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Abstract
Charcot-Leyden crystals (CLCs) are the hallmark of many eosinophilic-based diseases, such as asthma. Here, we
report that reduced glutathione (GSH) disrupts CLCs and inhibits crystallization of human galectin-10 (Gal-10). GSH
has no effect on CLCs from monkeys (Macaca fascicularis or M. mulatta), even though monkey Gal-10s contain
Cys29 and Cys32. Interestingly, human Gal-10 contains another cysteine residue (Cys57). Because GSH cannot
disrupt CLCs formed by the human Gal-10 variant C57A or inhibit its crystallization, the effects of GSH on human
Gal-10 or CLCs most likely occur by chemical modification of Cys57. We further report the crystal structures of Gal-
10 from M. fascicularis and M. mulatta, along with their ability to bind to lactose and inhibit erythrocyte aggluti-
nation. Structural comparison with human Gal-10 shows that Cys57 and Gln75 within the ligand binding site are
responsible for the loss of lactose binding. Pull-down experiments andmass spectrometry show that human Gal-10
interacts with tubulin α-1B, with GSH, GTP and Mg2+ stabilizing this interaction and colchicine inhibiting it. Overall,
this study enhances our understanding of Gal-10 function and CLC formation and suggests that GSHmay be used as
a pharmaceutical agent to ameliorate CLC-induced diseases.
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Introduction
In 1853 and 1872, Jean-Martin Charcot and Ernst Viktor von Leyden
discovered the existence of hexagonal and bipyramidal Charcot-
Leyden crystals (CLCs) in spleen-rich eosinophils and in the sputum
of patients with bronchial asthma, respectively [1,2]. The primary
and tertiary structures of CLC protein are highly conserved [3–5] to
other galectins, and therefore referred to as galectin-10 (Gal-10) [6].
Gal-10 is overexpressed in eosinophils [7] and can spontaneously
form CLCs within these cells [8] or upon eosinophil lysis [9]. CLCs
are frequently observed in eosinophil-based diseases, such as acute
myeloid leukemia, mastocytoma [10], allergic rhinitis [11], celiac
disease [12], and eosinophilic cystitis [13]. Recently, a humanized
mouse model was used to demonstrate that CLCs directly induce
asthma [14]. Anti-Gal-10 antibodies can rapidly dissolve or disrupt

CLCs and reverse the symptoms caused by CLCs in the airway [14].
However, numerous reports indicate that Gal-10 does not always
form CLCs [15–17], suggesting that some as yet-unknown
compound(s) can inhibit Gal-10 crystallization and keep Gal-10 in
solution. These compound(s) may potentially be used as pharma-
ceutical agents against CLC/eosinophil-based diseases, such as
asthma. Here, we identified a few compounds that achieve this goal.

Gal-10 is a prototype galectin [18–20], and natural or recombi-
nant human Gal-10 readily crystallizes to form CLCs [21–26]. Our
previous studies demonstrated that two Gal-10 monomers form a
homodimer via interactions between the S-faces of their carbohy-
drate recognition domains (CRDs) [25,26]. In this regard, the global
form of Gal-10 is significantly different from that of other prototype
galectins, including Gal-1 [27], Gal-2 [28], Gal-7 [29], Gal-13
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[30–32], Gal-14 [33], and Gal-16 [33,34]. In human Gal-10 dimers, a
key tyrosine residue (Tyr69) from one monomer subunit interacts
with Tyr69 from the other subunit via aromatic-ring stacking, an
interaction that drives Gal-10 crystallization [14]. Antibodies
targeting the epitope around Tyr69 can dissolve/disrupt CLCs by
abolishing this aromatic-ring-stacking interaction [14]. However,
even though tyrosine is replaced by phenylalanine in Gal-10 from
other primates (such as Macaca fascicularis and M. mulatta), it is
unknown whether this substitution affects Gal-10 dimerization and
CLC formation.

In human galectins (e.g., Gal-1, Gal-3, and Gal-8), there are
several highly conserved residues within the canonical CRD-ligand-
binding site [25,35] to which β-galactosides (such as lactose) bind.
Compared to other galectins, human Gal-10 contains several amino
acid substitutions in its ligand binding site [25,35] that inhibit Gal-
10 binding to lactose [22,25,26]. Nevertheless, when CLCs are
soaked in high concentrations (~50% saturation) of various
monosaccharides, Gal-10 cocrystallizes with them [14,24], albeit
with low affinity. A BLAST comparison of the primary structures of
human and other primate Gal-10s (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) suggests that some primate Gal-10s may indeed be able to
bind to lactose.

Gal-10 can be found in cells within the nucleus [16,25,26],
granules [10], cytoplasm [17,36], outer-cell membrane [37] and
inner-cell membranes [38]. This suggests that there could be several
partners to which Gal-10 can bind and regulate distribution and/or
transport through cell membranes, as well as possibly regulating the
function of these partners. To date, only two enzymes (i.e.,
lysophospholipase [23] and RNases [39]) are known to bind to
Gal-10. However, there are likely other Gal-10 partners that remain
unidentified.

