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Abstract 26 

Staphylococcus aureus causes the majority of skin and soft tissue infections, but this pathogen 27 

only transiently colonizes healthy skin. However, this transient skin exposure enables S. aureus 28 

to transition to infection. Initial adhesion of S. aureus to skin corneocytes is mediated by surface 29 

protein G (SasG). Here, phylogenetic analyses reveal the presence of two major divergent 30 

SasG alleles in S. aureus, SasG-I and SasG-II. Structural analyses of SasG-II identified a 31 

unique non-aromatic arginine in the binding pocket of the lectin subdomain that mediates 32 

adhesion to corneocytes. Atomic force microscopy and corneocyte adhesion assays indicated 33 

SasG-II can bind to a broader variety of ligands than SasG-I. Glycosidase treatment resulted in 34 

different binding profiles between SasG-I and SasG-II on skin cells. Additionally, SasG-35 

mediated adhesion was recapitulated using differentiated N/TERT keratinocytes. Our findings 36 

indicate that SasG-II has evolved to adhere to multiple ligands, conferring a distinct advantage 37 

to S. aureus during skin colonization.  38 

 39 
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Introduction 40 

The opportunistic pathogen Staphylococcus aureus is a common asymptomatic 41 

colonizer in humans but is also the predominant cause of skin and soft tissue infections 1. 42 

Approximately 20% of the human population are persistently colonized by S. aureus, most 43 

commonly in the anterior nares, while 30% are transiently colonized 2,3. S. aureus infections 44 

usually occur in individuals already colonized 3,4. Despite causing approximately 76% of skin 45 

and soft tissue infections 5, S. aureus only colonizes 5% or less of the skin of otherwise healthy 46 

adults 6. A trifecta of intact barrier, immune system, and commensal microbiota maintain skin 47 

homeostasis and keep S. aureus colonization rates low. However, dysbiosis or breaks in the 48 

skin barrier can lead to increased colonization levels and subsequent infection 7-9. When skin 49 

homeostasis is compromised, S. aureus can deploy virulence factors that enable immune 50 

evasion and tissue invasion, further exacerbating inflammation and disease 10-12. Identifying the 51 

mechanisms by which S. aureus colonizes healthy skin could open avenues for therapeutic 52 

development to prevent and treat infection in colonized individuals.  53 

S. aureus skin colonization begins with initial adhesion, which is mediated by various cell 54 

wall-anchored (CWA) proteins 11,13-15. In particular, surface protein G (SasG) is known to be 55 

important in S. aureus adhesion to healthy human corneocytes on the skin 15-17, as well as 56 

adhesion to nasal epithelial cells and in biofilm formation 18,19. SasG is a large sortase-anchored 57 

protein that is part of the G5-E repeat family of adhesins 11. The structure of this protein consists 58 

of a N-terminal A domain encompassing an intrinsically disordered region and L-type lectin, a B 59 

domain with highly-conserved, serial B-repeats containing G5-repeat and E-spacer sub-60 

domains 11,16,18, and a proline/glycine-rich stalk region extending to the C-terminus 20. SasG is 61 

orthologous to accumulation-associated protein (Aap) in S. epidermidis, and SasG homologs 62 

are expressed in other species of staphylococci as well 15. Similar to SasG, Aap has been found 63 

to be important in S. epidermidis adhesion to healthy human corneocytes 15,16.  64 
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Previous studies have elucidated the role of the A domain, specifically the L-type lectin 65 

subdomain, in Aap and SasG-mediated adhesion to corneocytes on healthy human skin 15-17. L-66 

type lectins exhibit glycan-binding specificity that can significantly vary depending on the lectin 67 

21. While the specific ligand for Aap and SasG is still unknown, recent data has indicated the 68 

ligand is most likely a glycoprotein. Roy et al. 15 demonstrated that healthy human skin 69 

corneocytes treated with the glycosidases PNGase and O-Glycosidase significantly reduced S. 70 

epidermidis adhesion, suggesting these glycan linkages are important for adhesion to the host 71 

ligand. A glycan array performed by Maciag et al. 16 supported these data and found that the 72 

highest-affinity hits for the Aap lectin included N-linked glycans containing Gal-GlcNAc 73 

alternating repeats (poly-N-acetyllactosamine). Furthermore, Maciag et al. identified key 74 

aromatic residues within the glycan-binding pockets of the Aap and SasG lectins, which likely 75 

bind glycans through stacking interactions. These key aromatic residues are approximately in 76 

the same structural position, Y580 for Aap and W392 for SasG, and mutation of these residues 77 

to alanine abrogated binding of these lectins to N-acetyl-D-lactosamine and 3’-sialyl-N-78 

acetyllactosamine as determined via isothermal titration calorimetry (ITC) 16. Similarly, pre-79 

incubating corneocytes from healthy human skin with purified lectins from Aap and SasG 80 

significantly reduced adhesion of both S. epidermidis and S. aureus, while the mutated lectins 81 

did not affect adhesion 16, demonstrating that Aap and SasG bind to the ligand via these key 82 

residues in the lectin subdomain.  83 

The ability of purified lectins from both Aap and SasG to bind lactosamine derivatives 84 

and reduce adhesion of both S. epidermidis and S. aureus to corneocytes suggests these 85 

species may compete for adhesion to the same ligand on healthy human skin. However, in a S. 86 

epidermidis-dominated skin environment 22,23 that is hostile to S. aureus, much has yet to be 87 

elucidated as to what makes SasG unique and able to establish a colonization niche. Here, we 88 

use phylogenetic analyses to demonstrate the presence of two divergent allelic types of SasG, 89 
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with each type represented by full-length and truncated forms, within S. aureus. We 90 

demonstrate that SasG-II is unique and may bind to multiple ligands, based on evidence that 91 

includes the SasG-II lectin structure and a lectin alignment comparison to SasG-I, adhesion 92 

studies on corneocytes from healthy human skin and immortalized N/TERT keratinocytes, and 93 

nanoimaging of corneocytes using SasG-I and SasG-II S. aureus single cell probes.   94 
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Results 95 

The SasG A domain is variable in S. aureus. Variability in the repertoire of sortase-attached 96 

adhesins is common on the surface of S. aureus 24. SasG in particular has been noted as 97 

having significant strain-level diversity in gene (sasG) presence, expression level, and function 98 

18,25. We realized that S. aureus strains expressing full-length SasG, such as well-known strains 99 

COL and 502a in clonal complex 8 (CC8) and CC5, and MW2 in CC1, have considerable 100 

divergence in the A domain sequence. Considering the SasG A domain has been recently 101 

linked to corneocyte adhesion 15,17, we reasoned that the sequence differences could impact S. 102 

aureus skin colonization.  103 

Full-length SasG from MRSA strain COL has a lectin domain that is structurally similar to 104 

that of S. epidermidis Aap, as we recently reported 16. We named this form of SasG as Type I or 105 

“SasG-I” hereafter. In contrast, the A domain lectin in MRSA strain MW2 is only 67.2% identical 106 

at the protein level. We named this form of SasG as Type II or "SasG-II" hereafter. The rest of 107 

the protein content in both full-length SasG forms is fairly similar with the B-repeat region 108 

containing G5 and E spacers and a C-terminal wall/membrane spanning region with a LPKTG 109 

sortase motif (Fig. S1A). In this initial analysis, we also determined that some strains encoding 110 

