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Abstract This article provides a historical account of the
discovery, chemistry, and biochemistry of two ubiquitous
phosphoglycerolipids, phosphatidylserine (PS) and phos-
phatidylethanolamine (PE), including the ether lipids. In ad-
dition, the article describes the biosynthetic pathways for
these phospholipids and how these pathways were eluci-
dated. Several unique functions of PS and PE in mammalian
cells in addition to their ability to define physical properties
of membranes are discussed. For example, the translocation
of PS from the inner to the outer leaflet of the plasma mem-
brane of cells occurs during apoptosis and during some
other specific physiological processes, and this translocation
is responsible for profound life-or-death events. Moreover,
mitochondrial function is severely impaired when the PE
content of mitochondria is reduced below a threshold level.
The discovery and implications of the existence of mem-
brane contact sites between the endoplasmic reticulum and
mitochondria and their relevance for PS and PE metabolism,
as well as for mitochondrial function, are also discussed.
Many of the recent advances in these fields are due to the use
of isotope labeling for tracing biochemical pathways.Hl In
addition, techniques for disruption of specific genes in mice
are now widely used and have provided major breakthroughs
in understanding the roles and metabolism of PS and PE in
vivo.—Vance, . E. Historical perspective: phosphatidylserine
and phosphatidylethanolamine from the 1800s to the present.
J- Lipid Res. 2018. 59: 923-944.
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INTRODUCTION TO PHOSPHOLIPID
BIOSYNTHESIS

Biological membranes contain a vast array of different
lipids: for example, membranes of mammalian cells con-
tain more than a thousand different phosphoglycerolipids.
In addition to the distinct polar headgroups at the sn-3
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position of the phosphoglycerolipid molecules, a large part
of the phospholipid diversity is due to the variety of acyl
chains esterified at the sn-I and sn-2 positions of the glyc-
erol backbone. A large number of other lipids, including
sterols and sphingolipids, also contribute to the unique
properties of eukaryotic membranes. The principal lipid
component of membranes in eukaryotic cells is phosphati-
dylcholine (PC) (Fig. 1), typically constituting 40-50% of
total phosphoglycerolipids. In contrast, and with only a few
exceptions, PC is absent from prokaryotic cells. Instead,
phosphatidylethanolamine (PE) (Fig. 1) is usually the most
abundant phospholipid in prokaryotic cells. In this article,
I'will provide some historical background on the discovery,
characterization, and biosynthesis of two biologically im-
portant phospholipids, phosphatidylserine (PS) and PE
(Fig. 1), with a focus on the biochemistry and physiological
functions of these molecules in mammalian cells.

The concept that biological membranes serve as perme-
ability barriers that separate cellular processes into distinct
compartments was first suggested by Danielli and Davson
(1) in 1935. This model was refined in 1972 by Singer and
Nicolson (2) who introduced the “fluid mosaic model” in
which they proposed that a biological membrane consists
of a fluid two-dimensional lipid bilayer composed primarily
of phospholipids into which proteins are embedded. This
bilayer membrane model was later modified to include the
presence of membrane microdomains that have specific
protein and lipid compositions and that can further com-
partmentalize cellular processes (3). The (phospho)lipid
composition of a membrane bilayer defines its fluidity and
thereby regulates the functions of the proteins in that
membrane. As well as having structural roles in mem-
branes, many phosphoglycerolipids also play important
regulatory roles in cells by being converted into “lipid second
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Fig. 1. Chemical structures of PS, PE, and PC.

messengers,” such as diacylglycerol, arachidonic acid, the
phosphatidylinositol phosphates, and lysophospholipids
(4, 5).

PE is the second most abundant phospholipid in mam-
malian cells, typically providing 20-50% of total membrane
phospholipids, whereas PS is usually considered to be a
“minor” phospholipid, comprising only 2-15% of total
phosphoglycerolipids in cellular membranes. Different
types of mammalian tissues and cells have characteristic
phospholipid compositions. For example, the two amino-
phospholipids, PS and PE, are more abundant in the brain
than in other tissues. Moreover, in the brain and retina, the
acyl chains of PS and PE are highly enriched in polyunsatu-
rated fatty acids, primarily docosahexaenoic acid [22:6
(n-3)]. Thus, in human gray matter, greater than 36% of the
acyl groups of PS consist of docosahexaenoyl acyl chains,
suggesting a special function for these molecular species of
PS in the nervous system. Indeed, the 22:6 (n-3) acyl chains
of PS appear to be essential for the normal functioning and
development of the nervous system [ (6); reviewed in (7)].

Not only do different types of mammalian tissues and
cells have distinct phospholipid compositions, but mem-
branes of intracellular organelles also contain defined mix-
tures of phospholipids and other lipids. For example, the
PE content of the mitochondrial inner membrane of mam-
malian cells is significantly higher than that of other organ-
elles. In an additional level of complexity, the two leaflets
of a membrane bilayer can also consist of different propor-
tions of each phosphoglycerolipid class. The best charac-
terized example of this topological arrangement is the
plasma membrane bilayer in which PS and PE are distrib-
uted asymmetrically so that greater than 80% of PS and PE
in this membrane is normally confined to the inner leaflet
[(8); reviewed in (9)]. On the other hand, the choline-
containing phospholipids, PC and sphingomyelin, are
enriched in the outer, compared with the inner, leaflet of
the plasma membrane bilayer.
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Much of the following historical discussion of phospho-
lipid chemistry and biochemistry was gleaned from the ex-
tensively researched three-volume book (1,966 pages)
entitled Lipids that was published between 1951 and 1957
(10). All three volumes of this scholarly treatise were writ-
ten (not edited!) by Harry J. Deuel (1887-1956), a profes-
sor of biochemistry at the University of Southern California
(Fig. 2). Remarkably, these books were compiled and writ-
ten without the benefit of a computer, PubMed, a photo-
copier, or a reference manager.

THE DISCOVERY OF PS AND PE

The presence of phosphorus-containing lipids in animal
tissues was probably first noted by Vauquelin (11) in 1812
in the fatlike material of the brain. Subsequently, in 1846,
Gobley (12) reported that egg yolk contained a phospho-
rus-containing lipid that he called “lecithin,” derived from
the Greek word for egg yolk. Later, Diakonow (13) con-
cluded that choline and fatty acids were also components
of the lecithin molecule. Remarkably, as early as 1874,
Johann Ludwig Wilhelm Thudichum (14) showed that the
products of the complete hydrolysis of lecithin were phos-
phoric acid, glycerol, fatty acids, and an organic base that
contained a nitrogen atom. He coined the term “phospha-
tides” for this class of molecules (now known as the phos-
phoglycerolipids). In further studies reported in 1884,
Thudichum separated two types of phosphatides from the
brain on the basis of their solubility in alcohol: lecithin
(now known as PC), which readily dissolved in alcohol, and
“cephalin,” which was not soluble in alcohol (15). He sug-
gested that instead of the choline constituent that was
present in lecithin, cephalin contained an alternative ni-
trogenous base, originally called colamine (now known as
ethanolamine). Thudichum (1829-1901) was a German
biochemist and physician who, in 1884, published a book
entitled A Treatise on the Chemical Constitution of the Brain
(15). At the time of its publication, this book was widely
criticized by many in the scientific community. Indeed, in
Thudichum’s obituary in (16), his research on phospholipids
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Fig. 2. HarryDeuel, Jr. (1897-1956). Left: taken from (10). Right:
the three volumes of H. J. Deuel’s treatise (10); from the author’s
personal file.



was disrespectfully described as being “relatively insignifi-
cant”. Moreover, the venerable London newspaper, The
Times, stated in its obituary of Thudichum on Sept. 10,
1901, that “the knowledge yielded by these researches was
hardly commensurate with the time and cost at which it was
obtained” (17). These sentiments apparently implied that
nothing of medical or industrial value could be derived
from Thudichum’s expensive studies. Sadly, similar short-
sighted criticisms are often raised today to describe “discovery
research” for which no commercial benefit is immediately
evident.

As a sequel to Thudichum’s work, Taurog, Entemann,
and Chaikoff (18) showed that lecithin and cephalin were
widely distributed in animal tissues such as the liver, heart,
and brain. They also found that the phospholipids in plasma
from humans and dogs consisted almost entirely of the cho-
line-containing phospholipids (lecithin and sphingomy-
elin), with only 5% of total plasma phospholipids being
cephalin (18). These observations, made in 1944, are en-
tirely consistent with today’s knowledge of plasma lipids.

PE was first purified more than one hundred years ago
(1913) from cattle brain by Renall (19), who discovered
that the two acyl chains of PE were typically different from
one another, as was also the case for lecithin. As confirma-
tion of the structural makeup of PE, the complete chemical
synthesis of distearoyl-PE was achieved in 1924 by Levene
and Rolf (20), and also by Grun and Limpacher (21). Sub-
sequently, cephalin was chromatographically separated
into two phosphoglycerolipids, PS and PE, by Folch (22).
Remarkably, the “Folch” method for extraction and isola-
tion of phospholipids (23) is still widely used today. The
structural difference between PS and PE was revealed in
1945 when these two phospholipids were hydrolyzed by
Artom (24). The hydrolysis products of PE included ethanol-
amine, whereas the hydrolysis of PS, surprisingly, yielded
the amino acid, serine. Although the presence of PS in the
cephalin mixture had been suspected by MacArthur (25)
as early as 1914, the conclusion that an amino acid was a
component of one of the phosphatides was completely un-
expected and, for many years, was vigorously challenged.
Eventually, however, the controversy was put to restin 1941
when Folch and Schneider showed conclusively that a ser-
ine-containing phospholipid (PS) was, indeed, a compo-
nent of ox brain cephalin (26). Subsequently, Folch
isolated an almost pure (92-97%) preparation of PS from
human brain and confirmed that the amino acid, serine,
was a component of the molecule (22). In later studies, the
presence of PC, PE, and PS in several rat tissues was conclu-
sively demonstrated by Chargaff, Ziff, and Rittenberg (27)
and by Artom (28).

During this era, in which the chemical structure of ceph-
alin was being investigated, an interesting controversy
arose concerning the origin of PE because no free ethanol-
amine could be detected in tissues. Thus, a prominent
hypothesis for the origin of PE in cephalin was that the
ethanolamine moiety of PE was not derived from free etha-
nolamine per se, but instead was an artifact that was gener-
ated by decarboxylation of the serine group of PS during
the isolation procedure. This idea originated from a previous

observation by Nord (29) that the direct decarboxylation
of serine to ethanolamine occurred in putrefactive anaer-
obes. Thus, it was proposed that the PE in mammalian
tissues was generated solely by the decarboxylation of
PS, either during its isolation or during the postmortem
changes that occurred in tissues. Nevertheless, Folch perse-
vered in his contention that PE was a naturally occurring
phospholipid because he had observed that the fatty acyl
chain constituents of PS and PE were different. However,
as was discovered later, and as is described in more detail in
the PS decarboxylation section below, some PE and etha-
nolamine are, indeed, generated enzymatically from PS in
vivo (30).

