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ABSTRACT 

F i v e  r e c e n t l y  sequenced h e m a g g l u t i n i n  genes f r o m  I n f l u e n z a  A 
v i r u s  s t r a i n s  a r e  s t u d i e d  f o r  s i m i l a r i t i e s  i n  a h i e r a r c h i c a l  
f a s h i o n .  The sequences  a r e  compared f o r  s i m i l a r i t y ,  f i r s t  on  t h e  
l e v e l  o f  sequence homology ,  and t h e n  on s e v e r a l  p r o g r e s s i v e l y  
more g e n e r a l  l e v e l s .  Though t h e  H A 1  subsequences  c o n t a i n  r e g i o n s  
where homology  d r o p s  t o  t h a t  o f  a Monte  C a r l o  g e n e r a t e d  r e f e r e n c e  
v a l u e ,  subsequen t  t e s t s  r e v e a l  g r e a t  s i m i l a r i t y  due t o  
c o n s t r a i n t s  on t h e  l e v e l  o f  amino a c i d  sequence. O t h e r  t e s t s  
d e t e c t  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  be tween  s u b t y p e s  due 
t o  c o n s t r a i n t s  a c t i n g  b e l o w  t h e  l e v e l  o f  amino a c i d  sequence, 
such as t h e  2' s t r u c t u r e  o f  t h e  v i r a l  RNA, o r  i n v o l v i n g  
t r a n s l a t i o n  o f  t h e  mRNA. The g e n e r a l  a p p l i c a b i l i t y  o f  t h e  
h i e r a r c h i c a l  app roach  t o  sequence a n a l y s i s  i s  d i s c u s s e d .  

INTRODUCTION 
I n f l u e n z a  A v i r u s ,  a n e g a t i v e  s t r a n d  RNA v i r u s  w i t h  a 

segmented genome, employs  a r a t h e r  u n i q u e  s t r a t e g y  a g a i n s t  i t s  
h o s t .  When t h e  d e n s i t y  o f  t h e  s u s c e p t i b l e  h o s t  p o p u l a t i o n  d r o p s  
t o  a c r i t i c a l  l e v e l ,  a new s t r a i n  appears .  T h i s  s t r a i n  can t h e n  
i n f e c t  p r e v i o u s l y  r e s i s t a n t  i n d i v i d u a l s .  The m a j o r  a n t i g e n i c  
d e t e r m i n a n t s  o f  t h e  v i r u s  ( a n t i b o d i e s  t o  w h i c h  n e u t r a l i z e  t h e  
v i r u s )  r e s i d e  on  t h e  h e m a g g l u t i n i n  ( H A )  p r o t e i n ,  a g l y c o p r o t e i n  
o f  t h e  v i r a l  enve lope .  

T h e r e  a r e  two  mechanisms w h i c h  can  g e n e r a t e  a new s t r a i n ,  
a n t i g e n i c  s h i f t  and a n t i g e n i c  d r i f t .  A n t i g e n i c  s h i f t  i s  
r e s p o n s i b l e  f o r  new pandemic  s t r a i n s .  The p roposed  mechanism i s  
t h e  a c q u i s i t i o n  o f  an HA gene segment f r o m  a s t r a i n  p r e v i o u s l y  
i n f e c t i n g ,  f o r  example,  swine,by a s t r a i n  c a p a b l e  o f  i n f e c t i n g  
humans. D r i f t ,  w h i c h  i s  r e s p o n s i b l e  f o r  t h e  e p i d e m i c  s t r a i n s  
a p p e a r i n g  e v e r y  2 -3  y e a r s ,  i n v o l v e s  p o i n t  m u t a t i o n s  i n  t h e  HA 
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gene segment c a u s i n g  s u f f i c i e n t  a l t e r a t i o n  i n  t h e  a n t i g e n i c  
d e t e r m i n a n t s  o f  t h e  p r o t e i n  t o  a l l o w  t h e  v i r u s  escape  f rom 
n e u t r a l i z a t i o n  b y  h o s t  a n t i b o d i e s  t o  t h e  p r e v i o u s  e p i d e m i c  
s t r a i n .  H e m a g g l u t i n i n s  a r e  c l a s s i f i e d  i n t o  s u b t y p e s ;  s i m i l a r  
s u b t y p e s  a r e  t h o u g h t  t o  have e v o l v e d  f r o m  t h e  same pandemic 
s t r a i n  ( f o r  r e v i e w  see 1). 

The HA p r o t e i n  i s  c l e a v e d  i n t o  t w o  segments,  t h e  H A 1  and 
HA2. The H A 1  has  been f o u n d  t o  v a r y  more be tween s t r a i n s  and 
t h e r e  i s  e v i d e n c e  t h a t  i t  c o n t a i n s  t h e  s i t e s  r e s p o n s i b l e  f o r  t h e  
a n t i g e n i c  d i f f e r e n c e s  be tween  s t r a i n s  ( 2 ) .  

R e c e n t l y  t h e  HA gene segments  f o r  f i v e  s t r a i n s  o f  i n f l u e n z a  
have been sequenced; A / A i c h i / 2 / 6 8 ( H 3 ) ,  ( 3 ) ,  A/NT/60/68/29C(H3),  
( 4 ) ,  A / V i c t o r i a / 3 / 7 5 / ( H 3 ) ,  ( 5 ) ,  A/Japan/307/57(H2) ,  ( 6 ) .  and 
FPV(Hav11, ( 7 ) .  I n  t h i s  p a p e r  we a n a l y z e  t h e s e  sequences  w i t h  
s e v e r a l  methods  o f  g e n e r a l  use. Our a p p r o a c h  i s  t o  p r o g r e s s  f r o m  
t h e  most  s p e c i f i c  method o f  sequence a n a l y s i s ,  homology  a n a l y s i s ,  
t o  s u c c e s s i v e l y  more g l o b a l  a n a l y s e s .  T h i s  h i e r a r c h i c a l  a n a l y s i s  
a l l o w s  us  t o  d i s s e c t  o u t  v a r i o u s  f u n c t i o n a l  c o n s t r a i n t s  a c t i n g  on  
t h e  sequences. 

