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Recent reports indicate that Porphyromonas gingivalis mediates alveolar bone loss or osteoclast modulation through engage-
ment of Toll-like receptor 2 (TLR2), though the factors responsible for TLR2 engagement have yet to be determined. Lipopoly-
saccharide (LPS) and lipid A, lipoprotein, fimbriae, and phosphorylated dihydroceramides of P. gingivalis have been reported to
activate host cell responses through engagement of TLR2. LPS and lipid A are the most controversial in this regard because con-
flicting evidence has been reported concerning the capacity of P. gingivalis LPS or lipid A to engage TLR2 versus TLR4. In the
present study, we first prepared P. gingivalis LPS by the Tri-Reagent method and evaluated this isolate for contamination with
phosphorylated dihydroceramide lipids. Next, the lipid A prepared from this LPS was evaluated for the presence of phosphory-
lated dihydroceramide lipids. Finally, we characterized the lipid A by the matrix-assisted laser desorption ionization mass spec-
trometry (MALDI-MS) and electrospray-MS methods in order to quantify recovery of lipid A in lipid extracts from diseased
teeth or subgingival plaque samples. Our results demonstrate that both the LPS and lipid A derived from P. gingivalis are con-
taminated with phosphorylated dihydroceramide lipids. Furthermore, the lipid extracts derived from diseased teeth or subgingi-
val plaque do not contain free lipid A constituents of P. gingivalis but contain substantial amounts of phosphorylated dihydro-
ceramide lipids. Therefore, the free lipid A of P. gingivalis is not present in measurable levels at periodontal disease sites. Our
results also suggest that the TLR2 activation of host tissues attributed to LPS and lipid A of P. gingivalis could actually be medi-
ated by phosphorylated dihydroceramides.

Porphyromonas gingivalis, along with many other potential
periodontal pathogens, produce virulence factors capable of

promoting tissue inflammation, loss of connective tissue attach-
ment, and bone loss. Lipopolysaccharide (LPS) and lipid A are
extensively studied microbial virulence factors from the stand-
point of periodontal disease pathogenesis (1, 4, 9, 10, 20, 23, 24,
34–36, 38, 40), and both can promote inflammatory reactions and
bone loss characteristic of tissue changes observed in chronic peri-
odontitis. However, LPS or lipid A of P. gingivalis has not been
demonstrated in diseased periodontal tissues. Instead, we re-
ported that a unique fatty acid constituent of both lipid A and LPS
of P. gingivalis, called 3-hydroxy isobranched C17:0 (3-OH iso C17:

0), exists in lipid products recovered predominantly from organic
solvent extracts of subgingival plaque, periodontally diseased tis-
sues, and diseased teeth, with little recovered in aqueous extracts
of these samples (26, 29). Since LPS partitions essentially only into
the aqueous phase with this extraction technique (39), we con-
cluded that LPS of P. gingivalis and other related Bacteroidetes
bacteria (33), including Prevotella intermedia and Tannerella for-
sythia, is not present to a significant extent in diseased periodontal
tissues. By analogy, it is presumed that LPS from non-
Bacteroidetes subgingival organisms also does not contaminate
diseased periodontal tissues. We have since shown that organic
solvent extracts of diseased periodontal tissues contain phosphor-
ylated dihydroceramide (PDHC) lipids of P. gingivalis (32, 33).
These phosphorylated dihydroceramide lipids contain 3-OH iso
C17:0. In contrast, the free lipid A of P. gingivalis, which is soluble
in organic solvent, also contains 3-OH iso C17:0 as a fatty acid
constituent. The possibility exists that the 3-OH iso C17:0 recov-
ered from organic extracts of subgingival plaque samples and peri-

odontally diseased tissues could include free lipid A species devoid
of the O-polysaccharide component of LPS. The first aim of this
investigation was to isolate lipid A from P. gingivalis, and after
characterization of the molecular structures using matrix-assisted
laser desorption ionization tandem mass spectrometry (MALDI-
MS/MS) and electrospray-MS/MS, we determined whether the
dominant phosphorylated lipid A species are present in lipid ex-
tracts of periodontally diseased teeth and subgingival plaque
samples.

The phosphorylated dihydroceramide lipid classes of P. gingi-
valis that promote proinflammatory reactions and morphological
changes in fibroblasts (31) are also readily detected on periodon-
tally diseased teeth (32) and are recovered from gingival tissue
samples from periodontitis sites (26, 32, 33). This observation is
important because the phosphorylated dihydroceramide lipids of
P. gingivalis are reported to engage Toll-like receptor 2 (TLR2)
when promoting dendritic cell secretion of interleukin-6 (IL-6)
(29) and inhibiting osteoblast function and mineral deposition in
vivo and in vitro (43). Other reports indicate that P. gingivalis
mediates bone loss in experimental animals in a TLR2-dependent
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manner (14, 15), and a recent report shows that P. gingivalis mod-
ulates osteoclastogenesis in vitro through TLR2 engagement, re-
sulting in differential induction of NFATc1 and NF-�B (47).
Though most evidence indicates that bacterial LPS engages only
TLR4, the LPS and lipid A of P. gingivalis have been reported to act
through TLR4 and TLR2 (11, 21, 22) or to interfere with TLR4
responses (42). Therefore, concern exists that TLR2 effects attrib-
uted to LPS or lipid A of P. gingivalis may actually be accounted for
by contaminating TLR2 ligands, such as phosphorylated dihydro-
ceramide lipids. Using the MALDI- and electrospray-MS ap-
proaches, the second aim of this study was to determine whether

P. gingivalis LPS extracted by the Tri-Reagent method or the free
lipid A derived from this LPS is contaminated with phosphory-
lated dihydroceramide lipids.

