Data {GTCAT,GTTGGT,GTCA,CTCA}
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Thorne-Kishino-Felsenstein (1991) Process

* A # C G
T=0

A (birth rate) < p (death rate)
1. P(s) = (1-Mp)(Mp)' mp A «we*T | =length(s)

' sl
R
sl s2 S2

2. Time reversible: s1



A & p into Alignment Blocks

A. Amino Acids lgnored:

H — — - H - - - - * _ _ _ _
HH#H#H - HHHH * HoHH B
Kk K K
e Ht[1-AB] (AR~ [1-AB-uB1 (AR [1-AB] (AB)K
P (E) P71
B=[1-e-t]/ [u-reC-#1] p”o()= HB(E) P

B. Amino Acids Considered:

T - - -

RQSW Pe(T-->R)*ny*. . *n,*p,(t)
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Differential Equations for p-functions

# - - . _
#HH .. H

Ap, = AT[A*(K-1) pPy1 + p*K*Pyy - (M) *K*pd

Ap” | EA*[A*(k-1) p? it (K+1)*p” - (M) *K*p 7+ Py ]

x

THHEH .. H

Ap” 7\ EAC[A*K*P” 7 L+t (k+1)*p” 7 - [(k+DA+kp]*p” 7 ]

Initial Conditions: p(0)= p,””(O)=p’ (0O)=0 k>1
P.(0)= py” 7 (0)= 1. P’o (0)=0




Basic Pairwise Recursion (O(length?))

P(sl, =52 ) / i
Survives: / \

i 10
M1 j
-1 -1 1

P(Sll._1 — S2J._2) pzv 72.(32[]]) P(Sli_l N Szj—l) * p'l*ﬂ-(SZ[ J])

f (<], 520§~ 1) ,,,,,,,,,,,,,,,,,,,,,,,,

e "M 1-ABT(AB)KL, where

B=[1-e* W]/ [u-reP-1]
1...] (j) cases 0...] (j+1) cases




Basic Pairwise Recursion (O(length?))

survive pd

death 7

J (i-1,)) — (i,j)
| 7
-1 (i-1,-1)

Initial condition:

p=s2[1]]

i
\‘ (i-1,j-k)




Accelleration of Pairwise Algorithm

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

Corner Cutting ~100-1000

E L]
E
. =1
Better Numerical Search ~10-100 = |
= J
Ex.: good start guess, 28 evaluations, 3 iterations “_‘|=I: i
-:-.e-,.!_L
LR =] '-q_,_h L
) ) ;u:l.'; — __.f"’_f--- -
Simpler Recursion ~3-10 wom” g 20
LL L5 1=

Faster Computers ~250

1991-->2000 ~106




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

430.108
327.320
747 .428

AL
u*t:
s*t:

E(Length)
143.499

-1og(a-globin)
-log(a-globin —-> B-globin)
-log(a-globin, B-globin) = -log(lI(sumalign))

0.0371805 +/- 0.0135899

0.0374396 +/- 0.0136846
0.91701 +/- 0.119556

E(Insertions,Deletions) E(Substitutions)
5.37255 131.59

Maximum contributing alignment:

V-LSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHF-DLS--H---GSAQVKGHGKKVADALT
VHLTPEEKSAVTALWGKV--NVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNPKVKAHGKKVLGAFS

NAVAHVDDMPNALSALSDLHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSKYR
DGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH

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



The invasion of the immortal link
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Markov Chains Generating the p-functions

Ancestral Sequence Generator

| # E
* M T=p * H # #
G Ap 1-A/p H

p”’” function generator

# E “
“|AB 1— AB - T T T
_ oy # # #
2| AB 1- AB

'p’/p function generator

# # - - - -
# E P ” =e™”
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Statistical Alignment via Hidden Markov Models

Steel and Hein,2001 + Holmes and Bruno,2001

_ # # E
& # - E
AB My (1= AB)e Mu (1- AB)(1— e+) (1= Mp) (1= AB)
AB Mp (1-Ap)e+ Mp (1-AB)(1- e™®) (1- M) (1-AB)
AB Mp (1-2AB)e+ Mp (1-AB)(1- e™®) (1- M) (1-1AB)
1- A% AR (u-A)p
1-e™ 1-¢* AB 1-¢*
\ .
7 HMM formulation allows:
A —H .. .
N — Finding most probable alignment
o w(A) 1-e
(- B1-e”” Probability of sequence pair
Probability of specific edge
A C




Why multiple statistical alignment is non-trivial.

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

Optimisation Alignment Statistical Alignment
*ACG C *TT GT
s1 S2
AT-C G ~__ /
ATGC C
CT-C C

a\ HHHE > ()

S3*ACG G
 An HMM generating alignment according to TKF91:
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Maximum likelihood phylogeny and alignment
Legh

Human alpha hemoglobin;

Human beta hemoglobin;

Human myoglobin

Bean leghemoglobin

Probability of data p-1560.138
Probability of data and alignment p-1593.223
Probability of alignment given data 4.279 * 1015 = 3308 Hbj
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

Buog unA ‘puowiiniQ 19X3]Y ‘SOPIA URAIS| ‘191UnT U089

VAHVDDMPNALSALSDLHAHKLRVDPVNFK-LLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVL-TS-K-—-YR-
LAHLDNLKGTFATLSELHCDKLHVDPENFR-LLGNVLVCVLAHHFGKEFTPPVQAAYQKVVAGVANAL-AH-K---YH-
LKKKGHHEAEIKPLAQSHATKHKI-PVKYLEFISECIIQVLQSKHPGDFGADAQGAMNKALELFRKDMASNYKELGFQG
LRAKGEVVLADPTLGSVHVQKGVLDP-HFL-VVKEALLKTFKEAVGDKWNDELGNAWEVAYDELAAAI-KK-A-MGSA-




Metropolis-Hastings Statistical Alignment.

