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Abstract

The extremely pathogenic Rabbit haemorrhagic disease virus (RHDV) and the completely

benign Rabbit calicivirus (RCV) are closely related members of the genus Lagovirus (family

Caliciviridae). The molecular mechanisms that determine the dramatic difference in viru-

lence are unknown, but indirect evidence suggests that different properties of their RNA-

dependent RNA polymerases (RdRps) may at least partially be responsible for the contrast-

ing phenotypes. Here we report that the unusual ability of the RHDV RdRp to induce a strik-

ing rearrangement of the Golgi network is not specific to RHDV, but a common feature of

virulent and benign rabbit caliciviruses alike. Expression of rabbit calicivirus RdRps induced

a redistribution of both cis/medial and medial/trans Golgi membrane markers, but not that of

an endoplasmic reticulum membrane marker. Inactivating mutations in the conserved GDD

motif did not abolish the ability of RHDV RdRp to rearrange the Golgi network, suggesting

that polymerase activity and metal co-factors are not required for this function. Finally, we

discuss possible implications of RdRp-induced membrane rearrangements on virus replica-

tion and host immune responses.

Introduction

Rabbit haemorrhagic disease virus (RHDV) and Rabbit calicivirus (RCV) are two closely related

viruses in the genus Lagovirus, family Caliciviridae. Both viruses co-circulate among wild and

domestic rabbit populations [1]. RHDV causes an acute lethal infection and 90% of susceptible

adult animals usually die from liver failure in less than 72 h [1]. In contrast, RCV causes only a

mild, subclinical infection of the small intestine [2, 3].

Despite these significant differences in virulence, both viruses have the same genome orga-

nisation and their amino acid (aa) sequences are approximately 87% identical [4]. During lago-

virus replication, RNAs of two different types are produced, a 7.4-kb genomic RNA and a
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2.1-kb subgenomic RNA; both RNAs are polyadenylated at the 30 end, covalently linked with

the viral genome binding protein (VPg) at the 50 end and separately packaged into particles [5,

6]. Genomes encode two structural proteins (VP60 and VP10) and seven non-structural pro-

teins (p16, p23, the helicase, p29, VPg, the protease and the RNA-dependent RNA polymerase

(RdRp)) [7, 8].

The molecular mechanisms that determine the dramatic difference in the virulence of

RHDV and RCV are unknown, largely due to the lack of an effective cell culture system [9].

Indirect evidence suggests that rabbit calicivirus RdRps may at least partially be responsible for

the difference in virulence between pathogenic and non-pathogenic rabbit caliviruses, as the

two RdRps show different reaction rates (velocities) in vitro, with polymerase activity of the

RCV RdRp being at least two times higher compared with that of the RHDV enzyme [10]. We

and others proposed that a reduced activity of RHDV RdRp may therefore represent a mecha-

nism to increase the fidelity of RNA synthesis [10, 11]. Moreover, a comparative genomic anal-

ysis identified an aa site (aa 405) in lagovirus RdRps that distinguished pathogenic RHDV

sequences from all known non-pathogenic RCV sequences [12].

We noted previously that the expression of recombinant RHDV RdRp is sufficient to

induce a dramatic rearrangement of the Golgi membrane marker giantin in transfected cells

[13]. These studies prompted us to explore whether the unusual ability of RHDV RdRp to dis-

rupt the Golgi network is restricted to highly virulent rabbit caliciviruses. To that end, we

expressed recombinant RdRps of both the highly pathogenic RHDV and the completely

benign RCV in rabbit kidney (RK-13) cells and studied the effects of the protein expression on

the Golgi structure. We also analysed the effects of polymerase-inactivating mutations on the

ability of RHDV RdRp to disrupt Golgi membranes.

Methods

Cells

Rabbit kidney (RK-13) cells (European Collection of Authenticated Cell Culture) were grown

in Eagle’s minimal essential medium (EMEM) (Sigma-Aldrich, St. Louis, MO, USA) supple-

mented with 10% foetal bovine serum (Sigma-Aldrich), 2 mM Glutamax (Gibco, Thermo

Fisher Scientific, Waltham, MA USA), 100 μg/ml of streptomycin (Gibco) and 100 units/ml of

penicillin (Gibco).

Plasmids

The construct used for the expression of the C-terminally myc-tagged RHDV RdRp was

described previously [13]. The equivalent RCV RdRp construct was generated as follows: RCV

RNA was purified from the homogenised small intestine of a rabbit infected with the non-

pathogenic calicivirus RCV-A1 [2] using the RNeasy Mini Kit (Qiagen, Hilden, Germany).

RCV RNA was reverse transcribed using SuperScript III reverse transcriptase (Life Technolo-

gies, Carlsbad, CA, USA). The cDNA encoding RCV RdRp was amplified using Platinum Taq

DNA polymerase (Life Technologies) and gene-specific primers containing NotI (F, forward;

5’- ATCGTTATAGCGGCCGCCTGCAGTAGCCACCATGA-CTGCAAACTTCTTCTGTG-3’)

and BamHI restriction sites (R, reverse; 5’-ATCGTCATCGGATCC-AGATATCCTCCATAAC
ATTCACAAAATCGTC-3’) (restriction sites are underlined). Resulting amplicons were cloned

into pcDNA3.1/myc-His(-)C expression vector.

