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Abstract The Lpp lipoprotein of Escherichia coli is the first identified protein with
a covalently linked lipid. It is chemically bound by its C-terminus to murein (pepti-
doglycan) and inserts by the lipid at the N-terminus into the outer membrane. As the
most abundant protein in E. coli (106 molecules per cell) it plays an important role
for the integrity of the cell envelope. Lpp represents the type protein of a large variety
of lipoproteins found in Gram-negative and Gram-positive bacteria and in archaea
that have in common the lipid structure for anchoring the proteins to membranes
but otherwise strongly vary in sequence, structure, and function. Predicted lipopro-
teins in known prokaryotic genomes comprise 2.7% of all proteins. Lipoproteins are
modified by a unique phospholipid pathway and transferred from the cytoplasmic
membrane into the outer membrane by a special system. They are involved in pro-
tein incorporation into the outer membrane, protein secretion across the cytoplasmic
membrane, periplasm and outer membrane, signal transduction, conjugation, cell
wall metabolism, antibiotic resistance, biofilm formation, and adhesion to host tis-
sues. They are only found in bacteria and function as signal molecules for the innate
immune system of vertebrates, where they cause inflammation and elicit innate and
adaptive immune response through Toll-like receptors. This review discusses various
aspects of Lpp and other lipoproteins of Gram-negative and Gram-positive bacteria
and archaea.
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Introduction

The first identified and fully characterized protein with a covalently linked lipid was
the murein lipoprotein Lpp of Escherichia coli, also called the major lipoprotein or
Braun’s lipoprotein. It is the type protein of a large variety of proteins in Gram-
negative and Gram-positive bacteria and in archaea. These proteins are abundant
in the cells and all have in common a lipid structure through which they anchor the
proteins to a membrane outside of the cytoplasm. However, their sequence, structure,
and function strongly vary. They are involved in membrane protein incorporation,
protein secretion, signal transduction, conjugation, cell wall metabolism, antibiotic
resistance, biofilm formation, adhesion to host tissues, and signaling for the innate
immune system of vertebrates. This review will discuss various aspects of E. coli
Lpp and highlight features of other lipoproteins from other bacterial and archaeal
species. The early work on Lpp has been summarized in (Braun 1975; Braun and
Hantke 1974; Braun and Wu 1994).

E. coli Lpp

Discovery and Components of Lpp

The Lpp lipoprotein covalently bound to murein (peptidoglycan) of Escherichia coli
was discovered in a search for a bond that upon cleavage with trypsin decreased the
absorbance of the isolated cell envelope much more rapidly than when any other
protease was used (Braun and Rehn 1969). Cell envelopes treated with trypsin sepa-
rated into two membranes, namely the outer membrane and cytoplasmic membrane,
as observed by electron microscopy of ultra-thin sections. Samples not treated with
trypsinwere closely attached to each other. Since trypsin released only small amounts
of protein into the medium, the trypsin cleavage site was sought in the insoluble part.

It had been shown earlier that protein was associated with isolated murein, but the
protein material was not investigated further because the focus was on the chemical
composition of murein (Weidel and Pelzer 1964). Treatment of cell envelopes with
a hot sodium dodecyl sulfate solution left murein as the sole insoluble component. It
became morphologically thinner when treated with proteases, but kept the size and
rod form of the exponentially growing cells from which it was isolated. Acid hydrol-
ysis of murein of exponentially growing cells yielded the constituents of murein and
a mixture of all but six common amino acids (Cys, His, Pro, Gly, Phe, and Trp; by
contrast, in stationary phase cells, the proteins associated with murein consist of all
amino acids). The specific lack of these common amino acids suggested that a defined
protein was associated with murein. After trypsin treatment, only lysine remained
associated withmurein, which indicated that it linked the protein andmurein. Further
analysis showed that the lysine is bound through the ε-amino group to the optical
l-center of diaminopimelic acid of the murein peptide side chain, where it replaces



3 Lipoproteins: Structure, Function, Biosynthesis 41

d-alanine (Braun and Bosch 1972). The lysine residue is at the C-terminal end of
Lpp (Fig. 3.1a).

The mature Lpp protein consists of 57 residues and an additional N-terminal
modified cysteine. The amino acid sequence reveals 14 repeats composed of seven
residues, of which every third or fourth residue is hydrophobic (Fig. 3.1a). Such a
periodicity is typical for coiled-coils of α-helices in which seven residues (heptad
repeats) form two turns of a helix and that the side chains of parallel helices inter-
lock systematically. Lpp was the first coiled-coil protein to be sequenced (Lupas
et al. 2017). Its high α-helical content was deduced from circular dichroism spectra
(Braun et al. 1976b). Recombinant Lpp devoid of the lipid forms a long parallel α-
helical trimer. TheX-ray crystal structure reveals a three-stranded coiled-coil domain

Cys Ser Ser Asn Ala Lys Ile Asp Gln Leu Ser Ser Asp Val Gln Thr Leu
Asn Ala Lys Val Asp Gln Leu Ser Asn Asp Val Asn Ala Met
Arg Ser Asp Val Gln Ala Ala Lys Asp Asp Ala Ala Arg Ala
Asn Glu Arg Leu Asp Asn Met Ala Thr Lys Tyr Arg Lys

Ala-Glu-Dap

MurNAc-GlcNAc-MurNAc-GlcNAc-MurNAc

CH2-O-CO-Acyl

CH-O-CO-Acyl

CH2

S 

CH2 

Acyl-CO-NH-CH-CO-R 

Cysteine

(a)

(b)

(c)

Fig. 3.1 a Amino acid sequence of the E. coli murein lipoprotein (Lpp) with bound murein (pep-
tidoglycan) subunits. The heptad repeats (3 + 4) are in boldface. The N-terminal lipid attachment
site and the C-terminal murein attachment site (in italics) are outside the heptad register. b High-
resolution crystal structure of the Lpp trimer (residues 2–56) comprising a parallel three-stranded
coiled coil and two helix capping motifs (Shu et al. 2000). c Chemical structure of glycerylcysteine
with three bound fatty acids (mostly palmitic acid)
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from residue 5 to 53, with the heptad repeat in register throughout the entire region
(Fig. 3.1b) (Shu et al. 2000). The exceedingly high trypsin cleavage rate is explained
by the accumulation of three trypsin cleavage sites at the very C-terminus and their
exposure outside the triple helix. The sequences Tyr-Arg-Lys and Tyr-Lys-Lys are
most frequently found in lipoproteins linked to murein.

Lipid Covalently Bound to the Protein

When structural work on Lpp began, lipoproteins were not defined molecules but
rather mixtures of proteins with non-covalently linked mixtures of lipids. But in
Lpp, lipid was associated with a protein that could not be removed with detergents or
organic solvents and was therefore considered to be covalently bound. The chemical
structure of the protein lipid attachment site was determined by chemically degrading
isolated Lpp, incorporation of radioactively labeled suspected precursors, and finally
by chemical synthesis of S-glycerylcysteine thioether (Hantke and Braun 1973). The
structure was shown to be a glyceryl group with a fatty acid composition similar to
that of phospholipids and bound as a thioether to the sulfhydryl group of cysteine,
and was named glycerylcysteine (Fig. 3.1c). The amino group of the N-terminal
cysteine is bound to a fatty acid, mainly palmitic acid. This unique lipid structure
was later shown to be part of all bacterial lipoproteins with a covalently bound lipid.
The first three-dimensional structure of triacylated cysteine in a lipid bilayer was
recently found in the electron cryomicroscopy structure of a cytochrome oxidase
(Sun et al. 2018). In this structure, the lipid anchors at the ActB and ActE proteins
are tilted with respect to the plane of the lipid bilayer, thereby restricting the ability
of other lipids to pack around them. The lipids are localized close to the entry point
of menaquinol in the complex.

Linkage of Lpp to Murein (Peptidoglycan)

In E. coli, one-third of Lpp is covalently bound to murein (Braun and Rehn 1969;
Inouye et al. 1972). The linkage is formed between the carboxyl group of the optical
l-center of meso-diaminopimelate (Dpm) of the murein tetrapeptide and the ε-amino
group of the carboxyl-terminal lysine (Lys) of lipoprotein (Fig. 3.1a) (Braun and
Bosch 1972). The reaction is catalyzed by three very similar l-d-transpeptidases,
namely ErfK, YcfS, and YbiS (Magnet et al. 2007), whereby the d-Ala linked to
Dpm is replaced by Lys and the peptide energy of the Dpm-Ala bond is preserved
to form the Dpm-Lys bond. The genes encoding all three enzymes must be deleted
to obtain murein free of Lpp, but YbiS plays the major transpeptidation because the
deletion of its gene largely prevents binding of Lpp tomurein. The presence of several
transpeptidases is not surprising because redundant enzymes in murein synthesis and
murein modification have been frequently observed (Pazos et al. 2017). Murein is
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essential for the structure of cells that they cannot afford a defective synthesis. In
addition, the structure of murein changes under different growth condition which
requires different enzyme activities (Vollmer et al. 2008).

The C-terminal Lys in the Tyr-Arg-Lys triad plays a critical role in linkage of Lpp
to murein (Zhang andWu 1992; Zhang et al. 1992). By contrast, alterations at the N-
terminus, such as lack of lipid modification, addition of a signal peptide, and fusion
of the outer membrane protein OmpF, reduce but do not abolish covalent attachment
of Lpp to murein (Zhang et al. 1992). The amount of Lpp bound to murein can vary;
for example, in stationary phase cells, Lpp binding increases by 70% (Glauner et al.
1988).

