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ABSTRACT

Encephalomyocarditis virus (EMCV) has for decades served as an important model
RNA virus. Although most of the EMCYV proteins are obtained via proteolytic cleavage of
a long polyprotein, 2B* is expressed from a short overlapping open reading frame via an
unusual protein-stimulated temporally dependent ribosomal frameshifting mechanism.
The function of 2B* has not yet been characterised, though mutant viruses that are
unable to express 2B* have a small plaque phenotype. Here we show that 2B* binds all
seven members of the 14-3-3 protein family during virus infection. Binding is dependent
on the 2B* C-terminal sequence RRNSS. IFN-B and IL-6 signalling are impeded
following overexpression of 2B* but not a truncated version lacking the RRNSS
residues, thus suggesting a 14-3-3-dependent role for 2B* in inhibiting MAVS signalling.
We also find that this function is distinct from the effect of 2B* on plaque size, as a virus
in which 2B* was similarly truncated exhibited near-wildtype plaque size, thus indicating
that 2B* also harbours additional functions. This work provides the first identification of a
role of 2B* in innate immune antagonism and expands our knowledge of the protein

complement of this important model virus.

IMPORTANCE

Encephalomyocarditis virus (EMCYV) infects a range of species, causing economically
important reproductive disorders in pigs and encephalitis and myocarditis in rodents.
Due to its wide host range, it is an important model pathogen for investigating virus-host
interactions. EMCV expresses an accessory protein, 2B*, from an overlapping open

reading frame via an unusual ribosomal frameshifting mechanism. Although the
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frameshifting mechanism has been established, the function of the 2B* protein had not
previously been explored. Here, we determined the host proteins to which 2B* binds
and found that it specifically binds to the entire 14-3-3 protein family which, among other
roles, contribute to the innate immune response to viral infection in mammalian cells.
This interaction requires a specific stretch of amino acids at the end of 2B*. By
interacting with the 14-3-3 proteins, 2B* blocks immune response activation. Thus, 2B*

is a novel antagonist of innate immunity.

KEYWORDS
Picornavirus, EMCV, interferon beta, cardiovirus, ribosome frameshifting, innate

immunity, proteomics, 14-3-3 proteins, 2B*.
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INTRODUCTION

Encephalomyocarditis virus (EMCV) is a positive-sense single-stranded RNA virus in
the genus Cardiovirus of the family Picornaviridae. EMCV causes encephalitis and
myocarditis in a variety of species, as well as reproductive disorders in pigs. The
genome is approximately 8 kb in length and encodes a long polyprotein which is
cleaved to produce 12 mature virus proteins. Although most of the polyprotein
processing is performed by the viral 3C protease, separation between 2A and 2B occurs
via the StopGo mechanism whereby a specific amino acid sequence ending in NPGP
co-translationally prevents formation of a peptide bond between the G and the final P
(2). Just 12 codons downstream of the 2A|2B junction, lies a programmed ribosomal
frameshifting (PRF) site at which a proportion of ribosomes are stimulated to make a -1
nt shift into the 117-codon overlapping 2B* open reading frame (ORF) (2). The shift site
comprises a G GUU UUU heptanucleotide (spaces separate polyprotein-frame codons),
and the stimulator comprises a 3' RNA structure that binds the viral 2A protein to form
an RNA:protein complex that impedes ribosome processivity (3, 4). Ribosomes which
make a —1 nt shift can more efficiently remove 2A and unwind this RNA structure to
continue translation (3). PRF leads to the production of the 129 amino acid "transframe"
protein 2B*, and prevents translation of the downstream nonstructural proteins. The
efficiency of PRF is regulated by the increasing concentration of 2A over time, with the
percentage of frameshifting ribosomes increasing from 0% at 2 h post infection (h p.i.)
to ~70% at 6-8 h p.i. (3). Thus both the expression level of 2B* and the ratio of

structural to nonstructural proteins are temporally controlled.
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Although the amino acid sequence of 2B* is highly conserved between EMCYV isolates,
it is not encoded by other picornaviruses, even the closely related cardiovirus, Theiler's
murine encephalomyelitis virus (TMEV). Although PRF does occur at the same site in
TMEV, it leads to the expression of a peptide only 14 residues in length that has no
known function (5). Therefore, in TMEV it is thought that PRF is used purely as a
"ribosome sink" to temporally control the ratio of structural to nonstructural protein
synthesis (5, 6). 2B* therefore represents an entirely uncharacterised protein, present in
a subgroup of cardioviruses. The loss of 2B* has been associated with reduced viral
plaque size (2, 3), however the molecular mechanisms responsible for this have not yet

been elucidated.

Here, we modified the EMCV genome to encode an HA-tagged 2B* protein. Using this
virus, we identified the host protein binding partners of 2B* and found that they include
the entire family of 14-3-3 proteins. A short linear motif at the C terminus of 2B* is
essential for 14-3-3 binding. Interaction of 2B* with the 14-3-3 members reduced
transcription of both IFNB1 and IL6 in addition to interferon stimulated gene (ISG)
transcripts, in accordance with recently published results describing a role of 14-3-3
proteins in promoting antiviral immunity (7-10). This antagonism of the innate immune
system, via sequestration of the 14-3-3 family, is distinct from the previously described
role of 2B* in promoting plague size, thus indicating that 2B* possesses multiple

functions which contribute to efficient EMCV replication and transmission.
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RESULTS

Identification of a 2B*KO EMCV mutation that does not affect viral frameshifting

or replication

As the ORF of 2B* overlaps the coding sequence of 2B, we first sought to confirm that
mutations applied to create a 2B* knock-out (2B*KO) virus do not affect either viral PRF
efficiency or RNA replication. Several 2B*KO EMCV mutants have been described
previously (2, 11), one of which possesses two stop codons immediately after the RNA
stem-loop, which are synonymous in the 2B reading frame (WT-PTC mutant of Ling et
al., 2017). In this virus, PRF results in expression of a severely truncated, 29 residue N-

terminal fragment of the 129 residue 2B*.

As PRF in EMCV directs ribosomes out of the polyprotein reading frame into the 2B*
reading frame, any effect of the 2B*KO mutation on PRF efficiency would affect the ratio
of structural to nonstructural protein synthesis at late stages of infection, potentially
overshadowing any phenotype caused by the loss of 2B*. While previous work with a
metabolic labelling assay (11) indicated that the same 2B*KO mutation did not have a
measurable effect on frameshifting, we sought to confirm this with an alternative, dual

luciferase-based assay (Figure 1A, 1B).
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127  For each sequence tested, the shift site, stem loop and any downstream mutations were
128 inserted into the previously described pSGDLuc plasmid (12). The resulting plasmids
129 contained 11 nt upstream of the slippery sequence, the 7 nt slippery sequence itself and
130 an additional downstream 87 nt, between renilla and firefly luciferase ORFs which were
131 in the same reading frame (0 frame) (Figure 1A). Flanking the inserted nucleotides were
132 two FMDV StopGo sequences, enabling co-translational separation, to ensure that the
133 peptide sequences encoded by the insert are not tagged onto the end of the renilla

134  and/or firefly luciferases where they might differentially affect enzymatic activities.

