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ABSTRACT

Listeria innocua is genetically closely related to the foodborne human pathogen Listeria
monocytogenes. However, as most L. innocua strains are non-pathogenic, it has been proposed as a
surrogate organism for determining the efficacy of antimicrobial strategies against L.
monocytogenes. Teichoic acids are one of the three major cell wall components of Listeria, along
with the peptidoglycan backbone and cell wall-associated proteins. The polymeric teichoic acids
make up the majority of cell wall carbohydrates; the type of teichoic acids directly attached to the
peptidoglycan are termed wall teichoic acids (WTAs). WTAs play vital physiological roles, are
important virulence factors, antigenic determinants, and phage-binding ligands. The structures of
the various WTAs of L. monocytogenes are well known, whereas those of L. innocua are not. In the
present study, the WTA structure of L. innocua ZM39 was determined mainly by 1D and 2D NMR

spectroscopy and it was found to be the following:
[>4)-[a-D-GlcpNAc-(1—3)]-B-D-GlcpNAc-(1—4)-D-Rbo-(1P—]n
This structure is new with respect to all currently known Listeria WTAs and it shares structural

similarities with type Il WTA serovar 6a. In addition, the genome of strain L. innocua ZM39 was

sequenced and the majority of putative WTA synthesis genes were identified.

Keywords: Listeria innocua; bacterial cell wall; wall teichoic acid; structure; NMR spectroscopy;

teichoic acids synthesis genes.
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1. Introduction

The genus Listeria consists of six sensu stricto and eleven sensu lato species. Two species,
Listeria monocytogenes and Listeria ivanovii, pose a major risk to human health because infection
with L. monocytogenes is associated with high rates of hospitalization and mortality compared to
other foodborne infectious diseases [1]. L. innocua is genetically closely related to L.
monocytogenes, but most strains are non-pathogenic, even though they are isolated from similar
sources, tolerate extreme environmental conditions, and form biofilms. Therefore, L. innocua has
been proposed as a surrogate organism for the study of the foodborne opportunistic pathogen L.
monocytogenes, particularly to determine the efficacy of antimicrobial strategies against it [2-7]. L.
innocua is considered a non-haemolytic saprophyte, that is widely distributed in the natural
environment. Preventing the occurrence of Listeria spp. can be difficult because they are able to
survive and adapt to stressors in different environments, such as food, soil, water, sewage, and
mammalian hosts. They survive and persist in processing facilities and cause food contamination
[8].

L. monocytogenes and L. innocua were traditionally identified by serotyping to distinguish
between strains, and although this method is no longer used, serotyping data are consistent with
differences in cell wall teichoic acid structures [9]. At least fourteen serovars are known for L.
monocytogenes, while L. innocua strains have traditionally been typed as serovar 6.

The three major components of Listeria cell wall are teichoic acid polymers, the
peptidoglycan backbone and wall-anchored and wall-associated proteins. Polymeric teichoic acids
make up the majority of cell wall carbohydrates and are either directly bound to peptidoglycan and
termed wall teichoic acids (WTAs) or tethered to the cytoplasmic membrane and termed
lipoteichoic acids (LTAS) [9]. Teichoic acids play several important physiological roles in Listeria,
including biofilm formation, control of cell division machinery, cation homeostasis, and function as
phosphate reservoirs. They are also important virulence factors and antigenic determinants, as well
as phage-binding ligands and therefore, they mediate interactions between bacteria, and with
bacteriophages and eukaryotic host cells [9, 10]. The WTAs of Listeria are classified into two
different types based on their structure. In type | WTAs, ribitol (Rbo) units are directly linked by
phosphodiester bonds between C1 and C5, and may be decorated with terminal rhamnose (Rha) or
N-acetyl glucosamine (GIcNAC) residues. Type Il WTAs contain GIcNAc within the Rbo polymer
chain, and this integrated GICNAc may be decorated with glucose, galactose, another GIcNAc, or
O-acetyl groups [9, 11-13]. The different structures of WTA, recently summarized by Sumrall et al.
[9], are listed in Table 1 [14-18].
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Currently, limited data on genetic diversity and WTA structures are available for L. innocua.
The present work reports the primary structure of the WTA produced by the food isolate L. innocua
strain ZM39, which was mainly determined by 1D and 2D NMR spectroscopy of the native WTA.
In addition, following genome sequencing, the majority of putative WTA synthesis genes were
identified.