Free Lpp

Free Lpp not attached tomurein was detected when proteins of cell envelopes labeled
with radioactive arginine or histidine were separated by SDS-polyacrylamide gel
electrophoresis (Inouye et al. 1972). A fast migrating band, i.e., a small protein,
contained labeled arginine but not histidine. The only protein known to be devoid
of histidine in E. coli was the small protein Lpp. Its identity was confirmed by
double labelingwith other amino acids present and absent in Lpp. The electrophoretic
mobility of free Lpp was faster than that of Lpp released from murein by lysozyme;
the latter preparation also contains muropeptides. The amount of free Lpp was twice
as high as that of murein-bound Lpp.

Distinct Arrangement of Bound and Free Lpp in the Outer
Membrane

The early proposal (Braun and Rehn 1969) that Lpp extends from murein across the
periplasm into the outer membrane was supported by the immunological determina-
tion of Lpp in separated outer and cytoplasmic membranes (Bosch and Braun 1973).
Lpp is bound by the C-terminal lysine to diaminopimelic acid of murein and is fixed
to the outer membrane by insertion of the lipid part into the inner lipid leaflet of the
outer membrane. It was assumed that free lipoprotein occupies the same location as
the bound form in the cell envelope. This assumption was supported by cross-linking
the free form with the bound form and non-covalent binding of the free form by the
C-terminal lysine to murein (Choi et al. 1987). However, distinct cellular locations
of bound and free Lpp were discovered over two decades later (Cowles et al. 2011).
Free Lpp spans the outer membrane and its C-terminus is surface-exposed, whereas
bound Lpp resides in the periplasm. This conclusion was drawn from differential
labeling with membrane-impermeable biotin reagents and proteolytic removal of
the labels at the cell surface. The biotin label was attached to the C-terminal Lys55
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and Lys58 residues. In addition, the C-terminal FLAG epitope (DYKDDDDK) of a
constructed Lpp derivative could be proteolytically removed by treating cells with
trypsin, which showed that the C-terminus of free Lpp is exposed at the cell surface.

The question arises how the free form inserts into and is partially translocated
across the outer membrane. The parallel three-stranded coiled-coil structure of Lpp
is too hydrophilic to insert spontaneously into a lipid bilayer. Since the free form
is first synthesized and then converted to the bound form (Inouye et al. 1972), the
two forms might transiently associate with each other, which would explain their
cross-linkage. The free form is either translocated by the Bam complex, or by a
specific translocase. Specific translocases were identified for various proteins, e.g.,
NalP or RcsF with the Bam complex, pullulanase with the type II secretion system,
and in Neisseria Slam1 with TbPB, LbpB, fHb1, and Slam2 with HpuA (see section
“Lipoproteins in Other Gram-Negative Bacteria”). The translocation of lipoproteins
to the cell surface has recently been reviewed (Hooda and Moraes 2018).

Biosynthesis of Lpp

E. coli Lpp is synthesized in the cytoplasm, modified with lipids at the outer leaflet of
the cytoplasmicmembrane, and translocated to and inserted into the outermembrane.
All these steps are mediated by dedicated proteins.

Unmodified lipoprotein can be synthesized in vitro with an mRNA of about 250
nucleotides (Hirashima et al. 1974). The mRNA has an unusually long average half-
life of 11.5 min, in contrast to the half-life of 2.1 min of cytoplasmic protein mRNAs
(Hirashima and Inouye 1973). The long half-life is suitable for allowing synthesis
of this most abundant protein in E. coli (about 106 molecules per cell).

Lpp is synthesized in the cytoplasm with a signal sequence that serves to transfer
the protein across the cytoplasmic membrane by the Sec translocon. The cysteine
residue located at the border between the signal sequence and the mature protein
is strictly conserved in all lipoproteins. It is surrounded by a partially conserved
sequence in lipoproteins—Leu(Ala/Val)-Leu-Ala(Ser)-Gly(Ala)-Cys. This so-called
lipobox is recognized by lipid-modifying enzymes. Lipid modification takes place at
the periplasmic side of the cytoplasmic membrane. First, diacylglycerol is added to
the sulfhydryl group of the cysteine by phosphatidylglycerol/prolipoprotein diacyl-
glyceryl transferase (Lgt) (Fig. 3.2). Then, a special lipoprotein signal peptidase (Lsp
or signal peptidase II) cleaves the signal peptide in front of the Cys residue (Innis
et al. 1984). Signal peptidase II preferentially recognizes didecanoyl glycerol as the
optimal lipid length and exclusively the enantio (R) form of the diacylglycerol (Kita-
mura and Wolan 2018). The protein remains attached to the cytoplasmic membrane
via the diacylglycerol. Finally, a fatty acid is transferred from phospholipids to the
amino group of the Cys residue by membrane-bound phospholipid/apolipoprotein
transacylase (Lnt) (Tokunaga et al. 1982; Noland et al. 2017).

Genes encoding the three enzymes Lgt, Lsp, and Lnt are essential for E. coli
and most other Gram-negative bacteria. The crystal structure of the diacylglyceryl
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Fig. 3.2 Biosynthesis of Lpp. Refer to the text for details. The polypeptide chain of LPP is indicated
in green

transferase Lgt shows a central cavity about 20 Å deep, with a major opening to the
periplasmic side and two clefts exposed to the membrane lipid (Mao et al. 2016).
Phosphatidylglycerol is positioned with the two acyl chains in the lower hydrophobic
part of the cleft and the hydrophilic head protruding into the interface between the
outer leaflet of the cytoplasmic membrane and the periplasm. It is predicted that the
two clefts (6 and 10 Å wide) are entrances for phosphatidylglycerol and the lipobox
of the lipoprotein. Substrates and product enter and leave laterally relative to the lipid
bilayer.

The crystal structure of the Lsp signal peptidase II fromPseudomonas aeruginosa
complexed with the inhibitor globomycin has been determined (Vogeley et al. 2016).
The enzyme consists of a periplasmic domain fixed to the cytoplasmic membrane by
a domain of four transmembrane helices. Globomycin acts as a noncleavable peptide
that sterically blocks the active site. It mimics diglyceride Lpp in that it is composed
of a 19-member cyclic depsipeptide that includes an α-methyl-β-hydroxy fatty acid.
It is first partitioned in the cytoplasmic membrane and then diffuses laterally into the
active site of the enzyme. The lipopeptide helix of Lpp fits into the space between
membrane helices 12 and 14, which positions the Cys residue of the lipobox into
the active site while leaving the protein in the periplasm. It is predicted that Lsp
is an aspartyl endopeptidase with two Asp residues suitably positioned to form the
catalytic diad. After release of the signal peptide, lipoprotein moves out of the active
site but remains bound to the cytoplasmic membrane by the diacylglyceride moiety.

The crystal structures of the N-acylase Lnt of E. coli (Noland et al. 2017) and P.
aeruginosa (Wiktor et al. 2017) have been determined. Both structures are composed
of a large periplasmic domain that is fixed to the cytoplasmic membrane by eight
transmembrane helices. The active site with the catalytic Cys387 is positioned at
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the base of a long channel above the outer leaflet of the cytoplasmic membrane. It
contains an opening towards the membrane for substrates and products; this opening
serves as the portal through which phospholipid and glycerylcysteine of lipoprotein
enter the active site. The Lnt enzyme transfers a fatty acid from a phospholipid,
preferentially phosphatidylethanolamine, to form S-acyl cysteine. The acyl chain,
usually palmitate, is transferred to the α-amino group of S-diacyl-glyceryl lipopro-
tein. Triacylated lipoprotein leaves the active site and enters the membrane, and the
active site is ready for the next round of lipoprotein acylation.

Transfer of Lpp from the Cytoplasmic Membrane to the Outer
Membrane

Sorting of the lipoprotein from the cytoplasmic membrane to the outer membrane
was studied mainly with E. coli Lpp and P. aeruginosa Pal (Okuda and Tokuda
2011; Narita and Tokuda 2017). The final destination of Lpp and Pal is the inner
leaflet of the outer membrane; the protein moiety remains in the periplasm, but
the N-terminal lipid anchors the lipoprotein to the outer membrane. Five proteins,
designated LolA, LolB, LolC, LolD, and LolE, mediate lipoprotein sorting from the
cytoplasmic membrane into the outer membrane (Fig. 3.3). LolCDE belong to the
ABC transporter superfamily; LolC and LolE are the transmembrane subunits and
LolD is the ATPase. One LolD subunit is bound to LolC, and one is bound to LolE.
The LolCDE complex releases lipoprotein from the cytoplasmic membrane by ATP
hydrolysis. Lipoprotein attaches to the soluble periplasmic protein LolA, and is then
handed over to lipoprotein LolB, which is attached to the outer membrane by its lipid
moiety. The affinity of LolB for lipoprotein is higher than that of LolA. The triacyl
group of LolB possibly distorts the packing of the lipid bilayer, as has been found
for cytochrome oxidase (Sun et al. 2018), and by this means facilitates entry of the
triacyl group of lipoprotein into the inner leaflet of the outer membrane. LolE of E.
coli binds lipoprotein and interacts with LolA, whereas LolC does neither (Okuda
and Tokuda 2009).

