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Abstract

Background: Tannerella forsythia is a Gram-negative oral pathogen. Together with Porphyromonas gingivalis and
Treponema denticola it constitutes the “red complex” of bacteria, which is crucially associated with periodontitis, an
inflammatory disease of the tooth supporting tissues that poses a health burden worldwide. Due to the absence of
common peptidoglycan biosynthesis genes, the unique bacterial cell wall sugar N-acetylmuramic acid (MurNAc) is
an essential growth factor of T. forsythia to build up its peptidoglycan cell wall. Peptidoglycan is typically composed
of a glycan backbone of alternating N-acetylglucosamine (GlcNAc) and MurNAc residues that terminates with
anhydroMurNAc (anhMurNAc), and short peptides via which the sugar backbones are cross-linked to build up a
bag-shaped network.

Results: We investigated T. forsythia’s peptidoglycan structure, which is an essential step towards anti-infective
strategies against this pathogen. A new sensitive radioassay was developed which verified the presence of MurNAc
and anhMurNAc in the cell wall of the bacterium. Upon digest of isolated peptidoglycan with endo-N-
acetylmuramidase, exo-N-acetylglucosaminidase and muramyl-L-alanine amidase, respectively, peptidoglycan
fragments were obtained. HPLC and mass spectrometry (MS) analyses revealed the presence of GlcNAc-
MurNAc-peptides and the cross-linked dimer with retention-times and masses, respectively, equalling those of
control digests of Escherichia coli and P. gingivalis peptidoglycan. Data were confirmed by tandem mass
spectrometry (MS2) analysis, revealing the GlcNAc-MurNAc-tetra-tetra-MurNAc-GlcNAc dimer to contain the
sequence of the amino acids alanine, glutamic acid, diaminopimelic acid (DAP) and alanine, as well as a
direct cross-link between DAP on the third and alanine on the fourth position of the two opposite stem
peptides. The stereochemistry of DAP was determined by reversed-phase HPLC after dabsylation of hydrolysed
peptidoglycan to be of the meso-type.
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Conclusion: T. forsythia peptidoglycan is of the A1γ-type like that of E. coli. Additionally, the classification of
P. gingivalis peptidoglycan as A3γ needs to be revised to A1γ, due to the presence of meso-DAP instead of
LL-DAP, as reported previously.
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Background
The anaerobic, Gram-negative oral pathogen Tannerella
forsythia is affiliated to the Bacteroidetes phylum of bac-
teria and plays an essential role in the onset and progres-
sion of periodontitis [1]. Periodontitis is a chronic,
inflammatory disease of the tooth-supporting tissues,
which crucially involves the so-called “red complex” con-
sortium of bacteria, comprising the phylogenetically re-
lated bacteria T. forsythia (previously, Bacteroides
forsythus [2]) and Porphyromonas gingivalis (previously,
Bacteroides gingivalis [3]) and the spirochete Treponema
denticola, which act as late colonizers within subgingival
plaque biofilms [4, 5]. T. forsythia has a strict auxotrophy
for the unique bacterial cell wall aminosugar N-acetyl-
muramic acid (MurNAc) and changes its morphology
under MurNAc depletion from rod-shaped to enlarged,
fusiform cells under laboratory cultivation conditions [6,
7]. Due to the absence of the common peptidoglycan
(PGN) biosynthesis genes murA and murB [8], encoding a
UDP-N-acetylglucosamine 1-carboxyvinyltransferase and
a UDP-N-acetylenolpyruvoyl-glucosamine reductase, re-
spectively, yielding UDP-MurNAc from UDP-N-acetylglu-
cosamine glucose-1-phosphate, MurNAc needs to be
externally provided and a novel bypass route for the syn-
thesis of UDP-MurNAc [9] is proposed for T. forsythia. In
its natural habitat, the oral cavity, T. forsythia covers its
MurNAc requirements mainly by scavenging of cohabit-
ing bacteria [10].
Considering that T. forsythia cannot de novo synthesise

