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ABSTRACT: Glycan-binding proteins, or lectins, recognize
distinct structural elements of polysaccharides, to mediate myriad
biological functions. Targeting glycan-binding proteins involved in
human disease has been challenging due to an incomplete
understanding of the molecular mechanisms that govern protein−
glycan interactions. Bioinformatics and structural studies of glycan-
binding proteins indicate that aromatic residues with the potential
for CH−π interactions are prevalent in glycan-binding sites.
However, the contributions of these CH−π interactions to glycan
binding and their relevance in downstream function remain unclear.
An emblematic lectin, human galectin-3, recognizes lactose and N-
acetyllactosamine-containing glycans by positioning the electro-
positive face of a galactose residue over the tryptophan 181 (W181) indole forming a CH−π interaction. We generated a suite of
galectin-3 W181 variants to assess the importance of these CH−π interactions to glycan binding and function. As determined
experimentally and further validated with computational modeling, variants with smaller or less electron-rich aromatic side chains
(W181Y, W181F, W181H) or sterically similar but nonaromatic residues (W181M, W181R) showed poor or undetectable binding
to lactose and attenuated ability to bind mucins or agglutinate red blood cells. The latter functions depend on multivalent binding,
highlighting that weakened CH−π interactions cannot be overcome by avidity. Two galectin-3 variants with disrupted hydrogen
bonding interactions (H158A and E184A) showed similarly impaired lactose binding. Molecular simulations demonstrate that all
variants have decreased binding orientation stability relative to native galectin-3. Thus, W181 collaborates with the endogenous
hydrogen bonding network to enhance binding affinity for lactose, and abrogation of these CH−π interactions is as deleterious as
eliminating key hydrogen bonding interactions. These findings underscore the critical roles of CH−π interactions in carbohydrate
binding and lectin function and will aid the development of novel lectin inhibitors.
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■ INTRODUCTION
The presence of glycans on the surface of cells emphasizes the
need to understand how proteins recognize distinct carbohy-
drates.1−3 Lectins are nonantibody glycan-binding proteins
found in all kingdoms of life that mediate cell−cell interactions,
communicate vital information across cell types, and function
in host defenses against pathogens.4−7 Galectins are a class of
soluble lectins that act in these different capacities through
binding β-galactosides. There are at least 12 known human
galectins, which share a conserved protein fold in their
respective carbohydrate recognition domains (CRDs).8

Galectins are categorized into three classes based on structure:
prototype, chimeric, and tandem repeat galectins. Galectin-3,
the only known chimeric galectin, is ubiquitously expressed
throughout the body. Galectin-3 oligomerizes via its N-
terminal domain and plays numerous roles both intracellularly
and extracellularly in mediating immune responses, cell
adhesion and differentiation, and pathogen clearance.9,10

Dysregulation of galectin-3 function has been implicated in
pulmonary fibrosis, cardiovascular disease, and oncogene-

sis.11−14 The development of potent and selective glycan-
mimetic inhibitors of galectin-3 function therefore presents a
promising strategy to address a range of human diseases.15,16

To realize this promise, an enhanced understanding of
galectin-3 glycan recognition is required.
Protein−ligand interactions are typically driven by the

hydrophobic effect, in which a nonpolar ligand’s transition
from water, a highly polar environment, into the less polar
ligand binding site is enthalpically favored.17 Hydroxyl-rich
glycans are far more hydrophilic than most other small
molecule ligands. Thus, the glycan desolvation is less favorable
enthalpically relative to most protein−small molecule inter-
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actions, and the increased entropy from water displacement
from a binding pocket is not the major driver of glycan
binding.
Lectins rely on at least three types of molecular interactions

to drive ligand binding: hydrogen bonding, metal ion-mediated
glycan hydroxyl group coordination, and CH−π interactions.18

The strength and relative contributions of both hydrogen
bonding and metal ion−glycan interactions to lectin−glycan
binding have been quantified in protein active sites.19

Increasing evidence suggests that CH−π interactions, which
involve donation of electron density from an aromatic system
into the σ* orbital of a C−H bond, are key contributors to
glycan binding.20−23 Previous bioinformatic studies found that
aromatic residues, primarily tryptophan, are enriched in the
binding sites of glycan-binding proteins.24 Galectin-3 bears a
single tryptophan, W181, in its carbohydrate recognition
domain (CRD) that forms CH−π interactions with terminal
galactosides and poly-N-acetyllactosamine (LacNAc) motifs
(Figure 1A).25 All known mammalian galectins possess a
tryptophan residue in an analogous position, further suggesting
that this residue plays a role in binding glycans.26

