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Recognition of microbial glycans by soluble human
lectins
Darryl A Wesener3, Amanda Dugan1 and Laura L Kiessling1,2
Human innate immune lectins that recognize microbial glycans
can conduct microbial surveillance and thereby help prevent
infection. Structural analysis of soluble lectins has provided
invaluable insight into how these proteins recognize their
cognate carbohydrate ligands and how this recognition gives
rise to biological function. In this opinion, we cover the
structural features of lectins that allow them to mediate
microbial recognition, highlighting examples from the collectin,
Reg protein, galectin, pentraxin, ficolin and intelectin families.
These analyses reveal how some lectins (e.g., human intelectin1) can recognize glycan epitopes that are remarkably diverse,
yet still differentiate between mammalian and microbial
glycans. We additionally discuss strategies to identify lectins
that recognize microbial glycans and highlight tools that
facilitate these discovery efforts.
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Introduction
The health of humans and other mammals is influenced
by their microbial residents. A host must therefore distinguish between microorganisms that are benign (commensal), beneficial (mutualist/symbiont), or pathogenic
to tolerate or resist their colonization. The mechanisms
involved in surveillance of bacteria, fungi, viruses, and
parasites have not been fully delineated. On the host side
of the dialog, mounting evidence supports important roles
for lectins [1,2]. Some host lectins recognize distinct
features within the carbohydrate coats of select populations of microbes. As a consequence, lectins have been
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implicated in the regulation of microbial colonization and
in protection against infection. Seminal research on the
acute response to bacterial infection led to the identification of secreted factors that include C-reactive protein
(CRP) and mannose-binding lectin (MBL) [1,3]. Both
CRP and MBL can recognize carbohydrate antigens on
the surface of pathogens, including Streptococcus pneumoniae and Staphylococcus aureus and then promote complement-mediated opsonization and cell killing [4]. Since
these initial observations, other lectins have been implicated in microbial recognition. Like MBL some of these
proteins are C-type lectins, while others are members of
the ficolin, pentraxin, galectin, or intelectin families.
Many of the lectins that function in microbial surveillance
are present on the surface of immune cells such as
dendritic cells and macrophages, but many are also soluble proteins. While the former has been reviewed extensively elsewhere [5,6], this review focuses on recent
advances in our understanding of soluble lectins that
recognize microbial glycans. Here, we highlight the structural features of soluble lectins in the context of biological
function. Additionally, we delineate strategies to facilitate
the identification of novel microbe-binding lectins and
outline the experimental challenges.
Characterizing mammalian lectins that bind microbial
glycans

The cell surface glycans of microorganisms perform multiple functions. They help maintain cellular osmolarity,
protect the organism from dessication, transduce signals,
and mediate adhesion of the organism to cells or surfaces
in its environment [7]. For a host, this carbohydrate coat
could represent a cellular ID, an identification system
used to discriminate between organisms. Even within a
single species of bacteria, individual strains/serotypes can
be distinguished by differences in the composition and
structure of surface-exposed carbohydrates [7]. Thus,
host lectins that recognize surface glycans may function
as sentinels for detecting and identifying organisms seeking to establish residency.
The structure, ligand specificity, recognition mechanism,
and biological function of a lectin are not readily determined from its primary sequence alone. Tools such as
glycan microarrays, which display hundreds of structurally
defined glycans have thus been indispensable in characterizing the carbohydrate binding profiles of lectins [8,9
]. Individual protein–carbohydrate interactions can be
weak, thus surface arraying of glycans is valuable as
lectins often rely on multivalent binding in physiological
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settings [10]. Indeed, glycan arrays can mimic the cell’s
dense coat of glycans [8,11]. Various array platforms have
been developed that display glycans at different densities
[8], but the most widely used arrays present synthetic
glycans derived from known mammalian glycan
sequences. In 2014, a glycan microarray was disclosed
whose composition differed dramatically from those
described previously [9]. Specifically, this array was
composed of more than 300 purified microbial glycans.
The microbial glycan array spans a structural space that
differs markedly from that of the mammalian arrays
because microbial glycans are often composed of building
blocks absent from mammals [12,13]. Results from glycan-binding studies also can inform lectin-ligand co-crystallization or modeling experiments to elucidate the
molecular basis of their ligand selectivity.

Common structural elements of soluble lectins

Soluble lectins that can recognize microbial glycans or
whole microbes share several features that facilitate their
function (highlighted in Box 1). Lectins are typically
classified by their carbohydrate recognition domain, or
CRD [14]. Many CRDs possess protein-bound cations,
especially calcium ions, which stabilize the CRD structure. Moreover, calcium ions present in the binding sites
of C-type lectins, pentraxins, and intelectins facilitate
carbohydrate recognition [5,15,16]. Many lectins interact with their carbohydrate ligands using a ‘lock-and-key’
binding mode, that is, there is little change in lectin
conformation upon carbohydrate binding. Divalent calcium ions or other cations may therefore organize and
rigidify the CRD and its binding site. This pre-organization may minimize the entropic penalty paid upon carbohydrate complexation.

