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The Rhodobacter sphaeroides pgsA gene (pgsARs), encoding phosphatidylglycerophosphate synthase (PgsARs),
was cloned, sequenced, and expressed in both R. sphaeroides and Escherichia coli. As in E. coli, pgsARs is located
immediately downstream of the uvrC gene. Comparison of the deduced amino acid sequences revealed 41%
identity and 69% similarity to the pgsA gene of E. coli, with similar homology to the products of the putative
pgsA genes of several other bacteria. Comparison of the amino acid sequences of a number of enzymes involved
in CDP-diacylglycerol-dependent phosphatidyltransfer identified a highly conserved region also found in
PgsARs. The pgsARs gene carried on multicopy plasmids was expressed in R. sphaeroides under the direction of
its own promoter, the R. sphaeroides rrnB promoter, and the E. coli lac promoter, and this resulted in significant
overproduction of PgsARs activity. Expression of PgsARs activity in E. coli occurred only with the E. coli lac
promoter. PgsARs could functionally replace the E. coli enzyme in both a point mutant and a null mutant of E.
coli pgsA. Overexpression of PgsARs in either E. coli or R. sphaeroides did not have dramatic effects on the
phospholipid composition of the cells, suggesting regulation of the activity of this enzyme in both organisms.

Rhodobacter sphaeroides is a gram-negative bacterium capa-
ble of growth by aerobic and anaerobic respiration, fermenta-
tion, and anoxygenic photosynthesis (34). R. sphaeroides re-
sponds to changes in its environment with both physiological
and morphological adaptations. Under aerobic conditions, the
organism has a typical gram-negative outer membrane and
cytoplasmic membrane. At low oxygen tension a dramatic dif-
ferentiation of the cytoplasmic membrane occurs, with the
formation of an intracytoplasmic membrane. The intracyto-
plasmic membrane is physically continuous with the cytoplas-
mic membrane but structurally and functionally distinct. The
intracytoplasmic membrane contains all of the components
necessary for photosynthesis (34). Studies on the regulation of
intracytoplasmic membrane assembly have demonstrated the
cell cycle-specific insertion of phospholipids into the intracy-
toplasmic membrane of photoheterotrophically growing cells
(13, 32), with protein and photopigments incorporated contin-
uously into the intracytoplasmic membrane throughout the cell
cycle. Insertion of phospholipids into the intracytoplasmic
membrane is concurrent with the onset of cell division and is
the result of the net transfer of phospholipids previously syn-
thesized outside the intracytoplasmic membrane (13, 32, 51).
Although the intracytoplasmic membrane and its protein com-
ponents have been extensively studied, the role specific phos-
pholipid species and general phospholipid metabolism play in
the induction, synthesis, assembly, and function of the intracy-
toplasmic membrane has received only limited attention,
mainly because of the lack of detailed biochemical information
relating to phospholipid metabolism and lack of genetic infor-
mation on the synthesis of specific phospholipid species in this
organism.
The major phospholipids of R. sphaeroides are phosphati-

dylethanolamine (40%), phosphatidylcholine (18%), and phos-

phatidylglycerol (27%) (1). About 3% of the lipids in this
organism are sulfolipids, which are also found in larger
amounts in plants (1). Mutants defective in sulfolipid synthesis
have no known phenotype, indicating no apparent requirement
for intracytoplasmic membrane function (3). The presence of
phosphatidylcholine, which is not present in other gram-nega-
tive bacteria such as Escherichia coli, might have suggested that
this phospholipid is important for photoheterotrophic growth,
but mutants almost completely devoid of phosphatidylcholine
have no apparent phenotype (1). However, it is most probable
that changes in the levels of the other major phospholipids,
phosphatidylethanolamine (which is the precursor to phos-
phatidylcholine) and phosphatidylglycerol, would have dra-
matic effects on both the photo- and chemoheterotrophic
growth properties of this organism as well as the induction,
assembly, and functioning of the intracytoplasmic membrane.
Alterations in the steady-state level of phosphatidylethanol-
amine (4, 10, 25, 43, 56) and phosphatidylglycerol (37, 40, 62,
64) in E. coli have resulted in major effects on cell physiology
which have been related to the specific functions of these
phospholipids in important cellular processes.
As a first step in the analysis of the role of specific phospho-

lipids in R. sphaeroides cell function, the genes involved in the
synthesis of the major phospholipid species must be identified
and mutants with alterations in these genes must be con-
structed and analyzed. Previous work has confirmed that phos-
pholipid biosynthesis in R. sphaeroides is similar to that of E.
coli (6, 7). Synthesis occurs in the cytoplasmic membrane, and
there is no de novo synthesis of phospholipids in the intracy-
toplasmic membrane (5). Thus, by using standard molecular
genetic and biochemical techniques, it should be possible to
isolate and characterize phospholipid biosynthetic genes in
R. sphaeroides by utilizing the large genetic and biochemical
database available for E. coli. Using this approach, we have
identified, cloned, and sequenced the gene (pgsARs) encoding
phosphatidylglycerophosphate synthase (PgsARs), which cata-
lyzes the committed step of phosphatidylglycerol biosynthesis
in both R. sphaeroides and E. coli (52, 54), and have begun to
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characterize the functional properties of the R. sphaeroides
enzyme in both organisms.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The bacterial strains and plasmids
used in this work are described in Table 1. E. coli strains, including MN7/pB3V
and HD30/pB3V, were grown aerobically at 378C in Luria-Bertani (LB) medium
(liquid or agar) (42) except for the temperature-sensitive strains MN7 and
HD30/pHD102, which were grown at 308C. Strain MN7 carries a lpxB(Ts) allele
which is lethal at the restrictive temperature in a strain carrying a mutation
(pgsA444) which results in a reduced activity for the PgsA (46). Strain HD30
carries a null allele of the essential pgsAEc gene and therefore requires a plasmid
copy of the gene which in the case of plasmid pHD102 is carried on a vector that
is itself temperature sensitive for replication (26). R. sphaeroides 2.4.1 was grown
aerobically at 308C in Sistrom’s minimal medium A (liquid or agar plates)
containing 0.4% succinate (12). When appropriate, tetracycline (1 mg/ml for R.
sphaeroides and 10 mg/ml for E. coli), kanamycin (25 mg/ml), ampicillin (50
mg/ml), streptomycin (50 mg/ml), spectinomycin (50 mg/ml), and/or chloram-
phenicol (25 mg/ml) was added to the growth media. Plasmids pRK415 (33) and
pBBR1MCS-2 (36) and their derivatives were introduced into R. sphaeroides by
diparental matings using the E. coli host strain S17-1 (60) or by triparental
matings involving the donor E. coli strain HB101 harboring the helper plasmid
pRK2013 (20). Exconjugants were selected by utilizing tellurite in the medium as
previously described (44).
Complementation of strains MN7 and HD30. After the introduction of plas-

