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Genomic analysis of Mycoplasma pneumoniae revealed the existence of a large number of putative lipoprotein
genes compared with the numbers in other bacteria. However, the pathogenic roles of M. pneumoniae lipopro-
teins are still obscure. In this study, we synthesized a lipopeptide (designated M. pneumoniae paralogous
lipoprotein 1 [MPPL-1]) in which an S-dipalmitoylglyceryl cysteine was coupled to a peptide with a
consensus sequence of a putative paralogous lipoprotein group characteristic of M. pneumoniae. The
cytokine-inducing activity of MPPL-1 in human monocytic cells was much weaker (~700-fold weaker) than
that of the known mycoplasmal S-dipalmitoylated lipopeptide FSL-1 or MALP-2. MPPL-1 required
Toll-like receptor (TLR2) to activate NF-kB-dependent gene transcription in HEK293 cells, although a
1,000-fold-larger amount of MPPL-1 was needed to exert activity similar to that of FSL-1 in the cells.
TLR2-mediated recognition of MPPL-1 was synergistically upregulated by TLR6 but not by TLR1 or
TLR10, although the activity was still weak. In addition, MPPL-1 did not antagonize FSL-1 recognition in
human monocytic cells and TLR2/TLR6-expressing HEK293 cells. Thus, these results suggest that there
is preferential selective recognition of diacylated lipopeptides due to the magnitude of an affinity with
TLR2 and TLR6 and the roles of increased paralogous lipoprotein genes of M. pneumoniae in evasion of

TLR2 recognition.

Membrane-bound lipoproteins are thought to play impor-
tant roles in the survival of bacteria through four main func-
tions: a structural function, a transport function, an adhesion
function, and an enzymatic function (7). Many lipoproteins
have been identified in various species of bacteria and have
been shown to comprise a framework structure containing a
lipidated N-terminal cysteine residue coupled to distinct
polypeptides. The maturation of bacterial lipoproteins gener-
ally comprises three steps; the first step involves diacylglyceryl
modification of a cysteine residue by diacylglycerol transferase,
the second step involves cleavage of the leader peptide by
signal peptidase II, and the final step involves N acylation of
the N-terminal diacylglyceryl cysteinyl residue, with which li-
poproteins are synthesized as triacylated lipoproteins (7). It
has also been shown that lipoproteins derived from Rhodo-
pseudomonas viridis and several mycoplasmal species do not
undergo modification in the final step and are synthesized as
diacylated lipoproteins (7).

In contrast to their crucial functions in the survival of bac-
teria, bacterial lipoproteins act as pathogenic substances to
stimulate the immune systems of humans and animals through
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the recognition receptors that monitor exogenous pathogens
(3). Toll-like receptors (TLRs) are central pattern recognition
receptors of the innate immune system that recognize a wide
range of invading microorganisms through conserved chemical
structures in their cells (34). TLR2 is essential for mediation of
immune responses to the most diverse set of molecular struc-
tures of microbes, including peptidoglycans, lipoteichoic acids,
porins, lipoarabinomannans, and lipoproteins/lipopeptides (21,
34). TLR2 forms heteromers with either TLR1 or TLR6, prob-
ably to discriminate the structures of molecular patterns, es-
pecially the N-terminal lipidated cysteinyl portions of bacterial
lipoproteins as active sites (4, 29). TLR1 and TLR6 have been
reported to be involved in simple discrimination of the dif-
ference between triacylated and diacylated lipoproteins/
lipopeptides (36, 37). However, recent arduous work by
several study groups has shown that such diverse potentials
of TLR1 and TLR6 are largely dependent on more subtle
structures of lipoproteins/lipopeptides, such as the length of
an N-terminal fatty acid chain, the chirality of the central
carbon of the diacylglycerol, and the charge of the C-termi-
nal amino acids (5, 6, 28). It has been suggested that in
addition to TLR1 and TLR6, TLR10, which is not encoded
in the murine genome, is related to TLR2 recognition be-
cause of its sequence similarity and the possibility that it
forms a heteromer with TLR2 (8, 12).

