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The human macrophage galactose-type lectin (MGL) is a
C-type lectin characterized by a unique specificity for terminal
GalNAc residues present in the tumor-associated Tn antigen
(aGalNAc-Ser/Thr) and its sialylated form, the sialyl-Tn anti-
gen. However, human MGL has multiple splice variants, and
whether these variants have distinct ligand-binding properties
is unknown. Here, using glycan microarrays, we compared the
binding properties of the short MGL 6C (MGL*"*"*) and the long
MGL 6B (MGL'°™®) splice variants, as well as of a histidine-to-
threonine mutant (MGL"*™ H259T). Although the MGLS"™
and MGL'"¢ variants displayed similar binding properties on
the glycan array, the MGL*"°™ H259T mutant failed to interact
with the sialyl-Tn epitope. As the MGL*"*"* H259T variant could
still bind a single GaINAc monosaccharide on this array, we
next investigated its binding characteristics to Tn-containing
glycopeptides derived from the MGL ligands mucin 1 (MUC1),
MUC2, and CD45. Strikingly, in the glycopeptide microarray,
the MGLS"™ H259T variant lost high-affinity binding toward
Tn-containing glycopeptides, especially at low probing concen-
trations. Moreover, MGL*™"* H259T was unable to recognize
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cancer-associated Tn epitopes on tumor cell lines. Molecular
dynamics simulations indicated that in WT MGLS"™, His>>”
mediates H bonds directly or engages the Tn-glycopeptide
backbone through water molecules. These bonds were lost in
MGL*"*™ H259T, thus explaining its lower binding affinity.
Together, our results suggest that MGL not only connects to the
Tn carbohydrate epitope, but also engages the underlying pep-
tide via a secondary binding pocket within the MGL carbohy-
drate recognition domain containing the His**° residue.

The C-type lectin family is a large family of soluble and trans-
membrane proteins that share the specific recognition of car-
bohydrate structures, which in most cases is Ca®>*-dependent
(1). Carbohydrate binding is facilitated via a common carbohy-
drate recognition domain (CRD).® The primary binding site
within this CRD is composed of a conserved three-amino acid
motif, which largely determines the class of glycans the lectin is
able to engage (e.g. the GIn-Pro-Asp (QPD) motif predicts bind-
ing to galactose or GalNAc) (2). In addition, secondary binding
sites fine-tune the carbohydrate recognition, thereby creating
enormous diversity in C-type lectin specificity and function.

The human QPD-containing macrophage galactose-type
lectin (MGL; CLEC10A or CD301) is exclusively expressed by
macrophages and dendritic cells within the immune system (3).
Triggering of MGL on these human dendritic cells conveys
immune inhibitory signals, leading to production of the anti-
inflammatory cytokines and the ability to block unwanted
inflammatory responses (4—6). Humans harbor only one MGL
gene, which is subject to extensive splicing, generating different
long and short MGL isoforms. Alternative splicing mainly occurs
around exon 6, encoding the terminal stalk region (7). The most
abundantly expressed MGL subtype in dendritic cells is the short

¢The abbreviations used are: CRD, carbohydrate recognition domain;
MGL, macrophage galactose-type lectin; LDN, LacdiNAc; LacNAc,
N-acetyl-D-lactosamine; PAA, polyacrylamide; MD, molecular dynamics;
3D, three-dimensional; B4GALNT3, [1,4-N-acetylgalactosaminyltrans-
ferase Ill; GM2, GaINAcB1-4(Neu5Aca2-3)GalB1-4GIc; GM3, NeuAca
2,3GalB1,4Glc-ceramide; GD2, GalNAcB1-4(Neu5Aca2-8Neu5Aca2-
3)GalB1-4Glc; Gb4Cer, GalNAcB1-3Gal.
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MGL 6C splice variant (Fig. 14, from here on denoted as
MGL ") (7). Another relatively abundant variant is the MGL 6B
variant, which compared with the MGL*"*" contains an additional
27 amino acids in its stalk region (Fig. LA, MGL'°"®).

The carbohydrate specificity of the MGL®""™ variant has
been widely studied through surface plasmon resonance,
glycan microarrays, and cellular binding assays, revealing its
exclusive specificity for terminal GaINAc moieties, such as the Tn
antigen (aGalNAc-Ser/Thr), the LacdiNAc structure (LDN;
GalNAcB1-4GIcNAc), and the GalNAc-Tyr moiety (8—12). In
QPD-containing C-type lectins, the equatorial/axial configuration
of the 3-OH and 4-OH groups in the GaNAc are crucial for glycan
binding and chelation of the Ca®>* ion (13). Indeed, from glycan
microarray analysis, GalNAc structures extended at the 3- or
4-OH position fail to bind MGL (8). It is noteworthy that MGL
tolerates substitutions at the 6-OH position and therefore recog-
nizes the sialylated Tn antigen (Neu5Aca2—6GalNAca-Ser/Thr)
(10, 12).

Mice contain two functional copies of the MGL gene, termed
MGLI (CD301a) and MGL2 (CD301b) (14). Despite their high
homology and the shared QPD motif, MGL1 and MGL2 differ
substantially in their carbohydrate specificities. MGL1 mainly
interacts with Lewis X (GalB1-4(Fucal-3)GlcNAc) and Lewis
A (GalBl-3(Fucal-4)GIcNAc) (15), whereas MGL2 recog-
nizes terminal a-/B-GalNAc ((sialyl) Tn antigen, LDN), as well
as the terminal galactose in the core 1/T antigen and core 2
O-glycan structures (15). These disparities in ligand recogni-
tion have been further elucidated by Sakakura et al. (16), show-
ing that whereas the galactose moiety of Lewis X is engaged by
the QPD motif in the MGL1 CRD, the fucose residue is bound
by a secondary binding site composed of Ala®” and Thr''" (cor-
responding to Ala**® and Thr*’® in the full-length MGL1; Fig.
1A). These amino acids are replaced by arginine and serine in
MGL2, respectively. Although no crystal structure of human
MGL is available, glycan accommodation by MGL'°"¢ has been
studied by saturation transfer-difference NMR measurements
and molecular modeling, revealing fine-structural insights into
the interaction of Gal/GalNAc and MUC1-Tn-glycopeptides
with MGL (17). These NMR binding studies have verified that
galactose is a much weaker ligand than GalNAc. The NHAc
group of GalNAc participates in additional H-bond and CH-
interactions, which are absent in the case of galactose. More-
over, an increased number of H bonds were formed when MGL
engaged a Tn-glycopeptide; however, this was not reflected by
an improved affinity, probably due to the subtle enthalpy—
entropy equilibrium of any ligand—protein recognition event.

