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Translation is a fundamental, energy-intensive biosynthetic 
process. When exposed to a variety of environmental and 
internal stress conditions, eukaryotic cells switch on a regula-

tory pathway—the integrated stress response (ISR)—that acts at the 
level of translation initiation (reviewed in ref. 1) to suppress global 
protein synthesis while enhancing translation of several proteins 
involved in cellular recovery. While primarily aimed at energy con-
servation, restoration of homeostasis and cell survival, the ISR will 
signal towards cell death under conditions of severe and unmiti-
gated stress.

In mammalian cells, ISR signalling is initiated by any of four 
distinct serine/threonine kinases (that is, protein kinase R (PKR), 
PKR-like endoplasmic reticulum kinase (PERK), heme-regulated 
inhibitor (HRI) and general control non-depressible 2 (GCN2)), 
each of which is dedicated to sensing different types of stress stim-
uli. For example, PKR is triggered by cytoplasmic double-stranded 
RNA (dsRNA) of cellular or viral origin2. Upon detection of their 
respective stimulus, these proteins self-activate and phosphorylate 
their common target, the α-subunit of eukaryotic initiation factor 2 
(eIF2). Native, non-phosphorylated eIF2 is a heterotrimeric protein 
complex that associates with GTP and Met-tRNAi to form the ter-
nary complex as a key step in translation initiation. During transla-
tion initiation, GTP is hydrolysed to GDP. Subsequently, eIF2-GDP 
is recycled to eIF2-GTP by the eIF2-specific guanine exchange 
factor (GEF) eIF2B3. Phosphorylated eIF2 (p-eIF2) interferes with 
eIF2–GDP/GTP exchange by stably interacting with eIF2B4. As cel-
lular concentrations of eIF2 greatly exceed those of eIF2B5,6, even 

modest levels of p-eIF2 suffice to effectively inhibit eIF2B function7, 
causing ternary complex levels to drop and translation to halt.

ISR-induced downregulation of virus protein synthesis is an 
effective antiviral defence mechanism. Many viruses encode antag-
onistic proteins that allow them to evade or divert the detrimental 
consequences of the ISR. These viral ISR antagonists fall into dif-
ferent groups. Class 1 antagonists, such as influenza A virus NS1 
(ref. 8) and Middle East respiratory syndrome coronavirus 4a9, avert 
eIF2 kinase activation; for example, by sequestering or degrading 
the stressor. In contrast, class 2 antagonists, such as vaccinia virus 
K3L10,11, prevent eIF2 phosphorylation by binding and inhibiting 
the function of the (activated) sensor. Finally, class 3 antagonists, 
such as herpes simplex virus ICP34.5 and alphacoronavirus p7, 
induce dephosphorylation of eIF2α by recruiting the cellular phos-
phatase PP1 (refs. 12,13). In a search for other types of ISR antago-
nist, we focused on coronaviruses—a group of positive-strand RNA 
viruses of exceptional genetic complexity. In addition to a strictly 
conserved set of structural and non-structural proteins, coronavi-
ruses encode a wide variety of accessory proteins that are genus, 
clade or species specific. One of these—the open reading frame 
10 (ORF10)-encoded accessory protein (AcP10) of beluga whale 
coronavirus (Bw-CoV) SW1—attracted our attention because of its 
sequence similarity to cellular uridine cytidine kinases (UCKs)14. 
Here, we show that AcP10, while retaining UCK activity, also has 
a UCK-independent function as an ISR antagonist. We demon-
strate that AcP10 differs in its mode of action from all other viral 
ISR antagonists described so far and counteracts the ISR at its core 
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by acting as a competitive inhibitor of the p-eIF2–eIF2B interac-
tion. AcP10 thereby allows ternary complex formation and trans-
lation to proceed unimpaired even at very high levels of p-eIF2. 
Furthermore, this ISR evasion strategy is not exclusive to Bw-CoV, 
as we show that Aichivirus (AiV; genus Kobuvirus)—a human gas-
troenteric picornavirus—encodes a protein (AiVL) that blocks the 
ISR via a mechanism similar to that of AcP10. Using a recombinant 
AiV with a defective L gene, we show that AiVL acts as ISR antag-
onist also in the natural context of AiV-infected cells, where this 
function is essential for optimum virus propagation.

Results
AcP10 is a uridine kinase and an ISR antagonist. AcP10 is 
encoded by one of eight accessory genes found in Bw-CoV SW1 and 
related viruses in bottlenose dolphins (for a schematic representa-
tion of the 31.7-kilobase viral genome, see Fig. 1a). In accordance 
with its sequence similarity to cellular UCKs (Fig. 1b,c), recombi-
nant AcP10 catalysed the ATP-dependent conversion of uridine 
into UMP in vitro (Fig. 1d). This enzymatic activity was lost upon 
substitution of residues in the predicted catalytic and ATP-binding 
sites (Asp 41 to Ala or Lys 16 to Asn, respectively) that are strictly 
conserved among cellular UCKs and critical for their function. 
Thus, AcP10 was unambiguously identified as a uridine kinase. 
Remarkably, however, AcP10 has an additional function as an ISR 
antagonist, as we discovered in transient expression experiments. 
We and others previously reported that transfection of HeLa cells 
with enhanced green fluorescent protein plasmids (pEGFPs) trig-
gers the ISR via dsRNA-dependent activation of PKR resulting in 
the formation of stress granules9,15,16. Activation can be blocked by 
the expression of dsRNA-binding ISR antagonists, such as influenza 
virus NS1 and Middle East respiratory syndrome coronavirus p4a9. 
Surprisingly, cells expressing AcP10-EGFP were consistently devoid 
of stress granules (Fig. 1f, left), providing an indication that AcP10 
counteracts the ISR.

To test whether AcP10, like NS1, acts in a PKR-specific man-
ner, transfected cells were treated with arsenite, to induce the ISR 
also via HRI. Under these conditions, AcP10—but not NS1—pre-
vented stress granule formation (Fig. 1f, middle). However, AcP10 
did not block stress granule production in cells treated with the 
ISR-independent translation inhibitor pateamine A (Fig. 1f, right). 
The data thus suggest that AcP10 targets the ISR downstream of 
the eIF2α kinases. This function is UCK independent, because 
UCK-deficient AcP10 mutants still suppressed stress granule for-
mation (Fig. 1g). To identify AcP10 residues that are critical to 
ISR inhibition, we performed alanine screening on a selection of 
histidines and potentially phosphorylated serines and threonines 
(16 in total), all surface exposed in the UCK fold (for a predicted 
three-dimensional structure, see Extended Data Fig. 1). Of the 
mutants tested, AcP10H193A, AcP10H200A and the double mutant 
AcP10H193A/H200A (henceforth called AcP10(SA–)) no longer sup-
pressed the formation of stress granules (Fig. 1g). However, they 
still exhibited uridine kinase activity (Fig. 1e), demonstrating that 
the ISR inhibitor and UCK functions of AcP10 are separable and 
hence independent.

Consistent with a role as UCK and ISR antagonist, AcP10-EGFP 
localized to the cytosol. However, we did note that the protein largely 
accumulated in perinuclear deposits, apparently in aggregated form 
(Fig. 1f,g). Indeed, upon fractionation of Triton X-100 lysates of 
transfected cells, most AcP10 was insoluble and resided in the pel-
let with only about 20% remaining in the supernatant (Extended 
Data Fig. 2). Importantly, stress granule formation was also blocked 
in cells that expressed AcP10-EGFP at very low levels, and those 
that lacked AcP10 deposits (see also Extended Data Fig. 3b). The 
aggregation of AcP10-EGFP at high intracellular concentrations 
thus appears irrelevant to ISR inhibition. In addition, the inactive 
mutant AcP10(SA−) also accumulated in aggregates, indicating that 

the presence of perinuclear deposits per se does not interfere with 
stress granule formation.

AcP10 rescues global translation in the presence of p-eIF2. As 
AcP10’s ability to inhibit the ISR is not specific for a particular eIF2 
kinase nor type of stressor, we assessed whether AcP10 induces eIF2 
dephosphorylation (class 3 antagonist) by analysing its impact on 
p-eIF2α levels in stressed cells.

Cells dually stressed by DNA transfection and arsenite treatment 
had high levels of p-eIF2α compared with non-stressed cells, and 
global translation was markedly reduced, as measured by western 
blot detection of puromycin incorporation (Fig. 2a). AcP10 did not 
affect eIF2 phosphorylation, as p-eIF2α levels in AcP10-expressing 
cell populations were identical to those in the controls. Nevertheless, 
AcP10 efficiently rescued global protein synthesis. Translation was 
also restored by UCK-deficient AcP10D41A but not by AcP10(SA−) 
or NS1. Of note, the analyses were performed on total cell popula-
tions in which only 30–50% of the cells produced AcP10. To quan-
titatively assess to what extent AcP10 rescues translation during 
stress, global protein synthesis was measured in individual cells by 
flow cytometry. In cells stressed by DNA transfection exclusively 
(Fig. 2b) or by a combination of transfection and arsenite treat-
ment (Extended Data Fig. 3a), AcP10 allowed protein synthe-
sis to proceed unhindered at rates indistinguishable from those 
in non-stressed cells. Notably, minute amounts of AcP10, barely 
detectable by fluorescence microscopy or flow cytometry, sufficed 
to block stress granule formation (Extended Data Fig. 3b) and to 
fully rescue translation (Extended Data Fig. 3c).

