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ABSTRACT On-site translation of mRNAs provides an efficient means of subcellular
protein localization. In eukaryotic cells, the transport of cellular mRNAs to mem-
braneless sites usually occurs prior to translation and involves specific sequences
known as zipcodes that interact with RNA binding and motor proteins. Poxviruses
replicate in specialized cytoplasmic factory regions where DNA synthesis, transcrip-
tion, translation, and virion assembly occur. Some poxviruses embed infectious virus
particles outside of factories in membraneless protein bodies with liquid gel-like
properties known as A-type inclusions (ATIs) that are comprised of numerous copies
of the viral 150-kDa ATI protein. Here, we demonstrate by fluorescent in situ hybrid-
ization that these inclusions are decorated with ATI mRNA. On-site translation is sup-
ported by the localization of a translation initiation factor eIF4E and by ribosome-
bound nascent chain ribopuromycylation. Nascent peptide-mediated anchoring of
ribosome-mRNA translation complexes to the inclusions is suggested by release of
the mRNA by puromycin, a peptide chain terminator. Following puromycin washout,
relocalization of ATI mRNA at inclusions depends on RNA and protein synthesis but
requires neither microtubules nor actin polymerization. Further studies show that
the ATI mRNAs remain near the sites of transcription in the factory regions when
stop codons are introduced near the N terminus of the ATI or large truncations are
made at the N or C termini. Instead of using a zipcode, we propose that ATI mRNA
localization is mediated by ribosome-bound nascent ATI polypeptides that interact
with ATI protein in inclusions and thereby anchor the complex for multiple rounds
of mRNA translation.

IMPORTANCE Poxvirus genome replication, transcription, translation, and virion as-
sembly occur at sites within the cytoplasm known as factories. Some poxviruses se-
quester infectious virions outside of the factories in inclusion bodies comprised of
numerous copies of the 150-kDa ATI protein, which can provide stability and protec-
tion in the environment. We provide evidence that ATI mRNA is anchored by nas-
cent peptides and translated at the inclusion sites rather than in virus factories. As-
sociation of ATI mRNA with inclusion bodies allows multiple rounds of local
translation and prevents premature ATI protein aggregation and trapping of virions
within the factory.
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The localization of cellular proteins at specific sites is often directed by features
within the protein. However, an alternate mechanism involves the targeting and

on-site translation of cellular mRNAs (1–4). The asymmetric cellular distribution of
mRNA was first observed in oocytes and neuronal cells. However, cytoplasmic local-
ization of specific mRNAs occurs in many cell types. Global analysis of mRNA localiza-
tion during early Drosophila embryogenesis revealed that 71% of 3,370 genes analyzed
encoded subcellularly localized RNAs (5). Trafficking of mRNA occurring prior to trans-
lation is mediated by cis-acting “zipcodes” in nontranslated sequences that interact
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with RNA binding and motor proteins in eukaryotes (1, 6). An example is �-actin mRNA,
which has zipcode elements in the 3= untranslated region that binds in trans to zipcode
binding protein 1 (IGF2BP1) and engages actin motors (7). Cotranslational mRNA
trafficking mediated by the signal recognition particle occurs extensively with proteins
destined for the endoplasmic reticulum. However, there are only a few examples of
cotranslational targeting of mRNA to nonmembrane sites, namely, recruitment of
pericentrin to the centrosome, the microtubule minus-end regulator ASPM to mitotic
spindle poles of vertebrate cells (8), and the ABP140 protein to the distal pole of
Saccharomyces cerevisiae (9). The presence of polyribosome-like structures around
A-type inclusions (ATIs) in cells infected with cowpox virus (CPXV) might be another
example of mRNA trafficking (10). However, at the time of the latter study, tools were
not available to identify the mRNA or nascent protein. The present study was intended
to more deeply investigate the localization and translation of the viral mRNA encoding
the ATI protein.