Our knowledge on MGL has substantially increased over the
last decade; nevertheless, the carbohydrate fine specificities and
ligand-binding properties of the different human MGL splice
variants have never been directly compared and have been
assumed to be identical. Here, we aimed to elucidate the molec-
ular recognition features of human MGL®"*™ and MGL'*"¢ iso-
forms by evaluating their carbohydrate specificities using gly-
can and Tn-peptide microarrays. In addition, we mutated the
His?**® in the CRD of human MGL, equivalent to Thr''' in
MGLI, to Thr in the MGL*"™ variant (H259T) to elucidate
whether this amino acid is also crucial for the exclusive
GalNAc-binding properties of human MGL.
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Results
Carbohydrate recognition profiles of MGL variants

The MGL 6B (MGL'*"¢) and 6C (MGL*"*") splice variants
vary in a region of 27 amino acids present in the terminal stalk
domain of MGL'*"® only (Fig. 14). We constructed recombi-
nant MGL-Fc proteins, consisting of the extracellular domains
of MGL'*"¢ and MGL*"*"* fused to the human IgG1-Fc domain
for detection. Previously, Ala® and Thr'*! (Ala**° and Thr*"®in
the full-length MGL1) were shown to be crucial for the Lewis X
preference of murine MGL1 (16). Based on these findings and
our previous work using the MGL*"*"* splice variant (8), we
mutated human MGL"™™* at the corresponding amino acids
(H259T and K237A) to elucidate whether these amino acids
also contribute to the fine specificity of human MGL (Fig. 14).
In our initial screens, the MGL™™ K237A/H259T double
mutant showed identical binding characteristics as the
MGL* " single H259T mutant (data not shown); therefore, we
omitted the K237A/H259T mutant from further analyses. All
MGL-Fc proteins displayed equal binding to three independent
anti-MGL antibodies (Fig. S1B), confirming the correct folding
and indicating that the H259T mutation did not induce signif-
icant structural changes.

We next screened the glycan array developed by the Consor-
tium for Functional Glycomics (http://www.functionalglycomics.
org),” containing 610 glycans of natural and synthetic origin. As
reported previously (8), MGL®"*" recognized the O-glycans
aGalNAg, sialyl-Tn, and core 6 (GlcNAcB1-6GalNAca); the
helminth glycans LDN and its fucosylated derivate (LDNF;
GalNAcB1-4(Fucal-3)GlcNAc); and the glycosphingolipid
structures GM2 (GalNAcB1-4(Neu5Aca2-3)GalB1-4Glc)
and GD2 (GalNAcB1-4(Neu5Aca2—-8Neu5Aca2-3)GalB1-
4Glc) (Fig. 1B; full results in Table S1). Although differences
were subtle, MGL'°"¢ displayed significantly higher binding to
core 6, LDN, and LDNF than MGL*"°™* and significantly lower
binding to GM2 and GD2, as deduced by glycan microarrays. In
contrast, the MGL*"°™ H259T failed to interact with sialyl-Tn,
LDNF, GM2, or GD2 on the array, whereas aGalNAc, the core
6 structure, and LDN were still bound (Fig. 1B). None of the
MGL variants interacted with the core 1/T antigen, LacNAc,
Lewis X, lactosylceramide, or GM3 structures on this array.

Next, we performed ELISA-based binding assays using poly-
acrylamide (PAA)-coupled glycoconjugates. All MGL variants,
including the mutant, strongly bound the PAA-coupled GalNAc
(Fig. 1C). Recognition of PAA-coupled sialyl-Tn and LDN
by MGL*"*" and MGL'°"¢ was comparable, whereas MGL*""
H259T showed diminished binding to both. Again, no binding
could be detected to galactose, core 1/T antigen, or Lewis X. In
contrast to the glycan microarray, no differential binding
between MGL®"*™ and MGL'*" to the LDN moiety could be
observed. The discrepancy with glycan microarrays might be
explained by the multivalent nature of the PAA-glycoconjugate
(20-25 glycans/molecule) versus the monovalent presentation
on the array.

7 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Figure 1. Differential GaINAc binding of MGL variants. A, amino acid sequence of the human MGL splice variants and the mouse MGL1. The stalk region and
CRD are depicted, showing the 27-amino acid insertion in the stalk region of the MGL'°"? variant. Boxed in gray are the primary binding site (QPD) of MGL and
the localization of the K237A and H259T mutations. B, binding of MGL variants determined by glycan array. Depicted are the binding to selected O-glycan core
structures (left), Helminth-associated glycans (middle), and glycosphingolipids (right). Full glycan array results can be found in Table S1. Significance was
calculated using two-way analysis of variance and Bonferroni’s multiple-comparison test. Data represent mean = S.E. LacCer, lactosylceramide. C, binding of
the MGL variants to PAA-coated glycoconjugates was determined using an ELISA-based assay. Human IgG1 was used as a negative control. One representative
experiment of three is shown. Significance was calculated by nonlinear regression followed by one-way analysis of variance and Bonferroni’s multiple-
comparison test. *, p < 0.05; **, p < 0.01; ***, p < 0.005.

