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Introduction

e A simple scoring scheme works well for

comparing DNA sequences.

* For comparing protein sequences, the scoring
matrices are usually complicated. They reflect

the frequency of an amino acid replacing another and
the frequency of each amino acid in homologues
protein sequences.

Table 7.1 The average amuno acid frequencies reported by Robinson and Robmson in [173].

Amino acid  Fregency|Amino acid  Fregency|Amuno acid  Fregency|Anuno acid Fregency

Ala 0.078 Gln 0.043 Leu 0.090 Ser 0.071
Arg 0.051 Glu 0.063 Lys 0.057 Thr 0.058
Asn 0.045 Gly 0.074 Met 0.022 Tip 0.013
Asp 0.054 His 0.022 Phe 0.039 Tyr 0.032

Cys 0.019 Ile 0.051 Pro 0.052 Val 0.064




Similarity scoring matrices might be constructed from any property
of amino acids that can be quantified

-partition coefficients between hydrophobic

and hydrophilic phases

-charge

-molecular volume, etc.

aliphatic

aromatic

hydrophobic polar



Rationale for Scoring Alignment

e Consider an ungapped alignment A between
two sequences of equal length:

S=s5sS,---s, T =tt, -1

We want to determine to see 1f A 1s due to their homology
(hypothesis I: they are homologous) or A 1s by chance
(hypothesis II: they have evolved independently).

A popular method for this kind
of hypothesis test is to consider
the log odds ratio




Let p,denote the probability that the amino acid
a appears 1n these two sequences.

The probability that A 1s seen under hypothesis II 1s
Pr[ A hypothesis II) = [[i(ps; py)

Let f,, be the probability of replacing a with b
given that they are homologous.

Then,
Pr[A | S and T are homologous] = [[:£;; ;

The likelihood ratio of A under the two hypotheses 1s

Pr[A |Sand T are homolougs] H fos Column score of
Pr[A | hypothesis II] ' pg Py aligning s, and t

J/

log ,

Pr[A | hypothesis 1I] -

Pr[ A |S and T are homolougs |
Z log , ) p
s; Mt



2. BLOSUM matrices

e BLOSUM matrices were first proposed by Henikoff and Henikoff for
aligning protein sequences.

e They were derived from conserved blocks in a database named BLOCKS.
A conserved block 1s a ungapped multiple sequence alignment in which
sequences match each other at some predefined level of similarity like

WWYTIRCASTILRKIYIYGPVGVSRLRT
WHYVRCASTILRHLYHRSPAGVGSITK
WFYTRAASTARHLYLRGGAGVGSMTK
WWYVRAAALLRRVYIDGPVGVNSLRT

S. Henikoff and .J. Henikoff. Amino Acid Substitution Matrices from Pro-
tein Blocks, Proc. of Nat. Aca. Seci. USA, 89(1992), 10915-10919.



Computing BLOSUM-x matrix

e Eliminate sequences which are identical in more than =% (e.g. 62%)
positions. This can be done in the following two ways.
— Remove all but one sequence from the block,

— Find a cluster of similar sequences and weight each seungnece so that

the whole cluster of sequences looks like a sequence.

e Compute
(a) the observed frequency f;; of the aligned pair A; to A;. f;; is an
estimate of the probability that we expect to see 4; and A; aligned in
the given alignments.
(b) the observed frequency f; of A; appearing in the block.

e The (7, 7)-entry of BLOSUM-z matrix is the closest integer of D_éﬁ-ﬂ?tj R~

254, where

fij ) fifio =

sij = logy —, pij =1 . 0
” Tpi Y 2y i A



Example of Deriving A Scoring Matrix

There are three letters Step 2: Compute the frequency of each
and only one block aligned pairs and each letter.

aligned pairs observed frequencies f;;

AtoA 28/60
B A B A AtoB 8 /60
A A C A Ato C 6/60
A A C C BtoB 6,/60
A A B A B to C 10/60
A A B C CtoC 2/ 60
A A BB | | ‘ _
amino acids observed frequencies f;
A 14/24
B 6/24

C 4/24



Step 3: Compute s; and round 2s; to the closest integers:

aligned pairs

Sij — lug f} Pij — { ﬁﬁ t=1J

observed frequencies

fij

2fif; 1 # 7.

cxpected frequencies pij 25

Ato A 28/60 196 /576 0.91
AtoB 8/60 168 /576 -2.26
AtoC 6/60 112/576 -1.92
B to B 6,/60 36/576 1.35
B to C 10/60 48 /576 2.00
C to C 2/60 16/576 0.52

amino acids observed frequencies f; | .

A 14/24 % iL [Z (2

B 6/24 B ) | '9

C 4/24 _ -

f’ C 1
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Remark 1

* 1 1s the observed frequency of amino acid A; being aligned
with amino acid A;. p;; is the probability that A; and A, align by
chance between two random sequence in which A; and A; have
frequency f; and f;.

Hence, s 1s an estimate of the log odds ratio of the aligned

> ]

pair A; and A..
The score for a pair of amino acids 1n a
BLOSUM matrix 1s positive if they are more

likely than chance 1n alignment and negative 1f
they are less likely.



Remark 2

« BLOSUM matrices are obtained for aligning protein sequence,

but they are obtained from conserved blocks, which are alignments!
Then, how blocks are obtained? Does the block data bias the output
scoring matrix

To break this circular argument. Athree step iterative

approach is used.

