
Correlation between chemical structure and biological activities of
Porphyromonas gingivalis synthetic lipopeptide derivatives

Y. Makimura, Y. Asai, Y. Taiji,
A. Sugiyama, R. Tamai and
T. Ogawa
Department of Oral Microbiology, Asahi

University School of Dentistry, Gifu, Japan

Summary

We recently separated a PG1828-encoded triacylated lipoprotein (Pg-LP),
composed of two palmitoyl and one pentadecanoyl groups at the N-terminal
of glycerocysteine from Porphyromonas gingivalis, a periodontopathic bacte-
ria, and found that Pg-LP exhibited definite biological activities through Toll-
like receptor (TLR) 2. In the present study, we synthesized 12 different Pg-LP
N-terminal peptide moieties (PGTP) using four combinations of glyceryl
(R and S) and cysteinyl (l and d) stereoisomers, and three different acyl
group regioisomers, N-pentadecanoyl derivative (PGTP1), S-glycero
2-pentadecanoyl derivative (PGTP2) and S-glycero 3-pentadecanoyl deriva-
tive (PGTP3). All the PGTP compounds (RL, SL, SD, RD) tested showed
TLR2-dependent cell activation. The activating capacities of the PGTP-R
compounds were more potent than those of the PGTP-S compounds, whereas
there were no differences between the PGTP-L and -D compounds. Further-
more, the production of interleukin (IL)-6 following stimulation with the
PGTP1-RL, PGTP2-RL and PGTP3-RL compounds was impaired in perito-
neal macrophages from TLR2 knock-out (KO), but not those from TLR1 KO
or TLR6 KO mice. These results suggest that P. gingivalis triacylated lipopep-
tides are capable of activating host cells in a TLR2-dependent and TLR1-/
TLR6-independent manner, and the fatty acid residue at the glycerol position
in the PGTP molecule plays an important role in recognition by TLR2.
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Introduction

Porphyromonas gingivalis, a Gram-negative, obligate anaero-
bic oral black-pigmented bacterium, is considered to be one
of the major pathogens in the development and progression
of periodontal diseases [1,2]. The bacterium is well known to
possess potential virulence factors on its surface, such as
fimbriae and lipopolysaccharide (LPS), which have been
shown to activate host cells, such as macrophages, fibro-
blasts, epithelial cells and endothelial cells [3–7]. P. gingivalis
LPS is known to have a lower endotoxic property than
enterobacterial LPS because of the chemical structure of its
lipid A, an active centre of LPS [8,9]. Furthermore, P. gingi-
valis LPS/lipid A have been reported to have a unique feature
that activates cells derived from LPS-hyporesponder C3H/
HeJ mice as well as those from LPS-responder mice [10].

A pattern-recognition receptor family, Toll-like receptors
(TLRs), have been identified in mammals based on their
homology with the Drosophila protein, Toll, and implicated

in the recognition of a variety of microbial components
[11]. Mammalian TLRs are composed of a large family with
extracellular leucine-rich repeats and a cytoplasmic Toll/
interleukin (IL)-1 receptor homology domain, and alert the
host to the existence of infection through direct recognition
of conserved structural moieties of bacteria, viruses and
fungi [12]. Among TLRs identified, it was indicated that
TLR4 acts as LPS receptor concomitant with its associated
molecule MD-2 [13] and C3H/HeJ mice possess a natural
point mutation of TLR4 [14]. Furthermore, TLR3, 5 and 9
recognize viral double-stranded RNA, bacterial flagellin and
bacterial unmethylated CpG DNA, respectively [15]. In con-
trast to other TLRs, TLR2 has been demonstrated to
mediate cellular responses to a much wider variety of
microbial components, including peptidoglycan, lipote-
ichoic acid, lipoarabinomannan, lipoprotein/lipopeptide
and zymosan [16]. P. gingivalis LPS was also indicated to
activate host cells through TLR2 rather than TLR4 [17].
However, it was demonstrated that P. gingivalis lipid A was
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correlated with TLR4 but not TLR2 [5,18]. Thus, the rela-
tionship between P. gingivalis LPS/lipid A and TLRs has
been controversial.

Lipoprotein/lipopeptide appear to be representative of
TLR2 ligands, because of their well-defined chemical
structures. Namely, the cysteine residue in bacterial
lipoprotein/lipopeptide is triacylated at the N-terminus,
whereas mycoplasmal lipoprotein/lipopeptide possess a dia-
cylated cysteine residue [19,20]. In addition, studies of peri-
toneal macrophages derived from TLR knock-out (KO) mice
have demonstrated that murine TLR1 and TLR6 in collabo-
ration with TLR2, predominantly mediate responses to
triacylated and diacylated lipopeptides, respectively [21,22].

