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Abstract

Flavobacterium johnsoniae is a free-living member of the Bacteroidota phylum found in soil and
water. It is frequently used as a model species for studying a type of gliding motility dependent on
the type IX secretion system (T9SS). O-glycosylation has been reported in several Bacteroidota
species and the O-glycosylation of S-layer proteins in Tannerella forsythia was shown to be
important for certain virulence features. In this study we characterised the O-glycoproteome of F.
johnsoniae and identified 325 O-glycosylation sites within 226 glycoproteins. The structure of the
major glycan was found to be a hexasaccharide with the sequence Hex—(Me-dHex)-Me-HexA—Pent—
HexA—Me-HexNACcA. Bioinformatic localisation of the glycoproteins predicted 68 inner membrane
proteins, 60 periplasmic proteins, 26 outer membrane proteins, 57 lipoproteins and 9 proteins
secreted by the T9SS. The glycosylated sites were predominantly located in the periplasm where
they are postulated to be beneficial for protein folding/stability. Six proteins associated with gliding
motility or the T9SS were demonstrated to be O-glycosylated.

Importance

Flavobacterium johnsoniae is a Gram-negative bacterium found in soil and water. It is frequently
used as a model species for studying gliding motility and the type IX secretion system (T9SS). In this
study we characterised the O-glycoproteome of F. johnsoniae and identified 325 O-glycosylation
sites within 226 glycoproteins. The glycosylated domains were mainly localised to the periplasm.
The function of O-glycosylation is likely related to protein folding and stability, and therefore the
significance of finding the glycosylation sites has relevance for studies involving expression of the
proteins. Six proteins associated with gliding motility or the T9SS were demonstrated to be O-

glycosylated which may impact the structure and function of these components.



Introduction

Bacteria within the Bacteroidota phylum (formerly Bacteroidetes) are known or predicted to possess
an O-glycosylation system (1), which was first described in Bacteroides fragilis (2). The O-
glycosylation motif originally described for B. fragilis is D(S,T)(A,L,V,I,M,T), with glycosylation
occurring on the Ser or Thr. A search within proteins predicted to be localised outside of the
cytoplasm of 266 different Bacteroidota species found that around 50% typically contained the
motif. For the larger genomes, this commonly equated to around 1000 predicted O-glycosylated
proteins (1). Recent glycoproteomic studies have demonstrated that these predictions are realistic,
with 257 putative glycosylation sites identified in 145 Porphyromonas gingivalis glycoproteins (out
of 322 predicted) and 312 putative glycosylation sites in 145 Tannerella. forsythia glycoproteins (out
of 557 predicted) (3, 4). These studies extended the O-glycosylation motif to
D(S/T)(A/I/L/V/M/T/S/C/G/F).

The structure of the O-glycans have been elucidated in part or in whole for B. fragilis (5, 6),
Elizabethkingia meningoseptica (formerly Flavobacterium meningosepticum)(7), two strains of 7.
forsythia (6, 8, 9), P. gingivalis (4), and Flavobacterium columnare (10) (Fig. 1). The O-glycans
comprise between 6-10 sugars with the inner part (closest to the protein) exhibiting a degree of
conservation across the phylum. An antibody raised to the first two sugars of the B. fragilis glycan
was apparently able to cross-react with glycoproteins expressed by numerous species across the
phylum (1) which is now somewhat surprising since these two sugars are not identical (Fig. 1). The
biosynthesis of the inner glycans and the oligosaccharyl transferase (ligase) required to link the
glycan to the protein is unknown, whereas the biosynthesis of the outer glycans is at least partially

documented for 7. forsythia, B. fragilis and P. gingivalis (1, 4, 6, 9).

