Dali: an algorithm for
optimal structure alignment
using distance matrices

“Protein Structure Comparison by alignment
of distance matrices” by Liisa Holm & Chris

Sander
Presentation by: Athina Ropodi




Outline

Introduction
Dali algorithm
Results
Output

DaliLite



Introduction

Most newly determined protein sequences
can be classified into families by sequence
homology.

However, protein families are known to retain
the shape of the fold even when sequences
share few similarities at the sequence level.

These similarities can be detected by
structural comparisons that merge protein
families of known 3-D structure into structural
classes.



Introduction

A significant tool for the comparison of protein
structures is the distance matrix.

It is a 2D representation of the 3D structure,
as It contains all pairwise distances between
atoms — in this case Ca atoms.

They can be obtained by X-ray
crystallography and Nuclear Magnetic
Resonance (NMR).
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Dali algorithm

The “Protein Structure Comparison by
alignment of distance matrices” by Liisa Holm
& Chris Sander was first published in1993.

It was implemented in Fortran-77

The name stands for Distance-matrix
ALIgnment.



Dali algorithm — Methods

Given proteins A and B, we define:

L L
S=), 2.4 i)
i=1 i=1
where i, | label pairs of matched residues, L is

the number of these pairs, and ¢ the iml'glarity

S
measure based on the distances dijA, dij



Dali algorithm — Similarity scores

Objective: the search for the largest common

substructure between 2 proteins|sSince pairs in the long
distance are abundant

Rigid similarity score: their  contribution s
o weighted down by the
OMi, j) = O —ld;—d3j). envelope function:
where 8 is the similarity threshold W(r) =e€xp(=r/a")
where a=20A calibrated
Elastic similarity score: on the size of a typical
domain
A_dqB
(BE__ ldu *dul) W(d?} 1 ?}?éj
¢*(i. 5) = &
6", i=3

where d; the average of the distances, and w is
an envelope function.



Dali: a greedy algorithm

It consists of 2 basic steps:

Performs systematic comparisons of all
elementary patterns (here hexapeptides).
Similar patterns are stored in the “pair list”

A Monte Carlo algorithm is used to deal with
the combinatorial complexity of assembling
patterns into larger consistent sets of pairs.



Dali: 15t step

In the first step of the algorithm, similar
submatrices of size six in two proteins are
found by comparing their distance matrices.

These comparisons result in alignments of
size six between two proteins. Then,
compatible alignments are merged to obtain
larger alignments called seeds.



Example of merging of co
alignments
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Example of merging of compatible

alignments
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Example of merging of compatible
alignments
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Dali:15t step

A. Distance matrices

llyz
No. of overlapping hexapeptides

Total no. of contact patterns
No. of contact patterns in reduced distance matrix

HNzm

No. of overlapping hexapeptides
Total no. of contact patterns
No. of contact patterns in reduced distance matrix

B. Pair list

Total no. of pairs of contact patterns

Total no. of pairs of contact patterns after reduction

No. of checks by filters on row/column sumst

No. of residue-by-residue similarity score calculations

No. of kept pairs of contact patterns after ranking
by score

124
7626
H332

159
12,561
4709

06 x 10°
71 x 10°
9 x 10¢
2x10°

4 x 10*



Dali: Monte Carlo optimization

The key idea is iteratively improving by a
random exploration of the search space with
occasional moves into non-optimal territory.

A move is a randomly chosen change. The
probability of accepting a move is:
p = exp(f*(S" —9))
where S’,S the new and old scores, and 3 a parameter,
iInversely proportional to the temperature.
Moves that improve the score are always

accepted, but the higher the temperature the
more probable are excursions downhill.



Dali: Monte Carlo optimization

The basic moves are addition and deletion.

A chain of configurations is called trajectory.
For every trajectory the highest score is
remembered.

Optimization starts with a seed alignment.

One expansion cycle corresponds to
randomly testing all expansion candidates in
the pair list.

The addition of a new fragment may require
the removal of inconsistent previous
assignments.



Dali: selection protocol

The range of alignments is narrowed onto the
highest scoring ones in 3 stages.

In stage 1, the pair list is screened for all
triplets of non-overlapping hexapeptides.

A trimming cycle is
performed after the
first and every 5
consecutive
expansion cycles



Dali: selection protocol (stagel)

Singlets that overlap are merge into 1 seed.
The maximum number of seeds is 100.

Each seed initializes a trajectory and goes
through one cycle.

If the assignments of 2 trajectories are more
than 50% identical, then the one with the
lowest score is rejected.

In practice, keeping the 10 highest scoring
trajectories gives good results.



