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Background: PTPMT1 is themitochondrial phosphatidylglycerophosphate (PGP) phosphatase essential for the biosynthe-
sis of cardiolipin, an integral component of mitochondrial and bacterial membranes.
Results: A PTPMT1-like phosphatase in the bacterium Rhodopirellula baltica has similar PGP phosphatase activity as its
mammalian ortholog.
Conclusion: PTPMT1 is evolutionarily conserved.
Significance: The existence of a mammalian-type PGP phosphatase in bacteria provides new insight into the evolution of
cardiolipin metabolism.

Cardiolipin is a glycerophospholipid found predominantly in
the mitochondrial membranes of eukaryotes and in bacterial
membranes. Cardiolipin interacts with protein complexes and
plays pivotal roles in cellular energy metabolism, membrane
dynamics, and stress responses.We recently identified themito-
chondrial phosphatase, PTPMT1, as the enzyme that converts
phosphatidylglycerolphosphate (PGP) to phosphatidylglycerol,
a critical step in the de novo biosynthesis of cardiolipin. Upon
examination of PTPMT1 evolutionary distribution, we found a
PTPMT1-like phosphatase in the bacterium Rhodopirellula
baltica. The purified recombinant enzyme dephosphorylated
PGP in vitro. Moreover, its expression restored cardiolipin defi-
ciency and reversed growth impairment in a Saccharomyces
cerevisiae mutant lacking the yeast PGP phosphatase, suggest-
ing that it is a bona fide PTPMT1 ortholog. When ectopically
expressed, this bacterial PGP phosphatase was localized in the
mitochondria of yeast and mammalian cells. Together, our
results demonstrate the conservation of function between bac-
terial and mammalian PTPMT1 orthologs.

Reversible phosphorylation, a dynamic process carried out
by kinases and phosphatases, is vital for the regulation of many
cellular signaling events (1, 2). More than 100 human genes
encode proteins of the same fold as the classic protein tyrosine

phosphatases (PTPs)3 and feature the highly conservedCys-X5-
Arg (CX5R) motif in their active site. These phosphatases were
once thought to exclusively dephosphorylate phosphotyrosine.
More recent studies, however, have identified several PTPs that
can hydrolyze phosphate from phosphoserine/threonine-con-
taining proteins or even nonprotein substrates (3, 4). For
instance, the tumor suppressor PTEN and the carbohydrate
binding Laforin have been shown to dephosphorylate phos-
phoinositides and glycogen respectively, both in vitro and in
vivo (5–7). The primary amino acid sequences of these phos-
phatases vary from the classical tyrosine-specific PTPs; there-
fore, they are categorized into a subfamily called dual specificity
phosphatases (DSPs) (2).
We recently characterized a new DSP called PTPMT1 (PTP

localized to themitochondrion 1). Interest in this protein arose
due to its strong active site similarity to PTEN. PTPMT1 is the
first PTP localized exclusively to the mitochondrion; specifi-
cally, it resides in the inner membrane facing the matrix (8).
Our recent results identify PTPMT1 as themammalian phospha-
tase that mediates the conversion of phosphatidylglycerophos-
phate (PGP) into phosphatidylglycerol (PG), a step necessary for
the de novo biosynthesis of cardiolipin (CL) (Fig. 1A) (9).
CL is an anionic phospholipid found in most bacteria and

eukaryotes4 (10). It is an essential component of the innermito-
chondrial membrane in eukaryotes and regulates mitochon-
drial ATP production, protein import, and apoptosis (10). In
bacteria, CL is one of the major anionic phospholipids and
functionally interacts with membrane proteins that are
involved in energy metabolism and cellular division (11).
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Eukaryotes and bacteria utilize a similar strategy to synthesize
CL, except in the step of producingCL fromPG (12). Therefore,
we thought it would be interesting to search for a PTPMT1-like
phosphatase in bacteria.
In this study, we have characterized a putative PTPMT1

ortholog in the bacterium Rhodopirellula baltica. We show
that this protein functions as a PGP phosphatase and is local-
ized to the mitochondrion when ectopically expressed in yeast
ormammalian cells, suggesting that the function of PTPMT1 is
evolutionarily conserved. Together, our results contribute to
the understanding of the evolution of CL metabolism.

