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A B S T R A C T

Protein kinase R plays a key role in innate antiviral immune responses of vertebrate animals. Most mammalian
poxviruses encode two PKR antagonists, E3 (dsRNA binding) and K3 (eIF2α homolog) proteins. In this study, the
role of K3 family proteins from poxviruses with distinct host tropisms in determining the virus host range was
examined in a vaccinia E3L deletion mutant virus. It was found that K3 orthologs from the species-specific
poxviruses (taterapox virus, sheeppox virus, myxoma virus, swinepox virus and yaba monkey tumor virus) re-
stored the virus replication competency in cells derived from their natural hosts or related animal species.
Further, it was found that the residues located in the helix insert region of the protein, K45 of vaccinia K3 and
Y47 of the sheep poxvirus ortholog 011, are critical for the virus host species specificity. These observations
demonstrate that poxvirus K3 proteins are major determinants of the virus host specificity.

1. Introduction

Protein kinase R (PKR) is a potent innate immune effector sup-
pressing virus replication by phosphorylating eukaryotic initiation
factor 2α (eIF2α) of the virus infected cells and consequently blocking
protein synthesis (Sadler and Williams, 2007). Poxviridae is a large fa-
mily of dsDNA viruses, consisting of members infecting a wide range of
animal species. Most of mammalian poxviruses encode two host range
proteins, E3 and K3, to antagonize PKR mediated antiviral activity
(Perdiguero and Esteban, 2009). The E3 proteins, a dsRNA binding
protein, inhibit PKR activation; while the K3, an eIF2α homolog, are
believed to act as pseudo substrate for PKR and inhibit phosphorylation
of the cellular substrate, eIF2α (Langland and Jacobs, 2002). Deletion
of vaccinia virus (VACV) E3L gene has been shown to cause abortive
replication of the virus (VACVΔE3L) in most of the otherwise permis-
sive cells, such as HeLa cells. Interestingly, the VACVΔE3L virus re-
mains fully replication competent in BHK21 cells. It has been suggested
that the K3 protein contributed to the different replication competency
of VACVΔE3L in HeLa and BHK21 cells (Langland and Jacobs, 2002).

Most of current knowledge on poxvirus K3 family proteins is based
on the K3 protein of VACV, which is a laboratory derived poxvirus and
has no known natural host. Based on in vitro biochemical studies, it has
been demonstrated that VACVK3 protein binds to the kinase domain of

human PKR (Gale Jr. et al., 1996). In vivo analysis using transient
transfection of human PKR either into yeast (Saccharomyces cerevisiae)
(Kawagishi-Kobayashi et al., 1997) or mammalian cells (Davies et al.,
1992), VACVK3 protein was shown to antagonize the PKR mediated
toxicity on yeasts or inhibition of a reporter protein synthesis. To date,
Studies of VACVK3 protein during the virus replication are limited.
Nonetheless, the K3 protein was first reported to play a role in antag-
onizing mouse IFN-induced antiviral activity against replication of
VACV in a mouse cell line, L929, potentially by inhibiting phosphor-
ylation of eIF2α (Beattie et al., 1995, 1991). Our lab is interested in the
interplay between PKR mediated antiviral activity and the poxvirus
antagonists. Previously, we showed that VACVE3 protein antagonizes
IFN-induced PKR antiviral activity (Arsenio et al., 2008), while deletion
of the K3L had no effects in various cell types (unpublished observa-
tion). We reason that, in cell culture, the E3 protein is the predominant
suppressor of PKR activation, while the effect of the K3 on PKR antiviral
activity is overshadowed.

To unveil the role of poxvirus K3 family proteins in determining the
virus host range, K3 orthologs from several poxviruses with known
natural hosts or reservoir animals (taterapox virus (TATV), sheeppox
virus (SPPV), myxoma virus (MYXV), swinepox virus (SPV) and yaba
monkey tumor virus (YMTV)) were expressed in a mutant VACV in
which both E3L and K3L genes were deleted (VACVΔE3LΔK3L). Since
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VACVΔE3LΔK3L virus is defective in replicating in all cell cultures
tested except PKR and RNaseL defective cells (Jingxin Cao, unpublished
observation), the capacity of poxvirus K3 proteins in restoring re-
plication of the virus in different host cells can be examined on this
platform. It was found that the K3 orthologs of the poxviruses with
known natural hosts or reservoir animals could all restore the mutant
vaccinia virus to replicate in the cells derived from the corresponding
host animal or similar species for the selected poxviruses, although
some showed broader host range than others. In addition, the specific
host range determined by the K3 family protein is closely associated
with the reduced phosphorylation of the host cell eIF2α. Thus, data
presented in this paper clearly demonstrates that poxvirus K3 proteins
play a key role in determining poxvirus host specificity.

2. Materials and Methods

Cells and viruses. HeLa, BHK21, 3T3, CV-1, RK13 and OA3. Ts
cells were originally purchased from ATCC; HeLa/PKR knockout
(HeLa/PKRko) cells were kindly provided by Dr. Jim Smiley (University
of Alberta) and Dr. Adam Geballe (Fred Hutchinson Cancer Research
Center, Seattle)(Braggin et al., 2016); A549 PKR and RNase L double
knockout cells were kindly provided by Dr. Bernard Moss (NIH, USA)
(Liu and Moss, 2016); PK15 cells were a gift from Dr. Richard Moyer
(University of Florida at Gainesville). RK13 cells expressing vaccinia E3
and K3 proteins (RK13 + E3+K3) were kindly provided by Dr. Stefan
Rothenburg (University of California at Davis)(Hand et al., 2015). All
cells were maintained in Dulbecco Modified Eagle Medium (DMEM)
with glutamine (Gibco), supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin at 37 °C in 5% CO2. The Western
Reserve (WR) strain of VACV was originally purchased from ATCC.