METHODS 
Homo1 o w  s e a r c h e s  

S e v e r a l  a l g o r i t h m s  a r e  now a v a i l a b l e  f o r  f i n d i n g  an o p t i m a l  
a l i g n m e n t  o f  t w o  n u c l e f c  a c i d  sequences  (8.9).  An a l i g n m e n t  i s  
d e t e r m l n e d  t o  be  o p t i m a l  i f  i t  has  t h e  b e s t  s c o r e ,  u n d e r  t h e  - 
s c o r i n g  r u l e s  o f  t h e  a l g o r i t h m ,  among a l l  p o s s i b l e  a l i g n m e n t s  o f  
t h e  two  sequences, a l l o w i n g  gaps i n  e l t h e r  sequence. These 
a l g o r i t h m s  a r e  u s e f u l  i n  s e a r c h i n g  f o r  t h e  maximum g l o b a l  . 
homology  be tween  t w o  sequences. S m i t h  I Waterman have r e c e n t l y  
d e v e l o p e d  an a l g o r i t h m  ( 1 0 )  w h i c h  i d e n t i f i e s  m a x i m a l l y  homologous 
subsequences  among l a r g e r  sequences. T h i s  a l g o r i t h m  i s  u s e f u l  i n  
s e a r c h i n g  f o r  l o c a l  h o m o l o g i e s  because  t h e  m a x i m a l l y  homologous 
subsequences  a r e  n o t  a l w a y s  a l i g n e d  i n  a g l o b a l  homology  sea rch .  
The s c o r i n g  r u l e s  f o r  e i t h e r  g l o b a l  o r  l o c a l  homology  s e a r c h e s  
were  as f o l l o w s :  Each n u c l e o t i d e  m a t c h  i n c r e a s e s  t h e  s c o r e  b y  
1.0 and each m ismatch  d e c r e a s e s  t h e  s c o r e  b y  0.5 ( o r  0.333). 
Each gap o f  l e n g t h  k d e c r e a s e s  t h e  s c o r e  b y  1.0 + 0.5 * k ( o r  
1.0 + 0 . 3 3 3  * k). 
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A homology  a l g o r i t h m ,  b y  i t s e l f ,  can  n o t  a s s i g n  a 
s t a t i s t i c a l  s i g n i f i c a n c e  t o  an a l i g n m e n t .  The p r o b a b i l i t y  o f  an 
a l i g n m e n t  s c o r e  f o r  two  sequences  o c c u r i n g  b y  chance  a l o n e  can  b e  
d e t e r m i n e d  as  f o l l o w s :  Each o f  t h e  sequences  i s  r a n d o m l y  
s h u f f l e d  and t h e  s c o r e  o f  t h e  o p t i m a l  a l i g n m e n t  i s  d e t e r m i n e d  as  
b e f o r e .  T h i s  p r o c e s s  i s  r e p e a t e d  a number o f  t i m e s  i n  o r d e r  t o  
c a l c u l a t e  a mean and s t a n d a r d  d e v i a t i o n  f o r  t h e  s h u f f l e d  
sequences. The mean f t h e  s t a n d a r d  d e v i a t i o n  i s  t h e  Monte  C a r l o  
r e f e r e n c e  v a l u e .  S t a t i s t i c a l  s i g n i f i c a n c e  f o r  t h e  a1 i g n m e n t  c a n  
t h u s  be  e s t i m a t e d  w i t h  r e s p e c t  t o  t h e  Mon te  C a r l o  r e f e r e n c e  

We have examined t h e  h e m a g g l u t i n i n  sequences  f o r  b o t h  g l o b a l  
and l o c a l  maximum homo log ies .  To r e d u c e  compu te r  t i m e ,  and t o  
s e a r c h  f o r  r e p e a t s ,  we have d i v i d e d  each HA gene i n t o  o v e r l a p p i n g  
240 base  segments (1-240.121-360,241-480,. ..). When c o m p a r i n g  
genes, a l l  p a i r w i s e  c o m p a r i s o n s  o f  t h e  240 base  segments  were  
made. To c a l c u l a t e  t h e  Monte  C a r l o  r e f e r e n c e  v a l u e ,  o v e r  250 
(240  b y  240 l e n g t h )  s h u f f l e d  sequence c o m p a r i s o n s  were  made. 
C o n t i n g e n c y  t a b l e  a n a l y s i s  

The d o u b l e t  f r e q u e n c i e s  o f  a sequence a r e  t h e  b a s i s  o f  a 
more g l o b a l  method o f  sequence a n a l y s i s .  D o u b l e t  f r e q u e n c i e s  
were  o f t e n  used t o  compare  n u c l e i c  a c i d s  b e f o r e  r a p i d  sequence 
a n a l y s i s  methods  were  a v a i l a b l e  ( s e e  11). More r e c e n t l y ,  
c h a r a c t e r i s t i c  p a t t e r n s  i n  t h e  d o u b l e t  f r e q u e n c i e s  o f  sequenced 

, n u c l e i c  a c i d s  have been n o t e d  b y  N u s s i n o v  ( 1 2 ) .  S m i t h , e t  a l .  
( 1 3 )  have used d o u b l e t  f r e q u e n c i e s  i n  c h a r a c t e r i z i n g  f u n c t i o n a l  
domains  o f  n u c l e i c  a c i d  sequences. 

A 4 X 4 c o n t i n g e n c y  t a b l e  f o r  a sequence can  be  c o n s t r u c t e d  
b y  t a b u l a t i n g  t h e  o v e r l a p p i n g  d o u b l e t s  i n  a sequence. Sequences 
a r e  t h e n  compared b y  t h e i r  r e s p e c t i v e  c o n t i n g e n c y  t a b l e s .  The 
s i m p l e s t  and most  s t r a i g h t f o r w a r d  a p p r o a c h  f o r  c o m p a r i n g  
sequences  b y  t h e i r  c o n t i n g e n c y  t a b l e s  i s  t h e  c h i  s q u a r e  me thod  
d e s c r i b e d  b y  E l t o n  (14 ) .  T h i s  method t a k e s  i n t o  a c c o u n t  t h e  f a c t  
t h a t  t h e  d o u b l e t  c o u n t s  a r e  n o t  i n d e p e n d e n t  ( s i n c e  t h e y  o v e r l a p ) ,  
b u t  a r e  r e a l l y  t r a n s i t i o n  c o u n t s ,  i .e .  t h e  c o n t i n g e n c y  t a b l e s  
t e l l  how o f t e n  a T, f o r  example ,  i s  f o l l o w e d  b y  each o f  t h e  4 
bases. Thus, s e v e r a l  sequences  a r e  compared by  t h e i r  c o n t i n g e n c y  
t a b l e s  u s i n g  t h e  c o n v e n t i o n a l  c h i  s q u a r e  f o r m u l a :  

- v a l u e .  
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c h i  s q u a r e  = (0 - E)'/ E 

where 0 = t h e  o b s e r v e d  d o u b l e t  c o u n t s  i n  t h e  c o n t i n g e n c y  t a b l e  
o f  a sequence; 

E = t h e  e s t i m a t e d  d o u b l  e t  c o u n t s  u t i  1 i z i  ng  t h e  p o o l e d  
c o n t i n g e n c y  t a b l e s  o f  a l l  o f  t h e  sequences  i n  t h e  
compar i son .  

