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Staphylococcus aureus and Staphylococcus epidermidis are
frequently associated with medical device infections that
involve establishment of a bacterial biofilm on the device sur-
face. Staphylococcal surface proteins Aap, SasG, and Pls are
members of the Periscope Protein class and have been impli-
cated in biofilm formation and host colonization; they
comprise a repetitive region (“B region”) and an N-terminal
host colonization domain within the “A region,” predicted to
be a lectin domain. Repetitive E-G5 domains (as found in Aap,
SasG, and Pls) form elongated “stalks” that would vary in
length with repeat number, resulting in projection of the N-
terminal A domain variable distances from the bacterial cell
surface. Here, we present the structures of the lectin domains
within A regions of SasG, Aap, and Pls and a structure of the
Aap lectin domain attached to contiguous E-G5 repeats, sug-
gesting the lectin domains will sit at the tip of the variable
length rod. We demonstrate that these isolated domains (Aap,
SasG) are sufficient to bind to human host desquamated nasal
epithelial cells. Previously, proteolytic cleavage or a deletion
within the A domain had been reported to induce biofilm
formation; the structures suggest a potential link between these
observations. Intriguingly, while the Aap, SasG, and Pls lectin
domains bind a metal ion, they lack the nonproline cis peptide
bond thought to be key for carbohydrate binding by the lectin
fold. This suggestion of noncanonical ligand binding should be
a key consideration when investigating the host cell in-
teractions of these bacterial surface proteins.

The ability of bacteria to form biofilms on surfaces is a key
factor in the establishment of infections on indwelling medical
devices (1); thus, biofilms are involved in many nosocomial
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infections (2). Biofilm infections are difficult to treat, and
infected devices often need to be removed to resolve the
infection (3, 4); an improved understanding of adhesion and
biofilm formation at the molecular level is required for the
development of new preventative measures. Staphylococcus
aureus and Staphylococcus epidermidis are gram-positive
bacteria commonly isolated from device infections (5) and
form biofilms through both exopolysaccharide and protein-
mediated mechanisms (6–8). Accumulation associated pro-
tein (Aap), Staphylococcal surface protein G (SasG), and
Plasmin sensitive protein (Pls) are homologous proteins from
S. epidermidis (Aap) and S. aureus (SasG, Pls). Aap and SasG
are visible as long fibrils on the bacterial cell surface (9, 10) and
have been implicated in host cell binding and biofilm forma-
tion (8, 10, 11), while surface expression of Pls has been
observed to reduce staphylococcal adhesion to fibronectin
(12–14).

As well as having similar functions, Aap, SasG, and Pls have
similar domain architectures (Fig. 1) including an N-terminal
“A region” as a putative adhesin; however, the boundaries of
the adhesin domain have yet to be defined (12, 15, 16). The A
region in Aap contains a variable number (12 in S. epidermidis
RP62A) of short (�16 residue) repeats at the N terminus.
Bowden and colleagues noted part of the A region of Aap is
predicted to form an L-type lectin fold (17) a fold often
associated with carbohydrate recognition. Indeed, National
Center for Biotechnology Information (NCBI) Conserved
Domain Database (CDD) (18) predicts a bacterial lectin
(cl38937; pfam18483) for Aap residues 356 to 577, SasG res-
idues 167 to 388, and Pls residues 395 to 629. The “B regions”
of Aap, SasG, and Pls (Fig. 1) contain a variable number of
highly conserved (�128 residue) E-G5 repeats. In SasG and
Aap these repeats together form an elongated rod-like struc-
ture (19–22). Pls contains a serine-aspartate–rich region C-
terminal of the E-G5 repeats, which has been shown to be
glycosylated (23); all three proteins have a C-terminal LPXTG
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Figure 1. Domain schematics of bacterial surface proteins Aap, SasG and Pls. Schematic of Aap, SasG, and Pls (UniProt Q5HKE8, Q2G2B2, P80544)
showing conserved functional and structural regions: N-terminal A region including YSIRK secretion signal and predicted lectin-like domain; B region
featuring G5/E repeats, which form a rod-like structure; C-terminal LPXTG cell wall attachment motif. Lectin domain boundaries are annotated according to
CDD predictions; see text and Table 2 for construct boundaries used in this work.

The lectin domains of bacterial adhesins Aap, SasG, and Pls
motif and thus are predicted to be attached covalently to the
bacterial cell wall in a sortase-mediated process. For SasG,
Aap, and Pls there is evidence for variation in E-G5 repeat
number in close homologues, suggesting they are members of
the Periscope Protein class we recently defined (24) that
appear to play various roles in regulating the interactions of
the bacterial surface with its environment (25).

