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Align protein structures
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Terminology Q Structure vs. Sequence sg
Superposition

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

Alignment

« Find correspondences, and then
superpose structures

Sequence Identity (Structure similarity)

Y, [Orengo04, Fig 6.2]
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Structure vs. Sequence gg Applications sg

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).
[Orengo04, Fig 6. 1]/ [Katzeﬂho\lzoo]/
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Goals

Desirable properties:
» Automatic
« Discriminating
* Fast

Vs

Methodological Issues

Choices:
* Representation
« Scoring function
* Search algorithm

Vs

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 g

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 | LE CYS
PHE ASN VAL CYS ARG --- --- --- THR PRO GLU ALA | LE CYS
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Methodological Issues g
Factors governing choices:
n
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Methodological Issues sg

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

P
Outline

Alignment issues
Example alignment methods <=
Fold prediction experiment

Function prediction experiment
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STRUCTAL

[Orengo04, Fig 6.6]
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Subbiah93, Gerstein98]
| )

Methodological Issues

Search algorithms:
« Heuristics (CE)
* Monte Carlo (DALI, VAST)
» Dynamic programming (STRUCTAL, SSAP)
« Graph matching (SSM)

Vs

Example Methods

Vs

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 Kolod
Slide by Rchel Kolodny )
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STRUCTAL 2

2) Superimpose to
minimize RM S \
4) Use dynamic prog. to
find the best set

of equivalences

5) Superimpose —
given the new
alignment

g 1) Alignment fixed

- 3) Cglculale
distances between
all atoms

- 6) Recalculate
distances between
all atoms

Subbiah93, Gerstein9g
! J




SSAP

[Orengo04, Fig 6.11]
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DALI R
[Orengo04, Fig 6.9]

[Holm93]
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CE B

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

Protein A Protein A
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DALI Q
Distance Maps [Orengo0s, Fig 67] )
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SSM Q

Two-step solution:

1. Graph representation of structures

2. Graph matching




SSM B
Slide by Eugene Krissnel =

Graph representation of molecular structures

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 Eugene Krissnel
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SSM
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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 P

Slide by Eugene Krissnel

C, alignment

- SSE-alignment is used as an initial guess for C -alignment

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

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

SSM

s
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[Orengo04, Fig 6.8]

Slide by Eugene Krissnel
y Buge ')

SSM
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Protein graph labeling

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 angle t

Vertex and edge labels are matched
with thresholds on particular
quantities

Slide by Eugene Krissnel
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SSM
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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

- Pyis traditionally expressed through so-called Z-characteristics

Slide by Eugene Krissnel
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SSM

Slide by Eugene Krissnel &

SSM output

- Rotational-translation matrix of best
+ Rm.s.d. of C,-alignment

- Length of C, - alignment N,

- Number of gaps in C, - alignment Ny
- Quality score Q

« Z-characteristics

- Sequence identity

- Table of matched Secondary Structure Elements (SSE alignment)

- Table of matched core atoms (C, - alignment ) with dists between them

- Probability estimate for the match Py,

structure superposition

Slide by Eugene Krissnel
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SSM
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Match details

Slide by Eugene Krissnel
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SSM

Slide by Eugene Krissnel

C, - alignment

Rotational-translation matrix of
best superposition
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SSM

~
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List of matches

Slide by Eugene Krissnel
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SSM

Slide by Eugene Krissnel

SSE alignment

Slide by Eugene Krissnel
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SSM Results
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SSM Results N U]
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Outline Q

Alignment issues
Example alignment methods
Fold prediction experiment

Function prediction experiment

( )
SSM Results ) g
Slide by Eugene Krissnel =4 |
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Fold Prediction Experiments ;g

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

Slide by Eugene Krissnel
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Fold Prediction Experiments sg

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

How?

(" )
Fold Prediction Experiments sg

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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Kolodny, Koehl, & Levitt [2005] g

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

J
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Scoring Functions B
Consider # aligned residues & geometric similarity:
AS= RMSD” 100
Nmat
Also penalize gaps:
. RMSD” 100
> - -
aoas= M (Nra XNow) G770
dse 99.9
[Kolodnyos] )
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SAS & Native ROC Curves

Fraction of TP

0 02 04 06 08 1 10 16° 16° 16% 18
Fraction of FP Log (Fraction of FP)
Slide by Rachel Kolodny
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Tested Methods g
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 Kolodl v\,J
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Evaluation Using ROC Curves sg
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ROC Curve Issues B,
Uses only internal ordering
« Estimation of similarity oo |75 e [
can be very wrong [
ee |! ] ul "
I ool
Converts a classification
gold standard into binary .. 8
truth T
Slide by Rachel Kolodl wu