A more  s o p h i s t i c a t e d  a p p r o a c h  f o r  c o m p a r i n g  sequences  b y  
t h e i r  c o n t i n g e n c y  t a b l e s  emp loys  t h e  l o g l i n e a r  model ( 1 5 ) .  T h i s  
a p p r o a c h  a l s o  c a l c u l a t e s  a c h i  s q u a r e  v a l u e ,  b u t  a l l o w s  more  

s i m u l t a n e o u s l y  compare t h e  d o u b l e t  and t r i p l e t  c o u n t  c o n t i n g e n c y  
t a b l e s  o f  s e v e r a l  sequences. B o t h  o f  t h e s e  methods  have an 
a d v a n t a g e  o v e r  homology  a n a l y s i s  i n  t h a t  one may s i m u l t a n e o u s l y  
compare any  number o f  sequences. F o r  t h e  c o m p a r i s o n s  p r e s e n t e d  
i n  t h i s  paper ,  e i t h e r  method w o u l d  be  s a t i s f a c t o r y .  The r e s u l t s  
we r e p o r t  a r e  due t o  t h e  l o g 1  i n e a r  mode l ,  b u t  we have a1 so used  
t h e  s i m p l e r  c h i  s q u a r e  t e s t  and f o u n d  n e a r l y  i d e n t i c a l  c h i  s q u a r e  
v a l u e s  i n  a l l  cases .  We have used t h e  l o g l i n e a r  model because  o f  
t h e  added f l e x i b i l i t y  o f  t h i s  method,  and because i t  i s  a v a i l a b l e  
i n  t h e  B.M.D., and S.P.S.S. s t a t i s t i c a l  packages. 

A v a r i a t i o n  o f  t h e  a n a l y s i s  o f  sequences  b y  t h e i r  
c o n t i n g e n c y  t a b l e s  a l l o w s  one t o  d i s s e c t  o u t  t h e  c o n s t r a i n t s  on a 
sequence due t o  t h e  amino a c i d  sequence. F o r  a sequence w h i c h  
codes  f o r  p r o t e i n ,  one may c o n s t r u c t  t h r e e  new sequences. One ~ 

c o n s t r u c t s  a sequence c o m p r i s e d  o f  o n l y  t h e  f i r s t  ( o r  second o r  
t h i r d )  base o f  each c o n s e c u t i v e  codon. Thus c o n s t r u c t e d ,  t h e s e  
sequences  w i l l  be  r e f e r r e d  t o  a s  P o s i t i o n  1, P o s i t i o n  2,  o r  , 

P o s i t i o n  3 sequences. I n  t u r n ,  one can  t h e n  c o n s t r u c t  d o u b l e t  

f r e q u e n c y  c o n t i n g e n c y  t a b l e s  f r o m  t h e s e  p o s i t i o n  s p e c i f i c  
sequences. These new t a b l e s  r e f l e c t  c o n s t r a i n t s  on t h e  p r o t e i n  
coded by  t h e  gene t o  v a r y i n g  degrees .  F o r  example,  changes i n  
t h e  t h i r d  p o s i t i o n  o f  t h e  codon a f f e c t  amino a c i d  sequence v e r y  
l i t t l e .  Thus, t h e  t a b l e  f r o m  t h e  t h i r d  p o s i t i o n  sequence 
r e f l e c t s  c o n s t r a i n t s  on t h e  gene i n d e p e n d e n t  o f  p r o t e i n  f u n c t i o n ,  
such  as  t h e  s e c o n d a r y  s t r u c t u r e  r e q u i r e m e n t s  o f  t h e  v i r a l  RNA. 
By d i s s e c t i n g  o u t  t h e  e f f e c t  o f  t h e  t h i r d  codon p o s i t i o n ,  t h e  
t a b l e s  f o r  f i r s t  o r  second p o s i t i o n  sequences  a r e  s t r o n g l y  

f l e x i b i l i t y  i n  c o m p a r i n g  sequences. F o r  example,  one c o u l d  _- 
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i n f l u e n c e d  b y  amino a c i d  sequence and t h u s  more s p e c i f i c a l l y  
r e f l e c t  c o n s t r a i n t s  on gene sequence due t o  p r o t e i n  f u n c t i o n .  
A n a l y s i s  by  i n f o r m a t i o n a l  c o n s t r a i n t s  

One may compare sequences  b y  measures  w h i c h  c h a r a c t e r i z e  
pe rhaps  t h e  most  g e n e r a l  c o n s t r a i n t s  a c t i n g  on a sequence. These 
a r e  t h e  c o n s t r a i n t s  t o w a r d  n o n u n i f o r m  base  c o m p o s i t i o n  and on t h e  
o r d e r i n g  o f  t h e  bases .  These measures a r e  based on  t h e  
s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  s i n g l e t  and d o u b l e t  c o u n t s  o f  a 
sequence. L ipman & Ma ize1  (16) used t h e s e  measures  t o  
c h a r a c t e r i z e  a b r o a d  r a n g e  o f  c o d i n g  sequences  and f o u n d  t h a t  t h e  - g e n e r a l  c o n s t r a i n t s  o f  m i t o c h o n d r i a l  sequences  were  d i f f e r e n t  
f r o m  a l l  o t h e r  sequences  examined. The e u k a r y o t i c  c o d i n g  
sequences  c o u l d  be  d i v i d e d  i n t o  t w o  g r o u p s  b y  t h e i r  g e n e r a l  
c o n s t r a i n t s ;  t h o s e  w i t h  i n t r o n s ,  and t h o s e  w i t h o u t  i n t r o n s .  