PGN and several recent studies are dealing with the PGN
metabolism of this bacterium - addressing aspects such as
the identification of a novel MurNAc transporter [11] as
well as the regulation and environmental muropeptide up-
take and utilization [12] - it is surprising that the compos-
ition and structure of T. forsythia’s PGN are still
unknown. PGN is a macromolecule, forming a huge net-
shaped structure (known as PGN sacculus) that encases
the entire bacterial cell and is required for protection
against adverse environmental effects and to maintain the
cell shape [13]. While Gram-positive bacteria possess a
thick PGN layer external to the cytoplasmic membrane,
Gram-negatives have a thin, possibly monolayered struc-
ture, which is covalently linked to the outer membrane
through the prominent Braun’s lipoprotein [14].
On the primary structure level, PGN comprises a back-

bone of alternating β-1,4-linked N-acetylglucosamine

(GlcNAc) and MurNAc residues, terminating with a non-
reducing 1,6-anhydroMurNAc (anhMurNAc) residue
[15–17]. These linear glycan chains are cross-linked via
short peptides, which are bound to the free carboxylic acid
of the lactyl substituent of MurNAc. The lengths of glycan
and peptide chains and the amount of cross-linkage can
differ within growth phases. For the Gram-negative
bacterium Escherichia coli, it was reported that the
GlcNAc-MurNAc-tetrapeptide (G-M-tetra) represents
about 30% of the total material, followed by the cross-
linked disaccharide tetra-tetrapeptide (G-M-tetra-tetra-
M-G), with the presence of tripeptide fractions increasing
in the stationary growth phase [14, 18–20]. Although
PGN sacculi are able to withstand high osmotic pressure,
the structure is extremely flexible and enables the diffu-
sion of proteins [18]. Based on conformational energy cal-
culations, the glycan backbone is assumed to be rather
rigid, whereas the stem peptides are assumed to be the
flexible part of the structure [21]. To date, it has been im-
possible to obtain a crystal structure of PGN and, thus, its
three-dimensional architecture remains unknown. How-
ever, several hypothetical PGN models are available. The
so-called “scaffold” model proposes glycan strands pro-
truding vertically from the cytoplasmic membrane [22,
23], however, glycan strands of an average length of 20 di-
saccharide units and more are too long to coincide with
that type of architecture. In recent models of layered
PGN, glycans are arranged parallel to the cytoplasmic
membrane, forming a monolayer by cross-linkage of pep-
tides of neighbouring strands. This model is in accordance
with experimental data showing that approximately 40 to
50% of peptides are part of cross-links in Gram-negatives,
or up to 90% in the Gram-positive bacterium Staphylococ-
cus aureus [14, 19].
A basic classification of PGN based on the mode of

cross-linkage was established by Schleifer and Kandler
[15]. Following this scheme, PGN is classified as group
A or group B, denoting cross-linkage between the third
and the fourth or between the second and the fourth
amino acid of two peptide subunits. Further, numbers
define subgroups, which are determined by the type of
cross-linkage, and Greek letters determine the involved
diamino acid. In Gram-negative bacteria, the stem pep-
tide frequently contains L-Ala-iso-D-Glu-m-DAP-D-Ala-
D-Ala (where m-DAP is meso-diaminopimelic acid),
connecting the glycan strands through direct m-DAP-D-
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Ala cross-linkage [14]. This composition, as found in E.
coli, refers to the PGN-type A1γ [15]. In comparison to
the great variety of PGN in Gram-positive organisms,
Gram-negative bacteria reveal few variations. Substitu-
tion of m-DAP by other amino acids like L-ornithine, as
reported for Treponema phagedenis [24] or lanthionine,
as reported for Fusobacterium nucleatum, [25] is pos-
sible. Additionally, m-DAP may be replaced by the
stereochemical variant LL-DAP, as was reported for P.
gingivalis [26].
In this study, the PGN structure of the MurNAc-

auxotroph T. forsythia was investigated for the first time,
by using a combined approach of HPLC and electro-
spray ionization (ESI)-MS, MS2, and a novel radioassay,
and its chemical type according to the PGN classifica-
tion scheme introduced by Schleifer and Kandler was
determined [15]. Furthermore, we show that the PGN-
type of the phylogenetically related bacterium P. gingiva-
lis needs to be revised, due to the presence of m-DAP
instead of LL-DAP, as reported previously [26].