Box 1 Common attributes of soluble lectins that bind microbial glycans.
The type of carbohydrate recognition domain (CRD) of a lectin can be inferred from its primary sequence. Structural analysis of soluble innate immune
lectins has revealed that many lectins also possess accessory domains that facilitate lectin assembly and/or protein-protein interactions with other host
immune proteins. Lectin oligomerization state can modulate the functional affinity (observed affinity) of the lectin for cells displaying glycan ligands and
the recruitment of immune proteins. These features are outlined for the lectin classes whose constituents participate in microbial glycan recognition.

Domain Organization

Accessory Domains

Carbohydrate Recognition Domain (CRD)
C-type

Collectins

C-type

Reg

CRD
Fibrinogen-like

Ficolins

Signal peptide
Pentraxin

N-terminal domain

Pentraxins

Collagen-like domain

Pentraxin

Fibrinogen-like domain
Galectin

Coiled-coil domain
Calcium ion for ligand binding

Galectin

Galectin

Galectins

Galectin
X-type

Lectins are classified by their CRDs, which mediate carbohydrate
recognition and binding. The sequence and structure of the CRD
dictates the carbohydrate specificity of the lectin and the mechanism
by which it engages its ligands. The largest lectin class, the C-type
lectins, include the collection and Reg lectins. The collectins use
bindings site calcium ions to coordinate to the hydroxyl groups of their
carbohydrate ligands but the Reg proteins do not. The ficolin CRD is
a fibrinogen-like domain (FBG domain) that binds calcium, but the ion
does not participate directly in saccharide binding. The jelly-roll fold of
the pentraxin CRD requires calcium ions for ligand binding, while the
galectin CRD, which also has a jelly-roll fold, does not. An alternative
CRD fold that also uses calcium ions for glycan coordination is found
in the X-type lectins or intelectins.
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Domains outside the lectin CRD can facilitate oligomerization and/or
mediate interactions with host immune response proteins. For
exapmle, the collagen-like domain found in the collectins and ficolins
mediates homotrimerization and facilitates interactions with
mannose-binding lectin-associated serine proteases (MASPs). The
result is complement mediated cell-killing of bound microbies and/or
phagocytosis. Alternatively, cysteine-containing N-terminal
oligomerization domains can help stabilize the higher order lectin
oligomers. Reg and pentraxin proteins possess a CRD that can
mediate oligomerization in the absence of other domains.
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The soluble lectins reviewed herein are oligomeric. As their carbohydrate binding sites are solvent exposed and shallow, the affinity of a
single CRD for a monosaccharide ligand is often low (Kd ~10-3 M).
Lectin oligomerization promotes multivalent binding, which can
dramatically enhance the functional affinity, or avidity, of a lectin
for cells that display a ligand. The oligomerization states of various
lectins can differ markedy. The collectins, intelectins, and ficolins are
most commonly observed as trimers, while the galectins often form
dimers and the pentraxins assemble into pentamers. Lectins often
oligomerize further upon binding to a cell. For example, Reg proteins
can associate into hexameric membrane penetrating pores. Collectins and ficolins can form bouquets of trimers, which result in recruitment of complement. The collectin SP-D can form a cruciform-like
structure.
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A second attribute of many lectins that bind microbes is the
presence of domains that mediate oligomerization. Soluble
lectins often exist as multimers, and many undergo further
oligomerization upon binding to surface-exposed glycans.
For example, many collectins are multimers of trimers that
undergo further oligomerization once they interact with
microbial surfaces. Oligomerization facilitates multivalent
binding and increases the functional affinity (apparent
affinity or avidity) of a lectin for the microbe [17,18]. This
oligomerization can have another consequence. Specifically, many lectins also have accessory structural domains
often employed to effect a biological function. This domain
structure is exemplified by the collectin and ficolin lectin
classes; they possess collagen-like domains that facilitate
oligomerization and can recruit mannose-binding lectinassociated serine proteases (MASPs) to initiate the lectin
pathway of complement [1,19]. The following sections
outline the relevant features of each lectin class and delineate what is known about lectin recognition of microbial
glycans and the biological consequences.
Collectins

