinsic affinity of the E1
form for Ca®*, but is likely a consequence of both the stabiliza-
tion of the Ca,E1 form relative to the low affinity E2 state and
the reduced rate of Ca,E1P — E2P, causing the phosphoen-
zyme to accumulate at lower Ca®" concentrations than nor-
mally required (24). The normal rate of Ca®>* dissociation from
Ca,E1 (supplemental Fig. S3) supports the notion that the
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Ca?*-binding properties of the E1 form are wild type-like in all
mutants studied here.

Anomalous Effect of the 1G Insert at Site I —The mutant with
one glycine inserted at site 1 deserves special consideration
because it showed stronger effects on the ATPase activity and
the Ca,E1P — E2P transition than the mutants with 3G and 5G
inserts (Figs. 2 and 4) and in particular because it showed a
significantly reduced rate of dephosphorylation of E2P to as
little as 0.21 relative to the wild type (Fig. 5). By contrast, the
mutants with the longest inserts at site 1 were very similar to the
wild type with respect to the rate of dephosphorylation of E2P.
A comparison of the available crystal structures thought to be
analogs of the E2P ground state (7) and the E2-P; product state
(5) indicates some minor conformational difference between
the A-M3 linkers of these E2 forms (supplemental Fig. S1).
Mutation of Thr**”, which is located at the C-terminal end of
the A-M3 linker only three residues from site 1, affects E2P
dephosphorylation (28) likely because the side chain of Thr**’
forms a hydrogen bond with Glu**° of the P-domain in E2-P,,
but not in E2P, thus stabilizing the dephospho form relative to
the phospho form. These subtle structural rearrangements
accompanying the dephosphorylation obviously require flexi-
bility of the A-M3 linker near site 1 and might therefore be
more compromised by a single glycine insert compared with a
longer insert that allows flexibility by a loop formation mini-
mizing the push on the backbone in the vicinity.

Deletion Mutants—The deletions at site 1, E243del, Q244del,
and E243del-Q244del, also had quite significant effects on the
Ca,E1P — E2P transition and the ATPase activity, most pro-
nounced for the double deletion E243del-Q244del, for which
the rate of the Ca,E1P — E2P transition was reduced to 0.18
relative to the wild type, i.e. the same extent of reduction as seen
for the longest insertions. Because the E243G-Q244G mutant
was wild type-like, the effects of the deletions do not result from
removal of the side chains, but must be a consequence of the
shortening of the peptide backbone. Hence, the movement of
the A-domain during the Ca,E1P — E2P transition not only
requires strain in the A-M3 linker as a driving force that can be
eliminated by lengthening of the linker, but in addition, there is
a demand for the linker not to be too short. The explanation
might be that the reduced flexibility of the shorter linker in the
deletion mutants destabilizes the E2P form by interfering with
the positioning of the A3 helix and thus with its important
interactions with the P5—P7 helix bundle of the A-domain (cf.
Fig. 1 and supplemental Fig. S1).

Mutants with 1G and 3G Inserts at Site 2—Of all the mutants
studied here, those with 1G and 3G inserts at site 2 between
Gly*** and Lys*** were the most strongly affected functionally,
showing a complete block of the Ca,E1P — E2P transition, no
significant ATPase activity or Ca®* transport, and no phospho-
rylation of E2 backwards from P;. Hence, these insertions seem
to make the enzyme unable to attain the E2P state in the for-
ward running as well as the backward running mode of the
reaction cycle. The slight increase in apparent Ca>" affinity of
these mutants can be explained by the block of phosphoenzyme
turnover as discussed above for the long inserts at site 1, and the
E2 — Ca,FE]1 transition was furthermore greatly enhanced in the
3G insert mutant. The finding that relatively short insertions at
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site 2 are disruptive to the formation of E2P is in good accord-
ance with a previous mutagenesis study in which replacement
of the highly conserved Gly*** with larger residues was found to
block the Ca,E1P — E2P transition and E2P formation from P;
(20). Looking at the various crystal structure analogs of E2
forms, it appears that the reason that interference at site 2 is so
disturbing to E2P formation must be that this site is located in
the middle of the A3 helix, right below (C-terminal to) a 90°
kink of the helix (¢f. Fig. 1 and supplemental Fig. S1). This kink
appears to be necessary to accommodate the A-domain in its
rotated position. The 1G and 3G inserts added next to Gly***
will probably destabilize the helix structure, and the previously
described mutations of Gly**® to residues with side chains (20)
will obviously prevent the helix from being kinked because the
side chains of the two helix parts would clash in the mutants.

Comparison with Proteolytic Cleavage Studies—Proteolytic
cleavage studies of the Na*,K"-ATPase originally demon-
strated that tryptic and chymotryptic cleavage of the Na*,K*-
ATPase at Arg*®* (equivalent to Lys*** of the Ca®>*-ATPase)
and Leu®®®, respectively, i.e. the same region as site 2 of the
Ca>"-ATPase defined here, can occur only in E1 states, whereas
these sites are protected in E2 (29), in good agreement with the
now known a-helical structure of this region in E2 (11). In the
digested enzyme, the E1P form is stabilized relative to E2P, thus
resembling the mutants studied here. In Ca®>* -ATPase, specific
proteolytic excision of MAATE?**, ie. the five residues just
N-terminal to site 1, with proteinase K also led to inhibition of
the Ca,E1P — E2P transition (30). In light of the present find-
ings, this does not seem to be due to the loss of the side chains of
the MAATE>*® segment, but rather to the inability of the
cleaved enzyme to create the strain in the A-M3 linker required
for Ca,E1P — E2P transition.

Perspectives—W e conclude from our results that the A-M3
linker length is quite important for the A-domain move-
ments occurring during the major conformational changes of the
Ca®" transport cycle. The reduced rate of the Ca,E1P — E2P
transition observed for the long inserts at site 1 supports the
hypothesis that strain in the A-M3 linker is a driving force
for the A-domain movement (27), and the effects of deletions
and site 2 insertions likely reflect the importance of the posi-
tion and integrity of the A3 helix for stabilization of E2P. A
comparison of the El-type crystal structures with Ca>"
bound in non-occluded and occluded states (the latter also
with ATP/ADP and phosphate analogs bound) indicates
that the stretching of the A-M3 linker causing the strain is a
consequence of bending of the P-domain associated with Ca®*
occlusion and the resultant phosphorylation to form Ca,E1P,
thus preparing the enzyme for the subsequent Ca,E1P — E2P
transition (27).

We found it remarkable and surprising that an insert of as
many as 41 residues in the A-M3 linker was compatible with
high expression (i.e. close to normal protein folding) and
function of the SERCA Ca®>" pump, albeit at a reduced rate.
However, taking a broader view of P-type Ca®>" pumps, it is
noteworthy that the plasma membrane Ca®>*-ATPases from
Nature’s own hand have inserts in the A-M3 linker region
close to site 1. These inserts, caused by gene differences as
well as by alternative splicing of mRNA, vary in length (in
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fact up to 40-50 residues) and sequence according to iso-
form, but are generally highly charged and predicted to form
an amphipathic helix. Interestingly, evidence has been
reported that this region of the plasma membrane Ca®*-
ATPase interacts with calmodulin, acidic membrane lipids
that activate the pump rate, and possibly other regulatory
proteins such as G-proteins (31, 32). Given the effects that
we have observed on the rate-limiting conformational
change, it is understandable and intriguing that, in some
cases, Nature uses the A-M3 linker as a handle for regulatory
interference with the pump cycle.
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