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The complete nucleotide sequence of polymerase 3 (P3) gene of a human
influenza virus (A/WSN/33) has been determined using cDNA clones except for
the last 11 nucleotides which were obtained by direct RNA sequencing. The WSN
P3 gene contains 2,341 nucleotides and codes for a protein of 759 amino acids
(molecular weight 85,800). The WSN P3 protein, as deduced from the plus-strand
DNA sequence, is basic and enriched in positively charged amino acids. In
addition, it contains clusters of basic amino acids which may provide sites for the
interaction of P3 protein with the capped primer, template, and/or other polymer-
ase proteins during the transcriptive and replicative processes of influenza viral

RNA.

Influenza A viruses contain eight RNA seg-
ments. After infection these RNA segments are
transcribed into mRNA’s which are translated
into proteins. The proteins encoded by the cor-
responding individual RNA segments have been
identified (11, 22, 29). Seven of these RNAs
code for structural proteins which are eventually
found in mature virions, and one (RNAS8) codes
for nonstructural proteins (NS1 and NS2) which
are found only in infected cells.

Influenza RNA segments vary considerably in
size. The largest ones are over 2,200 nucleotides
long and code for the three polymerase (P1, P2,
P3) proteins (24). The smaller RN As range ap-
proximately from 1,800 to 900 nucleotides in
length and code for hemagglutinin, neuramini-
dase, nucleoprotein, two or possibly more mem-
brane proteins (17, 23a), and two nonstructural
proteins (16). Using recombinant DNA technol-
ogy and DNA sequencing procedures, the se-
quences of these five smaller viral RNA seg-
ments from one or more influenza A viruses
were determined and the primary structures of
the corresponding proteins were deduced.

Three polymerase proteins encoded by the
three largest RNA segments are required for
replication and transcription (15, 29). Both repli-
cation and transcription are complex processes
which involve the interaction of these polymer-
ase proteins with RNAs, other viral proteins,
and host factors (12). Among the three polymer-
ase proteins, P3 has recently been shown to
recognize the 5' Cap 1 structure of cellular
mRNA which is used as the primer during viral
mRNA synthesis (33a). In addition, defective
interfering viral RNA segments that have been
examined to date also originate only from poly-
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merase genes (20). However, although the three
polymerase genes constitute at least 50% of the
total RNA mass of influenza virus, virtually no
information is available concerning the nucleo-
tide or amino acid sequences of different poly-
merase genes or their variation among different
subtypes or strains of influenza virus.

In an attempt to provide a basis for under-
standing the structure and function of polymer-
ase proteins and to elucidate their role in the
process of viral replication and transcription, we
have undertaken DNA cloning and sequence
analysis of polymerase genes. In this report we
present the complete sequence of P3 gene of
A/WSN/33 virus.

MATERIALS AND METHODS

Virus and cells. Viral RNA used for cloning was
obtained from ts52 virus (a group II temperature-
sensitive mutant of A/WSN/33) which was grown in
MDBK cells at 34°C. Viral RNA was isolated from
purified virus preparation and enriched for polymerase
genes by fractionating in sucrose velocity gradients
Q).

Recombinant DNA cloning and DNA sequencing of P3
gene. The P3 gene of influenza A/WSN/33 ts52 (21)
was cloned as a double-stranded DNA copy in the PszI
site of pBR322 (3). Accordingly, RNA enriched in
polymerase genes was reverse transcribed into a plus-
strand DNA copy using the S5'-specific primer S5’
dAGCGAAAGCAGG 3'. Approximately full-length
plus-strand DNA copies were isolated on 1.4% alka-
line agarose gels, and copied into double-stranded
DNA using fold-back of the 3’ end as the self-primer.
After S1 nuclease treatment, double-stranded DNA
fragments were size fractionated on neutral agarose
gels, and approximately 20 dC residues were added to
their 3’ ends. Finally the dC-tailed double-stranded
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FIG. 1. Restriction map of A/WSN/33 P3 gene. Sites listed across the top of the diagram represent recognition
sequences which are found only once in the P3 insert. Those listed along the side represent sequences found
more than once. The sites of cleavage are designated by the small vertical bars. The following recognition
sequences are not present: Accl, Asull, Avalll, Avrll, BamH]1, Caull, Clal, EcoK, Gdill, HgiAl, HgiCl,
HgiEIl, Hpal, Kpnl, Mstl, Nael, Narl, Pstl, Pvul, Rrul, Sall, Smal, Snal, Sphl, Sstl, Sst1l, Stul, Tthllll, Xbal,

Xhol, Xmalll.

