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Problem Set 5

1. MSA is able to run quickly in some cases if it can set a high lower bound on the alignment score. The
lower bound is based on the score of a fast, heuristic multiple sequence alignment. The highest possible
score for any sum-of-pairs score is obtained if each pairwise alignment is the optimal pairwise alignment
(usually not the actual result of an m.s.a.). So, the difference between the score of the bad m.s.a. and the
sum of all but one *optimal™ pairwise alignments is the lower bound for the remaining pairwise alignment
in the actual m.s.a. This pairwise minimum is used to find the set of all position pairs in those two sequences
that contribute to alignments scoring above the minimum.

If some aspect of the sequences makes the pairwise minimum a lot lower than than the pairwise score
for those sequences in the full dynamic programming, the ”volume” of the dynamic programming matrix
which must be computed is much larger and MSA will be much slower. The pairwise minimum could be
low if the original heuristic m.s.a. score is too low, or if the sum of optimal pairwise alignments is too high.

2. Some alignment programs put no cost on adding a gap in the newest sequence in an alignment if there
is a gap in the existing alignment. It has positive effects, since gaps are more likely to occur in the same
column than scattered in different places in each sequence, but it also means that each gap is locked into the
alignment forever, and if the original decision to add a gap was incorrect, it can have a negative effect on the
alignment.

Feng-Doolittle progressive alignment was the first algorithm to describe the "once a gap, always a gap”
principle. Other progressive alignment programs tend to have the same feature, such as PILEUP. ClustalW
doesn’t force gaps to occur in the same positions, but it has biased gap penalties that tend to mean gaps are
stuck where they first appeared.

Iterative alignment methods were designed to avoid locking in aspects of early alignments when adding
new sequences, so programs like MultAlign, IterAlign, and PRPP don’t have the problem. MSA compares
all sequences at once, rather than adding new sequences to an existing alignment. SAGA is a progressive
alignment, but it avoids the problem by having a randomization step in which gaps can be moved. New
methods like MUSCLE and ProbCons use iterative refinement.

3. Three of ClustalW’s heuristics: Substitution matrix variations: ClustalW uses different weight matrices
for different alignments within a multiple sequence alignment. Closely-related sequences are aligned with
weight matrices based on similar sequences, and distant sequences use matrices that include more divergent
sequences. While the choice of weight matrix is less important for closely-related sequences, the hope is that
a good choice of matrix based on similarity will allow ClustalW to align distant sequences in the “twilight
zone” of low identity.

Gap penalties: ClustalW changes its gap penalties in a number of ways. The overall gap penalties are
affected by the lengths of the sequences being aligned, their similarity, and the scoring matrix. Also, the
gap penalties at a given position are modifed based on the adjacent residue, the presence of a gap in the
same place in other sequences (more favorable), the presence of a gap in a nearby position (less favorable),



and whether the position is in a stretch of hydrophilic residues. The heuristics help create alignments with
gaps concentrated in the same area in different sequences, rather than spread out along the sequences, which
makes sense biologically. If there was an insertion or deletion in an ancestral sequence, it is likely to be
found in most of the descendants; insertions and deletions should not be viewed as independent events
for each sequence being added to the alignment. The gap penalty modifications also attempt to model the
likelihood of seeing an insertion or deletion in regions of a protein based on the biology of that region.

Sequence weighting: ClustalW weights the sequences based on a rough guide tree, with the weight as
the distance of each sequence from the root. The weights are used as multiplication factors when scor-
ing the alignments. The result is that groups of closely-related sequences are down-weighted so that they
don’t contribute an unreasonable amount to the alignment; more information is provided by distantly-related
sequences.

Weights are also used in the opposite manner to add a closely related sequence into an alignment. The
most closely related sequences in the existing alignment are given more weight, so that the new sequence
will be more likely to use the same gap locations as its relative. If this heuristic were not used, there would
be no difference between near and distant relatives, and gap locations would be less accurate.

