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The Rhodobacter capsulatus genome contains three genes (olsA [plsC138], plsC316, and plsC3498) that are
annotated as lysophosphatidic acid (1-acyl-sn-glycerol-3-phosphate) acyltransferase (AGPAT). Of these
genes, olsA was previously shown to be an O-acyltransferase in the second step of ornithine lipid
biosynthesis, which is important for optimal steady-state levels of c-type cytochromes (S. Aygun-Sunar, S.
Mandaci, H.-G. Koch, 1. V. J. Murray, H. Goldfine, and F. Daldal. Mol. Microbiol. 61:418-435, 2006). The
roles of the remaining plsC316 and plsC3498 genes remained unknown. In this work, these genes were
cloned, and chromosomal insertion-deletion mutations inactivating them were obtained to define their
function. Characterization of these mutants indicated that, unlike the Escherichia coli plsC, neither
plsC316 nor plsC3498 was essential in R. capsulatus. In contrast, no plsC316 olsA double mutant could be
isolated, indicating that an intact copy of either ols4 or plsC316 was required for R. capsulatus growth
under the conditions tested. Compared to OlsA null mutants, PIsC316 null mutants contained ornithine
lipid and had no c-type cytochrome-related phenotype. However, they exhibited slight growth impairment
and highly altered total fatty acid and phospholipid profiles. Heterologous expression in an E. coli plsC(Ts)
mutant of either R. capsulatus plsC316 or olsA gene products supported growth at a nonpermissive
temperature, exhibited AGPAT activity in vitro, and restored phosphatidic acid biosynthesis. The more
vigorous AGPAT activity displayed by PlsC316 suggested that plsC316 encodes the main AGPAT required
for glycerophospholipid synthesis in R. capsulatus, while olsA acts as an alternative AGPAT that is specific
for ornithine lipid synthesis. This study therefore revealed for the first time that some OlsA enzymes, like
the enzyme of R. capsulatus, are bifunctional and involved in both membrane ornithine lipid and glycero-

phospholipid biosynthesis.

In many organisms, phosphatidic acid (PA) is a key inter-
mediate in de novo synthesis of glycerophospholipids and in
signal transduction (9). Two different pathways are known for
the formation of PA: the glycerol-3-phosphate (G3P) pathway
and the dihydroxyacetone phosphate pathway. Whereas the
G3P pathway of PA synthesis is present in prokaryotes, plants,
Saccharomyces cerevisiae, and mammalian cells, the dihydroxy-
acetone phosphate pathway seems to be restricted to yeast and
mammalian cells (2). In the G3P pathway, PA is synthesized by
two sequential acylation reactions of G3P. In some bacteria
like Escherichia coli, the first step is catalyzed by the mem-
brane-bound G3P acyltransferase (sn-G3P acyltransferase
[GPAT]) encoded by plsB. GPAT transfers a fatty acyl chain
from either acyl-coenzyme A (acyl-CoA) or acyl-acyl carrier
protein (acyl-ACP) to the sn-1 position of G3P to produce
lysophosphatidic acid (LPA) (13, 38) (Fig. 1A, step 1). GPAT
is not a widespread enzyme as many bacteria lack a plsB ho-
mologue and, instead, use the recently identified two-step
(PIsX/PIsY) pathway to form LPA (33). In this route, the
acyl-phosphate intermediate derived from acyl-ACP by PIsX is
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transferred to G3P by PIsY to produce LPA (Fig. 1A, step 2).
The second step of the G3P pathway is well conserved among
bacteria and is catalyzed by an LPA acyltransferase (1-acyl-sn-
G3P acyltransferase [AGPAT]) enzyme, encoded by pisC. In
this step, AGPAT acylates the sn-2 hydroxyl group of LPA to
generate PA (Fig. 1A) (2, 11, 12, 17, 38), which is subsequently
converted via the central intermediate CDP-diacylglycerol to
membrane glycerophospholipids such as phosphatidylethanol-
amine (PE), phosphatidylglycerol (PG), and cardiolipin (2).
In addition to playing a vital role in phospholipid synthesis,
AGPATs: are also involved in cell signaling pathways and apop-
tosis in certain eukaryotic tumor cells (5).

Several membrane-associated AGPATs have been cloned
and expressed from many bacteria, yeast, various plant species,
and several mammals (6, 7, 8, 12, 14, 22, 27, 29, 37, 42, 44, 45,
49). The well-studied bacterium E. coli possesses only one
AGPAT, and a deficiency in this enzyme is lethal, resulting in
the accumulation of the LPA intermediate (11, 12). Thus, E.
coli plsC mutants are temperature-sensitive and can be com-
plemented for growth by heterologous expression of plant and
mammalian AGPAT homologues (7, 22, 49). Unlike E. coli,
certain bacteria such as Neisseria meningitidis, Neisseria gonor-
rhoeae, Pseudomonas fluorescens, and Pseudomonas aeruginosa
have multiple functional plsC homologues that function in
diverse environments (4, 14, 42, 45). Multiple AGPAT
isozymes expressed in different tissues have been identified in
eukaryotes, such as Limnanthes douglasii, Arabidopsis thaliana,
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FIG. 1. PA and OL biosynthesis pathway in bacteria. (A) The first
step for PA biosynthesis from G3P can be carried out by two different
routes. In some bacteria, like E. coli, GPAT (PIsB) acylates the sn-1
position of G3P using either acyl-ACP or acyl-CoA to form LPA (step
1). In other bacteria, a recently identified route uses the soluble PlsX
to convert acyl-ACP to acyl-phosphate (acyl-P), followed by the mem-
brane-associated PISY transferring the acyl chain to G3P (step 2). In all
bacteria, the second step for PA biosynthesis is catalyzed by the mem-
brane-associated AGPAT (PIsC) enzyme, which transfers an acyl chain
from either acyl-ACP or acyl-CoA to LPA to yield PA. In R. capsulatus
OIsA is alternative AGPAT enzyme for production of PA. (B) During
OL biosynthesis, the first enzyme OlsB catalyzes the formation of an
amide linkage (N-acyltransferase) between the a-amino group of or-
nithine and the carboxyl group of a 3-hydoxy fatty acid, forming LOL.
The second enzyme, OIsA, catalyzes the formation of an ester linkage
(O-acyltransferase) between the 3-hydroxy group of the fatty acyl
group and the carboxyl of a second fatty acid, converting LOL to OL.

human, and mouse as well (1, 8, 20, 26, 31, 32, 44, 49, 50). In
bacteria, the AGPAT:S also play a role in regulating lipid acyl
composition through their substrate specificities (14, 42). In-
activation of one of the multiple plsC genes often alters fatty
acid profiles of phospholipids and their membrane properties
(14, 42).

Prior to this study, despite the broad importance of AGPATS,
only limited knowledge was available on these enzymes, espe-
cially those from photosynthetic purple bacteria, including
Rhodobacter species (C. Benning, personal communication).
Earlier, we had isolated Rhodobacter capsulatus mutants that
are defective in maintaining optimal steady-state levels of c-
type cytochromes (cyt) (28). Studies of these mutants led us to
the identification of ols4 and olsB genes responsible for the
biosynthesis of membrane ornithine lipid (OL) in R. capsulatus
(3) (Fig. 1B). Initially, ols4 was misannotated as plsC138 en-
coding an AGPAT homologue based on its high degree of
similarity to acyl-acyltransferases (http://www.ergo-light.com).
Mutants lacking an active ols4 (or olsB) were unable to pro-
duce OL, but they contained a full complement of membrane
glycerophospholipids, including PE, PG, and phosphatidylcho-
line (PC) (3). Thus, PA production must be carried out by an
unknown enzyme distinct from OIsA. A whole-genome survey
revealed that the R. capsulatus chromosome contained two
additional open reading frames (ORFs), annotated plsC316
and plsC3498, as candidates for an AGPAT enzyme involved in
PA biosynthesis. In this work, we demonstrate that the plsC316
product is specific for only PA and not OL biosynthesis and
that plsC3498 is involved in neither of these two pathways. We
also show that the R. capsulatus olsA product is a bifunctional

