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ABSTRACT Human noroviruses are the leading cause of acute gastroenteritis in hu-
mans. Noroviruses also infect animals, such as cows, mice, cats, and dogs. How no-
roviruses bind and enter host cells is still incompletely understood. Recently, the
type | transmembrane protein CD300If was identified as the murine norovirus recep-
tor, yet it is unclear how the virus capsid and receptor interact at the molecular
level. In this study, we determined the X-ray crystal structure of the soluble CD300If
(sCD300If) and the murine norovirus capsid protruding domain complex at a 2.05-A
resolution. We found that the sCD300If-binding site is located on the topside of the
protruding domain and involves a network of hydrophilic and hydrophobic interac-
tions. sCD300If locked nicely into a complementary cavity on the protruding domain
that is additionally coordinated with a positive surface charge on sCD300If and a
negative surface charge on the protruding domain. Five of six protruding domain
residues interacting with sCD300If were maintained between different murine noro-
virus strains, suggesting that sCD300If was capable of binding to a highly conserved
pocket. Moreover, a sequence alignment with other CD300 paralogs showed that
the sCD300lf-interacting residues were partially conserved in CD300Ild but variable in
other CD300 family members, consistent with previously reported infection selectiv-
ity. Overall, these data provide insights into how a norovirus engages a protein re-
ceptor and will be important for a better understanding of selective recognition and
norovirus attachment and entry mechanisms.

IMPORTANCE Noroviruses exhibit exquisite host range specificity due to species-
specific interactions between the norovirus capsid protein and host molecules. Given
this strict host range restriction, it has been unclear how the viruses are maintained
within a species between relatively sporadic epidemics. While much data demon-
strate that noroviruses can interact with carbohydrates, recent work has shown that
expression of the protein CD300If is both necessary and sufficient for murine norovi-
rus infection of mice and binding of the virus to permissive cells. Importantly, the
expression of this murine protein by human cells renders them fully permissive for
murine norovirus infection, indicating that at least in this case, host range restriction
is determined by molecular events that control receptor binding and entry. Defining
the atomic-resolution interactions between the norovirus capsid protein and its cog-
nate receptor is essential for a molecular understanding of host-range restriction
and norovirus tropism.

KEYWORDS X-ray crystallography, murine norovirus, receptor

uman noroviruses are the leading cause of outbreaks of acute gastroenteritis.
Noroviruses belong to the Caliciviridae family and have a single-stranded, positive-
sense RNA genome of ~7.4 to 7.7 kb. Norovirus genomes contain three or four open
reading frames (ORFs), with ORF1 encoding the nonstructural proteins, ORF2 encoding
the capsid protein, ORF3 encoding a minor structural protein, and murine norovirus
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(MNV) ORF4 encoding a virulence factor (1). Based on capsid sequences, noroviruses are
divided into at least seven genogroups (Gl to GVII), with Gl, Gll, and GIV causing
infections in humans and GV infecting mice. Murine noroviruses can be grown routinely
in cell culture, can infect laboratory mice, and have been used as a system for defining
mechanisms of norovirus replication and pathogenesis (2, 3).

Development of a structural understanding of the norovirus capsid has been
enabled by the observation that expression of human norovirus ORF2 in insect cells
results in the formation of virus-like particles (VLPs) that are antigenically similar to
native virions (4). The virus particles contain 180 copies of the capsid protein that are
arranged in a T=3 icosahedral symmetry. The capsid protein is divided into two
domains, a shell (S) and a protruding (P) domain, that are connected by a flexible hinge
region (5). The S domain forms a roughly spherical structure that surrounds the viral
RNA, whereas the P domain, which is further subdivided into P1 and P2 subdomains,
protrudes upwards from the S domain and contains the main determinants for cell
attachment (5).

The X-ray crystal structures of norovirus P domains belonging to Gl, Gll, Glll, GIV, and
GV indicate that their overall structures are similar and resemble that of the P domain
on intact VLPs, having a single a-helix in the P1 subdomain and six antiparallel
B-strands in the P2 subdomain (6-13). On the other hand, structural studies of
infectious norovirus particles have shown that the P domains can be positioned
differently on the S domain. For GI.1 norovirus VLPs, the P domains rest on the S
domain (5), while for the GII.10 VLPs and GV virions of murine norovirus, the P dimers
are raised off the S domain by ~15 A (13, 14). Therefore, the P domains are likely
capable of adopting variable conformations with respect to the S domain and the
dynamic nature of the P dimers might be an important aspect for the infection process,
as previously discussed (13, 15).

