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Many different viruses activate the extracellular signal-regulated kinase (ERK)/mitogen-activated protein
(MAP) kinase signaling pathway during infection and require ERK activation for the efficient execution of their
replication programs. Despite these findings, no virus-encoded proteins have been identified that directly
modulate ERK activities. In an effort to determine the function of a conserved alphaherpesvirus structural
protein called Us2, we screened a yeast two-hybrid library derived from NIH 3T3 cells and identified ERK as
a Us2-interacting protein. Our studies indicate that Us2 binds to ERK in virus-infected cells, mediates the
incorporation of ERK into the virion, and inhibits the activation of ERK nuclear substrates. The association
of Us2 with ERK leads to the sequestration of ERK at the plasma membrane and to a perinuclear vesicular
compartment, thereby keeping ERK out of the nucleus. Us2 can bind to activated ERK, and the data suggest
that Us2 does not inhibit ERK enzymatic activity. The treatment of cells with U0126, a specific inhibitor of ERK
activation, resulted in a substantial delay in the release of virus from infected cells that was more pronounced
with a virus deleted for Us2 than with parental and repaired strains, suggesting that both ERK and Us2
activities are required for efficient virus replication. This study highlights an additional complexity to the
activation of ERK by viruses, namely, that localization of active ERK can be altered by virus-encoded proteins.

All herpesvirus virions share a common structure: an icosa-
hedral nucleocapsid containing a linear, double-stranded DNA
genome surrounded by a lipid envelope embedded with a
dozen or so glycoprotein spikes. Between the nucleocapsid and
the envelope lies a proteinaceous compartment called the teg-
ument. The tegument is the most complex subvirion compart-
ment, housing at least 14 virus-encoded proteins and an unde-
fined number of cellular proteins. The components of the
tegument are delivered to the cytoplasm of infected cells dur-
ing virus entry and have the opportunity to function prior to de
novo virus gene expression. Over the past few years, the com-
plex network of protein-protein interactions required for teg-
ument assembly is starting to be defined (49). By comparison,
much less is known about tegument disassembly or the traf-
ficking and functions of most tegument proteins upon entry of
virus into cells (20, 44, 50, 51).

Recent work in our laboratory has focused on a pseudora-
bies virus (PRV) tegument protein, Us2, which is conserved
throughout most of the alphaherpesvirus subfamily of the Her-
pesviridae (10, 67, 75). In addition to PRV, a swine pathogen,
the human pathogens herpes simplex virus types 1 and 2 as well
as many other viruses of wild and domestic animals encode
Us2 homologs (12, 21, 31, 37, 45, 46, 67, 71, 74). Significantly,
the Us2 gene is deleted from an attenuated PRV vaccine
strain, Bartha, as well as the attenuated equine herpesvirus 1
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vaccine strain, RacH, strongly suggesting that Us2 is an impor-
tant virulence determinant during natural infections (25, 27,
39). A number of studies on Us2 homologs have been pub-
lished, but none have revealed specific details about Us2 ac-
tivities (10, 19, 28, 32, 40, 47, 48, 68). To provide clues to Us2
function, we identified cellular proteins that interact with Us2
by screening a yeast two-hybrid library derived from NIH 3T3
cells. We determined that Us2 binds specifically to the extra-
cellular signal-regulated kinase (ERK) a mitogen-activated
protein (MAP) kinase.

MAP kinase signaling pathways relay information from the
plasma membrane to the nucleus, thereby facilitating a tran-
scriptional response to the extracellular environment. The Raf/
MEK/ERK module was the first MAP kinase cascade to be
characterized and plays a key role in the regulation of cell
proliferation, differentiation, and survival (11, 34, 55, 59, 70).
The canonical ERK/MAP kinase cascade is stimulated upon
the binding of extracellular growth factors, such as epidermal
growth factor, to their respective transmembrane tyrosine ki-
nase receptors. The subsequent autophosphorylation of the
cytoplasmic tails of the receptor leads to the recruitment of
guanine nucleotide exchange factors that activate Ras through
exchange of GDP for GTP. The active, GTP-bound form of
Ras binds to Raf, facilitating its phosphorylation and activation
by kinases such as Src and PAK. Activated Raf phosphorylates
and activates MEK, which in turn phosphorylates and activates
ERK. Phosphorylated ERK dimerizes and is translocated to
the nucleus, where it phosphorylates and activates a variety of
transcription factors (33). Alternatively, active ERK can re-
main in the cytoplasm and modify targets there (70). To date,
more than 50 substrates for ERK have been identified (38).
There are two isoforms of ERK, called ERK1 and ERK2 (also
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known as p44 and p42), which are conserved from worms to
humans (36, 72).

