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Podoplanin (PDPN) is a highly O-glycosylated glycoprotein that is utilized as a specific lymphatic
endothelial marker under pathophysiological conditions. We previously developed an anti-human PDPN
(hPDPN) monoclonal antibody (mAb), clone LpMab-3, which recognizes the epitope, including both the
peptides and the attached disialy-core-1 (NeuAca.2-3Galpl-3 [NeuAco2-6]GalNAcal-O-Thr) structure at
the Thr76 residue in hPDPN. However, it is unclear if the mAb binds directly to both the peptides and
glycans. In this study, we synthesized the binding epitope region of LpMab-3 that includes the peptide
(-67LVATSVNSV-T-GIRIEDLPg4-) possessing a disialyl-core-1 O-glycan at Thr76, and we determined the
crystal structure of the LpMab-3 Fab fragment that was bound to the synthesized glycopeptide at a 2.8 A
resolution. The six amino acid residues and two sialic acid residues are directly associated with four
complementarity-determining regions (CDRs; H1, H2, H3, and L3) and four CDRs (H2, H3, L1, and L3),
respectively. These results suggest that IgG is advantageous for generating binders against spacious
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epitopes such as glycoconjugates.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Podoplanin (PDPN) was previously discovered in renal podo-
cytes [1], and it was recently reported as a novel biomarker of
ischemia-reperfusion injury (IRI), as an increase in the urine PDPN-
to-creatinine ratio is strongly correlated with the onset of renal IRI
[2]. PDPN has also been reported to be expressed in lymphatic
endothelial cells, but not in vascular endothelial cells [3,4]. Based
on this, PDPN can be utilized as a specific lymphatic endothelial
marker under pathophysiological conditions [5]. PDPN binds to the
C-type lectin-like receptor-2 (CLEC-2) of platelets to induce platelet
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aggregation [6,7]. PDPN was therefore previously referred to as
“Aggrus” [8]. PDPN-CLEC-2 signaling leads to platelet aggregation, a
process that is critical for embryonic blood-lymphatic vascular
separation [9]. PDPN is also abundant in lung type I alveolar cells,
where it is called as “T1a” [10]; however, it is not expressed in type
IT alveolar cells. Based on the use of PDPN as a specific marker for
type I alveolar cells, the development and function of type I alveolar
cells has been investigated in detail [11].

PDPN is also overexpressed in various tumors, including oral
cancer, lung cancer, esophageal cancer, malignant brain tumors,
mesotheliomas, testicular tumors, and osteosarcoma [8,12—21].
Number of reports have indicated that PDPN expression is associ-
ated with malignant progression and cancer metastasis [7,17], and
PDPN expression is also associated with clinical outcomes [22].
PDPN has also been reported to be expressed by tumor-initiating
cells (TICs) that are believed to be responsible for tumor relapse
and resistance to conventional therapies [23].

25 years ago, Toyoshima et al. reported that mouse PDPN/gp44
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is highly O-glycosylated and that this glycosylation is associated
with platelet aggregation [24]. In our previous studies that exam-
ined the effect of glycosylation on platelet aggregation activity,
recombinant podoplanins were expressed by Lecl (lacking N-
glycan), Lec2 (lacking sialic acid) and Lec8 (lacking galctose), such
as glycosylation mutants of Chinese hamster ovary (CHO) cell [25].
PDPN treatment of Lec1 cells induced platelet aggregation; how-
ever, this was not observed in Lec2 and Lec8 cells. Lectin blot an-
alyses suggested that sialylation of core-1 structures were critical
for platelet aggregation activity [25]. Thus the activity was affected
by the sialic acid and revivable by additional sialylation [26].
Additionally, a further analysis clarified that the Thr52 of human
PDPN was glycosylated the disialyl-core-1 (NeuAco2-3Galpl-
3(NeuAca2-6)GalNAcal-O-Thr) structure [26]. These results indi-
cated that the sialylated core-1 at Thr52 of human PDPN is critical
for PDPN-induced platelet aggregation. To elucidate the structural
basis of the glycan-dependent interactions between PDPN and
CLEC-2, we performed crystallographic studies of PDPN in complex
with CLEC-2 [27]. The interaction of human PDPN with CLEC-2
primarily involves Glu47 and Asp48 in the platelet aggregation-
stimulating domain-3 (PLAG3) and the «-2, 6 linked sialic acid
attached on Thr52 of human PDPN [27]. Interestingly, this PLAG
domain is highly conserved among PDPNs of various species [28].
PLAG domains such as PLAG1, PLAG2, and PLAG3 are located within
the N-terminus of PDPN [28], and PLAG-like domains (PLDs), also
named PLAG4 [29], are found in the middle of PDPNs [30]. Although
the disialyl-core-I structure is attached within PLAG domains and
PLDs and is primarily involved in PDPN-CLEC-2 interaction [7,29],
the other Ser/Thr residues in PDPN may also possess O-glycans, as
half of the molecular weight of PDPN is known to be derived from
glycans [26]. The function of these O-glycans has not been clarified.

