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Abstract

Although the study of individual phospholipids and their synthesis began in the 1920’s first in
plants and then mammals, it was not until the early 1960’s that Eugene Kennedy using Escherichia
colf initiated studies of bacterial phospholipid metabolism. With the base of information already
available from studies of mammalian tissue, the basic blueprint of phospholipid biosynthesis 7n E.
coliwas worked out by the late 1960’s. In 1970°s and 1980’s most of the enzymes responsible for
phospholipid biosynthesis were purified and many of the genes encoding these enzymes were
identified. By the late 1990’s conditional and null mutants were available along with clones of the
genes for every step of phospholipid biosynthesis. Most of these genes had been sequenced before
the complete £. coli genome sequence was available. Strains of £. coli were developed in which
phospholipid composition could be changed in a systematic manner while maintaining cell
viability. Null mutants, strains in which phospholipid metabolism was artificially regulated, and
strains synthesizing foreign lipids not found in £. colihave been used to this day to define specific
roles for individual phospholipid. This review will trace the findings that have led to the
development of £. colias an excellent model system to study mechanisms underlying the
synthesis and function of phospholipids that are widely applicable to other prokaryotic and
eukaryotic systems.
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1. Introduction

Analysis of phospholipids and their biosynthesis were initially carried out in plants and
animals and only began to focus on bacteria in the 1960’s. Much of what we know about
this area of research has resulted from a combination and interplay of studies in both
eukaryotes and prokaryotes. My own interests in phospholipids began in 1969 as a
postdoctoral fellow in Eugene Kennedy’s laboratory at Harvard Medical School (Fig. 1).
This was an exciting time in which the basic blue print for phospholipid biosynthesis at all
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levels of the genetic tree had been established and awaited the application of sophisticated
methods of biochemical analysis, genetics and the power of advanced molecular biology and
molecular genetics. This retrospective will be largely confined to the studies in Escherichia
coliand their contributions to our understanding of phospholipid metabolism and function.
My personal observations at various stages of the evolution of the field will be injected. |
fully recognize that major contributions have been made by studies in other biological
systems for which there is insufficient space to include.

2. The early studies in eukaryotic systems

2.1. Identification of phospholipids

As we now know, phosphatidic acid (PAL, 1,2 diacyl-smglycerol-3-phosphate) is the
precursor leading to the biosynthesis of the remaining phospholipids in Bacteriaand
Eukarya; see http://lwww.lipidmaps.org/ for classification and structures of glycerol-based
phospholipids. Archaea phospholipids differ in that they are composed of sr-glycerol-1-
phosphate in ether linkage at the 2- and 3-positions to long-chain poly isoprenoids [1]. The
first report of the isolation and structure of PA was by Chibnall and Channon in 1927 [2, 3].
They began with over 20 kg of cabbage leaves from which a green colloidal “cytoplasmic
fraction” free of cell wall material was first isolated. After heat treatment, the coagulated
material was extracted with ether to yield about 35 g of “fatty” material, which was
subjected to successive acetone treatments yielding a precipitate of which half by weight
contained phosphorus. Further analysis revealed that the majority of the phosphorus-
containing material was made up of divalent cation salts of PA and lyso-PA, which would
later be shown to result from hydrolysis of the major phospholipid species.

In the early 1900’s lecithin (phosphatidylcholine (PC), 1,2 diacyl-sr-glycerol-3-
phosphocholine) was isolated from plant and egg sources and its theoretical structure
proposed. However, there were some inconsistencies in several of the reports, which
resulted in some controversy in the literature. Levene and West [4, 5] questioned the
thoroughness of previous analyses and demonstrated that the free amine containing lipidic
material contained in samples of lecithin was cephalin (phosphatidylethanolamine (PE), 1,2
diacyl-sn-glycerol-3-phosphoethanolamine). However, by the late 1920’s the natural
occurrence and structures of the phospholipid precursor (PA) and the two major amino-
containing phospholipids (PE and PC) were established.

2.2. Radiolabeling of phospholipids

A major technical advancement that changed the course of characterization of biological
molecules in general was the availability of man-made radionuclides. The first use of 32PO,
(32P)) was in 1935. Chievitz and Hevesy [6] fed 32P; to rats and traced radiolabel in tissue
deposits and excretion. Thus it was now possible to follow lipidic phosphate fluxes in whole
animals. Previous attempts to measure fluxes in phospholipids relied on feeding animals
with elaidic acid [7] which falsely assumed that flux of this fatty acid through the lipidic
phosphate pool was a measure of phospholipid metabolism. In 1937 Atrom et a/. [8] noted
that lipidic phosphate accumulated in largest amounts in liver, intestine and kidney of rats
fed 32P;. This “organification’ of phosphorus was the first proof that phospholipids were

LAbbreviations: ACP, acyl carrier protein; PA, phosphatidic acid; PE, phosphatidylethanolamine; P PO4; GP, glycerophosphate; PG,
phosphatidylglycerol; PGP, phosphatidylglycerophosphate: DAG, diacylglycerol; LPS, lipopolysaccharide; MDO, membrane derived
oligosaccharide; CL, cardiolipin; PA, phosphatidic acid; PS, phosphatidylserine; PC, phosphatidylcholine, P, phosphatidylinositol;
GlcDAG; monoglucosyl diacylglycerol; GlcGIcDAG, diglucosyl diacylglycerol; PssA, phosphatidylserine synthase; PgsA,
phosphatidylglycerophosphate synthase; Pgp, phosphatidylglycerophosphate phosphatase; Cds, CDP-diacylglycerol synthase; Cls,
cardiolipin synthase; Pty fef operon promoter; IPTG, isopropyl-R-D-thiogalactoside; P jzc0p, /ac operon promotor; mAb, monoclonal
antibody; TM, transmembrane domain; LacY, lactose permease; mAb, monoclonal antibody; NAO, Nonyl Acridine Orange; NBPAL,
non-bilayer prone anionic lipid.
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synthesized endogenously from individual building blocks. Perlman and Chaikoff [9]
followed with a series of experiments that measured incorporation and turnover of 32P;in
phospholipids in various organs either from endogenous or fed supplies of fat. In the
methods section the authors noted an important point, still missed today in many
radioisotope experiments, to add unlabeled carrier phospholipid to samples with low levels
of total lipid. In subsequent experiments the flux of 32P;through the tissue pools of
phospholipid was measured as a function of dietary supplements, but only lipidic phosphate
was measured and not individual phospholipids. However, incorporation of 32P; into
phospholipid was demonstrated after incubation with homogenized liver, which set up future
studies for /n vitroincorporation experiments. It was not until the 1950°s with methods
available for subcellular fractionation that specific lipids were identified in organelles such
as the mitochondria. Swanson and Artom [10] established that the major lipidic phosphate of
rat mitochondria was composed of PE and PC.

2.3. Employing cell free systems

Arthur Kornberg [11] and Eugene Kennedy [12], using soluble enzyme extracts of tissues or
mitochondria, respectively, carried out the first experiments that began to delineate
phospholipid biosynthetic pathways. The hallmark of Kornberg’s approach to employ
enzyme preparations (not yet homogeneous as he later required) to study biosynthetic
processes was evident in this early work. He used ATP, CoA and fatty acids or substituted
the latter with enzymatically-synthesized palmitoyl-CoA plus enzymatically synthesized sr-
glycerol-3-[32P] (GP) to synthesize radiolabeled PA using a cell free system derived from
guinea pig liver. Longer fatty acid chains (16—18) were better substrates than shorter chains.
Although PA had been identified in high content in previous studies, it was now clear that
the conditions used previously to process the source material generated PA from PC and PE
by hydrolysis. The same was true of lyso-PA, which was not observed by Kornberg but was
most likely an intermediate in PA synthesis. However, whether PA is a precursor to the
amine-containing phospholipids remained to be determined. Kennedy’s approach was
somewhat different but the final conclusions were the same. He used isolated rat liver
mitochondria incubated initially with 32P;and then with [32P]GP with the appropriate
controls to demonstrate the formation of PA, which was dependent on oxidative
phosphorylation.

The literature on the synthesis of PC and PE became a bit confusing after the initial reports
of Kornberg and Kennedy. Kornberg [13] demonstrated ATP-dependent incorporation by a
crude enzyme preparation from liver of phosphocholine (doubly labeled in 14C and 32P) into
lipidic material, which was partially characterized as PC. Kennedy [14] using a liver
mitochondrial preparation appeared to demonstrate only ATP-dependent [14C]choline
incorporation and not doubly labeled phosphocholine into PC. As Kennedy later showed
[15] and recounted in his scientific biography [16] that he had fallen into error in the
identification of PC. The then unknown compound that co-chromatographic with PC was a
long-chain fatty acid ester of choline. Kornberg turned out to be correct in deducing
phosphocholine as an intermediate in PC biosynthesis, but both missed that PC is made by a
combination of cytosolic and endoplasmic reticulum enzymes and not mitochondria.
Kennedy presented a very entertaining and informative after dinner talk at the 2003 Gordon
Research Conference on the Molecular and Cellular Biology of Lipids titled the “Hits and
Misses in Biochemistry.” He documented the errors and mishaps in the lipid and membrane
area beginning with Otto Warburg to the date of his talk (including his own mishaps).

After the initial demonstration of PA synthesis and the apparent formation of PC in
mammals, Kornberg pursued DNA replication with only occasional forays into the
phospholipid field. His interests turned to membranes and phospholipids in studies wherein
DnaA [17, 18], the initiator for DNA replication in £. coli, was found to require anionic
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phospholipids such as phosphatidylglycerol (PG) and cardiolipin (CL) for function.
Kennedy on the other hand continued in the field to outline the basic design for phospholipid
biosynthesis in eukaryotes and prokaryotes.

2.4. Cytidine nucleotides activate phospholipid precursors

In 1956 Kennedy and Weiss [15] published the seminal paper in the phospholipid field that
formed the biological foundation for future studies in all organisms thereby establishing the
“Kennedy Pathways” for phospholipid synthesis. They initiated their study to resolve the
conflict between Kennedy’s results and Kornberg’s results on the intermediates leading to
PC biosynthesis; Rodbell and Hanahan [19] like Kornberg had also demonstrated
phosphocholine incorporation into PC. Kennedy and Weiss employed a rat liver crude
mitochondrial preparation that they recognized as containing other subcellular organelles
and therefore referred to it as the “particulate fraction.” Using phosphocholine labeled with
both 32P and 14C and 14C-labeled choline, they were able to incorporate both in an ATP
dependent manner into PC, which was now more thoroughly identified. At this point the
work was merely confirmatory of the findings of others. However, when they used an ATP
generating system beginning with AMP, there was no incorporation into PC. Use of
crystalline ATP (Pabst lot No. 122) rather than amorphous ATP (Pabst lot No. 116) also
failed to support PC synthesis. The mystery was solved and the unraveling of phospholipid
biosynthesis began when CTP was found as the active nucleotide in lot No. 116 supporting
the pathways for both PC and PE biosynthesis shown in Fig. 2. Kennedy and Weis also
showed that each of the intermediates individually supported amine-containing lipid
synthesis. They also isolated CDP-choline and CDP-ethanolamine from liver and yeast and
demonstrated that the amino-alcohol acceptor is s1-1,2-diacylglycerol, most likely derived
from the hydrolysis of PA. As a memorial to this discovery, lot No. 116 of ATP remained in
a desiccator in the rear of Kennedy’s freezer until he closed the lab.

Agranoff et al. [20] demonstrated the incorporation of radiolabeled inositol into
phosphatidylinositol (PI) using a crude extract of rat kidneys. Interestingly, CDP-choline
was the most active nucleotide species with little activity from CTP or CDP. However,
addition of PA stimulated the CDP-choline-dependent reaction. They also observed
incorporation of radiolabeled CMP into lipidic material, which they postulated to be CDP-
diacylglycerol (-DAG) based on its breakdown products under basic conditions. Thus they
proposed that CDP-choline reacted with PA to form choline and CDP-DAG, which then
reacted with inositol to form Pl and CMP. They got some of the players in Pl synthesis
correct but not the proper pathway.

Although the amounts of the putative CDP-DAG made were insufficient for complete
characterization, these experiments provided important clues in establishing the pathway to
P1 synthesis. Paulus and Kennedy [21] investigated the effects of different buffers
containing phosphate, manganese, and various cytidine nucleotides. They concluded that the
previous report of inositol incorporation into Pl was due to an energy independent exchange
reaction that was dependent on the buffer conditions. To bypass this exchange reaction, they
first used a rat kidney cell free system to generate PA from sr-glycerol-3-[32P], ATP, CoA
and oleic acid. Next, formation of radiolabeled Pl was found to be dependent solely on the
addition of inositol and CTP to the radiolabeled PA, with the radiolabel found in the inositol
phosphate after hydrolysis of PI. Radiolabeled CDP-DAG was formed from PA and CTP
with radiolabel in the a-phosphate position, and synthetic CDP-DAG was also shown to be
a substrate for P1 synthesis. With these studies the involvement of CDP-DAG as an
intermediate in phospholipid biosynthesis was established.

With this report, Kennedy had defined all cytidine intermediates necessary for phospholipid
biosynthesis throughout nature. Most of the remaining work from Kennedy’s lab focused on
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phospholipid metabolism in £. coli, although he did return to Pl metabolism in brain in the
mid 1960°s when he defined the pathway for the synthesis of some of the phosphorylated
derivatives of Pl [22]. Work at the time suggested these PI derivatives may be of some
importance as metabolic regulatory molecules, which of course we now know represent a
major area of second messenger cell regulation research. Voelker and Kennedy [23] also
established that the phosphocholine moiety of sphingomyelin in mammalian cells comes
directly from PC and not from CDP-choline. With some exceptions, protein synthesis uses
adenylate-activated amino acids, carbohydrate synthesis uses uridylate-activated sugars, and
phospholipid synthesis uses cytidylate-activated precursors. From hereon this review will
focus primarily on bacterial phospholipid metabolism with £. coli as the primary vehicle for
study.

3. Pathway for phospholipid biosynthesis in E. coli

3.1. Synthesis of phosphatidic acid

As in eukaryotic cells, PA is the precursor to all the glycerol-based (as distinguished from
Lipid A core of lipopolysaccharide (LPS)) phospholipids of £. coli. PA is synthesized in two
sequential steps employing long chain acyl-CoA or acyl-ACP (acyl carrier protein) for
acylation first at the s7-1 and then the sn-2 position catalyzed by the p/sB[24] and p/sC [25]
gene products, respectively. PA [26] synthesis in bacteria is covered in detail elsewhere in
this issue. Kennedy followed many of his trainees have been the central figures in defining
the pathway (see Fig. 3), metabolism and function of phospholipids in £. coli. This basic
framework along with the early studies of phospholipid synthesis in mammals has served as
a starting point for extending the understanding of phospholipid metabolism in Archaea[1,
27], yeast [28], plants [29] and somatic cells [30, 31], which can be accessed in numerous
reviews some of which are noted above.

