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Summary

Treponema denticola synthesizes phosphatidylcho-
line through a licCA-dependent CDP-choline pathway
identified only in the genus Treponema. However, the
mechanism of conversion of CDP-choline to phos-
phatidylcholine remained unclear. We report here
characterization of TDE0021 (herein designated cpt)
encoding a 1,2-diacylglycerol choline phosphotrans-
ferase homologous to choline phosphotransferases
that catalyze the final step of the highly conserved
Kennedy pathway for phosphatidylcholine synthesis
in eukaryotes. T. denticola Cpt catalyzed in vitro
phosphatidylcholine formation from CDP-choline
and diacylglycerol, and full activity required divalent
manganese. Allelic replacement mutagenesis of cpt
in T. denticola resulted in abrogation of phosphati-
dylcholine synthesis. T. denticola Cpt complemented
a Saccharomyces cerevisiae CPT1 mutant, and
expression of the entire T. denticola LicCA-Cpt
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pathway in E. coli resulted in phosphatidylcholine
biosynthesis. Our findings show that T. denticola
possesses a unique phosphatidylcholine synthesis
pathway combining conserved prokaryotic choline
kinase and CTP:phosphocholine cytidylyltransferase
activities with a 1,2-diacylglycerol choline phospho-
transferase that is common in eukaryotes. Other than
in a subset of mammalian host-associated Trepo-
nema that includes T. pallidum, this pathway is found
in neither bacteria nor Archaea. Molecular dating
analysis of the Cpt gene family suggests that a hori-
zontal gene transfer event introduced this gene into
an ancestral Treponema well after its divergence
from other spirochetes.

Introduction

Phosphatidylcholine (PC) is a major component of
eukaryotic cell membranes, in which it accounts for 40—
60% of total phospholipids. It is a major structural com-
ponent of membrane bilayers and serum lipoproteins,
and participates in several signal transduction pathways
(Cui and Houweling, 2002; Wright et al., 2004). PC is
also found in an estimated 10-15% of bacterial taxa
(Sohlenkamp et al., 2003; Geiger et al., 2013), where it
may be the major membrane phospholipid as in Aceto-
bacter aceti (Hanada et al., 2001) or constitute only a
few percent of total membrane lipids as in Pseudomo-
nas aeruginosa (Albelo and Domenech, 1997). E. coli,
Bacillus spp. and Streptococcus spp. do not make PC.
Interestingly, bacterial symbionts and pathogens of
eukaryotes appear most likely to contain PC (reviewed
in (Sohlenkamp et al., 2003; Aktas et al, 2010)). In
eukaryotes, PC can be synthesized by either one of two
pathways. The CDP-choline (Kennedy) pathway (Fig. 1,
left side), present in all mammalian cells and in most
eukaryotic cells (Lykidis, 2007; Gibellini and Smith,
2010), consists of three enzymatic steps catalyzed by
choline kinase (CK), CTP:phosphocholine cytidylyltrans-
ferase (CCT), and 1,2-diacylglycerol choline phospho-
transferase (CPT or CPT/EPT) (Kennedy and Weiss,
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Fig. 1. CDP-choline pathways for biosynthesis of phosphatidylcholin:

cell surface structures

e and cell-surface glycoconjugate-linked phosphorylcholine (ChoP).

CDP-choline pathways for PC biosynthesis are found in eukaryotes and in the prokaryotic genus Treponema. The CDP-choline pathway for
addition of ChoP to cell surface glycoconjugates is found in numerous commensal and pathogenic bacteria. In prokaryotes containing the lic

genes, LicA is the choline kinase and LicC is the CTP:phosphocholin

e cytidylyltransferase, while the analogous eukaryotic enzymes are CK

and CCT. The diphosphonucleoside choline transferase that transfers ChoP to the complex polysaccharide is encoded by licD. The 1,2-

diacylglycerol choline phosphotransferase of eukaryotes (CPT1) and
dependent PC biosynthesis.

1956). In the liver, PC is also synthesized by three step-
wise methylations of phosphatidylethanolamine (PE) to
PC by phosphatidylethanolamine N-methyltransferase
(Pmt) (Bremer et al., 1960). Two PC pathways are well
characterized in prokaryotes: [1] the stepwise methyla-
tion of PE by Pmt, with S-adenosylmethionine serving
as methyl group donor (Kaneshiro and Law, 1964), and
[2] the phosphatidylcholine synthase (Pcs) pathway (de
Rudder et al, 1999). In the Pcs pathway, which is
unique to bacteria, Pcs catalyzes a single step reaction
between host-derived choline and CDP-diacylglycerol to
form PC (de Rudder et al., 1999). Most bacteria that
make PC probably have both pathways, though some,
including Borrelia, Pseudomonas and Burkholderia spp.,
possess only one of these pathways (reviewed in (Soh-
lenkamp et al., 2003)). Recently, a third pathway for PC
biosynthesis has been described in Xanthomonas cam-
pestris in which glycerophosphocholine is acylated twice
to obtain PC as final product (Moser et al., 2014).

While it was long assumed that bacteria do not have the
eukaryote-like CDP-choline-dependent pathway for PC syn-
thesis (Lopez-Lara and Geiger, 2001), recent reviews (Soh-
lenkamp et al., 2003; Geiger et al., 2013; Sohlenkamp and
Geiger, 2016) speculated that certain bacteria might utilize
a distinct bacterial CDP-choline pathway as a means to
synthesize PC. Genes encoding the first two enzyme activ-
ities in the pathway (LicA, encoding CK activity; and LicC,
encoding CCT activity) are present in many species that
colonize mucosal tissue. A wide range of Gram-positive
and Gram-negative species that colonize mucosal tissue

its T. denticola homologue (Cpt) catalyze the final step in CDP-choline-

produce LicC-LicA dependent phosphocholine (ChoP) gly-
coconjugate modifications of various surface structures:
lipopolysaccharide (Haemophilus influenzae) (Lysenko
et al., 2000), pili (pathogenic Neisseria spp.) (Weiser et al.,
1998), lipoteichoic acid (pneumococcus) (Zhang et al.,
1999), a 43-kDa surface protein (P aeruginosa) (Weiser
et al., 1998), and surface components of diverse commen-
sal oral species (Schenkein et al, 2001). As shown in
Fig. 1, these bacteria use homologues of the first two
enzymes of the CDP-choline PC synthesis pathway to
make CDP-choline. The gene encoding diphosphonucleo-
side choline phosphotransferase that donates ChoP to a
cell surface glycoconjugate has not been definitively identi-
fied in many ChoP-producing microbes (Young et al.,
2013), but is proposed to be licD in H. influenzae (Lysenko
et al., 2000) and S. pneumoniae (Zhang et al., 1999).

PC comprises approximately one third of total Trepo-
nema denticola membrane phospholipids (Livermore
and Johnson, 1974; Smibert, 1976; Kent et al., 2004).
Genes required for the Pmt pathway, the PC synthase
pathway or the yeast-like acylation pathway are absent
in the T. denticola ATCC35405 genome (Seshadri et al.,
2004), supporting the idea that a novel PC synthesis
pathway exists in this genus. We previously reported
that PC synthesis in T. denticola is dependent on CDP-
choline produced via LicCA, evidence strongly sugges-
tive of presence of a novel CDP-choline-dependent PC
synthesis pathway in Treponema denticola (Kent et al.,
2004). Recombinant T. denticola LicCA was shown to
have both CK and CCT activity and a defined T

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896912
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Fig. 2. Comparison of the amino acid sequences of the putative T. denticola choline phosphotransferase with representative eukaryotic

choline phosphotransferases.

Optimized alignment of deduced amino acid sequences of T. denticola TDE0021 (NP_970638), S. cerevisiae CPT1 (AAA63571) and Homo
sapiens CHPT1 (NP_064629). Identical residues are marked in black, similar residues are shaded in grey. Amino acid residues forming part of
the conserved CDP-alcohol phosphotransferase motif are labeled with asterisks (Williams and McMaster, 1998; Solis-Oviedo et al., 2012).

denticola licCA mutant lacked PC. Our analyses of the
T. denticola and T. pallidum genomes revealed the pres-
ence of a gene encoding a putative 1,2-diacylglycerol
choline/ethanolamine phosphotransferase. This gene is
most closely related to eukaryotic genes encoding CPT
and EPT activity required for the final step of PC and
PE synthesis in the Kennedy pathway. In this study, we
report identification, characterization and mutagenesis
of the gene encoding the choline phosphotransferase
activity that completes the CDP-choline-dependent PC
biosynthesis pathway in Treponema spp. Finally, we
present a bioinformatics analysis supporting the hypoth-
esis that the archetypal Treponema choline phospho-
transferase was acquired by horizontal gene transfer
(HGT) from a eukaryotic host organism.

Results

Identification of TDE0021 as a putative CDP-
choline:1,2-diacylglycerol choline phosphotransferase
with homology to the eukaryotic CPT/EPT family

Genes encoding key enzymes in pathways for synthesis
of several phospholipids have not yet been identified in

the annotated genomes of T. pallidum and T. denticola
(Fraser et al., 1998; Seshadri et al., 2004). In the case
of T. pallidum, this reflects the absence of numerous
biosynthetic pathways in its small 1 Mb genome and its
apparent reliance on unknown factors supplied by its
host. However, this is less likely to be the case in T.
denticola, which has a 2.8 Mb genome and can be
grown in culture. Our prior studies indicated that T. den-
ticola and, by inference, T. pallidum utilize a CDP-
choline-dependent pathway for biosynthesis of PC, pro-
ducing CDP-choline by means of LicC/LicA activity. The
final step of this pathway requires transfer of the choline
moiety to diacylglycerol (DAG).

