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ABSTRACT Whole genome sequencing has revealed that the genome of Staphylococcus 
aureus possesses an uncharacterized 5-gene operon (SAOUHSC_00088–00092 in strain 
8325 genome) that encodes factors with functions related to polysaccharide biosynthe­
sis and export, indicating the existence of a new extracellular polysaccharide species. We 
designate this locus as ssc for staphylococcal surface carbohydrate. We found that the 
ssc genes were weakly expressed and highly repressed by the global regulator MgrA. 
To characterize Ssc, Ssc was heterologously expressed in Escherichia coli and extracted 
by heat treatment. Ssc was also conjugated to AcrA from Campylobacter jejuni in E. coli 
using protein glycan coupling technology (PGCT). Analysis of the heat-extracted Ssc and 
the purified Ssc-AcrA glycoconjugate by tandem mass spectrometry revealed that Ssc 
is likely a polymer consisting of N-acetylgalactosamine. We further demonstrated that 
the expression of the ssc genes in S. aureus affected phage adsorption and susceptibility, 
suggesting that Ssc is surface-exposed.

IMPORTANCE Surface polysaccharides play crucial roles in the biology and virulence of 
bacterial pathogens. Staphylococcus aureus produces four major types of polysaccharides 
that have been well-characterized. In this study, we identified a new surface polysacchar­
ide containing N-acetylgalactosamine (GalNAc). This marks the first report of GalNAc-
containing polysaccharide in S. aureus. Our discovery lays the groundwork for further 
investigations into the chemical structure, surface location, and role in pathogenesis of 
this new polysaccharide.
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D espite advancements in healthcare delivery, Staphylococcus aureus remains a 
significant human pathogen in hospital and community settings. The organism 

is capable of producing a wide array of virulence factors that contribute to its pathoge­
nicity. Treatments for serious S. aureus infections are largely limited to antibiotic therapy. 
However, S. aureus can readily acquire antibiotic resistance genetically as well as become 
tolerant to antibiotics upon biofilm formation (1).

Surface polysaccharides play an important role in bacterial physiology, virulence, and 
pathogenesis. In S. aureus, cell wall peptidoglycan, teichoic acids, capsular polysacchar­
ide, and polysaccharide intracellular adhesion (PIA) have been extensively characterized. 
Teichoic acids and PIA are involved in biofilm formation, whereas capsules are involved 
in immune evasion by obstructing host phagocytic cells from assessing bacterial surfaces 
(2). PIA has also been reportedly involved in immune evasion (3).

Genome sequencing has revealed an uncharacterized 5-gene operon in the genome 
of S. aureus, with genes predicted to encode proteins involved in polysaccharide 
biosynthesis and export (4). This suggests the existence of a new extracellular polysac­
charide species. The five genes, SAOUHSC_00088–00092 (strain 8325), are annotated 
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based on homology to known enzymes as UDP-glucose (galactose) 4-epimerase, 
UDP-phosphate N-acetylgalactosaminyl-1-phosphate transferase, glycosyl transferase, 
polysaccharide polymerase, and membrane exporter, respectively. In this study, we 
provide evidence that this 5-gene locus is responsible for the production of a surface-
exposed polysaccharide, which we named Ssc for staphylococcal surface carbohydrate. 
The five genes were designated sscA through sscE. Our results suggest that Ssc is a 
polysaccharide located on the S. aureus surface. Analysis of the purified polysaccharide 
expressed in Escherichia coli suggests that Ssc is likely a polymer consisting of N-acetylga­
lactosamine (GalNAc).

RESULTS

Expression of the ssc genes

The ssc locus consists of 5 genes that are closely arranged, suggesting an operonic 
structure. The locus is not part of a known genetic element (Fig. S1). An NCBI BLAST 
(National Center for Biotechnology Information Basic Local Alignment Search Tool) 
search showed that these genes are highly conserved among S. aureus strains. KEGG 
(Kyoto Encyclopedia of Genes and Genomes) ortholog analysis showed that all five 
annotated protein sequences are highly homologous in all 53 sequenced strains (at least 
94% identity). As the ssc genes were annotated as putative polysaccharide genes, to 
determine whether the ssc locus encodes for a polysaccharide, we purified the crude 
carbohydrate from 8325-4, a phage-free strain derived from 8325, and the isogenic 
ssc deletion mutant by heat treatment of the bacterial cells grown overnight. The 
heat-extracted fractions were then further digested with DNase I and RNase A to remove 
DNA and RNA, respectively, and proteinase K to remove proteins. The crude extracts, 
consisting mostly of carbohydrates, were subject to SDS-PAGE analysis followed by silver 
staining. Polysaccharide-like ladder bands were observed in both the wild-type and the 
ssc mutants (CYLA946), with similar quantities between the two (Fig. 1A, lanes 1 and 2). 
This suggests that ssc genes are expressed at a very low level, indicating that the ssc 
locus does not have a significant impact on total carbohydrate production. It should 
be noted here that using exponential or early stationary phase cultures did not show 
differences between the wild-type and the ssc mutants.

