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The herpes simplex virus Us11 gene product inhibits activation of the cellular PKR kinase and associates
with a limited number of unrelated viral and cellular RNA molecules via a carboxyl-terminal 68-amino-acid
segment rich in arginine and proline. To characterize the determinants underlying the recognition of an RNA
target by Usl1, we employed an in vitro selection technique to isolate RNA ligands that bind Us11 with high
affinity from a population of molecules containing an internal randomized segment. Binding of Us11 to these
RNA ligands is specific and appears to occur preferentially on conformational isoforms that possess a
higher-order structure. While the addition of unlabeled poly(I-C) reduced binding of Usll to a selected
radiolabeled RNA, single-stranded homopolymers were not effective competitors. Us11 directly associates with
poly(I- C), and inclusion of an unlabeled selected RNA in the reaction reduces poly(I- C) binding, while
single-stranded RNA homopolymers have no effect. Finally, Us11 binds to defined, double-stranded RNA
(dsRNA) molecules that exhibit greater sequence complexity. Binding to these dsRNA perfect duplexes displays
a striking dependence on length, as 39-bp or shorter duplexes do not bind efficiently. Furthermore, this
interaction is specific for dsSRNA as opposed to dsDNA, implying that the Us11 RNA binding domain can
distinguish nucleic acid duplexes containing 2’ hydroxyl groups from those that do not. These results establish
that Us11 is a dsRNA binding protein. The arginine- and proline-rich Us11 RNA binding domain is unrelated
to known dsRNA binding elements and thus constitutes a unique recognition motif that interacts with dsRNA.
The ability of Usl1 to bind dsRNA may be important for inhibiting activation of the cellular PKR Kkinase in

response to dsRNA.

Double-stranded (ds) or highly structured RNAs can be
potent signaling molecules in eukaryotic cells (reviewed in
references 16, 27, and 56). Indeed, it is believed that a major
component involved in triggering the cellular antiviral re-
sponse in infected cells is the accumulation of viral dsRNA
(reviewed in references 27 and 36). This large fraction of
dsRNA is thought to originate either as a by-product of the
replication of RNA viruses or from the transcription of large
DNA virus genomes in which many open reading frames are
positioned on opposite DNA strands. The accumulation of
dsRNA activates a battery of cellular enzymes important for
establishing the antiviral state. One of these enzymes is the
cellular PKR kinase. Upon activation by dsRNA or protein
effectors, PKR dimerizes, and each subunit of the dimer phos-
phorylates the other. The phosphorylated, activated enzymes
then can phosphorylate other substrates in frans, notably IKB
and the alpha subunit of the translation initiation factor eIF2
(reviewed in reference 25). As phosphorylated eIF2 is unable
to promote the initiation of protein synthesis, PKR activation
by dsRNA could potentially prevent the production of
polypeptides necessary for viral replication and effectively ar-
rest the viral life cycle prior to its completion, thus containing
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the infection. To disarm the cellular response to dsSRNA, many
viruses encode functions that inhibit PKR activation (reviewed
in reference 36). Adenovirus synthesizes copious amounts of
VA RNAs, one of which binds PKR and prevents activation of
the enzyme (reviewed in reference 36). Other viruses, such as
influenza virus, vaccinia virus, and reovirus, encode proteins
that prevent PKR activation and bind dsRNA (reviewed in
references 22, 48, and 49). The interaction of these viral
polypeptides with dsRNA is thought to sequester the dsRNA
activator, preventing PKR activation and eIF2a phosphoryla-
tion.

Recently, multiple herpes simplex virus (HSV) gene prod-
ucts have been demonstrated to regulate eIF2a phosphoryla-
tion (6, 20, 31, 32). The y34.5 protein is an important virulence
factor that binds the cellular PP1a and mediates the dephos-
phorylation of phospho-eIF2 (9, 20). This overcomes the effect
of PKR activation on translation by maintaining pools of ac-
tive, unphosphorylated elF2a. In the absence of the viral y34.5
protein, PKR is activated, phosphorylated eIF2a accumulates,
and late viral protein synthesis is blocked, precluding the com-
pletion of the viral life cycle (8, 10). Genetic studies have
demonstrated that expression of the Usll protein, normally
produced late in the viral life cycle, early in infection prevents
the premature cessation of protein synthesis observed in cells
infected with y34.5 mutants (31, 32). Furthermore, biochemi-
cal analysis has shown that Usl1 can prevent the activation of
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PKR (6, 32, 37). Usl1 is found in nucleoli and the cytosol of
infected cells and is also packaged in the viral particle (43). A
basic 68-amino-acid fragment from the carboxy terminus of the
21-kDa Us11 polypeptide associates with 60S ribosomal sub-
units and possesses an RNA binding activity (43, 46). The only
RNA targets known to interact with Usll are an in vitro-
transcribed RNA complementary to the Usll open reading
frame; the elements responsive to the transactivators Rev and
Rex encoded by human immunodeficiency virus and human
T-cell leukemia virus; 60S rRNA; a segment derived from a
region common to the HSV type 1 (HSV-1) UL12, -13, and -14
mRNAs; and a truncated version of the UL34 mRNA (1, 12,
40-42). The determinants governing the recognition of this
diverse assortment of sequences by the Us11 polypeptide have
not yet been expounded. Importantly, the Us11 RNA binding
domain is also required to prevent PKR activation, possibly
implicating RNA binding in this process (37).

The carboxyl-terminal 68 amino acids of Usll contain 21
copies of the triplet Arg-X-Pro, where X is preferentially an
uncharged polar or acidic amino acid. This repetitive motif is
thought to fold into a type II poly-L-prolyl alpha helix (43, 46).
The arginine- and proline-rich Usl1 RNA binding domain
does not exhibit any homology to known RNA binding motifs,
although alpha-helical regions in other RNA binding proteins
are known to be important for RNA binding. To gain insight
into the types of RNA molecules that Usll could potentially
interact with, we isolated high-affinity RNA ligands that bind
to the Usll RNA binding domain by employing an in vitro
selection procedure and characterized the interaction of Usl11
with a variety of RNA substrates. We conclude that Usl1 is a
double-stranded RNA binding protein that recognizes struc-
tured RNA through a novel arginine- and proline-rich RNA
binding element.

