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Upon activation by double-stranded RNA in virus-infected cells, the cellular PKR kinase phosphorylates the
translation initiation factor eukaryotic initiation factor 2 (eIF2) and thereby inhibits protein synthesis. The
v34.5 and Us11 gene products encoded by herpes simplex virus type 1 (HSV-1) are dedicated to preventing the
accumulation of phosphorylated eIF2. While the y34.5 gene specifies a regulatory subunit for protein phos-
phatase 1o, the Usl1 gene encodes an RNA binding protein that also prevents PKR activation. y34.5 mutants
fail to grow on a variety of human cells as phosphorylated elF2 accumulates and protein synthesis ceases prior
to the completion of the viral life cycle. We demonstrate that expression of a 68-amino-acid fragment of Us11
containing a novel proline-rich basic RNA binding domain allows for sustained protein synthesis and enhanced
growth of y34.5 mutants. Furthermore, this fragment is sufficient to inhibit activation of the cellular PKR
kinase in a cell-free system, suggesting that the intrinsic activities of this small fragment, notably RNA binding
and ribosome association, may be required to prevent PKR activation.

The innate cellular antiviral response is powerful and mul-
tifaceted, involving extensive changes in enzyme activity and
cytokine production intended to impede viral replication and
spread (22, 38). RNA molecules that are double stranded
(dsRNA) or highly structured play a central role in initiating
this response in infected cells. These RNA ligands activate
numerous latent enzymes which then in turn act on a variety of
substrates to effect global changes in cellular physiology. The
cellular PKR kinase is a key target that is activated in response
to dsRNA. PKR contains two dsRNA binding motifs that in
part mediate the dimerization of the enzyme on the dsRNA
molecule. Following dimerization, each subunit of the enzyme
is thought to phosphorylate the other, thus completing the
process of activation and imbuing the enzyme with the ability
to phosphorylate other substrates in trans, notably the critical
translation initiation factor eukaryotic initiation factor 2 (eIF2)
(reviewed in references 6 and 41). Phosphorylation of eIF2 on
its o subunit prevents the initiation of protein synthesis and can
lead to cell death, thus curtailing viral replication and limiting
further propagation of the infection (9, 10, 18, 19). To success-
fully complete their replicative program and foster efficient
dissemination, viruses have evolved a myriad of functions to
effectively deal with activated PKR and preclude the cessation
of protein synthesis (reviewed in references 17, 18, 22, and 35).

Herpes simplex virus type 1 (HSV-1) is a large DNA virus
that latently infects neurons and periodically reinitiates pro-
ductive growth at epithelial sites, causing blisters, or in the
central nervous system, resulting in encephalitis (reviewed in
reference 30). HSV-1 contains at least two discrete functions
dedicated to preventing the accumulation of phosphorylated
elF2a in infected cells (1, 25). The y34.5 genes encode a
regulatory subunit for the cellular protein phosphatase 1o (13).
Thus, the virally modified protein phosphatase 1a holoenzyme
is able to reverse the effects of PKR activation by maintaining
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steady-state levels of active, unphosphorylated elF2. Deletion
of the viral y34.5 genes creates a host range mutant that is
unable to complete its life cycle on a variety of cultured cells as
phosphorylated elF2 accumulates, leading to the premature
cessation of protein synthesis at late times postinfection (4, 5).
A second viral function that regulates eIF2 phosphorylation
was uncovered with the isolation of second-site suppressor
mutations that allowed y34.5 deletion mutants to regain the
ability to synthesize proteins and grow on cells that failed to
support the replication of the y34.5 parent mutants (24). These
suppressor mutants all expressed the viral Us11 protein at very
early times in the infectious cycle (12). Recent studies have
demonstrated that Usll expression prevents the premature
cessation of protein synthesis seen for y34.5 mutants and in-
hibits PKR activation (2, 25).