We recently separated a novel PG1828-encoded triacy-
lated P. gingivalis lipoprotein (Pg-LP), composed of two
palmitoyl and one pentadecanoyl groups at N-terminal glyc-
erocysteine, from LPS preparation of P. gingivalis strain 381
and found that it exhibited definite biological activities
through TLR2 [23]. In the present study, we synthesized 12
kinds of Pg-LP N-terminal peptide moieties (PGTP), which
consisted of four combinations of glyceryl (R and S) and
cysteinyl (l and d) stereoisomers, and three types of acyl
group regioisomers, to examine the relationship between
their structures and biological activities. We also investigated
the recognition receptor for PGTP.

Materials and methods

Mice

Wild-type, TLR1 KO, TLR2 KO and TLR6 KO mice, engi-
neered as described previously [21,22,24], were kindly
provided by Dr S. Akira (Research Institute for Microbial
Diseases, Osaka University, Japan). The animals received
humane care in accordance with our institutional guidelines
and the legal requirements of Japan.

Reagents

The racemic mixtures as well as pure R- and S-stereoisomers
of the synthetic bacterial lipopeptides, purchased from
EMC Microcollections (Tuebingen, Germany) were:
Pam3CSK4, N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-
propyl]-l-cysteinyl-Ser-Lys-Lys-Lys-Lys; FSL-1, S-[2,3-
bis(palmitoyloxy)-(2RS)-propyl]-l-cysteinyl-Gly-Asp-Pro-
Lys-His-Pro-Lys-Ser-Phe, Pam2CGDPKHPKSF (lipopeptide
from Mycoplasma salivarium); and MALP-2, S-[2,3-
bis(palmitoyloxy)-(2RS)-propyl]-l-cysteinyl-Gly-Asn-Asn-
Asp-Glu-Ser-Asn-Ile-Ser-Phe-Lys-Glu-Lys, Pam2CGNNDE
SNISFKEK (macrophage-activating 2-kDa lipopeptide from
Mycoplasma fermentans). Escherichia coli LPS was obtained
from List Biological Laboratories, Inc. (Campbell, CA, USA).
E. coli-type lipid A (compound 506) was chemically synthe-
sized as described by Imoto et al. [25].

Synthesis of triacyl S-glycerocysteine derivatives as
Pg-LP N-terminus

Stereoisomer mixture of Pg-LP N-terminal glycerocysteine
moieties; N-pentadecanoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-
propyl]-dl-cysteine is shown in Fig. 1a. N-palmitoyl-
S-[2-pentadecanoyloxy, 3-palmitoyloxy-(2RS)-propyl]-dl-
cysteine is shown in Fig. 1b. N-palmitoyl-S-[2-palmitoyloxy,
3-pentadecanoyloxy-(2RS)-propyl]-dl-cysteine is shown
in Fig. 1c. Ser benzyl ester (Bachem AG, Bubendorf,
Switzerland) was used as a starting material
after being N-selective acylated using 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide, hydrochloride (WSC;
Wako Pure Chemical, Osaka, Japan) and pentadecanoic acid
(Wako Pure Chemical) in pyridine/methanol gave N-
pentadecanoyl Ser derivative (Fig. 1d). Ser benzyl ester was
also N-selective acylated in a similar manner using palmitic
acid (Wako Pure Chemical), and gave N-palmitoyl Ser
derivative (Fig. 1e). The hydroxyl group of N-pentadecanoyl
Ser derivative (Fig. 1d) was converted to bromide using
N-bromosuccinimide (NBS; Wako Pure Chemical) and
triphenylphosphine (Wako Pure Chemical) in CH2Cl2. The
reactant was directly conjugated with thioglycerol with
triethylamine in CH2Cl2, and gave N-pentadecanoyl
S-glycerocysteine derivative (Fig. 1f). The hydroxyl group of
N-palmitoyl Ser derivative (Fig. 1e) was also converted to
bromide and conjugated with thioglycerol in a similar
manner, and gave N-palmitoyl S-glycerocysteine derivative
(Fig. 1g). Non-selective acylation of N-pentadecanoyl S-
glycerocysteine derivative (Fig. 1d) was carried out with
palmitic chloride in pyridine at room temperature and
gave triacylated N-pentadecanoyl S-glycerocysteine deriva-
tive (Fig. 1h). Selective acylation of N-palmitoyl S-
glycerocysteine derivative (Fig. 1g) was carried out in a
stepwise fashion using palmitic acid with a 1·5 equivalent of
WSC in pyridine/CH2Cl2 at 0°C, and 3-palmitoyloxy deriva-
tive (Fig. 1i) was obtained. N-palmitoyl S-glycerocysteine
derivative (Fig. 1g) was also carried out in a similar manner
using pentadecanoic acid, and 3-pentadecanoyloxy deriva-
tive (Fig. 1j) was obtained. 3-Palmitoyloxy derivative (Fig. 1i)
was acylated using pentadecanoic acid and WSC in pyridine,
and gave triacylated 2-pentadecanoyloxy S-glycerocysteine
derivative (Fig. 1k). 3-Pentadecanoyloxy derivative (Fig. 1j)
was also acylated in a similar manner, and gave triacylated
3-pentadecanoyloxy S-glycerocysteine derivative (Fig. 1l).
The benzyl ester group of triacylated N-pentadecanoyloxy
S-glycerocysteine derivative (Fig. 1h) was removed by
treatment with palladium catalyst and gave the N-
terminus of PGTP1 (Fig. 1a). The benzyl ester group of 2-
pentadecanoyloxy S-glycerocysteine derivative (Fig. 1k) and
3-pentadecanoyloxy S-glycerocysteine derivative (Fig. 1l)
were also removed in a similar manner, and N-terminus of
PGTP2 (Fig. 1b) and PGTP3 (Fig. 1c) were obtained.