To generate a set of variants of the RHDV RdRp, site-directed mutagenesis of double-

stranded plasmid DNA was performed using the following protocol. The respective template

plasmid was amplified using Phusion DNA polymerase (Finnzymes, Thermo Fisher Scientific)

and specifically designed primers to introduce required substitutions: F:5’-GTATGGCAACG
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ACGGC-3’; R:5’-GTGTAGAATGGGGCGTCC-3’ (GDD!GND); F:5’-GTATGGCGCTGCC
GGCGTGTATGC-3’; R:5’-GTGTAGAATGGGGCGTCC-3’ (GDD! GAA) (substitutions are

underlined). The PCR products were treated with DpnI restriction enzyme (New England Bio-

Labs, Ipswich, MA, USA) to remove the template DNA. PCR products of required size were

identified using agarose gel electrophoresis and purified using the QIAquick Gel Extraction

Kit (Qiagen). Purified PCR products were incubated with T4 polynucleotide kinase (New

England BioLabs) at 37˚C for 2 h and ligated using the T4 DNA ligase (New England BioLabs)

at room temperature for 2 h.

The integrity of the constructs and the presence of required mutations were confirmed by

sequencing at the ACRF Biomolecular Resource Facility of the Australian National University

(Canberra, ACT, Australia).

To track medial/trans Golgi membranes, rabbit cells were transfected with pECFP-Golgi

plasmid (Clontech, Mountain View, CA, USA) to express a fusion protein consisting of cyan

fluorescent protein (CFP) fused at its N-terminus to 81 aa of the precursor to the human beta

1,4-galactosyltransferase (1,4-GT).

Antibodies

Monoclonal mouse anti-myc (M4439), polyclonal rabbit anti-GFP (SAB4301138) antibodies

were purchased from Sigma-Aldrich. Polyclonal rabbit anti-giantin (ab24586), polyclonal rab-

bit anti-calnexin antibodies (ab75801) were purchased from Abcam (Cambridge, UK). Goat

anti-mouse IgG AlexaFluor 555 antibodies (A-21424) were purchased from Life Technologies.

Goat anti-rabbit IgG DyLight 488 antibodies (GTX76757) were purchased from GeneTex Inc.

(Irvine, CA, USA). Anti-calnexin antibodies were used at 1:100 dilution, the remaining anti-

bodies were used at 1:1,000 dilution.

Immunofluorescence

Cells grown on glass coverslips were transfected with expression constructs using Lipofecta-

mine 3000 (Life Technologies). After a 24-h incubation period, cells were fixed with 4% form-

aldehyde (Polysciences Inc., Warrington, PA, USA) in phosphate-buffered saline (PBS) for 15

min, permeabilised with 0.25% Triton X-100 in PBS for 15 min and incubated for 1 h with

blocking solution containing 5% bovine serum albumin (Sigma-Aldrich) in PBS. Primary and

secondary antibodies diluted in PBS were incubated for 1 h and 30 min, respectively. Cell

nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Coverslips

were mounted onto glass slides with Fluoromount aqueous mounting medium (Sigma-

Aldrich). Images were acquired on a Nikon Ti Eclipse confocal laser-scanning microscope

equipped with a 60X objective and analysed using ImageJ software [14]. All fluorescence

images shown were chosen to best represent the average staining pattern for a particular exper-

iment. In excess of 1,000 transfected cells were analysed for the experiments shown in Figs 1

and 2, and in excess of 200 transfected cells were analysed for each of the experiments shown

in Figs 3–6.

Cell counting

Transfected cells expressing myc-tagged versions of RHDV and RCV RdRps were stained as

described above and examined for a quantitative analysis using a Nikon Eclipse Ti-U fluores-

cence microscope equipped with a 20X objective. At least 20 view fields from two independent

transfections were analysed.

Rabbit Calicivirus Polymerases and Golgi Network
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Amino acid and structure-based alignments

Aa alignments were conducted with BioEdit software (Ibis Biosciences, Carlsbad, CA, USA;

http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Structure-based alignments were performed

using Discovery Studio software (BIOVIA, San Diego, CA, USA; http://accelrys.com/

products/collaborative-science/biovia-discovery-studio/).

Results

Subcellular localisation of rabbit calicivirus RdRps

To study the subcellular localisation of rabbit calicivirus RdRps, the coding sequences of

RHDV and RCV enzymes were fused with a C-terminal myc-tag and the resulting recombi-

nant proteins were expressed in RK-13 cells. Cells were fixed 24 h after transfection, stained

with myc-tag specific antibodies and analysed using indirect immunofluorescence techniques.

RdRps of both RHDV and RCV polymerases exhibited similar subcellular localisation profiles

(Fig 1). In 21–22% of cells expressing the RHDV RdRp and in 6–9% of cells expressing the

RCV RdRp, proteins were diffusely distributed throughout the cytoplasm and the nucleus. In

the largest proportion of cells, i.e. 65–66% for RHDV and 52–55% for RCV, proteins accumu-

lated in numerous discrete foci in the cytoplasm. In 13% of cells expressing the RHDV RdRp

and in 39% of cells expressing the RCV RdRp, proteins localised in a single and much larger

cluster adjacent to the nucleus.

