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ABSTRACT To better understand regulation of eukary-
otic protein synthesis, we studied cellular and viral mRNA
translation in influenza virus-infected cells. Influenza virus
infection results in a dramatic shut-off of cellular protein
synthesis that is concomitant with selective viral mRNA
translation. Earlier work showed that these events are medi-
ated by viral and/or cellular factors binding to the 5’ un-
translated region (5 UTR) of viral mRNAs. To identify
trans-acting cellular proteins responsible for selective viral
protein synthesis, we employed the yeast three-hybrid system.
Using the 5" UTR of the influenza virus nucleocapsid protein
(NP) mRNA as bait, we identified the cellular RNA-
recognition motif containing RNA-binding protein G-rich
sequence factor 1 (GRSF-1) as a positive-acting translational
regulatory factor. The in vivo yeast assay revealed GRSF-1
specifically bound to the NP 5’ UTR but not select NP 5’ UTR
mutants or cellular RNA 5’ UTRs. These data were confirmed
by gel shift assays using recombinant GRSF-1. Importantly,
recombinant GRSF-1 specifically stimulated translation of a
NP 5’ UTR-driven template in cell-free translation systems.
Furthermore, translation efficiency of NP 5’ UTR-driven
templates was reduced markedly in GRSF-1-depleted HeLa
cell extracts, but restored in GRSF-1-reconstituted extracts.
GRSF-1 also stimulated translation of an NP 5’ UTR-driven
template in HeLa cell extracts that were depleted of essential
factors by addition of RNA oligonucleotides representing the
viral 5' UTR RNA. Taken together, these data document the
functional demonstration of a cellular protein binding to
influenza virus RNAs and, importantly, suggest that influenza
virus may recruit GRSF-1 to the 5" UTR to ensure preferential
translation of viral mRNAs in infected cells.

The control of mRNA translation has become recognized
increasingly as an important component of gene regulation
(for recent reviews see ref. 1). Translation of eukaryotic
mRNA:s into proteins is a complex process that is subjected to
multiple controls at the levels of initiation, elongation, and
termination. The initiation step of protein synthesis is the most
widely studied. Moreover, the initiation of mRNA translation
most often is the target of regulation in both cellular and viral
systems (1-7). Such regulation often is mediated through the
interaction of trans-acting cellular factors, which interact with
the mRNA 5’ leader or untranslated region (UTR). The best
understood example of mRNA regulation by 5" UTR-RNA-
protein interactions is the ferritin system in which ferritin
mRNA translation is blocked by the binding of the iron
regulatory protein (IRP) to the 5" UTR iron-responsive ele-
ment (IRE) (8-10).
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Eukaryotic viruses, including the picornaviruses and influ-
enza viruses, because of their dependence on the host cell
protein synthesizing machinery, have provided excellent mod-
els to understand the control of mRNA translation. Picorna-
viruses, perhaps the best understood viral system, are unique
in that their mRNA contains an internal ribosome entry site
(IRES) located within the 5" UTR that is more than 700 nt in
length and contains multiple ATGs and an extensive secondary
structure (11, 12). Host or cellular mRNAs cannot be trans-
lated in infected cells because of the virally induced inactiva-
tion of the cellular cap-binding complex (13). Several host
factors, which bind to the 5" UTR and may play a functional
role, have been identified, including the autoantigen La, the
polypyrimidine tract-binding protein, PTB, the poly (rC)-
binding protein 2 (PCBP2) (14-16), and the eIF4G homologue
poly(A)-interacting protein (PAIP) (17).

Inside an influenza virus-infected cell, as in a picornavirus-
infected cell, there is a dramatic shift from cellular to viral
protein synthesis. However, influenza virus mRNAs, in con-
trast to the picornaviruses, are translated by a cap-dependent
mechanism that does not involve IRES elements (18). Indeed,
all influenza virus mRNAs contain the cellular cap and 10-14
nucleotides of host mRNA sequences at the very 5’ end
because of “cap stealing” during viral mRNA transcription
(19). Further, the viral 5" UTRs are comparatively unremark-
able in structure. The mRNA leaders contain ordinary 20- to
50-nt sequences (depending on the gene), with little apparent
secondary structure and no upstream AUGs. Despite its
relative simplicity, the influenza virus mRNA 5" UTR is both
necessary and sufficient to direct selective translation (18, 20).
Previous studies have identified a number of host and viral
factors, which interact with the viral mRNA, potentially to
regulate viral protein synthesis (21). In the current report, we
utilized the yeast three-hybrid system to identify and clone
genes whose product specifically interacts with the influenza
virus mRNA 5" UTR.