Crystal structures of LolA and LolB have been determined and are similar despite
their different amino acid sequences (Takeda et al. 2003). Both structures contain
hydrophobic cavities that serve as binding sites for the acyl chains of lipoproteins. The
sequence similarity between the periplasmic regions of LolC and LolE and between
LolA and LolB suggest the presence of cavities in LolC and LolE similar to those in
LolA and LolB. It is likely that lipoprotein is transferred from LolCDE to LolA to
LolB through their hydrophobic cavities (Okuda and Tokuda 2009). Only triacylated
lipoprotein is transferred across the periplasm by the Lol proteins. Deletion of any
of the genes encoding the Lol proteins are not tolerated by the cells, presumably
because aberrant mislocated lipoproteins accumulate.
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Fig. 3.3 Model of the transfer of Lpp from the cytoplasmic membrane across the periplasm to the
outer membrane. See text for details

Modified Lipoproteins that Remain in the Cytoplasmic
Membrane

When Ser2 of mature Lpp is replaced with Asp, Lpp is retained in the cytoplasmic
membrane; other amino acids direct sorting into the outer membrane (Yamaguchi
et al. 1988). The Asp-dependent retention of Lpp in the cytoplasmic membrane is
influenced by the residue at position 3, and certain combinations of residues at posi-
tions 2 and 3 act as cytoplasmic membrane signals. Asp2 interferes with recognition
of N-acyl S-diacylglyceryl Cys by LolCDE and therefore prevents Lpp release from
the cytoplasmic membrane. Lpp with Asp at position2 also does not form a complex
with LolA. In P. aeruginosa, residues at positions 3 and 4 but also Asp2 determine
membrane localization (Narita and Tokuda 2007; Lewenza et al. 2008). Structural
requirements around the Cys residue for the release of Lpp by LolA from the cyto-
plasmic membrane have been studied in detail with point mutants (summarized in
Tokuda et al. 2007). The lipoprotein signal peptidase Lsp specifically recognizes the
enantio (R) form of the diacylglycerol (Kitamura and Wolan 2018).

Alternative Lol Pathway

The essentiality of the Lol pathway in transferring lipoproteins from the cytoplasmic
membrane into the outer membranewas recently questioned (Grabowicz and Silhavy
2017b). A chromosomal lolB deletion mutant carrying an arabinose-inducible lolB
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gene on a plasmid does not grow when lolB transcription is not induced. However,
growth of the lolB deletion strain is partially restored by deleting lpp. Growth is
further enhanced by deleting in addition rcsF, which encodes an outer membrane
lipoprotein that controls the Rcs stress response. lolB deletion leads to a toxic acti-
vation of the Rcs stress response caused by accumulation of mislocalized Lpp. The
lpp rcsF double deletion mutant is markedly more viable during LolB depletion
because the Rcs regulon is not activated. Furthermore, suppressor mutations that
allow growth of the lolB mutant are in cpxA. CpxA is part of the Cpx stress regulon.
An lpp rcsB double deletion mutant that carries an activating cpxA mutation is still
viable when lolB is deleted. CpxA alleviates stress caused by Lpp trafficking defects.
In addition, the Bam complex, which contains the lipoproteins BamB, BamC, BamD,
and BamE attached from the periplasm to the BamA outer membrane barrel protein
is fully functional in the lpp cpxA rcsB triple mutant. In this triple mutant, LolB is
not required for the delivery of lipoproteins from the cytoplasmic membrane to the
outer membrane. Under conditions in which LolB is not essential, LolA is also not
required. LolCDE are still essential and cannot be bypassed. These data suggest the
presence of alternative LolAB-independent lipoprotein pathways with LolCDE as
a constituent. Such pathways might exist in α- and ε-proteobacterial classes of the
major Gram-negative phyla in which no LolB homolog is apparent.

Control of Lpp Biosynthesis

Since Lpp is by far the most abundant protein in E. coli (approximately 106 copies
per cell), its synthesis must be controlled to avoid upon overexpression depletion
of substrates and enzymes of RNA and protein synthesis required for other cell
components and overloading of the processing and assembly machineries. Synthesis
of the essential lipoproteins BamD of the Bam outer membrane protein assembly
complex andLptE of LPS assembly directly competeswith the lipidmodification and
Lol-dependent transfer across the periplasm of Lpp. Sigma E is the major regulator
of outer membrane biogenesis. It controls transcription of 100 genes, including all
of the machinery involved in transport and assembly of outer membrane proteins
(Guo et al. 2014). Upon induction of sigma E synthesis, translation of the mRNA
encoding Lpp is repressed specifically through the small sRNAMicL attached to the
Hfq protein (Guo et al. 2014). Transient overproduction of Lpp decreases insertion
of the BamD and LptE lipoproteins into the outer membrane and assembly of their
respective machineries. This disrupts insertion of LPS and proteins into the outer
membrane, and the accumulated LPS and outer membrane proteins trigger sigma E
activation. Down-regulation of lpp mRNA translation increases synthesis of these
and other outermembrane components to restore outermembrane homeostasis. Upon
stress and during transition to stationary growth phase, sigma E upregulates MicL,
which down-regulates lppmRNA translation. Inhibition of lppmRNA translation is
more effective than inhibition of lpp transcription because the amount of lppmRNA
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is high (10% of all cellular mRNA) (Guo et al. 2014) and themRNA has an unusually
long half-life (Hirashima and Inouye 1973; Nilsson et al. 1984).

E. coli controls extracytoplasmic stress using several systems that respond to
aberrant structural and functional alterations in the cell envelope (Grabowicz and
Silhavy 2017a, b). The RcsF lipoprotein functions as a sensor that recognizes outer
membrane defects and transmits the information into the periplasm to activate the
stress response. The N-terminal lipid of RcsF in the outer membrane is exposed to
the cell surface, and the carboxyl group is in the periplasm, where it interacts with the
major outer membrane proteins OmpA, OmpC, and OmpF (Konovalova et al. 2014,
2016). Inhibition of the Lol pathway activates the Rcs phosphorelay system, which
results in enhanced transcription of the lolA gene (Tao et al. 2012). Mislocalized
lipoproteins in the cytoplasmic membrane caused by Lol defects or mutations in
RcsF activate the RcsF stress response.

The Cpx regulon consists of a two-component system that responds to signaling
that originates, among others, from the NlpE outer membrane lipoprotein. When
lipoprotein trafficking is impaired, CpxA induces a protective response throughNlpE
that improves cell viability. CpxA is a histidine kinase that spans the cytoplasmic
membrane and activates CpxR,which up-regulates a number of genes for periplasmic
chaperons and proteases. Cpx is necessary to alleviate stress caused by lipoprotein
trafficking defects.

Function of Lpp in E. coli

An lpp deletionmutant was fortuitously isolated during construction of an F′ plasmid
(Hirota et al. 1977). The mutant grows and divides normally and remains susceptible
to phages. It is hypersensitive to EDTA, cationic dyes, and detergents. Enzymes leak
out of the periplasm, and outer membrane vesicles (blebs) are formed and released
into themedium,which suggests that the integrity of the outermembrane is disturbed.
This phenomenon was originally observed when Lpp was released from murein by
treating cell envelopes with trypsin, whereby the outer membrane detaches from the
cytoplasmic membrane (Braun and Rehn 1969). A phenotype similar to that of the
lpp deletion mutant is observed for mutants lacking the C-terminal lysine or that are
devoid of the three l,d-transpeptidases that link Lpp to murein (Asmar et al. 2017).

Lpp plays an important structural role in that it fixes the outermembrane tomurein,
which also affects interaction of the cytoplasmicmembranewithmurein and the outer
membrane. Recently, it was found that murein-bound Lpp determines the distance
between the outer membrane and the cytoplasmic membrane (Asmar et al. 2017).
Insertion of 14 or 21 amino acids into Lpp increases the distance between the outer
membrane and cytoplasmic membrane by 3 nm and 4 nm, respectively, as revealed
by electron cryomicroscopy. Response to stress elicited by β-lactams depends on
the correct distance between the outer membrane and the cytoplasmic membrane,
which is determined by the correct (wild-type) length of Lpp. The correct distance is
required for the stress-responsive RcsF protein in the outer membrane to contact the
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stress-transferring IgaA protein in the cytoplasmicmembrane and to confer antibiotic
resistance. If signaling is interrupted, the antibiotics A22 and mecillinam cause cell
lysis.

The length of the flagellum rod (25 nm) is determined by the width of the space
between the outer membrane and the cytoplasmic membrane, as shown in studies
of Salmonellla typhimurium. The length of the flagellum rod of non-motile flagellin
flgG mutants is higher (up to 60 nm). Selection for motile suppressor mutants of S.
typhimurium unexpectedly identified deletions in lppA. In five flgG mutants tested,
deletion of lppA resulted in a significant increase in swim diameter on soft agar
plates. An flgG wild-type lppA deletion mutant is impaired in swimming through
liquid (individual cell behavior) and in swarming motility (moving of a swarm of
flagellated bacteria across a hydrated surface). Further investigations revealed that
the length of LppA determines the width of the periplasm; the width decreased in
LppA mutants lacking 21 amino acids and increased in LppA mutants having an
additional 21 amino acids (Cohen et al. 2017). Purified flagellum rods of the LppA
mutant lacking 21 amino acids were shorter than those of the LppA wild-type. All
LppA length mutants (+21, +42, +63, and −21) could not swarm, but three of the
mutants (+21,+42, and+63) could swim. The growing flagellum senses when it hits
the outermembrane and stops growing.Without LppA, the space betweenmurein and
the outer membrane is less constricted and allows FlgG distal rods to be positioned
perpendicular to the outer membrane as they grow longer than 25 nm, which permits
formation of the periplasmic flagellar ring-lipopolysaccharide complex.

An lpp deletion mutant of uropathogenic E. coli CFT073 is impaired in its ability
to produce capsular polysaccharides. In this lpp mutant, the amount of KpsD—the
putative outer membrane translocon for type 2 capsular polysaccharide export—is
reduced. Shortage of KpsD decreases polysaccharide capsule formation and as a
consequence serum resistance in vitro and complement-mediated clearance in vivo
(Diao et al. 2017). Binding of Lpp to murein is important as indicated by the similar
phenotypes of both an lpp mutant lacking the C-terminal lysine and the lpp deletion
mutant. Detailed studies of these specific systems revealed the important function of
Lpp, which was less obvious in earlier studies of lpp deletion mutants that multiplied
normally but exhibited outermembrane defects. The findings also indicate the impor-
tance of a correct cell envelope architecture, specifically a precise distance between
the outer membrane and the cytoplasmic membrane. This distance is determined by
the abundant Lpp which acts as a spacer.

