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searched by computer for most similar segments. Analyair of t h i r  d a t a  
shows that the coaputod r i m i l a r i t y  scorer aro  d i s t r i b u t e d  propor t iona l ly  t o  
tho logarithm of the product of the longthr  of the sequencao involved. 
This d i r t r i b u t i o n  is c l o r e l y  r o l a t e d  t o  recont r a r u l t s  of Erdor and o t h e r r  
on the longes t  rua  of hmdr  ia coin toering. A simple r u l e  is derivod f o r  
doterminat ton of  r t a t l o t i c r l  oignif icanco of tho r i m i l a r i t y  ocorea and t o  
a o r i r t  in r e l a t i n g  a t a t i r t i c a l  and b i o l o g i c a l  s i g n i f i c a n c e .  

A l l  pa i re  of a l a r g e  set of know v e r t e b r a t e  DNA sequences wore 
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Identification and i n t o r p r e t a t i o n  of m l e c u l a r  seqwnco simil+ties 
i r  a fundamental problom in  molecular biology. An increasing amount of 
nuc le ic  ac id  roquence data tr becoming ava i lab lo  in such data baror aa  
CenBank in the  U.S.  and the EPBC data  bank in  Europo. A conpendim8 of the  

da ta  ha. appeared ar a supplement to  Nucleic Acids Rasearch (1). 

data  can be analyoad f o r  ro la t ionships ,  both func t iona l  and evolut ionary,  

by a v a r i e t y  of tochaiquor ( b r i e f l y  revisved i n  (2)). The recent 

i d e n t i f i c a t i o n  (3) of a 01mZ.a sarcoao v i r a l  onc gena v i t h  a human growth 

f a c t o r  is a good oxample of the u t i l i t y  of thoso d a t a .  Useful computer 

method. havo boen dovoloped for  t h i s  analy.fr, whore, among othor  
techniquer, dynamic programming ir employed t o  f ind  beat  r t c h i n g  (mort 
similar) region. of sequencer (4 -6 ) .  Sequonce comparison u t h o d r  a r o  
rovioved in (7). What ham boen, u n t i l  nov, lacktrig in ruch ana lyrer  10 a 

completoly v a l i d  t o r t  to aroors  the  s ta t t r t ical  r igu i f icance  of theso 

r i m i l a r i t y  rcoror  obrorvod k twoon  DNA requencor . n o u g h  the  l i t o r a t u r e  
abounds with requenco a l i g r u o n t r ,  and b i o l o g i c a l  argumontr barod on thoro  
a l i g m o n t r ,  thoro 1. vory roldoa any or t imato providod of tho r t a t i s t i c a l  

r i g a i f i c a n c o  (givon tho lengths and c o m p o o i t i o ~  of ' . the  tvo roquoncor b e i q  
compared) of thore alignment.. 
ruch an er t imato.  

These 

This  a r t i c l o  addrorseo tho nood t o  provide 
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Even if It were not possible to give a derivation of the statfsticnl 
distribution of similarity scores from first principles, the existing 
nucleic acid sequence data are sufficient €or an empirical investigation of 
the distribution. Such an investigation is important since all known 
heuristic and bate Carlo techniques frequently assign statistical 
sfgnfficance where unwarranted (8). 
of sequencer having rinilar function and taxonomic classification. 
DffCerent dfrtributlonr mfght be anticipated €or these subsets. For 
example, protein coding sequences night display higher similarity among 

theorelver simply due to their rimilar rtatirtical properties (base 
composition and nearest neighbor frequencfer (3)). 
vertebrate DNA protein coding sequences as well as eukaryotic structural 
RNA's, eukaryotic viruses, vertebrate ma-coding aequences, a d  non- 
vertebrate eukaryotic sequencer from CenBank (1). For example, we havo 
compared vertebate DNA sequences (and their complements) and eukaryotic 
virum sequences to a set of 204 vdrtebrate WrA sequences. 

