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Atomic structure of the predominant GlI.4 human
norovirus capsid reveals novel stability and
plasticity

Liva Hu® "/, Wilhelm Salmen@® 27, Rong Chen"’, Yi Zhou', Frederick Neill2, James E. Crowe Jr.® 34,
Robert L. Atmar2>, Mary K. Estes® 2°© & B. V. Venkataram Prasad® 2%

Human noroviruses (HuNoVs) cause sporadic and epidemic viral gastroenteritis worldwide.
The Gll.4 variants are responsible for most HuNoV infections, and GlIl.4 virus-like particles
(VLPs) are being used in vaccine development. The atomic structure of the Gll.4 capsid in the
native T= 3 state has not been determined. Here we present the Gll.4 VLP structure with
T=3 symmetry determined using X-ray crystallography and cryo-EM at 3.0 A and 3.8 A
resolution, respectively, which reveals unanticipated novel features. A novel aspect in the
crystal structure determined without imposing icosahedral symmetry is the remarkable
adaptability of the capsid protein VP1 driven by the flexible hinge between the shell and the
protruding domains. In both crystal and cryo-EM structures, VP1 adopts a stable con-
formation with the protruding domain resting on the shell domain, in contrast to the ‘rising’
conformation observed in recent cryo-EM structures of other Gll.4 VLPs. Our studies further
revealed that the resting state of VP1 dimer is stabilized by a divalent ion, and chelation using
EDTA increases capsid diameter, exposing new hydrophobic and antigenic sites and sug-
gesting a transition to the rising conformation. These novel insights into Gll.4 capsid
structure, stability, and antigen presentation may be useful for ongoing vaccine development.
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ARTICLE

oroviruses (NoVs), belonging to the genus Norovirus in

the Caliciviridae family, are nonenveloped, positive-sense

single-stranded RNA viruses capable of infecting many
mammalian hosts, including humans, dogs, cats, pigs, mice,
sheep, and cattle!. In humans, these viruses (HuNoVs) are the
causative agents of epidemic and sporadic acute viral gastro-
enteritis worldwide, resulting in ~684 million illnesses and
~212,000 deaths annually?~%. The genome of NoVs is ~7.5kb in
length and consists of three open reading frames (ORFs). ORF1
codes for six non-structural proteins that are absent in the mature
viral particles but play critical roles during virus replication.
ORF2 encodes the major capsid protein VP1 that encapsidates
the (4) sense ssSRNA genome and ORF3 codes for the minor
structural protein VP2 that is suggested to be located internally in
the capsid.

Based on the amino acid sequences of VP1, NoVs are phylo-
genetically classified into at least ten genogroups (GI-GX), which are
further subdivided into 49 genotypes (e.g., GIL.4)°. NoVs of GI, GII,
GIV, GVIII, and GIX genogroups infect humans, and the genotype
GII.4 has been the predominant NoV genotype accounting for up to
80% of HuNoV infections. HuNoVs are highly contagious, and a
few viral particles can lead to infection. Young children, immuno-
compromised patients, and the elderly are especially at high risk.
Although there are candidate vaccines based on HuNoV virus-like
particles (VLPs) in clinical development”8, as yet there are no
approved vaccines or antivirals for prevention or treatment. It
remains unknown whether the VLP-based vaccines can provide
long-term immunity against both homotypic and heterotypic
infection with various epochally evolving GIL.4 HuNoVs that are
genetically and antigenically distinct’. A deeper understanding of the
capsid structures may provide a rational basis for developing more
effective vaccines.

Despite the recent success in the in vitro cultivation of
HuNoVs using stem cell-derived human enteroids!®!1, it is still
challenging to obtain enough native viral particles for structural
studies. Therefore, VLPs, which are antigenically and structurally
similar to native virions but lack the genome and are formed by
recombinant expression of the capsid protein VP1 with or
without the minor structural protein VP2, have been extensively
used as surrogates to characterize the structure of HuNoV viral
particles'2-14. The first structure of a GI.1 VLP capsid was
determined using X-ray crystallography!3. Following this, X-ray
crystallographic structures of the native calicivirus of animal
origins such as feline calicivirus and San Miguel sea lion virus,
and cryo-EM structures of rabbit hemorrhagic disease virus and
receptor-bound feline calicivirus have been determined to near-
atomic resolution!>~18. All these structures showed that the
capsid exhibits T =3 icosahedral symmetry, with a diameter of
~400 A, composed of 90 dimers of the capsid protein VP1 that
consists of an internal N-terminal arm (NTA) and two distinct
domains separated by a flexible hinge (Fig. la-c). In the capsid
architecture, the N-terminal domain ‘ties’ the VP1 subunits
through a network of interactions facing the interior of the capsid,
the S domain forms the icosahedral shell, and the P domain
protrudes from the S domain. The P domain is further divided
into P1 and P2 subdomains. The distally located P2 subdomain,
which shows significant sequence variation among HuNoVs, is
implicated in strain-dependent specific recognition of cellular
glycans that function as both cell attachment and susceptibility
factors!®.

More recently, cryo-EM structures of various HuNoV VLPs
representing GI.1, GI.7, GIL2, GI1.4 HuNoV VLPs have been
determined!>1420, These structures reveal significant variations
in the molecular organization of the capsid (Supplementary
Table 1). While GI.1 and GIL.7 VLPs exhibit T =3 icosahedral
symmetry consisting of 180 copies of VP1, the GIL2 VLP

assembles into T=1 and T =3 symmetries. Some GII VLPs,
including GII.4 variants (Minerva, CHDC-1974, NSW-2012 and
the vaccine candidate GIL4c), show T =4 symmetric organiza-
tion, with a diameter of ~500 A, composed of 240 VP1 subunits.
In addition, these studies showed that VP1 could exist in two
distinct conformations similar to what was observed for VP1 of
murine NoV21-23, In one conformation, the P domain rests on
the S domain, referred to as a ‘resting’ conformation, whereas in
the other orientation, it is rotated and elevated from the S
domain, called a ‘raised” conformation.

The infectious GIL.4 virion, similar to various animal calici-
virus, has a smaller diameter of ~400 A that is consistent with a
T = 3 symmetry using negative stain EM20-24, Although the cryo-
EM structure of a GIL4 variant Minerva VLP with a
T=4 symmetry at 4.1A has been determined, the atomic
structure of a GIL.4 HuNoV VLP capsid with T = 3 symmetry as
the native virus is not reported. Here we report the atomic
structure of a GII.4 VLP determined using X-ray crystallography
and cryo-EM at 3.0 A and 3.8 A resolution, respectively. In both
structures, the GI1.4 capsid exhibits the native T = 3 symmetry. A
unique aspect of our studies is that the crystallographic structure
of the VLP is determined without explicitly imposing icosahedral
symmetry, which is rather unprecedented and allowed us to
probe into conformational flexibility of the capsid protein that is
permissible within the context of an icosahedrally symmetric
organization. In addition to a detailed description of how GIL4
VP1 adapts to various quasiequivalent positions on a T =3 ico-
sahedral lattice both in the crystalline state and in solution, our
studies revealed novel features, including identification of an ion-
binding site that could impinge upon the stability and con-
formational flexibility of the GII.4 T =3 capsid that may play a
role in the cell entry processes and therefore provide informed
strategies for vaccine development.

