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Abstract

The human macrophage galactose-type lectin (MGL) is a key physiological
receptor for the carcinoma-associated Tn antigen (GalNAc-a-1-O-Ser/Thr) in
mucins. NMR and modeling-based data on the molecular recognition features of
synthetic Tn-bearing glycopeptides by MGL are presented. Cognate epitopes on
the sugar and matching key amino acids involved in the interaction were identified
by saturation transfer difference (STD) NMR spectroscopy. Only the amino acids
close to the glycosylation site in the peptides are involved in lectin contact.
Moreover, control experiments with non-glycosylated MUC1 peptides
unequivocally showed that the sugar residue is essential for MGL binding, as is
Ca?*. NMR data were complemented with molecular dynamics simulations and
Corcema-ST to establish a 3D view on the molecular recognition process
between Gal, GalNAc, and the Tn-presenting glycopeptides and MGL. Gal and
GalNAc have a dual binding mode with opposite trend of the main interaction
pattern and the differences in affinity can be explained by additional hydrogen
bonds and CH—1 contacts involving exclusively the NHAc moiety.

Introduction

Mucin MUC1 is a constituent of apical surfaces of glandular epithelial cells. In a
normal tissue, MUC1 is an extensively O-glycosylated protein characterized by
elaborated sugar chains such as the branched core 2 O-glycans extending from
the GalNAc-unit that is directly a-O-linked to either serine (Ser) or threonine (Thr)
of the mucin backbone (Figure 1).1 In adenocarcinoma cells, MUC1 can be
overexpressed and aberrantly glycosylated, now mostly carrying shortened O-
glycans, that is, GalNAc-a-1-O-Ser/Thr (Tn) or Galp1l-3GalNAc-a-1-O-Ser/Thr
(T), which may also be sialylated.2 Evidently, the glycome signature is drastically
altered, and examples are known that such remodeling is sensed by endogenous
lectins translating the appearance of the new sugar signal into cellular
activities.3 In this case, given the abundant presentation of T/Tn-antigens,
members of the families of galectins and C-type lectins, two classes of tissue
lectins,4 act as receptors. From the class of Ca?*-dependent lectins, the human
macrophage galactose-type lectin (MGL, also referred to as CD301 or CLEC10
A), expressed on the surface of monocyte-derived immature dendritic cells (DCs)
and macrophages, has marked specificity to MUC1 (Figure 1).5 Along with
contact formation with tumor cells in host defense, it can also attach to effector T
cells via the mucin-type glycoproteins CD43 and CD15, whose O-glycan profile
Is reprogrammed depending on the activation status, leading to a decrease in
CD45, tyrosine phosphatase activity and downstream attenuation of T cell



receptor-mediated signaling.6 As an endocytic receptor for Tn-presenting
compounds MGL engagement increases DC activation, suggesting an enhanced
ability for antigen presentation, along with effects on antigen-specific CD8" T
cells.7 Therefore, acquiring a detailed knowledge on the fine structural details of
the molecular recognition process between the tumor-associated glycopeptide
antigens and MGL is of paramount importance to optimize structure-based
design of novel types of anticancer vaccines. In fact, the study of how glycan
targets are accommodated by their protein receptors is an important step toward
this aim.8 Experimentally, NMR spectroscopy has proved to be notably useful to
obtain structural insights into the solution structure and dynamics of ligand—
protein complexes.9 However, owing to the intrinsic complexity and flexibility of
glycoconjugates, a multidisciplinary strategy combining glycopeptide synthesis
and lectin purification with obtaining NMR parameters and running molecular
modeling will need to be taken.10 Recently, the combination of NMR data with
results from applying molecular modeling was instrumental to disclose the effect
of a-O-glycosylation on the conformation of mucin-type peptides and to detect an
interaction with a biomedically relevant galectin.11 Underscoring the value of the
concept, interaction of mucin-related glycopeptides with a model plant lectin,
using saturation transfer difference (STD-NMR) measurements and molecular
modeling, had been monitored.12 The STD NMR-spectroscopic approach has in
this context further been introduced to determine the target epitope of short
MUC1 glycopeptides for the breast cancer-selective monoclonal antibody SM3
and to map the contact site of the Le* trisaccharide in MGL1, one of the two
murine orthologues of human MGL, in solution.13

Normal Mucin Tumor-related
Mucin hMGL
Extended core 2

v hd -_':“

Macrophage or

cell surface e
Dendritic cell

membrane intracellular

' )

N-acetylgalactosamine (GalNAc) [l N-acetylglucosamine {GlcNAc)

Galactose (Gal) A\ Fucose (Fuc)

’ N-acetylneuraminic acid (NeuSAc)
Figure 1. Representation of the interaction of MUC1 structures expressed on
tumor cells by MGL, which specifically binds to MUC1-Tn on the cancer cell
surface. In contrast, MUC1 in normal epithelial cells, which carries elongated and
branched O-glycans, is much less reactive.