Unfortunately, we were unable to study the role of AcP10 in cells 
infected with Bw-CoV SW1, as this virus has not yet been isolated 
in cultured cells and, hence, no reverse genetics system has been 
established. To investigate whether AcP10 also inhibits the ISR 
in virus-infected cells, we resorted to a model based on recombi-
nant encephalomyocarditis virus mutant EMCV-Lzn, in which the 
autologous ISR antagonist (the leader (L) protein) is inactivated. 
Consequently, the mutant virus can no longer counteract the ISR17; 
thus, it can be used as a convenient platform for the identification 
and characterization of ISR antagonists of other viruses9,18. Infection 
with EMCV-Lzn, EMCV-Lzn-AcP10 or EMCV-Lzn-AcP10(SA−) 
(Extended Data Fig. 4) induced eIF2α phosphorylation to similar 
extents. However, only cells infected with EMCV-Lzn-AcP10 were 
devoid of stress granules (Fig. 2c) and displayed translation rates 
similar as those in non-infected cells (Fig. 2d). These observa-
tions provide formal evidence that AcP10 also counters the ISR in 
virus-infected cells.

Recently, a small molecule inhibitor of the ISR (ISRIB) was 
described to render cells less sensitive to p-eIF2. ISRIB promotes the 
assembly of the fully active decameric eIF2B complex, and thereby 
increases eIF2B GEF activity19–22. However, ISRIB does not prevent 
p-eIF2 from binding eIF2B and thus cannot counteract the ISR at 
high intracellular p-eIF2 concentrations that sequester virtually 
all eIF2B. For this reason, ISRIB fails to rescue translation in HeLa 
cells treated with arsenite concentrations >100 μM23, even at high 
ISRIB concentrations (200 nM, which is 40 times ISRIB’s reported 
half-maximum effective concentration20). In contrast with ISRIB, 
AcP10 remained fully active even in cells exposed to arsenite con-
centrations of up to 500 μM (Fig. 2e). The combined data suggest 
that AcP10 blocks the ISR downstream of eIF2α phosphorylation, 
not by any mechanism previously described for other viral ISR 
antagonists or ISRIB, but by allowing global translation to proceed 
seemingly unimpaired even at high intracellular concentrations of 
p-eIF2α.

AcP10 prevents upstream ORF (uORF)-mediated translation 
upregulation in stressed cells. While global translation rates 
decline in stressed cells, the production of a subset of proteins is 
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promoted. Among these proteins is activating transcription factor 4 
(ATF4)—a key effector of the ISR. Its synthesis is under the control 
of a cis-acting messenger RNA (mRNA) regulatory element, which 
comprises two upstream ORFs (uORF1 and uORF2). The regula-
tory mechanism is based on cap-dependent translation of uORF1 
with resumed scanning of 40S ribosomes and re-initiation at down-
stream start codons dependent on the rate of ternary complex 
formation and recruitment. At physiological ternary complex con-
centrations, re-initiation preferentially occurs at uORF2, preventing 
ATF4 expression. However, when ternary complex concentrations 
drop, the ribosomes bypass the uORF2 AUG codon and ATF4 
expression is switched on. Predictably, when ternary complex con-
centrations fall even further, the ATF4 AUG codon is also bypassed 
causing ATF4 expression to be switched off again24–26. To study 
whether AcP10 affects uORF-mediated translation regulation under 
conditions of stress, an expression vector was constructed encod-
ing EGFP under control of the ATF4 regulatory element (Fig. 3a).  
EGFP expression was measured in cells under conditions of increas-
ing stress, and the effect of AcP10 co-expression was assessed with 
the inactive mutant AcP10(SA−) serving as a negative control. 
In accordance with our observations for global protein synthesis, 
translation from a control reporter construct lacking the ATF4 
regulatory element was salvaged by wild-type AcP10 even under 
conditions of extreme stress, but was inhibited in stressed cells 
expressing AcP10(SA−) (Fig. 3b,c). Conversely, EGFP expression 
under control of the ATF4 regulatory element was upregulated in 
AcP10(SA−)-producing cells, albeit only when exposed to moder-
ate stress (25 μM arsenite) (Fig. 3c, right). Importantly, under identi-
cal conditions, this upregulation did not occur in AcP10-expressing 
cells. These data suggest that AcP10 allows formation of ternary 
complexes to proceed, irrespective of the p-eIF2 concentrations.

eIF2B is a cellular interaction partner of AcP10. To determine 
how AcP10 renders cells resistant to p-eIF2α and maintains ternary 
complex concentrations at sufficient levels to allow unperturbed 
translation, its cellular interaction partners were identified by tan-
dem affinity purification (TAP) mass spectrometry (see Methods 
for experimental details). Figure 4a shows a STRING (Search Tool 
for the Retrieval of Interacting Genes/Proteins) analysis of all pro-
teins that were two- to fivefold, five- to tenfold or greater than 
tenfold enriched in peptide spectral matches (PSMs) in the AcP10 
sample compared with each of the controls, using a threshold of at 
least 25 PSMs detected. SAINT probability scores27 and fold enrich-
ment in spectral counts as calculated relative to the negative control 
(foot-and-mouth disease virus leader proteinase) are shown in Fig. 4b.  
Importantly, among the hits with the highest PSM enrichment fac-
tors were all three subunits of eIF2 (eIF2α, eIF2β and eIF2γ) and 
all five subunits of eIF2B (eIF2Bα, eIF2Bβ, eIF2Bγ, eIF2Bδ and 
eIF2Bε) (see also Supplementary Table 1). Since the eIF2B sub-

units of humans and beluga whales are 92–96% identical, AcP10  
probably has the same interaction, and consequently function, in 
its natural host.

The interaction of AcP10 with eIF2 and eIF2B was confirmed 
by western blot analysis using antibodies directed against eIF2Bε 
(representing the eIF2B complex) and eIF2α (representing the eIF2 
complex) (Fig. 4c). Notably, yeast eIF2 was shown to stably interact 
with eIF2B under the conditions used in these pull-down experi-
ments, but to dissociate from eIF2B under high-salt conditions28. 
To determine whether AcP10 binds eIF2, eIF2B or the eIF2–eIF2B 
macrocomplex, the pull-down samples were subjected to high-salt 
elution to disrupt eIF2–eIF2B interaction28. While most eIF2α ended 
up in the supernatant fraction (Fig. 4c; lanes marked ‘sup.’), eIF2Bɛ 
remained AcP10 associated (Fig. 4c; lanes marked ‘beads’). To cor-
roborate the observations and to gain further insight into how AcP10 
associates with eIF2B, AcP10 affinity pull-down samples purified 
from HEK293T cell lysates were subjected to lysine-specific chemi-
cal cross-linking and mass spectrometry analysis using described 
procedures29. Of the 86 cross-linked dipeptides that were identified, 
most were intra-links within AcP10 or eIF2B. However, six of them 
involved a linkage of AcP10 to eIF2Bε (n = 2) or eIF2Bδ (n = 4). One 
additional dipeptide arose from a cross-link between the amino 
(N)-terminal S-tag of AcP10 and eIF2Bε (Extended Data Fig. 5). 
Collectively, the data suggest that AcP10 binds directly to eIF2B, 
and that eIF2 is co-purified in AcP10–eIF2B complexes owing to its 
association with eIF2B.

eIF2B preferentially binds eIF2 over p-eIF2 in the presence of 
AcP10. AcP10 renders eIF2B insensitive to p-eIF2 in stressed cells 
but does not noticeably affect translation in non-stressed cells. The 
data therefore suggest that AcP10 affects the interaction of eIF2B 
with p-eIF2, but not with eIF2. The fact that eIF2, through its asso-
ciation with eIF2B, co-purifies with the AcP10–eIF2B complex 
(Fig. 4c) provided an experimental approach to study the impact 
of AcP10 on the interaction of eIF2B with eIF2 and p-eIF2. AcP10–
eIF2B complexes were isolated from HEK293T cells transiently 
expressing TAP-tagged AcP10 and stressed by exposure to arsenite 
concentrations of up to 500 µM. Strikingly, even under conditions of 
severe stress (Fig. 5a; ‘total lysate’; 500 µM arsenite), AcP10–eIF2B 
complexes were devoid of detectable p-eIF2 (Fig. 5a; ‘TAP tag’). 
These data suggest that eIF2 associated with AcP10–eIF2B is in its 
non-phosphorylated form and that AcP10 precludes the p-eIF2–
eIF2B interaction in stressed cells.

