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Lipoproteins of Bacterial Pathogens�
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Bacterial lipoproteins are a set of membrane proteins with many different functions. Due to this broad-
ranging functionality, these proteins have a considerable significance in many phenomena, from cellular
physiology through cell division and virulence. Here we give a general overview of lipoprotein biogenesis and
highlight examples of the roles of lipoproteins in bacterial disease caused by a selection of medically relevant
Gram-negative and Gram-positive pathogens: Mycobacterium tuberculosis, Streptococcus pneumoniae, Borrelia
burgdorferi, and Neisseria meningitidis. Lipoproteins have been shown to play key roles in adhesion to host cells,
modulation of inflammatory processes, and translocation of virulence factors into host cells. As such, a number
of lipoproteins have been shown to be potential vaccines. This review provides a summary of some of the
reported roles of lipoproteins and of how this knowledge has been exploited in some cases for the generation
of novel countermeasures to bacterial diseases.

Lipid modification of bacterial proteins facilitates the an-
choring of hydrophilic proteins to hydrophobic surfaces
through the hydrophobic interaction of the attached acyl
groups to the cell wall phospholipids. The addition of acyl
moieties effectively provides a membrane anchor allowing the
protein to function effectively in the aqueous environment
(86). Bacterial lipoproteins have been shown to perform vari-
ous roles, including nutrient uptake, signal transduction, adhe-
sion, conjugation, and sporulation, and participate in antibiotic
resistance, transport (such as ABC transporter systems), and
extracytoplasmic folding of proteins (2, 91, 105, 131, 170). In
the case of pathogens, lipoproteins have been shown to play a
direct role in virulence-associated functions, such as coloniza-
tion, invasion, evasion of host defense, and immunomodula-
tion (75, 82, 88). In Gram-negative bacteria, two of the three
lipoprotein biosynthetic enzymes appear to be essential for
viability (55, 63, 123, 177), while in some Gram-positive bac-
teria, they have been shown to be dispensable (95). Conse-
quently, mutations in enzymes involved in the pathway of li-
poprotein processing are lethal in Gram-negative bacteria, but
many Gram-positive bacteria tolerate these mutations, exhib-
iting only slight growth defects (12, 64, 133, 177). One reason
for the viability of Gram-positive mutants could be that the
precursors of some essential lipoproteins have the same func-
tionality as the mature lipoproteins (95, 187). However, in
many Gram-positive bacteria, the presence of lipoproteins is
necessary for virulence (106, 175). Previous reviews of lipopro-
tein biosynthesis and/or their roles (75, 170) emphasize that
there is still much to be discovered concerning the biosynthetic
pathways and functions of lipoproteins. Since the latter re-
views, there has been a significant increase in the number of
proteins reported to be lipoproteins, directly from biochemical

studies, and predicted to be lipoproteins, indirectly from se-
quenced genomes. Further study of this group of bacterial
proteins will contribute to a better understanding of their roles
and mechanisms of action, supporting their use in the devel-
opment of countermeasures against bacterial pathogens.

LIPOPROTEIN BIOSYNTHESIS

In both Gram-negative and Gram-positive bacteria, lipopro-
teins are initially translated as preprolipoproteins (Fig. 1),
which possess an N-terminal signal peptide of around 20 amino
acids with typical characteristic features of the signal peptides
of secreted proteins (76). A conserved sequence at the C re-
gion of the signal peptides, referred to as lipobox, [LVI]
[ASTVI][GAS]C, is modified through the covalent attachment
of a diacylglycerol moiety to the thiol group on the side chain
of the indispensable cysteine residue (7). This modification is
catalyzed by the enzyme lipoprotein diacylglyceryl transferase
(Lgt), resulting in a prolipoprotein (Fig. 1) consisting of a
diacylglycerol moiety linked by a thioester bond to the protein.
Lgt is a basic (pKa of �10) protein and transfers negatively
charged phospholipids, phosphatidylglycerol in particular, as
its lipid substrate (151). Bacterial lipid modification is sug-
gested to be initiated at the cytoplasmic side of the membrane
rather than in the cytoplasm (159), but due to insufficient
information about Lgt, this is only speculation. Lgt is a critical
enzyme in the generation of bacterial lipoproteins, although
most of its characteristics are still poorly understood. Compar-
isons of the Lgt sequences from phylogenetically distantly
related microorganisms revealed several highly conserved re-
gions that might be important for function (140). In site-di-
rected mutagenesis studies, His-103 and Tyr-235 were found to
be essential for Lgt activity (150). Although lgt is found as a
single gene in most bacterial genomes, there are two putative
lgt paralogues carried in some bacteria, such as Coxiella bur-
netti, Bacillus cereus, Clostridium perfringens, and Streptomyces
coelicolor (75), but the reason why multiple Lgt enzymes are
present in these strains is unknown.
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After lipidation, lipoprotein signal peptidase (Lsp or SPase
II) is responsible for cleaving the signal sequence of the lipi-
dated prolipoprotein and leaves the cysteine of the lipobox as
the new amino-terminal residue (181). This transmembrane
enzyme (108) has five conserved sequence regions (178) and
six functionally important residues (Asp-14, Asn-99, Asp-102,

Asn-126, Ala-128, and Asp-129) and is a member of the as-
partic protease family (40). Application of the reversible, non-
competitive inhibitor of Lsp, globomycin, has been important
in studying the activity and function of Lsp enzymes (39), and
a mechanism for cleavage of target proteins by Lsp has been
proposed by Tjalsma et al. (178). Similarly to the case with lgt,

