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The human cytomegalovirus (HCMYV) TRS1 and IRS1 genes rescue replication of vaccinia virus (VV) that
has a deletion of the double-stranded RNA binding protein gene E3L (VVAE3L). Like E3L, these HCMYV genes
block the activation of key interferon-induced, double-stranded RNA (dsRNA)-activated antiviral pathways.
We investigated the hypothesis that the products of these HCMYV genes act by binding to dsRNA. pTRS1
expressed by cell-free translation or by infection of mammalian cells with HCMYV or recombinant VV bound to
dsRNA. Competition experiments revealed that pTRS1 preferentially bound to dsRNA compared to double-
stranded DNA or single-stranded RNA. 5’- and 3’-end deletion analyses mapped the TRS1 dsRNA-binding
domain to amino acids 74 through 248, a region of identity to pIRS1 that contains no homology to known
dsRNA-binding proteins. Deletion of the majority of this region (A86-246) completely abrogated dsRNA
binding. To determine the role of the dsRNA-binding domain in the rescue of VVAE3L replication, wild-type
or deletion mutants of TRS1 were transfected into HeLa cells, which were then infected with VVAE3L. While
full-length TRS1 rescued VVAE3L replication, deletion mutants affecting a carboxy-terminal region of TRS1
that is not required for dsRNA binding failed to rescue VVAE3L. Analyses of stable cell lines revealed that the
carboxy-terminal domain is necessary to prevent the shutoff of protein synthesis and the phosphorylation of
elF2« after VVAE3L infection. Thus, pTRS1 contains an unconventional dsRNA-binding domain at its amino
terminus, but a second function involving the carboxy terminus is also required for countering host cell

antiviral responses.

One early response to acute viral infections is the production
of alpha/beta interferons by the host immune system. These
interferons induce transcription of many genes, including pro-
tein kinase R (PKR) and 2-5 oligoadenylate synthetase (2-5
OAS) (46), both of which are activated by double-stranded
RNA (dsRNA) (35). Activated PKR phosphorylates eukary-
otic translation initiation factor eIF2aq, leading to cessation of
translation initiation. 2-5 OAS activates RNase L, a latent
endoribonuclease that degrades rRNA and mRNAs, thereby
inhibiting protein synthesis. Since viruses rely upon the host
cell for protein synthesis, the net result of PKR and 2-5 OAS
activation is the inhibition of viral replication and spread.

Many viruses possess one or more mechanisms to counteract
these pathways (35). Vaccinia virus (VV) encodes a dsRNA-
binding protein, pE3L, as well a PKR pseudosubstrate, pK3L
(reviewed in reference 21). pE3L binds specifically to dsSRNA
via a dsRNA-binding domain (dsRBD) located at its carboxy
terminus (9, 10, 19, 20). Infection with VV from which the E3L
gene has been deleted (VVAE3L) results in PKR and RNaseL
activation and consequently shuts off protein synthesis in many
cell types (2-4, 26, 27). The dsRBD of pE3L is necessary and
sufficient for restoration of the full host cell range of VVAE3L
in cell culture (44), and dsRNA-binding proteins from other
viruses have been shown to rescue replication of VVAE3L in
otherwise nonpermissive cells (2, 28).

Previously, we reported that the human cytomegalovirus
(HCMV) TRS1 and IRS1 genes decrease levels of phosphor-
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ylated eIF2c, inhibit RNase L activation, prevent the shutoff of
cellular protein synthesis, and rescue replication of VVAE3L
in human fibroblasts (HF) (11). These findings suggested that,
like E3L, the HCMV genes may encode dsRNA-binding pro-
teins. We now report that the TRS1 gene product, pTRSI,
does indeed contain a dsRNA-binding domain at its amino
terminus. However, unlike E3L, the pTRS1 dsRBD is not
sufficient to rescue VVAE3L replication; a second carboxy-
terminal domain is also necessary.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were maintained at 37°C in a 5% CO, atmo-
sphere in Dulbecco’s modified Eagle’s medium supplemented with 10%
NuSerum (Collaborative Biomedical), penicillin-streptomycin (100 U/ml), and 2
mM L-glutamine. VVAE3L, the E3L deletion mutant and its parent VV Copen-
hagen strain (VC-2, vP1080 [2, 49]), obtained from Bertram Jacobs (Arizona
State University), and VVeq904, a recombinant derived from VVAE3L contain-
ing TRS1, were propagated as previously described (11). HCMV(GFP Toledo)
(strain HV5.111 (23) was obtained from Jeff Vieira (Fred Hutchinson Cancer
Research Center).

Stable cell lines were created by transfecting HeLa cells with pEQ879,
pEQ876, pEQY979, and pEQ1001 (described below) followed by selection with
G418 ([0.6 mg/ml]).