MATERIALS AND METHODS

The Three-Hybrid Library Screen. The yeast strains L40-
coat and R40-coat (the same genotype as L40-coat except for
MATa) and plasmids pIII/MS2-1, pAD-IRP1, and pIII/MS2-
IRE were generous gifts from Dhruba J. SenGupta (Univ. of
Washington) (22). The plasmid pIII/MS2-NP, which expresses
an MS2-NP 5" UTR, was constructed by inserting a double-
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stranded oligonucleotide (prepared by annealing the synthetic
oligonucleotides 5'-CCGGGAGCAAAAGCAGGGTA-
GATAATCACTCACTGAGTGACATCAAAATCG-3" and
5'-GGCCCGATTTTGATGTCTCTCAGTGAGTGATTAT-
CTAC CCTGCTTTTGCTC-3') into the Xmal site on plasmid
pIII/MS2-1. The plasmid pIII/MS2-NP-A, which contains a
mutant form of the nucleocapsid protein (NP) 5" UTR (called
NP-A), was constructed with the synthetic oligonucleotides 5'-
CCGGGGTAGATAATCACTCACTGAGTGACATCAAA-
ATCG-3' and 5'-GGCCCGATTTTGATGTCTCTCAGTG-A-
GTGATTATCTACC-3'.

The plasmid pIII/MS2-NP (URA3) was introduced into
yeast L40-coat by transformation. Two hundred micrograms of
the HeLa cell two-hybrid cDNA library cloned in pPGAD-GH
(called pAD-cDNAs) was transformed into L40-coat/NP.
Double-transformants (Trp*, Leu*, Ura®) were plated on
—Trp, —Ura, —Leu, —His plates containing 3 mM 3-amin-
otriazole (AT). Resulting His* protoprophs represent putative
positive colonies in which an HIS3 reporter gene is activated
by either interaction between bait RNA and target protein
(RNA-dependent) or a target protein alone (RNA-
independent). To select RNA-dependent potential positives
that required the MS2-NP 5" UTR hybrid RNA for activation
of an HIS3 reporter gene, the positives were treated with
S-fluoroorotic acid (5-FOA), in which RNA-dependent His*
protoprophs were sensitive to 5-FOA (unpublished data).
Approximately 2,000 His* protoprophs, grown on —Trp,
—Ura, —Leu, —His plates containing 3 mM 3-AT were
transferred onto 5-FOA plates and master plates. Two hun-
dred and thirty 5-FOA-sensitive colonies were identified on
master plates and counter-screened with the mutant bait RNA,
NP-A, by using a yeast-mating assay. The RNA-dependent
His* protoprophs on the master plates, which contained two
plasmids, pIII/MS2-NP and individual pAD-cDNA, were
transferred onto —Trp, —Leu plates. Each colony was replica-
plated onto —Trp, —Leu plates containing 5 mM 5-FOA. The
resulting colonies were mated to R40-coat/NP-A (MATa,
Trp*, Leu™, Ura™) (23). Diploids were selected by replica-
plating onto —Trp, —Ura, —Leu plates. Each diploid then was
assayed for B-galactosidase activity by direct measurement of
enzyme activity using o-nitrophenyl B-D-galactopyranoside as
a substrate.

In Vitro Transcription. The 3?P-labeled riboprobes were
synthesized as described previously (21). The single-stranded
ribooligonucleotides for competition assays were synthesized
by using a MAXIscript T7 Kit. For capped mRNA transcripts,
plasmid DNA was linearized with an appropriate, proper
restriction enzyme and transcribed with T7 RNA polymerase
by using a T7 mMesSAGE mMACHINE (Ambion, Austin,
TX) kit in the presence of cap and a trace amount of [*?P]JUTP.

Mobility-Shift Assays. Mobility-shift assays and supershift
assays were performed as described previously (21) by using
recombinant G-rich sequence factor 1 (GRSF-1) purified from
Escherichia coli (24) or cell extracts prepared from HeLa cell
monolayers (21). Hybridoma supernatant containing anti-
GRSF-1 was used for supershift assays.

Purification of GST-GRSF-1. E. coli HB101 transformed
with the plasmid pGEX2TZQ-2.7 (24) was cultured and
induced with 1 mM isopropyl B-D-thiogalactoside. Glutathione
S-transferase (GST) fusion proteins were incubated with glu-
tathione-agarose beads (Sigma) and were eluted with the
elution buffer (50 mM TrissHCl, pH 8.0/5 mM reduced
glutathione).

