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Mumps virus (MuV) remains an important pathogen worldwide,
causing epidemic parotitis, orchitis, meningitis, and encephalitis.
Here we show that MuV preferentially uses a trisaccharide containing
«2,3-linked sialic acid in unbranched sugar chains as a receptor. Crys-
tal structures of the MuV attachment protein hemagglutinin-neur-
aminidase (MuV-HN) alone and in complex with the «2,3-sialylated
trisaccharide revealed that in addition to the interaction between the
MuV-HN active site residues and sialic acid, other residues, including
an aromatic residue, stabilize the third sugar of the trisaccharide. The
importance of the aromatic residue and the third sugar in the MuV-
HN-—receptor interaction was confirmed by computational energy cal-
culations, isothermal titration calorimetry studies, and glycan-binding
assays. Furthermore, MuV-HN was found to bind more efficiently
to unbranched «2,3-sialylated sugar chains compared with branched
ones. Importantly, the strategically located aromatic residue is con-
served among the HN proteins of sialic acid-using paramyxoviruses,
and alanine substitution compromised their ability to support cell-
cell fusion. These results suggest that not only the terminal sialic
acid but also the adjacent sugar moiety contribute to receptor
function for mumps and these paramyxoviruses. The distribution
of structurally different sialylated glycans in tissues and organs
may explain in part MuV’s distinct tropism to glandular tissues
and the central nervous system. In the crystal structure, the epi-
topes for neutralizing antibodies are located around the a-helices
of MuV-HN that are not well conserved in amino acid sequences
among different genotypes of MuV. This may explain the fact that
MuV reinfection sometimes occurs.
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umps virus (MuV), an important aerosol-transmitted hu-

man pathogen, affects the parotid and other salivary glands,
pancreas, testis, ovary, mammary glands, and kidney (1). It also
infects the central nervous system, causing meningitis and, less
frequently, encephalitis and unilateral nerve deafness. The hall-
marks of MuV infection were described in the fifth century BC by
Hippocrates (1). To prevent this disease, inactivated and live at-
tenuated MuV vaccines were developed in 1946 and 1958, re-
spectively (1). Currently, MuV vaccine is usually given as a live
measles-mumps-rubella (MMR) vaccine. Although the cellular
receptors and structures of viral glycoproteins, the main target of
neutralizing antibodies (Abs), have been well characterized for
measles and rubella viruses (2-4), the exact identity of a receptor
for MuV and the crystal structure of its attachment glycoprotein
remain to be determined. Although the MMR vaccine has dra-
matically reduced the prevalence of MuV infection (1), MuV
vaccine-induced meningitis, a main adverse reaction, occurs at a
rate ranging from 1/400 to 1/1,000,000 of vaccinated individuals,
depending on the strain (1). Other studies have reported infection,
as well as reinfection, among highly vaccinated populations (5, 6).
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MuV is classified into 12 genotypes, which are used for surveil-
lance by the World Health Organization (1). The vaccine strains
currently used worldwide belong to genotype A, B, H, or N (1).
Although MuV is thought to be serologically monotypic (1, 7), some
studies have reported that MuV genotype-specific Abs are pro-
duced (8, 9). Thus, the antigenic variation among different geno-
types is a concern for MuV vaccination and natural infection (5, 7).

MuV is a member of the genus Rubulavirus in the family
Paramyxoviridae. Paramyxoviruses, enveloped and nonsegmented
negative-strand RNA viruses, enter the host cell by attaching to
a cell surface receptor via hemagglutinin-neuraminidase (HN),
hemagglutinin (H), or glycoprotein (G), depending on the virus,
and cause membrane fusion through the action of the fusion (F)
protein (10). The attachment proteins (HN, H, and G) are the
major targets of neutralizing Abs, along with the F protein (1).
The MuV genome contains 15,384 nucleotides encoding nucle-
ocapsid, phospho, matrix, F, small hydrophobic, HN, and large
proteins (1). Sialic acid, expressed on the cell surface as a non-
reducing terminal component of sugar chains, is believed to be
the common receptor for many paramyxoviruses including MuV,
and influenza viruses (10, 11). Human and avian influenza viruses
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exhibit preferential binding to a2,6- and «2,3-linked sialic acids,
respectively (11). The distinct preference for either of the two major
types of sialic acid is an important determinant of the influenza virus
host range (11). Whether MuV uses a particular sialylated sugar
structure as a receptor is unknown.