Human noroviruses interact with histo-blood group antigens (HBGAs) (6-8, 16-20).
Indeed, two recently developed human norovirus cell culture systems have shown that
HBGAs and HBGA secretor status are important for virus infection (21, 22). Most human
noroviruses bind HBGAs, and Gl and GlIl noroviruses typically bind HBGAs on different
regions on the P dimers. On the other hand, murine noroviruses have not been
demonstrated to bind HBGAs, although they may bind other glycans as attachment
factors (23, 24).

Recently, several different murine noroviruses (termed CW3, CR6, and S7) were
found to require the cellular receptor CD300If for attachment, entry, and replication
in both cultured cells and mice (25, 26). CD300 proteins are type | transmembrane
proteins containing a single IgV-like extracellular domain that contains two disul-
fide bonds and a transmembrane helix (reviewed in reference 27). Multiple viruses
recognize Ig family proteins as receptors, and structural information deciphering
these interactions can offer insights into mechanisms of receptor recognition
and antibody neutralization and can facilitate the development of antiviral strate-
gies.

In this study, we demonstrated a direct interaction between the soluble extracellular
domain of CD300If (sCD300If) and murine norovirus capsid (CR10 strain). We solved the
X-ray crystal structure of sCD300If in complex with the murine norovirus P domain. We
found that sCD300If bound on the topside of the murine norovirus P domain and that
five of six protruding domain residues interacting with sCD300If were highly conserved
among different murine norovirus strains. Moreover, the sCD300If binding site over-
laps with the contact areas of two murine norovirus-neutralizing monoclonal
antibodies (termed A6.2 and 2D3) and provides a possible structural explanation for
the antibody neutralization mechanism (12, 28-30). Surprisingly, the sCD300If
binding site was close to the Gl and GIl human norovirus HBGA binding pockets.
Together, these new findings provide an atomic understanding of receptor selec-
tivity for murine noroviruses.
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FIG 1 Neutralization properties of sCD300If against murine norovirus virions. (A) Serially diluted sCD300If
was added to CW1 virions and inhibition of attachment was measured. The IC,,s were 0.2 ug/ml and 0.4
rg/ml for the plaque and viral attachment assays, respectively (error bars show SDs; three independent
experiments were performed). These findings indicated that the sCD300If was likely functional and
properly folded. (B) A direct ELISA showed that sCD300If was unable to bind the murine norovirus CR10
P domain or CW1 virions, whereas a positive control murine norovirus-specific nanobody (Nano-45) was
able to detect the CR10 P domain and CW1 virions.

RESULTS AND DISCUSSION

The biological relevance of the sCD300If was first evaluated using a murine noro-
virus plaque replication assay and a viral attachment assay in order to confirm that
sCD300If also interacted with murine norovirus 1 (MNV-1) strain CW1, since several
other murine noroviruses (i.e, CW3, CR6, and S7) were previously shown to bind
CD300If (23, 24). The 50% inhibitory concentrations (ICs,s) for the plaque and viral
attachment assays were 0.2 ug/ml and 0.4 wg/ml, respectively (Fig. TA). These closely
matching IC,,s confirmed the neutralizing properties of sCD300If on the CW1 strain and
were in agreement with previous sCD300If assays using the CW3 strain (25) and
indicated the physiological relevance of sCD300If. We next wanted to test the hypoth-
esis that sCD300If bound directly to the murine norovirus. However, we did not observe
murine norovirus (CR10 P domain or CW1 virion) binding interactions with sCD300If
using a direct enzyme-linked immunosorbent assay (ELISA) (Fig. 1B). These results
suggested that sCD300If might only weakly bind murine norovirus.

