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e BLAST: Basic Local Alignment Search Tool
A set of similarity search programs for
proteins or DNA sequences (BLASTN,
BLASTP,—) developed at NCBI.

1). Searches databases for related sequences.

2). Seeking local alignment is able to de-
tect relationships among sequences that
share only isolated regions of similarity.

e Biological implication of greater than 30%
sequence identity:

1). Structural similarity (usually functional
similarity).

2). A common ancestor.



Statistics of Align Scores

To assess whether a given alignment con-
stitutes evidence for homology, it helps to
know how strong an alignment can be ex-
pected from chance alone. In this context,
"chance” can mean the comparison of

(i) real but non-homologous sequences;

(ii) real sequences that are shuffled to pre-
serve compositional properties or

(iii) sequences that are generated randomly
based upon a DNA or protein sequence
model.



A local alignment without gaps consists sim-
ply of a pair of equal length segments, one
from each of the two sequences being com-
pared. It is possible to express the score
of interest in terms of standard deviations
from the mean; it is a mistake to assume
that the relevant distribution is normal and
convert the Z-value into a p-value; the tail
behavior of global alignment scores is un-
known. The most one can say reliably is
that if 100 random alignments have score
inferior to the alignment of interest, the p-
value in question is likely less than 0.01.



Distribution of Scores:

If scores of segment pairs can not be im-
proved by extension or trimming. These are
called high-scoring segment pairs or HSPs.
The maximum of a large number of inde-
pendent identically distributed random vari-
ables tends to an extreme value distribution.
P(X < x) = exp|—exp(—x)]

P(X > x) =1 — exp[—exp(—x)]

In the limit of sufficiently large sequence
lengths m and n, the statistics of HSP scores
are characterized by two parameters, K and
lambda.

p(X >8)=1-—exp(—kmnexp (—=\S))

This comes from extreme value distribution
and S is a given threshold score. k£ and A
are constants that can be calculated from
substitution matrix.



Most simply, the expected number of
HSPs with score at least S is given by
the E-value for the score S:

E = Kmnexp (—=\S)

Doubling the length of either sequence
should double the number of HSPs at-
taining a given score.

For an HSPs to attain the score 2 times
it must attain the score times twice in
a row, so one expects FE to decrease ex-
ponentially with score.

p-value: The number of random HSPs
with score > S is described by a poisson
distribution. This means that the prob-
ability of finding exactly a HSPs with
scores > S is given by:

e~ pa

al

p(HSPs =a) =



where E is the E-value of S.

e [ he chance of finding zero HSPs with
score > S is e L so the probability of
finding at least one such HSP is

p=1—e_E

This is the p-value associated with the
score S.

e For example, if one expects to find three
HSPs with scores > S, the probability
of finding at least one is 0.95. The
BLAST programs report E-value rather
than p-values because it is easier to un-
derstand the difference between, e.g.,
E-value 5 and 10 than p-values of 0.993
and 0.99995. However, when E < 0.01,
p-values and FE-value are nearly identi-
cal.



e [ he F-values we were studying was re-
lated to the comparison of two sequences
of length m and n. How does one assess
the significance of an alignment that
arises from the comparison of a sequence
of length m to a database containing
many different sequences of varying lengths?
There are two views:

e All sequences in a database are a priori
equally likely to be related to the query.
This implies that a low E-value for an
alignment involving a short database se-
quence should carry the same weight as
a low E-value for an alignment involv-
ing a long database sequence. To cal-
culate a database search FE-value, sim-
ply multiply the pairwise-comparison FE-
value by the number of sequences in the
database.



Recent version of FASTA protein compari-
son programs take this approach.

e A query is a priori more likely to be re-
lated to a long than a short sequence,
because long sequences are often com-
posed of multiple distinct domains. If
one assumes that a priori chance of re-
latedness is proportional to sequence length,
then the pairwise FE-value involving a
database sequence of length n should
be multiplied by N/n, where N is the
total length of the database in residues.
This can be done simply by treating the
database as a single long sequence of
length N.