Lunter, Drummond, Miklos, Jensen & Hein, 2005

The alignment moves:

: : ST--QCC-S TNQHVSCTGN

We choose a random window in the ALITL---GG |9 Q Q
i S------ CCs GN-HVSCTGK

current alignment ALLTLTTLGG

- _TLTSLGA | -~ -QST--QC TNQH-SCTLN
ALLGLTSLGA | -~ ~QST--QC TNQHVSCTLN
Then delete all gaps so we get ALITL---GG QSTQCCS TNQHVSCTGN
back subsequences ALLTLTTLGG SCCS GN-HVSCTGK
---TLTSLGA QSTQC TNQH-SCTLN
ALLGLTSLGA QSTQC TNQHVSCTLN
Stochastically realign this part ALITL---GG QSTQCCS TNQHVSCTGN
ALLTLTTLGG -S--CCS GN-HVSCTGK
---TLTSLGA QSTQC- - TNQH-SCTLN
ALLGLTSLGA QSTQC- - TNQHVSCTLN

The phylogeny moves:

As In Drummond et al.
2002



Metropolis-Hastings Statistical Alignment

Lunter, Drummond, Miklos, Jensen & Hein, 2005

VY3 FTUIVIA

L MYG_CHICKEN

MYG_TURTLE

HBA_HUMAMN

—— HBA_CHICKEM

——— HBA_TURTLE

HBB_HUMAN

HEEB_CHICKEN

—— HEE_TURTLE

LGB1_LUPLU

0.2 subsitutions per site

1 -
=3
o T h -
i 1g] 1 _ o [] i
o
V—LEPADETHVERAAR G VEAHAGE YA FALFRMF TR P TTETYFPHE DL SH-——GSA VR FVADAL THA ——VAHVIDHP HALSA LSDT HA HEL RV IFVHF - FLLSACLIN TLAR HL PAFF TEAV A S LEFIASVSTVLTSKY——R
V—LEARDFIVE G IF IR TAGHAEE Y A ETLERFF TTYPETETYFPHE —DLESH——GEA0 TREHE WV AALLEA ———AlNH ITD TAGTLSELSDTHA HELENV DFVHE - ELLGOCF IVWAT HHPAARLTEEN HA SLOEFLCAVG IV LTAEf——FR
V— IR FRNVERVANEVRA EVEE T A ETLERFF TV POTETYFPHE -DLHE-— —GEA0 TRTH VL TALGER ———VIH IDDLASALSELSD T HAQOTLENV TFVHE —KELINHCF L T HCP SWVLTEEN BV SLLEFLSAVGTVLT SEf———R
V-HLTPEEESANTA TRV V- DEV GEFAL GRLIAV VY PR TORFFESF DL STPTAVM R E EVEARFFVLGAF SD—— - TAHLINT KGTFATLSEI HCOELHVIEP ENF -RLLGHVIVCVIAHHFGEFE TRV (AR Y CEWWAGVANATAHK Y ——H
V-H TAFEFROL T TG LRV V-ARCGAFALARLL VY PR TORFFASE L SSF TA T LMV RARGEEVL TSFGIA——VENLON TEHTFSOLSET HCDELHYIP ENF -RLLGD ILT TVILARA HF SECE TEEC (APRCE TN HATAREY———H
V-H TADEROL T TS TRV V-EECGSFALARL L TWVY PR TORFF STF L SR FA TLHNE HVHA RS FVL TSFGEA——VENLOH TKCTFATLSET HCFELHAVIP ENF —FLLGHVLI TVLAS HF TEFF TEAC (A RRCE IV SAVAHATATGY—H
G—LEDEEWILVLNVRGVEA D TR GRE0FVL IRL FREHPET LERF DEF EHLESEDEME ASE DLEFE BGATVL TALSGT —— - IEKFKGHHFARTRP IAQSHA TH-HE TPVEY LEF T SECT TOVLOSEHP GOEGADR OGANHEATET FRETMA SHYFELGFOG
G—LEDCEWOOVL TTW G VEA D TAGREHFVLMEL FHCHPET LORF DEF EGLETPDCMEGSE DLEFE BEATVL TOLEE T ———IKCHGHN HESELER LAQTHA TH-HE TPVEY LEF T SEVI IEWVIAEKAAACEGADS (AANFEATLET FENOMASEYRERGE G
G—LEDIDERHHVLG TWARVER DLSAREOFN L IRLFCWVHP ETORERFARKFENLET IDELR S5E EVEEHGT IVL TALGR T———IKT EHNHEPEILEP IAFRSHATE-HETPVEY LEF T CE I TVEWVIAEKHP SCEGADS (AANMFEALET FRNIMA SEYFEFGFOG

G- LTIWVOVATLVESSFEEFMANTIPENTHREE TIV LE TAP GARDLE SFLEGS SEVP O—HNPDLOAHA GEVEELTY EAA TOLAVRGAV ASCATTES LGSV HV SE-GVW A HF W EEAT LE TIEEVWVGIEN SEET NTARW TT AYDELA T T TKFEME—LOAA
CHTHCAT AT AT CHTACECATHAT AT ECATITANE CTECATIOE CArATY e e e CECAT AT AT AT (AT AT AT AT AT AT AT AT AT AT AT
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