Plasmids. HCMV Towne strain was PCR amplified using oligonucleotides
GCCTCGACGTCGGATCCGTCCGGCGGCCATGGCC (#356) and CAT
TAAGCTTCTCGTAAGCATGTTGACAACTGCAA (#362) as well as oligo-
nucleotides #356 and CACAGAATTCTCGTAAGCATGTTGACAACTG
(#357). The resulting PCR products were cloned into the pcDNA3.1/V5-His
TOPO TA expression vector (Invitrogen) to make pEQ876 and pEQ875, respec-
tively, each containing the entire TRS1 open reading frame (1-796), where the
amino acid numbers are based on the published HCMV Towne TRS1 sequence,
accession no. AC146851 (31). For purposes of translating the His tag present in
pcDNA3.1/V5-His TOPO TA, pEQ876 was PCR amplified using oligonucleo-
tides #356 and TTGAGCATTGTAATGGTAGTG (#463) that eliminate only
the TRS1 stop codon. The resulting PCR product was cloned into pcDNA3.1/
V5-His TOPO TA (as were all PCR products described below) to make pEQ981
(1-795). Carboxy-terminal truncations of TRS1 were made by PCR amplifying
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pEQ&75 using oligonucleotides #356 and GGTCTGTCGAAGCGCCGG and
oligonucleotides #356 and GATCAGCGTGTTGTTCGC to make pEQ894 (1-
270) and pEQ900 (1-226), respectively. Additional carboxy-terminal mutants
were made by PCR amplifying pEQ876 with oligonucleotide #356 along with
oligonucleotides CGTCGCGCGCGGGGTGCC to make pEQ909 (1-260), GT
TCGAGCGGTACACCCGCAC (#390) to make pEQ910 (1-248), CGCGC
CGTGCCGAAACCA to make pEQ927 (1-240), CTGCCCGTGCG
GCTCGGGCGC to make pEQ971 (1-550), AGTCAACGGTGGTTCTGT to
make pEQ978 (1-648), CTGAGTAGCACCACCCATCAA to make pEQ979
(1-738), and CTCCAAACCACAGCCTAA to make pEQ1001 (1-703).

Amino-terminal truncation mutants were made by PCR amplifying pEQ876
using oligonucleotide #362 and oligonucleotide ACCATGGGTGCAAGTACT
GCGGGTTCG to make pEQY03 (45-796), oligonucleotides #357 and TAC
CAGGCCATGGGCGCCGTG to make pEQ923 (106-796), oligonucleotides
#362 and ACCATGGGCGTCCAACGGGTAGAACCC to make pEQ924 (57-
796), oligonucleotides 362 and ACCATGGGCAACAATAGCAACTTTTGG
(#400) to make pEQ925 (74-796) and oligonucleotides #362 and ACCATG
GTGGAGCGGCAGGCGCTG to make pEQ926 (93-796). pEQ982 (74-795), a
truncation equivalent to pEQ925 but lacking the TRS1 stop codon, was made by
PCR amplifying pEQ876 with oligonucleotides #400 and #463. pEQ1000 (93-
795), a truncation equivalent to pEQ926 but lacking the TRS1 stop codon, was
made by digesting pEQ926 with BamHI and PpuMI and ligating the resulting
insert fragment into the same sites in pEQ981. pEQ931 (74-248) was made by
PCR amplifying pEQS876 with oligonucleotides #400 and #390. To delete amino
acids 86 to 246, pEQ876 was PCR amplified using oligonucleotides #356 and
GCATCGATAGCGCTCCGGACCGTGCCAAAAGTT to make pEQ989 and
oligonucleotides GTGTATCGATGCAACCGGCTGGGC along with #463 to
make pEQ990. The EcoRV/Clal insert pEQ990 was inserted into the EcoRV/
Clal sites in pEQ989 to make pEQ993 (A86-246).

The plasmid pBJ375 containing the HCMV U; 35 gene was obtained from
Bonita Biegalke (University of Ohio). pEQ843 contains the VV E3L gene and
has been previously described (11). pEQ879, the pcDNA3.1V5-His TOPO TA
vector containing a short noncoding insert, was created by digesting pEQ842 (22)
with HindIII followed by religation.

In vitro translation of plasmid constructs. Individual plasmids were linearized
by digestion with Xhol, Xbal, or EcoRV followed by in vitro transcription
(AmpliScribe T7 Transcription kit; Epicentre) according to manufacturer’s in-
structions. The resulting RNA was translated in rabbit reticulocyte lysate (Pro-
mega) according to manufacturer’s instructions in the presence of 1 mCi/ml
[**S]L-methionine (Translabel; MP Biomedicals Inc.).