Fig 1. Subcellular localisation of individually expressed recombinant RdRps from different rabbit

caliciviruses. RK-13 cells were transiently transfected with expression constructs coding for myc-tagged

versions of RHDV RdRp (a–c) or RCV RdRp (d–f). Cells were fixed 24 h after transfections and recombinant

proteins were immunostained using myc-specific antibodies. Dotted lines indicate the outline of cell nuclei.

Percentages indicate frequencies with which different localisation profiles were found (RHDV and RCV RdRp

expression was analysed in 1,002 and 820 transfected cells, respectively, obtained from two independent

experiments).

doi:10.1371/journal.pone.0169913.g001
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Rearrangement of Golgi membranes in cells expressing rabbit calicivirus

RdRps

A rearrangement of the Golgi network was monitored by analysing the redistribution of two

Golgi membrane markers. Giantin-specific antibodies were used to track membranes of cis

and medial Golgi compartments [15]. A cyan fluorescent protein (CFP) fused at its N-termi-

nus to 81 aa of the precursor to the human beta 1,4-galactosyltransferase (1,4-GT) was used to

follow membranes of medial and trans Golgi compartments [16]. Double immunofluores-

cence staining with anti-myc and anti-giantin or anti-myc and anti-GFP/CFP antibodies was

Fig 2. Redistribution of the cis/medial Golgi membrane marker giantin in cells expressing rabbit

calicivirus RdRps. RK-13 cells were transiently transfected with expression constructs coding for myc-

tagged versions of RHDV RdRp (b–d) or RCV RdRp (e–g). Cells were fixed 24 h after transfections and

recombinant proteins were immunostained using anti-myc antibodies (shown in red) and anti-giantin

antibodies as a Golgi membrane marker (shown in green). DAPI was used to stain cell nuclei (shown in blue).

In cells expressing RHDV or RCV RdRps (b and e, respectively), a striking redistribution of the Golgi

membrane marker was observed (c–d and f–g, respectively) as compared with the normal Golgi structure in

untransfected control cells (a).

doi:10.1371/journal.pone.0169913.g002
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used to simultaneously stain for recombinant RdRp proteins and various Golgi membranes.

At 24 h after transfection, a striking redistribution of both cis/medial and medial/trans Golgi

membrane markers was observed in cells expressing RHDV or RCV RdRps (Figs 2 and 3).

Although virtually all cells with a detectable lagovirus RdRp expression displayed changes to

their Golgi membrane organisation, the particular staining pattern for the rearranged mem-

branes slightly varied from cell to cell. In some cells, the majority of dispersed Golgi mem-

branes was still located close to the nucleus while other cells showed a more even distribution

Fig 3. Redistribution of the medial/trans Golgi membrane marker 1,4-GT:CFP in cells expressing

rabbit calicivirus RdRps. RK-13 cells were transiently transfected with an expression construct coding for

1,4-GT:CFP (a), co-transfected with constructs coding for 1,4-GT:CFP and RHDV polymerase:myc (b–d) or

1,4-GT:CFP and RCV polymerase:myc (e–g). Cells were fixed 24 h after transfections and recombinant

proteins were immunostained using anti-myc antibodies (shown in red) and anti-GFP/CFP antibodies to

visualise 1,4-GT:CFP as a Golgi membrane marker (shown in green). DAPI was used to stain cell nuclei

(shown in blue). In cells expressing RHDV and RCV RdRps (b and e, respectively), a striking redistribution of

the Golgi membrane marker was observed (c–d and f–g, respectively) as compared with the normal Golgi

structure in transfected control cells that expressed the 1,4-GT:CFP fusion protein only (a).

doi:10.1371/journal.pone.0169913.g003
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of small vesicles throughout the cytoplasm. In any case, Golgi membrane markers were redis-

tributed irrespective of the polymerase subcellular localisation pattern.

In contrast, no significant changes in the endoplasmic reticulum (ER) compartment were

observed when cells were simultaneously stained for ER membranes using antibodies against

calnexin [17] and calicivirus RdRps using myc-specific antibodies (Fig 4).

Polymerase activity is not required for RHDV RdRp to induce

rearrangement of Golgi membranes

To test whether polymerase activity is required for the observed Golgi membrane rearrange-

ments, we generated myc-tagged versions of RHDV RdRps with aa substitutions in the

Fig 4. Localisation of the ER membrane marker calnexin in cells expressing rabbit calicivirus RdRps.

