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ABST R AC T 

When e v a l u a t i n g  s e q u e n c e  s i m i l a r i t i e s  among n u c l e i c  a c i d s  by 
t h e  ~ i s u a l  m e t h o d s ,  s t a t i s t i c a l  s i g n i f i c a n c e  is o f t e n  fot ind when 
t h e  b i o l o g i c a l  s i g n i f i c a n c e  o f  t h e  s i m i l a r i t y  is d u b i o u s .  We 
d e m o n s t r a t e  t h a t  t h e  known s t a t i s t i c a l  p r o p e r t i e s  o f  n u c l e i c  a c i d  
s e q u e n c e s  s t r o n y l y  a f f e c t  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  
s i m i l a r i t y  v a l u e s  when c a l c u l a t e d  by s t a n d a r d  p r o c e d u r e s .  W e  
p r o p o s e  a se r ies  o f  m o d e l s  which  a c c o u n t  f o r  soine of t h e s e  known 
s t a t i s t i c a l  p r o p e r t i e s .  The u t i l i t y  o f  t h e  method is 
d e r n o n s t r a t e d  i n  e v a l u a t i n g  h i g h  r e l a t i v e  s i m i l a r i t y  scores i n  
f o u r  s p e c i f i c  cases i n  which  t h e r e  is l i t t l e  b i o l o g i c a l  c o n t e x t  
e y  which  t o  j u d g e  t h e  s imi la r i t i es .  I n  t w o  o f  t h e  cases w e  
i d e n t i f y  t h e  s t a t i s t i c a l  p r o p e r t i e s  which  a r e  r e s p o n s i b l e  f o r  t h e  
q p a r e n t  s i m i l a r i t y .  I n  t h e  o t h e r  t w o  cases  t h e  s t a t i s t i c a l  
s i g n i f i c a n c e  of t h e  s i q i l a r i t y  p e r s i s t s  e v e n  when t h e  known 
s t a t i s t i c a l  p r o p e r t i e s  o f  s e q u e n c e s  a re  m o d e l l e d .  F o r  o n e  of 
t h e s e  cases b i o l o g i c a l  s i g n i f i c a n c e  is l i k e l y  w h i l e  t h e  o t h e r  
case r e m a i n s  a n  en igma.  

INTRODlJCTION 

When a p p a r e n t l y  s i m i l a r  s u b s e q u e n c e s  a r e  d e t e c t e d  h e t w e e n  

t w o  n u c l e i c  a c i d  s e q u e n c e s ,  a n  i m p o r t a n t  q u e s t i o n  is: Does t h i s  

d e g r e e  of s i m i l a r i t y  imply  a n  e v o l u t i o n a r y  or f u n c t i o n a l  

r e l a t i o n s h i p  b e t w e e n  t h e  s u b s e q u e n c e s ?  T h i s  q u e s t i o n  i s  
p a r t i c u l a r l y  r e l e v a n t  when t h e r e  is l i t t l e  or  no b i o l o g i c a l  
c o n t e x t  i n  w h i c h  t o  j u d g e  a n  a p p a r e n t  s i m i l a r i t y .  Such  a 
s i t u a t i o n  w i l l  i n c r e a s i n g l y  a r i se  w i t h  t h e  a d v e n t  o f  l a r g e  

s e q u e n c e  d a t a  b a n k s  and t h e  d e v e l o p m e n t  o f  r a p i d ,  s e n s i t i v e  

methods  w i t h  which  to  s e a r c h  f o r  s i m i l a r i t y  ( 1 ) .  

S t a t i s t i c a l  m e t h o d s  a r e  o f t e n  u s e f u l  i n  a n s w e r i n g  t h i s  

q u e s t i o n .  T y p i c a l l y ,  a d i s t r i b u t i o n  o f  s i m i l a r i t y  scores among 

s e q u e n c e s  w h i c h  do n o t  s h a r e  a n  e v o l u t i o n a r y  o r  f u n c t i o n a l  

r e l a t i o n s h i p  is u s e d  t o  f i n d  a s i g n i f i c a n c e  l e v e l  a s s o c i a t e d  w i t h  
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a computed s i m i l a r i t y  score. The d i s t r i b u t i o n  of Sirf l i1AKity 

scores may be a t h e o r e t i c a l l y  d e t e r m i n e d  d i s t r i b u t i o n  ( e . g . ,  t h e  

normal  c u r v e ) ,  or t h e  d i s t r i b u t i o n  may he  g e n e r a t e d  by Yonte  

Car lo  m e t h o d s .  The  s t a n d a r d  Monte C a r l o  method i n v o l v e s  

g e n e r a t i n g  r e f e r e n c e  s e q u e n c e s  w h i c h  r e t a i n  o n l y  t h e  b a s e  

c o m p o s i t i o n  and l e n g t h  of t h e  o r i g i n a l  s e q u e n c e s .  