A number of soluble human collectins bind microbial
glycans including the paradigmatic innate immune lectin,
MBL, but also the surfactant proteins A and D (SP-A and
SP-D), collectin liver 1 (CL-L1; collectin-10), and collectin kidney 1 (CL-K1; collectin-11) [1]. The best studied collectin, MBL, can interact with clinically important
microbes including viruses, the bacterial pathogens
Escherichia coli, group A Streptococci, and Staphylococcus
aureus, fungal pathogens belonging to the Aspergillus
and Candida genus, and trypanosomes belonging to Leishmania [20]. MBL deficiencies in humans are associated
with increased susceptibility to chronic and recurring
infections, implicating the lectin in protecting against
pathogen invasion [1].
Collectins have a C-type lectin superfamily CRD, and Ctype lectins typically bind their glycan ligands via direct
coordination of carbohydrate ring vicinal hydroxyl groups
to a protein-bound calcium ion [5,21]. The C-type lectin
domain is a compact, globular CRD that can accommodate significant sequence variation; this variation can
dictate the saccharide specificity of each lectin (Figure
1a) [5,22]. All human collectins contain a conserved
glutamic acid-proline-asparagine (EPN) tripeptide motif
that positions side chain carbonyl groups in the binding
site to engage in calcium ion coordination and to interact
with diequatorial vicinal ring hydroxyl groups of the
glycan ligand [22,23]. Saccharide residues with the requisite stereochemical arrangement of hydroxyl groups
include D-mannose (Man), L-fucose (L-Fuc), D-glucose
(Glc), D-N-acetyl-mannosamine (ManNAc), and D-N-acetyl-glucosamine (GlcNAc) [21]. Most collectins recognize
the terminal glycan residue. Still, some collectins can
recognize more complex epitopes, as was observed in
the structure of CL-K1 complexed with a Man(a1-2)Man
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disaccharide [24]. In this case, the canonical collectin
binding site was occupied by the penultimate rather than
terminal mannose residue while the terminal mannose
residue engaged in hydrogen-bonding to the protein. The
ability of CL-K1 to specifically interact with Man(a1-2)
Man disaccharides expands the binding modes for collectin recognition [24].
Collectins are produced as single polypeptides that can
undergo trimerization and eventually self-associate to form
higher-order oligomers [21]. Moreover, collectins can form
heterooligomers with other lectins [4,25], which could
provide a means of targeting cells with higher specificity.
Specifically, higher order mixed lectin oligomers would
form only on cells displaying glycan ligands for multiple
lectins. In this way, lectin oligomerization could influence
both cell-binding avidity and specificity. In addition to
influencing lectin cell binding, oligomerization is important
for the recruitment of MASPs and activation of the lectin
pathway of complement [4]. Collectins assemble through a
cysteine-containing N-terminal oligomerization domain, a
central collagen-like domain, and a coiled-coil neck region
[1,4]. Functional collectins exist in macromolecular complexes that can vary in size, with the most commonly
observed species of MBL containing three to five trimers
(9–15 CRDs) [19] (Box 1). Post-translational modifications
stabilize the collagen-like domain, facilitate collectin trimerization, and modulate interactions with both host and
microbial proteins.
Amongst collectins, surfactant protein-D (SP-D) forms a
unique macromolecular assembly and has multiple ligand
binding modes [26]. Specifically, the oligomerization of
most collectins results in a bouquet-like structure, while
the assembly of SP-D resembles a cruciform (Box 1). In
the SP-D complex, the N-terminal oligomerization
domains of four trimeric units are captured through
disulfide bonds. The lectin has been reported to interact
with multiple glycan ligands—including mannosides and
lipopolysaccharides. A recent structural study of SP-D
revealed the CRD could interact with L-glycero-D-mannoheptose (Hep) through two distinct binding modes: the
binding site calcium ion can coordinate either to adjacent
equatorial hydroxyl groups on the carbohydrate ring, the
traditional recognition mechanism, or alternatively to the
exocyclic 1,2-vicinal hydroxyl groups [27]. Though there
is little data on the relative preferences of SP-D for
different microbial glycans, these structural studies suggest that SP-D can recognize a broad suite of
carbohydrates.

Reg proteins
Reg proteins are secreted lectins that play roles in the
inflammatory/immune response. Humans encode five
Reg homologs; RegIa, RegIb, RegIIIa or hepatocarcinoma intestine-pancreas/pancreatic associated protein
(HIP/PAP), RegIIIg, and RegIV [33]. Most of what is
www.sciencedirect.com
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known about the Reg protein function comes from studies of murine RegIIIg, the ortholog of human RegIIIa
[34]. Colonization of gnotobiotic mice induces RegIIIg
expression in a myeloid differentiation primary-response
protein 88 (MyD88)- and toll-like receptor 4 (TLR4)dependent manner [34]. RegIIIg expression can protect
mice from Listeria monocytogenes infection and vancomycin-resistant enterococci, but the lectin also supports
mucus layer integrity within the mammalian GI tract
[34–36]. These functional roles have been rationalized
by the finding that mouse RegIIIg and human RegIIIa
and RegIV are bactericidal.

carbohydrate-binding function for Reg proteins was proposed initially because of the C-type lectin domain motif
within their sequence and their ability to agglutinate some
bacterial species. In contrast to canonical C-type lectins,
Reg proteins lack the conserved side chains that typically
mediate calcium ion and ligand binding (Figure 1b) [38].
Nuclear magnetic resonance (NMR) spectroscopy analysis
of human RegIIIa and RegIV bound to glycoconjugate
ligands, including purified soluble peptidoglycan (sPG),
chitooligosaccharides (b1-4-GlcNAc polymers), and mannose, indicates that Reg proteins do not use a traditional Ctype binding site nor do they require calcium ions for
interaction with glycans [38,39].