MATERIALS AND METHODS

Selection of high-affinity RNA ligands that bind Usl1. An oligonucleotide
library that contains an internal randomized stretch of 40 nucleotides flanked by
a5’ invariant region that contains the T7 promoter and a 3’ invariant region was
a gift from Fenyong Liu (University of California—Berkeley) and is described in
reference 51. The library was amplified (25 cycles of 94°C for 1 min, 47°C for 1
min, and 72°C for 1 min; on the final cycle, a 10-min extension was performed)
with Tag DNA polymerase using the primers JH1031 and JH1052 (51). Follow-
ing purification of the PCR product on a 2% agarose gel, an in vitro RNA
synthesis reaction was assembled with T7 RNA polymerase (NEB) using buffer
supplied by the manufacturer supplemented with 0.5 mM nucleoside triphos-
phates, 20 U of RNasin (Promega), and 30 wCi of [«**P]CTP (3,000 Ci/mmol).
The reaction was incubated at 37°C for 6 h; 3 U of RNase-free DNase (Promega)
was then added, and the incubation continued for an additional 30 min. Samples
were sequentially extracted with an equal volume of phenol followed by chloro-
form and precipitated with ethanol (EtOH) in the presence of 2 M NH,OAc.
After the pellets were washed with 70% EtOH, they were air dried and resus-
pended in RNase-free distilled H,O (dH,O). One nanomole of RNA was incu-
bated with 20 nmol of purified glutathione S-transferase (GST) protein pre-
bound to glutothione-Sepharose beads (Pharmacia) equilibrated in 1X binding
buffer (20 mM HEPES-KOH [pH 7.4], 50 mM NaCl, 1 mM EDTA, 5% glycerol)
at 30°C for 15 min. The samples were periodically manually agitated to ensure
that the beads did not settle. After the beads were pelleted by brief centrifuga-
tion, RNA in the supernatant was recovered and incubated with 20 nmol of a
purified protein that contains the Us11 RNA binding domain fused to GST (GST
A1-87) prebound to glutathione-Sepharose beads equilibrated in 1X binding
buffer. The reaction mixtures were incubated at 30°C for 15 min and washed five
times with binding buffer. Following the final wash, the pellets were suspended in
20 mM Tris-HCI (pH 8.0), 100 mM NaCl, 10 mM EDTA, 1% sodium dodecyl
sulfate, and 300 wg of proteinase K (Boehringer)/ml at 30°C for 30 min and
manually agitated periodically. The beads were removed by centrifugation, and
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the supernatant was sequentially extracted with phenol followed by chloroform.
Glycogen was added as a carrier to a final concentration of 0.1 mg/ml, and the
RNA was precipitated with the addition of 2.5 volumes of EtOH. Following a
70% EtOH wash, the pellet was suspended in RNase-free dH,O; 200 pmol of the
JH1052 primer was added, and the RNA was heated to 95°C to remove any
secondary structure and then quickly cooled in an ice water bath. Avian myelo-
blastosis virus reverse transcriptase (Promega) (10 to 20 U) was added along with
buffer supplied by the manufacturer supplemented with 0.5 mM deoxynucleoside
triphosphates and 20 U of RNasin. After 1 h at 42°C, the cDNA was amplified
by PCR (25 cycles as described above) using JH1031 and JH1052. The PCR
product was gel purified, and the procedure was repeated with varying amounts
of RNA and Usl1 fusion protein until there was no further increase in RNA
binding activity as evaluated by an electrophoretic mobility shift assay (12 cycles
in all). In the second iteration, 10 pmol of RNA was incubated with 200 pmol of
protein. In the third iteration, 2 pmol of RNA was incubated with 40 pmol of
protein. In the fourth through sixth iterations, 1 pmol of RNA was incubated with
2 pmol of protein. All subsequent iterations contained 1 pmol of RNA and 0.2
pmol of protein.

To subclone the final population of PCR products, blunt ends were created by
treating the products with T4 DNA polymerase (NEB) according to the manu-
facturer’s specifications. After the polymerase was heat inactivated, the PCR
products were digested with an excess of HindIIl for 3 h at 37°C. The large
fragments were purified on agarose gels and ligated into pUC19 that had been
previously digested with Smal and Hindlll, and the resulting plasmid molecules
were transformed into Escherichia coli DHSa. DNA sequencing was performed
with a Sequenase kit (U.S. Biochemicals) according to the manufacturer’s in-
structions.

RNA binding assays. The RNA binding reaction mixtures contained 50,000
cpm of the selected sequence in 1X binding buffer supplemented with 1 mM
dithiothreitol, 100 pg of E. coli RNA (Ambion)/ml, and various quantities of
purified GST or GST A1-87. The reaction mixtures were assembled on ice and
subsequently incubated at 30°C for 10 min. In experiments with excess cold
unlabeled competitor, protein was added last to the reaction mixtures. At the
conclusion of the binding incubation, the reaction mixtures were loaded onto a
5% native polyacrylamide gel (19:1 acrylamide-bisacrylamide) that had been
prerun for 1 h at room temperature in 0.5X Tris-borate-EDTA (TBE). Bromo-
phenol blue was loaded in adjacent lanes to serve as a marker to monitor the
progress of the electrophoresis. The gels were fixed in 10% methanol-10% acetic
acid, dried on Whatman paper, and exposed to Kodak XAR film. The gels were
also exposed in a Phosphorlmager cassette (Molecular Dynamics), and the
intensities of the bands were measured using the Imagequant software package.
The reaction mixtures for nitrocellulose filter binding contained 1 mg of yeast
RNA (Boehringer)/ml in place of the E. coli RNA but were otherwise prepared
and incubated in an identical fashion. At the conclusion of the incubation, the
reaction mixtures were applied to a manifold (Bio-Rad) containing a 0.45-um-
pore-size nitrocellulose sheet (Protran; Schleicher & Schuell) that had been
preequilibrated in 1X binding buffer. Each sample was washed three times with
0.2 ml of 1X binding buffer. The filters were air dried and exposed to Kodak
XAR film. Radioactivity present in the excised spots was quantified by Cerenkov
counting.