Results

Crystal structure of GII.4 VLP shows a native T =3 capsid
organization. To elucidate the molecular details of the GIL.4 VLP
(HOV, 2002 strain) structure, we expressed the capsid proteins
VP1 and VP2 using the baculovirus expression system. Previous
studies have shown that the co-expression of VP1 and VP2 results
in stable and structurally homogenous particles?>. We initially
determined the crystal structure of GIL.4 HOV by imposing ico-
sahedral symmetry using the protocols previously described!31>16,
Although the electron density representing the shell was clearly
depicted, the electron density for the distal parts of the capsid was
poor, indicating that parts of the capsid structure deviated from
strict icosahedral symmetry, perhaps affected by the packing of the
GIL4 VLP in the crystal with the 1222 space group. We then
resorted to determining the structure using only the non-
crystallographic symmetry present within the crystallographic
asymmetric unit (Supplementary Table 2). The crystallographic
asymmetric unit in the 1222 space group contains 45 copies of the
capsid protein VP1. The molecular replacement using GL.1 Nor-
walk VLP as the search model revealed the locations of all the 45
VP1 subunits in the asymmetric unit (Supplementary Fig. la).
These subunits were refined using non-crystallographic symmetry
restraints without imposing the icosahedral 532 symmetry. The
four asymmetric units of the unit cell related by the crystal-
lographic 222 symmetry forms the complete capsid structure
consisting of 180 VP1 subunits with all the characteristics expected
in a T=3 organization (Supplementary Fig. 1b). For further
analysis, these subunits were classified as 60 sets of traditionally
designated A, B, and C quasi-equivalent subunits representing the
icosahedral asymmetric unit in a T =3 lattice (Fig. 1d, e). These
subunits cluster into 60 AB and 30 CC dimers in the capsid. The
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Fig. 1 Crystal structure of Gll.4 HOV VLP. a Schematic of VVP1 primary structure colored by domain. b Ribbon representation of VP1 monomer. The NTA, S
domain, hinge, P1 subdomain, and P2 subdomain are colored corresponding to the schematic (a). € The VP1 dimeric formation. One subunit is colored as in
b, and the other subunit is shown in gray. The N- and C- termini of the structure are labeled. d GIl.4 HOV VLP structure viewed along the icosahedral
twofold axis. The subunit A, B, and C are colored yellow, blue, and pink. e The surface and cut-away views of a Gll.4 crystal surface colored by radial
distance showing an inner diameter of ~ 230 A and an outer diameter of ~ 410 A.

GIL4 VLP has an outer diameter of ~410 A and an inner diameter
of ~230 A (Fig. le). In the final model, following iterative cycles of
refinement and model building, residues 26-531 of the A and C
subunit and residues 10-532 of the B subunit were visualized.
Although the minor structural protein VP2 was co-expressed with
VP1 to obtain the VLPs, no electron density accounting for VP2
residues was observed. This might be because of low copy numbers
(1.5 - 8 copies) of VP2 per viral particle?®?7, the intrinsic structural
flexibility/disorder in VP2, or the lack of specific strong interac-
tions with the VP1 subunits.

As expected, the structure of each VP1 subunit comprises the
NTA, the S domain, and the P domain (Fig.1b, c). The S domain
(residue 41-213) has an eight-stranded B-barrel jellyroll structure
and forms the icosahedral shell. The P domain, linked to the S
domain by a flexible hinge, comprises residues 222-540. The P
domain is further divided into P1 and P2 subdomains. The
P1 subdomain, consisting of two segments of the polypeptide
(residues 222-275 and 419-540), folds into a structure similar to
GI.1 Norwalk virus and other GII.4 P domain crystal structures.
The S domains of the AB and CC dimers show bent and flat
conformations to impart the required curvature to form the
icosahedral shell. Although there are small differences, as detailed
separately below, in all the subunits the P domain closely interacts
with the S domain (Fig. 2) (‘resting’ conformation) in stark
contrast to what is observed in the T =4 icosahedral structure of
a GIL4 variant in which the P domain lacks any of the
interactions with the S domain and is raised above by ~20 A.

The intrinsic flexibility of VP1 subunits. The X-ray structure of
the GIL.4 VLP without explicitly imposing the icosahedral sym-
metry allowed us to probe into the intrinsic flexibility in the
capsid protein within the crystallographic asymmetric unit con-
taining 15 copies of the A, B, and C subunits. We wanted to

address whether these 15 copies maintained identical conforma-
tions, as would be expected in the T =3 capsid with strict ico-
sahedral symmetry, or whether they showed structural
alterations, thereby providing insight into the allowed flexibility
within the T = 3 organization. Although the overall conformation
of the S and P domains in these subunits is maintained, pairwise
superposition of A, B, and C subunits in the crystallographic
asymmetric unit showed that while the subunits A and B
superimposed well with RMSD of 0.4 A and 0.3 A, respectively,
the C subunits showed significant variations with an RMSD of
1.2 A (Fig. 2a). In all the A and B subunits, the P domain making
close contact with the S domain is oriented in a similar manner;
however, in the C subunits, as a result of the conformational
changes in the flexible hinge, there are noticeable alterations in
the orientation between the S and P domains (Fig. 2b, ).
Examination of the crystal packing shows several of the C sub-
units in the capsid make close contact with the neighboring
capsid in the crystal and the flexible hinge allows their P domains
to suitably accommodate such a crystal packing (Supplementary
Fig. 1c). Interestingly, the icosahedral symmetry at the level of the
S domain is well maintained as well as the 5-fold symmetry that
relates the AB dimers. These observations indicate that to
maintain the integrity of the T =3 architecture, proper interac-
tions between the S domains are critical and that the A-B dimers
surrounding the 5-fold axes have to be conformationally more
restrained; however, the C-C dimers can deviate from the strict
icosahedral symmetry.

Cryo-EM structure shows GII.4 VLP adopts the same T =3
capsid assembly in solution. To investigate if the conformational
flexibility observed in the crystal structure is indeed observed in
solution and if the GII.4 VLP can conform to strict T =3 ico-
sahedrally symmetric organization, we determined the cryo-EM
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Fig. 2 Structural comparison of VP1 subunits revealing its intrinsic flexibility. a Superimposition of 15 copies of subunit A, B, or C, respectively. The
structural change between Cs is indicated by red double-arrows. The distances between Ca atoms of residue G392 and the side chains of N373 are

measured and shown, respectively. b Superimposition of subunit A with B or C subunits using the S domain. The distance between a p-stand of P and S
domains is indicated by blue (subunit A) and red (subunit C) double-arrows. The distances between Ca atoms of residue G392 and the side chains of N373
are measured and shown, respectively, as in Fig. 2a. The black box indicates the hinge region of VP1. ¢ Close-up view of the hinges of A, B, and C chains.

The stick model of residues 213-221 is shown and colored as in a.

structure using a single-particle reconstruction method by
imposing the icosahedral symmetry using cryo-SPARC (Supple-
mentary Table 3). The cryo-EM images of the GII.4 VLP showed
that the majority of particles were of the same diameter of
~400 A. The final resolution of the cryo-EM structure is ~3.8 A as
estimated by Fourier Shell Correlation (FSC) of 0.143 (Supple-
mentary Fig. 2a). Our cryo-EM analysis shows that GI1.4 VLPs in
solution also maintain the T = 3 capsid organization consisting of
180 VP1 subunits with outer and inner diameters of ~410 A and
~230 A, respectively (Fig. 3a, b). The quality of the 3.8 A cryo-EM
map allowed the unambiguous fitting of all the three quasi-
equivalent VP1 subunits in the T =3 icosahedral capsid, which
showed well-defined densities for their S and P domains (Sup-
plementary Figs. 2b, c). If, as in the crystal structure, the orien-
tation of the P subunit with respect to the S domain (particularly
in the C subunit) showed variations, the density would not have
been as well defined because of icosahedral averaging. This
indicates that the C subunit adopts a singular conformation,
similar to one of the conformations in the crystal structure
(Fig. 3c), to conform to the icosahedral symmetry. The con-
formations of the A and B subunits in the cryo-EM structure were
the same as in the crystal structure. In all the three quasi-
equivalent subunits, the P domain rests on the S domain in the
resting conformation, as observed in the crystal structure
(Fig. 3a). This is also evident in the cut-away view of the cryo-EM
map, which shows continuous density between the S domain and
the P domain (Fig. 3b). In contrast to the crystal structure, the
densities for the N-terminal 43 residues of NTA were not
observed in the cryo-EM map, perhaps because of the lower

resolution of the cryo-EM map or the flexibility of the NTA in
solution (Fig. 3c).

