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Murine noroviruses (MNV) are closely related to the human noroviruses (HuNoV), which cause the
majority of nonbacterial gastroenteritis. Unlike HuNoV, MNV grow in culture and in a small-animal
model that represents a tractable model to study norovirus biology. To begin a detailed investigation of
molecular events that occur during norovirus binding to cells, the crystallographic structure of the murine
norovirus 1 (MNV-1) capsid protein protruding (P) domain has been determined. Crystallization of the
bacterially expressed protein yielded two different crystal forms (Protein Data Bank identifiers [PDB ID],
3LQ6 and 3LQE). Comparison of the structures indicated a large degree of structural mobility in loops
on the surface of the P2 subdomain. Specifically, the A’-B’ and E’-F’ loops were found in open and closed
conformations. These regions of high mobility include the known escape mutation site for the neutralizing
antibody A6.2 and an attenuation mutation site, which arose after serial passaging in culture and led to
a loss in lethality in STAT1™/~ mice, respectively. Modeling of a Fab fragment and crystal structures of
the P dimer into the cryoelectron microscopy three-dimensional (3D) image reconstruction of the A6.2/
MNV-1 complex indicated that the closed conformation is most likely bound to the Fab fragment and that
the antibody contact is localized to the A’-B’ and E’-F’ loops. Therefore, we hypothesize that these loop
regions and the flexibility of the P domains play important roles during MNV-1 binding to the cell surface.

Murine noroviruses (MNV) are members of the family
Caliciviridae, which contains small icosahedral viruses with
positive-sense, single-stranded RNA genomes (18). MNV is
related to human noroviruses (HuNoV), which cause most
of the sporadic cases and outbreaks of infectious nonbacte-
rial gastroenteritis worldwide in people of all ages (4, 15, 28,
36, 38, 64). However, noroviruses are an understudied group
of viruses due to the previous lack of a tissue culture system
and small-animal model. Since its discovery in 2003 (23),
MNYV has become an increasingly important model to study
norovirus biology (66). The availability of a small-animal
model, cell culture, and reverse-genetics system, combined
with many shared characteristics of human and murine no-
roviruses, allows detailed studies of norovirus biology (7, 23,
63, 65, 66).

The norovirus genome is organized into 3 major open
reading frames (ORFs), which encode the nonstructural
polyprotein (~200 kDa) and the major (VP1; ~58-kDa) and
minor (VP2; ~20-kDa) capsid proteins (18). Recently, a
putative ORF-4 was identified in MNV, but the existence of
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that product and its function remain unknown (60). Noro-
virus capsids are formed from 180 copies of VP1 arranged
with T=3 icosahedral symmetry (9, 25, 46-48). Each capsid
protein is divided into an N-terminal arm (N), a shell (S),
and a C-terminal protruding (P) domain, with the last two
domains connected by a short hinge. VP1 self-assembles
into virus-like particles (VLPs) in baculovirus, mammalian,
and plant expression systems (21, 22, 50, 57, 67). The S
domain forms a smooth shell around the viral genome but is
unable to bind to receptors (3, 55). The P domain dimerizes,
forming arch-like structures on the capsid surface, and is
subdivided into P1 (the stem of the arch) and P2 (the top of
the arch) subdomains. The sequence of the P2 subdomain
is the least conserved, followed by the P1 and S domains
with the highest degree of conservation. While the S domain
of Norwalk virus (NV) is required in order to form VLPs in
a baculovirus expression system, the P domains contribute
to stability by intermolecular interactions (3, 24). The ho-
modimeric interactions of the HuNoV P domain, observed
by crystallographic studies of VLPs, is retained when the
protein region is expressed in a bacterial expression system
(55). In addition, the norovirus P domain, specifically the P2
subdomain, contains the sites for antigenicity, immune-
driven evolution, and cell binding (13a, 20, 25, 32, 41, 51,
56). For MNV-1, the Fab fragment of the neutralizing an-
tibody A6.2 binds to the outermost tip of the P2 subdomain
and is thought to prevent infection by blocking capsid-re-
ceptor interaction (25).