Each stereoisomer (RL, RD, SL, and SD) of PGTP1-3 N-
terminus (Fig. 1a–c) was purified using high-pressure liquid
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chromatography (HPLC) with a chiral column (Chiralpak
1 A; Daicel Chemical Industries, Ltd, Osaka, Japan) (Fig. 2).
Each optical configuration was determined by comparison
with standard materials (N-pentadecanoyl-S-[2,3-bis
(palmitoyloxy)-(2R)-propyl]-l-cysteine and N-penta-
decanoyl-S-[2,3-bis(palmitoyloxy)-(2S)-propyl]-l-cysteine)
were synthesized according to the method of Roth [26]
using optical isolated 3-chloro-1,2-propanediol (Wako Pure
Chemical).

Peptide synthesis

The general procedure used for the synthesis of peptides was
a build up to H-Asn-Ser(tBu)-Ala-Gln-Lys(Boc)-wang resin

using the fluorenylmethoxycarbonyl (Fmoc) protocol for
solid phase synthesis in an organic synthesizer (CCS-1200;
EYELA, Tokyo, Japan). Each triacyl S-glycerocysteine deriva-
tive was manually coupled to the peptide-wang resin using
2-(1H-benzotriazol-1-yl)-1,1,3,3- tetramethyluronium, tet-
rafluoroborate and 1-hydroxybenzotriazole, monohydrate.
The peptide and all protecting groups were cleaved from the
resin with trifluoroacetic acid: H2O: triisopropylsilane:
thiophenol (90 : 4 : 4 : 2). Each lipopeptide was purified by
HPLC with a reverse-phase column (YMC-Pack TMS; YMC,
Inc., Milford, MA, USA) (Fig. 3) and gave 12 different PGTP
derivatives (Fig. 4). These lipopeptides were dissolved at a
concentration of 10 mg/ml in dimethyl sulphoxide and
diluted with each medium.

Fig. 1. Synthetic scheme of triacyl

S-glycerocysteine derivatives.
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Luciferase assay

Interleukin (IL)-3-dependent murine Ba/F3 pro-B cells
stably expressing p55IgkLuc, as well as a nuclear factor (NF)-
kB/DNA binding activity-dependent luciferase reporter con-
struct (Ba/kB), murine TLR2 and a p55IgkLuc reporter
construct (Ba/mTLR2) and murine TLR4/MD-2 and a
p55IgkLuc reporter construct (Ba/mTLR4/mMD-2), were
kindly provided by Dr K. Miyake (Institute of Medical
Science, University of Tokyo, Japan) and used to detect
NF-kB-dependent luciferase activity, as described previously
[27]. Briefly, the cells were inoculated onto 96-well plates
with 1 ¥ 105/100 ml of RPMI-1640 (Sigma Chemical Co., St
Louis, MO, USA) supplemented with 5% fetal bovine serum
(FBS; Sigma Chemical Co.), and stimulated separately with
various doses of the test specimens. After 4 h at 37°C, 100 ml
of Bright-GloTM luciferase assay reagent (Promega, Madison,
WI, USA) was added to each well and luminescence was
quantified with a luminometer (Turner Designs Luminom-
eter Model TD-20/20; Promega).