U s i n g  t h e  s i n g l e t  and d o u b l e t  c o u n t s  o f  a sequence one c a n  
c a l c u l a t e  t w o  measures,  01, t h e  d i v e r g e n c e  f r o m  25% each base, 
and D2, t h e  d i v e r g e n c e  f r o m  s t a t i s t i c a l  i ndependence  o f  t h e  
bases. I ndependence  o f  t h e  bases  i s  d e f i n e d  a s :  

where pi j  = t h e  p r o b a b i l i t y  o f  d o u b l e t  i j ,  pi = t h e  p r o b a b i l i t y  
o f  s i n g l e t  i, and p j  = t h e  p r o b a b i l i t y  o f  s i n g l e t  j. The 
f o r m u l a e  f o r  D1 and D2 a r e  d e r i v e d  f r o m  I n f o r m a t i o n  T h e o r y  (17), 
and a r e  as f o l l o w s :  

P i j  = P i  * P j  

4 

i =1 
D1 2 - E (n i /N) lOg(n i /N)  

4 

i , j=l 
D2= E ( n i j / N ) l o g [  (n i j *N ) / (  n i * n j ) l  

where ni = number o f  s i n g l e t  i; 
n j  = number o f  s i n g l e t  j ;  
ni j  = number o f  d o u b l e t  i j ;  
N = number o f  bases  i n  t h e  sequence. 

I f  t h e  l o g a r i t h m s  a r e  t o  base  2 t h e n  Dl and D2 a r e  measured i n  
b i t s  o f  i n f o r m a t i o n .  D1 e q u a l s  0 i f  t h e  base  c o m p o s i t i o n  i s  25% 
each base. I f  a sequence c o n s i s t s  o f  a l l  A ' s  t h e n  Dl i s  e q u a l  to 
2 b i t s .  The u p p e r  l i m i t  f o r  02 i s  a l s o  2 b i t s .  I f  t h e  bases  i n  
a sequence a r e  i n d e p e n d e n t ,  t h e n  02 = 0. As D2 i n c r e a s e s ,  t h e  
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p r o b a b i l i t y  o f ,  f o r  example ,  a T a t  a p a r t i c u l a r  sequence 
p o s i t i o n  i n c r e a s i n g l y  depends on  a t  l e a s t  i t s  n e a r e s t  
n e i g h b o r s .  Thus 0 1  c h a r a c t e r i z e s  t h e  c o n s t r a i n t s  on a sequence 
t o w a r d  n o n u n i f o r m  base c o m p o s i t i o n ,  and 02  c h a r a c t e r i z e s  t h e  
c o n s t r a i n t s  on t h e  o r d e r i n g  o f  t h e  bases .  

RESULTS 
Homo1 ogy  a n a l y s i s  

As d e s c r i b e d  i n  Methods ,  f o r  each  p a i r  o f  h e m a g g l u t i n i n  
genes, we have a n a l y z e d  a l l  p a i r w i s e  c o m p a r i s o n s  o f  o v e r l a p p i n g  
240 base b l o c k s  f o r  l o c a l  homology .  I n  a l l  cases ,  f o r  each b l o c k  
o f  one gene, t h e  m a x i m a l l y  homologous subsequence was f o u n d  i n  
t h e  c o r r e s p o n d i n g  240 base b l o c k  o f  any  o t h e r  gene. Thus b l o c k  
241-480 o f  FPV a l i g n e d  b e s t  w i t h  b l o c k  241-480 o f  a l l  o t h e r  
sequences. I n  T a b l e  I we r e p o r t  t h e  l o c a l  homology  s c o r e s  o f  t h e  
c o r r e s p o n d i n g  240 base  subsequences i n  t h e  i n d i c a t e d  p a i r w i s e  
compar i sons ,  F o r  example,  a l o c a l  homology  s c o r e  o f  43.1 was 
o b t a i n e d  f r o m  t h e  c o m p a r i s o n  o f  subsequence 121-360 ( c e n t e r e d  a t  
p o s i t i o n  240)  o f  A /Japan v e r s u s  subsequence 121-360 ( c e n t e r e d  a t  
p o s i t i o n  240)  o f  FPV. The Monte  C a r l o  r e f e r e n c e  v a l u e  was 30 f 

4.5. Thus a homology  s c o r e  o f  75, f o r  example,  i s  1 0  s t a n d a r d  
d e v i a t i o n s  g r e a t e r  t h a n  t h e  Monte  C a r l o  r e f e r e n c e .  The s e a r c h  
f o r  g l o b a l  homology  gave v i r t u a l l y  i d e n t i c a l  r e s u l t s ,  and no 
r e p e a t e d  sequences  o f  s i g n i f i c a n c e  were  no ted .  The l o c a l  

homo1 ogy  Va l  ues  f o r  t h e  t h r e e  p a i  r w i  se  c o m p a r i s o n s  o f  
A / V i c t o r i a ( H 3 ) ,  A/Japan(H2) ,  and FPV(Hav1) a r e  p l o t t e d  v e r s u s  
subsequence m i d p o i n t  on  f i g u r e  1. From T a b l e  I ,  and f i g u r e  1, i t  

c a n  be  seen t h a t  r e g i o n s  o f  gene c o d i n g  f o r  t h e  HA2 a r e  v e r y  
s i m i l a r  i n  a l l  s t r a i n s ,  w h i l e  c o m p a r i s o n  be tween s u b t y p e s  o f  t h e  
H A 1  subsequences  r e v e a l s  r e g i o n s  o n l y  s l i g h t l y  more s i m i l a r  t h a n  
t h e  r e f e r e n c e  v a l u e .  

