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Biological membranes consist of integral and peripheral protein-associated lipid
bilayers. Although constituent lipids vary among cells, membrane lipids are mainly
classified as phospholipids, glycolipids, and sterols. Phospholipids are further
divided into glycerophospholipids and sphingophospholipids, whereas
glycolipids are further classified as glyceroglycolipids and sphingoglycolipids.
Both glycerophospholipids and glyceroglycolipids contain diacylglycerol as the
common backbone, but their head groups differ. Most glycerolipids have polar
head groups containing phosphate esters or sugar moieties. However, trace
components termed glycero-glycophospholipids, each possessing both a
phosphate ester and a sugar moiety, exist in membranes. Recently, the unique
biological activities of glycero-glycophospholipids have attracted considerable
attention. In this review, we describe the structure, distribution, function,
biosynthesis, and chemical synthetic approaches of representative glycero-
glycophospholipids—phosphatidylglucoside  (PtdGlc) and enterobacterial
common antigen (ECA). In addition, we introduce our recent studies on the
rare glycero-glyco”pyrophospho’lipid, membrane protein integrase (MPlase),
which is involved in protein translocation across biomembranes.

KEYWORDS

glycero-glycophospholipid, phospholipid, glycolipid, glycerolipid, membrane lipid,
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1 Introduction

Biological membranes are vital for cell survival and consist of lipid bilayers associated
with integral and peripheral proteins. The types of membrane lipids vary among species,
tissues, and organelles, and are also known to be asymmetric in the outer and inner leaflets
of a membrane (Escriba et al., 2015; Fujimoto and Parmryd, 2016). Membrane lipids are
mainly classified as phospholipids, glycolipids, and sterols. Sterols are not found in the
prokaryotic membranes. Animals, plants, and yeasts often contain cholesterol, phytosterols,
and ergosterol, respectively (Figure 1).

Phospholipids, the most abundant, are further categorized into glycerophospholipids
and sphingophospholipids (Casares et al., 2019). Glycerophospholipids are composed of
phosphatidic acid (PA), in which fatty acids are esterified to the C1 and C2 positions of
glycerol and a phosphate group is esterified to the C3 position. Saturated fatty acids are often
attached at the C1 position, whereas unsaturated fatty acids are attached at the C2 position.
The chain length of fatty acids generally falls within the range of 16-20 carbon atoms;
however, some cells and microorganisms may contain fatty acids with longer chains. In
archaeal cell membranes, ether-type lipids exist, where isoprenoid hydrocarbon alcohols,
such as archaeol and cardarchaeol, are linked via an ether bond. Remarkably, the
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FIGURE 1
Classification of membrane lipids

stereochemistry of glycerol in archaea is reversed; a phosphate head
group is present at the C1 position. In biological membranes, most
phospholipids have polar head groups and only trace amounts are
present as PA. Phosphatidylcholine (PC) is the major component of

eukaryotic =~ membranes  (Figure =~ 2A),  followed by
phosphatidylethanolamine ~ (PE), phosphatidylglycerol  (PG),
phosphatidylserine ~ (PS), and  phosphatidylinositol  (PI).

Prokaryotic membranes do not contain PC; however, PE and PG
are major components. Cardiolipin (CL), in which two PA moieties
connect with a glycerol backbone in the center to form a dimeric
structure, is found in the inner mitochondrial membrane and
in bacteria.

Sphingoid base, which forms the backbone of sphingolipids, is a
long-chain aliphatic amine containing 2-3 hydroxy groups.
Sphingosine is the most abundant sphingoid base in mammalian
cells. Ceramides are formed when fatty acids attach to the amino
groups of sphingoid bases. Sphingomyelin, an emblematic
sphingolipid, contains phosphocholine in the primary hydroxy
group of ceramide (Figure 2B). Sphingomyelin accounts for 2%-
15% of the total phospholipids in mammalian cells (Casares et al.,
2019). In addition, sphingolipids with phosphoethanolamine or
phosphonoethanolamine (C-P bond) esterified to ceramide are
found in lower animals. Yeasts, molds, and plants do not contain
but do
sphingolipids, which are not found in higher animals (Sperling

sphingomyelin contain  phosphoinositol-containing

and Heinz, 2003). Bacteria, with a few exceptions, do not contain any
sphingolipids.

Frontiers in Chemistry

sugar

10.3389/fchem.2024.1353688

“»\/ minor conjugated lipids -

head o n
group \ glycero-glycophospholipids |
4 .Y
fatty acid “ I/ o \\ ‘
_ O sugar
fatty acid [ { <) : ‘
‘ | § -O-" fattyacid |
|l > : 1‘
head \\ -O- fatty acid ; /
|
fatty acid ‘ ——————— ‘
phosphated ‘
‘ glyceroglycolipids ‘
|
| |
| _ -O-'sugar P “
fatty acid 2 |
‘ § -O- fatty acid |
fatty acid © |
‘ -O- fatty acid ;
‘ |
- sugar ‘ . ‘
\ ceramide phosphosugars |
fatty acid |
\ |
| o -O- P sugar “
\ S
“ g -N- fatty acid “
=
» |

Membrane glycolipids are also classified into glyceroglycolipids
and sphingoglycolipids. Glyceroglycolipids are composed of
1-4 sugars linked to the primary hydroxy group of diacylglycerol
(DAG). Galactose and fucose are the most common sugars, some of
which are sulfated. They are widely distributed in plants,
microorganisms, and some animal organs, such as the testes.
(MGDG)
digalactosyldiacylglycerol (DGDG) are the main components of
the thylakoid membranes, which are the sites of photosynthesis
in cyanobacteria and plants (Figure 2C). These two galactolipids
account for approximately 80% of the lipids in the thylakoid

Monogalactosyldiacylglycerol and

membranes. In addition, sulfoquinovosyldiacylglycerol (SQDG), a
glycolipid containing sulfate esters, accounts for approximately 10%,
while phospholipids only account for the remaining 10%.

Sphingoglycolipids are sugar-bound ceramides (Ishibashi et al.,
2013). Several sugars, including galactose, glucose, and sialic acid,
are present in various arrangements (Figure 2D). Glycan structures
are diverse and range from monosaccharides to dozens of sugars.
The groups containing sialic acid are referred to as gangliosides.
Some sphingolipids undergo sulfation, and more than 400 types of
sphingolipids have been identified to date.

In addition, biological membranes contain many trace
components (Figure 1, right panel). This review focuses on
glycero-glycophospholipids, which have characteristics of both
glycerophospholipids and glyceroglycolipids. Glycero-
glycophospholipids contain PA as their basic backbone and
sugar(s) as the head group. Phosphoglycolipids, which are
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Structures of (A) phosphatidylcholine, (B) sphingomyelin, (C)
monogalactosyldiacylglycerol, and (D) glucosylceramide.

glycolipids modified with phosphoric acid, have a similar structure,
but they belong to a different category. Recently, the unique
biological activities of glycero-glycophospholipids, such as

involvement in cell differentiation, apoptosis, and bacterial
pathogenesis, have attracted attention; however, their scarcity has
hampered investigations into their functions. Unlike proteins that
can be produced and modified using established molecular
biological techniques, the biosynthesis of glycolipids is sometimes
difficult because multiple synthetic enzymes are required. Therefore,
a chemical synthesis that can supply structurally modified molecules
would be useful. Herein, we describe the structure, distribution,
function, biosynthesis, and chemical synthesis of representative
glycero-glycophospholipids. Moreover, we introduce our recent
studies on the rare glycero-glyco“pyrophospho”lipid, which

contains a pyrophosphate instead of a phosphate.

2 Phosphatidylglucoside (PtdGlc)

2.1 Structure, distribution, and functions
of PtdGlc

The simplest glycero-glycophospholipid, phosphatidyl a-
glucoside, was identified between 1970 and 1972 from several
bacterial species (Shaw et al., 1970; Short and White, 1970; Shaw
et al, 1972). In addition, its (-isomer, phosphatidylglucoside
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(PtdGlc, 1), was detected in human cord red cells in 2001
(Nagatsuka et al., 2001) (Figure 3). Later, it was purified from
fetal mouse brains using a specific monoclonal antibody
The lipid
extract from brains was treated with PI-specific phospholipase C

immunized with detergent-insoluble membranes.

to remove PI and was fractionated by using successive column
chromatography to give a single spot on thin layer chromatography
(TLC). Its structure was unambiguously determined by nuclear
magnetic resonance (NMR), gas chromatography (GC), and
Fourier transform mass spectrometry (FT-MS) (Nagatsuka et al.,
2006; Takahashi et al., 2012). Simultaneously, an analog whose 6-
position on glucose was O-acetylated was identified. Notably, with
respect to the stereochemistry of the glycerol backbone in PtdGlc,
the S isomer, which is rarely found in mammals, is present in
approximately 15% of the PtdGlc. Moreover, the fatty acid
composition of PtdGlc is limited to 18:0 at sn-1 position and 20:
0 at sn-2 position, whereas that of ordinary glycerophospholipids is a
mixture of several species, depending on the biomembrane
environment. It is unusual that both fatty acids are saturated. As
might be inferred from its lipid composition, PtdGlc forms
microdomains on the plasma membrane, which have been shown
to differ in function from the rafts formed by sphingolipids (Murate
etal., 2010). The expression of PtdGlc in the central nervous system
is cell type- and developmental stage-specific; it is expressed in
immature neural stem cells and is involved in their differentiation
into astroglia (Kinoshita et al., 2009). PtdGlc is strongly expressed in
embryonic rat astroglia. However, its expression is reduced and
limited to adult cells. Neurons are thought to hardly synthesize
PtdGlc. PtdGlc is also expressed in human neutrophils and is
involved in neutrophil differentiation and apoptosis at the final
stage (Oka et al., 2009; Kina et al., 2011). Furthermore, PtdGlc can be
hydrolyzed in glial membranes and released as LysoPtdGlc (2)
(Figure 3), a molecular species in which the fatty acid at the sn-2
position of glycerol is removed. LysoPtdGlc acts as an intercellular
signaling molecule that regulates glia-neuron intercellular
communication via the G protein-coupled receptor GPR55 to
guide nociceptive axons in the central nervous system (Guy et al.,
2015; Shimai et al., 2023).

