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Sequence-Sequence Alignment (P)

e Smith-Watermann Seq.1: 8, @, 85 - - A, ds...a_

Seq. 2: Cl - C203C4CS' "'Cm

e Needleman-Wunsch

Sequence-Structure Alignment (MS)

* Threading Profile 1: A; Ay Ay~ - AyAs.. A,
° Hldden Markov Profile 2: Cl - C2 C3 C4 C5 - .. .Cm

Structure-Structure Alignment (MS)
« STAMP - Barton and Russell

* CE - Bourne et al.

Sequence Database Searches (MS)
 Blast and Psi-Blast
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Sequence Alignment & Dynamic Programming

number of possible alignments:
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Smith-Waterman alignment algorithm

= I =
= = =) =}
= s o o
O o <o -
2 o = o
< = =
Qo = =
< e o W
= I =)
= =) = o
s o =
-9 <

H(i-1, j=1)+58[a(@),b()]

H(i-m,j)—W(m),0

-

MAX L H(, j-k)-W k),

H (i, j)

Score Matrix H: Traceback
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Blosum 40 Substitution Matrix
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number of possible alignments:
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Score Matrix H: Traceback
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Sequence Alignment & Dynamic Programming

Needleman-Wunsch alignment algorithm

Seq.II al 212213- - 343.5..
Seq.2: Cl - C2C3C4C5' .o

H (i, j)
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Needleman-Wunsch Global Alignment

Similarity Values Initialization of Gap Penalties

http://www.dkfz-heidelberg.de/tbi/bioinfo/PracticalSection/AliApplet/index.html



Filling out the Score Matrix H

http://www.dkfz-heidelberg.de/tbi/bioinfo/PracticalSection/AliApplet/index.html



Traceback and Alignment

The Alignment

Traceback (blue) from optimal score

http://www.dk{z-heidelberg.de/tbi/bioinfo/PracticalSection/AliApplet/index.html



Energy Landscape Theory of Structure Prediction

Archaea Eucarya

Bacteria
Animals __ .
** Ciliates
G -sulfur
i Euryarchaeota [ Plants
Gram o mMemmsm.fnaﬂahph““ —— Fungi
positives hano- r Flagellates
bacterium
Purple bacteria archaeota  bacterin 4 : . -
\ | Thermoprofeus ¢ EOCCUS v — Microsporidin
Cyanobacteria Pyrodictium® Tw /
Flavobacteria - b
Thermologales ©

Beginning of helix formation and collapse

Molten Globule
States

>
2
D
[ w
uj' Thermodynamic Barrier
] Glass Transition

¥ Discrete Folding
Intermediates

Epat b=
Mative Structure




Protein Structure Prediction

1-D protein sequence 3-D protein structure

b"‘ -
- r

2

ADb Initio protein folding
SISSIRVKSKRIQLG.... >

\ Seq-Str Alignment /

Target protein of unknown structure — SISSRVKSKRIQLGLNQAELAQKV------GTTQ:--

of known structure

\

Sequence -Structure Alienment: the Energy Function

E= Ematch T Egap —> Egap:

‘?

E

match:



Threading: Sequence-Structure Alignment

Target sequence threading alignment
between target and scaffold
*—o—0—0 0 - >

A, A, A A, AL

Threading Energy Function

H=Fk + £

contact profile

Epoie =277 (455,54,

+EH_bM+Eg

ap

2
Ecom‘act = Z Zylgcr) (Al ’Af) * U(rk T )

i,j k=1

E,, (r1)=7,log(P)

R. Goldstein, Z. Luthey-Schulten, P. Wolynes (1992, PNAS)



Gap Penalties -
’/\ Distribution
of Gaps

E,, =kT'log(P, )

Sequence-Structure Gap Energy Insertion Deletion
[=j—i

H=Econtact+Er016+E —0ns+Ea . by . .