Dali: selection protocol (stage 2)

Optimization is continued until the score has
settled in an optimum, i.e. for 20 cycles.

We reject trajectories with more than 80%
identity with higher scoring ones.

Trajectories with a score smaller than a
fraction of the best score are also rejected.



Dali: selection protocol (stage 3)

Refinement of the best scoring trajectory.

The best alignment is used to initialize 10
parallel trajectories with 30% of aligned
blocks removed.

These are optimized as in stage 2, until the
best score no longer improves.



Dali: Monte Carlo optimization

C. Monte Carlo optimization

Screening

No. of parallel trajectories
No. of expansionf/trimming cycles}
No. of kept alignments after ranking by score

Optimization of divergent alignments

No. of parallel trajectories
No. of expansion/trimming cycles}
No. of kept alignments after ranking by score

Refinement of best alignment

No. of parallel trajectories -
No. of expansionftrimming cycles]
No. of kept alignments after ranking by score

80

10

10
40
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Results

In order to test whether the highest score
found is the global optimum, comparisons
with  random number of seeds were
performed.

The algorithm converged to within 2% of the
global optimum score with 96% fidelity.



Results

To test the radius of convergence, alignments
were generated from all seeds (even from the
ones that would have been rejected).

The vast majority corresponded to incorrect
optima.

Thus, the optimization procedure is not overly
sensitive to the choice of initial alignment.
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Output- structural alignment

Obviously, an elastic score gives more
common core residues than a rigid one.

Common
=FE=ETEERS= ==TE= ==RIES Core Of sE==g==3===3
........................ __HHEHHHHHR_. . EEEEEE_TTS_EEEE.TTEERES , residues HHHHHHHEHHHHHHHHEHEHT TTHHHHRH
........................ MNIFEMLRIDRG ., . LRLKIYKDTEGYYTIG. > "ouiK. . . . . SPSLNAAKSELDKA IGRNCNGY ITKDEAEKLFNQDVDAAVRGI LENAKLKPVYD 2LZM
.............. : ....210353454344..21513451.0145454.345542...,..5230.......-252.......1566. .553455224432443. . ... ......
kveckeELAMM The method  |S RATNRNTDGSTDYGILOINSRWWCNDGRTPGSRNL. . .ANIPCSAL. . .LSSD. . ITASVNAAKKIVSDG. . .. .. .. 1LYZ
_B__ HHHHHHH] . . S_EEE_TTS_EEETTTTEETITS_B S5 TT_ __ 7T...T_SBGGGAG...G8s_ .. _HHHHHHHHHHTTSS. .........
erXIbIe In that =SS== =zzo=x =Sa= ESSRESSIES=SE
gaps may be of
Hs,_unuunnﬁmu..a...rr!.y...l.,e..ﬂg_tb,.:.m.,.m.. o HHRHS SHHHHH SHHHHNHHHHHHEHS SSHHHRH . . . , . . H. a-helix:
SLDAVRRCALINMVFQMGETGVAGFTNELRMLOOKRWDEAAVNLAK SRWYNQTENRAKRVI TTPRTGTWDAYKNL . . . . . . 2LZM ’ ) ’
......... LT E kP | &2 - N & 7 ¥ SO G, 3-helix;
......... NCMNAWVAWRY . . .+ o ovevnernrsennnsnasneeassans. RDKGT. . ... ... . DVOAWIRGARL 1LYZ E & B, B-Sheet;
......... SGGGGESHHNHH - . .« o o oo e v eeseeeennannensaene s HITTS s onon. .. ._GGGGSTT. ;
T, turn;
Gaps,non-aligned S, bend;
Active segments & -, non-hydrogen

sites trailing ends bonded structure.



Protein structure family trees by
average linkage clustering
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DaliLite workbench

The Dali server is routinely used

to compare newly solved structures against
those in PDB,

to compare predicted structures to the real
ones and

to maintain the FSSP database of structural
networks.
It is available on the internet

There is now a stand-alone distribution which
contains programs written in Perl and
Fortran7/7/



DaliLite workbench-Characteristics

Two alignment options —pairwise comparison
and database search.

The input is one or two sets of atomic
coordinates of proteins in PDB format.

The output is a FSSP file

A visualization script is included to convert
FSSP alignments to graphical output.



http://www.ebi.ac.uk/DaliLite/

MEL-EBI 2:° 22 1 8 4l Datahases v | Enter Text Here Go Reset (@ e

s Sea Advanced Search  feedback

Datab Toals EBI Groups | Training Industry About Ll Help site Index [ S
= Help Indesx EBl > Tools * Structural Analysis
= General Help DaliLite Pairwise comparison of protein structures
= Formats
» References DaliLite is a program for pairwise structure comparison. Compare your structuredfirst structure) to a reference
= DaliLite Help structureisecond structure).

