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Myxoma virus (MYXV) is a rabbit-specific poxvirus, which is highly
virulent in European rabbits. The attenuation of MYXV and the
increased resistance of rabbits following the release of MYXV in
Australia is one of the best-documented examples of host-patho-
gen coevolution. To elucidate the molecular mechanisms that con-
tribute to the restriction of MYXV infection to rabbits and MYXV
attenuation in the field, we have studied the interaction of the
MYXV protein M156 with the host antiviral protein kinase R (PKR).
In yeast and cell-culture transfection assays, M156 only inhibited
rabbit PKR but not PKR from other tested mammalian species. In-
fection assays with human HeLa PKR knock-down cells, which were
stably transfected with human or rabbit PKR, revealed that only
human but not rabbit PKR was able to restrict MYXV infection,
whereas both PKRs were able to restrict replication of a vaccinia
virus (VACV) strain that lacks the PKR inhibitors E3 and K3. Inac-
tivation of M156R led to MYXV virus attenuation in rabbit cells,
which was rescued by the ectopic expression of VACV E3 and
K3. We further show that a mutation in the M156 encoding gene
that was identified in more than 50% of MYXV field isolates from
Australia resulted in an M156 variant that lost its ability to inhibit
rabbit PKR and led to virus attenuation. The species-specific inhibi-
tion of rabbit PKR by M156 and the M156 loss-of-function in Aus-
tralian MYXV field isolates might thus contribute to the species
specificity of MYXV and to the attenuation in the field, respectively.

poxvirus | myxoma virus | PKR | translational regulation |
host-pathogen interaction

Poxviruses are large double-stranded DNA viruses that ex-
clusively replicate in the cytoplasm of infected cells. Members
of the Poxviridae family can productively infect a wide variety of
animal hosts. Interestingly, the binding and entry of poxviruses
into cells is largely independent of host species after which virus
replication is initiated. The successful completion of virus repli-
cation, however, depends on the effective subversion of the
host cell’s innate immune responses (1). Even closely related
poxviruses can exhibit drastic differences in their host ranges.
Whereas some poxviruses have only one host species, such as
variola virus, the causative agent of smallpox, which is restricted to
humans, others, such as cowpox and monkeypox viruses, can infect
many different species and thus display very broad host ranges (2).
A number of poxvirus genes have been discovered that influence
the host range and cell tropism of poxviruses and have therefore
been termed “host range genes” (3, 4). Although the molecular
mechanisms responsible for their host range functions have not
been elucidated in detail, it is clear that most poxviral host range
proteins interact with components of the host immune system and
that host species-specific interactions likely play a major role.
Myxoma virus (MYXYV) is a poxvirus that belongs to the genus
leporipoxvirus and shows a restricted host range infecting only
leporids (rabbits and hares). MYXYV is highly lethal to European
(E.) rabbits causing case fatality rates (CFRs) of close to 100%.
Since 1950, MYXYV was repeatedly introduced into Australia to
combat the invasive feral E. rabbit population, which has caused
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ecological and economical havoc. Shortly after the release of the
MYXV standard laboratory strain (SLS), which caused a CFR of
99.8% in laboratory rabbits (grade 1 virulence), attenuated virus
strains began to appear in the wild and started to outcompete the
more virulent parental strain. The predominant strains found in
the field are of grade 3 and grade 4 virulence and exhibit a CFR
in laboratory rabbits between 70-95% and 50-70%, respectively.
Concomitantly, rabbits evolved increased resistance to MYXV
infection. Evolution of attenuated MYXV and increased resistance
of rabbits to infection were also observed after the illegal release of
MYXYV in Europe (reviewed in ref. 5). The molecular mechanisms
of the attenuation of MYXV and the increased resistance of rab-
bits to infection are unknown. Recently, the complete genomes of
24 MYXJV strains that were collected in the field in Australia were
reported. Although a number of mutations were discovered, it was
not immediately clear which mutations led to changes in MYXV
virulence (6, 7). Two candidate genes that might contribute to
changes in virulence are M029L and M156R, the MYXYV orthologs
of vaccinia virus (VACV) E3L and K3L, respectively. VACV E3L
and K3L are virulence and host range genes, and their protein
products E3 and K3 inhibit the activation and activity of PKR
(8,9). PKR is an antiviral protein that is found in most vertebrates.
It is constitutively expressed at moderate levels and can be induced
by type I interferons. PKR is composed of two N-terminal double-
stranded RNA (dsRNA) binding domains that sense viral dsRNA,
and a C-terminal kinase domain. Upon binding to dsRNA, two in-
active PKR monomers dimerize and undergo autophosphorylation.