The historical information presented above on the isola-
tion and basic chemical characterization of the phospho-
glycerolipids is particularly noteworthy because much of
this work was achieved almost 100 years ago at a time when
the availability of experimental tools was extremely limited.

UNRAVELING PHOSPHOGLYCEROLIPID
BIOSYNTHESIS

In the early 1900s, several investigators found that ani-
mals that had been fed a diet that contained no preformed
phosphoglycerolipids developed normally, and that their
tissues contained normal amounts of phospholipids [re-
viewed in (31)]. These observations implied that animals
must be able to synthesize their own phospholipids in vivo.
Additional evidence that phosphoglycerolipids were bio-
synthesized in animals came from some novel in vivo ex-
periments executed by Sinclair (32), who added the
“un-natural” fatty acid, elaidic acid (the trans isomer of
oleic acid), to the diet of rats. He showed that elaidic acid
became incorporated into phospholipids and fat, and was
metabolized in a manner similar to that of its naturally oc-
curring isomer, oleic acid. Around this time, also, a pivotal
breakthrough in the development of methodology for elu-
cidating the reactions of metabolic pathways was provided
by the pioneering work of Schoenheimer and Rittenberg
(33) in 1937 in which deuterium and other isotopes were
used as metabolic tracers. This tracer technique was enthu-
siastically embraced by many biochemists, including one of
Rittenberg’s colleagues, Bloch (34), as well as Cornforth
and Gore (35). These renowned lipid biochemists used in-
sightful isotopic labeling experiments to elucidate details
of the cholesterol biosynthetic pathway. Isotopes were also
used to delineate the biosynthetic pathways of the phos-
pholipids. For example, Cavanagh and Raper (36) ob-
served that deuterated fatty acids were incorporated in vivo
into the phosphoglycerolipids of the liver, brain, kidney,
and blood of rats. Similarly, when Stevens and Chaikoff
(87) provided fatty acids containing [14C]—labeled carboxyl
groups to rats, the "G was incorporated into phosphoglyc-
erolipids. During the late 1930s, the liver was considered to
be the major site of phosphoglycerolipid synthesis in ani-
mals. However, by 1945, Artom (38) had also detected
the biosynthesis of lecithin and cephalin in vivo in the
intestine, kidney, muscle, and brain of rats using [32P]
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phosphate. In other experiments, Fishler et al. (39) showed
in 1941 that phosphoglycerolipids were radiolabeled from
32Pi in vitro in liver slices, although at that time phospho-
lipid synthesis could not be detected in liver homogenates.
Furthermore, DeWitt Stetten (40) demonstrated that [IBN]
choline and [15N]ethanolamine were incorporated into PC
and PE, respectively, in vivo in rats.

Thus, by the early 1950s, it had become clear that the
phosphoglycerolipids, PC and PE, were biosynthesized
from glycerol, fatty acids, phosphorus, and a nitrogenous
base. The next major frontier was to dissect the biosyn-
thetic pathways of these phospholipids in more detail.
Some of the initial studies on PC biosynthesis were re-
ported in 1953 by Kornberg and Pricer (41) who demon-
strated that phosphocholine, radiolabeled with "Cand P,
was converted by liver enzymes into a [14C]— and [32P]—
containing lipid that they presumed was lecithin (i.e., PC);
this conclusion was later confirmed by Rodbell and Hana-
han (42). On the basis of these data, the following mecha-
nism was proposed for the biosynthesis of lecithin:

phosphatidicacid + phosphocholine — lecithin (PC)+P

Kennedy and Weiss were intrigued by these findings and
their curiosity led them to investigate in more detail the
mechanism by which lecithin was formed from P-choline.
In their initial studies, reported in 1956 (43), they con-
cluded that ATP was required for the synthesis of lecithin
from phosphocholine. However, when they employed
some additional detective work, they made the surprising
discovery that CTP, not ATP, was the ribonucleotide tri-
phosphate involved in PC and PE biosynthesis (43). In
these carefully performed studies, rat liver homogenates
were incubated with [SQP]phosphocholine in the presence
of Mg% and ATP, with the result that [32P]-labeled phos-
pholipids were produced. They found that addition of the
cofactor ATP was essential for the reaction. Enigmatically,
however, when instead of ATP, they added AMP plus a sub-
strate (e.g., succinate) for the generation of ATP in situ
via oxidative phosphorylation, no radioactive lecithin was
produced. Importantly, as a positive control experiment,
Kennedy and Weiss (43) demonstrated that the oxidative
phosphorylation of AMP to ATP was occurring during
these experiments. Thus, as an additional demonstration
that ATP was, indeed, required for the biosynthesis of leci-
thin, a different preparation of ATP (Lot 122 in Fig. 3) was
used in the reaction, but unexpectedly, [32P]phosphocho-
line did not become incorporated into lecithin (Fig. 3).
One can readily imagine the discussions that occurred in
the laboratory in response to these apparently contradic-
tory findings! Consequently, several additional ATP prepa-
rations, as well as other nucleoside triphosphates (CTP,
UTP, GTP, and ITP), were tested in the reaction. To their
surprise, CTP was by far the most active of these nucleo-
tides in promoting lecithin synthesis from P-choline (Fig.
3). Kennedy and Weiss (43) concluded, therefore, that the
original ATP preparation (Lot 116 in Fig. 3) had been im-
pure and contained a small amount of CTP (less than 1%).
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Ll
[32P]choline incorporated into PC

Cofactor Added (mumoles)
ATP (lot 116) 5 umoles 5.1
ATP (lot 122) 5 umoles 0.2
ATP (lot 122) 5 umoles + CTP (0.5 umoles) 15.0
ATP (lot 122) 5 umoles + CTP (0.1 umoles) 10.0
No ATP + CTP (0.5 umoles) 8.0

Fig. 3. FEugene P. Kennedy. Top: From the author’s personal file.
Bottom: Results from an experiment showing that CTP, not ATP, is
the nucleotide cofactor for PC biosynthesis [modified from (43)].

Thus, the activity of the original “ATP” in promoting the
synthesis of lecithin was due to the contaminating CTP
(Fig. 3). Thus, Kennedy and Weiss (43) concluded that
CTP, not ATP, was the active component that was required
for the conversion of phosphocholine to PC. This com-
pletely unanticipated result was the first demonstration
that a cytidine nucleotide, CTP, could generate an “acti-
vated” form of a precursor (in this case CDP-choline) for
use in a major biosynthetic reaction. From these observa-
tions, Kennedy and Weiss (43) proposed the following
scheme to explain the role of CTP in the conversion of P-
choline into lecithin:

CTP +P-choline — CDP-choline + PP,

CDP-choline + diacylglycerol — lecithin (PC) + CMP

Similarly, Kennedy and Weiss (43) demonstrated that CTP
was also required for the production of PE from CDP-
ethanolamine by the following set of reactions:

CTP + P-ethanolamine — CDP-ethanolamine + PP,
CDP-ethanolamine + diacylglycerol — PE + CMP

Moreover, CDP-choline and CDP-ethanolamine were
detected as naturally occurring nucleotides in rat liver and
yeasts, and further experiments showed that the addition
of highly purified CDP-choline or CDP-ethanolamine to
the in vitro reactions also resulted in the synthesis of PC or
PE, respectively. The possibility that the added CDP-choline
had initially been converted to phosphocholine or choline,
which was then incorporated into PC, was dismissed because
the rate of conversion of CDP-choline to PC was much
higher than when equivalent amounts of P-choline and
CTP were used. Subsequent experiments on PC and PE
synthesis demonstrated that two distinct enzymes medi-
ated the conversion of P-choline and P-ethanolamine



into the respective CDP-derivatives for the synthesis of
PC and PE. In 1954, these two enzymes were designated
“PC-cytidyl transferase” and “PE-cytidyl transferase” by
Kalckar and Klenow (44) and the PC-cytidyl transferase
from rat liver was further characterized by Kennedy, Smith,
and Weiss (45).

For the final reaction of the CDP-choline pathway for PC
synthesis, the enzyme that catalyzes the transfer of P-choline
from CDP-choline to the sn-3 hydroxyl group of glycerol
was originally called “PC-glyceride transferase” by Weiss,
Smith, and Kennedy (46). These investigators established
that this enzyme was specific for CDP-choline (46). The
analogous enzymatic activity that transferred P-ethanolamine
from CDP-ethanolamine to diacylglycerol to generate PE
was called “PE-glyceride transferase”. Thus, by the late
1950s, the biosynthetic pathways of the major phospholipid
classes (PC and PE) had been outlined, primarily as a
result of the pioneering work of Gene Kennedy and his
coworkers [reviewed in (47)]. More recent information on
PE biosynthesis is provided in the Biosynthesis of PE
section below.

HISTORY OF PS BIOSYNTHESIS

As indicated above (Unraveling Phosphoglycerolipid Bio-
synthesis), in 1941, Folch and colleague reported that one
component of cephalin was a phosphoglycerolipid that con-
tained the amino acid, serine (22, 26). Although many of his
colleagues doubted that an amino acid could be a constitu-
ent of a lipid molecule, Folch subsequently confirmed his
finding by isolating pure PS from cephalin of human brain
and establishing that serine was, indeed, a component of the
molecule (22, 48). The structure of PS (Fig. 1) (which, in
contrast to the zwitterionic phospholipids, PC and PE, is neg-
atively charged at cellular pH) was conclusively established by
Baer and Maurukas (49) in 1955.

In mammalian cells, PS is synthesized by calcium-
dependent base-exchange reactions in which the polar
headgroup of a preexisting phospholipid (PC or PE) is ex-
changed for serine with the release of choline or ethanol-
amine, respectively (Fig. 4) (50). In contrast, in yeasts and
prokaryotes, PS is synthesized by a completely different PS
synthase that utilizes CDP-diacylglycerol and serine (51);
the CDP-diacylglycerol biosynthetic pathway for PS synthe-
sis has not been detected in mammalian cells. For many
years, each type of cell was thought to make PS either by a
base-exchange reaction or by the CDP-diacylglycerol path-
way, but not by both pathways. However, in 1999, Gardner
and Hampton (52) showed that, in plants, PS can be syn-
thesized by both a base-exchange reaction and by a PS syn-
thase that uses CDP-diacylglycerol. The latter enzyme is
encoded by a ¢cDNA that is 54% identical to the yeast PS
synthase (52).