Early steps in the norovirus life cycle are determinants of
norovirus tropism (19) and thereby determine the outcome of
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a viral infection. While the tropism of HuNoV remains un-
known, MNV-1 has a tropism for murine macrophages and
dendritic cells in vitro and in vivo (62, 65). Recent studies from
our laboratory demonstrated that MNV-1 binds to sialic acid
on murine macrophages, in particular on the ganglioside GD1a
(58). It subsequently enters murine macrophages and dendritic
cells in a pH-independent manner (43). To better understand
MNV-cell surface binding, we expressed, purified, and deter-
mined the high-resolution structure of the MNV-1 P domain at
2.0-A resolution. Here, we show that, similar to HuNoV P
domains (10, 55), recombinant MNV-1 P domains can be ex-
pressed and fold in a biologically correct manner. This was
shown by the ability of the recombinant MNV-1 P domain to
bind murine macrophages, to competitively inhibit MNV-1
infection, and to be recognized by the neutralizing antibody
A6.2, which interferes with macrophage binding. Expressed P
domain yielded different crystal forms with significant struc-
tural differences in the outermost loops of the P2 subdomains.
Overall, the MNV-1 P-domain crystal structures show tertiary
structures similar to those of HuNoV P domains, with the
greatest structural variation in the polypeptide loops on the
outer surface of the P domain corresponding to the mobile
regions among the various crystal forms. In particular, one of
these loops, E'-F’, was observed in “open” and “closed” con-
formations. Modeling of a Fab fragment and the crystal struc-
tures of the P domain into the cryoelectron microscopy three-
dimensional (3D) reconstruction of the Fab/MNV-1 complex
indicated that the “closed” conformation is the form likely
being bound by the neutralizing antibody A6.2. Two sequences
located in the A’-B’ and E’-F' loops were identified as
epitopes for A6.2. Biological support for the in silico modeling
data comes from a recombinant MNV-1 in which amino acids
of the Norwalk virus E’-F’ loop replaced those of MNV-1 and
that was no longer neutralized by A6.2. We hypothesize that
flexibility in the E’-F’ loop is important for virus-cell interac-
tion and that A6.2 might sterically block viral binding to the
cell surface and/or prevent structural changes in the viral cap-
sid required during receptor interaction. In addition, a channel
at the interphase of the P dimer was identified that is stabilized
by an “ionic lock” (i.e., a bridge formed by two sets of opposing
arginine and glutamic acid residues). We hypothesize that the
ionic lock may act as a trigger for structural changes important
during infection, possibly at the level of host cell entry. To-
gether, these data identify several potential movements within
the MNV-1 P domain, which points to the flexibility of the
MNV-1 capsid.

MATERIALS AND METHODS

Cell culture and virus stocks. RAW 264.7 (murine macrophages) and 293T
cells were purchased from the ATCC (Manassas, VA) and maintained as de-
scribed previously (65). A plaque-purified MNV-1 clone (GV/MNV1/2002/
USA), MNV-1.CW1 (65), was used at passage 6 for all infections.

Expression and purification of the MNV-1 P domain. The P domain of
MNV-1 (residues 225 to 541) was cloned into a pMCSG7 expression vector
with a tobacco etch virus (TEV)-cleavable NH,-terminal 6-histidine tag (C.
Brown and J. Delproposto, unpublished data). The protein was expressed
overnight at 20°C in Escherichia coli strain C41 cells. The cells were subse-
quently lysed by sonication in buffer containing 50 mM Tris, pH 7.5, 500 mM
NacCl, and 10% glycerol. The supernatant was incubated on Ni-nitrilotriacetic
acid (NTA) affinity agarose (Qiagen), and the protein eluted with buffer
containing 300 mM imidazole. The protein, along with TEV protease, was
dialyzed overnight at 4°C against 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM

J. VIROL.

dithiothreitol (DTT), and 10% glycerol to remove the His, tag. The MNV-1
P domain was further purified by gel filtration on a Superdex 200 column (GE
Healthcare) and eluted primarily as a monomer. The protein was then con-
centrated to 4.7 to 7.5 mg/ml for crystallization.

Binding competition assay. RAW 264.7 cells were plated in 12-well dishes at
2 X 10° cells per well and pretreated on ice for 1 h with different concentra-
tions of P domain, bovine serum albumin (BSA), or plain buffer (50 mM Tris,
pH 7.5, 150 mM NaCl) in a volume of 0.5 ml per well. The cells were infected
with MNV-1 at the indicated multiplicities of infection (MOI) in a total
volume of 1 ml per well for 1 h on ice. The cells were washed three times with
2 ml phosphate-buffered saline (PBS), 0.5 ml cell culture medium was added,
and the cells were incubated for 8 and 18 h at 37°C and 5% CO,. Virus titers
were analyzed by plaque assay as previously described (65). Cell viability
was monitored in parallel with WST-1 reagent (Roche, NJ), following the
manufacturer’s recommendations, and the absorbance was measured after
120 min.

Neutralization assay. Different concentrations of purified monoclonal anti-
body (MAb) (A6.2, anti-MNV-1 capsid [65], and isotype control [mouse
1gG1; ZyMed, CA]) or buffer (50 mM Tris, pH 7.5, 150 mM NaCl) were
incubated with 0.1 mg P domain at 37°C in a volume of 0.25 ml. After 1 h, 2 X
10° RAW 264.7 cells (resuspended in 0.25 ml ice-cold hybridoma supernatant
containing FcyR MAb 2.4G2 [30a]) were added to the P-domain-antibody
complexes and placed on a rocker at 4°C for 1 h. The cells were washed four
times with 1 ml buffer (50 mM Tris, pH 7.5, 150 mM NaCl) to remove
unbound P domain. Equal numbers of RAW 264.7 cells were analyzed by
SDS-PAGE using standard protocols (33). The presence of P domain in the
various samples was detected using a polyclonal rabbit serum raised against
purified MNV-1 (65) and Western blot analysis. Quantification of bound P
domain was performed by measuring relative band intensities using Adobe
Photoshop as described previously (37).

