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Abstract 20 

Vesivirus 2117 is an adventitious agent that has been responsible for lost productivity in 21 

biopharmaceutical production following contamination of Chinese hamster ovary cell 22 

cultures in commercial bioreactors. A member of the Caliciviridae, 2117 is classified within 23 

the Vesivirus genus in a clade that includes canine and mink caliciviruses but is distinct from 24 

the vesicular exanthema of swine clade, which includes the extensively studied feline 25 

calicivirus (FCV). We have used cryogenic electron microscopy (cryo-EM) to determine the 26 

structure of the capsid of this small, icosahedral, positive-sense RNA containing virus. We 27 

show that the outer face of the dimeric capsomeres, which contains the receptor binding 28 

site and major immunodominant epitopes in all caliciviruses studied thus far, is quite 29 

different from that of FCV. This is a consequence of a 22 amino-acid insertion in the 30 

sequence of the FCV major capsid protein that forms a ‘cantilevered arm’, which plays an 31 

important role in both receptor engagement and undergoes structural rearrangements 32 

thought to be important for genome delivery to the cytosol. Our data highlight a potentially 33 

important difference in the attachment and entry pathways employed by the different 34 

clades of the Vesivirus genus. 35 

 36 

Importance 37 

Vesivirus 2117 has caused significant losses in manufacturing of biopharmaceutical products 38 

following contamination of cell cultures used in their production. We report the structure of 39 

the vesivirus 2117 capsid, the shell which encloses the virus's genome. Comparison of this 40 

structure with that of a related Vesivirus - feline calicivirus (FCV), highlighted potentially 41 

important differences related to virus attachment and entry. Our findings suggest that these 42 

two viruses may bind differently to receptors at the host cell surface. We also show that a 43 



 3 

region of the capsid protein of FCV that rearranges following receptor engagement, is not 44 

present in vesivirus 2117. These structural changes in the FCV capsid have been shown to 45 

allow assembly of a portal-like structure, hypothesised to deliver the viral genome to the 46 

cell's interior. Our data suggest that the 2117 portal assembly may employ a different 47 

means of anchoring to the outer face of the capsid.  48 



 4 

Introduction 49 

 50 

Vesivirus 2117 is an adventitious agent that was first identified following contamination of 51 

bioreactors containing Chinese Hamster Ovary (CHO) cells for biopharmaceutical production 52 

at a Genzyme manufacturing plant in Allston, Massachusetts (USA) (1). The virus was 53 

believed to have been introduced via a cell culture reagent, therefore the natural host is 54 

currently unknown. The incident halted production of two medications used to treat rare, 55 

inherited enzyme-deficiency disorders. The standstill in production during decontamination 56 

reportedly cost the company $100-300 million and affected around 8000 patients (2).  57 

 58 

Vesivirus 2117 is a non-enveloped, single stranded positive sense RNA virus that belongs to 59 

the Caliciviridae. Caliciviruses are important pathogens that infect both humans and 60 

animals. There are eleven genera including the Vesiviruses, Noroviruses, Lagoviruses and 61 

Sapoviruses (3). Noroviruses and Sapoviruses are the most clinically significant as they are 62 

major causative agents of gastroenteritis in humans (4). Vesiviruses infect animal hosts and 63 

cause wide ranging symptoms from respiratory illness to haemorrhagic disease. The best 64 

understood Vesivirus is feline calicivirus (FCV), which causes respiratory disease in cats. 65 

Virulent systemic forms of FCV have recently emerged, associated with high mortality rates 66 

(5). The natural host of vesivirus 2117 is not known, however 2117-like viruses have been 67 

isolated from dogs showing symptoms of severe gastroenteritis and phylogenetic analysis 68 

places 2117 in the same clade as canine caliciviruses (CaCV) (6, 7). Antibodies to 2117-like 69 

viruses have also been detected in humans and cats (8, 9). 70 

 71 
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Vesivirus genomes are approximately 7.5kb in length and contain three open reading frames 72 