In S. cerevisiae and other eukaryotes CPT1, encoding
CDP-choline:1,2-diacylglycerol choline phosphotransfer-
ase (EC 2.7.8.2), represents the final step in the CDP-
choline-dependent Kennedy PC pathway. CPT1 is a
member of the CDP-alcohol phosphotransferase super-
family that includes several other enzymes involved in
phospholipid biosynthesis such as type Il phosphatidyl-
serine synthase (PssA), phosphatidylglycerol phosphate
synthase (PgsA), phosphatidylinositol synthase (Pis),
eukaryotic type cardiolipin synthase (type Il Cls), and
phosphatidylcholine synthase (Pcs). We hypothesized

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896-912
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An isogenic TDE0021 mutant was constructed as described in the text by electroporating T. denticola 35405 with linear DNA consisting of an
engineered TDE0020-TDE0022, in which the aphA2 cassette replaced bp 38-504 of TDE0021. The expected mutation in T. denticola CF819
resulting from double crossover homologous recombination in TDE0020 and TDE0022 was validated by PCR and DNA sequencing. Black
arrows: aphA2 cassette. Red arrows: TDE0021 and 5'- and 3'-end fragments. Light grey arrows: flanking genes including TDE0020 (glyS) and

TDEO0022 (hypothetical protein).

that the unknown T. denticola choline phosphotransfer-
ase would belong to this protein superfamily. Four genes
encoding putative CDP-alcohol phosphotransferases
(TDEOO21, TDE1366, TDE2572 and TDE2669) are
annotated in T. denticola genome (Seshadri et al.,
2004). Of these, TDE0021 was the most promising as a
candidate choline phosphotransferase involved in PC
synthesis, because its deduced amino acid sequence
shares homology with CPT1 proteins from eukaryotes,
particularly the conserved CDP-alcohol phosphotransfer-
ase domain within the hydrophilic N-terminal region
(Fig. 2).

Mutagenesis of TDE0021 results in loss of PC in
T. denticola

As licCA is required for biosynthesis of PC in T. denti-
cola, we hypothesized that allelic replacement mutagen-
esis of the putative choline phosphotransferase
TDEO0021 would yield a similar phenotype. T. denticola
35405 was transformed with a linear DNA fragment of
pCF789 in which a the aphA2 cassette encoding kana-
mycin resistance replaced DNA encoding amino acid
residues 13-167 of the annotated TDE0021 open read-
ing frame (Fig. 3), including the conserved CDP-alcohol
phosphotransferase motif (Fig. 2) (Williams and McMas-
ter, 1998; Solis-Oviedo et al, 2012). The identity and
homogeneity of the mutant strain was confirmed both by
DNA sequencing of the mutated region and by PCR
analyses using oligonucleotide primer sets specific for
the aphA2 gene, the DNA flanking the insertion and the
deleted region of TDE0021 (data not shown). Interest-
ingly, mutant colonies isolated in soft agar medium could
not be grown directly in broth medium, but required at
least two passages in broth medium containing methyl-
cellulose. Subsequently, the mutant grew at slightly

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896912

slower rate than the parent in broth medium without
methylcellulose, yet reached the same density at sta-
tionary phase (data not shown).

Consistent with prior reports, PC and PE were the
predominant phospholipids detected in T. denticola
35405, accounting for approximately 70% of total phos-
pholipid in a colorimetric TLC assay (Table 1). As
expected, PC was not detected in T. denticola LBE3, a
licCA mutant (Kent et al., 2004). It should be noted that,
in addition to defects in both CK and CCT activity, LBE3
is also defective in choline uptake due to the fact that
the mutation in licCA blocks transcription of the down-
stream gene cudT (data not shown). The phospholipid
profile of T. denticola CF819 (ATDEO0021) revealed no
PC, indicating that interruption of the PC synthesis path-
way after the CDP-choline step results in abrogation of
all PC production. T. denticola CF819, with no defect in
either choline uptake or LicCA, is expected to produce
wildtype levels of CDP-choline. Based on its homology
with eukaryotic choline phosphotransferases and the
phenotype of the T. denticola CF819, we here designate
the TDEOO21 locus as cpt.

Table 1. Phospholipid profiles of T. denticola parent and mutant
strains.

T. denticola Other

strain Genotype PC* PE? phospholipids®
35405 Parent 224 447 329

LBE3 35405AlicCA 0 541 459

CF819 35405ATDE0021 0 54.3 457

a. Values shown are percentage of total cellular phospholipid, aver-
age of three samples per strain.

b. Other reported phospholipids of T. denticola are primarily phos-
phatidylglycerol and cardiolipin (Livermore and Johnson, 1975; Smi-
bert, 1976; Kent et al., 2004).
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Fig. 4. T. denticola TDE0021 complements the S. cerevisiae
CPT1 mutant HJ091.

S. cerevisiae HJ091 cells harboring empty plasmid pSP-Gm2 (lane
1), pSP-Gm2-Trepo (lane 2), empty plasmid pYEp352 (lane 3), or
pYEp352-CPT1 from yeast (lane 4) were labeled for 30 min with
[“C]choline. Lipids were extracted from the cells and separated by
one-dimensional TLC. A commercial ['“C]phosphatidylcholine
standard was run in lane 5. PC-phosphatidylcholine.

T. denticola Cpt complements the PC deficiency in a S.
cerevisiae CPT1 mutant

To show that T. denticola TDE0021 (cptf) encodes a func-
tional choline phosphotransferase in vivo, we expressed
TDEOQ021 in S. cerevisiae HJ091. HJ091 is deficient in both
CPT1 and EPT1 and is therefore unable to incorporate
['“Clcholine into ['*C]PC by the Kennedy pathway (Hjelm-
stad et al, 1994; McMaster et al., 1996). TDE0021 was
cloned into the yeast expression plasmid pSP-Gm2
(Rodriguez-Limas et al., 2011), which allows expression of
genes of interest under control of a constitutive yeast pro-
moter. HJ091 complemented with the yeast CPT1 gene
under control of its endogenous promoter cloned into shuttle
vector pYEp352 (pRH150), TDE0021 (pSP-Gm2-Trepo) and
the respective vector controls were grown in SD-Ura medium
in the presence of ['“C]choline. After 30 minutes of labeling,
cells were extracted according to Bligh and Dyer (Bligh and
Dyer, 1959). As shown in Fig. 4, PC was detected in the
organic phase of extracts from both the complemented yeast
mutant and the yeast mutant expressing TDE0021 (Fig. 4,
lanes 2 and 4). Only minor amounts of radioactive material
were present in the organic phases from the Bligh and Dyer
extractions of the vector control strains and they did not
migrate as PC in the TLC system (Fig. 4, lanes 1 and 3).

When aqueous phases of the extracts were subjected to
one-dimensional TLC three radiolabeled compounds were
detected in all four strains, presumably representing
['*Clcholine, [*C]choline phosphate and CDP-['*C]choline.
A fourth water-soluble compound (possibly glycerophospho-
choline) was only present in aqueous extracts from the yeast
mutant harboring plasmid pRH150 (Supporting Information
Fig. S1). T. denticola Cpt encoded by TDE0021 therefore
complements the yeast mutant HJ091 with respect to PC for-
mation. To determine whether T. denticola Cpt also has etha-
nolamine phosphotransferase activity, the same experiment
was conducted using ['“CJethanolamine. Minor amounts of
PE were detected only in S. cerevisiae HJ091 carrying
pRH150, indicating that T. denticola TDE0021 does not have
EPT activity (Supporting Information Fig. S2).

Expression of the Treponema Kennedy pathway for PC
biosynthesis in E. coli

The membrane lipid composition of E. coli has been
studied in detail and it is known that E. coli forms PE,
phosphatidylglycerol (PG) and cardiolipin (CL) as major
phospholipids, but not PC. To determine whether LicCA
and Cpt were sufficient to convert E. coli into a PC-
forming organism, we co-expressed TDEO0021 and
LicCA (TDE1260) in E. coli BL21(DE3)/pLysS, similarly
as has been described for expression of bacterial phos-
pholipid N-methyltransferase and phosphatidylcholine
synthase in E. coli (Arondel et al, 1993; de Rudder
et al., 1999; de Rudder et al., 2000; Sohlenkamp et al.,
2000; Hacker et al, 2008). E. coli strains carrying
TDEO0021, licCA, both genes or both empty plasmid vec-
tors were labeled with ['“Clacetate. In parallel, cell-free
protein extracts were subjected to SDS-PAGE and
stained with Coomassie Blue (Supporting Information
Fig. S3). In all cases, lipids migrating as PG, PE and CL
were observed in TLC (Fig. 5A, lanes 1-4). A lipid spot
migrating below PE was detected in all four E. coli
strains and was greatly increased in the strain express-
ing both TDE0021 and LicCA (Fig. 5A, lane 4). All four
strains were again labeled, but this time with the more
specific ['“C]choline label (Fig. 5B, lanes 5-8). Under
these conditions, a lipid migrating as ['*C]JPC was
detected only in E. coli expressing both LicCA and
TDEO0O021 (Fig 5B, lane 8), indicating that TDE0021 is a
choline phosphotransferase responsible for PC forma-
tion. The ['“C]PC formed by the E. coli strain expressing
both LicCA and TDEO0021 co-migrated with a commer-
cially available ['"*C]PC standard (Fig. 5B, lane 9). To
confirm that the ['*C]choline labeled lipid indeed was
PC, total lipids from unlabeled E. coli expressing both
Treponema genes were extracted and compared to lip-
ids from E. coli expressing only one Treponema gene by

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896-912
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Fig. 5. Formation of PC by co-expression of T. denticola LicCA
and Cpt in E. coli.

E. coli expression strain carrying empty plasmid vectors (lanes 1,
5), TDE0O21 alone (lanes 2, 6), LicCA alone (lanes 3, 7), or both
genes together (lanes 4, 8) were grown in liquid cultures, induced
with IPTG and labeled with ['“Clacetate (lanes 1-4) or [**C]choline
(lane 5-8). Lipids were extracted using the method of Bligh and
Dyer and separated by one-dimensional TLC. Lane 9 shows a
commercial ['*C]PC standard. PG- phosphatidylglycerol; PE-
phosphatidylethanolamine; CL- cardiolipin; PC- phosphatidylcholine.

normal phase liquid chromatography/electrospray
ionization-tandem mass spectrometry (LC/ESI-MS/MS).
A major total ion chromatogram peak is observed at
20.82 min in the chromatogram of the E. coli expressing
TDEO0021 and LicCA but is absent in the other samples
(Fig. 6, A—C). Positive ion mass spectra acquired during
the retention times between 20 and 22 min show the
presence of a series of PC species with various chain
length combinations in the lipid sample derived from E.
coli carrying both pCDF-Duet-Trepo and pET17-LicCA
(Fig. 6F), but not in similar samples. MS/MS of the m/z
706.5 ion produced a major fragment at m/z 184, corre-
sponding to the phosphocholine head group, thus fur-
ther confirming the presence of PC in this sample
(Supporting Information Fig. S4). The three other T.
denticola genes annotated as CDP-alcohol phospho-
transferases (TDE1366, TDE2572 and TDE2669) were
also co-expressed with LicCA in E. coli, but no formation
of PC could be detected (data not shown).

