Lecture 5: Multiple sequence
alignment

Introduction to Computational
Biology
Instructor: Teresa Przytycka, PhD

Igor Rogozin, PhD

Why do we need multiple sequence
alignment

Pairwise sequence alignment for more
distantly related sequences is not reliable

- it depends on gap penalties, scoring
function and other details

- There may be many alignments with the
same score — which is right?

- Discovering conserved motifs in a protein
family
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Cytochrome b5-like Heme/Steroid binding domain. This family includes heme binding domains from a diverse range of proteins. This
family also includes proteins that bind to steroids. The family includes pragesterone receptors. Many members of this subfamily are
membrane anchored by an N-terminal transmembrane alpha helix. This family also includes a domain in some chitin synthases.
There is no known ligand for this domain in the chitin synthases.
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Multiple alignment as generalization
of pairwise alignment

S1,52,...,Sk a set of sequences over the same alphabet

As for the pair-wise alignment, the goal is to find
alignment that maximizes some scoring function:

MQPILLP
MLR-L-P
MPVILKP

How to score such multiple alignment?




Sum of pairs (SP) score

Example consider all pairs of letters in each
column and add the scores:

A
V
SP-score( v ):

score(A,V)+score(V,V)+score(V,-)+score(A,-)+score(A,V)
k sequences gives k(k-1)/2 addends

Remark:

Score(-,-) =0

Sum of pairs is not prefect scoring
system

No theoretical justification for the score.

* In the example below identical pairs are
scored 1 and different 0.




Entropy based score (minimum)

-2(¢;/C) log (c;/C)
J

Cj- number of AA AAA
occurrence of amino- ﬁ ﬁ ﬁ ﬁ k
ey e . A A A Il L
acid j in the column AA T IS
A | I 1 W

C — number of symbols 5772755 59 1.79
in the column

(in the example natural In)

Dynamic programming solution for
multiple alignment

Recall recurrence for multiple alignment:

Align(Sti.1,S%.1)+ s(ai, &)
Align(SY,5%)=mayd Align(S.1,S%) -9
AIign(Sli,Szj.l) -0

For multiple alignment, under max we have all possible
combinations of matches and gaps on the last position

For k sequences dynamic programming table will have size nk




Recurrence for 3 sequences

Align(SYi.1,S%.1, S*a)+ s(ai, aj, ax)
Align(S%.1,S%, S%1) +s(a, -, &)
Align(S%,S%.1, S%1) +5(-, aj, &)
Align(S%;,S?, S$%) = max Align(Sti.1,S%.1, S%)+ s(ai, &, -)
Align(SY,S?%, S%1)+ s(aj, -, -)
Align(S%;,S%.1, S%)+ s(-, &, -)
Align(SYi.1,5%, S%)+ s(-, -, ax )

imal
(0,0,0 ‘///0m ima
\_——\—

(n,n,n)

In dynamic programming approach running time

grows elementally with the number of sequences

« Two sequences O(n?)

« Three sequences O(n?)

« k sequences O(nk)

Some approaches to accelerate computation:

» Use only part of the dynamic programming table
centered along the diagonal.

» Use programming technique known as branch and
bound

 Use heuristic solutions




Heuristic approaches to multiple
sequence alignment

 Heuristic methods:

» Star alignment
* Progressive alignment methods
CLUSTALW
T-Cofee
MUSCLE
» Heuristic variants of Dynamic Programming Approach
* Genetic algorithms
* Gibbs sampler
* Branch and bound

Star alignment - using pairwise alignment
for heuristic multiple alignment

Choose one sequence to be the center
Align all pair-wise sequences with the center

Rule “once a gap always a gap”

ACT ACT ACT ACT
TCT -CT ATKT ACT

First merging: Second merging  third merging
ACT «—  ACT A-CT
TCT T-CT T-CT
-CT --CT -CT
ATCT ATCT
A-CT

Merge the alignments: use the center as reference.




Merging the sequences in stair

alignment :

» Use the center as the “guide” sequence
» Add iteratively each pair-wise alignment to the multiple

alignment

» Go column by column:

— If there is no gap neither in the guide sequence in the multiple
alignment nor in the merged alignment (or both have gaps)
simply put the letter paired with the guide sequence into the
appropriate column (all steps of the first merge are of this type.