2. Results and Discussion

2.1. Purification and composition analysis of cell wall teichoic acids

Extraction of WTA from 30 mg of cell wall sacculi gave 7.8 mg of polymer. The sample was
subjected to size exclusion chromatography and it eluted as a single peak; in order to reduce
heterogeneity of the sample, only the central fractions of the peak were pooled together and used for
structural analysis. Based on the calibration curve obtained with pullulan standards (Fig. S1), the
WTA sample was estimated to have a MM of about 9700. This is a rough estimate as the anionic
Listeria WTA has a very different structure and expected hydrodynamic volume and thus elution
behaviour compared to neutral pullulan standards.

Composition analysis was determined by GLC of trimethylsilyl methyl glycoside derivatives;
the gas chromatogram obtained only revealed the presence of GICNAc.

2.2. NMR spectroscopy of cell wall teichoic acids

The *H NMR spectrum of L. innocua WTA is reported in Fig. 1. Two anomeric signals at
5.14 and 4.65 ppm were detected and assigned to residues A and B, respectively. The 1Ju1-r2 value
of signal A is 3.4 Hz indicating that this residue has an a-anomeric configuration, while the 1Jn1-r2
value of signal B is 8 Hz, in agreement with a B-anomeric configuration. Integration of the peak
area of B relative to A was 1.2, suggesting an equimolar ratio for the two components. The signal at
2.08 ppm was assigned to the methyl proton of N-acetyl groups in agreement with composition
analysis; its integration value was 6 with respect to the anomeric proton of residue A, indicating that
both residues are fully N-acetylated.

The repeating unit (RU) spin systems were determined using a combination of 1D and 2D H-
1H correlation experiments. The anomeric region of the COSY spectrum gave H1 to H2 for residues
A and B (Fig. S2), and also showed further correlations for two protons of the ring region: the

resonance at 4.24 ppm correlated with two cross peaks at 3.84 and 3.62 ppm, while the resonance at

4
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4.10 ppm showed correlations with signals at 3.99 and 3.82 ppm. 1D TOCSY experiments led to
the assignments of most of the protons for the spin systems A and B. In fact, selective excitation of
H1 of B (4.65 ppm) resulted in detection of H2 to H5 (Fig. 2), while selective excitation of the well
isolated ring resonance at 3.54 ppm, assigned to H4 of the GICNAc according to literature data,
showed correlations to four other protons, H5 and H1 to H3, and revealed that it belongs to spin
system A. As described later, the deshielded proton at 4.24 ppm assigned to H4 of B exhibited
complex splitting due to coupling to the phosphodiester linkage. The assigned H chemical shifts
for spin systems A and B are reported in Table 2.

'H-13C correlation experiments (HSQC) (Fig. 3) led to the determination of all carbon atoms
for the A and B spin systems. These assignments were confirmed by the HSQC-TOCSY
correlations as shown in the expansion in Fig. S3: H1 of A and B to the corresponding C2 to C5 of
each residue and H4 of B at 4.24 ppm to C1 to C6 of B. Inspection of the HSQC plot ring region
(Fig. 3) showed some yet unassigned resonances, likely belonging to Rbo residue (R). In particular,
the negative phased cross peaks at 4.10 - 3.99 ppm (*H) and 67.3 ppm (**C) were assigned to H1 of
Rbo, while the cross peaks at 3.78 and /61.5 ppm (*H/**C) was attributed to H5/C5 of the same
residue. The cross peak at 3.82/70.9 ppm (*H/*3C) was assigned to H2/C2 of Rbo, since it correlated
with Rbo H1 in the COSY spectrum (Fig. S2). The cross peaks at 3.82/71.7 and 3.91/82.7 ppm
(*H/*3C) are assigned to C3 and C4 of Rbo, with C4 strongly deshielded with respect to the non-
substituted residue [19], indicating that it is a linkage position. 1D TOCSY experiments acquired
with different mixing time values (80, 100, and 150 ms) with selective excitation of H1 of R at 4.10
ppm (in Fig. 2 the spectrum recorded with 100 ms mixing time is reported) further confirmed the
assignments of Rbo H and *C chemical shifts [20, 21], while in the HSQC-TOCSY plot C4 of R
correlated with H3, HS, and H’5 of R, the latter at 3.86/61.5 ppm, thus completing the assignment
for Rbo (Table 2).