Mycoplasmas are microbes in regressive evolution and differ
from other microbes in many respects. For example, they com-
pletely lack a cell wall, and their bilipid membrane is therefore
the only structure that regulates interactions with the external
environment (31). Some mycoplasmas cause severe respira-
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tory, arthritic, and urogenital diseases in humans and animals.
Mycoplasma pneumoniae is a human pathogen that causes
“atypical pneumonia,” particularly in older children and young
adults (38). The genome size of M. pneumoniae is ~820 kb, and
the genomic sequence has been completely analyzed (13, 14).
Interestingly, a large number of putative lipoprotein-encoding
genes have been identified in the genome (46 of 689 genes;
6.68%) compared with the numbers of such genes in the ge-
nomes of other microbes, such as Escherichia coli K-12 (22 of
4,243 genes; 0.52%) and Bacillus subtilis (26 of 4,105 genes;
0.63%) (7). Even in the closely related sister species Myco-
plasma genitalium, only 21 putative lipoproteins (encoded by
477 genes; 4.4%) could be found. Despite the existence of such
genetic data, little is known about the roles of lipoproteins in
M. pneumoniae pathogenicity, although there has been
much interest in the pathogenic roles of membrane lipopro-
teins of other mycoplasmal species during infection because
of their diverse functions, including adherence to host cells,
antigenic variation, and TLR2- and TLR6-mediated immu-
nostimulation (30).

In this study, we attempted to synthesize a lipopeptide
having an §-(2,3-bispalmitoyloxypropyl)-cysteine residue
coupled to an N-terminal consensus peptide of M. pneu-
moniae-specific lipoproteins encoded by paralogous genes.
Interestingly, the level of immunostimulatory activity of this
lipopeptide was much lower than that of the known myco-
plasmal lipopeptide MALP-2 or FSL-1 despite the structural
uniformity. We also investigated the recognition of this li-
popeptide by TLRs.

MATERIALS AND METHODS

Preparation of synthetic lipopeptides. The synthetic lipopeptides FSL-1 and
MALP-2 were prepared as described previously (17). S-(2,3-bisacyloxypropyl)-
cysteinyl TGIQADLRNLIK, designated M. pneumoniae paralogous lipoprotein
1 (MPPL-1), was synthesized using a method similar to the method used for
synthesis of FSL-1 and MALP-2. Briefly, the side chain-protected sequence
TGIQADLRNLIK was constructed with an automated peptide synthesizer
(model 433; Applied Biosystems). (9-Fluorenylmethoxy carbonyl)-S-(2,3-bispal-
mitoyloxypropyl)-cysteine (Novabiochem) was manually coupled to the peptide
resin by using a 1-hydroxy-7-azabenzotriazole-1-ethyl-3-(3-dimethylaminopro-
pyl)-carbodiimide/CH,Cl,-dimethylformamide solvent system. The 9-fluorenyl-
methoxy carbonyl and resin were removed from the lipopeptide by using triflu-
oroacetic acid. The lipopeptide was extracted into 90% acetic acid, lyophilized,
and purified by preparative high-pressure liquid chromatography with a re-
versed-phase C;g column (30 by 250 mm). The level of purity of the lipopeptide
was confirmed by analytical high-pressure liquid chromatography with a re-
versed-phase C;g column (4.6 by 150 mm) to be 96%. All of the lipopeptides
were used without separation of the S-form and R-form stereoisomers. The
lipopeptides were dissolved in phosphate-buffered saline containing 10 mM
n-octyl-B-glucopyranoside at a concentration 0.5 mM and stored at —80°C until
they were used.

Cell culture. Dulbecco modified Eagle medium, RPMI 1640 medium, penicil-
lin G, streptomycin, and trypsin-EDTA were obtained from Sigma. Human
monocytic cell line THP-1 was cultured in RPMI 1640 medium as described
previously (19). Human embryonic kidney HEK293 cells were grown in Dulbecco
modified Eagle medium as described previously (18).

