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ABSTRACT Mumps virus (MuV) is an important aerosol-transmitted human patho-
gen causing epidemic parotitis, meningitis, encephalitis, and deafness. MuV preferen-
tially uses a trisaccharide containing «2,3-linked sialic acid as a receptor. However,
given the MuV tropism toward glandular tissues and the central nervous system, an
additional glycan motif(s) may also serve as a receptor. Here, we performed a large-
scale glycan array screen with MuV hemagglutinin-neuraminidase (MuV-HN) attach-
ment proteins by using 600 types of glycans from The Consortium for Functional
Glycomics Protein-Glycan Interaction Core in an effort to find new glycan receptor
motif(s). According to the results of the glycan array, we successfully determined the
crystal structures of MuV-HN proteins bound to newly identified glycan motifs, sialyl
Lewis* (SLeX) and the oligosaccharide portion of the GM2 ganglioside (GM2-glycan). In-
terestingly, the complex structures showed that SLeX and GM2-glycan share the same
configuration with the reported trisaccharide motif, 3'-sialyllactose (3'-SL), at the binding
site of MuV-HN, while SLe*X and GM2-glycan have several unique interactions compared
with those of 3’-SL. Thus, MuV-HN protein can allow an additional spatial modification
in GM2-glycan and SLeX at the second and third carbohydrates from the nonreducing
terminus of the core trisaccharide structure, respectively. Importantly, MuV entry was ef-
ficiently inhibited in the presence of 3'-SL, SLe*, or GM2-glycan derivatives, which indi-
cates that these motifs can serve as MuV receptors. The «a2,3-sialylated oligosaccharides,
such as SLe* and 3'-sialyllactosamine, are broadly expressed in various tissues, and GM2
exists mainly in neural tissues and the adrenal gland. The distribution of these glycan
motifs in human tissues/organs may have bearing on MuV tropism.

IMPORTANCE Mumps virus (MuV) infection is characterized by parotid gland swell-
ing and can cause pancreatitis, orchitis, meningitis, and encephalitis. MuV-related
hearing loss is also a serious complication because it is usually irreversible. MuV out-
breaks have been reported in many countries, even in high-vaccine-coverage areas.
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mended. However, sporadic outbreaks have still been reported in countries with high
vaccination coverage (1-4).

MuV infection induces inflammation in the parotid and other salivary glands,
pancreas, testis, ovary, and mammary glands. MuV also has tropism for the central
nervous system and may cause encephalitis, meningitis, and sensorineural hearing loss
(1). A recent study suggests that the frequency of MuV-caused deafness may be much
higher, up to 1 in 1,000 cases (5), than the previous estimates of 1 in 15,000 to 20,000
cases (1, 6) although the estimates vary between studies, possibly because of the
differences in the vaccination practice among nations (7). MuV typically affects glan-
dular tissues and the central nervous system; however, the reason for the unique
tropism is not fully understood.

Mumps virus is an enveloped, nonsegmented negative-strand RNA virus of the
genus Rubulavirus of the family Paramyxoviridae. The genome contains 15,384 nucle-
otides with seven genes encoding the nucleocapsid, phospho-, matrix, fusion (F), small
hydrophobic, hemagglutinin-neuraminidase (HN), and large proteins. The two enve-
lope glycoproteins, HN and F, engage in receptor binding and mediate membrane
fusion, respectively. Upon receptor binding, MuV-HN protein triggers a series of con-
formational changes of the adjacent MuV-F protein, resulting in membrane fusion
between the viral envelope and the host cell membrane (1, 8).

Glycans are the common receptor for many viruses, including influenza virus (Flu),
rotavirus, adeno-associated virus, JC virus (JCV), and MuV as well as other paramyxo-
viruses such as human parainfluenza virus types 1 to 4, parainfluenza virus type 5,
Sendai virus, and Newcastle disease virus (8-15). Flu is well investigated in terms of its
glycan-virus interaction in that its host ranges for birds and humans are highly
dependent on the engagement between hemagglutinin (HA) protein and the «2,3- or
a2,6-linked sialic acid (9). In addition, studies have indicated that additional carbohy-
drate moieties following the terminal sialic acid (Neu5Ac) linked to galactose (Gal) or
N-acetylgalactosamine (GalNAc) are also involved in the binding with different Flu-HA
proteins (10, 16-21). Other structural studies on polyomaviruses have also shown that
JCV-VP1 and Simian virus 40 VP1, proteins responsible for the glycan receptor attach-
ment, interact with the consecutive carbohydrates linked to the nonreducing terminal
Neu5Ac-Gal of the pentasaccharide receptor fragment, lactoseries tetrasaccharide c,
and the oligosaccharide portion of the GM1 ganglioside, respectively (13, 22). Such
extensive interactions of carbohydrates beyond the nonreducing terminal Neu5Ac-Gal
linkages with the viral proteins are substantially responsible for the observed binding
specificity and affinity.