Reg proteins, like the collectins, contain a C-type CRD.
Unlike the collectins, however, Reg proteins do not have an
obvious oligomerization or complement-recruiting
domain. Other than a trypsin-sensitive propeptide immediately N-terminal to the CRD, Reg proteins consist almost
entirely of a C-terminal C-type lectin domain [37]. A

As mentioned, Reg proteins can be bactericidal, and this
function requires proteolysis of the N-terminal propeptide. This cleavage unleashes Reg toxicity toward Grampositive bacteria [34]. Data from a combination of synthetic liposomes, cryo-electron microscopy, and protein
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Structural representation of CRDs present in human soluble lectins. (a) C-type lectin domain of rat MBL (PDB:2MSB) bound to oligosaccharide
ligand [23]. (b) C-type lectin domain of human RegIIIa (PDB:4MTH) with residues proposed to function in peptidoglycan binding highlighted in
black [28]. (c) Beta-sandwich or jelly-roll fold from human galectin-3 (PDB:3ZSJ) bound to lactose [29]. (d) Jelly-roll fold of human C-reactive
protein bound to phosphorylcholine (PDB: 1B09) [30] (e) Fibrinogen-like domain from human L-Ficolin bound to N-acetyl-glucosamine (PDB: 2J3U)
[31]. (f) Intelectin domain from human intelectin-1 bound to b-Galactofuranose (PDB: 4WMY) [16]. (g) Beta-prism fold from human ZG16p bound
to mannose (PDB: 3VZF) [32]. Bound calcium ions are shown as green spheres and carbohydrate ligands are depicted in black.
www.sciencedirect.com
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X-ray crystallography suggest that mature RegIIIa can
interact with acidic lipid assemblies, oligomerize into a
hexameric ring, and thereby generate a pore [28]. Pore
formation depolarizes Gram-positive cell membranes and
thereby results in cell killing. The hexameric arrangement situates all six putative peptidoglycan binding sites
toward the center of the ring with the propeptide cleavage
site near the edge. Given that Reg proteins bind carbohydrates, a model has emerged in which peptidoglycan
binding precedes pore formation.
Despite advances in understanding Reg protein function
and recognition, questions remain. Other peptidoglycanbinding proteins can cause cell killing by activation of
two-component signaling pathways [40] and whether
Reg activates these pathways is not known. Alternatively,
RegIIIa can form pores in the absence of carbohydrate
ligands. Thus, whether specific or multiple ligands are
relevant for Reg function is not yet clear. The ability of
RegIIIa to bind multiple different ligands (i.e., carbohydrate and lipid) provides further impetus to understand
Reg recognition of bacterial glycans and bacterial cells, as
such knowledge could lead to new antimicrobial strategies for selective cell killing.

Galectins

network and a conserved tryptophan residue that contributes a key CH-pi interaction with the a-face of b-D-Galcontaining ligands [29,47]. NMR spectroscopy has
revealed a second mechanism for galectin binding to larger
polysaccharides, such as galactomannan and mannan,
Human Gal-3 interacts with these ligands using the galectin
face opposite that employed in traditional binding modes
[48]. This alternative binding site can be occupied simultaneously with the canonical binding site, which provides a
rational for binding of Gal-3 to fungal pathogens such as
Candida species [43].
The roles for galectins in innate microbial immunity have
been accumulating. After a report noting Gal-3 could bind
lipopolysaccharide [49], galectin interactions with many
microbial species including bacteria, viruses, fungi, protozoans and helminths has been described [2]. For example, multiple galectins were found to interact with ABO
(H) blood group antigens when assayed at low protein
concentrations (less than 0.5 mM) [44]. Galectins-3, -4,
and -8 bind blood group B antigen, while galectins-4 and
-8 interact with blood group A antigen. Furthermore, Gal4 and -8 were shown to be directly bactericidal to E. coli
expressing blood group B carbohydrate antigens. The Cterminal carbohydrate binding activity of Gal-4 and -8 was
necessary and sufficient for this activity. The scope of
galectin mediated antimicrobial activity was expanded
when Gal-4 and -8 were shown to also kill bacteria that
express the Gal-a(1-3)-Gal epitope, and galectin-8 was
shown to inhibit viability of Gram-positive Streptococcus
expressing host-like antigens [9]. Similarly, Gal-3 can
bind Heliobacter pylori LPS, and the lectin is bactericidal
to this species [45]. Galectin-mediated cell killing is
proposed to proceed via membrane disruption and permeabilization, although the molecular mechanisms
remain unknown [50]. In the case of those galectins that
bind blood group antigens, how the lectins refrain from
collaterally damaging mammalian cells is unclear [50,51].