Antibodies. The phosphorylated eIF2α ([E90], ab32157) and actin
(ab46805) antibodies were purchased from Abcam. The total eIF2α
(AH01182) antibody was purchased from Invitrogen. The eIF2α and
phosphorylated eIF2α antibodies were used at dilutions 1:1000, while
the actin antibody was used at dilution 1:5000. M156 antibody was a
gift from Dr. G. McFadden (Arizona State University (Liu et al., 2012),

Construction of recombinant viruses. All recombinant viruses
described in this study were constructed based on the WR strain of
VACV using the standard homologous recombination procedure for
making recombinant poxviruses (Wyatt et al., 2015). The details of
constructing VACVΔE3L and its revertant viruses (VACVRev) were
previously described (Myskiw et al., 2011), except the virus was se-
lected on expression of the EGFP and the gpt gene was omitted.

For construction of the K3L deletion mutant (VACVΔK3L), the left
flanking region was synthesized from the WR genomic DNA with
primer pair: 5′- GATTAGTTGCTGGCAACGA-3′ and 5′- CTTGTTAACG
GGCTCGTA-3’; the right flanking region was synthesized with primer
pair: 5′- TGCATTTTGTTATTCGTT-3′ and 5′- ACGTATATTTAGATGTTT
TCA-3’. The two flanking regions were fused using overlapping PCR
with the insertion of the EGFP driven by a synthetic early and late
promoter (Chakrabarti et al., 1997). The selection of VACVΔK3L was
done in BHK21 cells based on expression of the EGFP. Since the puta-
tive promoter for the K2L gene is predicted to be embedded in the K3L
gene (Yang et al., 2011), only the first 5 nucleotides including the start
codon of the K3L gene was deleted.

The E3L and K3L double deletion mutant (VACVΔE3LΔK3L) was
constructed based on the VACVΔE3L as described above. The same
vector used to delete the K3L gene as described above was used to
delete the K3L gene from the VACVΔE3L, with the modification that the
EGFP gene was replaced with the mCherry gene driven by the late
promoter p11. The selection of the double deletion virus
VACVΔE3LΔK3L was done in Hela/PKRko cells.

The putative promoter for the K2L gene is predicted in the K3L open
reading frame (ORF) and the putative promoter for the K3L is predicted
in the ORF K4L, based on their transcription start sites (Yang et al.,
2011). Thus, to avoid potential side effects affecting transcription of the

neighboring genes, the selected poxvirus K3L ortholog genes were in-
serted into the A45R locus, which encodes a superoxide dismutase
homolog and is non-essential for the virus both in vitro and in vivo
(Almazan et al., 2001). Briefly, the recombinant vector targeting the
A45R locus consists of the left flanking region synthesized with primer
pair: 5′- AGGTGGTACCTCATGATTACGGAATTATTGGCTT-3′ and 5′-
ATAGATCTGCGGCCGCGCTAGCGAATTCTCCCGGGTGGATCCTATCCT
TGACTAATATCTCCGTAAC GA-3’; and the right flanking region syn-
thesized with primer pair: 5′- TAGGATCCACCCGGG AGAATTCGCTAG
CGCGGCCGCAGATCTATTGTGATTCCATAGGCAGTCCAGAAA-3′ and
5′- ATTAGAGCTCTCGCTAATGCCATACACCTATACT-3’. The selected
poxvirus K3 ortholog genes driven by VACV K3L promoter (corre-
sponding to the region immediately upstream of the K3L ORF, between
nucleotide 27573 to 27873 of the VACV WR genome, accession number
AY243312) synthesized by Genscript based on the following Genbank
sequences: accession number NC_008291 for TATV 037 (TATV037),
AF170726 for MYXV 156 (M156), NC_003389 for SPV 010 (SPV010),
NC_004002 for SPPV 011 (SPPV011) and AY386371 for YMTV 012
(YMTV012) were inserted between the BamHI and SmaI sites (shown as
italic in the primer sequences). For the initial transfection and infection
step, HeLa/PKRko cells were infected with VACVΔE3LΔK3L and
transfected with the A45R targeting recombinant vector containing
corresponding K3 otholog genes. The subsequent selection was done in
the following cells: BHK21 for VACVK3 and TATV037, RK13 for M156,
PK15 for SPV010, OA3. Ts for SPPV011 and CV-1 for YMTV012.

RT-PCR. The total RNA from virus infected cells was extracted using
RNEasy Mini kit (Qiagen). Residual DNA was eliminated by digestion
using TURBO DNA-free kit (Invitrogen) according to manufacturer's
instructions. The cDNA preparation was made from 1 μg of the total
RNA using Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(Thermo Scientific). The primer pairs were used to determine the ex-
pression of following genes: VACV D12L (5′- ACCTCAGCGCACGCAAT
AAACTGTTCA-3′ and 5′- AGTCATACTAGAATAAAGCAGCGAGT-3′);
VACV E3L (5′- ATGTCTAAAATCTATATCGA-3′ and 5′- GAAAAATCAA
TGAGAGAGGA-3′); VACVK3L and TATV037 (5′- ATGCTTGCATTTTGT
TATTCGTT-3′ and 5′- TTATTGATGTCTACACATCCT-3′); SPPV011 (5′-
ATGTCATCGAATAGCGATTTGGCA-3′ and 5′- TTAGTTGTTATTATAAA
TTTTTACA-3′); M156 (5′ ATGACAGTCATAAAACCATCGA-3′ and 5′-
TCAAAAAAAACGTCGCAGGT-3′); SPV010 (5′- ATGTCAACTATGAATA
CGTT-3′ and 5′- TTATACAATTGAAACATCTATATATCCT-3′); and
YMTV012 (5′- ATGAGTAGAAACAGAAGTCA-3′ and 5′- TTACTCTATA
TGACGAACATCAACA-3′).