SasG-I had an intact A domain and a frameshift mutation at the start of the B-domain. This 111 

includes strains such as N315 26 and LAC 19 that belong to USA100-related and USA300 112 

lineages, respectively. We named this mutated form of SasG-I as “truncated SasG-I”. Some 113 

strains with SasG-II also encode a truncated protein; however, this form occurs less frequently 114 

among S. aureus strains and was not investigated further. 115 

Both the Aap and SasG-I lectins have a key active site aromatic residue that has been 116 

linked to glycan binding and corneocyte adhesion, which is Y580 in Aap and W392 in SasG-I 16. 117 

Based on an alignment of the SasG-I and SasG-II lectins, this aromatic residue is missing in 118 
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SasG-II and is replaced with non-aromatics (Fig. S1B). Other secondary structure elements are 119 

similar, as expected given that both adopt β-sandwich L-type lectin folds. Based on our previous 120 

analysis of the SasG-I and Aap lectin structures 16, most of the key residues in the vicinity of the 121 

glycan binding site (shortly after β17) are conserved between SasG-I and SasG-II, with one 122 

important exception, as described below.  123 

 124 

Phylogenetic analyses reveal the depth of SasG variation. Building on our preliminary 125 

observations, we further investigated SasG variation using a phylogenetically diverse set of S. 126 

aureus isolates for which whole genome sequences were available 27. These 574 isolates 127 

belonged to 39 clonal complexes (Fig. 1A). Among these isolates, SasG was represented by 128 

three approximately evenly distributed groups: 191 full-length SasG, 194 truncated SasG, and 129 

189 missing SasG. Phylogenetic analysis of the aligned full-length SasG sequences confirmed 130 

that the species has two divergent allelic types with 99 inferred amino acid substitutions 131 

between them (Fig. 1C, long branch separating the two types). Among the full-length SasG 132 

sequences, there were 91 unique SasG sequences with 11 distinct amino acid lengths of 133 

sequence that could be attributed to the B-repeat region. The individual B-repeats were exactly 134 

128 amino acids in length, and 11 differently sized repeat arrays were detected among the full-135 

length SasG sequences. The distribution of B-repeats among the two full-length SasG types 136 

was significantly different (χ2=57.3, df=10, P<0.0001), with a more even number of B-repeats 137 

among the Type II isolates compared to the Type I isolates (Fig. 1B). 138 

Different isolates of a given clonal complex always had the same SasG type. However, 139 

at least four changes of SasG types are inferred based on parsimony analysis of the type 140 

distribution on the S. aureus phylogeny. The two SasG types correlate perfectly with amino acid 141 

polymorphisms in the L-type lectin binding region: W392 for SasG-I, and R394 for SasG-II. 142 

Since polymorphisms in these alignment positions correlated perfectly with the full-length SasG 143 
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types, these 2 amino acids were used to type the truncated SasG sequences. This typing 144 

allowed for an additional parsimony analysis that identified a minimum of 27 changes between a 145 

predicted functional SasG (full-length or typed-truncated sequence) and a predicted 146 

nonfunctional SasG (missing or untyped-truncated sequence). The clonal complexes CC5 and 147 

CC8, which are clinically important 28-30, both encode SasG-I but CC5 has mostly full-length 148 

forms and CC8 has mostly truncated forms. SasG-II is encoded by CC1 (such as MRSA strain 149 

MW2), as well as CC15, CC22, CC59, CC72, and others. SasG-II in these CCs are mostly full-150 

length, although some strains do rarely harbor truncated SasG-II. 151 

 152 

The SasG-II lectin contains a unique non-aromatic residue in the glycan binding pocket. 153 

The crystal structure of SasG-II lectin was solved at 1.88 Å, revealing an overall architecture 154 

that is nearly identical to the L-type lectin folds of SasG-I, Aap, and Pls 16,31 (Fig. 2A). Similar to 155 

these related lectin domains, SasG-II has an atypical trans conformation of the central D241 156 

residue, a structural Ca2+ ion, and three relatively long loops at the top of the domain. However, 157 

both Aap and SasG-I lectins feature a sharp bend in the main chain after strand β17 that 158 

positions an aromatic residue at the base of the glycan binding pocket (i.e., Aap Y580 and 159 

SasG-I W392) (Fig. 2B). In contrast, SasG-II fails to adopt the sharp bend at the end of β17, 160 

which therefore positions the sidechain of R394 in approximately the same position as the 161 

SasG-II main chain after the bend. The arginine at this position is actually conserved between 162 

SasG-I and SasG-II, but the sharp bend in the main chain of SasG-I causes the equivalent 163 

R391 to extend toward the top of the lectin domain, far from the binding pocket, and positions 164 

W392 within the binding pocket instead (Fig. 2C). Likewise, the Q395 residue in SasG-II 165 

(corresponding to W392 in SasG-I) points in the opposite direction to R394 in a region of the 166 

protein that is highly solvent-exposed (Fig. 2C). It seems likely that SasG-I and Aap adopt the 167 

sharp bend in the main chain after β17 to avoid exposure of the equivalent aromatic residues 168 

(W392 or Y580) to solvent, which would be entropically unfavorable. Instead, the main chain 169 
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bend orients those aromatic residues toward the binding site pocket region, which is more 170 

protected from solvent. As a result of these structural differences, SasG-II forms a surface 171 

pocket similar to the other lectins’ glycan binding sites but it does not contain an aromatic 172 

residue that could form a stacking interaction with a glycan ligand (Fig. 2D).  173 

 174 

Multiparametric nanoimaging using single bacterial probes indicates SasG-II binds a 175 

broader variety of ligands than SasG-I. To compare SasG-I and SasG-II-mediated adhesion 176 

at the single molecule level and further explore the possibility of SasG-II binding multiple 177 

ligands, we determined the strength of adhesion between a single living bacterial cell and 178 

human corneocytes using multiparametric atomic force microscopy (AFM) imaging 32. Bacterial 179 

cells not expressing SasG (S. carnosus-pALC2073 EV) did not show any adhesion (Fig. 3), 180 

similar to a colloidal probe (Fig. 3 and Fig. S2). Bacterial cells expressing SasG-II (S. carnosus-181 

sasGMW2) showed strong adhesion forces ranging from 500 to 5,000 pN, with a most frequently 182 

observed force of around 1,000 pN, that were densely and widely distributed across the 183 

corneocyte surface (Fig. 3 and Fig. S3). It is likely that the 1,000 pN force corresponds to a 184 

single interaction, while larger forces represent multiple bonds, possibly of a different molecular 185 

nature. The detection frequency of 27% demonstrates that the SasG-II ligand(s) are present at 186 

high density. SasG-I-expressing cells also showed many adhesion forces around 1,000 pN, yet 187 

with a much lower detection frequency of approximately 7% (Fig. 3 and Fig. S4). This indicates 188 

that both adhesins strongly bind their skin ligands, yet SasG-II seems to bind a broader variety 189 

of ligands.  190 

 191 

Purified glycans do not affect SasG-II-mediated adhesion to corneocytes. As we have 192 

shown previously, the Aap and SasG-I lectins were both able to bind purified N-acetyl-D-193 

lactosamine via ITC 16. Using ITC, we investigated whether SasG-II would also bind N-acetyl-D-194 
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lactosamine, and found that the SasG-II lectin did not bind (Fig. S5A). This was functionally 195 

validated in a corneocyte adhesion assay, where pre-incubation with a serial 2-fold dilution of N-196 

acetyl-D-lactosamine ranging from 1000 µM to 62.5 µM did not affect SasG-II-expressing S. 197 

carnosus-sasGMW2 adhesion to corneocytes (Fig. S5B and S5C). Similarly, pre-incubation with 198 

a serial 2-fold dilution of 3’-sialyl-N-acetyllactosamine ranging from 100 µM to 6.25 µM (10-fold 199 

lower dilutions than was used with N-acetyl-D-lactosamine) did not affect SasG-II-expressing S. 200 

carnosus-sasGMW2 adhesion to corneocytes (Fig. S5D and S5E). In contrast, adhesion of 201 