Molecular interactions within and between VP1 subunits.
Further analysis of the X-ray structure, in which the conforma-
tional details are resolved to a higher resolution, showed that the
A, B, and C subunits exhibit noticeable differences in their intra-
domain interactions (Fig. 4). In the A subunit, the S and P
domains are closely associated via extensive molecular interac-
tions, resulting in a more compact structure (Fig. 4a and c). The S
domain residues, such as P60-T65 and L76, interact with the
residues L474-R476 and S519-T526 of the P1 subdomain. The
acidic residue E63 forms two salt bridges with the basic residue
R476 (Fig. 4c). Whereas, in the B subunit, such S and P inter-
actions are somewhat less, resulting in a relatively more flexible
structure. Compared to the A and B subunits, the C subunit
assumes the most open conformation, with no molecular contacts
between the S and P domains (Fig. 4b). These differences con-
tribute to the obligatory ‘bent’ conformation of the A/B dimers,
which surround the icosahedral 5-fold axes, and the ‘flat’ con-
formation of the C/C dimers, at the icosahedral 2-fold axes,
respectively (Fig. 4a, b). Such bent and flat conformations are a
common feature in all the T =3 icosahedral structures and are
required for imparting the necessary curvature for the formation
of the T =3 capsid structure.

Despite the differences in the S-P1 interactions between A, B,
and C subunits, the interactions involving the S domain with the
hinge and the neighboring residues are common in all these
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Fig. 3 Cryo-EM structure of GIl.4 HOV VLP. a GIl.4 HOV VLP cryo-EM structure aligned to the crystal structure shown in Fig. 1 and viewed along the
icosahedral twofold axis, shows the T =3 symmetry of GIl.4 HOV VLP in solution. The subunits A, B, and C are colored yellow, blue, and pink. b The
surface and cut-away views of a Gll.4 cryo-EM map colored by radial distance, showing similar particle radius as observed in the crystal structure.

¢ Superimposition of subunit A (orange) with B (blue) or C (magenta) subunits of the cryo-EM structure with that of the VLP crystal structure (subunit A,
yellow; subunit B, light blue; subunit C, pink) using the S domain. The N-terminus of VP1 in the cryo-EM and crystal structure is labeled with colored and

black “N"s.

subunits (Fig. 4a, b, and d). The hydrophobic residues W51, 152,
and Y88 of the S domain closely associate with the hydrophobic
residues L215, V216, and P218 of the hinge (Fig. 4d). In addition
to interacting with the S domain of the same subunit, the
P1 subdomain is also involved in the interaction with the S
domain of the neighboring subunit. For instance, residue R484
interacts with E74’ and R69’ at the fivefold axis (Fig. 4e). These
interactions contribute to the stability of the T =3 capsid
architecture.

NTA ties the subunits through a network of interactions. One
of the distinctive features of our crystal structure of the GIL4
VLP, compared to the previous cryo-EM structures of other GII.4
variants, is the detailed visualization of the extensive interactions
mediated by the NTA (residues 1-43) that contribute to the
stability of the capsid (Fig. 4f). In the crystal structure, the NTA
of the B subunits, which is structurally more ordered than those
of the A and C subunits, latches onto the neighboring C subunits
via a network of molecular interactions (Fig. 4f). The residues
D12-N24 of the B subunits surrounding the icosahedral 5-fold
axes interact with the residues R149, L151, and E152 of the S
domain of subunit C at the local 3-fold axes to form an extensive
network of interactions. In the NTAs of the A and C subunits, the
corresponding residues, D12-N24, are disordered. Interestingly,
similar interactions involving the NTA of the B subunits are
observed in the crystal structure of GI.1 Norwalk VLP13.

The metal ion at the dimeric interface of the P domain.
Another novel finding in our crystallographic structure of the
GIL4 VLP is the strongly resolved electron density in the

unbiased simulated annealing omit map. This density is present
between the P1 subdomains in all the VP1 dimers in the crys-
tallographic asymmetric units. Because the crystals of GI1.4 VLP
were obtained in a condition containing 100 mM cadmium
chloride, we interpreted this strong density as possibly due to a
Cd?* ion (Fig. 5a-c). The simulated annealing omit map con-
toured at 3 o level is consistent with a Cd2* ion coordinated by
the residue His460 at the dimeric interface of P1 subdomains
(Fig. 5¢). In the protein crystals, histidine is often involved in
coordinating various metal ions, including cadmium?8. A similar
strong density is also present at the same location in our 3.8 A
cryo-EM density map (Fig. 5d, e), suggesting an intrinsic affinity
for a divalent cation at this position of the capsid protein.

Removal of ion affects the capsid structure. To investigate if the
removal of the ion had any effect on the GII.4 capsid, we first
performed dynamic light scattering (DLS) in the absence and
presence of the chelating agent EDTA (Fig. 6a). Remarkably, the
DLS analysis indicated a monodisperse population of VLPs with a
significant increase in the hydrodynamic radius in the presence of
EDTA at pH 6.0 and pH 8.0 (Fig. 6a). We then performed a bis-
ANS binding assay in the presence and absence of EDTA to
examine if loss of ion binding exposed new hydrophobic surfaces.
This assay showed that indeed is the case as there was a sub-
stantial increase in the fluorescence intensity in the presence of
EDTA (Fig. 6b, ¢). To further investigate if EDTA treatment of
the HOV VLP had any effect on the antigen presentation and
antibody binding, we performed BLI experiments using biotiny-
lated Fab of a neutralizing antibody NORO-320 that binds to the
sides of the P domain dimer2°. These experiments showed that
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EDTA treatment increases the binding of NORO-320 Fab to the
VLP, indicating that chelation of the metal ion results in a con-
formational change that allows for increased exposure of the
partially occluded epitope for Fab binding (Fig. 6d).

In addition to the above studies, we analyzed the cryo-EM
images of the HOV VLP treated with EDTA to examine if the

R516-
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oy %EM‘
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particles showed a discrete or a continuous heterogeneity using
the recently developed three-dimensional variability analysis
(3DVA) in cryoSPARC30. This analysis shows that upon EDTA
treatment, the particle images split into two populations
(Supplementary Fig. 5) in clear contrast to untreated VLPs which
exhibit a homogeneous single distribution of VLP images
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Fig. 4 Molecular interactions within and between VP1 subunits. a, b Representative A/B and C/C dimer of the crystal structure. The angles formed by the
P dimer and S domain axes are measured using Chimera, showing the bent A/B dimer with smaller angles and the flat C/C dimers with larger angles. The
molecular interactions with and between VP1 are determined using Chimera and shown as blue lines. The S-P1 and S-Hinge interactions are indicated by
gray and magenta boxes, respectively. ¢ Close-up view showing the interactions between the P1 subdomain (green) and the S domain (blue). The
interacting residues are shown as ball-and-stick models. d Close-up view of the interactions between the S domain (blue) and the hinge region of the
neighboring subunit (red). The residues from the adjacent subunit are indicated with prime (). e Interactions between the A1-A5 subunits at a five-fold
axis. The inset shows the P1 subdomain of Al interacting with the S domain of the A2 subunit. f The NTA network. Only residues of NTA are shown on the
left panel for clarity. The inset presents how NTAs interact with each other and the S domains at a three-fold axis. The subunits B and C are colored in blue

and pink, respectively.