Recently, our study revealed that a trisaccharide containing an «2,3-linked sialic acid
in the unbranched sugar chains constitutes a functional receptor for MuV (23). In the
study, we found that the interaction between the tyrosine 369 residue of MuV-HN
protein and the third carbohydrate from the nonreducing terminal of the trisaccharide
contributes to the stability of the MuV-HN-glycan complex. The structural observations
together with the binding analysis using representatives of the major sialylated glycans
in the human respiratory tract demonstrated that the trisaccharide containing an
a2,3-linked sialic acid, such as 3’-sialyllactose (3'-SL) or 3’-sialyllactosamine (3’-SLN), is
the receptor motif for MuV. Glycans are a mixture of highly heterogeneous molecules
composed of a variety of components, structures, and modifications. Since MuV shows
unique tropism compared with the that of other sialic-acid using paramyxoviruses, an
extensive/additional glycan receptor(s) for MuV may exist.

In this study, we performed a large-scale glycan array screen with MuV-HN protein
using 600 types of glycans from The Consortium for Functional Glycomics (CFG)
Protein-Glycan Interaction Core (Core H) in an effort to find the extensive/additional
receptor motif(s) for MuV. Further, we determined the X-ray crystal structures of the
MuV-HN protein in complex with the newly found glycan motifs including sialyl Lewis*
(SLeX) and the oligosaccharide portion of the GM2 ganglioside (GM2-glycan). In the
structures thus obtained, MuV-HN protein is spatially allowed to bind with SLeX and
GM2-glycan by structurally recognizing them as being similar to 3'-SL. We also show
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that the glycans with these motifs possess antiviral potencies with 50% inhibitory
concentrations (IC5,s) of as low as ~80 uM in cultured cells. The distribution of glycan
receptors in human tissues/organs may at least partly account for the unique MuV
tropism.

RESULTS

A large-scale glycan array screen with MuV-HN proteins. Purified MuV-HN
proteins of the SBL-1 (genotype A) and Hoshino (genotype B) strains were reacted with
the Mammalian Glycan Array (version 5.3; CFG) including 600 types of glycans. The
most dominant motif observed in the top-ranked glycan molecules bound to the SBL-1
HN protein (5 ug/ml) was the trisaccharide structure of Neu5Aca2-3GalB1-4GIcNAc
(3'-SLN), in which the terminal N-acetylneuraminic acid (here referred to as Sia-1) is
connected to the galactosyl unit (referred to as Gal-2) by the «2,3 linkage, and the Gal-2
is connected to the N-acetylglucose unit (referred to as GIcNAc-3) by the B1-4 linkage
(Fig. 1 and Table 1). In contrast, the glycans containing an «2,6-linked sialic acid showed
much lower binding with MuV-HN proteins than those of the glycans containing an
a2,3-linked sialic acid. Polysialic acids also showed less reactivity against MuV-HN
proteins (Fig. 1 and Table 1; see also Data Set S1 in the supplemental material; data
are also available in the CFG database [http://www.functionalglycomics.org/static/
consortium/resources/resourcecoreh.shtml]. Additionally, the results of the glycan array
demonstrated the preferred binding of unbranched oligosaccharides with MuV-HN
proteins over branched ones although the MuV-HN proteins of the higher concentra-
tion (50 wg/ml) bound better to biantennary glycan structures than those of the lower
concentration (5 wg/ml). The biantennary glycans containing the trisaccharide receptor
motif ranked 8th and 10th (glycans 467 and 322), but the multiantennary glycan ranked
24th (glycan 457), which is below the threshold of the “binders” evaluated by Glyco-
Pattern (24), a web-based bioinformatics tool used to analyze the glycan array data. The
rest of the multiantennary glycans containing the terminal MuV receptor motif were
below the background level (Fig. 1 and Table 1). The glycans with the Neu5Aca2-
3GalB1-4Glc (3’'-SL) motif (glycans 261 and 262) also appeared in the binders list, albeit
only in the high-concentration assays with both SBL-1 and Hoshino strains. These
observations were consistent with our previous finding that a trisaccharide containing
an «2,3-linked sialic acid, especially in unbranched sugar chains, preferentially functions
as a receptor for MuV (23). The MuV-HN Y369A mutant protein showed poor binding
to all glycans, which is similar to the results with the measles virus hemagglutinin
(MeV-H), a receptor attachment glycoprotein (Fig. 1E and F). MeV-H was used as a
negative control because MeV binds only to proteinaceous receptors. Therefore, the
results of the glycan array support the idea that the receptor binding by MuV-HN
protein is efficiently stabilized by the interaction between the Tyr369 residue of
MuV-HN and the GIcNAc-3 of the trisaccharide motif (23). That the SBL-1 strain has a
better signal-to-noise ratio than the Hoshino strain may suggest that the SBL-1 strain
has a higher affinity to the glycans than the Hoshino strain. (Fig. 1 and Table 1). These
observations confirmed that the CFG Core H glycan array experimental system is
compatible with the systems (smaller-scale arrays, crystal structures, and fusion assays)
used in our previous study (23).