In this study, we first determined the crystal structures of the
MuV-HN protein (hereinafter abbreviated as MuV-HN) receptor-
binding head domain alone and in complex with trisaccharides
containing sialic acid. Based on the structures thus obtained,
we further examined the MuV-HN-receptor interaction using
computational calculations, isothermal titration calorimetry (ITC)
studies, glycan-binding assays, and functional studies. The struc-
tures of MuV-HN also provided important insights into the
mechanism of Ab-mediated neutralization.

Results

Overall Structures of the MuV-HN Head Domain Alone and in Complex
with Sialyllactose. MuV-HN comprises an N-terminal cytoplasmic
tail, transmembrane region, stalk, and C-terminal receptor-
binding head domain (1). To gain insight into the MuV—receptor
interaction, we determined the crystal structure of MuV-HN. The
HN head domain of the MuV Hoshino strain was expressed in
HEK293S cells lacking N-acetylglucosaminyltransferase I [293S
GnTI(-) cells], which allows glycoproteins to possess homoge-
neously modified glycans and thus aids in the production of better-
diffracting crystals (12). The purified MuV-HN head domain was
methylated following a previously developed method (13) and
crystallized. Diffraction to 2.24-A resolution was obtained for a
single crystal of the MuV-HN head domain. Its structure was
determined by molecular replacement using Newcastle disease
virus-HN (14) as a search model and was refined to an Rk
value of 20.2% and an Ry value of 22.2% (Table S1). In ad-
dition, the MuV-HN head domain was cocrystallized with two
types of sialyllactose, 3'-sialyllactose (3'-SL) and 6’-sialyllactose
(6'-SL), as the sialic acid-containing receptor analogs. These are
trisaccharides in which the terminal N-acetylneuraminic acid
(hereinafter referred to as Sia-1) is connected to the galactosyl
unit (referred to as Gal-2) of lactose by the a2,3-linkage and the

View seen
from the cell

cell surface

a2,6-linkage, respectively. (The glucose unit of lactose is referred
to as Glc-3.) The cocrystal structure with 3'-SL was determined
at 2.18-A resolution and was refined to an Ry value of 17.6%
and an Ry value of 19.1% (Table S1). Two monomers are
contained in the asymmetric unit of both free and 3’-SL-bound
forms of the MuV-HN head domain.

The MuV-HN head domain exhibits a six-bladed p-propeller
fold (B1—p6 sheets) and forms a homodimer (Fig. 1 A and B).
The two monomers forming a dimer are tilted approximately 90°
to each other. Similar to attachment proteins of other para-
myxoviruses (14-17), two dimers form a tetramer (dimer of dimers)
(Fig. S1A). The ligand 3’-SL is bound to the top pocket of the
MuV-HN head domain (Fig. 1B and Fig. S14). In the homodimer,
no large structural difference is observed between the free and
receptor-bound forms of the MuV-HN head domain (rmsd of
0.40 A; 882 Ca atoms in the dimer) (Fig. S1B).

The structure of the MuV-HN head domain cocrystallized
with 6’-SL was also determined. However, the electron density
for 6’-SL was not detected in the structure, suggesting that MuV-
HN does not efficiently bind 6'-SL.

