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Organisms that serve as hosts for microbes must distinguish microbial  
cells from those of their own1,2. A mechanism of differentiation 
is especially important at sites in which host tissues contact the  
environment, such as the lung, intestine and skin3,4. Differences in 
cellular surface glycosylation can serve as markers of a cell’s identity—
its developmental state, its tissue type or its being self or nonself5. 
Cell-surface glycans can be distinguished by carbohydrate-binding  
proteins, or lectins6, which are typically categorized on the basis of 
their monosaccharide selectivity7. These lectins can be exploited for 
host defense, as in the case of innate immune lectins, such as mannose- 
binding lectin8. In serum, mannose-binding lectin is precomplexed 
with mannose-binding lectin–associated serine proteases, and inter-
action of this complex with a cell surface results in activation of the 
lectin pathway of complement and ultimately leads to pathogen 
opsonization and clearance9,10. Other humoral lectins implicated in 
immunity include ficolins, collectins, galectins and HIP/PAP1,11–13.

One group of lectins whose specificity has been unclear is  
the intelectins (IntLs). The first IntL protein was reported in  
Xenopus laevis oocytes14. Homologs have since been identified in 
many other chordates, including other amphibians, fishes and many  
mammals. IntLs belong to a family of lectins termed X-type lectins15 
and have been shown to exist as homo-oligomers of 35-kDa mono-
mers. They are reported to function as calcium ion–dependent lectins;  
however, they do not contain the calcium-dependent C-type-lectin  
sequence motif16 present in many human lectins. IntLs instead  
contain a fibrinogen-like domain (FBD, residues 37–82 in hIntL-1 

(ref. 17)) and have been proposed to be most similar to ficolins, a class 
of FBD-containing innate immune lectins11.

Several observations have implicated IntLs in innate immunity. 
Mammalian IntLs are predominantly produced by lung and intesti-
nal goblet cells, and intestinal Paneth cells17–19. In sheep and mice, 
IntL expression increases upon infection with intestinal parasitic 
nematodes20,21. In humans, the mucus induced by allergic reactions 
is enriched in IntLs22,23. Moreover, hIntL-1 has been reported to 
be the intestinal lactoferrin receptor24 and to function as a tumor 
marker25. It also has been suggested to be involved in metabolic dis-
orders including diabetes, in which it is known as omentin26. Given 
these diverse potential functions, we set out to examine the ligand 
specificity of hIntL-1.

hIntL-1 has been reported to bind furanose residues (five-membered- 
ring saccharide isomers), including ribofuranose (Ribf) and a  
β-Galf–containing disaccharide17,27. The monosaccharide Galf is 
present in the cell-surface glycans produced by a number of microbes, 
but the biosynthetic enzymes that mediate Galf incorporation are 
absent in humans28–30. The presence of Galf in microbial but not 
human glycans is an example of phylogenetic glycan differences31. 
This is just one example, and collectively the surface glycans of 
microbes are generated from more than 700 unique building blocks, 
whereas fewer than 35 carbohydrate residues are needed to assemble 
mammalian glycans32,33. In principle, targeting of monosaccharide 
residues unique to microbes could be used by the innate immune 
system to differentiate mammalian cells from microbes.
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The glycans displayed on mammalian cells can differ markedly from those on microbes. Such differences could, in principle, be  
‘read’ by carbohydrate-binding proteins, or lectins. We used glycan microarrays to show that human intelectin-1 (hIntL-1) does 
not bind known human glycan epitopes but does interact with multiple glycan epitopes found exclusively on microbes: b-linked  
d-galactofuranose (b-Galf), d-phosphoglycerol–modified glycans, heptoses, d-glycero-d-talo-oct-2-ulosonic acid (KO) and  
3-deoxy-d-manno-oct-2-ulosonic acid (KDO). The 1.6-Å-resolution crystal structure of hIntL-1 complexed with b-Galf revealed 
that hIntL-1 uses a bound calcium ion to coordinate terminal exocyclic 1,2-diols. N-acetylneuraminic acid (Neu5Ac), a sialic  
acid widespread in human glycans, has an exocyclic 1,2-diol but does not bind hIntL-1, probably owing to unfavorable steric  
and electronic effects. hIntL-1 marks only Streptococcus pneumoniae serotypes that display surface glycans with terminal  
1,2-diol groups. This ligand selectivity suggests that hIntL-1 functions in microbial surveillance.
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We reasoned that clues to hIntL-1 function would emerge from 
determining the glycans to which hIntL-1 binds and the molecular 
basis for its recognition selectivity. Here, we use glycan microarrays to 
demonstrate that hIntL-1 preferentially binds microbial over human 
glycans. Given the diversity of microbial glycans, a lectin that binds 
a single microbial saccharide epitope (for example, galactofuranose) 
would be expected to have specialized functions. It is therefore strik-
ing that hIntL-1 does not engage a single monosaccharide or even 
related saccharides but instead interacts with multiple structurally 
divergent microbial monosaccharide residues. We have used X-ray 
crystallography to reveal the molecular mechanism by which hIntL-1 
recognizes its targets: hIntL-1 binds its carbohydrate ligands through 
calcium ion–dependent coordination of a conserved exocyclic, termi-
nal 1,2-diol. The functional-group selectivity observed in the glycan 
arrays is manifested in the context of cells because hIntL-1 targets  
S. pneumoniae serotypes that display its glycan ligands.

RESULTS
hIntL-1 binds -Galf
Native hIntL-1 has been shown to exist as a disulfide-linked 
trimer17,27. Therefore, we first developed a robust expression sys-
tem that yields the protein as a disulfide-linked trimer that can be 
purified with an immobilized–β-Galf column (Supplementary  
Fig. 1a,b). Because lectin-carbohydrate interactions often depend on 
multivalent binding34,35 we postulated that hIntL-1 trimers might 
bind avidly to multivalent carbohydrate displays. Hence, we evalu-
ated hIntL-1 carbohydrate binding specificity by using immobilized 
biotinylated carbohydrates (β-d-Galf, β-d-galactopyranose (β-Galp)  
and β-d-ribofuranose (β-Ribf)) in an enzyme-linked immunosorbent- 
like assay (ELISA) (Fig. 1a and Supplementary Fig. 1c,d). We 
chose the monosaccharide epitopes that we tested on the basis of a  
previous study in which a small carbohydrate panel was evaluated for 
inhibition of hIntL-1 binding to a polysaccharide immobilized on a 
polymeric resin17. In those studies, ribose was the most effective com-
petitor (half-maximal inhibitory concentration (IC50) <5 mM), and it 
was followed by Galf-β(1,4)-GlcNAc (IC50 of 9 mM), with galactose 
being less potent (IC50 of 66 mM)17. Our data indicate that hIntL-1 
does not bind ribofuranose or galactopyranose, but it does engage 
the β-Galf–substituted surface avidly with  
a functional affinity (apparent affinity) of  
85 ± 14 nM (Fig. 1b).