" o gp target g ZI l] : >— L ]

= *—0o—0—0
anertion (l)_ al * eXp(_bll) scaffold l-l jl l.[ ”'Z,J, j,
[)deletion (7')= Cl2 * eXp( - (r_bzz)z)
20, Bulge

(0] (0]
range =3.0A <r<7.5A

2
a r ’I IK
}{)ulge(l’r)= : /2 *rz*exp _031_—
(031 )3 o,/
range =>r > 4.012; : ]’l;], ;

R. Goldstein, Z. Luthey-Schulten, P. Wolynes (1994) Proc 27" Annu Hawaii Int Conf Sys Sci:306.




Similarity Measures

Sequence [dentity

fraction of identically
matched residues

S = & Nmatch

sequence length

Q “Structural Identity”
fraction of native contacts

_ 2
¢ v ALN -Dv ALN




A summary of Energy Landscape Theory

Energy LLandscape Theory , R A | i
= B - Eﬁt‘*-?%._—"‘-,—"*-.,—Entmpv—f—_:"—f’--

‘ ! .f' 4

When <6ES/AE> iS maximum
the energy landscape is optimally funneled.

Optimization over an Ensemble of Folds

Enat
2

>
g
11}

>\ molten globule o

distribution ©

€ ) (’)
native states Energy Enat ' Native Structure

Onuchic , Luthey -Schulten, Wolynes (1997 ) Annu. Rev. Phys. Chem. 48:545-600.
Koretke , Luthey -schulten,Wolynes( 1996) Prot. Sci. 5:1043



Homology Modeling - Threading

Single Sequence to

Distance Cutoff, A

Single Structure

TO192T5093_1

p 1 : ] i ] i ! N
0 20 40 80 80 100
Percent of Residues (CA)



Profile - Multiple Structural
Alignments

Representative Profile of AARS Family

Class 11

o -




STAMP - Multiple Structural Alignments
1. Initial Alignment Inputs

e  Multiple Sequence alignment
« Ridged Body “Scan”

2. Refine Initial Alignment & Produce Multiple Structural
Alignment

P = {e—dijZEl } {e-sg./zEZ}
ij

probability thatresidue 1 on sructure Ais equivalentto residuej on structure B.

dﬁ — distance between i &j

Sﬁ — conformational similarity; function of ms bewteen i-1,1, i+1 and j-1, j,j+1.

*Dynamic Programming (Smith-Waterman) through P matrix gives optimal set of equivalent residues.
*This set 1s used to re-superpose the two chains. Then iterate until alignment score is unchanged.

*This procedure is performed for all pairs.

R. Russell, G. Barton (1992) Proteins 14: 309.



Multiple Structural Alignments

STAMP — cont’d
2. Refine Initial Alignment & Produce Multiple Structural Alignment

Alignment score: 5, = S, L,—i, L,—i,
L, L, A
5,= ¥ 5
ain. path

L .L,L — length of alignment, sequence A, sequence B
p9 A**~EB

iA,iB — length of gaps in A and B.

Multiple Alignment:
*Create a dendrogram using the alignment score.
*Successively align groups of proteins (from branch tips to root).
*When 2 or more sequences are 1n a group,
then average coordinates are used.



Variation 1n Secondary Structure
STAMP Output

SerRS T. thermophilus
ThrRS E. coli

ProRS T. thermophilus
ProRS M. thermoautotrophicus

SerRS T. thermophilus
ThrRS E. coli

ProRS T. thermophilus
ProRS M. thermoautotrophicus
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SerRS T. thermophilus
ThrRS E. coli

ProRS T. thermophilus
ProRS M. thermoautotroph.

)

O’Donoghue and Luthey-Schulten, UIUC 2003
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Stamp Output/Clustal Format

SerRS-T thermophilus
ThrRS-E coli

ProRS-T thermophilus
ProRS-M_ thermocautotrophicus
space

SerRS-T thermophilus
ThrRS-E _coli

ProRS-T thermophilus
ProRS-M_ thermoautotrophicus

SerRS-T_ thermophilus
ThrRS-E_coli

ProRS-T thermophilus
ProRS-M_thermoautotrophicus
space

SerRS-T_ thermophilus
ThrRS-E_coli
ProRS-T_thermophilus
ProRS-M_thermoautotrophicus