Identification of novel binding motifs for MuV-HN proteins. In addition to the
core trisaccharide structure described above, interestingly, the a1,3-fucosylated trisac-
charide Neu5Aca2-3GalB1-4(Fuca1-3)GIcNAc was newly detected in the top-ranked
glycan molecules (Fig. 1A to D and Table 1). The fucose-modified motif accounted for
5 and 3 of the 10 highest-binding glycans in the assays with the low (5 ug/ml; glycans
255, 251, 529, 254, and 374) and high (50 ug/ml; glycans 529, 255, and 280) concen-
trations of the MuV-HN protein of the SBL-1 strain, respectively (Fig. 1A and B and Table
1). This motif also accounted for 4 and 3 of the 10 highest-binding glycans in the assays
with the low (glycans 251, 529, 255, and 254) and high (glycans 255, 529, and 374)
concentrations of the MuV-HN protein of the Hoshino strain, respectively (Fig. 1C and
D and Table 1). This «1,3-fucosylated motif is generally known as an SLeX structure.
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FIG 1 Large-scale glycan array analysis with MuV-HN proteins. (A to D) Glycan array 600 types of glycans from the Mammalian Glycan Array, version 5.3 (CFG
resources), analysis with the purified MuV-HN proteins of the SBL-1 and Hoshino strains from a low-concentration assay (5 ug/ml) (A and C, respectively) and
a high-concentration assay (50 ug/ml) (B and D, respectively). Glycan structures in the top 10th are drawn as schematics. (E) Glycan array analysis with the

purified MeV-H as a negative control. (F) Binding of the MuV-HN Y369A mutant protein to the glycan array.

Further, the GaINAc-modified trisaccharide at Gal-2 by the B1,4-linkage, Neu5Aca2-
3(GalNAcB1-4)GalB1-4GIcNAc, was also newly identified as the top-ranked glycan. This
motif accounted for 2 of the 10 highest-binding glycans in the assay with a high
concentration of the MuV-HN protein of the SBL-1 strain (glycans 388 and 230) (Fig. 1B
and Table 1), while it first appeared to rank 28th in the assay with the low-MuV-HN
protein concentration. This motif is known as Sd2-glycan (Neu5Aca2-3(GalNAcB1-
4)GalB1-4GIcNAc-R), and the terminal branched glycan, in which GaINAc and Neu5Ac
are both linked to the Gal, has the same structure as the oligosaccharide epitope of
GM2 ganglioside (Neu5Aca2-3(GalNAcB1-4)GalB1-4GlcCer). The oligosaccharide por-
tion of GM2 ganglioside (glycan 232) ranked 20th in the assay with the high concen-
tration of the MuV-HN protein of the SBL-1 strain. The glycans with nonsialylated motifs,
GalNAcB1,4-Gal and GIcNAcB1,3-Gal (glycans 581, 537, and 579), were also newly listed
in the top-ranked glycans, specifically in the assays with the high concentrations of the
MuV-HN proteins of both strains. The data analysis using GlycoPattern suggested
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TABLE 1 Glycan-binding specificity of MuV-HN proteins

Journal of Virology

Low binder

Rank® | Glycan # Glycan structure SBL-1 5ug/mL | Hoshino 5ug/mL°® | SBL-1 50ug/mL° |Hoshino 50ug/mL°®
1 46 Neu5Aca2-3(6S)Galb1-4GIcNAcb-Sp8 46 133 850 80
2 255 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-3Galb1-4GIcNAcb-Sp8 84 87 6 166

