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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 (RNA8) 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 (Pl, P2,
P3) proteins (24). The smaller RNAs 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-

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
(3).
Recombinant DNA cloning and DNA sequencing ofP3

gene. The P3 gene of influenza A/WSN/33 ts52 (21)
was cloned as a double-stranded DNA copy in the PstI
site of pBR322 (3). Accordingly, RNA enriched in
polymerase genes was reverse transcribed into a plus-
strand DNA copy using the 5'-specific primer 5'
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: AccI, AsuII, AvaIII, AvrII, BamHI, CauII, ClaI, EcoK, GdillI, HgiAI, HgiCI,
HgiEII, HpaI, KpnI, MstI, NaeI, NarI, PstI, PvuI, RruI, Sail, SmaI, SnaI, SphI, SstI, SstII, StuI, TthlllI, XbaI,
XhoI, XmaIII.

DNA was inserted into the PstI 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 DNA 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-

kb
Alu I
Asu I
Ava 11
Bal I
Bbv I
Dde I
EcoP
EcoP
EcoR
EcoR
EcoR
Fnu4H
Hae I
Hae 11
Hha I
Hinf I
Hinf 11
HinGU
Hph I
Mbo I
Mbo I
Mnl I
Pvu 11
Rsa I
SfaN
Taq I
Tha I
Tthlll
Xho 11
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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
Li and L2a of P3 origin hybridized only to the
DNA from 1-14b and 1-26b clones. These defec-
tive interfering RNAs 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 PvuI 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.

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
(vRNA) 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 Si 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

kb 0 .5
Ava 11 - -4-----*

BstN I ^ 4

Bgl 11 .
Dde I
EcoR I
Hinc 11
Hind III
Hinf I 1 - - -

Mbo 11
Pvu 11
Taq I

1.0
I r I I.

1.5 2.0
-_ P- '-l-

F*4

FIG. 2. Sequencing 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 solid lnes 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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30 60 90
MRM 3' UCGCUUUICBUCCASUtUAAUAUAAGUUA UAC CUU UCU UAU UUU CUU BAUI UCC UUA BAU UAC ABC GUC ABA BCB UBA OCS CUIC UAU BAG UOU
CRA 15' AGCSAAAGCAGGSUCAAUUJAUAUUCAAU AUG BGAA ABA AUA AAA BAA CUA ABO AAU CUA AUG UCB CAB UCU CBC ACU CBC BAG AUA CUIC ACA

10 20
MET BIU ARB ILE IYS BILU LEUI ARB ASH LEU NET SER BIN 9CR ARB THR ARB BIU ILE LEU THA

120 150 130
UUIU UGG tIS CAC CUB BUA UAC COO UAU UAB UUC UUJC AUB UBU ABU CCU UCU BUIC CUC UUC UUB OBU CBGI BAA UCC UAC UUU ACC UAC UAC
AAA ACC ACC SUB GA CAUI AUBO BCC AUIA AUC AAB AAB UAC ACA UCA GOBA ABA CABAG AAB" AAC CCA GCA CUU AM AUG AAA UG AUG AUG

30 40 50
ITS THR THR VAL ASP HIS NET ALA ILE ILE IYS IYS TYR THR SER BLY MBG BIN BIU ITS ASH PRO ALA LEU ARB MET ITS TRP NET NIET

210 240 270
CSU UAC SUSI AUA GGU UAA UBU CGU cuG UUjC UCC UAU UGC CUU UAC UAA GOBA CUC UiCU UUA cUic BUc CCU BUU UGA AAU ACC UCA UUU SIAC
SCA AUG AAA UAU CCA AUU ACA OCA BAC MB AGO ASIA ACB BaA AuG AUU Ccu BAB ABA AAU BAG CAB GOA CAA ACU UUA UB AGU AAA AUG

60 70 s0
ALA NET LTS TYR PRO ILE THR ALA ASP IYS ARO ILE THR GILU NET ILE PRO BIU ARG ASH BLU BIN BIT GIN THR LEU TRP 9ER ITS NET

300 330 360
USIA CUB COG CCU AMS CUB SCSI CAC UAC CAU A GU OA BAC CBA CAC UBUJ ACC ACC UUA UCC UUIA CCU BOU CAC SIBSItUCA tIS CM SUA AMM
"aA SaC ICC am UCA SAC CbA BGu AU GBUA UCA CCU cuB OCU BUGo ACA UGO UBO AAU AGO AAU BOA CCA BUGo ACA ABSI ACA BSUumCUSAU