In Vitro Translation. The HindIII-BstEIl fragments, con-
taining the T7 promoter followed by influenza viral NP 5’
UTR, were amplified by PCR from pBC/CMV/(NP)SEAP
(20) by using the primers 5'-AAAAAGCTTAATACGACT-
CACTATAGGGAGCAAAAGCAGGGTAG-3' and 5'-
GTCGGTGACCATGATTTTGATGTCACTCAGT-3".
Fragments were subcloned between HindIII and BstEII sites
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on pSP-luc+NF (Promega), yielding plasmid pSP-NP. Plasmid
pSP-NP-A was constructed in the same way by using primers
5'-AAAAAGCTTAATACGACTCACTATAGGGGTAGA-
TAATCACTCACTGAG-3' and 5-GTCGGTGACCAT-
GATTTTGATGTCACTCAGT-3'. For plasmid pSP-SEAP,
the synthetic, double-stranded DNA fragments (5'-AGCTT-
AATACGACTCACTATAGGGCGCCTCGCCGCTCTCC-
GACTGCTTCCAGACATG-3' and 5'-GTGACCATGTCT-
GGAAGCTGTCGGAGAGCGGCGAGGCGCCCTATAG-
TGAGTCGTATTA-3’), which contain the T7 promoter
followed by secreted embryonic alkaline phosphatase (SEAP)
5" UTR, were inserted into the HindIIl and BstEII sites on
pSP-luc+NF. The BstEII-EcoRI fragment containing the
“firefly” luciferase-coding region of pSP-NP-A was replaced
with the “sea pansy” luciferase-coding region that was ampli-
fied by PCR from pRL-CMV by using the primers 5'-
GCTAGCCACCATGGTCACCACTTCGAAAGTT-3" and
5'-CGCTCTAGAATTCTTATTGTTACTT-3" and digested
with BstEIl and EcoR1, yielding plasmid pRL-NP-A. To make
capped mRNAs, plasmids were linearized with EcoRI and
were transcribed with T7 RNA polymerase by using a T7
mMesSAGE mMACHINE kit (Ambion) in the presence of
cap and a trace amount of [3?P]JUTP.

Cell-free translation extracts from suspension HeLa cells,
which were infected with influenza strain A/PR/8/34 (25),
were prepared as described previously (26) without micrococ-
cal nuclease treatment. For immunodepletion of GRSF-1,
protein A-agarose beads were coated with IgG molecules by
using GRSF-1-specific ascites fluid (27). For in vitro transla-
tion, 125 ng of capped template RNAs was preincubated in the
absence (elution buffer for the GST fusion protein) or pres-
ence of 0.2 pug of GST-GRSF-1 (or GST-PTB/U1A) for 10 min
at 30°C and incubated further with HeLa cell extract. Samples
then were analyzed for luciferase activity by using a Dual-
Luciferase Reporter Assay System (Promega).

RESULTS

Three-Hybrid Cloning of the NP 5 UTR-Binding Protein,
GRSF-1. We demonstrated previously that sequences within
the 5’ UTR of the NP or nonstructural protein (NS) mRNA
(20) mediated the selective translation of influenza virus
mRNAs. Homology between the 5’ UTR of the NP and NS
mRNA is limited to the first 14 nt of the 5’ end, of which a 12-nt
sequence (referred to as region A) is conserved among the
eight influenza viral mRNAs (Fig. 24). In addition, we
demonstrated that region A of the NP 5’ UTR specifically
binds to a set of cellular proteins (21). Thus, we attempted to
clone cDNAs encoding RNA-binding proteins that specifically
interact with region A by utilizing the yeast three-hybrid system
(22). RNA-protein interactions in this system are detected by
the transcriptional activation of the dual-reporter system con-
sisting of HIS3 and lacZ placed under the control of the GAL
promoter, brought about when a target protein binds to bait
RNA.

To clone a cellular protein that specifically interacts with
region A of the NP 5" UTR, we designed two separate hybrid
RNA baits, MS2-NP 5’ UTR (wild-type bait RNA) and
MS2-NP-A (mutant bait RNA). MS2-NP 5" UTR contains
full-length influenza virus NP 5’ UTR to detect potential NP
5" UTR-binding proteins, whereas MS2-NP-A contains the NP
5" UTR lacking region A, to counter-screen against proteins
that bind to other regions of the 5" UTR (Fig. 14). A plasmid
encoding wild-type bait RNA and an uninfected HeLa cell
cDNA library fused to the GAL4 activation domain were
consecutively introduced into yeast L40-coat. From ~2,000
3AT-resistant colonies, 230 RNA-dependent candidates were
selected based on their 5-FOA sensitivity. These clones then
were tested for binding specificity to region A by using a mating
assay. One expressed an RNA-binding protein that interacted



