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Filobasidi
Schizophyl
Monobleph
Harpochyt
Rhizophlyc
Rhizophydi
Rhizomucor
Abhsidiagla
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Podosporac
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Planoproto
Porphyra
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Multiple Sequence Alignment
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WFKGWHKETKA-GSKT GKTLLEATDATE
WYKGWEKETKA-GUVEGKTLLEAIDAIE(Q
WYKGWEKETKA-GRATGKTLLEAIDAIE
WYKGWEKETKS —GKVIGKTLLEAIDALE!
WYKGWTCERKE-GHTS GF TLLEALDHTQA!
WFKGWEY TRKD-GHASGTTLLEALDCTL.
WYKGWHIERKE - GKAD GKTLLDALDATL.
WEKGWEV GRKE-GHAD GKTLVDALDAIL!
mur QIERKE-GHASGYTLFDALDCIV!
—GP TLLEALDQIHE
TLLDALDQISE!
TLLEALDQISE!
TLLEALD(QTHE!
TLLEALDLIHE
TLLDALDHIHE
—GP TLLEALDQIHE
WEKGY (JVERKE - GRAD GKSLTEALDATL.

VR
SR
KR
TR

E

TR
SR

WFKGWKIERKE-GHASGTTLLEALDCTT
WEKGWAVERKE-GHAS GKTLLEALDSIT
WEKGW SVERKE - GTHMT GKTLLEALD SWV)

WYKGWTKETKS -GV SKGKTLLEATDA SR
WYKGW TKETKA-GUVKGKTLLDATDATE
WYKGWEKETKS —GEAT GKTLVDATDATE
WEKSWOKETKG-GKETGKTLLEAIDSIE!
WEKGW IKETKA-GALKGTTLLQAIDAIDL

WEKGWHKETKA-GSKTGEKTLLEAIDALE.
WYKGWHKE TKA-GAKS GKTLLDATDATD
WYKGWEKETKA-GKF TGKTLLEATDSTE
WYKGWEKEVKG— GEATGKTLLEATDSTE
—GPTLLEALDQITE
—GPTLLEALDSITE
—GP CLLEALDACD.
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DVYKIGGTGTY
DVYKIGEIGTV]
DVYKIGEIGTV]
DVYKIGEIGTV]
IDVYKIGGTGTY
IDVYKIGGTGTY
IDVYKIGGTGTY
DVYRIGGIGTV
DV -QIGEIGTV]
DVYKIGEIGTV]
IDVYKIGEIGTY
IDVYKIGGTGTY
IDVYKIGGTGTY
DVYRIGGIGTV
DVYKIGEIGTV]
DVYKIGEIGTV]
IDVYKIGGIGTV
IDVYKIGGTGTY
IDVYKIGGTGTY
DVYKIGGIGTV
DVYKIGEIGTV]
DVYKIGEIGTV]
IDVYKIGGIGTV
IDVYKIGGTGTY
IDVYKIGGTGTY
DVYKIGGIGTV
DVYKIGEIGTV]
DVYKIGEIGTV]
DVYKIGEIGTV]
IDVYKIGGTGTY
IDVYKIGGTGTY
IDVYKIGGTGTY
DVYKIGEIGTV]
DVYKIGEIGTV]
DVYKIGEIGTV]
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VGRVET 6T TRAGHMVVHF A
VGRVET GV IKP GMVVTEA!
VGRIETGVLEP GMVVTEA!
VGRVETGIIRAGMVVTEA
VGRVETGITR!
VGRVETBVLE
VGRVETGITK
VGRVETGVLE
VGRVETGILE
VGRVETGMIE
VGRVETBVLE
VGRVETBVIK
VGRVETBVIK

VGRVETGIIE
VGRVETGILE
VGRVETGILE
VGRVET GV TRAGMVVKF A
VGRVET T TRAGHMVVTFA]
VGRVET GV TKP GMVVTFA
'VGRVET GIIKE GMVVTFA
VGRVETGTIRAGMIVHE S|
VGRVET GV IRAGMVVTEA!
VGRVETGT IRAGMVVHEA!
VGRVET GV TRAGMVV TFA]
VGRIETGVLEKP GMVVTFA]
VGRIETGTILKP GMVVTFA
VGRVETGILKP GMIVTEA!
VGRVETGILKP GV SVTEA
VGRVET GV IKP GMVVTEA
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‘AAYT TEVESVEMHHE TL TEGL.

