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Scoring matrices for nucleic acid sequence comparison that 
are based on models appropriate to the analysis of molecular 
sequencing errors or biological mutation processes are pre- 
sented. In mammalian genomes, transition mutations occur 
significantly more frequently than transversions, and the optimal 
scoring of sequence alignments based on this substitution model 
differs from that derived assuming a uniform mutation model. 
The information from sequence alignments potentially available 
using an optimal scoring system is compared with that obtained 
using the BLASTN default scoring. A modified BLAST database 
search tool allows these, or other explicitly specified scoring 
matrices, to be utilized in computationally efficient queries of 
nucleic acid databases with nucleic acid query sequences. Re- 
sults of searches performed using BLASTN's default score matrix 
are compared with those using scores based on a mutational 
model in which transitions are more prevalent than transversions. 
© 1991 Academic Press, Inc. 
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A database  search is a query of a complex informat ion 
resource. Opt imal  results f rom a database  query depend 
on asking the mos t  specific question possible. Often when 
a similari ty search is performed,  m a n y  possible matches  
are identified, and  it becomes necessary to choose among 
them.  For  molecular  sequence database  searches, this  is 
frequently done by assigning similarity scores to sequence 
a l ignments  and ranking  the possible matches  on the basis  
of  these scores (1, 2). The  scoring sys tem is based on a 
model of sequence relat ionship and is implicit  in the for- 
mula t ion  of the database  query. I t  is therefore  impor tan t  
to use scores appropr ia te  to the question of interest,  

B L A S T N  uses a simple scoring sys tem in which 
matches  count  +5 and mismatches  - 4  (2). To  achieve 
computa t iona l  efficiency, these scores have been incor- 
pora ted  directly into the source code. Although this scor- 
ing sys tem is adequate for m a n y  tasks,  in this paper  we 
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describe some si tuations in which al ternat ive scoring sys- 
t ems  are desirable, as well as a me thod  for incorporat ing 
such scores into B L A S T  searches of nucleic acid data-  
bases. 

Natura l  mutat ions  do not interconvert  the various bases 
uniformly: t rans i t ions  are favored over t ransvers ions  by 
a factor  of  approximate ly  3 (3). Fur thermore ,  the scoring 
of closely related sequences should differ f rom tha t  of 
sequences known to be dis tant ly  related. This  may  be 
analyzed using a Markov  t rans i t ion model (4), which for 
prote in  sequence compar ison has formed the basis of the 
well known P A M  matr ices  (5). Such matr ices  can be de- 
rived for nucleotide sequence compar isons  as well (6). We 
assess their  pe r formance  relative to t ha t  of the B L A S T N  
default  scores in seeking homology among  noncoding 
D N A  sequences. 

In  the course of D N A  sequencing projects, it is fre- 
quently useful to know whether  two f ragments  contain  
an identical segment  of sequence so tha t  they may  be 
assembled into a contig. Although raw D N A  sequence 
data may  contain errors, they  are far less frequent  t han  
the rate  for which the default  scores in B L A S T N  are op- 
timized. Alternat ive scores, designed to search for near ly 
identical matches,  are presented.  Such scores may  also 
be useful for evaluating sequence segments to be employed 
as P C R  or oligonucleotide hybridizat ion primers.  

LOG-ODDS SCORE MATRICES 

Score matr ices  have been based on log-odds rat ios de- 
rived f rom a Markov  muta t iona l  model (5, 7). Such a 
model assumes tha t  muta t ion  (substi tution) events  are 
r andom and independent .  A mat r ix  M of probabil i t ies  for 
subst i tut ing base i by base j af ter  any given amoun t  of 
evolution can be calculated by successive i terat ion of a 
reference muta t ion  matrix:  

M ,  = (M1) ". [1] 
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M1 is a matrix reflecting 99% sequence conservation and 
one point  accepted mutat ion (1 PAM) per 100 bases. Mn 
then represents the substi tution probabilities after n 
PAMs. To model the case for which all base substitutions 
are equally likely, the diagonal elements of M1 are all 
0.99, while all off-diagonal elements are 0.00333. For a 
biased mutat ion model in which a given transi t ion is 
threefold more likely than  a given transversion, the off- 
diagonal elements of M~ corresponding to transit ions are 
0.006 and those for transversions are 0.002. 