The galectin-3 CRD is composed of two antiparallel β-
sheets, creating an extended binding site divided into subsites
A, B, C, and D that can accommodate as many as four
monosaccharide units.27 These subsites may also interact with
the side chains of glycosylated proteins, including mucins or
mucin fragments, as suggested by the tighter binding of
glycosylated proteins or peptides.28 With regard to saccharide
binding, however, subsite C, which governs binding to β-
galactoside-containing polysaccharides, is composed of a
conserved series of amino acids, including H158, N160,
R162, N174, and E184, which are positioned in close enough
proximity to form hydrogen bonds with LacNAc (Figure 1B).
The galectin-3 CRD additionally contains W181 located
centrally in the binding pocket. As indicated by a high-
resolution structure solved using X-ray crystallography, the
indole ring of W181 is aligned with the electropositive face of
galactose.27 The C3, C4, C5, and C6 C−H bonds of galactose
are located approximately 4 Å away from the galectin-3 W181
residue, placing these aliphatic protons in van der Waals
contact with the indole ring in a face-on orientation. This
protein−ligand alignment positions the key W181 indole ring
in an ideal orientation to form CH−π interactions, suggesting
that these interactions play a role in galectin-mediated
carbohydrate binding. A single amino acid mutation, W181R,

has been identified in gastric cancer, suggesting that this
CH−π interaction may be required for galectin-3 function.29

Conversely, human galectin-related protein (GRP) shares high
sequence homology with other human galectins but does not
bind carbohydrates. GRP has an arginine located in a
corresponding position to W181, suggesting that hydrogen
bonding alone is not sufficient for galactose binding.30 Thus,
with the goal of further understanding the molecular
mechanisms of lectin function, we sought to determine how
these CH−π interactions collaborate with the hydrogen
bonding to mediate galectin-3 glycan binding and function.
Previous studies used techniques, including nuclear mag-

netic resonance (NMR) spectroscopy, X-ray crystallography,
and molecular modeling, to quantify the strength of CH−π
interactions between glycans using peptides or small molecule
systems.31−35 NMR-based studies have shown that phenol,
benzene, and indole, present in the aromatic side chains of
tyrosine, phenylalanine, and tryptophan respectively, engage in
CH−π interactions with β-galactose in water.36 These aromatic
π systems preferentially interact with C−H bonds of the alpha
face of β-galactose even in the absence of a structured protein
active site. Importantly, the indole π system of the tryptophan
side chain forms stronger CH−π interactions relative to the
less electron-rich aromatic systems in the phenylalanine or
tyrosine side chains.20,37 Using a tryptophan-containing β-
hairpin model system to eliminate alternative cooperative
noncovalent interactions, the magnitude of CH−π interactions
between the indole π system and glucose or galactose
derivatives was calculated to be small (−0.5 to −0.8 kcal/
mol).31,32 In contrast, NMR and computational studies suggest
that CH−π interactions between fucose and benzene can
contribute 3.0 kcal/mol to binding.36

The previous studies establish that CH−π interactions can
contribute to the molecular recognition of carbohydrates by
synthetic receptors and to glycan binding in model systems.
The relative contributions and potential cooperativity of
CH−π interactions with other noncovalent interactions, such
as hydrogen bonding, that can occur in protein−glycan
interactions are poorly characterized. Thus, our understanding
of the contribution of CH−π interactions to glycan binding in
the context of a full protein active site and their role in the
function of glycan-binding proteins is limited.20

To this end, we investigated the role of CH−π interactions
in galectin-3 ligand binding and downstream function.
Specifically, we designed a series of galectin-3 W181 variants

Figure 1. Structure of the galectin-3 binding site. (A) The structure of the human galectin-3-lactose complex determined by X-ray crystallography
to 0.89 Å resolution (PDB code 3ZSJ). The lactose ligand (black) and W181 (light orange) are aligned to engage in a CH−π interaction. The C−
H bonds at positions 3, 4, 5, and 6 of the galactose residue are oriented over the indole ring with a favorable arrangement for the formation of three
CH−π interactions. (B) Close-up views of key galectin-3 residues that can form hydrogen bonding interactions with lactose.
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with aromatic and aliphatic amino acids in place of the native
tryptophan to evaluate the contributions of this key
interaction. We found that CH−π interactions are required
for galectin-3 function. Using isothermal titration calorimetry
(ITC), biolayer interferometry (BLI), and further validation
with computational modeling using molecular dynamics, we
show that disruption of either CH−π interactions or hydrogen
bonding interactions via alteration of a single amino acid can
abrogate glycan binding. These findings indicate that CH−π
and hydrogen bonding interactions functionally cooperate to
drive glycan binding by galectin-3. We also show that CH−π
interactions are required for downstream functions involving
multivalent interactions: hemagglutination and mucin binding.
These results highlight the essentiality of CH−π interactions in
galectin glycan binding and function, providing further insights
into the molecular recognition of glycan ligands by lectins.