For independent confirmation of these observations, we per-
formed the reciprocal experiment entailing a pull-down analy-
sis targeting eIF2B instead of AcP10. HeLa cells stably expressing 
FLAG-tagged eIF2Bβ30 were transfected to transiently express 
EGFP-tagged AcP10 or AcP10(SA−) and either left untreated or 
stressed using 500 µM arsenite. eIF2B complexes and associated 

Fig. 1 | AcP10 is a uridine kinase and an ISR antagonist. a, Schematic of the Bw-CoV genome and the ORF10-encoded protein AcP10. b, Alignment of 
AcP10 with human UCK2 (hUCK2). The ATP-binding domain (consensus sequence; GXXXXGKS) and the (putative) catalytic aspartic acid are indicated. 
c, Phylogenetic tree of uridine kinases originating from various branches of the tree of life, including a structurally related distant relative of uridine 
kinases (pantothenate kinase (PANK)) as an outgroup58. The scale bar indicates the number of amino acid differences between sequences. A full list 
of the protein sequences used for this analysis is given in the source data file for this figure. d, Thin-layer chromatography analysis of an in vitro uridine 
kinase assay using the indicated proteins. Highlighted are the positions of the substrates (ATP and U) and end products (ADP and UMP) of the uridine 
kinase reaction. e, Thin-layer chromatography analysis of an in vitro uridine kinase assay using AcP10 mutants that lack the ability to antagonize the ISR. 
f, Immunofluorescence analysis of stress granule (SG) formation in HeLa cells transiently overexpressing the indicated EGFP fusion proteins, without 
additional treatment (PKR-dependent plasmid DNA-induced stress), after treatment with 500 µM arsenite for 45 min (HRI-dependent stress) or after 
treatment with 100 nM pateamine A (pat. A) for 2 h (eIF2α-independent stress). EGFP expression is shown in green, whereas the stress granule marker 
G3BP1 is shown in red. g, Immunofluorescence analysis of stress granule formation in arsenite-treated HeLa cells transiently overexpressing the indicated 
EGFP fusion proteins. K16N (ATP-binding pocket) and D41A (catalytic residue) mutations in AcP10 abolish its uridine kinase activity, whereas H193A and 
H200A mutations abolish AcP10’s ability to block the ISR. In f and g: scale bars, 50 μm; quantifications of the percentages of stress granule-positive cells 
are given in the bar graph to the right; statistical analysis was assessed using one-way analysis of variance (ANOVA) with a Bonferroni post-hoc test; and 
data represent means ± s.d. of n = 3 biologically independent experiments. NS, not significant.
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proteins were purified by FLAG-tag chromatography, and amounts 
of co-purified eIF2α, p-eIF2α and AcP10 were assessed (Fig. 5b). 
In stressed cell cultures expressing AcP10, eIF2B macrocomplexes 
contained 70% less p-eIF2 than in stressed cell cultures express-

ing AcP10(SA−). Since this reduction was achieved within a cell 
population in which 70% of the cells expressed AcP10 (Fig. 5c), 
this finding suggests that very little, if any, p-eIF2 binds to eIF2B 
in AcP10-expressing cells. The results strongly support the notion 
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that AcP10, through its association with eIF2B, selectively ham-
pers p-eIF2–eIF2B interaction and thereby promotes continued 
eIF2B-mediated eIF2–GDP/GTP exchange, ternary complex for-
mation and translation. The data also provide an indication of the 
AcP10 mechanism. In TAP-tagged purified AcP10–eIF2B com-
plexes, the amounts of associated eIF2B (Fig. 5a, right) consistently 
declined with increasing intracellular levels of p-eIF2 (Fig. 5a, left). 
This finding strongly supports a mechanism of competitive bind-
ing. Additional support comes from experiments that revealed an 
association also between AcP10(SA−) and eIF2B in non-stressed 
cells, but not in stressed cells (Fig. 5b). Apparently, the mutations 
in AcP10(SA−) reduce its binding affinity for eIF2B rather than 
prevent binding altogether, explaining why eIF2B was lost during 
protracted (20 h), multistep TAP-tag purification (Fig. 5a) but not 
during the relatively rapid (3 h), one-step FLAG-tag isolation pro-
cedure. Importantly, eIF2B purified from stressed cells was associ-
ated with large quantities of p-eIF2 but no AcP10(SA−). The data 
suggest that, as a consequence of its reduced affinity, AcP10(SA−) 
is displaced from eIF2B by p-eIF2 more readily than wild-type 
AcP10, again consistent with competitive binding. From the com-
bined results, we conclude that AcP10 salvages global translation 
in stressed cells in the face of ISR activation by acting as a competi-
tive inhibitor of p-eIF2–eIF2B association. This competition may 
be achieved by overlapping binding sites of AcP10 and p-eIF2 on 

eIF2B. Alternatively, the AcP10–eIF2B interaction may lock eIF2B 
in a conformation that does not allow p-eIF2 binding and vice versa.

The L protein of the picornavirus AiV inhibits the ISR via an 
AcP10-like mechanism. AcP10 inhibits the ISR via a mechanism 
that to the best of our knowledge has not been described before. 
This prompted the question of whether other viruses, unrelated to 
Bw-CoV, might encode stress inhibitors with a similar mechanism. 
To study this, we focused on L proteins encoded by picornaviruses. 
Like the coronavirus accessory proteins, picornavirus L proteins 
are generally dispensable for virus replication in vitro and highly 
diverse in sequence, structure and function, although often involved 
in counteracting antiviral responses31. We found that the L protein 
of the human gastroenteric pathogen AiV, like AcP10, prevents both 
PKR- and HRI-dependent stress granule formation, but not stress 
granule formation induced by pateamine A (Fig. 6a). Furthermore, 
flow cytometry analysis showed that AiVL rescues translation even 
at high levels of p-eIF2 (Fig. 6b). To identify residues important 
for AiVL’s ISR antagonist function, we used an alanine scanning 
approach and determined two cysteines in AiVL (C53 and C56) 
to be essential for inhibition of stress granule formation (Extended 
Data Fig. 6a), for the rescue of translation in the presence of p-eIF2α 
(Extended Data Fig. 6b) and for binding eIF2B (Extended Data  
Fig. 6c). Importantly, as shown in Extended Data Fig. 6c, AiVLC56A 
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fails to bind eIF2B even when expressed at higher levels than 
wild-type AiVL. Subunits of eIF2B co-purified from cell lysates with 
AiVL as bait but not with mutant LC56A, and eIF2B–AiVL complexes 
were stable under high-salt conditions that disrupt eIF2–eIF2B inter-
action, strongly suggesting that AiVL binds eIF2B directly (Fig. 6c). 
Accordingly, AiVL co-purified with eIF2B in reciprocal pull-down 
assays (Fig. 6d). Importantly, eIF2B complexes purified from  
cells expressing AiVL, relative to those purified from cells express-
ing AiVLC65A, contained strongly reduced amounts of p-eIF2,  
suggesting that AiVL, like AcP10, prevents p-eIF2–eIF2B associa-
tion (Fig. 6e,f).

To test the function of AiVL in the context of the natural infection, 
we generated a recombinant AiV in which the L protein was inacti-
vated by a double C53A/C56A mutation through reverse genetics. 
Cells infected with wild-type AiV or AiV-LC53A/C56A contained simi-
lar quantities of dsRNA and equally high levels of p-eIF2 (Fig. 7a,b). 
In those infected with AiV-LC53A/C56A, global translation was severely 
repressed (Fig. 7a) and stress granules were formed (Fig. 7b,c). 

In contrast, in cells infected with wild-type AiVL, stress granules 
were not observed at any time during infection and global transla-
tion rates remained intact (Fig. 7a–c and Extended Data Fig. 7). To 
assess the impact of loss of AIVL function on virus propagation, we 
performed single-step growth curve analyses of wild-type AiV and 
AiV-LC53A/C56A. Inactivation of AiVL consistently resulted in delayed 
propagation and tenfold lower titres in Vero E6 cells (Fig. 7d).  
To determine whether this replication defect of AiV-LC53A/C56A  
is caused by its inability to counteract the ISR, we transfected HeLa 
wild-type and HeLa PKRKO cells with in vitro-transcribed viral 
RNA and assessed the production of infectious virus over time. 
We resorted to RNA transfections because HeLa cells are not sus-
ceptible to AiV. In Hela wild-type cells, AiV-LC53A/C56A displayed 
a substantial loss of fitness and replicated to titres roughly 15- to 
20-fold lower than those of wild-type AiV (Fig. 7e,g). However, in 
HeLa PKRKO cells, AiV-LC53A/C56A replication was largely rescued (on 
average only threefold lower titres compared with wild-type AiV; 
Fig. 7f,g). The findings indicate that the reduced propagation of 
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AiV-LC53A/C56A in wild-type HeLa cells is predominantly caused by 
PKR-induced ISR activation and that inhibition of the ISR by AiVL 
is necessary for optimum virus replication. Taken together, our data 
show that AiVL counteracts the ISR in a manner similar to that of 
AcP10, not only under conditions of heterologous expression, but 
also in AiV-infected cells, and that this function is necessary for effi-
cient AiV propagation under natural conditions.

Discussion
ISR-mediated inhibition of (viral) protein synthesis presents a 
potent antiviral defence mechanism. Consequently, numerous 
viruses have evolved strategies to either prevent activation of ISR 
sensor proteins or to reverse eIF2 phosphorylation. Here, we report 
the identification of viral ISR antagonists that do not impact the 
level of p-eIF2, but instead target the ISR at its core: the interplay 
between p-eIF2 and eIF2B. The coronavirus protein AcP10 and 
the picornavirus protein AiVL engage in stable interactions with 
eIF2B and act as competitive inhibitors of p-eIF2 binding, without 
affecting the association of eIF2B’s substrate eIF2. Consequently, 
eIF2B GEF activity cannot be inhibited by p-eIF2, ensuring ongoing 

translation even under stress conditions in which the majority of 
the cellular eIF2 pool is phosphorylated. Bw-CoV AcP10 and AiVL 
share no significant sequence identity, there are no indications for 
structural similarity, and while the origin of AcP10 as uridine kinase 
is evident, that of AiVL is unknown. Our findings thus suggest 
that representatives of two distinct orders of positive-strand RNA 
viruses adopted a similar strategy of suppressing the ISR through 
convergent evolution. In line with the classification of viral ISR inhi-
bition as presented in the introduction, we refer to these proteins as 
class 4 ISR antagonists.