Significance

The virulence and host range of viruses is controlled by the
interaction of the host innate immune system with viral mol-
ecules. This interaction is an important driver for the evolution
of both the host and the virus. The attenuation of myxoma
virus, a rabbit-specific poxvirus, after its deliberate release to
control European rabbit populations, and the increased re-
sistance of the rabbits, is one of the best-known examples for
host-virus coevolution on the population level. We show that
the myxoma virus protein M156 specifically inhibited the an-
tiviral protein kinase R (PKR) from rabbits but not PKR from
other mammals, that PKR inhibition correlated with virus rep-
lication during infection, and that M156 contains a loss-of-
function mutation in Australian field isolates.

Author contributions: C.P. and S.R. designed research; C.P. and S.L.H. performed research;
C.P., S.L.H, M.M.R,, G.M,, and S.R. contributed new reagents/analytic tools; C.P. and S.R.
analyzed data; and C.P. and S.R. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the Gen-
Bank database (accession nos. KT272867-KT272870).

'To whom correspondence should be addressed. Email: sr1hsv@ksu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1515613113/-/DCSupplemental.

PNAS | April 5,2016 | vol. 113 | no.14 | 3855-3860

>
O
=]
—
=]
o
[<]
13
S
=



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1515613113&domain=pdf
http://www.ncbi.nlm.nih.gov/nuccore/KT272867
http://www.ncbi.nlm.nih.gov/nuccore/KT272870
mailto:sr1hsv@ksu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1515613113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1515613113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1515613113

L T

/

1\

=y
I
-

Activated PKR subsequently phosphorylates the alpha subunit of
eukaryotic translation initiation factor 2 (eIF2), which leads to the
general suppression of protein translation and inhibition of virus
replication. During vertebrate evolution PKR has evolved rapidly,
likely as a consequence of positive selective pressure exerted by viral
PKR antagonists. We and others previously showed that VACV K3
inhibits PKR in a species-specific manner; e.g., whereas mouse PKR
was sensitive to K3 inhibition, human PKR was largely resistant (10,
11). MYXYV 156 is a homolog of eIF2a and was previously tested for
its ability to inhibit human PKR in a heterologous yeast assay in
which it showed no inhibition of human PKR activity (12). Here we
explored the hypothesis that M156R evolved to inhibit rabbit PKR
and that species-specific inhibition of PKR contributes to the re-
stricted host range of MYXYV to rabbits. We further tested whether
variations found in MYXV field isolates affected the inhibitory po-
tential of M156 and M029 against rabbit PKR.

Results

Predominant Expression of a Short M156 Form. M156R is located at
the 3’ end of the genome and partly overlaps with the inverted
terminal repeat (ITR) region in the reference Lausanne (Lu)
strain (13). Among all known poxvirus K3 orthologs, M156 is
unique, because it contains a predicted N-terminal extension, based
on an elongated ORF (open reading frame) (Fig. 14 and Fig. S14).
In MYXYV strains that descended from South America, M156R is
annotated to encode a 102-amino acid protein with a predicted
molecular mass of 12 kDa (13). The M156 orthologs of the closest
relatives, rabbit fibroma virus and the Californian MYXV MSW
strain, lack this putative extension, but contain a putative start codon

AMYXV 156 MTVIKPSSRPRPRKNKNIKVNTYRTSAMDELS-PGSVHEGI
VACV K3 =———mm—mmmmmmm e MLAFCYSLPNAGDVIKGR
h. eIF20 ——————mm—mmmmmmm e MPGLSCRFYQHKFPEVEDVVMVN
MYXV 156 VYEKDGI-FKVRLLGYEGHECILLDYLNYRQDTLDRLKER
VACV K3 VYEKDYA-LYIYLFDYPHFEAILAESVKMHMDRYVEYRDK
h. eIF20. VRSIAEMGAYVSLLEYNNIEGMILLSELSRRRIRSINKLI

*
MYXV 156 LVGRVIKTRVVRADGL--YVDERRFF--——--— [102]
VACV K3 LVGKTVKVKVIRVDYTKGYIDVNYKRMCRHQ [88]
h. eIF2o RIGRNECVVVIRVDKEKGYIDLSKRRVSPEE [94]

human PKR
control h.PKR r.PKR
E L 25 25 ¢
Fo g e R SR R e B e
£28s5290s52¢5s
elF2a-P ——

