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Background: The lipid-modified structures of bacterial lipoproteins in low-GC Gram-positive bacteria remains elusive.
Results: Three novel structures of bacterial lipoproteins were determined and functioned as TLR2 ligands.
Conclusion: Identified novel TLR2-stimulating lipoprotein structures are conserved in low-GC Gram-positive bacteria.
Significance: Results open further fields of research concerning functions and biosynthesis of bacterial lipoproteins.

Bacterial lipoproteins/lipopeptides inducing host innate
immune responses are sensed by mammalian Toll-like receptor
2 (TLR2). These bacterial lipoproteins are structurally divided
into two groups, diacylated or triacylated lipoproteins, by the
absence or presence of an amide-linked fatty acid. The presence
of diacylated lipoproteins has been predicted in low-GC content
Gram-positive bacteria and mycoplasmas based on the absence
of one modification enzyme in their genomes; however, we
recently determined triacylated structures in low-GC Gram-
positive Staphylococcus aureus, raising questions about the
actual lipoprotein structure in other low-GC content Gram-pos-
itive bacteria. Here, through intensive MS analyses, we identi-
fied a novel and unique bacterial lipoprotein structure contain-
ing an N-acyl-S-monoacyl-glyceryl-cysteine (named the lyso
structure) from low-GC Gram-positive Enterococcus faecalis,
Bacillus cereus, Streptococcus sanguinis, and Lactobacillus bul-
garicus. Two of the purified native lyso-form lipoproteins
induced proinflammatory cytokine production from mice
macrophages in a TLR2-dependent and TLR1-independent
manner but with a different dependence on TLR6. Additionally,
two other new lipoprotein structures were identified. One is the
“N-acetyl” lipoprotein structure containing N-acetyl-S-diacyl-
glyceryl-cysteine, which was found in five Gram-positive bacte-
ria, including Bacillus subtilis. The N-acetyl lipoproteins
induced the proinflammatory cytokines through the TLR2/6
heterodimer. The other was identified in a mycoplasma strain
and is an unusual diacyl lipoprotein structure containing two
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amino acids before the lipid-modified cysteine residue. Taken
together, our results suggest the existence of novel TLR2-stim-
ulating lyso and N-acetyl forms of lipoproteins that are con-
served in low-GC content Gram-positive bacteria and provide
clear evidence for the presence of yet to be identified key
enzymes involved in the bacterial lipoprotein biosynthesis.

In innate immunity, mammalian Toll-like receptors (TLRs)?
play an important role in the recognition of invading microor-
ganisms and in the induction of first-line host defense
responses (1). To date, 11 human TLRs and 13 mouse TLRs
have been identified, and each TLR appears to sense specific
pathogen-associated molecular patterns derived from various
microorganisms, including bacteria, viruses, protozoa, and
fungi (2). Among these, TLR2 is unique in its cooperation with
TLR1 or TLR6, and the TLR2/1 or TLR2/6 heterodimer recog-
nizes bacterial lipoproteins and lipopeptides as a pathogen-as-
sociated molecular pattern. The bacterial lipoproteins/lipopep-
tides as well as a number of TLR ligand molecules are known to
induce inflammatory cytokine secretion and to be involved in
the establishment of adaptive immunity (3). Because bacterial
lipoproteins/lipopeptides function as TLR2 ligands, they are
also potential target molecules for the development of vaccines
and adjuvants (4, 5). The identification and biochemical char-
acterization of novel native bacterial lipoproteins as TLR2
ligands are important for elucidating the molecular basis of
host-microbe interactions.

Bacterial lipoproteins are structurally divided into two
groups: diacylated and triacylated forms (4). These two groups

3 The abbreviations used are: TLR, Toll-like receptor; Pam;CSK,, N-palmitoyl-
S-[2,3-bis-(palmitoyloxy)-propyl]-(R)-cysteinyl-(lysyl)3-lysine; Lgt, prolipo-
protein diacylglycerol transferase; Lsp, prolipoprotein signal peptidase;
Lnt, apolipoprotein N-acyltransferase; AQC, 6-aminoquinolyl-N-hydroxy-
succinimidyl carbamate.
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are distinguished by the absence or presence of a third enzyme
involved in the maturation of bacterial lipoproteins. During the
maturation process, the first enzyme Lgt, prolipoprotein diacyl-
glycerol transferase, catalyzes the transfer of diacylglycerol to
the sulfhydryl moiety of a cysteine residue conserved in the
signal peptide of bacterial lipoprotein precursors (6). The sec-
ond enzyme Lsp, prolipoprotein signal peptidase, subsequently
cleaves the signal peptide from the lipoprotein precursors and
leaves diacylated lipoproteins (7, 8), which contain S-diacyl-
glyceryl-cysteine residues at their N termini. The third enzyme
Lnt, apolipoprotein N-acyltransferase, transfers an additional
acyl group to the amino group of the diacylated cysteine residue
(9, 10), yielding a triacylated lipoprotein, which contains an
N-acyl-S-diacylated cysteine residue. The conversion of the
diacylated form to the triacylated form is generally considered
to alter TLR binding specificity from the TLR2/6 to TLR2/1
heterodimer (11, 12).

Interestingly, diderm Gram-negative bacteria and high-GC
content Gram-positive bacteria are reported to have Esche-
richia coli-type Lnt homolog(s) in their genomes, suggesting
that these bacteria can produce triacylated lipoproteins (13).
However, monoderm low-GC content Gram-positive bacteria,
such as Bacillus, Enterococcus, Lactobacillus, Listeria, Staphy-
lococcus, and Streptococcus and cell wall-less mycoplasmas, are
assumed to produce diacylated lipoproteins because they do
not have the E. coli-type Lnt in their genomes. However, our
recent studies provided clear biochemical evidence that staph-
ylococcal lipoproteins are triacylated (14, 15). In addition, Sere-
bryakova et al. (16) reported that lipoproteins from Achole-
plasma laidlawii, a mycoplasma strain, are in the triacyl form.
These studies indicate that staphylococci and mycoplasma
strains must have another type of Lnt whose structure is dis-
tinct from the E. coli-type Lnt protein. However, the exact
N-terminal lipopeptide structures in other low-GC content
Gram-positive bacteria have not yet been determined. TLR2-
mediated bacterial lipoprotein recognition is essential for the
activation of the innate immune response against infection by
low-GC content Gram-positive pathogens as well as mycoplas-
mas (17-20). Therefore, determination of N-terminal lipid
structures of lipoproteins from other low-GC content mono-
derm bacteria and characterization of their abilities to stimu-
late TLR2 for the induction of the innate immune responses
are important and essential to understanding host-microbe
interactions.