ERK activation can result in different outcomes depending
on the nature of the extracellular stimulus and the cell type
involved. Specificity in signaling can be achieved through the
interaction of signaling components with scaffolding and adap-
tor proteins that regulate and direct the activities of the MAP
kinase towards the relevant subset of substrates (42, 66). Ex-
amples of spatial regulators of the ERK MAP kinase pathway
include KSR (kinase suppressor of Ras), MP1 (MEK partner
1), beta-arrestin, PEA-15 (phosphoprotein enriched in astro-
cytes 15), and Sef (similar in expression to FGF genes). KSR
binds both MEK and ERK in the cytoplasm and targets them
to the plasma membrane in response to growth factor stimu-
lation (52). MP1 and beta-arrestin localize active ERK to late
and early endosomes, respectively (43, 64). PEA-15 shuttles
ERK out of the nucleus and anchors it in the cytoplasm (17).
Sef binds to activated MEK bound to ERK and directs the
complex to the Golgi apparatus (65). Both PEA-15 and Sef
prevent ERK phosphorylation of nuclear substrates without
inhibiting the activation of ERK cytoplasmic targets.

In this study, we demonstrate that PRV Us2 binds to ERK,
targets it to the plasma membrane and to a perinuclear vesic-
ular compartment, and prevents activation of ERK’s nuclear
targets. Us2 does not prevent ERK activation, and the data
suggest that the Us2-ERK interaction does not inhibit ERK
enzymatic activity. Thus, Us2 appears to function as a spatial
regulator of ERK signaling. We also demonstrate that PRV
infection activates ERK in a Us2-independent manner and
that ERK activity is required for the efficient release of prog-
eny virions from infected cells.

MATERIALS AND METHODS

Cells and viruses. The wild-type (wt) PRV strain Becker and its derivative,
PRV174, have been described previously (10). PRV644 is a PRV174 derivative
that expresses Us2GAAX from the gG locus. NIH 3T3 cells, obtained from
ATCC, were maintained in Dulbecco’s modified Eagle’s medium containing 10%
newborn calf serum (NCS) at 37°C in a 5% CO, environment. PK15, a kind gift
from L. W. Enquist, Princeton University, and MRC-5 cells, generously provided
by K. V. Holmes, UCDHSC, were maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum. PK15 cells stably expressing wt Us2 were
isolated after transfection with pCC34, a Us2 expression plasmid that also con-
tains the neomycin phosphotransferase gene under the control of the SV40
enhancer/early promoter. Forty-eight hours after transfection, cells were main-
tained in medium containing 0.5 ng/ml G418 (Sigma, St. Louis, MO) to select for
stable incorporation of pCC34. Individual G418-resistant cells were sorted into
wells of a 96-well plate by flow cytometry. Clonal lines stably expressing Us2 were
identified by indirect immunofluorescence microscopy and subsequently pooled.

Expression plasmids. The Us2 expression plasmid, pCC34, has been described
previously (10). The ERK2-enhanced green fluorescent protein (EGFP) expres-
sion construct was kindly provided by N. W. Bunnet, UCSF (13).

Antibodies. The production of Us2 antiserum was described previously (10).
Polyclonal antisera against total ERK1/ERK2 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antisera against phospho-ERK, total
Elk-1, and phospho-Elk-1 were purchased from Cell Signaling Technology
(Beverly, MA).

Yeast two-hybrid analysis. The PRV Us2 open reading frame (ORF) was
cloned into pGBKT7 (Trp) (Clontech, Palo Alto, CA) and used to screen a
c¢DNA library derived from NIH 3T3 cells constructed in pACT2 (Leu) (Clon-
tech; Matchmaker System). Isolates of Saccharomyces cerevisiae strain pJ69-4
(30), expressing the Us2 bait plasmid (yYMLS5), were transformed with 0.5 mg of
library DNA. Transformants were plated on 2-by-150-mm dishes of dropout
medium lacking Trp and Leu (—Trp/—Leu dropout medium) to determine the
transformation efficiency as well as 50-by-150-mm dishes of —Trp/—Leu/—His/
—Ade dropout medium to select for two-hybrid interactions. Of the clones able
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to grow in the absence of histidine and adenine, 105 that were strongly positive
for B-galactosidase activity in a colony lift filter assay were selected for further
analysis. The cDNAs from 10 of these were identified after isolation of the library
plasmids and DNA sequencing using the primer 5'-GTTTAATACCACTACA
ATGG-3'. Eight of the sequences were identical to mouse vimentin, all of which
were out of frame with the GAL4 activation domain. To identify library clones
other than vimentin, which are capable of interaction with Us2, we isolated
library plasmids from 62 of the 105 positive clones and spotted them onto
nitrocellulose and hybridized them to a full-length vimentin cDNA probe. Fif-
teen cDNA inserts from nonhybridizing library plasmids were sequenced. Six of
these encoded ERKI, all of which were in frame with the GAL4 activation
domain, five were independent clones having different 5’ ends, and one was a
full-length cDNA.

To determine whether PRV Us2 interacted with the ERK2 isoform in yeast, an
ERK2-EGFP fusion construct (13) was digested with BamHI to isolate the
murine ERK2 ORF. The ERK2 ORF was cloned into the BamHI site of
pGAD-C3 (30) in frame with the GAL4 activation domain, creating the plasmid
pML32. yMLS5 was transformed with pML32 as described above and plated on
—Trp/—Leu/—His/—Ade dropout medium to select for a two-hybrid interaction.