Usl1 is a basic, 21-kDa RNA binding protein that localizes
to the nucleolus, associates with polysomes in infected cells,
binds to and regulates the accumulation of at least one viral
nonpolyadenylated RNA of unknown function, is incorporated
into virions, and reportedly modulates gene expression in a
manner akin to that of transactivators encoded by complex ret-
roviruses (8, 31, 32). Structure-function analysis has demon-
strated that while both amino- and carboxyl-terminal domains
can be packaged into virus particles, the carboxy-terminal 68
amino acids are required to bind RNA, localize to nucleoli, and
associate with ribosomes (33). To begin to understand which
functions of Usll may be responsible for regulating protein
synthesis and inhibiting PKR activation, we sought to identify
the region of Usll required for these activities. The genetic
analysis in this report demonstrates that expression of the Us11
RNA binding domain is necessary and sufficient to overcome
the PKR-mediated block to protein synthesis in infected cells.
Furthermore, this 68-amino-acid domain effectively prevents
PKR activation in vitro, suggesting that the activities ascribed
to this domain, notably RNA binding and ribosome associa-
tion, may be required to prevent PKR activation.

MATERIALS AND METHODS

Plasmids. All nucleotide numbers are derived from the published sequence of
HSV-1 strain 17 (GenBank accession no. X14112). HSV-1 Patton strain DNA
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was used throughout this study. A universal acceptor vector to express proteins
from the full-length «27 promoter and target homologous recombination to the
viral thymidine kinase (tk) locus was constructed. This pBluescript II SK(+)-
based vector fuses the Sall-EcoRI fragment (nucleotide [nt] 50255 to 47986)
from the 5’ region of the tk gene to the full-length a27 promoter (nt 111990 to
113646). Unique HindIII and Xbal sites lie immediately downstream of the a27
promoter. The cloning linker is then followed by the Sacl-BamHI fragment (nt
47358 to 45055) from the 3’ region of the tk gene, which also contains a poly(A)™
site. Homologous recombination within the tk locus creates an EcoRI-Sacl de-
letion within the tk (UL23) gene and also affects the synthesis of the UL24 gene
product. The full-length Usl1 gene was isolated as a HindIII-Xbal fragment
following the insertion of a HindIll site immediately after nt 145322 and an Xbal
site immediately prior to nt 144714. Usl1 gene fragments containing an engi-
neered HindIII site at their 5" end and an Xbal site at their 3’ terminus were
isolated by PCR, and all PCR products were sequenced. The A5-87 mutant fuses
sequences upstream of the authentic Us11 ATG along with the first four codons
(nt 145322 to 145235) to codons 88 to 155 (nt 144985 to 144714). The A5-87fs
variant, also produced by PCR, is identical to A5-87 except for the insertion of
an additional cytosine residue between nt 145239 and 145240. This creates a +1
frameshift at the third Us11 codon. A88-155 fuses sequences upstream of the
authentic Us11 ATG inclusive through codon 87 (nt 145322 to 144986) to a stop
codon.

Isolation of recombinant viruses. Following cotransfection of each individual
targeting plasmid with A34.5 viral DNA into Vero cells, tk-negative recombinant
viruses were isolated by two rounds of plaque purification on 143tk ™~ cells in the
presence of bromodeoxyuridine as described in the work of Mulvey et al. (25).
Isolation of viral DNA and Southern analysis were performed as described in the
work of Mulvey et al. (25).

Cells and viruses. Vero, U373, 143tk ™, and 293 cells were from the American
Type Culture Collection and were propagated as described previously (25). The
HSV-1 Patton strain was used in these studies.

Analysis of total viral protein synthesis. High-multiplicity-of-infection (MOTI)
infections and labeling with S were performed as described previously (25).

Antibodies. The Usll monoclonal antibody was a gift from Richard Roller
(31). The polyclonal antibody directed against the Us11 C terminus was a gift
from Howard Marsden (16). Following electrophoretic transfer from sodium
dodecyl sulfate (SDS)-polyacrylamide gels, Us11 proteins were detected using an
ECL kit (Amersham) according to the manufacturer’s specifications.