MATERIALS AND METHODS
P. gingivalis (ATCC 33277) was grown in brain heart infusion broth as
previously described (31). LPS was extracted from samples of a lyophi-
lized P. gingivalis bacterial pellet using the Tri-Reagent method of Yi and
Hackett (46). The crude LPS was subjected to Bligh and Dyer phospho-
lipid extraction (6) prior to precipitation of the LPS with cold magnesium
chloride in 95% ethanol (46). After three additional precipitations with
95% ethanol followed by precipitation with 100% ethanol (46), the lyoph-

FIG 1 Structure of the high-mass lipid A of P. gingivalis (m/z 1,690 negative ion) and its ion fragments. (A) This lipid A negative ion is shown with the phosphate
group in the 1 position. Shown is the theoretical exact mass (1,689.26 amu) and theoretical molar mass (1,690.4 g/mol) of this lipid A ion. The observed
monoisotopic ion mass was based on the time of flight (TOF)-generated mass spectrum (Fig. 2A), whereas the observed average mass is based on the
quadrupole-generated mass spectrum (Fig. 5A). (B) With ESI-MS analysis, the first deacylation/desaturation occurs before entry into the first quadrupole (Q1)
and produces a negative ion with an average mass of m/z 1,418.6. Additional fatty acids may substitute into lipid A, as shown in Table 2. (C, D, and E) The
remaining ion fragments with their respective average ion masses result from collision-induced dissociation. Other fatty acid substitutions for related lipid A ion
fragments are listed in Table 3.
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ilized LPS was subjected to two sequential Bligh and Dyer extractions.
Each of the Bligh and Dyer extracts were subjected to electrospray ioniza-
tion (ESI)-multiple reaction monitoring (MRM) analysis for phosphory-
lated dihydroceramide lipids as described below. Another sample of the P.
gingivalis bacterial pellet was extracted using the procedure of Yi and
Hackett, including all ethanol precipitation steps (46), the resultant ly-
ophilized LPS was hydrolyzed using the method of Caroff et al. (7), and
lipid A was recovered by extraction into hexane-isopropanol-water (6:8:
0.75, vol/vol/vol). A sample of lipid A was hydrolyzed to determine ester-
linked fatty acids. Lipid A was treated with sodium methoxide (0.5 N
NaOCH3 in dry methanol at 0.5 ml for 20 min at 40°C), and the released
fatty acid methyl esters were recovered in hexane. Electron impact gas
chromatography-MS (GC-MS) combined with selected ion monitoring
was used to quantify fatty acid methyl esters. Retention times of synthetic
fatty acid methyl esters determined whether ester-linked fatty acids of
lipid A were straight or branched chain in configuration. An additional
sample of lipid A was hydrolyzed in 4 N KOH (100°C, 3 h), and the
recovered total fatty acids were treated to form trimethylsilyl (TMS) ether,
pentafluorobenzyl (PFB) ester derivatives (26, 27). In order to account for
background free fatty acid present in lipid A, a duplicate lipid A sample
was treated directly to form TMS, PFB derivatives. These samples were

analyzed by negative-ion GC-MS using previously published methods
(26, 27).

For matrix-assisted laser desorption ionization–time of flight mass spec-
trometry (MALDI-TOF MS) (Applied Biosystems 4700; Keck Biotechnology
Resource Laboratory, Yale University School of Medicine, New Haven, CT),
lipid A was dissolved in matrix solution (10 �g lipid A in 20 �l of 2%
5-chloro-2-mercaptobenzothiazole [CMBT] [5, 8] in hexane-isopropanol-
water [6:8:0.75, vol/vol/vol]). For MALDI analysis, the lipids were spotted
(approximately 2 �g/spot) on a steel target plate and dried before analysis.
MALDI-MS was used to characterize both positive and negative lipid A ions.
MALDI-MS/MS analyses used postsource ion decay for generation of frag-
ment ions. MALDI-MS/MS was performed only for the most abundant pos-
itive ions identified in the lipid A isolate. The high-mass negative ions of lipid
A identified by MALDI-MS were not evaluated for MS/MS fragmentation
due to the low abundances of these ions.

ESI-MS, performed with a QTrap 4000 instrument (AB Sciex), was
used to evaluate negative ions of P. gingivalis lipid A. Instrument param-
eters were optimized for the detection of lipid A species for both single-
stage MS analysis as well as MS/MS analyses. The ion transitions identified
with MS/MS analysis were then used to perform MRM-MS analyses of
phosphorylated lipid A species. Instrument parameters for quantifying

FIG 2 Negative and positive ions of lipid A produced with MALDI-MS. Lipid A (10 �g) was combined with CMBT matrix and applied so that approximately
2 �g was spotted to the steel target plate. Though identical amounts of lipid A were analyzed for each spectrum, negative ions of lipid A, representing
phosphorylated lipid A species (A), were recovered in relatively low abundances compared with positive ions of lipid A, representing the nonphosphorylated lipid
A species (B).
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the phosphorylated dihydroceramide lipids were the same as those previ-
ously published (33).

Informed consent was obtained from patients in accordance with the
Institutional Review Board policy of the University of Connecticut Health
Center before donation of teeth or subgingival plaque samples. Teeth and
subgingival plaque samples were recovered as previously described (32).
Diseased teeth and subgingival plaque samples were taken from sites dem-
onstrating chronic severe periodontitis as described below. Chronic se-
vere periodontitis sites demonstrated greater than 50% alveolar bone loss,
periodontal pocket depth of at least 5 mm, bleeding on probing, and
substantial mineralized deposits (subgingival calculus) on the tooth roots.
Subgingival plaque samples were obtained by placing coarse endodontic
paper points into each diseased sulcus and collecting the subgingival
plaque contents for approximately 10 seconds. The teeth or subgingival
plaque samples were combined from individual donors, and the pooled
samples were extracted separately from each donor. Gross adherent soft
tissue was removed from calculus-contaminated teeth before lipid extrac-
tion, but some adherent soft tissue remained attached to the teeth. Lipids
were extracted from dental samples using a modification of the phospho-
lipid extraction procedures of Bligh and Dyer (6) and Garbus et al. (13),
and after drying under nitrogen, the lipid extracts were stored frozen until

analysis. For MALDI-MS, the lipid extracts of dental samples were dis-
solved in hexane-isopropanol-water (6:8:0.75, vol/vol/vol) containing the
CMBT matrix and spotted as described above. For ESI-MS analyses, the
lipid samples were dissolved in hexane-isopropanol-water (6:8:0.75, vol/
vol/vol) and were infused directly into the QTrap 4000 instrument at a
flow rate of 80 �l/min (33).

RESULTS
Fatty acids recovered from lipid A of P. gingivalis. We first eval-
uated ester-linked fatty acids in the lipid A of P. gingivalis by uti-
lizing the base-catalyzed formation of fatty acid methyl esters.
Sodium methoxide treatment followed by GC-MS analysis re-
vealed four saturated fatty acid methyl esters derived from the
lipid A preparation of P. gingivalis, including isobranched (iso)
C17:0 (13.5%), C16:0 (76.7%), iso C15:0 (7.3%), and C14:0 (2.6%).
Based on previously proposed structures of P. gingivalis lipid A
(23, 34, 37) and our analysis (see below), these fatty acids will
substitute in the R2 position (Fig. 1A). Sodium methoxide treat-
ment of lipid A generated the following hydroxy fatty acid methyl
esters: 3-OH iso C17:0 (13.0%), 3-OH C16:0 (53.6%), 3-OH iso

FIG 3 MALDI-MS/MS of dominant nonphosphorylated lipid A species (positive ions). The dominant nonphosphorylated lipid A species (m/z 1,406, 1,392,
1,378, and 1,364) were evaluated by MALDI-MS/MS. The product ions produced from these precursor ions are depicted for the mass range m/z 600 to 950 (left)
and m/z 1,080 to 1,140 (right). Refer to Table 1 for the predicted fatty acid substitutions for these lipid A species as well as other nonphosphorylated lipid A species.
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C15:0 (29.8%), and 3-OH C14:0 (3.6%). According to previous re-
ports (23, 34), these fatty acids can exist in the R1 or R3 position of
lipid A (Fig. 1A). Analysis of the total hydroxy fatty acids con-
firmed that 3-OH iso C15:0, 3-OH C16:0, and 3-OH iso C17:0 are the
dominant hydroxy fatty acids recovered from P. gingivalis lipid A.