dsRNA-agarose binding assay. Poly(I - C)-agarose beads (Amersham) con-
taining approximately 200 ug of poly(I - C) were washed twice in Buffer A (100
mM KCl, 20 mM HEPES [pH 7.5], 10% glycerol [vol/vol], 5 mM MgOAC, 1 mM
dithiothreitol [DTT; Sigma], and 1 mM benzamidine [Sigma]). In vitro-trans-
lated, radiolabeled protein was added to the dsRNA beads that had been resus-
pended in 200 pl Buffer A and 50 pl Buffer B (120 mM KCl, 5 mM MgCl,, 1 mM
DTT, 10% glycerol, 1 mM benzamidine, and 1% NP-40 [Calbiochem]) and incu-
bated on a rotator at 4°C for 60 min. The dsRNA-agarose was then washed twice in
Buffer C (identical to Buffer A, except 200 mM KCl) and twice in Buffer A, each
wash being followed by centrifugation at 200 X g at 4°C for 4 min. Proteins were
eluted by boiling the dsRNA-agarose in gel loading buffer for 4 min and then
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), fluorographic enhancement (EN?’HANCE [PerkinElmer]), and autora-
diography.

To analyze the dsRNA-binding properties of pTRS1 expressed in cells, HF
were mock infected or infected with HCMV green fluorescent protein (GFP)
(Toledo), VVeq904 (a VVAE3L recombinant virus expressing pTRS1) (11), or
wild-type VV (VC2) at a multiplicity of infection (MOI) of 3. 24 h postinfection
(hpi), and cells were washed twice with ice-cold phosphate-buffered saline and
then lysed in Buffer B. Equivalent fractions of each lysate (approximately 10° cell
equivalents) were then added to poly(I - C)-agarose beads that had been washed
as described above, and incubation, washing, and elution of bound protein was
performed as described above.

VVAE3L rescue by transient transfection. HeLa cells were grown to 80 to 90%
confluence and transfected with plasmid DNA using Lipofectamine (Invitrogen)
according to manufacturer’s instructions. Forty-eight hours after transfection,
cells were infected with VVAE3L at an MOI of 3. Twenty-four hpi, B-galacto-
sidase (B-gal) activity was assayed by adding 4-methylumbelliferyl B-p-galacto-
side (MUG) ([0.15 mg/ml]) and measuring the fluorescent cleavage present after
1 h using a Fluoroskan Ascent (ThermoLabsystems) plate reader.

Immunoblot analysis. Detection of pTRS1 in lysates from infected HFs and
after elution from the dsRNA-agarose was accomplished by separating protein
on a SDS-12% polyacrylamide gel was followed by transfer to a polyvinylidene

J. VIROL.

difluoride membrane by electroblotting. Monoclonal antibodies specific for
pTRS1 were obtained from Thomas Shenk (Princeton University) (42), and
immunoblot analysis was carried out with the Western-Star chemiluminescent
detection system (TROPIX, Inc.) according to manufacturer’s recommenda-
tions. Expression of protein from each plasmid after transient transfection was
determined by washing the transfected HeLa cells in ice-cold phosphate-buffered
saline twice, followed by lysis in 100 mM NaCl, 50 mM Na,HPO, (pH 8.0), 10%
glycerol (volivol), 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM
benzamidine, 1% NP-40. After removal of nuclei by centrifugation at 1,200 X g
for 10 min, the protein concentrations of the cytoplasmic fractions were deter-
mined by fluoraldehyde o-phthalaldehyde (Pierce) assay (16) and equivalent
amounts of protein were separated on 12% SDS-polyacrylamide gels. Immuno-
blot analysis was carried out using Penta - His Antibody (QIAGEN) and West-
ern-Star chemiluminescent detection system (TROPIX, Inc.) according to man-
ufacturer’s recommendations.

Proteins from the stable HeLa cells lines were separated on a 12% SDS-
polyacrylamide gel and transferred to a polyvinylidene difluoride membrane.
Immunoblot analysis was performed using anti-phospho-eIF2a polyclonal anti-
sera (Cell Signaling Technology, Inc.) according to manufacturer’s instructions.
The membrane was then stripped by washing in glycine stripping buffer (0.2 M
glycine, 0.1% SDS, 1% polyoxyethylenesorbitan monolaurate [Tween-20;
Sigmal]), pH 2.4) two times for 30 min each wash at room temperature. Immu-
noblot analysis was then performed using anti-eIF2a polyclonal antisera (Cell
Signaling Technologies, Inc.) according to manufacturer’s instructions.

Radiolabeling of virus-infected cells. At 6 h post-VV infection, HeLa cells
were placed in cysteine- and methionine-lacking medium for 30 min and then
pulse labeled with [*S]i-methionine (100 p.Ci/ml; Translabel; MP Biomedicals
Inc.) in medium lacking cysteine and methionine for 1 h. Cells were washed,
lysed, and centrifuged as described above. Protein synthesis was assessed by
separation of equivalent amounts of protein on a 12% SDS-polyacrylamide gel
followed by fluorographic enhancement and autoradiography.