Here, through intensive MS analyses, we unexpectedly iden-
tified a novel lipoprotein structure containing N-acyl-S-mono-
acyl-glyceryl-cysteine, which we named the lyso structure, in
Enterococcus faecalis, Bacillus cereus, Lactobacillus bulgaricus,
and Streptococcus sanguinis. When the production of the pro-
inflammatory cytokines was examined with purified native
lyso-type lipoproteins using mice peritoneal macrophages, a B.
cereus lyso-form lipoprotein induced tumor necrosis factor
(TNF)-a and interleukin-6 (IL-6) by TLR2-dependent and
TLR1- and TLR6-independent manners, similarly to the triacy-
lated Streptococcus aureus SitC lipoprotein (14). By contrast,
another E. faecalis lyso form lipoprotein induced cytokine
secretion by TLR2- and TLR6-dependent and TLR1-indepen-
dent pathways, similarly to the diacylated lipopeptide. Addi-
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tionally, we identified two other new lipoprotein structures.
One is an “N-acetyl” lipoprotein structure containing N-acetyl-
S-diacyl-glyceryl-cysteine, which was identified from five bac-
terial species, including food-associated Bacillus subtilis and
Bacillus licheniformis. The other is a “peptidyl” form, an
unusual diacyl lipoprotein structure purified from Mycoplasma
fermentans and containing two additional amino acids before
the lipid-modified cysteine residue. Two lipoproteins with the
N-acetyl structures induced the release of TNF-« and IL-6 in
TLR2- and TLR6-dependent and TLR1-independent manners,
supporting that lyso- and N-acetyl-form lipoproteins in
low-GC content Gram-positive bacteria function as TLR2
ligand molecules. These results also implicate strong evidence
for the presence of yet to be identified key enzymes involved in
bacterial lipoprotein biosynthesis.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—E. faecalis strain
ATCC19433, S. sanguinis strain NCTC10904, and L. bulgaricus
strain ATCC11842 were grown in brain heart infusion broth,
Todd Hewitt broth, and Lactobacilli Man-Rogosa-Sharpe
broth, respectively. B. cereus strain ATCC14579 and B. licheni-
formis strain ATCC14580 were grown in nutrient broth. B. sub-
tilis strain 168 was grown in Luria Bertani (LB) medium (1%
tryptone, 0.5% yeast extract and 1% NaCl) containing 0.5% glu-
cose. Listeria monocytogenes strain ATCC15313 was grown in
tryptic soy broth containing 0.6% yeast extract or in brain heart
infusion broth. Geobacillus kaustophilus strain HTA426 was
grown in LB medium. Bacillus halodurans strain C125 was
grown in Horikoshi II alkali medium (pH 9.5) (1% soluble
starch, 0.5% polypeptone, 0.5% yeast extract, 0.1% K,HPO,,
0.02% MgSO,7H,0, and 2% NaHCO;) (21). Oceanobacillus
iheyensis strain HTE831 was grown in alkaline PY medium (pH
9.5) (1% polypeptone, 0.5% yeast extract, 0.1% K,HPO,, 0.02%
MgSO,7H,0, and 2% NaHCO,) (22). Bacterial cells were
grown aerobically from an A, of 0.05 until the late exponential
growth phase at 37 °C, except for B. cereus (30 °C), O. iheyensis
(30°C), and G. kaustophilus (60 °C). The M. fermentans strain
PG-18 and Mycoplasma pneumoniae strain M129 were grown
in pleuro-pneumonia-like organism medium containing 10%
horse serum. Mycoplasma genitalium strain G37 was grown in
pleuro-pneumonia-like organism medium using 20% horse
serum and fresh yeast extract.

Purification of Lipoproteins by Triton X-114 Phase
Partitioning—Native bacterial lipoproteins were obtained
using the Triton X-114 phase partitioning method (15). Briefly,
the harvested bacterial cells were disrupted with glass beads
and centrifuged at a low speed, and the supernatant was further
centrifuged at high speed. The obtained supernatant was sup-
plemented with Triton X-114 to a final concentration of 2% and
was then incubated at 4 °C. The mixture was subsequently incu-
bated at 37 °C and centrifuged for phase separation. The Triton
X-114 phase was washed repeatedly and precipitated with eth-
anol. The precipitates were used for subsequent experiments as
a Triton X-114 phase. Triton X-114 fractions of mycoplasmas
were prepared as described previously (23, 24).

In-gel Digestion—DProteins in the Triton X-114 phase were
separated by SDS-PAGE and stained with Coomassie Brilliant
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Blue R-250. The protein bands excised from the gel were
destained with 50% (v/v) methanol and dried by vacuum cen-
trifugation. The dried gel pieces were rehydrated with 2 ul of a
10 ng/ul of trypsin solution (Promega) and then incubated in
~20 ul of 50 mm Tris-HCI (pH 8.5) containing 0.1% (w/v) n-de-
cyl-B-p-glucopyranoside (Sigma) at 37 °C for 18 h. The result-
ing digests were analyzed by MS directly or after chloroform/
methanol extraction. The sample tubes used for in-gel
digestion and subsequent analytical procedures were hydro-
philic polypropylene tubes (Proteosave SS; Sumitomo Bakelite)
to decrease the loss of lipoproteins or lipopeptides by nonspe-
cific adsorption to the tubes.

Purification of Lipopeptides by Chloroform/Methanol
Extraction—Lipopeptides from the purified native lipoproteins
were extracted according to previous methods (15). Briefly, the
peptide solution (10 -20 ul) resulting from in-gel digestion was
acidified with 1 ul of 70% formic acid, mixed with the same
volume of chloroform/methanol (2/1, v/v) by vortexing, and
then centrifuged. The organic phase contained the lipopep-
tides. The acidification step is necessary because the formation
of a methyl ester at the C-terminal carboxyl group of lipopep-
tides is often observed in the organic phase in the presence of
tryptic activity.