2.2 Biosynthesis of PtdGlc

PtdGlc is synthesized in the endoplasmic reticulum (ER) via a
UDP-glucose-dependent reaction. Since glucosylceramide synthase
showed no PtdGlc synthesis activity, another p-glucosyltransferase
was expected to exist. It was reported that UDP-glucose:glycoprotein
glucosyltransferase 2 (UGGT2) produces PtdGlc by using a PA with
a saturated fatty acid acyl chain (sPA) as a physiological substrate
(Hung et al., 2022). UGGT?2 exists in ER membranes as well as in the
ER lumen. Remarkably, UGGT2 does not accept unsaturated fatty
acid-containing PAs as substrates. Saturated fatty acids (e.g., C18:0-
CoA) are converted into unsaturated fatty acids (e.g., C18:1-CoA) by
an oxygen-dependent enzyme, namely, ER-associated stearoyl-CoA
desaturase (SCD). Suppression of SCD under hypoxic conditions
results in an increase in sPA with cytotoxic activity.
UGGT?2 synthesizes PtdGlc by using sPA, which is concentrated
in lysosomes and degraded by the autophagy pathway, thereby
avoiding ER stress.
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Structures of PtdGlc (1) and LysoPtdGlc (2).
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2.3 Chemical synthesis of PtdGlc

In the synthetic approach for phosphatidyl-1-p-glucose, an
intermediate protected by benzyl groups was synthesized; however,
the configuration of the 1-position of glucose was not determined, and
deprotection of the benzyl groups was not successful (Ramirez et al.,
1983). The first stereoselective chemical synthesis of PtdGlc (1) was
achieved in 2008 (Greimel and Ito, 2008). Each enantiomer of solketal
[(S)-3 or (R)-3] was used as the starting material to yield chiral DAG
[(S)-6 or (R)-6], respectively (Scheme 1).
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Based on the results obtained by Ramirez et al., the acetyl (Ac)
group was selected as the protecting group for the sugar moiety (Scheme
2). Per-acetylated glucose (7) was selectively converted into -
phosphonic acid (9) via t-butyl orthoester (8) using phosphonic acid
as an autocatalyst. Subsequently, the DAG moiety (6) was introduced,
and the phosphonate was oxidized to the phosphate diester. Finally, Ac
groups were deprotected to give the desired PtdGlc (1). Notably,
stereoselective synthesis allowed the utilization of both stereoisomers
as standards, which verified the presence of both diastereomers in
naturally occurring PtdGlc isolated from mammalian cells.
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Protection-free synthesis in aqueous media.

Recently, protection-free synthesis of PtdGlc in aqueous media
was reported (Kano et al., 2023a; Kano et al., 2023b) (Scheme 3). The
B-glucosyl phosphate linkage was successfully constructed from
phospholipid and using 2-chloro-1,3-
dimethylimidazolinium chloride (DMC) as a condensing reagent

D-glucose

and triethylamine in a mixture of water and propionitrile.
Subsequently, PtdGlc (1) was successfully obtained via only two
purification steps: silica gel column chromatography and gel
permeation column chromatography.

PtdGlc can be enzymatically synthesized from p-glucose and PC
(Inoue et al, 2016). In addition, several analogs have been
chemically synthesized; the glucose moiety of PtdGlc has been
converted into other monosaccharide components, or the
phosphate group has been converted into thiophosphate (Greimel
et al., 2008). The synthesis of LysoPtdGlc (2) (Kano et al., 2021) and
its analog, in which the phosphate moiety is converted into a squaryl
diamide group, has also been reported (Ding et al.,, 2018). The
biological activities of PtdGlc (1) and LysoPtdGlc (2) have been

investigated using these analogs.

3 Enterobacterial common antigen
(ECA) and membrane protein
integrase (MPlase)

3.1 Structure, distribution, and functions
of ECA

Enterobacterial Common Antigen (ECA) is a glycero-
glycophospholipid possessing a long sugar chain and is found on
the outer membrane of various enterobacteria, including Escherichia
coli, Shigella sonnei, and Salmonella enterica (Mikeld and Mayer,
1976; Basu et al., 1987; Kuhn et al., 1988; Rai and Mitchell, 2020).
ECA was firstly discovered as Kunin antigen which was commonly
present in most enterobacteria (Kunin, 1963). ECA polysaccharide
chains are composed of the trisaccharide repeat unit; —3)-p-a-
Fuc4NAc-(1—4)-p-pD-ManNAcA-(1—4)-a-D-GIcNAc(1—, where
Fuc4NAc, ManNAcA, GlcNAc are 4-acetamido-4-deoxyfucose, 2-
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acetamido-2-deoxymannuronic  acid, and  2-acetamido-2-
deoxyglucose  (N-acetyl-glucosamine), respectively (Lugowski
1983; Basu et al., 1987; Bruix et al., 1995). The amino
group of each sugar is N-acetylated, and the 6-position of
GIcNAc is partially O-acylated (Figure 4A).
GlcNAc

chromatography (GLC)-MS of the methylated components after

et al,

Initially, only
and ManNAcA were characterized by gas-liquid

hydrolysis. However, afterward, very acid-labile Fuc4NAc was
detected as an additional component. The anchor moiety was
identified as a PA with an a-glycosyl linkage by GLC-MS and
sensitivity to phospholipase D (Kuhn et al, 1983; Kuhn et al,
1988). In addition to ECApg, a PA-bound ECA form, there are
two different forms. ECA| ps, which is attached to the nonreducing
terminal sugar of lipid A instead of the O-antigen of LPS, is found in
the outer membrane (Gozdziewicz et al., 2014; Maciejewska et al.,
2020), whereas ECAcyc, a cyclized oligosaccharide composed of
4-6 trisaccharide units, is found in the periplasm (Figure 4B). The
number of repeats of the ECApg trisaccharide units was estimated to
range from 18 to 55, and the molecular weight distribution was
broad. Some studies have reported 1-14 trisaccharide repeats (Barr
et al., 1999; Rai and Mitchell, 2020); however, SDS-PAGE showed a
ladder with molecular weights above approximately 17 kDa (Barr
et al., 1988). Although it varies among bacterial species (Kuhn et al.,
1988), there seem to be at least 20 repeats in all species.

Because ECA is not essential for enterobacteria, its function is yet
to be clearly understood. Although the physiological roles of ECA may
vary across bacterial species, ECA contributes to the resistance to toxic
molecules (Barua et al., 2002; Ramos-Morales et al., 2003) and the
barrier function of outer membrane (Mitchell et al., 2018; Jiang et al.,
2020). Additionally, it has been suggested that ECA is involved in the
pathogenicity of enterobacteria. In Salmonella enterica, ECA-lacking
mutant strain was sensitive to bile salts, powerful disruptors of
biological membranes, leading to reduced virulence (Ramos-
Morales et al, 2003). Despite infection with S. enterica serovar
Typhimurium causing debilitating inflammatory diarrhea, ECA-
lacking mutant strains displayed attenuation in vivo. Remarkably,
the ECA-deficient strains established a persistent low-level infection
and provided protection against a subsequent lethal challenge with
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Structures of (A) a trisaccharide unit of ECA, (B) three types of ECA, and (C) MPlase. GN, N-acetylglucosamine; MN, N-acetyl-p-mannosaminuronic

acid; FN, 4-acetamido-4,6-dideoxy-p-galactose; OS, oligosaccharides.

wild-type S. Typhimurium. (Gilbreath et al., 2012). These findings
suggest the possibility of using ECA-negative strains as live attenuated
vaccine candidates (Liu et al., 2020).

The immunogenicity differs between ECA forms (Rai and
Mitchell, 2020). ECApg is antigenic but not immunogenic; the
production of antibodies requires a concomitant adjuvant or
protein antigen. In contrast, ECAjpg stimulates the antibody
production because it possesses an intrinsic adjuvant Lipid A in
its structure (Maciejewska et al., 2020). ECA antibodies have been
detected in serum following infections by pathogenic bacteria, and
thus, they are useful for serodiagnosis.

3.2 Structure, distribution, and functions
of MPlase

Membrane protein integrase (MPlase) is a glycolipid found in
the inner membrane of E. coli (Figure 4C) (Fujikawa et al.,, 2022;
Nishikawa et al., 2022). Although its name is unlikely to indicate a
glycolipid, it is derived from the unique activity involved in
membrane protein integration (Nishiyama et al., 2006; Nishiyama
et al., 2010; Nishiyama et al, 2012). During membrane protein
integration, the nascent protein generated from a ribosome is
targeted to the membrane, and the first transmembrane region is
inserted into the membrane via protein complex channels called the
Sec translocon (Sec-dependent pathway). MPIase works with Sec
translocons and/or the membrane chaperone YidC to promote Sec-
dependent integration of membrane proteins and translocation of
secretory proteins (Nishiyama et al., 2006). Additionally, a Sec-
independent pathway is known for a subset of small membrane
proteins. MPIase is required for Sec-independent integration into
the E. coli inner membrane (Nishiyama et al., 2006). Although the
Sec translocon is conserved in all organisms, the presence of MPIase
in species other than E. coli has not yet been investigated.