The *H -3C HMBC plot (Fig. S4) gave intra- and inter-residue correlations which confirmed
the *H and °C assignments presented in Table 2 and established the linkages of A and B as follows.
H1 of signal A correlated to C3 and C5 as expected for a-sugars and to the cross peak at 80.9 ppm
assigned to C3 of B, whereas H1 of B correlates to the cross peak at 82.7 ppm assigned to C4 of R.

The 3P spectrum showed one main resonance together with two small signals (Fig. S5)
suggesting that, despite the purification process used, some heterogeneity of the sample was still
present. The *H-3P HMBC experiment (Fig. 4) revealed that the main 3P signal correlated with a
proton at 4.24 ppm, previously assigned to H4 of residue B, and with protons at 4.10 and 3.99 ppm
which were attributed to H1 of R in the *H-**C HSQC spectrum. These findings determined that the
phosphodiester linkage is between C4 of B-GIcNAc and H1 of Rbo. Moreover, the cross peaks at
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3.97 - 3.91 ppm (*H) are correlated to a small 3'P resonance, but, unlike the main phosphodiester
peak there are no additional correlations to residue B. Therefore, they were assigned to H1 of Rbo
phosphomonoester, likely generated during the extraction process. Their 3C chemical shift at 67.1
ppm in the *H-3C HSQC spectrum (not labelled cross peaks in Fig. 3) is in agreement with such an
assignment. The results obtained determined the RU structure of L. innocua WTA to be the

following:
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Scheme 1: Structure of the L. innocua ZM39 WTA repeating unit

2.3. Identification of WTA biosynthesis genes in Listeria innocua ZM39

The genome of Listeria innocua ZM39 is 2.8 Mb long and has an average GC content of 37.4
%, similar to the reference strain L. innocua Clip 12662 [22] (Fig. S6). Plasmid-related sequences
were not detected, but two complete (ImoS_188 and Imo_293) and one incomplete (A118)
prophage sequences were identified in the genome (Fig. S6). There were 2843 protein-coding genes
annotated, most of which (99 %) were genus-specific.

The WTA synthesis genes were predicted based on protein sequence homology to the WTA
synthesis proteins of the prototype strain Bacillus subtilis 168 for the linkage unit, and of Bacillus
subtilis W23 and Staphylococcus aureus 8325 for the polyribitol backbone [23]. Enzymes with
glycosyltransferase activity (GT) involved in WTA biosynthesis were annotated based on homology
to GTs of S. aureus and L. monocytogenes [17, 24-27].

In Listeria, WTA biosynthesis begins on the cytoplasmic side of the membrane, where the
linkage unit GIcNAc-ManNAc-Gro is proposed to be synthesized by proteins homologous to

6
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Bacillus subtilis TarO, TarA, and TarB, which are conserved among most Gram-positive bacteria,
including Listeria [23]. These proteins also have homologs in the genome of L. innocua ZM39
(Table S1). Moreover, in L. monocytogenes TarO activity is carried out by two redundant TagO
genes (TagO1 and TagO2) [28] whose homologs have also been identified in L. innocua ZM39 and
match homologs of B. subtilis TagO (Fig. 5, Table S1). For the synthesis of the polyribitol
phosphate backbone (Table S1) homologs of the proteins TarF, Tarl, TarJ and TarL of Bacillus
subtilis W23 and Staphylococcus aureus 8325 were identified in L. innocua ZM39: Tarl and TarJ
synthesise CDP-ribitol, and TarL functions as a primase and polymerase that builds the polyribitol
chain, as reported for S. aureus [23] (Fig. 5).

Type I WTA are characterised by a B-GIcNAc linked to either C2 or C4 of Rbo [11, 30] and
in L. innocua WTA B-GIcNAc is bound to C4 of Rbo. The protein K1T44_1291 of L. innocua was
found to have a high homology (70.9 % identity, 99 % coverage) with the GT family 2 Liv1073
synthesized by L. ivanovii WCSL3009 and identified as a putative GT involved in the backbone
GIcNAc transfer. Moreover, the protein K1T44 1291 from L. innocua ZM39 was found to be
homologous also to TarS, the GT involved in binding B-GIcNAc to C4 of Rbo in S. aureus strains
(Table S1) [23].

