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An Example

TCAT - T CAT
TGCAA TGCAA
Al A2

+ Align s=TCAT with 1=TGCAA

* Match Score =1

- Mismatch score = -1, Indel Score = -1
- C(T,'T)=2,;C(T,/A)=2;C(-'A)=?

+ Global Score A1?, Score A2?
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#S[i" 1,j" 11+ C(s,.1)

Example: Global alignment g, ., % SIi" Lil+C(s.")

max$
% S[irj " 11+C(" 1)
%
T G C A A
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Local Alignment

The original recurrence still
works, except when the
optimum score SJi,j] is
hegative

When SJi,j] <0, it means that
the optimum local alignment
cannot include the point (i j).

So, we must reset the score
to O.
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Local Alignment Trick (Smith-Waterman
algorithm)

r 0 o
— Ji-1)-1+C(s,t;)) ™.
Ahl=max gi_1j1+cs,-)
- JiL -4+ C(=t)

How can we compute the local alignment itself?
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[ " r 0
. Local Allgnmen’r Sli-1,j =11+ C(s;»t ) .\

S[i,j] = max; S[li-1Lj]+C(s,,;=) 1t
Slij-1+C(=t;)

T G C A A
0 0 0 0 0 0
O ] O ] O ]
0o N1 Lo 0 0 0
g O O O
f N ~
0 0 0 1 L (g
N N
0 0 0 0 2 1
0 0 0 m0 M A
] L]
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»gi| 39530853 |ref| NP _945197.1| hypooretin (orexin) receptor 1; orexin receptor
type 1 [Mus

»gi| 39930593 | ref | NESRRIYIV O RYBAE RS TEFRKIHYTEERBLEY 1; orexin recepto:
type 1 |[Mus tength = 416
museulug L gl | AT 04005 |gb |[AARIL326.1]| orexin receptor type-1 [Mus

musculus] Identities = 2647199 (S6%), Positives = JOTJS199 (T6%), Gaps = 147199 (3%

Ld-'.&gth %:PM&D!DDEEPLRYLWREYLBFKEYMLINGYII't'}"o"u'hLIGN VLVCVAVWENHEN 85
EFF P DY4DE FLRYLWRE+YL+FE+YENVLIA Y+ VF+4AL4ON LVCHAVWHNHEN
Sbict: 19 !PPHLE‘PD!‘!DE FLRYLWRDYL!FKQYMLIM?VA VFLIALVOGNTLVCLAVWRENHEN T7

Score = 526 bits (1154, Expe ct = g=14 . ”
Faent inies 24 ET ML BB R IR Mps = 14298 (4)

Sbjct: TH RTVINYFIVNLSLADVLYTAICLPASLLVDITESWLFGQALCKVIFYLOAVEVSVAVLTL 137

Query: 146 XCIALDRWYAICHPLMPESTAXRARNSAKXXAXXXXXXXXAPQAIVMECSSNLPGLANKTT 205
IALDRWYAICHFLAFESTA+RAR 5 POA VMECSE4LF LAN+T
Sbict: 138 SFIALDRWYAICHPLLFESTARRARGS ILGIWAVELAVNVPQIAVMECSSVLPELANRTR 197

Query: 206 LFTVCDEENGGEVYPXMYHICFPLVTYMAPLCLMILAYLOIFRELWCRQIPGTSSVVORK 265
LF+VCDEEN E+YPR+YH CFFSVTY+APL LM +AY QIFRELW RQIPGT4S 4+ R
Sbict: L9PAASCLROE T MMM sCrrIvTY LA SIRGN R R LSRR SRk A3 aJunar Ji t v Lo

Sbiot el ) B NULERNECGHERQAS DRENMAIMN I ETESHWLY YANSAANP I I YNFLS

WE+ +Q 40 4G +# + R A AE+XQ+RARRETA+NIMVVLIVFA+CYLFIS+L
Sbict: 258 WEKRPSEQLEAQHQGLUTEFRQPRARAFLAEVEOMRARRETAKNLMVVLLVFALOYLPISVL 317