DNA was inserted into the Pstl site of pBR322 to
which approximately 20 dG residues had been added.
Escherichia coli x1776 cells were transformed,
screened for tetracycline resistance, and characterized
for insert size. Clones with inserts of approximately
2.2 to 2.4 kilobases (kb) were tentatively designated as
clones of polymerase genes and analyzed to identify
them as either of P1, P2, or P3 origin.

DNA sequencing of the P3 inserts was carried out
by the methods of Maxam and Gilbert (18). In all
cases, asymmetric cleavage by a second restriction
enzyme was used for isolating DN A fragments unique-
ly labeled at one 5’ end and, thereby, allowing se-
quence analysis of a fragment from its labeled ends.

RESULTS

Identification of DNA clones of the P3 gene.
Before extensive sequence analysis, a number of
approaches were used to identify clones contain-
ing an insert of P3 origin. (i) As mentioned
before, inserts of all clones in this group were
approximately 2.2 to 2.4 kb and were thus larger
than the expected size of any influenza gene
except for the polymerase genes. (ii) All of these
clones hybridized to combined polymerase gene
RNAs isolated from gels, but not to other viral
RNA segments. (iii) Restriction analyses classi-
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fied these clones into three groups as expected
for three polymerase genes. (iv) Clones of spe-
cific polymerase genes were identified by hy-
bridization to specific defective interfering
RNAs originating from known polymerase
genes. For example, defective interfering RNA
L1 and L2a of P3 origin hybridized only to the
DNA from 1-14b and 1-26b clones. These defec-
tive interfering RN As are easily separable by gel
electrophoresis and have been extensively char-
acterized (2). (v) Finally, similarity of the se-
quences at the 5’ and 3’ ends of the plus strands
of these clones to the previously reported end
sequences of P3 gene confirmed the identity of
these clones (6a, 26).

Nucleotide sequence analysis. A preliminary
restriction map was constructed using several of
the enzymes which have six-nucleotide recogni-
tion sequences. The orientation of the P3 gene
with respect to the pBR322 DNA was deter-
mined and found to be the same for both clones
with the 3’ end of the plus-strand DNA in close
proximity to the Pvul site of pBR322. Initially, a
cleavage map of the insert DNA was determined
with a number of restriction enzymes. Appropri-
ate cleavages were then employed to obtain the
fragments used for sequencing. A detailed re-
striction map obtained from the complete se-
quence information and also partly confirmed by
actual restriction enzyme analyses is shown in
Fig. 1.

The series of fragments and restriction sites
which were used in sequencing is shown in Fig.
2. All sites used as either the site of labeling or
the site of second cleavage were also read
through from another site to verify the continu-
ity of overlaps. The sequence through EcoRII
(BstNI) sites was verified by sequencing through
the site from both strands, mapping of BstNI
sites, and kinasing and sequencing from BstNI
sites. Thus all gaps in the sequencing ladder, due
to the presence of methylcytosine (22), were
resolved.
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The sequence presented was obtained from
the clone 1-14b except for the nucleotides from
2322 to 2341 (Fig. 3). At the 5’ end of the plus
strand, clone 1-14b contains the complete se-
quence of the oligonucleotide primer used for
priming DNA synthesis on the viral RNA
(vVRNA) template and is linked to pBR322
through 15 dG residues. At the 3’ end, clone 1-
14b ends at nucleotide 2321 followed by a tail of
11 dC residues. Clone 1-26b contains an addi-
tional viral sequence of 9 nucleotides, extending
to position 2330 followed by a tail of 19 dC
residues. However, it is not possible to ascertain
whether the two cytosines at position 2329 and
2330 originated from reverse transcription of the
viral RNA or from the addition of G:C residues.
Finally, the last 11 nucleotides (position 2331-
2341) were obtained by direct RNA sequencing
of the vRNA (2). Confirmation of the correct
overlap was also obtained by comparison of this
sequence to the partial sequence of P3 gene of
fowl plague virus (26).

