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ABSTRACT The antiviral protein kinase R (PKR) is activated by viral double-stranded
RNA and phosphorylates translation initiation factor elF2a, thereby inhibiting translation
and virus replication. Most poxviruses contain two PKR inhibitors, called E3 and K3
in vaccinia virus (VACV), which are determinants of viral host range. The prevailing
model for E3 function is that it inhibits PKR through the non-specific sequestration
of double-stranded (ds) RNA. Our data revealed that Syrian hamster PKR was resistant
to E3, which is at odds with the sequestration model. However, Syrian hamster PKR
was still sensitive to K3 inhibition. In contrast, Armenian hamster PKR showed opposite
sensitivities, being sensitive to E3 and resistant to K3 inhibition. Mutational analyses of
hamster PKRs showed that sensitivity to E3 inhibition was largely determined by the
region linking the dsRNA-binding domains and the kinase domain of PKR, whereas two
amino acid residues in the kinase domain (helix aG) determined sensitivity to K3. The
expression of PKRs in congenic cells showed that Syrian hamster PKR containing the two
Armenian hamster PKR residues in helix aG was resistant to wild-type VACV infection
and that cells expressing either hamster PKR recapitulated the phenotypes observed in
species-derived cell lines. The observed resistance of Syrian hamster PKR to E3 explains
its host range function and challenges the paradigm that dsRNA-binding PKR inhibitors
mainly act by the sequestration of dsRNA.

IMPORTANCE The molecular mechanisms that govern the host range of viruses are
incompletely understood. We show that the host range functions of E3 and K3, two
host range factors from vaccinia virus, are a result of species-specific interactions with
the antiviral protein kinase R (PKR) and that PKR from closely related species displayed
dramatic differences in their sensitivities to these viral inhibitors. The current model for
E3-mediated PKR inhibition is that E3 non-specifically sequesters double-stranded (ds)
RNA to prevent PKR activation. This model does not predict species-specific sensitivity
to E3; therefore, our data suggest that the current model is incomplete and that dsRNA Editor Felicia Goodrum, The University of Arizona,

sequestration is not the primary mechanism for E3 activity. Tucson, Arizona, USA
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as variola virus (VARV), the causative agent of human smallpox, and swinepox virus
infecting only a single host species. In contrast, other closely related poxviruses, such as
cowpox viruses, monkeypox virus, and vaccinia virus (VACV), infect and cause disease in Received 29 July 2024
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immune responses (1). The molecular mechanisms underlying the differences in poxvirus
host range are poorly understood. Through the use of deletion mutants and
recombinant viruses, a number of viral genes that are necessary for replication in cells of
some hosts but not in others have been identified and termed host range genes (4). Most
of these poxvirus host range factors inhibit antiviral host proteins, including the protein
kinase R (PKR) (1).

PKR is an antiviral protein kinase, which is expressed at intermediate levels in most
vertebrate cells and is up-regulated upon interferon (IFN) stimulation. PKR encodes two
double-stranded (ds) RNA-binding domains in its N-terminus and a kinase domain in
its C-terminus, which are connected by a linker region of variable length (5). During
poxvirus infection, dsRNA is produced in the cytoplasm of infected host cells as a result
of the overlapping transcription of neighboring genes (6-8). PKR senses and binds this
dsRNA, which results in a conformational change that allows two PKR monomers to
dimerize and become autophosphorylated, which is necessary for PKR activation (9).
Activated PKR then phosphorylates the alpha subunit of elF2, which leads to a general
shutdown of elF2-dependent mRNA translation and inhibits viral replication in infected
cells (5). PKR is a fast-evolving gene, and the kinase domain of PKR has been evolving
more rapidly than that of other elF2a kinases, due to positive selection likely imposed by
viral inhibitors (10, 11).

VACV, which is the prototypic member of the Orthopoxvirus genus, encodes two PKR
inhibitors, called E3 (encoded by E3L, OPG65) and K3 (encoded by K3L, OPG41) (12,
13). Orthologs of E3L and K3L are found in the genomes of most chordopoxviruses
(14). Like PKR, E3 is a dsRNA-binding protein and additionally contains a Z-DNA-bind-
ing domain (12, 15, 16). E3 is a multifunctional protein, which inhibits several cellular
dsRNA-binding and Z-DNA-binding proteins in addition to PKR (17-19). However, in
human Hela cells, stable knock-down of PKR rescued the replication of VACV lacking E3L,
suggesting that PKR is the most important target of E3 in these cells (20). E3 prevents
PKR autophosphorylation and, therefore, inhibits PKR at an early stage in the activation
pathway. Therefore, the ability of E3 to bind and sequester viral dsRNA, shielding it
from detection by cellular dsRNA-binding proteins such as PKR, is thought to be critical
for its PKR-antagonizing activity (15, 21). This model is supported by experiments that
replaced E3L with dsRNA-binding proteins from other viruses or even bacteria, which
partially rescued the replication of an E3L-deficient VACV in cell lines (22-26). In contrast,
K3 inhibits PKR at a later stage after autophosphorylation. K3 contains an ST domain
with homology to the ST domain of elF2a and acts as a pseudosubstrate inhibitor of
PKR, docking to the kinase domain of PKR and, thus, preventing interaction with and
phosphorylation of elF2a (27-30).

The host range functions of E3L and K3L were initially described in experiments with
VACV strains in which either E3L or K3L was deleted. It was shown that E3L was required
for VACV replication in human Hela cells, but it was dispensable for virus replication
in Syrian hamster (Mesocricetus auratus) BHK-21 cells. K3L was required for replication
in BHK-21 cells but was dispensable for replication in Hela cells. It was proposed that
different levels of PKR expressed in each cell line and differences in the amount of
dsRNA generated during infection might explain the differential requirement for E3L
and K3L in these cells (21). In the time since these initial experiments, we and other
labs have demonstrated that PKR from different species displays differential sensitivity
to K3 inhibition (10, 11, 30-33). Similarly, K3 orthologs from other poxviruses have been
shown to inhibit PKR in a species-specific manner (31-36). To investigate whether E3 may
also display species-specific PKR interactions, we used a sensitive cell-based luciferase
assay to assess the sensitivity of PKR from different host species to inhibition by E3
or K3. We discovered substantial variations in the sensitivity of PKR from four related
hamster species and identified two opposing instances of PKR resistance to inhibition
by both viral proteins. Furthermore, the inability of E3 and K3 to inhibit PKR from these
species correlated with replication of VACV mutants lacking E3L or K3L in cells from
the corresponding hamster species, as well as with the phosphorylation of elF2a by
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the endogenous PKR proteins. Using mutational analysis and domain swapping, we
identified regions in hamster PKR orthologs that determine sensitivities to E3 or K3
inhibition. Together, these results support the conclusion that species-specific inhibition
of PKR by VACV E3 and K3 contributes to their host range functions and suggest that,
at least in some cases, the prevailing model of E3-mediated PKR inhibition by dsRNA
sequestration is not the primary mechanism.

RESULTS
Resistance of Syrian hamster PKR vaccinia virus E3

Previous results indicated that PKR from different mammalian species can be differen-
tially inhibited by VACV K3 and K3 orthologs from other poxviruses in yeast-based
growth assays and luciferase-based reporter (LBR) assays in PKR-deficient or depleted
cells (10, 11, 30-33, 36), which explains the host range function of K3 orthologs. Intrigued
by the finding that E3L but not K3L was dispensable for VACV replication in Syrian
hamster BHK-21 cells (21), we hypothesized that Syrian hamster PKR might be resistant
to E3 but sensitive to K3. We analyzed the sensitivity of PKR to E3 inhibition in the LBR
assay by co-transfecting HelLa PKR ckdown &9 ca|s with either mouse or Syrian hamster
PKR and increasing amounts of E3L. In this assay, cells are transfected with plasmids
expressing luciferase, PKR, and a PKR antagonist either alone or in combination. PKR
is likely activated by dsRNA that is formed by overlapping transcripts generated from
the transfected plasmids (37). Therefore, cells in which PKR is not inhibited should
produce low levels of luciferase, while cells in which PKR is effectively antagonized
will produce high luciferase signals. In these experiments, mouse PKR was inhibited
by E3 in a dose-dependent manner, whereas Syrian hamster PKR was resistant to E3
inhibition, even when high amounts of E3L were co-transfected (Fig. 1A). To determine
if the phenomenon of resistance to E3 inhibition was unique to Syrian hamster PKR
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FIG 1 Species-specific inhibition of PKR by vaccinia virus E3 and K3. HeLa-PKR" cells were transfected with plasmids encoding firefly luciferase (0.05 pg), the
indicated PKRs (0.2 pg), and the indicated inhibitors [0.4 pg, or as indicated in (A)]. Luciferase activities were determined 42-48 hours after transfection, and
results were normalized to PKR-only transfected cells. Error bars indicate the standard deviations for three replicate transfections. (A) Plasmids encoding Syrian
hamster or mouse PKRs were co-transfected with increasing amounts of VACV E3L. (B, C) PKR from the indicated species was co-transfected with E3L or K3L. (D,
E) Syrian or Armenian hamster PKRs were co-transfected with VACV E3L or VARV E3L (D) or VACV K3L or VACV K3L-H47R (E). (F-H) Plasmids encoding human or
Syrian or Armenian hamster PKR under the control of a yeast GAL-CYC1 hybrid promoter were transformed into yeast strains that were stably transformed with
the empty vector (control) (F), VARV E3L (G), or VACV K3L-H47R (H). Transformants were colony-purified under non-inducing conditions and then streaked on
SC-Gal plates to induce PKR expression for 7 days. Representative results are shown for four independent transformations. (I) Plasmids encoding the indicated

