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Motifsin Protein Analysis

Structure
y %‘
Sequence matif » Function

Sequence - structure motif
Sequence - function motifs

Structure — function motifs  Structure motifs

Sequence motifs

Sequence structure/function motifs

» Pattern shared by athe sequences of a set of proteins with
similar functions and/or structures.

» Match to pettern suggests gructure/functionfor protein.

+ Databases:
— PFAM, PRINTS, PROSITE, PRODOM, BLOCKS, SMART, ...

* Integrated database:

— InterPro
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Example sequence motif
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x/ \ x
C H
XXXX XXXXXX

Cx(2,4)-Cx(3)-[1 LVMFYW] - x(8) - H x(3

,5)-H

Sequence alignment

Alignment of chromo domains
Claggical chromo domains
D 15 84

Chromo Shadow domains
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Motif D

Iscovery

Unaligned Sequences/structures

—

Align

v

Analyse
alignment

~.

Pattern Discovery
Method

Protelin structure-function motifs

e PROCAT
— A database of 3D enzyme adi
— Thornton et al

* Fuzzy Functional Forms

— www.geneformatics.com

<3 &

-

ve site templates

— structural descriptions of functional sites :

— Skolnick and Fetrow, 2000

10
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Protein Classficaions

» SCOP
— Murzineta
— manually made

« CATH
— Orengo et a
— partly automated

. FSSP Y
— Fold clasdficaion based on T
Structure-Structure 4 7
alignment of Proteins flavodoxin B-lactamase
(4fxn)

. (AmblA1)
— Fully automatic

— Holm and Sander Cartoon ill ustrating the three
highest levelsin CATH

11

Why compare structures?

* Leanabou
— structure-function relationships
— evolution
— common huilding blocks - motifs

» Make order out of the universe of protein structures

» Help structure prediction

12
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Why is there more than ore way?

Proteins are complex three-dimensional structures.

They can be described and compared in dfferent ways
— at different levels with
— different constraints
Choice depends on pupose of comparison
— similarity of secondary structure pading
— similar topology

Example structure: 2nad

13

Some terminology

A protein structure consists of one or more polypeptide
chains.
The order of aminoadds along ore dhainisits primary
structure (and its amino acid sequence).
Some regions form regular local structure

— alpha helices

— beta strands

— colledively cdled secondary structure elements (SSES)
Regions conneding SSEs are loops.

Description d the type andlocation d SEsisachan’s

secondary structure.
14
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Terminology (cont’d)

* Three-dimensional coordinates of the atoms of a chainis
itstertiary structure.

* Quarternary structure: describes the spatial packing d
several folded pdypeptides
* From CATH:
— Class - composition of SSEs
— Architecture - spatial pading of SSEs
— Topology - includes arrangement of SSEs along the chain

— (Homology - proteins with common ancestry apparent from
sequence)

How to compare structures?

Align
— require @-lineaity of paired-up e ements

— analogous to sequence dignment, but more complex .

Find similar substructures
— ignore sequence order/topology

Compare compositionin terms of SSEs ‘ :
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Structure Motifs

» Common arrangements of SSEs (core motifs)
— betabarrel

» Binding/active site (residues)
— caalytic triad,
— zinc binding residues

17

Framework
Solidion space
F Filness
Training Discovery <= Algorithm
Siruciures Locallalobal 1
Comparisonés:gm%' scheme ()
’_’ : Algorithm
| .| Fesure Strueiure N -
™ extraciion description Ewiton
|
i

| = Scare
Struciures Matcher — e

18
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Structure 1 Structure 2

2_®

’
i Feature extraction

Structure Structure
description 1 description 2
e - — - -
by -
Y -
v
v ,f——'"—;j—’ Constrainis
Comparison

Algorthm —~ ———— Scoring

19
. -, Statistical significance

Accuraie?

Structure 1 Structure 2

,
i Feature extraction

Strscture
description 2

Structure
description 1
e

v ! o Constraints
Comparison

Algorthm ~————— Scoring

~ Statistlcal slgnificance 20

Accurate?
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Structure Description
- Levels

» Atom/atom group

* Residue

* Fragment

* Sewmndary structure element (SSE)

» Structure described by elements of the chosen type

21

Structure Description
- Feaures

» Geometry/architecture

— coordinates/relative positions, ...
» Topdogy

— sequential order of residues along badkbone, ...
» Properties

— physio-chemicd properties of residues, ...

22
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23

24
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25

26
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Structure 1 Structure 2

2 W

~ s
| Featuro extraction

Structure Structure
description 1 description 2
e - — - -
by -
Y -
v
v ,f——'"—;j—’ Constrainis
Comparison

Algorthm —~ ———— Scoring

I
v AMSD
Equivalence —_—
\< T Score
1

Asses;smenr

27
. -, Statistical significance

Accuraie?

Equivalences and Alignments

Object Awith elementsa,, &, ...., g,
Object B with elementsb,, b,, ..., b,

Equivalence: L(AB)= (a1.b1).(822), -, (a.by)

Alignment: co-linear equivalence
— i<i,<...<ijandj<j,<...<j

Can be extended to multiple structures

28

14
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Scoring Equivalences

* Coordinate based

— defined using atransformation of one structure onto the other:
root mean square deviation - RMSd

29

Coordinate hased RM Sd

» Definetransforms T that consists of a
— trandation
— rotation
 Structures A and B consist of coordinate sets A, .. A,
B,...B,,- equivalence (A,,B,),...(A;,By)

RMSAA,B) =min, |5 (A -TBY

1=1

30

15
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Calculating coordinate based RM&d

* Need to find the transform that minimises the equation.