Preparation of S10 extracts and PKR kinase assay. Twelve confluent 10-cm-
diameter dishes of 293 cells were stimulated with 1,000 U of alpha interferon
(Hoffmann, La Roche) per ml for 18 h. The cells were washed twice with ice-cold
phosphate-buffered saline and once with buffer A (10 mM HEPES-KOH [pH
7.4], 15 mM KCl, 1.5 mM magnesium acetate [Mg(OAc),], 1 mM dithiothreitol
[DTT]) and suspended in an amount of buffer A equivalent to 2.5 packed cell
volumes (typically 1.2 ml of packed cells). After swelling for 10 min on ice, the
cells were disrupted in a Dounce homogenizer with approximately 30 strokes of
a tight-fitting pestle. An amount of buffer B [100 mM HEPES-KOH (pH 7.4),
1.05 M KCl, 35 mM Mg(OAc),, 10 mM DTT] equivalent to 1/10 of the packed
cell volume was added, along with phenylmethylsulfonyl fluoride to a final con-
centration of 100 wM. The extract was centrifuged at 5,000 X g for 5 min at 4°C,
and this supernatant was subsequently spun at 10,000 X g for 10 min at 4°C. The
S10 (typically 3 to 5 mg/ml) was quick-frozen in small aliquots and stored at
—80°C. Kinase reaction mixtures (25 wl) were assembled on ice and contained 15
ul of S10, 20 pCi of [y-**PJATP (6,000 Ci/mmol; NEN), 30 uM ATP, 5 mM
Mg(OAc),, 20 mM HEPES-KOH(pH 7.4), 100 mM KCl, 1.5 mM DTT, and 100
M phenylmethylsulfonyl fluoride. Purified glutathione S-transferase (GST) fu-
sion proteins were dialyzed into 20 mM HEPES-KOH (pH 7.4)-100 mM KCI-
0.5 mM DTT and frozen at —80°C in small aliquots. The reaction mixtures
contained reovirus RNA (a gift from A. Shatkin) at 25 ng/ml where indicated.
Following incubation at 30°C for 30 min, the reaction mixtures were processed
for immunoprecipitation of PKR as described previously (25). PKR phosphor-
ylation was quantified on a PhosphorImager.

RESULTS

Construction of recombinant viruses that express fragments
of the Usl1 protein. To determine if a discrete region of Usl1
could support enhanced growth of y34.5 mutants in nonper-
missive cultured cells, we engineered recombinant y34.5 mu-
tant viruses that ectopically express Usll fragments from a
heterologous promoter located within the viral tk locus. This
strategy proved useful in our prior studies of the full-length
protein (25). Basically, the strong viral promoter from the a27
gene was used to direct synthesis of Usl1 fragments at imme-
diate-early times in the viral life cycle (25). This temporal
pattern of Usl1 expression creates a dominant mutation in the
genetic background of a y34.5-null virus (A34.5). The endog-
enous Usl1 allele, located elsewhere in the Us region of the

J. VIROL.

th polyA
Sal I po0 4 BamHI
11S-UF 3
5tk o 3tk
sall EcRl > Sact  KROWA
A88-155 - r
om 3k
IyA
sall EcoRl [P Sacl ROV BamHI

A5-87

5tk = 3tk

amHI
A5-87fs

FIG. 1. Targeting constructs and the Usll-related proteins that they are
designed to express. The 5’ and 3’ regions from the HSV-1 tk gene in the
illustrated plasmids target homologous recombination to the genomic viral tk
locus and create tk-negative recombinant viruses. Transcription from the HSV-1
a27 promoter occurs at immediate-early times postinfection, and the direction of
transcription from this promoter is indicated with an arrow. Transcripts are
polyadenylated at the poly(A)* addition site within the 3’ tk region. 11S-UF
expresses the full-length, 155-amino-acid Us11 protein from the wild-type Patton
strain. The region that encodes the amino-terminal 87 amino acids is shaded,
while the region encoding the carboxy-terminal 68 amino acids appears as a
checkerboard. A88-155 expresses the amino-terminal 87 amino acids, and A5-87
fuses the amino-terminal 4 amino acids to the carboxy-terminal 68 residues.
AS5-87fs contains a single nucleotide insertion at codon 3 that results in a +1
frameshift (fs) but is otherwise isogenic to the insert in A5-87.

viral genome, is under the control of a stringent late promoter
and is not expressed due to the PKR-imposed block of late
protein synthesis in A34.5-infected cells (4, 5). Sequences flank-
ing this «27-Us11 expression cassette were designed to facili-
tate homologous recombination within the viral tk genetic lo-
cus, resulting in tk-negative viruses.