RESULTS

pTRS1 expressed by cell-free translation or infection binds
dsRNA. Since previous work determined that TRS1 can com-
plement E3L function in restoring the host cell range of
VVAE3L replication (11), we tested the hypothesis that
pTRS1, like pE3L, is a dsSRNA-binding protein. In vitro-trans-
lated, radiolabeled pTRS1 was incubated with poly(I - C)-
agarose beads, and protein binding was detected by SDS-
PAGE and autoradiography as described in Materials and
Methods. In vitro-translated pE3L was used as a positive con-
trol for the experiment along with two negative controls,
pUL35, an HCMV structural protein with no known nucleic
acid binding properties (30), and firefly luciferase. In vitro
translation of TRS1, E3L, U, 35, and luciferase yielded pro-
teins of approximately 82 kDa, 20 and 25 kDa (due to initiation
of translation at two in-frame AUG codons in the E3L
mRNA), 72 kDa, and 61 kDa, respectively, consistent with
their predicted sizes (Fig. 1, lanes I). Both forms of the pE3L
bound to the dsRNA-agarose, as expected (lane B). pTRS1
also bound to dsRNA, although somewhat less completely
than pE3L. Neither U, 35 nor luciferase exhibited any binding
to the dsRNA-agarose beads, indicating that the conditions
used in the experiment resulted in little or no nonspecific
binding.

Next, we performed competition experiments to assess the
nucleic acid-binding specificity of pTRS1. In vitro-translated
pTRS1 or pE3L was incubated with 200 pg (approximately
equal to the estimated mass of dSRNA attached to the aga-
rose) of free dsRNA [poly(I - C)] or free dsDNA (salmon
sperm DNA) for 30 min prior to performing the dsRNA-
agarose binding assay. Only preincubation with dsRNA pre-
vented binding of pTRS1 and pE3L to the agarose beads,
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FIG. 1. In vitro-translated TRS1 binds to dsRNA-agarose. TRS1,
E3L, HCMV U, 35, and luciferase (luc) mRNAs were translated in
rabbit reticulocyte lysate in the presence of [*>S] methionine. An ali-
quot of 7.5 pl of the reactions was incubated with poly(I - C)-agarose
beads, and bound protein (lanes B) was analyzed by SDS-PAGE and
autoradiography as described in Materials and Methods. An amount of
1.5 pl of each translation reaction mixture was loaded in lanes I.
Molecular size markers (in kDa) are indicated on the left.

indicating that TRS1 binds dsRNA but not double-stranded
DNA (dsDNA) (Fig. 2a). Preincubation with free poly(I) or
poly(C) alone reduced binding of pTRS1 to the dsSRNA aga-
rose but had much less effect than poly(I - C) (Fig. 2b). Simi-
larly, pTRS1 binding to poly(I - C) beads was competed by
duplex poly(A - U) while the individual single-stranded ho-
mopolymers had much less competitive effect (Fig. 2c). To-
gether, these data demonstrate that in vitro-translated pTRS1
binds preferentially to dsRNA in a sequence-independent
manner.

In order to determine whether pTRS1 expressed in mam-
malian cells by viral infection could also bind to dsRNA, HF
were mock infected or infected for 24 h with HCMV GFP
(Toledo), a VV recombinant virus expressing TRSI
(VVeq904), or wild-type VV (wtVV). As expected, pTRS1 was
detected by immunoblot in lysates from HF infected with
HCMV and VVeq904 but not in mock- or wtVV-infected HF
(Fig. 3,1anes 1, 3, 5, 7). pTRS1 in HCMV and VVeq904 lysates
was pulled down using dsRNA-agarose (Fig. 3, lanes 2, 4).
Thus, pTRS1 expressed either by cell-free translation or in
cells by viral infection binds to dsRNA.

The dsRBD is located near the amino terminus of TRSI1.
Inspection of the pTRS1 amino acid sequence did not reveal
regions of homology to known dsRBDs of other dsSRNA-bind-
ing proteins (15, 36). Therefore, in order to delineate the
domain of TRSI1 responsible for binding dsRNA, we made
serial truncations of TRS1 from the carboxy terminus and
assessed the dsSRNA-binding properties of each in vitro-trans-
lated mutant using dsRNA-agarose pulldown assays as de-
scribed above. TRS1 truncations were made by digesting
pEQS876 with PpuMI, SgrAl, and Mlul, which cut immediately
after nucleotides 1707, 854, and 503, respectively, relative to
the start of the open reading frame. The protein products of
TRSI1 cut with PpuMI and SgrAl both bound to dsRNA sim-
ilarly to full-length TRSI, but the protein product resulting
from Mlul digestion exhibited no dsRNA-binding activity
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FIG. 2. Specificity of TRS1 binding to dsRNA. (a) A total of 7.5 pul
of in vitro-translated radiolabeled pTRS1 and pE3L was incubated
with 200 pg of free dsRNA [poly(I - C)] or free dsDNA (salmon sperm
DNA) for 30 min prior to incubation with dsSRNA-agarose. (b and c)
Competition experiments were performed in the same manner with
200 pg of free poly(I), poly(C), poly(I - C), poly(A), poly(U), and
poly(A - U).
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FIG. 3. pTRS1 expressed by viral infection binds dsRNA-agarose.
Lysates of mock-infected HFs or HFs infected with HCMV(GFP-
Toledo), VVeq904 (a VV recombinant expressing pTRS1), or wtVV
were prepared 24 hpi. Approximately 10° cell equivalents of each
lysate were incubated with dsSRNA-agarose. The presence of pTRS1 in
unfractionated lysates (lanes 1, 3, 5, 7) and after incubation with
dsRNA-agarose (lanes 2, 4, 6, 8) was analyzed by SDS-PAGE and
immunoblotting using pTRS1-specific antibodies. A total of 2.5-fold
more lysate was used in each binding experiment compared to the
amount of total lysate shown in lanes 1, 3, 5, and 7.