However, u s i n g  c u r r e n t  s t a t i s t i c a l  m e t h o d s ,  o n e  o f t e n  

e n c o u n t e r s  s e q u e n c e  s i m i l a r i t i e s  which  are  i d e n t i f i e d  a 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 ,  h u t  t h e i r  b i o l o g i c a l  s i g n i f i c a n c e  is 
u n c l e a r ,  and p e r h a p s ,  e v e n  d u b i o u s .  A p o s s i b l e  e x p l a n a t i o n  for 
t h i s  s i t u a t i o n  may be  t h a t  t h e  se t  of r e f e r e n c e  s e q u e n c e s  ( t h e  

s t a t e  s p a c e )  s a m p l e d  by t h e  s t a t . i s t i ca1  method is n o t  ' 

r e p r e s e n t a t i v e  O E  t h e  t r u e  s t a t i s t i c a l  d i s t r i b u t i o n  f r o m  which 
t h e  s p e c i f i c  s e q u e n c e s  were t a k e n .  Yore s p e c i f i c a l l y ,  t h e  . 

s i m i l a r i t y  v a l u e s  b e t w e e n  s e q u e n c e s  i n  t h e  r e f e r e n c e  se t  may be  
u n rea 1 is t i c a 1 1 y low. R e c e n t  r e s u l t s  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  of s e q u e n c e d  n u c l e i c  a c i d s  s u g g e s t s  t h a t  some 

s t a t i s t i c a l  p a t t e r n s  are common amoung s e q u e n c e s  which  d o  n o t  

have  a v e r i f i e d  f u n c t i o n a l  O K  e v o l u t i o n a r y  r e l a t i o n s h i p  on  t h e  
s e q u e n c e  l e v e l .  

F o r  e x a m p l e ,  N u s s i n o v  ( 2 )  has  d e s c r i b e d  u n i v e r s a l  r u l e s  on 

d i n u c l e o t i d e  a s s y m e t r y ,  which  g o v e r n  d o u h l e t  f r e q u e n c i e s .  

F i c k e t t  ( 3 )  a n a  S m i t h ,  e t  a l .  ( 4 )  h a v e  d e t e c t e d  s t a t i s t i c a l  
p r o p e r t i e s  u n i q u e  t o  c o d i n g  s e q u e n c e s .  Grantham,  e t  a l .  (5,6) 

have  c o m p i l e d  e x t e n s i v e  d a t a  on codon u s a g e  c l e a r l y  d e m o n s t r a t i n g  

a nonrandom u s e  of synonymous c o d o n s ,  w h i l e ,  Lipman & W i l b u r  (7) 

have  s u b s e q u e n t l y  shown a c o n t e x t u a l  c o n s t r a i n t  on  synonymous 

codon u s a g e  i n  e u k a r y o t e s .  Data is a l s o  a c c u m u l a t i n g  on t h e  

n o n u n i f o r m  b a s e  c o m p o s i t i o n  a l o n g  n u c l e i c  a c i d  s e q u e n c e s  ( i . e .  
a d e n i n e  c l u s t e r s ,  a d e n i n e  & t h y m i n e  r i c h  r e g i o n s )  ( 8 , 9 ) .  

The s t a t i s t i c a l  p a t t e r n s  a re  h e l d  t o  b e  l a r g e l y  t h e  r e s u l t  

of 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  e v o l u t i o n  o f  s e q u e n c e s .  

T h e s e  c o n s t r a i n t s  may be  v i r t u a l l y  u n i v e r s a l  ( 2 , 8 )  O K  t h e y  may be  

d i f f e r e n t  i n  c o d i n g  v e r s u s  n o n c o d i n g  r e g i o n s  ( 3 ) .  I n  e i t h e r  

case, s u c h  s t a t i s t i c a l  p a t t e r n s  m i g h t  i n f l u e n c e  t h e  d i s t r i b u t i o n  

of s i m i l a r i t y  v a l u e s  be tween randomly  c h o s e n  p a i r s  o f  n u c l e i c  

a c i d  s e q u e n c e s .  R e c e n t l y ,  F i t c h  (10) p r o p o s e d  r e t a i n i n g  t h e  

nearest  n e i g h b o r  f r e q u e n c i e s  o f  t h e  o r i g i n a l  s e q u e n c e s  i n  a Monte 
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Carlo method, however he did not, with the exception of two 
hypothetical examples, examine the effect of this modification. 

we will show t5at two known statistical properties of 
sequences, the nearest neighbor frequencies, and the local 
fluctuations in base composition, can greatly affect the 
distribution of sinilarity between randomly generated 
sequences. We will also demonstrate that the choice of 
statistical model can affect conclusions regarding the 
statistical significance of similarities detected between 
specific $airs of sequences. We propose that consideration of 
the shared statistical properties of nucleic acid sequences will 
assist in understanding the relationship between statistical 
significance and biological significance. 