(ORFs). ORF1 encodes a large polyprotein that is cleaved into the various non-structural 73 

proteins including the helicase, protease and RNA dependent RNA polymerase (10). ORF2 74 

encodes the major capsid protein VP1 while ORF3 encodes the minor capsid protein VP2, 75 

which has been shown to be essential for virus replication (11-13). In common with all 76 

known caliciviruses, vesivirus 2117 assembles a T=3 icosahedral capsid that is therefore 77 

made up of 180 copies of the major capsid protein VP1 (6). There are 3 quasi-equivalent 78 

conformations of VP1, denoted as A, B and C. Together they form the capsid asymmetric 79 

unit. These conformers form two types of dimeric capsomeres; AB dimers are arranged 80 

about the icosahedral five-fold symmetry axes, while CC dimers are located at the 81 

icosahedral two-fold axes. VP1 can be divided into three domains: the P (protruding) 82 

domain, the S (shell) domain and the NTA (N-terminal arm). The P domain forms the 83 

distinctive arch-shaped spikes on the capsid surface giving rise to the characteristic cup-84 

shaped morphology of the virus from which the Caliciviridae derive their name (Greek 85 

calyx).  The P domain is further divided into two subdomains: P2, which is distal to the 86 

capsid shell and P1 which forms the base of the protruding capsomere. P2 is an insert in P1 87 

and contains the receptor binding site and major immunodominant epitopes on its 88 

outermost face. The S domains form the contiguous capsid floor while the NTA extends 89 

from the S-domain at the capsid interior stabilising interactions between AB and CC dimeric 90 

capsomeres and directing virion assembly (14).  91 

 92 

In FCV, the minor capsid protein VP2 has been shown to assemble a funnel-shaped portal-93 

like structure at a unique three-fold symmetry axis following receptor engagement (15). FCV 94 

attachment and entry are mediated by feline junctional adhesion molecule A (fJAM-A) an 95 
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immunoglobulin-like protein found in tight-junctions (16). Receptor engagement leads to 96 

substantial conformational rearrangements; rotation and tilting of the P-domains, 97 

accompanied by increased flexibility (17, 18). These conformational changes enable 98 

formation of the VP2 portal-like assembly. FCV entry proceeds by endocytosis following 99 

virion attachment to fJAM-A. We postulate that VP2 mediates endosome escape by 100 

inserting into the endosomal membrane and forming a channel through which the viral 101 

genome is released into the cytosol. 102 

 103 

We have previously noted that the structure of vesivirus 2117 shows substantial 104 

morphological differences to other known Vesivirus structures, having a rounded P2 with 105 

pronounced horns of density, compared to the flat, extended P2 of FCV and San Miguel 106 

sealion virus (6, 14, 15, 19). In FCV the outer face of P2 forms a platform that is able to 107 

engage two copies of fJAM-A. This interaction leads to rearrangement of a loop in VP1 at 108 

amino-acid residues 436-448 causing it to raise up to meet the receptor. This results in 109 

opening of a cleft on the side of P2 into which VP2 binds – anchoring the portal to the P 110 

domain. The striking differences that we have previously observed between vesivirus 2117 111 

and FCV indicate a different mode of receptor engagement and VP2 anchor. Here we 112 

present the high-resolution structure of the vesivirus 2117 capsid, solved by cryogenic 113 

electron microscopy (cryo-EM) and three-dimensional image reconstruction of virus-like 114 

particles (VLPs) produced by heterologous expression of the 2117 major capsid protein VP1. 115 

We confirm that the outermost face of P2 is topologically divergent from that of FCV and 116 

show that the extended loop that we have previously found to be important for receptor 117 

engagement and VP2 stabilisation in FCV, is an insertion that is not present in 2117. These 118 
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data indicate that the 2117/CaCV clade of Vesiviruses likely exhibit substantial differences in 119 

both receptor engagement and VP2 portal assembly. 120 

 121 

Results and Discussion 122 

Cryo-EM of vesivirus 2117 virus-like particles 123 

To determine the capsid structure of vesivirus 2117, we used cryo-EM to image virus-like 124 

particles (VLPs) produced by heterologous baculovirus expression of the VP1 gene in insect 125 

cells. Two-thousand micrographs were recorded on a JEOL CryoARM 300 automated 126 

transmission cryo-electron microscope equipped with a Direct Electron DE64 detector, at 127 

the Scottish Centre for Macromolecular Imaging. Many VLPs were distorted or disrupted, 128 

likely a consequence of the lack of packaged genomic RNA or minor capsid protein VP2. 129 