251 Neu5Aca2-3Galb1-4(Fuca1-3)GIcNAcb1-3Galb1-4(Fuca1-3)GlcNAcb1-
3 3Galb1-4(Fuca1-3)GIcNAcb-Sp0 131 473 27
4 259 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-4GIcNAcb-Sp0 6 52 247 83
5 529 Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAcb1-2Mana-Sp0 451 121 90 164
6 254 Neu5Aca2-3Galb1-4(Fuca1-3)GIcNAcb1-3Galb-Sp8 327 66 352 55
7 286 Neu5Aca2-3Galb1-4GIcNAcb1-6(Galb1-3)GalNAca-Sp14 292 31 171 76
467 Neu5Aca2-3Galb1-4GIcNAcb1-6(Neu5Aca2-3Galb1-4GIcNAcb1-3)GalNAca-
8 Sp14 288 27 247 58
9 374 Neu5Aca2-3Galb1-4(Fuca1-3)GIcNAcb1-3GalNAca-Sp14 230 56 289 123
422 |NeuSAca2-3Galbi-4GIcNACh1-2Mana1-6(NeusAca2-3Galb1-4GIcNAch 1- n:
10 2Mana1-3)Manb1-4GIcNAcb1-4GlcNAcb-Sp12 167 56 53
334 Neu5Aca2-3Galb1-4(Fuca1-3)GIcNAcb1-6(Neu5Aca2-3Galb1-3)GalNAc-
11 Sp14 165 20 265 30
478 Neu5Aca2-3Galb1-4GIcNAcb1-2Mana1-6(Neu5Aca2-3Galb1-4GIcNAcb1-
12 2Mana1-3)Manb1-4GIcNAcb1-4(Fuca1-6)GIcNAcb-Sp24 161 27 483 19
13 582 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-4GIcNAcb1-3GalNAca-Sp14 151 66 130 89
14 256 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-4GIcNAcb1-3Galb1-4GIcNAch-Sp0 147 80 199 100
590 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-4GlcNAcb1-6(Galb1-3)GalNAca-
15 Sp14 137 {72) 235 76
16 293 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-3GIcNAcb-Sp0 122 71 188 78
17 252 Neu5Aca2-3Galb1-4(Fuca1-3)GIcNAcb-Sp0 119 27 414 39
586 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-4GlcNAcb1-6(Neu5Aca2-3Galb1-
18 4GIcNAcb1-3Galb1-4GIcNAcb1-3)GalNAca-Sp14 113 59 160 79
19 437 Neu5Aca2-3Galb1-4GIcNAcb1-3Galb-Sp8 109 91 273 58
20 474 Neu5Aca2-3Galb1-4GIcNAcb1-6GalNAca-Sp14 100 52 100 45
323 Neu5Aca2-3Galb1-4GIcNAcb1-2Mana1-6(Neu5Aca2-6Galb1-4GIcNAcb1-
21 2Mana1-3)Manb1-4GIcNAcb1-4GIcNAcb-Sp12 96 24 171 55
22 253 Neu5Aca2-3Galb1-4(Fuca1-3)GIcNAcb-Sp8 95 24 344 21
Neu5Aca2-3Galb1-4GIcNAcb1-3Galb1-4GIcNAcb1-2Mana1-6(Neu5Aca2-
593 3Galb1-4GIcNAcb1-3Galb1-4GIcNAcb1-2Mana1-3)Manb1-4GIcNAcb1-
23 4GIcNAcb-Sp12 93 39 178 78
Neu5Aca2-3Galb1-4GIcNAcb1-6(Neu5Aca2-3Galb1-4GIcNAcb1-2)Mana1-
457 6(GIcNAcb1-4)(Neu5Aca2-3Galb1-4GIcNAcb1-2Mana1-3)Manb1-
24 4GIcNAcb1-4GIcNAcb-Sp21 90 12 280 25
25 315 Neu5Aca2-3Galb1-4GIcNAcb1-6(Neu5Aca2-3Galb1-3)GalNAca-Sp14 88 60 167 62
26 372 Neu5Aca2-3Galb1-4GIcNAcb1-3GalNAc-Sp14 88 57 192 71
27 240 Neu5Aca2-3Galb1-4(Neu5Aca2-3Galb1-3)GIcNAcb-Sp8 86 22 248 47
28 388 GalNAcb1-4(Neu5Aca2-3)Galb1-4GIcNAcb1-3GalNAca-Sp14 7l 13 1889 29
29 270 Neu5Aca2-6Galb1-4Glcb-Sp0 66 34 164 59
30 280 Neu5Gca2-3Galb1-4(Fuca1-3)GIcNAcb-Sp0 5 35 475 72
48° 230 GalNAcb1-4(Neu5Aca2-3)Galb1-4GIcNAcb-Sp0 36 10 15
56° 232 GalNAcb1-4(Neu5Aca2-3)Galb1-4Glcb-Sp0 27 10 329 17

9The top 30 glycans from the results of glycan array analysis with the HN protein of SBL-1 strain (5 wg/ml) are listed in order of the highest binding. The degree of
binding is indicated according to the color scale above the table.
bRepresentative glycans of the GM2/Sd2-glycan motif (glycans 230 and 232) are additionally listed at the bottom.
Binding (relative fluorescence units [RFU]) of the corresponding glycans for the MuV-HN protein of the Hoshino strain (5 ug/ml and 50 ug/ml) and SBL-1 strain
(50 pg/ml) are also shown.

glycan structures equivalent to 3’-SLN and SLeX as binder motifs for the MuV-HN
protein. Based on the frequency of appearance in the top ranks and the data analysis
using GlycoPattern, we categorized the glycans that may be putative receptors for MuV
into three new subgroups, the SLeX motif, the GM2/Sd2-glycan motif, and the nonsia-
lylated glycan motifs in addition to the 3'-SL (3’-SLN) motif that was previously
reported as the core structure of a receptor for MuV (23).

Interaction of MuV-HN with SLe* pentaose, a GM2-ganglioside sugar, or 3'-SL.
To gain insight into interactions of MuV-HN protein with the glycan motifs identified
above, we attempted to determine the crystal structures of MuV-HN in complex
with SLeX pentaose (Neu5Aca2-3GalB1-4(Fucal-3)GIcNAcB1-3Gal), GM2 ganglioside
sugar (abbreviated as GM2-GS here; Neu5Aca2-3(GalNAcB1-4)GalB1-4Glc), or lacto-N-
neotetraose (LNNT; GalB1-4GIcNAcB1-3GalB1-4Glc). These are representatives of SLeX,
the GM2-glycan, and the nonsialylated glycan motifs. The purified MuV-HN protein was
cocrystalized with these glycans according to a previously described method (23).
Diffractions to 2.5 A and 2.05 A were successfully obtained for the cocrystals of the
MuV-HN with SLe* pentaose and GM2-GS, respectively (Table 2). Although MuV-HN was
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TABLE 2 Data collection and refinement statistics (molecular replacement)

Value for the parameter in:?