The function of O-glycosylation in Bacteroidota is not well understood. The presence of such large
numbers of glycoproteins of many different structural and enzymatic classes suggests that the major
function of glycosylation is something basic, like promoting folding or stability as originally
suggested, and supported by the finding that the protein BF2494 expressed with its glycosylation
sites mutated was produced at only low levels (2). Within this system, the most highly glycosylated
proteins identified to date are the S-layer proteins of 7. forsythia with 19 O-glycosylation sites
identified in TfsB and 11 O-glycosylation sites identified in TfsA (3). O-glycosylation of these
proteins affects the virulence properties of the bacterium including biofilm formation and the elicited

immune response (11). In contrast, O-glycosylation in P. gingivalis was shown to be biased against



surface proteins, potentially limiting the function of O-glycosylation in that species to protein

folding/stability (4).

F. johnsoniae 1s a model organism for T9SS-associated gliding motility (12-14) however O-
glycosylation has not yet been reported. In this study we identify 325 O-glycosylation sites within
226 glycoproteins and show that like P. gingivalis, O-glycosylation is primarily targeted to protein

domains located in the periplasm.



Methods
Bacterial culture

Wild-type Flavobacterium johnsoniae UW101 was grown to late exponential phase as described
previously (15). Briefly, the F. johnsoniae cells were grown in CYE medium (10 g/L casitone, 5 g/L
yeast extract, 8§ mM MgSOs, 10 mM Tris, pH 7.6). Cultures were grown overnight at 30°C with
shaking at 225 rpm.

Cell Fractionation

Cells (500 mL) were harvested at 10,000 g for 30 min and washed once in 50 mM phosphate-
buffered saline, PH 7.5 (PBS). The culture fluid was also retained. The washed cells were
resuspended in 45 mL PBS and a 30 mL portion was lysed on ice using a sonication probe (model
CPX 750, Cole Parmer) fitted with a 6.5 mm tapered microtip. The amplitude was set to 40% and the
pulser to 1 s on, 2 s off for a total of 45 min. The membrane fraction was separated from the soluble
fraction by centrifugation at 50,000 g for 30 min. The supernatant was collected as the soluble

fraction, and the pellet was washed once in PBS and retained as the membrane fraction.

SDS-PAGE and in-gel digestion

For the culture fluid sample, 15 mL was concentrated by ultrafiltration through a 10 kDa cut-off
membrane (Amicon Ultra-15, Millipore) at 4 °C to a volume of approximately 1 mL, and then
precipitated in 13% trichloroacetic acid (TCA). The TCA precipitated material was washed once
with ice-cold acetone. For the soluble fraction, 10 pL was diluted to 1 mL with deionised water and
precipitated with TCA and washed with acetone as described above. For the membrane sample, a
portion equivalent to 30 uL of cell sonicate was used. All samples were separated by reducing SDS-
PAGE and fractionated into 12 gel segments respectively as shown to cover the entire separation
range (Fig 2). The segments were in-gel digested with trypsin as previously described (16) and
extracted once with 1% aqueous TFA and once with 50% acetonitrile—-0.1% aqueous TFA, both for
15 min in an ultrasonication bath. Extracts were combined, evaporated in a vacuum centrifuge and

dissolved in 2% acetonitrile—0.1% aqueous TFA for MS analysis.

Mass Spectrometry



LC-MS/MS experiments were conducted on a Dionex Ultimate 3000 UHPLC interfaced with an
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) as previously
described (17) with the following modifications. An LC gradient of 2-40% acetonitrile over 60 min
was employed. A stepped FAIMS method was employed alternating between -25 V and -45 V.
Specific glycan fragment ions (204.0867, 138.0545, 218.0659 and 232.0816 m/z) were used to
trigger the additional CID, ETD and HCD scans (all in the orbitrap) with previously described

scanning parameters (17).