The base-exchange reaction for PS synthesis in mamma-
lian cells is now known to be catalyzed by two distinct cal-
cium-dependent PS synthases (base-exchange enzymes)
(Fig. 4). One of these serine-exchange enzymes (now des-
ignated as PS synthase-2) uses PE as a substrate (53). This
PS synthase was partially purified from brain in the 1980s

phosphatidylcholine + serine

PS synthase-1
choline

ethanolamine @hosphaﬁdybeﬁn%

PS synthase-2

phosphatidylethanolamine + serine

Fig. 4. Base-exchange reactions for PS synthesis: from PC and PE,
catalyzed by PS synthase-1 and PS synthase-2, respectively.

by Spanner and Ansell (54), Baranska (55), and also by
Suzuki and Kanfer (56). At that time, it was unclear whether
the base-exchange reaction that catalyzed PS synthesis
from PE could also operate as a phospholipase D. How-
ever, this base-exchange enzyme does not appear to possess
any phospholipase D activity. The existence of an addi-
tional mammalian PS synthase (now known as PS syn-
thase-1) was revealed in a series of chemical mutagenesis
experiments in which a line of Chinese hamster ovary
(CHO) cells was generated that lacked serine-exchange ac-
tivity with PC, but retained the ability to synthesize PS from
PE (i.e., PS synthase-2 activity) (57-59). The rate of PS syn-
thesis in these cells, as monitored by in vitro radiolabeling,
was 35-50% lower than in parental CHO cells, and the
amount of cellular PS was also significantly lower (57-59).
These observations implied that PS synthase-1 activity was
defective in these mutant cells. Further mutagenesis of the
PS synthase-1-deficient cells yielded a cell line in which to-
tal PS synthase activity was reduced by ~95%, indicating
that PS synthase-2 had been mutated in addition to PS syn-
thase-1; moreover, these cells required exogenous PS for
growth and survival. Thus, these data established that the
two PS synthases together are responsible for essentially all
PS synthesis in mammalian cells, and also showed that PS is
required for cell viability (60). Moreover, these innovative
mutagenesis experiments demonstrated that, in mamma-
lian cells, PS synthase-1 preferentially uses PC as a substrate,
whereas PS synthase-2 preferentially uses PE (Fig. 4). A
c¢DNA encoding PS synthase-1 was subsequently cloned by
complementation of the PS synthase-1-deficient CHO cells
(61). A cDNA encoding PS synthase-2 was also identified by
sequence alignment with the cDNA encoding PS synthase-1
in cDNA databases; the sequences of the two mammalian
PS synthases are only ~30% identical (62, 63).

Important questions that arise from these studies are:
Why have mammalian cells evolved two distinct enzymes
that produce PS (Fig. 4)? Is the duplication of PS synthase
activity merely a compensatory mechanism in case one of
the synthases is defective or does each PS synthase produce
a unique pool of PS that is required for a distinct function?
The tissue distribution of the mRNAs encoding PS synthase-1
and PS synthase-2 is different and varies during develop-
ment, suggesting that the two PS synthases might produce
pools of PS that are used for different purposes. PS is par-
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ticularly abundant in the brain, comprising ~15% of total
phosphoglycerolipids, and PS appears to be crucial for nor-
mal functioning of the brain and the visual system (6, 7). In
addition, PS synthase-1 mRNA is most abundant in the
brain, but is also highly expressed in the kidney and liver
and at lower levels in most other mouse tissues. On the
other hand, PS synthase-2 mRNA is most highly expressed
in Sertoli cells of the testis with much lower expression in
other tissues, such as the brain and liver (62, 64, 65). As an
additional indication that PS synthase-1 and PS synthase-2
might each be required for some individual functions, the
two mammalian PS synthases appear to regulate phospho-
glycerolipid homeostasis differently. For example, overex-
pression of PS synthase-1 in hepatoma cells markedly
stimulated the incorporation of [3—3H]serine into PS, im-
plying that the activity of PS synthase-1 can control the rate
of PS synthesis (66); however, the amount of cellular PS
was not increased. This apparent anomaly was explained by
the observation that a compensatory increase in the con-
version of PS to PE by PS decarboxylation had been
induced (see the PS decarboxylation section below). More-
over, in the cells overexpressing PS synthase-1, an addi-
tional compensatory mechanism was implemented because
the production of PE from ethanolamine via the CDP-eth-
anolamine pathway was attenuated (Fig. 5) (66). On the
other hand, an equivalent level of overexpression of PS syn-
thase-2 did not increase the incorporation of [S-SH]serine
into PS or alter PE production by either the PS decarboxyl-
ation pathway or the CDP-ethanolamine pathway (62).
Clearly, mammalian cells have the capacity to induce com-
pensatory mechanisms to ensure that phospholipid homeo-
stasis is maintained as far as possible. In addition, these
studies suggest that the two PS synthases might produce dis-
tinct pools of PS to be used for specific purposes.

The two mammalian PS synthases (Fig. 4) are integral
membrane proteins that reside in the microsomal fraction
of cell homogenates (67-69). Each enzyme requires cal-
cium for its activity and the protein is predicted to contain
several membrane-spanning domains (66, 70). As has also
been shown for most of the enzymes that catalyze the

”

8.~
”

f& ZJ'
CDP-Etn

Etn
-7
N

%3

PE

\

7
PC

Fig. 5. PE biosynthetic pathways. The enzyme catalyzing each re-
action is indicated by the numbers 1-9. #1, ETNK; #2, ET; #3, CDP-
ethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase;
#4, PSD; #5, PS synthase-2; #6, PS synthase-1; #7, lyso-PE acyltrans-
ferase; #8, PE N-methyltransferase; #9, release of ethanolamine
from PE. Etn, ethanolamine.

lyso-PE
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terminal reactions of glycerolipid biosynthesis, the active
sites of PS synthase-1 and PS synthase-2 are exposed on
the cytosolic face of the endoplasmic reticulum (ER) (71).
Thus, the major phosphoglycerolipids, PS, PC, and (some)
PE, are generated on the cytosolic face of the ER membrane.
This orientation of the enzymes that catalyze the terminal
steps of phosphoglycerolipid synthesis raises an important
question: how are phospholipids, such as PE, PC, and PS,
translocated from the cytosolic to the luminal leaflet of the
ER bilayer? Obviously, this movement must occur because
both leaflets of the bilayer contain mixtures of these phos-
pholipids. Yet, despite many attempts to define the trans-
port protein that catalyzes the transbilayer movement of
phosphoglycerolipids across the ER bilayer, the nature of
this protein has not yet been unambiguously established.

In the early 1990s, a new technique by which a specific
gene could be disrupted in mice (i.e., generation of “knock-
out mice”) was developed as a tool for understanding the
physiological roles of proteins that are specified by particu-
lar genes (72, 73). This technique is now widely used and
has radically changed the way in which the physiological
functions of proteins can be investigated in vivo. In order
to understand the roles of PS synthase-1 and -2 in vivo, my
laboratory generated mice in which the genes encoding
these enzymes were individually disrupted (Fig. 4) (65, 74, 75).
Mice lacking PS synthase-2 appeared outwardly normal
(75), indicating that PS synthase-2 is dispensable for mouse
development and survival. Nevertheless, in male PS syn-
thase-2-deficient mice, testis size was smaller than in wild-
type mice. In addition, ~10% of male offspring had
atrophied testes and were infertile. Furthermore, the
plasma level of folliclestimulating hormone in male PS
synthase-2 knockout mice was higher than in their wild-
type littermates. The findings in the knockout mice are
consistent with a defect in the function of Sertoli cells, the
major cell type expressing PS synthase-2 in the testis.
Although global elimination of PS synthase-2 markedly
reduced total PS synthase activity in mouse tissues, the
amounts of PS and PE were largely unchanged. A probable
explanation for why the mass of PS was not reduced in the
PS synthase-2 knockout mice is that PS synthase-1 activity
(in primary hepatocytes isolated from these mice) was in-
creased and PS degradation was attenuated (76). Thus,
compensatory mechanisms had been induced for main-
taining critical levels of PS in the absence of PS synthase-2,
indicating that PS synthase-1 can, for the most part, substi-
tute for a lack of PS synthase-2.

The gene encoding PS synthase-1 was also globally dis-
rupted in mice (75). The PS synthase-1 knockout mice
were viable and outwardly indistinguishable from their
wild-type littermates. Despite an 85% reduction in total PS
synthase activity in vitro, male and female mice lacking PS
synthase-1 were fertile. Moreover, the amounts of PS in tis-
sues of the knockout mice were normal, except for a modest
reduction in the PS content of the liver. In marked con-
trast, however, and for reasons not completely understood,
the viability of CHO cells lacking PS synthase-1 is severely
compromised despite the presence of PS synthase-2 (68).
Not unexpectedly, when mice lacking PS synthase-1 were



crossed with mice lacking PS synthase-2, no viable offspring
were generated that lacked both of the PS synthases (75).
On the other hand, mice with three disrupted PS synthase
alleles (i.e., Psslf/f/PssZr/f and Pss]+/7/Pss27/7 mice)
were viable and retained some residual PS synthase activity
with only a modest reduction in PS content of their tissues.
These studies demonstrate that mice can tolerate the loss
of either PS synthase-1 or PS synthase-2, and can survive
with as little as 10% of normal PS synthase activity, whereas
the complete elimination of PS synthase activity and the
absence of PS are incompatible with survival.

Little information is available on how PS synthesis in
mammalian cells is regulated by factors such as hormones
or serine, or by the supply of energy, although some early
studies indicated that PS synthesis in rat brain is regulated
by phosphorylation via protein kinase C (77). In yeasts, an
elegant system for regulation of PS synthesis by inositol at
the level of gene expression has been described, primarily
in the laboratories of Carman and Henry [reviewed in
(78)]. However, as noted above, the synthesis of PS in
mammalian cells and yeasts is mediated by completely dif-
ferent enzymatic reactions. It is not surprising, therefore,
that the yeast-like system for regulation of gene expression
of PS synthesis does not operate in mammalian cells. Be-
cause the tissue distribution of PS synthase-1 and PS syn-
thase-2 in mammalian cells is distinct, it is possible that
mechanisms underlying the transcriptional regulation of
PS synthase-1 and PS synthase-2 are different in different
types of mammalian cells and tissues. A preliminary charac-
terization of transcriptional activation of the mammalian
PS synthase-1 gene promoter in vitro and in vivo by Spl
and N-Myc has been reported (79), but many more experi-
ments are required before one can fully understand how
PS synthesis is regulated at the level of gene expression in
mammalian cells.