The ssc locus consists of five genes that are closely arranged, suggesting an operonic 
structure. To study the expression of the ssc genes in S. aureus, we characterized the 
promoter activity of the operon. The putative promoter region upstream of the first 
gene, sscA, was fused to the superfolder green fluorescence protein gene (sfgfp) resulting 
in plasmid pMLE283. As shown in Fig. 1B, we found that the ssc promoter (Pssc) activity in 
8325-4 was only slightly above the background control, indicating that the ssc genes are 
expressed at a very low level in this strain. In a previous gene profiling study (5), we 
found that all the ssc genes were downregulated by a global regulator, MgrA. To confirm 
whether the ssc genes are repressed by MgrA, we transformed pMLE283 to 8325-4 mgrA 
mutant (CYL13008). As shown in Fig. 1B, Pssc activity increased drastically in the mgrA 
mutant, indicating that the ssc operon is highly repressed by MgrA. It has been reported 
that MgrA binds to a consensus sequence of (A/T)GTTGT (6, 7); however, we found that 
no sequence matched exactly to the consensus in the putative ssc promoter region.

Given that MgrA is a strong repressor of ssc genes, we further compared the crude 
carbohydrate extracts between the mgrA mutant and the mgrA-ssc double mutant. The 
results (Fig. 1A, lanes 3 and 4) revealed distinct bands in the mgrA mutant but not in the 
mgrA-ssc double mutant (indicated by arrows). Although these bands were faint, they 
likely represent the putative carbohydrate expressed from the ssc locus. Since strain 
8325-4 can produce PIA and teichoic acids but does not produce capsular polysacchar­
ides (8–11), we presume that the background bands are composed of PIA and teichoic 
acids or other not yet identified carbohydrates.
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Ssc polymer contains N-acetylgalactosamine

To identify the putative polysaccharide encoded by the ssc locus, the entire S. aureus 
ssc operon was cloned into pBBR1MCS-2, resulting in pMLE254, and expressed in E. coli 
MG1655. Polysaccharides from the Ssc expressing strain (CYLE260) and the vector control 
strain (CYLE259) were prepared as described in Materials and Methods. Trichloroacetic 
acid (TCA) soluble and ethanol-precipitated polysaccharide fractions were analyzed by 
13% SDS-PAGE and silver staining. As shown in Fig. 2A, we found distinct ladder-like 
bands from CYLE260 that were not present in the control, suggesting that these bands 
are composed of polysaccharides. To determine the presumptive polysaccharides, the 
TCA and ethanol-treated polysaccharide extracts from CYLE260 and CYLE259 strains 
were sent to the Complex Carbohydrate Research Center (CCRC) at the University of 
Georgia for carbohydrate composition analysis. Table 1 and Fig. S2 (in the supplemental 

FIG 1 Expression of Ssc in S. aureus. (A) Heat-extracted S. aureus surface carbohydrates were analyzed 

by SDS-PAGE (15%) followed by silver staining. WT, 8325-4; ssc, CYLA946; mgrA, CYL12670; mgrA ssc, 

CYLA958. Putative Ssc bands are indicated by arrows. (B) Effect of MgrA on Pssc promoter activities by 

sfGFP reporter assay. Red squares, WT, 8325-4(pMLE283); black dots, mgrA mutant, CYL13008(pMLE283). 

Statistical significance relative to the wild type was analyzed by Student t-test (n = 4). *, P < 0.0001.

FIG 2 Expression of Ssc in E. coli. Carbohydrates from strains CYLE259 carrying pBBR1MCS-2 vector and 

CYLE260 carrying pBBR1MCS-2-ssc were analyzed by SDS-PAGE, followed by silver-staining (A) or blotting 

with biotin-SBA (B).
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materials) show the relative mole percentage and carbohydrate content of CYLE259 and 
CYLE260. Both strains yielded polysaccharide fractions containing galactose, heptose, 
and 2-keto-3-deoxy-D-mannooctanoic acid (kdo), whereas GalNAc was found in CYLE260 
carrying the ssc genes but not in the vector control strain CYLE259. These results suggest 
that the ssc operon is responsible for the synthesis of GalNAc. The identification of 
GalNAc is consistent with the predicted ssc gene functions. The observation of the 
ladder-like banding patterns further suggests that Ssc is likely a polymer consisting of 
GalNAc. Since soybean agglutinin (SBA) binds specifically to GalNAc and galactose but 
much more strongly to the former (12), to confirm the presence of GalNAc, we used a 
biotinylated SBA (biotin-SBA) binding assay. As shown in Fig. 2B, we found binding of 
biotin-SBA to the polysaccharide extract of CYLE260 but not to CYLE259, confirming that 
ssc locus is required for the synthesis of a GalNAc-containing glycan.