Rojas et al. (2018) recently showed that the outer membrane of Gram-negative
bacteria is an essential load-bearing element. It, along with murein, contributes to the
mechanical properties of the cell envelope. An lpp deletion mutant strongly contracts
upon plasmolysis and lysis; the authors concluded that the coupling between murein
and the outer membrane was diminished.
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Lipoprotein Prediction Algorithms

Most algorithms for predicting Lpp in prokaryotes were published before 2010.
T2003hey were based mainly on the increasing number of data sets obtained with
experimentally proven E. coli lipoproteins (Juncker et al. ; Gonnet et al. 2004; Babu
et al. 2006). An extended list with 90 experimentally proven lipoproteins of E. coli
was published (Tokuda et al. 2007). Unfortunately, the proven negative results were
not recorded. The website DOLOP (Babu et al. 2006) is dedicated to lipoproteins; its
prediction program attempts to integrate the advances of its predecessors. However,
the site has not been modified since 2005. A recent unpublished analysis (Septem-
ber 7, 2018) based on the prediction algorithm of Juncker et al. (2003) examined
126,697,114 gene sequences, of which 3,472,106 genes (2.7%) encode proteins with
a lipobox (Jens Baßler, Max Planck Institute for Developmental Biology).

To date, most predicted lipoproteins have not been experimentally proven and a
certain number of false positives is obtained. Determination of a lipid anchor is not
routine in proteome analyses of cell envelopes, and special analyses are required to
identify the lipid anchor and the fatty acid composition (Haake and Zückert 2017;
Asanuma et al. 2011). An old but still efficient method is to use radioactively labeled
precursors, e.g., glycerol or palmitate. The lipoproteins are often enriched by Tri-
ton X-114 partitioning before protease digestion and mass spectroscopy analysis
(Asanuma et al. 2011). Even if some internal peptides of a predicted lipoprotein are
found in a proteome analysis, this only indicates synthesis of the protein and not its
lipidation, which must still be shown. Therefore, even for the well-studied E. coli,
proof for the lipid modification of every predicted lipoprotein has not been obtained.
In addition, the expression of 96 true and predicted lipoproteins was tested under
three different growth conditions, aerobic and anaerobic ± nitrate. The mRNA of 21
lipoproteins was not expressed under any condition (Brokx et al. 2004). This indi-
cates that many of these unknown predicted lipoproteins may have no discernible
function for the strain.

In Gram-positive bacteria, many substrate-binding proteins are anchored by a
lipid to the outer leaflet of the cytoplasmic membrane. This type of modification
has also been predicted and found for the binding protein MetQ of a methionine
uptake system in E. coli (Tokuda et al. 2007). However, when metQ was recently
cloned and expressed in E. coli, the crystallized protein isolated for X-ray structure
determination did not contain the lipid anchor; the signal peptide was split off after
Gly at position 16 (the Cys at position 23 was not lipidated) (Nguyen et al. 2015b).
Unfortunately, the authors did not discuss this discrepancy to the lipidation observed
by Tokuda et al. (2007). It is possible that only part of the protein is lipidated under
certain conditions. Such a case has been described by Hayashi et al. (1988) for FtsI,
the penicillin-binding protein 3 (PBP3). They found that less than 15% of plasmid-
encoded overproduced FtsI was lipidated. Lipidation of FtsI in wild-typeE. coliK-12
was below the detection limit (Hayashi et al. 1988) and further studies excluded that
the observed lipidation is important in vivo. In addition, no N-terminal processing
was observed.
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PRED-LIPO is a special Lpp prediction program for Gram-positive bacteria
(Bagos et al. 2008) that was trained with a set of lipoproteins from Gram-positive
bacteria. Interestingly, Oenococcus oeni is listed there as a bacterium without a
lipoprotein. A blast search for Lgt and LspA homologues in the family Leuconosto-
caceae (which includes species ofLeuconostoc,Oenococcus, andWeissella) revealed
that these enzymes seem to be missing in this group of bacteria. This supports the
prediction that these bacteria do not have lipoproteins in contrast to other lactic acid
bacteria.How this evolved is an interesting but unsolvedquestion.Another interesting
observance is that mitochondria and plastids have lost this type of protein lipidation
during evolution, which makes this structure a specific bacterial recognition signal.

Functions of E. coli Lipoproteins Other Than Murein
Lipoprotein Lpp

The activity of lipoproteins is as multifaceted as the multitude of tasks the cell
envelope has to fulfill for the cell. In nearly every task of the envelope of E. coli,
a lipoprotein is involved (Table 3.1). Of the 116 lipoproteins listed, 38 have an
unknown function or evidence of their function is inconclusive. In the following, we
will discuss some of the lipoproteins with interesting functions.

In Gram-negative bacteria, lipoproteins are located either in the outer leaflet of
the cytoplasmic membrane or in the inner leaflet of the outer membrane and exposed
to the cell surface. The sorting processes are catalyzed by specific chaperones, e.g.,
LolA and LolB. LolB is an essential protein. Being itself a lipoprotein, it helps to
insert other lipoproteins into the outer membrane (Szewczyk and Collet 2016).

The Bam proteins are another essential protein complex necessary for the assem-
bly of the outer membrane. The β-barrel protein BamA and the associated proteins
BamB, BamC, BamD, and BamE integrate β-barrel proteins into the outer mem-
brane. All Bam proteins except BamA are anchored by a lipid on the periplasmic
site of the outer membrane (Konovalova et al. 2017; Botos et al. 2017).

The 14 lipoproteins AmiC, Lpp, MepS, MltABCDE, NlpCDI,YgeR, YraP, LppA
participate in the handling of murein. Remarkable is NlpD, which is located in the
outer membrane at the divisome and activates the amidase AmiC in the process of
cell division.

LPS is exported to the outer leaflet of the outer membrane, while phospholipids
are mainly found in the inner leaflet of the outer membrane. This asymmetry of
lipid distribution in the outer membrane is critical for resistance to detergents in the
presence of EDTA (Malinverni and Silhavy 2009). LPS is integrated into the outer
membrane by LptD and the lipoprotein LptE. The asymmetry of the phospholipid
distribution is accomplished by the lipoprotein MlaA in collaboration with outer
membrane β-barrel proteins OmpC or OmpF, MlaC in the periplasm, and the ABC
transporter MlaFEDB in the inner membrane. Additional factors, such as the Tol-
Pal system (Pal is an outer membrane lipoprotein) (Shrivastava et al. 2017) and
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Table 3.1 E. coli lipoproteins (compiled by Tokuda et al. 2007) and their functions (extracted from
the EcoCyc database; (Keseler et al. 2017). Additional information was obtained from the NCBI
database gene

Lipoprotein Function, location, or association

AcrA Multidrug resistance; partner of TolC

AcrE 65% identical to AcrA; multidrug resistance

AmiD Outer membrane N-acetylmuramic acid-l-alanine amidase that cleaves the
bond between muramic acid and l-alanine within murein, muropeptides, and
anhydro-muropeptides

ApbE Periplasmic flavin transferase

BamB Part of the BAM complex; assembly and insertion of β-barrel proteins into the
outer membrane

BamC Part of the BAM complex

BamD Part of the BAM complex

Blc Outer membrane lipocalin structure; might play a role in lipid transport

BorD Part of the defective prophage DLP12

BsmA Gene is upregulated during biofilm growth (?)

ChiQ (?)

CsgG Outer membrane; believed to form the secretion channel for curli subunits

CusC Outer membrane; part of the CusCFBA copper/silver efflux system

CyoA Subunit II of the cytochrome bo terminal oxidase complex

DcrB Possibly involved in DNA injection by phage C1 and C6

EcnA Entericidin A; functions as an antidote to the bacteriolytic entericidin B
lipoprotein

FlgH Basic subunit of the L ring in the outer membrane of the flagellar basal body

GfcB Capsule polysaccharide synthesis

GfcE Polysaccharide export

HslJ Novobiocin resistance in a cysB background

LoiP Outer membrane metalloprotease, preferentially cleaves between Phe/Phe
residues

LolB Outer membrane; Lpp required for LolA-dependent localization of Lpps

LpoB Outer membrane; Lpp forms a complex with penicillin binding protein 1B
(PBP1B)

Lpp Murein lipoprotein

LptE Outer membrane; LptDE complex, assembly of LPS at the cell surface

MdtE Membrane fusion protein of the MdtEFTolC multidrug transporter

MepS Outer membrane murein dd-endopeptidase with specificity for d-Ala-m-Dap
cross links; associated with murein incorporation during cell growth

MlaA Outer membrane; implicated in phospholipid asymmetry in the outer
membrane

MltA Outer-membrane-bound lytic murein transglycosylase

MltB Outer-membrane-bound lytic murein transglycosylase

(continued)
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Table 3.1 (continued)

Lipoprotein Function, location, or association

MltC Outer-membrane- bound lytic murein transglycosylase

MltD Outer-membrane- bound lytic murein transglycosylase

MltE Outer-membrane-bound lytic murein transglycosylase

NlpA Inner membrane (?)

NlpC Similarity to LytE of Bacillus subtilis

NlpD Outer membrane; activates peptidoglycan hydrolase AmiC involved in septal
splitting

NlpE Outer membrane; necessary for activation of the CpxAR two-component
signal transduction system in response to interactions such as adhesion

NlpI Outer membrane; interacts with the periplasmic protease Prc and the murein
endopeptidase MepS

OsmB Inducible by both osmotic stress and growth phase signals; assumed to be in
the outer membrane

OsmE Osmotically inducible

Pal Outer membrane component of the Tol-Pal system; integrity of the outer
membrane

PgaB Outer membrane metal-dependent de-N-acetylase and transport of
poly-β-1,6-N-acetyl-d-glucosamine

QseG Activates the QseEF two-component signal transduction system

RcsF Surface exposed; signal transduction from the cell surface to RscC

RlpA (?)