Poxviruses are large double-stranded DNA viruses that replicate entirely within the
cytoplasm of infected cells and have been used to investigate many aspects of mRNA
synthesis including 5= capping and 3= polyadenylation (11). Studies with vaccinia virus
(VACV), the prototype member of the family, established that genome replication,
transcription, translation, and virion assembly occur within juxtanuclear factories (12–
14). Following egress from the assembly site, some infectious mature virions (MVs) are
enveloped by a double-membrane derived from endosomal and Golgi networks and
transported to the cell periphery on microtubules (15–19). Additionally, MVs of certain
poxviruses including CPXV, ectromelia virus, raccoonpox virus, canarypox virus, and
fowlpox virus become embedded in ATIs that are distant from the virus factory (20–22).
ATIs are comprised of an abundant 150-kDa protein containing multiple repeats of
about 30 amino acids each (23, 24). The ATIs are dynamic, mobile bodies with liquid
gel-like properties that enlarge in part by coalescence events that depend on micro-
tubules (25). Some CPXV strains lack the A26 protein, which is necessary for embedding
virions, but still make inclusions. Other orthopoxviruses, such as VACV, variola virus,
monkeypox virus, and camelpox virus have truncated forms of the ATI protein that do
not form large inclusions and do not embed MVs (26, 27). Embedding of MVs in ATIs
may provide long-term protection in the environment and promote animal to animal
transmission. Here, we use fluorescent in situ hybridization (FISH) and epitope-tagged
ATI protein to demonstrate anchoring and local translation of ATI mRNA at inclusions.

RESULTS
Detection of ATI mRNA at cytoplasmic inclusion bodies. Our plan was to express

an epitope-tagged ATI protein to visualize the inclusion bodies and use FISH to localize
the ATI mRNA in infected HeLa cells. Although VACV, the prototype orthopoxvirus, does
not form ATIs, a previous report (28) described a recombinant VACV in which the
truncated ATI open reading frame (ORF) of VACV is replaced with one encoding the
full-length CPXV ATI protein. The latter virus forms typical inclusion bodies in which
virus particles are embedded, providing a model for ATI formation. ATI formation is
independent of virion embedding, which requires the A26 protein. To focus specifically
on ATI formation in the present study, we used the recombinant VACV (vATI-HA.ΔA26)
that has a C-terminal HA tag attached to the ATI protein for antibody detection by
fluorescence microscopy and has the A26 gene deleted. Cellular nuclear DNA and
cytoplasmic viral DNA were detected by staining with 4=,6-diamidino-2-phenylindole
(DAPI). Two methods were used to prepare probes for RNA hybridization. One method
used bacteriophage T7 RNA polymerase and ATI DNA templates to synthesize individ-
ual digoxigenin-labeled antisense RNA hybridization probes in vitro (29). The other
method utilized chemically synthesized multiple fluorescent-labeled antisense deoxyo-
ligonucleotide probes that bind along the length of the mRNA (30, 31).

In Fig. 1A and B, individual digoxigenin antisense probes detected ATI RNA as
intense rings around the ATI bodies in addition to some staining distributed over the
cell. Anti-ATI antibody mainly binds to the surface of the inclusions, possibly due to
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FIG 1 Localization of ATI mRNA at inclusion bodies. HeLa cells were infected with vATI-HA.ΔA26, a recombinant VACV in which the CPXV
ATI ORF with a C-terminal HA tag replaced the A25 ORF and the A26 ORF has been deleted. After 18 h, the cells were fixed and incubated

(Continued on next page)
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prior fixation of the cells, thereby also appearing as rings (23, 28). Similar results were
obtained using a pool of fluorescent-labeled deoxyoligonucleotide probes to detect ATI
RNA (Fig. 1C). To evaluate the specificity of the ATI RNA localization, we used deoxyo-
ligonucleotide probes to several other VACV mRNAs. The mRNAs encoding the D13
scaffold protein, the A10 core protein, and the A7 early transcription factor subunit
were each detected in DNA factory areas with no labeling around the ATI bodies (Fig.
1D through F).