Owing to the lack of structural knowledge on MGL binding to MUC1, we have
studied these properties with MUC1 glycopeptides (Figure 2) of different length
(10, 15, and 20 aa) with the GalNAc-unit linked to Thr4 (1 and 2) or Thr9
(3 and 4), and the carbohydrate recognition domain (CRD) of MGL by STD-NMR
techniques. As controls, the binding modes of a-methyl Gal (5) and a-methyl
GalNAc (6) have also been characterized. Also, we used the non-glycosylated
peptides (7 and 8) to confirm if the presence of GaINAc moiety is essential for
binding. Furthermore, to reveal affinity levels, the dissociation constants of 5, 6,
and MUC1 glycopeptides 1-4 to MGL were estimated from STD titrations or STD
competition experiments, and the crucial role of calcium ion for the recognition
process was ascertained. Finally, a NMR-based 3D model of monosaccharide
derivatives a-methyl Gal (5) and a-methyl GalNAc (6), as well the Tn antigen (4)
bound to MGL, was derived by molecular dynamic simulations without
constraints. For that purpose, a MGL homology model, built using the
carbohydrate recognition domain of the hepatic asialoglycoprotein receptor as
model reference (PDB code 1DV8),14 was used as the basis for the MD
simulations.
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Figure 2. MUC1-derived (glycol)peptides and monosaccharide derivatives
studied in this work along with the corresponding numbering.

Results and Discussion

STD application, suited to obtain reliable mapping of ligand epitopes,15 critically
depends on the existence of fast exchange of the ligand, in the relaxation
timescale, between the free and the protein-bound status. When such
prerequisites are satisfied, STD will enable to deduce binding
affinities.16 Considering the versatility of the method to characterize
carbohydrate binding to distinct receptors,17 we tested its applicability to MGL
interacting with the MUC1 peptidesl-4 and monosaccharide
derivatives 5 and 6.



Epitope mapping of MUCL1 glycopeptides

To determine the structural elements of the MUC1 glycopeptides upon binding to
MGL, STD experiments were performed on 1:12 molar ratio mixtures of MGL in
the presence of the individual glycopeptides 1-4. To establish the binding
specificity of the system, different STD conditions had first to be verified. STD
spectra of glycopeptides 2 and 3 in the presence and absence of MGL are
compared in the Supporting Information, Figure S1. Proper control experiments
were performed with the ligands in the presence and absence of MGL to optimize
the frequency for protein saturation and at the same time to ensure that the ligand
signals were minimally or not affected. MUC1 glycopeptides 3, 4, and 8 when
irradiated at —1 ppm in absence of protein showed residual STD intensities on the
aliphatic methyl groups in the STD spectra that were considered (subtracted)
when analyzing the STD spectra in presence of protein. Furthermore, STD
experiments recorded at different concentrations of MGL (Supporting
Information, Figure S2) revealed that STD signal intensities clearly increased with
the protein concentration proving the specificity of the binding process. Moreover,
changing the temperature from 298 K to 310 K a significant increase of the STD
signal occurred (Supporting Information, Figure S3), probably by increasing the
off-rate constant (kott) of the exchanging glycopeptide—lectin system.18