Interaction of MuV-HN and 3'-SL. In the crystal structure of MuV-
HN complexed with 3’-SL, the aromatic residues Tyr268 and
Phe370 are stacked together with Tyr369, which interacts face to
face with Glc-3 of 3’-SL. The O" oxygen atom of Tyr369 hy-
drogen bonds with the O1 oxygen atom of Glc-3 and the O1
oxygen atom of Gal-2 (Fig. 1C, Left). Furthermore, Val476 sta-
bilizes Glc-3 by hydrogen bonding through its main chain with
the O6 oxygen atom of the sugar, and by forming a hydrophobic
interaction with Glc-3 through its side chain. Notably, Tyr369,
and Val476 are conserved among all genotypes of MuV, but they
are not among the seven active site residues highly conserved in
viral and cellular sialidases, which are responsible for sialic acid
recognition (18). The active site residues correspond to Argl80,
Glu407, Argd22, Arg512, Tyr540, Glu561, and Asp204 in the HN
proteins of MuV, and these seven residues are, as expected,
conserved among all genotypes of MuV. The first five of these
residues are involved in the direct binding to Sia-1 of 3’-SL, and

View seen
from the virus

Fig. 1. Structures of the MuV-HN head domain. (A) Top view of the MuV-HN monomer in the absence of receptor whose B-sheets (31-$6) are rainbow
in color. The SO4™ ion is shown in spheres. (B) MuV-HN monomer (Left, top view) and homodimer (Right, side view) bound to 3'-SL. 3'-SL is shown in spheres.
(C) MuV-HN residues involved in receptor binding. The MuV-HN residues involved in the interaction with Glc-3 and Gal-2 of 3'-SL (cyan) (Left, view seen from
the cell) and with Sia-1 of 3’-SL (Right, view seen from the virus) are indicated by the same rainbow colors as in A. The other active site residues, E561 and
D204, conserved among paramyxoviruses, are colored in gray. Nitrogen atom, blue; oxygen atom, red.

11580 | www.pnas.org/cgi/doi/10.1073/pnas.1608383113

Kubota et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608383113/-/DCSupplemental/pnas.201608383SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608383113/-/DCSupplemental/pnas.201608383SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608383113/-/DCSupplemental/pnas.201608383SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608383113/-/DCSupplemental/pnas.201608383SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608383113/-/DCSupplemental/pnas.201608383SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1608383113

A

Stability

AAG

kJ mol-1

MuV-HNs-receptor

Receptors— MuV-HN = AGy4(tri) = A Gying(di)
AGing(WT) = AG,hq(Y369A) -7.24 + 1.98

-16.58 +1.93

L T

1\
Jcal/sec

z

BN AS  DNAS P

B Time (min) Time (min)
0 10 30 40 50 60 0 20 30 40 50 60
0.02 :
0.00 {7
0.00 I
005 ’
-0.02
-0.10-
-0.04
-0.15+
-0.06 ‘ . ) ] )
_— disaccharide | 1 -0.201 trisaccharide -
] ' Cu 004" femnnenn
£ -0.08- L L] 4 02] P
[5] . w8 - o
2 L 0.4 y
£ 124 g { = /
S ./" 0.6 ‘__‘-
% -0.16+ ,; 1 08 ]
£ ; K4 (1M)=500 1.0 / Ky (UM)=56 |
< 020 “ 7
£ 0 5 10 15 20 0 5 10 15 20
Molar Ratio Molar Ratio

Fig. 2. Stability of the MuV HN protein-receptor complex. (A) The energetic
stability of the HN protein-receptor interaction calculated with the MD
simulations. di, disaccharide; tri, trisaccharide. (B) ITC analysis of the binding
of glycans to the MuV-HN protein. (Upper) Raw titration data. (Lower) In-
tegration plot of the titration data. (Left) MuV-HN protein—-NeuAca2,3Gal
(disaccharide). (Right) MuV-HN protein-NeuAca2,3Galp1,4Glc (trisaccharide).

Lys242, Glu264, and Tyr323 also bind to Sia-1, along with the
five residues (Fig. 1C, Right). Glu561 appears to support the
conformations of the side chain of Argl80 and the main chain of
Tyr540, but does not appear to be involved in direct binding to
Sia-1. Another active site residue, Asp204, points away from Sia-1
and does not contribute to HN’s interaction with it (Fig. 1C,
Right). In the absence of 3’-SL, an SO, ion is observed within
the top pocket of the MuV-HN head domain under the crys-
tallization condition in which the crystallization buffer contains
sulfate (Fig. 14). In MuV-HN cocrystallized with 3’-SL, the ion’s
density disappears and is replaced by 3’-SL (Fig. 1B). In the
human body, a PO, ion instead of an SO,~ ion may be present
at that position, so that the HN protein is stabilized before it
binds to a receptor.