6696 Biochemistry: Park et al.

c
WT Bait RNA Ag S
MS2 3 §
SIRC]
GCAAAAGCAGGGUAGAUAR" “CAUCAAAAUC
NP 5UTR
RNase P leader
c
. ATU
Mutant Bait RNA U v
B a
[T ]
< B
8%
GUAGAUAA™ CAUCAAAAUC
Mutant (NP-A)
B
0.9
0.8 GRSF-1 sl W W N el W]
0.7 hnRNPHOrF sl T i W el W e
Q06 PUB1 —f AW —y -
3 0.5 ELAV =————y W W -]
HuD — W ]
o 8; Hel-N1 — ]
0.2 RBPY =l W W W el W]
0.1] e— . .
0 RRMs Auxiliary Domains
NP NP-A IRE

Fic. 1. Yeast three-hybrid analysis reveals that GRSF-1 binds to
influenza virus NP 5" UTR. (4) Sequence and computer-predicted
structure of the wild-type and mutant bait RNAs. The 5" UTR of
influenza viral NP mRNA or its 12-nt deletion mutant (NP-A) was
placed at the 3’ end of the tandem MS2 RNAs. (B) Specific interaction
of clone 149 with the wild-type bait RNA. The plasmid isolated from
clone 149 was reintroduced into yeast strain L40-coat with the plasmid
expressing the wild-type (NP), mutant (NP-A), or negative control
(IRE) bait RNA. Yeast double transformants were assayed for
B-galactosidase activity by direct measurement of enzyme activity. (C)
Diagrammatic representation of a partial listing of RNA-binding
proteins that share similar domain organization to the RRM-
containing GRSF-1 protein is presented.

with the NP 5" UTR, but not with NP-A or IRE RNA [a
negative control RNA (22)] (Fig. 1B). The HeLa cDNA
encoding this protein was isolated, and a BLAST database
search revealed a 100% match to the human cDNA encoding
GRSF-1. GRSF-1 is an RNA-binding protein with three
RNA-recognition motifs (RRM) and is a member of the
RRM-containing superfamily (Fig. 1C). Until the current
study, the function of this RNA-binding protein remained
unknown (24).

GRSF-1 Binds to the 12-nt Conserved Region and Its
Flanking Sequence in the 5’ UTR of Influenza Viral NP and
NS mRNAs. To demonstrate a direct interaction between
GRSF-1 and region A of the NP 5’ UTR, an in vitro mobility-
shift assay was performed by using recombinant GRSF-1.
Highly purified recombinant GRSF-1 formed a major complex
with the wild-type NP 5’ UTR, but not with the NP 5" UTR
lacking region A (NP-A) (Fig. 2B), thus confirming the yeast
three-hybrid data. Similarly, when the region A sequences
were inverted (Ainy) rather than deleted, interactions with
GRSF-1 were diminished. If GRSF-1 were involved with
selective viral mRNA translation, one would expect that it not
interact with the 5’ leader from a cellular RNA. For this
purpose we selected the 5" UTR of SEAP. Neither the native
SEAP 5" UTR nor SEAP+A, which consisted of the region A
appended to the SEAP 5’ UTR, formed a complex with
GRSF-1 (Fig. 2B, lanes 8 and 9). We next examined whether
sequences adjacent to region A were required for the GRSF-
1/NP 5’ UTR complex formation by preparing various mutant
riboprobes lacking other regions of the NP 5" UTR (Fig. 2A4).
Mutant NP-B failed to form a stable complex with GRSF-1
(Fig. 2B, lane 3). In contrast, mutant NP-C interacted with
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FiG. 2. GRSF-1 interacts with specific sequences within the influ-
enza virus mRNA 5" UTR as detected by gel mobility-shift analysis.
(A) Sequences of the in vitro transcribed RNA transcripts used as
probes in gel mobility-shift assays. Underlined sequences represent the
conserved 12-nt sequences found on all influenza virus type A
mRNAs. The 5" UTR of NP mRNA was divided into three regions
(regions A, B, and C) as depicted across the top. The name of each
transcript is indicated on the left side of its sequence. Ay is a
derivative of NP, in which region A is reversed. The NS 5" UTR is
shown along with a sequence of the substitution mutant NS-B (mu-
tated bases are shown in lowercase letters). Below are shown the
sequences of the SEAP 5' UTR along with the SEAP 5" UTR
appended to region A (SEAP+A). (B) Recombinant GRSF-1 (0.050
png) purified from E. coli was incubated in the presence of the
nonspecific competitor, heparin (0.125 mg/ml), with the various
probes indicated across the top, as described under Materials and
Methods. (C) The RRM-containing RNA-binding purified proteins
U1A and PTB (0.050 ng) were incubated with the NP 5" UTR probe
as specificity controls (for details, see B). (D) HeLa S10 extract (200
g, Left) or recombinant GRSF-1 (rGRSF-1) (0.050 ug, Right) was
incubated with the NP 5" UTR in the presence of increasing amounts
of monoclonal anti-GRSF-1 for supershift analysis. The resulting
RNA-protein complexes were resolved on a native polyacrylamide gel.
The GRSF-1-RNA complex (open arrow on the left) and its antibody
complex (solid arrow on the right) are indicated.