RK-13 cells were transiently transfected with expression constructs coding for myc-tagged versions of RHDV

RdRp (b–d) or RCV RdRp (e–g). Cells were fixed 24 h after transfections and recombinant proteins were

immunostained using anti-myc antibodies (shown in red) and anti-calnexin as an ER membrane marker

(shown in green). DAPI was used to stain cell nuclei (shown in blue). All cells showed a similar ER staining

regardless whether (b–g) or not (a) they expressed RHDV or RCV RdRps.

doi:10.1371/journal.pone.0169913.g004
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Fig 5. Redistribution of the cis/medial Golgi membrane marker giantin in cells expressing mutant

RHDV RdRps. RK-13 cells were transiently transfected with expression constructs coding for a myc-tagged

version of the wild-type RHDV RdRp (b–d), or variants containing inactivating mutations in the conserved

GDD motif, i.e. GDD!GND (e–g) and GDD!GAA (h–j). Cells were fixed 24 h after transfections and

recombinant proteins were immunostained using anti-myc antibodies (shown in red) and anti-giantin

antibodies as a Golgi membrane marker (shown in green). DAPI was used to stain cell nuclei (shown in blue).

Compared to the normal Golgi structure in untransfected control cells (a), all cells expressing wild-type (b) or

variant RdRps (e and h) showed a striking redistribution of giantin (c–d, f–g and i–j).

doi:10.1371/journal.pone.0169913.g005
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Fig 6. Redistribution of the medial/trans Golgi membrane marker 1,4-GT:CFP in cells expressing

mutant RHDV RdRps. RK-13 cells were transiently transfected with an expression construct coding for

1,4-GT:CFP (a), co-transfected with constructs coding for 1,4-GT:CFP and either myc-tagged version of wild-

type RHDV RdRp (b–d) or variants containing inactivating mutations in the conserved GDD motif, i.e.

GDD!GND (e–g) and GDD!GAA (h–j). Cells were fixed 24 h after transfections and recombinant proteins

were immunostained using anti-myc antibodies (shown in red) and anti-GFP/CFP antibodies to visualise

1,4-GT:CFP as a Golgi membrane marker (shown in green). DAPI was used to stain cell nuclei (shown in

blue). Compared to the normal Golgi structure in transfected control cells expressing 1,4-GT:CFP only (a), all

cells expressing wild-type (b) or variant RdRps (e and h) showed a striking redistribution of 1,4-GT:CFP (c–d,

f–g and i–j).

doi:10.1371/journal.pone.0169913.g006
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conserved GDD motif (i.e. GDD!GND and GDD!GAA). This motif is essential for the

coordination of metal ions in the active centre of RdRps, and aa substitutions of the conserved

aspartate residues in the GDD motif completely eliminate or greatly affect the enzymatic activ-

ity of these polymerases [18–20]. Variant RHDV RdRps were generated by site-directed muta-

genesis, recombinant myc-tagged proteins were expressed in transfected RK-13 cells and the

effect of the recombinant proteins on Golgi membranes was studied. Neither of these aa substi-

tutions changed the subcellular localisation profile of the RdRp (data not shown) or abolished

its ability to induce a redistribution of cis/medial and medial/trans Golgi membrane markers

(Figs 5 and 6, respectively). As described for the expression of lagovirus RdRps with an intact

GDD motif, the expression of variant proteins changed the Golgi membrane organisation in

nearly all cells. Furthermore, we did not find that expression of any of the mutants caused a

significant change to staining pattern of the dispersed Golgi membrane vesicles (data not

shown).

Discussion

We found that expression of both RHDV and RCV RdRps induced a significant redistribution

of Golgi membrane markers in transfected rabbit cells. The results extend previous findings

[13] and indicate that the unusual ability of rabbit calicivirus RdRps to rearrange Golgi mem-

branes is a common characteristic of all rabbit caliciviruses, and not a specific attribute of

highly virulent strains.

Since replication of single-stranded positive sense RNA viruses occurs on modified intracel-

lular host membranes [21–23], we propose that lagovirus RdRps may play a key role in the bio-

genesis of the membranous organelle-like structures required for viral replication. We

demonstrated previously that Golgi membrane redistribution occurs in transfected cells that

express the RHDV RdRp alone or in the context of the entire RHDV polyprotein [13], suggest-

ing that lagoviruses, similar to other caliciviruses and picornaviruses [24, 25], may indeed

recruit cellular membranes of the secretory pathway for their replication machinery. However,

it should be noted that the exact source and structure of membranous compartments forming

in RHDV- and RCV-infected cells is unknown and should be the subject of future investiga-

tions (so far, no cell culture system has been established for any lagovirus).

Our discovery that the expression of lagovirus RdRps induces the rearrangement of Golgi

membranes is unexpected, because most of the mechanisms of virus-induced membrane reor-

ganisation described to date are attributed to viral proteins other than RdRps. Although poly-

merase-dependent membrane rearrangements were described for members of Nodaviridae
family, such as Flock house virus and Nodamura virus, it should be noted that the RdRps of

these viruses are twice as large as their RHDV and RCV counterparts and that they carry dis-

tinct functional domains in addition to the core polymerase structure present in all RdRps [26,

27]. Rabbit calicivirus RdRps, on the other hand do not have any obvious domains or motifs

that could be easily linked to the observed Golgi membrane rearrangements. Moreover, the

RdRp of RHDV (RdRps of other lagoviruses have not yet been crystallised) has a remarkable

structural homology with RdRps of other caliciviruses such as human norovirus (NoV) (see

Fig 7B–7D and S1–S3 Movies) [28, 29]. Nevertheless, no direct interactions with membranes

or effects on the host cell membrane architecture have so far been reported for RdRps of calici-

viruses other than RHDV or RCV. For example, no such interactions were observed in cells

expressing the RdRp of murine norovirus [30].

