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FIG. 4. Identification of the sequence required for stimulation by the NS1 protein. The numbered sequences for the 5' noncoding regions of
the sense M-CAT, M-CAT-2, M-CAT-3, NS-CAT, NS-CAT-3, and NS-CAT-4 RNAs are shown. Domains I and II of M-CAT RNA were replaced
with the corresponding regions (ns-I and ns-II) of NS-CAT RNA (M-CAT-2 and M-CAT-3) (underlined sequences). The sequences of domain
I and those of both domains I and II were introduced into NS-CAT RNA (NS-CAT-3 and NS-CAT-4). Clone 76 cells (approximately 5 X 10%)
were infected with NS1-VAC or NS2-VAC (MOJ, 10). Infection with vaccinia virus WR strain served as the control (WT). RNPs (25 1) were then
transfected into the cells. After a 24-h incubation, cells were harvested. Fifty percent (M-CAT, M-CAT-2, and M-CAT-3) or ten percent (NS-CAT,
NS-CAT-3, and NS-CAT-4) cell extracts were used for the CAT assay. Authentic CAT enzyme was used as the control. Shaded AUG indicates

translational start site.

neutralized with 20 X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate) for 5 min. The amount of RNA was
determined by hybridization using an antisense DNA probe.
The probe was prepared by 60 cycles of Taq polymerase
(Takara Shuzo) reaction with [a-*?P]dCTP (3,000 Ci/mmol)
and pT3/M-CAT DNA as the template and either M13 primer
RV (5'-CAGGAAACAGCTATGAC-3') for the antisense
probe or M13 primer M4 (5'-GTTTTCCCAGTCACGAC-3")
for the sense probe. Vaccinia virus-specific probe was obtained
in the same way with primer VAC19 (5'-TATCGGCTATCTC
TACTCC-3") and cDNA coding for the vaccinia virus RNA
polymerase 22-kDa subunit (29). The membrane was incu-
bated in a hybridization mixture containing 50% formamide,
5X SSC, 1 x Denhardt’s solution, 50 mM Na phosphate buffer
(pH 7.0), and carrier DNA (1 mg/ml) for 1 h at 45°C and then
in a hybridization mixture containing the probe (1 x 10°

cpm/ml/20 cm?) for 24 h at 45°C. Thereafter, the membrane
was washed three times with 2X SSC and 0.1% sodium
dodecyl sulfate (SDS) for 5 min and three times with 0.1 X SSC
and 0.1% SDS for 15 min at 50°C. The dried membrane was
exposed to X-ray film.

RESULTS

Identification of viral regulatory proteins. Previous reports
of the use of influenza A virus temperature-sensitive (ts)
mutants with a defect in the NS1 protein have suggested that
the NS1 protein plays a role in the regulation of M1 protein
expression. Therefore, we studied the effect of the NS1 protein
on the expression of model RNAs containing the CAT re-
porter gene and the noncoding sequences of segment 7 (T3/
M-CAT) or segment 8 (IVACAT-1) (Fig. 1). RNPs were first
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FIG. 5. Effect of the NS1 and NS2 proteins on CAT expression from NP-CAT, NA-CAT, and PB1-CAT RNAs. At 1.5 h prior to transfection,
the cells (approximately 5 X 10°) were infected with vaccinia virus recombinant NS1-VAC (MOI, 10). Infection with the vaccinia virus WR strain
served as the control (WT). After transfection of 25 pl of the NP-CAT, NA-CAT, or PBI-CAT RNPs, cells were incubated for 24 h at 37°C. The
cells were harvested, and 50% cell extracts were used for CAT assay. Authentic CAT enzyme was used as the control. The numbered sequences
for the 5’ noncoding regions of the RNAs are shown, with the putative regulatory sequence underlined and the possible stem-loop structure

indicated in NP-CAT. Shaded AUG indicates translational start site.

reconstituted in vitro by using the RNAs and viral polymerase
and NP proteins and were then transfected into clone 76 cells
in which influenza virus polymerase and NP proteins were
expressed (15). The cells were superinfected with either vac-
cinia virus WR strain or vaccinia virus recombinant NS1-VAC
or NS2-VAC. CAT expression from the M-CAT RNA was
stimulated in the presence of the NSI protein, whereas the
effect of the NS2 protein on CAT expression was insignificant
(Fig. 2). CAT activity with the NS-CAT RNA construct was
not significantly changed in the presence of either the NS1 or
the NS2 protein (Fig. 2).

Analysis for transcription. In order to examine whether the
NSI1 protein stimulates the transcription of the M-CAT RNA,
we analyzed the level of poly(A)* mRNA in the nucleus and in
the cytoplasm (Fig. 3A). Clone 76 cells were transfected with
NS-CAT or M-CAT RNAs. Poly(A)* RNA was purified from
nuclear and cytoplasmic fractions, and the amount of specific
RNA was determined by slot blot hybridization. The data
indicated that neither the NS1 nor the NS2 protein altered
transcription or the nuclear-cytoplasmic transport of the
mRNAs (Fig. 3A). Thus, the stimulatory effect of CAT expres-
sion by the NS1 protein appears to be a translational one.