Virus yield assay. Confluent cell monolayers in a 12-well plate
were infected with a respective virus at a multiplicity of infection (moi)
of 5. Following 1 h incubation at 37 °C in 5% CO2, the virus inoculum
was removed, the cell was washed twice with PBS and 1 ml of fresh
DMEM with 2% FBS was added. Viruses were collected at 5 h and 24 or
48 h post infection. The infected cells underwent three cycles of freeze
and thaw to release the virus. The virus was titrated in 12-well plates
with 10-fold serial dilutions and virus plaques as visualized by fluor-
escing EGFP were counted under a fluorescence microscope.

Western blot analysis. Cell monolayers in a 12-well plate were
infected at a moi of 10 and collected at time points as described in the
figure legends by adding 200 μl of protein sample buffer. The cell lysate
was homogenized by passing through a Qiashredder (Qiagen) to break
up cellular genomic DNA. 20 μl of the protein samples were separated
in a precast NuPAGE 4–12% bis-tris 20 well gel (Invitrogen) with 1X
MOPS running buffer. Proteins were transferred to Immun-Blot PVDF
membrane (BioRad) using a Trans-Blot turbo apparatus (Bio-Rad).
Membranes were blocked in a 1:1 solution of Odyssey blocking buffer
and phosphate buffered saline (PBS) (LiCor) at room temperature for
4 h, then incubated with the indicated antibodies in 1:1 solution of
Odyssey blocking buffer and PBS+0.1% Tween-20 (PBST) at 4 °C
overnight. The following day, membranes were washed for 5 min, 3
times with PBST, then incubated with secondary antibodies, labeled
with IRDye near-infrared fluorescent dye (LiCor), in a 1:1 solution of

J. Cao, et al. Virology 541 (2020) 101–112

102



Odyssey blocking buffer and PBST supplemented with 0.01% SDS at
room temperature for 1 h. Membranes were then washed for 5 min, 4
times with PBST and washed 2 more times with PBS to remove residual
detergent. Protein bands were detected using a LiCor Odyssey near-
infrared scanner and processed with the Image Studio 5.2 software
(LiCor).

3. Results

3.1. Generation of VACVΔE3LΔK3L double deletion mutant virus
expressing poxvirus K3 orthologs

The selected K3 orthologs from five representative poxviruses with
known natural hosts or reservoir animals include: M156 (MYXV/
rabbit); SPPV011 (SPPV/sheep); SPV010 (SPV/pig), YMTV012 (YMTV/
monkey) and TATV037 (TATV/gerbils)(Damon, 2007), were examined
in this study. A multialignment of amino acid sequences of the selected
poxvirus K3 family proteins and human eIF2α N-terminus was shown in
Fig. 1. Most poxvirus K3 ortholog proteins range between 86 and 89
amino acids (AAs) in length, except M156 (102 AAs). K3 orthologs
within the same poxvirus genus share higher sequence identity/simi-
larity than K3 orthologs from a different genus, e. g. VACVK3 and
TATV037 share 87.5% identity and 93.5% similarity. The K3 orthologs
from different poxvirus genera are less conserved, approximately
30–35% identity and 50–55% similarity (with exception of the M156).
There are two well conserved motifs among poxvirus K3 orthologs: the
motif “LAFCY” near the N-terminus and “KGYIDV” near the C-terminus
(again with the exception of the M156). The functional importance of
the motif “LAFCY” is not known, while the “KGYIDV” motif of VACVK3
is the PKR recognition motif (Dar and Sicheri, 2002). The poxvirus K3
family AA sequences are not well conserved corresponding to the region
adjacent to the Ser-51 of eIF2α and this region is termed as helix insert
region, which has been predicted to be functionally important for
VACVK3 (Dar and Sicheri, 2002). The region between the Ser-51 and
the conserved “KGYIDV” motif is rich in basic residues (K, R or H,
marked with pink color) in both eIF2α and poxvirus K3 proteins.

Previously, we constructed VACV E3L and K3L single deletion mu-
tant viruses (Myskiw et al., 2009; Jingxin Cao, unpublished data).
While the single deletion of the E3L gene rendered VACV incapable of
replicating in most of otherwise permissive cells, the single deletion of
the K3L gene did not cause any noticeable defective replication in a
wide range of cell cultures, including human, hamster, murine, sheep,
rabbit, pig and monkey cells (Jingxin Cao, unpublished observation).
We reason that the host range function of VACV K3 protein is over-
shadowed in the presence of the E3 protein in cell culture. In this study,

the function of selected poxvirus K3 orthologs was investigated in
VACV E3L and K3L double deletion mutant virus (VACVΔE3LΔK3L).
VACV K3 and the selected poxvirus K3 ortholog genes driven by VACV
K3L promoter were inserted and expressed in the locus of the A45R,
which is nonessential for the virus both in cell cultures and in mice, of
VACVΔE3LΔK3L (Almazan et al., 2001).

The recombinant VACVΔE3LΔK3L expressing poxvirus K3 orthologs
were selected and plaque purified three times in the respective cell lines
as described in the Materials and Method section (BHK21 for VACVK3
and TATV037, RK13 for M156, PK15 for SPV010, OA3. Ts for SPPV011
and CV-1 for YMTV012). As a control, the parental virus
VACVΔE3LΔK3L was also passaged in all the cell lines up to five rounds
and no virus replication was observed (data not shown). Following the
recombinant viruses were plaque purified, the stock of all viruses used
in the following experiments of the study was prepared in A549 PKR
and RNase L double knockout cells (Moss B. NIH), in that all the viruses
propagate equally well (data not shown). Since there is no antibodies
available for detection of most of the K3 proteins, expression of the K3
orthologs was confirmed by reverse transcription PCR (RT-PCR) with
the total RNA collected from the infection in HeLa/PKRko cells
(Fig. 2A–B). Although all the K3 ortholog genes were driven by the
same VACV K3L promoter, the expression level of K3 ortholog genes
cannot be compared since the RT-PCR used is not a quantitative assay.