METHODS 

Similarity between two sequences was determined using the 
local similarity algorithm of Smith & Waterman (11). A 

similarity score is obtained by adding the number of base matches 
with penalties assessed for the number of mismatches, gaps and/or 
for each base in a gap. The algorithm considers all possible 
alignments of two sequences and finds the subsequences with the 
best possible score under the scoring rules. The scoring rules 
used in a l l  comparisons were, 

match = +1.0 ; 

mismatch = -0.9 ; 

each base in a gap = -2.0 . 
A similarity score for a given alignment is the s l i m  of all the 
matches, mismatches and gaps, weighted by the above factors. The 
algorithm will find the alignments which correspond to the 
highest possible score. 

The computer simulations of various statistical models will 
be described in the Results. Computing was done on the DEC KL- 

10, and VAX 11/780 computers at the National Institutes of 

Health, and on the C R A Y l  computer at Los Alamos National 
Laboratory. All sequences were taken from the National 
Institutes of Health DNA Data Rank of L o s  Alamos Scientific 
Laboratory (Genbank) . 
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RKSIJLTS ~- 
To e x a m i n e  t h e  e f f e c t  o f  t h e  s t a t i s t i c a l  p r o p e r t i e s  of 

s e q u e n c e s  on t h e  d i s t r i b i i t i o n  of s i a i l s r i t y  v a l i i e s ,  a se t  of 100  

v e r t e b r a t e  n u c l e i c  a c i d  s e q u e n c e s  was randomly  c h o s e n  E r o m  

Genbank ( t h e  l i b r a r y  s e t ) .  The Genhank s e q u e n c e s  had p r e v i o u s l y  

been  s c r e e n e d  t o  remove e x c e p t i o n a l l y  l o n g  or  s h o r t  s e q u e n c e s .  4 

s u b s e t  of t e n  s e q u e n c e s  ( t h e  q u e r y  s e t )  was a l s o  r a n d o m l y  c h o s e n  

and e a c h  of i t s  members were compared f o r  l o c a l  s i m i l a r i t y  w i t h  

a l l  100 s e q u e n c e s  i n  t h e  l i b r a r y  se t .  The mean, m e d i a n  and  

e s t i m a t e d  s t a n d a r d  d e v i a t i o n  o f  t h e  r e s u l t i n g  1000 s i m i l a r i t y  

scores  were computed and a re  i n  T a b l e  1. 

T h r e e  s u b s e q u e n t  sets of c o m p a r i s o n s  were a l s o  made w i t h  
randomized  s e q u e n c e s  which  r e t a i n e d  s p e c i f i e d  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  l i b r a r y  set. 

Randomized S e t  A ( b a s e  c o m p o s i t i o n  p r e s e r v e d ) :  

One h u n d r e d  s e q u e n c e s  were y e n e r a t e d  r e t a i n i n g  t h e  l e n g t h  

d i s t r i b u t i o n  as w e l l  as t h e  b a s e  c o m p o s i t i o n  of t h e  

l i b r a r y  se t .  Two t e c h n i q u e s  e x i s t  to  a c c o m p l i s h  t h i s  

t a s k .  The u s u a l  o n e  is t o  g e n e r a t e  a random s e q u e n c e  

where  t h e  ( i n d e p e n d e n t )  p r o b a b i l i t y  o f  a b a s e  i n  any  

T a b l e  I 

1 SET MEAN MEDIAN E.S.O. - 

The L i b r a r y  S e t  1 5  .0 14.8  4.44 

( b a s e  c o m p o s i t i o n  1 3 . 3  1 3 . 3  2 . 8 1  

Randomized S e t  A 

p r e s e r v e d )  

Randomized S e t  R 

( n e a r e s t  n e i g h b o r s  14.7 14.7 3.25 

p r e s e r v e d )  
Randomized S e t  C 

( l o c a l  b a s e  c o r n p o s i t i o n  13 .5  13 .7  3.85 

p r e s e r v e d )  

1. E s t i m a t e d  S t a n d a r d  D e v i a t i o n :  c a l c u l a t e d  a s  .740 * 
( i n t e r q u a r t i l e  r a n g e ) ,  which  is u n b i a s e d  f o r  t h e  s t a n d a r d  

d e v i a t i o n  i f  t h e  d i s t r i b u t i o n  is n o r m a l .  ~ 
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p o s i t i o n  is p r o p o r t i o n a l  t o  i ts  c o m p o s i t i o n  i n  t h e  

o r i g i n a l  s e q u e n c e .  Second is t h e  s h u f f l i n g  t e c h n i q u e  

where  a random p e r m u t a t i o n  of t h e  ! o r i g i n a l  s e q u e n c e  is 

c a l c u l a t e d  ( 12). F o r  s e q u e n c e s  of l e n g t h  
g r e a t e r  t h a n  30 , t h e s e  two t e c h n i q u e s  a r e  e q u i v a l e n t .  

Randomized S e t  R ( n e a r e s t  n e i g h b o r s  p r e s e r v e d ) :  

One h u n d r e d  s e q u e n c e s  were g e n e r a t e d  r e t a i n i n g  t h e  l e n g t h  

d i s t r i b u t i o n  and n e a r e s t  n e i g h b o r  f r e q u e n c i e s  of t h e  

l i b r a r y  set .  