The n -PAM log-odds score So- for aligning a given pair 
of bases is simply the log of the relative chance of tha t  
pair occurring as a result of evolution as opposed to tha t  
occurring from a random alignment of two bases, 

S~j = l o g ( P ~ ) ,  [2] 

where p~ is the underlying frequency of base i. The sym- 
metry in the choice of the matrices M1 described above 
essentially assumes equal frequencies for the four nu- 
cleotides, and Sij can be written as log(4 Mnij). 

In order to be statistically significant, an alignment 
needs to achieve a score of about log N, where N is the 
size of the search space, i.e., the product  of the length of 
the database (in residues) and the length of the query 
sequence (7, 8). I f  the base of the logari thm used in for- 
mula [2] is taken to be 2, then scores can be thought  of 
as being expressed in bits, and significance calculations 
can easily be performed in one's head. 

At any given PA M distance, the expected information 
H per al ignment position can be calculated as described 
by Altschul (7). Assuming tha t  the scores are expressed 
in bits, then H, also in bits, is given by 

H = ~ pipjSij2s< [3] 
i , j  

In order to employ arbitrary nucleotide replacement 
scores, the program B L A S T P  (2), modified as discussed 
below, was used for database searches. 

EFFICIENCY OF SCORES BASED ON VARIOUS 
MUTATIONAL MODELS 

Table 1 shows the log-odds scores derived using the 
uniform substitution model for various PAM distances. 
These scores are expressed in bits, but  for computat ional  
purposes the scores may be multiplied by any positive 
number. At 30 PAMs (about 75% sequence conservation 
when back mutat ions are considered) the magnitudes of 
the match  and mismatch scores are nearly identical, and 
at 47 PAMs the ratio is approximately 5 to 4. Scaled by 
a constant  factor, these are the scores incorporated into 
BLASTN.  The average information per al ignment posi- 

tion is also shown in Table 1. For example at 47 PAMs, 
the B L A S T N  default, about 0.5 bit of information per 
aligned base is obtained. By comparison, if it is known a 
priori tha t  the sequences are highly similar, say differing 
by a 1% sequencing error rate, then 1.9 bits per base can 
be obtained by using an optimal scoring matrix. Con- 
versely, if the sequences are highly diverged, then much 
less information per aligned base is available; at 100 PAMs 
divergence, only 0.13 bit remain. 

Of course, the PAM distance corresponding to an 
alignment cannot be known before the alignment is found, 
but  the information H(D) available at various PAM dis- 
tances D (shown in Table 1) is achieved only if the ap- 
propriate scores are used. Since one does not  want  to use 
hundreds of different scoring systems, an important  
question is over what  range of actual PAM distances a 
given set of scores is nearly optimal. Using a set of scores 
optimized for PAM distance E, it is simple to calculate 
the average score achieved when segments actually sep- 
arated by PAM distance D are aligned. We call the ratio 
of this score to H(D),  which will always be less than  or 
equal to 1, the efficiency of the PAM scores E at PAM 
distance D. The efficiency curves for various PAM ma- 

T A B L E  1 

PAM Substitution Scores Based on the 
Uniform Mutation Model 

PAM 
distance 

Average 
Match Mismatch Match/ information 

Percentage s co re  ( sco re  mismatch per position 
conserved (bits) (bits) score ratio (bits) 

1 99.0 1.99 -6.24 0.32 
2 98.0 1.97 -5.25 0.38 
5 95.2 1.93 -3.95 0.49 

10 90.6 1.86 -3.00 0.62 
15 86.4 1.79 -2.46 0.73 
20 82.4 1.72 -2.09 0.82 
25 78.7 1.66 -1.82 0.91 
30 75.3 1.59 -1.60 0.99 
35 72.0 1.53 -1.42 1.07 
40 69.0 1.46 -1.27 1.15 
45 66.2 1.40 -1.15 1.22 
50 63.5 1.34 -1.04 1.29 
55 61.0 1.29 -0.94 1.36 
60 58.7 1.23 -0.86 1.43 
65 56.5 1.18 -0.79 1.50 
70 54.5 1.12 -0.72 1.56 
75 52.6 1.07 -0.66 1.62 
80 50.8 1.02 -0.61 1.68 
85 49.1 0.97 -0.56 1.74 
90 47.6 0.93 -0.52 1.80 
95 46.1 0.88 -0.48 1.85 

