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ABSTRACT Comparative analysis of the amino acid se-
quences of hemagglutinins (HAs) of influenza B/Lee/40, B/Md/
59, and B/HK/73 viruses has allowed examination of the molec-
ular basis of antigenic variation in type B viruses. As seen with
influenza type A viruses, antigenic drift in influenza B viruses
proceeds mostly through the accumulation of amino acid substi-
tutions within the HAI portion of the HA molecule. However, the
rate of variation observed among the influenza B virus HAs ap-
pears to be significantly lower than the observed rate of variation
among influenza A virus HAs. The overall rate of amino acid change
in the HAls of the influenza B viruses studied is 2% per 10 years,
whereas the HAls of H3 influenza A viruses vary by 9.2% per 10
years. The sequences of the influenza B HAs were also examined
in relation to the three-dimensional model for the A/Aichi/2/68
HA. When the primary amino acid sequences are compared, it
appears that most of the important structural features of the type
A HAs-such as the sialic acid binding site, the disulfide linkages,
and the stem structure of the trimer-are conserved in the in-
fluenza B virus HAs. Regions are also identified where extensive
amino acid substitutions have occurred among the three antigeni-
cally distinct influenza B virus HAs. The locations of these areas
in the B HA structure correspond to antigenic regions proposed
for the A virus HAs. In addition, modulation of antigenic regions
in B virus HAs may also occur through amino acid deletions and
variation in glycosylation sites.

The influenza viruses have the unique capacity to undergo a
high degree of antigenic variation within a short period of time.
It is this property of the virus that has made it difficult to con-
trol the seasonal outbreaks of influenza throughout the human
and animal populations (1-3). Through serologic and sequenc-
ing studies, two kinds of antigenic variation have been dem-
onstrated in influenza A viruses. Antigenic shift occurs when
the hemagglutinin (HA) is replaced in a new viral strain with
an antigenically novel HA. This occurrence of new subtypes
(HI, H2, H3) usually results in pandemics as illustrated in i957
when HI viruses were replaced by H2 viruses and in 1968 when
H2 viruses were followed by H3 viruses. Antigenic drift occurs
in influenza A viruses of a single subtype. Amino acid (4, 5) and
nucleotide sequence analyses (6-11) suggest that antigenic drift
occurs through a series of sequential mutations, resulting in
amino acid changes in the polypeptide and differences in the
antigenicity of the virus. Antigenic drift has also been observed
to occur in influenza B viruses (12, 13), whereas antigenic shift
has thus far been associated only with the influenza A viruses.
Structural similarities of the HAs of influenza A and B viruses
have been emphasized in a previous report (14), and compar-
ison of sequences of NS (nonstructural), M (matrix), and NA
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(neuraminidase) genes has identified similarities in the struc-
ture of influenza A and B viral polypeptides (15).

In this report we examine the HA gene sequences from three
influenza B field isolates, and we show that the rate of antigenic
drift among influenza B viruses appears to be lower than that
among influenza A viruses. In addition, similarities between
type A and type B HAs allow us to propose possible antigenic
sites on the influenza B HA molecule.

MATERIALS AND METHODS
Viruses. Influenza viruses B/Lee/40, B/Md/59, and B/HK/

8/73 were grown in embryonated hens' eggs. Virus purification
and RNA extractions were as described (14).

Priming and Sequencing of Ha Viral RNA. DNA fragments
specific for the priming of the HA gene were isolated by using
the full-length cDNA clone of the B/Lee/40 HA gene de-
scribed previously (14). The various restriction fragments used
as primers for the sequence analysis of the viral RNA HA seg-
ments encompassed bases 0-49, 105-261, 262-410, 411-495,
605-683, 600-752, 829-972, 973-1064, 1128-1235, 1235-1312,
1406-1495, 1496-1572, and 1573-1705.

Fifty to 200 ng of each primer was used for dideoxv se-
quencing of the influenza vRNAs (11, 16, 17). Because of am-
biguities occasionally seen in the sequence when this proce-
dure is used (11, 17), reactions were simultaneously carried out
with B/Lee/40, B/Md/59, and B/HK/8/73 virus RNAs. Di-
rect comparison of the gel patterns for the three RNAs facili-
tated the identification of nucleotide changes. The B/Lee/40
sequence was previously determined by analyzing the cloned
DNA (14), and only three nucleotide differences were detected
by using the two methods. These differences appeared at nu-
cleotide positions 472, 477, and 478.
The nucleotide and amino acid sequences were stored, ed-

ited, and compared as described (14, 18-20).