Determination of IL-6 and IL-8 by enzyme-linked immunosorbent assays
(ELISA). A total of 1 X 10° THP-1 cells were stimulated for 12 h with various
concentrations of mycoplasmal lipopeptides, and the amounts of interleukin-6
(IL-6) and IL-8 released into the media were determined by using human IL-6
Cytoset and human IL-8 Cytoset (Invitrogen), respectively, according to the
instructions of the manufacturer. The results described below are representative
of three separate experiments, and the data are expressed as means and standard
deviations.

DNA cloning. Plasmids encoding human TLR1, TLR2, and TLR6 have been
described previously (18). Human TLR10 cDNA was obtained by reverse tran-
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scription-PCR of RNA isolated from human umbilical vein endothelial cells and
then cloned into a pEF6 vector (Invitrogen). The DNA sequences were con-
firmed by the dideoxy chain termination method by using an ABI Prism 3100
genetic analyzer.

Luciferase reporter gene assay. HEK293 cells were plated at a concentration
of 0.5 X 10° cells per well in 24-well plates before transfection. The cells were
transiently transfected with an NF-«kB-driven firefly luciferase reporter plasmid
(pNF-kB-Luc; Stratagene) and a construct directing expression of Renilla lucif-
erase under the control of a constitutively active thymidine kinase promoter
(pRL-TK; Promega) together with TLR-encoding plasmids. After 24 h of incu-
bation, the cells were stimulated for 6 h with MPPL-1 or FSL-1 in media
containing 1% fetal bovine serum. Then the cells were lysed, and the luciferase
activity was measured using the Dual-Luciferase reporter assay system (Pro-
mega) according to instructions of the manufacturer. The results below, ex-
pressed as the means and standard deviations of values for triplicate wells, are
representative of three separate experiments. The experiment using HEK293
cells stably expressing TLR2 has been described previously (20).

Statistics. All values were evaluated by statistical analysis using Student-
Newman-Keul’s test. Differences were considered to be statistically significant at
a P value of <0.05.

RESULTS

Preparation of MPPL-1. Himmelreich et al. reported that 46
protein genes were identified as genes encoding putative li-
poproteins in the M. pneumoniae M129 (=ATCC 29342) ge-
nome based on the following characteristic lipoprotein-specific
features: (i) the presence of one or more basic amino acids
among the first five to seven amino acids of the N terminus, (ii)
the presence of a hydrophobic signal peptide, and (iii) the
presence of a cysteine residue immediately downstream of the
signal peptide (13). However, we found that 48 proteins had
these lipoprotein signatures. The N-terminal lipoprotein moieties
of all putative lipoproteins are shown in Table S1 in the supple-
mental material. The amino acid sequences of these lipoproteins
are included in the data at a website (http://www.ncbi.nlm
.nih.gov/entrez/query.fcgi?CMD=search& DB=genome), and the
protein designations were based on the MPN numbering
scheme described by Himmelreich et al. (13). Importantly,
many of these putative lipoproteins have recently been confirmed
to be functionally expressed in the microorganism (11, 33, 39). In
addition to 48 putative lipoproteins, there are several proteins
with high levels of similarity to the lipoproteins without the li-
poprotein signature at the N terminus (13), but we did not include
these proteins in the list.

Comparison of 30 amino acids of N-terminal lipoprotein
moieties revealed that the M. pneumoniae lipoproteins include
members of seven subgroups, which are probably groups of
paralogous lipoproteins (see Table S1 in the supplemental
material). We focused on group 1 composed of MPNO11,
MPNO54, MPN271, MPN369, MPN411, MPN467, MPN650,
and MPN654 because the N-terminal sequences of these pu-
tative lipoproteins could not be identified by a BLAST search
in other known organisms, even the sister species M. geni-
talium, suggesting that the lipoprotein genes were propagated
uniquely in the evolution of this microorganism. The sequence
of MPN505 is also very similar to the sequences of these
lipoproteins, but MPNS505 lacks the lipoprotein signature. Im-
portantly, the study of Hallamaa et al. showed that there was
expression of mRNAs for all group 1 lipoproteins and the
detectable proteins MPN271, MPN411, and MPN650 (11).
Comparison of N-terminal sequences of these lipoproteins
revealed that the levels of similarity of MPN271, MPN3609,
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FIG. 1. Synthesis of MPPL-1. (A) Alignment of putative paralogous lipoproteins. The N-terminal sequences of MPNO11, MPN054, MPN271,
MPN369, MPN411, MPN467, MPN650, and MPN654 were compared. The cysteine residue immediately downstream of the signal peptide is