Slp Possibly takes part in acid resistance

SlyB Outer membrane; regulated by PhoPQ

Wza Outer membrane; polysaccharide export

YaeF Presumed peptidase

YafT (?)

YafY Cytoplasmic membrane; encoded by prophage CP4-6

YaiW Outer membrane, surface exposed (?)

YajG (?)

YajI (?)

YbaY (?)

YbfP (?)

YbhC Outer membrane; member of the carbohydrate esterase family 8

YbjP (?)

YcaL Periplasmic metalloprotease

yceB Contains a tubular lipid binding domain (TULIP)

YcjN Predicted periplasmic binding protein of a putative ATP-binding cassette
transporter (YcjNOPV)

YdhY Predicted ferredoxin-like protein. Based on sequence similarity, the
ydhYVWXUT operon might encode an oxidoreductase system

(continued)
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Table 3.1 (continued)

Lipoprotein Function, location, or association

YeaY Similarity to Slp

YecR Regulated by FlhDC

YedR (?)

YegR (?)

YehR (?)

YfeY (?)

YfgH Outer membrane integrity

YfiB Exopolysacharide biosynthesis (?)

YfiL (?)

YfjS Cytoplasmic membrane; encoded on prophage CP4-57

YgdI (?)

YgdR (?)

YgeR Putative peptidase containing a LysM domain

YghG Outer membrane pilotin of a type II secretion system

YhfL (?)

YiaD Member of the OmpA-OmpF porin family

YidQ (?)

YiiG (?)

YjbF Outer membrane; exopolysaccharide export

YjeI (?)

YnbE (?)

YnfC (?)

YoaF (?)

YqhH (?)

YraK Encoded in a putative chaperone-usher fimbrial operon

YraP Outer membrane; localized at the septal ring division site. Might be involved
in the NlpD-mediated activation of AmiC

Additional true or predicted Lpps not mentioned by Tokuda et al. (2007)

BamE Part of the BAM complex

Ccp (YhjA) Predicted; cytochrome C quinol peroxidase

EcnB Entericidin B, bacteriolytic toxin

LpoA Outer membrane, stimulates the peptide crosslinking activity PBP1A

MliC Predicted, lysozyme inhibitor

PqiC (YmbA) OM-LPP facing the periplasm, interacts with PqiB and bridges inner
membrane and outer membrane

QseG(YfhG) Predicted, part of the QseEF two component system

RzoD Predicted, part of the lysis cassette of the lambdoid prophage DLP12

RzoQ Predicted, encoded on the Qin prophage

(continued)
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Table 3.1 (continued)

Lipoprotein Function, location, or association

RzoR Predicted, encoded on the Rac prophage

YceK Predicted, expression in biofilm repressed

YcfL Predicted, (?)

YdbJ Predicted, (?)

YdcL Predicted, (?)

YddW Predicted, (?)

YdeK Predicted, pseudogene in E. coli K-12

YdjY Predicted, 4 iron sulfur cluster ferredoxin

YedD Predicted, (?)

YfbK Predicted, (?)

YfhM Predicted, protease inhibitor alpha2-macroglobulin

YfiM Predicted, (?)

YghJ Predicted, fragment of a TSS2 secretion system

YhdV Predicted, (?)

YidX Predicted, (?)

YifL Predicted, (?)

YjaH Predicted, (?)

YjbH Predicted, part of a polysaccharide secretion system

YpdI Predicted, colonic acid synthesis

YsaB Predicted, (?)

(?) unknown function or inconclusive evidence

the phospholipase PldA (May and Silhavy 2018) also play a role. The molecular
mechanisms are mostly not understood.

RcsF is one of the lipoproteins whose lipid is inserted in the outer leaflet of
the outer membrane; the transmembrane part is threaded through the pore of outer
membrane β-barrel proteinswith theC-terminus in the periplasm. It serves as a sensor
for envelope perturbations and interacts with the periplasmic domain of RcsC, a
histidine kinase, and the Rcs system regulator YrfF in the inner membrane. Capsular
polysaccharide synthesis, biofilm formation, and other cell surface properties depend
on the Rcs regulatory system (Sato et al. 2017).

YcaL is a predicted lipoprotein with protease activity against misfolded outer
membrane proteins. It possibly “cleans” the Bam complex of unsuitable substrates
at a certain stage, thereby helping to avoid clogging of the Bam pathway (Soltes et al.
2017).

The Iss lipoproteins residing in the outer membrane confer serum resistance to E.
coli and are encoded by ColV/B plasmids. Related proteins, called Bor, are encoded
by lambdoid phages, e.g., on the defective DLP12 prophage in E. coliK-12 (Johnson
et al. 2008).
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The TraT lipoproteins encoded on the F plasmid and related plasmids are surface-
exposed proteins responsible for surface exclusion, which prevents futile matings
between bacteria with similar or identical plasmids. In addition, they might also
contribute to serum resistance (Arutyunov and Frost 2013).

The groupA colicins are released by concomitantly synthesized lysis lipoproteins.
Some mature slowly, but all seem to be exported to the outer membrane by the Lol
system. It has been shown that the release from the cell of a group B colicin lacking
a specific lysis protein is stimulated by the concomitantly induced lysis protein of a
lambdoid phage (Nedialkova et al. 2016). Possibly this type of colicin is dependent
on the complementation by a phage lysis protein or by another colicin lysis protein.

Lipoproteins in Other Gram-Negative Bacteria

Of the great variety of lipoproteins (2.7% of all predicted proteins), only some exam-
ples can be presented in this review.

Borrelia Spp.

Lipoproteins of pathogenic bacteria have attracted special interest because they stim-
ulate the immune system of vertebrates. For example, various species ofBorrelia, the
causative agents of Lyme disease, alter their surface proteins when they switch hosts
from ticks to vertebrates. In the mammalian host, the lipoproteins OspA and OspB
are repressed by BosR, a copper-dependent Fur family regulator. In this connection,
it is interesting to note that ticks have copper-chelating antimicrobial peptides to con-
trol their bacterial inhabitants, which might generate surroundings with low copper
availability for Borrelia spp. By contrast, the synthesis of the Borrelia spp. lipopro-
teins OspC and VlsE in the mammalian host are enhanced by pH, temperature, and
short-chain fatty acids. In Borrelia burgdorferi, the lipoprotein VlsE (variable major
protein-like sequence) becomes a dominating surface protein (Bankhead 2016) that
is an important immune evasion factor of the spirochete. Through antigenic variation,
the bacteria escape the immune defense of their host, which may lead to persistence
and chronic infection. Multiple variants of VlsE are constantly produced, and it is
assumed that VlsE shields dominant epitopes of other outer membrane proteins so
that they cannot be recognized by protective antibodies (Batool et al. 2018).

In addition to the lipoproteins that have been studied intensely as vaccine candi-
dates (see later), B. burgdorferi has a lipoproteome of at least 125 proteins; 86 are
surface exposed, and only 8 seem to reside in the inner leaflet of the outer membrane
and 31 in the cytoplasmic membrane (Dowdell et al. 2017).

B. burgdorferi contains several episomal prophages of the cp32 family. These
plasmids contain different replication/segregation loci that allow stable maintenance
of several episomes in one cell. The erp locus on these plasmids encodes surface-
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exposed lipoproteins with a conserved N-terminal peptide and very variable protein
sequences attached (Brisson et al. 2013). The different erp loci also contribute to the
variability in the appearance of B. burgdorferi.

Species of the Phylum Bacteroidetes

Bacteroidetes have many surface-exposed lipoproteins that are mainly engaged in
the utilization of polysaccharides. One of the first systems studied in detail was the
starch utilization system (Sus). Lipoproteins on the cell surface bind the polysaccha-
ride, and a lipoprotein glycosidase sets oligosaccharides free. The oligosaccharides
are transported by a TonB-dependent protein into the periplasm, where glycoside
hydrolases split the oligosaccharides to disaccharides and monosaccharides. These
are taken up by dedicated transport systems in the cytoplasmic membrane (Foley
et al. 2016).

Genome sequences revealed that certain Bacteroides species have about 100 Sus-
like polysaccharide utilization systems. An X-ray structure of a SusD-like substrate-
binding lipoprotein in complex with the corresponding SusC-like TonB-dependent
transporter has been solved. SusC is capped by the lipoprotein SusD, and the substrate
is bound in the interface between the two proteins (Glenwright et al. 2017).

Results of a bioinformatic analysis led Lauber et al. (2016) to postulate a new
lipoprotein export system that determines the cell-surface localization of lipopro-
teins in species of the phylum Bacteroidetes. The N-terminal consensus sequence
CXK(DD or EE) was found in surface-exposed Sus-like lipoproteins of Capnocy-
tophaga canimorsus. These amino acids allowed export of the periplasmic lipopro-
tein sialidase to the cell surface.Although the transporter-associated Sus-like proteins
have a certain resemblance to neisserial outer membrane lipoproteins, such as TbpB
and HupA, the lipoproteins seem to be exported by different means. In species of
Neisseria, Slam proteins support this process (see below). Species of the phylum
Bacteroidetes lack Slam-like proteins, and the system that recognizes the above-
mentioned consensus sequence remains to be identified.

Neisseria Spp.

The first better-known examples of surface-exposed lipoproteins were found inNeis-
seria spp. in complex with TonB-dependent receptors, where they help in binding
host iron-containing molecules (TbpB, transferring binding protein; LbpB, lactofer-
rin binding protein) and facilitate the uptake of iron. In a screening for Neisseria
meningitidis mutants that do not expose the lipoprotein TbpB on the cell surface, a
mutation was identified that also prevented the surface exposure of LbpB and fHbp
(factor H binding protein). The encoded proteinwas named Slam (surface lipoprotein
assembly modulator (Hooda et al. 2016).
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Slam homologues were found in pathogenic species of, e.g.,Moraxella, Acineto-
bacter, Haemophilus, Vibrio, and other proteobacteria but not inE. coli.Heterologous
expression of the gene encoding Slam in E. coli results in exposure of TbpB, LbpB,
and fHbp on the cell surface. Interestingly, Slam proteins have substrate specificity.
For example, another Slam protein in N. meningitidis causes exposure of only HpuA
(hemoglobin-haptoglobin binding protein) on the cell surface, but not ofTbpB,LbpB,
or fHbp (Hooda et al. 2016). The sequence identity between the two Slam proteins
of N. meningitidis (Slam1 and Slam2) is only 26% (Hooda et al. 2017).