Galectins are soluble lectins, whose microbe-binding
abilities can have different consequences that depend
on the identity of the galectin and the microbe [2,41,42].
Although galectins can recognize mammalian glycans and
mediate cell signaling processes, this review focuses on
extracellular galectins that interact with microbial glycoconjugates. In some cases, galectins can bridge microbe
and host cells, thereby promoting microbial cell uptake
and infection. Alternatively, galectins also can function as
antimicrobial agents. Their interactions with microbes
can promote immune cell signaling or even microbial cell
death [43–45]. The complexity of galectin roles identified
to date provides incentive to better understand this
intriguing class of proteins.

Pentraxins

Galectins share a beta-sandwich or jelly-roll fold containing
CRD and a conserved affinity for b-galactose containing
glycans (Figure 1c). They do not contain a signal peptide,
though some are secreted as soluble, aglycosylated proteins
[46]. Galectins are categorized into three groups according
to their primary sequence and domain organization [46].
Prototype galectins (human Gal-1, -2, -7, -10, -13, and -14)
are expressed as a single CRD and assemble into functional
homodimers whose carbohydrate binding surfaces appear
on opposite faces of the dimer. Chimera galectins (human
Gal-3) possess a single C-terminal CRD connected to an Nterminal oligomerization domain, which facilitates trimer
and pentamer formation. Tandem-repeat galectins (human
Gal-4, -8, -9, and -12) are composed of two distinct CRDs
within the same polypeptide chain. Ligand binding by
galectins is mediated by a preorganized hydrogen bonding

Pentraxins are among the earliest identified human lectins to function in innate immunity [3,25]. This family
includes the short pentraxins, such as C-reactive protein
(CRP) and serum amyloid P component (SAP), and the
long pentraxin PTX3. Pentraxin structure is characterized
by a globular flattened jelly-roll fold that contains the
eight amino acid pentraxin motif (HxCxS/TWxS, where x
represents any amino acid) (Figure 1d). This domain
mediates carbohydrate recognition, homo-pentamerization into a cyclic complex, and engagement with host
immune proteins, including Fc receptors and the complement component C1q [3]. The long pentraxin PTX3
additionally possesses an N-terminal coiled-coil domain
that facilitates further oligomerization [52]. Although the
structure of PTX3 has not yet been determined, biochemical analysis suggests that PTX3 forms a disulfidelinked octamer (dimer of tetramers) [52].
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While pentraxins are often classified as lectins, they can
bind other types of ligands, including lipids. Both CRP
and SAP bind varied ligands, including the phosphorylated epitopes present in lipoteichoic acid and LPS. CRP
binds phosphocholine, a major constituent of the C-polysaccharide of S. pneumoniae, and repeating units of phosphate-6Gal(b1-4)Mana1, a disaccharide prevalent in the
lipophosphoglycan of intracellular parasitic Leishmania
species [53]. An X-ray crystal structure of CRP bound
to phosphocholine revealed that each CRP monomer
binds two calcium ions that directly coordinate the phosphate group of phosphocholine. Additionally, the trimethylammonium group of the ligand fit snuggly into a
hydrophobic region in the pentraxin ligand binding site
[54]. SAP binds the ligands phosphoethanolamine and
methyl 4,6-O-(1-carboxyethylidene)-b-D-galactopyranoside, using a similar calcium-dependent mechanism
[55,56]. SAP also can bind LPS from Gram-negative
bacteria and the lectin adheres to the fungus Candida
albicans [3]. The long pentraxin PTX3 can interact with
outer membrane protein A from K. pneumoniae, and multiple bacterial, fungal, and viral species; however, the
molecular mechanism by which it recognizes these
microbes remains unclear [57]. The specificity of pentraxin function and/or recognition may be altered by
interaction with other microbe-binding lectins on the cell
surface. Taken together, these data indicate that pentraxins may provide protection against a broad range of
microorganisms.
Most studies of pentraxins have focused on their biological roles. Pentraxins use protein-protein interactions with
host immune proteins to effect function. They can interact with C1q to enhance the classical pathway of complement-mediated cell killing and interact directly with Fcg
receptors on immune cells to enhance phagocytosis of
microbes [57]. An understanding of the molecular mechanisms underlying their function is beginning to emerge.
Specifically, a structure of the SAP-FcgR complex
revealed that SAP binds to the IgG binding site on FcgR
using the face opposite of the pentraxin carbohydrate
binding site [58]. These data suggest that pentraxins
share functional overlap with antibodies in the human
innate immune system. Pentraxins also are found in
complexes with other mediators of the lectin pathway
of complement, including MBL and ficolins [25,59,60].
Pentraxins may therefore facilitate crosstalk between
complement pathways. Understanding how pentraxins
collaborate to modulate complement pathways may help
elucidate their roles in regulating microbial colonization.
Ficolins