Randomized S e t  C ( l o c a l  b a s e  c o m p o s i t i o n  p r e s e r v e d ) :  

One h u n d r e d  s e q u e n c e s  were g e n e r a t e d  r e t a i n i n g  t h e  l e n g t h  
d i s t r i b u t i o n  and  b a s e  c o m p o s i t i o n  of t h e  l i b r a r y  se t  a s  
w e l l  as t h e  p a t t e r n  of f l u c t u a t i o n s  i n  b a s e  c o m p o s i t i o n  

a l o n g  e a c h  s e q u e n c e  ( i . e .  r e g i o n s  r i c h  i n  a d e n i n e  and  

t h y m i n e  r e m a i n e d  so). T h i s  was d o n e  hy s h u f f l i n g  t h e  

s e q u e n c e  w i t h i n  1 2  b a s e  b l o c k s :  t h e  b l o c k s  o v e r l a p p e d  

e a c h  o t h e r  by 3 b a s e s .  T h i s  c h o i c e  of b l o c k  s i z e  and  

o v e r l a p  s i z e  were somewhat a r b i t r a r y .  Small v a r i a t i o n s  

i n  b l o c k  s i z e  and o v e r l a p  s i z e  however  h a v e  l i t t l e  e f f e c t  

on  t h e  f i n a l  r e s u l t s .  

The q u e r y  set  s e q u e n c e s  were compared  t o  e a c h  of t h e  
randomized  l i b r a r y  sets. 1000 p a i r w i s e  c o a p a r i s i o n s  were t .hus 

made f o r  e a c h  case,  t h e  mean, m e d i a n ,  and e s t i m a t e s  o f  s p r e a d  or  
s t a n d a r d  d e v i a t i o n  were c a l c u l a t e d  and a r e  shown i n  T a b l e  I .  

F i g u r e  1 c o n t a i n s  h i s t o y r a m s  o f  t h e  d i f f e r e n t  se ts  of 

p a i r w i s e  c o m p a r i s o n s .  The u p p e r  h i s t o g r a m  is b a s e d  on t h e  

c o m p a r i s o n s  among t h e  r ea l  s e q u e n c e s  and t h e  lower h i s t o g r a m s  are 

b a s e d  on  c o r n p a r i s o n s  among t h e  d i f f e r e n t  sets of randomized  

s e q u e n c e s .  S e q u e n c e  c o m p a r i s o n s  r e s u l t i n g  i n  s i m i l a r i t y  scores 
g r e a t e r  t h a n  36 are n o t  shown. F o r  t h e  r e a l  s e q u e n c e s ,  m o s t  
p a i r s  w i t h  scores q r e a t e r  t h a n  36 r e p r e s e n t e d  known h o m o l o g i e s  

( i . e .  r e l a t e d  p r o t e i n  c o d i n g  r e g i o n s  or r e p e t i t i v e  e l e m e n t s ) .  

Those  p a i r s  i n  t h e  g r o u p  below 36 u n d o u b t e d l y  s h a r e  s h o r t  

h o m o l o g i e s  s u c h  a s  P r i b n o w  boxes, or  some h e r e t o f o r e  

u n i d e n t i f i e d  , r e l a t e d  r e p e t  i t  i v e  e l e m e n t s .  F o r  t h e  S e t  A 

c o i n p a r i s o n s  ( b a s e  c o m p o s i t i o n  p r e s e r v e d )  and  S e t  R c o m p a r i s o n s  

( n e a r e s t  n e i g h b o r s  p r e s e r v e d )  t h e r e  were no scores g r e a t e r  t h a n  
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F i y u r e  1: 

S i m i l a r i t y  c o m p a r i s o n s  of Query  S e t  w i t h  i n d i c a t e d  r e f e r e n c e  
sets.  Upper  H i s t o g r a m :  O u e r y  S e t  v e r s u s  L i b r a r y  S e t .  
L o w e r  H i s t o g r a m :  Q u e r y  S e t  v e r s u s  Randomized S e t  A ( b a s e  
c o m p o s i t i o n  p r e s e r v e d ) ,  s o l i d  l i n e ;  Randomized S e t  H ( n e a r e s t  
n e i g h b o r s  p r e s e r v e d ) ,  "+"; Randomized S e t  C ( l o c a l  b a s e  
c o m p o s i t i o n  p r e s e r v e d ) ,  "0". 

3 0 .  F o r  S e t  C c o m p a r i s o n s  ( l o c a l  b a s e  c o m p o s i t i o n  p r e s e r v e d )  

t h e r e  were 15 scores g r e a t e r  t h a n  3 6 .  

