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B

Evidence is presented which confirms that the influenza virus genome specifies a
polypeptide of molecular mass 11000, in addition to the eight previously recognized
gene products. A summary is included of results that show that this polypeptide is
encoded by the smallest genome segment of the virus (segment 8) which also encodes a

polypeptide of molecular mass 23000 (NS,). The implications of these findings are
considered.
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INTRODUCTION

It is now well established that the genome of influenza virus consists of eight separate RNA
molecules (McGeoch et al. 1976; Palese & Schulman 1976; Pons 1976). Various techniques
have been used to show that each RNA codes for a separate virus polypeptide (reviewed by
Barry & Mahy 1979); the eight recognized virus gene products range from 23000 to 95000 in
molecular mass and include seven structural (P1, P2, P3, M, NP, NA, HA) and one non-
structural (NS,) polypeptides (Inglis et al. 1976). The obvious implication that each genome
segment represents a single gene was therefore difficult to reconcile with the possibility, recog-
nized a number of years ago, that the virus encodes an additional polypeptide of molecular
mass 11000 (Skehel 1972).

Most workers agree that the synthesis of such a polypeptide is induced in influenza virus
infected cells (Skehel 1972; Follet et al. 1974; Minor & Dimmock 1975; Etkind & Krug 1975;
Lamb et al. 1978; Bosch et al. 1978), but in quantities that vary depending on the virus and
cell type used. The polypeptide is not a major component of purified virions (Skehel & Schild
1971; Klenk et al. 1972), and so has been referred to as a possible second non-structural poly-
peptide (NS,). Recently, Lamb et al. (1978) showed that the polypeptide was present in
purified virus of the WSN strain of human influenza, but since the amount was very small, it is
unlikely that the polypeptide contributes significantly to the structure of the virion, and there-
fore it seems reasonable to retain the name NS, at least for the present.

Two lines of evidence suggest that NS, does not arise through proteolytic cleavage of another
virus polypeptide. First, the tryptic peptide map of NS, is unrelated to those of the other virus
polypeptides (Lamb et al. 1978, and this symposium ; Inglis 1978) and second, a polyadenylated
mRNA that directs the synthesis of NS, i vitro can be separated from other virus specific
mRNAs by gradient sedimentation (Stephenson et al. 1977; Inglis 1978). These observations
led to the suggestion (Lamb ¢t al. 1978) that NS, is a separate virus gene product. However, the
possibility that NS, is a cell-coded polypeptide whose synthesis is induced by virus infection
had not been excluded completely.
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In this report, we summarize results that show that the NS, polypeptide is indeed virus-
specific and that it is encoded by the same genome segment that specifies the NS, polypeptide
(segment 8). The implications of these findings are discussed.

NS, 1S A VIRUS-CODED POLYPEPTIDE

Figure 14 shows the polypeptides synthesized in chick embryo fibroblasts (CEF) that have
been infected with either the Rostock or Dobson strain of the avian influenza, fowl plague
virus (FPV), or with the WSN strain of human influenza virus. Each virus strain induced the
synthesis of a polypeptide of molecular mass 11000 (labelled NS,). If this polypeptide were cell-
coded, then it should be identical regardless of which virus strain were used to initiate infection.
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Ficure 1. (a) Polyacrylamide gel electrophoresis (from right to left) of polypeptides synthesized in influenza
virus-infected CEF. Track 1, infected with FPV-Rostock; track 2, infected with FPV-Dobson; track 3,
infected with human influenza-WSN; track 4, mock-infected. Cells were labelled for 30 min with [3*S]meth-
ionine at 4.5 h after infection and analysed on a polyacrylamide gel (165 g/1). Labelled polypeptides were
detected by autoradiography. Conditions for infection, labelling, and gel electrophoresis were as described
previously (Inglis et al. 1976). (b)) Two-dimensional tryptic peptide maps of the NS, polypeptides induced
in CEF by infection with (i) FPV-Rostock, (ii) FPV-Dobson and (iii) human influenza WSN. The procedure
for peptide mapping was exactly as described previously (Inglis ef al. 1976). [23S]methionine-labelled pep-
tides were separated by electrophoresis at pH 6.5 followed by ascending chromatography, and were detected
by autoradiography.