GRSF-1 as strongly as wild-type NP 5’ UTR (Fig. 2B, lane 4).
We also examined the ability of the 5’ UTR of influenza viral
NS mRNA to bind GRSF-1. Consistent with our previous
results that the NS 5" UTR also mediates viral nRNA-selective
translation (20), NS 5" UTR also formed a stable complex with
GRSF-1, whereas mutant NS-B, containing a random 6-nt
substitution in the region B, failed to bind (Fig. 2B, lanes 6 and
7). These data, taken together, suggest that both regions A and
B of the NP and NS 5" UTRs are necessary for binding to
GRSF-1, but that region A alone is not sufficient to promote
GRSF-1 binding. As an additional test of specificity, we
analyzed the interaction between the NP 5’ UTR and two
additional RRM containing RNA-binding proteins. In con-
trast to GRSF-1, neither the PTB nor the U1A proteins bound
to the viral 5 UTR (Fig. 2C). Finally, we validated that
GRSF-1, present with multiple proteins within a crude HeLa
cell lysate, also bound to the NP 5" UTR by using supershift
analysis and GRSF-1-specific mAb (Fig. 2D).

GRSF-1 Mediates Selective Translation of Influenza Viral
NP 5’ UTR-Driven Templates. Having established binding of
GRSF-1 to specific regions of the influenza viral 5" UTRs, it
was essential to test whether GRSF-1 played a role in the
selective translation of influenza virus mRNAs. For this
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analysis, we established a dual-luciferase reporter system that
consisted of NP 5’ UTR-driven firefly (NP-LUC) and NP-A-
driven sea pansy luciferase (NP-A-rLUC). Enzyme activity of
these luciferases can be measured separately because of their
different substrate requirements. This allowed us to examine
whether GRSF-1 was able to preferentially enhance transla-
tion of an NP 5" UTR-driven template over a mutant NP 5’
UTR-driven template in a single reaction. These experiments
were performed by using non-micrococcal nuclease-treated,
influenza virus-infected, HeLa cell cell-free extracts to best
approximate events that would occur inside an influenza
virus-infected cell. The mRNA templates were translated
simultaneously in the absence or presence of GST-GRSF-1
fusion protein. Highly purified recombinant GRSF-1 (Fig. 34)
enhanced translation of NP-LUC mRNA more than 5-fold, but
only slightly enhanced translation of the mutant NP-A-rLUC
(Fig. 3B). The minor effects of translation of NP-A-rLUC
mRNA by GRSF-1 could be explained by a weak interaction
between GRSF-1 and the NP-A, which was detected in a
gel-shift assay (Fig. 2B, lane 2). As a specificity control, a
parallel experiment was performed by using two other cellular
RRM-containing RNA-binding proteins, recombinant PTB
fused to GST and purified U1A. As predicted from the binding
data, neither GST-PTB nor U1A stimulated the translation of
NP-LUC or NP-A-rLUC (Fig. 3B). Importantly, the stability
of template mRNAs was not markedly effected by incubation
with or without exogenous GST-GRSF-1 (Fig. 3C). These
results provide evidence that GRSF-1 selectively enhances the
translation of the wild-type but not region A mutant NP 5’
UTR-driven templates.
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F1G. 3. GRSF-1 selectively enhances translation of the influenza
viral NP 5" UTR-driven template. (4) GST-GRSF-1 fusion proteins
(0.200 pg) were visualized by Coomassie staining or Western blotting.
The arrow indicates the intact GST-GRSF-1 fusion protein. (B) The
NP 5" UTR-driven (NP-LUC) and mutant NP 5" UTR-driven (NP-
A-rLUC) templates (0.125 ug each) were translated in a HeLa extract
in the absence or the presence of GST-GRSF-1 (0.200 ng). GST-PTB
fusion protein (0.200 ug) and U1A (0.200 ug) again were utilized as
specificity controls. After 45 min at 30°C, translation products were
assayed by using a Dual-Luciferase Reporter Assay System (Promega).
Values are the mean * SD of three experiments per group. A
scintillation counter was used to measure luciferase activity. Counts
per minute (cpm) were produced by calculating the square root of
measured cpm minus background cpm. We arbitrarily assigned a value
of 100 to the control NP-luciferase reaction that, in this case, repre-
sented an average value of 3,560 cpm of luciferase activity per ul of
HeLa extract. Other relative luciferase activity values were calculated
relative to this number. (C) GST-GRSF-1 does not affect stability of
template RNAs. Aliquots of translation products in B were extracted
with phenol and phenol/chloroform, and RNAs were fractionated by
formaldehyde-agarose gel electrophoresis. After electrophoresis, gels
were stained with ethidium bromide to visualize ribosomal RNAs (18S
and 28S, Upper) for internal controls. Template RNAs, which had been
radiolabeled with trace amounts of 32P, then were visualized on x-ray