fotal eIF 20| My s e e s e e

E. rabbit PKR

Fig. 1. M156 inhibits rabbit but not human PKR in yeast. (A) Multiple se-
quence alignment of MYXV-Lu M156, VACV K3, and human (h) elF2a.
Conserved residues are highlighted in yellow (100% conservation) or purple
(identical with M156). The methionine encoded by the putative start codon
of the predominant M156 isoform is shown in red. An asterisk indicates L98
in MYXV-Lu M156. Plasmids encoding VACV K3, MYXV M156, or empty vector
under the control of a yeast GAL-CYC1 hybrid promoter were transformed
into isogenic yeast strains, which have either empty vector (control) (B),
human PKR (C), or E. rabbit PKR (D) stably integrated at the LEU2 locus
under the control of the GAL-CYC1 promoter. Transformants were colony
purified and grown under inducing conditions at 30 °C for 4 d. Results shown
are representative of four independent transformants for each plasmid.
(E) Transformants described above were grown in liquid SC—Gal medium for
4 h to induce expression. Whole cell protein extracts were obtained from
equal numbers of cells and subjected to Western blot analyses. The blots were
probed with phospho-specific antibodies against Ser51 elF2a (elF2a-P), then
stripped and probed with polyclonal antiserum against total elF2a.
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that encodes for 78- and 77-aa-long ORFs, respectively, with pre-
dicted molecular masses of 9 kDa (Fig. S14) (14, 15). A putative
start codon at the corresponding position is also found in the South
American-derived MYXYV strains. In the solution structure of
M156, for which the long M156R ORF was used, the first 32 amino
acids were unstructured (12). A predicted poxvirus early promoter
motif is absent in the 500 bp 5’ to the first start codon, but is
present at nucleotide position —42 relative to the second predicted
start codon (Fig. S1B). To determine the authentic ORF of M156R,
we performed rapid amplification of cDNA ends (RACE) PCR to
determine the transcriptional start sites (TSSs) using total RNA
from MYXV-Lu-infected RK13 cells 4, 12, or 24 h postinfection
(hpi). Prominent bands were observed at about 120 bp at all time
points but not in the uninfected control (Fig. S1C). PCR products
were randomly cloned and sequenced. TSSs of 17 out of 18 clones
started within the extended ORF, with the majority (82%) of se-
quences starting at positions —15 to —7 relative to the second start
codon (Figs. S1B and S2). None of the discovered TSSs are pre-
dicted to lead to the translation of the long M156 isoform. To
analyze the expression pattern of M156 and compare its molecular
mass to that of transfected M156, we performed Western blot
analyses of RK13 cells infected with Lu MYXYV at various time
points (Fig. S1D). M156 expression was detected as early as 1 hpi
and was most strongly expressed after 4-24 hpi and thus showed
comparable expression to M-T7, an early expressed MYXV pro-
tein. In contrast, expression of the late protein M130 was not ob-
served until 8 hpi. We also transfected RK13 cells with plasmids
encoding the short or long M156 isoforms and analyzed their
expression using anti-M156 serum. The short M156 isoform
(Fig. S1D, lane 7) was detected at a comparable size as M156 in
MYXV-infected cells. We were unable to detect the expression
of the long M156 isoform under any conditions using our M156
antiserum. In conclusion, our data indicate that the short form of
M156 is the predominant isoform in the tested cells, and we
therefore used this version in subsequent experiments. To avoid
confusion with M156R annotations of MYXV genomes, we kept
the numbering of the long isoform when referring to specific
amino acids.

Host-Specific PKR Inhibition by M156. Yeast-based assays have been
previously used to analyze interactions of PKR and viral inhibi-
tors (10, 11, 16-18). In one of these assays, M156 failed to inhibit
human PKR, whereas its VACV ortholog K3 showed PKR in-
hibition (12). We hypothesized that MI56R evolved to inhibit
rabbit PKR. To test this hypothesis, we generated isogenic yeast
strains that were stably transformed with empty vector (control),
human PKR, or E. rabbit PKR under the control of a galactose-
inducible promoter (18). These strains were subsequently trans-
formed with plasmids encoding VACV K3, MYXV M156, or
empty vector (control), which are also under the control of
the galactose-inducible promoter. Under inducing conditions
(galactose-containing agar plates), all transformants of the con-
trol strain expressing no PKR showed comparable growth, indi-
cating that K3 or M156 alone had no effect on yeast growth
(Fig. 1B). Induction of both human and E. rabbit PKR expression
was toxic in the vector-transformed strains, whereas this toxicity
was suppressed by K3 (Fig. 1 C and D). Expression of M156 had
no effect on human PKR toxicity, whereas it reduced toxicity of
E. rabbit PKR, as indicated by no growth and growth, respectively
(Fig. 1 C and D). The transformants were also grown in liquid
media to measure eIF2a phosphorylation levels 4 h after galactose
induction by Western blot analysis. No eIF2a phosphorylation was
observed in the absence of PKR (Fig. 1E). Both human and
E. rabbit PKR induced eIF2a phosphorylation, which was reduced
by the expression of K3 for both PKR. Expression of M156 only
inhibited elF2a phosphorylation induced by E. rabbit PKR, but
not that mediated by human PKR. These results demonstrate that
M156 is an inhibitor of E. rabbit PKR but not of human PKR in
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this yeast assay and also explain why no inhibition of human PKR
was observed previously (12).