Human cell culture and stimulation assay

This experiment was performed with four healthy adult vol-
unteers (two males, two females; average age 35·25 years). All
subjects were informed regarding the study and each signed
an informed consent form approved by the Ethics Commit-
tee of Asahi University (reference number 15007). Heparin-
ized venous blood drawn from healthy donors was subjected
to fractionation using a Histopaque-1077 (Sigma Chemical
Co.) to obtain human peripheral blood mononuclear cells
(PBMC). These cells were stimulated with various doses of
the test specimens for 24 h at 37°C. Following incubation,

the culture supernatants were collected and analysed for
secreted IL-8 using an enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems, Minneapolis, MN, USA).

Murine cell culture and stimulation assay

A mouse macrophage cell line, J774·1 (Dainippon Pharma-
ceutical, Osaka, Japan), was cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma Chemical Co.) supple-
mented with 10% FBS, 50 mg/ml of gentamicin and 50 ng/ml
of amphotericin B, after which the cells were distributed to
each well of a 96-well flat-bottomed plate at 2 ¥ 105 cells per
200 ml. In some experiments, elicited peritoneal macroph-
ages were obtained from mice 72 h after intraperitoneal
inoculation with 1·0 ml of 3% sterile Brewer’s thioglycolate
broth (BD Biosciences, San Jose, CA, USA). Peritoneal
exudate cells were centrifuged and suspended in RPMI-1640
supplemented with 10% FBS, 50 mg/ml of gentamicin and
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50 ng/ml of amphotericin B at 1 ¥ 106 cells/ml. These cells
were distributed to each well of a 96-well flat-bottomed plate
at 2 ¥ 105 cells per 200 ml, after which they were incubated
for 2 h at 37°C in humidified air containing 5% (v/v) CO2.
Each well was then washed twice with phosphate-buffered
saline (PBS; Sigma Chemical Co.) to remove non-adherent
cells and those attached to the culture plate served as peri-
toneal macrophages. These cells were stimulated with
various doses of the test specimens for 24 h at 37°C. Follow-
ing incubation, the culture supernatants were collected and
analysed for secreted IL-6 using an ELISA kit (eBioscience,
San Diego, CA, USA).

Statistical analysis

Cytokine production was analysed by one-way analysis of
variance (anova), using the Bonferroni or Dunn method,
and the results are presented as the mean � standard error
of the mean (s.e.m.).

Results

NF-kB activation of Ba/F3 cells stimulated with PGTP
compounds

All PGTP compounds used in the experiments were first
analysed for TLR2-dependent signalling using a luciferase
assay. All PGTP compounds induced NF-kB activation in
Ba/mTLR2, whereas Ba/mTLR4/mMD-2 and Ba/kB induced
a little response (Fig. 5). Among these PGTP compounds,
PGTP-RL (Fig. 5a,e,i) and -RD (Fig. 5d,h,l) showed potent
NF-kB activation at lower concentrations than PGTP-SL
(Fig. 5b,f,j) and -SD (Fig. 5c,g,k), However, there were no
remarkable differences between PGTP-RL and -RD, or
PGTP-SL and -SD. Similarly, Pam3CSK4-R (Fig. 5m) and
FSL-1-R (Fig. 5o) exhibited a dose-dependent NF-kB acti-
vation that was different from that of Pam3CSK4-S (Fig. 5n)
and FSL-1-S (Fig. 5p), respectively. Further, PGTP1, PGTP2

and PGTP3 showed nearly the same NF-kB activation with
each stereoisomer group. E. coli LPS (Fig. 5q) and compound
506 (Fig. 5r) were used as positive control stimulants of
TLR4 and induced a clear NF-kB activation in only
Ba/mTLR4/mMD-2.

Cytokine production by human and murine cells

NF-kB activation leads to the induction of a number of
inflammatory cytokines [28]. To clarify the correlation with
NF-kB activation by PGTP compounds, IL-8-producing
activities were examined in human PBMC after 24 h of
stimulation with various PGTP compounds (Fig. 6). The
PGTP-RL and -RD compounds were found to be potent IL-8
inducers, in contrast to the PGTP-SL and -SD compounds.
Similarly, Pam3CSK4-R and FSL-1-R showed significant IL-8
production as compared to each S counterpart. Further-
more, the production patterns of IL-6 from J774·1 cells were
similar to those of IL-8 in PBMC stimulated with these test
specimens (Fig. 7). However, the differences between R- and
S-stereoisomers were clear with murine J774·1 cells but not
human PBMC. Compound 506 also clearly exhibited IL-8
and IL-6 production.