Despite this, a dataset of 15,989 particle images was identified that was able to be 130 

processed to yield an icosahedral reconstruction at 3.6 Å resolution (Fig 1A,B, Movie S1). 131 

Following sharpening to enhance high-resolution features for model building, P2 showed 132 

noisy and discontinuous density. Local resolution analysis also indicated that the P2 133 

subdomains were not well resolved, showing an estimated resolution of poorer than 4 Å (Fig 134 

1C).  135 

 136 

An atomic model of the 2117 asymmetric unit 137 

To assemble an atomic model for VP1 a homology model was generated using the Phyre2 138 

server (20). This was docked to the sharpened cryo-EM density and edited to produce a 139 

model for the NTA, S and P1 domains that matched the reconstructed density well. To 140 

improve the density for the surface loops in P2, deep learning map modification was applied 141 

using DeepEMhancer (21). This gave rise to density that showed improved continuity, 142 
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allowing modelling of the more challenging regions (Fig 1D). Application of deep-learning 143 

map modification is a recently developed and potentially controversial process. Selective 144 

blurring of the map yielded similarly interpretable density, however (Fig 2).  Furthermore, 145 

the presence of quasi-symmetry in the T=3 icosahedral assembly gave rise to features in 146 

regions of the map that were not subject to averaging during the reconstruction process but 147 

were nonetheless similar, lending confidence to our interpretation.  148 

 149 

The resulting VP1 model comprised three chains, one for each quasi-equivalent polypeptide 150 

in the asymmetric unit and labelled A, B and C (Fig 1E). The reconstructed density allowed us 151 

to model residues Pro10-Gln181 and Thr187-Ala527 for chain A, Pro27-Ala527 for chain B 152 

and Ile12-Ala527 for chain C. The model revealed a structure that closely follows the 153 

topology of other calicivirus VP1 proteins comprising an extended NTA that lines the 154 

internal surface of the capsid, stabilising VP1 dimers and dimer-dimer interactions (Fig 155 

3A,B). Likewise, the S domain exhibits the canonical eight-stranded beta-barrel fold; or beta-156 

jelly roll, found in many small RNA containing spherical viruses. Comparison with the FCV S 157 

domain revealed a highly conserved structure, pairwise alignment and comparison gave 158 

RMSD values of 1.4 Å for chains A and B and 2.1 Å for chain C (Fig 3C, Movie S2). Similarly, 159 

the 2117 VP1 P1 subdomain shows a consistent architecture when compared to that of FCV 160 

(Fig 3D). P2 however shows a highly divergent structure. While P2 subdomains of FCV and 161 

2117 both comprise a six-stranded antiparallel beta barrel, the surface loops that define the 162 

topology of the outer capsid surface show considerable differences. This is perhaps 163 

unsurprising, given that this region encodes the receptor binding domains and major 164 

immunodominant epitopes for all caliciviruses for which data are available. Such regions in 165 

animal viruses are usually characterised by the presence of ornate hyper-variable loops. 166 
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Comparisons between the P-domains of 2117 and FCV gave RMSD measurements of 6.2 Å 167 

for chain A, 6.1 Å for chain B and 7.7 Å for chain C. 168 

 169 

An insertion in the P2 subdomain of FCV gives rise to a functionally important extended 170 

loop that is absent from 2117 VP1.  171 

Of particular note, a major structural difference between P2 subdomains of 2117 and FCV is 172 

the presence of a large insertion (22 amino acid residues) in the FCV sequence, between -173 

strands two and three of the P2 beta-barrel. This region corresponds to amino-acid residues 174 

409-468 in FCV VP1 and 296-333 in 2117 VP1. Sequence similarity in this region is low, thus 175 

defining a precise location for the insert is not possible. The additional sequence in this loop 176 

gives rise to the formation of a large cantilevered arm at amino-acid residues 430-463, 177 

conferring a rhomboid shape on the FCV P-dimer when viewed normal to the capsid floor 178 