EXPERIMENTAL PROCEDURES

Sequences and Phylogenetic Analysis—Bacterial PTPMT1-
like sequences were first collected by searching human
PTPMT1 against NCBI non-redundant (NR) database and
were then inspected for containing conserved motifs found in
eukaryotic PTPMT1s. The phylogenetic tree of selected human
and bacterial DSPs was built using only the phosphatase
domains. Sequences were aligned by PROMALS3D (13) and
adjusted manually. Phylogenetic trees were inferred by using
maximum likelihood (ML) and neighbor joining (NJ) methods
in MEGA 5.0 (14). Different models of Poisson Correction,
Dayhoff matrix, Jones-Taylor-Thornton (JTT) matrix, and
JTT � frequency (F) were used, and they are consistent with
each other on reliable branches. Support for each interior
branch was tested with 100 and 1,000 bootstrap replicates for
ML and NJ analyses, respectively. The domain structures of
PGP phosphatases were analyzed using PFAM, CDD, and
PROSITE (15–17).
Protein Expression and Purification—Mus musculus, Dro-

sophila melanogaster, and R. baltica PTPMT1 orthologs were
expressed as fusion proteins with N-terminal GST tag in Esch-
erichia coli BL21 (DE3) CodonPlus RIPL cells (Stratagene) (18).
The expression plasmids were constructed by ligating the PCR
products of PTPMT1 orthologs into the vector. Cultures were
grown at 37 °C in LB medium containing chloramphenicol (34
�g/ml) and kanamycin (50 �g/ml) to an A600 of 0.6. Cultures
were then induced with isopropyl-1-thio-�-D-galactose pyran-
oside (IPTG) to a final concentration of 0.4 mM and allowed to
grow overnight at 25 °C. Cells were pelleted down, resuspended
in 25mMTris, pH 8.0, 150mMNaCl, 1mMEDTA, 10% glycerol,
0.5 mM TCEP [Tris(2-carboxyethly)phosphine], 1 mM Pefabloc
SC, 1 mM bezamidine-HCl, 1 mM PMSF (phenylmethylsulpho-
nyl fluoride), and lysed using a high pressure homogenizer
(Avestatin EmulsiFlex C5). Next, the lysed samples were cen-
trifuged at 19,000 rpm for 30min to remove insoluble material.
The resulting supernatants were purified by affinity chroma-
tography using GST-bind resin (Novagen). Finally, fusion
proteins were eluted with 50 mM Tris, pH 8.0, 150 mM NaCl, 1
mM EDTA, 10% glycerol, and 15 mM reduced glutathione. Cat-
alytically inactive mutants (CS) were generated using site-di-
rected mutagenesis and similarly purified.
Phosphatase Assays—Phosphatase assays using para-nitro-

phenylphosphate (pNPP) or [14C]PGPwere carried out in assay
buffer containing 50mM sodiumacetate, 25mMbis-Tris, 25mM

Tris, and 2mMdithiothreitol. The pHof the assay buffer was set
at 5.5 for M. musculus PTPMT1, 7.0 for D. melanogaster, and

8.5 for R. baltica protein. pNPP assays were carried out at 37 °C
for 10 min as previously described (19). For PGP assays, the
14C-labeled PGP was synthesized as previously described (20).
Briefly, the reaction was carried out in the presence of 0.1 M

Tris-HCl, pH 8.0, 0.1% Triton X-100, 0.2 mM CDP-DAG
(Avanti Polar Lipids), 0.5 mM glycerol-3-phosphate (Sigma),
and 13 �M sn-[U-14C]glycerol-3-phosphate (2–4 �Ci/�mol,
American Radiolabeled Chemicals). The reaction was initiated
by the addition of recombinant E. coli PGP synthase and 0.1 M

MgCl2 (18). After incubation at 37 °C for 2 h, 0.5ml of 0.1NHCl
inmethanol, 1.5ml of chloroform, and 3.0ml of 1MMgCl2were
added to stop the reaction. The organic phase was then
extracted and dried under vacuum. The resulting 14C-PGP was
resuspended in 10 mM Tris pH 7.4 via sonication for 5 min.
1.25 � 104cpm of this radiolabeled PGP and 2 �g of recombi-
nant enzymes were then added to the assay buffer. Reactions
were incubated at 37 °C for 10 min and quenched by the addi-
tion of 0.5 ml of 0.1 N HCl in methanol, 1.5 ml of chloroform,
and 3.0 ml of 1 M MgCl2. After extraction, the resulting lipid
products were resuspended in chloroform. A Whatman silica
gel 60 plate was activated by baking for 1 h at 180 0F under
vacuum conditions. The TLC plate was then spotted with the
resuspended lipids, dried for 10 min in a fume hood, and devel-
oped in a chamber containing chlorofom/methanol/glacial ace-
tic acid (65:25:8). The plate was exposed to a storage phosphor
screen and analyzed using a Typhoon 9410 phosphorimager
(GE Healthcare).
A malachite green assay was used to quantitatively measure