Following these results, we proceeded to determine the sCD300If recognition site
on the murine norovirus CR10 P domain using X-ray crystallography. A single crystal of
CR10 P domain and sCD300If complex diffracted to a resolution of 2.05 A (data statistics
are shown in Table 1). The complex consisted of one CR10 P domain dimer and a single
sCD300If molecule. The complex structure indicated that sCD300If bound to the
topside of one CR10 P2 subdomain and interacted with one of the P domains (Fig. 2).
Analysis of the alternative sCD300If-binding pocket on the P domain dimer indicated
that binding of a second sCD300If was not possible because crystal packing sterically
hindered this region. In the context of the intact particle, the sCD300If binding site was
located on an easily accessible and exposed region of the P domains (Fig. 2B).

Similar to the apo CW1 murine norovirus P domain structure (PDB code 3LQ6), the
CR10 P domain could be divided into P1-1 (residues 228 to 277), P2 (residues 278 to
416), and P1-2 (residues 417 to 530) subdomains. The CR10 P1 subdomain comprised
B-sheets and one a-helix, while the P2 subdomain contained six antiparallel -strands
that formed a barrel-like structure typical of human noroviruses. The CR10 and CW1 P
domain surface-exposed loops were highly equivalent and the two structures had a
maximum root mean square deviation (RMSD) of 0.8 A. This result was not surprising,
since the CR10 and CW1 P domains had 95% amino acid sequence identity. Likewise,
the sCD300If in the complex structure was highly reminiscent of the unbound sCD300If
structure (PDB code 5FFL), having a RMSD of 0.3 A. Overall, the CR10 P dimer and
sCD300If in the complex structure showed no obvious loop movements compared to
the apo CW1 P domain and sCD300If structures.

A network of hydrophilic and hydrophobic interactions held the CR10 P domain and
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TABLE 1 Data collection and refinement statistics of murine norovirus CR10 P domain
and sCD300If domain complex structure@

Parameter Value(s) for CR10 and sCD300If (PDB code 50R7)
Data collection
Space group P2,2,2,
Cell dimensions
a b, c (A) 75.11, 77.46, 140.95
a By () 90, 90, 90
Resolution range (A) 42.82-2.05 (2.12-2.05)®
Rrerge 10.85 (70.51)°
I/al 11.45 (2.31)°
Completeness (%) 99.50 (97.60)
Redundancy 5.5 (5.1)v
Refinement
Resolution range (A) 42.82-2.05
No. of reflections 52,389
Ruori/ Riree 18.04/21.68
No. of atoms 5,836
Protein 5,371
Ligand/ion 6
Water 459
Average B factors (A2)
Protein 29.70
Ligand/ion 35.82
Water 36.13
RMSD
Bond length (A) 0.002
Bond angle (%) 0.600

9The data set was collected from a single crystal.
bThe value in parentheses is for the highest-resolution shell.

sCD300If together. The CR10 binding residues were located on or linking the antipar-
allel B-strands, while for sCD300If the majority of the binding residues were found on
the CC' and CDR3 loops (Fig. 3A). The P domain bound sCD300If with five direct
hydrogen bonds, which consisted of both side and main chain interactions. The main
chain of Gly300 of CR10 (Gly300<R™°) held the side chain of Asp2¢P300f The side chain
of Asn364<R1° had two direct hydrogen bonds with the main chain of Arg42cP300f and
side chain of Cys44cDP300f Additionally, the main chain of Asn364R'° interacted with
the main chain of Arg42cP300f The side chain of Asp366<R1° held the main chain of
Gly96cP300K Three hydrophobic interactions were also observed and involved three
residues from CR10 (Val365%R10, Tyr399<R1°, and Val304<R1°) and two residues from
sCD300If (Pro40<P300f and Leu97cP300K) (Fig. 3B). Importantly, mutations in the CC’
loop and/or CDR3 of sCD300If were previously shown to diminish or abolish murine
norovirus infection (25), indicating that these residues were important for the binding
of sCD300If. Moreover, an N-terminal deletion including Asp2P3°°f was also shown to
prevent MNV binding (26).

Furthermore, a number of P2 subdomain residues that interacted with sCD300If
overlapped the recognition region of two neutralizing murine norovirus monoclonal
antibodies, A6.2 and 2D3 (12, 28-30) (Fig. 4). This finding suggested that A6.2 and 2D3
antibodies might compete and/or sterically preclude the sCD300If-binding pocket on
the P2 subdomain, thus providing a possible explanation of the antibody-meditated
neutralization.