The BLAST programs take this approach
to calculating database E-value.



e A Kkey element in evaluating the qual-
ity of a pairwise sequence alignment is
the Substitution Matrix, which assign a
score for aligning any possible pair of
residues. Two popular set of matrices:

1. PAM Matrices (Dayhoff et al. 1978).

2. BLOSUM Matrices (Henikoff and Henikoff
1992).

Both try to capture the relative substi-
tutability of sequence pairs in the con-
text of evolution.



e Substitution Matrix Motivation:

1. Consider simplest ungapped global align-
ment of two sequences x and y of length
n.

2. In scoring this alignment one would like
to assess

p(z,y | M) p(z,y| seq. has comm. ancestor)

p(z,y | R) p(xz,y | aligning by chance)
Substitution matrix is constructed by es-
timating this ratio.
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Substitution Matrix: Basic Ideas:

. Let g4 be the frequency of amino acid

a.

. Consider the case where alignment of x
and y is random

p(z,y | R) =[] az; I ] v
i i

. Let p,p be the probability that a and b
derived from a common ancestor.

. Then the case where the alignment is
due to common ancestry is

p(x,y | M) = Hpa:iyi
i
Joint probability with independence.
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. T he odds ratio of these two alternatives

IS given by:
p(aylM) _ 1liz1 Py _ 1liP2iy,
p(eylR) — Tliaw;[L;ay; — Iliax;ay

. Taking the log, we get

Iogp($’y| ) — log Hzpa:@yZ
p(ZI},’y | R) HZ qx;qy;

= Zlog Doy

) dz;qy;

. T he score from alignment is given by :
S = > S(=iyi)
P

p(z,y | M)

l0g
p(x,y | R)

. T he substitution matrix score for a pair
a and b in then given by:

S(a,b) = log Lab
daqp
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1. QUESTION: How do we get values for
pep (Probability that a and b arose from
a common ancestor)?

2. It depends on how long ago sequences
diverged. If diverged recently then

pab:OfOI’a#b.
If diverged long ago :

Pab — PaPp

There are two approaches PAM approach
and BLOSUM approach.

e PAM approach:Percent Accepted Mutation

1 PAM is the time over which one amino
acid replacement is expected to occur in
a 100 amino acid polypeptide chain of
average composition.
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Accepted Mutation: An accepted mutation
iIs @ mutation that occurred and was posi-
tively selected by the environment; that is,
it did not cause the demise of the particular
organism where it occurred.

Example Consider following set of sequences
for alignment. We will use PAM substitu-
tion matrix approach to get the alignment
score S.

ACGH

DBGH

ADIJ

CBIJ

First find number of times an amino acid
mutate to another:
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1. Observed
ACGH DBGH ADIJ CBIJ
1A—A 1B—B 1A—A 1B—B
1G—G 1G—G 1I—I 1I—I
1H—H 1H—H 1J—J 1J—J
1C—B 1A—D 1D—B 1C—A

inferred

A BGH ABIJ

1A—A 1A—A

1B—B 1B—B

1G—G 1I—G

1H—H 1J—H

inferred

A B GH
( A BCDGHTIJ)
A 80110000
B 08110000
C 11000000

A=|D 1 1 0 0 0 0 00O
G 0O0O0OG®6 010
HOOO OO OG®G6 01
I 00001040
\J 0 0 0 0 0 1 0 4)

=
6]



A;; = number of times amino acid j mu-
tates to amino acid «s.

A mutation could go in both directions, there-
fore tally of mutation IJ enters both Aj;
and A jr entries, while the tally of conserva-
tion A—A enters A4 4 enter twice.

2. Relative Mutability of Amino Acid j:

m; = 2 i=1,20,i%j Aij
>i=1,20 Aij
m; is the probability that amino acid j
will change in a given evolutionary inter-
val. The absolute value of m; depends
on how similar the sequences used in
tally Aij are, but the relative values do

Nnot.
mi1 | Mmoo | M3 | Mg | My | Mg | M7 | Mg
2 | 2 1 1 1 1 1 1
10 10 7 7 5 5
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3. PAM-1 Probability Transition Matrix:
The probability that the jt* amino acid
changes must be proportional to the mu-

tability

ij =1 - )\mj
Where M;; = probability of amino acid
7 changing into ¢ in the evolutionary pe-
riod (1 PAM).
17
A IS scaling constant to make sure that
the total mutation rate is 1%.