We have previously developed a number of monoclonal anti-
bodies (mAbs) against human PDPN [15,31]. The binding epitopes
of several anti-human PDPN mAbs were determined to include
both peptides and glycans, including LpMab-2, LpMab-3, LpMab-9,
LpMab-12, LpMab-19, and LpMab-21 [31—36], that were developed
using Cancer-specific mAb (CasMab) technology [31]. We named
this type of mAbs as anti-glycopeptide mAbs (GpMabs). Epitope
mapping is typically performed using the alanine scanning method,
and the binding epitope of LpMab-2 includes Thr55/Ser56, while
the binding epitopes of LpMab-3, LpMab-19, and LpMab-21 include
Thr76, that of LpMab-12 includes Thr52, and that of LpMab-9 in-
cludes Thr25. However, we have not clearly demonstrated if

Gp(+)

Fig. 1. Structures of LpMab-3 Fab fragment with/without PDPN-glycopeptide. Sections (A) and (B) show the overall structures of the LpMab-3 Fab fragment crystallized in the
absence and presence of PDPN-glycopeptide, respectively. (C) Magnified top view of (B). The |Fo|-|Fc| electron density maps calculated without the glycopeptide contoured 3.0 ¢ are
shown in green (positive) and red (negative). CDR-L1, CDR-L2, CDR-L3, CDR-H1, CDR-H2, and CDR-H3 regions of the antibody are colored in green, violet, blue, yellow, orange, and
red, respectively.

GpMabs can directly react with both peptides and glycans. In this
study, we first synthesized the PDPN-glycopeptide that included
Thr76. We determined the crystal structure of a complex of LpMab-
3-Fab and PDPN-glycopeptides, and our results revealed that the
antibody directly binds to both peptides and glycans tightly.

2. Materials and Methods
2.1. Synthesis of the PDPN-glycopeptide

The PDPN-glycopeptide was synthesized in combination with a
solid phase method and glycosyl transferase reaction. These
methods were described in detail in Supporting Information.

2.2. Purification and crystallization of the Fab fragment

The papain (Nacalai Tesque, Inc., Kyoto, Japan) was immobilized
on NHS-activated Sepharose 4 Fast Flow (GE Healthcare, Uppsala,
Sweden). Purified LpMab-3 IgG was incubated with the immobi-
lized papain in the presence of 2 mM cysteine-HCl and 20 mM
EDTA in phosphate-buffered saline (PBS, pH 7.4) for 8 h at 37 °C
under gentle agitation. After removing the immobilized papain, the
reaction mixture was applied onto a pre-equilibrated rProtein A
Sepharose Fast Flow column (GE Healthcare) with PBS containing
2.5 M NaCl. The flow-through fraction containing the Fab fragment
was collected and concentrated, and this was further purified by
performing gel filtration chromatography on a Superdex 200 10/
300 column (GE Healthcare) equilibrated with PBS. The fractions
containing the Fab fragment were collected and concentrated to
10—15 mg/mL. Crystallization trials were performed using the
sitting-drop vapor diffusion method at 20 °C as described else-
where [37]. The crystals were obtained by mixing 0.1 pL of purified
sample with 0.1 pL of reservoir solution (0.1 M Tris-HCl [pH 7.5],
0.2 M magnesium-Acetate, and 25% [v/v] PEG-3350), and they were
then soaked in cryoprotectant containing 20% (v/v) glycerol in
crystallization buffer for a few minutes prior to flash freezing.

