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ABSTRACT In human cells infected with herpes simplex
virus 1 the double-stranded RNA-dependent protein kinase
(PKR) is activated but phosphorylation of the a subunit of
eukaryotic translation initiation factor 2 (eIF-2) and total
shutoff of protein synthesis is observed only in cells infected
with y,z34.5~ mutants. The carboxyl-terminal 64 aa of y,34.5
protein are homologous to the corresponding domain of
MyD116, the murine growth arrest and DNA damage gene 34
(GADD34) protein and the two domains are functionally
interchangeable in infected cells. This report shows that (i) the
carboxyl terminus of MyD116 interacts with protein phos-
phatase la in yeast, and both MyD116 and vy;34.5 interact
with protein phosphatase 1« in vitro; (ii) protein synthesis in
infected cells is strongly inhibited by okadaic acid, a phos-
phatase 1 inhibitor; and (iii) the a subunit in purified elF-2
phosphorylated ir vitro is specifically dephosphorylated by
S10 fractions of wild-type infected cells at a rate 3000 times
that of mock-infected cells, whereas the eIF-2a-P phosphatase
activity of y,34.5~ virus infected cells is lower than that of
mock-infected cells. The eIF-2a-P phosphatase activities are
sensitive to inhibitor 2. In contrast to eIF-2a-P phosphatase
activity, extracts of mock-infected cells exhibit a 2-fold higher
phosphatase activity on [3*P]phosphorylase than extracts of
infected cells. These results indicate that in infected cells,
v134.5 interacts with and redirects phosphatase to dephos-
phorylate elF-2« to enable continued protein synthesis de-
spite the presence of activated PKR. The GADD34 protein may
have a similar function in eukaryotic cells. The proposed
mechanism for maintenance of protein synthesis in the face of
double-stranded RNA accumulation is different from that
described for viruses examined to date.

The +y;34.5 gene of herpes simplex virus 1 (HSV-1) encodes a
263-aa protein consisting of three domains: a 160-aa amino-
terminal domain, 10 repeats of 3 aa (Ala-Thr-Pro), and a 73-aa
carboxyl-terminal domain. This protein performs at least two
functions (1-6). Thus mutants lacking this gene are highly
attenuated in experimental rodent animal systems and exhibit
a premature shutoff of protein synthesis after initiation of viral
DNA synthesis in infected human cells (4-6). Whereas pre-
liminary data indicate that the capacity to replicate in exper-
imental animal systems requires the entire gene, the function
that precludes the shutoff of protein synthesis maps in the
carboxyl-terminal domain of y;34.5 (ref. 7; unpublished data).
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The carboxyl-terminal amino acids of y;34.5 are homologous
to the corresponding domains of highly conserved mammalian
protein known as GADD34 (growth arrest and DNA damage
protein 34) (7-11). The murine GADD34 gene known as
MyD116 contains 657 aa and consists of a large basic amino-
terminal domain, a 38-aa sequence repeated 4.5 times, and a
carboxyl terminus that can substitute for the corresponding
domain of the y;34.5 to prevent the shutoff of protein synthesis
(9-12).

In a recent study, it has been shown that in wild-type or
mutant infected cells, the double-stranded RNA-dependent
protein kinase (PKR) was activated. However, only in cells
infected with the y;34.5" mutants or mutants lacking the
v134.5 domain encoding the carboxyl terminus of the protein
was the a subunit of the eukaryotic initiation factor 2 (eIF-2a)
phosphorylated (13). The extent of phosphorylation of eIF-2«
readily accounted for the total shutoff of protein synthesis in
cells infected with these mutants.

PKR is activated by double-stranded RNA (14). Because
most viruses either synthesize double-stranded RNA during
their replication or form double-stranded RNA structures,
they encode genes that block activation of PKR. The obser-
vation that in wild-type infected cells PKR was activated but
elF-2« was not phosphorylated raised the possibility that the
v134.5 protein acts to preclude the shutoff of protein synthesis
by a mechanism different from that reported for other viruses.
In this report we show that this is in fact the case.

