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ABSTRACT

The nucleotide sequence of ENA segment 2 of human influenza strain
A/PR/8/34 has been determined. Segment 2 is 2341 nucleotides long and
encodes a protein of 757 amino acids (86,500 daltons molecular weight)
which is involved in ENA synthesis. Although segment 2 is identical in
size to segment 1, which encodes a protein of related function, neither
the nucleotide sequences of these two RNA segments nor the amino acid
sequences of the encoded proteins appear to be homologous. The sequence
of segment 2 completes the sequence of the virus (total 13,588 nucleotides).

INTR0PDUCTION

Influenza (A) virus contains eight single stranded RNA segments (1)
which encode at least ten polypeptides (2-4). Each viral RNA (vRNA) segment
in the nucleus of the host cell (5) serves as template for the synthesis of

two types of complementary MU (cRNA): the polyadenylated viral messenger

ENA (A(+)cBNA) is synthesised first and subsequently the complementary ENAs

(A(-)cRNA) necessary for viral replication (6). By contrast with the full

length copies of A(-)cRNA, the A(+)cRNA is an incomplete copy of the vRNA,

synthesis terminating at a stretch of uridine residues close to the 5' end

of the vRNA (7,8). In addition, the 5' cap structure and the first 10-15

nucleotides of the A(+)cRNA are derived from cannibalised host cell mRNAs

(9). The synthesis of vRNA and cRNA is catalysed by a viral transcriptase

which, in the virion, can be identified with three large proteins (P1, P2

and P3) physically attached to a viral core of RNA and nucleoprotein (10-12).
The P proteins are encoded by the three largest vRNA segments 1-3 (13,14)
and temperature-sensitive mutations in these segments have been used to

delineate their roles in synthesising vRNA and c&NA in the cell (15-18).
A priori, the involvement of the P proteins in IBIA synthesis and the

similarity of their sizes suggests that these molecules may have evolved

from a single ancestral polymerase gene, and therefore we hoped that a
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comparison of their sequences might reveal conserved residues critical for

their structure or catalytic mechanism. We have undertaken a nucleotide

sequence analysis of the huma influenza strain A/PR/8/34 (19-24) and, with

the sequence of segment 2 presented below, have now completed the sequence of

the viruis. However, as detailed below, a systematic comparison of the

primary sequences of the P proteins with each other reveals no evidence of

homology.

IEHOD6

Cloning of the se-ent 2 gene into pBR322
From 50 ,g viral MU,, double-stranded MA (dsIWA) corresponding to

segments 1 and 2 was prepared essentially as in (24) except using dodeca-

nucleotide and tridecanucleotide primers (20) which had been phosphorylated

with T4 polynucleotide kinase (P-L. Biochemicals). The dsIA was dissolved

in 50 1l water and a 5 ,ul portion ligated to 20 ng of pBR322 that had been

cut with PvuII and treated with phosphatase (25). After 6 h ligation

E. coli strain 803 (26) was transfected (27) and transformants selected on

ampicillin plates. Filters were prepared and hybridised (28) to a segment 2

probe (2 x 107dpm Cerenkov). The probe was prepared by nick translation of

0.2 pg replicative form of an M13 clone which contained an insert correspond-

ing to bases 1638-1938 of segment 2. Positive colonies, identified after

6 h exposure of the filters to pre-flashed film at -70°C (29),were grown
in 20 ml culture and about 10 Wg plasmid prepared (30). An analytical

BamBI digest of the plasmid was used to further characterise the recombin-

ants.

Cloning of segment 2 fragents into M13
dsMA restriction fragments corresponding to all the segments were

prepared and cloned into M13mp2 as described (19) and dsDNA restriction

fragments corresponding to purified segments 1, 2 and 3 were prepared and

cloned into M13mp7 (31) as described (24). A segment 2-pBR322 recombinant

plasmid was subcloned into M13mp93 as follows: a 2 pg aliquot of plasmid was

digested with BamI and another 2 ,ug aliquot with PstI. 100 ng of each

digest was ligated to 20 ng Bai cut phosphatase-treated M13mp93 vector or

20 ng PstI cut M13mp93 as appropriate and used to transfect E. coli strain

JM101 (32). The vector M13mp93 was kindly provided by Dr J. Messing and

contains single BamBT and PstI sites.

