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Sequences in Molecular Biology

Molecule Sequence

DNA 5 '-AGTTGGCATGGTGCCCCAAATTGGGG-3"
3 '-TCAACCGTACCACGGGGTTTAACCCC-5"

A
v

4 different characters: ACGT

RN A < > 5 '-AGUUGGCAUGGUGCCCCAAAUUGGGG-3"
4 different characters: ACGU
. _ - NH,-Ser.Trp.His.Gly.Ala.Pro..-COOH
Protein <« >

S W H G A P

20 different characters (+2): ACDEFGHIKLMNPQRSTVWY
(+ SeCys (U); PyrLys(0))


Michael Baudis


Sequences in Molecular Biology

“Central Dogma”: DNA ——> RNA —— Protein
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Credit: Nicolle Rager, National Scietice Foundation



Biological processes interconvert sequences

Process

Replication CDNA

Transcription Reverse

Sequence

5 '-AGTTGGCATGGTGCCCCAAATTGGGG-3"
3 '-TCAACCGTACCACGGGGTTTAACCCC-5"

Transcription

RNA dep. Transcr.
Replication GNA
Translation

Protein

Genetic Code- Table

Second Letter

u c A [
uuu |Phe ucu UAU | ™ |ucu |Cys
u [uuc ucc | ser |UAC uGe
UUA |Leu uca UAA  Stop |UGA Stop
uuG uce UAG Stop |UGG Trp
cuu ccu CAU | His |cGu
¢ |cuc | Leu|cce | Pro [cac cae | arg
1ot CUA ccA CAA | Gin |cca
cuG cce CAG CGG

letter AUU

ACU AAU |Asn AGU | ser
A |Auc

lle |AcC | mr |AAC AGC

AUA ACA AAA | AGA
AUG et | ACG anc | Y° |ace | A9
Guu Gcu GAU | Asp |GGU

G |GUC | yal |GCC | ala |GAC GGC | gly

GUA

GCA GAA GGA
GUG | o

GCG GAG

Oroc | oroc | orocCc|orocCc

3rd

letter

5 ' -AGUUGGCAUGGUGCCCCAAAUUGGGG-3"

5 '-CCCCAAUUUGGGGCACCAUGCCAACU-3"

NH,-Ser.Trp.His.Gly.Ala.Pro..-COOH
S W H G A P
or V G M

or . A W ~ (depending on start point)

Note: Sequences in biology are produced in a defined direction and are
usually also written in the same defined direction

Order of characters is crucial for sequence-function AGTTG # GTTGA
or VPQ # QPV



Sequences contain information

Sequence Information Function

Stable, long-term storage of the

DNA —— Genes, Programs, Amplification whole information package

Transient amplification of specific

RNA  ——— Production of Proteins; Structure parts; program execution

Protein —— Structure (=> Function) — Program execution

Y
\

Metabolites, Cellular and Organismal Structures



Sequences can be interconverted computationally

DNA 5 '-AGTTGGCATGGTGCCCCAAATTGGGG-3"
3 '-TCAACCGTACCACGGGGTTTAACCCC-5"

straightforward

RNA 5 '-AGUUGGCAUGGUGCCCCAAAUUGGGG-3"
1 5'-CCCCAAUUUGGGGCACCAUGCCAACU-3"

NH,-Ser.Trp.His.Gly.Ala.Pro. .-COOH

Protein
ote S w H G A P
1 ambiguous
neti - Tabl
RNA/DNA 3 -2CU-UGG.CAU.GGU.GCC.CCA.AAU.UGG.GG-3" Genetic Code- Table
__C _____ C __C __U __G __C _____ Second Letter
u c A G
uC-.---.-=--.--A.--A. -C.---.-—-=.-- uuu | Phe |ucu UAU | Tvr UGUles v
u |uuc ucc | ser |uac uee c
vcc.---.---.--G.--G.--U.-——- . ———.—- uu;xl,_eu Uca UAA  Stop |UGA stop|A
UCA uuG uce UAG Stop |UGG T |G
. . . . . . . . cuw ccu cAU | His |ceu u
o __l__l__o__ ¢ |cuc | Leu|cce | pro |cac cec | arg | €
UCG. . . . . . . . st | |cua CCA CAA | cin |cGa | 0 |a it
cuG cce CAG cGe G
letter AUU ACU AAU | Asn |AGU |Ser U |letter
A lauc | ne [acc | mr |AAC AGC c
AUA ACA AAA AGA A
AUG et | ACG AAG | Lys | ace |A'9 G
GuU Gcu GAU | Asp |GGU u
G |GUC | ya |GCC Ala | GAC GGC Gly o4
GUA GCA GAA | o |GGA A
GuG Gce GAG GGG G




Sequence informatics — what can be learned ?

Short DNA pieces: assemble correctly

Sequenced RNA: align with genome
RNA from special conditions

Sequenced Proteins: align with RNA
proteins from special conditions
posttranslational modifications

Comparison of individual sequences

Comparison of sequence collections

structure of genomes

location and structure of genes
expression control of genes

structure of protein coding regions
control of protein production
control of function

deduction of function
evolutionary relationships
characterization of individual

ecosystem characterization
detection of presence of organism
expression profiles

Required: Methods to compare sequence strings
quantitatively to determine their similarity



Biological basis for sequence alighment

=> many genes are related by common descent

Pancreatic secretory
trypsin inhibitor

Trypsinogen

Chymotrypsin  VKKTMVCAGG-DGVISACNGDSGGPLNCQOLENGSWEVFGIVSFGSRRGC [--]
. + MCG +G +C GDSGGP+ C NG + G+VS+G GC
Trypsinogen ITSNMFCVGFLEGGKDSCQGDSGGPVVC---NGQLQ--GVVSWGD--GC [--]



Similarity of biological sequences: some definitions

Similarity: The degree to which two items share certain characters

Homology: descended from a shared common ancestor

Orthology: derived from common ancestor during speciation
(often with retained function)

Paralogy: evolved in parallel after gene duplication
(often with diverged function)

Note: Sequences are either homologous or not
Analogy: similarity without homology, e.g. due to convergent evolution

Sequence similarity: two sequences contain a number of identical or related characters in
corresponding positions



Sequence Similarity

Many possible definitions of “similarity”: length, character content, character distribution,.....

Biological definition: (interrupted) stretches of identical or similar characters

E.g. search identical sequence segments for assembly of long sequences from short, overlapping fragments

AAGCTTACCAAAATTGAAGGGACGTTGACGTAGGGGGACGCTTTAG
GACGCTTTAGTTTAGCCACCGGTATTTAGC

Similar characters: physico-chemical characteristics, functional characteristics, evolutionary relation......

Comparison of two (or more) sequences: Alignment of identical and similar sequence segments

AAGCTTACCAAAATTGAAGGGACGTTGACGTAGGGGGACGCTTTAG
AATCTAGCAATTATTGAAGGGACGTTGACGAAGGGGTTCGCTACCG

Challenge: Find the best possible alignment (and do it faSt)

AAGCTTACCAAAATTGAAGGGACGTTGACGTAGGGGGACGCTTTAG
AATCTAGCAATTATTGAAGGGACGTTGACGAAGGGGTTCGCTACCG



A realistic example

Why is it so difficult I? Isn’t this trivial ?

Chymotrypsin VKKTMVCAGG-DGVISACNGDSGGPLNCOLENGSWEVFGIVSFGSRRGC [--]
. + MCG +G +C GDSGGP+ C NG + G+VS+G GC
Trypsinogen ITSNMFCVGFLEGGKDSCQGDSGGPVVC---NGQLQ--GVVSWGD--GC [--]

-
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- ” ” H o L”?
.@'N@. Why was ”NG” aligned and not “Q
C G @ - What does the “+” mean ?
VC-- fr—

- How “good” is my alignment?

=> there are many possible ways to align two sequences !!

=> we need a formalized scoring system,
to describe and measure similarities, and to develop statistics ...



Scoring systems for calculation of “similarity”

General scoring systems are context independent (i.e. values are the same for every occurence of
a given pair). They can be written in form of a simple matrix :

e.g. Nucleotide identity matrix (positive score only for identities; no penalty for mismatch)

O-20>

coocowu >
cowuio
ownoo -
ugooco O

e.g. Nucleotide substitution matrix (positive scores also for certain subtitutions)

A G T C
A 4 1 0 0
G 1 4 0 0
T 0 0 4 1
C 0 0 1 4

The matrices show scoring values M; for every conceivable pair i and j.
Matrices are symmetrical



Scoring values for sequence alignments

Quantification according to an Identity or Substitution Matrix
The matrix assigns a value to every possible character pair that could be observed in a comparison

In an alignment of two strings of characters, the scoring values for all occuring characterpairs are
combined to produce a score for the respective alignment

Scores are calculated for every possible alignment between two strings, ranked, and compared to random
alignments for a statistical evaluation => Optimal Alignment

Question: How can we derive realistic scoring values?