A/B dimer (cryo-EM)

cryo-EM map

-

4
i 23

.l

C/C dimer (cryo-EM)

Fig. 5 lon binding site at the dimeric interface of VP1. a, b Cd2* metal ion (orange sphere) is bound between the P dimers via a conserved residue
His460. ¢ Simulated annealing omit map of the crystal structure is shown as green mesh and contoured at 3o level. d, e Cryo-EM density maps of A/B and
C/C dimers reveal density (gray mesh) at the same site. The side chains of Leu459 and His460 are shown as stick models. A water molecule is placed into

the density between these Histidine residues.

(Supplementary Fig. 5a). The visualization of the particle
variability in 3D shows that EDTA treatment leads to increased
particle diameter with thinning of the density between the P and
S domains indicating a transition from resting to a raised
conformation of the VP1 (Supplementary Movies 1 and 2). Taken
together, these experiments suggest that loss of ion binding has a
profound effect on the capsid structure leading to a raised
conformation with increased access to antigenic sites.

Discussion

In this study, by determining the structure of a globally dominant
GIL4 HuNoV using X-ray crystallography and cryo-EM, we have
provided the atomic details of how the major capsid protein VP1
assembles into a native T = 3 icosahedral assembly (Figs. 1 and 3).
Although this is the first crystallographic structure of the GIL.4 VLP,
previously, cryo-EM structures of VLPs of two GII.4 variants have
been reported!>1420, These cryo-EM structures showed unique
aspects of the GIL.4 capsid structure that were not observed in our
GIL4 structure. In the 4.1 A cryo-EM structure of the VLP of GIL4
Minerva strain, the capsid displays T =4 icosahedral organization,
which had not been observed before in the members of

Caliciviridae'®. In the 8.1 A cryo-EM structure of the GIL4 VLP
expressed to mimic a vaccine strain, the capsid exhibits a
T=3 symmetry!?, although the VP1 subunits, as in the
T =4 structure of the Minerva strain, exhibit a ‘rising’ conforma-
tion, which was not observed previously except in the case of murine
NoV. Our studies by providing the structural details at the atomic
level have allowed insights into the factors that likely influence the
conformational dynamics of GIL4 VP1 and how it could impact the
symmetry and stability of the capsid.

The VP1 flexibility observed in GII.4 capsid is likely an
intrinsic feature of HuNoV capsids. A remarkable observation
in our 3.0 A crystal structure of the GIL4 VLP is the extent to
which the conformation of capsid protein can deviate within the
context of an icosahedrally symmetric organization. This obser-
vation was possible because the GII.4 VLP crystallized in the
space group 1222, with 45 VPI1 subunits in the crystallographic
asymmetric unit representing 15 of each of the three quasiequi-
valent subunits in the T =3 icosahedral lattice (Supplementary
Fig. 1). Our structure determination without imposing icosahe-
dral symmetry showed that the C subunits varied significantly in
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Fig. 6 Dynamic light scattering, Bis-ANS, and BLI binding assays. a DLS analysis shows the hydrodynamic radius increase upon removal of metal ions by
chelation with EDTA at pH 6.0 and pH 8.0, indicating the rising of P domain above shell in the absence of ion at the dimeric interface. b Changes in bis-ANS
binding in the absence or presence of EDTA show increased fluorescence intensity when VLPs are incubated with 20 mM EDTA, suggesting more

hydrophobic surfaces of VLP bound with bis-ANS. ¢ Stabilized fluorescence intensities measured during the last minute for each sample were averaged and
presented as a bar graph. d BLI analysis of NORO-320 Fab and GIl.4 HOV VLP shows that more VLPs bind to the immobilized Fab of GIl.4 mAb NORO-320
in the presence of 20 mM EDTA, suggesting the exposure of mAb-binding epitope with EDTA-treatment. Data presented in each panel are means + SE

(n =3 independent study repliates) are shown. Source data are provided.

their conformations compared to the A and B subunits. The
deviations are not in the conformation of the individual domains,
which remain mostly invariant between the subunits, but are due
to distinct conformational variations in the hinge region, allowing
the P domain in these subunits to be oriented differently with
respect to the S domain (Fig. 2¢c). These variations in the hinge are
mostly due to the significant changes in the backbone con-
formational angles of the residue T219 following two proline
residues in the hinge region. Compared to T219-E221, other
residues (213-218) in the hinge region show minor variations.
High conservation of the residues in the hinge region of the
VPI1 suggests similar conformational variability is likely an
intrinsic feature in the capsids of other HuNoVs.

Interestingly, such variations are not observed in the cryo-EM
structure. Despite enforcing icosahedral symmetry, the density for
the three quasi-equivalent subunits is well defined. The
conformations of the A and B subunits are the same as in the
X-ray structure, whereas the C subunit is locked’ into a singular
conformation selected from one of the 15 conformations
observed in the crystal structure to adhere to the icosahedrally
symmetric organization. These observations indicate that under
the influence of external forces such as crystal packing, in this
case the capsid protein has certain conformational freedom to
‘breathe’” because of the flexible hinge. It is plausible that such
intrinsic conformational flexibility plays a role in optimal
engagement with cellular receptors upon contacting the cell
surface during cell entry processes.

From ‘resting’ to ‘raised’ conformation of VP1. In both of our
crystal and cryo-EM structures of the GII.4 VLP, the P domains
of all the three quasi-equivalent subunits remain close to the S
domain in a ‘resting’ conformation, similar to that observed in the
high-resolution T =3 structures of the several animal

caliciviruses and the other HuNoV VLPs. However, in the two
recent cryo-EM structures of GIL.4 VLPs, irrespective of T =3 or
T = 4 organization, as noted above, all the three quasiequivalent
VP1 subunits are in the ‘raised” conformation with the P domain
rotated and significantly elevated from the S domain!2. Such a
raised conformation of the VP1 was first observed in the 8.1 A
cryo-EM  structure of the murine norovirus (MNV) with
T = 3 symmetry>l. Follow-up cryo-EM studies with MNV VLPs
showed VP1 transits to the resting state in the presence of bile
acids and that the resting state promotes efficient interactions
with the cellular receptor?3. However, in the most recent 3.1 A
cryo-EM structure of the MNV, the capsid protein is in a resting
state both in the absence and presence of bile acids?2. None-
theless, these structural studies show that the P domain of the
norovirus capsid protein, because of the flexible hinge, can transit
from a resting to a rising state. Such a transition appears to
depend upon several conditions.