Crystallization and structure determination. Monoclinic crystals of the mu-
rine P domain were obtained by the hanging-drop vapor diffusion method. Drops
containing 4.7 mg/ml P domain, 10 mM Tris, pH 7.5, 10 mM NaCl, 0.5 mM DTT,
90 mM glycine, 0.2 M sodium acetate, and 10% (wt/vol) polyethylene glycol
(PEG) 3350 were allowed to equilibrate at 20°C against a reservoir containing 0.4
M sodium acetate and 20% (wt/vol) PEG 3350. Block-shaped crystals grew after
2 months. X-ray diffraction data to 2.0 A were collected at 100 K on crystals
cryoprotected with reservoir buffer plus 30% glycerol at the Life Sciences Col-
laborative Access Team (LS-CAT) beamline (21-ID-F) at the Advanced Photon
Source, Argonne IL. The data were processed and scaled using HKL2000 (42).
The protein crystallized in space group P2, with 2 molecules of the P domain in
the asymmetric unit, resulting in a solvent content of 56%. The structure was
determined by molecular replacement (34) using the human P-domain structure
(Protein Data Bank identifier [PDB ID], 20BR) (6) as the search model. Fitting
and building of the MNV-1 P-domain crystal structure into the electron density
was performed using COOT (14) and refined to an R factor of 19.1% using
Refmac (39) in the CCP4 program suite (2). The final structure was verified via
omit maps and analyzed using a series of validation programs (Procheck, SF-
check, Molprobity, Wasp, Errat, map2model, and Prove) (11, 13, 27, 30, 40, 44,
61). All residues were in the allowed regions of the Ramachandran plot with the
exception of residues 537 to 541, which were disordered in the structure.

An orthorhombic crystal form of the P domain was obtained by equilibrat-
ing hanging drops containing 7.3 mg/ml P-domain protein, 50 mM Tris, pH
7.5, 150 mM NaCl, 1 mM DTT, 0.2 M lithium sulfate, and 30% (wt/vol) PEG
4000 against a reservoir containing 0.2 M lithium sulfate and 30% (wt/vol)
PEG 4000 at 4°C. Square plate-shaped crystals formed within 3 weeks and
continued to grow for up to 2 months. The growth conditions were sufficient
for cryoprotection, and no further buffer exchanges were necessary. Data to
2.0-A resolution were collected at 100 K on the LS-CAT beamline (21-ID-G)
at the Advanced Photon Source. The crystals grew in the space group C222,
with a single P-domain monomer in the asymmetric unit. The data were
processed using HKL2000 (42), and the structure was determined by molec-
ular replacement (34) using our previously determined MNV-1 P-domain
structure as the search model. The structure was built using the program Coot
(14) and refined with Refmac (39) to a working R factor of 19%. The final
structure was verified and analyzed in the same fashion as the monoclinic
form. All residues were in the allowed regions of the Ramachandran plot.
Crystal structures were confirmed, and potential model bias was removed
from the molecular-replacement solutions by building models into a series of
iterative build omit maps (59).

Cryoelectron microscopy of an MNV-Fab complex. The MNV-1-Fab model
was constructed using the pseudo-atomic model for MNV-1 described in the
accompanying paper (24), the ~22-A-resolution 3D image reconstruction of the
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MNV-1-Fab complex previously described (25), the crystal structure of the
MNV-1 P-domain dimer in the “closed” conformation, and the structure of
Fab17 (31, 52, 54). The electron density from the previous 3D image reconstruc-
tion of the MNV-1-Fab complex was then overlaid onto this pseudo-atomic
model of MNV-1, and the structure of the antibody, Fab17, was manually placed
into the envelope corresponding to the bound Fab. The variable domains (V.
and V) were fitted separately from the constant domains (Cp and Cy,) by
rotating the constant domains about the flexible elbow region, the connection
between the variable and constant domains. The likely epitope region was further
examined using the web-based tools at PISA (http://www.ebi.ac.uk/msd-srv/prot
_int/pistart.html; 29).

Mutagenesis of MNV-1.CW1*. Mutagenesis of MNV-1.CW1* was based on
the reverse-genetics system (63), using the pMNV* vector, containing cDNA of
the entire genome of MNV-1.CW1. The asterisk refers to a silent mutation in the
N terminus to distinguish wild-type and recombinant viruses (63). Site-directed
mutagenesis of the genome was performed using the Quikchange XL kit (Strat-
agene, CA) according to the manufacturer’s recommendations. Amino acids (aa)
377 to 383 (SVTAAAS) in the Fab2-binding epitope of MNV-1.CW1* were
exchanged for the structurally corresponding amino acids 334 to 340 (NGIG
SGN) from NV (PDB ID, 1IHM) (46) using a structural alignment performed
with VAST (17). The following forward (F) and reverse (R) primers were used
to generate recombinant virus, designated MNV-1.CW1* fab2 (5'->3"): F, CC
TACCAGGGCAGGGTGTTCGCCAGCGTCACTGCTGCGGCCTCTCTTG
ACTTGGTGGATGGCAGG; R, CCTGCCATCCACCAAGTCAAGAGAGG
CCGCAGCAGTGACGCTGGCGAACACCCTGCCCTGGTAGG.
Introduction of the desired mutations was confirmed by sequencing ORF-2.