■ RESULTS

Single Amino Acid Variants of W181 Galectin-3C Are
Stably Folded

The functional role of CH−π interactions in galectin-3 was
assessed using a toolkit of galectin-3 W181 variants (Figure
S1). We tested the importance of CH−π interactions on
galectin-3 function by generating W181 variants with aromatic
systems that vary in size and electron density, as well as
variants with nonaromatic side chains. To this end, we
examined tyrosine (W181Y), phenylalanine (W181F), and
histidine (W181H) variants. Our previous analysis of the
Protein Data Bank found that tryptophan is the most enriched,
but tyrosine is also overrepresented in carbohydrate binding
sites whereas phenylalanine is not.20 Thus, we further aimed to
learn whether these bioinformatic data reflect differences in
carbohydrate binding capacity. We also designed a variant with
histidine (W181H), which retains an aromatic ring but is much
less electron-rich relative to tryptophan and typically serves as
a hydrogen bond donor rather than a CH−π acceptor. We also
replaced W181 with methionine (W181M) to examine the
effects of a nonaromatic yet still hydrophobic amino acid on
galectin-3 glycan binding. Finally, we tested W181R, as this
galectin-3 variant occurs in gastric cancer but the mechanism
of pathophysiology is not known.29

To evaluate the glycan-binding capacity of these proteins
and eliminate downstream function as a potential confounding
variable, we recombinantly produced only the C-terminal
carbohydrate recognition domain (galectin-3C) for wild type
(WT) and all variants. Following expression and purification,
we compared the stabilities of the galectin-3C (Gal3C)
variants and WT by differential scanning fluorimetry (DSF)
using Sypro Orange, a hydrophobic dye that increases in
fluorescence emission upon increasing interaction with hydro-
phobic residues exposed during protein thermal denatura-
tion.38 We found that WT Gal3C, W181Y Gal3C, W181F
Gal3C, W181M Gal3C, and W181H Gal3C were stable at
room temperature and thus could be further evaluated for
glycan binding (Figure 2A, Figure S2). W181R Gal3C showed
no meaningful change in fluorescence emission over the course
of the experiment, suggesting that this variant is unable to fold.
Thus, we did not use this protein in functional assays.
Representative melting curves demonstrate a clear difference in
signal between proteins that are stably folded (WT Gal3C,
W181Y) as compared to W181R (Figure 2B). WT Gal3C was
more stable than all W181 variants. The Tm of W181M Gal3C

was slightly less than WT, and variantsW181Y, W181F, and
W181H all had a decrease in Tm of at least 10 °C. Pilot studies
indicated that an alanine variant (W181A) does not fold, so we
did not use it in further studies. Notably, among the three
folded aromatic W181 variants, the tryptophan derivative had
the highest stability.
Gal3C Variants Have Reduced Binding Affinity for Lactose
We hypothesized that disruption of CH−π interactions
between W181 and lactose, a canonical galectin-3 ligand,
would decrease binding. With a suite of stable W181 Gal3C
variants in hand, we used isothermal titration calorimetry
(ITC) to quantify their lactose-binding capacity. Because the
affinities of lectin−glycan complexes are relatively weak as
compared to many other types of protein−ligand interactions,
we specifically designed our ITC experiments to enhance the
precision of our measurements. First, when warranted, we used
three injection sizes (2, 5, and 10 μL) to afford a more
complete coverage of the binding curve at low lactose
concentrations. Second, we analyzed experiments using the
dissociation constant (Kd) as our primary determination of
lactose binding as opposed to ΔH because the dissociation
constant is less sensitive to errors caused by weak binding
affinity. Third, we set the number of sites (N) equal to 1 to
determine the association constant.39

Using this experimental protocol, we found that the Kd of
WT Gal3C for lactose is 110 μM, corresponding to a binding
energy of 5.4 kcal/mol (Figure 3A,B, Table S1). Substitution
of W181 with any other residue weakens the lactose
interaction (Figure S3). The phenylalanine and tyrosine
variants, which are smaller and less electron-rich than the
native tryptophan, had approximately 10-fold lower affinities
for lactose, corresponding to a loss in binding energy of 1.1
kcal/mol. Substitution of tryptophan with histidine, an
electron-poor aromatic system, decreases affinity of Gal3C
for lactose by 200-fold, corresponding to a 3.3 kcal/mol loss in
binding energy. Substitution of tryptophan with methionine
abrogated any detectable binding of Gal3C to lactose (Figure
3C). Collectively, these results underscore the importance of
CH−π interactions formed by the conserved tryptophan in
glycan binding.