Identification of the PGTP receptor

To address the possible contribution of a cell-surface recep-
tor to PGTP signalling, we examined the responsiveness of
peritoneal macrophages from wild-type, TLR1 KO, TLR2
KO and TLR6 KO mice to the PGTP1-RL, PGTP2-RL and
PGTP3-RL compounds. All PGTP-RL compounds dis-
tinctly induced IL-6 production in wild-type macrophages
(Fig. 8). In contrast, IL-6 production in response to
PGTP-RL compounds was completely abrogated in mac-
rophages lacking TLR2, whereas TLR1 KO and TLR6 KO
macrophages showed nearly the same IL-6-producing
activities as wild-type macrophages after stimulation
with PGTP-RL compounds. Triacylated Pam3CSK4 and

Fig. 4. Chemical structures of synthetic

lipopeptide derivatives of Porphyromonas

gingivalis used in this study.
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diacylated MALP-2 showed a requirement for TLR1 and
TLR6, respectively, for their signalling. These findings are
consistent with the current assumption that the require-
ment for TLR1 or TLR6 is based on the acylation pattern of
lipopeptide [21,22]. E. coli LPS exhibited almost the same
IL-6 production with all types of macrophages used these
experiments.

Discussion

P. gingivalis is generally recognized as a major aetiological
agent of periodontal diseases [1,2], and its LPS, one of its
most examined virulence factors, participates in the devel-
opment of periodontal destructive lesions [17]. However, we
recently reported that the principal cell-activating molecule
was a triacylated lipoprotein contaminated in LPS and its
lipid A preparations [3,23], which suggested that nearly all
the previous studies regarding the biological activities of
P. gingivalis LPS and its lipid A preparations reported those
activities after being induced by P. gingivalis lipoprotein.
Thus far, various evidences of the correlations between the
structures and biological activities of bacterial triacylated
lipopeptides have been clarified [29,30]; however, there is no
known report regarding a synthetic P. gingivalis lipopeptide.
An odd-numbered carbon chain in the acyl group is a
unique characteristic of P. gingivalis lipopeptide compared
with other reported synthetic lipopeptide derivatives [23].
The numbers of odd-numbered carbon chains of fatty acid
are known to be much fewer than those of even-numbered
chains, because of the mechanism of the biosynthesis
pathway [31]. Therefore, we considered that synthesis of
P. gingivalis lipopeptide would help to elucidate the mecha-
nism involved with the development and progression of
periodontal diseases.

We investigated the relationships between the structures
and biological activities of 12 different P. gingivalis triacy-
lated lipopeptide derivatives, which consisted of four com-
binations of stereoisomers and three types of acyl group
regioisomers, in order to examine the influence of stereocon-
figuration on cell activation (Fig. 4). Stereoconfiguration
plays an important role in signal transduction representative
of muramyl dipeptide (MDP), the minimal essential
structural unit responsible for the immunoadjuvant activity
of peptidoglycan. The cytotoxic activity of l-isoglutaminyl
stereoisomer of MDP was demonstrated to be much weaker
than that of its natural products [32]. It was also suggested
that the natural lipoprotein had an R configuration [33]. In
the present results, the PGTP-RL and -RD compounds
showed stronger TLR2-dependent NF-kB activation and
cytokine production than the PGTP-SL and -SD compounds
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Fig. 6. Interleukin (IL)-8 production by human peripheral blood

mononuclear cells (PBMC) in response to stimulation by Pg-LP

N-terminal peptide moieties (PGTP) compounds. The cells were

cultured at 37°C for 24 h with the indicated doses of the test

specimens. Following incubation, the supernatants were collected and

IL-8 production was determined by enzyme-linked immuosorbent

assay (ELISA). Experiments were performed at least four times, and

representative results are presented. Each assay was performed in

triplicate and the data are expressed as the mean � s.e.m. Statistically

significant difference from the mean value of each test specimen

against no compounds (**P � 0·01, *P � 0·05) was evaluated by

analysis of variance and the Bonferroni or Dunn method.
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(Figs 5–7). Similarly, Pam3CSK4-R and FSL-1-R exhibited
more potent activities as compared with Pam3CSK4-S and
FSL-1-S. Therefore, we concluded that the cell activating
capacities differed between the glyceryl stereoisomers (R and
S), whereas there were no differences between the cysteinyl
stereoisomers (l and d). Our results also suggest that the acyl
group in the glycerol residue, but not the N-acyl group, plays
a crucial role in TLR2 recognition.