C o n s i s t e n t  w i t h  t h e  means and s t a n d a r d  d e v i a t i o n s  shown on  
T a b l e  I ,  t h e  a r e a  u n d e r  t h e  r i g h t  hand t a i l  of t h e  h i s t o g r a m  is 

l e a s t  i n  t h e  c o m p a r i s o n s  b e t w e e n  S e t  A s e q u e n c e s  ( b a s e  

c o m p o s i t i o n  p r e s e r v e d ) .  I n  a d d i t i o n ,  t h e  h i s t o g r a m s  €or t h e  Se t  

0 ,  and t h e  S e t  C c o m p a r i s o n s  are more s imi la r  t o  t h e  h i s t o g r a m  

f o r  t h e  real  s e q u e n c e s  t h a n  is t h e  h i s t o g r a m  f o r  t h e  S e t  4 

compar isms. Thus  i t  is c l ea r  t h a t  t h e  d i s t r i b u t i o n  o f  

s i m i l a r i t y  v a l u e s  is d e p e n d e n t  on t h e  s t a t i s t i c a l  d i s t r i b u t i o n s  

of t h e  e n s e m b l e  of s e q u e n c e s  b e i n g  c o n s i d e r e d .  
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We now examine how the choice of statistical model can 
affwt conclusions regarding the statistical significance of 
sinilarity values of specific pairs of sequences. Four 

particular comparisons were chosen because of their relatively 
high respective similarity scores, and because of the lack of 
biological context in which to judge the significance of the 
similarities found. (The choice of pairs was not influenced by 
whether or  not a member of a pair coded for protein.) The pair5 
ar? listed in Table 11. 

We will evaluate the statistical significance of the 
si:nilarities detected with respect to three models. 

Yodel A (base composition preserved) 

The degree of similarity found between two sequences is 
due to ylobal similarity in the base composition of the 
sequences. 

Table I1 

1) Pair #1 (similarity score=31.5, 3.8 s.d. above mean 
Human alpha-2 globin gene: 
The subsequence encompassed the 3' flanking region, the 
first exon and approximately the first half of the first 
interveninu seauence. a 

Xenopus laevis rihosomal RNA genes: 
The subsequence between the 18s ribosomal RNA gene and the 
5 .8s  ribosomal W A  oene. - 

Pair #2 (similarity score=37.6, 5.1 s.d.  above mean) 
Human leukocyte ( lambda alpha-2) cDNA: 
The 5' flanking region. 
Human delta globin gene: 
The 3' end of the second intervening sequence. 

Mouse B1 repetitive cDNA, copy A: 
The subsequence encompassing the B1 consensus sequenc 

Hat preprolactin gene; 
The Subsequence within the first intervening sequence. 

Pair # 4  (similarity score=29.4, 3.3 s . d .  above mean) 
Mouse H2 transplantation antigen cDNA: 
The subsequence within first third of cDNA. 

Pair t3 (similarity score=37.7, 5.2 s.d.  above mean) 

Rat preproinsulin gene: 
The subseuuence from 3 '  end of second intervening sequence 
through coding region #2. 

1. The number of standard deviations above mean, using the values 
on Table I. 
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Model H ( n e a r e s t  n e i g h b o r s  p r e s e r v e d )  

The d e g r e e  o f  s i m i l a r i t y  f o u n d  b e t w e e n  two s e q u e n c e s  is 
d u e  t o  s i m i l a r i t y  i n  t h e  n e a r e s t  n e i g h b o r  f r e q u e n c i e s  o f  

t h e  t w o  s e q u e n c e s .  

Yodel  (3 ( l o c a l  b a s e  c o m p o s i t i o n  p r e s e r v e d )  

The d e g r e e  o f  s i m i l a r i t y  €ound be tween t w o  s e q u e n c e s  is 
d u e  t o  loca l  s i m i l a r i t i e s  i n  t h e  b a s e  c o m p o s i t i o n  o f  t h e  

t w o  s e q u e n c e s .  
T o  i n d i c a t e  t h e  s t a t i s t i c a l  s i g n i € i c a n c e  of a s i m i l a r i t y  

u n d e r  e a c h  o f  t h e  a b o v e  m o d e l s ,  A mean and s t a n d a r d  d e v i a t i o n  is 
d e t e r m i n e d  €or 100  randomized  s e q u e n c e  p a i r s ;  e a c h  s e q u e n c e  i n  a 
p a i r  r e t a i n i n g  e i t h e r  t h e  o v e r a l l  b a s e  c o m p o s i t i o n  ( Y o d e l  4), 

n e a r e s t  n e i g h b o r  f r e q u e n c i e s  (Model  H), or loca l  b a s e  c o m p o s i t i o n  

(Model  C) of i t s  r e s p e c t i v e  o r i g i n a l  s e q u e n c e .  To m a i n t . a i n  
d o u b l e t  f r e q u e n c i e s ,  w e  u s e d  a n  a l g o r i t h m  s i m i l a r  t o  t h a t  o f  