Quetyzm@#@ﬂdbﬂﬂ%@ﬁbﬂ@ﬂﬁﬂ&t RS ET PO NFONYSELSEH 422

RVLERVEFGME VIA F‘l‘PSBWL‘-"IMSMNPIIYNFLahK!’RB‘ e MAFE0

Sbjot: 318 Nwmvrcnrnqasnmw»"n's uwv.'\smp: Im,guzgawa-:p. a7 ‘....t.v s x; s EH
Shjct 1 ol P P e M N PR EARIMCS LS L) = =SRCSVERVSEHR 405

Sbjct: ITB Prme=m==== GLOGPGS. ESLSL{==5R SVSK‘-'SBH 405
Gaps appear togeth
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Generalizing Gap Cost

It is more likely
for gaps to be
contiguous

* The penalty for a
gap of length |
should be

Fa08!

go+ge" |

»gi|329308%

type 1 |[Mus
musculus|
L
sScore =

J|ref NP 245197.1| hypooretin (orexin) receptor 1
musculus) gi |3ITT0400% |gb |[AARDLIZ2E.1

ength = 41¢

526 bits (1154, Expect = £=148

orexin recsptor

orexin receptor type=1 |[Mus

Identities = 2647192 (S6% ), Positives = JOTS199 (Té%), Caps = 147399 (3%)

Query: I$

Query: #8

146

1i¢

Query: 06

Sbjct: 118
Query: 184
Sbjct: 1TE

EFFLNPTDYDDEEFLRYLWREYLHFEEYENVLIAGY I IVFVVAL ICNVLVCVAVWENHEN
EFF P DY<4DE FLRYLWE+YL+FE+YENVLIA Y+ VF+4+AL4CON LVCHAVWHNHEN
EFFHLPPDYEDE=FLRYLWREDYLY FEQYENVLIAAY VAVFLIALVCNTLVCLAVWENHEN

RTVTNYF IVHLSLADVLY TITCLPATLVVD ITETWEF FGQSLORVIFY LK X XK XR KXY
RTVTNYFIVHNLSLADVLNT CLPA+LAVDITEHW FGOHLCEVIFYLD
RTVTNYF IVHLSLADVLY TALCLPASLLVD ITESWLFGQALCEKV IFY LOAVEVEVAVLTL

XCIALDRWYAICHPLMPESTAKRARNS XXX XXX XXX XK XXPQAIVMECSENLPGLANKTT I

IALDRWYAICHFLAFESTA+RAR 5 FOA VMECSE4LF LAN+T
SFIALDRWYAICHFLLFESTARRARGS ILGIWAVELAVNVFQAAMECS SVLPELARRTR

LTV CDERNGGEVYPEMYHICFFLVTYMAPLOLMILAY LOIFRELWCRQIPGTSSVVQRE 2

LF+VCDEEN E<4YPEK+YH CFF+VTY+APL LM +AY QIFRKLW RQIPOT4S 4+ K

LESVCDEENADELYPRIYHSECFFIVTY LAPLGLMGHAY FOIFRELWGROI PGTTSALVEN 2

i WEQ==0QPVE0PREGSGODEKARISAVAAELI KD I RARRETARNLMVWWLLVFAICYLPISIL

WE+ +Q 40 40 + 4+ R A ARE+XQ+RARRETA+NIMVVLIVFA+CYLFIS+L
WERP SEQLEAQHQGLOTEFQPRARAFLAEVEQMRARRE TAENIMVYVLIVFALCYLFISVL

KNV LR FGHF THTEDRET VY AWFTFEHWLY YANSAANF I I YNFLSCEFREEFEAMFEFSTCL
HVLERVFGMF DRE VYA FTFEHWLVYANSAANFIIYNFLSCKFRE4FEMEPSCCL
HVLERVFGHFROASDREAVYACFTFEHWLY Y ANSAANF I IYNFLSCKFREQFEMMEFSCC