SasG-I-expressing S. carnosus/pALC2073-sasGCOL was strongly inhibited by 125 µM N-acetyl-202 

D-lactosamine or by 12.5 µM 3’-sialyl-N-acetyllactosamine 16. These data collectively suggest 203 

that SasG-II is unique from Aap and SasG-I, in that it may bind distinct glycan ligands on the 204 

corneocyte receptor, or perhaps that it binds the protein portion of the receptor without engaging 205 

the glycan moieties. 206 

 207 

SasG-I and -II mediated adhesion to corneocytes shows differential responses upon 208 

treatment with glycosidases. To narrow down possible ligand configurations for SasG-I and 209 

SasG-II and further investigate binding differences between the two types, corneocytes were 210 

pre-incubated with glycosidases. Protein glycosylation has been postulated to be important for 211 

epidermal differentiation, as well as desquamation, hydration, and adhesion/cohesion of the 212 

stratum corneum 33,34. The most common types of glycans found on healthy human skin are 213 

variations of complex N-linked glycans and mucin-like core 1 and core 2 O-linked glycans 34-37. 214 

Seven different glycosidases were tested, including endoglycosidases and exoglycosidases. 215 

PNGase F (cleaves between the innermost GlcNAc and asparagine residues of high-mannose, 216 

hybrid, and complex oligosaccharides), O-Glycosidase (catalyzes removal of Core 1 and 3 O-217 

linked disaccharides from glycoproteins), α1-2,3,6 Mannosidase (catalyzes the hydrolysis of 218 

terminal, non-reducing α1-2, α1-3 and α1-6 linked mannose residues from oligosaccharides), 219 
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α1-3,4 Fucosidase (catalyzes the hydrolysis of terminal, non-reducing α1-3 and α1-4 linked 220 

fucose residues from oligosaccharides and glycoproteins), β-N-Acetylglucosaminidase S 221 

(catalyzes the hydrolysis of terminal, non-reducing β-N-Acetylglucosamine residues from 222 

oligosaccharides), β1-4 Galactosidase S (catalyzes the hydrolysis of terminal, non-reducing β1-223 

4 linked galactose residues from oligosaccharides), and α2-3,6,8 Neuraminidase (catalyzes the 224 

hydrolysis of α2-3, α2-6, and α2-8 linked sialic acid residues from glycoproteins and 225 

oligosaccharides). 226 

We predicted that SasG-I-mediated adhesion would be similar to our previous results 227 

with Aap 15, and would be reduced upon glycosidase treatment with the endoglycosidases 228 

PNGase F and O-Glycosidase, as well as α2-3,6,8 Neuraminidase, and the exoglycosidases 229 

α1-3,4 Fucosidase and β1-4 Galactosidase S. Indeed, pre-incubation with all five of these 230 

glycosidases resulted in significantly reduced adhesion of S. carnosus-sasGCOL compared to 231 

buffer controls, while the exoglycosidases α1-2,3,6 Mannosidase and β-N-232 

Acetylglucosaminidase S did not affect adhesion (Fig. 4A-G). This suggests that linkages 233 

between the innermost GlcNAc and asparagine residues of oligosaccharides, as well as Core 1 234 

and 3 O-linkages are important in SasG-I mediated adhesion, and that 5-N-acetylneuraminic 235 

acid, fucose, and galactose may be important in the SasG-I ligand configuration.  236 

Considering the inability of the SasG-II lectin to bind lactosamine (Fig. S5A), we 237 

predicted that SasG-II may bind different terminal sugar residues on corneocytes than SasG-I. 238 

Using the same corneocyte adhesion assay, only pre-incubation with β-N-239 

Acetylglucosaminidase S and β1-4 Galactosidase S resulted in a reduction of S. carnosus-240 

sasGMW2 adhesion (Fig. 4A-G). This indicates that terminal β-N-acetylglucosamine and 241 

galactose may be important in the SasG-II ligand configuration. The only glycosidase that 242 

resulted in both reduced SasG-I and SasG-II adhesion was β1-4 Galactosidase S, suggesting 243 

that galactose may be important in the configuration of a shared ligand between SasG-I and 244 
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SasG-II. These results further suggest that SasG-II binds a different type of glycan ligand than 245 

SasG-I on the corneocyte receptor. 246 

 247 

SasG-II-mediated adhesion is mediated by the lectin subdomain and may bind the same 248 

ligand as Aap and SasG-I. To investigate the possibility of a shared ligand between SasG-I 249 

and SasG-II, we sought to determine if purified lectins from Aap, SasG-I, and SasG-II could 250 

cross-inhibit SasG-II-mediated adhesion to corneocytes. Pre-incubating/blocking corneocytes 251 

from healthy human skin with 5 µM purified lectin domains from Aap, SasG-I, and SasG-II 252 

significantly reduced SasG-II-expressing MRSA MW2 adhesion, while purified lectins with the 253 

key residues mutated–Aap ∆Y580A and SasG-I ∆W392A–did not affect adhesion (Fig. 5A and 254 

5B). We then investigated whether this would hold true in the model surrogate organism S. 255 

carnosus, which does not natively adhere to corneocytes 17. Expressing SasG in S. carnosus 256 

acts as an ideal model for testing protein-specific adhesion since there are no other adhesins 257 

that could affect corneocyte binding. Similar to S. aureus, adhesion of S. carnosus expressing 258 

SasG-II on plasmid pALC2073 was significantly reduced when pre-incubated/blocked with 259 

purified lectins from Aap and SasG-I, but was not affected by pre-incubation with Aap ∆Y580A 260 

or SasG-I ∆W392A, validating the findings in S. aureus (Fig. 5C and 5D). These data suggest 261 

that SasG-II may bind to the same host ligand as SasG-I and Aap. Alternatively, SasG-II could 262 

be binding elsewhere on the corneocyte receptor, sterically blocking SasG-I and Aap from 263 

binding.  264 

We then investigated if purified SasG-II could cross-inhibit SasG-I and Aap-mediated 265 

adhesion to corneocytes. Purification of Type II full-length and A-domain SasG from MRSA 266 