Figure 3 (Supporting Information, Figures S4-S6) compare the off resonance
spectra (named as off res) with the corresponding STD spectra of 1-4. STD
signals were detected for all glycopeptides, demonstrating specific interaction
with MGL. Interestingly, a clear epitope selection could be defined for all of them
(Figure 4; Supporting Information, Figures S7—S10). Other studies using ELISA-
and array-based glycan screening pointed out the preferential binding of MGL to
Tn- and sialyl Tn-antigen, as well by STD-NMR it has been previously shown that
the recognition occurred mainly through GalNAc moiety.19 Of note, the role of
the peptide backbone and the amino acid side chains in binding remained
undetermined. Looking at the glycopeptides, as depicted in Figure 4, the most
intense signals originated in all cases are from the carbohydrate moiety,
especially the GalNAc H2 proton. In fact, Mortezai and co-workers pointed out
that Tn antigen binds mainly via the H-2, H-3 and H-4 regions of the GalNAc
residue.19b Of note, protons of amino acids in the vicinity of GalNAc received
much more saturation than those located further away. This evidence strongly
suggests that, in addition to sugar-lectin interaction, MGL will also be in contact
with amino acids.
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Figure 3. "H NMR 600 MHz spectra for APD[T]JRPAPGS 1 (240 uM concentration)
in the presence of MGL (20 uM) at 310 K. Top: reference spectrum (off res);
bottom: the STD spectrum (STD). [T]=GalNAc is attached in T. The key proton
resonances are marked.
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Figure 4. Epitope mapping obtained for glycopeptides 1-4 with MGL. For clarity,
the STD response of each amino acid corresponds to the average of STD
percentages of all amino acid proton resonances that were measured with
sufficient accuracy. The percentage saturation of each proton of the amino acids
in peptide backbone is given in the Supporting Information, Figures S7-S10. H2
of GalNAc is the proton that receives the maximum percentage saturation from
the protein (normalized to 100 %). The signal of the anomeric proton of GalNAc
could not be analyzed in the STD spectra owing to their proximity to the HDO
signal.



The difference on the STD response for distinct amino acids depending to the
distance to the Tn antigen are documented in the Supporting Information, Figures
S11 and S12. Fittingly, the STD response of the terminal methyl acetamide at the
N-terminus significantly decreased when its distance to the Tn determinant was
increased. Among the different Ala amino acid residues, those that received a
higher percentage of saturation were always those closer to the Tn fragment
(Supporting Information, Figure S12). As negative control, STD spectra of the
MUC1-peptides 7 and 8 in the presence of MGL were recorded. As no signal was
detected under any experimental conditions, it can be concluded that the
carbohydrate is crucial for recognition by MGL (Supporting Information, Figures
S13, S14), in contrast to the interaction with certain MUCL1 antibodies, namely the
SM3 breast-cancer-related antibody that has been shown capable to bind non-
glycosylated peptides.20 Therefore the binding properties of the free sugar as the
a-methyl derivative were investigated.

a-Methyl Gal 5 and a-methyl GalNAc 6 recognition by MGL

The binding modes of Gal (5) and GalNAc (6) to MGL were investigated by STD
(Supporting Information, Figures S15, S16). Interestingly, epitope mapping for
the two monosaccharide derivatives tracked down a remarkable difference
(Figure 5). For 6, the H2 received the maximum of saturation from the protein,
closely followed by the H4 (77 %), H3 (79 %), and NHAc (78 %) protons. Overall,
a similar trend was observed for the GalNAc residue in the glycopeptides 1-4. In
contrast, for 5, H4 received much more saturation transfer when compared to the
other sugar protons (H2 and H3 only receive 53 %). These differences in the
contact pattern strongly suggest the existence of a distinct presentation
of 5 and 6 towards MGL. Using STD competition experiments,21 differences in
binding mode of 5 and 6 were indeed shown to be associated with rather different
binding affinity of these monosacharides to MGL (see below). Furthermore, STD
competition experiments revealed that glycopeptide 1 competes with 5 and 6 for
the same MGL binding site (data not shown).
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Figure 5. Epitope mapping obtained for Gal 5 and GalNAc 6 with MGL.
Dissociation constants for the binding of 1-6 to MGL

The dissociation constants (Kd) of 1-4 and 6 versus MGL were estimated using
STD displacement experiments, using 5 as reference ligand. As the estimation



of Kq through this procedure involves the employment of a reference ligand of
known affinity, the Kaq value of 5 with MGL was first estimated employing STD
titrations experiments based on time dependence of saturation build-up
curves.15c, 16 The detailed procedure of the STD titration is described in the
Supporting Information (Supporting Information S11-S13 and Table S1). Beyond
the intrinsic experimental error, STD titration facilitated us to deduce a Kq value
in the mM range (ca. 0.9£0.3 mM) for 5. As a next step, the intensity variations in
the STD spectrum of 5in the presence of MGL were monitored by adding
either 6 or any of the glycopeptides 1-4. In particular, the decrease of the STD
signal intensities of H4, H2, and H3 of 5 was measured. The detailed procedure
Is summarized in the Supporting Information (Supporting Information S14-S16).