A completely different type of regulation of the PS bio-
synthetic pathway in mammalian cells was revealed in series
of experiments performed by Nishijima, Kuge, and Aka-
matsu (80) in CHO cells. These studies showed that when
the cellular content of PS increased, the rate of PS synthesis
decreased, as measured by the rate of incorporation of 32Pi
into PS. Thus, mammalian cells employ a mechanism by
which end-product inhibition of PS synthesis by PS regu-
lates the rate of PS biosynthesis. Subsequently, a mutant
CHO cell line was generated in which the rate of PS synthe-
sis was 2.5-fold higher than in parental CHO cells. In these
mutant cells, PS synthesis was resistant to inhibition by ex-
ogenously added PS, suggesting that the mechanism by
which PS attenuated PS synthesis had been abolished in
the mutant cells (81). A point mutation at Arg-95 in PS
synthase-1 was identified in these cells and shown to be respon-
sible for the lack of end-product inhibition of PS synthesis
(82). Similarly, a point mutation in Arg-97 of PS synthase-2
prevented the end-product inhibition of PS synthase-2 by
PS (83). It is likely that the end-product inhibition of PS
synthase-1 and PS synthase-2 activities is mediated by a di-
rect binding of PS to the PS synthase proteins (63, 84).

Until recently, no example of a human disease caused
by a mutation in PS synthase-1 or PS synthase-2 had been

reported. However, whole-exome sequencing studies have
identified a group of five patients with Lenz-Majewski syn-
drome (85) who had causative heterozygous mutations in
the PS synthase-1 gene (86). This disorder is characterized
by congenital abnormalities, dwarfism, hyperostosis, and
intellectual impairment (85). Interestingly, the disease-
causing mutations in the PS synthase-1 gene all lie within a
highly conserved region of the protein that is responsible
for the feedback regulation of PS synthase-1 activity by PS
(84). Consequently, in fibroblasts derived from Lenz-Ma-
jewski patients, the rate of incorporation of ["H]serine into
PS was markedly higher than in fibroblasts from control
patients. Nevertheless, neither the amount of PS synthase-1
protein, nor the activity of PS synthase-2, was higher in the
mutant cells than in the control cells. Instead, the muta-
tions in the patients’ fibroblasts led to impaired end-prod-
uct inhibition of PS synthase-1 activity. Consistent with this
conclusion, the in vitro activity of PS synthase-1 in lysates of
control fibroblasts, but not of the mutant fibroblasts, was
strongly inhibited by exogenously added PS, but not by the
addition of other phospholipids. Consequently, these stud-
ies show that the PS synthase-1 mutations in Lenz-Majewski
syndrome patients are gain-of-function, rather than loss-of-
function, mutations (86). In addition, despite the impaired
end-product inhibition of PS synthesis, the mass of PS was
not greater in the mutant fibroblasts than in the control
fibroblasts. Presumably, compensatory mechanisms had
been induced in the mutant fibroblasts to maintain normal
phospholipid homeostasis. Additional cases of Lenz-Ma-
jewski syndrome have now also been reported to be due to
mutations in the same region of the PS synthase-1 gene
(87-89). However, the content of PS and PE in bone or
other tissues and specific subcellular organelles was not
measured in any of these studies. One can speculate that
alterations (an increase?) in the PS content of specific tis-
sues might be caused by the mutations and, thereby, con-
tribute to the various clinical phenotypes. For example, an
increased level of PS in osteoclasts has been proposed to
accelerate the rate of bone formation without altering the
rate of bone absorption (87-89). Thus, an increased
amount of PS in bone cells might be responsible for the
increased bone density in the patients. Nevertheless, it is
not yet clear if, or how, the loss of end-product regulation
of PS synthase-1 activity accounts for the multiple pheno-
types of Lenz-Majewski patients, such as intellectual impair-
ment, bone dysplasia, and cutis laxa (i.e., loose wrinkled

skin) (88, 89).

PS IMPORT INTO MITOCHONDRIA

A key question frequently asked by cell biologists is: by
what mechanisms are hydrophobic lipid molecules, such as
PC, PE and PS, transported from their sites of synthesis
(primarily on the ER) to other intracellular organelle
membranes, such as those of mitochondria, plasma mem-
brane, peroxisomes, lysosomes, and endosomes? Sponta-
neous diffusion of lipids through the aqueous milieu of the
cytosol is energetically unfavorable and, therefore, is not
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likely to occur in most cases. Clearly, some inter-organelle
lipid movement occurs via vesicles, but a vesicular transport
mechanism probably does not mediate lipid import into
mitochondria (69, 90-92). Nor do any of the known cyto-
solic “lipid transfer proteins” appear to be required for PS
transfer from the ER through the cytosol to mitochondria
because in permeabilized cells and reconstituted organelle
systems, the transfer of PS to mitochondria for decarboxyl-
ation to PE (see the PS decarboxylation section below) oc-
curs at the same rate as in intact cells (90-92). Although
the mechanisms underlying inter-organelle lipid transport
have, in most cases, not yet been established, some impor-
tant clues have emerged in the case of PS transport from
the ER to mitochondria.

For the past half-century, numerous ultrastructural/
electron microscopic studies of mammalian cells have re-
vealed a close apposition between the ER and mitochon-
dria (Fig. 6) that appears to be regulated by fasting and
feeding (93-96). A close proximity has also been observed
among the ER, mitochondria, and lipid droplets in hepa-
toma cells (97). Although the electron microscopic evi-
dence suggested that physical connections might exist
between the ER and mitochondria, these data were origi-
nally dismissed as being artifactual and lacking in biologi-
cal importance. Nevertheless, in support of the idea that
regions of the ER lie in close proximity to mitochondria,
Shore and Tata (98) separated ER membranes into two
subfractions that were associated to different degrees with
mitochondria. Moreover, in the 1990s, some serendipitous
cell fractionation studies in my laboratory revealed that mi-
tochondria do, indeed, associate specifically and reversibly
with elements of the ER, thereby providing a potential
mechanism for the import of newly made PS into mito-
chondria (69). It is now known that approximately 20% of
mitochondria in HeLa cells are normally in close juxtaposi-
tion with the ER, at a separation of 20-30 nm (99).

In these subcellular fractionation experiments, we were
investigating the subcellular location of enzymes involved in
phospholipid synthesis in rat liver, and were aware that PS
synthase activity had previously been localized to micro-
somal membranes (100, 101). We were, therefore, aston-
ished and disappointed to discover that the mitochondria
that we had isolated by a traditional subcellular fractionation

Fig. 6. MAMs. Left: Percoll gradient isolation of MAMs and mito-
chondria from rat liver (from the author’s personal file). Right:
Electron microscopic visualization of MAMs, shown as contacts/
close proximity between ER and mitochondria (M) [From (95)].
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technique (the pellet that sedimented upon a 10 min
centrifugation of a postnuclear supernatant at 10,000 g)
contained high levels of PS synthase activity. For example,
in microsomes, PS synthase activity was 1.76 + 0.69 nmol/h/
mg protein, whereas in mitochondria, the activity was 1.82 +
0.55 nmol/h/mg protein (69). We initially concluded that
the mitochondria we had isolated were highly contami-
nated by microsomes. Rather than stopping at this point, we
obtained an improved protocol for isolation of “pure” mito-
chondria from Ben de Kruijff (University of Utrecht, The
Netherlands). This method involved ultracentrifugation of
crude mitochondria (isolated as above) on a Percoll gradi-
ent (shown in Fig. 6). When we measured PS synthase activ-
ity in the lower light-brown band (mitochondria) from the
Percoll gradient, we found that the activity was very low
(0.10 £ 0.07 nmol/h/mg protein). In contrast, when we col-
lected the diffuse white upper band from the Percoll gradi-
ent (Fig. 6) and centrifuged these membranes for 1 h at
100,000 gon a sucrose gradient, essentially all of the PS syn-
thase activity (2.74 + 0.9 nmol/h/mg protein) from the
crude mitochondrial pellet was recovered in this “contami-
nating” membrane fraction. We initially called these mem-
branes “fraction X” (69), but later changed their name to
mitochondria-associated membranes (MAMs). Although
MAMs contained many, but not all, properties of typical ER,
the activities of several other lipid biosynthetic enzymes, in-
cluding PS synthase-1 and -2, diacylglycerol acyltransferase,
and acyl-CoA cholesterol acyltransferase, were several-fold
enriched in MAMs compared with the bulk of ER [ (69, 102—
104); reviewed in (105)]. Proteomic analysis of MAMs iso-
lated from mouse brain has now been reported (106, 107).
Another surprising finding from our isolation of MAMSs was
that, according to immunoblotting, the PC-synthesizing en-
zyme, PE N-methyltransferase (which was the focus of the
Dennis Vance laboratory next door!), was primarily local-
ized to MAMs, rather than the bulk of ER (108); the bulk of
ER did, however, contain some PE methyltransferase activ-
ity, but the protein was not detected by the antibody used
for immunoblotting. Indeed, PE methyltransferase, which
is expressed essentially only in hepatocytes, can be used as
an excellent specific marker of MAMs in hepatocytes and
liver. Because MAMs dissociate from mitochondria upon
centrifugation on a Percoll gradient (Fig. 6) (69), we con-
cluded that the association between MAMs and mitochon-
dria was not the result of membrane fusion, but rather
constituted a reversible contact event. ER-mitochondria
contact sites (similar to the MAMs that were obtained from
the livers of rats and mice) have now also been character-
ized from several other mammalian sources such as primary
hepatocytes and CHO cells (92, 109-112), as well as plants
(94, 113) and yeasts (114, 115) [reviewed in (105, 116)].
More recently, a similar, but slightly modified, protocol for
isolation of MAMs has been reported (117).

The finding that PS synthase-1 and -2 are enriched
~4-fold in MAMs compared with the bulk of the ER (69, 92,
103) suggested that the majority of cellular PS might be
produced in the MAMs (103). These intriguing observa-
tions led us, and others, to propose that the close juxtaposi-
tions, or contact sites, between the ER and mitochondria



would provide a plausible mechanism by which a hydro-
phobic lipid, such as PS, is transported from its site of syn-
thesis on the ER/MAM to mitochondriafor decarboxylation
to PE via PS decarboxylase (PSD) without moving directly
through the aqueous milieu of the cytosol (Fig. 7) (69, 118,
119). Accordingly, when the crude mitochondrial fraction
(containing MAMs + mitochondria) was incubated with
[3H]serine in the absence of cytosolic proteins, radiola-
beled PE was rapidly produced. Thus, the crude mitochon-
drial fraction contained all of the ingredients required for
the synthesis of PS, its transport to mitochondria, and its
decarboxylation to PE (Fig. 7). These studies indicated that
the import of newly made PS into mitochondria occurs via
MAMs. When these results were initially reported, there was
profound and widespread skepticism about the role and
biological relevance of MAMs in PS import into mitochon-
dria. Nevertheless, numerous additional studies have now
confirmed that MAM contact sites mediate the import of
newly made PS from the ER/MAM to mitochondria for de-
carboxylation to PE by PSD (Fig. 7) (69, 90-92, 120-123).
The half-time for transport of newly made PS from its
site of synthesis in the ER/MAM to the site of PSD on mito-
chondrial inner membranes (Fig. 7) is surprisingly long
(~6.5 h), and this step is rate limiting for the conversion of
PS to PE in mammalian cells (91, 121). ATP is required for
the transport of newly made PS to the site of PSD in intact
mammalian cells, perhaps for orienting the ER and mito-
chondrial membranes appropriately (90, 91, 122). More-
over, the finding that newly made, rather than preexisting,
PS is preferentially imported into mitochondria for decar-
boxylation to PE by PSD (122) indicates that a newly made
pool of PS is channeled into mitochondria. More details of
the mechanism by which PS is imported into mitochondria
were revealed by some novel in vitro reconstitution experi-
ments. Voelker (110) used a shearing process to disrupt
“donor” cells in which PS had been previously radiola-
beled. These disrupted labeled donor cells were then
mixed with disrupted unlabeled “acceptor” cells. Interest-
ingly, no radiolabeled PE was produced, demonstrating
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Fig. 7. Synthesis, translocation, and decarboxylation of PS. PS is
synthesized in MAMs by serine-exchange via PS synthase (PSS) with
either PC or PE. The newly made PS is subsequently imported via
MAMs into mitochondria (MITO) and decarboxylated to PE
therein via PSD.