We considered the possibility that the ATI mRNA is synthesized at the inclusions,
which would depend on viral DNA there. To provide more intense staining than DAPI,
the cells were incubated with the thymidine analogue EdU for 2 to 8 h after infection.
During this time, cellular DNA synthesis is largely shut down so EdU is incorporated
mainly into viral DNA (32). Following fixation, click chemistry was used to label the DNA
with Alexa Fluor 488. Confocal microscopy revealed strong staining of juxtanuclear viral
factories, light staining of nuclei, but no detectable staining around inclusions (Fig. 2A).
These data suggested that the ATI mRNA is synthesized in factories and subsequently
localizes at sites of inclusion formation.

Translation of ATI mRNA at inclusions. The ATI promoter is exceptionally strong,
and the protein is the most abundantly synthesized at late times of infection (10, 23,
33). If active translation occurs at ATIs, we would expect to find cellular translation
factors there. We probed infected cells with an antibody specific for the eukaryotic
translation initiation factor 4E (eIF4E), which binds to the cap structure at the 5= ends
of mRNAs, in addition to anti-HA antibody to visualize ATIs. As shown in Fig. 2B, eIF4E
colocalized with the anti-HA antibody.

The method of ribosome-bound nascent chain ribopuromycylation (34) was used to
directly demonstrate active translation. Puromycin is a tyrosine-tRNA mimetic that
terminates translation by ribosome-catalyzed incorporation into the nascent peptide
terminus (35). When puromycin is incorporated in the presence of a chain elongation
inhibitor, the ribosome-bound nascent chain is immobilized and can be detected by
fluorescence microscopy with a puromycin-specific monoclonal antibody. David et al.
(34) previously used this technique in cells infected with VACV to show labeling of
VACV factories. We detected puromycin labeling of the extended viral factory above
and to the right of the nucleus and more intense labeling of the ATI bodies (Fig. 2C).
Digitonin extraction, needed to remove free puromycin, may have contributed to the
internal labeling of the ATI bodies with anti-HA antibody as well as puromycin.

Nascent peptides anchor mRNA at ATI sites. The association of ATI mRNA with
inclusions could be achieved by sequences within the RNA or via the nascent protein
or through other determinants. To investigate these possibilities, we compared the
effects of puromycin, which releases the nascent peptide from ribosomes (36, 37), with
cycloheximide (38, 39) and emetine (40), both of which inhibit translation and stabilize
ribosomes on mRNA. These drugs were added to HeLa cells at 6 h after infection, and
30 min later, the cells were harvested in the presence of the antibiotics and processed
for microscopic analysis of ATI RNA and proteins (Fig. 3A). ATI RNA was concentrated
around the inclusions in untreated cells and cells treated with cycloheximide or
emetine but not in cells treated with puromycin, where staining was distributed
throughout the cytoplasm. The possible degradation of the displaced ATI RNA was not
investigated. These results indicated that ribosome-associated ATI mRNA was anchored
to the inclusions by the nascent peptide and released by puromycin.

To investigate the reversibility of puromycin, the drug was washed out after a
30-min treatment. ATI RNA was detected around the preformed inclusions in some cells

FIG 1 Legend (Continued)
with individual digoxigenin-labeled antisense ATI RNA probe 3 or 4 followed by fluorescently labeled antidigoxigenin antibody (A, B)
or fluorescent antisense deoxyoligonucleotide probes to ATI (C), D13 (D), A10 (E), or A7 (F) mRNAs. The cells were also stained with
anti-HA antibody, a fluorescent secondary antibody to detect the ATI protein and DAPI to label nuclear and cytoplasmic viral DNA.
Panels from left to right show DNA stained with DAPI, RNA detected by FISH, ATI protein detected by antibody to the HA tag, and a
merge. Panels A through C are Z sections; panels D through F are maximum intensity projections.
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at 2 h and in the majority of cells after 4 and 6 h (Fig. 3B). Thus, the effects of puromycin
were readily reversible.