Phosphorylated dihydroceramide lipids recovered from LPS
of P. gingivalis. LPS of P. gingivalis, extracted by the Tri-Reagent
method of Yi and Hackett (46), was subjected to three Bligh and
Dyer extraction procedures in order to determine the residual
phosphorylated dihydroceramide contamination. The first phos-
pholipid extraction occurred prior to the ethanol washes of the
LPS, and two additional phospholipid extractions occurred after
the multiple ethanol wash steps of the procedure of Yi and Hackett
(46). Phosphorylated dihydroceramides were detected by
MRM-MS in all phospholipid extracts (data not shown). Al-
though the third phospholipid extract of LPS contained approxi-
mately 25-fold less contaminating dihydroceramide lipids than
the first extract of LPS, the levels of contaminating dihydrocera-
mide lipids in the third phospholipid extract were substantial.
Given this level of contamination of LPS with phosphorylated
dihydroceramide lipids, we next isolated lipid A from P. gingivalis
LPS, and after characterization of its molecular characteristics, we
determined whether this lipid A is contaminated with dihydroce-
ramide lipids as described below.

MALDI-TOF analysis of P. gingivalis lipid A. The nonphos-
phorylated lipid A species monitored by MALDI-TOF MS re-
vealed four abundant positive-ion lipid A species (m/z 1,406,
1,392, 1,378, and 1,364) and numerous lower-mass ions of lesser
abundance, as show in Fig. 2B. Seven distinct nonphosphorylated
lipid A species were identified in the LPS extract of P. gingivalis. All
molecular species differed in mass by increments of 14 amu.
MALDI-MS also revealed other positive ions of lower mass (m/z
1,050 to 1,190), and the origin of these lower-mass positive ions
was evaluated using MALDI-MS/MS, with ion fragmentation
evaluated by postsource decay. As shown in Fig. 3, the four dom-

inant lipid A species listed above produced daughter (product)
ions that predict loss of fatty acid constituents, as listed in Table 1.
For example, the most abundant nonphosphorylated lipid A spe-
cies of P. gingivalis (m/z 1,392 ion recovered as a sodium adduct)
generated the dominant product ions depicted in Fig. 4B, C, and D
as it undergoes postsource decay by MALDI-MS/MS. Other pos-
sible fragments of this precursor ion are shown in Table 1, de-
pending on the R2 fatty acid substitutions of this lipid A. The other
nonphosphorylated lipid A species of P. gingivalis are listed in
Table 1 by precursor (parent) ion mass and by loss of specific fatty
acid constituents (refer to Fig. 4 for the scheme of the lipid A
fragmentation). Therefore, this analysis confirmed the fatty acid
substitution characteristics of nonphosphorylated lipid A species
of P. gingivalis but in greater detail than has been previously re-
ported. Furthermore, it is postulated that the seven nonphospho-
rylated lipid A species should serve as substrate molecules for lipid
A phosphorylation, resulting in at least seven monophosphory-
lated lipid A species and additional diphosphorylated species.

We attempted to analyze the phosphorylated lipid A species of
P. gingivalis using MALDI-MS. The negative-ion species recov-
ered using this approach (Fig. 2A) were virtually identical to those
reported by Kumada et al. (23) using liquid secondary ion
(LSI)-MS for detection of negative ions of P. gingivalis lipid A
species. Using MALDI-MS, we identified ions consistent with
penta-acylated, monophosphorylated lipid A species (m/z 1,702,
1,688, 1,674, 1,662, and 1,648), a tetra-acylated, diphosphorylated
lipid A species (m/z 1,530), and tetra-acylated, monophosphory-
lated lipid A species (m/z 1,462, 1,448, 1,434, 1,420, and 1,406).
However, because the lipid A negative ions were recovered in low
abundances relative to the nonphosphorylated lipid A species, it
was not possible to perform MALDI-MS/MS analysis of these lipid
A negative ions. We evaluated lipid A by MALDI-MS in an
amount that was 50- to 100-fold less concentrated than that re-
ported previously (5). We observed strong positive-ion produc-
tion, but only very limited negative-ion production at this con-

TABLE 1 Reconciliation of fatty acid composition of nonphosphorylated lipid A species recovered from P. gingivalis LPSa

Precursor ion (recovered
as a sodium adduct)

First deacylated
ion massc

Resulting from loss
of fatty acid (R1)

Loss of m/z 227 fragment
from 3-OH C17:0

d

Second deacylated
ion masse

Resulting from loss of
second fatty acid (R2)

m/z 1,364 m/z 1,120 3-OH C14:0 m/z 894 m/z 637 C16:0

m/z 1,106 3-OH iso C15:0 m/z 880 m/z 637 Iso C15:0

m/z 1,092 3-OH C16:0 m/z 866 m/z 637 C14:0

m/z 1,378 m/z 1,120 3-OH iso C15:0 m/z 894 m/z 637 C16:0

m/z 1,106 3-OH C16:0 m/z 880 m/z 637 Iso C15:0

m/z 1,392 m/z 1,134 3-OH iso C15:0 m/z 908 m/z 637 Iso C17:0

m/z 1,120b 3-OH C16:0 m/z 894b m/z 637 C16:0

m/z 1,106 3-OH iso C17:0 m/z 880 m/z 637 Iso C15:0

m/z 1,406 m/z 1,134 3-OH C16:0 m/z 908 m/z 637 Iso C17:0

m/z 1,120 3-OH iso C17:0 m/z 894 m/z 637 C16:0

a The lipid A preparation of P. gingivalis was subjected to MALDI-MS/MS, and the observed ion fragments shown in Fig. 3 were used to reconcile the loss of fatty acids from these
lipid A species. The listed precursor ions represent nonphosphorylated, tetra-acylated lipid A species that deacylate under MALDI-MS/MS in both the R1 and R2 positions with loss
of the indicated fatty acids. Note that the second deacylation from the R2 position produces mostly one product ion for all precursor ions listed (m/z 637). Additional
nonphosphorylated lipid A ions appear as sodium adducts, with masses of m/z 1,350, 1,336, and 1,322 (Fig. 2B). However, these lower-mass ions were recovered in low abundance,
and MS/MS analysis was not feasible.
b Dominant ion transitions noted with MS/MS transitions (see Fig. 4B, C, and D).
c See Fig. 4B.
d See Fig. 4C.
e See Fig. 4D.
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centration of lipid A, suggesting that phosphorylated lipid A
species do not ionize as readily using this matrix and MALDI-MS.
We did not attempt to maximize negative-ion recoveries either by
modifying the matrix/lipid A ratio or by supplementing the ma-
trix with other ion-enhancing agents, as reported by others (19,
45, 48). These issues will be addressed in future work.