The data CM be divided into subsets 

Our subsets Lnclude 204 

We present both empirical evldenca nnd theoretical justiElcation €or a 

specific statistical distribution of the similarity rcores among 

biologically realized sequences. 
statistical rigaiCicance of slnilaritier. 
paper i r  not only of practical value for nucleic acid sequence nnalymer, 
but is shown to be rdated to important recent developments in probability 
theory. 

n i s  leads to a sinple rule for asserring . 
The nethod developed In this 

ISTWD - 
All sequence data were from Genbnk (1) The alignment algorithm 

employed In this study incorporatea genetic transforaatfoar (bare 
subrtitutionr and deletion/insertlons) and finds the aort rimilar or 
highest rcoring regnents between twD sequences; t W r  algorith has been 
described in detail previourly (4). 
segments l a  the number of aatcher minus penalties for mislutchar and 
paps. The algorithm findr the maxioun of the eores of all much aligned 
pairs of segments, therefore finding the bast matching segments out of a11 
poesfbilitfes. The alaorithm i r  a generalization of the dynamic 
programming algorithm introduced by Needleman and Vonrch (9), and was 
designed for the specific natura of the data, which include many repeated 
(e.g. Alu sequencer) and biologically related (0.0. mRNA and genomic 
sequences) segments. 

The aimilarity score of two aligned 
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A FORTRAN program vas developed to implement the above similari ty 
algori thm on a CRAY-1 computer system. By u t i l i z i n g  the vector  
a r c h i t e c t u r e  of t h i s  computer i t  is poss ib le  t o  i n v e s t i g a t e  comparisons 
among very la rge  numbers of nuc le ic  ac id  Sequences in reasonable execut ion 

t i m e .  A l l  pa i rv ise  comparisons among 204 ver tebra te  sequences ( including 
the complement s t rands)  vere  c a r r i e d  o u t  i n  approximately 170 minutes, a t  a 
r a t e  of over 240 sequence comparisons per i i n u t e  v t t h  an average sequence 

length of 800 nucleot ides .  
To simplify the  problem of comparing these r e s u l t s ,  the  a lgori thm 

parameters vere held constant .  
sequence homology among a given ret of sequences is dependent on the  
algori thm parameters (lo) and the s t a t i s t i c a l  c h a r a c t e r i s t i c s  (8) of the  

gene t ic  domains involved, the  i d e n t i f i c a t i o n  of maximal segmmt homologies 
appears to  be less s e n s i t i v e .  The parameter values  ured in t h i s  study - 
r a t c h e s  equal 1.0, mismatches equal -0.90 and gaps ( s i n g l e  base 
d e l e t i o n l i n s e r t i o n s )  equal  -2.0 - were chosen bocaure they allow a high 

proport ion of the  known segment homologies among hemoglobin pro te in  coding 

regions t o  be i d e n t i f i e d .  In cases where previously i d e a t l f i e d  hemoglobin 
homologies ware not reproduced exac t ly  with these paramotus, the 
d i f fe rences  involved only a s l i g h t  rearrangement of neighboring gaps. This 
was t rue  even f o r  previously s tudied aon-protein encoding sequencer such as 
the  r ibosoaa l  RNAa ( t h u  increas ing  confidence in the eaployaent of these  

p a r t i c u l a r  parameter values) .  The percentage of matched bares ( including 

gaps) and tha r a t i o  of implied t r a n s i t i o n o  to  t ransvers ions  among t h e  

al igned riamatches were also ca lcu la ted .  Among previously i d e n t i f i e d  

homologies the percentage is genera l ly  g r e a t e r  than s ixty-eight  and t h e  
r a t i o  g r e a t e r  than trro t h i r d s .  

While. the  a b i l i t y  t o  i d e n t i f y  o v e r a l l  

The set of bast s i m i l a r i t y  scorer  r e s u l t t n g  from comparison of each 

given sequence with a l l  sequences i n  the v e r t e b r a t e  da ta  set waa used t o  

generate  a frequency d i s t r i b u t i o n .  Representat ive examples of these 

d i s t r i b u t i o n r  appear in Figure 1. 

o t h e r  soquencer in e data  set w i l l  be r e f e r r e d  to eo tha query sequence. 
The sequence being compared with t h e  

Although s i m f l a r i t y  mcores of 40 or l a r g e r  are considered o u t l i e r s  and 
are e a r l l y  i d e n t i f i e d  eo s t a t i s t i c a l l y  s i g n i f i c e s t ,  a s s e s . ~ ~ t  of lower 

scores  requi res  e deeper ana lys i s .  It is - t u r d  t o  u k  whether these 
frequency d i s t r i b u t i o n o ,  or some subset  of them, ere n o r u l l y  d i s t r i b u t e d .  