film after gels were dried. LUC and rLUC indicate the firefly
luciferase and the sea pansy luciferase RNA, respectively. M indicates
mixture of an aliquot of the starting material of templates only.
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The role of GRSF-1 in the selective translation of viral NP
5" UTR-driven template was examined further in GRSF-1
immunodepletion/reconstitution experiments using influenza
virus-infected HeLa cell extracts. Interestingly, HeLa cells
appeared to express a complex series of isoforms of GRSF-1,
which were detected by two different mAbs (24) (Fig. 44). The
second fastest migrating protein, which has a predicted mo-
lecular mass of approximately 48 kDa, comigrated with re-
combinant GRSF-1 expressed in bacteria. The identity of the
different GRSF-1-related proteins are unknown but poten-
tially may arise from posttranslational modification and/or
differential splicing (24). Endogenous GRSF-1 proteins were
depleted from HelLa cell extracts with protein A-agarose beads
coated with IgG molecules specific to GRSF-1. As a control,
HeLa cell extracts were treated under the same conditions with
protein A-agarose beads coated with normal mouse IgG.
Western blotting analysis indicated a nearly complete deple-
tion of GRSF-1 proteins except for the smallest isoform (Fig.
4A4). Subsequent passages over the GRSF-1 IgG column did
not result in complete elimination of the smallest GRSF-1
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Fi16. 4. Immunodepletion of GRSF-1 compromises translation of
influenza virus 5" UTR-driven chimeric mRNA translation, whereas
GRSF-1 reconstitution restores mRNA translation. (4) HeLa S10
extracts (S10) were incubated with protein A-agarose beads coated
with GRSF-1-specific IgG molecules (anti-GRSF-1) or with normal
mouse IgG molecules (Mock) at 4°C for 4 hr. Depleted extracts then
were centrifuged briefly, and the supernatant was examined by West-
ern blotting. The GRSF-1 isoforms in the S10 starting material (100
pg) and the migration of the recombinant GRSF-1 (50 ng) are shown
on the left. The GRSF-1 proteins patterned after depletion are shown
on the right. (B and C) The mock-depleted, GRSF-1-depleted, or
GRSF-1-reconstituted extracts were used for the cell-free translation
of wild-type and mutant NP 5" UTR-driven mRNA translation [NP-
LUC (B) and NP-A-rLUC (C)]. For the GRSF-1-reconstituted ex-
tracts, 0.200 wg of GST-GRSF-1 fusion protein was added. After 45
min at 30°C, translation products were assayed by using a Dual-
Luciferase Reporter Assay System (Promega). In this experiment, 100
was equivalent to an average of 2,340 cpm of luciferase activity per ul
of HeLa extract. Mock, Depletion, or Reconstitution at the bottom
indicates the mock-depleted, GRSF-1-depleted, or GRSF-1-
reconstituted extract, respectively. Values are the mean = SD of three
experiments per group. (D) GST-GRSF-1 does not affect stability of
template RNAs. Using aliquots (12 ul) of translation products (B and
(), template RNA stability was tested as described in Fig. 3C. LUC and
rLUC indicate the firefly luciferase and the sea pansy luciferase RNA,
respectively. M indicates mixture of an aliquot of the starting-material
templates.
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species (data not shown). Each extract then was used for
cell-free translation of NP (5 UTR)-LUC and NP-A (5’
UTR)-rLUC in the absence or presence of recombinant
GST-GRSF-1. Translation efficiency of the NP-LUC was
reduced ~60% in a GRSF-1-depleted extract compared with
a mock-depleted extract (Fig. 4B). We were unable to com-
pletely eliminate NP 5° UTR-driven translation through
GRSF-1 depletion. It may be that other cellular or viral factors
in the lysate can compensate for the lack of GRSF-1 in the
extracts. It is also possible that the residual translation was
mediated by the remaining GRSF-1 isoform. More critically,
however, the translational inhibition resulting from immu-
nodepletion was brought back to basal levels by the addition of
GRSF-1. However, it is important to note that we did not
succeed in enhancing translation above the original basal levels
(e.g., compare with the 5-fold stimulation above basal levels
shown in Fig. 3B). These data suggest that other essential
factors may have been depleted along with GRSF-1 and that
addition of GRSF-1 alone was not sufficient to cause stimu-
lation beyond basal levels. Thus, we cannot rule out that other
cellular factors also are required for specific viral mRNA
translation. Significantly, however, neither depletion nor re-
constitution of GRSF-1 affected translation efficiency of mu-
tant NP-A-rLUC (Fig. 4C). As before, the differences in
mRNA translation were not due to differences in mRNA levels
(Fig. 4D).