MALDI-TOF MS and MS/MS—MALDI-TOF MS was con-
ducted using an Ultraflex (Bruker Daltonics) MALDI-TOF
mass spectrometer in positive reflectron mode. Saturated
a-cyano-4-hydroxycinnamic acid solution in chloroform/
methanol (2/1, v/v) was used as the matrix. A thin layer of
a-cyano-4-hydroxycinnamic acid matrix was prepared and the
samples were deposited on the matrix. The resolution was
about 10,000. The mass spectra were calibrated externally so
that the typical mass error was about 50 ppm. The MS/MS
spectra were acquired using a MALDI-TOF/TOF instrument
(Ultraflex; Bruker Daltonics) using «-cyano-4-hydroxycin-
namic acid as matrix. The MS/MS isolation width was *2 Da.
Fragments of tryptic lipopeptides observed using MALDI
MS/MS are mainly C terminus-containing sequence ions
(y-type) because the positive charge tends to localize at the
C-terminal lysine or arginine of the peptides.

On-target Oxidation of Lipopeptides—To facilitate the neu-
tral loss of the acylglyceride moiety from lipopeptides by
MS/MS, the thioether sulfur at the N-terminal S-acyl-glyceryl-
cysteine of a lipopeptide was oxidized to sulfoxide as described
previously (15). One microliter of hydrogen peroxide (30%
aqueous solution) was spotted onto the sample matrix co-crys-
tal of a MALDI sample target, and the target was then com-
pletely dried at room temperature.

Lipoprotein Lipase Treatment—The organic phase contain-
ing the lipopeptides was dried under vacuum and redissolved in
10-20 ul of water by sonication for 5 min. The solution was
heated at 100 °C for 1.5 h to inactivate trypsin and then incu-
bated at 37 °C with 80 ng/ul of lipoprotein lipase from Pseu-
domonas sp. (Sigma). The resulting digests were directly ana-
lyzed by MALDI MS and MS/MS.

Protein Identification by LC-MS/MS—In-gel digests were
analyzed by a nano-LC-MS/MS (1100 series; Agilent Technol-
ogies) coupled with a hybrid quadrupole-TOF instrument
(Q-Tof2; Waters) as described previously (15). The mobile
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phases of a homemade capillary column packed with Inertsil
ODS3 (GL Science) were: solvent A (0.075% (v/v) formic acid in
water) and solvent B (0.075% (v/v) formic acid and 80% (v/v)
acetonitrile in water). The resulting MS/MS data were applied
to Mascot (Matrix Science) for protein identification.

Protein Sequence and Amino Acid Composition Analyses—
After SDS-PAGE, the lipoproteins were electroblotted onto a
polyvinylidene difluoride (PVDF) membrane and then stained
with Coomassie Brilliant Blue R-250. The bands excised from
the membrane were subjected to Edman degradation using a
Procise 494HT protein sequencing system (Applied Biosys-
tems). For identification of S-glycerylcysteine, the excised pro-
tein or the synthetic model peptide were individually dried in
clean 6-mm X 32-mm glass tubes containing 50 pmol of nor-
valine as an internal standard. The tubes were placed in a glass
vial that contained 200 ul of constant-boiling HCl and a piece of
phenol crystal. The vial was sealed after evacuation for a few
minutes using by a Mininert valve (Pierce). The samples were
hydrolyzed for 20 h at 110 °C and then derivatized in situ by
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC)
for fluorophore detection. The AQC-amino acids were sepa-
rated by ion-pair chromatography (25). The AQC-S-glyceryl-
cysteine was eluted between AQC-glycine and AQC-threonine.

Mice Peritoneal Macrophages—Mice peritoneal macro-
phages were used as described previously (14) with some mod-
ifications. In brief, macrophages from parental C57BL/6,
TLR1 /~, TLR2/, or TLR6 /" mice were collected 3 days
after intraperitoneal injection of 2 ml of 4% thioglycollate and
subsequently cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum (FCS, Invitrogen). The lipopolysac-
charide (LPS) from Salmonella minesota RE595 and the syn-
thetic Pam;CSK, (N-palmitoyl-S-dipalmitoylglyceryl-Cys-Ser-
(Lys),) were purchased from Sigma. Macrophage-activating
lipopeptide-2 was from Alexis Biochemicals. Each native lipo-
protein was isolated through electroelution from an SDS-PAGE
band from the Triton X-114 fraction. A synthetic lipopeptide in
the N-acetyl form (N-acetyl-S-dipalmitoyl-glyceryl-Cys-Ser-
Ser-Gly-Glu-Lys, which was derived from the N-terminal frag-
ment of B. subtilis PrsA lipoprotein) was provided by Anygen
(Gwang-ju, Korea). Macrophages were stimulated with purified
lipoproteins for 24 h. The concentrations of both TNF-« and
IL-6 from the culture supernatants were measured by ELISA
(R&D Systems, Minneapolis, MN). To examine lyso form-me-
diated early response in immune cells, the mice peritoneal
macrophages (2.5 X 10° cells) were stimulated with purified
lipoproteins for 30 min, and cell lysates were determined for
NE-kB activation or mitogen-activated protein kinase (MAPK)
phosphorylation. Antibodies used in Western blotting were
IkBa (C-21, Santa Cruz), phosphorylated extracellular signal-
regulated kinase (ERK) (Thr*°*/Tyr***, Cell Signaling), ERK1
(K-23, Santa Cruz), phosphorylated p38 MAPK (Thr'®°/Thr'®?,
Cell Signaling), and p38 MAPK (N-20, Santa Cruz).