Our results contrast with those of the  
previous study17 because we did not detect 

binding to the pyranose form of galactose or to ribofuranose. The 
apparent discrepancies could arise because inhibition was obtained 
in the previous investigation with high concentrations of free  
carbohydrate. Under those conditions, competition could arise from 
protein modification or from the less prevalent open-chain form of the 
saccharide. The apparent binding constant that we observed for hIntL-1  
binding to immobilized β-d-Galf suggests that the protein binds 
tightly to a ligand, but the previous IC50 for the β-d-Galf–containing  
disaccharide (9 mM) suggests the interaction is weak. This differ-
ence presumably stems from the distinct assay formats. We postulated  
that the presentation of glycosides from a surface is a more relevant 
assessment of hIntL-1 activity because it mimics key aspects of 
the multivalent display of carbohydrate ligands on a cell surface34. 
Nonetheless, the differences between the reported hIntL-1 binding 
specificities and those we observed prompted us to examine hIntL-1  
binding with another assay. We used surface plasmon resonance 
(SPR) and monitored hIntL-1 interaction with surfaces to which  
the aforementioned saccharides or β-d-arabinofuranose (β-Araf) or  
α-l-rhamnopyranose (α-l-Rha) were appended. Even at high  
concentrations of hIntL-1, we observed only selective hIntL-1 binding 
to β-Galf (Fig. 1c and Supplementary Fig. 1e).

hIntL-1 binding to microbial glycans
Glycan microarray technology can provide a more comprehensive 
assessment of hIntL-1 ligand recognition36. Therefore, we prepared 
a focused array that included furanosides (Supplementary Table 1), 
with the methods used to generate the Consortium for Functional 
Glycomics (CFG; http://www.functionalglycomics.org/) mammalian 
glycan v5.1 array, and we tested both arrays for hIntL-1 binding. In 
the focused array, we included lacto-N-neotetraose (LNnT) and asialo, 
galactosylated biantennary N-linked glycan (NA2) to ascertain the 
efficiency of carbohydrate immobilization. Data from the focused 
array were consistent with those obtained from the ELISA and SPR 
assays, thus indicating that, of the carbohydrates displayed, hIntL-1  
bound only to carbohydrates with β-Galf residues (Fig. 2a and 
Supplementary Table 1). We attribute the small amount of binding 
to β-Galp to its hydrophobic, alkyl anomeric linker. In contrast to the 
furanoside array, the CFG v5.1 array yielded no validated interactions 
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Figure 1 hIntL-1 selectivity for monosaccharides.  
(a) Structures of saccharides used for 
characterization of hIntL-1 by ELISA and 
SPR. (b) Specificity of hIntL-1 binding to 
immobilized β-Galf, β-ribofuranose (β-Ribf) 
and β-galactopyranose (β-Galp), evaluated by 
ELISA (schematic in Supplementary Fig. 1b). 
Data are shown as mean ± s.d. (n = 3 technical 
replicates)). Data were fit to a single-site 
binding equation (solid lines) and therefore 
represent the apparent affinity of trimeric  
hIntL-1. Values for hIntL-1 bound to 
immobilized β-Galf (Kd(apparent, trimer) ± s.d.) 
are 85 ± 14 nM or 8.0 ± 1.3 µg/ml. OD, optical 
density. (c) Representative real-time SPR 
sensorgrams (from three independent experiments) 
of hIntL-1 binding to immobilized carbohydrates.  
Biotin served as a control. (The complete SPR data 
set is in Supplementary Fig. 1e.)
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with mammalian glycans (Fig. 2a). Increasing the protein concentra-
tion yielded similarly low signals, a result suggesting that the modest 
residual binding that we detected arose from nonspecific interactions 
(Supplementary Table 2). Thus, none of the human glycans examined 
are ligands of hIntL-1.

The initial binding data revealing that hIntL-1 robustly complexes 
β-Galf residues but not human glycans prompted us to evaluate the 
lectin’s specificity for a more diverse collection of microbial glycans. 
Though absent from mammals28, Galf residues occur in glycans from 
a number of human pathogens, including the bacteria Mycobacterium 
tuberculosis and Klebsiella pneumoniae, and the fungus Aspergillus 
fumigatis29,37. The possibility that hIntL-1 interacts with micro-
bial glycans was tested with a microarray displaying more than 300 
oligosaccharides from bacterial species38. Screening of this array 
revealed multiple glycan ligands for hIntL-1 (Fig. 2b, Supplementary 
Fig. 2a and Supplementary Table 3). These ligands comprised  
glycans from Gram-negative and Gram-positive bacteria, including  
S. pneumoniae, Proteus mirabilis, Proteus vulgaris, Yersinia pestis 
and K. pneumoniae (Table 1). Four of the top 15 ligands contained  

terminal β-Galf epitopes, including the outer polysaccharide from  
K. pneumoniae and a capsular polysaccharide from S. pneumoniae. 
Surprisingly, the majority of the glycans identified did not possess  
Galf residues. The top five hits had saccharide residues with  
d-glycerol-1-phosphate substituents. This epitope was the com-
mon feature because the residue to which it was appended varied 
between glycans. Other common epitopes included either d/l-manno- 
heptose, KO or KDO residues (Fig. 2c). Each characterized glycan 
ligand from the top 15 hits contains at least one of the five afore-
mentioned epitopes. Despite its ability to bind structurally diverse 
glycans, hIntL-1 exhibited selectivity. Conspicuously missing from 
hit microbial glycan ligands were those containing α-Galf residues 
(Supplementary Fig. 2b). What was especially notable, however, was 
that none of the hIntL-1 ligands that we identified on the microbial 
glycan array are found in mammalian glycans, but collectively these 
five residues are widely distributed in bacteria32.

Structure of hIntL-1
To understand the molecular mechanisms underlying glycan recogni-
tion by hIntL-1, we determined its structure by X-ray crystallography. 
Apo–hIntL-1 crystals diffracted to 1.8-Å resolution, and we solved 
the structure of the protein with molecular replacement by using the 
structure of a selenomethione-labeled Xenopus laevis IntL as a search 
model (Table 2) (PDB 4WMO). hIntL-1 possesses an oblong, globular 
structure containing two highly twisted β-sheet–containing struc-
tures surrounded by seven short α-helices and extensive random-coil 
regions (Fig. 3a). The second of these β-sheet structures closes on 
itself to form a very short stretch of unusually flattened β-ribbons 
(amino acids 221–226 and 248–278). A Dali search39 with the hIntL-1  
structure yielded several weak fibrinogen and ficolin structure 
hits (r.m.s. deviation values of ~4 Å). The secondary structures of  
L-ficolin40 and hIntL-1 are related up to residue 150, although the 
sequence conservation is limited to the FBD. The remaining resi-
dues diverge substantially in sequence and structure (Supplementary  
Fig. 3). Indeed, removal of the first 150 residues from the hIntL-1 Dali 
input yielded no hits. These data indicate that hIntL-1 has a composite 
fold not previously reported.

Two hIntL-1 monomers are present in the asymmetric unit (chain A  
and chain B), and they represent two similar, though nonidenti-
cal (Cα r.m.s. deviation of 0.65 Å), disulfide-linked trimers, each 
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Figure 2 Glycan selectivity of hIntL-1, assessed 
by glycan microarrays. (a) Recombinant  
hIntL-1 (50 µg/ml) binding to mammalian 
glycan microarray CFG v5.1 (left) and to a  
furanoside array (right). The concentrations given  
for the furanoside array represent those used  
in the carbohydrate-immobilization reaction. 
Data are shown as mean ± s.d. (n = 4 
technical replicates). (The full data set is in 
Supplementary Tables 1 and 2.) RFU, relative 
fluorescence units. (b) Binding of recombinant 
Strep-tagged hIntL-1 (50 µg/ml) to microbial 
glycan array. Data are shown as  
mean ± s.d. (n = 4 technical replicates).  
(Glycan array data organized by genus are  
in Supplementary Fig. 2a, and the full data  
set is in Supplementary Table 3.) (c) Structural 
representation of the putative key binding 
epitopes for hIntL-1 and the nonbinding  
N-acetylneuraminic acid (α-Neu5Ac). A 
terminal vicinal diol (red) is a common feature 
of α-Neu5Ac and all of the ligands identified.