MATERIALS AND METHODS

Cells and Viruses. The Vero, HelLa, and SK-N-SH cell lines
were obtained from American Type Culture Collection and
propagated in DMEM supplemented with 5% (HeLa cells and
Vero cells) or 10% (SK-N-SH cells) fetal bovine serum,
respectively. HSV-1(F) is the prototype HSV-1 strain used in
this laboratory (15). Recombinant virus R3616 lacks 1000 bp
each from the coding domains of both copies of the HSV-1(F)
v134.5 gene (4). In recombinant R8300, the sequence encoding
the carboxyl-terminal domain of the y,34.5 gene was replaced
with the corresponding domain of MyD116 gene (12).

Plasmids. pRB4891, containing a 1.37-kb cDNA encoding
human protein phosphatase la (PPla) was isolated from
human brain cDNA library. To construct pRB4890, a BamHI-
EcoRI DNA fragment encoding codons 524-657 of MyD116
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was amplified by PCR from a cDNA copy of the gene described
elsewhere (12) with the primers TGACTGGATGCAGAG-
GCGGCTCAGATTGTTC and AGCGCGCAATTAAC-
CCTCACTAAAG, and inserted into the BamHI-EcoRI sites
of pGBT9 (CLONTECH) to serve as “bait” in the two-hybrid
system. The PCR conditions were 94°C for 2 min, 60°C for 3
min, and 72°C for 3 min for 25 cycles. pRB4892 containing the
chimeric glutathione S-transferase (GST)-PPla gene was
constructed by ligating a 0.9-kb PCR fragment containing the
entire coding sequence of PPla except the first methionine
codon into the EcoRI-Sall sites of pGEX4T-1(Pharmacia).
The oligonucleotide primers were GCACTGAATTCTC-
CGACAGCGAGAAGCTCAAC and GCACTGTCG
ACATCTGGGGCACAGGGTGGTGT. To construct
pRB4893 carrying a chimeric GST carboxyl-terminal domain
of v,34.5 [GST-v,34.5¢], the EcoRI-Sall fragment encoding
codons 146-263 of y;34.5 from pRB71 and cloned into the
EcoRI-Sall sites of pPGEX4T-1. The construction of pRB4873
containing an AccI-EcoRI fragment encoding the 3’ terminal
174 codons of MyD116 fused in-frame to GST [GST-
MyD116¢]| was reported elsewhere (12). Expression of GST-
MyD116¢, GST-v,34.5¢, and GST-PP1« fusion proteins was
induced by the addition of isopropyl B-D-thiogalactoside to the
medium with Escherichia coli BL21 cells transformed with
either plasmid pRB4873, pRB4892, or pRB4892, followed by
affinity purification of the fusion proteins from bacterial
lysates on agarose beads conjugated with glutathione.

Yeast Two-Hybrid Screen. The yeast strain Y190 (16) trans-
formed with plasmid pRB4890, and growing on Trp~ selective
medium was retransformed with a human brain cDNA library
(CLONTECH) and subjected to selection on Trp~/Leu~/
His™ medium in the presence of 25 mM 3-aminotriazole
(Sigma). Moderate to fast growing colonies were restreaked on
Trp~/Leu” /His~ medium 5 days after plating. The library-
derived plasmids were recovered by transformation of E. coli
HB101 with total yeast DNA preparations, followed by selec-
tion on Leu™ /ampicillin* medium as described (16). The filter
assay for B-galactosidase was done as recommended by
CLONTECH.

Determination of eIF-2a-P Phosphatase Activity. The trans-
lation initiation factor eIF-2 was purified from rabbit reticu-
locyte ribosomes (17). The hemin-controlled translational
repressor (HCR) was partially purified to step 4 from rabbit
reticulocyte lysates (18). eIF-2 (20 pmol or 2.7 ug) was reacted
with step 4 HCR in 0.02 M Tris-HCI (pH 7.5), 40 mM KCl, 2.0
mM MgCl,, and 0.17 mM [y-32P]JATP (2-10 Ci or 74-370
GBq/mmol) in a final volume of 12 ul for 25 min at 34°C to
yield phosphorylated eIF-2« and eIF-28 (1.0 and 0.7 mol/mol
of elF-2, respectively). HeLa cells were harvested 15 hr after
mock infection or infection with 20 plaque-forming units (pfu)
of HSV-1(F), R3616, or R8300 per cell. S10 fractions were
prepared from lysates of mock-infected or infected cells as
described (13) and diluted to a final volume of 18 ul with 0.02
M TrisHCI (pH 7.5), 50 mM KCl, 2 mM MgCl,, and 0.1 mM
EDTA. ATP was then added to a final concentration of 0.8
mM. After 30 sec at 34°C, each sample received 1.2 ul (2 pmol)
of elF-2a-*’P and was reincubated at 34°C. The rate of
dephosphorylation of elF-2a-3?P was determined by placing
6.0 ul aliquots into a solution containing SDS (19) at times
indicated in the figures, followed by electrophoresis on 7%
denaturing polyacrylamide gels as described (19) for 21 hr at
44 V (3 V/cm), staining with Coomassie blue or silver, drying,
and autoradiography. 3?P remaining in eIF-2a-3?P was quan-
tified by excising this band and comparing its Cerenkov
radiation (19) to that of equivalent aliquots of eIF-2a-32P that
were not further incubated and were subjected to electro-
phoresis in parallel.