Rules for scoring values are based on a specific model for the origin of
the expected similarity



The meaning of scoring values - (l) probability

Value in nucleotide identity matrix = probability that characters in a pair are identical

O-Ho>

oo - >
oo =0
O 00 -

C
0
0
0
1

Alignment score = probability that the aligned sequences are identical =
Product of matrix values of each position of the alignment

Example:

AAGCTTACCAAAATTGAAGGGACGTTGACGTAGGGGGACGCTTTAG
AATCTAGCAATTATTGAAGGGACGTTGACGAAGGGGTTCGCTACCG

Score of the global alignment = 0
Score of local alignment (red substring): = 1

Matrix produces a yes/no answer; ok for identity, not useful for similarity



The meaning of scoring values - (il) arbitrary score

Value in nucleotide identity matrix = arbitrary score for a matching pair

O-6>

OO O =P
oo =0 0
O 00 -
—ococo O

Alignment score = sum of matrix values of each position of the alignment

AAGCTTACCAAAATTGAAGGGACGTTGACGTAGGGGGACGCTTTAG
AATCTAGCAATTATTGAAGGGACGTTGACGAAGGGGTTCGCTACCG

Global aligment = 34 matches of 46 pairs => Score 34
Red substring = 18 matches of 18 pairs => Score 18

Without normalization, the score will grow with the length of the alignment



Evolution as the basis of scoring systems

Biological sequences change by (almost) random mutation:
substitutions of characters (e.g. CG —*TG; Ala-Thr-Gly — Ala-Ser-Gly)

insertions
}indels (e.g. CTGG-ACAG <+—> CTGGAACAG)
deletions

Most of the currently observed sequence variation has been fixed during evolution

Evolutionary fixed (“accepted”) sequence variation is restricted by functionality

=> in functional sequences some mutations are deleterous: less likely to become fixed
=> in ,non-functional® sequences mutations are less consequential => more mutations fixed

= Even though every nucleotide and amino acid may technically mutate with almost equal frequency, in
real life not all mutations in a coding sequence are observed with equal frequency.
= pj (probability that i to j change is accepted and can be observed) depends on i andj;

pij may serve as a quantitative measure of similarity between i and j

Rules for quantitative evaluation of changes in comparisons of biological sequences are based on
theoretically or empirically derived “models” of evolution



The PAM concept

Working hypothesis: - the compared sequences are evolutionary related
- they differ by N% altered characters (mutations)

PAM = Point Accepted Mutation (or “percent accepted mutation”)

PAM1 reflects an evolutionary distance where 1% of characters have been changed:
=> 99% of character pairs of an aligment should be identical; 1% mismatched

—mutation matrix

A G T C
A 0.99 0.0033 0.0033 0.0033
G 0.0033 0.99 0.0033 0.0033
T 0.0033 0.0033 0.99 0.0033
C 0.0033 0.0033 0.0033 0.99

Transitions (Pu-Pu/Py-Py changes) = Transversions (Pu-Py changes)

A G T C
A 0.99 0.006 0.002 0.002
G 0.006 0.99 0.002 0.002
T 0.002 0.002 0.99 0.006
C 0.002 0.002 0.006 0.99

Transitions = 3 x Transversions

Alignment score = probability that the sequences confirm the working hypothesis, i.e. they are very
closely related (1% difference) = product of matrix values for every pair in the alignment

Matrix for greater divergence:
PAM2 = 2% mismatched; PAM4 = 4% mismatched; etc.



The log-odds concept

Conversion of mutation matrix to log-odds matrix:
score sjof a match between nucleotides i and j:

sj = log (piMy/pip;) = log (My/p;) (=log(observed frequencylexpected frequency))

Piorj - frequency of nucleotide i or j (= 0.25); M;: value from the mutation matrix
log base is only a scaling factor; frequently log,, values for matrix rounded to next integer

A G T C
A 2 -5 -7 -7
G -2 2 -7 -7
T -7 -7 2 -2
C -7 -7 -2 2

log-odds matrix: total alignment score is determined by addition of individual s; values
(instead of multiplication of individual probability values)

Note: This is a convenient example for the PAM/Log-odds concept.
Actual values for DNA comparisons are usually derived differently.




a quick aside: Position Specific Scoring Matrices

Scoring Values Depend on Position in a Sequence

(a) Annotated TrpR binding sites

Site ID Target Operon

ECK120012644 T T T T 7T T T T arol-yaiA-aroM

ECK120012187 T T T 7T T T T arol-yaiA-aroM

ECK120012179 T T T T T tpLEDCBA

ECK 120012892 T T T T T tpLEDCBA

ECK120012181 T T T T T trpLEDCBA

ECK 120012636 T T T T aroH

ECK120012183 T T T T aroH

ECK120012185 T T T T T T mtr

ECK 120012979 T T T T T T mtr

ECK120012894 T T T T 7T T tpR

(b) Position-specific scoring matrix Useful for finding specific

T 5 7 o0 o 10 o e 5 4 0 0 5 0 o 10 o0 2 0o functional sequence
motives (TF binding sites,
protein domains)
(c) Consensus
w A C T m k w r C r T r C r

(d) Sequence logo

O aCTraacTal A

= 2

in



DNA comparison

simple scoring systems treat all matches as equal and all mismatches as equal
a negative score is assigned to mismatches

Alignments without gaps (only substitutions allowed):

seq2: GGGCTGTGATCAGTA

ifT 1 111 1in i 1115
seq 1: GGACCGTGAACAGCA

| 1 11 111 | 8/15
seq3: GAGCAGTCAACTCTA

seq 1 is closer related to seq 2 than to seq 3

But natural sequence variation also involves indels !

=> Gaps in sequence alignments must be possible



DNA comparison with gaps

Alignments with gaps (indels allowed; increases possibilities drastically):

seq1: GGACC-GTGAACAGC-2Aa
i1 1 11 1l 1 | 10/15(18)
seq 3: - GAGCAGTCAACT -CTA
But also:
seq 1: GGACCGTGAACAG-CA
11 | i1l 11
seq 3: -GA--G----CAGTCAACTCTA

values for introduction of gaps are estimated empirically:

Affine gap: high value (A) for gap opening + lower value (B) for every gap elongation step

Gap penalty P for a gap of lengthn: P=A +nB



“Real life” scoring parameters for DNA alignments

Parameters Smith-Waterman FASTA wuBLAST ncbiBLAST

Match 5 5 5 1

Mismatch -4 -4 -4 -3
Gap opening -16 -16 -10 -5
Gap extension -4 -4 -10 -2

S-W/F wuBLAST ncbiBLAST

AGATCAACGGATTGCTTTCCTGCCGCCATT

AGATCTT ATT---TTCCT TT
GATCTTCGG CCTGGGGCCA 75 69 2

=> scores can be only compared within one scoring system



Information content of biological sequences

Information content of a character in a string depends on the number of possible characters that could be
found at that position.

Information content of (sub-)sequences containing only few or a subset of the possible characters is lower

e.g. AATAATTAAAATAAATAA for DNA (longer stretch of only 2 of the 4 possible characters)

or

LLDELDDELLDEL for protein (longer stretch of only 3 of the 20 possible characters)

In sequence comparison programs such «Sequences of low complexity” are sometimes filtered and
marked as xxxxxxxx or in lower case.

The occurence of such sequences can be biologically relevant, but the sequences are not included in the
calculation of similarity values, because character pairing would result in high scores even though it may occur
by chance (i.e. any alignment of two such regions will produce a relative high score by chance and not
because the aligned positions are homologous).



DNA/DNA vs. protein/protein comparisons

Information content per position in DNA is low
only 4 possibilities => similarity by chance

DNA may contain many positions with no or small functional importance

e.g. non-coding regions, third codon positions

such positions may not be conserved in evolution

=> relatedness may be overlooked

DNA-DNA comparison is only useful for closely related sequences
or highly conserved motives



DNA/DNA vs. protein/protein comparisons

Seq1: CCTGGAGTCCAGCAAAAACGTC
Seq2: CATGGTGACCACCGAAAAGCTC 15/22

Seq 3: GTTAGAAAGTTCTAAGAATGTG 9/22

Seq 2 seems to be much closer related to Seq 1

But: Sequences have coding potential for peptide sequences:

Seq 1: C.CTG.GAG.TCC.AGC.AAA.AAC.GTC
.leu.glu.ser.ser.lys.asn.val

Seq 2: C.ATG.GTG.ACC.ACC.GAA.AAG.CTC 15/22
.met.val.thr.thr.glu.lys.leu 0/7

Seq 3: G.TTA.GAA.AGT.TCT.AAG.AAT.GTG 9/22
.leu.glu.ser.ser.lys.asn.val 7/7

The peptide encoded by Seq 3 is identical to that encoded by Seq 1!