We also observed differences between the R- and
S-configurations in regard to their cell activating capacities
with human and murine cells. There were distinct differ-
ences in cell activation shown regarding IL-6 production by
J774·1 cells as compared to IL-8 production by human
PBMC (Figs 6 and 7). Those differences between human and
murine cells were speculated to be attributable to the fact
that the PGTP compounds originated from a human patho-
genic bacterium, P. gingivalis, therefore human cells are likely
to be tolerant to the S-configuration, which scarcely exists in
nature. In fact, species-specific differences in cellular pattern
recognition have been reported for certain LPS variants and
Taxol, suggesting variant uses of TLR4 and MD-2 [34–36].
Furthermore, it was shown that human but not murine
TLR2 could distinguish between tri-palmitoylated and
tri-lauroylated peptides, indicating that species-specific
TLR2 recognition may exist [37]. Therefore, our results
indicate that murine TLR2 may recognize the R- and
S-configurations of lipopeptide compounds more strictly
than human TLR2.

Among TLRs, TLR2 appears to be characteristic in its
necessity of cooperation with other TLRs, such as TLR1 and
TLR6. To address the TLR1- and TLR6-dependencies of
PGTP-recognition by TLR2, we examined the responsiveness
of peritoneal macrophages from wild-type, TLR1 KO, TLR2
KO, and TLR6 KO mice to PGTP-RL compounds, and found
that the PGTP-RL compounds activated host cells in a TLR2-
dependent and TLR1-/TLR6-independent manner (Fig. 8). It
was also recently demonstrated that a diacylated MALP2
elongated analogue,MALP2-SK4,was necessary for TLR2 but
not TLR6 recognition [38] and triacylated lipopeptides with
short-length ester-bound fatty acids activated cells through
TLR2 but not TLR1 [39], suggesting that both lipid and
N-terminal peptide moieties in PGTP compounds contribute
to that recognition in a TLR1-/TLR6-independent manner. In
conclusion, the present results demonstrated that P. gingivalis
synthetic lipopeptide derivatives induced cell activation in a
TLR2- but not TLR1-/TLR6-dependent manner.

Acknowledgements

This study was supported in part by a Grant-in-Aid for Sci-
entific Research Priority Area no. 16017299 of the Ministry

0 1 2 3 4
Dose

(µg/ml)
IL-6 production (ng/ml)

0·1
1

10

Test
specimen

PGTP1-RL

0·1
1

10

PGTP1-SL

PGTP1-SD 0·1
1

10

PGTP1-RD 0·1
1

10

0·1
1

10

PGTP2-RL

0·1
1

10

PGTP2-SL

PGTP2-SD 0·1
1

10

PGTP2-RD 0·1
1

10

0·1
1

10

PGTP3-RL

0·1
1

10

PGTP3-SL

PGTP3-SD 0·1
1

10

PGTP3-RD 0·1
1

10

Pam3CSK4-R

Pam3CSK4-S

FSL-1-R

FSL-1-S

0·001
0·01
0·1

Compound 506

No compounds

**

**

**
**

*

*

**

**

**

*

0·1
1

10

0·1
1

10

0·1
1

10

0·1
1

10

**
**
**

**
**

*
**
**

*
**

**

Fig. 7. Interleukin (IL)-6 production by J774·1 cells in response to

stimulation by Pg-LP N-terminal peptide moieties (PGTP)

compounds. The cells were cultured at 37°C for 24 h with the

indicated doses of the test specimens. Following incubation, the

supernatants were collected and IL-6 production was determined by

enzyme-linked immuosorbent assay (ELISA). Experiments were

performed at least three times, and representative results are

presented. Each assay was performed in triplicate and the data are

expressed as the mean � s.e.m. Statistically significant difference from

the mean value of each test specimen against no compounds

(**P � 0·01, *P � 0·05) was evaluated by analysis of variance and the

Bonferroni or Dunn method.
�

Y. Makimura et al.

166 © 2006 British Society for Immunology, Clinical and Experimental Immunology, 146: 159–168



of Education, Culture, Sports, Science and Technology,
Japan. We thank Dr Naoki Sawada and Ms Chieko Kanamori
for their technical assistance and Mr Mark Benton for his
critical reading of the manuscript.

References

1 Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RL Jr.

Microbial complexes in subgingival plaque. J Clin Periodontol

1998; 25:134–44.

2 Holt SC, Ebersole J, Felton J, Brunsvold M, Kornman KS. Implan-

tation of Bacteroides gingivalis in nonhuman primates initiates pro-

gression of periodontitis. Science 1988; 239:55–7.

3 Asai Y, Hashimoto M, Fletcher HM, Miyake K, Akira S, Ogawa T.

Lipopolysaccharide preparation extracted from Porphyromonas

gingivalis lipoprotein-deficient mutant shows a marked decrease

in toll-like receptor 2-mediated signaling. Infect Immun 2005;

73:2157–63.

4 Darveau RP, Arbabi S, Garcia I, Bainbridge B, Maier RV. Porphy-

romonas gingivalis lipopolysaccharide is both agonist and antago-

nist for p38 mitogen-activated protein kinase activation. Infect

Immun 2002; 70:1867–73.