To further characterize the Ssc polysaccharide, we generated a Ssc glycoprotein 
conjugate using protein glycan coupling technology (PGCT) (13). PGCT is a recombinant 
process that involves the biological conjugation of heterologous polysaccharides to 
carrier proteins in engineered strains of E. coli. PGCT involves three components (glycan, 
carrier protein, and coupling enzyme), which are usually encoded on plasmids. To this 
end, we transformed pBBR1MCS-2-ssc (pMLE254) into the E. coli strain MAJ1625 resulting 
in strain MAJ1626, i.e., MG1655 ΔwecA ΔwaaL λDE3 (pMAJ205). This strain is lysogenized 
with λDE3 to induce expression from pMAJ205 (a derivative of pACYCDuet-1). Plasmid 
pMAJ205 expresses E. coli codon-optimized versions of the PglB oligosaccharyltransfer­
ase and the AcrA carrier protein from Campylobacter jejuni. AcrA was modified at the 
N-terminus with the signal peptide from DsbA (for periplasmic expression) and four 
tandem repeats of the DQNAT glycosylation motif (for N-glycosylation) (14). AcrA was 
also modified at the C-terminus with four glycosylation motifs, as well as a hexahistidine 
tag for purification. In this system, PglB transfers Ssc structures to N-glycosylation sites 
in our AcrA variant (AcrA-His6) in the periplasm. The chassis for our PGCT system is a 
derivative of E. coli MG1655 deleted for the O-antigen WaaL ligase (to prevent Ssc from 
being transferred by PglB onto lipid-A-core) and the initiating glycosyltransferase WecA 
(to prevent PglB from transferring enterobacterial common antigen).

To demonstrate that the Ssc polysaccharide contains GalNAc, Ssc-AcrA-His6 
glycoconjugates were prepared from the Ssc-expressing E. coli strain (CYLE277) as 
described in Materials and Methods (strain CYLE276 was the negative control). Cell 
pellets were either lysed with SDS sample buffer or lysed and subjected to His-tag 
protein purification. The samples were resolved with 11% SDS-PAGE, transferred to PVDF 
membrane, and blotted either with biotin-SBA (Fig. 3A) or with anti-His mouse mAb (Fig. 
3B). The results showed that biotin-SBA bound to the bands in strain CYLE277 expressing 
Ssc (lanes 2 and 4 in Fig. 3A) but not in strain CYLE276 containing the vector only (Fig. 3A, 
lanes 1 and 3), indicating that the ssc genes are responsible for producing components 
that can be recognized by SBA. In the western blot using anti-His mAb, we found a 
prominent band above the 43 kDa marker that was specific to strain CYLE277, which is 

TABLE 1 Relative mole percent and carbohydrate content of microbial samples

Glycosyl residue E259 control E260 Ssc

Ribose (Rib) 79.7 53.3
Mannose (Man) 3.2 2.9
Galactose (Gal) 0.6 2.1
Glucose (Glc) 14.0 22.3
N-acetylgalactosamine (GalNAc) n.d.a 6.0
Heptose (Hep) 1.6 8.9
2-keto-3-deoxy-D-mannooctanoic acids (Kdo) 0.7 4.6
Mannitol 0.3 n.d.
%CHOb 10.1 8.0
aNot detected.
bCarbohydrate percentage.
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larger than the AcrA-His6 protein indicated by an arrow (compare lanes 1 and 2 in Fig. 
3B), suggesting that the GalNAc is conjugated to AcrA-His6. For the His-bind-purified 
fractions blotted with anti-His mAb, additional faint bands specific to CYLE277 between 
56 kDa and 72 kDa markers were found (Fig. 3B, lanes 3 and 4). These bands were also 
found in the blot against SBA (lane 4, Fig. 3A), suggesting that there are additional larger 
AcrA-His6 conjugated glycans.

FIG 3 Glycosylation of AcrA-His6 with ssc. Whole cell lysates and His-affinity-purified fractions were 

prepared from CYLE276 containing pBBR1MCS-2 vector and CYLE277 containing pBBR1MCS-2-ssc. Two 

microliters of the whole cell lysates (lanes 1 and 2) and 0.2 µL of His-affinity-purified fractions (lanes 3 and 

4) were resolved with 11% SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) paper, and blotted 

with biotin SBA (A) or blotted with mouse anti-His mAB to detect glycan-ArcA-His6 (B). Arrow indicates 

ArcA-His6 (49.4 kDa).

FIG 4 Purification of Ssc-AcrA-His6 glycan. His-bind resin (Novagen) was used to isolate AcrA-His6 

and Ssc-AcrA-His6 conjugates. Samples were resolved with 10% SDS-PAGE and stained with Coomassie 

Blue G250 (A), transferred to PVDF paper, and blotted with biotin-SBA (B) or with mouse anti-His mAB 

(C). Bracket indicates the gel portion excised for glycoproteomics and polysaccharide linkage analysis.
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To determine glycosylation by glycoproteomics, we purified the Ssc-AcrA-His6 
glycoconjugates from a 24 h culture of CYLE277 using His-bind resin. A small quantity of 
the samples (2 µL) was resolved in 10% SDS-PAGE and stained with Coomassie Blue (Fig. 
4A), which revealed multiple bands. To approximate the positions of the Ssc-AcrA-His6 
conjugates, we further carried out western blotting with 0.2 µL sample using biotin-SBA 
and anti-His antibodies (Fig. 4B and C). A total of 80 µL of the sample was resolved 
in preparative SDS-PAGE gel (four lanes) and the portions corresponding to the 45–70 
kDa range were excised and sent to the CCRC for in-gel glycoproteomic analysis. The 
results (see Fig. S3 in the supplemental materials) showed that all glycosylation sites were 
occupied with glycans. Examples of the tandem mass spectrometry (MS/MS) spectrum 
are shown in Fig. S4 and S5. Multiple N-acetyl-hexosamines (HexNAcs) were detected, 
most of which are low molecular weight (less than four carbohydrate units). Singly 
and doubly methylated polysaccharides were observed. These results suggest that the 
Ssc glycans in the glycoconjugates are mostly short polymers composed of HexNAcs, 
consistent with the carbohydrate composition analysis described above.