Immunoprecipitation. NIH 3T3 cells were grown to 80% confluence in 150-
mm-diameter dishes (~1.5 X 107 cells/dish) and infected with PRV Becker or
PRV174 (Us2-null) viruses at a multiplicity of infection (MOI) of 10 PFU/cell.
At 16 h postinfection, cells were washed with PBS, scraped into 500 pl of
mammalian protein extraction reagent (M-PER) (Pierce, Rockford, IL) contain-
ing protease inhibitors (Roche Diagnostics, Germany), and rocked at 4°C for 15
min. The lysates were clarified by centrifugation at 27,000 X g for 15 min.
Supernatants were transferred to fresh tubes, and 50 pl of a solution containing
10% NP-40, 5% sodium deoxycholate, and 1% sodium dodecyl sulfate (SDS) was
added. Samples were precleared by adding 20 pl of rabbit preimmune serum,
rocked at 4°C for 1 h, followed by the addition of 50 pl of immobilized protein
G (Pierce, Rockford, IL), and rocked for an additional hour at 4°C. Immune
complexes were pelleted by brief centrifugation in a bench-top microcentrifuge
at 13,000 rpm. The supernatant was transferred to a fresh microcentrifuge tube
containing 5 pg of rabbit anti-ERK antiserum or 5 ng of phospho-specific ERK
antiserum and incubated overnight on ice. Fifty microliters of immobilized pro-
tein G was added to the sample and rocked at 4°C for 2 h. Immune complexes
were pelleted by brief centrifugation at 13,000 rpm. The supernatant was dis-
carded, and the pellet was washed three times successively with 500 pl of wash
buffer 1 (20 mM Tris, pH 7.5, 150 mM NaCl, and 1% NP-40), wash buffer 2 (20
mM Tris, pH 8.8, 150 mM NaCl, 1% NP-40, and 0.2% SDS), and wash buffer 3
(20 mM Tris, pH 6.8, 150 mM NacCl, 1% NP-40, and 0.2% SDS) as described
previously (3). Immune complexes were resuspended in 50 wl of SDS-polyacryl-
amide gel electrophoresis (PAGE) sample buffer and boiled for 5 min. Samples
were analyzed by SDS-PAGE on 10% gels, followed by Western blotting.

ERK in vitro kinase assay. NIH 3T3 cells were grown to 80% confluence in
150-mm-diameter dishes and infected with PRV Becker or PRV174 (Us2-null)
viruses at an MOI of 10 PFU/cell. At 16 h after infection, cells were washed with
ice-cold PBS and scraped into 500 pl of M-PER (Pierce, Rockford, IL) supple-
mented with 150 mM NaCl, protease inhibitors (Roche Diagnostics, Germany),
and phosphatase inhibitors (20 mM NaF, 10 mM B-glycerophosphate, 2 mM
EGTA, and 1 mM Naz;VO,). Cell lysates were transferred to microcentrifuge
tubes, rocked at 4°C for 15 min, and then clarified by centrifugation at 27,000 X
g for 15 min. Supernatants were transferred to fresh tubes, and 20 .l of immo-
bilized phospho-ERK antibody (Cell Signaling Technology, Beverly, MA) was
added. Samples were rocked overnight at 4°C, and immune complexes were
pelleted by brief centrifugation at 13,000 rpm for 30 s. The pellets were washed
twice with 500 ul of M-PER lysis buffer and twice with 500 pl of 1X ERK kinase
buffer (New England Biolabs, Beverly, MA) and resuspended in a 50-pl kinase
reaction mixture consisting of 1 kinase buffer, 200 mM ATP, and 5 pg of Elk-1
fusion protein (Cell Signaling Technology, Beverly, MA). Samples were incu-
bated at 30°C for 40 min, and the reaction was terminated by the addition of 25
wl of 3X SDS-PAGE sample buffer. Purified ERK2 enzyme (New England Biolabs,
Beverly, MA) was used in these assays as a positive control. Samples were analyzed
by SDS-PAGE and Western blot analysis.

Virus purification. Three confluent 150-mm dishes of PK15 cells were in-
fected with virus at an MOI of 10. At 16 h postinfection, medium (20 ml/150
mm dish) was collected into 2-by-50-ml conical tubes (30 ml of supernatant/
tube) and centrifuged at 3,000 rpm in a Sorvall ST-H750 rotor for 15 min at
4°C to remove cells and cellular debris. The clarified supernatant was layered
onto a 7-ml 30% sucrose-PBS cushion (wt/vol) in two Beckman SW28 cen-
trifuge tubes. The tubes were centrifuged in an SW28 rotor at 23,000 rpm for
3 h at 4°C. The supernatant and sucrose cushion were removed, and the virion
pellet was resuspended in 1 ml of PBS aided by 10 1-s pulses in a chilled bath
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FIG. 1. Us2 interacts with ERK1 and ERK2 in a yeast two-hybrid assay. Verification of protein-protein interactions between Us2 and ERK1
(A) or ERK2 (B). Only yeast strains cotransformed with Us2 and ERK1/ERK2 expression plasmids were able to grow on medium lacking adenine
(—Ade) and histidine (—His), indicating a two-hybrid interaction. The ability to grow in the absence of tryptophan (—Trp) indicates selection for
the Us2 plasmid. The ability to grow in the absence of leucine (—Leu) indicates selection for the ERK1 and ERK2 plasmids.

sonicator followed by gentle trituration. Virions were centrifuged through a
1-ml 30% sucrose cushion at 28,000 rpm for 90 min at 4°C in an SW55ti rotor.
The virion pellet was resuspended in 100 pl of cold PBS and stored in two
50-pl aliquots at —80°C.