3.2. Poxvirus K3 orthologs restored replications of VACVΔE3LΔK3L in cells
in a species specific manner

The replication of VACVΔE3LΔK3L expressing poxvirus K3 ortho-
logs was examined in various cell lines, including HeLa (human),
BHK21 (hamster), 3T3 (murine), CV-1 (African green monkey), RK13
(rabbit), OA3. Ts (sheep) and PK15 (pig) (Fig. 3A).

The VACVRev (has both E3L and K3L genes) and VACVΔK3L (with
intact E3L gene and inactivated K3L gene) can grow equally well in all
the cell cultures tested based on the virus plaque formation. In contrast,
the double deletion mutant virus VACVΔE3LΔK3L can only grow in
HeLa PKR knockout cells. Insertion of the orthopoxvirus K3 genes
(VACVK3L and TATV037) into VACVΔE3LΔK3L rendered the virus able
to grow in rodent (mouse 3T3, hamster BHK21) and rabbit (RK13) cells.
Interestingly, TATV037, which shares 87.5% identity and 93.5% simi-
larity with VACVK3, also restored VACVΔE3LΔK3L replication in HeLa,
OA3. Ts and PK15 cells. The K3 orthologs of four highly host restrictive
poxviruses (MYXV, SPPV, SPV and YMTV) all rescued replication of the
VACVΔE3LΔK3L in the corresponding cells derived from their natural
host/reservoir or closely related animal species. However, some of
those K3 orthologs can mediate a wider host range than others. For

Fig. 1. Protein sequence alignment of poxvirus K3 family proteins with the N-terminal 94 residues of human eIF2α protein. Highly conserved motifs among poxvirus
K3 family proteins and between poxvirus K3 family and eIF2α proteins are marked with red color. An amino acid residue conserved in 4 out 7 proteins is marked with
blue color. All the basic amino acids are marked with pink color. The alignment of the PKR recognition motifs was marked in the black box and the helix insert region
was in green box.
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example, SPPV011 can render the VACVΔE3LΔK3L able to grow in
HeLa, RK13 and PK15 in addition to the sheep cells OA3. Ts; while
M156 could only restore partial replication of VACVΔE3LΔK3L in
RK13 cells but not in any other cell cultures tested. Three of the 6
poxvirus K3 family proteins tested, TATV037, SPPV011 and YMTV012,
restored the VACVΔE3LΔK3L able to grow in HeLa cells. In the sheep
cell OA3. Ts, SPV010 and YMTv012 partially restored replication of
VACVΔE3LΔK3L, in that the size of the virus plaque (in the red box) at
72 h post infection (hpi) was comparable to SPPV011 and TATV037
virus plaques at 24 hpi (Fig. 3A).

The capacity of poxvirus K3 orthologs of restoring the
VACVΔE3LΔK3L replication in the corresponding cell line (as shown in
Fig. 3A) was further analyzed using one step growth experiment
(Fig. 3B). The cells in which the poxvirus K3 ortholog can render the

VACVΔE3LΔK3L replication-competent was infected with the virus
expressing the corresponding K3 ortholog at an moi of 5 and collected
at 5 and 24 or 48 hpi to determine the virus yield using plaque assay on
the RK13 + E3+K3 cells. As shown in Fig. 3B, neither VACVΔE3LΔK3L
nor VACVK3 (VACVΔE3LΔK3L expressing VACVK3) recombinant
viruses replicated in HeLa cells. However, the SPPV011, TATV037 and
YMTV012 recombinants are replication-competent in HeLa cells, al-
though the virus yield is between 4 (SPPV011 and TATV037) and 10
(YMTV012) fold lower than the VAVCRev virus. In BHK21 cells, the
VACVK3 or TATV037 could restore the replication of VACVΔE3LΔK3L
to a comparable level to VACVRev virus. The SPPV011 and SPV010
expressing VACVΔE3LΔK3L replicated to a similar level as VACVRev in
the sheep cell line OA3. Ts and pig kidney cells PK15 respectively.
M156 and YMTV012 restored the replication capacity of the virus to a
noticeably lower level than VACVRev in the respective host cell lines,
RK13 and CV-1. Interestingly, VACVΔE3LΔK3L expressing VACVK3
replicated to a higher titre than VACVΔE3LΔK3L expressing M156 in
the rabbit cell RK13. The host cell specificity mediated by poxvirus K3
orthologs was summarized in Table 1.

Several reports have shown that mutations in an unrelated gene (to
the virus host range genes, such as E3L and K3L), e.g. RNA polymerase,
or gene copy number amplification, e.g. K3L gene can affect VACV host
range (Elde et al., 2012)(Brennan et al., 2014)(Brennan et al., 2015)
(Cone et al., 2017). To confirm the direct role of poxvirus K3 orthologs
in determining the species specificity of the virus replication, first the
recombinant VACVΔE3LΔK3L expressing the poxvirus K3 orthologs
were passaged three rounds in a non-permissive cell line, e.g. BHK21
for VACVΔE3LΔK3L/SPPV011, HeLa for VACVΔE3LΔK3L/VACVK3,
with an initial moi ranging from 1 to 0.05, and no replication of the
virus was observed (data not shown). Second, the size of the plaques
formed by the recombinant virus expressing various poxvirus K3 or-
thologs in the corresponding cells was similar between the first and the
third round of passages, indicating that there is no accumulation of
beneficial mutations. Lastly, the K3 ortholog gene was deleted from the
virus genome and replaced with an E. coli gpt gene through standard
homologous recombination. All the recombinant viruses with the K3
ortholog genes removed lost the replication capacity in the previously
corresponding permissive cells and demonstrated same replication
phenotype as the VACVΔE3LΔK3L control virus (Fig. 4). Thus, the host
range phenotypes described here were directly mediated by the ex-
pression of the corresponding K3 orthologs, rather than unidentified
mutations in an unrelated sites of the virus genome. However, it should
be pointed out that the selection strategy used in this study cannot rule
out the possibility that other mutations may play an accessory role to
poxvirus K3 orthologs in their host range function, as the previously
reported role of mutated vaccinia RNA polymerase gene (Brennan et al.,
2015)(Cone et al., 2017).