A L f l l i e f o r ' s  test (11) of normality ves run w there d i s t r i b u t i o n s  where 
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ligore 1. A 4  are s i m i l a r i t y  score histograms of observed maximum 
similarities of a s i n g l e  query sequence to the members of a re ference  set 
of sequences. I contains  two composite histograms. All  values  Sighor than 
50 vere recorded a t  50. A) Uistogram obtained from the query of 204 
ver tebra te  sequences using t h e  chicken x-gem (32); M r e p r e s m t s  hoaology 
v i t h  chicken ovalbunin (33) while AB represents  the suspected (10) ,hoMlogy 
v i t h  the  primate alpha-1 a n t i t r y p s i n .  B) Histogram obtained from th. query 
of 423 e u l u r y o t i c s  and v i r a l  sequences using the  mouse alpha henoglobla 
peeudogene (19); M represents  homologies with seven o t h e r  v e r t e b r a t e  a lpha  
globins;  BB represents  the least s l m i l a r  alpha globin,  the human pseudogene 
(3b ) ;  BC-BD represent  the o t h e r  hemoglobins rarrgillg from tha X.1aerCs beta 
globin (20) t o  the r a b b i t  beta g lobins  (35 ) .  C) Ris tograa obtained from 
the query of 204 v e r t e b r a t e  sequencer usidg one of t h e  aouse R l  ubiqui tous 
repea t  (21) sequences; CA-CB represent  the  o ther  aouee Bl's (21), two 
Chinese Hamster equiva len ts  (36) and tvD human Alus (22) that neighbor the 
eps i lon  globin and prepto insu l in  genes; CC represents  Muse and hamster 
[(NA. (36). presuaably arising from B l - l i l u  repea t  t r a n s c r i p t i o n ;  between CC 
and CD are a l l  tho o ther  unequivocal Alu/Bl-Uke aoquences includtng those 
froa r a t ,  human, and muse ;  CP, includes a n u b e t  of apparent ly  unrelated 
shor t  sequence r i d l a r i t i e s ,  but a l s o  includes the mst d i s t a n t  previounly 
i d e n t i f t e d  haas te r  Alu-like segwnce,  250 c l o s e  (36). D) HiStOgtM 
obtained from the query of 160 v e r t e b r a t e  pro te in  coding (sp l iced)  
sequences using the  bovine growth hormone, presomatotropin (37); M 
represents  four o t h e r  somatotropin sequences from human (38) and rat (39); 
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DE represents  the next most similar sequence found in a mouse 
immunoglobulin heavy chain constant  region (40).  E) Histogram from the 
query of the ve r t eb ra t e  non-protein encoding sequencer using the same 
coding sequence f o r  a query as in  D above; ZA r ep resen t s  the most similar 
sequence within t h i s  data  s e t ,  a rat  tRNA c l u s t e r .  P) the sum of 423 
eukaryot ic  s i m i l a r i t y  histograms, r o l i d  l i n e ;  and the sum of 100 r i m i l a r t t y  
hiatograms fo r  random sequences having nea te s t  neighbor frequencies 
i d e n t i c a l  ta those found in ver t eb ra t e  coding regions (3).  s o l i d  circles. 

. a l l  s i m i l a r i t y  scores  l a r g e r  than 40 were trimmed from t he  d l r t r i b u t i o n .  A 
one percent l e v e l  test r e su l t ed  in r e j e c t i o n  of normality in 98 percent of 
the  cases (see Pig. IA for  an example of one of the  feu d i r t r i b u t i o n r  

' passing t h i s  test). These r e r u l t r  c l e a r l y  i n d i c a t e  that S t a t i E t i C a l  

s ign i f i cance  rhould not be assigned by standard normal d i s t r i b u t i o n  
techniques.  

Earlier at temptr  t o  perfom ana lys i s  of t he  d t s t r i b u t i o n r  of matche8 
for  comparison of r a n d m  sequencer have provided few r e s u l t s  d i r e c t l y  

use fu l  f o r  sequence a n a l y s i s .  Chvatal  and Sankoff (12) began s t u d i e s  of 
the  d i s t r i b u t i o n  of the number of matches i n  radon sequencar where gaps 

and mismatches receive no penalty.  
common subsequence problem, has a t t r a c t e d  a good dea l  of a t t e n t i o n  bu t  

nothing d i r e c t l y  app l i cab le  t o  the more general  problem of molecular 
sequence comparison. The d i f f i c u l t y  of t h i s  problem seema to laam l i t t l e  

hope f o r  a cotnplete d i s t r i b u t i o n  theory.  
Deriving the  p robab i l i t y  d i s t r i b u t i o n  of t he  length of thr longert  run 

Their  problem, knova as the  longert 

of heads in a sequence of n independent coin to s se r  icr a problem with 8 

long h i s t o r y  of so lu t ion r  d i f f i c u l t  to do computationr with (U). 1970, 

however, Erdoo and Rcnyi faund the Longest run of heads to  be, in the l i m i t  
v i t h  p robab i l i t y  o w ,  log(n) where the loga r i t tm  is to base l /p,  p-P(Headr) 

(14, 25). 
the Etdos-Renyi law, are involved and p rec i se  formulations appear in t h e  
references (14, U) . 