The GT involved in binding o-GIcNAc to C3 of B-GIcNAc, must act with a retaining
mechanism. Only two GTs of this type, have been identified in the genome of L. innocua ZM39 and
they are homologs of LafA and LafB. However, based on homology data, these GTs are involved in
the LTA biosynthetic pathway (Table S2) and thus are unlikely to be involved in two different
processes occurring at different locations in the cell. An a-GIcNAc bound to the B-GIcNAc in the
backbone has been reported only in L. innocua serovar 6a WTA, but the GT involved in its addition
has not been described yet [11]. Currently, only the pathway for linking a-GIcNAc to Rbo in L.
monocytogenes serotype 1/2a has been elucidated. This process sequentially requires the
bactoprenol glycosyltransferase Lmo2550 which transfers GICNAc to the lipid carrier, the flippase
GtcA, which flips the activated GICNAc across the cytoplasmic membrane, and the action of
Lmo1079 which transfers a-GIcNAC to the growing WTA [27]. However, in L. innocua ZM39 only
homologs of Lmo02550 and GtcA were identified, whereas that of Lmo1079 is absent (Table S1),
leaving this biosynthetic step unclear.

In L. innocua ZM39 we identified a putative protein of the PMT family (K1T44 1285)
homologous to L. monocytogenes galactosyltransferase PmpA, which transfers Gal to the (-
GIcNACc (identity 68,6 %) in nondb serotype (WTA type Il) [17]. Galactosylation of the non4b
serotype is also a multistep process similar to the addition of a-GIcCNAc described above and is

carried out by the GalU, GtcB and GtcC proteins [17]. Their homologs were also identified in L.
7
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innocua ZM39 and their ORFs are complete, indicating that they are probably expressed as
functional proteins, although no Gal decoration was detected in L. innocua WTA. Consistent with
the WTA structure of L. innocua ZM39, no proteins homologous to enzymes involved in
glucosylation [31] and rhamnosylation [26] of L. monocytogenes WTA were identified (Table S1).
The described WTA synthesis homologs were also identified in the model strain L. innocua Clip
11262 without major differences (Table S1), in agreement with the similarity between these two
WTA structures. In fact, based on reaction with serotyping antibodies, L. innocua Clip 11262 was
assigned to serotype 6a which is composed of the polyribitol phosphate chain substituted on C4 by
B-GIcNAc which is further decorated by GIcNAc and galactose [11]. These data indicate that
genetic characterisation alone may not reflect the actual glycotype, but rather implies glycosylation
capacity, suggesting that direct determination of WTA structure is the only reliable method for

characterization.

3. Conclusion

The WTA structure of L. innocua ZM39 was determined by 1D and 2D NMR spectroscopy
and consists of [—>4)-B-GIcNAcp-(1—4)-Rbo-(1P) backbone with an a-GIcNAcp bound to C3 of
the B-GIcNAcp. According to the current classification of L. monocytogenes WTA, the structure
described for L. innocua ZM39 WTA can be assigned to type II, since the B-GIcNAc residue is part
of the backbone [11]. Decoration of B-GIcNAc by an a-GIcNAc occurs in stoichiometric amount,
while no acetyl groups could be detected. This structure is similar to type Il WTA serovar 6a which
however contains a B-GICNAC substituted in non-stoichiometric amounts with Gal, a-GIcNAc and
acetyl groups. Furthermore, serovar 6a was determined by mass spectrometry [11] (Table 1), while
our work reports the complete NMR assignment of WTA repeating unit. L. innocua ZM39 produces
a new type of structure of WTA, but only an immunological approach can establish if it should be
recognized as a new serotype.

In addition, we identified putative WTA synthesis genes for the linkage unit and the
polyribitol backbone based on homology to enzymes whose roles in the WTA synthesis pathways
of other Gram-positive bacteria have been clearly demonstrated. Unfortunately, bioinformatics
analysis did not unambiguously identify the GTs involved in the transfer of a-GICNAc to the
backbone B-GIcNAc.. Nevertheless, our results identified a new Listeria WTA glycotype produced
by L. innocua ZM39, highlighting the incredible potential diversity of glycostructures in the

Listeria surfactome.
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4. Experimental

4.1. Bacterial strain and growth conditions

The food isolate Listeria innocua strain ZM39 was obtained from the ZIM Culture Collection
(University of Ljubljana). This strain is biofilm proficient and suitable for genomic manipulation
[32]. For cell wall sacculi isolation, bacteria were cultivated in Miller’s lysogeny broth (Miller LB)

at 37 °C at 110 rpm. Genomic DNA was isolated from overnight Miller LB agar plate cultures.