=> always search at the level that carries the biological function



Conceptual translation of DNA into protein

six possible reading phases per DNA sequence:

Frame 2 s D D D A L L
Frame 1 s X X
P ¥ [*

gatijgccctacltga -3
ctalcgglgatjgact -5

I G X Q <«—Frame 3
S S A R S g rame 4

H H H H G V S ~— Frame 5

Frame O s M
5 - S
3 - (e

tga
act

—_— 0 ><

2] Q0 =

Genetic Code- Table

Second Letter

3 nucleotides form a codon => 64 codons possible u c A c
uuu |Phe ucu UAU | Tyr |uGu |Cys ]
" |UUA | oy |Uch | " [UAR ' stop |UGA ' stop|A
20 different amino acids in proteins vue | |uce UAG stop |UGG T |G
cuu ccu CAU | His |cGu u
©lcua | “|cea | 7 |cAn | o |coa |V [A
1 to 6 different codons per amino acid 1 fevsl |ces cAG cee | |o|™
. . lett
=> different DNA molecules can code for same protein o ™ ] el el R 1 -
AUA ACA AAA | Lys |AGA | Arg |A
AUG et | ACG AAG AGG G
GUU Gcu GAU | Asp |GGU u
G |[GUC | ya |GCC Ala |GAC GGC Gly o4
GUA GCA GAA | Glu | GGA A
GUG GCG GAG GGG G




Amino acid substitution matrices

Model: Amino acids are differentially related to each other

1.

required steps for mutation (“distance”):

e.g. Thrcodons (ACN) —— Ser (UCN) (one step)

}

> Cys (UGY) (at least two steps)

2. similar physico-chemical characteristics:
e.g. aromatic side chains: Phe, Tyr, Trp (F, Y, W)
basic side chains: Lys, Arg, His (K, R, H)
for different purposes, amino acids may be sorted differently
3. actually observed evolutionary conservation

Many different possibilities for reasonable substitution matrices



Popular amino acid substitution matrices

based on comparisons of evolutionary related proteins

PAM concept was developed for amino acid substitutions

Computed by Dayhoff (1978) based on a model of protein evolution

Model: Protein evolution through point mutations:
1) independent from previous substitutions
2) independent from the neighbouring amino acid

reality is more complex: e.g. 3-D and functional constraints

Analysis of closely related sequences:

71 protein families
85% identity (allows for manual global alignment, few indels, minimal multiple changes)
in total 1572 accepted changes

(n)
. M
—Dayhoff matrix form for PAM n : D" =10log,——

(log-odds matrix) /i

M;;: frequency with which a.a. i mutates to j in a PAM unit

fi: frequency of a.a. i (a.a.= amino acid)



PAM matrices

———R;——- Question: Do A;and A;align by chance or because they are evolutionary related ?
Alignment: N
; (i,j) value in PAM matrix gives the probability ratio of the two possibilities
) Pancreatic secretory
Trypsinogen Important:

~ trypsin inhibitor

in the protein world, spatial alignment of 3D
: | structures can act as “ground truth” of
(8 biologically meaningful alignment !

/- 0 d
- Chymotrypsin * b

c 12
s 0 2 Note: Two sequences differing by 100 PAM units
T -2 1 3 H H HY .
not differ in all itions:

P-3 1 0 6 PAM250 do no d. erin all positions ,
A -2 1 1 1 2 Effect of multiple substitutions at one site
G -3 1 0 -1 1 5 - » . . .
N -4 1 0 -1 0 0 2 Residue identity Evolutionary difference
B2 o 01 0 12 4 >0: likely mutation difference (%) (PAM units)
E-5 0 0-1 0 0 1 3 4 <0: unlikely mutation
Q -5 -1 -1 0 0 -1 1 2 2 4 1 1
H -3 -1 -1 0 -1 -2 2 1 1 3 6
R -4 0 -1 0 -2 -3 0 -1 -1 1 2 6
K -5 0 0 -1 -1 -2 1 0 0 1 0 3 5 10 11
M -5 -2 -1 -2 -1 -3 -2 -3 -2 -1 -2 0 0 6
I -2 -1 0 -2 -1 -3 -2 -2 -2 -2 -2 -2 -2 2 5 20 23
L -6 3 -2 -3 -2 -4 -3 -4 -3 -2 -2 -3 -3 4 2 6
Vv -2 -1 0 -1 0 -1 -2 -2 -2 -2 -2 -2 -2 2 4 2 4 40 56
F -4 -3 -3 -5 -4 -5 -4 -6 -5 -5 -2 -4 -5 0 1 2 -1 9
Y 0 -3 -3 -5 -3 -5 -2 -4 -4 -4 0 -4 -4 -2 -1 -1 -2 7 10 60 112
w -8 -2 -5 -6 -6 -7 -4 -7 -7 -5 -3 2 -3 -4 -5 -2 -6 0 0 17

c s T P A G N D E Q H R K M I L V F Y W 80 246




BLOSUM matrices

Blosum: BLOck SUbstitution Matrix

Aligned sequences

derived from BLOCKS database (Henikoff and Henikoff, 1992)
multiple alignments of distantly related sequences (1764 blocks in 437 protein groups)

tlpa braja AVATAQKIAP LAHGEVAALT MASAPLKLPD LAFEDADGKP KKLSD.....
resa bacsu SRFNLRTRLY HLQRCOICRQR EYIRRSDAPN FVLEDTNGKR IELSD.....
pestis KIIGLCSLLL LLS..ACKQE KVALGEVAPT LAAYDLDGEA VALEQ.....

helx rhoca .......... .. ONCPNAMP TALAGKEAPA VRLEPLL ... .. GAEAPFTD
cycy braja ......... R LGSGCPSRIP SALIGRPAPQ TALPPLZGLQ ADNVQVPGLD
ccmg chroma .......... .... DPRKIP SPLVDKPAPE FSLPDLKDPN QT..... LTR
dsbe ecoli ........ RN AEGDOPTNLE SALIGKPVPK FRLESLDNPG QF..... YQA

Conserved Blocks

First column in conserved block: AABACA: 6 AA pairs, 4 AB pairs, 4 AC pairs, 1 BC pair
=> Observed probability of an AA pair: 6/15, AB pair 4/15 etc.

These values can be converted to a log-odds matrix §; ;= lo g —

) e.
gi: normalized observed pair frequency between i andj y
ejj: normalized expected frequency of pair ij (reflects the frequency of occurence of both characters)



<K ETHuUYHRIACOCHEOTQRONU Z P

Various BLOSUM matrices

Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
val

-1
-2
-2

-1
-1

-2
-1
-1
-1
-1
-2
-1

-3
-2

Ala

Arg

Asn

6
-3

0

2
-1
-1
-3
-4
-1
-3
-3
-1

0
-1
-4
-3
-3

Asp
D

9
-3
-4
-3
-3
-1
-1
-3
-1
-2
-3
-1
-1
-2
-2
-1

Cys
c

Gln
Q

5
-2

-3
-3

-2
-1
-1
-3
-2
-2

Glu
E

BLOSUM 62: All sequences in the BLOCKS with >62% similarity
were collapsed in one.

Removes bias due to contribution of too many closely related
sequences in the sequence collection.

6
-2 8
-4 -3 4

-4 -3 2 4

-2 -1 -3 -2 5

-3 -2 1 2 -1 5

-3 -1 0 0o -3 0 6

-2 -2 -3 -3 -1 -2 -4 7

o -1 -2 -2 o -1 -2 -1 4

-2 -2 -1 -1 -1 -1 -2 -1 1 5

-2 -2 -3 -2 -3 -1 1 -4 -3 -2 11

-3 2 -1 -1 -2 -1 3 -3 -2 -2 2 7

-3 -3 3 1 -2 1 -1 -2 -2 0o -3 -1 4

Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val
G H I L K M F P S T W Y v

The BLOSUM 62 Matrix



PAM vs. BLOSUM matrices

The PAM 250 Matrix

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

VvV Vval
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Y Tyr
VvV Val

-2 -2

-1

-2

-3

0

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

The BLOSUM 62 Matrix



PAM vs. BLOSUM matrices

High sequence similarity High sequence similarity

PAM 1
BLOSUM 80
PAM 120
BLOSUM 62
PAM 250
BLOSUM 30

Low sequence similarity Low sequence similarity

All matrices work

Comparison of closely related sequences: low number PAM or high number BLOSUM matrices better
Comparison of less related sequences: high number PAM or low number BLOSUM matrices
Routine: BLOSUM 62; if in doubt, try several different matrices
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Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Protein substitution matrix - summary

For commonly used programs:

Matrix derived from frequency of actually occuring amino acid pairs in corresponding positions of
conserved protein regions; values indicate probability that a given amino acid pair reflects evolutionary

relationship and does not occur by chance. Different matrices reflect different evolutionary relationships.