In an attempt to determine the linkage of GalNAc in the Ssc, N-glycans were 
released from the Ssc-AcrA-His6 glycoconjugates by enzymatic digestion and subjected 
to glycomic analysis at the CCRC. However, we were unable to conclusively determine 
the linkage of the polysaccharides, despite using sample quantity 22-fold larger than 
that used in the glycoproteomic analysis mentioned above. Efforts to determine the Ssc 
structure are currently underway.

Ssc is surface-exposed

Surface polysaccharides play an important role in the interaction between bacterial 
surfaces and the environments, including the interaction of bacteria with phages (15). 
To determine whether Ssc is surface-exposed in S. aureus, we assessed the impact 
of Ssc on phage adsorption and the subsequent induction of cell lysis of S. aureus. 
Despite attempts to construct a ssc-complemented strain, the whole ssc locus could 

FIG 5 Surface-exposed Ssc. (A) Phage adsorption to S. aureus 8325-4 and its isogenic derivatives (n = 

4). (B) Bacterial growth in the presence of phage (n = 3). CYLA946, ssc deletion mutant; CYL12674, Ssc 

overexpression strain. Statistical significance relative to the wild type was analyzed by Student t-test. *, P 

< 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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not be cloned into the ssc mutant CYLA946. As an alternative, we constructed a strain 
(CYL12674) in which a constitutive promoter Pcap1 (16) was inserted immediately 
upstream of the sscA gene (SAOUHSC_00088) in the 8325-4 chromosome. As shown 
in Fig. 5A, the adsorption of both phages 52A and 80α increased in the absence of 
Ssc, whereas the expression of Ssc under Pcap1 in CYL12674 led to a slight reduction 
of absorption compared with the wild-type strain 8325-4 (only the adsorption of 52A 
at 30 min is statistically significant). In contrast, the ssc mutant strain CYLA946 and the 
Pcap1-ssc strain CYL12674 have the lowest and highest rate of lysis, respectively, by both 
phages (Fig. 5B). All staphylococcal phages attach to the wall teichoic acid or lipoteichoic 
acid (17, 18), which can be blocked by surface polysaccharides. Therefore, the results 
showing that Ssc reduced phage adsorption and the subsequent cell lysis suggest that 
Ssc is expressed and exposed on the surfaces of S. aureus.

To further show that the Ssc is surface-exposed, we labeled the whole S. aureus cells 
with fluorescein isothiocyanate-labeled SBA (FITC-SBA) and examined the image in a 
fluorescence microscope or using dot blot analysis. As shown in Fig. 6A, fluorescence 
was detected only on the mgrA mutant, particularly at sites of division. Interestingly, only 
about 10% of the cells were labeled. Phenotypic heterogeneity seems to be common 
for surface polysaccharides as similar cell variation of capsular polysaccharides has been 
reported previously (reviewed in reference 19). In the dot blot analysis, we found almost 
no labeling of FITC-SBA to either the wild-type or the ssc mutant, whereas the mgrA 
mutant showed strong binding (Fig. 6B). However, a detectable signal was found in 
the mgrA ssc mutant, suggesting that loss of MgrA may promote the expression of a 
component(s) capable of binding to SBA. Overall, the results in Fig. 6A and B demon­
strate that Ssc is located on the cell surface of S. aureus.

To demonstrate that Ssc is attached to the S. aureus cell wall, we prepared the cell-wall 
fractions from 8325-4 and its isogenic mutants, including Δssc, ΔmgrA, and ΔsscΔmgrA. 
The cell wall fractions were further treated with proteinase K to remove contaminated 
proteins, spotted to nitrocellulose paper, and probed with biotin-SBA. The results in Fig. 
6C showed that GalNAc was strongly detected in the mgrA mutant but barely detectable 
in the wild type, as expected. These results indicate that GalNAc is associated with the 
cell wall and that ssc genes are responsible for the synthesis of GalNAc in S. aureus.

DISCUSSION

S. aureus produces four major types of polysaccharides on bacterial surfaces that have 
been previously characterized. Here, we describe a new surface polysaccharide that is 
likely a polymer of GalNAc. Although at this stage we could not rule out the presence of 
other sugar components in Ssc, evidence for this conclusion is multi-fold. First, the five 
genes, which we designated as sscA-E, are annotated to be involved in polysaccharide 
biosynthesis and export. Second, expression of the five ssc genes in E. coli surrogate 
resulted in SDS-PAGE pattern typical of polysaccharide that was chemically identified as 
GalNAc, whereas GalNAc was not detected in the control strain. Third, we have shown 
that SBA, which binds strongly to GalNAc and much weaker to galactose, reacted with 
purified crude Ssc from E. coli clones as well as from the cell wall of S. aureus. Finally, 

FIG 6 Detection of GalNAc. (A) S. aureus cells labeled with FITC-SBA: phase contrast images (top), and fluorescence micrographs (bottom). (B) Bacterial 

cells immobilized on nitrocellulose membrane and labeled with FITC-SBA. (C) Immunoblotting of purified S aureus cell wall fractions with biotin-SBA and 

HRP-streptavidin. WT, 8325-4; ssc, CYLA946; mgrA, CYL12670; mgrA ssc, CYLA958.
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we showed that Ssc was expressed on the S. aureus cell surface, as the expression of Ssc 
reduced phage adsorption as well as phage-induced cell lysis.