On t h e  a v e r a g e  t h e  most  p o o r l y  c o n s e r v e d  subsequences  had 
m i d p o i n t  p o s i t i o n s  a t  base 1360 and base 1480. T h i s  c o r r e s p o n d s  
t o  a r e g i o n  s p a n n i n g  bases  1 2 4 0  t o  X600 and i n c l u d e s  t h e  p r o b a b l e  
a n t i g e n i c  s i t e s  o f  t h e  HA p r o t e i n  (18). T h e r e  i s  an a b r u p t  r i s e  
i n  c o n s e r v a t i o n  m o v i n g  f r o m  t h e  H A 1  t o  t h e  HA2 subsequence. 
T h e r e  i s  a l s o  a d r o p  i n  c o n s e r v a t i o n  a t  t h e  end c o r r e s p o n d f n g  t o  
t h e  r e g i o n  c o n t a i n i n g  t h e  h y d r o p h o b i c  t a i l  o f  t h e  HA2. 
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,sol ---- HA1 ---- I ---HA2--- 

HOMOLOGY 
SCORE 

65 

1 

0 900 1800 

POSITION OF SUBSEQUENCE 
MIDPOINT 

F i  u r e  1 
s c o r e  vs. p o s i t i o n  o f  subsequence  m i d p o i n t .  

A / V i c t o r i a ( H 3 )  vs. F P V ( H a v l ) ,  s o l i d  l i n e ;  A /Japan(H2)  vs. 
F P V ( H a v l ) ,  dashed  l i n e ;  A / V i c t o r i a ( H 3 )  vs. A /Japan(H2) ,  b r o k e n  
1 i n e .  H o r i z o n t a l  dashed  l i n e s  i n d i c a t e  Mon te  C a r l o  r e f e r e n c e  
v a l u e  o f  3024.5. Subsequences a r e  240 b a s e s  l o n g  and o v e r l a p  b y  
120 bases.  

C o n t  i ngency  t ab1 e a n a l y s i  s 

The homo logy  s e a r c h  i n  t h e  p r e v i o u s  s e c t i o n  d e t e c t e d  
s t a t i s t i c a l l y  s i g n i f i c a n t  homo logy  be tween  s u b t y p e s  i n  a l m o s t  a l l  
segments o f  t h e  HA2. F a r  l e s s  h o m o l o g y  was d e t e c t e d  b e t w e e n  
s u b t y p e s  i n  v i r t u a l l y  a l l  segments o f  t h e  HA1.  I n  T a b l e  I 1  a r e  
t h e  r e s u l t s  o f  a c o n t i n g e n c y  t a b l e  a n a l y s i s  o f  t h e  H A 1  and  HA2 
subsequences  f r o m  A / J a p a n ( H 2 ) , F P V ( H a v l ) , a n d  A / V i c t o r i a  (H3). The 
n u l l  h y p o t h e s i s  i s  t h a t  t h e  c o n t i n g e n c y  t a b l e s  o f  t h e  i n d i c a t e d  
subsequences  r e p r e s e n t  random sampl es  f r o m  t h e  same 
d i s t r i b u t i o n .  I n  t h e  f i r s t  case ,  we compared c o n t i n g e n c y  t a b l e s  
f r o m  a l l  t h r e e  HA2 subsequences  and f o u n d  them s t a t i s t i c a l l y  
i n d i s t i n g u i s h a b l e  (p=.45) .  T h i s  was t o  b e  e x p e c t e d  f r o m  t h e  
r e s u l t s  o f  t h e  homo logy  a n a l y s i s .  I n  t h e  second  case ,  we 
compared t h e  c o n t i n g e n c y  t a b l e s  o f  a l l  t h r e e  H A 1  subsequences  and  
f o u n d  them s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e  as w e l l  ( ~ 0 . 7 9 ) .  T h i s  
i s  an u n e x p e c t e d  r e s u l t  c o n s i d e r i n g  t h e  f i n d i n g s  o f  t h e  h o m o l o g y  
a n a l y s i s .  I n  t h e  t h i r d  case ,  we compared t h e  c o n t i n g e n c y  t a b l e  
c o n s t r u c t e d  f r o m  a l l  t h r e e  H A 1  subsequences  t o  t h e  c o n t i n g e n c y  
t a b l e  c o n s t r u c t e d  f r o m  a l l  t h r e e  HA2 subsequences.  The n u l l  
h y p o t h e s i s  c a n  b e  r e j e c t e d  (p=.OOl), and  t h u s  t h e  H A 1  and  HA2 
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T a b l e  I 1  
Compar i son  o f  c o n t i n g e n c y  t a b l e s  f o r  i n t a c t  subsequences :  

Sequences a r e  A/Victoria(H3),FPV(Havl),A/Japan(H2). 
N u l l  H y p o t h e s i s :  The c o n t i n g e n c y  t a b l e s  c o n s t r u c t e d  f r o m  

t h e  i n d i c a t e d  subsequences a r e  drawn f r o m  
t h e  same d i s t r i b u t i o n s .  

C A S E  Ch i  Sq. - d f l  - P 2  

A l l  t h r e e  HA2 subsequences 24.11 24 .45 
A l l  t h r e e  H A 1  subsequences  18.22 24 . 7 9  
A l l  t h r e e  H A 1  subsequences  v e r s u s  

5 

a1 1 t h r e e  HA2 subsequences  32.6 1 2  .001 
~ ~ 

1. d f  = d e g r e e s  o f  f r e e d o m  
2. P = The p r o b a b i l i t y  o f  o b s e r v i n g ,  i f  t h e  n u l l  h y p o t h e s i s  

i s  t r u e ,  a c h i  sq. v a l u e  a t  l e a s t  t h i s  l a r g e  

subsequences  a r e  s t a t i s t i c a l l y  d i s t i n g u i s h a b l e  b y  t h e i r  
c o n t i n g e n c y  t a b l e s .  The d o u b l e t s  w h i c h  c o n t r i b u t e d  most  t o  t h e  
d i f f e r e n c e s  be tween  HA1 and HA2 c o n t i n g e n c y  t a b l e s  a r e  shown i n  
T a b l e  111. "CC" was i n v o l v e d  i n  e v e r y  case. 