Many questions remain regarding the A region. Proteolytic
processing of Aap and SasG to remove the A region promotes
biofilm formation (8, 10), but unprocessed Aap has been linked
to the attachment phase (26). The proteolytic processing site in
Aap has been identified (27), but its structural context is un-
known. The full A regions of SasG and Aap have previously
been implicated in host cell binding (15, 28). Indeed, expres-
sion of SasG by the otherwise poorly adherent Lactococcus
lactis enabled binding to desquamated nasal epithelial cells
(15); binding was inhibited by the addition of recombinant
intact A regions of both SasG and Aap, suggesting a common
host cell receptor for the two proteins. However, a recombi-
nant fragment of SasG comprising an �212-residue (predicted
lectin-like) region conserved between SasG and Aap (see
above) did not inhibit binding (15), suggesting it does not
contain the complete functional region. More recently it was
determined that Aap-mediated binding to corneocytes could
be blocked by anti-AapA antisera, but not anti-AapB antisera,
indicating that the Aap A region is important for this inter-
action (29). It has also been hypothesized that a catch-bond
mechanism involving both the A and B domains could facili-
tate binding of Aap to von Willebrand Factor (30). However,
the relationship between the structure and function of the A
regions and their adhesive interactions remains elusive.
2 J. Biol. Chem. (2023) 299(3) 102936
Here we redefine the structural and functional boundaries
within the A regions of SasG, Aap, and Pls and solve the
structures of the putative L-type lectin domains. The orien-
tation of this domain with respect to the rod-like region
formed by the E-G5 repeats reveal that the lectin fold is likely
at the tip of the protein, in an optimal location for host–ligand
binding. We identify a subtle but key structural difference
when compared with other carbohydrate-binding L-type lectin
folds, suggesting the Aap, SasG, and Pls lectin folds are likely
to bind their ligand noncanonically. Our work thus provides
important insights into the structure–function relationship of
these biofilm-mediating proteins.
Results

Structure of the functional A domain

Previously described subdomain boundaries within the A
regions of SasG and Aap highlighted a conserved region, but
this region was nonfunctional in investigations of host cell
binding by SasG (15). We investigated structural domain
boundaries in SasG using limited proteolysis. Protease treat-
ment of the full A region (52–420) identified a stable fragment
of �32 kDa by SDS-PAGE and with an N terminus S145VDEG
suggesting that, in SasG, Aap, and Pls, the N-terminal
boundary is significantly N-terminal of both the predicted L-
type lectin fold (Fig. 1) and the conserved region. In order to
investigate the structure/function of the adhesin domains of
these proteins, we first pursued structural characterization by
X-ray crystallography.

Based on the N-terminal boundaries suggested by limited
proteolysis results, constructs of Aap338–608, SasG144–423,



Figure 2. Structures of L-type lectin domains from Aap, SasG and Pls. X-ray crystal structures of L-type lectin domains from Aap (A), SasG (B), and Pls (C),
and the aligned structures (D). The lectin domains of Aap338–608, SasG144–423, and Pls391–656 were crystallized and experimental phases determined for
SeMet-labeled Aap; subsequently, native data acquired for all three proteins were phased by molecular replacement (Table 1). The structures describe L-
type lectin domains (ribbon representation) with a single coordinated Ca2+ ion (gray sphere). The blue colored region shown in (B) indicates the portion of
the protein that was missing in a previous nonfunctional construct (see main text).

The lectin domains of bacterial adhesins Aap, SasG, and Pls
and Pls391–656 were recombinantly expressed and crystal
structures (Fig. 2) determined at resolutions of 1.30, 1.65,
and 1.21 Å (Table 1 and Figs. S1 and S2), respectively, in
the presence of Ca2+. Notably, for SasG144–423, residues 144
to 162 were not resolved in the electron density map; thus,
this region was excluded from further analysis. A new
expression construct was designed comprising SasG163–421

for analysis of metal binding, host cell binding, and glycan
array screening. The Aap, SasG, and Pls structures are very
similar; alignment of Aap, SasG, and Pls using PDBeFold
(31), matching chain A to chain A, reveals a root-mean-
squared deviation (RMSD) of 1.06 Å over 242 residues for
Aap compared with SasG; 1.18 Å over 235 residues for SasG
against Pls; and 1.26 Å over 240 residues for Aap against
Table 1
Data collection and refinement statistics

Data collection Aap338–608 native Aap338–608 SeMet

Beamline I03 I03
Space group P212121 P212121
Cell dimensions
a, b, c (Å) 35.8, 68.7, 109.2 35.9, 68.5, 109.3
α, β, γ (�) 90, 90, 90 90, 90, 90

Peak

Wavelength (Å) 0.9762 0.9793
Resolution (Å) 16.5–1.30 (1.32–1.30) 24.2–1.35 (1.37–1.35)
Rmerge (%)
<I%σI)>

4.0 (6.6)
34.1 (21.8)

6.1 (10.8)
28.3 (10.7)

CC(1/2) 99.8 (99.6) 99.8 (97.6)
Completeness (%) 99.5 (98.7) 99.5 (93.6)
Redundancy 6.5 (6.6) 5.9
No. unique reflections 66,831 60,071
No. molecules/AU 1 1
Solvent content (%) 46 46
Refinement
Resolution (Å) 1.30
No. reflections 63,480
Rwork/Rfree (%) 10.0/12.4
No. atoms
Protein 2124
Ligand/ion 2
Water 385