Differential glycan binding of the MGL*"°"* H259T mutant focused our further investigations on the differential recogni-
Overall, the carbohydrate recognition profiles of MGL*"*™  tion of MGL™"* and the MGL*"*"* H259T mutant. Although
and MGL'"" appeared to be quite similar; therefore, we the Thr'*' amino acid (corresponding to His**° in human
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Table 1
Glycan binding motifs of MGL*"°" and MGL®"°"* H259T

The CFG glycan array data of MGL®**"* (A) and MGL*" H259T (B) (200 and 2
pg/ml) were analyzed using the data mining GlycoPattern software (https://glyco
pattern.emory.edu)” (18), and the identified glycan-binding motifs are listed below.
Associated with each motif are the number of “binders” and “non-binders,” which
were determined using a statistical analysis (z-score) of the glycan array data based
on the relative fluorescence units. A binder was defined as an MGL-binding struc-
ture that contains the motif. A non-binder contains the glycan motif but failed to

Fine specificity of the C-type lectin MGL

Table 2
High-affinity ligands for MGL*"°"* and MGL*"°"t H259T

Listed are the top five binding glycans (at 2 ug/ml) on the CFG glycan array for
MGL*™ (4) and MGL*"" H259T (B). RFU, relative fluorescence units. Yellow
squares, GalNAc; blue squares, GIcNAc; yellow circles, galactose; red triangles,
fucose; purple diamonds, sialic acid.
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K237A/H259T double mutant recognized Lewis X on the gly-
can array or in the ELISA-based assay, indicating that these two
amino acids are not sufficient to convey Lewis X recognition.
Nevertheless, the His**® seems essential for binding extended
GalNAc structures, such as the sialyl-Tn and glycosphingolip-
ids, and might therefore be a critical component of a secondary
binding site in the MGL CRD.

To further extract carbohydrate determinants associated with
MGL binding, we analyzed our array results using the publicly
available Glycopattern web-based resource (https://glycopattern.
emory.edu)” (18). We first employed the GlycanMotifMiner to
discover glycan binding motifs for MGL™™" and MGL""
H259T. A binding motif was defined as a structural glycan element
that contained the motif and was classified as an MGL-binding
glycan. For both MGL variants, we identified the extended core 6
O-glycan Gal1-3GIlcNAc1-6GalNAc as the main glycan-bind-
ing motif (Table 1). In addition, MGL*"*"* recognized the LDN
motif and the globoside glycolipid GalNAcB1-3Gal (Gb4Cer).
The MGL"*™ H259T only seemed to favor core 6 — derived struc-
tures (Table 1). Although not identified as a glycan-binding motif,
some additional glycans emerged as high-affinity ligands for MGL
on the glycan microarray. These included the single a- and -
GalNAc and 6-sulfated LDN (Table 2).

To evaluate the differential glycan binding of MGL*"*"* and
MGL°™ H259T, we used the side-by-side comparison tool in
the Glycopattern software. Here, we identified 10 glycan struc-
tures that displayed high binding to MGL™"™, but failed to
interact with the MGL*"" H259T (Table 3). Five of these con-
tain the GalNAcal-3(Fucal-2)GalB blood group A antigen.
Furthermore, we observed diminished binding to the synthetic
GalNAcB1-3GalNAca epitope, the ganglioside GM2, sialy-

SASBMB

lated LDN, a synthetic ganglioside containing polysialic acid,
and the Forssman antigen (GalNAcal-3GalNAcp) (Table 3).

Tn-peptide specificity of MGL variants

The lectin and antibody-mediated recognition of GalNAc
moieties in Tn-containing mucin structures seems to be fine-
tuned by the peptide backbone (19). Moreover, the underlying
Ser of Thr residues in Tn antigen play a key role in the recogni-
tion process (20, 21). In the case of MGL, additional contacts
with the peptide backbone upon binding of MUC1 Tn-glyco-
peptides have been described previously (17, 22). To address
whether the His?** plays a role in the fine specificity of MGL
toward Tn-containing glycopeptides, we employed a mucin
glycopeptide array that included the known MGL ligands
MUC1, MUC2, and CD45, which we interrogated using the
MGL* - and MGL*"°"* H259T-Fc proteins (Fig. 2) (19). We
chose to probe these MGL ligands based on their prior identi-
fication as major MGL ligands (6, 23, 24).

At low concentrations, binding of MGL*""* was avid for
CD45 and MUC?2 glycopeptides, whereas the well-known MGL
ligand MUC1 (17, 22, 23) displayed weaker binding to MGL*""*
(Fig. 2A). Curiously, MGL*""* preferred the diglycosylated
T*T* or T*XT* MUC2 peptides (where the asterisk denotes the
presence of a Tn antigen on Ser or Thr) compared with the
mono- and triglycosylated peptides, whereas the diglycopep-
tide S*T* MUCI displayed much weaker binding to MGL""*
(Fig. 2A). Additionally, MGL*"*"* may favor a Thr-based Tn
antigen compared with the Ser-linked Tn antigen on this array
(compare peptides 29/30 with 31/32).
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Table 3
Differential glycan binding of MGL*"°" H259T

The CFG glycan array data of the MGL"*" and MGL**" H259T (200 and 2 pg/ml)
were analyzed using the data mining GlycoPattern software (https://glycopattern.
emory.edu)” (18). Listed are glycans that failed to bind MGL*""* H259T and showed
binding of >10,000 relative fluorescence units for MGL". Yellow squares, Gal-
NAg; blue squares, GIcNAg; yellow circles, galactose; red triangles, fucose; purple
diamonds, sialic acid; blue circles, glucose; green circles, mannose.