On the other hand, a virus-specific polypeptide might be expected to show strain-specific
differences. Therefore we prepared two-dimensional tryptic peptide maps of the NS, poly-
peptides shown in figure 1a; these are shown in figure 15. The three peptide maps are broadly
similar, but show several differences. The differences were found to be reproducible in separate
experiments, and were confirmed by analysis of mixed samples (data not shown). These results
therefore argue strongly that NS, is a virus-coded polypeptide.

[88]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

A VIRUS GENE ENCODING TWO PROTEINS 377

P1 P23 HA, NP M NS, globin NS,
i i | 1

(a)

(b

(c)

Ficure 2. (a) Polyacrylamide gel electrophoresis of polypeptides synthesized in vitro by a cell-free wheat germ
system: 1 pg of poly(A)-containing RNA from FPV-infected CEF was mixed with 0.05 pg of globin mRNA -
and annealed in the presence or absence of 5 pg of RNA extracted from purified FPV (VRNA). Annealed
mixtures were ethanol-precipitated, dissolved in 10 pl of H,O and added to the wheat germ system at a
1 in 10 dilution. Polypeptides synthesized by the system in response to added RNA were labelled with
[23S]methionine, separated on a polyacrylamide gel (175 g/1), and detected by autoradiography. Track 1,
translation products of mRNA annealed in the absence of vVRNA; track 2, endogenous reaction products;
track 3, translation products of mRNA that had been annealed in the presence of VRNA. Procedures for
preparation of mRNA, annealing of mRNA and cell-free translation were as detailed previously (Inglis
et al. 1977). Characterization of the virus-specific cell-free translation products has been described elsewhere
(Inglis et al. 1977). (b) Densitometer scan of the autoradiogram shown in (a), track 1. (¢) Densitometer scan
of the autoradiogram shown in (a), track 3.
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Hybridization of virus-specific mRNA with RNA extracted from purified virions provided
further evidence in support of this conclusion. Poly(A)-containing RNA from FPV-infected
CEF was annealed in the presence and absence of vRNA, precipitated with ethanol and added
directly to a cell-free protein synthesizing system derived from wheat germ. Under these con-
ditions, mRNAs complementary in sequence to genome RNA are converted into a double-
stranded form, and so are no longer active in the cell-free system (Inglis ¢t al. 1977). A small
amount of globin mRNA was included in the annealing reaction to act as an internal control.
The cell-free translation products of the annealed RNA mixtures are shown in figure 2. The
presence of VRNA in the annealing mixture resulted in a specific reduction in the synthesis of
NS,, as well as the other virus polypeptides, relative to globin (compare tracks 1 and 3 in (a),
and corresponding densitometer scans in (4) and (¢) respectively). This experiment shows
directly that the mRNA for NS, is complementary to sequences present in the virus genome.
These results indicate that NS, is certainly a virus-specific polypeptide, and, taken together
with the observation that NS, is apparently unrelated to the other virus polypeptides (Inglis
1978; Lamb et al. 1978), and that it is encoded by a separate species of mRNA (Stephenson
et al. 1977; Inglis 1978), they suggest that NS, is the product of a ninth virus gene.

THE NS, AND NS, POLYPEPTIDES ARE ENCODED BY THE SAME GENOME
SEGMENT

The strain of FPV used in these experiments contains only eight genome RNA segments
(McGeoch et al. 1976), and protein coding functions have already been ascribed to each of
these (Inglis ef al. 1977; Almond et al. 1977, 1979). We therefore concluded that NS, is encoded
by a genome segment that also specifies another polypeptide. Three kinds of experiment
indicated that the smallest genome segment (segment 8), which is known to code for the NS,
polypeptide, fulfils this role.

(1) Messenger RNA extracted from FPV-infected cells was annealed in the presence and
absence of purified segment 8 RNA, and subsequently translated invitro. Under these conditions,
synthesis of both the NS, and NS, polypeptides was specifically inhibited (Inglis e al. 1979).

(2) The mRNAs encoding the NS, and NS, polypeptides were separated by density gradient
sedimentation. The distribution across the gradient of sequences complementary to segment 8
was then analysed by hybridization with 125I-labelled segment 8 RNA. Complementary
sequences were most abundant in two parts of the gradient, one of which contained the NS,
mRNA, and the other the NS, mRNA (Inglis et al. 1979).