RESULTS
Nucleotide Sequences. The nucleotide sequences of the RNA

segments coding for the HA molecule of B/Lee/40, B/Md/59,
and B/HK/8/73 viruses were determined by the dideoxy
method, using restriction fragments derived from a cDNA clone
of the B/Lee/40 HA as primers. A comparison of these HA
sequences is shown in Fig. 1. Although these field isolates were
obtained over a period of 33 years, their HA genes are closely
related. The overall nucleotide change between the HA gene
of the 1940 and the 1973 isolates is only 6.5%. Relative to B/
Lee/40, 69 base changes are shared between the B/Md/59
and B/HK/8/73 genes. Only 18 changes are unique to the B/

Abbreviation: HA, hemagglutinin.
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B/HK/8/73 ....
B/MD/59 ..........................
B/LEE/40AGCAGAAGCGTTGCATTTTCT0MTATCCACAAAATGAAG AATAATTGTACTACTCATGGTAGTAACATCCAATGCAGATCGAATCTGCACTGGGATAACATCGTCAAA

110
C C C T G
C C C T G

CTCACCTCATGTGGTTAAAACTGCCACTCAAGGGGAAGTCAATGTGACTGGTGTGATACCACTAACAACAACACCTACCAAATCTCATTTTGCAAATCTCAAAGGAACACAGACCAGAGG
230

G C C T G T T T CT C G
C C A T G G T A C TC T A T C T

AAAACTATGCCCAAACTGTTTTAACTGCACAGATCTGGACGTGGCCCTAGGCAGACCAAAATGCATGGGGAACACACCCTCCGCAAAAGTCTCAATACTCCATGAAGTCAAACCTrGCTAC
350

G T G C G C C C C A
G C T C C G A

ATCTGGATGCrTTTCCTATrAATGCACGACAGAACAAAAATCAGACAACTACCTAATCATATGAAAACATCAGGTTATCAACCAGTAATGTTATCAATACAGAGACGGCACCAGGAGGACCC
470

TA T A A C A A GCA C G A A G--G
CA T A A C A A G A C G A A A CG

AGGAGGACCCTACAAGGTGGGGACCTCAGGATCTTGCCCTAACGTTSCTAATGGGAACGGCTTCTTCAACACAATGGCTTGGGTrTATCCCAAAAGACAACAACAAGACAGCAATAAATCC
590

T G A A A T G A G
T A A A G T T T G

AGTAACAGTAGAAGTACCATACAT'rTrGTTCAGAAGGGGAAGACCAAATTACTGTTTGGGGGTTCCACTCTGATGACAAAACCCAAATGGAAAGACTCTATGGAGACTCAAATCCTCAAAA
710

G CC
G A

GTTCACCTCATCTGCCAATGGAGTAACCACACATTATGTTTCTCAGATTGGTrGGCTTCCCAAATCAAACAGAAGACGAAG.GGC'rAAAACAAAGCGGCAGAATTGTTGTTGATTACATGGT
830

G CC TG A C G
G C TG
ACAAAAACCTGGAAAAACAGGAACAATTGTTTATCAAAGAGGCATTTTATTGCCTCAAAAAGTGTGGTGCGCAAGTGGCAG.GAGCAAGGTAATAAAAGGGTCCTTGCCTTTAATTGGTGA

950
A C A A
A C A A

AGCAGATTGCCTCCACGAAAAGTACGGTGGATTAAATAAAAGCAAGCCTTACTACACAGGAGAGCATGCAAAGGCCATAGGAAATTGCCCAATATGGGTGAAAACACCCTTGAAGCTGGC
1070

T G A
G

CAATGGAACCAAATATAGACCGCCTGCMAAAACTATTAAAGGAAAGAGGTTTCTTCGGAGCTATTGCTGGTTTCTTGGAAGGAGGATGGGAAGGAATGA'rTGCAGGTTGCCACGGATACAC
1190

C C TTTC C, G T C
T C T

ATCTCATGGAGCACATGGAGTGGCAGTGGCAGCAGACCTTAAGAGTACACAAGAAGC'PATAAACAAGATAACAAAAAATCTCAACTATT'rAAGTGAGCTAGAAGT'AAAAAACC'rTCAAAG
1310

T C G A C A G T G C G
G A C A G T G G

ACTAAGCGGAGCAATGAATGAGC'rTCACGACGAAATACTCGAGCTAGACGAAAAAGTGGATGATCTAAGAGCTGATACAATAAGcTrCACAAATAGAGCTTGCAGTC'PTGCTTTCCAACGA
1430