RESULTS

Identification of a Novel Lyso Structure from Gram-positive
Gut Microbes—To determine the native lipoprotein structures
of low-GC content Gram-positive bacteria, we first selected E.
faecalis, a well known intestinal bacterium. Inappropriate acti-
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FIGURE 1. The novel lyso form lipoprotein from E. faecalis. SDS-PAGE pattern of lipoproteins from E. faecalis cells (A), MALDI-TOF MS spectra of a fraction
containing in-gel-digested E. faecalis PnrA and EF3256 incubated with lipoprotein lipase for 0 (B) or 120 h (C). Highlighted ions at m/z733.4 or 805.5 correspond
to the deacylated product from the N terminus lipopeptide of PnrA (m/z 997.7) or EF3256 (m/z 1069.7, diacylated(34:1)-CGADK), respectively. The inset in Bis
the magnified view. The closed square and open triangle indicate the monoisotopic lipopeptide ion containing two acyl chains with a total of one and two
double bonds, respectively. The MS/MS spectrum (D) and elucidated structure of PnrA from E. faecalis (E) are shown. The C terminus-containing y-series ions
and product ions that have lost a fatty acid, ketene, or monoacyl(18:1)-thioglycerol are highlighted. The position of O-acylation has not been determined (see

text for details).

vation of the innate immune system by gut microbes causes
chronic inflammation, resulting in human inflammatory bowel
diseases, such as Crohn disease and uncreative colitis (26). The
lipoprotein-enriched Triton X-114 phase fraction was pre-
pared and analyzed on SDS-PAGE (Fig. 1A4). The 46-kDa purine
nucleoside receptor PnrA (EF0177 in strain V583) (27) was in-
gel digested with trypsin, extracted with chloroform/methanol,
and analyzed using MALDI-TOF MS. The MS spectrum
showed a peak at m1/2997.7 (Fig. 1B, inset), which corresponded
to the N-terminal PnrA lipopeptide containing lipidated cys-
teine with two fatty acids of 34:1 (34 and 1 refer to the numbers
of total carbons and double bond, respectively), but no peaks
corresponding to conventional triacylated form. Although the
MS spectra of triacylated lipoproteins from staphylococci con-
tain 14-Da interval distinctive ions due to various numbers of
methylene (-CH,-) groups in fatty acids (14, 15), the E. faecalis
PnrA lipopeptide peak did not exhibit such accompanying ions
(Fig. 1B, inset). When N-terminal PnrA lipopeptide was incu-
bated with lipoprotein lipase, which can hydrolyze O-esterified
fatty acids, we unexpectedly observed that only one 18:1 fatty
acid was specifically removed (Fig. 1, B and C). Further MS/MS
analysis of the peak at m/z 997.7 provided C terminus-contain-
ing y-series ions corresponding to the amino acid sequence
(CGGK) of PnrA (Fig. 1D). lons at m/z 715.5, 733.5, and 759.6
correspond to the product ions that have lost an 18:1 fatty acid
(C,,H;;COOH), 18:1 ketene (C,;H;,CH = C = O), and 16:0
ketene (C,,H,,CH = C = O), respectively, and a characteristic
fragment ion at m/z 625.4 corresponds to the N-acyl(16:0)-de-
hydroalanyl peptide, which is generated by the neutral loss of
monoacyl(18:1)-thioglycerol. In addition, Edman sequencing of
the N-terminal PnrA lipopeptide was blocked. Taken together,
these results indicate that the N-terminal PnrA lipopeptide
contains an N-acyl(16:0)-O-acyl(18:1)-S-glyceryl cysteine resi-
due (Fig. 1C), and we named this lipoprotein structure the
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“lyso” form. Although we could not determine the exact O-acy-
lation position, it is generally assumed that the sn-1 (R3 posi-
tion)-acylated lyso form is the major species because the acyl
group of lysophospholipids is known to transition between the
sn-1 and sn-2 positions and the ratio of sn-1 to sn-2 acylation is
about 9 (28). We also found the same lysolipidation in two other
E. faecalis lipoproteins, EF2256 and EF3256 (Table 1). The
N-terminal EF3256 lipopeptide peak and its deacylated peak
were observed at m/z 1069.7 and 805.5, respectively (Fig. 1, B
and C).

We also determined the structure of lyso form lipoproteins
from B. cereus, one of components of the microbiota in the
human gut and one of causative agents of food poisoning. A
similar method of the E. faecalis PnrA lipoprotein as described
above is applied. Lipoprotein-enriched Triton X-114 phase
fraction was separated using SDS-PAGE, and the 33-kDa band
containing peptidylprolyl isomerase PrsA (BC1043 of B. cereus
strain ATCC14579) (29) was analyzed. The MS spectrum
showed a main ion at m/z 1334.8 (Fig. 2A), which corresponds
to the N-terminal CGTSSSDK lipopeptide of the PrsA contain-
ing lipid-modified cysteine with two saturated fatty acids, 32:0
in total. In contrast to other lyso form lipoproteins from E.
faecalis, the B. cereus N-terminal lipopeptide ion consisted of
14-Da interval distinctive ions due to different lengths of satu-
rated and monounsaturated fatty acids (Fig. 24, inset). lons cor-
responding to the triacyl form were not observed (Fig. 24). To
characterize an esterified fatty acid(s), the lipopeptide was
treated with lipoprotein lipase. Lipoprotein lipase removed
only one esterified fatty acid (17:0 as the major fatty acid) from
the lipopeptide (Fig. 2, B and C). The MS/MS spectrum of the
ion at m/z 1334.8 provided y-series ions that confirmed the
GTSSSDK peptide sequence of B. cereus PrsA (Fig. 2, D and E).
The m/z 1064.8 peak corresponded to a product fragment ion
that lost a 17:0 fatty acid from the precursor ion, and a charac-
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TABLE 1
Newly determined lipoprotein structures by our group