Results
Identification of MurNAc and anhMurNAc in T. forsythia
cell walls
The development of a new sensitive radioassay for PGN is
based on radioactive phosphorylation with γ-32P-ATP and
activity of recently characterized PGN recycling enzymes.
T. forsythia cell walls were digested with the endo-N-acet-
ylmuramidase mutanolysin, the exo-N-acetyl-glucosamini-
dase NagZ and the muramyl-L-alanine amidase AmiD to
produce single PGN sugars. The GlcNAc/MurNAc kinase
MurK of Clostridium acetobutylicum [27] successfully
yielded radioactively labelled GlcNAc-6-phosphate
(GlcNAc-632P; Rf~ 0.10) and MurNAc 6-phosphate (Mur-
NAc-632P; Rf~ 0.17) out of digested T. forsythia cell walls,
proving the presence of the typical PGN backbone sugars.
The presence of anhMurNAc was inferred from radio-
active phosphorylation with the anhMurNAc kinase
AnmK of E. coli [28], yielding MurNAc-632P (Fig. 1). The
low amounts of anhMurNAc as detected by autoradiog-
raphy of the TLC plate might be indicative of extended
glycan backbones terminating with anhMurNAc, as typ-
ical of Gram-negative bacteria [16, 17].

Elucidation of typical PGN building blocks by LC-MS
PGN was isolated following a published procedure [29]
and digested with the endo-N-acetylmuramidase mutano-
lysin from S. globisporus, which cleaves the β-1,4-linkage
of the PGN backbone between MurNAc and GlcNAc.
Digestion products were reduced, applied to RP-HPLC,
and used as peak source for structural analysis. MS mea-
surements revealed the expected presence of GlcNAc-
MurNAc-peptides (G-M-tri/tetra), with special regards to
the monomers G-M-tri and G-M-tetra and the cross-

linked dimer G-M-tetra-tetra-M-G. Theoretical masses of
these PGN building blocks with an assumed stem peptide
composition of Ala-Glu-DAP(−Ala) were 871.378m/z for
G-M-tri, 942.416m/z for G-M-tetra, and 1865.813m/z for
G-M-tetra-tetra-M-G. Measured in positive ion mode, the
observed peaks were 871.376m/z [M+H]+ for G-M-tri,
942.415m/z [M +H]+ for G-M-tetra, and 933.414m/z
[M + 2H]2+ for double charged G-M-tetra-tetra-M-G and,
thus, in accordance with theoretical masses (Fig. 2).
This was confirmed by a further digest with the N-

acetylglucosaminidase NagZ and the muramyl-L-alanine
amidase AmiD, which successfully produced single pep-
tides out of GlcNAc-MurNAc-peptides. Observed m/z
values in positive ion mode were 391.181m/z [M +H]+

for tripeptide, 462.221m/z [M +H]+ for tetrapeptide,
and 905.417m/z [M +H]+ for the tetra-tetra-peptide,
conforming with the theoretical masses of 391.183m/z,
462.220m/z and 905.421m/z (Fig. 2). All digestion prod-
ucts were in accordance to those of the model organism
E. coli, suggesting T. forsythia to comprise a typical PGN
composition of GlcNAc, MurNAc and attached stem
peptides consisting of Ala, Glu and DAP.
Since the purity of the PGN preparations differed and

the grade of digestion by mutanolysin was not deter-
mined, we do not claim quantification of different PGN
building blocks. However, the observed major presence
of G-M-tetra is in accordance with previous literature
[19, 20].

