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ABSTRACT: The regulation of protein synthesis is a critical component in the maintenance of cellular
homeostasis. A major mechanism of translational control in response to diverse abiotic and biotic stress
signals involves the phosphorylation of hesubunit of eukaryotic initiation factor 2 (elB. The pathway

has been demonstrated in all eukaryotes except plants, although components of a putative plant pathway
have been characterized. To evaluate the in vivo capability of plantetd-Rarticipate in the translation
pathway, we have used vaccinia virus recombinants that constitutively express wheaaetHaducibly
express the el2 dsRNA-stimulated protein kinase, PKR, in BSC-40 cells. Activation of PKR in cells
expressing wild-type wheat elB2esulted in an inhibition of cellular and viral protein synthesis and an
induction of cellular apoptosis correlating with phosphorylation of elléh serine 51. Expression of a
nonphosphorylatable mutant (51A) of plant edH2versed the PKR-mediated translational block as well

as the PKR-induced apoptosis. A direct interaction of the plant proteins with the mammalian translational
initiation apparatus is supported by coimmunoprecipitation of wild-type plante#fi2l the 51A mutant

with mammalian elF2 and the localization of the plant proteins in ribosome fractions. These findings
suggest that plant ellé2is capable of interacting with the guanine nucleotide exchange factor elF2B
within the context of the elF2 holoenzyme and provide direct evidence for its ability to participate in
phosphorylation-mediated translational control in vivo.

The regulation of protein synthesis is a fundamental the major exception of plants. Indeed, the necessity for a
mechanism by which cells modulate gene expression. Oneplant elF2x phosphorylation pathway has been questioned
of the most important translational control mechanisms is (9, 10). Krishna et al. 10) suggest that even though wheat
mediated by the phosphorylation of etFX1, 2). This event germ elF2. can be phosphorylated in vitro it is unable to
is of critical importance in the regulation of global as well interact with elF2B in vivo. Although the protein synthesis
as specific protein levels and is essential for the maintenanceframework is functionally similar between plants and other
of cellular homeostasis in response to diverse abiotic andeukaryotes, there are distinct differences that likely reflect
biotic stresses. It is involved in the regulation of viral the unique challenges facing plants in a sessile environment
pathogenesis3], cell growth (4), differentiation (5), the  (11).
nutritional deprivation respons6)( and apoptosis/( 8). The Members of the elF@ kinase family are the key guardians
pathway has been well characterized in all eukaryotes with ¢ the elF20 phosphorylation pathway and include the

. - . . dsRNA-dependent protein kinase PKR2(reviewed in ref
T The assistance of the Ministry of Education and Culture of Spain, 13) the h d d in ki HRA d th
SAB1998-01444 that supported the sabbatical leave of D.R. is gratefully 13, the heme-dependent protein kinase )(and the
acknowledged. In addition, this work was supported, in part, by grants GCN2 gene productl§, 16). The 68 kDa human PKR is a
from NSF IBN 951400 (D.R.) and CICYT, PM98-0112 (M.E.). J.G. major regulator of dsRNA responses in cells7)y It is

was the recipient of a FPI fellowship from the Spanish MEC. - : - P
* Corresponding author: Department of Molecular Biology, Uni- activated by autophosphorylation following dsRNA binding

versity of Wyoming, Laramie, WY 82071-3354. Fax 307-766-5098; and then is capable of dsRNA-independent exogenous
e-mail rothdon@uwyo.edu. substrate phosphorylation (reviewed in 18j. The primary

) * Consejo Superior de Investigaciones Cientificas, Campus Univer- target for PKR phosphotransferase activity is serine 51 of
sidad Autonoma.

§ University of Wyoming. elF2o, although other PKR substrates have been suggested

! Abbrevations: elF&, o subunit of eukaryotic initiation factor 2;  (19-22). Plants encode a biochemical and immunological
DMEM, Dulbecco’s modified Eagle’s medium; IPTG, isoproyb- homologue of PKR termed pPKRJ). In vitro phosphory-
thiogalactoside; WR, western reserve; CPRG, chlorophenob+Bd lation of theM, 68 000 pPKR is stimulated by dsRNA, select

galactopyranoside; NCS, newborn calf serum; pPKR, plant-encoded 8 - - -
double-stranded RNA-dependent protein kinase; TCA, trichloroacetic Polyanions, or intramolecularly base-paired, single-stranded
acid; BSA, bovine serum albumin; VV, vaccinia virus; dsRNA, double- RNAs of sufficient length but not by DNA or RNADNA

stranded RNA.; Blotto, phosphate-buffered saline containing 5% nonfat ; i ; -
dry milk; SDS-PAGE, sodium dodecy! sulfatgolyacrylamide gel hybrids @4). Similarly to mammalian PKR1), autophos

electrophoresis; tk, thymidine kinase; moi, multiplicity of infection; phorylation is inhibited by high levels of dSRN{Q:ﬁ 25)-
pfu, plaque-forming units; pi, postinfection. Both pPKR and mammalian PKR are localized in the
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cytoplasm and are ribosome-associated; however, they havéavis).Secondary antibodies were purchased from Cappel
also been found in the nucleu®6 27, Yang et al., (Durham, NC).