3.3. Replication competency restored by the poxvirus K3 orthologs is
associated with inhibition of eIF2α phosphorylation

Poxvirus K3 family proteins are believed to act as a pseudo-substrate
for the host cell PKR and inhibit the phosphorylation of eIF2α.
Therefore, the status of eIF2α phosphorylation of the cell lines derived
from 6 different animal species was examined following infection with
the recombinant VACV expressing the selected poxvirus K3 orthologs.

As shown in Fig. 5, infection with the double deletion mutant
VACVΔE3LΔK3L induced significant phosphorylation of eIF2α in all the
cell lines examined. In contrast, the VACV expressing both E3L and K3L
(VACVRev) or E3L only (VACVΔK3L) did not induce eIF2α phosphor-
ylation. Interestingly, infection with VACVRev and VACVΔK3L even
seemed to have reduced amount of phosphorylated eIF2α in 3T3 cells in
comparison to the uninfected control (5D). Generally, the status of
eIF2α phosphorylation following the virus infection correlates well
with the virus replication competency mediated by the particular
poxvirus K3 ortholog in the cell line. For example, the K3 orthologs:

Fig. 2. Recombinant VACVΔE3LΔK3L expressing selected poxvirus K3 ortholog
genes. A: a schematic structure of the recombinant viruses used in the study;
details of the constructs were described in the Materials and Methods section. B:
Expression of selected poxvirus K3 ortholog genes determined by reverse
transcription PCR using the primer pairs indicated in the figure and described in
the Materials and Methods section.
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SPPV011, TATV037 and YMTV012, all of which restored the VACV-
ΔE3LΔK3L replication in HeLa cells, inhibited phosphorylation of eIF2α
in HeLa cells (5A). The four K3 orthologs from more host-restrictive
poxviruses: SPPV011 (sheeppox virus), M156 (leporipoxvirus), SPV010
(swinepox virus) and YMTV012 (Yaba monkey tumor virus) suppressed
eIF2α phosphorylation in the cells derived from their natural host or
reservoir animals (Fig. 5C, E, 5F and 5B respectively). It is interesting to
note that M156, which has very different protein sequences to other
poxvirus K3 orthologs (Fig. 1), is less effective in inhibiting phosphor-
ylation of eIF2α in RK13 cells than VACVK3, SPPV011 and TATV037,
which correlates with their replication kinetics. In OA3. Ts, the
VACVΔE3LΔK3L expressing SPV010 or YMTV012 induced significant
phosphorylation of eIF2α, albeit they could partially replicate in this
cell line (as shown Fig. 3A).

3.4. The short form M156 rescues the replication of vvΔE3LΔK3L more
efficiently than the long form

The MYXV K3 ortholog M156 examined in the previous section was
based the predicted ORF of Lausanne strain (Cameron et al., 1999).
However, a recent report has shown that the predominant transcripts of
the M156 ORF are the transcripts with the start codon from the second
ATG of the predicted ORF, although the predicted form of the M156
transcript was also present (Peng et al., 2016).

Here, we compared the host range function of the two forms, M156
short (M156S) and M156 long (M156L, same as the M156 described in
the previous section). The M156S (without the first 81bps of the
M156L) was inserted and expressed in the VACVΔE3LΔK3L in the same
manner as the M156L (as described in the last section Fig. 2A) (Fig. 6A).
The expression of M156L and M156S was confirmed with RT-PCR and
Western blot (Fig. 6A). Two protein species were detected from the
VACVΔE3LΔK3L expressing M156L infected cells, which is similar to
the two protein bands detected from MYXV infected RK13 cellx. Only
the smaller protein isoform was detected from the virus expressing the
M156S. Thus, the long form M156 (M156L) is more comparable to the
M156 expressed from MYXV.

The host range mediated by M156S and M156L was compared
(Fig. 6B). Same as M156L, expression of M156S could only restore the
replication of vvΔE3LΔK3L in the rabbit cell RK13, not in cells derived
from other species (as used in Fig. 2A, data not shown). As shown in
Fig. 6B, M156S mediated more robust replication of VACVΔE3LΔK3L
than M156L as demonstrated by the virus plaque size, high moi single-
step and low moi multiple-step replication experiment (Fig. 6B). In
comparison to VACVK3, both forms of M156 mediated lower level of
replication. However, the recombinant virus expressing M156S re-
plicated to a similar level as the VACV K3 virus at later stage of the
experiment (72 and 96 h post infection). It was noted that neither forms
of M156 efficiently inhibited eIF2α phosphorylation in comparison to
VACVK3. The VACV late protein WR148 levels were comparable be-
tween M156S and VACV K3 virus infected RK13 cells (Fig. 6C).

3.5. A single K45E mutation in VACVK3 and Y47H in the SPPV011 could
alter the host range function of the protein

Previously, we found that the VACVΔE3L virus expressing the SPPV
E3L ortholog SPPV034 (VACVΔE3L/SPPV034) could neither replicate
in HeLa cells (Myskiw et al., 2011) nor in sheep cells OA3. Ts (Jingxin
Cao, unpublished observation). However, a naturally occurred single
mutation in VACVK3 protein, K45E (amino acid position underlined in
Fig. 1), could render the virus VACVΔE3L/SPPV034 replication com-
petent in OA3. Ts cells (Jingxin Cao, unpublished observation). Here,
we inserted the VACVK3/K45E mutant into VACVΔE3LΔK3L using the
same method as described for other K3 orthologs and examined the
effect of the mutated K3 protein on the virus host range. As shown in
Fig. 7A–B, the K3 mutant with a single amino acid substitution from
lysine (K) to glutamic acid (E) restored the replication of VACV-
ΔE3LΔK3L in the sheep cells OA3. Ts to a comparable level as the
VACVRev virus. The replication competency in OA3. Ts cells restored
by the mutant K3/K45E was associated with a reduced level of phos-
phorylated eIF2α in comparison to the wild-type VACVK3 (Fig. 7C).
The K45E mutation did not alter the host range function of the K3
protein in other cell lines tested (data not shown).