Factors that favor ‘resting’ vs. ‘raised’ states of VP1. Compar-
ison of the resting conformation of VP1 as found in our structural
studies with that of the ‘raised’ conformation of the VP1 as
observed in the recent 4.1 A cryo-EM structure of the Minerva
GII.4 VLP, we notice several interesting differences despite the
overall structures of the S and the P domain remaining highly
similar with a RMSD of ~2.23-2.31A and ~2.15-230A4,
respectively, when the individual S or P domains are compared
alone (Fig. 7). The first difference is the loss of all interactions
between the S and P domain in the ‘raised” conformation as the P
domain, with the hinge region fully extended, is rotated and
elevated from the S domain by as much as 24 A (Fig. 7c, d). The
second difference is the presence of metal ions at the P domain
dimeric interface in our structures, which is absent in the ‘raised’
conformation. The residues at the dimeric interface that are close
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Fig. 7 Comparison of different quasiequivalent VP1 dimers in the resting conformation in T =3 HOV capsid vs the raised conformation in T=4

Minerva capsid. Comparison of the dimers using the S domain (shown in dashed oval) (left panel, a-d), or the P domain (middle panel, e-h) for structural
alignment. The additional C/D dimer present in the T =4 capsid is shown in the bottom row (d, h). The inset (right panel) corresponding the the boxed
region in the middle panel shows a close up view of the interactions at the dimeric interface viewed along the two-fold axis of the P dimer. The ion present
only in the T = 3 dimers is shown as a cyan sphere. The A, B, C, and D subunits are labeled, and colored in yellow, blue, purple, and gray respectively (the C
subunit of the T =4 C/D dimer is shown in lighter shade of purple to distinguish it from the C subunits of C/C dimer)). Residues 213-221 (hinge) and 222-

229 (N-terminus of P domain) are colored red and cyan, respectively.

to the metal ion in the resting conformation move away in the
rising conformation creating a gap at the dimeric interface
(Fig. 7g, h and Supplementary Fig. 4). With the absence of S-P
interactions and the metal ion, it appears that the capsid structure
with the ‘raised’” conformation of the VP1 subunits would be
more labile and less stable compared to the capsid with the
subunits in the resting conformation. Furthermore, in the resting
state, the interactions between the P and S domains are con-
siderable, with a buried surface area of 2078 A2 as seen by
analyzing the interactions between S (residues 1-213) of the chain

with the rest of the protein using the program PISA32. The cal-
culated AG, binding energy, from the same program, is —8.6 kcal/
mol. In the raised state, these stabilizing interactions are lost.
Although the metal ion observed in our crystal structure is
likely Cd?*, based on the composition of the crystallization
buffer, the nature of the metal ion in the cryo-EM density is
uncertain. Postulating that it is likely a divalent metal ion, we
examined the effect of treating the GII.4 VLPs with EDTA using
DLS and Bis-ANS assay (Fig. 6). These experiments show that
EDTA treatment results in a noticeable increase in the VLP
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diameter as well as exposure of new hydrophobic surfaces,
suggesting that the chelation of the metal ion triggers a possible
transition from a resting conformation to a raised conformation
as noticed using 3DVA analysis. Interestingly, the EDTA
treatment coupled with an increased pH, as inferred from the
~8.1 A resolution cryo-EM studies, has been shown to trigger
such a transition in MNV and as well as in the T =3 capsid
structure of HuNoV GIL.3 VLP2l. The authors further showed
that transition between resting and rising conformations is
reversible both in MNV and GII.3 VLP and that the infectivity of
MNV is optimal under the conditions favoring the resting
conformation.

Our structure suggests a possible mechanism of how the
transition from a resting conformation can occur in the GIL4
capsid. As observed in our GIL.4 VLP structure, the metal ion
binding site is close to the hinge region. The removal of the
bound metal ion may allosterically affect the conformation of the
hinge allowing the P domain to transit from a resting to a rising
state. The pairs of H460, Q463, L459 from the opposing subunits
in the P dimer are involved in metal ion binding. Sequence
comparisons show that these residues are well conserved in
HuNoV VP1 sequences, including GIL3 (Fig. 8). However,
interestingly, in GIL4 Sydney (2012), H460 is replaced by Y460,
and a hydrophilic residue Q459 replaces L459 in GIL.4 Minerva
and GII.4 Sydney (Fig. 8). Whether these sequence changes alter
the metal binding affinity and tilt the preference for either the
resting or the raised state, or whether they alter the transition
kinetics remains unclear.

Possible implications of ‘resting’ to ‘raised’ transition in anti-
body neutralization. Our GIL4 structure also supports the sug-
gestion by Song et al. that the transition from a more stable resting
conformation to a more dynamic ‘raised’ conformation of VP1
may play a critical role during the cell entry processes or the
disassembly processes. In addition to the cryo-EM structures of
MNYV and various HuNoVs VLPs, which have captured the resting
and the raised states individually, a clear demonstration by Song
et al., that such a transformation is reversible strongly suggests that
this dynamic aspect is intrinsic to norovirus VP1. Dynamic
structural transitions have been implicated in the cell entry process
for several viruses including, for example, the spike proteins of
rotavirus, influenza virus, and coronavirus'®33-3¢, If such a tran-
sition is indeed a critical step in the downstream cell entry events
of HuNoV, it also may have a consequence in how specific anti-
bodies recognize and neutralize the virus infection as some of the
antigenic sites may become more accessible in one of these con-
formations. This appears the case with the human antibody
NORO-320 that efficiently neutralizes GIL4 and GIL.17 HuNoV
infections in the human enteriod system?®. As determined by the
crystal structure of the GIL.4 P domain in complex with the anti-
genic binding fragment (Fab) of this antibody, the antigenic site is
on the sides of the P domain at a region that is conserved in the
GII genotypes. Mapping this site on our GIL.4 capsid structure,
with the subunits in the resting conformation, indicates that this
site is occluded to a large extent, limiting the antibody access for
efficient binding and neutralization (Fig. 9a). However, when we
model the ‘raised” conformation of the P domain into our struc-
ture, the NORO-320 binding site is fully exposed. It allows a
stoichiometrically higher number of antibodies to bind and thus
increasing the neutralization efficiency (Fig. 9b and Supplementary
Fig. 3). Consistent with this hypothesis, the BLI assay shows
increased binding of NORO-320 to VLPs in the presence of EDTA
(Fig. 6d). Similarly, the antigenic site for one of the nanobodies,
although whether it neutralizes virus infection is not determined,
becomes more accessible in the ‘raised’ conformation3’. However,

such a transition may not be of consequence for antibodies that
neutralize HuNoV infection by blocking the HBGA binding site as
these sites are not affected by the transition and remain accessible
in both conformations (Fig. 9¢).

In summary, we have provided the first atomic-level descrip-
tion of the capsid architecture of a globally dominant GII.4
HuNoV in the native T = 3 icosahedral symmetric state. In both
the crystal and solution, the capsid protein VP1 assumes a resting
state stabilized by an elaborate network of NTA linking the capsid
subunits and the interactions between the S and P domains, as
expected in a T =3 icosahedral capsid. A novel finding is the
metal ion binding at the dimeric interface of the P domain that
further stabilizes the resting conformation. A remarkable feature
in our crystal structure is how the flexible hinge allows the metal
ion stabilized P domain to sample an extensive conformational
space in the resting conformation and allows transition to
possibly a more extended rising conformation with the removal
of the metal ion. Such conformational plasticity perhaps is an
inherent feature of the norovirus VP1 akin to the spike proteins
of many enveloped and nonenveloped viruses, and maybe a
critical factor in optimizing the interactions with the receptor and
subsequent penetration through the cell membrane and genome
release. It is hoped that such a detailed understanding of the GII.4
capsid architecture will provide a rational basis for the improved
design and development of VLP-based vaccines to counter global
HuNoV infections.