To extend the analysis of host-specific PKR inhibition by M156,
we used a previously described assay in HeLa cells, in which the
endogenous PKR was stably knocked down by shRNA, designated
as HeLa-PKR" cells (10). To avoid the effect of RNA interfer-
ence on transfected human PKR, we used knock-down resistant
human PKR (PKR*%"**) for subsequent experiments. HeLa-
PKRK cells were cotransfected with E. rabbit, human, sheep,
mouse, rat, Guinea pig, Syrian hamster or Chinese hamster PKR,
MI56R or a control plasmid (empty vector), and firefly luciferase.
Our previous studies showed that the reduction of luciferase
activity is a more sensitive indicator of PKR activity than
phosphorylation of eIF2a in transient transfection assays (10).
Luciferase activities were normalized to PKR-only transfected
cells. Increases in luciferase activity indicate inhibition of PKR
activity. Transfection of M156R resulted in strongly increased lu-
ciferase expression only in cells cotransfected with E. rabbit but
not in cells cotransfected with the other species’ PKRs, which
indicates that M156 inhibited only E. rabbit PKR, whereas the
other species’ PKRs were resistant (Fig. 24). This result therefore
confirms and extends the results of species-specific M156 activity
obtained in the yeast assays. Because MYXV contains a second
PKR inhibitor encoded by M029L, which belongs to the poxvirus
E3L family of dsRNA-binding proteins, we analyzed whether
MO029 also exhibits species-specific PKR inhibitory activity. HeLa-
PKR* cells were cotransfected with human or E. rabbit PKR and
increasing amounts of M029L or M156R. Whereas E. rabbit PKR
but not human PKR was inhibited in a dose-dependent manner by
M156, both PKRs showed comparable sensitivity to M029, indi-
cating that only M156 exhibits pronounced species specificity
(Fig. 2 B and C). Myxoma virus proteins M-T5, M011, M013, and
M130, used as controls, had no effect on PKR activity (Fig. S3).

Myxoma Virus Can Overcome the Antiviral Effects of Rabbit PKR. To
characterize the antiviral effects of E. rabbit and human PKR
during poxvirus infection, we established an infection assay using
HeLa-PKR* cells in which we stably expressed PKR. To mimic
natural PKR expression, we constructed a plasmid that contains
the human PKR promoter as characterized (19), followed by the
rabbit B-globin intron and a multiple cloning site, into which we
cloned human PKR*™ or E. rabbit PKR, followed by two
FLAG tags. HeLa-PKR*! cells were stably transfected with the