Relocalization of mRNA around ATIs requires de novo RNA and protein syn-
thesis. By stripping RNA from ATIs with puromycin, we could bypass the early steps of
infection and specifically investigate the factors needed for RNA relocalization around
existing ATIs. At 6 h after infection, the cells were incubated for 30 min in puromycin-
containing medium, which was then replaced with medium without drugs as a control
or with actinomycin D to inhibit new mRNA synthesis, cycloheximide to arrest protein
synthesis, nocodazole to disrupt microtubules, or latrunculin to block actin polymer-
ization (Fig. 4). After an additional 3 h, the cells were analyzed. In the absence of drugs,
RNA around ATI was found in 75% of 200 cells examined. Actinomycin D prevented
RNA localization around ATI, suggesting that new RNA was required. In the presence of
cycloheximide, the ATI RNA remained in the virus factories indicating that protein
synthesis was needed for cytoplasmic trafficking. In the presence of nocodazole, there
was no reduction in the number of cells that had RNA around the ATI, indicating that
microtubules were not required for localization. In the presence of latrunculin, RNA was
present around ATIs in 45% of the cells examined. However, there were gross changes
in the morphology of cells treated with this drug leading to loss of some cells from the
coverslip, and in many cases the ATIs were increased in size apparently due to their

FIG 2 Labeling of viral DNA in factories and translation of mRNA at inclusion bodies. (A) Labeling of viral DNA. HeLa cells were infected with
vATI-HA.ΔA26 and incubated with EdU from 2 to 8 h. The cells were then fixed, permeabilized, and reacted with Alexa Fluor 488 azide. The cells
were also stained with anti-HA antibody and a fluorescent secondary antibody to detect the ATI protein and DAPI to label nuclear and cytoplasmic
viral DNA. (B) HeLa cells were infected as in Fig. 1 and incubated with mouse monoclonal anti-eIF4E and rabbit polyclonal anti-HA antibodies
followed by fluorescent secondary antibodies and DAPI. (C) HeLa cells were infected as above and incubated with puromycin and cycloheximide
for 30 min. After digitonin extraction and fixation, the cells were incubated with mouse monoclonal anti-puromycin and rabbit polyclonal HA
antibodies followed by fluorescent secondary antibodies and DAPI. Maximum intensity projections are shown in panel A, and Z sections are
shown in panels B and C. Representative images are shown.
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coalescence. In summary, these data indicated that both new RNA and protein syn-
thesis were required for localization of ATI RNA around preexisting ATIs but that neither
microtubule dynamics nor actin polymerization was essential.

Nascent ATI protein regulates localization of ATI mRNA. The above results
suggested that protein synthesis is required for the exit of the ATI mRNA from the

FIG 3 Displacement of ATI mRNA by puromycin. (A) HeLa cells were infected with vATI-HA.ΔA26 and at 6 h were incubated with either emetine,
cycloheximide, or puromycin. After 30 min, the cells were fixed and incubated with fluorescent-labeled antisense ATI deoxyoligonucleotide probes
to detect mRNA, with anti-HA antibody and secondary fluorescent antibody to detect ATI protein, and with DAPI to detect DNA. (B) HeLa cells
were infected with vATI-HA.ΔA26 and at 6 h were incubated with puromycin for 30 min. The cells were then washed and incubated with drug-free
medium and fixed 0, 2, 4, and 6 h and incubated with fluorescent-labeled antisense ATI deoxyoligonucleotide probes as in panel A. Z sections
of typical cells are shown.
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factory but did not distinguish between synthesis of protein generally and translation
of ATI mRNA specifically. To inhibit ATI protein synthesis, we constructed two plasmids;
each contained the natural ATI promoter followed by the ATI open reading frame (ORF)
with a C-terminal HA tag. However, one had two stop codons near the N terminus while