4
-1 5
-2 0

6
1
IR0
-1 1 0 0o -3
0 2 -4
o -1 -3
1 -1 -3
-1 -3 -3 -3 -1
-1 -2 -3 -4 -1
-1 2 o -1 -3
-1 -1 -2 -3 -1
-2 -3 -3 -3 -2 -3
-1 -2 -2 -1 -3 -1
1 -1 1 0o -1 0
0o -1 o -1 -1 -1
-3 -3 -4 -4 -2 -2
-2 -2 -2 -3 -2 -1
o -3 -3 -3 -1 -2

! 1
<) H<::% oN N WL

Ala Arg Asn Asp Cys Gln
A R N D Cc Q

Cys-Cys (C-C) pair: high value because C is rare
and match by accident therefore unlikely

Leu-GIn (L-Q) pair: negative value; not a likely substitution;
Amino acids are functionally different
-3 -4 -3 4
-3 -4 -3 2 4
1 -2 -1 -3 -2 5
-2 -3 -2 1 2 -1 5
-3 -3 -1 0 0 -3 0 6
_1 - e ] 2 2 1 e ] A s}
0 Tyr-Phe (Y-F) pair: high value; frequently observed substitution
-1 - Amino acids are functionally similar
-3 -4 -4 -3 -4 -3 -1 -4 -3 -4 1l
-2 -3 2 -1 -1 -2 -1 -3 -2 -2 2 7
-2 -3 -3 3 1 -2 1 -1 -2 -2 0 -3 -1 4

Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val
E G H I L K M F P S T W Y v



Sequence alighment: algorithms

¥YOVDLLOOOVYYLLOODODOIOL

ACGGAC ACCGATGC

- - - - - -XXX-----X--XX
- X---X----XX----X--
- - XX--------X--X---
- - XX--------X--xX---
- X---X----XX----X--
- - - - - -XXX-----X--XX
- - - - - -XXX-----X--XX
X - --X----X---X--- - -
X - --X----X---X--- - -
- X---X----XX----X--
- X---X----XX----X--
- - XX--------X--X---
- - - - - -XXX-----X--XX
- - - - - -XXX-----X--XX
- - XX--------X--X---
X - --X----X---X--- - -
- X---X----XX----X--
X = = = X = == =X == =X === ==

Alignment matrix:
Positions with locally positive
alignment score are marked x

“Positions”:
characters
words

genes



Dot Plots

‘BOoe

Ram Oparan by Ram Oparce Matrix Mot

Repeats

el

-
N

Synteny of genes on mouse and
human X chromosome

52317 . . ”
4708 : : L ) - /

.. Alignment: .- .. ,
a1gsts L« ¥ R L .
3662 . : Teede / y
3139 e el g f / : :

. . n e

2616 . - / .
20031 ¢ . C 3 e
1570 - P -l
1047 / *

DotPIOt 1 464 928 1392 -1855 319 783 5246 ‘710 4174 de37

E.coli K12-MG1655 Position/kh

2
X
P

E.coli CFTO73 Position/kh

=>Rough idea, where the best alignment could be
(marked diagonal regions)
Detection of repeats within a sequence

Identities can be characters, strings, genes.......

Performed by programs like “Dotter”
http://sonnhammer.sbc.su.se/Dotter.html

Problem:
Visual, no calculation of the best alignment


http://sonnhammer.sbc.su.se/Dotter.html

Searching for the optimal alighment

YOVDLLOOOVYYLLOODODOIOL

Exploration of all paths through the alignment-matrix to identify the maximum value for
the scoring function => optimal alignment guaranteed (global or local)

ACGGACTTTACCGATGCTT

Se=—= = = - X XX - - - - -X--XX

Many possible paths

dynamic programming:

an algorithmic technique in which an
optimization problem is solved by caching
subproblem solutions instead of
recalculating them

Smith-Waterman algorithm
(Needleman-Wunsch)




Path Matrix

- > O -

>

Path matrix: Every node represents the endpoint of an

alignment, i.e. all characters above and to the left are aligned.
Algorithms calculate the optimal score for alignment to a node
and use this as basis for calculation of all possible paths

starting from there.




Filling the Path Matrix (arbitrary choice)

Node corresponding to T - T pair with all previous characters also paired

-T/GCTCGTA

o S
T ) -
1 5 Score function
uses weights
2 T \‘TG 3 for matches,
N mismatches
3 ¢ ccs and gaps:
B e.g.
4 A AT 6 Match = +5
Mismatch = -2
5 T ca Gap=-6
A G2
-TGCTCGTA Score = Sum of
—~TTCATA Score =2 alignment scores

up to this position



Filling the Path Matrix (by many ways)

0
, T
s T
3 C
4 A
5 T
6 A

T C T C G A
- = -
= -
; =y —+
S S S
—-
—
D R
4

Y e

-TGCTCGTA —TGCTCGTA  ---TGCTCGTA ---TGCTCGTA

-———TTCATA —TTCATA ~-TTCA-TA ~TTCA--TA

Match =+5
Mismatch = -2
Gap =-6



Filling the Path Matrix (optimal)

-
]

-

N

Match =+5
Mismatch = -2

-1

8 Gap =-6

> 0O
N
NG

-
1
W
(=)

TGCTCGTA S TGCTCGTA , T-GCTCGTA
TTCATA T-TCATA -TTCATA




Sequence B (from 1 to n)

Formalism

Sequence A (from 1 to m)

»
o

S, ; = score at pos. i and j in sequ. Aand B
Six, j s(a;, b;) = score for aligning characters i and
w, = penalty for a gap of length x
Si-x, i Wy
si-1, j=1
Si, j-1§‘a~'!\t‘)j)v
S, iy S, ., W, > S
v

Calculate for each node: §; ;= max {S, ;,+s(a; b)), ;f:x(si, j_y-wy),;n;x(si_x, )

Store the maximal value and the pointer to the node
which was used to calculate the value => trace-back matrix



Filling the entire Path Matrix

g 9ouanbas

sequenceA >
0 1 2 3

2 T 12 | -1 3 -3 -2 -8 -14 | -20 | -26
Match = +5

3 cl-18 | -7 -3 8 2 3 -3 -9 -15 Mismatch = -2
Gap =-6

4 Al-24 (13 |-9 2 6 0 1 -5 -4

5 T -30 (19 |15 | 4 7 4 -2 6 0

6 Al -36 |-25 |-21 | -10 1 5 2 0 11

Fill-in path matrix: calculate and store highest score for each node,
Also store pointer to node from which the stored score was
calculated




Trace-back step: optimal alighment

sequence A >
0 1 2 3 4

0 -10 6 (-12 |-18 |-24 |[-30 |-36 |-42 |-48
L8 Match = +5
o 1 T]|-6 5 -1 -7 -13 |19 [(-25 |-31 |-37 Mismatch = -2
o <= <
o W Gap = -6
S 2 T|-12 |1 3 3 |2 |-8 |-14 |-20 |-26
-
e e S
; 3 C|-18 |-7 |-3 8 2 3 3 (9 |[-15
W,
4 A|-24 |13 |-9 2 6 0 1 S5 |4
w
5 T|-30 |-19 |-15 |4 7 4 -2 6 0
W,
"6 A|-36|-25|-21|10(|1 |5 |2 |0 |11
TGCTCGTA
T--TCATA ]

I I I I I I I I
Trace-back path matrix: reconstruct optimal path leading to the highest score




Trace-back step: suboptimal alighment

sequenceA >
0 1 2 3 4

0 -1]0 -6 |12 (18 [(-24 |-30 |-36 |-42 |-48
Match = +5
w 1 T]-6 5 é_-1 4__-7 -13 |19 |-25 |-31 |-37 Mismatch = -2
®
P Gap =-6
S 2 T|-12 |1 3 -3 -2 -8 -14 | -20 | -26
=
o — -
% 3 C|-18 |[-7 -3 8 2 3 -3 -9 -15
% %,
4 A|-24 [-13 |9 2 6 0 1 -5 -4
w,
5 T1|-30 (19 |15 |4 7 4 -2 6 0
v ‘\
6 A|-36 (-25 |-21 |-10 | 1 5 2 0 1
TGCTCGTA TGC-TCGTA
T--TCATA TTCATA--- ]
I I I 1 I I I

Trace-back path matrix: the optimal path may not produce the highest score at every step



Optimal alighment

Algorithms: Needleman-Wunsch (global) / Smith-Waterman (local)

Highest possible alignment score guaranteed

But
calculation-time and storage intensive:

n x m to n x m2 calculation steps required (n < m); n x m for storage

Too slow for database searches

Solution: restrict search space by pre-selection of “promising” regions



Faster sequence alignment: heuristics

BLAST: Basic Local Alignment Search Tool (Altschul et al., 1990; 1997)
FASTA: FAST-AIl (Lipman and Pearson, 1985; Pearson and Lipman, 1988)

Definition “Heuristic": An algorithm that usually, but not always, works or that gives
nearly the right answer.