The inhibition constants values are summarized in Table 1. GalNAc (6) exhibits
an inhibition constant value two orders of magnitude lower (in the low uM range)
than the Kq value of Gal (5), reflecting the high degree of MGL selectivity towards
GalNAc-containing species. This property is shared by the mammalian hepatic
asialoglycoprotein receptor.14 Testing neoglycoconjugates with MGL, the Tn
epitope was fittingly strong, the T antigen considerably less reactive, and the
weak ligand N-acetyllactosamine turned into an avid binding partner by turning
the terminal Gal to GalNAc to form LacdiNAc.22 Similar competition experiments
with Tn-glycopeptides 1 and 4 showed inhibition constants in the same order of
magnitude as 6 (Table 1). Fittingly, the STD-derived epitope mapping had
already inferred that only the neighboring amino acids from Tn fragment
appeared to contribute to the interaction with MGL.

Table 1. Dissociation (Kd) and inhibition constants (Ki) determined by STD-NMR
at 298 K.

Ligand Ka or Ki [uM]

a-methyl Gal (5) Kq=900£300
a-methyl GalNAc (6) Ki=12+1
APDI[T]RPAPGS (1) Ki=3515
HGVTSAPD[TIRPAPGSTAPPA (4) Ki=2312

Following the epitope mapping, STD-NMR can also assess the
Ca?* dependence. STD experiments in presence and absence of calcium
unequivocally ascertaining the key role of calcium in the recognition process
(Supporting Information, Figure S20).

3D view of the interaction of a-methyl Gal 5 and a-methyl GalNAc 6 by MGL

First, a homology model of the carbohydrate recognition domain (CRD) of MGL
(Cys181-Leu308) was built using as template the structure of the CRD of the
mammalian asialoglycoprotein receptor (PDB code 1DV8)14 with which MGL
shares 73 % identity (Supporting Information, Figure S21). Next, crystal
structures of other C-type lectins in complex with galactose-related ligands were
analyzed to dock the ligands 5 and 6 in the binding site of the MGL model. At
least two binding modes for galactoside derivatives, herein defined as Mode A