The sequence at the 3’ end of full length
cDNA,

!
3 UCAUCUUUGUUC) ,
5'---AAUAGUUUAAAAACGAC

shows the likely loop structure involved in prim-
ing the double-stranded DNA synthesis. Arrows
show the position of possible S1 nuclease cleav-
age sites which could generate the insert of the
1-14b and 1-26b clones. This fortuitous self-
complementarity at the 3’ end of the cDNA may
have enabled us to obtain nearly full-length
clones of this gene. The other genes of influenza
virus differ in the nucleotide sequence beyond
the last 13 nucleotides and therefore would not
be expected to generate clones with the same
degree of completeness by this procedure.
Characterization of the A/WSN/33 P3 (WSN
P3) gene. The entire nucleotide sequence of the
WSN P3 gene and the amino acid sequence of
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l‘:‘IG. 2. Sqquencing strategy of cloned P3 DNA. Listed along the side are the restriction endonuclease sites
which were kinased as shown by vertical bars. The site of cleavage by a second restriction enzyme is not shown.
The sohgl lines represent the sum of the nucleotide sequence as determined from a series of overlapping gels. The
dashed lines represent nucleotides which were run off the bottom of the gel and were not determined from those

sites.
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FIG. 3. P3 gene of A/WSN/33. The nucleotide sequence of both the minus (VRNA) strand and the plus
(cRNA) strand is shown. Numbering of the nucleotides is from the 5’ end of the plus strand. Also shown is the

amino acid sequence of the P3 protein as deduced from translation of the nucleotide sequence starting from the
first AUG of the plus strand.

the P3 protein, as deduced from the plus-strand The plus strand at the 5’ region contains 27
sequence starting from the first AUG (12, 13), untranslated nucleotides prior to the first AUG.
are presented in Fig. 3. The WSN P3 gene is This reading frame is then open for almost the
2,341 nucleotides long. It is initiated and termi- entire gene and ends with a termination codon
nated by the known 13 nucleotide conserved (UAG) at nucleotide position 2305 followed by a
sequences at the 5’ and 3’ ends. second in-phase termination codon (UAA) at
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FIG. 3—Continued

position 2320 (Fig. 3 and 4). The 37 nucleotides
at the 3’ end which are not translated contain the
proposed polyadenylation site (positions 2321 to
2325) of the mRNA (27).

The frequency of codon usage is shown in
Table 1. As found for other eucaryotic genes,
CG-containing codons are relatively few. On a
random basis considering the base composition

of P3 plus-strand RNA, one would expect 83
CG-containing codons, but only 28 occur in the
P3 gene. This bias against CG is particularly
evident in the usage of CCG and CGN coding for
proline and arginine, respectively. Furthermore,
the occurrence of CG dinucleotide irrespective
of its presence in codons is also low (2.4%
compared to expected 4.7%). A similar deficien-
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cy in CG dinucleotide whether present in codons
or between adjacent codons has been reported
for other genes of influenza virus and for other
viruses as well. Thus the bias against CG dinu-
cleotide appears to be operating at the level of
both DNA (33) as well as RNA genomes.

The portion of the gene which can be translat-
ed extends from the nucleotide position 28 to
2304 and codes for 759 amino acids. The other
two reading frames of the plus strand and all
three reading frames of the minus strand are
blocked repeatedly by termination codons and
are unlikely to be used in synthesizing functional
proteins (Fig. 4). However, sequences over 300
nucleotides without any termination codons are
present in these reading frames. Of interest in
this respect is the first AUG of the minus strand
(phase 3) at nucleotide position 40, which is
present approximately in the same relative posi-
tion as the first AUG of the plus strand. This
AUG is followed by an open reading frame
extending for 300 nucleotides. However, the
significance of an open reading frame in the
minus strand is unknown.

