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Characterization of a Listeria monocytogenes Ca®>* Pump
A SERCA-TYPE ATPase WITH ONLY ONE Ca**-BINDING SITE™
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We have characterized a putative Ca>*-ATPase from the
pathogenic bacterium Listeria monocytogenes with the locus
tag Imo0841. The purified and detergent-solubilized protein,
which we have named Listeria monocytogenes Ca>*-ATPase 1
(LMCA1), performs a Ca®>*-dependent ATP hydrolysis and
actively transports Ca>* after reconstitution in dioleoylphos-
phatidyl-choline vesicles. Despite a high sequence similarity to
the sarcoplasmic reticulum Ca>*-ATPase (SERCA1la) and
plasma membrane Ca®>*-ATPase (PMCA), LMCA1 exhibits
important biochemical differences such as a low Ca”* affinity
(Ky.5 ~80 um) and a high pH optimum (pH ~9). Mutational
studies indicate that the unusually high pH optimum can be
partially ascribed to the presence of an arginine residue (Arg-
795), corresponding in sequence alignments to the Glu-908
position at Ca>* binding site I of rabbit SERCA 1a, but proba-
bly with an exposed position in LMCA1. The arginine is char-
acteristic of a large group of putative bacterial Ca>*-ATPases.
Moreover, we demonstrate that H* is countertransported with
a transport stoichiometry of 1 Ca®>* outand 1 H* in per ATP
hydrolyzed. The ATPase may serve an important function by
removing Ca>* from the microorganism in environmental
conditions when e.g. stressed by high Ca®>* and alkaline pH.

The vital importance of maintaining Ca®>" homeostasis is
well established. Whereas the Ca®>* levels in eukaryotes are
kept under tight control, close to 1-3 mu in the blood plasma
and around 50-150 nM in the cytoplasm, much less is known
about the role of Ca?* in prokaryotes (1). However, it has
been found that in most bacterial cell types studied, Ca*" lev-
els are maintained in the micromolar range or lower by a vari-
ety of secondary and primary transporters such as P-type
ATPases (2).

The P-type ATPases are integral, multispanning membrane
proteins involved in the active transport of mainly cations
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across the membrane. The hallmark of the family is the for-
mation of a high-energy phosphoenzyme intermediate target-
ing a conserved aspartate side chain. The Ca®"-transporting
P-type ATPases in eukaryotes belong to the subfamily II (3),
including sarcoplasmic reticulum Ca*>*-ATPase (SERCA)°
and the plasma membrane Ca”>"-ATPase (PMCA), corre-
sponding to subgroups IIA and IIB, respectively. Despite a
plethora of prokaryotic P-type ATPase genes acquired from
bacterial genome sequences, very little is known about the
biochemical function and in vivo importance of these pumps.
Phosphorylation and Ca>* transport has been documented in
a few cases (4—8). It has also recently been shown that CaxP,
a P-type ATPase in Streptococcus pneumoniae, is vital for the
survival of this microorganism in the high extracellular Ca*"*
concentrations of the infected host (9).

From an initial analysis of bacterial sequences we identified
a number of putative Ca>" pumps that although similar to
eukaryotic Ca*>*-ATPases also differ from these, especially
with respect to the region known as the Ca®>*-binding site I in
SERCA (10-12). The presence of an arginine residue in the
position corresponding to Glu-908 in SERCA1a, and the ab-
sence of an acidic residue corresponding to Glu-771 in
SERCA1a, indicates that in this bacterial subgroup of Ca®*-
ATPases the site I region is not adapted for Ca®>" binding, as
is also the case in PMCA (13, 14). However, in most other
respects these bacterial ATPases retain more similarity with
SERCA than with PMCA (described below). As a common
feature, all sequences indicate the presence of a cation bind-
ing site in the region corresponding to site II in SERCA, cen-
tered on Glu-309 of the conserved PEGL motif found in all
eukaryotic Ca®>*-ATPases.

In the present work, we focus on the biochemical and bio-
physical properties of a bacterial P-type ATPases, [m00841,
present in the pathogenic bacterium Listeria monocytogenes
that is up-regulated during adaptation to alkaline pH (15).
After having expressed and purified the gene product of
Imo084.1 we show that indeed it has Ca®>*-dependent ATPase
activity and transports Ca®". On this background we from
now on refer to it as the L. monocytogenes Ca>"-ATPase 1
(LMCAL1). We characterize the ATPase activity, apparent
Ca?" affinity and Ca®" transport as a function of pH. We es-

© The abbreviations used are: SERCA, sarcoplasmic reticulum Ca®"-ATPase;
LMCA1, Listeria monocytogenes Ca**-ATPase 1; 8-OG, B-octylglucoside;
C12E8, octaethylene glycol monododecyl ether; DDM, n-dodecyl 3-b-
maltoside; DOPC, dioleoyl phosphatidylcholine; PDB, Protein Data Bank;
PMCA, plasma membrane Ca®*-ATPase; TEV, Tobacco Etch Virus.
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tablish for the first time H™ counter transport as a feature of a
bacterial P-type ATPase. Furthermore we demonstrate that
the Ca®™" transport is electrogenic, with a probable 1 ATP:1
Ca®":1 H" stoichiometry. With the help of mutational studies
we investigate the molecular basis for the biochemical charac-
teristics of LMCA1 distinct from SERCA1a. Finally we explain
how these differences can be rationalized from a homology
model using SERCA1a as a template.