MW2 was characterized previously 19. Pre-incubation/blocking with 100 µg/mL purified A domain 267 

and full-length SasG-II significantly reduced S. epidermidis adhesion to corneocytes (Fig. 5E 268 

and 5F). Likewise, pre-incubation/blocking with 100 µg/mL purified A domain and full-length 269 
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SasG-II significantly reduced SasG-I-expressing S. carnosus-sasGCOL adhesion to corneocytes 270 

(Fig. 5G and 5H). These findings suggest that the SasG-II mode of binding to the corneocyte 271 

receptor enables competition with staphylococci expressing Aap or SasG-I. 272 

 273 

SasG-I and SasG-II-mediated adhesion to differentiated N/TERT keratinocytes following 274 

treatment with glycosidases suggests complex N-linked glycans and core 2 O-glycans 275 

may be important for SasG-I and SasG-II binding. Firstly, to validate the adhesion data seen 276 

on corneocytes and explore whether SasG could be utilized for invasion, we utilized a live, 277 

immortalized, N/TERT-2G keratinocyte cell culture model. N/TERT keratinocytes can undergo 278 

terminal differentiation, allowing for the presence of multiple keratinocyte layers with a 279 

desquamated stratum corneum. Terminally differentiated N/TERT keratinocytes with a stratum 280 

corneum were incubated with S. carnosus-pALC2073 EV (negative control), SasG-I-expressing 281 

S. carnosus-sasGCOL, SasG-II-expressing S. carnosus-sasGMW2, and SasG-II-expressing S. 282 

carnosus with the A domain deleted (S. carnosus-sasGMW2∆A) 17. Similar to what was seen in the 283 

corneocyte adhesion assays, both SasG-I and SasG-II-expressing S. carnosus strains adhered 284 

significantly more to differentiated N/TERTs than the EV and SasG-II A domain mutant controls 285 

(Fig. 6A and 6B). To determine if SasG could be used not only in initial adhesion to the stratum 286 

corneum but also for adherence to the more basal, actively dividing keratinocyte layers, these 287 

same strains were then tested for adhesion to an undifferentiated monolayer of N/TERT 288 

keratinocytes. Conversely, none of the strains adhered differently in a statistically significant 289 

manner (Fig. 6C and 6D). The difference in adhesion for SasG-I-expressing S. carnosus-290 

sasGCOL and SasG-II-expressing S. carnosus-sasGMW2 on differentiated vs undifferentiated 291 

N/TERT keratinocytes is illustrated in Fig. 6E, where much lower adhesion is seen for both 292 

strains in undifferentiated N/TERT keratinocytes than differentiated N/TERT keratinocytes 293 

containing a stratum corneum. These data indicate SasG is utilized by S. aureus for initial 294 
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adhesion to the outermost layer of the skin to establish a colonization niche, but not to infiltrate 295 

deeper layers of the epidermis.  296 

With the understanding that the ligand(s) to SasG exist on the stratum corneum, we then 297 

investigated whether the glycosidase treatment on corneocytes would reveal similar glycan 298 

ligand targets on live cells. S. carnosus-sasGMW2 and S. carnosus-sasGCOL were tested for 299 

adhesion to differentiated N/TERT keratinocytes following pre-incubation with glycosidases β-N-300 

Acetylglucosaminidase S and β1-4 Galactosidase S. Similar to the corneocyte data, treatment 301 

with these two glycosidases reduced S. carnosus-sasGMW2 adhesion to differentiated N/TERT 302 

keratinocytes. Though not statistically significant, β-N-Acetylglucosaminidase S exhibited a 303 

reduced adhesion trend for S. carnosus-sasGMW2, and this reduction was greater than what was 304 

seen for S. carnosus-sasGCOL (Fig. 6F). β1-4 Galactosidase S reduced adhesion of both S. 305 

carnosus-sasGCOL and S. carnosus-sasGMW2, and resulted in a statistically significant reduction 306 

for S. carnosus-sasGCOL (Fig. 6G). These data confirm what was observed on corneocytes that 307 

galactose may be important in the configuration of a shared ligand between SasG-I and SasG-308 

II, and that β-N-Acetylglucosamine may be uniquely important to a separate SasG-II ligand 309 

configuration. Terminal β1-4-linked galactose and β-N-acetylglucosamine are found within 310 

hybrid N-linked glycans 34, consistent with our previous observations that Aap binds to N-311 

glycans from the glycan array and that PNGase F abrogates adhesion mediated via SasG-I or 312 

Aap 16. However, terminal β1-4-linked galactose and β-N-acetylglucosamine are also both found 313 

in core 2 mucin-type O-glycans 38. SasG-II may interact with this type of O-glycan structure, 314 

which would be consistent with the data that SasG-II-mediated adhesion is insensitive to 315 

treatment with PNGase F or O-glycosidase (O-glycosidase can cleave core 1 or core 3, but not 316 

core 2, O-glycans) (Fig. 4) 39. The glycome of healthy skin prominently features numerous N-317 

glycoforms containing lactosamine or sialyllactosamine as well as core 2 O-glycans 35,36.  318 

 319 
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Discussion 320 

With over 50% of bacterial infections becoming resistant to treatment 40, identifying novel 321 

ways to prevent infection has never been more imperative. One of the human body’s first 322 

defense mechanisms against external hazards is the human skin 41. S. aureus plays an 323 

important role in the skin environment, causing the majority of skin and soft tissue infections 5 324 

and contributing to morbidity in diseases such as atopic dermatitis 42-44. Recent studies have 325 

emphasized the importance of CWA adhesins in establishing colonization of human skin 326 

corneocytes, which comprise the outermost layer of the skin 13-18. One of these adhesins–327 

SasG–is a multifactorial protein that shares structural and functional similarity to S. epidermidis 328 

Aap and has been characterized to be important in adhesion to corneocytes from healthy 329 

human skin 15-17. In this study, we identified variation in SasG via phylogenetic analyses, and 330 

investigated how this variation affects adhesion to healthy human skin using a multifaceted 331 

approach.  332 

Phylogenetic analyses using a curated data set of the complete genomes from 574 S. 333 

aureus isolates revealed approximately a third of strains express a full-length form and another 334 

third express a truncated form of SasG. SasG-I is more than twice as common as SasG-II 335 

across the diverse clonal complexes of S. aureus examined here. Lastly, approximately a third 336 

of S. aureus strains do not encode SasG. Fibronectin binding protein B was recently found to 337 

important in healthy corneocyte interactions and might explain the ability of S. aureus to bind 338 

without SasG 13. SasG-II occurs in some of the earlier diverging clonal complexes, but also 339 

occurs in more derived clonal complexes likely due to a historical recombination event; it is not 340 

likely that the two allelic types could independently originate multiple times through mutation 341 

alone due to the large number of specific differences that define the two types. The observation 342 

that both allelic types of SasG exist in full-length and truncated forms in currently circulating 343 

strains, may suggest that retaining this molecular and functional variation is beneficial to S. 344 
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aureus as a species. Thus, SasG may be a new candidate of balancing selection in S. aureus 345 

and needs to be further investigated 45. 346 

The SasG-II lectin shares 67.2% sequence identity with the SasG-I lectin. Although the 347 

overall fold of SasG-II is similar to that of SasG-I and Aap lectin domains, the local architecture 348 

in the vicinity of the glycan binding site differs in SasG-II. In particular, SasG-II lacks the 349 

characteristic aromatic residue (Aap Y580 or SasG-I W392) in the floor of the glycan binding 350 

pocket. These aromatic residues in Aap and SasG-I are presumed to form a stacking interaction 351 

with a bound glycan ligand, based on the loss of binding for the Y580A and W392A mutants of 352 

