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Q:  Why Do Multiple Sequence Alignment?

A:  To model the process which constructed 
a set of sequences from a common source 
sequence.



A multiple sequence alignment 
allows biologists to infer:

Protein Structure
Protein Function
Protein Domains
Protein Active Sites
Splice Sites
Regulatory Motifs
Single Nucleotide Polymorphisms
mRNA Isoforms

For example, protein sequences that are >30% 
identical often have the same structure and function.



Row Column Multiple Sequence Alignment
RC-MSA

CONSENS1 ............................TGTACNT.GTTTGTGAGG.CTA 
CONSENS0 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S663801 A.GTTCCTGC.TGCGTTTGCTGGACTTATGTACTT.GTTTGTGAGG.CAA 
Hs#S337687 AAGTTCCTGC.TGCGTTTGCTGGACTGATGTACTTGGTTTGTGNAGGCAA 
Hs#S629177 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTNAGG.CAA 
Hs#S672957 A.GTTCCTGC.TGCGTTTGCT............................. 
Hs#S672182 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTT.......... 
Hs#S674099 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S196113 A.GTTNCTGN.TGNGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S994400 .............................GTACNT.GTTTGTGAGG.CTA 
Hs#S550772 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S80460 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S39701 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S1988018 A.GTTCCTGC.TGCTTTTGCTGGACTGATGTACTT.GATTGTGAGG.CAA 
Hs#S341915 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S1794113 A.GTTCCTGC.TGCGCTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S4698 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGCGG.CAA 
Hs#S813765 A.GT.CCTGC.G.CGTTTGC.GGACGGATGTACTT.GTT.GTGAGG.CAA 
Hs#S1184845 .............................................G.CAA 
Hs#S1577463 ............................................GG.CAA 
Hs#S914987 ........................CTGATGTACTT.GTT.GTGAGGGCAA 
Hs#S1985364 A.GTTCCTGC.TGCGTTTGCTGGACTGATGTACTT.GTTTGTGAGG.CAA 
Hs#S1465644 ..GTTC.TGCCTGCGTTTGCTGAACTGATGTACTT.GTTAGT.AAG.CAA 
Hs#S1850471 C.GTTACTGC.GGGGTTTGCTGGACTCATG.ACTTTGTTNGT.AGG.CAA 



RC-MSA Representation Does Not 
Reveal Large Scale Features

a b l m l e i c lk l v g ck s k k gl s s s ss c y l ee a lq r p v as d f e pq g l s ea a r w ns k e n ll a g p se

m a t k . . . . .. . . . .. . . . .. . . . .. m a g r g sl v s w ra f h g cd s a e el p r v sp r fl r a w hp p p v s
a b l n d p n lf . . . V A l Y D F v A S G D N . . . . .. . . . .. . . . .. . . . .. . . . .. . .. . . . .. . . . ..
g r b 2 . . . . .. m e a I A k Y D F k A T A D D . . . . .. . . . .. . . . .. . . . .. . . . .. . .. . . . .. . . . ..

m a t k a r m p tr r w a pg t q c it k c e h t r pk p g E L A F R K G D V V t I L . E a C En K S W Y R v K hh t S G Q E G
a b l . . . . .. . . . .. . . . .. . . . .. . . . .. t L S i t K G E k L R V L g y n h n. g e W c E A Q tk . N G Q . G
g r b 2 . . . . .. . . . .. . . . .. . . . .. . . . .. E L S F K R G D I L K V L n E e C D. Q N W Y K A E l. . N G K D G

m a t k L L a A ga L r e r. . . . .. E A L s a d Pk l s l mp W F H G K I S g QE A v Q Q L Q . p p ED G L F L V R E S A R
a b l W V P S NY I t p v. . . . .. N S L E K H S. . . . .. W Y H G P V S R Na A E y L L S s g i N. G S F L V R E S E S
g r b 2 F I P k NY I . . .. . . . .. . e M Kp H P . . . .. . W F F G K I p R aK A E E M L S k Q R HD G A F L I R E S E S
c r k l . . . . .. . . . . m s s a r fD S s D Rs A . . .. . . W Y M G P V S R QE A Q t R L Q g Q R H. G M F L V R D S S T

m a t k h P G D Y V L cV S F G rD V i H Y R V . lh r D G HL t I d Ea V f F c N L m D M V EH Y S k dk g a I c T k L V r P
a b l S P G q r S I SL R Y e gR V y H Y R I N Ta s D G KL Y V s sE s R F N T L a E L V hH H S T Va d g L i T T L h y P
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a b l e r g p pe g g l ne d e r ll p k d kk t n l fs a li k k k kk t a p tp p k r ss s f r em d g q pe r r g ag e