ESI-MS analysis of P. gingivalis lipid A. Next, we analyzed
the same P. gingivalis lipid A preparation using negative-ion
ESI-MS to detect phosphorylated lipid A species (Fig. 5A). We
observed high-mass ions (m/z 1,690, 1,676, 1,662, 1,648, 1,634,
1,620, 1,606, and 1,592), suggesting the presence of additional
lipid A species beyond those previously observed using

FIG 4 Structural reconciliation of the dominant nonphosphorylated lipid A of P. gingivalis. Nonphosphorylated lipid A species are always detected as sodium
adducts. (A) Shown is the structure of the most abundant lipid A positive ion (m/z 1,392.3). The observed monoisotopic ion mass was based on the TOF-
generated mass spectrum (Fig. 2B), whereas the observed average mass is based on the quadrupole-generated mass spectrum (Fig. 5B). Deacylation of the m/z
1,392 lipid A (A) resulting from postsource decay yields a positive ion (B). (C and D) The positive ions show additional ion fragmentation for the m/z 1,392
positive ion. Similar fragmentation is observed with MALDI-MS/MS of the m/z 1,364, 1,378, and 1,406 ions (Fig. 3), and these fragments are used to generate the
structural reconciliations shown in this figure. Refer to Table 1 for the predicted fatty acid substitutions for these nonphosphorylated lipid A species.
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MALDI-MS. More importantly, we also observed a series of
negative ions (m/z 1,432, 1,418, 1,404, 1,390, 1,376, 1,362, and
1,348) that have not been reported previously by MALDI-MS.
We further evaluated the relationship between these higher-
and lower-mass ions by using ESI-MS/MS. The generation of
these lower-mass ions (m/z 1,432 to 1,348) could not be opti-
mized by adjusting collision energy or gas pressure parameters,
suggesting that they were not produced through a collision-
induced dissociation of the higher-mass lipid A ions (m/z 1,690
to 1,592) but rather resulted from electrolytic de-esterification
occurring in the ion source region of the instrument. We pro-
pose the following fragmentation scheme: the m/z 1,690 pre-
cursor ion generates predominantly the m/z 1,418 product ion
through a process of de-esterification of the R1 fatty acid to-
gether with desaturation of the 3-4 saccharide bond (Fig. 1A
and B). This lipid A fragmentation scheme has been previously
described by others (25, 41). Additional product ions are gen-
erated from the m/z 1,690 precursor ion depending on the fatty
acid constituent substituted in the R1 position (Table 2). Using
this fragmentation scheme and the fatty acid constituents iden-
tified in this lipid A preparation, we can account for essentially
all product ions resulting from the de-esterification at the R1
position of the monophosphorylated lipid A species of P. gin-
givalis (Table 2). ESI-MS/MS analysis of the most abundant
de-esterified lipid A negative ions (m/z 1,418, 1,404, 1,390, and
1,376) revealed product ions, as depicted in Fig. 6. These prod-
uct ions are consistent with the fragmentation of the phosphor-

FIG 5 Negative and positive ions of lipid A detected by ESI-MS. (A) Shown is the negative-ion spectrum of P. gingivalis lipid A, as demonstrated by ESI-MS. This analysis
revealed a substantially different mass spectrum compared with MALDI-MS shown in Fig. 2A. (B) Shown is the positive-ion mass spectrum of lipid A obtained by
ESI-MS. The lipid A positive ions are depicted as average ion masses and are consistent with the monoisotopic masses generated with MALDI-MS shown in Fig. 2B.

TABLE 2 Phosphorylated lipid A species of P. gingivalisa

Precursor ion First deacylated ion mass Fatty acid leaving group (R1)

m/z 1,620 m/z 1,376 3-OH C14:0

m/z 1,362 3-OH iso C15:0

m/z 1,634 m/z 1,390 3-OH C14:0

m/z 1,376 3-OH iso C15:0

m/z 1,362 3-OH C16:0

m/z 1,648 m/z 1,390 3-OH iso C15:0

m/z 1,376 3-OH C16:0

m/z 1,362 3-OH iso C17::0

m/z 1,662 m/z 1,404 3-OH iso C15:0

m/z 1,390 3-OH C16:0

m/z 1,376 3-OH iso C17::0

m/z 1,676 m/z 1,418 3-OH iso C15:0

m/z 1,404 3-OH C16:0

m/z 1,390 3-OH iso C17:0

m/z 1,690 m/z 1,432 3-OH iso C15:0

m/z 1,418b 3-OH C16:0

m/z 1,404 3-OH iso C17:0

a The lipid A preparation of P. gingivalis was subjected to electrospray-MS/MS, as described
in Materials and Methods. Lipid A was dissolved in hexane-isopropanol-water, 6:8:0.75
(vol/vol/vol), at a concentration of approximately 0.5 �g/�l, and this solution was infused at
a rate of 20 �l/min. Each precursor ion generates the indicated deacylated ions when the listed
fatty acid is lost from the R1 position (Fig. 1). Though the fatty acid lost from the R1 position
shown in Fig. 1 is 3-OH C16:0, other fatty acids can substitute in the R1 position as listed.
b See Fig. 1B.

Nichols et al.

866 iai.asm.org Infection and Immunity

http://iai.asm.org


ylated lipid A species summarized in Table 3. As an example,
Fig. 1 depicts the fragmentation of the m/z 1,418 precursor ion
(Fig. 1B to E). This fragmentation scheme can be applied to
other phosphorylated lipid A precursor ions as well. Although
the distribution of high-mass phosphorylated lipid A ions dif-
fers between the MALDI-MS and ESI-MS approaches, the
number of monophosphorylated lipid A species identified by
ESI-MS is consistent with the number of nonphosphorylated
lipid A species identified by either MALDI-MS or ESI-MS. Fur-
thermore, our results also suggest that recovery of phosphory-
lated lipid A species can be monitored in biological samples
using electrospray-MS/MS transitions, as will be subsequently
demonstrated.