indicated by an asterisk. (B) Structure of MPPL-1.

MPN411, MPN467, and MPN654 are particularly high (Fig.
1A). These putative lipoproteins have a characteristic fea-
ture; namely, the C-terminal amino acid residue flanking the
cysteine residue immediately downstream of the signal pep-
tide is threonine, although the corresponding amino acid of
common bacterial lipoproteins is glycine, alanine, or serine.

To analyze the pathological roles of this paralogous lipopro-
tein group, we attempted to synthesize a lipopeptide having an
N-terminal sequence common to these lipoproteins. The re-
sults of previous work suggested that synthetic lipopeptides
with original peptide sequences with more than 10 amino acids
could mimic the immunostimulatory activity of natural lipopro-
teins (24, 27, 32). Therefore, we determined that the partial
consensus sequence of MPN271, MPN369, MPN411,
MPN467, and MPN654 is TGIQADLRNLIK, which should
couple to an S-dipalmitoylglyceryl cysteine. The structure was
chemically synthesized using a method similar to the method
used for synthesis of known mycoplasmal lipopeptides de-
scribed previously (17, 32), and the protein was designated
MPPL-1 (Fig. 1B). All of our preparations of mycoplasmal
lipopeptides were synthesized as mixtures of the S-form and
R-form stereoisomers.

Immunostimulatory activity of MPPL-1. To investigate the
immunostimulatory activity of MPPL-1, we examined the in-
duction of cytokine production in human monocytic THP-1
cells, comparing the activity of MPPL-1 with the activities of
two synthetic mycoplasmal lipopeptides. MALP-2 (S-dipalmi-
toylglyceryl CGNNDESNISFKEK) derived from Mycoplasma
fermentans was first identified and characterized by Miihlradt’s
group as a compound that can activate macrophages even at
picomolar concentrations (24). FSL-1 (S-dipalmitoylglyceryl

CGDPKHPKSF) derived from Mycoplasma salivarium has re-
cently been characterized by our group as a potent immunos-
timulatory compound, whose activity has been proposed to be
stronger than that of MALP-2 (16, 17, 27). MPPL-1 could
induce production of IL-8 in a dose-dependent manner at a
concentration of =10 nM, whereas FSL-1 and MALP-2 could
induce the production of IL-8 at picomolar concentrations
(Fig. 2A). To induce a level of IL-8 production similar to the
level induced by 1 nM FSL-1, a 300-fold-higher concentration
of MPPL-1 was required (Fig. 2A). Moreover, similar weak
activity of MPPL-1 was also observed when IL-6 production in
THP-1 cells was examined (Fig. 2B). In this case, the concen-
tration of FSL-1 needed to induce a level of IL-6 production
similar to that induced by 1 uM MPPL-1 was 700-fold lower
(Fig. 2B). Thus, the immunostimulatory activity of MPPL-1 is
much weaker than the activities of structurally similar lipopep-
tides.