the phosphatase activity (21). The enzyme reactions were car-
ried out in 20 �l of 50 mM sodium acetate, 25 mM bis-Tris, 25
mM Tris, 2 mM dithiothreitol, and indicated amounts of PGP.
The pH of assay buffer for each enzyme was described above.
Reactions were initiated by the addition of enzyme followed by
incubation at 30 °C. Reactions were subsequently terminated
by the addition of 20 �l of 0.1 M N-ethylmaleimide and spun
down to sediment the lipid aggregates. Twenty-five microliters
of the supernatant was added to 50 �l of malachite green
reagents and vortexed. Absorbance was measured at 620 nm.
The recombinant proteins were free of inorganic phosphate.
The nonenzymatic hydrolysis of the substrate was corrected by
measuring the increase in the absorbance without the addition
of the enzymes.

32P-labeling of Yeast Cells and Lipid Extraction—The plas-
mids for complementation assays were assembled by inserting
the PCR products of the PTPMT1 orthologs with a C-terminal
FLAG tag into the pRS415-GPD vector (ATCC). GEP4 knock-
out yeast strains are derivatives of S288C obtained fromOpen-
Biosystems (22). After verification by gene-specific PCR, gep4�
cells were transformedwith PTPMT1-encoding plasmids. Cells
were grown in YPD at 30 °C until mid-log phase followed by the
addition of radiolabeled 32P to the concentration of 10 �Ci/ml
for 12 h. Lipids were isolated as previously described (23).
Briefly, cells were resuspended in solution containing 0.5 M

NaCl in 0.1 N HCl and vortexed with glass beads. Lipids were
extracted, dried under vacuum, and separated via TLC. For
visualizing cardiolipin, a Whatman silical gel 60 plate was used
and prepared as described above. The separating solution used
was chloroform/methanol/ammonium hydroxide/water (130:
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75:2:6). For visualizing PGP, a HPTLC silica gel 60 plate was
used and the separating solution used was ethyl acetate/isopro-
panol/ethanol/ammoniumhydroxide/water (12:36:12:7.2:28.8)
(24). Individual species were identified by co-migration of non-
radiolabeled standards. The relative abundance of PGP and CL
were determined by using the Typhoon 9410 Variable Mode
Imager and ImageQuant TL software, and were statistically
analyzed using a Student’s t test.
Yeast Complementation Assay—The gep4� cells were trans-

formed and grown at 30 °C tomid-log phase as described above.
Cellswere counted and serially diluted 5-fold. Eachdilutionwas
spotted onto either YPD plates or Synthetic Completed
Medium with Dextrose (SCD) in the presence of 25 �g/ml
ethidium bromide. Plates were incubated for 2 days at the indi-
cated temperatures. For Western blot analysis, 5 A600 of cells
were pelleted. Proteins were precipitated with 50% trichloro-
acetic acid and resuspended in SDS/PAGE loading buffer.
Monoclonal anti-Flag antibody was used for analysis (Sigma).
Mitochondrial Fractionation—500ml cultures of gep4� cells

transformed with plasmids encoding either the D. melano-
gaster or R. baltica PTPMT1 were grown in YPD at 30 °C to
A600 of 2. The purifiedmitochondriawere isolated as previously
described (25). Briefly, cells were resuspended in sorbitol
buffer, converted to spheroblasts by zymolase treatment, and
homogenized. Crude mitochondria were isolated via a low-
speed centrifugation (1,500 � g) followed by a high-speed spin
(12,000 � g). Further purification was achieved by histodenz
gradient centrifugation.
Immunofluorescence Analysis—The plasmid for the immu-

nofluorescence assaywas constructed by ligating the PCRprod-
uct of R. baltica PTPMT1 into the pEGFP-N1 vector. The plas-
mid was transfected into COS1 cells using Fugene 6 (Roche).
MitoTracker Red was added to cells in DMEM to a concentra-
tion of 100 nM and incubated at 37 °C for 30min before fixation
with 4% paraformaldehyde and permeabilization with ice-cold
acetone.