We initially attempted to identify the putative Ssc by comparing the carbohydrate 
compositions between the wild-type 8325-4 and the ssc mutant. However, we observed 
little or no significant difference in polysaccharide profiling in SDS-PAGE between the 
two strains (Fig. 1A), consistent with the weak ssc promoter under our growth conditions. 
Previously, we found that the multiple gene regulator MgrA was a strong repressor 
of ssc, and inactivation of MgrA increased the ssc expression by ~1,900 fold in strain 
Newman (5). The strong repression of ssc by MgrA was further confirmed by using the 
sfGFP reporter assay (Fig. 1B). This prompted us to compare the polysaccharide profiles 
between the mgrA mutant and the mgrA-ssc double mutant in an attempt to characterize 
the Ssc. However, we found a high level of polysaccharide-like materials in the mgrA-ssc 
double mutant. We, therefore, resorted to expressing the ssc genes in E. coli to character­
ize the Ssc polysaccharide. Our results suggest that Ssc is likely a poly-GalNAc. To our 
knowledge, this is the first report of a GalNAc-containing polysaccharide of S. aureus, 
although we are unable to determine the detailed structure at this stage.

In this study, we demonstrated that Ssc is surfaced-exposed by measuring phage 
accessibility to cell walls as well as by direct binding of FITC-SBA to cell surfaces or the 
purified cell wall fractions. Interestingly, we showed no difference in FITC-SBA binding 
between the wild-type and the ssc mutant, and positive binding was only detected in 
the mgrA mutant. On the other hand, the phage method was able to demonstrate the 
difference in Ssc surface exposure between the wild-type and the ssc mutant. These 
results suggest that Ssc is surface-exposed, and measuring phage accessibility to cell 
walls is a more sensitive method. In the phage assays, we also included the mgrA and 
mgrA-ssc mutant; however, the ssc mutation did not have an effect in the mgrA mutant 
background (not shown). As MgrA is a global regulator affecting a large number of 
genes, including those encoding cell surface proteins and proteases (5, 7), other factors 
regulated by MgrA likely play a more important role than Ssc in phage accessibility to the 
cell walls.

Surface polysaccharides play important roles in bacterial pathogenesis. To study the 
cellular functions of Ssc, we tested its role in biofilm formation. However, the results were 
inconclusive. In some experiments, we observed a weak effect on biofilm formation, but 
the results were insignificant in other experiments. The inconsistency is likely due to a 
very low expression level of the ssc genes or experimental conditions. Another possible 
role of Ssc is the involvement of host immune evasion, which requires further studies.

In S. aureus, the undecaprenyl-phosphate lipid carrier is required for the synthesis 
of peptidoglycan, capsular polysaccharides, and teichoic acids, but not for PIA (20–24). 
Although we lack experimental evidence confirming the involvement of this common 
cell membrane lipid carrier in Ssc synthesis, the results that Ssc could be produced 
in E. coli using the PGCT system support this metabolic pathway. In this process, a 
nucleotide-activated sugar component is first transferred to the lipid carrier catalyzed 
by a specific transferase that recognizes the nucleotide-activated sugar. The presence of 
the second gene in the ssc operon, sscB, which is highly homologous to various bacterial 
UDP N-acetylgalactosamine undecaprenyl-phosphate transferases, further supports the 
involvement of undecaprenyl-phosphate lipid carrier in the Ssc synthesis.

MATERIALS AND METHODS

Bacterial strains and culture condition

The bacterial strains and plasmids used in this study are listed in Table 2. E. coli XL1-
blue and DH5α were used for plasmid construction and maintenance. Competent S. 
aureus RN4220 was used as the recipient for plasmid electroporation. Phage 80α or 
52A was used for DNA transduction between S. aureus strains and also used for cell 
lysis and adsorption studies. S. aureus strains were cultured with tryptic soy broth (TSB), 
and E. coli strains were cultured in Luria-Bertani broth (LB) unless specified otherwise. 
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Antibiotics were added to the culture medium, when necessary, at a final concentra­
tion of 100 µg/mL for ampicillin, 3 µg/mL for tetracycline, 30 µg/mL, or 50 µg/mL 
for kanamycin. Chloramphenicol was used at a final concentration of 10 µg/mL and 
20 µg/mL for S. aureus and E. coli strains, respectively.