BIFUNCTIONAL ACTIVITY OF R. CAPSULATUS OIsA 8565

O-acyltransferase involved in both OL and PA biosynthesis.
Furthermore, our findings indicate that while R. capsulatus
plsC316 is likely to encode the primary AGPAT enzyme in-
volved in PA biosynthesis, OL synthesis-specific ols4 can also
act as an alternate AGPAT to ensure glycerophospholipid
production.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used are listed in Table 1. E. coli strains were grown aerobically in LB medium
(35), and R. capsulatus strains were grown at 35°C in either minimal medium A
(MedA) (43) or enriched (MPYE) medium supplemented with appropriate
antibiotics, as described previously (36). The ability of various R. capsulatus
genes to complement the growth defect of a temperature-sensitive E. coli
PIsC(Ts) mutant (11) was tested by monitoring growth at 42°C on LB plates
supplemented with ampicillin (100 mg/ml) and 0 to 2% L-arabinose, as appro-
priate. The ability of R. capsulatus genes to complement an E. coli PIsB™ mutant
was tested by monitoring at 37°C the G3P auxotrophy of appropriate derivatives
of strain SJ22 (plsB26 plsX50) (39) on minimal medium E (35) plates supple-
mented with L-arabinose (2%), ampicillin (100 mg/ml), and 0.04% G3P, as
needed.

Molecular genetic techniques. Standard molecular biological techniques were
performed according to Sambrook et al. (40) and Daldal et al. (15). Homology
searches and amino acid sequence alignments were done using MacVector (Ac-
celerys, San Diego, CA) and appropriate software programs as described earlier
(36).

The plsC316 gene (annotated RRC00316 on the R. capsulatus genome) was
cloned by PCR amplification using chromosomal DNA and the primers 5'-AA
GTCTAGATTCGGCGCCGCCCGATCAGATGGAAA-3" and 5'-CACCGGTA
CCCGCGTTCGACCGAAAAATGCCT-3' containing the Xbal and Kpnl sites
(in boldface) at positions 689 bp 5" upstream and 497 bp 3’ downstream of the
start and stop sites of plsC316, respectively. The 1.9-kb PCR product thus gen-
erated was digested with Xbal and KpnlI and cloned into the identical restriction
sites of the pBluescript II KS (Stratagene Inc., La Jolla, CA) and to pRK415 (19)
(Table 1) to yield pSEM21 and pSEM24, respectively (Table 1). Similarly, the
plsC3498 gene (annotated RRC03498 on the R. capsulatus genome) was cloned
using genomic DNA as a template and the primers 5'-GGTCAATCTAGATCA
GCAGTTGCGCG-3" and 5'-AAGATCGGTACCAAAGCAGAATCC-3' con-
taining the Xbal and Kpnl sites (in boldface) at positions 54 bp 5" upstream and
58 bp 3’ downstream of the start and stop sites of plsC3498, respectively. The
768-bp PCR product thus obtained was digested with Xbal and Kpnl and
ligated into the corresponding sites of the pBluescript II KS to generate
pDML3 (Table 1).

Construction of mutant alleles of plsC316 and plsC3498. Interposon mutagen-
esis, using either the Kan" gene of pMA117 (15) or Gm" gene of pCHB:Gm" (K.
Zhang and F. Daldal, unpublished data), was performed using the gene transfer
agent (GTA) (51), as described earlier (15). First, an insertion-deletion allele of
plsC316 was obtained by replacing the 578-bp Tth111I-RsrII blunt-ended frag-
ment of pSEM21 with a 1.6-kb blunt-ended Sall fragment of pMA117 carrying
the Kan" cartridge to yield pPSEM31 (Table 1). Similarly, an insertion allele of
plsC3498 was obtained by ligating the 1.16-kb HindIII and Xbal blunt-ended
Gm’ cartridge from pCHB::Gm" into the unique Smal site of plsC3498 carried by
pDML3 to yield pDML4 (Table 1). Derivatives of the transferable plasmid
pRK415 carrying A(plsC316::kan) and plsC3498::gm deletion-insertion and in-
sertion alleles of plsC316 and plsC3498, respectively, were constructed by cloning
the 2.2-kb blunt-ended Bgll fragment of pSEM31 between the HindIII and Kpnl
sites of pRK415 and the 1.87-kb blunt-ended PshAI and Kpnl fragment of
pDMILA into the Kpnl site of pRK415 to generate pSEM32 and pSEM35,
respectively (Table 1). The latter plasmids were conjugated into the GTA over-
producer strain Y262, and following appropriate GTA crosses into the wild-type
strain MT1131, the single mutants SA11 (plsC3498::gm) and SA13 [A(plsC316::kan)]
(Table 1) were obtained. Similarly, the double mutants SA12 [A(olsA::spe)
plsC3498::gm] and SA14 [A(plsC316::kan) plsC3498::gm] were obtained by using
either SA4 [A(olsA::spe)] (3) or SA13 [A(plsC316::kan)] single mutants instead of
the wild-type strain MT1131 (Table 1).

Expression of olsA, plsC316, and plsC3498 in E. coli. The olsA gene was PCR
amplified using the plasmid pMRC (28) (Table 1) as a template and the primer
pairs olsA-Ncol (5'-GGACGCCCATGGCACGACCGATCTGG-3') and olsA-
EcoRI (5'-CTGCGCGAATTCCGCGACCGCTGACC-3') containing the Ncol
and EcoRI restriction enzymes sites (in boldface), respectively. The pisC316 gene
was amplified using the plasmid pSEM21 (Table 1) as a template and the primers
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TABLE 1. Bacterial strains and plasmids used in this study”

J. BACTERIOL.

Strain or plasmid

Description

Relevant characteristic(s)

Reference or
source

Strains
E. coli
HB101

TOP10
XL-1 Blue
SM2-1
SJ22

R. capsulatus
MT1131
Y262
SA4
SAll
SA12
SA13
SA14

SA15
SA16

Plasmids
pRK2013
pRK415
pBSII
pMA117
pCHB:Gm"
pBAD/Myc-His A
pMRC
pSEM11
pDML1
pDML3
pDMLA4
pSEM17

pSEMI8
pSEM21

pSEM24
pSEM25
pSEM26
pSEM27
pSEM31
pSEM32

pSEM35

F~ A(gpt-proA)62 leuB6 supE44 ara-14 galK2 lacY1 A(mcrC-
mirr)rpsL20 xyl-5 mtl-1 recA13

F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 deoR
recAl araD139 A(araA-leu)7697 galU galK rpsL endAl nupG

recAlendAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F'proAB
laclqZAM15 Tnli0]

plsCImetC162::Tnl0 thr-1 ara-14 A(gal-att\)hisG4 rpsL136 xyl-5
mitl-1 lacY1 tsx-78 eda-50 rfbD1 thi-1

plsB26plsX50 panD2 zac-220::Tnl0 glpD3 glpR glpKi relA1 spoTl1
pit-10 phoAS ompF627 fluA22 fadl.701

crtD121 Rif*

A(olsA::spe)

plsC3498::gm

plsC3498::.gm A(olsA::spe)

A(plsC316::kan)

plsC3498::.gm A(plsC316::kan)

A(olsA::spe) A(plsC316::kan) harboring intact ols4 on the plasmid

A(olsA::spe) A(plsC316::kan) harboring intact plsC316 on the
plasmid

tra* (RK2)

pBluescript IT (KS+)
OKan

6-kb chromosomal EcoRI fragment containing ols4 in pLAFR1

A(olsA::spe)

657-bp PCR product containing plsC3498 cloned into Ncol-
EcoRI sites of pBAD/Myc-HisA