Preparation of RNA binding substrates. Plasmid clones containing selected
inserts were linearized with Kpnl and subsequently treated with 100 wg of
proteinase K/ml in 0.5% sodium dodecyl sulfate-1 mM EDTA for 30 min at
50°C. Samples were extracted twice with phenol and once with chloroform,
precipitated with EtOH, and resuspended in RNase-free H,O. Ten micrograms
of DNA was incubated with 50 U of T7 RNA polymerase (NEB) in buffer
supplied by the manufacturer supplemented with 20 U of RNasin and 0.5 mM
ATP, UTP, and GTP. The reaction mixtures also contained 0.012 mM CTP and
25 pCi of [a-*?P]CTP (3,000 Ci/mmol). After 1 h at 37°C, RNase-free DNase
(Promega) was added and the incubation continued for an additional 30 min.
The reaction was extracted with phenol followed by chloroform and then pre-
cipitated with EtOH in the presence of NH,OAc. After the pellet was washed
with 70% EtOH, the RNA was resuspended in RNase-free dH,O.

To isolate RNA conformational isoforms for RNA binding studies, radiola-
beled RNA synthesis reaction mixtures were fractionated on 5% native poly-
acrylamide gels, and the different bands were excised. After overnight elution at
4°C in 2 M NH,OAc, the RNA was precipitated with EtOH, the pellet was
washed with 70% EtOH, and the RNA was resuspended in RNase-free H,O.

Large quantities of unlabeled RNA for competition experiments were synthe-
sized using a T7 Megashort script kit (Ambion) according to the manufacturer’s
instructions. To remove potential dsSRNA contaminants from labeled or unla-
beled RNA preparations, a modified version of the protocol described by Pe’ery
and Mathews (35) was employed. The RNA was first gel purified on an 8%
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polyacrylamide-7 M urea gel run in 0.5X TBE. Cold RNA was visualized under
UV light following staining with ethidium bromide. The excised band was then
layered onto a 10% native gel run in 0.5X TBE. The band removed from this
nondenaturing gel was eluted overnight at 4°C in 10 mM Tris-HCI (pH 7.6)-1
mM EDTA. The RNA was concentrated by extraction with n-butanol, extracted
with phenol followed by chloroform, precipitated with EtOH, and resuspended
in RNase-free H,O.

To prepare labeled dsRNAs of different lengths, the plasmid pBSK II(+) was
digested with either Eagl, BamHI, EcoRI, HindIll, Sall, Xhol, Haelll, or Kpnl,
and RNA products were synthesized in vitro with T7 RNA polymerase in the
presence of [a-3?P]CTP. Each RNA preparation was subsequently annealed to a
245-nucleotide RNA synthesized by T3 RNA polymerase from Pvull-digested
pBSK II(+). Single-stranded regions were removed by treatment with RNase A
and RNase T1, and the RNA duplexes were purified in nondenaturing polyacryl-
amide gels as described previously (29). Each filter binding reaction contained
5,000 cpm of labeled substrate. For competition experiments, an 81-bp dsDNA
derived from the same sequence as the 81-bp RNA duplex was synthesized by
PCR and gel purified.

Poly(I - C) was 5'-end labeled with T4 polynucleotide kinase (NEB) according
to the manufacturer’s instructions. Unincorporated nucleotides were removed on
a Biogel P30 spin column (Bio-Rad). Each filter binding reaction contained
50,000 cpm. All nucleotide polymers for RNA binding and competition experi-
ments were from Pharmacia.

RESULTS

Isolation of high-affinity RNA ligands that bind to Us11. To
identify RNA molecules capable of binding with high affinity to
the Usl1 protein, we employed an in vitro selection technique
that has been used previously to successfully isolate RNA li-
gands that bind to a variety of relatively simple and complex
molecular structures (2, 4, 11, 13, 45, 51, 55). This methodology
allowed us to amplify specific RNA ligands from a combina-
torial library consisting of molecules with a randomized central
region. Our strategy is outlined in Fig. 1. Briefly, a library of in
vitro-synthesized RNA containing a 40-nucleotide randomized
internal region was first incubated with purified GST bound to
glutathione-agarose beads to remove molecules that nonspe-
cifically interact with this polypeptide and the supporting solid
matrix. The unbound RNAs were subsequently mixed with a
purified hybrid protein comprising the carboxyl-terminal 87
amino acids of Usl11 fused to GST (GST A1-87). This segment
of Usll1 contains a proline- and arginine-rich segment known
to bind RNA and inhibit activation of the cellular PKR kinase.
RNA molecules retained in this complex were collected on
glutathione-agarose beads and comprised the first cycle of en-
riched RNA ligands that bound to the Usll RNA binding
domain. These RNAs were then reverse transcribed, the pop-
ulation was amplified by PCR, and the process was repeated.
After 12 iterations of this procedure, individual clones were
isolated and sequenced from the PCR-amplified population.
Sequence analysis of 300 clones resulted in the isolation of nine
unique sequences within the randomized component (Fig. 2A).
Although no substantial primary sequence homology was de-
tected in the selected clones, their predicted secondary struc-
tures contained some common features. Multiple short du-
plexed segments were observed, along with sequences
predicted to remain single stranded. Notable among these was
a stem-loop region followed by a CA or CCA nucleotide bulge
present in the selected sequences in eight of nine different
clones (Fig. 2B).