. . RESLLTS SEARCHTITLE TOUR EMAIL
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ACCRSS | Interactre b ||Sec:|uen|::e I

First Chain D or upload afile in PDB format

FUd entry code.
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. . -
Structure 20 &Nty code: Chain ID (pdb_ent_dat_brkd
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http://ekhidna.biocenter.helsinki.fi/
dali_server/

Institute of
Biotechnology

SERVICES & TOOLS GROUF MEMBERS HEWS & VACANCIES RESEARCH PUBLICATIONS

Protein Structure Database Searching by DaliLite v. 3

The Dali server is a network service for comparing protein structures in 30, You submit the coordinates of a guery protein
structure and Dali compares them against those in the Protein Data Bank (FDB). You receive an email notification when
the search has finished. In favourable cases, comparing 30 structures may reveal biologically interesting similarities that
are not detectable by comparing sequences,

Dali server

If wou want to know the structural neighbours of a protein already in the Protein Data Bank (PDB), you can find them in the
Dali Database,

If you want to compare two particular structures, you can do it in the pairwise DaliLite server,

Upload a structure:
AualATnan..

Or enter POB identifier: chain: [optional)

Enter email address for notification:

Repeat email address:

_submit | clear




PDB search results for epidermal
growth factor legf

DaliLite: Structural Neighbours

Query: mollA MOLECULE: EPIDERMAIL GROWTH FACTOR;

Mlatches are sorted by Z-score. Sumlarties with a Z-score lower than 2 are spurious.

Summary
MNo: <Chain b rmsd lali nres
1: 1legf 12.7 0.0 53 53
2: degt 10.6 1.0 53 53
J3: lmox-D 4.4 3.0 45 45
4: liwvo-C 4.3 2.7 44 47
S 1lmox-C 4.2 3.1 47 49
g: livo-D 4.2 2.7 44 47
T 1319-A 4.1 2.2 41 42
- dwdAr-R =T O * n an 44

%id
100
100
28
Gl
30
Gl

71
7

(MME, 16 STRUCTURES)
(MME, 16 STRUCTURES AFTEF
FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR;

Description

EPIDERMAL GROUWTH FACTOR [(EGF)

EPIDERMAL GROUWTH FACTOR [(EGF)
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EPIDEEMAL GROWTH
WAL FCOTILF - NITRHTHFRTI TOYTH-



PDB search results for epidermal
growth factor legf

Dal
Quse

Ivlatch
Summar,
MNo: Chain b rmsd lali nres
1: 1legf 12.7 0.0 53 53
2: degt 10.6 1.0 53 53
J3: lmox-D 4.4 3.0 45 45
4: liwvo-C 4.3 2.7 44 47
S 1lmox-C 4.2 3.1 47 49
g: livo-D 4.2 2.7 44 47
T 1319-A 4.1 2.2 41 42
- dwdAr-R =T O * n an 44

%id
100
100
28
Gl
30
Gl

71
7

chbours

IDERMAL GROWTH FACTOR,;

ore lower than 2 are spurious.

(MME, 16 STRUCTURES)
(MME, 16 STRUCTURES AFTEF
FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR;

Description

EPIDERMAL GROUWTH FACTOR [(EGF)

EPIDERMAL GROUWTH FACTOR [(EGF)
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EPIDEEMAL GROWTH
WAL FCOTILF - NITRHTHFRTI TOYTH-



PDB search results for epidermal
growth factor legf

DaliLite: Structural Neighbours

Query: mollA MOLECULE: EPIDERMAIL GROWTH FACTOR;

Mlatches are sorted by Z-score. Sumlarties with a Z-score lower than 2 are spurious.

Summary
Ho: Chain b riwsd lali nres %id Description
1: 1legf 12.7 0.0 53 53 100 EPIDERMAL GEOWTH FACTOR (EGF) (NME, 16 STRUCTURES)
2: degt 10.6 1.0 53 53 100 EPIDERMAL GEOWTH FACTOR [(EGF)] (NMR, 16 STREUCTURES AFTEF
J3: lmox-D 4.4 3.0 45 45 28 MOLECULE: EFIDERMAL GROWTH FACTOR RECEFPTOR:
4: liwvo-C 4.3 2.7 44 \ Al MOLECULE: EFIDERMAL GROWTH FACTOR RECEFPTOR:
S 1lmox-C 4.2 3.1 477 VLECULE: EPIDERMAL GROWTH FACTOE RECEPTOR:
g: livo-D 4.2 2.7 44 WLECTULE: EPIDERMAL GROWTH FACTOE RECEPTOR:
T 1319-A 4.1 2.2 4 WLECULE: EPIDERMAL GROWTH FACTOR:
- dwdAr-R =T O * n a1 TRCTILR - MITEHTHRRTE TOYTM-