a b l e e g r di s n g al a f t pl d t a dp a k s pk p sn g a g vp n g a lr e s g gs g f r sp h l w kk s s t lt s
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a b l k p l r rq v t v ap a s g lp h k e ea e k g sa l gt p a a ae p v t pt s k a gs g a p gg t s k gp a e e sr v

a b l r r h k hs s e s pg r d k gk l s r lk p a p pp p pa a s a gk a g g kp s q s ps q e a ag e a v lg a k t ka t

a b l s l v d av n s d aa k p s qp g e g lk k p v lp a tp k p q sa k p s gt p i s pa p v p st l p s as s a l ag d

a b l q p s s ta f i p li s t r vs l r k tr q p p e r i a sg a i t kg v v l ds t e a lc l a i sr n se q m a sh s a

a b l v l e a gk n l y tf c v s yv d s i qq m r n kf a fr e a i nk l e n nl r e l qi c p a ta g s g pa a t q df s

a b l k l l s sv k e i sd i v q r . . . . .. . . . .. . . . .. . . . .. . . . .. . .. . . . .. . . . .. . . . .. .
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While it is easy 
to interpret 
single residue 
changes in 
this format,

Large scale 
changes are 
not easy to 
interpret.



The Scale of Features of Interest Should 
Inform MSA Representation

Features from single residue changes can be easily 
seen in RC-MSA Representation:

Regulatory Motifs
Single Nucleotide Polymorphisms
Promoter Binding Sites

Features from large scale changes cannot:
Protein Domain Differences
Alternative Splicing
Genome Duplications



A: A’:
.....ACATGTCGAT.....AGGTG
TGCAC.....TCGATACATAAGGTG

ACATG.....TCGAT.....AGGTG
.....TGCACTCGATACATAAGGTG

Degeneracy of RC-MSA Representation

Alignment A is biologically equivalent to alignment A’.  

However, they look different solely due to 
representation degeneracy.

We’d like a representation that is not degenerate.



What do we really want to know about an MSA?

1. The order of letters within a sequence. 5’ to 3’ or N-terminal to C-terminal.
2. Which letters are aligned between sequences.
One sequence can impose its order on another sequence only through alignment.

What do we really want to do with an MSA?

We want to use it as an object in multiple sequence alignment method.
We want to analyze it for biologically interesting features.



Partial Order Multiple Sequence Alignment
PO-MSA

Conventional Format
(RC-MSA)

Draw each sequence 
as a directed graph: 
node for each letter, 
connect by directed 
edges

Fuse aligned, identical 
letters (PO-MSA)



Returning to the previous example…

In the PO-MSA format, both A and A’

.....ACATGTCGAT.....AGGTG
TGCAC.....TCGATACATAAGGTGA:

ACATG.....TCGAT.....AGGTG
.....TGCACTCGATACATAAGGTGA’:

Can be represented as

A C A T G

T C G A T

A C A T

A G G T G

T G C A C A



abl mleiclklvgckskkglssssscyleealqrpvasdfepqglseaarwnskenllagpse

matk .....................magrgslvswrafhgcdsaeelprvsprflrawhpppvs
abl ndpnlf...VAlYDFvASGDN.......................................
grb2 ......meaIAkYDFkATADD.......................................

matk armptrrwapgtqcitkcehtrpkpgELAFRKGDVVtIL.EaCEnKSWYRvKhhtSGQEG
abl ..........................tLSitKGEkLRVLgynhn.geWcEAQtk.NGQ.G
grb2 ..........................ELSFKRGDILKVLnEeCD.QNWYKAEl..NGKDG

matk LLaAgaLrer......EALsadPklslmpWFHGKISgQEAvQQLQ.ppEDGLFLVRESAR
abl WVPSNYItpv......NSLEKHS......WYHGPVSRNaAEyLLSsgiN.GSFLVRESES
grb2 FIPkNYI..........eMKpHP......WFFGKIpRaKAEEMLSkQRHDGAFLIRESES
crkl ..........mssarfDSsDRsA......WYMGPVSRQEAQtRLQgQRH.GMFLVRDSST

matk hPGDYVLcVSFGrDViHYRV.lhrDGHLtIdEaVfFcNLmDMVEHYSkdkgaIcTkLVrP
abl SPGqrSISLRYegRVyHYRINTasDGKLYVssEsRFNTLaELVhHHSTVadgLiTTLhyP
grb2 APGDFSLSVKFGNDVqHFKVlrdgaGK.YFlwvVKFNSLnELVDYHRS......TSV...
crkl cPGDYVLSVSenSRVsHYiINSlpNrRFkIgDQe.FDHLpaLLEFYK.IhyldtTTLIeP

matk ..KRKHgTksaeeelaragWllnlqhLTLgaqIGeGEFGaVlQGeY..lgqkVAVKNIKc
abl APKRNKPTVYgVS.PNydkWemertdITMkhkLGgGQYGeVyEGvWkkysltVAVKTLKe
grb2 ..sRNQ.qIF.Lr..D............................................
crkl APRYpsPpMgsVSaPN............................................