(data not shown), indicating that the carboxy-terminal bound-
ary of the dsRBD lay in the 117-amino-acid region encoded by
sequences between the SgrAl and Mlul restriction sites. This
boundary of the dsRBD was further defined by PCR-amplify-
ing TRS1 with a 5" oligonucleotide annealing at the TRS1 start
site along with 3’ oligonucleotides designed to divide this 117-
amino-acid region. Truncations containing amino acids 1 to
270, 1 to 260, and 1 to 248 all bound dsRNA, while those
containing amino acids 1 to 240 and 1 to 226 did not (Fig. 4a).
Although we do not know the reason for there being protein
doublets evident in the bound fractions of the 1 to 260 and 1 to
248 lanes, these might be a result of partial retention of the
final decoding tRNA fused to the proteins following cell-free
translation, or they could be due to incomplete plasmid diges-
tion prior to in vitro transcription which would result in addi-
tion of a few additional carboxy-terminal polylinker-encoded
amino acids. Regardless, these results demonstrate that the
carboxy-terminal boundary of the TRS1 dsRBD lies between
amino acids 240 and 248.

To define the amino-terminal boundary of the dsRBD, serial
amino-terminal truncations, each of which included the full
carboxy-terminus of TRS1, were prepared as described in Ma-
terials and Methods. Proteins containing amino acids 45 to
795, 57 to 795, and 74 to 795 of TRS1 each bound dsRNA,
while those corresponding to amino acids 93 to 795 and 106 to
795 exhibited little or no dsRNA-binding activity (Fig. 4b).

These results suggested that the dsSRBD of pTRS1 is located
between amino acids 74 and 248. Consistent with this conclu-
sion, in vitro-translated protein consisting solely of amino acids
74 to 248 clearly bound dsRNA, albeit to a lesser extent than
full-length pTRS1, while deletion of amino acids 86 to 246
from full-length TRS1 resulted in complete abrogation of
dsRNA-binding activity (Fig. 4c, lanes 3, 6, 9). As an additional
control in this experiment, we incubated the proteins with
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FIG. 4. Delineation of the TRS1 dsRNA-binding domain. Trunca-
tions of pTRS1 were made by deleting from the (a) carboxy and (b)
amino termini, and each in vitro-translated mutant was tested for
dsRNA-binding activity using the dsRNA-agarose pulldown assay.
Numbers indicate the range of TRS1 amino acids that were contained
in each protein. (¢) Binding of in vitro-translated proteins (lanes 1, 4,
7) to dsRNA-agarose (lanes 3, 6, 9) and to agarose alone (lanes 2, 5,
8) was assayed for the minimal dsRBD (74-248) and for pTRS1 in
which the dsRBD was deleted (A86-246).
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FIG. 5. The dsRBD is not sufficient for rescue of VVAE3L host cell
range. Plasmids containing an empty vector backbone (pEQ879), full-
length TRS1 (1-795), and the indicated carboxy-terminal truncations
of TRS1 were transfected into HeLa cells, followed 48 h later by
infection with VVAE3L. (a) B-Gal activity was measured 24 hpi from
duplicate transfections as a surrogate marker of VVAE3L replication.
(b) Expression of each protein was determined by immunoblot using
anti-His antibodies as described in Materials and Methods.

agarose that did not have dsRNA attached and detected no
nonspecific binding (Fig. 4c, lanes 2, 5, 8).

The dsRBD of pTRS1 is not sufficient for restoration of
VVAE3L host cell range. The dsRBD of pE3L is necessary and
sufficient for rescue of VVAE3L replication in nonpermissive
cell lines such as HeLa cells (44). To determine whether the
same is true for TRS1, we transfected HeLa cells with a plas-
mid containing amino acids 74 to 248, the TRS1 dsRBD de-
fined by the dsRNA-agarose pulldown assay, and infected the
cells 48 hpi with VVAE3L at an MOI of 3. Since VVAE3L
contains a lacZ cassette under the control of a late VV pro-
moter, B-gal measured 24 hpi serves as a marker of viral rep-
lication (11). Additionally, the same plasmid was used to create
a stable HeLa cell line expressing this region. The dsRBD did
not rescue VVAE3L replication by either method compared to
full-length TRS1, although expression of this small protein as
determined by anti-His immunoblot was poor in both cases
(data not shown). These results raised the possibility that the
dsRNA-binding domain of TRS1 may not be sufficient to res-
cue VVAE3L replication.