Determination of PGN stem peptide composition by MS2

To confirm the data obtained by MS analysis and eluci-
date the exact composition of the stem peptide and

Fig. 1 Autoradiogram of a TLC showing radioactive phosphorylation
of digested T. forsythia cell walls with γ-32P-ATP by GlcNAc/MurNAc
kinase MurK, yielding GlcNAc-6-phosphate (GlcNAc-632P) and
MurNAc 6-phosphate (MurNAc-632P), and by anhMurNAc kinase
AnmK of E. coli, yielding MurNAc-632P. Reaction time points were 0
and 1 h. The representative section of the autoradiogram is shown.
The running direction of the solvent is indicated by an upward
arrow on the left side of the plate
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cross-linkage, the PGN building block G-M-tetra-tetra-
M-G was analysed by MS2. Reduced mutanolysin digests
were separated by RP-HPLC and the muropeptide-
containing fraction was applied to LC-ESI-MS using a
maXis 4G mass spectrometer (Bruker). MS2 analysis in
positive ion mode was performed for the cross-linked G-
M-tetra-tetra-M-G with a theoretical mass of 1865.813
m/z. The dimer was observed as a doubly charged ion
with a mass of 933.410m/z [M + 2H]2+ (Fig. 3). The
fragmentation pattern showed the subsequent loss of
GlcNAc, MurNAc, Ala, Glu, DAP, and Ala. This was a
strong indication but not necessarily proof of the occur-
rence of a direct cross-linkage of DAP at the third pos-
ition and Ala at the fourth position of opposing stem
peptides. Notably, however, loss of an inner Ala was only
observed subsequent to removal of DAP, which is sup-
portive of the DAP-Ala cross-linkage.
According to these data, it is conceivable to assume

for T. forsythia a typical PGN structure similar to that of

E. coli, comprised of a glycan backbone and short pep-
tides, arranged as Ala-Glu-DAP-Ala, forming a direct
DAP-Ala cross-linkage, as typical of Gram-negative
bacteria.

Identification of the stereochemical variant of DAP
After PGN of T. forsythia had been proven to contain
DAP as a component of the stem peptide, the question
remained which stereochemical variant, meso- or LL-
DAP, occurred. Standards were bought at Sigma, and
PGN of E. coli, which contains m-DAP [30] and PGN of
P. gingivalis, reported to contain LL-DAP [26], were
used as references. PGN preparations were hydrolysed
and dabsylated according to the method of Chang et al.
[31] and applied to RP-HPLC, following the protocol for
DAP isomer separation developed by Richaud et al. [32].
Dabsylated standards were separated, yielding peaks of
approximately 90 mAU with a retention time of 33.5
min for m-DAP and 30.5 min for LL-DAP. Among
strong signals of other amino acids and dabsylation re-
agent, a small, but unambiguous signal was obtained and
revealed the predominance of m-DAP in all analysed
samples, from T. forsythia, E. coli, and P. gingivalis
(Fig. 4).
Considering all accomplished data, the PGN of T. for-

sythia has been determined as type A1γ. Additionally,
the previously reported presence of LL-DAP in P. gingi-
valis must be revised and corrected to m-DAP.

Discussion
Due to the lack of general enzymes of the de novo bio-
synthesis of PGN, the periodontal pathogen T. forsythia
cannot synthesise PGN’s signature molecule MurNAc
and depends on external MurNAc-sources for viability
and maintenance of cell morphology [6–9]. However,
using our newly developed, sensitive radioassay, the
presence of MurNAc and anhMurNAc as a typical ter-
minating residue of the sugar backbone strands of PGN
in Gram-negative bacteria [16, 17] was unambiguously
proven in T. forsythia cell walls. Mutanolysin digests of
isolated PGN and subsequent LC-MS analysis revealed
the typical PGN building blocks G-M-tripeptide, G-M-
tetrapeptide, and the cross-linked G-M-tetra-tetra-M-G
compound. Further digestion with the exo-N-acetylglu-
cosaminidase NagZ and an amidase yielded single tri-
and tetrapeptides (Fig. 2). All PGN digestion products
were in accordance with those of E. coli PGN, revealing
T. forsythia PGN to comprise the key components
GlcNAc, MurNAc, Ala, Glu and DAP, as is typical of
Gram-negative bacteria. These data were confirmed by
an advanced MS2 analysis, which allowed the analysis of
the cross-linked PGN building block GlcNAc-MurNAc-
tetra-tetra-MurNAc-GlcNAc to contain the expected
concatenation of GlcNAc, MurNAc, Ala, Glu, DAP, Ala,