Peptide Identification

Proteins and peptides were identified by searching against the F. johnsoniae UW101 sequence
database (Uniprot proteome: UP000006694; Genome accession: CP000685) (18). All searches were
conducted using trypsin with up to two missed cleavages allowed, peptide mass tolerance was set to
10 ppm, fragment mass tolerance to 0.04 Da, and a fixed modification of carbamidomethyl (C), and a
variable modification of oxidation (M). Initially, the raw MS data was searched with Byonic™
v3.9.6 (Protein Metrics Inc) using the wildcard setting, set to 100-1500 Da (19). After identification
of the various glycan additions, the data was searched with Mascot v2.6.2 (Matrix Science, UK) with

an additional modification set for the major glycan at 1051.323 Da according to its calculated Amass.

A putative glycopeptide identified by Byonic was included for the Amass analysis if it contained the
sequence of the glycosylation motif and exhibited a [Log Prob| score of greater than 1.0. For the
Mascot searches, glycopeptides were considered identified and included in Table S1 if they met the
following criteria. Where the protein was identified with just one peptide (the putative glycopeptide),
the Mascot score had to be at least 40 and the match was manually checked. For all other proteins, a
glycosylation site was identified when > 1 peptide bearing the site was identified above threshold
(p<0.05); or if one peptide, the Mascot score had to be at least 20 and was manually checked if <30.
Manual checking involved finding signature low mass ions corresponding to HexNAcA-O-methyl at
232.082, strong matches to b or y ion series and peaks corresponding to glycan cleavages. Checking
was also performed on proteins predicted to be cytoplasmic as these should not in theory be

glycosylated.

The false discovery rate (FDR) of identifying peptides (PSMs) in the Mascot searches above the
identity threshold (score ~15) was determined in decoy mode. The reported FDR values were 3.5%,
2.9% and 2.0% for the membrane, soluble and culture fluid samples respectively. No glycopeptides

were identified for any of the samples in the decoy mode.



Protein localization

The localisation of proteins was predicted by bioinformatic approaches as follows. Proteins
exhibiting a C-terminal signal for the T9SS were designated as “secreted”, and may be associated
with the cell surface or secreted into the culture fluid. The proteins were found using published lists
(20) and the finding of conserved CTD domains such as TIGR04183, TIGR04131 or NF033708 in
the NCBI conserved domain database (www.ncbi.nlm.nih.gov/Structure/cdd). Proteins were

localised to the IM and OM using DeepTMHMM (https://dtu.biolib.com/DeepTMHMM/) (21).

Lipoproteins were predicted using Signal P 6.0 (https://services.healthtech.dtu.dk/services/SignalP-

6.0/) (22). Proteins were predicted to localize to the periplasm when signal peptides were identified
using Signal P 6.0 or DeepTMHMM and the protein wasn't predicted to localize to a membrane or to
be secreted across the outer membrane. Proteins that could not be confidently predicted to a locale

were left as “uncertain”.
Glycan nomenclature

The nomenclature used for drawing and abbreviating sugars was taken from the Symbol

Nomenclature for Glycans (SNFQG) at https://www.ncbi.nlm.nih.gov/glycans/snfg.html (23).

Protein Modelling

Pre-computed protein models of BamA, LptD, SecDF, Signal peptidase I, and a lipoprotein (Acc:
ASFM71) were obtained from the Alphafold protein structure database (alphafold.ebi.ac.uk) (24).
The pdb models were downloaded and edited in ChimeraX version 1.5 (25) to show the location of

glycosylation sites.

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium

via the PRIDE partner repository with the dataset identifier PXD040877 and 10.6019/PXD040877.


http://www.ncbi.nlm.nih.gov/Structure/cdd
https://dtu.biolib.com/DeepTMHMM/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://www.ncbi.nlm.nih.gov/glycans/snfg.html

Results

F. johnsoniae cultures were fractionated into culture fluid, membrane and soluble fractions and the
proteins were separated by SDS-PAGE, digested with trypsin and analysed by LC-MS/MS as
outlined (Fig 2). These analyses led to the identification of 325 O-glycosylation sites within 226
glycoproteins (Table S1).