768-bp PCR product containing plsC3498 cloned into Xbal-Kpnl
sites of pBSII

Xbal-HindIII-QGm of pCHB::Gm inserted into unique Smal site
of plsC3498 on pDML3

828-bp PCR product containing olsA cloned into Ncol-EcoRI
sites of pBAD/Myc-HisA

Nsil-cut pSEM17 ligated into Pstl-cut pRK415

1.9-kb PCR product containing plsC316 cloned into Xbal-Kpnl
sites of pBSII

1.9-kb Xbal-Kpnl fragment of pSEM21 cloned into Xbal-Kpnl
sites of pRK415

819-bp PCR product containing plsC316 cloned into Ncol-Sful
sites of pBAD/Myc-HisA

Nsil-cut pSEM2S5 ligated into Pstl-cut pRK415

Nsil-cut pDMLI ligated into Pstl-cut pRK415

578-bp Tth111I-RrslI fragment of plsC316 on pSEM21 replaced
with Sall-Qkan of pMA117

2.2-kb Bgll fragment of pSEM31 ligated to HindIII-Kpnl sites of
pRK415

1,870-bp PshAI-Kpnl fragment of pDML4 cloned into Kpnl sites
of pRK415

Str'; rg” mp~
Str'; cloning host
Tet"; cloning host
plsC(Ts) mutant

Auxotrophic for G3P on
medium E

Wild type

GTA overproducer
Spe*

Gm"

Gm" Spe*

Kan"

Gm" Kan"

Spe’ Kan" Tet"
Spe’ Kan" Tet"

Kan'; conjugative helper

Tet"; broad-host-range
vector

Amp’

Kan"

Gm" Tet"

Amp"; arabinose-inducible
vector

Tet"

Tet" Spe’

Amp"

Tet"

T

Amp
Tet" Amp”
Tet” Amp"
Amp" Kan"
Tet" Kan"

Tet" Gm"

40
Invitrogen
Stratagene
11

39

28

51

3

This study
This study
This study
This study
This study
This study

18
19

Stratagene

15

K. Zhang and
F. Daldal

Invitrogen

28

3

This study

This study

This study

This study

This study
This study

This study
This study
This study
This study
This study
This study

This study

“ Abbreviations of antibiotic resistances are as follows: Amp, ampicillin; Gm, gentamicin; Kan, kanamycin; Rif, rifampin; Spe, spectinomycin; Str, streptomycin; Tet,

tetracycline.

plsC316-Ncol (5'-ATTCGCCCATGGTCGTTTGGCAATAC-3") and plsC316-
Sful  (5'-GGCTGACCTTCGAACCGATCTTCATCAGC-3') containing the
Ncol and Sful (isochizomer BstBI) restriction enzyme sites (in boldface), re-
spectively. The plsC3498 gene was amplified using genomic DNA as a template
and the primers plsC3498-Ncol (5'-CCGGCGCCATGGCGGGGCTGACGCG

G-3') and plsC3498-EcoRI (5'-AGGCCGAATTCCGCGCCGCCCCCAGC-3")
containing the Ncol and EcoRI restriction enzymes sites (in boldface), respec-
tively. The PCR products obtained were digested with appropriate restriction
enzymes, cloned into the corresponding sites of the expression vector pBAD/
Myc-His A (Invitrogen Inc., Carlsbad, CA), yielding pSEM17 (olsA), pSEM25
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(plsC316), and pDMLI1 (plsC3498), respectively (Table 1). The resulting plas-
mids were sequenced to confirm that olsA4, plsC316, and plsC3498 were in frame
with the vector’s translation start site and were epitope tagged at their carboxyl
termini. Automated DNA sequencing with a BigDye terminator cycle sequencing
kit (Applied Biosystems, Inc., Foster City, CA) was used with the primers pBAD-
Seq-F (5'-ATGCCATAGCATTTTTATCC-3') and pBAD-Seq-R (5'-GATTTA
ATCTGTATCAGG-3'). Derivatives of the transferable plasmid pRK415 carry-
ing olsA, plsC316, or plsC3498 were constructed by cloning the 4.9-kb Nsil
fragment of pSEM17, the 4.9-kb Nsil fragment of pSEM25, and 4.8-kb Nsil
fragment of pDMLL into the Pstl site of pRK415 to generate pSEM18, pSEM26,
and pSEM27, respectively. Conjugal transfer of all plasmids from E. coli to R.
capsulatus was carried out as described earlier (18).

Expression of R. capsulatus plsC h logues in either E. coli or R. capsulatus.
To monitor the expression of olsA4, plsC316, or plsC3498, the plasmids pSEM17
(ols4), pSEM25 (plsC316), or pDMLI1 (plsC3498), respectively, were trans-
formed into the E. coli strain SM2-1 [pisC(Ts)] (11). Appropriate derivatives of
SM2-1 were grown to an optical density at 600 nm (ODgj) of ~0.5, and cultures
were induced for 4 h with increasing amounts (0 to 2%) of L-arabinose. In each
case 1 ml of cell culture was collected by centrifugation, and the whole-cell
pellets were resuspended in 100 wl of 2X sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample loading buffer and boiled for 4 min. To
monitor the expression of olsA, plsC316, or plsC3498 in R. capsulatus, the plas-
mids pSEM18 (olsA4), pSEM26 (plsC316), and pSEM27 (plsC3498) were conju-
gated into the mutants SA4 (AolsA:spe), SA13 (AplsC316::kan), and SA11
(plsC3498::gm), respectively. The resulting transconjugants were grown on
MPYE plates with or without 1% L-arabinose for 2 days under aerobic condi-
tions. In each case, two isolated colonies were dispersed in 10 pl of distilled H,O,
centrifuged, and resuspended in 10 wl of sample loading buffer. Cells were lysed
by incubation at 35°C for 7 min. E. coli and R. capsulatus cell extracts were
separated using 15% SDS-PAGE (30) and transferred to polyvinylidene difluo-
ride membranes. OlsA, PIsC316, or PIsC3498 produced in E. coli was detected
using monoclonal anti-Myc1-9E10 antibody (at a dilution of 1:1,000) (Cell Cen-
ter, University of Pennsylvania) as a primary antibody, and the antigen-antibody
complexes were detected with horseradish peroxidase-conjugated sheep anti-
mouse antibody (at a 1:2,000 dilution) (GE Healthcare Bio-Sciences, Bucking-
hamshire, United Kingdom) as a secondary antibody, with diaminobenzidine
staining enhanced with NiCl, (25). Similarly, OIsA, PIsC316, or PIsC3498 pro-
duced in R. capsulatus was detected using the same anti-Myc1-9E10 primary
antibody, except that alkaline phosphatase-conjugated goat anti-mouse antibod-
ies (at a 1:2,000 dilution) (Bio-Rad, Hercules, CA) were used as secondary
antibodies with the chromogenic substrate 4-nitroblue tetrazolium-5-bromo-4-
cloro-3-indolyl phosphate (Sigma Inc., St. Louis, MO).

Analysis of c-type cyt. R. capsulatus intracytoplasmic membrane vesicles (chro-
matophores) were prepared using a French pressure cell as described earlier (3).
Membrane proteins (100 pg per lane) were incubated at 37°C for 10 min in the
sample loading buffer prior to loading, and after separation by 16.5% (wt/vol)
tricine-SDS-PAGE (41), the c-type cyt were visualized via their peroxidase ac-
tivities using tetramethylbenzidine and H,O, (46). cbb;-Cox (cyt ¢ oxidase)
activity of R. capsulatus mutants was determined by using Nadi staining as
previously described (28).

