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We have previously shown that the porcine alphaherpesvirus pseudorabies virus (PRV) efficiently interferes with phosphoryla-
tion of the eukaryotic translation initiation factor eIF2�. Inhibition of phosphorylation of eIF2� has been reported earlier for
the closely related alphaherpesvirus herpes simplex virus 1 (HSV-1) through its ICP34.5 and US11 proteins. PRV, however, does
not encode an ICP34.5 or US11 orthologue. Assays using cycloheximide, UV-inactivated PRV, or phosphonoacetic acid (PAA)
showed that de novo expression of one or more (immediate) early viral protein(s) is required for interference with eIF2� phos-
phorylation. In line with this, a time course assay showed that eIF2� phosphorylation was abolished within 2 h after PRV inocu-
lation. PRV encodes only one immediate-early protein, IE180, the orthologue of HSV-1 ICP4. As reported earlier, a combina-
tional treatment of cells with cycloheximide and actinomycin D allowed expression of IE180 without detectable expression of the
US3 early protein in PRV-infected cells. This led to a substantial reduction in eIF2� phosphorylation levels, indicative for an
involvement of IE180. In support of this, transfection of IE180 also potently reduced eIF2� phosphorylation. IE180-mediated
interference with eIF2� phosphorylation was not cell type dependent, as it occurred both in rat neuronal 50B11 cells and in
swine testicle cells. Inhibition of the cellular phosphatase PP1 impaired PRV-mediated interference with eIF2� phosphorylation,
indicating that PP1 is involved in this process. In conclusion, the immediate-early IE180 protein of PRV has the previously un-
characterized ability to suppress phosphorylation levels of the eukaryotic translation initiation factor eIF2�.

The translation initiation factor eIF2� plays a critical role in the
onset of translation of mRNA, including viral mRNA. Phos-

phorylation of eIF2� prevents recycling of GDP-bound eIF2�
into its active GTP-bound form, thereby globally inhibiting pro-
tein synthesis (23). Phosphorylation of eIF2� represents one of
the potent antiviral consequences of the interferon (IFN)-medi-
ated immune response (14). IFN leads to the production of pro-
tein kinase PKR, but viral double-stranded RNA (dsRNA) is nec-
essary to mediate PKR dimerization and activation. Activated
PKR then phosphorylates eIF2�, shutting down translation and
viral protein production.

Because of its central importance in ensuring translation of
mRNA, different viruses have evolved mechanisms to counteract
phosphorylation of eIF2�. We have recently shown that the por-
cine alphaherpesvirus pseudorabies virus (PRV) very efficiently
counteracts phosphorylation of eIF2� (24). Inhibition of eIF2�
phosphorylation has been reported earlier for the human alpha-
herpesvirus herpes simplex virus 1 (HSV-1) through its US11 and
ICP34.5 proteins (6, 8, 16, 20). PRV, however, does not encode an
ICP34.5 or US11 orthologue. The aim of the current study was
therefore to investigate the mechanism of PRV-mediated dephos-
phorylation of eIF2�.

In this study, we report that both in rat 50B11 neuronal cells
and in swine testicle (ST) cells, de novo synthesis of the immediate-
early protein IE180 of PRV is able to interfere with eIF2� phos-
phorylation. We also show that the cellular protein phosphatase 1
(PP1) is involved in this process.

MATERIALS AND METHODS
Cells and virus. Sensory neuronal cells originating from rat dorsal root
ganglion neurons (50B11) cells were a kind gift from A. Höke (Depart-
ment of Neurology, Johns Hopkins University). The cells were grown in

neurobasal medium supplemented with 1.1% glucose (20%), 0.27%
L-glutamine, 10% fetal calf serum (FCS), 2% B-27, and 0.1% blasticidin
(7). Before use in experiments, cells were differentiated as described be-
fore (7, 24), by treatment with forskolin (50 �M) (Sigma) for 24 h. ST cells
were cultivated in Eagle’s minimal essential medium (MEM) supple-
mented with 10% FCS, glutamine (0.3 mg/ml), and antibiotics (100 U/ml
penicillin, 0.1 mg/ml streptomycin). The PRV strain Becker (4) was grown
and titrated on ST cells and stored at �80°C.