Fig. 2 LC-MS analysis of PGN digests with (a) mutanolysin yielding
GlcNAc-MurNAc-peptides and cross-linked GlcNAc-MurNAc-tetra-
tetra-MurNAc-GlcNAc and (b) NagZ and amidase, yielding single
peptides. Legend: TIC, total ion chromatogram; G, GlcNAc; M, MurNAc
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which indicates a direct cross-linkage between DAP on
the third and Ala on the fourth position of opposite
stem peptides, respectively. Gram-negative bacteria gen-
erally show a cross-linkage between stem peptides of
two glycan strands via one amino group of the D-centre
of m-DAP at position three and a carboxyl group of D-
Ala at position 4. In E. coli, a second type of direct
cross-linkage can occur between the L-centre of m-DAP
of one strand and the D-centre of DAP of the other
strand, as reported from tetra-tri or tri-tri compounds
[33]. Regarding the PGN-type of T. forsythia, the
remaining question concerned the stereochemical

situation of the included DAP. This was clarified after
dabsylation of standards and hydrolysed PGN material
using RP-HPLC, revealing the preponderance of m-DAP.
Considering all acquired data, PGN of T. forsythia could
be determined as type A1γ [15]. At the current stage of
analyses, it cannot be excluded that minor modifications,
which are known to decorate some PGNs [34], might
have escaped from detection.
Unexpectedly, the “red complex” bacterium P. gingiva-

lis, initially planned to serve as a reference for LL-DAP-
containing PGN, was shown to contain m-DAP. Barnard
and Holt [26] reported previously that P. gingivalis

Fig. 3 MS2 spectrum of mutanolysin digestion product GlcNAc-MurNAc-tetra-tetra-MurNAc-GlcNAc of T. forsythia, showing the arrangement of
GlcNAc, MurNAc, Ala, Glu, DAP and Ala. Neutral losses of 18 Da and 89 Da (denoted by a triangle) were frequently observed. Legend: blue squares,
GlcNAc; magenta hexagons, MurNAc, A, alanine; E, glutamic acid; DAP, diaminopimelic acid

Fig. 4 Separation of m-DAP and LL-DAP by reversed-phase HPLC after dabsylation, revealing the preponderance of m-DAP in all analysed peptidoglycan
isolates. Overlay of chromatograms for T. forsythia peptidoglycan (green line), P. gingivalis peptidoglycan (yellow line) and E. coli peptidoglycan (black line)
and the standards m-DAP (red line) and LL-DAP (blue line)
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contained LL-DAP and glycine, as determined by thin
layer chromatography and amino acid analysis. The
presence of LL-DAP together with an interpeptide
bridge consisting of one or several glycine residues, re-
sponsible for an interpeptide bridge in the cross-linkage
of PGN stem peptides, is characteristic of the PGN-type
A3γ [15]. In the current study, we used a more sensitive
HPLC-based method and clearly determined m-DAP, as
well as typical PGN building blocks as revealed by MS
analysis upon mutanolysin digest (Additional file 1:
Figure S1) as known from PGN of E. coli. In most bac-
teria, m-DAP is incorporated into PGN, however, in
some bacteria, mostly Gram-positives, LL-DAP is found
[15]. The presence of m-DAP instead of LL-DAP in P.
gingivalis PGN is supported by the observation that m-
DAP is generated via a unique dehydrogenase pathway
in both, T. forsythia and P. gingivalis; the putative T. for-
sythia m-DAP-dehydrogenase Tanf_04065 and the bio-
chemically proven P. gingivalis m-DAP-dehydrogenase
PG_0806 [35] show 59% identity within their amino acid
sequence. In this pathway 2-amino-6-oxopimelate, gen-
erated from 2,3,4,5-tetrahydrodipicolinate, is directly
converted in the dehydrogenase-catalysed reaction to m-
DAP. This pathway does not proceed via LL-DAP. In E.
coli and most other bacteria, DAP is produced in the
course of lysine biosynthesis, whereby initially LL-DAP
is generated by the succinyl-diaminopimelate desucciny-
lase DapE [36] and subsequently converted into m-DAP
by the diaminopimelate epimerase DapF [37, 38], which
is a direct precursor of L-lysine. According to the KEGG
database, P. gingivalis lacks the DapE and DapF en-
zymes, pinpointing a direct production of m-DAP via
the recently characterized diaminopimelate dehydrogen-
ase PG_0806 [35]. Stone et al. reported on PG_0806 in
the context of new treatments against periodontal
disease, since knock-out of the corresponding gene was
lethal to cells and the direct m-DAP producing pathway
is limited to oral pathogens such as P. gingivalis and T.
forsythia, excluding health-associated oral bacteria. Ac-
cording to these data altogether, the classification of P.
gingivalis PGN needs to be revised to type A1γ. How-
ever, it should be noted that in T. forsythia, the situation
concerning the genetic make-up for DAP biosynthesis is
less straightforward, which supports the importance of
the present study. Besides the presence of the diamino-
pimelate dehydrogenase Tanf_04065 leading to m-DAP
as described above, the bacterium has a predicted DAP-
aminotransferase DapL (Tanf_03505 in T. forsythia),
which could convert 2,3,4,5-tetrahydrodipicolinate dir-
ectly into LL-DAP. Redundant pathways for the biosyn-
thesis of DAP have been reported, for instance, in
Bacteroides fragilis – also a member of the Bacteroidetes
family of bacteria as T. forsythia – and in Clostridium
thermocellum [39]. Importantly, both of these bacteria