MPIase was discovered in the process of studying the in vitro
reconstitution system of Sec translocon. Since an extract of the E. coli
inner membrane vesicles that did not contain proteinaceous
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integration factors showed the membrane protein integration
activity in in vitro translation system, it was fractionated through
several column chromatography including a liquid-liquid partition
chromatography. NMR measurements and amino acid analysis of
purified MPIase indicated that it contains only sugars and lipids.
Matrix assisted laser desorption/ionization (MALDI) MS analyses
suggested that MPIase is a mixture of homologs with diversity in the
length of glycan, acetyl group modification, and fatty acid
components. Combination of extensive instrumental analyses,
such as MS/MS, GC-MS, and two-dimensional NMR, and the
comparison with synthetic substructures revealed that the glycan
moiety of MPlase is the same as that of ECA; it consists of repeating
trisaccharide units —3)-D-a-Fuc4NAc-(1—4)-B-p-ManNAcA-
(1—4)-a-D-GlcNAc-(1—. However, *'P-NMR indicated that
MPIase is connected to DAG by a pyrophosphate instead of a
2012). with
pyrophosphorylated DAG are extremely rare, and those found to

phosphate  (Nishiyama et al, Glycolipids
date are likely the biosynthetic intermediates of MPIase (Rick et al.,
1998; Jiang et al., 2020). Similar to ECA, approximately one-third of
the 6-hydroxy group in GIcNAc is randomly O-acetylated. The
number of repeats in a trisaccharide unit is 9-11, which are much
fewer and less variable than that of ECA. The fatty acid composition
of DAG is similar to that of other phospholipids in the inner
membrane of E. coli and varies depending on the growth

environment.

3.3 Biosynthesis of ECA

Genes required for multiple steps in ECA biosynthesis are
located within the wec operon (Meier-Dieter et al., 1990; Daniels
1992; Meier-Dieter et al., 1992) (Figure 5A). The ECA
trisaccharide repeating unit is constructed on a lipid carrier,
undecaprenyl phosphate (Und-P) (Rick et al, 1998). Und-P
consists of phosphate and undecaprenol (Und), a 55-carbon

et al,

molecule composed of isoprenoid units. Und-P is a universal
lipid carrier required for the synthesis of glycans, and, in addition
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to ECA, it is used for the production of O-antigens, peptidoglycans,
and capsules in E. coli (Rick et al., 1977). The first step is the synthesis
of the lipid Ixcs using UDP-GIcNAc and Und-P as substrates, which
is catalyzed by WecA (Barr and Rick, 1987). Subsequently, WecG adds
UDP-ManNACcA to the lipid Igca to produce the lipid ITgca (Barr and
Rick, 1987; Barr et al., 1988; Barr et al., 1989). UDP-ManNAcA, which
is rarely found in eukaryotes, is synthesized from UDP-GIcNAc using
WecB and WecC (Meier-Dieter et al., 1990). The third sugar is added
by WecF using dTDP-FucNAc as a substrate to form lipid IIlgca, a
trisaccharide linked to Und via pyrophosphate (Barr et al, 1989).
Lipid Illgc, is synthesized in the inner leaflet of the inner membrane
facing the cytoplasm. In contrast, the polymerization of trisaccharide
units occurs on the periplasmic side of the inner membrane. Thus,
lipid IIgc, is reversed by the flippase WzxE (Rick et al., 2003). The
trisaccharide units are then polymerized by WzyE on the Und-PP
carrier to form long sugar chains, the chain length of which is
determined by the chain length modulation factor, WzzE (Barr
et al, 1999; Kajimura et al, 2005). The hydroxy group at the 6-
position of the GIcNAc residues in both ECAcyc and ECApg is non-
stoichiometrically O-acetylated by WecH (Kajimura et al., 2006).
Recently, it was proposed that ECAcyc, together with an inner
membrane protein ElyC, acts to regulate the reaction that removes
polymerized glycan from Und-PP and forms ECAp (Rai et al., 2021).
The level of ECAcyc in periplasm can be assessed by ElyC to provide
feedback regulation. The lipid donor was identified as PG, but the
enzyme that catalyzes this reaction is yet to be identified (Morris and
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Mitchell, 2023). Biosynthesis after the polymerization of trisaccharide
units also occurs in the outer leaflet of the inner membrane, but the
final product exists in the outer leaflet of the outer membrane.
However, the mechanisms underlying this translocation remain
unclear. Waal is involved in the biosynthesis of ECArps (Pinta
et al,, 2012), whereas WzzE is involved in ECAcyc biosynthesis
(Kajimura et al,, 2005), and deletion of these genes resulted in the
loss of these forms of ECA.

Because the biosynthesis of other glycans, such as peptidoglycan
and O-antigen, also uses Und-P as a carrier, loss of the common pool of
Und-P causes cell abnormalities, such as filamentation and swelling.
When the biosynthesis of dTDP-Fuc4NAc was interrupted, the
accumulation of lipid Ica lead to a decrease in free Und-P and
bacterial cell shape alteration due to restricted peptidoglycan synthesis
(Jorgenson et al., 2016). The lack of the flippase WzxE or trisaccharide
polymerase WzyE resulted in the accumulation of lipid IIgca, which is
lethal to cells (Rick et al.,, 2003; Kajimura et al., 2005).

3.4 Biosynthesis of MPlase

The trisaccharide moiety of MPlase is the same as that of ECA;
however, surprisingly, MPIase is produced even in ECA biosynthetic
enzyme-lacking E. coli (Kamemoto et al.,, 2020). Conversely, ECA
was normally expressed upon MPlase depletion. Therefore, a
biosynthetic pathway different from that of ECA is presumed to
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Chemically synthesized MPlase analogs.

exist (Figure 5B). When Fuc4NAc was depleted during ECA
biosynthesis, 1,2-diacyl-sn-glycero-3-pyrophosphoryl-GlcNAc-
ManNAcA (DGP-disaccharide), in which the disaccharide is
attached to DAG via pyrophosphate, was found to be associated
with Lipid IIgca (Rick et al, 1998). This may be a biosynthetic
intermediate for MPlase, suggesting that there is a system that
directly uses DAG rather than Und as an anchor to elongate the
glycan chain. There are no other examples in which a DAG was
initially used as a carrier. A search for the enzymes responsible
revealed that CdsA and its paralog, YnbB, are involved in the
production of GIcNAc-PP-DAG (compound I) (Sawasato et al.,
2019a; Sato et al, 2019). CdsA is known as the enzyme that
synthesizes cytidine diphosphate diacylglycerol (CDP-DAG),
important biosynthetic intermediate of membrane lipids from PA
(Icho et al,
from CdsA-overexpressing cells were incubated with [**C]PA, CTP,
and possible GIcNAc donors [UDP-GIcNAc, CDP-GIcNAc, and
GlcNAc-1-phosphate (GlcNAc-P)], compound I was produced in a
GIcNAc-P-dependent manner (Sawasato et al, 2019a). When CdsA
was deficient in E. coli, MPIase depletion, abnormal protein membrane

an

1985). When the inner membrane vesicles prepared

transport, and inhibition of bacterial growth were observed, even when
membrane lipids syntheses were compensated for by the mitochondrial
CDP-DAG synthase Tam41P (Tamura et al,, 2013). CdsA and YnbB
are temperature-sensitive, and incubation at low temperatures (<25°C)
elicited an upregulation of these genes and increased production of
MPTase (Sawasato et al.,, 2019b). The biosynthetic enzymes responsible
for the condensation of the second sugar and the subsequent reactions
are not known. Based on its function, MPIase is thought to be present in
the inner leaflet of the inner membrane; however, its distribution in
bacteria remains unknown. Identification of biosynthetic enzymes is
essential for understanding the localization and function of
MPlase in vivo.
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3.5 Chemical syntheses of MPlase analogs

Chemical syntheses of the trisaccharide and hexasaccharide
moieties of ECA, which have the same glycan structure as MPlase,
2015);
however, these did not contain the phospholipid moiety. The first

were reported (Paulsen and Lorentzen, 1985; Liu et al,

synthesis of MPlase analog containing a pyrophospholipid moiety
was achieved using a minimal structure called mini-MPIase-3 (13)
(Fujikawa et al., 2018). Mini-MPIase-3 exhibited membrane protein
integration activity, indicating that glycolipids underlie membrane
protein integration. Following that, various analogs shown in Figure 6
were synthesized to elucidate the action mechanism of MPIase: glycan
length variants [mini-MPIase-9 (20), mini-MPlIase-6 (19), mini-
MPIase-3 (13), Nonasac-P (26), Hexsac-P (25), Trisac-P (24)],
modification of the functional group at C6 of GIcNAc [mini-
MPIase-3 (6-OH) (14), mini-MPlIase-3 (6-F) (15), mini-MPlase-3
(6-OMe) (16), mini-MPIase-3 (6-OBz) (17)] or the carboxy group of
ManNAcA [mini-MPIase-3 (COOMe) (18)], and variants for the
pyrophosphate moiety [mini-ECA-6 (22), mini-ECA-3 (21), Trisac-
DAG (23)] (Fujikawa et al.,, 2023).

A retrosynthetic strategy for the MPIase analogs is shown in
Scheme 4. An unstable phospholipid moiety is introduced at the
end of the synthesis process. The MPIase-type (13-20) with a
pyrophosphate is constructed by the condensation of the lipidated
phosphoramidite reagent (27) and the monophosphoryl glycan,
whereas the ECA-type (21, 22) with a monophospholipid is
constructed by introducing 27 into the hemiacetal form of the
glycan. Because MPlase has a repeating trisaccharide structure,
glycan elongation is performed based on the trisaccharide unit.
The common trisaccharide intermediate (30) for both the donor
(28) and acceptor (29) is designed as follows: For the construction of
the a-glucosaminide bond between the trisaccharide units, the
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Retrosynthetic strategy for MPlase analogs.

GlcNAc donor has an azide group without a neighboring
participation effect at C2, bulky p-BrBn at O3, and TBDPS groups
at 06 (Zulueta et al., 2012; Zulueta et al., 2013). The TBDPS group is
also useful for selective deprotection because the O6 of GlcNAc is
converted into the Ac group or other substituents at a late stage of the
synthesis. Orthogonal deprotection of an allyl group at the
nonreducing end or a methoxyphenyl (MP) group at the reducing
end enables the conversion of 30 to the donor (28) or acceptor (29),
respectively. The B-mannosaminide bond in the trisaccharide unit is
constructed by steric inversion of C2 of Glc with NaNj after obtaining
the B-glucoside using neighboring-group participation of the 2-OBz
group in the Glc donor (31) (Nishiyama et al., 2012).