F i t c h  ( 1 9 8 3 )  ( O u r  a l g o r i t h m  d o e s  n o t  h a v e  t h e  p o s s i b i l i t y  of 

n o n u n i f o r m  s a m p l i n g  o f  t h e  s t a t e  s p a c e  and  w i l l  be  r e p o r t e d  on 

e l s e w h e r e . ) .  To m a i n t a i n  l oca l  b a s e  c o m p o s i t i o n ,  t h e  bases 

w i t h i n  n o n o v e r l a p p i n g  f o u r  b a s e  b l o c k s  o f  a s e q u e n c e  are  
s h u f f l e d .  T h i s  is t h e  smal les t  b l o c k s i z e  which  i n s u r e s  a d e q u a t e  

r a n d o m i z a t i o n .  The  number of s t a n d a r d  d e v i a t i o n s  a b o v e  t h e  mean 
f o r  e a c h  model is d i s p l a y e d  i n  T a b l e  111. 

For p a i r  # l ,  t h e  t h r e e  m o d e l s  c a n n o t  b e  d i s c r i m i n a t e d  

be tween.  The r e l a t i v e  s i m i l a r i t y  b e t w e e n  t h i s  p a i r  is a d e q u a t e l y  

a c c o u n t e d  f o r  by b a s e  c o m p o s i t i o n  a l o n e  (Model  A ) .  W h i l e  Models  
A and R d o  n o t  a c c o u n t  f o r  t h e  s i m i l a r i t y  v a l u e  o f  p a i r  # 2 ,  Modal 

C c l e a r l y  does .  Thus  t h e  r e l a t i v e  s i m i l a r i t y  be tween 

a p p e a r s  d u e  t o  s i m i l a r ,  nonrandom loca l  f l u c t u a t i o n s  

T a b l e  III 

S i g n i f i c a n c e ’  u n d e r  e a c h  Model 

#1 

Model A 4 . 4  23.5 12 .2  
Model R 6 . 3  1 2 . 1  I .6 
Model C n 5.1 5.9 

1. The nuinher of s t a n d a r d  d e v i a t i o n s  f r o m  t h e  mean. 

p a i r  # 2  

i n  b a s e  

222 

I 



Nucleic Acids Research 

c o m p o s i t i o n .  W i t h o u t  t h i s  a n a l y s i s ,  s i m p l y  r u n n i n g  a Model A 

Monte Car lo  g i v e s  t h e  i m p r e s s i o n  of h i g h  s t a t i s t i c a l l y  

s i g n i f i c a n t  s i m i l a r i t y .  P a i r s  9 3  and I 4 r e q u i r e  a more d e t a i l e d  

e x ? m i n a t i o n  which  is g i v e n  i n  t h e  d i s c u s s i o n .  

T a b l e  I and  F i g u r e  I show how s t r o n g l y  s t a t i s t i c a l  
p r o p e r t i e s  known t o  be p r e s e n t  i n  b i o l o g i c a l  s e q u e n c e s  a f f e c t  t h e  

d i s t r i b u t i o n  o f  s i m i l a r i t y  v a l u e s .  As a n  e x a m p l e ,  c o n s i d e r  a 
s i a i l a r i t y  score of 2 4 .  1000 c o m p a r i s o n s  among Set .  A s e q u e n c e s  

( b a s e  c o r n p o s i t i o n  p r e s e r v e d ) ,  w h i c h  l ack  s t a t i s t i c a l  p r o p e r t i e s  

p r e s e n t  i n  r ea l  s e q u e n c e s ,  p r o d u c e d  a score o f  > 2 4  o n l y  t h r e e  

times. Randomized S e t  R (nearest  n e i g h b o r s  p r e s e r v e d )  p r o d u c e d  a 
score of  > 2 4  t h i r t e e n  times, w h i l e  Randomized S e t  C ( l o c a l  b a s e  

c o m p o s i t i o n  p r e s e r v e d )  p r o d u c e d  a score > 2 4  s i x t y  t h r e e  

times. T h u s ,  a l t h o u g h  t h e  s e q u e n c e s  i n  sets A , R ,  and C are  
randoin, t h e  d i s t r i b u t i o n s  o f  t h e i r  r e s p e c t i v e  s i m i l a r i t y  scores 
a re  c l e a r l y  d i E f e r e n t .  A g i v e n  s i m i l a r i t y  score would b e  

c o n s i d e r e d  more s i g n i f i c a n t  u n d e r  Yodel  A t h e n  u n d e r  Vodel  C. 

What t h e n  s h o u l d  t h e  r e f e r e n c e  set b e ?  

