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Terminology

Superposition
» Given correspondences,
compute optimal alignment transformation, and
compute alignment score
Alignment

« Find correspondences, and then
superpose structures

~
Structure vs. Sequence

[Orengo04, Fig 6
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Goal

Align protein structures
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PHE ASP | LE CYS ARG LEU PRO GLY SER ALA GLU ALA VAL CYS
PHE ASN VAL CYS ARG THR PRO --- --- --- GU ALA I LE CYS
PHE ASN VAL CYS ARG --- --- --- THR PRO GLU ALA I LE CYS
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[Marian Novomy]

Structure vs. Sequence

Sequence Identity (Structure similarity)

[Orengo04, Fig 6.2] )
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Applications

Fundamental step in:
 Analysis
* Visualization
« Comparison
« Design

Useful for:
« Structure classification
« Structure prediction
 Function prediction
« Drug discovery

Comparison of S1 binding pockets
of thrombin (blue) and trypsin (red).

[Katzenholtz00]
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Goals

Desirable properties:
» Automatic
« Discriminating
» Fast
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Methodological Issues

Choices:
* Representation
« Scoring function
 Search algorithm

-

Methodological Issues

Factors governing choices:
 Application: homology detection, drug design, etc.
» Granularity: atom, residue, fragment, SSE
» Representation: inter-molecular, intra-molecular
« Scoring: geometric, gaps, chemical, structural, etc.
« Correspondences: sequential, non-sequential
« Gap penalty: expect gaps near loops, etc.
« Flexibility: rigid, flexible
« Target: single protein, representative proteins, PDB
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Theoretical Issues ﬁ

NP-complete problem
« Arbitrary gap lengths
« Global scoring function

1 2 3 4 5 6 7 8 9 10 11 12 13 14
PHE ASP I LE CYS ARG LEU PRO QLY SER ALA GLU ALA VAL CYS

PHE ASN VAL CYS ARG THR PRO --- --- --- GLU ALA I LE CYS
PHE ASN VAL CYS ARG --- --- --- THR PRO GLU ALA | LE CYS
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Methodological Issues

Factors governing choices:

()
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Methodological Issues

Representations:
« Residue positions
 Local geometry
« Side chain contacts
« Distance matrices (DALI)
« Properties (COMPARER)
* SSEs (SSM, VAST)
« Geometric invariants
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Methodological Issues

Scoring functions:
« Distances (RMSD)
* Substitutions
* Gaps
( )
Outline B
Alignment issues
Example alignment methods <=
Fold prediction experiment
Function prediction experiment
J
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Methodological Issues

Search algorithms:
« Heuristics (CE)
* Monte Carlo (DALI, VAST)
« Dynamic programming (STRUCTAL, SSAP)
« Graph matching (SSM)
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Example Methods
SSAP Taylor & Orengo, 1989
STRUCTAL Subbiah, Laurents & Levitt, 1993
Gerstein & Levitt 1998
DALI Holm & Sander, 1993
Holm & Park, 2000
DEJAVU /LSQMAN Kleywegt, 1996
CE Shindyalov & Bourne, 1998
SSM Krissinel & Henrick, 2003
+ 30 others!
Slide by Rachel i\w\»uu\/
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Vector view for protein A

L (i, ) comparison with
|, dynamic aigorithm
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‘Vector view for protein B

Residue level score matrix

Generate path for each

if (score > threshold)
Add palh o summary

2\

Score mars
i Summary score matrix )
Compare vector environments oo commcn N\
(for selected . residue pair, !
having simiar accessibity and 2 Apply dynanic aigortm
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Basic steps:
1. Compare octameric fragments to create candidate
aligned fragment pairs (AFP)
2. Stitch together AFPs according to heuristics
3. Find the optimal path through the AFPs

Alignment Path
Protein A Protein A
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SSM
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Two-step solution:

1. Graph representation of structures
2. Graph matching
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SSM

Graph representation of molecular structures

Slide by Eugene Krissne

« Simple and intuitive, however results in intractably large graphs
for proteins

Solution: build graphs over stable substructures, such as
secondary structure elements (SSEs). Having a correspondence
between SSEs, one may use that for the 3D alignment of all core
atoms.