Glycan structure

GalNAcp1-4(NeuSAca2-3)Galf1- RN
4GlcNAcP (ganglioside GM?2) .

GalNAcP1-3GalNAca (synthetic)

GalNAcal-3(Fucal-2)Galp1-
3GalNAcal-3(Fucal-2)GalB1-4GIcNAcB
(4 antigen)

GalNAcal-3(Fucol-2)Galpl-
4GlcNAcB1-2Manal-6(GalNAcol-
3(Fucal-2)GalB1-4GlcNAcB1-2Manal-
3)Manf1-4GlcNAcB1-4GlcNAcp (4
antigen)

GalNAcal-3(Fucal-2)GalB1-4GlcNAcB AN
(4 antigen) 9

NeuS5Aco2-6GalNAcfB1-4GIcNAcB
(sialylated LDN)

GalNAcal-3GalNAcP (synthetic)

GalNAcal-3(Fucal-2)Galp1-4Glcp (4
antigen)

GalNAcal-3GalNAcB1-3Galal-4Galpl-
4GlcP (Globoside, Forssman antigen) o 3y 3N 4Wp 4

GalNAcal-3(Fucal-2)Galf (4 antigen)

Interestingly, in the glycopeptide array, MGL**" H259T lost
high-affinity binding toward MUCI1 structures, even at high
probing concentrations, while displaying a residual affinity
toward MUC2- and CD45-derived Tn-glycopeptides (Fig. 24),
indicating that replacement of His>*® by a threonine residue has
an impact on the Tn-glycopeptide recognition by MGL. Indeed,
the loss in affinity of the MGLS"*™ H259T mutant toward Tn-
glycopeptides could imply that the His**® residue interacts with
the surrounding peptide backbone of Tn-glycopeptides.

MGL*"°"* H259T has a diminished capacity to recognize
cellular ligands

To confirm that the MGL®*™ H259T mutant also has a
diminished capacity to interact with cellular MGL ligands, we
performed flow cytometry—based MGL-Fc binding assays to
colorectal carcinoma and Jurkat cell lines. The colorectal carci-
noma cell lines HT29 and SW1398 were previously shown
to contain large numbers of MGL-binding ligands (25).
Whereas MGL*""* displayed high binding to the colorectal car-
cinoma cell lines, the MGLS"™ H259T failed to recognize the
HT?29 cells and displayed a 10-fold decreased binding to the
SW1398 cells (Fig. 3A4). The Jurkat cell line has a deficiency in
the COSMC chaperone leading to an absence of T-synthase
activity and thus a complete lack of O-glycan elongation beyond
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the Tn stage (26). Again, we observed a reduced binding of
MGL*"*" H259T to Jurkat cells (Fig. 3B), verifying that also on
cells, MGL*"°"* H259T has a reduced ability to engage Tn anti-
gen. Together, our data indicate that although the H259T MGL
mutant can still recognize Tn antigen, it does so with a strongly
reduced affinity.

Molecular dynamics simulations of MGL and the H259T
mutant

The involvement of His>*® in the MGL-mediated recognition

of Tn-glycopeptides seems to indicate that this residue is part of
what we dubbed the secondary binding site in the MGL CRD.
To check whether this secondary binding site establishes addi-
tional interactions with the surrounding peptide backbone of
Tn-glycopeptides, we conducted molecular dynamics (MD)
simulations on both MGL/Tn-glycopeptide and MGL H259T/
Tn-glycopeptide complexes. The Tn-glycopeptides MUC2B
Ac-PTT*TPLK-NH, (peptide 15 in Fig. 2B) and MUC1 H,N-
TRPAPGST*APPA-NH, (peptide 6 in Fig. 2B) were selected
based on the array results. A 3D model of the MGL CRD con-
struct and the corresponding H259T mutant was built employ-
ing the homology model generated for MGL (residues Cys'®'—
Leu®°®), as previously reported by us (17). Intensive 1-us MD
simulation was initially accomplished on both the WT MGL"™
(MGL-His**°) and the H259T mutant (MGL-Thr**°) in explicit
water and Ca®" ions to evaluate the stability of both models. A
structural ensemble of both proteins is depicted in Fig. S2. The
calculated root mean square deviation shows that these molecules
are equally stable and that the replacement of His*** by Thr does
not induce major conformational perturbations (Fig. S2). Com-
plexes of MGL-His**® and MGL-Thr** with MUC2B and MUC1
glycopeptides were further generated as described by Marcelo et
al. (17). Our previous MD and CORCEMA-ST analysis allowed us
to conclude that the GalNAc monosaccharide interacts with
MGL, employing two distinct binding modes (A and B), with alter-
native relative orientations of the galactosyl ring toward MGL (17).
From a recognition point of view, histidine residues are commonly
involved in H bonds and water-mediated interactions (27), and in
GalNAc-binding mode A, the NHAc fragment of GalNAc is close
to the His**® to potentially establish a stable H bond. Thus, MD
simulations of the generated complexes in binding mode A were
further submitted to evaluate their stability and the existence of
intermolecular interactions involving either His**® (WT MGL)
or Thr**® (mutant) and the surrounding peptide structure in
GalNAc-containing peptides. In the case of MUC2B, transient H
bonds were detected with different peptide residues (Fig. 4, A-D).
Despite the fact that these H bonds are not highly populated, the
sum of these H bonds in the surrounding peptide sequence can
help to stabilize the complex and thereby significantly increase the
binding affinity of MGL toward Tn-glycopeptides. No H bonds
were detected between Thr**® and peptide backbone in the MD
simulation analysis of mutant MGL-Thr259/MUC2B complex.
The replacement of His**® by Thr thus may abolish these addi-
tional interactions. Furthermore, as expected, a stable H bond was
detected between the CO of the NHAc group of GalNAc and the
polar hydrogen He of His>*°.