RESULTS

Identification of a Putative PTPMT1 Ortholog in R. baltica—
PTPMT1 is a member of the DSP family and its putative
orthologs have been identified in many species of mammals,
plants, protists, and even bacteria (26). Among the bacterial
sequences identified by searching the NCBI database, the
R. baltica and Blastopirellula marina proteins display the clos-
est homology to the Homo sapiens PTPMT1, with 48 and 46%
sequence similarity, respectively (Fig. 1B). They also contain
other PTPMT1-like features such as a predicted transmem-
brane domain, an active site CX5R motif with basic residues,
and aWPD loop shown to be important for the formation of the
thiophosphoryl intermediate and its subsequent hydrolysis
(Fig. 1B) (18). Notably, Rhodopirellula and Blastopirellula
belong to the bacterial phylum Planctomycetes and contain
many unique eukaryote-like features, such as intracellular com-
partmentalization (27, 28). Some studies have suggested that
planctomycetes might be an evolutionary intermediate in the
transition from prokaryotes to eukaryotes (29). Because of the
conserved requirement for CL in both bacteria and eukaryotes,

it is of interest to determine whether PTPMT1 orthologs in
planctomyocytes are functional PGP phosphatases.
To obtain insight into the sequence homology of PTPMT1-

like phosphatases, we built a phylogenetic tree of human DSPs
(Fig. 1C). Homo sapiens PTPMT1 clustered distantly from
phosphatases that are known to dephosphorylate proteins,
such as the MAP kinase phosphatases (MKP) (30). Interest-
ingly, Rhodopirellula and Blastopirellula PTPMT1 orthologs
grouped relatively close to human PTPMT1. However, because
the phylogenetic tree does not guarantee orthology or func-
tional homology, we sought to characterize the enzymatic
activity of the PTPMT1-like phosphatase in bacteria.
The Rhodopirellula PTPMT1Dephosphorylates PGP in Vitro—

To test the functional conservation of PTPMT1 from diverse
species, we compared the phosphatase activities of the R. bal-
tica, D. melanogaster, and M. musculus orthologs. Each gene
was cloned into bacterial expression vectors, expressed, and
affinity purified. The pH/rate profiles of these recombinant
proteins against the artificial phosphotyrosine analog pNPP
were obtained. The catalytic activities ofM. musculus,D. mela-
nogaster, and R. baltica PTPMT1 variants were most efficient
at pH 5.5, 7.0, and 8.5, respectively (data not shown). Subse-
quently, the specific activities of all orthologs weremeasured at
their respective optimum pH using pNPP as the substrate (Fig.
2A). Although theM. musculus andD. melanogaster PTPMT1s
were more active, the bacterial variant still possessed measura-
ble phosphatase activity against pNPP. As expected, active site
cysteine to serine mutants (CS) were catalytically inactive. The
specific activity of PTPMT1 orthologs against pNPP was rela-
tively low compared with other PTPs that dephosphorylate
proteins, such as dPTP61F and VHR (19). However, the inabil-
ity to efficiently dephosphorylate pNPP is shared by other lipid
phosphatases, like PTEN and myotubularins (19).
We next tested whether these proteins could dephosphory-

late PGP, the physiological substrate of mammalian PTPMT1.
We enzymatically synthesized radiolabeled PGP by incubating
sn-[U-14C]glycerol-3-phosphate with CDP-DAG in the pres-
ence of purified recombinant PGP synthase from E. coli (Fig.
2B) (18, 20). The resulting [14C]PGP was then extracted and
incubated with each PTPMT1 ortholog. The reaction compo-
nents were separated by thin-layer chromatography (TLC) and
visualized by autoradiography (Fig. 2C). Non-radiolabeled PG
standards were observed to migrate toward the middle of the
TLC plate, whereas PGP stayed close to the origin (data not
shown). Like the M. musculus enzyme, Drosophila, and Rho-
dopirellula PTPMT1 successfully converted PGP to PG (Fig.
2C). Their active site CS mutants along with the glucan phos-
phatase Laforin, displayed no activity toward PGP.
To further support this finding, we compared the PGP phos-

phatase activities ofM. musculus, D. melanogaster, and R. bal-
tica PTPMT1 orthologs. Determination of enzyme kinetic
parameters was hindered by the lack of unlabeledwater-soluble
substrates. Nonetheless, we examined the activity of each
enzyme by measuring the amount of phosphate released in the
reaction through amalachite green assay (21). The initial linear
rate was first determined by varying enzyme concentration and
incubation times (Fig. 2D). After establishing the initial rate
condition where less than 10% of PGP was dephosphorylated
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during the course of the reaction, we calculated the phospha-
tase activities of all three enzymes. Compared with M. muscu-
lus PTPMT1, the Drosophila protein was slightly more active,

