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Introduction

What can we know about a biological molecule, given its nucleotide or amino acid sequence? How does it fit into
a particular system in some organism? What is its role in some network? We may be able to learn about it by
searching for particular patterns within it that may reflect some function, such as the many motifs ascribed to
catalytic activity; we can look at its overall content and composition, such as do several of the gene finding
algorithms; we can map its restriction enzyme or protease cut sites; and on and on. However, what about
comparisons with other sequences? Is this worthwhile? Yes, naturally it is: inference through homology is
fundamental to all the biological sciences. We can learn a tremendous amount by comparing and aligning our

sequence against others.

Furthermore, the power and sensitivity of sequence based computational methods dramatically increase with the
addition of more data. More data yields stronger analyses — if done carefully! Otherwise, it can confound the
issue. The patterns of conservation become ever clearer by comparing the conserved portions of sequences
amongst a larger and larger dataset. Those areas most resistant to change are most important to the molecule,
and to the system that molecule interacts with. The basic assumption is that those portions of sequence of crucial
structural and functional value are most constrained against evolutionary change. They will not tolerate many
mutations. Not that mutation does not occur in these regions, just that most mutation in the area is lethal, so we
never see it. Other areas of sequence are able to drift more readily, being less subject to this evolutionary

pressure. Therefore, sequences end up a mosaic of quickly and slowly changing regions over evolutionary time.

However, in order to learn anything by comparing sequences, we need to know how to compare them. We can
use those constrained portions as ‘anchors’ to create a sequence alignment allowing comparison, but this brings
up the alignment problem and ‘similarity.” It is easy to see that sequences are aligned when they have identical
symbols at identical positions, but what happens when symbols are not identical, or the sequences are not the
same length. How can we know when the most similar portions of our sequences are aligned, when is an

alignment optimal, and does optimal mean biologically correct?

A ‘brute force,” naive approach just wont work. Even without considering the introduction of gaps, the
computation required to compare all possible alignments between just two sequences requires time proportional
to the product of the lengths of the two sequences. Therefore, if two sequences are approximately the same
length (N), this is a N? problem. The calculation would have to repeated 2N times to examine the possibility of
gaps at each possible position within the sequences, now a N*N problem. Waterman (1989) pointed out that using
this naive approach to align two sequences, each 300 symbols long, would require10®® comparisons, more than
the number of elementary particles estimated to exist in the universe, and clearly impossible to solve! Part of the
solution to this problem is the dynamic programming algorithm, as applied to sequence alignment, and this will be

reviewed next.



Dynamic programming

Dynamic programming is a widely applied computer science technique, often used in many disciplines whenever
optimal substructure solutions can provide an optimal overall solution. Let’s begin with an overview of sequence
alignment dynamic programming with just two sequences. I'll use an incredibly oversimplified example first: we’ll
consider matching symbols to be worth one point, and will not consider gapping at all. The solution occurs in two
stages. The first begins very much like dot matrix methods; the second is totally different. Instead of calculating
the ‘score matrix’ on the fly, as is often taught as one proceeds through the graph, | like to completely fill in an
original ‘match matrix’ first, and then add points to those positions that produce favorable alignments next. | also
like to illustrate the process working through the cells, many authors prefer to work through the edges; they are
equivalent. Points are added based on a “looking-back-over-your-left-shoulder” algorithm rule where the only

allowable trace-back is diagonally behind and above. The illustration follows below in Table 1.



Table 1. Dynamic programming without gap costs. d) The score matrix is now complete:

a) The completed match matrix using one point for S C A T S

matching and zero points for mismatching:
A 0 0 1 0 0

S C A T S

A 0 0 1 0 0

S 1 0 0+1 ©@+1 1+2

e) Now pick the bottom, right-most, highest score

S 1 0 0 0 1 in the matrix and work your way back through

it, in the opposite direction as you arrived.

b) Now begin to add points based on the best path This is called the trace-back stage, and the

through the matrix, always working diagonally, left matrix is now referred to as the path graph. In

o right and top to bottom. Keep track of those this case that highest score is in the right-hand

best paths. The second row is completed here: corner, but it need not be:

5 ¢ AT 5 S cC A T S

A 0 0 1 0 %

c) Continue adding points based on the best previous f) Only the best tracebacks are now shown in

path through the matrix. The third row is outline characters. They are both optimal

completed here:

alignments:
S C A T S S C A T S
Al o 0 1 0 0 Al o 0 1 0 0
C 0 1 0 1 1 C 0 1 0 1 1
T 0 0 0+1 1+1 ©0+1 T 0 0 1 2 1
S 1 0 0 0 1 S 1 0 1 1 3




Here are the two alignments from the above path graph (f). They both have a score of three, the three matches

found by the algorithm, and the highest score in the bottom row of the solved matrix:

SCATS SCA.TS
[ 11 (N
AC.TS . ACTS

Most software will arbitrarily (based on some internal rule) choose one of these to report as optimal. Some

programs offer a HighRoad/LowRoad option to help explore this solution space.