Next, we analyzed the same P. gingivalis lipid A preparation
using ESI-MS to detect nonphosphorylated lipid A species (Fig.
5B). The positive ions observed were essentially identical to those
observed by positive-ion MALDI-MS, as shown in Fig. 2B. The
precursor-product ion transitions for the dominant positive lipid
A ions, as determined by ESI-MS/MS (data not shown), revealed
mass spectra essentially identical to those depicted in Fig. 3.
Therefore, the MALDI-MS and ESI-MS analyses of nonphospho-
rylated lipid A species provide essentially identical recovery of
positive molecular ions and ion fragments.

Recovery of P. gingivalis lipid A and phosphorylated dihy-
droceramides in dental samples. Next, we evaluated lipid extracts
from calculus-contaminated teeth, impacted third molars, and

FIG 6 ESI-MS/MS of dominant phosphorylated lipid A species (negative ions). The dominant phosphorylated lipid A species (m/z 1,418, 1,404, 1,390, and
1,376) generated through post-ion source de-esterification and desaturation (Fig. 1A and B) were evaluated for characteristic product ions resulting from
collision induced dissociation. The product ions produced from these precursor ions are depicted for the mass range m/z 400 to 1,500. (D) The ESI-MS/MS
spectrum for the m/z 1,418 monophosphorylated lipid A ion shown was used to reconcile the loss of fatty acids, as proposed in Fig. 1. Loss of fatty acids from the
remaining lipid A species (A to C) are reconciled in Tables 2 and 3.
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subgingival plaque samples for the presence of lipid A species.
Subgingival plaque samples from chronic periodontitis sites rep-
resent disease-related biofilm samples. For this analysis, we used
both single-stage MS detection and MRM-MS detection of ion
transitions specific for the lipid A species noted above. By
MALDI-MS analysis, lipid extracts from calculus-contaminated
teeth and subgingival plaque samples did not reveal either the
positive or negative lipid A molecular ions described above (data
not shown) or diphosphorylated lipid A species previously re-
ported by others (5, 8, 11). For MRM-MS analysis, ion transitions
were used to quantify the most abundant lipid A negative ions
described above. For quantification of lipid A species, we moni-
tored the following MRM-negative ion transitions: m/z 1,418 to
740, m/z 1,418 to 579, m/z 1,404 to 726 (panel C), m/z 1,404 to
565 (panel D), m/z 1,390 to 712 (panel A), and m/z 1,390 to 551
(panel B) (only the m/z 1,404 and 1,390 transitions are depicted in
Fig. 7 through 10). As a comparison, MRM transitions indicating
high- and low-mass phosphoglycerol dihydroceramides (PG
DHC; m/z 960 to 171 and m/z 932 to 171, respectively) or high-
and low-mass phosphoethanolamine dihydroceramides (PE
DHC; m/z 705 to 140 and m/z 677 to 140, respectively) (33) were
evaluated in parallel with the assessment of lipid A ion transitions
in the lipid extracts of these dental samples. Our results showed
that negligible levels of phosphorylated lipid A ions are recovered
in lipid extracts of teeth with subgingival calculus (n � 2) (Fig. 7).
The recovery of phosphorylated lipid A species versus phosphor-
ylated dihydroceramides are shown in Fig. 7, left and right, respec-
tively. Note that the free lipid A preparation of P. gingivalis was
injected as a positive control after the individual lipid extracts of

teeth were infused (Fig. 7, left). The ion transitions characteristic
for free lipid A species are clearly evident with the lipid A standard
but are not present in the lipid extracts of teeth. The phosphory-
lated dihydroceramide ion abundances in tooth lipid extracts were
at least 1,000 to 10,000 times greater than those in the lipid A ion
traces. Similar results were observed for subgingival plaque sam-
ples (Fig. 8), although the differences in ion abundances between
the lipid A and dihydroceramide lipid scans were not as large as
those observed with lipid extracts from teeth. Regardless, the levels
of free lipid A in these dental samples are negligible compared with
the levels of phosphorylated dihydroceramide lipids. Lipid ex-
tracts from impacted third molars contained negligible levels of
phosphoethanolamine dihydroceramides and lipid A species,
with very low levels of phosphoglycerol dihydroceramide lipids
detected. Our previous studies indicated that hydrolysis of plaque
or gingival tissue lipid extracts yields substantial levels of 3-OH iso
C17:0, which could reflect the presence of bacterial lipids, including
dihydroceramide lipids or free lipid A species. We now conclude
that 3-OH iso C17:0 previously recovered from lipid extracts of
diseased dental samples (26, 29) does not reflect the presence of
phosphorylated lipid A of P. gingivalis.

More importantly, we examined the free lipid A preparation of
P. gingivalis LPS for contamination with phosphorylated dihydro-
ceramides using single-stage MS and MRM-MS analysis. By
single-stage MS analysis, we observed significant levels of the char-
acteristic molecular ions of substituted phosphoglycerol dihydro-
ceramides (m/z 960, 946, and 932) and molecular ions of phos-
phoethanolamine dihydroceramides (m/z 705, 691, and 677) (31)
in two independent lipid A preparations isolated from P. gingivalis
LPS (data not shown). Furthermore, we observed characteristic
MRM-MS ion transitions that indicate significant levels of phos-
phorylated dihydroceramide lipids in lipid A extracts of P. gingi-
valis (Fig. 10). Therefore, we now provide evidence that lipid A
derived from LPS of P. gingivalis prepared by the Tri-Reagent
method (46) is contaminated with phosphorylated dihydrocera-
mides of P. gingivalis.