» Least square minimisationto find kest combined transform
(Muirhead et al 1967 Rao & Rossnan 1973

* Two step method
— Relocate origin to center of massfor A and B
— Find best rotation:

 Stepwise seach of rotational space(Remington and Matthews,
1978)

 Least Squares minimizaion (McLadlan, 1972)

» Matrix methods
— singular value decompasition (McL achlan, 1979)
— Langrangian multi pliers (Kabsch 1976, 1978)

31

Scoring Equivalences

* Coordinate based

— defined using atransformation of one structure onto the other:
root mean square deviation - RMSd

» Similarity of properties between equivalenced elements
— conserved/similar amino add

» Similarity of relations between pairs of equivalenced
elements
— dimilar distances, internal RM Sd

32

16
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Distance based RMSD

No need to transform.
Definition:

RMSd, (A, B) :%Jzi(dif—df

where
— d;* isthe distance between atomsi and j in structure A

Linea relationship between RMSD and RMSD,
RMSD canna distinguish between mirror images.

33

by SAP

t|ty 34

17
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35
Structure 1 Structure 2
% s
~ ’
i Feature extraction
Structure Siructure
description 1 description 2
. - -
~ -
v M”'—F—H Constrainis

Comparison

Algorthm ~————— Scoring
1
v HMSD

Equivalence —_—

1 T Score
1
1

Asses;smenr

~ 36

~ Statistlcal slgnificance
Accurate?

18
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Comparison Algorithms

» Compare two structure descriptions - find equivalence
(alignment) having high score.

» Computationally expensive

37

Dynamic Programming - DP

* Sequences
ST can be aligned opimally in time O(|§|T])

* Next slides gives a summary of sequence alignment by DP.

38

19
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Edit distance

The edit distance between S1 and 2 is the minimum number of
deletions, insertions and substitutions needed to transform Sl to S2.

|St=m, |$2|=n
D(i,j) isthe it distancebetween S1[1..i] and [ 1..]].

Reaurrencerelation:
— basis:

D(0,j)=jforall 0O<j<m [nsertj charactersin Sl

D(i,0) =i forall 0<i<n  Deletei charactersfromSl

39

Edit distance (cont’ d)

D(i-1j)+1 Delete character i from SL

. D(i,j-1)+1 Insert character in S1
D(i,j)= minQ

Ep(i -1,j-1)+t(i,j) ift(i,j)#0, substitute character
S1(i) with S2(j)

wheret(i,j))=0if SL(i)=S2(j) and t(i,j)=1 otherwise.
D(m,n) isthe alit distance between Sl and 2.

40

20
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Dynamic programming
- tabular computation
Allocaetable D[0..m,0..n]

D(,j)=jforall 0sj<m

Fill inrow 0 and column O D(.0) =i forall 0<i<n

Fill in remaining elements, for E D(i-1j)+1
example row-wise or column-  D(i,j)= ming D(i,j-1)+1
wise Hp(i —1j -1) +1(i.j)
D(m,n) gives edit distance

S1,2.

Find alignment/edit transcript

by tradng beck from m,n to 0,0 a

Alignment of biologicd sequences

Use scoring matrix that rewards alignment of similar
amino acids.

Find alignment that maximises similarity of aligned amino
acids.

Gaps penalised typically using affine gap penalty
— gap of length k penalised by ak+b

Simple modification d edit distance algorithm

42

21
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Global alignment of two sequences

* Assuming linea gap penalty (b=0):

[

S(ij)= max
HS( -1 —1) + score(i )

S(0, ) =—jaforall 0< j<m
S(i,0) =-ia forall 0<i<n

Si-1j)-a
Sij-1)-a

Example of pairwise
global alignment
NDUSTRY

0.0

-0.5 | -1.

-1.5

-2.0

-2.5

-3.0

-3.5

-4.0

-0.5

1.0

0.0

-0.5

-1.0

-1.5

-2.0

-25

-1.0

0.5

15

1.0

0.5

0.0

-0.5

-1.0

-1.5

0.0

1.0

1.0

0.5

15

1.0

0.5

-2.0

-0.5

1.0

0.5

0.5

1.0

1.0

0.5

-2.5

-1.0

0.5

0.5

0.5

0.0

0.5

2.0

15

-3.0

-1.5

0.0

0.0

0.0

0.0

15

15

-3.5

-2.0

-0.5

-05

-05

1.0

1.0

1.0

—vmoum-Hz-—

-4.0

-2.5

-1.0

-1.0

-1.0

-1.0

-15

.0

Score:

Identical letters:
Different letters:

Gap:

43
1.0
-0.5
-0.5
44
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Locd Alignment

Sequences. Aand B
Pick
— substringafrom A
— substringb from B
so that aand b can be aigned gving score Sc(a,b)
and Sc(a,b) is maximum over all substrings a, b from A, B.

46
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Locd alignment - reaurrencerelation

S(0,j)=0forall 0sj<m
S(i,0) =0 forall 0<i<n
D Si-1j)—a
_ ij-1)-a
)= m X%S(I—lj 1)+ score(i j)
H 0

47

Dynamic Programming for
alignment of structures

* Structures:
Scoring d equivalenced elements are nat independent.
— Coordinates transformed - rigid body
— Relations between elements (e.g., distances)

» For DPto work, the optimality of ealier made choices

cannat be aff ected by rew choices.
— Doesnat hald for structure dignment

48

24
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Alternating superposition and
alignment

Align A and B.
1. P=Initia alignment/equivalence

2. Superpose A onto B based on P
— make scoring matrix R

3. Align Aand B using DPand R
- new P’

4. If (P’ #P), then
P=P’,goto 2

Rao & Rossmann (1973), Rossmann & Argos (1975, 1976)

49

Uger ——1 Stuctures

i
Find Seed Afgivment

o
Seed alignment

|

SUpEYEOSE

Calcuaie new e Enge
SCoRmy malnx

Aflf'lgn
o

Alignm ent
and
superposition

25
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A simple dternating method
- initial alignment
* Multiple ways

— user spedfieslist of residue pairs
— motif matches

» Given alignment (list of residue pairs), superpose
structures A and B to minimize RM Sd

51

A simple dternating method
- from superposition to alignment

» From Superpasition to scoring matrix and alignment
— let d(A;,B,) be the Euclidean distance between A and B, after
superposition
— let T be the upper limit on dstance between residues to be
rewarded