EXPERIMENTAL PROCEDURES

Cloning—The ORF of [mo0841 (LMCA1) was amplified
from L. monocytogenes genomic DNA with the primers
Imo084Ifor: gcccatatggagatataccgcaaaagegeg and [mo084Irev:
gecccctegaggecctgaaaataaagattctcagtagtggggatgtegtaatetttgaaa-
aacttattctgaactactttaataat. The reverse primer was designed to
incorporate a short linker, a Tobacco Etch Virus (TEV) prote-
ase site and a six histidine tag in the C terminus of the
expressed enzyme. The PCR product was digested with Ndel
and Xhol and ligated into pET-22b (Novagen) resulting in
LMCA1-pET22-b.

Expression—LMCA1-pET-22b was transformed into C43
(DE3) and plated on lysogeny broth (LB) agar plates supple-
mented with 100 ug/ml ampicillin (amp). 5-10 colonies were
used for inoculation of a 20-ml LB overnight culture with 100
pg/ml amp. 2 liters of terrific broth (TB) medium, supple-
mented with 100 ug/ml amp, was inoculated with 20 ml of
overnight culture and grown at 30 °C. Expression was induced
at Agoo nm = 0.6—0.8 with 1 mM isopropyl B-p-1-thiogalacto-
pyranoside (IPTG), and the temperature was lowered to 20 °C
for induction for 20 h. 20 g of cells from 2 liters of medium
were harvested by centrifugation at 5,000 X g for 45 min, re-
suspended in 100 ml buffer A (50 mm Tris-HCI, 200 mm KCI,
20% v/v glycerol, pH 7.6) and stored at —20 °C.

Purification—20 g of cells were lysed with a high pressure
homogenizer (C5 model, Avestin) at 15,000 psi three times in
100 ml of buffer A supplemented with 5 mm -mercaptoetha-
nol, 1 mm PMSF, 1 Complete tablet (Roche), and 5 pg/ml
DNase I. Cell debris and aggregates were removed by centri-
fugation at 27,000 X g for 30 min. A total of 2.7 g of mixed
membranes were isolated by centrifugation at 235,000 X g for
2 h. The mixed membranes were solubilized in 50 ml of buffer
B (20 mm Tris-HCI, pH 7.6, 200 mm KCl, 20% v/v glycerol, 5
mM B-mercaptoethanol, 3 mm MgCl,, 0.1 mm CaCl,) with 1%
w/v B-dodecylmaltoside at 4 °C for 1 h. Aggregates were re-
moved by centrifugation at 235,000 X g for 1 h. 4 ml of Ni-
slurry (Ni-Sepharose 6 Fast Flow, GE Healthcare) was equili-
brated in buffer C (20 mm MOPS pH 7.5, 200 mm KCl, 20%
v/v glycerol, 5 mMm B-mercaptoethanol, 1 mm MgCl,, 0.1 mm
CaCl,, 0.25 mg/ml C,,Eq (~6.6 X CMC)). Solubilized mem-
branes were incubated with Ni-beads for 1 h, and the slurry
was packed into a XK-16 column (GE Healthcare). 4 mg of
protein was eluted in a single step in 20 ml of buffer C supple-
mented with 250 mm imidazole and was digested with 0.25
mg of TEV protease while dialyzing against 1 liter of buffer C.
Digested and dialyzed LMCA1 was loaded on the Ni column,
and the flow-through was collected yielding a pure sample
(Fig. 1A).
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Homology Modeling—To model LMCAL in the calcium-
bound E1P-ADP state and the extracellular-facing E2P
ground state PDB ID entries 1T5T and 3B9B were used re-
spectively as templates structures in MODELLER (16). For
each template 100 models were generated, and the one with
the lowest DOPE (Discrete Optimized Protein Energy) score
(17) was used for further analysis.

SERCA1la Preparation—Sarcoplasmic reticulum vesicles
were isolated from rabbit skeletal muscle and purified by ex-
traction with a low concentration of deoxycholate as previ-
ously described (18).

Enzymatic Activity—Spectrophotometric measurements,
using an ATP regenerating and NADH-coupled activity assay
were performed, as described (19). The medium contained
10% glycerol, 10 mm bis-Tris propane, 150 mm KCI, 1 mm
MgCl,, 0.2 mm NaMoO,, 5 mm NaNj, with or without 20 mm
KNO, at pH 7-7.5. The three latter substances were added as
inhibitors of phosphatases, F,F,-ATPases and pyrophospha-
tases respectively. The activity of solubilized enzyme was
measured in the presence of 0.1- 0.5 mg/ml C,,E,. The Ca*>*
and enzyme concentrations were as indicated in the legends
to figures.