Parameter® MuV-HN-GM2 complex MuV-HN-SLeX complex
Data collection
Space group P6, P6,
Cell dimensions
a, b, c (A 137.26, 137.26, 178.01 137.42, 137.42, 177.81
a, By () 90.00, 90.00, 120.00 90.00, 90.00, 120.00
Resolution (A) 50-2.05 (2.09-2.05) 50-2.5 (2.54-2.50)
Reym 0.111 (>1.00) 0.20 (>1.00)
Roim 0.028 (0.376) 0.05 (0.451)
CCy)n 0.999 (0.581) 0.998 (0.609)
/ol 29.4 (1.56) 19 (2.0)
Completeness (%) 99.8 (97.1) 100.0 (100.0)
Redundancy 21.1 (7.6) 20.8 (9.7)
Refinement
Resolution (A) 44.93-2.05 49.45-2.50
No. of reflections 118,595 65,599
R/ Reree 18.3/20.1 17.4/20.5
No. of atoms
Protein 7,060 7,060
Ligand/ion 292 312
Water 467 470
B factors (A2)
Protein 47.7 37.6
Ligand/ion 68.4 67.8
Water 50.1 40.2
RMSD
Bond lengths (A) 0.003 0.003
Bond angles (°) 0.796 0.681
Sugars in the minimal-energy 90.0 90.9

conformation (%)

aCC, 5, Pearson correlation coefficient between two random half data sets; RMSD, root mean square
deviation.

bSingle-crystal X-ray diffraction data were collected for each structure. Values in parentheses are for the
highest-resolution shell.

cocrystalized in the presence of a 5- to 50-fold excess molar concentration of LnNT, the
electron density of LnNT was absent in the structure.

In the previously reported crystal structure of MuV-HN bound to 3'-SL (23), the Sia-1
of 3'-SL interacts with the active-site residues, Arg180, Glu407, Arg422, Arg512, and
Tyr540, along with Lys242, Glu264, and Tyr323 of the MuV-HN protein. Additionally, the
Glc-3 of 3'-SL interacts with the residues Tyr369 and Val476 of MuV-HN to stabilize the
protein-glycan interactions (Fig. 2A and B). The crystal structures demonstrated that
these interactions are completely conserved in the binding with SLeX pentaose or
GM2-GS (Fig. 2B) although the third sugar in SLeX pentaose is in the acetylated
form, GIcNAc-3. Interestingly, the branched fucose (Fuc-3’) in SLe* pentaose inter-
acts with Tyr369 of MuV-HN where the oxygen atom in the Fuc-3’ ring forms a
hydrogen bond with the O” oxygen atom of Tyr369 (Fig. 2B, top). GM2-GS also
shows the unique interactions between the branched GalNAc (GalNAc-2') and
MuV-HN (Fig. 2B, middle). The O-4 and O-6 oxygen atoms of GalNAc-2' form
hydrogen bonds with the side chain of Glu569 and the side chains of Ser539 and
Arg512 of MuV-HN, respectively.

Structural basis for the flexible recognition of glycan receptors by MuV-HN.
Upon binding with SLeX pentaose, GM2-GS, or 3'-SL, no large structural differences
were observed among the glycan-bound forms of MuV-HN (Fig. 3A). The residues
ranging from Asn201 to Ser207 and from Thr438 to Ser446 in the interstrand loops of
the B1 and B4 sheets of MuV-HN, respectively, showed relatively high flexibility. While
the branched Fuc-3’ in SLeX pentaose and the GalNAc-2' in GM2-GS individually
formed unique interactions with the MuV-HN residues, as described in the above
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FIG 2 Interactions between the glycans and MuV-HN protein. (A) Overall structure of the MuV-HN—SLeX pentaose complex
structure (left) and schematic of the glycan receptor derivatives for MuV (right). (B) Binding site of SLe* pentaose, GM2-GS, and
3'-SL in the MuV-HN—glycan complex structures. SLe* pentaose, GM2-GS, and 3'-SL are shown in cyan. Top (left) and side
(middle) views are shown. The omit F, - F_ (the observed and calculated structure factor amplitude, respectively) maps (3.00)
for SLeX pentaose and GM2-GS are also shown (right). The MuV-HN residues directly involved in the interaction with Sia-1 are
shown in yellow, whereas the ones interacting with the non-Sia-1 moieties of the glycans are indicated by magenta. Nitrogen
atom, blue; oxygen atom, red.

subsection, the core trisaccharide moiety in theses glycans had the same spatial
configuration of 3'-SL (Fig. 3B). Thus, the additional modifications, such as Fuc-3" or
GalNAc-2’, support the binding of the receptors with MuV-HN without affecting the

core trisaccharide configuration.