unpublished results). Plant PKR activity is stimulated by  Plasmids Wild-type wheat elFa is encoded within a 1.02
virus and viroid infection and is differentially regulated kb Ncd—BanHI fragment. This cDNA was subcloned into
during plant developmen28—30; Yang et al., unpublished  the Ncd—BanHI site of pAlter-EX2 (Promega, Madison,
results). Still the in vivo significance of pPKR activation WI). Single-stranded DNA was prepared and mutagenesis
remains unclear at this time. was performed with the Altered Sites Il in vitro system

Recently, the cDNA for wheat elé2has been cloned (Promega) with the following oligonucleotide (boldface
(Metz and Browning, unpublished results). It encodéd,a  nucleotides indicate change): 51A-BCT CCG AGC TG
42 000 protein and ca. 50% of the amino acid residues areCCC GCC GCC GCA TCC 3 The resultant 51 alanine
identical with residues in the human, 36 000 homologue. ~ Mutant (51A) as well as the wild-type 51 serine (51S) cDNAs
Despite these differences, the plant protein contains domaingvere subcloned into theHindlll site of pBSII-SK(t)
associated with elR2 phosphorylation and in vitro it is  (Stratagene). Sequencing confirmed the fidelity of each
phosphory|ated Specifica”y on serine 51 by pPKR, GCNZ2, elF20. cDNA subclone. Wheat ell251S and 51A cDNAs
and human PKR3J1). However, the physiological signifi- ~ Were excised from pBS-51S and pBS-51A, respectively, by
cance of elF2 phosphorylation is unclear. Whereas in digestion withHindlll. A 1.1 kb fragment was purified,
mammals elF@ phosphorylation in response to virus infec- repaired with Klenow, and cloned into the hemagglutinin
tion results in the severe downregulation of protein synthesis, insertional VV vector pHLZ 85), previously digested with
a similar shutdown of translation has not been observed Sma and dephosphorylated with alkaline phosphatase, to
following synchronized infection of plant protoplasts with generate pHLZ-51A and pHLZ-51S, respectively. Sense
tobacco mosaic virus (Hu and Roth, unpublished results). orientation of the inserts was checked by restriction analysis.

Further, activation of pPKR occurs in compatible host-virus
interactions, suggesting it may not be involved in a plant
antiviral response mechanisr29j.

In view of the physiological importance of el&t2phos-
phorylation it is critical to establish whether a similar

pathway exists in plants. Further, understanding processe

involved in plant translational control and identifying unique
features may contribute to the overall knowledge of eukary-
otic protein synthesis. Unfortunately, at this time there is

not a plant system comparable to the mammalian cell culture

or the yeast model to dissect the functional significance of
elF2o. phosphorylation in vivo. Thus, we have taken
advantage of a model vaccinia virus (VV) cell system
designed to allow the timely and localized expression of

elF2o in the presence or absence of PKR. Previous results
P 5> VV PKR-a51S and VV PKRe51A were generated by

have demonstrated that this system mimics the elF
phosphorylation control pathway and is useful to probe
specific functional relationships operative in the pathwagy (
33). Herein, we provide evidence that wheat elF@nction-
ally interacts in the elR® phosphorylation pathway in

mammalian cells and demonstrate that the nonphosphory-
latable mutant 51A behaves as a dominant negative regulato

of the pathway, similarly to its mammalian homolog@8)(
These findings support the concept that initiation of plant
protein translation may be regulated by edghosphory-

lation and establish the conservation between mechanism

of initiation among all eukaryotes.

EXPERIMENTAL PROCEDURES

Materials Chemicals were from Sigma (St. Louis, MO)
unless otherwise specified. Polyclonal rabbit antibodies
against plant elF2 were a gift from Karen Browning
(University of Texas, Austin). Rabbit polyclonal antiserum
recognizing specifically the phosphorylated form of both
mammalian and plant elle2were purchased from Research
Genetics (Huntsville, AL). Rabbit polyclonal antibodies
directed against VV proteins have been used previo@y (
Polyclonal rabbit antibody specific for PKR has been
previously described3@). Antiserum to mammalian elR?2
was provided by J. Hershey (University of California,

Cells and VirusesAfrican green monkey kidney cells
BSC-40 (ATCC CCL-26) were grown in DMEM supple-
mented with 10% heat-inactivated newborn calf serum
(NCS). HelLa cells (ECACC 85060701) were grown in
DMEM supplemented with 10% NCS. After mock inocula-

gion or viral adsorption, cells were maintained with DMEM

supplemented with 2% NCS. The recombinant VV PKR
HA~ virus expressing IPTG-inducible PKR (called VV PKR
for clarity in this study) was generated as described below
by recombination of empty plasmid pHLZ%) with WR
68K virus, expressing IPTG-inducible PKR4). VV-a51S
and VV-051A were generated by homologous recombination
of their respective pHLZ-derived plasmids with the WR
strain of VV in BSC-40 cells, as previously describ&b)(
and selected by blue plaque formation upon X-gal addition.

recombination of their respective pHLZ-based vectors with
WR 68K virus, following standard procedure&s]. Viruses

were subjected to 5 rounds of plaque purification to generate
homogeneous recombinants. A scheme representing vectors
introduced into the different viruses is presented in Figure

AB.