— If pair-wise alignment produced a gap in the guide sequence,
force the gap on the whole column of already aligned sequences
(compare second merge)

— If there us a gap in added sequence but not in the guide
sequences, keep the gap in the added sequence

ATTGCCATT
ATGGCCATT

ATTGCCATT-~

ATC-CAATTTT

ATTGCCATT
ATCTTC-TT

ATTGCCATT
ACTGACC

Larger example

ATTGCCATT--
ATGGCCATT—-
ATC-CAATTTT
ATCTTC-TT--
ACTGACC----




Two ways of choosing the center

1. Try all possibilities and choose the resulting
alignment that gives highest score; or

2. Take sequence S, that maximizes

2 i different than ¢ pairwise-score(SC ’Si)

(need to compute all pairwise alignments)

Progressive alignment

e ldea:

— First align pair(s) of most closely related
sequences

— Then interactively align the alignments to
obtain an alignment for larger number of
sequences




-TCT

- -CT
A-CT
/ATCT \
A-cr cT
ATCT A
ACT ATCT TCT CT

Aligning alignments

Dynamic programming where a column in each
alignment is treated as sequence element

Score of a match — score
for the composite column

A

A
A
\Y

> > | |> >




Gaps:
0 0 0 0 0 as for sequences
Match for position (i,j):
Alignment score for the

A column composed from
0 9@, colum i in the first
V score for column sequence and column j in
L o Jap] Y whith 1Ll the second sequence
L
Al |0
A

Deciding on the order to merge the
alignment

* You want to make most similar sequences
first — you are less likely to miss-align them.

 After you align more sequences the
alignment works like a profile and you
know which columns are to be conserved in
a given family — this helps in correct
alignment of more distant family members
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CLASTALW

*“CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice” Julie D. Thompson, Desmond G.

Higgins and Toby J. Gibson*Nucleic Acids Research, 1994, Vol. 22, No. 22 4673-4680

1. Perform all pair pairwise alignments

2. Use the alignment score to produce

distance based phylogenic tree (phylogenic
tree constructed methods will be presented later in class)

3. Align sequences in the order defined by
the tree: from the leaves towards the root.

(Initially this involves alignment of sequences
and later alignment of alignments.)

Problems with CLUSTAL W and
other “progressive alignments”

» Dependence of the initial pair-wise
sequence alignment.

» Propagating errors form initial alignments.
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Example

This and next figures examples are from T-coffee paper:
Noterdame, Higgins, Heringa, JMB 2000, 302 205-217

a)Regular Progressive Alignment Strategy
SegA GARFIELD THZ LAST FAT CAT

SegA GARFIELD THE LAST FA-T CAT

SeqB GARFIELD THE FAST CAT SedB GARFIELD THE FAST CA-T —--
CEm—j- SeqC GARFIELD THE VERY FAST CAT

SegD ------- THE ---- FA-T CAT

'SeqC GARFIELD THE VERY FAST CAT

'SeqD TIE FAT CAT

T-Coffee (Tree-Based Consistency Objective

Function for alignment Evaluation)

Noterdame, Higgins, Heringa, JMB 2000, 302 205-217

» Construct a library of pair-wise alignments

— In library each alignment is represented as a list of pair-
wise residue matches (e.g.res.x sequence A is aligned with
res. y of sequence B)

— The weight of each alignment corresponds to percent
identity (per aligned residua)

hyPrimary Library

o . SeqB GARFIELD THE ---- FAST CAT Prim Welght= 100
I HE LAST FAT CAT Prim. W =38 1 p 7 T
o GRRFIELD THE LAST IAT <R°° eight BeqC GARFIELD THE VIRY FAST CA
SeqgA GARFIELD THE LAST FA-T CAT . Wi ” SeqB CARFIELD THE FAST CAT Wi 1
Seat GARFIELD THE VERY PAST CaT Prim. Weight= e iyl THE FA-T CAT Prim. Welght = 100

o i e o GARFIELD THE VERY EAST CAT prim. Welght=100
SegA CARFIELD IHE LAST AT GAT Prim. Welght=100 So95 GRRFIELD THE YERI ERSF aan
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T-coffee continued