Aé‘s 0O empty vector

= 6 | M156R

T4

S

22

3, rm rm f rm 0 -

E.rabbit human sheep mouse rat Guinea Syrian Chinese

B 8 C pig hamster hamster

> O human PKR 2,3 O human PKR

S 6 1 mrabbit PKR 2o . m rabbit PKR

3 g2

c4 J ©

5 S1

g2 =m0

50 | I-I 50

Opg 0.1pg 0.2pg 0.4pg 0.8ug = Opg 0.1ug 0.2ug 0.4pg 0.8ug
M156R e MO29L

Fig. 2. Species-specific inhibition of rabbit PKR by M156. (A) Human HelLa-
PKR* cells were transfected with expression vectors for luciferase (0.05 pg),
MYXV M156R (0.4 pg), and PKR (0.2 pg) from the indicated mammalian
species. Luciferase light units were normalized to PKR-only transfected cells
to obtain relative luciferase activities. Constant amounts (0.1 pg) of human
PKR or E. rabbit PKR were cotransfected with increasing amounts of M156R
(B) or M029L (C), and relative luciferase activities are shown. Experiments
were performed in triplicate and the results are representative of three in-
dependent experiments. Error bars indicate SD.
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PKR-expressing plasmids or empty vector and clones derived from
single colonies were analyzed for PKR expression. For subsequent
experiments, a clone (h14) that expressed transgenic human PKR
(HeLa-PKRkI+humanPKR) a¢ Jevels comparable to that of control
HelLa cells was chosen, as determined by Western blot using an anti-
human PKR antibody (Fig. S4). An E. rabbit PKR-expressing clone
(r15, HeLa-PKR+E- rabbit PKR) waq chosen that showed comparable
PKR expression to that of HeLa-PKRumanPKR " yqino an anti-
FLAG tag antibody (Fig. S4). HeLa control cells, as well as HeLa-
PKR* and its derivatives stably transfected with vector, human, or
rabbit PKR were infected with VC-R2, a VACV strain that lacks
both PKR inhibitors K3 and E3, to analyze if VACV replication is
suppressed when PKR is expressed. In VC-R2, the E3L gene is
replaced with a destabilized EGFP driven by the native E3L pro-
moter and its expression can be used as readout for VACV
protein expression. EGFP was expressed in HeLa-PKR* and
HeLa-PKRX4veeor cells, whereas it was strongly suppressed in
HeLa control cells and HeLa-PKR* cells expressing human or E.
rabbit PKR (Fig. 34). We also determined VC-R2 replication in
the infected cells by performing plaque assays on rabbit RK13 cells
expressing E3 and K3, which are permissive for VC-R2. VC-R2
could only replicate in HeLa-PKR*! and HeLa-PKR**vector,
whereas endogenous levels of PKR expression completely sup-
pressed VC-R2 replication (Fig. 3B). These results demonstrate
that transgenic expression of either human or E. rabbit PKR can
compensate for the loss of PKR in HeLa cells with respect to the
suppression of VACV replication. We next infected the same cell
lines with MYXV that expresses EGFP under the control of a
synthetic ear(liy/late poxvirus promoter (20). In HeLa control and
HeLa-PKRKdHhumanPKR coffs - relatively weak EGFP expression
was observed, whereas strong EGFP was observed in PKR-deficient
and E. rabbit PKR-expressing cells (Fig. 34). This observation
correlated with MYXV replication in these cells, which was only
suppressed in cells expressing human PKR but not E. rabbit PKR
(Fig. 3B). We also monitored elF2a phosphorylation levels in
mock- and virus-infected congenic HeLa cells by Western blot
analyses to assess whether the effects of transgene expression on
virus replication correlated with eIF2a phosphorylation. In HeLa-
PKR* and HeLa-PKR*"*"*?°r cells, basal eIF2a phosphorylation
levels were not increased by VC-R2 or MYXYV infection (Fig. 3C).
In HeLa-PKR "™ KR 3 HeLa-PKR'ME 2P0t PR cells, VC-R2
infection induced strong elF2a phosphorylation to levels com-
parable to that in the HeLa control cells. MYXYV infection only
led to increased elF2a phosphorylation in HeLa control and
HeLa-PKR*humanPKR coljs which express human PKR, but not
in HeLa-PKR*, HeLa-PKR*+'" and cells expressing E. rabbit
PKR (Fig. 3C). Thus, the effects of PKR on virus replication
correlated well with eIF2a phosphorylation levels. The combined
results show that MYXV was resistant to the antiviral effects of
E. rabbit PKR but sensitive to those of human PKR.

M156 Deficiency Leads to MYXV Attenuation in Rabbit Cells. We inac-
tivated MI56R in MYXV-M029L", which lacks the other PKR
inhibitor M029 (21), to generate MYXV-M029LX°M156R*©,
which is devoid of both PKR inhibitors (Fig. S5). Deletion of
MO29L alone resulted in smaller plaque sizes and approximtely
10- to 50-fold titer reduction in infected RK13 cells (21) (Fig. 4 4
and B). Inactivation of MI56R in this strain resulted in further
attenuation as indicated by the reduced EGFP expression and an
additional 10- to 17-fold titer reduction (Fig. 4 A and B). Viral
protein synthesis was abolished in MYXV-M029L*°M156R*® as
indicated by the absence of M-T7 and M130 expression (Fig. 4C).
In RK13+E3L+K3L, replication and protein synthesis of MYXV-
MO029LXOM156R¥C were not impaired, indicating that the at-
tenuation of this strain is caused by its inability to inhibit PKR.
Interestingly, we consistently observed higher expression of the early
proteins M156 and M-T7 in both RK13 and RKI13+E3L+K3L
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Fig. 3. Human PKR but not rabbit PKR suppresses MYXV replication.
(A) Control and congenic HeLa-PKR*? HeLa cell lines that were stably trans-
fected with vector, human PKR, or E. rabbit PKR were infected with VC-
R2 [VACVAE3L(EGFP-d2)/AK3L] or MYXV-EGFP at a MOI of 0.1 or 1,
respectively. Representative images taken 48 hpi at 100x magnification are
shown. EGFP levels in the two viruses cannot be compared directly, because in
VC-R2, a destabilized EGFPd2 is driven by the natural E3L promoter, whereas in
MYXV, unmodified EGFP is driven by a synthetic early-late poxvirus pro-
moter. (B) Indicated Hela cell lines were infected with VC-R2 or MYXV-
EGFP at a MOI of 0.1 or 1, respectively. Viruses were collected at 0, 12, 24, 48,
and 72 hpi and titered on RK13 cells, which stably express VACV E3 and K3.
(C) Total protein lysates were collected from mock (=), VC-R2, or MYXV-EGFP-
infected Hela cells at 8 hpi to measure phosphorylated and total elF2a by
Western blot analyses. Lysates shown were run on the same gel in a different
order and lanes were reordered for clarity (Fig. S7 shows original).

cells infected with MYXV-M029LX®, which indicates that
MO029 might be a negative regulator of some MYXV proteins’
expression.