that the disrupted acceptor cells were unable to translocate
the radiolabeled PS to mitochondria for decarboxylation
to PE. On the other hand, PS that was made in the dis-
rupted donor cells was efficiently decarboxylated to PE in
the same set of disrupted cells. Thus, the translocation of
PS to mitochondria for decarboxylation to PE occurred
only in the same cells in which the PS was made, suggesting
that newly made PS had been “channeled” into mitochon-
dria (110). These data are consistent with the idea that PS
is imported into mitochondria via close juxtaposition, or
contact, between MAMs and mitochondria. In other sup-
porting studies, the enrichment of donor membranes
(MAMs) with PS (which appears to be primarily made in
the MAMs) markedly increased the rate of PS import into
mitochondria for decarboxylation to PE via PSD (124).
Furthermore, an increased production of PS in MAMs in-
creased the transport of PS from the ER/MAM to mito-
chondria (125). These data indicate that enrichment of
MAMs with the negatively charged phospholipid, PS, pro-
motes contact between MAMs and mitochondrial outer
membranes.

After newly made PS reaches the mitochondrial outer
membrane (Fig. 7), several additional hurdles must be
overcome before the PS can access the catalytic site of PSD
on mitochondrial inner membranes. First, upon arrival of
PS at the cytosolic leaflet of the mitochondrial outer mem-
brane, the PS must be translocated across this membrane.
The molecular mechanism underlying the transbilayer
movement of PS is currently not known. Next, the PS must
traverse the inter-membrane space. This transfer appears
to occur at the contact sites between mitochondrial outer
and inner membranes (126), thereby eliminating the ne-
cessity for direct movement of PS through the hydrophilic
environment of the inter-membrane space. It is likely that
a triple contact site is formed between MAMs and the con-
tact site between the outer and inner mitochondrial mem-
branes (127, 128). Thus, the active site of PSD, which is
exposed on the outer aspect of the mitochondrial inner
membrane, would be able to access the newly imported PS.
Clearly, additional information is required for elucidation
of more details of the molecular mechanisms that mediate
all of these steps for PS transport to the site of PSD on mi-
tochondrial inner membranes.

The observed 20-30 nm separation between mitochon-
drial outer membranes and MAMs is consistent with the
idea that a protein bridge reversibly tethers the two organ-
elles (99). Studies that were performed primarily in yeasts
(129) indicate that formation of contact sites between the
ER and mitochondria is mediated by a proteinaceous teth-
ering complex consisting of several components (130-
136). Because several of these proteins that constitute the
tethering complex of yeasts are not expressed in mamma-
lian cells (137), more information is required about the
protein constituents of a tethering complex in mammalian
cells (138). One protein that has been suggested to be part
of the mammalian ER/mitochondria tether is mitofusin-2,
a protein that is required for mitochondrial fusion; mito-
fusin-2 has been detected in elements of the ER, mostly
MAMs, as well as in mitochondrial outer membranes (134).
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A role for MAMs in mitochondrial function was also sug-
gested by the finding that silencing mitofusin-2 expression
in fibroblasts increased the distance between the ER
and mitochondria and decreased [BH]serine incorpora-
tion into PE (139). Additional evidence for a role of mito-
fusin-2 in ER/mitochondria tethering is the observation
that a mitochondrial ubiquitin ligase (MITOL) that ubiqui-
tinates mitofusin-2 in vitro altered the number of ER-mito-
chondria contact sites (140). Furthermore, a defect in PS
transport to mitochondria was corrected by decreasing the
distance of tethering between the ER and mitochondria
using artificial tethering proteins of specific lengths (125).
Several other proteins have been implicated as compo-
nents of the tethering complex between the ER/MAM and
mitochondria of mammalian cells. For example, in neu-
rons, the tethering of ER to mitochondria was reported to
involve the PDZDS8 protein as a mechanism for regulating
calcium dynamics (141). Other proteins, such as the phos-
phofurin acidic cluster sorting protein, a cytosolic protein,
also regulate the formation of MAM-mitochondria contact
sites, but are not necessarily part of the tether (142). Thus,
the identification of proteins that form a tethering com-
plex between the ER/MAM and mitochondria and the pre-
cise biological functions of MAMs in mammalian cells are
currently very active areas of investigation.

The import of PS into mitochondria for conversion to
PE via PSD (Figs. b, 7) is absolutely crucial for cell viability,
as shown by the embryonic lethality caused by global elimi-
nation of PSD in mice (143). Moreover, reduction in the
rate of production of PE in mitochondria via PSD pro-
foundly impairs multiple mitochondrial functions, such
as respiration, as well as mitochondrial morphology
(143, 144). MAMs are required not only for PS import
into mitochondria and the decarboxylation of PS to PE
[reviewed in (105, 130, 145)], but also for regulation of
calcium homeostasis because calcium transport between
the ER and mitochondria occurs via MAMs (99, 131, 146).
In addition, the inositol #risphosphate receptor is highly
enriched in MAMs (99, 109, 146, 147). Furthermore,
the formation of inter-organelle contact sites between the
ER/MAM and mitochondria appears to be critical for the
regulation of apoptosis (133, 142), autophagosome forma-
tion (148), iron homeostasis (149), and mitochondrial DNA
replication (150).

Several recent studies have suggested that MAMs play
key roles in human disease processes. For example, an in-
creased association of MAMs with mitochondria has been
proposed to promote the progression of Alzheimer’s dis-
ease because the amyloid precursor protein and the prote-
ase (y-secretase) that generate (-amyloid deposits are
enriched in MAMs (139, 151-154). MAMs have also been
implicated in familial Parkinson’s disease that is caused
by mutations in a-synuclein, a protein that is linked
with this disease and is located in MAMs. In these patients,
MAM function is impaired (155). Recent studies have also
implicated MAM dysfunction in type 2 diabetes (156). Nev-
ertheless, despite these intriguing findings, many questions
remain concerning the function of MAMs in human
disorders.
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The isolation and characterization of MAMs raised the
possibility that similar membrane contact sites might be a
feature that is common to other pairs of organelles, and
might play an important role in inter-organelle communi-
cation as well as lipid transport. Although MAMs (i.e., the
contacts between the ER and mitochondria) are the best-
characterized membrane contact sites [reviewed in (105,
116, 157)], contact sites have now been detected between
other pairs of organelles [reviewed in (158-160)]. For ex-
ample, contact sites between the ER and plasma membrane
are thought to be important for autophagosome formation
(161). The tethering between the ER and the plasma mem-
brane involves phosphatidylinositol-4-P and the oxysterol
binding proteins, ORP5 and ORP8 (162). Membrane con-
tact sites have also been observed between the ER and
Golgi (163, 164), the ER and peroxisomes (165), mito-
chondria and lysosomes (166), and the ER and endosomes
(159). Some of these inter-organelle contact sites have been
proposed to mediate inter-organelle communication as well
as lipid transfer [reviewed in (157)]. Nevertheless, it has not
yet been established how generally membrane contact sites,
including the MAMs, are used for the inter-organelle traf-
ficking of lipids, such as sterols and other phospholipids.

BIOSYNTHESIS OF PE

The four PE biosynthetic pathways

PE can be synthesized in mammalian cells by four dis-
tinct pathways [reviewed in (167, 168)]: the CDP-ethanol-
amine pathway (reactions 1-3 in Fig. 5) (43), the PSD
pathway (reaction 4 in Fig. 5) (30, 51), the base-exchange
pathway (reactions 4 and 6 in Fig. 5) (169), and the acyla-
tion of lyso-PE (reaction 7 in Fig. 5) (170). It is notewor-
thy that the CDP-ethanolamine pathway is the only de
novo pathway for PE synthesis, whereas the other three
pathways involve transformation of a preformed phospho-
lipid (Fig. 5). In general, as discussed in the Unraveling
Phosphoglycerolipid Biosynthesis section above, the reac-
tions of the CDP-ethanolamine pathway for PE biosynthe-
sis parallel those of the CDP-choline pathway for PC
synthesis (43).

The quantitative importance of each of these pathways
of PE synthesis (Fig. 5) has not been adequately addressed,
but appears to depend on the type of cell. In several types
of cultured cells, including fibroblasts, more than 80% of
PE appears to be derived from the PSD pathway, even when
the cells are provided with adequate amounts of etha-
nolamine (171, 172). On the other hand, in some early
studies, it was reported that, in hamster heart and rat hepa-
tocytes, the CDP-ethanolamine pathway generated the ma-
jority of PE, whereas the PSD pathway accounted for only
~5% of PE synthesis (173-175). According to one esti-
mate, the synthesis of PE via the base-exchange reaction
contributes only 8-9% of PE in rat hepatocytes at physio-
logical concentrations of ethanolamine (~20 uM) (169).
The production of PE by the acylation of lyso-PE (reaction
7 in Fig. 5) is active in yeasts (170, 176) and probably also



occurs in mammalian cells (144); interestingly, in yeasts,
the majority of lyso-PE acyltransferase activity is localized to
the MAMs (170). However, because radiolabeling was used
in all of these calculations, and because the pool sizes, ho-
mogeneity of labeling, and the specific radioactivity of pre-
cursor molecules were not assessed, estimation of the
relative contributions of the four pathways for PE synthesis
is incomplete and requires further investigation (177).

An important question that arises is: why has more than
one major pathway for PE synthesis evolved in mammalian
cells? An obvious prediction is that alternative pathways
would provide a backup for PE synthesis in case one path-
way fails. This assumption does not, however, appear to
represent the whole story because experiments in knock-
out mice show that both the PSD pathway (143) and the
CDP-ethanolamine pathway (178, 179) for PE synthesis are
required for mouse survival (see the PS decarboxylation
and The CDP-ethanolamine pathway sections below).