PKRs were co-transfected with HSV-1, Us11, or mammalian reovirus (MRV) 03.
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or whether PKR from other hamster species also share this trait, we cloned PKR from
three additional hamster species: Turkish hamster (Mesocricetus brandti, Mb), Arme-
nian hamster (Cricetulus migratorius, Cm), and Chinese hamster (Cricetulus griseus, Cg).
Multiple sequence alignment and calculated protein identities show closer relatedness
between Syrian and Turkish hamster PKR (97.3% identity) and between Armenian and
Chinese hamster PKR (89.9% identity), whereas sequence identities between PKRs from
the two Mesocricetus hamster species compared to PKR from the Cricetulus species
ranged between 80.6% and 83% (Fig. 2A and B). We tested the four hamster PKRs as well
as human and mouse PKRs, for comparison, in the LBR assay for their sensitivities to VACV
E3 and K3 (Fig. 1B and C). As expected, human and mouse PKRs were both inhibited
by E3. Both Armenian and Chinese hamster PKR were also sensitive to inhibition by E3.
However, Turkish hamster PKR, like Syrian hamster PKR, was resistant to E3 inhibition (Fig.
1B). These results demonstrate that resistance to E3 is not unique to Syrian hamster PKR
but is shared by at least one other Mesocricetus species’ PKR.

When we assessed K3 sensitivity in this assay, human PKR, as expected, was largely
resistant to inhibition by K3, whereas mouse, Syrian hamster, and Turkish hamster PKRs
were efficiently inhibited. However, PKR from the Cricetulus hamster species exhibited
different sensitivities to K3. Chinese hamster PKR was inhibited by K3, whereas Armenian
hamster PKR was resistant (Fig. 1C). In order to compare the expression levels of Syrian
and Armenian hamster PKR, we transfected Hela PKR* cells with FLAG-tagged PKR,
either alone or in combination with FLAG-tagged K3 or E3, and performed western blot
analyses with cell lysates (Fig. 3). Both hamster PKRs were expressed at comparable levels
in the absence of inhibitors. Whereas co-transfection with an ineffective inhibitor did not
change PKR expression levels, co-transfection with an effective inhibitor led to increased
PKR expression, as expected because autoinhibition of PKR expression was derepressed.
We also tested the sensitivity patterns of Syrian hamster and Armenian hamster PKR to
the E3 ortholog from VARV and a variant of VACV K3 (H47R), which was identified as a
better inhibitor of human PKR than wild-type K3 in a yeast assay (38). Syrian hamster PKR
was resistant to both E3 orthologs, whereas Armenian hamster PKR was sensitive to both
(Fig. 1D). Likewise, K3 and K3L-H4R showed comparable inhibition of Syrian hamster PKR
(sensitive) and Armenian hamster PKR (resistant) (Fig. 1E).

In complementary experiments, we tested the sensitivities of Syrian and Armenian
hamster PKR to E3 and K3 inhibition using a yeast-based growth assay involving two
previously described yeast strains that inducibly express either VARV E3 or a variant of
VACV K3-H47R. Plasmids encoding human, Syrian hamster, or Armenian hamster PKR, as
well as an empty control plasmid, which are all under the control of a yeast GAL-CYC1
hybrid promoter, were transformed into yeast strains stably expressing either the empty
vector, VARV E3, or VACV K3-H47R. In the control strain, the induction of all PKRs
prevented yeast growth compared to yeast transformed with the empty vector (Fig. 1F).
The toxicity of human and Armenian hamster PKR, but not Syrian hamster PKR, was
suppressed when VARV E3 was co-expressed (Fig. 1G). In VACV K3-H47R-expressing cells,
the toxicity of human and Syrian hamster PKR was suppressed, whereas Armenian
hamster PKR still suppressed yeast growth. The results of these yeast assays corroborate
the results obtained in the LBR assays and demonstrate the differential sensitivity of
Syrian and Armenian hamster PKR to E3 and K3 inhibition.

In order to analyze whether the resistance of Syrian hamster PKR also extends to
dsRNA-binding PKR inhibitors from other viruses, we co-transfected PKR with the
previously characterized PKR inhibitors Us11 from herpes simplex virus 1 (HSV-1) (39, 40)
and o3 from mammalian reovirus (41, 42). Human, mouse, and Armenian hamster PKRs
were efficiently inhibited by Us11 or 03. In contrast, Syrian hamster PKR was resistant to
both Us11 and o3 (Fig. 11). These results show that Syrian hamster PKR, unlike other
tested PKRs, was resistant to multiple, unrelated dsRNA-binding inhibitors from different
viruses.
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dsRBD1

MASDTPGFYMDKLNKYHQKHRVTITYKHLFTTGPPHDRRFTFQVIIDGEEFPEAEGKTKQEAKNAAA
MASDTPGFYMDKLNKYHOKHRVTITYKHLFTTGPPHDRRFTFQVIIDGEKFPEAEGKTKQEAKNAAA
MASDTPGFYMDKLNKYHQKHKVKITYKQLHITGPPHDRRFTFQVI IDGEEFPEAEGRTKQEAKNAAA
MASDTPGFYMDKLNKYHQKHKVMI TYKQLH I TGPPHDRRFTFQVI INGEEFPEAEGRTKQEAKNAAA
dsRBD1 dsRBD2
KLAVDTLNANKANSHTDALEGSFTGNY IGLVNSYAQKEKLSVNYQQCAFNTQSPORFCYKCI IGLKT
KLAVDKLNANKANSHTDALEGSFTGNY IGLVNSYAQKEKLSVNYQQCAFNTQSPQRFCYKCI IGLKT
OLAVERLNENKVDSHTDTSEGSLSGNY IGLVNSYAQKENLSVNYEQCTSNTQSPORFCCKCKIGPKT
OLAVERLNENKADSQTDASEGLLSGNY IGLVNSYAQKENLSVNYEQCTSNTQSPORFCCKCKIGLKT
sv1
YGIGSGATKQEAKQLAAKEAYQKLPEKS SMRVCRASSGLSKSSSSGHFNSWSTANNFTSLSAPGSDF
YGIGSGATKQEAKQLAAKEAYQKLPEKSSMRVCRASSGLSKSSSSGHFNSWS TANKFTSLSAPGSDV
YGIGSGATKQEAKQLAAKDAYQKLSEKSSMRVDRASSDLSTSSSSGRSSSLCTTSNFSSLSAPESDF
YGIGSGATKQEAKQSAAKDAYQOKLSEKSSMRVDRTSSGLSTSSSSGLSSSLSTASHFTSLSAPQSDF
sv1 R2 R3 R4 R5
SETASNNHC--VFFKSPLMNGLRENKRKPRVKLSSNDVORNKYTTDSRFNEDFEDIEE IGSGGFGQV
SATASNNHC--VFFKSPLMNGLRENKRKPPVKLSSNDVQOSNKYTTDSRFNEDFEDIEEIGSGGFGOV
SETASQNHCHSVSFESPFTNGLRENKRKSGVKPLLNDVQRSKYTIDPRFNDDFEDIEEIGSGGFGQV
SEIASKNHWHSISFESPFTNGLRE&ERKSGVKPSPSDVQRNKYTMDSRFNNDFEDIEEﬁgSGGFGQV
FKAKHRIDGKTYAIKRVKYNSEKEVREVKALAALSHVNIVQYHFCWLGQDWEYDTEQSMNSATPRSK
FKAKHRIDGKTYAIKRVKYNSEKEVREVKALAALSHVNIVQYHFCWLGODWEYDTEQSMNSATPRSK
FKAKHRIDGKTYAIKRVRYNTEKEVREVKALAALSHVNIVQYHSCWLGOD-~YAPEHSLDRNPRRAK
FKAKHRIDGKTYATKRVSCNTEKEVREVKALAALSHINIVQYHSCWLGQD-~YDPEHSPDRNPRRSK
KD
TECLFIQMEFCDKGTLEQWMTSVKQRRVDNDLFLELAEQITTGVDYIHSKGLIHRDLKPSNIFLVDE
TECLF IQMEFCDEGTLEQWMTSVKQRKVDNDLFLELAEQI TTGVDY IHSKGLIHRDLKPSNIFLVDE
TDCLF IQMEFYDKGTLEQWMLNCKORKVDNDLFLEFSEQITTGVDYMHSKGLIHRDLKPCNIFLVDE
TQCLF IQMEFYDKGTLEQWMLNCKORKVDNDLFLELSEQITTGVDYIHSKGLIHRDLKPCNIFLVDE