mid pB3V into strain MN7 by transformation, cells were plated at 308C and
incubated overnight. Individual colonies were picked into LB medium, and serial

dilutions were made and plated in duplicate at 42 and 308C. After overnight
growth viable counts were done, and the numbers of colonies found at 30 and
428C were compared. Positive complementation was scored if the same numbers
of colonies were found on plates grown under permissive and nonpermissive
conditions.
After transformation of strain HD30/pHD102 with plasmid pB3V and growth

on plates overnight at 308C, individual colonies were isolated and grown over-
night in LB medium plus antibiotics (kanamycin, streptomycin, and spectinomy-
cin) and IPTG (isopropyl-b-D-thiogalactopyranoside) at 308C. The overnight
culture was diluted into LB medium plus antibiotics, grown aerobically at 308C
for 30 min, and then shifted to 428C for 4 h in order to cure strain HD30 of
plasmid pHD102, which is temperature sensitive for replication. After 4 h, cells
were plated on LB agar plates plus antibiotics, and duplicate sets were incubated
overnight at 30 and 428C. Resultant colonies surviving at 428C were checked for
Cms to ensure the loss of plasmid pHD102 (26).
DNA isolation and manipulation. Plasmids were isolated as previously de-

scribed (45). Transformations and other DNA manipulations are described else-
where (58). Southern and colony hybridizations were performed as described
elsewhere (58). Probes were labeled by using the Genius DNA labeling and
detection kit (Boehringer Mannheim). Results were visualized with Lumi-Phos
(Boehringer Mannheim). PCRs were performed by following the manufacturer’s
instructions and using Taq polymerase (Promega). A primer (59-TTCAGGAC
GCTACTTGTGTA-39) complementary to the end of the IS50 segment of plas-
mid pBS492 (41) and the T7 primer (Promega) were used in a reaction with
plasmid pBS492 in order to isolate a DNA fragment carrying the potential
pgsARs gene. A Perkin-Elmer Cetus thermal cycler was used, and conditions were
the following: 7 min of incubation at 958C, followed by 30 cycles of 958C for 1
min, 508C for 2 min, and 758C for 1 min. The PCR products were gel purified and
purified with GeneClean (Bio 101).
Construction of expression plasmids. The PstI fragment from plasmid pBSP8

(Fig. 1A) was cloned into plasmids pRK415 and pBBR1MCS-2 to yield the
plasmids shown in Fig. 1B and C. The rrnBRs promoter, isolated as a HindIII-
BamHI fragment from plasmid pUC195B (19), was subcloned into plasmid
pBBR1MCS-2 to give plasmid pBrrn. Plasmid pB2 (Fig. 1B) was constructed by
cloning the SacI-SacII fragment of plasmid pB1 (containing pgsARs) between the
SacI and SacII sites of plasmid pBrrn. The SacI-SacII insert was also ligated into
SacI-SacII-digested plasmid pBBR1MCS-2 to create plasmid pB3 (Fig. 1B), in
which the pgsARs gene is fused to the lacEc promoter. Plasmid pB3V (Fig. 1C)
was constructed by insertion of a Smr/Spcr cartridge (50) into the SacI site of
plasmid pB3 using an isoschizomer to SacI, Ecl136II, which creates blunt ends
and is thus compatible with the SmaI sites flanking the Smr/Spcr cartridge.
Detection of PgsA activity. Overnight cultures (5 ml each) of either R. spha-

eroides or E. coli were pelleted and resuspended in 0.4 ml of 0.1 M Tris-HCl, pH
7.0, and sonicated on ice for 20 s three times. The cell debris was removed by a
1-min low-speed spin. Enzyme specific activity (expressed in nanomoles per
minute per milligram of protein) was assayed at 378C by monitoring the CDP-
diacylglycerol-dependent incorporation of L-[2-3H]glycerol-3-phosphate into
chloroform-soluble material as described previously (26), except that cell lysates
were incubated at 508C for 20 min prior to the assay to inactivate the tempera-
ture-sensitive pgsAEc gene product of strain MN7 (46). Wild-type PgsA activity
has been shown to be stable to treatment at 508C in both organisms (17, 46). The
subcellular location of PgsA activity was determined after centrifugation of cell
lysates at 100,000 3 g for 45 min. The membrane fraction (pellet) was resus-
pended in 0.1 M Tris-HCl, pH 7.0. The soluble and membrane fractions were
assayed as described above. Protein concentrations were measured by using the
bicinchoninic acid protein reagent (Pierce Chemical Co.).
Phospholipid composition. The phospholipid composition of both R. spha-

eroides and E. coli strains was determined as described elsewhere (64), except
that strains were labeled with 10 mCi of 32PO4 (Amersham) per ml and grown for
at least five generations prior to the harvesting of cells in stationary phase. Some
cultures were supplemented with arbutin as previously described (31). The phos-
pholipids from E. coli were separated by one-dimensional thin-layer chromatog-
raphy with boric acid-impregnated silica gel plates as described by Fine and
Sprecher (21). For R. sphaeroides the two-dimensional thin-layer chromatogra-
phy system of Poorthius et al. (49) was used to separate phosphatidylcholine
from phosphatidylglycerol. Radioactivity was quantified with a Betagen; the mole
percent of each phospholipid was calculated on the basis of its phosphate con-
tent.
DNA sequencing. Plasmid DNA was purified by using the Wizard 373 kit

(Promega), and reactions were performed by the Taq Dye-deoxy Terminator
(Applied Biosystems) method and run on an Applied Biosystems Sequenator. All
plasmids were derivatives of pBluescriptKS (Stratagene) and were sequenced by
using the T7 and T3 primers. Sequence assembly was carried out with the
Geneworks program (Intelligenetics Inc.) and the Genetics Computer Group
software package (11). Sequence files were analyzed and compared with protein
and DNA databases by using the BLAST (23) server at the National Center for
Biotechnology Information (Bethesda, Md.) as well as the Genetics Computer
Group software package.
Nucleotide sequence accession number. The complete DNA sequence (de-

rived from both strands) of the PstI fragment can be obtained from GenBank
(accession number U29587); several errors reported in the initial sequence for
part of this region (41) have been corrected.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid Relevant characteristics Source or

