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Nucleotide sequences have been obtained for RNA segments encoding the PB2, PB1, PA, NP, M1, M2, NS1, and
NS2 proteins of the influenza A/Ann Arbor/6/60 (H2N2) wild-type (wt) virus and its cold-adapted (ca) derivative that
has been used for preparing investigational live attenuated vaccines. Twenty-four nucleotide differences between the
ca and wt viruses were detected, of which 11 were deduced to code for amino acid substitutions in the ca virus proteins.
One amino acid substitution each was predicted for the PB2, M2, and NS1 proteins. Two amino acid substitutions
were predicted for the NP and the PA proteins. Four substitutions were predicted for the PB1 protein. The biological
significance of mutations in the PB2, PB1, PA, and M2 genes of the ca virus is suggested by currently available genetic
data, a comparison with other available influenza gene sequences, and the nature of the predicted amino acid changes.
In addition, the sequence data confirm the close evolutionary relationship between the genomes of influenza A (H2N2)

and influenza A (H3N2) viruses. © 1988 Academic Press, Inc.

INTRODUCTION

One approach for producing live attenuated influ-
enza A vaccines is attenuation of new epidemic vari-
ants by reassortment with a cold-adapted {ca) temper-
ature-sensitive (ts) mutant donor strain, A/Ann Arbor/6/
60 (H2N2) (Maassab et al., 1972; Kendal et a/., 1981;
Cox, 1988). This prototype ca virus was derived by se-
rial passage of the wild-type (wt) A/Ann Arbor/6/60 vi-
rus at successively lower temperatures until virus
emerged that could replicate efficiently at 25° (Maas-
sab, 1967; Kenda!l et al., 1981). Although the ca A/Ann
Arbor/6/60 donor virus has not been thoroughly tested
in human volunteers, it is attenuated in a ferret model
system (Maassab et al., 1982). Reassortant viruses
that received the hemagglutinin (HA) and neuramini-
dase (NA) genes from a new H1N1 or H3N2 epidemic
variant virus and five or six of their other genes from
the ca A/Ann Arbor/6/60 parent have been examined
extensively. These ca reassortants had similar ca and
ts properties in cell culture, and were attenuated, im-
munogenic, and phenotypically stable when adminis-
tered to ferrets (Maassab et a/., 1982). They also were
attenuated, immunogenic, and protective in challenge
and field studies in humans (Davenport et al., 1977;
Hrabar et al., 1977; Murphy et al., 1979, 1980, 1981,
1982; Lazar et al., 1980; Reeve et al., 1980b; Mortiz et
al., 1980; Van Voorthuizen et al., 1981; Cate and
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Couch, 1982; Wright et al., 1982; Clements et al.,
1983; Belshe and Van Voris, 1984; Couch et al., 1986).

It has not yet been determined if live ca viruses pro-
vide the theoretical benefits proposed for attenuated
influenza vaccine {Stuart-Harris, 1980) or can be ap-
plied for influenza control on a large scale. Promising
vaccine trials, however, have justified parallel labora-
tory studies to examine the molecular basis for attenu-
ation and the genetic stability of the ca A/Ann Arbor/6/
60 mutant. It was proposed previously that the re-
stricted gene composition of ca reassortant viruses
was advantageous for producing live attenuated influ-
enza vaccines because viruses with five or six internal
genes of the ca donor strain would be expected to have
more uniform biological and attenuation properties
(Cox et al., 1979). Genetic stability of several vaccine
strains having five or six genes from the ca parent was
examined before and after replication in humans using
T1 oligonucleotide mapping, and relative genetic sta-
bility was demonstrated (Cox and Kendal, 1984). To di-
rectly identify genes of the ca donor strain A/Ann Arbor/
6/60 that contained mutations, we used a variety of
bicchemical techniques to compare RNAs and pro-
teins of the ca and wt viruses. These procedures de-
tected differences in each of the eight RNA segments
of the ca mutant compared with the wt parent (Cox et
al., 1986). Here we present the entire nucleotide se-
quences for the six genes of the wt and ca A/Ann Ar-
bor/6/60 viruses that are relevant for producing reas-
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sortant candidate vaccine viruses. Knowledge of these
nucleotide sequences will be useful for monitoring ge-
netic stability of attenuated vaccines during production
and use as well as for understanding the molecular
mechanism(s) of viral attenuation.

MATERIALS AND METHODS
Viruses and viral RNA

The A/Ann Arbor/6/60 wt virus and the derivation of
the ca A/Ann Arbor/6/60 mutant have been described
(Maassab, 1967;: Kendal et a/, 1981). No further
plague purifications or end-point dilutions were per-
formed. Viruses were propagated at a low multiplicity
of infection in the allantoic cavity of 10-day-old embryo-
nated eggs at 34° and purified as described pre-
viously (Cox and Kendal, 1984). Ca mutant and wt virus
preparations used throughout this study for sequenc-
ing varied by no more than three egg passages for the
mutant (E, to Eg) and by five egg passages for the wt
(E»g to Esn). Sequencing of RNA obtained from these
different passage levels of the same virus revealed no
sequence differences. Virion RNA was extracted as de-
scribed previously (Palese and Schulman, 1976) and
dissolved to yield approximately 1 mg/ml.

Nucleotide sequénce analysis of viral RNA

Sequence analysis was accomplished using either
of two variations of the dideoxy chain termination
method (Sanger et al, 1977). The incorporative
method was performed essentially as described pre-
viously (Air, 1979; Cox et al., 1986). Each 5.5-ul reac-
tion mixture contained 45 mM of Tris—HCI (pH 8.3), 45
mM of KCI, 4.5 mM of MgCl,, 9 mM of DTT, 1.4 uM of
dATP, 12.5 uCi of [a-*2P]-dATP (NEN Research Prod-
ucts, Boston, MA),2 45.5 uM of dGTP {9.1 uM of dGTP
for the G reaction), 4.5 uM of dCTP (9.1 uM of dCTP for
the C reaction), 45.56 uM of dTTP (9.1 uM of dTTP for
the T reaction), 50-100 ng of RNA, 1-5 ng of primer, 3
units of reverse transcriptase {Life Sciences, Inc., St.
Petersburg, FL), and 1-5 uM of ddATP, ddCTP, dd-
GTP, or ddTTP. Reaction mixtures were incubated at
37° for 30 min, after which 1 ul of a chase mixture con-
taining 1 mM each of dATP, dCTP, dGTP, and dTTP
was added, and the incubation was continued at 37°
for 30 min. Terminal deoxynucleotidyl transferase
{Bethesda Research Laboratories, Gaithersburg, MD)
was added to the chase mixture when necessary to
resolve sequence abiguities (DeBorde et al., 1986).

2 Use of trade names and commercial sources is for identification
only and does not imply endorsement by the U.S. Public Health Ser-
vice or the Department of Health and Human Services.

The reaction was stopped by adding 1 ul of 0.1 M
EDTA, and samples were dried and finally dissolved in
5 ul of a formamide dye mixture.

The second method used 5-y-*P-labeled synthetic
oligodeoxynucleotides for priming the reaction. Each
5-ul reaction mixture contained 50 mM of Tris—HCI (pH
8.3), 50 mM of KCI, 5 mM of MgCl,, 10 mM of DTT, 50
mM each of dATP, dCTP, dGTP, and dTTP, 3.75 units
of human placenta RNase inhibitor (Promega Biotec,
Madison, WI), 200 ng of RNA, 1-5 ng primer, 3 units
of reverse transcriptase, and approximately 10 uM of
ddATP, ddCTP, ddGTP, or ddTTP. After incubation at
42° for 30 min, reaction products were analyzed on 6
and 8% polyacrylamide gels containing 100 mM of
Tris—borate (pH 8.3), 5 mM of EDTA, and 8.3 M of urea.