4.A. ClustalW constructs a guide tree before doing a multiple sequence alignment by doing pairwise align-
ments between all sequences. Distances from the pairwise alignments are used to build a tree by neighbor-
joining. Then the sequences closest together in the tree are aligned, the next-closest sequence is aligned to
the existing alignment, and so on. The sequences are weighted in the alignment based on their distance,
so that closely-related sequences don’t contribute too much to the end alignment. After the alignment,
ClustalW can generate a corrected tree which can be used for bootstrapping.

B. Alignment attached. The output tree does not agree with the species tree. The species tree is:
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ClustalW gave approximately (not to scale):
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So S. cerevisiae is in the wrong place.



5. Pairwise alignments (global, no end gap penalty):

DEFI _API ME vs DEFI _AESCY
Score: 53

- - G QVNDSACAANCL SL - GKAGGHCE- - - KVGCI CR
GFGCPL DQVIQCHRHCQT I TGRSGGYCSGPLKLTCTCY

DEFI _API ME vs DEFA ZOPAT
Score: 100

- - G QVNDSACAANCL SL GKAGGHC- EK- VG&CI CR
I AGTKLNSAACGAHCL AL GRRGGYCNSKSV- CVCR

DEFI _API ME vs SAPC SARPE
Score: 84

GQVNDSACAANCL SL GKAGGHCE- KVG- Cl CR
G VOHSACALHCVFRGNRGGYCTCGK- G CVCR

Master-slave alignment:

DEFI _API ME/ 53- 82 - - G- QVNDSACAANCL SL- GKAGGHC- E- - - K- VG- Cl CR
DEFI _AESCY/ 1- 37 GFGCPL DQMQCHRHCQTI TGRSGGYC- SGPLK- LT- CTCY
DEFA_ZOPAT/ 10- 43 | AGTKLNSAACGAHCLAL - GRRGGYCNS- - - KSV- - CVCR
SAPC_SARPE/ 10- 39 - - G - VQHSACALHCVFR- GNRGGYC- TG - K- - G CVCR

Pfam alignment:

DEFI _API ME/ 53- 82 G .. Q/NDSACAANCLSLG. KAGGHCE. . . KVGCI CR
DEFI _AESCY/ 1- 37 GFGCPL DQMQCHRHCQTI TGRSGGYCSGPLKLTCTCY
DEFA_ZOPAT/ 10- 43 | AGTKLNSAACGAHCLALG. RRGGYCNS. . KSVCVCR
SAPC_SARPE/ 10- 39 G ... VQHSACALHCVFRG NRGGYCTG. . KG CVCR

Note that the master-slave alignment inserts more gaps near the end of the multiple sequence alignment.
This behavior is a consequence of the method for combining the individual pairwise alignments: a gap in the
master sequence in one pairwise alignment is propagated to the other sequences. Other alignment methods,
such as Pfam, consider the cost of opening a gap in the other sequences combined, not just in pairwise
alignments.

6. A. The entropy score for a column ¢ is S(m;) = —>_, Ciq 1085 Dia-

Ignoring any residues aligned with gaps, the possibilities are that all three amino acids in a column are
the same; two are the same and the third differs; or all three are different. In the first case, the score is
—3logy 1 = 0. In the second, the score is —210g2§ - logQ% = 2.7549. In the last case, the score is
—3log, 5 = 4.7549.

So, the score for the whole alignment is 18 x 4.7549 + 40 x 2.7549 = 195.8.

B. To compute the sum of pairs score for a single column, we need to enumerate all possible pairs among
the sequences (there are 3 pairwise combinations for 3 sequences) and add together the three substitution
scores from BLOSUMG62. We then add the scores for all columns.



Ignoring any residues aligned with gaps, the score for the alignment is 1002.

7. A. ProbCons uses “consistency” to avoid making some of the errors made in progressive alignments, in-
stead of only repairing them in a later refinement step. To align sequences = and y, ProbCons uses pairwise
alignments with intermediate sequences z to determine what residues in = and y should align. A similar
concept is used in T_COFFEE.

B. ProbCons. Computes a matrix of pairwise alignments showing the probability of each residue in x
being aligned with each residue in y, constructs a guide tree based on these probabilities, do a progressive
alignment according to the order of the guide tree, and then iteratively refine by partitioning the alignment
and re-aligning.