B-Factors (Å2)
Protein 9.3
Ligand/ion 6.4
Water 24.0

R.m.s deviations
Bond lengths (Å) 0.020
Bond angles (�) 2.07

Ramachandran (%)
Favored 95.7
Allowed 4.3
Outliers 0
Pls; the areas of weakest sequence conservation are the
loops (Fig. 2D). PDBeFold (31) analyses show Aap, SasG,
and Pls domain structures fit most closely with superfamily
b.29.1 (Concanavalin A-like lectins/glucanases) and sub-
family b.29.1.1 (Legume lectin). The overall fold consists of
two antiparallel β-sheets, one concave sheet of seven
strands (known as the front face) and a flat six-stranded
sheet, known as the back face. Dali (32) found the closest
structural matches for the SasG, Aap, and Pls structures to
be the L-type lectin domain from S. aureus SraP (4M01;
PF18483) (Fig. S3). L-type lectin domains typically bind
divalent cations, enabling carbohydrate binding; thus, we
investigated the impact of divalent cation binding on
domain stability.
Aap351–813 SasG144–423 Pls391–656

I02 I02 I04-1
P1 P41 P21

58.5, 66.6, 66.9 63.2, 63.2, 273.4 52.2, 66.7, 71.5
84.7, 80.5, 89.7 90, 90, 90 90, 110.3, 90

0.9795 0.9795 0.9159
39.7–2.30 (2.38–2.30) 57.4–1.65 (1.68–1.65) 67.2–1.21 (1.23–1.21)

8.0 (58.6)
4.8 (1.3)

10.0 (63.2)
14.0 (3.5)

10.6 (89.8)
5.8 (1.8)

98.9 (76.4) 99.8 (80.8) 98.9 (39.1)
97.5 (96.9) 99.8 (99.4) 99.9 (99.8)
2.2 (2.1) 11.4 (10.7) 3.9 (3.6)
42,896 127,888 139,706

2 4 2
52 49 40

2.30 1.65 1.21
40,775 120,320 132,407

19.8/24.3 18.5/22.6 12.0/15.8

6704 7918 4499
4 16 2

168 354 748

58.0 17.7 14.4
37.8 21.6 9.2
39.2 16.5 28.2

0.008 0.014 0.018
1.41 1.92 2.00

96.3 94.3 94.4
3.4 5.2 5.4
0.2 0.6 0.2

J. Biol. Chem. (2023) 299(3) 102936 3



The lectin domains of bacterial adhesins Aap, SasG, and Pls
Similar to the SasG, Aap, and Pls domains, the SraP domain
is monomeric and binds only a single Ca2+ (33). Many lectin
domains bind divalent cations (usually Ca2+ and Mn2+); we
determined the effect of Ca2+ and Mn2+ on the thermally
induced unfolding of A domain constructs of Aap, SasG, and
Pls using nanoscale differential scanning fluorimetry
(nanoDSF). The thermal stability of Aap353–608, Aap351–813
(lectin-G51-E1-G52), SasG163–421, SasG163–629, and Pls391–656
was measured in the presence and absence (EDTA control) of
Ca2+ and Mn2+. Consistent with the presence of a Ca2+ ion in
the crystal structures, nanoDSF indicated that, while Mn2+ and
Ca2+ binding both increase melting temperature (Tm) relative
to the Tm in the presence of EDTA, Ca2+ binding has the most
significant effect (Fig. S4). In Aap and SasG the binding site for
the single Ca2+ is conserved (Figs. 3, A and B and S2); octa-
hedral geometry is created by two water molecules, bidentate
coordination by the side chains of two Asp residues (466 and
476 in Aap; and 275 and 285 in SasG), by the side chain oxygen
of a Gln residue (Aap481 and SasG290), and the backbone
carbonyl of a Gly residue (Aap468 and SasG277). In Pls, there
is an insertion in the loop near the Ca2+-binding site; the ion is
coordinated through two water molecules, bidentate coordi-
nation by Asp505 (homologous to Aap466 and SasG275) and
Asp519 (homologous to Aap476 and SasG285), the backbone
carbonyl of Ala507 (homologous to the Gly residues Aap468
and SasG277) and the side chain oxygen of Asn509 (homol-
ogous to glutamine residues Aap481 and SasG290) (Fig. 3C).
Having established that the A domains of Aap, SasG, and Pls
have an L-type lectin fold and are stabilized by divalent cation
Figure 3. Metal coordination and the notable absence of a nonproline
coordination in (A) Aap, (B) SasG, and (C) Pls. (D) In Aap (also in SasG and Pls; d
sugar-binding lectin domains such as concanavalin A and (E) SraP (gold), is in
binding observed for Aap, SasG, and Pls (Fig. S5). Protein structures are illustr
resentation coordinating Ca2+ (gray sphere) and water (red spheres, cyan for clari
trans (D) and cis (E) is highlighted in green.

4 J. Biol. Chem. (2023) 299(3) 102936
binding, we next sought to investigate the host cell interactions
and carbohydrate binding of these domains.