Measurement g8-Galactosidase Actity. Confluent BSC-
40 cells seeded in 24-well plates were infected with 5 pfu/
cell of the indicated viruses. Aftel h of viral adsorption, 5

M IPTG was added to induce PKR expression. Cells were
collected at indicated times, resuspended in ZD®f 0.25
M Tris, pH 7.8, and lysed by three freezthaw cycles. After
lysis, extracts were diluted to 1 mL with water and
centrifuged, and 1L of supernatant was used f@rga-
lactosidase determination, performed in duplicate. Cell lysate
supernatants (1@L) were mixed with 150uL of CPRG
solution [1 mM Mg C}, 45 mM S-mercaptoethanol, 0.1 M
sodium phosphate (pH 7.5), and 5 mM CPRG] in a 96-well
plate and incubated at 3T for 1 h, and absorbance at 540
nm was determined. Experiments were repeated at least
twice.

Measurement of ApoptosiBhe cell death detection ELISA
kit (Roche) was used according to the manufacturer's
instructions. This assay is based on the quantitative sandwich
enzyme immunoassay principle and uses mouse monoclonal
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Ficure 1: Generation of VV recombinants that express 51A and 51S forms of wheat ¢dg2ther with PKR. (A) Homology between

human and wheat elle2subunits. An optimized alignment of the protein sequences of human and wheatigl§ffbwn. Identical amino

acids are boxed. (B) Scheme showing insertional vectors used for generating the different VV double recombinants. All viruses contain an
IPTG-inducible copy of PKR under the control of a hybrid operatgaccinia late promoter inserted in the thymidine kinase (tk) locus. In

the hemagglutinin (HA) locus, different pHLZ-derived insertional plasmids are inserted in each virus. The control VV PKR strain harbors
an empty pHLZ vector. VV PKRx51S and VV PKRe51A harbor copies of wild-type or 51 serine to alanine (51A) mutant of @|F2
respectively, under the control of a constitutive strong early/late VV promoter. (C) Immunoblot analysis showing PKR (left panel) and
plant elF2x (right panel) proteins produced following infection by recombinant VV. BSC-40 cells were infected with indicated viruses (5
pfu/cell), and following viral adsorption for 1 h, inoculum was removed and PKR expression and induced by adding 5 mM-)R¥FG (

not (—). At selected times cells were harvested and subjected to western blot analyses with PKR or plant elF2 antisera.
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antibodies directed against DNA and histones to estimate RESULTS
the amount of cytoplasmic histone-associated DNA. ] )

For measurement of caspase 3 activityy 30F BSC-40 Wheat Wild-Type elF@ and Mutant 51A Proteins Are
cells were collected, lysed in lysis buffer (150 mM KCI, 10% Efficiently Expressed from Recombinant Vaccinia Viruses
glycerol, 1 mM dithiothreitol, 5 mM magnesium acetate, and i" Mammalian Cells Although only ca. 50% of the amino
0.5% Nonidet P-40) and clarified by centrifugation. Equal @cid residues in thii, 42 000 wild-type (51S) wheat elb2
amounts of supernatant anck Zeaction buffer (100 mM  are identical with residues in thd, 36 000 human elF,
HEPES, pH 7.5, 20% glycerol, 5 mM dithiothreitol, and 0.5 it contains motifs associated with elé2phosphorylation
mM EDTA) were mixed and assayed for caspase 3 activity (Figure 1A). Most importantly, the domain surrounding
with as substrate 200M DEVD-pNA from Calbiochem. serine 51 and the KGYID putative kinase docking domain
Free pNA produced by caspase activity was determined by(37) are entirEIY anserVEd. To determine -Whether wheat
measuring absorbance at 405 nm. All apoptosis analyses wer&!F2o can function in the elF@ phosphorylation pathway,
repeated at least twice. we used a system based on the coexpression of the wheat

Metabolic Labeling of ProteindBSC-40 cells cultured in ~ Protein together with PKR driven from VV recombinants.
12-well plates were infected with the viruses indicated and We have previously used PKR expressed from VV recom-
rinsed three times with MetCys-free DMEM 30 min prior ~ Dinants to chepk its fur}c_tlon' in the regulatl_on of protein
to labeling. Following incubation for an additional 30 min Synthesis, antiviral activity induced following VV and
at 37°C with Met_CyS free DMEM, med|um was removed VESICU|aI’ StomatIS VII’US InfECtIOﬂ and apoptOSIS IndUCtbn (
and 504Ci/mL of [33S]Met—Cys promix (Amersham) in 34, 38—40). To analyze the function of plant el&2wild-
Met—Cys-free DMEM was added for an additional hour. type and nonphosphorylatable mutant (51A) cDNAs were
After three washes with PBS, cells were harvested in lysis Subcloned into the VV vector pHLZ36). The construction
buffer. Protein concentrations were determined by the Of the VV vectors is shown in Figure 1B. Recombinant VVs
bicinchoninic acid assay (Pierce) with bovine serum albumin Were generated to allow the expression of 51A or 51S from
(BSA) as a standard. An aliquot of the cell lysate was diluted the HA locus under the control of a VV earlyate synthetic
in 0.1 mg/mL BSA solution, and proteins precipitated with Promoter while PKR was inserted into the tk locus of the
5% TCA and collected on glass fiber filters by use of a Virus genome under the control of &scherichia coli lacl
vacuum manifold instrument (Millipore). Filters were dried Operator-repressor systeffiVV hybrid promoter allowing