The ability of RNA produced from these clones to complex
with the Us11 RNA binding domain was evaluated in an elec-
trophoretic mobility shift assay. Three representative examples
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FIG. 1. Selection scheme for isolating RNA ligands that associate
with the Usll RNA binding domain. An oligonucleotide pool that
contains a randomized central region situated between a T7 promoter
(T7P) and a 3’ constant region (3" CR) was amplified with specific
primers. Labeled RNA synthesized from this population was first in-
cubated with purified GST protein immobilized on Sepharose beads to
remove RNA molecules that interact nonspecifically with GST. Un-
bound RNA was then incubated with a purified protein that contains
the Us11 RNA binding domain fused to GST (GST A1-87). The bound
RNA was recovered and reverse transcribed with a primer homologous
to the 3’ CR, and the cDNA was amplified with a primer designed to
regenerate an intact T7P sequence along with the 3" CR primer. This
process was repeated multiple times to enrich for RNA molecules that
preferentially associate with Us11. nt, nucleotide.

are presented in Fig. 3. In the absence of exogenous protein, all
of the selected RNAs migrate as multiple bands in native
polyacrylamide gels, suggestive of alternative RNA conforma-
tions. This pattern is unaltered by the addition of 1 pg of
purified GST. Addition of as little as 30 ng of purified GST
A1-87 to the binding reaction mixture results in a decrease in
the amount of certain unbound conformers and the appear-
ance of retarded complexes that represent bound ligand. The
intensities of these retarded complexes are greatest in reac-
tions programmed with L12-5 RNA, intermediate in reactions
containing L12-1 RNA, and weakest in the group represented
by L12-3. It is difficult to reconcile these variations with distinct
binding affinities, as these clones must bind with sufficient
avidity to survive 12 iterations of the selection procedure. The
observed differences in the extent of complex formation could
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L12-58 |GGGAGACAAGAATAAACGGT TAGG-~~-==~~ AAGCCGCACTCACCGTGCCAAG- -GCTTGAGTCTCGG{TTCGACATGAGGGGGTA]
L12-27 |GGGAGACAAGAATAAACGGTCAARCGTC--------- CGCGGACCCATCGTCCCAAGCGGCCGGTATCCCCTATTCGACATGAGGGGGTA
L12-3 GGGAGACAAGAATAAACGGT TCAAC-GCGGTTCACCTCAAGCGTCATACCACATCACTGG-GCTAGGGATTCGACATGAGGGGGTA!
L12-137 |GGGAGACAAGAATAAACGGTCANC----- ACG--CGCACGAACTCATTATTCCAGG- ~GCGCCCTCTGTACHTTCGACATGAGGGGGTA
Ll2-1 GGGAGACAAGAATAAACGGT ~GGCTGACCTTAGGCTGAGCTCATTGCTCCAAG- -CCCG- - ~-CCGTTGHJTTCGACATGAGGGGGTA
L12-2 GGGAGACAAGAATAAACGGTC. TACTAGCG--AGCACGCGCTCATCGCGCCAGT--GC-~==-~ CAGTACETTCGACATGAGGGGGTA
L12-10 |GGGAGACAAGAATAAACGGTCANTGAGC--AC--AGGCCGGACTCATCGTCCCAAG--GCCCCCACTTCC-TTCGACATGAGGGGGTA!
L12-262 |GGGAGACAAGAATAAACGGT! TTTCC~~m=——— ACCCGCGCTCATTGCGCCAGGGTGCCGCCGCCTTA - -{TTCGACATGAGGGGGTA
L12-5 TGGGCCACACCATGGCGAGCACAACGCTCCAGC - -CACC~ - -TCCGTTATTCGACATGAGGGGGTA
FIG. 2. Sequence alignment of selected RNA ligands that bind to
B. U c AU the Us11 RNA binding domain. (A) Sequences corresponding to the 5’
C. U invariant region primer (left) and the 3’ constant region primer (right)
GL G are boxed. (B) RNA secondary structure for L12-262 predicted using
GC\ GC the m-fold algorithm (30, 58). The selected segment, located between
c Sc the two arrows, folds into a stem-loop structure followed by a CA
C \\ G AC bulge.
C. G
A_G
gCCi U G fraction of the unbound RNA (f,) is apparently unable to bind
I;J ccCccccuuaulc protein and is not in rapid equilibrium with the unbound form,
— Pt et G ; ; i
AA GG GG GGAGUAA which can produce prot.em-RNA complexes. Includlng .190
ce . a® 5 ¥ pmol of unlabeled RNA isolated from a member of the initial
éJ - AG unselected population, prepared in an identical fashion, re-
cG = CA sulted in only a 28% decrease in the amount of RNA bound by
A a the Usl1 protein. Quantitative data were obtained by using a
AA AG nitrocellulose filter binding assay along with highly purified
Ua

be attributed to variability in the formation of active confor-
mational isoforms capable of binding Us11 among the different
ligands. RNA prepared from molecules in the initial un-
selected population did not interact with Usll to the same
extent (Fig. 3 and data not shown). The levels of binding of
GST A1-87 to the selected RNA sequences in the absence and
presence (0.1 to 5 mM) of MgCl, were indistinguishable. In
addition, the pattern of RNA conformational isoforms ob-
served following electrophoresis in a nondenaturing polyacryl-
amide gel was unaltered in reactions assembled either in the
presence or the absence of Mg?* (not shown). This is consis-
tent with reports demonstrating that Mg>* is not required for
simple Watson-Crick pairing (5, 54) but can contribute to some
tertiary interactions (18). Finally, purified Usl1 containing an
amino-terminal His tag also bound to the selected sequences,
ruling out the possibility that the GST segment of the fusion
protein is required for binding to the selected ligands (not
shown).