DISCUSSION

This investigation is, in part, directed toward a reassessment of the
role of P. gingivalis virulence factors in promoting inflammatory
and tissue-destructive processes associated with periodontal dis-
eases. This reassessment comes at a time when emerging evidence
implicates non-LPS virulence factors of P. gingivalis, including
phosphorylated dihydroceramide lipids, as major contributing
factors to the pathogenesis of chronic destructive periodontal dis-
ease (31, 33, 43). There is concern that the LPS of P. gingivalis is
not critical in promoting destructive periodontal diseases because
the levels of LPS from P. gingivalis are negligible in diseased gin-
gival tissues from chronic periodontitis sites (26, 30). The lack of
LPS of P. gingivalis in diseased gingival tissues also suggests that P.
gingivalis invasion is not prominent in diseased periodontal tis-
sues. In the absence of significant bacterial invasion, putative vir-
ulence factors should be recovered in diseased tissues at levels
capable of promoting inflammatory or tissue-destructive pro-
cesses. Surprisingly, few virulence factors of P. gingivalis or any
other periodontal pathogen have met this fundamental criterion
for implication in the pathogenesis of periodontal disease. It was
the application of this concept that led to the discovery of P. gin-
givalis dihydroceramide lipids in diseased periodontal tissues,
while little if any LPS from this organism could be identified in the

TABLE 3 Phosphorylated lipid A species of P. gingivalisa

Precursor
ionc

Lipid A
fragmentd

Fatty acid
leaving
group (R3)

Lipid A
fragmente

Fatty acid
leaving
group (R2)

m/z 1,375 m/z 727b C16:0 m/z 565 C16:0

m/z 713 Iso C15:0 m/z 551b Iso C15:0

m/z 698 C14:0 m/z 537 C14:0

m/z 1,389 m/z 727b C16:0 m/z 565b C16:0

m/z 713 Iso C15:0 m/z 551 Iso C15:0

m/z 1,403 m/z 741 Iso C17:0 m/z 579 Iso C17:0

m/z 727b C16:0 m/z 565b C16:0

m/z 713 Iso C15:0

m/z 1,417 m/z 741b Iso C17:0 m/z 579b Iso C17:0

m/z 727 C16:0 m/z 565 C16:0

a The lipid A preparation of P. gingivalis was subjected to ESI-MS/MS, as described in
Materials and Methods. Lipid A was dissolved in hexane-isopropanol-water, 6:8:0.75
(vol/vol/vol), at a concentration of approximately 0.5 �g/�l, and this solution was
infused at a rate of 20 �l/min. Each precursor ion generates the indicated deacylated
ions when the listed fatty acids are first deacylated from the R2 position (Fig. 1) and
subsequently deacylated from the R3 position. The fatty acids listed in Table 1 were
shown by sodium methoxide treatment and GC-MS analysis to be ester linked in this
lipid A preparation. Additional phosphorylated lipid A species appear as negative ions,
with masses of m/z 1,360, 1,430, and 1,444 (Fig. 5). However, these additional lipid A
species were recovered in lower-ion abundances, and ESI-MS/MS analysis was not
feasible.
b Dominant ion transitions noted with MS/MS transitions.
c See Fig. 1B.
d See Fig. 1C.
e See Fig. 1E.
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same tissue samples (26, 30). Despite continued research empha-
sis on P. gingivalis lipid A and LPS constituents in promoting
inflammatory and tissue-destructive processes in periodontal dis-
eases, little evidence has been forthcoming to demonstrate the
presence of lipid A or LPS in diseased periodontal tissues. In ad-
dition, other virulence factors of P. gingivalis proposed to contrib-
ute to the expression of periodontal disease, including fimbriae,
have not been demonstrated in diseased periodontal tissues.
Therefore, our evidence argues strongly for more intensive inves-
tigation of P. gingivalis virulence factors, such as phosphorylated
dihydroceramides, that are both plentiful in destructive periodon-
tal disease sites and are established to engage relevant host innate
immune systems (TLR2).

In order to determine whether free lipid A accounts for 3-OH
iso C17:0 detected in lipid extracts of diseased teeth and subgingival
plaque samples (26, 30), it was first necessary to characterize both
positive- and negative-ion forms of lipid A purified from P. gingi-
valis (ATCC 33277). Using positive-ion MALDI-MS, we show

that the type strain of P. gingivalis contains the same nonphospho-
rylated lipid A ions that were recently reported for the 1626 KO
strain of P. gingivalis (8). Our results suggest the following: either
the nonphosphorylated lipid A species form positive ions more
efficiently with MALDI-MS or these nonphosphorylated lipid A
species are far more plentiful in the LPS of P. gingivalis than the
phosphorylated lipid A species, consistent with a previous report
by Coats et al. (8). Given the apparent levels of nonphosphory-
lated lipid A species present in P. gingivalis LPS isolates, it seems
reasonable that LPS-containing nonphosphorylated lipid A spe-
cies should be separated from LPS-containing phosphorylated
lipid A species before these structurally distinct LPS isolates are
evaluated for biological effects.

Regarding the structural reconciliation of P. gingivalis lipid A
species, our results indicate that the ionization mode used to char-
acterize phosphorylated lipid A species of P. gingivalis has a major
effect on the types of species identified and the relative amounts of
these species. MALDI-MS showed only five negative ions for

FIG 7 Recovery of phosphorylated lipid A species and phosphorylated dihydroceramide (PDHC) lipids in organic solvent extracts from calculus-contaminated
teeth. Teeth extracted from two patients were individually pooled and extracted for lipids, as described in Materials and Methods. A sample of each lipid extract
was evaluated for phosphorylated lipid A species using MRM-MS quantification of transitions characteristic for the dominant phosphorylated lipid A species
detected in Fig. 5 (m/z 1,404 and 1,390 precursor ions were evaluated). (Left) Shown are the MRM-MS profiles for the m/z 1,390 to 726 (A), 1,390 to 565 (B), 1,404
to 726 (C), and 1,404 to 565 (D) ion transitions. The MS/MS transitions characteristic for the m/z 1,418 lipid A precursor ion were also evaluated and confirmed
negligible levels of this lipid A in lipid extracts from diseased teeth (data not shown). The tooth lipid extracts (5 �g each) were injected at 1 and 3 min. A sample
of P. gingivalis lipid A was injected at 4.5 min. In a separate analysis, we evaluated the same tooth lipid extracts for characteristic phosphorylated dihydroceramide
lipids using MRM-MS analysis and previously characterized mass spectrometric parameters for these lipid products. Tooth lipid samples (5 �g each) were
injected at 1 and 3.5 min. The phosphorylated dihydroceramide lipids elute in the following order from top to bottom: low-mass PE DHC lipid (m/z 677 to 140
negative-ion transition), high-mass PE DHC lipid (m/z 705 to 140 negative-ion transition), low-mass PG DHC lipid (m/z 932 to 171 negative-ion mass),
high-mass PG DHC lipid (m/z 960 to 171 negative-ion mass) (31, 33). Note that the ion abundances for phosphorylated dihydroceramides are 3 or 4 orders of
magnitude greater than the MS scan abundances for lipid A species.
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penta-acylated, monophosphorylated lipid A species, yet positive-
ion MALDI-MS shows at least seven nonphosphorylated lipid A
species. Furthermore, negative-ion MALDI-MS revealed five
tetra-acylated, monophosphorylated lipid A species along with
the penta-acylated, monophosphorylated lipid A species. In con-
trast, ESI-MS of the same lipid A preparation showed seven penta-
acylated, monophosphorylated lipid A species and seven mono-
phosphorylated, tetra-acylated lipid A species resulting from
deacylation of the R1 fatty acid and desaturation in the 3-4 sac-
charide bond (Fig. 1A and B). Therefore, the number of phos-
phorylated lipid A species recovered by ESI-MS is consistent with
the number of nonphosphorylated lipid A species detected by ei-
ther MALDI-MS or ESI-MS. Furthermore, ESI-MS (Fig. 5A) did
not detect tetra-acylated, monophosphorylated lipid A species
shown in the MALDI-MS scan (Fig. 2A), suggesting that the
MALDI-MS ionization process actually produces lipid A ions that
are de-esterified in the 3= position without concurrent desatura-
tion. Taken together, this evidence indicates that monophospho-
rylated, penta-acylated lipid A species can fragment to tetra-
acylated, monophosphorylated lipid A species by MALDI-MS,
whereas ESI-MS causes fragmentation to tetra-acylated, mono-
phosphorylated lipid A species that are de-esterified in the R1 fatty
acid and desaturated in the 3-4 saccharide bond (Fig. 4). This
evidence suggests that reliance on a single ionization approach