135 Ribosomes which do not frameshift translate both luciferase proteins whereas

136 riboosomes which frameshift translate only the renilla luciferase (Figure 1A).

137

138 As binding of the EMCYV 2A protein to the stem-loop is necessary for PRF, a construct
139 encoding FLAG-tagged EMCV 2A (pCAGG-2A) was co-transfected with each pSGDLuc
140 construct. To allow normalisation of the relative luciferase readings, each pSGDLuc

141  construct was also co-transfected with a plasmid encoding a FLAG-tagged 2A mutant
142 (pCAGG-2Amut) that is unable to bind the stem-loop and unable to stimulate PRF (3).
143 The PREF efficiency could then be calculated as 1 -

144  (FLucCiesy/RLUCest)/(FLUC2amu/ RLUC2amut). AS the ratio of pPCAGG-2A to pSGDLuc which
145  would mimic the ratio of 2A protein to viral RNA occurring in infection was unknown, a
146  range of co-transfection ratios were performed (Figure 1B).

147

148 A previously described mutant sequence, non-permissive to PRF due to mutations in

149  both the slippery sequence and stem-loop (SS-SL) (3) , was also inserted in the
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pSGDLuc vector as an additional control. A further single-nucleotide insertion was
added to this construct to create -1 SS-SL. Here, the SS-SL mutations prevented PRF
and the insertion caused all ribosomes to enter the 2B*-derived reading frame, thus
mimicking 100% PRF. As expected, pSGDLuc-2B*KO showed no significant difference
in PRF efficiency compared to pSGDLuc-WT, indicating that the 2B*KO mutations do
not affect PRF and therefore any phenotypic differences found between 2B*KO EMCV

and WT EMCYV in later experiments would not be due to impaired PRF efficiency.

In principle, any change to the viral RNA genome may also influence viral RNA
replication. 2B* mutant viruses have previously been observed to reach equivalent
overall titres to WT (2). Furthermore, 2B* is only expressed at late time points, after
substantial amounts of RNA replication have already occurred. Therefore any difference
in viral replication rates between 2B*KO EMCV and WT EMCV would likely be due to
changes in RNA sequence or RNA structure, rather than a direct function of the 2B*
protein. To further validate the use of 2B*KO EMCYV as a tool for later studies, we
investigated the effect of the 2B*KO mutations on viral replication using a GFP-tagged
virus (GFP WT EMCV) (13), which contains the GFP ORF immediately followed by the
EMCYV 3C protease cleavage site, upstream of the leader and capsid proteins. The
essential GDD motif in the viral RNA polymerase, 3D, was mutated to GNN to create a
replication incompetent control. The GNN mutation and the 2B*KO mutation were
independently introduced into the parental genome, creating GFP GNN EMCV and GFP

2B*KO EMCV, respectively. Following infection, the increasing levels of GFP in an
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infected cell would be directly proportional to the amount of viral protein produced and

hence a reflection of viral replication.

BHK-21 cells were infected with these viruses and viral replication over time was
measured by live-cell imaging (Figure 1C). Green calibrated units (GCU) at each
timepoint were normalised to the GCU in that sample at 5.5 h p.i., which was when GFP
was first detectable in most samples. As cell lysis occurred at approximately 8 h p.i.
(one viral replication cycle), GFP was not measured past this point. The fold change in
GCU was not significantly different between cells infected with GFP WT EMCV or GFP
2B*KO EMCV at any of the timepoints measured (Figure 1C) while GFP GNN EMCV
consistently gave only background levels of GCU. Thus the 2B*KO mutations do not
appear to affect viral replication. Therefore, any differences found between 2B*KO
EMCV and WT EMCYV are unlikely to be caused by defects in either PRF or viral

replication and are likely to be solely attributable to the loss of 2B* protein.

Characterisation of a virus expressing HA-tagged 2B*

Next we modified the EMCV genome to encode 2B* with an N-terminal HA tag (HA2B*
EMCV). This would allow 2B* to be immunoprecipitated from infected samples, and the
subsequent identification of its binding partners. The HA tag and a short Gly-Ser flexible
linker was encoded immediately following the final proline of the StopGo sequence,
responsible for separating 2A from 2B/2B* (Figure 2A). A similar approach has been

previously described to tag 2B* with a V5 epitope (11). As 2B and 2B* share the first 12
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residues prior to the change in reading frame, both 2B and 2B* will be translated with
the N-terminal HA tag. However, the viral 3C protease is thought to cleave the N
terminus of 2B, thereby removing the tag (1, 11). The KO mutations were also

introduced into HA2B* EMCYV to create an equivalent KO mutant virus.

At both 8 and 10 h p.i., HA2B* EMCV produced detectable levels of HA-tagged 2B* in
BHK-21 cells (Figure 2B). Noticeably, HA-tagged 2B was not detected in any of the
lysates (predicted molecular mass 13 kDa), indicating that the HA epitope was indeed

cleaved from the majority of 2B as expected.

To ensure that the addition of the HA tag did not disable the function of 2B* and that
HA2B* KO EMCYV recreated the small plague phenotype associated with the loss of 2B*
(2, 3), the plaques produced by each virus at 48 h p.i. in BSR cells were measured
(Figure 2C, 2D). Although HA2B* EMCV created smaller plaques than untagged WT
EMCV (median areas 2694 pixels and 6140 pixels, respectively) (Figure 2D), they were
still significantly larger than those of 2B*KO EMCV (median area 451 pixels). The
decreased size of HA2B* EMCYV plaques indicated that the addition of the tag did
somewhat affect 2B* function. However this change was modest and, as the plaques
were still substantially larger than those created by 2B*KO EMCV, it is likely that HA-
tagged 2B* still interacts with the relevant factors required for the large plaque
phenotype. Therefore, HA2B* EMCV was used as a tool to characterise the interaction

partners of 2B*.

10
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218 Mass spectrometry identifies 14-3-3 protein family members as putative

219 interaction partners of 2B*

220

221 To identify the host and viral protein interactions of 2B*, HA2B* was immunoprecipitated
222  from HA2B* EMCYV infected BHK-21 cells at 7 h p.i. in triplicate. Immunoprecipitated
223 samples were then subjected to trypsin digestion and labelling by tandem-mass-tagging
224 (TMT) prior to being analysed by liquid chromatography with tandem mass spectrometry
225 (LC-MS/MS) (Figure 3A). While the predominant tagged viral protein was 2B*, the

226  StopGo mechanism is approximately 94% efficient in EMCV and therefore small

227  amounts of HA-tagged 2A-fusion products (2AHA2B* and 2AHA2B", where 2B"

228 represents the N-terminal fragment of 2B upstream of the 3C protease cleavage site
229  (11) were produced (Figure 3B). To ensure any interacting proteins bound to these

230 fusion products could be identified and removed from analysis, HA2B*KO EMCV

231 infected controls were included in addition to mock infected controls.