Strain and plasmid construction

Primers used for plasmid and strain construction are listed in Table S1. To construct 
a deletion mutant of ssc operon (CYLA946), DNA fragments flanking the operon were 
amplified by PCR from 8325-4 genomic DNA using primer pairs of ssc-KO1/ssc-KO2 and 
ssc-KO3/ssc-KO4. The tetK gene of pT181 was amplified with pTet1/pTet2 primers. The 
PCR fragments were cloned in tandem into plasmid pJB38 such that the deleted ssc 
operon was replaced with the tetK gene. To construct a markerless deletion mutant 
of mgrA (CYL13008), DNA fragments flanking the mgrA gene were amplified by PCR 
using primer pairs of mgrdc1/mgrdc4, mgrdc2/mgrdc3, followed by overlapping PCR 
using primer pair mgrdc1/mgrdc2. The fragment was cloned into pIMAY by SLIC 
method (33). To construct an ssc overexpression strain (CYL12674), DNA fragments 
were amplified from 8325-4 chromosomal DNA using primer pairs of attB2-sscP13/sscP8 
and attB1-sscP12/sscP11. A Pcap1 promoter fragment was amplified from S. aureus M 
strain genomic DNA using sscP9/sscP10 primers. The amplified fragments were further 
assembled by overlapping PCR amplification and cloned into the pKOR-1 vector. All PCR 
inserts were verified by sequencing. Allelic replacement was performed as described 
previously (30). CYL12670 (8325-4 ΔmgrA::cat) was constructed by phage transduction 
from CYL1040 (25). All mutants were further verified by PCR.

To construct Pssc-sfgfp reporter plasmid pMLE283, the ssc promoter region (Pssc, 
355 bp upstream and 85 bp downstream of SAOUHSC_00088 start codon) was PCR 
amplified using P88-2/P88-3 primers and cloned into the superfolder green fluorescent 
protein (sfGFP) reporter plasmid pMLE57 (32). To clone the entire ssc operon, the 8325-4 
genomic DNA was first amplified by two primer pairs, PS-1F/PS-2R and PS-3F/PS-4R, 
representing 5’ half and 3’ half of the ssc gene cluster. The resultant fragments were 
separately cloned into pGEMT-easy and verified by sequencing. The two PCR fragments 
in pGEMT-easy were then digested with KpnI/NsiI and NsiI/SalI, respectively, and cloned 
into pBAD18 digested with KpnI and SalI. The intact ssc operon in pBAD18 was digested 
with KpnI and HindIII and then subcloned into similarly digested pBBR1MCS-2. The 
resultant plasmid pMLE254 was used for expressing Ssc and /or Ssc-AcrA-His6 glycocon­
jugate in E. coli.

MAJ1625 (MG1655 λDE3 ΔwecA ΔwaaL) is the glycoengineering strain for this study. 
Gene deletions were constructed in E. coli MG1655 by using lambda RED recombination 
(34) or P1-mediated transduction. Kanamycin resistance markers were excised by FLP 
recombinase produced from pCP20 (35). Gene deletions were verified by PCR. The 
O-antigen WaaL ligase was deleted to prevent Ssc from being transferred onto lipid-A-
core. The initiating glycosyltransferase WecA was deleted to ensure synthesis of Ssc-AcrA 
by preventing PglB from transferring E. coli glycans initiating with GlcNAc (i.e., enterobac­
terial common antigen). The λDE3 prophage in MAJ1625 was introduced by using the 
λDE3 Lysogenization Kit (Novagen). The λDE3 prophage encodes an IPTG-inducible copy 
of T7 polymerase, which is required to express pglB-2xHA and ss-dsbA-4xDQNATacrA4xDQNAT-
his6 from pMAJ205.

pMAJ205 is a plasmid that expresses pglB-2xHA and ss-dsbA-4xDQNATacrA4xDQNAT-his6 
from PT7-1 and PT7-2 in pACYCDuet-1 (Novagen), respectively. Sequences corresponding 
to C. jejuni pglB and acrA were obtained from Biocyc (C. jejuni NCTC11168), codon 
optimized for expression in E. coli (using the IDT codon optimization tool) and synthe­
sized by Epoch Life Sciences. We modified pglB at the C-terminus with two tandem 
repeats of the hemagglutinin sequence (2×HA) to enable detection. We modified acrA 
at the N-terminus with the signal peptide from DsbA (for localization to the periplasm) 
and four tandem repeats of DQNAT (glycosylation motif ). We also modified acrA at the 
C-terminus with four tandem repeats of DQNAT and a 6×His-tag for purification. The 
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synthesized ss-dsbA-4xDQNATacrA4xDQNAT-his6 construct was amplified using primers P1264 
and P1292. The 1,399 bp product was cut with NdeI and PacI and ligated to the same 
sites of pACYCDuet-1. The synthesized pglB-2xHA construct was amplified using primers 
P1308 and P1309. The 2,225 bp product was cut with NcoI and SacI and ligated to the 
same sites of the pACYCDuet-1::ss-dsbA-4xDQNATacrA4xDQNAT-his6 intermediate plasmid.

Heat-extraction of SsC carbohydrate from S. aureus

Overnight cultures of S. aureus strains were centrifuged, washed with 1 mL phosphate-
buffered saline (PBS), and resuspended in 200 µL PBS (OD600, ~10). The suspension 
was subjected to heat extraction in a boiling water bath for 2 h and centrifugation. 
Supernatants were treated with RNase A, DNase I, and then proteinase K.