Figure 2. Stability of Gal3C variants. (A) The melting temperature
(Tm) of wild-type galectin-3C (WT Gal3C) and W181 variants as
measured by differential scanning fluorimetry (DSF) using Sypro
Orange dye. All variants tested, with the exception of W181R.
displayed a Tm of at least 10 °C greater than 25 °C, the temperature
used for downstream glycan binding and functional assays. Bars and
whiskers indicate mean ± SEM from n = 3 independent biological
replicates. (B) Representative DSF melting curves for wild-type,
W181Y, and W181R Gal3C. Melting temperatures were determined
from the first derivative of fluorescence with respect to temperature.
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To compare the contributions of the putative CH−π
interactions to those of the endogenous hydrogen bonding
network in Gal3C, we also made two variants with disrupted
hydrogen bonding interactions. These include alanine
substitutions at active site residues H158 and E184 to abrogate
hydrogen bonding interactions with glycan ligands. The
H158A and E184A variants were stably folded at room
temperature (Figures S2B,C and S4A). We evaluated lactose
binding H158A and E184A using our previously described
ITC protocol and found no detectable interaction (Figure 3A,
Figure S4C,D). Thus, substitution of W181 with a non-
aromatic amino acid (W181M) or substitution of H158 or
E184 with alanine completely abolished binding of galectin-3
to lactose. These findings indicate that both hydrogen bonding
and CH−π interactions are required for lactose binding.
Although hydrogen bonding is known to be critical for glycan
binding, our studies indicate that CH−π interactions are at
least as important.
Gal3C Variants Do Not Bind LacNAc as Assessed by
Biolayer Interferometry
Because of the difficulties of measuring relatively weak
protein−ligand binding by ITC, we sought complementary
evidence of variant decreases in ligand binding. We therefore
used biolayer interferometry (BLI). Specifically, we loaded
streptavidin-coated biosensors with biotinylated LacNAc and
incubated them with varying concentrations of the four

proteins (Figure S5). As a control for specific LacNAc binding,
streptavidin-coated biosensors were exposed to biotin prior to
incubation with the Gal3C variants. Whereas WT Gal3C
showed robust binding to LacNAc above 0.6 μM, W181M
Gal3C, H158A Gal3C, and E184A Gal3C did not bind. In
combination with the ITC data, these results indicate critical
roles in glycan binding not only for hydrogen bonding but also
for CH−π interactions.
Gal3C Variants Demonstrate Differential Binding
Orientations by Molecular Dynamics Analysis

Gal3C variants W181M, H158A, and E184A had a binding
affinity for lactose below detectable levels as determined by
ITC and BLI. As such, we utilized a complementary means,
molecular dynamics (MD) simulations, to evaluate the glycan-
binding properties of these proteins (see “Computational
analysis of galectin-3 and variants” in the Supporting
Information for methods). Atomic coordinates for WT
Gal3C with bound lactose (PDB: 3ZSJ) were used to design
W181M, H158A, and E184A variants, which we employed to
assess the effects of the deleterious mutations on binding
conformation, ligand orientation, and overall energetics
(Tables S2 and S3).27

Over the course of our MD simulations, WT Gal3C
maintained a lactose-binding orientation consistent with the
X-ray-determined structure, with limited dynamic variability,
enabling the glucose subunit to form favorable hydrogen bonds
with adjacent charged arginine and glutamate residues (Figure
4A,C and Figure S6). All variants had higher dynamic
variability than the native protein and occupied at least one
alternate orientation in which the lactose ligand rotates to
adopt a different orientation (Figure S6). This latter
configuration caused galactose to form hydrogen bonds with
partners not observed with the native protein. Although some
CH−π interactions with W181 were maintained, the E184A
and H158A variant proteins often forced the glucose residue
out of the binding pocket (Figures S6−S8). In the E184A
variant, the lactose adopts an orientation that differs by 180°
(Figure S6C). The consequences are that the glucose residue
forms hydrogen bonds with H158, R162, N174, and CH−π
interactions with W181, whereas the galactose residue engages
in hydrogen bonds with W181 and K176 (Figures S6 and S7).
During the W181M MD simulations, we also observed
complete dissociation of lactose from the binding site (Figure
4B,D). These findings are consistent with the lack of detectable
binding to the Gal3C W181, H158A, and E184 variants.
Nearly all binding orientations observed during MD