(Fig 3D,G-I, Movie S2), while absence of this feature lends the 2117 P-dimer a more rounded 179 

shape (Fig 2E-F). 180 

 181 

The cantilevered arm is of functional importance to FCV and its absence in 2117 points to a 182 

number of likely biological differences between the two Vesivirus clades. When FCV engages 183 

its cellular receptor - fJAM-A, the whole capsid undergoes substantial structural 184 

rearrangements. When saturated with soluble receptor fragments, we previously observed 185 

that P-dimers become more mobile, breaking icosahedral symmetry by rotating and tilting. 186 

At a unique three-fold symmetry axis, a pore opens in the capsid shell and a dodecameric 187 

funnel-shaped assembly of VP2 forms (15).  We have previously proposed that VP2 is 188 

extruded from the capsid interior as we found no evidence of VP2 on capsids prior to 189 

receptor engagement. We have furthermore proposed that the function of this assembly is 190 
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to act as a portal, mediating genome release across the endosomal membrane. To 191 

accommodate assembly of the VP2 portal the VP1 P-dimers rotate and tilt towards the 192 

three-fold symmetry axis, while P2 subdomains undergo several structural rearrangements, 193 

the most dramatic of which is lifting of the cantilevered arm towards the receptor. This 194 

results in widening of a cleft on the side of P2, into which a helix of VP2 inserts itself, 195 

anchoring the portal to the capsid surface (Fig 3I,J). VP2 is encoded by all caliciviruses and is 196 

known to be of critical importance (12). We expect 2117 VP2 to form a similar structure, 197 

however absence of the cantilevered arm suggests that the mode of attachment to VP1 may 198 

not mirror that which we have previously described for FCV. Alternatively, the site of VP2 199 

attachment may be conserved across the Vesiviruses and a target for host immunity. The 200 

cantilevered arm insertion in FCV might then be an adaptation to conceal a potential 201 

neutralising epitope until a late stage in the entry pathway.  202 

 203 

The distinct P2 topologies of 2117 and FCV point to substantial differences in receptor 204 

engagement as well as possibly VP2 attachment. FCV P-dimers have a rhombus shaped 205 

outer face, providing an extended flattened platform onto which fJAM-A may bind (Fig 3J). 206 

When decorated with soluble fragments of the fJAM-A ectodomain, we previously observed 207 

disruption of the dimeric solution state of the receptor and possible formation of a new 208 

homodimerization interaction. The more rounded outer-face of 2117 P-dimers may 209 

accommodate a different mode of receptor engagement, perhaps at a more acute angle 210 

relative to the capsid surface. At the present time the cellular receptors for 2117 or other 211 

caliciviruses in the same clade are not known, however. 212 

 213 
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Comparison of 2117 VP1 to other calicivirus capsid structures reveals a similarity to rabbit 214 

haemorrhagic disease virus. 215 

We have previously observed that the rounded shape of 2117 P-dimers more closely 216 

resembled the capsomeres of other caliciviruses, in particular Sapoviruses. Comparison of 217 

the 2117 P-domain from our atomic model to other known high-resolution structures for P 218 

indicate a lower degree of similarity to a Norovirus P, pairwise alignment and comparison of 219 

chain A of the 2117 P-domain to that of the snow-mountain strain of norovirus (PDB ID 220 

6OTF (22)) indicated an RMSD value of 11.8 Å, while for murine norovirus (PDB ID 6IUK (23)) 221 

the difference was 13.8 Å. Interestingly the P-domain for rabbit haemorrhagic disease virus 222 

(RHDV - PDB ID 4X1W (24)), yielded an RMSD measurement of 5.2 Å in comparison with 223 

chain A of 2117 P, with very close agreement of the P1 subdomain in particular (Fig 4A). The 224 

S-domain of RHDV VP1 (PDB ID 4EJR (25)) also showed a highly similar structure; giving an 225 

RMSD of 2.3 Å when compared to chain C of 2117 VP1 (Fig 4B). No high-resolution data for a 226 