Determination of Phosphorylase Phosphatase Activity.
Phosphorylase b (32 pg; Sigma) was phosphorylated by incu-
bation with 3.3 ug of phosphorylase kinase (Sigma) in 0.01 M
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Tris'HCI (pH 7.5), 2.0 mM MgCl,, and 0.13 mM [y-*?P]JATP
(3 Cior 111 GBq/mmol) in a final volume of 15 ul at 34°C for
10 min. Dephosphorylation was determined by adding 4.4 ug
of [**P]phosphorylase to samples constituted and incubated as
above in a final volume of 27 ul. At 1.5, 3, 6, and 10 min, 6.0
ul aliquots were removed and processed as described above for
determining phosphatase activity.

RESULTS

The Carboxyl Terminus of the Murine GADD34 Protein
(MyD116) Interacts with PPla in the Yeast Two-Hybrid
System. We have selected the carboxyl terminus of MyD116 as
bait for the two-hybrid system because (7) it and y;34.5 share
amino acid sequence homology (7, 8), (if) the carboxyl termi-
nus of MyD116 can substitute functionally for that of the y;34.5
protein, and (iif) the codon usage in MyD116, a mammalian
gene, is closer to that of yeast than that of HSV-1. Of the 10°
yeast colonies screened, only one colony was positive for
B-galactosidase expression. The cDNA recovered from this
colony was retransformed into yeast strain Y190 with various
control plasmids encoding fusion proteins (data not shown).
These studies indicated that only the carboxyl terminus of
MyD116 interacted with the protein encoded by the isolated
cDNA. DNA sequence analysis revealed that the isolated
cDNA encoded the catalytic subunit of PPla (20).

Both MyD116 and y;34.5 Proteins Bind PPl in Vitro. To
verify and extend the observations that MyD116 and PPla
interact in yeast, a chimeric GST-PPl« gene constructed as
described in Materials and Methods was expressed in E. coli.
Purified GST-PP1a protein bound to beads was reacted with
cell extracts prepared from HeLa cells that were either mock-
infected or infected with 20 pfu of HSV-1(F) or of R8300 per
cell. The proteins bound to GST-PPla were solubilized,
electrophoretically separated in denaturing gels, transferred to
nitrocellulose, and reacted with antibody to the Ala-Thr-Pro
repeat (1, 6) present in both y;34.5 expressed by HSV-1(F) and
v134.5-MyD116 chimeric protein expressed by R8300 recom-
binant virus. As shown in Fig. 14, the GST-PPla protein
bound both y;34.5 from lysates of HSV-1(F)-infected cells and
the more slowly migrating v;,34.5-MyD116 chimeric protein
from cells infected with R8300. GST alone did not react with
either protein in the appropriate cell lysates.

In the second experiment, purified PP1la was mixed with
beads carrying GST or chimeric proteins consisting of GST
fused to the amino acids 146-263 of y;34.5 or to amino acids
485-657 of MyD116. The proteins bound to GST or to the
chimeric proteins was solubilized, subjected to electrophoresis
on a denaturing gel, and reacted with anti PP1« antibody. As
shown in Fig. 1B, both chimeric proteins but not GST brought
down a protein with an apparent M, of 38,000 (molecular
weight markers not shown) and which reacted with the anti-
PP1la antibody.