reference

R. sphaeroides
2.4.1

Wild type 63

E. coli
DH5a f80dlacZDM15 D(lacZYA-argF)U169

endA1 recA1 hsdR17(rK
2 mK

1)
deoR thi-1 supE44l2 gyrA96 relA1

55

EH150 purA psd(Ts) 25
HB101 mcrB mrr hsdS20(rB

2 mB
2) recA13

leuB6 ara-14 proA2 lacY1 galK2
xyl-5 mtl-1 rpsL20(Smr) supE44 l2

58

HD30 pgsA::Km In(rrnD-rrnE)1 26
MN7 pgsA444 lpxB(Ts) strA nalA his thr 46
S17-1 RP4-2-Tc::Mu-Km::Tn7 Smr Tpr pro

hsdR hsdM1

60

Plasmids
pBBR1MCS-2 Cloning vector, Kmr 36
pBluescriptIIKS Cloning vector, Apr Stratagene
pRK415 Cloning vector, Tcr 33
pHP45 Apr Smr/Spcr V cartridge 50
pUC195B Apr rrnBRs 19
pLAB14 20 to 25 kb of R. sphaeroides DNA in

cosmid pLA2917
18

pBSP8 pBluescript with a 1.4-kb PstI frag-
ment of pLAB14

This work

pB1 pBBR1MCS-2 with a 1.4-kb PstI frag-
ment of pLAB14

This work

pBrrn pBBR1MCS-2 with rrnBRs (273-bp
HindIII-BamHI fragment) of
pUC195B

This work

pB2 pBrrn with pgsARs (793-bp SacII-SacI
fragment) of pB1

This work

pB3 pBBR1MCS-2 with pgsARs (793-bp
SacII-SacI fragment) of pB1

This work

pB3V pB3 with Smr/Spcr cartridge from
pHP45 inserted at the SacI site

This work

pHD102 Cmr pgsA1 ori(Ts) 26
pRK1 pRK415 with a 1.4-kb PstI fragment

of pLAB14
This work
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FIG. 1. Partial restriction map of the region of cosmid DNA containing the pgsARs gene and construction of pgsARs expression plasmids. (A) Approximately 6.5
kb of the 25-kb R. sphaeroides DNA insert in cosmid pLAB14 is shown. A 1.45-kb PstI DNA fragment was subcloned into pBluescript (pBSP8) for DNA sequencing.
The location of the pgsARs gene, the position of the T7 and T3 promoters, the 59 portion of the putative moaE gene, the 39 portion of the uvrCRs gene, and selected
restriction sites are shown. Dotted lines denote the vector, and the arrows show the direction of the promoters. (B) Expression plasmids constructed for use in R.
sphaeroides. (C) Expression plasmid constructed for use in E. coli strains. Construction of all plasmids is described in Materials and Methods. Only selected restriction
sites are shown. The locations of the pgsA and uvrC genes and the rrnB and lacOP promoters are indicated, and the arrows show the direction of the promoters.
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RESULTS

Cloning of the pgsA gene from R. sphaeroides 2.4.1. Other
work (41) identified a plasmid, pBS492, which potentially con-
tained a portion of the R. sphaeroides homolog to the pgsAEc
gene which encodes PgsA (24, 61). Primers complementary to
the vector-insert junction were used in a PCR with pBS492 to
generate an 879-bp product. This fragment was isolated and
used to probe an R. sphaeroides cosmid library (18). Three
cosmids which yielded positive signals when probed with the
PCR fragment were identified. Cosmid pLAB14 yielded the
strongest signal and was further analyzed. A 1.4-kb PstI frag-
ment, which hybridized with the PCR probe, was isolated from
pLAB14 and subcloned into pBluescript (pBSP8) (Fig. 1A).
DNA sequencing using the T7 primer confirmed that the
879-bp DNA fragment was contained within the PstI insert.
The two other cosmids yielding positive signals contained se-
quences which partially overlapped with the insert in cosmid
pLAB14.
DNA sequence of plasmid pBSP8. Plasmid pBSP8 was di-

gested with a variety of restriction enzymes to make a minili-
brary of the original PstI insert in the pBluescript vector. The
DNA inserts in this minilibrary were sequenced as described in
Materials and Methods.
DNA sequence analysis identified the pgsARs gene as a com-

plete open reading frame (ORF) and a second, partial ORF
encoding 129 amino acids 59 to the pgsARs gene. The partial
ORF, encoding 129 amino acids, showed 38% identity and
58% similarity to the uvrC gene from E. coli and 40% identity
and 65% similarity to the uvrC gene from Pseudomonas fluo-
rescens (data not shown). BLAST searches indicated that the
complete ORF (encoding 227 amino acids with a predicted
molecular mass of 25,258 Da) was 41% identical and 69%
similar to the pgsA gene of E. coli and 44% identical and 64%
similar to the putative pgsA gene of P. fluorescens (Fig. 2).
Similar homology to several other putative bacterial pgsA gene
products, as shown in Fig. 2A, was also observed. A hydropathy
plot (Fig. 3A) suggests that the PgsARs is a highly hydrophobic
protein. The plot is very similar to that of E. coli for the
amino-terminal half of the protein (Fig. 3B), but it diverges at
the carboxy terminus because of the additional 38 amino acids
(residues 149 to 187) found in the PgsARs sequence (Fig. 2A).
This region contains a potential hydrophobic domain that is
lacking in other PgsA homologs, which may indicate a special-
ized role for this domain in R. sphaeroides. Both PgsARs and
PgsAEc have been localized to the cytoplasmic membrane of
their respective organisms (6, 28, 52). By using the MOTIF
search program (2) to compare the PgsARs with the data li-
brary, a region was identified as containing the CDP-alcohol/
phosphatidyltransferase signature (29). When an alignment of
seven CDP-diacylglycerol-dependent phospholipid biosyn-
thetic enzymes from several sources (8, 14, 53) was performed,
a region of homology which could be of importance in the
function of these proteins was identified (Fig. 2B).
No genes encoding tRNAs, such as those found in E. coli