232

233  Seventeen proteins were enriched in HA2B* EMCV infected samples relative to both
234 HA2B* KO EMCV infected and mock infected samples, including HA2B* itself (Table 1,
235 Figure 3C, 3D). Candidate interaction partners were defined as those having both a
236  Student’s t-test difference greater than 1.0 and a —log,(p-value) greater than 1.3.

237 Interestingly, this included the entire family of 14-3-3 proteins. The 14-3-3 family are
238 scaffold proteins involved in a wide range of cellular functions, including apoptosis (14,
239 15), cell cycle progression (16, 17), nuclear trafficking (18), innate immune signalling

240 (19, 20), autophagy (21) and proteasome function (22). Due to the importance of these

11
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241  proteins in many pathways which EMCYV utilises, we chose to focus on these proteins
242  for subsequent analyses.

243

244 To confirm their interaction with 2B*, a construct expressing HA2B* was co-transfected
245  into BHK-21 cells along with each construct encoding an N-terminally FLAG-tagged 14-
246  3-3 protein, cloned from BHK-21 cDNA. As 14-3-3¢ isoforms X1 and X2 could not be
247  distinguished by the peptides detected by mass spectrometry, both were included. The
248  14-3-3 proteins were then immunoprecipitated from the samples via the FLAG-tag.

249  Immunoprecipitated samples were subjected to SDS-PAGE and immunoblotting to

250 determine whether HA2B* was bound to these putative interaction partners (Figure 4A).
251  As tubulin B-chain was not identified by the co-immunoprecipitation mass spectrometry
252 analysis as a potential interaction partner of HA2B*, a construct encoding N-terminally
253 FLAG-tagged tubulin B-chain (FLAG-TUBB) was included as a negative control.

254

255 The interaction between 2B* and all of the 14-3-3 proteins was verified as the FLAG-
256 tagged proteins were all found to co-precipitate HA2B* (Figure 4A). These proteins are
257 therefore able to bind to 2B* both during infection and in overexpression and thus other
258 viral proteins are not required to mediate this interaction. Confocal microscopy

259 confirmed that 2B* and all 14-3-3 family members were dispersed throughout the

260 cytosol (Figures S1, S2, S3), and redistribution was not observed during co-expression.
261

262 14-3-3 binding is mediated by a C-terminal 2B* motif and is not responsible for

263 the 2B*KO small plague phenotype

12
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To identify the motif(s) within 2B* responsible 14-3-3 binding, we utilised the online
resource ELM (eukaryotic linear motifs) (23), which searches for short linear motifs
corresponding to known protein interaction sites. The ELM tool predicted the C-terminal
RRNSS sequence of 2B* to be a binding site for the 14-3-3 protein family. Indeed, this
was the best-scoring potential interaction site in 2B*, with a reported p-value of 6.4 x
107°. The C-terminal RRNSS sequence is highly conserved across EMCYV strains with
occasional variations in the last position (to N, | or L). The known 14-3-3 binding motif is
highly conserved and, when at the C terminus of the binding partner in question, is
invariably p[S/T]-X;_>-COOH with upstream arginine residues preferred (RRXp[S/T]-Xi-
2-COOH) (where p is one or more phosphate group) (24). The 14-3-3 proteins form
homo- and heterodimers which bind target proteins when the penultimate serine within
the recognition motif is phosphorylated (24, 25), leading to translocation or

sequestration of the binding partner in question.

To investigate whether this sequence is indeed required for 2B*:14-3-3 binding, an
RRNSS truncated HA-tagged 2B* construct (HAARRNSS 2B*) was engineered using a
R125Stop mutation, thus removing the five C-terminal residues of 2B*. This construct
was co-transfected into BHK-21 cells alongside each construct encoding a FLAG-
tagged 14-3-3 protein, and the FLAG co-immunoprecipitation assay was repeated
(Figure 4B). Every FLAG-tagged member of the 14-3-3 family was entirely unable to
bind to the co-transfected ARRNSS2B* mutant whereas the WT HA2B* was still

successfully bound by a representative 14-3-3 protein, 14-3-3y. This clearly

13
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demonstrates that the RRNSS sequence of 2B* is essential for the 2B*:14-3-3

interaction and deletion of this sequence completely prevents this interaction.

We next investigated whether the lack of the 14-3-3:2B* interaction was the cause of
the small plaque phenotype characteristic of 2B* KO viruses (2, 3). The R125Stop
mutation, which is synonymous in the 2B reading frame, was introduced into the viral
genome, creating ARRNSS 2B* EMCV. To confirm that this mutation did not revert
during infection, the virus produced from infected BHK-21 cells was sequenced by

Sanger sequencing (Figure 4C). No detectable reversion was observed by 24 h p.i.

Interestingly, the small plaque phenotype associated with 2B*KO EMCV (median plaque
area 524 pixels) was not reproduced by ARRNSS 2B* EMCV (Figure 4D). Although the
difference between WT EMCV and ARRNSS 2B* EMCYV plaque sizes was still
statistically significant, it was very modest (median areas 4516 pixels and 3577 pixels,
respectively). Therefore, the 2B*:14-3-3 interaction is unlikely to be responsible for the

increased plaque size seen in WT EMCYV infection.

Presumably, the 2B*:14-3-3 interaction performs an additional function that is beneficial
to the virus. We hypothesised that the sequestration of 14-3-3 proteins by 2B* may
contribute to the evasion of innate immune signalling as other viral binding partners of
14-3-3 proteins — such as the 3C protease of enterovirus — are known to have similar
effects (7-10). During viral infection, RIG-I is relocalised from the cytosol to the

mitochondria by 14-3-3¢ which forms a complex with both RIG-I and TRIM25 (20), the
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ubiquitin ligase essential for the antiviral function of RIG-I (26), enabling the activation of
MAVS on the mitochondrial membrane. In addition, 14-3-3n is responsible for the
redistribution of MDAS, enabling MDA5-induced antiviral IFN-B signalling via MAVS
(19). As each 14-3-3 monomer has only one binding pocket, it is unlikely that 14-3-3
proteins bound to 2B* would be able to perform these functions. Therefore, we next
investigated the ability of 2B* to antagonise innate immune signalling via the 14-3-3

interaction.