Antibodies and chemicals. The rabbit polyclonal anti-IE180 antibody
has been described before (13). Mouse monoclonal anti-US3 antibody
was kindly provided by L. A. Olsen and L. Enquist (Princeton University,
Princeton, NJ, USA). Mouse anti-eIF2� (L57A5), rabbit anti-phospho-
eIF2� (D9G8), rabbit anti-phospho-PERK (16F8), and rabbit anti-PP2A
(52F8) antibodies were purchased from Cell Signaling. Mouse anti-PP1
(sc-7482) and rabbit anti-GADD34 (sc-8327) antibodies were purchased
from Santa Cruz. Rabbit anti-green fluorescent protein (anti-GFP)
(G10362) antibody was purchased from Invitrogen, and rabbit anti-alpha
tubulin (ab15246) antibody was purchased from Abcam. Horseradish
peroxidase (HRP)-conjugated secondary goat anti-rabbit antibodies were
purchased from Cell Signaling, and goat anti-mouse antibodies were pur-
chased from Dako Cytomation.

To induce phosphorylation of eIF2�, cells were treated with 1 �M
thapsigargin (Invitrogen) for 1 h. Thapsigargin induces eIF2� phosphor-
ylation by activating the pancreatic endoplasmic reticulum PERK protein
kinase (26). Cycloheximide (CHX) (Sigma-Aldrich) treatment (10 �g/�l)
was used to inhibit protein translation, and phosphonoacetic acid (PAA)
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(Sigma-Aldrich) treatment (250 �g/ml) was used to inhibit viral replica-
tion. When UV-inactivated PRV was used, inactivation was performed by
UV irradiating the inoculum in a petri dish on ice with 1,000 mJ/cm2

using the CL-1000 UV Cross-linker (UVP, Inc.), all as described before
(11). Sequential treatment with cycloheximide and actinomycin D (ActD)
(Invitrogen) was used to allow expression of the immediate-early protein
IE180, as described before (2). Briefly, cells were treated with CHX (10
�g/�l) for 30 min prior to inoculation. At 2 hours postinoculation (hpi),
CHX was washed away and medium with ActD (5 �g/ml) was added. PP1
and PP2 inhibitors inhibitor 2 (I2) and okadaic acid (OA) were obtained
from Millipore and Sigma-Aldrich, respectively, and used at concentra-
tions recommended by the manufacturer (I2) or found in the literature
(25).

Infection and transfection. For infection assays, monolayers of cells,
pretreated with thapsigargin (1 �M for 1 h), were inoculated with PRV
strain Becker at a multiplicity of infection (MOI) of 1. Cells were lysed for
immunoblotting at 4 hpi. For transfection assays, subconfluent 50B11
cells were transfected with an IE180-expressing plasmid (21) or an eGFP-
expressing plasmid (pTrip, obtained from B. Verhasselt, Ghent University)
using the jetPRIME reagent (Polyplus) according to the manufacturer’s pro-
tocol. Medium was renewed 4 h posttransfection. Cells were treated with
thapsigargin (1 �M for 1 h) prior to lysis 24 h posttransfection.

Western blotting. SDS-PAGE and Western blotting were performed
as described previously (10). Protein concentrations of 30 to 40 �g were
used for all experiments. Protein concentration was determined using the
BCA protein assay reagent and spectrophotometry according to the man-
ufacturer’s instructions (Pierce Biotechnology). Blots were blocked in 5%
nonfat dry milk in phosphate-buffered saline (PBS)–Tween 20 for 1 h at
room temperature. The blots were incubated for 1 h or overnight (accord-
ing to the manufacturer’s instructions) with primary antibodies and
washed 3 times in 0.1% Tris-buffered saline (TBS)–Tween 20 (TBS-T).
Blots were incubated with HRP-conjugated secondary antibodies for 1 h
at room temperature and, after several washing steps, developed using
enhanced chemiluminescence (ECL Plus; GE Healthcare). Protein band
intensities were measured using Image J software. Statistical analysis on
three independent replicates was performed using GraphPad Prism soft-
ware using a t test.