SerRS-T thermophilus
ThrRS-E coli

ProR5-T_ thermophilus
ProRS-M thermoautotrophicus
space

SerRS-T thermophilus
ThrRS-E_coli

ProRS-T thermophilus
ProRS-M thermoautotrophicus

VGGEEANREIKRVGGPPEFSFP--P--LDHVALMEKNGWWEPRISQVSGSRSYALKGDLA
————————————————————————— R--DHRKIGKQLDLY-HMO-EE~-APGMVEWHNDGW
———————————————— KGLTPOSODFSEWYLEVIQKAELAD-YG--P-VRGTIVVRPYGY
———————————————————————— EFSEWFHENILEEAEIIDORY--P-VEKGMHVWMPHGEF

—-SGGG-EEEEEES————— S e HHHHHHHHT-B-TTHHHHH-SS——--B-THHH
————————————————————————————— HHHHHHHTT-E-E---TT-STT--EE-HHHH
————————————————————— HHHHHHHHHHHHHHHTTSEE-E---S-STT-EEE-HHHH
------------------------- HHHHHHEHHHHHTT-EE—————S-STT--EE-HHHH

LYELALLRFAMDFMARRGFLPMTLPSYAREK-AFLG-TGHFPAYRDOQVWATA————— E-—
TIFRELEVEFVRSKLEEYQYQEVKGPFMMDRV-LWEKT-GHWDNYKDAMFTTS———-S-EN
ATWENIQOQVLDRMFKETGHONAYFPLFIPMSFL-——==——=—=—=— FSPELAVVTHAGGEELE
MIRKNTLKILRRILD-RDHEEVLFPLLVPEDE-LARKEATHVEGFEDEVYWVTHGGLSKLC

HHHHHHHHHHHHHHHHTT-EEEE--SEEEHH-HHHH-HT-TTTTGGGS-B=T==—=- T—=
HHHHHHHHHHEHHHHHTT-EE----SEEEHH-HHHTT-THHHHHGGG--EEE-—---E-TT
HHHHHHHHHHHHHHHHTT-EE----SEEESTT-=========——- TT--EEEE-SSSEEE
HHHHHHHHHHHHHHT-TT-EE-—--SEEEHHH-HTTSHHHHHHTTTT--EEEEETTEEER

TDLYLTGTAEVVLNALHSGEILPYEALPLRYAGYAPAFRSEA-~-GSFGKDVRGLMRVH-C
REYCIKPMNCPGHVQIFNQGLKSYRDLPLRMAEFGSCHR~-NEPS-~-G-SLHGLMRVR-G
EPLAVRPTSETVIGYMWSEWIRSWRDLPOLLNOWGNVVRW--E-——--M-RTRPFLRTSE-
RELALRPTSETVMYPMFALWVRSHTDLPMREYQVVNTFRY-ET----K-HTRPLIRVREL

SSEEE-S-THHHHHHHTTT-EEEGGG-SEEEEEEEEEE-————- S--S8TTTTTTS-5-E
EEEEE-S5-SHHHHHHHHTSS--BTTT-SEEEEE--EEE-=--===G--G-G-BTTTB-5-E
EEEEE-S-SHHHHHHHHHHH--BGGG--EEEEEEEEEE————————— 5-S-BTTTB-SE-
EEEEE-SSSHHHHHHEHHHHH--BTTT--EEEEEEEEEE-=—==————- S-—--BTTTB-SEE

From multiple sequence alignment compute position probabilities for amino acids and gaps!!!!



Hidden Markov Models of
Transmembrane Proteins

loop

penetratiog

Bacteriorhodpsin/Rhodopsins Olfactory Receptor/Bovine Rhodopsin
J. Wang, Z. Luthey-Schulten, K. Suslick (2003) PNAS 100(6):3035-9



Stamp Profile

d119ha_3 MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPVOFSNLAAYNFILIEGFPRNFLTLYVTVQH
d1e128 <secsecsccccscsccsscscesanccns R-ENALLSESLVEnVALAGEETLEF VPNGRT-- IR
LEVEC ARG TLAFAJAGRD--AG