4 O\
Comparing SAS Values Directly g
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Fraction of FP TP's Average SAS
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Contributions to “Best-of-All” Q
U [Kolodnyos] )
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Function Prediction Experiment gg

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

How?
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GSAS & SAS Distributions
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Alignment issues
Example alignment methods
Fold prediction experiment

Function prediction experiment g
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Data Set

Proteins crystallized with bound ligands
« PDB file must have resolution 3 Angstroms
« Ligands must have 20 HETATOMS

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

whose graph closely matches ligand in PDB file

Non-redundant

* No two ligands from same PDB file

« EC number must have a KEGG reaction with a reactant

* No two ligands contacting domains with same CATH S95
« No two ligands contacting domains with same SCOP SP
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Data Set g

351 proteins / 58 Reactions (189 outliers)

55 NAD (a49) 25 NDP (a3 38 NAP (188 11 FAD (3

21 ATP s 29 ADP (055 6 GDP (s12) 12 COA @s12)

e 2
Evaluation Method Q

“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 2
Evaluation Method Q

“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 I 1st 2nd 3rd 4th

Nearest Neighbor Matches
SHIT

-
Data Set

PR
MT/

-
Evaluation Method

“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

Same Class

-
Evaluation Method

Classification rate is 33% is this example

Query 1st 2nd 3rd 4th

10
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Sequence Alignment Method g

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

> fasta34 digvOa dlguya

diguya Q VERTRKGGGEI VNLLKTGSAYYAPAAATAQM/EAVLKDKKRVVPVAAYL TGQYGL|
70 80 %0 100 110

NI
120

130 140 150 160
dlgv0a FVGVPVKLGKNGVEH YEI KLDQSDLDLLQKSAKI VDENCKM.

diguya YFGVPVI LGAGGVEKI LELPLNEEENAL LNASAKAVRATLDTL
130 140 150 160

54.487% i dentity

156 out of 163 ami no acids overlap

Smi th-Water man score: 588

Vs

Sequence Alignment Method

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

D(A B) =1/ max SmithWaterman(A, B)) yi as 1

~
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Sequence Alignment Method g

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

> fasta34 digv0a diguya

10 20 30 40 50 60
dlgvOa AGVLDSARFRSFI AMELGVSMQDVTACVLGGHGDAM/PWKYTTVAG PVADLI SAERI A

diguya L DAARYOTEL ANE, EDVOAM MECHENEN/DI DRESTL SGIDVSEEL APDRL A
54.487% identity o0

a1gv0a & 156 out of 163 amino ger erlap b b
douya | SMith-Waterman scorq 588 o
T IU N Ay TIU 120

13 140 150 160
dlgvOa FVGVPVKL NGVEHI YEI KLDQSDL DL LQKSAKI VDENCKM.
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
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Sequence Alignment Results

'

UMP  IMP GTT GDP FAD ADP NAP NDP NAD  ATP

Tier matrix:

Best Maches:

ATP

P
Sequence Alignment Results

UMP__IMP__GTT GDP_FAD ADP_NAP NDP NAD __ ATP

Similarity matrix: At

1/SmithWaterman Score: cBl

p
Sequence Alignment Results

UMP  IMP GTT GDP FAD ADP NAP NDP NAD  ATP

Classification rate o
FASTA =68%
Random =<1%

NAD

Best Matches:

11
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Structure Alignment Method g
Use CE to compute similarity of protein structures

Structure Alignnent Calculator, version 1.02, last nodified: Jun 15, 2001.

CE A 100

Al gni %d = ‘2n' 87
-~ zScore o.5)
cPU Cﬂps = 30N %

Sequerf

X2 =

J
e .
Structure Alignment Results B,
. . ump IMP  GTT GDP FAD ADP NAP NDP NAD ATP 1
Tier matrix: i
f
ID
INAP
JADP
“OA
FAD
GDP
GTT
usP
Best Matches: e
UMP
J
~

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%

UMP__ IMP__GTT GDP_FAD ADP NAP NDP NAD AT

( .
Structure Alignment Results g

Similarity matrix:

ATP

GDP

iMP
cBI

1/CE -Z-Score:
J
(" 0\
Structure Alignment Results sg
Classification rate:

FASTA =68%
CE = 65%
Random =<1%

J

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

4 O\
Conclusion sg
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