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1. BLASTall
Query Sequence

Amino acid Sequence DNA Sequence

BLASTp tBLASTn BLASTn BLASTx tBLASTx

TranslatedTranslated

Protein Database Nucleotide Database

TranslatedTranslated
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2. Dynamic programming
In early 1950’s, mathematician Richard Bellman, who 
was working at RAND Corporation on optimal decision 
processes, wanted to concoct an impressive name that 
would shield his work from U.S. Secretary of Defense 
Charles Wilson, a man known to be hostile to 
mathematics research. He figured dynamic 
programming was “something not even a Congressman 
could object to”.
The heart of many well-known programs is a dynamic 
programming algorithm, or a fast approximation of one, 
such as BLAST, CLUSTAL, HMMER, GENSCAN, MFOLD 
and PHYLIP.





The DP algorithm
Sequence 1     A

Do we get the best score
1. by aligning C with A and 
adding the score to the 
diagonal score x ?
OR
2. by placing a gap either 
opposite C or A and 
subtracting the gap penalty 
from the highest score in 
row y or column z ?
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该算法用代数形式来描述

单元(i,j)的距离可看成三个相邻单元的距
离加上相应权重后的最小者，即
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以两条短序列为例 ：
A: CTGTATC
B: CTATAATCCC

! 设碱基错配时距离权重为1，引入一个空位
时距离权重为3。

! 可以得到多少可能的联配 ？



1821C

1518T

1215A

6912T

369G

036T

6303C

9630B

CCCTAATATCA
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27242119151296303C

302724211815129630B

CCCTAATATCA
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Six possible alignments

CTATAATCCC    CTATAATCCC      CTATAATCCC
CTGTA–TC – – CTGTA –T–C – CTGTA–T– –C

CTATAATCCC    CTATAATCCC     CTATAATCCC
CTGT–ATC– – CTGT –AT–C– CTGT –AT– –C



+5 for a 
match, -2 
for a 
mismatch 
and –6 
for each 
insertion 
or 
deletion



But what do we really need to know?

It is guaranteed to give you a mathematically 
optimal (highest scoring) solution. Whether 
that corresponds to the biologically correct 
alignment is a problem for your scoring 
system, not for the algorithm;
The question of when a score is statistically 
significant is a separate problem, requiring 
clever statistical theory;
Dynamic programming is surprisingly 
computationally demanding. Alternatively, 
fast approximation, like workhorse BLAST, 
FASTA and BLAT were used;



Only certain scoring systems are amenable to 
dynamic programming. The scoring system 
has to allow the optimal solution to be broken 
up into independent parts, or else it can’t be 
dealt with recursively.



3. Scoring system (matrix)
Almost all alignment methods find the best 
alignment between two strings under some 
scoring scheme;
Back in the good old days, so many things 
were easier to understand. The first sequence 
comparisons just assigned –1 per mismatch 
and insertion/deletion;
However, we want a system to give the 
biologically most likely alignment the highest 
score and to take into account the fact that 
biological molecules have evolutionary 
histories etc.



Where did the BLOSUM62 alignment score 
matrix come from?

alignment 
scores are log-
odds scores

s(a, b)= 

target/ 
background 
frequencies
lambda is a 
scaling factor, 
which is usually 
set to 
something that 
lets us round off 
all the terms in 
the sore matrix 
to sensible 
integers.

ba

ab

ff
plog1

λ



BLOSUM62





Block IPB000409



BLOSUM62
sij = 2log2(qij/eij)

(half-bit unit)

For example, L/L and W/W pair are 3.8 and 10.5, respectively
(pLL=0.0371, pWW=0.0065; fL-0.099, fW=0.013; BLOSUM62’s 

original lamda=0.0347)



Making up your own score matrices

PSI-BLAST: position-specific scoring matrix 
(PSSM)
Exercise: 

Make a DNA scoring matrix optimized for 
finding 88% identify alignments. Assume that 
all mismatches are equiprobable and 
background sequences is uniform at 25% for 
each nucleotide. Scale up with half-bit unit 
(BLOSUM62) and round off.