Fig. 3. Species specific replication mediated by poxvirus K3 family proteins. A: Virus plaque formation. A variety of cells derived from different animal species were
infected with appropriate dilutions of the recombinant vaccinia virus expressing different K3 ortholog proteins in a 48 well plate (moi ranging between 0.01 and
0.005 depending on the virus). The virus plaque was visualized for EGFP expression under 5X fluorescence microscope at 24 h post infection (hpi); the plaques of the
VACVΔE3LΔK3L/SPV010 and YMTV012 in OA3. Ts cells were taken 72 hpi (red box). B: Replication capacity of VACVΔE3LΔK3L restored by different poxvirus K3
ortholog proteins in selected cell lines. The selected cells in which poxvirus K3 proteins could restored VACVΔE3LΔK3L replication were infected with indicated
viruses at a moi of 5. Viruses were collected at 5 and 24 or 48 h post infection as indicated, and titrated on RK13 + E3+K3 cell monolayers in triplicates. Virus
plaques were counted under 5X fluorescence microscope.

Table 1
Host specificity mediated by poxvirus K3 proteins.
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While constructing the plasmid recombinant vector for the
VACVΔE3LΔK3L/SPPV011 recombinant virus, one clone was found
bearing a T139C mutation in the SPPV11 ORF, which resulted in the
Y47H amino acid substitution (amino acid position was underlined in
Fig. 1). The replication property of the recombinant virus derived from

this recombinant vector, VACVΔE3LΔK3L/SPPV011/Y47H, was ex-
amined in all the cell lines (used in Fig. 3A). Interestingly, in compar-
ison with the wild-type SPPV011, the SPPV011/Y47H mutant virus was
found to be replication defective in HeLa, Vero and PK15 cells (Fig. 8A
and B). Associated with the defective replication was the increased level

Fig. 4. Removal of poxvirus K3 orthologs abolish the species specific replication of the recombinant vaccinia virus. A: Deletion of poxvirus K3 orthologs from the
recombinant VACVΔE3LΔK3L expressing the corresponding poxvirus K3 ortholog ORFs. The recombinant plasmid containing E. coli gpt gene targeting the VACV SOD
locus (in which all poxvirus K3 ortholog ORFs were inserted) was tranfected into A549 PKR and RNase L double knockout cells infected with the VACVΔE3LΔK3L/K3
ortholog viruses. The K3 ortholog knockout virus expressing E. coli gpt was selected with standard mycophenolic acid (MPA) selection medium. Deletion of the K3
ortholog gene was confirmed using RT-PCR with the corresponding primers for the K3 ortholog ORFs. B: Deletion of poxvirus K3 orthologs from the VACVΔE3LΔK3L/
K3 ortholog viruses rendered the virus unable to replicate in the previous permissive cells (as shown in Fig. 3A). An moi approximately between 0.01 and 0.005 was
used and the image the virus plaque was 48 h post infection. The virus plaques in only selected cells were shown.
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of phosphorylated eIF2α as shown in the infected HeLa cells (Fig. 8C).
No difference in the virus replication in other cells tested (data not
shown).

The structure of VACVK3 and the structure of PKR in complex with
human eIF2α have been reported (Dar and Sicheri, 2002; Dar et al.,
2005). As the structures of poxvirus K3 and eIF2α share key similarities,
we constructed a structural model of PKR and K3 by aligning the K3
structure with that of eIF2α in the PKR:eIF2α complex structure. K45 of
VACVK3 and Y47 of SPPV011 correspond to the region adjacent to the
PKR phosphorylation site S51 of eIF2α (Figs. 7D and 8D). Based on the
structure of VACVK3 (Dar and Sicheri, 2002), VACVK3 K45 and
SPPV011 Y47 are part of the helix insert region.

4. Discussion

By phosphorylating cellular eIF2α and suppressing protein synth-
esis, PKR plays a major role in innate immune responses of vertebrate
animals against viral infections (Sadler and Williams, 2007). Most
mammalian poxviruses encode an eIF2α homolog protein, termed K3 in
VACV. The current knowledge on poxvirus K3 family proteins has been
mostly based on studies of VACVK3 protein with the following ap-
proaches. First, in cell free systems, VACVK3 protein has been shown to
bind to PKR and inhibit PKR autophosphorylation and eIF2α phos-
phorylation (Carroll et al., 1993; Gale Jr. et al., 1996). Second, in yeast
system, expression of VACVK3 protein could inhibit the toxic effects
induced by human PKR (Kawagishi-Kobayashi et al., 1997). Third, in
mammalian cells, co-expression of VACVK3 could enhance the expres-
sion of a reporter protein, which was otherwise inhibited by activated
PKR (Davies et al., 1993, 1992). The current working model for func-
tion of poxvirus K3 is mostly based on studies with above described
poxvirus-free assay systems, in that the poxvirus protein acts at a
pseudo-substrate for cellular PKR and thus inhibits the phosphorylation
of its cellular eIF2α. Furthermore, using the similar poxvirus-free assay

system, it has been reported that poxvirus K3 proteins inhibited PKR in
a species specific manner (Elde et al., 2009)(Rothenburg et al., 2009).-