and radioactivity was counted in a scintillation counter with IPTG-inducible expression of PKR9). Figure 1C shows
liquid scintillation cocktail. Experiments were repeated at that both wheat elR® 51S and 51A proteins are constitu-

least twice. tively expressed following infection of BSC-40 cells by
Immunoblotting For immunoblot analysis, total cell recombinant vaccinia viruses VV PK&1S and VV PKR-

extracts were boiled in Laemmli sample buffer and proteins ®51A, respectively. Immunoblotting with antiserum that
were fractionated by SDS10% or 12% PAGE. After  Specifically recognized thél: 42 000 plant elF@ shows
electrophoresis, proteins were transferred to nitrocellulose €xpression of the elk2 proteins & 8 h and maximum
paper with a semidry blotting apparatus (Gelman Sciences).2ccumulation at 24 h postinfection (Figure 1C). Thig
Filters were mixed with antiserum in Blotto, incubated 36 000 mammalian elfe2 did not cross-react with this
overnight at £C, washed three times with PBS, and further antiserum. Although a background of PKR expression occurs
incubated with secondary antibody coupled to horseradishin VV-infected cells as a result of induction of endogenous
peroxidase in Blotto. After being washed with PBS, the PKR and leakiness of the system (Figure 1C, lane 1), PKR
immunocomplexes were detected with enhanced chemi-accumulation from VV PKR#51S, VV PKRea5S1A, and VW
luminescence (ECL) Western blotting reagents (Amersham). PKR was significantly induced following IPTG treatment
Exposure of filters to Kodak X-omat films was performed (Figure 1C, lanes 3, 5, and 7). IPTG-inducible PKR expres-
for times varying fran 3 s to 5min, as needed. Experiments Sion was observedta8 h pi and levels continued to
were repeated at least three times. accumulate during infection. The decrease in 51S expression
grown in a 6-well plate were infected with 200 pfu/well of ~consistent with global decrgasgs in protein synthesis follow-
indicated viruses. Aftel h ofviral adsorption, the inoculum  ing PKR induction and activation of the elé&Zhosphory-
was removed, cells were washed and the medium waslation pathway 84) and has been observed for other proteins
replaced by a mixture consisting of DMEM, 2% NCS, and coexpressed together with PKR by this syst&@® (inpub-
0.9% agar, in the presence or absence of 5 mM IPTG aslished obser_vanons). However, th(.a.expressmn pattern for_51A
indicated. At 72 h pi, medium was removed and the Was only slightly altered by addition of IPTG, suggesting
monolayers were stained with 1% crystal violet in 2% that PKR-mediated inhibition of protein synthesis is abro-
ethanol. Experiments were repeated at least three times. 9ated by 51A.

One-Step Virus Growth Cues Confluent monolayers of Plant elF2. Is Phosphorylated on Serine 51 by PKR in
BSC-40 cells were infected with 5 pfu/cell of the indicated Mammalian CellsGiven the fact that the plant el&2vild-
viruses. Afte 1 h the inoculum was removed, cells were type and 51A mutant cDNAs are correctly expressed in
washed twice with DMEM and DMEMt+ 2% NCS, and mammalian cells alone or together with PKR, it was
where indicated 5 mM IPTG was added to cells. At selected important to determine if wheat elBds phosphorylated in
times cells were harvested and subjected to three freeze vivo on the conserved serine 51 by PKR, a key requirement
thawing cycles, and supernatants were titrated by plaqueof the elF2x translational regulation pathway. To address
assays with BSC-40 cells. Experiments were repeated at leasthis and to evaluate the effect of overexpression of the plant
three times. proteins on endogenous elisHelL a cells were infected with
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I and uninduced treatments was reduced (3-fold inhibition of
A a VV replication at 24 h, Figure 3B) compared to VV PKR-
¥ & & & infected cells. Significantly, no difference in viral yields was
R Sy observed between PKR-induced or uninduced treatments in
IPTG - - - + - 4 - & lant elF-20 cells infecteql with VV PKRe51A (Figure 3C), suggesting
WB: Plant 2a B S incated pl. elF-2a that expression of the non_phosphorylatable forr_n of pelF2
L suppressed the PKR-mediated giF;mosphorylatlon path-
) : - ant elF-2a way. To confirm the;e observqnons, we pompe}red plague
WB: Phosp.2a  — = -‘E%%tgg.zp_ elF-20 numbers from cells infected _W|th the various viruses and
1 2 34 567 8 cultured for 3 days in the continuous presence or absence of