TLR recognition of MPPL-1. It has been shown that FSL-1
and MALP-2 stimulate human cells via recognition by TLR2
and TLR6 (26, 27, 35). We first examined whether MPPL-1
was recognized by TLR2 using HEK293 cells intrinsically lack-
ing expression of TLR2 and responsiveness to TLR2 ligands
(1). MPPL-1 could not stimulate parental HEK293 cells at
concentrations ranging from 100 fM to ~10 wM (data not
shown) but could stimulate the cells stably transfected with
TLR2, leading to induction of NF-«kB activation, in a dose-
dependent manner (Fig. 3A). Therefore, MPPL-1 recognition
was completely dependent on TLR2 in the same way that
FSL-1 and MALP-2 recognition was. However, an approxi-
mately 1,000-fold-higher concentration of MPPL-1 was re-
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FIG. 2. Cytokine-inducing activity of MPPL-1. A total of 1 X 10°
THP-1 cells were stimulated for 12 h with the concentrations of
MPPL-1, FSL-1, and MALP-2 indicated. Then the amounts of IL-8
(A) and IL-6 (B) released into the media were determined by ELISA.
The results are representative of three separate experiments, and the
data are means and standard deviations.

quired for activity similar to that of FSL-1 in TLR2-expressing
HEK?293 cells (Fig. 3A).

We further investigated the requirement for TLR1, TLR6,
and TLR10 for recognition of MPPL-1, since TLR2 has been
shown to form not only a homomer but also heteromers with
these TLRs (29). MPPL-1 could not activate HEK293 cells
transfected with TLR1, TLR6, or TLR10 alone (Fig. 3B). Sim-
ilarly, MPPL-1 could not activate cells transfected with a com-
bination of TLR1 and TLR6, TLR1 and TLR10, or TLR6 and
TLR10 (Fig. 3B). Compared with the MPPL-1 activity in the
cells transfected with TLR2 alone, cotransfection of TLR6
with TLR2 synergically augmented the activity of MPPL-1 in a
way similar to way observed with FSL-1, whereas cotransfec-
tion of TLR1 or TLR10 with TLR2 did not (Fig. 3B). Thus,
MPPL-1 is preferentially recognized by TLR2/TLR6 in human
cells in a manner similar to the recognition of FSL-1 and
MALP-2.

Possibility of an antagonistic effect of MPPL-1 on TLR2
recognition. TLR4 recognition of E. coli lipopolysaccharide
can be antagonized by structurally similar compounds that
have weak TLR4-stimulating activities (9, 10, 23, 25). How-
ever, it is still not clear whether TLR2 recognition of lipopep-
tides can be antagonized by structurally similar compounds.
The results described above raise the possibility that MPPL-1
has an antagonistic effect on FSL-1 recognition by TLR2/
TLR6, because MPPL-1 exhibits a much lower level of activity
than FSL-1 exhibits through recognition by TLR2/TLR6. We
therefore examined the IL-6-producing activity of FSL-1 in the
presence and absence of a higher concentration of MPPL-1.
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FIG. 3. TLR usage of MPPL-1. (A) HEK293 cells stably trans-
fected with TLR2 were prepared and transiently transfected with an
NF-kB-driven firefly luciferase reporter plasmid. The cells were stim-
ulated for 6 h with the concentrations of MPPL-1 and FSL-1 indicated.
Then the cells were lysed, and the luciferase activity was measured.
The results, expressed as the means of values for triplicate wells, are
representative of three separate experiments. (B) HEK293 cells were
transiently transfected with an NF-kB-driven firefly luciferase reporter
plasmid together with the TLR-encoding plasmids indicated. The cells
were stimulated for 6 h with 1 uM MPPL-1 or 10 nM FSL-1. Then the
cells were lysed, and the luciferase activity was measured. The results,
expressed as means and standard deviations of values for triplicate
wells, are representative of three separate experiments. An asterisk
indicates that the P value was <0.05 for a comparison with the control

group.

IL-6 production induced by 1 or 10 nM FSL-1 was not altered
by the presence of 1 uM MPPL-1 (Fig. 4A). Moreover, the
presence of MPPL-1 was found to slightly increase the activity
of FSL-1 as determined by analysis of NF-kB activation in
HEK?293 cells (Fig. 4B), and this analysis was more sensitive
than an IL-6 ELISA with THP-1 cells. In addition, the MPPL-1
effect on FSL-1 recognition was not altered in the presence or
absence of TLR1, TLR6, or TLR10 cotransfection (Fig. 4B).
Similar results were obtained in experiments using MALP-2
(data not shown).