PDB search results for epidermal
growth factor legf

DaliLite: Structural Neighbours

Query: mollA MOLECULE: EPIDERMAIL GROWTH FACTOR;

Mlatches are sorted by Z-score. Surilarities

Summary
MNo: <Chain b rmsd lali nres
1: 1legf 12.7 0.0 53 53
2: degt 10.6 1.0 53 53
J3: lmox-D 4.4 3.0 45 45
4: liwvo-C 4.3 2.7 44 47
S 1lmox-C 4.2 3.1 47 49
g: livo-D 4.2 2.7 44 47
T 1319-A 4.1 2.2 41 42
- dwdAr-R =T O * n an 44

%id
100
100
28
Gl
30
Gl

71
7

rE SPULOUS.

(MME, 16 STRUCTURES)
(MME, 16 STRUCTURES AFTEF
FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR RECEPTOR;

FACTOR;

Description

EPIDERMAL GROUWTH FACTOR [(EGF)

EPIDERMAL GROUWTH FACTOR [(EGF)
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EFIDERMAL GROWTH
MOLECULE: EPIDEEMAL GROWTH
WAL FCOTILF - NITRHTHFRTI TOYTH-



PDB search results for epidermal
growth factor legf

DaliLite: Structural Neighbours

Query: mollA MOLECULE: EPIDERMAIL GROWTH FACTOR;

Mlatches are sorted by Z-score. Sumlarties with a Z-score lower than 2 are spurious.

Summary
Ho: Chain b

1: legf 1z.
21 Jegtf 10.
K lmwox-D 4.
4: livo-C 4.
L lmox-< 4.
"N livo-D 4.
7 1319-4 4,
= fwdr-0 %

F I e S A e = |

rmsd lali nres

.0

S L L= O
M -1 = =10 0

a3
a3
1
44
477
44

41
an

53
53
45
177
49
177

=
41

%id
100
100
28
Gl
30
Gl

71
7

Description
EPIDERMALL
SIDERMLL &
I, SCULE:
HOL: g

HOLECSH
HOLECULE

MOLECULE
MOT.FCOTILE

BOWTH FACTOR (EGF) (MNME, 16 ITRUCTURES)
BOWTH FACTOR (EGF) (NME, 16 ITRUCTUREZS AFTEE
EOILDEDRMAL COOITTE B e Tol e CEPTOR

EPTOR:

LPTOR.;

LPTOR.;



PDB search results for epidermal
growth factor legf

Pairwise Structural Alignments

Motation: three-state secondary structure defimbions by DSSP (reduced to H=helz:, E=sheet,
not-equivalent residues (e.g in loops) are in lowercase, Arne acid identities are marked by

No 1: Query=moll A Sbjct=1egf Z-score=12.7

b33F LEELLLLLLLLLLLLLLLEEEEELLLLLEEEELLLLLLLLLLLLLLLLLLLLL
Query NeVYPGCPESYDGYCLNGGVCMHIESLDSYTCNCYV IGYSGDRCOQTRDLEWTELE 53
ident [ [[T00EEEEEEEEEErrerrrerrrrrerrrrrerrr ettt
Shijct NEYPGCPESYDGYCLNGGVCMHIESLDIY TCNCVIGYSGDRCOTRDLEWWELE 53
b33F LEELLLLLLLLLLLLLLLEEEEELLLLLEEEELLLLLLLLLLLLLLLLLLLLL

No 2: Query=moll A Sbjct=3egf Z-score=10.6

b33F LEELLLLLLLLLLLLLLLEEEEELLLLLEEEELLLLLLLLLLLLLLLLLLLLL
Query NeVYPGCPESYDGYCLNGGVCMHIESLDSYTCNCYV IGYSGDRCOQTRDLEWTELE 53
ident [ [[T0I0EEEEEEEEEErrerrrerrrrrerrrrrerrr ettt
Shijct NEYPGCPESYDGYCLNGGVCMHIESLDIY TCNCVIGYSGDRCOTRDLEWWELE 53
b33F LEELLLLLLLLLLLLLLLEEEEELLLLLEEEELLLLLLLLLLLLLLLLLLLLL
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