The 2B*:14-3-3 interaction interferes with innate immune signalling outside of the

context of infection

MEF cells were transiently transfected with pCAGG-HA2B*, pCAGG-HAARRNSS2B* or
empty pCAGG 24 h prior to activation of the IRF3 and NFkB signalling pathways by
transfection with poly(l:C), a dsRNA mimic. After 6 h, IFNB1, ISG15, IL6, RSAD2 and
IFIT1 transcript levels were quantified by qRT-PCR, normalised to GAPDH mRNA using
the AACT method, and compared to those for the empty pCAGG transfected samples.
While overexpression of HA2B* prior to poly(l:C) stimulation significantly reduced the
transcription of IFNB1, IL6 and the ISGs ISG15 and RSAD2 involved in innate immune
signalling (Figure 5A), this antagonistic ability was abrogated by the loss of the RRNSS

motif responsible for 14-3-3 binding.

DISCUSSION
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In this study, we successfully engineered an EMCV genome which encodes an HA-
tagged 2B* protein, enabling the first characterisation of the binding partners of 2B*.
Whilst the addition of the tag had a modest effect upon plaque size, it did not completely
abrogate 2B* function (Figure 2C, 2D). We also confirmed that the 2B*KO virus had WT
levels of PRF and RNA replication, providing future studies with a tool for studying 2B*
phenotypes without the problem of confounding effects (Figure 1B, 1C). We identified
17 putative binding partners of 2B*, seven of which are members of the 14-3-3 family,
and identified the C-terminal 5 residues of 2B* as being essential for the 2B*:14-3-3
interaction. Finally, we determined the functional consequence of this interaction to be
disruption of innate immune signalling, presumably through sequestration of 14-3-3
proteins preventing their contribution to MDAS5 and RIG-I activation (19, 20) and

subsequent inflammatory cytokine induction.

Upon recognition of viral RNA, MDA5 and RIG-I translocate from the cytosol to the
mitochondria where they activate MAVS (27), leading to NFkB and IRF3 signalling (28)
and the production of antiviral cytokines including IL-6 and IFN-B, respectively. The
mechanisms by which picornaviruses antagonise this type | IFN signalling pathway vary
widely, and most species utilise multiple synergistic mechanisms exerted by different
viral proteins. It is therefore unsurprising that 2B* has evolved to reduce the immune
response to EMCV infection, despite EMCV encoding multiple other proteins with innate
immune inhibitory functions (namely, 2C, 3C and L). Although overexpression of 2B*

resulted in significant reduction of IFNB1 and IL6 transcription (Figure 5A), we were
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unable to detect these transcripts by gRT-PCR in innate-competent RAW264.7 cells
infected with either WT EMCV or ARRNSS 2B* EMCYV (data not shown). A possible
explanation is that — at least in these cells — other EMCYV proteins compensate for the
loss of this function of 2B* and still prevent large amounts of IL6 and IFNB1 mRNA from

being produced.

To reduce recognition of dSRNA, EMCYV viral protein 2C directly interacts with MDAS,
limiting MDA5-mediated innate immune signalling during EMCYV infection (29). MDA5S
signalling has been suggested to be further impaired during EMCV infection by EMCV
capsid protein VP2 (23), although the relevance of this role has yet to be confirmed in
virus infection. The EMCV protease 3C directly cleaves both RIG-1 and TANK, further
limiting dsRNA recognition and promoting NFkB signalling over IRF3 dimerisation.
Converging upon this effect, EMCV protein L impedes transcriptional upregulation of
antiviral response genes both by preventing IRF3 dimerisation and by inhibiting
nucleocytoplasmic trafficking of the relevant transcription factors (30). However, this is
not true for all cardioviruses: the L protein from some TMEYV strains reduces IFN-B
production but only after the dimerised IRF3 has entered the nucleus (31). In addition,
the TMEV-specific L* protein further reduces the type | IFN response by binding to and
preventing the dimerisation of RNase L, preventing IRF3 activation (32, 33). The 14-3-3
sequestration mechanism exhibited by the 2B* protein appears distinct from these
previously described mechanisms in cardioviruses and therefore provides an additional

layer of protection for the virus from the host response.
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As the presence of 2B* appeared to reduce the levels of all antiviral transcripts tested
(Figure 5A), we cannot eliminate the possibility that the 2B*:14-3-3 interaction causes a
global reduction in transcription initiation instead of specifically influencing the antiviral
response. However, 2B* does not have a nuclear localisation (Figure S1, S2, S3) and,
although the 14-3-3 proteins are involved in nuclear transport of some transcription
factors (18, 34), these do not include IRF3 or NFkB which are responsible for the
upregulation of the target genes tested (IL6, IFNB1, ISG15, IFIT1 and RSAD2). In
addition, EMCV-induced reduction of host transcription and translation (so-called host
shutoff) occurs from 4 h p.i., before 2B* is efficiently translated (11, 35). Therefore, it is
most likely that the effect is mediated prior to the nuclear import of IRF3 and NFkB, as
the 2B*:14-3-3 interaction would impede the earlier translocation of both RIG-I and
TRIM25 by 14-3-3¢ (20) and MDAS by 14-3-3n (19) (Figure 6), in a manner similar to
the mechanisms exerted by the 14-3-3- binding proteins of influenza A, enteroviruses,

Zika virus and Epstein-Barr virus (7-10).

The 14-3-3 proteins are a family of scaffold proteins which form both homo- and
heterodimers, performing a plethora of roles many of which are unrelated to antiviral
immunity; hence many as-yet-undiscovered pathways may also be affected by 14-3-3
interactions with 2B*. The 14-3-3 dimeric complex can bring two 14-3-3-bound proteins
into proximity, to increase the chances of interaction. Conversely, they may prevent
interactions by sequestering proteins away from alternative interaction partners.
Although the binding motif is relatively conserved between all 14-3-3 proteins, each also

have distinct interaction partners to enable execution of specific roles. Although 2B* was
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found to interact with the entire family of 14-3-3 proteins in our study, the relative
binding affinity of 2B* to each family member has not yet been investigated. It is also
possible that some of these interactions are indirect and are mediated by the formation
of 14-3-3 heterodimers. Further investigation may uncover specificity in the 2B*
interaction, perhaps ensuring 2B* preferentially affects particular pathways in vivo.
Binding is controlled by the phosphorylation status of the target protein, as the
recognition motif is only bound once phosphorylated(14); the relevance of
phosphorylation for 2B* function has also not yet been investigated. The 14-3-3 proteins
also preferentially bind to disordered regions (36) (which the C-terminus of 2B* is

predicted to be by analysis with Alphafold, I-TASSER and NetSurfp).