— Risascoring matrix that can be used for DP alignment of the
superpased structures

1 1
R(A.B)=——=or—"
d(A,B) T

— zero gap penalty, and allow zero diagonal step

26
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A simple dternating method -
dynamic programming

D(0,j)=0 forall 0<j<m
D(@,0)=0 forall 0<i<n

D D(i-1,))
_ D(l,]'l)
b= m Xﬁa(u ~1j-1)+R()
H D(i-1j-)

53

A simple dternating method -
dynamic programming (cont’ d)

* Forward:

— fill in matrix row-wise/column wise

— D(m,n) givestotal score of best possible dignment (set of co-linea
residue pairs)

* Traceback:

— find al contributing (hon-zero) diagonal moves
— thisisthe new alignment to be used for the next superposition

54
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Part Il - Algorithms for pairwise
structure comparison

» Doulde dynamic programming

» Geometric hashing

55

Double Dynamic Programming

* W.R. Taylor and C.O. Orengo. Protein structure alignment.
J. Mol. Bial., 2081-22, 1989.

» C.O.Orengoand W.R. Taylor. A rapid methodfor protein
structure alignment. J. Theor. Biol. 147.517-551, 1990

* W.R. Taylor. Randam structural models for doulde
dynamic program score evaluation.J. Mol. Eval., 44174
180, 1997.

* W.R. Taylor. Protein structure comparison wsingiterated
doulde dynamic programming. Prot. Sci., 8654665, 1999

56
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Double dynamic programming

* |dedly, orewishesto simultaneously align and superpose
the structures

» Thusthe independency requirement is violated

» However, severa heuristic dgorithmstryingto extend DP
to solve this problem have been developed

» One such methodis SSAP (Structure Sequence Alignment
Program), based onDouble Dynamic Programming (DDP)

57

DDP - outline

 DDPideas
» Algorithms

* Iterated DDP

58
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|deas for DDP

Use two levels of dynamic programming, to construct a
high level scoring matrix that can be used for ordinary DP

For each residue pair (a,b; ) this matrix shoud show how
likely it isthat the pair isonan ogimal aignment

For each (a,by), thislikelihoodis foundby a (low level)
optimal aignment with the constraint that (a,b,) is part of
the dignment

The scores alongthe low level alignments are accumul ated

in the high level scoring matrix
59

High level

matrix

Low level L]
matrices

60
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|deas for DDP (cont’ d)

A low level scoring matrix IR is defined for each pair
(a,b)

* IR, isascore showing hav well the residue g, fitsto b,
under the constraint that a isaigned to by,

e Low level DPisperformed using iR (in principle for each
pair (i,j))

» The ontributionfrom iRis all IR such that (a,,b;) lieson
the optimal (low level) path

61

Algorithm for DDP

R:= {0} High level scoring matrix O
for eadh pair (a,b,) do
compute the low level scoring matrix IR
(sP)=DF(AB) Low level DP forced through (a;,b,)
P isthe optimal path, sthe score
forall (a,by) inPdo R, := R+ IR, Accumulateinto R
end
(s,P) := DPR(A,B) High level DP using R

62

31



ISMB Tutorial 2001
Eidhammer and Jonassen

DDP - Example

4R WS EStru:tur:AH . - Structure A
R HS E R R H V F
o |3 |10]1 . [l
Q 2 |7 o |43 |5
B v 3 (3|1 v SIPRe
¢ 5 M2 B G 39 |1
M 3 |1 [12]|1 |2 v R VRPRTEE
A 112 |14 A > T5 13
¢ 2 ¢ 1|3 (4
Structure A Turquoise shows the best dignments
R HS E R R H V F
c |12|10]|0 |0 |0 |0 |0 |0
o |0 |o]|7]o]o o o]0
v |0 |25|0 |0 [0 [0 |0 |0
B G |0 |o o [34]o |0 |o |o
M 1o o |o |0 |0 |20]0 |0
A 1o lo|ofo|o|o |5 |14 o
Clofofolofo|o]ol4
Noise

— As R contains a sum of values from the low level
matrices, it isnormalised before highlevel DP

— Risthe sum of nmlow level matrices, most of them
representing pairs which are not in the final alignment,
thus introducing nase

— Therefore, only low level dignments oring above a
cutoff is accumulated

64
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Thelow level scoring matrices

— IR, shoud be based onsuperpasition bond ong and b,

— Define local reference systems arounda, and b, e.g. by
using (the C,s of) &, &, &,  andbyy, b, by,

— The mordinates of A's and B’ sresidues are transformed
into the respedive coordinate systems

— One simple scoring scheme for aigning a, and b,
depends only on the distance between a, and b, in their
respedive coordinate systems

65

Example
& & - B b, .
»
Structure A B -

Coordinate system
coincidence at

a.b,

66
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More advanced scoring scheme

A direction comporent, redised as afunction d the vector
Clkl

An orientation componrent, reflecting the differencein
referenceframes arounda, and b, (after superpasition)

A segquence comporent g, cdculated as an increasing
function d |k-i| + |I-j|. This shoud damp the contribution
from near neighbous in the sequence

A spatial comporent h,;, calculated as a decreasing
function d d + d, where d, is the distance between &
and a,. Thiswill damp the contribution from large
distances in space (want high contribution from pairs near
in spaceandfar in sequence)

67

Iterated DDP

AsDDP s heuristic, one might achieve better results by
iterating, donga DDP in each cycle

This, together with limiting the work for each DDPis
developed into a program called SAP (Taylor 1999

68
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Iterated DDP (cont’d)

In each cycle, orly some of the pairs (a,b,) are used for
low level DP

Some pairs, cdled seeds, are chosen for the first cycle
either chosen randamly, or found bya (motif discovery)
program (e.g. SHratt)

In each cycle the high level scoring matrix Ris updated,
and also the selected pairs (a;,b) for the next cycle

A bias matrix (Q) isused in upditingR

69

Algorithm for iterated DDP

initiali se the bias matrix Q

seled the seed pairsusing Q
iter
placethe seleded pairsin |
R:={0} St high level matrix to zero
for eadh pair (g,b) in1 do
(sP)=DE(AB) Low level DP
acamulate the low level resultsto R
end
update Qusing old Q andR
(sP) := DPy(A,B) High level DP

seled new pairs (g,b;) based on Q
until termination criterionis stisfied

70
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ger Sjruciures ujiw Sjructures
x"'--' : : A'-'-"’

\ Find Seed Afignment Motif '”fDTj“ ation Fing Intial Pairs
, e o

Seed alighment Initial Pairs

Superpose Low-fevef DF
Calculate new i g e Cafkculate new
scodng malix ot exhausted scoring malic Hehange
Af}'gn Afign
e /
Alignm ent Alignm ent
and and
S0 perposition supe mosition
[A) (B}
ire §: {A): Outline of algorithm alternating between alignment and superpositioning. (B): For

rpa.rison, cutline of the SAP method.