have a DapF enzyme for the subsequent conversion of
LL-DAP into m-DAP as immediate precursor of L-
lysine. Such an enzyme is missing in the T. forsythia
genome, making the aminotransferase LL-DAP pathway
ineffective for lysine biosynthesis. Of note, DapF would
have been easily recognizable in silico; DapF epimerases
belong to the protein family PF01678 (pfam identifier;
EMB_EBI database) that only contains known or pre-
dicted Dap epimerases.
Generally, the DAP dehydrogenase pathway is

regarded as an ancillary mechanism for DAP biosyn-
thesis and for Corynebacterium glutamicum it was
hypothesised that especially the ammonium concentra-
tion in the culture medium affects a switch between
DAP biosynthesis pathways [40, 41]. If this is also valid
for T. forsythia and if a switch between DAP pathways
under different conditions would be manifested in the
PGN composition needs to be investigated.

Conclusion
In the course of this study, the basic structure of the
bacterial key molecule peptidoglycan was identified for
the periodontal pathogen T. forsythia. Despite the pres-
ence of both a DAP-dehydrogenase and a DAP-
aminotransferase orthologue in the bacterial genome,
only m-DAP synthesised via the DAP-dehydrogenase
pathway was detected in the PGN. The unusual PGN
metabolism of T. forsythia, employing alternate routes
for the synthesis of essential PGN precursors, opens new
perspectives on the bacterial cell wall metabolism, where
PGN constitutes a main target for antibacterial drugs,
since destruction or manipulation of its biosynthesis dis-
turbs cell viability. Knowledge about structural proper-
ties of PGN of two “red complex” bacteria, may assist
progress of novel strategies for the development of anti-
bacterial treatment of periodontal disease.

Methods
Bacterial strains and growth conditions
Tannerella forsythia ATCC 43037 and Porphyromonas
gingivalis W83 were obtained from the American Type
Culture Collection (Manassas, VA, United States). Culti-
vation was done anaerobically at 37 °C in brain heart in-
fusion medium (37 g l− 1; Oxoid, Basingstoke, United
Kingdom), supplemented with yeast extract (10 g l− 1;
Sigma, Vienna, Austria), L-cysteine (1 g l− 1; Sigma), he-
min (5 mgml− 1; Sigma) and menadione (2 mgml− 1;
Sigma). For T. forsythia, 5% (v/v) horse serum (Thermo
Fisher Scientific, Vienna, Austria) and MurNAc (20 μg
ml− 1; Carbosynth, Compton, United Kingdom) were
added.
Escherichia coli DH5α was cultivated in Luria Bertani