11 sequencing

Single-strand template was prepared from recombinant M13 plaques (33)
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and sequenced by the dideoxy method (34) using either a 17-mer primer

complementary to the sequence of M13 flanking the insert (35) or, if

appropriate, the tridecanucleotide or the dodecanucleotide primers (20)

complementary to the 5' or 3' ends of the influenza virnB segments.
Sequence data was compiled as in (36).
Compaison of sepents 1, 2 and 3

An unpublished prograe (DIAGON) was kindly provided by R. Staden in

which all sections of segment 1 were scored systematically for the percent-

age of nucleotide identities with all sections of segment 2. These analyses

were displayed on a graphics terminal, any matches appearing as diagonal

lines. The sequences of the proteins encoded by segments 1 and 2 were also

compared by DIAGON in a manner similar to McLachlan (37). Segments 1 and 3
and segments 2 and 3 were compared in the sane maner.

IRESuLTS

Cloning and sequence strategies
Shotgun cloning of dsfllA restriction fragments derived fro all the

viral segments (19) yielded seven clones derived from segment 2. Shotgun
cloning of dml& fragments frm a mixture of polymerase segments yielded

89, 9 and 74 clones derived respectively from segments 1, 2 and 3. In view

of the low proportion of segment 2 clones, dsMA corresponding mainly to

segment 2 was prepared by priming on total vrNA with suitable restriction

fragment primers and shotgun cloning (details not supplied - see [38]).
This yielded only seven more clones and the sequence of segment 2 remained

incmplete with two gaps, bases 819-964 and bases 2042-2216 (Fig. 1).

400 800 1200 1600 2200

Pst BamHI

cDNA
shotgun

4 3 1Bam H NW

2

Pst

Fig. 1 Suary of sequence evidence for seet 2. Arrows marked 1-4 are
deriveed from sequencing of clones 1-4 respectively, as in Fig. 2.
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A new strategy was therefore used which involved ligating the full length
gene into pBR322 (25), transfecting E. coli strain 803 and identifying the

recombinants with a segment 2-M13mp7 probe. Although the lac gene in the
probe does hybridise to the chromosomal DNA of E. coli 803 to produce a weak
background signal, seven positive colonies were readily identified from the
500 screened. A Bam digest of the recombinant plasmids confirmed that the

segment had a single internal Bamn site and revealed that both orientations

had been cloned.

The two gaps in the sequence were then covered by a directed strategy
which took advantage, in turn, of a nearby BaT site and a nearby PstI

site in segent 2. BaiRn cuts the recombinant plasmid once within the

insert and once within the tetracycline gene of the parental pBR322 (39) to

generate two large fragments whose exact sizes depend on the orientation of

the insert. These fragments were cloned into the Ban site of the vector

M13mp93 and 12 recmbinant plaques grown up and screened by dideoxy-T
tracks (33) to identify the four types of recombinant clones (Fig. 2).

Using these clones the gap between bases 2042 and 2216 was sequenced on both

strands by priming with the 17-mer M13 primer (35) on clone 1 and with the

tridecanucleotide flu primer (20) on clone 2 (Figs 1,2). Existing sequences

derived from the M13 shotgun approach were double checked by priming with

the 17-mer primer on clone 3 and the dodecanucleotide flu primer on clone 4

(Figs 1,2). Similarly the final gap (bases 819-964) was closed by cloning a

I & ~ 2

17mer, a r)l3er

PBr322-
segment 2 plasmid 17mer

12mer

Fig. 2 Suboloning the Bam fragments of pBR322-segment 2 plasmid into
M13mp93 and sequencing with a 17-mer synthetic M13 primer and a 12-mer and
13-mer synthetic flu primer.
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PstI digest of the recombinant plasmid into M13mp93 and sequencing a suit-

able clone (Fig. 1). Most of the sequence of segment 2 was covered on both
strands (57%) -or at least by two or more independent clones (82%).
Sequence of segment 2