In addition to the NADH assay we measured ATP hydroly-
sis from the formation of inorganic phosphate by a colorimet-
ric malachite green method (20). This was done because we
found LMCAL1 to have an unusually high pH optimum unsuit-
able for maintaining the stability of the coupled enzyme sys-
tem involved in the NADH assay. P; formation was followed
as a function of time from the absorbance at 630 nm on a
Victor3 (Perkin Elmer) plate reader. Typically, a suboptimal
concentration of Ca®>* and ATP was used (300 pm CaCl, and
0.1-0.5 mm ATP) to avoid precipitation of calcium
phosphate.

Preparation of Proteoliposomes—LMCAL1 was reconstituted
with Bio-beads according to (21-23) by incorporation into
phospholipid/detergent complexes formed by mixing B-octyl-
glycoside (B-OG) with unilamellar vesicles of dioleoyl phos-
phatidylcholine (DOPC), prepared by cholate dialysis (24).
The protocol for detergent removal by Bio-Beads treatment
was the following: 80 mg/ml for 2 h and 1 h, followed by 160
mg/ml twice for 1 h, added to a medium containing 8-OG
(~15 mg/ml according to titration), liposomes (~9 mg/ml as
determined by the diphenylhexatriene method (25)), ~0.4—
0.5 mg/ml purified protein and 100 mm KH,PO,, 1 mm
MgCl,, and 1 mm NaNj to which had been added ~17% glyc-
erol. The presence of glycerol was critical for tightness of the
vesicles and activity of the protein. Ca®>" uptake was mea-
sured from the uptake of radiolabeled *>Ca*>" by use of cellu-
lose nitrate filters (Schleicher & Schuell) (21) in 10% glycerol,
30 mm bis-Tris propane, 150 mm KCl, 1 mm MgCl,, 0.2 mm
ATP, 300 um EGTA, 367 um Ca>* within 2—3 days (refrigera-
tor stored proteoliposomes), while H* release and membrane
potential assays were performed on the same day that the ves-
icles were prepared.

Investigation of H' Transport in Pyranine-containing
Vesicles—pH changes within the vesicles upon Ca®"-depen-
dent H* uptake was followed as a change in the fluorescence
of intravesicular pyranine with a Spex Fluorolog-3 spectro-
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FIGURE 1. A, purification of LMCA1. 1-3, first Ni* column 1:DDM-solubilized
mixed membranes; 2, flow-through; 3, imidazole-eluted LMCA1; 4, marker
(116.0, 66.2, 45.0, 35.0, 25.0, 18.4, and 14.4 kDa), 5-7, second Ni** column; 5,
TEV protease-digested and dialyzed LMCA1. 6, flow-through; 7, imidazole
elution; B, phosphorylation of LMCA1. The reaction was started by the addi-
tion of [y- *2PJATP and Ca®* resulting in a band corresponding to LMCA1
(A). The addition of EGTA, removing Ca?™, abolished the phosphorylation
(B), but the phosphorylation could be restored by adding back Ca®™" (C). The
phosphorylation could be inhibited by the addition of vanadate (D).

fluorometer (excitation wavelength 455 nm, emission wave-
length 512 nm, 5 nm slits on both sides). The vesicles were
prepared in 7.7 mm KH,PO, pH 7.1, 2.9 mm MOPS pH 7.5
(the remainder from the LMCA1 preparation), 17% glycerol,
90 mm KCl, 0.9 mm MgCl,, 0.8 mm NaNj, and 0.29 mm pyra-
nine. The extravesicular dye was removed by chromatography
on a PD-10 column loaded with reaction buffer (10.6 mm Tris,
pH 7.6, 17% glycerol, 90 mm KCI, 0.9 mm MgCl,, 0.8 mm
NaNj). 50 ul of vesicles were added to the 1950-ul reaction
buffer under continuous stirring and fluorescence changes
induced by additions of ATP, Ca®>", and ionophores were
recorded.

Electrogenic Properties of the Enzyme—The formation of
transmembrane potentials was followed by oxonol VI fluores-
cence using a Spex Fluorolog-3 spectrofluorometer (excita-
tion wavelength 580 nm, emission wavelength 660 nm, 10 nm
slits on both sides) essentially as previously described (26) and
under the same conditions as in the proton release studies.

RESULTS

In this study we have cloned and heterologously overex-
pressed a putative Ca? *_pump from L. monocytogenes (locus
tag: Imo0841) in Escherichia coli. The ATPase was well ex-
pressed, resulting in a prominent band on a SDS-PAGE gel
from the solubilized membranes (Fig. 14). The two-step
metal affinity chromatography procedure on Ni**-beads
yielded highly pure and active enzyme (Fig. 1A4). The hallmark
of P-type ATPase is the formation of a phosphoenzyme inter-
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mediate, which we identified by phosphorylation with
[y-**P]ATP in the presence of Ca>" (lane A, Fig. 1B). The
formation of the intermediate was dependent on Ca®", as the
addition of EGTA abolished the phosphorylation (lane B, Fig.
1B), and the activity could be restored, adding back Ca**
(lane C, Fig. 1B). Furthermore, phosphorylation could be re-
duced by the addition of the classical P-type ATPase inhibitor
vanadate (lane D, Fig. 1B).