Inhibitory effect of glycans against MuV entry. To assess the interaction of MuV
virions with the glycans and the inhibitory potential of the glycans against MuV
infection, enhanced green fluorescent protein (EGFP)-expressing recombinant MuV was
preincubated with 3'-SL, SLeX pentaose, GM2-GS, LnNT, or 6'-SL at several concentra-
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FIG 3 Structures of MuV-HN in complex with SLeX pentaose or GM2-GS superimposed on the MuV-HN — 3’-SL complex. (A)
Crystal structures of the SLe* pentaose-bound and the GM2-GS-bound MuV-HN proteins superimposed on the 3’-SL -bound
MuV-HN. Only the main chains of the MuV-HN proteins are shown. (B) Crystal structures of the MuV-HN-bound SLeX pentaose
and the MuV-HN-bound GM2-GS superimposed on the MuV-HN-bound 3’-SL. Right and left are the views of each rotated by
180°. Superimposition was performed for the core trisaccharide structure containing «2,3-linked sialic acid based on the root
mean square deviation.

tions created by serial dilutions and then used to infect Vero cells. EGFP-expressing
recombinant MeV, bearing the hemagglutinin of the MeV Edmonston strain, was
similarly preincubated with 3'-SL and then used to infect Vero cells as a negative
control. The infected cells were overlaid with an agar-containing medium. The inhibi-
tory effects of these glycans against MuV or MeV entry were evaluated by counting
plaques at 2 to 3 days postinfection (dpi). Three binding motifs, SLeX pentaose, 3'-SL,
and GM2-GS, significantly inhibited MuV entry, with 1C5ys of 78 uM, 270 uM, and
1.40 mM, respectively (Fig. 4). SLe* pentaose showed the best inhibitory effect, and the
viral entry was greatly suppressed, especially at the higher glycan concentrations. In
contrast, minimal inhibitory effects of LnNT and 6’-SL against MuV entry were observed.
This result was compatible with the lack of electron densities for LnNT and 6’-SL in the
complex structures with MuV-HN. LnNT might have nonspecifically bound to the
MuV-HN protein in the glycan array assay with the high concentration of the MuV-HN
protein.
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FIG 4 Inhibitory effect of the glycans against MuV entry. The GFP-recombinant MuV (1.2 X 102 PFU) was
preincubated with the serially diluted 3’-SL, 6'-SL, LnNT, GM2-GS, or SLeX pentaose. Subsequently, Vero
cells were infected with one of the viral combinations for 1 h at 37°C. After the aspiration of the viral
solution, the infected cells were washed with phosphate-buffered saline and overlaid with 0.75% agar for
the plaque assay. The EGFP-expressing recombinant MeV containing the Edmonston H protein was also
preincubated with 3’-SL and then used in a similar fashion to infect Vero cells as a negative control. The
viral entry was evaluated by counting GFP-positive plaques using fluorescence microscopy at 3 dpi for
MuV and at 2 dpi for MeV (plaque sizes of MeV under the condition used were too large to count
accurately at 3 dpi). The plaqgue numbers obtained from MuV or MeV preincubated with glycan-free
medium are set to 1. Data are the means *+ standard deviations of three samples. Data shown in this
figure are representative of three independently performed experiments.

DISCUSSION

MuV causes systemic infection in humans and shows unique tropism for glandular
tissues and the central nervous system, causing epidemic parotitis, meningitis, enceph-
alitis, and deafness. However, the molecular mechanism of the unique MuV tropism is
not well explained. To understand the unique MuV tropism, we investigated glycan
receptor motifs for MuV using a glycan array screen from CFG Core H resources
including 600 types of glycans. A large-scale glycan array analysis with viral attachment
proteins is very useful to find new receptor motifs, but there are also limitations, for
example, nonspecific binding, a nonlinear dose-response relationship because of bind-
ing saturation, and different optimal binding conditions for individual glycans. Indeed,
MuV-HN proteins of Hoshino and SBL-1 strains showed partially different binding
results in the array. To overcome the limitations attributed to single experimental
methods, we employed the combined strategy of a large-scale glycan array, structural
analysis, and a viral infection inhibition assay. These three different methods gave
consistent results, allowing us to identify extensive/additional glycan receptor motifs
for MuV. Based on the complex structure of MuV-HN protein and the glycan receptors,
we further revealed the molecular mechanism that underlies the flexible recognition of
glycan receptors by MuV.

Interestingly, fucose- or GaINAc-modified trisaccharides containing «2,3-linked sialic
acid, SLeX, and GM2/Sd2-glycan were identified as new MuV binding motifs. Both SLe*
and GM2/Sd2-glycan share a core structure with the previously reported 3'-SL (3'-SLN)
motif. Thus, this core trisaccharide structure is likely critical for the receptor recognition
by MuV. The MuV-HN Y369A mutant protein showed loss of binding ability to all
glycans in the array (Fig. 1F). This result also supports the idea that the interaction
between the Tyr369 residue of MuV-HN and the Glc/GIcNAc-3 moiety of the core glycan
structure is crucial for the receptor recognition by MuV. Branched sugar chains showed
reduced binding to the MuV-HN proteins, especially in more than triantennary glycans
(Fig. 1A to D and Table 1). This may be caused by steric hindrance, as also discussed in
our previous report (23).