139% of the mouse enzyme value (Fig. 2E). Whereas the R. bal-
tica phosphatase contained considerable activity toward PGP,
it was less efficient (�50%) thanmouse PTPMT1. These results

FIGURE 1. Identification of a putative PTPMT1 ortholog in R. baltica. A, schematic diagram of the CL biosynthesis pathway. Enzymes are highlighted in blue.
CDP-DAG, cytidine diphosphate diacylglycerol; G3P, glycerol-3-phosphate. B, active site primary sequence alignment of PTPMT1 orthologs using PROMALS3D
and illustrated by ESPript (49, 50). H. sap (H. sapiens), NP_783859; D. mel (D. melanogaster), NP_732901; and R. balt (R. baltica), NP_865112. C, a phylogenetic
tree of human and bacterial DSPs constructed using maximum likelihood (ML) method in PHYML. Each branch was tested by 100 bootstrap replicates, and only
branches with bootstrap values above 50% were shown. Human PTPMT1 is bolded and bacterial PTPMT1 orthologs are highlighted in red. D, domain
architecture of PGP phosphatases. All domains are presented based on analyses using PFAM, CDD, and PROSITE. Catalytic active site sequences are indicated
above. MTS, mitochondrial targeting sequence; DSP, dual specificity phosphatase; HAD, haloacid dehalogenase; PAP2, phosphatidic acid phosphatase 2.
E, presence and absence matrix for CL de novo synthesis enzymes in Rhodeopirellula. Dark gray squares indicate presence of CL enzyme (column) in target
species (row). Peach squares mean no ortholog has been identified, i.e. blast search failed to identify sequences that meet the bidirectional-best-hit criterion
(cut-off E-values of 10�10 or less). Sequences of E. coli pgsA, S. cerevisiae GEP4, H. sapiens PTPMT1, E. coli pgpA, pgpB, pgpC, and E. coli cls1 were used as queries
for the blast searches.
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are consistent with the data shown in Fig. 2C, supporting the
notion that PTPMT1 orthologs in Drosophila and Rhodopirel-
lula dephosphorylate PGP in vitro.
To further investigate the phosphatase activity of the Rho-

dopirellula PTPMT1 ortholog, we determined saturating sub-
strate levels by incubating the enzyme with various concentra-

tions of PGP. As shown in Fig. 2F, the affinity of R. baltica
phosphatase for PGPwaswell below 100�M, indicating that the
PGP concentration utilized in the initial rate determinationwas
not limiting.
Previous studies of E. coli and yeast PGP phosphatases have

demonstrated that detergents, in particular Triton X-100, sig-
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nificantly stimulate their in vitro enzymatic activities (31, 32).
To examine the effect of Triton X-100 on the Rhodopirellula
PTPMT1 ortholog, we performed phosphatase assays in the
presence of increasing amounts of the detergent. The addition
of Triton X-100 substantially increased the PGP phosphatase
activity of Rhodopirellula PTPMT1 (Fig. 2G).
The Rhodopirellula PTPMT1 Functions as a PGP Phospha-

tase in Vivo—To further validate that the Rhodopirellula and
Drosophila PTPMT1 function as PGP phosphatases, we uti-
lized an in vivo yeast complementation system. A PTPMT1
ortholog is not found in fungi (26). However, Osman et al.
reported that themitochondrialmatrix proteinGEP4 possesses
PGP phosphatase activity in Saccharomyces cerevisiae (24).
Deletion of the GEP4 gene results in an increase of PGP along
with a reduction of CL levels. Therefore, we complemented
GEP4-knock-out yeast with a control plasmid or plasmids
encoding either wild type or catalytically inactive forms of
PTPMT1 orthologs. The expression of those PTPMT1
orthologs was confirmed by Western blot analysis using anti-
FLAGM2 antibody (Fig. 3A).
Yeast cells that lack cardiolipin synthase (Crd1p) and PGP