The function of Slam was challenged by (Fantappie et al. 2017), who found
fHbp exposed on the surface of the outer membrane of E. coli independent of Slam.
However, with Slam present, the amount of surface-exposed fHbp clearly increased,
which indicates that Slam is at least a facilitator of surface exposure in E. coli.
The authors proposed that certain uncharacterized structure determinants allow the
Slam-independent surface exposure of these proteins.

Gram-Positive Bacteria and Archaea

Low-GC Gram-Positive Bacteria

Homologues of the apolipoproteinN-acyltransferase Lnt have not been found in low-
GC Gram-positive bacteria. Therefore, it was generally assumed that these bacteria
have lipoproteins with only two ester-bound fatty acids on the S-glycerolcysteine.
However, Toll-like-receptor (TLR)-dependent stimulation of macrophages provided
the first hint that Staphylococcus aureus might indeed have triacylated lipoproteins.
Analysis ofMntC (SitC), a binding protein of amanganeseABC transporter, revealed
N-acylation of MntC in S. aureus. This was also shown for other S. aureus lipopro-
teins (Kurokawa et al. 2009).However, lipoproteins of S. aureus cells in the stationary
phase grown under certain stress conditions contain only two ester-bound fatty acids
and no N-acylation (Kurokawa et al. 2012b). Another important difference in lipi-
dation is found between commensal S. aureus and non-commensal Staphylococcus
carnosus. The lipoproteins of S. carnosus are N-acetylated and lead to a tenfold
stronger immune response (Nguyen et al. 2017). It is assumed that the low immune
response of the S. aureus lipoprotein is an evolutionary adaptation to the commensal
lifestyle.

These results stimulated Kurokawa et al. (2012b) to analyze the lipid structure
in other low-GC Gram-positive bacteria. As expected, they found lipoprotein with
only two ester-bound fatty acids in Listeria monocytogenes, but to their surprise,
three other lipoprotein modifications were detected in other bacteria. In Enterococ-
cus faecalis and several other species (e.g.,Bacillus cereus,Lactobacillus bulgaricus,
Streptococcus sanguinis), a lysoform, i.e., an N-acylated lipoprotein with one fatty
acid esterified to the glycerol residue, was detected. However, in several species of
Bacillus (B. subtilis, B. licheniformis, B. halodurans), two fatty acids were bound to
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glycerol and the amino group was acetylated. The structure of some lipoproteins of
Mycoplasma fermentans is unusual in that the signal peptidase cleaves at two residues
before the S-diacyl-glyceryl-cysteine. However, in two other lipoproteins of M. fer-
mentans, the S-diacyl-glycerylcysteine is the N-terminal amino acid (Kurokawa et al.
2012b). The various structures found are critically reviewed in detail in Nakayama
et al. (2012).

The genesis of the unusual lyso-lipoprotein structures was explained 5 years later.
In an attempt to clone the gene responsible for the unknown Lnt activity that leads to
N-acylation in E. faecalis, Armbruster and Meredith (2018) devised an lnt comple-
mentation screening method in E. coli. The enzyme that they identified intramolec-
ularly transacylated an ester-bound fatty acid to the α-amino group of the cysteine.
The identified protein was called lipoprotein intramolecular transacylase (Lit) (Arm-
bruster and Meredith 2017). Interestingly, homologues of this protein are found
in species of Bacillus and Lactobacillus, but not in staphylococci. Therefore, the
enzyme that acylates the amino group in S. aureus still remains to be identified.

High-GC Gram-Positive Bacteria

In contrast to many low-GC Gram-positive bacteria, species of the high-GC Gram-
positive genera Mycobacteria and Streptomyces encode Lnt homologues and have
lipoproteins with three fatty acids (Tschumi et al. 2009; Brulle et al. 2013). Strepto-
myces coelicolor encodes about 200 predicted lipoproteins; the majority are solute-
binding proteins of transport systems, as generally found in Gram-positive bacteria.
About a quarter of the 200 lipoproteins are not exported by the Sec system, but instead
via the twin-arginine translocation (Tat) system. Another peculiarity is that two Lgt
homologues are encoded, both of which are active. In addition, all species of Strepto-
myces studied contain two Lnt homologues. Both homologues in the potato pathogen
Streptomyces scabies can be deleted without yielding a growth, differentiation, or
virulence phenotype (Thompson et al. 2010).

Mycobacteria

Several lipoproteins of Mycobacterium tuberculosis have been studied as potential
virulence factors and vaccine candidates (extensively reviewed and discussed in
(Becker and Sander 2016). As in other pathogens, not all lipoproteins stimulate
the immune response. Some even have immune-suppressing properties and helpM.
tuberculosis survive in the host. These latter lipoproteins are not suitable for a vaccine
because they exacerbate the disease, as shown in challenged, previously vaccinated
mice.

Of the 100 predicted lipoproteins, we will mention only a few well-studied cases.
The LppX protein assists in localization of a group of complex lipids—the phthio-
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cerol dimycocerosates—in the outer lipid-richmembrane ofM. tuberculosis (Sulzen-
bacher et al. 2006). The crystal structure shows structural similarities to that of LolA
and LolB, which also transport a lipidic substrate. Without LppX, phthiocerol dimy-
cocerosates are not released from the cell surface into the Triton-X100-containing
medium, which indicates that the lipid has not been properly inserted into the outer
membrane. The correct positioning of phthiocerol dimycocerosates seems to be
important, because this lipid helps in hiding pathogen-associated molecular patterns
from the innate immune system of the host (Cambier et al. 2014).

The lipoprotein LprG similarly helps in positioning lipoarabinomannan on the
cell surface, which inhibits phagosome-lysosome fusion, an important component in
the survival strategy ofM. tuberculosis (Shukla et al. 2014). LprG also has immune-
suppressing activity.

The lipoprotein RpfB is necessary for resuscitation, which is an important
pathogenicity factor of M. tuberculosis. The enzyme has a lysozyme fold and lytic
transglycosylase activity. In a joint action of RpfB with an endopeptidase anhydro-
muramic acid containing muropeptides were set free from cell walls. The muropep-
tides stimulated resuscitation of dormant mycobacteria (Nikitushkin et al. 2015).

LpqH and LprN are lipoproteins with immune-suppressing functions. They con-
tribute to the immune escape and late immune response of the host, which allows
propagation of the infecting bacteria to high numbers (Becker and Sander 2016).
Mass spectrometry of LpqH revealed that it contains, in addition to the N-terminal
N-acyl-S-diacylglycerolcysteine, up to nine hexoses on the N-terminal peptide (Parra
et al. 2017). Of the 41 proteins enriched from the growth medium with ConA-
lectin, 34 were lipoproteins (Gonzalez-Zamorano et al. 2009). The glycosylation of
lipoproteins influences envelope permeability and consequently antibiotic resistance
in addition to the immunogenic properties (van Els et al. 2014).

Archaea

Thefirst hint that archaea synthesize lipoproteinswas obtained in 1994by the analysis
of halocyanin from Natronobacterium pharaonis of the phylum Euryarchaeota. The
protein had an appropriate molecular mass and contained a lipobox and a blocked
N-terminal end, which are good indicators of a lipidmodification (Mattar et al. 1994).

Of the archaea, onlymembers of the phylumEuryarchaeota seem tomake lipopro-
teins (Storf et al. 2010). Additional experimental evidence comes mainly from the
analysis of lipoproteins of Haloferax volcanii that are exported by the Tat system.
The presence of lipoproteins was unexpected because Lgt, Lsp, and Lnt homologues
have not been detected in archaeal genomes. However, an appropriate lipobox with
cysteine was predicted for about 50% of the predicted Tat substrates and for a few
Sec substrates in members of the class Haloarchaea (Storf et al. 2010). A cysteine-
to-serine mutation in a maltose-binding protein or an iron-binding protein resulted
in Tat-dependent secretion into the medium, which is good evidence for cysteine-
dependent lipidation. In addition, globomycin inhibits both growth of the cells and
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maturation of the maltose-binding protein (Gimenez et al. 2007). However, an in-
depth structural analysis of the lipid part is still lacking.

Immunological Properties of E. coli Lpp

Lpp as an Antigen

E. coli Lpp spontaneously coats erythrocytes, which are then lysed upon addition of
complement (Bosch and Braun 1973). This method was used to determine the dis-
tribution of Lpp between the outer membrane and the cytoplasmic membrane. More
than 10- to 16-fold Lpp was found in the outer membrane than in the cytoplasmic
membrane. When entire cells are used as antigens, anti-Lpp titers are higher when
the cells are of rough mutants lacking O-antigen and parts of the LPS core region,
possibly because Lpp might be better exposed when portions of LPS are lacking.
Antibodies raised against Lpp released from murein by lysozyme recognize the C-
terminus with the attached murein subunits. Lpp released from murein with trypsin
[trypsin-Lpp; trypsin cleaves the Lys(55)-Tyr(56) and Arg(57)-Lys(58) bonds] does
not react with antiserum raised against Lpp released by lysozyme. Anti-Lpp raised
against trypsin-Lpp only reacts with trypsin-Lpp. The antiserum specifically recog-
nizes the C-terminal Lys. Removal of Lys with carboxypeptidase B inactivates the
antigenicity. It is remarkable that antisera raised against lysozyme-Lpp and antis-
era raised against trypsin-Lpp contain no antibodies against the polypeptide chain.
By contrast, antisera raised against cells react with both lysozyme-Lpp and trypsin-
Lpp. In this case, antibody formation is elicited by the polypeptide integrated into
the membrane. Release of the ester-linked fatty acids on glycerylcysteine does not
affect antigenicity of isolated Lpp. LPS as a control does not interfere with the Lpp
immunogenicity and antigenicity determinations (Braun et al. 1976a).