Algorithm statements to explain
* How isQ initiali sed?
* How many residue pairs $roud be chosen in ead cycle?

» How shoud Q be updated?

* Shoud the highlevel scoring matrix contribute to the
lower ones?

* What is the termination criterion?

72
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Initialising the bias matrix Q
Q isinitialised by wsing the three @mporents:
* Sewndary structure
e Burid

* Aminoadd similarity

73

Seleding pairs and updating Q

» Thehighest valuesin Q are used for seleding the pairs for
low level DP

» Continuity throughthe gycles (p) is maintained by wsing Q
as base for incremental revision(wegkening contribution
from initia Q:

P1Q:=PQ/2+log(l+""'R/ 20)

* 10-20 mairsareinitially selected, but the number is
gradually increased, (and more "true pairs’ are found

. 1
« The number of seledted pairsis K:10+%m

74
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Coherence problem

* Theinitial selection d residues pairs might be quite
randam with respect to the final "true” equivalences

» Asaconsequence the mmparison d their environments
might provide little coherent diredion towards the final
solution

 Althoughthe bias matrix provides a platform from which
the seledion d pairs can be refined, it has no effect onthe
scores derived from the low-level matrices

75

Highlevel contribution to low level

» A contribution from the bias matrix can therefore be
introduced to provide stability into early cycles

* Thisisdore by using arevised matrix
iR = IR+ PQG(p,1)
where p is the cycle number and G is the Gaussan
transform function

» This provides asmocath transition from the, ideally, local
information in the bias-matrix into the full global view
provided bythe comparison d the residue environments

76
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Termination criterion

The iteration shoud stop when the selected pairs coincide
with the best (high level) path

Let U be the number of seleded pairs onthe best path
using Q, and V the number of seleded pairs outside. Then
stopif U%V becwmes 1, o stopsto increase

dns slected
u=3,v=1

An upper limit for the number of cycles must be defined

7

Geometric Hashing
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Geometric Hashing - Outline

Ideas
Geometric hashingfor 2 D
Geometric hashing for structure comparison

Geometric hashing for SSE-representation

79

Geometric hashing

Geometric hashingwas originally developed as a cmputer
vision tedhnique for matching geometric features

It can be used to find common subfigures, invariant under
rotation, translation and scale

In structure cmparisonit can be used
— asafull comparison method

— for finding seeds for other methods (methods that use
iteration a clustering)

We will first describe Geometric Hashing for 2D figures

80
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2D geometric hashing

Two figures are given, amodel A, andaquery B,
described by m and n points, respectively

Find common subfigures, invariant under rotation and
trandation (scdeis not used)

One approach isto " place the query ontop d the model”,
and consider how many pdnts coincide (here ignoring the
edges)

81

Example
f
/’.\\
e \‘.; e
ge
Model . v Query

\‘\ d

4d  Query over model for maximum
coincidence of paints (seemsto be 6)

82
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Coincidence sets

» Finding the maximal coincidence set is NP-hard

e [nthiscontext, wewant to find all coincidence sets with
the number of pairs over agiven threshold

83

Reference frames

» Define mordinate systems for bath figures (A, B), called
reference frames

» Two pants (basis pair) can define areference frame, e.g.
origo at one of them, and ore of the axis through bah
points

* The oordinates of the points are mwmputed in the reference
frame, constituting ar eference frame system

e Count how many pair of points (one from each figure)
have the same coordinates

84
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Example Reference Frame Systems
8 o5 1
7 ?\\ i
6 6 g
5 [ \
4 | b \
3 yis 1o e 6
2 I P
1 \ 2 Bl by
0 1
4
012345678 Model, basis (3, 5)
Model, basis (1, 3) e
. ) . URE i Two coincident points
Five coincident points ‘ BLL (3, g) coordinate (0,0)
(1, g) coordinate (0,0) ‘ T (2: 0 (3:2)
(2,0 (32 +—
(3,b) (6,0) —Bf— *h Query, basis (g, b)
(4,d) (84 | o
7,1 (0,4) a 85
Example Reference Frame Systems
8 o5
7 e
6 6 f Tl
S ol BX
4 N N i -
3 4 | ¢
2 | _a |
1 \ 2 0 e h
0 o
a

012 3 456 7 8
Model, basis (1, 3)

Five coincident points
(1, g) coordinate (0,0)

Query, basis (g, b)

(2,0 (3.2
(3, b) (6,0)
(4,d) (84)
(7. 1) 0,4

Point 6 (2,6) not found coincident with paint e (2,5)
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Remarks

» The number of coincident points depends on the resolution
of the ordinate system, onthe basis pairs used

» Generally, al combination d points shoud be used as
basis pairs, resulting in comparing
m(rg—l) @(nz—l)

reference frame systems

» Usingall combinations might introduceredundancy. Let
(a,a) and (b;,b) be the basis pairs, and (a,,b,) and (ayb,)
baoth coincide. Then it islikely that the same incidence
set isfoundif (a,,a) and (b,,b,) are used as basis. Note
however that similarity and not exact equality is used

87

Hashing

» For dealing efficiently with all combinations, hashingis
used. It is especially efficient when severa queries areto
be compared to ore model, or to several models