FIG 4 Effects of inhibitors on relocalization of ATI mRNA around inclusions. HeLa cells were infected with
vATI-HA.ΔA26 and at 6 h were incubated with puromycin for 30 min. The cells were then washed and
incubated without puromycin for 3 h without drug (no drug) or with actinomycin D (Actino), cyclohex-
imide (Cyclo), nocodazole (Noco), or latrunculin (Latrun). The cells were then fixed and probed with
fluorescent-labeled antisense ATI deoxyoligonucleotide probes to detect ATI mRNA, with anti-HA anti-
body and secondary fluorescent antibody to detect ATI protein, and with DAPI to detect DNA. Z-sections
of typical cells are shown.
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the other had an uninterrupted ORF. The plasmids were transfected into cells infected
with a VACV that contained neither full-length nor truncated ATI ORFs. Therefore, only
the transfected plasmids were capable of expressing the ATI RNA and protein. Because
a VACV promoter was used for expression, the plasmids were obligatorily transcribed
by the viral RNA polymerase (14). ATI bodies with associated ATI RNA formed when the
plasmid with the unmodified ATI ORF was transfected, although in some cells RNA also
remained in the factory (Fig. 5A). As expected, ATI were not formed when the plasmid
with stop codons in the ORF was transfected; in addition, the ATI RNA remained mostly
with the factory (Fig. 5B). The direct interpretation of the above results is that the
nascent polypeptide is required for ATI RNA to exit the factory, although degradation
of untranslated cytoplasmic RNA was not ruled out.

mRNA encoding N- or C-terminally truncated ATI protein localizes in the
factory. Next, we investigated the effects of truncations on the localization of the ATI

FIG 5 Export of ATI mRNA from factory region is translation dependent. (A to D) HeLa cells were transfected with a plasmid expressing
the uninterrupted or mutated ATI ORF with a C-terminal HA tag and after 4 h were infected with VACV vΔA25Δ�26, which lacks either
the CPXV ATI ORF or the truncated VACV ATI ORF, for an additional 6 h. ATI RNA was detected by FISH using fluorescently labeled
deoxyoligonucleotide antisense ATI RNA probes, ATI protein with anti-HA antibody, followed by fluorescent secondary antibody and DNA
with DAPI. Diagrams of the expressed ATI proteins are shown on the right of each row. Repeat sequences are indicated by black bars, and
coiled-coil domains are underlined. Arrows point to cytoplasmic factories. (E) Localization of ATI protein and mRNA expressed by VACV
with the naturally truncated A25 ATI ORF. After 16 h, the cells were fixed and analyzed with fluorescent-labeled deoxyoligonucleotide
antisense ATI RNA probes and antibody to the ATI protein followed by a fluorescent secondary antibody and DAPI. Arrows point to
cytoplasmic factories. Maximum projections of typical cells are shown.
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protein and mRNA. Previous studies showed that N-terminal or C-terminal truncations
of the ATI ORF prevented the formation of typical inclusion bodies, resulting in the
dispersal of the ATI protein in the cytoplasm (28). To determine the effect of these
truncations on the localization of the ATI mRNA, plasmids encoding truncated ATI
proteins were transfected into cells that were infected with a VACV without either the
CPXV ATI ORF or the truncated VACV A25 ORF. The ATI protein lacking the N-terminal
609 amino acids but retaining all 14 repeats of the 1,284-amino acid ATI protein was
distributed in amorphous aggregates throughout the cytoplasm, whereas much of the
RNA was detected near the DNA factories (Fig. 5C). A similar result was obtained when
the ATI protein lacked the C terminus including 4 repeats (Fig. 5D). We also took
advantage of the natural C-terminal truncation of the ATI in VACV strain WR, which is
caused by stop codons, the first of which occurred within the fifth repeat of the A25
ORF (26). This 94-kDa ATI protein detected with antibody was distributed throughout
the cytoplasm, whereas the mRNA detected by FISH was concentrated within or near
the factory (Fig. 5E).