The t echn ica l  s ta tements  of these and r e l a t e d  r e s u l t s ,  lcnowo AS 

The coin torring problem is r e l a t e d  to m q w n c e  lurching problear  in 
the fo l lou ing  way. Tvo random sequencer of l e n g t h  n are d i g n o d  by 

a l  a2 ... 
b l  32 . . e  bn 

Ua now convert  the alignment to a requence of Q'r and T'r. 
"H" r ep lace r  ti ; otherwire  a "T" doer.  This r ep lace r  the  a l i p r e n t  by a 

sequence of h d d r  and t a i l r .  The length of the  longebt run of matchar in  
the alignment is equal  to  the l eng th  of t h e  longe r t  run of head@ in t ha  

If  ai - bi , au 
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assoc ia ted  coin toss ing  sequence, and therefore  follows the  Erdos-ltenyi 
law. 

The Algorithm mployod i n  the  present  study gives  the best surtching 
region for  a l l  possible  alignments, motivating the following formulatCon. 

Let % be tho longest  run of uninterrupted matches f o r  the p a r t i c u l a r  
alignment 

ala2 ... ai ... 
b l  bz s bn-i+l . bn 

Rare Pi < n-i+l and, f o r  pi l a r g e ,  the Erdoa-llenyi law holds  f o r  

best  of a l l  these Ri is R where 
The 

R - mox Ri 

-n< i < n  
It is poss ib le  to  provo (18) t h s t  the l i m i t  law of lt is equivalent  t o  an 

Erdos-Renyi law with a d i f f e r e n t  constant ,  t h a t  is, 2.0 mult ip l ied  by 
lOg(n)/lOg( I /p) ,  where p - P( a t c h )  - p 3  + pt+ pc . For sequencos of 
length n and a, the  expected v r l w  o f  R, AllOWhg k mfsaatches, is 

2 

E(R) - (lOg(acr) + k lOglOg(m) + (k+1) log( 1-p) - lOg(k!))/lOg( l /p )  
+ k + y / X - $  

and the var iance i r  
a2- r2/6X2+ 1/12 

where y - .577 ... is the  Eulor-I4scheroni constant  and X - In( 1/p).  Those 
r e s u l t s ,  with a complete error a n a l y s i s ,  appear i n  A paper by A r t a t i 8  e t  

01. (16) .  U r l i n  e t  a l .  (17) aunounced A r e t t e d  result with k - 0 (no 
irismatches mllowod) and s l i g h t l y  d i f f e r e n t  c o n s t a n t r .  Surpr t s ing ly ,  tho  

var ianco does not grow with n. mere are a a t h e u t t c a l  reasons that lead 

one to  be l ieve  t h a t  t h i s  fea turo  of e s s e n t i a l l y  constant  vmriance a l s o  

holds f o r  a reasonable  number of misaatchos, d e l e t i o n s ,  and i n s o r t i o n s  

(18). 

XESJLTS M D  DISCUSSION 

To study these  da ta  from t h i s  viewpoint, t h e  s i m i l a r i t y  scores were 
plo t ted  versus  tho l o g a r i t h  of the products of the sequence lcagth ,  whare 

log  is again to the base u p ,  p - P ( h t c h )  . 
observed, v i t h  e s s e n t i a l l y  cons tan t  variance, a d  the  da ta  aro shown in 
Figure 2. The possiblo inf luoaco of tho b i o l o g i c a l  propor t ies  of tho 

sequences on these r a s u l t s  was t o ? t d  by coapsr lson with b n t e  Carlo 
simulat ions of soquonces with t* aamo ~ a t o s t  mighbor  froquoncies AS tho 

b io logica l  sequencos (8); t h i s  test rosu1t.d in l i n e a r  t ronds with slope. 