Oligonucleotide primers were synthesized either by
C. W. Naeve (St. Jude Children’s Hospital) or by B. Hol-
loway (Centers for Disease Control) on an Applied Bio-
systems Model 380A DNA synthesizer using the solid-
phase phosphoramidite method. Primers used were as
follows: the universal primer d(AGCAAAAGCAGQ),
PB2-28 d(ATGGAAAGAATAAAA), PB2-102 d(GGAC-
CATATGGC), PB2-225 d(GACAAGAGGATA), PB2-451
d(CGCCGAAGAGTT), PB2-698 d(CAAGCAGTGTAT),
PB2-905 d(GGATGGTGGACA) PB2-946 d(GCTGTG-
GAAATATGC), PB2-1125 d(TGGGAAAAGGGC), PB2-
1349 d(ATGCTAAAGTGC), PB2-1570 d(CCTGAG-
GAGGTC), PB2-1780 d(CCTAAGGCCATT), PB2-2085
d(GGAGTCAGCTGT), PB2-2190 d(GGCTAATGTACT),
PB1-13 d{CAAACCATTTGAATGG), PB1-208 d(GGAG-
CGCCCCAACT), PB1-400 d(CGTCAGACCTATGA),
PB1-601 d(GACAACATGACCAAGA), PB1-745 d(AA-
TGCAACACCCGGGA), PB1-909 d(CACAGAGCT-
TTC), PB1-1000 d(ACAAGAAATCAACCT), PB1-1105
d(AGCATGAAGCTCCGAA), PB1-1375 d(GTGAATG-
CACCA), PB1-1600 d{GGAGTAACAGTG) PB1-1801
d(GATGGAGGACCAAACT), PB1-2046 d(CCTCAACA-
CAAG), PB1-2209 d(GACTTCGAGTCTGGA), PA-158
dGCTTCATGTATT), PA-226 d(CCAAATGCACTT),
PA-452 d(CACACATCCACA), PA-881 d{CCCGCC-
GAACTT), PA-876 d(GATGGATGCTTT), PA-1112
d(CGAGTCAGCTAA), PA-1339 d({GCAAGCATGAGA),
PA-1540 d(AAAGGAAGATCTCA), PA-1601 d(CTCT-
CACTGACC), PA-1789 d(CTCCAACAAATC), PA-1800
d(CGAGAGTATGAT), PA-1300 d(AAAGGAGTGGAA-
GAA), PA-2009 d(CAAGAAAACTGC), PA-2026 d(GTC-
GTTCAGGCT), PA-2080 d(CTATATGAAGCAATT),
NP-160 d(TTCTACATCCAA), NP-202 d(GAGGGGC-
GACUQG), NP-397 d(CGAATCTGGCGC), NP-643
dGGGATCAATGAT), NP-888 d(TGGACCTGCCGT),
NP-1015 d{CACAAGAGTCAG), NP-1285 d(GTGCAAA-
GAAACCTTC), M-239 d({CGAGGACTGCAG), M-438
dGCTGACTCCCAG), M-719 d(GATCTTCTTGAAAAT-
TTG), M-895 d(GAGGGCCTTCTA), NS-207 d(G-
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GAAAGCAGATAGTG), NS-384 d(GACCAGGCAATC),
NS-597 d(ACAGTTCGAGTC) and NS-742 d{GAAGT-
GAGACAC). Primer numbers correspond to the posi-
tion (in the mRNA sense sequence) of the first nucleo-
tide in the primer.

Nucleotide sequence analysis of mMRNA

The nucleotide sequence of the first 256—40 nucleo-
tides of the 3’ region of each gene was obtained using
synthetic primers complementary to viral mRNA. Con-
fluent MDCK cells were infected at a multiplicity of ap-
proximately 2 PFU/cell and harvested by scraping at
6 or 8 hr postinfection for the wt and mutant viruses,
respectively. Cells were washed once inice-cold phos-
phate-buffered saline and lysed in a buffer containing
5.8 M of guanidinium-hydrochloride, 50 mM of Tris—
HCI {(pH 7.6), 10 mM of EDTA, 2% sodium lauryl sar-
kosinate, and 1% B-mercaptoethanol prepared as de-
scribed previously (Maniatis et al., 1982). RNA isolated
by centrifugation through a CsCI cushion (Maniatis et
al., 1982) was suspended in 20 mM Tris~HCI (pH 7.4),
1 mM EDTA and 0.1% sodium dodecyl sulfate (SDS),
ethanol precipitated, and stored at —70° in sterile dis-
tilled water. Approximately 50 ug of total RNA was used
in each incorporative sequencing reaction carried out
as described above. Primers used were as follows:
mNS-771 d(ATGGGGCATCACCTAGTT), mM-911
dACATCTTCAAGTCTCTGT), mNP-1433 d(CGACG-
GATGCTCTGATTT), mPA-2151 d(GCTTTTTCAGCAA-
GCTCGACAATC), mPB1-2233 dGAGGATCTCCA-
GTATAAG), and mPB2-2253 d(GTTAGTATCTCGC-
GAGTG). Primer numbers correspond 1o the position
(in the virion sense RNA sequence) of the first nucleo-
tide in the primer.

Computer analysis

Nucleotide sequences were stored and manipulated
on a Digital Equipment Corp. VAX computer using ver-
sion 5 of the sequence analysis software package of
the University of Wisconsin Genetics Computer Group
(Devereaux et al., 1984).

RESULTS

Nucleotide sequences of the NS1, NS2, M1, M2,
NP, PA, PB1, and PB2 genes of the A/Ann Arbor/6/60
mutant and wt viruses were determined directly using
the dideoxy chain termination method (Sanger et al.,
1977) modified for sequencing from virion RNA (Air,
1979). Bands in two lanes of the reaction were ob-
served occasionally at a single nucleotide position.
{These postions are indicated by asterisks in the fig-
ures). The darkest band was read as the correct nucle-

otide. In addition, the NS and M genes of the wt virus
were cloned into pBR322 and sequenced using the
chemical sequencing method of Maxam and Gilbert
(1980). Results using the chemical method were identi-
cal to those using the dideoxy chain termination
method (data not shown). The sequences of the HA
and NA genes of the A/Ann Arbor/6/60 viruses were
not determined because they are irrelevant for produc-
ing reassortant candidate vaccine strains. Sequences
of H2N2 virus genes have been published previously
for only the NS, NA, and HA genes. Therefore, each
gene sequence of the wt A/Ann Arbor/6/60 virus was
also compared with influenza A (H3N2) gene se-
guences available in the Gen Bank data base at the
time of analysis.

NS1 and NS2 sequences

The smallest RNA segment of influenza virus is 890
nucleotides long and codes for the NS1 and NS2 poly-
peptides that are found only in infected cells (Inglis et
al., 1979; Lamb and Choppin, 1979; Lamb et al., 1980).
The functions of NS1 and NS2 are unknown. The com-
plete nucleotide sequences for the NS genes of the A/
Ann Arbor/6/60 mutant and wt viruses are shown in
Fig. 1. Two nucleotide differences were detected be-
tween the ca mutant and wt viruses with a coding
change at nucleotide 483 in the portion of the gene that
encodes NS1 and a noncoding change at nucleotide
813 in the portion of the gene that encodes NS2. The
former nucleotide change encodes an alanine to threo-
nine substitution in the mutant NS1 protein at amino
acid 153. Comparison of the sequence we obtained for
the AJAnn Arbor/6/60 wt NS gene with the sequence
for this gene published previously (Buonagurio et al.,
1986) revealed complete agreement, with only one ad-
ditional change compared to the sequence of the A/
WSN/33 virus in a region not sequenced previously (T
at nucleotide 35 in both ca and wt A/Ann Arbor/6/60
viruses). Volunteer studies with reassortant candidate
vaccine strains having an RNA 8 from the H1N1 or
H3N2 wild-type parent indicated that this gene is not
required for attenuation (La Montagne et al., 1983).
Studies with single gene reassortants are also consis-
tent with the conclusion that RNA 8 does not contrib-
ute significantly to attenuation (Snyder et al., 1987).

M1 and M2 sequence

RNA segment 7 is 1027 nucleotides long and codes
for at least two proteins, M1 and M2 (Allen et al., 1980;
Winter and Fields, 1980; Lamb et a/., 1981). The M1
protein is a viral structural protein of 262 amino acids.
The M2 protein is 97 amino acids in length and, al-