Classification of LM CA1—Among the five distinct groups
of P-type ATPases (3) LMCALI and a number of other bacte-
rial P-type ATPases belongs to type Il Ca®>"-ATPases as can
be seen from the multiple sequence alignment in supplemen-
tal Fig. S1. The alignment shows that essential structural fea-
tures are conserved, including the presence of 10 transmem-
brane helices and most of the signature sequences and motifs.
Overall the LMCA1 primary structure shows closest sequence
identity with the subgroup IIA (sarco(endo)plasmic reticulum
Ca>"-ATPases, by 38% identity) and somewhat less pro-
nounced identity (29% identity) to the subgroup IIB (plasma
membrane Ca®>"-ATPases. A major difference is the presence
of inserts of probably regulatory function in the eukaryotic
ATPases. This is particularly the case for PMCA, which in
addition to the calmodulin-binding C terminus has large in-
serts, one in the A-M3 linker, and one in the N terminus. But
there are also inserts of putative regulatory function in mam-
malian SERCA-type pumps, e.g. the extended luminal loop
between M7 and M8, which are not seen in any of the bacte-
rial Ca®>*-ATPases. Thus, compared with the 994 residues of
rabbit SERCA 1la, LMCAL1 is shorter with a total of 880 amino
acid residues.

Sequence Analysis and Homology Modeling—With no high-
resolution crystal structure of the LMCA1 available, the struc-
ture was modeled on the basis of SERCA1a in the Ca*>" -
bound E1P occluded state (PDB ID 1T5T, see Ref. 25 and Fig.
2B). While SERCA1a has two Ca®>"-binding sites in the trans-
membrane region only one of these, corresponding to site II,
is conserved in LMCA1 and PMCA (Fig. 2A and supplemental
Fig. S1). In SERCA1la the Ca®" ion in site I is coordinated by
Asp-800, Glu-908, Glu-771, and Thr-799. Asp-800 coordi-
nates both Ca®>* ions in SERCA1la and is completely con-
served in all Ca?*-ATPases, in contrast to the other three
residues that are not conserved in either LMCA1 or
PMCA. Importantly, Arg-795 of LMCAI corresponds to
Glu-908 in SERCA1la and a glutamine residue in PMCA
(10, 27), see Fig. 2B.

Ion Specificity—Considering the above-described differ-
ences in the ion-binding site region, it was not entirely clear
whether LMCAL1 is a genuine Ca®*-ATPase. However, we
found that LMCA1 indeed displays a Ca>"-dependent ATP
hydrolysis, (Fig. 34). Apart from Ca®", the only other ion that
stimulated ATPase activity (at 50 -5000 um and pH 7.6 or 9)
was Sr**, which is indeed chemically closely related to Ca**.
This is a typical feature of the type IIA subgroup to which the
SERCAs belong: unlike PMCA pumps they are capable of
transporting Sr** in addition to Ca** (28, 29). On the other
hand, it is also noteworthy that unlike SERCA1la (30), LMCA1
does not show Mn**-dependent ATPase activity. Further-
more, we found that AI*", Ba>*, Co®", Cs™, Cu®>", Fe** /*™,
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FIGURE 2. A, multiple alignment of selected Ca*>*-ATPases from rabbit and eubacteria generated by MUSCLE (45). Black arrowheads indicate the residues in
Ca?*-binding sites | and Il of SERCA1a from rabbit. The bacterial sequences were initially identified using PSI-BLAST and a subset of the identified se-
quences where used to build a Hidden Markov Model profile to search for additional target sequences. The structural elements of transmembrane helices 4,
5,6, and 8 (TM4, TM5, TM6, and TM8) of SERCA1a (PDB: 15TT) (42) are depicted above the alignment in gray. Sequences have less than 85% sequence iden-
tity and only two representatives from each bacterial species are presented. The following amino acid groupings are indicated by color schemes: positively
charged (RK) shown on blue background; polar (QN) shown in purple; hydrophobic (CLIVM) with gray background; aromatic (FWY) with green background;
small (TS) with a white background; and tiny (AG) with yellow background. B, homology model of LMCA1 using SERCA 1a in the calcium-bound E1~P.ADP
state as a template (PDB: 1T5T) (42). The side chains of SERCA1a are displayed in yellow and those of LMCAT1 in green. The spheres are Ca®>* ions from the
SERCAT1a structure, to the left site | and to the right site Il. The transmembrane helices are denoted with M4, M5, M6, and M8 according to SERCA1a.

Li", Na™, and Ni*" did not activate the pump and the addi-
tion of Cd*", Ag>", and Zn>" inhibited the Ca®>*-dependent
hydrolysis of ATP (not shown).