The structures explain the previously observed lack of ac-
tivity of the SasG(207–428) construct in functional assays (15);
Figure 2B indicates key structural elements that would have
been lacking. Thus, based on the SasG A domain structure,
two SasG and one Aap constructs were tested in a cell binding
assay (Fig. 4); the full A domain (SasG52–420) and the lectin
domains (SasG163–421 and Aap353–608) all bound to desqua-
mated nasal epithelial cells. The ligand for a canonical lectin
fold is a carbohydrate; however, SasG163–421 and Aap353–608
were inactive in screening against a microarray containing 492
glycan probes (Fig. S5 and Table S1) including a variety of
mammalian type sequences, representative of N-glycans, pe-
ripheral regions of O-glycans; blood group antigen-related
sequences on linear or branched backbones and their sialy-
lated and/or sulfated analogs; linear and branched poly-N-
acetyllactosamine sequences; gangliosides, oligosaccharide
fragments of glycosaminoglycans, and polysialic acid. The ar-
rays also included microbial and plant-derived homo-oligo-
mers of glucose and of other monosaccharides (Table S1). The
lack of binding in the glycan arrays suggests that the binding to
host cells may not be mediated by a carbohydrate interaction,
although it remains possible that the carbohydrate ligands
were not included in the arrayed probe library. Intriguingly,
but consistent with the lack of carbohydrate binding activity,
Figure 3D clearly shows that a nonproline cis peptide bond,
first identified in the structure of the plant lectin Concanavalin
A (ConA) and subsequently found conserved in legume and
cis peptide bond in L-type lectin domains of Aap, SasG and Pls. Ca2+

ata not shown) the unusual nonproline cis-peptide bond, observed in other
the trans orientation (D). This is consistent with the lack of carbohydrate

ated as ribbon diagrams, with highlighted residues shown in cylinder rep-
ty in (B)). Atoms are colored by element (O, red; N, blue), and peptide bond in



Figure 4. Binding of recombinant proteins containing the lectin do-
mains of SasG and Aap to desquamated nasal epithelial cells. FITC-
labeled SasG52–420 (lilac triangles), SasG163–421 (purple inverted triangles),
and Aap353–608 (pink diamonds) were incubated with human desquamated
nasal epithelial cells, and cell-associated fluorescence was measured by flow
cytometry. Binding is expressed as the percentage of FITC-positive cells in
the population. Bars show the means of three separate experiments ±
standard deviation. Untreated cells (dark blue circles) were not incubated
with recombinant protein and unstained cells (light blue squares) were
incubated with the buffer used for dialysis after FITC labeling.
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The lectin domains of bacterial adhesins Aap, SasG, and Pls
legume-like lectin protein folds and conserved in SraP (4M01;
Fig. 3E), is in the trans conformation in Aap; the homologous
peptide bond is also in the trans conformation in SasG and Pls
lectin folds (data not shown). It is worth noting that the ConA
lectin included as a control protein in the glycan microarray
analyses showed strong binding to the N-glycan probes,
especially to the mannose-rich oligo/high-mannose and
hybrid-type N-glycans, as predicted (34, 35) (Fig. S5). L-type
lectins typically bind carbohydrate ligands near to the bound
cation, at the top of the “front face” of the fold. Thus, we
investigated the structural relationship between the lectin fold
and the rod-like repeat region of Aap to determine the po-
tential exposure of the L-type lectin ligand-binding site.

Orientation of the lectin domain

We solved the structure of Aap351–813, which contains the
lectin domain followed by the G51-E1-G52 domains (Fig. 5,
A–C). The L-type lectin fold is largely unaffected by the
addition of G51-E1-G52 (superposition with the isolated
domain results in a Cα RMSD of 0.4 Å over 245 residues). The
presence of an ordered loop in Aap353–608 (residues 581–589),
which is disordered in Aap351–813, is likely a result of packing
interactions in the crystal lattice of the isolated lectin fold.
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The lectin domains of bacterial adhesins Aap, SasG, and Pls
G51-E1-G52 forms an elongated array of planar β-sheet mod-
ules as determined previously for the homologous regions of
SasG (19, 20) and for G512-E12-G513 from Aap of
S. epidermidis RP62a (22). The N terminus of the lectin
domain (I353-P354) forms predominantly van der Waals in-
teractions at the N terminus of the G51 domain (P606, A608)
and the G51 loop (P658), with formation of a hydrogen bond
between Y604 (lectin domain) and N659 (G51 loop), incurring
a defined orientation of the lectin domain relative to the rod-
like G51-E1-G52 array (Fig. 5, B and C).

The solution structures of Aap353–608, Aap351–813,
SasG163–421, SasG163–629, and Pls391–656 were analyzed using
size exclusion chromatography coupled to small-angle X-ray
scattering (SEC-SAXS) (Fig. 5, D–F). Experimental scattering
curves produced by SEC-SAXS were then compared with
predicted scattering curves calculated for the crystal structures
(or a model of SasG163–629 based on the crystal structure of
Aap351–813; Figs. 5, D and E and S6 and S7). This analysis
shows close agreement (χ2 value ≤ 1.25) between experimental
and theoretical scattering curves, indicating that the crystal
structures are representative of the protein solution structures.
The theoretical scattering curve calculated for Aap351–813 also
fits well to the SasG163–629 experimental scattering data (χ2

value 1.02), suggesting Aap351–813 and SasG163–629 adopt
similar solution structures.
Discussion

The work presented here resolves some important questions
regarding the structure, function, and potential activation of the
homologous Periscope Proteins Aap, SasG, and Pls. Previously
it was shown that expression of SasG by L. lactis enabled
binding to desquamated nasal epithelial cells (15); this was
inhibited by the addition of full-length recombinant A region
(SasG52-428) but not by two A region fragments SasG52-207 and
SasG207-428; thus, the functional region was not identified. Here
we provide the probable solution to this puzzle. Figure 2B
shows that SasG207-428 would lack key structural features at the
N terminus and is unlikely to adopt a stable fold.