Next, plasmids containing full-length or carboxy-terminal
truncations of TRS1 were transfected into HeLa cells in order
to assess their ability to rescue VVAE3L replication. Expres-
sion of full-length pTRS1 and of amino acids 1 to 738 in-
creased B-gal expression after VVAE3L infection, but carboxy-
terminal deletions to amino acids 248, 556, 648, and 703 failed
to do so (Fig. 5a).

We examined transgene expression in these cells by immu-
noblot assays using anti-His antibodies (Fig. 5b). While expres-
sion of the shortest protein containing amino acids 1 to 248
(arrow) was not as robust as the other carboxy-terminal trun-
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FIG. 6. The TRS1 carboxy terminus is necessary to maintain pro-
tein synthesis and prevent eIF2a phosphorylation. (a) Stable HeLa cell
lines containing the empty vector pEQS879 or expressing full-length
pTRS1 (1-795) or carboxy-terminal truncations pTRS (1-738) or pTRS
(1-703) were infected with VVAE3L (10 PFU/cell), and as controls
HeLa cells were mock infected or infected with wild-type VV (wtVV;
5 PFU/cell). At 6 h postinfection, cells were labeled for 1 h with
[**S]methionine and cell extracts (30 pg) were analyzed by SDS-PAGE
and autoradiography. Examples of proteins specific to VV-infected
cells (arrows) and B-gal (arrowhead), which is present in VVAE3L but
not wild-type V'V, are indicated. (b) Forty micrograms of protein from
these same cells was separated by SDS-PAGE and analyzed by immu-
noblot assays using antibodies specific for phosphorylated elF2a (top
panel) and total eIF2a (bottom panel) as described in Materials and
Methods.

cations, those containing amino acids 1 to 556, 1 to 648, 1 to
703, and 1 to 738 were expressed at similar levels. Although the
expression level of the full-length pTRS1 (1 to 795) was diffi-
cult to assess since it comigrated with a background band, it did
appear to be less abundant than most of the deletion mutants.
This observation may explain the relatively weak rescue of
VVAE3L by full-length TRS1 compared to TRS (1 to 738) in
this experiment. In other experiments (see, e.g., Fig. 7), ex-
pression of the full-length pTRS1 was greater and resulted in
stronger rescue of VVAE3L, highlighting the importance of
examining protein expression in transfection experiments. As
the majority of the carboxy terminus was necessary for rescuing
VVAE3L replication, these experiments revealed that the
dsRBD of pTRS1 is not sufficient for restoration of VVAE3L
replication in HeLa cells.

To investigate the role of the pTRS1 carboxy terminus in
rescuing VVAE3L replication further, we established stable
HeLa cells lines expressing full-length or carboxy-terminal de-
letions (1 to 738 and 1 to 703) of pTRS1 as well as a control
line containing the empty vector. Analyses of protein synthesis
by metabolic labeling revealed a marked reduction after
VVAE3L infection of cells containing the empty vector or
pTRS (1 to 703) (Fig. 6a). In contrast, pTRS (1 to 738) and the
full-length proteins (1 to 795) enabled continued synthesis of
proteins, including viral-specific proteins detectable in cells
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FIG. 7. The dsRBD is necessary for rescue of VVAE3L host cell
range. Plasmids containing an empty vector (pEQS879), full-length
TRS1 (1-795), the indicated amino-terminal truncations of TRS1, and
TRS1 in which the dsRBD was deleted (A86-246) were transfected
into HeLa cells. Forty-eight hours later the cells were infected with
VVAE3L and (a) B-gal activity was measured 24 hpi as a surrogate
marker of VVAE3L replication. (b) Protein expression was deter-
mined by immunoblot using anti-His antibodies as described in Mate-
rials and Methods.

infected with wild-type VV. The two carboxy-terminal dele-
tions both expressed equal levels of the transgene as judged by
immunoblot assays using anti-His tag antiserum (data not
shown). The lower abundance of protein synthesis in the cell
line containing full-length TRS1 (1 to 795) might be due to
lower expression of the protein, but the construct used here did
not have a His tag, thus precluding our ability to evaluate its
relative expression level.

We also analyzed eIF2a phosphorylation in these cell lines
after VVAE3L infection. As shown in Fig. 6b, the abundance
of phosphorylated eIF2a was elevated in cells containing the
empty vector or the 1-to-703 carboxy-terminal deletion com-
pared to the other cell lines. Total eIF2a levels appeared to be
similar (Fig. 6b, bottom panel). These data suggest that the
carboxy-terminal domain of pTRSI1 is needed to prevent
dsRNA-mediated eIF2a phosphorylation and the shutoff of
protein synthesis.