1. A unitary matrix which has 1 on diagonal and 0 elsewhere was
first used, generating 2205 blocks;

2. A scoring matrix was then obtained from these blocks by
setting 60% as the similarity level, which was used to construct

the 2"d set of 1961 blocks. Then, the second scoring matrix was
reconstructed from these 1961 blocks.

3. Finally, the second scoring matrix was used to obtain the final
version of the dataset of 2106 blocks. From this final dataset,
various BLOSUM matrices were obtained.



2. PAM Matrices

 The PAM matrices are the first scoring matrices. They
were constructed by Dayoff and coworkers 1n 1979.

e A point accepted mutation 1n a position is a substitution
of one amino acid by another that 1s accepted by natural
selection 1n the sense that the resulting protein has the
same function as the previous one.

A PAM unit 1s a time period over which 1% of the amino

acids 1n a sequence are expected to undergo accepted
mutations, some of which may occur at the same
position.



That two sequences are 100 PAM unit diverged does not mean

they are different in every position.

PAM distance
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The PAM matrices are dervied based on
Markovian evolutionary model.:

- Different letters in a sequence have evolved independently;
e Substitution process at each site is modeled as a Markov chain
process with the letters as its states;

T X (1) The process 1s memoryless. The state x. after
the ith stage depends only on x;-1, not on x;, j<i-1.
(2) The process 1s 1dentical for each stage

/ P Pac Pac Par
Pea Poc  Poc  Por
pCA pCG pCC pCT
Pra P Prc P

.Xi

Transition matrix



Compute PAM1 Matrix

- Collected 71 blocks of aligned proteins sequences that are
approximately 1-PAM unit diverged.

e Count substitutions occurring in the dataset.
Use A;; to denote the times At 1s substituted by A;;
and estimate the frequency f. of amino acid A,

* PAMI matrix M1 = (p;;), where
.:':f.g':' — 1 _ z .
e Pii = Pij-
o 2 Aik JFi

B 0.01
2i E=} fi f-:f-ii_."' / 2rAir) 1




Compute PAM-n matrices

We assume that evolution 1s a Markovian process.
Hence, M1=(p1j) 1s the transition matrix of the process
over one PAM unit period;

Therefore, M | (m(”) ) 1s the transition matrix
of the process over n PAM unit period.

For any 1, j, the probability that A; mutates into A; in
n PAM units is T, m(n)
The (1, j)-entry in the PAM-n matrix 1s defined as

f.m" mi™
10log If .




Hydrophobic group: M, I, L,V
Aromatic group: F, Y, W.

Al 2
R|2 6

Njo o 2

B, . BE PAM 250
cl2 4 4 5 12

Qlo 11 2 5 4

Elo 113 52 4

Glt 3 01 3 1 0 5

Hl-1 2 2 1 3 3 1 2 6

I[-1 2 2 2 2 2 2 3 2.5

Il2 3 3 4 6 2 3 4 2 2 6

Kl-1 3 1 0 5 1 02 0-2 -3 5

M[-1 0 2 3 5.1 232 2 4 0 6

Fl|[4 4 4 6 4 5 5 5 2 1 2 5 0 9

Pl[1 01 1 3 011 0231 2 5 6

slt o1 0 0-1 0 1-1-1-3 0231 2

Tf1 -1 0 0 2 -1 0 0-1 02 0-1 -3 0 1 3

w6 2 4 7 85 7 7 35 2 3 4.0 6 2 5 17
Y|3 4 2 4 04 45 0-1 -1 4 2 7-5-3-3/0 10
vio 2 2 2 2 2 2 1 2 42 2 21110 6 2 4
A RNDT COQEGHTILEKMTETPSTITIWUYV
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3. How to Select a Scoring Matrix?

e Different scoring matrices are only optimal for detecting
different classes of alignments.

* One needs to consider the similarity and amino acid
composition of compared sequences.

For general alignment purpose, BLOSUMG62 or PAM120
are recommended.

For PAMx matrices, higher x detects more divergent sequences;
For BLOSUMn matrices, lower n detects more divergent sequences.

BLOSUM 80 BLOSUM®G62 BLOSUMA45
PAM30 PAM120 PAM250

Less divergent € —>  more divergent



e For database search, several complementary
scoring matrices are suggested to be used, for
example, a combination of PAM40, PAM120
and PAM250

e Protein sequence comparison contains more
information.



4. Gap penalty models

Indel columns are introduced to bring up the
matches that appear later. Thus, indels must be

penalized like mismatches.
. Linear gap penalty model

Each indel column 1s penalized by constant o.
This 1s what we have used 1n this section.

In this model, the score of an alignment 1s equal to
the sum of scores of match/mismatch columns
and o times the number of indel columns.



® Affine gap penalty model

A gap 1s defined to be a sequence of spaces ‘-’
between two consecutive letters 1n a row of an alignment.
Two or more nucleotides are often removed or added 1n a
mutational events. Hence, a gap of length k scores
-(ot+tkxe)
where 0>0 1s called the gap opening penalty and
¢>0 the gap extension penalty. Usually, o 1s large and
¢ 1s small, say 0=12, e=1.

Theorem: Alignment can be done in quadratic time even in affine gap penalty.

-4
¥
o —_— ATACIATGTCT
o=4, e=3
G TAC|- -|GTZC®G
-5 +8+8+8 -3 -3 +8+8+8 -5 -3 =29

29-4-4=21
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