T. denticola cpt requires Mn?* for optimal enzymatic
activity

To quantify choline phosphotransferase activity of T.
denticola Cpt expressed in S. cerevisiae, we used the
standard assay for the yeast enzyme. Microsomal mem-
branes were prepared from the above-described deriva-
tives of the S. cerevisiae strain HJ091 expressing yeast
CPT1 or TDE0O21, both of which CPT1 and TDEO0021
complemented the CPT1 defect in HJ091 (Fig. 4). Chol-
ine phosphotransferase activity (and PC formation) was

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896912
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determined by measuring incorporation of ['*C]CDP-
choline into the organic phase of a standard reaction
mixture by both scintillation counting and by TLC. Using
the standard assay, ['*C]CDP-choline-dependent
['“C]PC formation was detected in the S. cerevisiae
membrane extract containing yeast CPT1 but no PC for-
mation was observed when TDE0021 was present
under identical conditions (data not shown). We tested a
wider range of bivalent ions for stimulation of TDE0021
activity (Mn?*, Ni2*, Co?", Ca2?*, Cu®* and Mg®*).
Mn?* or Co®" supported the highest activities (Table 2).
Much less activity was observed in the presence of
Mg?* and only minor PC formation was observed in the
presence of Ni?". The other tested ions did not support
PC formation. TDE0O021 CDP-choline phosphotransfer-
ase activity was detectable from pH 6.0 to 8.5 with the
maximum activity observed at pH 7.0 in Tris/HCI buffer
(Supporting Information Fig. S5).

Conservation of TDE0021 in the genus Treponema

Using the TDEOO21 amino acid sequence as query,
BLASTP and TBLASTN searches identified significant
homologues (BLAST E-value <1 X e *°) in eight mem-
bers of the genus Treponema whose genome sequen-
ces are available. As shown in Fig. 7, the species with
TDEO0021 homologues form a distinct group within the
Treponema genus when examined by 16S rRNA phylog-
eny. These include all sequenced strains of human-
associated T. denticola, T. pallidum, T. phagedenis and
T. vincentii as well as porcine digital dermatitis-
associated T. pedis. Interestingly, TDE0021 homologues
were not identified in the genomes of other less closely
related Treponema spp. These include the human oral
isolates T. socranskii, T. lecithinolyticum and T. maltophi-
lum (which inhabit the same subgingival oral environ-
ment as T denticola), bovine digital dermatitis-
associated T. brennaborense, porcine intestinal T. succi-
nifaciens and termite gut-associated treponemes. All tre-
ponemes with TDE0021 homologues also contained
homologues of genes encoding LicCA and the choline
transporter CudT (data not shown). While phospholipid
profiles are not available for many species, all trepo-
nemes reported to produce phosphatidylcholine possess
genes encoding LicCA and Cpt homologues.

TDEO0021 represents a sparsely distributed gene family
seeded in bacteria by an HGT event

Having first focused on TDE0021 as encoding a poten-
tial choline phosphotransferase due to the presence of
conserved phosphotransferase domains similar to those
in eukaryotic CPTs, we then examined its global
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Fig. 6. LC-MS/MS analysis of E. coli total lipid extracts from E. coli expression strain producing LicCA and TDE0021 forms PC.

Total ion chromatograms of the LC-MS analysis of total lipid extracts from an E. coli expression strain carrying both pET17b-TDE0021 and
pCDF-Duet1 (panel A, TDE0021 only), E. coli expression strain carrying pET17b andpCDF-Duet1-LicCA (panel B, LicCA only), and E. coli
expression strain carrying pET17b-TDE0021 and pCDF-Duet1-LicCA (panel C, TDE0021 and LicCA). Positive ion mode mass spectra of the
fraction of samples shown in panels A to C with retention times between 20 and 22 min where PC would be expected to be eluted off the
column and detected by MS (panels D, E, and F respectively). One of the major ion species, PC(30:0) at m/z 706.5, from panel F was
subjected to MS/MS analysis. The presence of a characteristic m/z 184 phosphocholine head group peak in the product ion spectrum
confirms its identity as PC (Fig. S4).
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Table 2. Cation requirement for TDE0021 in vitro activity.

Enzyme activity®

Metal ion added (nmol PC/min/mg protein)

Mg>" 0.33
Mn?* 3.45
Co?* 1.77
Cas NDP
cu?* ND

Ni2* 0.11
Mn2*, EDTA ND

a. Effect of divalent cations on incorporation of choline derived from
[**C]CDP-choline into ['*C]PC by membrane fractions of E. coli
expressing TDE0021. Values represent the average of two inde-
pendent experiments.

b. ND: no radioactivity above background detected.

distribution by conducting a targeted protein BLAST
search (see Methods) to identify and quantify the num-
ber of homologues in other Bacteria, Archaea and
Eukaryotes. Interestingly, we found only a few homolo-
gous genes given our stringent search criteria: a total of
77 genes including 55 of Eukaryotic origin, 22 from Bac-
teria (all but two in Treponema) and none from Archaea.
Of note, all of these genes have the CDP-alcohol phos-
phatidyltransferase domain previously described in the
NCBIs conserved domain database (Marchler-Bauer
et al., 2015). Figure 8 depicts the phylogenetic relation-
ships of these homologous genes. Notably, in Bacteria
we found homologous genes only in the genus Trepo-
mona. In contrast, identified Eukaryotic genes were from
different Phyla and Kingdoms These include Microspor-
dia and Ascomyceta Phyla from Fungi, and Chordata
and Nematoda Phyla from the Animalia. We also found
some other major taxonomic groups such as Amoebo-
zoa and Euglenozoa. We note that both the clade sup-
port as measured by bootstrap values for the Bacterial

CDP-choline pathway for phosphatidylchaline synthesis in bacteria 903

clade and the main Eukaryotic groups were very high
(data not shown).

All significant Eukaryotic BLAST hits to the TDE0021
product are to the ubiquitous CPT/EPT family of pro-
teins, with Entamoeba dispar (E-score 1 e '¥) and
Homo sapiens CPT/EPT (E-score 2 e~ '°) among the
highest scoring organisms. The homology scores for S.
cerevisiae CPT/EPT are approximately 2 e °. Taken
together with the observation that all Treponema carry-
ing TDE0021 homologues are mucosal tissue isolates
from humans or domesticated animals, this suggests
that the choline phosphotransferase-encoding gene
present in a closely related group of Treponema spp.
may have been acquired by HGT from a eukaryotic
organism, resulting in a variation of the Kennedy path-
way for PC biosynthesis unique both in its genetic com-
position and in the cell type in which it occurs.

The fact that the identified Bacterial sequences were
confined to a single genus, whereas the Eukaryotic ver-
sions were much more widely distributed, is suggestive
that a horizontal gene transfer (HGT) event brought this
gene to an ancestral Treponema species. Therefore, to
further explore this, we conducted a molecular dating
analysis of this gene family (see Methods and Fig. 8).
Remarkably, the divergence time of the bacterial
sequences is some 1,143 million years ago (MYA),
whereas the divergence time of the Eukaryotic sequen-
ces is considerably earlier (1,474 MYA). Furthermore,
the time of divergence of all the sequences of this family
(both Eukaryotic and Bacterial) is some 2,090 MYA,
which is much more recent than what is expected from
the time of divergence of Eukaryotes versus Prokar-
yotes (4,290 MYA, according to the TimeTree database).
The rather young age of the common ancestor of the
bacterial sequences of this gene family and the fact that
they are essentially restricted to only one genus -

— T. vincentii

L— T. medium

— T. putidum
E T. denticola
T. pedis

T

B. burgdorferi

T. phagedenis

iscuniculi

L T. palidum

—

T. succinifaciens
T. socranskii

_|

T. caldarium

— T. maltophilum
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Fig. 7. 16S rRNA phylogenetic tree of representative Treponema spp. with sequenced genomes.
TDEO0021 homologues are found only in the genomes of the Treponema species within the yellow box. Borrelia burgdorferi is included as an

outgroup for tree construction.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896912



904 M. A Vences-Guzman et al. W

989,|
0

.0
0.0
6.8
76.7,
721.
215.1
11..
0.0 -
0.0
180.3—
L

751.
885.
893.4
968..

!72.i

19.9'_
—

114344

14737

12500

12053

315.8 41.6

48.
56.6)
127.4

0.0
8.4
15.;

35.8
86.. 45.0

110.8

8.9

65.8 0.0

47.4

34.8 0.0

23.

T

14.