Slide by Bugene Krissnel )
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SSM v 9
Slide by Eugene Kriss .

Graph representation of protein SSEs

E. M. Mitchell et al. (1990) J. Mol. Biol. 212:151
A.P.Singhand D. L. Brutlag (1997) ISMB-97 4:284
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SSM

C, alignment

« SSE-alignment is used as an initial guess for Cq-alignment

Slide by Eugene Krissr

* Cq-alignment is an iterative procedure based on the expansion of shortest
contacts at best superposition of structures

* Cg-alignment is a compromise between the alignment length N, and r.m.s.d.
The optimised quantity is

Slide by Bugene Krissnel )
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SSM

Protein graph labeling

Slide by Eugene Krissne

Composite label of avertex

* type - helix or strand
* lengthr

Composite label of an edge

* length L (directed if connects
vertices from the same chain)

* vertex orientation angles a, and a,

* torsion anglet

Vertex and edge labels are matched
with thresholds on particular
quantities

Slide by Eugene Krissnel )
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SSM

Statistical significance of match

* The overall probability of getting a particular match score by chance
is the measure of the statistical significance of the match

Slide by Eugene Krissne

N combinations

Patye = PSemsa) [1P(Ssse)
\ SSE ‘

Py~ [o(y)y
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SSM output List of matches
) Structure Alignment Results
¢ Table of matched Secondary Structure Elements (SSE alignment) amsttcon
e Table of matched core atoms (C, - alignment ) with dists between them Query:pdb entry 11de, chain [ =1 476 residues B
. ) ) n (£C112%) TANT WIT TR 111D 4 REPLACED B PHE V145% COMPLENED WITH PROUATE 1155
* Rotational-translation matrix of best structure superposition .
R Examined 19295 entries (38511 chains), Back to query
¢ Rm.s.d. of C,-alignment Matches 1-14 of 14. et sty
e Length of C,-alignment N, Scoring Amed Query Target (PDB entry)
" T
. . Q| P |z s %yse | Match “",,\N,,,‘ Title
* Number of gaps in C,- alignment N,
a 9 | L-LACTATE DEHYDROGENASE: CYTOCHR
. | CHDGREDUETASE 1LDE 3 (FLAVBCVBEHRONE
« Quality score Q L |1.00]62.6/27.4) 0.00 478 |0 /100 | 100 | 1rce:a 100 478 |EECT TR e e
PYRINATE 1L0C S
 Probability estimate for the match Py, 2 [0.9962.7 23.8| 0.30 478 1 [100 | 100 1lco:A | 91 |480 |L-LACTATE DEHYDROGENASE; 1LCO4
P 3 [0.98(59.523.1( 0.41 [478 |1 100 | 100 |11td:A| 89 |481 |FiayACYIOCHAOME B-2:(E.C.1.1 23) COMPLEKED
* Z-characteristics WITH BULFITE 10105
4 [0.94(59.1 23.1| 0.56 478 | 1 100 | 97 |1fchiA| 51 |434 |FLAVOCYIOCHAOME 882 £C1.123)1FCB3
i i CRVSTALLOGRAPHIC STUDY OF THE FECONEINANT
* Sequence identity s (0ot |s5.a|22.3] 050 |a7a |2 | 98 | 57 |tkpica| g6 |50 |FLNBHNDNG DOAN O RS vEAST
INTACTLD- VPE ENEVME
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SSM