Activity of LMCA1 as a Function of Ca®" Concentration—
To investigate the apparent Ca" affinity we studied the hy-
drolysis of ATP by C,,E,-solubilized LMCA1 as a function of
Ca®* concentration at a high concentration of the nucleotide
(5.0 mm) and pH 7.5 (Fig. 3B). However, unlike eukaryotic
Ca®"-ATPases we did not detect activity in the submicromo-
lar region. Noticeable activity required a Ca®>" concentration
of ~10 um from which level the activity rose steadily to a peak
value at 500 um followed by a marked decrease at higher Ca®*
concentrations. As in the case of eukaryotic Ca>"-ATPases
the decrease in activity probably can be attributed to a combi-
nation of Ca®>* binding at low affinity luminal sites and the
substitution of the catalytic Mg>" with Ca>" slowing the
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E1~P:Ca, — E2-P transition in SERCA1la (31) and PMCA1
(19, 32). Thus, compared with the eukaryotic Ca>"-ATPases
the plots of Ca?" dependence have the same shape, but are
shifted toward lower Ca>™ affinity by approximately two or-
ders of magnitude. Thus, while for detergent-solubilized
SERCAla K, 5 is <1 uM at pH 7.5 (19), the half-maximal acti-
vation for LMCA1 was found to be ~80 um (pH 7.5). For
SERCAla the maximal activity is typically ~5 umol ATP/
(min mg protein) at neutral pH and 20-25 °C (19). For
LMCAL1 activities as high as ~20 umol of ATP/(mg protein X
min) were observed in detergent solution at pH 7.5 and room
temperature, and an even higher activity was seen at pH 9. In
conclusion the maximal turnover of LMCA1 is much higher,
but characterized by a lower affinity for Ca®>" than SERCA1a.
The Dependence of the Activity on pH in Detergent Solution—
Our further experiments with LMCA1 solubilized in C,,Eg
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FIGURE 3. A, ATPase activity of LMCA1 in the presence of either 200 um
Ca?*, Sr**,Ba®", or Mn?" at pH 9. B, ATPase activity of LMCA1 as a function
of Ca®* concentration measured at pH 7.5.

also displayed a very different pH-dependence as compared
with SERCAla and PMCAL. As can be seen in Fig. 44,
LMCAL is active over a broad pH range from 6.5 to 10. The
activity rises gradually until pH ~8.75 and remains almost at
the same level until the pH reaches 9.5, above which it drops.
This is a much broader pH optimum than observed for
SERCA1a, for which the activity in the same assay rises gradu-
ally from pH 5.5, to reach a maximum at ~pH 7, and then
drops steeply to be barely active above pH 8.0. Thus, LMCA1
has a relatively low activity at the pH where SERCA1a has the
highest activity while SERCA1a is essentially inactive at the
pH where LMCAL1 displays its highest activity.

Apparent Ca®" Affinity as a Function of pH—In SERCAla
the Ca>" affinity is strongly pH-dependent as four of the ion-
binding residues are carboxylates and their degree of protona-
tion is pivotal for Ca®>" coordination. To investigate the pH-
dependence of the Ca®>™ affinity in LMCA1 we studied the
activity as a function of the Ca>* concentration at pH 7 and 9
(supplemental Fig. S2). In LMCA1 the apparent affinity was
about twice as high at pH 9 as compared with that at pH 7,
while a 10-fold increase in affinity was observed with
SERCA1la when pH was raised from 6 to 7 (33).

Ca®" Transport: Stoichiometry and pH Dependence—To
further investigate the properties of LMCA1 we reconstituted
purified LMCA1 in DOPC vesicles to measure the uptake of
radioactively labeled Ca®>" (**Ca®*). As can be seen from Fig.
5A LMCA1 did indeed display an ATP-dependent Ca** up-
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FIGURE 4. The ATPase activities are depicted as a function of pH in the
range 6-10. A, ATPase activity of SERCA1a (dashed line) and LMCA1 wild
type (full line). B, ATPase activities of LMCA1 mutant enzymes. R795Q
dashed line, R795E full line, A691E dotted line, and R795K dash-dot line. The
inset shows two mutants displaying less than 1% activity: R795A (full line)
and the double mutant R795E/A795E (dotted line). The activity is shown as
percentage of wild type activity and scaled according to measurements on
fresh protein (the same day as purified) at pH 7.5.

take. The Ca®" transport displayed a similar pH dependence
as the ATPase activity and the initial rate of Ca®>" uptake was
much higher at pH 9 as compared with 7.6. As can be seen in
Fig. 5B, the rate of Ca®>" uptake was highest initially (as was
ATP hydrolysis) and then slowed down with the formation of
a transmembrane Ca®>" gradient. Comparing the initial rates
of Ca®>* uptake and enzymatic hydrolysis indicated that the
stoichiometry of Ca®>* transport and ATP consumption is
close to unity (Fig. 5B), lower than the values approaching
1.5-2:1 previously found for SERCA1la (34 -36). On the other
hand, it is similar to the presumed 1:1 Ca**/ATP stoichiome-
try for PMCA (13).