Interestingly, stable H bonds were not present between
His*>*® and the peptide backbone of the MUC1-derived Tn-gly-
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Binding (RFU x1000) Binding (RFU x1000)
Chart ID Peptide Sequence® Chart ID Peptide Sequence®
1 PBS 18 MUC2E Ac-PT*TT*PLK-NH,
2 MUC1 (A) H2N -AHGVTSAPDTRPAPGSTAPPA-NH, 19 MUC2F Ac-PTT*T*PLK-NH;
3 MUC1 peptide 2R H2N-APGSTAPP-NH, 20 MUC2G Ac-PT*T*T*PLK-NH2
4 MUC1 peptide 2 HoN-APGS*T*APP-NH, 21 CD45 exon 5 (A) H2N-GVSSVQTPHLPTHAD-NH,
5 MUC1 peptide 3-1 H2N-TRPAPGS*TAPPA-NH; 22 CD45 exon 5 (B) H2N-ADSQTPSAGTDTQTF-NH,
6 MUC1 peptide 3-2 H2N-TRPAPGST*APPA-NH, 23 CD45 exon 5 (C) H2N-QTFSGSAANA-NH,
7 MUC1 peptide 4-1 HoN-APGS*T*APPA-NH, 24 CD45 exon 5 (D) H2N-NAKLNPTPGSNAISDV-NH,
8 MUC1 peptide 4-2 HoN-AHGVTS*APDT-NH, 25 CD45 peptide 1 HoN-GVS*S*VQT*PHL-NH,
9 MUC1 peptide 4-3 H2N-AHGVT*SAPDT-NH, 26 CD45 peptide 2 H2N-PHLPT*HADS-NH,
10 MUC1 peptide 5R H2N-TSAPDTRPAP-NH; 27 CD45 peptide 3 H2N-SAGT*DT*QT*FS*GSA-NH;
11 MUC1 peptide 5 H2N-TSAPDT*RDAP-NH, 28 CD45 peptide 4 H2N-LNPT*PGS*NAI-NH,
12 MUC1 (B) H,N-APDTRPAPGSTAPPAHGVTSAPDTRP-NH; 29 Ser-GalNAc 1 H2N-Ser(a-D-GalNAc)-NH,
13 MUC2R Ac-PTTTPLK-NH; 30 Ser-GalNAc 2 H,N-Ser(a-D-GalNAc)-OH
14 MUC2R Ac-PT*TTPLK-NH, 31 Thr-GalNAc 1 H2N-Thr(a-D-GalNAc)-NH,
15 MUC2B Ac-PTT*TPLK-NH, 32 Thr-GalNAc 2 H2N-Thr(a-D-GalNAc)-OH
16 Mucac Ac-PTTT*PLK-NH, 33 PBS
17 MuUC2D Ac-PT*T*TPLK-NH, 34 Biotin

* denotes the presence of a Tn antigen on Ser or Thr

Figure 2. Binding profile of MGL variants to the Tn-glycopeptide array. A, glycopeptides and corresponding parental peptides were printed at 100 um and
probed using the MGL®h°"Fc (left panels) and MGL*"°" H259T-Fc (right panels) at the indicated concentrations. Relevant protein carriers are indicated in the
figure. Data represent mean = S.D. (error bars). RFU, relative fluorescence units. B, list of peptide backbones and Tn attachment sites of glycopeptides present

on the Tn-glycopeptide array. *, presence of a Tn antigen on Ser or Thr.

copeptide; however, a water pocket could be observed between
the carbonyl CO of Thr linked to GalNAc and the polar hydro-
gen of the aromatic ring of His**” (Fig. 5). In contrast, no water
oxygen density was detected involving the Thr*** amino acid
for the complex generated using the MGL*"*"* H259T mutant
model. Overall, the MD results suggest that His**° plays a crit-
ical role in the MGL recognition of Tn-glycopeptides by estab-
lishing intermolecular interactions with the peptide backbone.

Discussion

In this paper, we further defined the fine specificity of the
human C-type lectin MGL through microarray analysis and
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MD simulations. Although MGL binding to the CFG glycan
array has been analyzed before (8, 28) (see also the CFG glycan
array data website: http://www.functionalglycomics.org),” the
carbohydrate recognition profiles of the different human MGL
splice variants and the H259T mutant have never been directly
compared. In our glycan array analyses, all identified MGL
ligands contained a nonreducing terminal GalNAc with the
equatorial/axial 3-OH and 4-OH groups exposed, allowing
the interaction with Ca®" at the primary binding site. None of
the 3- or 4-extended GalNAc structures were recognized by
MGL in the glycan microarray, confirming its unique prefer-
ence for terminal GalNAc residues (8 —10, 12, 29). It is notewor-

J. Biol. Chem. (2019) 294(4) 1300-1311 1305


http://www.functionalglycomics.org

Fine specificity of the C-type lectin MGL

A HT29 SW1398
100 100 ™
14 612 61 665 Control
x sod e MG LMt H259T-Fc
< —— MGLs-Fc
- 60 ™ 60 ™
°
°\° 40 40
20w
| © L | Wy Wy L
2 100 10* 10° 10! 10% 100 10
MGL-Fc binding
B 1000
Jurkat
800+ @ MGLshot
" O MGL*ot H259T
= 600+
o
£
- 4004
£
)
200+
0" T T T T
0.0 0.5 1.0 1.5 2.0

MGL-Fc conc. (ug/ml)

Figure 3. MGL*"°"* H259T displays poor recognition of GalNAc-containing glycan epitopes on tumor cells. Colorectal cancer cell lines HT29 and SW1398
(A) and the COSMC-deficient Jurkat cell line (B) were incubated with 5 wg/ml or the indicated concentrations of the MGL-Fc variants for 30 min at 4 °C. Binding
was detected using an FITC-labeled goat anti-human Fc secondary antibody and analyzed by flow cytometry. One representative experiment of three is shown.