Aap and SasG-I, respectively 16. Thus, SasG-II may show a loss of glycan binding or a change 353 

in glycan specificity compared to Aap and SasG-I. Given their overall sequence and structural 354 

similarity, we conjectured that SasG-II might bind the same ligand as Aap and SasG-I as well as 355 

an additional ligand(s) not yet identified. Pre-incubating/blocking healthy human corneocytes 356 

with purified lectins from SasG-I and Aap was able to cross-inhibit SasG-II-mediated adhesion 357 

to corneocytes, and purified SasG-II was likewise able to cross-inhibit SasG-I and Aap-mediated 358 

adhesion. However, unlike the SasG-I and Aap lectins, which were found to bind both N-acetyl-359 

D-lactosamine and 3’-sialyl-N-acetyllactosamine by Maciag et al. 2023 16, the SasG-II lectin did 360 

not bind N-acetyl-D-lactosamine via ITC in our study. This was confirmed via corneocyte 361 

adhesion assays, where this purified glycan did not affect SasG-II-mediated adhesion to 362 

corneocytes. This suggests that SasG-II may bind the same glycan ligand as SasG-I and Aap, 363 

but may also bind elsewhere on the corneocyte receptor and occlude SasG-I and Aap from 364 

binding their respective glycan ligand.   365 

AFM nanoimaging of corneocyte cell surfaces demonstrated weaker and less frequent 366 

adhesive interactions for SasG-I than for SasG-II, indicating that while both types strongly bind 367 

the ligand present on corneocytes, SasG-II may bind a broader variety of ligands and/or another 368 

glycan ligand on corneocytes. Additionally, pre-treatment of corneocytes with glycosidases 369 
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resulted in different binding profiles between SasG-I and SasG-II. SasG-I-mediated adhesion 370 

was reduced by PNGase F, O-Glycosidase, α2-3,6,8 Neuraminidase, and the exoglycosidases 371 

α1-3,4 Fucosidase and β1-4 Galactosidase S, matching our previous report with the structurally 372 

similar S. epidermidis Aap 15.  In contrast, SasG-II-mediated adhesion was reduced by only β-N-373 

Acetylglucosaminidase S and β1-4 Galactosidase S. The only glycosidase that resulted in 374 

reduced adhesion of both SasG types was β1-4 Galactosidase S, suggesting that galactose 375 

may be an important terminal sugar residue in a shared ligand between SasG-I and SasG-II, 376 

while β-N-acetylglucosamine may be important in a ligand unique to SasG-II. Differentiated 377 

N/TERT keratinocytes treated with β-N-Acetylglucosaminidase S and β1-4 Galactosidase S 378 

further confirmed the corneocyte glycosidase data. Although SasG-I and Aap interact with 379 

complex N-glycan structures 16, SasG-II adhesion was unaffected by PNGase F, suggesting that 380 

SasG-II may bind to a distinct type of glycan. A likely candidate would be a core 2 O-glycan; 381 

these can contain terminal β1-4 galactose and β-N-acetylglucosamine 38 but are insensitive to 382 

cleavage by O-glycosidase 39. Interestingly, N-glycans containing lactosamine or 383 

sialyllactosamine and core 2 O-glycans are both prevalent species in the healthy skin glycome 384 

35,36.  385 

While we do not know the exact structural nature of the ligand on the corneocyte 386 

receptor, our findings strongly suggest that the ligand(s) are expressed on desquamated, 387 

terminally differentiated keratinocytes and not basal keratinocytes, both SasG-I and SasG-II are 388 

likely to interact with a glycoprotein, and that SasG-II may also engage with a core 2 O-glycan 389 

structure (Fig. 7). The findings presented here as well provide further knowledge that could be 390 

used to therapeutically target and prevent S. aureus skin colonization for individuals at-risk for 391 

S. aureus infection in a prophylactic manner, potentially eliminating the need for traditional 392 

antibiotics that could contribute to further drug resistance in these individuals.  393 

  394 
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Materials and methods  395 

SasG-I and SasG-II lectin alignment. The lectin protein sequences of SasG-I (from MSSA 396 

502a) and SasG-II (from MRSA MW2) were aligned using Clustal Omega 1.2.4 46. Sequence 397 

similarities, secondary structure elements, and relative accessibility were extracted with the 398 

Clustal Omega protein alignment and Type I/Type II lectin protein coordinates using the DSSP 399 

program in ESPript 3.0 47.  400 

 401 

SasG phylogenetic analyses. Variation in SasG was analyzed in the context of S. aureus 402 

phylogenetic diversity. In brief, a previously curated data set of complete genomes from 574 S. 403 

aureus isolates, and 1 S. argenteus isolate that served as an outgroup, was obtained from the 404 

PATRIC database 48-50. PhyloPhlAn3 51 was used to align conceptually translated protein 405 

sequences from the S. aureus proteome, curate the alignment, and perform phylogenetic 406 

analysis using default settings. Clonal complexes were identified on the phylogeny as clusters of 407 

related multilocus sequence types. SasG sequences were extracted from these proteomes and 408 

strains were sorted into three groups based on the state of their SasG sequence as full-length, 409 

truncated, or absent. Full-length SasG sequences were aligned with MUSCLE v3.8.3152,53 and 410 

clustered with CD-HIT v4.8.1 54,55 at 100% identity. Gblocks v0.91b 56 was used with stringent 411 

settings (min. seq. for flank pos.: 85%, max. contig. nonconserved pos.: 4, min. block length: 10, 412 

no gaps in final blocks) to remove alignment gaps, including the SasG B-repeat sequences. 413 

PhyML 57 was used with the WAG model to infer a SasG phylogeny and to define two SasG 414 

allelic types. Mesquite v3.70 58 was used to perform parsimony analysis with the S. aureus 415 

phylogeny to reconstruct SasG presence/absence and SasG allelic type; since the parsimony 416 

analysis ignores branch lengths it was not necessary to account for recombination events on the 417 

S. aureus phylogeny for this analysis. The R statistics package was used to perform a chi-418 

squared goodness-of-fit test of the B-repeat distributions of the two SasG allelic types. 419 
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 420 

SasG-II lectin crystallography. The SasG-II lectin domain was expressed as a fusion protein 421 

with an N-terminal hexahistidine tag followed by a tobacco etch virus (TEV) protease site using 422 

the pDest17-His plasmid in E. coli BLR (DE3) cells (Novagen). Protein expression and 423 

purification was conducted as described for SasG-I lectin domain 16. Crystals were grown via 424 

hanging drop diffusion. Protein stocks were at a concentration of 10 mg/mL in 20 mM Tris-HCl 425 

(pH 7.2) and 300 mM NaCl. Stocks were combined with mother liquor in equal parts (1 μL + 1 426 