To identify the major glycoforms that modify F. johnsoniae proteins, the data was first analysed
using Byonic with the wildcard setting to identify peptides with any modification up to a Amass of
1500 Da. In the initial analysis (not shown), a Amass of approximately 1051 was the only prominent
value, and the corresponding peptide sequences exhibited the Bacteroidota O-glycosylation motif
consistent with the presence of one major glycoform. To increase the sensitivity of the analysis, only
peptide sequences that included the motifs DSX or DTX were considered. The Amass plot of these
confirmed the prominence of the cluster around 1051 Da, and showed other potential glycoforms
(Fig 3). As discussed previously (3, 4), the clusters are due to Byonic incorrectly assigning the
monoisotopic peaks necessitating manual checking of the MS spectra to calculate the correct
monoisotopic mass of the precursor and hence the correct Amass values. This was performed on a
representative number of spectra matching the common Amass values starting with 981 (Table 1).
Inspection of the data associated with a Amass of 981 revealed that the peptides were not
glycosylated, but rather the charge states of the precursor peaks were incorrectly assigned. The others

were all due to glycosylation and are discussed below.

Peptides glycosylated with an accurate Amass of 1135.340 (Table 1) together with the corresponding
CID spectra matched to the same glycan published for F. columnare (Fig 1C, Fig 4A). This glycan
has two O-acetyl groups on the pentose sugar. Relative to this glycoform, the Amass of 1093.330 has
just one O-acetyl group on the pentose (star) as indicated by the smaller m/z values starting with the
Y3 ion (Fig 4B). Similarly, the major glycan of Amass 1051.319 is missing both O-acetyl groups and
now the difference between the Y and Y3 ions is 132 Da which corresponds to an unmodified
pentose residue (Fig 4C). In Fig 4 and Fig 5, the ions depicted are doubly charged unless otherwise

shown, and hence differences in m/z values need to be doubled to calculate the mass difference.

The accurate Amass of 1034.291 corresponded to peptides modified with the major glycoform (1051
Da) but with their N-terminal GIn converted to pyroglutamate (pGlu, Table 1). The Amass of
1037.304 corresponds to a missing methyl group (Fig 5A). As compared to the major glycan
modification of the same peptide (Fig 5B), the absence of a methyl (14 Da) can be seen in the Y2, Y3

and Y4 ions whereas the Y1y ions are the same in both spectra indicating that the methyl group is



missing from the deoxyhexose residue (dHex, triangle). Interestingly, the Amass of 1065.299 is
13.979 Da higher than the major glycoform and corresponds to an additional O but minus two H
(Table 1). This difference was localised to the first two sugars and may correspond to an oxidation,
either an additional oxidation of the uronic acid (diamond) or an oxidation of the hexose to form a
uronic acid (Fig 5C). Due to the very low abundance of all these additional glycoforms, only the
major glycoform of Amass 1051.319 was used for mascot searching to construct the main data table

(Table S1).

The O-glycosylation motif found for F. johnsoniae was compared to our earlier findings for P.
gingivalis and T. forsythia (Fig 6). Overall, the motif preferences were similar across the three
species, however F. johnsoniae had a relatively strong preference for amino acid residues DTI and
DTT and a relatively weak preference for DSA, DSV and DTA. DSN was uniquely observed in F.
johnsoniae while DTC, DTG and DTM were absent.

The 226 identified glycoproteins were localised using a range of bioinformatic tools, and found to be
associated predominantly with the inner membrane (IM), periplasm or were lipoproteins (Fig 7,
Table S2). Only 9 were predicted to be T9SS cargo proteins, and these exhibited only a total of 10
identified glycosylation sites. Of the 29 predicted Omps, those with the most identified sites included
BamA and TamA-like proteins required for Omp insertion into the OM (26) and LptD required for
LPS insertion into the OM (27). Each of these proteins are known to include large periplasmic
domains, and it is these that harbour the major sites for glycosylation (Supp Figure -A & B). Since
O-glycosylation in the Bacteroidetes and other Gram-negative bacteria is known to occur in the
periplasm, IM proteins can only be glycosylated on the periplasmic side. Many of the identified IM
proteins are also known to have large periplasmic domains, and it is these domains that appear to be
glycosylated. Examples of such domains with multiple glycosylation sites include models of SecDF
and signal peptidase I (Supp Figure -C&D). The protein identified with the most glycosylated sites
was a predicted lipoprotein with five B-sandwich domains. All glycosylation sites were located in

loop regions or at the end of B-strands (Supp Figure E).