Mutational Studies—The most striking difference between
the ion-binding sites of LMCA1 and SERCA1a is the absence
of two glutamates coordinating Ca>" at site I in SERCA1la
(Glu-771 and Glu-908). As explained above, LMCAL is a
member of a large group of bacterial proteins with an arginine
in one of these positions (908, SERCA numbering) while
PMCA has a glutamine in this position. To investigate
whether the presence of the arginine could explain the ob-
served biochemical differences we expressed and purified a
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mutant LMCAL1 carrying a glutamate in this position, as in
SERCA1la (R795E). Interestingly, we found by this mutation
that the pH optimum was shifted by 1 pH unit toward that of
SERCA1la (pH 8.0), see Fig. 4B.

We then constructed a mutant having a glutamine in posi-
tion 795 as in PMCA. Interestingly the pH optimum of this
mutant, carrying a neutral residue in position 795, had a pH
optimum of ~8.5, intermediate of the positively charged argi-
nine in the wild-type protein and the negatively charged glu-
tamate in R795E (Fig. 4B). Note that both LMCA1 and PMCA
have an alanine in position 691 where SERCA1la has Glu-771
(see supplemental Fig. S1). Thus both residues (691 and 795
in LMCA1 numbering) are similar in the R795Q mutant and
PMCA. Despite this similarity PMCAs typically seem to have
a lower pH optimum (37) than the R795Q mutant of LMCAL1.

We also introduced a glutamate at Ala-691 of LMCA1, cor-
responding to the ion binding residue Glu-771 in SERCA1la.
In this A691E mutant of LMCA1 the pH optimum was 8, as in
the R795E mutant enzyme (Fig. 4B). Thus, the introduction of
either of the two ion-binding glutamates specific for SERCA
shifted the pH dependence of LMCAL1 in a similar way.

Three more mutants were constructed (R795K, R795A, and
the R795E/A691E double mutant). Although they had very
low activity (<1% of wild type), making the significance of the
results more uncertain, these mutants displayed a similar
tendency with regard to pH dependence, as observed with the
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above-described mutants. Thus, the charged-conservative
R795K mutant displayed a similar pH dependence as the wild
type. The double mutant (R795E/A691E), mimicking
SERCA1a, had a similar pH dependence as SERCAla and the
behavior of the R795A mutant was reminiscent of the R795Q
mutant that also carries a non-charged residue in this
position.

Surprisingly, the Ca®" affinity of all mutants was even
lower than that of the wild type (not shown). Thus, it was not
possible to restore the Ca®>" binding properties by mimicking
the ion-binding site I of SERCA1a alone.

LMCA1 and Proton Flux—In SERCAla the influx of 2 Ca*>*
per ATP is coupled to extrusion of 2—-3 H*, where the stoichi-
ometry varies with pH (26, 35, 38, 39). For PMCA 1 Ca®" and
probably 1 H" are translocated in each cycle (13), although a
higher H" stoichiometry has also been reported (40, 41). In
contrast, no evidence of a counter ion or electrogenecity has
been demonstrated previously for bacterial P-type ATPases.
To resolve this issue, we investigated LMCA1 reconstituted in
DOPC vesicles loaded with the pH-sensitive fluorescent dye
pyranine (Fig. 6). In this figure, a decrease in fluorescence re-
flects a decrease in pH inside the vesicle. When the mem-
brane potential is clamped by addition of valinomycin, a slow
proton transport is revealed, probably due to a small differ-
ence in the inside and outside pH values. The fact, that this
decrease in pH was induced by valinomycin can be attributed
to the formation of a positive inside membrane potential hin-
dering the passive influx of protons. The following addition of
100 um Ca®* does not affect the passive proton transport as
seen from the unchanged velocity of the fluorescence de-
crease. However, the subsequent addition of 1.0 mm ATP re-
verses the fluorescence change, i.e. induces an ATP-depen-
dent efflux of protons. The inset in Fig. 6 demonstrates that
Ca®" is absolutely necessary for initiation of the ATP-depen-
dent efflux, because it is completely abolished by addition of
EGTA (a Ca®>*-chelating agent). Taken together, these experi-
ments demonstrate that in the reconstituted vesicles LMCA1
exchanges H" for Ca®>* ions by an ATP-dependent transport
process. Thus ATP addition allows maintaining a steady state
concentration gradient of H*. The ionophore A23187 abol-
ishes the transmembrane Ca®>* gradient (built up by LMCA1)
and induces an instantaneous fall in pyranine fluorescence,
indicative of re-uptake of protons, since the ionophore ex-
changes 2 H* for 1 Ca®>*. However, subsequently there is a
slow, time-resolved decrease in pyranine fluorescence, which
is, at first sight, surprising since it indicates a sustained net
transport of the protons into the vesicles. This observation is,
however, crucial for resolving the question about the stoichi-
ometry of H*/Ca®* exchange ratio. The net transport of
Ca®"* under these conditions is zero (Ca®>" influx induced by
the pump is equal to the Ca>" efflux through A23187). Fur-
thermore, active Ca®" transport by LMCAL is coupled to H*
translocation in the opposite (outwards) direction. Because a
net inwards transport of H is seen, this must mean that H*
translocation by the ionophore and LMCA1 take place with a
different stoichiometry and in such a way that H"/Ca®" ex-
change ratio by LMCA1 is lower than the 2:1 stoichiometry
for A23187. Thus, LMCAL1 is likely to catalyze a Ca®>*/H™"
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FIGURE 7. Changes in the transmembrane potential reported by oxonol
fluorescence. Addition of ATP and Ca* to LMCAT1 reconstituted in DOPC
vesicles builds up the membrane potential. Vanadate inhibits LMCA1 and
leads to dissipation of the membrane potential.

exchange reaction with a ratio of 1Ca*>*:1H™", which implies
that it is an electrogenic process.