» Consistency alignment: for every pair-wise alignments

(A,B) consider alignment with third sequence C. What would be
the alignment “through” third sequence A-C-B

. Sum -up the Welghts over all possible choices if C to get

Consistent with 2 alignments
c)Extended Fibrary for seql and seq2

Expended Lib
AR 1ELD LAST FAT CAT
L i L HI Weight = 8%
SeqB GARF ELD THE FAST CAT Seqh T'\ ﬁTi"IB iﬁg LAST FAT \CAT
SeqgB GARFIELD TNST [

BegA GARFIELD THE LAST FAT AT
|||||F|| 111 II\\\\ ) N
= GRTTRED OO S RO T
eqB GARFIELD THE W i
] I)yn:u'mc Programming |
Seqgl GARKIELD ITI LAST 1;&]:5‘ Cl'ﬁl‘ l é:OnSIStent with 3
2 T Welght = 100
sese T , alignments
SeqB GARFIELD THE FAST CAT HeqA GARFIELD THE LAST FA-T CA
SeqB GARFIELD THE ---- FAST u\'r (hlgher score for

much)

|_ast step of T-coffee

» Do progressive alignment using the tree but
using the weights from extended library for
scoring the alignment.

(e.g. “A” in FAST will have higher score with “A”
in FAT and lower with “A” in LAST.)
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T-coffee summary

* More accurate than CLUSTALW

« Slower (significantly) the CLUSTALW but
much faster than MSA and can handle more
sequences.

A newer consistency based approach

Resource:

ProbCons: Probabilistic consistency-based multiple
sequence alignment

Chuong B. Do," Mahathi S.P. Mahabhashyam,' Michael Brudno," and
Serafim Batzoglou'2
"Department of Computer Science, Stanford University, Stanford, Califomia 94305, USA

To study gene evolution acros a wide range of organisms, biologists need accurate tools for multiple sequence
alignment of protein families. Obtaining accurate alignments, however, is a difficult computational problem because
of not only the high computational cost but also the lack of proper cbjective functions for measuring alignment
quality. In chis paper, we introduce probabilistic consistency, a novel scoring function for multiple sequence
comparisons. We present ProbCons, a practical tool for progressive protein multiple sequence alignment based on
probabilistic consistency, and evaluate its performance on several standard alignment benchmark data sets. On the
BALBASE, SABmark, and PREFAB benchmark alignment databases, ProbCons achieves statistically significant
improvement over other leading methods while maintaining practical speed. ProbCons is publidy available as a Web
resource.

[Supplemental material is available online at www.genome.org. Source code and executables are available as public

domain software at http:/ / probconsstanford.edu.]
Genome research 2005
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MUSCLE

Robert C. Edgar* Nucleic Acids Research,
2004, Vol. 32, No. 5 1792-1797

MUSCLE: multiple sequence alignment
with high accuracy and high throughput

MUSCLE idea

by computing the number of short “hits” (short
gapless matching) between any pair of sequences.

o Compute MSA using the tree.

» Compute pair-wise distances from MSA and new
tree

* Re-compute MSA using new tree

multiple alignment from the two groups

Build quick approximate sequence similarity tree —
without pair-wise alignment but compute distances

Refine the alignment by iteratively partitioning the
sequence into two groups and merging the aligning
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1.1 k-mer 1.2 1.3 progressive

counting [ ][ | UPGMA alignment
s L ——— MSA1
unaligned S
SEqUEnces k-mer distance TREE1
matrix D1 2.1 compute
%ids from MSAT
— | Kimura distance
— — T TN N— LY matrix D2
2.3 progressive 22 UPGMA
MSA2 alignment TREE2 B
— — No.
— S ———— delete
. ——— 33realign yga — — VYes
% 3.2 compute  profiles 3.4 SP » — save
subtree profiles score better? oo
3.1 delete
edge from TREE2 repeat
giving 2 subtrees

Edgar, R. C. Nucl. Acids Res. 2004 32:1792-1797; doi:10.1093/nar/gkh340

Nucleic Acids Research

Where the speed-up comes from

 Finding all short hits is fast due because we
can use methods like hashing

 ClustalW computed n(n-1)/2 pairwise
alignments while given a tree one needs to
do only n-1 alignments

16



Refining multiple sequence alignment

Given — multiple alignment of sequences
Goal improve the alignment

One of several methods:
— Choose a random sentence
— Remove from the alignment (n-1 sequences left)

— Align the removed sequence to the n-1 remaining
sequences.