3.2. Formation of phosphatidylethanolamine and phosphatidylglycerol

In 1963 Kanfer and Kennedy [32] noted that rigorous characterization of bacterial
phospholipids and the pathways leading to their biosynthesis were understudied relative to
what was known for mammalian systems. They first labeled growing cells of £. coli

with 32P;for increasing times from 30 sec to 30 min, which was followed by a chase of
label. The lipid fraction was isolated, and the incorporation of label into the mild alkaline
deacylation products of phospholipids was quantified after chromatographic separation. PE,
phosphatidylserine (PS), PA and phosphatidylglycerol (PG) were all detected at early time
points. Label in PA and PS steadily decreased with longer labeling times consistent with
being intermediates to other phospholipids. Label in PE remained stable for several
generations during the chase, indicating that the phosphate moiety does not turnover to other
products. Later, it will be shown that the fatty acid at the sr-1 position of PE [33, 34] is used
to acylate the N-terminal amino acid of outer membrane lipoproteins followed by the
reformation of PE by a specific acyltransferase [35]. An important observation was that
label in PG was not stable during the chase, indicating turnover to water-soluble products
due to degradation or some other phosphate labeled compound. Cardiolipin (CL) had not yet
been identified in £. coli. More interesting was the fate of much of this label for the
synthesis of membrane-derived oligosaccharide (MDO) of the periplasmic space, a study
that Kennedy returned to in the 1970’s.

Next came the establishment of the pathway for PE and PG biosynthesis [36]. Involvement
of CDP-ethanolamine was ruled out, but the conversion of PS to PE by decarboxylation was
confirmed [37] to be the same as already seen in animal cells [38] while the formation of PS
was quite different in £. coli. Building on the role of CDP-DAG involvement in Pl
synthesis, Kanfer and Kennedy tried the liponucleotide as substrate with L-serine for the
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synthesis of PS followed by its decarboxylation. In mammalian cells, PS is made by
exchange of L-serine with the hydrophilic head group of either PE or PC by two separate
enzymes [39]. Thus far CDP-DAG-dependent PS synthesis is unique to bacteria and yeast
and appears to be absent in higher eukaryotes except for its presence in wheat [40]. Use of
sn-glycerol-3-phosphate in place of serine resulted in the formation of PG but not PG-
phosphate (PGP), which they presumed was acted on by a phosphatase as had been shown
for the same reaction in chicken liver [41]. Inactivation of the PGP phosphatase in crude
extracts by sulfhydryl reagents demonstrated the intermediate formation of PGP [42]. It
would be nearly 50 years later before the primary PGP phosphatase is identified [43]. In
1968 Carter demonstrated the synthesis of CDPDAG from CTP and PA by a particulate
fraction of E. coli[44].

3.3. Cardiolipin synthesis is different in E. coli than in eukaryotic cells

Of the major phospholipids of £. coli only the synthesis of CL remained to be established.
CL was first isolated and characterized from beef heart in pursuit of the substance in alcohol
extracts that reacted with sera from patients with syphilis [45]. Pangborn started with 15
beef hearts for the initial alcohol extract followed by CdCl, precipitation. After
solubilization of the precipitate with petroleum ether and about 12 more extraction/
precipitation steps, 5 g of pure CL was isolated. Although Pangborn proposed a structure for
CL, it was not until 1958 that Macfarlane established the correct structure [46]. Kennedy’s
group [47] demonstrated the incorporation of s-[2-3H]glycerol-3-phosphate into PG, PGP
and CL by a particulate fraction of £. coli dependent on the presence of CDP-DAG. They
established that PGP conversion to PG was a prerequisite for CL synthesis since use of sn-
[2-3H]glycerol-3-[32P] as substrate failed to incorporate label into CL. However, the strong
stimulation by CDP-DAG of the incorporation of radiolabeled PG into CL lead the
investigators to make the wrong conclusion on the mechanism by which £. co/i makes CL.

In virtually all simple and complex eukaryotes, CL is make by the displacement of CMP
from CDP-DAG by the free hydroxyl of PG at the s1-3 position of glycerol as initially
shown by van Deenen’s group [48]. However, as was later shown by Hirschberg and
Kennedy [49], E. coli condenses two PG molecules to make CL with the release of glycerol.
Considerable evidence had accumulated from £. coliand other bacteria in support of a non-
CDP-DAG-dependent pathway for CL synthesis (see [49]). Notable among the evidence
was the continued formation of CL in the absence of significant metabolic energy, the
release of glycerol during CL synthesis and the incorporation of labeled PG into CL in the
absence of CDP-DAG. In a series of elegant single and double label experiments, it was
established by Hirschberg and Kennedy [49] that CDP-DAG stimulated the formation of CL
but did not directly participate in the reaction. They also ruled out any exchange reactions
between PG and existing lipids in the crude membrane preparations. With the establishment
of the most common route to CL formation in eukaryotes being through CDP-DAG, a clear
division between prokaryotes and eukaryotes appeared to exist. However, as will be
discussed later, this line has become blurred with respect to complete restriction to either
prokaryotes or eukaryotes and a third pathway for CL synthesis recently found in £. coli
[50]. Again, it was not until 2012 that all three genes encoding CL synthases in £. coliwere
accounted for [50].

By the late 1960’s and early 1970’s, the basic outline for the synthesis of the major
phospholipids in bacteria and somatic cells had been established. What followed was an era
of enzyme purification, establishment of enzymological properties and the identification of
genes encoding the enzymes. Around 1969 to 1974 the Kennedy lab was populated by a
group of medical students and postdoctoral fellows who initiated many of the above studies
and became leaders in their fields after departing. Bill Wickner initiated the purification of
the first membrane-associated enzyme that carried out a step in phospholipid metabolism.
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He went on to successfully purify the complex £. coli replication machinery in Arthur
Kornberg’s lab followed by his own work that defined how proteins are inserted into and
translocated across the £. co/imembrane. Chris Raetz began purification of several enzymes
of phospholipid metabolism and then during his postdoc with Herb Tabor developed novel
methods to isolate mutants in phospholipid metabolism. During his independent years he
defined the “Raetz Pathway” for the synthesis of the membrane embedded core of LPS.
Carlos Hirschberg determined how CL was made in £. cofi and then in his independent
career defined many of the important steps in synthesis of the carbohydrate moieties of
glycoproteins. Ed Dennis studied several aspects of phospholipid metabolism in
Tetrahymena and then went on to be a leader in studying the role of phospholipases in cell
signaling. | was fortunate to be in the lab at the time where my interests in analysis of
phospholipid biosynthetic enzymes began and was followed by pursuing the underlying
genetics of these enzymes and finally studying the role of phospholipids in cell function.

4. Isolation of mutants in phospholipid metabolism

Prior to 1970 there were no mutants available in genes encoding an £. coli phospholipid
biosynthetic enzyme. One of the earliest reports [51] of mutants in phospholipid metabolism
was one temperature sensitive for the formation of PE. The mutation turned out to be in the
PpSssA locus that encodes PS synthase (PssA) [52-55]. Bell [24, 56] reported a mutant (p/sB)
that was defective in the committed step to phospholipid synthesis, /.e. the sr-glycerol-3-
phosphate acyltransferase that synthesizes 1-acyl-sr+glycerol-3-phosphate (lyso-PA). The
mutant was selected as a GP auxotroph and turned to have a 10-fold higher Km for the sr+
glycerol-3-phosphate substrate. Starving for sr-glycerol-3-phosphate resulted in complete
cessation of phospholipid biosynthesis.

In 1975 Raetz developed a novel and rapid filter-paper based method for identifying mutants
in phospholipid biosynthetic enzymes [57]. Cells were mutagenized and then grown as
single colonies on agar plates. The colonies were transferred by replica plating to filter
papers in duplicate for /n situ assay of enzymatic activity under permissive conditions and
restrictive conditions (in this case elevated temperature). Cells were lysed by incubation
with lysozyme, and the filter papers, one at low temperature and one at high temperature,
were incubated with radiolabeled water soluble substrates and unlabeled lipid substrates for
lipid synthesis. After trichloroacetic acid precipitation of the radiolabeled lipid product on
the filter papers, autoradiograms of the two filter papers were compared to see which
colonies did not incorporate label at the high temperature. The method was first employed to
isolate temperature sensitive mutants in the pgsA gene, which encodes PGP synthase
(PgsA). Later the method was used to isolate temperature sensitivity mutants (see Fig. 3 for
gene-enzyme relationships) in pssA [58], cdsA [59], and pgpAB [60].

The utility of this method lies with the fact that most fully defective null mutants in
phospholipid metabolism are lethal under a variety of growth conditions. The method relied
on isolating conditional defects in enzyme activities as measured /7 situ, which in many
cases was not reflected in complete loss of function /n vivo or loss in cell viability. Once a
gene locus was identified, then further mutagenesis could be employed to isolate mutations
that also affected growth. The procedure was also extended to somatic cells [61] and yeast
[62], which opened up phospholipid metabolism to genetic analysis and provided a means to
clone the respective genes in multiple organisms prior to the availability of whole genome
sequences.

A temperature sensitive mutation in the psd'locus was isolated by mutagenesis followed by
brute force assay of individual colonies for PS decarboxylase (Psd) activity at an elevated
temperature [63]. The initial mutant contained a second mutation, which rendered the cells
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temperature sensitive for growth but not for PS accumulation or lack of PE. The mutant PS
decarboxylase in the original strain was only temperature sensitive under assay conditions in
the presence of Triton X-100. However, mapping of the original locus led to a second round
of mutagenesis that produced a strain in which viability and wild type lipid composition
were compromised at an elevated temperature [64, 65].

As with the psd gene identification, a brute force method of screening for reduced
incorporation of radiolabel into CL was used to identify the first mutant in CL synthesis now
termed c¢/sA [66]. The mutant had a 15-fold reduction of CL content and reduced turnover of
PG to CL but lacked any other remarkable phenotypes. Following studies over the next 34
years would finally identify multiple genes encoding CL synthases in £. coli.

Therefore, by the early 1980’s a mutant was available in nearly every step of phospholipid
metabolism in £. colibeginning with the acylation of sr+glycerol-3-phosphate. A
temperature sensitive mutant of the p/sC gene (responsible of acylation of lyso-PA) was
reported in 1990 [25]. This set of mutants provided the basis for isolating the genes for
overproduction of enzymes, construction of completely null mutants, sequencing of genes,
and more sophisticated investigation of lipid metabolism and the function of individual
phospholipids. However, several issues remained to be solved in the next millennium. The
c/sA mutant still contained residual CL. Also the pgpA and pgpB double mutants were not
lethal and contained normal levels of PG and CL. These results suggested multiple enzymes
responsible for these steps in the pathway.

5. Purification and characterization of phospholipid biosynthetic enzymes

5.1. Phosphatidylserine decarboxylase

The first phospholipid biosynthetic enzyme to be purified to homogeneity was Psd of £. coli
[67]. Beginning in the late 1960’s purification of membrane proteins after solubilization
with detergents was an increasingly popular endeavor. Fortunately, all of the enzymes of
phospholipid biosynthesis in £. coli remain active after solubilization with Triton X-100 and
actually require Triton X-100 for maximum /n vitro activity. At the time there were only a
few detergents available, gene amplification by overexpression was not yet possible, and
affinity chromatography and epitope tagging were yet to be available. A young enthusiastic
medical student, Bill Wickner, did a research rotation in Kennedy’s lab and began the
purification of Psd. Kilogram quantities of £. coli B cells were purchased from Grain
Processing, Inc. as a source of the enzyme. The term “bucket biochemistry” was not coined
for the process, but Wickner’s style of attacking the problem exemplified the approach. Pilot
purifications generally started with 500 g of cell paste that was lysed using a Manton-Gaulin
milk homogenizer, which employed shear force through a small oriphice. Membranes were
isolated by high-speed centrifugation followed by solubilization with Triton X-100 in the
presence of 10% glycerol. This extract was subjected to acetone precipitation and the re-
dissolved material subjected to DEAE-cellulose ion exchange chromatography. As the
purification procedure was developed, this step involved a 1 L bed-volume DEAE-cellulose
column developed with a 12 L linear salt gradient in Triton X-100 and glycerol. A special
fraction collector was build to accommodate 200 ml fractions. Unfortunately, the collector
would occasionally malfunction in the middle of the night depositing liters of effluent on the
floor usually immediately behind my lab bench. Standard methods of concentrating enzyme
preparations using salt precipitation or pressure dialysis were not practical due to the
presence of detergents so methods of reapplying the enzyme peak to a small DEAE column
followed by step elution with salt enabled the following steps. | joined the project at about
this stage of development and continued it to completion after Wickner moved on to his
postdoctoral position with Arthur Kornberg at Stanford. After a sucrose gradient and two
sizing columns, purified Psd was obtained. The final prep used for initial characterization of
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the enzyme began with nearly 8 kg of £. coli cell paste and ended up with 14 mg of enzyme
after 3600-fold purification.

The initial characterization of the Psd provided information that required time to explain.
The dependence on Triton X-100 for activity measurements was almost absolute with a
steep increase in activity with increasing detergent levels followed by an apparent inhibition
at higher concentrations. Ed Dennis (former Kennedy postdoc) later analyzed the kinetics of
Psd and other enzymes toward lipid substrates in detergentlipid mixed micelles using a
“surface dilution” model [68] to explain enzyme substrate and detergent interactions. This
model for has been extensively used [69] to analyze the kinetic behavior of many enzymes
that act on lipid substrates in detergent-lipid mixed micelles. The purified protein analyzed
by SDS PAGE showed a major band at 30-36 kDa (depending on the system used) and what
was originally thought to be a 10% contaminant at 15 kDa. Amino acid decarboxylases
general have a pyridoxal phosphate or covalently bound pyruvoyl prosthetic group. The £.
coli enzyme was colorless suggesting the latter type of enzyme. Also the minor protein
species was later shown to become labeled by reduction with NaB3H, [70] or NaBH,4
reduction in the presence of radiolabeled substrate [71].

An interesting coincidence is that | had done my Ph.D. training with Esmond Snell at
University of California, Berkeley studying pyridoxal phosphate dependent enzymes.
However, while | was in his group the first pyruvoyl-dependent amino acid decarboxylase
[72] was discovered. Cloning of psd'gene [73] using complementation of the psats mutant
made a further analysis of the generation of the prosthetic group of the Psd possible. Qiao-
Xin Li [71, 74] in my group later showed that the enzyme was translated in a pro-enzyme
form that underwent posttranslational autocatalytic cleavage at an internal serine to convert
the serine to an N-terminal pyruvoyl prosthetic group of a small peptide, /.¢. the apparent
contaminant in the original preparation of the enzyme. S. cerevisiae and somatic cell
mitochondrial Psd’s are highly homologous to the £. colienzyme [75, 76], and the yeast
gene was cloned by complementation of an £. coli psd@ mutant [75]. Yeast and somatic cells
also contain a second pyruvoyl extra-mitochondrial Psd with little homology to the
mitochondrial enzyme [77].