4.2. Cell wall sacculi preparation and extraction of cell wall teichoic acids

L. innocua were cultured in Miller LB broth, at 37°C with shaking. Exponentially growing
bacterial cultures were harvested by centrifugation (7000 x g, 20 min, 4 °C), and bacteria were
resuspended in cold sterile distilled water to ODsoo = 2.0. After heat inactivation (95 °C, 30 min),
bacteria were harvested by centrifugation (14000 x g, 10 min, 25 °C) and resuspended in sterile
distilled water. Bacteria were then sonicated twice on ice (cycle 0.9, amplitude 90, time 5 min,
UP200S ultrasonic processor; Hielscher) and cell debris was removed by centrifugation 1000 x g, 5
min, 4 °C. Cell wall sacculi were then harvested by centrifugation (20000 x g, 30 min, 4 °C), the
pellet was washed once using sterile distilled water and was finally resuspended in SM buffer (100
mM NaCl, 5 mM MgSO4 and 50 mM Tris-HCI pH 7.5). DNase (0.1 mg/mL) and RNase (0.1
mg/mL) treatment was carried out at 37 °C for 4 h followed by proteinase K (0.1 mg/mL) treatment
at 37 °C for 16 h with gentle mixing. The cell wall sacculi were harvested by centrifugation (20000
X g, 30 min), resuspended in 4 % SDS and incubated for 30 min at 95 °C. The SDS was removed by
centrifugation (20000 x g, 30 min) and the pellet was washed five times using sterile distilled water.
The pellet was then sequentially washed with 100 mM EDTA pH 8, water, acetone and water,
recovered by lyophilization and stored at -20 °C.

Extraction of WTA was obtained following the protocol of Kho et al., [33]. The sample (30
mg) was initially subjected to acid hydrolysis by addition of 10 mL 10% (w/v) trichloroacetic acid,
left under stirring for 18 h at 10 °C and then centrifuged at 5500 x g for 45 min. The pellet was
separated from the supernatant and 1 mL of 3 M sodium acetate pH = 5.1 was added to 10 mL of
supernatant; then the sample was dried in a rotary evaporator, resuspended in 1.25 mL of water and
subsequently added to 5 mL of cold ethanol. After incubation at -20 °C for 16 h, the sample was

centrifuged at 5500 x g for 30 min, the supernatant was discarded and the pellet was washed five

9
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times with a few mL of ethanol. After the last centrifugation, the pellet was dissolved in 0.5 mL of

water and then lyophilized.

4.3. Purification and composition analysis of cell wall teichoic acids

The WTA extract was subjected to medium pressure size exclusion chromatography on a
Bioline chromatography system using a Sephacryl S-300 HR column (1 cm i. d. X 45 cm)
connected to a Smartline 1050 pump (Knauer). Elution was carried out with 0.15 M NaCl using a
flow rate of 1 mL/min and monitored with a refractive index detector (Smartline 2300, Knauer,
Lab-Service Analitica) which was interfaced with a computer via Clarity software. Fractions were
collected at 30 s interval; those belonging to the central part of the peak were pooled together and
used for the structural determination of WTA. The Sephacryl S-300 HR column was calibrated with
pullulan standards of molecular mass (MM) 5900, 11800, 22800, 47300, 112000, 212000, and
404000 (Polymer Laboratories, Germany).

Composition analysis was determined by GLC of trimethylsilyl methyl glycosides derivatives
which were obtained by methanolysis of 0.5 mg of WTA sample with 2 M HCI in methanol at 85
°C for 16 h followed by derivatization with the reagent Sylon™ HTP (Sigma) [34].
Monosaccharide standards were derivatized in the same way and used to identify the sugars in the
WTA sample.

4.4. General procedures

Analytical GLC was performed on a Perkin-Elmer Autosystem XL gas chromatograph
equipped with a flame ionisation detector and using He as the carrier gas. An HP-1 capillary
column (Agilent Technologies, 30 m) was used to separate trimethylsilyl methyl glycosides (TMS)
with the temperature program: 150-280 °C at 3 °C/min. Identification of the monosaccharides in
the WTA sample was achieved by comparison with gas-chromatograms of standards.