The targeting constructs and the proteins that they are de-
signed to produce are illustrated in Fig. 1. A88-155 expresses
the amino-terminal 87 amino acids of Us11, while A5-87 fuses
the amino-terminal 4 amino acids to the carboxyl-terminal
amino acids 88 to 155. The fusion of the amino-terminal four
amino acids onto the carboxyl-terminal RNA binding domain
was necessary to achieve steady-state levels of detectable pro-
tein by Western analysis (unpublished data). A5-87fs is identi-
cal in all respects to A5-87 except that it contains a single nu-
cleotide insertion at codon 3 to create a frameshift mutation.
11S-UF produces the wild-type, full-length 155-amino-acid
Us11 protein. Analysis of the physical structure of these viruses
is presented in Fig. 2A. Southern analysis of the tk locus dem-
onstrates that all of the viruses contain insertions in the tk
locus and are homogeneously tk-negative alleles. Moreover,
isolates designed to produce Usll amino-terminal fragments
(A88-155) can be distinguished from viruses that contain se-
quences encoding carboxy-terminal sequences (A5-87, A5-87fs,
and 11S-UF) based upon their sensitivity to different restric-
tion endonucleases. The endogenous Usll locus near the
TRs-Us junction was intact and unrearranged (data not shown).

Protein production was documented by analyzing infect-
ed cell lysates at immediate-early times postinfection. The
11S-UF virus directed the synthesis of the 21-kDa full-length
Usl1 protein that cross-reacted with antisera directed against
either the amino- or the carboxy-terminal determinants (Fig.
2B). Cells infected with A88-155 synthesized a polypeptide
consistent with the calculated molecular mass of 9.6 kDa that
reacted with a monoclonal antibody directed against the amino
terminus of Us11, while the truncated polypeptide encoded by
A5-87 was visible only with a polyclonal antibody raised against
the carboxy terminus of the protein (Fig. 2B). Cells infected
with A5-87fs did not synthesize detectable amounts of immu-
noreactive protein. Thus, the recombinant viruses constructed
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FIG. 2. (A) Physical analysis of tk-negative recombinant virus genomes. Viral
DNA was digested with Pvull and Kpnl, fractionated by electrophoresis on 1%
agarose gels, transferred to a nylon membrane, and hybridized to a 3?P-labeled
BspEI-BstEII probe from the 3’ region of the tk gene. The location of the probe
and the relevant restriction sites are illustrated for the 11S-UF construct. The
Usl1 gene segment that encodes the amino-terminal 87 amino acids is shaded,
while the segment encoding the carboxyl-terminal 68 amino acids appears as a
checkerboard. Recombinant genomes that contain the carboxyl-terminal region
of Usl1 are sensitive to digestion with Kpnl and yield smaller fragments, distin-
guishing them from recombinant viruses that express only the Usll amino-
terminal 87 amino acids and nonrecombinant viruses that contain an intact tk
gene (represented by the A34.5 virus). All the plaque-purified, recombinant
viruses are homogeneous tk-negative alleles as evidenced by the complete ab-
sence of fragments that comigrate with the wild-type tk-positive Pvull fragment
contained in the A34.5 parent genome. (B) Production of Usl1-related proteins
by tk-negative recombinant viruses. U373 cells were mock infected or infected
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express polypeptides that are of the appropriate size and pos-
sess the expected antigenic properties. While the steady-state
levels of the isolated amino- and carboxyl-terminal domains
are reduced relative to the full-length Usl11 protein, the A5-87
and A88-155 proteins are produced in similar amounts com-
pared to that of full-length Us11.