Major Protein Modified groups to the lipidated cysteine Evidences
Bacterial species habitat name Total (¢)  RI1(d) R2 (d) R3 (d) in our studies
Class A. N-acyl-S-monoayl-glyceryl-cysteine structure
A-a. Lyso form
E. faecalis Intestine PnrA 34:1 18:0, 18:1 H 16:0, 16:1 Fig. 14-E
EF3256 34:1 18:1 H 16:0 Fig. 14-C, (a)
EF2256 34:1 18:1 H 16:0 (a)
B. cereus Intestine, PrsA 32:0 17:0 H 15:0 Fig. 24-E
Foods (f) OppA 32:0 17:0, 18:0 H 14:0, 15:0 (a)
BC0200 32:0 17:0 H 15:0 (a)
L. bulgaricus Intestine Ldb2183 36:2 18:1 H 18:1 Fig. S14-E
Ldb0202 36:2 18:1 H 18:1 (a)
S. sangunis Oral cavity SSA 1038 34:1 18:0, 18:1 H 16:0, 16:1 Fig. S24-E
SSA 0375 34:1 18:1 H 16:0 (a)
Class B. N-acyl-S-diacyl-glyceryl-cysteine structure
B-a. N-acetyl form
B. licheniformis Soil MntA 34:0 17:0 15:0 2:0 Fig. 44-E
OppA 34:0 17:0 15:0 2:0 (a)
B. subtilis Soil PrsA 34:0 17:0 15:0 2:0 Fig. S44-F
BSU01630 34:0 17:0 15:0 2:0 (a)
B. halodurans Soil MalE 32:0 15:0 15:0 2:0 Fig. S54-C
BH3460 32:0 15:0 15:0 2:0 (a)
O. iheyensis Deep-sea CtaC 32:0 15:0 15:0 2:0 Fig. 54-C
G. kaustophilus Deep-sea GK1283 34:0 17:0 15:0 2:0 Fig. 5D-F
GK0969 34:0 32:0 (e) 2:0 (a)
B-b. Conventional triacyl form
M. genitalium Genital MG 040 50:1 18:1 16:0 16:0 Fig. S64-C
M. pneumoniae Respiratory  MPNO052 50:1 18:1 16:0 16:0 Fig. S6D-G
tracts MPN415 50:1 18:1 16:0 16:0 (a)
S. aureus Nares, Skin SitC 53:0 33:0-37:0 (e) 16:0-20:0 (b)
SA2202 52:0 32:0-36:0 (e) 16:0-20:0 (b)
SA0739 52:0 32:0-37:0 (e) 15:0-20:0 (b)
SA0771 52:0 32:0-36:0 (e) 16:0-20:0 (b)
SA2074 51:0 31:0-36:0 (e) 15:0-20:0 (b)
S. epidermidis Skin SitC 53:0 32:0-35:0 (e) 17:0-20:0 (b)
Class C. S-diacyl-glyceryl-cysteine structure
C-a. Conventional diacyl form
M. fermentans Throat ~ MBIO 0763 34:0 34:0 (e) H Fig. S84-C
MBIO 0869 34:0 34:0 (e) H (a)
L. monocytogenes  Foods (f) Lmo2196 32:0 17:0 15:0 H Fig. S8E-G
Lmo0135 32:0 17:0 15:0 H (a)
Lmo2219 32:0 17:0 15:0 H (a)
C-b. Peptidyl form
M. fermentans Throat ~ MBIO 0319 34:0 18:0 16:0 Ala-Ser- Fig. 64-D
MBIO 0661 34:0 18:0 16:0 Ala-Gly- (a)

@ Data obtained in this study are not shown as figures.

®) Data from our recent study (Asanuma et al. (15)), which used S. aureus strain RN4220.

@ The total carbon number of modified acyl groups on the lipidated cysteine is caluculated from one MS/MS-analyzed lipopeptide peak. The most abundant N-terminal li-
popeptide ion in MALDI-TOF MS was usually analyzed by MS/MS.

@ R1 and R2 denote a hydrogen or an acyl group attached to the 3 and 2 position of the S-glyceryl group of the lipidated cysteine, respectively. R3 denotes a hydrogen, an
acyl group, or a dipeptide attached to the a-amino group of the lipidated cysteine.

@ The total carbon number of modified acyl groups onto R1 and R2 is shown.

@ Foods are probably contaminated from human, animal, and/or soil.
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or monoacyl(17:0)-thioglycerol are highlighted.

teristic fragment ion at m/z 974.8 corresponded to N-acyl(15:
0)-dehydroalanyl peptide generated by neutral loss of mono-
acyl(17:0)-thioglycerol. These results indicate that the lyso
form of this B. cereus lipoprotein has an N-acyl(15:0)-O-acyl(17:
0)-S-glyceryl-cysteine structure as the major form (Fig. 2E), in
which we assumed that the sn-1 (R3 position) lyso form is the
major component because of the same reason as described
above. Additionally, the major forms of oligopeptide-binding
OppA (BC3586) and BC0200 were also identified to be the same
lyso form of N-acyl(15:0)-O-acyl(17:0)-S-glyceryl-cysteine
(Table 1).

In addition to E. faecalis and B. cereus, we also found lyso-
form lipoproteins from Lactobacillus delbrueckii ssp. bulgari-
cus, a probiotic strain originating from Bulgarian yogurt, and S.
sanguinis, a member of the human indigenous oral microflora
(Table 1, supplemental text, and Figs. S1 and S2). These results
suggest that the lyso form is a well distributed lipoprotein struc-
ture in low-GC content Gram-positive bacteria and that at least
several Gram-positive bacterial species in gut microbes and a
probiotic strain produce lyso-form lipoproteins.

TLR2 Stimulation by Lyso form Lipoproteins—Recently pub-
lished elegant crystal structures of TLR2/1 and TLR2/6 het-
erodimers complexed with a synthetic lipopeptide demon-
strated that TLR2 holds both esterified fatty acids linked to the
S-glyceryl group of lipopeptides (30, 31). Because lyso form
lipoproteins lose one of two esterified fatty acids linked to the

APRIL 13,2012+VOLUME 287+-NUMBER 16

S-glyceryl group, we wondered whether lipoproteins harboring
the novel lyso-type structure can stimulate host immune cells
via the TLR2/1 or TLR2/6 heterodimer. Peritoneal macro-
phages from parental or TLR-deficient mice were stimulated
with purified lyso form lipoproteins. Surprisingly, the lyso form
B. cereus OppA lipoprotein induced proinflammatory cytokine
production in TLR2-dependent and TLR1- and TLR6-inde-
pendent manners (Fig. 3, A and B), similarly to the triacylated S.
aureus SitC lipoprotein (14). Induction of the lyso form-medi-
ated early cellular signaling response in mice macrophages was
also examined. The lyso form OppA lipoprotein of B. cereus
induced degradation of IkBa and phosphorylation of p38 and
ERK1/2 MAPKs in TLR2-dependent manners (supplemental
Fig. S3). TLR1 or TLR6 enhanced these early responses but was
not essential. These results suggest that the lyso form OppA
lipoprotein of B. cereus stimulates immune cells through both
the TLR2/1 and TLR2/6 heterodimers. By contrast, another
lyso-form E. faecalis PnrA lipoprotein induced cytokine secre-
tion in TLR2- and TLR6-dependent and TLR1-independent
manners (Fig. 3, A and B), indicating that E. faecalis PnrA medi-
ates the immune signal through the TLR2/6 heterodimer.
Therefore, the TLR2 heterodimer selectivity by lyso-form lipo-
proteins is not solely determined by the position of the acyl
chains on the lipid-modified cysteine residue but also affected
by the protein sequence. These results suggest that the newly
identified lyso-form lipoproteins can function as the TLR2