and Mode B, can be observed from the crystal structures of other C-type lectins.
The sugar-face orientation towards the protein can be rather different, close to a
180° rotation, defining interaction modes, A or B. Mode A is present in a mutant
form of the collectin mannose-binding lectin, which contains a dodecapeptide with
QPDWG in the place of residues 185-191, switching specificity from Man to
Gal/GalNAc (PDB code 1BCH),23 in the C-type lectin CEL-I isolated from sea
cucumber and complexed with GalNAc (PDB code 1WMZ),24 in the murine
scavenger receptor, a C-type lectin, complexed with the Le* epitope (PDB code
20X9)25 and in the galactoside-specific C-type lectin isolated from rattlesnake
venom and complexed with lactose (PDB code 1 JZN),26 all of them harboring
the signature sequences QPD and WND,27 along with the tryptophan residue
located one amino acid apart from QPD signature (QPDxW) that stacks with the
galactopyranoside. As a consequence, when 5 or 6 are docked in mode A to the
MGL model a stacking interaction of protons H3, H4, H5, and H6a,b with the
aromatic system of W271 (numbering in full-length MGL), a part of the QPDxW
signature located in the long loop of the binding site, becomes apparent. In
contrast, for mode B the stacking interaction with the 1r-electronic system of W271
involves H2, H1, and OCH3. Mode B is observed in another galactose-binding
lectin, CEL-IV, from sea cucumber and complexed with raffinose (PDB code
3ALU),28 in the human langerin, a C-type lectin expressed by Langerhans cells,
complexed with a sulfated galactoside (PDB code 3P5I1)29 and in a tunicate C-
lectin complexed with galactose (PDB code 1TLG).30 In each of these cases, the
sequences lack the QPD signature and the equivalent tryptophan (W271 in MGL)
in the loop. However, CEL-IV and the tunicate lectin contain a tryptophan residue
at the opposite site of the binding site (W79 and W100, respectively), enabling
CH-—r interactions with the ligand, which is rotated by about 180° when compared
to binding mode A. Interestingly, a His residue (H286) in MGL at the equivalent
position to W100 in the tunicate lectin and a Tyr moiety (Y236) is equivalent to
W79 in CEL-IV. With respect to the Ca?* ion at the binding site, contacts with the
3' and 4' hydroxy groups, the discriminatory set, are mandatory for Gal-/GalNAc
specificity. In both orientations of the galactoside ring, the hydroxy groups at
positions 3 and 4 are indeed close to Ca?*. Hence, these two starting model
geometries of the complexes of MGL with Gal 5 and GalNAc 6 were subjected by
molecular dynamics (MD) simulations. These simulations without experimental
restraints of the selected complexes were recorded during 20 ns at 298 K in
explicit water using the Amber 12 package.31 Selected structures from MD runs,
for both binding modes A and B and in presence of Gal 5 (Figure 6, complex 1
and 2) and GalNAc 6 (Figure 6, complex 3 and 4) were analyzed by Corcema-ST
(complete relaxation and conformational exchange matrix-saturation
transfer).32 This program enables the saturation of each proton of the ligand to
be predicted depending on the geometry of the complex, dissociation constant,
and irradiation conditions. The sugar protons that receive a higher percentage of
saturation are rather different for modes A and B (Supporting Information, Figures
S22 and S23). Mode A (Figure 6, complex 1 and 3) depicts H4 as the proton that
receives the maximum of transfer of saturation from the protein, while in mode B
(Figure 6, complex 2 and 4) the H2 of the sugar collects the highest percentage
of saturation. With these models at hand together with the Corcema-ST analysis
(Figure 7 A), the experimental data of Gal (5) can be explained based on binding
mode A, given as complex 1 in Figure 6, with a minor contribution of mode B
(Supporting Information, Figure S22). However, the STD data of GalNAc (6) can



only be explained if both binding geometries, mode A and B corresponding to
complexes 3 and 4 in Figure 6, are present. Only considering the participation of
both modes, in around 4:1 proportions of modes B and A, achieve the profile
saturation of the protons of compound 6 (Supporting Information, Figure S23). In
fact, the combination of STD-NMR data with CORCEMA-ST calculations has
already been employed to demonstrate the dual binding character of a mannose
disaccharide to DC-SIGN.33 The complex with 5 (complex 1) and complexes
with 6 (complexes 3 and 4) were stable during of the entire simulation period
(Supporting Information, Figures S24-26). Intermolecular interactions, namely
hydrogen bond (H-bonds) and CH—TT interactions, were monitored along of the
MD trajectory, as well as the role of Ca?*. For the complexes 1, 3, and 4, highly
stable H-bonds were deduced, namely between OH3, OH4/OH6 and the
carboxylate groups of E280 (E100 in CRD template) and D269 (D89 in CRD
template) of MGL (96-99 % of occurrence; Supporting Information, Figures S27—
S29). Other less populated H-bonds (10-30 % of occurrence), including O4, O3,
06, and Q267 (Q87 in CRD template) and N292 (N112 in CRD template) of MGL,
were also detectable. Additional H-bonds between the acetamido group NHAc
and MGL were observed in the complex MGL/6 (Supporting Information, Figures
S28 and S29). One involves the carbonyl of NHAc and the amino group of K264
(K84 in CRD template) with 16 % of occurrence for mode A, another the NH of
NHAc and the carboxylate function of D269 (D89 in CRD template), with 10 % of
occurrence for mode B. These interactions were absent in the models
containing 5.