broth (Miller’s LB broth base; Thermo Fisher Scientific)
at 37 °C with shaking.
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Isolation of peptidoglycan
PGN was isolated essentially following a published pro-
cedure [29]. Briefly, biomass was harvested from 1 l of
culture grown to the stationary phase by centrifugation
(5000 g, 30 min, 4 °C), resuspended in 60ml distilled
water and transferred drop-wise into 65 ml of boiling 8%
sodium dodecyl sulfate (SDS; Sigma) under constant
stirring to lyse cells. The suspension was further boiled
for 1 h, reduced to the former volume using a rotary
evaporator, and stirred overnight. SDS was removed by
several washing steps with distilled water, 60 ml, each,
using an Optima L-100XP ultracentrifuge from Beckman
Coulter (rotor Ti70, 35,000 rpm, 30min, 40 °C) followed
by dialysis against distilled water for 4 days at room
temperature. For the total volume of 12 ml of that PGN
solution, 200 μl of an α-amylase solution (24 mgml− 1;
Sigma) were added and the mixture was incubated at
37 °C for 2 h under constant shaking. Further, 320 μl of
pre-incubated Pronase E solution (10 mgml− 1 in 10 mM
Tris-HCl, pH 7.5; Sigma) was added and incubated at
60 °C for 1.5 h. Preparations were washed, boiled for 1 h,
washed again, and dried in a Speed Vac vacuum centri-
fuge (Thermo Fisher Scientific, Vienna, Austria).

Identification of MurNAc and anhMurNAc in T. forsythia
cell walls by radioactive labelling
Lyophilized T. forsythia cells were resuspended in 40 μl
of 2-(N-morpholino) ethanesulfonic acid (MES) buffer,
pH 6.0, and digested with 10 μg of the N-acetylmurami-
dase mutanolysin from Streptomyces globisporus (Sigma)
overnight at 37 °C. Afterwards, Bacillus subtilis N-acetyl-
glucosaminidase NagZ [42] and E. coli amidase AmiD
[43], 10 μg, each, were added and the mixture was incu-
bated for further 2 h at 37 °C. The digested sample was
centrifuged and the supernatants were incubated in a re-
action mixture containing 50mM Tris-HCl, pH 7.6, 10
mM MgCl2 and γ-32P-ATP (140 kBq; Hartmann Ana-
lytic, Braunschweig, Germany; specific activity: 111 TBq
(3000 Ci)/ mmol). The labelling reactions were started
by the addition of the specific MurNAc/GlcNAc kinase
MurK of Clostridium acetobutylicum [27] or E. coli
anhMurNAc kinase AnmK [28], respectively, 20 ng,
each, and spotted immediately (time point 0) and after 1
h of incubation at 37 °C on a Silica 60 F254 thin-layer
chromatography (TLC) plate (20 cm × 20 cm; Merck,
Darmstadt, Germany). Reaction products were separated
in a basic solvent of n-butyl alcohol/methanol/25% am-
monium hydroxide (w/v)/water (5:4:2:1) and radioactive
products were detected using a Typhoon TRIO + bio-
molecular imager (GE Healthcare).

Analysis of peptidoglycan fragments by LC-MS
PGN (0.5mg) was resuspended in 70 μl of sodium phos-
phate buffer (200mM, pH 6.0) and digested with

mutanolysin from Streptomyces globisporus (50 μgml− 1;
Sigma). After incubation over night at 37 °C under con-
stant shaking, the reaction was stopped by heating at
100 °C for 25min. To produce single peptides, PGN was
further digested with 50 μgml− 1 of N-acetylglucosamini-
dase NagZ [42] for 6 h and 100 μgml− 1 of amidase AmiE
[42] overnight. Muropeptides were reduced by mixing
100 μl of the digest with 100 μl sodium borate buffer (0.5
M, pH 9.0) and adding 5mg of sodium borohydride. After
incubation for 30min at room temperature, the reaction
was stopped with 5–10 μl 20% phosphoric acid, adjusting
the pH to 3.5. After centrifugation (12,000 g, 10min, room
temperature), the supernatant was dried in a Speed Vac
vacuum centrifuge (Thermo Fisher Scientific) and dis-
solved in 50 μl of distilled water. Preparation aliquots of
5 μl were applied to HPLC at a flow rate of 0.2mlmin− 1

and an elution profile (using buffer A: formic acid with
0.05% ammonium formate, and buffer B: 100% acetonitrile)
as described previously [44]. LC-ESI-MS measurements
were performed using a Gemini C18 column (150 × 4.6
mm, 110 Å, 5 μm; Phenomenex) and an UltiMate 3000 RS
HPLC system (Dionex) coupled to a MicrO-TOF II mass
spectrometer (Bruker), operated in positive ion mode.