AcP10 and AiVL mode of action and implications. The results 
from reciprocal affinity purification assays and (cross-linking) mass 
spectrometry provide unambiguous evidence that AcP10 and AiVL 
associate with eIF2B. It remains to be determined whether they pre-
vent p-eIF2 from binding by directly blocking the p-eIF2 binding 
site, or indirectly by inducing an eIF2B conformation incompat-
ible with the p-eIF2–eIF2B interaction. Interestingly, recent cryo-
genic electron microscopy structures for mammalian eIF2–eIF2B 
and p-eIF2–eIF2B complexes32,33 combined with the results from 
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our cross-linking/mass spectrometry analysis of AcP10–eIF2B sug-
gest that AcP10 roughly localizes to an area of eIF2B close to the 
eIF2Bα/eIF2Bδ interface that is occupied by p-eIF2α but not eIF2α. 
Whether AcP10 binds eIF2B as a monomer or homomultimer, and 
whether AcP10 does so in its UCK fold or in an alternative con-
formation, remain open questions. Elucidation of the details of the 
molecular mechanism by which AcP10 and AiVL inhibit the ISR 
awaits structural analysis of their complexes with eIF2B. This not-
withstanding, our findings challenge the view in the field that eIF2 

and p-eIF2 bind to eIF2B in essentially identical fashion34,35; if this 
were the case, we would expect any antagonist disrupting p-eIF2 –
eIF2B and p-eIF2–eIF2B, blocking formation of the latter complex 
exclusively, eIF2 and p-eIF2 must differ in their binding character-
istics. These findings not only further our molecular insight into 
the eIF2–eIF2B interaction but may also be of future clinical rel-
evance. Chronic activation of the ISR has been implicated in a vari-
ety of conditions, including developmental defects, prion disease, 
traumatic brain injury and cancer20,36–38. Adverse effects of the ISR 
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can be alleviated by pharmacological modulation, as demonstrated 
with a small molecule inhibitor, ISRIB, that boosts eIF2B’s basal 
GEF activity by promoting eIF2B dimerization19,20,39,38,40–42,]. Our 
observations suggest that the p-eIF2–eIF2B association may pres-
ent another druggable vulnerability of the ISR. Future comparative 
structural analyses of eIF2B macrocomplexes containing AcP10 or 
AiVL, eIF2 and/or p-eIF2 may reveal target binding sites on eIF2B 

amenable to structure-based drug design and thereby facilitate the 
development of new, and possibly more potent, ISR inhibitors of 
therapeutic relevance.

AcP10 origin and evolution from UCK to ISR antagonist. 
Coronaviruses are exceptional among RNA viruses with respect to 
genetic complexity and genome plasticity, probably owing to their 
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propensity for frequent heterologous RNA recombination. During 
coronavirus radiation and diversification, a basic set of genes for 
the replication machinery and structural proteins was comple-
mented by a specific set of accessory genes, which are unique to 
specific virus (sub)groups and reflect their different evolutionary 
trajectories. These accessory genes, encoding proteins that increase 
viral fitness in a variety of ways, often are of unknown origin with-
out cellular or viral counterpart, and in many cases may well have 
evolved de novo. AcP10 is one of the few coronavirus accessory 
proteins for which an origin may be inferred. AcP10 shares ~30% 
sequence identity with cellular UCKs—an ancient protein family 
widely distributed in Bacteria and Eukarya43—and hence its gene 
is clearly of cellular origin, either acquired directly from a host or 
through an unknown viral intermediate. The donor of the gene is 
not immediately evident as AcP10 is distinct from all cellular UCKs 
described so far, as well as from those found in giant viruses, and 
the phylogenetic signal has been blurred, probably due to extensive 
genetic drift. Importantly, however, AcP10’s function as an UCK is 
conserved, indicating that the UCK function has been advantageous 
to the virus over the course of evolution. The acquisition of this 
gene probably provided the virus with an opportunity to explore 
sequence space, since any adaptation that does not interfere with its 
primary UCK function is allowed. This may ultimately have yielded 
a second, UCK-independent function for AcP10 as an extraordi-
narily potent antagonist of the ISR.

Methods
Cell lines. HeLa R19, BHK-21, Vero E6 and HEK293T cells were cultured in 
Dulbecco’s modified Eagle’s medium supplemented with 10% (vol/vol) foetal calf 
serum at 37 °C. BHK-21 cells, HEK293T cells and Vero E6 cells, obtained from the 
American Type Culture Collection (ATCC) (that is, ATCC CCL-10, ATCC CRL-
3216 and ATCC CRL-1586, respectively) were validated by ATCC through short 
tandem-repeat profiling. HeLa R19 cells were obtained from G. Belov (University 
of Maryland and Virginia–Maryland Regional College of Veterinary Medicine)44,45. 
HeLa R19-eIF2Bβ-3×FLAG cells were kindly provided by the laboratory of D. 
Ron, having previously been created by inserting a triple FLAG sequence at 
the N terminus of the eIF2Bβ gene by CRISPR–Cas9 gene editing30. HeLa R19 
PKRKO were created by inactivating the PKR gene using CRISPR–Cas9. Knockout 
was confirmed using western blotting and PCR amplification of the genomic 
region of interest9. All cell lines were tested and found negative for Mycoplasma 
contamination.

Plasmids. Recombinant proteins for uridine kinase assays were expressed in 
HEK293T cells using pCAGGS plasmids (Addgene; plasmid 41583) in which 
the original coding sequence was replaced with ORFs that encode the indicated 
Strep-tagged proteins under the control of a chicken β-actin promoter. For 
mammalian overexpression of EGFP fusion proteins in Immunofluorescence assay 
(IFA) and flow cytometry experiments, we used pEGFP-N constructs (ClonTech; 
plasmid U55762.1).

The ATF4 reporter construct (pcDNA3-ATF4-RE-EGFP-Strep2) was created 
in the context of a pcDNA3.1 vector (Addgene; plasmid V790-20) and induces 
expression of an mRNA that contains the ATF4 upstream ORFs, as well as an ORF 
encoding a Strep-tagged EGFP protein. The mRNA encoded by the ATF4 reporter 
construct and the mRNA encoded by the negative control (pcDNA3-EGFP-Strep2) 
reporter construct are schematically shown in Fig. 3a.

For overexpression of TAP-tagged proteins in co-immunoprecipitation 
experiments, we used pcDNA3.1 constructs encoding the indicated proteins 
with an N-terminal multi-component TAP tag (S-tag, 3C protease cleavage site, 
Strep2-tag and FLAG-tag). The EMCV infectious clone pM16.1 (ref. 17) and AiV 
infectious clone pAV46 were described previously. A full list of the plasmids used in 
this study is given in Supplementary Table 2.

Viruses. EMCV-Lzn was described previously17. The gene encoding AcP10 or 
AcP10(SA−) with a carboxy-terminal VFETQ|G cleavage site was inserted at 
the 5′ end of the viral polyprotein coding sequence in the pM16.1 infectious 
clone (resulting in pM16.1-AcP10-Lzn-VFETQG and pM16.1-AcP10H193A/

H200A-Lzn-VFETQG, respectively)17. AiV was obtained from the pAV infectious 
clone46, and mutant AiV was obtained from pAV in which double the mutation 
C53A/C56A in L was introduced by site-directed mutagenesis (pAV-LC53A/C56A). To 
create infectious virus, pM16.1 and pAV plasmids were linearized by BamHI or 
HindIII restriction, respectively, and infectious RNA was synthesized by in vitro 
transcription from a T7 promoter using the RiboMAX in vitro transcription 
system (Promega). The RNA was purified using the NucleoSpin RNA mini kit 
(Macherey-Nagel) according to the manufacturer’s protocol, and a total of 1 µg 

RNA was subsequently transfected in a subconfluent T225 flask of BHK-21 cells 
(EMCV) or Vero cells (AiV) using Lipofectamine 2000 (Invitrogen) transfection 
reagent according to the manufacturer’s protocol. After 2–4 d, when complete 
cytopathic effect was observed, virus stocks were freeze-thawed three times and 
cell debris spun down. Virus in the supernatants was purified and concentrated by 
ultracentrifugation (100,000g) for 16 h on a 30% sucrose cushion, and virus pellets 
were resuspended in phosphate-buffered saline (PBS). The integrity of the ORF10 
gene in EMCV-Lzn-AcP10 and EMCV-Lzn-AcP10(SA−), and the AiVL gene in AiV 
and AiVC53/56A, was confirmed by isolation of the viral RNA using the NucleoSpin 
RNA virus mini kit (Macherey-Nagel) according to the manufacturer’s protocol. 
Subsequently, complementary DNA was synthesized using the SuperScript III 
first-strand synthesis system (Invitrogen) according to the manufacturer’s protocol, 
and the region of interest was PCR amplified and Sanger sequenced.