FIG. 1. Biosynthesis of bacterial lipoproteins. (A to C) Two-step biosynthetic pathway in Gram-positive bacteria. (A to D) Three-step
biosynthetic pathway in Gram-negative bacteria. (A) The precursor of lipoproteins is the preprolipoprotein, with an N-terminal signal peptide
possessing a characteristic consensus sequence of the lipobox. (B) During lipoprotein maturation, the thiol group of the invariant cysteine in the
lipobox is modified by a diacylglyceryl moiety by lipoprotein diacylglyceryl transferase (Lgt), which serves as a membrane anchor. (C) After
lipidation, lipoprotein signal peptidase (Lsp) cleaves the signal peptide, leaving the cysteine as the new amino-terminal residue forming the mature
lipoprotein in Gram-positive bacteria. (D) In Gram-negative and some Gram-positive bacteria, the mature lipoprotein has an additional
amide-linked fatty acid at the N-terminal cysteine residue attached by lipoprotein N-acyl transferase (Lnt). Amino acid residues at position �2,
�3, and �4 have a role in membrane localization of Gram-negative bacterial lipoproteins.
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only a single lsp gene is present in most bacteria, although
some organisms possess two putative lsp paralogues (for ex-
ample, Listeria monocytogenes and Nocardia farcinica). How-
ever, the roles of these paralogues are unknown (75, 144).
Interestingly, a second peptidase, called Eep (enhanced ex-
pression of pheromone), a metallopeptidase, has been found in
Enterococcus faecalis and is involved in the cleaving process of
signal peptides of some lipoproteins (3). Lsp was originally
thought to cleave only lipid-modified precursors. In a selection
of Eubacteria (e.g., L. monocytogenes and Streptococcus agalac-
tiae), however, it has been demonstrated that lipidation is not
a prerequisite for the activity of Lsp (12, 70).

In Gram-negative bacteria and some Gram-positive bacte-
ria, the cleaved prolipoprotein undergoes an additional mod-
ification by attachment of an amide-linked acyl group to the
N-terminal cysteine residue by lipoprotein N-acyl transferase
(Lnt) (63). Lnt has been shown to be able to utilize all available
phospholipids from phosphatidylglycerol through phosphati-
dylethanolamine to cardiolipin as acyl donors (77). BLAST
search analysis for homologues of Escherichia coli Lnt revealed
that Lnt is widely present in Gram-negative bacteria. Some
indications for N acylation in low-GC Gram-positive bacteria
have been reported (89), but there is no evidence for the
presence of Lnt in this group, raising the question of which
enzyme catalyzes the N acylation of lipoproteins in these bac-
teria or if it indeed occurs. In contrast, lnt homologues have
been identified in all classes of high-GC Gram-positive bacte-
ria (189). Recently, Lnt activity was identified in mycobacteria,
and the responsible genes were also assigned (183). There are
two Lnt homologues in Streptomyces coelicolor, but their genes
failed to rescue an E. coli lnt-deficient strain (189), and the
function of these enzymes thus remains unclear. The previ-
ously held notion that lipoproteins of Gram-positive bacteria
are diacylated and those of Gram-negative bacteria are triacy-
lated has therefore ceased to be so clear-cut. Indeed, the sit-
uation may be more diverse in that a single species may contain
both forms of lipoproteins, since it has been shown that My-
coplasma gallisepticum possesses both di- and triacylated pro-
teins (80–81). In common with the aminoacylation of the
amino-terminal cysteine of bacterial lipoproteins, it has been
demonstrated that the eukaryotic signaling protein Sonic
hedgehog is also acylated at its amino-terminal cysteine. Not-
withstanding the characteristics of this modification relative to
that performed by Lnt, i.e., formation of an acyl-amine linkage,
the eukaryotic enzyme that facilitates this amino-terminal ac-
ylation has no similarity to its prokaryotic counterpart (25).

Both the diacylglyceryl group and the amino-terminal acyl
group are derived from membrane phospholipids and provide
tight anchorage of the lipoprotein to the membrane (66). Al-
though the structure of the acyl chains is thought to be pre-
dominantly from membrane phospholipids, there are reports
on variations in the structure of these acyl chains (22). Fur-
thermore, in Borrelia burgdorferi, an unusual lipid component
has been found in lipoproteins where one of the ester-linked
fatty acids is replaced by an acetyl group (13). Since some
lipoproteins are surface exposed, this raises the possibility that
the acyl moieties and modifications may play more of a role
than just anchoring the lipoproteins. The importance of bac-
terial lipoproteins, especially with respect to disease, is empha-
sized in the following sections of this review, which highlight

the localization of lipoproteins and their effects on host cell
interaction. As such, the enzymes involved in the biosynthesis
of these posttranslationally modified proteins have been pro-
posed to be targets for the development of novel antibacterial
agents. This is in part due to the absence of any homologues in
eukaryotes. However, lipidation of some proteins is observed
in eukaryotic cells. These modifications are predominantly of
two types, posttranslational palmitoylation of cysteine via a
thioester linkage and the cotranslational amide-linked myris-
toylation of amino-termini glycine residues (49, 97), though the
enzymes that mediate this are distinct from the enzymes that
mediate bacterial lipidation.

LIPOPROTEIN LOCALIZATION

Following signal peptide-dependent translocation across the
cytoplasmic membrane, lipoproteins can localize at various
places in the cell (Fig. 2). It has been reported that Escherichia
coli has more than 90 lipoproteins and that the majority of
these are located at the periplasmic face of the outer mem-
brane, with others present at the periplasmic face of the inner
membrane (111). Although the lipid moiety is proposed to be
responsible for attaching the protein to the membrane through
hydrophobic interactions, whether inner membrane periplas-
mic, outer membrane periplasmic, or outer membrane exter-
nal, in some cases it is not only the interaction of the acyl
component that contributes to anchorage. The peptidoglycan-
associated lipoprotein (Pal) of Gram-negative bacteria pos-
sesses a region that forms a binding pocket for the m-Dap
residue (meso-diaminopimelate) of peptidoglycan. This bind-
ing pocket has conserved surface residues that interact with the
peptide portion of peptidoglycan with the m-Dap residue,
forming hydrogen bond and hydrophobic contacts to Pal (127).
Pal is transcribed as part of an operon that also encodes the
proteins TolB and TolA, which interact with the outer mem-
brane-anchored Pal, forming a network linking the peptidogly-
can layer with the inner and outer membranes (60).