Generation of recombinant MNV-1. Recombinant MNV was generated using
reverse genetics as previously described by Ward et al. (63). Briefly, a transfec-
tion mixture containing 1.5 pg of the MNV-1 cDNA plasmid (63) was prepared
and incubated with FuGene HD (Roche) at a 1:2 ratio according to the manu-
facturer’s recommendations. The mixture was transfected into a T75 flask with
1 X 10° 293T cells in a volume of 10 ml and incubated for 72 h at 37°C and 5%
CO,. The transfected 293T cells were lysed by freeze-thawing, and viral titers
were analyzed by plaque assay (65). Individual plaques were plaque purified
three times and amplified in RAW 264.7 cells. The final working stock was
verified by sequencing the ORF-2 cDNA.

Plaque neutralization assay. The plaque neutralization assay was performed
as described previously (65) with the following modifications. Different con-
centrations of purified MADb (A6.2, anti-MNV-1 capsid) and isotype control
(IgG1; Zymed, CA) were incubated with 666 PFU of either MNV-1.CW1* or
MNV-1CW1*.fab2 for 30 min at 37°C prior to performing the plaque assay.

Protein structure accession numbers. Coordinates and structure factors for
both the monoclinic and orthorhombic crystal structures were deposited in the
Protein Data Bank under PDB accession codes 3LQ6 and 3LQE, respectively.

RESULTS AND DISCUSSION

Bacterially expressed MNV-1 P domain competes for cell
surface binding and inhibits infection. Fast protein liquid
chromatography (FPLC) analysis of the bacterially ex-
pressed MNV-1 P domain (residues 225 to 541 of VP1)
lacking the 6XHis tag showed that the P domain from
MNV-1 exists in multiple oligomeric states (data not
shown). Comparison with a protein standard indicated two
main populations of proteins consistent with the molecular
weight of monomers and dimers, in addition to the void
fraction. Under these particular purification conditions, the
predominant species was monomeric.

To determine whether bacterially expressed P domains
folded correctly, the ability of FPLC-purified P domain (con-
taining the His tag) to compete with MNV-1 for binding to the
surfaces of murine macrophages was analyzed (Fig. 1). RAW
264.7 cells were pretreated with different concentrations of P
domain, an irrelevant protein (BSA), or buffer and infected
with MNV-1, and viral growth was measured by plaque assay at
0, 8, and 18 h postinfection. Compared to the buffer-treated
infection, pretreatment with different concentrations of P do-
main significantly reduced MNV-1 infection in a dose-depen-
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FIG. 1. MNV-1 infection of murine macrophages is impaired by
recombinantly expressed P dimer. RAW 264.7 cells (2 X 10°) were
pretreated with the indicated concentrations of P dimer, BSA, or
solvent control for 1 h on ice to prevent P-dimer uptake. The cells were
infected with MNV-1 for 1 h at an MOI of 0.05 (a) or 2.0 (b), and
unbound virus and P dimer were washed off. The infections were
allowed to proceed at 37°C for 8 or 18 h. Viral titers were determined
by plaque assay. Cell viability throughout the experiment was moni-
tored using WST-1 reagent and remained above 90% (data not
shown). Titers are presented as means = standard errors (SE) from
duplicate samples in three independent experiments.

dent manner irrespective of the MNV-1 infectious dose (Fig.
1). Pretreatment of cells with BSA did not affect MNV-1 in-
fection. For example, after a single round of infection (8 h) at
an MOI of 0.05, 0.1 mg/ml P domain inhibited infection 446-
fold compared to BSA. This suggested that bacterially ex-
pressed P domain competed in vitro with MNV-1 for binding to
the host cell surface, i.e., viral receptor(s).

Binding of the MNV-1 P domain to murine macrophages is
inhibited by an MNV neutralizing antibody. The MAb A6.2
recognizes a conformational epitope in the surface-exposed
hypervariable P2 domain of VP1 and has been shown to
neutralize MNV-1 infection (25, 65). To address whether
antigenic properties of MNV-1 are preserved in bacterially
expressed P domain, neutralization of P-domain binding to
RAW 264.7 cells by MAb A6.2 was determined (Fig. 2).
FPLC-purified P domain (containing the His tag) was pre-
treated with different concentrations of A6.2 or isotype con-
trol and incubated with RAW 264.7 cells. P-domain binding
to RAW 264.7 cells was determined by Western blotting,
and the band intensity was quantified (Fig. 2A). Probing
with anti-MNV-1 serum revealed a band around 35 kDa,
consistent with the calculated mass of the MNV-1 P domain
(34.5 kDa) (Fig. 2B). A6.2, but not the isotype control,
reduced binding of P domain to RAW 264.7 cells in a dose-
dependent manner (Fig. 2B). This suggested that the anti-
genic properties in the A6.2 binding region were preserved
between MNV-1 and the bacterially expressed P domain.
Furthermore, these data are consistent with our hypothesis
that A6.2 neutralizes MNV-1 infection by preventing virion
attachment to the cell surface (25) either because of the
sheer bulk of the antibody or by fixing the conformation of
the P domain into the closed conformation (see below).
Taken together, the infection competition (Fig. 1) and an-
tibody binding experiments (Fig. 2) demonstrate that bac-
terially expressed MNV-1 P domain folds in a biologically
relevant manner.