Figure 4. Selected frames of the MGL-His259/MUC2B complex extracted from 200-ns MD simulations. A-D, transient H bonds are established between
the His** and the peptide backbone (shown as yellow dashed lines). No H bonds were detected in the MGL-Thr259/MUC2B complex.

thy that extension at C-6 was allowed. Elongation or sulfation of
the 3-OH or 4-OH abrogated MGL binding, thus explaining
why some structures that do contain an identified MGL-bind-
ing motif were still categorized as nonbinders by the Glycopat-
tern software (Table 1).

Strikingly, the identified MGL-binding elements are highly
restricted in their expression pattern, suggesting that MGL may
have some unique and distinctive functions within the human
body. The LDN motif is mainly found on intestinal helminths
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(8) and in humans on glycodelin, a human glycoprotein with
potent immunosuppressive and contraceptive activities (30).
Sulfated LDN is a marker for pituitary glycoprotein hormones,
such as lutropin (31). The enzyme that synthesizes LDN, 1,4-
N-acetylgalactosaminyltransferase III (B4GALNT3) is overex-
pressed in colon cancer (32). Noticeably, both high MGL bind-
ing and overexpression of BAGALNT?3 are associated with poor
survival of colon cancer patients (25, 32). The preferred core 6
ligand has only been detected on human intestinal mucins and
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Figure 5. Water-mediated binding between Tn-glycopeptide MUC1 (H,N-TRPAPGST*APPA-NH,) and His?>° of MGL*"°"*, Shown is the 2D-rdf function
derived from 200-ns MD simulations between carbonyl (CO) of the glycosylated Thr and the polar nitrogen Ne of the aromatic ring of His**° (top), together with
the water density (shown in red) calculated for the MGL-His?*/MUC1-derived Tn-glycopeptide complex. No water density was detected in the case of

MGL-Thr?**/MUC1-derived Tn-glycopeptide complex.

in the human ovary (33) (http://www.functionalglycomics.
org),” whereas the Gb4Cer glycolipid is most abundant on
human embryonic stem cells and up-regulated on colon cancer
(34). Together, these studies indicate that MGL may recognize
cancer cells through their glycolipid framework and/or LDN
expression and may be involved in hormone action or turnover.
Both potential roles have so far not been studied in relation to
MGL biology, although the mouse MGL1 was recently shown
to clear WT and hyposialylated von Willebrand factor (35),
indicating that nonimmune-related functions might exist for
human MGL as well.

Intriguingly, we could detect some subtle nuances in glycan
specificity between the MGL*"*"™" and MGL'°"¢ splice variants,
even though their CRDs are completely identical. The addi-
tional 27 amino acids in MGL'°" stalk region could potentially
affect multimerization of the receptor. The neck region of
MGL*"*" has been shown to form trimers, generating a cluster
of binding sites for glycans abundant on pathogens and tumor
cells (28). So far, there are no indications that multimerization
might be different for MGL'*"¢. The MGL CRDs have some
flexibility to engage differentially spaced glycans on the coun-
teracting interface (28). It is therefore tempting to speculate
that the 27-amino acid region alters the orientation and spacing
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of the individual MGL CRDs, thereby modulating the range of
ligands that are able to interact. This phenomenon has already
been demonstrated for DC-SIGNR, where the variable number
of neck repeats in DC-SIGNR affects the orientation of the indi-
vidual CRDs and subsequently the relative binding affinities for
surface glycoproteins (36). Structural studies of MGL"*™ and
MGL'°"8 trimers are required to formally prove the effect of the
extended neck region in MGL'°"¢, as well as a more quantitative
analysis of binding affinities of each interacting glycan with sur-
face plasmon resonance.

Engagement of Tn antigens by MGL on human dendritic
cells is thought to lead to immune tolerance via the MGL-in-
duced secretion of the anti-inflammatory cytokine IL-10 and
the ability to instruct the differentiation of suppressive CD4* T
cells (4, 5). Moreover, through direct engagement of CD45 on
activated T cells, MGL is able to inhibit T cell proliferation and
cytokine release, while at the same time promoting T cell apo-
ptosis (6). MGL also specifically recognizes the cancer-associ-
ated MUC1 and MUC2 (12, 23, 24), suggesting that MGL might
promote immune evasion by Tn antigen—positive tumors as
well (37). Therefore, we constructed a Tn-glycopeptide array
harboring these immune-relevant MGL ligands. On our Tn-
glycopeptide array, WT MGL*"*"* seemed to prefer MUC2- and

J. Biol. Chem. (2019) 294(4) 1300-1311 1307


http://www.functionalglycomics.org
http://www.functionalglycomics.org

Fine specificity of the C-type lectin MGL

CD45-derived glycopeptides over the MUC1 glycopeptides.
However, the MUCI1 glycopeptides in this particular array rep-
resent only a subset of possible glycosylation patterns of the
MUCI1 repeats; thus, we cannot exclude the possibility that
other MUC1 glycopeptides may be dominant for MGL binding.
MGL°"* also appeared to favor diglycosylated peptides, as well
as GalNAc-Thr over GalNAc-Ser. In general, lectin affinity
increases with the increased valency of glycan epitopes in a
molecule (38). From the four CD45 glycopeptides tested,
MGL°"* preferred the tri- and tetraglycosylated peptides over
the mono- and diglycosylated peptides. The preference for Tn
clustering by MGL might be caused by the use of dimeric
MGL-Fc constructs, which contain two MGL molecules coupled
to one Fc-tail. However, further experiments are required to deter-
mine the minimal distance required in a multi-Tn-peptide to
accommodate two MGL proteins. Differential recognition of
GalNAc-Ser and GalNAc-Thr has been observed before and
might be explained by the relatively fixed position of the Gal-
NAc-Thr compared with the more flexible GalNAc-Ser (19,
39-43).