— Repeat

Alternatively — (MUSCLE approach) the alignment
set can be subdivided into two subsets, the alignment
of the subsets recomputed and alignment aligned

Evaluating MSA

» Based on alignment of structures
(e.g. BaliBase test set)

 Simulation: simulate random evolutionary
changes

 Testing for correct alignment of annotated
functional residues
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Examples of MSA programs

* It is really hard to find the perfect tool

* Default parameters may be a problem

* On-line reliability — must work all the time
http://probcons.stanford.edu/

Programs which | frequently use

MALIGN
Good quality, web interface, great output

http://bioinfo.genotoul.fr/multalin/multalin.html

TCoffee — great quality, web interface

http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi

MUSCLE
Overall performance, alignment of many gene families

MAP
Special cases, e.g. N- and C-ends are not homologous
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Input format

FASTA format

>cand_d_Nemvel

MADLDDVQDPLLDTAL SEIAVNDT 1AKAGDKVLGNKKEFCGAF
YHVPRSKSGCLDKQSCA I AKRGHDATPLTAVALVKYEQQESSEWAI KSVRRYTNCSDKMKHAEEFFLMDI
DCQLEARHKGEEGFLDFWNKKKWQI TMYLTNQPCHLSTDTGGTKEDQSCCEVM IKAKEKLGDNVE IVIKP
THLCQVGHYKGKPREKPKNAEKGVRKLFKTTG IELECMKEGDWKYLLQYAQPEVENKLPDYDTSRRKTED
EKIGEELHNQQLEQLAPELAQLSVNEKRRK

>AID_Ictpu_40949661
MSKLDSVLLTQRKF 1 YHY TYLC DSLSFOFGHLRNRSGCHVELLFLSYLGY
LCPGFLGSGVDGVRVAYAI TWFCSWSPCSNCAHRLSRFMSQMPNLRLR I FVSRLYFCDEEDSQEREGLRC
LQRAGVQUTVNTYKDFFYCHQTFVAQNQKAFKAWDDLHQNS IRLSRKLQR I LQPSESEDLRDGFALLGL.

>AID_Danre_61651784

PP
FETITGDRMDPFFFKFQFKNVEYSSGRNKTFLCYLVDHGGEGLMRGY I EDEHAGGHAEEAFFQQILTNYD
PACKYTITWYNSSSPCANCATKLAE ILRSRKNIRLAI FSSRLFEWEEPE 1QAGLKLLASVGCKLRVMKPL
DFTYTWDTFVESDEQQFTPWEDCQENYEYYQDKLADILQ

>APOBEC2_Ratno_27681627
MAQKEEAAEAAAPASQNGDDLENLEDPEKLKEL I DLPPFEIVTGVRLPVNFFKFQFRNVEYSSGRNKTFL
CYVVEAQSKGGQVQATQGYLEDEHAGAHAEEAFFNT I LPAFDPALKYNVTWYVSSSPCAACADRILKTLS
KTKNLRLL ILVSRLFMWEEPEVQAALKKLKEAGCKLR IMKPQDFEYLWQNFVEQEEGESKAFEPWED I QE
NFLYYEEKLADILK

>Apobecl_Musmu_13277813

MSSETGPVAVDPTLI RKETCLL} TSQNTSNHVEVNFLEKF
TTERYFRPNTRCS I THFLSWSPCGECSRA I TEFLSQHPYVTLF 1Y 1 ARLYHHTDQRNRQGLRDL ISSGVT
T1QINTEQEYCYCHRNFVNYPPSNEAYWPRYPHLIVKLYVLELYC I 1LGLPPCLKILRRKQPQLTFFTITL
QTCHYQRIPPHLLWATGLK

>APOBEC1_Mondo_23396444

MNSKTGPSVGDATLI QELRKETCLL (ONTSQ! T
AERHFNSSVRCS I TWFLSWSPCWECSKAIRKFLDHYPNVTLAIF ISRLYWHMDQQHRQGLKELVHSGVTI
QINSYSEYHYCWRNFVDYPQGEEDYWPKYPYLWIMLYVLELHC ILGLPPCLKISGSHSNQLALFSLDLQ
DCHYQKIPYNVLVATGLVQPFVTWR