Crystal structures of MNV-1 P domain reveal regions of
flexibility. As stated above, purified MNV-1 P domain existed
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FIG. 2. Binding of MNV-1 P dimer to murine macrophages is in-
hibited by the monoclonal antibody A6.2 in a dose-dependent manner.
P dimer (+) or buffer (—) (100 ng) was incubated with the indicated
concentrations of A6.2 or isotype control (IgG1) for 1 h at 37°C. RAW
264.7 cells (2 X 10°), resuspended in host cell medium containing
anti-FcyR MADb 2.4G2, were added and incubated for 1 h on ice.
Unbound P dimer was washed off, and equal numbers of RAW 264.7
cells were analyzed by SDS-PAGE and Western blotting. (a) Quanti-
tative analysis was performed, measuring the relative intensities of the
P-domain-specific bands from three independent experiments. The
limit of detection was set to background intensity levels. Statistical
analysis was performed using the ¢ test; **, P < 0.01. The error bars
indicate standard errors. (b) The P-domain-specific band in a repre-
sentative Western blot probed with a polyclonal antibody against
MNV-1.

primarily in a monomeric state as determined by FPLC. The
FPLC-purified monomeric MNV-1 P domain without the His
tag was used for crystallization trials. However, only the di-
meric structure was apparent in all crystal forms. Two crystal
forms of the MNV-1 P domain were determined; a monoclinic
form (space group P2,) with a dimer in the asymmetric unit
and an orthorhombic form (space group C222,), where the
dimer formed across a crystallographic 2-fold axis. The struc-
tures were determined by molecular replacement and refined
to a resolution of 2 A (Table 1). The overall molecular topol-
ogies and dimer interfaces in both crystal structures were very
similar (root mean square deviation [RMSD] = 0.45 A?), and
amino acids 228 to 540 were resolved in both structures.

The observed topology of the MNV-1 monomer is unique to
the P domains of noroviruses (5, 6, 10, 46) (Fig. 3). The struc-
ture can be divided into two subdomains, P1 and P2. The
MNV-1 P1 subdomain consists of N-terminal residues 229 to
277 and C-terminal residues 416 to 541, which fold into two
highly twisted antiparallel B-sheets and a single a-helix. The P2
subdomain is formed from an extensive insertion (aa 278 to
415) and folds into a six-strand antiparallel B-barrel. The in-
terface between the two subdomains within a monomer con-
sists of a randomly coiled polypeptide chain. The C terminus of
the MNV-1 P domain is partially disordered and flexible. As
this flexible tail stretches out into the neighboring P dimer, it
may be involved in the polymerization of the subunits in the
viral particle (see reference 24).

Structural comparisons of the two crystal forms of MNV-1
described here, as well as comparison with those of the closely
related HuNoV capsid proteins, enabled a detailed analysis of
the dynamics of the P domains. At one level, the molecular
dynamics is manifested by rigid-body rotation of the P2 sub-
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TABLE 1. Data collection and phasing and refinement statistics

Value®
Data collection

Orthorhombic

222,
57.75, 86.26, 83.51 86.26, 105.22, 84.05

Monoclinic

Space group P2,
Unit cell a, b, ¢ (A)

Unit cell a, B, v (A) 90.0, 110.95, 90.0  90.0, 90.0, 90.0
Wavelength (A) 0.97872 0.97856
Resolution (A) 2.0 (2.03-2.0) 2.0 (2.07-2.00)
Ry (%) 7.8 (37) 7.1(27)
<lI/s[>¢ 10 (2) 10 (10)
Completeness (%)¢ 99.4 (93.3) 93.3 (68.1)
Redundancy 3.7(2.8) 4.4 (3.5)
Refinement
Resolution (A) 2.0 2.0
R factor (%)° 17.87 19.06
Riree (%; 23.18 25.64
No. of protein atoms 5,307 2,676
No. of water molecules 650 304
No. of unique reflections 48,795 24,409
Rmsd®
Bonds 0.017 0.026
Angles 1.898 2.139

“ Statistics for the highest-resolution bin of reflections are in parentheses.

® Rym = 2,3 1I; — <I,> /X, 3,1, where I, is the intensity of observation
j of reflection # and <I),> is the mean intensity for multiply recorded reflections.

¢ Intensity signal-to-noise ratio.

4 Completeness of the unique diffraction data.

¢R factor = 3, [ [F,I — IF I I/3,IF I, where F, and F.. are the observed and
calculated structure factor amplitudes for reflection A.

/Ryyee Was calculated against a 10% random sampling of the reflections that
were removed before structure refinement.

& RMSD of bond lengths and bond angles.

domain relative to the P1 subdomain. This motion would allow
the outer P2 subdomain to flex relative to the rigid core of
the viral capsid. Superimposition of the P1 subdomains of the
P-domain structures of the murine capsid on that of the

MNV-1 “MNV-| andVA387

FIG. 3. Structure comparison of the MNV-1 P domain with the
VA387 P domain. (a) Cartoon of the MNV-1 P-domain structure with
the P1 subdomain in red and the P2 subdomain in blue. Surface-
exposed loops in the P2 subdomain are labeled A’-B’ (aa 299 to 300),
C’-D’ (aa 342 to 350), and E'-F’ (aa 378 to 388). The N and C termini
of the MNV-1 P domain are shown in green. The arrows indicate
regions of B-strands. The coils represent helices. The stars designate
the hinge regions between P1 and P2. (b) Superimposition of MNV-1
(green) and VA387 (blue) (PDB ID, 20BR [6]) P-domain structures.
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channel