SSE alignment

SSM

Match details

Slide by Eugene Krissne

Secondary Structure Alignment

Query PDB 11dc:A Target PDB 1huv:A
10|HL 13]A|28N 124 |LEU 136 11HL 13]A|A8N 7 |LEU 19
11061 1D|A|THR 137 |SER 146
12|HL 10|A|GLU 151 |2La 160
13|SD  3|A|PHE 192 |VAL 194
14]HL 10]a|GLY 208 |GLY 217
15]SD  4|A|GIN 225 |SER 228
1611 B|AISER 234 |aLa 241
17]SD  5|A|GLN 249 |LEU 253
18|HL 15|a|28P 258 |LEU 272
191SD  4|A[LEU 277 |THR 280
20[HI  B|A|ARG 289 |LYS 296
21(H1 12(a|THR 331 |THR 342

& SN !
Back fo match list frstmatoh | << | = | lastmatch C ./ ot . : 2218D  6|A|ILE 346 |VAL 351

Match 17 of 22

23|HL 11|a|3RG 353 |ILE 363
241sD  4]a|GLY 367 |LEU 370
25|HL 16|a|ALA 383 |ARG 398
Query PDB 11dc:A Alignment 27(SD  5|A|GLU 405 |ASP 409
ety © g 280HL 11]A|ARG 414 |LEU 424
Ny [ % [ Nege ‘x Q P ‘nMsn ‘ Ny 29|sD  4|A|GLY 428 |LEU 431 268D 4|A|ALA 303 |LEU 306

T e 30/HL 351AIGLY 432 |GLY 46 27|m 35|AIGLY 307 |GLY 341

12010 1 30.07 L L.19° | SCOP domain | SCOP fari y OCA | SCOP domain | SCOP ey

20/HL 11|a[SER 235 |GLU 245
211sD  4|A[GLY 249 |LEU 252
23|HL 10|A[VAL 269 [GLY 278
24|sD  3|A|VAL 281 |ILE 283
25|HL 11|A|3RG 289 |LEU 299

478 OCA|S
L-LACTATE DEHVDROGENASE: | | GeneCensus | FSSP | 3Dee | CATH | PDBsum
cHno M55 T

M 7143 PmluMap MDLB_PSEPU, GOX_SPIOL
(COMPLEKED ViTH PYRUVATE 11L0C'S|

viow|doniosa sequence | viewsuperposes | view| __sowniosd sequance |

Slide by Bugene Krissn Slide by Eugene Krissnel )

view| _sownioad | viw superposes | Sownoza
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SSM Results
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Rotanon—«rnnslanon matrix
(tobe.

pplcd to he query) Rotational-translation matrix of ADFR:A 160

v.423 [ 0563 | f s8.778 iti
}XH .| sam| best superposition
0.852 [ =0.020 | [z | =59.445

3D Structural alignment
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Total 4 helice ) 1 160

2 il e Krissnel ) strands PDB entry
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SSM Results G
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PDB entry
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Outline B
Alignment issues
Example alignment methods
Fold prediction experiment <=
Function prediction experiment
J
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Fold Prediction Experiments

Kolodny, Koehl, & Levitt [2005]
* ROC curves and geometric measures using CATH

Sierk & Pearson [2004]
* ROC curves using CATH

Novotny et al. [2004]
» Checked a few dozen cases using CATH

Leplae & Hubbard [2002]
* ROC curves using SCOP
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SSM Results ﬁ

Slide by Eugene Krissn
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Fold Prediction Experiments

Evaluate how useful alignment algorithms are for
predicting a protein’s fold

How?

e A
Fold Prediction Experiments E

Kolodny, Koehl, & Levitt [2005] <=
* ROC curves and geometric measures using CATH