Table 1 Top 15 microbial glycan ligands, sorted by average 
fluorescence intensity
Rank Microbial sample Proposed ligand

1 S. pneumoniae type 43 Glycerol phosphate

2 P. mirabilis O54ab Glycerol phosphate

3 S. pneumoniae type 56 Glycerol phosphate

4 P. mirabilis O54a, 54b Glycerol phosphate

5 P. vulgaris O54a, 54c Glycerol phosphate

6 K. pneumoniae O2a OPS β-Galf

7 K. pneumoniae O2ac OPS β-Galf

8 Y. pestis KM260(11)-∆0187a

9 K. pneumoniae O1 OPS β-Galf

10 Y. pestis 11M-37 Heptose, KO, KDO

11 Y. pestis KM260(11)-6Ca

12 Y. pestis KM260(11)-∆waal Heptose, KO, KDO

13 S. pneumoniae type 20 Heptose, KO, KDO

14 Y. pestis KM260(11)-∆pmrF Heptose, KO, KDO

15 Y. pestis 11M-25 Heptose, KO, KDO
aThese glycans are currently structurally uncharacterized.
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arranged around a crystallographic three-fold axis. In one trimer, 
the peptide chain that connects each monomer to the adjacent 
monomer is resolved, so that the intermolecular disulfide bond 
between residues C31 and C48 is apparent (Fig. 3a). These data 
are consistent with SDS-PAGE analysis indicating that hIntL-1  
exists as a trimer. Each hIntL-1 monomer has three calcium ions, 
and each cation is chelated by hard protein 
or water ligands (bond distance 2.3–2.5 Å). 
Two of these cations are embedded within the 
protein while one is surface exposed.

To determine how hIntL-1 binds its ligands, we solved a structure 
of the complex of allyl-β-d-Galf bound to hIntL-1, to 1.6-Å resolu-
tion. The Cα r.m.s. deviation between the asymmetric unit of apo 
and Galf−bound structures (0.118 Å) suggested that no substantial 
structural changes occur upon ligand binding. The Galf O(5) and 
O(6) hydroxyl groups displace ordered water molecules and serve as 
coordinating ligands for the surface-accessible calcium ion. Protein 
side chains are poised for hydrogen-bonding (i.e., H263 to the Galf 
O(6) hydroxyl group; Fig. 3b and Supplementary Fig. 4a), enhance 
calcium coordination. As they chelate the calcium, the carbohydrate 
vicinal exocyclic hydroxyl groups adopt a gauche conformation, with 
dihedral angles of 45° and 51° for chains A and B, respectively. As 
anticipated from the structure, glycans containing Galf residues with 
substituents at either the O(5) or O(6) fail to bind hIntL-1 (Fig. 2b  
and Supplementary Table 3). This portion of the saccharide  
also fits well into a binding pocket formed by W288 and Y297. 
The presence of these aromatic groups suggests that CH-π bonds  
contribute to affinity.

The high resolution of the structure of the hIntL-1 complex allows 
unambiguous assignment of the β-Galf ring conformation41,42 in each 
monomer (Supplementary Fig. 4b). Using the Altona-Sundaralingam 
pseudorotational model43, we calculated the pseudorotational phase 
angle, P, of each furanoside to assign its conformation. In hIntL-1 
chain A, the furanoside is in the twist conformation with C1 above the 
plane of the ring and the ring O below, and the torsion angles around 
the C4-C5 bond are both in gauche conformation, while those around 
the C5-C6 bond are gauche-trans (1TO-gg-gt) (calculated P of 105°) 
conformation, whereas the β-Galf shown in Figure 3b adopts the 
envelope 4E-gg-gt (calculated P of 57°) conformation (Supplementary 
Fig. 4c,d). The presence of conformational differences within the 
structures is consistent with the flexibility of furanosides42.

Structural basis for hIntL-1 selectivity
The structure of the lectin–Galf complex reveals why the acyclic 1,2-diol 
moiety is critical: the vicinal hydroxyl groups engage in calcium-ion  
coordination. However, other glycan properties contribute to hIntL-1 
recognition. For example, hIntL-1 does not bind α-Galf–substituted 
glycans (Supplementary Fig. 2b). A cursory assessment of the β-Galf 

Table 2 Data collection and refinement statistics
Apo–hIntL-1 Galf-bound hIntL-1

Data collection

Space group P213 P213

Cell dimensions

 a, b, c (Å) 118.4, 118.4, 118.4 117.9, 117.9, 117.9

 α, β, γ (°) 90, 90, 90 90, 90, 90

Resolution (Å) 22.00–1.80 (1.86–1.80)a 28.59–1.60 (1.66–1.60)

Rsym 0.119 (0.495) 0.078 (0.773)

I / σ I 19.6 (3.7) 29.4 (3.0)

Completeness (%) 100 (100) 100 (100)

Redundancy 11.2 (10.1) 11.1 (10.9)

Refinement

Resolution (Å) 22.00–1.80 (1.86–1.80) 28.59–1.60 (1.68–1.60)

No. reflections 48,784 68,256

Rwork / Rfree 0.133 / 0.164 0.155 / 0.180

No. atoms

 Protein 4,551 4,606

 Ca2+ 6 6

 Allyl-β-d-Galf – 30

 Water 658 616

B factors (Å2)

 Protein 14.0 20.2

 Ca2+ 10.1 14.5

 Allyl-β-d-Galf – 33.8

 Water 26.0 32.6

r.m.s. deviation

 Bond lengths (Å) 0.010 0.010

 Bond angles (°) 1.107 1.119

Each data set was collected from one crystal. 
aValues in parentheses are for highest-resolution shell.

90°
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Figure 3 Structure of hIntL-1 bound to allyl-β-
d-Galf. (a) Complex of hIntL-1 disulfide-linked 
trimer and allyl-β-d-Galf. Each monomer  
unit is depicted in green, wheat or gray; the 
β-allyl Galf in black; calcium ions in green; the 
intermonomer disulfides in orange; and ordered 
water molecules in the binding site in red. 
The two orientations indicate the positioning 
of all three ligand-binding sites within the 
trimer. The trimeric structure is produced from 
chain A in the asymmetric unit by a three-fold 
crystallographic operation. (b) Stereo image of 
the carbohydrate-binding site. Residues involved 
in calcium coordination and ligand binding are 
noted. Dashed lines are included to show the 
heptavalent coordination of the calcium ion 
and to highlight functional groups important 
for ligand and calcium-ion binding. (Difference 
density map (Fo – Fc, 3σ) of the allyl-β-d-Galf 
ligand is in Supplementary Fig. 4b.)
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complex suggests that hIntL-1 might accommodate α-Galf linkages. 
An alteration in anomeric configuration for furanosides, however, 
can drastically change conformational preferences. Although the 
low energetic barrier of furanoside ring pseudorotation complicates 
definitive analysis, experimental and computational studies of the 
isomeric methyl glycosides of d-Galf have revealed that the anomers 
have dramatically different conformational preferences42. The β-Galf 
4E-gg-gt conformer that we find in hIntL-1 chain B is predicted to be 
the second lowest in energy (0.4 kcal/mol)42. That conformation for 
methyl-α-Galf is destabilized by 3.2 kcal/mol. As a result, the expected 
Boltzmann population for methyl-α-Galf in a 4E-gg-gt conformation 
is less than 0.2%, and it is thus ranked 25th out of the 90 conformations 
examined42. These data suggest that α-Galf residues adopt a conforma-
tion incompatible with favorable hIntL-1 interactions.