matk DVt.aQaFLdEtAVMtKMQHeNLVRLLGVilHQg.LYIVmEhVSkGNLVNFLRtrgRalV
abl DTmevEeFLkEaAVMkEIKHpNLVQLLGVctREppFYIItEfMTyGNLLDYLRecnRqeV

matk NtaqLLqFSlHVAegMEYLEsKKLVHRDLAARNiLVsEDlVaKVSDFGLAK...aErkgl
abl NavvLLyMAtQISsaMEYLEkKNFIHRDLAARNcLVgENhLvKVADFGLSRlmtgDtyta

matk dS.SRLPVKWTAPEALkHgKFTsKSDVWSFGVLLWEVfSYGrAPYPkMsLkEVsEaVEKg
abl hAgAKFPIKWTAPESLaYnKFSiKSDVWAFGVLLWEIaTYGmSPYPgIdLsQVyElLEKd

matk YRMEpPEGCPgpVHvLMsSCWEaePArRPpF.............................
abl YRMErPEGCPekVYeLMrACWQwnPSdRPsFaeihqafetmfqessisdevekelgkqgv

abl rgavstllqapelptktrtsrraaehrdttdvpemphskgqgesdpldhepavspllprk

abl ergppegglnederllpkdkktnlfsalikkkkktaptppkrsssfremdgqperrgage

abl eegrdisngalaftpldtadpakspkpsngagvpngalresggsgfrsphlwkksstlts

abl srlatgeeegggssskrflrscsascvphgakdtewrsvtlprdlqstgrqfdsstfggh

abl ksekpalprkragenrsdqvtrgtvtppprlvkkneeaadevfkdimesspgssppnltp

abl kplrrqvtvapasglphkeeaekgsalgtpaaaepvtptskagsgapggtskgpaeesrv

abl rrhkhssespgrdkgklsrlkpapppppaasagkaggkpsqspsqeaageavlgaktkat

abl slvdavnsdaakpsqpgeglkkpvlpatpkpqsakpsgtpispapvpstlpsassalagd

abl qpsstafiplistrvslrktrqpperiasgaitkgvvldstealclaisrnseqmashsa

abl vleagknlytfcvsyvdsiqqmrnkfafreainklennlrelqicpatagsgpaatqdfs

abl kllssvkeisdivqr.............................................
grb2 ...............IeqvpqQptYVQALFDFdPqeDgE.LgFRRGDFIhVMDNsDpNWW
crkl ...............LptaedNleYVRTLYDF.PgnDaEdLpFKKGEILvIIEKpEeQWW

grb2 kgach.GQTGMFPrnYVtpVnRNv....................................
crkl sarnkdGRVGMIPvpYVekLvRS.sphgkhgnrnsnsygipepahayaqpqtttplpavs

crkl gspgaaitplpstqngpvfakaiqkrvpcaydktalalevgdivkvtrmningqwegevn

matk .......................rklaeklarelrsagapasvsgqdadgstsprsqep
crkl grkglfpfthvkifdpqnpdene....................................

RC-MSA in Text Format

MATK
ABL1

GRB2

CRKL

A

G

C

M
M

G

C

ASH3

SH3
SH3

SH2

KINASE

Hand Rendered PO-MSA Showing Domain 
Structure

POAVIZ Rendered PO-MSA Reflects Domain 
Structure

Real Example:  Human SH2 Domain Containing Proteins



What do we really want to do with an MSA?

We want to analyze it for biologically interesting features.

We want to use it as an object for building multiple 
sequence alignments.



Multiple Sequence Alignment Construction 
Using PO-MSAs



Pair-wise Sequence Alignment Using Dynamic 
Programming

Finding a PSA = Finding a path through a 2-Dim matrix.  
It’s O(L2), where L is the sequence length.



Multiple Sequence Alignment Using Dynamic 
Programming

Finding an MSA = Finding a path through an N-Dim matrix.  It’s O(LN), 
where N is the number of sequences and L is the sequence length.