In both Aap (8) and SasG (10), proteolytic processing (to
remove the A domain) is necessary to induce biofilm forma-
tion and the addition of the protease inhibitor α2-macroglob-
ulin inhibits biofilm formation. An S. epidermidis protease was
recently shown to cleave at two positions Aap335 and Aap601
(Fig. S2) (27). Rohde et al. (8) reported that Aap detected on
the surface of a biofilm-positive strain of S. epidermidis (5179-
R1) had a different distribution of sizes compared with the
biofilm-negative strain (5179). In S. epidermidis 5179-R1, an
additional shorter (140 kDa) protein was detected in addition
to the 220 kDa and 180 kDa forms. This apparent proteolytic
processing of the 220 kDa form was abolished in both strains
on addition of α2-macroglobulin, with only the 220 kDa band
being detected. The Aap sequences between the two strains
differ within the lectin fold, where 5179-R1 is missing �30 aa
(corresponding to residues 401–430 in Aap from strain
RP62A); we predict this deletion would likely destabilize the
domain structure (Fig. S2). Thus, it is possible that the R1-
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deletion and proteolytic processing act in the same way to
promote biofilm formation, that is, by removing the functional
lectin domain.

Aap, SasG, and Pls contain differing amounts of primary
sequence N-terminal to the folded lectin domain (Fig. 1).
Typical of the L-type lectin fold, in SasG, Aap, and Pls, the N
and C termini are proximal, capping the six-stranded anti-
parallel β-sheet of the lectin domain “back face” (Fig. 2). The
lower-resolution structure of Aap351–813 (lectin_G51-E-G52;
Fig. 5) confirms that, when connected to the rod-like domain,
the N terminus remains oriented back toward the bacterial cell
surface. This is important because it suggests that, although
the lectin domain is not at the N-terminal tip of the primary
sequence, it is at the tip of the rod-like “Periscope.” This is
somewhat reminiscent of the N-terminal N2N3 domain
arrangement in FnBPA (36), in which the orientation of the N3
domain C terminus back toward the N2 domain might result
in the N3 domain, which contains the majority of the
fibrinogen-binding residues, being furthest from the bacterial
surface despite it not being the most N-terminal region in the
primary sequence.

The previous prediction that the A region contains a lectin
fold would lead, naturally, to the prediction that this host
colonization domain binds carbohydrates; however, no defin-
itive ligand has been identified to date. The His-tagged ver-
sions of Aap353–608 and SasG163–423 were screened against a
broad-spectrum array and no definitive “hits” were identified.
A DALI (32) analysis identified SraP sialic acid (N-ace-
tylneuraminic acid)-binding protein from S. aureus (33) as the
closest structural homologue to the Aap, SasG, and Pls lectin
domains. Like SasG, Aap, and Pls, the SraP L-type lectin fold is
monomeric and binds a single Ca2+. Fig. S3 shows a sequence
alignment of SasG, Aap, and Pls domains with SraP. The
primary carbohydrate-binding site in legume lectin domains
contains conserved Asp, Asn, and Gly residues involved in
interactions (direct or water mediated) with the Ca2+ (37) and
a highly conserved hydrophobic (frequently aromatic) residue.
Typically, the conserved aromatic residue backbone carbonyl
acts as a Ca2+ ligand, while the side chain interacts with the
sugar ligand. This hydrophobic residue is conserved in SraP
but is replaced with a Gly in SasG and Aap and by an Ala in Pls
(Figs. 3 and S2).

Most published structures of the leguminous lectin folds
that bind carbohydrates have a nonproline cis peptide bond
near the carbohydrate-binding site. Such bonds are usually
highly thermodynamically unfavorable compared with the
trans conformation and are thus rare, with an incidence in
proteins of �0.03% (38); it has been suggested that they are
found near functionally important regions of a protein struc-
ture (39). In fact, the mannose-binding lectin ConA was the
first protein structure in which a nonproline cis peptide bond
was identified (40, 41); in SraP, the homologous peptide bond
is also in the cis conformation. Thus, the relaxation of the
bond to the trans conformation in SasG, Aap, and Pls, and the
resultant remodeling of what would normally be the
carbohydrate-binding site, is consistent with these legume
lectin folds having noncanonical ligand binding activity.
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Experimental procedures

Sequences and cloning

Translated nucleotide sequences were obtained from Gen-
Bank: Aap from S. epidermidis RP62A (AAW53239.1), SasG
from S. aureus NCTC 8325 (ABD31801.1), Pls from S. aureus
(AAD09131.1). Residue numbering for all constructs was
derived from these sequences. Sequence alignments (Figs. S1
and S2) were performed using Clustal Omega (42). The cod-
ing sequences of Aap, SasG, and Pls were amplified by PCR
(see Table 2 for list of constructs) and cloned into the
pETFPP_1 vector, a derivative of the pET-YSBLIC3C vector
(43) using a recombination-based method (Takara InFusion).
Protein expression and purification