(24), were found downstream of the pgsARs gene. However, an
additional ORF bearing 59% identity and 79% similarity to the
moaE gene (encoding a protein involved in molybdopterin
biosynthesis) of E. coli (57) was identified. The uvrCRs ORF is
in a different reading frame from the pgsARs gene and ends 81
bp before the first of two potential methionine start codons of
the pgsARs ORF. There are five amino acids between the two
methionines, and no potential ribosomal binding site has been
identified in front of either methionine codon; thus, the precise
start codon of the pgsARs is still uncertain.
Analysis of DNA sequences upstream of the pgsARs ORF

did not reveal any potential s70 promoter sequences. Compar-
ison with the rRNA promoters of R. sphaeroides (19) also did
not yield any similarities. The 59DNA sequences of pgsARs and
three other R. sphaeroides genes were aligned (Fig. 4), and this
revealed large sections of homology which may be of signifi-
cance as either promoter or upstream regulatory regions.
Overexpression of PgsARs in R. sphaeroides. The PstI insert

in plasmid pBSP8 (Fig. 1A) was cloned into the shuttle vectors
pRK415 (33) and pBBR1MCS2 (36), which are stably main-
tained in R. sphaeroides. Plasmids pB1 and pRK1 (Fig. 1B)
contain the entire 1.4-kb PstI insert; thus, these two plasmids
should have the native pgsARs gene promoter region. Plasmid
pB2 (Fig. 1B) contains the coding region of the pgsARs gene
fused to the rrnBRs promoter (19). The fusion junction is at a
SacII site 12 bp upstream from the first ATG codon. Plasmid
pB3 is similar to plasmid pB2, except that the lacEc promoter
is fused to the pgsARs ORF, again at the SacII site. The plas-
mids were sequenced through the junctions to confirm that
they were correct. These expression plasmids, as well as vector
controls, were introduced into R. sphaeroides, and PgsA activity
was assayed as described in Materials and Methods.
Enzyme activity in R. sphaeroides containing plasmid pRK1,

pB1, or pB2 was at least sevenfold higher than the levels in the
control strain containing vector alone (Table 2). The replace-
ment of the native pgsARs promoter with the rrnBRs promoter
did not have any effect on the overexpression of enzymatic
activity, nor was there any difference among the expression
levels when the gene was carried on plasmid pRK1, pB1, or
pB2. R. sphaeroides harboring plasmid pB3, which contains the
pgsARs gene fused to the lacEc promoter yielded only a fourfold
increase in enzymatic activity. The subcellular location of the
overexpressed protein was determined. As in E. coli, more than
95% of the enzyme activity was found in the membrane frac-
tion (data not shown).
Expression of PgsARs in E. coli. Introduction of plasmid

pRK1, pB1, or pB2 into E. coli pgsA mutant strains MN7 or
HD30 did not rescue the temperature-sensitive phenotype of
either strain. Since plasmid pB3 has the pgsARs gene under the
control of the lacEc promoter, it was modified to yield plasmid
pB3V (Fig. 1C) so that it could be selected for in E. coli pgsA
mutants by using Spcr/Smr. Plasmid pB3V was introduced into
both strains MN7 and HD30 under restrictive conditions with
selection for Kmr, Spcr, and Smr (and screening for Cms in
strain HD30). Strain MN7 harboring plasmid pB3V was capa-
ble of growth at 428C as described in Materials and Methods.
When introduced into strain HD30, plasmid pB3V was able to
replace plasmid pHD102 as the covering plasmid. Southern
blot analysis of strain HD30/pB3V confirmed that the chromo-
somal copy of the pgsAEc gene was still disrupted and neither
plasmid pHD102 nor an intact copy of the pgsAEc gene was
present (data not shown).
PgsA activity was assayed in three E. coli strains (DH5a

[pgsA1] and the two pgsA mutant strains MN7 and HD30)
either with or without plasmid pB3V (Table 2). In all cases the
introduction of plasmid pB3V increased PgsA enzymatic ac-
tivity above the vector and non-plasmid-containing control lev-
els. Particularly significant was the high heat stable activity in
strain MN7/pB3V cell extracts and the presence of activity in
strain HD30/pB3V lacking plasmid pHD102. The addition of
IPTG to induce the lac promoter on plasmid pB3V did not
result in additional enzyme activity over that found in unin-
duced cells.
Phospholipid composition of R. sphaeroides and E. coli

strains. Total phospholipids were isolated and analyzed by
thin-layer chromatography from 32P-labeled cultures of R.
sphaeroides either with or without plasmid pB1, of E. coli
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FIG. 2. Alignment of the deduced amino acid sequences of proteins involved
in phospholipid biosynthesis. (A) Protein sequences of the pgsA gene products
from B. subtilis (BsPgs1A) (35), E. coli (EcPgsA) (24), Haemophilus influenzae
(HiPgsA) (GenBank accession no. U32698), Mycobacterium leprae (MlPgsA)
(GenBank accession no. U00019), P. fluorescens (PfPgsA) (GenBank accession
no. L29642), and R. sphaeroides (RsPgsA). (B) Alignment of phospholipid bio-
synthetic enzymes containing the CDP-alcohol/phosphatidyltransferase signa-
ture (29). BsPgs1A, B. subtilis pgsA gene product; BsPss, B. subtilis phosphati-
dylserine synthase, MlPgsA, M. leprae pgsA gene product; PfPgsA, P. fluorescens
pgsA gene product; RsPgsA, R. sphaeroides pgsA gene product; ScPIS: S. cerevi-
siae phosphatidylinositol synthase (GenBank accession no. J02697); ScPSS: S.
cerevisiae phosphatidylserine synthase (GenBank accession no. U18778). Num-
bers indicate the amino acid residues within the native proteins. Sequences were
obtained from GenBank and aligned by using the Genetics Computer Group
Pileup program.
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DH5a and MN7 either with or without plasmid pB3V, and of
HD30/pHD102 or HD30/pB3V. R. sphaeroides/pB1 was some-
what higher in acidic phospholipids than R. sphaeroides without
the plasmid, but this difference was not in proportion to the
sevenfold increase in PgsA enzymatic activity (Table 3); a
similar small increase in acidic phospholipids content has been
observed when PsgAEc is overexpressed in E. coli (47). Plasmid
pB3V had little effect on the phospholipid composition of E.
coli DH5a, returned strain MN7 to a more typical wild-type
level of acidic phospholipids, and was able to substitute for

plasmid pHD102 in maintaining the acidic phospholipid con-
tent of strain HD30.
Addition of arbutin to the growth media of E. coli has been

shown to increase the flux of intermediates through the phos-
phatidylglycerol pool about sevenfold without having a dra-
matic effect on the steady-state level of phosphatidylglycerol
(31). This change in flux has been attributed to the increase in
turnover of phosphatidylglycerol due to arbutin serving as an
analog of the natural acceptor of glycerophosphate transferred
from the donor (phosphatidylglycerol) in membrane-derived
oligosaccharide biosynthesis. The effects of arbutin on strain
HD30 expressing PgsAEc and on the same strain expressing
PgsARs were the same, i.e., a reduction in the cardiolipin
levels, presumably due to diversion of phosphatidylglycerol to
modification of arbutin, with little change in phosphatidylglyc-
erol levels. Therefore, the PgsARs activity, like the PgsAEc
activity, can be adjusted to accommodate large changes in flux
through the phosphatidylglycerol pool.