4.5. NMR spectroscopy

Five mg of WTA sample produced by L. innocua were exchanged twice with 99.9% D>0O by
Iyophilization, dissolved in 0.6 mL of 99.96% D-O and introduced into a 5 mm NMR tube for data
acquisition. Spectra were recorded on a 500 MHz VARIAN spectrometer operating at 25 °C, after

calibrating the proper pw90° pulse. 1D TOCSY spectra were acquired using mixing times of 80,

10
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100 and 150 ms. 2D experiments were performed using standard VARIAN pulse sequences and
pulsed field gradients for coherence selection when appropriate. HSQC spectra were recorded using
145 Hz (for directly attached *H-'3C correlations) and a mixing time of 80 ms for the HSQC-
TOCSY experiment. *H-*C HMBC experiments were recorded using a coupling constant of 6 Hz
(for long range *H-'3C correlations) and a relaxation time 1.2 s. TOCSY spectra were acquired
using 150 ms mixing time and a 1.2 s relaxation time. *H-3'P HMBC experiment was recorded
using a coupling constant of 10 Hz. Chemical shifts are expressed in ppm using acetone as internal
reference (2.225 ppm for H and 31.07 ppm for 3C). NMR spectra were processed using

MestreNova software.

4.6. Genomic DNA extraction, sequencing and genome content analysis

Listeria innocua ZM39 genomic DNA was extracted using QiaAmp DNA Minikit (Qiagen,
51304). Paired end libraries were generated with Nextera XTL library preparation kit (Illumina)
according to the manufacturer instructions. Libraries were sequenced using the MiSeq platform.
Quality read trimming and adapter removal was achieved using Trimmomatic [35]. Trimmed reads
were assembled by Spades [36] and contigs were reordered by Abacas [37]. Plasmid presence was
tested in whole genome sequence and sequencing reads using the PlasmidFinder web server [38].
Annotation was carried out by using RASTk on PATRIC server [39, 40]. Predicted proteins were
further analysed by Interproscan [41] and additional protein domains were identified by hmm-
search [42] against the Pfam database [43]. Prophage sequences were identified using Phaster web
server [44].

Putative protein localization was predicted by pSORT web server [45]. Carbohydrate active
enzymes were predicted using web dbCan meta server and hmm algorithm (e-value above 1e™*® and
coverage above 0,35) [46]. WTA gene cluster was identified using list of WTA synthesis associated
proteins listed in Supplemental Table S1 and stand-alone blastp (e-value above 0,01 and coverage
above 30 %) [47]. Protein was considered to be homologous, if the predicted domain responsible

for its activity was conserved.
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FIGURE LEGENDS

Fig. 1: *H NMR spectrum of L. innocua ZM39 WTA recorded at 500 MHz, 25 °C.

Fig. 2: 1D TOCSY spectra of L. innocua ZM39 WTA recorded at 500 MHz, 25 °C obtained with
selective excitation of resonances (A) at 3.54 (A4), (B) 4.65 (B1) and (C) 4.10 (R1) ppm and using
100 ms mixing time. (D) For comparison *H NMR spectrum of L. innocua ZM39 WTA recorded at
500 MHz, 25 °C. Peaks have been labelled as in Table 2.

Fig. 3: 'H-3C HSQC plot of L. innocua ZM39 WTA recorded at 500 MHz, 25 °C. The methyl
region is reported in the inset. Proton/carbon cross peaks have been labelled according to the
corresponding residue (A, B and R), as in Table 2.

Fig. 4: 'H-3'P HMBC plot of L. innocua ZM39 WTA recorded at 500 MHz, 25 °C.
Proton/phosphorous cross peaks have been labelled according to the corresponding residue (A, B
and R), as in Table 2. Cross peaks marked with a star at 3.97 and 3.91 ppm (*H) are assigned to H1
of Rbo phosphomonoester.