Segment 2 of influenza viras A/PR/8/34 is 2341 nucleotides long

(Fig. 3) and therefore has the same length as segment 1 (24). Segment 2

contains a single open reading frame of 757 amino acids beginning at the

first AUG codon (base 25) and ending at a UAG codon (base 2295). The

polypeptide encoded by segment 2 is predicted to have a basic charge of
28+ at pH 6.5, a molecular weight of 86,500 daltons and the amino acid

composition detailed in Table 1.

A systematic comparison of the nucleotide sequences of segments 1, 2

and 3 using the DIAGON computer programme revealed no homologies apart from

190 29 36
N D V N P T L L FL K V P A 0 N A I S2T T F P Y T G D P P V S H

AGCGAAAGCAGGCAAACCAUUUGAAUGGAUGUCAAUCCGACCUUACUUUUCUUAAAAGUG CCAGCACAAAAUGCUAUAAGCACAACUUUCCCWUUAUCCGAGAGCCCUCCUUACAGCCAU
16 20 30 49 56 66 76 86 96 196 119 129

49 59 66 79
G T A T G Y T n D T V N R T H A Y S E K G RA T T N T E T G AP 0 L N P I D G P

GGGACAGGAACAGGAUACACCAUGGAUACUGUCAACAGGACACAUCAGUACUCAGAAAAG GAGAtGFGGACAACAAACACCGAAACUGGAGCACCGCAACUCAACCCGAUUGAUG6GCCA^
130 140 1S5 160 176 166 190 266 216 223 230 240

an go lee lie
L P E D N E P S G Y A0 T D C V L E AM A F L E E S N P S I F E N S C I E T N E
CUGCCAGAAGACAAUGAACCAAGUGGUUAUGCCCAAACAGAUUGUGUAUUGGA^GCAAUG GCUUUCCUUGAGGAAUCCCAUCCUGGUAUUUUUGAAAACUCGUGUAUUGAAACGAUGGAG

250 260 276 280 290 300 316 326 330 340 359 366129 136 149 139
V V 0 0 TN VAD K L T 0 G R 0 T Y D W T L N R N 0 PA A T A L A N T I E V F R S

GUUGUUCAGCAAACACGAGUAGACAAGCUGACACAAGGCCGACAGACCUAUGACUGGACU UUAAAUAGAAACCAGCCUGCUGCAACAGCAUUGGCCAACACAAUAGAAGUGUUCAGAUCA
370 380 399 466 410 420 436 446 459 466 476 480

160 176 169 190
N G L T A N E S G R L I D F L K D V M E S M K K E E SG I T T H F 0 R K R R NR

AAUGGCCUCA*CGGCCAAUGAGUCUGGAAGGCUCAUAGAC UUCCUUAAGGAUGUAAUGGAG UCAAFUGAAAAAAGAAGAAAUGGGGAUCACAA^CUCA^UUUUCA*GAGAAAGAGACGGGUGAGA
490 500 S1 520 536 546 550 569 576 580 590 609

299 219 229 239
D N n T K K n I T 0 R T I G K R K 0 R L N K R S Y L I R A L T L N T M T K D CE

GACAAUAUGACUAAGAAAAUGAUAACACAGAGAACAAUAGGUAAAAGGAAACAGAGAUUGAA^CAAAGGAGUUAUCUAAUUAGAGCAUUGACCCUGAACACAAUGACCAAAGAUCUGAG
619 629 630 640 650 660 679 606 690 700 719 720249 259 269 279