The foregoing observations suggested to us that the saccharide
moiety underlying the terminal sialic acid also plays an important
role in the MuV HN-receptor interaction.

Stability of the HN Protein-Receptor Interaction. In an attempt to
evaluate the energetic stability of the MuV-HN protein-receptor
complex, we first compared sialic acid-containing trisaccharides
and disaccharides for their ability to interact with MuV-HN
based on molecular dynamics (MD) simulations. Computational
calculations revealed that the trisaccharide 3’-SL exhibits more
stable binding to MuV-HN (AAG = —16.58 + 1.93 kJ/mol) than
the disaccharide Sia-1-Gal-2 (Fig. 24 and Fig. S24). We also
compared energetic stability in the wild type (WT) of MuV-HN
and its mutant in which Tyr-369 was replaced with Ala (Y369A).
Our calculations showed that the WT binds more stably to 3'-SL
(AAG = -7.24 + 1.98 kJ/mol) compared with the mutant (Fig.
24 and Fig. S2B). These results support the idea that the third
sugar of 3’-SL and Tyr369 of MuV-HN contribute substantially
to the MuV HN-receptor interaction.

We also examined the binding affinity of the MuV-HN protein
receptor using ITC studies. Consistent with the computational
calculations, the trisaccharide 3’-SL exhibited much stronger
binding affinity to the MuV-HN protein (K4 = 56 pM) compared
with the disaccharide Sia-1-Gal-2 (K4 = 500 pM) (Fig. 2B).
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MuV-HN Preferentially Binds to Oligosaccharides Containing «2,3-
Linked Sialic Acid. We next examined the binding of MuV-HN
to six types of glycans containing a2,3- or o2,6-linked sialic acid
(G1-G6 in Fig. 34) using a glycoconjugate-spotted microplate
(19, 20). The glycoconjugates represent major sialylated glycans
found in the human respiratory tract (21), and their structural
compositions are described in Fig. 34. Fluorescence due to the
binding of MuV-HN was observed for G1 and less strongly for
G2 (Fig. 34). G1 and G2 are glycans containing «2,3-linked sialic
acid. Only a limited amount of fluorescence was observed for
G3 and glycans containing a2,6-linked sialic acid, including G4,
G5, and G6. On a different plate containing sialylated and non-
sialylated glycans (22), MuV-HN was found to exhibit binding
to NeuAco2,3Galp1,4Glc-BSA and NeuAca2,3Galp1,4GlcNAc-
polyglutamine, but only low levels of binding to the other glycans
examined (Fig. S3). We also tested the binding of the MuV-HN
Y369A mutant to NeuAca2,3Galp1,4GlcNAc-polyglutamine and
NeuAca2,3Galpl1,4Glc-BSA (Fig. 3B). The mutant exhibited a
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Fig. 3. Binding of MuV-HN proteins to sialyl glycans. (4) Binding of purified

MuV-HN protein to six branched/unbranched a2,3- or «2,6-linked sialyl glycans.
G1, NeuAca2,3Galp1,4GIcNAC-BSA; G2, NeuAca2,3Galp1,4GIcNAC B1,2(NeuAca2,
3Galp1,4GIcNAcB1,4)Manal,3(NeuAca2,3Galp1,4GIcNACB1,2Manal,6)Manp1,
4GIcNACcB1,4GIcNACc-BSA; G3, NeuAca2,3GalB1,4GIcNAcB1,2(NeuAca2,3Galp1,
4GIcNAcp1,4)Manal,3(NeuAca2,3Galp1,4GIcNAcp1,2 (NeuAca2,3Galp1,
4GIcNAcp1,6)Manal,6)Manf1,4GIcNAcf1,4GIcNAc-BSA; G4, NeuAca2,
6Galp1,4GIcNAC-BSA; G5, NeuAca2,6Galp1,4GIcNAcB1,2Mana1,3(NeuAca2,6Galp 1,
4GIcNAcB1,2Mana1,6)Manp1,4GIcNAcB1,4GIcNAC-BSA; G6, NeuAca2,6Galp1,
4GIcNACB1,2(NeuAca2,6GalB1,4GIcNACB1,4)Manal,3 (NeuAca2,6Galp1,4GIcNACB1,
2Mana1,6)Manf1,4GIcNAcB1,4GIcNAc-BSA. The glycans are attached onto BSA.
(B) Binding of purified MuV-HN proteins, WT or Y369A, to the trisaccharides
NeuAca2,3Galp1,4GIcNAc-polyglutamic acid (Left) and NeuAca2,3Galp1,4Glc-
BSA (Right). Measles virus H protein served as a negative control. Data are
the mean + SD of three samples. N.D., not detected. Data shown in this figure
are representative of three independently performed experiments.
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decreased level of binding to both glycans containing o2,3-linked
sialic acid compared with the WT.

