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Ø Multiple Alignment

• T-Coffee
• MUSCLE and Mafft

• PRALINE, ClustalW, etc.

TODAY'S TOPICS
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Progressive multiple alignment: Clustal W
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[Weighted average]

(a) Alignment score = -15.64 + gap penalty
(b) Alignment score = 27.06 + gap penalty
(c) Alignment score = 54.36 + gap penalty

[Simple average]

(a) Alignment score = 1 + gap penalty
(b) Alignment score = 2 + gap penalty
(c) Alignment score = 1 + gap penalty
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Ø How sequence weighting works: Example 2 

[Aligning S4 to the first 3 sequences (S1, S2, and S3) previously aligned]

Progressive multiple alignment: Clustal W
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Ø How to choose scoring matrix:
 • Choose only the scoring matrix series
  (BLOSUM, PAM, etc.)
 ➜ Specific matrix is determined based on 
   distance between sequences
  80 - 100% identity ® Blosum80
  60 - 80% identity ® Blosum62
  30 - 60% identity ® Blosum45
  0 - 30% identity ® Blosum30

Progressive multiple alignment: Clustal W

Thompson et al. (1994)
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Ø How gap penalties are determined:

  ➜ Initial gap penalties: GOP (gap opening) and GEP 
   (gap extension) ➜ set by the user
  ➜ Weight (scoring) matrix dependent gap penalties
  ➜ Similarity level dependent gap penalties
  ➜ Sequence length dependent gap penalties
  ➜ Position specific gap penalties
   • if gaps already exist
   • residue specific (e.g., hydrophilic stretches)

Thompson et al. (1994)

Progressive multiple alignment: Clustal W
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• Progressive alignment 
 ➜ Greedy (finds local optima, but no guarantee for global optima)
 ➜ Errors (incorrect gap positions) in the early alignments cannot be
  rectified later
• Global alignment only (local similarity may be missed)

Progressive multiple alignment: Clustal W

7

BIOS477/877 L15 - 8

Clustal Web servers
http://www.clustal.org/ (Clustal original website)

[Classic version]
https://galaxy.pasteur.fr/ (part of Galaxy@Pasteur)

https://www.genome.jp/tools-bin/clustalw

Use Clustal W instead 
of Clustal W
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To solve the progressive-alignment problems
Ø Incorporate more information to reduce early errors
 • Structural alignment (e.g., Expresso, PROMALS3D, TM-Coffee, PRALINE, 
  MAFFT-DASH)
 • Profile/profile-HMM alignment (e.g., PRALINE, PSI-Coffee, PROMALS3D, 
  ProbCons/CONTRAlign, ClustalW, MUSCLE5)

Ø Avoid the greedy-algorithm problem
 • Iterative refinement to search the global maxima
  ➜ A good objective function is required
   (e.g., MUSCLE/MUSCLE5, MAFFT, ProbCons/CONTRAlign)

Ø Global (or local) only alignment problem
 • Combine both methods (e.g., T-Coffee)

Ø More accurate insertion/deletion placement
 • Phylogeny aware gap-placement (e.g., PRANK, ProPIP, Bali-Phy, SATé)
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Multiple alignment: T-Coffee
T-Coffee Home page
https://tcoffee.crg.eu/

https://tcoffee.org

https://tcoffee.crg.eu/apps/tcoffee/index.html
(mirror site)

https://www.ebi.ac.uk/jdispatcher/msa/tcoffee
(only T-Coffee, without other associated programs)

Notredame, Higgins & Heringa (2000); Taly et al. (2011)
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Multiple alignment: T-Coffee

• T-Coffee: Tree-based Consistency Objective Function for 
alignment Evaluation

• Based on the progressive alignment algorithm
 ➜ Uses a guide tree, fast

• Tries to avoid the greedy nature of the progressive 
algorithm

 ➜ Using alignment libraries derived from a mixture 
of alignment programs (global, local, etc.)

11

BIOS477/877 L15 - 12

Multiple alignment: T-Coffee
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Ø Primary libraries of alignments

ClustalW Primary Library
(Global Pairwise Alignment)

Lalign Primary Library
(Local Pairwise Alignment)

➜ Global and local, or any combination of pairwise alignment 
methods

➜ Each pairwise alignment is given a weight based on % 
identity ignoring gap sites ATTCGG

ATAGCG 3/6 = 50%

(Tree-based Consistency Objective Function for alignment Evaluation)
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http://www.clustal.org/
https://galaxy.pasteur.fr/
https://www.genome.jp/tools-bin/clustalw
https://tcoffee.crg.eu/
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https://www.ebi.ac.uk/jdispatcher/msa/tcoffee
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Multiple alignment: T-Coffee

Global pairwise alignment
Primary Library

Local pairwise alignment
Primary Library

Pooled
Primary Library

• Consistent global and local alignments 
are stacked.