MUTATIONS IN INFLUENZA A/Ann Arbor/6/60 ca VIRUS 5567

10 30 50
mt M

70 90 110

wt ABCARARGCAGEETERCARAGACATAATEERTCCTAACACTGTETCARBCT TTCAGGTABRTTECTTCCTTTEECATETCCGCARACAAGT TRCABARCCARGARCTAGGTGATECCCCAT

wt MN-terminus NS1 and NS2
mt
130 150 170

M DPNTWVSSFQVUDCFLMHKHWVRIKTIOVATD

E L E DR P F(32)
190 210 230

mt
wt TCCTTGATCEGCTTCECCGABATCAGARGTCCCTAAGEEEARGAGECAGTACTCTCEETCTERACATCGARACARGCCRCCCETET TEGARRGCAGATAGTBGAGABEATTCTGARGEARG

wt L D
mt

250 270 290
nt

RRDOKSLRERGSTULEBLHNTIETARATRWVELEKIGGIUWVERTIILEKE E2

310 330 as0

wt RATCCEBATBABBECACT TRARATGACCATEECCTCCGCACCTECTTCECGATACCTAACTEACATEACTAT TEAGEAAATETCRABEEACTEETTCATECTARTECCCARGCABARAGTEE
p

w S DEALKMTMASAPASRYLTDMHMTIEEMSRTIDMWFMMLM

mnt
370 390 410

QK v R112)
430 450 470

nt
wt CRBGCCCTCTTTBTATCAGARTEGACCAGGCAATCATGEATARGARCATCATAT TGARAGCGARTTTCAGTGTGATT TT TEACCGECTAGRGACCCTARTATTACTRAGEECTTTCACEE

wt 6 P L CIRMDOATIMKWDURMNTITILIEKRBANTFSZSUVIFDRLETTLI

ot
490 510 530

mt A v

L RAF T E(52
550 570 590

wt RABCGEGAGCARTTETTEECEARRT TTCACCATTECCT TCTCT TCCAGGACATACTARTGAGEATGTCARRARTGCART TEEEETCCTCATCGGAGGACT TEAATEEAATGRTARCACAS
wt A 6 AR I VEEISPLPSLPGEGHTNETDUWVI KNATIGBGUWVYVLIBEBELEWHMWNTIDLGDNT a2y

mt T

wt DI LM RMS KMOA@LESSS EDLHNEBMITQ 3EH
mt

610 630 650 670 690 710
mt

wt TTCGAGTCTCTAARRACTCTACAGAGATTCGECT TEERGARGLAGTEATEAGARTEEEAGACCTCCACTCRCTCCARARTAGARARCEERAAATBECEAGARCART TREETCARARGTTCEAR

wt R VS KTLORFAMKRSSDENERPPLTPKCQR?

C-terminus NS1

wtF E S L KLY RDSLGEGEEARARVMRMNGEGIDLHSLOGNIRNTGEI KU NWNRETGGLTEGTGETF EC((@74

mt
mt

730 750 770
ot
mt

B850 B70 B8s0
ot

wt ACTTTCTCGTTTCAGCTTATTTARTGATAARARARCACCCTTGTTTCTACT
wtT F S F @ L I (121 C-terminus NS2

790 B10 830

G
wt BGAAATARAGATEGCTEAT TEGARGARGTEAGACACAARTTGRAGATAACAGARGARTAGTTT TEBRECARATARCAT TTATGCARGCCTTACAGCTACTAT T TGAAGTGEARCARGAGATARGA
wtE I R R LI EEUVRUHIKLEKITEWNSTFEOWQITFMBODRALZGGLTLTFEWVEHSA

E I R (114

FiG. 1. Nucleotide and protein sequences of RNA segment 8 of the A/Ann/Arbor/6/60 wt and ca mutant viruses. Complete sequences are
shown for the wt viruses. Nucleotide changes detected in the mutant RNA are shown above the wt sequence, while predicted amino acid
changes in the mutant are shown below the wt sequence. Splice junctions for NS2 are indicated by arrowheads.

though its function is unknown, this protein is known
to be inserted into plasma membranes of infected cells
{(Zebedee et al., 1985). Complete nucleotide sequence
data for RNA 7 of A/Ann Arbor/6/60 ca mutant and wt
viruses (Fig. 2) demonstrate that there was a single
difference (G to T) at nucleotide 969. This nucleotide
substitution encodes a change from alanine in the wt
to serine in the mutant at amino acid 86 of the M2 pro-
tein. Comparison of the Ann Arbor/6/60 M2 sequences
with those of other strains indicated that the M2 genes
of the three other wt human strains sequenced to date
have alanine at amino acid 86 of M2. This amino acid
has been identified as one that varies between human
and avian influenza strains (Buchler-White et al., 1986).
Amino acid 86 is a part of the trypsin-sensitive carboxy-
terminal tail (Zebedee et al., 1985). One ca candidate
vaccine strain, CR 31 Clone 3, that received the seg-
ment 7 from its wt parent in addition to the HA and NA
genes (Cox et al., 1979) was attenuated in seronega-
tive adult volunteers (La Montagne et al.,, 1983), but
was less restricted in its replication in humans than a
similar reassortant with segment 7 from the ca parent
(Murphy et al., 1981). In addition, a reassortant with

only the genes encoding the PA, M1, and M2 proteins
from the ca A/Ann Arbor/6/60 virus was as attenuated
in human volunteers as another reassortant virus hav-
ing all but the HA and NA genes from the ca donor virus
(Snyder et al., 1985). Further studies with single seg-
ment reassortant viruses also suggest that either the
M1 or M2 proteins may play a role in attenuation {(Sny-
der et al., 1987). Sequence data presented here sug-
gest that the M2 protein may be responsible for the
observed biclogical findings.

NP sequence

The nucleoprotein gene [RNA segment 6 of the A/
Ann Arbor/6/60 viruses under electrophoretic condi-
tions used to separate RNA (Cox et al., 1985)] is 1565
nucleotides in length and encodes a basic structural
protein of 498 amino acid residues that specifically in-
teracts with RNA molecules to form ribonucleoprotein
complexes (Winter and Fields, 1981; Huddelston and
Brownlee, 1982) and has sequences that direct its mi-
gration into the nuclei of infected cells (Davey et al.,
1985). Three nuclectide changes were detected in the
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Fig. 2. Nucleotide and protein sequences of RNA segment 7 of the A/Ann/Arbor/6/60 wt and ca mutant viruses. Complete sequences are
shown for the wt viruses. Nucleotide changes detected in the mutant RNA are shown above the wt sequence, while predicted amino acid
changes in the mutant are shown below the wt sequence. Splice junctions for M2 are indicated by arrowheads.

mutant NP gene sequence (Fig. 3) A change at nucleo-
tide 113 encodes an amino acid substitution from thre-
onine in the wt to asparagine in the ca mutant at amino
acid 23, and a change at nucleotide 146 encodes an
amino acid substitution from aspartic acid in the wt to
glycine in the ca mutant at amino acid 34. The change
at nucleotide 113 is not present in NP genes of other
influenza viruses sequenced, while the change at nu-
cleotide 146 is also present in the highly passaged lab-
oratory strain, A/PR/8/34. The other change in the NP
gene of the mutant is the insertion of a single A nucleo-
tide in an A-rich region (1545-1550) that is near the
putative polyadenylation signal (Robertson et al,
1981). This insertion may not be important because
other influenza virion RNA segments have poly(U)
tracts of varying lengths in corresponding positions. Al-
though a ca NP gene was present in all the candidate
vaccine strains we examined (Cox et al., 19886), no
compelling genetic evidence exists to show that the
NP genes of the ca mutant and wt A/Ann Arbor/6/60

~viruses are associated with different phenotypic prop-
-erties (Snyder et al., 1987); therefore, the significance

of the mutations in RNA 6 is unknown.

PA sequences

RNA segment 3 is 2233 nucleotides in length and
encodes an acidic polymerase protein (PA) 716 amino
acids in length (Fields and Winter, 1982; Bishop et al.,
1982b; Robertson er al.,, 1984). The complete nucleo-
tide sequences for the PA genes of A/Ann Arbor/6/60
mutant and wt viruses are presented in Fig. 4. Four nu-
cleotide changes were detected in the mutant gene,
with two of these changes located in the same codon.
A change at nucleotide 20 (U to C) is in the noncoding
region. Comparison of the A/Ann Arbor/6/60 se-
guences with published sequences revealed that A/
PR/8/34 and the Rostock strain of fowl plague virus
have C at nucleotide 20 (Fields and Winter, 1982; Rob-
ertson et al., 1984), while A/NT/60/68, like the A/Ann
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ut ATEGTECTCTCTBCTTTTGACGAGAGGAGEARTRARTATCTGEAABARCATCCCABCECEBGEEARGGATCCTAAGAARRCTEERGEACCCATATACAAGABAG TRGATEEARAGTEEATE
witM VL SAFDERRNIEKYLEEUHPSHAGSBGBKDPEKEKTESBSEEUPTIVYEKRWUYVDIEBE K K MIO