Determination of GPAT and AGPAT activities using purified E. coli or R.
capsulatus membranes. Combined GPAT and AGPAT activities of E. coli or R.
capsulatus strains were measured by using a filter paper disk assay (21). The assay
mixture contained 0.1 mM Tris-HCI (pH 7.4), 1 mM dithiothreitol, 0.5 mM G3P,
0.005 p.Ci of [U-"*C]G3P, and 7 pM cis-vaccenyl-ACP (see the supplemental
material for a description of cis-vaccenyl-ACP synthesis) in a reaction volume of
20 pl. This mixture was further supplemented with 5 mM Na;VO, as a phos-
phatase inhibitor when R. capsulatus membranes were used. The enzymatic
assay, initiated by the addition of membrane particles (see the supplemental
material for a description of membrane particle preparation), was carried out for
incubations of 0, 1, 2, 5, 10, 15, and 20 min at 35°C. At each time point, 18.5 pl
of the reaction mixture was removed and deposited onto Whatmann 3 MM filter
paper. Filter papers were washed for 20 min in 10%, 5%, and 1% ice-cold
trichloroacetic acid and then dried; the radioactivity retained was determined
using a scintillation counter (Beckman LS-9000; Fullerton, CA). A scaled-up
version of the same assay (60-ul reaction mixture with a 5-min incubation at
35°C) was also run to monitor LPA and PA production using thin layer chro-
matography (TLC). At the end of the incubation period, 2 ml of chloroform:
methanol (1:1, vol/vol), 0.19 ml of distilled H,O, and 1 ml of 0.IN KCl were
added to the assay mixture. After vigorous vortexing, samples were centrifuged
at 8,000 X g for 15 min, the lower chloroform phase containing the lipids was
evaporated under a stream of argon, and extracted lipids were dissolved in 100
wl of chloroform. Extracts (7,000 and 2,000 total cpm for E. coli and R. capsulatus
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extracts, respectively) were applied to a preheated silica gel G60 TLC plate
(EMD Chemicals Inc., Gibbstown, PA) and developed with chloroform:meth-
anol:glacial acetic acid (39:9:3, vol/vol/vol) in one dimension. Radiolabeled lipids
were visualized using a phosphorimager (Typhoon 9410; Amersham Biosciences,
Arlington Heights, IL) and quantitated with ImageQuant software (Amersham
Biosciences). Spots corresponding to LPA and PA were identified based on their
comigration with unlabeled LPA and PA standards (Avanti Polar Lipids, Ala-
baster, AL).

Total lipid and fatty acid analyses. For total lipid analyses, R. capsulatus cells
were labeled for 24 h in 1 ml of MedA or MPYE medium supplemented with 2
uCi of [1-'*CJacetate (60 mCi mmol~! specific activity). Labeled cells were
analyzed as described previously (3) by using two-dimensional (2D)-TLC, and
radiolabeled (60,000 total cpm) lipids were deposited on heat-activated silica gel
G60 plates. Plates were developed with chloroform:methanol:water (14:6:1, vol/
vol/vol) and chloroform-methanol-glacial acetic acid (13:5:2, vol/vol/vol) for the
first and second dimensions, respectively (16). Radiolabeled lipids were visual-
ized, identified, and quantified as described above. Fatty acid compositions of
appropriate R. capsulatus strains were determined using approximately 30 mg of
wet cell pellets grown in MPYE medium, and fatty acid methyl ester analysis was
carried out by MIDI Inc. (Newark, DE).

Chemicals, reagents, and enzymes. Restriction enzymes, oligonucleotide prim-
ers, [U-'*C]G3P (150 mCi mmol ! specific activity) and [1-*C]acetate (60 mCi
mmol ! specific activity) were purchased from New England Biolabs, the Cell
Center facility of the University of Pennsylvania, American Radiolabeled Chem-
icals Inc., and NEN Life Science Products, respectively. ACP was obtained from
either Sigma Chemical Co. or Invitrogen Inc. cis-Vaccenic acid, G3P, and LPA
were from Sigma Chemical Co.; PA was from Avanti Polar Lipids; and DEAE
cellulose (DE52) was from Whatmann. All other chemicals were from commer-
cial sources and of highest available purity.

RESULTS

Identification of two additional plsC homologues in R. cap-
sulatus genome. Our previous work established that OIsA null
mutants lack only OL; are not lethal, unlike an E. coli PlsC
mutant; and still produce adequate levels of PE, PC, and PG
(3). These findings indicated that in the absence of ols4, R.
capsulatus must have other means of producing PA, which is an
essential intermediate for membrane glycerophospholipid bio-
synthesis. A survey of the R. capsulatus genome (http://www
.ergo-light.com) revealed two additional AGPAT candidates in
addition to RRC00138, which was initially annotated as
plsC138 but subsequently renamed olsA, acting as O-acyltrans-
ferase engaged in OL synthesis (3). The ORFs RRC00316
(plsC316) and RRC03498 (plsC3498) were annotated as
AGPAT homologues, and, like OlsA, they exhibited high de-
grees of similarities to the E. coli PIsC. They contained a
conserved acyltransferase (pfam01553/COG0204) motif and a
highly conserved (HX,D) sequence thought to be common to
GPAT and AGPAT enzymes (24) (Fig. 2).

On the R. capsulatus chromosome, the two plsC homologues
are located at different regions distant from each other and
from olsA. plsC316 is 819 bp in length, encodes 273 amino
acids, and is surrounded by the ORFs RRC00314, RRC00315,
RRC00701, and RRC00317, corresponding to micA, accA,
ftsX, and ftsE, respectively; plsC3498 is 657 bp in length, en-
codes 219 amino acids, and is surrounded by the ORFs
RRC03495, RRC03496, RRC03497, and RRC03498 corre-
sponding to acoB, acoC, cdsA, and cysE, respectively (see Fig.
S1in the supplemental material and the legend for a functional
description of these genes). Multiple alignments of these
ORFs illustrated their similarities to the E. coli PIsC and to
each other (Fig. 2). For example, R. capsulatus OlsA, P1sC316,
and P1sC3498 show 18%, 19%, and 19% identity and 24%,
32%, and 26% similarity to the E. coli PIsC, respectively. Note
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Ec PlsC 1 — e MLYIFRLHITVIYSILVCVGSIYCHAFSP-------

Rc_OlsA 1 MTRPIWMGDEPPPDRPPTLAGRGRLALKIGGAMARMVLMAGLTLHLAVRMIERE----- LHG
Rc_P1sC316 1 —-mm e - IVWQYHRSVMFIAQMYVMLAVYAIVGLIFYALIGGHES
Rc_P1lsC3498 N G E L e P L AGLTRMKALPYRIVTKLAGDAISHFAR---------
Nm_NlaaA 1 —--mmmmmmm e - MSSNKASFFTRLRRIICRLTVWLFKTGKNBRGID--------
Nm_NlaB 1 —mmmmmm e ULIIENLIYWAILCSTLIPYLFPFMMLASE----- FED

3k *

Ec_PlscC 32 PKHVATFGHMFGR---LAPLF] VECRKPTDAESYENAIYIFEIINNYEMVTASNIVOE
Rc_OlsA 56 [HRPWTPAITPVVCRICVAILMARYSVIAE- - -REMOHIGAVVIEMEIT GWLPFF TLNCOR -
Rc_P1sC316 38 AAIHVCEGYCKWVCWTAGWMV(EIATEY){e- -EIlz- TED VL IALKEGHFFPMLMI YINAIER
Rc_P1sC3498 29 —--mmmmmm - ILTAPRAIWSGSERPEPRVYYSERITENANFVLIWTVL

Nm_NlaA 34 [GCPESENRAVIELGRGVLAALDIGLEV[ERPAPEHPNGVLVAIIEWVEWLEHFAMSRVY[]S
Nm_NlaB 33 HKMARVWVKILNLSLKHIV[EJIYRII[AENI-DRPAVICLK:(FIGWETLALQD IF|