In the present study, we screened several compounds for their
ability to dissolve or disrupt CLCs and/or to inhibit Gal-10
crystallization. Our results showed that reduced glutathione
(GSH) can function in this way. We also solved the crystal
structures of Gal-10 from two monkeys (M. fascicularis and
M. mulatta) that cocrystallized with lactose. In both monkey Gal-
10s, phenylalanine replaces Tyr69, which promotes Gal-10 crystal-
lization. Pull-down experiments and mass spectrometry show that
Gal-10 binds to tubulin α-1B. Overall, our study reveals new
structural features and functions of Gal-10.

Materials and Methods
Cloning, protein expression, and purification
The genes for M. fascicularis and M. mulatta Gal-10s were
synthesized by SynBio Technologies (Monmouth Junction, USA)
and cloned into pET28a vectors (Novagen, Gibbstown, USA). All
constructs were transformed into E. coli BL21 (DE3) cells and plated
onto LB agar plates supplemented with 100 μg/mL kanamycin.
Following overnight culturing, E. coli BL21 (DE3) cells were scraped
from the agar plates and transferred into 10 mL of LB medium
containing 100 μg/mL kanamycin. This culture was then shaken at
37°C overnight. The following day, the LB medium containing E.
coli BL21 (DE3) cells was transferred into 1 L of LB medium and
shaken at 37°C. When the optical density of the cultures reached
0.6–1.2, IPTG (final concentration of 0.5 mM) was added to induce
protein overexpression.

After overnight induction at 25°C, cells were harvested by
centrifugation (6000 g for 15 min) and lysed by sonication in lysis

buffer that consisted of 10 mM Tris/HCl, pH 8.0, 150 mM NaCl,
2 mM β-mercaptoethanol, and 20 mM imidazole. The protein from
the clarified cell extract was purified using a Ni-NTA agarose
column (Qiagen, Hilden, Germany). After purification, the His-
tagged protein was dialyzed against 10 mM Tris/HCl, pH 8.0,
300 mM NaCl, and 2 mM β-mercaptoethanol, with thrombin (5 NIH
units per milligram of protein) added to remove the His tag.
SDS-PAGE demonstrated that the protein purity was >90%.
Proteins were concentrated to approximately 2 mg/mL and stored
at –80°C. Purification of human Gal-10 and two variants (C29A and
C57A) was performed according to published protocols [25,26].

Crystallization, data collection, and structure
determination
Crystals of M. fascicularis and M. mulatta Gal-10 were obtained
after 7 and 10 days from hanging drops that contained 1 μL of
2 μg/μL protein and 1 μL solution containing 2 M imidazole (for M.
fascicularis Gal-10) or 0.8 M imidazole (for M. mulatta Gal-10), pH
7.0, at room temperature. Prior to X-ray data collection, crystals of
M. fascicularis and M. mulatta Gal-10 were soaked for approxi-
mately 4 min in a reservoir solution supplemented with 20% (w/v)
PEG400, 20% (w/v) PEG400 and 10 mM lactose or 20% (w/v)
glycerol. Crystals were flash cooled in liquid nitrogen, and datasets
were collected at 100 K at the Shanghai Synchrotron Radiation
Facility (Shanghai, China).

The datasets were indexed and integrated using the program XDS
[40,41] and scaled using Aimless [42] from the CCP4 software
package [43]. Structures were determined using Phaser [44] and
molecular replacement with the structure of human Gal-10 (PDB:
5XRG) as the search model. Structure refinement and water
updating were performed using Phenix [45] refinement and manual
adjustment. Final structure validations were performed using
MolProbity [46,47], and figures of all structures were generated
using Chimera [48] and PyMOL (https://pymol.org/2/).

Hemagglutination assay
Chicken erythrocytes were prepared as described previously
[25,26]. The hemagglutination assay was performed in microtiter
V plates, with each well containing Gal-10s in 75 μL Tris buffer
(10 mM Tris-HCl, 150 mM NaCl, pH 7.5) or 75 μL Tris buffer and
25 μL 4% (v/v) chicken erythrocyte suspensions. Cells were added,
followed by shaking. Agglutination was allowed to proceed for
60 min on ice to ensure a consistent temperature. Lactose was used
to inhibit the activity of Gal-10s.