100 44.8 0.84 -0.44 1.90 
105 43.5 0.80 -0.41 1.96 
110 42.3 0.76 -0.38 2.01 
115 41.2 0.72 -0.35 2.05 
120 40.1 0.68 -0.33 2.10 
125 39.2 0.65 -0.30 2.14 

1.90 
1.83 
1.64 
1.40 
1.21 
1.05 
0.92 
0.80 
0.70 
0.62 
0.54 
0.47 
0.42 
0.37 
0.32 
0.28 
0.25 
0.22 
0.19 
0.17 
0.15 
0.13 
0.12 
0.10 
0.09 
0.08 
0.07 
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trices (E equal to 10, 30, 50, 70, and  90) are graphed in 
Fig. 1. Note  tha t  the curve for P A M  scores E always 
achieves a m a x i m u m  of 1.0 at  P A M  distance D = E. The  
degree of efficiency considered necessary will depend to 
some extent  on the  size of the search conducted (7). For  
example,  if 30 bits  of  informat ion  are required for statis-  
tical significance, to get within 2 bits  of  the opt imal  
achievable score will require an efficiency of close to 94%, 
while if only 16 bits  are required one can get within 2 bits  
of the opt imal  with an efficiency of 89%. Given a desired 
degree of efficiency and  a desired range of actual  P A M  
distances, one may  calculate how m a n y  different P A M  
matrices need be employed and which ones should be used. 
For example,  as can be seen f rom Fig. 1, using bo th  PAM- 
30 and PAM-70 scores gives over 92% efficiency for actual 
P A M  distances anywhere  f rom 10 to 90. The  90% effi- 
ciency range of the PAM-47 scores used as a default  by 
B L A S T N  is f rom actual  P A M  distances 20 to 68. 

Table  2 shows a series of scoring matr ices  derived f rom 
a biased muta t iona l  model in which each t rans i t ion is 
three t imes more likely t han  each t ransversion.  Mis- 
matches here are scored differently, depending upon which 
type of muta t ion  they  represent .  Interest ingly,  at  greater  
t han  87 PAMs,  t rans i t ions  score posit ively and  are there-  
fore conservat ive substi tut ions.  The  efficiency curves for 
scores based on this model are similar  to those based on 
the uni form muta t iona l  model, but  somewhat  flatter. 
Thus,  a given set of scores will be useful over a somewhat  
greater  range of actual  P A M  distances. 

I f  the mutat ions  in the D N A  sequences being compared 
are biased in the m anne r  of this model, then  the scores 
of Table  2 distinguish t rue relat ionships f rom random 
noise more efficiently t h a n  those of Table  1. Calculat ion 
shows tha t  for P A M  distances D from 0 to 100, using 
scores for the correct  P A M  distance but  based on the 

1,0" 
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0.8- 

0.7- 
0 50 100 

Actual PAM distance (D) 

FIG.  1. Efficiency of various uniform mutational model PAM matrices 
(E equal to 10, 30, 50, 70, and 90), as a function of the actual PAM 
distance D of the sequences being compared. Scores based on PAM 
distance E have their maximum efficiency (1.0) when the actual PAM 
distance D = E. 