simulations for WT Gal3C and Gal3C variants involve putative
CH−π interactions between C−H groups on lactose and
Gal3C residues. Even the W181M variant, which cannot form
CH−π interactions with position 181, occupies a binding
orientation in which H158 rotates to afford compensatory
CH−π interactions with the galactose residue (Figure S6).
Although CH−π interactions are consistently present in all
MD simulations, the participating hydrogen atoms vary and
can involve three to four C−H moieties on galactose (all
proteins), two to three C−H moieties on glucose (E184A), or
a combination of both (H158A and E184A) (Figures S6−S8).
Within the binding orientations that contain CH−π inter-
actions between galactose and W181 (e.g., WT Gal3C, W181F,
W181Y, and W181H), the interacting hydrogen atoms on the
galactose residue vary yet always include at least two hydrogen

Figure 3. Binding of Gal3C variants to lactose measured by
isothermal titration calorimetry (ITC). (A) Affinity of galectin-3C
variants. Experiments were conducted at 25 °C in galectin-3 assay
buffer. Bars and whiskers indicate mean ± SEM from at least n = 3
independent biological replicates. (B) Representative ITC trace for
wild-type Gal3C binding to lactose (Kd = 110 μM). (C)
Representative ITC trace for W181M galectin-3C titration with
lactose (no detectable binding).
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atoms that reside on carbon atom, 1, 3, 4, 5, or 6 (Figure 4 and
Figures S6−S8).
Modeled Binding Affinities for the Gal3C Variants Are
Reduced
To evaluate how the conformational differences above relate to
binding affinity and determine the contributions from each

amino acid, we performed energy decomposition analysis using
molecular mechanics-generalized Born and surface area
solvation (MMGBSA) to compute the binding free energies
(i.e., binding affinities) from the simulations as described in the
methods.40 The WT Gal3C binding affinity computed by
MMGBSA is −8.7 kcal/mol (Figure 4E and Table S4), similar
to the binding affinity of 5.4 kcal/mol determined by ITC. The
variant protein with the next strongest calculated binding
affinity is −3.4 kcal/mol of H158A, with a binding affinity
(Figure 4E and Table S4). This variant also had the least
variability in observed binding orientations (Figure S8). These
observations suggest some binding interaction between the
H158A variant and lactose. Neither ITC nor BLI could detect
such affinity, suggesting that the interaction is not strong
enough to be physiologically relevant (Figure 3A). The
W181M and E184A variants have calculated affinities of
−2.8 and −1.4 kcal/mol, respectively (Figure 4E and Table
S4). These are weaker calculated affinities than H158A,
suggesting that the interactions are weak and not physiolog-
ically relevant.
MMGBSA calculations permit decomposition of the

interaction strength into contributions from each residue.
For WT GalC, this analysis shows that R162, which
participates in hydrogen bonding with up to three oxygens
on lactose, contributes approximately −7 kcal/mol, the largest
favorable binding enthalpic contribution for all variants (Figure
S9 and Table S5). W181 has the next highest binding enthalpy
contribution of approximately −3 kcal/mol for all simulated
proteins excluding W181M (Figure S9 and Table S5). The loss
of the Trp residue, as explored in the W181M variant, results
in a substantial decrease in overall binding affinity, emphasizing
the importance of these CH−π interactions (Figure 4E). H158
and E184 have considerably smaller binding enthalpy
contributions as they form longer and less consistently
maintained hydrogen bonds. In the case of E184, they may
be less favorable than those formed by water (Figure S9 and
Table S5). Whereas the H158A variant binding affinity is
minimally affected as expected, the E184A variant binding
affinity is substantially perturbed because the loss of this
residue results in broken salt bridges with two nearby arginine
residues R183 and R186, shifting the binding environment
substantially (Figure 4E).

Figure 4. Molecular dynamics simulations of WT vs W181M Gal3C
and binding free energy of WT Gal3C and variants. Averaged binding
distances over time between WT Gal3C (A) or W181M (B) and the
lactose ligand using a 1 ns window. Binding distance is defined as the
distance between the center of mass of the lactose ligand and the
center of mass of the binding pocket residues H158, R162, W181 (or
M181), and E184 in Å. Each 200 ns run is shown in brick, dark grey,
and slate blue. The cutoff value of 6.25 Å that is used to determine if
the ligand is bound to galectin-3 is shown in black. (C, D) Total
RMSD in Å of all atoms in the ligand and the interacting WT (C) or
W181M (D) protein residues, H158, R162, W181 (or M181), and
E184, for all three simulations. (E) Binding free energy of WT Gal3C,
W181M, H158A, and E184A computed with MMGBSA. Bars and
whiskers indicate mean ± SEM.