Interestingly, a HEPES molecule that was previously shown to bind at the surface
cleft of sCD300If (25) was replaced with several CR10 P domain residues that made
direct hydrogen bonds with sCD300If; i.e., Asn364<R10 interacted with Arg42<P300if and
Cys44¢CDb300f - Also, a sodium atom was held between the P domain and CDR3 of
sCD300If, where Asn364CR10, Asp366<R10, Lys94CD300If Gly9eCP300 and Asp98cDb300if
along with a water molecule formed an octahedral-like structure (Fig. 5). Although
there is no evidence that the sodium ion is required for binding interactions and it
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FIG 2 X-ray crystal structure of the CR10 P domain-sCD300If complex. (A) Asymmetric unit cell containing one P domain dimer
and one sCD300If molecule. The CR10 P domain was subdivided into monomer chains A (dark gray) and B (light gray), while
the sCD300If is shown in light pink. (B) The sCD300If bound to the topside of the virion, where two sCD300If molecules (light

pink) and one P dimer (blue) were superpositioned onto the murine norovirus virion cryo-EM structure.

might be replaced with a calcium ion (31), our structural refinements indicated a
presence of a sodium atom. Our purification protocol and crystallization condition did
not contain calcium. This sodium atom was also further confirmed using the Check-
MyMetal web server (https://csgid.org/csgid/metal_sites). The reason for the binding of
this ion is currently unknown; however, the ion might help stabilize the interacting
residues, since the HEPES molecule that replaced the P domain residues in the apo
CD300If structure also contributed to the binding interactions of this ion (25).

In order to determine if other factors facilitated the binding of the sCD300If to the
CR10 P domain, the electrostatic potential of the CR10 P domain and sCD300If was
calculated. The CR10 P domain and sCD300If binding regions were found to be
electrostatically complementary, having negative and positive electrostatic potentials,
respectively (Fig. 6A). Moreover, the surface-exposed cleft between the CC" and CDR3
loops of the sCD300If molecule elegantly anchored into a complementary cavity on the
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A
B
CR10 [atom] Type sCD300If [atom] Type Interaction Distance (A)
N364 [N] H-Donor R42 [O] H-Acceptor Hydrogen Bond 2.94
G300 [N] H-Donor D2 [OD1] H-Acceptor Hydrogen Bond 3.22
D366 [OD2] H-Acceptor G96 [N] H-Donor Hydrogen Bond 327
N364 [ND2] H-Donor C44 [SG] H-Acceptor Hydrogen Bond 3.40
N364 [ND2] H-Donor R42 [O] H-Acceptor Hydrogen Bond 3.50
V365 Alkyl L97 Alkyl Hydrophobic 4.91
Y399 Pi-Orbitals P40 Alkyl Hydrophobic 5.02
V304 Alkyl L97 Alkyl Hydrophobic 5.30

FIG 3 Binding interactions of the murine norovirus CR10 P domain with sCD300If. The CR10 P domain and sCD300If are
colored as in Fig. 2. (A) Close-up view of the binding interactions between the CR10 P domain and sCD300If showing the
direct hydrogen bond interactions (black lines) and hydrophobic interactions (orange lines). Residues on CDR3, the CC’
loop, and the N terminus of sCD300If interact with the CR10 P domain. (B) List of residue interactions, where hydrogen

bond distances were between 2.8 and 3.5 A, while hydrophobic interactions were between 3.9 and 5.3 A.

CR10 P domain (Fig. 6B), with a total interface area of 620 A2. Correspondingly,
previously reported human norovirus P domain and nanobody recognition regions
were comparable, having an interface area of ~700 A2 (15). Overall, these results
showed that the binding pocket on the CR10 P domain was nicely tailored for fitting
and binding of sCD300If.

Previously, it was shown that murine norovirus (CW3, CR6, and S7 strains) specifically
recognized CD300If and CD300ld, whereas expression of other CD300 types did not
confer susceptibility for infection (25). An amino acid sequence alignment showed that
the CD300If residues interacting with the CR10 P domain were partially conserved in
CD300Id but more varied in other CD300 family members (Fig. 7). This observation
suggested a possible explanation for murine norovirus selective recognition of CD300lIf.
Moreover, five of six murine norovirus residues interacting with the receptor were
conserved in numerous murine norovirus strains, suggesting that other murine noro-
viruses would also bind CD300If at the same pocket (Fig. 4).