Protease treatment of virions. Purified virions were treated with 10 pg of
proteinase K per ml in either the presence or the absence of 1% SDS in a total
volume of 50 pl. After incubation for 60 min at room temperature, 5 wl of 200
mM phenylmethylsulfonyl fluoride was added to each sample to inhibit further
proteolysis. Samples were loaded onto SDS-PAGE gels immediately and ana-
lyzed by Western blotting.

Immunofluorescence microscopy. NIH 3T3 cells were seeded onto glass cover-
slips in six-well plates and grown to 30 to 40% confluence. Each well was then
transfected with 1 pg of ERK2-EGFP and 1 pg of pCl-neo (empty vector
control) or pCC34 (wt Us2) using FuGENE 6 (Roche, Indianapolis, IN) accord-
ing to the manufacturer’s instructions. At 24 h posttransfection, cells were rinsed
three times with PBS and then fixed in 4% paraformaldehyde-PBS for 10 min at
room temperature. Cells were rinsed with PBS and permeabilized in PBS-1%
bovine serum albumin (BSA) containing 0.1% Triton X-100 at room tempera-
ture for 3 min. Cells were rinsed three times with PBS and incubated for 45 min
with Us2 goat polyclonal antiserum diluted in PBS-1% BSA (1:3,000). Cells were
rinsed three times with PBS-1% BSA and incubated for 30 min with Alexa
568-conjugated secondary antibodies (Molecular Probes, Eugene, OR) diluted in
PBS-1% BSA. The cells were washed three times with PBS-1% BSA, followed by
three washes with PBS. Coverslips were mounted onto glass slides, and digital
images were captured using either a Zeiss 510 laser scanning confocal micro-
scope, an Olympus spinning disk confocal microscope, or a Nikon TE200 in-
verted epifluorescence microscope equipped with digital deconvolution capabil-
ity.

EIk-1 trans-reporter assay. Elk-1 activation was measured using the Stratagene
PathDetect in vivo signal transduction pathway Elk-1 frans-reporting system
(Stratagene, La Jolla, CA). Cells were grown to 40 to 60% confluence in six-well
plates, and each well was transfected with 50 ng of GAL4-EIk-1, 1 pg of GAL4-
luciferase, 50 ng of constitutively active MEK (positive control), and 1 pg of
pCC34 (wt Us2) or pCIneo (empty vector control). Each condition was per-
formed in triplicate and normalized for transfection efficiency using a constitu-
tively active B-galactosidase reporter plasmid. Cells were incubated in medium
containing 10% NCS for the first 24 h and in medium containing 0.5% NCS for
the final 24 h. Elk-1-dependent transcription (i.e., luciferase expression) was
measured using the Stratagene luciferase assay kit, whereas B-galactosidase
activity was measured using the Stratagene -galactosidase assay kit according to
the manufacturer’s instructions (Stratagene, La Jolla, CA).

RESULTS

Us2 interacts with the MAP kinases ERK1 and ERK2 in
yeast. We reasoned that the identification of cellular proteins
that interact with Us2 would provide insight into Us2 function.
To do this, we employed a yeast two-hybrid system to screen an
NIH 3T3 cell cDNA library using PRV Us2 as bait. Five in-
dependent, either full- or partial-length cDNAs encoding the
MAP kinase ERK1 were identified in the screen. To verify that
ERKI1 was interacting with Us2 in the yeast two-hybrid assay
and not merely capable of transactivating the ADE2 and HIS3
two-hybrid reporter genes alone, we tested the ability of yeast
strains expressing only one or the other of the putative
binding partners to grow in the absence of adenine and his-
tidine (Fig. 1A). The expression of the appropriate fusion
proteins was confirmed by Western blotting (not shown). Only
yeast strains that expressed both the Us2 and the ERK1 fusion
proteins were capable of growth in the absence of adenine and
histidine, confirming the interaction between Us2 and ERK1
in yeast. A similar experiment was performed to demonstrate
that Us2 also interacts with the ERK1 isoform ERK2 (Fig. 1B).

