Optimisation Alignment.

http://lwww.stats.ox.ac.uk/~hein/lectures.htm

a-globin (141) and B-globin (146)

V-LSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHF-DLS--H---GSAQVKGHGKKVADAL
VHLTPEEKSAVTALWGKV--NVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLGAF

TNAVAHVDDMPNALSALSDLHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR
SDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH

It often matches functional region with functional region
Determines homology at residue/nucleotide level.
Similarity/Distance between molecules can be evaluated
Molecular Evolution studies.

Homology/Non-homology depends on it.



Number of alignments, T(n,m)

Alignments columns are equivalent
to step (0,1), (1,0) and (1,1) in a
[0,n][0,m] matrix.

Thus alignment by alignment
search for best alignment is not
realistic.

If nn is equivalent to n-

then alignments are equivalent to
choosing two subsets of sl and and
s2 that has to be matched, thus

min(zn,m)
-1t

i=1

T(n,m) is the number of alignments of
sl[1,n] and s2[1,m] then

T(n,m)=T(n-1,m)+T(n,m-1)+T(n-1,m-1)
700,0=1 T(n,m) > 3 min(nm

41 129 321 o681

T
25  63<.129 231
G |
13 25% 41 61
T
5 7 9 11

1 1 1 1




Parsimony Alignment of two strings.

Sequences: s1=CTAGG s2=TTGT. 5, indels (g) 10.

Basic operations:
transitions 2 (C-T & A-G), transversions 5, indels (g) 10.

CTAG CTA G
Cost Additivity = +
TT-G TT- G
{CTA,TT}y + GG (A)
12 0
12 4 10
CTAG,TT + =G C
i 35 Fau 8 ©

D;=min{D, , ;, + d(s1[il,s2[j]), D;;., + 9, D;4; +g}

Initial condition: Dy ,=0.  (D;; := D(s1[1:i], s2[1:]]))



40 32 22 14 9 17
) Y
T
30 22 12 4 —12 22
. ya
Yz
20 12 2 ~12 22 32
T
10 2 10 20 30 40
T
0 10 20 30 40 50
A G G
CTAGG
Alignment: 1 v Cost 17

TT-GT




Complexity of Accelerations of pairwise algorithm.

Dynamical Programming: (n+1)(m+1)3=0(nm)
Backtracking: O(n+m)

Recursion without memory: T(n,m) > 3 min(n,m)

Exact acceleration (Ukkonen,Myers).
Assume all events cost 1.

d(S1 !SZ)= dS(S'] ’82

. s
v, 4
v v
’ ’
v v,
v v
’ ’
v ’
4 4
v v
. .
v, v,
v v
1 ’ ’
v v
4 4

%

Heuristic acceleration: Smaller band & larger acceleration, but no
guarantee of optimum.



Alignment of three sequences.

s1=ATCG s2=ATGCC s3=CTCC A 4&\\
A ? C
Alignment.: AT-CG C A
ATGCC
CT-CC Consensus sequence: ATCC
Configurations in an alignment column:
- - n n n - n =
- n - n - n n =
n - - - n n n =
Recursion: D; 5o = min{D; ;. 45 ,p + d(i,i',3,3',k,k")}
Initial condition: Dy oo = 0.

Running time: 1,*1,*1.,*(23-1) Memory requirement: 1 ,*1,*1,

New phenomena: ancestral/consensus sequence.



Parsimony Alignment of four sequences

s1=ATCG s2=ATGCC s3=CTCC s4=ACGCG

Alignment: AT-CG

G
C
ATGCC c G N —
CT-CC C c — o~ ¢
ACGCG G
Configurations in alignment columns:
- - - n - - - n n n - n n n n -
- - n - n n - n - - n - n n n -
- n - - n - n - n - n n - n n -
n - - - - n n - - n n n n - n -
Recursion: D. = min{D;_, + d(i,4)} A €[{0,1}*\{0}*]
Initial condition: D, = 0. Memory : 1 ,*1,*1.*1,

Computation time: 1 ,*1,*¥1.*1,*2° Memory : 1,*1,*1,*1,

New Phenomena: Cost and alignment is phylogeny dependent



Alignment of many sequences.

sl=ATCG, s2=ATGCC, ....... , sn=ACGCG

Alignment: AT-CG sl s3 s4
ATGCC \ ! /
..... / \
ACGCG s2 s5

Configurations in an alignment column: 2°-1
=

Recursion: D.,=min{D. , + d(i,A)} A [{0,1}\{0}"]

Initial condition: Dyo .0 = 0.