Pull-down experiments and mass spectrometry
Prior to pull-down experiments, HeLa cells were cultured in RPMI
1640 growth medium supplemented with 10% newborn bovine
serum and 100 units/mL penicillin-streptomycin at 37°C in an
atmosphere of 5% CO2/air. When the cell density reached
approximately 80%, HeLa cells were scraped from the plate and
treated with cell lysis buffer (50 mM Tris/acetate, pH 7.4, 0.5%
Triton X-100, 150 mM NaCl, and 0.1 mM PMSF) for 30 min on ice
and then centrifuged at 13,000 g for 15 min at 4°C. For pull-down
experiments, 50 μg of His-tagged Gal-10 and 50 μg of HeLa cell
lysate were incubated with 30 μL of Ni-NTA beads for 3 h at 4°C
with constant agitation by rotation. Then, Ni-NTA beads were
washed three times with PBS (136.8 mM NaCl, 2.7 mM KCl, 1 mM
Na2HPO4∙12H2O, and 0.18 mM KH2PO4, pH 7.2), supplemented
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with 20 mM imidazole. The beads were collected and subsequently
eluted with PBS, pH 7.2, supplemented with 500 mM imidazole. The
eluted supernatant was collected and boiled in SDS-PAGE sample
buffer and analyzed by SDS-PAGE. Protein bands were stained with
Coomassie Brilliant Blue R-250 reagent. A protein band, which was
specifically recovered with His-tagged Gal-10, was cut from SDS-
PAGE and subjected to mass spectrometry analysis at Suzhou
ProtTech Biopharmaceutical Company (Suzhou, China).

Western blot analysis
The pull-down procedures were the same as those described above.
The supernatant was analyzed by SDS-PAGE and transferred onto
PVDF membranes. The membranes were then blocked with 5%
nonfat dry milk in 1× PBST (PBS containing 0.05% Tween-20) for
1 h and incubated with anti-tubulin α-1B monoclonal antibody
(1:3000, D191049; Sangon Biotech, Shanghai, China) overnight at 4°
C, followed by incubation with HRP-conjugated goat anti-mouse IgG
(1:5000, 3585047; Nachuan Biotech, Changchun, China) after three
times wash with 1× PBST. All protein blots were developed using
an ECL Western Blotting Detection kit (TanonTM ECL, 180–5001;
Tanon, Shanghai, China). The effects of various compounds on the
binding between Gal-10 and tubulin α-1B were also examined.

Determination of various compounds on CLC formation
and dissolution.
Gal-10 could be crystallized in hanging drops that contained 1.8 μL

of 1 μg/μL protein and 0.2 μL 50% (w/v) PEG-3350 at room
temperature. To evaluate the effects of compounds on CLC
formation, Gal-10 was incubated with 96 molecules from an
additive screen (Hampton research) and several common com-
pounds found in the lab for 5 min prior to the addition of PEG-3350.
Then, the drops were equilibrated against 500 mL PBS, pH 7.2,
contained in the reservoir wells. Following overnight incubation,
the presence or absence of CLCs was evaluated with a microscope.

To evaluate the potency of various compounds to solubilize
CLCs, CLCs were transferred from the hanging drops mentioned
above into 1.8 μL PBS, pH 7.2. Then, 0.2 μL of various compounds
was added to the drops. The drops were also equilibrated against
500 ml PBS, pH 7.2, contained in the reservoir wells. The effects of
various compounds on the dissolution of CLCs were recorded with a
camera under a microscope.

Results
Crystal structures of M. fascicularis andM. mulatta Gal-10
Following purification of Gal-10 from M. fascicularis and M.
mulatta, we set up crystallization screens with both proteins. As
with human Gal-10 [21–26], both monkey Gal-10s could be crystal-
lized under different conditions, crystallizing as hexagonal bipyr-
amidal crystals whose form is similar to that found in human
Charcot-Leyden crystals (Figure 1A–C). Here, we solved their apo
and lactose-bound structures by X-ray crystallography (Figure 1D–F).

Both monkey Gal-10 molecules crystallized as dimers, with

Figure 1. CLCs and crystal structures of Gal-10s (A–C) CLCs from humans,Macaca fascicularis andMacaca mulatta. All CLCs have hexagonal and
bipyramidal forms. (D–F) Crystal structures of human Gal-10,Macaca fascicularis Gal-10 andMacaca mulatta Gal-10. All these Gal-10s crystallized
as dimers.
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similar global folds to human Gal-10 (Figure 1D–F), each forming
dimers via interactions between their CRD S-faces. Gel filtration
(Supplementary Figure S1) showed that the hydrodynamic sizes of
all three Gal-10s were essentially the same, with the peak for human
Gal-10 eluting at 12.16 mL and those of M. fascicularis and M.
mulatta Gal-10 eluting at 11.41 mL and 11.61 mL, respectively
(Supplementary Figure S1). The molecular weights of human, M.
fascicularis and M. mulatta Gal-10s were calculated to be 25.4 kDa,
31.6 kDa and 29.8 kDa, respectively. In all instances, these
molecular weights indicate the formation of dimers.

Crystal structure parameters for the two monkey Gal-10s are
provided in Supplementary Table S1 and are highly similar to those
for human Gal-10 [14]. Monomers of Gal-10 from M. fascicularis
and M. mulatta contain the same number of β-strands as human
Gal-10, with six β-strands (S1–S6) forming the sugar binding S-face
and five β-strands (F1–F5) forming the opposing F-face (Figure 2) in
the β-sandwich fold of their CRDs. Compared to human Gal-10
(PDB: 5XRH), differences in Cα root-mean-square deviations
(RMSDs) are less than 2 Å, indicating that the global structures of
monkey Gal-10s are similar to that of human Gal-10 (Figure 2,
overlay figure). In terms of appearance and crystal-structure
parameters, crystals of both monkey Gal-10s are Charcot-Leyden
crystals, indicating that M. fascicularis and M. mulatta are suitable
animal models to investigate Gal-10 as a pharmacological target for
CLC-based diseases, such as asthma.