3.6 Mechanism of membrane protein
integration of MPlase

The synthetic MPIase analogs enabled elucidation of the

mechanism of the Sec-independent pathway. The membrane
protein integration activity of the analog was evaluated using
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liposome membranes and model proteins produced using an
in vitro translation system (Koch et al., 1999; Nishiyama et al.,
2006; Nishiyama et al., 2010). Liposomes were prepared from
E. coli phospholipids (PE, PG, and CL) and DAG, in which
spontaneous protein integration was completely inhibited
(Kawashima 2008). MPIase
liposomes, Sec-independent

et al., When natural was

incorporated into membrane
protein integration was observed in a dose-dependent manner
(Nishiyama et al., 2006; Kawashima et al., 2008; Nishiyama et al.,
2010; Nishiyama et al., 2012; Nishikawa et al., 2017; Sasaki et al.,
2019; Endo et al., 2021); and when SecYEG was incorporated into
liposomes together with MPIase, Sec-dependent membrane
protein integration was also reproduced (Nishiyama et al,
2006; Sawasato et al, 2019a).

synthetic MPIase analogs were reconstituted into liposomes,

When the aforementioned

membrane protein integration activity was observed according
to glycan length. The importance of pyrophosphate was clearly
demonstrated, because the activity of mini-ECA-6 (22) was
weaker than that of mini-MPIase-6 (19), reflecting the absence
of activity in natural ECA. The glycan moiety of MPIase devoid of
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the lipid moiety did not exhibit integration activity; however, it
showed chaperone-like activity that prevented the aggregation of
substrate proteins. Detailed structure-activity relationship
studies are summarized in Figure 7 (Fujikawa et al., 2023).
The contributions of the 6-OAc group in GlcNAc, carboxy
group in ManNAcA, and pyrophosphate group are indicated.
Anchoring in the membrane by a lipid moiety is essential for
membrane protein integration. Long glycans enhance activity,
and the synergistic effect between MPIase and the membrane
chaperone YidC requires longer glycans than hexasaccharides.
Furthermore, physicochemical measurements, such as surface
plasmon resonance (SPR) and saturation transfer difference-
(STD)-NMR, using MPlase analogs have verified the direct
interactions between MPlase and the substrate protein (Mori
2022).

et al, Both hydrophobic and electrostatic interactions
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contribute to this activity. Solid-state NMR and fluorescence
measurements revealed that MPIase increases membrane mobility
and exposes the deep hydrophobic core of the membrane,
facilitating the integration of the hydrophobic transmembrane
region of substrate proteins into the membrane (Nomura et al,
2019; Nomura et al., 2022).

These studies demonstrated the mechanism through which the
the
integration in the inner membrane of E. coli, which is as follows

glycolipid  supports Sec-independent membrane protein
(Figure 8): (a) the glycan moiety of MPlase captures the substrate
protein using various functional groups, (b) the secondary structure of
the substrate protein is altered to prevent the aggregation of substrate
proteins, (c) the strong negative charges of pyrophosphate attract the
positive charges of basic amino acid residues, which generally exist in

the substrate protein as known “positive inside rule,” to the membrane
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phosphatidic acid; DAG, diacylglycerol; PG, Phosphatidylglycerol; PGDG, phosphatidylmonogalactosyldiacylglycerol; EPA, eicosapentaenoic acid.

surface, (d) the hydrophobic interactions between the substrate
protein and the membrane induce the substrate protein integration
in the membrane core area where the mobility is higher, and (e)
MPIase transfers the substrate protein to the membrane chaperone
YidC to regenerate the capability of substrate capturing. The localized
state of MPIase on the membrane and the cooperation of MPIase with
Sec factors are still unresolved and are considered as future issues.

4 Lipids with similar structure

The lipids shown here are not glycero-glycophospholipids but
have similar structures. They were introduced to compare their
structures.

4.1 Glycosylphosphatidylinositol anchor

Molecules in which PA is attached to inositol-containing pseudo-
glycans are well-known. The most well-known of these is the
glycosylphosphatidylinositol (GPI) anchor (Figure 9A). GPI anchors
are glycolipids attached to the C-termini of proteins via post-
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translational modifications. PI is linked to a linear core glycan
comprising three mannose (Man) residues and one GIcNAc residue.
At the nonreducing end of the glycan, phosphoethanolamine is attached,
whose amino group is bound to the C-terminus of the protein. The core
glycan can be further modified with a variety of sugars depending on the
type of protein. The lipid moiety on mammalian GPI-anchored proteins
is mostly of the 1-alkyl-2-acylglycerol type (alkyl type), but some are of
the diacylglycerol type (diacyl type). The fatty acid composition is
characterized by the presence of saturated fatty acids at the sn-2
position of the glycerol backbone.

Each step of GPI-anchor biosynthesis has been studied in detail
(Kinoshita, 2020). GPI-modified proteins have a GPI-attaching
signal at the C-terminus in addition to an N-terminal ER target
signal. The hydrophobic signal sequence is cleaved, and the newly
exposed C-terminus is linked to the amino group of the
phosphoethanolamine of the anchor via an amide bond.

GPI anchoring is a widely conserved post-translational modification
that occurs in eukaryotes. A wide variety of proteins, including receptors,
cell adhesion factors, and hydrolytic enzymes, undergo GPI
and bind Typically, GPI
anchor-protein complexes are associated with raft domains in

modification to biomembranes.

membranes. Phospholipase C (PLC) cleaves the phosphoglycerol
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bond of the GPI anchor, causing the release of GPI-binding proteins
from the cell membrane.

Chemical synthesis of GPI anchors has been actively studied by
many research groups since the 1990s (Murakata and Ogawa, 1991;
Mayer et al.,, 1994; Campbell and Fraser-Reid, 1995; Tailler et al.,
1999; Xue and Guo, 2003; Ali et al., 2005), which was summarized in
detail in an excelent review (Swarts and Guo, 2012). Synthetic
research has not only focused on inherent GPI anchors but has
also extended to analogs with labeling probes for clicks (Swarts and
Guo, 2011; Ding et al.,, 2017; Suazo et al., 2021; Yan and Guo, 2023)
or photoaffinity reactions (Mullapudi et al, 2022; Kundu
et al.,, 2023).

4.2 Glycerophospholipids with a linker of
glycerol or glyceric acid

Phosphatidyl glycerol analogs, in which a sugar is attached to
glycerol in the head group, have been observed in bacteria (Gurr
et al,, 1968; Phizackerley and MacDougall, 1968; Peleg and Tietz,
1973) (Figure 9, B). Sugar is thought to enzymatically transfer from
UDP-hexose PG.
galactosamine, GIcNAc, and glucose. Both 2’and 3'positions in

into Examples include glucosamine,
the glycerol can be substituted. The substitution of the glycerol
moiety in CL was also observed. Phospholipids containing glyceric
acids in their head groups have been isolated from bacteria and
archaea. Glyceric acid is amidated with long-chain amines
(Anderson and Hansen, 1985; Huang and Anderson, 1989).
These compounds are suggested to stabilize the membranes of

thermophilic bacteria when exposed to high temperatures.

4.3 Glycolipids phosphorylated at 6-position

There are some glycolipids in which PA is not glycosylated at the
1-position of the sugar, but rather binds to the hydroxy group at the
6-position (Figure 9C). These compounds can be classified as
glyceroglycolipids.
isolated from Pseudomonas diminuta in 1970 (Shaw et al., 1970).

phosphorylated Glucose derivatives were
Recently, an unprecedented, polyunsaturated fatty acid-rich
phosphatidylmonogalactosyldiacylglycerol (PGDG) was isolated
from the marine diatom Thalassiosira weissflogii (Manzo et al.,
2019). PGDG exhibits immunostimulatory activity in human
dendritic cells. To explore the mechanism of action, analogs with
saturated lipids were synthesized, and Toll-like receptor-4 (TLR-4)
agonist activity was demonstrated to underlie the antigen-specific
T-cell activation of this class of molecules in human and mouse

dendritic cells.

5 Conclusion and outlook

The identification and functional analysis of rare glycolipids
including  glycero-glycophospholipids
important, not only because of their structural interest but also
of  their
immunostimulatory activity and involvement in translocation of

are becoming increasingly

because unique  biological  activities, such as

various proteins. The isolation of rare glycolipids and determination
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of their structures are often difficult because they are trace components of
membranes and exhibit amphiphilic physicochemical properties. Mass
spectrometry is typically used for glycan identification. For example,
characterization of gangliosides using LC-MS is well-established.
However, authentic samples are necessary for the confirmation since
MS gives only molecular formula and cannot distinguish stereoisomers.
Consequently, regarding novel glycolipids, isolation, derivatization, and
NMR analyses are indispensable for determining the type of sugar,
position of modification, and stereoconfiguration of glycerol. Purification
methods, such as HPLC and liquid-liquid partition chromatography,
would be useful although separation of amphiphilic compounds might
require successive manipulations and complex mixture of solvents.
For biosynthetic supply and structural modification of glycolipids,
molecular biological approaches are limited because glycolipids are not
directly produced by the translation of genes. Chemical synthesis of the
glycolipids also includes challenging issues such as the stereocontrol of
glycosylation and the multistep protecting/deprotecting reactions.
Nevertheless, we consider that chemical synthesis is a powerful tool
for the investigation into their functions because it can supply sufficient
quantities of structurally defined molecules. By conducting studies on
structure-activity relationships, the detailed mechanism of the activity
would be elucidated at the atomic level, which may lead to therapeutic
applications. Furthermore, chemical biology using probes with
detectable and/or reactive functionalities can uncover novel biological
actions associated with these rare glycolipids and their target molecules.

Author contributions

TO: Writing-original draft, Writing-review and editing. KF:
Writing-original ~ draft, Writing-review and editing. KS:
Writing-original draft, Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Projects for
the chemical synthesis of MPIase analogs by the authors were supported
by JSPS KAKENHI (grant numbers JP20K05738 and JP23K04955 to
KF; and JP18H04433, JP19H02843, and JP22H02213 to KS).