Figure 6. Complexes of MGL selected from MD run considering both binding
modes A (left panel) and B (right panel) in presence of a-methyl Gal 5 (complex
1 and 2) and a-methyl GalNAc 6 (complex 3 and 4).
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Owing to their importance for sugar binding,34 presence of CH—T interactions
was also scrutinized. The distances between sugar protons and the t-electron
systems of W271, Y236, H284, and H286 (W91, Y56, H104, and H106 in CRD
template) were monitored. A CH—TT distance of below 4.5 A and an angle larger
than 120° were considered as prerequisites.35 In binding mode A, CH-T
interactions between the a-face of 5 and 6 (H-3, H-4, H-5, and H-6a and H6b)
and W271 showed up (Supporting Information, Figures S30-S33), in full
agreement with X-ray structures mentioned above (PDB codes 1BCH, 1WMZ,
20X9, and 1JZN). Additionally, for the complex of 6, a CH—TT interaction between
the CHs of the NHAc moiety and the aromatic system of Y236 (Supporting
Information, Figure S34) was observed. Alternatively, from the analysis of mode
B MD trajectories (MGL complexed with 6), a different CH—T interaction was
deduced for the CH3s of the NHAc moiety, that can now be proposed to occur with
W271 (Supporting Information, Figure S35). Fittingly, since MGL has aromatic
amino acids at both sides of the sugar-binding site, CH-1T interactions may take
place between the CHs of the NHAc moiety and these residues. The difference
in affinity constants for 5 and 6 is caused by engaging the N-acetyl group in
contacts, both H-bond and stacking. The spatial features of Ca?*in binding
ligands 5 and 6 by MGL were evaluated (Supporting Information, Figures S36—
S38).



3D view of the interaction of MUCL1 glycopeptides by MGL

The 3D model of the complex formed between the Tn antigen (GalNAc-a-1-O-
Thr) and MGL was generated considering the binding modes A and B. MD
simulations were carried out using glycopeptide 4 as ligand. As in the case of 6,
both A- and B-type structures of the MGL/4 complex appeared to be very stable
during of the entire simulation period (Supporting Information, Figures S39, S40).
Apparently, MGL can accommodate both GalNAc binding modes (A and B), even
if it is bound to a peptide chain as in these Tn-antigen structures. Figure
8 presents the spatial distribution function (SDF) of the carbohydrate unit and the
edges of the peptide chain for both binding modes. Obviously, the GalNAc
residue is kept within the binding site during the complete MD simulation, while
the peptide edges sample a wide range of the conformational space.
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Figure 8. Spatlal distribution function (SDF) of the carbohydrate unit and edges
of the peptide chain along the trajectory of 20 ns of the MD simulation. Panel A:
binding mode A, Panel B: binding mode B.
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When counting intermolecular interaction, for the A or B binding modes, an
increased number of H-bonds was identified for the Tn-glycopeptide 4 compared
to 6 (Supporting Information, Figures S41 and S42). However, this increase is not
reflected in the relative Kq values (Table 1), which is probably due to the delicate
enthalpy-entropy balance that takes place in any ligand—protein recognition
process. Noteworthy, multivalent presentation of the multiple Tn epitopes and
binding of each CRD of the MGL trimer can lower the off rates, as known from
other human and also plant lectins.36 From a structural perspective, the bound
glycopeptide 4 adopts an extended conformation, which is in complete
agreement with the uniform transfer of magnetization to the Ha protons along the
peptide backbone. This resultis also in accordance with previous X-ray structures
of complexes involving MUC1 glycopeptides (PDB code 1SM3 and
2F04).20, 37, 38

Conclusion

The strategic combination of glycopeptide synthesis and recombinant protein
production with NMR spectroscopy and molecular modeling provides fine-
structural insights into the interaction between a GalNAc derivative and GalNAc-
bearing MUC1-derived glycopeptides with MGL. Contacts by hydrogen and
coordination bonds as well as CH—1T interactions of the carbohydrate underlie the



measured affinity, the peptide portion apparently playing no major role. Design of
additional contacts in this area would improve recognition to this endocytic
receptor in vitro/in vivo, our structural models providing a platform for respective
efforts, which then could also help blocking virus (filovirus such as Ebola or
Marburg or influenza) entry39 or attenuate effector T cell activity in autoimmune
diseases and chronic inflammation.

Experimental Section

General methods for synthesis of MUC1 (glyco)peptides (1-4, 7, 8)

MUCL1 (glyco)peptides were synthesized by solid-phase peptide synthesis. The
detailed description of the synthesis is summarized in the Supporting Information.
The crude compounds were purified by preparative RP-HPLC to give 1-4, 7,
and 8 (Supporting Information, Figures S43—-S48). They were characterized by
analytical RP-HPLC, ESI-HRMS, and amino acid analysis (Supporting
Information, Figures S49-S54).