In order to investigate how sCD300If molecules might interact with the P domains
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FIG 4 Sequence alignment of different murine norovirus capsid proteins. The partial S domain (yellow bar), P1 subdomain
(light blue bar), and P2 subdomain (dark blue bar) are indicated on the alignment. The CR10 residues (pink highlight) that
interacted with the CD300If through direct hydrogen bonds and hydrophobic interactions were mostly conserved in
different murine norovirus strains. The A6.2 antibody recognition site is indicated by red amino acid letters. Asterisks

indicate highly conserved residues.

on the intact murine norovirus particles, the X-ray structure of the CR10 P domain
sCD300If complex was superpositioned onto the cryo-electron microscopy (cryo-EM)
structure of the CW3 virion (Fig. 8) (13). The stoichiometry of CD300If interaction with
VP1 remains unknown. However, the model indicated that sCD300If molecules were
positioned between two P domain dimers. In this model, the three sCD300If molecules
slightly clashed at the intersection between the P dimers. However, since the P domains
were raised off the S domain via a flexible hinge region, a certain degree of P dimer
movement might occur, which could allow all of the possible binding sites to be
occupied with sCD300If molecules, although direct evidence of this interaction is
lacking.

The putative receptor for human norovirus still remains unknown. A model of the
human norovirus P domain and CR10 P domain-sCD300If complex revealed a close
proximity to HBGA binding pockets for Gl (similar to the case with GI.1, GI.2, and GI.8)
and GlI (similar to the case with Gll.4, GI.10, Gll.12, and GII.17) (Fig. 9). However, this
equivalent sCD300If binding region on the human norovirus P domain is highly variable
(14) and different genotypes have P2 subdomain loops of varied lengths (19, 32, 33),
which was also evident from a clash on the model (Fig. 9). Moreover, human norovirus-
specific monoclonal antibodies and nanobodies that bind nearby the HBGA pockets are
typically genotype specific (15, 34, 35), which additionally revealed the variability in this
region. Therefore, it is tempting to speculate that the human norovirus receptor-
binding site might be different among the numerous genotypes and/or the receptor-
binding sites are located away from the known HBGA pockets.
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FIG 5 Sodium atom interactions between the CR10 P domain and sCD300If. The sodium atom (orange sphere) is
held with the CR10 P domain residues (Asn364<R1° and Asp366<R1°), CDR3 residues of sCD300If (Lys94cP3ooif,
Gly96cP300f and Asp98cP300) and a water molecule (marine sphere). Interactions are shown as yellow lines. This
set of interactions formed an octahedron-like structure, which was also observed in the apo sCD300If structure (25).

The Omit map (mFo-DFc, blue mesh) is countered at 3.0 o.

In summary, we showed how the sCD300If bound on the mouse norovirus P
domain. The receptor-binding site was located on the topside of the P2 subdomain and
involved hydrophilic and hydrophobic interactions. The sCD300Ilf bound in a small
cavity and was further supported by a positive surface charge on the sCD300If and
negative surface charge on the P domain. The CD300If residues interacting with the
CR10 P domain were partially conserved in CD300ld but not other CD300 family
members, which indicated the selective recognition of CD300If. Defining these atomic-
resolution interactions between the capsid protein and receptor can explain in part the
host range restriction and murine norovirus tropism.

MATERIALS AND METHODS

Expression and purification of the CR10 P domain. The CR10 murine norovirus P domain (GenBank
accession number ABU55613; residues 226 to 538) was prepared as previously described (15). Briefly, the
codon-optimized P domain was cloned into a modified expression vector, pMal-c2X, and transformed
into BL21 cells. Transformed cells were grown in LB medium (supplemented with 100 ug/ml of
ampicillin) for 4 h at 37°C. Expression was induced with isopropyl-B-p-thiogalactopyranoside (IPTG; 0.7
mM) at an optical density at 600 nm (ODg,) of 0.7 for 18 h at 22°C. Cells were harvested by centrifugation
and disrupted by sonication on ice. A His-tagged fusion-P domain protein was purified from a nickel-
nitrilotriacetic acid (Ni-NTA) column (Qiagen) and digested with HRV-3C protease (Novagen) overnight at
4°C. The cleaved P domain was separated on the Ni-NTA column and dialyzed in gel filtration buffer (GFB;
25 mM Tris-HCI [pH 7.6] and 300 mM NaCl) overnight at 4°C. The P domain was purified by size exclusion
chromatography, concentrated to 4 mg/ml in GFB, and stored at 4°C.