7.0
7.0

0.0

M Query TDEOD21

W 488757639 Treponemadenticola

W 488753013 Treponemadenticola

W 498375185 Treponemadenticola

M 488750083 Treponemadenticola

W 325475339 Treponemadenticola F0O402

W 530895428 Treponema pedis

M 639086537 Treponema pedis

M 769215814 Treponema putidum

W 498380317 Treponemadenticola

W 503711207 Treponema paraluiscuniculi

W 1038808589 Treponemapallidum

W 643906781 Treponema pallidum

M 3322973 Treponema pallidum subsp. pallidum str. Nichols

W 504108547 Treponema pallidum

M 639869080 Treponemaphagedenis

W 488783717 Treponemaphagedenis

M 513866930 Treponema medium

M 763134708 Treponema sp. OMZ 838

M 493197545 Treponemavincentii

W 513857881 Treponemavincentii

W 916317704 Fulvivirga imtechensis

W 441440307 Fulvivirga imtechensis AK7

@ 471206615 EntamoebainvadensIP1

@® 511089258 Entamoebainvadens

@® 471208006 Entamoebainvadens|P1

@® 167390104 Entamoeba dispar SAW760

@ 440492285 Trachipleistophara hominis

@ AAA63571 S. cerevisiae CPT1

@ 213409325 Schizosaccharomycesjaponicus yF5275

@® 953401258 Ordospora colligata 0G4

@ 71748118 Trypanosoma bruceibrucei TREU927

@ 528233405 Angomonasdeanei

@ 167390404 Entamoeba dispar SAWT60

@ 472457203 Entamoeba histolytica HM-3:IMSS
685836530 Strongyloides ratti

@ 1002590077 Protobothrops mucrosquamatus

@ 632955652 Callorhinchus milii

@ NP 064629 H. sapiens CPT1

@ 1051215384 Lepidothrix coronata

@ 1051215378 Lepidothrix coronata

@ 821130445 Dasypus novemcinctus

@ 641712334 Eptesicus fuscus

@® 795363339 Cercocebus atys

@ 7340970 Homo sapiens

@ 1062791696 Manacus vitellinus

@ 972961097 Lepisosteus oculatus

@ 831274052 Glupeaharengus

@ 974090610 Cyprinodonvariegatus

@ 573880765 Lepisosteusoculatus

@ 1024986122 Sinocyclocheilus anshuiensis

@ 1024986130 Sinocyclocheilus anshuiensis

@ 1020575058 Sinocyclocheilusgrahami

@ 966644287 Cyprinus carpio

@® 1049288342 Pygocentrus nattereri

@ 597786656 Astyanax mexicanus

@ 831274050 Clupeaharengus

@ 410919179 Takifugurubripes

@ 808873516 Larimichthyscrocea

@ 734624496 Larimichthyscrocea

@ 657585350 Stegastes partitus

@ 742142425 Esox lucius

@ 213514490 Salmo salar

@ 642127117 Oncorhynchus mykiss

@ 554814074 Haplochromis burtoni

@ 548355012 Pundamilianyererei

@ 498970686 Maylandiazebra

@ 348520483 Oreochromis niloticus

@ 657782830 Cynoglossus semilaevis

@ 1007748484 Nothobranchiusfurzeri

@® 1041125735 Kryptolebias marmoratus

@ 928045180 Austrofunduluslimnaeus

@ 974090608 Cyprinodonvariegatus

@ 831576500 Fundulus heteroclitus

@ 551520769 Xiphophorus maculatus

@ 1039397578 Poeciliareticulata

@ 961917959 Poeciliamexicana

@ 961834533 Poecilialatipinna

@ 617383156 Poeciliaformosa

Fig. 8. Molecular dating analysis of
TDEO021 homologues.

The molecular dating analysis was
carried out on an alignment generated
by Maximum Likelihood (ML) phylogeny
analysis as described in Experimental
Methods. The bacterial sequences are
marked with small circles before the tip
labels (red: TDE0021 BLAST query;
green: homologous sequences from
other Treponema.) The numbers at the
branches are the divergence time
estimates for the nodes in millions of
years. The color coding is as follows:
green squares, Bacteria sequences;
orange circles, Amoebozoa; brown
circles, Microsporidia; purple circles,
Euglenozoa; red circles, Ascomyceta;
cyan (light blue) circles, Nematoda; blue
circles, Chordata.

compared with the more diverse Eukaryotic equivalents -
suggests that the most parsimonious explanation for the
distribution of the bacterial sequences is a HGT event
into an ancestral Treponema.

Discussion

We report here characterization of T. denticola
TDEO0021 encoding Cpt, a 1,2-diacylglycerol choline
phosphotransferase that, among prokaryotes, appears
to be nearly limited to some closely related members of
the genus Treponema. Outside of this group, T

denticola Cpt shares highest homology with eukaryotic
choline- and ethanolamine-phosphotransferase enzymes
responsible for the final step in the Kennedy pathway for
PC biosynthesis. The T. denticola PC pathway includes
a bifunctional LicCA with both CK and CCT activities
required for synthesis of CDP-choline. LicC and LicA
are present in a wide range of mucosa-associated bac-
teria and, along with LicD, are required for phosphoryl-
choline  (ChoP) incorporation into cell surface
glycoconjugates such as lipopolysaccharide and lipotei-
choic acid (recently reviewed in (Young et al, 2013)).
Though it is present in a wide range of oral bacteria
including both Gram-positive and Gram-negatives, ChoP
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was not detected in T. denticola (Gmur et al., 1999).
The T. denticola and T. pallidum genomes do not
encode any protein containing the highly conserved
LicD domain (residues 36-63) present in available LicD
sequences (Young et al., 2013). Interestingly, prelimi-
nary genome annotations of some oral and intestinal
treponemes, including T. phagedenis, T. socranskii, T.
pedis and T. succinifaciens, reveal predicted LicD homo-
logues (data not shown). To date there has been a sin-
gle report, as yet unconfirmed, of a putative cell-surface
ChoP epitope in T. pallidum (Blanco et al., 2005). Fur-
ther studies are required to determine whether T. denti-
cola LicCA contributes to a ChoP pathway as well as to
the PC pathway.

In addition to TDEOO021, at least three other T. denti-
cola genes are annotated as encoding proteins with
conserved CDP-alcohol phosphotransferase domains.
We focused our attention on TDE0021 because it con-
tains both significant homology to the catalytic domain
in the conserved N-terminal hydrophilic region of
eukaryotic CPTs and an extensive predicted hydropho-
bic C-terminal membrane region. Differences between
the C-terminal regions of Treponema Cpt and eukaryotic
CPT likely reflect substantial differences in membrane
architecture between eukaryotes and spirochetes. Allelic
replacement mutagenesis of TDE0021 in T. denticola
resulted complete abrogation of PC synthesis. Based on
the design and DNA sequence of the mutation in the T.
denticola Acpt mutant (CF819), transcription should con-
tinue through aphaA2 into the remaining portion of cpt
3’ to the CDP-alcohol phosphotransferase motif and
TDEO0022. This strategy was employed because we
were unable to isolate mutants using genetic constructs
in which transcription of any portions of either TDE0020
(encoding glycyl-tRNA synthetase) or TDE0022 (encod-
ing a hypothetical protein) were disrupted (data not
shown). The observation that potential Acpt mutants iso-
lated as subsurface colonies on semisolid agar selection
plates were not viable in NOS broth medium unless pas-
saged at least twice in NOS broth medium containing
0.95% methylcellulose suggests that T. denticola under-
goes adaptation to loss of PC production. Potential
response and regulatory mechanisms involved in this
process are subjects of ongoing investigation.

It should be noted that T. denticola LBE3 (defective in
both CK and CCT activity), is also defective in choline
uptake due to the fact that the mutation in licCA blocks
transcription of the downstream gene cudT (data not
shown). In contrast, T. denticola CF819, with no defect
in either choline uptake or LicCA, should produce wild-
type levels of CDP-choline but no Cpt activity. The phe-
notype of T. denticola CF819 indicates that none of the
other T. denticola genes annotated as encoding proteins
containing the CDP-alcohol phosphotransferase motif

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896912
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(TDE1366, TDE2572 and TDE2669) are capable of
mediating synthesis of PC in the presence of CDP-
choline. In contrast to TDE0021, neither TDE1366,
TDE2572 nor TDE2669 mediated PC formation in E.
coli when co-expressed with LicCA, further supporting
the specificity of TDE0021 Cpt activity (data not shown).

The ability of T. denticola Cpt to complement a S. cer-
evisiae CPT1 mutant confirms its enzymatic activity in
vivo and is consistent with its proposed eukaryotic ori-
gin. Interestingly, unlike some bifunctional eukaryotic
CPT/EPT enzymes, T. denticola Cpt did not exhibit etha-
nolamine phosphotransferase activity when expressed in
yeast and is therefore highly unlikely to participate in T.
denticola PE biosynthesis. T. denticola most likely uti-
lizes a typical prokaryotic phosphatidylserine-dependent
PE pathway, though genes encoding putative phosphati-
dylserine synthase and phosphatidylserine decarboxyl-
ase remain to be identified.

The specific divalent cation requirement for optimal
enzymatic activity is well established for eukaryotic CPT
enzymes (Hjelmstad and Bell, 1992; McMaster et al.,
1996). Interestingly, while T. denticola Cpt shares this
general requirement, the cation specificity differed
between S. cerevisiae (Mg®*) and T. denticola (MnZ").
The significance of the clear preference for Mn®* in T.
denticola over Mg2+ and other cations is not clear, but
may reflect differences in intracellular environments
between these unicellular microbes. Similar specific dif-
ferences in metal cation requirements have been
described even between very closely-related organisms,
such as for the TroR transcriptional regulators of T. den-
ticola and T. pallidum (Brett et al., 2008).

The Treponema CDP-choline-dependent PC pathway
is limited to one branch of the genus. Genomes of all
Treponema that have been shown to produce PC pos-
sess the genes encoding Cpt and LicCA, as well as a
putative choline transporter directly adjacent to licCA
(data not shown). The absence of identifiable genes
encoding LicCA and Cpt in the genomes of human oral
species T. socranskii, T. lecithinolyticum and T. maltophi-
lum is consistent with their relative evolutionary distance
from PC-containing Treponema (Fig. 7). The human oral
microbiome alone includes more than fifty Treponema
species and phylotypes, of which only a small minority
have been cultured (Paster et al, 2001) and fewer
whose genomes have been sequenced. Further studies
of the genomes, phospholipid profiles and behaviors of
diverse Treponema isolates are necessary to determine
whether PC plays a specific role in the interaction
between spirochetes and their mammalian hosts.
Absence of genes encoding Cpt and some or all of the
other PC pathway components in termite gut-associated
Treponema and freshwater hotspring-associated T. cal-
daria likely reflects their considerable evolutionary
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distance from mammalian mucosal tissue-associated
Treponema spp.

A wide range of microbial genomes other than Trepo-
nema encode predicted proteins having some limited
homology to TDE0O21. All of these, which contain the
conserved phosphatidyltransferase domain that is also
present in TDE1366, TDE2572 and TDE2669, are likely
members of phosphatidyltransferase families with cellu-
lar functions unrelated to PC. With the exception of a
predicted homologue in the marine isolate Fulvivirga
imtechensis (24% identity, E-score 4 X e~ '%), all exhibit
very limited homology to the TDE0O21 gene product.