All protein constructs (Table 2) were expressed in Escher-
ichia coli BL21 DE3 with 3C protease cleavable N-terminal
hexa-histidine tags. LB cultures were inoculated and incubated
at 37�C with shaking at 180 rpm; cell growth was monitored to
A600 0.6, and protein expression was induced with addition of
0.4 mM IPTG for �16 h at 17�C with shaking. Cells were
harvested by centrifugation and resuspended in lysis buffer
comprising 20 mM Tris-HCl, 150 mM NaCl, 20 mM Imid-
azole, 10 mM CaCl2, pH 7.5 (Aap351–813), or 20 mM Tris pH
7.5, 500 mM NaCl, 30 mM Imidazole, 10 mM CaCl2, pH 7.5
(SasG52–420, SasG144–423, SasG163–421, Aap338–608, Aap353–608,
Pls391–656, and SasG163–629) and lysed by sonication on ice. The
lysate was clarified by centrifugation and purified by immo-
bilized Ni affinity chromatography (IMAC, 5 ml HisTrap-HP,
GE Healthcare) by washing with lysis buffer to remove un-
bound contaminants and eluted with a gradient (0–50%) of
lysis buffer supplemented with 500 mM Imidazole. Peak
fractions were dialyzed overnight into buffer comprising
50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2, 1 mM TCEP,
pH 7.5 at 4 �C. For crystallization samples, 3C protease was
added at a ratio of 1:50 w/w (3C:eluant) and incubated for 20 h
at 4 �C. Following proteolysis, the protein was applied to a Ni-
charged IMAC column equilibrated in dialysis buffer; the flow-
through was collected and concentrated to �50 mg/ml and
separated by size exclusion chromatography (Superdex 75
16/600 HiLoad column, GE Healthcare [SasG52–420,
SasG144–423, SasG163–421, Aap338–608, Aap353–608, and
Pls391–656] and Superdex 200 16/600 HiLoad, GE Healthcare
[Aap351–813 and SasG163–629]) in 20 mM Tris-HCl, 150 mM
Table 2
Vectors and constructs

Construct Description

pETFPP_1 Modified pET expression vector encoding
a 3C-cleavable N-terminal hexa-histidine tag

SasG 52–420 SasG A region
SasG 144–423 SasG lectin domain
SasG 163–421 SasG lectin domain
SasG 207–428 SasG lectin domain (predicted)
SasG 163–629 SasG lectin domain and G5-E-G5
Aap 338–608 Aap lectin domain
Aap 353–608 Aap lectin domain
Aap 351–813 Aap lectin domain and G5-E-G5
Pls 391–656 Pls lectin domain
NaCl, 10 mM CaCl2, pH 7.5; or 20 mM Tris-HCl, 150 mM
NaCl, 1 mM CaCl2, pH 7.5 for Pls391–656. Selenomethionine
was incorporated into Aap338–608 as described in (44) with
protein expression induced in E. coli B834 (DE3) cells in
minimal media with 40 μg/ml L-selenomethionine and protein
purified as above as a heavy atom derivative to acquire phases
for X-ray crystallographic structure determination.
Limited proteolysis

Limited proteolysis of the previously predicted lectin
domain (SasG207-428) and of the complete A domain (A52–428)
was used to identify the structural domain boundaries within
the A domain of SasG (and thus by homology) of Aap. The
0.5 ml cleavage reaction contained 50 mM Tris-HCl pH 7.8,
10 mM CaCl2, and 0.08 μg of trypsin and was left for 2 h at
room temperature. The reaction was stopped using 10 μl of
Protease Inhibitor Cocktail 1 (Calbiochem). The sample was
then dialyzed against H2O overnight. Following SDS-PAGE
analysis the major band was excised for N-terminal
sequencing (AltaBioscience).
Divalent cation binding

The thermal stability of Aap353–608, Aap351–813, SasG163–421,
SasG163–629, and Pls391–656 was measured in the presence and
absence of divalent cations. Protein was dialyzed against
20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 7.5 to
remove bound cations. A sample was then redialyzed against
20 mM Tris-HCl, 150 mM NaCl, pH 7.5 supplemented with
1 mM CaCl2 or 1 mM MnCl2. Protein was diluted in the
relevant buffer to a concentration ≤ 1 mg/ml and loaded into
nanoDSF grade standard capillaries. The ratio of integrated
fluorescence was measured using a Prometheus NanoTemper
Differential Scanning Fluorimeter at a temperature ramp speed
of 1 �C/min and monitored at wavelengths of 330 and 350 nm.
Cell binding assays

Binding of SasG and Aap to desquamated nasal epithelial
cells was determined using flow cytometry. SasG52–420,
SasG163–421, and Aap353–608 were labeled by incubation with
fluorescein isothiocyanate (FITC; 0.1 mg/ml, Sigma) for 1 h at
room temperature. The sample was dialyzed into 20 mM Tris-
HCl, 150 mM NaCl, 10 mM CaCl2, pH 7.5 overnight at 4 �C.
Desquamated nasal epithelial cells were collected from healthy
human volunteers as described (45). Briefly the nasal septum
was swabbed and the swab was transferred to a tube containing
PBS and agitated vigorously to release the cells. The cells were
washed with PBS and adjusted to a density of 1 × 105 cells per
mL and incubated with FITC-labeled protein (1 μM) at 37 �C
for 1 h with occasional shaking. Labeled proteins were detected
with a blue laser at an excitation of 488 nm using a filter of 530/
30 using a BD Accuri C6. Fluorescent cells were detected by
initially gating cell population using unstained cells and then
gating FITC-positive cells in this population. A control was
carried out to ensure that excess FITC in the buffer did not
stain the cells by incubating cells with dialysis buffer
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(unstained). Analysis was performed using the BD Accuri C6
Analysis software and plotted with GraphPad Prism v8.0.