We did, however, find major differences in the glycan-bind-
ing profiles of the MGL*"*" and its H259T mutant, whereby the
MGL*""* H259T was still able to recognize a single GalNAc
monosaccharide (Fig. 1C) and core 6 structures (Table 2). Nev-
ertheless, the H259T mutant displayed a diminished capacity
to bind elongated structures, such as the LDN epitope and sia-
lyl-Tn (Fig. 1), as well as the blood group A determinant, the
ganglioside GM2, sialylated LDN, and the Forsmann antigen
(Table 3). Blood group antigens are highly expressed on eryth-
rocytes and in a variety of other tissues, including the vascular
endothelium, mucus secretions, and epithelial surfaces.
Intriguingly, in a rat model for colon cancer, expression of
blood group A antigen increased apoptosis resistance and facil-
itated immune escape (44), a feature that may be linked to the
immunosuppressive properties of MGL (3, 5). Forssman anti-
gen has been demonstrated in stomach and colon cancer (45)
and sialylated LDN in prostate cancer (46), again pointing to an
influential role for MGL in tumor biology (12, 23, 25).

Also on the Tn-glycopeptide array, a reduced binding capac-
ity of the MGL*"°" H259T mutant could be observed. The local
sequence context around the GalNAc-modified Ser or Thr res-
idue thus emerges as an important factor for MGL binding
specificity, which is further corroborated by the loss of affinity
of MGL*"™ H259T to particular glycan structures as well as
Tn-containing glycopeptides and Tn-expressing cells. This loss
of affinity directly implies that MGL recognizes not only the
GalNAc monosaccharide, but also the underlying glycan or
protein backbone, through a secondary binding site, of which
the His** amino acid is a key element. Through MD simula-
tions, we could confirm the MGL-mediated recognition of the
peptide backbone in MUC1 (17, 22) as well as in MUC2 through
the His**” residue. Strikingly, the type of interactions, either
through H bonds or water bridges, depended on the peptide
sequence of the glycopeptide. We assume that also in the
recognition of GalNAc-Tyr (11), MGL is able to engage the
underlying tyrosine residue. Actually, the MGL binding
mode shows clear parallels to the first structurally character-
ized Tn-glycopeptide—specific 237mAb antibody (21). Sim-
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ilar to MGL, the primary binding site of 237mAb is anchored
by the Tn antigen, whereas the peptide backbone of podo-
planin provides the additional specificity, thus conveying a
dual recognition mode toward both Tn antigen and the
podoplanin peptide backbone (21). The additional interac-
tions involving the His**” residue, conveying fine specificity
toward Tn-containing proteins or peptides, clearly illustrate the
importance of exploring molecular recognition events for the opti-
mal design of MGL-targeting structures for anti-tumor vaccines in
light of the proposed role of MGL in impacting immunological
responses through its highly exclusive recognition of tumor-asso-
ciated glycan structures (47).

Experimental procedures
Generation and production of MGL-Fc constructs

The MGL-Fc*"*" variant (corresponding to the 6C splice
variant (7)) was constructed as described (8). cDNA encoding
the extracellular domains of the MGL'°"€ isomer (splice variant
6B (7)) was bought from Baseclear and cloned into the Sig-
plgG1-Fc vector. The MGL"*" H259T mutant was generated
by site-directed mutagenesis using the QuikChange II site-di-
rected mutagenesis kit (Stratagene) and confirmed by sequenc-
ing. All MGL-Fc proteins were produced in CHO-K1 cells and
purified from supernatants using HiTrap Protein A HP col-
umns (GE Healthcare). MGL-Fc concentrations were deter-
mined by ELISA using human IgGl1 as a standard, and purity
was verified by Western blot analysis (Fig. S1A).

Antibody- and lectin-binding ELISAs

Anti-MGL antibodies 18E4 and 1G6.6 were generated as
described before (3). Anti-MGL clone 125A10 was obtained
from Dendritics. Isotype-matched control antibodies were pur-
chased from eBioscience. To test the reactivity of these anti-
MGL antibodies toward the different MGL-Fc proteins, NUNC
MaxiSorp plates were coated overnight at room temperature
with 5 ug/ml of the purified MGL-Fc proteins in 0.2 M NaHCO,
(pH 9.2). After washing with TSM (20 mm Tris-HCI, pH 7.4, 150
mm NaCl, 2 mm MgCl,, 1 mm CaCl,), plates were blocked for 30
min at 37 °C with TSM containing 1% BSA. Anti-MGL antibodies
and isotype controls were added to the wells at 5 ug/ml in TSM
plus 0.5% BSA and incubated for 1 h at room temperature. Plates
were washed with TSM plus 0.05% Tween 20, and bound antibod-
ies were detected using peroxidase-labeled goat anti-mouse IgG
Fe-specific secondary antibodies (0.3 pg/ml in TSM plus 0.05%
Tween 20). TMB (100 pg/ml TMB and 0.003% H,O, in 0.1 M
NaAc, pH 4) was used as a substrate to visualize the presence of
bound peroxidase, and optical densities were measured at 450 nm.

To investigate MGL-Fc binding properties, NUNC Max-
iSorp plates were coated overnight at room temperature with
the indicated concentrations of polyacrylamide-coupled glyco-
conjugates (Lectinity) in 0.2 M NaHCO, (pH 9.2). After washing
with TSM, plates were blocked with 1% BSA plus TSM.
MGL-Fc proteins (0.5 ug/ml) were added and incubated for 2 h
at room temperature. Plates were washed with TSM plus 0.05%
Tween 20, and bound MGL-Fc was detected using a peroxi-
dase-labeled goat anti-human IgG-Fc (Jackson Immunore-
search Laboratories; 0.3 ug/ml in TSM plus 0.05% Tween 20).
The reaction was developed using TMB (100 pg/ml TMB and
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0.003% H,O, in 0.1 m NaAc, pH 4), and optical densities were
measured at 450 nm.