Expression of the carboxy-terminal 68-amino-acid Us11 RNA
binding domain confers a growth advantage upon y34.5 mu-
tants and enhances protein synthesis. To ascertain the effect
of expressing various Usl1 protein fragments on the growth of
v34.5 mutants, human U373 glioblastoma cells were infected at
a low MOI with 8,000 PFU of each recombinant virus. As y34.5
mutants cannot sustain late protein synthesis on U373 cells,
these cells are nonpermissive for the growth of y34.5 mutant
viruses. At 4.5 days postinfection, the plates were fixed and
stained with crystal violet. The 11S-UF virus expresses the
full-length Us11 protein and serves as a positive control in this
experiment. Figure 3 demonstrates that the 68-amino-acid car-
boxy-terminal Us11 fragment confers a growth advantage upon
v34.5 mutant viruses as evidenced by the greater numbers of
large viral plaques present. The enhanced growth is abrogated
by a single nucleotide substitution at codon 3 in the A5-87
reading frame. The yield of virus produced on U373 cells
infected in parallel at low multiplicity was quantified by deter-
mining titers of lysates on permissive Vero cells. A5-87 repli-
cates to levels at least 60-fold greater than those of A5-87fs. It
is important to remember that the steady-state level to which
the carboxyl-terminal fragment encoded by A5-87 accumulates
is markedly reduced relative to that for the full-length Usl11
protein (Fig. 2B). 11S-UF, which produces large amounts of
full-length Usl1 (see Fig. 2B), replicates to levels approxi-
mately ninefold greater than those of A5-87. This demonstrates
that the synthesis of the A5-87 protein product is indeed re-
sponsible for the observed phenotype. Recombinant viruses
that express the amino-terminal 87 amino acids do not display
enhanced growth in this assay.

To analyze the regulation of viral protein synthesis, replicate
cultures of U373 cells were mock infected or infected with
either A5-87, A5-87fs, A88-155, or 11S-UF at a high MOI. At
late times postinfection, the cultures were pulse-labeled with
33S-amino acids, and total protein was isolated and fraction-
ated by SDS-polyacrylamide gel electrophoresis (PAGE). Fig-
ure 4 demonstrates that cells infected with either 11S-UF or
A5-87 synthesize substantially more late viral proteins than do
cultures infected with the A88-155 virus. Although the 11S-UF
virus directs even greater levels of late viral protein synthesis,
the AS5-87 gene product is present in markedly smaller quan-
tities relative to the full-length Usl1 protein (Fig. 2B, C-ter-
minal sequence-specific antibody), and this will likely influence
the efficiency with which protein synthesis is restored. The
frameshift mutation introduced into A5-87fs abolishes the en-
hanced levels of protein synthesis, demonstrating that synthesis
of the A5-87 gene product is required for the increased levels
of viral late protein synthesis observed. Cells infected with
A88-155 are as defective in sustaining late protein synthesis as
are those infected with A5-87fs. We therefore conclude that
expression of the Us11 carboxy-terminal RNA binding domain
is necessary and sufficient to overcome the late block to protein
synthesis in cells infected with y34.5 mutant viruses. Finally, to

at an MOI of 5 with either 11S-UF, A5-87, A5-87fs, or A88-155. At 6 h postin-
fection, lysates were prepared, and polypeptides were fractionated by SDS-
PAGE on 17.5% polyacrylamide gels and electrophoretically transferred to a
membrane which was probed with antibodies directed against either the amino
or the carboxyl terminus of Us11.
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FIG. 3. A carboxyl-terminal fragment of Us11 that contains the RNA binding domain confers a growth advantage upon a A34.5 mutant. Nonpermissive U373 cells
3 x 10° cells) were infected with 8,000 PFU of either 11S-UF, A5-87, A5-87fs, or A88-155. After 4.5 days at 37°C, the cells were fixed with 10% trichloroacetic acid

and stained with crystal violet.

determine if the amino-terminal domain could augment the
activity of the carboxyl-terminal RNA binding domain, a mixed
infection with recombinant viruses expressing the isolated ami-
no- and carboxyl-terminal domains was performed. The pres-
ence of the amino-terminal domain in #rans did not enhance
the ability of the carboxyl-terminal domain to sustain late viral
protein synthesis (data not shown).