P e r h a p s  t h e  i d e a l  s i m i l a r i t y  score d i s t r i b u t i o n  f o r  

e v a l u a t i n g  t h e  e v o l u t i o n a r y  s i g n i f i c a n c e  o f  a n  a p p a r e n t  

s i m i l a r i t y  would be d e t e r m i n e d  f r o m  a l a r y e ,  r e p r e s e n t a t i v e  

s a m p l e  o f  all n a t u r a l l y  o c c u r i n g  n u c l e i c  a c i d  s e q u e n c e s  from t h e  

same t a x o n  and e n c o d i n g  t h e  same k i n d  of i n f o r m a t i o n  ( p r o t e i n ,  

s t r u c t u r a l  R N A ,  r e g u l a t o r y  s i g n a l s ,  e t ? . ) ,  which  do n o t  h a v e  a 
known e v o l u t i o n a r y  r e l a t i o n s h i p  a t  t h e  s e q u e n c e  l e v e l .  The u p p e r  

h i s t o g r a m  o f  F i g u r e  1 would seem t o  b e  j u s t  911ch a 
d i s t r i b u t i o n .  I t s  m o s t  i m p o r t a n t  f a i l i n g  is t h a t  t h e  c u r r e n t  

n u c l e i c  a c i d  s e q u e n c e  d a t a  bank d o e s  n o t  y e t  c o n t a i n  a 

r e p r e s e n t a t i v e  s a m p l e  o f  a l l  n a t u r a l l y  o c c u r i n g  n u c l e i c  a c i d  

s e q u e n c e  t y p e s .  T h u s ,  w h i l e  t h i s  i d e a l  r e f e r e n c e  se t  would he 

d e s i r a b l e ,  i t  is n o t  a r e a l i s t i c  o p t i o n  w i t h  t h e  p r e s e n t  d a t a  

- b a s e .  

An a v a i l a b l e  a l t e r n a t i v e  is t h e  c o m b i n a t i o n  o f  Monte Car lo  

methods  w e  used  to  e v a l u a t e  s p e c i f i c  e x a m p l e s  o f  T a b l e  11. P a i r  

4 1  p r o v i d e s  a n  e x c e l l e n t  e x a m p l e  o f  t h e  w e a k n e s s  o f  i i s i n g  a I 

223 



?- 

Nucleic Acids Research 

r e p r e s e n t a t i v e  s a m p l e  o f  t h e  p r e s e n t  l i m i t e d  d a t a  b a s e  a s  a 

r e f e r e n c e  se t .  A l t h o u g h  t h e  s i m i l a r i t y  score is 3 . 8  s t a n d a r d  

d e v i a t i o n s  a b o v e  t h e  mean €OK t h i s  set, o n e  would n o t  re jec t  
Model A f o r  t h i s  p a i r .  The r e l a t i v e l y  h i g h  s i m i l a r i t y  score was 

d u e  to  a l o n y  s t r e t c h  of b i a s e d  b a s e  c o m p o s i t i o n ,  a p p a r e n t l y  o n l y  
r a r e l y  s e e n  i n  t h e  d a t a  bank. I f ,  however ,  t h e  d a t a  bank d i d  

c o n t a i n  a t r u l y  r e p r e s e n t a t i v e  s a m p l e  o f  a l l  n a t u r a l l y  o c c u r i n g ,  
u n r e l a t e d  s e q u e n c e s ,  t h e n  a h i g h  r e l a t i v e  s i m i l a r i t y  score b a s e d  

s o l e l y  on  a g l o b a l  s i m i l a r i t y  i n  b a s e  c o m p o s i t i o n  may b e  

s u f f i c i e n t  t o  s u y g e s t  r e l a t e d n e s s .  For  P a i r  P 2  t h e  r e l a t i v e l y  

h i g h  s i m i l a r i t y  score was e x p l a i n e d  by s i m i l a r i t i e s  i n  loca l  b a s e  

c o m 2 o s i t i o n ,  Model C ,  b u t  n o t  by Models  A or 8. I n  t h i s  case,  
t h e  s u b s e q u e n c e s  matched  were e x t r e m e l y  g u a n i n e  and c y t o s i n e  

r i c h .  R e j e c t i n g  Models  4 and  R b u t  n o t  Model C d o e s  n o t  
n e c e s s a r i l y  i m p l y  t h a t  t h e r e  is no f u n c t i o n a l  or e v o l u t i o n a r y  
r e l a t i o n s h i p  b e t w e e n  t h e  t w o  s u b s e q u e n c e s .  ~t however  

e s t a b l i s h e s  t h a t  t h e  s i m i l a r i t y  is random w i t h i n  l oca l  r e g i o n s  

and is t h e r e f o r e  a u s e f u l  a n a l y t i c a l  tool.  We h a v e  o b s e r v e d  

i n s t a n c e s  of known b i o l o g i c a l  s i m i l a r i t i e s  w h e r e  t h e  r e l a t i o n s h i p  

a p p e a r s  random a t  t h e  l oca l  l e v e l .  I n  t h e s e  c a s e s ,  a n  o v e r a l l  

a r c h i t e c t u r e  of l a r g e  f l u c t u a t i o n s  i n  b a s e  c o m p o s i t i o n  a p p e a r s  

i m p o r t a n t  and n o t  a p a r t i c u l a r  s e q u e n c e  o f  bases.  

