
SHGS 6217 LECTURE NOTES

WEEK 4: MULTIPLE SEQUENCE ALIGNMENT

PRELIMINARIES

• In general, we would like to align more than two sequences at one time. In principle,
the dynamic programming algorithm for aligning two sequences can be generalised to
handle such cases.

• For example, consider the situation of aligning three sequences. Instead of a 2-
dimensional graph, we now have one with 3 dimensions, like a cube (see handout).
A particular vertex (i, j, k) can be reached from 7 neighbouring vertices. As usual, to
calculate the score at (i, j, k), we calculate

si,j,k = max{si−1,j,k + δ(vi,−,−), si,j−1,k + δ(−, wj,−), · · · , si−1,j−1,k−1 + δ(vi, wj, uk)},

where δ is the scoring function. By using a traceback pointer, we can find the path
that gives the highest alignment score and thus solve the sequence alignment problem.

• However, there is one problem - this straightforward implementation of dynamic pro-
gramming is very inefficient when k increases (the running time is O((2n)k)).

• To do multiple sequence alignment quickly, researchers have come up with many heuris-
tics that seem to work well in most cases. Of course by now you should appreciate
that speed comes at the cost of accuracy (and vice versa). Here, we will discuss one
such heuristic method known as progressive alignment (PMA), which is implemented
in the popular alignment software CLUSTAL.

PROGRESSIVE ALIGNMENT

• The general idea of progressive alignment is to avoid having to do k simultaneous
alignments. We first start with a pairwise alignment from

(
k
2

)
possibilities (usually

the pair with strongest similarity). We then fix this alignment, and align the third
sequence to this alignment. This 3-sequence alignment is again fixed, and we repeat
the procedure until all sequences have been aligned.

• The first progressive alignment was proposed by Feng and Doolittle in 1987. The gen-
eral idea is as follows:
1. Define a distance function, and then compute it for all

(
n
2

)
possible pairwise align-

ments. We then summarise these values in the form of a distance matrix.
2. Construct a guide tree from the distance matrix using the Fitch & Margoliash clus-
tering algorithm.
3. Align sequences based on information from the guide tree.
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• Here’s the algorithm in more detail. Feng and Doolittle used the distance function

D = − log
Sobs − Srandom
Smax − Srandom

,

where Sobs is the observed pairwise alignment score; Smax is the maximum score cal-
culated as the average of the score of aligning either sequence to itself; and Srandom is
the expected score for aligning two random sequences of the same length and residue
composition.

• An example: Suppose we wish to align the sequences

AGCTAA, GGCTAA, ATAA,

and we begin with

AGCTAA,

GGCTAA

Using the scoring scheme +1 for match; 0 for mismatch and −1 for gap opening, we
have Sobs = 5; Smax = (6 + 6)/2 = 6. To find Srandom, we shuffle AGCTAA to get
6!/(3!1!1!1!) = 120 combinations; and GGCTAA to get 6!/(2!2!1!1!) = 180 combinations.
An approximate Srandom can be obtained by randomly choosing 100 (say) out of these
120× 180 possible combinations, checking their alignment scores, and then taking the
average.

• The resultant distance matrix looks something like this

M =

 0 0.3 1.2
0.3 0 0.8
1.2 0.8 0


• What happens next is to use M as an input in some fast clustering algorithm to build a

guide tree. We use this tree to guide how subsequent alignments are added to an initial
pairwise alignment (which has the best score). We will skip details of the clustering
algorithm for now.

• Based on the relationship given in the guide tree, we begin with a pairwise alignment,
and then add sequences to this alignment in an order of increasing distance. When a
sequence is added to an alignment with c sequences, we perform c pairwise alignments.
The best one determines how the sequence is added into the existing alignment of c
sequences. Note that gaps that appear in the alignment at each stage are fixed. This
is done by changing gaps to a neutral character X that incurs no cost for alignment
to anything. As a result, once gaps appear in the early stage of an alignment, they
remain throughout subsequent alignment of sequences to an existing alignment.
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• The initial Feng-Doolitle algorithm has a disadvantage - it uses pairwise sequence
alignments throughout the process of building a final multiple alignment. Intuitively,
if we can use information contained in an existing multiple alignment (a “profile”) to
align a new sequence to it, then the results should be better.

• One such modification was proposed by Thompson, Higgins and Gibson in 1994, and
it resulted in the hugely popular CLUSTAL software.

• Other approaches to multiple alignment include the use of profile Hidden Markov
Models, which led to the development of Pfam, a data base of protein families based
in the Sanger Institute.

THE FITCH-MARGOLIASH CLUSTERING ALGORITHM

• We are often interested in describing the relation of a set of objects in terms of the
order of their relatedness or similarity. This leads to the idea of clustering, and a tree
is one way of visualising the outcome.

• To begin clustering a set of k objects, we first need to find out about the degree of
similarity between all possible pairs of objects (k(k − 1)/2). This involves the use of
a suitable distance measure to quantify the degree of similarity between the objects.
Some possibilities are the Hamming distance, Levenshtein distance, Euclidean distance,
or distance functions derived from some nucleotide substitution model (e.g. Jukes and
Cantor, Kimura models).

• In the Fitch-Margoliash (FM) clustering algorithm, we first cluster the most similar
pair of sequences (minimum distance). For example, consider the following distance
matrix, which is constructed using the minimum number of mutations required to
convert a cytochrome c amino acid sequence in a pairwise alignment exactly to the
other one (taken from Fitch and Margoliash, 1967).

M =

 Human 0 16 31
Donkey 16 0 26
Tuna 31 26 0


• Clearly, human and donkey should be clustered together. Subsequently, we cluster

tuna with the human-donkey cluster (draw a tree to see this). The branch lengths
can be found by solving three simultaneous equations with x + y being the distance
between human-donkey; x+ z the distance between human-tuna; and y + z being the
distance between donkey-tuna.
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• For more than 3 sequences, the FM algorithm proceeds iteratively as follows. Consider
the following distance matrix for four species

M =


Human 0 1 16 31
Monkey 1 0 15 32
Donkey 16 15 0 26
Tuna 31 32 26 0


We first construct a simple tree with three nodes (A,B,C: draw tree), with branch
length defined as

x =
dAB + dAC − dBC

2

y =
dAB + dBC − dAC

2

z =
dAC + dBC − dAB

2

Let A be Human, B be Monkey, and C be the rest of the two species. From the distance
matrix, we have

dAB = 1

dAC = (16 + 31)/2 = 23.5

dBC = 15 + 32/2 = 23.5

This gives

x = (1 + 23.5− 23.5)/2 = 0.5

y = (1 + 23.5− 23.5)/2 = 0.5

z = (23.5 + 23.5− 1)/2 = 23

Draw the tree.
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• We now update the distance matrix by considering the A-B cluster as the new A, C
as the new B, and D as the new C. This gives

M =

 Human-Monkey 0 15.5 31.5
Donkey 15.5 0 26
Tuna 31.5 26 0


We calculate the new distance values like this:

dAB = (16 + 15)/2 = 15.5

dAC = (31 + 32)/2 = 31.5

dBC = 26

Subsequently, we have

x = (15.5 + 31.5− 26)/2 = 10

y = (15.5 + 26− 31.5)/2 = 5

z = (31.5 + 26− 15.5)/2 = 21

Draw the tree. Now, x is a human-monkey cluster with branch lengths 0.5 and 0.5, so
the average is 0.5. Since dAB = 0.5 + Internal branch + 5, we solve this equation to
obtain

Internal branch = 15.5− 5− 0.5 = 10.

This completes the tree since a four species, unrooted tree has only one internal branch
(draw tree).
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