Ligand binding sites of Gal-10 from M. fascicularis and
M. mulatta
We and other groups were not able to cocrystallize human Gal-10
with lactose, even when CLCs were soaked in relatively low
concentrations of lactose or CLCs were grown from a buffer
containing lactose [22,25,26]. However, Gal-10 could be cocrys-
tallized with several monosaccharides when crystals were soaked in
high concentrations of these sugars [22,14,24]. Here, we soaked M.
fascicularis and M. mulatta CLCs in a buffer containing 10 mM
lactose prior to freezing crystals in liquid nitrogen. After we
collected the X-ray diffraction data, we solved the structures and

could clearly observe lactose bound to both monkey-derived Gal-
10s (Supplementary Figure S2).

To assess why human Gal-10 cannot bind to lactose, we
compared its ligand binding site with those of the two monkey
Gal-10s, along with those of human Gal-3 and Gal-8 N (Figure 3A).
In the ligand binding sites of these galectins, there are six conserved
residues. In all of these galectins, His53, Asn65 and Trp72 have
analogous positions. However, compared to the other galectins,

Figure 2. Overlay of human Gal-10 (green),Macaca fascicularis Gal-10
(cyan) and Macaca mulatta Gal-10 (purple) Three Gal-10s have
similar structures. All of them have six and five β-strands at their CRD
S- and F-faces, respectively. Macaca fascicularis Gal-10 and Macaca
mulatta Gal-10 could be cocrystallized with lactose, but human Gal-10
could not.

Figure 3. The ligand binding sites of Gal-10s (A) Comparison of
ligand binding sites of human Gal-10 (green),Macaca fascicularis Gal-
10 (cyan) and Macaca mulatta Gal-10 (purple) with Gal-3 (PDB: 4R9C,
blue) [50] and Gal-8 N-terminal CRD (PDB: 5GZD, gold) [51]. Except
human Gal-10, all other four galectins could bind to lactose. There are
six conserved residues in the ligand binding site of these galectins.
Human Gal-10 has a cysteine residue at position 57, while Macaca
fascicularis Gal-10,Macaca mulatta Gal-10, Gal-3 and Gal-8 N-terminal
CRDs have tyrosine and arginine residues at the same position. In
addition, there is a glutamine residue at position 75 of human Gal-10,
but all other galectins have a glutamate at the same position. Because
of these two variations, human Gal-10 could not bind to lactose. The
tyrosine residues of Macaca fascicularis Gal-10 and Macaca mulatta
Gal-10 could indirectly stabilize lactose through a water molecule (W1
and W2, respectively). (B) The function of a glutamate residue outside
the ligand binding site. The side chain of human Gal-10 Glu33 could
directly reach the ligand binding site of another monomer. Therefore,
Glu33 influences the interaction of human Gal-10 with lactose. The
mutation of Glu33 to alanine could recover human Gal-10 binding to
lactose [26]. In contrast, lactose bound to Macaca fascicularis Gal-10
and Macaca mulatta Gal-10 could directly influence the conformation
of the glutamate residues (Glu33 and Glu36, respectively). (C) Human
Gal-10 (green), Macaca fascicularis Gal-10 (cyan) and Macaca mulatta
Gal-10 (purple) could bind to glycerol.
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human Gal-10 has several differences involving residues Gln55,
Cys57 and Gln75. Gln55 in human Gal-10 is replaced by either
glutamine or asparagine in the other galectins. Nevertheless,
changes from glutamine to asparagine and vice versa should not
affect lactose binding. In human Gal-10, position 57 is a cysteine,
whereas in M. fascicularis and M. mulatta Gal-10, there is a tyrosine
(Tyr57 and Tyr60, respectively), and in Gal-3 and Gal-8 N, there are
arginine residues (Arg162 and Arg68, respectively). Nevertheless,
only human Gal-10 does not bind to lactose. Because Cys57 in
human Gal-10 has a shorter side chain than tyrosine or arginine and
its sulfhydryl group is not oriented toward the lactose binding site,
Cys57 cannot coordinate with lactose, thus resulting in loss of
lactose binding in human Gal-10.

In addition, Gal-3 Arg162 and Gal-8 Arg69 directly interact with
lactose through their guanidine side chains. In contrast, Tyr57 in M.
fascicularis Gal-10 and Tyr60 in M. mulatta Gal-10 can indirectly
stabilize lactose via a water bridge (W1 and W2 in M. fascicularis
and M. mulatta Gal-10, respectively), based on our previous study
with Gal-13 variants in which a water molecule could mediate
interactions between arginine and lactose [49]. In human Gal-10,
there is a glutamine at position 75 (Gln75), whereas in the other four
galectins, there is glutamate. Gln75 at this position may also
decrease the ability of human Gal-10 to bind to lactose.