A A C G
A A

AGGGATAATAAACAGTGAAGATGAGCATCTCTTGGCACTTGAAAGAAAACTGAAGAAAATGCTTGGCCCCTCTGCTGTAGAAATAGGGAATGGGTGCTTTGAAACCAAACACAAATGCAA
1550

A C C T A
T A

CCAGACTTGCCTAGACAGGATAGCCEGCTGGCACCTTTAATGCAGGAGATTTTTCTCTTCCCACTTTTGATTCATTAAACATTACTGCTGCATCTTrAAATGATGATGGCTTGGATAA'ICh
1670

T T T T C A
T T T A A

TACTATACTGCTCTACTACTCAACTGCTGCTTrCTAGCTTGGCTGTAACATTAATGATAGCTATCTTCATTGTCTACATGGTCTCCAGAGACAATGTT'rCTTGT'rCCATCTGTCTGTGAGG
1790

A A A T TG T -
A T G

GH;OATTAAGCCrTG'f'rTTrTCCTTTACTGTAGTGCTCATTTGCTTGTCACCATTACAAAGAAACGTPrArTGAAAAATGCTCTTGTTACTACT 1882

FIG. 1. Comparison of the nucleotide sequences from the influenza B/Lee/40, B/Md/59, and B/HK/8/73 virus HA genes. In the B/Md/59
and B/HK/8/73 sequences, only nucleotide changes relative to the B/Lee/40 sequence are indicated. The nucleotide sequences are complete except
for 62 and 54 bases at the 5' ends of the B/Md/59 and B/HK/8/73 genes, respectively (denoted by dots). Nucleotide deletions in the B/HK/8/73
gene are indicated by dashes.

Md/59 HA gene, whereas 48 base changes are seen in the B/
HK/8/73 gene (Fig. 2). Thus, the sequential nature of the ma-
jority of these base changes is similar to that seen with influ- B/HK/8/73
enza A virus. HA (9, 11, 21) and NS genes (22).

Examination of the Influenza B HA Sequence in Relation
to the Three-Dimensional Structure of the A/Aichi/68 HA.
The three-dimensional structure of -the crystallized HA from 48
the A/Aichi/68 (H3N2) influenza virus provides an atomic model
for interpreting results from HA sequence analyses (23, 24).
Amino acid differences in antigenically distinct HAs from field
and laboratory variants of H3 viruses have permitted the lo- B/MD/59
cation of potential antigenic sites in this protein (regions A-E; 18
ref. 24). Subsequent sequence studies of A/PR/8/34 (HlNl)
antigenic variants have also demonstrated a close relationship
between the HA structures of HI and H3 viruses (25).

Because a close evolutionary relationship between influenza
A and influenza B HAs is suggested through sequence com- 69
parison, we have examined the B virus HA sequences in re-
lation to the three-dimensional structure of the A/Aichi/2/68 FIG. 2. Evolutionary tree of influ-
HA. The primary structures of the type A and type B HAs were

enza 2virutionaseeon nulei..s. ~~~~~~~~~~~~~enzaB virus HAs based on nucleotidealigned by using previously established criteria (14). differences. Nucleotide positions 347,
Most of the amino acids conserved among the HAs of dif- 485, 576, and 683 (positions where all

ferent influenza A subtype viruses were also found to be con- I. three genes differ) were omitted from
served in the three B HA sequences, thus providing a struc- B/LEE/40 this analysis.
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Correction. In the article "Sequential mutations in hemagglu- Fig. 1. The correct figure is shown below. This figure also
tinins of influenza B virus isolates: Definition of antigenic contains nucleotide changes in the B/Md/59 sequence (posi-
domains" by Mark Krystal, James F. Young, Peter Palese, tion 302) and in the B/HK/8/73 sequence (positions 319,
Ian A. Wilson, John J. Skehel, and Don C. Wiley, which 457, and 672), which were detected subsequent to submis-
appeared in number 14, July 1983, of Proc. Nail. Acad. Sci. sion of the paper.
USA (80, 4527-4531), there were several computer errors in

B/HK/8/73. ....................................................
B/M)/59 .............................
B/I.E:F/40 AC-CAGAAGCCTTGCATTTTCTAATATCC C AATGAAGGCAATAATT(;TACTACTCATGGTAGTAACATCCAATGCAGATCGAATCTGCACTCGGATAACATCGTCAAA