RESULTS
PRV interferes with eIF2� phosphorylation. We previously de-
scribed that PRV is able to counteract IFN-mediated phosphory-
lation of eIF2� in 50B11 neuronal cells (24). Here, we used thap-
sigargin to induce phosphorylation of eIF2�. Thapsigargin
induces eIF2� phosphorylation by activating the pancreatic endo-
plasmic reticulum PERK protein kinase (26). Differentiated
50B11 cells were pretreated or not with thapsigargin (1 �M) for 1
h prior to inoculation with PRV. Lysates were collected at 4 hpi,
and Western blotting was performed for total and phosphorylated
eIF2�. Thapsigargin treatment effectively induced phosphoryla-
tion of eIF2� (Fig. 1A, lanes 1 and 2, and B). PRV efficiently
counteracted phosphorylation of eIF2� in thapsigargin-stimu-
lated cells and also reduced basal levels of eIF2� phosphorylation
in nonstimulated cells (Fig. 1A, lanes 3 and 4, and B). This indi-
cates that PRV is able to interfere with phosphorylation of eIF2�
induced by different stimuli. Since PRV is able to counteract both
preinduced (by thapsigargin) and basal levels of phosphorylation
of eIF2�, this suggests that PRV leads to dephosphorylation of
eIF2� rather than preventing phosphorylation of eIF2�. In sup-
port of the latter, PRV did not influence thapsigargin-induced
phosphorylation of PERK, the kinase that phosphorylates eIF2�
upon thapsigargin treatment (Fig. 1A).

An immediate-early or early protein is involved in PRV-me-
diated interference with eIF2� phosphorylation. To elucidate

which viral protein(s) is responsible for interference with eIF2�
phosphorylation in PRV-infected cells, we first determined at
which stage of infection interference with eIF2� phosphorylation
occurs. To investigate whether de novo viral protein synthesis is
required, thapsigargin-stimulated cells either were treated with
cycloheximide (CHX), a translation inhibitor, before and during
virus inoculation or were inoculated with UV-inactivated PRV.
Both in PRV-infected cells treated with CHX and in cells inocu-
lated with UV-inactivated PRV, the level of phosphorylation of
eIF2� was comparable to that of mock-infected cells, indicating
that viral protein synthesis is required for interference with eIF2�
phosphorylation (Fig. 2A and B). Phosphonoacetic acid (PAA)
inhibits viral replication and thus late viral protein expression.
PAA did not affect PRV-mediated interference with eIF2� phos-
phorylation (Fig. 2C), implicating that one or more (immediate)
early viral proteins are involved.

In order to confirm these findings, a time course experiment of
PRV infection was performed to determine the time point of sup-
pression of eIF2� phosphorylation. Figure 2D shows that a reduc-
tion in phosphorylation of eIF2� is already evident at 1 hpi. From
2 hpi onwards, phosphorylation levels were very strongly reduced.
Expression of the PRV immediate-early protein IE180 was first
detected at 1 hpi, while substantial expression of the early viral
protein US3 was detected from 2 hpi onwards. These data indicate

FIG 1 PRV suppresses phosphorylation of eIF2�. (A) Differentiated 50B11
cells were pretreated or not with thapsigargin (1 �M) for 1 h prior to mock
inoculation or inoculation with PRV (MOI, 1). Lysates were collected at 4 hpi,
and Western blot detection was performed for total and phosphorylated eIF2�
(P-eIF2�) and phosphorylated PERK (P-PERK). US3 detection was included
as a control for infection. (B) Ratios of PeIF2�/total eIF2� from three inde-
pendent replicates. Different letters indicate statistically significant differences
(P � 0.05).
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FIG 2 An immediate-early or early protein is involved in PRV-mediated suppression of eIF2� phosphorylation. (A, B, C) Differentiated 50B11 cells were
pretreated with thapsigargin (1 �M for 1 h). Subsequently, cells were mock inoculated or inoculated with UV-inactivated PRV (theoretical MOI, 1) (A)
or treated with cycloheximide (10 �g/�l) (B) or PAA (250 �g/ml) (C) prior to inoculation with PRV (MOI, 1). Lysates were collected at 4 hpi, and Western
blot detection was performed for total and phosphorylated eIF2�. US3 detection was included as a control for treatment and infection. Graphs show ratios
of PeIF2�/total eIF2� from three independent replicates. Asterisks indicate significant differences (P � 0.05). (D) Differentiated 50B11 cells were
pretreated with thapsigargin (1 �M for 1 h). Subsequently, cells were inoculated with PRV (MOI, 1). Lysates were collected at different time points
postinoculation, and Western blot detection was performed for total and phosphorylated eIF2�, the immediate-early protein IE180, and the early
protein US3.
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that PRV interference with eIF2� phosphorylation occurs very
early in infection and involves the expression of one or more im-
mediate-early or early viral proteins.