5 Ogawa T, Asai Y, Hashimoto M et al. Cell activation by Porphy-

romonas gingivalis lipid A molecule through Toll-like receptor

4- and myeloid differentiation factor 88-dependent signaling

pathway. Int Immunol 2002; 14:1325–32.

6 Ogawa T, Asai Y, Hashimoto M, Uchida H. Bacterial fimbriae acti-

vate human peripheral blood monocytes utilizing TLR2, CD14 and

CD11a/CD18 as cellular receptors. Eur J Immunol 2002; 32:2543–

50.

7 Sugiyama A, Uehara A, Iki K et al. Activation of human gingival

epithelial cells by cell-surface components of black-pigmented bac-

teria: augmentation of production of interleukin-8, granulocyte

colony-stimulating factor and granulocyte-macrophage colony-

stimulating factor and expression of intercellular adhesion mol-

ecule 1. J Med Microbiol 2002; 51:27–33.

8 Nair BC, Mayberry WR, Dziak R, Chen PB, Levine MJ, Hausmann

E. Biological effects of a purified lipopolysaccharide from Bacteroi-

des gingivalis. J Periodont Res 1983; 18:40–9.

9 Ogawa T. Immunobiological properties of chemically defined lipid

A from lipopolysaccharide of Porphyromonas (Bacteroides)

gingivalis. Eur J Biochem 1994; 219:737–42.

10 Kirikae T, Nitta T, Kirikae F et al. Lipopolysaccharides (LPS)

of oral black-pigmented bacteria induce tumor necrosis factor

production by LPS-refractory C3H/HeJ macrophages in a way

different from that of Salmonella LPS. Infect Immun 1999;

67:1736–42.

11 Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev

Immunol 2003; 21:335–76.

12 Takeda K, Akira S. Toll-like receptors in innate immunity. Int

Immunol 2005; 17:1–14.

13 Shimazu R, Akashi S, Ogata H et al. MD-2, a molecule that confers

lipopolysaccharide responsiveness on Toll-like receptor 4. J Exp

Med 1999; 189:1777–82.

14 Poltorak A, He X, Smirnova I et al. Defective LPS signaling in

C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science

1998; 282:2085–8.

30

25

20

15

10

5

0
PGTP1-RL PGTP2-RL PGTP3-RL Pam3CSK4 MALP-2 E. coli LPS No compounds

**

**

**

** **
**

IL
-6

 p
ro

du
ct

io
n 

(n
g/

m
l)

Wild-type

TLR1KO

TLR2KO

TLR6KO

**

~~

0·05

0·1

Fig. 8. IL-6 production by peritoneal exudated macrophages from wild-type, TLR1 KO, TLR2 KO, and TLR6 knock-out mice in response to

stimulation by Pg-LP N-terminal peptide moieties (PGTP)–RL compounds. The cells were cultured at 37°C for 24 h with 1 mg/ml of PGTP

compounds and 0·01 mg/ml of Escherichia coli lipopolysaccharide (LPS), Pam3CSK4, and MALP-2. Following incubation, the supernatants were

collected and IL-6 production was determined by enzyme-linked immuosorbent assay (ELISA). Experiments were performed at least three times,

and representative results are presented. Each assay was performed in triplicate and the data are expressed as the mean � s.e.m. Statistically

significant difference from the mean value of each test specimen against that of wild-type mice (**P � 0·01) was evaluated by analysis of variance

and the Bonferroni or Dunn method.

P. gingivalis synthetic lipopeptide

167© 2006 British Society for Immunology, Clinical and Experimental Immunology, 146: 159–168



15 Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol

2004; 4:499–511.

16 Heine H, Lien E. Toll-like receptors and their function in innate

and adaptive immunity. Int Arch Allergy Immunol 2003; 130:180–

92.

17 Netea MG, van Deuren M, Kullberg BJ, Cavaillon JM, Van der Meer

JW. Does the shape of lipid A determine the interaction of LPS with

Toll-like receptors? Trends Immunol 2002; 23:135–9.

18 Reife RA, Coats SR, Al-Qutub M et al. Porphyromonas gingivalis

lipopolysaccharide lipid A heterogeneity: differential activities of

tetra- and penta-acylated lipid A structures on E-selectin expres-

sion and TLR4 recognition. Cell Microbiol 2006; 8:857–68.

19 Braun V. Covalent lipoprotein from the outer membrane of

Escherichia coli. Biochim Biophys Acta 1975; 415:335–77.

