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Overview

- Searching in a database of protein structures
- Search for a structural "motif”
- Pairwise comparison
- All-to-All comparison

» Study the interaction between structures and
other molecules (Protein Docking)
- Molecular surface representation
- Protein surface comparison
- Geometric shape descriptors
- Shape matching algorithms
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Levels of protein structure
representation
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Primary structure:
the sequence of amino acids
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Secondary structures

Three basic components:

helix A 8.0
A EAL Y
5 !/f m/x }// ’E/-’\'\
/ /H/ // // .'
sheet R A A AL
a7 H

)*/ C{H/ 9! q ) / )
SOV AL ;;F‘—‘ (A - -
Loops (linear connections between the

components)



The helices

* One of the most

% oo ﬁ closely packed

_ l arrangement of

i residues.

| : + ~40% of residues

in globular proteins




loosely packed
arrangement of
residues.

The sheet
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Secondary Structures
Representation

- Secondary structures are represented as
linear vectors (segments):

the axis for the helix and the best fit
segment for a sheet

* An alignment algorithm is used to match an
helix segments with known axes to
determine helix axis. Direct segment fits
are made to fit sheet strands.



Secondary Structure
Determination

* Programs: DSSP and STRIDE.

* On the average 4.8% of the target
residues were differently assigned, this
number reaching 12% for certain targets.


http://swift.embl-heidelberg.de/dssp/
http://www.embl-heidelberg.de/argos/stride/stride_info.html

Protein Structure Comparison

- ~ <D
What are N—_
the most

similar
S folds ? ) PD B
N

New protein



Secondary structure
representation

» Each secondary -
structure is displayed as %,[
a cylinder

. The protein is /\\ T
represented by and / g
ordered sequence of ﬁ
cylinder with two labels: 3 N
helices or sheets /

N\ ;—_



GHT applied to proteins

» For every protein, the distance (p) of
every secondary structure from a
reference point (RP, eg the geometric
center of the protein) and the angle
(theta) between the direction of the
secondary structure in the 3D space and
the segment linking the center of that
secondary structure with the RP are first
calculated. (GH reference table RT)



In the way of GHT
(simplified 2D representation)

and sheets

-
’/

Query protein )%
(scaled 0.5)
W ¢

' % %

Mapping Rule Votes Space



In the way of GHT

and sheets

Query protein

‘\*\‘« T X
Mapping Rule Votes Space
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GHT applied to proteins

* In the 3D space of a given "object
protein”, every secondary structure of a
"model protein” votes a circumference of
points starting from every secondary
structure of the object protein.

If the proteins are similar in shape, the
circumferences will all intersect in a given
point.



GHT and Motif Retrieval

» Other than shape resemblance, the
algorithm might be used for motif
retrieval, as for instance when the "model
protein” is one or many possible motifs to
be looked for in a given “"object protein”.



Generalized Hough Transform
(SSS)

Reference Point

Type A: a-helix, I, TD.. ™
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Main characteristics

* the mapping rule, for each compatible
correspondent, in 3D is a circle on a plane

perpendicular to the axis of the secondary
structure

* Other information can be exploited to
increase the S/N ratio:

- the length of the secondary structure

- the residues properties contained in the SS

- any other (biochemical, morphological, etc.)
peculiarities.



The implementation

» The voting space is smoothed by accumulation
of nearby votes (within a given radius) for
each point

+ After smoothing, the highest peaks in the
voting space are detected (avoiding to pick
high votes that however are not the top of a
peak but lie close to one such peak)

* Only the relevant votes are stored in memory:
there isn't a matrix with all the possible cells.



Smoothing Algorithm

»+ Smoothing is performed by accumulating votes within a
given radius, for every point in the vote space.

» The classic version, i.e., checking every vote for the
vicinity condition, has been proven to be too time-
consuming for applications, with a time complexity of
O(n?), where n is the number of votes in the vote space.

* The smoothing problem can be seen as an “"orthogonal
search” problem, i.e., finding points within a given cube in
space.

* A particular structure has been implemented for solving
this problem with a O(n log3(n)) complexity: Range Trees.