In the foregoing studies, the HN protein (amino acid positions
96-582) of the MuV SBL-1 strain (genotype A) was used. We also
examined the binding of mumps virions of the SBL-1, Tokyo M-21
(genotype G), and Tokyo S-III-10 (genotype L) strains (23), as well
as the purified HN protein of the MuV Hoshino strain (genotype
B), to o2,3- and o2,6-linked sialyl glycopolymers (NeuSAco2,
3Galp1,4GIcNAcB-pAP and NeuSAca2,6Galpl,4GIcNAcB-pAP)
(24) on microplates. All MuV particles examined bound to a2,3-
linked sialyl glycopolymers, but not to a2,6-linked sialyl glyco-
polymers (Fig. S4).

These binding assays indicate that MuV-HN preferentially
binds to oligosaccharides containing a2,3-linked sialic acid, and
that branching of saccharides tends to decrease the binding. The
results also reveal that Tyr369 in MuV-HN, which interacts with
the third sugar (Glc-3) of 3’-SL (Fig. 1C, Left), is critical for the
binding of MuV HN to oligosaccharides containing «2,3-linked
sialic acid.

«2,3-Linked Sialic Acid Is Necessary for MuV-Mediated Cell-Cell
Fusion and Entry. To evaluate the importance of a2,3-linked si-
alic acid in MuV receptor function, we cleaved a2,3-linked sialic
acid from the cell surface using sialidases. The amounts of «2,3-
and a2,6-linked sialic acids on HEK293 cells, as evaluated by flow
cytometry, were close to the background levels after treatment
with Arthrobacter ureafaciens sialidase, which cleaves both the
a2,3 and 2,6 linkages of N-acetylneuraminic acid (Fig. S54).
The o2,3- and a2,6-linked sialic acids were detected by binding to
the Maackia amurensis lectin II (MAL II) and Sambucus nigra
agglutinin (SNA), respectively. Treatment with Salmonella typhi-
murium o2,3-sialidase also resulted in lower levels of «2,3-linked
sialic acid on the cell surface, although the reduction was not as
complete as that seen with A. ureafaciens sialidase. As expected,
the amount of «2,6-linked sialic acid on the cell surface was not
affected by treatment with a2,3-sialidase.