FIG. 3. Hydropathy profiles of the pgsARs (A) and pgsAEc (B) gene products.
The base line represents the average hydropathy value for several soluble pro-
teins determined as described by Kyte and Doolittle (38) (hydrophobic is posi-
tive); data are averages.

FIG. 4. Alignment of upstream DNA sequences from four R. sphaeroides genes. The DNA sequence 59 of the ATG start codon of each gene was aligned by using
the Genetics Computer Group Pileup program. Abbreviations: Rslgt, R. sphaeroides homolog to the E. coli lgt gene encoding phosphatidylglycerol:prolipoprotein
diacylglyceryl transferase (17, 22); RspgsA, R. sphaeroides gene encoding PgsA; Rspsd, possible R. sphaeroides homolog to the E. coli phosphatidylserine decarboxylase
gene (17, 39); and RsmetK, possible R. sphaeroides homolog to the yeast metK gene, encoding S-adenosylmethionine synthetase (17, 59).

TABLE 2. PgsA activity

Strain/plasmid Sp acta

R. sphaeroidesb

2.4.1/pRK415................................................................................. 1.8
2.4.1/pRK1..................................................................................... 12.2
2.4.1/pBBR1MCS-2 ...................................................................... 1.8
2.4.1/pB1 ........................................................................................ 15.6
2.4.1/pB2 ........................................................................................ 12.8
2.4.1/pB3 ........................................................................................ 8.7

E. colic

DH5a/pBBR1MCS-2 ................................................................... 4.6
DH5a/pB3V .................................................................................. 8.1
MN7 ............................................................................................... 0.18
MN7/pB3V .................................................................................... 6.4
HD30/pHD102.............................................................................. 6.9
HD30/pB3V................................................................................... 8.5
a Strains were assayed at 378C, as described in Materials and Methods, after a

20-min incubation of the cell lysates at 508C. Specific activities (units per milli-
gram of protein) are the averages of duplicate measurements of three separate
experiments. The results of each set of experiments were within 62%.
b Strains were grown aerobically at 308C as described in Materials and Meth-

ods.
c Strains MN7 and HD30/pHD102 were grown at 308C; all others, including

MN7/pB3V and HD30/pB3V, were grown at 378C.
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DISCUSSION

Utilizing a plasmid potentially containing a portion of the
pgsARs homolog of the pgsAEc gene, we were able to clone the
entire gene from an R. sphaeroides cosmid bank. The DNA
insert in cosmid pLAB14 maps to AseI fragment B on chro-
mosome I of R. sphaeroides (41). DNA sequence analysis re-
vealed the presence of one complete ORF with a high degree
of homology between PgsARs and the products of the pgsA
genes of not only E. coli (24, 61) but also a number of other
bacteria as shown in Fig. 2A; however, except for E. coli, no
functional analysis has been reported for these other gene
products. As in E. coli, it appears that although the uvrC and
pgsA genes are arranged in tandem, the two genes are not
within a common operon and each has its own promoter, since
the pgsA genes are functional without an intact uvrC ORF. In
E. coli the pgsA promoter is buried in the 39-terminal region of
the uvrC gene (24) and 56 bp separate the termination codon
of uvrC and the start codon of the pgsA gene. In R. sphaeroides
there are either 81 or 96 bp separating uvrC from pgsA.
No promoter sequences could be identified when the up-

stream sequence was compared with the classic E. coli s70 (30)
or with the promoter regions found upstream of the rrnRs
operons (19). However, when upstream sequences of three
other R. sphaeroides ORFs were aligned with that of pgsARs,
some regions of homology were identified (Fig. 4). All four
genes in Fig. 4 (lgt, pgsA, psd, and metK) are believed to be
involved in phospholipid metabolism (17) and are probably
essential for normal cell function as has been found in E. coli
(16, 59). Therefore, the regions of homology found upstream
of the start of each of these genes may be regulatory signals
important in either transcriptional or translational control for
‘‘housekeeping genes.’’ Experiments are currently under way
to identify the promoter and any regulatory regions upstream
of the pgsARs gene.
When R. sphaeroides carrying plasmid pB1 (pgsARs gene)

was assayed for enzyme activity, a sevenfold increase in activity
over the wild-type level was seen. This suggests strongly that
the pgsARs promoter is present either within the 39 end of the
uvrC ORF or in the spacer region between the two genes. In
the hope that expression of the pgsARs gene could be increased

even more, the rrnBRs promoter was inserted 12 bp upstream
of the first start codon of the pgsARs gene; this promoter, when
fused to other genes, can increase activity up to 20-fold in R.
sphaeroides (17, 19). However, no increase above the activity
found with plasmid pB1 was seen. Similarly, when plasmid
pRK1 was introduced into R. sphaeroides, it too produced the
same level of enzyme activity as plasmid pB1. Replacement of
the native promoter with the lacEc promoter reduced the level
of enzymatic activity expressed, which is consistent with the
generally poor ability of R. sphaeroides RNA polymerase to
read E. coli promoters (19). The above-mentioned plasmids all
differ in the sequences upstream of the putative promoters
driving the expression of the pgsARs gene. However, only re-
placing the putative pgsARs promoter with the lacEc promoter
resulted in significantly lower expressed activity. This result is
consistent with the regions immediately upstream of the gene
acting as promoters rather than regions further upstream.
These results also suggest an upper limit for expression of
functional enzyme of about seven times the wild-type levels.
Clearly, further work is needed to sort out whether this limit on
the level of activity is at the transcriptional level, at the trans-
lational level, or due to posttranslational events.
When plasmid pRK1, pB1, or pB2 was introduced into E.

coli pgsA mutant strains, there was no complementation of
phenotype or detectable enzymatic activity dependent on these
plasmids, again consistent with the poor recognition of R. spha-
eroides promoters by E. coli RNA polymerase (19). However,
when plasmid pB3V, which has the pgsARs gene under the
control of the lacEc promoter, was introduced into E. coli pgsA
mutant strains MN7 and HD30 under restrictive conditions,
the plasmid was able to rescue the conditional lethal pheno-
types of both strains. Since the latter strain carries a null allele
of the essential pgsAEc gene, the pgsARs gene product can
substitute for the E. coli enzyme, which was verified by levels of
PgsA activity in the range found in wild-type E. coli.
The above activity and complementation results demon-