Humans express three ficolins, M-ficolin (ficolin-1),
L-ficolin (ficolin-2), and H-ficolin (ficolin-3) that can bind
a range of microbes including Gram-positive and Gramnegative bacteria, viruses, and eukaryotic protozoa [1].
Like collectins, ficolins can activate the lectin pathway of
www.sciencedirect.com

complement. As might be expected from these shared
functional roles, the ficolins and collectins are similar in
structure. Both classes possess a cysteine-containing Nterminal domain and a central collagen-like domain,
components that stabilize ficolin oligomers and engage
in protein-protein interactions with MASPs [1].
A key difference between collectins and ficolins is the
nature of their C-terminal CRD. Whereas collectins use a
C-type CRD, ficolins use a fibrinogen-like domain (FBG
domain) to bind N-acetylated glycans such as GlcNAc
and GalNAc. The FBG domain is structurally related to
the C-terminal halves of the beta and gamma chains of
fibrinogen and contains a series of conserved cysteines
and aromatic residues that assemble the canonical ficolin
carbohydrate binding pocket (S1 binding site). Proximal
to this binding site is a protein-ligated calcium ion that
appears to be critical for carbohydrate binding but, in
contrast to the collectins, is not directly involved in ligand
coordination [31]. Structural analysis of M-ficolin and Lficolin demonstrates that even highly related members of
this lectin family may use distinct ligand binding surfaces.
Whereas M-ficolin uses the S1 binding site, L-ficolin
appears to use additional surfaces (S2-S4) adjacent to
the S1 site for ligand binding (Figure 1e) [31]. The
extended binding surface of L-ficolin is believed to
contribute to the lectin’s ability to broadly recognize
acetylated, phosphorylated, and sulfated molecules, in
addition to its ability to bind extended polysaccharide
ligands including peptidoglycan (PG), beta-glucan of
yeast, and lipotechoic acid (LTA) of Gram positive bacteria [61,62]. Glycan array data indicate the ficolins differ
not only in their binding modes but also in their saccharide selectivity [63,64]. Specifically, L-ficolin recognizes
sulfated saccharides and those with N-acetyl groups,
while M-ficolin preferentially binds sialylated glycans.
In contrast, effective ligands for H-ficolin were not apparent from screening a glycan array composed mostly of
mammalian glycans [63,65], but other studies suggest that
this lectin can bind LPS from Hafnia alvei, a commensal
found in the human gastrointestinal tract. Thus, the
ficolins also bind a broad range of glycans.
Although ficolins and collectins share structural and functional features, the disparate carbohydrate recognition
profiles of the two classes and their divergent tissue
expression profiles, suggest that they have distinct functions. A recent phylogenetic analysis of proteins that
function in complement pathways suggests that the lectin
pathway of complement pre-dates the emergence of
adaptive immune responses and the classical, antibodyinitiated pathway of complement activation [66]. Thus,
the recognition of microbes by ficolins and collectins
appears to be an ancestral mechanism to regulate microbial colonization. The evolutionary conservation of these
proteins highlights their importance in maintaining host
health. Elucidating the biological significance of the
Current Opinion in Structural Biology 2017, 44:168–178
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observed crosstalk between ficolins and other lectins that
function in complement pathways and host immunity will
be important in understanding how soluble lectins regulate microbial colonization at host-microbe interfaces.
Intelectins

Intelectins, or X-type lectins, were classified relatively
recently as a discrete group of animal lectins. They were
first identified in Xenopus laevis oocytes (hence the label of
‘X-type’ lectins) and subsequently found to occur in most
chordates [67]. As with most mammals, humans encode two
intelectins, intelectin-1 (hITLN-1) and intelectin-2 (
hITLN-2), which share greater than 80% sequence identity
[68]. The function of human intelectins is not known, but
the available evidence implicates a role in innate immunity.
The lectins are produced at mucosal barriers, and human
variants are linked to asthma and Crohn’s disease [69,70].
Although intelectins possess a small FBG domain, they
lack sequence homology with the ficolins, which also have
an FBG domain. Indeed, a 1.6 Å resolution protein X-ray
crystal structure revealed that intelectins differ from other
lectin classes in their secondary and tertiary structure and
ligand binding mechanism [15,16]. These findings led
to the proposal that intelectins possess a distinct CRD,
the intelectin domain (Figure 1f). Intelectins are calcium
ion-dependent, non-C-type lectins. They bind three
divalent calcium ions: two of which are buried and proposed to serve structural roles and a third that is involved
in glycan binding [16]. Human ITLN-1 was originally
described as a furanose-binding lectin [71]. Subsequently,
hITLN-1 was shown not to be a generic furanose binder,
but rather a lectin that recognizes a vicinal exocyclic 1,2diol motif [16].
The ligand specificity of hITLN-1 was elucidated
through the use of glycan microarrays. When a mammalian glycan microarray [65] was screened no carbohydrate
ligands were detected, but a microbial glycan microarray
[9] revealed multiple, disparate microbial glycoconjugates could function as ligands. Each bound microbial
glycan contained an exocyclic 1,2-diol. This epitope is
found in multiple monosaccharide ligands specific to
microbes including D-galactofuranose (D-Galf) residues,
D-phospho-glycerol-modified glycans, heptoses, D-glyceroD-talo-oct-2-ulosonic acid (KO) and 3-deoxy-D-mannooct-2-ulosonic acid (KDO).
Information about the ligand specificity of hITLN-1 led
to determination of an X-ray structure of the complex of
hIntL-1 and allyl-b-D-Galf [16]. This structure revealed
the exocyclic 1,2-diol sits inside an aromatic box generated by tryptophan and tyrosine residues, and the diol
hydroxyl groups coordinate directly to a surface accessible
calcium ion. The residues comprising the aromatic box
are conserved between human and mouse intelectin-1,
and both orthologs interact with Galf residues. Moreover,
Current Opinion in Structural Biology 2017, 44:168–178