Expression and purification of extracellular domain of MGL

The extracellular domain of MGL (UNIPROT entry number Q8IUN9) expressed
in this work corresponds to the sequence from D68 to H316 with an additional
starting methionine and includes a potential coiled coil segment and the C-type
lectin domain (from 85 to 176 and from 188 to 305 amino acid residues,
respectively; Supporting Information, Figure S18). The cloning of cDNA and
recombinant production was performed as described,5a except for use of pET3d
vector, induction with IPTG at 0.1 mM, and further incubation at 30 °C. Following
processing of the inclusion bodies, solubilization and dialysis5a affinity
chromatography was performed using lactose-Sepharose 4B obtained after
divinyl sulfone activation, product analysis by gel electrophoretic separation, and
activity by a solid-phase assay using GalNAc-presenting neoglycoprotein as
matrix.40 Note that analytical ultracentrifugation (AUC) preliminary data (data not
shown) indicates that the expressed extracellular domain of MGL exists in
oligomeric forms higher than dimers in solution. Before running the NMR spectra,
the buffer of the protein samples were exchange by means of several cycles of
dilution—ultrafiltration (Vivaspin6, 5.000 Dalton molecular weight cutoff, Sartorius
Stedim Biotech, Germany) to 10 mM perdeuterated Tris(D11)-DCI (Sigma—
Aldrich) in deuterated water with 1 mM CaClz and 75 mM NacCl, and uncorrected
pH meter reading pH 7.5.

NMR spectroscopy

NMR experiments were recorded on a Bruker Avance 500 MHz equipped with a
triple channel TXI probe or a 600 MHz spectrometer equipped with a triple-
channel cryoprobe head. The detailed procedure for *H NMR characterization are
described in the Supporting Information (Figures S55—-S60). In the case of a-
methyl Gal (5), a series of STD experiments were performed at 298 K with ca. 20
MM of MGL on a 500 MHz spectrometer at various saturation times (0.5, 1, 1.5,
2, 3.5, and 5.5 s) and ligand concentrations (0.5, 1, 2, 3.5, and 6 mM). The on-
resonance frequency was set at —0.5 ppm and off-resonance frequency at 100
ppm and the spectra were recorded in an interleaved fashion using “stddiff’ pulse



sequence included in TOPSPIN 2.1 software without water suppression. In the
case of a-methyl GalNAc (6), the molar ratio was adjusted between 20:1 to 100:1
ligand/MGL and STD-NMR experiments recorded at 298 K and 310 K and with 2
s irradiation time using pulse sequences with or without water suppression in a
600 MHz spectrometer. In the case of the glycopeptides the STD-NMR
experiments were performed for 12:1 glycopeptide/MGL molar ratios at 310 K
with 30 uM of MGL (otherwise indicated). The negative controls with non-
glycosylated MUCL1-peptides were recorded using the same experimental
conditions. A standard STD-NMR spectrum for the glycopeptides was acquired
with 2048 transients in a matrix with 16 K data points in the acquisition channel
T2 in a spectral window of 12019.23 Hz centered at 2825.27 Hz. An excitation
sculpting module with gradients was employed to suppress the water proton
signals. Selective saturation of the protein resonances (on resonance spectrum)
was performed by irradiating at =1 ppm using a series of Eburp2.1000-shaped
90° pulses (50 ms, 1 ms delay between pulses) for a total saturation time of 2.0
s. For the reference spectrum (off resonance), the samples were irradiated at 100
ppm. Proper control experiments were performed with the ligands in the presence
and absence of MGL in order to optimize the frequency for protein saturation and
to ensure that the ligand signals were not affected (-1 ppm for glycopeptides and
-0.5 ppm for monosaccharides). MUC1 glycopeptides 3, 4, and 8 in solution
showed residual STD intensities in the STD spectra that were taken into account
(subtracted) when analyzing the STD spectra. In all cases, to accomplish the
epitope mapping of each ligand, the STD intensities were normalized with respect
to that with the highest response. The signal of the anomeric proton and also the
Ha protons of the amino acids of glycopeptides could not be analyzed in the STD
spectra that were run applying water suppression pulse sequences, which was
due to their close distance to the HDO signal.