The most abundant lipoprotein of Gram-negative bacteria,
and the first discovered lipoprotein, Braun’s lipoprotein, is the
only known lipoprotein that is covalently linked to the cell wall.
It has an unusual structure, with three monomers forming a
coiled-coil trimer and the N-terminal domain embedding into
the outer membrane. The protein binds to peptidoglycan via a
peptide bond between the ε-amino group of the C-terminal
lysine residue of the Braun lipoprotein and the �-carbonyl of
m-Dap present in peptidoglycan (43). The Pal and Braun li-
poproteins interact with each other and together contribute to
the integrity of the cell wall.

In Gram-negative bacteria, mature lipoproteins are local-
ized to various sites within the cell wall (Fig. 2). They are
targeted to the periplasmic face of the inner or outer mem-
branes by the lipoprotein localization machinery (Lol), which
consists of a transmembrane protein complex (LolCDE), a
periplasmic chaperone (LolA), and an outer-membrane recep-
tor (LolB) (180). Lipoproteins destined for the outer mem-
brane are translocated by the LolCDE complex, an ATP-bind-
ing cassette (ABC) transporter, and the periplasmic
chaperone, LolA. The determining factor as to whether a li-
poprotein is directed to the outer membrane by the Lol ma-
chinery or is retained at the inner membrane was initially
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reported to be the identity of the amino acid adjacent to the
conserved cysteine, known as the “�2” rule (200). This rule
essentially requires an aspartate residue to be present at the
�2 position for a protein to be retained at the inner mem-
brane, while substitution with a different amino acid at this
position results in translocation by the Lol machinery to the
outer membrane. However, this rule is far from universal
(162), with amino acid residues at positions �3 and �4 also
having been shown to have a role in outer membrane localiza-
tion in a number of Gram-negative bacteria(112, 163). Usually,
LolCDE does not release lipoproteins, which lack an amino-
linked acyl chain (54, 145). However, in a temperature-sensi-
tive lnt mutant of Salmonella enterica serovar Typhimurium,
lipoproteins without an amino-linked acyl chain are localized
to the outer membrane, though how this occurs remains un-
known (63).

Although in E. coli all of the known lipoproteins face the
periplasm (21), in some Gram-negative bacteria, including
pathogenic spirochetes, lipoproteins are present on the outer
leaflet of the outer membrane (Fig. 2). However, little is
known about the exact mechanism of how they are translo-
cated across the outer membrane. In contrast to E. coli and

many other Gram-negative bacteria, Neisseria meningitidis and
several spirochetes do not possess the tol-pal gene cluster, nor
do they have a complete Lol apparatus. It has been postulated
that the lack of a complete Lol system in the spirochete Bor-
relia burgdorferi may be a cause of localization of several li-
poproteins to the outer leaflet of the outer membrane of this
bacterium (155). More recently, work on lipoproteins of Bor-
rrelia has led to the proposal that release from the inner mem-
brane and outer membrane translocation are separate events
and that there may be other amino-terminal determinants that
direct outer membrane translocation relative to those that
direct inner membrane retention or release (154). The role of
the amino terminus of lipoproteins may be more than just to
direct outer membrane localization. A recent study used nu-
clear magnetic resonance (NMR) to demonstrate that the
amino terminus of the Neisseria meningitidis lipoprotein,
LP2086, serves as an extended linker to display the protein at
the extracellular surface (102–103).

In Gram-positive bacteria, the issue of localization is con-
ceptually simpler due to their lack of an outer membrane, and
it has been reviewed in detail by Hutchings et al. (75). The
preprolipoprotein precursor is translocated across the cyto-

FIG. 2. Localization of bacterial lipoproteins. (A) In Gram-negative bacteria, lipoproteins are attached to the cytoplasmic membrane, the
extracellular or peripheral side of the outer membrane. (B) In Gram-positive bacteria, lipoproteins are anchored to the extracellular surface of the
cytoplasmic membrane and also to the unique mycolate-based lipid layer of the cell wall of Mycobacterium tuberculosis. OM, outer membrane; PG,
peptidoglycan; CM, cytoplasmic membrane; AG, arabino-galactan; ML, mycolic acid layer; C, capsule-like material; N, N-terminal.
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plasmic membrane of bacteria, directed by the N-terminal sig-
nal peptide sequence, where it is modified by the biosynthetic
enzymes discussed above. The resulting lipoproteins are thus
being exposed to the extracellular environment, anchored to
the outer leaflet of the plasma membrane via hydrophobic
interactions. The majority of preprolipoproteins are exported
in an unfolded conformation by the universally conserved Se-
cretory (Sec) pathway (44) and obtain tertiary structure en-
tirely after the Sec pore. In addition to the Sec pathway, many
prokaryotic organisms possess other protein export pathways,
including the twin-arginine translocation (Tat) pathway, which
is responsible for the transport of folded proteins across the
membrane (16). Translocation of lipoproteins by the Tat sys-
tem in the high-GC Gram-positive bacteria (Actinomycetes)
has also been indicated (195). Similarly, Giménez et al. repre-
sented the first experimental demonstration of a lipoprotein
Tat substrate in the archaeon Haloferax volcanii (58). Tat-
mediated transport of lipoproteins across the cytoplasmic
membrane of Gram-negative bacteria has also been reported
(186).

The cell wall of Mycobacterium tuberculosis contains an atyp-
ical outer lipid layer, consisting predominantly of mycolic ac-
ids, which serves as a potential anchoring point for lipoproteins
(Fig. 2). This is supported by immunogold labeling experi-
ments that demonstrate that mycobacterial lipoproteins are
surface exposed (198). There is evidence for glycosylation of a
number of mycobacterial lipoproteins (90, 107), although the
role of glycosylation is not clear. It might contribute to main-
taining the membrane association of the protein or protect
against proteolytic cleavage (72). Finally, lipoproteins can be
shed from the cell and may play an extracellular role, extending
their ability to function farther away from the cell (196).