Analysis of peptidoglycan fragments by MS2

PGN (0.5 mg) was digested with mutanolysin (as de-
scribed above) followed by reduction using sodium boro-
hydride at a final concentration of 8 μg ml− 1 in sodium
borate buffer (400mM, pH 10.0). The reaction was
stopped after 15 min by acidifying the solution with 1 to
2 drops of 4M acetic acid. Purification and desalting of
the sample was performed via a reversed-phase SPE col-
umn (Strata C18-E, 50 mg; Phenomenex), equilibrated
with 80 mM formic acid, buffered to pH 3.0 with ammo-
nia (solvent A), and elution was done with 80% with
acetonitrile in sodium borate buffer. Samples were dried
in a Speed Vac vacuum centifuge, resolved in 200 μl of
solvent A, and analysed by HPLC (Nexera X2, Shimadzu,
Korneuburg, Austria). Separation was performed on a
Hyperclone ODS column (250 cm × 4mm, 5 μm particle
size; Phenomenex) at a flow rate of 1 ml min− 1, at 35 °C,
with a fraction size of 0.5 ml and UV detection at 215
nm. After an initial 10 min holding of 1% solvent B (80%
acetonitrile in solvent A), a linear gradient from 1 to
25% B over 30min was applied. The muropeptide-
containing HPLC fraction (based on the UV signal in
combination with MS screening) was subjected to LC-
ESI-MS analysis using a BioBasic C18 column (320 μm×
150mm, 5 μm; Thermo Fisher Scientific), an UltiMate
3000 Nano LC system (Dionex) and a maXis 4G mass
spectrometer (Bruker). A linear gradient from 1 to 50%
solvent B over 11 min ascending to 85% B in 4 min was
applied at a flow rate of 600 nl min− 1. After acquiring
LC-MS data in a full scan, multiple reaction monitoring
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experiment of 933.4m/z was performed with different
collision energies (35, 45 and 50 eV) in positive ion
mode. Data interpretation was done with DataAnalysis
4.0 (Bruker, Bremen, Germany).

Determination of the stereochemistry of DAP
Separation of DAP isomers was performed according to
Richaud et al. [32]. Isolated PGN of T. forsythia, E. coli,
and P. gingivalis were hydrolysed with 6 N HCl containing
0.2% thioglycolic acid at 110 °C for 16 h. Samples were
dried using a nitrogen evaporator and washed with dis-
tilled water for three times. m-DAP and LL-DAP were
purchased from Sigma and used as standards. Dabsylation
was performed by the method of Chang et al. [31], using
100 μg of samples or standards dissolved in 100 μl 0.1M
sodium bicarbonate buffer, pH 9.0. 200 μl of dabsyl chlor-
ide (4 nmol μl− 1; Sigma) were added and samples were in-
cubated at 70 °C for 20min. Dried preparations were
dissolved in 100–500 μl ethanol (70%, v/v) and 20 μl were
injected onto a reversed-phase HPLC column (Ultimate
3000, C18, 150 × 4.6 mm). An isocratic elution was done
at 37 °C with 12mM ammonium phosphate, pH 6.5-aceto-
nitrile-dimethylformamide (69:27:4, vol/vol/vol) at a flow
rate of 0.6 mlmin− 1 and detection was done at 436 nm.

Additional file

Additional file 1: Figure S1. LC-MS analysis of P. gingivalis PGN digests
with (A) mutanolysin yielding G-M-peptides and cross-linked G-M-tetra-
tetra-M-G and (B) NagZ and amidase, yielding single peptides. Legend:
TIC, total ion chromatogram; G, GlcNAc; M, MurNAc. (DOCX 335 kb)
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