RNA Oligonucleotide Competition Experiments Indepen-
dently Demonstrate a Role for GRSF-1 in Selective Viral
mRNA Translation. To obtain further evidence that GRSF-1
mediates selective translation of a NP 5" UTR-driven template
through their physical interaction, we performed RNA oligor-
ibonucleotide-competition experiments. Sequestration of
GRSF-1 (and other viral/cellular factors) in a HeLa cell
extract by competitor 5" UTR RNAs should affect the trans-
lation of the viral and cellular 5" UTR-driven templates. We
also reasoned that events in these “translationally compro-
mised” extracts might represent even better the events occur-
ring in an influenza virus-infected cell. We transcribed com-
petitor RNAs representing the following 5" UTRs: the cellular
SEAP, viral NP wild type, viral mutant NP-A, and viral mutant
NP-C RNAs (see Fig. 24). We then compared the translation
of the cellular-driven SEAP-5" UTR-LUC and the viral-driven
NP-5' UTR-LUC chimeric mRNAs in the presence or absence
of these RNA 5’ UTR “sense” transcripts. The translation of
the SEAP-LUC mRNA was inhibited by excess amounts of the
NP, NP-A, and SEAP 5" UTR RNA competitors (Fig. 54).
One can speculate that all the RNA transcripts inhibited
translation of the cellular 5’ UTR-driven mRNA because of a
general sequestration of required translation factors. In con-
trast to SEAP-LUC translation, translation of the NP 5’
UTR-driven template (NP-LUC) was inhibited only by the NP
and NP-C RNA transcripts but not by competitor NP-A or
SEAP 5" UTR RNAs (Fig. 5B). These data strongly suggest
that GRSF-1 is required for efficient viral 5' UTR-driven
translation because only RNA competitors, such as the NP and
NP-C 5" UTRs (that sequester GRSF-1), are inhibitory.

If our hypothesis were correct, then addition of GRSF-1 to
a translation extract, compromised by RNA transcripts that
bind GRSF-1, should restore translation of NP-LUC to basal
levels. On the other hand, GRSF-1 addition to extracts, whose
translation was compromised by RNA transcripts that cannot
bind or sequester GRSF-1, would have no effect on the cellular
5" UTR SEAP-LUC translation. As predicted, although both
NP-LUC and SEAP-LUC translation were inhibited by the
presence of excess NP5 UTR, GRSF-1 addition restored
NP-LUC mRNA translation but could not restore SEAP-LUC
mRNA translation (Fig. 5C). Collectively, these data provide
additional evidence that GRSF-1 can discriminate between
cellular and viral 5" UTR chimeric mRNAs such that only the
latter are up-regulated positively.
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Fi1G. 5. RNA oligonucleotide-competition experiments confirm a
GRSF-1-positive translational regulatory function. (4 and B) RNA
oligonucleotide-competition experiments. Template cellular 5" UTR
SEAP-LUC (A) or viral 5" UTR NP-LUC (B) was translated in an
influenza virus-infected HeLa cell extract in the absence or presence
of various competitors as indicated below each bar. Competitor RNAs
were added at 200 X molar ratio to template. The nucleotide se-
quences of competitors are shown in Fig. 24. An arbitrary value of 100
represented 4,215 cpm SEAP-LUC of luciferase activity per ul of
HeLa cell extract in4 and 4,520 cpm of NP-LUC luciferase activity per
wl of HeLa cell extract in B. (C) Effects of GRSF-1 reconstitution in
RNA oligonucleotide-compromised extracts. Either template NP-
LUC or SEAP-LUC was translated in a virus-infected HeLa extract in
the absence (No comp) or presence of competitor NP 5" UTRs (NP)
or in the presence of competitor NP 5 UTRs plus 0.200 ug of
GST-GRSF-1 (NP+GRSF-1) as indicated below each bar. After 45
min at 30°C, translation products were assayed by using a Luciferase
Assay System. A value of 100 represented 4,240 cpm of NP-LUC
luciferase activity per ul of HeLa cell extract in C. Other values then
were determined relative to this standard. Values throughout are the
mean * SD of three experiments per group.