DISCUSSION

The present investigation was stimulated by an earlier study that showed electron
microscopic evidence for the presence of polyribosomes around ATI that form during CPXV
infection (10). This was an intriguing observation since poxvirus mRNA is synthesized and
translated in cytoplasmic factories (14, 34, 41), which are usually distant from ATI inclusions.
In the present study, the ATI mRNA was identified by FISH and resolved around the
inclusions, whereas several other viral mRNAs examined remained near DNA factories.
Furthermore, translation at inclusion sites was suggested by colocalization of the translation
initiation factor eIF4E and substantiated by detection of puromycylated nascent peptide
chains associated with the ATI. The nascent peptide was responsible for anchoring the RNA
to the ATI since the RNA was displaced by puromycin, which dissociates peptides from
ribosomes, but not by the translation inhibitors cycloheximide and emetine that stabilize
the ribosomes on mRNA. These results contrast with previous findings for pretranslational
actin mRNA localization in which neither the anchoring nor the trafficking of mRNA was
affected by puromycin or cycloheximide (42) and are similar to examples of cotranslational
eukaryotic mRNA localization (8, 9).

The possibility that the ATI RNA is synthesized at inclusion sites was considered;
however, viral DNA could not be detected there by DAPI staining or labeling with the
thymidine analog EdU. The ATI mRNA is likely synthesized in factories, the site of viral
DNA synthesis and accumulation. This raises the question of how ATI mRNA localizes to
the inclusions. Unlike cellular mRNAs that commonly have 5= and 3= untranslated
sequences capable of accommodating a zipcode, poxvirus genes including the ATI are
closely packed and have minimal or no untranslated sequences. Moreover, ATI RNA
expressed from a plasmid that contained only the promoter and the precisely defined
ORF localized around inclusions. Therefore, either an RNA zipcode resides within the
ORF itself, or more likely another mechanism enables mRNA translocation. By stripping
ATI RNA from the inclusions with puromycin, we determined the requirements for RNA
relocalization after removal of the drug. In the absence of an inhibitor, ATI mRNA
reappeared around the inclusions within 2 h. Actinomycin D, a transcription inhibitor,
prevented relocalization indicating that de novo synthesized RNA was required. When
protein synthesis was inhibited by cycloheximide, the newly synthesized ATI mRNA was
detected at DNA factories where transcription occurs. Furthermore, the ATI mRNA
localized near the transcription sites when stop codons were introduced near the N
terminus of the ORF. The possibility that untranslated ATI RNA outside of the factory
has a short half-life was not excluded. However, taken together, these data indicated
that the nascent peptide is a key determinant for the release of ATI mRNA from the
factory as well as anchoring mRNA at inclusion sites.

The structure of the ATI protein has not yet been determined. However, the
1,284-amino acid protein has a large number of charged amino acids and fourteen
30-amino acid repeats that are believed to be involved in their self-association to form
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inclusion bodies (23, 24). An ATI protein with an N-terminal truncation that resulted in
deletion of the first 609 amino acids with retention of all 14 repeats or C-terminal
truncations that deleted 4 to 9 repeats were abundantly synthesized and dispersed in
amorphous aggregates throughout the cytoplasm rather than forming discrete nearly
spherical inclusions (25). Despite the cytoplasmic location of the truncated ATI proteins,
the ATI mRNA was detected largely at or near the viral factories, indicating that it was
not translocated or was unstable elsewhere.