The next example will be slightly more difficult. Unlike the previous example without gap penalties, | will now
impose a very simple gap penalty function. Matching symbols will still be worth one point, non-matching symbols
will still be worth zero points, but we will penalize the scoring scheme by subtracting one point for every gap
inserted, unless they are at the beginning or end of the sequence. In other words, end gaps will not be penalized;

therefore, both sequences do not have to begin or end at the same point in the alignment.

This zero penalty end-weighting scheme is the default for most alignment programs, but can often be changed
with a program option, if desired. However, the linear gap function described here, and used in the example
below, is a much simpler gap penalty function than normally used in alignment programs. Normally (Gotoh, 1982)
an ‘affine,’ function is used, the standard ‘y = mx + b’ equation for a line that does not cross the X,Y origin, where

‘b, the Y intercept, describes how much initial penalty is imposed for creating each new gap:

total penalty = ( [ length of gap ] [ gap extension penalty ] ) + gap opening penalty

To run most alignment programs with the type of simple linear DNA gap penalty used in my example below, you
would have to designate a gap ‘creation’ or ‘opening’ penalty of zero, and a gap ‘extension’ penalty of whatever

counts in that particular program as an identical base match for DNA sequences.

My example uses two random sequences that fit the TATA promoter region consensus of eukaryotes and of
bacteria. The most conserved bases within the consensus are capitalized by convention. The eukaryote
promoter sequence is along the X-axis, and the bacterial sequence is along the Y-axis in the following example.

The solution illustration begins in the left panel in Table 2 below.



Table 2. Dynamic programming with a constant, linear

a)

gap cost.

First complete a match matrix using one point for
matching and zero points for mismatching between

bases, just like in the previous example:

c T AT A t A a g g
c|l1/0 |0 |0 0 0| 0 0 0|0
gl|0 0 0 0 0 /0 0 0 1 1
T|01 06 1 0 1 0|0 0 0
Alo 01|01 011 @ 0
t|01 0]/1 06 1 0 0 0 0
Alo o1 061 0 1|1 0 0
al0 |0 1 0|1 @0 1|1 0 0
TI|0/1 061 0 1 06 /0 0 0

Now add and subtract points based on the best path
through the matrix, working diagonally, left to right and
top to bottom, just as before. However, when you have
to jump a box to make the path, subtract one point per
box jumped, except at the beginning or end of the
alignment, so that end gaps are not penalized. Fill in all
additions and subtractions, calculate the sums and
differences as you go, and keep track of the best paths.
The score matrix is shown with all calculations below:

c T A T A t A a g g

cliT '« '@ © © 0 ©0 0 0 |0
0+0 | 0+0 | 0+0 | 0+0 | 0+0 | 0+0 | 140
0+1 1+0
L e e O e e A
141 M0 00 140 | 0s0 | 0s0 | 0s0
+ + + -+ -+ +
Tle 1 0+1 | or+ -0 0 -0 -0 -0 @+1
PR I T I O - I G I I g
=1
0+0 0+1 1+1 | 0+0 | 0+0
Alo -0 1+1 | 0+1 | 1+1 1 1+1 1 -0 0
0 (=2 |=1 |=2 |9 |=2 |1 | -0 | -0
2
140 10+1 1o lgeq | 142 | 2 gz | oen | 240
t|o |0 -1 -1 -0
=1 =0 =3 =1 =3 o1 =2 =1 -0
00 |41 1992 14,3 %3 115 |23 0u | ua
AlO |-o -1 -1 -1
o =2 | = | - ) =2 | =1
1 1+4
00 | 140 | oo |13 1 0s |1 | 1ea |03 | 042
afe |20t |t s s |-
140 | 0+0 |10 0.2 | 143 | 004 | 044 |05 | 2FD
TI]0O -0 -0 -1
- - =2 =2 =4 =4 =4 =5 .