KHIKIGDFGLVTALENDGNRTKNTGSLLYMSPEQLSLOEYGKEVDIFALGLILAELLHICITIIEKS
KHIKIGDFGLVTALENDGNRTKNTGSLLYMSPEQLSLOEYGKEVDIFALGLILAELLHICITIVEKS
KHIKIGDFGLVASLEKDGNRTKGTGTELYMSPEQLSLOEYGKEVDIFALGLILAELLHICITDFEKI
KHIKIGDFGLVTSMEKDGNRTKRTGTLLYMSPEQLSLQEYGKEVDIFALGLILGELLHICITDLEKS

KFFTDLRDGIFHDDIFGSKEKRLLTKLLSKKPTDRPSASEI LMTLAEWKNISEVQKRHTH 527
KFFTDLRDGIFHDDIFGSKEKRLLMKLLSKKPTDRPSAHEILKTLAEWKSISEVQKRYTH 527
KFFSDLRAGIFHDNIFGSKEKNLLMKLLSNKPTERPSTSEILMTLAEWKRISEIQKRHTR 527
KFFNDLRDGIFHDDIFGSKEKSLLKKLLAKKPMERPSTSEILMTLAEWKSISEIQKRHTL 527

Ma Mb Cm Cg Mm Hs

Ma (Syrian hamster) PKR - 97.3 82.1 83 71.3 62.8
Mb (Turkish hamster) PKR  97.3 —---- 80.6 81.7 70.3 61.8
Cm (Armenian hamster) PKR 82.1 80.6 --—-- 89.9 711 61.3
Cg (Chinese hamster) PKR 83 81.7 89.9 ——- 719 624
Mm (mouse) PKR 71.3 703 71.1 71.9 —- 611
Hs (human) PKR 62.8 61.8 61.3 62.4 61.1 —-—-
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FIG 2 Multiple sequence alignment of PKR from different hamster species. (A) The amino acid sequences of Syrian hamster (Ma) PKR, Turkish hamster (Mb)
PKR, Armenian hamster (Cm) PKR, and Chinese hamster (Cg) PKR were aligned by ClustalW (MegAlign, DNAStar, Inc.). The positions of the two dsRNA-binding
domains (dsRBDs), kinase domain (KD), and the kinase insert domain (KI) are indicated above the alignment. Residues differing from Syrian hamster PKR are

(Continued on next page)
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shown in bold. Residues in the Cricetulus (Cm and Cg) PKRs that differ from residues in Mesocricetus (Ma and Mb) PKRs are highlighted in red. Differences

between Cm and Cg PKR are highlighted in blue. Residues missing in the Syrian hamster PKR splice variant (sv1) and additional removed blocks (R2-R5) in

deletion constructs in the linker are boxed. (B) The amino acid sequence identities between the four hamsters, mouse, and human PKR as calculated from a

multiple sequence alignment using MegAlign are shown.

Contrasting VACV replication in cell lines from different hamster species

It is noteworthy that Syrian hamster BHK-21 is the only hamster cell line in which VACV is
routinely propagated and that VACV is unable to replicate in Chinese hamster CHO-K1
cells due to the induction of cell death (43). In order to evaluate if the species-dependent
inhibition of hamster PKR that we observed in the LBR and yeast assays correlates with
VACV infection, we first tested whether VACV was able to replicate in cells from different
hamster species. We infected five hamster cell lines, derived from three different species,
at a multiplicity of infection (MOI) of 0.01 to observe multicycle replication with wild-type
VACV-Copenhagen (VC-2) and compared these titers to a derived VACV strain in which
both E3L and K3L were deleted (VC-R2, for simplicity referred to as VC-AE3AK3) (Fig. 4).
BHK-21 cells derived from a Syrian hamster and AHL-1 cells derived from an Armenian
hamster were both permissive to VACV infection, whereas VC-AE3AK3 was unable to
replicate above the input levels in either cell line. In agreement with the previous reports,
neither wild-type VC-2 nor VC-AE3AK3 could replicate in CHO-K1 cells. Because it was not
clear if the inability of VACV to replicate in CHO cells was due to a cell type-specific or a
species-specific effect, we tested two additional Chinese hamster cell lines, Don and
V79-4, for their ability to support VACV replication. VC-2 replicated to titers about 100-
400-fold above input in both additional Chinese hamster cell lines, although the titers
were lower than those in BHK-21 and AHL-1 cells. VC-AE3AK3 did not replicate in either
Don or V79-4 cells. We decided to use V79-4 Chinese hamster cells in subsequent
experiments because their cell-doubling time is more similar to the BHK-21 and AHL-1
cells, whereas the Don cells grow more slowly.

elF2a phosphorylation and VACV replication in hamster cells correlate with
PKR sensitivity to E3 and K3

When the host range functions of E3 and K3 were initially described, either E3L or K3L-
deficient VACV strains were compared to the parental virus. To extend this analysis, we
compared the virus replication of wild-type VC-2, VC-R1 (AE3L, for simplicity referred to
as VC-AE3), vP872 (AK3L, for simplicity referred to as VC-AK3), and VC-AE3AK3. In Hela-
PKR" cells, all viruses were able to replicate, including VC-AE3AK3, which showed about
5,000-fold increased replication in comparison to HelLa control cells (Fig. 5C). We used
these viruses to determine whether E3 or K3 may be more important for VACV replication
in certain hamster cell lines by measuring elF2a phosphorylation. We infected BHK-21,
AHL-1, and V79-4 cells with the four virus strains for 6 hours (MOl = 5.0) and performed
western blot analyses. In all three cell lines, low levels of elF2a-P were observed in
uninfected and VC-2 infected cells, whereas high levels were detected after infection
with VC-AE3AK3 (Fig. 5A and B). In BHK-21 cells, infection with VC-AE3 did not result in
increased elF2a phosphorylation, whereas infection with VC-AK3 resulted in comparable
elF2a phosphorylation as VC-AE3AK3. The opposite phenotypes were observed in AHL-1
cells, in which infection with VC-AE3 but not VC-AK3 resulted in strong elF2a phosphory-
lation. In V79-4 cells, infection with both VC-AE3 and VC-AK3 resulted in less elF2a
phosphorylation than VC-AE3AK3. These data show that K3L was required to suppress
elF2a phosphorylation in BHK-21 cells and that E3L was required to suppress elF2a
phosphorylation in AHL-1 cells.

To analyze the effects of E3L and K3L on virus replication, the same hamster cell lines
were infected with all four VACV strains (MOI = 0.01). After 48 hours, virus supernatants
were collected and titered on RK13+E3L+K3L cells. In BHK-21 cells, VC-AE3AK3 showed
weak replication (~20-fold increase over input), whereas no replication was observed in
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FIG 3 Expression of PKR, E3, and K3 in transfected cells. HeLa-PKR* cells were transfected with plasmids encoding FLAG-
tagged PKR from the indicated species (1 pg) with or without FLAG-tagged VACV K3L or E3L (1 pg). One percent sodium
dodecyl sulfate (SDS) protein lysates were collected and analyzed by western blot for gene expression 24 hours after
transfection with anti-FLAG antibodies (top panels) or anti-B actin as a loading control (bottom panels). E3 isoforms, likely

generated by alternative start-codon usage, are labeled i1, i2, and i3.

AHL-1 and V79-4 cells (Fig. 5D). VC-AE3 and VC-AK3 showed opposing replication profiles
in BHK-21 and AHL-1 cells: In BHK-21 cells, VC-AE3 replicated significantly better (about
10-fold) than VC-AK3, whereas in AHL-1 cells, VC-AK3 replicated to much higher titers
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FIG 4 VACV replication in cells from different hamster species. Cells derived from Syrian hamster (BHK-21), Armenian hamster (AHL-1), and Chinese hamsters
(CHO, Don, and V79-4) were infected with wild-type VACV-Cop (VC-2) or VC-R2 lacking E3L and K3L at MOI = 0.001. Virus was collected after 48 hours and titered
on RK13+E3L+K3L cells. The dashed line represents the level of input virus.

than VC-AE3. Both VC-AE3 and VC-AK3 replicated to comparable levels in V79-4 cells and
slightly less than VC-2 (approximately two- to fivefold reduction in repeated experi-
ments), suggesting that PKR in these cells was susceptible to inhibition by either E3 or K3
and that these viral inhibitors might have additive effects. Overall, the observed
differences in the replication assays correlated well with the susceptibility of PKR from
the respective hamster species observed in the other assays.

Interferon-induced PKR expression augmented the replication differences
between K3L and E3L-deficient VACV in BHK-21 cells

The difference between the replication of E3L- and K3L-deficient strains observed in our
experiments was not as pronounced as the differences previously reported in BHK cells
(21). To analyze whether PKR can be induced in the hamster cell lines, and whether
increased PKR expression may enhance the differences we observed, we incubated
hamster cells with mouse IFN-a1 for 17 hours and analyzed mRNA expression using
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FIG 5 Effects of E3 and K3 on elF2a phosphorylation and VACV replication. (A) Three hamster cell lines were infected (MOI = 5) with wild-type VACV-Cop (VC-2)
or derived mutant viruses lacking E3L (VC-R1), K3L (vP872), or both (VC-R2) at MOI = 5. Cell lysates were collected at 6 hpi and analyzed by western blot for
phosphorylated elF2a (Ser-51, top panels), total elF2a (middle panels), or B-actin (bottom panels). (B) Band intensities were measured using the Kodak-400MM

Image station software, and the ratios of phosphorylated elF2a to total elF2a were calculated and plotted on the graph. Error bars indicate the standard

deviations of two independent experiments. (C) HeLa control and HeLa PKR" cells were infected with the

indicated VACV strains (MOl = 0.01) for 30 hours and

titered on RK13+E3L+K3L cells. (D) Hamster cell lines were infected with wild-type VACV strains (MOl = 0.01) for 30 hours and titered on RK13+E3L+K3L cells.
Error bars indicate the standard deviation of two experiments. Fold differences between the single-deletion mutant viruses are noted above each pair. P-values

were calculated using Student’s t-test (P < 0.05; P< 0.0005). The dashed lines represent plague-forming units of input virus.