Sapovirus P are available at the time of writing, nonetheless the observed similarity to the 227 

major capsid protein of RHDV is intriguing. 228 

 229 

Summary 230 

We have determined the structure of vesivirus 2117 capsids by cryo-EM imaging of virus-like 231 

particles and computational three-dimensional image reconstruction. Our data allowed us 232 

to assemble an atomic model of the major capsid protein VP1, revealing several differences 233 

between this structure and the capsid of another Vesivirus - feline calicivirus, particularly in 234 

the P2 subdomain. The most note-worthy difference is absence of the cantilevered arm, a 235 

feature of the FCV P2 subdomain that rearranges following receptor engagement to 236 

accommodate the attachment of VP2. The lack of this loop in the vesivirus 2117 VP1 results 237 
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in rounded capsomeres that more closely resemble those of other Caliciviridae, in particular 238 

the Lagovirus RHDV. Our findings suggest major functional differences in both receptor 239 

engagement and VP2 portal assembly between the FCV clade of the Vesiviruses and other 240 

Caliciviridae. 241 

 242 

Materials and Methods 243 

VLP production and cryo-electron microscopy 244 

VLPs were prepared as previously described (6). Briefly the 2117 major capsid protein was 245 

expressed in Hi5 cells by baculovirus expression of the VP1 gene. Assembled particles were 246 

purified by differential ultracentrifugation and dialysed into phosphate buffered saline for 247 

imaging by cryo-EM. Five microlitres of purified VLPs were loaded onto freshly glow-248 

discharged C-flat holey carbon support films (R2/2 ProtoChips) bearing a thin continuous 249 

carbon-film. VLPs were allowed to adhere to the carbon support for one minute before grids 250 

were blotted for 2 seconds and plunged into a bath of liquid nitrogen cooled liquid ethane. 251 

Specimen vitrification was performed in a Thermo-Fisher Vitrobot Mark IV held at 4°C and 252 

100% humidity. Vitrified samples were imaged in a JEOL CryoARM 300 automated cryo 253 

transmission electron microscope equipped with a Direct Electron DE64 detector. Images 254 

were recorded at an accelerating voltage of 300 keV and magnification of 60k× which 255 

corresponds to a pixel size of 0.998 Å at the specimen scale. Two second exposures were 256 

captured at 25 frames per second with the detector operated in integrating mode and an 257 

electron flux of 1.1 electrons per Å2 per frame. Two thousand (2000) micrographs were 258 

recorded using the JADAS automation package. 259 

 260 

Image processing and three-dimensional, image reconstruction and model building 261 
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Image processing and three-dimensional image reconstruction was performed using Relion 262 

3.0.3 (26, 27). Micrograph movies were motion corrected using MotionCor2 (28) and 263 

defocus estimation was accomplished using GCTF (29). An initial data set of 65071 particle 264 

images was selected for 2D classification followed by icosahedral 3D reconstruction and 265 

classification using our previously calculated 10 Å structure for vesivirus 2117 as a starting 266 

model. Following successive rounds of classification, a final dataset of 15989 particles was 267 

identified that yielded a refined 3D cryo-EM density map at 3.6 Å resolution according to the 268 

gold-standard criterion with an FSC cut off of 0.143. Local resolution assessment indicated 269 

that resolution ranged between 3.4 and 4.4 Å. Automated sharpening as implemented in 270 

Relion’s post-processing routine applied a B-factor of -157 Å-1, resulting in a map for which 271 

the NTA, S and P1 regions were well resolved but distal regions of P2 were poorly resolved 272 

and showed discontinuous densities. Similarly filtering the map according to local resolution 273 

did not yield interpretable P2 density. Deep learning map modification performed using 274 

deepEMhancer, yielded density that was able to be interpreted to build an atomic model. 275 

Retrospective comparison of the modified density to a map that had been blurred with a B-276 

factor of 50 Å-1 using MRC to MTZ within the CCP-EM package, alongside the presence of 277 

quasi-symmetry in the icosahedral reconstruction confirmed that map modification was 278 

appropriate (21, 30-32). A starting model was generated by submitting the protein 279 

sequence for 2117 VP1 to the Phyre-2 server (20). The homology model coordinates were 280 

docked to the cryo-EM density map using UCSF Chimera (33) and manually edited using 281 