One of the most striking findings from the binding data is that the lec-
tin failed to interact with any of the 148 α-Neu5Ac–containing glycans in 
the mammalian glycan array (Fig. 2a). A saccharide epitope widespread 
in human glycans, α-Neu5Ac has a terminal 1,2-diol and shares similar-
ity with KDO, which are common in microbial glycans and do function  
as hIntL-1 ligands44. We used a biotinylated glycoside to confirm 
that hIntL-1 fails to interact with surfaces displaying α-Neu5Ac 
(Supplementary Fig. 5a). Moreover, compounds identified as hIntL-1  
ligands—glycerol and glycerol-1-phosphate—competitively inhibit 
the lectin from binding to β-Galf, but methyl-α-mannopyranoside  
and methyl-α-Neu5Ac do not (Supplementary Fig. 5b). These  
results indicate that hIntL-1 uses a single site to bind disparate sterically 
unhindered 1,2-diol epitopes within microbial glycans, yet the lectin 
evades interaction with human carbohydrate epitopes.

To understand the ability of hIntL-1 to discriminate between 
methyl-α-Neu5Ac and bacterial carboxylic acid–containing sugars 
such as KDO and KO, we docked methyl-α-Neu5Ac and methyl-
α-KDO into the hIntL-1 structure. We found that the KDO glyco-
side is readily accommodated, but the α-Neu5Ac glycoside is not  
(Fig. 4a,b). Anion-anion repulsion between the α-Neu5Ac anomeric 
exocyclic carboxylate and the carboxylate side chains in the binding  
site should destabilize binding. Additionally, steric interactions between 
the methyl group of the anomeric oxygen and the bulky C(5) N-acetyl 
group with the protein surface should disfavor α-Neu5Ac complexa-
tion (Fig. 4a). The destabilizing interactions with α-Neu5Ac cannot 
be mitigated by rotating bonds or by adopting accessible low-energy 
conformations. Future experiments with protein variants and ligand  
analogs will be useful in testing this proposed evasion mechanism.

Methyl-α-Neu5Ac Methyl-α-KDO

baFigure 4 Models for hIntL-1 interacting with relevant saccharide epitopes 
from humans (α-Neu5Ac) or microbes (α-KDO). (a) Docking of methyl-
α-Neu5Ac into the hIntL-1 structure. The conformation shown is similar 
to that observed in other protein structures with a methyl-α-Neu5Ac 
ligand (PDB 2BAT, 2P3I, 2P3J, 2P3K, 2I2S, 1KQR, 1HGE and 1HGH 
(refs. 56–60)). All models in this figure were generated from the allyl-β-d-
Galf–bound structure by docking the relevant diol of each compound into 
the Galf diol electron density in Coot without further refinement. Calcium 
ions are shown in green and ordered water molecules in red. (b) Docking 
of methyl-α-KDO into the hIntL-1 structure. Comparison with methyl-α-
Neu5Ac docked into the hIntL-1 structure reveals differences in the steric 
requirements for binding for each molecule.
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Figure 5 hIntL-1 binds to S. pneumoniae serotypes producing capsular 
polysaccharides with terminal vicinal diols. (a) Chemical structure of the 
capsular polysaccharides displayed on the S. pneumoniae serotypes  
(8, 20, 43 and 70) tested. The Galf residues assumed to mediate hIntL-1 
cell binding are shown in red, and the phosphoglycerol moiety is shown in 
blue. Ac, acetyl. (b) Fluorescence microscopy of hIntL-1 binding to  
S. pneumoniae serotype 20. Bacteria were treated with Strep-tagged 
hIntL-1 (15 µg/ml). Red, anti–Strep-tag antibody conjugate; blue, cellular 
DNA visualized with Hoechst. hIntL-1 at the surface of serotype  
20 bacteria in the presence of Ca2+ (left) or EDTA (right). Images are 
representative of more than five fields of view per sample. Scale bars,  
2 µm. (Results for serotypes 43, 70 and 8 are shown in Supplementary 
Fig. 6a.) (c,d) Flow cytometry analysis of Strep–hIntL-1 binding to  
S. pneumoniae serotypes with an anti–Strep-tag antibody conjugate.  
In the anti-Strep control sample, recombinant hIntL-1 was omitted. 
Cells were labeled with propidium iodide. (c) Flow cytometry analysis of 
serotypes 8, 20, 43 and 70. Data were collected consecutively  
with identical instrument settings. (d) Dependence of the hIntL-1– 
carbohydrate interaction on Ca2+, tested by addition of 10 mM EDTA. 
Ligand selectivity was tested by addition of 100 mM glycerol.  
Data are representative of two independent experiments. (Analyses  
of serotypes 20, 70 and 8 are shown in Supplementary Fig. 6b.)
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hIntL-1 comparison with ficolins
The FBD of hIntL-1 suggested that hIntL-1 
would be structurally related to the ficolins. 
With the structure of an X-type lectin com-
plex, it is now apparent that, outside the FBD, 
intelectins and ficolins deviate extensively. 
IntLs lack the collagen-like domain that medi-
ates complement activation. Additionally, the 
hIntL-1 carbohydrate-recognition domain is 
larger than that of the ficolins, and hIntL-1 
coordinates three calcium ions, two of which are 
buried, whereas the ficolins bind only a single 
calcium ion. Finally, the carbohydrate-binding 
site and mode of recognition differ. The ficolin 
calcium ion is not found in the glycan-binding  
site; in contrast, a surface-exposed calcium ion 
in hIntL-1 participates directly in glycan binding  
(Supplementary Fig. 3c). Together, the data 
suggest that X-type lectins, of which the hIntL-1  
structure serves as the founding member,  
constitute a distinct protein structural class.

hIntL-1 binding to S. pneumoniae
Because hIntL-1 is expressed in mucosal tissues, we examined its  
binding to immunologically distinct serotypes of the encapsulated 
human lung pathogen S. pneumoniae, the causative agent of sev-
eral diseases, including pneumonia, meningitis and septicemia45.  
The surface-exposed pneumococcal capsular polysaccharide is among 
the first microbial antigens encountered by the immune system upon 
challenge46. This capsule is important for pathogen survival and is 
associated with virulence. Antibodies targeting the capsule have been  
shown to be protective against pneumococcal diseases, an observation  
that was previously leveraged to develop a polysaccharide-based vac-
cine that is protective against streptococcus infections47. The serotypes 
that we selected possess glycans that were present on the microbial 
glycan array: serotype 8 displays a glycan that lacks a terminal diol, 
serotype 43 displays a phosphoglycerol unit, and serotypes 20 and 70 
possess β-Galf residues46 (chemical structures in Fig. 5a). The data 
indicate that hIntL-1 binds to the surfaces of serotypes 20, 70 and 43, 
each of which displays cell-surface glycans with an exocyclic, terminal 
1,2-diol (Fig. 5b–d and Supplementary Fig. 6). As predicted by the 
structure of the β-Galf –hIntL-1 complex, binding to these strains 
depends on calcium ion–mediated coordination, and glycerol func-
tions as a competitive ligand (Fig. 5b,d). The relative fluorescence 
intensity of hIntL-1 binding to whole bacteria is generally consistent 
with the results predicted by the microbial glycan array. Specifically, 
hIntL-1 bound to strains that display β-Galf (i.e., hit 13 from the 
microbial array, Table 1), but it interacted most avidly with the  
serotype displaying the d-glycerol-1-phosphate–modified saccharide  
that was the top hit from the microbial glycan array (Fig. 5c).  