Figure 5. Binding of Gal3C and variants to isolated porcine mucins. (A) Determination of strep-tagged WT Gal3C or variant binding to porcine
mucins MUC2, MUC5ac, and MUC5b using a dot blot assay. Purified mucins were spotted onto PVDF membranes and incubated with 10 μM of
WT Gal3C or variant bearing a C-terminal His6 tag. Protein binding was visualized with an anti-His6 HRP-conjugated antibody. (B) Binding of WT
Gal3C or variant with the addition of 50 mM lactose as a competitive glycan ligand. Mucin binding was quantified with the Fiji image suite and
normalized to the highest intensity signal observed. Bars and whiskers indicate mean ± SEM from n = 3 independent biological replicates.
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Gal3C Variants Minimally Bind Porcine Mucin
Glycoproteins

We next evaluated the consequences of disrupting either
galectin-3 CH−π interactions or the hydrogen bonding
network on the protein’s function. Galectin-3 is abundant at
mucosal barriers, where mucins, highly glycosylated proteins
that form major structural component of mucus, are highly

expressed.41 Mucin glycans help reduce microbial virulence,
trap microbial pathogens, and serve as a nutrition source for
commensal bacteria.42−44 Both cell surface and secreted
mucins bear N-acetyl-lactosamine repeats, and galectin-3
association with surface mucins MUC1 and MUC16
contributes to maintaining epithelial barriers.45−47 We there-
fore evaluated the capacity of WT Gal3C and all W181, H158,

Figure 6. Agglutination of mouse red blood cells (mRBCs) by galectin-3 and variants. (A) Percentage agglutination of mouse red blood cells by
full-length galectin-3 and W181 variants following 30 min of treatment. mRBC exposure to the W181H or W181M galectin-3 variants did not result
in hemagglutination at any concentration, nor did treatment with PBS as a negative control. (B) Agglutination of a 0.5% suspension of mouse red
blood cells in 96-well plates using dilutions of galectin-3 and W181 variants in PBS. Titer is shown in inverse concentration units. Plots depict at
least n = 3 independent biological replicates. (C) mRBCs with LacNAc in the absence of galectin-3. (D) Proposed model of galectin-3-mediated
mRBC agglutination by binding multiple blood cells per pentamer in a galectin lattice. Representative images of mRBCs treated with PBS (E), 200
μg/mL WT galectin-3 (F), W181Y (G), W181F (H), W181M (I), or W181H (J). Bars and whiskers indicate mean ± SEM. *P < 0.05; ***P <
0.001; ****P < 0.0001 by analysis of variance (ANOVA) with Tukey’s multiple comparison test.
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and E184 variants to bind three distinct secreted mammalian
mucins found at epithelial surfaces. This assay involves
multivalent interactions and thereby provides a distinct test
of the role of the importance of different side chain
contributions to binding. Specifically, we tested binding of
these variants to MUC2, which is primarily expressed in the
gastrointestinal tract, and MUC5ac and MUC5b, which are
primarily expressed in the respiratory tract.48 We evaluated
binding via a dot blot assay, where purified porcine mucins
were initially immobilized onto PVDF membranes. Following a
blocking step, membranes were incubated with either lectin
alone or the lectin in the presence of 50 mM lactose as a
competitive inhibitor.
WT Gal3C bound strongly to MUC2, MUC5ac, and

MUC5b (Figure 5A). This binding was inhibited with the
addition of lactose, suggesting that Gal3C's mucin binding is
mediated through glycan recognition (Figure 5B). W181F
Gal3C and W181Y Gal3C, variants that retain aromatic amino
acid side chains and weak CH−π interactions, showed slight
yet detectable binding to all three tested mucins. Again, lactose
inhibited these interactions. Similarly, the E184A and H158A
Gal3C variants also retained some mucin binding. Conversely,
the binding of W181M Gal3C and W181H Gal3C was
undetectable. Collectively, these results indicate that changes
in a single amino acid involved in hydrogen bonding or CH−π
interactions in Gal3C significantly decrease the capacity of the
protein to bind physiological ligands. This further highlights
that these two types of interactions are each critical for
recognition and demonstrates that CH−π interactions with
W181 are required for Gal3C’s mucin binding function.
Galectin-3 Variants Have Decreased Hemagglutination
Capacity