RT-PCR. IFN-a1 treatment induced PKR expression in BHK-21 and AHL-1 cells, but not in
V79-4 cells (Fig. 6A and B). We next treated the same cell lines with IFN-a1 for 24 hours
before infecting them with the VACV strains. IFN-a1 treatment of BHK-21 cells reduced
VC-2 and VC-AE3 replication approximately 10-20-fold, but we observed a stronger
reduction of VC-AK3 replication (~200-fold), relative to untreated cells (Fig. 6B). The
differences in replication between VC-AE3 and VC-AK3 were approximately 10-fold
increased after IFN treatment. In AHL-1 cells, IFN-a1 treatment reduced virus replication
for all tested strains, but the relative differences between strains remained comparable.
No substantial differences in virus replication were observed in V79-4 cells, consistent
with the lack of IFN-mediated induction of PKR.

In order to investigate whether the knock-down of PKR differentially affects the
replication of the VACV strains, we treated BHK cells with hamster PKR-specific siRNA. No
antibodies against Syrian hamster PKR are commercially available. As an alternative
approach, we used PKR knock-out 293 T-REx cells to express FLAG-tagged Syrian hamster
PKR (described below). Treatment with the siRNA substantially reduced the expression of
PKR (Fig. 6C). Knock-down of PKR resulted in the comparable replication of VC-2, VC-AE3,
and VC-AK3 in BHK cells and ~200-fold increased replication of VC-AE3AK3, although,
likely due to the incomplete knock-down, not to the same level as observed with the
other strains (Fig. 6D). PKR knock-down also reversed the effects of IFN-a1 treatment on
the replication of all four strains indicating that the observed antiviral effects of IFN-al
were largely mediated by PKR.

Identification of regions in PKR determining sensitivity to inhibition by E3
and K3

The region linking the dsRNA-binding domains (dsRBDs) with the kinase domains is
highly divergent between PKRs from different species in respect to amino acid
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Fig 6 (Continued)

differences between the single deletion mutant viruses are indicated above each pair. Error bars indicate the standard deviation of two experiments. P-values
were calculated using Student’s t-test (‘P < 0.05; "P< 0.0005). (C) T-REx 293 PKR*+ Syrian hamster PKR cells were induced with doxycycline 24 hours prior to
treatment with pooled siRNA targeting hamster PKR. Cell lysates were collected after 24 hours and analyzed by western blot to detect FLAG-tagged PKR and
B-actin. (D) BHK-21 cells were mock-transfected or transfected with pooled siRNA targeting hamster PKR and were either left untreated or treated with mmIFN-a1
(50 U/mL). Twenty-four hours after treatment, cells were infected with the indicated VACV strains (MOI = 0.01). Lysates were collected 30 hpi and titered. Fold
differences between the single deletion mutant viruses are noted above each pair. Error bars indicate the standard deviation of three replicate experiments.
P-values were calculated using Student’s t-test (P< 0.05). The dashed lines represent plaque-forming units of input virus.

composition and length. Thus, we hypothesized that this region may influence PKR
sensitivity to E3. We tested a naturally occurring splice variant (sv) of Syrian hamster PKR,
in which 54 out of 85 amino acids comprising the linker are missing (Fig. 2). This splice
variant was as resistant to E3 inhibition as full-length PKR (Fig. 4A). We subsequently
removed more parts of the linker region in blocks of six additional amino acids per
construct (Fig. 2). Removal of the first six additional amino acids (A164-223; R2 in Fig. 2)
had no effect, while removal of six additional amino acids (A164-229; R3) increased the
sensitivity of this PKR to E3 inhibition, implicating a role for the linker region in resistance
to E3 (Fig. 7). In order to test whether amino acid residues in R3 or adjacent residues
directly confer differential sensitivity to E3 inhibition, we swapped the following amino
acids between Syrian hamster (Ma) and Armenian hamster (Cm) PKR and tested sensitiv-
ity to E3: MaPKR-P228S/R229G, CmPKR-S230P/G231R, MaPKR-P228S/R229G/L232P,
CmPKR-S230P/G231R/P234L, MaPKR-L232P, and CmPKR-P234L. None of the mutants
showed altered sensitivity to E3 inhibition compared to the wild-type PKR (data not
shown), indicating that these residues do not fully control this phenotype and that other
residues are involved, which may involve epistatic interactions, which are not readily
identifiable.

We next constructed hybrids between Syrian and Armenian hamster PKRs to inde-
pendently determine the regions involved in E3 and K3 sensitivity (Fig. 7B). Swapping the
kinase domains between the PKRs showed that the sensitivity to K3 was determined by
the kinase domain, whereas sensitivity to E3 was determined by a region comprising the
dsRBDs and the linker (Fig. 7C). Swapping only the first dsRBD1 did not affect sensitivity
as compared to wild-type PKRs. However, including the second dsRBD2 resulted in
intermediate sensitivity of the hybrids, whereas the addition of the linker region was
necessary to phenocopy the sensitivity of the wild-type PKRs (Fig. 7D). In another set of
experiments, we swapped only individual regions dsRBD1 and dsRBD2 or the linker
region between the two PKRs. Here, only hybrids with the swapped linker region showed
completely reversed sensitivity to E3 inhibition (Fig. 7E). These results show that the
linker region is the primary determinant of hamster PKR sensitivity to E3 inhibition,
although dsRBD2 might play a secondary role.

Key residues governing host-virus interactions are often subjected to strong selective
pressure from both host and virus and often exhibit signatures of positive selection. To
identify positively selected residues in hamster and hamster-related PKRs, we gathered
high-quality PKR sequences from 36 rodent species from GenBank and performed a
phylogenetic analysis (Fig. 8; Table 1). We next performed phylogenetic analysis by
maximum likelihood (PAML) analysis with all available sequences from the families
Cricetidae and Muridae, with or without sequences from the Neotominae subfamily,
because the sequences from the latter contain shorter linker regions. Sixteen residues
were identified as positively selected (P > 0.95%) in both data sets with model 8 (indica-
ted by red triangles in Fig. 7G; Table 2), with six additional residues that were significant
in only one of the two datasets (orange triangles). Projection of the residues on the
crystal structure of the human PKR kinase domain (44) revealed clustering of positively
selected residues around the elF2a-binding site of PKR, including four residues in helix
aG that are divergent between Syrian and Armenian hamster PKRs (Fig. 7F and G). These
results were consistent with our previous experiments, which demonstrated that the
kinase domain primarily influences K3 sensitivity in other species. To test this hypothesis,
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FIG 7 Defining the regions of hamster PKRs conferring sensitivity to E3 and K3. HeLa-PKR"' cells were co-transfected with plasmids encoding luciferase (0.05
Hg), PKR, or PKR mutants (0.2 ug) and VACV E3L or VACV K3L (0.4 pg). Luciferase activities were determined 42-48 hours after transfection. For each transfection,
luciferase activity was normalized to PKR-only transfected cells. Error bars indicate the standard deviations for three replicate transfections. Wild-type PKRs are
indicated with bold letters. (A) Syrian hamster PKR, a splice variant (sv), or mutants in which blocks of six additional amino acids were removed from PKR sv were
tested for sensitivity to E3. (B) Schematic of the domain structure used for chimeric PKR construction. Letters denote different PKR domains: A/a, first dsRBD; B/b,
second dsRBD; C/c, linker region; D/d, kinase domain. (C-E) Sensitivities of chimeric PKR to E3 and K3. Wild-type PKRs are indicated by bold letters. (F) Positively
selected residues in Cricetidae and Muridae PKRs were determined using PAML and are projected on the domain structure of Syrian hamster PKR. Red and orange
triangles indicate positions of positively selected residues (p > 95%) that were detected in both data sets or in one of the data sets, respectively. (G) Positively
selected residues projected on the crystal structure of human PKR (44). Residues are numbered in respect to Syrian hamster PKR. Residues after slashes indicate
the Armenian hamster residue if they are divergent. The dotted line encompasses PKR residues that contacted elF2a in the co-crystal structure (44). (H) Positively
selected residues in helix aG of Syrian and Armenian hamster PKR were swapped as indicated, and sensitivities to K3 inhibition were assessed. (I) Sensitivity of

mutant hamster PKRs, in which both residues 463 and 464 were swapped between Syrian and Armenian hamster PKR, to E3 and K3 inhibition.

we first swapped the residues individually between the two hamster PKRs and deter-
mined sensitivity to K3. Mutation of residues 463 and 464 of Syrian hamster PKR resulted
in slightly less sensitivity to K3 inhibition, whereas the corresponding mutations slightly
increased the sensitivity of Armenian hamster PKR. Mutation of residues 467 or 471 had
no effects on sensitivity to K3 (Fig. 7H). Mutation of both residues 463 and 464 (PKR-aG
II/DF or PKR-aG DF/Il) reversed this sensitivity making Syrian hamster PKR-resistant and
Armenian hamster PKR-sensitive to K3 inhibition. These mutations did not alter the
sensitivity to E3 (Fig. 7). Syrian hamster PKR-aG II/DF was, thus, resistant to both E3 and
K3.
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FIG 8 Phylogenetic analysis of rodent PKR sequences. Phylogenetic tree was constructed with a multiple sequence alignment of 36 rodent PKR sequences and
European rabbit (Oryctolagus cuniculus) PKR (as outgroup), generated with MUSCLE using maximum likelihood analysis (PhyML). Bootstrap support (>70) from

100 replicates is shown on nodes. The tree was rooted to O. cuniculus PKR.