Principle:
Sequences with significant similarity contain short strings (words) with identity

1. Divide query in all possible words (1 to 4 for amino acids; 6 to 14 for
DNA) word lengths: “k-tuples”
2. Determine positions of matching words in each database sequence
=> hot-spots, hits
3. Attempt to extend hit-alignments in both directions without introduction of gaps
=> high scoring segment pairs (hsp)

4. Extend alignments with introduction of gaps

Speed and sensitivity depend on search-parameters and on the choice of primary hits that will be
processed further.



FASTA (Pearson and Lipmap, 1988)

Step 1: define “promising” diagonals: search for ungapped regions sharing more than
one exact k-tuple

YOVDILILIODOOYYILILODO®DNDO L

ACGGACTTTACCGATGCTT Hash table

- - . L T xxx - - T x T xx Word Pos Pos
g;:"!é vertic.  horiz.

-X- - -X- - - -"XX- - -X- - shown) Seq Seq
CGG 2 2
CTT 5 6, 17
TTA 6 8
GCT 4 16
ACC 9 10
CCG 10 11
GAC 15 4

- = X X - = = = = = = =X - -X - = = T

X - - -X=-=-=-=X=-=-=-X=-=-= = =

- X = = = X = = = = X X = = = - x - - Database entry,

X = = = X = = = = X = = = KX = = = = = Precalculated




FASTA (Pearson and Lipmap, 1988)

-4— Sequence A

<€¢— Sequence A

— Sequence B —»

N

N
AN .
NN
~ \\

N\ N

A

N

Find runs of identities

(c)

—— Sequence B —»

N

N

N

N

Apply "joining threshold"
to eliminate segments that

are unlikely to be part of the alignment
that includes highest scoring segment.

-4— Sequence A ——

<€¢— Sequence A

—— Sequence B —»

N

\\\
\\\
AN

N\

Re-score using PAM matrix
Keep top scoring segments.

N

—— Sequence B —»

speed is largely
determined by ktup size for
finding the initial identities:
the longer the faster, but
with reduced sensitivity

AN

AN

N

N\

Use dynamic programming

to optimise the alignment in a
narrow band that encompasses
the top scoring segments.

http://en.wikipedia.org/wiki/FASTA



http://en.wikipedia.org/wiki/FASTA

BLAST: Basic Local Alighment Search Tool

Altschul et al., 1990; 1997

Similar to FASTA, with some alterations
1. Define matching (not only identical) words with scores above a given threshold.
Word size e.g. 11 for DNA or 3 for proteins. = hits

2. Search two hits within a predefined distance (e.g. <40 amino acids) on a diagonal and
combine them in a high scoring segment pair (HSP)

3. Initiate gapped extension (dynamic programming) only on the best HSP



BLAST words (neighborhood words)

Sequences are split in words of defined length (k-tuples, e.g. 3)

“Neighborhood “words that match these above a fixed threshold are calculated with a substitution matrix

Sequence: AGSDDFTSSCILVYAGLIWDETNMYYHCATTLIELDKRRK....

3-tuple Match 1. Pos. 2. Pos. 3. Pos. Mulit.
(Score) Subst. Subst. Subst. Subst.

AGS AGS (14) SGS (11) none AG(A,N,T) (10+) none

GSD GSD (16) none G(A,R,N,D,S,QK.M,PT)D (12+) GS(E,N) (10+) none

SDD

DFT

YHC YHC (24) XHC (17+) YXC (15+) YHX (16+) (FW)NC (10+)

Scores from the Blosum62 substitution matrix
word length 3 and threshold score 11 are defaults in WWW BLAST searches,
word length can be altered to 2 but no changes of threshold score are possible

Word tables are precalculated for database entries and are used in the initialization
step: computationally advantageous



BLAST sequence alighment

matching words:

the sum of substitution values (derived from a scoring matrix) for a word pair must exceed a
predefined threshold (is often fixed in web-based applications)

successful hit-extension:

extension occurs as long as the new score does not drop more than a defined threshold below the
so far obtained highest score

output:

longest alignment that cannot be improved by further elongation

theory of substitution score for ungapped alignments is well established

no theory for introduction of gaps => empirical gap penalties

choice of gap penalties and substitution matrix influences output



Significance of BLAST hits

. LA Scores follow an extreme
Bit score: S’ = (AS- InK)/In2 value distribution
S: raw score 2
. . 4
A: log base of scoring matrix - E
K: scale of search space size 2
5
B
Expectation value: E = mn2-¥ €
. =z - >
m: length of query —> X

n: length of database sequence

Expectation value: Frequency of an accidental alignment with the respective score in a given
search procedure (=comparison of obtained score with scores of all other alignments obtained
in the search); the smaller the better

Some other programs use

Zscore:Z= (score — average score of N permutations)
standard deviation of randomized score distribution

Z score: compares actual score to score of N (e.g. 100) randomized sequences with the same
character frequencies; Z > 3 often regarded as significant
(note: this is not the z score of FastAl)



Implementations and methods

Alignment methods

BLAST http://www.ncbi.nlm.nih.gov/; ftp://ncbi.nim.nih.gov/blast
WuBLAST http://www.ebi.ac.uk/

FASTA http://www.ebi.ac.uk/Tools/sss/fasta/nucleotide.html
LALIGN http://www.ch.embnet.org/software/LALIGN form.html
DOTTER http://www.sanger.ac.uk/resources/software/seqtools/
Multiple seqAlign http://www.ebi.ac.uk/Tools/msa/

MultAlin http://multalin.toulouse.inra.fr/multalin/

Motifs and patterns

BLOCKS http://blocks.fhcrc.org

Pfam http://www.sanger.ac.uk/resources/databases/pfam.html
PROSITE (+many links)  http://expasy.org

Presentation Methods
ALSCRIPT http:// http://www.csb.yale.edu/userguides/seaq/alscript/

Conversion utilities
http://www.ebi.ac.uk/Tools/sfc/

Phylogenetic resources

(huge collection of links):  http://evolution.genetics.washington.edu/phylip/software.html

Search for Life Science Web services
http://www.biocatalogue.org/

http://en.wikipedia.org/wiki/Sequence_alignment_software



http://www.ncbi.nlm.nih.gov/;
http://www.ebi.ac.uk/
http://www.ebi.ac.uk/Tools/sss/fasta/nucleotide.html
http://www.ch.embnet.org/software/LALIGN_form.html
http://www.sanger.ac.uk/resources/software/seqtools/
http://www.ebi.ac.uk/Tools/msa/
http://multalin.toulouse.inra.fr/multalin/
http://blocks.fhcrc.org/
http://www.sanger.ac.uk/resources/databases/pfam.html
http://expasy.org/
http://www.csb.yale.edu/userguides/seq/alscript/
http://www.ebi.ac.uk/Tools/sfc/
http://evolution.genetics.washington.edu/phylip/software.html
http://www.biocatalogue.org/
http://en.wikipedia.org/wiki/Sequence_alignment_software

Websites for sequence searches

EBI: European Bioinformatics Institute (EMBL)
http://www.ebi.ac.uk/
FASTA3, wuBlast2

NCBI: National Center for Biotechnology Information (NIH)
http://www.ncbi.nim.nih.gov/
Blast in all flavours

Search space in GenBank Aug. 2015: 199°823°644°287 bases in 187°066’846 sequences

+ 1°163’275°601°001 bases in 302’955’°543 WGS records

Local sequence searches:

GCG package (UNIX based; FASTA and many other options)

Downloadable stand-alone versions of new nchiBLASTs and wuBLAST2


http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov/

Comparison of search performance

Protein family Smith-W. oriBLAST BLAST PSI-BLAST
Serine Protease 275 273 275 286
Ras 255 249 252 375
Globin 28 26 28 623
Cytochrome P450 211 197 21 224
run time 36 1.0 0.34 0.87

Altschul et al., Nucleic Acids Res. 25, 3389-3402 (1997)



Use of ambiguous words, pattern profiles

General substitution matrices are build on collections of ,all proteins®

In functional sequence elements or protein motives the variation of some (or all) sequence
positions may be restricted by functional constraints.

This can be modelled more specifically by

substitution matrices build only on a specific motif
Hidden Markov Models (HMMs) for a specific model

Regular expressions

e.g. PSI BLAST (Position specific iterative BLAST) uses a detected alignment to calculate a
new PSSM (position specific scoring matrix) and performs a new BLAST with this PSSM etc.
More distant relationships may be detected.