To further address the specificity of ligand binding, compe-
tition experiments were performed with a labeled RNA ligand
at a single concentration of GST A1-87 protein in the presence
of excess unlabeled specific or nonspecific challenger RNA
molecules. This RNA was purified through a series of native
and denaturing gels to remove any potential small double-
stranded RNA contaminants that might affect RNA binding
(35). Figure 4A demonstrates that the addition of increasing
amounts of unlabeled L12-5 RNA substantially reduces the
amount of bound retarded complex while simultaneously in-
creasing the amount of some of the unbound material (f}).
Quantifying these data on a PhosphorImager revealed an 80%
decrease in the bound complex at 100 pmol of L12-5 compet-
itor along with a 2.5-fold increase in the unbound form. A

RNA templates. Incubation of the labeled high-affinity L12-5
RNA ligand with increasing amounts of purified GST A1-87
leads to the retention of greater quantities of radioactivity on
the nitrocellulose filter (not shown). At a fixed concentration
of GST A1-87 protein, addition of increasing amounts of the
unlabeled specific L12-5 competitor is more effective than
identical quantities of a nonspecific competitor at reducing
binding to the labeled probe (Fig. 4B). Furthermore, the con-
centration of L12-5 ligand required to achieve a 50% reduction
in binding to the labeled probe is approximately 10-fold less
than the concentration of nonspecific competitor necessary to
generate an equivalent reduction in binding. These results
demonstrate that the RNA ligands isolated by the in vitro
selection procedure bind specifically and with high affinity to
the Usll RNA binding domain.

Preferential association of Usl1 with specific RNA confor-
mational isoforms. All of the RNA molecules enriched for by
the in vitro selection procedure migrate as multiple species on
native polyacrylamide gels (Fig. SA). Furthermore, addition of
the Us11 RNA binding protein to the reaction mixtures results
in the appearance of a defined set of multiple retarded bands
following electrophoresis in native polyacrylamide gels. These
bands could represent the assembly of multimeric protein
structures on the RNA ligands or characteristic mobility shifts
of Usll associating with a specific RNA conformational iso-
form. To ascertain the nature of each species and to analyze
the relative ability of each species to bind to Usll, three
unbound RNA species were purified on native polyacrylamide
gels and designated class 1, class 2, or class 3. All three of these
purified species comigrated on denaturing polyacrylamide gels,
indicating that they may indeed represent different folded con-
formational isoforms of a single primary sequence of defined
length (Fig. 5B). In addition, the gel-purified species 1 and 3
each retained its characteristic mobility when subjected to sub-
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FIG. 3. Binding of Usl1 to selected RNA ligands. Labeled RNA prepared from a representative member of either the selected (L12-5, L12-1,
and L12-3) or the initial unselected population was incubated without any protein (0), with 1 pg of GST, or with increasing amounts of purified
GST A1-87 (left to right, 30, 100, and 300 ng; nonselected RNA, 10, 30, 100, and 300 ng). Protein-RNA complexes were resolved by electrophoresis
in native polyacrylamide gels, and the fixed dried gel was exposed to Kodak XAR film. The vertical bracket indicates the region containing

protein-RNA complexes.

sequent electrophoresis on a native polyacrylamide gel, indi-
cating that these structures are stable and do not regenerate a
heterogenous population of conformational isoforms following
purification (Fig. 5A). While the class 2 preparation does not
contain significant amounts of the class 1 isoform, some class 3
RNA is present. Due to the proximity of the class 2 and 3
bands in native gels, we are unable to determine whether the
class 2 preparation is contaminated with some class 3 mole-
cules or whether some of the purified class 2 RNA is capable
of adopting the mobility characteristic of the class 3 isoform.
Figure SA demonstrates that 100 and 300 ng of purified GST
A1-87 generates a heterogenous mixture of several retarded
complexes following incubation with the unfractionated L12-
262 ligand. Interestingly, only the class 1 and class 2 prepara-
tions exhibit significant binding to the Us11 fusion protein. The
class 3 conformational isoform fails to demonstrate any detect-
able binding, suggesting that the class 2 RNA is responsible for
the binding activity observed in the class 2 preparation (Fig.
5A). The retarded complexes generated by purified class 1
isoforms migrate more slowly than the retarded complexes
observed with class 2 RNA. In addition, the complexes ob-
served in the class 1 and class 2 binding reactions appear to
account for all of the retarded complexes observed in the
unfractionated starting material. There are, however, multiple
retarded bands visible in the class 1 and class 2 binding reac-
tions, consistent with the possible assembly of Us11 multimers
on these templates or with a Us11-induced structural change in
the RNA ligand. Similar results have been obtained with the
other selected RNAs (data not shown). Together, these obser-

vations suggest that, in addition to defined sequence determi-
nants, there are significant conformational features of the
RNA ligand that are important for recognition by the Usl11
RNA binding domain.

The Us11 RNA binding domain recognizes double-stranded
RNA. To address the role of potential structural and sequence
elements in RNA recognition by the Usl1 RNA binding do-
main, we evaluated the abilities of a variety of synthetic RNA
polymers to compete with the selected ligand for binding. In
the experiment presented in Fig. 6A, Usll binding to the
gel-purified, radiolabeled conformational isoforms class 1 and
class 2 was examined in the presence of two concentrations of
poly(C), poly(U), poly(A), or poly(I-C). In all cases, signifi-
cant effects on RNA ligand binding were observed only in the
presence of poly(I - C), a synthetic double-stranded RNA mol-
ecule. Poly(C), a single-stranded homopolymer containing a
nucleotide component of poly(I - C), along with poly(U) and
poly(A), had no measurable effect on RNA binding. In a ni-
trocellulose filter binding assay, unlabeled poly(I-C) was at
least as effective as unlabeled L12-5 in reducing binding to the
labeled L12-5 probe (Fig. 6B). The simplest explanation of this
observation is that Us11 has a high affinity for double-stranded
RNA.