Because ligand binding sites in Gal-10 monomers face each other
in the dimer state, the side chain of Glu33 from one monomer
directly reaches the ligand binding site of the other monomer, thus
affecting lactose binding. In a mutagenesis study with human Gal-
10, we found that the E33A mutant could bind to lactose [26].
Because alanine has a shorter side chain than glutamate, it
apparently does not enter the lactose binding space (Figure 3B).
Both monkey Gal-10s have glutamate residues (Glu33 and Glu36) at
the same position as human Glu33, yet lactose can still bind stably
to these two monkey-derived Gal-10s (Supplementary Table S1). In
both instances, lactose binding distorts the conformation of the
glutamate (Figure 3B), indicating that this must be an optimal
orientation of this residue for Gal-10 to bind to lactose. As with
human Gal-10, both M. fascicularis and M. mulatta Gal-10 can be
cocrystallized with glycerol (Figure 3C), which adopts a similar
conformation to part of the galactose ring in lactose. Therefore,
many galectins [25,30,50,51] bind to glycerol when used as a
cryoprotectant.

Because M. fascicularis and M. mulatta Gal-10 can bind to
lactose, we performed hemagglutination assay using chicken
erythrocytes to evaluate the inhibitory effects (MIC values) of
lactose on the two monkey Gal-10s. Human Gal-10 induces
agglutination with a minimum agglutination concentration (MAC)
of 3.1 μg/mL, consistent with previous results [25]. Whereas the
MAC value for M. fascicularis Gal-10 is the same as that for human
Gal-10, the MAC value for M. mulatta Gal-10 is much lower at
1.562 μg/mL (Figure 4). In addition, whereas human Gal-10
hemagglutination could not be inhibited by lactose [25], lactose
inhibits hemagglutination mediated by both M. fascicularis and M.
mulatta Gal-10s with MIC values of 12.5 mM and 6.25 mM,
respectively (Figure 4). In these experiments, we used human
Gal-10 and sucrose as negative controls.

Reduced glutathione dissolves CLCs and inhibits Gal-10
crystallization.
Anti-Gal-10 antibodies that block the dimer interface at Tyr69 in the

Gal-10 CRD rapidly dissolve or disrupt CLCs in <90 min and
reverse asthmatic symptoms induced by CLCs [14]. Therefore, we
hypothesized that small compounds that can bind to Gal-10 to
disrupt dimer formation may also dissolve/disrupt CLCs and be
more effective in treating eosinophil-based diseases caused by
CLCs. Here, we investigated the use of small molecules to assess
whether they could disrupt CLCs and inhibit Gal-10 crystallization.

In Gal-10 from humans, M. fascicularis and M. mulatta, Tyr69,
Phe69 and Phe72, respectively, are critical hotspots for crystal
packing, with their aromatic side chains from two homodimers
stacking in crystal-packing contacts (Figure 5). In our human Gal-10
dimer structure, electron density maps show that the two Tyr69
residues do not exhibit normal conformations, with their phenyl
rings being so close as to appear to be covalently linked
(Supplementary Figure S3). In addition, symmetry-related Tyr69
residues are concentrated within the lattice planes defined by the a
and b axes of the unit cell and project outwards toward the edges of
the human CLC lattice. This is why antibody binding to the region
around Tyr69 effectively disrupts human CLCs [14].

Based on the above observations, we hypothesized that the free
amino acids glycine, proline, cysteine, tyrosine, tryptophan, and
phenylalanine may influence the aromatic ring stacking of Tyr69
residues. However, even 50 mM of these amino acids could not
disrupt CLCs. Moreover, none of 50 mM urea, Triton X-100, Tween
20, NP-40 and common reducing agents DTT and β-mercaptoetha-
nol had any effect on CLC formation. In contrast, NaOH effectively
dissolved CLCs, which is consistent with previous studies [52].

Unlike DTT and β-mercaptoethanol, however, we discovered that
reduced glutathione could effectively disrupt human CLCs (Figure 6
and Table 1). Reduced glutathione (12.5 mM) dissolved human
CLCs in less than 92 s (Table 1). On the other hand, glutathione
does not dissolve CLCs formed by monkey Gal-10 (Table 1). This
indicates that the intrinsic characteristics of human and monkey
CLCs are different. When we compared the primary and tertiary
structures of these three Gal-10s, we found that Cys57 in human
Gal-10 is located at a position analogous to that of Tyr57 and Tyr60
in the two monkey Gal-10s (Figure 5). Therefore, we tested the
effects of glutathione on CLCs formed by the human Gal-10 C57A
variant. After 6 hours of incubation, glutathione could not dissolve
CLCs. This means that glutathione disrupts CLCs via its Cys57