5.2. Phosphatidylserine synthase

Integral membrane proteins carry out the synthesis of PS in Gram-positive bacteria [78],
yeast [79] and somatic cells [39]. However, Kanfer and Kennedy [37] noted that the activity
was largely in the supernatant after a high-speed centrifugation of a cell lysate of £. coli.
The substrates for PssA, CDP-DAG and L-serine, are the same in eubacteria and yeast while
in somatic cells PS is made by head group exchange of serine with PE or PC. When Raetz
initiated purification of £. coliPssA, he noted that it was tightly associated with both 30S
and 50S ribosomes even in high ionic strength buffers [80]. | remember a Gordon Research
Conference in 1971 where the upstart medical student Raetz went up against established
researchers in defending his evidence for the lack of membrane association of the enzyme.
Raetz went on to disassociate the enzyme from ribosomes using 5 M NaCl. He also
demonstrated a possible covalently bound phosphatidyl intermediate based on catalysis of
CMP and serine exchange with CDP-DAG and PS, respectively and a low level CDP-DAG
hydrolysis activity [81]. He also isolated both CDP-DAG and dCDP-DAG from E. coli
extracts [82] thus confirming their participation as lipid biosynthetic intermediates /n vivo.
Within his own research group Raetz always demanded such evidence in establishing a tight
relationship between /in vivoand in vitro experiments. He also identified [83] and partially
purified [84] a membrane associated CDP-DAG-specific (not dCDP-DAG-specific)
hydrolase, the function of which is still not clear. Unlike other enzymes using CDP-DAG as
substrate that are phosphatidy! transferases, the hydrolase is a CMP transferase [85]. It is not
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clear if it is a hydrolase with water as the CMP acceptor or if it is a CMP transferase to some
other molecule.

Although the PS synthases of microorganisms utilize the same substrates, there are major
defenses in enzymological properties, mechanism of action and subcellular localization. The
E. coli enzyme has no divalent metal ion requirement and is not membrane associated while
the yeast [79] and Bacillus [78] enzymes require Mg and are integral membrane proteins.
The yeast enzyme is also well characterized [28] and has many properties closer to the
Gram-positive bacterial enzymes [78]. Lipid substrates with [180] in the phosphate residue
were used to demonstrate that the £. coli enzyme proceeds by a Ping-Pong reaction
mechanism through a possible enzyme bound phosphatidyl intermediate, as Raetz originally
postulated, while the yeast enzyme (and probably the Gram-positive enzyme) proceeds by a
Bi-Bi mechanism condensing its two substrates [86] most likely not through an enzyme
covalent intermediate.

After setting up my own laboratory in Texas in 1972, | initially took Kennedy’s advice and
attempted to purify and characterize enzymes of phospholipid metabolism from animal cells.
However, seeing no successful attempts to pursue the initial purifications started in the
Kennedy group, | returned to £. colias my enzyme source. Affinity chromatography was
being used extensively to purify enzymes, and we capitalized on a “poor man’s approach” to
affinity chromatography for enzymes that have substrates containing phosphate. Many such
enzymes bind to cellulose phosphate-based chromatography resins, which proved to be the
key step in purifying PssA by my first graduate student Tim Larson [87]. The cytoplasmic
fraction of a cell lysate was subjected to several precipitation steps in the presence of Triton
X-100 followed by stripping the enzyme from ribosomes with 5 M NaCl. After dilution of
the salt, the enzyme bound to a phosphocellulose column even in the presence of 0.65 M
NaCl. However, inclusion of 0.4 mM CDP-DAG in the elution buffer specifically eluted the
enzyme in near pure form. The yield was about 2 mg of enzyme from 450 g of cell paste
with 5500-fold purification. The original findings concerning the Ping-Pong mechanism
were confirmed.

The rapid development of molecular genetics in the mid-1975, coupled with isolation of the
first mutants in genes encoding phospholipid biosynthetic enzymes and the cloning of genes
on multi-copy plasmids converged in the lipid field in a collaborate effort between Raetz’s
and my lab. As noted above, Raetz had isolated a pssA temperature sensitive mutant [58].
He had acquired an early copy of the Clarke and Carbon plasmid library of the £. coli
genome [88] from his old friend and former lab mate Wickner, which Raetz used to screen
for plasmids that restored PssA activity and viability to his mutant. Yes the “old boys club”
was beneficial in this endeavor. The plasmids increased PssA levels by an order of
magnitude resulting in our purification of about 9 mg of pure enzyme from 150 g of cell
paste [89]. This report may be the first example of the use of plasmid-directed
overproduction of protein to increase the amount and yield of enzyme isolated from whole
cells. Akinori Ohta joined my lab as a postdoctoral fellow in the late 1970’s. He had been
responsible for the initial generation of pssA mutants as a student in Shibuya’s group in
Japan. He placed pssA on extremely high copy number plasmids, which boosted initial
specific activity of the enzyme several 100-fold so that 34 mg of pure enzyme could be
obtained in 50% yield from 100 g of cell paste [90].

Investigation of the nature of the unique ribosomal location of the PS synthase indicated that
this association may be an artifact of cell lysis as determined by Katherine Louie a graduate

student in my group [91]. 5 M NacCl is required to dissociate the enzyme from the ribosomal
fraction while physiological levels of polyamines prevent ribosomal association, which is in
much less than in stoichiometric amounts. Even more interesting is that among
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phospholipids only CDP-DAG-detergent mixed micelles under optimal assay conditions
dissociated the enzyme from ribosomes. Also the enzyme has high affinity for membranes
loaded with CDP-DAG [92]. Taken together, PSSA is a peripheral membrane protein that
associates with membranes via its lipid substrate and may spend time as both a membrane-
bound and cytoplasmic protein, 7.e. an amphitropic protein. Later sequence determination
revealed an enrichment of positive charges at both ends of the enzyme [93]. Reversible
membrane association dependent on lipid substrate is consistent with a detailed kinetic
analysis using substrate-dilution kinetics and sedimentation analyses in the presence of
CDP-DAG-detergent mixed micelles carried out by George Carman while a postdoctoral
fellow in my group [94]. Carman’s introduction to the enzymology of £. coli phospholipid
biosynthetic enzymes carried over into to his independent career where he continues to make
seminal contributions to our understanding of phospholipid metabolism and its regulation in
yeast.

5.3. Phosphatidylglyerophosphate synthase

The PGP synthase (PgsA) posed a formidable problem in purification since it is an integral
membrane protein. However, the introduction of affinity chromatography made initial
purification from wild type cells possible. Tim Larson made a column in which periodate
oxidized CDP-DAG (vicinal diol of the ribose ring converted to two aldehydes) was
covalently linked to a diamine linker arm attached to Sepharose [95]. PgsA in a Triton
X-100 extract of £. coli membranes bound to such a column and eluted by breaking the link
between the CDP-DAG derivative and the column. A second affinity column was used [96]
in which the initially bound CDP-DAG derivative was pre-treated with NaBH4, which
apparently increased the specificity and allowed elution of the enzyme in high yield using
CDP-DAG in the mobile phase. Enzyme (3 mg) of about 85% purity was obtained from 450
g of cell paste with an overall purification of 6000-fold.

Genetic and biochemical analyses of mutants in PG biosynthesis were initially confusing,
and the cloning of the pgsA gene [97] was questioned upon submission of the work for
publication to a journal not to be named. The initial pgsA mutants [57] had very low PGP
synthase activity but were not temperature sensitive for growth and did not display low
levels of PG and CL. A second mutagenesis was carried out by Nishijima and Raetz [98] on
the original pgsA mutant to generate a strain that was temperature sensitive for growth and
phospholipid synthesis. This mutant, which is temperature sensitive for growth and nearly
deficient in PG and CL biosynthesis, carried a mutation in a second locus (pgsB) far
removed from pgsA. Introduction of the then putative pgsA cloned gene into a pgsAB
double mutant suppressed the lethal growth phenotype and resulted in overproduction of
PGP synthase activity. However, introduction of the pgsB clone into the double mutant also
restored normal growth but did not amplify the residual PgsA level.

To resolve the function of the pgsA gene, the DNA sequence of the gene was compared to
the partial amino acid sequences of CNBr generated fragments of the amplified
homogeneous enzyme [99]. The only method of DNA sequencing available at the time was
the labor-intensive and time-consuming chemical method of Maxam and Gilbert [100].
There was no question now as to the identity of the pgsA gene. However, the pgsA sequence
was later revised and corrected using more updated DNA sequencing technology [101]. The
complete sequence of the pgsA gene was the fourth report of a phospholipid biosynthetic
gene sequence, which followed that of p/sB/dgkA [102] and cdsA [103].

Sorting out the function of the pgsB gene resulted in the seminal report that opened up the
lifetime pursuit by Raetz to completely characterize the genetics, enzymology, structure and
regulation of the enzymes responsible for the synthesis of the membrane-associated Lipid A
core of LPS in E. colias well as many related Gram-negative bacteria (see [104] for a
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review). Nishijima and Raetz [98] noted that at the restrictive temperature for growth of a
PgsAB double mutant, two minor phosphate-positive spots (X and Y) appeared on thin layer
chromatography. Appearance of the phosphate—containing compounds was dependent on the
mutation in the pgsB locus that rendered the cells temperature sensitive for growth and also
caused the reduction in PG and CL levels dependent on the pgsA mutation. They determined
that X was a precursor to Y and both were early precursors to the Lipid A core of LPS [105],
which led to defining the complete pathway for Lipid A biosynthesis in £. coliand many
other Gram-negative bacteria.

The identification of minor lipid species was a fascination for Raetz up to his untimely
passing in 2011. Early in his independent career Raetz labeled £. coli cells with 32P;,
extracted the lipids and subjected the extract to two-dimensional thin layer chromatography
[106]. Not surprisingly after a few hours of exposure to film, he observed PE, PG, and CL.
After a longer exposure additional spots appeared, which were PA, PS, some lyso-
phosphates and a few unknowns. As he exposed the plate for longer times, many more spots
appeared (including X and Y) until the film was almost completely black. Within the
identity of these minor spots lay a wealth of clues to the origin of biosynthetic pathways
leading to important lipidic biological molecules. He promoted characterizing the structure
of unknown lipid molecules in mutants and clone collections to which he applied the rules of
enzymology to propose pathways for their conversion to major biological constituents. The
focused development of mass spectrometry applied to lipids through the LIPID MAPS
consortium (http://www.lipidmaps.org) directed by Ed Dennis has been essential for such
detailed identification. Based on these structural considerations, plausible substrates were
synthesized and tested as substrates of new enzymes, which were purified and expression
cloned to identify the genes encoding the respective enzymes. This bottom up approach
served him well in identifying new pathways, enzymes and genes in lipid metabolism, which
was followed by detailed enzymological and structural studies of the enzymes involved (see
testimonials to Raetz’s accomplishments [107, 108]).

5.4. CDP-diacylglyerol synthase

Like PA, CDP-DAG is an essential intermediate to all the phospholipids of £. coli by
providing the substrate at the branch point leading (Fig. 3) to the amine-containing
zwitterionic phospholipid PE and the anionic phospholipids PG and CL. Extensive focus on
the CDP-DAG synthase (CdsA) and the gene (cdsA) encoding this enzyme did not occur
until the 1980’s by the Raetz lab. Using the filter paper assay method, mutants were isolated
with very low (d)CdsA activity with no growth rate defects [59]. However, most showed
high accumulation of PA consistent with a mutation in the synthase. Once the cdsA locus
was identified, further mutagenesis yielded several mutants that failed to grow at pH 8 and
accumulated PA to nearly 30% of total phospholipid, which turned out to be due to a
downshift in the pH optimum for the mutated synthase [109]. The accumulation was mostly
at the expense of PG and CL rather than PE, which suggested that affinity for CDP-DAG
may be significantly higher for the PS synthase than the PGP synthase. Coupled with the
fact that withholding cytidine from cytidine auxotrophs results in high levels of PA indicated
that CdsA supplied the vast majority of phospholipid precursor.

With a conditional lethal mutant in hand, cloning of the casA gene by complementation of
the mutant was made possible followed by sequencing of the gene [103] and overproduction
of the synthase for purification and characterization [110]. The plasmid amplification of the
cdsA gene resulted in a 50-fold increase in starting specific activity for the synthase, which
made possible the purification of about 2 mg of 90% pure enzyme from about 20 g of cell
paste. Correcting for the initial overproduction, the purification from wild type cells would
have been over 8000-fold. The minimum molecular mass of 27,000 Da corresponded well
with the sequence predicted by the gene sequence. The enzyme followed substrate dilution
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kinetics with respect to PA and used both CTP and dCTP as substrates. Less than 0.5% of
activity was shown using any other ribo- or deoxyribonucleotide substrate. There is
considerable sequence homology with Cds’s from other organisms even though there are
significant differences in molecular mass. This homology was used to identify and clone the
respective synthase genes from S. cerevisiae [111], Drosophila[112], and humans [113].

5.5. Phosphatidylglycerophosphate phosphatases

The filter-paper screening technique was setup to identify mutants in PGP phosphatase
(Pgp) and identified temperature sensitive mutants in two genes that encoded phosphatases
(pgpA and pgpB). These phosphatases acted on several phospholipids including PA, lyso-
PA and PGP [60]. However, none of the mutations conferred a temperature sensitive growth
phenotype or significantly perturbed phospholipid composition except to increase PGP
content from <0.1% to 1.6% of total phospholipid. PgpA appeared to be more specific for
PGP while PgpB appeared to be more specific for the other two phospholipids.
Overexpression of PgpA mostly increased PGP phosphatase activity [114] while
overexpression of PgpB [115] increased phosphatase activity towards all three substrates
with a lesser effect on PGP phosphatase activity. PgpA is localized to the inner membrane
while PgpB was originally thought to be an outer membrane phosphatase, but more recent
results indicate an inner membrane location [116]. Clearly either the mutations did not
confer complete dysfunction /n vivo at elevated temperatures for PGP phosphatase activity
or additional PGP phosphatases exist.