Syrian hamster PKR helix aG mutant provides strong antiviral activity against
wild-type vaccinia virus

To investigate PKRs from different species in a congenic background, we first knocked
out endogenous PKR in Flp-In T-REx 293 (T-REx) cells using CRISPR-Cas9. These
cells contain a single insertion site for the transgene, which is controlled by a
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Species

Common name

Accession number

Family

Mesocricetus auratus (Ma)
Mesocricetus brandti (Mb)
Cricetulus griseus (Cg)
Cricetulus migratorius (Cm)
Arvicola amphibius (Aa)
Microtus fortis (Mf)
Microtus oregoni (Mo)
Myodes glareolus (Mg)
Onychomys torridus (Ot)
Peromyscus leucopus (PI)
Peromyscus maniculatus bairdii
(Pm)
Mastomys coucha (Mc)

Mus pahari (Mp)

Meriones unguiculatus (Mg)
Arvicanthis niloticus (Nile rat)
Grammomys surdaster (Gs)
Mus musculus (Mm)

Rattus norvegicus (Rn)

Rattus rattus (rr)
Nannospalax galili (Ng)

Jaculus jaculus (Jj)
Heterocephalus glaber (Hg)
Fukomys damarensis (Fd)
Octodon degus (Od)
Chinchilla lanigera (Cl)
Cavia porcellus (Cp)
Sciurus carolinensis (Sc)
Marmota marmota marmota
(Mmm)
Marmota monax (Mmo)
Marmota flaviventris (Mf)
Ictidomys tridecemlineatus (It)
Urocitellus parryii (Up)
Castor canadensis (Cc)
Perognathus longimembris
pacificus (Plp)
Dipodomys spectabilis (Ds)
Dipodomys ordii (Do)
Oryctolagus cuniculus (Oc)

Syrian hamster

Turkish hamster

Chinese hamster

Armenian hamster

Eurasian water vole

Reed vole

Creeping vole

Bank vole

Southern grasshopper mouse
White-footed mouse

Prairie deer mouse

Southern multimammate
mouse

Shrew mouse

Mongolian gerbil

Nile rat

African woodland thicket rat

House mouse

Norway rat

Black rat

Upper Galilee mountains blind
mole rat

Lesser Egyptian jerboa

Naked mole-rat

Damara mole-rat

Degu

Long-tailed chinchilla

Guinea pig

Gray squirrel

Alpine marmot

Woodchuck

Yellow-bellied marmot
Thirteen-lined ground squirrel
Arctic ground squirrel
American beaver

Pacific pocket mouse

Banner-tailed kangaroo rat
Ord'’s kangaroo rat
European rabbit

NM_001281945.1
MG702602.1
KT272869.1
MG702601.1
XM_038320475.1
XM_050163535
XM_041631130
XM_048416055
XM_036170876.1
XM_028873276.2
XM_042266732.1

XM_031356301.1

XM_021218187.2
XM_021661519.1
XM_034514534.1
XM_028773442.1
BC016422.1
L29281.1
XM_032908889.1
XM_008822598.3

XM_045137788.1
XM_004839297.3
XM_010611405.3
XM_023711201.1
XM_013517630.1
KT272870.1

XM_047523348.1
XM_015479767.2

XM_046441648.1
XM_027933411.2
XM_005336548.4
XM_026405873.1
XM_020167142.1
XM_048353124.1

XM_042675531.1
XM_013013683.1
KT272867.1

Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae
Cricetidae

Muridae

Muridae
Muridae
Muridae
Muridae
Muridae
Muridae
Muridae
Spalacidae

Dipodidae
Bathyergidae
Bathyergidae
Octodontidae
Chinchillidae
Caviidae
Sciuridae
Sciuridae

Sciuridae
Sciuridae
Sciuridae
Sciuridae
Castoridae
Heteromyidae

Heteromyidae
Heteromyidae
Leporidae

tetracycline-inducible promoter. We selected clone A2, which was permissive for the
PKR-sensitive VC-AE3AK3 for further characterization (Fig. 9A and B). In this clone,
we did not detect PKR by Western blot analysis (Fig. 9C). To confirm the knock-out,
we sequenced both genomic DNA and ¢DNA and identified a single 17-bp deletion,
which overlaps with the guide RNA target site and no evidence of wild-type PKR
sequence (Fig. 10). We next stably inserted FLAG-epitope-tagged Syrian hamster PKR,
Armenian hamster PKR, Syrian hamster PKR-aG II/DF, or human PKR into the FRT site
in the T-REx PKR® cells. In all cells, doxycycline treatment induced PKR expression,
although Armenian hamster PKR was expressed slightly less than the other PKRs (Fig.
9D). Furthermore, all of these PKR-expressing cells strongly suppressed VC-AE3AK3
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TABLE 2 Positively selected sites in rodent PKRs

Residue pP clade A pP-values clade A-clade B
(S. hamster) Cricetidae+ Muridae Cricetidae+ Muridae—-Neotominae
F30 0.990° 0.980°
T91 0.932 0.966°
$120 0.976° 0.928
C125 0.960° 0.993°
H181 0.998° 0.998°
210 0.991° 0.916
P216 0.965° 0.973°
S246 0.991° 0.983°
E250 0.968° 0.992°
F310 0.985° 0.828
Q323 0.941 0.977°
M325 0.980° 0.977°
E335 0.981° 0.975°
F366 0.962° 0.955°
N423 1.000° 1.000°
L427 0.995° 0.952°
Q438 0.999° 0.990°
1461 0.997° 0.986°
1463 0.980° 0.952°
1464 0.999° 0.998°
5467 0.988° 0.988°
T471 0.933 0.951°

“Indicates posterior probabilities (pP) > 0.99.
bIndicates posterior probabilities > 0.95.

replication, showing that PKRs are functional and that replication of VC-AE3AK3 in the
PKR* cells is due to the lack of PKR (Fig. 9E). Cells expressing Syrian hamster PKR
showed no suppression of the K3L-containing viruses and about 50-fold reduction of
VC-AK3 replication. Armenian hamster PKR expression resulted in no suppression of the
E3L-containing viruses, but strong repression of VC-AE3 replication. These results, thus,
mimic those obtained with the Syrian hamster BHK and Armenian hamster AHL-1 cells.
Infection of the Syrian hamster PKR-aG IlI/DF-expressing cells showed strong suppres-
sion of all tested viruses, including wild-type VC-2. These results demonstrate a causal
connection between PKR sensitivity to E3 and K3 and inhibition of virus replication and
indicate that recombinant PKRs can substantially suppress the replication of a wild-type
poxvirus.

DISCUSSION

Poxvirus host range genes are only required for productive replication in a subset of host
cells and species (1, 4). While many poxvirus host range factors are immunomodulators,
the molecular mechanisms underlying their host range function are, in most cases,
poorly understood. Here, we provide molecular explanations for the host range functions
of VACV E3L and K3L in cells from different hamster species.

In this study, we observed three different patterns for PKR susceptibility to E3 and K3
inhibition: (i) E3L but not K3L was dispensable for VACV replication in Syrian hamster
BHK-21 cells, as previously reported (21); (ii) in Armenian hamster cells, K3L but not E3L
was dispensable for virus replication; and (iii) in Chinese hamster V79-4 cells, either E3L
or K3L was dispensable for virus replication. VACV replication correlated well with elF2a
phosphorylation levels during infection in these cell lines and with the sensitivities of the
respective PKRs to E3 and K3 inhibition in reporter assays. These correlations were also
consistent in infections of congenic cells expressing either Syrian or Armenian hamster
PKR, which supports a causal connection between the presence of E3L or K3L, PKR, and
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FIG9 Generation of congenic PKR cells and effect on VACV replication. (A) Wild type and PKR* T-Rex 293 cells were infected with VC-R4 at MOI = 0.01. Forty-five
hours after infection, cells were visualized by fluorescence microscopy (magnification: 50x; exposure time: 150 ms). (B) Parental and PKR T-REx cells were
infected in triplicates with VC-R4 or vP872 at MOI = 0.01 for 45 hours. Viral titers were determined by the plaque assay. (C) Western blot of cell lysates from
parental and PKR* T-REx cells using anti-PKR and anti-B-actin antibodies. (D) Expression of PKRs in T-REx PKR® cells. PKR expression in the indicated congenic cell
lines was induced for 24 hours by doxycycline, or cells were left untreated. Total protein lysates were analyzed by western blot using anti-FLAG and anti-B-actin
antibodies. (E) PKR expression in congenic cells was induced for 24 hours before infection with the indicated VACV strains for 48 hours at MOl = 0.01. Error bars
indicate the standard deviation of two experiments, and fold differences between the single-deletion mutant viruses are noted above each pair. The dashed lines
represent plaque-forming units of input virus.

virus replication. Because many poxviruses possess two PKR inhibitors, this redundancy
allows virus replication in cases in which a given PKR is resistant to one inhibitor, e.g.,
Syrian and Armenian hamster PKR. In cases in which PKR is sensitive to both inhibitors,
e.g., Chinese hamster PKR, the loss of one inhibitor can be compensated by the other. In
this system, a condition of being recognized as a host range factor is that PKR from a
given species must have opposing sensitivities to one PKR inhibitor. This study, therefore,
defines substantial variability in the redundancy of these two distinct host range factors
in multiple hamster species/cells.