Precalculated PSSMs for known protein domains form the basis of ,Conserved domain® CD
search, automatically performed whenever protein sequences are submitted to BLAST



programs

blastp

blastn

blastx

tblastn

tblastx

Database

protein

nucleotide
protein
translated
nucleotide

translated
nucleotide

Query

protein

nucleotide

translated
nucleotide

protein

translated
nucleotide

BLAST programs

Comments

finds also distant relationships

default for close relationships

useful for analysis of new DNA and
EST sequences

unannotated coding regions in
database sequences

EST analysis



Special BLAST programs

programs Comments
BLAST1.4 first BLAST version
QBLAST =BLAST2.0 current NCBI default;

“2 hit search strategy” for increased speed; performs
“‘gapped BLAST”

PSI-BLAST Position-Specific Iterative BLAST: generates a PSSM from
multiple alignments of a protein query to a database and
uses the PSSM repeatedly to search for more distant hits
PSSM = position-specific scoring matrix (option in blastp)

PHI-BLAST Pattern Hit Initiated BLAST: seeks for alignments that
preserve a specific protein motif (option in blastp)

RPS-BLAST Reverse Position-Specific BLAST: compares a protein
query to predefined PSSMs for known conserved
protein domains. Invoked by activating CD search in
the BLAST window

Align 2 sequences pairwise alignment of two defined sequences (now also incorporated as
option in different BLAST programs)

Taxonomy BLAST lists BLAST hits according to taxonomy



Special BLAST programs

programs

MegaBLAST

discontiguous MegaBLAST

Comments

optimized for aligning longer sequences that differ only slightly
uses longer words and a different algorithm (“greedy algorithm”)
faster, works with longer sequences than BLAST

for nucleic acids (option in blastn)

uses a different type of words for initiation of alignments:

words can be discontiguous, e.g. 11 or 12 matches in a template
region of 16, 18 or 21 nucleotides.

Options for 1 or 2 initial hits implemented

different possibilities to analyze coding and non-coding regions
(differentiated by the importance of the third codon position)

for nucleic acids (option in blastn)

BLAST to find short, almost perfect matches now many BLAST procedures recognize query length and

adapt search parameters automatically (option can be deactivated)

BLAST programs can be used with many different databases or subsections of databases



Output

Contains information of type and quality of matches

Score E-value
(bits)

gi|1172846|sp|Q09028|RB48 HUMAN CHROMATIN ASSEMBLY FACTOR... 131  4e-31

Score: raw score is calculated according to the number and weight of matches and gaps
depends on substitution matrix used

bits score is normalized with parameters reflecting the search strategy

E-value: statistic significance of hit; describes roughly how often a hit with a given score can be
expected to occur randomly with the applied search strategy

with short queries no low E-values can be expected!!



Output

Distiibution of S0 Blast Hits on the Query Sequence \

BLAST output

IMouse-overto show defline and scores. Click to show alignments \N
Col Ki f Ali t S .
m__ umber of detected hits (=
similar sequences in the

. \database)
— Query sequence (=Input)

1.27563

v

L]

e,
a
b
b
e
‘e
e
e
‘e
taa,

Reglons Where subject

< sequences (from'the
database) are similar (color
code for alignment scores)

Page continues



" Ali

Select Al

Output

Sequences producing significant alignments:

Accession Description Max score Total score Query coverage __ E value Links
NP _056760.1 hypothetical protein [Rice tungro bacilliform virus] »sp|P27500.3|P1_ 330 390 100% 2e-138 E
BAAD1605.1 24K polypeptide [Rice tungro bacilliform virus] 387 387 100% 6e-137
AAD30188.1 P24 [Rice tungro bacilliform virus] 386 386 100% 2e-136
AAD30196.1 P24 [Rice tungro bacilliform virus] 379 379 100% 8e-134
AALS55649.1 P24 [Rice tungro bacilliform virus] 378 378 100% 3e-133
AAC79858.1 P24 [Rice tungro bacilliform virus] 377 377 100% 6e-133
AAC79861.1 P24 [Rice tungro balMgrm virus] 376 376 100% 2e-132
AAC27709.2 unknown [Rice tungro bac rm virus] 357 357 100% 2e-124
AAL99543.1 P24 [Rice tungro bacilliform vir 301 301 94% 4e-103
CAC41319.1 unnamed protein product [Rice tung acilliform virus] >gb|ADV586: 298 298 94% S5e-102
CAY56548.1 P24 protein [Rice tungro bacilliform virus 257 257 94% 1e-85
AAGB60535.1 ORF1 [Rice tungro bacilliform virus] >gb|AAG 1.1| ORF1 [Rice tut 148 148 35% 3e-44
AAG60542.1 ORF1 [Rice tungro bacilliform virus] 147 147 35% e-43
AAG60540.1 ORF1 [Rice tungro bacilliform virus] 145 145 35% Se-43
AAG60537.1 ORF1 [Rice tungro bacilliform virus] 137 137 35% 6e-40
AAG60538.1 ORF1 [Rice tungro bacilliform virus] 134 134 35% 1e-38
FAAQ0005.1 TPA: hypothetical protein [Rice tungro bacilliform virus] 43.5 54% 0.005
YP 003453207.1 AAA family ATPase, CDC48 subfamily [Methanocaldococcus sp. FS40 40. =
Z° 01012240.1  hypothetical protein 1099457000262_RB2654_17856 [Maritimibacter ™ ;5| BLAST output
EGG04052.1 hypothetical protein MELLADRAFT_65040 [Melampsora larici-populina 36.6 36.

EAA00008.1 TPA: hypothetical protein [Rice tungro bacilliform virus] 35.0 35.

7 _84821 [Dictyostelium purpureum] 35.4
Note: the database may tungro bacilliform virus] 34.3
nknown function [Plasmodium falcip: 35.0

34,

35.

contain multiple entries of the
same sequence (also with
different names)

Get selected sequences Distance tree of results Multiple alignment

056760.
splB27500.3|P1 R

G hypothetical protein [Rice tungro bacilliform virus]
P RecName: Full=Protein P1l; AltName: Full=CRF 1; AltName:

g 1 P24 [Rice tungro bacilliform virus]
08085.1] [a ORF P24 [Rice tungro bacilliform virus]

Full=P24

gb|AAD301082.1|AF113831

List of individuaJ sequences
from the databgise with
similarity

E values and scores

(Max score is for the best
aligned region between query
and subject; if more than one
region can be aligned or the
same region several times,
the Total score will be the




Output

[T >qi|12619777 | gb | AAGEOS538. 1 ORFl [Rice tungro bacilliform wvirus] Actual sequence alignment:
Length = 77
Score = 107 bits (268), Expect = 8e-23 Protein sequence in single letter code

Identities = 65/77 (84%), Positives = 67/77 (87%), Gaps = 6/77 (7%) .
of query sequence (with gaps) and

Query: 1 VPKRDLISQNIESRYEKLEFLDLAVWGKEKKQKYLLSTDNISFYCYFD------ TSKTSE 54 H H
VPER+L SQNIESRYEKLEFLDLAVWGKEKKQKY LSTDNI CYFD SKTS 4/' Of deteCted SImIIar sequence

Shjct: 1 VPKRNLTSQNIESRYEKLEFLDLAVUGKEH(QKYCLSTDNI%W

Query: 55 SERKHTFHSDNKQLNSI 71 o Identities between the two sequences or
+ERKHTFHSDNRQEN ST — similarities with a positive alignment

Sbjct: 61 AERKHTFHSDNKQLNSI 77
score (+)

[T >qi]11275515|dbq |BAB18280.1] putative transcription factor [Oryza sativa (japonica
cultivar-group) ]

gi]12328532|db |BAB21190.1 tati t ipti fact i ] i . . .
* e ere n 3Niext hit (represents in this case two
Length = 560 identical database entries)

Score = 40.4 bits (93), Expect = 0.019 . .
Identities = 417149 (27%), Positives = 7lfﬁm> Information about the quality

Query: 56 ERKHTFHSDNKQLNSIVDLIIKHSEK----TKNIKEELEKYSQFLDKILDLKPTKKQVEK 111
+R+ 4 N+ + DL +HHHS+ K+ +lE QLD K++K Scores and E values like here are
Sbhjct: 217 QREQQLQAYNEEIRKMQDLALRHSQRIMDENKKLRSDLESKMQLLDS------ RSKELDK 270
probably not indicative for a significant
Query: 112 LLENQNLISKNFDYIKEQNTQLEKSLRKTV----KLEDSINTLLVEIQQARPKEVELRTL 167
I N N+ KEN KL+ K445+ I+ E REF L + homology (unless they come from
Shijct: 271 LAVQSNSDRMNLEKEKEKND IKTKHLEMATLEQQKADESVLKLVEE--HKREKQAALDKI 328 Short, very good alignment regionS)

Query: 168 KIAEQNSKAIEKFEQEIKDLREILEFLEH 196
EQ A +K E EI+ L+ LE +KH
Sbjct: 329 LKLEQQLNAKQKLELEIQQLQGKLEVMEH 357



Output interpretation

Data usage

not all protein sequences will yield helpful results

not all “significant” matches will be found

not all found matches must be “significant”

relevant matches:
Prediction of protein function

Definition of functionally significant sequence motives in proteins or nucleic acids
Determination of phylogenetic relationships (multiple alignments, tree construction)

Structure prediction
Acquisition of complete sequences from partial sequence information (EST, peptide, etc.)