Partial clarity was brought to the problem by construction of completely null mutations
individually and together at the pgpA and pgpB loci [117] carried out by Cindy Funk a
graduate student in my group. Such an approach was highly dependent on the pioneering
work of Raetz in identifying genes responsible for phospholipid biosynthesis, which could
be used as targets for complete gene inactivation to determine whether particular enzymes or
lipids are essential or whether there are multiple enzymes for particular steps in the pathway.
The null mutants behaved the same as the original temperature sensitive mutants when
grown at elevated temperature so clearly there was a third pgoC gene yet to be identified.
The reason Icho and Raetz [60] were able to identify PGP phosphatase mutants based on
lack of significant incorporation of 32P, into lipid at elevated temperature in the filter paper
assay is that the residual PGP phosphatase activity (ogpC gene product) is rapidly
inactivated at 42°C under assay conditions containing Triton X-100. However, it was left to
Raetz’s group to clear up the uncertainty surrounding PGP phosphatases in £. coli by
cloning the pgpC gene [43]. An E. coli genomic plasmid library was expressed in a A pgpAB
mutant (null in both genes), and pools of individual colonies were assayed for increase PGP
phosphatase activity. Using this expression cloning and direct enzyme assay approach, the
third PGP phosphatase was identified. The ApgpABC null strain grew with wild type lipid
composition provided it carried a plasmid copy of anyone of the genes. Complementing the
triple mutant with anyone of the genes on a plasmid that is temperature sensitive for
replication resulted in growth arrest at elevated temperatures with accompanying
accumulation of PGP and loss of PG/CL synthesis.

PgpC is predicted to span the inner membrane one time with its putative haloacid
dehalogenase active site facing the cytoplasm [43] where it most likely acts as the primary
PGP phosphatase. PgpC homologues are found in a broad spectrum of bacteria. PgpB has
been purified to homogeneity and topological organization of the enzyme in the inner
membrane indicates that its putative active site faces the periplasm [116]. In addition the
enzyme is among four gene products that act as undecaprenyl-PP phosphatases, which is
consistent with the production of this substrate on the outer face of the inner membrane.
Also PgpB is the least effective PGP phosphatase /n vivo. Little is known about PgpA
homologues, which are found in a narrower spectrum of Gram-negative bacteria than the
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PgpB family. None of the E. coli phosphatases show significant homology to either yeast
[118] or somatic cell [119] PGP phosphatases, both of which appear to be the primary PGP
phosphatases.

5.6. Cardiolipin synthases

CL synthases have not been purified to high degrees of homogeneity from any bacterial
source due to their low amount. However, cloning of the ¢/sA gene of £. coli[120] and
overproduction of CIsA over 700-fold provided starting material for a rapid and extensive
purification [121]. Although the enzyme was highly overexpressed, there was only a 30%
increase in CL levels at the expense of mainly PG. Overproduction resulted in a reduced
membrane potential, fragility of spheroplasts and eventual loss of viability all suggesting
some compromise of membrane barrier function. However, these properties may not be due
directly to increased CL since mutants in other phospholipid biosynthetic enzymes have
even higher CL content without displaying these properties [93]. The only chromatography
medium found suitable for purification was phosphocellulose with elution by a phosphate
concentration gradient. SDS PAGE of the eluent from the final column displayed a major
protein species of 45 kDa corresponding to the plasmid-amplified protein. The estimated
10,000-fold enrichment over wild type levels of CIsA approached only 80% of purity with
several additional bands on the gel.

There remain important unanswered questions as to the size of mature CIsA. The gene
sequence predicts a protein of mass 54-55 kDa [120], which is observed when the protein is
synthesized /n vitro in the absence of membranes. However, the purified protein has a mass
of 45-46 kDa [121]. Post-translation cleavage removing 8 kDa from the N-terminus would
explain this result but would also remove the only two predicted transmembrane domains
and possibly prevent membrane insertion. Attempts to resolve this contradictory result have
not been completely successful [122]. Tagging the protein at the C-terminus with a 6 x His
tag results in a membrane associated inactive protein of 46 kDa that retains the C-terminal
tag. Using an internal epitope tag, a full length and an N-terminal truncated (A2-60) CIsA
were membrane associated, fully active and displayed a mass of 46 kDa and 48 kDa,
respectively as had previously been shown for the truncated native protein [123]. The
difference in mass indicates that the cleavage sites for the full length and truncated proteins
may be different. Proper processing and activity of the full-length protein is affected by
several mutations in the N-terminal domain that is removed post-translationally [122]. Most
interesting are serine substitutions at positions 7 and 8 that significantly reduce /n vivo
activity without affecting /7 vitro activity. Quigley and Tropp suggested that the mutant
protein is misoriented in the membrane with its active site facing the cytoplasm. Shibuya et
al. [124] had suggested that the active site faces the periplasm based on the formation of
phosphatidylmannitol driven by the reverse reaction when cells were grown in high
concentrations of mannitol, which was not transported into £. coliin the strain they used. In
this reaction mannitol would take the place of glycerol in the reverse reaction. These
questions relating to CIsA posttranslational modification and orientation remain unresolved.

Since null alleles of ¢/sA still contained low levels of CL [125], there appeared to be
additional CL synthases as was found for PGP phosphatases [43]. Guo and Tropp noted two
additional c¢/sA paralog genes (ybhOand ymdC) in E. coli[123]. They were able to
demonstrate CL synthase activity (using radiolabeled PG as substrate) for y6h0 (now called
c¢lsB) in vitro with a crude membrane preparation from the A c/sAB mutant only if it was
overexpressed from a plasmid. However, they were not able to demonstrate increased
significant CL synthesis 77 vivo by cells overexpressing CIsB from a plasmid in a Ac/sAB
background. Guo and Tropp grew cells in rich medium containing low NaCl (0.5 g/L),
which will become important later in interpreting their results. A Ac/sAB strain was
reported but its phospholipid composition was not determined [126], even though it was
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used to establish lack of involvement of CL in polar localization of MurG responsible for
peptidoglycan biosynthesis.

The ymdC gene (now called ¢/sC) was cloned and all combinations of null mutants among
the three c/s genes were constructed [50]. Using both highly sensitive 32P; labeling of cells
and liquid chromatography/mass spectrometry (LC/MS) analysis, no CL was detected under
a variety of growth conditions including media of high and low ionic strength or osmolarity
and growth into late stationary phase. Interestingly each strain expressing only one of the
three CL synthases showed the formation of CL, but the amount of CL was different for
each depending on the NaCl concentration or osmolarity of the growth medium and whether
the cells were analyzed during log growth or in stationary phase [50]. CL levels are know to
increase at the expense of PG as cells enter stationary phase and also when cells are grown
in higher ionic strength or osmolarity medium [127]. Expression of CIsA results in the
highest content of CL in log or stationary phase irrespective of ionic strength or medium
osmolarity. Neither CIsB nor CIsC contributes detectible CL during log growth in media of
low ionic strength (i.e. 0.5 g/L NaCl) or low osmolarity. However, they do make measurable
amounts of CL (ca. 2%) when cells are grown to stationary phase. This appears to be the
reason Guo and Tropp did observe CL synthesis by CIsB /in vivo since they used media with
low NaCl content [123].

However, the story gets more interesting upon further investigation. The ¢/sC lies within a
polycistronic gene preceded by ymaB of unknown function [50]. Tan et a/. [50] suggested a
two-protein complex (CIsC and YmdB) transcribed from the same operon with CIsC being
the catalytic subunit and YmdB being an enhancer of activity. Expression of either gene
alone from plasmids in a Ac/SABC A ymadB background only resulted in a low level of CL
with a ¢/sC-containing plasmid and no CL with a ymaB-containing plasmid. CL levels near
that observed for CIsA occurred when ClIsC and YmdB were expressed in tandem from the
same DNA segment. CISABC all belong to the phospholipase D superfamily and CIsA had
been shown to catalyze the condensation of two PG molecules with the formation of CL and
glycerol [49]. YmdB, consistent with the inability to catalyzed CL synthesis, does not
contain the phospholipase D motifs. Mutation of the putative catalytic domains of ClsC
inactivated the enzyme. However, CIsC carries out CL synthesis by a novel mechanism
involving a phosphatidyl transfer from one PE molecule to PG rather than a phosphatidyl
transfer from one PG molecule to a second PG molecule [50].

Establishment of the novel mechanism for CIsC relied completely on employing mass
spectrometry to analyze the products. First, a PG containing a non-native 17:0/14:1 fatty
acid composition was used as substrate with a crude membrane preparation from the
following strain. A ApgsA strain (discussed latter and completely lacking PG and CL) was
made null in ¢c/SABC and ymdB. This mutant was then used to express either CISA or
YmdB-ClsC from a plasmid. When membranes containing CISA were incubated with the
non-native PG, both PA moieties of CL displayed the non-native fatty acid composition.
This is consistent with using two PG molecules to make CL with the release of glycerol.
However, YmdB-ClsC-containing membranes only incorporated the non-native fatty acids
into one of the two PA’s of CL with the other having a fatty acid composition similar to that
of endogenous phospholipids of £. coli. Use of CDP-DAG containing non-native fatty acids
ruled out its involvement as a second substrate. Next, the same experiment was carried out
using both PG and PE with different but non-native fatty acid compositions. The resulting
CL using the YmdB-CIsC membranes contained one PA derived from the PG and one from
the PE. Therefore, CIsC catalyzes a condensation between PE and PG to yield CL with the
apparent release of ethanolamine. In light of this result, a further investigation as to the
mechanism of CIsB is needed. The phospholipid pathway outlined in Fig. 3 has been
modified from earlier versions to show the new information with respect of CL synthesis
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(step 6). The same might apply to the CL synthases from other bacteria, which have all been
assumed to catalyze the condensation of two PG molecules. A recent report [128] suggested
a “bacterial-type” CL synthase in Trypanosoma brucei, which would be the first in a
eukaryote. This identification of mechanism was based solely on informatics identification
of the phospholipase D catalytic motif without reporting evidence for in vitro CL synthesis
dependent on gene expression. As we how known, more rigorous verification of substrates
and products are required before a mechanism for CL synthesis can be suggested in any cell

type.

ClsA is expressed under all growth conditions and contributes the majority of CL [50]. ClsB
and YmdB-CIsC contribute CL mostly during late log and stationary phases with only minor
contribution during log phase. In low osmolarity growth medium all three Cls’s make less
CL with CIsB and YmdB-CIsC contributing barely detectible amounts, which increase with
increasing osmolarity/ionic strength of the growth medium. Whether these media effects
reside at the enzyme catalytic level or are due to differences in gene expression remains to
be determined. There are no dramatic phenotypes due to the loss of CL, although null
mutants in ¢/sA, which fail to induce high levels of CL in stationary phase, lose viability
more rapidly during long-term incubation in stationary phase [127]. The existence of
multiple genes encoding CL synthases with homology to the £. colienzymes is wide spread
among bacteria as is summarized in this report [50]. However, eukaryotic CL synthases
show no homology to the bacterial enzymes, which is not surprising due the differences in
reaction mechanism.

Conclusions about how and under what conditions CL is made in £. coli (and probably in
other organizes) needs careful reinvestigation. Shibuya et a/. [129] suggested that the low
level of CL observed in a ¢/sA null mutant might be due to a side reaction of the PS
synthase. This was based on the observation that in a pssA temperature sensitive mutant also
null in ¢/sA, the level of CL increased with the increase in catalytic activity of the PS
synthase. The molecular basis for this observation probably lies in the fact that the then
unknown CIsC utilizes increasing amounts of PE made by increased PS synthase activity.
Guo and Tropp [123] concluded that CIsB did not make CL /n vivo because overexpression
of CIsB could not rescue the lethality of the pssA'S A c/sA strain at elevated temperatures.
However, they used low salt media in their experiment where CIsBC do not contribute
significant levels of CL. Finally, what are the functions of CIsB and YmdB-CIsC, if CIsA
contributes the majority of CL under all growth conditions.

6. Diglyceride kinase and membrane derived oligosaccharide biosynthesis

As noted earlier, Kanfer and Kennedy [32] reported stable incorporation of 2P into PE but
rapid turnover of the label incorporated into PG. Schulman, a graduate student in the
Kennedy lab, and van Golde, who was on sabbatical leave from the Utrecht lipid
powerhouse, returned to this problem in the mid 1970’s and discovered a group of glucose-
containing oligosaccharides decorated with moieties derived from the head groups of
phospholipids [130]. These were termed “membrane-derived oligosaccharides” (MDO) and
were localized to the periplasmic space. In an update of the earlier labeling and stability
experiment, £, coliwas label with sn-[2-3H]glycerol-3- 32P. It should be noted that use of
sn[2-3H]glycerol-3-P to label cells is very specific for phospholipids because any other use
of this compound must go through the formation of dihydroxyacetone phosphate with loss of
tritium label. Again label incorporated into PE was stable during the chase while significant
amounts of both labels were lost from PG and CL to water soluble, chloroform insoluble
compounds containing glucose as the only sugar. The heterogeneous mixture of compounds
all contained glycerophosphate with some containing succinic acid in ester linkage. The
material made up about 1% of the dry wet of cells. Subsequent work showed that the
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glycerophosphate as the sn-1 phosphate was derived from PG and was attached via a
phosphate ester at the 6 position of one of 10-12 glucose molecules of the highly branched
oligosaccharide [131, 132]. The chirality at the 2-position of glycerophosphate was an
important clue to its source. The PGP precursor to PG has a phosphate at both the 1- and 3-
position of the unesterified glycerol with the 1-phosphate remaining after conversion to PG.
Some forms of MDO also contained phosphoethanolamine, derived from PE, at the same
position. Lack of significant turnover of PE in previous experiments is probably due to the
relative amount of PE versus PG. The oligosaccharide is synthesized from UDP-glucose
[133], and the phosphate-containing decorations are derived from membrane phospholipids
by enzymes located in the periplasmic space [131, 134].

The expected lipid byproduct of such a head group transfer would be sr-1,2-diacylglyerol.
Mutants in diglyceride kinase (dgkA gene) accumulate its lipid substrate as high as 8% of
total glycerol-based lipids [135]. Blocking MDO synthesis at the level of UDP-glucose
utilization or blocking glucose synthesis greatly reduced diglyceride formation. Overall the
data supported a “diglyceride cycle” in £. coli[135] where MDO synthesis generates
diglyceride from phospholipid head group utilization (Fig. 3). The diglyceride is then fed
back into the phospholipid biosynthetic pathway with the formation of PA via the
diglyceride kinase. The level of diglyceride formation and the rate of flux through the cycle
is inversely proportional to the osmolarity of the growth medium because MDO’s maintain
the osmotic pressure of the periplasmic space of not only £. coli but Gram-negative bacteria
in general [136]. The negative effect on growth of a dgkA mutant in medium of low
osmolarity was effectively used to isolate mutants in the biosynthesis of MDO [137].