JOURNAL OF BIOLOGICAL CHEMISTRY 13175
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FIGURE 3. TLR2-dependent cytokine induction by the lyso or N-acetyl
forms of lipoproteins. Peritoneal macrophages (1 X 10° cells) prepared
from the parental C57BL/6 (filled bar). TLR1~/~ (open bar), TLR2 ™/~ (hatched
bar),or TLR6 ™/~ (gray bar) mice were stimulated for 24 h with or without (N.C,,
negative control) 1 ug/ml of LPS, 100 ng/ml of macrophage-activating lipo-
peptide-2 (MALP-2), 10 ng/ml of synthetic Pam5CSK,, or 1 ug/ml of each puri-
fied lipoprotein/peptide. The lipoproteins tested were triacyl-SitC from S.
aureus, the lyso form OppA from B. cereus, and lyso form PnrA from E. faecalis
(A and B). The concentrations of tumor necrosis factor (TNF)-a (A and C) and
interleukin (IL)-6 (B and D) in the culture supernatants were measured by
ELISA. The data are shown as the mean =+ S.D. (n = 4, each with duplicate or
triplicate measurements). In addition, the N-acetyl-form MntA lipoprotein
from B. licheniformis and synthetic N-acetyl form lipopeptide derived from B.
subtilis PrsA were tested (C and D).

ligand and that one of the two acyl chains of the S-diacylglyceryl
group can be removable in the interaction between triacyl lipo-
proteins/lipopeptides and TLR2.

N-Acetyl Structure from Food-associated Gram-positive
Bacillus—Next, we selected B. licheniformis, a soil bacterium
capable of causing food poisoning. The MS analysis of the in-
gel-digested 33-kDa band (Fig. 44) showed a main peak at m/z
1016.7 (Fig. 4, B, inset, and C), which corresponds to the N-ter-
minal lipopeptide of manganese-binding MntA (BLi03547 of
strain ATCC14580) (32) possibly modified with two 35:0 fatty
acids. The MS/MS spectrum showed the y-ions corresponding
to the N-terminal amino acid sequence (SSK) of MntA (Fig. 4B).
However, product ions at m/z 774.4, 746.4, and 504.2 suggest
the loss of 15:0, 17:0, and both of the two fatty acids (32:0),
respectively. These results indicate acyl modifications of 32:0 in
total, which is smaller than the estimated 35:0. In addition,
treatment with lipoprotein lipase also removed two O-esteri-
fied fatty acids of 15:0 and 17:0 (Fig. 4, C and D). Based on
additional experimental data, an explanation for the apparent
discrepancy was provided by acetylation of the a-amino group.
A fragment ion at m/z 432.2 corresponds to the 42-Da-modi-
fied dehydroalanyl-SSK peptide, which is generated by the neu-
tral loss of diacyl(17:0/15:0)-thioglycerol (Fig. 4B). As expected,
Edman degradation did not provide an N-terminal sequence.
Moreover, acid hydrolysis of B. licheniformis MntA generated
S-glyceryl-cysteine, as did the same treatment of a synthetic
model lipopeptide, N-acetyl-S-dipalmitoyl-glyceryl-cysteinyl.
These results corroborate our predication of N-acetylation at
the a-amino group and indicate that no acid-resistant modifi-
cations, such as trimethylation, occurred. Taken together, we
conclude that the N terminus of B. licheniformis MntA has the
N-acetyl-S-diacyl(15:0/17:0)-glyceryl-cysteine structure (Fig.
4E), which we named the N-acetyl form. Generally, modifica-
tion on the sn-1 position of the glyceryl group of a phospholipid
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FIGURE 4. The novel N-acetyl form lipoprotein from B. licheniformis. SDS-PAGE image of lipoproteins from B. licheniformis cells (A), wide MS spectra of a
fraction containing in-gel-digested B. licheniformis MntA (B, inset), and MS/MS spectrum of an ion obtained at m/z 1016.7 (B). The y-series ions and other major
product ions are highlighted. Further shown are MS spectra of the fraction incubated with lipoprotein lipase for 0 (C) or 66 h (D). The deacylated product ions
are highlighted in D. The inset in Cis the magnified view. The open circle indicates the monoisotopic lipopeptide ion containing three saturated acyl chains. The

elucidated structure of MntA from B. licheniformis is shown (E).
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is more stable than the sn-2 modification (28). The peak at m/z
774.2 (17:0-containing) was higher than the peak at m/z 746.4
(15:0-containing) (Fig. 4B), suggesting that the sn-2 and sn-1 (2
and 3, respectively) positions of the S-glyceryl group were mod-
ified by 15:0 and 17:0 fatty acids, respectively (Fig. 4E). These
fatty acid positions of the S-glyceryl group are consistent with
literature on Bacillus phospholipids (33), the substrates of Lgt.
We also identified the same N-acetyl form in another B. licheni-
formis lipoprotein OppA (BLi01232). Lipoproteins from neu-
trophilic B. subtilis, the best characterized low-GC content
Gram-positive bacteria that is used in the production of Natto,
a traditional Japanese dish of fermented soybeans, also con-
tained the N-acetyl form (Table 1, supplemental text and Fig.
S4, A-F).