To further investigate the importance of the W181 CH−π
interactions, we asked whether disrupting these interactions
impairs hemagglutination. Galectin-3 can agglutinate murine
and human erythrocytes, a process that depends on multivalent
binding.49,50 This activity is driven by binding of the C-
terminal CRD to extended lactosamine-containing N-glycans
on erythrocyte membrane proteins and further oligomerization
of the protein mediated by the N-terminal domain.51,52 We
therefore tested whether W181 variants could agglutinate
murine erythrocytes to a similar level as WT. Because
agglutination requires the N-terminal domain in addition to
the CRD, we cloned and expressed full-length galectin-3 W181
variants. Native galectin-3 (200 nM) showed robust murine
erythrocyte (mRBC) agglutination (Figure 6A). Consistent
with previous calorimetry and mucin binding data, the W181F
and W181Y variants agglutinated mRBCs at 6.25 μM but not
at lower concentrations. Thus, these variants are approximately
30-fold less potent. No hemagglutination was observed with
W181M or W181H variants. We obtained similar results using
a plate-based hemagglutination assay, where galectin-3 W181
variants with a abrogated CH−π interactions could not
agglutinate mRBCs (Figure 6B). Thus, disrupting the W181
CH−π interactions has a dramatic effect on hemagglutination
activity and cell clustering, highlighting the critical role of these
interactions in galectin-3 function.

■ DISCUSSION
Lectin−glycan interactions play critical roles in biology.
Galectin-3 is a soluble lectin that binds to β-galactoside-
containing residues, and galectin-3-mediated inflammatory

signaling is associated with human diseases including
pulmonary fibrosis, cardiovascular disease, oncogenesis,
coronary artery disease, and Alzheimer’s disease.11−14,53,54 A
highly conserved tryptophan residue, W181, forms CH−π
interactions with galectin-3 glycan ligands. However, the
relative contribution of these CH−π interactions to galectin-
3-mediated glycan binding and function has not been
evaluated.
We thus designed and expressed a series of Gal3C W181

variants where we replaced the native tryptophan with amino
acids containing smaller aromatic systems (W181F, W181Y),
an electron-poor aromatic ring (W181H), or a hydrophobic,
nonaromatic side chain (W181M). As evaluated by ITC,
relative to WT Gal3C, the W181F, W181Y, and W181H
variants all exhibit reduced lactose binding. Notably, the
W181H variant, which possesses the most electron-poor
aromatic system, suffered the greatest loss of binding affinity.
Moreover, the W181M variant, which has a similar stability as
native Gal3C, exhibited no detectable binding to lactose,
indicating that the proximity of a nonpolar surface to the C−H
bonds of a β-galactose residue fails to promote binding. These
results are inconsistent with a model in which the main role of
the aromatic residue is to engage solely in hydrophobic
interactions. They indicate that an electron-rich aromatic
residue facilitates recognition of the electropositive face of the
galactose residue by Gal3C, highlighting the importance of the
W181 CH−π interaction. For comparison, we generated
Gal3C H158A and E184A variants, in which key hydrogen
bonding interactions were disrupted. As expected, abrogating
hydrogen bonding interactions disrupted lactose or LacNAc
binding. These findings indicate that hydrogen bonding and
CH−π interactions functionally cooperate to drive galectin-3-
glycan binding.
To evaluate the relevance of these CH−π interactions on

galectin-3 function, we assessed the variants’ capacity to
interact with mucins and agglutinate mammalian red blood
cells. These processes involve multivalent binding, so we
hypothesized that they would serve as sensitive reporters of the
contributions of different side-chain interactions. The H158A
and E184A variants were weak binders, as expected from the
importance of hydrogen bonding in glycan binding. Whereas
WT Gal3C strongly bound porcine MUC2, MUC5ac, and
MUC5b, interactions with the W181F, W181Y, W181H, and
W181M variants were minimal. Similarly, the H158A and
E184A variants minimally bound these mucins. Thus,
disrupting the key W181 CH−π interactions was as deleterious
as abrogating hydrogen bonding interactions. Indeed, full-
length galectin-3 agglutinated mRBCs, but W181 variants
bearing disrupted CH−π interactions did not. Thus, the W181
CH−π interactions are required for galectin-3 mucin and
hemagglutination functions, emphasizing the physiological
importance of this contribution.
Prior experimental analyses have suggested that CH−π