We next performed a fusion assay to assess the effect of sialic
acid cleavage on cell-cell fusion mediated by MuV HN and F
proteins. HEK293 cells were transiently transfected with the
expression plasmid encoding EGFP. These HEK293-EGFP cells
were then treated with a2,3-sialidase, A. ureafaciens sialidase, or
control medium. HEK293 cells in different dishes were trans-
fected with the expression plasmids encoding HN and F proteins
of MuV. After 20 h of sialidase treatment, HEK293-EGFP cells
were overlaid onto HEK293 cells expressing MuV HN and F
proteins (Fig. S5B). If HEK293-EGFP cells (treated or untreated
with sialidases) fuse with HEK293 cells expressing the HN and F
proteins, then EGFP-positive syncytia will be observed. EGFP-
positive syncytia were clearly detected at 15 min after the over-
lay in the control cell mixture containing sialidase-untreated
HEK?293-EGFP cells, but not in the cell mixture containing
a2,3-sialidase—treated or A. ureafaciens sialidase-treated HEK293-
EGFP cells (Fig. 44). The size and number of EGFP-expressing
syncytia increased gradually with time (at 30 and 60 min) in the
control cell mixture. In contrast, the cell mixture containing a2,3-
sialidase—treated or A. ureafaciens sialidase-treated HEK293-
EGFP cells formed a reduced number of small EGFP-expressing
syncytia at 30 min or 60 min after overlay, respectively. Residual
and/or regenerated (or recycled) a2,3-linked sialic acid on siali-
dase-treated HEK293-EGFP cells presumably supported syncy-
tium formation in these cell mixtures at later time points. The
same results were obtained with the respiratory epithelial cell
line NCI-H358 or the neuroblastoma cell line IMR-32 when
these cells instead of HEK293 cells were transfected with EGFP,
treated with sialidases and overlaid onto HEK293 expressing
MuV HN and F proteins (Fig. S5 4, C, and D). Sialidase
treatment had no affect on the cell-cell fusion mediated by the H
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Fig. 4. Effect of cleavage of sialic acid on MuV-induced cell-cell fusion and
MuV entry. (A) HEK293 cells expressing EGFP were treated with control
medium, a2,3-sialidase, or A. ureafaciens sialidase. They were detached from
the plates and then overlaid onto HEK293 cells expressing the HN and F
proteins of MuV. The cells were observed under fluorescence microscopy at
0, 15, 30, and 60 min after overlay. (Scale bar: 200 pm.) (B) HEK293 cells
pretreated with control medium, «2,3-sialidase, or A. ureafaciens sialidase
were infected with the EGFP-expressing recombinant MuV. At 24 h post-
infection, EGFP-positive cells were counted to evaluate the efficiency of virus
entry. The control was set to 100, and data indicate the mean + SD of
triplicate experiments. The data are representative of three independently
performed experiments. **P < 0.01, two-tailed Student’s t test.

and F proteins of the measles virus, owing to the proteinaceous
nature of the receptors (Fig. S5E).

We also examined MuV entry into sialidase-treated cells. HEK293
cells that had been treated with o2,3-sialidase, A. ureafaciens
sialidase, or control medium were infected with EGFP-expressing
recombinant MuV. Entry efficiencies in a2,3-sialidase—treated
and A. ureafaciens sialidase-treated HEK293 cells were 20% and
~8%, respectively, of that seen in control cells (Fig. 4B).

Interaction of the HN Protein with the Third Sugar from the
Nonreducing Terminal of Saccharide Also Contributes to Paramyxovirus-
Mediated Cell-Cell Fusion. Given that our structural and bind-
ing studies indicated the involvement of Glc-3 at the base of the
terminal sialic acid in the interaction with MuV-HN, we exam-
ined the functional role of this third sugar of the trisaccharide.
HEK293 cells were transfected with the expression plasmid
encoding the HN protein of the MuV Hoshino strain or its
mutant with the Y369A substitution (Fig. 54, Left), together
with the expression plasmids encoding the MuV F protein and
EGFP, respectively. The mutant HN protein was expressed on
the cell surface as efficiently as the WT protein, as assessed by
flow cytometry (Fig. S64). The cells transfected with the
mutant HN protein apparently produced a lower level of cell-
cell fusion compared with cells transfected with the WT HN
protein (Fig. 54, Right). The same results were obtained with
NCI-H358 and IMR-32 cells (Fig. S6B).