like hITLN-1, a Xenopus intelectin (XEEL) can engage
Galf residues and phosphoglycerol moieties [15]. A
structure of XEEL complexed to phosphoglycerol
revealed the hIntL-1 and XEEL binding sites are remarkably similar. Even the most apparent difference is subtle:
XEEL forms its aromatic box using two tryptophan
residues rather than the hITLN-1 tyrosine and tryptophan. Thus, the aromatic box is a conserved feature of
both of these lectins. The successful identification of
hITLN-1 ligands highlights how glycan microarrays can
be used to inform protein structural biology studies of
lectin—carbohydrate recognition.
The hITLN-1 residues that coordinate calcium ions are
highly conserved amongst intelectins from diverse species; in contrast, the aromatic box of hITLN-1 and XEEL
is not conserved in all other intelectins [15]. We postulate that the residues corresponding to tryptophan and
tyrosine of hITLN-1 are critical determinants of intelectin ligand specificity. Intriguingly, hITLN-2 contains a
tryptophan and serine combination, suggesting the glycan
specificity of hITLN-2 differs.
Most intelectin proteins do not contain well-defined or
annotated domains outside of their CRD. In the case of
XEEL, which is upregulated in frog eggs prior to hatching
[72], a coiled-coil region could oligomerize the lectin to
form a dumbbell-like structure and agglutinate bacteria
displaying XEEL binding motifs [15]. In contrast,
hITLN-1 has almost 20 residues between the signal peptide cleavage site and the beginning of the FBG domain,
yet it lacks GXY repeats like the collagen-like domains
present in collectins and ficolins. Still, hITLN-1 forms
disulfide-linked homotrimers. The cysteines that engage
in intermolecular disulfide bonds in hITLN-1 are not
strictly conserved among other intelectins. Additionally,
these residues are not strictly required for oligomerization,
as a Xenopus intelectin (XEEL) construct lacking intermolecular cysteines residues could form high affinity trimers in
solution [15]. Similarly, we anticipate the murine ITLN-1,
which lacks analogous cysteines and has been considered
monomeric [73], is a trimer in solution.
Human ITLN-1 selectively recognizes carbohydrate
ligands synthesized by microbes, and therefore binds
microbial cells [16,71]. This selectivity provides additional support for a role for hITLN-1 in innate immunity.
Soluble or cell-bound proteins might function with the
intelectins in innate immunity. While a hITLN-1 trimer
is involved in carbohydrate binding both the N-termini
and the FBG domain are available to participate in
protein–protein interactions.
The ability to recognize an exocyclic 1,2-diol motif is not
restricted to the intelectins, as the collectin SP-D can
bind a similar epitope [27,74]. Specifically, X-ray crystallography revealed l-L-Hep can interact with SP-D
www.sciencedirect.com
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Figure 2

(a)

(b)
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Lectin recognition of exocyclic 1,2-diols. (a) Surface rendering of human intelectin-1 binding the exocyclic diol of allyl-b-D-Galf (PDB: 4WMY) [16].
The aromatic box in the ligand binding site, which is constrained by tryptophan 288 and tyrosine 297, is highlighted. (b) Surface rendering of
human SP-D binding the exocyclic diol of L-D-heptose (PDB: 2RIB) [27]. Calcium ions (green), oxygen atoms (red) are highlighted. The proteinbound carbohydrate ligands are depicted in the stick representation.

through coordination of the C7 and C8 exocyclic sugar
hydroxyl groups (Figure 2). Whether SP-D can recognize
other exocyclic diol containing hITLN-1 ligands is
unknown. Still, this example raises an interesting attribute of the soluble lectins–ligand redundancy. While the
lectin sequences can be tuned to engage select ligands,
there is redundancy in the ligands lectins bind, especially
within a structural class. Whether further studies that
examine a wider array of glycans will reveal finer differences in lectin binding properties is unclear. The ability
of different lectins to recognize similar microbial glycan
epitopes may be beneficial, as many pathogens have
related carbohydrate antigens [12]. In this way, different
microbes can engage multiple types of lectins to give rise
to different downstream immune responses [75]. Moreover, the cell-type or tissue-selective expression of different lectins elicit responses to relevant microbes. For
example, in the human gut, hIntL-1 may play the predominant role in recognizing exocyclic 1,2-diols of commensals while SP-D is induced during inflammation.
Challenges and advances in characterizing lectin
recognition