c)

Clean up the score matrix next. Il only
show the totals in each cell in the matrix

shown below. All best paths are highlighted:

c T AT A t A a g g
cl1 /0 06 06 0 0 @ 0 @
glo 1 » @ 0 0 0 0 1 1
T|0 |1 |1 |12 1/01|1|0 |0 |0 |1
Alo 0 2|1/2 06 2|1 0 0
tje 1. 0 3 /1 3|12 21 0
Alo @ 2 1 4 2 4 3 2|1
ale @01 2 34 45|32
T|0 1 0 2 2|4 4 4|5 4

Finally, convert the score matrix into a trace-
back path graph by picking the bottom-most,
furthest right and highest scoring coordinate.
Then choose the trace-back route that got
you there, to connect the cells all the way
back to the beginning using the same ‘over-
your-left-shoulder’ rule. The two best trace-
back routes are now highlighted with outline

font in the trace-back matrix below:

c T AT A t A a g g
c |1 O 06 0 0 0 0 0 0
g9 |1 00 0|00 1|1
T|0 |1 |1 |9 |0|12 |0 |0 |0 |1
Alo |0 212|012 |1 |00
t|0 1 06 31 /3|1 2|10
Alo |0 |2 |14 |2 |4 |3 |2]1
alo 0|12 |3 |4 |4 |5 |3 |2
T|O0 |1 0|22 |4 4|4 5 4




Prompt% t_coffee -other_ pg=mocca motifdata.fa -start=35 -len=65

You cannot use the “—seq” option with mocca to specify your input file in this command. Specifying your motif
coordinates is also a bit tricky, since all the input sequences have their gaps removed (if it was an alignment) and
are then concatenated together. That’s why it’s easiest if you put your known motif sequence first. After mocca
computes the optimal local alignment with your motif it pauses and displays its menu. Type a capital “X” to exit

the program and write the default Clustal Aln and HTML alignment files.
The ‘gold-standard:’ creating structure based alignments

As mentioned earlier, you need to minimally have SAP (Taylor, 1999) installed on your system for T-Coffee’s
structure based alignment mode to actually use structural information. And, even better yet, have the FUGUE
package (Shi, et al., 2001) installed as well. Additionally you need “wget” on your system, to access PDB files
over the Internet, but most all UNIX/Linux installations should include this utility. T-Coffee uses a special mode
named 3DCoffee (O’Sullivan, et al., 2004) to create structure-based alignments. By default 3DCoffee uses four
methods to create the T-Coffee consistency library, if you specify an input sequence dataset: the standard T-
Coffee global “slow_pair” and local “lalign_id_pair,” SAP’s “sap_pair,” and FUGUE’s “fugue_pair.” If | have a
dataset that includes some PDB structures, and those sequences are named using PDB’s identifier with a chain
name (e.g. 1EFTA for chain A of the Thermus aquaticus elongation factor Tu structure, Kjeldgaard, 1993), then
the following command will produce the most consistent alignment of them based on all available structural pairs

and T-Coffee’s usual pairs:

Prompt% t_coffee -seq=elongation.fa -special_mode=3dcoffee

You'll get three output files by default with this command: “elongation.aln,” “elongation.html,” and “elongation.dnd”.
The alignment files will have T-Coffee’s standard reliability index. If you specify your input dataset is already an
alignment, then the local “lalign_id_pair” will not be used, and the alignment will be turned directly into T-Coffee’s
library along with the SAP and FUGUE pairs:

Prompt% t_coffee -aln=elongation.fasta_aln -special_mode=3dcoffee

These 3DCoffee analyses will even produce output alignments if you don’t have SAP or FUGUE installed, but
they will report error warnings for every pair, and, naturally, no structural information will be used in the production

of the alignment. If you don’t like the warning messages, just specify the particular methods you have available,

e.g:
Prompt% t_coffee -aln=elongation.fasta_aln -method=sap_pair,slow_pair

A nice trick is to combine two existing, related, but only distantly so, alignments with 3DCoffee, if they both have
at least one sequence whose structure has been solved, and they follow proper naming conventions. Suppose |
have one alignment of elongation factor Tu sequences containing the sequence for the solved structure for
Thermus aquaticus, and another alignment of elongation factor 1a sequences containing the sequence of the

solved human structure. Do this analysis with the “—profile” input specification:
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Prompt% t_coffee -profile=elongationla.fasta_aln,elongationtu.fasta_aln
-special_mode=3dcoffee