Expression of IE180 interferes with eIF2� phosphorylation.
PRV encodes only one protein with immediate-early kinetics, im-
mediate-early protein 180 (IE180), an orthologue of HSV-1 ICP4.
To investigate the possible involvement of IE180, first, a sequen-
tial treatment of CHX and actinomycin D (ActD) was used. This
treatment results in protein expression of viral genes with imme-
diate-early characteristics (transcribed without de novo viral pro-
tein synthesis) (2, 9, 15). In the case of PRV, this results in expres-
sion of IE180, the only viral gene product with immediate-early
characteristics (2). As shown in Fig. 3A and B, phosphorylation of
eIF2� is significantly reduced under these circumstances, indicat-
ing that the expression of IE180 interferes with eIF2� phosphor-
ylation. A time course analysis of PRV-infected cells treated with
CHX alone or sequentially with CHX and ActD confirmed these
findings (data not shown).

To confirm a potential involvement of IE180, phosphorylation
of eIF2� was assessed in 50B11 cells transfected with a eukaryotic
expression vector encoding either IE180 or (as a control) eGFP.
Fig. 3C and D show that in samples containing IE180-transfected
cells phosphorylation of eIF2� was significantly diminished. The
degree of reduction corresponded well with the transfection effi-

ciency of �40%. In conclusion, expression of IE180 protein is
sufficient to interfere with phosphorylation of eIF2�.

PRV IE180-mediated suppression of eIF2� phosphorylation
also occurs in ST cells. To determine whether our observations hold
true in other cells, particularly swine cells, key experiments were re-
peated in ST cells. A time course infection experiment showed rapid
suppression of eIF2� phosphorylation in ST cells, within 2 hpi, sim-
ilar to what was observed in 50B11 cells (data not shown). Also, like in
50B11 cells (Fig. 3A), subjection of ST cells to a sequential treatment
with CHX and ActD that leads to IE180 protein expression during
PRV infection again resulted in a substantial reduction in eIF2�
phosphorylation (Fig. 4A). In addition, like in 50B11 cells (Fig. 3B),
transfection of IE180 in ST cells resulted in substantial interference
with eIF2� phosphorylation that corresponded well with the �30%
transfection efficiency (Fig. 4B).

Protein phosphatase 1 but not protein phosphatase 2 is in-
volved in PRV-mediated interference with eIF2� phosphoryla-
tion. As described above, the observations that PRV suppresses
both basal and thapsigargin-preinduced levels of eIF2� phosphor-
ylation and does not affect thapsigargin-induced phosphorylation
of PERK (Fig. 1) suggest that PRV leads to dephosphorylation of
eIF2� rather than preventing phosphorylation of eIF2�. This
would imply the involvement of a phosphatase. PRV does not
encode a viral phosphatase, suggesting that a cellular phosphatase
may be recruited or induced by PRV to induce dephosphorylation

FIG 3 Expression of IE180 causes suppression of eIF2� phosphorylation. (A, B)
Differentiated 50B11 cells were pretreated with thapsigargin (1 �M for 1 h). Sub-
sequently, cells were treated with cycloheximide (10 �g/�l) prior to mock inocu-
lation or inoculation with PRV (MOI, 1). At 2 hpi, CHX was washed away, and
actinomycin D (5 �g/ml) was added to the cells for the remainder of the experi-
ment. At 4 hpi, lysates were collected and Western blot detection was performed
for total and phosphorylated eIF2�. IE180 and US3 were included as controls for
treatment, and tubulin detection was included as loading control. (C, D) Differ-
entiated 50B11 cells were transfected with a eukaryotic expression vector encoding
IE180 (pIE180) or eGFP (pTrip) for 24 h. Upon stimulation with thapsigargin (1
�M for 1 h), lysates were collected and Western blot detection was performed for
total and phosphorylated eIF2�. GFP and IE180 were included as transfection
controls, and tubulin detection was included as loading control. Panels B and D
show ratios of P-eIF2�/total eIF2� from three independent replicates. Asterisks
indicate statistically significant differences (P � 0.05).