To examine whether the N-acetyl form is ubiquitous in
Bacillus-related strains, we determined the N-terminal struc-
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tures of lipoproteins from three other strains living in extremo-
philic conditions. One of the three strains was O. iheyensis
strain HTE831, which was collected at a depth of 1,050 meters
on the Theya Ridge deep-sea sediment and is known to have
extremely halotolerant and facultative alkaliphilic properties
(34). O. iheyensis cells were grown aerobically at pH 9.5 until
late-log phase. MS analysis revealed a main ion at 7/z 899.6 and
accompanying 14-Da interval ions (Fig. 54). The main ion cor-
responded to the N-terminal CGR lipopeptide of cytochrome ¢
oxidase subunit IT CtaC (OB1437 of strain HTE831) (34) with
two possible saturated fatty acids, 33:0 in total. The MS/MS
spectrum of the ion at m/z 899.6 provided y- and y*-series ions
describing the GR peptide sequence of O. iheyensis CtaC (Fig.
5B). The ion at m/z 657.3 corresponded to a product ion that
had lost a 15:0 fatty acid. The MS/MS spectrum also provided a
characteristic fragment ion at 71/z 343.0 that corresponded to

JOURNAL OF BIOLOGICAL CHEMISTRY 13177
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the N-acetyl-dehydroalanyl peptide generated by the neutral
loss of diacyl(15:0/15:0)-thioglycerol. These results indicate
that CtaC in O. iheyensis is the N-acetyl form: an N-acetyl-O-
diacyl(15:0/15:0)-S-glyceryl-cysteine structure (Fig. 5C).

Next, we determined the N-terminal structures of lipopro-
teins of thermophilic G. kaustophilus strain HTA426, which
was isolated at a depth of 10,897 meters in the Mariana Trench
and can grow up to 74 °C (35). G. kaustophilus cells were grown
aerobically at 60 °C until late-log phase. MALDI-TOF MS anal-
ysis revealed a main ion at m2/z 1868.0 that accompanied 14-Da
interval ions (Fig. 5D). The main ion corresponded to the N-ter-
minal CGQAGNNAGGGNQK lipopeptide of an ABC trans-
porter substrate-binding lipoprotein (GK1283 of strain
HTA426) (35) with two possible saturated fatty acids, 35:0 in
total. The lipopeptide ions having a monounsaturated fatty acid
were also observed (Fig. 5D, inset, filled square). The MS/MS
spectrum of the ion at m/z 1868.0 provided y-series ions
describing the GQAGNNAGGGNQK peptide sequence of G.
kaustophilus GK1283 (Fig. 5E). The ion at m/z 1626.7 corre-
sponded to a product ion that had lost a 15:0 fatty acid. The
MS/MS spectrum also provided a characteristic fragment ion at
m/z 1283.6 that corresponded to the N-acetyl-dehydroalanyl
peptide generated by the neutral loss of diacyl(17:0/15:0)-thio-
glycerol. These results indicate that GK1283 in G. kaustophilus
is the N-acetyl form: an N-acetyl-O-diacyl(17:0/15:0)-S-glycer-
yl-cysteine structure (Fig. 5F). Regarding the fatty acid modifi-
cation of the 3 and 2 positions of the S-glyceryl group, only the
ion at m/z 1626.7 (17:0-containing), and not the 15:0-contain-
ing ion, was represented in the MS/MS spectrum (Fig. 5E), sug-
gesting that the 2 and 3 positions of the S-glyceryl group could
be modified by the 15:0 and 17:0 fatty acids, respectively (Fig.
5F). Additionally, GK0969 was identified to take the N-acetyl
form, an N-acetyl-O-diacyl(32:0 in total)-S-glyceryl-cysteine, as
its major form (Table 1). We also found N-acetyl form lipopro-
teins in other extremophilic Bacillus-related strains, namely
alkaliphilic Bacillus halodurans grown at pH 9.5 (Table 1, sup-
plemental text and Fig. S5). These results suggest that the
N-acetyl form is also a well distributed structure of lipoproteins
in low-GC content Gram-positive Bacillus-related strains. As
described above, B. cereus lipoproteins are determined as the
lyso form, indicating that the lipoprotein structure is not lim-
ited to the N-acetyl form in the Bacillaceae family. These
N-acetyl form lipoprotein-producing bacteria grown in envi-
ronments or food sources can be exposed to cutaneous immu-
nity or to mucosal immune systems of the host gut after inges-
tion. So, we examined whether N-acetyl form lipoproteins can
stimulate host immune cells through TLR2 and found that
N-acetyl form lipoprotein/lipopeptides stimulate immune cells
through TLR2/6 (Fig. 3, C and D).

Peptidyl Structure from Mycoplasma—Next, we determined
the structures of multiple mycoplasma lipoproteins. Consistent
with our previous predictions (23, 24), lipoproteins from M.
genitalium and M. pneumoniae adopted a conventional triacyl
structure (Table 1, supplemental text and Fig. S6), suggesting
the presence of a new type of Lnt enzyme in mycoplasmas, in
accordance with a recent A. laidlawii study (16). In addition,
macrophage-activating lipopeptide-2 precursor (MBIO_0763
of strain PG18) and MBIO_0869 from M. fermentans were
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determined to adopt the S-diacyl(34:0 in total)-glyceryl struc-
ture (Table 1, supplemental text and Fig. S7, A-C), consistent
with a previous report (36). However, we identified a novel and
unusual diacyl lipoprotein structure in M. fermentans. The
N-terminal lipopeptide from a 104-kDa MBIO_0319 (Fig. 6A)
produced a peak at m1/z 1071.7 (Fig. 6B, inset). Intriguingly, the
MS/MS analysis indicated the presence of additional alanyl-
serine residues in front of the lipidated cysteine (Fig. 6C).
Edman degradation confirmed the N-terminal amino acid
sequence as ASXGR. Similarly, the N terminus of MBIO_0661
from M. fermentans had alanyl-glycine residues in front of the
lipidated cysteine (Table 1). We named this new N-terminal
lipoprotein structure the peptidyl form. We could not detect
the conventional diacyl form in either MBIO_0319 or
MBIO_0661 from MS analyses. Therefore, the lipoproteins in
M. fermentans take only one of the two structures, either the
conventional diacylated form or the peptidyl form, suggesting
that lipoprotein structures are variable among mycoplasma
species and within individual proteins of M. fermentans.