430 450 470

wt ABBBARCTCETCCTTTATSACARAGRAGARATARGECGARTCTEECECCARGC TRATARTEETEATGATGCARCABCTGETC TBRCTCACRTEATBATCTBECATTCCARTTTGRATEAT
N B

t

" 370 350 410
mt

wviR EL VL Y D KETETIRRTIMWRGA AN
t

" 490 510 530
mt

B DATAEBELTHMMIMWNBHESNL N D45

550 570 590

wt ACARCATACCAGAGGACARGAGCTCTTETTCECACCGEARTEEATCCCAGEATGTGCTCTTTEGATECAGGET TCERCTCTCCCTABGAGETCTEEAGCCECAGGCELTECAGTCARAGEA

wtT T ¥ @ RTRALWVRTGMDVPRMTET

MQESTLPRRSGSGARAMSBARARMVY K GUD

670 690 710

wt GTTEEGRCARTGETGATEEAGT TERTARGEATGATCARRCGTEEGATCARTEATCGEARCT TCTEEAGAGETEABARTEEECEEARRRCARGEAATECTTATEABRGAATGTECARCATT
vV MELTIR

ot

610 630 €S0
mt
wt¥ 6 T M
mt

730 750 770
mt

M I KRG I NDRNMNFMWRIEEHNERIEKTRMNAYEURMTE CN I(25

790 810 830

wt CTCARRGGARAAT TTCARACASCTECACARAGAGCAATEATGEEATCARGTGAGABAARBCCGEARCCCABEARATECTBABATCBAABATCTCATCTTTCTEECACGETCTGCACTCATA
witlL K 8 KF QTAAORAMMDOGVYVRESRMNPGBNRETLIEDLTITFLA ARSI AL x5

850 870 830

910 930 950

wt TTGABABGETCAGTTGCTCACAARTCTTETCTGCCTGLCTETBTETATEEARCCTECCETAGCCABTEBECTACGACT TCBARRARGAGEEATRCTCTTTABTAGEBATAGACCCTTTCARA
witlL R G S VAHKSCLPACUVY 6PAVASGYDFEKETGYSLWVE I D P F Kuos)

970 990 1010

1030 " 1050 1070

wt CTECTTCARRRCABCCARGTATARCABCCTAARTCABACCEARTEARGARTCCABCACACARGAGTCABC TEETETEBATEECATECAATTCTRCTECAT TTBAABRTCTARGAGTATCARGE
wtl L O NS B WVYS5SLIRPNEHBNPAHEKSOGLUYVWUNACNSAATFETDLRV S 5345

1090 1110 1130

1210 1230 1250

1150 1170 1190

wt TTCHTCHGHGEGHCCHEHSTHHTCCCRHGGGGGFIFIFICTTTCI:FlCTHGF\GGFlGTHBRHRTTGBTTCHHRTGHRHRCHTGGHTFICTFITEGGFITL':FIHGTHETCTTGHHCTEHGHHGﬁHGGTHC
wtF I RGBT KV IPRGBGKLSTRGEVOIIASHNENMDTMSESSTLETLRTSPR Yass

1270 1290 1310

wt TEBECCATAABEACCABARBTEEAEBARACACTARTCARCABABEGCCTCTECABBTCRARTCABTSTACARCCTACET TTTCTETGCRARGRAACCTCCCAT T TGRCARRCCARCCATE

wtW AT RTRS B ENTHNOGDOORABABSA ATESBDIQ

1330 1350 1370

SV QPTFSVORNLPEFDEKPT 45

1390 1410 1430

wt ATBECAGCATTCACTEEGAATECABABEEARBARCATCREACATEAEGECAGRARTCATARGEATEATBEAABETBCARRACCABARGRAGTSTCET TCCAGGEECEEEEABTCTTCEAE
R M

wtM AR AF T BEHNHAEGRTSDMPRAE'I
1450 1470 1490

8 AKPEEUWUYSFOGRGE Y F E4e5
1510 1530 1550
A

wt CTCTCBGACGARARGECRACGARCCCGATCETECCCTCTT TTEACATEAGTRRTGRABGATCTTAT TTCT TOEEABACARTECAGABEAE TACGACART TARGERARARGTACCCTTETT
1

wtbL S DEKRBABTNPIWUVPSFIDMSNESGEG

ot
wt TCTACT

¥ FF 6 0NRAEEY D N9

FiG. 3. Nucleotide and protein sequences of RNA segment 6 (NP) of the A/Ann/Arbor/6/60 wt and ca mutant viruses. Complete sequences
are shown for the wt viruses. Nucleotide changes detected in the mutant RNA are shown above the wt sequence, while predicted amino acid
changes in the mutant are shown below the wt sequence. The single nucleotide insertion is indicated by a 0 in the wt sequence at position

1550.

Arbor/6/60 wt, has U (Bishop et a/., 1982b). Thus it
seems unlikely that this U to C change is important in
attenuation. It is possible, however, that this change
could alter base pairing of the ends of the RNA seg-
ment or polymerase recognition {Skehel and Hay,
1978; Robertson, 1979; Stoeckle et al., 1987). A single
base change in the noncoding region of the poliovirus
3 genome has been shown to affect attenuation (Evans
et al., 1985). A change from A to G at nuclectide 1861
encodes a lysine to glutamic acid substitution at amino

acid 613. While this is a change from a basic to an
acidic residue, it is not likely by itself to be involved in
attenuation because comparison with other se-
quences revealed that A/PR/8/34, A/FPV/Rostock/34,
and A/NT/60/68, like the A/Ann Arbor/6/60 mutant vi-
rus, all have glutamic acid at residue 613. The two
other changes are in the same codon (TTA to CCA at
nucleotides 2167 and 2168), resulting in a predicted
amino acid substitution at residue 715 (the penultimate
amino acid in the PA protein) from leucine in the wt to
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C
HGCGHHHGCHGGTHCTGHTTCGHHRTGGRHGHTTTTGTGCGHCHHTGBTTCHHTCCGHTGRTTGTCGHGCTTECTGHRRHRGCHRTGRHHGHGTHTGGHGHGGHTCTGHHHRTCGHHHCR
M EDF V g CcCF KNP 1 ELAEKA AMEKTEV?YGE L K1 E T2
130 150 170 130 210 230
HHCHHHTTTGCRGCHHTHTGCHCTCRCTTGGHHGTHTGCTTCHTGTHTTCHGHTTTTCHTTTCHTCHHTGHGCHHGGCGHGTCHHTHHTHBTHGHGCTTGHTGHTCERHHTGCHCTTTTB
N K F R A H L E M ¥ S D F I NEOQBGESTITIWUYETLTDUDTPNHA AL LGP
250 270 290 310 330 st
RRGCACAGAT T TEGARARTAATABRBEGARGRGRTCECACARTEECC TEBACABTAGTARACAGTAT T TECARCACTACRBEABC TBAGARACCEBAAGT TTCTGCCAGAT TTETATEATTAC

K HRFETI I EBRDRTMARHKHTWVVYVNSTICNTTGBEGEAETZKEPEKTFLUPDLYD Y112
370 30 410 430 450 470

ARGGAGARTAGRT TCATCGRGATTEGAGTGRCARBEABEERRGTCCACATATACTATCT TGARAAGGCCARTARART TARATC TGAGARGACACACATCLCACAT Y TTCTCATTCRCTGEE
KENRFIETIGUVTRREWVHTIYYLEZXKA ANIEKTIZKSEIKTHTIHTITFSF T B(I5

490 S10 5§30 550 570 590

GRAARGARATGECCACARAGECCEACTACACTCTCEATEAGERARGCAGEEC TAGGAT AARRCCABACTAT TCACCATARGACARGARRTEECTABCABRGRCCTCTGEEATTCCTTTCAT
EEMATI KADYTLOETESRARTIEKTRLEFTTIRBEEMASRTELTMKTES F HU19

610 630 650 670 630 710
CRBTCCGARRGRBECEAAGARRCART TBRRGRARGAT T TGARATCACABEEACAATECECAGECTCECCEGACCARAGTCTCCCGCCEARCTTCTCCTBCCT TBRGARTTTTAGAGCCTAT

w@ S ERGEETIEERFETITU STMHNRRLADOGSLPPHNTFSCLENTFR A Y2
mt

730 750 770 790 810 830
mt
ut ETGGHTGEHTTCGHHCCGHHCGGCTHCRTTGHGGGCHHGCTTTCTCRHHTGTCEHHHGHHGTHHRTGCTHHRHTTGHHECTTTTCTGHHHHEHRCHECHHGHCCHHTTHGRETTCCGGHT
wt¥ O0OG F EPNGY I EGKLSG@MSEKEUWNAEKTIEFPTFIL TTPREPETIRL P D2e2
ot

850 870 830 910 930 950
[} »*
wt GEGCCTCCTTGTTCTCRGCBSTCCRARTTCCTGECTEATEGATECT TTRARAT TARGCATTBAGBEACCCRAG TCRCBARBBABRGEBARTACCACTATATERTECEATCARGTETATEAGA
wtG P P CSORSKFLLMDALIEKLSTIEUDPSHETSGET GTIUPLYDATIE KT CHM RID
mt