GVHHRQGDRLARGRTSTESRESLTTOISNFDNVSKLSEH 422
G 5+ KSL* Q0 + +VEK+SEH
v = QLG PGS SAREESLELD = = SRCSVERVSEH 405
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Using affine gap penalties

0
Ji-1,] 1]+ C(s.,t)
Si-1I,j]+go+ ge*|
' J1,] -]+ go+ ge*|

J1,] ] = max,

- What is the time taken for this?
- What are the values that | can take?
- Can we get rid of the extra Dimension?
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Affine gap penalties

Define D[i,j]: Score of the . . . .
best allgnmen‘r glven that the Optimum alignment of s[1..i-1], and t[1..j]
final column is a 'deletion’ (s; is Ji]
aligned to a gap) 11]
Define I[i,j]: Score of the best >

all?nmen’r given that the final
umn is an insertion (t;is

aligned to a gap) Optimum alignment of s[1..1], and t[1..j-1]

(]
J
4 [ C‘i (s.1))
os[i" 1" 1 +C(s,t.
Sli, 71 = max;$} Dli /] !
& 1li, ]
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O(nm) solution for affine gap costs

Dli" 1,j]+ ge

Dli,j]= N
[,/] = max Wi Lj]+ go+ ge

I[i,j" 1]+ ge

Ili1.7]= o
[£,7] = max PS[ii" 1]+ g0 + ge
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Align

S[i, /] = max

ment Space?

(S[i-1,j -1+ C(s,¢)
Sli -1, j1+ C(s;,-)

Sl j -0+ C(=1))

* How much space do we need?
» Is the space requirement tfoo much?

Fa08!
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Fig. 1. Dot-plot representation of sample assembly comparison results

2 Ex: Genomic assembly
comparisons (6Mb)
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Istrail, Sorin et al. (2004) Proc. Natl. Acad. Sci. USA 101, 1916-1921

Copyright ©2004 by the National Academy of Sciences




Alignment (Linear Space)

- Score computation oL+ O )
Ji.j1= max$ Ji" Lj]1+C(s.")
& 31, " 1+ C(.t))

Fori=1ton
Forj=1tom

(i, =i%2 i =(i-1)%2,

S[i, j =1+ C(s,,1)
Sliy, jl=max  S[i, jl+ C(s;,-)

\ Slip, j -1+ C(-1))
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Linear Space Alignment

* InLinear Space, we

can do each row of the
D.P.

+ We need to compute

the optimum path from
the origin (0,0) to
(m.n)
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Linear Space (cont'd)

- At i=n/2, we know

scores of all the
optimal paths ending
at that row.

. Define F[j] = S[n/2,j]

* One of these jis on
the true path. Which

ohe?
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Backward alignment

+ Let S.[i,j] be the optimal score of aligning s[i+1..n]
with T[j+1.m]

SD[ +1,] +1]+ C(s.t)
Sl,]]=max; S[i+1,]]+C(s,-)
- Sl +11+C-t)

- Boundary cases?
* Spln,j1? SplmJJ?
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Backward alignment

+ Let S,[i,j] be the

optimal score of
aligning s[i+1..n] with
t[j+1..m]

+ Define B[j] = S,[n/2,j]

* One of these jis on
the true path. Which
ohe?
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Forward, Backward computation

* At the optimal

coordinate, j

- F[j]+B[j]=S[n,m]
+ In O(nm) time, and

O(m) space, we can

compute one of the
coordinates on the
optimum path.
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Linear Space Alignment

Align(1..n,1..m)
- Forall I«<=j<=m

- Compute F[j]1=5(n/2,j)
- Forall I«<=j<=m

+ Compute B[j1=5,(n/2,j)
- J* = max; {F[j]+B[j]}

- X = Align(1.n/2,1..j*)
- Y = Align(n/2+1..n,j*+1..m)
- Return X,j*Y
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Linear Space complexity

. T(nm) = c.nm + T(nm/2) = O(nm)
+ Space = O(m)
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