Since the Golgi apparatus plays an important role in the processing of proteins destined for

secretion, it is tempting to speculate that the fragmentation of the Golgi network may block

the secretory pathway. This would reduce the expression of histocompatibility complex

Rabbit Calicivirus Polymerases and Golgi Network
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Fig 7. Comparison of calicivirus RdRps. (a) RdRp aa sequence alignment of RHDV Czech strain V351

(GenBank accession number KF594473.1), RCV-A1 (GenBank accession number EU871528.1), European

brown hare syndrome virus (EBHSV) (GenBank accession number NC_002615.1) and NoV (GenBank

accession number AJ583672.2). The conserved GDD motif is marked with a black box. (b, c) Crystal structure

of RHDV (Protein Data Bank ID 1KHW) and NoV (Protein Data Bank ID 1SH2) RdRps, respectively. (d)

Superimposed structures of RHDV (shown in red) and NoV (shown in cyan) RdRps demonstrating the high

degree of structural similarity between calicivirus polymerases.

doi:10.1371/journal.pone.0169913.g007
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proteins on the plasma membrane and the secretion of proinflammatory and/or antiviral cyto-

kines, e.g. interferons, as it was shown for members of the picornavirus family [31–33]. An

inhibition of protein secretion may therefore alter host immune responses. Further studies will

reveal how rabbit calicivirus RdRps affect the intracellular transport of host proteins through

the remains of the Golgi apparatus, and whether infected cells can evade innate and/or adap-

tive immune responses. Prompted by a request from one of our reviewers, we performed a

small series of experiments in which we used the Gaussia luciferase reporter system [34] to

analyse the functionality of the Golgi apparatus. We found that the expression of RdRps did

not reduce the luciferase activity levels in the supernatant of transfected cells, but we consis-

tently observed higher intracellular luciferase levels in cultures that expressed lagovirus RdRps,

especially in those that expressed the RHDV RdRp (data not shown). The biological signifi-

cance of these preliminary findings is not clear and further experiments are required. We also

tested whether the polymerase activity of rabbit calicivirus RdRps is required for the disruption

of the Golgi apparatus. In contrast to the replication protein A of Flock house nodavirus, for

which polymerase activity was found to be essential to induce spherule formation on the outer

mitochondrial membrane [26], polymerase inactivating aa substitutions in the GDD motif of

the RHDV RdRp did not significantly change the ability of the protein to disrupt the Golgi net-

work (Figs 5 and 6). The result suggests that metal cofactors and ongoing RNA synthesis are

not required for RdRps of rabbit caliciviruses to rearrange intracellular membranes.

Previous results indicate that the presence of different subcellular localisation profiles for

RdRp is not caused by major degradation or processing events of the recombinant protein in

transfected cells [13]. It is, however, possible that RdRps undergo other post-translational modi-

fications, such as palmitoylation, which may affect the subcellular localisation of the protein.

Interestingly, the majority of picornavirus proteins that inhibit the secretory pathway, such

as 2B, 2BC, 2C and 3A, have membrane-binding motifs and associate with membrane vesicles

[31]. We show here that both RHDV and RCV RdRps have a rather unusual subcellular locali-

sation: in a large proportion of transfected cells they accumulate in distinct, but as yet unde-

fined subcellular structures (Fig 1). We did not observe a consistent co-localisation between

RdRp and Golgi membranes. Whether there is a partial or temporal co-localisation is presently

unknown. Considering the complex subcellular localisation profile of rabbit calicivirus RdRps

and their ability to rearrange Golgi network, we speculate that rabbit calicivirus RdRps may

associate with subcellular vesicles either directly or indirectly via membrane-associated host

proteins. It is further possible that only a proportion of all RdRp proteins engage with Golgi

membranes or membrane bound proteins and that this interaction depends on protein modi-

fications. However, the putative mechanism of these interactions remains elusive.

Although the aa sequences of viral RdRps are highly conserved only among closely related

viruses and within essential functional motifs [20, 29], calicivirus RdRps show a remarkable

degree of structural similarity (Fig 7 and S1–S3 Movies). Due to this structural homology,

knowledge acquired from studying a specific polymerase is usually broadly applied to other

related polymerases. Compared to RdRps from other caliciviruses (e.g. NoV), the RHDV

enzyme does not have any obvious additional structures. This suggests that either rabbit calici-

virus RdRps have evolved existing protein structures/motifs to perform additional functions

or that other calicivirus RdRps are also able to execute similar activities. If the latter case is

true, these functions have not been demonstrated in the literature so far.

Conclusions

This is the first study that describes the subcellular localisation of RCV RdRp and the effect of

its expression on the Golgi network. Our results indicate that the rather unusual subcellular
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localisation of rabbit calicivirus RdRps and their ability to rearrange Golgi membranes are

common characteristics of this virus taxon rather than attributes of highly virulent strains. We

further show that polymerase activity of rabbit calicivirus RdRps is not essential for the disinte-

gration of the Golgi apparatus.