In addition to reporting genetic and functional charac-
terization of this novel biosynthetic pathway, the present
study contributes to ongoing discussion of the role of
HGT in prokaryotic molecular evolution (Gupta, 2016).
While HGT between prokaryotes and from prokaryotes
to eukaryotes is well characterized, HGT from eukar-
yotes to prokaryotes has not been extensively studied
and its importance in microbe-host interactions may be
underestimated (Dunning Hotopp, 2011). Genes of prob-
able eukaryotic origin can be identified in many bacterial
genomes, but their importance to host-associated
microbes is clear in few cases. Approximately 3% of the
Legionella pneumophila genome consists of ‘eukaryotic-
like’ proteins, several of which are likely to have impor-
tant roles in the evolution and behavior of this intracellu-
lar pathogen (Lurie-Weinberger et al., 2010). Significant
numbers of Neisseria gonorrhoeae isolates carry a frag-
ment of the human long interspersed nuclear element
L1 that is likely to be the result of a relatively recent
HGT event (Anderson and Seifert, 2011). The exact
mechanisms and significance of these and other HGT
events are under study by several groups.

Based on molecular dating analysis, the appearance
of the TDE00O21 ancestral gene in Treponema occurred
over 1,100 MYA. Similar molecular dating places the
last common ancestor prior to the divergence of Trepo-
nema and Borrelia at approximately 1,800 MYA (Battis-
tuzzi et al., 2004). This timescale is consistent with the
presence of TDE0O021 homologues in only one branch
of Treponema and is strongly suggestive of a HGT from
a eukaryote occurring long after establishment and fur-
ther divergence of the Treponema genus from other spi-
rochetes. All together our in silico analyses suggest this
gene family is found throughout Eukaryota, is absent in
Archaea, and was likely seeded into two genera of Bac-
teria by HGT events. Further unsampled sequences
derived from culture-independent approaches such as
metagenomics and single cell genomics may aid in
resolving the actual number and order of these HGT
events.

The importance of HGT in the evolution of host-
associated spirochetes is well-recognized (Subramanian

et al., 2000). T. pallidum genes reported as of likely
eukaryotic origin include those encoding several tRNA
synthases, a DNA repair helicase, von Willebrand factor
domain A (vVWA) proteins, ankyrin repeat proteins and a
pyrophosphate-dependent phosphofructokinase
(reviewed in (Subramanian et al, 2000)). Some of
these, particularly vWA proteins and ankyrin repeat pro-
teins, are signaling proteins likely to contribute to inter-
actions between this microbe and its host (Ponting
et al., 1999). Homologues of several of these T. pallidum
genes are present in T. denticola (data not shown) and
may have similar as yet undetermined roles in host
interactions.

The biological role of PC in host-associated spiro-
chetes is not clear. In some plant pathogens and sym-
bionts, PC is believed to contribute to the host-microbe
relationship (Sohlenkamp et al., 2003), while PC growth
and temperature sensitivity in some free-living bacteria
(reviewed in (Sohlenkamp et al., 2003)). PC in spiro-
chetes is not restricted to Treponema spp. but is also
found in Borrelia spp., including the causative agent of
Lyme disease B. burgdorferi. Borrelia uses the single
step Pcs pathway for synthesis of PC directly from chol-
ine (Martinez-Morales et al., 2003; Wang et al., 2004),
While no Borrelia PC mutants have been reported, the
Pcs pathway appears to be its sole means of PC forma-
tion. This is in contrast to several other Pcs-containing
microbes that also contain a Pmt pathway for PC bio-
synthesis (Sohlenkamp et al., 2003). As in Borrelia, Tre-
ponema possesses only a single pathway for PC
biosynthesis, thus both are dependent on exogenous
(host) choline for PC biosynthesis. While there are rele-
vant animal infection models for T. pallidum and Borrelia
infections, animal models for T. denticola are problem-
atic, largely due to its occurrence within a very complex
oral microbial community and the chronic nature of peri-
odontal disease. The fact that several oral Treponema
spp. lack the PC pathway suggests that it is not crucial
for survival in the oral mucosal environment. Our labora-
tories are currently exploring methods utilizing the iso-
genic PC mutant strains to determine the role of CDP-
choline-dependent PC production in T. denticola interac-
tions with host tissue and with other oral microbes.

Experimental procedures

Strains, media, and growth conditions

All strains and plasmids used in this study are described in
Supporting Information Table S1. T. denticola ATCC 35405
and its isogenic mutants were grown as previously
described (Fenno, 2005) under anaerobic conditions in
NOS broth or semisolid medium containing 0.8% Noble
agar, supplemented with erythromycin (40 pg ml™") and
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kanamycin (Km; 25 pg mi~") as appropriate. In some
experiments, NOS broth medium was supplemented with
methylcellulose (0.95% w/v). All growth media were incu-
bated under anaerobic conditions for at least 18 h prior to
use (McMinn and Crawford, 1970). Purity of spirochete cul-
tures was monitored by darkfield microscopy. E. coli strains
were grown at 30°C in LB broth or agar medium (Sambrook
and Russell, 2001). Saccharomyces cerevisiae strains har-
boring plasmids were grown at 30°C in SD-Ura medium
(Kaiser et al., 1994) supplemented with 2% glucose (w/v).
Antibiotics were added to the growth medium as appropri-
ate to obtain the following final concentrations (mg/liter):
chloramphenicol 20, spectinomycin 200, carbenicillin 100,
kanamycin 50 (E. col)) and 25 (T. denticola), erythromycin
200 (E. coli) and 20 (T. denticola).

Bioinformatics analysis

The presence and conservation of genes of interest in Tre-
ponema genomes were analyzed using BLAST search tools
(Altschul et al., 1990) on the NCBI, HOMD and ExPASY
websites. Operon analysis of the TDE0021 region was
done using the DOOR and ProOpDB prokaryotic operon
analysis algorithms (Mao et al., 2009). Transcription pro-
moter prediction was done using the BPROM algorithm
(Taboada et al., 2010; Solovyev and Salamov, 2011). A Tre-
ponema 16S rRNA phylogeny tree was constructed using
the Clustal-Omega tool (Soding, 2005) contained in the
DNASTAR program suite.

To determine the potential relationship between TDE0021
and potential homologues in other organisms, we carried out a
BLAST search (Altschul et al., 1990; Tamura et al., 2013) of the
non-redundant protein database from NCBI with the TDE0021
amino acid sequence as query, using an E-value of 1e-08,
query coverage of at least 30% and filtering for low-complexity
segments as cutoffs. We adjusted the compositions of the
sequences under comparison employing the universal compo-
sitional score matrix adjustment (Yu and Altschul, 2005). We
used the constraint-based alignment tool for multiple alignment
protein sequences (COBALT) program (Papadopoulos and
Agarwala, 2007), which uses constraints obtained from the
PROSITE protein-motif database and the conserved domain
database to refine the alignment quality. We also included two
other protein sequences, the CHTP1 (NP_064629) from Homo
sapiens and Saccharomyces cerevisiae CTP1 (AAA63571). In
order to do this, we first aligned the two CTPs using MUSCLE
(Edgar, 2004). Then, to align the two multiple alignments (the
two CPTs and the COBALT alignment) we used MUSCLE set-
ting the option of profile-profile alignment. The final multiple
alignment, manually edited to remove poorly aligned regions as
well as columns with gaps of more than 30%, is available upon
request. A Maximum Likelihood (ML) phylogeny analysis was
generated with MEGA6 (Tamura et al., 2013) with the best
mode model (LG + I+G + F) chosen using ProtTest (Darriba
et al., 2011). To evaluate clade support we conducted a boot-
strap analysis with 100 replicates. Finally, we conducted molec-
ular clock analysis with RelTimeML from MEGA6 using the
same substitution model as for the ML phylogeny. and set local
clocks as the clock type as our data set did not conform to a
global clock. To calibrate our molecular dating analysis within a
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range from 900 to 1600 MYA, we extracted the estimated time
of divergence of Lepisosteus oculatus (spotted gar) and Ordo-
spora colligata (microspordians) from the TimeTree database
(Hedges et al., 2015). The times of divergence of two other
major divisions (Eukaryotes and Prokaryotes; Treponema and
Bacteroides) were also extracted from the TimeTree database.

Molecular biology methods

Recombinant DNA techniques were performed according to
standard protocols (Sambrook and Russell, 2001). For
expression studies in E. coli, the nucleotide fragments cor-
responding to TDE0O21 (cpt) and TDE1260 (licCA) were
synthesized by GeneArt (Invitrogen, Carlsbad, CA). In case
of LicCA the version shown to be active by Kent et al. (Kent
et al., 2004) lacking the N-terminal helix-turn-helix domain
was synthesized. Both synthesized DNA fragments were
designed to contain terminal Ndel and BamHI restriction
sites to facilitate the subcloning of the inserts. After diges-
tions with Ndel and BamHI, the TDE0021 fragment was
cloned into pET17b (EMD Biosciences, Billerica, MA) and
the TDE1260 fragment was cloned into pCDF-Duet1 (EMD
Biosciences) to obtain the compatible expression plasmids
pET17b-TDE0021 and pCDF-Dueti-LicCA respectively.
The other three candidate genes TDE2669, TDE1366 and
TDE2572 were PCR amplified from genomic DNA isolated
from T. denticola using oligonucleotides incorporating Ndel
and BamHI restriction sites (underlined) and cloned into
pET17b (TDE1366F:5-actgcatatgatatataataaaacttttgatatacaa-
3’; TDE1366R:5'-actgggatccttatatcttaattttatatcgaattat-3’; TD
EF2572F:5'-actgcatatgaagctatctaatatttttacatcatcg-3'; TDER
2572R:5'-actgggatccttattcatcagcagttctccttttatt-3'; TDEF2669
F:5'-actgcatatggaaaaaaaaatcggcagattggtttta-3’; TDER2669
R:5'-actgggatccctaagttictatgtctcttttgcg-3'). E. coli strains
were transformed with plasmid DNA using a standard
CaCl, method (Sambrook and Russell, 2001).