synthase (Pgs1p) have respectively been shown to display sig-
nificant growth deficiency at elevated temperatures or when
cultured on media containing ethidium bromide, an agent that
induces loss of mitochondrial DNA and defects in the cell wall
(33–35). Notably, gep4� cells also exhibit growth deficiency
under these stress conditions (Fig. 3A) (24). If PTPMT1
orthologs function as PGP phosphatases, they should rescue
this GEP4-knock-out phenotype. Indeed, expression of WT
PTPMT1 orthologs effectively restored normal growth,
whereas expression of their catalytically inactive CS mutants
failed to complement the loss of GEP4 (Fig. 3A). Our results
indicate that PTPMT1 orthologs from both Drosophila and
bacteria serve as functional equivalents of GEP4 in yeast.
To examine the steady-state levels of PGP and CL in yeast,

total lipids were extracted from [32P]orthophosphate labeled
cells and separated byTLC.As previously reported, a detectable
amount of PGP has been observed in gep4� cells, while it was
barely measurable in wild type cells (Fig. 3B) (24). To further
quantify changes in CL levels, we measured the percentage of
radioactivity incorporated into phospholipids and subse-
quently determined the ratio of 32P in PGP versus total phos-
pholipids. Loss of GEP4 led to a significant accumulation of
PGP, from 0.48% in wild type cells to 2% in gep4� cells (Fig. 3D,
top panel). More importantly, the individual complementation
of mouse, fly, or bacterial PTPMT1 in gep4� cells alleviated the
accumulation of PGP (Fig. 3B and top panel of Fig. 3D). In

contrast, the CS mutant of R. baltica PTPMT1 was unable to
lower PGP levels (Fig. 3, B andD), consistent with their in vitro
PGP phosphatase activities. Furthermore, the expression of
PTPMT1 orthologs restored the CL deficiency in gep4� cells
(Fig. 3C and lower panel of Fig. 3D). Conversely, the CSmutant
of R. baltica PTPMT1 failed to rescue the defect. Taken
together, these results indicate that the bacterial and fly
PTPMT1 possess PGP phosphatase activity in vivo and are cru-
cially involved in maintaining CL level.
The Rhodopirellula PTPMT1 Localizes to the Mitochondrion

of Eukaryotes—To compensate for the loss of GEP4 in yeast,
bacterial PTPMT1 had to be correctly localized to the mito-
chondria to access its substrate, PGP. The proper targeting of
newly synthesized proteins to the mitochondria is often medi-
ated by a mitochondrial targeting sequence (MTS) comprised
of 20–80 amino acids located at the N terminus of the protein
(36). Although these peptide signals do not have a conserved
primary sequence, they are generally enriched with the posi-
tively charged amino acid arginine, have a high percentage of
leucine and serine, and contain few if any acidic residues (37,
38). The spacing between the residues often allows the forma-
tion of an amphiphilic �-helix, with positively charged and
hydrophobic residues on the opposite faces. It has been shown
that the first 37 amino acids ofM. musculus PTPMT1 encom-
pass a MTS (8). When fused to a Green Fluorescent Protein
(GFP), these 37 amino acids direct the fluorescent signal exclu-
sively to the mitochondrion. Therefore, we compared the
N-terminal regions ofD. melanogaster, andR. balticaPTPMT1
orthologs to that of the mouse protein (Fig. 4A). Notably, many
basic and hydrophobic residues are conserved among PTPMT1
orthologs. We next plotted the amino acids comprising the
regions potentially forming amphiphilic helices onto a helical
wheel (Fig. 4B). In both M. musculus and R. baltica PTPMT1,
the positive charges grouped on one side, and the hydrophobic
residues clustered on the other, thus fitting the MTS model
described above.
To determine whether the Rhodopirellula PTPMT1 resides

in the mitochondria in an in vivo setting, we cultured gep4�
yeast cells that were complemented with PTPMT1 orthologs
and performed subcellular fractionation. As shown in Fig. 4C,
both the R. baltica and Drosophila PTPMT1s are highly
enriched in the histodenz gradient-purified mitochondria. The
purity of each fraction was further validated by the presence of
the mitochondrial marker Porin, the endoplasmic reticulum
(ER) marker Calreticulin, as well as the cytoplasma marker
Phosphoglycerate Kinase 1/Pgk1. The localization of a bacterial
protein to the yeast mitochondria likely indicates the conserva-