C C C T G
C C C T C

CtCACCTCATGTGGTTAAAACTGCCACTCAAGGGGAAGTCAATGTGACTGGTGTGATACCACTAACAACAACACCTACCAAATCTCATTTTGCAAAT(-TCAAAGGAACACIll
(: C C T C T T T CT

C C A T G G T A C TC T A T
AGACCAGAC(.AAAACTAT(.CCCAAACTGTTTTAACTGCACACATCTGGACGTGGCCCTAGGCACACCAAAATGCATGGGGAACACACCCTCCGCAAAAGTCTCAATACTC221

C G C T C C G;C' T C(: T
CATGAAGTCAAACCTGCTACATCTGGATGCTTTCCTATAATGCACGACAGAACAAAAATCAGACAACTACCTAATCTTCTCAGAGGATATGAAAACATCACGTTATCAAC331
C C C CC A TA T A A C A A CCA
C C G A CA T A A C A A G A

CAGTAATGTTATC AATACAGAGACGGC ACCAGGAG GACCCTACA AGCTCGCG(;ACCTCAC(;ATCTT(.C CCT AAC G TTG-CTAATCGGGAAC(.GCTTC TTC AAC AC AAT(.l(.CTT441
C G A A ------ Cc T C A A A T
C C A A A Cc T A A A

(; (;GT TATC CC AAAAGA CAAC AAC AAG ACAGCCAATAAATC CA GTAAC AG TAGA AGTACC AT ACATTTGCTTC AGA AGGGGAAGAC CAAAT TACTG TTT GGGG GTTC CAC TCT551
C T A C
C T T T C

(;ATGACAAAAC CCAAATGGAAACACTCTATGGAGACTCAAATCCTC AA AAGTTC ACC TCAT('TGCCCAATG GAGTAACC AC ACATTATGTTTCTC AC ATTCCT(.(,CTTCCC
661

C CC C CC TC
C A C( C T(C

AAATCAAAC A(;AA(:AC(;AA(;(;.(.(, TAAAAC AAAGCGGC A(;A ATT(.,TTGTTG;ATTA CA TG(;TACAAAAAC CTG GAAAAAC AGGA ACAATTGTTTATC AAAGAG GC ATTTTAT
771

T G (; A C
A C

TGC CTC AAAAAGTCTCGTGCGC AAGTCGCAGGAGC AAGGTAATA AAAGCCTCCTTC(' CT TTAATTCCGTGAACC ACATTCC CTCCAC CA AAACTACC CTC CA TTA AAT AA A881
A A T
A A

A(;CAACCCTTACTACACA(,CAGACCATGCAAAGGCCATACCAAATTGCCCAATATGGCTGAAAACACCCTTGAAGCTGGCCAATGGAACCAAA ATAGACCCCCTGCAAA
991

C
C

ACTATTAAACGAAAGAGGTTTCTTCCCAGCTATTCCTCGTTTCTTGGAAC(CACCATGACC(;AACCAATCATTCC AC(CTTCCC ACCCAATAC(AC AT(T(:AT(C(;ACC A(ATC (;A(;
1101

C C TTT C C C T C T
T C T

T(C:CCACTCCCACCACACCTTAA(CACTACACAACAACCTATAAACAAC;ATAAC AAAAAATCT(C AACTATTTAAC.T(; A(;(:TA(;AA(CTAAA AAAC(CTTC AAA(AC,1 AAAC(CA
1211

C G A C A G T C C C
(; A C A C T G G

GCAATCAATCAGCTTCACCACGAAATACTCGACCTAGACGAAAAAGTGGATCATCTAAC;ACTCATACAATAA(: (:TCACAAATA(:ACCTTCC ACTCTTC(TTT( :AA(:(CA

A A
A A

ACCCATAATAAACAGTGAAGATGAGCATCTCTTCGCACTTCAAAGAAAACTGAA(;AAAArGCTTCGCCCCTCT(;(lTCTA(;AAATACC( AAT(.;T(; rTr(t %;;:AAAf'1431
C A C C

A
ACAAAT(;CAACCAGACTT(;CCTA(CA('AC(;ATAC.CTCCT(;(.CACCTTTAAT(;(:A-;(;A(- TrTTT'I'(:TCTTCC(:'A(:'1 IT(;A'I'T( AT'l AA, TTA(:'F(;( I/,;,ATT(,'1TAAA'1

A T T T T
T TCATCATCCCTTCCATAATCATACTATACTCCTCTACTACTCAACTCCTCCTTCTACC 'rT(.CCTCTAACATTAATC:ATAC'CTATCTTCATrTCTCTACATC;;TCT( :A(.A(.A