Loss-of-Function Mutation in M156R of Australian MYXV Isolates.
Despite the availability of the full genome sequences of 24 MYXV
isolates from Australia, the molecular mechanisms that underlie
the attenuation of MYXYV strains in the field are currently un-
clear. One of the identified mutations leads to a predicted leucine-
to-proline amino acid substitution at position 98 (L98P) in M156R
in 13 of 24 isolates (7). The corresponding leucine residue in the
costructure of elF2a with human PKR (22) is shown in Fig. 54.
We introduced this mutation into M156-encoding plasmids using
site-directed mutagenesis and tested its effect on E. rabbit PKR in
yeast and cell culture assays. The mutation had no effect on yeast
growth in a control strain, but abolished the M156-mediated res-
cue of yeast growth in a strain expressing rabbit PKR (Fig. 5 B and
(). In correlation with this result, M156-L98P was unable to in-
hibit M156-mediated inhibition of eIF2a phosphorylation in yeast
grown in liquid medium (Fig. 5D). The inability of M156-1L.98P to
inhibit PKR was also confirmed in the cell-culture-based trans-
fection assays, in which even the highest amounts of M156-L98P
had no effect on PKR activity (Fig. 5E). In transfected cells, both
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M156 and M156-L98P were expressed at comparable levels as
determined by Western blot analysis and the loss of PKR inhibi-
tion was therefore not due to altered M156 expression (Fig. SE). A
predicted alanine-to-valine substitution at position 17 in M029,
which was present in 11 of 24 isolates (7), did not result in altered
PKR inhibition (Fig. S6). To test the effect of M156-L.98P in
MYXV infection, we inserted it or wild-type M156R (revertant)
into MYXV-M029L*°M156R*? and infected RK13 cells with
the viruses. M156 was able to restore EGFP expression, whereas
M156-L98P could not (Fig. 5F). EGFP expression correlated well
with virus replication, which was restored by M156 but not by
M156-L98P (Fig. 5G), confirming that the latter is also a loss-of-
function mutation in the context of MYXYV infection. The loss of
M156 function in some MYXV isolates is thus a good candidate
for a contributing factor to the virulence attenuation of MYXV
in Australia.

Discussion

We have shown here that M156 of MYXYV is a species-specific
inhibitor of rabbit PKR, that human PKR but not rabbit PKR
can restrict MYXYV replication in congenic HeLa cells, and that
M156 deficiency leads to virus attenuation in RK13 cells. The
extent of species-specific PKR inhibition by M156 is remarkable,
considering its likely mode of action as a pseudosubstrate inhibitor
(23). Poxvirus K3 homologs share the common S1 fold with eIF2a,
the substrate of PKR and they all likely bind to the same region
of PKR. In contrast to the poxvirus K3 members, which can share
as little as 20% sequence identity with each other (10), eIF2a is
highly conserved, e.g., 100% sequence identity between human
and rabbits in the S1 domain. The finding that PKR has been
evolving rapidly can be explained by the high selective pressure
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Fig. 4. Deletion of M156R further attenuates MYXV that lacks M029L. RK13
cells (RK13-WT) and RK13 cells stably expressing E3 and K3 (RK13+E3L+K3L) were
infected with MYXV-EGFP (WT), MYXV-MO029L%, or MYXV-M029L“°M156R" at a
MOI of 5. (A) Fluorescent images were taken at 48 hpi at 100x magnification.
(B) Viruses were collected at 0, 12, 24, and 48 hpi and titered on RK13+E3L+K3L
cells. Error bars indicate SD (n = 2). (C) Total protein lysates were collected at
4 and 24 hpi to monitor expression of MYXV early (M156 and M-T7) and late
(M130) proteins. f-Actin was included as loading control.
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Fig. 5. A naturally occurring M156R mutant lost its ability to inhibit PKR.
(A) Crystal structure of the PKR-elF2a complex. The residue highlighted in pink
in the structure of elF2a corresponds to Leu-98 in M156. Plasmids encoding
empty vector, M156, or M156-L98P under the control of a yeast GAL-CYC1
hybrid promoter were transformed into isogenic vector (B) or E. rabbit PKR
(C) containing yeast strains. Colony-purified transformants were grown under
inducing conditions at 30 °C for 4 d. (D) Transformants were grown in
liquid SC —Gal medium for 4 h to induce expression. Lysates were subjected
to Western blot analysis for phosphorylated and total elF2a. (E) Hela-
PKR? cells were transfected with expression vectors for luciferase (0.05 pg),
E. rabbit PKR (0.1 pg), and increasing amounts of M156R or M156R-L98P. After
48 h, luciferase activities were determined and normalized to control trans-
fections lacking PKR inhibitors to obtain relative luciferase activities. (Inset)
HeLa-PKR? cells were transiently transfected with 3 pg of vector, M156R, or
M156R-L98P plasmids. Total protein lysates were collected 48 hours after
transfection to monitor M156 and p-actin expression. All samples were run on
the same gel and lanes were spliced together (line) for clarity. (F and G) RK13
cells were infected with MYXV-M029L%?, MYXV-M029L“°M156R*°, MYXV-
M029LXOM156RKCM156R™vertantre) and MYXV-M029L“°M156R“°M156R-
L98P (MOI of 5). Fluorescent images were taken at 24 hpi (F) and virus titers
were measured at 0 and 48 hpi (G).