As described above, the pathway for lipoprotein biogenesis
consists of three steps catalyzed by lipoprotein diacylglyceryl
transferase (Lgt), lipoprotein or type II signal peptidase (Lsp

or SPase II), and lipoprotein N-acyl transferase (Lnt). The
accurate processing of lipoproteins is likely to be carried out by
a close interaction between Lgt, Lsp, and the protein translo-
cation apparatus. How the biosynthetic pathway couples to the
translocation machinery nonetheless remains to be resolved
(75). Moreover, recent publications regarding the existence of
Tat translocation of lipoproteins reveal that linear lipoprotein
precursors can not only be lipidated but also folded, which
makes the understanding of the mode of modification even
more unclear.

BIOLOGICAL PROPERTIES OF LIPOPROTEINS
ASSOCIATED WITH VIRULENCE

Lipoproteins are required for virulence in some bacteria
playing a variety of roles in host-pathogen interaction, from
surface adhesion and initiation of inflammatory processes
through to translocation of virulence factors into the host cy-
toplasm (Table 1). These roles of lipoproteins in virulence
have typically been revealed in lgt and lsp mutants. In order to
investigate the role of lipoproteins in virulence, studies relating
to pathogenesis on lgt or lsp mutant bacteria have been carried
out (35). For example, a reduction in fibronectin and laminin
binding of Lsp mutants of Streptococcus pyogenes has been
demonstrated, with the mutant showing reduced levels of ad-
hesion and internalization (47). In many cases, mutations have
led to attenuation of virulence in animal models of infection.
For example, an lgt mutant of Streptococcus pneumoniae (133)
was avirulent in a mouse model of infection, while disruption
of lgt resulted in moderately attenuated virulence of Strepto-
coccus equi (64), with 3 of 30 mice challenged with the �lgt
strain exhibiting signs of disease. Loss of Lsp markedly reduced
virulence of M. tuberculosis, (149), but no effect has been found
on the virulence of Streptococcus suis (38). An lsp mutant of L.
monocytogenes showed reduced virulence; the 50% lethal dose

TABLE 1. Representative biological activities elicited by lipoproteins from bacterial pathogens

Role or function Lipoprotein(s) Strain Reference(s)

Antigenicity LpqH, LprG, PstS-1 M. tuberculosis 41, 51, 56, 73, 114, 148, 166, 179
PsaA, PiaA, PiuA S. pneumoniae 85, 125
VlsE, Osp B. burgdorferi 10, 199
fHbp, LbpB, P47, GNA2132 N. meningitidis 5, 32, 100, 147, 160

Involved in colonization PsaA, PpmA, SlrA S. pneumoniae 34, 71, 101, 117
DbpA, OspB, BmpA B. burgdorferi 18, 113, 188

Components of transport systems PstS-1, FecB M. tuberculosis 182, 192
PsaA, PiaA, PiuA, PspA S. pneumoniae 23, 42, 65
OppA, OspB B. burgdorferi 96, 113
LpbB, GNA1946, Tpb2 N. meningitidis 94, 134, 190, 201

Required for growth ModA, SubI, LpqH M. tuberculosis 28, 153, 166
PsaA S. pneumoniae 101
OspB B. burgdorferi 113
DsbA, GNA33 N. meningitidis 1, 176

Protein folding PpmA, SlrA S. pneumoniae 71, 121
DsbA N. meningitidis 176

Signal transduction LprF, LprJ M. tuberculosis 167
Role in antibiotic resistance PsaA S. pneumoniae 117
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(LD50) value of the mutant was 10-fold lower than that of the
wild-type (144). Importantly, an lgt mutant of Staphylococcus
aureus showed a hypervirulent phenotype in a mouse infection
model, accompanied with attenuated growth (168). An expla-
nation for this increase in virulence could be that the nonlipi-
dated lipoproteins are not recognized by the immune system
and are thus unable to activate Toll-like receptor 2 (TLR2)-
mediated signaling, a component of the innate immune re-
sponse (24, 168). Bacterial lipopeptides are recognized by
TLR2 in a complex manner. Initially, it was reported that
diacylated lipoproteins were recognized by a heterodimer of
both TLR2 and TLR6 and that triacylated lipopeptides, typi-
cally produced by Gram-negative bacteria, are recognized by a
heterodimer of both TLR2 and TLR1 (171–172). However, in
addition to the recent findings that some lipoproteins from
Gram-positive bacteria are triacylated, it has also been shown
that these triacylated proteins were native ligands of TLR2
that did not require either TLR6 or TLR1 (89). Although it
has been shown that it is the acyl moiety of lipoproteins that
interacts with TLR2, the question remains as to how these
structures interact if the acyl chains are interacting hydropho-
bically with the bacterial membrane (83). Notwithstanding this,
the discovery that bacterial lipoproteins are potent inducers of
the host inflammatory responses adds a novel dimension to
their role in pathogenesis, highlighting their potential to affect
a wide range of mechanisms in virulence. The following section
looks in detail at the roles of lipoproteins of four pathogens
where the acyl-modified proteins of these bacteria have been
shown to have several roles in pathogenesis.