(3) Tryptic peptide maps were prepared from the NS, polypeptides specified by a series of
viruses produced by recombination between the Rostock and Dobson strains of FPV. The
parental origin of the genome segments in each of these recombinants had been established as
described previously (Almond et al. 1977; Almond & Barry 1979). Since the peptide maps of the
Rostock and Dobson specified NS, polypeptides are different, it was possible to determine for
each recombinant the parental origin of its NS,. The results of this experiment will be presented
in full elsewhere (Inglis et al. 1979), but are summarized in table 1. The presence of the Rostock
or Dobson specific NS, polypeptide correlated perfectly with the presence of the corresponding
Rostock or Dobson specific genome segment 8. This correlation was not apparent for any other
genome segment. These data provided confirmation that the genetic information for the NS,
polypeptide resides in genome segment 8.
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Our experiments indicate that two different sized mRNAs, which separately code for the
NS, and NS, polypeptides, are produced in the infected cell by transcription of genome
segment 8. However, the NS; mRNA appears to represent the entire length, except for a short
stretch of about 30 nucleotides at the 5’ end, of segment 8 (Skehel & Hay 1978). Therefore, if,
as the peptide maps suggest, the NS; and NS, polypeptides are completely unrelated, almost
all of the nucleotide sequences in the NS, mRNA must also be present in the NS; mRNA, but
remain untranslated. This could occur in two ways. First, the NS, cistron might be contiguous

TABLE 1.
virus used parental origin of genome segment encoding
polypeptidet
‘ A v parental origin
Pt P2 P3 HA NP NA M NS, of NS,
parent
Rostock R R R R R R R R R
recombinants
Di47-2 R R R R R R R D D
Di34-3 R R R R D R R R R
Di44-2 R D R R D R R D D
Did44-4 R D R D D R D R R
Di44-7 R D R R D D D D D
DimN5c-4 D D R D D R ? D D
Dd45-g D R D D D °? ? R R
parent
Dobson D D D D D D D D D

t P polypeptide nomenclature is based on the order of gel migration of the polypeptides in the Rostock strain
(P1 is Jargest, etc.). It should be noted that P2 and P3 of Rostock are functionally equivalent to P3 and P2 respec-
tively of Dobson (Almond & Barry 1979). Therefore, where Dobson P3 replaces Rostock P2 in a recombinant,
D is included under the column headed ‘P2°. Likewise a D is shown in the column headed ‘P3’, when Rostock
P3is replaced by Dobson P2.

with that of NS,, but fail to translate through having a ‘closed’ initiation site for protein
synthesis. Several virus mRNAs are known to contain untranslated cistrons (reviewed by Revel
& Groner 1978). Alternatively, the NS, cistron could be contained partly or wholly within the
NS, coding sequence, but in a different codon-reading frame. Again the initiation site for NS,
polypeptide synthesis would be unrecognized in the NS, mRNA. There are also precedents for
this kind of structure in other viruses. Nucleotide sequences which code in two and even three
different reading frames have been discovered in the DNA of bacteriophages $X174 and G4
(Barrell et al. 1976 ; Shaw et al. 1978) and of the animal virus SV40 (Contreras ef al. 1977).