Sierk & Pearson [2004]
* ROC curves using CATH

Novotny et al. [2004]
* Checked a few dozen cases using CATH

Leplae & Hubbard [2002]
« ROC curves using SCOP




Large scale alignment study
* 2,930 structures (all pairs)
* 6 structural alignment algorithms
* 4 geometric scoring functions
« Evaluation with respect to CATH topology level
* 20,000 hours of compute time

s N
Kolodny, Koehl, & Levitt [2005] EG

J
( N
Scoring Functions G
Consider # aligned residues & geometric similarity:
AS = RMSD x100
Nmal
Also penalize gaps:
. RMSD x100
f(N, >N _—
asas = (N ZNow) 7520 -
ese 99.9
]\w\mhv\\)i\/
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SAS & Native ROC Curves
a1
=
%= 0.
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c
o 0.
So.
I ——SESQMAN
. / ——DaE!
' —— 554
=—05gap Tepma| ||
ol :
0 0.2 0.4 0.6 0.8 1 10 10° 16 16 18
Fraction of FP Log (Fraction of
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Tested Methods ﬁ
SSAP Taylor & Orengo, 1989
STRUCTAL Subbiah, Laurents & Levitt, 1993
Gerstein & Levitt 1998
DALI Holm & Sander, 1993
Holm & Park, 2000
DEJAVU /LSQMAN Kleywegt, 1996
CE Shindyalov & Bourne, 1998
SSM Krissinel & Henrick, 2003
Best-of-All Best of above methods
Slide by Rachel I\u\mhv\/
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Evaluation Using ROC Curves S
CATH groups Sort by Draw ROC curves

similarity
o 9 Score/SAS
e 5 e Perfect measur;
. ® .' §§ random
0. e |53 1 'i-' H
oo |12 o E 2le
9 | Negatives viee oz | False Positives %
ee |0 (100 - specificity)
e 1 .
oo [1 | Positives Slide by Rachel ;mmn/
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ROC Curve Issues Q
Uses only internal ordering

« Estimation of similarity e |94 o e /9400
can be very wrong - ) T

ee |53 . -I 5300

¢ 0o |12 . .\ 1200

oo |02 o o \ 200

Native scores or SAS
Converts a classification
gold standard into binary o *
truth °od
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Comparing SAS Values Directly %
a1
o
4= 0.
o
c
o0. SSAP
- js ?H%T(f\ll'
So. — (hkidn
© —slsRRMAN
— ——DQRE!
w, —— M
—BegfsafcAl
0
0 0.2 0.4 0.6 0.8 10 2 4 6 8 10
Fraction of FP TP's Average SAS
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Contributions to “Best-of-All
Total SSAP STRUCTAL DALL LSQMAN CE SSM
CSAS{S/\ 2‘7‘5)05;17 832 (0.3%) l;.ngSﬂ 5868 (2.1%) 54,606 (20%) 24,370 8.8%) -
SASSS/\ FS]Z‘:]Z;)S 498 (0.09%) (2.‘83,};2 15648 (29%) 103,408 (19.2%) 15,844 (2.9%) 117,385 (21.8%)
SlsSi\ ‘[)’7‘2;),33))1 3745 (0.4%) ‘ui?;,};o 24,767 (25%) 201,202 (21%) 17,142 (1.8%) 234,345 (24%)
MI<08 %m;éa;" 4579 (0.5%) ;Sg,vﬂs{ﬂ 31,402 (3.6%) 63,088 (7.2%) 72,974 (8.3%) 134,918 (15.3%)

buted by each method is isted and I in parentheses. The

The
largest contributor is shown in bold
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Function Prediction Experiment E

Evaluate how useful alignment methods are for
predicting a protein’s molecular function

How?

4 a
GSAS & SAS Distributions ﬁ
a 190 STRUCTAL|
W ~ gol| —— CE
£ —— LSQMAN
o 70 SSAP
'3-42- sof| — DALI
: ;_,’ 50 grsg‘am Te/
O
S
£
(=3
(%2}
0.
T /
! GZSASZ ‘ ' ZSA53 stide by Rachel ;\u\,mn\/
4 )
Outline B,
Alignment issues
Example alignment methods
Fold prediction experiment
Function prediction experiment <=
J
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Data Set E

Proteins crystallized with bound ligands
« PDB file must have resolution <3 Angstroms
« Ligands must have 220 HETATOMS