In order investigate whether the dsRBD is necessary for
rescue of VVAE3L replication, we transfected HeLa cells with
plasmids containing amino-terminal truncations of pTRSI.
Mutants in which the dsRBD remained intact (45 to 795, 57 to
795, and 74 to 795) rescued VVAE3L similarly to full-length
pTRS1 (1 to 795), whereas mutants in which the dsSRBD was
disrupted (93 to 795) or deleted (A86-246) failed to rescue
VVAE3L replication (Fig. 7a). Analyses of expression of each
pTRS1 mutant by anti-His immunoblot (Fig. 7b) revealed that
mutants lacking part or all of the dsSRBD accumulated to lower
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levels than those containing the entire dsRBD. Thus, the
dsRBD appears to be necessary to rescue VVAE3L, but these
results do not permit clearly distinguishing whether this region
is required to enable high levels of protein expression or be-
cause of its dSRNA-binding activity.

In our transfection experiments (Fig. 5 and 7), we detected
a small immunoreactive protein in extracts from cells trans-
fected with the TRS1 expression constructs that rescued
VVAE3L. Based on its size and immunoreactivity, we suspect
that this protein is a degradation product of the longer TRS1
proteins expressed in each of these samples. Expression of the
short protein was not dependent on VVAE3L infection as we
detected it in transfected but uninfected cells (data not shown).
Although the smaller protein appears to correlate with rescue
of VVAE3L, we found that another plasmid that expresses
TRS1 amino acids 86 to 795 also rescued VVAE3L but did not
express the truncated protein (data not shown), suggesting
that, regardless of the its origin, it is not essential for rescue of
VVAE3L.

DISCUSSION

Previous studies revealed common as well as distinctive fea-
tures of the TRS1 and IRS1 genes of HCMV. Both genes are
expressed in infected cells from immediate-early until late
times after infection, and their protein products are packaged
into virions (41). They both augment the stimulatory effect of
other HCMV immediate-early proteins on expression of re-
porter genes controlled by various HCMV promoters (42, 47).
Additionally, both genes function in HCMV oriLyt-dependent
DNA replication in transient assays, likely by stimulating ex-
pression of other viral genes (33, 34). Unlike TRS1, IRS1
encodes a second, smaller protein that inhibits the activation of
reporter genes by other immediate early genes (42). TRS1, but
not IRS1, is required for efficient HCMV replication in HFs (6,
14, 24). Deletion of the carboxy terminus of TRS1 results in
inefficient assembly of virions and reduces viral production by
~200-fold after a low-MOI infection (6), an effect that may be
due in part to inefficient assembly of viral capsids (1).

Recently, we reported that both TRS1 and IRS1 comple-
ment the replication defect of VVAE3L. They both prevent the
shutoff of protein synthesis, eIF2o phosphorylation, and
RNaseL activation that otherwise occur in most cell types after
VVAE3L infection (11). These results suggested that pTRS1
and pIRS1 might act like pE3L by binding to dsRNA and
thereby preventing its ability to activate PKR and 2-5 OAS, the
factors that mediate eIF2« phosphorylation and RNaseL acti-
vation, respectively. In the current studies, we found that
pTRS1 does indeed bind to dsSRNA through a domain that is
conserved in pIRSI.

dsRNA-binding proteins typically interact with the ribose
2'-OH groups of RNA, thereby conferring specificity for RNA
over DNA (5). Consistent with this, in vitro-translated pTRS1
bound to dsRNA but not to dsDNA (Fig. 2a). Similar to most
dsRNA-binding proteins (43), pTRS1 apparently binds to
dsRNA independent of specific nucleotide sequence, since its
binding to dsSRNA agarose was inhibited by preincubation with
either poly(I - C) or poly(A - U) (Fig. 2b and 2c). However, we
did detect a small competitive effect of preincubation with the
single-stranded RNAs, especially poly(U), on binding of
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pTRS1 to dsRNA agarose (Fig. 2c). This observation might
result from single-stranded RNA (ssRNA) homopolymers
adopting secondary structures as a result of non-Watson-Crick
base pairing (48). Alternatively, pTRS1 might bind to some
ssRNAs as well as to dsRNA, analogous to the influenza NS1
protein that binds to U6 small nuclear RNA and polyaden-
lyated mRNA in addition to dsRNA (18, 37-39, 50). Experi-
ments using assays complementary to the dsRNA-agarose pull-
down assay will be needed to determine the precise nucleic
acid binding properties of TRSI.