90 100 110
ASH ASP ALA SIT SCR ASP ARO VAL NET VAL 8CR PRO LEU ALA VAL THR TRP TRP ASH ARO ASH BIT PRO VAI THRt SER THRt VAL HIS TTR

390 420 450
53OU SII SIAO AUG tSIUS SIA OAJA AAA CUU UUUJ CAB CUUJ UCC AAUI UUU WSA CCU UGO AAA CC GOBA CAB Sa" AM UCU USIB SUSI CAB SISIS tSIAS
CCA "AMMAI SIAC AM ACU SIASISUSBuaA AM UC BaA Ame USIA AM CAu BOA ACC UUUj GCo CCU OSIC CAU USISI ABA AAC CM SSIC AM AMM

120 130 140
PRO ITS ILE TTR ITS THR TYR PIE BIU ITS VAL BIU MRG LEU ITS HIS BIT THR PIE BIT PRO VAL HIS PIE ARe ASH GIN VAL ITS ICE

450 510 540
SCA SCSI ICSI cm cuB SIA USIA Ga" CCA OSIA CBU CUA GaG UCA CBOG SIUS CUC COSI GMC CUA CAuUhSIABIC CUSI CM CM AA" GOA SISI CSIS
CGSI CGA AGA SSIS BAC ASI AAS CCUI GMS CAU GCA BAU CUC ABS 0CC MA BGM BCA CABBAOSI A ASI AUG GM BtSI GMS tSIC CCUI AAC Sm

150 160 170
AMG ARO AMG VAL ASP ILE ASH PRO SIT HIS ALA ASP LEUSE8R ALA ITS GILU ALA GIN ASP VAL ILE NET BISU VAL VAL PIE PRO ASH SISI

570 600 630
CAC CCSI cGG SICC SmIA BASIUBS ABC CUSIhoABCBSI ASI SOC UBSI UBO USS CUiC USIC SUS CUSI CUI BaG BUG CCA Ace USIS SIA ABA GSA SaC
oSSI GSA Icc "aS ASI CUA ACA UCO BAA UCB CMA CUA Ace ACA ACC AM BGM MO AM BAA BAA CUC CAB BOSI USC AM AM SICSI CCUI CUB

150 190 200
VAL SIT ALA AUG ILE LEUI THR 9ER BIUSE9R BIN LEUI THR THR THR ITS GLU IYS IYS BGLU BLU LEUI BIN BIT CTS ITS ILE 9CR PRO LEUI

660 690 720
SIAC CAC COUSI AUGSAC AAC CUC LUCU CUU SAC CAB SCO USISI UIC UCU AAB GAG BOSI CAC CBA CCA CCU USI SICG LocA CAC ASI UM CSIS CAC
AOUGSU CA SIAC AUG SIU GAB ABA BAA CUB BUC COC MA ACO ABA tUSIC CUC CCA SUB SCSI OSI BOGA ACA ABC ASS SSIS SAC AU SIG GSI

210 220 230
NET VAL ALA TYR NET LEUI BLU AR OL LEUI VAL ARO ITS THR ARO PHE LEUI PRO VAL ALA GLT BIT THR SCR SCR VAL TTR ILE SISI VAL

750 780 Glo
AAC GSI AA SIS GUSI CCUI USS ACO ACC CUSI BGM SAC AUG USA BOUI CCU CCC CUC COC UCC USIA CUA CUA CMA CUA aSIm UGS AAS IM SIM
SISI cAU USIS ACC CMA GOA ACA SOCmSIGBAA CAB AUG SIAC ACU CCA BOA BOB GAB SCO ABO AASI BAU aSI BUSI ASmI CM AGC USIA AUS ASIM

240 250 260
LESI HIS LEUI THR BIN BIT THR CYS TRP BISU BIN NET TTR THR PRO BIT BIY BISU ALA ARO ASH ASP ASP VAL ASP SIN KER LEUI ILE ILE

940 670 9oo
CBA CBA uGSI SUGo SASI CAu uGU UGU COO UBSI CAC ABSI COUI CUA BOUI GAU COUI ABA AAU AAC CUC UIAC ACB BUG UCG USBC GUC UIA CCA CCU
SCSI SCSI ABA AAC ASI OUA ABA ABA 0CC ACA BUG UCA OCA GAUI CCA CUA SCA UGU USIA SUuoGBASAGMMIC CAC AGC AceScCAB ASWGA GS