Coot v0.9.2 (34). Real-space and reciprocal space refinement of coordinates was performed 282 

using PHENIX (35) and REFMAC (31) respectively. Severe clashes and rotamer outliers were 283 

corrected using ISOLDE implemented in UCSF ChimeraX (36, 37). ChimeraX was also used for 284 

all visualisation and interpretation tasks. Validation of coordinates by the protein data-bank 285 
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server yielded a clash-score of 5, Ramachandran outliers of 0.5% and sidechain outliers of 286 

0.5%. Phenix validation was used to calculate the map:model cross correlation values and 287 

indicated a MolProbity score of 1.9. 288 

 289 

Data availability 290 

Cryo-EM maps have been deposited in the EM-databank 291 

(https://www.ebi.ac.uk/pdbe/emdb/) with the accession number EMD-12194. Coordinates 292 

have been deposited in the protein data bank (https://www.ebi.ac.uk/pdbe/) with the 293 

accession number 7BJP. The raw micrograph movies are deposited in the EMPIAR databank 294 

(https://www.ebi.ac.uk/pdbe/emdb/empiar/) with accession number EMPIAR-10638. 295 
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 419 

Figure legends 420 

Figure 1  421 

Cryo-electron microscopy reconstructions of the vesivirus 2117 virus-like particle. The 422 

structure was determined at 3.6 angstroms resolution (A). Following sharpening to facilitate 423 
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visualisation of high-resolution information for model-building, density at the distal tips of 424 

capsomeres corresponding to the P2 subdomain was noisy and difficult to interpret. The 425 

sharpened map is shown coloured by radius (B). Local resolution assessment indicated that 426 

the P2 region was resolved at poorer than 4 angstroms resolution (C). Selective blurring of 427 

features and deep-learning map modification enhanced these features such that a model 428 

could be built for 2117 VP1. (D) The modified map is shown coloured by radius and with the 429 

locations of quasi-equivalent copies of VP1 in the asymmetric unit highlighted (violet - chain 430 

A, thistle - chain B and deep magenta - chain C). A cartoon representation shows the atomic 431 

model for the asymmetric unit within a transparent surface to highlight the modified cryo-432 

EM density map (E).  433 

 434 

Figure 2 435 

Comparison of density in the sharpened and modified maps and evaluation of model quality. 436 

Comparison of cryo-EM maps for amino-acid residues 95-104, a beta strand within the S 437 

domain of 2117 VP1. Here automated sharpening in Relion (with a B-factor of -157 Å-1) 438 

yielded a map that is readily interpreted (A). DeepEMhancer map modification (B) or 439 

modest sharpening by applying a B-factor 100 Å-1 (C) resulted in smoothed side chain 440 

density – for example Ile98 (red asterisk) is less well defined. (D) A loop at residues 315-330, 441 

located at the distal tip of the P2 subdomain presented noisy discontinuous density in the 442 

sharpened map. DeepEMhancer modification facilitated tracing of the polypeptide chain in 443 

the ambiguous and noisy density (E). A similar level of improvement was subsequently 444 

found to be possible by blurring maps; here the map is shown after applying a B-factor of -445 

100 Å-1 instead of the value determined by automated sharpening in Relion (F).  446 
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(G) Map to model cross-correlation plots are shown for both the sharpened map and 447 

DeepEMhancer modified map for chains A, B and C. These data highlight regions where the 448 

quality of the map was poorer and where there is less confidence in the modelled 449 

coordinates. A high cross-correlation indicates that the model matches the cryoEM map 450 

well. The overall cross correlation value for each chain is shown as a dotted line. Close 451 

inspection of the plot highlights the reduced map:model correlation of the sharpened map 452 

in the loops comprising the distal surface of P2 at amino acid residues 277-294, 315-330, 453 

340-353, 359-373 and 377-384. Although the modified map yields improved correlation – 454 

this is the density into which the model was built - side-chain placement should be viewed 455 

with caution in these regions. 456 

 457 

Figure 3 458 

Atomic model of the vesivirus 2117 capsid protein. Wall-eyed stereo pair images of the AB 459 

dimer (A) and CC dimer (B) are shown with protomers coloured violet - chain A, thistle - 460 

chain B and deep magenta - chain C; rainbow colouring is used for one copy of VP1 in the 461 