PS decarboxylation

The enzymatic decarboxylation of PS to PE by PSD was
first reported in 1964 (51). PSD decarboxylates the serine
moiety of PS to generate the ethanolamine group of PE (Figs.
5, 7). The first PSD protein to be purified was from Escherichia
coli in which this enzyme mediates the sole pathway for PE
synthesis (51). In mammalian cells, PSD activity is restricted
to mitochondrial inner membranes with the active site ori-
ented toward the inter-membrane space (180, 181). Mam-
malian PSD belongs to a small family of decarboxylases that
contain an unusual pyruvoyl prosthetic group (182). The
enzymatically active form of PSD is generated from its precur-
sor protein by an autocatalytic cleavage between the glycine
and serine residues of an essential LGST motif. In mamma-
lian cells, this proteolysis yields two subunits, a and 3, which
remain noncovalently attached to the mitochondrial inner
membrane (183). During the proteolysis, the serine residue
of the LGST motif is converted into the pyruvoyl group at the
N terminus of the a subunit in which the active site of PSD
resides (184). PSD activity in mammalian cells is derived
from a single Pisd gene and the absolute requirement of the
PSD pathway for PE synthesis in mammals was established by
the demonstration that global disruption of the Pisd gene in
mice is embryonically lethal (143). In contrast, yeasts express
two distinct PSD activities: Psd1, which is similar to the mam-
malian PSD protein and is localized to mitochondria, and
Psd2, which is encoded by a completely different gene and
resides in the Golgi/vacuole (185, 186). Yeasts that lack both
Pisd1 and Pisd2 activities are ethanolamine auxotrophs (185,
186). Interestingly, and in contrast to previous reports, the
Psdl protein in yeasts has recently been reported to have
dual locations: the ER and mitochondria. Moreover, the PE
made by Psdl in the ER was proposed to have a function that
was distinct from the PE made by Psdl in mitochondria
(187). It will be interesting to determine whether mamma-
lian PSD has similar dual localizations and functions in mam-
malian cells.

Itis noteworthy that the final steps of the CDP-ethanolamine
pathway (Fig. 5) and the PSD pathway for PE synthesis

occur in different subcellular locations. Whereas the final
reaction of the CDP-ethanolamine pathway for PE synthe-
sis operates on the ER, PE synthesis via PSD occurs in mito-
chondria. Thus, it is possible that two distinct pools of PE
are produced by these two biosynthetic pathways. In sup-
port of this possibility, in CHO cells and hepatocytes, mito-
chondrial PE is derived preferentially from PE that is made
in situ via PSD in mitochondria rather than being made by
the CDP-ethanolamine pathway in the ER and subsequently
imported into mitochondria (122). This conclusion was
reached from experiments in CHO cells in which PE was
pulse-labeled with either [BH]serine (as a marker of PE de-
rived from PSD) or [*H]ethanolamine (as a marker of PE
made from the CDP-ethanolamine pathway) (Fig. 8). After
various time periods, subcellular fractions (microsomes,
MAMs, and mitochondria) were isolated over a time course
and PS and PE were obtained from the fractions. The spe-
cific radioactivity of [3H]serine—derived PE in mitochon-
dria rapidly exceeded that in microsomes and MAMs. On
the other hand, essentially all of the [SH]ethanolamine-
labeled PE remained in the microsomal and MAM fractions
and was not significantly imported into mitochondria
(Fig. 8), even after 24 h (92). In addition, these, and other,
studies showed that PE made in mitochondria via PSD is
efficiently exported from mitochondria and transported to
other organelle membranes, such as the ER and plasma
membrane (122, 188). Parallel studies, with similar conclu-
sions, were performed in yeasts by Daum and Voelker and
their colleagues (189, 190). Thus, the PE in mitochondrial
membranes is primarily made in situ in mitochondria via
PSD, rather than being made from the CDP-ethanolamine
pathway in the ER.

The findings described above are consistent with the
mitochondrial defects and lethality that occur in PSD
knockout mice (143). Because Pisd”~ heterozygous mice
appeared to be normal in all respects, whereas complete
elimination of PSD was 100% embryonically lethal, we re-
duced PSD activity in CHO cells by ~85% using siRNA si-
lencing so that we could determine the impact of reducing
mitochondrial PE content. The mitochondrial PE content
was thereby reduced by 25-30%, causing mitochondrial
fragmentation and dramatically impairing mitochondrial
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Fig. 8. Origin of mitochondrial PE. Incorporation of [*H]etha-
nolamine (Etn) (left) and [SH]serine (Ser) (right) into PE from
subcellular fractions of rat hepatocytes [from (92)]. MIC, micro-
somes; MIT, mitochondria.
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functions, including oxidative phosphorylation (144). Im-
portantly, as discussed in The CDP-ethanolamine pathway
section below, genetic elimination of the CDP-ethanol-
amine pathway for PE synthesis in mice is also embryoni-
cally lethal (178). Consequently, PE synthesis via the
CDP-ethanolamine pathway and PE derived from the PSD
pathway are both essential for mouse viability. It appears,
therefore, that the pool of PE made by PSD (in mitochon-
dria) and the pool of PE made by the CDP-ethanolamine
pathway (in the ER) are at least partially compartmental-
ized so that each pool is used for some specific functions.

The CDP-ethanolamine pathway

Surprisingly little is known about the origin of the
ethanolamine that is used for PE synthesis via the CDP-
ethanolamine pathway (Fig. 5). Nor has the mechanism by
which ethanolamine is imported into cells been unequivo-
cally established. The normal plasma concentration of free
ethanolamine in rodents and humans is ~20 uM (191).
Some (probably the majority of) ethanolamine in animals
is supplied from dietary sources. On the other hand, in
plants such as Arabidopsis thalania (192) and in some micro-
organisms, serine can be directly decarboxylated to etha-
nolamine. In contrast, the production of ethanolamine by
direct decarboxylation of serine has not been observed in
mammalian cells. Another important, and often ignored,
source of ethanolamine for PE synthesis is the mitochon-
drial decarboxylation of the serine moiety of PS by PSD
(Fig. 5) (30, 181) (see the PS decarboxylation section
above). The product, PE, can subsequently be degraded to
release free ethanolamine that acts as a substrate for PE
synthesis via the CDP-ethanolamine pathway (Fig. 5). A
completely different endogenous source of ethanolamine
for PE synthesis in mammalian cells is from the degrada-
tion of sphingosine-P by the enzyme, sphingosine-P lyase
(193, 194). This reaction is thought to provide only a small
fraction of the total ethanolamine that is required for PE
synthesis via the CDP-ethanolamine pathway (195, 196).
Thus, the majority of ethanolamine incorporated into PE
via the CDP-ethanolamine pathway appears to be derived
from dietary sources, as well as PS decarboxylation.

In some studies performed in 1956, Kennedy, Smith,
and Weiss (45) identified two enzymatic activities that par-
ticipate in PE synthesis via the CDP-ethanolamine pathway:
CTP:phosphoethanolamine cytidylyltransferase (ET) and
CDP-ethanolamine:1,2-diacylglycerol phosphoethanolamine
transferase (Fig. 5). Mammalian genes encoding the three
enzymes of this pathway have now been identified. In the
first step of this pathway, ethanolamine is phosphorylated
by ethanolamine kinase (ETNK) to produce phosphoetha-
nolamine (Fig. 5). Four related genes encode enzymes that
exhibit ETNK activity; all of these kinases are soluble cyto-
solic proteins. Two of the kinases primarily phosphorylate
choline, but also have low activity toward ethanolamine.
The two other ETNKs, ETNKI and ETNK2, appear to be
specific for ethanolamine (197-199). The two ethanol-
amine-specific kinases have distinct tissue distributions.
Whereas ETNK2 is primarily expressed in liver and repro-
ductive tissues, ETNKI is widely expressed in most tissues,
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with highest expression in liver and kidney. Homozygous
disruption of the Eink2 gene in mice reduced hepatic
ETNK activity by ~80%, but did not alter phospholipid
levels in tissues and the male mice developed normally.
However, in female Etnk2™~ mice, litter size was reduced
and perinatal death occurred in ~20% of the pups (198).
These findings suggest that there is at least some, although
not complete, functional redundancy of the two ETNK
isoforms.

In the second step of the CDP-ethanolamine pathway for
PE synthesis (Fig. 5), ET converts phosphoethanolamine to
CDP-ethanolamine in a reaction analogous to the cytidylyl-
transferase reaction of the CDP-choline pathway for PC
synthesis. The ET protein was first purified from rat liver
cytosol by Sundler and Akesson (200) in 1975. ET (encoded
by the Peyt2 gene) is distinct from the cytidylyltransferase
of the PC biosynthetic pathway because ET specifically uti-
lizes P-ethanolamine, but not P-choline (201). Moreover,
unlike the amphitropic enzyme, CTP:phosphocholine
cytidylyltransferase-o (202-204), ET is not activated by lip-
ids and there is no conclusive evidence that ET is activated
upon binding to membranes. Furthermore, in contrast to
CTP:phosphocholine cytidyltransferase-o,, ET is not present
in the nucleus of mammalian cells. The ET protein is en-
coded by a single gene (Pcyt2) that generates two distinct
ET isoforms produced by differential splicing events (205,
206). An unusual feature of ET is the presence of two cata-
Iytic motifs separated by a short linker region derived from
an alternatively spliced exon; both catalytic motifs are re-
quired for ET activity (205, 206).

The absolute requirement of the CDP-ethanolamine
pathway of PE synthesis for mouse development was dem-
onstrated by global disruption of the Pcyt2 gene in mice,
which resulted in lethality around embryonic day 8.5 (178).
It is noteworthy that in Peyt2”’~ mice, despite the appar-
ently normal activity of PSD for PE synthesis (see the PS
decarboxylation section above), PSD was unable to com-
pensate for the loss of ET activity. The Pcyt2+/ ~ heterozy-
gous mice were outwardly normal and the amount of PE in
tissues was normal despite the attenuated rate of PE synthe-
sis via the CDP-ethanolamine pathway, according to radio-
labeling studies with [SH]glycerol (178,179). Interestingly,
diacylglycerols and triacylglycerols accumulated in the liv-
ers of Pcyt2+/ " mice causing hepatic steatosis, presumably
because the utilization of diacylglycerols for PE synthesis
was diminished (179, 207). In other studies, the Pcy(2 gene
was disrupted specifically in the livers of mice. The liver-
specific Pcyt2_/  mice appeared outwardly normal, but the
amount of triacylglycerols in the liver was 10-fold higher
than in Pcyf/+ mice (208). Skeletal muscle-specific ET
knockout mice were also generated (209). In the muscles
of these mice, the PE content was lower than in the muscles
of wild-type mice, with a concomitant increase in diacylg-
lycerol content that was not associated with insulin resis-
tance. However, mitochondprial function was improved, not
impaired, in the muscles of the skeletal muscle-specific ET
knockout mice (209).