2.3. Co-crystallization of the Fab fragment and the PDPN-
glycopeptide

The excess PDPN-glycopeptide was added to LpMab-3/Fab
(molar ratio = 100:1) and incubated for 1 h at 4 °C. The unbound
PDPN-glycopeptide was removed using a 10 MWCO Amicon-Ultra
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Fig. 2. Structure of the PDPN-glycopeptide. (A) Magnified view of the PDPN-glycopeptide within the crystal structure of the glycopeptide-bound LpMab-3 Fab fragment (shown as a
stick model) with a positive electron density map (shown in green) calculated without the glycopeptide contouring 1.5 o. (B) Structural formula of the synthesized PDPN-
glycopeptide. The highlighted area in green corresponds to that of the positive electron density map in (A).

(Merck Millipore) ultrafiltration device and then concentrated to
10—15 mg/mL. Crystallization trials were performed using the
sitting-drop vapor diffusion method at 20 °C. The crystals were
obtained by mixing 0.1 pL of purified sample with 0.1 uL of reservoir
solution (0.1 M Tris-HCl [pH 7.5], 0.2 M magnesium-Acetate, and
25% [v/v] PEG-3350), and they were then soaked in cryoprotectant
containing 20% (v/v) glycerol in crystallization buffer for a few
minutes prior to flash freezing.

2.4. Structure determination

All X-ray diffraction data sets were collected from a single
crystal at a cryogenic temperature (100 K). For LpMab-3/Fab bound
with/without PDPN-glycopeptide, X-ray diffraction data sets were
collected on a beamline BL-1A (A = 1.1 A) located at the Photon

Factory (Tsukuba, Japan). The collected data from LpMab-3/Fab
bound without PDPN-glycopeptide were processed to 2.1 A using
XDS [38]. The structure was solved by molecular replacement with
Phaser [39] using the antibody Fab fragment exo Diels-Alderase
inhibitor complex (PDB ID: 1A3L) as a search model. The
collected data from LpMab-3/Fab bound with PDPN-glycopeptide
were processed to 2.8 A using XDS [38]. The structure was solved
by molecular replacement with Phaser [39] using the Diels-
Alderase catalytic antibody Fab fragment (PDB ID: 1A4]; chains A
and B) as a search model.

The atomic models were created manually using Coot [40] and
refined iteratively using PHENIX [41]. RAMPAGE was used to vali-
date the refined structures [42], and the crystallographic and
refinement statistics are summarized in Supplementary Table 1. Ca.
atoms were used for the calculation of all RMSD values. LigPlot™"
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D82

Fig. 3. Interactions between PDPN-glycopeptide and CDRs in LpMab-3. Side-view structures of PDPN-glycopeptide-bound Mab-3 Fab fragment corresponding to the red box in
Fig. 3b. The Fab fragment is illustrated as a cartoon model (A) and surface model (B). The glycopeptide is presented as a stick model. The colors of the CDRs correspond to those in

Fig. 1. (C) and (D) are the top-view structures of (A) and (B), respectively.

was used for the analysis of the glycopeptide-antibody interaction
[43], and the figures were prepared using PyMOL (PyMOL Molec-
ular Graphics System, version 2.1. 1, Schrodinger LLC, New York, NY,
USA).

3. Results
3.1. Synthesis of PDPN glycopeptide

We synthesized the PDPN-glycopeptide containing disialyl-
core-1 at the Thr76 residue (Fig. S1) by using a solid phase
method and enzymatic reaction. To distinguish two sialic acid
residues in glycan, the sialic acid bound to galactose and the other
bound to N-acethylgalactosamine denote as Sia-3 and Sia-4,
respectively (Fig. S2A).

The binding ability of the synthesized PDPN-glycopeptide to the
LpMab-3 antibody was evaluated using biolayer interferometry
(BLItz system). The dissociation constant (Kp) value was estimated
to be 2.0 + 0.5 x 10~® M (Fig. S2C), which was approximately 24-
fold higher than the value estimated when using purified recom-
binant PDPN protein (Kp: 8.5 x 10~8 M) [35]. The lower binding
affinity of the synthesized glycopeptide may be responsible for the
higher fluctuation of the peptide portion. However, the Kp value of
the glycopeptide appears to be sufficient to obtain the crystal
structure of the complex.