Lpp: A B-Lymphocyte Mitogen

Mitogens serve as tools to understand processes during proliferation and differen-
tiation of B-cells into plasma cells. Mitogenic stimulation can be monitored by an
increase in thymidine uptake, the appearance of plaque-forming cells assayed with
densely coupled trinitrophenylated sheep red blood cells, and increase in synthe-
sis and secretion of radiolabeled IgM compared to synthesis and secretion of other
cellular proteins. These methods show that splenic lymphocytes of mice are acti-
vated by lipoprotein released from murein by lysozyme or trypsin. Removal of the
ester-linked fatty acids by alkaline hydrolysis abolishes the mitogenic activity. Anti-
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immunoglobulin antibodies inhibit the mitogenic stimulation of B-cells by lipopro-
tein. Activation is T-cell independent and does not need serum factors or adherent
cells. Small resting B-cells display the highest lipoprotein sensitivity (Melchers et al.
1975).

Lpp and Lpp-Derived Lipopeptides Act as Strong Adjuvants
in the Innate Immune Response

The mitogenic activity of Lpp prompted further studies on the immunogenic
activities of Lpp and the immunogenic domains of Lpp. Various lipopeptides
were synthesized and tested for their B lymphocyte mitogenicity in an in vitro
cell culture system (Bessler et al. 1985). The lipopeptides consisted of S-
[2,3-bis-(palmitoleyloxy)propyl)-N-palmitoleylcysteine (Pam3C) with the follow-
ing C-terminal extensions: cysteine methylester, cysteine-serine, cysteine-serine-
serine, cysteine-serine-serine-asparagine, and cysteine-serine-serine-asparagine-
alanine (see structure in Fig. 3.1a). To be fully active, the compounds had to carry at
least one serine. The lipopeptide-induced stimulation of B lymphocytes is as strong
as stimulation by the complete lipoprotein.

Using synthetic lipid, it has been shown that of the two possible diastereometric
configurations (R and S) at position C2 of the propyl moiety, the R configuration is
themost likely one in the nativemolecule (Wiesmüller et al. 1983). A later systematic
study showed that lipopeptides with the R configuration activate B-cells more than
the S forms. Induction of specific CD8(+) T-cells is significantly higher in mice
injected with the R forms than with the S forms (Khan et al. 2009).

Tests of a range of peptides revealed that for full mitogenic activity and polyclonal
stimulation, the hydrophilic dipeptide structure is necessary. Further investigations
revealed that synthetic lipopeptides constitute potent macrophage activators. Co-
administration of lipopeptides with haptens or low-molecular-weight antigens that
are not immunogenic per se, or covalent coupling, result in highly immunogenic con-
jugates. Such conjugates might serve as synthetic vaccines and provide protection
by enhancing the antibody-mediated immune response in vivo (Bessler et al. 1997).
Many studies have shown that lipopeptides derived from Lpp promote immunolog-
ical defense, inflammation, or sepsis. Without the use of adjuvant (self-adjuvanting
activity) lipopeptides generate potent immune responses (summarized in Asmar and
Collet 2018; Becker and Sander 2016;Moyle and Toth 2008; Nguyen andGötz 2016;
Steinhagen et al. 2011; Zaman and Toth 2013).

Lipopeptides constitute potent immunoadjuvants in various species in parental
immunizations. Lipopeptide adjuvants are comparable or even superior to Freund’s
adjuvant without showing side effects. Lipopeptide Pam3CSK4 also enhances serum
antibody responses to various proteins when administered in combination with anti-
gens via the nasal route in mice (Baier et al. 2000). Thus, they constitute strong
adjuvants for mucosal immunizations.
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Lpp and Lpp-Derived Lipopeptides Act as Ligands of Toll-like
Receptors TLR2-TLR1 and TLR2-TLR6

Lpp and lipopeptides derived from Lpp are recognized by the innate immune sys-
tem, which represents the first line of defense against invasive infectious pathogens.
They bind to Toll-like receptor TLR2 together with TLR1 and TLR6 (Aliprantis
et al. 1999). The degree of acylation at the lipid moiety discriminates the interaction
of TLR2 with TLR1 and TLR-6; tri-acylated lipopeptide binds to the heterodimer
TLR2/TLR1, and di-acylated lipopeptide interacts with TLR2/TLR6 (Kang et al.
2009). Signals are transduced from the lipopeptide-loaded TLR receptors to nuclear
factor NF-kappaB by a cascade of phosphorylations, resulting in transcription and
synthesis of proinflammatory cytokines and chemokines. Lipopeptides of various
structures are important ligands for activation of the TLR receptors, which are essen-
tial for induction of the innate and adaptive immune responses.

TLRs are composed of three domains: an extracellular ligand-binding domain,
a single transmembrane helix, and an intracellular signaling domain. The crystal
structure of the extracellular domain of human TLR1-TLR2 heterodimer with bound
tri-acylated lipopeptide Pam3CSK4 has been determined (Jin et al. 2007). The three
lipid chains mediate formation of an M-shaped heterodimer. The two ester-linked
lipid chains are inserted in a pocket of TLR2, while the amide-bound lipid chain
is inserted in a hydrophobic channel in TLR1. Heterodimer formation of TLR6
with TLR2 is triggered by binding of diacyl-Pam2CSK4. The resulting structure
is similar to that of the extracellular domain of TLR1-TLR2-Pam3CSK4 (Kang
et al. 2009). The binding site of the amide-linked acyl chain is blocked by two
phenylalanines, which explains the preferred binding of diacyl lipids versus triacyl
lipids. The structures of Toll-like receptors with various ligands are discussed in
Kang and Lee (2011).

Although low-GC Gram-positive bacteria usually contain diacylated lipoprotein,
the abundant lipoprotein SidC of the Gram-positive S. aureus carries a triacylated
lipid (Kurokawa et al. 2009, 2012a). Lipoprotein lipid structures of commensal and
non-commensal staphylococci induce different immune responses (Nguyen et al.
2017). TheTLR2 response induced by commensal S. aureus and Staphylococcus epi-
dermidis is almost ten times lower than that induced by non-commensal S. carnosus.
The N-terminus of S. aureus lipoprotein and of S. epidermidis lipoprotein carries
a long acyl chain (C17), whereas S. carnosus lipoprotein contains a short acetyl
group. The long-chainN-acylated lipoprotein recognized by TLR-2/TLR-1 receptors
decreases the innate and adaptive immune responses, which results in immune eva-
sion, whereas the short chain N-acetylated lipoproteins recognized by TLR2/TLR6
receptor boosts IL8 production.

Low-GC Gram-positive bacteria, e.g., Bacillus cereus, Enterococcus faecalis,
Streptococcuc sanguinis, and Lactobacillus bulgaricus, have a modified lipopro-
tein that carries the structure N-acyl-S-monoacyl-glycerylcysteine (lyso-form)
(Kurokawa et al. 2012b). The purified lipoprotein induces proinflammatory cytokine
production from mice peritoneal macrophages in a TLR2-dependent and TLR1-
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independent manner. Lyso-lipoprotein from B. cereus induces TLR2-dependent and
TLR1- and TLR6-independent tumor necrosis factor (TNF-α) and interleukin-6.
By contrast, E. faecalis lyso-lipoprotein induces TLR2/TLR6-dependent and TLR1-
independent cytokine secretion, as doesN-acetyl-S-diacyl-glyceryl-cysteine lipopro-
tein from B. subtilis.

S. aureus lipoproteins activate Toll-like receptors when lipoproteins are released
from the cytoplasmicmembrane byphenol-solublemodulin (PSM)peptides (Hanzel-
mann et al. 2016). The different capacities of S. aureus clinical isolates in activating
TLR2depends onhigh-level productionofPSMpeptides. PSMpeptides have a strong
impact on the severity of sepsis, and TLR2 plays an important role in systemic S.
aureus infections only for strains that produce PSM peptides.

TLR-Independent Lipopeptide Immunogenicity

Although the action of Lpp and other lipopeptides is usually mediated through
interaction with TLR2 associated with either TLR6 or TLR1, lipopeptides can
be immunogenic without TLR1 and TLR6 interaction. For example, diacylated
lipopeptides, e.g., Pam2CSK4, induce TLR6-independent B lymphocyte prolifer-
ation and TNF-α secretion in macrophages, as determined with cells from TLR6-
deficientmice (Buwitt-Beckmannet al. 2005).DiacylatedPam2CSK4and triacylated
Pam3 CGNNEDESNISFKEK stimulate murine spleen cells isolated from TLR1-
and TLR6-deficient mice. Thus, distinct lipopeptides are recognized by TLR2 in a
TLR1- and TLR6-independent manner (Buwitt-Beckmann et al. 2006). Even a TLR-
independent enhancement of infection by lipopeptides has been observed with vari-
ous virus infection models. The respiratory syncytial virus (RSV) elicits respiratory
tract infections and bronchiolitis, which are associated with bacterial co-infections
(Nguyen et al. 2010). Therefore, the authors examined whether bacterial Toll-like
receptor agonists influence RSV infections in human primary cells or cell lines.
Pam3-CSK4 enhanced RSV infection in primary epithelial, myeloid, and lymphoid
cells. The lipopeptide not only enhanced RSV but also HIV-1, measles virus, and
human metapneumovirus infection independent of TLR signaling.