Guide to intelligent mutagenesis for functional analyses

Assembly of complete genomes from partial sequences
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Motivations for sequence alignment

1) to identify and check the state of “active sites”

5|

D-N P P EMARLEP KKEIVK
P ; NARWFDCTPGLA

=
> XV T ™ O® DD

K

OxXUVUn XX XXX
> XmmMmMmmMmMuwunI>m

b Generic Human Archaea
(PRX-V) (PRDX2) (HyrA)

4 .
PGAFTPGCSKTH PLDFTFVCPTEI PFDFSPVCATEL

From: Peroxiredoxins are conserved markers of circadian rhythms. Nature 485, 459-464 (24 May 2012)




Motivations for sequence alignment

2) to identify and characterize “protein domains”

definition:
“parts of proteins that can
evolve, function, and exist
independently of the rest”

2
- “PH”-domain (pink);
occurring in two different proteins

Pyruvate Kinase



Motivations for sequence alignment

3) to make phylogenetic inferrences (“trees”)
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Multiple Alignment

10 20 30 40 50 80 70 80 90 100 110 120 130
-------- MABEKSEVREBUEVE 8- - - - | BvllowvaBsL oKE - SREKKEQR VD SDSSPSSSS e sws minn rw mesin pwE sdis SEs sews pes sews ves seees ses ool TJIRHERR: s:RNMTQ 85
------ MVP-KLFTSQICLLLLLGL-----LAVEGSLHVKPPQFINAQWFET' INMTSQ---------------------------------------------------------------OCTNAMOV--INN@O61
...... MVP-KLFTSQICLLLLLGL - - - - -MBVEGSLHARPPQFMRAQWE A 1@H I SLNPP - - - - - - - - oo .._.._.__._.._.._._RCTIAMRA- - INN}R 61
........ MALQRTHSLELLLLLTL- - - - - LGLGLYQAPSYGAD - GMYQRF LRAHYHPEETGGSD - - - - - === cwocwooooooeoeooeooooo oo oo oo oo oo - . - RFCHLMMQR - - RKMTL &4
77777777 MVYMG - - - - LGVLLLVFV- - - - -LGLGLTPPTLAQDNSRY THFEL TRHYDAKPQGRDD - - - - « « = = <« @ @ e e oo @@ e e o e i oo i eiiie oo eeiae oo ...RNCESIMRR--RGLTS 61
7777777777 MvLCFE - IBEEEEVE- - - - -WE8PVCPLHAWBKRLIKEHEEE | B QBSPL - - - - - - - - - - oo oo oo oo oo - - QEERAMSG - - | NNET 57
»»»»»» MAPARAGFCRINEEISISNE-E_ - - _wvAEflrvsakBrkemBssofEK (IMOBSBQ - - - - - - - - - oo i hAEESABIKN - - INKHT 62
»»»»»» MAPARAGCCP - LLLLLLGL - - - - -WVAEVLVRAKPKDMESSQWEK TAHYV QP SPQ - - - -« - - oo ol __.....__AC SAMSI--INK§T61
1 MMRTL | TTHPLPLLELPQQLLQLYQFQEVD TDFDF PEEDKKEEFEECLEKFFSTGPARPP TKEKVKRRYVL | EPG - - < < -« © @ @ oo o oo f oo il MPLNH | EFCNHE | MG - KNV YNK 95
»»»»»» MKLNLVQ I FFMLLMLLLGLGMGLGLELHMATAVLEESDQPLNEFWS SDSQDKAEATEEGDGTQTTETLVL SNKEVVQPGWPEDP | LGEDEVGGNKMLRASALFQSNKDYLRLDQTDRECNDMMAHK - MKEPS 131
---------- METFPLLLLSLGLVLAEASESTMK] | KEEF TDEEMQYDMAKSGQEKQT IE I LMNP ILLVKN- - - ------ - - - -TSLSMSKDDMSSTLLTFRSLHYNDPKGNSSGNDKECCNDMT VWRKYVSEAN 111
------------ MIIMV I IFEVLLF - - - - -WENEVNDEAVMSTLEHLHYDYPENDVBVBAR- - - - - - oo oo i i -__..-...____FCNHMI IQRVIREPD 59
---------- MAPAYVTRELFLQLVEG - - PTEVMDIKMQ I GSRNFYTLS IDYPRYNYPKGFRG - « - - -« « - o o oo oo oo oo oo oo oo oo oo oo NCNGLMS YMRGKMQN 65
........ MARK - SEVEESEEVEVAE- - - - - WLV -RVOBSLGKE - JJABAKEERIIIMDS S TSAASSS - -« oo oo i i i iiiic i eiceeeececeeeeeeoe oo - NESCHEIKS - -RNLTK 63

Combinatorial Explosion: very many possible solutions

Complexity: O(alignment_length numbelr—S’eqs)

=> an NP-complete problem !!



Multiple Alignment

WCORRER PROBCONS

MUSCLE - SATe

CLUSTAL




Quality of MSA: Benchmarking

“BAIiBASE”:
Benchmark Alignment Database

Hand-made multiple sequence alignments
Based on selected structural alignments

Welcome to BAIBASE 3

download the whole benchmark by ftp

download the whole benchmark by html

See all alignments

Structural Aligments
offer the best
benchmarks !




Phylogeny
Reconstruction

- a quick overview -
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Some iconic phylogenetic trees

HIV-1 O group
SIV L’HOEST
SIVSUN

SIVMND

GRI

KBa

HIV-2B  SIVSYK
HIV-2A

SIVMM

HIV-2, s

HIV (AIDS),
and closely related
animal viruses.

ﬁ

Charles Darwin, personal notebook



Some iconic phylogenetic trees

Bacteria Archaea Eukaryota
Green
Filamentous sl
spirochetes bacteria Entamoeb ae nn'l:;:i Animals
Gram Methanosarcina Fungi
.\ positves|  wyethanobacterium | Halophiles
Proteo bacteria R Plants
Cyancliacieria Methanococcus Ciliates
T.celer
Planctomyces Themmop rofeus Flagellates
Pyrodicticum
Bacteroides Trichomonads
Cytophaga _ .
Microspondia
Thermotoga
ip lomonads
Aquifex Dp

current, conventional version of the ‘tree of life’



EUKARYOTES
an alternative view, Animals Fung Plants

emphasizing some problems '

BACTERIA ARCHAEA

Other bacteria Cyanobacteria Crenarchaeota Euryarchaeota

Proteohacteria

’ LAUL /
C iliates
bmplasts
‘5‘“ that gave rise to ch ,
N ‘-‘ Other single-
cell eukaryotes
rise to mitochondria —>
. W that gave :

Hyperther 0P i




Generating phylogenetic trees
- from gene/protein sequences -

e Phenetic: trees are constructed based on
observed characteristics directly, not on

evolutionary history

e Cladistic: trees are constructed based on
fitting observed characteristics to some

model of evolutionary history




Numer of topologies for m taxa

Unrooted tree M Rooted tree  UnRooted Tree
A c 2m-3)! / 2m2(m-2)!  (2m-5)! / 2™3(m-3)!
2 1 1
///// \\\\\ 3 3 1
B D 4 15 3
Rooted Tree 5 105 15
5 6 945 105
7 10395 945
8 135135 10395
\\\\ 9 2027025 135135
B C D

e
-

34459425 2027025



Which genes to use ?

suitable marker genes ...