It seems counterintuitive that 2B*, a protein which is only translated at late timepoints
shortly before the onset of cell lysis, would have a role in preventing the antiviral
response. However other viruses are known to add further layers of protection against
innate immune signalling at later stages of infection (37-39). This is likely due to the
additional need for protection following the increased pathogen associated molecular
patterns (PAMP) exposure caused by cell death and permeabilisation of the
membranes: the change in cytosolic composition also induces innate immune
responses (40), hence there is increased risk of forewarning surrounding cells of virus
exposure during the lysis process. In addition, at early stages of infection EMCV
benefits from NFkB activation (41) which would no longer be necessary when lysis is
underway. It therefore seems reasonable that 2B* could provide an additional layer of

protection against antiviral responses at this late stage. However, since TMEV also
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contains the PRF signal, but not the lengthy 2B* ORF, it is likely that highly efficient
temporally controlled PRF evolved first as a ribosome sink to downregulate synthesis of
the replication proteins at late timepoints. Expansion of the 2B* ORF in the EMCV
lineage allowed 2B* to secondarily evolve into a functional protein in its own right. Thus,
late expression of 2B* may alternatively be an unavoidable consequence of the original
function of cardiovirus PRF and is not necessarily optimal for its role in antagonising

innate immune signalling.

A focus of future work will be to assess the function of the other binding partners
identified in our proteomics screen; it is possible that at least one of these proteins
contributes to the small plague phenotype already described. The minor reduction in
plaque size produced by ARRNSS 2B* EMCV (Figure 4D) may potentially be explained
by a slight increase in MAVS-induced apoptosis or MAVS-induced inhibition of viral
spread, and clearly this interaction does not fully explain the plaque size phenotype

previously reported for 2B*KO viruses (2, 3).

In summary, we propose a model whereby 2B* inhibits translocation of the innate
immune signalling molecules MDA5, RIG-I and TRIM25 via its interaction with 14-3-3
proteins, thereby reducing NFKB and IRF3 signalling. Our findings add 2B* to the
growing list of viral proteins, from a wide range of families, which interact with the 14-3-3
proteins to reduce antiviral cytokine signalling (7-10) and identify 2B* as another
“transframe” protein with a role in antagonising the innate immune response (37, 42,

43).
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MATERIALS AND METHODS

Mammalian cell culture

BHK-21 (ATCC) (baby hamster kidney fibroblast), BSR (single cell clone of BHK-21
cells) and MEF (mouse embryonic fibroblast) cells were maintained in Dulbecco’s
Modified Eagle Medium with high glucose (Sigma), supplemented with 10% (v/v) heat-
inactivated foetal calf serum (FCS), 25 mM HEPES, 2 mM L-glutamine and non-
essential amino acids (Sigma) (“‘complete DMEM") in a humidified 5% CO, atmosphere
at 37°C. All cell lines were confirmed to be mycoplasma-free at regular intervals

(MycoAlert™ PLUS Assay, Lonza).

RT-PCR

Uninfected BHK-21 cells, or cells infected at an MOI of 0.1, were trypsinised either 24 h
after plating or 24 h p.i. respectively. The trypsin was neutralised in 10% FCS DMEM
before the cells were pelleted at 1000 x g and the media was removed before the RNA
was extracted using a commercial kit as recommended (RNeasy, Qiagen). Reverse
transcription of each sample was carried out using 5 pg of RNA, random hexamers and
Superscript Il reverse transcriptase (ThermoFisher Scientific). PCR using relevant

primers immediately followed reverse transcription.
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Expression Plasmids

The pCAGG-HA2B* expression construct was originally synthesised from a gene block
(Integrated DNA Technologies), designed with the 2B* coding sequence from the WT
EMCYV clone, with an additional Kozak sequence, the HA tag and a GGSGGS linker
sequence as well as a non-viral termination codon between Pacl and Bglll restriction

sites (sequence available upon request).

For all cellular proteins identified as being potential interaction partners of 2B* (by
affinity capture coupled to quantitative proteomics), corresponding coding sequences
were cloned from cDNA of uninfected BHK-21 cells. RNA was extracted from BHK-21
cells, reverse transcribed (see above) and the cDNA used for PCR amplification.
Primers for the PCR amplification of all constructs were designed to add to each gene
flanking Pacl and either Aflll or Bglll restriction sites, as well as an N-terminal FLAG tag
separated by a GGSGGS linker. These amplicons were then digested and ligated into

pCAGG.

DNA transfection

BHK-21 cells were transfected at 60—70% confluency, in a 6 well plate seeded the day
prior. 15 pL lipofectamine 2000 (Invitrogen) was added to 300 uL Opti-MEM and a total

of 4 ug DNA was added into another 300 puL Opti-MEM. These solutions were then
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494  mixed and incubated for 20 min while cells were washed with PBS. Following addition of
495 transfection mixture, cells were incubated for 3.5 h at 37°C with gentle agitation. 2 mL of
496 complete DMEM was then added to each well and incubated for 24 h. For all co-

497 immunoprecipitation samples, including those used for TMT mass spectrometry

498 analysis, 10 cm dishes of BHK-21 were transfected using a scaled protocol, similar to
499 that described above.

500

501 Frameshifting assays

502

503 For the WT sequence and each mutant to be tested, 105 nt (106 nt for -1 SS-SL)

504 covering the 2B* frameshift site (11 nt upstream, 7 nt slippery sequence, 87 nt

505 downstream) was amplified by 2-step overlap extension PCR (primer sequences

506 available upon request, numbers exclude restriction enzyme sites). Amplicons were
507 ligated into pSGDLuc via Bglll and PspXIl restriction sites. These fragments included the
508 desired mutations for testing, as well as the slippery sequence and stem-loop required
509 for frameshifting(3).

510

511 BHK-21 cells were subcultured 24 h prior to being reverse transfected with the

512 pSGDLuc plasmids in a 96 well plate. Upon reverse transfection, cells were trypsinised
513 and washed in DMEM containing 2% FCS, 25 mM HEPES and 1 mM L-glutamine and
514  washed again in DMEM with 25 mM HEPES and 1 mM L-glutamine without FCS. The
515 cells were then resuspended in this sera-free DMEM. 150 ng of total DNA and 0.5 L

516 lipofectamine 2000 per well was incubated at room temperature in 10.5 pL of Opti-MEM
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517  (Gibco) for 20 min prior to the addition of 6.5 x 10* BHK-21 cells per well. 5% FCS was
518 added, and the transfections were immediately seeded into plates in triplicate and

519 incubated for 24 h, before being frozen in 50 pL of passive lysis buffer (Promega).

520 After thawing, 30 pL of the lysate was sequentially mixed with 30 pL of each luciferase
521 reagent (Promega) as described by the manufacturer.