FiGURe 2: Plant elF2 is phosphorylated on serine 51 by PKR in IPTG. As previously _noted3(8), a dramgtlc reductlc_)n In
mammalian cells. HelLa cells were infected with the indicated Plaque number and size was observed in VV PKR-infected

viruses (5 pfu/cell) or mock-inoculated, and PKR expression was cells growing in the presence of IPTG (Figure 3D, left). A
induced or not with 5 mM IPTG after viral adsorption for 1 h.  similar result was observed in cells infected with VV PKR-
Cells were collected at 16 h pi and subjected to immunoblot analysis ;515 (Figure 3D, middle). However, when plague formation

with polyclonal antisera against plant elF2 (upper panel), mam- . . - .
malian elF2. (middle panel), or a polyclonal antibody that was analyzed in cells infected with VV PK&S1A in the

specifically recognizes the phosphorylated form of elRbwer presence of IPTG, a rescue of approximately 50% of the
panel). WB, western blot. plagues was observed (Figure 3D, right). These data suggest

not only that plant elF@ 51A expression abrogates the PKR-

VV, VV PKR-a51A, or VV PKR-051S or mock-inoculated = mediated antiviral response but also that wild-type palF2
and the phosphorylation state of the edF8pecies was  51S functions within the translation initiation mammalian
analyzed. As shown in Figure 2 (upper panel), both plant pathway.
proteins are expressed efficiently, and as noted previously, Expression of elFR2 51A Abrogates the Translational
IPTG induction of PKR provokes a decrease in steady-stateBlock Caused by PKR Expressioirhe mechanism respon-
levels (33% less than in the absence of IPTG), probably assible for the PKR-mediated effects on viral growth in cells
a result of the block in protein synthesis caused by PKR expressing wheat ellé251S or wheat elR2 51A was
expression. Further, a lower band that is likely a truncated evaluated by assaying protein synthesis patterns in the
form of plant elF2¢ is detectable. However, when extracts presence and absence of PKR induction. In mammalian cells,
were immunoblotted with antiserum that specifically recog- decreased VV pathogenesis as a result of PKR activation is
nizes the phosphorylated form of ellE2an immunoreactive  correlated with a global decrease in protein synthe3s (
band from cells infected with VV PKRb1A at the position  38). An initial and very sensitive determination of protein
expected for plant ell2 was not detectable regardless of synthesis levels was made on the basis of expression of
IPTG or exposure time (lower panel, lanes 7 and 8). Wild- B-galactosidase driven from a VV 7.5 promoter incorporated
type plant elF& (51S) was heavily phosphorylated in cells in the VV recombinants. Figure 4A shows ththgalactosi-
infected with VV PKRa51S and treated with IPTG (lanes dase production was severely inhibited (ca. 80%) in cells
5 and 6). The detection of phosphorylated 51S in the absencenfected with VV PKR 20 h after IPTG treatment. Similarly,
of IPTG (lane 5) was likely due to leakage of the inducible induction of PKR in cells infected with VV PKR&51S
system and by the presence of endogenouscekiases. inhibited -galactosidase expression, consistent with results
However, the steady-state level of wild-type pakfRO;) from growth curve studies. Howevgi;galactosidase activity
significantly increased when PKR expression was induced, in cells expressing plant 51A was rescued from induction
even though 51S protein levels are lower than in the absenceof PKR (Figure 4C). This rescue could account for the
of PKR induction. Steady-state levels of endogenous@IF2 absence of reduction in viral yields upon PKR expression
were not affected by expression of plant proteins (middle and supports the concept that plant proteins are functionally
panel, compare lanes-# with lanes 5-8). Further, endog- interacting in the mammalian pathway.
enous elF& phosphorylation levels were similar in VV- In addition, specific VV protein production in cells infected
infected and VV PKRe51S- or VV PKRe51A-infected with VV recombinants in the presence or absence of IPTG
cells upon PKR induction, suggesting that expression of plantwas determined to check if there was a correlation between
proteins did directly interfere with expression or activity of levels of VV proteins expressed and the effect on viral yields.
the endogenous elB2 In VV PKR-infected cells, addition of IPTG resulted in a

Expression of elF& 51A Rescues PKR-Mediated Adrthl severe decrease in steady state levels of VV proteins,
Effects On the bais of demonstration of in vivo PKR- specifically late viral proteins, since PKR expression was
mediated pelF& phosphorylation and the fact that this is driven from a VV late promoter (Figure 5A). Also, a
the hallmark of the PKR-based pathway for translational significant decrease in VV protein production at late times
regulation, we next evaluated the ability of plant elF® of infection was observed in cells infected with VV PKR-
influence PKR antiviral activity in VV-infected cells. Viral ~ a51S when PKR was induced by IPTG treatment, although
growth curves were determined in cells infected with the it was not as dramatic as in VV PKR-infected cells (Figure
various VV recombinants in the presence or absence of IPTG.5B). However, this reduction was not observed in cells
Induction of PKR resulted in a ca. 35-fold inhibition of VV  infected with VV PKRe51A (Figure 5C), supporting
replication at 24 h (Figure 3A). These results are in previous results.
agreement with those of Lee and Esteb&8).( When a Global protein synthesis levels were determined by
similar analysis was performed with VV PK&51S-infected metabolically labeling cells infected with VV recombinants
cells, the difference in viral yields between PKR-induced followed by SDS-PAGE analysis. Figure 6A,B demonstrates
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Ficure 3: Expression of 51A overrides the antiviral effects exerted by PKR expression from VV recombinants. BSC-40 cells were infected
(5 pfulcell) with (A) VV PKR, (B) VV PKR-a51S, or (C) VV PKRe51A as indicated under Experimental Procedures and one-step virus
growth curves were determined in the presem®edr absencel) of 5 MM IPTG. (D) Plaque formation by VV PKR, VV PKR51S, and