Therefore, a major route for turnover of PG is dependent on the demand for MDO while in
stationary phase PG turns over to CL. However, nothing is known about the turnover of CL.
Contrary to earlier findings PE does turnover again dependent on the demand for MDO.
Although the 1-acyl group of PE is the major source for acylation of the N-terminal cysteine
of the major outer membrane lipoprotein (encoded by /pp) plus probably all of these types of
lipoproteins [33, 34], strains completely lacking PE still acylate lipoproteins using other
phospholipids [138]. Another route for PE turnover is transfer of phosphoethanolamine to
the Lipid A core of LPS [139], which also generates diglyceride. Interesting all of these
turnover steps use phospholipid parts as precursors for the synthesis of other important
biomolecules without the complete degradation of any one phospholipid species.

7. Construction of null mutants

7.1. Overview

The initial isolation of conditional mutations in many of the genes encoding phospholipid
biosynthetic enzymes was a significant development that led to cloning of the genes,
overproduction of the gene products, identification of orthologs in other species and
purification of many enzymes of phospholipid metabolism. However, these mutants did not
address the issue of the function of or necessity for specific phospholipids. The set of cloned
genes now made it possible to construct null mutants at several points in the pathway. The
importance of this approach was illustrated above in uncovering multiple genes such as
PoPABC and c/sABC. However, many of the genes of interest appear to be essential
especially if there is only a single gene encoding a particular function. In fact the most
recent update of the Keio library of single null gene constructs of the entire £. coli genome
(http://www.shigen.nig.ac.jp/ecoli/pec/index.jsp [140]) only lists ¢/sA, pgpAB, dgkA, and
cadhas non-essential genes. It is understandable that p/sBC and cdsA are essential genes
because of their early position in the pathway (Fig. 3) and the lack of additional genes
encoding these activities. It turns out that the remaining “essential” genes can be made null
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producing strains that can be propagated under defined culture conditions or if combined
with second site suppressor mutations.

My interest in constructing null mutants in genes related to phospholipid metabolism started
during a sabbatical with Jeff Schatz in Switzerland in 1984 where | also initiated my second
research focus on the role of specific phospholipids in yeast mitochondrial function. Yeast
geneticists had developed easy recombinant methods to generate gene knockouts and could
utilize diploid strains to isolate disrupted essential genes. Upon returning from sabbatical,
my lab set out to determine which if any of the major phospholipids of £. coli were essential
for viability or if cells lacking of these lipids displayed phenotypes that would provide clues
to functions of each lipid. Unfortunately, no easily usable systems for gene disruption, as in
yeast, were available for £. coliat the time. Direct transformation with linear DNA followed
by recombination was not very efficient due to highly active nucleases. Systems using the A
Red recombinase now make construction of null mutants very easy [141], and null mutants
are available in all non-essential genes from the Keio library [140]. The laborious method
initially used to construct strains with selectable drug-resistance markers inserted into
specific genes is described in [142]. Phil Heacock joined my group as a technician shortly
after my return from sabbatical. He has carried out much of the complex molecular genetic
manipulations of £. colistrains that have been used in my group up to today.

7.2. Mutants lacking phosphatidylglycerol and cardiolipin

The first gene in phospholipid biosynthesis to be disrupted was pgsA [142] followed the
next year by c¢/sA [125]. Since we assumed the gene is essential, disruption (pgsA30:: kan)
was carried out in the presence of a copy of the wild type gene carried on a low copy
number plasmid that was temperature sensitive for replication, which facilitated loss of the
plasmid during growth at 43°C. Various parameters were followed during growth of the
final construct at 43°C. PgsA activity dropped from the overproduced level due to the
plasmid to about wild type levels within the first few generations and then continued to
undetectable levels at the point of cell arrest of the culture at 4.5 h. Culture content of PG
began to drop at about the time PgsA activity levels were 25% of wild type while the
viability judged by plating for single colonies at 30°C began to drop about the time PG and
PgsA activity levels fell below wild type levels presumably due to those cells that had lost
the plasmid. At the point of culture arrest, the total of PG, CL, and PA was about 5% of total
phospholipid. Therefore, there was a good correlation between loss of the covering plasmid,
cell viability, PgsA activity and PG plus CL levels. Cells continued to grow until PgsA
levels dropped below a level to sustain PG synthesis necessary for continued growth. Even
though viability was compromised as shown by the inability to form single colonies after
loss of the plasmid, there was no apparent lysis of cells. The conclusion was that PG was
essential for cell viability but why it is important still remained to be determined. That is
dead cells tell few stories. We needed to have viable cells compromised in specific
functions.

We next made one of the first inducible systems for regulating phospholipid composition by
placing the pgsA gene under control of the P ,-0p (promoter of the /ac operon). In order
spread out the induction curve as a function of isopropyl-R-Dthiogalactoside (IPTG) inducer
concentration, it was necessary to have a strain lacking the lactose permease (LacY) [143].
With this system we were able to vary anionic phospholipid (PG + CL + PA) content in an
IPTG-dose responsive manner from the minimal level of about 5% to wild type levels of
about 25%. Below about 15% of PgsA wild type levels the level of PG and CL began to
decrease and cell growth rate slowed and finally arrested at zero inducer levels. An
important observation was that cells were still viable and rapidly resumed growth with
addition of IPTG. Therefore, cell membrane integrity was not compromised. Cell growth
was limited by the capacity of the residual PgsA activity to supply sufficient PG either as a
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precursor for some other macromolecule (MDO or lipoproteins), a regulator of an essential
metabolic process, or a necessary constituent of the membrane bilayer. What we did not
appreciate at the time was that P ,.opis a stochastic promoter that behaves in an all or none
fashion [144]. Therefore, the level of enzyme and PG in the culture as a whole was dose
dependent on IPTG because IPTG concentration determined the number of cells that were
fully induced and not the level of PG in each cell of the culture. Later we would use
promoters that gave homogenous induction over all cells of the culture.

7.2.1. Suppressors of the ApgsA allele—Upon further investigation things got very
complicated and in the end our conclusion was correct that PG is essential in wild type cells,
but cells could be constructed that were robustly viable without PG and CL. Miyazaki et a/.
[145] had previously generated a very tight temperature sensitive mutant of pgsA in a strain
(SD12) that carried several other mutations. Among them was a mutation in the synthesis of
the major outer membrane protein (/op gene) [146]. The mutant grew well at 30°C with
barely detectible PG, CL or PgsA activity. Aware of this observation, we introduced the
ApgsA allele into SD12 and again concluded that pgsA gene is essential [142]. Later it was
shown that lethality of strains lacking the capacity to make PG was due to several reasons.
First, lack of transfer of a diacylglycerol moiety from PG in thioether linkage to the N-
terminal cysteine [147] of the lipoprotein results in its accumulation in the inner membrane
instead of its transport to the outer membrane [148]. Since this protein, although small, has
the highest copy number of any protein in £. colj, this accumulation led to cell growth arrest
and eventually cell death. Cells lacking the lipoprotein have some compromised barrier
function of the outer membrane but otherwise are viable. Therefore, SD12 should have been
viable with a ApgsA allele as was eventually shown [146]. However, it turns out that the

A pgsA allele confers does not prevent growth at 30°C but results in poor growth at 37°C
with loss of viability above 40°C even in the absence of lipoprotein synthesis [149, 150];
there is also lack of growth in minimal medium and medium of low osmolarity, the latter of
which maybe due to the lack of sufficient MDO synthesis. Therefore, during the curing of
the temperature sensitive covering plasmid in our original construction of the ApgsA allele,
the cells became temperature sensitive and did not survive. It turned out that viable ApgsA
strain [149] contained an additional mutation rcsA gene which suppressed activation of
RcsCDB phosphorelay signaling system allowing the cells to grow at 37°C but not at 42°C
where cell lysis still occurred [150, 151]. Therefore, by introducing mutations in the
phosphorelay system, /jop and pgsA, a robust viable strain completely lacking PG and CL is
available [149, 152]. As a side note, it is not clear whether PGP phosphatase activity is
absolutely required. The evidence for lethality is based on curing a covering plasmid at 42°C
in a largely wild type background except for ApgpABC [43], which is the same evidence
used for establishing essentiality for the pgsA gene. Whether the same suppressors that
rescue the A pgsA strain would rescue the A pgpABC strain has not been tested.

7.2.2. Other functions of anionic phospholipids—The initial observation that PG is
essential in wild type cells was correct and with the efforts begun by the Shibuya lab
followed through by Matsumoto and Hara /abs several important functions of PG have been
established. Although the major outer membrane lipoprotein (and possibly other
lipoproteins) and MDO are not absolutely required for £. coli survival, they are important
under certain growth conditions to stabilize the membrane envelope. Also ApgsA strains
carrying the above suppressors are viable at 37°C but not at 42°C, which has not been
explained. Are there other functions that require PG or CL? Both /in vivoand in vitro
experiments support a requirement for anionic phospholipids in translocation of proteins
across the inner membrane, initiation of DNA replication and proper location of the division
septum at mid-cell. Components required for all of these functions are amphitropic proteins
that reversibly interact with anionic phospholipids at the membrane surface. Since PA and
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CDP-DAG are absolutely required, it is not possible to make a strain completely lacking
anionic phospholipids, which may partially substitute for PG and CL.

A strain carrying the pgsA3allele (not a null allele but contains very low levels of PG or CL
[145]) and an /Jpp mutation is compromised in SecA-dependent translocation of outer
membrane across the inner membrane [153]. Inverted membrane vesicles made from the
anionic phospholipid depleted strain also displayed a significantly slower rate and steady
state level of protein translocation than control membranes including those in which only CL
was depleted. In a ApgsA strain (also with a Jgp mutation) in which PG/CL levels were
regulated using IPTG, the rate of protein translocation was proportional to the level of PgsA
induction [154, 155]. For membranes isolated at different levels of induction, there was an
IPTG-dependent dose response to SecA (cytoplasmic protein required for pre-protein
translocation across the inner membrane) membrane binding, stimulation of latent required
SecA ATPase activity, and effectiveness of protein translocation. However, this dose
response relationship probably reflected the proportion of fully induced cells. Finally,
addition of PG to the anionic phospholipid depleted inverted membrane vesicles restored
SecA-dependent protein translocation [154].

Kornberg had reconstituted DNA replication /7 vitro and observed that DnaA initiates DNA
replication in an ATPase dependent manner but fails to continue new rounds of DNA
replication because the resulting ADP is tightly bound to DnaA. Initially, CL but not PG
(dipalmitoyl) when added to the /n vitro system reactivated DnaA for additional rounds of
initiation by inducing ATP exchange for ADP [18]. Later it became apparent that PG was
equally effective when containing unsaturated fatty acids [17, 156]. Choice of fatty acid
composition is also of importance in in vitro experiments with avoidance of phospholipids
with both chains saturated or both chains unsaturated. The former does not disperse as well
as the latter and neither is highly represented in £. coli phospholipid species. Using the

A pgsA strain in which PG levels could be regulated by IPTG, Weiming Xia in my group
demonstrated that growth arrest of this strain at limiting PG levels could be suppressed by
activating a DNA initiation system that bypasses the involvement of DnaA [157]. DnaA,
which is isolated as a soluble protein, has high affinity for anionic phospholipid-containing
liposomes [158, 159] and a photoactivated anionic phospholipid crosslinks to DnaA at a
positively charged amphipathic helix in DnaA [158]. A leucine to lysine mutation in this
helix renders DnaA function independent of anionic phospholipids and restores growth to
cells limited in anionic phospholipid content [160].

MinD is an ATPase and is part of the Min system that assures organization of the division
site at mid-cell [161]. It oscillates from cell pole to pole where it binds in association with
MinC to the membrane through a C-terminal positively charged amphipathic helix when in
the ATP-bound form. The MinCD complex shields the poles from components that build the
division septum at mid-cell. Binding by MinE stimulates ATPase activity followed by the
depolymerization of MinD and release from the membrane. In a mutant completely lacking
PE and now containing only anionic phospholipids, the cycling of MinD, labeled by Green
Fluorescent Protein, between the cell poles is disrupted. The dwell time for MinD in
association with the membrane surface through CL-enriched membrane domains is now
significantly increased [162]. We had previously demonstrated that similar but stable
domains visualized by the CL specific dye Nonyl Acridine Orange (NAO) exist in this PE-
lacking mutant [163]. NAO also labeled the cell poles and the division site in wild type cells
consistent with the enrichment of CL at the cells poles [164]. Although not directly
demonstrated, the pattern of MinD oscillation in cells lacking PE matches the distribution of
CL domains along the membrane. MinD binding to liposomes is dependent on ATP and the
presence of anionic lipids in a protein cooperative manner [162] mimicking the
oligomerizatoin of MinD on the membrane surface /77 vivo. MinD binding to liposomes
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containing anionic phospholipids perturbs lipid organization [165] and is enhanced when
anionic lipid domains are induced in the presence of neutral zwitterionic phospholipids
[166].

The combined /n vivoand in vitroresults are strong support for involvement of PG and/or
CL in the above function of amphitropic proteins. On the other hand A pgsA strains
(completely lacking PG and CL [151]) display normal growth, DNA replication, and pole-
to-pole oscillation of MinD [167] although they are shorter than the parent wild type strain.
The most likely explanation is that £. coliis less attuned to the structural properties of its
membrane lipids than eukaryotic cells and relies mostly on their less constraining physical
and chemical properties. A PgsA strains, such as UE54, still contain nearly 10% of the
phospholipid as anionic. In the complete absence of PG and CL and with 90% of the
phospholipid as PE, NAO still bound to something at the cell poles but only elicited green
fluorescence, normally seen with any anionic phospholipid, and not a red shift in
fluorescence normally observed with CL [167]. Analysis of the lipids that localized to the
poles (which are derived from the septum area) in UE54 showed a high enrichment in PA as
well as a newly discovered phospholipid in £. coli; N-acyl PE. The localization of CL
normally to the cell poles is believed to be due to its ability to induce negative curvature in
the lipid bilayer because of its small head group and large hydrophobic domain. Both PA
and A-acyl PE are also anionic lipids and have similar non-bilayer prone properties as CL
(see Fig. 5). It is not possible to completely eliminate anionic phospholipids from E. coli
since PA and CDP-DAG are essential intermediates to all phospholipids. £. coli shows
greater promiscuity than mammalian cells with respect to the structure of supporting lipids
so that most anionic phospholipids will support enzyme function /n vitro. Therefore, the best
evidence for specific roles for these lipids in the above process /n vivo stems from studies of
the interaction of specific proteins with lipids /n vitro correlated with modification of
cellular processes in mutants with reduced anionic phospholipids.