Uridine kinase assay. Purified protein samples were prepared by transient 
transfection of pCAGGS-Strep constructs encoding the relevant proteins in 
HEK293T cells. After overnight expression, cells were lysed in lysis buffer 
(40 mM Tris-HCl (pH 7.4), 50 mM NaCl, 10 mM EDTA, 1% NP-40 and cOmplete 
Mini Protease Inhibitor Cocktail (Roche)) and cell debris were removed by 
centrifugation. Subsequently, soluble Strep-tagged proteins were bound to 
Strep-Tactin beads (IBA) for 2 h at 4 °C. Samples were washed three times in wash 
buffer (40 mM Tris-HCl (pH 7.4), 50 mM NaCl and 1 mM EDTA) and the protein 
was eluted in wash buffer containing 10 mM desthiobiotin. Protein concentrations 
were measured on a NanoDrop 1000 spectrophotometer (Thermo Fisher 
Scientific). Reaction mixtures were set up using 100 ng of the indicated purified 
Strep-tagged protein, 2 µg uridine, 4 µg ATP, 1 mM dithiothreitol (DTT) and 0.1 µg 
bovine serum albumin (BSA) in 1× NEBuffer 2 (New England Biolabs) in a total 
volume of 10 µl. After 1 h incubation at 37 °C, a total of 1.5 µl was applied stepwise 
(6 × 0.25 µl) on a PEI Cellulose F plate (Merck Millipore). The plate was dried after 
each application. The base of the plate was then put in the mobile phase solution 
(distilled water + 500 mM NaCl + 1 mM LiCl) until the liquid front almost reached 
the top of the plate. The presence of U, UMP, ATP and ADP was visualized under a 
short-wavelength (254 nm) ultraviolet lamp.

IFA. HeLa cells were seeded on glass cover slips in a 24-well cluster at subconfluent 
densities. The cells were transfected overnight with 500 ng of the indicated plasmids 
using FuGENE 6 reagent (Roche) according to the manufacturer’s protocol. The 
next day, cells were left untreated, treated with 500 µM arsenite (Riedel-de Haën) or 
treated with 100 nM pateamine A for 30 min and subsequently fixed in PBS + 4% 
paraformaldehyde (PFA). Alternatively, cells were infected with the indicated 
recombinant EMCV (multiplicity of infection (MOI) = 2) for 5 h or AiV (MOI = 1) 
for 8 h and fixed in PBS + 4% PFA. Samples were permeabilized by incubation 
in PBS + 0.1% Triton X-100 for 5 min and blocked in block buffer (PBS + 2% 
BSA + 50 mM NH4Cl) for 1 h. The cells were incubated in block buffer containing 
mouse anti-hG3BP1 (1:200; BD Biosciences), rabbit anti-hG3BP1 (1:200; Aviva), 
goat anti-eIF3η (1:200; SantaCruz), rabbit anti-G3BP2 (1:200; Bethyl) and/or 
mouse anti-dsRNA (1:1,000; English & Scientific Consulting) for 45 min. After 
three wash steps in block buffer, cells were incubated with secondary antibody 
donkey anti-Mouse cy5 (The Jackson Laboratory), donkey anti-Rabbit Alexa 
647 (Life Technologies), donkey anti-Goat Alexa 568 (Life Technologies) and/or 
donkey anti-Mouse Alexa 488 (Life Technologies) at a concentration of 1:200 in 
block buffer. Cells were washed once in block buffer and once in distilled water. 
Cover glasses were then mounted on slides in FluorSave Reagent (Calbiochem) and 
visualized by confocal microscopy using a Leica SPE-II (Leica Microsystems).

Flow cytometry assay. HeLa cells were seeded on glass cover slips in a 24-well 
cluster at subconfluent densities. The next day, cell layers were transfected with 
500 ng of the indicated plasmids using FuGENE 6 reagent (Roche) according to the 
manufacturer’s protocol. After overnight incubation, cells were treated with 500 µM 
arsenite or left untreated. Alternatively, cells were infected with the indicated 
recombinant EMCV (MOI = 5) for 5 h, or recombinant AiV (MOI = 5) for 8 h. 
Puromycin labelling of active translation was done by exposing cells to 20 µg ml−1 
puromycin during the final 15 min of the assay. Cells were then released by trypsin 
treatment and fixed in 4% PFA in PBS for 30 min, and subsequently permeabilized 
in ice-cold MeOH for 10 min. The samples were washed twice in FACS buffer 
(PBS + 1% BSA) and subsequently incubated with the primary antibodies mouse 
anti-Puromycin (Merck Millipore) and rabbit anti-p-eIF2α (Abcam) at 1:100 
dilution in FACS buffer for 45 min. Samples were washed twice in FACS buffer and 
subsequently incubated in the secondary antibodies donkey anti-Mouse Cy5 (The 
Jackson Laboratory) and goat anti-Rabbit Alexa 594 (Invitrogen) at 1:200 dilution 
in FACS buffer for 45 min. Samples were washed once in FACS buffer and kept in 
FACS buffer + 2% PFA at 4 °C until analysis with a FACSCanto II (BD Biosciences). 
The gating strategy used in the flow cytometry analyses is briefly explained in 
Extended Data Fig. 8.

Western blot analysis. Cells were lysed in ice-cold lysis buffer (40 mM Tris-HCl 
(pH 7.4), 150 mM NaCl, 10 mM EDTA, 1% NP-40, phosphatase inhibitor cocktail 2 
(Sigma–Aldrich), phosphatase inhibitor cocktail 3 (Sigma–Aldrich) and cOmplete 
Mini Protease Inhibitor Cocktail (Roche)) for 30 min. Cell debris were pelleted 
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and the protein concentration in the supernatant was determined using the Pierce 
BCA assay (Thermo Fisher Scientific) according to the manufacturer’s protocol. 
For each sample, 35 μg protein in 1× Laemmli sample buffer (LSB) was separated 
on 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
gels and transferred to nitrocellulose membranes by wet transfer. Membranes were 
probed with the indicated primary antibodies, mouse anti-Puromycin (Merck 
Millipore), rabbit anti-p-eIF2α (Abcam), rabbit anti-eIF2α (Cell Signaling), 
rabbit anti-EGFP47, mouse anti-Tubulin (Sigma–Aldrich), mouse anti-FLAG 
(Sigma–Aldrich), rabbit anti-eIF2Bε (Abcam) or rabbit anti-eIF2Bα (Proteintech), 
all used at 1:1,000 dilution. After three wash steps, membranes were incubated 
in secondary antibodies goat anti-Mouse IRDye 680 (LI-COR; 1:15,000) or goat 
anti-Rabbit IRDye 800 (LI-COR; 1:15,000). Fluorescence images were captured 
using the Odyssey imager (LI-COR). Unless otherwise indicated, all western blots 
shown within the same figure panels were performed in parallel and analysed using 
the same settings.

35S radiolabelling assay. HeLa PKRKO cells were seeded in six-well clusters 
to subconfluent densities. The next day, cells were co-transfected with 1.5 µg 
pEGFP-N1 plasmid encoding AcP10-EGFP or AcP10(SA−)-EGFP together with 
0.5 µg of the indicated pcDNA3 reporter construct using FuGENE 6 transfection 
reagent. After overnight incubation, the medium was replaced with medium 
without methionine and cysteine for 30 min. Subsequently, arsenite was added 
to the medium at the indicated final concentrations for another 30 min. Then, 
35S Met/Cys (Perkin Elmer) was added to the medium at a final concentration 
of 10 µCi ml−1 for 90 min. The supernatant was removed, and cells were washed 
three times in PBS and then lysed in lysis buffer (20 mM Tris-HCl (pH 7.4), 
100 mM NaCl, 1 mM EDTA, 1% Triton X-100 and cOmplete Mini Protease 
Inhibitor Cocktail (Roche)). Cell debris were spun down, and supernatants were 
transferred to new tubes. A total of 10 µl of Strep-Tactin beads (IBA) were added 
to each sample and incubated rotating overnight at 4 °C. The next day, beads were 
washed three times in RIPA buffer (10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% 
sodium dodecyl sulfate, 1% sodium deoxycholate and 1% NP-40) and resuspended 
in 1× LSB. Subsequently, samples were separated by SDS-PAGE, and gels were 
vacuum-dried on Whatman paper at 80 °C. Gels were subsequently analysed on a 
phosphorimager (FUJI). Background subtraction and signal intensity analysis were 
done using ImageJ software.