• Weight of the stacked alignment = sum 
of the weights of original alignments

• Each residue pair in an alignment is 
weighted based on the alignment weight

A GARFIELD THE LAST FAT CAT
B GARFIELD THE FAST CAT

C GARFIELD THE VERY FAST CAT

(Tree-based Consistency Objective Function for alignment Evaluation)

SeqC GARFIELD THE VERY FAST CAT
     |||||||| |||      |||| |||

SeqB GARFIELD THE      FAST CAT

SeqA GARFIELD THE LAST FAT CAT
     |||||||| |||  |||  ||

SeqB GARFIELD THE FAST CAT

SeqA GARFIELD THE LAST FAT  CAT
     |||||||| |||      ||   |||

SeqC GARFIELD THE VERY FAST CAT

B vs. C

A vs. C

A vs. B W1

W2

W3

A & B aligned through C

W2+W3

SeqA GARFIELD THE LAST FAT CAT
     |||||||| |||      ||

SeqC GARFIELD THE VERY FAST CAT
     |||||||| |||      |||| |||
SeqB GARFIELD THE      FAST CAT
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SeqA GARFIELD THE LAST FAT CAT
     |||||||| |||  |||  ||

SeqB GARFIELD THE FAST CAT

SeqA GARFIELD THE LAST FAT CAT
     |||||||| |||      ||

SeqC GARFIELD THE VERY FAST CAT
     |||||||| |||      |||| |||
SeqB GARFIELD THE      FAST CAT

SeqA GARFIELD THE LAST FAT CAT
              |||      ||| |||

SeqD          THE      FAT CAT
              |||      ||
SeqB GARFIELD THE      FAST CAT
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Multiple alignment: T-Coffee

Pooled
Primary Library

• Consistent global and local alignments are stacked.

• Weight of the stacked alignment = sum of the 
weights of original alignments

• Each residue pair in an alignment is weighted based 
on the alignment weight

Extended Library

• The weight of consistent alignments in 
the library are also added for the 
residue pair found in the aligned region

Aligned regions that are shared throughout the library
®  higher consistency ®  larger weighting

A vs. B

A vs. B
through C

A vs. B
through D

(Tree-based Consistency Objective Function for alignment Evaluation)

Extended Library

SeqA GARFIELD THE LAST FAT  CAT
     |||||||| |||
SeqB GARFIELD THE      FAST CAT

Global pairwise alignment
Primary Library

Local pairwise alignment
Primary Library
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Multiple alignment: T-Coffee

Pooled
Primary Library

• Consistent global and local alignments are stacked.

• Weight of the stacked alignment = sum of the 
weights of original alignments

• Each residue pair in an alignment is weighted based 
on the alignment weight

Extended Library

• The weight of consistent alignments in the library 
are also added for the residue pair found in the 
aligned region

➜ Pre-made scoring matrices (BLOSUM etc.) are not used
➜ No gap penalty is used

Each residue pair is weighted based on the 
consistency found in the primary library

Generate a sequence-pair
specific scoring matrix

For each pair 
of sequences

(Tree-based Consistency Objective Function for alignment Evaluation)

Extended Library

SeqA GARFIELD THE LAST FAT  CAT
     |||||||| |||
SeqB GARFIELD THE      FAST CAT

Global pairwise alignment
Primary Library

Local pairwise alignment
Primary Library
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Multiple alignment: T-Coffee

Pooled
Primary Library

• Consistent global and local alignments are stacked.