3.2. Crystal structures of an antibody (LpMab-3) Fab fragment
bound with/without the synthesized PDPN-glycopeptide

We purified the Fab fragment of LpMab-3 using a Protein A
column and gel filtration chromatographies after papain treatment
(see Materials and Methods), and we crystallized and determined
the crystal structure at a resolution of 21 A (PDB ID: 7C95;
Table S1). Two Fab fragments were present within the asymmetric
unit of the crystal lattice. The structures of the variable (Fv) regions
closely resembled each other (Co. root-mean-square deviation
[RMSD] = 0.61 A). Fig. 1A shows a Fab fragment (chains A and B)
with an Flo| - F|c| electron density map. No significant positive
electron density was observed surrounding the CDR regions. Next,
we crystallized the Fab fragment in the presence of an excess
concentration of the synthesized PDPN-glycopeptide and obtained
an electron density map at a resolution of 2.8 A (PDB ID: 7C94;
Table S1). This crystal also contained two antibody fragments
within the asymmetric unit. After Fab fragment molecules were
fitted into the density, strong positive electron densities that are
interpreted as glycopeptides were observed surrounding the CDRs
of the antibodies (Fig. 3B). We modeled eight amino acid residues
(VTGIRIED) and the disialyl-core-1 structure of the glycopeptide by
guiding the shape of the electron density map (Fig. 2). There was no
significant electron density for the N-terminal amino acid residues
(LVATSVNS) located upstream of Val75 or the C-terminal amino
acid residues (LP) located downstream of Asp82 in the
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Fig. 4. Schematic representation of the interactions between PDPN-glycopeptide and CDRs in LpMab-3. The distances separating the amino acid residues in LpMab-3 Fab and the
PDPN-glycopeptide were analyzed using the Ligplot* program. (A) Hydrogen bonds are shown as red dashed lines. The bond length cut off is set to 3.5 A for hydrogen bond. (B) Van
der Waals contacts are represented by the spoked arcs oriented toward the ligand atoms they contact. The range of distances defining van der Waals contacts is 2.9—3.9 A. The colors

of the CDRs correspond to those in Fig. 1.

glycopeptide, and this suggests that these residues do not bind to
the antibody and are disordered. The observed eight amino acid
residues and glycans are also indicated as the epitope region of
PDPN for LpMab-3 by biochemical epitope mapping using the
alanine scanning method [35]. The obtained structures of two Fab
fragment molecules bound to the glycopeptide in the asymmetric
unit were nearly identical (RMSD = 0.31 A). Therefore, we used the
data for a Fab fragment (chains A—C) in all of the figures and in the
following discussion.

3.3. Binding interactions of the glycopeptide with LpMab-3

The eight amino acid residues (VTGIRIED) of the glycopeptide
are located at the cavity between CDR-H2 and CDR-H3 that is
formed by 11 hydrogen bonds and 22 van der Waals contacts
(Figs. 3 and 4). Arg79 and Glu81 residues primarily contribute to
these interactions, while the Thr76 that links the disialyl-core-1
glycan does not interact with the antibody. The disialyl-core-1
glycan is located on the surface of CDRs L3 and H2 that is formed
by three hydrogen bonds and nine van der Waals contacts (Figs. 3
and 4). In particular, the a-2, 6 linked sialic acid residue (Sia-4)
contributes to the majority of the interaction with the antibody. The
other sialic acid residue (Sia-3) interacts with CDR-H2 Thr58 and
Tyr59. The rest of the reduced saccharides (GalNAc-1 and Gal-2) do
not interact with the antibody. Thus, the antibody LpMab-3 directly
associates with six amino acid residues and two sialic acid residues.

4. Discussion

In this study, we first synthesized a disialylated O-linked
glycopeptide, and we then determined the crystal structure of a
complex of LpMab-3-Fab and the glycopeptide. To our knowledge,
this is the first 3D structure of a complex between an antibody and
a disialyl-core-1 linked glycopeptide. The structure of LpMab-3
reveals that five of six complementarity-determining regions
(CDRs) are used to bind the glycopeptide. The peptide region of the
glycopeptide interacts with CDRs of the heavy chain, and the glycan
region is primarily associated with the CDRs of the light chain.
Large antigens such as glycopeptides are difficult to recognize as an
epitope using single-domain antibodies; however, this is possible
using IgG-type antibodies. This property of IgG provides the po-
tential to generate high specific mAbs against various types of
glycopeptides.

Importantly, this antibody directly binds to two sialic acid res-
idues of the disialyl-core-1 structure. It is generally established that
the sialic acid residues of the glycans are involved in facilitating
influenza virus infections [44,45], the toxicity of cobra toxin [46] or
botulinum toxin [47], the parasitism of malarial parasites [48], and
in other processes. This structural information that allows for the
recognition of sialic acid by antibodies may be useful for designing
neutralizing antibodies that function to bind sialic acid to provide
protection from these biological hazards.
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