In the crystal structures, SLeX and GM2-GS formed additional interactions with the
residues of the MuV-HN protein compared with those of 3’-SL (Fig. 2). Nonetheless, all
three glycan receptors exhibited the same binding configurations by maintaining all
the linkages observed in 3’-SL (Fig. 3B). This observation indicates that the core glycan
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structure, Neu5Aca2-3GalB1-4GIcNAc(Glc), is essential for the receptor recognition by
the MuV-HN protein, while fucose or GaINAc modifications onto the core are spatially
allowed to be positioned in the extra space of the receptor-binding pocket of the
MuV-HN protein. The interstrand loops, ranging from Asn201 to Ser207 and Thr438 to
Ser446 of the B1 and B4 sheets of MuV-HN, respectively, may partially contribute to the
adjustment of the space of the receptor-binding pocket of the MuV-HN protein because
these loops change their conformations depending on the ligands bound to the pocket
(Fig. 3A).

SLeX constitutes the epitope of the carbohydrate antigen typically found in leuko-
cytes and plays a role in cell attachment by being recognized by selectins expressed in
vascular endothelia (25-27). SLe* is also one of the tumor-associated carbohydrate
antigens found in various types of cancers, and its expression level is known to correlate
with the development of metastatic lesions based on the cell adhesion mechanism
mediated by selectins (25, 28). The SLeX structure is generally found on glycoproteins
expressed in human tissues such as colon, heart, kidney, lung, and pancreas (http://
www.functionalglycomics.org/static/consortium/resources/resourcecoreh.shtml). It also
exists as the terminal structure of some highly O-glycosylated mucins and sphingogly-
colipids. 3'-SL (Neu5Aca2-3GalB1-4Glc) constitutes the terminal structure of the sph-
ingoglycolipid known as GM3, which is one of the main gangliosides in vertebrate
extraneural tissues (29). 3’-SLN (Neu5Aca2-3GalB1-4GIcNAc) exists as the terminal
sugar of N-linked and O-linked glycoproteins (20, 23, 30). These broad distributions of
SLeX, 3'-SL, and 3’-SLN may be the cause of the systemic infection by MuV. In contrast,
GM2 exists as a component of glycolipids in the mammalian central nervous system,
peripheral nerves, and adrenal gland (25, 31, 32). Thus, the distribution of GM2 may be
related to the observed MuV tropism to the nervous tissues. MuV entry was efficiently
inhibited by pretreating the virus with 3’-SL, SLe*X pentaose, and GM2-GS (Fig. 4). This
result strongly suggests that the glycans with the SLeX motif and the GM2-glycan motif
as well as the core trisaccharide motif work as the functional receptors for MuV. The
receptor function of the GM2-glycan motif may be dependent on the environment,
such as the focal viral titer or the receptor density in the affected tissues or organs,
because the GM2-GS concentration is required to be relatively high to achieve the
equivalent inhibitory effect against MuV entry compared with that of 3’-SL or SLeX
pentaose (Fig. 4). By comparison, the nonsialylated glycan motifs may not be efficient
receptors for MuV because of the lack of electron density for LnNT in the complex
structure with the MuV-HN protein and the absence of an inhibitory effect of LnNT
against MuV entry (Fig. 4). Distributions of these glycan receptor motifs may account for
the systemic infection as well as the unique MuV tropism for the nervous tissues.

MATERIALS AND METHODS

Cells and viruses. Vero cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Wako)
supplemented with 10% (vol/vol) fetal bovine serum (FBS; Sigma-Aldrich) and penicillin-streptomycin
(Gibco) at 37°C and 5% CO,. The GFP-expressing recombinant MuV of the Hoshino strain (33) (MuV-GFP)
and the EGFP-expressing recombinant measles virus of the 1C323 strain (34), the hemagglutinin of which
was replaced by that of the Edmonston strain (35) (MeV-EGFP [Edmonston H]), were recovered from their
respective full-length cDNA plasmids using the support plasmids encoding the nucleocapsid and
phospho- and large proteins of MuV and MeV, respectively. The Edmonston strain of MeV infects Vero
cells via CD46 as a receptor, and MeV-EGFP (Edmonston H) was used as a control to infect Vero cells.

Protein expression and purification. The expression plasmids encoding the MuV-HN proteins
(amino acid positions 96 to 582) (23) of the wild-type (WT) Hoshino strain, WT SBL-1 strain, and Y369A
mutant of the SBL-1 strain were transfected into HEK293S cells lacking N-acetylglucosaminyltransferase
1 [293S GnTI(—) cells] (36) using polyethyleneimine-MAX (Polysciences, Inc.). MuV-HN proteins were
expressed as recombinant proteins containing the N-terminal secretion signal sequence and a C-terminal
His, tag sequence using the expression vector pHLsec (37, 38). At 6 days posttransfection, the superna-
tant containing the secreted MuV-HN protein was harvested and then centrifuged to eliminate cell
components. MuV-HN proteins were purified using a Ni?*-nitrilotriacetic acid (NTA) affinity column
(Cosmogel His-Accept; Nacalai Tesque) in purification buffer (50 mM NaH,PO,, 150 mM NadCl,
10 mM imidazole, pH 8.0) and then eluted with elution buffer (50 mM NaH,PO,, 150 mM NaCl, 500 mM
imidazole, pH 8.0). The eluted MuV-HN proteins were further purified using a size exclusion column
(Superdex 200 Increase GL 10/300; GE Healthcare) in buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 2 mM CaCl,, and 2 mM MgCl,. MeV-H protein (amino acid positions 149 to 617) of the Edmonston
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strain (38) was also expressed and purified according to the same procedures described above for the
MuV-HN proteins.