strate the feasibility of cloning genes involved in phospholipid
biosynthesis in R. sphaeroides by complementation of condi-
tional lethal mutations in the homologous genes of E. coli.
Success in using this approach to isolate such clones will de-
pend on use of expression libraries driven by an E. coli pro-
moter such as lac, which we are currently constructing; failure
to obtain complementation of E. coli mutants by the gene
under the control of an R. sphaeroides promotor emphasizes
the need to develop R. sphaeroides DNA libraries which can be
expressed in E. coli in order to utilize complementation as a
means of gene isolation. The added advantage of the lacEc
promoter is that it is also functional in R. sphaeroides, which
will allow the direct transfer of the cloned gene in the appro-
priate vector into R. sphaeroides for verification of function in
its native organism. The availability of this approach will be
very useful for isolating other genes involved in phospholipid
biosynthesis in R. sphaeroides, as well as other diverse bacteria.
Several other examples of complementation of E. coli genes

with mutations in phospholipid metabolism by genes from
other organisms exist. Both the Bacillus subtilis pss (48) and B.
subtilis pgsA (35) genes complement mutant genes of E. coli,
but in both cases the natural promoters were functional, which
may be the general case for B. subtilis promoters; in the latter
case complementation was of a defect in protein translocation
and not phospholipid metabolism. The Saccharomyces cerevi-
siae PSD1 gene will complement a mutant psdEc gene, but in
this case an E. coli promoter is required for expression (9).
These examples demonstrate the utility of the nearly complete
collection of E. coli mutants with altered phospholipid metab-

TABLE 3. Phospholipid compositiona

Strain/plasmida
Mol% of b:

PG PC PE CL Other phos-
pholipidsc-

Acidic phos-
pholipidsd

2.4.1 33 16 40 5 5 38
2.4.1/pB1 41 14 41 4 3 45
HD30/pHD102 15 68 8 1 23
With arbutin 15 84 0.6 0 16

HD30/pB3V 15 71 12 2 27
With arbutin 18 78 2 0 20

MN7 11 73 10 7 21
MN7/pB3V 20 68 8 5 28
DH5a 8 70 19 2 27
DH5a/pB3V 10 72 14 2 24

a Strains were grown aerobically and phospholipid composition was deter-
mined as described in Materials and Methods. R. sphaeroides strains, MN7, and
HD30/pHD102 were grown at 308C; all other E. coli strains were grown at 378C.
b Abbreviations: PG, phosphatidylglycerol; PC, phosphatidylcholine; PE,

phosphatidylethanolamine; CL, cardiolipin. Values are reported assuming one
phosphate per mole of ‘‘other’’ phosphate-containing material. Experiments
were performed at least twice, and the results of each set of experiments were
within 5% of each other.
c Includes phosphatidylserine, phosphatidic acid, and CDP-diacylglycerol.
d Phosphatidylglycerol plus cardiolipin.
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olism for isolating genes important to phospholipid metabo-
lism from a spectrum of organisms.
Expression of PgsARs activity in pgsAEc mutants at levels 1.5-

to 2-fold higher than wild-type levels was sufficient to maintain
normal phosphatidylglycerol and cardiolipin levels (even in the
presence of arbutin), which are reduced at least 10-fold under
the restrictive growth conditions for these mutants (27, 54).
This result suggests either that there is no regulation of the
committed step to anionic phospholipid synthesis in E. coli or
that the R. sphaeroides enzyme responds to the same regulatory
factors as does the E. coli enzyme. The latter seems to be the
case and most likely occurs through regulation of the activity of
PgsA. In normal E. coli cells, PgsA activity appears to be in
excess since overproduction of the enzyme up to 20-fold only
slightly elevates the steady-state level of anionic phospholipids
(47), and down regulation of the expression of the pgsAEc gene
results in a decrease in anionic phospholipid content only after
the PgsA level drops below about 15% of wild-type levels (27).
Finally, the metabolic flux through the phosphatidylglycerol
pool of wild-type E. coli can vary over a sevenfold range (31) by
the addition of arbutin to the growth medium without changing
the steady-state level of either PgsAEc or phosphatidylglycerol.
Similarly, the addition of arbutin to E. coli cells dependent on
PgsARs for growth did not reduce their phosphatidylglycerol
content, supporting the conclusion that there is excess poten-
tial activity of PgsA in these cells, which can respond to the
normal signals regulating phospholipid metabolism in E. coli.
These results are in marked contrast to the heterologous
complementation of a null allele of the pssEc (encoding phos-
phatidylserine synthase, the committed step to phosphatidyl-
ethanolamine biosynthesis) by the pss gene from B. subtilis
(48). The B. subtilis gene product appears not to be regulated
in E. coli, since there was a marked increase in the steady-state
level of phosphatidylethanolamine, which is not surprising
given the lack of any similarity between the B. subtilis and E.
coli phosphatidylserine synthases (15, 48).
In conclusion, we have isolated and cloned the R. spha-

eroides pgsA gene and expressed the gene in R. sphaeroides.
Functional expression in E. coli occurred only when an E. coli
promoter was used, which demonstrates the potential for using
E. coli mutants for cloning the homologous genes from R.
sphaeroides. We are currently also constructing an R. spha-
eroides pgsA null mutant and designing experiments in which
we can further manipulate the synthesis of PgsARs to study the
effects on intracytoplasmic membrane formation when the
amount of phosphatidylglycerol is greatly reduced in R. spha-
eroides.

ACKNOWLEDGMENTS

We thank other members of the laboratory for their advice, espe-
cially Phil Heacock for all the help with computer analysis and graph-
ics.
This work was supported by grant GM20487 from the National

Institutes of Health to W.D.

REFERENCES

1. Arondel, V., C. Benning, and C. R. Somerville. 1993. Isolation and functional
expression in Escherichia coli of a gene encoding phosphatidylethanolamine
methyltransferase (EC 2.1.1.17) from Rhodobacter sphaeroides. J. Biol.
Chem. 268:16002–16008.

2. Bairoch, A. 1992. PROSITE: a dictionary of sites and patterns in proteins.
Nucleic Acids Res. 20:2013–2018.

3. Benning, C., and C. R. Somerville. 1992. Isolation and genetic complemen-
tation of a sulfolipid-deficient mutant of Rhodobacter sphaeroides. J. Bacte-
riol. 174:2352–2360.

4. Bogdanov, M., and W. Dowhan. 1995. Phosphatidylethanolamine is required
for in vivo function of the membrane associated lactose permease of Esch-

erichia coli. J. Biol. Chem. 270:732–739.
5. Cain, B. D., C. D. Deal, R. T. Fraley, and S. Kaplan. 1981. In vivo inter-
membrane transfer of phospholipids in the photosynthetic bacterium Rho-
dopseudomonas sphaeroides. J. Bacteriol. 145:1154–1166.

6. Cain, B. D., T. J. Donohue, W. D. Shepherd, and S. Kaplan. 1984. Local-
ization of phospholipid biosynthetic enzyme activities in cell-free fractions
derived from Rhodopseudomonas sphaeroides. J. Biol. Chem. 259:942–948.