• Weight of the stacked alignment = sum of the 
weights of original alignments

• Each residue pair in an alignment is weighted based 
on the alignment weight

Extended Library

• The weight of consistent alignments in the library 
are also added for the residue pair found in the 
aligned region

Progressive Alignment with NJ guide tree
using the generated scoring matrix

for each pair of sequences

Each residue pair 
is weighted based 
on the consistency 

found in the 
primary library

T-Coffee does not use
pre-made scoring matrices (BLOSUM etc.)

nor gap penalties

(Tree-based Consistency Objective Function for alignment Evaluation)

Extended Library

SeqA GARFIELD THE LAST FAT  CAT
     |||||||| |||
SeqB GARFIELD THE      FAST CAT

Global pairwise alignment
Primary Library

Local pairwise alignment
Primary Library
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Multiple alignment: T-Coffee
https://tcoffee.crg.eu/

For protein sequence alignment:
- Structural alignments (Expresso)
- Combine popular aligners (M-Coffee)
- Transmembrane proteins (PSI/TM-Coffee)
- Homology extension (PSI-Coffee)

For DNA sequence alignment:
- Combine popular aligners (M-Coffee)
- Homologous promoter regions (Pro-coffee)

For RNA sequence alignment:
- Secondary structure (R-Coffee)
- Tertiary structure (SARA-Coffee)
- Combine popular aligners (M-Coffee)

Simple T-Coffee
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Multiple alignment: T-Coffee
https://tcoffee.crg.eu/apps/tcoffee/all.html

18

https://tcoffee.crg.eu/
https://tcoffee.crg.eu/apps/tcoffee/all.html
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Multiple alignment: T-Coffee

T-Coffee: Aligns DNA, RNA, or protein sequences

R-Coffee and SARA-
Coffee: Aligns RNA 

sequences considering 
their 2D/3D structures

https://tcoffee.crg.eu/apps/tcoffee/all.html
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Multiple alignment: T-Coffee

Expresso (3D-Coffee): Aligns protein sequences with 
structural information incorporated as pairwise 

structural alignments (library)

https://tcoffee.crg.eu/apps/tcoffee/all.html
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Multiple alignment: T-Coffee

PSI-Coffee: Extends each sequence with PSI-BLAST
- Structural information can be incorporated

PSI/TM-Coffee: PSI-BLAST against a reduced 
database (for fast search)
- Only TM proteins can be targeted (optional)

https://tcoffee.crg.eu/apps/tcoffee/all.html
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Multiple alignment: T-Coffee

Pro-Coffee: Promoter region alignment

https://tcoffee.crg.eu/apps/tcoffee/all.html
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Multiple alignment: T-Coffee

M-Coffee: Combines multiple alignments
- shows consistency between multiple alignments

Combine: Combines your own multiple alignments

https://tcoffee.crg.eu/apps/tcoffee/all.html
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Multiple alignment: T-Coffee

TCS: Evaluates alignments based on the consistency 
between pairwise alignment library and multiple alignment

Structural information based evaluation and clustering

https://tcoffee.crg.eu/apps/tcoffee/all.html
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https://tcoffee.crg.eu/apps/tcoffee/all.html
https://tcoffee.crg.eu/apps/tcoffee/all.html
https://tcoffee.crg.eu/apps/tcoffee/all.html
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T-COFFEE, Version_11.00.8cbe486 (2014-08-12 22:05:29 - Revision 8cbe486 - Build 477)
Cedric Notredame 
CPU TIME:0 sec.
SCORE=395
*
 BAD AVG GOOD
*
1aboA   :  48
1ycsB   :  47
1pht    :  45
1vie    :  32
1ihvA   :  32
cons    :  39

1aboA   NL-FVAL---YDFVASGDNTLSITKGEKLR-------VLGYNH-------NGEWCE--AQTKNGQGWVPSNYITPV-N-----
1ycsB   KGVIYAL---WDYEPQNDDELPMKEGDCMT-------IIHREDED-----EIEWWW--ARLNDKEGYVPRNLLGLY------P
1pht    GYQYRAL---YDYKKEREEDIDLHLGDILTVNKGSLVALGFSDGQEARPEEIGWLNGYNETTGERGDFPGTYVEYIGRKKISP
1vie    DR-----------VRKK--SGAAWQGQIVGWYCTNLTPEGYAVESEAHPGSV-------------QIYPVAALERI------N
1ihvA   NF-RVYYRDSRDPVWKGPAK-LLWKGEGAV-------VIQDNS-------DIK-------------VVPRRKAKIIRD-----

cons                   .         *:                       .                 *              

Evaluating multiple alignments using TCS

T-Coffee
• TCS (transitive consistency score)  Chang et al. (2014)

T-COFFEE, Version_11.00.8cbe486 (2014-08-12 22:05:29 - Revision 8cbe486 - Build 477)
Cedric Notredame 
CPU TIME:0 sec.
SCORE=305
*
 BAD AVG GOOD
*
1aboA   :  42
1ycsB   :  41
1pht    :  39
1vie    :  25
1ihvA   :  20
cons    :  30