In summary, we have demonstrated local translation of ATI RNA at inclusions.
However, our data do not fit the eukaryotic zipcode mRNA trafficking model for the
following reasons: (i) zipcodes are mostly present in the 3= untranslated region and
occasionally in the 5= untranslated, but the ATI coding region is sufficient for localiza-
tion; (ii) zipcode localization does not require translation whereas the ATI RNA local-
ization does; and (iii) zipcode localization involves actin polymerization whereas ATI
RNA does not. According to the model depicted in Fig. 6, viral DNA is transcribed within
or adjacent to the factory where translation initiation begins. The complex consisting
of ribosomes, ATI mRNA, and nascent polypeptide is released into the cytoplasm.
Interaction between the nascent ATI polypeptide and ATI protein in the inclusion
anchors the mRNA-ribosome complex, which may reach the inclusion sites by random
or other unknown mechanism, as inhibitors of microtubule dynamics and actin polym-
erization did not prevent this. We suggest that local translation of ATI mRNA at
inclusions prevents premature aggregation of the ATI protein near transcription sites
and allows the sequestering of virions outside of viral factories.

MATERIALS AND METHODS
Cells and viruses. HeLa cells were grown in Dulbecco’s minimum essential medium (DMEM)

supplemented with 2 mM L-glutamine, 100 units penicillin, and 100 �g streptomycin per ml (Quality
Biological, Inc.) and containing 10% fetal bovine serum (FBS) (Sigma-Aldrich). Recombinant viruses
vATI�A26�, and vATI�A26� were described previously (25, 28). Standard methods were used for
propagation and titration of VACV (43).

Plasmids. The plasmids ΔNcc1/2/3HA and ΔCRep11-14HA have been described previously (28). The
plasmid ���(��) with 2 stop codons was constructed with the Q5 site-directed mutagenesis kit (New
England BioLabs).

FISH hybridization probes. To make digoxigenin-labeled probes, DNA primers of 50 nucleotides
containing the T7 promoter followed by sequences complementary to segments of the CPXV ATI ORF
were synthesized and used as templates for the T7 RNA polymerase using the Dig RNA labeling kit and
digoxigenin-UTP (Sigma-Aldrich). Stellaris DNA probes conjugated to Quasar 570 of approximately 22
nucleotides complementary to the CPXV ATI and other VACV ORFs were obtained from Biosearch
Technologies.

FIG 6 Model for ATI mRNA anchoring and local translation at inclusion bodies. Transcription and
translation of VACV DNA occurs within or adjacent to the viral factory. A translation complex comprised
of ATI mRNA, associated ribosomes, and nascent peptides is shown emerging from the factory. Inter-
actions between nascent ATI peptides and ATI proteins anchors the complex at inclusions where multiple
cycles of translation occur.
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Inhibitors. Translation inhibitors were used at the following concentrations and were obtained from
Sigma-Aldrich: puromycin (50 �g/ml), cycloheximide (300 �g/ml), and emetine (5 �M). A 50� concen-
tration of actinomycin (Calbiochem) was prepared by dissolving 250 mg in 800 �l of dimethyl sulfoxide
(DMSO). Nocodazole (33.2 �M) and latrunculin (1 �M) were from Sigma-Aldrich and Cayman Chemicals,
respectively.

Antibodies. Sheep antidigoxigenin (catalog number 11333089001; Sigma-Aldrich), mouse anti-HA
monoclonal antibody (MAb) (catalog number 901502; BioLegend) and rabbit anti-HA polyclonal (catalog
number 902301; BioLegend), mouse MAb to anti-eIF4E (catalog number 9976; Santa Cruz Biotechnology),
and Alexa Fluor 488 (Invitrogen) and Alexa Fluor 594 (Invitrogen) conjugated to anti-IgG of appropriate
species were obtained from indicated commercial sources. Anti-puromycin mouse MAb 12D10 (44) and
rabbit anti-ATI were provided by Jon Yewdell and David Pickup, respectively.