Figure 4. Hemagglutination assay with human Gal-10, Macaca
fascicularis Gal-10 and Macaca mulatta Gal-10 (A) Human Gal-10,
Macaca fascicularis Gal-10 and Macaca mulatta Gal-10 induce
agglutination of chicken erythrocytes. (B) Macaca fascicularis Gal-10
and Macaca mulatta Gal-10 induce agglutination of chicken erythro-
cytes that can be inhibited by lactose, with lactose having no effect on
human Gal-10. (C) Sucrose could not inhibit hemagglutination
induced by all three Gal-10s.
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residue, which is part of the ligand binding site on the CRD S-face.
We hypothesized that glutathione might in fact influence the
crystal-packing contact regions or change the global conformation
of human Gal-10 by chemically modifying Cys57 to disrupt CLC
formation. In addition, human Gal-10 contains another cysteine
(Cys29) that is positioned not far from the ligand binding site
outside the loop connecting the S5 and S6 β-strands. We found that
glutathione disrupts CLCs formed with the C29A variant.

To better understand how CLCs are disrupted, we performed a
CLC formation inhibition assay and found that 3 mM reduced
glutathione effectively inhibits crystallization of human Gal-10.
This suggests that it is easier for reduced glutathione to inhibit Gal-
10 crystallization than to disrupt the already formed CLCs that
require 12.5 mM GSH, an observation that is physiologically
significant. In the cytoplasm, the concentration of reduced
glutathione can reach 11 mM [53] and thus can inhibit Gal-10-
mediated CLC formation. When Gal-10 is transported into the
extracellular region where glutathione is normally in its oxidized
state, Gal-10 quickly crystallizes. In addition, even 50 mM GSH does
not inhibit crystallization of human Gal-10 C57A, monkey Gal-10
M1 or monkey Gal-10 M2 (Table 2). This supports our conclusion
that GSH inhibits crystallization of human Gal-10 by chemically
modifying Cys57.

Interaction between Gal-10 and tubulin α-1B.
To further understand the intracellular function of Gal-10, we
employed pull-down experiments and mass spectrometry (MS) to
identify protein partners with Gal-10. Here, we incubated HeLa cell
lysates with His-Gal-10 and pulled down any Gal-10-binding
partners using Ni-NTA beads, followed by SDS-PAGE and Coo-
massie blue staining (Figure 7A). The results show that Gal-10
indeed interacts with some HeLa cell-extracted protein(s) that we
could identify by MS analysis of extracted SDS-PAGE bands. Several
proteins, including tubulin α-1B and putative elongation factor 1-α-
like 3, were identified by Nano-LC-ESI-MS/MS (Supplementary
Table S2). MS parameters indicated that the band is most likely
tubulin α-1B, a subtype of α-tubulin. Tubulin is found in all
eukaryotic cells and is present in multiple isoforms. In mammals,
there are at least six forms of α-tubulin, along with a similar number
of β-tubulins, each encoded by a different gene. These forms of
tubulin are very similar, and they generally copolymerize into

Figure 5. Key residues at the crystal packing contacts and dimer
interface (A) Tyr69, located at the crystal packing contact site, could
directly drive human Gal-10 CLC formation [14]. Cys29 and Cys57 from
one human Gal-10 monomer face interact with the S-face of the other
monomer. (B,C) Phe69 and Phe72 of Macaca fascicularis Gal-10 and
Macaca mulatta Gal-10 play the same role as Tyr69 in human Gal-10.
These residues can also promote monkey Gal-10 crystallization. Both
Macaca fascicularis and Macaca mulatta Gal-10 have a conserved
cysteine similar to human Gal-10 Cys29. However, there is a tyrosine
residue in Macaca fascicularis Gal-10 and Macaca mulatta Gal-10,
whereas human Gal-10 has Cys57.

Figure 6. Time course assay of GSH, GSSG, and NaOH on the formation of human CLCs 25 mMGSH, 25 mMGSSG, and 25 mMNaOH effectively
dissolved human CLCs.
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mixed microtubules in vitro. In cells and tissues, microtubules are
found at distinct locations with subtly different functions [54].

Using anti-tubulin α-1B antibodies and western blot analysis, we
validated the binding between Gal-10 and tubulin α-1B (Figure 7B).
Whereas this experiment showed that Gal-10 indeed binds to
tubulin α-1B, tubulin α-1B in HeLa cell extracts (negative control)
could not bind to Ni-NTA beads, indicating that binding between
Gal-10 and tubulin α-1B is specific.

In the CLC disruption assay, we examined whether several
compounds (i.e., GSH, GSSG, DTT, β-mercaptoethanol and NaOH)
could modulate the interactions between Gal-10 and tubulin α-1B.
Our results show that GSH and GSSG significantly improve the
binding between Gal-10 and tubulin α-1B, disrupt CLCs, and inhibit
Gal-10 crystallization (Figure 8A). On the other hand, DTT only
slightly increased the binding between Gal-10 and tubulin α-1B,

whereas β-mercaptoethanol had no effect, and NaOH completely
inhibited this binding, possibly by somehow modifying the overall
fold of either or both proteins (Figure 8A).