Computation time: 1°* (27-1)*n Memory requirement: 1°
(1:sequence length, n:number of sequences)



Progressive Alignment

(Feng-Doolittle 1987 J.Mol.Evol.)

Can align alignments and given a tree make a multiple alignment.

* *
alkmny-trwg acdeqgrt
akkmdyftrwg acdehrt
kkkmemftrwg

[ P(n,q) + P(n,h) + P(d,q) + P(d,h) + P(e,q) + P(e,h)]1/6

Sodb sddm
Sodl
Sodh ? Sdmz
sods Sdpb
* * * *xkx Xk * * * % *
Sodh atkavcvlkgdgpgvggsinfegkesdgpvkvwgsikglte-glhgfhvhgfg----ndtagct sagphfnp lsrk
Sodb atkavcvlkgdgpgvggtinfeak-gdtvkvwgsikglte——glhgfhvhgfg----ndtagct sagphfnp lsrk
Sodl atkavcvlkgdgpgvggsinfegkesdgpvkvwgsikglte-glhgfhvhgfg----ndtagct sagphfnp lsrk
Sddm atkavcvlkgdgpgvg -infeak-gdtvkvwgsikglte——glhgfhvhgfg----ndtagct sagphfnp lsrk
Sdmz atkavcvlkgdgpgvg— infegkesdgpvkvwgsikglte—glhgfhvhgfg----ndtagct sagphfnp Lsrk
Sods vatkavcvlkgdgpgvg— infeak-gdtvkvwgsikgltepnglhgfhvhgfg----ndtagct sagphfnp lsrk

Sdpb datkavcvlkgdgpgvg——-infegkesdgpv----wgsikgltglhgfhvhgfgscasndtagctvlggssagphfnpehtnk



Data {GTCAT,GTTGGT,GTCA,6CTCA}

‘sisATeue aseyd 7 :901081J [BN)OVY

Approaches to Sequence Analysis

|

GT-CAT
GTTGGT
GT-CA-
CT-CA-

l statistics

Parsimony, similarity,

optimisation.

<

‘sisATeue aseyd T :9010vI1J [BIP]

. TKF91 - The combined

substitution/indel process.

. Acceleration of Basic

Algorithm

. Many Sequence Algorithm

. MCMC Approaches



Thorne-Kishino-Felsenstein (1991) Process

A # C G

T=0

A (birth rate) < u (death rate)
1. P(s) = (1-Muw) (M) 1, A« < T [ =length(s)

s1

r
2. Time reversible: s1 : g s2 /\ —\
s1 s2 s2




A & u into Alienment Blocks

A. Amino Acids Ignored:

#o- - - #- - - - ¥ oo -
H#HH -#H#HH ¥ 4 4 # #
k k K
et[1-A3](ABIX1 [1-AB-pBl(ABDX [1-A8] (AB)K
Pe(t) P ()
p=[1-eCwt]/[pu-re?wt] p’o(t)= up(t) P (t)

B. Amino Acids Considered:

T - - -

R Q S W Pt(T">R)*ﬂ§Q*. .*ﬂw*p4(t)
4

T - - - -

-RQSW mr *m*. Fmy*p’,(B)



Differential Equations for p-functions

- - L -
# ## ... #

Ap, = At*[A* (k-1) p,_; + w*k*p,,; - (A+u) *k*p,]

- H#H#H ... #
Ap’ =At* [A* (k-1) p’,_,+tu* (k+1) *p’ ., - (A+u) *k*p’  +u*p,,,]

*___ e o o =

*HF# ... #

Ap’ '  =At* [A*k*p’ 7/ _+u* (k+1) *p’ ' .- [ (k+1)A+kul*p’’ ]

Initial Conditions: p, (0)=p,/ " (0)=p', (0)= 0 k>1
P.(0)= py’ " (0)= 1. p’, (0)= 0



Basic Pairwise Recursion (O(length?))