7.3. Phosphatidylethanolamine and phosphatidylserine are not absolutely essential

With the success in making null mutants in pgsA, we decided to determine if the amine-
containing phospholipids of £. coliwere essential. The existing temperature sensitive
mutants in pssA and psd’become filamentous as PE levels decrease [58] or PS accumulates
due to lack of conversion to PE [65], respectively. In the case of the psd mutant growth
arrest could be suppressed by supplementing rich medium with Mg2*. PS levels rose from
48% in low Mg?* to 76% in high Mg2* with PE levels reduced to 5% of total phospholipid.
With the pssA mutant grow arrest occurred when PE levels dropped from 85% to 32% of
total phospholipid; CL levels also rose from 17% to 58%. Addition of Mg?* to the growth
medium also suppressed the growth arrest phenotype without correcting phospholipid
composition [53, 168]. Since Mg2* appeared to suppress the growth phenotype of the pssA
and psd mutants, we set out to make null alleles of these genes.

Although we were able to make several mutants in the psd’locus to study the formation of
the Psd pyruvoyl prosthetic group [71, 74], interruption of the gene by a drug marker was
unsuccessful [169]. Covering a psd:: kan allele with the plasmid copy of the psd gene alone
did not restore viability even in the presence of divalent cations, but including the
neighboring gene (y/eP) in tandem on the plasmid restored viability and normal
phospholipid composition. We concluded that the two genes are in an operon and that
interruption of psd'had a polar effect on yjePtranscription. YjeP is listed as a non-essential
gene in the Keio Collection and is predicted to encode a mechanosensitive channel. Possibly
the membrane related function of this protein is essential in a background in which
membrane lipid composition is altered. Further investigation into the relationship between
Psd and YjeP function has not been initiated.
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A ApssA strain [93] was constructed in a similar manner to the A pgsA strain [142] using a
temperature sensitive covering plasmid carrying a functional copy of the gene. After a shift
in growth temperature to 43°C, the mutant strain followed a similar pattern to the A pgsA
strain in that PssA activity, PE levels (reduced to 30% of total phospholipid) and cell
viability declined after the plasmid was lost with growth arrest after about 13 generations.
The unexpected result was that supplementation of the growth medium with divalent cations
(Ca%*, Mg2*, Sr2*, but not Ba2™) suppressed the growth arrest phenotype but not
filamentous growth, loss of PssA activity or elimination of PE. Cells did grow about half as
fast as wild type cells and did not reach as high a cell density before entering stationary
phase. A concern in studying the mutant is that newly prepared null mutants grow slowest
and with multiple culturing grow better suggesting that suppressor mutations may be
generated with time. Maximum growth rates are obtained in 15 mM Ca?*, 50 mM Mg?*, or
15 mM Sr2* with no grow in Ba2*. Several other divalent cations, monovalent cations,
various osmotic stabilizers, or trivalent cations (Heacock and Dowhan, personal
observation) did not support growth. The dependence of growth rate on Sr2* concentration is
bell-shaped with no growth at 5 or 20 mM. These results suggested a specific requirement
for a set of divalent cations to stabilize a physical property of the lipid bilayer (discussed
below) rather than stabilization due to ionic strength or osmolarity. However, rapid dilution
of the culture without divalent cations or into EDTA results in cell lysis. The mutant has a
general requirement for various mixtures of amino acids including tryptophan (Heacock and
Dowhan, unpublished result) and therefore requires rich medium for growth. There are only
minor differences in the fatty acid composition among the wild type and mutant strain
grown in the different divalent cations [170]. Radiolabeling with 32P; showed no detectible
PE, lyso-PE or PS after long exposure to film of extracted lipids separated by two-
dimensional thin layer chromatography [93]. No new phospholipid species were apparent,
and the phospholipid to protein ratio was maintained by an increase in CL over PG and
increases in PA and CDP-DAG. However, an exhaustive search for PE using very high
specific activity 32P;and isolation of the neutral lipid fraction that did not adhere to a DEAE
column revealed a labeled component that behaved as PE in three different chromatography
systems. This material represented about 0.007% of total phospholipid or about 1500
molecules per cell. Whether or not his material is PE has never been further investigated;
analysis of the extracted lipids from the strain using liquid chromatography/mass
spectrometry (LC/MS) did not detect PE (Raetz, personal observation). Therefore, a strain of
E. coliwas now available which has been used to probe the possible functions of PE.

7.3.1. Divalent cation requirement in the absence of
phosphatidylethanolamine—There appears to be a synergistic relationship between PE
and CL in E. coli. Conditions can be found to support viability of strains lacking either lipid
[50, 93]. However, as originally reported [93] and with numerous attempts over the years, a
ApssA AclsA strain is not viable. Both phospholipids have the unique ability to introduce
stress in the bilayer through the capacity to form non-bilayer (hexagonal Il or H; phase)
structures due to the negative curvature induced by the relatively larger hydrophobic
domains as compared to the hydrophilic head group domains [171, 172]. However, CL only
imparts negative curvature in the presence of three divalent cations (Ca2* > Mg?* > Sr2* #
Ba?*) [172, 173] with the same efficiency as these ions support growth of a A pssA strain
[93, 170, 174]. Mg2* concentrations inside £, cofiare on the order of 100 mM [175] and are
uniform over the membrane and cytoplasm. Ca2* and Sr2* are actively pumped out of £,
colito maintain umolar levels [176] with localization at the cell envelope [175] suggesting a
stabilizing role for the highly negative LPS layer, which is disrupted by chelating agents.
Therefore, the site of the divalent cation requirement in ApssA strains is most likely
somewhere amongst the outer leaflet of the inner membrane and the inner and outer leaflet
of the outer membrane.
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Further evidence supports a specific role for CL and/or PE based on a physical property of
these phospholipids that impart negative curvature and therefore lateral stress to the
membrane bilayer. First, the ion requirement is isolated to a subset of divalent cations
specifically affecting the physical organization of CL. lonic strength and osmotic effects
have been ruled out by monovalent cations, trivalent cations and high osmolyte
concentration. Support of growth and cellular CL levels correlated closely with divalent ion-
dependent H,; phase induction of CL [170, 174]. CL levels were lowest (27% of total
phospholipid) in cells grown in CaZ* (the strongest inducer of the H;, phase) and highest
(40-45%) when grown in the weaker inducers (Mg2* and Sr2*) of the H,, phase; Ba2* did
not induce the Hy, phase and did not support growth. The phase transition from bilayer to
non-bilayer phase for phospholipids extracted from wild-type £. colibegins about 10°C
above the growth temperature of 37°C and has a mid-point at about 55°C. Phospholipids
extracted from the ApssA strain grown in 50 mM Ca2* and analyzed at the same Ca%*
concentration also displayed a wild type phase transition as a function temperature.
However, analysis in vitro at 50 mM Mg?* resulted in a mid-point transition above 75°C.
Similarly phospholipids extracted from the mutant grown in 50 mM Mg?2* displayed a wild
type transition profile in 50 mM Mg?* but a transition mid-point at about 35°C in 50 mM
Ca®*. Furthermore, lipids extracted from cells grown in 15 mM Sr2* (maximum for growth)
displayed no transition in either the absence of Sr2* or at 20 mM Sr2* (neither of which
supported growth) and a decreasing mid-point transition from 65°C to 60°C to 55°C at 10,
15 and 12 mM Sr2*, respectively. For wild type cells growth, their phospholipid
composition, and the phase transition profiles of extracted lipids were not influenced by the
divalent cations in the growth medium or during /n vitro analysis. Charge shielding of the
high anionic phospholipid composition of the mutant lipid bilayer was equal with Ba2* and
the other divalent ions yet Ba* did not support growth. Ba2* also raised the mid-point of the
phase transition when added to lipids analyzed in the presence of Mg2* [174]. Finally, fatty
acid composition can affect the phase transition profiles, but the fatty acid composition was
not affected by the divalent cation in which cells were grown. These results strongly support
a role for PE and/or CL in providing bilayer stress, which appears to be required for cell
viability. However, pssA mutants are more sensitive to antibiotics [177], the outer
membrane of ApssA cells are leaky to macromolecules as evidenced by the presence of the
periplasmic RNase in the growth medium [178], and LPS is not decorated with
phosphoethanolamine [179]. All of these latter changes in the cell envelope also affect the £.
colibarrier to external assault.

7.3.2. Systematic regulation of membrane phospholipid content—As noted
above, placing the pgsA gene under regulation of the P ,0p allowed control of steady-state
anionic phospholipid content at the two extremes of wild type and about 10% of total
phospholipid. Due to the stochastic nature of the promoter [144], apparent intermediate
levels of induction result in a change in the ratio of fully induced to uninduced cells and not
an intermediate level of lipid composition in each cell. The pssA gene was placed under
control of P4,z with gene expression controlled by arabinose [180] resulting in PE levels
between 2 and 75% in the culture as a whole. This promoter is also not optimal for
regulating lipid composition because it is induced in stationary phase in the absence of
arabinose and behaves in a stochastic manner in the presence of varying concentrations of
arabinose [181]. However, the P; sr0.7 (tet promoter regulated by tetR (repressor) and
induced by anhydrotetracycline) acts in a dose-responsive manner with respect to each cell
in the culture [182] so that the effect of intermediate levels of PE can be studied [183] as
well as the extremes of PE [184]. The potential exists to utilize this promoter in regulating
other genes of phospholipid metabolism.

Heterologous expression of foreign genes in £. coliis not a new idea and has been
extensively used to establish the identity of foreign gene products. We constructed a set of
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E. colistrains (Fig. 4) in which primarily PE was replaced by a number of lipids not found
in E. coliin order to determine which properties of PE suppress various phenotypes of PE-
lacking cells. Expression of the PC synthase from Legionella pneumophilain an E. colicell
lacking PE (A pssA) resulted in 70% of total phospholipid as PC [185]. The yeast PI
synthase produced about 10% PI in a wild type £. coli[186]. The two glycolipids glucosyl
diacylglycerol (GIcDAG) and diglucosyl diacylglycerol (GlcGIcDAG) were produced at
about 30-40% of total glycerol-based lipids in ApssA mutants of £. coliexpressing the
Acholeplasma laidlawii GIcDAG synthase [178] either alone or with the GlcGIcDAG
synthase [178], respectively. The lysyl t-RNA:PG lysine transferase from Staphococcus
aureus[187] has been expressed in wild type £. coliand the A pssA strain at 40% and 70%,
respectively of total phospholipid (Heacock and Dowhan, unpublished data). The cells are
viable except in the latter case tend to mutant the mrpF gene (encoding the transferase) or
lose the plasmid suggesting the cells are compromised with the net positively charged
phospholipid. This set of mutants has been reviewed [188], and the foreign genes introduced
into £. coliwith the respective lipid synthesized are summarized in Fig. 4. The physical and
chemical properties of each of the natural and foreign lipids are summarized in Fig. 5. A
similar approach can be used to replace other natural lipids with a spectrum of foreign lipids.
However, once a phenotype related to the loss or replacement of a given lipid is established
in vivo, it is critical to reconstitute the system /n vitro and demonstrate a similar effect of
lipid on the process under study. The use of this approach is exemplified by the following
characterization of the role of PE is determining the structure of LacY.

7.3.3. Role of phosphatidylethanolamine in topological organization and
function of solute transport proteins

7.3.3.1. Early work on lactose permease: | have had a love-hate relationship with LacY of
E. colisince my postdoctoral years with Eugene Kennedy. | joined Kennedy’s group in 1969
because | was fascinated with the emerging emphasis on studying the structure and function
of membrane proteins, which I though would build on my expertise in similar studies of
soluble proteins. Fox and Kennedy [189-192] had just published their series of seminal
papers that identified a membrane component (M Protein) encoded by the /ac operon and
showed it was the /acY gene product. They specifically labeled and solubilized the M
Protein as well as studied and postulated mechanisms for energy dependent uphill
accumulation and energy independent downhill equilibration of B-galactosides by this
transport system. | spent my first year trying to purify LacY to homogeneity and failed
miserably hence my initial hatred for LacY. Cholate-based detergents do not solubilize
LacY and exposure to Triton X-100 results in irreversible aggregation of LacY. It was not
until the early 1980’s that a joint venture between the Tom Wilson and Ron Kaback labs,
aided by the availability of the new detergent octylglucoside, resulted in purification of
LacY to homogeneity [193], reconstitution of the protein into proteoliposomes [193, 194],
and characterization of its transport properties as a function of liposome composition [195,
196]. LacY reconstituted into £. colitotal phospholipids carried out both uphill and downhill
transport of substrate. However, liposomes containing only PG and CL or dioleoyl-PC in
place of E. coli PE only carried out downhill transport. Use of progressively methylated PE
showed a decline in uphill transport with PC again being inactive. They concluded that
LacY required the free amino group of either PE or PS for uphill but not downbhill transport.
These previous observations on the dependence of LacY function on lipids began our use of
LacY as a model system to study the role of specifically PE in membrane protein folding
and function, which redeemed my love for LacY.

7.3.3.2. L actose permease propertiesin cellslacking phosphatidylethanolamine: We
know a lot about the physical and chemical properties of individual lipids and lipid mixtures
organized into non-covalent structures in solution such as bilayer or nonbilayer prone,
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inducement of negative or positive curvature, fluidity and the charge density of the lipid-
aqueous interface [197]. Due to the polymorphic nature of lipids in solution as a function of
solvent conditions and lipid mixtures coupled with a lack of understanding of how the above
variation of lipid organization translates into biological function, many artifacts can arise in
in vitro function studied that result in conclusions with no biological significance. On the
other hand lipids have multiple functions and changes in membrane lipid composition
results in pleiotropic effects on cell processes that cannot be sorted out by /n vivo studies
alone. Therefore, it is imperative to couple /n vitro studies with in vivo studies in order to
arrive at precise understanding of the role of specific lipids. With a mutant in hand
completely lacking PE, we could now establish whether the apparent requirement for PE in
supporting uphill transport is of biological significance and determine the molecular basis
for the lack of uphill transport in the absence of PE in proteoliposomes.

I was fortunate that Dr. Mikhail Bogdanov moved from Russia to join my laboratory shortly
after our isolation of the PE-lacking mutant. He came with an enthusiastic and intense
interest in lipid-protein interactions, and we have worked together ever since in defining
roles for PE in cell function. Bogdanov measured LacY transport function in PE-containing
and PE-lacking cells and was able to replicate the Wilson /n vitro observation that only PE-
containing cells supported uphill transport and that PE-lacking cells carried out only
downhill transport but at the same rate as the PE-containing cells [198]. Lack of uphill
transport was not due to a change in membrane permeability, a reduced proton
electrochemical gradient or a reduced level of LacY in membranes. LacY carries out uphill
transport by a proton-substrate one-for-one symport mechanism driven by coupling uphill
movement of substrate directly with downhill movement of a proton. We concluded that this
coupling was severed in PE-lacking cells. The question of why PC does not support uphill
transport had to wait for another day. The following 17 years have been spent establishing
the molecular basis for the PE requirement using both /n vitro and in vivo approaches.