T. denticola TDE0O21, annotated as encoding a choline
phosphotransferase, was synthesized as described above
and subcloned as a Bglll-BamHI-fragment into the BamHI-
site of the yeast expression plasmid pSP-Gm2 (Rodriguez-
Limas et al., 2011) forming pSP-Gm2-Trepo. TDE0021 is
expressed in this plasmid under the control of the constitu-
tive TEF (translational elongation factor 1) promoter. Plas-
mids were transformed into S. cerevisiae according to
Becker and Lindblad (Becker and Lundblad, 2001).

Allelic replacement mutagenesis of T. denticola
TDEO021

For construction of a T. denticola TDE0021 mutant, a 4,019
bp DNA fragment encompassing TDEO0020 through
TDEO0022 was amplified from T. denticola genomic DNA
using high fidelity Taq polymerase (Tag-HF, Invitrogen) and
oligonucleotide primers CX554 (5'-ggcgcttatcatgttatgag-3')
and CX555 (5'-gattgaagatgcggaacttc-3'), then cloned in
pGEM-Teasy (Promega, Madison, WI). The resulting plas-
mid was digested with Bcll and Blpl to release a 261 bp
fragment within the 5'end of TDE0021, which was then
replaced by an antibiotic cassette consisting of a gene
encoding kanamycin resistance (aphA2, (Li et al., 2015))
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under transcriptional control of the ermB promoter from
pVA2198 (Fletcher et al, 1995; Goetting-Minesky and
Fenno, 2010), yielding pCF744. Because TDEO0020-
TDE0021-TDE0022 are predicted to be cotranscribed as an
operon, pCF744 was designed such that aphA2 (in the
same transcriptional orientation as TDE0021) is followed by
stop codons in all three reading frames but no transcription
terminator. To account for the possibility that TDE0022 tran-
scription required an unidentified promoter element, the 3
end of TDE00O21 was retained in pCF744. TDE0020 enco-
des glycyl-tRNA synthetase while TDE0022 encodes a
hypothetical protein. Further analysis of the resulting plas-
mid pCF744 revealed that it retained the last of the six resi-
dues comprising the conserved CDP-alcohol
phosphotransferase motif (Fig. 2) (Williams and McMaster,
1998; Solis-Oviedo et al.,, 2012). To remove the remnant of
the predicted CDP-alcohol motif, pCF744 was amplified
using oligonucleotide primers CX1051 (5'-tggtcctcgagat
tatggctgeecttge-3') and CX1052 (5-ctagatgctcgagtcagaa
gaactcgtcaag-3'), digested with Xhol (underlined in primer
sequence) and self-ligated. The resulting plasmid pCF789
carries the first 37 bp and the last 498 bp of TDE0021 sep-
arated by the aphA2 cassette (Fig. 3).

Plasmid pCF789 was digested with Notl to release a
linear fragment consisting of the antibiotic cassette
between DNA sequences flanking the target gene. T. den-
ticola ATCC 35405 was transformed by electroporation
with 10 ug of linearized DNA released from pCF789 and
transformants were selected with resistance to kanamycin
as described previously (Godovikova et al., 2015), with
the following modification. T. denticola colonies picked
from NOS/Km/Noble agar selection plates were initially
grown in NOS/Km broth supplemented with 0.95% methyl-
cellulose for at least two passages before further growth
in NOS/Km broth medium and subsequent characteriza-
tion. Allelic replacement mutagenesis of TDE0021 was
confirmed by PCR analysis as well as by DNA sequencing
of the target region of genomic DNA. DNA sequencing
was performed at the University of Michigan DNA
Sequencing Core Facility and analyzed using DNASTAR
sequence analysis software (DNASTAR Inc., Madison,
WI).

PC determination in T. denticola strains

Phospholipid analysis of parent and mutant T. denticola
strains was carried out at the University of Michigan Metab-
olomics Core Facility. To determine presence of PC in T.
denticola wildtype and mutant strains, triplicate samples of
4-day broth cultures grown in the presence of antibiotics as
appropriate were subjected to total lipid extraction (approxi-
mately 5 X 10° cells per sample) by the method of Bligh
and Dyer (Bligh and Dyer, 1959). Presence and levels of
PC and PE were determined using a modification of the
method of Ames and Dubin (Ames and Dubin, 1960).
Briefly total lipids isolated from each T. denticola strain
were separated by thin-layer chromatography followed by
phosphate determination via colorimetric measurement of
phosphoammonium molybdate complexes, then quantitated
by comparison with PC and PE standard curves.

Complementation of a S. cerevisiae mutant deficient in
cholinephosphotransferase activity

The yeast CPT1 mutant HJO91 was transformed with
plasmids shown in Supporting Information Table S1, as
previously described (Becker and Lundblad, 2001).
Transformants were selected in SD-Ura medium supple-
mented with 2% glucose. Cultures (20 mL) were grown to
an optical density at 620 nm (ODgyo) of 0.6 and 1 pCi
[methyl-*C]choline chloride (CFA.424, Amersham Life
Science) or [2-'*C]ethanolamine hydrochloride (20 pM, 1
X 10° dpm/nmol; CFA.329 by Amersham Life Science)
was added to the cultures. Following 30 min additional
incubation, cells were harvested by centrifugation,
washed once with ice-cold water and the pellets were
resuspended in 1 mL CHCIs/CH3OH (1:1, v/v). Acid-
washed 0.5-mm glass beads (0.5 g) were added to each
sample and the cells were broken by vortexing three
times for 1 min. Samples were held on ice for 2 min
between bursts. The supernatant was transferred to a
new tube and the beads were washed once with 500 pL
CHCI3/CH3z0H (2:1, v/v). Both supernatants were pooled,
then water and CHCI; were added until a phase separa-
tion was obtained. Phospholipids in the organic phase
were analyzed by TLC on Merck Silica 60 HPTLC plates
using n-propanol/propionic acid/chloroform/water (3:2:2:1,
v/v) as mobile phase. The aqueous phases were concen-
trated under vacuum and separated by TLC on Merck
Silica 60 HPTLC plates in a solvent system consisting of
CH30H/0.6% NaCl/NH,OH (50:50:5, v/v).

Expression of the complete T. denticola PC synthesis
pathway in E. coli

Plasmids pET17b-TDE0021 and pCDF-Duet1-LicCA were
transformed into E. coli BL21(DE3)/pLysS. When the cul-
tures reached an ODgyq of 0.4, IPTG (0.2 mM) and 1 pCi
['“Clacetate or ['“C]choline were added, and cultures
were incubated for a further 3 hours. Cells were har-
vested and the lipids extracted according to Bligh and
Dyer (Bligh and Dyer, 1959). Aliquots of the lipid extracts
were spotted on HPTLC silica gel 60 (Merck, Poole, U.K.)
plates and were separated in two dimensions using
CHCI3/CH30H/H,0 (140:60:10, v/v) as mobile phase for
the first dimension and CHCI3/CH3;OH/glacial acetic acid
(130:50:20, v/v) for the second dimension. In some cases
the organic phases were only analyzed by one-
dimensional TLC using CHCI3/CH3OH/H,0 (140:60:10, v/
v) as mobile phase. The presence of phosphatidylcholine
in the lipid extract from the E. coli strain expressing
LicCA and TDEO021 was confirmed by LC-ESI-MS/MS.

In vitro assays for TDE0021 choline phosphotransferase
activity

To establish an enzyme assay for TDE0021, microsomal
membranes were prepared as described previously (Hjelm-
stad and Bell, 1992; Hjelmstad et al., 1994; McMaster and
Bell, 1994; McMaster et al., 1996, Williams and McMaster,
1998) from S. cerevisiae HJ091 derivatives expressing
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yeast CPT1 or TDEO0021. Choline phosphotransferase
activity was assayed using a variation on a standard assay
for yeast CPT1 activity (Hjelmstad and Bell, 1992) as fol-
lows: 20 mM MgCl,, 325 uM PC (egg, Sigma), 325 uM
diacyglycerol (di1 6:1 DAG, Sigma), 0.45% Triton X-100 (w/v)
and 500 puM ['“CI]CDP- choline (American Radiolabeled
Chemicals, 2000 dpm/nmol) as substrates. Assay condi-
tions were further modified to optimize for T. denticola chol-
ine phosphotransferase activity expressed in E. coli as
follows: 90 pg protein (membrane fraction), 50 mM Tris/HCI,
pH 7.0, 20 mM MnCl,, 325 pM PC (egg), 650 uM DAG (di1
6:1 DAG), 0.1% Triton X-100 (w/v) and 1 mM ['“C]CDP-
choline (American Radiolabeled Chemicals, 2000 dpm/
nmol) as substrates in a total volume of 100 pL. In some
assays, MnCl, was replaced with MgCl,, CaCl,, CoCly,
NiCl,, or CuCl,. EDTA was added at a final concentration
of 20 mM in the corresponding assays. The reactions were
started by the addition of CDP-choline. The pH dependency
of the TDEO0021 catalyzed reaction was tested using
50 mM BisTris/HCI (pH 6.0, 6.5, 7.0) or 50 mM Tris/HCI (pH
7.0, 7.5, 8.0, 8.5). The reaction mixtures were incubated in
a water bath at 30°C for 30 min, and reactions were
stopped by adding 375 uL CH3OH/CHCI; (2:1, v/v). Phase
separation was achieved by adding 125 pL water and 125
uL CHCI3. Radioactivity in the organic phase was quantified
by liquid scintillation counting. To ensure that the radioactiv-
ity in the organic phase only represented ['*C]PC, the
organic phases were also separated by one-dimensional
TLC as described above. Incorporation of ['“C]choline into
['*C]PC was measured by quantifying the intensity of the
PC spot using a Storm Phosphorimager and ImageQuant.
The intensity units were later converted to pmoles by inter-
polation of a standard curve of known amounts of
['“C]CDP-DAG.