Phosphatase Activity Is Essential for Protein Synthesis in
Infected Cells. To test whether phosphatase activity is essential
for sustained protein synthesis in infected cells, replicate
monolayer cultures of SK-N-SH cells were either mock-
infected or infected with 20 pfu of HSV-1(F), R3616, or R8300
per cell. At 2 hr after infection, replicate, mock-infected, or
infected cultures were exposed to okadaic acid (25 ng/ml).
After an additional 12 hr of incubation at 37°C, the cells were
labeled for 1 hr with [3S]methionine and then harvested,
solubilized in disruption buffer, and subjected to electrophore-
sis in denaturing polyacrylamide gels and autoradiography.
The results (Fig. 24) show okadaic acid totally inhibited
protein synthesis in cells infected with wild-type HSV-1(F), the
v134.5~ virus R3616, or in cells infected with the R8300
recombinant expressing the y;34.5-MyD116 chimeric protein.
In contrast, okadaic acid had no apparent effect on protein
synthesis in mock-infected cells.
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A. Immunoblot probed with anti-y,34.5 antibody
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B. Immunoblot probed with anti-PP1a antibody
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FiG. 1. Association of PPla with y;34.5 and MyD116. (4) Rep-
licate HeLa cell cultures were harvested in lysis buffer containing 10
mM Hepes (pH 7.6), 250 mM NaCl, 10 mM MgCl,, 1% Triton X-100,
0.5 mM phenylmethylsulfonyl fluoride, and 2 mM benzamidine 18 hr
after mock infection or infection with 10 pfu of HSV-1(F) or R8300
per cell. After 30 min on wet ice and low speed centrifugation to
remove nuclei, the supernatant fluids were precleared with GST beads
and then reacted with GST phosphatase 1 bound beads at 4°C
overnight. After extensive rinsing, the proteins bound to beads were
solubilized by boiling in disruption buffer containing 50 mM Tris-HCl
(pH 7.0), 5% 2-mercaptoethanol, 2% SDS, and 2.75% sucrose, elec-
trophoretically separated on denaturing 12% polyacrylamide gels, and
transferred to a nitrocellulose sheet, and the blot was probed with
anti-y;34.5 serum (1). The positions of y;34.5 protein and of the
chimeric protein y;34.5-MyD116 are shown. (B) An aliquot of GST-
PPla fusion protein bound to beads was reacted with 25 units of
thrombin (Sigma) in PBS at room temperature. After 8 hr, the mixture
was spun in a table top centrifuge and the supernatant fluid containing
PPla was then dialyzed against lysis buffer, reacted with GST,
GST-MyD116¢, or GST-vy;34.5¢ bound to beads and processed as
described in A. PP1 was detected with antiphosphatase la antibody
(Upstate Biotechnology, Lake Placid, NY).

To test a trivial hypothesis that okadaic acid blocked in some
fashion the synthesis of vy;34.5 or the y,34.5-MyD116 proteins
in infected cells, the lysates of cells infected with wild-type and
recombinant viruses were solubilized, subjected to electro-
phoresis in denaturing gels, electrically transferred to a nitro-
cellulose sheet, and reacted with antibody to the <y,34.5
protein. As shown in Fig. 2B, the lysates of cells infected with
HSV-1(F) or with R8300-expressed y;34.5 or y;34.5-MyD116
protein, respectively. The antibody did not react with lysates of
mock-infected cells or cells infected with the y,34.5 virus.

The elF-2a-32P Phosphatase Activity Is Highly Abundant in
Wild-Type or R8300 Recombinant Virus-Infected Cells and
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A. Autoradiogram
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B. Immunoblot probed with anti-y,34.5 antibody
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F1G. 2. (A) Autoradiographic images of electrophoretically sepa-
rated, [?S]methionine-labeled proteins from cell lysates infected with
the indicated viruses in the presence or absence of okadaic acid (OA).
SK-N-SH cells were either mock-infected or infected with 20 pfu of
HSV-1(F), R3616, or R8300 per cell. At 2 hr after exposure to the
viruses, the cells were overlaid with medium 199V (1) supplemented
with or without okadaic acid (25 ng/ml). At 14 hr after infection, the
cells were overlaid for 1 hr with 1 ml of medium 199V lacking
methionine but supplemented with 50 w.Ci of [3*S]methionine (specific
activity, >1000 Ci/mmol; Amersham) for 1 hr, then harvested,
solubilized, subjected to electrophoresis in denaturing 12% polyacryl-
amide gels, transferred to a nitrocellulose sheet, and subjected to
autoradiography as described (6). (B) Immunoblot of the nitrocellu-
lose sheet in 4 probed with anti-y;34.5 antibody (1).