We suspected that LacY was not in a completely native structural organization when
assembled in PE-lacking cells. A fortuitous finding in the Kaback laboratory allowed us to
begin structural studies on LacY prior to solution of its more detailed crystal structure [199].
None of our progress would have been possible without the generous assistance of Ron
Kaback and the knowledge and resource base available from his lab. The Kaback lab had
isolated the conformation-specific monoclonal antibody 4B1 (mAb 4B1) [200] directed at
the extramembrane domain P7 of LacY (Fig. 6). Reaction of LacY with mAb 4B1 in
spheroplasts of £. coliblocked uphill transport [201, 202]. We found that mAb 4B1 did not
react with LacY assembled in spheroplasts of PE-lacking cells and unlike LacY derived
from PE-containing cells did not recognize LacY after SDS PAGE by Western blotting;
polyclonal Ab recognized LacY from either cell type. Binding of mAb 4B1 to the P7
domain lowers the abnormally high pKa of the glutamate residue at position 325, which is
part of the proton wire associated with uphill transport [201, 202]. Therefore, we concluded
that LacY assembled in the absence of PE lacked the proper structural organization of an
epitope in domain P7 that is associated with uphill transport. Lack of recognition of LacY by
mAb 4B1 has been a useful marker of mis-folding of LacY in all of our studies of lipid-
LacY interactions.

Bogdanov developed a very useful procedure termed an “Eastern-Western” blot in which
proteins after separation by SDS PAGE are transferred to a solid support coated with
specific phospholipids (Eastern blot). Proteins from the gels are electrophoretically
transferred to the area of the solid support coated with lipid (Western blot), SDS is removed
during electrophoresis, and the proteins refold in the presence of lipid. Using this technique
he demonstrated that LacY from PE-lacking cells could be recognized by mAb 4B1 if
reconstitute with PE, but not PG/CL or dioleoyl-PC [203], consistent with the lack of
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function of LacY both in vivoand in vitro. A series of experiments followed indicating that
LacY requires PE in a late folding event to organize into a proper functional conformation
after exit from the translocon. PE acts much as a molecular chaperone in that PE is required
during folding but not once LacY is properly folded [204-206]. Thus we coined the term
“lipochaperone.”

7.3.3.3. Phospholipids as membr ane protein topological deter minants. What is the
structure of LacY assembled in cells lacking PE? We suspected some type of major
structural rearrangement of LacY in the membrane. Fortunately again, Kaback had
generated a library of single and multiple cysteine replacement mutants in LacY lacking its
native cysteine residues. These were used to map the topological organization and packing
of the 12 transmembrane domains (TMs) and the extramembrane domains connecting
neighboring TMs. The basic structure of LacY based on accessibility to these cysteines by
sulfhydryl reagents [207] was later confirmed by X-ray crystallography [199, 208]. We used
a similar approach, substitutedcysteine accessibility method as applied to TMs (SCAM™),
to defining the topological of LacY as a function of membrane lipid composition. This
method uses a membrane impermeable biotinylated sulfhydryl reagent to probe the
accessibility of single cysteine replacements of LacY expressed in cells either before or after
disruption of the cell membrane [209, 210]. The orientation of TMs is determined by the
pattern of exposed and protected cysteines engineered into putative adjacent periplasmic or
cytoplasmic extramembrane domains, respectively. All extramembrane domains are exposed
after cell disruption while cysteines in TMs are protected.

To our surprise we found that LacY assembled in membranes lacking PE displayed a
complete inversion of the N-terminal six TM a-helical bundle with respect to the plane of
the bilayer and the C-terminal five TM a-helical bundle. TM VII was no longer a TM but
was exposed to the periplasmic space [180, 184, 188, 197]. This structural rearrangement
occurs in the vicinity of P7, which would result in its conformational disruption explaining
the lack of recognition by mAb 4B1 and the related loss of uphill transport function.

Since previous results had indicated at least a rescue of the conformation of the P7 domain
upon refolding of mis-folded LacY after resupplying PE [203, 204, 206], we investigated
whether complete rescue of proper topological organization and activity of LacY was
possible /in vivo. Using strains in which transcription of a single copy of pssA gene is
regulated by either P,,,5[180] or P ser0-7 [184], we first grew cells expressing single
cysteine replacements in LacY in the absence of inducers for PE synthesis then removed
inducer (IPTG) for new LacY synthesis and induced PE synthesis. The result was that mis-
oriented LacY assembled in the near absence of PE (2%) reorganized upon synthesis of PE
so the TM VII inserted into the membrane and TMs I11-VI assumed wild type orientation.
However, TM | remained inverted and TM Il assumed a mini-loop configuration that did not
span the membrane. Introduction of PE post-assembly of LacY also restored uphill transport
function. Such large changes in protein organization after membrane insertion and final
folding were unprecedented and challenged the dogma of the stable orientation of highly
hydrophobic TMs after membrane insertion.

What was the molecular basis for this lipid-dependent topological interconversion of LacY?
The availability of strains of £. coli expressing foreign lipids with different physical and
chemical properties aided in understanding of the properties of lipids that affected
topological organization. Substitution of PE by several foreign lipids that were either
uncharged (GIcDAG or GlcGIcDAG) [211, 212] or were zwitterionic but carried no net
charge (PC) [185] resulted in assembly of LacY in its wild type orientation. The main
property these three lipids have in common is the ability to dilute the high negative charge
density of the membrane surface due to PG and CL. Ability to be a hydrogen bond donor
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(the glycolipids) or non-bilayer prone properties (GICDAG) versus bilayer prone properties
(PC and GlcGIcDAG) was not a factor. On the protein side, increasing the net-positive
charge of normally cytoplasmically exposed extra-membrane domains that also contained
negative residues prevented mis-orientation of LacY in PE-lacking cells [184]. Increasing
the negatively charged residues in these same domains induced inversion of LacY in the
presence of PE. Similar results were found with other secondary transporters of £. coli, i.e.
the phenylalanine [213], y-aminobutyrate [214] and sucrose [215] permeases.

These results led to the “Charge Balance Hypothesis” [197]. The vast majority of membrane
proteins follow the positive-inside rule where extra-membrane domains with a net positive
charge are oriented facing the cytoplasm [216]. In domains with mixtures of positively
(cytoplasmic retention signal) and negatively (membrane translocation signal) charged
residues, the former are dominant determinants over the latter. However, when the negative
charge density of the membrane surface is increase by the lack of PE (or other net-neutral
lipids), the negatively charged residues become dominant translocation signals, which result
in mis-orientation of some proteins such as the very flexible secondary transporters. When
only a part of a protein mis-orients, a flexible transition domain must be formed between the
native and mis-oriented TMs. For LacY this is the very hydrophilic TM VII, which comes
out of the membrane; increasing the hydrophobicity of TM VII prevents its non-membrane
location and inversion of topololgy [184]. Similar transition domains are formed in the other
examples of lipid sensitive proteins [213-215]. Therefore, a thermodynamic balance
between short- and long-term interactions within the protein and between the protein and the
lipid environment determines topological organization, which explains why membrane
protein topological prediction methods are only about 85% accurate. A role for lipids in
determining membrane protein organization only became apparent after methods were
developed to systematically perturb membrane lipid composition.

As noted above, it is important to correlate /7 vivo experiments with /n vitro experiments to
establish definitive lipid dependence. There are potentially multiple indirect mechanisms by
which lipids could affect LacY topology such as effects on the translocon or protein
molecular chaperones or repression of protein quality control systems. To establish a direct
effect of lipids in determining topology, LacY was purified from either PE-containing or
PE-lacking cells and then reconstituted into proteoliposomes of various lipid compositions.
First, LacY properties were completely dependent on the liposome composition and not the
source of LacY, /e. inverted or native in the source cells. As in the /n vivo experiments,
LacY assumed wild type topological organization in liposomes containing, in addition to PG
and CL, net neutral lipids PE or PC [217] and GIcDAG or GlcGIcDAG (Vitrac and Dowhan,
unpublished observation). LacY was mis-oriented in liposomes made of PG and CL alone
[217]. What about LacY activity? Contrary to earlier /in vitro findings [195], we observed
robust uphill transport by LacY in £. coli cells containing PC in place of PE [185]. Also
mAb 4B1 recognized LacY from these cells by Western blot analysis. Reconstitution of
LacY into liposomes made with lipids from the PC-containing £. col/ strain also resulted in
uphill transport as did commercial PC’s containing at least one saturated fatty (Vitrac and
Dowhan, unpublished observation); dioleoyl-PC did not support uphill transport as
previously observed [195, 217]. Using the Eastern-Western blotting procedure, £. coliPC
and synthetic PC with at least one saturated fatty acid reconstituted recognition by mAb 4B1
[185]. LacY uphill transport function is partially supported /in vivo in cells where PE is
replaced by GIcDAG but not GIcGIcDAG [211, 212]; a similar result was shown in vitro
(Vitrac and Dowhan, unpublished observation). Therefore, the dependence of LacY function
on membrane lipid composition is more complex and involves both the correct head group
and the correct fatty acid composition. The previous conclusion from /n vitro experiments
that the free amine of PE of PS is required for uphill transport [195] is not supported by the
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above more extensive investigation, and the lack of PC support of /n vitro uphill transport
was due to the fatty acid composition of PC and not the head group chemistry.

The above experiments demonstrate the value of using £. co/i as a model system to establish
general principles of how lipids influence protein structure and function. At this point in
time, such experiments cannot be carried out in even the simplest eukaryotic cells due to the
presence of most lipids in all the multiple membranes in such cells. The only possible
exception is the mitochondria of Saccharomyces cerevisiae and other simple eukaryotes,
which appear to be the only organelles that contain CL and PG. Mitochondrial function is
certainly affected in mutants lacking these phospholipids [218-221], but cells are still viable
if grown on glucose if necessary so that function can be assessed.

7.3.4. Other phenotypes of cells lacking phosphatidylethanolamine—Dr.
Eugenia Mileykovskaya joined my laboratory in the early 1990. She was trained in Russia in
the elite laboratories of bioenergetics overseen by Skulachev and has contributed this
expertise in our studies of lipid function in both E. coli and yeast. She also has been the
driving force in studies involving the role of CL in cell function. She carefully analyzed the
bioenergetic properties of inside-out membrane vesicles generated from cells lacking PE
[222]. Lack of PE did not affect the magnitude of O, consumption or proton electrochemical
potential generated from added ATP, succinate or lactate, which established the structural
integrity of the inner membrane. However, the rate of NADH oxidation by the type 1l
NADH dehydrogenase was reduced by 80%. The level of the dehydrogenase and CoQg,
which couples electron transfer to terminal oxidases, were normal. After eliminating several
possible explanations, the conclusion was that lack of PE compromised the interaction of
electron carries with the CoQg pool.

Not completely unexpected, lack of PE results in activation of stress response systems, one
of which is the Cpx system [223], a two-component response system with a membrane
sensor component. Making a PE-lacking strain null in the Cpx system corrects many of the
phenotypes associated with induction of this system in PE-lacking cells including elevated
levels of DegP, an outer membrane associated protease.

A striking phenotype of PE-lacking cells is their failure to synchronously divide with cell
growth resulting in filamentous cells ranging in varying lengths. The MinCDE system
restricts formation of the Z-ring (formed by FtsZ) to mid-cell in wild type cells followed by
sequential organization of additional early cell division proteins on the Z-ring [161].
Expression of fluorescent derivatives of these early cell division proteins in a PE-deficient
cell showed proper organization of each at potential division sites along the filamentous
cells [224]. However, there was no evidence of constriction at most of these sites, which is
the next phase of cell division. The rare occurrence of constriction was observed only with
potential division sites at the ends of cells, which might suggest that once a constriction site
is passed by during cell growth it is no longer functional when PE is missing. The exact step
of cell division compromised in the absence of PE or whether it is lack of PE or increased
PG and CL that disrupts constriction is not known. Lack of PE results in increased dwell
time of MinD on the membrane surface and disrupts the normal cycling pattern probably
due to lack of restriction of anionic lipid enriched domains to the cell poles and division site
[162]. Lack of PE also disrupts cytokinesis in eukaryotic cells by loss of its reversible
cycling from the inner surface to the outer surface of the plasma membrane, which is
required during cell division in Saccharomyces cerevisiae [225] and somatic cells [226].
Therefore, a requirement for PE in cytokinesis is conserved from simple to complex cells.
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PE is also required for cell motility and chemotaxis [227]. The defect lies in the inability to
induce expression of the master operon regulating the formation of the flagellum. This effect
is dose dependent on the amount of PE and not PS, which cannot replace PE.

Although lack of PE does not compromise any absolutely essential £. coli process, it is
required for optimal function of many important cell functions. In the case of the mis-
organization of secondary transporters (for sugars and amino acids), function is
compromised but not completely lost since these transporters still carry out downhill
transport. Lack of maintenance of inward gradients essentially turns the membrane into a
dialysis bag that specially equilibrates small molecules with the growth medium. PE-lacking
cells will grow on lactose as a carbon source at mmolar but not pmolar concentrations [93,
178] and lack of uphill transport by amino acid permeases probably explains the requirement
for medium rich in amino acids. There may be other membrane proteins outside of
secondary transporters, such as those involved in cell division, whose organization in the
membrane is compromised but only results in partial alteration of function. Further analysis
of the above partially characterized phenotypes of PE-lacking cells will add additional
understanding at the molecular level for the role of specific lipids in cell function.

7.4. What does cardiolipin do in E. coli?

CL is unique among phospholipids in that it contains two phosphatidic acid moieties
connected by a glycerol. The central free hydroxyl enters into hydrogen bonds with the two
ionizable phosphates, which results in one pKa near 3 and the other greater than 8 [228].
Thus CL has been proposed to act as a proton sink important for energy transducing
membranes where CL is almost uniformly found. In yeast, CL is critical to mitochondrial
energy transduction in that it is integrated into the structure of all of the components of the
electron transport chain [229-231] and acts to organize the individual components into the
higher order supercomplex termed the “respirasome” [220, 232-234]. Somatic cells show
similar higher order organization, which also involves CL. In yeast and probably somatic
cells, mitochondria lacking CL fail to form stable supercomplexes of the respiratory chain
and are somewhat compromised in respiration but still grow on non-fermentable carbon
sources [220, 221]. Most likely the elevated PG in A crd'strains (encodes CL synthase)
partially substitutes for CL at least for individual components of the respiratory chain. Loss
of PG and CL in yeast [218] and somatic cells [235] results in complete loss of respiratory
function and massive disruption of mitochondrial organization.