P o s i t i o n  1, P o s i t i o n  2, and P o s i t i o n  3 sequences  were  
c o n s t r u c t e d  f r o m  each  o f  t h e  above HA subsequences. The 
c o n t i n g e n c y  t a b l e s  f o r  t h e s e  p o s i t i o n  s p e c i f i c  sequences  were  
a n a l y z e d  and a r e  shown i n  T a b l e  I V .  F o r  t h e  HA2 subsequences ,  
t h e  c o n t i n g e n c y  t a b l e s  f r o m  t h e  P o s i t i o n  2 sequences  a r e  most  
s i m i l a r  and t h e  t a b l e s  f r o m  t h e  P o s i t i o n  3 sequences  a r e  l e a s t  

. s i m i l a r ,  however ,  i n  no c a s e  a r e  t h e r e  s t a t i s t i c a l l y  s i g n i f i c a n t  
d i f f e r e n c e s  be tween  t h e  c o n t i n g e n c y  t a b l e s  o f  t h e  HA2 D o s i t i o n  
s p e c i f i c  sequences. F o r  t h e  H A 1  subsequences ,  t h i s  p a t t e r n  a l s o  
h o l d s :  P o s i t i o n  2 t a b l e s  were  most  s i m i l a r  and P o s i t i o n  3 t a b l e s  
were  l e a s t  s i m i l a r ,  however ,  i n  t h i s  case,  t h e  P o s i t i o n  3 
c o n t i n g e n c y  t a b l e s  a r e  s t a t i s t i c a l l y  d i s t i n g u i s h a b l e  (p=.06).  

The o p p o s i t e  o f  t h i s  p a t t e r n  i s  seen when t h e  p o s i t i o n  
s p e c i f i c  c o n t i n g e n c y  t a b 1  es  f o r  t h e  H A 1  subsequences  a r e  compared 
w i t h  t h e  t a b l e s  f o r  t h e  HA2 subsequences .  The P o s i t i o n  2 
c o n t i n g e n c y  t a b l e s  a r e  most  d i s s i m i l a r  w h i l e  t h e  P o s i t f o n  3 
t a b l e s  a r e  most  s i m i l a r .  T h e r e  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  
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T a b l e  I 1 1  
D o u b l e t s  mak ing  t h e  l a r g e s t  c o n t r i b u t i o n  t o  t h e  d i f f e r e n c e s  
i n  t h e  H A 1  and HA2 c o n t i n g e n c y  t a b l e s  

V I R U S  l -  D o u b l e t s  

FPV ( H a v l  ) CC GC UC CU 
A /NT (H3) C C  AC UA C G  
A / V i c t o r i a ( H 3 )  CC UU UA C G  
A / A i c b i  (H3) C C  AC UA C G  L A/Japan(  H2)  C C  AC cu 

T a b l e  I V  

Compar i son  o f  c o n t i n g e n c y  t a b l e s  f o r  p o s i t i o n  s p e c i f i c  
sequences :  Sequences a r e  A/Victoria(H3),FPV(Havl),and 
A/Japan(H2)  

CASE P o s i t  i o n  - 
A l l  3 HA2 subsequences  3 

2 
1 

A l l  3 H A 1  subsequences  3 

2 
1 

H A 1  vs. HA2 f o r  a l l  3 
3 subsequences  2 

1 

C h i  Sq, 

18.17 / 

8.24 
15.02 

35.67 
5.66 

19.61 

6.06 
36.84 
20.23 

24 .79 
24 .99 
24 .94 

24 .06 
24 1.0 
24 - 7 2  

12 .91 
12 .oo 
12 .06 

d i f f e r e n c e s  be tween t h e  P o s i t i o n  1 and P o s i t i o n  2 t a b l e s  
(p=.06,p<.OOl r e s p e c t i v e l y )  w h i l e  t h e  Post  t i o n  3 c o n t i n g e n c y  
t a b l e s  a r e  s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e  ( ~ 1 . 9 1 ) .  

I n f  o rma t i o n  a 1 con s t r a i n t s 
I n  F i g u r e  2 we have p l o t t e d  01. t h e  c o n s t r a i n t s  t o w a r d  
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0.006 I 

D1 

0.003 

2 

2 

2 
1 

1 

F i q u r e  2 D 1  v e r s u s  D2 ( i n  
b i t s )  f o r  t h e  H A 1  and HA2 
subsequences  o f  A / V i c t o r i a ( H 3 ) ,  
FPV(Hav1). and A/Japan(HP).  
H A 1  , I' 1 'I ; HA2, 'I 2"  . 

0 0.004 0.008 
.' 

D2 

n o n u n i f o r m  base c o m p o s i t i o n  v e r s u s  D2, t h e  c o n s t r a i n t s  on t h e  
o r d e r i n g  o f  t h e  bases ,  f o r  t h e  H A 1  and HA2 subsequences  o f  
A / V i c t o r i a  (H3) ,  A /Japan (H2) ,  and FPV ( H a v l ) .  The H A l ' s  a r e  
l a b e l l e d  w i t h  a "l", and t h e  HA2 's  a r e  l a b e l l e d  w i t h  a " 2 " .  
There  appears  t o  be a c o n s i s t e n t  r e l a t i o n s h i p  o f  t h e  D 1  t o  t h e  02 
f o r  a l l  o f  t h e  subseque'nces, however ,  D 1  and D2 a r e  g r e a t e r  f o r  
t h e  HA2 subsequences. 

Base c o m p o s i t i o n  
B e f o r e  d i s c u s s i n g  t h e  above r e s u l t s ,  an i n t e r e s t i n g  

o b s e r v a t i o n  on t h e  base  c o m p o s i t i o n  o f  t h e  e n t i r e  i n f l u e n z a  
genome s h o u l d  be no ted .  J.L.King has c a l c u l a t e d  an e s t i m a t e  o f  

. t h e  base c o m p o s i t i o n  w h i c h  has t h e  p o t e n t i a l  t o  code f o r  each 

amino a c i d  w i t h  e q u a l  p r o b a b i l i t y  (19) .  I n  T a b l e  V , t h e  
r e s u l t i n g  base c o m p o s i t i o n  i s  seen o p p o s i t e  t h e  base c o m p o s i t i o n  

- o f  A/PR8/34 ( 2 0 ) .  The c l o s e  agreement  i n  t h e  base c o m p o s i t i o n s  
i s  s t r i k i n g  and w i t h o u t  r e a d y  e x p l a n a t i o n .  I t  i s  l i k e l y  t h a t  t h e  
answer may be f o u n d  i n  t h e  s t r a t e g y  o f  i n f l u e n z a  v i r u s ,  t h a t  o f  
p e r i o d i c  change. One has t h e  most  p o t e n t i a l  messages ( p r o t e i n s )  
when t h e  components  o f  t h e  messages (amino  a c i d s )  a r e  
e q u i p r o b a b l e .  Thus, t h i s  base c o m p o s i t i o n  c o u l d  be e x p l a i n e d  
t e l e o l o g i c a l l y .  How t h i s  base c o m p o s i t i o n  i s  a c t u a l l y  s e l e c t e d  
f o r  and m a i n t a i n e d  i s  unknown. 