MUSCLE: Computes a distance matrix between all pairs of sequences based on counting k-mer matches,
builds a tree from this distance matrix, does a progressive alignment based on the tree, builds a new distance
matrix from the pairwise relationships implied by that multiple alignment, builds a new tree, then does
another progressive alignment. To refine the progressive alignment, it iteratively splits the tree, computes
the two sub-alignments and aligns to each other, then compares the result to the beginning alignment.



CLUSTAL W (1.82) multiple sequence alignnent

Lei shmani a_mgj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shmani a_mgj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shmani a_maj or
Saccharonyces_cerevi si ae

MSLPLKT- - - - - I VHLVKPFACTARFSARYPI HVI WAVLLSAAAYLSVT
M YKLAARYPI QVI Al VG LVSVAYFSFLEALTQEDFPVLI RALKRFG L

QSYLNEVK- - - - - - - - - - L DSNQYSTYLSI KPDEL- - - - - - - FEKCTHYY
DGFPNTRLPNEM L KLSSVQGEDASVWEQ PAAEL GGEGFVDFDI TQWY
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SNKTSEFDQFDLFI | LAAYLTLFYTLCCLFNDVRKI GSKFW.SFSALSNS
K- I ASQASKTELLI VGTAYACML| SI VSLYLKMRRLGSKFWLFFSVLLST

ACALYLSLYTTHSLLKKPASLLSLVI GLPFI WI | GFKHKVRLAAFSLK
LFSVQFAMILVRASGVR- | SLVSLI ESLPFLI NVWALDKAAELTRQVI TR

FHRI SI DKKI TVSNI | YEAMFQEGAYLI RDYLFYI SSFI GCAl YARHLPG



Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shrmani a_maj or
Saccharonmyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shmani a_mgj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharonmyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habditi s_el egans
Hono_sapi ens

Lei shrmani a_maj or
Saccharonmyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens
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Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habditi s_el egans
Hono_sapi ens

Lei shrmani a_maj or
Saccharomyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shmani a_mgj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens

Lei shmani a_mgj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharomnmyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Hono_sapi ens

SWASVSDTEI MKQVENKKI AFHGLEQALAPDYDRAI Al RREI VKKKI CPS
QLKNVNNTEVSNLVVNGKLPLYSLEKKLE- DTTRAVLVRRKALS- TLAES
Q STLNDEEVWQLTLAKKI PLYALERVLK- DVTRAWI RRTVVWSRSSRTK
- - - DVTPGEAVRLLRRGQAKSREL ESRFP- - AEQAI PI RRTFI NKKFEN-
—AKFLSDAEIICLVNAKHIPAYKLETLNE—THERGMSIRRCLLSKKLSEP
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PAATHPLERVPYKNYDWSSVWGQSCENI LGYVPVPVGLAGPLLLDGK- EV
Pl LVS- - EKLPFRNYDYDRVFGACCENVI GYMPI PVGVI GPLI | DGT- SY
TLESS- - - NCPVYHYDYSRVLNACCENVI GYMPLPLGVAGPLI | DGK- PF
--------- LPYLGYDYTLATECCCENVI GYTPVPVGVAGPLTLNGISE