522

523 Quantitative RT-PCR

524

525  Following transfection of MEF cells, the media was changed prior to addition of Opti-
526 MEM with lipofectamine 2000 (Invitrogen) and poly(I:C) to a final concentration of 10
527  pg/mL poly(l:C). After 6 h RNA was extracted and1 pg of total RNA was used for

528 reverse transcription (Quantitect reverse transcription kit, Qiagen) as per instructions.
529 cDNA was amplified using a ViiA 7 real-time PCR system (ThermoFisher Scientific).
530 The reaction cycle threshold was determined using the following program: i) initial
531 heating to 55°C for 2 min; ii) initial denaturation for 10 min at 95°C,; iii) 40 cycles of
532 denaturation for 15 s at 95°C, annealing for 1 min at 60°C. The melt curve was

533 calculated by denaturation for 15 s at 95°C, annealing for 1 min at 60°C with 0.05°C
534 increments to 95°C. The primer sequences for mouse IL6 were (sense) 5’

535 GAAGTTCCTCTCTGCAAGAGACTTCCATC and (antisense) 5’

536 GAAGTTCCTCTCTGCAAGAGACTTCCATC. Primer sequences for other transcripts
537 are available upon request and have been previously published (44-46). Primer

538 efficiency was calculated during qRT-PCR optimisation and an efficiency between 90—

539 110% was obtained for all primer pairs (data not shown). During data analysis,
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amplification of each gene was normalised to GAPDH amplification. Fold change of

each gene was calculated relative to the empty vector transfected, poly(l:C) stimulated

control.

EMCV reverse genetics

The parental (WT) EMCV sequence has been previously described (3) and is based on
the EMCV subtype mengovirus cDNA, pMCO, developed by Ann Palmenberg
(University of Wisconsin-Madison) (47). It resembles GenBank accession DQ294633.1,
although the poly(C) tract is absent and there are 13 single-nucleotide differences
(A2669C, G3044C, C3371T, A4910C, G4991A, C5156T, G5289A, G5314C, G5315A,
AbB844C, G6266A, G6990A, A6992G; DQ294633.1 coordinates). The 2B*KO mutation
in a subclone has been previously described (11). Regions encompassing the mutations
of interest were digested using Bglll and Pacl and ligated into the WT EMCV molecular

clone.

The GFP-Lzn EMCYV clone was a kind gift from Prof. Frank van Kuppeveld and was
derived from the clone pRLuc-QG-M16.1 (13, 48). The Lzn mutation was mutated to WT
and the 2B*KO and GNN mutations were subsequently introduced (primer sequences
available upon request). All GFP viral clones contain the EMCV IRES followed by the
first 6 codons of the viral protein L, followed by sequence encoding GFP inserted into
restriction enzyme cloning sites. The viral 3C protease cleavage site GIn-Gly

immediately precedes the full-length viral polyprotein coding sequence, including L but
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without the initiation methionine, allowing the GFP to be separated from L. Sanger
sequencing was used to sequence the full length of all mutant and WT viral clones

(Biochemistry Sequencing Facility, University of Cambridge).

EMCV molecular clones were linearised with BamHI and genomic RNA was in vitro

transcribed using the T7 RiboMax kit (Promega). Transcripts were purified (RNeasy Kit,

Qiagen) before being transfected into BHK-21 cells to generate virus stocks.

Preparation of virus stocks

BHK-21 cells were grown to 60—70% confluency in 10 cm dishes. All Opti-MEM (Gibco)
was supplemented with 1:1000 RNaseOUT (Invitrogen). 90 uL lipofectamine 2000
(Invitrogen) was added to 1.8 mL Opti-MEM and 14 ug RNA was added to another 1.8
mL Opti-MEM. These solutions were mixed together and incubated for 20 min while
cells were washed with PBS. Following addition of transfection mixture, cells were
incubated for 3.5 h at room temperature with gentle agitation. Transfection medium was
removed prior to the addition of 8 mL of 2% FCS DMEM and incubation for 24 h or until
full CPE was visible. The plates were then scraped and samples freeze/thawed thrice,
prior to the dead cells and debris being removed by light clarification and the
supernatant frozen at —70°C in aliquots. Virus concentration was estimated by plaque

assay.

Plague assays
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BSR cells were seeded at 35% confluency in 6 well plates 24 h prior to infection.

The media was removed and the cells were washed once with PBS before the addition
of 1 mL sera-free DMEM containing the specified dilution of virus. The infection was
incubated at room temperature with continuous rocking for 1 h before the inocula was
removed, the cells were washed once with PBS and 3 mL of DMEM (2% FCS)
containing 1% low melting point agarose (ThermoFisher Scientific) was added to each
well. Cells were incubated for 48 h before being fixed with 4% formaldehyde and
stained with toluidine blue. Plaques were counted manually and their sizes quantified

using ImageJ (49, 50).

Immunoblots

During validation of 2B*KO EMCV, all samples to be analysed by immunoblot were
frozen in RIPA buffer (ThermoFisher Scientific) containing 1:10,000 Benzonase
nuclease (Sigma) and protease and phosphatase inhibitors (Halt, ThermoFisher
Scientific) (“complete RIPA”). All samples were boiled in SDS-based protein loading dye
(Laemmli buffer) containing 10 mM DTT for 7 min prior to electrophoresis. Following
resolution, proteins were transferred to 0.2 um nitrocellulose membranes by semi-dry
electrotransfer in a Transblot turbo transfer system using recommended standard
settings (Bio-Rad). Membranes were blocked with 5% w/v non-fat milk powder in PBS
for a minimum of 3 h with continuous rocking. Primary antibodies were diluted in

blocking buffer prior to incubation with the membrane for at least 2 h. Membranes were
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609 washed 3 times with TBS-Tween20 (0.1%) before being incubated with the relevant
610 secondary antibody for 1 h with continuous rocking. Membranes were again washed 3
611 times with TBS-Tween20 (0.1%) before being imaged with the Odyssey CLx imaging
612 system (LI-COR).

613

614 Quantitative proteomics and TMT labelling of co-immunoprecipitation samples from

615 infected BHK-21 cells

616

617 BHK-21 cells were mock infected or infected with HA tagged WT and HA tagged 2B*KO
618 EMCV at an MOI 5.0 for 10 hpi in five, 10cm dishes per sample, each in triplicate. Due
619 to the number of dishes, samples were separated into two groups and infected one hour
620 apart to ensure the number of IP samples would be manageable. The HA tagged 2B*
621 was then purified using the Pierce Magnetic HA-Tag IP/Co-IP Kit with wash buffer

622 supplemented with Halt protease and phosphatase inhibitors (ThermoFisher Scientific).
623  During the final wash, 12.5% of each sample was retained in separate tubes for western
624  Dblot analysis. Following the removal of the buffer for the third and final wash from the
625 rest of the sample, the beads were snap frozen. Samples were eluted from the beads
626 by boiling in 2x SDS Loading buffer and prepared for downstream proteomic analysis by
627 SP3 sample preparation (51). In brief, samples were reduced and alkylated, followed by
628 precipitation onto magnetic beads by the addition of ethanol to 80% (v/v) final

629 concentration. Samples were then washed three times in 90% (v/v) ethanol, and then
630 resuspended in 100mM TEAB containing 20ng/uL Trypsin Gold and digested overnight.