Western blot

Carbohydrate fractions were dot-blotted to nitrocellulose paper or resolved in SDS-PAGE 
and transferred to PVDF membrane. The blots were incubated with biotinylated SBA 
(Vector Laboratories) and streptavidin-horseradish peroxidase (HRP) (Thermo Scientific) 
and detected with ChemiDoc XRS + System (Bio-Rad Laboratories, Hercules, CA) using 
chemiluminescent HRP substrate (Thermo Scientific). For detecting AcrA-His6, the blots 
were incubated with anti-His mouse mAB 27E8 (Cell Signaling), followed by HRP-conju­
gated goat anti-mouse IgG (Invitrogen). The blots were developed as above.

TABLE 2 Strains and plasmids

Strain or plasmid Relevant characteristics Reference or source

S. aureus strains
  RN4220 Restriction negative laboratory strain Iandolo
  8325-4 Prophage-free laboratory strain Iandolo
  CYL1040 Becker ΔmgrA::cat 25
  CYLA946 8325-4 Δssc::tetK This study
  CYL12670 8325-4 ΔmgrA::cat This study
  CYL12674 8325-4 Pcap1:ssc This study
  CYL13008 8325-4 ΔmgrA This study
  CYLA958 8325-4 ΔmgrA::cat Δssc::tetK This study
E. coli strains
  XL1-Blue Host strain for plasmids Strategene
  DH5α Host strain for plasmids Invitrogen
  MG1655 F− λ−ilvG rfb-50 rph-1 26
  CYLE259 MG1655 (pBBR1MCS-2) This study
  CYLE260 MG1655 (pMLE254) This study
  MAJ1625 MG1655 λDE3 ΔwecA::frt ΔwaaL::frt This study
  MAJ1626 MAJ1625 (pMAJ205) This study
  CYLE276 MAJ1626 (pBBR1MCS-2) This study
  CYLE277 MAJ1626 (pMLE254) This study
Plasmids
  pGEM-T easy E. coli cloning vector Promega
  pBAD18 E. coli expressing vector 27
  pBBR1MCS-2 E. coli expression vector 28
  pMAJ205 pACYCDuet-1::pglB-2xHA ss-dsbA-4xDQNAT-acrA4xDQNAT-

his6

This study

  pMLE254 pBBR1MCS-2-ssc This study
  pJB38 Vector for allele replacement 29
  pKOR1 Vector for allele replacement 30
  pIMAY Vector for allele replacement 31
  pMLE57 pLI50 with sfgfp 32
  pMLE283 pMLE57-Pssc This study
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Heat extraction of polysaccharide from E. coli

Overnight cultures of CYLE259 and CYLE260 (LB 50 µg/mL Kanamycin) were diluted with 
Super Optimal broth (SOB) medium containing 30 µg/mL Kanamycin and 1 mM IPTG to 
OD600 of 0.08 and incubated at 28°C with shaking at 225 rpm for 24 h. Bacterial cells 
were collected by centrifugation. Cells were then suspended to OD600 of 75 per mL with 
1× Tris EDTA (TE) (pH 8.0), and heat treated in a boiling water bath for 2 h. Supernatants 
were collected after centrifugation, treated with TCA (20% wt/vol) on ice for 30 min 
to precipitate proteins and nucleic acids, and further centrifuged at 18,000 × g at 4°C 
for 30 min. Polysaccharide fractions in the supernatants were precipitated with ethanol 
(2.5 vol/vol) at −20°C for 24 h. After centrifugation at 18,000 × g at 4°C for 30 min, the 
pellet was washed with cold ethanol two times, air dried, and dissolved with sterile milliQ 
water.

Glycan expression from E. coli

E. coli strains (CYLE276 and/or CYLE277) were cultured at 28℃ for 24 h in SOB medium 
containing chloramphenicol (20 µg/mL) and kanamycin (50 µg/mL) and 1 mM IPTG. Cell 
pellets were lysed in Solulyse solution (Genlantis) and lysozyme (0.4 µg/µL). Ssc-AcrA-
His6 glycoconjugates were further purified by using His-Bind resin (Novagen).

Carbohydrate mass spectral analysis

Glycosyl composition analysis

Glycosyl composition analysis was performed by combined gas chromatography-mass 
spectrometry (GC-MS) of the per-O-trimethylsilyl (TMS) derivatives of the monosacchar­
ide methyl glycosides produced from the sample by acidic methanolysis as described 
previously by Coleman et al. (36). Briefly, the samples were hydrolyzed in 400 µL 1M 
methanolic HCl overnight at 80°C. The dried samples were then re-N-acetylated using a 
mixture of methanol:acetic anhydride:pyradine (2:1:1) at room temperature for 20 min. 
The samples were further derivatized with Tri-Sil (ThermoFisher Scientific) at 80°C for 
30 min. GC-MS analysis of the TMS methyl glycosides was performed on an Agilent 
7890A GC interfaced to a 5975C MSD, using a Supelco Equity-1 fused silica capillary 
column (30 m × 0.25 mm ID).