Analysis for the RNA signal. We then analyzed the sequence
in T3/M-CAT RNA which was associated with stimulation by
the NS1 protein. Mutations were introduced into the 5'-
terminal noncoding regions of the sense M-CAT and NS-CAT
RNA:s (Fig. 4). M-CAT-2 was constructed by replacing domain
I of M-CAT RNA with the corresponding region (ns-I) of
NS-CAT RNA. The mutation in domain I led to reduction of
the stimulatory effect of the NS1 protein. On the other hand,
the enhancement of expression was not altered by a mutation
in domain II (M-CAT-3). We then introduced the sequence of
domain I or those of both domains I and II into NS-CAT RNA
(NS-CAT-3 and NS-CAT-4, respectively). CAT expression
from both NS-CAT-3 and NS-CAT-4 RNAs was stimulated by
the NS1 protein (Fig. 4). In addition, transcription of these
RNAs was not altered by either the NS1 or the NS2 protein
(Fig. 3B), indicating that the regulation by the NS1 protein was
translational. Thus, the minimal common sequence present in
M-CAT and NS-CAT-3 RNAs, GGUAGAUA, may be re-
quired for translational stimulation.

Effect of NS1 protein on other segments. In the late phase of

viral replication, the NP protein and the M1 protein are highly
expressed. In addition, segment 5 encoding the NP protein
contains the sequence GGUAGAUA in the upstream region
of the initiation codon. Therefore, we characterized the effect
of the NS1 protein on CAT expression by the fact that
NP-CAT RNA contained terminal noncoding sequences of
segment 5. As expected, CAT expression was stimulated by the
NSI1 protein (Fig. 5).

The NA protein is known as a late viral protein; however,
the expression of the protein is much lower than that of the NP
protein or M1 protein. Segment 6 encoding the NA protein
does not contain the putative regulatory sequence GGUA
GAUA in the upstream region of the initiation codon. To
understand whether the expression of the NA protein is
stimulated by the NS1 protein, we analyzed the effect of the
NSI protein on CAT expression from the NA-CAT RNA. In
consequence, CAT expression from the NA-CAT RNA was
shown to be stimulated by the NS1 protein (Fig. 5). Therefore,
we consider that the putative regulatory sequence GGUA
GAUA does not participate in the regulation of NA protein
expression.

We then analyzed the expression from segment 2 encoding
PB1 protein (one of the viral polymerase proteins), since it has
been shown that the viral polymerase proteins are early
proteins whose expression is not stimulated in the late phase.
As shown in Fig. 5, CAT expression from PB1-CAT RNA was
not stimulated by the NS1 protein. This is consistent with the
fact that segments encoding polymerase proteins do not con-
tain the putative regulatory sequence.

DISCUSSION

In this paper, we describe the effect of the influenza A virus
NSI1 protein on the expression of a reporter gene containing
the noncoding sequences derived from RNA segment 7. The
NS1 protein stimulates CAT expression from the segment
7-like construct by a translational activation mechanism. This
finding is consistent with previous observations that ¢s defects
in the NS1 protein abolished the stimulation of M1 protein
expression in the late phase (16, 38) and that the s defect of
the NS1 protein does not alter transcription (10, 16, 38). The
NS1 protein accumulates in the nucleus (2, 18, 21, 37) and
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associates with the nucleolus (19, 43). A mutation in the NS1
protein was shown to reduce RNA replication (38). Thus, the
NS1 protein may play a role in viral RNA replication in the
nucleus. However, the NS1 protein is not essential for RNA
replication (13). In addition, the NS1 protein is found in the
cytoplasm (3, 18, 30, 35, 42). It associates with the polysome
fraction (3, 18, 30). It also forms cytoplasmic inclusions
associated with viral and cellular RNAs during the late stage of
the replication cycle (35, 42). The function of the protein in the
cytoplasm is not yet understood. Our findings suggest the
function of the polysome-associated NS1 protein. Knowledge
of the mechanism of protein synthesis in mammalian cells has
been accumulated, and the importance of translational control
during the initiation phase is described for virus-infected as
well as uninfected cells (reviewed in references 9 and 11).
Interaction of the NS1 protein with host factors is possible.

We also established that the sequence GGUAGAUA par-
ticipates in the stimulatory effect of the NS1 protein on the
expression of M1 and NP genes. The regulation of NP protein
expression in the early phase is different from that of the M1
protein. The upstream region of the initiation codon in the NP
mRNA may contain a unique stem-loop structure (Fig. 5). This
RNA sequence could be involved in the efficient expression of
the NP protein in the infected cells. The noncoding region of
segment 6 (coding for the NA protein) does not contain a
putative regulatory sequence, but expression was shown to be
stimulated by the NS1 protein. Since the expression of the NA
protein is much lower (>10-fold) than that of the M1 and NP
proteins, the difference in the regulatory sequence may be
consistent with the unique regulation of the NA protein.
Characterization of the interaction of the NS1 protein and the
regulatory sequences is in progress.
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