The resistance of Syrian and Turkish hamster PKR to E3 inhibition was unexpected and
is at odds with the prevailing model of how E3 and other viral dsRNA-binding proteins
inhibit PKR. According to this sequestration model, E3 sequesters viral dsRNA as a
function of its dsRNA-binding properties, thereby preventing detection by PKR and other
dsRNA-binding proteins (15, 21). Under this model, dsRNA sequestration would be
predicted to inhibit PKR from all species; therefore, our discovery of hamster PKRs
differentially susceptible to E3 cannot be explained by this model. Previous studies
showed that E3 mutants with a reduced ability to bind dsRNA were still able to inhibit
human PKR (45) and that E3 orthologs from sheeppox virus and Yaba monkey tumor
virus were inefficient inhibitors of PKR despite dsRNA-binding capabilities (31, 46), which
indicated that the sequestration model does not fully explain E3 activity. An alternative
model for how E3 inhibits PKR activation proposes that E3 prevents PKR homodimeriza-
tion, an essential step during PKR activation, by forming heteromers with PKR (47, 48).
Supporting this heterodimer model, the myxoma virus E3 ortholog M029 was shown to
interact with rabbit PKR in a dsRNA-dependent manner (49). This model is compatible
with the mechanisms used by other viruses, for example, viral RNA inhibitors VA(I) from
human adenovirus and EBER(I) from Epstein—Barr virus, which inhibited PKR activation by
preventing PKR homodimerization (50). In light of these data, one explanation for the
resistance of Syrian and Turkish hamster PKR is that these host proteins might resist the
formation of heterodimers with E3 and could, therefore, still form active homodimers.

Syrian hamster PKR showed complete resistance to E3 in the LBR assay, and the
presence of E3 alone during VACV infection did not reduce elF2a phosphorylation levels
in BHK-21 cells. However, VACV with E3 as the only PKR inhibitor replicated about 10-fold
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better than VACV missing both E3 and K3. These data indicate a minor role for E3 in VACV
replication in BHK-21 cells and could be explained by E3 having additional targets such
as OAS, RIG-I, and MDA5 (19). However, PKR knock-down abolished these differences in
replication between E3- and K3-only expressing viruses, supporting the idea that this is a
PKR-dependent phenotype. The relatively weak effect of E3 on these cells may be due to
some dsRNA sequestration, even if this effect could not be readily measured by elF2a
phosphorylation levels. This sequestration effect might be more relevant in cells
expressing relatively low levels of PKR, as induction of PKR expression by IFN increased
the replication differences between K3- and E3-only expressing viruses, an effect that
was also abolished by PKR knock-down. Low PKR levels in BHK-21 cells could also explain
why VACV lacking both decapping enzymes D9 and D10, which results in elevated
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dsRNA levels, was able to replicate in BHK-21 cells (51). In summary, neither the dsRNA
sequestration model nor the E3/PKR heteromer model on their own can fully explain the
results presented here, indicating that both mechanisms may contribute to PKR inhibi-
tion by E3, with dsRNA sequestration by E3 playing a subordinate role to E3's prevention
of functional PKR homodimerization.

Domain swapping between Syrian and Armenian hamster PKRs revealed that the
sensitivity to E3 inhibition was largely determined by the region linking dsRBD2 with the
kinase domain and potentially a minor contribution from dsRBD2. This was supported by
the finding that partial deletion of the linker in Syrian hamster PKR resulted in sensitivity
to E3 inhibition. The linker region is highly basic and has been described as unstructured
and highly flexible in solution (52, 53). The linker has also been implicated in inhibiting
PKR activation in its non-dsRNA-bound inactive state (9, 54). During PKR activation, the
very N-terminal residues of the kinase domain were shown to be perturbed indicating
that the conformation of the linker changes during this process (52). Taken together,
these studies strongly suggest that the linker has an important and relatively unrecog-
nized role in PKR activation and evasion of viral antagonists.

The identification of amino acid residues and regions in Syrian and Armenian hamster
PKR that determine sensitivity to K3 and E3 allowed us to generate recombinant PKR
that was resistant to both E3 and K3. Importantly, the expression of this E3/K3-resistant
PKR strongly inhibited the replication of wild-type VACV, which still contained both PKR
inhibitors, whereas the expression of Syrian or Armenian hamster PKR showed only
strong reduction of either the K3L or E3L deleted virus, respectively. Engineering PKR
with enhanced resistance profiles to viral inhibitors might be a promising strategy to
generate cells and organisms with broad resistance against viral PKR inhibitors and,
therefore, increased resistance to viral infections.

It is noteworthy that VACV was able to replicate in Chinese hamster-derived V79-4
and Don cells. Previous reports have shown that VACV was unable to replicate in CHO
cells, the most commonly used Chinese hamster cell line, whereas other orthopoxviruses,
such as cowpox virus, can replicate in these cells (55). The inability of VACV to replicate
in CHO cells has been shown to be caused by a lack of a viral protein called CP77
(encoded by OPV023/CPXV025) that is found in other orthopoxviruses including mpox,
taterapox, and Akhmeta viruses (43). CP77 has been identified as an antagonist of
the host restriction factor SAMDIL, and the expression of Chinese hamster SAMD9L
restricted VACV replication in human BT20 cells (56). Our finding that VACV was able to
replicate in some Chinese hamster cells indicates that the dependence of VACV on CP77
is due to cell line-specific differences rather than species-inherent differences.

The laboratory population of Syrian hamsters was severely bottlenecked from three
litter mates (one male and two females) when it was established (57). Since our results
show that Turkish hamster PKR was also resistant to E3 inhibition, the resistance of
Syrian hamster PKR was, thus, not the result of this bottlenecking event. Because PKRs
from Armenian and Chinese hamsters were sensitive to E3 inhibition, the resistance of
PKR from the two Mesocricetus species to E3 and the sensitivity of PKR from the more
distantly related Cricetulus species indicate that resistance to an ancestral E3 (or similarly
acting viral dsRNA-binding protein) evolved sometime in an ancestor of both Syrian and
Turkish hamster more than 2.5-2.7 million years ago (mya), but less than 7.6-10.8 mya
when Mesocricetus and Cricetulus genera split (58).

E3 is an important poxvirus host range factor, which binds dsRNA. The most widely
accepted model for E3-mediated inhibition of PKR, dsRNA-sequestration, is not species-
specific; therefore, it was unclear how E3 exerts its host range function. Here, we
describe a new species-specific mechanism that can explain this host range function.
This discovery changes the paradigm for E3-host interactions and opens new research
pathways for how E3 may interact with PKR to mediate species-specific inhibition
during infection. The two most parsimonious explanations are either the formation of
a heterodimer, in which E3 prevents PKR dimerization, or the formation of a heterotrimer,
in which E3 disrupts the productive dimerization of the kinase domains (Fig. 11). E3
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resistance, therefore, could either be due to the exclusion of E3 from the homodimer
or be through structural differences, e.g., linker sequences, which would still allow PKR
to form a functional kinase dimer even if E3 is incorporated into the complex (Fig.
11). Taken together, these data show a new pathway by which PKR and potentially
other dsRNA-binding host restriction factors may evolve resistance to viral antagonists
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and raise the possibility that this resistance could play a role in host-virus switches by
influencing the susceptibility to infection by a newly encountered virus.

MATERIALS AND METHODS
Cell lines, yeast strains, and plasmids

Syrian hamster BHK-21 (ATCC CCL-10), Armenian hamster AHL-1 (ATCC CCL-195), Chinese
hamster Don (ATCC CCL-16), Chinese hamster V79-4 (ATCC CCL-93), human Hela control,
and Hela-PKR* (59) (both kindly provided by Dr. Charles Samuel) were maintained
in Dulbecco’s modified essential medium (DMEM, Life Technologies) supplemented
with 5% fetal bovine serum (FBS, Fisher Scientific) and 25 pg/mL gentamycin (Quality
Biologicals). RK13+E3L+K3L cells, which stably express VACV E3 and K3 (49), were grown
in media supplemented with 500 pg/mL geneticin (Life Technologies) and 300pg/mL
zeocin (Life Technologies). Chinese hamster CHO-K1 (ATCC CCL-61; kindly provided by Dr.
Anna Zolkiewska) cells were grown in RPMI medium (Life Technologies) supplemented
with 10% FBS and 25 pg/mL gentamycin. Flp-In T-REx 293 cells (R78007, Fisher Scientific)
were grown with 5% FBS (Fisher Scientific) in DMEM (Life Technologies) supplemented
with 100pg/mL zeocin (Life Technologies) and 15ug/mL blasticidin (Life Technologies).
Flp-In T-REx 293cell lines with reconstituted PKR were maintained in 5% FBS DMEM
supplemented with 50pg/mL hygromycin B (Invitrogen) and 15pg/mL blasticidin. All cells
were incubated at 37°C, 5% CO».