In the final reaction of the CDP-ethanolamine pathway,
PE is formed by the transfer of phosphoethanolamine from



CDP-ethanolamine to diacylglycerol in a reaction catalyzed
by CDP-ethanolamine:1,2-diacylglycerol ethanolamine-
phosphotransferase (Fig. 5). This enzymatic activity is con-
tributed by integral membrane proteins that reside
primarily on ER membranes, with some activity on nuclear
membranes (210). More than one protein has been identi-
fied that exhibits ethanolaminephosphotransferase ac-
tivity, but none of these proteins has been purified to
homogeneity. One of these transferases, CEPT1, has dual
activity with both CDP-ethanolamine and CDP-choline
(211). This protein exhibits a striking preference for diac-
ylglycerol species that contain a palmitoyl chain at the sn-I
position and a docosahexaenoyl chain at the sn-2 position.
Correspondingly, in hepatocytes, nearly 50% of PE made
by the CDP-ethanolamine pathway consists of this molecu-
lar species, although the function, if any, of this selectivity
is not yet understood. In other studies, the muscle-specific
elimination of CEPT1 in high-fat diet-fed mice altered the
phospholipid composition of the sarcoplasmic reticulum
and increased insulin sensitivity in muscle (212). In addi-
tion to the dual specificity ethanolaminephosphotransfer-
ase, a second ethanolaminephosphotransferase activity,
EPT-1 (also called selenoprotein-1), that is specific for
CDP-ethanolamine (213), has more recently been discov-
ered. Selenoprotein-1 is most highly expressed in the brain,
placenta, and liver. Recently, a human with the severe
motor neuron disorder, hereditary spastic paraplegia, has
been reported to have a mutation in selenoprotein-1 (214,
215).

In contrast to the abundance of information available
on mechanisms by which PC synthesis is regulated by
CTP:phosphocholine cytidylyltransferase [reviewed in (216)],
little is known about regulation of the CDP-ethanolamine
pathway for PE synthesis. In the 1970s, Sundler demon-
strated that, in rats and cultured rat hepatocytes, the reac-
tion catalyzed by ET is rate limiting for PE synthesis under
most metabolic conditions (191). In these experiments,
freshly prepared hepatocytes were incubated with increas-
ing concentrations of ethanolamine, and a corresponding
increase in the amount of P-ethanolamine was observed
with no change in the concentration of CDP-ethanolamine.
These data indicated that the cytidylyltransferase, ET, of
the CDP-ethanolamine pathway catalyzes the slowest, and
therefore rate-limiting, step for PE synthesis, as was the
case for the cytidylyltransferase in the CDP-choline path-
way for PC synthesis,. However, under some metabolic
conditions, the supply of diacylglycerol, a substrate for
the final reaction of the CDP-ethanolamine pathway, ap-
pears to limit the rate of PE synthesis by this pathway (174,
217).

The mechanisms by which the CDP-ethanolamine path-
way is regulated at the level of expression of the Pcyt2 gene
remain incompletely understood, although basal transcrip-
tion of ET is mediated by the transcription factor, NF-Y
(218). Information on regulation of the CDP-ethanolamine
pathway for PE synthesis by hormones and other metabolic
factors is largely lacking. However, ET is activated by
protein kinase C-mediated phosphorylation in the linker
region of the protein and in the C-terminal catalytic

domain (219). Moreover, the mRNA encoding ET and the
amount of ET protein increase during differentiation of
muscle cells (220). In addition, the two major pathways of
PE synthesis are coordinately regulated under certain met-
abolic conditions because the amount of ET protein and its
activity are ~40% and 100%, respectively, higher in tissues
of heterozygous PSD knockout mice than in wild-type con-
trol mice (143).

PE ether lipids

The existence of a unique class of phosphorus-contain-
ing lipids that contain an (-alkyl group was first proposed
by Doree (221) in 1909 in England. Later, in 1929, Feul-
gen, Imhauser, and Behrens (222) discovered that when a
phosphatide fraction was stained with fuchsin sulfurous
acid, a purple color developed that was characteristic of an
aldehyde; the presence of the aldehyde was apparently due
to the degradation of the alkyl or alkenyl bond of this novel
class of lipids. Subsequently, in the 1950s, the nature of the
chemical linkage of the alkyl group at the sn-I position in a
subset of PE species was established by several research
groups who also showed that some PE species alternatively
contained an alk-l1-enyl (i.e., a vinyl ether) linkage at the
sn-1 position (Fig. 9). Confirmation that ether lipids were
constituents of animal tissues was provided by chemical
studies and by demonstration by Snyder and colleagues in
1969 that the cellfree synthesis of the alkyl ether bond oc-
curs (223, 224). A historical review of this discovery and of
the chemistry and biochemistry of the ethanolamine plas-
malogens can be found in (225).

The PE ether lipids are widely distributed throughout
the animal kingdom and are also present in small amounts
in plants. In mammals, ~20% of total phospholipids con-
tain either an O-alkyl or an (-alkenyl linkage at the sn-1
position (Fig. 9); the remainder of the PE consists of the
diacyl species. Thus, PE molecules can be subclassified into
the diacyl, alkylacyl (i.e., plasmanyl), and the alkenylacyl
(i.e., plasmenyl) classes. In liver, plasmenyl-PE, with the
O-alk-1-enyl linkage, accounts for only 0.8% of total phos-
pholipids (226, 227), whereas PE in the brain contains a
much larger proportion of plasmenyl PE, up to 70% of to-
tal ethanolamine phospholipids. Moreover, in neuronal

CH,-0-CH=CH-R’
CH-O-CO-R” plasmenyl ethanolamine

CH,-0-PO,-CH,-CH,-NH,
CH,-O-R’
plasmanyl ethanolamine

CH-0-CO-R”

CH,-0-PO,-CH,-CH,-NH,

Fig. 9. Structures of the ether lipids: plasmenylethanolamine
(top) and plasmanylethanolamine (bottom).
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cell membranes, ~30% of total phospholipids and ~90%
of the ethanolamine phospholipids consist of plasmenyl-
PE. PE ether lipids are also abundant in inflammatory cells
and tumor cells in which the ether lipids comprise up to
70% of the ethanolamine phosphoglyceride pool. The
O-alkyl and O-alkenyl chains at the sn-1 position of the ether
lipids generally consist of 16:0, 18:0, or 18:1 chains, whereas
arachidonoyl (20:4) and docosahexanoyl (20:6) acyl chains
are the most common at the sn-2 position. The PC ether
lipids, which are usually the alkyl species, are usually far less
abundant than the PE ether lipids, except in the heart of
some animals, such as hamsters, where plasmanylcholines
are a prominent phospholipid species (228, 229).

The biosynthetic pathway for the PE ether lipids is com-
plex (outlined in Fig. 10) [reviewed in (226, 227)]. The first
two steps (steps 1 and 2 in Fig. 10), the formation of 1-alkyl-
glycerone-3-phosphate (also called 1-alkyldihydroxyacetone
phosphate) from dihydroxyacetone phosphate, occur ex-
clusively in peroxisomes. The first two sequential reactions
for the production of l-alkylglycerone-3-phosphate from
dihydroxyacetone phosphate are catalyzed by dihydroxyac-
etone-3-phosphate OG-acyltransferase and 1-alkylglycerone-
3-phosphate synthase (reactions 1 and 2 in Fig. 10); the
latter reaction uses a fatty alcohol as a substrate. The 1-alkyl-
glycerone-3-phosphate is then converted into 1-alkyl-2-acyl-
glycerol in the ER by sequential reduction, acylation,
and dephosphorylation steps (reactions 3-5 in Fig. 10).
In step 6 of Fig. 10, l-alkyl-2-acylglycerol reacts with CDP-
ethanolamine, using either the dual function choline/
ethanolamine phosphotransferase or the CDP-ethanolamine-
specific phosphotransferase, selenoprotein-1 (both of
which are also used for diacyl PE synthesis; see The CDP-
ethanolamine pathway section above), yielding plasmanyl-
PE (plasmanylethanolamine) (reaction 6 in Fig. 10).
Finally, the alkyl group of plasmanyl-PE is desaturated to
the l-alkenyl group in an unusual reaction catalyzed by the

) acyltransferase
1. dihydroxyacetone-3-P —— 5 1-acylglycerone-3-P

fatty alcohol
2. 1-acylglycerone-3- P ——— 5 1-alkylglycerone-3-P
reduction
3. 1-alkylglycerone-3-p ————> 1l-alkyl-2-hydroxyglycerol-3-P
acyltransferase
4. 1-alkyl-2-hydroxyglycerol-3-P _______, 1-alkyl-2-acylglycerol-3-phosphate

phosphatase
S. 1-alkyl-2-acylglycerol-3-phosphate — 5 1-alkyl-2-acylglycerol
CDP-ethanolamine
6. 1-alkyl-2-acylglycerol ———— 1-alkyl-2-acylglycerophosphoethanolamine
redox cofactors (plasmanylethanclamine)
7. plasmanylethanolamine ———3.1-alkenyl-2-acylglycerophosphoethanolamine
(plasmenylethanolamine)

Fig. 10. Enzymes and their subcellular locations for plasmenyleth-
anolamine biosynthesis. #1, Dihydroxyacetone-3-P acyltransferase
(peroxisomes); #2, ether bond formation by l-alkylglycerone-3-P
synthase (peroxisomes); #3, l-alkylglycerone-3-P reductase (ER); #4,
acyl-CoA-l-alkyl-2-acylglycerol-3-P acyltransferase (ER); #5, l-alkyl-
2-acylglycerol-3-phosphate phosphohydrolase (ER); #6, CDP-etha-
nolamine l-alkyl-2-acylglycerol ethanolaminephosphotransferase
(ER); #7, plasmanylethanolamine I-alkyldesaturase (ER).
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plasmanyl-PE-specific enzyme, plasmanyl-PE desaturase,
which uses redox factors (reaction 7 in Fig. 10). Interest-
ingly, the fatty aldehyde derived from the degradation of
sphinganine (dihydrosphingosine) has also been reported
to serve as an effective donor of the alk-1-enyl chain of plas-
menylethanolamine (230).