TR SRR S A SRS AR N I Resin MVGL

d11%ha_ 3 KKLRTPLNYI ADLFH C-I‘TTLYTSLHCYF? e e e La GPTGCNL
diei2a  PG---RPRLI m SSYL - Tvc ENPAGHALAENVA - - SQWG
dijgja_1 S----GERR u VYAVRA-----L-- GUVPR--------- -EAT--VFVP

d119ha_3 EuFFA AI‘H sLl- uzavwvcxpnsnmmarm FTUVJARECAAPPLVGW
dlei2a TWA LA-LGLM-A-vcvcccccncen ) FTVIAAD TG--LA
dijgja_1 DW1I F-LG nsm-:

chmmmmmmemeeaes G---- IvITR AG--FA

dil9ha 3 SRYIPEGMQCSCGIDYY- HEETI'J! VITHFWH INPLIVIFF-CYQ-QLVFTVKEAAAAT
diel2a A MN--T CA F LSALVTDW-JASA-S

dijgja_l Ph==vvcccenn-s M--VP-§--- ur-; IGEYYLVGPN-TESA~S-vvvomnn=
d119ha_3 TOKAEKERT AGVAF-Y-IFTHQGEO-FCPIFNRIPAFAK-TRAVYNP
dlel2a --84--GTA TWL PIVWA vE——G A QRVGATEVAYSVLDEFAKYV
dijgja_1 QRSSGRK LR)\LTUVL FRVL PTVDVALIVJLO@VERVG
diloha 3 YN -PNEQFRNCMVTTLCCGENPLGDST - -TVSKTETSOV-APA- -~ - - - -~ -

dle12a  FRELLRWEAN - - - - o cmcm e NERT--------- VAV--cccmceeea

dijgja.l FRALDA-=Afcccccccncncccccncnncccnncccancncascsansnncanansn

Sethi and Luthey-Schulten, UIUC 2003



Building HMM HMM.982259 ..
Selected Option for HMM Model HMIM.982259: build

HMMEER:Z .0 [2.20]
NAME inclustal

LENG 370

ALPH Amino

EF no

3 no

MAFP ves

COM Fuar/ local/bin/hrrbuild Ahioftmpdinclustal .982259. e Ahiod tmps inclustal . 982259

NISEQ 3

DATE Sun Jun & 13:12:11 2003

CEITM 1057

T -g455 -4 1000 -1000 -3455 -4 —-g455 -4

NULT -3 —-5455

NULE 595 -15&58 a5 338 294 453 -11%&58 197 249 902  -1085 =142

HMH A Z D E F x H I K L Jul M

m—>1n m—>1i wm—>d i—=>m i-=>1i d-=1m d-=d h—>m m—>e
-5a7 ¥ —-1622

1 -1029 <1038 -Z2zZ200 -19:8 =323 =2073 -=1373 319 -1471 589 qzlg =1777
- -149 =500 233 43 -381 399 106 -6BZ6 210 —-466 =720 275
- -3l -5105 -=714% -8924 -1115 =701 -=1378 =367 w
2 =706 -1410 -63 -215 -1848 -1134 -697 -2058 -551 -2198 -1604 3525
- -1419 -50a0 233 43 -381 399 106 —-B26 210 -466 -7zl 275
- -3l -—-el1l05 -=-7147 -594 -1115 =701 -1378 ; ;
3 -855 -1188 -14:21 -1e05 -Z2587 33786 -1871 -=-2629 -1846 =276l -2202 -1433
- -149 =500 233 43 -381 399 106 -6BZ6 210 —-466 =720 275
- -31 -5105 -=-77147 -894 -1115 =701 -1378 ; ;
4 -101 -603 -1245 -1124 -1643 -91a -111& -943 -1033 -143Z2 —94q4q -909
- -1413 =101 233 43 -381 KE=l= 106 -626 210 -466 -7z 275

= -31 -&6105 -7147 -&894 -1115 =701 -—1378 3 3




Protein X : A B - B A

Protein Y : A - - B A

Protein Z : A A B A A

State & : M, M, I, M;j M,
D,

M, - ith Match State
I. — ithInsert State

4

D, - i Delete State

P(xj,t) = P{Xj )= t} X P(Jrj = t)

=€(Xj Jrj=t)xa(atj=t‘nj-1=s)

New protein aligned to profile with Verterbi
(Dynamic Programming) algorithm -
Maximum probability path through state
transitions.