The 68-amino-acid carboxy-terminal RNA binding domain
of Usll1 prevents activation of the PKR Kkinase. To assess the
effect of the 68-amino-acid RNA binding domain on PKR
activation, we employed a cell-free system derived from alpha
interferon-treated human 293 cells. S10 extracts prepared as
described in Materials and Methods served as the source of
unactivated PKR. Upon the addition of small amounts of re-
ovirus dsRNA (25 ng/ml), activation of the cellular PKR kinase
was evaluated by monitoring its phosphorylation state after
immunoprecipitation (Fig. 5B). GST fusion proteins contain-
ing either the amino-terminal 87 amino acids or the carboxy-
terminal 68 amino acids of Us11 were engineered and purified
(Fig. 5A). The A1-87 fusion protein contains the RNA binding
domain and binds RNA in vitro (33; D. Khoo and I. Mohr,
unpublished data). While addition of increasing amounts of
purified GST or the GSTA88-155 Usl1 fusion protein had no
measurable effect on PKR activation, addition of increasing
amounts of the GSTA1-87 Usll fusion protein resulted in
progressive inhibition of PKR activation (Fig. 5B). In multiple
experiments, we observed the range of this inhibition to be
between three- and sixfold. Thus, a 68-amino-acid Usl1 pro-
tein fragment that confers a growth advantage upon vy34.5
mutant viruses, precludes the premature cessation of protein
synthesis in cells infected with y34.5 mutants, and binds RNA
is necessary and sufficient to prevent activation of the cellular
PKR kinase.

DISCUSSION

The Us11 gene product specified by HSV is an RNA binding
protein that inhibits activation of the cellular PKR kinase (2,
25). Our studies demonstrate that a 68-amino-acid carboxy-
terminal protein fragment containing the Us11 RNA binding
domain can prevent the premature cessation of protein syn-
thesis that occurs in cells infected with y34.5 mutants. This
same domain can prevent the activation of the cellular PKR
kinase in a cell-free system, suggesting that the intrinsic RNA
binding activity of this small domain may be intimately in-
volved in precluding PKR activation.

The exact nature of the dsRNA molecule(s) that activates
PKR in HSV-infected cells is unknown. It is precisely this
ill-defined RNA activator(s) that may constitute the RNA tar-
get(s) to which Usl11 binds. The Us11 ribonucleoprotein com-
plex could thus sequester these RNAs and prevent PKR acti-
vation. The only RNAs reported to interact with the Usl1
polypeptide are a nonpolyadenylated viral RNA of unknown
function and the 28S and 5.8S rRNAs in the 60S ribosomal
subunit of the host (31, 32). While the significance of Usll
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FIG. 4. Expression of the Usll RNA binding domain is required to over-
come the block to protein synthesis in cells infected with A34.5 mutants. Non-
permissive U373 cells were mock infected or infected with either A88-155, A5-87,
A5-87fs, or 11S-UF at an MOI of 50. Following a 1-h pulse with 3°S-amino acids
at 10 h postinfection, proteins were solubilized in sample buffer and fractionated
by SDS-PAGE on a 12.5% polyacrylamide gel. The fixed, dried gel was subse-
quently exposed to Kodak XAR film. Numbers at left are molecular masses in
kilodaltons.
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FIG. 5. The 68-amino-acid Us11 RNA binding domain inhibits PKR activation. (A) Two micrograms of purified GST, GSTA1-87, or GSTA88-155 was subjected to
electrophoresis on an SDS-polyacrylamide gel and stained with Coomassie blue. (B) Increasing amounts of either purified GST, GSTA1-87, or GSTA88-155 were added
to 293 S10 extracts. Following the addition of reovirus dsRNA, the reaction mixtures were incubated at 30°C for 30 min. PKR was immunoprecipitated, and the immune
complex was fractionated by SDS-PAGE. The gel was fixed and exposed to Kodak XAR film. Numbers at left of each panel indicate molecular masses in kilodaltons.

recognizing these RNA ligands is not known, it is worth noting
that PKR may also associate with ribosomes (42, 43). Usl1
could thereby function as a virus-encoded ribosomal protein
that prevents PKR activation by structured RNA elements
within the ribosomes of HSV-infected cells. Alternatively, teth-
ering PKR to ribosomes via an interaction with Usl11 might
instead prevent PKR activation by soluble RNA and/or protein
activators (20, 28). Such a mechanism has been proposed to
explain how ribosomal protein L18 prevents the formation of
active PKR dimers (20). Finally, Us11 may have properties of
a dsRNA binding protein, as it prevents the activation of PKR
mediated by purified reovirus dsRNA.