Ec_PlsC 89 PTVTCRKSHLWIFFFEOL YWL TENL LEENINGTKENHGTIAEVVNHFKKRR I S ITWMEAE
Rc_OlsA 112 -LYBRYSIPEVADWIZIT eTLARA T[FRFPIRID Pl - -EAKAQQALLEDRIRD[EHHLLFigde
Rc_P1lsC316 95 -GKFTMIKIFAVH TIR3VIEllY AWM I[P VRIGKIIGARNI KGMLEQAKDARFA[GOLV I|3A Q[
RcTP1sC3498 69 ----fLRSRTRPVAALDYWLASPLRAAGEDVFEAVLIDRRPEARTEDPVTQMVTALDA[Y
Nm_Nlaa 94 --SHIAROBIKSWEVLEKMGONA) INIYSIID IEPINRAVCETLQR -[EONVS FgFlA
Nm_NlaB 92 -QVY] RIFAF K I)FYF (]G LKLVKII G| NEERINEQLIKQGLARKNE[EYWI T Ijgdofe]

Ec_PlsC 149 ERSRERCGANFFITEAGHARNIAA] IIERCVSTTSNKINLNRBHEN -ELVIFEMLEPHDES
Rc_OlsA 169 WSITDELOVIAIYIT TLIFAAFY THEADKHMQIQPVTVNY TAPEGEDPRFYGWWRDMIFFATHL
Rc_P1lsC316 154 pWRWVAAGAKKHYINI[AGALYNEL CUEARTNVGVFWERHAVERK PELAVEFLIFOHAPG
Rc_P1sC3498 125 S-|---- AMILGPE[RRNTSEAPLI§FKSGLFHLARQR|ZGVDLIPVWISNLNHVM|ZRGOfT
Nm_NlaA 151 RTSSELG ALFQSEIDA[EAKVLAJZILRYYDETGKRTARPSYADVGLPTCLWRIfS
Nm_NlaB 151 HELAPGKRGKY[YLEGARMKMFEMD I LNSGEFWEKNSFAKYPEEITHVICETHPHA

Ec_PlsC 208 QYGKDQVRELA‘HCRSIMEQKIAELDKEVEERE‘ GKV------—-—-——

Rc_OlsA 229 AKVHASVARQGAREVVFHPPLDVEDFPSRKDLAACEARIVRSGMGQRSR
Rc_P1sC316 214 ----- MAMGEYMKVIERQIETAHDKLMAERNGLKIG-------------
Rc_P1sC3498 180 PVPRICTVTFGRPIRILPDIHAKERFLTRANAALPELGRAR--------
Nm_Nlaa 211 MKKE@TIKVDFVCVADARESEHDRYALKDKIEESIRAVVEDDADIAV---
Nm_NlaB 211 SGSEAELMGKCEHLIETQQPLIFGAGPFARKMPSETA-----------

FIG. 2. Comparison of various AGPAT homologues of R. capsulatus. The R. capsulatus (Rc) AGPAT homologues were aligned with the E. coli
(Ec) and N. meningitidis (Nm) AGPAT sequences using the program ClustalW and presented using the BOXSHADE, version 3.21, software.
Identical residues are shaded in black, and similar residues are shaded in gray. The catalytic (HX,D) motif (24) and the substrate-binding
(PEGTR) motif of GPATs and AGPATS are boxed and indicated by asterisks.

that the highest degree of similarity is seen between the R.
capsulatus P1sC316 and E. coli PIsC. Moreover, plsC316 is also
flanked by cell division-related genes ftsX and ftsE (http://www
.ergo-light.com), like the E. coli plsC located between sufl
involved in cell division and parC encoding a topoisomerase
involved in chromosome partitioning (12). No similar synteny
between E. coli and R. capsulatus was observed for olsA or
plsC3498, which are located immediately downstream of olsB,
encoding an N-acyltransferase involved in OL biosynthesis (3),
or cdsA, encoding phosphatidate cytidylytransferase (RRC03497)
converting PA to CDP-diacylglycerol, respectively (see Fig. S1 in
the supplemental material).

Insertional inactivation of R. capsulatus plsC homologues
and characterization of ensuing mutants. The R. capsulatus
AGPAT homologues plsC316 and plsC3498 were cloned, and
their mutant alleles were constructed using interposon mu-
tagenesis, as described in Materials and Methods, in order to
define which one of them is responsible for PA biosynthesis in
R. capsulatus. The single mutants lacking an active PIsC316
(SA13 [A(plsC316::kan)]) or PIsC3498 (SA11 [plsC3498::gm])
were obtained readily and compared with a mutant lacking an
active OIsA (SA4 [A(olsA::spe)]). Unlike the E. coli PlsC™
mutants that are lethal, neither plsC316 nor plsC3498 was
essential for growth of R. capsulatus under the photosynthetic
or respiratory conditions on MPYE or MedA growth medium.
However, it was noted that the PlsC316~ mutant formed
slightly smaller colonies than the OIsA™ or the PIsC3498~
mutants under all growth conditions, indicating a slight growth
defect (Fig. 3A). The doubling time of wild-type, OIsA™, and

PIsC316™ strains that were grown in liquid MPYE medium
were 100, 122, and 131 min, respectively.

Double mutants with all possible combinations of olsA,
plsC316, and plsC3498 were then sought to probe any possible
functional redundancy between these genes. Like the single
mutants, the PIsC316~ PIsC3498~ (SA14) and the OIsA™
PIsC3498~ (SA12) double mutants were readily obtained.

A B
wit AplsC316 /pRK415 wt AolsA AplsC316
A
¢ 32
: Cpp| = -
Cip| e e
AplsC316 AplsC316 /olsA™
s Cyi]
’ y Al
s i 25

FIG. 3. Characterization of plsC mutants. (A) Growth of wild-type
(wt), olsA (SA4), plsC316 (SA13), and plsC3498 (SA11) null mutants
on MPYE medium at 35°C under aerobic conditions after 2 days of
incubation. (B) Growth of plsC316 mutant harboring a plasmid with
(SA13/pMRC) or without (SA13/pRK415) olsA under the same con-
ditions as described for panel A. (C) Comparison of the c-type cyt
profiles of R. capsulatus plsC316 and olsA mutants. Membrane frac-
tions were isolated from cells grown at 35°C in MPYE medium, pro-
teins were separated by using 16.5% tricine-SDS-PAGE, and the c-
type cyt were revealed using tetramethylbenzidine, as described in
Materials and Methods. The c-type cyt subunits of the cbb;-Cox (c,
and c,,), the cyt be; complex (c;), and the electron carrier cyt ¢, (c,) are
indicated on the left together with the 32.5- and 25-kDa molecular size
markers.
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These mutants were able to grow on all media tested and
exhibited the corresponding single-mutant phenotypes (slow
growth and OL deficiency, respectively). Thus, combined in-
activation of plsC316 with plsC3498 or of olsA with plsC3498
had no deleterious growth effect, indicating that the function of
plsC3498 was not redundant with either of the two other genes.
In contrast, despite many attempts under various conditions,
inactivation of both ols4 and plsC316 was impossible. The
inability to obtain an OIsA™ PIsC316~ double mutant strongly
suggested that an intact copy of either ols4 or plsC316 was
required to support growth of R. capsulatus under the condi-
tions tested. This observation was further confirmed by using
olsA or plsC316 diploid strains (SA15 and SA16) as recipients
for interposon mutagenesis (Table 1). These diploid strains
carried a copy of a given gene on the chromosome and another
copy of the same gene on an autonomously replicating plas-
mid. Using these strains, mutants carrying inactive chromo-
somal copies of both ols4 and plsC316 but complemented by
plasmid-borne copies of either of these genes were readily
obtained. The genetic data therefore indicated that an intact
copy of either plsC316 or olsA was required for growth of R.
capsulatus. That OlsA and PIsC316 had overlapping functions
was further suggested by the fact that a PlsC316~ mutant
regained wild-type-like growth properties when it harbored a
plasmid-borne copy of ols4 (Fig. 3B). However, an OIsA™
mutant carrying an intact copy of plsC316 was still devoid
of OL.