Supporting Information

S1 Movie. RHDV RdRp crystal structure. This video clip shows the RHDV RdRp crystal

structure in 3D (Protein Data Bank ID 1KHW). Amino acids that are common to RHDV and

RCV are shown in red, and amino acids that differ between the two viruses are highlighted in

yellow.

(MP4)

S2 Movie. NoV RdRp crystal structure. This video clip shows the NoV RdRp crystal structure

in 3D (Protein Data Bank ID 1SH2). Amino acids that are common to NoV and RHDV are

shown in cyan, and amino acids that differ between the two viruses are highlighted in yellow.

(MP4)

S3 Movie. RHDV and NoV RdRp crystal structure. This video clip shows the superimposed

crystal structures of RHDV (red) and NoV (cyan) in 3D.

(MP4)

Acknowledgments

We thank Robyn Hall and Peter Kerr for critical feedback on the manuscript.

Author Contributions

Conceptualization: NU TS MF.

Formal analysis: NU.

Funding acquisition: TS MF.

Investigation: NU.

Methodology: NU TS MF.

Project administration: TS MF.

Resources: TS MF.

Supervision: TS MF.

Validation: NU MF.

Visualization: NU MF.

Writing – original draft: NU MF.

Writing – review & editing: NU TS MF.

References
1. Abrantes J, van der Loo W, Le Pendu J, Esteves PJ. Rabbit haemorrhagic disease (RHD) and rabbit

haemorrhagic disease virus (RHDV): a review. Vet Res. 2012; 43:12. doi: 10.1186/1297-9716-43-12

PMID: 22325049

Rabbit Calicivirus Polymerases and Golgi Network

PLOS ONE | DOI:10.1371/journal.pone.0169913 January 10, 2017 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169913.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169913.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169913.s003
http://dx.doi.org/10.1186/1297-9716-43-12
http://www.ncbi.nlm.nih.gov/pubmed/22325049


2. Strive T, Wright J, Kovaliski J, Botti G, Capucci L. The non-pathogenic Australian lagovirus RCV-A1

causes a prolonged infection and elicits partial cross-protection to rabbit haemorrhagic disease virus.

Virology. 2010; 398(1):125–34. doi: 10.1016/j.virol.2009.11.045 PMID: 20034646

3. Hoehn M, Kerr PJ, Strive T. In situ hybridisation assay for localisation of rabbit calicivirus Australia-1

(RCV-A1) in European rabbit (Oryctolagus cuniculus) tissues. J Virol Methods. 2013; 188(1–2):148–52.

doi: 10.1016/j.jviromet.2012.11.043 PMID: 23261802

4. Strive T, Wright JD, Robinson AJ. Identification and partial characterisation of a new Lagovirus in Aus-

tralian wild rabbits. Virology. 2009; 384(1):97–105. doi: 10.1016/j.virol.2008.11.004 PMID: 19049842

5. Meyers G, Wirblich C, Thiel HJ. Genomic and subgenomic RNAs of rabbit hemorrhagic disease virus

are both protein-linked and packaged into particles. Virology. 1991; 184(2):677–86. PMID: 1887589

6. Meyers G, Wirblich C, Thiel HJ. Rabbit hemorrhagic disease virus-molecular cloning and nucleotide

sequencing of a calicivirus genome. Virology. 1991; 184(2):664–76. PMID: 1840711

7. Meyers G, Wirblich C, Thiel HJ, Thumfart JO. Rabbit hemorrhagic disease virus: genome organization

and polyprotein processing of a calicivirus studied after transient expression of cDNA constructs. Virol-

ogy. 2000; 276(2):349–63. doi: 10.1006/viro.2000.0545 PMID: 11040126

8. Wirblich C, Thiel HJ, Meyers G. Genetic map of the calicivirus rabbit hemorrhagic disease virus as

deduced from in vitro translation studies. J Virol. 1996; 70(11):7974–83. PMID: 8892921

9. Clarke IN, Lambden PR. The molecular biology of caliciviruses. J Gen Virol. 1997; 78 (Pt 2):291–301.

10. Urakova N, Netzler N, Kelly AG, Frese M, White PA, Strive T. Purification and biochemical characterisa-

tion of rabbit calicivirus RNA-dependent RNA polymerases and identification of non-nucleoside inhibi-

tors. Viruses. 2016; 8(4):100. doi: 10.3390/v8040100 PMID: 27089358

11. Duffy S, Shackelton LA, Holmes EC. Rates of evolutionary change in viruses: patterns and determi-

nants. Nature Rev Genet. 2008; 9(4):267–76. doi: 10.1038/nrg2323 PMID: 18319742

12. Mahar JE, Nicholson L, Eden JS, Duchene S, Kerr PJ, Duckworth J, et al. Benign rabbit caliciviruses

exhibit similar evolutionary dynamics to their virulent relatives. J Virol. 2016; 90(20)9317–29. doi: 10.