VV PKR-a51A in the presence or absence of IPTG. Confluent BSC-40 cells were infected with ca. 200 pfu/cell of the indicated viruses.
After virus adsorption, cells were overlaid with medium containing 0.9% agar, in the presence or absence of 5 mM IPTG. Three days later
the overlay was removed and cells were stained with 1% crystal violet in 2% ethanol.

74

that there was a significant decrease in protein synthesis inof Gil et al. 33) for mammalian elF@ 51A and PKR
cells infected with VV PKR and VV PKRx51S at late times ~ coexpressed in infected cells from separate VV recombinants.
(16 or 24 h pi) following PKR induction with IPTG. At  Together these results strongly support the concept that a
earlier times (4 o 8 h pi) no differences were observed functional interference by the plant el&31A mutant helps
because active PKR only begins to accumulate at1Oh to partially suppress the PKR-imposed translational block,
pi (38). This is consistent with the kinetics observed in causing also a reversion in antiviral effects induced by PKR
experiments analyzing viral protein production ghdalac- expression.

tosidase activity. Similar results were observed in cells PKR-Induced Apoptosis Is Decreased by Expression of
infected with VV PKRe51S (Figure 6B). However, in cells  Plant elF2x 51A Lee et al. {) showed that induction of
infected with the VV PKRa51A recombinant, inhibition of  PKR results in the development of apoptosis in cells infected
protein synthesis was alleviated to a significant extent (Figure with VV PKR. Recently, we and other83, 40) also showed
6C). To quantitate these results, labeled proteins werethat inhibiting PKR-mediated phosphorylation of etFBy
precipitated and counted in a scintillation counter. In cells expression of mammalian el&51A resulted in a significant
infected with VV PKR or VV PKRe51S, protein synthesis  decrease in PKR-induced apoptosis. Thus, it was predicted
at 16 hpi decreased ca. 95% upon PKR induction relative to that expression of plant elle251A would similarly inhibit
uninduced levels (Figure 6D). However, expression of plant PKR-induced apoptosis. To determine the effect of different
elF20-51A partially rescued the protein synthesis inhibition doses of plant elR2 while maintaining a constant PKR
caused by PKR expression. In cells infected with-VRKR amount, we generated with the same VV insertional vectors
a51A at 16 h pi there was a ca. 4-fold increase in protein described in Figure 1B recombinant VVs expressing only
synthesis compared with VV PKR-infected cells. At 24 h pi the wheat elF@ proteins (designated V\&51S and VV

in cells infected with VV PKRe51A, there still was a 20%  a51A). Thus, coinfection experiments to evaluate PKR-
rescue of protein synthesis upon PKR induction comparedinduced apoptosis could be performed with VV PKR and
with uninduced cells. These results are consistent with thosevarying inoculum levels of VMa51S or VVa51A. Induction
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control cells infected solely with VVV. Together these results
suggest that, similarly to the mammalian homologue, expres-
sion of a nonphosphorylatable plant ebFutant can block
apoptosis induction triggered by PKR.
Interaction of Plant elF& 51S and 51A Proteins in the
Mammalian Translational Initiation Apparatukocalization
and coimmunoprecipitation experiments were preformed in
order to determine if the observed effects of plant elF2
51S and 51A expression in the VV system were due to their
direct interaction in mammalian translational initiation
complexes. For localization studies, cytosolic and ribosomal
03 10 20 30 fractions were prepared from cells that were infected with
hpi VV PKR-a51S, VV PKRe51A, or VV or were mock-
inoculated. Western blots presented in Figure 8A show that
B VV PKR-051S plant elF2x wi[d—type and the 51A' mutant proteins are not
4 only present in the soluble fraction but also localized to
ribosomal fractions. As these fractions contain translationally
active complexes, identification of the plant proteins is
consistent with their interaction in protein synthesis. Further
support is provided by coimmunoprecipitation experiments
2 where VV PKRea51S-, VV PKRea51A-, or VV-infected
cells or mock-inoculated cells were metabolically labeled
1 with [3°S]Met—Cys prior to immunoprecipitation with anti-
serum to mammalian elk2 Following thorough washing,
immunocomplexes were resolved by SBSAGE and
0 10 20 30 subjected to immunoblotting with antiserum to plant elF2.
Immunoreactive bands were detected in extracts from cells
infected with VV PKRa51S and VV PKRe51A but not
C VV PKR-a51A in controls consisting of cells infected with VV or mock-
inoculated (Figure 8B).