Discussion

In this study, we have identified numerous O-glycosylated peptides and proteins in F. johnsoniae,
and found that the major glycan is similar to that observed previously in the related species, F.
columnare (10). In that study, the structure of the hexasaccharide glycan was elucidated from a small

number of related protein sequences exhibiting the motif DSA. Helpfully, the structure of the glycan



was fully described, however the prevalence of this glycan was not determined. For F. johnsoniae,
we found a glycan consistent with the F. columnare hexasaccharide except that with only MS data
we could not confirm the isomeric forms of the sugars. The major glycan that we observed however
was lacking the two acetyl groups on the pentose. It is uncertain whether this is a real difference
between the two species, perhaps driven by differing levels of activity of the O-acetyltransferases, or
is a difference due to the very small number of glycopeptides analysed for F. columnare. It should
also be noted that O-glycan structures can vary between strains (8), and therefore other strains of F.
johnsoniae need to be analysed to determine whether the glycan identified here is representative of

the species.

As could be expected, the flavobacterial O-glycans are most similar to the glycan of the closely
related E. meningoseptica (Fig 1), with five sugars in common, albeit with different methylation
sites. The first three sugars comprising a hexose, a deoxyhexose and a uronic acid are the best
conserved across the five species (Fig 1). An antibody raised to the “core glycan” composed of the
first two sugars of the B. fragilis O-glycan (Man-2MeRha) cross-reacted with glycoproteins
produced across the Bacteroidota phylum (1). However, the purity of this “core glycan” was not
shown and conceivably contained minor glycans containing additional sugars. In particular, in the
published studies of the O-glycan biosynthesis, the transferase responsible for transferring the third
sugar (hexuronate) has not been determined (1, 4, 9), and therefore it is possible that this sugar is

also targeted by the core glycan antibody.

We identified 325 O-glycosylation sites within 226 glycoproteins, more than the number we
previously identified in P. gingivalis (257 sites & 145 proteins (4)) and 7. forsythia (312 sites & 145
proteins (3)). This reflects the much greater number of predicted glycoproteins in F. johnsoniae
(1041 proteins) based on the presence of the original O-glycosylation motif in the protein sequences
(1). The glycoproteins were predicted to localize mainly to the IM, periplasm and to lipoproteins that
are most likely located in the periplasm and attached to either membrane. Fewer glycoproteins were
localised to the OM, and the most prominent of these exhibited large periplasmic domains. This
localisation distribution was similar to what we observed in P. gingivalis and is consistent with
glycosylation playing a role in the folding or stabilisation of proteins or protein domains within the

periplasmic compartment (4).

Of special interest are the glycoproteins associated with gliding motility and the T9SS. Six of these
were found to be glycosylated, namely GldH, GldJ, GldK, GldN, SprE and one of the PorE



homologs, Fjoh 2275 (ASFHL7) (Table S2). Further studies are required to determine if their

glycosylation impacts the efficiency of gliding or secretion.
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Table 1. Assignment of Amass values and clusters to glycoforms

Amass Amass Difference® | Assignment | Note

(Byonic)? (manual)°

1051 cluster 1051.319 0 - Major glycoform

981 Not calculated | - - *Not a glycoform

1033 1034.291 -17.029 -NH3 pGlu at N-terminus of
peptide

1036 1037.304 -14.015 -CHz loss of methyl on dHex

1065 cluster 1065.299 +13.979 +0-H> Formation of uronic acid?