Lipoproteins of Mycobacterium tuberculosis. The M. tubercu-
losis genome encodes 99 putative lipoproteins, ca. 2.5% of the
predicted proteome, with many different functions verified ei-
ther experimentally or by bioinformatical tools or both (29,
169). Some lipoproteins are solute binding proteins (SBPs),
contributing to virulence as components of ABC transporters
(PstS and ModA) (28, 191) or play a role in growth (SubI and
GlnH) (153). PstSs are phosphate-binding receptors of a phos-
phate-specific transport system, and PstS-3 and PstS-1 have
been shown to be promising vaccine candidates (37, 173).
PstS-1 is a 38-kDa lipoglycoprotein involved in phosphate
transport and has been demonstrated to be an apoptogenic
molecule. It induces both the intrinsic and extrinsic pathway of
the caspase cascade (148). In addition to PstS-1, three other
lipoprotein antigens, namely, LpqH, LprG, and LprA, have
also been shown to contribute to virulence by induction of
either immunosuppressive responses and/or humoral and cel-
lular responses. ModA functions as a molybdenum transporter
and is potentially involved in virulence (28). A redox enzyme,
the SodC (Cu, Zn superoxide dismutase) antioxidant, may
participate in inhibition of the immune response in the
phagolysosomal oxidative environment, and there is evidence
of its lipid modification (36). The Mce family of proteins,
whose members enable M. tuberculosis to invade mammalian
cells, contains a high proportion of lipoproteins (33). However,
how these lipoproteins mediate entry has not yet been estab-
lished.

Similar to PstS, the 19-kDa antigen of M. tuberculosis is also
a lipoglycoprotein and has been the focus of several studies
because of its pleiotropic effects on the immune response.
Glycosylation was found to be important for retaining the

protein within the cell in association with the acyl component
(197). The 19-kDa antigen is recognized by TLR2, activating
immune responses at early time points of infection with an
associated increase in the production of cytokines (e.g., inter-
leukin 1� [IL-1�], IL-12p40, and tumor necrosis factor alpha
[TNF-�] secretion) (197) and toxic intermediates, such as re-
active oxygen radicals and reactive nitrogen intermediates
(20). In contrast, in chronic infection, the 19-kDa antigen has
been shown to inhibit antimicrobial mechanisms, including in-
hibition of gamma interferon (IFN-�)-dependent responses,
such as antigen processing (122). Following antigen presenta-
tion by major histocompatibility complex (MHC) class II mol-
ecules, CD4� T cells become activated and secrete cytokines,
including IFN-�l which plays a central role in the host defense
against tuberculosis by inducing transcription of more than 200
genes essential for antimicrobial mechanisms (51). Prolonged
exposure of macrophages to the 19-kDa lipoprotein inhibits
transcription of some genes regulated by IFN-�, including
MHC class II transactivator (CIITA), MHC II, interferon reg-
ulatory transcription factor I (IRF-I), and type I receptor for
the Fc domain of IgG (CD64) (51, 130). Inhibition of these
pathways is an efficient way to make macrophages unable to
eradicate M. tuberculosis, and it is likely that it is not solely the
19-kDa lipoprotein of M. tuberculosis that is able to do so. With
this mechanism, the 19-kDa lipoprotein evades immune re-
sponses by inhibiting MHC-II expression and antigen presen-
tation, allowing the pathogen to persist in macrophages and
maintain a chronic infection.

Although CD4� T cells are the more dominant participants
of immunity against tuberculosis, the 19-kDa antigen can also
modulate CD8� T cell responses, even if the mechanism of
inhibition is different. In macrophages, the alternate MHC
class I antigen presentation of M. tuberculosis occurs in a vac-
uole, not in the cytoplasm, consisting of phagosomal degrada-
tion of the antigen and then probably phagosomal binding of
the antigenic peptides to MHC class I, leading to lysis of
infected cells or cytokine production by the CD8� T cells. It
has been shown that the 19-kDa antigen does not affect the
levels of MHC-I and MHC-I mRNA but inhibits phagosome
maturation and lysosomal protease delivery, resulting in de-
creased catabolism and presentation of antigens, resulting in
inhibition of IFN-� signaling (179).

Apoptosis is an important element of host defense mecha-
nisms to kill intracellular pathogens. However, it remains un-
clear whether the pathogen or, rather, the host benefits from
the apoptosis of infected cells. Apoptosis has been thought of
as a silent event, although it has been shown that infection-
induced apoptosis is accompanied by inflammation through
production of proinflammatory mediators (e.g., IL-1�, which
attracts neutrophil granulocytes to the site of infection), pro-
viding further immune reactions. It was shown that mycobac-
terial antigens carried by released apoptotic vesicles are pre-
sented by bystander dendritic cells through MHC-I molecules,
leading to cross-priming of CD8� T cells (19). The 19-kDa
antigen is involved in apoptosis, acting as a proapoptotic factor
in monocytes and macrophages. The signaling is TLR2 medi-
ated, dependent on caspase-8 but independent of caspase-9
(98).

The 19-kDa lipoprotein also stimulates neutrophil activation
as determined by a decreased expression of L-selectin and an
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increased expression of CR3 integrin and CR1. These pheno-
typic changes modulate functional changes in neutrophils, in-
cluding adhesion and diapedesis abilities, and binding of op-
sonins. Furthermore, the 19-kDa antigen is indirectly involved
in the late events of neutrophil activation, such as increased
production of reactive oxygen species (ROS). While it does not
have the capacity to induce the oxidative burst by itself, the
19-kDa antigen can enhance the production of ROS indirectly
through priming for subsequent activation by n-formyl-Met-
Leu-Phe (fMLP) (114).

Lipoproteins of Streptococcus pneumoniae. Five of the 42
predicted lipoproteins among the numerous virulence deter-
minants (capsule, surface, and subsurface proteins) of Strepto-
coccus pneumoniae are immunogenic and are suggested to be
involved in virulence (15). Two of them, namely, PiaA (pneu-
mococcal iron acquisition) and PiuA (pneumococcal iron up-
take) (formerly Pit1A and Pit2A), are encoded on a pathoge-
nicity island and are present in all typical S. pneumoniae strains
(194). PiaA and PiuA are homologous ABC iron transporters
(23), and anti-PiaA and -PiuA antibodies have been shown to
promote opsonophagocytosis of Streptococcus pneumoniae
(85). All serotypes of S. pneumoniae express PsaA (pneumo-
coccal surface adhesion A), which has been demonstrated to
play a major role in the pathogenesis of S. pneumoniae infec-
tion (17), while immunization with PsaA has been shown to be
protective against carriage of S. pneumoniae but not against
systemic disease (84). PpmA (putative proteinase maturation
protein A) and SlrA (streptococcal lipoprotein rotamase A)
are lipoproteins belonging to a family of peptidyl isomerases
(PPIases) and have been demonstrated to contribute to the
virulence of S. pneumoniae by promoting colonization (34, 71).