Subsequently, we examined the concentration dependence of
GSH, GSSG and DTT on Gal-10/ tubulin α-1B binding. At 5 mM,
these compounds increased Gal-10/ tubulin α-1B binding the most
(Figure 8B–D). In the CLC disruption assay, GSH and GSSG were
most effective, supporting the idea that both compounds can modify
the global conformation of Gal-10 and/or stabilize the structure of

Table 1. CLC dissolution assay

3.125 mM (A/B/C) 6.25 mM (A/B/C) 12.5 mM (A/B/C) 25 mM (A/B/C) 50 mM (A/B/C)

Gal-10 (*/*/*) (*/*/*) (92s/56s/35s) (64s/32s/12s) (22s/22s/10s)

Gal-10 C29A (*/*/*) (*/*/*) (18s/136s/*) (16s/96s/75s) (6s/64s/47s)

Gal-10 C57A (*/*/*) (*/*/*) (*/*/*) (*/*/*) (*/*/*)

Macaca fascicularis Gal-10 (*/–/–) (*/–/–) (*/–/–) (*/–/–) (*/–/–)

Macaca mulatta Gal-10 (*/–/–) (*/–/–) (*/–/–) (*/–/–) (*/–/–)

A=reduced glutathione, B=oxidized glutathione, C=NaOH.
“*” means the compounds could not dissolve the proteins within 6 hours.
“–” means the effects were not determined.

Table 2. Inhibition of Gal-10 crystallization assay

The lowest concentration of glutathione
that can inhibit protein crystallization

Gal-10 3 mM

Gal-10 C29A 3 mM

Gal-10 C57A *

Macaca fascicularis Gal-10 *

Macaca mulatta Gal-10 *

“*” means that 50 mM GSH could not inhibit human Gal-10 C57A, monkey Gal-10
M1 and M2 crystallization.

Figure 7. Determination of the interactions between Gal-10 and
tubulin α-1B (A) His-tagged Gal-10 can specifically recover a protein
from HeLa cell lysates. After SDS-PAGE, the protein band (indicated
by an arrow) was cut from the gel and subject to MS analysis, which
showed that the greatest possibility for the Gal-10 binding protein was
tubulin α-1B. (B) His-tagged Gal-10 was incubated with HeLa cell
lysates and pulled down with Ni-NTA beads, followed by western
blotting analysis with antibodies against tubulin α-1B. TUBA1B:
tubulin α-1B

Figure 8. Effects of various compounds on the binding between Gal-
10 and tubulin α-1B (A) GSH, GSSG and DTT (5 mM) stabilize the
interaction between Gal-10 and tubulin α-1B, whereas β-mercaptoetha-
nol cannot. (B‒ D) Concentration gradient assays of the effects of GSH,
GSSG and DTT on the interaction between Gal-10 and tubulin α-1B. (E‒
H) Effects of GTP, Mg2+, GTP+Mg2+ and colchicine on the interaction
between Gal-10 and tubulin α-1B. The presence of GTP, Mg2+, and
GTP+Mg2+ enhances the binding between Gal-10 and tubulin α-1B.
However, as the concentration of colchicine increases, colchicine
tends to inhibit the binding between Gal-10 and tubulin α-1B.
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tubulin α-1B to enhance intermolecular interactions. Although
DTT is also a reducing agent similar to GSH, it had no effect on
Gal-10.

We also investigated the effects of GTP, Mg2+ and colchicine on
Gal-10/ tubulin α-1B binding. Microtubules are polymers of tubulin
heterodimers composed of GTP-bound α- and β-tubulin molecules
that associate laterally to form hollow microtubules. The GTP-Mg2+

that is bound to α-tubulin is physically trapped at the dimer
interface and is not hydrolyzed or exchanged and, as such, is an
integral part of the tubulin heterodimer structure. Colchicine can
bind to soluble tubulin to form tubulin-colchicine complexes. At
low concentrations, colchicine arrests microtubule growth, but at
higher concentrations, it promotes microtubule depolymerization
[55]. Here, we found that GTP and Mg2+ increase the binding
between Gal-10 and tubulin α-1B (Figure 8). In contrast, the
presence of colchicine in the pull-down buffer slightly inhibits the
interaction between Gal-10 and tubulin α-1B, implying that
colchicine binding to tubulin α-1B and/or colchicine-induced
microtubule disruption attenuate the binding between Gal-10 and
tubulin α-1B.

Discussion
In 1872, Ernst Viktor von Leyden described the colorless CLCs
found in the sputum of asthma patients [2]. Later studies showed
that CLCs are present in the respiratory tracts of asthmatic patients
[14,56]. Recently, mouse experiments showed that CLCs can
directly cause asthma [14], and in a humanized mouse model of
asthma, anti-CLC antibodies disrupted CLCs and reversed crystal-
driven inflammation, goblet-cell metaplasia, immunoglobulin E
(IgE) synthesis, and bronchial hyperreactivity (BHR) [14]. Here, we
found that GSH also disrupts CLCs and inhibits CLC formation. In
fact, GSH is the most abundant antioxidant found in the epithelial
lining fluid of airways, with concentrations ~140-fold higher
(approximately 429 μM) than that observed in plasma (approxi-
mately 3 μM) [57]. In addition, GSH can also significantly delay
apoptosis in sodium arsenite-stimulated or -unstimulated eosino-
phils [58]. Even though 1 mM GSH was used in that study, we
thought that approximately half that concentration (i.e., 429 μM)
could be effective. If the lower concentration of GSH in eosinophilic
asthma patient airways does not prevent eosinophil apoptosis, Gal-
10 release may induce CLC formation and promote asthma.