631 Following digestion, samples were removed from the beads and labelled with Tandem
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632 Mass Tag reagents (ThermoFisher Scientific), before quenching with the addition of
633 hydroxylamine. Samples were desalted by stage-tipping before analysis by LC-MS/MS
634 on a Dionex 3000 coupled in line to a Q-Exactive-HF mass spectrometer using data-
635 dependent acquisition. Analysis was performed using MaxQuant (52) using a fasta file
636 containing Syrian Golden Hamster and EMCYV protein sequences. Raw data and the
637 .fasta files used have been uploaded to the PRIDE repository [accession number

638 pending] (53).

639

640 Downstream data analysis of the MaxQuant proteinGroups output file was conducted
641 using Perseus 2.0.11 (54). Reverse database hits, common contaminants (MaxQuant
642 contaminant list) and proteins only identified by site were removed. Data were

643 normalised for equal protein loading based on the median total reporter intensity and
644 then subjected to a log,(x) transformation. Replicate samples were grouped and rows
645 with < 3 valid values in at least one group were removed. Missing data were imputed
646 from the normal distribution before Student’s t-tests. Putative interaction partners were
647 defined as having both —logio(p-value) greater than 1.3 (p-value >0.05) and fold change
648 of greater than 2 (logz(Fold change > 1) in both the comparison of HA2B* EMCV vs
649 mock and HA2B* EMCV vs HA2B*KO EMCV.

650

651 Anti-FLAG immunoprecipitation

652
653 BHK-21 cells were co-transfected with both pCAGG-HA2B* and a cloned FLAG-tagged

654 putative interaction partner (p)CAGG-X) in 10 cm dishes. 24 h after transfection, the cells
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were washed in ice cold PBS before being scraped and lysed in 750 pL of lysis buffer
(25 mM Tris HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP40, 5% glycerol, pH 7.4)
for 10 min at 4°C. The lysates were clarified and 50 pL was retained (input). The FLAG-
tagged bait protein and any interacting proteins were purified using anti-FLAG resin
(Sigma). Briefly, lysates were incubated with the resin with continuous rotation for a
minimum of 2 h at 4°C, then washed thrice in fresh lysis buffer. Following the removal of
the final wash, the resin was boiled for 5 min in 60 pL 2x protein loading dye (Laemmli
buffer) in the absence of DTT. The undissolved resin was removed by centrifugation
and DTT was added (final concentration 5 mM) prior to reheating the sample for a
further 3 min. Proteins were resolved by polyacrylamide gel electrophoresis and imaged

by immunoblot against the epitope tags.

Confocal microscopy

BSR cells were seeded at 20% confluency on to glass coverslips in 24 well plates, 24 h
prior to transfection (see above). 24 h after transfection, cells were washed in PBS and
fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were washed
thrice both prior to and immediately following permeabilisation with 0.5% Triton X-100
for 10 min. To reduce nonspecific binding, cells were blocked with 10% BSA for a
minimum of 2 h at room temperature with gentle agitation before addition of the relevant
primary antibodies. Antibodies against the HA epitope (C29F4, Cell Signaling
Technologies) and the FLAG epitope (F1804, Sigma) were each diluted 1:1000 and the

coverslips were incubated at 4°C overnight with continuous gentle rocking. Samples
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were thrice washed in PBS before the addition of fluorophore-labelled secondary
antibodies diluted in 10% BSA (anti-rabbit Alexa-fluor 488 (Invitrogen); anti-rat Alexa-
fluor 594 (abcam)). Samples were again incubated with continuous rocking at room
temperature for 1 h. Finally, samples were thrice washed and the coverslips were
mounted upon glass slides. DAPI was included in the mounting media (Prolong gold
antifade with DAPI, ThermoFisher Scientific). Samples were imaged at 63 x on a LSM

700 laser scanning confocal microscope.

Live cell imaging

BHK-21 cells infected with GFP-tagged viruses were imaged at regular intervals using
the Incucyte live cell analysis system and the Incucyte 2022B Rev2 GUI software
(Sartorius). Three regions were imaged per well using a 10x objective (96 well plate,
each sample in technical triplicate). The background threshold for each plate was
independently set using manually selected images, with high and low fluorescence
levels. Cell confluence was measured by phase microscopy. GCU at each time point

was normalised to the respective GCU in that well at 5.5 h post infection.

In silico protein modelling

Alphafold (55), I-TASSER (56) and Netsurfp 3.0 (57) were used to predict the
secondary structure of 2B*, using the amino acid sequence from GenBank accession

DQ294633.1.
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features by protein language models and deep learning. Nucleic Acids Res 50:W510-

W515.

FIGURE TITLES AND LEGENDS

Figure 1: 2B*KO EMCV mutations do not impact viral frameshifting or replication.
(A) Schematic representation of the dual luciferase constructs. Renilla luciferase is
produced by every translating ribosome. However, in the WT sequence, firefly luciferase
is only produced when frameshifting does not occur. This enables quantitative
measurement of the percentage of ribosomes in each reading frame for each mutant
construct. (B) BHK-21 cells were transiently co-transfected with a WT EMCV 2A
expression construct (p)CAGG-2A) along with a dual luciferase plasmid containing 105
nt of the EMCV genome (WT pSGDLuc) or mutants thereof (2B*KO pSGDLuc, SS-SL
pSGDLuc or -1 SS-SL pSGDLuc) at various ratios. At 24 h post-transfection, cells were
frozen in 1x PLB and both renilla and firefly luciferase activities were measured.
Samples were normalised to the luciferase values for the same pSGDLuc construct co-
transfected with pCAGG-2Amut. The percentages of ribosomes in the 0 or -1 reading
frames for each ratio of pCAGG-2A:pSGDLuc were calculated. Data shown are the
mean +/- SD of three biological repeats, each using triplicate wells. Statistical analysis
(Student’s t-test): ns = not significant, = p < 0.05, =+ p £ 0.01. (C) A confluent monolayer
of BHK-21 cells was infected with GFP WT EMCYV or the indicated mutants at MOI 0.01.
GCU was analysed using the Incuyte live-cell imaging suite (Sartorius) and normalised

to respective GCU at 5.5 h p.i. Data shown are the mean +/- SD of three biological
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repeats, each using triplicate wells. Statistical analysis (Student’s t-test of the indicated

virus compared to GFP WT EMCV): ns = not significant, * p < 0.05.