Significantly Decreased in y;34.5~ Virus-Infected Cells. We
tested whether the shutoff of protein synthesis in cells infected
with y,34.5~ virus R3616 was determined at the level of eIF-2«
phosphatase activity. S10 fractions were prepared from lysates
of HeLa cells either infected or mock-infected and tested for
their ability to dephosphorylate eIF-2a-3?P. Unreacted elF-
2a-3?P (Fig. 3, lanes 1, 14, and 18) showed three labeled bands
representing eIF-2«, eIF-2, and a small amount of a M, 39,000
protein that is a contaminant distinct from elF-2a (17).
Reaction of this eIF-2 with the S10 fraction from mock-
infected cells showed a moderate rate of loss of radioactivity
from eIF2a-32P (Figs. 3 and 44). This eIF-2a-3?P phosphatase
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FiG. 3. Autoradiographic images of purified, electrophoretically separated eIF-2 after reaction with various amounts of S10 fractions of HeLa
cells mock-infected or infected with HSV-1(F), R3616, or R8300. The assays were carried out as described. The amount of S10 fractions used are
indicated on the top. Arrows marked « and B indicate the position of the @ and B subunits of eIF-2; the arrow marked 39K indicates the position

of a trace 39-kDa protein unrelated to eIF-2c.

activity was reduced ~3-fold in cells infected with y;34.5~
virus. In sharp contrast, the S10 fraction of cells infected with
the wild-type virus or with the R8300 mutant virus exhibited
so marked a level of elF-2a-*?P phosphatase activity that
virtually all added eIF-2a-3?P radioactivity was removed within
the first 20 sec of reaction (Fig. 3, lanes 2 and 11). To verify that
this phosphatase activity does not continue after the reaction
mixture is mixed with the SDS denaturing solution, we tested

and found that elF-2a-*?P is completely stable following
addition to a mixture of SDS and S10 fraction from cells
infected with either wild-type or R8300 recombinant virus
(data not shown).

To quantify the increase in eIF-2a-3?P phosphatase activity
associated with wild-type or R3800 recombinant virus infec-
tion of HeLa cells, the S10 fractions from these cells were
progressively diluted until the rate of dephosphorylation of

00

R3616 6yl

Mock 61

HSV-1(F) 0.01 !

Percent of initial elF-2(a*?P)

R8300 6 I

o

o
)
!

o
o
1

R8300 0.5 pl

I
»
N

Mock 61

0.2
HSV-1(F) 0.01 pI

Relative dephosphorylation rates of elF-2(a2P)

HSV-1(F) 6§ ul
T T T T 0.0 T L T T T .
50 100 150 0 50 100 150 200 250 300
100 Ev 1.00—
Fad
8 [ 5 D
= =
E- 904 3
<= 4
- £ 0.8
2 HSVAF) 6 pl| &
a 80 -
ﬂ.. o
8 2 0.6
= =
= 704 c
E RIGI66 | S
= £ o4l HSV-1{F) 6 I
£ 60 E
8 RB300 6 w1 -§_
& £ 02
50 &
Mock 6ul =
-3
2
]
40 T T T T T T = o0 T T T T
0 100 200 300 400 500 600 700 &= 0 20 40 60 80

Time (seconds)

Inhibitor 2 (vqiml)

FiG. 4. Phosphatase activity in S10 fractions of HeLa cells mock-infected or infected with 20 pfu of HSV-1(F), R3616, or R8300 per cell. The
procedures were carried out as described. (4) Fraction of residual radioactivity in eIF-2a-3?P after reaction with variable amounts of S10 fractions
from mock-infected or infected cells. (B) Effect of inhibitor 2 on the rate of dephosphorylation of eIF-2a-32P by the phosphatase activity in the
S10 fractions. The results are expressed as the relative rate of activity seen in duplicate samples containing no added inhibitor 2. (C)
[3?P]phosphorylase phosphatase activity. The procedure was the same as in 4 except that the dephosphorylation of [*?P]phosphorylase by the S10
fractions was assayed. The results are an average of two determinations and are expressed as the percentage of [3?P]phosphorylase remaining, when
compared with zero time samples. (D) Effect of inhibitor 2 on the relative rate of [32P]phosphorylase phosphatase activity. The assay was done