Methods

Expression and purification of GIl.4 HOV VLP. The VP1 and VP2 of a GIL4
norovirus (Houston/TCH186/2002 or HOV, GenBank no. EU310927) were
expressed in the baculovirus system using Gibco Sf9 cells as described previously!3.
Briefly, cells were grown for 10 days and then centrifuged for 15 min at 1120 x g.
The supernatant containing VLPs was then clarified by centrifugation at 22,100 x g
for 30 min to remove aggregates and cell debris. Next, the clarified supernatant was
transferred to a fresh tube, and a 30% sucrose cushion was gently added to the
bottom of the tube. This sample containing the 30% cushion was then centrifuged
at 120,000 x g for 3 h to pellet the VLPs. VLPs were then suspended by adding 200
uL of PBS per tube and incubating at 4 °C overnight. Suspended VLPs were then
pooled and diluted with PBS containing cesium chloride (1.14 mg/ml) to a final
concentration of 0.38 mg/ml cesium chloride. The sample was then centrifuged at
150,000 x g for 48 h at 4 °C. Lipid layer was removed, and then a visible blue band
containing VLP was isolated from each gradient tube. The VLP sample was then
dialyzed overnight at 4 °C in PBS pH6.0. Dialyzed VLPs were then further purified
using the Sephacryl S500 size exclusion chromatography column. Purified fractions
were then pooled and stored at 4 °C.

Crystallization of GIl.4 HOV VLP. Crystallization trials were carried out using the
hanging-drop vapor diffusion method at room temperature. For each condition,
2 ul of the VLP solution, at a concentration of 3 mg/ml, was mixed with 2 pl of the
well solution and equilibrated with 0.5 ml of the well solution. Initial screening
produced crystals under a few conditions, including the Crystal Screen II condition
12 (0.1 M Na acetate pH 4.6, 0.1 M cadmium chloride, 30% PEG 400). After
crystallization condition optimization and on-site synchrotron screening, crystals
of the best diffraction quality were obtained using a well solution containing 0.1 M
Na acetate pH 3.6, 26-27% PEG 400. Cryo-protection of crystals was obtained by
soaking the crystals in the mother liquor with increasing glycerol concentration
through four steps: 5%, 10%, 15%, and 18%. The equilibration time at each solution
was at least 10 min. The crystals were then flash-frozen in liquid nitrogen and
shipped to synchrotron sites for data collection.