In closing, it is important to point out that the mutant viral
and cellular chimeric mRNAs were, at times, translated with
similar translational efficiency to the wild-type viral mRNA
chimera in the noncompromised, virus-infected extracts. It was
only after depletion of GRSF-1 and possibly other factors,
either by immunodepletion or RNA oligonucleotide addition,
that more dramatic differences in translational efficiencies
were observed. This suggests that our in vitro extracts, per se,
did not mimic precisely what occurred in an influenza virus-
infected cell unless a more naturally “competitive,” factor-
limiting environment was introduced. Under these conditions,
only the wild-type viral-driven chimeric mRNAs were trans-
lated selectively.

DISCUSSION

A clue to the complex mechanisms underlying selective influ-
enza virus mRNA translation first arose from our study in
which we found that the 5" UTR was necessary and sufficient
to direct select viral mRNA translation (18, 20). We subse-
quently identified mainly unknown cellular proteins that
bound to specific regions of the 5" UTR of viral but not cellular
mRNAs (21). Additional insights into the mechanisms of
translational regulation came from studies that found that the
influenza virus-induced host-cell shut-off might be due to the
partial inactivation of eIF4E (28). Also relevant are reports
that the specific stimulation of viral protein synthesis may be
due to the virally encoded NS1 by as yet unknown mechanisms
(29, 30). We now propose that the cellular RRM-containing
RNA-binding protein, GRSF-1, interacts with specific se-
quences within the viral 5" UTR to selectively promote viral
mRNA translation. GRSF-1 was identified first by using a
Northwestern cloning strategy and a G-rich RNA element as
aprobe (24). Based on sequence homologies to a Dictyostelium
ribosomal large protein subunit, the investigators suggested
that GRSF-1 might play a role in mRNA translation. Indeed,
other RRM-containing proteins, including poly(A)-binding
protein (PABP) (31-33), PTB (34-37), and the ELAV gene
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product (38), all have been shown to play a role in the
regulation of protein synthesis.

We do not yet know how GRSF-1 promotes selective mRNA
translation. Recent work on another RRM-containing RNA-
binding protein, PABP (31-33), has shown that, in yeast,
PABP interacts with the eukaryotic initiation factor, eIF-4G,
to mediate the ability of the poly(A) tail to stimulate transla-
tion in vitro. This association is not essential in vivo unless the
function of eIF-4E is compromised. In a mammalian system,
the Sonenberg laboratory (17) has found that PABP interacts
with a novel eIF-4G homologue, PAIP, to stimulate mRNA
translation. In a recent relevant report, Gallie found that
hsp101 heat-shock protein enhanced cap-dependent transla-
tion of the tobacco mosaic virus 5 UTR-driven luciferase
RNA (39). This hsp 101-mediated enhancement required both
elF-3 and eIF-4G. It is tempting, therefore, to speculate that
GRSF-1 also interacts with eukaryotic initiation factors to
efficiently recruit ribosomes to viral mRNAs and stimulate
mRNA translation. We also cannot rule out a possible trans-
lational regulatory role for other cellular RNA-binding pro-
teins or, certainly, the viral NS1 protein, given that the latter
interacts with the viral 5’ UTR (21) and appears to regulate
viral mRNA translation (29, 30).

GRSF-1 does not function solely to stimulate the translation
of influenza virus mRNAs. An untranslated region database
search, UTRdb (40), identified several non-influenza virus
mRNA 5’ UTRs that contain homology to the GRSF-1-
binding region present on the NP 5" UTR. The best match (13
of 14 nt) was to the 5" UTR sequences of an isoform of the
cellular transcription factor, NF-E2 (41). Intriguingly, the 5’
leaders of both hsp40 and hsp70 molecular chaperone mRNAs
also contained homology to the GRSF-1-binding site. The
latter takes on added significance in that we have demon-
strated recently that both hsp40 and hsp70 are involved in the
regulation of the P58'™X/PKR regulatory pathway (42, 43).
P58PK is a cellular inhibitor of PKR that is activated by
influenza virus to prevent excessive phosphorylation of eIF-2«
and a global shutdown of protein synthesis. Hsp40 likely
functions as a negative regulator of P58PK whereas hsp70
forms a trimeric complex with both hsp40 and P58™K and may
contribute to the refolding and inactivation of PKR. It there-
fore would be advantageous if these chaperone mRNAs were
translated efficiently during compromised cellular protein
synthesis. It will be of considerable interest to directly deter-
mine whether GRSF-1 can regulate translation of these stress
proteins and transcription factor in influenza virus-infected
cells.
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