In addition, GSH is the predominant intracellular thiol, and GSSG
concentrations are typically very low. Inside the cell, CLC formation
is dependent on the GSH concentration, which ranges from 1 to
11 mM [53]. However, at 3 mM, GSH inhibits CLC formation,
whereas at lower concentrations, it does not. The fact that the
concentration of GSH in the cytoplasm fluctuates may help explain
why Gal-10 sometimes forms CLCs in the cytoplasm and at other
times does not. The concentrations of GSH and GSSG outside the
cell are usually 100 to 1000 times less than those inside the cell [59],
leading to spontaneous formation of CLCs when Gal-10 is released
from eosinophils [9,15,22]. The GSH concentration in that environ-
ment is likely to be too low to inhibit CLC formation. Therefore, GSH
has a dual function by inhibiting both eosinophil apoptosis and CLC
formation. Both GSH-mediated events can relieve asthmatic
symptoms.

Because GSH is already available on the market, further
investigation as to whether GSH can be used to treat eosinophilic
diseases, such as asthma, is warranted, with animal experiments

likely leading the way. The Gal-10 gene is only present in primates
[35,60], and in biomedical research, M. fascicularis and M. mulatta
are widely used monkey models [61,62]. In both species, the Gal-10
gene is present with only a few amino acid variations in their ligand
binding sites (Tyr57/60 and Glu75/78, respectively) compared to
those of human Gal-10 (Cys57 and Gln75). Moreover, our crystal
structures and hemagglutination assays demonstrate that these
monkey Gal-10s can bind to lactose, whereas human Gal-10 cannot,
indicating that lactose binding to human Gal-10 is not crucial for its
primary physiological function. During evolution, the human Gal-
10 gene encoding tyrosine (TAC) and glutamate (GAG) was mutated
to cysteine (TGC) and glutamine (CAG), respectively, causing
human Gal-10 to lose its ability to bind to lactose or galactose. Most
importantly, human CLCs can be applied directly in the airways of
these monkeys to assess the effects of GSH on CLCs because their
CLCs are insensitive to GSH or GSSG. Alternatively, one could
knock out the Gal-10 gene in monkeys and knock in the human Gal-
10 gene to assess the effect of GSH on CLCs. Overall, our present
study supports the idea of using these models to explore the effect of
GSH on CLC formation.

Gal-10 is also found in the outer cell membrane of T cells, where it
can suppress T-cell function [37]. Previous studies with human
peripheral eosinophils have demonstrated that there is a large
amount of Gal-10 in the nucleus [16,63]. Our previous work with
Gal-10 indicated that EGFP-tagged lectin is primarily distributed in
the nucleus of HeLa cells [25]. Other reports have shown that Gal-10
is also located in the cytoplasm [17,36,64]. However, a recent study
showed that Gal-10 is not stored in granules but rather resides in the
peripheral cytoplasm of human eosinophils [38].

Although the distribution of Gal-10 in cells has been extensively
investigated, the function of Gal-10 in cells remains unknown or
unclear. To date, only two enzymes have been found to bind to Gal-
10, i.e., lysophospholipase [23] and eosinophil granule cationic
RNases [eosinophil-derived neurotoxin (RNS2), as well as eosino-
phil cationic protein (RNS3)]. These proteins arise during cell
differentiation and degranulation to enable intracellular packaging
and extracellular allergic inflammation [39]. Here, we discovered
that Gal-10 also binds to tubulin α-1B, an abundant protein within
the cell. Therefore, we hypothesized that this interaction may
regulate the distribution or secretion of Gal-10 via its binding to
tubulin. However, the details of this interaction require further
investigation.

In summary, we discovered that GSH, a common reducing agent
in the human body, disrupts CLCs and inhibits Gal-10 crystal-
lization. As a pharmaceutical drug, GSH has the potential to combat
eosinophilic-based diseases induced by CLCs. We also found that
Gal-10 from M. fascicularis and M. mulatta promoted CLC
formation. The crystal structures of both Gal-10s show that they
can bind to lactose, unlike human Gal-10, due to an evolutionary
mutation of two key lactose binding residues (positions 57 and 75).
Finally, we identified tubulin α-1B as a new binding partner for Gal-
10. Overall, our study suggests that GSH may be used to better
understand Gal-10 function and the formation of CLCs. This, in
turn, suggests that GSH may be used as a pharmaceutical agent to
ameliorate CLC-induced diseases.
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