» The comparison problem can be formulated as. given a
query reference frame system, for each model reference
frame system, in how many cells are there points from both
the query and model frame system

» The hashing technique makes it passible to simultaneously
compare aquery frame system to all model frame systems
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* Inthisexample, a2D hash table H isused. It hasabin for
each cdl in the frame systems. In apreprocessing phase,
the wordinates of all paintsin each model frame system
arefound.If thereisapaint in the cdl (p,q) in the frame
system with basis (a,a,), then (a;,a,) is placed in the bin

H(p,q)

Preprocessng

» Since dl pairs of paints from the model will (generally) aa
as basis pairs, totally
m(m-1)

M=

pairswill beinH

89

ORrNWAUON®

Example Preprocessng

~J5 Models —
] | Basis(1,3) \
|mEZSaanie ZiuuN:
Basis(3,5) :
012 3456 7 8
8
1,3
7 4y 11/
6
(35 1,3
5 35
4713 13
3
2 L(1.3)(35) 35
1
0|(13)B5) (13 (3.9)
-1
-2 (35)
0 1 2 3 4 5 6 7 %
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» Thequery iscompared to the model in the recognition

phase

» A pair is chosen as basis, and the coordinates of the other

Reaognition

points are clculated

* These coordinates are used asindicesinto H, and for each

cell beingindexed, avoteis given for the (model) basis
pairsin the cdl. The number of votesfor amodel basis

pair isthe number of coinciding pants to the query (using
the spedfied query basis pair)

91

I

Example Rewgnition

Query, basis(g,b)

N

Five votesfor (1,3)
Two votesfor (3,5)

7 \
P

o A
8 / @ /1] |
! / / \
0 @5 | a3 / \
/ @5 \

41(13 (1)
3
2 (13)(35) (35)
1
0|@3)35) @3 35
-1
2 (35)

0 1 2 3 4 5 6 7 92
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Extensions

Labels (e.g. colours and/or forms) asggned to the points
might also be included, such that coinciding pants aso

must have equal |abels. This can be implemented in two
ways:

— Storingthe labelsin the table

— Thetable can be hashed by wing the labelsin addition
to the coordinates

It is graightforward to extend the hashing technique to
include severa models, such that aquery is
simultaneously compared to several models. The only
extensionin the hash table is that a model identification
must be stored alongwith the basis pairs

93

GH for structure comparison

» Since mmparing structures shoud be invariant to

trangation and rotation, GH is a goodcandidate method,
when the order of the residues (elements) alongthe chain
isignaed

Finding a winciding set between two structures then
means finding an equivalence (not necessarily an
alignment)

A 3D reference (frame) system must be defined, and dften
the C,-coordinates of three(non-colinear) residues are
used

94
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Algorithm for preprocessing

for each model M, do
for each (unordered, noncollinear) triples (a,a,,a,) UM, do
calculate the reference frame R,
for each residuer do
caculateF = F(a, a, a, &, p) ;indexinH
HP):=HEUM, Ry,
end
end
end

The labdl L isincluded in the hashing

95

Algorithm for recognition

repeat
initialise the vote table V to 0
choose three atoms (&, &, a) from the query as basis
calculate the reference frame system R
for each residue q do
calculate F: = F(a;,a,,a,,a,,q,)
for each pair (M,R)OH(F) do
VIM,R) :=V(M|R) + 1
end
end
until satisfactory coincidence sets are found
or al query reference frames are used
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Remarks

The result of therecgntionisalist of (M,Ry,,Rg), showing
that there is a mincidence set between the model M and the
query B, beacoming evident when the reference frames R,,
and R are used

The residues of the mincidence sets are known (or can be
found, and a superpasition can be dore for cheding the
substructure similarities

Tedniques for reducing the run time for Geometric
Hashing exist

Tedhniques also exst for ” practical adagion” (e.g.
checking reighbouing cells)

97

Geometric hashing for SSE-
representation

Typicdly the SE’s are represented as sticks

By use of two sticks, a mordinate reference frame can be
defined (usually by dadng ore axis along ore of the sticks)

An entry in the hash table might be (Holm and Sander) alist
where ead list-element contains:

— identification d the SSE

— identification d the basis

— thetype of SSE (alpha, beta)

— the midpant of the SSE (in the reference frame)
— thediredion d the SSE

— possble other information

98
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Part 11l - Comparison by
Clustering

Introduction

Compability and consistency
Clustering methods

Clustering by se of transformation
Clustering by se of relation
Clustering as graph problem

99

Comparison by Clustering

The dustering methods for structure comparison works by
first finding small similar substructures in the two
structures, and then constructing larger similar substructures
by joining smaller ones

Generally they alow for insertions, deletions and
topdogicd permutations

Theword clustering is a bit misleading, nd all " objects”
have to be clustered. It is used here, since it iswidely used
in papers describing the relevant methods. (Perhaps
grouping would be better)

100
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Compatibility

» The basic objects are compatible elements, one from each
structure

* Two elements are compatibleif they share some similarities,
what kind d simil arites vary with the method

— Residues may be compatible if they are the same anino
acid, a in the same aminoadd group

— Seondary structures may be compatible if they are of
the same type

— For fragments may equal intern dstances be required

101

Sedal matches

* The methodsfirst find seed matches between the structures,
and then join these into larger clusters, a duster representing
one substructure from each structure

102
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Consistency

* A seed match (being abasic cluster) consists of one or

severa pairs of compatible elements

The pairs must be consistent, meaning that the two
substructures consisting o the dements from the pairs
together must be compatible, i.e. similar to acertain degree

Seead matches are joined into consistent clusters, and scored,
measuring hav similar the two substructures are

103

Compatibility and consistency

Compatibility isabinary relation between elements from
different structures

Consistency is a binary relation between clusters (of
compatible dements)

104
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Compatibility and consistency

AN

@)
o)
3
S
2
o
@)
o)
3
S
2
o
l
@)
o)
3
S
2
(@}
@

Consistent

105

Example

7\
A A% B,
A; compatible with B

A, compatible with B,
(A; B;) not consistent with (A, B))