To directly examine the ability of Usll to bind double-
stranded RNA, radiolabeled poly(I - C) was utilized as a sub-
strate in a nitrocellulose filter binding assay. Following incu-
bation of labeled poly(I-C) with purified GST A1-87, the
binding reaction mixtures were filtered through nitrocellulose
on a manifold, and the amount of radioactivity retained on the
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FIG. 4. Selected RNA ligands preferentially associate with US11.
(A) Purified GST A1-87 (100 ng) was incubated with labeled L12-5
RNA in the presence and absence of increasing amounts of unlabeled
L12-5 RNA or RNA from the unselected initial population (left to
right, 10, 30, and 100 pmol). Labeled L12-5 RNAs incubated without
any protein (0) and with 1 pg of purified GST are also shown. Protein-
RNA complexes were resolved as described in the legend to Fig. 2.
GST A1-87 RNA-protein complexes migrate in the bracketed region
labeled c. Free, unbound isoforms capable of binding Us11 are within
the bracketed region labeled f,,, while nonbinding isoforms are labeled
f,. (B) Purified GST A1-87 (10 ng) was incubated with labeled L12-5
RNA in the presence or absence of increasing amounts of specific
(L12-5 [m] or nonspecific (RNA from initial unselected population
[ ®]) competitor. The amount of radioactivity in each sample retained
on a nitrocellulose filter was quantified. RNA binding in the absence of
competitor was normalized to 1.0.

filter was quantified by liquid scintillation counting. As little as
1 ng of purified GST A1-87 bound measurable amounts of
poly(I- C) (Fig. 7A). The binding to radiolabeled poly(I - C)
was effectively competed by increasing amounts of unlabeled
poly(I-C) (Fig. 7B). Importantly, highly purified, unlabeled
L12-5 selected ligand was also a potent competitor of binding
to poly(I-C), while a representative RNA from the initial
unselected population was only slightly active as a competitor
(Fig. 7B). The unlabeled single-stranded RNA homopolymers
poly(C), poly(U), and poly(A) were not effective competitors
when Usll binding to labeled poly(I-C) was evaluated by
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' “ ‘<— L12-262

FIG. 5. Association of Usll with RNA conformational isoforms.
(A) Labeled RNA (L12-262) was fractionated by electrophoresis in
native polyacrylamide gels, and three species (class 1, class 2, and class
3) were isolated. Each gel-purified RNA species, along with the un-
fractionated starting material (U), was incubated in the absence of
added protein (0) or in the presence of either 1 pg of purified GST,
100 ng of GST A1-87, or 300 ng of GST A1-87. Protein-RNA com-
plexes were resolved as described in the legend to Fig. 2. The arrow-
heads numbered 1, 2, and 3 to the left refer to the mobilities of the
three isoforms. The numbers below the panel refer to the gel-purified
isoform used in the binding reaction, and U represents the unfraction-
ated starting material. (B) Each purified RNA species, along with the
unfractionated starting material, was subjected to electrophoresis in a
denaturing polyacrylamide gel. The fixed dried gel was subsequently
exposed to Kodak XAR film.

nitrocellulose filter binding (Fig. 7C). This directly demon-
strates that Usll is a double-stranded RNA binding protein
and that the RNA ligand isolated by in vitro selection is a
potent competitor in an assay that measures binding to double-
stranded RNA.

As poly(I- C) preparations consist of two complementary
homopolymers and vary significantly in length, we next evalu-
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FIG. 6. Recognition of selected RNA sequences by Usll in the
B presence of defined single-stranded and double-stranded RNA poly-
- 12 mers. (A) Two species of labeled selected RNA L12-262 (left, class 1;
' right, class 2) were incubated with 100 ng of GST A1-87 in the absence
1 or presence of two amounts of either poly(A), poly(U), poly(C), or
o poly(I - C) (from left to right, 33 and 100 pg/ml). Protein-RNA com-
£ 0.8 plexes were resolved as described in the legend to Fig. 2. Each RNA
2 ' species was also incubated with 1 g of GST. Unbound material from
o | each class is indicated with an arrow. (B) Purified GST A1-87 (10 ng)
4 0.6 4 was incubated with labeled L12-5 in the presence of increasing
S ! amounts of unlabeled poly(I-C) (A) or L12-5 (m). The amount of
% 0.4 1 k radioactivity retained on a nitrocellulose filter for each sample was
12 Na quantified. RNA binding in the absence of competitor was normalized
0.2 4 ~~_ to 1.0.
N N
0 T T T T T !

ng competitor

ated the ability of Usl1 to bind dsRNA molecules of defined
lengths that possess greater sequence complexity. Labeled
dsRNA molecules derived from the E. coli cloning vector pBS
and ranging in size from 11 to 100 bp were prepared in vitro
and incubated with increasing amounts of purified GST A1-87
(Fig. 8A). RNA duplexes of 81 bp and above bound GST A1-87
with similar efficiencies, while binding to smaller RNA du-
plexes was reduced (Fig. 8B). Importantly, binding to RNA
duplexes of 39 bp or shorter was not detected, demonstrating
that the length of a perfectly duplexed RNA target can have a
substantial impact on binding to Usll. Purified full-length
Usl1 that contained an amino-terminal tag composed of six
histidine residues also bound efficiently to defined dsRNA
molecules, exhibiting an apparent K, of approximately 12.6 nM
for the 81-bp substrate in a filter binding assay (not shown).
To determine if Us11 binding to a nucleic acid duplex was
specific for RNA, the binding of GST A1-87 to an 81-bp
dsDNA fragment and its binding to an 81-bp dsRNA duplex
with an identical sequence were compared. Increasing amounts
of unlabeled dsRNA or dsDNA were added to reaction mix-

tures that contained a fixed amount of radiolabeled dsRNA.
Following the addition of GST A1-87, the reaction mixtures
were incubated for 10 min at 30°C, RNA-protein complexes
were collected on nitrocellulose filters, and the fractions of
radioactivity retained on the filters were quantified by counting
in liquid scintillant. Figure 8C demonstrates that unlabeled
dsRNA is significantly more effective than dsDNA at reducing
the binding of GST A1-87 to the labeled dsRNA probe. This
demonstrates that the Usll RNA binding domain preferen-
tially binds dsRNA duplexes of 51 bp or longer and can effec-
tively discriminate between dsRNA and dsDNA.