Glycan microarray binding assays

Microarray screening analyses were carried out using the
neoglycolipid-based microarray system (46). The microarray
binding assay of the recombinant His-tagged constructs
Aap353–608 and SasG163–421 was performed at 20 �C, essen-
tially as described (46). In brief, after blocking the microarray
slides with 0.02% v/v Casein (Pierce) and 1% w/v bovine
serum albumin (Sigma A8577) diluted in 5 mM Hepes-
buffered saline, pH 7.4, 150 mM NaCl) with 5 mM CaCl2,
the microarrays were overlaid with the His-tagged-proteins
precomplexed with mouse monoclonal anti-poly-histidine
(Ab1) and biotinylated anti-mouse IgG antibodies (Ab2;
both from Sigma) in a ratio of 1:2:2 (by weight). The protein–
antibody precomplexes were prepared by preincubating Ab1
with Ab2 for 15 min, followed by addition of the His-tagged
protein and incubation for an additional 15 min. The
protein–antibody complexes were diluted in the blocking
solution, to give a 50 μg/ml final concentration of the protein,
and then overlaid onto the arrays for 1.5 h. Binding was
detected with Alexa Fluor 647–labeled streptavidin (Molec-
ular Probes, 1 μg/ml). The microarray data of biotinylated
Concanavalin A (Vector Laboratories) was included as a
control for the microarray (Fig. S5). For this lectin, a different
blocking solution was used: 3% w/v bovine serum albumin in
Hepes-buffered saline with 5 mM CaCl2, and the biotinylated
lectin was overlaid at 0.5 μg/ml before detection using Alexa
Fluor 647–labeled streptavidin. Details of the glycan probes
included in the study, the generation of the microarrays,
imaging, and data analysis are in the Supplementary glycan
microarray document (Table S2) in accordance with the
Minimum Information Required for A Glycomics Experiment
(MIRAGE) guidelines for reporting glycan microarray-based
data (47).

Size exclusion chromatography–small-angle X-ray scattering

SEC-SAXS was performed on Aap353–608, Aap351–813,
SasG163–421, SasG163–629, and Pls391–656 using the B21 beam
line at Diamond Light Source. Protein samples were injected at
a concentration of 9.5 mg/ml (SasG163–421), 9 mg/ml
(Aap353–608, Pls391–656), or 8 mg/ml (SasG163–629, Aap351–813)
into a Shodex KW402.5-4F column equilibrated in 20 mM
Tris, 150 mM NaCl, 10 mM CaCl2, pH 7.5. SAXS was per-
formed over a momentum transfer range (q) of 0.0032 to 0.38
Å-1. Scattering intensity was collected using an Eiger 4M de-
tector with an incident beam energy of 12.4 keV and a beam-
to-detector distance of 4014 mm.

Data processing was performed using the ATSAS program
suite as described (48): briefly, data reduction and merging was
performed using Chromixs; determination of Guinier region
and estimation of Rg and distance distribution function were
performed using PRIMUS (49). Useful angular data range was
estimated using Shanum (50). All-atom ensembles were
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generated with Allosmod (51). For each example, 50 inde-
pendent pools of 100 models were created. Calculation and
fitting of theoretical scattering curves from models to experi-
mental data was performed in FoxS (52). This process was
automated using Allosmod-FoxS. Plots were generated in
Excel.

Crystallization

Aap338–608 crystals were grown by sitting drop vapor diffu-
sion at 4�C, screening for initial hits using PEG/Ion I&II, Index,
PACT, Morpheus, and Hampton I&II. Native protein in
50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2, pH 7.5 was
concentrated to 41 mg/ml. Conditions were set up using a
Mosquito liquid handling robot in MRC-Wilden 96-well
plates, mixing protein in a 1:1 ratio with well solution. Large
single crystals were obtained from a range of screen condi-
tions, with the best from 0.2 M LiCl, 10% (v/v) PEG 6000,
0.1 M sodium acetate, pH 5.0 in the PACT screen (53).
Crystals were cryoprotected with 20% (v/v) ethylene glycol and
flash cooled in liquid nitrogen prior to data collection.
Selenomethionine-labeled Aap338–608 was crystallized at 4�C in
the same conditions as the native protein at a concentration of
43 mg/ml. Aap351–813 was crystallized at 20�C, 26 mg/ml by
hanging drop vapor diffusion in a 2-uL drop at 1:1 (v/v) pro-
tein/well solution comprising 20% PEG 550 MME, 10% PEG
20K, 100 mMMops/Hepes (Morpheus buffer system 2) pH 7.0
(54) and vitrified directly from the drop without addition of
further cryoprotectant.

SasG144–423 crystals were also grown by sitting drop vapor
diffusion at 4 �C, screening using the same conditions as for
Aap338–608. The best crystals were obtained from the Peg Ion
screen in 20% (v/v) PEG 3350, 0.1 M sodium malonate pH
5.0. Crystals were cryoprotected with 20% (v/v) ethylene
glycol and flash cooled in liquid nitrogen prior to data
collection.