970 930 1010 1030 1050 1070
nt
ut HERTTCTTTGGHTGGRHHGHRCCCTHTGTTGTTHHHCCRCHCGRHHHEGERRTHHHTCCRHRTTRTCTGCTGTCHTGGHHGCHHGTRCTGGCRGHHCTGCHGGRCHTTGRGHHTGHGGHG
wT FF B WHEKEPY UV VUYUEKPHEZ KTSGTIMNPHNYLTLSH VLAELD QRDBTIENE E35)
wt

1090 1110 1130 1150 1170 1190
mt
wt HHEHTTBCHHGHHCCHRHHHCHTGHHGRHHHCGHGTCHGCTHHHGTGGGCHCTTGETGRGHHCHTGGCRCCHGHGHRGGTHGHCTTTGRCGHCTGTHGHGRTGTHHGBGHTTTGHHGCHH
wtkK I PR TKNMKMIKKTSOLEKWMWALTGENMAaPEIZEKUWVDFDDCECRTDUWV b L K G392
mt

1210 1230 1250 1270 1290 1310
mt
ut TATGRTAGTGATGRACCTSARTTRABGETCACTTTCAAGCTEEARTCCAGRATGAGT TCAACRAGGCATECEAGCTGACCEAT TCARTCTBEATAGAGCTCEATGAGATTGEABARBATETE
wt¥ DS DEPELRSLSSHWHIONEFNKARATLCETLTDSTIHTIETLDETIGE GE D V432
mt

1330 1350 1370 1390 1410 1430
ot
wt GCTCCARTTGARCRCATTBCARGCATGAGARGEAAT TACTTCRCAGCAGABGTGTCTCATTGCABRBCCACABARTATATRRTEARGEBEETATACAT TRRTACTGCCTTGCTTARTECR
wt A I EHI ASMRRNYF FTA AEUVSHCRRATEUSYTIMEKEWVYY I NTA ALL N A472)
ot

1450 1470 1490 1510 1530 1550
mt
wt TCCTGTGBHECHHTGGHCGHTTTEcHHCTHHTTCCCHTGHTHRGCHRRTGTHGHRCTHHHGHGGGHHGGCGHHHGHCCHHTTTHTHTGGTTTCHTCHT"Iuuuau“ﬂH1L|LHL"Hbe
wvtsS CAAMDBDFQLTIPMTIS KT ECRTIEKETGSGRRIKT ¥ 6 F I I KGR S H L RS2
at

1570 1590 1610 1630 1650 1670
mt
wt HHTGHCHCGGHCGTGETHHHCTTTETGRGCHTGGHGTTTTCTCTCHCTGHCCCHHGHCTTGHGCGHCHCHHBTGGGRGHHGTHCTGTGTTCTTGHGHTHGGHBRTHTGCTHCTHHGRRGT
wtH DT DV F VS HME LTDPRLEPHTEKMHKEZE KYT CWVLETISBDMMLL R S(52
mt

1690 1710 1730 1750 1770 1790
mt
wt BCCATABGCCAGGETETCRAGGCCCATETTCTTGTATETEAGEACAARTGEARCATCRARGAT TRRARTGARRTBEEEARTBEARATEABECETTECCTCCTTCAGTCACTCCARCARATE
wt A @ VvVsSRPMFLYUYRTNGEGTSKTIEKMEKMHWHEMEMPRRCLLTUGSL O Q I1¢59
ot

1810 16830 1850 1870 1890 1910
ot G
wt GAGRGTRTBRTTGARGCCGAGTCCTCTETCARGERGARARBACATGACCARAGAST TTTTCAAGRATARATCABARACATRBCCCAT TEEAGABTCCCCCARAGEAGT BERAGARGGTTCL
wtE S M1 ERESSVKEIEKDMHTIEKETFFI KNIEKSETMHWKPTIGBGESPIEKTEGUWVYETE B S632
mt E

1930 1850 1970 1930 2010 2030
mt
wt HTTGGGHHGGTCTECHGGHCTTTHTTHGCCHHGTCGGTHTTCHHTHGCGTGTHTGCHTCTCBRCHHTTHGHRGEHTTTTEHGCTGHHTCHHGHHHHBTECTTCTTGTCGTTCHGGCTCTT
wtlI B K VCRTLLAEKSVUVFNSLYASPOQOLETSGTFSHAESHR RIEKIL L Vv Vv a A LB
mt

2050 2070 2090 2110 2130 2150
mt
ut ABBEACAATCTTGRACCTEEEACCTTTBATCTTGEEEEGCTATATGRAGCAAT TEAGBAGTECCTEAT TAATGATCCCTRGETTTTECTTAATGCETCTTEETTCARCTCCTTCCTARCA
witR DNLEPGTFOLGBESLY ERTIEET CLTIHNGDPMWUYLLNASHKTEFNSEFL TKID
mt

2170 2190 2210 2230
nt cc
wt CATGCATTARGATAGTTETGECAATGCTACTATTTECTATCCATACTGTCCARARRRGTACCTTGTTTCTACT
wtH A L R (716
ot P

FiG. 4. Nucleotide and protein sequences of RNA segment 3 of the A/Ann/Arbor/6/60 wt and ca mutant viruses. Complete sequences are
shown for the wt viruses. Nucleotide changes detected in the mutant RNA are shown above the wt sequence, while predicted amino acid

changes in the mutant are shown below the wt sequence.
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proline in the ca mutant. Although two nucleotide
changes were found in the same codon, only a single
nucleotide change from CCA to CTA is required for re-
version back to leucine by the mutant. The other three
influenza viruses sequenced to date have leucine at
residue 715 of their PA proteins. The PA gene has been
demonstrated to be involved in the cold-adaptation and
attenuation properties of the mutant (Odagiri et al.,
1986; Snyder et al., 1985, 1987), so this leucine to pro-
line change may be relevant to virus phenotype.

PB1 sequence

RNA segment 2 is 2341 nuclectides in length and
encodes a basic polymerase protein (PB1) 757 amino
acids in length (Winter and Fields, 1982; Bishop et a/.,
1982a; Sivasubramanian and Nayak, 1982). Seven nu-
cleotide differences were detected between the A/Ann
Arbor/6/60 mutant and wt PB1 gene sequences (Fig.
5). Changes at nucleotides 123 and 486 were noncod-
ing changes. Four coding changes were found at nu-
cleotides 1195, 1395, 1766, and 2005 followed by a
noncoding change at nucleotide 2019. The four coding
changes result in amino acid substitutions of lysine to
glutamic acid at amino acid 391, glutamic acid to
aspartic acid at amino acid 457, glutamic acid to gly-
cine at amino acid 581, and alanine to threonine at
amino acid 661. None of these four changes exists in
the three other wild-type PB1 genes sequenced to
date, so any or all of them may be involved in the biolog-
ical properties of the virus. Because RNA 2 of the mu-
tant was absent in several ca reassortant vaccines that
were fully attenuated (La Montagne et al., 1983), its
role in attenuation has been questioned. Earlier genetic
evidence (Cox et al.,, 1981) and more recent evidence
using single gene reassortants in several animal
models, however, suggest that mutations in RNA 2
may contribute to the temperature-sensitive and atten-
uation phenotypes of the ca A/Ann Arbor/6/60 virus
{Snyder et al., 1987).

PB2 sequence

RNA segment 1 is 2341 nucleotides in length and
encodes a basic polymerase polypeptide (PB2) of 759
amino acids (Fields and Winter, 1982; Kaptein and
Nayak, 1982; Jones et al., 1983; Roditi and Robertson,
1984). The complete nucleotide sequences of the A/
Ann Arbor/6/60 mutant and wt PB2 genes are shown
in Fig. 6. Seven nucleotide differences were detected
between mutant and wild-type sequences, at nucleo-
tides 141, 426, 821, 1182, 1212, 13563, and 1923.
Only the A to G change at nucleotide 821 encodes an
amino acid change, from asparagine in the wt to serine

in the mutant at amino acid 265. Examination of the
other PB2 sequences available for other wt influenza A
viruses revealed that asparagine is present at amino
acid 265 in each case. However, a lower passage (E,)
A/ANN Arbor/6/60 wild-type virus sequenced in another
laboratory, like the ca mutant, had serine at amino acid
265 (Herlocher, personal communication). The other
sixchanges, Ato G,Uto C,Ato U, Cto U, Uto G, and
Ato Gatnucleotides 141, 426, 1182, 1212, 1353, and
1923, respectively, are all silent mutations within the
coding region. All A/Ann Arbor/6/60 ca reassortant
vaccines tested in clinical trials thus far (except single
segment reassortants) derive their PB2 gene from the
ca parent (Cox et al., 1986; Maassab, personal com-
munication), and early genetic data indicated that RNA
1 may be involved in the temperature sensitivity of the
mutant (Spring et al., 1977). More recent results using
single segment reassortant viruses also indicate that
RNA 1 contributes to the temperature-sensitive pheno-
type of the ca mutant (Snyder et al., 1987).