R G K L K R RA I A T P G AO I R G F V Y F V E T L A R S I C E K L E 0 S G L P
AGAGGGAAGCUAAAACGGAGAGCAAUUGCAACCCCFGGGAUGCAAAUAAGGGGGUUUGUAUACUUUGUUGAGACACUGGCAAGGAGU*U*AUGUGAGA^CUUGAACAAUCAGGGUUGCCA

730 740 759 760 779 789 796 666 919 829 839 640269 296 399 319
V A G N E K K A K L A N V V R K NM T N S 0 D T E L S L T I T A D N T K A N E N
GUUGGAGGCAAUGAGAAGAAAGCAAA4GUUGGCAAAUGUUGUAAGGAAGAUGAUGACCAAU UCUCAGGACACCGAACUUUCUUUGACCAUCACUGGAGAUAACACCAAAUGGAACGAAAAU

850 860 8709 6 8696 99 910 920 930 949 950 960
329 336 340 3156A N P R N F LANM IT V N TNR N A PC A F N N V LASINA PINM VASN ANM ANR LA

CAGAAUCCUCGGAUGUUUUUGGCCAUGAUCACAUAUAUGACCAGAAAUCAGCCCGAAUGG UUCAGAAAUGUUCUAAGUAUUGCUCCAA^UAAUGUUCUCAAACAAAAUGGCAGAGCUGGGA979 966 996 1669 1919 1929 1639 1949 1659 1966 1979 1969
360 379 380 396AS V N F CA ANASKL N TAQ I P A C N L AS I D LA V F N DASTA NAK ICE NI

AAAGGGUAUAUGUUUGAGAGCAAGAGUAUGAAACUUAGAACUCAAAUACCUGCAGAAAUGCUAGCAAGCAUUGAUUUGAAAUAUUUCAAUGAUUCAACAAGAAGAAGAUUGAAAAAAUC1096 1196 1116 1126 1136 1149 1150 1160 1170 1169 1199 1299460 416 420 439
R P L L I E GC A s L S P GS LA GN F N N L S T V L G V S I L N L G A K R Y T

CGACCGCUCUUAAUAGAGGGGACUGCAUCAUUGAGCCCUGGAAUGAUGAUGGGCAUGUUCAA^UAUGUUAAGCACUGUAUUAGGCGUCUCCAUCCUGAAUCUUGGACAAAAGAGAUACACC
1219 1220 1230 1249 1259 1260 1270 1269 1299 1300 1319 1329

449 456 469 476
K T T Y AW D G L SS D D F A L I V N A P N H E G I AA GS D R F Y R T C K L

AAGACUACUUACUGGUGGGAUGGUCUUCAAUCCUCUGACGAUUUWGCUCUGAUUGUGAAU GCACCCAAUCAUGAAGGGAUUCAAGCCGGAGUCGACAGGUUWFAUCGAACCUGUAAGCUA
1330 1346 1353 1369 1379 1380 1396 1400 1419 142 1436 1440

466 496 399 519
L G I N R S K K K S Y I N R T G T F E F T S F F Y R Y G F V A N F S CE L P S F

CUUGGAAUCAAUAUGAGCAAGAAAAAGUCUUACAUAAACAGAACAGGUACAUUUGAAUUC 9CAAGWUUUUCUAUCGUUAUGGGUUUGUUGCCAAUUUCAGCAUGGAGCUUCCCAGUUUU
1453 1469 1476 1486 1496 1569 1516 1520 1530 1540 1550 1560

530 536 546 559
GS S G I N C S AD n S I GS T V I K N N M I N N D L G P A TA A N A L A L F I

GGGGUGUCUGGGAUCAACGAGUCA^GCGGACAUGAGUAUUGGAGUUACUGUCAUCAAAACAAFUAUGAUAAACAAUGAUC UUGGUCCAGCAA4CAGCUCAAAUGGCCCUUCA^GUUGUUCA*UC
1579 1560 1596 1660 1616 1629 1636 1640 1650 1666 1679 1669