... Should occur in every organism

... Should rarely undergo horizontal transfer
... Should be evolving ‘slowly’

... Should only occur in one copy per genome

... Should function in a process that sees no change

Polymerases

But, for recent events:
fast-evolving genes




Example for a phenetic tech

1) Alignhment

FisLoeVIEVnsBo Ll  eAFBciiko NBIGEVPVvEGR N KK LVGEVE | -IRFLLLRPDLF -

MIRPSRLVKMRHDEPAL KAFRLMRKRGVGG | PVVBIHAG - KPHGS M I --VKHLLilSDAN-RDYRI
LMKPCKLVKVNEDQPVLKAFALMREKGVGGLPVMBITSGTKAIGNIS | -MQYLLTAPNILY - KDYR

KASNRQLR RPSIEPLNSCLDLLLEDRVSSIPIVBDNG - ALLDV LS -IMALGKN-DMYTR
KASNRQLR RPSEPLNSCLDLLLEDRVSSIPIVDDNG - ALLDV LS -IMALGKN-DMYTR
KASNRQLRTSRPSHPLNSCLBLLLEDRVSSIPIVBDONG - ALLOVYSL S ~IMALGKN-DMYTR
KASNRQLR RPSIEPLNSCL LLLED VSSIPIVDDNG- ALLDV LS -IMALGKN-DVMYTR

VPVSSKIAVLDARLPVKQAF IM DEGLSLVPL DQQQTV.GML AS
TVGKPEVVELH.TD.LDAAA ATAASPEGAVPVWPPSGARFLGMISAL
IMSKDHIIKIYEDEPVLQAF LMRRK.IOOIPVIERlsEKPVONl L
FMSPNEVIIIESEELILEAF RMRDNNIGGLPVVEGLNKKIVGN I S|
eflsskPLATLRPHABLGSALALLVaABYS S PV

GAVNDSVlAITEH VSNAINVMKGALLNAVP IV

FV I LRKLQRNIRTLBHEE
-MaFLLTAPEIY - HDYRE
SMRYLLLQPEWF -
oMo - sLIDINSRSH- - ITA- - LAKD -
1 AQEDHLQLVNG HRKVIGTF.ATDL

RLRLSKAL IF.H VYEACRRMAARBVDAVLLTDSNA-LLCGILTD --ITTRVMIAREL KLEE
'KLRLTKAVIE I PEGTTVAEACAGRMAARBVDAVLLTDANG - LLSG | VITD - IAKRVIAEGL - - RMEQ
IKLRLAKALTLPEATSVSEACRRMAL KRVDAALLTDSNG - ML G | LTAED|- - I SGRVIAEGL - - RPDE
'KLRLSKALTIPEGTTVSEACRRMAARRBVDAVLLTDAQG - G | VIT|D -MATRVVAEGL - - RVEQ
RLRLSKALEVPAT I YEACKRMASRREVDALLLT SlE MLOGIL D ~IATRVI.QEL NVEE
KLRLSKALTINEG WVFDACRRMAARBVDAVLLTBDSSA-LLSG I VD -IATRVMIAEGL RPEH
KLRLSKALTIPEGTTVFDACRRMAARRBVDACLLTDSSA-LLSG | VD -MATRVIAEGL - - RPDQ
RLRLCKAL VPIS LFEACRRMAARBVDALLLT SIA-LLCOIL D -IATKMIAKQL- - NLEE
RLRLCKALEVP LFEACRRMAARBVDALLLTBSNA-LLCGILMWD -IHATKMIAKQL- - NLEE

2) Distance matrix

IELEQM
IELEQV
IELEQV
IELEQV
LEMHSW

PVSKVM
LTSKIM
NVAKAM
IMSKIM
PVSKVM
LVSKVM
LVSKVM
PVSKVM
PVSKVM

snFRALTVMERMKT/IGH- -
LTAQEF | ANARQ - -
ITAKDFLTAVRQ»-

-IATFVMAASGVGDRAMAAVVGEVVQPNPGL - -
ITTKNFLVSVMRE - -

AL
AL
AL

AWKEA»-

SNFROLTVKSFATKIAR- -
kByAQlHLD DMEVHQAL - -
KGCRLPELQTWLRLAL - -

RNPLF

RTPVM- -
RNPVE - -

RN PV

KNPMEF - -
RNPIF - -
RNPIF - -
KNPVF - -
KNPVE - -

(15) - -BsPBasiesWiosidsr 1 @+ IRVABG o SVAVRIL = BV s BF T
(10) - -EKKEES/IK IIFKLDAEKRIRI VVDEQGL ITLRDI I AKLV
(17)--errRBEDEVK IILKLDSEKIHRI WV IDDKGVITLRD I I SKLV
~(14)--cLETETFL APGVRRVVVIEPRG I ISLRDAFTFLI
S(14)--CLETETFL oL APGVRRVVVIEPRG I ISLRDAFTFLI
~(14)--CLETETFL APGVRRVVVIEPRG | ISLRDAFTFLI
-(14)--CLETETFL APGVRRVVVIEPRG | ISLRDAFTFLI
(20)--MKDSDNLR VALAIIHNEISSVPIFKPSGLA LPGIVKFIC
(03)- - MoPGHRLIPALDLMKaE - VIBRFLVRKNBAWRG I SKRF VLY
(18)--BTKNHTLK LILMLDAEKIHRIIVV.DFOLI LRPIIARLY
(10)- - cRPBETLESVINSLASRSVHRVNVAAGDGV ITLRBV I SEFV
(20)--BLRSDSLMKVMERLANPOVERLV IVEAGG | 1SLSPVFaFLL
(20)--EGVESTME KMV TRGVHRVWVMBQQGVVSL T IIR.LR
- (00)--ML LAV kM8 KFRHLPVVENGEVIALLDIAKEL
(00)--VMEBTLAI KMVQG KFRHLPVVENGEV I AMLD I AKEL
(00)- - UMENSPAI KMV KG KFRHLPVVEHGEV I AMLD I T KF L
- (00)- - LAl KMVQG KFRHLPVVENGEV I AMLD I AKEL
(00)- - LAV KMVOGKFRHLPVVENGEVIALLBDIAKCL
(00)- - LA KMVQG KFRHLPVVENGEVIALLD ITKEL
(00)-- LAL KMVQG KFRHLPVVENGEVIALLD ITKEL
(00)- - 1AV KMVQG KFRHLPVVENGEVIALLDIAKEL
(00)- - AV KMVOQGKFRHLPVVENGEVIALLDIAKCL

nique: Neighbor Joining

PAM Spinach | Rice

Mosquito

Monkey

Human

Spinach | 0.0 84.9

105.6

90.8

86.3

Rice 84.9 0.0

117.8

122.4

122.6

Mosquito | 105.6 117.8

0.0

84.7

Monkey | 90.8 122.4

84.7

Human 86.3 122.6

80.8

0.0




First Step

PAM distance 3.3 (Human - Monkey) is the minimum. So we'll
join Human and Monkey to MonHum and we'll calculate the new
distances.

Mon-Hum

Mosquito Spinach  Rice Human Monkey




Calculation of new distances

After we have joined two species in a subtree we have to compute the
distances from every other node to the new subtree. We do this with a
simple average of distances:
Dist[Spinach, MonHum/

= (Dist[Spinach, Monkey] + Dist[Spinach, Human])/2

= (90.8 + 86.3)/2 = 88.55

Mon-Hum

Spinach Human Monkey



Next cycle

PAM Spinach Rice Mosquito | MonHum

Spinach 0.0 34.9 105.6 88.6

Rice 84.9 0.0 117.8 122.5

Mosquito 105.6 117.8 0.0 82.8

MonHum 88.6 122.5 82.8 0.0

Mos-(Mon-Hum)
Mon-Hum
Rice  Spinach Mosquito Human Monkey




Last joining

PAM SpinRice MosMonHum
Spinach 0.0 108.7
MosMonHum 108.7 0.0

(Spin-Rice)-(Mos-(Mon-Hum))

Mos-(Mon-Hum)

Spin-Rice
Mon-Hum

Rice  Spinach Mosquito Human Monkey



Example for a cladistic technique: Maximum Likelihood

* The likelihood is the probability of the data given
the model

* The probability of observing the data under the
assumed model will change depending on the
parameter values of the model.

 The aim of maximum likelihood is to choose the
value of the parameter that maximizes the
probability of finding the data.



What is an evolutionary model in this context ?

“an empirical matrix describing the relative rates of
amino acid replacements”

Dayhoff matrix (Dayhoff et al., 1978)

JTT matrix (Jones et al., 1992)

mtREV matrix (Adachi and Hasegawa, 1996)
WAG matrix (Whelan and Goldman, 2001).

Typically, the model has additional free ‘parameters’:

-The rate of evolution can vary across parts of the tree
-The rate of evolution can vary from site to site in the protein



How is maximum likelihood computed ?

TTAG

AT T
GC GC
\/

AT
GC

1) Image all ancestral possibilities

and evolutionary paths.

¥

2) Compute the likelihood of each path

TTAG

¥

e

L(path) = L(root) x IT L(branches)
=P(G>T)P(G>G) P(G>A)P(G->G) [...]

3) multiply all likelihoods
over all possible paths

4) throughout, do not forget to
optimize all free parameters

5) Repeat for each tree
topology, identify the one
with best Likelihood




How do we verify a tree?
Difficult ! Very few trees are actually known with certainty

a) Simulation

b) Bootstrapping

1 234567 8910111213141516
ATAGCCATAGCAACCT
ATACCCATGACAACGA
ATACCCATAGCAACCA
ATAGCCATAGCAACGA
ATCCCCATAGCAACCT

fiar

TAGACGTC

TACGCCAC N i
TACACCAC ewalgnment

TAGACGAC
TACACCTC

The real multiple
alignment