DISCUSSION

Here we describe the complete nucleotide se-
quences for the genes encoding the NS1, NS2, M1,
M2, NP, PA, PB1, and PB2 proteins of the cold-
adapted and wild-type A/Ann Arbor/6/60 (H2N2) vi-
ruses. Few sequences are published for genes of
H2N2 viruses. Such data are of evolutionary and epide-
miologic significance because H2N2 viruses are pro-
posed to be the immediate ancestors of the H3N2 sub-
type (Scholtissek et al., 1978; Nakajima et al., 1982).
Comparisons between the wt A/Ann Arbor/6/60 gene
sequences and those published previously for the
H3N2 viruses A/NT/60/68 or A/Udorn/72 indicate that
yearly rates of mutation of 0.36, 0.24, 0.28, 0.40, 0.68,
and 0.49% occurred for the NS, M, NP, PA, PB1, and
PB2 gene segments, respectively. These observations
are consistent with the derivation of these genes in the
H3N2 viruses from previously circulating H2N2 vi-
ruses.

We have identified 24 nucleotide differences be-
tween the A/Ann Arbor/6/60 ca mutant donor strain
and its wt parent (Table 1). These 24 nucleotide
changes constitute 0.2% of the total number of nucleo-
tides sequenced. Our previous estimate (based on T,
oligonucleotide mapping studies) that as many as 40—
60 nucleotide changes might have occurred in the total
genome of the ca mutant (Cox et al., 1986) was inaccu-
rate. Comparison of deduced amino acid seguences
for the parental and mutant viruses revealed 11 amino
acid differences or 0.26% of the total number of amino
acids (Table 1). Sequences for four other pairs of wt
and attenuated viruses have been compared, and the
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Fia. 5. Nucleotide and protein sequences of RNA segment 2 of the A/Ann/Arbor/6/60 wt and ca mutant viruses. Complete sequences are
shown for the wt viruses. Nucleotide changes detected in the mutant RNA are shown above the wt sequence, while predicted amino acid
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HGCGHHHGCRGECHHHCCHTTTGHHTGGHTGTCHHTCCGHECTTRCTTTTCTTGHRHGTTCCHGEGCHHHHTGCCHTHRGTHCTHCHTTCCCTTHTRCTEGHEHTCCTCCHTHCHGCCHT
DVHNPTLLFLEKUYPAAG@NATISTTFPYTGBEDPPY S HID

130 150 170 130 210 230

]
GBAACABERACAGEATACACCATGGACACAGBTCARCAGAACACATCAATAT TCAGRARAGEEEAAGTEGACARCARRCACGEARRC TGEAGCECACCARCTTAACCCARTTGRTGGACCA
6 T6E T BY THDTVNRTHGY SEZKTZ GEKHWHKTTNTETTEBHARHOGLNPTIDGDGEB P72

250 270 290 310 330 350

CTHCCTGHGGHERHTGHRCCHHGTGGHTHTGCRCRHRCHGHCTEBGTCCTGGRHGCHHTGECTTTCCTTGRHBHHTCCCHCCCHGGHHTCTTTGHHHHCTCGTGTCTTGHHHCGHTGGHH
LPEDMNEPSGYAQTODCVLERMAFLTETESHTPTEBGTIFENS E T M E(112)

370 390 410 430 450 470

GTTHTTCHHCHHHCHHGHGTGGHCHHHCTGHCEEHHGGTCGTEHGHCCTHTGRTTGBHCHTTGRHEHBRHHTCHGCBGGCTGEHRCTGCGCTHGCCHHEHCTRTHGHGGTBTTCHGHTCG
¥ I 0 Q0 TR WVDEK 6 T ¥ H N N @ PAATALANTTIEUWUVF R S5

430 510 530 S50 570 580

T
AATGGCCTEACABCTARTGARTCEEEARGECTRATAGAT TTCCTCAAGGRTETGATAGRRTCRATEEATARRBAGGAGATGEARAT CACARCACACT TCCARRGAARRABARGARG TARGA
N BLTANESSGRLIDFLIZ KDUWVIESMHMHMNDI KETEMETITTHTFUGGRIKTE RRVY RIg

610 630 650 670 690 710

GHCHRCRTGHCCHHGHHHRTGGTCHCHCHHCGRHCHHTHGGHRRGHHGHHGCHRHGHTTERHCHHGHGHRGCTRTCTHHTHHGHECHCTGRCHTTGHRCHEHHTGHCTHHHGHTGCHGHG
DNMKMTKIEKHM T R T I R N K S ¥ I RALTLNTMTEKDA E232)

730 750 770 290 810 a30

HGRGGTHHHTTHHHGREHHGRGCHRTTGCRHEHCCBGETHTGCHGﬂTCHGHGGBTTCGTGTHCTTTGTCBRRHEHCTHGCGHGHHGTHTTTGTGHBRRGCTTGHHCHGTCTGGGCTTCCG
6 K AIATPGMHMOIREFVYFUYUETILARRSTITCETZEKTLTETGGQSSBL PP

850 870 830 910 930 950

GTTGGHGGTHHTBHRHHGHHGGETHHHCTGGGHRHTGTTGTGCGRRRHHTGHTGRCTHHTTCRCHHGHCHCRGHGCTCTETTTCHBHHTTHCTGGHGHCHRTHCCHHHTGGHHTGHGHRT
V66 NEJKZ KA ABKLANWUWUVURKMMTNSOGDBDTELSTFTTIT D NTEKMHNE NB312)

970 930 1010 1030 1050 1070

CRARATCCYCGGRTGTTCCTRECGRTEATARCATACATCACARGARATCARCCTGAATBETTTABARACGTCCTGAGCATCGCACCTATARTSTTCTCAARTARARTEECARGACTAGEE
O NPRMFLAMKITY I TRMNBGPEWHMWTFRNUVLSIAPIMFSHNIEKMNMRABRBERL B3I

1090 1110 1130 1150 1170 1190

HHHGGHTRCHTETTCHHHHGCHHGHGCRTGHHGCTCCGHRCHCHHRTHCCHGCHGHHHTGCTHGEHHBTHTTGHCCTGHHHTHCTTTRHTERHTCHHCHHEHHHGHHHHTCGHGHHHHTR
K & Y M K K s M KLRTQTI PAEMLA I DDLKYFNEUSTRZEKIEKIEEK (39
E

1210 1230 1250 1270 1290 1310

ABBCCTCTCCTARTAGATGECACAGTCTCATTGABTCCTEEARTEATEATGEECATE T TCRACATELTARGTACAGTCTTRGEABTCTCAATCCTERATCT TEEACARARGARGTACACE
RPLLIDEBTVYSLSPEMNMNMNNSBEBHMNMFMNMLSTUVULEVSILHNLGSEEEKEKY T4

1330 1350 1370 1390 1410 1430
T

AARRCAACRTACTEGTGEEACEGACTCCARTCCTCTBRTBACT TCGCCCTCATABTEARTGCACCRRATCATEAGEEAATACRRGCAGEEETEBATRGAT TCTACABARCCTRCARGCTR
KT TY WMWHDGL OGS SDDODFALTIWVHNR RSP q HEGI QRGVIDRFYRTT C K L4

o
1450 1470 1490 1510 1530 1550

GTCGGHHTCHRTHTGHGCRHHHHGHHGTECTHCHTRHHTHEGHCHGGGHCRTTTGHHTTCHCHRGCTTTTTCTRTCGBTHTEGHTTTETHGCCRHTTTTHGCHTGGHECTGCCCHGCTTT
G I NM S5 KKEKS I NRTGEGTFEFTSFFVYRYGG VANFSHKHETLP S F(5LI2

1570 1530 1610 1630 1650 1670

GGRGTGTCTGGHHTTHHTGﬂHTCGGCTGRTHTGHGCHTTGGEGTHHCHGTSHTHHHGHHEHHCHTGHTHHRCHHTGHCCTTGGGCCHGCHHCHGCCEHHCTGGCTCTTCHHCTHTTCHTC
S 6B I NESABDMHMSIGWT UVUI KNNMIHNHNGBDBLGEGTPHR RT QL AL QL F I(S52

1690 1710 1730 1750 1770 1790
G

HHHGRCTRCHGHTHTHCETHEEEGTGCCHCHGHGGHGHCHCHCHHHTTCRGRCHRGEHGHTCRTTCGHGClnnuaunuulb|bbhHhLHHHLLthILHHHBGCHEGHCTTTTGGTTTCG
KDY RYTYRCHRGDTOQTIOQOTRRSFELIEKZEKTLUMWHET GBGTHR RS SE 6 L L v s(592)