Crystal structure data collection and analysis. The diffraction data from single
crystals were collected under cryo-conditions at APS 19-ID with monochromatic
X-rays (wavelength = 0.9795 A) and a detector to crystal distance of 350 mm on an
ADSC 3 x 3 CCD detector using an oscillation angle of 0.3° and an exposure time
of 5 sec. Indexing, integration, scaling, post-refinement, and data reduction were
carried out using the HKL200038. Analysis of the diffraction data indicated that the
HOV VLP crystal belonged to the orthorhombic space group 1222 (Supplementary
Table 2). The data between 30 and 3.0 A from 300 frames were scaled with a
Rmerge factor of about 13%. To determine the precise orientation of the virus
particle in the unit cell, self-rotation functions were calculated using the program
GLRF?. These calculations showed all the peaks corresponding to 5-fold (k = 72°),
3-fold (x =120°), and 2-fold (k = 180°) axes, which are expected from a particle
with icosahedral symmetry. In the 1222 space group, consistent with the unit cell
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Gll.4|Houston|ABY27560 189 NN- - AGDDVFTVSCRVLTRPSPDFDF | F| VESRTKPFTVPILTVEEMTNSRFPIPLEKLF 250
Gll.4|Minerva|R413T2 189 NN- - AGEDVFTVSCRVLTRPSPDFDF | F| VESRTKPFTVPILTVEEMTNSRFPIPLEKLF 250
Gl1.4|Sydney|AFV08795 189 NN- - AGDDVFTVSCRVLTRPSPDFDF | F| VESRTKPFSVPVLTVEEMTNSRFPIPLEKLF 250
GII.3|TCH04-577|B2DD27 189 NN- - SGDDVFTVSCRVLTRPSPDF SF NF| VESKTKPFTLPILTISEMSNSRFPVPIDSLH 250
Gll.17|Kawasaki323|AB983218 189 NG - - SGDDVFTVSCRVLTRPTPDFEFTY] VESKTKPFSLPILTLSELTNSRFPVPIDSLF 250
GII.2|SMV|Q80RD6 189 NG- - SGDDVFTVSCRVLTRPSPDFDFTY] VESKTKPFTLPILTLGELSNSRFPVS |DQMY 250
GII.10|Vietnam026|AAT12445 189 NG - - SGDDVFTVSCRVLTRPTPDFDFT VESKSKPFTLPILTLGELTNSRFPLPIDVLY 250
GI.7|TCH-060|G8FL04 192 GGASSGTDPFV IAGRVLTCPSPDFNF LF| VEQKTRQLTVPNIPLNNLANSRVPAMINKMT 255
Gl.1|Norwalk| Q83884 193 GGGT - -GDSFVVAGRVMTCPSPDF NF LF| VEQKTRPFTLPNLPLSSLSNSRAPLP I SSMG 254
Gll.4|Houston|ABY27560 251 TGPSGAFVVQPQNGRCTTDGVLLGTTQLSPVNICTFRGDVTHIAG THDYT 300
Gll.4|Minerva|R413T2 251 TGPSGAFVVQPQNGRCTTDGVLLGTTQLSPVNICTFRGDVTHIAG SRNYT 300
Gl1.4|Sydney|AFV08795 251 TGPSSAFVVQPQNGRCTTDGVLLGTTQLSPVNICTFRGDVTHITG SRNYT 300
GII.3|TCH04-577|B2DD27 251 TSPTENIVVQCQNGRVTLDGELMGTTQLLPSQICAFMGVLTRSTSRASDQADTATPRLFNYYWH 314
GlI.17|Kawasaki323|AB983218 251 TAQNNVLQVQCQNGRCTLDGELQGTTQLLPSGICAFRGRVTAETD------------- HRDKWH 301
GII.2|SMV|Q80RD6 251 TSPNEV I SVQCQNGRCTLDGELQGTTQLQVSGICAFKGEVTAHLQDN- - - - ----D--HLYN 302
GI1.10|Vietnam026|AAT12445 251 TNPNESA I VQCQNGRCTLDGELQGTTQLLPTGICAFRGKVTQQVQDE- - ----- - - - HRGTHWN 304
GI.7|TCH-060|G8FL04 256 VSTDQNQVVQFQNGRCTLEGQLLGTTPVSASQVARIRGKVFSTAS - - - ------------ - GKG 303
Gl.1|Norwalk| Q83884 255 | SPDNVQSVQFQNGRCTLDGRLVGTTPVSLSHVAKIRGT - ---8N-=--------------- GTV 298
GlI.4|Houston|ABY27560 301 MNLASQNWNNYDPTEE IPAPLGTPDFVGKIQGVLTQTTRGD- - - - - - - GSTRGHKATVSTGSVH 357
Gll.4|Minerva|R413T2 301 MNLASLNWNNYDPTEE IPAPLGTPDFVGKIQGVLTQTTKGD- - - - - - - GSTRGHKATVYTGSAP 357
GI1.4|Sydney|AFV08795 301 MNLASQNWNDYDPTEE IPAPLGTPDFVGKIQGVLTQTTRTD- ---GSTRGHKATVYTGSAD 357
GII.3|TCH04-577|B2DD27 315 IQLDNPNGTPYDPAED IPGPLGTPDFRGKVFGVASQRNPDS - ----TTRAHEAKVDTTAGR 370
GlI.17|Kawasaki323|AB983218 302 MQLQNLNGTTYDPTDDVPAPLGTPDFKGVVFGVASQRNVGND- - - -APGSTRAHEAV ISTYSPQ 361
Gl1.2|SMV|Q80RD6 303 ITITNLNGSPFDPSEDIPAPLGVPDFQGRVFGV I TQRDKQNAAGQ-SQPANRGHDAVVPTYTAQ 365
GI1.10|Vietnam026|AAT12445 305 MTVTNLNGTPFDPTEDVPAPLGTPDFSGQIYGV ISQRNTNTVPGEGNLPANRAHEAV IATYSPK 368
GI.7|TCH-060|G8FL04 304 LNLTELDGTPYHAFE-SPAPLGFPDIGACDWHVSTFKVDQNLSGD- - - - - - PMSRLDV - KQNAP 359
Gl.1|Norwalk| Q83884 299 INLTELDGTPFHPFE-GPAPIGFPDLGGCDWHINMTQFGHSSQ---------- TQYDVDTTPDT 351
GlI.4|Houston|ABY27560 358 FTPKLGSVQFTTDTNNDLETGANTKFTPVGVVQDGNSAHQNEPQQWVLPNYSGRTGHNVHLAPA 421
Gll.4|Minerva|R413T2 358 FTPKLGSVQFSTDTENDFETHQNTKFTPVGV IQDGSTTHRNEPQQWVLPSYSGRNVHNVHLAPA 421
GI1.4|Sydney|AFV08795 358 FAPKLGRVQFETDTDRDFEANQNTKFTPVGV IQDGGTTHRNEPQQWVLPSYSGRNTHNVHLAPA 421
GII.3|TCH04-577|B2DD27 371 FTPKLGSLEIST-ESDDFHQNQPTRFTPVGIGVD-NEA---DFQQWSLPDYSGQF THNMNLAPA 429
Gll.17|Kawasaki323|AB983218 362 FVPKLGSVNFRSNDN- -DFQLQPTKFTPVGINDD-GDH- - -PFRQWELPDYSGLLTLNMNLAPP 419
GI1.2|SMV|Q80RD6 366 YTPKLGQVQIGTWQTDDLKVNQPVKFTPVGLND- --TE---HFNQWVVPRYAGALNLNTNLAPS 423
GI1.10|Vietnam026|AAT12445 369 FTPKLGNIQFSTWETQDVSSGQPTKFTPVGLASVDANS- - -HFDQWTLPSYSGALTLNMNLAPS 429
GI.7|TCH-060|G8FL04 360 FAPHLGS IEFTSDQDPTGDQLGTLAW- - - - - VSPS--TSGARVDPWKIPSYGSTVTESTHLAPP 416
Gl.1|Norwalk| Q83884 352 FVPHLGS IQAN- -GIGSGNYVGVLSW- - - - - ISPPSHPSGSQVDLWK IPNYGSS ITEATHLAPS 408
H460 L474 R484
GlI.4|Houston|ABY27560 422 VAPTFPGEQLLFFRSTMPGCSGYPNMNLDCLLPQEWVLHFYQEAAPAQSDVA|LLRIFVNPDTGRV| 485
Gll.4|Minerva|R4I3T2 422 VAPTFPGEQLLFFRSTMPGCSGYPNMDLDCLLPQEWVQHIF YQEAAPAQSDVA|LLRJFVNPDTGRV| 485
GlI.4|Sydney|AFV08795 422 VAPTFPGEQLLFFRSTMPGCSGYPNMDLDCLLPQEWVQ[Y|FYQEAAPAQSDVA|LLRIFVNPDTGRV| 485
GII.3|TCH04-577|B2DD27 430 VAPNFPGEQLLFFRSQLPSSGGRSNG I LDCLVPQEWVQHIF YQESAPSQTQVA|LVR]YVNPDTGRV| 493
Gll.17|Kawasaki323|AB983218 420 VAPNFPGEQLLFFRSFVPCSGGYNQG | VDCL | PQEWIQHIF YQESAPSQSDVA|L | RIYVNPDTGRT| 483
GII.2|SMV|Q80RD6 424 VAPVFPGERLLFFRSYLPLKGGYGNPAIDCLLPQEWVQHIF YQEAAPSMSEVA|LVR]Y | NPDTGRA] 487
GI1.10|Vietnam026|AAT12445 430 VAPVFPGECLLFFRSF IPLKGGYGNPA IDCLMPQEWVQHLYQESAPSLSDVAILVRIYVNPETGRT| 493
GI.7|TCH-060|G8FL04 417 IFPPGFGEAIVYFMSDFP IVSGN-TAQVPCTLPQEFVSHF VEQQAPVRGEAA|LLHYVDPDTHRN 479
Gl.1|Norwalk| Q83884 409 VYPPGFGEVLVFFMSKMPGP - -G-AYNLPCLLPQEY | SHLASEQAPTVGEAA|LLHYVDPDTGRN 469
R516 S519 1526
Gll.4|Houston|ABY27560 486 LFECKLHKSGYVTVAHT - -GPHDLV IPPNGY F|RIF DISWVNQF YTILAPMGNGAGRRRAL - - - - - 540
Gll.4|Minerva|R413T2 486 LFECKLHKSGYVTVAHT - -GQHDLV IPPNGYF|RIFDISWVNQFYTILAPMGNGTGGRRAL - - - 540
GlI.4|Sydney|AFV08795 486 LFECKLHKSGYVTVAHT - -GQHDLV IPPNGY F|RIF DISWVNQF YTILAPMGNGTGRRRAV - - - - - 540
GII.3|TCH04-577|B2DD27 494 LFEAKLHKLGFMT IAKN- -GDSP ITVPPNGYF|RIFE[SWYNPFYTLAPMGTGNGRRRI1Q- - - - - 548
Gll.17|Kawasaki323|AB983218 484 LFEAKLHRSGY ITVAHS - -GDYPLVVPANGY FRIF DISWVNQF Y§LAPMGTGNGRRRAQ - - - 538
GI1.2|SMV|Q80RD6 488 LFEAKLHRAGFMTVSSN- - TSAPVVVPANGY F|RIF D[SWVNQFYSYLAPMGTGNGRRR 1Q- - - 542
GI1.10|Vietnam026|AAT12445 494 LFEAKLHRNGFLTVARN- - SAGPVVAPTNGY F|RIF DISWVNQF YTILAPMGNGSGRRRMQ - - - - - 548
GI.7|TCH-060|G8FL04 480 LGEFKLYPDGF ITCVPNT - GGGPQNLPTNGVF|V|F SISWVSRYYQLKPVGTAGPAR- RLGVRRV 539
Gl.1|Norwalk| Q83884 470 LGEFKAYPDGFLTCVPNGASSGPQQLP INGVFVJFVISWWSRFYJQLKPVGTASSARGRLGLRR- 530

[1s-NTA [Js-Hinge []s-P1 [ subunitA-A’ [ lon

Fig. 8 Sequence alignment of HuNoV VP1. Multiple sequence alignment was carried using ClustalW and visualized by Jalview>C. The genotype | strain |
accession number of each VP1 sequence is given on the left side of the alignment. Residues are color-shaded, corresponding to the schematic in Fig. Ta. The
residues involved in the inter-domain or inter-subunit interactions are indicated using colored boxes.
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Fig. 9 Model of GIl.4 HOV VLP in the ‘resting’ and ‘raised’ conformations. a Superimposition of Gll.4 P domain in complex with Fab of NORO-320 onto
the AB and CC dimers of HOV VLP cryo-EM structure at 3.8 A. The neighboring VP1is shown as a transparent surface representation. b Modeling of Gll.4
HOV VLP in the ‘raised’ conformation using the 8.0 A Gll.4c cryo-EM map in T =3 symmetry. The P domain/Fab320 complex is superimposed onto the
model as in (a). ¢ Schematic of NoV cell attachment process and human mAb neutralization mechanism.

dimensions and the particle radius, which is estimated to be 200 A, the particle
position is uniquely defined by the intersection of the crystallographic 2-fold axes.
In such a setting, an icosahedral particle can assume one of the two possible
orientations. This ambiguity in orientation was resolved by the self-rotation
function calculations using the X-ray diffraction data. Each crystallographic
asymmetric unit is composed of 1/4th of the virion with a non-crystallographic 15-
fold symmetry. Similar packing of icosahedral particles has been observed in the
Norwalk virus.