A s t rong  l i n e a r  t rend is 
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40.0 I -  o l  I 1 
35.0 1 0 0 1 

0.0 
5.0 7.0 9.0 11.0 13.0 15.0 

Log (nw 
Figure 2. 
complements and eukaryot ic  v i r u s  sequences (a t o t a l  of 20,706 data poin ts )  
compared v i t h  a set of 204 v e r t e b r a t e  DNA sequence. p l o t t e d  aga ins t  
l o g ( n p 2 )  where n l  and 9 are sequence length. and log 10 t o  the base 
1/p, where p - P(Ebtch). Points  p l o t t e d  on the  upper hor izonta l  axis 
represent  s t m i l a r i t y  scorer  > 40.0 .  
s i a i l a r i t y  score found in c z p a r i n g  t h e  corresponding query sequence t o  the  
204 ver tebra te  sequences. 

S i m i l a r i t y  .corer of v e r t e b r a t e  DNA sequences and t h e i r  

Each potnt  represent r  the best 

c l o s e  but not i d e n t i c a l  t o  the  s lopes  r e s u l t t n g  from the  b i o l o g i c a l  
sequences. 

We a l s o  r tud ied  the r e s u l t s  of querying two c l e a r l y  b i o l o g i c a l l y  
d i s j o t n t  da ta  set. - v e r t e b r a t e  pro te in  coding and non-protein coding (see 

examples i n  Pig. ID and E). The genere1 rtatirtical proper t ies  of the 

r e s u l t i n g  frequancy d f s t r i b u t i o n s  for s i m i l a r i t y  scorer  were q u i t e  c l o r e  t o  
each o ther  and to  those generated by querying the f u l l  ver tebra te  da ta  

set. While there  vas a s l i g h t  (cons tan t )  increaoe in the  d i s t r i b u t t o n  mean 
when querying the pro te in  coding data ret v i t h  pro te in  coding requencer (as 
compared t o  querying the non-protein coding da ta  ret v i t h  p r o t e i n  codtng 
sequencer), the  l i n e a r  r e l a t i o n r h i p  was re ta ined  v i t h  approximately 

i d e n t i c a l  r lope.  

varying the algori thm weights as well a0 th form of the gap v r i g h t r  

(IO). The l i n e a r  t rendr  p e r s i r t ,  with the  s lope  decrear ing as the  miomatch 
and gap penalttes increaoe. 

S e n s i t i v i t y  t o  the  a l p o r i t h a  parameterr vas explored by 

To ertimate r t a t i s t i c a l  s ign i f icance ,  thoro are two approacher. We 
c a l c u l a t e  how many s tandard devta t ionr  a r i a i l a t i t y  .core is above the mean 
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The score vas 27.00 so t ha t  27.00 - l 6 .01  = 10.99 = (5.17)(1.73) - 6 . 1 7 ~ .  

Using a highly r e p e t i t i v e  sequence such as mouse B l  (21) a l s o  

generates  a vide spread of s t n i l r r r t t y  scores (Fig.  E), but in t h i s  case 
s t a t t s t t ca l  and b io log ica l  s ign t f ance  can be confused. 

between lh.5 and 20.0 are contr tbuted both by apparent ly  b io log ica l ly  
unrelated sequence segments and by a previously t d e n t t f i e d  hamster Alu-like 

r e p e t t t i v e  segment (36).  In  such cases, s t a t t s t t 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  sco res  may not r e f l e c t  t r u e  homology (clear b io log ica l  funct ion 

or taxanomic relatedness) ,  but merely composittonal or p a t t e r n  r e o t r i c t i o n s  
common to the compared sequences. kr extreme example is the  CCRCC (P - 
purine) repeat  found i n  the  v i n t e r  f lounder (e. enartcanus) antfEreere  

p ro te in  gene (23). This compoclitional r e o t r t c t i o n  leado t o  high s imi la r i ty  
t o  o the r  sequences with regions r t c h  i n  C (or complements of sequences r i c h  

i n  G) .  Similar ly ,  t he  (FC)24 region a t  the end of t h ree  rat tRNA genes 
(24)  matches the  complement of t h e  mouse immunogloblin y-1 i n t ron  (25) ,  

which contatno A (GAGAG))15 region, wtth a s t m i l a r i t y  score of 54.90. 

t h i s  last example the  w a n  is estimated by 

S i m i l a r i t y  sco res  

, 

I n  

The s i m i l a r i t y  score ,  54.90, -exceedr the mean by 20.49~. 
There are a f s v  cases where s i n i l ~ r i t i c o  are equal t o  or g r e a t e r  than 

fou r  a’s  above the  maan and f o r  vhich no reasonable b io log ica l  

j u s t i f i c a t i o n  ye t  e x i s t s .  The bes t  example observed in these da t a  ts 
obtained from cornpariron (see Pig. E) of the 18s rRNA of X. l ~ e v i o  (26) 

and an in t ron  in t he  IE gene of Herpeo simplex viruo (27), which yielded a 

s i m i l a r i t y  rcore  of 37.20. Rare t he  mean i o  e s t ino ted  by 

2.55 :--- 8.99 - 19.11. .. 
S = 37.20 exceeds 19.11 by 1 0 . 1 6 ~ .  

