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Divide-and-ConquerMultiple Sequen
e AlignmentJ. Stoye, S. W. Perrey, A. W. M. DressBasi
 Prin
ipleWe present a fast heuristi
 algorithm for multiple se-quen
e alignment [1,2℄: Divide-and-Conquer MultipleSequen
e Alignment (DCA).Figure 1 shows the method in a s
hemati
 way: The se-quen
es are divided at appropriate positions near to theirmidpoint. This way, the problem of aligning one familyof sequen
es is redu
ed to that of aligning two sequen
efamilies, ea
h of sequen
es of approximately only halfthe length. After reiterating this division pro
edure suf-�
iently often, the subsequen
es are suÆ
iently short,say, shorter than a threshold L, and 
an be aligned op-timally.
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Figure 1Computing Sli
ing PositionsThe main question arising with this method is how to�nd \appropriate" sli
ing positions.For simpli
ity, we explain our solution for the 
ase of afamily of three sequen
es s1; s2; s3. The generalizationto more than three sequen
es is straightforward.First note that for every division point 
1 of s1, thereexist 
orresponding positions 
2 and 
3 of s2 and s3,respe
tively, so that an optimal alignment results from
on
atenating optimal alignments of the three pre�x andthe three suÆx sequen
es de�ned by the sli
ing positions
1, 
2, 
3. We take advantage of this fa
t by �rst divid-ing s1 at its midpoint 
̂1 := djs1j=2e and then sear
hingfor 
ompatible positions in the other sequen
es.To estimate the 
ompatibility of sli
ing positions 
, d ofsequen
es s, t, we de�ne the additional 
ost Cs;t[
; d℄imposed by �rst sli
ing s and t at 
 and d, respe
tively,and then aligning s and t by 
on
atenating the optimalalignments of the resulting pre�x and suÆx sequen
es byCs;t[
; d℄ := wopt(pre�x) + wopt (suÆx)� wopt(total)where wopt denotes an appropriate measure of �t of thethree optimal alignments in question (see Figure 2 for anexample).To obtain an estimate for the additional 
ost imposedby a parti
ular 
hoi
e 
1, 
2, 
3 of sli
ing positions, wetake a (weighted) sum of pairwise additional 
osts:C(
1; 
2; 
3) := �1;2 Cs1;s2 [
1; 
2℄+ �1;3 Cs1;s3 [
1; 
3℄+ �2;3 Cs2;s3 [
2; 
3℄where �1;2, �1;3, �2;3 are appropriately 
hosen weightfa
tors re
e
ting e.g. phylogeneti
 relationships.We implemented several heuristi
s whi
h allow to speed-up the sear
h for sli
ing positions minimizing this valuewhi
h work well for up to a dozen and even more se-quen
es.For the optimal alignment of the �nally resulting shortsubsequen
es, we use the program MSA [3,4℄.
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Figures 2a and 2b show the standard dynamic programming distance matrices of the
sequences s = GTATC and t = CTATAC (using unit cost and penalty +2 for each single
insertion/deletion), computed from the upper left to the lower right (Fig. 2a) and from the lower
right to the upper left (Fig. 2b). Figure 2c displays the additional−cost matrix, containing the
values Cs,t [c,d ] for each pair of slicing positions (c,d ), e.g.

Cs,t [2,2] = wopt [CT,GT] + wopt [ATAC,ATC] − wopt [CTATAC,GTATC] = 1 + 2 − 3 = 0

Cs,t [4,3] = wopt [CTAT,GTA] + wopt [AC,TC] − wopt [CTATAC,GTATC] = 3 + 1 − 3 = 1

In each matrix, the optimal alignment path is colored green. Its additional−cost matrix entries
are, of course, zero.AlgorithmDCA(hs1; s2; s3i; L)= MSA(hs1; s2; s3i), if minfjs1j; js2j; js3jg � L= DCA(hs1(� 
̂1); s2(�
2); s3(�
3)i; L)++DCA(hs1(>
̂1); s2(>
2); s3(>
3)i; L)where 
̂1 := djs1j=2e(
2; 
3) 2 f0; : : : ; js2jg � f0; : : : ; js3jgsu
h that C(
̂1; 
2; 
3) is minimal.Pra
ti
ability of DCAOur alignment algorithm has been subje
ted to a 
on-siderable number of test 
ases. The following measure-ments are made for simulated data (randomly generatedamino a
id sequen
es with 20 { 30 per
ent sequen
eidentity).Figures 4a and 4b show the expe
ted trade-o� betweenalignment quality (the relative deviation from the opti-mal alignment s
ore) and 
omputation time dependingon the threshold L. A value of L = 40 seems to be agood 
ompromise.
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Figure 4bWe evaluated running times (Figures 5a,b) and memoryusage (Figures 6a,b) for di�erent families of k sequen
esdepending on the average sequen
e length.
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Figure 6bAligning Biologi
al Sequen
esWe also applied our pro
edure to several biologi
al se-quen
e families.Table 1 shows our results for the globin, kinase, asparti
a
id protease, and ribonu
lease H protein families fromM
Clure et al. [5℄ 
ompared to the results of the bestand se
ond-best alignment programs 
onsidered there.The s
ore values denote numbers of 
orre
tly alignedmotifs.

Figure 3: The reduction of search space.sequen
es max. DFALIGN AMULT DCAGlobins 6 5.00 5.00 5.00 5.00Globins 10 5.00 5.00 5.00 5.00Globins 12 5.00 5.00 5.00 5.00Kinases 6 8.00 7.67 7.33 8.00Kinases 10 8.00 8.00 7.70 8.00Kinases 12 8.00 8.00 7.75 8.00Proteases 6 3.00 2.33 1.17 *2.50Proteases 10 3.00 *3.00 *2.40 *2.50Proteases 12 3.00 *3.00 2.33 *2.50RH 6 4.00 3.67 *3.30 *3.83RH 10 4.00 3.30 *3.20 *3.70RH 12 4.00 3.83 *2.92 3.42
Table 1In Table 2, running times and alignment quality are 
om-pared to the 
orresponding values of s
ore-optimal align-ments 
omputed with the program MSA as published byGupta et al. [4℄.sequen
es max. MSA (PAM250) DCA (PAM250) DCA (Blosum)Globins A (7) 5.00 4.86 157 se
 4.86 4.3 se
 5.00 5.3 se
Globins B (10) 5.00 5.00 130 se
 4.90 10.4 se
 5.00 10.9 se
Kinases A (5) 8.00 8.00 10 min 8.00 10.6 se
 8.00 16.8 se
Kinases B (6) 8.00 8.00 118 min 8.00 9.7 se
 8.00 57.5 se
Kinases C (4) 8.00 6.75 210 se
 *7.50 4.6 se
 7.25 4.8 se
Proteases A (5) 3.00 2.80 37 se
 2.40 2.8 se
 2.80 18.3 se
Proteases B (4) 3.00 0.50 9 min 0.00 1.4 se
 1.00 3.3 se
RH A (5) 4.00 2.60 68 min *2.60 3.4 se
 3.40 29.0 se

Table 2Range of Appli
ations� Simultaneous alignment of up to a dozen sequen
esof length that of an average protein.� Systemati
 evaluation of s
ore fun
tions for multiplesequen
e alignments.� Rapid three- or four-way alignments, e.g. for the usein programs whi
h simultaneously 
ompute an align-ment and re
onstru
t a phylogeneti
 tree.� Speed-up of fragment-based multiple alignmentmethods.A
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