PROTEIN 1FNB

The protein contains 22
Secondary Structure.
Searched motif: Greek

key (4 B-sheets).

The red circles are the

helices and the blue
circles are the sheets.

The triangles
indicate the orientation

of the secondary
structures.
The black point is the
reference point.
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The protein contains 46
Secondary Structure.
Searched motif: 3 helix
and 2 sheet.

The red circles are the
helices and the blue
circles are the sheets.
The triangles
indicate the orrentation
of the secondary
structures.

The black point is the
reference point.



SSC:

Secondary Structures Co-occurrences

RP

'~

igpoint  Type A: n-helix, |;, TD..
Istance  Type B: a-helix, |,, TP.,
AXIis ‘
distance
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SST: Secondary Structures Triplets

Reference Point

4

normal to 7T
_
/ ABC ¢ g, e, Lo
B

/ £
! . )

Type A: n-helix, |;
Type B: a-helix, I,
Type C: a-helix, |5
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4 SSs motif:
Terns co-occurrence

Reference Point

> \‘D

-

FourTerns | _
Type A: n-helix, |
ABC ACD |
T . R-
BCD DAR ype B: B-strand, I,

Type C: a-helix, |5
Type D: B-strand, I,
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Reference Point

Ten Terns
ABC ACD
BCD BDE
CDE CEA
DEA DAB
EAB EBC

July, 2nd 2013

Hh SSs motif:

Terns co-occurrence

Sofia 2013

Type At
Type B:
Type C:
Type D:
Type E:

n-helix, |4
a-helix, |,
a-helix, I3
a-helix, I,
a-helix, |5
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PROTEIN 1FNB

20—
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The protein contains 22 Secondary Structure. Searched motif: Greek key (4 B-sheets).
The red circles are the Aelices and the blue circles are the s/eets, in bold the motif SSs.



PROTEIN 7FAB

L Motif RP
O RP for SSC
RP for SST

O RP for MDM

[y \\/St\\@\ | \

_20 \

0 \/ 20

20 40
X y

The protein contains 46 Secondary Structure. Searched motif: 3 helices and 2 sheets.
The red circles are the Ael/ices and the blue circles are the s/eets, in bold the motif SSs.



Searching performances

Searching a Greek Key motif (4 SSs, all B-sheets) in 1IFNB

Methods Candidate RP Error Rate % | SearchTime
SSS [31.41 1.16 11.94] 0.32 35.2sec
SSC [31.33 1.08 11.79] 0.33 3.86sec
SST [31.38 1.08 11.69] 0.00 5.76 sec
MDM [31.40 1.12 11.66] 0.16 7.59sec

Searching a motif with 5 SSs (3 helices and 2 sheets) in 7FAB

Methods Candidate RP Error Rate % | Search Time
SSS [-17.56 9.46 15.17] 0.28 108sec
SSC [-17.40 9.14 15.48] 0.34 42 51sec
SST [-17.48 9.17 15.48] 0.00 48.89sec
MDM [-17.45 9.16 15.50] 0.15 112.17sec




PV Benchmark (20 proteins)

‘ PDB ID ‘ Description ‘ Number of SSs ‘
2798 FMN-dependent NADH-azoreductase 14
279C FMN-dependent NADH-azoreductase 15
2798 FMN-dependent NADH-azoreductase 16
4GCR GAMMA-B CRYSTALLIN 18
3E90 Pre-mRNA-splicing factor 8 21
1IFNB FERREDOXIN-NADP+ REDUCTASE 22
3E9L Pre-mRNA-processing-splicing factor 8 23
2PZN Aldose reductase 24
3C3U Aldo-keto reductase family 1 member C1 26
227G Adenosine deaminase 28
277K Queunine tRNA-ribosyltransferase 33
2PRL Dihydroorotate dehydrogenase, mitochondrial 34
200X8 Ribosyldihydronicotinamide dehydrogenase [quinone] 35
20QMY Ribosyldihydronicotinamide dehydrogenase 36
3C94 Exodeoxyribonuclease 1 37
20X9 Ribosyldihydronicotinamide dehydrogenase [quinone] 38
3C95 Exodeoxyribonuclease [ 39
3DC7 Putative uncharacterized protein Ip3323 43
3DHP Alpha-amylase 1 44
TFAB IGG1-LAMBDA NEW FAB (LIGHT CHAIN) 46