uni form as opposed to biased muta t iona l  model yields an 
efficiency of about  (100 - D/5)%. This  can amoun t  to a 
substant ia l  loss of informat ion  for a l ignments  of se- 
quences tha t  have diverged by  more t han  40 PAMs.  As 
an example,  consider the a l ignment  shown in Fig. 2, one 
of several found in a B L A S T P  search of GenBank  (Re- 
lease 68.0) with the PAM-50 scores of Table  2, using the 
5' ups t r eam region of the h u m a n  p53 gene [Accession No. 
J04238 (9)] as a query. (All scores were mult ipl ied by 100 
so t ha t  the program could work with integers.) The  align- 
men t  involves the  5' f lanking region of the ra t  tumor  an- 
t igen p53 gene [Accession No. M26863 (10)] and repre- 
sents  a t rue homology. Conta ining 41 matches,  13 
transit ions,  and 7 transversions,  the a l ignment  has a total  
score of 39.75 bits; in the context  of the search per formed 
(query sequence length 532; database  length 65, 868, 799) 
this t rans la tes  to a P value of 0.013. I f  the PAM-50 scores 
f rom Table  1 are used in place of those f rom Table  2, the 
a l ignment ' s  score drops to 34.88 bits  and  its first three 
posit ions are t r immed.  This  const i tutes  an informat ion  
loss of over 12%, and  raises the  P value of the a l ignment  

T A B L E  2 

P A M  S u b s t i t u t i o n  S c o r e s  B a s e d  on  t h e  B ia sed  

M u t a t i o n  Mode l  

PAM 
distance 

Trans-  Average 
Match Transi t ion version information 

Percentage score score score per position 
conserved (bits) (bits) (bits) (bits) 

5 
10 
15 
2O 
25 
30 
35 
40 
45 
50 
55 
6O 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 

95.2 1.93 -3.13 -4.67 1.65 
90.7 1.86 -2.19 -3.70 1.42 
86.5 1.79 -1.67 -3.14 1.24 
82.6 1.72 -1.32 -2.76 1.09 
79.0 1.66 -1.06 -2.46 0.96 
75.6 1.60 -0.86 -2.23 0.85 
72.4 1.54 -0.70 -2.03 0.76 
69.5 1.48 -0.57 -1.87 0.67 
66.8 1.42 -0.47 -1.73 0.60 
64.2 1.36 -0.37 -1.60 0.54 
61.8 1.31 -0.30 -1.49 0.48 
59.6 1.25 -0.23 -1.39 0.43 
57.5 1.20 -0.17 -1.30 0.39 
55.6 1.15 -0.12 -1.22 0.35 
53.8 1.10 -0.08 -1.15 0.32 
52.1 1.06 -0.04 -1.08 0.29 
50.5 1.01 -0.01 -1.02 0.26 
49.0 0.97 0.02 -0.96 0.23 
47.6 0.93 0.04 -0.91 0.21 
46.3 0.89 0.06 -0.86 0.19 
45.1 0.85 0.08 -0.82 0.17 
44.0 0.81 0.10 -0.77 0.16 
42.9 0.78 0.11 -0.73 0.14 
41.9 0.74 0.12 -0.70 0.13 
41.0 0.71 0.13 -0.66 0.12 
40.1 0.68 0.14 -0.63 0.11 
39.2 0.65 0.15 -0.60 0.10 
38.5 0.62 0.16 -0.57 0.09 
37.7 0.59 0.16 -0.54 0.08 
37.1 0.57 0.16 -0.52 0.08 
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to 0.31. The  B L A S T N  default  PAM-47 scores perform 
comparably. 

a cDNA or directional promoter  e lement  to be utilized. 
In contrast ,  B L A S T N  automatically searches both  
strands of the query. 

THE USE OF BLASTP FOR NUCLEIC ACID 
SEARCHES 

SCORES FOR DETECTING SEQUENCE 
OVERLAPS 

Nucleic acid database searches with application-specific 
scores are easily implemented using the B L A S T P  pro- 
gram (2). The  program can read a user-defined substi- 
tut ion score matrix and has command line options to tailor 
the search algorithm to specific tasks. Minimal  source 
code modifications are needed to adapt  B L A S T P  for use 
in nucleic acid searching. The  array ("fq") containing the 
expected database residue frequencies must  be modified 
to reflect nucleotide ra ther  t han  amino acid frequencies; 
in the present  work, uniform frequencies for A, C, G, and 
T were used. Also, the maximum sequence length 
( " Q U E R Y L E N _ M A X " )  needs to be increased to accom- 
modate the longer sequences encountered in nucleic acid 
databases. 