Acknowledgments

The authors thank Dr. Shoko Mori, Dr. Kaoru Nomura
(Suntory Foundation for Life Sciences), and Prof. Ken-ichi
Nishiyama (Iwate University) for their fruitful collaborations
with MPIase. We would like to thank Editage (www.editage.jp)
for English language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


http://www.editage.jp
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1353688

Osawa et al.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Ali, A, Gowda, D. C,, and Vishwakarma, R. A. (2005). A new approach to construct
full-length glycosylphosphatidylinositols of parasitic protozoa and [4-deoxy-Man-III]-
GPI analogues. Chem. Commun., 519-521. doi:10.1039/b414119a

Anderson, R., and Hansen, K. (1985). Structure of a novel phosphoglycolipid from
Deinococcus radiodurans. J. Biol. Chem. 260, 12219-12223. doi:10.1016/s0021-
9258(17)39012-9

Barr, K., Klena, J., and Rick, P. D. (1999). The modality of enterobacterial common
antigen polysaccharide chain lengths is regulated by 0349 of the wec gene cluster of
Escherichia coli K-12. ]. Bacteriol. 181, 6564-6568. doi:10.1128/jb.181.20.6564-6568.1999

Barr, K., Nunes-Edwards, P., and Rick, P. D. (1989). In vitro synthesis of a lipid-linked
trisaccharide involved in synthesis of enterobacterial common antigen. J. Bacteriol. 171,
1326-1332. doi:10.1128/jb.171.3.1326-1332.1989

Barr, K., and Rick, P. D. (1987). Biosynthesis of enterobacterial common antigen in
Escherichia coli. in vitro synthesis of lipid-linked intermediates. J. Biol. Chem. 262,
7142-7150. doi:10.1016/s0021-9258(18)48216-6

Barr, K, Ward, S, Meier-Dieter, U., Mayer, H, and Rick, P. D. (1988).
Characterization of an Escherichia coli rff mutant defective in transfer of
N-acetylmannosaminuronic acid (ManNAcA) from UDP-ManNAcA to a lipid-
linked intermediate involved in enterobacterial common antigen synthesis.
J. Bacteriol. 170, 228-233. doi:10.1128/jb.170.1.228-233.1988

Barua, S., Yamashino, T., Hasegawa, T., Yokoyama, K., Torii, K., and Ohta, M. (2002).
Involvement of surface polysaccharides in the organic acid resistance of Shiga Toxin-
producing Escherichia coli O157:H7. Mol. Microbiol. 43, 629-640. doi:10.1046/.1365-
2958.2002.02768.x

Basu, S., Kuhn, H. M., Neszmelyi, A., Himmelspach, K., and Mayer, H. (1987).
Chemical characterization of enterobacterial common antigen isolated from
Plesiomonas shigelloides ATCC 14029. Eur. ]. Biochem. 162, 75-81. doi:10.1111/j.
1432-1033.1987.tb10544.x

Bruix, M., Jimenez-Barbero, J., and Cronet, P. (1995). Determination by NMR
spectroscopy of the structure and conformational features of the enterobacterial
common antigen isolated from Escherichia coli. Carbohydr. Res. 273, 157-170.
doi:10.1016/0008-6215(95)00117-¢

Campbell, A. S., and Fraser-Reid, B. (1995). First synthesis of a fully phosphorylated
GPI membrane anchor: rat brain thy-1. J. Am. Chem. Soc. 117, 10387-10388. doi:10.
1021/ja001462026

Casares, D., Escriba, P. V., and Rossello, C. A. (2019). Membrane lipid composition:
effect on membrane and organelle structure, function and compartmentalization and
therapeutic avenues. Int. J. Mol. Sci. 20, 2167. doi:10.3390/ijms20092167

Daniels, D. L., Plunkett, G., 3rd, Burland, V., and Blattner, F. R. (1992). Analysis of the
Escherichia coli genome: DNA sequence of the region from 84.5 to 86.5 minutes. Science
257, 771-778. doi:10.1126/science.1379743

Ding, F.,, Guy, A. T., Greimel, P., Hirabayashi, Y., Kamiguchi, H., and Ito, Y. (2018).
Squaryl group modified phosphoglycolipid analogs as potential modulators of GPR55.
Chem. Commun. 54, 8470-8473. doi:10.1039/c8cc04467h

Ding, N, Li, X, Chinoy, Z. S, and Boons, G.-J. (2017). Synthesis of a
glycosylphosphatidylinositol anchor derived from Leishmania donovani that can be
functionalized by Cu-catalyzed azide-alkyne cycloadditions. Org. Lett. 19, 3827-3830.
doi:10.1021/acs.orglett.7b01703

Endo, Y., Shimizu, Y., Nishikawa, H., Sawasato, K., and Nishiyama, K. (2021).
Interplay between MPlase, YidC, and PMF during Sec-Independent insertion of
membrane proteins. Life Sci. Alliance. 5, €202101162. doi:10.26508/1sa.202101162

Escriba, P. V., Busquets, X., Inokuchi, J., Balogh, G., Torok, Z., Horvath, I, et al.
(2015). Membrane lipid therapy: modulation of the cell membrane composition and
structure as a molecular base for drug discovery and new disease treatment. Prog. Lipid
Res. 59, 38-53. doi:10.1016/j.plipres.2015.04.003

Fujikawa, K., Han, Y., Osawa, T., Mori, S., Nomura, K., Muramoto, M., et al. (2023).
Structural requirements of a glycolipid MPIase for membrane protein integration.
Chem. Eur. ]. 29, €202300437. doi:10.1002/chem.202300437

Fujikawa, K., Mori, S., Nishiyama, K. I, and Shimamoto, K. (2022). A bacterial
glycolipid essential for membrane protein integration. Adv. Carbohydr. Chem. Biochem.
81, 95-129. doi:10.1016/bs.accb.2022.09.005

Fujikawa, K., Suzuki, S., Nagase, R., Tkeda, S., Mori, S., Nomura, K., et al. (2018).
Syntheses and activities of the functional structures of a glycolipid essential for
membrane protein integration. ACS Chem. Biol. 13, 2719-2727. doi:10.1021/
acschembio.8b00654

Frontiers in Chemistry

13

10.3389/fchem.2024.1353688

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Fujimoto, T., and Parmryd, I. (2016). Interleaflet coupling, pinning, and leaflet
asymmetry-major players in plasma membrane nanodomain formation. Front. Cell
Dev. Biol. 4, 155. doi:10.3389/fcell.2016.00155

Gilbreath, J. J., Colvocoresses Dodds, J., Rick, P. D., Soloski, M. J., Merrell, D. S., and
Metcalf, E. S. (2012). Enterobacterial common antigen mutants of Salmonella enterica
serovar Typhimurium establish a persistent infection and provide protection against
subsequent lethal challenge. Infect. Immun. 80, 441-450. doi:10.1128/iai.05559-11

Gozdziewicz, T. K., Lugowski, C., and Lukasiewicz, J. (2014). First evidence for a covalent
linkage between enterobacterial common antigen and lipopolysaccharide in Shigella sonnei
phase I ECALPS. J. Biol. Chem. 289, 2745-2754. doi:10.1074/jbc.m113.512749

Greimel, P., and Ito, Y. (2008). First synthesis of natural phosphatidyl-B-D-glucoside.
Tetrahedron Lett. 49, 3562-3566. doi:10.1016/j.tetlet.2008.04.036

Greimel, P., Lapeyre, M., Nagatsuka, Y., Hirabayashi, Y., and Ito, Y. (2008). Syntheses
of phosphatidyl-p-D-glucoside analogues to probe antigen selectivity of monoclonal
antibody ‘DIM21’. Bioorg. Med. Chem. 16, 7210-7217. doi:10.1016/j.bmc.2008.06.041

Gurr, M. I, Bonsen, P. P, Kamp, J. A., and Van Deenen, L. L. (1968). The chemical
synthesis of glucosaminylphosphatidylglycerol. Comparison with a new phospholipid
isolated from Bacillus megaterium. Biochem. J. 108, 211-219. doi:10.1042/bj1080211

Guy, A. T, Nagatsuka, Y., Ooashi, N., Inoue, M., Nakata, A., Greimel, P., et al. (2015).
Glycerophospholipid regulation of modality-specific sensory axon guidance in the
spinal cord. Science 349, 974-977. doi:10.1126/science.aab3516

Huang, Y., and Anderson, R. (1989). Structure of a novel glucosamine-containing
phosphoglycolipid from Deinococcus radiodurans. J. Biol. Chem. 264, 18667-18672.
doi:10.1016/s0021-9258(18)51519-2

Hung, H. H., Nagatsuka, Y., Solda, T., Kodali, V. K., Iwabuchi, K., Kamiguchi, H., et al.
(2022). Selective involvement of UGGT variant: UGGT2 in protecting mouse
embryonic fibroblasts from saturated lipid-induced ER stress. Proc. Natl. Acad. Sci.
U. S. A. 119, €2214957119. doi:10.1073/pnas.2214957119

Icho, T., Sparrow, C. P., and Raetz, C. R. (1985). Molecular cloning and sequencing of
the gene for CDP-diglyceride synthetase of Escherichia coli. J. Biol. Chem. 260,
12078-12083. doi:10.1016/s0021-9258(17)38988-3

Inoue, A., Adachi, M., Damnjanovi¢, J., Nakano, H., and Iwasaki, Y. (2016). Direct
enzymatic synthesis of 1-Phosphatidyl-B-D-glucose by engineered phospholipase D.
ChemistrySelect 1, 4121-4125. doi:10.1002/s1ct.201600839

Ishibashi, Y., Kohyama-Koganeya, A., and Hirabayashi, Y. (2013). New insights on
glucosylated lipids: metabolism and functions. Biochim. Biophys. Acta 1831, 1475-1485.
doi:10.1016/j.bbalip.2013.06.001

Jiang, X., Tan, W. B., Shrivastava, R., Seow, D. C. S., Chen, S. L., Guan, X. L., et al.
(2020). Mutations in enterobacterial common antigen biosynthesis restore outer
membrane barrier function in Escherichia coli tol-pal mutants. Mol. Microbiol. 114,
991-1005. doi:10.1111/mmi.14590