μL). Crystals appeared after five days in a condition of 100 mM HEPES (pH 7.8), 200 mM 427 

Ammonium Sulfate, 25%-33% BCS PEG SMEAR Medium (Molecular Dimensions, 428 

CalibreScientific). Cryoprotectant consisted of 80% mother liquor and 20% MPD; crystals were 429 

plunged into cryoprotectant prior to being flash frozen in liquid nitrogen. Data collection occurred 430 

at the Advanced Photon Source at Argonne National Lab through the Northeastern 431 

Collaborative Access Team (NE-CAT) on the 24-ID-E beamline. Data sets were collected at an 432 

oscillation range of 0.2°, collecting 900 frames, at a resolution range of 78.074-1.799 Å. Data 433 

indexing, space group assignment, scaling, and integration were carried out in the CCP4i suite 434 

59. Structure determination was carried out by PHENIX: PHASER using Aap lectin 16 as a search 435 

model for molecular replacement and building the initial SasG-II model with PHENIX: Autobuild. 436 

Iterative cycles of refinement and model building using data to a maximum resolution of 1.88 Å 437 

were carried out using PHENIX 60 and Coot 61, respectively. The final refined model was 438 

submitted for validation using MolProbity 62. Data collection and refinement statistics for the 439 

SasG-II lectin domain can be found in Table S1.  440 

 441 

Multiparametric imaging using single bacterial probes. SasG-I-expressing S. carnosus-442 

SasGCOL, SasG-II-expressing S. carnosus-sasGMW2, or S. carnosus-pALC2073 (EV) and a 443 

healthy skin corneocyte (0.5 cm × 0.5 cm) were immobilized on two different and separate 444 
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areas on the bottom of a petri dish. The corneocyte was attached to one side of the petri dish 445 

using a double-sided transparent tape. 50 μL of diluted bacterial suspension in phosphate-446 

buffered saline (PBS) was deposited on the other side of a Petri dish and allowed to adhere for 447 

15 minutes at room temperature. The Petri dish was then carefully washed twice with PBS to 448 

remove non-adhering cells, after which 3 mL of PBS buffer was added to perform atomic force 449 

microscopy (AFM) experiments.  450 

Single-cell probes were obtained by attaching a single bacterium to a colloidal probe. 451 

Colloidal probes were prepared as elucidated previously 63. Colloidal probe cantilevers were 452 

immersed for 60 minutes in Tris-buffered saline (TBS; Tris, 50 mM; NaCl, 150 mM; pH 8.5) 453 

containing 4 mg mL-1 of dopamine hydrochloride (Sigma-Aldrich), rinsed in TBS, and used 454 

directly for cell probe preparation. The nominal spring constant of the colloidal probe cantilever 455 

was determined by the thermal noise method 64, giving an average value of ~0.06 N/m. The 456 

colloidal probe was brought into contact with a single isolated bacterium to catch it via 457 

electrostatic interaction with polydopamine and then moved on top of the corneocyte (kindly 458 

provided by Prof. Joan Geoghegan); proper attachment of the cell on the colloidal probe was 459 

checked using optical microscopy. 460 

Multiparametric images of corneocytes were recorded in PBS using a bacterial probe 461 

under the Quantitative ImagingTM mode available on the Nanowizard III and IV AFM (JPK 462 

Instruments, Germany). Images were obtained using a S. carnosus cell probe on top of a 463 

corneocyte at a scan area of 45 µm × 45 μm (256 pixels × 256 pixels), with an applied force of 464 

0.5 nN, and a constant approach and retraction speed of 40 µm s-1 (z-range of 1 mm). For each 465 

condition, experiments were repeated for at least 3 different cell pairs.  466 

 467 
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Isothermal titration calorimetry. ITC experiments were performed as previously described 16 468 

using a MicroCal VP-ITC microcalorimeter. Analysis and fitting were done with ORIGIN 469 

software. Sample cells contained 20 μM of lectin protein (1.5 mL) and the syringe contained 1 470 

mM of glycan (450 μl). The heat response from twenty glycan injections was measured; the first 471 

injection was a volume of 2 μl and the subsequent nineteen injections were at a volume of 14 μl 472 

each. 473 

 474 

Corneocyte collection. Desquamated corneocytes from the lower or upper arm near the elbow 475 

were collected from healthy human volunteers, as described in Mills et al. 2022 17. Clear, 476 

adhesive tape stripping discs (d-Squame D100; Clinical & Derm) were used to collect 477 

corneocytes following cleaning and air-drying of the collection area with an alcohol wipe.  478 

 479 

Preparation of bacterial strains for corneocyte and N/TERT adhesion assays. The bacterial 480 

strains used in this study are listed in Table S2. Bacterial cultures were prepared as described 481 

in Mills et al. 2022 17. All bacterial strains expressed superfolder green fluorescent protein 482 

(sGFP), either on plasmid pCM29 for S. aureus and S. epidermidis strains or chromosomally for 483 

S. carnosus strains. Strains were grown overnight at 37 °C with shaking aeration at 220 rpm in 484 

tryptic soy broth (TSB) in the presence of 10 µg/mL of chloramphenicol for plasmid 485 

maintenance. Strains were then sub-cultured at a 1:50 dilution in TSB with chloramphenicol and 486 

grown to an OD600 of ~0.75. Strains were diluted to a final OD600 of 0.15 (~107 colony-forming 487 

units [CFU]/mL) after washing once in PBS at a 1:1 ratio. An OD600 of 0.15 was chosen to 488 

allow for adequate cell enumeration without clumping of bacterial cells 15,17.  489 

 490 

Corneocyte adhesion assays. The corneocyte adhesion assays were performed as described 491 

in Mills et al. 2022 17.  492 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 21, 2023. ; https://doi.org/10.1101/2023.11.20.567970doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.20.567970
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

Co-incubation with purified glycans. SasG-II-expressing S. carnosus-sasGMW2 was 493 

tested for adhesion to corneocytes following co-incubation with the purified glycans N-494 

acetyl-D-lactosamine (Sigma-Aldrich) or 3’-sialyl-N-acetyllactosamine (Sigma-Aldrich). 495 

N-acetyl-D-lactosamine was prepared in PBS to a concentration of 1000 µM and diluted 496 

2-fold from 1000 µM to 62.5 µM. 3’-Sialyl-N-acetyllactosamine was prepared in PBS to a 497 

concentration of 100 µM and diluted 2-fold from 100 µM to 6.25 µM. 300 µL of prepared 498 

glycans and 300 µL of prepared bacterial strains were co-incubated at room temperature 499 

for 20 minutes. The entire 600 µL was then incubated on corneocytes for 45 minutes at 500 

37 °C. S. carnosus-pALC2073 was used as a negative control.  501 

Pre-incubation with glycosidases. S. carnosus strains expressing SasG-I (S. 502 

carnosus-sasGCOL) and SasG-II (S. carnosus-sasGMW2) were tested for adhesion to 503 

corneocytes following deglycosylation. Corneocytes were incubated with one of the 504 

following glycosidases for 24 hours at 37 °C in a moist chamber: PNGase F, O-505 

Glycosidase, α1-2,3,6 Mannosidase, α1-3,4 Fucosidase, β-N-Acetylglucosaminidase S, 506 