Note: More than 5 sequences takes a prohibitive amount of time. 
Heuristic methods, such as those used by CLUSTAL W, are used instead.



Progressive Alignment (CLUSTAL W) Approach

1. Compute pairwise 
distances of all N 
sequences.

seqB

2. Build Guide Tree

seqD

seqC seqA

seqE

seqF

AC D B E F

3. Align N sequences using 
guide tree.
a. Use standard PSA to align leaf sequence.

b. Profile multiple sequence alignments at 
branch nodes.
c. Use standard PSA on profiles. 

d. Recurse.



Pair-wise Sequence Alignment of Leaf Nodes V. 
Branch Nodes

PSA of sequences at leaf nodes:
Requires a scoring function which can
score a match between residues.

PSA of profiles at branch nodes:
Requires a scoring function which can
score a match between profiles of 
columns of residues and gaps.



Problem with Aligning Profiles:  Gap Artifacts!

Alignment A is biologically equivalent to alignment A’.  

A’:
.....ACATGTCGAT.....AGGTG
TGCAC.....TCGATACATAAGGTG

ACATG.....TCGAT.....AGGTG
.....TGCACTCGATACATAAGGTGA:

If we try to align another sequence which is identical to the second 
sequence in the alignment…  

S: TGCACTCGATACATAAGGTG

We find that Score(S,A) not equal to Score(S,A’), but it should be.



In doing pair-wise sequence alignment on 
RC-MSA profiles:

Each column is treated in isolation.
But interpreting what’s a true gap requires looking 
outside of column.
We can try to solve this problem by adjusting the 
scoring process.
This results in a non-local scoring function, which 
violates dynamic programming.



We can instead replace the profile RC-MSA 
representation with the PO-MSA representation.

In the PO-MSA representation, both A and A’

.....ACATGTCGAT.....AGGTG
TGCAC.....TCGATACATAAGGTGA:

ACATG.....TCGAT.....AGGTG
.....TGCACTCGATACATAAGGTGA’:

Can be represented as

A C A T G

T C G A T

A C A T

A G G T G

T G C A C A



We can align S to A using Sequence to PO-
MSA alignment algorithm.

A:
A C A T G

T C G A T

A C A T

A G G T G

T G C A C A

S:
T G C A C T C G A T A C A T A G GA T G



Sequence to PO-MSA Alignment 
Algorithm

Partial Order Alignment of a Sequence to 
an Alignment.Conventional Alignment of Two Sequences



Sequence to PO-MSA Alignment Algorithm Requires a Simple 
Extension of Sequence to Sequence Alignment Algorithm

...
pN

...

p1

p2

p3 qn m

Simply extend dynamic programming move set to include partial order moves: at each 
position (n,m) in the matrix, choose best move by:

( )
( )

( )
( )⎪⎩

⎪
⎨

⎧

∆+−
∆+

+−
=

)(1,
)(,

),(1,
max,

nmnS
mmpS

mnsmpS
mnS

Considering all predecessor 
nodes that have a directed 
edge from p → n.

Note:  MATCH and INSERT moves may have more than one incoming edge p.



Recall Progressive Multiple Sequence Alignment 
with Profile Intermediates

1 2 3 4 5 6 8

9 10 11 12

13 14

15
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1 2 3 4 5 6 7 8

9 10 11 12

13 14

15

Progressive Multiple Sequence Alignment with PO-
MSA Intermediates

Requires PO-MSA to PO-MSA Alignment Algorithm



PO-MSA to PO-MSA Alignment Algorithm Requires a Simple 
Extension of Sequence to PO-MSA Alignment Algorithm

...
pN

...
...

...

p1

p2

p3

q1

q2

q3

qM

n m

Simply extend dynamic programming move set to include partial order moves: at each 
position (n,m) in the matrix, choose best move by:

S n,m( ) =
p →n
q →m

max
S p,q( )+ s(n,m)
S p,m( )+ ∆ (n)
S n,q( )+ ∆ (m)

⎧ 

⎨ 
⎪ 

⎩ 
⎪ 

Considering all predecessor 
nodes that have a directed 
edge from p → n and q → m.

Note:  MATCH and INSERT moves may have more than one incoming edge p or q.



1 2 3 4 5 6 7 8

9 10 11 12

13 14

15

PO-MSA to PO-MSA Alignment Algorithm Finds 
Best Linear Match Between the PO-MSAs

Can be extended heuristically to find best match



Thesis Work

Developed partial order alignment 
visualizer
Combined partial order alignment and 
progressive alignment
Applied POA to detect alternative splicing 
events in expressed sequence data
Formalized relationship between PO-
MSAs and HMMs
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