The cyt ¢ profiles and membrane polar lipid and fatty acid
compositions of R. capsulatus mutants lacking various plsC
homologues. Considering that OL and, hence, its biosynthetic
genes olsA and olsB are required for the presence of normal
steady-state amounts of several c-type cyt and cbb;-Cox activity
in R. capsulatus (3), we examined the effect of plsC316 inacti-
vation on the c-type cyt content of R. capsulatus. Analyses of
various plsC316 (Fig. 3C, lane 3) and also plsC3498 (data not
shown) single or double mutants indicated that, unlike OlsA™
mutants, these mutants produced wild-type levels of mem-
brane-bound (Fig. 3C, lane 1) and soluble c-type cyt and had
cbb5-Cox activities (data not shown).

Total lipid compositions of the PIsC316~ and PlsC3498™
mutants were next examined after labeling with [1-'*Clacetate
followed by extraction and 2D-TLC separation, as described in
Materials and Methods. The data showed no qualitative dif-
ferences between the PIsC316~ and PlsC3498 ™ mutants and
the wild-type parental strain MT1131 (Fig. 4). Quantitation of
polar lipids was performed using ImageQuant software (Ty-
phoon 9410) (Table 2). Compared with a wild-type strain,
inactivation of plsC316 decreased the relative amounts of PE
and increased those of PG and OL, whereas inactivation of
olsA mainly abolished OL production. Overproduction of OL
in the absence of plsC316 (about 10% versus 4% of total lipids
in its presence) suggested that in this mutant OIsA activity
might have increased to sustain sufficient PA production, con-
comitantly leading to higher OL production. On the other
hand, absence of plsC3498 had no affect on the total lipid
composition of R. capsulatus (data not shown), again suggest-
ing that it was unrelated to membrane lipid biosynthesis.

Total fatty acid profiles of 0ls4 or plsC316 mutants were also
compared with the R. capsulatus wild-type strain MT1131 by
using fatty acid methyl ester analysis, as described in Materials
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FIG. 4. Total lipid composition of plsC316 and plsC3498 null mu-
tants of R. capsulatus. In all cases, total polar lipids were extracted
from [1-'*CJacetate-labeled cells, similar amounts (60,000 cpm) were
deposited on TLC plates, and 2D-TLC analyses were carried out as
described in Materials and Methods. DGTS, diacylglyceryl trimethyl-
homoserine; DMPE, phosphatidyl-N,N dimethylethanolamine. The
vertical and horizontal arrows at the origin O refer to the first and
second dimension of solvent migrations, respectively. The radioactivity
associated with each spot was determined and is given in Table 2.

and Methods. The data showed that the fatty acid composition
of the membrane lipids was altered in the ols4 and plsC316
null mutants (Table 2). In comparison with a wild-type strain,
inactivation of plsC316 decreased and increased modestly the
relative amounts of saturated C16 and C18 fatty acids, respec-
tively. Moreover, it drastically decreased the amount of unsat-
urated C16 but not unsaturated C18 fatty acids. On the other
hand, inactivation of ols4 somewhat increased the amounts of
saturated, but not unsaturated, C16 and C18 fatty acids com-
pared to a wild-type strain.

Both R. capsulatus olsA and plsC316 can complement an E.
coli plsC mutant in vivo. Pronounced similarities observed be-
tween various PIsC homologues (Fig. 2) led us to probe
whether any of the R. capsulatus plsC homologues could com-
plement the E. coli plsC(Ts) mutant, SM2-1, producing a tem-
perature-sensitive AGPAT (12). Plasmid pBAD derivatives,
expressing upon induction by L-arabinose either ols4, plsC316,
or plsC3498, were constructed as described in Materials and
Methods and transformed into the strain SM2-1 at 30°C. Ap-
propriate transformants were tested for their ability to grow at
42°C in the presence of 2% L-arabinose. The plasmid pSEM17
or pSEM25 carrying either ols4 or plsC316 was able to com-
plement the E. coli plsC(Ts) mutant, SM2-1, for growth at 42°C
but only upon induction with L-arabinose (Fig. SA). Under
similar conditions, no complementation was observed with the
plasmid pDMLI1 carrying plsC3498. Thus, both OIsA and
PIsC316, but not PIsC3498, acted as functional homologues of
E. coli PIsC and produced apparently temperature-resistant
AGPAT activity. Furthermore, it was also noted that plsC316
provided a more vigorous growth than ols4. Immunoblot anal-
yses were carried out to confirm that genetic complementation
was due to the production in E. coli of R. capsulatus OlIsA or
PIsC316. As expected, upon induction by L-arabinose, a-Myc
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TABLE 2. Comparison of polar membrane lipid composition and fatty acid profiles of R. capsulatus wild-type, OlsA™, and
PIsC316™ mutant strains

Lipid (%)® Fatty acid (%)
Strain Ciga0Tct+C
PE PG PC OL Other  Cy5030H  Cyqy 1e:1 wbc 16:1 Cigo  Cig030H Cigq 07c  Cygq w5c
Wild type 28.5 182 377 4.0 11.6 2.60 2.36 6.02 2.09 2.12 79.11 2.98
AolsA strain 257 210 445 ND 8.9 2.17 5.74 4.14 3.42 1.92 76.91 2.44
AplsC316 strain 165 279 352 106 9.7 2.96 1.19 0.59 473 2.87 82.39 2.53

@ All strains were grown on enriched MPYE medium by respiration in the presence of ['#CJacetate, and their polar membrane lipids and total fatty acids were

analyzed as described in Materials and Methods.
" Data are the percentages relative to total '*C. ND, not detected.

epitope-tagged proteins with molecular masses of approxi-
mately 31 and 29.5 kDa were detected by using anti a-Myc
antibodies in the E. coli SM2-1 derivatives harboring OIsA
(SM2-1/pSEM17) and PIsC316 (SM2-1/pSEM25), respectively
(Fig. 5B, lanes 2 and 4).

Availability of plasmids carrying a-Myc epitope-tagged al-
leles of OIsA and PIsC316 allowed us to probe whether these
proteins were produced in active forms in R. capsulatus. The
plasmids pSEM18 and pSEM26 carrying olsA and plsC316,
respectively, were crossed into SA4 [A(olsA::spe)] and SA13
[A(plsC316::kan)]. Transconjugants SA4/pSEM18 and SA13/
PSEM26 thus obtained were grown in MPYE medium with or
without 2% L-arabinose. Immunoblot analyses revealed that
they contained proteins of approximately 31 kDa and 29.5 kDa
that reacted with anti-Myc antibodies (data not shown). The
levels of the proteins produced in R. capsulatus were lower
than those seen in E. coli, but the wild-type phenotypes of the
transconjugants in respect to OL, c-type cyt production, and
better growth indicated that the epitope-tagged versions of
OIsA and PIsC316 were functional.

The E. coli plsB and plsC gene products, conferring GPAT
and AGPAT activities, share partial amino acid sequence ho-
mologies and are thought to function coordinately (Fig. 1A)
(13). Considering that some acyltransferases, like the Clostrid-
ium butyricum plsD exhibiting functional GPAT activity, can

SM2-1/
pBAD -Myc-HisA  SM2- 1/olsA" OlIsA PIsC316

- . Ty 2 O 2
»—

SM2-1/pisC316" SM2- 1/plsC3498 |

FIG. 5. Expression of R. capsulatus olsA and plsC316 in E. coli.
(A) The E. coli plsC(Ts) strain SM2-1 harboring plasmids carrying
olsA, plsC316, or plsC3498 of R. capsulatus was grown on 2% L-arabi-
nose-containing LB plates at 42°C to score heterologous complemen-
tation. SM2-1 cells carrying the cloning vector pPBAD/Myc-His A were
used as a control. (B) Expression of R. capsulatus olsA and plsC316 in
E. coli plsC(Ts) mutant SM2-1 cells before (0) and after (2) induction
with 2% L-arabinose for 4 h at 30°C. Following induction cells were
resuspended in 2X SDS loading buffer, and expressed proteins were
detected by SDS-PAGE and immunoblotting using anti-Myc antibody
as described in Materials and Methods. The triangles point out the R.
capsulatus OIsA and P1sC316 proteins (31 and 29.5 kDa, respectively)
together with the 32.5- and 25-kDa molecular mass markers.

complement an E. coli PIsB™ mutant (23) and that plsC3498
showed similarity to plsD (20% identity and 34% similarity),
we used the E. coli mutant SJ22 to investigate whether olsA,
plsC316, or plsC3498 exhibited functional GPAT activity. This
mutant carries both the plsB26 and plsX50 mutations and re-
quires supplementation with G3P for growth (39). Upon trans-
formation of the plasmids pSEM17 (ols4), pSEM25 (plsC316),
and pDMLI1 (plsC3498) into SJ22, no complementation for
G3P auxotrophy was observed, indicating that none of these
genes produced GPAT activity and especially that plsC3498
was not a homologue of plsB in R. capsulatus.