These data suggest that the relative ligand ranking from the array 
analysis can provide information about how effectively a lectin can 
target cells displaying those glycans. Moreover, the results dem-
onstrate that hIntL-1 specifically recognizes structurally diverse  
exocyclic 1,2-diol–containing glycans on bacterial cell surfaces.

hIntL-1 has been reported to bind lactoferrin24, a protein that appears 
to have antimicrobial activity48. These observations suggest that hIntL-1  
could recruit lactoferrin to microbial cell surfaces for cell killing.  
To examine the interaction between these proteins, we immobilized 
human lactoferrin and assayed hIntL-1 binding by ELISA. As reported, 
we detected an interaction between lactoferrin and hIntL-1, but in our 
assay, in contrast to the previous reports, this interaction did not require 
calcium ions. The apparent affinity that we measured for the hIntL-1 
trimer is rather weak for a specific protein-protein interaction (Kd of 
~500 nM). The isoelectric points (pI) of the proteins (~5.5 for hIntL-1 
and ~8.5 for lactoferrin) suggest that the interaction may be mediated 
by bulk Coulombic interactions. We were unable to detect any killing of 
S. pneumoniae by human lactoferrin (up to 100 µg/ml) in a buffer that 
would be compatible with hIntL-1 binding to the cell surface (HEPES-
buffered saline, pH 7.4, with 2 mM CaCl2). Our results were consistent 
with those of others who noted that the bactericidal activity of lactofer-
rin is abolished under similar conditions49,50. These initial data are 
inconsistent with a central role for lactoferrin–intelectin complexes in 
mediating microbial cell killing, and they suggest that other functional 
roles for hIntL-1 should be explored.

Mouse IntL-1 binding to Galf
If the role of intelectins is to participate in defense against microbes, 
the recognition specificity of intelectins from other mammals should 
be preserved. We therefore produced mouse IntL-1, which is the 

Figure 6 Structures of the 20 most prevalent 
monosaccharides that are unique to bacterial 
glycans. The most common, l,d-α-heptose, is 
shown in the top left corner, and number 20, β-l-
arabinose-4N, is shown at the bottom right. This 
figure is derived from data in ref. 32. Terminal 
acyclic 1,2-diol epitopes that could serve as 
ligands of hIntL-1 are highlighted with a red box.  
Cross symbol designates monosaccharides  
for which no stereochemical information  
was provided.
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mouse homolog27 of hIntL-1. When we tested mouse IntL-1 with the 
same SPR assay used with the human homolog, its glycan-recognition 
properties were analogous: it failed to interact with β-ribofuranose, 
β-arabinofuranose, α-rhamnopyranose or β-Galp, but it did interact 
with β-Galf (Supplementary Fig. 7). These data support the prospect 
that IntLs from different species have evolved to bind widely distrib-
uted 1,2-diol–containing epitopes unique to microbes.

DISCUSSION
Data from glycan microarrays reveal that hIntL-1 recognizes multiple 
microbial glycan epitopes yet paradoxically can discriminate between 
microbial and mammalian glycans. By determining the structure 
of this X-type lectin bound to Galf, we have resolved this apparent 
contradiction. The five saccharide epitopes identified as recognition 
motifs (Galf, phosphoglycerol, glycero-d-manno-heptose, KDO and 
KO) share a common feature: a terminal acyclic 1,2-diol. The hIntL-1 
X-ray structure indicates that these terminal vicinal hydroxyl groups 
can coordinate to a protein-bound calcium ion. This binding mode 
has similarities to that used by another major class of mammalian 
carbohydrate-binding proteins: the C-type lectins16. C-type lectins 
also recognize glycans through calcium ions in the binding site, to 
which carbohydrate hydroxyl groups coordinate7. In the case of  
C-type lectins, however, the hydroxyl groups are typically those on the 
pyranose ring of a mannose, fucose or galactose residue. The hIntL-1– 
binding pocket requires that any 1,2-diol motifs possess a primary 
hydroxyl group because the aromatic substituents W288 and Y297 
act as walls to preclude the binding of more substituted diols. These 
aromatic substituents could contribute not only to specificity but  
also to affinity. The positioning of Y297 could allow it to participate 
in a CH-π interaction51, which would enhance binding.

Although the terminal 1,2-diol is necessary for hIntL-1 recogni-
tion, it is not sufficient. The lectin is unable to bind human glycans, 
including those with an α-Neu5Ac residue. This result was confus-
ing because glycans with α-Neu5Ac residues were prevalent on the 
mammalian glycan microarray, and although many glycans in this 
array present a terminal 1,2 diol, none were bound by hIntL-1. We 
were unable to model methyl-α-Neu5Ac in the hIntL-1 binding site 
without incurring Coulombic repulsion or severe steric interactions. 
These observations suggest a molecular basis for hIntL-1’s ability to 
avoid interaction with human glycans. With a structure that identifies 
the glycan-binding site, the proposed rationale for hIntL-1’s selectivity 
for microbial glycans can be tested further.

We anticipate that our structure will also provide insight into the 
physiological roles of the intelectins. The upregulation of intelectins 
upon infection suggests that they may function in innate immunity. 
Although existing data from genome-wide association studies have 
not directly linked intelectin mutations and increased susceptibility to 
infection, there are studies that have linked hIntL-1 to asthma52 and 
Crohn’s disease53, both of which arise from defects at mucosal sur-
faces where intelectins are secreted. Moreover, the amino acid variant 
V109D is associated with an increased risk of asthma52. Our structure 
reveals that this residue is not centrally important for binding, but it 
is located at a monomer-monomer interface.

We postulate that the trimeric form of hIntL-1 is important for 
the lectin’s function. The presence of three binding sites on one 
face of the hIntL-1 trimer (Fig. 3a) suggested that the protein could 
exploit multivalency to recognize relevant terminal 1,2-diol motifs 
and bind avidly to microbes. We therefore tested whether hIntL-1’s 
selectivity for glycans would be manifested in a proclivity to engage 
only those S. pneumoniae serotypes whose capsular polysaccharides  
possess hIntL-1 recognition motifs. Our finding that hIntL-1 bound to 

strains bearing Galf  (serotypes 20 or 70) or phosphoglycerol (serotype 43)  
but not those lacking the requisite terminal 1,2-diol (serotype 8)  
highlights the advantages of using a simple binding epitope: hIntL-1 
is not restricted to binding solely one glycan building block; instead, 
it can interact with bacterial cells that present glycans composed of 
very different components (Galf versus phosphoglycerol).