Numerous segment s i m i l a r i t i e o  can now be c l e a r l y  i d e n t i f i e d  as 
s t a t i s t i c a l l y  i n s i g n i f i c a n t  i n  s p i t e  of appearances.  

a lgori thm a l i g n r  the  following segments between the  p ro te in  encoding 

For example the 

” rcgiocu of yeast  actin (28) ~ n d  muse Alph8-fetOptOtdn (29). 

GTTCTCC(;ATSTGCMA~C 
GTTCTGCTATG-TGTMAGCGG 

The expected score f r  

2.55 1-- - 8.99 - 18.83. 
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The a c t u a l  s i m i l a r i t y  score of 13.3 - lR.0(18 matches) - 2.7(3 mismatches) 
- 2.0(1 de le t ion )  t he re fo re  supports  chance r a t h e r  than blology, even 
though the re  are 87 percent matches and two out of the  th ree  lnpl led point  
mutations are t r a n s i t i o n s .  Note t h a t  t he  gap is not il mul t ip l e  of t h ree  as  

I 

expected €or homologous coding reglone. 

Biological  and/or experimental  i n fo rna t lon  can explain what might 

otherwise by s u r p r i s i n g l y  signl€Ccnnt r l lgnments .  
s i g n i f i c a n t  simflarltles were o f t e n  found when the  query sequences were the 

corplenents  of the  'senae' or published s t r ands .  As expected, the  

s f iu i l a r i t y  value d l s t r l b u t f o n s  were on the  average equ iva len t  
generated by the o r i g i n a l  requence. 

property that they are more slallar t o  t h e l r  coaptements than to  any other 
complemented sequence. Thie I s  no doubt the r e s u l t  of the  s e c o d a r y  
a t r u c t u r e  motifs  in these moleculer.  Unexpectedly, a few cDNh sequencer 
(from mRNA) were found to be highly self-complementary as w e l l .  
example, cDNA from rat preprorelaxin mRNA ( 3 0 )  shows a weak imperfect 
r e f l e c t e d  repeat  I n  the  f i rs t  and second t h l r d s  of the  B pept ide.  

s t ronger  example appears I n  the published cDNA sequence from the human 
enkephalin precursor mRNA sequence (31). 

presumptive mRNA leader  are found repeated exac t ly  ar a r eve r re  complement 
some seven hundred bases downstream. The f a c t  that the r epea t  l e  p e r f e c t  
and comprises ono of the  termini  of the cDNA suggests  that tt s a y  hava . 
a r i s e n  as a r eve r se  t r a n r c r l p t a r e  error. 
the  r e s u l t i n g  e i m i l a r i t y  value d r a m  our a t t e n t i o n  in t h i a  case t o  a 

p o t e n t l a l  experimental  complication r a t h e r  than a h i s t o r i c a l  b io log ica l  

event .  

StstLst1cnll.y 
I 

t o  t ho re  
S t r u c t u r a l  rRNA'r hava the i n t e r o a t l a g  

For 

An even 

Here the f i rs t  117 bases of t h e  

The s ta t t r t icr t  s lgn l f i cance  of . 

In  rummary, Equations 1.1 and 1.2 provide a quick method o f  er t lmatfng.  
the statistical r ign i f i cance  of sequence a l i g r w n t r .  

a l g o r i t h a r  employing the weighting parameterr rued here ( u t c h  - 1.0, 

miraatch - -0.9, d e l e t i o n  - -2.0) the conatant  va lue r  i n  t he re  equation. 

ara good ar they r tand;  f o r  a l t e r n a t i v e  peraaoter w i g h t s ,  Qs. 1.1 and 1.2 

can be reder ived using a L i t t i n g  procedure f o r  d a t a  ruch as t h a t  i o  tip. 
2 .  

s ign i f i cance  of a glven found a l m f f a r i t j  should be baaed in par t ,  thoygh 
not  e n t i r e l y ,  on the  s ta t ls t ical  s ign i f i cance .  

For a l l g m e n t  

f 

Fina l ly ,  we rtrerr that the  a f f i r m a t l o o  (or w g a t f o o )  of the  b fo log lca l  
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