In situ hybridization and fluorescence microscopy. The procedure was modified from Singer lab
protocols (http://www.singerlab.org/protocols). HeLa cells were plated on 12-mm glass circular coverslips
in a 24-well dish and the next day infected with 3 PFU/cell of VACV for 18 h. Cells were washed 3� with
Dulbecco’s phosphate-buffered saline (DPBS), followed by fixation with 4% formaldehyde (Sigma-
Aldrich). After 4 washes in DPBS, cells were permeabilized in 70% ethanol overnight at 4°C. Cells were
rehydrated for 10 min in 2� saline sodium citrate (SSC) buffer (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) with 30% formamide. Cells were then hybridized overnight at 37°C in 300 �l of a mixture
containing 50 ng of probe, 10% dextran sulfate (Sigma-Aldrich), 2 mM vanadyl-ribonucleoside complex
(Sigma-Aldrich), 0.02% RNase-free bovine serum albumin (BSA) (Amresco), 40 �g Escherichia coli tRNA
(Sigma-Aldrich), 2� SSC, and 30% formamide. Cells were washed 3� for 30 min at 37°C in 0.1� SSC with
30% formamide and then incubated with sheep antidigoxigenin for 4 h at 37°C in 2� SSC, 8%
formamide, 2 mM vanadyl-ribonucleoside complex, and 0.2% RNase-free BSA (Sigma-Aldrich) and
washed 3� for 20 min in 2� SSC, 8% formamide at room temperature followed by Alexa Fluor 488
(Invitrogen) and washed again. To detect ATI protein, cells were incubated for 4 h at 37°C with anti-HA
antibody and diluted 1:100 in 2� SSC, 8% formamide, 2 mM vanadyl-ribonucleoside complex, and 0.2%
BSA followed by Alexa Fluor 594 in the same buffer. To detect DNA, the cells were then incubated with
5 ng/ml DAPI for 30 min followed by washing and mounting onto slides using ProLong gold. Analysis was
done using a Leica SP5 confocal microscope, and brightness and contrast were adjusted using Adobe
Photoshop.

For FISH with Stellaris probes, the infected and washed cells were fixed for 10 min in 3.7%
formaldehyde in DPBS, washed 4� in DPBS, and placed in 70% ethanol overnight. Ethanol was removed,
and cells were washed 4� at 5-min intervals with wash buffer containing 10% formamide in 2� SSC
buffer. Fluorescently labeled antisense deoxyoligonucleotides (Bioresearch Technologies) were resus-
pended in Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM sodium EDTA, pH 8.0) to give a final solution of
25 �M. The probe was diluted 1:100 with hybridization buffer (100 mg/ml dextran sulfate, 10% form-
amide in 2� SSC), added to cells, and incubated in a humidified incubator at 37°C overnight. The
remaining steps to detect ATI protein and DNA were carried out as described above.

EdU labeling. EdU at a final concentration of 10 �M was added to cells at 2 h after infection. At 8
h, the cells were washed three times with PBS containing Mg2� and Ca2� and fixed with 4% parafor-
maldehyde in DPBS for 15 min at room temperature. After fixation, the cells were washed three times in
DPBS with 1% BSA. Cells were permeabilized with 0.1% Triton X-100 in DPBS with 1% BSA for 20 min at
room temperature and then washed three times in DPBS with 1% BSA and subjected to click reaction
with Alexa Fluor 488 azide according to the Click-iT EdU imaging kit protocol (Thermo Fisher).

Ribopuromycylation. The procedure followed that of David et al. (34) with minor modifications.
HeLa cells at 	80% confluence were infected with 3 PFU/cell of virus for 7 h. The cells were incubated
with 91 �M puromycin and 208 �M emetine in DMEM with 7.5% FBS for 5 min at 37°C. The following
extraction procedures were performed on ice with prechilled reagents. Cells were incubated for 2 min
with 500 �l/well of permeabilization buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 25 mM KCl, 355 �M
cycloheximide, EDTA-free protease inhibitors [Sigma-Aldrich], and 10 U/ml RNaseOut [Thermo Fisher]
containing 0.015% digitonin [Sigma-Aldrich]). After this extraction step, cells were washed once with
500 �l of permeabilization buffer without digitonin and fixed with 500 �l of 3% paraformaldehyde
(Electron Microscopy Sciences) for 15 min at room temperature. The fixed cells were washed 4� with
DPBS and maintained at 4°C before immunofluorescence staining.
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