DISCUSSION

Us11 binds RNA through a novel 68-amino-acid domain
that contains a repetitive arginine- and proline-rich motif (43,
46). As the Usll RNA binding domain is not homologous to
any known RNA recognition motif and the few RNAs known
to interact with Usll are unrelated at the level of primary
sequence, we proceeded to characterize features of RNA mol-
ecules that associate with Usl1. After isolating RNA ligands
that bound Usll from a combinatorial library consisting of
molecules that contained a randomized segment, we demon-
strated that Us11 bound specifically to these selected mole-
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FIG. 7. Usll RNA binding domain directly binds double-stranded
RNA. (A) Labeled poly(I - C) was incubated with increasing amounts
of purified GST A1-87, and the amount of radioactivity retained on a
nitrocellulose filter for each sample was determined. (B) Ten nano-
grams of GST A1-87 was incubated in the presence of labeled
poly(I - C) in the absence of competitor or with increasing amounts of
an unlabeled RNA selected to bind Usl1 (L12-5 [A]), an unlabeled
RNA from the initial unselected population (m), or unlabeled
poly(I- C) (#). The amount of radioactivity retained on a nitrocellu-
lose filter for each sample was determined. RNA binding in the ab-
sence of competitor was normalized to 1.0. (C) Binding to labeled
poly(I - C) was as described for panel B with the modification that the
reaction mixtures contained increasing amounts of either unlabeled

poly(A) (m), poly(C) (@), poly(U) (A), or poly(L-C) (#).
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cules and preferentially associated with discrete conforma-
tional isoforms. While the addition of unlabeled poly(I - C)
reduced the binding of Us11 to a radiolabeled selected RNA,
single-stranded homopolymers were not effective competitors.
Our study establishes that Usll binds directly to dsRNA
polynucleotides and stably associates with perfect RNA du-
plexes of 51 bp or longer; furthermore, Usll preferentially
associates with nucleic acid duplexes that contain 2" hydroxyl
groups, since dsDNA duplexes of identical sequence and
length do not reduce binding to dsRNA. This is the first dem-
onstration that the Us11 RNA binding domain can recognize
dsRNA.

While earlier studies reported that the Usll polypeptide
associates with a synthetic RNA probe complementary to the
5" end of the Us11 mRNA and an internal segment of the Us12
mRNA, they did not adequately address the RNA determi-
nants involved in nucleic acid recognition (40). Thus, their
observed reduction in Usl1 binding to RNA probes with 80-
nucleotide deletions at their 3’ ends may not reflect binding to
a specific site or sequence but rather the global alteration of an
RNA structure required for binding that involves sequences
from disparate parts of the molecule. Similarly, the changes in
the distribution of RNA conformational isoforms they de-
scribed does not establish that Us11 is a conformation-specific
RNA binding protein, as the experiments were all performed
with crude extracts prepared from HSV-1-infected cells. Other
activities in the extract in conjunction with Usll could be
responsible for modifying the structure of the RNA probe.
Finally, the ability of Us11 to associate with the different RNA
conformational isoforms was never examined, as the conform-
ers were in rapid equilibrium and could not be isolated. Our
study, in contrast, was performed with both purified protein
and RNA conformational isoforms; furthermore, we have es-
tablished that Usll associates with dsRNA and structured
RNA as opposed to single-stranded polynucleotides or
dsDNA.

Numerous proteins that bind dsSRNA contain a 65- to 75-
amino-acid motif (dsSRNA binding motif [dsSRBM]) that either
folds into or is predicted to adopt a tertiary structure where
two alpha helices flank a three-stranded antiparallel beta sheet
(a-B-B-B-a). This domain comprises a dSRNA recognition mo-
tif (reviewed in reference 15). Multiple copies of this motif are
found in many dsRNA binding proteins, although a single
copy, as in the case of the vaccinia virus E3L protein, is suffi-
cient. Recognition of dsRNA, however, is not limited to pro-
teins that contain the dsSRBM structure. Alternative dsRNA
binding structures that have no homology to each other or to
the dsRBM have been observed in several viral proteins. Mul-
tiple basic residues that do not appear to fold into an indepen-
dent domain or assume a structure on their own are distributed
along the side of the sigma 3 polypeptide encoded by reovirus.
Recent structural studies propose that sigma 3 binds to RNA
as a dimer via a positively charged surface patch on one side of
the structure. This charged region is formed by the association
of sigma 3 monomers and spans the interface between the two
subunits (34). Binding to dsRNA by the influenza virus NS-1
protein also involves dimerization. In this case, structural stud-
ies revealed that the dimer contains six helices that contribute
to multimerization and RNA binding (52). Although the NS1
protein lacks a canonical dsRBM, it can also associate with a
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FIG. 8. The Us11 RNA binding domain exhibits length-dependent
binding to dsRNA and prefers RNA duplexes to DNA duplexes.
(A) Labeled RNA duplexes of defined lengths were prepared as de-
scribed in Materials and Methods. A sample of each gel-purified
dsRNA was resolved by electrophoresis in a nondenaturing polyacryl-
amide gel. An exposure of the fixed, dried gel is shown. The numbers
on the top refer to the length in base pairs of the purified RNA duplex.
The numbers to the right indicate the migration of dsDNA markers.
(B) Labeled dsRNA of defined length was incubated with increasing
amounts of purified GST A1-87 and subsequently filtered through a
nitrocellulose membrane. Radioactivity retained on the membrane was
quantified. 4, 100-bp dsRNA; O, 81-bp dsRNA; A, 63-bp dsRNA; m,
51-bp dsRNA; (X) 39-, 33-, or 11-bp dsRNA. (C) Ten nanograms of
GST A1-87 was incubated with a labeled 81-bp dsSRNA substrate in the
presence of increasing amounts of unlabeled dsSRNA (4 ) or dsDNA
(@). Both nucleic acid duplexes were 81 bp in length and were derived
from the same sequence.
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cellular protein, Staufen, that contains this motif (14). In ad-
dition to its dsSRNA binding activity, NS-1 also recognizes
poly(A) stretches and U6 snRNA (19, 38, 39). We have now
established that the RNA binding domain in the HSV-1 Usl1
protein constitutes yet another class of elements that can bind
dsRNA. While the structure of the Usl1 RNA binding domain
has not been determined, it is predicted to adopt the confor-
mation of a type 2 polyprolyl alpha helix built up of a series of
repeats of the amino acid triplet Arg-X-Pro (43, 46).