4. Entropy: H

How to evaluate the Quality of a matrix (such as 
BLOSUM62/PAM/PSSM)
How well BLOSUM or PAM matrix to discriminate real 
local alignments from chance alignments? 
or how much information content in the scoring matrix?
Uncertainty and information



Meaning of Uncertainty
Uncertainty is the no. of questions that must be asked to 

identify the correct choice i.e. the correct base or 
amino acid in one location of a particular pattern.

Uncertainty is reduced by the information in the scoring 
matrix

Example: consider 64 cups in a row with an object hidden under 
one of them. The goal is to find the object with as few questions 
as  possible. (Answer: uncertainty is six and is zero when the 
object is found)

1     2       3           
G 1.0   0.0   0.25
A 0.0   0.5   0.25
C 0.0   0.0   0.25
T 0.0   0.5   0.25

How much uncertainty is there for:
column 1, column 2 and column 3?
For DNA sequences, what is the maximum 
uncertainty there can be? What is the 
minimum uncertainty?



Information and Probability

H = logN = - logP,  P=1/N           (Hartly, 1928)

H(P) = -Σpi log(pi)              (Shannon, 1948)

(in units of log2, called bits)

H(P, Q) = H(X, Y) = 

(Relative entropy is also called cross-entropy, or Kullback-
Liebler distance. It is reviewed as a measure of the distance 
between two distributions P and Q. The more dissimilar P and 
Q are, the larger the relative entropy.)
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Relative entropy of matrix

H =

In information theory, this weighted score is 
called the average mutual information 
content per pair, and the sum over all pairs. 

In general, all other factors being equal, the 
higher the value of H for a scoring matrix, the 
more likely it is to be able to distinguish real 
from chance alignments.
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Calculating Uncertainty and 
Information Content for PSSM

Uncertainty (H):
H = fG log2 (fG)  + fA log2 (fA) +....

In general, the average amount of uncertainty (Hc ) in bits per 
symbol for column c of the PSSM is given by

Hc = -Σpic log2(pic)All i

for entire PSSM H = ΣHcAll columns

H is also known as the entropy of the PSSM position in information 
theory because the higher the value, the greater the uncertainty.

Information content  (IC):
IC for column = 2 – H      (for DNA sequence)
IC for whole PSSM = sum of columns ICs



Sequence Logo



5. Score and E-value

Bit score

s = a*MA+b*MM-c*OG-d*EG
a=1, b=-3, c=5, d=2    (BLASTn)

By normalizing a raw score s using the formula

s’=

The bit score (standard unit) is independent to scoring 
system

2ln
ln ks −λ



A example: 53 letters BLASTn against 
GenBank database:

S = (46)(1)+(-3)(4)-(5)(1)-(3)(2) =23

46
2ln

)771.0ln()23)(37.1(' ≈
−

=S



E-value
The expected number of HSPs (high-scoring segment 

pairs) with score at least s is given by the formula
E = kmne-λs

(The longest run of matches in a alignment is equivalent to the longest 
run of heads in the coin-tossing sequence. and it should be possible to 
use the Erdos and Renyi law to predict the longest run of matches. See 
Mount’s book, pp91-92)

The E-value corresponding to a given bit score is simply
E = mn2-s�

So that to calculate significance one needs to know in addition only the 
size of the search space (i.e. n and m).



Again, the above example:

003.025854611841342 46' =××== −−smnE



P-value
The number of random HSPs with score >=s is 

described by a Poisson distribution. 
Specifically, the chance of finding zero HSPs 

with score >=s is P0 =e-x or e-E, so the 
probability of finding at least one such HSP is 

P = 1- e-E

= 
sKmnee
λ−

−1



The Gumbel extreme value distribution

P(s≧x)=
1-exp[-e-λ(x-µ)]

λ =
µ =

=(lnKmn)/λ

P(s≧x)=
≈Kmne-λs

σπγ
σπ
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6. λ and K

Can be thought of simply as the scoring 
system and natural scales for the search 
space size;
recall that

s(a,b)=
ba

ab
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K is a constant that can be 
calculated from the value 
of pi and sij ;
It depends on the base 
composition.
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