Therefore, it is surprising that in £. coliboth Ac/sSABC and ApgsA mutants (containing
appropriate suppressor mutations) do not display such dramatic phenotypes as in eukaryotic
cells. However, neither null mutant has been extensively analyzed for its dependence on the
source of metabolic energy as was done with the PE-lacking strain [222]. Also no studies
under anaerobic conditions have been done. Further analysis of these strains under other
stress conditions may uncover additional roles of CL and/or PG.

CL is a non-bilayer anionic prone lipid (NBPAL), which has the potential to organization
into domains at the points of membrane curvature associated with cell division and
membrane fusion and fission events; for a review of CL involvement in these phenomena
see [236]. Mileykovskaya was the first to observe CL-enriched domains at the cell poles and
division site in £. coliusing NAO as a specific indicator of CL localization [163], which
was later verified for the poles by direct measurement of CL [164]. During the cell cycle CL
domains undergo dynamic formation at the nascent cell division site followed by
development of a mature septal region enriched in CL prior to constriction that forms the
new cell poles also enriched in CL [236]. /n vitro experiments indicate that the fluorescence
emission spectrum of NAO undergoes a green to red shift when it binds to areas
concentrated in CL rather than to individual CL molecules [237]. This shift was postulated
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to be due to - interactions of the NAO rings that organize in arrays when bound to a
domain formed by CL. NAO binds to other anionic lipids with low affinity and without
undergoing a red shift suggesting such interaction is with individual molecules. The NAO
domains observed in E. coli show a green to red shift in the emission spectrum [163].
Therefore, CL definitely organizes into lipid-enriched domains in £. colf at sites of increased
membrane curvature. Mathematical models of CL domain formation in bacteria suggest that
individual CL molecules cannot detect membrane curvature but clusters of CL molecules
(distinct from a phase separation that would compromise cell integrity) can organize in areas
of membrane curvature [238, 239]. Similar localization of CL has been observed in Gram-
positive bacteria [240].

Since cells lacking CL have few dramatic phenotypes, the question remains as to the precise
function of such domains and whether they are essential. The fact that A pgsA cells still form
domains now enriched with enhanced levels of PA and AN-acyl PE, both NBPALSs, at the cell
poles and division site suggests that such domains are important and form even in the
absence of CL using lipids with physical and chemical properties similar to CL [167]. A-
acyl PE is also elevated in Ac/sABC cells (T. Garrett, E. Mileykovskaya, and W. Dowhan,
unpublished observation) where PE levels are normal ruling out an increase in A-acyl PE
due to an increase of PE in a ApgsA strain. The distribution of NBPAL in the cells lacking
CL but still containing PG has not been investigated. Further investigation into the role lipid
domains play in £. coliis required before similar understanding reaches the level available
in eukaryotic cells, which contain similar lipid-enriched domains termed lipid rafts.

8. Regulation of phospholipid metabolism in E. coli

In spite of the wealth of biochemical and genetic information for £. coli, we know more
about what does not rather what does regulate phospholipid metabolism. PssA [87] and
PgsA [96] appear to have no preference for CDP-DAG or dCDP-DAG, which are in equal
amounts in the cell [82]. Except for the formation of CL from PG, all steps in the pathway
are essentially irreversible under physiological conditions. How the ratio of protein to
phospholipid in the membrane is regulated must lie at the committed step to phospholipid
biosynthesis, 7.e. the p/sB gene product (sr-glycerol-3-P acyltransferase). Similarly the ratio
of PE to PG plus CL must reside at the branch point following the synthesis of CDP-DAG.
However, most of the evidence suggests that even though the enzymes of phospholipid
metabolism are present on the order of a 1000 molecules per cell, they are already in excess
over the amounts necessary to maintain normal flux through the pathways. Overproduction
of each of these enzymes from 10 to several 100-fold has only minor effects on the steady
state phospholipid composition. However, as expected large changes occur upon reduction
in the level of the catalytic capacity of these enzymes [93, 142].

Unfortunately, there is no report of the effects of over production of PIsB on the ratio of
protein to phospholipid. Overproduction of PIsB on the order of 50-fold results in formation
of intracellular filaments that are largely made up of the enzyme and phospholipid [241],
which might reduce the effective catalytic capacity of the overproduced enzyme. However,
starvation of the p/sB mutant (10-fold higher Km for substrate) for GP ceases phospholipid
synthesis immediately, but cells continue to grow for one doubling resulting in a 60%
increase in the membrane protein to phospholipid ratio [242]. Addition of GP re-initiated
phospholipid synthesis but protein synthesis and cell growth did not resume until the protein
to phospholipid ratio returned to normal. Therefore, there is a very loose coupling between
membrane protein and phospholipid synthesis. Some evidence exists that PISB might be
regulated by availability of its substrate GP [243]. The initial p/sB mutant displayed a 10-
fold higher Km for this substrate [24], which could be elevated in cells by supplementation
of the growth medium. However, overproduction of the enzyme responsible for GP
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synthesis did not raise intracellular GP levels or suppress the mutant’s requirement for GP.
Therefore, the level of GP is tightly regulated with a secondary regulation of PIsB.

Overproduction of the PssA by 800-fold did not change phospholipid composition [90].
However, curing a A pssA strain of a temperature sensitive plasmid carrying the wild type
gene resulted in a drop in PE levels beginning at about 25% of wild type enzyme levels
indicating an excess of activity over that necessary to maintain PE levels [93]. A similar
outcome was observed with overproduction and dilution of PgsA activity during curing of a
plasmid copy of pgsA in a ApgsA background [142, 143]. Overproduction of PgsA also did
not alter phospholipid composition [97]. Although the effects of overproduction of CdsA on
lipid composition was not reported, PA levels go from 0.2% to 30% of total phospholipid
upon switching a cdsA conditional mutant to its restrictive conditions [109]. The ratio of PE
to PG plus CL did change from 3.3 to 4.0 after the switch. The increase in anionic
phospholipid content contributed by PA maybe of significance in regulating PssA as
discussed below. CL levels increased by overproduction of CISA but not in the amounts
expected based on the level of enzyme overproduction. A 20-fold or 760-fold
overproduction of CIsA resulted in only a 2-fold or 4-fold increase in CL mostly at the
expense of PG [121], respectively. CIsA levels also increased about 10-fold for cells in
stationary phase, which also resulted in a 2-fold increase in CL levels [127].

Some clues to the mode of regulation at the branch point after formation of CDP-DAG was
provided by expressing the Bacillus subtilis pssgsgene in an E. coli strain carrying the £.
coli ApssA allele [244]. As noted earlier, the Bacillus Pss is an integral membrane protein,
most likely follows a Bi-Bi reaction mechanism and requires Mg2* for activity [78]. The £,
coli enzyme is an amphitropic protein that reversibly interacts with the membrane by
binding to anionic phospholipids [92, 94], follows a Ping-Pong reaction mechanism [86],
and does not require Mg2* for activity. Saha et a/. [244] first followed initial rates of
incorporation of 32P, into PE by a short pulse of label and compared wild type cells to
several mutants in pgsA with very low PG plus CL levels. PssA content was the same in
both cell types, but the rate of incorporation of label into PE was 10-fold lower in the pgsA
mutant, which was deficient in anionic phospholipids. Steady state PE content in the pgsA
mutant is higher than in wild type cells due to the lack of PG synthesis even though the
initial incorporation of label into PE was lower. The pssgsgene under regulation by IPTG
was introduced into an £. coli A pssA strain. The level of PE at steady state increased with
increasing induction of the pssgsgene and with plasmids of increasing copy number in the
cell. High overproduction of Pssgg was lethal. Therefore, the membrane integrated B.
Stubtilis Pss in E. coliis not responsive to E. coli regulatory signals, which were suggested
to be related to the anionic phospholipid content of the membrane [244]. Anionic
phospholipids also activated PssA from £. coli using detergent-lipid mixed micelles [245,
246]. As previously shown, overproduction of PssA has no effect on steady state
phospholipid composition or cell viability. These results suggest that PssA reversibly
interacts with the membrane through anionic phospholipids and only this membrane bound
form is active. Therefore, as anionic phospholipid content increases, it is balanced by an
increase in the effective catalytic capacity of the enzyme committed to PE synthesis
regardless of its total potential catalytic capacity. Inducing the turnover of phospholipids
such as increasing the formation of MDO increases the flux of intermediates through the
pathway but not the mix of major phospholipid species [247], which further supports
feedback inhibition or activation of the two enzymes at the branch point following CDP-
DAG formation.
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9. Summary and future perspectives

Establishing the blueprint of phospholipid biosynthesis in all cell types was certainly
dominated by Eugene Kennedy and more fully developed in £. coliby his students and
postdoctoral fellows. However, John Cronan, Robert Bell and Charles Rock made major
contributions to understanding the synthesis of fatty acids and PA in £. coli. As | hopefully
emphasized, Isao Shibuya, Akinori Ohta, Kouji Matsumoto, and Hiroshi Hara made
important contributions especially in the role of anionic phospholipids in £. coli. These
individuals and there descendants continue to make important contributions. | apologize for
missing more specific acknowledgement of many others who have made contributions in the
area of bacterial phospholipid synthesis and function.

What remains to be done? As note at the end, how phospholipid metabolism is regulated in
E. coliremains largely unknown. Why does £. coli have three genes encoding CL synthase
activity and what role do CL synthases with different mechanisms play in cell metabolism?
The respective gene products are apparently induced or active under different environment
conditions and at different points of the cell cycle. What are the functions of each of the
POPABC genes? Why are viable A pgsA mutants still temperature sensitive? Little is known
about phospholipid metabolism under anaerobic conditions. How do phospholipids
presumably made on the cytoplasmic surface of the inner membrane get to the outer surface
of the inner membrane and to the outer membrane? Are membrane domains composed of
NBPAL essential to cell viability and if so what are their functions? There are a number of
phenotypes associated with lack of PE that have not been sufficiently pursued to establish an
understanding at the molecular level. Are there other proteins or processes dependent on the
proper topological or structural organization of membrane proteins dependent on membrane
lipid composition? As shown for the permeases, PE need not be absolutely essential for all
functions of a protein, but may only compromise activity to interfere with optimal function.
There is only one structure at the atomic level of a bacterial phospholipid biosynthetic
enzyme, Pss from Haemophilus influenzae (PDB accession number 3HSI). No detailed
structures have been reported for any integral membrane protein responsible for
phospholipid biosynthesis from any source. Such information is necessary to fully
understand the mechanism of each enzyme in the pathway as a prerequisite to developing
new classes of antibiotics. As Raetz pointed out there are hundreds of minor organic solvent
soluble phosphate containing compounds in £. coli that have not been identified. These are
precursors to and breakdown products of important biological molecules and contain
important clues to unknown metabolic processes. Fully answering the above unknowns will
provide a complete understanding of phospholipid metabolism and function in bacteria and
will provide the molecular basis to investigate similar phenomena in more complex systems.
Capitalizing and the unique aspects of bacterial phospholipid metabolism will provide
targets for new antibiotics.
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Figure 1.

Tr?e Kennedy “Clan” on the occasion of his 90™ birthday. Eugene Kennedy (1919-2011) is
4t from the left in the front row. The gathering was in October 2009 at Harvard Medical
School. Pictured are former graduate students, postdoctoral fellows and scientific associates
of Eugene Kennedy.
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Figure2.

Pathways for phospholipid biosynthesis in mammalian cells. The zig-zig lines in each red
structure represent the long chain fatty acids on the phosphatidyl moiety. These are mostly
saturated at the s7-1 position of unsaturated at the s7-2 position of the glycerol backbone.
The components of each fatty acid are color coded as to the building blocks from which they
are derived. The enzymes are located in the cytoplasm and the endoplasmic reticulum. The
“Kennedy Pathway” generally refers to the pathways beginning with ethanolamine and
choline. Not shown are the formation of PS from PE or PC by head group exchange with
serine, the decarboxylation of PS to form PE, the methylation of PE by S-adenosyl
methionine to form PC, and the formation of PG and CL in the mitochondria.
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Pathways for synthesis of phospholipids in £E. coli. The following enzymes with their
respective genes named carry out: 1. CDP-diacylglycerol synthase (CdsA); 2.
phosphatidylserine synthase (PssA); 3. phosphatidylserine decarboxylase (Psd); 4.
phosphatidylglycerophosphate synthase (PgsA); 5. phosphatidylglycerophosphate
phosphatase (Pgp) encoded by three genes; 6. cardiolipin synthase (CIs) encoded by three
genes with one substrate being PG in all three cases and the second substrate for {CIsA} and
[CIsC] indicated by the brackets. Definitive identification of the second substrate for CIsB
has not been established; 7. Phosphatidylglycerol:pre-membrane derived oligosaccharide
(MDO) sr-glycerol-1-Ptransferase (MDO synthase); 8. diacylglycerol kinase (DgkA).
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+ tRNA

Synthesis of foreign lipids in £. coli. See Fig. 3 for the native pathways (b/ue arrows) and
native lipids (blue and grey). The following enzymes with their respective genes named

carry out (red arrows): 1. phosphatidylcholine synthase (Legionella pneumophila [185,
248]); 2. phosphatidylinositol synthase (Saccharomyces cerevisiae [186]); 3. glucosyl
diacylglycerol synthase (Acholeplasma laidlawii [212]); 4. diglucosyl diacylglycerol
synthase (Acholeplasma laidlawii [211]); 5) lysyl t-RNA:phosphatidylglyerceol lysine

transferase (Staphococcus aureus [187]).
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Figureb.

Structure, physical and chemical properties of lipids native to £. co/iand those introduced
from other sources. See Fig. 4 for pathways of synthesis and genes encoding enzymes
responsible for the synthesis of each lipid except A-acyl PE, which is discussed under
section 7.2.2. The glycerol backbone (red) shown in ester linkage to fatty acids (aliphatic
chains Rq-Ry) at the sr-1 and s7-2 positions and in either phosphodiester linkage for
phospholipids or in a glycosidic linked for glycolipids at the s7-3 position. Head groups are
color coded to indicate the charge nature of each head group.
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Figure®6.
Topological organization of LacY as a function of the presence or absence of PE. Cytoplasm

is at the top of each figure, TMs are noted by rectangles, NT and CT refer to the N and C
terminus respectively, and extramembrane domains oriented to the cytoplasm (C) or
periplasm (P) in PE-containing cells are indicated. (A) LacY topology as determined in PE-
containing (+PE) cells is depicted. The approximate position of D325 in TM X is indicated.
(B) LacY topology after assembly in PE-lacking cells (—PE) cells. The exposure of TM VII
(rea) to the periplasm results in the loss of salt bridges of TM VII with TM X and TM XI as
noted by the charges. (C) LacY topology determined after induction of PE synthesis in cells
where assembly of LacY initially occurred in the absence of PE.
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