[
1810 1830 1850 1870 1890 1910

GATGGAGEACCARACT TATRCARTATCCEEARTCTCCACATTCCAGRAGTCTECT TEGRRETEEGARETARTBEATBARGAC TATCAGEEGRGECTTTETRATCCCCTGAATCCATTTETE
B 66 PNLY NIRNLUHIEPEUVCLEKMELHMDESDYU QERLENPLHNPEF WD

1930 1950 1970 1990 2010 2030
A

HGTCHTRHGGHGHTTGRGTCTGTHHHEHHTGCTGTGGTHRTGECRGETCRCGGTCCHGEEHHGHGCHTGGHHTHTGRTGCTGTTGCTHCTHCHCRCTCETGGHTECCTHHGHGSHHCCGC
S HKETITESWUYYNRMNRAUYVUYVHPAHSGBHPAKS EYDARAVARTT S H I P KR N R
T

2050 2070 2090 2110 2130 2150

TCCHTTCTCHHCHCHHGCCHHHGEEEHHTTCTTGHHGHTGHRCRGHTGTHTCHGHHGTETTGCRRTETHTTCGRGHRRTTBTTCBCTHGCHETTCGTHCHGGRGHCCHGTTGGHETTTED
S 1 LNTSOQRSEILEDEUGQQMYQ@KT CCHNLTFEIKTFFUPSSSYR P V &6 I &712)

2170 2190 2210 2230 2250 2270

HECRTGGTGGRGGCCHTGGTGTCTHGGGCCCEGHTTERTGCHCGGHTTGHCTTCGRGTCTGGHCGGHTTHHGHRHGHGGHGTTEGETERGHTCHTBHHGHTCTGTTCCHCCHTTGHHGHG
S MVERMUYSRARTIIDRR R bDFESGRTIZKIKEETFHSRETIMEKTITCSTTIE E(?5

2290 2310 2330

CTCAGRCGECARRARTABTGRATTTAGCTTETCCTTCATGARRRAATGCCTTGTTTCTACT
L R R QO K757

changes in the mutant are shown below the wt sequence.

562



10 30 .- 70 90 110

mt
wt FIGCGHHHGCFIEGTCFIF!TTFITRTTCHRTFITGGHFIFIGHHTRHHHGHHCTFICGGHHTETGHTGTCGCHGTCTCGCHCTCECGHGHTHCTHHCHHFIHHCCHEFIGTGGHCCFITHTGGBGHTHHTT
wt M ER 11 KELRNLMSBEESRTRETILTZEKT VD HMAI B3
mt

130 150 170 190 210 230
ot

6

wt AAGRRBTACACATCRGEGAGACAGEARRAGRACCCETCACT TREERTEGAARTEGATERT thHRTGHﬂHTRTCCGHTTF{CHGCCGFICHHEHGGHTRFICHGBHHTGFITTCCTGHGHGRHRT
wtK K ¥ TS 68 ROQEKMNPSLRMEMNMNMAMEKYPITADEK 1 EM I P E R N7}
mi

250 270 290 3o 330 350
mt
wt GHGGHHGGECFIHFICTCTHTGGHGTFlHHHTGFIBTBHTGCCEGFlTCGGHTCGTGTGFITGGTHTCF{CCTCTGGCTGTGHCHTGETGGHFITFIGHHRTGGHBEHRTGHCHFIGTHCGETTEHTTHT
wtE Q@ 68 O T L M KMSDHGSDRUHUSPLHUTNNNRNGPMTSTUHY(IU)
mt

370 390 410 430 450 . 470
mt cC
wt CCRARARATCTACARARCTTRTTTTGAGRRAGTCEARASETTARRACATEBARCCTTTEECCCTETTCATTT TAGARACCARGTCARARTACGCCEAABABTTERCATAARTCCTEBTLAT
utPKIYKTYFEKUERLKHGTFEPUHFRNUUKIREEUDINPGH(IEI)

mk

490 510 530 S50 570 590
mt
wt GGHGHECTCRGTGCCHFIGGRGGCHCHGGHTGTHRTCFITGGRHGTTGTTTTECCTHHCGRRGTGGGGGEERGGHTH[‘.THHCETCGGHHTCGCHHTTHRBRHTHRCCHHRGHGHHHFIFIHGHH
wth O LS AKEA A®GDUVUYWI E PNEVYBRRILTSEST L T K E K K EUSD
ot

610 £30 650 670 890 710

ut GHHCTCCHGGHTTECFIHHHTTTCHCCTTTBHTGGTTGCGTHCHTGTTHGFIGRGHGHHCTTGTCCGHHFIFIFICGHGFITTTCTCCBHGTTGCTGGTGGHHCHHGCHGTGTGTHCHTCGHHGTG
utELlJDCKISPLMUHYMLEEELUEKTRFLPUHGGTSSUYIEU(ZSD

730 750 770 790 810 830
wt TTGCFICTTGHCTCRHGGHHCRTGCTEEGFIHCRGHTETHCHCTCCRGGTGGRGHHGTGRGGFIHTGHTGHTGTTGHTCHHFIGTCTHHTTFITTGCHGCCHGGRFIBRTHGTGHGHHGHGCHGCH
wtlL HLTQSBTCMWHEO GMY TPGEEWVRNDDVDQG@SLTI 1 ARARNIVRRRA A
mt S

8s0 870 890 910 930 950

wt GTHTCHECHGHTCCHETFIGCRTCTTTHTTGBFIGHTGTGCCREHEEHCHCHGHTTGGCGGGHCFIFIGGHTEGTGGHEHTTCTTFIEGCFIBFIRCCCHFICHGHFIGHGCFIFIGCTETBGHFIHTRTGC
wtV S ADPLAGSL E M HSTDIGGTEMUDILEQNPTEEQHUEIC(SII)

970 990 1010 1630 1050 1070

wt RARGCTECARTEGEACTEAGEATCABCTCATCCTTCAST TTTGECEEETTCACAT T TAAGAGARCARGCEGATCATCABTCAABAGABRGERABARGTECTTACGEECARTETTLRAHLA
utKHHMGLEISSSFSFGGFTFKRTSGSSUKEEEEULTGNLDT(EED

1030 1110 1130 1150 1170 T 11390

mt
wt TTGARARTARGGGTGLATEAGEEATACGABEAGT TCACAATEETTEGEAARRAEG! CARCABCTATACTCABARARSCARCCAGEAGAT TGRTTCAGCTEATABTGABTGEARGRGACGAR
utLKIEUHEGYEEFTHUEKEHTHILEKHTQELIGLIUSGEDE(BBI)

1210 T 1230 1250 1270 1230 1310

wt CABTCEATABCCGRAARCARTAATTBTEECCATEETATT TTCACARGAAGAT TETATEATAARAGCAGT TAGABETGATCTGAATTTCETTARTAGEECARRTCABLEATTEARTCCCATE
wt@ S I AREATIVAMNMVFSOEEDCMHMIKAVREGDLNMNFUYVNRARNGRLNP M4

1330 1350 1370 1390 1410 1430
& .

wt CATCARCTTTTARGACATTTTCAGAAGGATGCTARAGT GCTTTTTCARRATTEEEEAATTBRACATATCEACAATETBATEEEARTEAT TEEEETAT TRCCAGACATEACTCCARBCACA
wtH @ L LRHF QKDAIKUVLFONMWKSBIEHTIDNUYVMEGMNIEGEVLPDHNTPS TUEUD

mt

. 1450 1470 1490 1510 1530 1550

m

wt GREHTGTI:PHTGHGHGGGGTHHGHGTCFIGCRHHFITGGGCBTRGFITGHFITFIL‘TCCHGCGCGGHGHGFIGTHGTGGTGFIECHTTGFICCGETT!’TTGHGHGTTCGHGFICCHHBGHGGFIHHTGTFI
utEHSMEGUEUSKHGUDEYSSHEEUUUSI D QR 6 N VEBID
m

. 1570 1590 1610 1630 1650 1670

m

ut CTHCTRTCTCCTGFIGGHGGTCHGTGHHHEFICFIGGGHHCRGHGHHHCTGHCFIRTHHCTTHETCHTCG TCARTGATETEGEABAT TRATGBCCCTGAGTCAGTGTTEETCARATACCTATCAG
u:LLSPEEU ETQaGTEZKXKILTI S §$S S MMMWKETINGSGPESUVULVNT Y GSD
o

. 1690 1710 1730 1750 1770 1790

L

ut TGGRTCHTCREHHHCTGGGHHRCTGTTHHHHTTCHGTGGTCTCHGHHTCCTRCRFITGCTRTHCF!HTHRFIHTGEHHTTTGFIGCCFlTTTCHETCTTTHGTTCCTHRGBCCHTTHGHGGCCHH
utNIIENNETUKIUNSDNPTHLYNKMEFE S'L VYV PEKATIRB KD
m