1651
C A A A A T T(C T -

A A A T C
(' AAT TTTC TT(;TTC ('ATC TGTCT CT GA((G.GGACATTA A(.,C CCTCTCTTTTC CTTTA C T T AC T(;CT(CAT TT(;C l' G(TC A(; C ATTA C A A,(.A A A(.(, T1AT 'T GA A AAAT(C(. T
1761

CTTGTTACTACT
1882

FIG. 1. Comparison of the nucleotide sequences from the influenza B/l.ee/40, B/Md/59, and B/IHK/X/73 virus HA genes. In the B/Md/59
and B/HK/8/73 sequences, only nucleotide changes relative to the B/Lee/40 sequence are indicated. The nucleotide sequences are complete
except for 62 and 54 bases at the 5' ends of the B/Md/59 and B/HK/8/73 genes, respectively (denoted by dots). Nucleotide deletions in the B3/HK/8/73 gene are indicated by dashes. _,
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tural framework for the B HA molecules. The results of this
comparative analysis indicate that: (i) Five of the six disulfide
bonds in the A/Aichi/2/68 HA were conserved in the B HAs
(14-137HA2, 64-76, 97-139, 281-305, and 144HA2-148HA2).
Note that the amino acids of the B HAs were numbered in ac-
cordance with the A/Aichi/2/68 amino acid sequence (ref. 10;
Fig. 3). Computer-assisted model building also suggested that
the 52-277 disulfide bond in the HA of the H3 subtype was
probably replaced by a 52-61 disulfide bond in the B HAs. Due
to a proposed deletion of amino acids 53-58, the B sequence
in this region (residues 52-61) is Cys-Pro-Asn-Cys (Fig. 3). Two
novel cysteines are located at positions 170 and 259 in the B
HAs. These amino acid positions are opposite each other on two
extended strands of f3 structure in the HA1 of the A/Aichi/2/
68 HA. Therefore an extra interchain disulfide bond could link
cysteines 170 and 259 in the B HAs. (ii) Another structurally
conserved region is the proposed sialic acid binding site in the
HA1 subunit of A and B HAs. In the A/Aichi/2/68 HA, this
sialic acid binding site is supported by the Tyr-98, Trp-153, His-
183, Tyr-195, Leu-194, Phe-147, Ile-252, Glu-190, Pro-99, Arg-
229, and Gly-249 residues (23). These residues are conserved
in the B HAs except for minor changes; the Tyr-98 and Glu-190
residues are changed to Phe and Gln/Leu, respectively (Fig.
3). (iii) The alternating hydrophobic residues along the long he-
lix forming the center of the trimer's a-helical coiled coil in the

Proc. Natl. Acad. Sci. USA 80 (1983) 4529

A/Aichi/2/68 HA are preserved in the B HAs (23, 26). This
region was shown to form the stalk of the HA molecule (23). (iv)
Specific amino acids defining loops and helices that can be rec-
ognized by antibodies in the H3 structure are also found in the
B HA sequences. For example, conserved Cys-139, Phe-147,
and Phe-148 define an external loop corresponding to antigenic
region A of the H3 HA; similarly Trp-153, Pro-162, Val/Leu-
163, Leu-194, and Tyr-195 are conserved between A and B HAs
and define a surface loop and helix (antigenic region B). All of
these results suggest a close structural relationship between type
A and type B HAs.

Antigenic Variation in the Influenza B HA. Fig. 4 Left and
Right shows the locations of the amino acid differences be-
tween the HAs of B/Lee/40 and B/Md/59 and between B/
Md/59 and B/HK/8/73 viruses, respectively. Some or all of
these changes must be responsible for the different antigenic
behavior exhibited by the viruses. In the study of antigenic
variation in the H1 and H3 subtypes of influenza, antigenic
variants selected by monoclonal antibodies have aided in de-
fining the immunogenic areas of the HA (23, 25, 27). Because
the sequences of antibody-selected influenza B virus variants
are not available, the analysis here is based on the variations
observed in the HA sequences of antigenically distinct field
isolates of influenza B virus.