PV Benchmark: basic features
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PV Benchmark: performances
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Average performances

SSC

Number | Number of SSs | Total number Total Average
of per motif of motifs Searching Time | Searching Time
proteins (sec) per motif (msec)
20 3 105971 119.882 1.1[0.55-1.48]
20 4 918470 1275.585 1.4 [0.51-1.75]
20 5 6455009 11261911 1.7 [0.52-2.19]
Number | Number of SSs | Total number Total Average
of per motif of motifs Searching Time | Searching Time
proteins (sec) per motif (msec)
20 3 105971 768.508 7.3 [0.9-11.7]
20 4 918470 10303.806 11.2 [1.2-16.9]
20 5 6455009 111809.428 17.3 [1.4-24 4]




EGI - protein 1laa01




Future outlook

* These algorithms are extremely
interesting, not to the least for its
capability o be executed on parallel
computing systems (thanks to the inherent
parallel nature thereof).

» The accuracy of the comparison has the
potential o be increased to competitive
standards with respect to other
approaches.



Example of match with cardinality 10
between
proteins 2qx8 (source) and 2qx9 (search)
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Credits: parallel
implementation
by Mirto Musci



Study interaction between
structures and other molecules
(Protein Docking)
through mathematical morphology



Surface Modeling

Van der Waals surface
Convex hull

)\

Solvent-excluded surface

Solvent accessibile surface
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Mathermatical morphology: Closing Operation

Dilation

4

Erosion

Y

The structural element is a sphere
representing the solvent
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Protein-ligand docking

* A large molecule (receptor) and a small
molecule (ligand) docking in a cavity.

+ Key in lock

protein



Docking
Protein-Protein Interfaces

The docking site is
more planar rather
than a cavity.
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Accuracy vs coverage

» Accuracy: how many of

the solutions found | .
F:solutions

were correct? FBiind

A= (FNT)/F

+ Coverage: How many of
the correct solutions
were found?

C=(FNT)/



Convex Hull @

Note that straight
lines (facet in 3D)
are represented in
a point in the EGI,
and their 'spike’ can
be easily eliminated,
leaving only the
true contour
(surface) of the
object (protein).
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+ The CH of a molecule is

A CH of a molecule (1MK5)

the smallest convex
polyhedron that
contains the molecule

» A practical O(n log n)
algorithm for general
dimensions CH
computing, is Quickhull
(Barber, 1996)




Propagation in concavity volume from CH

o v‘“.....

.
y X
A
A




Propagation in the concavitiy volume

The concavity volume is the

1iff1eB
region R between the CH and D; = { 0 i{l‘;iuﬁe}
the SES A = Bex:
B is the set of the border N =(A®K)nR;
voxels of CH E=N-A;

while E = & do

A is the increasing set of voxels :

) . . Ve€E:d, = an. (dy +wy);
contained in R; E is to the Ae: N Millnenn. ( Wn)
recruited near neighbors N = (A ® K)~R;

d, + w, is the minimum distance E=N-A;
in the near neighbors by the done

displacement w



Propagation in the CV: 2D sketch
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Back-propagation for pockets and
tunnels search (1MKbH)

T i = $id
R — WL
R I == =5 .
= - _-I- +HE  + . m
: Vi = P
i AR R i Li
. * itk % : il *

Lt ¥ iy

. N : 13

The vertical clusters not 3 i=
associated to any pockets are * o
black, the ones representing 43

pockets are colored



Pockets detected on the 1IMKbH




Protein Inspector - finding pockets




Protein Inspector: pockets refinement

All pockets at once with TD constraint




rotein Inspector - pockets refinement

Single pocket with TD and ligand box constraints
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The main pocket
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The second main pocket
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The main pocket of 1IMK5