7. Cain, B. D., M. Singer, T. J. Donohue, and S. Kaplan. 1983. In vivo meta-
bolic intermediates of phospholipid biosynthesis in Rhodopseudomonas
sphaeroides. J. Bacteriol. 156:375–385.

8. Carman, G. M., and A. S. Fischl. 1992. Phosphatidylinositol synthase from
yeast. Methods Enzymol. 209:305–312.

9. Clancey, C. J., S.-C. Chang, and W. Dowhan. 1993. Cloning of a gene (PSD1)
encoding phosphatidylserine decarboxylase from Saccharomyces cerevisiae by
complementation of an Escherichia coli mutant. J. Biol. Chem. 268:24580–
24590.

10. DeChavigny, A., P. N. Heacock, and W. Dowhan. 1991. Phosphatidylethanol-
amine may not be essential for the viability of Escherichia coli. J. Biol. Chem.
266:5323–5332.

11. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehensive set of
sequence analysis programs for the VAX. Nucleic Acids Res. 12:387–395.

12. Donohue, T. J., B. D. Cain, and S. Kaplan. 1982. Alterations in the phos-
pholipid composition of Rhodopseudomonas sphaeroides and other bacteria
induced by Tris. J. Bacteriol. 152:595–606.

13. Donohue, T. J., and S. Kaplan. 1986. Synthesis and assembly of bacterial
photosynthetic membranes, p. 632–639. In L. A. Staehelin and C. J. Arntzen
(ed.), Photosynthesis III, vol. 19. Springer-Verlag, Berlin.

14. Dowhan, W. 1992. Phosphatidylglycerophosphate synthase from Escherichia
coli. Methods Enzymol. 209:313–321.

15. Dowhan, W. 1992. Phosphatidylserine synthase from Escherichia coli. Meth-
ods Enzymol. 209:287–298.

16. Dowhan, W. 1992. Strategies for generating and utilizing phospholipid syn-
thesis mutants in Escherichia coli. Methods Enzymol. 209:7–20.

17. Dryden, S. C., and W. Dowhan. Unpublished data.
18. Dryden, S. C., and S. Kaplan. 1990. Localization and structural analysis of

the ribosomal RNA operons of Rhodobacter sphaeroides. Nucleic Acids Res.
18:7267–7277.

19. Dryden, S. C., and S. Kaplan. 1993. Identification of cis-acting regulatory
regions upstream of the rRNA operons of Rhodobacter sphaeroides. J. Bac-
teriol. 175:6392–6402.

20. Figurski, D. H., and D. R. Helinski. 1979. Replication of an origin containing
derivative of plasmid RK2 dependent on a plasmid function provided in
trans. Proc. Natl. Acad. Sci. USA 76:1648–1652.

21. Fine, J. B., and H. Sprecher. 1982. Unidimensional thin-layer chromatogra-
phy of phospholipids on boric acid-impregnated plates. J. Lipid Res. 23:
660–663.

22. Gan, K., K. Sankaran, M. G. Williams, M. Aldea, K. E. Rudd, S. R. Kushner,
and H. C. Wu. 1995. The umpA gene of Escherichia coli encodes phosphati-
dylglycerol:prolipoprotein diacylglyceryl transferase (lgt) and regulates thy-
midylate synthase levels through translational coupling. J. Bacteriol. 177:
1879–1882.

23. Gish, W., and D. J. States. 1993. Identification of protein coding regions by
database similarity search. Nat. Genet. 3:266–272.

24. Gopalakrishnan, A. S., Y.-C. Chen, M. Temkin, and W. Dowhan. 1986.
Structure and expression of the gene locus encoding the phosphatidylglyc-
erophosphate synthase of Escherichia coli. J. Biol. Chem. 261:1329–1338.

25. Hawrot, E., and E. P. Kennedy. 1978. Phospholipid composition and mem-
brane function in phosphatidylserine decarboxylase mutants of Escherichia
coli. J. Biol. Chem. 253:8213–8220.

26. Heacock, P. N., and W. Dowhan. 1987. Construction of a lethal mutation in
the synthesis of the major acidic phospholipids of Escherichia coli. J. Biol.
Chem. 262:13044–13049.

27. Heacock, P. N., and W. Dowhan. 1989. Alterations of the phospholipid
composition of Escherichia coli through genetic manipulation. J. Biol. Chem.
264:14972–14977.

28. Hirabayashi, T., T. J. Larson, and W. Dowhan. 1976. Membrane-associated
phosphatidylglycerophosphate synthetase from Escherichia coli: purification
by substrate affinity chromatography on cytidine 59-diphospho-1,2-diacyl-sn-
glycerol Sepharose. Biochemistry 15:5205–5211.

29. Hjelmstad, R. H., and R. M. Bell. 1991. Sn-1,2-diacylglycerol choline- and
ethanolaminephosphotransferases in Saccharomyces cerevisiae. Nucleotide
sequence of the EPT1 gene and comparison of the CPT1 and EPT1 gene
products. J. Biol. Chem. 266:5094–5103.

30. Hoopes, B. C., and W. R. McClure. 1987. Strategies in regulation of tran-
scription initiation, p. 1231–1240. In F. C. Neidhardt, J. L. Ingraham, K. B.
Low, B. Magasanik, M. Schaechter, and H. E. Umbarger (ed.), Escherichia
coli and Salmonella typhimurium: cellular and molecular biology, vol. 2.
American Society for Microbiology, Washington, D.C.

31. Jackson, B. J., J. M. Gennity, and E. P. Kennedy. 1986. Regulation of the
balanced synthesis of membrane phospholipids. J. Biol. Chem. 261:13464–
13468.

32. Kaplan, S., B. D. Cain, T. J. Donohue, W. D. Shepherd, and G. S. L. Yen.

VOL. 178, 1996 pgsA GENE OF RHODOBACTER SPHAEROIDES 1037



1983. Biosynthesis of the photosynthetic membranes of Rhodopseudomonas
sphaeroides. J. Cell. Biochem. 22:15–29.

33. Keen, N. T., S. Tamaki, D. Kobayashi, and D. Trollinger. 1988. Improved
broad-host range plasmids for DNA cloning in gram-negative bacteria. Gene
70:191–197.

34. Kiley, P. J., and S. Kaplan. 1988. Molecular genetics of photosynthetic
membrane biosynthesis in Rhodobacter sphaeroides. Microbiol. Rev. 52:
50–69.

35. Kontinen, V. P., and H. Tokuda. 1995. Overexpression of phosphatidylglyc-
erophosphate synthase restores protein translocation in a secG deletion
mutant of Escherichia coli at low temperature. FEBS Lett. 364:157–160.