as described in B.
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elF-2a-*?P could be measured accurately. Only when the S10
fraction of wild-type infected cells was diluted 600-fold could
the elF-2a-3?P phosphatase activity be measured accurately,
and it was still 5-fold greater than that of mock-infected cells
(Figs. 3 and 4A). These findings indicate that the eIF-2a-3P
phosphatase activity of wild-type infected cells increased
~3000-fold. Similar analyses indicated that in cells infected
with the R8300 recombinant virus this activity increased
~50-fold (Figs. 3 and 4A). The removal of radioactivity in
these samples represented dephosphorylation and not prote-
olysis inasmuch as it was not associated with loss of elF-2«
protein as measured by staining. In addition, the marked
increase in eIF-2a-P phosphatase activity seen in S10 fractions
of wild-type virus-infected cells may be specific for eIF-2a
inasmuch as neither the M; 39,000 phosphoprotein nor elF-
2B-32P was significantly affected under the same conditions
(Fig. 3). Finally, the results shown in Figs. 3 and 4 were
reproducible and obtained in two determinations with each of
three S10 fraction from mock-infected or infected HeLa cells.

The elF-2a-*?P Phosphatase Activity Is Sensitive to PP1
Inhibitor 2. To determine whether eIF-2a-3?P was dephos-
phorylated by PPla, we measured the rate of dephosphory-
lation of eIF-2a-3?P as a function of the concentration of
inhibitor 2, a known inhibitor of PP1. As shown in Fig. 4B,
elF-2a-32P phosphatase in the S10 fraction from wild-type
virus- or R8300 virus-infected cells was similarly sensitive to
inhibitor 2 with a 50% reduction in the rate of dephosphory-
lation attained at ~90 and 120 ug of inhibitor 2 per ml,
respectively. This suggests that activated eIF-2a->?P phospha-
tase is derived from PP1. However, the concentration of
inhibitor 2 required for inhibition of the activated elF-2a-P
phosphatase appears to be much higher than that required to
inhibit eIF-2a-3?P phosphatase in mock-infected cells and also
much higher than that required to inhibit PP1« in cell extracts
(21). This could be due to the possible association of y;34.5
with HeLa cell PP1¢, resulting in phosphatase activity directed
specifically at eIF-2a-P, as suggested by the results shown in
Fig. 3.

The Activated Phosphatase Activity Is Specific for eIF-2a.
As an additional test of the hypothesis that eIF-2a-3?P phos-
phatase is specifically activated in infected cells, we measured
the dephosphorylation of [3?P]phosphorylase, a known sub-
strate of serine/threonine phosphatases, by lysates of HelLa
cells mock-infected or infected with wild-type virus. The
results (Fig. 4C) showed that the [3?P]phosphorylase phospha-
tase activity of HSV-1(F)-infected cells is only one-half that of
mock-infected cells. The activity responsible for the dephos-
phorylation of [3?P]phosphorylase in wild-type virus infected
cells is sensitive to inhibitor 2 (Fig. 4D). The observation that
phosphorylase phosphatase activity in wild-type virus-infected
cells is significantly reduced relative to that of mock-infected
cells suggests that the mechanism of activation of elF-2a-P
phosphatase may involve association of the y,34.5 gene prod-
uct with a portion of the cellular PP1«, converting this fraction
to a phosphatase activity that is specific for eIF-2a-P.

DISCUSSION

The scenario we would like to propose is as follows. In cells
infected with HSV-1 accumulation of symmetric transcripts
after the onset of DNA synthesis results in activation of PKR.
A viral protein, y;34.5, binds PPla, presumably through its
carboxyl terminus, and redirects the activity of the enzyme to
dephosphorylate elF-2a either by itself or in conjunction with
as yet unidentified proteins (Fig. 5). As a consequence,
although PKR is activated, protein synthesis continues un-
abated. In support of this scenario are the following data.
(i) In cells infected with both wild-type and y;34.5~ mutants,
PKR is phosphorylated, but only in cells infected with mutants
lacking all or the 3’ domain of the y;34.5 gene is protein

Proc. Natl. Acad. Sci. USA 94 (1997) 847

Protein synthesis

P o am

PKR*P —p cIF-200

HSYV infection

eIF-20:P <¢—
Shutoff of protein synthesis

Fic. 5. Schematic representation of the regulation of protein
synthesis by y;34.5 in infected cells. As described in the text, PKR is
activated after the onset of DNA synthesis in cells infected with
HSV-1. In the absence of y;34.5, eIF-2« is phosphorylated and protein
synthesis ceases. y134.5 binds to PP1a and dephosphorylates eIF-2c.
It is not known whether the y;34.5-PP1 complex is sufficient or
requires additional factors to dephosphorylate elF-2a. Because
GADD34 substitutes for y;34.5, it is conceivable that one of the

functions of GADD34 is to prevent shutoff of protein synthesis by a
similar mechanism.

synthesis shut off and eIF-2a phosphorylated. The +y,34.5
sequence required to block protein synthesis shut off maps in
the 3’ domain of the gene and can be replaced without loss of
function by the corresponding domain of MyD116, the murine
GADD34 gene.