Mammalian poxviruses also encode another PKR inhibitor, E3 pro-
tein. The E3 protein, a dsRNA binding protein, inhibits PKR activation
and plays a more dominant role in tissue culture (at least for VACV), in
that deletion of the E3L gene leads to significant PKR activation and
causes a drastic change of the virus host range. In contrast, deletion of
the K3L gene causes neither noticeable defect in the virus host range
nor the PKR activation in cell cultures (Jingxin Cao, unpublished ob-
servation). Presumably, this is the main cause why studies on poxvirus
K3 proteins in the context of poxvirus infection are comparatively
lacking. Nonetheless, studies from VACV E3L deletion mutant provided
clues that the K3 protein may contribute to the E3L deletion mutant
replication in certain permissive cell lines, e.g. BHK21 (Langland and
Jacobs, 2002). Double deletion of the MYXV E3L and K3L orthologs
(M029 and M156) caused the virus to replicate more defective than the
single E3L ortholog (M029) deletion (Peng et al., 2016). In mice, a
single K3L deletion mutant VACV could not disseminate from lung to
other organs (Rice et al., 2011). For MYXV, a single point mutation of
M156 protein has been shown to be associated with the attenuated
virulence in rabbits (Peng et al., 2016). Thus, it is clear that poxvirus K3
proteins are important for the virus to establish successful infection in
animal hosts. However, the overall understanding how poxvirus K3
family proteins inhibit PKR mediated antiviral activities and determine
the virus host range is limited.

While the natural host of VACV is unknown, the virus can replicate
in a wide range of cells of vertebrate origins. The E3L and K3L double
deletion mutant, VACVΔE3LΔK3L could only replicate in HeLa/PKRko
cells (or other cells without PKR and RNase L), not even in BHK21 cells
(permissive for the E3L single deletion mutant virus). This proved that
the replication competency of the single E3L deletion mutant in
BHK21 cells is due to an effect of the K3 protein. Thus, K3 orthologs
from poxviruses with different natural animal host/reservoir animals

Fig. 5. Effect of poxvirus K3 family proteins on eIF2α phosphorylation in cells derived from different animal species. HeLa (human), CV-1 (monkey), OA3. Ts (sheep),
3T3 (murine), RK13 (rabbit) and PK15 (pig) cells were infected with the viruses indicatedvat a moi of 10. At 8 hpi, cell lysates were collected for Western blot
analysis for total and phosphorylated eIF2α, actin was used as a control. The replication competency of the virus in the cell line was indicated with “-” or “+“.
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Fig. 6. Comparison of the two isoforms of MYXV
M156: M156L and M156S. A: construction of
VACVΔE3LΔK3L expressing M156S. The re-
combinant virus expressing M156S was constructed
in the same manner as the M156L (as shown in
Fig. 2A). The expression of the gene was confirmed
in the total RNA (collected from infected RK13 cells
at 8 h post infection) with RT-PCR using the in-
dicated primer pairs. The isoforms of the M156
protein was examined using Western blotting with a
polyclonal antibody for M156 (kindly provided by
McFadden (Liu et al., 2012),), the RK13 cells were
infected at an moi of 5 and collected for Western
blotting at indicated times. B: Comparison of the
virus replication capacity in RK13 cells by plaque
size, high moi single-step and low moi multiple step
replication experiments. C: Comparison of the effect
on eIF2α phosphorylation in RK13 cells. The cell
lysate infected with an moi of 5 was collected at 8
hous post infection.
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can be expressed in VACVΔE3LΔK3L to investigate for their role in
determining the virus host range. In this study, K3 orthologs from five
distinct poxviruses with known natural host or reservoir animals
(TATV, SPPV, MYXV, SPV and YMTV) were examined for their function
of determining the virus host range and inhibiting PKR mediated eIF2α
phosphorylation.

The K3 ortholog function in tissue culture correlates well with their
natural hosts or reservoir animals of selected poxviruses. The parental
virus used to express the K3 orthologs, VACVΔE3LΔK3L, cannot re-
plicate in any of the cell cultures used (except HeLa/PKRko cells). The
most important observation of this study is that expression of K3 or-
thologs restored capability of the virus of replicating in the cells same as
or closely related to their natural host/reservoir animals: TATV037 in
3T3 (mouse, similar species to gerbil), SPPV011 in OA3. Ts (sheep),
M156 in RK13 (rabbit), SPV010 in PK15 (pig), YMTV012 in CV1 cells
(monkey). Thus, poxvirus K3 family protein is a key determinant of the
natural host range for a poxvirus. Generally, poxvirus K3 proteins
mediate different host ranges for VACVΔE3LΔK3L, in that some show
broader host range than others. In a transient expression assay system,
it has previously been reported that VACVK3 protein could inhibit
mouse PKR mediated arrest of protein synthesis (Park et al., 2019).
Here, it was found that VACVK3 protein could specifically restore
VACVΔE3LΔK3L to replicate in rodent (3T3 and BHK21) and rabbit
(RK13) cells. This finding may help to investigate the natural origin of
vaccinia virus. Taterapox virus K3 ortholog, TATV037, restored the
VACVΔE3LΔK3L replication in all the cells except the monkey cell CV1;
while the SPPV011 could rescued VACVΔE3LΔK3L growth in all the

cells with the exception of the two rodent cell line (3T3 and BHK21). In
contrast, the YMTV012 rendered the virus able to grow in primate cells
only (HeLa and CV1). Maxima M156 could only mediate the virus re-
plication in rabbit cell RK13, which is in agreement with the previous
report of the species specific inhibition of rabbit PKR by M156 (Peng
et al., 2016). Of particular interest are three K3 orthologs: TATV037,
SPPV011 and YMTV012, which could render the virus able to replicate
in human cell (HeLa). Using a similar system, Park et al. also demon-
strated that the SPPV011 could restore the replication capacity of
VACVΔE3LΔK3L in HeLa cells (Park et al., 2019). In rabbit cells RK13, a
natural host cells for MYXV, the virus expressing M156 protein re-
plicates less efficiently than the vaccinia K3 (Fig. 3B). The similar ob-
servation was also made in yeast system, in that VACVK3 protein could
mediate more effective resistance than M156 (the short form) to the
toxic effects from rabbit PKR (Peng et al., 2016). A similar observation
has been reported for the K3 ortholog of Lumpyskin disease virus (a
capripoxvirus infecting cattle), in that the capripoxvirus K3 orthologs
could only partially inhibit cow PKR (Park et al., 2019). Nonetheless,
the different host range profile associated with different poxvirus K3
orthologs may reflect the unique natural evolution history of a parti-
cular poxvirus.