β1-4 Galactosidase S, and α2-3,6,8 Neuraminidase (NEB). A 300 µL total solution for 507 

each enzyme contained: 3 µL enzyme, 30 µL GlycoBuffer (specific to each enzyme), 508 

and 30 µL BSA supplement for α1-3,4 Fucosidase or 30 µL zinc supplement for α1-2,3,6 509 

Mannosidase, and addition of PBS up to 300 µL. After 24 hours, corneocytes were 510 

washed with PBS and subsequently incubated with the specified strains for 45 minutes 511 

at 37 °C. Each of the prepared solutions without the enzymes were used as control 512 

conditions for each experimental group.  513 

Pre-incubation/blocking with purified lectins. Strains with SasG-II, S. aureus MW2 514 

and S. carnosus-SasGMW2, were tested for adhesion to corneocytes following pre-515 

incubation/blocking with purified recombinant lectins from Aap, Aap ∆Y580A, SasG-I, 516 

SasG-I ∆W392A, and SasG-II. Protein purification of the lectins is described in Maciag et 517 

al. 2023 16. Lectins were prepared to a concentration of 5 µM in 300 µL PBS. The 518 
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prepared lectins were incubated on corneocytes at room temperature for 20 minutes, 519 

followed by incubation with 300 µL prepared bacterial strains for 45 minutes at 37 °C. S. 520 

aureus ΔmgrA ΔsasG or S. carnosus-pALC2073 (EV) were used as negative controls.  521 

Pre-incubation/blocking with purified Type II full-length SasG and SasG-II A-522 

domain. This assay followed a similar procedure as described in Mills et al. 2022 17. S. 523 

epidermidis and SasG-I-expressing S. carnosus-sasGCOL
 were tested for adhesion to 524 

corneocytes following pre-incubation with purified full-length SasG-II or purified A-525 

domain from S. aureus MW2. 300 µL of purified protein were prepared in PBS at a 526 

concentration of 100 µg/mL and incubated on corneocytes for 45 minutes at room 527 

temperature, followed by incubation with 300 µL prepared bacterial strains at 37 °C for 528 

45 minutes. S. epidermidis ∆ica ∆aap or S. carnosus-pALC2073 (EV) were used as 529 

negative controls.  530 

 531 

N/TERT adhesion assays. To study the adhesion of SasG to live host cells, immortalized 532 

N/TERT-2G keratinocytes were utilized 65. Here, low passage (<10) undifferentiated N/TERT-2G 533 

cells were seeded to 1x105 cells/mL in either experiment media (EM) 65 or keratinocyte serum-534 

free medium (KSFM, Gibco) in a 24-well tissue culture treated plate. For the assays on 535 

differentiated N/TERT-2G cells, the keratinocytes were both seeded in and allowed to 536 

differentiate in EM for 1 week with media changes every two days to promote the formation of a 537 

stratified and thick layer of epithelial cells. For assays using undifferentiated N/TERT-2G cells, 538 

cells were seeded in KSFM and were allowed form a 100% confluent monolayer (approximately 539 

2-3 days growth) with daily media changes. All cells were grown at 37°C with 5% CO2. 540 

On the day of experimentation, cells were inoculated with S. carnosus-pALC2073 (EV), 541 

S. carnosus-sasGMW2 (SasG-II), S. carnosus-sasGCOL (SasG-I), or S. carnosus-sasGMW2ΔA 542 

prepared in PBS. The growth media was removed, and each strain was inoculated onto 543 
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N/TERT-2G cells in technical triplicate at an MOI of 5 using a total inoculum volume of 100 uL. 544 

Upon addition of bacteria, the bacteria were allowed to incubate on the cells for 30 minutes 545 

following a 5-minute spin at 1000 rpm. After the 30-minute incubation, the N/TERT-2G cells 546 

were gently washed three times with 500 uL of sterile PBS per well to remove any un-adhered 547 

bacteria. 100 uL of 0.05% trypsin-EDTA (Sigma-Aldrich) was then added to each well and 548 

allowed to incubate for 10 minutes at 37°C with 5% CO2. The trypsinized cells were then 549 

resuspended in 400 uL sterile PBS, serially diluted, and plated to quantify the bacterial CFU/mL. 550 

Adhered bacterial cells were assessed as overall percent adhesion as well as percent cell 551 

association normalized to the S. carnosus-sasGMW2 input inoculum. 552 

Pre-incubation with glycosidases. S. carnosus strains expressing SasG-I (S. 553 

carnosus-sasGCOL) and SasG-II (S. carnosus-sasGMW2) were tested for adhesion to 554 

differentiated N/TERT-2G keratinocytes following deglycosylation. Cells were seeded and 555 

allowed to differentiate for 1 week as described above. Cells were incubated with glycosidases 556 

β-N-Acetylglucosaminidase S and β1-4 Galactosidase S at a 1:100 ratio in KSFM for 24 hours. 557 

After incubation, the cells were inoculated with the S. carnosus strains and followed the same 558 

adhesion and quantification protocol as described above.   559 
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Figure legends 788 

Figure 1. SasG Variation in the context of S. aureus phylogenetic diversity. (A) Maximum 789 

likelihood phylogenetic tree of 574 S. aureus isolates based on their proteome. For each isolate, 790 

SasG status is mapped to ring 1, SasG type (defined in Panel B) is mapped to ring 2, SasG B-791 

repeat number is mapped to ring 3, and the clonal complex of the isolate is mapped to ring 4. 792 

(B) Histograms of SasG B-repeats from both SasG allelic types. (C) Maximum likelihood 793 

phylogenetic tree of SasG from 191 aligned full-length sequences identifies two SasG allelic 794 

types.  795 

 796 

Figure 2. The SasG-II lectin contains a unique non-aromatic residue in the glycan binding 797 

pocket. (A) Crystal structure of the SasG-II lectin showing the structural Ca2+ ion, the conserved 798 

central D241 residue that adopts an atypical trans conformation, and the side chains of S392, 799 

R394, and Q395 near the end of β17. (B) Comparative view of SasG-II in the same orientation. 800 

Residues R391 and W392 are analogous to R394 and Q395 in SasG-II; note the distinct 801 

positioning of corresponding residues W392 (SasG-II) and Q395 (SasG-I). (C) Close-up view of 802 

the region near the end of β17, rotated by approximately 45° from panels A and B. Note the 803 

sharp bend of the main chain near R391 in SasG-I that is not observed in SasG-II. (D) Surface 804 

view of SasG-II showing the putative binding pocket lacking an aromatic residue at its base. 805 

 806 

Figure 3. Multiparametric nanoimaging using single bacterial probes indicates SasG-II 807 

binds a broader variety of ligands than SasG-I. (A) Height images (top) and adhesion 808 

images (bottom) of corneocytes recorded in PBS using a SasG-II, SasG-I, or EV (SasG[-]) cell 809 

probe. See also Figure S2-S4. (B) Histograms of adhesion forces registered on whole 810 

corneocytes (total of n = 9,590 curves for one representative SasG-II probe; n = 2,532 curves 811 

for one representative SasGI probe). The arrow at the top left of the histograms stands for the 812 
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non-adhesive events.  (C) Box plot comparing adhesion probabilities for SasG-II (n = 4 from 3 813 

independent bacterial cultures), SasG-I (n = 4 from 2 independent bacterial cultures), SasG(-) (n 814 