. 1810 1830 1850 1670 1890 1910

m!

wt TACABTGEETTTETTAGEACTCTATTCCARCARATEAGEEATETACT TBBERCAT TTEATACCACCCABATARTARRACT TCTTCCCT TTECABCCECCCCACCAARBCARAGTAGAATE
wtY¥ S B F YVRTLFRAMRDVLETFOTTOIIKLLPFARAAPPLEKTGEGS R M

mt

. 1930 1950 1970 1990 2010 2030

m

wt CHHTTCTCTTCHTTGHCTGTEHHTGTGFIGEGGHTEHEGFIHTGHGHHTHCTTGTHHGEGGCHHTTCTCCTHTFITTCFIHCTFICHFICHHGFICCHCTHFIEFIBRCTRFICRHTTETCEGHHHBEHT
u: LTV NYRSESEGHMRILUYRENSH?P N N K TTEKRLTTILGB K Devld
™

. 2050 2070 2090 2110 2130 2150

o

wt GCTGGCFICTTTFIHCTGFIFIGFIGCCHGHTGHHGGCRCHTCTEGHGTGGFIGTCCGCTGTI'CTGHGFIGBHTTCCTCRTTCTGGGCHHFIBHHGHTHGGHGHTHTGGRCCFIGGHTTRHGBHTERHT
u:HGTLTEDPDEGTSEUESHULEGFLILGKEDR AL S I NM7ID
m

. 2170 2130 2210 2230 2250 2270

m

wt GHHCTGHGTRRCCTTGBGHHHGBHGRFIHHGGCTFIHTGTHCTHHTTGGGCFIFIGGHGHCGTGGTETTGGTHFITGRHHEGHHHRCGGHHCTCTRECHTHDTTRCTGHCHGCCHGHCFIGCEHGC
wE L S NLAKSBEEKRARHNWVYVLISBIRISEDIVVLUYVUMKMEKREKERNSS L TDS R T A TS

2290 2310 2330
ot

wt ARAAGGATTCGGATGECCATCAATTARTGTTGAATABT TTARARACGACCTTETTTCTACT
wtkK R I R M A I N75®
mt

Fia. 6. Nucleotide and protein sequences of RNA segment 1 of the A/Ann/Arbor/6/60 wt and ca mutant viruses. Complete sequences are
shown for the wt viruses. Nucleotide changes detected in the mutant RNA are shown above the wt sequence, while predicted amino acid
changes in the mutant are shown below the wt sequence.
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TABLE 1
SUMMARY OF COMPARATIVE SEQUENCE DATA FOR A/Ann Arbor/6/60 Wi D-TYPE AND MUTANT VIRUSES
Nucleotide change Position changed Amino acid change
RNA
segment No. of changes wt MT Nucleotide a.a. wt MT
1(PB2) 1 Coding change AAC AGC 821 265 Asn Ser
4 Noncoding changes AGA AGG 141 — — -
GTL GTC 426 — — _
ATA ATT 1182 — — —
GCC GCI 1212 — — _
GCI GCG 1353 — — —
CAA CAG 1923 — — —
2 (PB1) 4 Coding changes AAA GAA 1195 391 Lys Glu
GAG GAT 1395 457 Glu Asp
GAG GGG 1766 581 Glu Gly
GCT ACT 2005 661 Ala Thr
3 Noncoding changes GGA GGG 123 — — —
GGC GGT 486 — — ‘ —
TCC TCI 2019 — — _
3(PA) 2 Coding changes AAG GAG 1861 613 Lys Glu
TIA CCA 2167-8 715 Leu Pro
1 Noncoding change I C 20 — Noncoding
Region
6 (NP) 2 Coding changes ACT AAT 113 23 Thr Asn
GAT GGT 146 34 Asp Gly
Single nucleotide GAAAAAT GAAAAAAT 1550 — Noncoding
insertion
Region
7 (M1) — — — — — — —
(M2) 1 Coding change GCT ICcT 969 86 Ala Ser
8(NS1) 1 Coding change GCG ACG 483 153 Ala Thr
(NS2) 1 Noncoding change CTA CTG 813 — — —

total number of nucleotide or amino acid changes ac-
quired during attenuation represents less than 1% of
the genome or protein in each case (reviewed by Co-
hen et al., 1987). There are more differences between
wt and ca A/Ann/Arbor/6/60 viruses than between wt
and vaccine strains of poliovirus 3 but fewer differ-
ences than between wt and vaccine strains of poliovi-
rus 1, yellow fever virus, hepatitis A virus HM-175 (Co-
hen et al., 1987), and influenza B viruses (DeBorde et
al.,, 1988). It seems clear that relatively few changes
are present in a variety of attenuated RNA viruses. Be-
cause viral RNA genomes are extremely heteroge-
neous (Domingo et al., 1985), sequencing of a viral
RNA template results in a consensus sequence con-
sisting of the base present at the greatest frequency at
each nucleotide position. Sequence variations present
in minor subpopulations remain undetected. These low
frequency sequence variations, however, would not be
expected to contribute significantly 1o the phenotypic
properties of the virus.

During the many clinical studies conducted with in-
vestigational ca vaccines derived from the ca A/Ann Ar-

bor/6/60 virus, over 900 isolates from human volun-
teers have been tested for the phenotypic properties
of cold-adaptation and temperature-sensitivity, and no
true revertants have been detected (Murphy et al.,
1980; Wright et al.,, 1982; Maassab, personal commu-
nication). Similarly, reversion has not been demon-
strated in ferrets (Maassab et al., 1982). This is in con-
trast to results with investigational ts influenza live at-
tenuated vaccines (Murphy et al., 1980; Tolpin et al.,
1981). It is likely, therefore, that more than one of the
mutations identified here are biologically important, so
that if reversion or suppression of one mutation occurs,
attenuation conferred by other independent muta-
tion(s) remains. This is supported by data obtained with
single gene reassortants (Snyder et al., 1987). Thus,
all available data support the previous suggestion that
candidate vaccine strains be selected on the basis of
having six internal genes of the mutant donor parent
since multiple mutations throughout the genome might
confer increased stability (Cox et al., 1979, 1986).
Now that the precise nature of the mutations in the
A/Ann Arbor/6/60 ca donor strain has been deter-
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mined, it would be relatively simple to sequence rapidly
the relevant areas of each gene in viruses prepared for
human use or in viruses recovered from infected volun-
teers to monitor the stability of these mutations during
production and use of ca reassortant candidate vac-
cines. This approach would not detect suppressor mu-
tations (Scholtissek, 1984), however, and monitoring
of phenotypic properties would also be important.

Because it would be expected that a combination of
nonspecific mutations and mutations specific for the
phenotypic properties of the ca A/Ann Arbor/6/60 virus
might occur during the process of cold-adaptation, we
have attempted to deduce the likelihood that the muta-
tions detected are involved in the phenotypic proper-
ties of the virus. After taking into consideration the
available data, we suggest that the changes in the ca
A/Ann Arbor/6/60 virus that are of particular interest
for future study are as follows: (1) the alanine 1o serine
change at amino acid 86 in the M2 protein, (2) the leu-
cine to proline change at amino acid 715 in the PA pro-
tein, (3) the asparagine to serine change at amino acid
265 in PB2, and (4) any or all of the four changes in
the PB1 protein. While it is useful to attempt to identify
those changes most likely to be involved in the pheno-
typic properties of the ca virus, conclusions made at
this time must be viewed as preliminary for the follow-
ing reasons: (1) Some contradictions appear in results
from genetic complementation or recombination ex-
periments that used different ts mutant sets (Spring et
al., 1977, Reeve et al.,, 1980a; Cox et al., 1981). (2)
Conclusions about the genetic basis of attenuation
made with single segment reassortants may not apply
for different wild-type parents. (3) Mixing polymerase
genes of two human influenza viruses may in itself at-
tenuate a reassortant (Florent, 1980). (4) Some of the
mutations in the A/Ann Arbor/6/60 ca mutant that are
also present in other wt sequences may be biologically
significant in the context of other sequence changes.
Experiments that use site-specific mutagenesis and
DNA expression systems to demonstrate the effect of
a particular mutation in a functional assay as well as
experiments to obtain and sequence phenotypic rever-
tants will be necessary to further define the biological
importance of the mutations reported here. Until defin-
itive studies are complete, it is advisable that, to mini-
mize the risk of reversion to virulence, vaccines used
in open populations contain all genes except those
coding for HA and NA from the ca parent.
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