R. capsulatus OlsA and PlsC316 exhibit AGPAT activities
and synthesize PA in vitro. In an attempt to define the bio-
chemical function(s) of OIsA and PlsC316, combined GPAT-
AGPAT activities were assayed in vitro by using radiolabeled
G3P as the acyl acceptor and acyl-ACP as the acyl donor, as
described in Materials and Methods. Unlike the E. coli GPAT
and AGPAT enzymes, which can use either acyl-CoA or acyl-
ACP as acyl donors (47), Rhodobacter sphaeroides enzymes
exhibit high specificity for acyl-ACP compared to acyl-CoA
(34). No significant enzyme activity was observed with the
acyl-CoA substrate in R. capsulatus (data not shown) as in R.
sphaeroides. Considering that R. capsulatus lipids contain pre-
dominantly cis-vaccenic acid (cis-11-18:1) fatty acid, cis-vacce-
nyl-ACP was prepared as the acyl donor. Purified membrane
particles (see the supplemental material) from E. coli plsC(Ts)
mutant SM2-1 derivatives harboring olsA or plsC316 and
grown at 42°C in the presence of L-arabinose were assayed.
Time course assays monitoring the production of radiolabeled
LPA and PA were carried out as described in Materials and
Methods. Control experiments established that the activities
measured were vaccenyl-ACP and membrane particle depen-
dent (data not shown), and the endogenous activity detected
using membranes from SM2-1 cells grown at 30°C and subse-
quently incubated at 42°C was very low. The data obtained
revealed that membranes from SM2-1 derivatives producing
either OIsA or PIsC316 exhibited measurable amounts of com-
bined GPAT-AGPAT activity (Fig. 6A). Moreover, PlsC316-
containing membrane particles displayed much higher specific
activities than either those containing OIsA or those from
SM2-1 cells grown at 30°C.

As the combined GPAT-AGPAT assay using radioactive
G3P reflects the production of both LPA and PA, separate
formation of LPA via GPAT and of PA via AGPAT activities
was also determined. Products of a similar enzymatic reaction
were analyzed by 1D-TLC, and LPA and PA were identified by
comparison of their R, values with those of standard markers
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FIG. 6. GPAT-AGPAT activities exhibited by appropriate E. coli
plsC(Ts) mutants harboring R. capsulatus plsC homologues as well as
R. capsulatus wild-type, olsA, and plsC316 mutants. (A) Time course
assays of GPAT-AGPAT activities in E. coli plsC mutant harboring
olsA or plsC316 were performed using radioactive G3P, vaccenyl-ACP,
and membrane particles (prepared as described in the supplemental
material) from SM2-1 cells grown at 30°C (SM2-1), SM2-1 cells grown
at 30°C with a subsequent 30-min incubation at 42°C (SM2-1*), SM2-1
cells harboring ols4, and SM2-1 cells harboring pisC316, as described
in Materials and Methods. The data shown are the means of two
independent experiments with the standard errors, as indicated.
(B) Assays similar to those shown in panel A were performed at 35°C
for 5 min, and labeled lipids (approximately 7,000 cpm total) were
extracted and separated by 1D-TLC, as described in Materials and
Methods. LPA and PA produced using membranes from SM2-1 cells
grown at 30°C (lane 1), SM2-1 grown at 30°C with a subsequent 30-min
incubation at 42°C (lane 2), SM2-1 cells harboring ols4 (lane 3), and
SM2-1 cells harboring pisC316 (lane 4) are shown. Note the absence of
PA production in lane 2 and PA overproduction in lane 4. (C) Time
course assays of GPAT-AGPAT activities in wild-type (wt), AolsA
(SA4), and AplsC316 (SA13) strains were performed as described for
panel A. The data shown are the means of two independent experi-
ments with the standard errors as indicated. (D) Labeled lipids (ap-
proximately 2,000 cpm total) were prepared and separated by 1D-TLC,
as described for panel B. Note that the PA produced using membranes
from the wild-type strain MT1131 and the Aols4 mutant are readily
seen while that produced by the AplsC316 mutant is barely detectable.

(Fig. 6B). As expected, all membrane particles produced some
amounts of LPA, which reflected the intact GPAT activity of
the E. coli host SM2-1. On the other hand, membrane particles
from heat-treated (42°C for 30 min) SM2-1 cells (grown at
30°C) did not produce any (Fig. 6B, lane 2), whereas those
from non-heat-treated cells produced detectable amounts of
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PA. Similarly, E. coli SM2-1 derivatives harboring the R. cap-
sulatus olsA or plsC316 contained AGPAT activity even when
grown at 42°C. Moreover, membrane particles harboring
PIsC316 or OIsA produced visibly more PA than their parent
SM2-1 grown at 30°C (Fig. 6B, lanes 1, 3, and 4). Quantitative
estimations using ImageQuant software indicated that the PA
production rate was highest (approximately 10 pmol/min/pg of
membrane protein) in SM2-1 cells with PIsC316, followed by
cells with OlIsA (0.875 pmol/min/pg of membrane protein), and
lowest in SM2-1 cells grown at 30°C (0.34 pmol/min/pwg of
membrane protein). Apparently, expression of OISA or
PIsC316 yielded, respectively, approximately 2.5- or 11-fold
more PA production than the endogenous activity present in
the E. coli plsC(Ts) mutant SM2-1 grown at 30°C. We there-
fore concluded that both R. capsulatus olsA and plsC316 gene
products have AGPAT activities, which explained why the
presence of either gene was sufficient for membrane glycero-
phospholipid production and growth of this species. In addi-
tion, the vigorous AGPAT activity and the inability to produce
OL distinguished PIsC316 from the bifunctional OIsA involved
in both PA and OL synthesis and suggested that PIsC316 might
be the major enzyme responsible for PA biosynthesis in R.
capsulatus.

AGPAT activities of R. capsulatus PlsC316~ or OIsA™ mu-
tants. Combined GPAT-AGPAT activities in vitro were also
determined using membrane preparations from R. capsulatus
OIsA™ (SA4) or PIsC316~ (SA13) mutants to further establish
that PIsC316 is the main enzyme carrying out PA biosynthesis
in this species. As expected, the OIsA™ mutant exhibited a
combined GPAT-AGPAT activity that was approximately the
same as that seen with the wild-type strain MT1131, and the
PIsC316° mutant exhibited much lower (four- to fivefold)
GPAT-AGPAT activity relative to both the wild-type strain
MT1131 and the OIsA™ mutant SA4 (Fig. 6C). Moreover, TLC
with quantitative estimations using ImageQuant software
showed that the PA production rate in the OIsA™ mutant was
almost identical (approximately 0.8 pmol/min/ug of membrane
protein) to that seen with the wild-type strain MT1131 (Fig.
6D, lanes 1 and 2), whereas the PIsC316~ mutant produced
barely detectable amounts of PA in vitro (Fig. 6D, lane 3), in
agreement with the GPAT-AGPAT activities measured.
Therefore, in R. capsulatus PlsC316 is apparently the main
AGPAT enzyme producing PA for membrane glycerophos-
pholipid synthesis.