(i) The eIF-2a-P phosphatase activities reported here may
account for the differences in steady-state elF-2a-P and
protein synthesis previously noted in +y;34.5~ virus infected
cells (13). Because PKR is not activated in mock-infected cells,
the observed moderate eIF-2a-P phosphatase activity should
be sufficient to prevent the degree of phosphorylation of
elF-2a required to inhibit protein synthesis. Wild-type HSV-1
infection does result in activation of PKR (13), but its effect is
probably more than countered by the ~3000-fold increase in
elF-2a-P phosphatase. This marked increase in elF-2a-P
phosphatase activity is due to the expression of the y;34.5 gene
product, because infection with the y;34.5~ mutant is associ-
ated with a decrease in elF-2a-P phosphatase activity, that,
upon activation of PKR, results in phosphorylation of eIF-2«
and inhibition of protein synthesis (13).

(iif) In the yeast two-hybrid system the carboxyl terminus of
MyD116 interacted with the human PP1la. The interaction of
PPla and MyD116 or with v;34.5 protein was also demon-
strable in pulldown experiments in vitro. The hypothesis that
the eIF-2a phosphatase activity measured in cytoplasmic
fractions of mock-infected or infected cells is derived from PP1
is strengthened by the observation that it was sensitive to
inhibitor 2. Nevertheless, two lines of evidence suggest that this
activity may represent a modified form of PPl redirected to
elF-2a. Specifically, the eIF-2a-P phosphatase activity was less
sensitive to inhibitor 2 than that of mock-infected cells, and
furthermore, the phosphorylase phosphatase activity, a known
function of PP1, was more potent in uninfected cells than in
infected cells.

Our studies also shed light on the putative function of
GADD34. As noted above, the carboxyl terminus of the
murine GADD34 (MyD116) is homologous to and can sub-
stitute for the corresponding domain of y;34.5 (12). In other
studies, human GADD34 functionally replaced the HSV-1(F)
v134.5 genes (B.H. and B.R., unpublished studies). We have
also shown that PP1« interacted with both y;34.5 and MyD116
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chimeric proteins in vitro. These results argue that at least one
of the functions of the GADD34 gene is similar to that of the
v134.5 gene, and that the y;34.5 gene may be useful in replacing
its mammalian cell homolog to sustain protein synthesis in the
face of stress that would naturally abolish protein synthesis by
phosphorylation of elF-2a.

Lastly, most viruses studied to date block phosphorylation of
elF-2« by encoding proteins which bind double stranded RNA
[e.g., E2L of vaccinia (22-24), o3 protein of Reo and rotavi-
ruses (25-28), and NS1 protein of influenza (29)], or proteins
or RNA that inactivate PKR by binding to it [e.g., vaccinia
K3L, Epstein—Barr virus EBERS 1 and 2 (30), adenovirus VA1
RNA (30, 31), influenza virus-induced cellular p58 protein
(32)], or degrade PKR [poliovirus (33)]. HIV-1 TAR sequence
appears to bind to a cellular TAR binding protein and PKR
(34-36). The exceptions may be hepatitis delta virus that does
not activate PKR even though in vitro it consists largely of
double-stranded RNA (37), and simian viurs 40 whose large T
antigen acts at a step postactivation of PKR (38). This report
suggests that HSV-1 and HSV-2 use a very different mecha-
nism to preclude the shutoff of protein synthesis by targeting
phosphorylated elF-2a rather than either PKR or double-
stranded RNA. The precise mechanism by which PP1 is
directed to perform this task by v,34.5 protein remains to be
resolved.

Herpesviruses form a large and diverse family. The available
data indicate that the y;34.5 gene is conserved in but a few
members of the family, suggesting that other herpesviruses
employ a different mechanism to block either activation of
PKR or its effect on elF-2a.
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