CC-dimer to highlight the positions of N-terminus (blue) and C- terminus (red). Comparison 462 

of the VP1 structure for vesivirus 2117 (violet) with that of FCV (PDB ID 6GSH - turquoise) 463 

shows a high degree of similarity in the S-domain (wall-eyed stereo pair view - C). The P-464 

domains of 2117 and FCV show similar structure in the P1 subdomains, whereas the P2 465 

subdomains exhibit major differences (wall-eyed stereo pair view - D). The most notable 466 

difference between the P2 regions of these two capsid proteins is the presence of an insert 467 

in the sequence of FCV VP1 that results in the formation of an extended loop or cantilevered 468 

arm (black circle D, G, I). Solvent excluded surface representations of the AB dimer of 2117 469 

highlight the rounded shape of capsomeres in this virus, a consequence of the absence of 470 
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the cantilevered arm. Side (E) and top (F) views are shown. Dimeric capsomeres of FCV VP1 471 

form a flat platform on their outermost face as a consequence of this large insert, that 472 

appears rhombus shaped when viewed normal to the capsid surface (AB dimer shown, side 473 

– G, top – H). Receptor engagement leads to rearrangement of the cantilever feature, 474 

moving up towards the receptor (feline junctional adhesion molecule A – mauve), to form a 475 

cleft, into which VP2 binds – shown as a rainbow coloured ribbon diagram (I,J – PDB ID 476 

6GSI). 477 

 478 

Figure 4 479 

Vesivirus 2117 VP1 has a similar structure to the capsid protein of rabbit haemorrhagic 480 

disease virus. The X-ray structure for RHDV (PDB ID 4EJR) S-domain (teal) gave an RMSD of 481 

2.3 Å, compared to the 2117 S-domain for chain C (dark-magenta, wall-eyed stereo view A). 482 

The X-ray structure for the P-domain of RHDV (PDB ID 4X1W – aquamarine), most closely 483 

resembled chain B for 2117 (thistle), showing a highly similar P1 subdomain. 484 

 485 

Movie Legends.  486 

Time points are given for each described event 487 

 488 

Movie S1 489 

Movie to show three-dimensional reconstructions of the vesivirus 2117 virus-like particle 490 

and resulting atomic models. (9s) Isosurface representation of the sharpened cryo-EM 491 

density map coloured according to radius. This map reveals noisy and indistinct density in 492 

the distal regions of capsomeres. (36s) Local resolution assessment indicates a resolution of 493 

poorer than 4 angstroms for this region, which in other caliciviruses incorporates receptor 494 
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binding sites and major immunodominant epitopes. (37s) Deep-learning map modification 495 

was applied to enhance density, allowing model building to proceed.(58s) The asymmetric 496 

unit of the T=3 icosahedral capsid comprises three copies of VP1, A (violet), B (thistle) and C 497 

(deep magenta). (1m16s) An atomic model was built into the modified cryo-EM density and 498 

is shown as a ribbon diagram of the asymmetric unit (1m24s) and AB dimer (1m56s) and CC 499 

dimer (2m37s). 500 

 501 

Movie S2 502 

Movie to show structural comparison of 2117 VP1 to FCV VP1. The asymmetric unit of the 503 

2117 capsid is shown as a ribbon diagram (8s). Comparison of the S domain reveals a highly 504 

conserved structure (39s). Comparison of the P domains shows that while P1 is similar, the 505 

P2 subdomain has major differences in surface topology (1m10s). The most notable 506 

difference is the presence of a 22 amino-acid residue insertion on the sequence of FCV; a 507 

large extended loop forming a cantilevered arm (1m36s). A solvent excluded surface 508 

representation of the 2117 AB dimer highlights the rounded capsomere shape (1m59s). The 509 

FCV AB-dimer however presents a rhombus shaped outer face as a consequence of the 510 

presence of the cantilevered arm (2m29s). Following receptor engagement, this feature 511 

moves upwards to engage the fJAM-A molecule leading to the opening of a cleft on the side 512 

of P2, into which VP2 binds (3m06s). 513 

 514 
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