We examined the cleavage sites of the four M. fermentans
lipoproteins listed above to be located at the C terminus of the
serine residue in front of the lipidated cysteine (Fig. 6D). Twen-
ty-seven predicted lipoproteins in the M. fermentans JER
genome (37) have a serine residue(s) within three amino acids
in front of the predicted lipid-modified cysteine (supplemental
Fig. S7D). Therefore, we speculate that M. fermentans Lsp may
have a unique specificity for a cleavage site compared with
other bacteria. Unfortunately, because it was unable for us to
obtain sufficient amounts of homogeneous M. fermentans
native peptidyl form lipoproteins, we could not examine their
TLR2 stimulation profiles.

Finally, we present the lipoprotein structures of L. monocy-
togenes, a food poisoning bacterium capable of living as an
intracellular parasite. Studies using an Igt-deleted mutant
showed critical roles of lipoproteins for virulence and TLR2-
medated immune activation in L. monocytogenes (19). The MS
and MS/MS spectra showed that N-terminal lipopeptides of
Lmo2196 and two other lipoproteins (protein number of strain
EGD-e) (38) have the S-diacyl(17:0/15:0)-glyceryl-cysteine
structure (Table 1, supplemental text, and Fig. S7, E-G). These
results suggest that the conventional diacyl form is the TLR2-
stimulating lipoprotein structure of L. monocytogenes, that
N-acylation is not essential for Listeria cell growth, and that the
N-acyl state is not obligatory for all Firmicutes lipoproteins.

DISCUSSION

Determination of the exact lipoprotein structures from
low-GC content Gram-positive bacteria is hampered due to
difficulties in the purification of native bacterial lipoproteins
and in their molecular structural analyses. Here, we first deter-
mined the native bacterial lipoprotein structures from 13 dif-
ferent bacterial species by MALDI-TOF-MS-based strategies.
We found a novel and unique lyso form lipoprotein structure
that functions as a TLR2 ligand. In addition, N-acetyl and pep-
tidyl forms were also identified. Both the lyso and N-acetyl
forms are conserved in low-GC content Gram-positive bacte-
ria. Until this time, bacterial lipoproteins were mainly classified
into two groups, diacylated and triacylated forms; this study

VOLUME 287+-NUMBER 16+APRIL 13,2012
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FIGURE 6. Unusual peptidyl form lipoprotein from M. fermentans. SDS-PAGE pattern of lipoproteins from M. fermentans cells (A), MS spectrum (B, inset), and
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D, putative cleavage sites of four M. fermentans lipoproteins. The lipidated cysteine residue is marked with an asterisk.

identifies three additional new structures of bacterial lipopro-
teins and expands the possible structural variants of bacterial
lipoproteins. These structural variants of lipoproteins are
sensed by TLR2 heterodimers. The lyso form lipoproteins
are specifically recognized by TLR2/1 and/or TLR2/6 (Fig. 3
and supplemental Fig. S3), whereas the N-acetyl form lipo-
proteins are recognized by TLR2/6 (Fig. 3), showing that the
cooperation of TLR2 with TLR1 and TLR6 allowed the
TLR2-mediated recognition of the structural variations of
bacterial lipoproteins.

The lyso form is also an exceptionally unique structure from
a bacterial lipoprotein biosynthesis viewpoint. To predict how
newly identified bacterial lipoproteins are maturated, we sum-
marized the N-terminal lipoprotein structures into three major
classes (A to C) based on published and our current studies
(Table 1) and made a schematic of possible bacterial lipoprotein
biosynthetic pathways (Fig. 7). Class C has S-diacyl-glyceryl-
cysteine structures, which are maturated by two enzymes, Lgt
(Fig. 7, step 1) and Lsp (steps 2 or 6). Class B contains N-acyl-
S-diacyl-glyceryl-cysteine structures, which are produced by a
three-step modification by Lgt, Lsp, and Lnt that catalyzes
N-acylation (steps 3 or 7). Because the low-GC content mono-
derm bacteria lack E. coli-type Lnt homologues, Lnt in these
bacteria must have a new primary structure (14, 16) and may
have distinct enzymatic properties. Finally, class A has an
N-acyl-S-monoacyl-glyceryl-cysteine lyso structure whose
maturation may require either a putative lipoprotein O-deacy-
lase acting on the conventional triacyl form (step 4) or a puta-
tive lipoprotein transacylase acting on the conventional diacyl
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FIGURE 7. Bacterial lipoprotein biogenesis in low-GC content monoderm
bacteria. The dotted lines indicate uncharacterized or putative modification
steps.

form and transferring a fatty acid from the S-glyceryl group to
the a-amino group of the lipidated cysteine (step 5). Possible
biochemical characteristics of the unidentified lipoprotein bio-
synthesis enzymes are discussed in the supplemental text and
Table S1. The existence of the N-acetyl form lipoproteins indi-
cates that, unlike E. coli-type Lnt, the yet to be discovered Lnt
enzyme might not use membrane phospholipids as substrates.
Taken together, the identification of novel lipoprotein struc-
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tures supports the presence of novel modes of lipid modifica-
tions in bacterial lipoprotein biosynthesis.

Because the anchoring of lipoproteins onto bacterial mem-
brane appears to be sufficiently achieved using two O-esterified
fatty acids, the additional N-acylation may have a different role
than just simple membrane association. N-Acylation in E. coliis
required for sorting lipoproteins from the inner membrane to
the outer membrane by the Lol system (39 —41), as these mono-
derm bacteria do not have outer membranes. Possible roles of
N-acylation may be analogous to the functions of N-myristoy-
lation in eukaryotic proteins, such as protein localization and
protein-protein interactions (42). Intriguingly, the N-acetyl
form seems to be distributed among environmental bacteria
isolated from soil and deep-sea environments, whereas normal
inhabitants of humans tend to be N-long chain acylated (Table
1). Therefore, these structures may have been established dur-
ing adaptation to environmental conditions including host
immune systems.

In conclusion, we determined the molecular structures of
novel TLR2-stimulating lyso, N-acetyl, and peptidyl form lipo-
proteins and also provide clear biochemical evidence for the
presence of yet to be identified key enzymes in bacterial lipo-
protein biosynthesis. Our discovery of the new lipid-modi-
fied lipoprotein structures will help to elucidate the biolog-
ical functions of bacterial lipoproteins during microbe-host
interactions.
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