Crystal structure determination and refinement. A properly positioned and
oriented Norwalk capsid was placed in an HOV crystal unit cell. One initial model
at 10 A was calculated from the 15 copies of NV related first by icosahedral 5-fold
symmetry and then by icosahedral 3-fold symmetry. Another initial model was
obtained from a cryo-EM reconstruction of HOV at a resolution of 22 A. The cryo-
EM structure was also used to generate a mask. Phase refinement and extension
were carried out by iterative cycles of real space electron density averaging, solvent
flattening, and back transformation with CCP4 program packages®’. The phases
were extended to the final 3 A resolution, with each step less than one reciprocal
space point. The averaged 3.0 A density map is of good quality and readily
interpretable in the whole S domain and the P domains of the A and B subunits,
but not in the P domain of the C subunit. Iterative cycles of refinement and further
model building were carried out using PHENIX*! and COOT programs*2. Non-
crystallographic symmetry (NCS) was applied during refinement using Phe-
nix.refine. In the final refinement, the stereochemistry of the structures was
checked using MolProbity*3. Data refinement and statistics are given in Supple-
mentary Table 2. The interactions within and between VP1 subunits were analyzed
using Chimera**. Figures were prepared using Chimera and ChimeraX#44°.

Cryo-EM sample preparation and data collection. A 3.5 uL aliquot of GI1.4 HOV
VLPs (0.24 mg/ml) in a buffer containing PBS pH 6.0 was applied onto a 200-mesh
R2/1 Quantifoil holey carbon grid coated with 0.2 mg/ml Graphene Oxide. The
grid was blotted and rapidly frozen in liquid ethane using a Vitrobot IV(FEI), with
constant temperature and humidity during the process of blotting. Movie stacks
(3149) were collected at 300 kV on a JEM-3200FSC electron microscope (JEOL)
with an in-column energy filter (50-eV width) equipped with a direct electron
detector K2 Summit camera (Gatan). Images were collected semiautomatically by
SerialEM® in dose fractionation super-resolution counting mode with a binning of
0.5 at 30,000X magnification, corresponding to a pixel size of 1.2 A. The images
were collected with a defocus range from —0.6 to —2.6 um. The final frame average
was computed from 25 frames to correct for beam-induced motion during expo-
sure by MotionCor2#’. The image in each frame was weighted according to
radiation damage. CTF parameters of the particles in each frame average were
determined by Relion 3.1 CtfFind and Gctf v1.068. Two-dimensional (2D)
reference-free class averages were computed using RELION 3.1. Data were pro-
cessed for icosahedral reconstruction using CryoSPARC. The 0.143 Fourier shell
correlation (FSC) cut-off was used for the resolution determination (Supplemen-
tary Fig. 2). Three-dimensional variability analysis (3DVA) implemented in
cryoSPARC3? was performed to understand and visualize the dynamics of GIL.4
HOV VLPs (0.24 mg/ml) in a buffer containing PBS pH 6.0 in the presence of
20 mM EDTA (Supplementary Movies 1 and 2).

Cryo-EM structure determination and refinement. The crystal structure of GIL.4
HOV VLP was fitted into the density map using Chimera. Iterative cycles of
refinement and further model building were carried out using PHENIX*!,
Rosetta??, and COOT programs*? Water molecules were built using Douse in
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PHENIX and manually verified in COOT. The cryo-EM map was deposited in the
Electron Microscopy Databank, and the coordinates of the atomic model were
deposited in the Protein Data Bank. EM density Data collection and processing
details are provided in Supplementary Table 3.

Dynamic light scattering. The hydrodynamic diameters of GII4 HOV VLPs in the
absence or presence of the ion chelation reagent EDTA at pH 6.0 or pH 8.0 were
measured using dynamic light scattering (DLS) on a ZetaSizer Nano instrument
(Malvern Instruments, UK). Samples were diluted to a final concentration of
200 nM for each component in phosphate-buffered saline. Upon addition of
EDTA, samples were incubated on ice for 30 min before measurements were taken.
Three x 12 measurement runs were performed with standard settings (Refractive
Index 1.335, viscosity 0.9, temperature 25 °C). The average result was created with
ZetaSizer software.

Detection of bis-ANS binding by fluorescence spectroscopy. Purified VLPs (30
pg/ml, 0.5 uM concentration of the VP1) diluted in PBS buffer pH 6.0 or pH 8.0
with or without 20 mM EDTA were incubated at 25 °C for 10 min to allow for
temperature equilibration. To detect bis-(8-anilinonaphthalene-1-sulfonate) (bis-
ANS) binding to VLP alone or in the presence of EDTA, bis-ANS was added to
each sample for a final concentration of 3 uM immediately before data collection.
Bis-ANS was excited at 395 nm, and emission was collected at 495 nm at 30's
intervals for 15 min on a Flexstation 3 (Molecular Devices, USA). The averaged
results were prepared using PRISM.

Modeling of Gll.4 HOV VLP in the ‘raised’ conformation. The atomic model of
GIL4 VLP P domain and S domain were fit into the 8.1 A cryo-EM density map of
norovirus GII.4c VLPs with T = 3 icosahedral symmetry using Chimera. The flexible
hinge was built using COOT. The axis of P domain dimers was defined using mass-
weighting in Chimera. We then calculated the crossing angle and distance of the axes
of the P domain in the ‘rising’ and ‘raised’ conformation using Chimera.

Biolayer interferometry (BLI). Biotinylation of the NORO-320 Fab was carried
out using EZ-Link NHC-LC-LC-biotin (catalog no. 21343; Thermo Scientific)
following the manufacturer’s instructions. The NORO-320 Fab was loaded onto
streptavidin biosensors at a concentration of 1 ug/ml in the BLI running buffer
(20 mM Hepes, 150 mM NaCl, 0.005% surfactant P20, and 2 mg/ml BSA, pH 7.8)
for 600 s, resulting in capture levels of 1.5-2 nm within a row of eight tips. GIL.4
HOV VLP was diluted in BLI running buffer with or without the addition of

20 mM EDTA to a final concentration of 1000 nM and incubated on ice overnight.
NORO-320 Fab-GII.4 HOV VLP association and dissociation curves were obtained
through twofold serial dilutions of GIL.4 HOV VLP (1000, 500, 250 nM) plus buffer
blanks at 30 °C using the Octet acquisition software. BLI studies were carried out
using an Octet RED96 instrument (FortéBio).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding author upon
reasonable request. Atomic coordinates and structure factors for the crystal structure of
the GIL.4 HOV VLP have been deposited in the Protein Data Bank (PDB) with the
accession code 7K6V [https://doi.org/10.2210/pdb7K6V/pdb]. The cryo-EM structure of
GIL4 HOV VLP has been deposited in the Protein Data Bank with the accession code
7MRY [https://doi.org/10.2210/pdb7MRY/pdb] and the Electron Microscopy Databank
with accession code EMD-23960. Source data are provided with this paper.
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