270 280 290
ALA AkLA ARO ASH ICE VAkL ARO ARG ALA THR VAL 5CR ALA ASP PRO LEUI ALA 8CR LEUI LEUI BLU NET CYS HIS 9CR THR SIN ILE SIT SIT

930 960 990
tIASU UGC tIAC CAJUSSI UIAO BAA UGC GUC SUBG GOUI SIO CUUI CUC GSIS CBO CAC CUIA UIAA ACO USIC CBA COUI SAC CCU BAC UGSI SM UGO MU
ASIAOA MOAGBUA AAC AUG CUSI ABO CAB AAC CCA ACA BAA GAG CMA 0CC BUG GAU AUIS UGOC MB OCUI SCA AU GO CuB ABA AMM ABC UCA

300 310 320
ILE ARM NET VAL ASH ILE LEUI AR OLGN ASH PRO THR BILU GLUI GIN ALA VAL ASP ILE CYS ITS ALA ALA NET BIT LEU ARG ILE BCR SMR

1020 1050 toso
ABS AAM UCA AM CCA CCU AAG UBI MAA UtIC UICU UBSI UCO CCU ABSU ABSU CAB UIUC UICU CUG CUSI CUC CAC BAA USC CCG USIA GM OUC SISS
UGCC UUIUG ABSIUUSIU UGMOA SUGC ACA UUUS A"B ABA ACA ABC BOA UICA UCA BUC AAB ABA GAG BAA BAG BUG CUSI ACO BOC AASJ CUSI CMS ACA

330 340 350
SER PI E8R PIE BIT BIT PIE THR PHE ITS ARB THR 9CR BIT 8CR 9CR VAL ITS AR OLBI LUBI LUIS VAL LEUI THR BIT ASH LESI BIN THR

1110 1140 1170
AAC tRUC UAAU UICU CAkC UA CUGC CCUI ASIA CUSI CUC AAB UBSI SAC CAA CCC UCUI UCU COUI UBS CGA UIAU BAG UGU USISI COU UGG UGC UGCU AAC
SUSG A"MMAI ABA BGM CAU GAB GOA UIAU GMA GAB USC ACA AUGB BUI BOO ABA ABA OCA ACA BCU AUA CUC ABA AMA GCA ACC MBO AGA IUG

360 370 330
LEUI ITS ILE ARS VAL HIS BILU BIT TYR LUGIS BU PHE THR NET VAL BIT ARO ARO ALA THR ALA ILE LEUI ARO ITS ALA THR ARS ARO LEUI

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 strmnd. 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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1200 1230 1260
UAA ouc C UAU CAC UCA CCc UCc CUB CuU GU AB oU coB CUU CoU UAU UAA CAC coo UAC cAu AA AU BUll CUCC ACA UAC UAu
AUM CAB CUB AA OUO AMU 000 AGO BAC BA CAB UCO UUOCC BAA BCA AUA AMU GO OCC AU a UWU UCA CASBAl UBU Al Am

390 400 410
ILE OLB LEU ILE VAL SLE OLY AB ASP BLU OLBN SER ILE ALA BLU ALA ILE ILE VAL ALA NET. VAL PBE SEN OLN LU ASP C ET ILE

1290 120 1350
UUUl CAB CMUUCiU CCA CUO BC UUA AA CAB UUA UCC CBco Amm BCU AAC mm BM UAC BUS B BAA AA SMAOAA UCG UUC CUM
AM OCA m AA BOW BC Cu U UUC BUCmAU AGO aCe AAU CAB COA UUO AAC CCC m CAC CMCClii ULU AU CABUUU CAB AA a

420 430 40
LYS ALA VAL ABA SLY ASP LEU ASH PH VAL ASH MB ALA ASH OLN ABA LEU ASH PtO MET HIS BLN LEU LEU AS HIS PiE L LYS AS

1330 1410 14*
cAu uuc coc BAG AMA Ba UUA ACC CCU UAA cUU BO UhA cuB UUA CAC uAC CCU UAC llAcCC IMU AC BB C uB c usA u uCS uB
WCA "aB aC CUC UUU C" A"U UBOOAU BMa UC AUC BACA BG AB BOA Am AMC S Am WB MC SM A CU CCA AC ABC