Immunoprecipitation of TAP-tagged AcP10. HEK293T cells were transiently 
transfected with pcDNA3 plasmids encoding the indicated TAP-tagged (S-tag, 3C 
protease cleavage site, StrepII-tag and FLAG-tag, fused to the protein N terminus) 
proteins under the control of a cytomegalovirus promoter using polyethylenimine 
(PEI) transfection. Briefly, for each 14.5 cm dish, 15 µg DNA was mixed with 1.5 ml 
Opti-MEM. Subsequently, 100 µl of a 1 mg ml−1 PEI solution was added, mixed 
thoroughly and incubated for 30 min at room temperature before adding to the 
cells. For each sample, 2 × 107 cells were lysed in lysis buffer (40 mM Tris-HCl 
(pH 7.4), 50 mM NaCl, 10 mM EDTA, 1% NP-40, cOmplete Mini Protease 
Inhibitor Cocktail (Roche), phosphatase inhibitor cocktail 2 (Sigma–Aldrich) 
and phosphatase inhibitor cocktail 3 (Sigma–Aldrich)) for 15 min on ice. After 
spinning down cell debris, supernatants were incubated with 20 µl S-protein 
beads (Novagen) for 2 h at 4 °C. S-protein beads were washed three times in wash 
buffer (40 mM Tris-HCl (pH 7.4), 50 mM NaCl and 1 mM EDTA) and once in 
3Cpro cleavage buffer (Thermo Fisher Scientific) and subsequently resuspended 
in 200 µl 3C cleavage buffer. Protein was released from beads by adding 3Cpro 
overnight at 4 °C, according to the HRV 3C Protease Solution Kit manufacturer’s 
protocol (Thermo Fisher Scientific). The next day, the beads were spun down and 
the supernatant was transferred to a new tube. In total, 10 µl of Strep-Tactin beads 
(IBA) were added to each sample and incubated for 1 h at 4 °C. Beads were washed 
three times in wash buffer and then resuspended in 1× LSB. Samples were run on 
SDS-PAGE gels and used for western blotting or mass spectrometry analysis.

Immunoprecipitation of FLAG-tagged eIF2Bβ. HeLa cells stably expressing 
FLAG-tagged eIF2Bβ30 were seeded at 2.5 × 106 cells per dish (surface 
area = 180 cm2), with four dishes per sample. The next day, cells were transfected 
with 15 µg of the indicated plasmids using Lipofectamine 2000 (Invitrogen) reagent 
according to the manufacturer’s instructions. After 2 d, ~4 × 107 cells per sample 
were harvested and lysed in 500 µl lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM 
NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, 1% Triton X-100, cOmplete Mini 
Protease Inhibitor Cocktail (Roche), phosphatase inhibitor cocktail 2 (Sigma–
Aldrich) and phosphatase inhibitor cocktail 3 (Sigma–Aldrich)). After spinning 
down the cell debris, supernatants were incubated for 2 h with 20 µl anti-FLAG 
beads (Sigma–Aldrich), rotating at 4 °C. The beads were washed four times with 
wash buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 
10% glycerol and 1% Triton X-100), then resuspended in 1× LSB. Samples were 
run on SDS-PAGE gels and subsequently used for western blotting.

Affinity purification mass spectrometry. Protein samples prepared as described 
above were separated by SDS-PAGE and stained with Coomassie colloidal blue 
(Bio-Rad). Four bands were sliced out from each gel lane, which were then 
reduced, alkylated and digested as previously described48. Digests were subjected 

to nano-scale liquid chromatographic tandem mass spectrometry analysis using 
an Agilent 1290 Infinity ultra-high-performance liquid chromatography system 
(Agilent) coupled to an Orbitrap Q Exactive Plus mass spectrometer (Thermo 
Fisher Scientific). Dried peptides were reconstituted in 10% formic acid and 
delivered to a trap column (Dr. Maisch Reprosil C18; 3 μm; 2 cm × 100 μm) 
at 5 µl min−1 with solvent A (0.1% formic acid in water). Next, peptides were 
chromatographically separated onto an analytical column (Agilent Poroshell 
EC-C18; 2.7 μm; 50 cm × 75 μm) at 300 nl min−1, as previously described49. The 
gradient was as follows: 13–40% solvent B (0.1% formic acid in 80% acetonitrile) 
over 65 min, to 100% solvent B over 3 min, then 1 min of 100% solvent B and 
finally equilibration of the chromatographic columns with 100% solvent A for the 
following 10 min before injection of the next sample. The total analysis time was 
90 min. The eluent was sprayed via distal-coated emitter tips butt-connected to 
the analytical column. The mass spectrometer was operated in data-dependent 
mode, automatically switching between mass spectrometry and tandem mass 
spectrometry. Full-scan mass spectrometry spectra (from m/z 375 to 1,600) 
were acquired in the Orbitrap with a resolution of 35,000 at m/z 400. The ten 
most intense ions within the survey scan were selected for high-energy collision 
dissociation fragmentation with the normalized collision energy set to 25%. The 
tandem mass spectrometry automatic gain control target value was set to 5 × 104 
with a maximum ion injection time of 120 ms. Dynamic exclusion was set to 
12 s. Each raw data file recorded by the mass spectrometer was processed and 
quantified with Proteome Discoverer (version 2.1; Thermo Fisher Scientific) and 
searched against a Swiss-Prot human database (version 2016 03; 20,199 sequences) 
supplemented with the Bw-CoV SW1 AcP10 sequence (UniProt ID: B2BW43) 
using Mascot software (version 2.5.1; Matrix Science). Trypsin/P was chosen as the 
protease, cysteine carbamidomethylation was selected as the fixed modification, 
and oxidation of methionine was selected as the variable modification. Precursor 
and fragment mass tolerance were set to 20 ppm and 0.05 Da, respectively. All 
PSMs were validated with a 1% false discovery rate using Percolator50. Only 
PSMs with a minimum length of six amino acids were kept. Proteins were further 
filtered for contaminants and highly abundant proteins (such as keratins, tubulins 
and ribosomal proteins), the number of unique peptides (>0) and the number 
of peptides (>1). Subsequently, the list of identified proteins was subjected to 
CRAPome analysis51 using default settings. To discriminate bona fide protein 
interactors of AcP10 from the background, we set a SAINT score threshold of 0.9, 
and an FC-B score threshold (spectral count fold change between the bait and Lpro 
control) of 2.

The mass spectrometry proteomics data have been deposited in the 
ProteomeXchange Consortium via the PRIDE partner repository52 with the dataset 
identifier PXD011879.

Cross-linking liquid chromatography/mass spectrometry (LC/MS) and data 
analysis. A total of 5 × 108 HEK293T cells in 40 14.5 cm dishes were transiently 
transfected with pcDNA3 plasmids encoding TAP-tagged AcP10 using PEI 
transfection. Briefly, for each dish, 15 µg DNA was mixed with 1.5 ml Opti-MEM. 
Subsequently, 100 µl of a 1 mg ml−1 PEI solution was added, mixed thoroughly 
and incubated for 30 min at room temperature before adding to the cells. The 
next day, the cells were lysed in lysis buffer (40 mM Tris-HCl (pH 7.4), 50 mM 
NaCl, 10 mM EDTA, 1% NP-40 and cOmplete Mini Protease Inhibitor Cocktail 
(Roche)) for 15 min on ice. After spinning down the cell debris, the supernatants 
were incubated with 50 µl Strep-Tactin beads (IBA) for 2 h at 4 °C. The beads were 
washed four times in wash buffer (40 mM Tris-HCl (pH 7.4), 50 mM NaCl and 
1 mM EDTA) and once in PBS. The isolated proteins were then cross-linked on 
beads using 1 mM disuccinimidyl sulfoxide cross-linker in cross-linking buffer 
(20 mM HEPES (pH 7.8) and 150 mM NaCl) for 30 min. The cross-linking reaction 
was quenched with 20 mM Tris-HCl (pH 7.8) for 30 min at room temperature. For 
on-bead digestion, cross-linked proteins were denatured with 2 mM urea, reduced 
with 4 mM DTT at 56 °C for 30 min and alkylated with 8 mM iodoacetamide at 
room temperature for 30 min in the dark. Proteins were digested using trypsin 
at an enzyme-to-protein ratio of 1:20 (wt/wt) at 37 °C for 2 h. The supernatant 
was removed from the beads and further digested at 37 °C overnight. Protein 
digests were desalted using Sep-Pak C18 cartridges (Waters) and dried under 
vacuum concentrator. The digests were fractionated by strong cation exchange 
chromatography and five late strong cation exchange fractions were collected 
for further LC/MS analysis. Protein digests including cross-linked peptides were 
analysed using an ultra HPLC Agilent 1200 system (Agilent Technologies) coupled 
online to an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). Liquid 
chromatography/tandem mass spectrometry analysis was performed as previously 
described using the CID–MS2–MS3–ETD–MS2 acquisition strategy29. Cross-link 
identification was performed using standalone XlinkX software29. The results were 
filtered by the 1% false discovery rate and all reported cross-links were manually 
validated.

Single-step virus replication analysis. Subconfluent layers of Vero cells were 
infected (MOI = 2) with the AiV wild type or AiV-LC53A/C56A. Alternatively, 500 ng 
of in vitro-synthesized viral RNA was transfected into subconfluent layers of HeLa 
or HeLa PKRKO cells in a 12-well cluster using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s instructions. After 1 h, virus or transfection 
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mixtures were washed away twice with PBS and new medium was added. At the 
indicated time points, cells were freeze-thawed three times to lyse cells and release 
intracellular virus. The resulting samples were titrated on Vero cells using an 
end-point dilution assay.

Homology modelling of AcP10 from human UCK1. Models of AcP10 were 
obtained via homology modelling using as a template a crystal structure of a 
homologue, human UCK1 (Protein Data Bank ID: 2UVQ). They share about 
30% identity and 50% similarity. We performed the modelling with Modeller 9.12 
(ref. 53) and its standard loop modelling protocol54. The sequence alignment used 
comes from NEEDLE55 used with its default parameters. In total, 25 models were 
generated from which the best model after ranking by DOPE score56 was kept.