Molecular dynamics simulations

The homology model was constructed with the SwissProteinModel Portal.41 The
selected structural template protein, the carbohydrate recognition domain of the
H1 subunit of the hepatic asialoglycoprotein receptor (PDB code 1DV8 chain A,
aa C180-L308),14 has a 73% sequence identity with the carbohydrate
recognition domain of the MGL (CRD, aa H187-H316 of MGL). The overlay of
the amino acid sequences of both proteins is shown in the Supporting
Information, Figure S19. As this procedure does not include Ca?*, the divalent
cation was then introduced in the model using the equivalent position found in
the mutated mannose binding protein complexed with GalNAc (PDB code
1BCH).23 3D model of MGL was minimized using the AMBER 12 package31 with
the ff12SB force field.42 Calcium parameters (frcmod and prep files)43a were
freely downloaded from Amber parameter database of Bryce group.43b

The eicosapeptide 4, HGVTSAPDT*RPAPGSTAPPA, O-glycosylated with a-
GalNAc at Thr-9, was constructed using the Glycam0644 and ff12SB force fields
as implemented in Amber 12. The built geometry of compound 4 was then
minimized to relieve the possible clashes, starting from an extended conformation
of the peptide backbone. Available X-ray structures of distinct C-type lectin
complexes clearly points out two distinct binding modes for galactoside
derivatives. Thus, to build the molecular complexes of MGL, its structure was first



aligned with two different C-type lectin complexes: a) loaded with GalNAc (PDB
code 1BCH);23 and b) loaded with Gal (PDB code 3ALU). Complexes of MGL
with a-methyl Gal 5 and a-methyl GalNAc 6 were generated considering both
binding modes found on the literature and then submitted to MD simulations to
evaluate their stability. Thereafter, the starting 3D geometries were placed into a
10A octaedric box of explicit TIP3P waters,45 and counterions were added to
maintain electroneutrality. Two consecutive minimizations were performed: 1)
involving only the water molecules and ions, and 2) involving the entire system.
Then, molecular dynamics simulations without constraints were recorded, using
a NPT ensemble with periodic boundary conditions and the particle mesh Ewald
method to treat long-range electrostatic interactions. The systems were then
heated and equilibrated in two steps: 1) 50 ps of MD heating the whole system
from 100 to 298 K, followed by 2) equilibration of the entire system during 100 ps
at 298 K. The equilibrated structures were the starting points for MD simulations
(20 ns) at constant temperature (298 K) and pressure (1 atm). The constraint
algorithm SHAKE was used to keep bonds involving H atoms at their equilibrium
length, allowing a 2 fs time step for the integration of Newton’s equations of
motion. At the end, the structures from the MD simulations were selected
according to the NMR experimental data, namely the STD data. A detailed
analysis of each MD trajectory (for example r.m.s.d. evaluation, hydrogen-bond
and CH-tr analysis) was accomplished using the cpptraj module included in
AmberTools 12 package. A cluster analysis (up to a maximum of 5 clusters) was
also carried out to select the MD frames along the 20 ns of production to be
submitted to Corcema-ST calculations. At end, a glycopeptide 4/MGL molecular
complex was built taking in account in MD calculations without constraints and
Corcema-ST results from a-methyl GalNAc 6.

Corcema-ST calculation

Corcema-ST matlab scripts for predicting proton ligand saturation transfer
provided by Dr. Rama Krishna32 (with some in house modifications to include
experimental and calculated saturation values in the input and output PDB
formatted files) were applied to the modeled structures of the complexes,
obtained after molecular dynamics calculations, between a-methyl-Gal 5, or a-
methyl-GalNAc, 6, with MGL. Representative structures from all clusters were
selected and at the end an overall of 10 structures were analyzed by Corcema-
ST. The input parameters used in the calculations were: 2 s saturation time;
amino acid in a radius of 10 A around the ligand; direct irradiation on methyl
groups of lle, Leu, and Val (as an approximation to —0.5 ppm experimental
irradiation frequency); calculated Kq dissociation constants, 0.88 mM for 5 and
0.013 mM for 6; experimental concentration conditions, 0.025 mM and 0.5 mM in
the case of 5 and 0.01 mM MGL and 0.2 mM in the case of 6. A kon Of between
108-10%° L mol~'s™" was used assuming a diffusion controlled kinetic model;
correlation times of 0.5 and 48 ns for the ligand in the free and bound form,
respectively, were estimated following an empirical approximation46 and
considering a 84 kDa trimeric oligomeric form for the extracellular domain of
MGL.19a
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