Figure 2: Characterisation of HA2B* EMCV. (A) Schematic representation of the
EMCV viral genome with sequence encoding the HA tag inserted to tag 2B*. (B) BHK-
21 cells were infected with WT EMCV, 2B*KO EMCV, HA2B* EMCV or HA2B*KO
EMCV at MOI 5.0. Cells were harvested at the indicated time points, and frozen in
complete RIPA buffer. Lysates were subjected to SDS-PAGE and immunoblotting. The
membrane was cut at the 25 kDa marker on the ladder to allow the same membrane to
be probed by all four antibodies. The molecular mass scale (kDa) is indicated at left and
antibodies used are labelled at right. (C) Images of plagues formed by the viruses
indicated, grown in BSR cells. Images are representative of three independent
biological repeats. (D) Size distribution of plaques formed by WT EMCV, HA2B* EMCV,
and their respective 2B*KO mutants. Distributions shown are based on area
measurements of 30 plagues, sampled from three biological repeats. Horizontal lines
represent the median (dashed) and upper and lower quartiles (dotted). Statistical

analysis (ratio-paired t-test): =xxx p < 0.0001.

Figure 3: Putative interaction partners of 2B* include the entire family of 14-3-3
proteins. (A) Schematic diagram of the TMT experiment. BHK-21 cells were infected
with either HA2B* EMCV or HA2B*KO EMCV, or mock infected. At 7 h p.i., HA2B*
along with any interaction partners were purified from the lysates by anti-HA co-

immunoprecipitation; 87.5% of each sample was then used for trypsin digestion, TMT
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labelling and analysis by mass spectrometry. (B) The remaining 12.5% of each co-
immunoprecipitated sample was probed for HA-tagged proteins by western blot using
an anti-HA antibody. The molecular mass scale (kDa) is indicated at left and HA-tagged
proteins are labelled at right. (C) and (D) Two-sample t-tests were used to compare
protein enrichment in the HA2B* EMCYV infected samples relative to HA2B*KO EMCV
infected samples (panel C) and mock infected samples (panel D). The —logio(p-value)
greater than 1.3 (p-value >0.05) and fold change of greater than 2 (log»(Fold change >
1) for each recognised protein are shown. Candidate interaction partners were defined
as those with both a Difference greater than 1 and a —log; (p-value) greater than 1.3.
Only proteins which were above these thresholds in the specified comparison are

labelled on the graph (red).

Figure 4: 2B* binds to the entire family of 14-3-3 proteins via a C-terminal RRNSS
sequence. (A) BHK-21 cells were co-transfected with equal amounts of pPCAGG-HA2B*
and the specified N-terminally FLAG-tagged 14-3-3 encoding plasmid (pCAGG-FLAG
14-3-3x), 24 h prior to immunoprecipitation via the FLAG epitope. Samples were then
subjected to SDS-PAGE and immunoblotting using the indicated antibodies. Data
shown are representative of two independent biological repeats. (B) BHK-21 cells were
co-transfected with both a plasmid encoding either an N-terminally FLAG-tagged 14-3-3
protein or tubulin B chain and another encoding either HAARRNSS2B* or HA2B*, as
indicated. Cell lysates were immunoprecipitated with anti-FLAG antibody and subjected
to SDS-PAGE and immunoblotting. Data shown are representative of two independent

biological repeats. (C) Confluent monolayers of BHK-21 cells were infected with WT
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967 EMCV or ARRNSS 2B* EMCV at MOI 0.01. At 24 h p.i., RNA was extracted from each
968 sample and subjected to RT-PCR to amplify the region of interest. The cDNA was

969 sequenced (Sanger method) with both forward and reverse primers. Both

970 chromatograms have only one clear peak for each nucleotide, indicating each infected
971 sample contained only one EMCV sequence detectable by Sanger sequencing.

972 Chromatograms shown are representative of three independent biological repeats. (D)
973 BSR cells were infected with the indicated viruses 1 h prior to being overlaid with semi-
974  solid medium (1% LMA) for 48 h. Distributions shown are based on area measurements
975 of 60 randomly chosen plagues sampled over three biological repeats. Horizontal lines
976 represent the median (dashed) and upper and lower quartiles (dotted). Statistical

977 analysis (ratio-paired t-test): *x p < 0.01, »*** p < 0.0001.

978

979 Figure 5: Overexpressed 2B* interferes with innate immune signalling via its

980 interaction with 14-3-3 proteins. (A) MEF cells were transiently transfected with

981 constructs encoding HA2B* or HAARRNSS 2B*, or the empty vector, as indicated 24 h
982  prior to transfection with poly(l:C) (final concentration 10 ng/mL) for 6 h. The relative
983 expression level of each gene was determined by gRT-PCR. Expression levels were
984 normalised internally to GAPDH and to poly(l:C) stimulated samples transfected with
985 the empty vector (p)CAGG). Data shown are the mean +/— SD of three biological

986 repeats. Statistical analysis (unpaired Welch t-test): ns = not significant, x p < 0.05, *xp
987 <0.01.

988
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Figure 6: Model of 2B* function. 2B* reduces NFkB and IRF3 signalling likely by
inhibiting the translocation of innate immune signalling molecules MDA5, RIG-1 and
TRIM25 by preventing their interactions with 14-3-3 proteins, thus reducing MAVS

activation.

TABLE TITLES AND LEGENDS
Table 1: Proteins which were statistically significantly enriched in HA2B* EMCYV infected

samples relative to both HA2B*KO EMCYV infected and mock infected samples.

SUPPLEMENTAL MATERIAL

Figure S1: BSR cells were co-transfected with pCAGG-HA2B* and either the gene
encoding 14-3-3p or 14-3-3y, with an N-terminal FLAG tag, also in a pCAGG expression
construct. Cells were fixed at 24 h and stained with both anti-HA and anti-FLAG
antibodies. Nuclei were stained with DAPI during mounting. Images are representative

of three independent biological repeats.

Figure S2: BSR cells were co-transfected with pCAGG-HA2B* and the gene encoding
14-3-3¢ (isoform X1), 14-3-3C or 14-3-3n with an N-terminal FLAG tag, also in a pCAGG
expression construct. Cells were fixed at 24 h and stained with both anti-HA and anti-
FLAG antibodies. Nuclei were stained with DAPI during mounting. Images are

representative of three independent biological repeats.
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1012  Figure S3: BSR cells were co-transfected with pCAGG-HA2B* and the gene encoding
1013  14-3-3n, 14-3-30 or 14-3-30, with an N-terminal FLAG tag, also in a pCAGG expression
1014  construct. Cells were fixed at 24 h and stained with both anti-HA and anti-FLAG

1015 antibodies. Nuclei were stained with DAPI during mounting. Images are representative
1016 of three independent biological repeats.

1017
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