DISCUSSION

Although the plant translational machinery is functionally
similar to that of other eukaryotes, significant differences
have been documented that suggest qualitative and quantita-
tive differences in the mechanisms of regulatiad)( Gallie
et al. @1) found that heat shock in plants does not induce
elF2o. phosphorylation in a manner similar to mammalian
00 o o 20 30 cells @2, 43). Further, on the basis of measurements of

hpi relative affinities of elF2 for GDP and GTP, Shaikhin et al.
[ u +IPTG o -IPTG l (9) proposed that plants have no need for elF2B or elF2

. 4: Time course ofi-galactosidase activity driven from a mediated regulation. Krishna et allQ) suggested that
Vl\(;up?(E)m'otelr. Mon(;JIayersﬁogBSC-Ml) cells welsleI iynfeclz\{ed with (A) althOUQh Whee}t ger”.‘ elie2can be phosph_orylated n Vm.o
WV PKR, (B) VW PKR-051S, or (C) VV PKRe51A viruses (5 it is nonfunctlona}I. in .terms of' translatlorjal contrql in
pfu/cell), and afte1 h of virus adsorption, inoculum was removed ~ reticulocytes. A mitigating factor in the studies of Shaikhin
and new mediumt 5 mM IPTG was added. At selected times and Krishna may be that they used edffurified from wheat
cells were harvested and extracts were preparef-gmiactosidase  germ that is a dormant, nonmetabolizing tissue. However,
activity measurement as described under Experimental Proceduresthe presence of a plant el&dhosphorylation pathway has
been suggested by characterization studies demonstrating the
of PKR in cells infected with VV PKR resulted in apoptosis, presence of a plant homologue to the mammalian dsRNA-
based upon analysis of caspase 3 activity (Figure 7A) and adependent protein kinase PKR3] and the specific in vitro
photometric immunoassay for cytoplasmic histone-associatedphosphorylation of plant elf2 (31). Further, putative
DNA fragments (Figure 7B). A slight decrease in apoptosis subunits of the guanine nucleotide exchange factor elF2B
induction was observed in cells expressing plant elb2S have been identified from the plant-expressed sequence tag
relative to controls consisting of cells infected with VV PKR  database. Yet, it is not clear if plant elic2nd plant elF&-
and may suggest an incomplete complementation betweenPO,) are capable of interacting with elF2B, and the
plant elF2x and mammalian elF2 andy subunits. However,  regulation of protein synthesis by plant etFBas not been
when plant elF2 51A was expressed, caspase 3 activity and demonstrated in vivo. The presence of PKR substrates in
DNA fragmentation were significantly reduced (Figure 7). addition to elF2 suggests roles for pPKR other than
This effect was dose-dependent, and at higher levels of 51Atranslational control. The vaccinia virgsell system de-
expression, the degree of apoptosis inhibition as measuredscribed herein provides an excellent model to address issues
by the caspase 3 assay was essentially identical to that ofrelated to the role of plant elle2in translational control. In

VV PKR

g-gal Activity (O.D. 540 nm)

p-gal Activity (O.D. 540 nm)

g-gal Activity (O.D. 540 nm)
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FiIGURE 5. Regulation of VV protein synthesis by wheat etEgroteins. Extracts from BSC-40 cells infected with (A) VV PKR, (B) VV
PKR-051S, or (C) VV PKRe51A viruses (5 pfu/cell) were subjected to immunoblot analyses with polyclonal antibodies against VV
(1:1000 dilution).
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Ficure 6: Effect of wheat elF@ proteins on PKR-mediated inhibition of total protein synthesis. Monolayers of BSC-40 cells were infected
(5 pfu/cell) with (A) VV PKR, (B) VV PKR-051S, or (C) VV PKRea51A viruses, labeled at indicated times wifi]methionine for 1

h and cells were collected in lysis buffer. Protein synthesis was analyzed by BBGSE, followed by autoradiography. (D) Proteins from

cell lysates were precipitated with 5% TCA and counted in a scintillation counter. Protein synthesis levels in cells infected with the various
VV recombinants in the presence of IPT&RKR) relative to those in the absence of IPTGPKR) are given. M, mock-inoculated

treatment.

this system, elR@ is constitutively expressed from the virus or absence of PKR. In this study, the physiological effects
vector whereas PKR expression is inducible with IPTG and of wheat elF2. expression were directly related to its ability
the consequences of PKR-mediated elfihosphorylation to act as a substrate for PKR. Phosphorylation of wheat
have been well documented B4, 38). As aresult, the effect  elF2o in VV PKR-051S infected cells was dependent upon
of plant elF2x expression can be evaluated in the presence PKR induction and resulted in the decreased synthesis of
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Ficure 7: Inhibition of PKR-induced apoptosis by coexpression of plant @l52A. (A) Caspase 3 activity. BSC-40 cells were infected

with the indicated viruses and at 24 h pi cells were collected in lysis buffer. Cellular extracts were used to determine caspase 3 activity as
described under Experimental Procedures. Each point represents duplicate samples. Cells in all treatments were infected at a total moi of
9 pfu/cell, completed when needed with VV. Cells from columns 1 to 5 were infected with 3 pfu/cell of VV PKR. Cells from column 2

and 3 were coinfected with 3 or 6 pfu/cell, respectively, of ¥¥1S. Cells from column 4 and 5 were coinfected with 3 or 6 pfu/cell,
respectively, of VVa51A. Cells from column 6 were infected with 9 pfu/cell of VV. (B) Cell-death ELISA. BSC-40 cells were infected

with the same viruses as in panel A and at 24 h pi cells were collected in lysis buffer. Cytoplasmic extracts were prepared and used to
determine the extent of apoptosis. Each point represents triplicate samples.