FIGURE 2. Analysis of bacterial PTPMT1 activity in vitro. A, specific activities of recombinant murine (M. mus), fly (D. mel), and bacterial (R. balt) PTPMT1 are
measured using pNPP as substrate. Data were calculated from the change in absorbance at 410 nm and represented as the mean � S.D. of triplicate
measurements. CS, catalytically inactive mutant. B, synthesis of 14C-PGP. Highlighted in blue is the phosphate group cleaved by PTPMT1 and marked with red
asterisks are the radiolabled carbons. C, activities of wild-type and catalytically inactive PTPMT1 orthologs against PGP. Lipid products from the reactions were
separated by TLC and analyzed by autoradiography. A trace amount of PGP phosphatase activity is seen in the background, because a contaminant E. coli PGP
phosphatase co-purified with the recombinant PGS proteins (18). D, phosphatase assay conditions are determined for each indicated enzyme by measuring
the amount of free phosphate released using the malachite green reagent. The reaction was carried out at 30 °C and in the presence of 100 �M PGP. Enzyme
concentrations are indicated in the insets. E, comparison of enzymatic activities. Phosphatase activity was calculated under initial linear rate conditions (30 °C,
100 �M PGP, and 30 s of incubation time), compared with that of M. mus PTPMT1, and represented as the mean � S.D. from three independent experiments.
F, saturation curve of the Rhodopirellula PTPMT1 ortholog. The phosphatase assay was carried out under initial linear rate conditions and in the presence of
various PGP concentrations. A nonlinear regression analysis was performed to indicate the saturation. G, effect of Triton X-100 on Rhodopirellula PTPMT1 PGP
phosphatase activity.
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tion of the MTS and is consistent with the bacterial origin of
mitochondria.We then postulated that thisMTSwould behave
similarly in mammalian cells. To test our hypothesis, a C-ter-
minal GFP-tagged bacterial PTPMT1 was introduced into pri-
mate COS-1 cells. Mitochondria were subsequently labeled
with MitoTracker Red and the cells were fixed for immunoflu-
orescence analysis. A substantial amount of the R. baltica
PTPMT1 targeted to the mitochondria as indicated by the co-
localization of the two fluorescent signals (Fig. 4D). Together,
our results suggest that the R. baltica PTPMT1 contains a con-
served MTS-like sequence, even though R. baltica does not
have mitochondria. It is not known whether R. baltica has any
CL-enriched lipid domain, particularly in its internal mem-
brane structures.

DISCUSSION

Raetz et al. previously identified three distinct bacterial PGP
phosphatases, pgpA, pgpB, and pgpC in E. coli, which do not

share any significant domain structure and sequence homology
with PTPMT1 (Fig. 1D) (39–41). A pgpA, pgpB, or pgpC-like
phosphatase was not found in R. baltica (Fig. 1E). The yeast
PGP phosphatase GEP4 belongs to the larger haloacid de-
halogenase (HAD)-like family and contains a conserved
DXDX(T/V)motif in the active site (Fig. 1D) (24, 42).Orthologs
of GEP4 exist in fungi and plants, as well as several protists, but
not in bacteria (9, 24). Our analysis revealed that the prokary-
otic R. baltica utilizes a PTPMT1-like PGP phosphatase, as
opposed to using those existent in yeast (GEP4) orE. coli (pgpA,
pgpB, and pgpC) to dephosphorylate PGP, suggesting an
important role of this phosphatase in Rhodopirellula.
R. baltica is a marine bacterium whose genome is first

sequenced in 2003 (43). Cultivable stains have not been isolated
until recently (44). As such, the phospholipid composition and
CL abundance in this organism are presently unknown. Inter-
estingly, our bioinformatics search of Rhodopirellula genome
identified orthologs of PGP synthase (PGS) and CL synthase

FIGURE 3. Bacterial PTPMT1 functionally compensates for loss of yeast gep4 in vivo. A, wild-type murine, fly, and bacterial PTPMT1 complement the
growth deficiency of GEP4-null cells. The expression levels of FLAG-tagged PTPMT1s and GEP4 are indicated by Western blot analysis. YPD, yeast extract-
peptone-glucose medium; SCD, synthetic completed medium with dextrose; EtBr, ethidium bromide. CDC2 levels are shown as the loading control. Detection
of steady state PGP (B) and CL (C) levels in gep4� yeast cells complemented with control plasmid or plasmids encoding PTPMT1 orthologs. Cells were labeled
with [32P]orthophosphate at 10�Ci/ml for 12 h. Lipids were extracted, separated via TLC, and viewed by autoradiography. D, PGP and CL contents are
determined by the ratio of 32P incorporated into PGP versus total phospholipids, and represented as the mean � S.D. from three independent experiments. **,
p � 0.01; *, p � 0.05.
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(CLS) with confidence (Fig. 1E). PGS is the first enzyme of CL
de novo synthesis which facilitates the nucleophilic attack of a
glycerol-3-phosphate (G3P) on CDP-diacylglycerol (CDP-