State transition Probabilities (a)

M;,—» M, M;—» D, | M;—» [
0.67 0.33 0
0.67 0 0.33
1 0 0

Position dependent amino acid

(Emission) Probabilities (e¢) - PSSM

i-M e(AIM) | e(BIM)
1 1 0
2 0.5 0.5
3 0.33 0.67
4 1 0

Amino acid probabilities at insert states is background
probability of occurrence of the corresponding amino acid.
P(A|l) =0.72
P(B|I) = 0.28

Leads to affine gap penalty.
P(-D) = 1.




HMMer Profile-Profile
Alignment

d11%ha_3 MNGTEGPNFYVPFSNKTGVVRSPFEAPQYY[JAEPVQFSHMLAAYNFLL iHI.GFPINFI,Tl.Y\’TVﬂH

dlel2a  ----mssssescemesceseeeeeeees R-ENALLSSSLMENVALAGENILEFRYNGRT-- IR
dlatd_ 1 --------eeeooo- ~-------A--0--TGRPENIVLALGTALMGLGTLYFJVKGNG-VSD
d1JEJa]l —-mm e e MVGLETLFVLGAIGHLECTLAFAWAGRD-A-G
d119ha_3 -KJLARTPLEYILLKLAJADLFHJFG LYTSLHGYFY-F GPTGCN
dlel12a i'JI——-—PRl IRGAT lI’L‘—IS’(LGLL ------- scl unltm-mnulcmvu—-quu
diat9_1 P-D- FYAITTEPAIAF -EMYLEML------- LGYGETHMVPF GEQNP

dijgja.1 S§-G YYVTLJGISGTAA-VYAVHA LGGuVPY AFR v
d119ha_3 Lﬁcrn.'n.c.r' W - sx.. IERYVVVCKPHSNFRFGENHARNG r'rwnlnm.r.pnlc
dlel2a ~r|1mu.|| LLA-LGL ——A ------------ D----§ GMCVTG-L-
dlat9_1 fYAD'n FTTPL- LLD 1] ------------ D----ADOG ADGINEGTG-L -
dijgja.1 PRYJOWELTTPL LGL, G |nsnr—r wmlw LAG-F
di19ha 3 WSRYIPEGMQCSCGIDYY Pntenmr:]nrrm-*wm-‘l PLIVIFF-CYG-QLV-FTVKEAAAA
dlei2a Al - - M-TT AISCA-FF ISAIVTII ~-AAS--AS--------
dlat9_1 VGA-----co-ao-- L-T- wu-q AISTA-ANEY IWIFM, L
dijgja_l AGA--------non- M-V-P-G--1E AV-AFIGIYYLVGPN-TES - -AS--------

d119ha_3 TTO-KAEKEVTREVEEEYIAFEECELP u,nr Y-IFTHQGED-FCPIFNTHPAFFAK -IAVY

dlei2a -~ --Sh--GTAEfFDTLRVLTVVLEL wa IVE- -G -ALVOEVGATEVARSVLDVFAKYV
diat9_1  ---ESNAPEVASTFEELANETVVLES vw. SE--GA-JV-PLUETELEVLOVEARVG
dijgja_1 ---0-RSSGEXSEMRLRNLTVVLEAL PF.HL PP--GJ-ALE-BP YLO@VTKVG

d119ha_3 NPVEYE--M lhKIFRk(“WTTLf‘C FNF‘L(‘-[IQ——TT':‘%KTET‘-‘.I'JHP!.
dieiZa  FJFHLL ERTV

diat9_1 FGL ILnsnA I-Freoosonmesennnnnes Greorromonnnanans
dijgja_ 1 FGFJJALD - -A-A-A- oo e oo e