ERK interacts with Us2 in infected cells and is packaged
into virions in a Us2-dependent manner. To determine whether
ERK interacts with Us2 in mammalian cells, we infected NIH
3T3 cells with the wt PRV strain Becker or the Us2-null virus
PRV174. ERK was immunoprecipitated from Becker- and
PRV174-infected extracts using polyclonal antiserum, and im-
munoprecipitates were analyzed by Western blotting for Us2
and glycoprotein gB (Fig. 2A). Whereas Us2 and gB were
readily detected in Becker-infected cell extracts (positive con-
trol), the ERK antiserum pulled down Us2 from Becker-in-
fected cell extracts, but not the unrelated membrane protein
gB. These data indicate that ERK and Us2 interact in infected
cells. Furthermore, immunoprecipitation of ERK using phos-
pho-specific antiserum revealed that a considerable portion of
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FIG. 2. Us2 interacts with ERK in PRV-infected cells and directs
ERK incorporation into virions. (A) Total ERK (T-ERK) was immu-
noprecipitated (IP) from NIH 3T3 cells infected with PRV174 (Us2-
null mutant) or wt Becker and analyzed by Western blotting using
antiserum specific for Us2 (top) and gB (bottom). The immunoglob-
ulin heavy chain (IgH) from the immunoprecipitation cross-reacted
with the secondary antiserum used to detect glycoprotein gB. PRV gB
is a type I membrane protein that is cleaved in the Golgi from the
preprocessed monomer pgB into two smaller subunits that are linked
by disulfide bonds. These subunits have molecular masses of 69 kDa
and 58 kDa and represent the amino-terminal and carboxy-terminal
“halves” of the molecule, respectively (gB). Positive control (+ con-
trol) is an extract prepared from PRV Becker-infected cells. The as-
terisk denotes nonspecific bands that cross-react with the Us2 anti-
serum. (B) Phosphorylated ERK (P-ERK) was immunoprecipitated
(IP) from NIH 3T3 cells infected with PRV174 or Becker and analyzed
by Western blotting using antiserum specific for Us2 (top) and gB
(bottom). The asterisk denotes nonspecific bands that cross-react with
the Us2 antiserum. Positive control (+ control) is an extract prepared
from PRV Becker-infected cells. IgH, immunoglobulin heavy chain.
(C) Purified virions from Becker and PRV174-infected cell superna-
tants were isolated as described in Materials and Methods. Treatment
of virions with proteinase K in the absence of SDS degraded any
proteins not protected by the virion envelope. Proteins found in the
tegument are protected by the virion envelope. gB was used as a virus
loading control and as a control for the activity of the protease in the
absence of SDS. Western blot analysis was performed using antiserum
specific for total ERK (top), Us2 (middle), or gB (bottom). +, with; —,
without. (D) A PKI5 cell line that stably expresses Us2 was infected
with PRV174. Virions were purified from infected cell supernatants
and treated with proteinase K and/or SDS. Note that the incorporation
of Us2 and ERK into the tegument is restored. +, with; —, without.

Us2 specifically interacts with activated ERK (Fig. 2B). It is
noteworthy that we have also demonstrated the interaction of
Us2 with ERK in infected PK15 and MRC-5 cells as well as in
transiently transfected 293T cells (not shown). NIH 3T3 cells
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FIG. 3. Us2 expression alters the subcellular localization of ERK2-
EGFP. NIH 3T3 cells were cotransfected with the plasmid combinations
indicated on the left of the figure. Twenty-four hours after transfection,
cells were stained for Us2. On merged images, the ERK2-EGFP signal is
green, and the Us2 signal is red. pClIneo is an empty expression plasmid
and has no effect on ERK2-EGFP localization. Arrowheads indicate
points of interest. Images were obtained using a Zeiss 510 confocal laser
scanning microscope. Scale bars are 15 pm.

were selected for further analysis because they are most often
used for studying the ERK/MAP kinase pathway.

We have shown previously that Us2 is a component of the
virion tegument (10). Upon discovering that Us2 binds to ERK
in infected cells, we examined whether ERK was also incorpo-
rated into virions. Whereas ERK was readily detected in the
tegument of purified Becker virions, virions purified from
PRV174-infected cell supernatants did not contain detectable
ERK (Fig. 2C). Importantly, PRV174 infection of a Us2-ex-
pressing cell line produced virions that contained Us2 and
ERK in the tegument (Fig. 2D). These data show that ERK is
packaged into PRV virions in a Us2-dependent manner. We
noted the presence of a single protease-resistant band that
reacted with ERK antiserum in virions treated with SDS and
proteinase K; however, the appearance of this band was not
dependent on the incorporation of Us2 or ERK into the teg-
ument and it was not present in all of the virion preparations
tested.