FIG 4 PRV IE180-mediated suppression of eIF2� phosphorylation in ST cells.
(A, B) ST cells were pretreated with thapsigargin (1 �M for 1 h). Subsequently,
cells were treated with cycloheximide (10 �g/�l) prior to mock inoculation or
inoculation with PRV (MOI, 1). At 2 hpi CHX was washed away, and actino-
mycin D (5 �g/ml) was added to the cells for the remainder of the experiment.
At 4 hpi, lysates were collected and Western blot detection was performed for
total and phosphorylated eIF2�. IE180 and US3 were included as controls for
treatment, and tubulin detection was included as a loading control. (C, D) ST
cells were transfected with a eukaryotic expression vector encoding IE180
(pIE180) or eGFP (pTrip) for 24 h. Upon stimulation with thapsigargin (1 �M
for 1 h), lysates were collected and Western blot detection was performed for
total and phosphorylated eIF2�. GFP and IE180 were included as transfection
controls, and tubulin detection was used as loading control. Panels B and D
show ratios of P-eIF2�/total eIF2� from three independent replicates. Aster-
isks indicate statistically significant differences (P � 0.05).
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of eIF2�. Both protein phosphatase 1 (PP1) and protein phospha-
tase 2 (PP2A) have been reported to dephosphorylate eIF2� (12).
To investigate whether PP1 and/or PP2A are involved in PRV-
mediated interference with eIF2� phosphorylation, assays were
done in the presence of 0.2 �M I2 to inhibit PP1 activity or 20 nM
OA to inhibit PP2 activity. Treatment with I2 significantly coun-
teracted PRV-mediated interference with eIF2� phosphorylation,
while treatment with OA had no effect (Fig. 5A and B). These
results indicate that PP1 is involved in PRV-mediated dephos-
phorylation of eIF2�.

PRV infection or IE180 transfection does not affect PP1 or
GADD34 protein expression levels. Since IE180 is a transcrip-
tional transactivator, one possibility could be that IE180 increases
expression levels of PP1 or its regulatory complex partner
GADD34, thereby promoting dephosphorylation of eIF2�. How-
ever, as shown in Fig. 6, neither PRV infection nor IE180 transfec-
tion affected PP1, PP2A, or GADD34 protein levels.

In addition, we found that an N-terminally His-tagged version
of IE180 that retains its transcriptional transactivating activity lost
its ability to suppress phosphorylation of eIF2� (data not shown).

These findings indicate that IE180 does not alter the protein
expression levels of PP1 or GADD34 to initiate dephosphoryla-
tion of eIF2� and that the transcriptional transactivating activity
of IE180 is not sufficient to suppress phosphorylation of eIF2�.

DISCUSSION

Here, we show that the PRV immediate-early protein IE180 inter-
feres with phosphorylation of eIF2�. We also show that the cellu-
lar phosphatase PP1 is involved in PRV-mediated interference
with eIF2� phosphorylation.

PRV IE180 is the orthologue of HSV-1 ICP4 and varicella-
zoster virus (VZV) IE62. Before the current report, three alpha-
herpesvirus proteins had been reported to interfere with phos-
phorylation of eIF2�: ICP34.5 and US11 of HSV-1 (neither of
which have orthologues in PRV) and IE63 of VZV (the putative
homolog/orthologue of HSV-1 ICP22 and PRV RSp40/ICP22).
ICP34.5 and US11 of HSV-1 counteract phosphorylation of eIF2�
via different mechanisms. US11 binds to PKR, preventing its ac-
tivation and thus phosphorylation, while ICP34.5 recruits PP1 to
eIF2� to mediate its dephosphorylation (5, 16, 18). The mecha-
nism underlying VZV immediate-early protein IE63-mediated
dephosphorylation of eIF2� is unknown (1).