Jorgenson, M. A,, Kannan, S., Laubacher, M. E., and Young, K. D. (2016). Dead-end
intermediates in the enterobacterial common antigen pathway induce morphological
defects in Escherichia coli by competing for undecaprenyl phosphate. Mol. Microbiol.
100, 1-14. doi:10.1111/mmi.13284

Kajimura, J., Rahman, A, Hsu, ], Evans, M. R, Gardner, K. H,, and Rick, P. D. (2006). O
acetylation of the enterobacterial common antigen polysaccharide is catalyzed by the product of
the yiaH gene of Escherichia coli K-12. J. Bacteriol. 188, 7542-7550. doi:10.1128/jb.00783-06

Kajimura, J., Rahman, A., and Rick, P. D. (2005). Assembly of cyclic enterobacterial
common antigen in Escherichia coli K-12. J. Bacteriol. 187, 6917-6927. doi:10.1128/jb.
187.20.6917-6927.2005

Kamemoto, Y., Funaba, N., Kawakami, M., Sawasato, K., Kanno, K., Suzuki, S., et al.
(2020). Biosynthesis of glycolipid MPIase (membrane protein integrase) is independent
of the genes for ECA (enterobacterial common antigen). J. Gen. Appl. Microbiol. 66,
169-174. doi:10.2323/jgam.2019.05.001

Kano, K., Ishii, N., Greimel, P., and Matsuo, I. (2023a). “Chemical synthesis of
phosphatidylglucoside,” in Glycolipids: methods and protocols. Editors K. Kabayama and
J.-L. Inokuchi (New York, NY: Springer US), 73-78.

Kano, K., Ishii, N., Hirabayashi, Y., Kamiguchi, H., Greimel, P., and Matsuo, L. (2021).
Stereocontrolled synthesis of lyso-phosphatidyl B-D-Glucoside. ChemistrySelect 6,
6811-6815. doi:10.1002/s1ct.202102176

Kano, K., Ishii, N., Miyagawa, A., Takeda, H., Hirabayashi, Y., Kamiguchi, H., et al.
(2023b). Protecting-group-free glycosylation of phosphatidic acid in aqueous media.
Org. Biomol. Chem. 21, 2138-2142. doi:10.1039/d20b02173k

frontiersin.org


https://doi.org/10.1039/b414119a
https://doi.org/10.1016/s0021-9258(17)39012-9
https://doi.org/10.1016/s0021-9258(17)39012-9
https://doi.org/10.1128/jb.181.20.6564-6568.1999
https://doi.org/10.1128/jb.171.3.1326-1332.1989
https://doi.org/10.1016/s0021-9258(18)48216-6
https://doi.org/10.1128/jb.170.1.228-233.1988
https://doi.org/10.1046/j.1365-2958.2002.02768.x
https://doi.org/10.1046/j.1365-2958.2002.02768.x
https://doi.org/10.1111/j.1432-1033.1987.tb10544.x
https://doi.org/10.1111/j.1432-1033.1987.tb10544.x
https://doi.org/10.1016/0008-6215(95)00117-c
https://doi.org/10.1021/ja00146a026
https://doi.org/10.1021/ja00146a026
https://doi.org/10.3390/ijms20092167
https://doi.org/10.1126/science.1379743
https://doi.org/10.1039/c8cc04467h
https://doi.org/10.1021/acs.orglett.7b01703
https://doi.org/10.26508/lsa.202101162
https://doi.org/10.1016/j.plipres.2015.04.003
https://doi.org/10.1002/chem.202300437
https://doi.org/10.1016/bs.accb.2022.09.005
https://doi.org/10.1021/acschembio.8b00654
https://doi.org/10.1021/acschembio.8b00654
https://doi.org/10.3389/fcell.2016.00155
https://doi.org/10.1128/iai.05559-11
https://doi.org/10.1074/jbc.m113.512749
https://doi.org/10.1016/j.tetlet.2008.04.036
https://doi.org/10.1016/j.bmc.2008.06.041
https://doi.org/10.1042/bj1080211
https://doi.org/10.1126/science.aab3516
https://doi.org/10.1016/s0021-9258(18)51519-2
https://doi.org/10.1073/pnas.2214957119
https://doi.org/10.1016/s0021-9258(17)38988-3
https://doi.org/10.1002/slct.201600839
https://doi.org/10.1016/j.bbalip.2013.06.001
https://doi.org/10.1111/mmi.14590
https://doi.org/10.1111/mmi.13284
https://doi.org/10.1128/jb.00783-06
https://doi.org/10.1128/jb.187.20.6917-6927.2005
https://doi.org/10.1128/jb.187.20.6917-6927.2005
https://doi.org/10.2323/jgam.2019.05.001
https://doi.org/10.1002/slct.202102176
https://doi.org/10.1039/d2ob02173k
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1353688

Osawa et al.

Kawashima, Y., Miyazaki, E., Muller, M., Tokuda, H., and Nishiyama, K. (2008).
Diacylglycerol specifically blocks spontaneous integration of membrane proteins and
allows detection of a factor-assisted integration. J. Biol. Chem. 283, 24489-24496. doi:10.
1074/jbc.m801812200

Kina, K., Masuda, H., Nakayama, H., Nagatsuka, Y., Nabetani, T., Hirabayashi, Y.,
et al. (2011). The novel neutrophil differentiation marker phosphatidylglucoside
mediates neutrophil apoptosis. J. Immunol. 186, 5323-5332. doi:10.4049/jimmunol.
1002100

Kinoshita, M. O., Furuya, S., Ito, S., Shinoda, Y., Yamazaki, Y., Greimel, P., et al.
(2009). Lipid rafts enriched in phosphatidylglucoside direct astroglial differentiation by
regulating tyrosine kinase activity of epidermal growth factor receptors. Biochem. J. 419,
565-575. doi:10.1042/bj20081896

Kinoshita, T. (2020). Biosynthesis and biology of mammalian GPI-anchored proteins.
Open Biol. 10, 190290. doi:10.1098/rs0b.190290

Koch, H. G., Hengelage, T., Neumann-Haefelin, C., Macfarlane, J., Hoffschulte, H. K.,
Schimz, K. L., et al. (1999). In vitro studies with purified components reveal signal
recognition particle (SRP) and SecA/SecB as constituents of two independent protein-
targeting pathways of Escherichia coli. Mol. Biol. Cell 10, 2163-2173. doi:10.1091/mbc.
10.7.2163

Kuhn, H. M., Meier-Dieter, U., and Mayer, H. (1988). ECA, the enterobacterial
common antigen. FEMS Microbiol. Rev. 4,195-222. doi:10.1016/0378-1097(88)90002-x

Kuhn, H. M,, Neter, E., and Mayer, H. (1983). Modification of the lipid moiety of the
enterobacterial common antigen by the "Pseudomonas factor. Infect. Immun. 40,
696-700. doi:10.1128/iai.40.2.696-700.1983

Kundu, S, Lin, C,, Jaiswal, M., Mullapudi, V. B., Craig, K. C., Chen, S., et al. (2023).
Profiling Glycosylphosphatidylinositol (GPI)-interacting proteins in the cell membrane
using a bifunctional GPI analogue as the probe. J. Proteome Res. 22, 919-930. doi:10.
1021/acs.jproteome.2c00728

Kunin, C. M. (1963). Separation, characterization, and biological significance of a
common antigen in enterobacteriaceae. J. Exp. Med. 118, 565-586. doi:10.1084/jem.118.
4.565

Liu, L., Zha, J., Digiandomenico, A., Mcallister, D., Stover, C. K., Wang, Q., et al.
(2015). Synthetic enterobacterial common antigen (ECA) for the development of a
universal immunotherapy for drug-resistant Enterobacteriaceae. Angew. Chem. Int. Ed.
Engl. 54, 10953-10957. doi:10.1002/anie.201505420

Liu, Q., Shen, X,, Bian, X., and Kong, Q. (2020). Effect of deletion of gene cluster
involved in synthesis of Enterobacterial common antigen on virulence and
immunogenicity of live attenuated Salmonella vaccine when delivering heterologous
Streptococcus pneumoniae antigen PspA. BMC Microbiol. 20, 150. doi:10.1186/s12866-
020-01837-0

Lugowski, C., Romanowska, E., Kenne, L., and Lindberg, B. (1983). Identification of a
trisaccharide repeating-unit in the enterobacterial common-antigen. Carbohydr. Res.
118, 173-181. doi:10.1016/0008-6215(83)88045-8

Maciejewska, A., Kaszowska, M., Jachymek, W., Lugowski, C., and Lukasiewicz, J.
(2020). Lipopolysaccharide-linked enterobacterial common antigen (ECA(LPS)) occurs
in rough strains of Escherichia coli R1, R2, and R4. Int. J. Mol. Sci. 21, 6038. doi:10.3390/
ijms21176038

Miikeld, P. H., and Mayer, H. (1976). Enterobacterial common antigen. Bacteriol. Rev.
40, 591-632. doi:10.1128/br.40.3.591-632.1976

Manzo, E., Gallo, C,, Sartorius, R., Nuzzo, G., Sardo, A., De Berardinis, P., et al. (2019).
Immunostimulatory phosphatidylmonogalactosyldiacylglycerols (PGDG) from the
marine diatom Thalassiosira weissflogii: inspiration for a novel synthetic Toll-like
receptor 4 agonist. Mar. Drugs 17, 103. doi:10.3390/md17020103

Mayer, T. G, Kratzer, B., and Schmidt, R. R. (1994). Synthesis of a GPI anchor of yeast
(Saccharomyces cerevisiae). Angew. Chem. Int. Ed. Engl. 33, 2177-2181. doi:10.1002/
anie.199421771

Meier-Dieter, U., Barr, K., Starman, R., Hatch, L., and Rick, P. D. (1992). Nucleotide
sequence of the Escherichia coli rfe gene involved in the synthesis of enterobacterial
common antigen. Molecular cloning of the rfe-rff gene cluster. J. Biol. Chem. 267,
746-753. doi:10.1016/s0021-9258(18)48347-0