A physical complex between Usll and PKR has been ob-
served in infected cells, and this protein-protein interaction
may play a role in inhibiting PKR activation (2). Indeed, stud-
ies with the vaccinia virus E3L protein have demonstrated a
role for both RNA binding and a physical E3L-PKR complex
in inhibiting activation of human PKR in Saccharomyces cer-
evisiae (34). The determinants for a PKR-Usl1 interaction
could reside either within the RNA binding domain or within
the amino-terminal domain. If the amino-terminal domain is
involved in contacting PKR, this interaction is not necessary or
sufficient to prevent the PKR-mediated inhibition of protein
synthesis in infected cells, as A88-155 does not support the
enhanced growth of A34.5 mutants, nor does it inhibit the
kinase. A trimeric ribonucleoprotein complex involving a het-
erodimer between PKR and the Usl1 RNA binding domain
could also assemble on dsRNA. However, this static complex
would be unable to yield an activated kinase molecule. Alter-
natively, physical association between Usll and PKR may be
required to prevent PKR from interfacing with a variety of
protein activators such as PACT or REX (15, 26).

Usl11 is the newest member of a class of viral RNA binding
proteins, including the influenza virus NS1, vaccinia virus E3L,

and reovirus sigma 3 proteins, that can prevent PKR activa-
tion. These polypeptides are derived from a diverse group of
RNA and DNA viruses, suggesting that their function is evo-
lutionarily quite ancient. However, these proteins share no
primary structural homology, raising the possibility that their
RNA binding domains are related in three-dimensional space.
Structural information exists only for the NS1 protein, which
binds multiple RNA ligands, including U6, poly(A), and dsRNA,
as a 52-kDa homodimer (3, 21). Three Arg-rich alpha helices
within a 73-amino-acid basic domain are thought to dimerize
and contact RNA (27, 39). E3L contains a single copy of the
consensus dsRNA binding domain («BBBa), as derived from
the analysis of the Drosophila Staufen protein, human dsRNA-
specific adenine deaminase, PKR, and Escherichia coli RNase
III (37). Mutation of conserved residues within this homolo-
gous region of E3L significantly reduces dsRNA binding (14).
The 41-kDa sigma 3 protein contains a basic 85-amino-acid
region at its carboxyl terminus, and several of these residues
are absolutely required for binding to dsRNA (7, 23).

The RNA binding domain of Usll does not contain any
sequence elements that are related to characterized RNA rec-
ognition motifs from known RNA binding proteins. It is com-
posed of multiple iterations of Arg-X-Pro, where X is often an
uncharged polar or acidic amino acid (29, 33, 40). The Usl1
protein is conserved between HSV-1 and HSV-2; moreover,
different HSV-1 isolates contain variations in the number of
repeats, thus accounting for slight differences in the size of the
Usl1 protein. Roller et al. have proposed that the repetitive
Arg-X-Pro domain adopts the conformation of a poly-L-pro-
line II helix, a left-handed single helix characterized by three
residues per turn (33). This model aligns all of the basic Arg
residues on a single face of the helix. Indeed, modeling such
structures predicts that they are capable of recognizing specific
sequences in DNA (11). Further investigation of the novel
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repetitive Arg-X-Pro motif in the 68-amino-acid RNA binding
fragment of Us11 will illuminate which residues are required
for inhibiting PKR activation and interacting with RNA. This
domain may also recognize dsSRNA and thus define a new
recognition element mediating dsSRNA binding. Ultimately,
comparing actual structural data for Usll, NSI1, E3L, and
sigma 3 will yield a more complete understanding of how this
seemingly diverse class of proteins recognizes RNA targets and
inhibits activation of the cellular PKR kinase.
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