= 4 from 2 independent bacterial cultures) or colloidal (n = 2) probes. For more data, see 815 

Figures S1, S2, and S3.  816 

 817 

Figure 4. SasG-I and -II mediated adhesion to corneocytes shows differential responses 818 

upon treatment with glycosidases. S. carnosus-sasGCOL (SasG-I) and S. carnosus-sasGMW2 819 

(SasG-II) were tested for adhesion to corneocytes following pre-incubation with (A) PNGase F, 820 

(B) O-Glycosidase, (C) α1-2,3,6 Mannosidase, (D) α1-3,4 Fucosidase, (E) β-N-821 

Acetylglucosaminidase S, (F) β1-4 Galactosidase S, and (G) α2-3,6,8 Neuraminidase. The 822 

percent area of adhesion in 10 images from three independent experiments (n = 30) was 823 

measured with Fiji ImageJ and analyzed in GraphPad Prism. Statistical significance was 824 

analyzed using the unpaired t-test or non-parametric Mann-Whitney test for data with non-825 

normal distribution (****P<0.0001). 826 

 827 

Figure 5. SasG-II-mediated adhesion is mediated by the lectin subdomain and may bind 828 

the same ligand as Aap and SasG-I. (A) MRSA MW2 (SasG-II) was tested for adhesion to 829 

healthy human corneocytes after pre-incubation/blocking with 5 µM of purified lectins. MRSA 830 

MW2 ∆sasG was used as a negative control strain. **P=0.0019. (C) SasG-II-expressing S. 831 

carnosus-sasGMW2 was tested for adhesion to healthy human corneocytes after pre-832 

incubation/blocking with 5 µM of purified lectins. S. carnosus-pALC2073 EV was used as a 833 

negative control strain. S. epidermidis ∆ica was tested for adhesion to corneocytes following 834 

pre-incubation/blocking with 100 µg/mL of purified full-length or A-domain SasG-II. S. 835 

epidermidis ∆ica ∆aap was used as a negative control strain. (G) SasG-I-expressing S. 836 
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carnosus-sasGCOL was tested for adhesion to healthy human corneocytes after pre-837 

incubation/blocking with 100 µg/mL of purified full-length or A-domain SasG-II. S. carnosus-838 

pALC2073 EV was used as a negative control strain. **P=0.0091. (B, D, F, H) Representative 839 

bright-field (representing corneocytes) and green-channel (representing GFP-expressing 840 

bacteria) overlay microscopy images of experimental groups tested in Panels A, C, E, and G, 841 

respectively. (All panels) The percent area of adhesion in 10 images from three independent 842 

experiments (n = 30) was measured with Fiji ImageJ and analyzed in GraphPad Prism. 843 

Statistical significance was analyzed using ordinary one-way ANOVA (***P=0.0002; 844 

****P<0.0001).  845 

 846 

Figure 6. SasG-I and SasG-II-mediated adhesion to differentiated N/TERT keratinocytes 847 

following treatment with glycosidases suggests complex N-linked glycans and core 2 O-848 

glycans may be important for SasG-I and SasG-II binding. S. carnosus-pALC2073 EV, 849 

SasG-I-expressing S. carnosus-sasGCOL and SasG-II-expressing S. carnosus-sasGMW2, and 850 

SasG-II-expressing S. carnosus with the A-domain deleted (S. carnosus-sasGMW2∆A) at an MOI 851 

of 5 were tested for adhesion to either differentiated (A and B) or undifferentiated (C and D) 852 

N/TERT keratinocytes. (A) Adhesion to terminally differentiated cells as shown by overall 853 

percent adhesion. (B) Adhesion to terminally differentiated cells as shown by percent cell 854 

association to pALC2073-sasGMW2 input inoculum. Both SasG-expressing strains adhered more 855 

to differentiated cells than the EV and A domain mutant controls. (C) Adhesion to a monolayer 856 

of undifferentiated cells as shown by overall percent adhesion. (D) Adhesion to a monolayer of 857 

undifferentiated cells as shown by percent cell association to pALC2073-sasGMW2 input 858 

inoculum. There were no significant differences in adhesion between the EV and A domain 859 

mutant controls and the SasG-expressing strains. (A-D) The CFU/mL of three independent 860 

experiments (n = 3) were calculated and analyzed for statistical significance in GraphPad Prism 861 
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using ordinary one-way ANOVA. (E) Data from panels A and C displaying differences in 862 

adhesion between differentiated and undifferentiated N/TERT keratinocytes for SasG-I-863 

expressing S. carnosus-sasGCOL and SasG-II-expressing S. carnosus-sasGMW2. Both strains 864 

adhered well to differentiated N/TERT keratinocytes, and did not adhere well to undifferentiated 865 

N/TERT keratinocytes. No statistical analyses were performed for Panel E. SasG-I-expressing 866 

S. carnosus-sasGCOL and SasG-II-expressing S. carnosus-sasGMW2 were tested for overall 867 

percent adhesion to differentiated N/TERT keratinocytes following treatment with (F) β-N-868 

Acetylglucosaminidase S and (G) β1-4 Galactosidase S. β1-4 Galactosidase S reduced 869 

adhesion of both strains, while β-N-Acetylglucosaminidase S resulted in a greater reduction in 870 

adhesion of S. carnosus-sasGMW2. The CFU/mL of three independent experiments (n = 3) were 871 

calculated and analyzed for statistical significance in GraphPad Prism using an unpaired t-test. 872 

*P=0.0500. 873 

 874 

Figure 7. Model for SasG-I and SasG-II-mediated adhesion to healthy human skin 875 

corneocytes. SasG-I blocks adhesion of SasG-II, and likewise SasG-II can block adhesion of 876 

SasG-I, indicating they can all bind the same corneocyte receptor in some capacity. However, 877 

removal of N-glycans and core 1 or 3 O-glycans does not block SasG-II binding as it does with 878 

SasG-I, suggesting that SasG-II may bind a core 2 O-glycan structure elsewhere on the 879 

corneocyte receptor. 880 

 881 
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Figure 1. SasG Variation in the context of S. aureus phylogenetic diversity. 
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Figure 2. The SasG-II lectin contains a unique non-aromatic residue in the glycan binding 
pocket.   
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Figure 3. Multiparametric nanoimaging using single bacterial probes indicates SasG-II 
binds a broader variety of ligands than SasG-I   
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Figure 4. SasG-I and -II mediated adhesion to corneocytes shows differential responses 
upon treatment with glycosidases.   
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Figure 5. SasG-II-mediated adhesion is mediated by the lectin subdomain and may bind 
the same ligand as Aap and SasG-I.   
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Figure 6. SasG-I and SasG-II-mediated adhesion to differentiated N/TERT keratinocytes 
following treatment with glycosidases suggests complex N-linked glycans and core 2 O-
glycans may be important for SasG-I and SasG-II binding.   
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Figure 7. Model for SasG-I and SasG-II-mediated adhesion to healthy human skin 
corneocytes.  
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