Expression and purification of sCD300If. The extracellular domain sCD300If (AAH57864.1; residues
20 to 131, termed 1 to 111 in this report and in reference 25) was cloned into a pHEN6C expression vector
as described previously, with slight modifications (15). Expression was induced with IPTG (1 mM) at an
ODy,, of 0.7 for 18 h at 28°C. sCD300If was extracted from periplasm and the supernatant collected.
sCD300If was eluted from a Ni-NTA column after a series of washing steps and purified by size exclusion
chromatography, concentrated to 3.2 mg/ml in GFB, and stored at 4°C.

Neutralization properties of purified sCD300If. Murine norovirus (MNV-1 CW1) was propagated in
RAW 264.7 cells as described previously (2). Virus neutralization with sCD300If was determined using a
standard plaque assay (2). Briefly, various concentrations of sCD300If were preincubated with equal PFU
of CW1 murine norovirus for 1 h at room temperature and then added to cell monolayer for 1 h at 37°C
and 5% CO,. The culture medium was aspirated and a low-melting-point (LMP) agarose overlay with
matching concentrations of sCD300If was applied. Plates were incubated for 42 h at 37°C and 5% CO.,.
For inhibition of viral attachment, a modified plaque assay was performed (36). Briefly, CW1 murine
norovirus was preincubated with various concentrations of sCD300If at room temperature (RT) for 1 h
and the mixtures were applied to precooled cell monolayer plates for 3 h at 4°C. Unbound virus was
removed and plates were washed twice with ice-cold phosphate-buffered saline (PBS) prior to addition
of the LMP agarose overlay. Data were analyzed using Prism GraphPad 7. The assays were repeated three
times to calculate standard deviation.
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Murine Norovirus P Domain and sCD300If Complex

A

sCD300If binding site on P domain

CR10 P domain

FIG 6 Analysis of the CR10 P domain and sCD300If binding pockets. (A) Binding of sCD300If was coordinated by a positive
(blue) potential on the sCD300If and a negative (red) potential on the CR10 P domain. Neutral residues were colored white.
The scale was from —5 kT/e to 5 kT/e. (B) The cleft between the CC’ loop and CDR3 of sCD300If (light pink) elegantly fit
into the cavity of the CR10 P domain (dark gray). The CR10 P domain and sCD300If residues contributing the hydrogen

bonds are shown in green.

sCD300If reactivity using a direct ELISA. The sCD300If reactivities against murine norovirus virions
and the CR10 P domain were determined using a direct ELISA (15). Microtiter plates (Maxisorp) were first
coated with 100 ul (10 wg/ml) of murine norovirus virions or 100 ul (15 to 20 ug/ml) of the CR10 P
domain. Wells were washed three times with PBS (pH 7.4) containing 0.1% Tween 20 (PBS-T) and then
blocked with 300 ul of PBS containing 5% skim milk (PBS-SM) for 1 h at room temperature. After washing,
100 ul of serially diluted sCD300If (starting from 200 pg/ml) was added to each well. The wells were
washed, and then 100 ul of a 1:3,000 dilution of horseradish peroxidase (HRP)-conjugated anti-His IgG
(Sigma) was added to the wells for 1 h at 37°C. After washing, 100 ul of 50 mM phosphate-citrate buffer
(pH 5.0) containing the substrate o-phenylenediamine dihydrochloride (OPD) and H,0, was added to
wells and the plates were left in the dark for 30 min at room temperature. The reaction was stopped with
the addition of 50 ul of 3 N HCl, and the absorbance was measured at 490 nm (OD,o,). A murine
norovirus-specific nanobody (termed Nano-45) that was produced against the MNV1 murine norovirus P
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FIG 7 Sequence alignment of CD300 proteins. The sCD300If residues (pink highlight) that interacted with
the CR10 P domain through direct hydrogen bonds and hydrophobic interactions are partially conserved
in CD300If and CD300Id but are more variable in other CD300 types.

domain (developed as previously described [15]) was used as a positive control. Data were analyzed
using Prism GraphPad 7, and experiments were repeated three times to calculate standard deviations.