Electrogenic Properties of LMCAI—To substantiate the
above conclusion we have further investigated the electroge-
necity of the LMCA1 catalyzed Ca>" transport process with
oxonol VI. An increase in the fluorescence of this dye corre-
sponds to the formation of a positive inside membrane poten-
tial. Fig. 7 clearly demonstrates that net transport of positive
charges takes place into the liposomes containing reconsti-
tuted enzyme. The potential is dependent on the simultane-
ous presence of ATP and Ca®*, and it is inhibited by vana-
date. Because we have now shown that LMCA1 exchanges
Ca?"* for H" and during this process builds up a positive in-
side membrane potential, the stoichiometry is probably
1Ca®":1H" in accordance with the pyranine data.

DISCUSSION

Classification of LM CA1—The present study firmly estab-
lishes that the gene locus [m00841 in L. monocytogenes en-
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codes a Ca®"-ATPase and hence we name it LMCAL1. Overall
it shares highest sequence similarity with SERCA-type
ATPases but also to some extent with those ATPases of the
PMCA-type. LMCAL differs from both by having an arginine
in a position that in sequence alignments is equivalent to Glu-
908 in SERCA1la and GIn-983 in PMCA1 (supplemental Fig.
S1). We have found this arginine to be characteristic of a large
group of bacterial Ca*>*-ATPases (Fig. 24). The position
equivalent to Glu-771 in SERCA is furthermore occupied by
an alanine in a large fraction of this group, reminiscent of the
PMCA type pumps. Because of these differences to SERCA,
LMCAL1 has only one ion-binding site, which in accordance
with our findings is able to transport one Ca®>* and counter-
transport one H* by an electrogenic mechanism. In other
respects there are marked differences from both SERCA and
PMCA, e.g. LMCAL1 has a low Ca®" affinity and a high pH
optimum.

The Minimal Subset of Amino Acids Required for Ca®*
Pumping—We have in Fig. 2B modeled the LMCA1 sequence
on the structure of SERCA1la in the occluded Ca,E1P:ADP
state (represented by the Ca,E1:AlF, :ADP complex, PDB ID
1T5T) (42). Interestingly, our homology model indicates that
the guanidinium group of Arg-795 in LMCA1 (corresponding
to the SERCA Glu-908 position) might exploit a position in
space close to the Glu-771 side chain of SERCA1a, which is
replaced by the small Ala-691 in LMCAL1 (Fig. 2B). Indeed the
arginine replacing Glu-908 in SERCA1la in a large subset of
this group of bacterial Ca®>*-ATPases is highly correlated with
a small residue (Ala or Gly) in the position corresponding to
SERCA 1a Glu-771 (Fig. 24 and supplemental Fig. S1). How-
ever, it should be noted that an equally large group of putative
bacterial Ca®?"-ATPases retains the Glu-771 of SERCA1a,
suggesting that they might accommodate the arginine differ-
ently and possibly display different characteristics of Ca®>*
binding and pH dependence.
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Putatively Conserved Mechanism—W e note that the resi-
dues that are most dramatically reorientated when shifting
between E1 and E2 states in SERCAla (Glu-309, Asn-796, and
Asp-800) (43) and thus important for the shift between high
and low affinity for Ca*>*, are all conserved in LMCAL1 (Fig.
2A). Thus, although site I is disrupted in LMCA1, the impor-
tant residues involved in the Ca®" -pumping mechanism at
site II are conserved, consistent with the view that they likely
represent the minimal requirement for Ca®>*/H™" exchange
over the membrane by P-type Ca®>*-ATPases.

The pH Dependence of LMCAI—As it is known that the
Imo0841 gene is up-regulated at high pH (9.5) (15), it was also
for this reason interesting to investigate the pH dependence
of the protein. The activity of detergent-solubilized LMCA1
displayed optimal activity near pH 9.0 (Fig. 44). Moreover,
the Ca>" uptake in reconstituted vesicles was faster at pH 9
than at pH 7.6 (Fig. 5A4), thus correlating an increased ATP
hydrolysis with increased transport activity. Our mutational
studies indicate that the pH optimum of the wild-type enzyme
probably is tuned by the charge of the arginine in position
795. The activity displays a broad plateau in the pH region
8.75-9.75. This plateau might indicate that activity is depen-
dent on two different rate-limiting events connected to the
pK, of two different amino acid residues. Because the peak at
9.75 seems to disappear in the R795Q (and R795A) mutants,
this would be consistent with a mechanism where the activity
peak at pH ~9.75 would be related to deprotonation of Arg-
795. The importance of the positions 795 and 691 is further
supported by another Ca®>*-ATPase from Synechosystis sp. It
has the same constellation of amino acids as the A691E mu-
tant LMCAL, viz. an arginine in position 795 and a glutamate
in position 691 (LMCA1 numbering) and a similar pH opti-
mum (~8) as the LMCA1 mutant (6). However, PMCAs seem
to have a lower pH optimum than the R795Q-mutant of
LMCA1, which mimics PMCA in these positions. This might
be explained by the presence of yet another glutamate in the
transmembrane region of PMCA1 (Glu-987) that is not seen
in SERCA1a or the bacterial ATPases (supplemental Fig. S1).