To test whether this finding would also hold true for other
paramyxoviruses using sialic acid as a receptor, we examined HN
proteins of parainfluenza virus 5 (PIVS), human parainfluenza
virus 2 (PIV2), and Sendai virus (SeV). PIV5 and PIV2, like
MuV, belong to the genus Rubulavirus, whereas SeV is a member
of the genus Respirovirus. The structures of the PIV5 HN protein
unbound and bound to the receptor have been determined (16),
but those of the PIV2 and SeV HN proteins have not; therefore,
we generated the model structures for the HN proteins of the
latter two viruses based on the known HN structures of other
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Fig. 5. Involvement of the third sugar from the nonreducing terminal in the
HN protein-receptor interaction. Experiments were performed for the HN
protein of MuV (A4) and PIV5, PIV2, and SeV (B). (Left) Aromatic residues
involved in the interaction with the third sugar from the nonreducing ter-
minal (Glc-3 of SL) as well as residues stacked with them in solved (MuV and
PIV5) or model HN protein structures (PIV2 and SeV) are shown in magenta.
SLs (Sia-1, Gal-2, and Glc-3) are shown in cyan. (Right) HEK293 (MuV, PIV5,
and PIV2) or Vero (SeV) cells transfected with expression plasmids encoding
the HN protein (WT or mutant), F protein, and EGFP were observed for
syncytia formation using fluorescence microscopy at 2 d posttransfection.
(Scale bar: 200 pm.)

paramyxoviruses, including PIVS and PIV3 (16, 17). These solved
and model structures show that Trp352, Tyr357, and Trp373 of
PIV5, PIV2, and SeV HN proteins, respectively, interact with Gle-3
of sialyllactose (Fig. 5B, Left), similar to Tyr369 of MuV-HN. We
mutated these residues to alanine and then tested the ability of the
mutant HN proteins to support cell-cell fusion in conjunction with
the corresponding F proteins. All of the mutant HN proteins
were expressed on the cell surface as efficiently as the WT pro-
teins (Fig. S64), but induced cell fusion much less efficiently
(Fig. 5B). These results indicate that in addition to the terminal
sialic acid, the third sugar from the nonreducing terminal con-
tributes to the HN protein—receptor interaction. (The structures
suggest that the fourth sugar, rather than the third sugar, from
the nonreducing terminal may interact with the aromatic residues
of PIVS and PIV2.)

Discussion

It is generally believed that the sialic acid on glycans is a receptor
for paramyxoviruses belonging to the genera Respirovirus, Rubulavirus,
and Avulavirus (10), but whether structures other than the terminal
sialic acid are directly involved in the interaction with the HN
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proteins of these paramyxoviruses is unknown. Our findings in-
dicate that the third sugar from the nonreducing terminal of
glycans also contributes to the receptor—-HN protein interaction
in MuV, and that a trisaccharide containing o2,3-linked sialic
acid is the core structure of a receptor for MuV.

In the X-ray crystal structures, the electron density of the
trisaccharide was detected in the MuV-HN head domain coc-
rystalized with 3’-SL, but not in that cocrystallized with 6'-SL.
Importantly, the crystal structures revealed that the binding of
3’-SL to MuV-HN not only is mediated by the MuV-HN-sialic
acid interaction, but also is stabilized by the interaction between
Gal-2/Glc-3 of 3'-SL and Tyr369/Val476 of MuV-HN. The stacking
interaction of Tyr369 with the adjacently located Phe370 and
Tyr268 also may contribute to the stability of the interaction with
Glc-3. The Y369A substitution considerably reduced cell-cell
fusion mediated by the HN and F proteins. Because the Y369A
substitution is unlikely to dramatically affect the conforma-
tion of the MuV-HN monomer, the conformation of the di-
mer, or the orientation of the tetramer, the lack of interaction
between MuV-HN and Glc-3 must be the reason for the re-
duced cell-cell fusion. Computational calculations using the
MD simulations and binding-affinity evaluation by ITC also
support the importance of both the aromatic residue at this
position of MuV-HN and the third sugar from the nonreducing
terminal of the trisaccharide for the stability of the MuV-HN-
sugar complex. The importance of the third sugar—-HN aromatic
residue interaction also appears to apply to the paramyxoviruses
PIVS, PIV2, and SeV. Thus, we may have to reconsider the
structural properties of receptors for other sialic acid-using viruses
as well.