566 576 580 596
K D Y R Y T Y R C N R G D T A I A T R R S F E I K K L CE A T R S K AG L L V S
AAAGAUUACAGGUACACGUACCGAUGCCAUAGAGGUGACACACAAAUACAAACCCGAAGAUCAUUUGAA^AAMGAAACUGUGGGAGCAAACCCGUUCCA^*GCUGGACUGCUGGUCUCC

1696 1796 1719 1726 1739 1746 1756 1760 1770 1780 1796 1669
699 619 629 639

D G G P N L Y N I R N L A I P E A C L K A E L N D E D Y A S R L C N P L N P F V
GACGGAGGCCCAAAUUUUACAACAUUAGAAAIUCC^AUCCcXUccGAAGUCUGCCUAAAAUGG*FGAAUGA-G*wGAGAFUUFCCAGGGGCGUUFUAGCAACCCACUGAACCCAUUUGUC1616 1862 1839 1849 1656 166 1879 lS9 1999 1966 1916 1929

649 636 669 679SAN C ICE ANNAN A ANMN P A NA6P A ANN C V A A V AT T N A AI PAN ANR
AGCCAUAAAGAAUUGAAUCAAUGAACAAUGCAGUGAUG^UGCCACACAUGGUCCAGCCAA^^AACAUGGAGUAGAUGC UGUUGCAACAACACACUCCUGGAUCCCCAAAAGAAAUCGA1936 1949 1956 1966 1979 1969 1996 2696 2616 2629 2636 2949

698 696 706 710S I L N T S A R GS L E D E A n Y A R C C A L F E K F F P S S S Y R R P A G I S
UCCAUCUUGAAUACAAGUCAAA*GGGAGUACUUGAAGAUGAACAAAUGUACCA^AGGUGC UGCAAMUIUUUUGAAAAAUUCUUCCCCAOCAGUUCAUACAGAGACCAGUCGOGA4UUCC2056 2666 2976 2906 26" 2166 2119 2126 2139 2149 2156 2169726 739 740 756
S N V E A M V S R A I A I D F E S G R I K K E E F T E I N K I C S T I E E

AGUAUGGUGGAGGCUAUGGUUUCCAGAGCCCGAULIGAUCCCGAUUGAUU6FUuCGAAUCUGGAAGGAUAAAGAAAGAAGAGUUCACUGAGAUCAUGRAGAUCUGUUCCACCAUUGAAGAG2170 2166 2190 2260 2216 2226 2230 2246 2250 2266 2270 2280
L R R Q K
CUCAGACGGCAAAAAUAGUGAAUUUAGCUUGUCCUUCAUGAAAAAAUGCCUUGUUUCUACU2296 2369 2316 2320 2336 23dm

Fig. 3 The nucleotide sequence of A/PR/8/34 segment 2 with the amino acid
sequence of the encoded protein P1.
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Table 1 Amino acid composition of the protein encoded by A/PR/8/34 segment 2

Amino acid Number Amino acid Number Amino acid Number

Alanine (A) 41 Glycine (G) 47 Proline (p) 32

Arginine (R) 54 Histidine (H) 10 Serine (S) 50

Asparagine (N) 49 Isoleucine (I) 46 Threonine (T) 61

Aspartic acid (D) 31 Leucine (L) 58 Tryptophan (W) 9

Cysteine (C) 10 Lysine (K) 49 Tyrosine (Y) 25

Glutamic acid (E) 49 Methionine (M) 40 Valine (v) 33

Glutamine (Q) 31 Phenylalanine (F) 32 757

the conserved 5' and 3' ends. Likewise a comparison of the sequences of the

encoded proteins revealed no significant homologies. The best match was

obtained with residues 45-57 of the segment 1 protein and residues 573-585 of

the segment 3 protein (24). The calculated double matching probability (37)
for this match was about 10 and is not significant.