It has been shown that the HAs of the three B viruses used
B/HK/8/7 3
B/Md/59 THAI
B/Lee/40 asp arg ile cys thr gly ile thr ser ser asn ser pro his val val lys thr ala thr gln gly glu val asn val thr gly val ileH3 numb. 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

pro leu thr thr thr pro thr lys ser
41 42 43 44 45 46 47 48 +

asp val ala leu gly arg pro lys cys
68 69 70 71 72 73 74 75 76

ile met his asp arg thr lys ile
100 101 103 104 105 106 107 108

ile
thr

ala pro gly gly pro tyr lys val
4 133 134 135 + + + +

--- thr
asn lys thr
asp asn asn lys thr ala ile asn
158 159 160 + + + + 161

glu lys
glu leu val ile

asp lys thr gln met glu arg leu
187 188 189 190 191 192 193 194

ala

leu
leu met

his phe ala asn leu lys gly thr gln thr arg gly lye leu cys pro asn cys phe asn cys thr asp leu
+ + + + + + + + + + + 49 50 51 52 59 60 61 62 63 64 65 66 67

ile gly
ile val

met gly asn thr pro ser ala lys val ser ile leu his glu val lys pro ala thr ser gly cys phe pro
77 + 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99

ala arg thr
arg ala

arg gln leu pro asn leu leu arg gly tyr glu asn ile arg leu ser thr ser asn val ile asn thr glu thr
109 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 + + 126 127 128 129 130 131 132

thr ala ala val
thr lys glu ala val

gly thr ser gly ser cys pro asn val ala asn gly asn gly phe phe asn thr met ala trp val ile pro lys
+ 136 137 + 138 139 140 141 + 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157

leu thr lys
leu thr lys

pro val thr val glu val pro tyr ile cys ser glu gly glu asp gln ile thr val trp gly phe his ser asp
162 163 164 165 166 + 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185

lys
lys

tyr gly asp ser asn pro gln lys phe thr ser ser ala asn gly val thr thr his tyr val ser gln ile gly
195 196 + + + + + 197 198 199 200 201 202 203 204 205 206 207 208 209 210 211 + 212 213

pro
ilegly phe pro asn gln thr glu asp glu gly leu lys gln ser gly arg ile val val asp tyr met val gln lys pro gly lys thr gly thr ile val214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 .37 238 239 240 241 242 + 243 244 245

val
, val

tyr gln arg gly ile leu leu pro
246 247 248 249 250 251 252 254

arg glu

gln lys val trp cys ala ser gly arg ser lys val ile lys gly ser leu pro leu ile gly glu ala asp cys
255 256 257 258 259 260 261 262 263 264 265 266 267 268 269 270 273 274 275 276 277 278 279 280 281

leu his glu lys tyr gly gly leu asn lys ser lys pro tyr tyr thr gly glu his ala lye ala ile gly asn cys pro lie trp val lys thr pro282 283 284 285 + 286 287 288 289 290 291 292 293 294 295 296 297 + 298 299 lnn 301 302 303 304 305 306 307 308 309 310 311 312

leu lys leu ala asn gly thr lys
+ 313 314 315 316 317 318 319

VHA2
tyr arg pro pro ala lye leu leu ly8 glu arg GFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNL320 321 322 323 324 325 326 327 328 + +

FS H D N
S D N

N YLS ELEV KN LQRLSG AMN ELHDE ILELDEKVDDLRADT ISSQ IELAVLLSNEG I INSEDEHLLALERKLKKMLGPSAVE IGNGCFETKHKCNQTCLDR IAAGTFNAGDFSLPT FDSLN I TASLNDDGLD

FIG. 3. Deduced amino acid sequences of the B/Lee/40, B/Md/59, and B/HK/8/73 virus HAs. Only changes in the B/Md/59 and B/HK/8/73 protein sequence relative to the B/Lee/40 sequence are indicated. The three-letter amino acid code is used for the HA1 polypeptide and the single-letter amino acid code is used for the HA2 subunit. The two-amino-acid deletion in B/HK/8/73 is indicated (---). As discussed in the text, the Bvirus sequences were aligned with the sequence of the A/Aichi/2/68 HA. The numbers under the B/Lee/40 HA1 reflect this alignment and cor-respond to the equivalent amino acids in the A/Aichi/2/68 HA model (24). Amino acids labeled + do not have corresponding residues in the A HAand reflect insertions in the B HA structure relative to the A/Aichi/2/68 HA model.
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A.A. Changes

62 Phe-Leu
67 Lou-Met
79 Thr-Ile
93 Ala-Val

130 Thr-Ala
142 Ala-Thr
145 Asn-Lys
149 Asn-Glu
154 Val-Ala
155 Ile-Val
158 Asp-Asn
159 Asn-Lys
163 Val-Leu
171 Ser-Thr
172 Glu-Lys
188 Lys-Glu
190 Gln-Leu
192 Glu-Val
193 Arg-Ile
235 Met-Ile
250 Ile-Val