20 Muhlradt PF, Meyer H, Jansen R. Identification of

S-(2,3-dihydroxypropyl) cysteine in a macrophage-activating

lipopeptide from Mycoplasma fermentans. Biochemistry 1996;

35:7781–6.

21 Takeuchi O, Kawai T, Muhlradt PF et al. Discrimination of bac-

terial lipoproteins by Toll-like receptor 6. Int Immunol 2001;

13:933–40.

22 Takeuchi O, Sato S, Horiuchi T et al. Cutting edge. role of Toll-

like receptor 1 in mediating immune response to microbial

lipoproteins. J Immunol 2002; 169:10–4.

23 Hashimoto M, Asai Y, Ogawa T. Separation and structural analysis

of lipoprotein in a lipopolysaccharide preparation from Porphy-

romonas gingivalis. Int Immunol 2004; 16:1431–7.

24 Takeuchi O, Hoshino K, Kawai T, et al. Differential roles of TLR2

and TLR4 in recognition of Gram-negative and gram-positive bac-

terial cell wall components. Immunity 1999; 11:443–51.

25 Imoto M, Yoshimura N, Kusumoto S, Shiba T. Total synthesis of

lipid A, active principle of bacterial endotoxin. Proc Jpn Acad Series

B 1984; 60:285–8.

26 Roth A, Espuelas S, Thumann C, Frisch B, Schuber F. Synthesis of

thiol-reactive lipopeptide adjuvants. Incorporation into liposomes

and study of their mitogenic effect on mouse splenocytes. Biocon-

jug Chem 2004; 15:541–53.

27 Hashimoto M, Asai Y, Ogawa T. Treponemal phospholipids inhibit

innate immune responses induced by pathogen-associated molecu-

lar patterns. J Biol Chem 2003; 278:44205–13.

28 Abraham E. NF-kB activation. Crit Care Med 2000; 28:N100–4.

29 Into T, Fujita M, Okusawa T, Hasebe A, Morita M, Shibata K.

Synergic effects of mycoplasmal lipopeptides and extracellular ATP

on activation of macrophages. Infect Immun 2002; 70:3586–91.

30 Metzger JW, Beck-Sickingeer AG, Loleit M, Eckert M, Besseler GG,

Juang G. Synthetic S-(2,3-dihydroxypropyl) -cysteinyl peptides

derived from the N terminus of the cytrochrome subunit of the

photoreaction center of Rhodopseudomonas viridis enhance murine

splenocyte proliferation. J Peptide Sci 1996; 3:184–90.

31 Stryer L. Biochemistry (illustrated), 2nd edn. New York: W.H.

Freeman Co., 1981.

32 Langford MP, Chen D, Welbourne TC, Redens TB, Ganley JP.

Stereo-isomer specific induction of renal cell apoptosis by synthetic

muramyl dipeptide (N-acetylmuramyl-l-alanyl-d-isoglutamine).

Mol Cell Biochem 2002; 236:63–73.

33 Takeuchi O, Kaufmann A, Grote K et al. Cutting edge. preferentially

the R-stereoisomer of the mycoplasmal lipopeptide macrophage-

activating lipopeptide-2 activates immune cells through a Toll-like

receptor 2- and MyD88-dependent signaling pathway. J Immunol

2000; 164:554–7.

34 Akashi S, Nagai Y, Ogata H et al. Human MD-2 confers on mouse

Toll-like receptor 4 species-specific lipopolysaccharide recognition.

Int Immunol 2001; 13:1595–9.

35 Lien E, Means TK, Heine H et al. Toll-like receptor 4 imparts

ligand-specific recognition of bacterial lipopolysaccharide. J Clin

Invest 2000; 105:497–504.

36 Poltorak A, Ricciardi-Castagnoli P, Citterio S, Beutler B. Physical

contact between lipopolysaccharide and Toll-like receptor 4

revealed by genetic complementation. Proc Natl Acad Sci USA

2000; 97:2163–7.

37 Grabiec A, Meng G, Fichte S, Bessler W, Wagner H, Kirschning CJ.

Human but not murine Toll-like receptor 2 discriminates between

tri-palmitoylated and tri-lauroylated peptides. J Biol Chem 2004;

279:48004–12.

38 Buwitt-Beckmann U, Heine H, Wiesmuller KH et al. Toll-like

receptor 6-independent signaling by diacylated lipopeptides. Eur J

Immunol 2005; 35:282–9.

39 Buwitt-Beckmann U, Heine H, Wiesmuller KH et al. TLR1- and

TLR6-independent recognition of bacterial lipopeptides. J Biol

Chem 2006; 281:9049–57.

Y. Makimura et al.

168 © 2006 British Society for Immunology, Clinical and Experimental Immunology, 146: 159–168