Command line options should also be utilized to opti- 
mize B L A S T P  performance for nucleic acid searches. In- 
creasing "W",  the word size for the neighborhood table, 
to 6 will dramatically improve the speed of the search. 
Sett ing "T" ,  the score threshold for including a word in 
the neighborhood table, to a large positive value will yield 
a table tha t  contains only matches. Finally, with the score 
matr ix  specified in hundre ths  of bits, increasing "X" ,  the 
cutoff for extending word hits, to 1000 will reduce the 
probabili ty of prematurely  t runcat ing an aligned segment 
to less than  0.1%. By default, X is adjusted heuristically. 

There  is a computational cost to the increased flexibility 
achieved using B L A S T P  ra ther  than  BLASTN.  Because 
B L A S T N  is restricted to a four-character  alphabet,  em- 
ploys hard-code3 scores, and uses a long word size (12), 
the actual search phase is faster. The  most  impor tan t  of 
these factors is the long word size in BLASTN ,  but  this 
causes a significant loss of sensitivity for moderately di- 
verged sequences. For example, the al ignment shown in 
Fig. 2 is missed altogether by B L A S T N  because it lacks 
a run of 12 identities needed to generate a hit  in the 
B L A S T N  neighborhood table. 

To  achieve maximum specificity, the sense and anti- 
sense strands are searched separately by B L A S T P ,  al- 
lowing orientation information such as tha t  available from 

In the course of sequencing projects it is frequently 
useful to know whether  a new segment of sequence over- 
laps an existing sequence significantly enough to form 
the basis of a contig. This  question may be addressed by 
creating a database out of the existing sequence segments 
and comparing the novel segment to this database. In this 
case, one is interested only in alignments tha t  differ by 
sequencing errors. Sequencing substi tut ion errors are 
probably uniformly distr ibuted and may occur at a rate 
as high as 2 to 5 per 100 bases of raw sequence data. 
PAM-5 scores are over 96% efficient for PAM distances 
0 to 12, and so would be a reasonable choice for this sort 
of data, while PAM-47 scores are only about 70% efficient 
in the lower par t  of this range. (An additional virtue of 
PAM-5 scores is tha t  they can be wri t ten essentially as 
+1 for a match and - 2  for a mismatch; to convert  to bits 
one need only multiply by 1.92.) If  the query sequence is 
300 bases long and the existing data set contains 100 frag- 
ments  each 300 bases long, then  log2(100* 300* 300) or 
about  24 bits of information will be needed to achieve 
significance; an extra  6 or 7 bits are needed if 99.9% con- 
fidence is required. At a distance of 2 PAMs, about  1.83 
bits of information per aligned base are optimally available 
so that  using an efficient matrix overlaps of average length 
13 to 17 bases will suffice. In contrast,  using the B L A S T N  
default  PAM-47 scores, a significant signal would need 
to contain on average 18 to 23 aligned bases. Since in- 
ser t ion/delet ion mutat ions are present  in addition to 
substitutions, the reduced size of an unin ter rupted  seg- 
ment  needed by an efficient matrix to achieve significance 
may substantially improve the ability to recognize contigs. 

PROTEIN CODING REGIONS 

It  has been observed tha t  when a DNA sequence codes 
for protein, it is generally more fruitful to search a protein 
sequence database with the t ransla ted sequence than  to 

Human p53: 74 GATCCAGCTGAGAGCAAACGCAAAAGCTTTCTTCCTTCCACCCTTCATATTTGACACAATG 134 

G CCA T A A A CG AAAAGCTT TTC TTCC C CTT TA TTGACACA TG 

Rat p53 : 84 GGCCCACTTAAAATAGATCGTAAAAGCTTAATTCTTTCCGCTCTTTTTACTTGACACAGTG 144 

F I G .  2. An alignment of the 5' upst ream regions for human  and rat p53 genes. Identities are echoed on the central line. Using the biased 
mutat ion model PAM-50 scores of Table 2, this alignment has a score of 39.75 bits, which renders it significant (P value = 0.013) in the context 
of a search of GenBank (Release 68.0). Using the uniform mutat ion model PAM-50 scores of Table 1, the alignment 's  score drops to 34.~8 bits, 
which is not statistically significant (P value = 0.31). 
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search a nucleic acid sequence database directly. The de- 
velopment above allows us to provide a rough quantitative 
analysis of why this is the case. 