Crystallization of the CR10 P domain and sCD300If. The CR10 domain and sCD300If were mixed
in a 1:1.2 molar ratio and incubated overnight at 4°C. The complex was purified by size exclusion
chromatography using a Superdex-200 column. The CR10 P domain and sCD300If were eluted as two
separate peaks at their corresponding molecular weights, rather than as a complex. The two peaks were
mixed and concentrated to 5.1 mg/ml in GFB. The mixture was crystallized in a mother solution
containing 25% (wt/vol) polyethylene glycol 3000 (PEG 3000) and 0.1 M sodium acetate (pH 4.6). Prior
to flash freezing, crystals were transferred to a cryoprotectant solution containing the same mother
liquor with an addition of 40% PEG 3000.

Data collection, structure solution, and refinement. A single crystal diffracted to a resolution of
2.05 A, and the structure was solved as described earlier (15). Briefly, X-ray diffraction data were collected
at the European Synchrotron Radiation Facility, France, at beamline ID29 and processed with XDS (37).
The structure was solved using molecular replacement in PHASER (38) using the previously solved
murine norovirus P domain (PDB code 3LQ6) and sCD300If (PDB code 5FFL) as search models. The CR10
P domain-sCD300If complex formed crystals in space group P2,2,2, with one P dimer and one sCD300If
per asymmetric unit. Possible interfaces derived from crystal packing were evaluated using the PDBePISA
server (http://www.ebi.ac.uk/pdbe/pisa). The biologically relevant interaction that involves the variable
CDR region and has the highest total area of interface was selected. The complex structure was refined
in multiple rounds of manual model building in COOT (39), with subsequent refinement with PHENIX
(40). The structure was validated with COOT and Molprobity (41). The binding interactions were analyzed

125 144 160 190

FIG 8 Cryo-EM map of CW1 murine norovirus virion and CR10 P domain sCD300If complex structures.
Shown is a stereo view of the (cryo-EM) CW1 virion structure superpositioned with the X-ray crystal
structure of the CR10 P domain sCD300If complex. The CR10 P domains are removed for clarity, and two
molecules of sCD300If are shown on each P dimer. The virion was colored according to diameter,
showing the S domain (yellow) and the P domain (blue). The sCD300If slightly clashed at the P dimer
intersections, suggesting that multiple sCD300If molecules might not bind simultaneously at this
intersection.
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A GI human norovirus B GII human norovirus

Loop clash Loop clash

FIG 9 X-ray crystal structures of human norovirus P domains (Gl.1 and GlI.10) and CR10 P domain sCD300If complex. The X-ray
crystal structure of CR10 P domain sCD300If complex was superpositioned on the X-ray crystal structures of the GI.1 P domain
(PDB code 2ZL6) (A) and GII.10 P domain (PDB code 3PA1) (B), showing the top and side views. The Gl.1 and GIl.10 HBGA
binding pockets (orange) are in close proximity to the sCD300If-binding site.

using Accelrys Discovery Studio, with hydrogen bonding interaction distances between 2.8 and 3.5 A and
hydrophobic interaction distances between 3.9 and 5.3 A. Figures and protein contact potentials were
generated using PyMOL and Chimera.

Sequence alignments. Amino acid sequences of CD300 and murine norovirus VP1 were aligned
using ClustalX (Genetyx). CD300 sequences used included (GenBank accession numbers are in paren-
theses) mouse CD300If (AAH57864.1), mouse CD300ld (NP_663412.1), mouse CD300lh (XP_017169688.1),
mouse CD300la (NP_739564.1), mouse CD300lb (AAI07353.1), mouse CD300lc (NP_954695.1), mouse
CD300le (NP_742047.1), mouse CD300lg (NP_001154183.1), human CD300f (NP_620587.2), and human
CD300d (NP_001108624.1). Murine norovirus VP1 sequences used included those from strains CR10
(ABU55613.1), CR6 (JQ237823.1), MNV-1 (AA063099.2), CW1 (DQ285629.1), CW3 (EF014462.1), and S7
(AB435515).

Accession number(s). Atomic coordinates and structure factors of the complex were deposited in
the Protein Data Bank with accession code 50R7.
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