Because it engages a small epitope found within microbial glycans, 
hIntL-1 should be capable of recognizing a wide variety of microbes. 
We analyzed the 20 most common glycan building blocks unique to 
microbes32 and found that half of these possess an acyclic 1,2-diol that 
could, in principle, be recognized by intelectins (structures in Fig. 6).  
The potential that a given microbe generates glycan ligands for hIntL-1 
can be inferred from genetic sequence data. For example, organisms 
bearing Galf residues have a glf gene29. d-glycerol-1-phosphate–modified  
glycans are generated from the activated donor CDP-d-glycerol and 
therefore will encode functional homologs of the S. pneumoniae gct 
gene46. Pathways that lead to the incorporation of heptose, KO and 
KDO are known, because these residues are found in lipopolysaccha-
ride54 and in the capsular (K) antigen of Gram-negative bacteria55. The 
orientation of the saccharide-binding sites on a single face of the hIntL-1  
trimer not only enhances the avidity of cell-surface binding but also 
provides a surface for recruitment of other immune proteins or effec-
tors to a hIntL-1–bound microbe. The remarkable selectivity of hIntL-1  
for microbial over human cell-surface glycans raises the intriguing pos-
sibility that IntLs function as microbial detectors. It is possible that this 
selective microbial recognition can be harnessed to deliver cargo to 
microbes, to detect them or to target them for destruction.

METhODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Coordinates and structure factors have been 
deposited in the Protein Data Bank under accession codes 4WMQ 
(apo−hIntL-1) and 4WMY (Galf-bound hIntL-1).

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METhODS
Chemical synthesis of glycans. Procedures for glycan synthesis are described in 
detail in the Supplementary Note.

Native human intelectin-1 expression and purification. The cDNA for hIntL-1 
(NM_017625) was obtained from Open Biosystems clone LIFESEQ2924416 as 
a glycerol stock (GE Healthcare). The full coding sequence, residues 1–313, was 
amplified with PCR with the forward primer 5′-CGTGGGATCCTGGAGGGAG
GGAGTGAAGGAGC-3′ and the reverse primer 5′-GCCAGCTCGAGACCTTG
GGATCTCATGGTTGGGAGG-3′. The primers included sites for the restriction 
endonucleases BamHI and XhoI, respectively. The doubly digested PCR frag-
ment encoding hIntL-1 was ligated into a doubly digested pcDNA4/myc-HisA 
vector backbone (Life Technologies). Correct insertion was confirmed by DNA 
sequencing (UW–Madison Biotechnology Center).

The gene encoding hIntL-1 was expressed via transient transfection of  
suspension-adapted HEK 293T cells obtained from the American Type Culture  
Collection (ATCC). Cells were transfected in Opti-MEM I Reduced Serum 
Medium (Life Technologies) at ~2 × 106 cells/mL with Lipofectamine 2000 (Life 
Technologies), according to the manufacturer’s protocol. Six hours after transfec-
tion, the culture medium was exchanged to FreeStyle F17 expression medium (Life 
Technologies) supplemented with 50 U/mL penicillin-streptomycin, 4 mM  
l-glutamine, 1× nonessential amino acids, 0.1% FBS and 0.1% Pluronic F-68 (Life 
Technologies). Cells expressing hIntL-1 were cultured for up to 6 d, or until viabil-
ity decreased below 60%, at which point the conditioned expression medium was 
harvested by centrifugation and sterile filtration.

Conditioned medium was adjusted to pH 7.4 by slow addition of a 0.1 M 
solution of sodium hydroxide (NaOH), and calcium chloride (CaCl2) was 
added from a 1 M stock solution to achieve a final concentration of 10 mM. 
Recombinant hIntL-1 was purified by binding to a β-Galf column generated 
from reaction of a β-Galf glycoside bearing an anomeric linker and an amine 
to UltraLink Biosupport (Pierce). The resulting resin was washed with a solu-
tion of 20 mM HEPES, pH 7.4, 150 mM sodium chloride (NaCl) and 10 mM 
CaCl2. hIntL-1 was eluted with a solution of 20 mM HEPES, pH 7.4, 150 mM 
NaCl and 10 mM EDTA, and the protein was concentrated with a 10,000 
molecular-weight-cutoff (MWCO) Amicon Ultra centrifugal filter. The buffer 
was exchanged to 20 mM HEPES, pH 7.4, 150 mM NaCl and 1 mM EDTA. 
Protein purity was assessed by SDS-PAGE electrophoresis and Coomassie blue 
staining and was often >95%. The concentration of hIntL-1 was determined 
according to absorbance at 280 nm, with a calculated ε = 237,400 cm−1 M−1 for 
the trimer and an estimated trimer molecular mass of 101,400 Da (to account 
for glycosylation). Typical yields from a 30-mL transfection were 400 µg.

Expression and purification of Strep-tag II hIntL-1. An N-terminal Strep-tag II  
was cloned into the hItnL-1::pcDNA4 vector with site-directed mutagenesis 
and a primer set composed of 5′-ACCACCAGAGGATGGAGTACAGATTG
GAGCCATCCGCAGTTTGAAAAGTCTACAGATGAGGCTAATACTTACT
TCAAGGA-3′ and its reverse complement. Correct insertion was confirmed 
with DNA sequencing. Strep–hIntL-1 was expressed identically to hIntL-1. For 
purification, conditioned Strep–hIntL-1 medium was adjusted to pH 7.4 with 
NaOH, avidin was added per the IBA protocol (IBA, cat. no. 2-0205-050), CaCl2 
was added to 10 mM and the solution was cleared with centrifugation (15,000g 
for 15 min). Protein was captured onto 2 mL of Strep-Tactin Superflow resin 
(IBA, cat. no. 2-1206-002). The resulting resin was washed with a solution of 
20 mM HEPES, pH 7.4, 150 mM NaCl, and 10 mM CaCl2 and then 20 mM 
HEPES, pH 7.4, 150 mM NaCl and 1 mM EDTA. The protein was eluted with 
5 mM d-desthiobiotin (Sigma) in 20 mM HEPES, pH 7.4, 150 mM NaCl and  
1 mM EDTA and concentrated with a 10,000-MWCO Amicon Ultra centrifugal 
filter. The concentration of Strep–hIntL-1 was determined with absorbance at 
280 nm, with a calculated ε = 237,400 cm−1M−1 for the trimer and an estimated 
trimer molecular mass of 101,400 Da. Typical yields were similar to what was 
measured with untagged hIntL-1.