MNV-1 P-DOMAIN X-RAY STRUCTURE 5699

FIG. 4. Orthogonal views of the MNV-1 P-domain dimer. (a and b) Surface diagrams of the MNV-1 P-domain dimer. Individual monomers
are surface colored in blue and green. The ribbon diagrams of the P1 domains are colored red, while the P2 domains are colored blue. (a) Side
view of the dimer perpendicular to the 2-fold axis. (b) Top view looking down the 2-fold axis. A close-up of the ionic lock is shown in the inset.
(c) Slice through the surface of the P-domain dimer interface showing the channel extending from one end of the dimer to the other along the
2-fold axis. (d) Slice through the surface view of the P domain, looking down into the channel (~8 A in diameter). This view is a 90° rotation from

the orientation shown in panel c.

HuNoV capsid (46) suggested a concerted rotation of the P2
subdomain relative to the P1 subdomain (data not shown).
This rotation produces a shift of up to 3 A in the Ca positions
of the residues distal to the hinge region. This is enabled by two
flexible regions, or hinges, connecting the subdomains. The
first hinge region is comprised of residues 283 to 288, and the
second region is located in the interdomain loop residues 407
to 415 (Fig. 3A). A very similar interdomain rotation was
evident when the murine structure was compared to the struc-
ture of the HuNoV VA387 strain (6), with maximum Ca shifts
of 3 A, and the same two hinge regions are implicated in the
domain rotation (Fig. 3B).

Analysis of the MNV-1 P-domain dimers (Fig. 4) using
AreaiMol (45) showed that the dimer interface in the P-do-
main structure is extensive and consists of 3,079 A2 of buried
surface area (data not shown). The interfaces in the two
MNV-1 P-domain crystal structures are identical, suggesting
that only the dimer form of the protein crystallizes. Most of the
dimer contacts occur due to hydrogen bonding between resi-
dues in the P1 subdomain (data not shown). In particular,

there are contacts between side chains of 3 helices (aa 283 to
285) and a-helices (aa 455 to 464) of both P1 subdomains. In
the P2 subdomain, portions of the C'-D’ loop (aa 341 to 351)
make extensive intermolecular contacts with portions of a
B-sheet in a symmetry-related P1 subdomain.

The interaction of the two P2 subdomains results in an
approximately 20-A-deep and 50-A-wide canyon at the dimer
interface (Fig. 4). A crater approximately 30 A in diameter is
located at the center of the canyon. A narrow (~8-A-wide)
channel runs the entire length (40 A) of the P-domain dimer
(Fig. 4C and D). On top of this channel sits an ionic lock, which
consists of two salt bridges formed between 2 residues, E338
and R396, from each P2 subdomain, which are absolutely con-
served among all MNV sequences available to date (Fig. 4B).

The existence of two crystal structures presented an oppor-
tunity to investigate alternative P-domain conformations. Su-
perimposition of the two MNV-1 P-domain structures using
the SSM superimpose routine in COOT (14) indicated a high
degree of structural identity between the monomers within the
two crystal structures (RMSD = 0.45 A%) (Fig. 5 and data not
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E-F

... closed

A

FIG. 5. Flexibility within the MNV-1 P2 subdomains. Shown is a
superimposition of the P2 subdomains from the two crystal structures
(blue, closed conformation; red, open conformation) showing variation
in the E’-F" and A’-B’ loop conformations.

shown). Most notable were changes in the variable loops on
the outer surface of the P2 subdomain (Fig. 5). Two of the
surface loops, E'-F’ (aa 379 to 388) and A’-B’ (aa 299 to 300),
showed large displacements, with Ala 382 showing the largest
displacement (Ca movement of 16 A) Additional topological
changes were also observed in the surface-exposed loop of the
C-terminal P1 subdomain (aa 361 to 367). Not surprisingly, the
loops with the largest deviations between the MNV-1 P-do-
main structures were also the most flexible regions of the
structures, as indicated by the high thermal parameters (40 to
56 A?). A third loop, C'-D’ (aa 342 to 350), on the surface of
the P2 subdomain is stabilized by contacts with an adjacent P1
subdomain in the dimer and therefore displays relatively small
variations in position and lower thermal parameters (30 to 40
A?) compared to the A’-B’ and E’-F’ loops. The A’-B’ and
E’-F’ loops displayed two unique conformations: a closed
structure, where the two loops were tightly associated, and an
open structure, where the loops were splayed apart (Fig. 5). Of
note, the two loop conformations were observed within the two
independent P-domain monomers in the monoclinic crystal
structure, highlighting the large variation in the positions and
conformations of the outer surface loops of the P2 subdomain.
In molecule B, these loops are in a closed conformation, which
is stabilized by a series of hydrogen bonds to water molecules
(Fig. 6A). In molecule A, they are in an open conformation,
which is the result of crystal packing (Fig. 6B). The open

J. VIROL.

conformation is stabilized by hydrophilic contacts with an ad-
jacent molecule in the crystal lattice. Specifically, a salt bridge
was formed between E303 and R476 from a symmetry-related
molecule (Fig. 6B). The closed conformation of the loops (Fig.
5 and 6A) is observed in both monomers in the orthorhombic
structure of the symmetric P-domain dimer. Whether the two
distinct conformations represent two naturally occurring static
states, each with a different biological function; two of many
possible structures in this dynamic portion of the P domain; or
an artifact of crystal packing is unknown. Regardless, these
significant variations in the conformations of several flexible
loops on the surface of the P2 subdomain represent a second
type of molecular flexibility, in addition to the rigid-body ro-
tation of the P2 subdomain relative to the P1 subdomain de-
scribed above.