Classified by reaction/reactant
« PDB file must have an EC number (enzymes only)

« EC number must have a KEGG reaction with a reactant
whose graph closely matches ligand in PDB file

Non-redundant
* No two ligands contacting domains with same CATH S95
« No two ligands contacting domains with same SCOP SP
* No two ligands from same PDB file




351 proteins / 58 Reactions (189 outliers)

%o €% andy o

55 NAD 4m) 25 NDP o5 38 NAP (s 11 FAD 53

wh | 4 W | YR

21 ATP i) 29 ADP qo05) 6 GDP ) 12 COA i)

“Leave-one-out” classification experiment
Match every ligand against all the others in data set
* Log a “hit” when best match performs same reaction
« Report percentage of hits (correctly classified ligands)

Query 1st 2nd 3rd 4th

e ~
Data Set fg

)

e ™
Evaluation Method G

e ™
Evaluation Method j

“Leave-one-out” classification experiment
» Match every ligand against all the others in data set
Log a “hit” when best match performs same reaction
» Report percentage of hits (correctly classified ligands)

Query T Ist 2nd 3rd 4th

Nearest Neighbor Matches
SHIT?

-
Data Set

“Leave-one-out” classification experiment
Match every ligand against all the others in data set
« Log a “hit” when best match performs same reaction
« Report percentage of hits (correctly classified ligands)

Query T 1st 2nd 3rd 4th

Same Class

s N
Evaluation Method S

ws w || o || ot || w |-

p
Evaluation Method

Classification rate is 33% is this example

S S || %f || W

4

| |l o || o || o

6 | || o || o || S

3

Query Tst . 2nd 3rd 4th

£
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Use FASTA to compute Smith-Waterman score for
every pair of SCOP domains contacting ligand

> fasta34 digvoa diguya

10 20 30 40 50 60
d1lgvOa AGVLDSARFRSFI AVELGVSMQDVTACVLGGHGDAMPWKYTTVAG PVADLI SAERI A

70 80 90 100 110 120
d1gv0a ELVERTRTGGAEI VNHLKQGSAFYSPATSWEM/ESI VLDRKRVLTCAVSLDGQYGI DGT
dlguya Q VERTRKGGGEI VNLLKTGSAYYAPAAATAQMVEAVLKDKKRVVPVAAYL TGQYGLNDI

70 80 90 100 110 120

130 140 150 160
d1gv0a FVGVPVKLGKNGVEH YEI KLDQSDLDLLQKSAKI VDENCKM.

dlguya YFG/PVI L
130

EKi LELPLNEEEMAL LNASAKAVRATLDTL
140 150 160
54.487% i dentity

156 out of 163 amino acids overlap
Smi th-Water man score: 588

s N
Sequence Alignment Method EG

Use FASTA to compute Smith-Waterman score for
every pair of SCOP domains contacting ligand

D(A B) =1/max SmithWaterman(A, B)) 1ag s

s N
Sequence Alignment Method G

s 3
Sequence Alignment Results G
Tier matrix
Best Matches:

Use FASTA to compute Smith-Waterman score for
every pair of SCOP domains contacting ligand

> fasta34 digv0a diguya

10 20 30 40 50 60
dlgv0a AGVLDSARFRSFI AVELGVSMQDVTACVLGGHGDAMPWKYTTVAG PVADLI SAERI A

dlguya AGUDAARVETELAME EDVOAM MEGHENEN /DI PRESTI SGIRVSEEL APDRL A
54.487% identity 60

d1gvoa & 156 out of 163 amino Merlap b oy
d1guya ¢ Smith-Waterman scordf 588 ki hol
el N TTU 120

13 140 150 160
dlgvOa FVGVPVKI NGVEHI YEI KLDQSDL DL LQKSAKI VDENCKML
diguya YFGVPYLGAGGVEKI LELPLNEEEVAL LNASAKAVRATLDTL