Fig. 5: Schematic representation of the L. innocua ZM39 WTA of type II structure. The repeating
unit is composed of the backbone [—4)-B-GlcpNAc-(1—4)-Rbo-(1—P) with an a-GlcpNAc
residue bound to C3 of B-GlcpNAc, as determined in the present study. The linkage unit is
illustrated based on the structure determined by Kaya et al. (1985) [29].
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Table 1

Serovars, repeating unit structures and substituents of Listeria type I and type Il WTAs, including L. innocua WTA

Serovars Major repeating unit structures Substituents ? Ref
Type I
1/2 [-5)-[a-D-GlcpNAc-(1—2)][a-L-Rhap-(1—4)]-D-Rbo-(1P—] [9, 14]
1/2* [>5)-[a-L-Rhap-(1—4)]-D-Rbo-(1P—], [9, 15]
3 [-5)-[a-D-GlcpNAc-(1—2)]-D-Rbo-(1P—] | [16]
7 [>5)-[o-D-Hexp-(1—2 or 4)]-D-Rbo-(1P—] [11]
Type Il
4a [—4)-B-D-GlepNAc-(1—-2)-D-Rbo-1P—] partial GIcNAC3Ac [16]
T _ A AL 2 A _ Non-stoichiometric Gal and Glc;
4b [—>4)-[a-D-Galp-(1—-6)][B-D-Glcp(1—3)]-p-D-GlcpNAc-(1—4)-D-Rbo-1P—] some Glc replaced by GIENAC3AC [11, 16]
4¢ [—4)-[a-D-Galp-(1—6)]-B-D-GlepNAc-(1—2)-D-Rbo-1P—], partial GICNAC3ACc [11, 17]
4d [4)-[B-D-Glep-(1->3)]-B-D-GlepNAc-(1-4)-D-Rbo- 1P], o aced by GleNicone  [11,16]
4d* [—4)-B-D-GlepNAc-(1—4)-D-Rbo-1P—] partial GICNAC3ACc [9]
de [—>4)-[a-D-Galp-(1—>6)][D-Glep-(1-33)]-B-D-GlepNAc-(1—4)-D-Rbo-1P—]_ N%’}jﬁ‘;bﬁgg’;ﬁ;gﬁﬂ pne ol [18]
4h [—>4)-[0-D-Galp-(1->6)]-B-D-GlepNAc-(1->4)-D-Rbo-1P—], Non-stoichiometric Gal; partial [11]
5/6b [—>4)-[D-Glep-(1-33)]-B-D-GlepNAc-(1-2)-D-Rbo-1P—], “°“‘?§8:§223T,§‘2'~,°.5N'Z§3°L“§ Gle [11]
Non-stoichiometric Gal and
6a® [>4)-[D-Galp-(1-6)][D-GlepNAc-(1-3)]-D-GlepNAc-(1->4)-D-Rbo-1P—] I ;g'; S GIUNACIAC [11]
NA [—>4)-[a-D-GlepNAc-(1—3)]-B-D-GlepNAc-(1->4)-D-Rbo-(1P—], This work

2 Degree of acetylation is reported always below 100%. ® Anomeric configuration of sugar residues for WTA serovar 6a is not reported in the literature.
NA = not applicable




Table 2
'H and *3C chemical shift assignments of Listeria innocua ZM39 WTA recorded at 500 MHz and 25 °C.

Residue Nucleus Chemical shifts (ppm) ?
1 2 3 4 5 6
A H 5.14 387 380  3.54 3.72 3.83-3.79
a-D-GlcpNAc-(1— 3¢ 99.2 549 712 70.1 73.6 60.6
(+7.4)
B H 4.65 388  3.84  4.24 3.62 3.85-3.96
—3,4)-B-D-GlepNAc-(1—»  °C 101.9 560 809  74.7 75.6 61.3
(+5.0) (+6.1) (+3.6)
R 'H  410-399 3582 38 391 378-3.86
—4)-Rbo-(1P— 3¢ 67.3 709 717 827 61.5
(+3.5) (+9.1)

2 Chemical shifts are given relative to internal acetone (2.225 ppm for *H and 31.07 ppm for 3C).
Linkage carbon atoms are identified by glycosylation shifts in brackets and those detected in the
HMBC plots are underlined.
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Highlights

e WTA was isolated from the foodborne Listeria innocua ZM39 strain
e The structure of the L. innocua ZM39 WTA was determined by NMR to be new
e InL.innocua WTA the disaccharide a-GIcNAc-(1—3)-B-GIcNAc is linked to C4 of Rbo

e Putative WTA synthesis genes were identified in the genome
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