Us2 expression alters the localization of ERK2. In order to
probe the interaction of Us2 with ERK further, we examined
the localization of Us2 and ERK2 in transfected cells. To do
this, we took advantage of an ERK2-EGFP fusion protein that
has been characterized previously (13). It was first important to
control for potential interactions between Us2 and unfused
EGFP. The expression of wt Us2 had no effect on EGFP
localization in transfected NIH 3T3 cells (not shown). By con-
trast, Us2 expression had profound effects on ERK2-EGFP
localization (Fig. 3). In cells transfected with ERK2-EGFP and
the empty expression vector, pCIneo, ERK2-EGFP localized
throughout the cytoplasm and nucleus of transfected cells, as
was expected. In cells transfected with wt Us2 and ERK2-
EGFP expression plasmids, ERK2-EGFP colocalized with Us2
and was targeted almost exclusively to the plasma membrane
and to a perinuclear cytoplasmic location; the same Us2 stain-
ing pattern was observed in cells transfected with Us2 expres-
sion plasmid alone (10).
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FIG. 4. Expression of Us2 does not affect ERK enzymatic activity.
Phosphorylated ERK was immunoprecipitated (IP) from NIH 3T3
cells infected with Becker or PRV174. ERK activity was measured
using an Elk-1 in vitro kinase assay as described in Materials and
Methods. The Elk-1 peptide, comprising amino acids 307 to 428 of
full-length EIk-1, is predicted to have eight ERK phosphorylation sites.
Samples were analyzed by SDS-PAGE and Western blotting (WB)
using antiserum specific to total Elk-1 (top) or phospho-Elk-1 (bot-
tom). In control experiments (left two lanes on blots), purified recom-
binant active ERK2 (+ERK2) or buffer (—ERK2) was added to the
reaction mixtures in place of active ERK immunoprecipitated from
infected cell lysates.

Us2-associated ERK retains enzyme activity. To determine
whether Us2 association with phosphorylated ERK inhibited
ERK kinase activity, we employed a modified version of an
ERK in vitro kinase assay (2). Phosphorylated ERK was im-
munoprecipitated from extracts prepared from cells infected
with Becker or PRV174. Immunoprecipitates were incubated
with purified, recombinant Elk-1, a well-characterized ERK
substrate, in the presence of ATP and subsequently analyzed
by Western blotting using antiserum specific for total Elk-1 or
phosphorylated Elk-1. The phosphorylation of Elk-1 by ERK
isolated in the presence (Becker) and absence (PRV174) of
Us2 was indistinguishable, suggesting that Us2 does not act as
an inhibitor of ERK enzymatic activity (Fig. 4).

Us2 expression inhibits ERK-mediated activation of Elk-1.
Upon activation and dimerization, ERK translocates to the
nucleus, where it phosphorylates transcription factors such as
Elk-1 (18). To examine the consequences of Us2 expression for
this process, we used a well-established transient transfection
assay that monitors in vivo activation and translocation of ERK
from the cytoplasm to the nucleus (2, 17). ERK enzymatic
activity in the nucleus was measured by an ERK-dependent,
Elkl-mediated transactivation of a luciferase reporter con-
struct. The data, obtained in triplicate and normalized for
transfection efficiency using a constitutively active 3-galactosi-
dase reporter plasmid included in all transfections, are shown
in Fig. SA. As expected, the inclusion of a constitutively active
MEK expression plasmid in the cotransfection cocktail re-
sulted in a 22-fold increase in Elk-1 transcription over baseline
activity. The presence of increasing amounts of a Us2 expres-
sion plasmid resulted in dose-dependent inhibition of Elk-1
transcription activity, such that, when 1,000 ng of Us2 expres-
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FIG. 5. Us2 expression blocks ERK-mediated Elk-1 activation of
transcription. (A) NIH 3T3 cells were cotransfected with a plasmid,
pFA2-EIk1, that expresses the Elk-1 activation domain fused to the
GAL4 DNA binding domain, a luciferase reporter plasmid, pFR-Luc,
containing a synthetic promoter with five tandem repeats of the GAL4
binding site, and the combinations of plasmids indicated under the x
axis. Luciferase activity, which is indicative of Elkl-dependent tran-
scription, is expressed as relative light units. Note that the y axis has a
log scale. (B) MRC-5 cells were cotransfected with pFA2-Elk1, pFR-
Luc, and the combinations of plasmids indicated under the x axis.
Error bars represent the standard deviations between experiments
performed in triplicate. Variations in transfection efficiency were nor-
malized by the inclusion of a beta-galactosidase reporter plasmid
where expression is under control of a constitutively active promoter.

sion plasmid was included in the assay, a 165-fold inhibition of
Elk-1-mediated luciferase production was observed. These
data indicate that Us2 is a potent inhibitor of ERK activity in
the nucleus.

To test whether the effects of Us2 expression on Elk-1 tran-
scription were cell type or species dependent, we performed
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FIG. 6. PRV infection stimulates ERK activation in an Us2-independent manner. Virions were purified as described in Materials and Methods.
NIH 3T3 cells were infected with PRV Becker, the Us2-null mutant, PRV174, or mock infected (uninfected) and harvested at the indicated times
after infection. Lysates were analyzed by Western blot analysis using antiserum against phospho-ERK, total ERK, the nonstructural virus protein

UL34 (infection control), and Us2.

the luciferase reporter assays described above with a nontrans-
formed human fibroblast cell line, MRC-5 (Fig. 5B). Us2 in-
hibited Elk-1 transcription in both the presence and the ab-
sence of constitutively active MEK. The degree of inhibition
observed was not as great as that seen in NIH 3T3 cells, but it
was in line with what has been reported for Sef and PEA-15,
which also bind ERK in the cytoplasm (17, 65). In support of
these data, PRV Us2 coimmunoprecipitated with human ERK
from infected MRC-5 cell lysates (not shown). Taken together,
these data are consistent with the idea that Us2 prevents the
translocation of active ERK to the nucleus.