Similarly to the 19-kDa antigen of M. tuberculosis, PsaA also
has pleiotropic effects on cellular physiology and might thus be
a promising vaccine target. This 37-kDa antigen belongs to the
lipoprotein receptor-associated antigen I (LraI) family and was
previously thought to be an adhesin, although it is more likely
to be involved in the regulation of adherence rather than being
an adhesin itself. This question concerning the adhesin char-
acteristics of PsaA has come from the finding that initial iden-
tification of some other proteins (FimA of Streptococcus para-
sanguinis and ScaA of Streptococcus gordonii) (4, 50, 64) from
the LraI family of adhesins has seemed to be false (53, 79).
However, in support of its role as an adhesin, application of
antibodies against PsaA reduced the ability of pneumococci to
adhere to nasopharyngeal epithelial cells (146), and in another
study, upregulation of psaA has been found during attachment
to pharyngeal epithelial cells (120). Consistent with these ob-
servations, PsaA mutants of S. pneumoniae showed impaired
adherence to type II pneumocytes, and these strains were avir-
ulent in vivo (17). Furthermore, PsaA exhibits invasion-like
effects, and E-cadherin has been shown to be a potential eu-
karyotic receptor for PsaA (141). Contradictory to these find-
ings is the fact that the structure of PsaA (93) and its mem-
brane anchoring prevent the protein from reaching out of the
at least 40-nm-thick Gram-positive bacterial cell wall and cap-
sule (57, 84). The suggested regulatory role of PsaA in adhe-
sion is supported by a study where the production of the
adhesin, CbpA, was completely absent in a PsaA-deficient mu-
tant (117). The psaA gene is found in the psa operon along with
genes of other components of the transport system (ATP-

binding protein and integral membrane protein) and encodes
an ABC-type permease for Mn2� (117), which makes the in-
direct role of the protein in adherence more relevant. Al-
though a dual function of this lipoprotein is still not conclu-
sively disproved, monofunctionality seems to be more
accepted.

The cellular physiology of many pathogens relies on Fe(II),
although some bacteria can grow independently of iron or
require Mn(II) for both growth and pathogenesis (42, 78, 84,
116, 138). The Mn(II) concentration within the host is very
low, and high-affinity manganese transporters are required for
survival. In S. pneumoniae, PsaA might be the transporter
which fulfils this function. Studies with bacteria containing
mutations in their manganese transporters proved them to be
highly sensitive to oxidative stress, thereby indicating that man-
ganese is a key metal in protection from the oxidative environ-
ment (87, 185). Inactivation of the psaA gene makes S. pneu-
moniae hypersensitive to oxidative stress (184). H2O2 is
produced by S. pneumoniae (165) and is thought to have role in
virulence since H2O2 is toxic to alveolar epithelial cells (45).
Another benefit of H2O2 apart from this is that it can eradicate
other competing microorganisms in the upper respiratory tract
(132). S. pneumoniae lacks catalase and protects itself from
internally generated hydrogen peroxide and reactive radicals,
produced by the Fenton reaction, which cause cellular damage
(135) by detoxifying mechanisms such as those performed by
SodA (superoxide dismutase), which requires Mn(II) (203).
Virulence studies of sodA and psa mutant S. pneumoniae
showed that a lack of SodA causes only partially impaired
virulence while a lack of Psa makes the strain avirulent (101,
203), supporting the pleiotropic effect of Psa’s complex role in
adherence and detoxification.

PsaA stimulates immune responses through the production
of antibodies (IgA, IgG, and IgM) by B cells (206) and by
activation of CD4� T cells, resulting in expression of IL-4,
IL-6, granulocyte-macrophage colony-stimulating factor (GM-
CSF), IFN-�, and TNF-� (125). In addition, in vivo survival
studies and human antibody (Ab) responses to pneumococcal
infection revealed great immunogenicity of PsaA (141). In
addition to being immunogenic, PsaA has been shown to con-
tribute to the virulence of S. pneumoniae by being involved in
adherence, growth, protection against oxidative stress, and
competence by providing transport of the essential manganese.
Vaccines against S. pneumoniae contain a mixture of serotype-
specific capsule polysaccharides, but it is not possible to cover
all serotypes given that new ones emerge from time to time.
Being highly conserved among the S. pneumoniae serotypes
from all over the world, PsaA may provide protection against
a larger number of serotypes. Furthermore, when combined
with another species-common immunogenic protein (PspA),
its immunogenicity was shown to be enhanced (118).

Lipoproteins of Borrelia burgdorferi. The Gram-negative spi-
rochete Borrelia burgdorferi is the causative agent of the emerg-
ing Lyme disease. Borrelia is transmitted to humans by the bite
of infected ticks belonging to a few species of the genus Ixodes
(26). Initial analysis of the genome sequence of B. burgdorferi
identified 105 putative lipoproteins as predicted by the pres-
ence of a consensus lipobox in the first 30 amino acids (52).
These represented more than 8% of the coding sequences,
compared to 2.3% for Neisseria meningitidis (126). However,
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given the plasticity of the consensus motif (lipobox) for acyl
modification in spirochetes, a novel algorithm was generated
that, when applied to the B. burgdofreri genome, identified 120
lipoproteins (161).