To address the transport mechanism we modeled LMCA1
on the structure of SERCA1 in the open E2P ground state
(represented by the E2:BeF; complex, PDB ID 3B9B) (43)
(Fig. 8). In this model not only Glu-292 and Asn-716 (corre-
sponding to Glu-309 and Asn-796 in SERCA 1a), but also
Arg-795 in LMCA1 (instead of Glu-771 in SERCA 1a) has
direct contact with the broad channel that opens up toward
the extracytosolic side when Ca®* is released and H* taken
up. Consequently, Arg-795, when protonated might repel in-
coming H, thereby preventing efficient pumping at lower or
neutral pH. That an arginine would sense the pH on the out-
side rather than on the cytosolic side is also more probable
from a physiological point of view, since the cytosol would not
be expected to reach pH 9 at any point.

A further and related molecular explanation for the unusu-
ally high pH optimum of LMCA1 as compared with SERCAla
is based on the different charges in and near the ion-binding
sites in the E1 conformations of the different Ca*>*-ATPases.
The LMCAL1 ion-binding site contains two carboxylate side-
chains that when deprotonated will compensate for the

1616 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 8. Homology model of LMCA1 generated using SERCA 1ain E2P
ground state (PDB: 3B9B) (43) as template. LMCA1 is viewed from the
lumen and reveals Arg-795 situated in an open channel in this state with
direct access to the extracellular environment. Carbon, nitrogen, and oxy-
gen atoms are displayed in green, blue, and red, respectively.

charge of an incoming Ca>* ion (Fig. 24 and supplemental
Fig. S1). However, at neutral pH Arg-795 of LMCAL1 is likely
to remain in a protonated state. Thus, with one Ca®" ion
bound, the ion-binding site will bear an uncompensated posi-
tive charge at neutral pH. Uncompensated charges in the
membrane are energetically costly to harbor. Consequently,
Ca?" affinity and the activity of this pump is likely to be ener-
getically favored at high pH when Arg-795 is deprotonated.
According to the same reasoning as above the four carboxy-
lates present in SERCA will be able to charge compensate the
two divalent Ca®" ions translocated by SERCA1la and likewise
the two carboxylates in the ion-binding site of PMCA could
charge compensate the one Ca>" ion translocated by PMCA.
Therefore, in agreement with the mutant data (Fig. 4B), intro-
ducing an arginine in position 795 is likely to be an efficient
means to tune activity toward a high pH optimum according
to the pK, of the arginine for the transport of one Ca** per
cycle.

Physiological Role—]It is noteworthy that L. monocytogenes
lives and thrives well at pH values as high as 9 or even 10. At-
tempts to identify LMCA1 as an abundant protein in isolated
membranes of the non-pathogenic strain Listeria innocua
grown either at pH 7 or 9.5 were not conclusive. At the tran-
scriptional level, LMCAL1 is up-regulated after adaptation at
high pH (15), and it is likely that this pump, being situated in
the plasma membrane, facilitates survival of the bacterium
when stressed by a combination of a high Ca®>" concentration
and alkaline pH. The intracellular Ca*>* concentration in bac-
teria is typically regulated by H*/Ca®* exchangers driven by
the proton gradient (2, 44). A reduction, or even reversal, in
the proton gradient at high pH may necessitate the use of a
primary ATP-driven transporter under these conditions.

The vital importance of keeping Ca>* homeostasis makes
Ca®* extruders potentially interesting drug targets. Interest-
ingly it has recently been shown that the survival of the patho-
gen Streptococcus pneumoniae in the high Ca*>* concentra-
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tions in the extracellular fluid of the human host depends on a
SERCA-type Ca>" extruder named CaxP (9).

CONCLUSION

In summary, we have characterized a bacterial SERCA-
homologue, LMCAL, at the protein level. Although LMCA1
has a high sequence similarity to, and a similar overall struc-
ture as SERCA as shown by homology modeling, we have also
found major differences in the biochemical and biophysical
properties of the two proteins that to a large extent can be
rationalized on the basis of a few crucial differences between
the intramembranous charged residues among the different
Ca®"-ATPase types. Finally we have established both Ca®>"
and H*-transport, with stoichiometries of 1 Ca®>" and pre-
sumably 1 H" per ATP hydrolyzed, revealing LMCA1 as an
electrogenic pump.
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