Consider two proteins tha t  have diverged by D protein 
PAMs. This involves D nonsynonymous  point  mutat ions 
at the DNA level. Li e t  al. (3) have shown that,  broadly 
speaking, there tend to be over 1.5 synonymous point  mu- 
tat ions for every nonsynonymous  point  mutation.  There- 
fore, because there are 3 nucleotides per codon, each amino 
acid PAM translates into roughly (1 + 1.5)/3 ~ 0.8 nucleic 
acid PAMs. Table 3 shows the average information avail- 
able in protein sequence alignments at various PAM dis- 
tances (7). Each of these distances has been translated 
into a corresponding nucleic acid PAM distance, and Ta- 
ble 3 then shows the average information available per 
codon, based on the biased mutat ional  model discussed 
above. From these data one may assess whether the pro- 
tein or nucleic acid alphabet (used naively, without  ref- 
erence to the genetic code) carries more information. It  
will be seen that  for al ignments of sequences tha t  have 
diverged by fewer than  50 protein PAMs the nucleic acid 
alphabet is more informative, while for more distant re- 
lationships the protein alphabet is superior. 

For searChes of current  protein databases, the most  
typical distance of alignments tha t  are just distinguishable 
from chance is approximately 120 protein PAMs (7). Ta- 
ble 3 shows that  at this distance, about 37% of the infor- 
mation available through an amino acid substitution ma- 
trix is lost using a nucleotide score matrix, even when a 
biased mutat ional  model is employed. Assuming that  30 

T A B L E  3 

The Relative Information Available Using Protein- 
and Nucleic Acid-Based PAM Scores 

Nucleic 
Nucleic acid/ 

Protein Information a c i d  Information protein 
PAM per residue PAM per codon efficiency 

distance (bits) distance (bits) ratio 

0 4.17 0 6.00 1.44 
10 3.43 8 4.53 1.32 
20 2.95 16 3.63 1.23 
30 2.57 24 2.95 1.15 
40 2,26 32 2.43 1.08 
50 2.00 40 2.02 1.01 
60 1.79 48 1.69 0.94 
70 1.60 56 1.42 0.89 
80 1.44 64 1.19 0.83 
90 1.30 72 1.01 0.78 

100 1.18 80 0.86 0.73 
110 1.08 88 0.73 0.68 
120 0.98 96 0.62 0.63 
130 0.90 104 0.53 0.59 
140 0.82 112 0.46 0.56 
150 0.76 120 0.39 0.51 

bits are needed to distinguish a meaningful al ignment 
from chance, this corresponds to a loss in sensitivity of 
over 11 bits, or a factor of over 2000. The loss is much 
greater if only match /mismatch  scores are used. 

While an alignment of two proteins diverged by fewer 
than 50 PAMs may be more significant when viewed using 
the nucleic acid alphabet, such an alignment in any case 
need be no longer than  15 residues to yield 30 bits of 
information. Thus, in the context of homology searches, 
it is generally only for noncoding regions that  scores based 
simply on nucleic acid mutat ional  models have real use. 

CONCLUSION 

Nucleic acid sequence databases may be searched for 
a variety of reasons. To achieve optimal sensitivity it is 
necessary to use scores relevant to the specific question 
being asked. We have presented a variety of scoring ma- 
trices tha t  can be used with B L A S T P  to implement such 
searches. For applications in which only alignments of 
nearly identical segments are of interest, a substantial  
improvement  in sensitivity can be achieved by using 
PAM-5 scores. 

The mutat ional  model employed may significantly af- 
fect the scoring system, as illustrated by comparing the 
uniform substitution model to a mutat ional  model in 
which transit ions are more prevalent than  transversions. 
In a search for conserved sequence elements in noncoding 
regions, the use of scores based on a biased as opposed to 
a uniform mutat ional  model may substantially improve 
the search sensitivity. This is particularly important  for 
alignments with <70% sequence identity, a range encom- 
passing many mammalian  and chordate noncoding ho- 
mologous sequence elements. For coding sequence, scores 
based upon a model of amino acid substitutions (5, 7) will 
be superior for all but  the closest relationships. 
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