36. Kovach, M. E., R. W. Phillips, P. H. Elzer, R. M. Roop II, and K. M.
Peterson. 1994. pBBR1MCS: a broad-host-range cloning vector. BioTech-
niques 16:800–801.

37. Kusters, R., W. Dowhan, and B. de Kruijff. 1991. Negatively charged phos-
pholipids restore prePhoE translocation across phosphatidylglycerol de-
pleted Escherichia coli membranes. J. Biol. Chem. 266:8659–8662.

38. Kyte, J., and R. F. Doolittle. 1982. A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157:105–132.

39. Li, Q. X., and W. Dowhan. 1988. Structural characterization of Escherichia
coli phosphatidylserine decarboxylase. J. Biol. Chem. 263:11516–11522.

40. Lill, R., W. Dowhan, and W. Wickner. 1990. The ATPase activity of SecA is
regulated by acidic phospholipids, SecY, and the leader and mature domains
of precursor proteins. Cell 60:271–280.

41. Mackenzie, C., M. Chidambaram, E. J. Sodergren, S. Kaplan, and G. M.
Weinstock. 1995. DNA repair mutants of Rhodobacter sphaeroides. J. Bac-
teriol. 177:3027–3035.

42. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

43. Mileykovskaya, E. I., and W. Dowhan. 1993. Alterations in the electron
transfer chain in mutant strains of Escherichia coli lacking phosphatidyleth-
anolamine. J. Biol. Chem. 268:24824–24831.

44. Moore, M. D., and S. Kaplan. 1992. Identification of intrinsic high-level
resistance to rare-earth oxides and oxyanions in members of the class Pro-
teobacteria: characterization of tellurite, selenite, and rhodium sesquioxide
reduction in Rhodobacter sphaeroides. J. Bacteriol. 174:1505–1514.

45. Morelle, G. 1989. A plasmid extraction procedure on a miniprep scale. Focus
11:7–8.

46. Nishijima, M., C. E. Bulawa, and C. R. H. Raetz. 1981. Two interacting
mutations causing temperature-sensitive phosphatidylglycerol synthesis in
Escherichia coli membranes. J. Bacteriol. 145:113–121.

47. Ohta, A., K. Waggoner, A. Radominska-Pyrek, and W. Dowhan. 1981. Clon-
ing of genes involved in membrane lipid synthesis: effects of amplification of
phosphatidylglycerophosphate synthase in Escherichia coli. J. Bacteriol. 147:
552–562.

48. Okada, M., H. Matsuzaki, I. Shibuya, and K. Matsumoto. 1994. Cloning,
sequencing, and expression in Escherichia coli of the Bacillus subtilis gene for
phosphatidylserine synthase. J. Bacteriol. 176:7456–7461.

49. Poorthius, J. H. M., D. Y. Yazaki, and K. Hostetter. 1976. An improved two

dimensional thin-layer chromatography system for separation of phosphati-
dylglycerol and its derivatives. J. Lipid Res. 17:433–437.

50. Prentki, P., and H. M. Krisch. 1984. In vitro insertional mutagenesis with
selectable DNA fragments. Gene 29:303–313.

51. Radcliffe, C. W., R. M. Broglie, and R. A. Niederman. 1985. Sites of phos-
pholipid biosynthesis during induction of intracytoplasmic membrane for-
mation in Rhodopseudomonas sphaeroides. Arch. Microbiol. 142:136–140.

52. Radcliffe, C. W., F. X. Steiner, G. M. Carman, and R. A. Niederman. 1989.
Characterization and localization of phosphatidylglycerophosphate and phos-
phatidylserine synthases in Rhodobacter sphaeroides. Arch. Microbiol. 152:
132–137.

53. Raetz, C. R., G. M. Carman, W. Dowhan, R. T. Jiang, W. Waszkuc, W.
Loffredo, and M. D. Tsai. 1987. Phospholipids chiral at phosphorus. Steric
course of the reactions catalyzed by phosphatidylserine synthase from Esch-
erichia coli and yeast. Biochemistry 26:4022–4027.

54. Raetz, C. R., and W. Dowhan. 1990. Biosynthesis and function of phospho-
lipids in Escherichia coli. J. Biol. Chem. 265:1235–1238.

55. Raleigh, E. A., K. Lech, and R. Brent. 1989. Selected topics from classical
bacterial genetics, unit 1.4, p. 1.4.1–1.4.14. In F. M. Ausubel, R. Brent, R. E.
Kingston, D. D. Moore, J. G. Seidman, J. A. Smith, and K. Struhl (ed.),
Current protocols in molecular biology, vol. I. Greene Publishing Associates
and Wiley Interscience, New York.

56. Rietveld, A. G., J. A. Killian, W. Dowhan, and B. de Kruijff. 1993. Polymor-
phic regulation of membrane phospholipid composition in Escherichia coli. J.
Biol. Chem. 268:12427–12433.

57. Rivers, S. L., E. McNairn, F. Blasco, G. Giordano, and D. H. Boxer. 1993.
Molecular genetic analysis of the moa operon of Escherichia coli K-12 re-
quired for molybdenum cofactor biosynthesis. Mol. Microbiol. 8:1071–1081.

58. Sambrook, J. E., F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

59. Satishcandran, C., J. C. Taylor, and G. D. Markham. 1993. Isozymes of
S-adenosylmethionine synthetase are encoded by tandemly duplicated genes
in Escherichia coli. Mol. Microbiol. 9:835–846.

60. Simon, R., V. Priefer, and A. Puhler. 1983. A broad host range mobilization
system for in vivo genetic engineering: transposon mutagenesis in Gram-
negative bacteria. Bio/Technology 1:37–45.

61. Usui, M., H. Sembongi, H. Matsuzaki, K. Matsumoto, and I. Shibuya. 1994.
Primary structures of the wild-type and mutant alleles encoding the phos-
phatidylglycerophosphate synthase of Escherichia coli. J. Bacteriol. 176:
3389–3392.

62. van der Goot, F. G., N. Didat, F. Pattus, W. Dowhan, and L. Letellier. 1993.
Role of acidic lipids in the translocation and channel activity of colicins A
and N in Escherichia coli cells. Eur. J. Biochem. 213:217–221.

63. van Niel, C. B. 1944. The culture, general physiology, morphology, and
classification of the non-sulfur purple and brown bacteria. Bacteriol. Rev. 8:
1–118.

64. Xia, W., and W. Dowhan. 1995. In vivo evidence for the involvement of
anionic phospholipids in initiation of DNA replication in Escherichia coli.
Proc. Natl. Acad. Sci. USA 92:783–787.

1038 DRYDEN AND DOWHAN J. BACTERIOL.