1aboA   -NLFV-ALYDFVASGDNTLSITKGEKLRV-------LGYNHNG-------EWCEAQ--TK42NGQGWVPSNYITPVN------57
1ycsB   KGVIY-ALWDYEPQNDDELPMKEGDCMTI-------IHREDEDEI-----EWWWAR--LN45DKEGYVPRNLLGLYP------60
1pht    -GYQYRALYDYKKEREEDIDLHLGDILTVNKGSLVALGFSDGQEARPEEIGWLNGYNETT59GERGDFPGTYVEYIGRKKISP80
1vie    ---------DRVRKKSG--AAWQGQIVGW---------YCTNLTP----EGYAVESEAHP36GSVQIYPVAALERIN------51
1ihvA   ------NFRVYYRDSRD--PVWKGPAKLL---------WKGEG-------AVVIQD---N33SDIKVVPRRKAKIIRD-----49

cons                 .         *                                      .     *                

ClustalW2
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Evaluating multiple alignments using TCS

Taken from Taly et al. (2011) 

T-Coffee

M-Coffee
(kalign+mafft

+muscle)

PSI-Coffee

Expresso
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To solve the progressive-alignment problems
Ø Incorporate more information to reduce early errors
 • Structural alignment (e.g., Expresso, PROMALS3D, TM-Coffee, PRALINE, 
  MAFFT-DASH)
 • Profile/profile-HMM alignment (e.g., PRALINE, PSI-Coffee, PROMALS3D, 
  ProbCons/CONTRAlign, ClustalW, MUSCLE5)

Ø Avoid the greedy-algorithm problem
 • Iterative refinement to search the global maxima
  ➜ A good objective function is required
   (e.g., MUSCLE/MUSCLE5, MAFFT, ProbCons/CONTRAlign)

Ø Global (or local) only alignment problem
 • Combine both methods (e.g., T-Coffee)

Ø More accurate insertion/deletion placement
 • Phylogeny aware gap-placement (e.g., PRANK, ProPIP, Bali-Phy, SATé)

27
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MUSCLE (Edgar 2004)

1. Draft progressive alignment:
 ® K-mer distance & UPGMA

2. Improved progressive alignment:

 ® Kimura protein distance
 ® Tree comparison (branching 

orders are changed or not)

 ® Iteration until the tree stays 
the same

3. Iterative refinement

 ® The tree is partitioned
 ® Profiles are obtained from 

 each subtree
 ® Profile alignment

 ® Iteration based on SP score

http://www.drive5.com/muscle/   https://www.ebi.ac.uk/jdispatcher/msa/muscle

(Word or k-tuple)

Count the number of shared k-mers

SP score:
sum-of-pairs score

28
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MUSCLE (Edgar 2004)

Equidistance Family-orphan < 25% identity
N/C-term
extension Internal insertion

(Mafft)

(Mafft)

BAliBASE Q scores (Sum-of-pairs: percentage of correctly aligned residue pairs)

(w/o
refinement)

BAliBASE: Benchmark alignment database (includes 
many subsets representing various alignment problems)
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MAFFT (Katoh et al. 2005, 2019)

1. First progressive alignment: FFT-NS-1
 ® 6-tuples distance & UPGMA
 ® Fast Fourier transform (FFT) is used to detect highly similar segments
 ® Segment to segment dynamic programming
2. Improved progressive alignment: FFT-NS-2
 ® A better distance matrix from FFT-NS-1 tree
3. Iterative refinement: FFT-NS-i
 ® The tree-dependent restricted partitioning
 ® Group-to-group alignment
 ® Iteration based on the weighted SP score
4. Instead of FFT, full dynamic programming can be used: NW-NS-[12i]
 [after version 5.0]
 ® COFFEE-like consistency score with pairwise alignment information is included 

for Global (G-INS-i) or Local (L-INS-i, E-INS-i*) alignments

Alignment FFT NW Consistency 
score

1st progressive NS-1 NS-1
2nd progressive NS-2 NS-2
Iterative 
refinement (i) NS-i NS-i

Global G-INS-i
Local (SW) L-INS-i

E-INS-i

https://mafft.cbrc.jp/alignment/software/index.html
https://www.ebi.ac.uk/jdispatcher/msa/mafft

*E-INS-i is for more difficult alignment

30

http://www.drive5.com/muscle/
https://www.ebi.ac.uk/jdispatcher/msa/muscle
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MAFFT 
https://mafft.cbrc.jp/alignment/software/eval/accuracy.html