ERK is activated early after PRV infection. The data so far
demonstrate an interaction between Us2 and ERK. To begin
to understand the relevance of the Us2/ERK interaction in
virus-infected cells, we examined the activation state of ERK
during virus infection. For these experiments, it was important
to infect cells with purified virus to avoid unwanted stimulation
of ERK through serum components present in the inoculum.
Becker and PRV174 virions (Us2-null) were purified as de-
scribed in Materials and Methods. NIH 3T3 cells were grown
in medium containing 0.5% serum for 24 h prior to infection to
minimize the levels of activated ERK. Cell lysates were pre-
pared from infected cells at various times after infection and
analyzed by Western blotting using antiserum against phosphor-
ylated ERK, total ERK, UL34, and Us2 (Fig. 6). In both
Becker- and PRV174-infected cells, activation of ERK in-
creased as early as 15 min after the exposure of cells to virus
and remained elevated through 3 h postinfection. By 4 h
postinfection, the level of active ERK had returned to that
seen in uninfected cells. By contrast, mock-infected cells
showed no activation of ERK over the course of the experi-
ment. It is noteworthy that Us2 was readily detected in Becker-
infected cell extracts at 15, 30, and 60 min after infection but
prior to the synthesis of new Us2, which occurs between 1 and
2 h after infection (10), indicating that this material represents

Us2 delivered to cells by incoming virions. These data show
that early events during PRV infection, which are independent
of Us2, activate ERK.

We next examined the localization of activated ERK in cells
infected with Becker and PRV174 (Fig. 7). Prior to infection
(0 h), active ERK was localized in a diffuse pattern throughout
the cell. Thirty minutes after exposure of cells to Becker, active
ERK remained localized in a diffuse pattern and, at 2 h postin-
fection, was notably excluded from the nucleus of many cells.
By contrast, as early as 30 min after infection with PRV174,
active ERK was detected in the nucleus. Nuclear localization
of active ERK in PRV174 was even more evident at 2 h postin-
fection. These data suggest that the Us2 entering the cell with
the virion is capable of sequestering activated ERK in the
cytoplasm.

In support of a role for ERK during virus replication, treat-
ment of cells with U0126, a specific inhibitor of ERK activation
(16), resulted in a substantial delay in the release of infectious
virus, which was particularly acute for the Us2-null virus
PRV174 (3 to 4 log units) at 8 h postinfection (Fig. 8, arrows).
A delay in the release of the parental Becker strain and
PRV644, which ectopically expresses Us2, was also observed
but was less severe (~2 log units) than that seen for PRV174
at 8 h postinfection. The kinetics of appearance of cell-associ-
ated infectious virus was unchanged by U0126; however, the
amount of virus detected from 6 to 8 h postinfection was
reduced by 2 log units in cells infected by PRV 174. The levels
of cell-associated virus produced by each strain were similar in
the presence and absence of U(0126 at 24 h postinfection.
These findings suggest that inhibition of ERK activity impinges
on the release of infectious virus from cells by either prevent-
ing or delaying egress. In the absence of Us2 (PRV174), this
effect was more pronounced and was reproducible between
experiments.
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FIG. 7. Virus-associated Us2 keeps activated ERK out of nucleus. NIH 3T3 cells infected with wt (Becker) or Us2-null (PRV174) viruses were

stained for active ERK using phospho-ERK1/2-specific antiserum at the indicated times postinfection. Arrowheads point out the relative presence
or absence of activated ERK in the nuclei of infected cells. Digital images were captured using a Nikon TE200 inverted epifluorescence microscope
equipped with a cooled charge-coupled device camera. Images were acquired with the aid of the Metamorph software package, such that the full
dynamic range of fluorescent signal was obtained for each specimen. Thus, it should be noted that the data shown do not quantify the levels of
active ERK1/2 in cells, but rather report on only the subcellular distribution of activated ERK1/2.

DISCUSSION

A wide variety of viruses activate the ERK/MAP kinase
signaling pathway upon infection; these include adenovirus (7),
simian virus 40, herpes simplex virus type 2 (62, 63), human
cytomegalovirus (HCMV) (6, 60), Kaposi’s sarcoma-associated
herpesvirus (KSHV) (54), hepatitis B virus (4), vaccinia virus
(14), influenza virus (57), respiratory syncytial virus (35), cox-
sakievirus B3 (26), Borna disease virus (BDV) (22) and human
immunodeficiency virus type 1 (HIV-1) (58). Our data show
that robust stimulation of ERK was observed as early as 15 min
after exposure of cells to purified PRV virions (Fig. 6), sug-
gesting that early events in the PRV infectious cycle, such as
attachment and/or entry, trigger ERK activation. In the case of
HCMV, a betaherpesvirus, the interaction of glycoprotein gB
with the epidermal growth factor receptor and subsequent
epidermal growth factor receptor autophosphorylation likely
mediate the activation of ERK. By contrast, a soluble form of
glycoprotein gpK8.1A, but not soluble gB, from the gamma-
herpesvirus KSHV was sufficient to mediate ERK activation
(61). Identification of the step in the alphaherpesvirus attach-
ment and entry pathway that leads to ERK activation and
identification of the viral and cellular components involved will
provide a clearer understanding of the relevance and mecha-
nisms of virus-mediated activation of cellular signal transduc-
tion pathways.