Our finding that the only immediate-early protein encoded by
PRV, IE180, interferes with phosphorylation of eIF2� ensures that

phosphorylation of eIF2� is rapidly suppressed upon infection. VZV
also interferes with phosphorylation through a protein with immedi-
ate-early kinetics, IE63 (the putative homolog/orthologue of HSV-1
ICP22 and PRV RSp40/ICP22) (1). Perhaps surprisingly, both
HSV-1 proteins that interfere with eIF2� phosphorylation, ICP34.5
and US11, are reported to be late proteins (3, 5, 16). However, at least
for ICP34.5, this late expression is leaky, and small amounts of
ICP34.5 protein can already be detected 3 h postinoculation (19, 22).
These small amounts of ICP34.5 early in infection are sufficient to
generate an effect on eIF2� phosphorylation (22).

The overall amino acid homology between IE180 orthologues
is relatively low, ranging from 32% to 40% in HSV ICP4, VZV

FIG 5 Protein phosphatase PP1 but not PP2 is involved in PRV-mediated suppression of eIF2� phosphorylation. (A) 50B11 cells were pretreated with
thapsigargin (1 �M for 1 h). Prior to and during inoculation with PRV (MOI, 1), cells were treated with PP1-specific inhibitor I2 (200 nM), PP2-inhibiting
okadaic acid (OA, 20 nM), or a dimethyl sulfoxide (DMSO) control. At 4 hpi, lysates were collected and Western blotting was performed for total and
phosphorylated eIF2�. US3 detection was included as a control for infection. Panel B shows ratios of P-eIF2�/total eIF2� from three independent replicates. The
asterisk indicates a statistically significant difference (P � 0.05).

FIG 6 PRV infection or IE180 transfection does not affect protein expression
levels of PP1, PP2, or GADD34. (A, B) Differentiated 50B11 cells were transfected
with pIE180 or the control plasmid pTrip for 24 h and subsequently pretreated
with thapsigargin (1 �M for 1 h). Lysates were collected and subjected to Western
blot detection of PP1, PP2, and GADD34. IE180 and tubulin were included as
controls. (C, D) Differentiated 50B11 cells were pretreated with thapsigargin (1
�M for 1 h) and subsequently mock inoculated or subjected to inoculation with
PRV (MOI, 1). Lysates were collected at 4 hpi, and Western blot detection was
performed for PP1, PP2, and GADD34. US3 and tubulin were included as con-
trols. Graphs show relative protein band intensities normalized to tubulin from
three independent replicates. Dark gray bars represent data from control plasmid-
transfected (B) or mock-infected (D) cells, and light gray bars represent data from
IE180-transfected (B) or PRV-infected (D) cells.
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IE62, and bovine and equine ICP4. However, ClustalW analysis
showed that amino acid homology is condensed in 4 highly con-
served regions over the different alphaherpesviruses. Hence, it will
be interesting to investigate whether other IE180 orthologues af-
fect eIF2� phosphorylation and, if so, to analyze the involvement
of these four conserved domains.

How does IE180 affect phosphorylation levels of eIF2�? IE180
acts as a transcriptional transactivator to control the expression of
different genes. From this viewpoint, one potential explanation
could be that IE180 affects gene expression of cellular factors that
influence the phosphorylation status of eIF2�. Although we pro-
vide evidence that the cellular phosphatase PP1 is involved in
IE180-mediated dephosphorylation of eIF2�, IE180 did not affect
protein expression levels of either PP1 or its regulatory complex
partner GADD34. In addition, we found that an N-terminally
His-tagged version of IE180 that retains transcriptional transacti-
vating activity lost its ability to suppress phosphorylation of
eIF2�. Together with our observation that the decrease of eIF2�
phosphorylation is already evident at 1 hpi, this may point toward
an interaction of IE180 with components that mediate PP1-de-
pendent dephosphorylation of eIF2�. Such putative interaction of
IE180 with cellular components affecting eIF2� phosphorylation
would be in line with mechanisms employed by various other viruses.
For example, ICP34.5 of HSV-1 displays sequence homology to both
PP1 and eIF2�. This allows ICP34.5 to serve as a molecular bridge,
thereby mediating eIF2� dephosphorylation (16–18).

In conclusion, we report that the PRV immediate-early protein
IE180 has the previously uncharacterized ability to suppress phos-
phorylation of eIF2�, which may have important consequences
for the virus during early stages of virus replication, in the face of
an active innate immune response.
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