does not provide sufficient information to accurately reconcile
phosphorylated lipid A structures in complex mixtures.

According to a recent report by Coats et al. (8), using MALDI-
MS/MS, monophosphorylated lipid A species of P. gingivalis re-
tain the phosphate group in the 4= position rather than the 1 sac-
charide position (Fig. 1). However, based on the known fatty acid
substitutions that occur in the R2 and R3 positions described here
for the negative-ion lipid A species, each of the higher-mass A2 ion
fragments described by Coats et al. (8) should be recovered in our
relevant lipid A fragments for the differing lipid A precursor ions.
Using ESI-MS/MS, we did not observe A2 ion fragments that are
consistent with phosphate substitution of lipid A in the 4= posi-
tion. Because the A2 ions described by Coats et al. (8) were recov-
ered in low abundances, another possibility is that these investi-
gators isolated lipid A with phosphate substitution in either the 1
position or 4= position of lipid A, but the 1 position phosphate
substitution is the dominant form (23). ESI-MS/MS analysis of
m/z 1,676, 1,662, 1,648, and 1,634 negative-ion species (Fig. 5) of
P. gingivalis lipid A failed to identify ion fragments consistent with
a 4= phosphate substitution of lipid A, as reported by Coats et al.
(8). Our structural reconciliation of the location of the phosphate
group in monophosphorylated lipid A species is therefore consis-
tent with that reported by Kumada et al. (23).

Because the previously reported recovery of 3-OH iso C17:0 in

FIG 8 Recovery of phosphorylated lipid A species and phosphorylated dihydroceramide lipids in organic solvent extracts from subgingival plaque samples.
Subgingival plaque samples were collected, pooled by individual, and extracted for lipids, as described in Materials and Methods. A sample of each lipid extract
was evaluated for phosphorylated lipid A species (left) and for phosphorylated dihydroceramide lipids (right) using the same order of ion transition monitoring
and instrument parameters as shown in Fig. 7. Lipid samples were injected at 5 s and 2.5 min. Note that the phosphorylated dihydroceramide lipids show at least
2 or 3 orders of magnitude greater abundance compared with the phosphorylated lipid A species in the same lipid extracts of subgingival plaque samples.
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organic extracts of subgingival plaque and diseased gingival tissues
(26, 30) could reflect the presence of free lipid A of P. gingivalis, the
recovery of free lipid A species was evaluated in lipid extracts of
calculus-contaminated teeth, impacted third molars, and subgin-
gival plaque samples. Lipid A was evaluated in these dental sam-
ples as phosphorylated species quantified by ESI-MRM-MS. As a
comparison, we evaluated replicate samples of each dental extract
for phosphorylated dihydroceramide lipids of P. gingivalis (33).
Quantification of lipid A species and phosphorylated dihydroce-
ramide lipids utilized MRM-MS with optimized ion transitions
recorded for the high- and low-mass substituted phosphoglycerol
dihydroceramide (PG DHC) and phosphoethanolamine dihydro-
ceramide (PE DHC) lipids (31) as well as the m/z 1,403 to 726 or
565 and the m/z 1,389 to 712 or 551 transitions for the dominant
phosphorylated lipid A species of P. gingivalis. Figure 7 shows the
MRM-MS scans indicating high- and low-mass PG DHC and PE
DHC lipids in extracts from calculus-contaminated teeth re-
moved from two different individuals. One tooth lipid extract
eluted with peak recovery of phosphorylated dihydroceramide
(PDHC) lipids at 1.3 min, and the second eluted with peak PDHC
recovery at 3.8 min. The same tooth lipid extracts were then eval-
uated for the two dominant phosphorylated lipid A species pro-
duced by P. gingivalis (Fig. 7A through D). MRM-MS of the tooth

samples revealed no lipid A negative ions at the elution times for
PDHC lipids. As a comparison, the lipid A preparation of P. gin-
givalis was injected as a positive control, and peak negative-ion
recovery for all scans was noted at about 5.4 min. The lipid extracts
from calculus-contaminated teeth contained substantial levels of
phosphorylated dihydroceramide lipids but negligible levels of
lipid A from P. gingivalis. Analysis of lipid extracts from subgin-
gival plaque samples (n � 2) revealed significant levels of phos-
phorylated dihydroceramide lipids with negligible levels of P. gin-
givalis lipid A species (Fig. 8). However, lipid extracts from
impacted third molars contained negligible levels of lipid A and
phosphoethanolamine dihydroceramide lipids, with very small
amounts of phosphoglycerol dihydroceramide lipids observed. In
summary, the levels of monophosphorylated lipid A species in all
dental samples from periodontitis disease sites were negligible
compared with the phosphorylated dihydroceramide lipids.
Therefore, the previously reported recovery of 3-OH iso C17:0 in
lipid extracts of diseased teeth and subgingival plaque (26, 29)
does not result from the presence of free lipid A species.