DISCUSSION

We have been interested in the immunostimulatory activity
of mycoplasmal diacylated lipoproteins/lipopeptides and the
pathological roles of these proteins in mycoplasmal infections.
So far, lipopeptides FSL-1 and MALP-2 have been identified
as potent immunostimulatory compounds (22, 24). In this
study, we synthesized lipopeptide MPPL-1 having a structure
common in mycoplasmal lipopeptides, an S-dipalmitoylglyceryl
cysteine residue coupled to a distinct peptide, which was
determined on the basis of paralogous lipoproteins charac-
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FIG. 4. Antagonistic effect of MPPL-1. (A) A total of 1 X 10°
THP-1 cells were stimulated for 12 h with 1 or 10 nM FSL-1 in the
presence or absence of 1 puM MPPL-1. Then the amounts of IL-6
released into the media were determined by ELISA. The results,
expressed as means and standard deviations, are representative of
three separate experiments. (B) HEK293 cells were transiently trans-
fected with an NF-kB-driven firefly luciferase reporter plasmid to-
gether with the TLR-encoding plasmids indicated. The cells were stim-
ulated for 6 h with 1 nM FSL-1 in the presence or absence of 100 nM
MPPL-1. Then the cells were lysed, and the luciferase activity was
measured. The results, expressed as means and standard deviations of
values for triplicate wells, are representative of three separate exper-
iments.

teristic of M. pneumoniae. The cytokine-inducing activity of
MPPL-1 in human cells was very weak compared with that
of FSL-1 or MALP-2. At a higher concentration, MPPL-1
could weakly stimulate cells via TLR2/TLR6 recognition.
However, MPPL-1 could not antagonize FSL-1 recognition
by TLR2. These findings raised several important possibili-
ties for biological activities of mycopalsmal lipopeptides, as
discussed below.

Recent studies have revealed that the immunostimulatory
activity of bacterial lipoproteins is completely dependent on
the recognition and signal transduction by TLR2 that functions
together with several associated molecules. TLR6 has been
considered to be an essential participant in the discrimination
of mycoplasmal diacylated lipoproteins/lipopeptides by TLR2,
because MALP-2 recognition was impaired in macrophages
from TLR6-deficient mice (36) and was reduced by a blocking
antibody to TLR6 in human cells (26). However, Buwitt-Beck-
mann et al. found that C-terminal addition of SKKKK to the
peptide moiety of MALP-2 converted the MALP-2 recognition
by TLR2/TLR6 into recognition by a TLR6-independent
mechanism (6). In addition, we previously reported that sub-
stitution of the C-terminal amino acid of FSL-1 (F to R)
greatly impaired the immunostimulatory activity (27). There-
fore, discrimination of diacylated lipopeptides by TLR2 and
TLR6 has been suggested to be dependent on the amino acid
sequence or structure of the peptide portion, although recog-
nition of the lipolyated cysteine residue may be dependent on
other molecules, such as CD36 (15). Furthermore, a recent
report suggested that TLR1 participates in the recognition of a
dipalmitoylated lipoprotein derived from M. pneumoniae
(MPN602) (33). In this study, MPPL-1 was shown to be rec-
ognized by TLR2 and TLR6 but not by TLR1 or TLR10, as
observed for MALP-2 and FSL-1. We could not discern a role
for TLR10 in the recognition of mycoplasmal lipopeptides,
although it is possible that TLR10 participates in accurate
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discrimination of bacterial lipoproteins/lipopeptides in human
cells.