The generation of the yeast strains stably transformed with empty vector (pRS305,
J673), VARV E3L (J659), or VACV K3L-H47R (J674) at the LEU2 locus was described
previously (10, 60). Syrian hamster PKR (pN1) and Armenian hamster PKR (pN2) were
cloned into the pYX113 vector (R&D Systems), which encodes the GAL-CYC1 hybrid
promoter and the selectable marker URA3. Yeast transformations using the lithium
acetate/polyethylene glycol method and growth assays were carried out as previously
described for human PKR (10). For each transformant, four single colonies were picked
and three times colony-purified. Purified transformants were streaked on SGal medium
to induce PKR and inhibitor expression and grown at 30°C for 7 days.

The primers used in this study are shown in Table 3. PKR from the indicated species
and viral inhibitor genes were cloned into the pSG5 mammalian expression vector
(Stratagene) for transient expression driven by the SV40 promoter as described (10).
Each new construct was sequenced to confirm the absence of other mutations. The

TABLE 3 Primers used in this study

Primer name Sequence (5—3’)

C42 GGG CGA CGC GAT CTC AGA GTC AGC ACC CGA AGC AAA AGT CGA ATCCT
C40 GGA AAA AAA AGT ACAATGTTCCCCCTTATTCCATCTCAGATTTTAG
c47 TAA GAG CTC GCC ACC ATG GCC AGT GAT ACA CCG GG

C48 AAT CTCGAGTCACTAACG TGT GTGTCTTTT CTG TAT C

BA70 GTA CGA GCT CGC CAC CAT GGC CAG TGATACACCC

BA71 CTG TCT CGA GTC ACT AAT GTG TGT ATCGTT TCT GTACTT CTG

BA16 TCG CTA GCA TGG CCA GTG ATA CTC CC

BA26 TAA TCT CGA GAT GTG TGT GTC GTTTCTGTACTT C

BA14 ACT GCT AGC ATG GCC AGT GAT ACACCG G

BA27 TAATCT CGA GACGTG TGT GTCTTTTCT GTATCT C

C49 TAA GAG CTC GCC ACC ATG GCC AGT GAT ACA CCG GGT TTC TAC ATG GAC
C50 AAT CTC GAG TCA CTA AAG TGT GTG TCT TTT CTG TAT CTC

elF2a-1F GTA GTG ATG GTG AAT GTA AGA TCC

elF2a-2R CAT CAC ATA CCT GGG TGG AG

PKR-intron2F TTG TAA AAC GAC GGC CAG TGA CCCCTC TGT CTC CTA AA

PKR-intron3R ATC CCC GGG TAC CGA GCT CGC CTATGA GTG AGA ACATGC

PKR-exon2-F TCC AGC ACA GTG GCG GCC ACC ATG GCT GGT GATC

PKR-exon17-R TTT AAA CGG GCC CTC TAG ACCTACTAA CATGTG TGT CGTTCATTT TTC TC
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cloning of knock-down resistant human PKR, mouse PKR, Syrian hamster PKR, and
Chinese hamster PKR into the pSG5 plasmid was described previously (34). Armenian
hamster PKR (accession# MG702601) was cloned from AHL-1 cells using primers C42
x C40, located outside of the open reading frame (ORF) based on multiple sequence
alignments from rodent PKRs and cloned into the pCR2.1-TOPO-TA vector (Invitrogen)
for sequencing. Primers C47 and C48 were designed to subclone the PKR ORF into
pSG5 with Sacl and Xhol restriction sites. Turkish hamster PKR (accession# MG702602)
was cloned from cDNA generated from total RNA isolated from the testes of a Turkish
hamster (Mesocricetus brandti, kindly donated by Drs. Bob Johnston and Frank Castelli).
Primers C42 x C40 were used to amplify the ORF of Turkish hamster PKR, and the
primers used to subclone the Turkish hamster PKR ORF were BA70 and BA71. The E3L
ortholog from VARV used is identical to that found in strain Somalia 1977 (accession#
DQ437590, protein_id = ABG45218). Plasmids encoding for herpes simplex virus-1 Us11
and mammalian reovirus 03 (Type 1 Lang S4 gene) were kindly provided by Dr. lan Mohr
and Dr. Cathy Miller, respectively. For transfections, plasmids were prepared using the
Nucleobond Xtra Midi Endotoxin Free DNA preparation kit (Macherey-Nagel).

Knock-out of PKR in Flp-In T-REx 293 cells

PKR was knocked out in Flp-In T-REx 293 cells using the previously described guide
RNA 5’-ATTCAGGACCTCCACATGAT-3’ (61), which targets the first coding PKR exon 3, and
carried out using the Lipofectamine CRISPRMAX transfection reagent protocol (Fisher
Scientific). HEK 293 Flp-In T-REx cells were plated in 24-well plates for a target confluency
of~30%-40% for the following day. Twenty-four hours later, gRNA, V2Cas9, OptiMEM,
and CRISPRMAX reagents were diluted and added together following the manufacturer’s
instructions. Fifty microliters of the mix was then added to each well, and the cells were
left to incubate for 48 hours in a CO, cell incubator. Cells were then washed with 500
pL phosphate-buffered saline (PBS) and detached from the wells using 100-pL trypsin.
One milliliter of fresh DMEM was added to each well after the detachment of cells, and
subsequent cell clumps were broken apart by pipetting up and down on the bottom
of the wells. The separated cells were then counted using a hemocytometer. A dilution
of 0.15 cells per mL was then made using 10% DMEM 100 pg zeocin/mL and 15 pg/mL
blasticidin. Two hundred microliters of the dilution was then added to each well of a
96-well plate. The cells were allowed to settle for 30 minutes, and then, each well was
inspected and marked if one solitary cell was observed. From these single cells, clones
for confirmation of the PKR KO by sequencing and VC-R4 infection were derived. The
final Flp-In T-REx 293 PKR* cells were then named A2 for the well from which they were
derived.

To analyze the knock-out of PKR, we extracted whole genomic DNA from candidate
single-cell clones, which were grown in six-well plates to confluence, then trypsinized
and washed with 1mL of PBS. Next, cells were resuspended in 300uL of digestion buffer
[100 mM NaCl, 10 mM Tris-Cl pH 8, 25 mM EDTA pH 8, 0.5% sodium dodecyl sulfate (SDS),
and 0.1 mg/mL proteinase K] and proteinase K and incubated at 50°C for 2 hours and
30 minutes with gentle shaking (250 RPM) on a heat block. DNA was then extracted by
adding 350-pL phenol:chloroform:isoamyl, followed by centrifuging the samples at 1,700
rotational centrifugal force (RCF) for 10 minutes and isolating the resulting aqueous
layer. DNA was precipitated by adding 30uL 3 M (molar) sodium acetate in 600uL 100%
ethanol and pelleted at 1,700 RCF for 5 minutes. The pellet was then washed in 100pL
70% ethanol and centrifuged at 1,700 RCF for 5 minutes. Ethanol was discarded, and the
pellet was allowed to dry before resuspension in 100puL ultrapure nuclease-free H,0. We
then ran PCR with the isolated gDNA and primers PKR-intron2-1F and PKR-intron3-1R
(Table 3) surrounding human PKR exon 3, using the OneTaq polymerase (NEB). Following
the Topo TA Cloning protocol (Thermo Fisher Scientific), we combined PCR products with
pCR4-TOPO plasmids and then transformed chemically competent Escherichia coli via
heat shock. We generated DNA mini-preps from 30 colonies with the expected inserts
and sequenced them using Sanger sequencing with M13F (-21) and M13R. A single
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17-bp deletion in exon 3 was observed in all 30 tested plasmid clones, and no intact PKR
reads were detected.

For sequencing PKR from c¢cDNA, 1.5 x 10° Flp-In T-REx 293 PKR KO cells and T-REx
293 WT cells were seeded in six-well plates. To induce the transcription of PKR, the cells
were infected with VC-R4 at an MOI of 3. At 6 hpi, the cells were lysed using TRl Reagent
(Millipore Sigma, T9424). Extraction of total RNA and subsequent DNA digestion were
performed according to Zymo Research RNA Extraction’s instruction. One microgram of
total RNA was converted into cDNA with Protoscript Il reverse transcriptase (NEB). The
PKR open reading frame was amplified with primers PKR-exon2-F and PKR-exon17-R. PCR
products were gel-purified and Sanger-sequenced. The identical 17-bp deletion in exon
3 was observed in all samples.