Whether ERK activation represents a cell-directed defense
against the virus or a specific tactic orchestrated by the virus
for its own means is not entirely clear, but it likely depends on
the type of virus and the host cell infected. The ERK pathway
has been implicated in the regulation of viral gene expression

for SV40 (reviewed in reference 53), adenovirus (7, 69), hep-
atitis B virus (5), HCMV (8, 9, 23, 60), and KSHV (61). Inter-
ference with the ERK signaling pathway affects the virus yield
for influenza virus (57), respiratory syncytial virus (35), vac-
cinia virus (1), and coxsackievirus B3 (41). Furthermore, inhi-
bition of ERK activation blocks the spread of BDV between
cells (56). Our data indicate that ERK activity also promotes
PRV replication and the release of infectious virus from cells
and suggest that, when there is a limited pool of active ERK in
the cell (e.g., in the presence of U0126), Us2 helps to scavenge
what active ERK remains and direct it to where it is needed
(Fig. 8). It is tempting to speculate that ERK activity is re-
quired for the modification of a cytoplasmic viral or cellular
component required for efficient egress of infectious virions;
however, further experiments are required to challenge this
hypothesis.

The spatial regulation of ERK activity is an emerging con-
cept in the field of signal transduction, and it is remarkable that
viruses manipulate ERK in this manner (42, 66). Like Us2, the
cell-encoded protein KSR sequesters active ERK at the plasma
membrane. Interestingly, we have been unable to identify any
significant similarities between Us2 and KSR at the amino acid
sequence level. It may be that KSR and Us2 share similar
structural features that perform this apparently common func-
tion. Other than Us2, no other virus proteins have been iden-
tified that regulate ERK localization. However, persistent in-
fection of PCI12 cells by BDV results in activation of ERK,
while paradoxically inhibiting the neuronal differentiation of
these cells upon exposure to nerve growth factor (22). An
examination of ERK subcellular localization in BDV-infected
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FIG. 8. PK15 cells were maintained in medium containing 50 uM U0126 (+U0126) or dimethyl sulfoxide (—U0126) and 0.5% newborn calf
serum for 18 h prior to and for 24 h after infection with PRV Becker, PRV174, or PRV644 at 3 PFU per cell. At the indicated times after infection,
cells and medium were collected separately and subjected to three freezing (at —80°C) and thawing (at 37°C) cycles and infectious virus was
quantified by plaque assay on PK15 cells. Data shown are representative of three independent experiments. Cells from the swine kidney cell line,
PK15, were selected for this analysis because PRV replicates to much higher levels in these cells compared to that in NIH 3T3 cells. It should be
noted, however, that treatment of NIH 3T3 cells with U0126 also inhibits virus replication.

PCI12 cells revealed that activated ERK was excluded from the
nucleus and that nuclear targets of ERK were not phosphory-
lated. At present, the BDV or BDV-induced products that
mediate this effect have not been identified.

Us2 also directs the incorporation of ERK into the tegument
of the virion, which has the potential to alter the physiology of
a newly infected cell. Notably, HIV-1 virions contain ERK;
however, viral components capable of interaction with ERK
have not been reported (29). In this case, packaged ERK en-
hances HIV-1 infectivity and functions in virus assembly and
release from infected cells (24, 29, 73). Interestingly, an in
silico analysis of PRV virion structural components indicates
that several tegument proteins contain consensus phosphory-
lation sites for ERK. Notably, the PRV homologs for VP1/2,
ICP4, VP16, and ICPO each contain multiple sites. One possi-
bility is that virion-associated ERK modifies the activities of
other virion structural components. The role of ERK as a
herpesvirus structural component is the focus of future studies.

A large number of cellular proteins, mostly ERK substrates,
have been shown to bind to ERK (34). Almost all of these
molecules contain a generic MAP kinase binding site called a

KIM (kinase interaction motif) that interacts with a conserved
acidic site on ERK, known as the common docking domain
(15). The KIM consensus sequence is -(R/K),-(X),_.-L/I-X-L/
I-, where X is any amino acid. An ERK-specific binding motif,
again found in many ERK substrates, called the DEF (docking
site for ERK, FXFP) has been described and has the consensus
FXFP. It is noteworthy that Us2 does not contain either a
canonical KIM or DEF, nor is there significant homology be-
tween Us2 and other spatial regulators of ERK signaling, such
as Sef and PEA-15. Thus, a determination of the sites on Us2
and on ERK that mediate their interaction should yield new
information on the regulation of this key signaling pathway.
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