DAG) to generate PGP (Fig. 1A) (10). Following the action of
PGPphosphatase, CLS converts PG intoCL. The presence of all
three enzymes of CL de novo synthesis in Rhodopirellula

FIGURE 4. Mitochondrial localization of the Rhodopirellula PTPMT1. A, N-terminal sequences of PTPMT1 orthologs are aligned using PROMALS3D. Amino
acid similarities are shaded in light gray and identities in dark gray. The MTS of mouse PTPMT1 has been previously characterized (8) and is indicated by the blue
bar. B, N-terminal region of bacterial PTPMT1 forms an amphiphilic helix. 18 amino-terminal residues were plotted on the helical wheel using HeliQuest (51).
Basic residues are colored blue, and hydrophobic residues are colored yellow. C, subcellular fractionation of yeast gep4� cells expressing fly or bacterial PTPMT1.
30 �g of protein from each fraction were analyzed by SDS-PAGE and immunoblotting. Porin, Calreticulin, and PGK1 serve as marker proteins for mitochondria,
ER, and cytosol, respectively. D, bacterial PTPMT1 localizes to the mitochondria of mammalian COS-1 cells. 24 h post-transfection, cells were stained with
MitoTracker Red, fixed, and analyzed by immunofluoresence imaging.
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genome likely indicates active CL biosynthesis in this organism.
To date, genetic manipulation of Rhodopirellula genome has
not been achieved. Using a yeast mutant strain lacking the PGP
phosphatase GEP4, we demonstrated that R. baltica PTPMT1
complemented the loss ofGEP4, and the rescue is dependent on
its phosphatase activity (Fig. 3A), suggesting that Rhodopirel-
lula PTPMT1 is a functional PGP phosphatase in vivo.
R. baltica belongs to the bacterial phylum Planctomycetes.

Like other plantomycetes, it possesses distinctive features that
are uncommon among bacteria, such as peptidoglycan-less cell
wall, complex internal structures, and partial compartmental-
ization. It also encodes endocytosis-like protein uptake and
membrane coat-like proteins (27, 28). Theuniqueeukaryote-like
features of planctomycetes challenge the current hypothesis
regarding the origin of eukaryotic organelles (27). Because of their
complex endomembrane system, Planctomycyetes together with
Verrucomicrobia and Chlamydiae form the PVC superphylum in
eubacteria and are thought to represent the intermediates of pro-
karyote and eukaryote evolution (29). Notably, PTPMT1-like
sequences were also found in two species of Chlamydiae, Simka-
nianegevensisandCandidatusProtochlamydiaamoebophila.Our
results suggested that Rhodopirellula contains a unique mamma-
lian-type PGP phosphatase that could potentially play an impor-
tant role in the organism CLmetabolism.
Ectopically expressed R. baltica PTPMT1 was localized to

the mitochondria of yeast and mammalian cells (Fig. 4, C and
D), suggesting the existence of a conserved region that could
function as a MTS in eukaryotes. In mammals, the mitochon-
drial proteome contains over 1000 proteins, of which the
majority are encoded in the nucleus and subsequently trans-
ported into the mitochondria (45). Many imported proteins
have a characteristic MTS composed of amphiphilic �-helix
forming amino acids and recognized by the Translocase of the
Outer Membrane (TOM) and Translocase of the Inner Mem-
brane (TIM) complexes of mitochondria (46). Our sequence
alignment and helical wheel analysis revealed that the N termi-
nus ofR. balticaPTPMT1 contains several conserved positively
charged and hydrophobic amino acids, which would form an
amphiphilic helix (Fig. 4A). Interestingly, a number of bacterial
proteins have been shown to contain functional MTS when
expressed in mammalian cells, including the enteropathogenic
E. coli effectors EspF andMap (47). The existence ofMTS in bac-
terial proteinsmay reflect an evolutionarily conservedmechanism
for selective protein transport and domain organization.
In summary, we have identified a mammalian-type PGP

phosphatase in the bacterium R. baltica. We performed bio-
chemical and gene complementation assays to subsequently
validate our initial bioinformatic search. The ability of the bac-
terial phosphatase to target to eukaryotic mitochondria suggests
the existence of a conserved mitochondrial targeting sequence
despite the absence of mitochondrion in bacteria. The R. baltica
PTPMT1 may function at the organization center for enzymes
involved in the biosynthesis of CL in this organism.
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