SSLQN————LPYRDYNYSLVNGACCENVIGYNPIPVGVAGPLCLDEK—EF
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ALPNVATTEGALVASAHRGARAI NL SGGCRTAVLKEGMTIRAPVWEVNSFD-
H PMATTEGCLVASAMRGCKAI NAGGGATTVL TKDGVTRGPVWRFPTLI R
Yl PMATTEGAL VASTMRGCKAI NAGGGAVTVL TRDQVSRGPCVAFPDLTR
YVPMATTEGALI ASTNRGW\VI RAAGGVETSI FNSGVITRAPVWKFPTARD
CMPNATTEGCLVASTNRGCRAIGLGEEASSRVLADGNWRGPVVRLPRACD
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- EAl TVI KFCEERFDVLREAFESTTRFGKLLSI KCAVAGRQVHLRFSAFT
SGACKI W.DSEEGONSI KKAFNSTSRFARLCQHI QTCLAGDLLFMRFRTTT
AGRAKI W.DSPEGCQEVMKKAFNSTSRFARL QHI KTALAGTRLFI RFCTST
AVSVKRW. EHPENQDRARQEFQSCSRFAKLKSI DI TI DGNLAYLRFDAHT
SAEVKAMLETSEGFAVIKEAFDSTSRFARLQKLHTSIAGRNLYIRFQSRS
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GDAMGWVAM TKGCDKAL QVLQQH! - - PSVRVL TL SGNFCTDKKPSAL NW/
GDAMGMNM  SKGVEYSLKQWEEYGWEDMVEVVSVSGNY CTDKKPAAI NW
GDAMGMNM  SKGVEHAL VWMSNDAGFDDMQVI SVSGNYCTDKKPAAI NW
GDAMGWMNM  SKSCDSTMRFLMENF- - PEMTVLAL SGNL CVDKKAAAKNWI
GDANGNNNISKGTEKALSKLHEYF--PENC]LAVSGNYCTDKKPAAINNV
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EGRGKSVVAEAVI KRDWESVLKCTVDSVVSLNVTKNLRGSALAGSI GGF
ECRGKSWWAEATI PGDVVKSVLKSDVSALVELNI SKNLVGSAMAGSVGGF
DGRGKSVI AEAI | PGDAVKSVLKTTVEDLVKLNVDKNLI GSAMAGSVGGF
ECRGRSWAECLI PREVWTKTLRTTPEQLAYLTTTKLHI GSSRAGAVGGS
EGRGKSVVCEAVIPAKVVREVLKTTTEAM EVNINKNLVGSANAGSIGﬁN

-*** ** * * * * . * ** ** -k k

NAHAANI VAALYI ATGQDPAQVWESATCMITVDK- - - AGEDLVI SLMVPS
NAHAANLVTAL FLALGQDPAQNVESSNCI TLMKE- - - VDGDLRI SVSMPS
NAHAANI VTAVYLATGODPAQNVESSNC!I TLIVDN- - - VDGNLQLSVSMPS
NAHAANI VAAI FI ATGQDAAQVVSSSMCSTRVEVT- - ADKNLYVSCTLPC
NAHAANI VTAI YI ACGQDAAQNVGSSNCI TLMEASGPTNEDLY! SCTVPS



Lei shrmani a_maj or
Saccharonyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habdi ti s_el egans
Honmo_sapi ens

Lei shrmani a_maj or
Saccharonmyces_cerevi si ae
Schi zosacchar onyces_pomnbe
Caenor habditi s_el egans
Hono_sapi ens

Lei shrmani a_maj or
Saccharomyces_cerevi si ae
Schi zosacchar onyces_ponbe
Caenor habdi ti s_el egans
Hono_sapi ens
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| EVGAVGGEGT AL SSQRAM. EL MGCAGSNKEDPGAHSRQ ARVWAGAVI CG
| EVGTI GGGTVLEPQGAML.DLL GVRGPHPTEPGANARQLARI | ACAVLAG
| EVGTI GGGTVLEPQGAM. DL L GVRGAHMI SPGDNSRQLARVWAAAVVAG
VEVGTVGGEGTI LAPQRACLESL GCAGPNKEQPGONAERLAEVI AATVLAG
I EI GT'VGGGTNLL PQQACL QML GVQGACKDNPGENARQLARI VCGTVVAG
ELSLLSGLAAGHLL SAHVKLNRKP- - - - - - PTP---cccmccceacaan
EL SL CSAL AAGHL VQSHMTHNRKTNKANEL POPSNKGPPCKTSALL- - - -
ELSLCSALASGHLVKSHI GLNRSALNTPAMDSSAKKPATDALKSVNSRVP
EL SLMAALTTNEL VSSHVKLNRSKQQL YADDSGKATHFEKEVEKAGSLLS
EL SLMAALAAGHLVKSHM HNRSKI NLQDLQGACTKKTA- - - - - - - - - - -
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