Cytotoxic T lymphocytes (CTLs) play an important role in the immune response
to viral infections. CTLs recognize peptides derived from viral proteins together with
themajor histocompatibility complex class Imolecules at the surface of infected cells.
They usually require in vivo priming with infectious virus. Synthetic viral peptides
covalently linked to tripalmitoyl-S-glycerylcysteinyl-Ser-Ser (Pam3CSS) efficiently
prime influenza-virus-specific cytotoxic T lymphocytes in vivo to a level as high as
infectious virus. Lipopeptide priming is MHC class I-restricted (Deres et al. 1989).
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Suppression of Immune Response by Lipopeptides

Lipopeptides not only enhance the immune response but can also suppress immune
reactions. For example, skin exposed to synthetic diacylated lipopeptides suppresses
the immune response by interleukin-6-dependent induction of granulocytic and
monocytic myeloid-derived suppressor cells. Triacylated lipopeptides are inactive
in this assay (Skabytska et al. 2014). As discussed before, the long-chain N-acylated
lipoprotein recognized by TLR2/TLR1 receptors of S. aureus decreases innate and
adaptive immune responses, resulting in immune evasion. Of the many surface-
exposed lipoproteins of Mycobacterium tuberculosis (Becker and Sander 2016),
LpqH promotes immune evasion by inhibiting MHC class II expression and interfer-
ence with cytokine production in macrophages. LprG is immunosuppressive in that
it inhibits TLR2-mediated MHC II antigen presentation.

Virulence Enhancement by Lpp

Salmonella enterica serovar Typhimurium encodes in tandem two lipoproteins of the
murein lipoprotein type (Lpp). All mice orally infected with an lppA lppB double
mutant survive. The mutant triggers robust innate and adaptive immune responses
(Erova et al. 2016).Mice immunizedwith themutant are completely protected against
a lethal oral challenge dose of wild-type S. typhimurium. Since the mutant is among
the most attenuated and immunogenic strains, it is considered an excellent candidate
for a vaccine against S. typhimurium infection. Also single lppmutants of S. enterica
are highly attenuated in in vitro and in vivo models of pathogenesis (Fadl et al.
2005). The virulence potential of a double lpp knockout mutant was examined in
cell cultures of intestinal epithelial cells, a macrophage cell line, and mice infected
intraperitoneally (Sha et al. 2004). The mutant is defective in invading and inducing
cytotoxic effects. Induction of proinflammatory cytokines tumor necrosis factor-α
and interleukin 8 is significantly reduced. Intracellular survival and replication of
Salmonella sp. is not affected. Similar results have been obtained with Yersinia
pestis. Deletion of lpp reduces the virulence of Y. pestis lacking plasmid pPCP1 in a
mouse model of pneumonic plague. pPCP1 encodes virulence-associated traits, such
as the plasminogen-activating protease. Mice infected with an lpp deletion mutant
survive longer than mice infected with an lpp wild-type strain (Agar et al. 2009). In
addition, the levels of most cytokines and chemokines strongly decrease. Transfer
of sera and splenocytes from mice immunized with the lpp mutant to naive animals
provides protection against a lethal dose of the Y. pestis parent strain (Liu et al. 2010).
Deletion of lpp provides a strong attenuation in a mousemodel of pneumonic plague.

Species of Staphylococcus encode between 55 and 70 lipoproteins arranged in tan-
dem.Deletion of the entire cluster results in a decreasedTLR2-dependent stimulation
of proinflammatory cytokines in humanmonocytes, macrophages, and keratinocytes.
The lipoprotein cluster contributes to invasion of S. aureus into human keratinocytes
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and mouse skin; transfer of the gene cluster into S. carnosus, which is devoid of the
cluster, renders S. carnosus invasive (Nguyen et al. 2015a).

All lipoproteins can be mutated at once by inactivation of the lgt gene, which
attaches the diacylglyceryl group to the invariant cysteine (Stoll et al. 2005). The
mutants show a decreased induction of the proinflammatory cytokines IL6 and IL8
andmonocytic chemoattractant protein in humanmonocytic, epithelial, and endothe-
lium cells compared to that of the wild-type. They are also affected in induction of
early cytokines via TLR2 inmurine peritonealmacrophages and are severely affected
in pathogenicity. However, one has to bear in mind that these deletion mutants are
sick even when the lgt mutants contain the lipid-free proteins still attached to the
cytoplasmic membrane. Additional changes in the composition of the cell envelope
can be predicted, and these might contribute to the immunogenic properties of the
mutants. The same conclusion applies to lspAmutants ofMycobacterium tuberculo-
sis, which do not release the signal peptides from the predicted 99 prolipoproteins.
The mutants show a decreased intracellular multiplication in mouse macrophages
and a decreased growth in lungs and spleens (Sander et al. 2004).

Mycoplasma synthesize a number of lipoproteins. The lipopeptide MALP-2 of
Mycoplasma fermentans displays an extremely high immunologic activity. It stim-
ulates macrophages at concentrations as low as 0.2 ng/ml, whereas lipoproteins
of other bacterial sources require concentrations of 1 μg/ml for a half-maximal
response. It consists of an N-terminal diacylglycerol cysteine linked to the amino
acid sequence GNNDESNISFKEK (Mühlradt et al. 1997). Synthetic lipopeptide
displays the same activity as lipopeptide isolated from M. fermentans. It stimulates
murine macrophages to release TNF, IL-1, IL6, prostaglandins, and nitric oxide
from IFN-primed murine macrophages. In addition, MALP-2 down-regulates class
II MHC expression on macrophages, which results in impaired antigen presentation
to T-cells.

The examples given above demonstrate that natural and synthetic lipopeptides
are potent macrophage and B cell activators. Synthetic conjugates consisting of
lipopeptides with T helper cell and CTL epitopes from viral and bacterial proteins
are efficient low-molecular-weight vaccines with strong adjuvant activity.

Lpp-Derived Peptides as Adjuvants in Vaccines

A vaccine that induces a long-lasting high protection against foot-and-mouse dis-
ease and serotype-specific virus-neutralizing antibodies in guinea pigs after a single
administration contains the lipopeptide Pam3CSS N-terminally bound to VPI and a
synthetic lipopeptide of 20 residues derived from the FMDV protein, which serves
as amphiphilic α-helical T-cell epitope (Wiesmüller et al. 1989). A vaccine contain-
ing Pam3C linked to the outer surface protein A (OspA) of Borrelia burgdorferi,
the causative agent of Lyme disease, has been clinically tested in over 20,000 vol-
unteers (Steinhagen et al. 2011). The induction of protective immunity correlated
with the development of antibodies against an epitope on the C-terminus of OspA.



68 V. Braun and K. Hantke

Three doses of vaccine induced protective immunity in over 70% of subjects. It was
licensed by the FDA in 1998, but withdrawn three years later by the manufacturer
because the media reported possible autoimmune side effects. However, neither the
FDA nor the CDC found a connection between the vaccine and the development of
autoimmunity (Nigrovic and Thompson 2007).

Pam3C has been used as adjuvant in a vaccine against malaria. The vaccine con-
tains multiple B cell epitopes and a universal T cell epitope derived from the Plas-
modium falciparum circumsporozoite protein CSP. After three immunizations, all
ten volunteers developed peptide specific IgG1, IgG3, and IgG4 antibodies, whereas
a vaccine lacking P3C induced only IgG1 and IgG3 isotypes (Nardin et al. 2001).

Mutants ofMycobacterium tuberculosis deficient in the surface lipoprotein LpqS
are attenuated and are highly protective against aM. tuberculosis challenge in guinea
pigs (Sakthi et al. 2016).

A totally synthetic vaccine activates TLR2 of dendritic cells (Jackson et al. 2004).
It consists of a single helper T-cell epitope, a target epitope that is either recognized
by B cells or CD8+ T cells, and Pam2Cys inserted between the two epitopes to form
a branched configuration. The CD8+ epitopes are from influenza virus and Listeria
monocytogenes. Each of the vaccines induces either CD8+ cell or antibody-mediated
immune responses in mice. The lipidated vaccines but not the non-lipidated vaccines
mediate protection against viral or bacterial infections and confer prophylactic and
therapeutic anticancer activity. Additional studies have shown that a conserved min-
imal peptide from the M protein (J14) of group A streptococci linked to Pam2C and
a universal T cell epitope administered intranasally to mice protects them from lethal
respiratory challenge with group A streptococci and induces J14-specific mucosal
immunoglobulins (Batzloff et al. 2006). These results demonstrate anti-disease and
transmission-inhibiting activities, which could form the basis for development of an
anti-streptococcal vaccine.

Lipopeptides as adjuvants were investigated in vaccines against influenza virus,
group A streptococci, hepatitis C virus, leishmaniasis, Listeria monocytogenes, and
other disease-causingmicroorganisms (summarized inMoyle and Toth 2008; Zaman
and Toth 2013). Although strong lipopeptide-dependent immune reactions were
elicited, no vaccine is in use. The induction of a lasting CD8+ cytotoxic lymphocyte
response was presumably too low to elicit a satisfactory immunity.

Weak Adaptive Immune Response to Lipoproteins

The adaptive immune response to lipoproteins, in contrast to the native immune
response, has been studied in healthy S. aureus human carriers and non-carriers (Vu
et al. 2016). Specific B-cell and T-cell responses were determined. In contrast to
expectations derived from the strong innate immune response described above, the
titers of antibodies (IgG) binding to lipoproteins were low. Proliferation assays and
cytokine profiling data revealed only subtle responses of T-cells. It remains to be
determined why in this study the adaptive immune system reacts only weakly to
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lipoproteins (Kretschmer et al. 2016). Access of the lipoproteins in cells might not
be the cause of low antigenicity, as most isolated recombinant S. aureus lipoproteins
are also weak antigens. Impaired processing of lipoproteins by antigen-presenting
cells might be a reason and opens new avenues of immune research. The results
question the use of lipoprotein and its derived peptides as antigens for production of
vaccines against S. aureus.
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