Glycan array analysis. Purified MuV-HN proteins and MeV-H protein were diluted in binding buffer
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM CaCl,, 2 mM MgCl,, 0.05% Tween 20, and 1% bovine serum
albumin [BSA]) and then sent to CFG's Protein-Glycan Interaction Core (Core H [http://www
functionalglycomics.org/static/consortium/resources/resourcecoreh.shtml]). Purified viral glycoproteins
were used with the Mammalian Glycan Array, version 5.3, at 5 ug/ml or 50 ug/ml. Binding of viral
glycoproteins containing the C-terminal Hisg tag sequence with glycans was evaluated by quantifying
the fluorescence intensity using an anti-His, tag Cy3-conjugated antibody. Six replicates of each glycan
were analyzed, and the highest and the lowest signals were eliminated from the mean value (in relative
fluorescence units [RFU]). The analysis of the SBL-1 WT HN protein at 5 ug/ml and 50 pug/ml was repeated
to confirm the data. The obtained data were also analyzed using GlycoPattern (24) (https://glycopattern
.emory.edu/index.html).

Crystallization, data collection, and structure determination. To promote the crystallization of
the MuV-HN protein, it was treated with 20 MM dimethylamine-borane complex (Sigma) and 40 mM
formaldehyde at 4°C overnight to methylate lysine residues (39). Cocrystals with the 3’-SL sodium salt
(Tokyo Chemical Industry), SLe* pentaose (Oligotech), GM2 ganglioside sugar (GM2-GS; Oligotech), or
LnNT (Oligotech) were grown by hanging-drop vapor diffusion at 20°C in a drop containing 1 ul each of
MuV-HN (10 mg/ml) and the crystallization buffer (1.95 M ammonium sulfate, 3% [vol/vol] glycerol, and
0.1 M sodium acetate, pH 5.0) containing 5- to 50-fold-higher molar concentrations of glycans than the
concentration of the MuV-HN protein. For the data collection, the crystals were cryo-cooled (by a
nitrogen gas stream; 100 K) in the original crystallization buffer containing 25% (vol/vol) glycerol. Crystals
of MuV-HN bound to GM2-GS and SLeX pentaose were diffracted to 2.5 A and 2.05 A, respectively.

All of the diffraction data sets were collected on beamline BL26B2 (using an MX225 detector) at
SPring-8 (Harima, Japan) and processed and scaled using HKL2000 (40). Structures of the MuV-HN head
domain bound to GM2-GS and SLeX pentaose were solved by molecular replacement with Phaser (41)
using the apo MuV-HN structure as a search model (PDB accession code 5B2C) (23). Further model
refinement procedures were carried out using Phenix.refine (42). Interactive manual model building and
correction were performed using Coot (43). Sugars were validated by the energy conformations using
Privateer (44). Final structures of MuV-HN bound to GM2-GS or SLe* pentaose were refined to an R,
of 18.2% and Ry, of 20.1% or to an R, of 17.5% and R, of 20.5%, respectively. Of the refined
structure, 95.3% of residues were in favored regions, and 4.4% of the residues were in allowed regions
in the Ramachandran plot for MuV-HN bound to GM2-GS. Of the refined structure, 95.1% of residues
were in favored regions, and 4.6% of the regions were in allowed regions in the Ramachandran plot for
MuV-HN bound to SLeX pentaose. Detailed data collection and crystallographic statistics are summarized
in Table 2. Figures were produced using PyMOL (DeLano Scientific, LLC [http://www.pymol.org]).

Virus entry inhibition assay. GFP-expressing recombinant MuV of the Hoshino strain was preincu-
bated with the medium containing the serially diluted 3'-SL, SLeX pentaose, GM2-GS, 6'-SL, or LnNT at
37°C for 60 min. Vero cells cultured in a 96-well dish (Corning) were infected with the viruses (multiplicity
of infection [MOI] of 0.01) for 60 min at 37°C. After the virus-containing medium was removed, cells were
overlaid with 0.75% (w/vol) Sea Kem ME Agar (Invitrogen)-DMEM supplemented with 5% (vol/vol) FBS,
0.16% (w/vol) NaHCO,, and penicillin-streptomycin at 37°C and 5% CO,. MeV-EGFP (Edmonston H) was
also preincubated with the serially diluted 3'-SL as a negative control and then was assayed using the
same procedure as that employed for MuV. The plaque numbers obtained from MuV- or MeV-infected
cells in the presence/absence of glycans were counted under a microscope (Keyence) at 2 to 3 dpi.

Data availability. Coordinates for MuV-HN-SLe* pentaose and MuV-HN—GM2-GS have been de-
posited in the Protein Data Bank under accession codes 6JJN and 6JJM, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
.00344-19.
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