T atoms
green from CAS

jacen

O
<

T

Red and green from




1MKS.pdb

Credits: SW by
Riccardo Gatti

1MK5

VISUALIZATION
I~ wireframe

I” space filling atoms
I~ space filling voxels
[V march. cubes

MATH. MORF.
Radius[14 |
__EROSION_ |
__DiaToN |
CONVEX HULL
CREATE CHULL I
DISTANCE TRANS. |

C.HULL VISUALIZATION
I c.hull triangles
I~ c.hull voxels

C SLICES  + F

TUNNELS

CLUSTERIZE DT l

SHOW TUNNELS |
Tunnel No.[s |
tunnel max[w
tunnel min[200 |

TUNNELS VISUALIZATION

I~ single tunnel
[~ single cluster

tunnel number| 0 =
cluster number[0 | 2]

EVALUATE PARAMS I

PROTUSIONS

PROTUSION FINDER
SHOW PROTUSION I
protusion numberw
hase max size] 300
max radius[16 |

parameaersﬁs—

TEST l

PRINT PROP. IMG.
PRINT IMAGE
BATCHES
PROTUSION BATCH

LOAD CASTP

I~ show pocket
pocket id | 29 ﬁj
LOAD PI

¥ show pocket

pocket_id| 24 =
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Protein Inspector - finding protrusions

Segmentation of protrusions

for a 2D shape
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Protein Inspector - finding protrusions



KS.pdb

VISUALIZATION

IV wireframe

I space filling atoms

I space filling hetatoms

[ space filling voxels

[ march. cubes surface

¥ march. cubes tunnels

[~ march. cubes protusions
[ march. cubes single tunnel

MATH. MORF.
Radius[14 |
__ERosioN_ |
__olation |
CONVEX HULL
CREATE CHULL
DISTANCE TRANS.

C.HULL VISUALIZATION
™ c.hull triangles.
™ c.hull voxels

SLICES  +

TEST 1
™ show test di

parameters|1

TEST

PRINT PROP. IMG.
PRINT IMAGE '

BATCHES
™ record protein .obj
I record protein ws
I™ record pockets .obj
™ record pockets ws
I record prop.image
™ print parameters
PROTUSIONS

PROTUSION BATCH
mounth max radius[16 |
depth ,T
I slow method
single steps +
POCKETS & TUNNELS
POCKET BATCH
lenght[25 |
e E—

™ base core
[Z all at once
™ single Ing
[ singled Ing+box

RECORD POCKETS
single steps +

VISUALIZE

protusion id[0 | 2
pocket id l\— =
c.component iu,ﬂ_ |

™ 'single pocket

I™ single pocket Ing

™ single pocket Ing boxed
I™ single cluster

EVALUATE PARAMS
LOAD CASTP

I™ show pocket
pocket id |0 =
LOAD PI '

I~ show pocket
pocket_id{ 0 =
COMPARE l

'OCKET 31 DEPTH =
JPOCKET 32 DEPTH
POC 3 PTH

33
> END REF
-> TUNNEL
0
)
T ~> FILL
-> FILL

34

= 20

/TUNNELS

Protein inspector - user interface

FOR TUNNEL 1

ISPLAY LIST FOR LEAF
1§ FOR

LEAF

TUNNEL ...
TUNNEL ... 14778 UOXELS LOADED?!

D LA § FO!
—> OPEN TUNNEL SUBWINDOW FOR TUNNEL 1

1MKS
ORY 1M
> LOADING

LOADING ATOM:

LOADING

END LOADIN

E
OXELS

Heat Diffusion

K|0.05

pdb files| 1MKS.pdb ]

LS DISPLAY LIST .
DISPLAY LIST ..

POINTS ...
TRIX POINTS 1738 loaded ...
AC)

441 surface voxel loaded! 1738 volume voxel

WS| 1MKS. pdb |

1MKS.pdb-protusion-53.ws
1MKS.pdb- protusion-54.ws
1MKS.pdb- protusion-55.ws
1MKS.pdb- protusion-6.ws
i 1

1MKS.pdb- protusion-8.ws
1MKS.pdb- protusion-S.ws

refresh

™ voxels
™ show c.hull
¥ show m.cubes

ROTATE
CLOSE WINDOW I

lter. |5
HEAT DIFFUSION

" CONV&CONC
cC

LOAD WORKSPACE POCKETS
(
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2D sketch for searching
protuberances
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Active sites matching

» Two data structures are proposed:

- the Concavity Tree

Arcelli C, Sanniti di Baja G (1978) "Polygonal covering and
concavity tree of binary digital pictures”, Proceeding
International Conference MECO 78, Athens, pp. 292-297.