exerted by pathogen-derived antagonists, such as poxviral K3
orthologs, which has caused PKR to diversify. Still, PKR faces the
challenge to maintain its interaction with eIF2a, while evading
inhibition by K3-family pseudosubstrate inhibitors. The best-
studied PKR pseudosubstrate inhibitor is VACV K3. It was pre-
viously shown that K3 inhibited mouse PKR much better than
human PKR in cell transfection assays and that hominoid PKR
were more resistant to K3 inhibition than PKR from Old World
and New World monkeys in yeast assays, indicating the potential
for species-specific inhibition (10, 11). A limitation of studying the
interaction of VACV with host proteins is that its “natural” host is
unknown. Studying the interaction of MYXYV proteins with innate
immune proteins of a naturally infected rabbit host can therefore
provide unique insights into this host—pathogen relationship. Po-
tential species specificity of M156 was not previously considered as
an explanation for its inability to inhibit human PKR in a yeast
assay (12). Our results that only rabbit PKR but not human PKR
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was inhibited by M156 in yeast demonstrate that this assay system
is informative and that species-specific activity can explain the
earlier negative results obtained in yeast. This finding was con-
firmed and extended by the transfection assays, which showed that
of the eight tested mammalian PKRs, only rabbit PKR was
strongly inhibited by M156. Because MYXV has evolved in rab-
bits, it can be assumed that its gene products adapted to inhibit the
immune response of its hosts. However, it is remarkable that PKR
from other mammals were not considerably affected as “off-spe-
cies targets” because M156 is predicted to bind to the PKR kinase
domain at the same interaction surface as the PKR target elF2a.
The species-specific PKR inhibition by M156 is the first example
where a species-specific interaction correlates with the host spe-
cies restriction of MYXV virus.

The host range function of many poxvirus genes was described
in cultured cells that originated from different species. Because it
cannot be ruled out that cell-specific characteristics that are
species independent contribute to the observed differences, we
established a system that allows the comparison of PKR from
different species in congenic HeLa cells. Infection of these cells
showed that human PKR restricted MYXYV infection, but that
MYXYV replicated as well in cells expressing rabbit PKR as in
cells in which endogenous PKR expression was knocked down.
Importantly, rabbit PKR was as efficient as human PKR in
inhibiting the replication of a VACYV strain that lacks the PKR
inhibitors E3 and K3. These results demonstrate that MYXV can
overcome the antiviral activities of only rabbit PKR, and this
correlates with the ability of M156 to inhibit rabbit PKR but not
human PKR. Congenic cells expressing PKR from different spe-
cies might also prove useful for studying species-specific effects of
other viral inhibitors.

The coevolution of both MYXV and the feral European rabbit
host after the deliberate release of MYXYV into Australia and
Europe constitutes one of the best-studied examples of host—
virus evolution on the population level. The introduction of
MYXYV into Australia initially led to a dramatic reduction of the
rabbit population; however, within a few years, rabbit numbers
rebounded. This could be attributed to the increased resistance
of rabbits against MYXV and to the attenuation of MYXV in
the field, the latter of which allowed for more efficient virus
transmission (5). The molecular mechanisms behind these two
phenomena are, however, poorly understood. The full genome
sequencing of 24 MYXYV that were isolated between 1951 and
1999 constituted an important step in understanding the mo-
lecular basis for MYXYV evolution in Australia. Whereas many
mutations were present in the isolates, no common mutations
were identified that could explain differences in virulence (6, 7).
The LI98P mutation in M156R was identified in 13 of these iso-
lates. Because M156-L98P was unable to inhibit rabbit PKR and
led to MYXV attenuation in our assays (Fig. 5), this mutation can
help explain and likely contributes to the attenuation of MYXV in
Australia. The corresponding residue in elF2a and viral homologs
is highly conserved, being either a leucine in elF2a and vIF2a, a
PKR inhibitor from ranaviruses and leporipoxvirus 156, or a valine
in K3/M156 orthologs from other poxviruses (18). This residue is
part of a B-sheet (B5), which also comprises residues corresponding
to M156 Y95 and D97, which are 100% conserved in all elF2a
homologs and are involved in the binding of eIF2a to PKR (12, 18,
22). A proline in this p-sheet would likely disrupt the p-sheet and
abolish binding to PKR. Indeed, it would be instructive to know
whether the rabbit PKR locus has also undergone any virus-induced
selection pressures over the half century since the first field releases
of MYXV.