Considering the sizes of the molecules involved, the second of these possibilities seems more
likely. Genome segment 8 contains about 820 nucleotides (McGeoch et al. 1976), which could
encode a protein of a maximum molecular mass of about 30000. The maximum is likely to be
somewhat smaller than this, since about 30 nucleotides from the 5'-terminus of segment 8 are
not represented as mRNA (Skehel & Hay 1978), and since the first potential initiation sequence
for translation (the anticodon 3'-UAC-5') occurs 27 nucleotides from the 3’ end of segment 8
(Skehel & Hay 1978; Robertson, this symposium). If the estimated sizes of the NS, and NS,
polypeptides (which give a combined molecular mass of 34000) are accurate then it is probable
that at least part of the NS, coding sequence lies within the NS, cistron.
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The mechanism by which the NS, mRNA is synthesized in the infected cell is unknown, but
it is clear that its production is controlled separately from that of NS; mRNA. During primary
transcription of the infecting virus genome by the virion polymerase (either iz vivo in the
presence of cycloheximide, or iz vitro) NS, mRNA, unlike NS, mRNA and all the other virus
mRNAs, is not produced (Stephenson et al. 1977; Lamb et al. 1978). Synthesis of the NS,
polypeptide begins later in the infectious cycle than that of NS, (Inglis 1978). This seems to
reflect differential synthesis of the two types of mRNA at early and late times after infection
(Inglis, unpublished observations). Independent control of production of NS; and NS, mRNAs
could be achieved in two fundamentally different ways. The NS, and NS, mRNAs could be
transcribed separately from independent promoter sites on genome segment 8. Recognition of
the NS, promoter site might then be dependent on the production of a new or modified tran-
criptase enzyme late in infection. Two separate sites for the initiation of transcription are
thought to exist on the 425 minus strand RNA of the alphaviruses (Brzeski & Kennedy 1978).
On the other hand, only the full length NS; mRNAs might be transcribed directly from
segment 8. These transcripts could be processed, perhaps by enzyme activities produced late in
infection, to form functional NS, mRNAs. Examples of this kind of mRNA synthetic mechanism
also have been demonstrated among the animal viruses (Chow et al. 1977; Bratosin et al. 1978).

The biological role of the NS, polypeptide is completely unknown. However, another virus
polypeptide can scarcely be considered excessive to the demands of a virus whose replication
cycle involves so many apparently virus-specified enzyme activities (e.g. RNA polymerases to
synthesize early mRNA, late mRNA, template cRNA and vRNA, as well as cap transferase and
poly(A) polymerase activities). Clearly, the functional significance of the NS, polypeptide
requires further investigation.

The authors wish to thank Carol Brown and Gina Felsenreich for excellent technical assist-
ance, and Dr B. W. J. Mahy for helpful discussion and criticism of the manuscript.
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Ficure 1. (a) Polyacrylamide gel electrophoresis (from right to left) of polypeptides synthesized in influenza
virus-infected CEF. Track 1, infected with FPV-Rostock; track 2, infected with FPV-Dobson; track 3,
infected with human influenza-WSN ; track 4, mock-infected. Cells were labelled for 30 min with [3*S]meth-
ionine at 4.5 h after infection and analysed on a polyacrylamide gel (165 g/1). Labelled polypeptides were
detected by autoradiography. Conditions for infection, labelling, and gel electrophoresis were as described
previously (Inglis et al. 1976). (b) Two-dimensional tryptic peptide maps of the NS, polypeptides induced
in CEF by infection with (1) FPV-Rostock, (i1) FPV-Dobson and (ii1) human influenza WSN. The procedure
for peptide mapping was exactly as described previously (Inglis ¢t al. 1976). [**S]methionine-labelled pep-
tides were separated by electrophoresis at pH 6.5 followed by ascending chromatography, and were detected
by autoradiography.
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Ficure 2. (a) Polyacrylamide gel electrophoresis of polypeptides synthesized in vitro by a cell-free wheat germ
system: 1 pg of poly(A)-containing RNA from FPV-infected CEF was mixed with 0.05 pg of globin mRNA
and annealed in the presence or absence of 5 ug of RNA extracted from purified FPV (vVRNA). Annealed
mixtures were ethanol-precipitated, dissolved in 10 pl of H,0O and added to the wheat germ system at a
1 in 10 dilution. Polypeptides synthesized by the system in response to added RNA were labelled with
[35S]methionine, separated on a polyacrylamide gel] (175 g/1), and detected by autoradiography. Track 1,
translation products of mRNA annealed in the absence of vVRINA; track 2, endogenous reaction products;
track 3, translation products of mRNA that had been annealed in the presence of vRNA. Procedures for
preparation of mRNA, annealing of mRNA and cell-free translation were as detailed previously (Inglis
et al. 1977). Characterization of the virus-specific cell-free translation products has been described elsewhere
(Inglis et al. 19777). (b) Densitometer scan of the autoradiogram shown in (a), track 1. (¢) Densitometer scan
of the autoradiogram shown in (a), track 3.
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