Sethi and Luthey-Schulten, UIUC 2003



Clustal Profile-Profile Alignment

d119ha_3 NNGTEGPNFYVPFSHKTGYVRSPFEAPQYYLAEPWQFSNLAAYMFLLI cr 1TI 'r
dlel2a 2 seeesesesescssscececseeeeeee- R-ENALLSESEVENEALA

dijgja.l 000 e VOLELFWLEATGM (:TLAH .\c,re
1AT9__ _BACTERIO ------mmmmmmmmmm oo EAEMTORPEWEWLEEGCTALGCHGTI
d119ha_3 VTVQHKKLRTPLUYILLNLAJADLENRFCEATTLYTSLHGYRV-F

diel2a T——.RPG———RI'RL;.GA‘_' LJ SSYLGLL ----- S--GLTHG .EHI’&GHIALAI
dljgja_ D--AGS----GERBYYVTLRGISGIAA-EEYARMA--- - - L- CWVFPR---------
|J.19___BAC'1"FRIJ GNGSDP - - -DAJRFYAITTIPATAF v BGLTRVPFG

d119ha_3 -~ -GPTGCHLEGFFATLGGEARV-SLE- :.J.Isnwwca-:wsxrnrczxnglc?
diel2a ENVA--SOMERY HALI*E' LLA-LGEL-K--mmmmmeemane D---- FTV
dijgia.1 -ERT--@VPRY LTTPL-gYF-LC@L-A-------cnuuu- G----@DSREFEIV
1AT9___BACTERIO -GEQNP HI.R".I.DU FTTPLLELDLALLYED ADQGENL AN
d119ha_3 WVMAJACAAPPLVGUSRYI PEGKUC::CG;DY" HEE‘N{ FVIYMFVVHFIRPLIVY
diel2a IRADEGHCYTC--LANA-- -—--N- AFRAISCA-FFEE@LSAL
dijgja_1 ITLETVVRLAG--FAGA---cccaanax N--\' - ---Ii» Al GAV-AFIGEEYYL
1ATS___BACTERIO [ADGIMPGTG--LVGA---------ccoonn LTKVYSH AISTA-AMJYRLYVL
d119ha_3 FF-CYG-QLVFTVKEAAAATTQKAEKEVT -\'fAF- A(,UAF Y-IFTHQG
dlel2a VTIDR-AASA-8--ccemmaae SA--GTAEMFDTLRVLTVV cv}‘--a
dijgja_1 VGPM-TESA-S----vvmvmn- qasscli(s RLRHLTVV GPP - - G-
1ATS___BACTERIO FFGTSKJE----- - - —----SNRPEVASTFKJLRUJJTVY GSE --G
d119ha_3 ID FGPIFMTHPAFFAK-TAYYNEVEYRN- PIFOF‘H'II"FUT LCCGKNPLGDST--TVS
diel2a 'mr'u SVLDVFAKYVFJFRLLR NERT
dijgja_1 HL' YLO@VTKVGFGFHALDA- u. --------------------------
1AT9___BACTERIO vPLY VLDVAKVCFGLELLRSRAIFG--------ommmmmmmm e EAEAP
d11%ha_3 KTETSQV-APA

diel2a VAV

dijgia_.f = & mees-ceama-

1ATO_. BAC‘TERID EPSADGAAATS

Sethi and Luthey-Schulten, 2003



Refine Structure Prediction with
Modeller 6.2

Sethi and Luthey-Schulten, UIUC 2003 Modeller 6.2 A. Sali, et al.



Distance Cutoff, A

Distance Cutoff, A

CM/Fold Recognition Results from CASP5
Lessons Learned

TO182TS093_1
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The prediction is never better
than the scaffold.

Threading Energy Function and
Profiles need improvement.



We need non-redundant, evolutionary
profiles! True representative sets of
protein sequences and structures
from which to draw correct statistical
iInferences. Structure more conserved
than sequence!!!ll You are now

entering the twilight zone of sequence
identity.

Watch for Bioinformants!!!



Profiles — Evolution Revisited

* “What molecular sequences taught us 1n the
1960°s was that the genealogical history of
an organism 1s written to one extent or
another into the sequences of each of its
genes, an 1nsight that became the central
tenet of a new discipline, molecular
evolution”

 Woese (PNAS, 2000) Pauling (1965)
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