300

TRVTTEVESVEMHHE) TPEGL!
SAVTTEVKSVEMHHE()LAEGK
SAVTTEVKSYEMHHESLAEGL
TEVTTEVESVEMHHEALEAL

ANVTIEVESVEMHHE TLEAGL.

SELSTEVESVEMHHEAL TQAG!
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GDHYGF]
GDHVGF]
GDHVGF]
GDHVGF]
GDHYGF]

EALF GDHVGF]

GDHYGF]

W GDHVGF]

GDHVGF]
GDHVGF]
GDHYF]

GDHVGF]
GDHVGF]
GDHVGF]
GDHYGF]
GDHYGF]
GDHYGF]
GDHVGF]
GDHVGF]
GDHVGF]

Multiple Sequence Alignment

Shows multiple similarities:
Common structure of protein product
Common function
Common evolutionary process

Protein Structure Prediction
Protein Family Identification

Protein Characterization: signatures of
protein families

Phylogeny estimation




Sequence similarity

2nd Fact of Biological Sequence Analysis [4]:
Evolutionary and functionally related molecular
strings can differ significantly throughout

much of the string and yet preserve:
1. the same three dimensional structures

2. the same two-dimensional substructures
(motifs, domains)

3. the same active sites

4. the same or related dispersed residues (DNA or
amino acid)

Evolutionary Conservation

Evolutionary preserved features:

—  3-dimensional structures (well preserved)
—  2-dimensional substructures (well preserved)
— active sites: functions (less common)
— Amino acid sequence (least common)

Three biological uses:
— Representation of protein families

— Identification of conserved sequence features correlating
with structure and function (Protein characterization)

—  Deduction of evolutionary history (Phylogeny estimation)

4




An Amazing Example: Hemoglobin
N

Hemoglobin: HEMOGLOBIN HEMOCYANIN
» Analmost universal protein found in birds, mammals, etc.
* 4 chains of ~140 amino acids

* Functions the same in all birds, mammals, etc.: binds and
transports oxygen

+ Insects and mammals diverged ~600 million years ago
=> On average 100 amino acids mutations per chain
+ Pair wise alignment:

— human - chimpanzee equal

— Mammal - mammal suggests functional similarity

— Insect-mammal very little similarity!

+ Secondary and 3-dimensional structure well preserved 5
[ Hemoglobinalpha-1 1 MVLSPADKTNVRAAWGRVGAHAGEYGAEALERMPLSFPTIRTYFPHF-D 48
Hemoglobin beta 1 MVi—iL‘II'PEl!E:(S:XB':'AI.Il\:GlI;VNV[;éVG|GlE;l\ILGlIRLLVVYPIN'I!QR;FIESIJGl; 48 From [14]'
Hemoglobin alpha-1 49 li?i.-{ GSA(?}/:(?:-{}GIl}l:VAIDALlTN'IEVA.b-IlV'D[I)I‘:Af’f\lf\.l..S-A.Lls?Ll'-ilAHlKlLlR. 93
Hemoglobin beta 49 LSTPDAVMGNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLH 98
Hemoglobin alpha-1 94 VDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR 142
[N E PR EER RSP ER N P EPRS FRNEY EREPEE P E S E RPN N

Hemoglobin beta 99 VDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH 147

(a)

penguin - - GENB
chicken -

human -

gorill
chimpanzee --

’ o =
Myoglobins ‘;?,D%‘;'J’,ﬁ o

human alpha 18-
rat_alpha-1 8-
Hemoglobins hum?n beta NYHEEPERXS)

ruler i..
Myoglobins {

Hemoglobins
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human beta gjobin
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human alpha plobin
horse alpha globin
cyano haemoglobin
whale myoglobin
leghaemoglobin
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Alignments
of globins
produced by
Clustal.

Protein Data Bank



http://www.rcsb.org/

Multiple Alignment Examples

Related sequences can have so few conserved or so
dispersed matching amino acids: statistically
indistinguishable from the best alignment of 2
random strings.