LC-ESI-MS/MS analysis of phosphatidylcholine

Cultures (500 mL) of E. coli BL21(DE3)/pLysS strains
expressing LicCA, TDE0021, or both LicCA and TDE0021
were grown to an ODgyo of 0.6 in LB medium, induced
with IPTG (0.2 mM), then grown for 4 hours. Lipids were
extracted according to Bligh and Dyer (Bligh and Dyer,
1959). Normal phase LC was performed on an Agilent
1200 Quaternary LC system equipped with an Ascentis
Silica HPLC column, 5 pm, 25 cm X 2.1 mm (Sigma-
Aldrich, St. Louis, MO). Mobile phase A consisted of
CHCI3/CH3zOH/aqueous ammonium hydroxide (800:195:5,
v/v); mobile phase B consisted of CHCI3;/CH;0H/H,O/
aqueous ammonium hydroxide (600:340:50:5, v/v); mobile
phase C consisted of CHCIl3/CH30OH/H,O/aqueous ammo-
nium hydroxide (450:450:95:5, v/v). The elution program
consisted of the following: 100% mobile phase A was held
isocratically for 2 min and then linearly increased to 100%
mobile phase B over 14 min and held at 100% B for 11
min. The LC gradient was then changed to 100% mobile
phase C over 3 min and held at 100% C for 3 min, and
finally returned to 100% A over 0.5 min and held at 100%
A for 5 min. With a total flow rate was 300 pL/min, the LC
eluent is injected into the ion spray source of a Triple-TOF
5600 quadrupole time-of-flight tandem mass spectrometer
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(AB SCIEX, Framingham, MA, U.S.A.). Instrumental set-
tings for positive ion ESI and MS/MS analysis of lipid spe-
cies were as follows: lon spray voltage (IS)=5500 V;
current gas (CUR) =20 psi (pressure); gas-1 (GS1) =20
psi; de-clustering potential (DP) = +55 V; and focusing
potential (FP) = +150 V. The MS/MS analysis used nitro-
gen as the collision gas, with the collision energy (CE) set
at 45 eV. Data analysis was performed using the Analyst
TF1.5 Software.

Acknowledgements

We are grateful to C.R. McMaster for sharing the yeast strain
HJ091 and plasmids pYEp352 and pRH150. This research
was supported by the following agencies: USPHS/NIH
Al105362 and Al079325 to J.C.F.; USPHS/NIH DK097153
to the University of Michigan Metabolomics Core Facility;
CONACyT-Mexico (153200 and 237713), DGAPA/UNAM
(IN202413 and IN208116), and UC-MEXUS/CONACyT
(CN-12-552) to C.S.; and CONACyT-Mexico (153998) to
.IM.L.-L. Z.G. and the mass spectrometry facility in the
Department of Biochemistry, Duke University Medical Cen-
ter, were supported by a LIPID MAPS glue grant
(GM069338) from USPHS/NIH. L. A. C.-C. is a PhD stu-
dents from the Programa de Doctorado en Ciencias Bio-
médicas, Universidad Nacional Auténoma de México. M. A.
V.-G. is a recipient of a scholarship from the Consejo Nacio-
nal de Ciencia y Tecnologia, Mexico (CONACyT 237713).
We are grateful to Maria de los Angeles Moreno Ocampo for
her excellent technical support. The authors have no con-
flicts of interest to declare.

References

Aktas, M., Wessel, M., Hacker, S., Klusener, S.,
Gleichenhagen, J., and Narberhaus, F. (2010) Phosphati-
dylcholine biosynthesis and its significance in bacteria
interacting with eukaryotic cells. Eur J Cell Biol 89:
888-894.

Albelo, S.T., and Domenech, C.E. (1997) Carbons from
choline present in the phospholipids of Pseudomonas
aeruginosa. FEMS Microbiol Lett 156: 271-274.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and
Lipman, D.J. (1990) Basic local alignment search tool.
J Mol Biol 215: 403-410.

Ames, B.N., and Dubin, D.T. (1960) The role of polyamines
in the neutralization of bacteriophage deoxyribonucleic
acid. J Biol Chem 235: 769-775.

Anderson, M.T., and Seifert, H.S. (2011) Opportunity and
means: horizontal gene transfer from the human host to
a bacterial pathogen. MBio 2: e00005-e00011.

Arondel, V., Benning, C., and Somerville, C.R. (1993) Isola-
tion and functional expression in Escherichia coli of a
gene encoding phosphatidylethanolamine methyltransfer-
ase (EC 2.1.1.17) from Rhodobacter sphaeroides. J Biol
Chem 268: 16002—16008.

Battistuzzi, F.U., Feijao, A., and Hedges, S.B. (2004) A
genomic timescale of prokaryote evolution: insights into



910 M. A Vences-Guzman et al. M

the origin of methanogenesis, phototrophy, and the colo-
nization of land. BMC Evol Biol 4: 44.

Becker, D.M., and Lundblad, V. (2001) Introduction of
DNA into yeast cells. Curr Protoc Mol Biol 27:111:13.7:
13.7.1-13.7.10.

Blanco, D.R., Champion, C.l., Dooley, A., Cox, D.L.,
Whitelegge, J.P, Faull, K., and Lovett, M.A. (2005) A
monoclonal antibody that conveys in vitro killing and par-
tial protection in experimental syphilis binds a phosphor-
ylcholine surface epitope of Treponema pallidum. Infect
Immun 73: 3083—-3095.

Bligh, E.G., and Dyer, W.J. (1959) A rapid method of total
lipd extraction and purification. Can J Biochem Physiol
37: 911-917.

Bremer, J., Figard, PH., and Greenberg, K.M. (1960) The
biosynthesis of choline and its relation to phopholipid
metabolism. Biochim Biophys Acta 43: 477—488.

Brett, P.J., Burtnick, M.N., Fenno, J.C., and Gherardini, F.C.
(2008) Treponema denticola TroR is a Manganese- and
Iron-Dependent Transcriptional Repressor. Mol Microbiol
70: 396-409.

Cui, Z., and Houweling, M. (2002) Phosphatidylcholine and
cell death. Biochim Biophys Acta 1585: 87-96.

Darriba, D., Taboada, G.L., Doallo, R., and Posada, D.
(2011) ProtTest 3: fast selection of best-fit models of pro-
tein evolution. Bioinformatics 27: 1164—1165.

de Rudder, K.E., Lopez-Lara, I.M., and Geiger, O. (2000)
Inactivation of the gene for phospholipid N-
methyltransferase in Sinorhizobium meliloti: phosphatidyl-
choline is required for normal growth. Mol Microbiol 37:
763-772.

de Rudder, K.E., Sohlenkamp, C., and Geiger, O. (1999)
Plant-exuded choline is used for rhizobial membrane lipid
biosynthesis by phosphatidylcholine synthase. J Biol
Chem 274: 20011-20016.

Dunning Hotopp, J.C. (2011) Horizontal gene transfer
between bacteria and animals. Trends Genet 27: 157—
163.

Edgar, R.C. (2004) MUSCLE: multiple sequence alignment
with high accuracy and high throughput. Nucleic Acids
Res 32: 1792—-1797.

Fenno, J.C. (2005) Laboratory maintenance of Treponema
denticola. Curr Protoc Microbiol 00:B:12B.1:12B.1.1—
12B.1.21

Fletcher, H.M., Schenkein, H.A., Morgan, R.M., Bailey,
K.A., Berry, C.R., and Macrina, F.L. (1995) Virulence of a
Porphyromonas gingivalis W83 mutant defective in the
prtH gene. Infect Immun 63: 1521-1528.

Fraser, C.M., Norris, S.J., Weinstock, G.M., White, O.,
Sutton, G.G., Dodson, R., et al (1998) Complete
genome sequence of Treponema pallidum, the syphilis
spirochete. Science 281: 375-388.

Geiger, O., Lopez-Lara, .M., and Sohlenkamp, C. (2013)
Phosphatidylcholine biosynthesis and function in bacteria.
Biochim Biophys Acta 1831: 503-513.

Gibellini, F.,, and Smith, T.K. (2010) The Kennedy pathway—
De novo synthesis of phosphatidylethanolamine and
phosphatidylcholine. IUBMB Life 62: 414—428.

Gmur, R., Thurnheer, T., and Guggenheim, B. (1999) Domi-
nant cross-reactive antibodies generated during the

response to a variety of oral bacterial species detect
phosphorylcholine. J Dent Res 78: 77-85.

Godovikova, V., Goetting-Minesky, M.P., Shin, J.M., Kapila,
Y.L., Rickard, A.H., and Fenno, J.C. (2015) A modified
shuttle plasmid facilitates expression of a flavin
mononucleotide-based fluorescent protein in treponema
denticola ATCC 35405. App! Environ Microbiol 81:
6496-6504.

Goetting-Minesky, M.P., and Fenno, J.C. (2010) A simplified
erythromycin resistance cassette for Treponema denticola
mutagenesis. J Microbiol Methods 83: 66—68.

Gupta, R.S. (2016) Impact of genomics on the understand-
ing of microbial evolution and classification: the impor-
tance of Darwin’s views on classification. FEMS Microbiol
Rev 40: 520-553.

Hacker, S., Sohlenkamp, C., Aktas, M., Geiger, O., and
Narberhaus, F.  (2008) Multiple phospholipid N-
methyltransferases with distinct substrate specificities are
encoded in Bradyrhizobium japonicum. J Bacteriol 190:
571-580.

Hanada, T., Kashima, Y., Kosugi, A., Koizumi, Y., Yanagida,
F., and Udaka, S. (2001) A gene encoding phosphatidyle-
thanolamine N-methyltransferase from Acetobacter aceti
and some properties of its disruptant. Biosci Biotechnol
Biochem 65: 2741-2748.

Hedges, S.B., Marin, J., Suleski, M., Paymer, M., and
Kumar, S. (2015) Tree of life reveals clock-like speciation
and diversification. Mol Biol Evol 32: 835-845.

Hjelmstad, R.H., and Bell, R.M. (1992) Choline- and etha-
nolaminephosphotransferases from Saccharomyces cere-
visiae. Methods Enzymol 209: 272-279.

Hjelmstad, R.H., Morash, S.C., McMaster, C.R., and Bell,
R.M. (1994) Chimeric enzymes. Structure-function analy-
sis of segments of sn-1,2-diacylglycerol choline- and
ethanolaminephosphotransferases. J Biol Chem 269:
20995-21002.