Phylogenetic analysis of uridine kinases. A list of uridine kinases was obtained 
with the NCBI BLAST tool using the AcP10 sequence as the query, with subsequent 
selection of sequences with at least 95% coverage. To obtain a list of representative 
sequences from all of the relevant phylogenetic groups, the resulting sequence list 
was manually supplemented with sequences from Animalia, Archaea, Bacteria 
and Mimiviridae. The total sequence list was aligned using the Multiple Sequence 
Comparison by Log-Expectation (MUSCLE) method. Subsequently, a phylogenetic 
tree was created in MEGA X software57 with the neighbour-joining method, using 
the number-of-differences substitutions model and a site coverage cut-off of 99%. 
The final dataset included 173 positions from 300 amino acid sequences.

Statistics and reproducibility. All uridine kinase, immunofluorescence, flow 
cytometry, end-point dilution and western blot data shown in the figures originate 
from representative experiments of at least three biologically independent 
replicates. Quantifications of immunofluorescence images were done using at 
least three images originating from three biologically independent experiments 
containing more than ten cells each. The 35S radiolabelling data were based on 
two biologically independent experiments. The TAP mass spectrometry and 
cross-linking LC/MS were single experiments.

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

Data availability
There are no restrictions on data availability. All relevant data are shown in the 
figures or are available in the extended data files, source data files or Supplementary 
Tables 1 and 2. The data that support the findings of this study are available from 
the corresponding author upon request. The AcP10 TAP mass spectrometry data 
have been deposited in the ProteomeXchange Consortium via the PRIDE partner 
repository with the dataset identifier PXD011879. Source data are provided with 
this paper.
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Extended Data Fig. 1 | Structural modeling of AcP10. The AcP10 structure was modelled based on its homology to human uridine cytidine kinase 1 
(hUCK1, accession number; pdb file 2UVQ). Indicated are the residues important for uridine kinase function (In blue; ATP binding site K16 and catalytic 
site D41), and those important for AcP10’s ability to antagonize the ISR (In red; H193 and H200).
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Extended Data Fig. 2 | AcP10 is highly insoluble. a, Flow cytometry analysis of EGFP expression levels in cells expressing EGFP (top panel) or the 
AcP10-EGFP fusion protein (bottom panel). b, Cells overexpressing AcP10-EGFP or EGFP were lysed in buffer containing 1% triton X100. The soluble 
fraction obtained after centrifugation, and the insoluble fraction obtained after resuspension of the cell debris in 8 M urea, were analyzed by Western blot 
for presence of the overexpressed protein, using an antibody directed against EGFP. These experiments were performed three times independently with 
similar results.
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Extended Data Fig. 3 | Low levels of AcP10 are sufficient to fully rescue translation. a, Flow cytometry analysis of p-eIF2 levels and ongoing translation 
in pEGFP-AcP10 transfected cells treated with arsenite for 30 min. A mock treated sample is shown in grey fill. AcP10-positive cells are indicated in green, 
and AcP10-negative cells from the same well are shown in black. b, Immune fluorescence analysis of SG formation in pEGFP-AcP10 transfected cells 
treated with arsenite for 30 min. Shown are three cells, one of which expresses AcP10 at relatively high levels (●), one expresses AcP10 at low levels (■), 
and one does not express AcP10 (♦). SG marker G3BP1 was visualized to assess SG formation. The white scale bar indicates 10 μm. c, Flow cytometry 
analysis of EGFP expression and ongoing translation in a pEGFP-AcP10 transfected cell population treated with arsenite for 30 min. These experiments 
were performed three times independently with similar results.
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Extended Data Fig. 4 | Genome compositions of recombinant EMCVs used in this study. The EMCV genome consists of a 5′ VPg viral protein, a 5′ UTR 
which includes the EMCV IRES, a single ORF encoding the EMCV polyprotein, and a 3′ UTR which includes a poly-A tail (top panel). In the EMCV-Lzn virus, 
the endogenous ISR antagonist (L) is inactivated by a double point mutation (second panel). The genes encoding AcP10 or AcP10(SA-) were inserted into 
the EMCV-Lzn genome to obtain EMCV-Lzn-AcP10 and EMCV-Lzn-AcP10(SA-), respectively. (bottom two panels). The viral proteins are separated from 
the polyprotein by a 2 A skip site (indicated by the blue arrowhead), or through catalytic activity of the 3 C viral protease (cleavage sites indicated by red 
arrowheads).
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Extended Data Fig. 5 | Cross-linking mass-spectrometry analysis of AcP10•eIF2B•eIF2 complexes. a, Schematic overview of the cross-links identified 
in AcP10-eIF2B-eIF2 complexes that were affinity purified using TAP-AcP10. Indicated in teal are inter-protein cross-links and indicated in purple are 
intra-protein cross-links. A single cross-link was formed between two of the same peptides from AcP10 (indicated in red), which may have occurred due 
to AcP10’s tendency to aggregate. b, Schematic overview of the total number of cross-links found within AcP10 (blue), within the eIF2B complex (green), 
and between AcP10 and eIF2B subunits (red). If present in resolved parts of eIF2B, the eIF2B residues that cross-linked with AcP10 are indicated in red in 
the right panel. The subunits of the eIF2B regulatory subcomplex (eIF2Breg) and eIF2B catalytic subcomplex (eIF2Bcat) are shown in shades of green or blue, 
respectively, as indicated.
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Extended Data Fig. 6 | Knockout of the ISR inhibition function of AiVL by mutations C53A and C56A. a, IFA analysis of SG formation in HeLa cells 
transiently overexpressing the indicated EGFP-AiVL fusion proteins. Before fixation, cells were treated with 500 µM arsenite for 45 min. Quantifications of 
the percentage of SG positive cells are given in the bar graph in the right panel. Mean ± SD of n = 3 biologically independent experiments are shown. The 
white scale bar indicates 50 μm. b, Flow cytometry analysis of active translation, as labeled by puromycin incorporation, in cells transiently transfected 
with plasmids encoding the indicated AiVL proteins. Only transfected cells (EGFPpos) are shown, and cells were further subdivided in p-eIF2αlow (green) 
and p-eIF2αhigh (red) cells, as shown in Fig. 6b. c, The indicated plasmids were transiently transfected in HeLa-eIF2Bβ-3xflag cells. The next day, eIF2B was 
isolated from cell lysates, and co-purified EGFP-tagged AiVL or AiVL-C56A was analysed by Western blotting using an antibody directed against EGFP. 
These experiments were performed three times independently with similar results.
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Extended Data Fig. 7 | SG formation over time in cells infected with AiV wt or AiV-LC53A/C56A. Vero cells were infected (MOI = 0.1) with AiV wt or 
AiV-LC53A/C56A. At the indicated time points p.i. cells were fixed and the presence of SGs in infected cells was assessed by immunofluorescence using 
antibodies directed against dsRNA, G3BP1, and eIF3. The white scale bar indicates 50 μm. This experiment was performed twice independently with 
similar results.

NATuRE MICRoBIoLoGy | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ArticlesNATuRE MIcRoBIoloGy ArticlesNATuRE MIcRoBIoloGy

Extended Data Fig. 8 | Gating strategy used for flow cytometry analyses. For all flow cytometry samples, live cells were identified based on FSC/SSC 
profile (top panel). When indicated, transfected cells within the live cell population were selected based on EGFP expression (bottom panel).
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Sample size For flow cytometry experiments, at least 10.000 cells/sample were analysed. 
Mass Spectrometry analysis of AcP10 interaction partners was done only once. Since the eIF2 and eIF2B complexes were identified with high 
confidence, and since the identifcation of all their subunits (8 in total) served as independent cross-confirmation, this experiment identified 
eIF2/eIF2B as interaction partner of AcP10 in a satisfactory manner. These data were then confirmed independently by Western blot analyses 
in multiple biologically independent experiments (n=3). All experiments shown were performed at least 3 times independently unless clearly 
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Blinding measurements such as flow cytometry. For quantification of Stress Granule positive cells, which was done by hand, a selection of samples 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used α-G3BP1, clone 23, BD Biosciences Cat# 611127, 1:200 (Immunofluorescence) 