The finding that MuV-HN favors o2,3-linked sialic acid over
a2,6-linked sialic acid was supported by the results of glycan
binding assays and cell-cell fusion studies after sialidase treat-
ment. The 3’-SL (used for crystal studies and the glycan-binding
assay) may constitute the terminal structure of glycosphingolipids,
whereas 3’-sialyllactosamine (used for the glycan binding assay)
exists as the terminal sugar of N-linked and O-linked glycoproteins
(25). The sole difference between these trisaccharides is the
acetylation of Glc-3 in the latter. The binding of MuV-HN to both
types of sugars suggests that MuV could use glycosphingolipids
and/or glycoproteins as receptors (Fig. 3B and Fig. S4). The crystal
structure of MuV-HN bound to 3'-SL also suggests that the
acetylation of Glc-3 does not spatially inhibit the interaction of the
trisaccharide containing o2,3-linked sialic acid with Tyr369 and
other residues of MuV-HN. Because the MuV-HN residues in-
volved in the interaction with 3’-SL are highly conserved, the tri-
saccharide containing the o2,3-linked sialic acid is likely essential
for all genotypes of MuV. In fact, MuV strains of the genotypes A,
B, G, and L all exhibited a preference for glycans containing a2,3-
linked sialic acid, although genotype A has different antigenicity
than the others (23).

Interestingly, MuV-HN bound more strongly to the simple
a2,3-sialylated trisaccharide than to the branched a2,3-sialylated
oligosaccharides, and its binding was weaker to a tetra-antennary
complex glycan than to a triantennary complex glycan. The re-
sults suggest that additional sugars at the base of the sialylated
trisaccharide may affect the interaction with MuV-HN via steric
hindrance. Sialylated glycans have highly diverse structures and
compositions (25). It has been shown that o2,6- and o2,3-linked
sialic acids are largely present in the upper and lower respiratory
tracts in humans, respectively (11); however, the systemic dis-
tribution of structurally different glycans in tissues and organs
remains to be adequately characterized. A more detailed study
may shed light on MuV’s distinct tropism to glandular tissues and
the central nervous system.

The crystal structure of MuV-HN also provides insight into
the mechanism by which Abs induced by natural infection and
vaccination neutralize MuV. When mapped on the structure of
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MuV-HN, the great majority of the reported epitopes of anti—
MuV-HN Abs (8, 26, 27) are located around a-helices A (posi-
tions 264-269), B (positions 331-336), and C (positions 354-365)
of the MuV-HN head domain (Fig. S7). Helices A, B, and C
correspond to ol, a3, and o4, respectively, in the Newcastle
disease virus HN protein (14). Interestingly, the similarly positioned
a-helix is known as the hemagglutinin noose epitope (HNE; resi-
dues at positions 379-410) in measles virus H (28). Given that these
epitopes on a-helices (helices A, B, and C on MuV-NH and HNE
on measles virus H) apparently are not involved in receptor binding
(15, 29), Abs against them are likely to neutralize the viruses by
mechanisms other than the inhibition of receptor binding. Whereas
amino acid residues in the HNE region of measles virus H are
highly conserved (28), those of the MuV-HN a-helices exhibit
diversity among the different genotypes of MuV (Fig. S7, Right).
Although MuV has been considered serologically monotypic (1,
7), genotype-specific neutralizing Abs against MuV-HN can be
produced at polyclonal levels (8, 9). Thus, the amino acid vari-
ability in the neutralizing epitopes may be an explanation, along
with waning immunity, for the recent reports of MuV infection and
reinfection among vaccinated and naturally infected populations,
respectively (5, 6).
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Materials and Methods

HEK293, IMR-32, and Vero cells were maintained in DMEM (Wako) supple-
mented with 10% (vol/vol) FBS (Sigma-Aldrich) and penicillin/streptomycin
(Gibco). NCI-H358 cells were maintained in RPMI medium (Wako) supple-
mented with 10% (volivol) FBS and penicillin/streptomycin. The expression,
purification, crystallization, and structure determination of proteins were carried
out as described previously (15, 29), with some modifications. The MD simulation
was performed with Gromacs 5.0.5 (30). The free energy values were calculated
with the g_bar module of Gromacs. ITC experiments were performed using a
MicroCal Auto-iTC200 calorimeter (Malvern Instruments). Binding constants
were obtained by fitting the plots with a 1:1 binding model using Origin 7
(OriginLab). More detailed information is provided in S/ Materials and Methods.
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