130 140 150 160
54.487% i dentity

156 out of 163 amino acids overlap
Smi th-Wat er man score: 588

r N
Sequence Alignment Method ﬁ

Similarity matrix:

1/SmithWaterman Score:

e N
Sequence Alignment Results S

UMP___IMP__GTT GDP_FAD ADP_NAP NDP NAD

p
Sequence Alignment Results

UMP  IMP  GTT GDP FAD ADP NAP NDP

Classification rate
FASTA =68%
Random =<1%

Best Matches:

11
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Structure Alignment Method

Use CE to compute similarity of protein structures

CE - ~/ebi/datal pdbs/ 1j su.pdb A ~/ ebi/datalpdbs/ 1hcl . pdb _ scratch

Structure Alignment Calculator, version 1.02, last modified: Jun 15, 2001

CE Al gocit

Aligni n d= ‘2“ -
zscore o 0)
- Gaps = 30(\ %
o EEm
(

Sequer

-

Structure Alignment Results

UMP  IMP GTT GDP FAD ADP NAP NDP NAD  ATP

Tier matrix:

Best Matches:

-

Structure Alignment Results

Classification rate:  When Smith-Waterman > 500:
FASTA =68% Sequence = 80%
CE = 65% CE =72%
Random =<1% Random =<1%

When Smith-Waterman < 500:
CE =53%
FASTA =44%
Random =<1%

-

Structure Alignment Results

UMP___IMP__ GIT GDP_FAD _ADP_NAP NDP

Similarity matrix:

1/CE -Z-Score:

r

Structure Alignment Results

Classification rate:
FASTA =68%
CE = 65%
Random =<1%

r

~
CATH Matching Method E

Distance measure is proximity in CATH hierarchy
* D(A,B) = least #levels to common ancestor in hierarchy
for any pair of contacting chains

CATH hierarchy:
* Class
« Architecture
« Topology
* Homology
* S35 (Family)
* S95
* S100

12



( D) ( 2
CATH Matching Method EG CATH Matching Method G
Distance measure is proximity in CATH hierarchy Distance measure is proximity in CATH hierarchy
* D(A,B) = least #levels to common ancestor in hierarchy * D(A,B) = least #levels to common ancestor in hierarchy
for any pair of contacting chains for any pair of contacting chains
CATH hierarchy: CATH hierarchy:
« Class « Class
« Architecture « Architecture
» Topology « Topology
* Homology * Homology
« S35 (Family) « S35 (Family) A
¢ S95 * S95
« $100 « S100 A B
J J
( ) ( )
CATH Matching Results B CATH Matching Results B,
Similarity matrix ma—E T Tier matrix: UMP__IMP_GTTGDP FAD_ADP NAP NDP___ NAD
Best Matches:
CATH Distance:
4 ) ( )
CATH Matching Results B\ SCOP Matching Results B,
Classification rate:  When Smith-Waterman > 500: Classification rate:  When Smith-Waterman > 500:
FASTA =68% FASTA =80% FASTA =68% FASTA =80%
CE = 65% CE =72% CE =65% CE =72%
CATH =58% CATH = 65% SCOP =64% SCOP =72%
Random =<1% Random =<1% CATH =58% CATH =65%
Random =<1% Random =<1%
When Smith-Waterman < 500:
CE =53% When Smith-Waterman < 500:
CATH  =44% CE =53%
FASTA =44% SCOP =47%
Random =<1% CATH  =44%
FASTA  =44%
Random =<1%
J J
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Conclusion E@

Many algorithms for structural alignment,
differing according to
 Application: homology detection, drug design, etc.
 Granularity: atom, residue, fragment, SSE
» Representation: inter-molecular, intra-molecular
« Scoring: geometric, gaps, chemical, structural, etc.
« Correspondences: sequential, non-sequential
« Gap penalty: expect gaps near loops, etc.
« Flexibility: rigid, flexible
« Target: single protein, representative proteins, PDB

None seems best for all situations
All probably provide some benefit over sequence
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