Glycoproteomics

Gel fragments were cut into pieces of ~1 mm each with a sterile scalpel. After cutting, gel 
pieces were transferred info Eppendorf tubes, and 500 µL acetonitrile (ACN): NH4HCO3 
(AmBic) (1:1) was added. After addition of ACN:AmBic buffer, gel pieces were incubated 
at room temperature for 30 min. This step was repeated four times in order to remove 
all Coomassie dye from the gel pieces. The destained gel pieces were shrunk by adding 
500 µL ACN and incubating at room temperature for 30 min. The ACN was removed, and 
300 µL of 25 mM dithiothreitol (DTT) in water was added to the tubes to reduce the 
protein by incubation at 56°C for 30 min. The DTT solution was removed by adding 500 
µL ACN and pipetting out the liquid. Three hundred milliliters of 90 mM iodoacetamide 
(IAA) was added to the gel and allowed to incubate in the dark for 20 min (alkylation). 
The IAA solution was removed in a similar manner by the addition of acetonitrile and 
the removal of the liquid. To digest the reduced and alkylated protein, a final addition 
of 5 µg sequencing grade trypsin in AmBic (~1:5 ratio/ protein:enzyme) was added to 
the gel. Tryptic digestion was performed for 18 h at 37°C. To release the tryptic peptides, 
500 µL of 1:2/H2O:ACN plus 5% formic acid was added to the gels and allowed to 
incubate at room temperature for 15 min. This procedure was repeated two times, and 
all supernatant was collected into new tubes. Collected supernatant (~1.5 mL) was dried 
in a SpeedVac. Any active trypsin that remained was deactivated by heating to 100°C 
for 5 min. Trytpic glycopeptides were finally resuspended with 50 µL AmBic buffer each 
and filtered on 0.2 µm filter prior to liquid chromatography tandem mass spectrometry 
(LC-MS/MS) analysis (37).
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LC-MS/MS analysis

The glycopeptides were analyzed on an Ultimate 3000 RSLCnano (ThermoFisher 
Scientific) connected to a Thermo Eclipse Fusion Orbitrap mass spectrometer (Thermo­
Fisher Scientific). Commercial C18 nano-LC columns (150 mm × 75 µm; 3 µm packing) 
were used for chromatographic separation. The separation conditions were linearly 
lowered to 80% acetonitrile in a solution containing 0.1% formic acid over 180 min. 
A data-dependent program was used for acquisition where the precursor ion scan 
was acquired at 120 k resolution followed by top-down fragmentation of high-to-low 
intensity m/z by stepped higher collisional dissociation (HCD) [collision energy (%) = 
20,30,40] at 30 k resolution within 3 s. Charge state screening was enabled, and 
precursors with an unknown charge state or a charge state of +1 were excluded from 
fragmentation. Dynamic exclusion was enabled (exclusion duration of 30 s) (38).

Byonic searches and filtering of the data

The resulting glycoproteomic data were processed with Byonic (v4.0.12) and searched 
against the provided amino acid sequence and a custom library of N-glycans. The 
precursor mass tolerance and fragment mass tolerances were set to 5 ppm and 10 
ppm, respectively. Additional dynamic modifications including deamidation of N and Q, 
carboxymethylation of C, and oxidation of glycopeptide precursor were also included in 
the search. Assignments were made using Byonic software and manual interpretation 
using FreeStyle 1.8 (ThermoFisher Scientific).

Isolation of S. aureus cell wall fraction

S. aureus cell wall fractions were prepared as described by Pieper et al. (39) in the 
presence of 27% sucrose and lysostaphin. Isolated cell wall samples were further treated 
with proteinase K.

Phage adsorption

Overnight cultures in TSB were diluted with fresh medium to OD600 of 0.05 and 
incubated at 37°C, 225 rpm for 80 min. Cultures (about 3 × 107 CFU in 200 µL) were 
incubated with phage 52 A or 80α (about 3 × 106 PFU) at 37°C for 15 and 30 min. 
Unbound free phages (Punbound) were separated from bound phages by centrifugation. 
Adsorption was calculated by taking the PFU of the unbound phage and subtracting it 
from PFU of the Input (Pinput). Percent adsorption = (Pinput – Punbound)/Pinput.
Phage-induced cell lysis of S. aureus

Overnight S. aureus cultures in TSB were diluted with fresh TSB media to OD600 of 0.05 
and incubated at 37°C in a rotary shaker at 225 rpm to OD600 of about 0.2. Cultures were 
incubated with phage 52 A, or 80α (MOI of 1:1) at 37°C with 175 rpm rotation. OD600 of 
each culture was monitored every 30 min for 5 h.

Labeling of fluorescein isothiocyanate-SBA

Whole-cell labeling with FITC-SBA for microscopy was carried out essentially as described 
by Jorgenson and Young (40). Briefly, overnight cultures were washed twice in PBS, 
incubated with 20 µg/mL FITC-SBA (Vector Laboratories) for 30 min, and washed twice 
again in PBS. The labeled cells were visualized by phase contrast and fluorescence 
microscopy.

SBA-FITC dot blot was carried out as described by Kay et al. (41) with minor modifi-
cations. An equivalent amount of S. aureus cell (1 mL of OD600 = 1.0) from overnight 
cultures was collected by centrifugation and suspended with 20 µL PBS. Aliquots of 3 µL 
were spotted on the nitrocellulose membrane and dried overnight at room temperature. 
Membranes were blocked with 5% bovine serum albumin (BSA) in PBS and labeled with 
20 µg/mL of SBA-FITC in blocking reagent.
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