DISCUSSION 
T h e r e  i s  a u s e f u l  r e l a t i o n s h i p  be tween  t h e  homology ,  
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T a b l e  V 

Base c o m p o s i t i o n  o f  t h e  e n t i r e  genome o f  A/PR8 vs. t h a t  
o f  a gene h a v i n g  t h e  p o t e n t i a l  t o  code  f o r  each  amino 
a c i d  w i t h  e q u a l  p r o b a b i l i t y  ( K i n g  base  c o m p o s i t i o n )  
( s e e  t e x t )  

A/PR8 K i n g  Base C o m p o s i t i o n  

23.6+. 2 25.0 

23.3t.8 23.3 
21.2t.6 19.4 
31.8t1.6 32.3 

c o n t i n g e n c y  t a b l e  and i n f o r m a t i o n a l  c o n s t r a i n t s  a n a l y s e s .  I f  t w o  
sequences  have  h i g h  homology  v a l u e s ,  t h e i r  c o n t i n g e n c y  t a b l e s  
w i l l  be s t a t i s t i c a l l y  i n d i s t i n g u i s h a b l e .  Two sequences  may n o t  
have  h i g h  homology  v a l u e s ,  t h e  H A 1  subsequences f o r  exampl e, b u t  
t h e i r  c o n t  i ngency  t a b l e s  may be  s t a t i s t i c a l l y  
i n d i s t i n g u i s h a b l e .  The c o n t i n g e n c y  t a b l e  a n a l y s i s  f o c u s e s  o n  
i n f o r m a t i o n  a b o u t  t h e  sequences  
t h a t  a r e  s t r o n g l y  s e l e c t e d  f o r  o r  
on t h e  e v o l u t i o n  o f  t h e  n u c l e i c  
t h e  amino a c i d  sequence. 

i n d i s t i n g u i s h a b l e ,  d i f f e r e n c e s  i n  
f r o m  them a r e  n o t  l i k e l y  t o  

I f  t w o  c o n t i n g e n c y  

such  as  p a r t i c u l a r  amino a c i d s  
a g a i n s t ,  o r  c e r t a i n  c o n s t r a i n t s  
a c i d  sequence n o t  dependen t  on  

t a b 1  e s  a r e  s t a t i s t i c a l l y  , 

t h e  D 1  and D2 v a l u e s  c a l c u l a t e d  
be  s t a t i  s t i c a l  l y  s i g n i f i c a n t .  

However, t w o  sequences  whose c o n t i n g e n c y  t a b l e s  have 
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  may have  v e r y  s i m i l a r  D 1  
and D2 measures.  F o r  example ,  a p a r t i c u l a r  secondary  s t r u c t u r e  
may be  s a t i s f i e d  b y  a w i d e  v a r i e t y  o f  sequences  as  l o n g  as p r o p e r  
a r e a s  a r e  comp lemen ta ry  and t h e  t o t a l  s t r u c t u r e  has t h e  same f r e e  
energy .  Though t h e  homology  and c o n t i n g e n c y  t a b l e  a n a l y s e s  may 
n o t  f i n d  any s i m i l a r i t y  be tween  t h e  sequences ,  t h e  D 1  and D2 
measures  may d e t e c t  t h i s  s i m i l a r i t y  i n  u n d e r l y i n g  c o n s t r a i n t s .  

The H A 1  subsequences a c c o u n t  f o r  most  o f  t h e  d i f f e r e n c e s  i n  
homology  be tween t h e  s t r a i n s  s t u d i e d .  I n d e e d ,  t h e  r e g i o n s  c o d i n g  
f o r  t h e  H A l ' s  a re ,  i n  many s e c t i o n s ,  no  more s i m i l a r  t h a n  t h e  
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Monte C a r l o  r e f e r e n c e .  D e s p i t e  t h i s ,  t h e  c h i  s q u a r e  v a l u e  f o r  
t h e  H A 1  c o n t i n g e n c y  t a b l e s  i s  s m a l l e r  t h a n  t h a t  f o r  t h e  HA2 
c o n t i n g e n c y  t a b l e s .  Thus, t h e  H A 1  subsequences  show s i m i l a r  
c o n s t r a i n t s  n o t  a p p a r e n t  i n  t h e  homology a n a l y s i s .  The r e s u l t s  o f  
t h e  p o s i t i o n  s p e c i f i c  a n a l y s i s  s u g g e s t  t h e s e  s i m i l a r  c o n s t r a i n t s  
a r e  a c t i n g  on t h e  l e v e l  o f  t h e  amino a c i d  sequence because t h e  
P o s i t i o n  2 t a b l e s  were  most s i m i l a r ,  w h i l e  t h e  P o s i t i o n  3 t a b l e s  
were most  d i s s i m i l a r .  M i n  Jou, e t . a l .  ( 5  ) ,  n o t e d  s i m i l a r i t i e s  
i n  t h e  H A 1  amino a c i d  sequences :  c o n s e r v a t i o n  o f  c y s t e i n e  
p o s i t i o n s  and c o n s e r v a t i o n  o f  p o s i t i o n  and l e n g t h  o f  h y d r o p h o b i c  
s t r e t c h e s .  They c o n c l u d e d  t h a t  t h e  o v e r a l l  a r c h i t e c t u r e  o f  t h e  
h e m a g g l u t i n i n  was n o t  f l e x i b l e .  T h e r e f o r e ,  d e s p i t e  g r e a t  
d i f f e r e n c e s  i n  amino a c i d  sequence, t h e  f u n c t i o n a l  and s t r u c t u r a l  
s i m i l a r i t i e s  i n  t h e  H A 1  p r o t e i n s  a r e  t h e  b a s i s  f o r  s i m i l a r i t i e s  
d e t e c t e d  by t h e  c o n t i n g e n c y  t a b l e  a n a l y s i s .  