Meier-Dieter, U., Starman, R, Barr, K., Mayer, H., and Rick, P. D. (1990). Biosynthesis
of enterobacterial common antigen in Escherichia coli. Biochemical characterization of
Tn10 insertion mutants defective in enterobacterial common antigen synthesis. J. Biol.
Chem. 265, 13490-13497. doi:10.1016/s0021-9258(18)77373-0

Mitchell, A. M., Srikumar, T., and Silhavy, T. J. (2018). Cyclic enterobacterial
common antigen maintains the outer membrane permeability barrier of Escherichia
coli in a manner controlled by YhdP. mBio 9, €01321-18. doi:10.1128/mbio.01321-18

Mori, S., Nomura, K., Fujikawa, K., Osawa, T., Shionyu, M., Yoda, T., et al. (2022).
Intermolecular interactions between a membrane protein and a glycolipid essential for
membrane protein integration. ACS Chem. Biol. 17, 609-618. doi:10.1021/acschembio.
100882

Morris, K. N., and Mitchell, A. M. (2023). Phosphatidylglycerol is the lipid donor for
synthesis of phospholipid-linked enterobacterial common antigen. J. Bacteriol. 205,
€0040322. doi:10.1128/jb.00403-22

Mullapudi, V. B., Craig, K. C., and Guo, Z. (2022). Design and synthesis of a doubly
functionalized core structure of a glycosylphosphatidylinositol anchor containing

Frontiers in Chemistry

14

10.3389/fchem.2024.1353688

photoreactive and clickable functional groups. J. Org. Chem. 87, 9419-9425. doi:10.
1021/acs.joc.2c00901

Murakata, C., and Ogawa, T. (1991). A total synthesis of GPI anchor of trypanosoma
brucei. Tetrahedron Lett. 32, 671-674. doi:10.1016/s0040-4039(00)74856-8

Murate, M., Hayakawa, T., Ishii, K., Inadome, H., Greimel, P., Watanabe, M., et al.
(2010). Phosphatidylglucoside forms specific lipid domains on the outer leaflet of the
plasma membrane. Biochemistry 49, 4732-4739. doi:10.1021/bi100007u

Nagatsuka, Y., Horibata, Y., Yamazaki, Y., Kinoshita, M., Shinoda, Y., Hashikawa, T,
et al. (2006). Phosphatidylglucoside exists as a single molecular species with saturated
fatty acyl chains in developing astroglial membranes. Biochemistry 45, 8742-8750.
doi:10.1021/bi0606546

Nagatsuka, Y., Kasama, T., Ohashi, Y., Uzawa, J., Ono, Y., Shimizu, K., et al. (2001). A
new phosphoglycerolipid, *phosphatidylglucose’, found in human cord red cells by
multi-reactive monoclonal anti-i cold agglutinin, mAb GL-1/GL-2. FEBS Lett. 497,
141-147. doi:10.1016/s0014-5793(01)02464-4

Nishikawa, H., Sasaki, M., and Nishiyama, K. (2017). Membrane insertion of F, ¢
subunit of FoF; ATPase depends on glycolipozyme MPIase and is stimulated by YidC.
Biochem. Biophys. Res. Commun. 487, 477-482. doi:10.1016/j.bbrc.2017.04.095

Nishikawa, H., Sawasato, K., Mori, S., Fujikawa, K., Nomura, K., Shimamoto, K., et al.
(2022). Interaction between glycolipid MPIase and proteinaceous factors during protein
integration into the cytoplasmic membrane of E. coli. Front. Mol. Biosci. 9, 986602.
doi:10.3389/fmolb.2022.986602

Nishiyama, K., Ikegami, A., Moser, M., Schiltz, E., Tokuda, H., and Muller, M. (2006).
A derivative of lipid A is involved in signal recognition particle/SecYEG-dependent and
-independent membrane integrations. J. Biol. Chem. 281, 35667-35676. doi:10.1074/jbc.
m608228200

Nishiyama, K., Maeda, M., Abe, M., Kanamori, T., Shimamoto, K., Kusumoto, S., et al.
(2010). A novel complete reconstitution system for membrane integration of the
simplest membrane protein. Biochem. Biophys. Res. Commun. 394, 733-736. doi:10.
1016/j.bbrc.2010.03.061

Nishiyama, K., Maeda, M., Yanagisawa, K., Nagase, R., Komura, H., Iwashita, T., et al.
(2012). MPIase is a glycolipozyme essential for membrane protein integration. Nat.
Commun. 3, 1260. doi:10.1038/ncomms2267

Nomura, K., Mori, S., Fujikawa, K., Osawa, T., Tsuda, S., Yoshizawa-Kumagaye, K.,
et al. (2022). Role of a bacterial glycolipid in Sec-independent membrane protein
insertion. Sci. Rep. 12, 12231. doi:10.1038/s41598-022-16304-1

Nomura, K., Yamaguchi, T., Mori, S., Fujikawa, K., Nishiyama, K., Shimanouchi, T,
et al. (2019). Alteration of membrane physicochemical properties by two factors for
membrane protein integration. Biophys. J. 117, 99-110. doi:10.1016/j.bpj.2019.05.014

Oka, S., Nagatsuka, Y., Kikuchi, J., Yokote, T., Hirabayashi, Y., Hanafusa, T., et al.

(2009).  Preferential ~expression of phosphatidylglucoside along neutrophil
differentiation  pathway.  Leuk. ~Lymphoma 50, 1190-1197. doi:10.1080/
10428190902934928

Paulsen, H., and Lorentzen, J. P. (1985). Synthesis of the immunologically essential
saccharide sequence of the "Enterobacterial Common Antigen. Angew. Chem. Int. Ed.
Engl. 24, 773-775. doi:10.1002/anie.198507732

Peleg, E., and Tietz, A. (1973). Phospholipids of a moderately halophilic halotolerant
bacterium. Biochim. Biophys. Acta 306, 368-379. doi:10.1016/0005-2760(73)90175-6

Phizackerley, P. J, and Macdougall, J. C. (1968). Isomers of
glucosaminylphosphatidylglycerol. Biochem. J. 110, 57P. doi:10.1042/bj1100057p

Pinta, E., Li, Z., Batzilla, J., Pajunen, M., Kasanen, T., Rabsztyn, K., et al. (2012).
Identification of three oligo-/polysaccharide-specific ligases in Yersinia enterocolitica.
Mol. Microbiol. 83, 125-136. doi:10.1111/j.1365-2958.2011.07918 x

Rai, A. K,, Carr, J. F,, Bautista, D. E., Wang, W., and Mitchell, A. M. (2021). ElyC and
cyclic enterobacterial common antigen regulate synthesis of phosphoglyceride-linked
enterobacterial common antigen. mBio 12, €0284621. doi:10.1128/mbio.02846-21

Rai, A. K., and Mitchell, A. M. (2020). Enterobacterial common antigen: synthesis and
function of an enigmatic molecule. mBio 11, €01914-20. doi:10.1128/mbio.01914-20

Ramirez, F.,, Mandal, S. B., and Marecek, J. F. (1983). Synthesis of phosphatidyl-6-D-
glucose and attempted synthesis of phosphatidyl-1-D-glucose. J. Org. Chem. 48,
2008-2013. doi:10.1021/j000160a014

Ramos-Morales, F., Prieto, A. I, Beuzon, C. R,, Holden, D. W., and Casadesus, J.
(2003). Role for Salmonella enterica enterobacterial common antigen in bile resistance
and virulence. J. Bacteriol. 185, 5328-5332. doi:10.1128/jb.185.17.5328-5332.2003

Rick, P. D., Barr, K., Sankaran, K., Kajimura, J., Rush, J. S., and Waechter, C.J. (2003).
Evidence that the wzxE gene of Escherichia coli K-12 encodes a protein involved in the
transbilayer movement of a trisaccharide-lipid intermediate in the assembly of
enterobacterial common antigen. J. Biol. Chem. 278, 16534-16542. doi:10.1074/jbc.
m301750200

Rick, P. D., Fung, L. W., Ho, C,, and Osborn, M. J. (1977). Lipid A mutants of
Salmonella typhimurium. Purification and characterization of a lipid A precursor
produced by a mutant in 3-deoxy-D-mannooctulosonate-8-phosphate synthetase.
J. Biol. Chem. 252, 4904-4912. doi:10.1016/s0021-9258(17)40139-6

Rick, P. D., Hubbard, G. L., Kitaoka, M., Nagaki, H., Kinoshita, T., Dowd, S., et al.
(1998). Characterization of the lipid-carrier involved in the synthesis of enterobacterial