Scores: SP (sum of pairs)/TC (total column)
tested using BAliBASE benchmarking alignment datasets
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MAFFT website 
https://mafft.cbrc.jp/alignment/software/
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Mafft-homologs
Accuracy of an alignment of distantly related sequences 
can be improved when aligned with their close homologs

MAFFT options

PSI-BLAST is used to 
collect similar sequencesSimilar approach is used in 

PSI-Coffee, PRALINE, etc. 
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MAFFT-DASH (Rozewicki et al. 2019)

Integrated protein sequence and structural alignment

DASH (Database of Aligned 
Structural Homologs) is used to 
incorporate the structural 
information to improve the alignment

Original MAFFT alignment
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[SP scores]

[TC scores]

Incorporates 3D information

MAFFT-DASH (Rozewicki et al. 2019)

BAliBASE
Integrated protein sequence and structural alignment
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MAFFT website 
https://mafft.cbrc.jp/alignment/software/
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https://mafft.cbrc.jp/alignment/software/eval/accuracy.html
https://mafft.cbrc.jp/alignment/software/
https://mafft.cbrc.jp/alignment/software/
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https://mafft.cbrc.jp/alignment/server/add.html

https://mafft.cbrc.jp/alignment/server/merge.html

MAFFT website 
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Alignment Refinement with MAFFT

Refine the dataset based 
on sequence length, % 
identity, phylogenetic 
clustering, etc.

Open the guide tree
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To solve the progressive-alignment problems
Ø Incorporate more information to reduce early errors
 • Structural alignment (e.g., Expresso, PROMALS3D, TM-Coffee, PRALINE, 
  MAFFT-DASH)
 • Profile/profile-HMM alignment (e.g., PRALINE, PSI-Coffee, PROMALS3D, 
  ProbCons/CONTRAlign, ClustalW, MUSCLE5)

Ø Avoid the greedy-algorithm problem
 • Iterative refinement to search the global maxima
  ➜ A good objective function is required
   (e.g., MUSCLE/MUSCLE5, MAFFT, ProbCons/CONTRAlign)

Ø Global (or local) only alignment problem
 • Combine both methods (e.g., T-Coffee)

Ø More accurate insertion/deletion placement
 • Phylogeny aware gap-placement (e.g., PRANK, ProPIP, Bali-Phy, SATé)
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PRALINE (Simossis, Kleinjung & Heringa 2005)

https://www.ibi.vu.nl/programs/pralinewww/
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• From 624 HOMSTRAD pairwise alignments
• Q score: Sum-of-pairs (percentage of correctly aligned residue pairs)
DQ: Q score difference from PRALINE without PSI-BLAST

PRALINE (Simossis, Kleinjung & Heringa 2005)
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Motif-Aware PRALINE (Dijkstra et al. 2021)

https://github.com/ibivu/MA-PRALINE

Copper-binding site (PS00196):
[PGA]-x(0,2)-[YSA]-x(0,1)-[VFYL]-{SEDT}-C-x(1,2)-[PGA]-x(0,1)-H-x(2,4)-[MQ]

42

https://mafft.cbrc.jp/alignment/server/add.html
https://mafft.cbrc.jp/alignment/server/merge.html
https://www.ibi.vu.nl/programs/pralinewww/
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Clustal Ω http://www.clustal.org/omega/

• Progressive alignment following the guide tree
• Features a fast method for making “guide trees”
 ➜ calculates only distances to n references (mBed method)
 ➜ scalable for very large datasets
• Alignment is done using HHalign (a profile hidden 

Markov model alignment)
 ➜ highly accurate alignment
• Simple iterative refinement
 ➜ Alignment is converted to hidden Markov model (HMM)
 ➜ Realign input sequences against the HMM

Sievers et al. (2011, 2018)

https://www.ebi.ac.uk/jdispatcher/msa/clustalo
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Top-rated methods use HMM or consistency function or both

Sievers et al. (2011)

Clustal Ω http://www.clustal.org/omega/
https://www.ebi.ac.uk/jdispatcher/msa/clustalo

44
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Clustal Ω http://www.clustal.org/omega/
https://www.ebi.ac.uk/jdispatcher/msa/clustalo

Secondary structure prediction accuracyExecution time (s)

45

http://www.clustal.org/omega/
https://www.ebi.ac.uk/jdispatcher/msa/clustalo
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