The properties of lectins raise challenges for identifying
their ligands. Lectins have a propensity to oligomerize
and aggregate. When coupled with the low affinity of
most monomeric protein–carbohydrate interactions, contaminating oligomers and aggregates can complicate the
analysis of lectin specificity. In this section, we outline
some of the issues we have encountered and some of the
strategies we have found effective in overcoming difficulties in determining lectin selectivity.
www.sciencedirect.com

The discovery that mucosal lectins (e.g., Reg proteins)
perform critical roles in host defense provides impetus to
probe the function and recognition properties of known
lectins. Lectin selectivity was historically assessed using
columns displaying immobilized polysaccharides or monosaccharides and/or elution with competitive carbohydrates
or chelating agents that complex calcium or other cations.
With access to mammalian and microbial glycan microarrays [9], it now is possible to use unbiased methods to
identify lectins that bind self and non-self glycan epitopes.
The advantages of continuing to probe lectin structure,
specificity, and function are illustrated by recent studies of
the lectin zymogen granule protein 16 (ZG16p) [32,76,77],
which revealed a jacalin-related beta-prism fold-containing
structure. This lectin architecture is well documented in
plant-derived lectins but no mammalian lectin adopting
this fold had been described (Figure 1g). Recognition of
peptidoglycan on Gram-positive bacteria by ZG16 was
recently shown to be critical in colonic mucosal barrier
function and spatial microbiota regulation within the
murine gut [78]. These findings provide impetus to
search for and explore other microbe-binding lectins.
Many of the lectins discussed in this review are glycosylated and/or function as disulfide-linked oligomers. In
generating soluble recombinant lectins, successful lectin
production is typically judged by protein binding to
immobilized carbohydrates. We have observed a curious
phenomenon that can give rise to irreproducible results:
misfolded and aggregated lectins can retain carbohydratebinding activity and this activity can depend on the
presence of calcium ions. Still, the ligand specificity for
Current Opinion in Structural Biology 2017, 44:168–178
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such non-native lectins differs dramatically from their
properly folded counterparts. Methods to verify that
recombinant lectins are folded and adopt a relevant
oligomerization state are therefore critical. Multiple techniques can be employed, including native polyacrylamide
gels, chemical crosslinking, size exclusion chromatography, small-angle X-ray scattering, and analytical ultracentrifugation [15].
With assays designed to assess lectin binding to the
glycans of intact bacteria, fungi, or parasites, we have
found irrelevant lectin—cell binding can occur through
interaction with glycans of other proteins present under
assay conditions (i.e., antibodies, cell surface glycoproteins) or through non-specific binding of aggregated lectins. Keeping the lectin concentration as low as possible
can ease aggregation. Moreover, lectins equipped with
reporter groups can be used to localize lectin binding to
cell surface glycans and to measure binding to individual
cells (i.e., microscopy or flow cytometry). In this way,
reproducible binding partners can be identified.
Many lectins depend on divalent ions for their structure
and/or for glycan binding. Experimental controls such as
addition of the chelator ethylenediaminetetraacetic acid
(for calcium-dependent lectins) or exposure to competitive ligands can separate interactions mediated by the
lectin CRD from those that occur through other binding
modes. In testing carbohydrate competitors, we have
found it beneficial to employ glycosides with defined
linkages rather than free monosaccharide competitors.
The latter can undergo ring opening and interconversion;
and in the open form, they can react with surface lysine
residues and thereby inhibit binding through non-specific
mechanisms. These strategies should help facilitate
reproducible lectin binding to cells or glycans.

Conclusion
The development of new tools to probe lectin specificity
and facilitate lectin discovery suggest exciting new avenues for understanding and exploiting lectin function. A
number of soluble lectins can recognize microbial glycans, but many of these have been tested for binding to
only a small number of possible glycan epitopes. The
advent of glycan microarrays displaying glycans from
microbes offers new opportunities to explore lectin specificity [9]. Expanding the arrays to include commensal
and mutualistic bacteria as well as fungal and parasitederived polysaccharides would provide the means to
further elucidate the specificity of lectins that function
in microbial surveillance. Moreover, small molecule and
glycopolymer probes targeted at lectins are emerging and
these add to the repertoire of approaches for understanding and controlling lectin function [79–81]. We anticipate
that the advances described above can be used to augment understanding of the host factors that regulate
microbial colonization and prevent infection.
Current Opinion in Structural Biology 2017, 44:168–178
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