For protein X-ray crystallography, Strep–hIntL-1 was purified after culture-
medium dialysis against 20 mM bis-Tris, pH 6.7, 150 mM NaCl and 1 mM  
EDTA. The pH of the culture medium was adjusted to 6.7, avidin was added 
per the IBA protocol, CaCl2 was added to 10 mM and the solution was cleared 
with centrifugation. Protein was purified by capture onto Strep-Tactin Superflow 
resin. Resin was washed with 20 mM bis-Tris, pH 6.7, 150 mM NaCl, and 10 mM 

CaCl2 and then with 20 mM bis-Tris, pH 6.7, 150 mM NaCl and 0.5 mM EDTA. 
Protein was eluted with 5 mM d-desthiobiotin (Sigma) in 20 mM bis-Tris, pH 
6.7, 150 mM NaCl, and 0.5 mM EDTA and concentrated with a 10,000-MWCO 
Amicon Ultra centrifugal filter.

hIntL-1 carbohydrate binding ELISA-like assay. To fabricate carbohydrate- 
displaying surfaces, 0.5 µg of streptavidin (Prozyme, cat. no. SA20) was 
adsorbed onto a Maxisorp (Nunc) flat-bottomed 96-well plate in PBS. Wells 
were washed with PBS and then coated with 5 µM of carbohydrate-biotin 
ligand in PBS for 1 h at 22 °C. Wells were blocked with bovine serum albu-
min (BSA) in ELISA buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM  
CaCl2 and 0.1% Tween-20). Samples containing hIntL-1 were prepared by 
serial dilution into ELISA buffer with 0.1% bovine serum albumin (BSA) and 
added to wells for 2 h at 22 °C. Wells were washed four times with ELISA 
buffer. Bound hIntL-1 was detected with 0.75 µg/mL of a sheep polyclonal 
IgG hIntL-1 antibody (R&D Systems, cat. no. AF4254) in ELISA buffer with 
0.1% BSA for 2 h at 22 °C. This primary antibody has been validated by the 
company for detecting intelectin by western blot, immunohistochemistry and 
direct ELISA. Wells were washed with ELISA buffer. A donkey anti-sheep 
IgG horseradish peroxidase (HRP) conjugate (Jackson ImmunoResearch 
Laboratories) was added at a 1:5,000 dilution in ELISA buffer with 0.1% BSA 
for 1 h at 22 °C. When Strep–hIntL-1 was assayed, StrepMAB-Classic HRP 
conjugate (IBA, cat. no. 2-1509-001) was used to specifically recognize the 
Strep-tag II of bound hIntL-1. StrepMAB-Classic HRP conjugate was diluted 
1:10,000 in ELISA buffer with 0.1% BSA and incubated for 2 h at 22 °C. Wells 
were washed. hIntL-1 was detected colorimetrically with addition of 1-Step 
Ultra TMB-ELISA (Pierce). Once sufficient signal was achieved (typically in 
<2 min), the reaction was quenched by addition of an equal volume of 2 M 
sulfuric acid (H2SO4). Plates were read at 450 nm on an ELx800 plate reader 
(Bio-Tek). When testing the calcium-ion dependency of hIntL-1, 1 mM EDTA 
replaced 10 mM CaCl2 in all steps. Data were analyzed in Prism6 (GraphPad). 
Data were fit to a one-site binding equation.

Surface plasmon resonance (SPR). Analysis of intelectins with SPR was  
conducted on a ProteOn XPR36 (Bio-Rad) at the University of Wisconsin−Madison 
Department of Biochemistry Biophysics Instrumentation Facility (BIF). To mea-
sure intelectin binding, ProteOn NLC sensor chips (NeutrAvidin-coated sensor 
chip) (Bio-Rad, cat. no. 176-5021) were used to capture the biotinylated carbohy-
drate ligand. All experiments presented here were conducted at surface-saturated 
levels of ligand, ~200 response units (RU). In all experiments, captured biotin 
was used in flow cell one as a control. Samples containing purified intelectin were 
prepared by serial dilution into intelectin SPR running buffer (20 mM HEPES, pH 
7.4, 150 mM NaCl, 1 mM CaCl2 and 0.005% Tween-20). Surfaces were regener-
ated with short injections of solutions of 10 mM hydrochloric acid (HCl). Data 
were referenced with either the interspots or the biotin reference channel and 
processed with the Bio-Rad ProteOn software package.

Construction of the furanoside glycan array. The microarray of furanoside-
containing glycans was printed as previously described61,62. Briefly, the amine 
functionalized glycans shown in Supplementary Figure 6a were dissolved in 
100 mM sodium phosphate, pH 8.0, and printed as 14 arrays on N-hydroxy-
succinimidyl (NHS) ester–activated slides (Shott Nexterion). Arrays were 
printed in quadruplicate at different glycan concentrations (as indicated in 
Supplementary Fig. 6b) with a Piezorray printer (PerkinElmer) that delivered 
0.33 nL per spot. The 2-amino(N-aminoethyl) benzamine (AEAB) derivatives 
of lacto-N-neotetraose (LNnT) and asialo, galactosylated biantennary N-linked 
glycan (NA2) were printed as controls to confirm glycan immobilization. After 
printing, covalent coupling of glycans to the surface was facilitated by incuba-
tion at 55 °C in an atmosphere of >80% humidity for 1 h. Slides were dried in 
a desiccator overnight and blocked with a solution of 50 mM ethanolamine 
in 50 mM borate buffer, pH 8.0. Prior to interrogation with glycan-binding 
proteins (GBPs), the arrays were rehydrated in binding buffer.

Assay of hIntL-1 on furanoside and CFG mammalian glycan array. GBPs at 
various concentrations were applied to separate furanoside arrays in 70 µL of 
binding buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mM  
CaCl2, 1% BSA and 0.05% Tween-20) in the wells formed on the slide with 
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a silicon grid (14 wells per slide). After incubation for 1 h at RT, the slides 
were washed with wash buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 10 mM CaCl2 and 0.05% Tween-20). The biotinylated lectins Erythrina 
cristagalli lectin (ECL) and Ricinus communis agglutinin I lectin (RCA-I) were 
detected with Alexa Fluor 488–labeled streptavidin (10 µg/ml) in binding 
buffer (Supplementary Fig. 6c,d). hIntL-1 was detected with the same sheep  
polyclonal IgG antibody specific for hIntL-1 (5 µg/ml) (R&D Systems) and an 
Alexa Fluor 488–labeled donkey anti-sheep IgG secondary antibody (5 µg/ml) 
(Life Technologies). Bound protein was detected with a ProScanArray Scanner 
(PerkinElmer) equipped with four lasers covering an excitation range from 
488 to 633 nm. The data from the furanoside glycan array were analyzed with 
ScanArray Express (PerkinElmer) as the average of the four replicates.

For the analysis of the CFG glycan array36, hIntL-1 was applied in 70 µl at con-
centrations of 50 and 200 µg/ml in binding buffer under a coverslip to distribute 
the solution evenly over the large array of 610 glycans printed in sextuplicate 
(Array v5.1). After washing and scanning steps, the data from the CFG glycan 
microarray were analyzed with ImaGene software (BioDiscovery) as the average 
of four values after removal of the high and low values of the six replicates. With 
both the furanoside and mammalian glycan array, the images were converted to 
Excel files, and the data are reported as histograms of average relative fluorescence 
units (RFU) versus the print identification numbers that identified the glycan 
targets. Figures were made with Prism6 (GraphPad) or Excel (Microsoft).

Assay of hIntL-1 on the bacterial glycan array. Strep–hIntL-1 was used 
to interrogate the Microbial Glycan Microarray version 2 (MGMv2). 
Construction of the MGMv2 was as previously described38. Briefly, bacterial 
polysaccharide samples were dissolved and diluted to 0.5 mg/mL in printing 
buffer (150 mM sodium phosphate, pH 8.4, and 0.005% Tween-20). Samples 
were immobilized on NHS-activated glass slides (SlideH, Schott/Nexterion) 
with a MicroGrid II (Digilab) contact microarray printer equipped with SMP-
4B printing pins (Telechem). Six replicates of each bacterial glycan sample were 
printed. Covalent coupling of glycans to the surface was facilitated by incuba-
tion for 1 h after printing at 100% relative humidity. The remaining reactive 
NHS moieties were quenched with a blocking solution (50 mM ethanolamine 
in 50 mM borate buffer, pH 9.2). Blocked slides were stored at −20 °C until 
assays were performed.