1128/JVI.01212-16 PMID: 27512059

13. Urakova N, Frese M, Hall RN, Liu J, Matthaei M, Strive T. Expression and partial characterisation of rab-

bit haemorrhagic disease virus non-structural proteins. Virology. 2015; 484:69–79. doi: 10.1016/j.virol.

2015.05.004 PMID: 26071926

14. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature

Methods. 2012; 9(7):671–5. PMID: 22930834

15. Linstedt AD, Foguet M, Renz M, Seelig HP, Glick BS, Hauri HP. A C-terminally-anchored Golgi protein

is inserted into the endoplasmic reticulum and then transported to the Golgi apparatus. Proc Natl Acad

Sci USA. 1995; 92(11):5102–5. PMID: 7761455

16. Qasba PK, Ramakrishnan B, Boeggeman E. Structure and function of beta-1,4-galactosyltransferase.

Curr Drug Targets. 2008; 9(4):292–309. PMID: 18393823

17. Bergeron JJ, Brenner MB, Thomas DY, Williams DB. Calnexin: a membrane-bound chaperone of the

endoplasmic reticulum. Trends Biochem Sci. 1994; 19(3):124–8. PMID: 8203019

18. Vazquez AL, Alonso JM, Parra F. Mutation analysis of the GDD sequence motif of a calicivirus RNA-

dependent RNA polymerase. J Virol. 2000; 74(8):3888–91. PMID: 10729164

19. Machin A, Martin Alonso JM, Parra F. Identification of the amino acid residue involved in rabbit hemor-

rhagic disease virus VPg uridylylation. J Biol Chem. 2001; 276(30):27787–92. doi: 10.1074/jbc.

M100707200 PMID: 11369764

20. te Velthuis AJ. Common and unique features of viral RNA-dependent polymerases. Cell Mol Life Sci.

2014; 71(22):4403–20. doi: 10.1007/s00018-014-1695-z PMID: 25080879

21. den Boon JA, Ahlquist P. Organelle-like membrane compartmentalization of positive-strand RNA virus

replication factories. Annual review of microbiology. 2010; 64:241–56. doi: 10.1146/annurev.micro.

112408.134012 PMID: 20825348

22. den Boon JA, Diaz A, Ahlquist P. Cytoplasmic viral replication complexes. Cell Host Microbe. 2010; 8

(1):77–85. doi: 10.1016/j.chom.2010.06.010 PMID: 20638644

23. Paul D, Bartenschlager R. Architecture and biogenesis of plus-strand RNA virus replication factories.

World J Virol. 2013; 2(2):32–48. doi: 10.5501/wjv.v2.i2.32 PMID: 24175228

24. Hyde JL, Sosnovtsev SV, Green KY, Wobus C, Virgin HW, Mackenzie JM. Mouse norovirus replication

is associated with virus-induced vesicle clusters originating from membranes derived from the secretory

pathway. J Virol. 2009; 83(19):9709–19. doi: 10.1128/JVI.00600-09 PMID: 19587041

25. Schlegel A, Giddings TH Jr., Ladinsky MS, Kirkegaard K. Cellular origin and ultrastructure of mem-

branes induced during poliovirus infection. J Virol. 1996; 70(10):6576–88. PMID: 8794292

Rabbit Calicivirus Polymerases and Golgi Network

PLOS ONE | DOI:10.1371/journal.pone.0169913 January 10, 2017 14 / 15

http://dx.doi.org/10.1016/j.virol.2009.11.045
http://www.ncbi.nlm.nih.gov/pubmed/20034646
http://dx.doi.org/10.1016/j.jviromet.2012.11.043
http://www.ncbi.nlm.nih.gov/pubmed/23261802
http://dx.doi.org/10.1016/j.virol.2008.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19049842
http://www.ncbi.nlm.nih.gov/pubmed/1887589
http://www.ncbi.nlm.nih.gov/pubmed/1840711
http://dx.doi.org/10.1006/viro.2000.0545
http://www.ncbi.nlm.nih.gov/pubmed/11040126
http://www.ncbi.nlm.nih.gov/pubmed/8892921
http://dx.doi.org/10.3390/v8040100
http://www.ncbi.nlm.nih.gov/pubmed/27089358
http://dx.doi.org/10.1038/nrg2323
http://www.ncbi.nlm.nih.gov/pubmed/18319742
http://dx.doi.org/10.1128/JVI.01212-16
http://dx.doi.org/10.1128/JVI.01212-16
http://www.ncbi.nlm.nih.gov/pubmed/27512059
http://dx.doi.org/10.1016/j.virol.2015.05.004
http://dx.doi.org/10.1016/j.virol.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26071926
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.ncbi.nlm.nih.gov/pubmed/7761455
http://www.ncbi.nlm.nih.gov/pubmed/18393823
http://www.ncbi.nlm.nih.gov/pubmed/8203019
http://www.ncbi.nlm.nih.gov/pubmed/10729164
http://dx.doi.org/10.1074/jbc.M100707200
http://dx.doi.org/10.1074/jbc.M100707200
http://www.ncbi.nlm.nih.gov/pubmed/11369764
http://dx.doi.org/10.1007/s00018-014-1695-z
http://www.ncbi.nlm.nih.gov/pubmed/25080879
http://dx.doi.org/10.1146/annurev.micro.112408.134012
http://dx.doi.org/10.1146/annurev.micro.112408.134012
http://www.ncbi.nlm.nih.gov/pubmed/20825348
http://dx.doi.org/10.1016/j.chom.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/20638644
http://dx.doi.org/10.5501/wjv.v2.i2.32
http://www.ncbi.nlm.nih.gov/pubmed/24175228
http://dx.doi.org/10.1128/JVI.00600-09
http://www.ncbi.nlm.nih.gov/pubmed/19587041
http://www.ncbi.nlm.nih.gov/pubmed/8794292