On-line demonstration

>cand_d_Nemvel

MADLDDVQDPLLDTALDSTKDEADDSVLSEI1AVNDTSVDDGVEDPDHEHKK I AKAGDKVLGNKKEFCGAF
YHVPRSKSGCLDKQSCAITAKRGHDATPLTAVALVKYEQQESSEWAIKSVRRYTNCSDKMKHAEEFFLMDI
DCQLEARHKGEEGFLDFWNKKKWQITMYLTMQPCHLSTDTGGTKEDQSCCEVMIKAKEKLGDNVEIVIKP
THLCQVGWYKGKPREKPKNAEKGVRKLFKTTG I ELECMKEGDWKYLLQYAQPEVENKLPDYDTSRRKTED
EK 1GEELHNQQLEQLAPELAQLSVNEKRRK

MALIGN
Good quality, web interface, great output

http://bioinfo.genotoul.fr/multalin/multalin.html

TCoffee — great quality, web interface

http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi
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MUSCLE

VRRYTNCSDKMKHAEEFFLMD I DCQLEARHKGEEGFLD---FWNKKKWQ I TMYLTMQPCHLSTDTGGTKEDQSCCEVMIKAKEK
DFGHLR-NRSGCHVELLF NCAHRLSRFMSQ
MRGY I EDEHAGGHAEEAF NCATKLAEILRS
TQGYLEDEHAGAHAEEAF —-ACADRILKTLSK
VWRHTS-QNTSNHVEVNF ECSRAITEFLSQ
IWRHSN-QNTSQHAE INF ECSKAIRKFLDH

muscle -in apo6.txt -out apo6.aln -stable -maxiters 100

Whole-genome DNA alignments

Precomputed alignments, output format

Example APOBEC4, NM 203454

AgToTTCT TTCTAACT CACTECTGAACCCATIACHAS CTITACAGCACAATTGCCTTCTEA
AGC T TAC
TAGTAMACCATATTACTGCCTAAGCTTC TCTCTE. OATTOUTCTANTIGTCCTTACCATATTCOACAGGTOAAG AAC rrcccrcAcAmwrrrrc
T TITTATG TTCT: TGCACTC TTAT
TATCATTC TGTATTC G G mmmr cm\r
TACGTATCCABGEATCACTCTTAG rArwmrrrrcrm TCT TTCCTGCC TCAGCATG!
TCACATGTTTTTCAGCC CATTTT: GCATAT
CCTTACTTCACTGATGTTCTT TITAGAGA GCTACCCCTTAARCAATGCCTTTCCTGGACAGTTTTTTOARAT
TGTTTT TACCACCAATGCATAT( T
CCAAGGACCTTGGAAGGCT TAGT TTTGCAAG G CAGC
CCAATT) TTATTAGAT! T (TGGAGAT \AACCTTGAATTATTTACCATATCAACTATTATAAAGTTACAC
\TGTTT AT T G TAGCASCTTGCTAATATWTFAT CACAAGARTCTCATTATCTATTTTAC
TT ACTGTARAATTG <
ATCATGOACACARGATTTTACGCAGCTCATT T T TCTAMGTOATIC AMATAGT T TCTGCTGATT)
CAGACCTCTCCCTTCTGAGCAGATGATAGAGGT c; TCACATACTGTAT
< TC TCTTTAGCTTTTCCCTTAGGATCTAGCACATTACCCAGCAARATCT
GCTTCACCATC CTG TTTTTCTTTTTGTTAGCATCCAT
GTACCTTCTCTTAARATCTT TTCTAGGAAGTGCTCCTTGATTAATCCTCTS

TTGCTT)
AT TOCCTCT T TOAAATATOTAARGATACATTACAAGAAANTOTAGATT TTCTOOTAACTTCCTATTARTFTTTTTCTTTATATATATATATAAAGTAATCCTANGCTARTARAGAGT
TTGCCATGACATTAAAACAT TTAATACTCCATAAGGGAGGAGGAGARAGAAAAACATAT TTTAGGAATAG CAATTAGTATTGTGGTTAAAATAAACATGAATAAAAATTTTAAAACAAAAAAAAAA
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