P(sl; = s2,) /_ 1

J
Survives: . / Dies:
i-1 i ) i-1 i
[ j
-1 1 1- l
P(sl,, —s2,,) p2 ﬂ( $2[7]) P(sl,_, =52, )* p' *m(s2[ j])

e t[1-AJ(ABIK1, where
p=[1-eCwt]/[p-rewit]
1...] (j) cases 0...] (j+1) cases




Basic Pairwise Recursion (O(length?))

survive pd

death 7
] (i-1,j) «— (i,j)
_ A
- (i-1,j-1)
Initial condition:
p”=s2[1:]] %
\ .




Accelleration of Pairwise Algorithm

(From Hein,Wiuf,Knudsen,Moeller & Wiebling 2000)

Corner Cutting ~100-1000

Better Numerical Search ~10-100 =
- .
Ex.: good start guess, 28 evaluations, 3 iterations ‘_'1=: I
K'.'.Eﬂ;,f %
Simpler Recursion ~3-10 o e
L DADGS 14

Faster Computers ~250

1991-->2000 ~10°




a-globin (141) and B-globin (146)

(From Hein,Wiuf,Knudsen,Moeller & Wiebling 2000)

430.108 :  -log(a-globin)
327 .320 :  -log(a-globin --> B-globin)
747 .428 : -log(a-globin, B-globin) = -log(l(sumalign))

/ Nk o 0.0371805 +/- 0.0135899
n¥t: 0.0374396 +/- 0.0136846
s*t: 0.91701 +/- 0.119556
E(Length) E(Insertions,Deletions) E(Substitutions)
143.499 5.37255 131.59

Maximum contributing alignment:

V-LSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHF-DLS--H---GSAQVKGHGKKVADALT
VHLTPEEKSAVTALWGKV--NVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLGAF'S

NAVAHVDDMPNALSALSDLHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR
DGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH

Ratio 1(maxalign)/1(sumalign) = 0.00565064



Probability

The invasion of the immortal link

VLSPADNAL. .. .. DLHAHKR 141 AA long
N N N
- o -
1 =) e =)
~ < ©
< <
) ® )
Q Q Q
- PP -
(7] (7]
v
A A i A i A i A i A i A i i i i k AA long
0.8 T T T T T T T
0.7 - -
0.6 - -
05 -
04 |- ~
C3 - -
/\
0.2 - —_
01 -
0.0 1 | 1 |
120 125 130 135 140 145 150 155 160
Length

up

YHAHHHUHHHHE ... #HH

141 AA long

*HAHHHHHHHHE ... #HH

*HAHHHHHHHAE ... #HH

1.0

09

o8

orr

06

05)

04

03

02+

(IR RS

10° years

0o
10

0

10’ 10" 1:1‘ 10* 1;)‘ l:]‘
Distance (in millions of years)



Statistical Alignment via Hidden Markov Models

Steel and Hein,2001 + Holmes and Bruno,2001

- # E
# # - E
£
* AB Mu (1= AB)e* Mu (1- AB)(1- e¥) (1= Mu) (1= AB)
# AB Mu (1- AB)e Mu (1- AB)(1- e¥) (1- Mu) (1~ AB)
#
# AB Mu (1- AB)e+ M (1- AB)(1- e¥) (1- Mu) (1= AB)
4 1-Afe™ Ape™ (u-MB
- 1-e™ 1-e™* B 1-¢"
N A .
&\07'&’ HMM formulation allows:
QA Ape™ . :
. " fe a Finding most probable alignment
" m(A) —¢
@\07’02; (M- "B)(l'e”) Probability of sequence pair
¢ y yyy/ Probability of specific edge




Why multiple statistical alignment is non-trivial.

Steel & Hein, 2001, Hein, 2001, Holmes and Bruno, 2001

Optimisation Alignment Statistical Alignment
*ACG C *TT GT
s s2
AT-C| G T~ /
ATGC| C VR o+
— i A
CT-C| C (W

s3*ACG G

* An HMM generating alignment according to TKF91:

N S
%

H
I

\
)
v o W N R S
I = H=H 1
H OH R O

H



Maximum likelihood phylogeny and alignment
Legh

Human alpha hemoglobin;
Human beta hemoglobin;
Human myoglobin

Bean leghemoglobin

Probability of data e-1560.138
Probability of data and alignment e-1593.223
Probability of alignment given data 4279 * 10715 = 33085 Hbf
Ratio of insertion-deletions to substitutions: 0.0334
Hbal: MV--LSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHF--DLS-H----- GSAQVKGHGKKVAD-AL-TNA-