450 40 470
ALA LYS ALA LEU PME OLH ASH TNP SLY tILE BLU SER tILE ASP ASH VAL NET SLY NET tILE SLY ILE LEU POB AS MET TM PB BEN TUR

1470 150 1530
cuc UAC Au uAc ucu CCU CAC ucu UABe ucB uU UAC ccc CAu CuB Cuc Am AB UCSCcoc cUC llAu cAc cAc uCe um cuB CA AA
BB zAB UCA MA ABA OoA BUB AB AU AB AM MO OM BAO BAO tMUUCFIC AB BCo BA A"M ASU Su ABC AWE OAB CM u

480 490 500
SLU NET SER ET AB SLY VAL ARO tILE SER LYS NET SLY VAL ASP OLU TYR SER BE ALA SLU LYS ILE VAL VAL E ILE AS Am PIK

1560 1590 16
AM UCU CMA UCC Cuo oBw oCA CCC UUA CAU BAU BAC BA BB CUC CUC CA MA CWE UBU BUC CCU UBU CUC 161 aC UU 11 UA AB
uue "AB oBe as OAB cm cAB Bou AAU OlA CUB cuB ucu ccc Ba BA OuC AM Sm AC CAB SA ACA BA AM CUB ABA MM CU UC

510 520 53
LEU AO VAL AN ASP OLN ARO SLY ASH VAL LEU LEU KR PNO SLU OLU VAL SR SLU TUB BL LYThN SLU LYS LEU TiN ILE TN TN

1650 1660 1710
AU Ac Au UAC UAC ACc cuc UM UUA CCA a" CUl AOU CAC AAC CAB UUA UBe AUA C ACC ll lB UC U ABc cuu uS BAA UU
UCA UCB UCA AM AM UBO BA UUAAU BBU CCU Sm UCA BUB UUO OUaAU ABC UAB CA U5 AuC ABC ABA AMcueSM Au We "a

540 550 S56
SER SER SEN NT NET TRP OLU tILE ASH LY PRO OLU SER VAL LEU VAL ASH TB TYR LN TSP ILE ILE AN AS TSP BLU TU VL LYS

1740 1770 135
UA SucBCC mm BUC WUUA BOA UA UAB BAC AB UUA UUU UAC cU A cuc eeu "A aB AA AAB CMA eeu uuc cS cm ucu cCeam
mUU CAB uo UCC CAB AAU CCU ACA AIM CUO UBC MU AM AUB Bm UWE Ba CCA UWE CAB UCIB UUA BM CCA AWU cC uWE ABA BSC cm

570 50 590
ILE LN TSP SER OLN ASH PR0 THR NET LEU TYR ASN LYS NET BLU PBE OLU PRO PBE SLH SER LEU VAL PRO LYS AA VAL me SLY SI

1930 1860 1n"
MA UCA CCC AM CAC UCU UBA BAC AAB BUU BUU UBC UCC CUA^ AB SM CCC UWU AM CUB UoG CBA Auc uAB UAu uuu Sm Sm BS AM
UAC AU oe UUU oUvAA ACU CUB UUC CAA CM AUB ABO BAU BUB CUU BBO ABA UUU OM ABC 0CU CAB AA AM A CUU CUU CCC uuC

600 610 620
TYR ER SLY PUE VAL ARO THU LEU PHE BLN BLN NET ARO ASP VAL LEU BLY THR PHE ASP THR ALA SLN ILE ILE LS LEU LEUPW B PUB

1920 1950 190
CAu CoO CBA Olu OBU UUC BUu UCA CCU UAC BUC B AGOB ABU AAC UBA UAU UUB CAC UCC CCU AA CCU UAC UCU UAU SM CAB UCC CCm
SCA oCC eCU CCA CCA AM CM BU BOA AUB CA UUC UCC UCA UUO ACU AUI AAU BUB BO BOA UCA BOA AIM AA A CE SM ABS C

630 640 60
AA ALA ALA PRO PRO LYS OLN SER BLY NET OLN PHE SER SER LEU THR ILE ASH VAL ARO BLY SER SLY NET ABA ILE LEU VAL AM SLY

2010 2040 20"
W ABA BWU UAU AAB UtWAIMU UUC UBB UBA UUU UCU BAB UBU CAA BGB CCU UUC CUB CBA CCB OBA NW UBA CUU CuB MU CUIB CWE