Inserts

125 Ser-Arg
135 Lys-Thr
160 Ile-Thr
196 Asn-Lys

CHO Site Changes

141 new CHO

A.A. Changes

93 Val-Gly
128 Ile-Thr
130 U
145 U
149 Glu-Ala
158 delete
159 delete
190 U
192 U
193 Ile-Lys
219 Thr-Ala
225 Lys-Pro
235 U
245 Val-Ala
264 Ser-Arg
268 Lys-Glu

Inserts

125 Thr-Ala
135 Thr-Ile

ClO ';ite Changes
126 new CIIO
217 lose CHIO

C HAI

B/MD/59- B/ LEE/40

(( HAINJM N

B/HK/73 - B/MD/59

FIG. 4. Antigenic variation in influenza
B virus HAs. The location of changed amino
acids (A.A.) and the introduction of potential
carbohydrate (CHO) attachment sites in the
strain B/Md/59 relative to B/Lee/40 (Left)
and in B/HK/73 relative to B/Md/59 (Right)
are illustrated on schematic drawings of the
A/Aichi/2/68 HA structure. Symbols denote
the proposed antigenic region in the H3 sub-
type in which the B strain substitutions are
found. e, Region A (H3); *, region B (H3); *,
region D (H3); v, region E (H3); A, HA2 chain;
o, conservative or buried substitutions; *,
carbohydrate; *, newly introduced carbohy-
drate site. A large number of amino acid
changes (some of which must be responsible
for the antigenic variation in the B strains),
including the introduction of carbohydrate
sites, are found in regions of the B HAs cor-
responding to areas of the A HA structure
proposed to be important for antibody bind-
ing. In Right, U indicates that the amino acid
found in that position in B/HK/73 is the same
as that in B/Lee/40. The position is indicated
in the figure by w.

in the analysis differ in their serological properties (12, 13, 28).
Many nonconservative amino acid substitutions among the three
HAs occur in regions of the molecules previously described as

antigenically important in the HAs of Hi and H3 viruses (refs.
23 and 25; Fig. 4). (i) Substitutions at positions 145 and 225, a

substitution in the insertion at position 135, and an acquired
carbohydrate attachment site in the B/Md/59 and B/HK/8/
73 HA at position 141 are all in the same location as antigenic
region A of H3 viruses (designated antigenic site Ca2 in the HI
subtype). (ii) Changes at positions 128, 130, 158, 159, 188, 190,
192, and 193, mutations in the insertions after positions 125 and
160, and a novel carbohydrate site at position 126 in the B/HK/
8/73 HA are all found in the region corresponding to antigenic
region B of H3 viruses (designated antigenic site Sb in the HI
subtype). (iii) Substitutions at positions 171, 172, and 219 and
the loss of a carbohydrate attachment site at position 217 in B/
HK/8/73 fall in antigenic region D of the H3 HA (designated
Cal in the H1 subtype). (iv) A change in position 79 and a con-

servative Phe/Leu change at position 62 fall in antigenic region
E of the H3 HA (antigenic site Cb in the HI subtype).

Thus, changes in the B HAs have occurred in all of the pro-

posed antigenic regions except in the area corresponding to re-

gion C of the H3 subtype (23). This region of the influenza B
HAs may be significantly altered with respect to the H3 HAs
as a result of a 12-amino-acid insertion and a 6-amino-acid dele-
tion (Fig. 5). Consequently, this area of influenza B HAs may

not represent an antigenically important site. Note that the cor-

responding region in the Hi subtype is also not a proposed an-

tigenic site, presumably due to blockage by a carbohydrate moiety
(25). Structural analysis of the B HA indicates that in many re-

gions insertions of amino acids have occurred relative to the A/
Aichi/2/68 model (Fig. 5). The five large insertions (at posi-
tions 48, 125, 135, 160, and 196) and a number of small inser-

tions (at positions 77, 132, 137, 141, 166, 211, and 242) all occur
in areas to which antibodies are thought to bind in influenza A
viruses (Fig. 5). The accommodation of extra residues in these
areas demonstrates the plastic nature of these regions, which
can readily accept amino acid substitutions and insertions. Also,
within the B HAs analyzed, a deletion of two amino acids has
occurred at positions 158 and 159 of the B/HK/8/73 HAL sub-
unit. This corresponds to antigenic region B of the H3 subtype
(site Sb in the HI subtype). It is interesting to note that the B/
Md/59 nucleotide sequence contains a tandem repeat of A-C-
A-A-A-A at nucleotides 566-577 and it is one of these six-nu-
cleotide blocks that is deleted from the B/HK/8/73 sequence.
The formation of this deletion might have been due to slippage
of the RNA polymerase on the template during transcription.