To interrogate the MGMv2, Strep–hIntL-1 was diluted to 50 µg/mL in bind-
ing buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 2 mM mag-
nesium chloride (MgCl2), 1% BSA and 0.05% Tween-20) and applied directly to 
the array surface for 1 h. After incubation, the array was washed by dipping into 
binding buffer four times. The Strep-tag II on bound hIntL-1 was detected with 
StrepMAB-Classic Chromeo 647 nm (10 µg /mL, IBA Lifesciences) diluted in 
binding buffer, applied directly to the array surface and allowed to incubate for 
1 h. The array was washed in binding buffer (four dips), binding buffer without 
BSA and Tween-20 (four dips) and deionized water (four dips). Finally, the array 
was dried by centrifugation and scanned. Interrogated arrays were scanned 
for Chromeo 647 signal with a ProScanArray Express scanner (PerkinElmer), 
and resultant images were processed to extract signal data with Imagene (v6.0, 
Biodiscovery). Signal data were calculated as the average of four values after 
removal of the high and low values of the six replicates. Data were plotted with 
Excel (Microsoft) as average relative fluorescence units (RFU) versus print iden-
tification number. Figures were made with Prism6 (GraphPad).

Protein X-ray crystallography. The Strep–hIntL-1 protein that was purified with 
20 mM bis-Tris, pH 6.7, was concentrated to 1.5 mg/mL, 1 M CaCl2 was added 
to a final concentration of 10 mM, and crystallization (hanging-drop vapor dif-
fusion) was achieved by mixture of 1 µL of the protein solution and 1 µL of well 
solution (100 mM bis-Tris, pH 6.0, and 25% PEG 3350). Crystals grew to full size 
in 2 weeks. Protein crystals of Apo–hIntL-1 were cryoprotected via transfer to 
well solution supplemented to a total concentration of 35% PEG 3350 for 1 min 
and then were vitrified in liquid nitrogen. The allyl-β-Galf–hIntL-1 complex 
was formed by soaking of apo–hIntL-1 crystals in cryoprotection solution sup-
plemented with 50 mM allyl-β-d-galactofuranose for 2 weeks.

Single-crystal X-ray diffraction experiments were performed at beamline  
21-ID-D (Life Sciences Collaborative Access Team, LS-CAT), Advanced Photon 
Source, Argonne National Laboratory. The wavelength for data collection was 
0.97924 Å for the Apo–hIntL-1 structure and 1.00394 for Galf-Bound hIntL-1. 

Integration, scaling, and merging were performed with HKL2000 (ref. 63). The 
structure was solved with the PHENIX suite64. The Xenopus laevis intelectin struc-
ture recently solved in our laboratory was used as a search model to determine the 
structure of apo–hIntL-1 by molecular replacement with Phaser65. Because the 
data for apo–hIntL-1– and β-Galf−bound hIntL-1 are isomorphous, the struc-
ture of β-Galf−bound hIntL-1 was solved by a difference Fourier method with 
apo–hIntL-1 as a starting model for rigid-body refinement with phenix.refine66. 
The chemical restraint for β-Galf was generated by PRODRG67. Model adjust-
ment and refinement were performed in Coot68 and phenix.refine, respectively 
(Supplementary Table 1). The model was validated with MolProbity69. Crystal 
structure figures were generated with PyMOL (http://www.pymol.org/).

hIntL-1 binding to S. pneumoniae. S. pneumoniae (Klein) Chester serotypes 8 
(ATCC 6308), 20 (ATCC 6320), 43 (ATCC 10343) and 70 (ATCC 10370) were 
obtained from the ATCC. The structure of the capsular polysaccharide from each 
of these serotypes has been previously determined46. Cells were revived in tryptic 
soy broth containing 5% defibrinated sheep blood. Cells were grown on plates 
of tryptic soy agar containing 5% defibrinated sheep blood or in suspension in 
Luria Broth (LB). Cells were grown at 37 °C under 5% carbon dioxide gas. During 
liquid culture, cells were shaken at 100 r.p.m. To analyze hIntL-1 binding to the 
bacterial cell surface, cells were harvested by centrifugation, washed with PBS 
and fixed in 1% formaldehyde in PBS for 30 min on ice. Cells were stained with 
15 µg/mL Strep–hIntL-1 with a 1:250 dilution of StrepMAB-Classic Oyster 645 
conjugate (IBA, cat. no. 2-1555-050) in 20 mM HEPES, pH 7.4, 150 mM NaCl,  
10 mM CaCl2, 0.1% BSA and 0.05% Tween-20 for 2 h at 4 °C. To test the calcium-
ion dependency of binding, 20 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM EDTA, 
0.1% BSA and 0.05% Tween-20 was used as the buffer. To assay for competitive 
inhibition by soluble glycerol, 20 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM 
CaCl2, 100 mM glycerol, 0.1% BSA and 0.05% Tween-20 was used as the buffer. 
Cells were washed with 20 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM CaCl2, 
0.1% BSA and 0.05% Tween-20, aggregates were removed with a flow cytometry 
cell-strainer cap (Falcon) and propidium iodide (Life Technologies) was added 
to a 1:500 dilution. Cells were analyzed on a BD FACSCalibur at the University 
of Wisconsin−Madison Carbone Canter Center (UWCCC) Flow Cytometry 
Laboratory. Propidium iodide was used to differentiate fixed S. pneumoniae cells 
from debris. Data were analyzed with FlowJo (http://www.flowjo.com/).

For analysis by microscopy, cell aliquots were taken directly from the flow 
cytometry samples before propidium iodide staining. Samples were subse-
quently stained with Hoechst 33342 (Life Technologies). Each sample was 
spotted onto a glass-bottomed microwell dish (MatTek corporation) and 
covered with a 1% (w/v) agarose pad prepared in a matched buffer. Images 
were collected at room temperature with a Nikon A1 laser scanning confocal 
microscope (Nikon Instruments). Images were acquired with a Nikon plan 
apo 100/1.4 oil objective with a 1.2-AU pinhole diameter and NIS-elements C 
software (Nikon Instruments). Laser settings were determined by imaging the 
brightest control sample, serotype 43 treated with 15 µg/mL Strep–hIntL-1 and 
a 1:250 dilution of StrepMAB-Classic Oyster 645 conjugate in calcium buffer, 
to prevent pixel oversaturation. The pinhole diameter, offset, PMT gain and 
laser power were then held constant for each prepared sample. Each image 
was taken at the Z plane that provided maximal signal for the given section. 
For Hoechst 33258, illumination was performed with a 405-nm laser, and 
emission was collected between 425 and 475 nm. For StrepMAB-Classic Oyster 
645 conjugate, illumination was performed with a 638-nm laser, and emis-
sion was collected between 663 and 738 nm. Images were prepared with the  
open-source Fiji distribution of ImageJ, and brightness and contrast were 
adjusted in the control sample (serotype 43 treated with 15 µg/mL Strep–hIntL-1  
with a 1:250 dilution of StrepMAB-Classic Oyster 645 conjugate in calcium 
buffer) and propagated to all selected sample images for comparison. Images 
were then converted to an RGB format to preserve normalization and then 
assembled into panels.

Expression of mouse intelectin-1. A detailed description of mIntL-1 expression 
is available in the Supplementary Note.
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