A l t h o u g h  t h e  l e v e l  of s i g n i f i c a n c e  f o r  p a i r  # 3  d e c r e a s e s  

d r a m a t i c a l l y  trom Model 4 t o  Yodel  C ,  o n e  would c o n c l u d e  t h a t  t h e  

s i m i l a r i t y  d e t e c t e d  was s t a t i s t i c a l l y  s i g n i f i c a n t .  T h i s  w O u I r ]  

s u g g e s t  t h a t  t h e r e  is a r e l a t i o n s h i p  b e t w e e n  a s u b s e q u e n c e  w i t h i n  

a n  i n t e r v e n i n g  s e q u e n c e  o f  t h e  r a t  p r o l a c t i n  g e n e  and  a mouse R1 

s e q u e n c e  ( a n  411.1 l i k e  r e p e t i t i v e  s e q u e n c e ) .  G u b b i n s ,  e t  a l .  ( 1 3 )  

i n  t h e i r  a n a l y s i s  o f  t h e  r a t  p r o l a c t i n  s e q u e n c e  r e p o r t e d  t h a t  t h e  

i n t e r v e n i n g  s e q u e n c e s  o f  t h e  r a t  p r o l a c t i n  g e n e  c o n t a i n e d  

s e q u e n c e s  r e p e a t e d  e l s e w h e r e  i n  t h e  r a t  genome. T h i s  o b s e r v a t i o n  

and t h e  r i g o r o u s l y  e s t a b l i s h 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  

s i m i l a r i t y  b e t w e e n  t h e  mouse B 1  s e q u e n c e  and  a s u b s e q u e n c e  w i t h i n  
t h e  f i r s t  i n t e r v e n i n g  s e q u e n c e  o f  t h e  r a t  p r o l a c t i n  g e n e ,  

s t r o n g l y  s u g g e s t  t h a t  t h i s  r a t  s u b s e q u e n c e  is a n  Alu l i k e  

r e p e t i t i v e  s e q u e n c e .  

A 1 1  t h r e e  m o d e l s  c a n  be  r e j e c t e d  f o r  p a i r  # 4  and t h u s  o n e  
c a n  c o n c l u d e  t h a t  t h e r e  is a s t a t i s t i c a l l y  s i g n i f i c a n t  s i m i l a r i t y  
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between the two matched subsequences. The biological 
significance of this similarity is however unclear. The rat 
preproinsulin subsequence spans an int.ervening sequence and a 
protein coding region while the mouse transplantation antigen 
subsequence is entirely protein coding. Because of the locations 
of gaps and mismatches in the alignment, the level of similarity 
betdeen protein coding regions decreased when translated into the 
amino acid sequence. This unexpected similarity remains an 
enigma and is evidence of the distinction between biological and 
statistical significance. 

So far we have demonst-rated that the standard Monte Carlo 
I methods of assessing statistical significance, by ignoring the 

statistical properties of biological sequences, may give 
unrealistic results. The stati.stica1 methods used by Yorn, et 

- al. (14), Hrutlag, et al. (15) and Goad h Kanehisa (16), may 
give unrealistic estimates of significance because they are based 
on assumptions which a l s o  ignore the statistical properties of 
biological sequences. The mathematical expression developed by 
Goad hr Kanehisa (16) has additional problems in that it can be 
shown that it does not sum to unity over all the possible stateq, 
in fact it can result in probabilities > 1. 411 of these 
methods may be nelpful at times but are clearly deficient when 
the estimation of statistical significance is critical in 
evaluating an apparent similarity. 

Tn those instances when the estimation of statistical 
significance is critical, the approach we have employed should be 
useful. By testing for statistical significance in this series 
of models, one can be assured that a statistically significant 
similarity is the result of a higher level (though not 
necessarily biologically significant) relationship between the 
sequences than the shared, nonspecific constraints which, to a 

' large extent, determine the statistical properties of biological 
seyuences. When the similarity values fit a model, one can 
determine which statistical properties are responsible for the 
apparent similarity. This information will be useful in giving a 
perspective on the relationship of the two sequenceq, 
particularly as we learn more about the forces rhich determine 
the statistical properties of sequences. 



Nucleic Acids Research 

A disadvantage of  this [method is that it requires moderate 
computation. A useful observation therefore is that although it 
is clear the doublet frequencies af Eect the distribution of 
similarity and controlling for  the doublets greatly reduced the 
siynificance of most siinilarities, we have not yet Eound an 
example in which the conclusion of  statistical significance was 

altered by imposing Model rj (nearest neighbor frequencies 
preserved) , although we assume that such exanples exist. 
Therefore, in nany instances, it may not be necessary to include 
this test. 

Even when imposing some of the important statistical 
properties of sequences, apparent simil3rities f such as th3t 
between pair $4,  the rat preproinsulin gene and t h e  mouse 92 
transplantation antigen) may be Eound which have a poorly 
understood biological basis. Such enigmas may eventually he 
explained by experiment or by further improvements of the 
stat is t ica 1 mode 1. 
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