The neutralizing monoclonal antibody A6.2 binds the out-
ermost tip of the closed conformation of the MNV-1 P2 do-
main. Our previous work showed that Fab fragments of the
neutralizing antibody A6.2 bound to residues in the P2 subdo-
main located in the A’-B’ and E'-F’ loops (25). In that study,
pseudo-atomic models had been created using cryoelectron
microscopy image reconstructions of MNV-1 (~12-/°\ resolu-
tion), MNV-1-FabA6.2 (~22-A resolution), and the atomic
structure of recombinant Norwalk virus (rNV). With the
atomic structure of the MNV-1 P domains presented here and
the high-resolution (~8-A) image reconstruction of MNV-1
presented in the accompanying publication (24), the pseudo-
atomic modeling of the MNV-1-FabA6.2 complex was revis-
ited to better define this particular neutralizing epitope.

For this analysis, the MNV-1-Fab model was constructed
using the pseudo-atomic model described in the accompanying
paper (24), the ~22-A resolution 3D image reconstruction of
the MNV-1-Fab A6.2 complex previously described (25), an
MNV-1 P-domain dimer, and the structure of Fab17 (31, 52,
54). As detailed in the accompanying paper (24), the high-
resolution image reconstruction of MNV-1 has marked
“horns” (protrusions made by loops A’-B’ and E’-F’) at the
top of the P domains that closely match the closed conforma-
tion. When the open conformation was placed into the 8-A 3D
image reconstruction, the E’-F’ loop protruded noticeably
from the sides of the horns. Therefore, dimers of the closed
conformation were used to create a pseudo-atomic model of
MNV-1. The electron density from the previous 3D image
reconstruction of the MNV-1-Fab A6.2 complex was then
overlaid onto this model of MNV-1, and the structure of the

FIG. 6. Stabilization of the MNV-1 P2 subdomain flexible loops. (a) The closed loop conformation (blue) is stabilized by hydrogen bonds with
a series of water molecules. (b) Interaction of the open loop structure (red) with the P1 subdomain of a symmetry-related P-domain molecule

(gray) highlighting the salt bridge formed between E303 and R476.
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FIG. 7. 3D modeling of an antibody—P-domain complex. Shown are stereo diagrams of Fab17 and the MNV-1 P domains fitted into the 3D
image reconstruction of the MNV-1-Fab complex, in gray. The blue and green ribbon figures represent the A and B subunits in the MNV-1
structure, respectively. The mauve and red ribbon figures represent the two copies of Fab17 bound to the P-domain dimer. At the bottom is shown
a close up of the MNV-1-Fab interactions with the contact residues highlighted in orange in the P-domain dimer. Also noted are the locations
of residues E296 and L386, the attenuation and escape mutation sites, respectively.

antibody, Fab17, was placed into the envelope corresponding
to the bound Fab. During the fitting process, it became appar-
ent that the horns of the P domains needed to be placed into
the hypervariable cleft between the heavy and light chains.
However, this necessitated fitting the variable domains (V|
and Vy) separately from the constant domains (C; and Cyy,)
by rotating the constant domains about the flexible elbow re-
gion, the connection between the variable and constant do-
mains. This in effect changed the elbow angle to ~180°. As
shown in Fig. 7, these modifications yielded an excellent fit of
the antibody into the 3D reconstruction envelope.

The likely epitope region was further examined using the
web-based tools in PISA (http:/www.ebi.ac.uk/msd-srv/prot
_int/pistart.html; 29). Contact was localized to a portion of the
A’ B-strand and A’-B’ loop (aa 294 to 303), as well as the E'-F’
loop (aa 379 to 388) (Fig. 8), which form the horns on the P2
domain. The total contact was ~860 A2, which is typical for
epitope-paratope interactions. In this model, the horns of the
P2 domain fit snugly into the cleft between the heavy- and
light-chain hypervariable regions and make contact with all six
antigen binding loops (complementary determining regions).
In our previous analysis using the structure of the rfNV P

domain (25), there was an additional possible contact with
parts of the C'-D’ loop and the D’ B-strand (aa 345 to 358).
However, the extension of the horn pushes the antibody away
from making contacts with the flatter regions of the P2 head.
Therefore, the epitope for this antibody is clearly limited to the
outermost tips of the P2 domain formed by the A’-B’ (i.e.,
Fabl) and E'-F’ (i.e., Fab2) protrusions.