The Tri-Reagent method was previously shown to extract LPS
constituents from P. gingivalis that contain diphosphorylated
penta-acylated lipid A species as well as monophosphorylated
tetra- and penta-acylated lipid A species, whereas the MgCl2/

FIG 9 Recovery of phosphorylated lipid A species and phosphorylated dihydroceramide lipids in lipid extracts from impacted third molars. Impacted third
molars collected from three patients were individually extracted for lipids, as described in Materials and Methods. A sample of each lipid extract (5 �g) was
evaluated for phosphorylated lipid A species (left) and for phosphorylated dihydroceramide lipids (right) using the same order of ion transition monitoring and
instrument parameters as shown in Fig. 7. Individual tooth samples were injected at 5 s, 2 min, and 3.5 min. Note that only the phosphoglycerol dihydroceramide
(PG DHC) lipids were detected, but the ion abundances were at least 3 orders of magnitude less than those observed with an equivalent amount of lipid extract
from calculus-contaminated teeth. Phosphoethanolamine dihydroceramides and phosphorylated lipid A species were not detected in these samples.
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EtOH extraction method recovered LPS constituents from P. gin-
givalis that included only the monophosphorylated tetra-acylated
species of lipid A (11). According to Yi and Hackett (46), Tri-
Reagent extraction of LPS yields a lipid A preparation that con-
tains considerably lower levels of contaminating substances com-
pared with lipid A recovered with the phenol water extraction
method of Westphal and Jann (44). Therefore, the Tri-Reagent
method appears to be preferable to other LPS extraction methods
because it provides the widest range of lipid A species with mini-
mal non-LPS contaminants. In addition to the Tri-Reagent
method, some investigators have included additional purification
approaches for P. gingivalis LPS prior to hydrolysis and recovery of
lipid A. These additional purification steps included either a Folch
et al. (12) extraction (5, 11) or a Bligh and Dyer (6) extraction
procedure (8) to remove contaminating phospholipids. However,
removal of phospholipids was not verified by mass spectrometric
methods in these studies. Our results clearly show that up to three
successive Bligh and Dyer extractions of the Tri-Reagent-prepared
LPS of P. gingivalis will recover significant levels of contaminating
phosphorylated dihydroceramide lipids. This indicates that suc-
cessive phospholipid extractions will only partially remove phos-
phorylated dihydroceramide lipids.

Relevant to the present studies is the recently observed capacity
of specific P. gingivalis dihydroceramides (PE DHC) to engage

TLR2 in activating dendritic cells and in promoting autoimmune
disease in a murine model of multiple sclerosis (29). The effects of
PE DHC lipids were reported to be comparable to the effects pro-
duced by lipoprotein (MMP, TLR2 ligand) (29). TLR2 depen-
dence was demonstrated using a highly purified PE DHC lipid
preparation that was free of protein, complex carbohydrate, or
lipid A components of P. gingivalis, as demonstrated using struc-
tural nuclear magnetic resonance (NMR) studies and collisional
mass spectrometry (31). The PE DHC lipids were shown to
worsen experimental autoimmune encephalomyelitis (EAE) in
wild-type mice using very low doses administered intraperitone-
ally, but EAE was not affected in TLR2 knockout mice by these
lipids (29). Other coreceptors are likely to be involved in this TLR2
engagement (i.e., TLR1, TLR6, and perhaps others), but their roles
remain to be characterized. Our recent work clearly shows that
specific P. gingivalis dihydroceramide lipids engage TLR2 in pro-
moting immune-regulated disease in vivo and immune cell acti-
vation in vitro.

The capacity of P. gingivalis LPS or its lipid A to engage TLR2
has been controversial for several reasons. Depending on the ex-
traction method of P. gingivalis LPS, reports have shown conflict-
ing evidence regarding cell activation through TLR2 (21, 22).
Lipid A preparations of P. gingivalis have been reported to interact
with TLR2 and/or TLR4 (11) or to interfere with TLR4 responses

FIG 10 Recovery of phosphorylated dihydroceramide lipids in the lipid A extract of P. gingivalis. Lipid A of P. gingivalis was prepared as described in Materials
and Methods, and the lipid A was dissolved in hexane-isopropanol-water (6:8:0.75, vol/vol/vol) at 0.5 �g/�l. Lipid A (approximately 2 �g) was evaluated for
characteristic ion transitions for the dominant phosphorylated lipid A species (left; using the same MRM-MS transitions as described in Fig. 7) and phosphor-
ylated dihydroceramide lipids (right; using the same MRM-MS transitions as described in Fig. 7). Note that the abundances for the phosphorylated dihydroce-
ramide lipids are higher than those for the phosphorylated lipid A species.
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(42). However, Ogawa et al. have synthesized the most abundant
form of lipid A of P. gingivalis and demonstrated that this syn-
thetic lipid A engages only TLR4 (35, 40). Conversely, this group
has shown that a lipoprotein of P. gingivalis acts only through
TLR2 and suggested that lipid A preparations of P. gingivalis iso-
lated by others may be contaminated with lipoprotein (2, 35). A
recent report demonstrated that synthetic lipid A of P. gingivalis
activates cells only through TLR4, whereas LPS or the dominant
form of lipid A extracted from P. gingivalis activates through TLR2
or TLR4, leading these authors to speculate that other bioactive
contaminants account for the TLR2-mediated effects observed
with P. gingivalis LPS isolates (24). Finally, TLR2-transfected cells
exposed to P. gingivalis LPS respond with weaker cytokine secre-
tory responses than the known TLR2 ligand, Staphylococcus aureus
lipoteichoic acid (42). All together, this evidence raises significant
concern that non-LPS contaminants may be largely responsible
for the TLR2 activity attributed to P. gingivalis LPS. Furthermore,
fimbriae of P. gingivalis (3, 17, 18) and BspA of Tannerella for-
sythia (16) are reported to engage TLR2. Since these substances are
anchored in bacterial membranes and because T. forsythia synthe-
sizes the same phosphorylated dihydroceramides as P. gingivalis
(33), we suspect that fimbria and BspA preparations are also con-
taminated with bacterial lipids that contribute to their reported
TLR2 activity.

In summary, our studies have further elucidated the structures
of lipid A species of P. gingivalis using a combination of MALDI-
MS/MS and ESI-MS/MS. Furthermore, ESI-MS/MS can be ex-
tended to include quantification of specific lipid A species within
dental samples when MRM-MS is employed. However, using both
of these mass spectrometric approaches, we could not detect free
lipid A species of P. gingivalis in lipid extracts from either diseased
teeth or subgingival plaque samples. In contrast, we observed sig-
nificant amounts of phosphorylated dihydroceramides in these
dental samples. Finally, LPS and lipid A preparations of P. gingi-
valis extracted by the Tri-Reagent method are contaminated with
phosphorylated dihydroceramide lipids that are known to act
through TLR2. This observation raises the possibility that the pre-
viously reported capacity of P. gingivalis and P. gingivalis LPS and
lipid A to mediate biological functions via TLR2 may actually
result, at least in part, from the presence of contaminating phos-
phorylated dihydroceramide lipids.
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