Copious amounts of Us11 are synthesized at late times in the
infectious cycle. HSV-1-infected cells have been demonstrated
to contain a large amount of dsRNA, and dsRNA is a potent
activator of cellular enzymes poised to execute an antiviral
response (23). The dsRNA binding domain of Us11 may there-
fore function stoichiometrically to sequester viral dSRNA and
prevent it from engaging cellular dSRNA binding proteins such
as PKR. Along these lines, the minimum lengths for RNA
duplexes to efficiently activate PKR and to bind to Usll are
strikingly similar (29). RNA-dependent and -independent in-
teractions involving Us11 and PKR may also reduce levels of
activated PKR (reference 7 and unpublished observations). A
related mechanism invoking both dsRNA binding and a phys-
ical association with PKR has been proposed for the vaccinia
virus dsRNA binding protein, E3L (44).

Although dsRNA is thought to accumulate in HSV-1-in-
fected cells, the activities of the Usl1 protein are not essential
for viral replication in cultured cells or pathogenesis in mice,
since Usll is one of two known HSV-1 proteins capable of
modulating the cellular antiviral response (21, 28, 33). Should
viral dsRNA activate the cellular PKR kinase and lead to the
accumulation of phosphorylated elF2a, the viral y34.5 gene
product, in association with the cellular protein phosphatase
la, can mediate the dephosphorylation of phospho-eIF2a and
prevent the premature cessation of protein synthesis that
would otherwise occur (20). Usl1 is also packaged in the virus
particle and therefore is delivered into the cell at times that
precede the expression of viral immediate-early genes (42).
While the role of Usl1 in the virion is not understood, RNAs
have not been found packaged in a Usll-dependent manner
(47). The smaller quantities of Usll delivered by the virus
particles could suffice to sequester the reduced amounts of
dsRNA formed early in the infection. In addition, Usl1 has
been found in nucleoli and associated with ribosomes. As PKR
has also been detected in polysomes and nucleoli, similar sub-
cellular localization of Usll may be important in preventing
PKR activation (24, 53, 57).

The selected RNA ligands that bound Usl1 all formed a
series of conformational isoforms. Several of these isoforms
were stable upon gel purification, and Usl1 binding activity
was limited to those isoforms that possessed increased struc-
ture. We do not know the precise nature of these putative
structural determinants, as they may be either intramolecular,
intermolecular, or a combination of these alternatives. While
Usl1 prefers to bind perfect RNA duplexes of 51 bp or longer,
the selected RNA molecules are predicted to contain duplex
regions substantially shorter than 51 bp. Yet the selected
RNAs associate with Us11, and a 39-bp dsRNA perfect duplex
does not. As both of these templates are composed of approx-
imately 80 nucleotides, this suggests that the selected RNAs
contain binding determinants that are distinct from perfectly



11980 KHOO ET AL.

base paired regions. These determinants could depend solely
on structure, primary sequence, or a combination of both.
Along these lines, eight of the nine selected sequences are
predicted to contain a CA or CCA bulge in the stem of a
dsRNA segment, and this element could conceivably be im-
portant for binding to Usll. All of the RNAs reported by
others to associate with Us11 are quite large, ranging from 200
to 600 nucleotides in length (1, 12, 40, 41, 43, 46). While these
studies convincingly demonstrate the binding of Usl11 to spe-
cific RNA molecules, they fall short of establishing sequence-
specific binding. In fact, the interaction of Usll with RNA
observed in published reports could be explained either en-
tirely or in part by recognition of RNA structure. Only the
Rev- and Rex-responsive elements, both of which bind Usl1,
have been determined to contain extensive regions of second-
ary structure, although the involvement of their structured
segments in binding to Us11 has not been explored (3, 17, 26,
50). The remaining lengthy RNA molecules reported to bind
Us11, some of which have a high GC content characteristic of
herpesvirus mRNAs, would invariably possess a large degree of
predicted secondary structure, making it difficult to distinguish
recognition of structural determinants from recognition of se-
quence determinants. Indeed, the relative contributions of se-
quence and structure are not evident and are worthy of future
investigation. Is there, for example, a role for specific RNA
sequence recognition by Usll, or is the role of primary se-
quence simply to create a secondary structure that is effectively
recognized by the Usll RNA binding domain? Similarly, al-
though simple RNA homopolymeric sequences did not com-
pete effectively for Usll1 in binding experiments with labeled
poly(I - C), this does not conclusively prove that Usl1 could
not recognize discreet unstructured RNA molecules of greater
sequence complexity. Our isolation of a small, defined RNA
sequence that binds with high affinity to Us11 will make it
possible to approach these questions experimentally. Finally,
Us11 might execute several different functions, depending on
the nature of its RNA ligand. Complexes with dsSRNA may
function to prevent PKR activation, while other unidentified
sequence-specific targets may be important for additional ac-
tivities that remain to be discovered.
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