A Z pjijl%
j=1,20
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p; = probability of random occurrence of
amino acid j given as

- >_i=1,20 Aij
T i Ay

il 123475
TI0O[1I0 2 [ 2 | 7
Pj |28 | 28 | 28 | 48 | 28

IN
|~ O
I
5ol01 ~
I
50|01 OO
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I found the A = 0.0323.
Finally 1PAM matrix M is obtained by the
elements M;; and is given as:

([ .993
0

0

o OO

0

0

o OO

016 .016
993 .016 .016

.003 .003 .963
.003 .003

O

o OOoOo

O
.968

O
O
O

0 0 0 0 \

0 0 0 0

0 0 0 0

0 0 0 0
995 0 .006 O

995 0 .006

005 0 .994 O

0 .005 0 .994
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4. PAM log-odds score matrix for k units
of evolution:

(MF);;

Sz'j = 1010910

12

5. The score from an alignment is thus
given by

S=35;
)

PAM matrices are based on global align-
ments of closely related proteins.

The PAM1 is the matrix calculated from
comparisons of sequences with no more
than 1

Other PAM matrices are extrapolated
from PAM1.
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BLOSUM Matrices: Blocks substitution matrices

LLocal alignments can be represented as un-
gapped blocks, where rows are the protein
segments within protein sequences and columns
are the aligned positions.

1. For a block of width w amino acids, and
depth s sequences, there are s(s —1)/2
pairs of amino acids for each column
and ws(s—)/2 pairs overall.

2. Let fz-j be the amino acid types z,5. The
proportion of ¢,7 pairs is:

G = fij
L=
T i
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3. The expected proportion under indepen-
dence is:

e =P 1=
" 2pip; i F£J

where

pi=qi +1/2) g
i7]

4. The i, j" element of the BLOSUM ma-
trix is defined as:

si; = 21092(q;j/eij)
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Example

Consider a simple case of three amino acids
A,B, and C, and only one block

BABA

AAAC

AACC

AABA

AACC

AABC

width of the block, w = 4 amino acids
depth s = 6 sequences

there are C§ = s(s — 1)/2 = 15 pairs of
amino acids for each column

ws(s —1)/2 = 60 pairs overall.
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These 60 pairs occur with proportion of
times observed i.e., g;; as given in the fol-
lowing table:

aligned pair Proportion of times observed

A to A 26 /60
A to B 8/60
A to C 10/60
Bto B 3/60
Bto C 6/60
CtoC 7/60

Next, the expected proportion under inde-
pendence, i.e., € IS:

aligned pair Proportion expected

A to A (52)(53)
A to B 2(%—%)(2—4)
A to C z(ﬂ)(fg)
BtoB (i (5g)
BtoC 2(%)(62%)
Cto C () 22)
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compare the observed proportions to the ex-
pected proportion of times that each amino
acid pair aligned under a random assort-
ment of the amino acids observed, given the
observed amino acid frequencies:

aligned pair 2I092%
Ato A 2l09(£3/z22)
A to B -1.09
A to C -1.61
B to B 1.7
B to C 0.53
C to C 1.8

Rounding the result to the nearest integer,
the substitution matrix would be:

1 -1 -2
-1 2 1
-2 1 2
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BLOSUM matrices are based on local align-
ments.

BLOSUM 62 is a matrix calculated from
comparisons of sequences with at most 62%
identity.

All BLOSUM matrices are based on observed
alignments; they are not extrapolated from
comparisons of closely related proteins.

BLOSUM 62 is the default matrix in BLAST
2.0. Though it is tailored for comparisons
of moderately distant proteins, it performs
well in detecting closer relationships.
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The relationship between BLOSUM and
PAM substitution matrices.

BLOSUM matrices with higher numbers
and PAM matrices with low numbers are
both designed for comparisons of closely
related sequences.

BLOSUM matrices with low numbers
and PAM matrices with high numbers
are designed for comparisons of distantly
related proteins.

If distant relatives of the query sequence
are specifically being sought, the matrix
can be tailored to that type of search.
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