interactions contribute relatively weak stabilization that ranges
from 0.6 to 2 kcal/mol per monosaccharide−aromatic
interaction depending on the structure of the glycan and
aromatic partner.21 These and other studies have suggested
that CH−π interactions are less favorable than hydrogen
bonding interactions. Our MMGBSA calculations on snapshots
sampled from extensive (i.e, 200 ns) molecular dynamics
trajectories indicate that the W181 residue in native galectin-3
contributes 3.2 kcal/mol stabilization to lactose binding, which
is a greater energetic contribution than that of H158 or E184,
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two key hydrogen bonding partners. Although MMGBSA may
overestimate the binding contributions, it provides qualitative
support for the importance of W181 interactions. These
findings indicate that CH−π interactions can be more
favorable than hydrogen bonding interactions and may
contribute more to glycan binding than previously thought.
Our results build on previous studies and demonstrate the

essentiality of the CH−π interactions in galectin-3 function.
Our findings are consistent with those obtained by analyzing
linear free energy relationships of the interaction of β-methyl
galactose with substituted indoles in water.20 A larger,
polarizable aromatic π system of higher electron density
correlates with stronger Gal3C CH−π interactions with
lactose. Histidine is an especially weak π donor system because
of its electronics. Finally the lack of binding to the methionine
variant highlights the previously observed scarcity of aliphatic
residues in glycan binding sites.
Patients with biliary tract cancer and gastric adenocarcinoma

were identified to possess somatic mutations corresponding to
galectin-3 R162H and W181R variants, respectively.29 Our
MMGBSA calculations found that R162 and W181 are the
galectin-3 residues with the largest binding enthalpy
contributions to lactose binding. Further, we found that
recombinant W181R galectin-3 was not stably folded,
suggesting that this mutation is deleterious to galectin-3
function. Thus, identification of a mutation leading to variation
in a key hydrogen bonding residue (R162) or the residue
essential for the galectin-3 CH−π interactions (W181) in
cancer tissue suggests no functional galectin-3 would be
produced. These findings provide additional evidence that
these interactions are both required for glycan binding and
emphasizes the essentiality of the W181 CH−π interactions for
galectin-3 function. As functional galectin-3 is implicated in
cancer, additional studies examining the consequences of these
mutations on the production and maintenance of tumors are of
great interest.
Glycomimetic inhibitors of galectin-3 function can poten-

tially address numerous human diseases.55 Unlike hydrogen
bonding interactions, CH−π interactions are not available to
the carbohydrate ligand in solution. Thus, the entirety of the
CH−π interaction energy contributes to the binding energy of
the protein−carbohydrate interaction. Collectively, these
observations suggest the potential utility of designing
galectin-3 inhibitors by developing competitive ligands that
form a stronger W181−glycan interactions relative to
W181−β-galactose. Binding of galectin-3 to mucin glycopro-
tein MUC1 on epithelial cells increases epidermal growth
factor receptor (EGFR) activation and signaling, thereby
contributing to cancer progression.56 Further, galectin-3 leads
to an upregulation of MUC2 in human colon cancer cells,
suggesting a role in colon cancer metastasis.57 Our results
reveal that the disruption of the galectin-3 CH−π interactions
can inhibit galectin-3 mucin binding. This loss of function may
prevent galectin-mediated tumorigenesis and metastasis in
some cancers.

β-Galactose has the capacity to engage in especially strong
CH−π interactions because H5 is strongly electropositive due
to the inductive effect of the proximal ring oxygen and overlap
of the σC5−H‑5 bond with the σC4−O4* antibond.20 Further,
CH−π interactions are enhanced by the β-galactose axial 4-
hydroxyl group, which draws electron density away from the
aliphatic protons on C3 and C5, increasing their acidity and
enhancing the interaction with an aromatic system.20,24

Augmenting the CH−π interactions by further polarizing the
C−H bond or engaging in edge-on stacking with the
tryptophan π-system could enhance the ability of a
glycomimetic ligand to bind a lectin that employs CH−π
interactions to bind its glycan partner. From a protein
engineering perspective, our results suggest that CH−π
interactions can be exploited to engineer glycan affinity. This
strategy is conducive for engineering binding to saccharide
residues with strongly polarized CH bonds, including β-
galactose, β-galactosamine, β-mannose, and β-mannosamine.

■ CONCLUSIONS
Our results indicate that CH−π interactions with galectin-3
W181 are required for glycan binding, mucin binding, and
hemagglutination function. Abrogating CH−π interactions has
a similarly deleterious effect as abolishing hydrogen bonding
interactions, emphasizing the essentiality of these interactions
in driving galectin-3 binding to lactose. Decreasing the strength
of CH−π interactions dramatically impacts galectin-3′s ability
to participate in mucin binding and hemagglutination,
functions that depend on multivalent binding. Together, our
findings may be harnessed to develop novel inhibitors of
glycan-binding proteins including galectin-3 and engineer
carbohydrate-binding proteins with differential glycan selectiv-
ity for a range of basic science and therapeutic applications.
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