26. Kopek BG, Settles EW, Friesen PD, Ahlquist P. Nodavirus-induced membrane rearrangement in repli-

cation complex assembly requires replicase protein a, RNA templates, and polymerase activity. J Virol.

2010; 84(24):12492–503. doi: 10.1128/JVI.01495-10 PMID: 20943974

27. Gant VU Jr., Moreno S, Varela-Ramirez A, Johnson KL. Two membrane-associated regions within the

Nodamura virus RNA-dependent RNA polymerase are critical for both mitochondrial localization and

RNA replication. J Virol. 2014; 88(11):5912–26. doi: 10.1128/JVI.03032-13 PMID: 24696464

28. Ng KK, Cherney MM, Vazquez AL, Machin A, Alonso JM, Parra F, et al. Crystal structures of active and

inactive conformations of a caliciviral RNA-dependent RNA polymerase. J Biol Chem. 2002; 277

(2):1381–7. doi: 10.1074/jbc.M109261200 PMID: 11677245

29. Cerny J, Cerna Bolfikova B, Valdes JJ, Grubhoffer L, Ruzek D. Evolution of tertiary structure of viral

RNA dependent polymerases. PloS One. 2014; 9(5):e96070. doi: 10.1371/journal.pone.0096070

PMID: 24816789

30. Hyde JL, Mackenzie JM. Subcellular localization of the MNV-1 ORF1 proteins and their potential roles

in the formation of the MNV-1 replication complex. Virology. 2010; 406(1):138–48. doi: 10.1016/j.virol.

2010.06.047 PMID: 20674956

31. Zhou Z, Mogensen MM, Powell PP, Curry S, Wileman T. Foot-and-mouth disease virus 3C protease

induces fragmentation of the Golgi compartment and blocks intra-Golgi transport. J Virol. 2013; 87

(21):11721–9. doi: 10.1128/JVI.01355-13 PMID: 23986596

32. Dodd DA, Giddings TH Jr., Kirkegaard K. Poliovirus 3A protein limits interleukin-6 (IL-6), IL-8, and beta

interferon secretion during viral infection. J Virol. 2001; 75(17):8158–65. doi: 10.1128/JVI.75.17.8158-

8165.2001 PMID: 11483761

33. Deitz SB, Dodd DA, Cooper S, Parham P, Kirkegaard K. MHC I-dependent antigen presentation is

inhibited by poliovirus protein 3A. Proc Natl Acad Sci USA. 2000; 97(25):13790–5. doi: 10.1073/pnas.

250483097 PMID: 11095746

34. Tannous BA, Kim DE, Fernandez JL, Weissleder R, Breakefield XO. Codon-optimized Gaussia lucifer-

ase cDNA for mammalian gene expression in culture and in vivo. Mol Ther. 2005; 11(3):435–43. doi:

10.1016/j.ymthe.2004.10.016 PMID: 15727940

Rabbit Calicivirus Polymerases and Golgi Network

PLOS ONE | DOI:10.1371/journal.pone.0169913 January 10, 2017 15 / 15

http://dx.doi.org/10.1128/JVI.01495-10
http://www.ncbi.nlm.nih.gov/pubmed/20943974
http://dx.doi.org/10.1128/JVI.03032-13
http://www.ncbi.nlm.nih.gov/pubmed/24696464
http://dx.doi.org/10.1074/jbc.M109261200
http://www.ncbi.nlm.nih.gov/pubmed/11677245
http://dx.doi.org/10.1371/journal.pone.0096070
http://www.ncbi.nlm.nih.gov/pubmed/24816789
http://dx.doi.org/10.1016/j.virol.2010.06.047
http://dx.doi.org/10.1016/j.virol.2010.06.047
http://www.ncbi.nlm.nih.gov/pubmed/20674956
http://dx.doi.org/10.1128/JVI.01355-13
http://www.ncbi.nlm.nih.gov/pubmed/23986596
http://dx.doi.org/10.1128/JVI.75.17.8158-8165.2001
http://dx.doi.org/10.1128/JVI.75.17.8158-8165.2001
http://www.ncbi.nlm.nih.gov/pubmed/11483761
http://dx.doi.org/10.1073/pnas.250483097
http://dx.doi.org/10.1073/pnas.250483097
http://www.ncbi.nlm.nih.gov/pubmed/11095746
http://dx.doi.org/10.1016/j.ymthe.2004.10.016
http://www.ncbi.nlm.nih.gov/pubmed/15727940