In conclusion, the results presented here show that rabbit PKR
was specifically inhibited by M156, that human PKR plays an
essential role in suppressing MYXYV replication in HeLa cells,
and that a naturally occurring mutation in M156 abolished rabbit
PKR inhibition. These phenomena might contribute to the strict
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host restriction of MYXYV infection to only rabbits, the preven-
tion of productive infection in nonrabbit species (particularly
humans), and the attenuation of MYXYV strains currently extant
in Australia. Moreover, this study shows that the choice of bi-
ologically meaningful host—virus systems is important for study-
ing host-virus interactions. Often, studies of viral molecules or
viruses are performed with molecules, cell lines, or animals of
nonhost species. The results of such experiments could be mis-
leading, if the virus molecules act in a species-specific manner as
shown here for M156 and rabbit PKR.

Materials and Methods

Plasmids, Yeast Strains, and Cell Lines. PKR and viral genes were cloned into
pSG5 for expression in mammalian cells. Generation of yeast strains, stably
transformed with empty vector (J673) or human PKR (J983) under the control
of a yeast GAL-CYC1 hybrid promoter, was described (18). A yeast strain
stably transformed with E. rabbit PKR (O8) was generated using the same
methods. VACV K3L and M156R were cloned into the vector pYX113, which
contains the GAL-CYC1 hybrid promoter. HelLa-PKR*? cells (24), kindly pro-
vided by Charles Samuel, were stably transfected with knock-down resistant
human PKR and E. rabbit PKR under the control of the human PKR promoter
(19). The generation of RK13+E3L+K3L cells was described (21). See SI Ma-
terials and Methods for details.

RACE PCR. E. rabbit RK13 cells were infected with MYXV-EGFP at an multi-
plicity of infection (MOI) of 1. Total RNA was collected with TRIzol reagent at
4, 12, and 24 h postinfection. RACE PCR was performed with the GeneRacer
Core Kit (Invitrogen) according to the manufacturer’s instruction. See S/
Materials and Methods for details.

Yeast Growth and elF2« Phosphorylation Assays. Experiments were performed
as previously described (18, 25). See SI Materials and Methods for details.

Luciferase Assay. The 5 x 10® HeLa-PKR*“ cells were seeded in 24-well plates
1 day before transfection. For each transfection, firefly luciferase (pGL3
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promoter, 0.05 pg, Promega), and pSG5 plasmids encoding PKR (0.2 pg), M156,
or M029 (0.4 ug) were transfected using GenJet-HelLa (Signagen). For titration
experiments, amounts of transfected plasmids are indicated in the figures. For
controls, empty pSG5 vector was transfected using the same amount. Each
transfection was conducted in triplicate. After 48 h, cell lysates were harvested
using mammalian lysis buffer (Goldbio) and luciferase activity was determined
using luciferase detection reagents (Promega) in a luminometer (Berthold).

Construction of Recombinant Viruses. The construction of VC-R2 and MYXV-
EGFP were described previously (20, 26) and the construction of M156R
mutant viruses is illustrated in Fig. S5 and described in S/ Materials
and Methods.

Infection Assays. HeLa-control, HeLa-PKR*Y, HeLa-PKR 476", Hel 5-PKRK4+MPKR,
and HelLa-PKR<4+Erabbit PKR ca[js \were seeded into six-well plates and confluent
monolayers (1 x 10° cells) were mock infected with PBS or infected with VC-R2
and MYXV-EGFP at an MOI of 0.1 and 1, respectively. RK13 cells were infected
with MYXV-EGFP or MYXV-EGFP-derived recombinant viruses at an MOI of
5. Fluorescent pictures were taken with an inverted fluorescent microscope
(Leica) and viruses were collected at 0, 24, 48, and 72 hpi for titration in
RK13 cells that stably express E3 and K3. See S/ Materials and Methods
for details.

Western Blot Analyses. Protein lysates from RK13 cells that were infected with
MYXV-EGFP (MOI = 10) were blotted on PVDF membranes and incubated with
anti-M156 (27), and after stripping, reprobed with antiserum against M-T7
(28), M130 (29), and anti-B-actin. For elF2a phosphorylation assays, PKR-
expressing cells were infected with VC-R2 or MYXV-EGFP at an MOI of 5. Total
protein lysates were collected 8 hpi and elF2a was detected with phospho-
specific elF2« and total elF2a. See S/ Materials and Methods for details.
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