A protein synthesis and on apoptosis related to expression of
s100 p100 wild-type plant elF2 suggests incomplete complementation.
M VSISSIA M VSIS SIA These results may be due to the fact that plant and
I —— == — |— plntelF2 « mammalian elF@ are only approximately 51% identical.

1 2 3 4 56 7 8 Similarly in yeast, recessive mutations in the elF@ene
WB: plantelF-2 o cause a phosphorylation-independent decrease in ternary
B complex activity that inhibits cell growth#). The fact that
IP: mam. elF-2 expression of the plant proteins does not interfere with
MV 515 sia endogenous mammalian eliE2xpression and PKR-medi-
e ated phosphorylation suggests that the effects are not due to
E | direct inhibition of the endogenous protein.

) ] ) Although it is likely that endogenous el&Zontributed
FIGURE 8: Interaction of plant elF& 51S and 51A in mammalian 14 jnjtiation events, taken together, these data support the
translational complexes. (A) Extracts from cells infected with VV . . . .
(V), W PKR-051S (51S), or VV PKRx51A (51A) or mock- mteractlon_qf plant elR2 in the phosphorylatlpn pathway
inoculated (M) were fractionated into cytosolic (s100) and ribosomal and the ability of plant 51A to serve as a dominant negative
(p100) fractions and subject to immunoblot analysis with plant elF2 inhibitor of PKR. These results are consistent with those of
R ek o e mitenty s gy Gl €t ol @ using PKR and mammalan elF51A
Il\r;lgt?gis and immunoprecipitated with antiseyum to mamrrI{aIian coexpre_ssed n cells doubly |_nfected W't.h separate .VV
elF2y. Following thorough washing, immunocomplexes were '€combinantviruses. However, in the experiments described
resolved by SDSPAGE, immunoblotted with antiserum to plant  herein, cells were infected with pHLZ-based double VV
elF2, and subjected to autoradiography. recombinants allowing for the simultaneous expression of
PKR (under an IPTG-inducible promoter) and putative
viral and cellular proteins as well ggalactosidase. The modula_tors of its a_ctivity_ (expressed.cpnstitut!vely) from the
consequences of wheat 51S phosphorylation culminated inS&Me Virus. By using this approach it is possible to measure
an increased level of apoptosis and decreased viral growthth® impact exerted by modulator proteins on PKR-mediated
relative to 51A expression. Wheat 51A expression abrogated@ntiviral effects. Thus, the use of a VV recombinant
PKR-mediated inhibition of protein synthesis and apoptosis. €XPressing within the same genome a modulator like @IF2
The effects of 51A expression were specifically related to constitutively under an early/late promoter and PKR under
translational control as no differences in NB-mediated ~ regulation of an inducible late promoter is more efficient
transcriptional control were observed by gel shift analysis @nd superior for the analysis of protein modulators of PKR
(data not shown). activity.

The interaction of the plant elF2 proteins in ternary  These data also support the homology between the
complex formation and activity is supported by the presence essential translational processes of plants, yeast, and mam-
of plant 51S and 51A proteins in fractions containing mals. This apparent conservation of function between
polysomes with initiating 40S subunits and, most strongly, components of the eukaryotic translational apparatus permits
by the coimmunoprecipitation of the plant proteins with the use of heterologous systems to probe struetiungction
mammalian elFR2. However, the partial inhibitory effect on  characteristics. However, distinct differences are also ap-
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parent. Phosphorylation of el&idn plants does not appar-
ently shut off protein synthesis similarly to that described
in mammalian cell culture (Hu and Roth, unpublished
results). Further, increased pPKR phosphorylation following
plant virus infection does not appear to have antiviral
consequences2b, 29). The physiological significance of
plant elF2x phosphorylationin planta has not been dem-
onstrated, although differential el&2hosphorylation has
been shown during plant developmeB0,(41). The critical
importance of elF@ phosphorylation in control of cell stress
responses has important implications in the potential role of
translational control in plant growth and development.
Ongoing studies with transgenic plants expressing nonphos-
phorylatable 51A mutants may help to determine the physi-
ological significance of plant elf2 phosphorylation.

In addition, the link between plant el&hosphorylation
and induction of apoptosis suggests a physiological role for
elF2o0. phosphorylation in plant development. Apoptosis is
a widely conserved mechanism of cell regulation in all
eukaryotes and similar pathways appear to be operative in
plants and mammalgth, 46). Since PKR has been shown
to play a role in apoptosis induction in mammalian cells
(7, 8), conservation of PKR and elb2oroteins suggests the
existence of a conserved apoptosis pathway in plants
involving these molecules. This is further supported by the
findings that the mammalian-5A system that exerts
antiviral effects and induces apoptosié7,(48) is also
functional when expressed in plants, triggering antiviral
effects @9).
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