Intriguingly, for a bacterium that has a lifestyle that encoun-
ters diverse physiological niches, B. burgdorferi has no identi-
fiable machinery for the synthesis of amino acids. It does,
however, possess the oligopeptide ABC transporter (opp
operon), which exhibits broad substrate specificity, probably
compensating for its restricted coding potential by producing
proteins that can import a wide variety of solutes (52). This
peptide transport system is a member of the superfamily of
ABC transporters and has a high degree of similarity to the
oligopeptide permease (Opp) system of Escherichia coli (129).
In E. coli, this system consists of a peptide binding protein
(OppA), two transmembrane proteins (OppB and OppC), and
two ATP binding proteins (OppD and OppF). In B. burgdor-
feri, the opp operon encodes two additional OppA-like proteins
(OppA-2 and OppA-3). These oppA genes are part of a seven-
gene operon that completes the components of a predicted
peptide transport system. The three oppA homologues all en-
code lipoproteins, and this arrangement of proximal multiple
tandem genes for peptide-binding proteins is unique among
operons that encode peptide transporters (129). In addition to
these three chromosomally encoded oppA genes, there are two
further plasmid-carried homologues whose products, OppA-4
and OppA-5, are also lipoproteins (96). The observation that
the five periplasmic binding proteins (OppA1 to -5) are li-
poproteins suggests that they may be anchored to the outer
surface of the cytoplasmic membrane as in Gram-positive bac-
teria, rather than being localized in the periplasmic space. The
functional significance of this remains to be determined, al-
though it is interesting to speculate that this may in some way
be involved with the atypical architecture of the spirochete cell
wall.

The ability of this spirochete to infect different hosts re-
quires it to express different molecules at various stages of its
life cycle, depending on its current environment. The differen-
tial expression of lipoproteins by B. burgdorferi is a character-
istic of its transition to life inside the mammalian host (27).
The 6.6-kDa lipoprotein of B. burgdorferi is one such protein
that has been shown to be involved in the formation of outer
membrane protein complexes and is consistently expressed
within ticks (139). This pattern of expression is analogous that
of to other Borrelia lipoproteins important in the vector, such
as OspA and OspB (202). These findings suggest that the
function of selected lipoproteins is likely to be important for
the spirochete life cycle in ticks. In contrast, in murine models
of host infection, these and other lipoproteins have been
shown to be downregulated (156).

In addition to their variable expression, one of these lipopro-
teins, VlsE, is capable of antigenic variation and is a key vir-
ulence determinant in persistence of disease. The vls locus is
comprised of an expression site (vlsE) encoding the 35-kDa
lipoprotein VlsE and an operon of 15 unexpressed cassettes
which have homology to the central region of VlsE. These
cassette segments recombine with the expression locus in order
to produce large numbers of distinct antigenic variants during
infection (205). Recently, studies on a mutant strain of B.
burgdorferi deficient for VlsE expression have demonstrated

that while the strain is unable to persist in immunocompetent
mice, it is able to persist in immunodeficient SCID mice, thus
suggesting that VlsE is not required for persistent infection in
the absence of an adaptive immune response and supporting
the hypothesis that vls recombination occurs to evade the hu-
moral immune response in the murine host (10). Other immu-
nogenic lipoproteins of B. burgdorferi include the decorin bind-
ing protein DbpA, and this prompts the question as to why
antibodies raised against this surface lipoprotein are not bac-
tericidal. Nevertheless, it is clear that lipoproteins play a key
role in evading the humoral immune response.

Lipoproteins of Neisseria meningitidis. Analysis of the ge-
nome sequences of the pathogen Neisseria meningitidis Z2491
(126), a serogroup A strain, and of the closely related menin-
gococcal strains MC58 and FAM18 (serogroups B and C, re-
spectively) (14, 174) reveals that all strains contain the genes
encoding LolABCD (NMA0830, -1091, -1403, and -1402), a
complex essential for targeting lipoproteins to the outer mem-
brane (119). The annotation of N. meningitidis Z2491 (126)
predicts that this genome encodes for 53 lipoproteins based on
the presence of a signal peptide (115) and the presence of a
prokaryotic membrane lipoprotein lipid attachment site (Pro-
site PS51527) (74). The following discusses the role of some of
these lipoproteins in meningococcal disease.

Meningococcal lipoproteins that may play a role, although
indirect, in the virulence of this pathogen include components
of the type IV pili and those involved in the generation of
bacterial disulfide bridges. The pathophysiology of meningitis
caused by N. meningitidis involves the bacteria crossing the
oropharyngeal mucosal barrier, surviving and replicating in the
bloodstream, and finally crossing the blood-cerebrospinal fluid
(CSF) barrier. Ex vivo, type IV pili have been shown to mediate
adhesion of N. meningitidis to human endothelium and to the
meninges, suggesting that they play a key role in the adherence
of this pathogen in disease (67). The N. meningitidis lipopro-
tein PilP (NMA0651) is integral to the generation of type IV
pili, since mutation of pilP results in a nonpiliated strain of
meningococcus (8). In addition to pili, many pathogenic bac-
teria express a broad array of disulfide-bonded virulence fac-
tors, including secreted toxins and surface components. The
formation of these bonds is mediated by the Dsb system, of
which DsbA is the component that oxidizes the cysteine resi-
dues of the substrate molecule. N. meningitidis is unique in its
possession of three homologues of this protein, two of which
are lipoproteins. Deletion of any one of these homologues is
compensated by the others, but deletion of the two lipopro-
teins results in the loss of functionality of the type IV pili (176).