AAB UCU CCA M UUB AAC UAC C AAO ACC ACU AAA ABA CUC ACA BUU CUC BOA AAB BAU BCU OOC CCU UUA ACU SM OAC CCA OA Sm
660 670 60

AS SR PRO ILE PBE ASN TYR ASH LYS THR THR LYS ARO LEU THR VAL LEU BLY LYS ASP ALA BLY PRO LEU THR SLU AS PtO AS SLU

2100 2130 2160
CCO lU CBA CCU CM CUC "a CBU CAA BAC UCU CCU AAO GAO UBA BAC CCB UUU CUU CUB UCC UCU AUA CCU BOU CAB AAU UCO UAU UUA
SSC ABA BCU GBA OtW BAO UCC OCA OBUW CUB ABA BOA UUC CUC AUU CUB BOC AAA BM BAC ABO ABA UAU BA CCA 3CA UU ACAIM AMU690 700 710
SLY TUt ALA SLY VAL SLU SER ALA VAL LEU ANG SLY PUE LEU ILE LEU BLY LYS BLU ASP ARO ARB TYR SLY PRO ALA LEU BEN ILE AH

2190 2220 2250CWE C UCO UUS SM CBC UUU CCU CUC UUC COA UUW CAC BAU UAA CCC BUU CCU CUB CAC CAC AC CAU UBC UUU OCC UUU eCC UUl AB
SM CUB ABc C CUU OCO AM BOA BGA AAB OCU MU BUG CUA AUU BBB CM BOA BAC BUB BUO UUO BUA AU MA CBO AM CBO A"C UCU720 730 740
SLU LEU SER ASH LEU ALA LYS BLY BLU LYS ALA ASH VAL LEU ILE BLY BLN BLY ASP VAL VAL LEU VAL NET LYS ARB LYS ABA A SER

2250 2310 2341
UCB UAU OM Ut CUB UCO OUM UBU CBC UWB UUU UCU UAA 0CC UAC CGB UAB UUA UCAM A BCUUCAUAAAUlUUCUBOAACAC*AGAU" 5AC AWM Ct ABU AC ABC CAB ACA BCO ACC AAA ABA AUJ COB AUB CC AUC AAU UAB UOUCBAUABUUUAAAMW CUUOUUUCIAU 3'

750 759
ENR ILE LEU TUB ASP SER BIN THR -AL THR LYS MO ILE ARO NET ALA ILE ASH

FIG. 3-Continued

position 2320 (Fig. 3 and 4). The 37 nucleotides of P3 plus-strand RNA, one would expect 83
at the 3' end which are not translated contain the CG-containing codons, but only 28 occur in the
proposed polyadenylation site (positions 2321 to P3 gene. This bias against CG is particularly
2325) of the mRNA (27). evident in the usage ofCCG and CGN coding for
The frequency of codon usage is shown in proline and arginine, respectively. Furthermore,

Table 1. As found for other eucaryotic genes, the occurrence of CG dinucleotide irrespective
CG-containing codons are relatively few. On a of its presence in codons is also low (2.4%
random basis considering the base composition 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--------------------------4
(....AG GUPuAG......... 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 103 to 100 x 103 (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

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/PRJ8 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 offowl 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 AIWSN/33
P3 gene

Frequency
A CT'

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
(AIWSN/33) as deduced from the nucleic acid

sequence

Amino acid

%Ala.
U Phe 13 Ser 7 Tyr 7 Cys 1 U Arg.

11 6 9 4 C Asn.
Leu 7 14 Term 0 Term 0 A Asp.

13 5 1 Trp 10 G Cys
Gln

C Leu 11 Pro 9 His 8 Arg 3 U Glu ...................................

9 4 2 3 C Gly.
7 16 Gln 15 3 A His.
13 0 21 3 G Ile

Leu
A Ile 19 Thr 12 Asn 23 Ser 9U LysU.

10 11 12 13 C Met.
24 25 Lys 28 Arg 31 A Phe

Met 36 5 17 17 G Pro
Ser.

G Val 14 Ala 11 Asp 14 Gly 7UUThr.
8 11 15 7 C Trp
9 17 Glu 27 27 A Tyr
26 6 25 9 G Val

No. of
residues

45
60
35
29
S

36
52
50
10
53
60
45
36
24
29
54
53
10
16
57

I a . . . . . . - . . A .
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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 fowl 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, 5, 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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