Kaiser, C., Michaelis, S., and Mitchell, A. (1994) Methods in
Yeast Genetics. Plainview, NY: Cold Spring Harbor Labo-
ratory Press.

Kaneshiro, T., and Law, J.H. (1964) Phosphatidylcholine
synthesis in Agrobacterium tumefaciens |. Purification
and properties of a phosphatidylethanolamine N-methyl-
transferase. J Biol Chem 239: 1705-1713.

Kennedy, E.P., and Weiss, S.B. (1956) The function of cyti-
dine coenzymes in the biosynthesis of phospholipides.
J Biol Chem 222: 193-214.

Kent, C., Gee, P, Lee, S.Y,, Bian, X., and Fenno, J.C.
(2004) A CDP-choline pathway for phosphatidylcholine
biosynthesis in Treponema denticola. Mol Microbiol 51:
471-481.

Li, Y., Ruby, J., and Wu, H. (2015) Kanamycin resistance
cassette for genetic manipulation of Treponema denticola.
Appl Environ Microbiol 81: 4329-4338.

Livermore, B.P., and Johnson, R.C. (1974) Lipids of the
Spirochaetales: comparison of the lipids of several mem-
bers of the genera Spirochaeta, Treponema, and Lepto-
spira. J Bacteriol 120: 1268—-1273.

Livermore, B.P., and Johnson, R.C. (1975) The lipids of
four unusual non-pathogenic host-associated spirochetes.
Can J Microbiol 21: 1877—1880.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896-912



Lopez-Lara, I.M., and Geiger, O. (2001) Novel pathway for
phosphatidylcholine biosynthesis in bacteria associated
with eukaryotes. J Biotechnol 91: 211-221.

Lurie-Weinberger, M.N., Gomez-Valero, L., Merault, N.,
Glockner, G., Buchrieser, C., and Gophna, U. (2010) The
origins of eukaryotic-like proteins in Legionella pneumo-
phila. Int J Med Microbiol 300: 470—-481.

Lykidis, A. (2007) Comparative genomics and evolution of
eukaryotic phospholipid biosynthesis. Prog Lipid Res 46:
171-199.

Lysenko, E., Richards, J.C., Cox, A.D., Stewart, A., Martin,
A., Kapoor, M., and Weiser, J.N. (2000) The position of
phosphorylcholine on the lipopolysaccharide of Haemophi-
lus influenzae affects binding and sensitivity to C-reactive
protein-mediated killing. Mol Microbiol 35: 234—245.

Mao, F., Dam, P, Chou, J., Olman, V., and Xu, Y. (2009)
DOOR: a database for prokaryotic operons. Nucleic
Acids Res 37: D459-D463.

Marchler-Bauer, A., Derbyshire, M.K., Gonzales, N.R., Lu,
S., Chitsaz, F., Geer, L.Y., et al. (2015) CDD: NCBI’s con-
served domain database. Nucleic Acids Res 43: D222—
D226. 22

Martinez-Morales, F., Schobert, M., Lopez-Lara, .M., and
Geiger, O. (2003) Pathways for phosphatidylcholine bio-
synthesis in bacteria. Microbiology 149: 3461-3471.

McMaster, C.R., and Bell, R.M. (1994) Phosphatidylcholine
biosynthesis in Saccharomyces cerevisiae. Regulatory
insights from studies employing null and chimeric sn-1,2-
diacylglycerol choline- and ethanolaminephosphotransfer-
ases. J Biol Chem 269: 28010—-28016.

McMaster, C.R., Morash, S.C., and Bell, R.M. (1996) Phos-
pholipid and cation activation of chimaeric choline/etha-
nolamine phosphotransferases. Biochem J 313 (Pt 3):
729-735.

McMinn, M.T., and Crawford, J.J. (1970) Recovery of
anaerobic microorganisms from clinical specimens in pre-
reduced media versus recovery by routine clinical labora-
tory methods. Appl Microbiol 19: 207-213.

Moser, R., Aktas, M., and Narberhaus, F. (2014) Phos-
phatidylcholine biosynthesis in Xanthomonas campest-
ris via a yeast-like acylation pathway. Mol Microbiol 91:
736-750.

Papadopoulos, J.S., and Agarwala, R. (2007) COBALT:
constraint-based alignment tool for multiple protein
sequences. Bioinformatics 23: 1073-1079.

Paster, B.J., Boches, S.K., Galvin, J.L., Ericson, R.E., Lau,
C.N., Levanos, V.A., et al. (2001) Bacterial diversity in
human subgingival plaque. J Bacteriol 183: 3770-3783.

Ponting, C.P, Aravind, L., Schultz, J., Bork, P., and Koonin,
E.V. (1999) Eukaryotic signalling domain homologues in
archaea and bacteria. Ancient ancestry and horizontal
gene transfer. J Mol Biol 289: 729-745.

Rodriguez-Limas, W.A., Tyo, K.E., Nielsen, J., Ramirez,
O.T., and Palomares, L.A. (2011) Molecular and process
design for rotavirus-like particle production in Saccharo-
myces cerevisiae. Microb Cell Fact 10: 33.

Sambrook, J., and Russell, D.W. (2001) Molecular Cloning:
A Laboratory Manual (3rd Edition). Cold Spring Harbor,
N.Y: Cold Spring Harbor Laboratory Press.

Schenkein, H.A., Berry, C.R., Purkall, D., Burmeister, J.A.,
Brooks, C.N., and Tew, J.G. (2001) Phosphorylcholine-

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896912

CDP-choline pathway for phosphatidylcholine synthesis in bacteria 911

dependent cross-reactivity between dental plaque bacte-
ria and oxidized low-density lipoproteins. Infect Immun
69: 6612-6617.

Seshadri, R., Myers, G.S., Tettelin, H., Eisen, J.A,
Heidelberg, J.F.,, Dodson, R.J., et al. (2004) Comparison
of the genome of the oral pathogen Treponema denticola
with other spirochete genomes. Proc Natl Acad Sci U S
A 101: 5646-5651.

Smibert, R.M. (1976) Cultivation, composition, and physiol-
ogy of avirulent treponemes. In: The Biology of Parasitic
Spirochetes. Johnson, R.C. (ed). New York: Academic
Press, pp. 49-56.

Soding, J. (2005) Protein homology detection by HMM-
HMM comparison. Bioinformatics 21: 951-960.

Sohlenkamp, C., de Rudder, K.E., Rohrs, V., Lopez-Lara,
I.M., and Geiger, O. (2000) Cloning and characterization
of the gene for phosphatidylcholine synthase. J Biol
Chem 275: 18919-18925.

Sohlenkamp, C., and Geiger, O. (2016) Bacterial mem-
brane lipids: diversity in structures and pathways. FEMS
Microbiol Rev 40: 133—-159.

Sohlenkamp, C., Lopez-Lara, .M., and Geiger, O. (2003)
Biosynthesis of phosphatidylcholine in bacteria. Prog
Lipid Res 42: 115-162.

Solis-Oviedo, R.L., Martinez-Morales, F., Geiger, O., and
Sohlenkamp, C. (2012) Functional and topological analy-
sis of phosphatidylcholine synthase from Sinorhizobium
meliloti. Biochim Biophys Acta 1821: 573-581.

Solovyey, V., and Salamov, A. (2011) Automatic annotation
of microbial genomes and metagenomic sequences. In
Metagenomics and Its Applications in Agriculture, Biome-
dicine and Environmental Studies. Li. R.W. (ed). Nova
Science Publishers, Happauge, NY pp. 61-78.

Subramanian, G., Koonin, E.V., and Aravind, L. (2000)
Comparative genome analysis of the pathogenic spiro-
chetes Borrelia burgdorferi and Treponema pallidum.
Infect Immun 68: 1633—1648.

Taboada, B., Verde, C., and Merino, E. (2010) High accu-
racy operon prediction method based on STRING data-
base scores. Nucleic Acids Res 38: e130.

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and
Kumar, S. (2013) MEGA6: Molecular evolutionary
genetics analysis version 6.0. Mol Biol Evol 30: 2725—
2729.

Wang, X.G., Scagliotti, J.P,, and Hu, L.T. (2004) Phospho-
lipid synthesis in Borrelia burgdorferi: BB0249 and
BB0721 encode functional phosphatidylcholine synthase
and phosphatidylglycerolphosphate synthase proteins.
Microbiology 150: 391-397.

Weiser, J.N., Goldberg, J.B., Pan, N., Wilson, L., and
Virji, M. (1998) The phosphorylcholine epitope under-
goes phase variation on a 43-kilodalton protein in Pseu-
domonas aeruginosa and on pili of Neisseria
meningitidis and Neisseria gonorrhoeae. Infect Immun
66: 4263-4267.

Williams, J.G., and McMaster, C.R. (1998) Scanning ala-
nine mutagenesis of the CDP-alcohol phosphotransferase
motif of Saccharomyces cerevisiae cholinephosphotrans-
ferase. J Biol Chem 273: 13482—13487.

Wright, M.M., Howe, A.G., and Zaremberg, V. (2004) Cell
membranes and apoptosis: role of cardiolipin,



912 M. A Vences-Guzman et al. M

phosphatidylcholine, and anticancer lipid analogues. Bio-
chem Cell Biol 82: 18—-26.

Young, N.M., Foote, S.J.,, and Wakarchuk, W.W. (2013)
Review of phosphocholine substituents on bacterial
pathogen glycans: synthesis, structures and interactions
with host proteins. Mol Immunol 56: 563-573.

Yu, Y.K,, and Altschul, S.F. (2005) The construction of
amino acid substitution matrices for the comparison of
proteins with non-standard compositions. Bioinformatics
21: 902-911.

Zhang, J.R., ldanpaan-Heikkila, 1., Fischer, W., and Tuomanen,
E.l. (1999) Pneumococcal licD2 gene is involved in phos-
phorylcholine metabolism. Mol Microbiol 31: 1477—1488.

Supporting information

Additional supporting information may be found in the
online version of this article at the publisher's website.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 103, 896-912