[ (A; A nat "similar to” (B; B)) ]
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The philosophy

Find seed matches, i.e. sets of consistent pairs of
compatible dements  SM ={P,} ={(A, B )}

— All lementsin a seed match must be diff erent
— An element may bein severa seed matches

Group consistent seed matches iteratively into clusters,
representing the (k) substructures with highest score

Optiona refinement (often using the iteratively alternating
superpasitior/alignment)

107

The methods

The methods vary in how they solve the following:

* How is compatibility defined

* How tofindthe cmmpatible elements, and the seed
matches

* How isconsistency defined

* How isclustering performed —clustering algorithms

* How arethe clusters sored

* How isthe refinement dore (if at al)
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Seaching for seed matches

Diff erent searching methods are used:

Straightforward seach, when ead seed match consists of
only ore pair

Geometric hashing, elements in seed matches constraint
to lie within (small) spheres

109

Consistency

* Twoclusters C, = (CA C.B), C,= (CA C.B), (acluster
consisting d one or more seed matches) can bejoined if
they are consistent

» This means that the substructure of A consisting o
e
must be ”similar” to the substructure of B consisting o

cyecy)

110
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Deade consistency

To decide mnsistency, one @an use:

» transformation (t) between compatible elements from
different structures

» relation (p) between elements of the same structure

111

Consistency

A compatible with B,
A, compatible with B,
Is (A Bj) consistent with (A, B))?

Yes, if (T; = Ty) or (0= o)

112
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Example transformation

SR

B
i |
superposed superposed
on A on A,

A compatible with B,
A, compatible with B,

(A By) isconsistent with (A, B)) if

the transformation for best superposition of (A; B)

issimilar to the transformation for the best

superposition of (A, B)) 13

Example relation

A | d A Bj d,
B
d
SSE represented as sticks
Y1

Yo

A compatible with B,
A, compatible with B,

(A B) isconsstent with (A, B) if d, =d;0d,=d, 0y, =y,

114
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The clustering step

A, A, A A, A, A

j j j Compatible J J J

» <
Bh sz Bjn Bh X B|2 2 Blm

Consistent Consistent

Cluster C, Cluster C,

115

Consistency test

Cp ={P1, Py, P3,..} P= (A.B)
Co=1{Q1 Q Qs,...}
Can Cp, bejoined with Co?  (Cp consistent with C,?)

Use of local criteriac Usethe pairs (P;, Q) for test

— Transitivity: cons(RQ;) U Ukl:cons(R,Q,)
e Enoughto test one pair (Example =)

— Transitivity nat satisfied
e Must test ead pair (in principle) (Example distance)

Use global criteria

— Test the clusters Cp C,, "as units”
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Clustering methods

* Linea clustering
o Pardlé linea clustering

» Hierarchical clustering

117

Linea clustering
Seadmatches R =(A ,B,) P, P, Py P,......

12

C123
e One current cluster Ciom

» Add ore consistent seed match to current cluster

» Theresult may depend onthe order of the seed matches
(dueto inaccuracy)

Algorithm
seled one seed match as current cluster C
for ead ather seed match smdo
if smisconsistent with C then let C be smjoined to C
end

118
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Parallel linea clustering
Pl I:)4- feen P2 P3 P5 PG ......
A4

* Severa current clusters

Algorithm
make acurrent cluster of ead seed match (retaining them)
repeat
find the seed match sm”most consistent” to a cluster C
if the cmnsistency is grongenoughthen
join smto C; remove smfrom the set of seed matches
end

while aseed match isjoined to a duster
119

Hierarchicd clustering

P, P, P, P, P, P, P, P, P, P, P, P,
Cus
Cious Coss Cio46
Overlapped clusters

» Severa current clusters
» Two clusters are joined in each cycle

e Algorithm (one example)
make aset of clusters, eat seed match being a duster
loop
compare dl pairs of clusters, and find the highest scoring pair
if the found scoreis higher than the highest scoring current cluster then
remove the two clusters from the duster set; join the two clusters
end

until no more dusters are joined
120
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Clustering by use of transformation

Transformation for minimum RMSD usually used

T, define best superposition for (A;,B;)

T, define best superposition for (A,,B,)

T,=T,0 T, isbesttransformationfor (AlJA.B(JB,)

121

Seed matches
B, (red)
. A, (green) '
A, (green) B, (red)

Geometric oo ’ .. ’
Hashing A compatible with B,  (seed match)
f.e. used o

A, compatible with B, (seed match)
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The transformation

The transformation (for best superpasition) is defined by 6
parameters. 3 for translation and 3for rotation

These are represented as a matrix

Ideally local clustering criteria can be used, bu dueto
inacaracy, global isused

This means that the transformation for the best
superpasitionof (A JA,B| JB,) iscalculated for later
cycles

123

Clustering by use of relation

The dements are mainly SSEs, represented as gicks

A seed match is usually apair of sticks

To deddeif two compatible pairs (A;,B)) and (A,,B)) are
consistent, an intern relation p is used

The pairs are consistent if p(A,A) isapproximately equal
to p(B;,B))

p shoud satisfy the following: p(A;,A,) and p(B;,B,)
shoud be gpproximately equal if and orly if the
substructures (A,A) and (B;,B)) are considered as smilar

p shoud be invariant with respect to rotation and
trandation, and in most cases to sequential order

124
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Clustering by use of relation

Locd clustering criteriais used
Transitivity is generally not fulfilled

Example

Cluster C = {(A.B) (A,B)}
(A.,By) consistent with (A;,B))
(A/,By not consistent with (A,,B,)

Thisisthesame as Ai(A;,A,) =A(B;,B,) but nat fi(A,,A,)=1i(B,,B,)

125

Therdation

* The different methods use a diff erent number of
parameters for defining p

» The number depends on haw stringent the constraints for
being consistent is defined, i.e. given two sticks, how
many parameters are neaded for describing the "structural
relation” between them? (means changing the value of one
of the parameters might change the (sub)structure)