Sites which closely resemble consensus donor
or acceptor sites for splicing

! intron 1)
(....AG GUPuUAG.......... PyNPyPyPyNCAG ;

reference 30) can be found in both the plus and
minus strands (in the plus strand, donor sites at
positions 12, 399, 1057, 1274, and 1579, and
acceptor sites at positions 1344 and 1894; and in
the minus strand, donor sites at positions 413,
1278, 1673, 2172, and 2329, and acceptor sites at
positions 230 and 965). Since neither altered
mRNA’s nor altered P3 proteins have been
demonstrated, the significance of these potential
splicing sites is unknown. Furthermore, splicing
sites do not appear to be involved in generating
influenza defective interfering RNAs (D. P.
Nayak, N. Sivasubramanian, A. R. Davis, R.
Cortini, and J. Sung, Proc. Natl. Acad. Sci.
U.S.A,, in press).

The P3 protein predicted from our sequence
data contains 759 amino acids and has a molecu-
lar weight of 85,800. This compares favorably
with previous estimates of the size of the P3
protein, the smallest of the three polymerase
proteins with molecular weights ranging from 80
x 10° to 100 x 10° (24, 29). Our data therefore
suggest that the primary translation product is
probably the functional protein. However, in the
absence of either the amino- or carboxyterminal
amino acid sequences, any minor proteolytic
cleavage or additional modification cannot be
ruled out.

In polyacrylamide gel electrophoresis, P3
RNA runs as the largest RNA segment whereas

J. VIROL.

P3 protein migrates as the smallest of three
polymerase proteins (24). Our sequence data,
however, do not support a reduced coding ca-
pacity of P3 mRNA or a major cleavage of the
primary translation product to generate the P3
protein. It is therefore likely that this represents
an anomalous migratory behavior of either poly-
merase RNAs or polymerase proteins, or both,
in polyacrylamide gel electrophoresis or a post-
translational modification of P1 and P2 proteins
or a combination of these factors.

Table 2 shows the amino acid composition of
the predicted P3 protein. Clearly it is a basic
protein. Horisberger (10) has also reported that
P1 and P3 are basic proteins and that P2 is
acidic. In addition we find that the P3 protein
contains a large excess of methionine (36 resi-
dues) and fewer cysteine residues (5 residues)
when compared to the average composition of
proteins (5). P3 protein has a very hydrophilic
amino end and does not contain any large clus-
ters of hydrophobic or nonpolar amino acids at
either amino- or carboxy-terminus. Therefore,
this protein is unlikely to be attached to mem-
branes during its biosynthesis, transport, or as-
sembly into virions.

DISCUSSION

The P3 gene reported here contains 2341 nu-
cleotides and is the largest of the influenza viral
genes sequenced to date. The influenza WSN P3
gene contains sequences which are similar to the
known partial sequences of this gene from other
influenza viruses. For example, in the plus
strand, a comparison with A/PR/8 P3 gene (6a)
shows only two changes in the first 110 nucleo-
tides (position 51, G—A, and position 75,
U—C). Similarly, at the 5’ end, the partial
sequence of fowl plague virus segment one RNA
(26) differs at two positions out of 49 (position
17, U—A, and position 33, A—G), and at the 3’
end two positions out of 63 vary (position 2307,
G—A, and position 2316, A—>U). These changes
occur in either the noncoding region or in the
last position of a codon without altering any of
the amino acid residues. However, additional
sequence studies of other A viruses will be
required before assessing the diversity and lin-
eage of the P3 genes among subtype A viruses.