Pls391–656 crystals were grown by sitting drop vapor diffu-
sion at 20 �C, screening for initial hits using JCSG+, Ammo-
nium sulfate, and Hampton I&II. Native protein was at a
concentration of 17.6 mg/ml in 20 mM Tris, 100 mM NaCl,
1 mM CaCl2. Conditions were set up using a Mosquito liquid
handling robot in MRC-Wilden 96-well plates, mixing protein
in a 1:1 and 1:2 ratio with well solution. Crystals were obtained
from a number of conditions, with the best from 25% (w/v)
PEG 3350, 0.1 M Bis-Tris pH 5.5 in the JSCG+ screen (53).
Crystals were cryoprotected with 20% (v/v) PEG 3350 and flash
cooled in liquid nitrogen prior to data collection.

Data collection and refinement

Both the selenomethionine derivative and native data for
Aap338–608 were collected from a single crystal at the Diamond
Light Source, beamline I03. Images were indexed and inte-
grated with XDS (55), then scaled using AIMLESS (56). The
structure was determined by phasing from SeMet data using
ShelxCDE (57), by building the main chain backbone using
Buccaneer (58) and then filling gaps manually in Coot (59).
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The model was then used to provide phases for high-
resolution native data, refining using REFMAC (60) and
building in Coot (59). Waters were added using Arp/Warp (61)
and manually checked in Coot (59). Density for a divalent
metal ion was modeled with Ca2+ and restraints were added in
REFMAC (60), with the refined model having one molecule in
the asymmetric unit comprising residues 353 to 607. Notably,
no density was evident for residues 338 to 352, and thus
crystals were washed in well solution and subjected to elec-
trospray mass spectrometric analysis (data not shown), which
revealed that residues 338 to 346 were absent from crystallized
protein.

Native data for Aap351–813 were collected from a single
crystal at Diamond Light Source, beamline I02. Images were
indexed and integrated with XDS (62) scaled with AIMLESS
(56) and phases determined using MOLREP (63) with the
Aap338–608 structure as the search model, which defined two
molecules in the asymmetric unit in space group P1. The
model of Aap351–813 was built in Coot and refined in REFMAC,
with noncrystallographic symmetry restraints and ProSMART
(64) external restraints to the Aap338–608 model imposed, and
translation libration screw (TLS) refinement with four groups
per chain (351–612, 613–685, 686–737, 738–813) determined
using the TLS motion determination server (TLSMD) (65).
The model includes two molecules comprising residues 351 to
580 and 590 to 813 with a single Ca2+ atom bound per
molecule; the region including residues 581 to 589 was not
visible in the electron density.

Native data for SasG144–423 and Pls391–656 were collected
from single crystals at Diamond Light Source, beamlines I02
and I04-1, respectively. Images were indexed and integrated
with XDS (55) and scaled with AIMLESS (56). L-test data
indicated twinning for SasG144–423. Phases were determined
for both using MOLREP (63), using the Aap338–608 structure
as the search model. For Pls391–656, the asymmetric unit
contains two molecules, which were built in Coot (59) and
refined by REFMAC (60), comprising residues 391 to 656
(chain A) with one bound Ca2+ ion per chain. For SasG144–423,
two molecules were found in the asymmetric unit with space
group P41212. After the first round of twinned refinement, R-
factors were above 60% indicating an incorrect solution. In-
spection of pseudotranslation vectors in the Patterson map
revealed pseudotranslation vectors at fractions 0.5, 0.5, 0.0.
Space group validation of the molecular replacement solution
was carried out using Zanuda (66). PDBset (67) was used to
generate a P41 model from the P41212 Zanuda output model
with symmetry operator y, x, -z, then these coordinates
moved to the P41 origin with the symmetry operator x, y-1/2,
z. FreeR flags were assigned to the integrated P41 data making
sure that the twinned pairs h, k, l and k, h, -l have the same
flag set, using CAD (68). Model building and twinned
refinement were carried out with Coot (59) and REFMAC
(60), generating a model with four molecules in the asym-
metric unit comprising residues 163 to 419, with one Ca2+ ion
bound per chain.

Data collection and refinement statistics for all structures
are detailed in Table 1; all were validated using MolProbity
(69). For Aap338–608, 242 residues (95.7%) were in the favored
region and 11 residues (4.3%) in the allowed region of the
Ramachandran plot. For SasG144–423, 952 residues (94.3%) in
favored, 52 residues (5.2%) in allowed and 6 residues (0.6%)
were outliers in the Ramachandran plot. For Pls391–656, 492
residues (94.4%) in favored conformations, 28 (5.4%) allowed,
and 1 (0.2%) was outlier in the Ramachandran plot. For
Aap351–813, 867 residues (96.3%) were in favored conforma-
tions, 31 allowed (3.4%), and 2 (0.2%) were outliers in the
Ramachandran plot.
Structural analysis

PISA (70) analysis of any interfaces was used to predict the
oligomeric state of the domains. Structures were visualized and
interatomic distances analyzed using Pymol (The PyMOL
Molecular Graphics System, Schrödinger, LLC) or UCSF
Chimera (71). Electron density (Fig. S3) was rendered with
ccp4mg (72).
Data availability

The coordinates of structures reported here have been
deposited in the Protein Data Bank (PDB) under accession
codes Aap338–608 7sie, Aap351–813 8deo, SasG144–423 7smh, and
Pls391–656 7sjk.

Supporting information—This article contains supporting informa-
tion (73–75).
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