» Chedingfor consistency using transformation use 6
parameters, hence 6 shoud be enough Usually ore angle
and 24 dstances are used

126
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Alexandrov and Fisher

Four distances and one angle

max
d,

a, isfoundby projedion d A; andA, into a plane parallel
to bath A; and A,

127

Alexandrov and Fischer
Requirement for consistency (A;,B;) (Ay.B))

« gmno. .
™" —d"* < 4 (f.e 1.5A) , dr"
d;ﬂln _dimax < é inm
drllwin _dlmax <3i A Bj
™ —dr> <4
| 8y _ajl I< 8y, €

dimaX d;nax
djmax >
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Clustering as graph problem

* Makeagraph d astructure:
— The nodes being the elements
— Node labels being the properties
— The alges are labeled by the relations

— Edges between nodes where the relation satisfies sme
constraints

» Find subgaphs with maximum " similarity” (isomorphy)
— Correspondng noas must be compatible
— Correspondng edges must be sufficient similar

129

Node product graph

* |f the scoring d the similarity of two substructuresis
number of compatible pairs, finding the maximum similar
substructures is the same as findingamaximal cliquein a
product graph

» To construct anode product graph
— Make anode for each compatible pair

— Make edges between consistent nodes (compatible
pairs)

130
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Node product graph - Example

» Assume we have the following compatible dements:
a:(A;,B) b:(A.,B;y) c:(A,B,) d:(A,B,)
e(ABy) f:(A3B) Gi(AuBy) hi(A4B))
» Andthefollowingrelations are similar:
p(Al’AZ) = ﬁ(Bl’ Bz) U (Al,Bl)COI’]S(Aﬁ, Bz) -a-c
* Thesamefor a-e, b-f, c-e, d-g

a b
h (o] Q. Q
C Maximal clique{a,c,e}
J {AL A, A} similar to
f ° {B;,B,,B3}
e d
131
Refinement

» A final adjustment or refinement may be worth while
* Mainly doreonresidue level

* Aniteration d aternating superposition/alignment is often
dore

132
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Part |V

Multiple structure dignment and

Motif discovery

» Extending pairwise approaches

— Progressve dignment
— Alternative methods

Motif discovery
— framework
— the SPratt algorithm

133

Multiple Alignment

N sequences of length m

Dynamic programming (N-dim matrix):
O(mtY)

Beomes unfeasable for, say, N>5

134
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Multiple Structure Comparison

e Computational complexity of most pairwise methods does
not allow extension to multiple structures.
— For example DP based methods.

* Progressve aignment

—s;— —————_ N

______ —_—
—_— 1

/7 i

—_—s ————_

——_— —_—  ——__ /
— S - —~~~~E ________ e ~

. -
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Example: Extending DDP to
multiple dignment

» Alignevery structureto every other structure - get a
similarity matrix - measure of simil arity for every pair

» Alignthe most similar pair - produce consensus structure

» Alignthe new consensus dructureto al others - update
similarity matrix

o lterate urtil only one consensus gructure remains

* Tayloreta 1994

136
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MSSAP: Representing
the aonsensus structures
Equivalent to a profile in multiple sequence alignment

In SSAP interatomic vectors are used

Here: bundes of interatomic vectors - they are represented
by average vector and its variance (error measure)

137

Alternative gpproad -
using a median structure
Find median structure (the one dosest to the al the others)

Alignead o the other structures onto the median by
consistently combining the dignments

Gerstein and Levitt (1998

138
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Motif Discovery

Unaligned Sequences/structures

/\

Align .
Pattern Discovery
\l, Method
Analyse
alignment
Motif
139
Framework
l———— Sohrtion space ™
; : N
Training D’scoveryé fgfﬁim \l
Siruclures . Local/glabal
Lcomy i ;Algon'gm &\\\
: Ture i__________(":’-*_] ______________ Pallern
| extraciion descriptian
|
| h .
e
Struclures Maitcher ilﬂ-’ P

140
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SHatt - Pattern Driven Algorithm
for the Discovery of Structure Motifs

Discover motifs consisting o asmall number of
individual residues

— closein space

— preserve sequence order.
* Do nad use pairwise comparisons - use simultaneously

information from all structures.

» Canfindmotifsrecurringin ore structure or in a set of

structures.

Jonassen, Eidhammer, Taylor, Proteins 1999.

141

SPratt - Idea

Describe (spatial) locd neighbouhoods as strings (Karlin
& Zhu, 1997

Use the sequence pattern dscovery method Pratt to find
pattern common to the strings

Ched if string similarity refleds dructural similarity

142
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SPratt - Neighbour Strings

» For each residue a in each structure:

— N, sequence of residues with spatial distance less than D from a,
in order from N-to-C terminal, starting with a.

— C,: sequence of residues with spatial distance less than D from a,
in order from C-to-N terminal, starting with a.

143

Neighbour string for each residue

Neighbour strings
for G:

C-string:
GT

N-string:
GYLIWCA

Remember the
index of each residue

144
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SPratt - Discovery Algorithm

» Encode the neighbouhood d each residuein each
structure as 2 strings (N-string and C-string)

o Use Pratt to find patternsin the N strings and the C strings
separately

» For each pattern, check if the neighbou string matches
refled structural similarity

145

SPratt - results

» Can be used to analyse up to around 50structures to find
patterns matching (almost) all.