Glycan microarray analysis

The mammalian glycan array (version 5.1, containing 610
glycan structures) was developed by the Consortium of Func-
tional Glycomics (www.functionalglycomics.org) from alibrary
of natural and synthetic mammalian glycans with amino-link-
ers and printed in replicates of six onto N-hydroxysuccin-
imide—activated glass slides, forming covalent amide linkages.
70 pl of the MGL-Fc proteins (2 and 200 ug/ml in TSM con-
taining 1% BSA and 0.05% Tween 20) was applied to the array
and incubated at room temperature in a humidified chamber
for 1 h. After extensive washing in TSM, bound MGL-Fc was
detected using an Alexa 488 —labeled anti-human IgG second-
ary antibody (1 ug/ml in TSM containing 1% BSA and 0.05%
Tween 20). Fluorescence intensities were detected using a
PerkinElmer Life Sciences ScanArray 5000 scanner, followed by
image analyses using IMAGENE image analysis software (for
representative images, see Fig. S3). The glycan array data (2 and
200 pg/ml) was analyzed using the Data mining feature in the
GlycoPattern (https://glycopattern.emory.edu)” software (18)
to identify glycan binding motifs and glycans that differentially
bound the MGL variants. Glycan structures were drawn using the
Glycoworkbench software (48). All glycan microarray analyses
were carried out in accordance with the MIRAGE (minimum
information required for a glycomics experiment) guidelines for
reporting glycan microarray-based data (49).

Tn-glycopeptide array

Glycopeptides were synthesized by solid-phase peptide syn-
thesis as carboxamides at the C terminus following published
procedures (50). Those incorporating lysine were acetylated at
the N terminus with the lysine side chain providing the amino
group for the reaction with the N-hydroxysuccinimide—
functionalized slide. The others had a free N terminus through
which they were immobilized on the slide (19, 51). The glyco-
peptides were adjusted to the same concentration (100 um) in
printing buffer (300 mm sodium phosphate, pH 8.5) and spotted
in replicates of 6. The Tn-glycopeptide was probed using
MGL-Fc at a concentration of 10 and 1 ug/ml. Bound MGL-Fc
was detected using an Alexa 488 —labeled anti-human IgG sec-
ondary antibody at 5 pug/ml. Other assay conditions, buffers,
and methods for imaging and processing of the data were iden-
tical to the screening of the glycan microarray and as described
previously (Fig. S3) (19).

MGL-Fc staining of tumor cells

The human colon cancer cell lines SW1398 and HT29 were
maintained in Dulbecco’s modified Eagle’s medium (Thermo
Fischer Scientific) supplemented with 10% fetal calf serum and
antibiotics. The Jurkat cell line was cultured in RPMI (Thermo
Fisher Scientific) supplemented with 10% fetal calf serum and
antibiotics. Colon cancer and Jurkat cell lines were incubated
for 30 min at 4 °C with 5 ug/ml or the indicated concentrations
of the different MGL-Fc variants. After washing with Hanks’
buffered saline solution containing 0.5% BSA, the bound
MGL-Fc was counterstained for 30 min at 4 °C using an FITC-
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labeled goat anti-human IgG Fc (Jackson Immunoresearch).
Cells were analyzed by flow cytometry on a CyAn flow cytom-
eter (Beckman Coulter). Dead cells were excluded by 7-amino-
actinomycin D discrimination (Molecular Probes).

MD simulations

MD simulations were performed using Amber16 implemented
with the force field ff14SB (52) and GLYCAM 06j-1 (53) to prop-
erly reproduce the conformational behavior of the glycopeptides.
The 3D models of the MGL™"™* and the corresponding mutant
H259T were generated according to Marcelo et al. (17). 1-us MD
simulations were performed to compare the stability of both mod-
els for MGL*"*" and the MGL*"*"* H259T. The MUC2 glycopep-
tide Ac-PTT*TPLK-NH, (peptide 15; Fig. 2B) and the MUC1 gly-
copeptide H2N-TRPAPGST*APPA-NH, (peptide 6; Fig. 2B) were
selected to generate the corresponding MGL*"*"/Tn-glycopep-
tide and MGL™""* H259T/Tn-glycopeptide complexes.

The 3D models of MGL*"*"* and corresponding H259T mutant,
as well as the MGL/Tn-glycopeptide complexes, were immersed
in a box with a 10-A buffer of TIP3P (54) water molecules plus
Ca®" and neutralized by adding explicit counterions (Na™). A
two-stage geometry optimization approach was used. The first
stage minimizes only the positions of solvent molecules and ions,
and the second stage is an unrestrained minimization of all of the
atoms in the simulation cell. The systems were then gently heated
by incrementing the temperature from 0 to 300 K under a constant
pressure of 1 atm and periodic boundary conditions. Harmonic
restraints of 30 kcal/mol were applied to the solute, and the Ander-
sen temperature coupling scheme (54) was used to control and
equalize the temperature. The time step was kept at 1 fs during the
heating stages. Water molecules are treated with the SHAKE algo-
rithm, such that the angle between the hydrogen atoms is kept
fixed. Long-range electrostatic effects are modeled using the par-
ticle mesh—Ewald method (55). An 8-A cut-off was applied to Len-
nard-Jones interactions. Each system was equilibrated for 2 ns with
a 2-fs time step at a constant volume and temperature of 300 K.
Production trajectories, under the same simulation conditions,
were then run for an additional 1 us in the case of MGL*"*"* and
MGL ™" H259T and 200 ns in the case of Tn-glycopeptide—
containing complexes.

Statistics

Significant differences were evaluated using the GraphPad
Prism software. A p value < 0.05 was considered to be
significant.
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