It has been well documented that VACVK3 protein could reduce the
inhibition effect on protein synthesis caused by phosphorylated eIF2α
in yeast and in mammalian cells transiently expressing human PKR
(Davies et al., 1993; Kawagishi-Kobayashi et al., 1997). In this study,
the function of poxvirus K3 proteins was examined in the context of
virus infection. It was found that replication of VACVΔE3LΔK3L

Fig. 7. Single amino acid substitution K45E in VACVK3 rendered the virus able to replicate in OA3. Ts cells. A: Virus plaque formation on BHK21 and OA3. Ts cells at
24 hpi. B: Virus replication capacity in OA3. Ts cells. The virus titres were determined in RK13 + E3+K3 cells. C: Phosphorylation of eIF2α in OA3. Ts cells induced
by the indicated viruses at 8 hpi. D: The position of K45E of the vvK3 in the structural model with human PKR.

J. Cao, et al. Virology 541 (2020) 101–112

110



restored by various poxvirus K3 proteins correlates with the reduced
phosphorylation status of the cellular eIF2α (Fig. 5). Thus, data pre-
sented in this communication demonstrate that interference of eIF2α
phosphorylation by poxvirus K3 family protein is closely associated
with the function of the protein to determine the virus host specificity.

A previous study reported that a single amino acid mutation (H47R)
could enhance VACVK3 activity of inhibiting human PKR in a yeast
system (Kawagishi-Kobayashi et al., 1997). In this study, it was found
that a single K45E mutation in VACVK3 and Y47H mutation in
SPPV011 resulted in the gain of function for VACVK3 (capable of re-
plicating in OA3. Ts cells) and the loss of function for SPPV011 (in-
capable of replicating in HeLa, Vero and PK15 cells). In addition, the
two orthopoxvirus K3 family proteins, VACVK3 and TATV037, restored
distinct host specificity to VACVΔE3LΔK3L. Although both VACVK3
and TATV037 could rescue the replication of VACVΔE3LΔK3L in the
rodent (3T3 and BHK21) and rabbit (RK13) cells, TATV037 could ad-
ditionally enable the virus to grow in human (HeLa), sheep (OA3. Ts)
and pig (PK15) cells (Fig. 2B). The sequence of VACVK3 and TATV037
are closer related than other poxvirus K3 orthologs examined in this
study, in that only 11 out of 88 amino acid residues are different be-
tween these two proteins (Fig. 1). Interestingly, 4 out of those 11 amino
acid residues are between amino acid 45 and 53. Based on the structural
and the kinetic analysis, the VACVK3 has two distinct regions: the PKR
recognition motif corresponding to the highly conserved KGYID domain
(Fig. 1) and the helix insert motif roughly corresponding to region
between the amino acid 45 to 53 of the protein (Dar and Sicheri, 2002).
Interestingly, the helix insert motif is much less conserved than the PKR
recognition motif (green boxed vs black boxed alignment, Fig. 1). Based
on the previous report (Kawagishi-Kobayashi et al., 1997) and the ob-
servation made in this study, we speculate that the helix insert domain
plays a critical role in determining the specificity of poxvirus K3 host
range function.

Previous studies have shown that VACVK3 and SPV010 could bind
to human PKR and inhibit human PKR induced toxicity in yeast
(Kawagishi-Kobayashi et al., 2000). However, in the context of VACV
infection, neither VACVK3 nor SPV010 could inhibit eIF2α phosphor-
ylation and rescue VACVΔE3LΔK3L replication in human cells (HeLa).
One possible reason for such discrepancy is that the interaction dy-
namic of the possible components involved in the PKR/eIF2α mediated
inhibition of protein synthesis is different in the transient expression
assay in yeast and VACV infection in a mammalian cell culture. Mam-
malian eIF2α are among the most conserved proteins, in that 170
amino acid residues in the N-termini of the eIF2α proteins from the cells
species used in this study are 100% identical (data not shown). In
contrast, poxvirus K3 proteins, homologous to approximately 100
amino acids in the N-termini of cellular eIF2α, are relatively diverse
among members of different genera (Fig. 1). Thus, in consideration of
the perfect homology of cellular eIF2α, it is puzzling why the K3 pro-
teins have evolved so diverse among the members of different poxvirus
genera to act as pseudo-substrate for an identical cellular protein.

The outcome of the interplay between host cell PKR and poxvirus
PKR antagonists, E3 and K3 family proteins, is one of the key de-
terminants of poxvirus host range. In this investigation, K3 family
proteins from representative poxvirus genera were comparatively ex-
amined in the backbone of a mutant vaccinia virus in which both E3L
and K3L genes were deleted. The function of poxvirus K3 family pro-
teins in determining poxvirus host specificity was clearly demonstrated.
Although the natural host of vaccinia virus is unknown, the virus can
infect many animal species. Here, we demonstrated vaccinia virus host
tropism can be harnessed by manipulation of its two PKR antagonists
(Table 1). Such modified vaccinia viruses of various host specificities
may have value in application of vaccinia virus as a vector for vaccines
and other therapeutic agents.

Fig. 8. Single amino acid substitution Y47H in SPPV011virus grow rendered the virus unable to replicate in Hela, Vero and PK15 cells. A: Virus plaque formation on
OA3. Ts, HeLa, Vero and PK15 cells. B: Virus replication capacity in Hela cells. The virus titres were determined in RK13 + E3+K3 cells. C: Phosphorylation of eIF2α
in Hela cells induced by the indicated viruses at 8 hpi. D: The position of Y47H of the SPPV011 in the structural model with human PKR.
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