For example this is true for:
» Hemoglobin; immunoglobulin (antibody proteins)
« E-Cadherin (adhesion molecule)

Compare to:
1 DNA nucleotide change:
« Sickle cell anemia

| ©

(Global) Multiple Alignment

Definition
A multiple alignment of a set of strings {S,,S,....,S;.}
is a series of strings S*,,S",, ... ,S", such that

1. |Sy| =[S, = ...=|S"/ (all S7; have the same length)
2. Foreveryi: S’ is an extension of S; obtained by
insertion of spaces.

A multiple alignment of strings AC. .BCDB

| .CADB.D.
ACBCBD, CADDB, and ACABCD: ACA BCD.

Note: similarly, local multiple alignment (for substrings) can be defined. 10




Multiple Alignment

Definition Induced Pair-Wise Alignment:

Given a multiple alignment M, the induced pair-wise
alignment of two string S; and S; is obtained from
M by removing all rows except rows i an j.

Note: two opposing spaces can be removed

Definition Score of Induced Pair-Wise Alignment:

The score of an induced pair-wise alignment is
determined using any chosen scoring scheme for
2-string alignment in the standard manner.

11

Multiple Alignment: Sum-of-Pairs

Definition: Sum of Pairs Score

The sum-of-pairs (SP) score of a multiple
alignment M is the sum of the scores of
pair-wise global alignments induced by M.

Problem: The SP Alignment Problem

Compute a global multiple alignment M with
minimum sum-of-pairs score.

Note: Intuitively this is a reasonable score,

but: no theoretical justification! b




An Exact Solution of the SP Alignment Problem

A Dynamic Programming Approach

For the calculation of the best multiple alignment of
r sequences an r-dimensional hypercube D can be
used, where:

— Each dimension is formed by one of the r sequences.

— The nodes (j,,j,, -..,J,) of the hypercube hold the best
score D(jy,]---»),) Tor aligning the prefixes of the
sequences S,,S,, ...,S, of lengths j,,j,, ...,],, respectively.

13

Multiple Alignment: Dynamic Programming

The best score D can be calculated using dynamic programming on the
following recursion:

D(0,0,...,0)=0

i D(Jys Jprees Ji) = E{m}m {D(j, &, ), — & )y — € )+p(‘91XJ 1E X 1er € X )}

and p the cost function (for example Sum of Pairs (SP))
e=(&,6,&)e{0
e#(11..10)

Note:

» There is no generally accepted score for a multiple alignment. We will
discuss some candidates.

» Biological relevance of the multiple alignment is of major importance.
14




Space complexity:

Time complexity:

Multiple Alignment: Dynamic Programming

(4,3,2)
s < £=(1,0,1)
: \><\ 2
’ h (3,3,1)
X - N _
......... \, : € _(07171)
S\ N (3,2,0)
v I s N\ s
(1,0,00 (2,1,00 €=(1,1,0)
€=(1,1,0)

O(n".(O(r-dimensional cost function p calculation))

Oo(2m")

(consider 2'-1 previously calculated values)

Exact Multiple Alignment Complexity

The Exact Multiple Alignment problem solved by Dynamic
Programming has:

Space complexity O(n") . (O( calculation of p))
Time complexity O(2'n")

This exact solution using dynamic programming is only
useful for a small number of strings, i.e., a small r.

In general:

The exact multiple alignment problem using sum-of-pairs
or evolutionary-tree scoring is NP-complete [9].

16




Scoring Metrics

Possible p functions:

» Sum of Pairs
— Defined as the sum of pairwise distances between all pairs of
sequences: z D(S,.S,)
i iefL.. s hi<]
 Distance from Consensus
— Let C be the consensus sequence, then the total distance is defined

as: Z D(Si,C)
. 3

+ Evolutionary Tree Alignment
— Define D(S,,S,,) as the number of changes between S, and S, then
the weight of an evolutionary tree is defined as:
2.DG,.8,)
(v,w)eT

— Then the weight of the lightest evolutionary tree that can be
constructed from the sequences is taken. 1

Approximation: The Center Star Method for (SP) Alignment.

« An approximation algorithm for the optimal
alignment under the Sum of Pairs metric [4, pp34s-
350] achieving approximation ratio of 2.