RRID:AB_398438 
α-Puromycin, clone 12D10, Merck Millipore Cat# MABE343, 1:100 (flow cytometry) 1:1000 (Western blot) 
RRID:AB_2566826 
α-p-eIF2α, clone E90, Abcam Cat# ab32157, 1:100 (flow cytometry) 1:1000 (Western blot) 
RRID:AB_732117 
α-eIF2α, polyclonal, Cell Signaling Cat# 9722, 1:1000 (Western blot) 
RRID:AB_2230924 
α-EGFP, polyclonal, Prof. J Fransen (De Jong et al., 2003), 1:1000 (Western blot) 
α-Tubulin, clone DM1A, Sigma-Aldrich Cat# T9026, 1:1000 (Western blot) 
RRID:AB_477593 
α-dsRNA, clone J2, English&Scientific consulting, 1:1000 (Immunofluorescence) 
RRID:AB_2651015 
α-eIF3η, clone N-20, SantaCruz Cat# sc-16377, 1:200 (Immunofluorescence) 
RRID:AB_671941 
α-Flag, clone M2, Sigma-Aldrich Cat# F3165, 1:1000 (Western blot) 
RRID:AB_259529 
α-eIF2Bε, polyclonal, Abcam Cat# ab32713, 1:1000 (Western blot) 
RRID:AB_2230901 
α-eIF2Bα, polyclonal, Protein Tech Cat# 18010-1-AP, 1:1000 (Western blot) 
RRID:AB_2261996 
goat α-Mouse IRDye680, polyclonal, LI-COR Cat# 926-68070, 1:15,000 (Western blot) 
RRID:AB_10956588 
goat α-Rabbit IRDye800, polyclonal, LI-COR Cat# 926-32211, 1:15,000 (Western blot) 
RRID:AB_621843 
donkey α-Mouse Alexa488, polyclonal, Thermo Fisher Scientific Cat# A-21202, 1:200 (Immunofluorescence) 
RRID:AB_141607 
donkey α-Goat Alexa568, polyclonal, Thermo Fisher Scientific Cat# A-11058, 1:200 (Immunofluorescence) 
RRID:AB_2534105 
donkey α-Rabbit Alexa647, polyclonal, Thermo Fisher Scientific Cat# A-31573, 1:200 (Immunofluorescence) 
RRID:AB_2536183 
donkey α-Mouse cy5, polyclonal, Jackson ImmunoResearch Cat# 715-175-150, 1:200 (flow cytometry) 1:200 
(Immunofluorescence) 
RRID:AB_2340819 
goat α-Rabbit Alexa594, polyclonal, Invitrogen Cat# A-11012, 1:200 (flow cytometry) 
RRID:AB_2534079 
rabbit-α-G3BP2, polyclonal, Bethyl Laboratories Cat# A302-040A, 1:200 (Immunofluorescence) 
RRID:AB_1576545

Validation α-G3BP1, clone 23, BD Biosciences Cat# 611127: 
See product page, antibody was used for immunofluorescence on A431 cells (Human epithelial carcinoma; ATCC CRL-1555) 
α-Puromycin, clone 12D10, Merck Millipore Cat# MABE343 
See product page, antibody can be used for multiple applications including flow cytometry and Western blotting; example 
publications: Reineke, L. C., et al. (2012). Mol Biol Cell. 23(18):3499-3510 and David, A., et al. (2012). J Cell Biol. 197(1):45-57. 
α-p-eIF2α, clone E90, Abcam Cat# ab32157 
See product page, antibody can be used for multiple applications including flow cytometry and Western blotting; example 
publication: Cagnetta R  et al. (2012). Mol Cell. 73:474-489.e5 
α-eIF2α, polyclonal, Cell Signaling Cat# 9722 
See product page, antibody can be used for multiple applications including Western blotting; example publication: Patra U, 
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Mukhopadhyay U, Mukherjee A, Sarkar R, Chawla-Sarkar M. (2020) Oxid Med Cell Longev. 2020:7289120. 
α-EGFP, polyclonal, Prof. Fransen 
This antibody is not commercially available, but was previously used for Western blotting by de Jong AS, Wessels E, Dijkman HB, 
et al. (2003) J Biol Chem. 278(2):1012-1021. 
α-Tubulin, clone DM1A, Sigma-Aldrich Cat# T9026 
See product page, antibody can be used to detect tubulin from numerous cell lines by Western blotting. Example publication: 
Adachi H, Waza M, Tokui K, et al. (2007) J Neurosci. 27(19):5115-5126. 
α-dsRNA, clone J2, English&Scientific consulting 
See product page, this antibody is the gold standard when it comes to dsRNA detection and can be used for several assays, 
including immunofluorescence. Example publication: Welsch S, Miller S, Romero-Brey I, et al. (2009) Cell Host Microbe. 5(4):365-
375.  
α-eIF3η, clone N-20, SantaCruz Cat# sc-16377 
See product page, antibody can be used for multiple applications including immunofluorescence. Example publication: Sahoo 
MR, Gaikwad S, Khuperkar D, et al. (2017) EMBO Rep. 18(2):241-263.  
α-Flag, clone M2, Sigma-Aldrich Cat# F3165 
See product page, antibody can be used for multiple applications including Western blotting. Example publication: Dobrikova E, 
Shveygert M, Walters R, Gromeier M. (2010) J Virol. 84(1):270-279.  
α-eIF2Bε, polyclonal, Abcam Cat# ab32713 
See product page, antibody can be used for multiple applications including Western blotting. Example publication: 
Cagnetta R, Wong HH, Frese CK, Mallucci GR, Krijgsveld J, Holt CE. (2019) Mol Cell. 73(3):474-489.e5.  
α-eIF2Bα, polyclonal, Protein Tech Cat# 18010-1-AP 
See product page, antibody was used for Western blotting using HeLa cells, K-562 cells and MCF-7 cells. 
goat α-Mouse IRDye680, polyclonal, LI-COR Cat# 926-68070 
This antibody has been specifically tested and qualified for Western blot and In-Cell Western assay applications, as stated by the 
manufacterer. 
goat α-Rabbit IRDye800, polyclonal, LI-COR Cat# 926-32211 
This antibody has been specifically tested and qualified for Western blot and In-Cell Western assay applications, as stated by the 
manufacterer. 
donkey α-Mouse Alexa488, polyclonal, Thermo Fisher Scientific Cat# A-21202 
See product page, antibody can be used for multiple applications including immunofluorescence. Example publication: Trinidad 
EM, Ballesteros M, Zuloaga J, Zapata A, Alonso-Colmenar LM. (2019) Blood. 114(24):5081-5090. 
donkey α-Goat Alexa568, polyclonal, Thermo Fisher Scientific Cat# A-11058 
See product page, antibody can be used for multiple applications including immunofluorescence. Example publication: Zhao C, 
Chen A, Jamieson CH, et al. (2009) Nature. 458(7239):776-779.  
donkey α-Rabbit Alexa647, polyclonal, Thermo Fisher Scientific Cat# A-31573 
See product page, antibody can be used for multiple applications including immunofluorescence. Example publication: Sacchi S, 
Bernasconi M, Martineau M, et al. (2008) J Biol Chem. 283(32):22244-22256.  
donkey α-Mouse cy5, polyclonal, Jackson ImmunoResearch Cat# 715-175-150 
See product page, antibody can be used for multiple applications including immunofluorescence and flow cytometry. Example 
publication: Heinz KS, Rapp A, Casas-Delucchi CS, et al. (2009) Epigenetics Chromatin. 12(1):18.  
goat α-Rabbit Alexa594, polyclonal, Invitrogen Cat# A-11012 
See product page, antibody can be used for multiple applications including immunofluorescence. Examples are shown on the 
product page. 
rabbit-α-G3BP2, polyclonal, Bethyl Laboratories Cat# A302-040A 
See product page, antibody can be used for multiple applications including immunofluorescence. Example publication: Visser LJ, 
Medina GN, Rabouw HH, et al. (2009) J Virol. 93(2):e00922-18. 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Human: HeLa-R19 Prof. G. Belov (Belov et al., 2005; Dorobantu et al., 2014) 
Human: HeLa-R19-eIF2Bβ-3xFLAG Prof. D. Ron (Sekine et al., 2015) 
Human: HeLa-R19-PKRKO (Rabouw et al., 2016) 
Hamster: BHK-21 ATCC® No. CCL-10™ RRID:CVCL_1915 
Human: HEK293T ATCC® No. CRL-3216™ RRID:CVCL_0063 
African Green Monkey: Vero-E6 ATCC® No. CRL-1586™ RRID:CVCL_0574

Authentication The cell lines used were not authenticated. Cell lines originating from ATCC were extensively validated by ATCC.

Mycoplasma contamination All cell lines used were tested for mycoplasma and found to be uncontaminated

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines used
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Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation HeLa cells were seeded on glass cover slips in a 24-wells cluster at sub confluent densities. Next day, cell layers were transfected 
with 500 ng of the indicated plasmids using FUGENE 6 reagent according to manufacturer’s protocol. After overnight incubation, 
cells were treated with 500 μM arsenite or left untreated. Alternatively, cells were infected with the indicated viruses for 5 h (for 
EMCV) or 8 h (for AiV). Puromycin labeling of active translation was done by exposing cells to 20 μg/ml puromycin during the 
final 15 min of the assay. Cells layers were then released by trypsin treatment and fixed in 4% PFA in PBS. Cells were 
permeabilized in ice-cold MeOH for 10 min. The samples were washed twice in FACS buffer (PBS + 1% BSA) and subsequently 
incubated with primary antibodies mouse anti-Puromycin (Merck Millipore) and rabbit anti-p-eIF2α (Abcam) at 1:100 dilution in 
FACS buffer for 45 min. Samples were washed twice in FACS buffer and subsequently incubated in secondary antibodies donkey 
anti-Mouse Cy5 (Jackson lab) and goat anti-Rabbit Alexa594 (Invitrogen) at 1:200 dilution in FACS buffer for 45 min. Samples 
were washed once in FACS buffer and kept in FACS buffer + 2% PFA at 4°C until analysis at the FACS Canto II (BD Biosciences)

Instrument BD FACS Canto

Software FACSdiva v6.1.3  
BD bioscience  
 
Cyflogic, version 1.2.1  
CyFlo Ltd.  

Cell population abundance N/A

Gating strategy All flow cytometry samples were first gated for the live-cell population based on FSC/SSC profile. All subsequent gating events 
(where applicable) are indicated in the figures, except for Fig 6B, in which case the cells were first further gated on EGFP signal 
(EGFPpos) similar to the analysis shown in Fig 6F.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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