Construction of PKR congenic Flp-In T-REx 293 cells

Flag-tagged Syrian hamster PKR (#793), Armenian hamster PKR (#794), Syrian hamster
PKR 1463D/1464F (#810), and human PKR (#836) were cloned into the pcDNA5/FRT
expression vector, which confers hygromycin B resistance in successfully transfected
cells. The resulting pcDNA5/FRT PKR-Flag plasmids were co-transfected into Flp-In T-REx
293 PKR* cells together with pOG44 plasmid, which expresses the Flp recombinase and
recombines a Flp flanked gene of interest with the genomic Flp in the site of Flp-In T-REx
293 cells. Transfection was carried out using SignaGen Genjet (SignaGen) following the
manufacturer’s protocol. 4 x 10° cells were transfected with 1ug of plasmids total (500ng
each). Cells were then selected for successful plasmid uptake by adding 50 ug/mL of
hygromycin B and cultivating surviving colonies. Total protein extracts were subjected
to SDS PAGE and western blot analysis using an anti-FLAG antibody with or without
doxycycline induction.

Western blotting and RT-PCR

Protein lysates were collected from confluent monolayers of cells grown in six-well
plates in 1% SDS in PBS and sonicated 2 X 5 s to shear genomic DNA. Lysates from
transfected cells were collected 48 hours after transfection in 1% SDS. Lysates from
cells infected with wild-type VC-2 (Copenhagen), VC-R1 (AE3L), vP872 (AK3L), or VC-R2
(AE3LAK3L) (MOI = 5) were collected at 6 hpi in 1% SDS to analyze the phosphorylation
of elF2a. All protein lysates were separated on 10% polyacrylamide gels and blotted
on polyvinyl difluoride membranes (GE Healthcare). Blotted membranes were blocked
with either 5% non-fat milk or 5% bovine serum albumin (BSA), before being incuba-
ted with rabbit anti-phospho-elF2a (Ser51, BioSource International, kindly provided
by Dr. Thomas Dever), rabbit anti-total elF2a (Santa Cruz Biotechnology), or mouse
anti-B-actin (Sigma-Aldrich) diluted in tris-buffered saline Tween 20 (TBST) buffer (20 M
Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.4). Membranes were incubated overnight at
4°C in the primary antibody, washed with TBST, and then incubated for 1 hour at room
temperature with the secondary antibody conjugated to horseradish peroxidase [goat
anti-rabbit-HRP or goat anti-mouse-HRP (Open Biosystems), donkey anti-rabbit-HRP or
donkey anti-mouse-HRP (Life Technologies)]. The membranes were then washed with
TBST to remove excess secondary antibodies, and proteins were detected with Proto-Glo
ECL detection buffers (National Diagnostics). Images were taken using a Kodak-4000MM
Image Station or Invitrogen iBright Imaging. Mean band intensities for phosphoryla-
ted elF2a to total elF2a were quantified with Imagel. The standard deviations of the
ratios of phosphorylated elF2a to total elF2a for each sample were calculated from
two independent experiments. FLAG-tagged PKRs were detected with anti-FLAG M2
(Sigma-Aldrich) and goat anti-mouse (Invitrogen).

RNA was collected from mmlIFNal-treated or untreated cells grown in six-well
plates 17 hours after treatment using TRIzol (Thermo Fisher Scientific). cDNA was then
generated using SuperScript Ill reverse transcriptase and oligo-dT primers (Invitrogen).
Primers used to amplify Syrian hamster PKR from BHK-21 cells for RT-PCR analysis were

November 2024 Volume 98 Issue 11

Journal of Virology

10.1128/jvi.01331-24 22


https://doi.org/10.1128/jvi.01331-24

Full-Length Text

BA16 and BA26. Primers used to amplify Armenian hamster PKR from AHL-1 cells were
BA14 and BA27. Primers used to amplify Chinese hamster PKR from V79-4 cells were C49
and C50. Primers used to amplify elF2a from all cell lines were elF2a-1F and elF2a-2R.

Phylogenetic and sequence analysis

The accession numbers of rodent PKR sequences are shown in Table 1. Usage of
designations of rodent families, subfamilies, and genera is based on the classification
used by the National Center for Biotechnology Information, taxonomy website (https://
www.ncbi.nlm.nih.gov/taxonomyy/). Protein sequence alignments and protein sequence
identities of the PKRs were obtained using ClustalW in MegAlign (DNAStar, Inc.).

We reconstructed the phylogeny of rodent PKR sequences using the maximum
likelihood approach (62), as implemented in PhyML (63). The input alignment included
the European rabbit PKR as an outgroup and was generated using MUSCLE (64). In
this phylogenetic analysis, we conducted 100 bootstrap iterations to estimate nodal
support. We used FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) to visualize
the resulting phylogenetic tree.

In order to determine positively selected sites in hamster PKRs, we used the program
codeml implemented in PAML (65). Residues with posterior probabilities greater than
95% in the model M8 were identified as sites under positive selection (w > 1) in Bayes
empirical Bayes analysis (66).

Virus infections, interferon, and siRNA treatments

Viruses used in this study are VC-2 (VACV-Copenhagen) and its derivatives vP872, whose
K3L gene is deleted (AK3L) (27) (both kindly provided by Dr. Bert Jacobs); VC-R2 (AE3L,
AK3L), a derivative of vP872, in which E3L was replaced by a destabilized EGFP gene (67);
VC-R1 (AE3L), which was generated by replacing E3L with a destabilized EGFP gene in
VC-2 as described for VC-R2; and VC-R4, another derivative of vP872, in which E3L was
replaced by a wild-type EGFP gene (68).

For all virus infections, sonicated virus samples were diluted in DMEM (or RPMI)
supplemented with 2.5% FBS to perform infections at the indicated MOI. For each of
the cell lines used, 5.0 x 10° cells were plated in six-well plates 1 day before infection,
and infections were performed in duplicates unless otherwise noted. The growth media
were removed from each well before adding the diluted virus inoculum and incubating
it for 1 hour at 37°C. After the incubation period, the inoculum was removed, cells were
washed twice with PBS, and fresh growth media were added. The virus was collected at
the indicated times post-infection by scraping cells directly into the media, and lysates
were subjected to three rounds of freeze/thaw cycles followed by sonication (2 X 15 s) in
a cup horn sonicator (QSonica). Virus titers were measured in plaque-forming units per
milliliter (pfu/mL) on RK13+E3L+K3L cells.

To investigate the induction of PKR expression, cells were pre-treated with 5 units/mL
mouse interferon-al (mmIFNa 1, pbl interferon source) 17 hours prior to collecting RNA
for RT-PCR analysis. To analyze the effect of interferon treatment on virus replication, BHK
cells were pre-treated with 50 units/mL mmIFNa1, 24 hours prior to infection. Four siRNA
duplexes (21 nt) were designed and synthesized using the Dharmacon siDESIGN Center
(dharmacon.gelifesciences.com) to target Syrian hamster PKR and Armenian hamster
PKR (Dharmacon, Table 4). Cells were transfected with the pooled siRNA duplexes or
mock-transfected in six-well plates with 50 nM diluted in siRNA buffer (60 mM KCl,
6 mM HEPES, 20 uM MgCl,, pH 7.4) using the Lipofectamine RNAIMAX siRNA transfection

TABLE 4 siRNA duplexes used in this study

siRNA duplex Sequence (5"—3’)

Duplex 1 GGA AUU AGC UGA ACA AAU AUU, UAU UUG UUC AGC UAA UUC CuU
Duplex 2 CAC CAG AAC GAU AGA GUA AUU, UUA CUC UAU GCU UCU GGU GuU
Duplex 3 CCA CAU GAC AGA AGG UUU AUU, UAA ACCUUC UGU CAU GUG GUU
Duplex 4 GGA AAG UAG ACA AUG AUU UUU, AAA UCA UUG UCU ACU uuC cuu
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reagent (Invitrogen) according to the manufacturer’s instructions. The media in each well
were changed after 24 hours, and the cells were infected with the four VACV strains at
MOI = 0.01, 24 hours after transfection. Virus lysates from two replicate infections were
collected after 30 hours and titered on RK13+E3L+K3L cells.

Luciferase-based reporter assay for PKR inhibition

The luciferase-based reporter assay for the inhibition of PKR activity was described
previously (10). Briefly, 5 x 10* HeLa-PKR* cells were seeded 24 hours before transfection
in 24-well plates. For each transfection, 0.05 pg of firefly luciferase encoding plasmid
(pGL3promoter, Promega), 0.2 ug PKR encoding plasmids (pSG5), and 0.4 ug VACV E3L
or VACV K3L were transfected using GenJet-Hela (SignaGen) in triplicates. For titration
experiments, VACV E3L was co-transfected at the indicated concentrations, and the
total amount of plasmid transfected was kept constant with an additional empty vector
(pSG5). Cell lysates were harvested 48 hours after transfection using mammalian lysis
buffer (Goldbio), and the luciferase activity was determined by measuring luminescence
in a luminometer (Berthold) after adding the luciferin substrate (Promega). Luciferase
activity from vector control transfections was compared to transfections with only PKR
encoding plasmids to assess the PKR activity for each species, which was then used to
normalize co-transfections of the corresponding PKR with each viral inhibitor.
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