Proteins that bind dsRNA are found in a wide variety of
organisms, and many contain a conserved core of residues
spanning approximately 70 amino acids that define the dsSRBD
(15, 45). TRS1 does not possess any region with recognizable
homology to this characteristic dsSRBD. However, other pro-
teins such as the HSV Ugl1 protein and 2-5 OAS bind dsRNA
via alternative or unknown motifs (17, 25, 36). Using a dSRNA-
agarose pulldown assay, we demonstrated that TRS1 binds to
dsRNA through a dsRBD that is located in a 175-amino-acid
stretch close to the amino terminus of the protein. This region
is considerably larger than the other known dsRBDs, so it may
be composed of more than one discontinuous part.

Since the dsRBD of E3L is necessary and sufficient for
restoration of VVAE3L host cell range (44), we were surprised
to discover that the dsRBD of pTRS1 was not sufficient for this
function. The requirement for carboxy-terminal sequences be-
tween codons 703 and 738 (Fig. 5) was particularly unexpected,
since this is a region that is divergent between TRS1 and IRS1.
Since both genes complement VVAE3L replication, we had
presumed, incorrectly, that the critical domain for this com-
mon activity would map to their identical amino-terminal re-
gions, extending up through codon 556. However, the carboxy
termini of these two proteins are moderately homologous, with
~50% of the codons in the interval between codons 703 and
738 of pTRS1 being identical to those in pIRS1. Small
stretches of conserved amino acids in the carboxy termini of
both proteins may account for the ability of both pTRS1 and
pIRS1 to rescue VVAE3L replication. Alternatively, the car-
boxy terminus of pTRS1 is relatively charged compared to the
rest of the protein, a characteristic which is also present in the
carboxy terminus of pIRS1 (47) and perhaps this common
feature, and not primary amino acid sequence, is required the
TRS1 and IRS1 to rescue VVAE3L.

Although we have shown that the carboxy-terminal domain
of pTRSI required for rescuing VVAE3L replication is also
required to prevent the shutoff of protein synthesis and the
phosphorylation of eIF2a after VVAE3L infection (Fig. 6), we
do not yet know what how the carboxy-terminal domain of
pTRS1 functions. It seems unlikely that the reported defect in
HCMYV capsid assembly resulting from deletion of the TRS1
carboxy terminus (1) is related to its role in rescuing VVAE3L,
since (i) our VVAE3L complementation assays do not depend
on assembly nor does E3L have any known role in VV virion
assembly and (ii) the IRS1 carboxy terminus is not required for
HCMYV assembly (1) but is required for rescue of VVAE3L (E.
Marshall and A. P. Geballe, unpublished data). One hypothe-
sis is that the carboxy-terminal domain is essential for protein
oligomerization. Other viral dsSRNA-binding proteins, includ-
ing pE3L and pNS1, form dimers or higher order structures
(20, 32). In the case of pE3L, the dimerization domain maps to
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the same general region as the dsRBD (20). Thus, it is possible
that the carboxy terminus of pE3L is sufficient to rescue
VVAE3L host cell range, because it contains both dsRNA-
binding and dimerization domains while the two domains of
pTRS1 may be separated. Another possibility is that the
pTRS1 carboxy terminus is required for interactions with other
proteins. The amino-terminal portion of pE3L binds to PKR
and is necessary for pathogenesis for inhibiting PKR activity in
yeast and for preventing the phosphorylation of eIF2a at late
times after VV infection (8, 27, 40). Even though this PKR-
interacting domain is not required to rescue VVAE3L replica-
tion by pE3L, such an interaction might be critical for the
activity of other double-stranded RNA-binding proteins like
pTRS1 that may be less abundant or potent. Similarly, it is
possible that carboxy terminus, independent of any protein-
protein interaction, is necessary in vivo in order to maintain the
pTRS1 structure required for dsSRNA-binding.

Like the carboxy terminus, the dSRBD of pTRS1 appears to
be necessary to rescue VVAE3L (Fig. 7). Disruption of the
TRS1 dsRBD resulted in lower levels of transgenic protein
expression in several but not all experiments (not shown).
Thus, our data suggest that the dsRNA-binding activity of the
dsRBD is essential, but we cannot completely exclude an in-
direct role for this domain on pTRS1 accumulation. A more
detailed analysis of mutants of the dsSRBD will be necessary to
determine whether the dsRNA-binding activity is indeed es-
sential for VVAE3L rescue by pTRS1.

In summary, our results demonstrate that pTRS1 binds
dsRNA via an unconventional domain located near its amino
terminus, but that in addition the carboxy terminus of the
protein is necessary for restoration of VVAE3L host cell range.
Counteracting dsRNA-induced antiviral host defense mecha-
nisms has been shown to be important to the in vivo patho-
genesis of several viruses, including herpes simplex virus type 1,
influenza virus, and vaccinia virus (7, 8, 12, 13, 29). Therefore,
further studies of this dsRNA-binding protein present in
HCMYV are likely to yield insight towards the understanding of
HCMV pathogenesis.
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