Modeling the MNV-1-Fab complex indicated that MNV-1
with the E’-F’ loop in the closed conformation represents an
antigenically active structure. Further biological conformation
for the involvement of the E’-F’ loop in the A6.2 epitope
comes from two independent experiments. Previously, Lo-
chridge and Hardy (32) identified a neutralization escape mu-
tant that was localized to L.386, located in the C-terminal half
of the Fab2 site (Fig. 8). In addition, we took advantage of the
reverse-genetics system to create the first chimeric virus of
MNV-1 and NV. Specifically, a 7-amino-acid sequence of
MNV-1 (aa 377 to 383), encompassing the N-terminal half
of the predicted Fab2-binding site, was exchanged for the
structurally corresponding region of NV (Fig. 9A). Recombi-
nant MNV-1.CW1*.fab2 was successfully recovered and tested
in a plaque neutralization assay (Fig. 9B and C). A6.2 was
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FIG. 8. Structural alignment of the P domains from MNV-1 with VA387 and Norwalk virus. The P-domain structures of VA387 (PDB ID,
20BR, [6]) and NV (PDB ID, 1IHM [46]) were aligned with the MNV-1 P-domain structure using VAST (17). The A6.2 Fab binding sites are
highlighted in red. The red and blue bars beneath the sequences represent the P1 and P2 subdomains, respectively. The arrows indicate the
locations of the known escape mutation (L386) and attenuation mutation (E296). The black bars above the alignment denote the surface-exposed

loop regions in the P2 domain.

unable to neutralize MNV-1.CW1* fab2 (Fig. 9B). This was in
contrast to successful neutralization of the wild-type virus,
MNV-1.CW1*, by A6.2 (Fig. 9B). Isotype control antibody was
unable to neutralize either virus (Fig. 9C). Taken together,
these data provide convincing evidence that the E’-F’ loop is
an important part of the A6.2 binding site, and disruption of
interaction with amino acids in either the N-terminal or C-
terminal half of this Fab2-binding site leads to loss of neutral-
ization.

This limited epitope at the outermost tips of the MNV-1
capsid is significantly different than a number of other an-
tibodies that contact a broader, flatter surface (52). It is
interesting that the antibody contact is limited to these loops
and that they have two distinct conformations in the crystal
structures. While it is not unexpected that the antibody
contact area includes the known escape mutation site for
this antibody (L386) (32), it is interesting that it also over-
laps the attenuation site, E296 (65) (Fig. 8). This is akin to
studies of other viruses demonstrating that epitopes and
regions of viral capsids that change during host adaptation
can overlap (1, 53).

It should be noted that there are several limitations in ana-
lyzing the exact details of the antibody-virus interactions. The
structure of Fabl7 is only an approximation for that of the
bound A6.2, and as was seen in the case of Fabl7 (31, 52),
flexibility of the hypervariable region may allow the antibody to

mold itself to the epitope region. As was shown in our previous
studies, where the structures of human rhinovirus 14, the Fab,
and the Fab-virus complex were all known (52), pseudo-atomic
models made from 3D reconstructions at this resolution can be
off by several angstroms (8), and this can have a significant
effect on predicted contact points. Nevertheless, while the ex-
act contacts can only be approximated, confirmation comes
from the fact that the structure of the P-domain horns and the
3D image reconstruction are of sufficient resolution to limit the
epitope region to these outermost loops. In addition, two dif-
ferent mutant viruses, a neutralization escape mutant (32) and
the chimeric MNV-1.CW1* fab2 (Fig. 9), provide biological
confirmation of the in silico modeling results of the A6.2
epitope.

Conformational changes in the MNV-1 capsid are hypoth-
esized to play an important role during infection. It is well
known that for several viruses (e.g., poliovirus [35, 49] and
reovirus [16]), binding to viral receptors leads to reversible
and irreversible conformational changes in the virion. We
hypothesize that conformational changes occur in the MNV-1
capsid that facilitate specific steps in the viral life cycle (e.g.,
endosomal escape or uncoating). One of those changes could
occur via opening of the E’-F’ loop and/or via opening of the
ionic lock and subsequently the channel between the two P
domains. The latter is consistent with recent data demonstrat-
ing that removal of a calcium ion from a salt bridge between
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FIG. 9. Recombinant MNV-1 with mutations in the Fab2-binding site is no longer neutralized by A6.2. (a) Schematic of the MNV-1.CW1¥.fab2
genome structure showing the ORF-1 polyprotein (N terminus [N], NTPase, 3A-like [3A], VPg, protease [Pro], and RNA-dependent RNA

polymerase [RdRp]), ORF-2 encoding the major capsid protein (VP1), and

ORF-3. Recombinant MNV-1.CW1* contains a silent mutation in the

N-terminal protein compared to MNV-1.CW1 to introduce a unique EcoRV site (63). Shown below is a further close-up of the schematic of VP1

showing the N, S, and P domains. To mutate the Fab2-binding site (red),

residues 377 to 383 (SVTAAAS) were replaced with the structurally

corresponding residues 334 to 340 (NGIGSGN) in NV, generating the recombinant mouse-human chimera MNV-1.CW1* fab2. (b) Neutralization
of recombinant MNV-1.CW1%*, but not MNV-1.CW1.fab2*, by A6.2 in a plaque neutralization assay. (¢) Inability of the isotype control (IgG1)
MAD to neutralize virus. The limit of detection is indicated by the dashed line. Titers are presented as means = SE from duplicate samples in three

independent experiments.

pentameric subunits of simian virus 40 (SV40) induces a con-
formational change and triggers disassembly (26). Additional
experiments are needed to test this hypothesis.
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