- the Extended Gaussian Image

Hu, Z., - Chung, R., - Fung K. S. M_, (2010), "EC-EGT: enriched
complex EGI for 3D shape registration”, Machine Vision and
Applications, 2, 177-188.
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Concavity Tree

)?

\/4
D NN

First level

do | oo

Second level

Third level

B31 A B32 X B33

B @3w) 6320 @) 621D Fourth level
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Protein 1IMKbH

66
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Concavity free

Third level

Fourth level

Fifth level

Sixth level
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CT:. node content

Volume - Travel Depth

* Surface to Volume + Top Five Peaks and
Ratio Valleys

+  Skewness of Height + Summit Density
Distribution - Mean Summit

* Kurtosis of Height Curvatures
Distribution - Interfacial Area Ratio

* Mouth Aperture . Residue Conservation



Extended Gaussian Image

The EGI of a 3D object or shape is an orientation histogram that
records the distribution of surface area with respect to surface
orientation. Gauss mapping

n

tn,

(a) Cube (b) EGI of cube

(Note: The weight is shown only for normal n |, for clarity)

B.K.P. Horn, l’:‘x‘rended Gaussian Images, 1984
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Extended Gaussian Image

Ohject Properties

Files: [ TEL.pdb- protein.o =l

| Open 1 Obj File.. | Open 2 Obj File... |
Make 1 EGI | Make 2 EGI |
Save 1 EGI | SsavezEeal |

& Draw Object [ Wireframe [~ Egi Cursor

 Draw Egi [ Inertial Axis [ Normal Info
[ Draw EG-Egi [ Obj Minihud [ Egi Line
™ Draw CHull
Calor | White = Color2 [White |
Normals [[1] | Jump [1 =
e Scale |IE =
Sim. Thr.[100 =
XY Rotaion  ggsu [ 3
Reset Al Align EGI Similary
Add save data M.Save Option Similary OPT
M1 K- =160 M1 Y160 M1 Z-2180
MZ ¥-=180 M2 Y -=180 Mz Z-=180
Bounding OPT Quit C.Hull




Hierarchical Search

20 Faces 80 Fces 320 Fces 1280 Faces
lcosahedron

Funk et al., SIGGRAPH 2004



Hierarchical Search

20 Faces 80 Fces 32 ces 1280 Faces
lcosahedron

Funk et al., SIGGRAPH 2004
July, 2nd 2013 Sofia 2013 76




Hierarchical Search
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Hierarchical Search
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Hierarchical Search
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Extended Gaussian Image

EGI The EGI of a 3D object or shape is an orientation histogram that
records the distribution of surface area with respect to surface orientation.
Horn, B.K.P.: Extended Gaussian images. In: Proceedings of the IEEE 72, 1671-1686 (1984).

CEGI The Complex EGI encodes each surface patch's signed perpendicular
distance from the reference coordinate center.

Kang, S.B., Tkeuchi, K.: Determining 3-D object pose using the complex extended Gaussian image. In:
TEEE Computer Society Conference on Computer Vision and Pattern Recognition, pp. 580-585 (1991).

MEGI The More Extended Gaussian Image (MEGI) model consists of a set of
position vectors for surfaces and their normal vectors.

H. Matsuo and A. Iwata, "3-D Object Recognition Using MEGI Model from Range Data.” Proc. 12th Int'l
Conf. Pattern Recognition, pp. 843-846, Jerusalem, Israel, Oct. 1994.

MSEGI The multi shell EGI

Dingwen Wangl,2, Jigi Zhang2, Hau-San Wong2, and Yuanxiang Li, 3D Model Retrieval Based on Multi-
Shell Extended Gaussian Image, 6. Qiu et al. (Eds.): VISUAL 2007, LNCS 4781, pp. 426-437, 2007.

ECEGI The Enriched CEGI encodes each surface patch's signed with its 3D
position.