It is possible that studies of TLR antagonists may lead to the
development of efficient therapeutic regulators of microbial
infection or excess inflammation. In this study, however,
MPPL-1 could not antagonize TLR2 recognition of FSL-1
(Fig. 4). The weak TLR2-stimulating activity of MPPL-1 raises
the possibility that the peptide moiety of MPPL-1 has a low
affinity for TLR6 but does not have an affinity for either TLR1
or TLR10. This possibility may be supported by our results
showing that a small amount of FSL-1, which may have a
stronger affinity than MPPL-1 has, could be preferentially rec-
ognized by TLR2 and TLR6 more than a larger amount of
MPPL-1 could be recognized (Fig. 4). Moreover, our results
may provide strong evidence for different ligand recognition
mechanisms of TLR2 and TLR4, because TLR4 recognition of
lipopolysaccharide is known to be antagonized by structurally
similar compounds that have weak TLR4-stimulating activities
(9, 10, 23, 25). Further study is needed to determine the de-
tailed recognition machinery of mycoplasmal lipoproteins/
lipopeptides.

The magnitude of the immunostimulatory activity of bacte-
rial lipoproteins has been thought to be one of the crucial
factors for pathogenicity of bacteria (3) which may be involved
in the severity of host immune responses after bacterial infec-
tion. However, the presence of immunostimulatory com-
pounds on the surface of bacterial cells leads to efficient clear-
ance of bacteria through activation of immune cells, resulting
in great reductions in efficient propagation and colonization on
the host cell surface. To avoid activation of immune responses,
several pathogenic bacteria have been shown to modify their
surface molecules so they do not stimulate the TLR recogni-
tion system. For example, a- and &-Proteobacteria, including
Campylobacter jejuni, Helicobacter pylori, and Bartonella bacil-
liformis, modify the N-terminal D1 domain of flagellin, leading
to evasion of TLRS recognition (2). Therefore, structural mod-
ification of pathogen-activated molecular patterns may be im-
portant for bacterial pathogenicity. However, it has not been
determined whether M. pneumoniae has the ability to evade
immune systems. So far, mycoplasmal lipoproteins/lipopep-
tides have been identified to determine strong activators of
immune cells in crude mixtures of lipoproteins obtained using
methods such as Triton X-114 phase separation (24, 32, 33). In
a recent study performed by Shimizu et al. (33), lipoprotein
MPNG602, which may have the strongest activities in M. pneu-
moniae lipoprotein mixtures, was identified by using a method
to separate the fraction that strongly stimulates 293T cells
transfected with TLR2 to activate NF-kB (33). MPN602 does
not belong to a paralogous lipoprotein family, as shown in
Table S1 in the supplemental material. Interestingly, it was also
found that only a few lipoproteins possessed strong immuno-
stimulatory activities and that the majority of lipoproteins had
weak or no immunostimulatory activity (24, 32, 33). Consistent
with this possibility, only a few lipoproteins with potent immu-
nostimulatory activity have been identified so far, although
there are many lipoproteins in mycoplasmal species. These
observations suggest that the majority of lipoproteins of M.
pneumoniae, including paralogous lipoprotein family members,
have weak immunostimulatory activities. Moreover, our results
suggest that propagation of genes encoding lipoproteins with
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weak immunostimulatory activity may be an important factor
for the pathogenicity of M. pneumoniae through which the
microorganism may evade TLR2 recognition. Further detailed
investigations of the functions and immunostimulatory activi-
ties of lipoproteins found in M. pneumoniae are needed to
address this possibility.

The bacterial lipoprotein structure has been found to be a
lipidated (commonly palmitoylated) triacylated or diacylated
S-glyceryl cysteine residue coupled to distinct polypeptides.
However, the coupled peptide sequence has been shown to
have a great effect on the immunostimulatory activity of the
whole molecule. Therefore, synthesis and characterization
of lipopeptides based on the known lipoprotein sequences of
the N terminus may be an effective method for determining
unknown biological activities of bacterial lipoproteins.
Moreover, exhaustive screening of synthetic lipopeptides
can lead to the identification of novel bacterial pathogenic-
ities and to the development of biologically beneficial com-
pounds or immune regulators. Also, it is possible that a
cognate ligand for TLR10 will be identified by screening of
these lipopeptides.
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