Ether lipids appear to play important structural roles in
animal cell membranes, although the precise functions of
these lipids are still not entirely clear. Nevertheless, there is
strong evidence that alkenyl ether lipids function as anti-
oxidants due to the presence of the vinyl ether (231, 232),
and also regulate intracellular cholesterol trafficking (233).
Humans with inborn errors of ether lipid synthesis exhibit
severe pathologies, particularly in the brain. For example,
mutations in either of the two peroxisomal enzymes, dihy-
droxyacetone phosphate acyltransferase or l-alkylglycer-
one-3-phosphate synthase (steps 1 and 2 in Fig. 10), cause
the syndrome, rhizomelic chondrodysplasia punctata (226,
234). Furthermore, in the inherited disorder, Zellweger
syndrome (235, 236), peroxisome maturation is prevented,
thereby abolishing the first two steps in formation of the
ether bond of PE ether lipids (226). Moreover, a recent
study reported that selenoprotein-1 (the ethanolamine-
phosphotransferase that catalyzes reaction 6 in Fig. 10) is
mutated in a patient with hereditary spastic paraplegia, a
disorder in which myelination and neurodevelopment are
profoundly impaired (215). In skin fibroblasts from this pa-
tient, levels of plasmenylethanolamine are significantly re-
duced, revealing a role for selenoprotein-1 in maintaining
homeostasis of the ether-linked phospholipids in humans.

FUNCTIONS OF PS AND PE

Topological arrangement of phospholipids in the plasma
membrane

The concentration of PS in mammalian cells is highest
in the plasma membrane and endosomes, but very low in
mitochondria, particularly in mitochondrial inner mem-
branes, the site at which PS is decarboxylated to PE (see
The CDP-ethanolamine pathway section above). Several
novel functions of PS in mammalian cells have recently
been revealed. For example, PS is enriched on the lume-
nal, compared with the cytosolic, leaflet of the ER mem-
brane (237), and is highly enriched on the inner, compared
with the outer, leaflet of the plasma membrane [(8); re-
viewed in (9)]. This asymmetric transbilayer distribution of
PS in the plasma membrane is established and maintained
by the unidirectional inward transbilayer movement of PS
in a process that requires ATP. The “floppase” responsible
for this transbilayer translocation of PS has been identified
as ATP8AI, a member of the P-type ATPase protein family
[reviewed in (238)]. In addition, the bi-directional transbi-
layer movement of PS and other phospholipids in the
plasma membrane has been proposed to be mediated by
scramblase-1, a protein that randomizes the distribution of
phospholipids, including PS and PE, within the plasma
membrane bilayer of mammalian cells, without the need



for ATP (239, 240). However, the involvement of scram-
blase-1 in the transbilayer movement of PS is still controver-
sial because deletion of scramblase-1 in mice did not
significantly alter PS distribution in the plasma membrane
(241). The translocation of PS from the inner to the outer
leaflet of the plasma membrane (probably mediated by a
calcium-induced inactivation of ATP8AI and activation of
scramblase) plays an important biological role during apop-
tosis. At the onset of apoptosis, an increase in the intracel-
lular calcium concentration promotes PS translocation
across the plasma membrane so that more PS becomes ex-
posed on the outer surface of the cell (242-244). This al-
teration in transbilayer distribution of PS in the plasma
membrane represents one of the signals by which apoptotic
cells are recognized and removed by phagocytes (242-244)
via a PS receptor (244-246). PS receptors, such as Tim4
(245) and the so-called PS receptor PSR-1 (247), on phago-
cytic cells have been proposed to recognize and bind to PS
when it becomes exposed on the outside of the apoptotic
cell, resulting in the eventual engulfment of the apoptotic
cell. Nevertheless, the identity of the PS receptor involved
in removal of the apoptotic cells remains controversial [re-
viewed in (248, 249)]. PS also becomes exposed on the out-
side of the plasma membrane of activated platelets during
initiation of the blood-clotting cascade (250-255), and on
the outside of sperm during their maturation (256, 257).

In addition, PE is also normally enriched on the inner,
compared with the outer, leaflet of the plasma membrane.
In the canalicular membrane of hepatocytes, the floppase
responsible for the inward translocation of PE across the
membrane has been identified as ATP8BI, a protein re-
lated to ATP8A1. Mutations in ATP8BI, and reduced activ-
ity of this protein, impair canalicular bile acid export and
cause retention of bile salts in the liver, resulting in the
human disorder, progressive familial intrahepatic cholesta-
sis (PFIC1). It has been proposed that the deficiency in
ATP8BI induces membrane instability, thereby reducing
the function of bile acid exporters and causing the accu-
mulation of bile salts in the hepatocytes (258).

Binding of anionic PS to signaling proteins

In addition to the biological functions that are activated
in response to the redistribution of PS across the plasma
membrane bilayer, PS is required for numerous other cru-
cial intracellular processes, perhaps because of its anionic
nature (237, 259-261). For example, positively charged
proteins (e.g., Src and members of the Ras and Rho GT-
Pase family) can bind to PS and direct the protein to the
plasma membrane. PS also binds to the C2 domain of spe-
cific proteins and targets them to phagosomes (260, 262,
263). Furthermore, PS increases the activity of several sig-
naling proteins that contain a G2 domain, including synap-
totagmin and dynamin (264) as well as protein kinase C
(265) and Akt (via its PH domain) (266). In addition, PS
binds to the heat shock protein, Hsp70, thereby inducing
formation of ion channels in the plasma membrane (267).
Recently, PS was also shown to be essential for the formation
of caveolae, invaginations in the plasma membrane that
are involved in signaling events (268).

Mitochondrial PE and mitochondrial function

The content of PE in mitochondrial membranes is higher
than that in other organelle membranes. Indeed, PE is par-
ticularly enriched in mitochondrial inner membranes (40%
of total phospholipids). As already discussed above in the
PS decarboxylation section, PS is the precursor of the PE
that is produced by PSD in mitochondrial inner mem-
branes. These observations are consistent with the finding
that the majority of mitochondrial PE is synthesized in situ
in mitochondria via PSD (92) [see the PS decarboxylation
section above and Fig. 5). Interestingly, although mitochon-
drial PE content and mitochondrial function are markedly
reduced in PSD-deficient cells (144), mitochondrial bio-
genesis and oxidative capacity are enhanced in muscle cells
lacking ET (209). These observations further support the
idea that, in several types of mammalian cells, mitochon-
drial PE is primarily synthesized via PSD in mitochondria,
not by the CDP-ethanolamine pathway in the ER.

A decrease in mitochondrial PE content profoundly al-
ters mitochondrial morphology and functions not only in
mammalian cells (143, 144), but also in yeasts (269) and
Trypanosoma brucei (270). In mammalian cells, silencing of
PSD expression by 85% reduced the amount of mitochon-
drial PE by ~30% and caused extensive mitochondrial
fragmentation (144). Similarly, in embryos of mice lacking
PSD, the mitochondria are grossly misshapen and exhibit a
punctate distribution, suggesting defective mitochondrial
fusion (143). Because the majority of ATP in mammalian
cells is generated in mitochondria by oxidative phosphory-
lation via the electron transport chain, mitochondrial PE
deficiency impairs the activities of proteins of the electron
transport chain (144). These observations are consistent
with studies showing that mitochondrial dysfunction con-
tributes to cardiovascular disease (271), diabetes (272),
neurodegeneration (273), and cancer progression (274,
275). Interestingly, in the brain, PE is required for the
propagation and infectivity of prions, although the mecha-
nism underlying this requirement remains unknown (276).

Changes in the phospholipid molar ratio in cells can also
profoundly alter cell functions. For example, elimination
of PE N-methyltransferase (a hepatic enzyme that synthe-
sizes ~30% of hepatic PC via methylation of PE) in mice by
gene targeting decreases the molar ratio of PC/PE (by in-
creasing PE and reducing PC) in mitochondria and stimu-
lates mitochondrial respiration, as well as activities of
proteins of the electron transport chain (277). In addition,
in primary hepatocytes isolated from these knockout mice,
the amount of ATP was double that in wild-type control
mice (277). Thus, the amount of PE in mitochondrial
membranes can profoundly alter mitochondrial morphol-
ogy and functions, including energy production (144).

Importance of PE for membrane structure and function

Mammalian cells contain a large number of distinct mo-
lecular species of PE in which the acyl chains at the sn-1
and sn-2 positions are different. This acyl-chain diversity is,
atleast in part, due to a remodeling process in which phos-
pholipases and lyso-phospholipid acyltransferases partici-
pate [reviewed in (278)]. Both the acyl-chain composition
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and headgroup constituents of membrane phospholipids
define the physical properties of the membrane. For ex-
ample, the cone-shape of the PE molecule promotes mem-
brane curvature (279, 280), and the ability of PE to enhance
membrane fusion is related to its ability to form hexagonal
II phases in membranes (279, 281-283). PE is also required
for contractile ring disassembly at the cleavage furrow of
mammalian cells during cytokinesis (284), probably be-
cause of the physical properties of PE. Furthermore, in
some novel studies, Dowhan and colleagues showed that in
E. coli, PE markedly influences the topology of membrane
proteins, such as lactose permease, and assists in their fold-
ing by acting as a “lipid chaperone” (285-287).

Phospholipids are also important components of plasma
lipoproteins, such as VLDLs, low density lipoproteins, and
high density lipoproteins. The phospholipids reside in
the outer monolayer that surrounds the neutral lipid core
(primarily triacylglycerols and cholesteryl esters) of the li-
poprotein particles, and are required for formation and
stability of the particles (288). PC is the most abundant
phospholipid in the surface monolayer of VLDLs, but small
amounts of PE (~5% of total phospholipids) and other
phospholipids are also incorporated into circulating VLDLs.
Interestingly, however, the PE content of newly secreted
VLDLs, and of VLDLs isolated from the Golgi lumen (289),
is much higher than in circulating VLDLs (290), suggest-
ing that PE might play a role in the assembly and/or secre-
tion of VLDLs [reviewed in (291)].

Precursor functions of PE

Other important functions of PE in mammalian cells in-
clude its role in autophagy. During the process of autoph-
agy, PE, primarily that derived from PSD (292), becomes
covalently attached to the autophagy protein, LC3. Conse-
quently, LC3 is recruited to membranes and enhances au-
tophagosome formation (292). PE also provides the
ethanolamine moiety of the glycerophosphatidylinositol
anchors that attach many cell surface signaling proteins
to the plasma membrane, thereby activating these proteins
(293). In addition, PE is a precursor of anandamide
(N-arachidonoylethanolamine) (294), a ligand for canna-
binoid receptors in the brain.

CONCLUSION

In this article, I have focused on the remarkable histori-
cal background on the discovery and chemistry of two
phosphoglycerolipids, PS and PE, and have also provided
an account of the step-wise elucidation of the biosynthetic
pathways for PS and PE in mammalian cells. In addition,
the extensive use of knockout mice in understanding many
of the physiological functions of PS and PE was discussed.
This article also includes a discussion of the mechanism by
which newly made PS is transported from the MAM/ER
to mitochondria for decarboxylation to PE. In the final
section of this article, the impact of a deficiency of PS or
PE on key biological processes in mammalian cells was
described. Clearly, one can predict that, in the future,
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many of the unanswered questions regarding the metabo-
lism of PS and PE, as well as the consequences of depletion
of these two phospholipids from mammalian cells, will
be addressed using newly developed tools. Bl
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as many other collaborators who have contributed over the
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