Zhaozheng Hu - Ronald Chung - Kenneth S. M. Fung: EC-EGI: enriched complex EGI for 3D shape
registration, Machine Vision and Applications (2010) 21:177-188.



Complex EGI (C-GEI)

CEGI encodes each surface patch's signed perpendicular distance from the
reference coordinate center . .. mapping

(a) Cube (b) CEGI of cube

(Note: The weight is shown only for normal n | for clarity)

Sing Bing Kang and Katsushi Ikeuchi, 3-D Object
Pose Determination Using Complex EGI, 4993
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Enriched C-EG}E (EC—EGI)I

The EC-EGI encodes each sur'fac/e‘\ jclili
patch’s sighed with its 3D position '2&" vz

Hu, Z., - Chung, R., - Fung K. S. M., (2010), "EC-EGT: enriched complex EGI
for 3D shape registration”, Machine Vision and Applications, 2,477-188.
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Enriched C-E.G.I.

ogram 0.

Ohbject Properties
Files: | 1KIM pdb-pocket-D.obj =

Open 1 Obj File.. | Open 2 Obj File... |

Make 1 EGI | Make 2 EGI |

Save 1 EGI | savezEal |

i Draw Ohject I wiretrame I™ Egi Cursor
o Draw Egi [~ Inerial axis [~ Normal Info
¥ Draw EC-Egi [~ Obj Minihud [~ Egi Line

Open O. Option I~ Draw C.Hul

Color [White | Colorz[white |

normals [[1] | Jump [T

Scale (0.3 H
Sim, Thr. [100 H
Translation Xv iRafafion)  ggi sub.[3 =
Reset Al Align EGI Similary
Add save data M.Save Option Similary OPT
M1 K-=180 M1 Y -2180 M1 Z-=160
Mz ¥-=180 M2 Y¥-=180 Mz Z-=1580

Bounding 0BT it I




EGI in progress

J UEER

Ohbject Properties

s: [btn_ideal 0_0_0.00] J@
|
|
|

Cpen 1 Ohj File... | Open 2 Ohj File.
3 JMake 1 EGI | Make z EGI
 Save 1 EGI | savezEal

Draw Ohject '- Wiraframe ™ Egi Cursar
Draw Egi [~ Inerial Axis [~ Mormal Info

| [¥ Ohj Minihud [~ Egi Line

’Zn‘

ColorIWhlte | Egisun.[3 =(8
rmals ] j Jump [1 El -

" Sim. Thr.[100
quljmign { 15 26l Similary
At

Rotate M1 X-=160 Rotate hz X-=180
Rotate M2 Y-=180
Rotate M2 Z2-=180

Rotate M1 -
Rotate M1 Z2-

=180
=160

1 ORJECT SELECT COMBOBOX § EGIIC HEDRON SUBDIVISION LEVEL 17 ALIGN SUPPC USER CORRECTION
2 OPEN A FILE IN THE SELECTED WIN 10 JUMP TO THE SELECTED NORMAL IN EGI OE 18 MODEL FILENAME
3 MAKE EGI FOR THE SELECTED MODEL 11 USER VIEW COMMANDS 19 FILE DIMENSION

DATA TO A TEXT FILE 12 SIMILARITY THRESHOLD
EGI DRAW MC 18 RESET ALL PRC ON AND VIEW STATUS
SUALIZATION OPTIONS 14 ALGN THE TW DDELS 22 ka1 su
1 mol OLOUR COMBO 15 CHECK FOR MODELS' SIMILARITY 23 nUMBER O

8 NORMALS SELECT COMBOBOX FOR EGI 1 QUIT PROGRAM i . A Iessand r'o 6099 ia

ODE: MODEL REPRESENTATION .
C ‘ S ROTATION) Cred ITS : SW by

RRENT EGI




Protein-Ligand Interaction
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CAPRI: Critical Assessment of
PRediction of Interactions

+ CAPRI (Critical Assessment of PRedicted
Interaction) is an international effort,
aimed at objectively assessing the
performance of these methods by inviting
developers to test their algorithms on the
same protein targets and objectively
evaluating the results.