DISCUSSION

Cloning and sequencing strategies

The sequences of human influenza virus A/PR/8/34 segments 1, 3, 4, 5, 6,

7 and 8 (19-24) were determined mainly by the shotgun cloning of influenza

virus cDM restriction fragents into the bacteriophage vector M13. Gaps in

the sequences of segments 4 (22), 5 (23) and 7 (19) were covered by dideoxy

sequencing using restriction fragments from suitable M13 clones as primers

on total vRNU. The gaps in segments 5 and 7 were probably attributable to

EcoK sites since the host JM101 (32) is EcoK+ and EcoK sites are located

within the single gap of segment 5 (23) and within both gaps of segment 7

(19). However, the gaps in segment 2 cannot be attributed to EcoK sites or

even to a lack of suitable restriction sites in the oDNA. The gaps exist

because we were unable to generate sufficient clones to ensure complete

coverage. This may reflect much smaller quantities of segment 2 compared

with the other segments in the viral RBl& preparation. We therefore

employed an alternative strategy in which we first cloned the full length

gene into pBR322 (25) and then subeloned the recombinant plasmid into M13

for sequencing. The strategy is effective and is recommended for cloning and
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sequencing segments from other strains of influenza, especially if the aaount
of MU is limited.

Sequence of seguent 2

Segment 2 from A/PR/8/34 is exactly the same length as segment 1 (24)
and was initially identified by its close homology to the terminal sequences

of segment 2 of the strain AFPV/Rostock/34 (40). Since a matching of the
3' terminal sequences presented for the vRU segments of strain FPV (40)
with those of PB (41) clearly identifies segments 1 and 3 of IT with
segments 1 and 3 respectively of PBM, segment 2 of FPV should, by inference,
correspond to segment 2 of PB. We therefore believe that our sequence

corresponds to segment 2 of PB although this is at variance with some

genetic evidence (reviewed in Refs 42, 43).

The basic charges predicted for the segment 2 and segment 1 proteins
and the acidic charge predicted for the segment 3 protein (24) are consistent

with the experimental observation that the large P proteins of several
strains of influenza (A) viruses are composed of one acidic and two basic
polypeptides (44). We would further predict that the larger of the two basic
proteins is encoded by segment 2, the smaller by segment 1 and the acidic

protein by segment 3 (Table 2). The observation that in A/WSN/33 the P1 and
P3 proteins are basic and the P2 protein is acidic (45) agrees entirely with
this prediction (see Table 2) since the gene assignment in strain WSN is
identical to that of PPE (17).

It has been suggested that in strain WSN both the P3 and P1 proteins are

involved in the synthesis of clN (17) and that the P3 protein (segment 1)
recognises the 5' terminal cap on miNks while the P1 protein (segment 2)
catalyses the initiation of transcription (45). Similarly, in strain mPV the
P2 protein (segment 1) seems to be directly involved in the mRN priming

reaction (46). In view of their related functions in cBN synthesis and the

evidence that RNA segments 1 and 2 are identical in length and encode two

Table 2 Segments 1, 2 and 3 and their encoded proteins

2141

s.eetLength of Molecular Net charge on Gene Gene
Segment Length encoded weight of polypeptide assigrnment (13) assigrnment (14) in(nucleotides) polypeptide encoded

(amino acids) polypeptide at pH 6.5 in A/PR/8/34 A/FPV/Rostock/34

1 2341 759 85,900 +28 P3 P2

2 2341 757 86,500 +28 P1 P1

3 2233 716 82,400 -13.5 P2 P3
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basic proteins of closely similar molecular weight, it is surprising to find

such a complete lack of homology in their sequences. An underlying but

undetected similarity in the three dimensional structure of these proteins

might nonetheless exist. The high rate of mutation of FM genes (47,48)
might have eroded sequence homologies while retaining the overall folding

pattern of the protein chain, as can be illustrated by the structural repeats

in tobacco mosaic virus coat protein, which are virtually undetectable at the

sequence level (49). If there is indeed no underlying homology in these

proteins, we must suppose that the identity in lengths of segment 1 and 2 is

either pure coincidence or is governed by some other constraint such as the

packing of the ribonucleoprotein cores together into the virion.
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