 Sum of Pairs metric
— Defined as the sum of induced pair-wise distances
between all pairs of sequences: >'D(S:.S;)
i jefL...r}i<]

— Where D(S,T) the score of induced alignment of
S with T, using a scoring function d(x,y) such that:
. d(_7_):O
* d(xy) = d(y.x)
o d(x,y) <d(x,z) + d(z,y) (triangle inequality)

18




star alignment

- We put a string in center (which one?)
- Compute pair-wise alignments

- Extend pairs into multiple alignment

- Where “once a gap, always a gap”

Complexity: O(k?n?) k sequences, n length

Theory proves: within factor 2 of optimal alignment,

Star Alignment

Problem: The Sum of Pairs alignment problem
Input:  Aset of sequences {S,,S,,...,S}

Question: Compute a global multiple alignment M with
minimum sum-of-pairs score.

Definition: Given a set of k strings S, define a center string S,
(element of S) as a string that minimizes: 3 D(S,.S,)

SjeS

Definition: Define the center star to be a star tree of k nodes,
with the center node S, and with each of the remaining
k-1 nodes labeled by a distinct string from S\{S_}.

Definition: Define the multiple alignment M, of the set of
strings S to be the multiple alignment consistent
with the center star.

10



The Center Star Method for (SP) Alignment.

Sy
S S,

Se S,

A generic center start for 6 strings with
center string Sc= S. [4, p349].

21
Star Alignment

The Center Star Algorithm

1. Find S, from S minimizing S D(S
and let M={S,}. it

2. Add the sequences in S\{S;} to M one by one such
that

« the alignment of every newly added sequence with S, is
optimal.

« Add spaces when needed, to all pre-aligned sequences.

i St)

Running time analysis:

1. (g) O(n?) for step 1.

2. TH1O((i - n) - n) = O(K? - n?) for step 2 (since the worst-case length of S/ after the
addition of ¢ strings is (¢ + 1) - n) [4, p 348].

11



star alignment

1 ATTGCCATT <= center

2 ATGGCCATT

3 ATCCAATTTT

4 ATCTTCTT

5 ACTGACC

1 ATTGCCATT

2 ATGGCCATT ~——, L ATTGCCATT--
2 ATGGCCATT--

1 ATTGCCATT-- 3 ATC-CAATTTT

3 ATC-CAATTTT

1 ATTGCCATT 1 ATTGCCATT--

4 ATCTTO-TT 2 ATGGCCATT--
3 ATC-CAATTTT

1 ATTGCCATT 4 ATCTTC-TT--

5 ACTGACC-- 5 ACTGACC---- 2

The Center Star Algorithm

Approximation analysis:
e Let M denote the multiple alignment produced by the algorithm.

e Let d(i,j) be the score of the pairwise alignment it induces on S;,S;. (Note that
D(S;,8;) < d(i,5)).

o Let o(M)=%FE, vk, . d(i ).
e Let M* denote the optimal alignment of S.
e Let d*(7,7) denote the value of the alignment between S; and S; induced by M*.

We assume w.lLo.g that S is the center found by the algorithm, so foreach 1 <1 < k, d(1,1) =
D(5,,5).

Theorem 4.1
aM) _2(k-1) -9
oM~k )

Multiple alignment of the center start produces a

multiple alignment with a value at most 2(k-1)/k times the optimal value.
24
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The Center Star Algorithm

Proof:
o(M) = Ty Ty d(3,7) < T Thpega [, 1) + d(1,5)] =

k k
=2(k—1) > d(l,m)=2(k—1) 3 D(5,5m) (4.1)

m=2 m=2
he inequality follows from the triangle inequality. Since the triangle inequality holds
for every single column of © - by the definition of the scoring scheme, it also holds
for entire strings by the definition of d. Also,

kYt _,D(5),S.) =Xk, 2k, D(S,,5;) <

ko k ko k
<33 DS, S) <Y Y dlig) =o(M) (4.2)
i=1j#i,j=1 i=1 jij=1

The theorem follows. m

Triangle inequality: D(S;,;S)) < D(S;,S;) + D(S,,S)

25

Many Different Alignment Methods

Aligning a String to a Profile (later HMMs)
Iterative Pair-wise Alignment

Progressive Multiple Alignment

— Feng-Doolittle (1987)[2]

— CLUSTALW, CLUSTALX

— State of the Art Parallel MSA (2018) [15]

 Coffee, MAFT, MSAProbs, M2Align
PAGAN Phylogeny Aware MSA (2015) [13]
 Etc.

26
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