Hbb: MV-HLTPEEKSAVTALWGKV--NVDEVGGEALGRLLVVYPWTQRFFESF-GDLSTPDAVM-GNPKVKAHGKKVLG-AF-SDG-
Myo: MG--LSDGEWQLVLNVWGKVEADIPGHGQEVLIRLFKGHPETLEKFDKFK-HLKSEDE-MKASEDLKKHGATVLT-AL-GGI-
Legh: MGA-FSEKQESLVKSSWEAFKONVPHHSAVFYTLILEKAPAAQNMFS-F---LSNGVD-P-NNPKLKAHAEKVFKMTVDSAVQ

VAHVDDMPNALSALSDLHAHKLRVDPVNFK-LLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVL-TS-K---YR-
LAHLDNLKGTFATLSELHCDKLHVDPENFR-LLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANAL-AH-K---YH-
LKKKGHHEAETKPLAQSHATKHKI-PVKYLEFISECIIQVLQSKHPGDFGADAQGAMNKALELFRKDMASNYKELGFQG
LRAKGEVVLADPTLGSVHVQKGVLDP-HFL-VVKEALLKTFKEAVGDKWNDELGNAWEVAYDELAAAT-KK-A-MGSA-

Suog uny ‘puowuini(g 12xaJy ‘SOIYN UDAIST “4DJUNT UOIIL)




Metropolis-Hastings Statistical Alignment

Lunter, Drummond, Miklos, Jensen & Hein, 2005

VY FUIVIAN

——— MYG_CHICKEN

MYG_TURTLE

HBA_HUMAN

HBA_CHICKEN

L——HBA_TURTLE

HBB_HUMAN

HBB_CHICKEN

HBB_TURTLE

LGB1_LUPLU

( e o
Figure € 0.2 subsitutions per site
b ] _ o - i
V—LSPADKTNVEA MR VEAHAGEY A EALERMFT SFPTTKTYF PHE DL SH-——GEAWKGCAFEKVALA LTI R —— —VAHVIDMP NALSA LSDL HA HKLRVDPVNE —KLLSHCLIN TIAA HL PAFF TEAV B SI DEFIASVSIVLTSKY———R.
V—LEAADKNNVEGIFIK IAGHREE Y A ETLERMF T TYPPTKTYF PHE —DLSH-——GEAQ TKGHEH KW AALTEA——-ANH IDD T AGTLSKLSDL HA HKLRVDPVNE —KLLGOCF IVWVWAT HHPA AL TPENV A SICEFLAVGIVLTAKY——R.
V—INADKANVEAVANEVARAHVEE Y A ETLERMF TVYPOTKTYF PHE —-DLH-——GEAQIRTHEFEKVL TALGEA ———VNH IDDL ASALSKLSDTHAQTLRVDPVNE —KFLNACF LVVWAT HOP SVLTPEV BV SLEFLSAVGIVLTSKY———R.
V-HLTPEEKSAVTA I VI V-DEVGEEAL RLINVYPWIORFFESF DL STPLAVMIRIPKVEA B EKVLGAF SDG———LAHLDNL KGTFATLSEL HCCELHVDP ENF —RLLGNVLVCVIAHHFGREF TPEV QR A YCEKOWAGVANATAHKY——H
V-HATREERQLITGIAGE VI V-AECEREALARL LIVYPWTIORFFA SFQILSSPTA ILPMVRA R EKVL TSFGDA——-VENLDN IKNTESOLSEL HCCELHVDP ENF-RLLGD IL.ITVIAA HF SKLE TPEC QA FACK INEVVAHATARKY———H
V-HWTACERQLITSIAGE VI V-EECGSEALARL LIVYPWIORFF STRQIL AR EA ILHNP HVHA B EKVL TSFGEA———-VENLDH IKCTFATLSKL HCEKLHVDP ENF —KLLGNVLITVIASHF TREF TPACQR FACK INSAVAHATATGY———H
G— LS DERLVLNVAEVEADIPGHEEVL IRL FRGHPET LERKF DKFKHLKSEDR-K ASE DLKK HATVL TALGET — — - LEKKGHHEAETKPIAQSHATK-HKITPVEY LEF T SECT IQVLQSKHP GDEGADAR QGANMNK ALET FREDMR SNYKELGFOG
G—LSDOER OVLTITAE VEADTAGHHEVLMRL FHLHPET IDRF DKF KGLEKTPDOMKGEEDLKK HEA TVL TQLGK T —— - LECKGNHESELK P IAQTHATK-HKITPVEY LEF T SEVI IKVIAEKHAA DEGADS QR AMKK ATET FRNDMRSKYKEFGEQG
G—LSICEAHHVLG IWAKVEP DLSARCGEVI IR FCWVHPETOERFAKFKNLKTIDELR SSEEVEKKHGT IVL TALGRT———-LET KNNHEPEIKPIAESHATK-HKITPVEY LEF T CEI IVKVIAEKHP SCEGRDS QA AMREKATET FRN IR SKYKEFGFQG