DISCUSSION

At the outset of this work, the genes encoding GPAT and
AGPAT enzymes were unidentified experimentally in Rhodo-
bacter species. Our previous studies on c-type cyt biogenesis led
us to the identification of the OL biosynthesis genes, ols4 and
olsB, of R. capsulatus (3) and indicated that the identity of the
gene carrying out PA biosynthesis was unclear. The evidence
that OIsA™ mutants still produced quasi-normal amounts of
PA and glycerophospholipids and the occurrence of at least
two additional PIsC homologues on the R. capsulatus genome
led us to investigate the gene responsible for the AGPAT
activity dedicated to PA biosynthesis.

The data obtained in this work indicated that R. capsulatus
plsC3498 is not involved in either PA or OL synthesis.
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P1sC3498 shares similarity with both NlaA (15% identity and
~25% similarity) and NlaB (~13% identity and ~28% simi-
larity) from N. meningitidis. It possesses the HX,D sequence
thought to correspond to the catalytic motif of GPATs and
AGPATs, but compared to OIsA and PIsC316, the substrate
binding motif (PEGTR) of AGPATS: is not conserved (Fig. 2).
It has homology to the C. butyricum PIsD (20% identity and
34% similarity), but, unlike PlsD (23), it cannot complement a
GPAT-less E. coli mutant and does not appear to be a func-
tional homologue of PlsB. Thus, the role of plsC3498 in R.
capsulatus remains unknown. Moreover, whether R. capsulatus
has a true PIsB homologue or whether it utilizes exclusively the
PIsX/PIsY pathway for LPA biosynthesis (33) awaits the study
of R. capsulatus ORFs RRC01510 and RRC02960, which ex-
hibit significant homologies to PlsX (pfam02504/COG0416)
(10) and PIsY (pfam02660/COG0344), respectively.

A major outcome of this work were the findings that the
gene products of both olsA4 and plsC316 have AGPAT activities
and that R. capsulatus, unlike E. coli, possesses two AGPAT
isozymes capable of producing PA. The AGPAT activities of
OIsA and PIsC316 were demonstrated by their ability to com-
plement an E. coli mutant that has a temperature-sensitive
PIsC and by GPAT-AGPAT activity assays in vitro using mem-
brane particles prepared from appropriate E. coli and R. cap-
sulatus strains. It was noted that PIsC316 conferred higher
AGPAT activities than OIsA but displayed no OL synthesis
activity at least in vivo, as OIsA™ mutants are devoid of OL.
Moreover, PIsC316™ mutation had no effect on the steady-
state amounts of c-type cyt, consistent with their OL contents.
Thus, our overall findings suggested that PIsC316 is the major
AGPAT enzyme, dedicated to PA biosynthesis only. This
finding was further supported by the fact that R. capsulatus
PIsC316™ mutants have much lower AGPAT activities than
OIsA™ mutants. On the other hand, OIsA is primarily re-
sponsible for OL biosynthesis and also produces some PA to
sustain slower growth of R. capsulatus. Although OIsA and
PIsC316 share homologies with E. coli PIsC and act as
AGPAT isozymes, they have distinct but overlapping cellu-
lar functions. Finally, as double mutants lacking both of
these enzymes are lethal, no other gene encoding another
functional AGPAT enzyme appears to be present in the R.
capsulatus genome.

The O-acyltransferase OIsA is able to recognize both lyso-
ornithine lipid ([LOL] a long-chain acyl amide of ornithine)
and LPA (esterified sn-G3P) as substrates to which it trans-
fers an acyl group from an acyl-ACP to yield OL and PA,
respectively. In both cases, the reaction catalyzed is esteri-
fication of an a-CHOH moiety, suggesting broad substrate
specificity for this enzyme beyond the accepting group.
However, this relaxed substrate recognition does not seem
to be a general property of all OlsA enzymes. Apparently,
homologues of OlIsA from some other bacteria, e.g., Sino-
rhizobium meliloti (48) and P. fluorescens (14), do not display
any AGPAT activity, as indicated by their inability to com-
plement an E. coli plsC(Ts) mutant, unlike the R. capsulatus
OIsA. Although OIsA enzymes from different species show
pronounced similarities to AGPATSs of prokaryotes and eu-
karyotes and contain two conserved domains and the con-
sensus (HX,D) catalytic motif, it is unclear why some of
them are bifunctional and can produce both OL and PA
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while others can synthesize only OL. A possibility is that
different OIsA enzymes might have differing specificities for
their acyl donor substrates (acyl-ACP) rather than acyl ac-
ceptor substrates (LOL and LPA). If this is the case, then
the R. capsulatus but not the S. meliloti or P. fluorescens
OIsA seems to recognize E. coli ACP efficiently. Also con-
sistent with the more selective behavior of S. meliloti OIsA
is our earlier observation that S. meliloti OIsA™ mutants can
be complemented with R. capsulatus OIsA but not vice versa
(3), suggesting that the latter enzyme has a more relaxed
ACP specificity to recognize S. meliloti ACP for OL syn-
thesis.

Why some organisms have multiple AGPAT isozymes is
interesting. In eukaryotes, the fact that AGPATS are involved
in different regulatory circuits with different substrate prefer-
ences, like cellular responses to cytokines and growth factors,
has been suggested as an explanation the occurrence of mul-
tiple AGPATs expressed in different tissues (9, 20, 32). Simi-
larly, some bacterial species including N. meningitidis, N. gon-
orrhoeae, and P. fluorescens have multiple AGPATS, whereas
others, like E. coli, appear to have only one such enzyme. It has
been suggested that the different isozymes might play different
roles, such as fine-tuning the membrane lipid and fatty acid
profiles in diverse environments (14, 42, 45). Indeed, while P.
fluorescens OlsA™ mutants exhibited no major changes in the
membrane phospholipid and fatty acid profiles, inactivation of
P. fluorescens AGPAT isozymes PatB and HdtS did alter the
fatty acid profile of phospholipids and some membrane prop-
erties (14), as seen here with R. capsulatus OIsA™ and PIsC™
mutants.

In the case of N. meningitidis, apparently both NlaA and
NlaB proteins displayed AGPAT activity in vitro as they com-
plemented a temperature-sensitive E. coli plsC(Ts) mutant.
Furthermore, this species might have at least an additional
enzyme with AGPAT activity as an NlaA™ NlaB~ double mu-
tant is viable and has AGPAT activity (42, 45). Indeed, R.
capsulatus OIsA and PIsC316 show noteworthy similarities to
NlaA (OIsA, ~21% identity and ~32% similarity; PIsC316,
~16% identity and ~30% similarity) and NlaB (OIsA, ~16%
identity and 27% similarity; PlsC316, ~26% identity and
~32% similarity), as depicted in Fig. 2. But a closer examina-
tion suggests that NlaB seems to be more homologous to
PIsC316 and NlaA to OlsA, especially based on the pfam01553/
COG0204 motif, suggesting that N. meningitidis might contain
OL.

In summary, this work demonstrated that of the three plsC
homologues encountered in the R. capsulatus genome,
plsC3498 is not involved in membrane phospholipids or OL
biosynthesis. On the other hand, ols4 and plsC316 encode
efficient AGPAT enzymes able to sustain membrane glycero-
phospholipid synthesis and growth of R. capsulatus; of the two
isozymes, PIsC316 seems to be the major enzyme responsible
for PA biosynthesis. Finally, the finding that R. capsulatus OlsA
produces both OL and PA demonstrated for the first time that
some OIsA homologues are bifunctional enzymes with over-
lapping activities. Future studies may shed light on why nature
has evolved and conserved multifunctional AGPAT enzymes
and how organisms use the specificity and control the promis-
cuity of these isoenzymes in response to their changing envi-
ronments.
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