frontiersin.org


https://doi.org/10.1074/jbc.m801812200
https://doi.org/10.1074/jbc.m801812200
https://doi.org/10.4049/jimmunol.1002100
https://doi.org/10.4049/jimmunol.1002100
https://doi.org/10.1042/bj20081896
https://doi.org/10.1098/rsob.190290
https://doi.org/10.1091/mbc.10.7.2163
https://doi.org/10.1091/mbc.10.7.2163
https://doi.org/10.1016/0378-1097(88)90002-x
https://doi.org/10.1128/iai.40.2.696-700.1983
https://doi.org/10.1021/acs.jproteome.2c00728
https://doi.org/10.1021/acs.jproteome.2c00728
https://doi.org/10.1084/jem.118.4.565
https://doi.org/10.1084/jem.118.4.565
https://doi.org/10.1002/anie.201505420
https://doi.org/10.1186/s12866-020-01837-0
https://doi.org/10.1186/s12866-020-01837-0
https://doi.org/10.1016/0008-6215(83)88045-8
https://doi.org/10.3390/ijms21176038
https://doi.org/10.3390/ijms21176038
https://doi.org/10.1128/br.40.3.591-632.1976
https://doi.org/10.3390/md17020103
https://doi.org/10.1002/anie.199421771
https://doi.org/10.1002/anie.199421771
https://doi.org/10.1016/s0021-9258(18)48347-0
https://doi.org/10.1016/s0021-9258(18)77373-0
https://doi.org/10.1128/mbio.01321-18
https://doi.org/10.1021/acschembio.1c00882
https://doi.org/10.1021/acschembio.1c00882
https://doi.org/10.1128/jb.00403-22
https://doi.org/10.1021/acs.joc.2c00901
https://doi.org/10.1021/acs.joc.2c00901
https://doi.org/10.1016/s0040-4039(00)74856-8
https://doi.org/10.1021/bi100007u
https://doi.org/10.1021/bi0606546
https://doi.org/10.1016/s0014-5793(01)02464-4
https://doi.org/10.1016/j.bbrc.2017.04.095
https://doi.org/10.3389/fmolb.2022.986602
https://doi.org/10.1074/jbc.m608228200
https://doi.org/10.1074/jbc.m608228200
https://doi.org/10.1016/j.bbrc.2010.03.061
https://doi.org/10.1016/j.bbrc.2010.03.061
https://doi.org/10.1038/ncomms2267
https://doi.org/10.1038/s41598-022-16304-1
https://doi.org/10.1016/j.bpj.2019.05.014
https://doi.org/10.1080/10428190902934928
https://doi.org/10.1080/10428190902934928
https://doi.org/10.1002/anie.198507732
https://doi.org/10.1016/0005-2760(73)90175-6
https://doi.org/10.1042/bj1100057p
https://doi.org/10.1111/j.1365-2958.2011.07918.x
https://doi.org/10.1128/mbio.02846-21
https://doi.org/10.1128/mbio.01914-20
https://doi.org/10.1021/jo00160a014
https://doi.org/10.1128/jb.185.17.5328-5332.2003
https://doi.org/10.1074/jbc.m301750200
https://doi.org/10.1074/jbc.m301750200
https://doi.org/10.1016/s0021-9258(17)40139-6
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1353688

Osawa et al.

common antigen (ECA) and identification of a novel phosphoglyceride in a mutant of
Salmonella typhimurium defective in ECA synthesis. Glycobiology 8, 557-567. doi:10.
1093/glycob/8.6.557

Sasaki, M., Nishikawa, H., Suzuki, S., Moser, M., Huber, M., Sawasato, K., et al. (2019).
The bacterial protein YidC accelerates MPIase-dependent integration of membrane
proteins. J. Biol. Chem. 294, 18898-18908. doi:10.1074/jbc.ral19.011248

Sato, R., Sawasato, K., and Nishiyama, K. I. (2019). YnbB is a CdsA paralogue
dedicated to biosynthesis of glycolipid MPlase involved in membrane protein
integration. Biochem. Biophys. Res. Commun. 510, 636-642. doi:10.1016/j.bbrc.2019.
01.145

Sawasato, K., Sato, R., Nishikawa, H., limura, N., Kamemoto, Y., Fujikawa, K., et al.
(2019a). CdsA is involved in biosynthesis of glycolipid MPIase essential for membrane
protein integration in vivo. Sci. Rep. 9, 1372. doi:10.1038/s41598-018-37809-8

Sawasato, K., Suzuki, S., and Nishiyama, K. I. (2019b). Increased expression of the
bacterial glycolipid MPlase is required for efficient protein translocation across
membranes in cold conditions. J. Biol. Chem. 294, 8403-8411. doi:10.1074/jbc.ral19.
008457

Shaw, N., Smith, P. F, and Verheij H. M. (1970). The structure of
’phosphatidylglucose. Biochem. J. 120, 439-441. doi:10.1042/bj1200439

Shaw, N., Smith, P. F, and Verheij H. M. (1972). The structure of a
glycerylphosphoryldiglucosyl diglyceride from the lipids of Acholeplasma laidlawii
strain B. Biochem. J. 129, 167-173. doi:10.1042/bj1290167

Shimai, R., Hanafusa, K., Nakayama, H., Oshima, E., Kato, M., Kano, K., et al. (2023).
Lysophosphatidylglucoside/GPR55 signaling promotes foam cell formation in human
M2c¢ macrophages. Sci. Rep. 13, 12740. doi:10.1038/541598-023-39904-x

Short, S. A., and White, D. C. (1970). Metabolism of the glycosyl diglycerides and
phosphatidylglucose of Staphylococcus aureus. J. Bacteriol. 104, 126-132. doi:10.1128/jb.
104.1.126-132.1970

Sperling, P., and Heinz, E. (2003). Plant sphingolipids: structural diversity,
biosynthesis, first genes and functions. Biochim. Biophys. Acta. 1632, 1-15. doi:10.
1016/s1388-1981(03)00033-7

Frontiers in Chemistry

15

10.3389/fchem.2024.1353688

Suazo, K. F., Park, K.-Y., and Distefano, M. D. (2021). A not-so-ancient grease history:
click chemistry and protein lipid modifications. Chem. Rev. 121, 7178-7248. doi:10.
1021/acs.chemrev.0c01108

Swarts, B. M., and Guo, Z. (2011). Chemical synthesis and functionalization of
clickable glycosylphosphatidylinositol anchors. Chem. Sci. 2, 2342-2352. doi:10.1039/
c1s5c00440a

Swarts, B. M., and Guo, Z. (2012). Chemical synthesis of glycosylphosphatidylinositol
anchors. Adv. Carbohydr. Chem. Biochem. 67, 137-219. doi:10.1016/B978-0-12-
396527-1.00004-8

Tailler, D., Ferriéres, V., Pekari, K., and Schmidt, R. R. (1999). Synthesis of the
glycosyl phosphatidyl inositol anchor of rat brain Thy-1. Tetrahedron Lett. 40, 679-682.
doi:10.1016/50040-4039(98)02579-9

Takahashi, H., Hayakawa, T., Murate, M., Greimel, P., Nagatsuka, Y., Kobayashi, T,
et al. (2012). Phosphatidylglucoside: its structure, thermal behavior, and domain
formation in plasma membranes. Chem. Phys. Lipids 165, 197-206. doi:10.1016/j.
chemphyslip.2011.12.010

Tamura, Y., Harada, Y., Nishikawa, S., Yamano, K., Kamiya, M., Shiota, T., et al.
(2013). Tam41 is a CDP-diacylglycerol synthase required for cardiolipin biosynthesis in
mitochondria. Cell Metab. 17, 709-718. doi:10.1016/j.cmet.2013.03.018

Xue, J., and Guo, Z. (2003). Convergent synthesis of a GPI containing an acylated
inositol. J. Am. Chem. Soc. 125, 16334-16339. doi:10.1021/ja0382157

Yan, X, and Guo, Z. (2023). Diversity-Oriented  Synthesis  of
Glycosylphosphatidylinositol ~ probes based on an orthogonally protected
pentasaccharide. Org. Lett. 25, 2088-2092. doi:10.1021/acs.orglett.3c00448

Zulueta, M. M. L, Lin, S.-Y., and Hung, S.-C. (2013). Chemical synthesis of
oligosaccharides based on heparin and heparan sulfate. Trends Glycosci.
Glycotechnol. 25, 141-158. doi:10.4052/tigg.25.141

Zulueta, M. M. L,, Lin, S.-Y,, Lin, Y.-T., Huang, C.-]., Wang, C.-C,, Ku, C.-C,, et al.
(2012). a-Glycosylation by D-glucosamine-derived donors: synthesis of heparosan and

heparin analogues that interact with mycobacterial heparin-binding hemagglutinin.
J. Am. Chem. Soc. 134, 8988-8995. doi:10.1021/ja302640p

frontiersin.org


https://doi.org/10.1093/glycob/8.6.557
https://doi.org/10.1093/glycob/8.6.557
https://doi.org/10.1074/jbc.ra119.011248
https://doi.org/10.1016/j.bbrc.2019.01.145
https://doi.org/10.1016/j.bbrc.2019.01.145
https://doi.org/10.1038/s41598-018-37809-8
https://doi.org/10.1074/jbc.ra119.008457
https://doi.org/10.1074/jbc.ra119.008457
https://doi.org/10.1042/bj1200439
https://doi.org/10.1042/bj1290167
https://doi.org/10.1038/s41598-023-39904-x
https://doi.org/10.1128/jb.104.1.126-132.1970
https://doi.org/10.1128/jb.104.1.126-132.1970
https://doi.org/10.1016/s1388-1981(03)00033-7
https://doi.org/10.1016/s1388-1981(03)00033-7
https://doi.org/10.1021/acs.chemrev.0c01108
https://doi.org/10.1021/acs.chemrev.0c01108
https://doi.org/10.1039/c1sc00440a
https://doi.org/10.1039/c1sc00440a
https://doi.org/10.1016/B978-0-12-396527-1.00004-8
https://doi.org/10.1016/B978-0-12-396527-1.00004-8
https://doi.org/10.1016/s0040-4039(98)02579-9
https://doi.org/10.1016/j.chemphyslip.2011.12.010
https://doi.org/10.1016/j.chemphyslip.2011.12.010
https://doi.org/10.1016/j.cmet.2013.03.018
https://doi.org/10.1021/ja0382157
https://doi.org/10.1021/acs.orglett.3c00448
https://doi.org/10.4052/tigg.25.141
https://doi.org/10.1021/ja302640p
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1353688

	Structures, functions, and syntheses of glycero-glycophospholipids
	1 Introduction
	2 Phosphatidylglucoside (PtdGlc)
	2.1 Structure, distribution, and functions of PtdGlc
	2.2 Biosynthesis of PtdGlc
	2.3 Chemical synthesis of PtdGlc

	3 Enterobacterial common antigen (ECA) and membrane protein integrase (MPIase)
	3.1 Structure, distribution, and functions of ECA
	3.2 Structure, distribution, and functions of MPIase
	3.3 Biosynthesis of ECA
	3.4 Biosynthesis of MPIase
	3.5 Chemical syntheses of MPIase analogs
	3.6 Mechanism of membrane protein integration of MPIase

	4 Lipids with similar structure
	4.1 Glycosylphosphatidylinositol anchor
	4.2 Glycerophospholipids with a linker of glycerol or glyceric acid
	4.3 Glycolipids phosphorylated at 6-position

	5 Conclusion and outlook
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