S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  were f o u n d  be tween t h e  
H A 1  and HA2 c o n t i n g e n c y  t a b l e s .  S t a t i s t i c a l l y  s i g n i f i c a n t  
d i f f e r e n c e s  were a l s o  f o u n d  be tween  t h e  H A 1  and HA2 P o s i t i o n  2 
(and  P o s i t i o n  1) c o n t i n g e n c y  t a b l e s .  However,  t h e  P o s i t i o n  3 
c o n t i n g e n c y  t a b l e s  were  n o t  s t a t i s t i c a l l y  d i s t i n g u i s h a b l e .  T h i s  
i s  because t h e  H A 1  and HA2 P o s i t i o n  3 c o n t i n g e n c y  t a b l e s  f o r -  
HA gene show,on t h e  ave rage ,  t h e  l e a s t  d i f f e r e n c e s  ( d a t a  n o t  
shown). The above r e s u l t s  s u g g e s t  t h a t  t h e  H A 1  and HA2 
subsequences  show d i f f e r e n c e s  due t o  c o n s t r a i n t s  a c t i n g  a t  t h e  

, p r o t e i n  l e v e l ,  w h i c h  i s  e x p e c t e d  s i n c e  t h e  H A 1  and HA2 p r o t e i n s  
c e r t a i n l y  e v o l  ve u n d e r  d i  f f e r e n t  f u n c t i o n a l  c o n s t r a i n t s .  
However, t h e  H A 1  and HA2 subsequences  show s i m i l a r i t i e s  due t o  

- c o n s t r a i n t s  a c t i n g  b e l o w  t h e  l e v e l  o f  amino a c i d  sequence. Such 
c o n s t r a i n t s  may i n v o l v e  t h e  2 '  s t r u c t u r e  o f  t h e  vRNA o r  t h e  r a t e  
a n d / o r  a c c u r a c y  o f  t r a n s l a t i o n .  Grantham, i n  h i s  a n a l y s i s  o f  
codon f r e q u e n c i e s  ( 2 1 ) ,  has  f o u n d  t h e  t h i r d  p o s i t i o n  most  
p o w e r f u l  i n  d i s t i n g u i s h i n g  mRNAs. He has a l s o  h y p o t h e s i z e d  t h a t  
t h e  t h i r d  p o s i t i o n  was i n v o l v e d  i n  t h e  c o n t r o l  o f  t h e  
t r a n s c r i p t i o n  r a t e  ( 2 2 ) .  I f  t h i s  i s  i n d e e d  t r u e ,  t h e n  t h e  t h r e e  
s u b t y p e s  may d i f f e r  i n  t h e  r a t e  o f  t r a n s c r i p t i o n  o f  t h e  

h e m a g g l u t i n i n  gene - t h i s  may be r e l a t e d  t o  d i f f e r e n c e s  i n  
v i r u l e n c e  be tween sub types .  

The H A 1  p o l y p e p t i d e  c o n t a i n s  a l a r g e  r e g i o n  c o n s t i t u t i n g  t h e  
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immunogenic s i t e s  o f  t h e  v i r u s  ( 2  ). I n  t h i s  r e g i o n ,  f a v o r a b l e  
m u t a t i o n s  a r e  t h o s e  w h i c h  cause  a n t i g e n i c  d i f f e r e n c e .  T h i s  i s  a 
c o n s t a n t l y  v a r y i n g  c o n s t r a i n t  w h i c h  s h o u l d  be c o n t r a s t e d  w l t h  
t h o s e  on a r e g i o n  r e s p o n s i b l e  f o r  c a t a l y z i n g  a r e a c t i o n  o r  
m a i n t a i n i n g  a s p e c i f i c  s t r u c t u r e .  T h i s  " c o n s t r a i n t "  has a 
r a n d o m l z i n g  e f f e c t  on t h e  H A 1  n u c l e i c  a c i d  subsequences. Thus, 
t h o u g h  t h e r e  i s  a s i m i l a r  r e l a t i o n s h i p  o f  0 1  ( c o n s t r a i n t s  t o w a r d  
n o n u n i f o r m  base c o m p o s i t i o n )  t o  02 ( c o n s t r a i n t s  on t h e  o r d e r i n g  - 
o f  t h e  b a s e s )  f o r  t h e  H A 1  and HA2 subsequences ,  t h e  m a g n i t u d e  o f  

0 t h  c o n s t r a i n t s  i s  l e s s  f o r  t h e  H A 1  subsequences. 

CONCLUSION 
C o n v e n t i o n a l  compara t  1 ve  sequence a n a l y s i  s, i n v o l  v i  ng a 

s e a r c h  f o r  h o m o l o g i e s ,  wou ld  r e v e a l  t h e  h i g h  degree  of  sequence 
c o n s e r v a t i o n  i n  t h e  HA2 subsequences ,  and t h e  r e l a t i v e l y  l o w  
d e g r e e  o f  c o n s e r v a t i o n  i n  t h e  H A 1  subsequences. C o n v e n t i o n a l  
a n a l y s e s ,  however ,  wou ld  n o t  r e v e a l ,  i n  such  a d i r e c t  manner, t h e  
s t r o n g  s i m i l a r l t i e s  i n  c o n s t r a i n t s  on t h e  H A 1  subsequences ,  n o r  
c o u l d  t h e y  a s s i g n  t h e s e  c o n s t r a i n t s  t o  t h e  l e v e l  o f  p r o t e i n  
f u n c t i o n .  C o n v e n t l o n a l  a n a l y s e s  w o u l d  c e r t a i n l y  r e v e a l  t h e  
d i f f e r e n c e  be tween t h e  H A 1  and HA2 subsequences ,  b u t  c o u l d  n o t  
r e v e a l  t h e  s i g n i f i c a n t  s i m i l a r i t i e s  i n  t h e  c o n s t r a i n t s  o p e r a t i n g  
b e l o w  t h e  l e v e l  o f  p r o t e i n  f u n c t i o n .  

H i e r a r c h i c a l  a n a l y s i s  p r o v i d e s  a s i m p l e ,  i n t e g r a t e d  a p p r o a c h  
f o r  c o m p a r a t i v e  sequence a n a l y s i s ,  and may p r o v e  even more u s e f u l  - 
i n  sys tems  where t h e  b i o l o g l c a l  p r o p e r t i e s  a r e  n o t  so w e l l  
u n d e r s t o o d .  
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