» Time consuming step: Pratt

146
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Example output:
Cystein proteases

Protein 1hucAB 1gcb 1fieA laim

length 252 452 705 215

Pattern

S S220 S393 S397 S176

[DN] N219 N392 D396 N175

H H199 H369 H373 H159

F F32 F76 F317 F28

C C29 C73 C314 C25

147
RM Sd matrix

lhucAB 1gcb 1fieA laim

lhucAB 02 16 0.6
1gcb 15 0.7
1fieA 1.8

laim
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SPratt: Structures — Motif

SPratt
|
Motifs

X V
n“\\

149

Combining SPratt with SAP

Motifs —. (Taylor & Orengo, 1989;
SAP Taylor 1999)
|

Pairwise alignment
guided by motif

150
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SAP

ger —— . stuctires

Motif Infarmation

%,
Initial Pairs

|

Low-fevel DF

e
Fingd Infial Fairs

Cakidale new
scoritg mairix ¥ ciange

:

Afgn

A_,_,-"”

Alignment
and
sUpe mosition

SAP output - cystein proteases

Red: cathepsin-B (1huc), Cold (blue): bad superposition
Green: Human coagulation factor XII1 Hot (red, yellow): good fit
(2fieA)

152
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SAP output - 2Fe2S Ferrodoxns

Red: (1alo), Cold (blue): bad superposition
Green: (2pia) Hot (red, yellow): good fit

153

SPratt2

» Sameideas as SRatt in that spatial neighbouhoods are
encoded as neighbour strings.

* Instead of using Pratt, anew built-in seach procedureis
used.

— Use structural information in search
— Different (string) pattern solution space

* More efficient
— can take more structures as input
— can domore general pattern classes

* Jonassen et al, German Conference on Bioinformatics 2000. 154
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Nelghbour strings in SPratt2

* Oneneighbou string per residue including all residues
within D Angstrem in N-to-C direction.

Neighbour string
for

ACWILYGT

155

Neighbour String Angle Constraint

e C-alpha

cos(A)=a=bl(|al[b])

Include residue j in

I's neighbour string
only if A;>0 and A;>0
(or another threshold)

156
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Neighbour String *-Patterns

» String patterns consist of

— single anino adds

— match sets

— * which matches an arbitrary number of conseautive aninoadds
» Example:

— S*[DN]*H*F*C

» Different from SPatt that uses Prosite style patterns, e.g.
— SX(2,3)-[DN]-x(3,5)-H-x-F-x(8,10)-C
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Seach Problem in SHatt2

* Find *-patterns common to neighbou strings of at least k
structures

» Ead patterns contains one “center residue” - matching
neighbou strings have their center residue aligned with
that of the pattern.

» The structural conformation d the residuesin the
occurrences of a pattern shoud be similar.
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Probe — *-Pattern

ACWILYGT

Search problem:

Find *-pattern generalisation of the probe so that

- it matches neighbour strings from at least & structures

- the structures of the matches can be superposed onto the probe
structure within dangstrom
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*-Pattern Exploration
Seeded by Probe

ACWILYGT

r.S‘earch tree: G
// \\
G/*T Y*G L*G I*G
|
Y*G*T L*Y*G I*L*G W*I*G
/ \

L*Y*G*T C*W**G
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Use of Probe Structure in Search

» Matches that canna be superposed orto the probe within d
angstrom, are discarded - not courted.

* Interna distanceRMSd is used sincethisis easy to
compute.

» Used oy when *-patterns have 4 or more comporents
(limit to be explored with resped to speed and sensitivity).
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Which Probes?

* |f N structures are analysed and patterns matching at least k
structures are souglt, use as probes al neighbou strings
from the smallest n-k+ 1 structures.

» |f aquery structure is given, generate probes only from
this.
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Ranking of patterns

The neighbou string pettern has an information content 1.

The matches can be superposed orto ead ather giving a
matrix of RMSd values.

Score=
maxRMSD

Increases with increasing number of residuesin pattern
Decreases with softening amino acid constraints
Decreases with poaer structura fit
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| mplementation

One program - string pettern dscovery has accessto
structure information

Minimize memory usage
— output patterns as they are found - do pcst-processing externally

Allows mining d nonredundant subset of PDB

— e.g., morethan 2000 chains smultaneously
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Performance of SHatt2
compared to that of SPratt

Family k/N av. len Time
Cupredoxins 10/10 263 2 min - 6 sec
Cys. prot. 5/5 560 58 min- 16 sec
4Fe-4S 5/5 86 1lsec- 1sec
Ser. Prot 10/12 231 12 min- 57 sec
165
Mining PDB

Maximum 30% identity nonreduncant subset of PDB,
resolution 2.0 @ better: 779 chains (culledPDB, 185/00)

Radius 10 Angstrem

Min-angle: A>0

Max. RMSd: 1A

Memory usage: < 200Mbyte

K: minimum nr matching structures
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Mining PDB - time usage and
8 hous number of patterns found

N e e e

s |- . 4 |

000 [ . 1 aoniums [
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Figure 1: A: Running time of SPratt2 (in seconds — vertical axis) is shown when applied to PDE* (see text)
with different values of & {micdmum suppott requirement — hotizontal axis). We see that for £ = 2 SPratt2
takes almost & houts while for & = 20, the mn takes around 4 houts. B: The numbet of patterrs {vettical
axis) produced by SPratt2 for different values of & (horizontal axis).

Need to Reduce Pattern Set:
Select a “Covering” Subset of Patterns

» Discard patterns with score<20

» Pick pattern with maximum
— Score
— Support (number of matching structures)

» Remove patterns matching the same structures.
» Pick maximum pattern in remaining pettern set.
» Keep gang urtil no more patterns to be picked.

» “Representative subset” of the patterns - remove patterns
matching the same structure set
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Conclusions

Protein 3D structures are more complex than sequences
Protein structure comparison and alignment is complex

We have
— presented aframework
— reviewed some methods

A lot of methods out there

Have not touched too much on
— scoring, assessment
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Conclusions (cont’d)

Motif discovery useful aternative gproach to alignment

— canidentify patterns not significant when found between two
structures

— avoids laborious and in-dired pairwise comparisons
Motif discovery by (unsupervised) data mining feasible

Benchmarks could be useful, bu difficult to find set of
common interest
— Protein family databases (esp. SCOP) can be used for assessment
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Open Problems and
Future Diredions

» Will soon have all (most) protein structures
(experimentally or by hamology modelling).

» Givesincreased importanceto structure comparison,
clasgficaion, and motif discovery.

* Need more powerful methods for
— anaysing large data sets
— finding subtle (remote) simil arities
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