GV-LIDVOVALVKSSFEEF MR NIPENTHREE TLV LETAPGAKDLF SFLEKGS SEVP O— NP DLOA HA GKVE KLTY EA A TOLOAWVNGAV ASDA TLK S LGSVHV SE-GVW DA HF -EPVWEEA T IKTIKEVWGDEA SEEL N AW TT AYDELIA TT TKKEME— DR A
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The Basics of Evolutionary Annotation

A

Unobservable

Footprinting -Signals (Churchill and Felsenstein, 96)

O
A
7
Knudsen.., 99 AN CE G
Eddy & co. A U
U
Meyer and Durbin 02
Pedersen ..., 03 Siepel
& Haussler 03 —_— —
Unobservable

P(Sequence‘Structure)P(Structure) =

P(Structure‘Sequence)P(Sequence)

Many aligned sequences

related by a known phylogeny

positions
1 ____________________________________
e 1 n
S
&
N
> s
F X ;
k
S slow -r,
fast - r;
HMM
| > ] ] |
> m [ | |
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Statistical Alignment and F ootprinting.
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SAPF - Statistical Alignment and Phylogenetic Footprinting

_[ D. simulans
D. sechellia

Alignment HMM 3 Sum out

<— Annotate

Signal HMM

1
L— |D. melanogaster|
melanogaster subgroup D. yakuba
melanogaster group Sl Target
D. erecta
D. ananassae
obscura grou, ID. pseudoobscural e
Sophophora gy [ b4
D. persimilis °
willistoni group == =
D. willistoni
coslata oo, - - -
D. mojavensis S
-]
i D. virilis °
virilis group
D. grimshawi
Hawaiian drosophila
Divergence time
| l | | | (million years)
50 40 30 20 10 0
Eve stripe 2
o kr bed kr kr kr bed hb kr
kr  kr bed ~ ot ot kr bcd SIT_kr 9t bed

P(regulatory element)

1.0

00 02 04 06 08

100

200

300

400

500

True Positive Rate
00 02 04 06 08 1.0

—— 4 Species: 85.87%
_ ---- 3 Species: 81.38%
2 Species: 61.30%

I I I I
00 02 04 06 08 10
False Positive Rate

Combining Statistical Alignment and Phylogenetic
Footprinting to Detect Regulatory Elements
R. Satija’*, L. Pachter? and J. Hein!



BigFoot: Bayesian Alignment and Phylogenetic Footprinting
for Multiple Sequences with MCMC http://www.stats.ox.ac .uk/research/genomel/software

[ ] ’ Y
Rahul Satija’ , Adém Novak! |, Istvén Miklés™? , Rune Lyngsg? , Jotun Hein? B lg OOt

Eve stripe 2
- kr bed kr kr kr bed hb  kr
kr kr bed gt gt kr bed si1 kr gt bed

* Dynamical programming is too slow for more :

than 4-6 sequences — owe m W fﬂ m

* MCMC integration is used instead — works
until 10-15 sequences - /

* For more sequences other methods are needed. ﬂ \ U Wy J

T T T T T T
0 100 200 300 400 500

Position in D. Melanogaster

Eve stripe 2
2] BigFoot -8 X
Eile MCMC Model Help

q es | Tree | Al MPD | LogLikelihood |

1.2
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