Currently, vaccines against N. meningitidis are based on the
polysaccharides of the O antigens of serogroups A, C, W-135,
and Y, with glycoconjugate vaccines having these carbohy-
drates conjugated to a modified diphtheria toxin (164). How-
ever, such an approach is not applicable in the generation of a
vaccine to serogroup B strains since their polysaccharide is
nonimmunogenic because of its chemical identity to human
neural surface antigens. Initial approaches to vaccines against
N. meningitidis serogroup B focused on outer-membrane ves-
icles (OMVs) and iron-regulated outer membrane proteins (9,
30). These studies led to the identification of several immuno-
genic lipoproteins, including the antigen P47 (NMB0035) (5),
lactoferrin binding protein B (LbpB) (NMB1541) (134), and
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transferrin binding protein B (Tbp2) (NMB0460) (94). All of
these proteins elicit an immune response, and sera against
them are bactericidal in vitro. In alternative approaches to the
development of a vaccine against N. meningitidis serogroup B,
a reverse vaccinology approach identified a novel surface-ex-
posed lipoprotein as genome-derived neisserial antigen
GNA1870, or rLP2086 (NMA0586), which is conserved across
many of the serogroups and is currently in phase III clinical
trials as a component of a pentavalent vaccine, 5CVMB, for
serogroup B meningitis (59, 104). Its inclusion in this vaccine is
due to the profound effect this lipoprotein has on protecting
the meningococcus from the immune system.

Complement is an important arm of innate immune de-
fenses against invading pathogens. Complement activation
leads to the deposition of C3 fragments (C3b and iC3b), which
can enhance opsonophagocytosis of microbes. N. meningitidis
binds to factor H, the main inhibitor of the alternative com-
plement pathway, which enhances their ability to evade com-
plement-dependent killing. This binding of factor H is medi-
ated by the lipoprotein GNA1870 (also called factor H binding
protein [fHBP]) (100). This was demonstrated by insertional
inactivation of gna1870, which resulted in an abrogation of
factor H binding directly to the bacterial surface, with a sub-
sequent increased sensitivity of the meningococcus to comple-
ment-dependent killing in a serum bactericidal assay. This phe-
nomenon mirrors the function of the B. burgderfori OspE
lipoprotein, which also binds factor H (69). The ability to
colonize the nasopharynx efficiently is also dependent on the
ability of the meningococcus to evade host killing mechanisms,
such as antimicrobial peptides. LL-37, one such peptide, is
produced by upper-airway epithelial cells and has been shown
to play a role in mucosal immunity against oral microflora
(109). GNA1870 was found to counteract the antimicrobial
effects of LL-37, probably through electrostatic interactions
that prevent the peptide from accessing the bacterial surface
(157). These observations demonstrate that this factor H bind-
ing protein from N. meningitidis plays a key role in evading
attack from the innate immune system.

More recent bioinformatic approaches used to identify po-
tential novel protein vaccine candidates against serogroup B N.
meningitidis have identified several more lipoproteins
(NMA1123, -1134, and -1091 [LolB] and NMB0033, -1163,
-1946, and -2132 [sometimes NMB is replaced with GNA] [124,
137]) that are immunogenic and generate bactericidal antibod-
ies as determined by a serum bactericidal assay. The functions
of many of these proteins are unknown, though LolB is recog-
nized by the immune system and was initially identified
through early immunological screens of meningococcal librar-
ies with a monoclonal antibody, H.8, that had been developed
to selectively recognize pathogenic neisserial strains (31, 61).
More recently, NMB2132 (renamed neisserial heparin binding
antigen (NHBA), has been shown to bind heparin and induce
bactericidal antibodies in humans (160).

SUMMARY

This review highlights the diverse roles that lipoproteins of
bacterial pathogens play in infection, and as such, it can be
postulated that there is much more to be elucidated about the
potential role of these molecules as targets for the generation

of novel antibacterial agents. Lipopeptides were first demon-
strated to have a role in stimulating cytotoxic T-lymphocyte
production around 20 years ago (110), and since then, lipopro-
teins of numerous pathogens have been promoted as vaccine
candidates. In addition to the well-characterized lipoprotein
vaccine antigens of Neisseria discussed above, bacterial li-
poproteins have been shown to affect both the innate and
acquired immune systems via such mechanisms as TLR2 sig-
naling and the generation of cytotoxic T lymphocytes and bac-
tericidal antibodies (11, 104, 204). As such, a number of li-
poproteins from many pathogens have been evaluated as
vaccine candidates (6, 48, 99, 136, 143, 152, 193). Many of
these, however, have been administered in recombinant form,
making it difficult to ascertain the contribution of the native
acyl moiety to protection. There are two notable instances
where lipoproteins have been shown to have a deleterious
effect on protection. These are two immunodominant lipopro-
teins of M. tuberculosis, the 19-kDa and 27-kDa antigens,
which, when overexpressed in Mycobacterium bovis BCG,
cause a deleterious effect on protection (73, 142). In the case of
the 19-kDa antigen, the overexpression is likely to be the cause
of the deleterious phenotype, since immunization of mice with
BCG, or purified 19-kDa antigen, leads to a protective pheno-
type, but whether it is overexpression of the lipid portion re-
mains to be determined. In the case of the 27-kDa antigen, it
is the protein rather than the lipid portion that is responsible
for the antiprotective effect, since immunization with a non-
acylated form of the protein led to an increase in M. tubercu-
losis multiplication following challenge relative to unimmu-
nized mice. However, the acylated amino terminus of the
19-kDa antigen of M. tuberculosis has been used to create
heterologous antigens that, when expressed in BCG, confer
protection against pathogens such as Listeria monocytogenes,
Streptococcus pneumoniae, Borrelia burgdorferi, and Escherichia
coli (46, 62, 68, 92, 158). Thus, these immunogenic surface-
exposed lipoproteins undoubtedly have an important role to
play in the future development of vaccines against bacterial
pathogens. Furthermore, the essentiality of certain lipopro-
teins and the enzymes involved in their biosynthesis and local-
ization indicates that these proteins may be targets for the
generation of novel antibacterials. This last point is highlighted
by the finding that a novel screening approach of small mole-
cules identified an inhibitor of LolA that may lead to a new
generation of Gram-negative-specific antimicrobials (128)
(128). Further understanding of the roles and mechanisms of
synthesis of bacterial lipoproteins will aid these avenues of
research.
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