DISCUSSION
Sequence comparison of three influenza B virus HAs has per-
mitted an examination of the mechanism of antigenic drift in
influenza B virus. As with influenza A viruses, antigenic drift
in influenza B virus HAs appears to be occurring mostly through
a series of single amino acid changes in the HAl subunit. These
changes occur along a common evolutionary lineage and pre-
sumably alter the antigenic structure of the HA molecules enough
to allow the virus to escape neutralization by antibodies. One
important difference between the influenza A and influenza B
viruses may be the rates at which the HAs of these viruses vary
with time. Influenza A viruses of the H3 subtype isolated 11
years apart (A/NT/60/68 and A/BK/1/79) exhibit a 10.1% amino
acid difference in the HAl portion of their HAs (11). In con-
trast, the HAs of influenza B viruses isolated 33 years apart (B/
Lee/40 and B/HK/8/73) exhibit only a 6.6% amino acid dif-
ference. Although in any analysis of this kind it is unknown
whether the strains analyzed are representative of the strains
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FIG. 5. The location of amino acid insertions in the B HAs relative

to the A/Aichi/2/68 HA illustrated on a schematic drawing of the Ai-

chi HA structure. *, Insertions of one or two amino acids;9, insertions

of four or more amino acids. Most of the insertions occur in regions of

the B HAs corresponding to antigenically important regions of the A

HA structure. The dashed circle indicates insertion of 12 and deletion

of 6 amino acids in the area corresponding to antigenic region C of the

A virus HA.

circulating at the time, it appears that the amount of variation
in the B HAls is less than the amount seen among the H3 sub-

type viruses.

A detailed comparison of the influenza B HA with the 1968
influenza A HA atomic model indicates that the structures of
the two proteins are very similar. Five of the six disulfide bonds
are probably conserved in the influenza B virus, while two new
disulfide bonds at positions 52-61 (instead of the 52-277 bond
in influenza A virus) and 170-259 can be proposed. Also, the
sialicacid binding site as well as the a-helical coiled coil struc-
ture that forms the stalk of the HA trimer are well conserved
in the B viruses. In addition, most of the insertions and dele-
tions that need to be proposed in the influenza B viruses rel-
ative to the A/Aichi/68 HA protein can be easilyfitted into the
H3 HA structural model (Fig. 3). These changes, as well as all
potential glycosylation sites, are located on the surface of the
A/Aichi/68 HA model (Figs. 4 and 5).

In the absence of information on amino acid positions de-
fined bymonoclonal-antibody-selected antigenic variants, the
antigenic structure of the B strains cannot be definitively de-
scribed. Nevertheless, sequence comparisons clearly indicate
the existence in the influenza B HA of the architectural fea-
tures associated with antibody binding in influenza A HAs.
Furthermore, comparison of three antigenicallydistinct influ-
enza B HAs (B/Lee/40, B/Md/59, and B/HK/8/73) reveals
extensive nonconservative amino acid substitutions (involving

polarity changes) in areas corresponding to antigenic regions A,
B, D, and E of H3 viruses (ref. 23; Fig. 4). Also, in the B/HK/
8/73 HA, a two-amino-acid deletion relative to the earlier B
virus isolates has occurred at positions 158-159 (antigenic re-
gion B). This deletion, due to the loss of one block of a A-C-
A-A-A-A tandem repeat, may represent an additional mecha-
nism for causing antigenic variation in influenza field viruses.
In this context, insertion of three nucleotides leading to an al-
teration of an antigenic site has been recently observed in a
laboratory variant derived from influenza A/PR/8/34 virus (25).
Change in the location of glycosylation sites has been proposed
as another mechanism that modulates antigenic variation in in-
fluenza A H1 and H3 viruses (24, 25). The introduction of new
oligosaccharide attachment sites at positions 126 (antigenic re-
gion B) and 141 (antigenic region A) between the B/Lee/40
and the B/HK/8/73 strains and the loss of a site at position 217
(antigenic region D) in B/HK/8/73 may be evidence that car-
bohydrate is utilized to expose or mask antigenic surfaces in
influenza B viruses (25).
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