1077 cluster 1077.335 +26.016 +C2H> Artefactual modification at
peptide N-terminus

1093 cluster 1093.330 +42.011 + CoH0 O-acetylation

1135 cluster 1135.340 +84.020 +2CoH20 | O-acetylation x 2

#Each Amass value in this column corresponds to Fig 3. Where the value is labelled as a “cluster”, it
corresponds to a shaded region in Fig 3 represented by multiple Amass values.

"The Amass values in this column were calculated accurately by manually checking the mass of the
monoisotopic peaks.

“The difference is calculated relative to the major glycoform in the first row of mass 1051.319

Figure Legends

Figure 1. Comparison of O-glycan structures amongst Bacteroidota. O-glycans from A. P. gingivalis
ATCC 33277 (4), B. B. fragilis (5, 6). C. F. columnare (10). D. E. meningoseptica (7) and E. T. forsythia (3,
6, 9). Note that striped sugar symbols are used to show the predicted isomeric form of the sugar — see
legend.

Figure 2. Overview of sample preparation. F. johnsoniae cells were divided into membrane (Mem),
soluble (Sol) and culture fluid (CF) fractions and separated by SDS-PAGE. Each gel lane was divided into
12 fractions for digestion with trypsin and LC-MS/MS analysis.

Figure 3. Detection of glycoforms using Byonic wildcard. Membrane, soluble and culture fluid samples
(Fig 2) were analysed by LC-MS/MS and the data searched using Byonic in wildcard mode. The search
results were binned into integer Amass values, and then the frequency of each value was plotted. Only
Amass values with a frequency of at least 10 in any sample are shown. Shaded regions correspond to clusters
of adjacent Amass values - likely corresponding to the same glycoform (see main text). Some low intensity
glycoforms exhibiting Amass values between 1047 and 1049 appeared to have an accurate Amass 2 Da

lower than the major glycoform of 1051 Da, possibly due to double bond formation resulting in the loss of
Ho>.

Figure 4. CID spectra of tryptic peptides modified with glycans varying in O-acetyl substitution. Each
CID spectrum corresponds to the peptide AAEKPAEGAAPTTDTTAK from Cytochrome C oxidase subunit
IT (ASFJE3) with Amass 1135.34 Da (A), Amass 1093.33 Da (B) and Amass 1051.32 Da (C). All spectra
are from the membrane sample (band 6 or 7) and the CID spectra were triggered by the presence of
HexNAcA-O-methyl (m/z 232.082) in the corresponding HCD spectra. For all spectra, the labeled ions are
2" unless shown otherwise. Sugar symbols follow the SNFG as described in Methods.

Figure 5. CID spectra of tryptic peptides modified with minor glycans. Each CID spectrum corresponds
to the peptide GEQQLKDTLTIGK from PKD domain containing protein (ASFK25) with Amass 1037.30



Da, missing one methyl group (A), Amass 1051.32 Da, the major glycan (B) and Amass 1065.299 Da, with
oxidized sugar (C). All spectra are from the culture fluid sample (band 8) and the CID spectra were triggered
by the presence of HexNAcA-O-methyl (m/z 232.082) in the corresponding HCD spectra. For all spectra,
the labeled ions are 2. Sugar symbols follow the SNFG as described in Methods.

Figure 6. O-glycosylation motif comparison across species. Frequency of observed O-glycosylation
motifs in F. johnsoniae (FJ, n=310), P. gingivalis (PG, n=254) and T. forsythia (TF, n=318). The total
number (n) of observed motifs for each species is different to the number of reported sites identified since in
some peptides there is more than one possible motif and hence it is uncertain which motif is glycosylated.

Figure 7. Predicted localisation of identified glycoproteins. The predicted localisation of proteins to the
outer membrane (OM, 26), periplasm (PP, 60) and inner membrane (IM, 68) are plotted together with T9SS
secreted proteins (S, 9), and lipoproteins (LP, 57) which can be associated with either membrane. The black
wedge corresponds to 3 glycoproteins of uncertain localization.
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