The output alignment will combine the two existing alignments in the most consistent manner with the structural

alignment of the human and Thermus aquaticus sequences.
Using structure to evaluate alignments

Your existing alignment needs to have at least two members with solved structures in order to evaluate it using T-
Coffee’s structural method, and, as above, those sequences need to be named according to their PDB identifiers
as well as their chain. T-Coffee uses a special version of Root Mean Square Distance Deviation analysis not
dependent on specific a carbon backbone superpositioning called iRMSD (the “” stands for intra-catener,
Armougom, et al., 2006) for structural alignment evaluation. It also reports a normalized NiRMSD not dependent
on the alignment’s length, and it reports an older measure, APDB, not as powerful as iRSMD, based on the
fraction of residue pairs with ‘correct’ structural alignments. The smaller the iRMSD A numbers are, the bigger the
APDB percent will be, and the better the alignment corresponds to structural ‘reality.” As with the other integrated

external methods in the T-Coffee package, iRMSD is launched with the “—other_pg” option. Specify your

alignment’s file name with the “—aln” option, and specify an output file with the “—apdb_outfile” option, otherwise

the output will just scroll to screen. Optionally generate an HTML alignment output as well with “—ouffile”:

Prompt% t_coffee -other pg=irmsd -aln=elongation.fasta_aln
-apdb_outfile=irmsd.out -outfile=irmsd

The summary statistics at the end of the output file are the most telling:

#TOTAL for the Full MSA

TOTAL EVALUATED: 81.58 %

TOTAL APDB: 78.25 &

TOTAL iRMSD: 0.75 Angs

TOTAL NiRMSD: 0.93 Angs
EVALUATED: Fraction of Pairwise Columns Evaluated
APDB: Fraction of Correct Columns according to APDB
iRMDS: Average iRMSD over all evaluated columns
NiRMDS: iRMSD*MIN(L1,L2)/Number Evaluated Columns

Main Parameter: -maximum distance 10.00 Angstrom

Undefined values are set to -1 and indicate LOW Alignment Quality
Results Produced with T-COFFEE (Version_ 5.05)

T-COFFEE is available from http://www.tcoffee.org

HFHRHFH I W WK

My elongation factor 1a/Tu alignment is pretty darn good with an overall NiRSMD of less than 1 A and an APDB
statistic of 78%. The old T-Coffee external method specification “—other_pg=apdb” produces the same output.
The optional HTML output shows which residues in the solved structures (only) are in agreement with the
structural alignment using the APDB coloring scheme where blue corresponds to 0% and red corresponds to

100% (get iRSMD coloring with “—color_mode=irmsd”).
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Special situations

Even though T-Coffee is great for so many things, its default run parameters are far from ideal for some special
situations. It doesn’t work very well for huge datasets, that is anything with over about 100 sequences, it doesn’t
particularly like DNA/RNA alignments, and it has some problems with jumping over huge gaps like you would see
when aligning splicing variants or cDNA to genomic DNA containing introns. Fortunately there are ways around
each one of these scenarios, and most all multiple sequence alignment programs have trouble with the same

situations as well.

Let’s start with real large alignments. Both Muscle and MAFFT (in fast mode) are more appropriate for datasets
with more than around 100 sequences; however, T-Coffee does have a special mode that will at least allow it to
estimate an approximate alignment with such datasets. This should work when your dataset has an overall

identity of 40% or more:

Prompt% t_coffee -seq=hugedata.fa -special_mode=quickaln

The resulting alignment should be about as accurate as one built with ClustalW. For datasets with between 50
and 100 sequences T-Coffee automatically switches to another heuristic mode named DPA (double progressive

alignment).

Naturally DNA and RNA alignments are way harder for T-Coffee to perform. The rationale for this phenomenon is
explained in the introduction, and it confounds every single multiple sequence alignment program around. DNA is
just really hard to align unless the sequences are 90% or so identical. One way to help T-Coffee with an
alignment that must be built using DNA or RNA, because the locus does not code for proteins, is to specify that

the sequences are DNA with the “~type” option:

Prompt% t_coffee -seq=DNAdata.fa -type=dna

T-Coffee should detect this sequence type automatically, but it can’t hurt to declare it up front. When T-Coffee
realizes that it is working with DNA it uses specific DNA optimized methods to build its library, “slow_pair4dna”
and “lalign_id_pair4dna.” These methods have lower built-in gap penalties and use a DNA specific scoring
matrix. And if your DNA is a particularly noisy coding locus, but you just can't figure out the translation, because it
is so noisy, then T-Coffee’s special “cdna_fast_pair’ method takes potential amino acid similarity considering

frameshifts into account, and may help:

Prompt% t_coffee -seq=noisy_ cDNAdata.fa -method=cdna_fast_pair

You may want to try this when aligning cDNAs to genomic DNA as well, in order to jump over the introns. If the
results look good, you can even use T-Coffee’s external “seq_reformat” module to translate it to the appropriate

protein translation in spite of how noisy the original DNA sequences were:

Prompt% t_coffee -other pg=seq reformat -in=noisy_cDNAdata.fasta_aln
-action=+clean_cdna,+translate > noisy_pep.fasta_aln

31



Notice that “seq_reformat” does not support “—outfile;” you need to use UNIX “>” output redirection.
“+clean_cdna” is a small HMM that tries to maximize the appropriate frame choice at every point in the sequences

to best match the alignment of all the other sequences, and “+translate,” obviously, does the translation.

T-Coffee is actually pretty good at jumping over big gaps in protein sequence alignments, such as can be present
when trying to align various protein splicing variants. It achieves this by relying heavily on the local, pairwise
knowledge gained in its internal “lalgn_id_pair” method. If you can't find the alignment using default parameters,

try to restrict your method to the local pair library only:

Prompt% t_coffee -seq=splicingvariant.fa -method=lalgn_id_pair

Another trick that can work well with EST sequences is to increase the default ktuple size from 2 to 5, along with

specifying the “cfasta_pair_wise” “dp_mode” option:

Prompt% t_coffee -seq=EST.fa -dp_mode=cfasta_pair_ wise -ktuple=5

This should use a “checked” (Notredame, 2006) version of the FastA algorithm with a word size of five to create
T-Coffee’s consistency library. A DNA alignment can be produced much faster this way than with other methods
given sufficient similarity, but difficult regions will end up less accurate. Try mixing and matching the various

methods most appropriate for your data to come up with your ‘most satisfying’ multiple sequence alignment.
T-Coffee servers and Expresso

Finally, if all this command line stuff just bewilders you, there are several T-Coffee Web servers around, e.g. the
primary one at http://www.tcoffee.org/; they just can’t do all the things that can be done in the package from the
command line. T-Coffee Web servers do, however, offer “Regular” and “Advanced” modes. Furthermore, as of
this writing, T-Coffee Web servers are the only way to run Expresso. Expresso is T-Coffee’s latest and greatest
mode. It’s the triple-shot espresso, extra whip cream, Irish whiskey enriched, grandé cappuccino, of modes! It's
a logical pipeline: the server runs an all against all BLAST search of your dataset against the sequences in PDB,
finds all templates with greater than 60% identity to any of your sequences (if they exist), and then uses T-
Coffee/3DCoffee to align your dataset using that structural information to build the consistency library as well as
T-Coffee’s usual library methods, all in an automated fashion. Give it a try. It’s very slick, and impressively

accurate.
Conclusion

The comparative method is a cornerstone of the biological sciences, and key to understanding systems biology in
so many ways. Multiple sequence alignment is the comparative method on a molecular scale, and is a vital
prerequisite to some of the most powerful biocomputing analyses available, such as structure/function prediction
and phylogenetic inference. Understanding something about the algorithms and the program parameters of
multiple sequence alignment is the only way to rationally know what is appropriate. Knowing and staying well

within the limitations of any particular method will avert a lot of frustration. Furthermore, realize that program
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defaults may not always be appropriate. Think about what these default values imply and adjust them
accordingly, especially if the results seem inappropriate after running through a first pass with the default

parameters intact. T-Coffee’s and others’ consistency based approaches can help with these decisions.

Oftentimes you’ll need to deal with quite complicated datasets — distantly related local domains, perhaps not
even in syntenic order between sequences; or widely divergent paralogous systems resulting from large gene
expansions; or extremely large sequence collections with megabases of genomic data; often you’ll even need to
resort to manual alignment, at least in some regions — these are the situations that will present vexing alignment
problems and difficult editing decisions. These are the times that you’ll really have to think. A comprehensive
multiple sequence editor such as GCG’s SeqglLab, or alternative freeware and public-domain editors, can be a
lifesaver in these situations. As can the powerful evaluation and comparison modes built into the T-Coffee

multiple sequence alignment package.
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