Studies of temperature-sensitive mutants have
shown that all three polymerase genes are in-
volved in viral RNA (both plus and minus
strand) synthesis (15, 29). Moreover, Krug and
his colleagues (33a) have recently shown that the
P3 protein recognizes the 5’ terminal Cap I
structure of host mRNA which is used as a
primer in viral transcription. They have also
shown that the P3 protein remains associated
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FIG. 4. Termination codons in the sequence of the P3 gene of A/WSN/33. The vertical bars represent
termination codons found in the plus strand (top) and minus strand (bottom). 1, 2, and 3 represent the reading
frames phased from the first, second, and third nucleotides, respectively. The arrows represent the position of

the first AUG in the plus and minus strands.

with this cap structure throughout the transcrip-
tion process.

As mentioned earlier, P3 is a basic protein and
contains 115 basic amino acid residues (60 Arg,
45 Lys, 10 His) compared to 81 acidic amino
acid residues (29 Asp, 52 Glu). Charge calcula-
tions indicate that P3 is more basic than nucleo-
protein and membrane proteins, the other two
basic influenza proteins for which the primary
structure has been deduced (35, 36a). At pH 6.5,
each molecule of WSN P3 protein has a net
charge of +29 compared to +14 for PR/8 nucleo-
protein (36) and +9.5 for PR/8 membrane pro-
teins (36).

When a secondary structure analysis was per

TABLE 1. Frequency of codon usage in A/WSN/33

P3 gene
Frequency

U C A G
U Phe 13 Ser 7 Tyr 7 Cys 1U
11 6 9 4C
Leu 7 14 Term 0 Term O0A
13 5 1 Trp 10G
C Leu 11 Pro 9 His 8 Arg 3U
9 4 2 3C
7 16 Gln 15 3A
13 0 21 3G
A Ile 19 Thr 12 Asn 23 Ser 9U
10 11 12 13C
24 25 Lys 28 Arg 31 A
Met 36 5 17 17 G
G Val 14 Ala 11 Asp 14 Gly 7U
8 11 15 7C
9 17 Glu 27 27 A
26 6 25 9G

formed using Chou-Fasman (1) analysis supple-
mented by the helix wheel plot (28), P3 protein
was found to contain several clusters of basic
amino acids in non-a-helical regions (e.g., amino
acid residues 140, 213, 375, 736, and 752). These
clusters contain three to four arginine and lysine
residues in close proximity without being inter-
rupted by acidic residues. These clusters of
basic amino acids are much more pronounced
than those reported for PR/8 nucleoprotein (36a)
and PR/8 membrane (35, 36) proteins. In addi-
tion, the P3 protein also contains an a-helical
region where basic amino acids are spaced three

TABLE 2. Amino acid composition of P3 protein
(A/WSN7/33) as deduced from the nucleic acid
sequence

No. of

Amino acid .
residues

Ala ... A 45
N P 60
ASN. .. 35
ASD oo e e 29

5
36
52
50
10
53
60
45
36
24
29
54
53
10
16
57
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to four amino acids apart (amino acid residues
431 to 448). In this region one side of the a-helix
presents a cluster of basic groups. Since the P3
protein interacts with the capped primer RNA
(33a), and probably also with the template viral
RNA and other polymerase proteins as well
(e.g., P2), the clusters of basic amino acid resi-
dues may provide areas of interaction. Similar
RNA-protein interaction via clusters of basic
amino acids has been proposed for influenza
nucleoprotein (36a),Semliki forest virus nucleo-
capsid (7), VP1 of simian virus 40 (34) and
polyoma virus (31), and the core antigen of
hepatitis B virus (25).

One of the major difficulties in studying the
polymerase proteins has been the small amount
of P proteins present either in infected cells or in
virions (probably one to two molecules per RNA
segment). Therefore, although a peptide map-
ping analysis of fow] plague P3 protein (11) has
been performed, neither the amino acid compo-
sition nor a direct amino acid sequencing of
polymerase proteins of any influenza virus has
been possible. However, since cloned influenza
‘genes can now be expressed in eucaryotic (8, 8a,
31) as well as procaryotic (4, S, 9) systems, it
should be possible to express P3 clones and to
produce relatively large amounts of functional
protein. This would then help in defining the role
of the P3 protein in the transcription/replication
process of influenza viruses.
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