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Questions?

A Molecular networks are of current interest.
Previous analyses have focused on topologic
structures of individual network.

A Biological networks are different (molecular
types, species organisms, or tissues, under
varying conditions).

A We should take a comparative approach
toward interpreting these networks.
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Sequence alignmentd o

A Sequence alignment seeks to identify
conserved DNA or protein sequence

I Intuition: conservation implies functionality

i EFTPPVQAAYQKVVAGY  (human)
i DFNPNVQAAFQKVVAGVY  (pig)
i EFTPPVQAAYQKVVAGV  (rabbit)




(a2) Backbone of Irin. (b) Alignment result.

L. Chen, L.Y. Wu, Y. Wang, S. Zhang and X.S. Zhang.
BMC Structural Biology, 2006, 6:18. 5



http://www.biomedcentral.com/1472-6807/6/18/figure/F3?highres=y
http://www.biomedcentral.com/1472-6807/6/18
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Figure 4 Parallels betwean sequencs and network com parison on a timeline. The recent and possibly
future developmeants in methods for network comparissn are shown in the context of the analcgous
developments as they occurmed in the field of sesquance companson. General milestones for both fields
are shown in the middle (gray ko, with the specific instances for sequance versus natwork compartson

ing directly ab bl tively. :
app=aring directly above or below, respectively Nature Biotechnoloayv. 24(4):427-33 (2006).
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Motivation| =~

e R thoF gidA [GIEANGIEAY gidA

A By similar intuition, subnetworks
conserved across species are = /
. . 'dnaN |ERENIGHEN dnaN
likely functional modules ©

gyrE I oy e 'dnaA [EREANEREA] dnaA

A Conserved linear paths may correspond to
signaling pathways, and conserved clusters of
Interactions may be indicative of protein
complexes.

A When the two networks being compared represent
linear chains of interactions, the network
alignment problem admits efficient algorithmic
solutions.
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Network Alignment

Al Conservedod means t wc
contain proteins serving similar functions,
having similar interaction profiles

I Key word Is similar, not identical

N
-
<

mismatch/substitution 10
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SubGraph isomorphism

In graph theory, a graph isomorphism is a bijection (a one-to-
one and onto mapping) between the vertices of two graphs G
and H™ f:V(G)A4 V(H), with the property that any two vertices u
and v from G are adjacent if and only if f(u) and f(v) are adjacent
In H.

AThe subgraph isomorphism problem, is known to be NP-
complete.

Graph G Graph H An isomorphism
between G and H
f(a) = 1

© © f(b) = 6

f(c) =8

(65— f(d) = 3
(8 —@ f(h) = 2
(i) = 4

O © () = 7 .



http://en.wikipedia.org/wiki/Graph_theory
http://en.wikipedia.org/wiki/Bijection
http://en.wikipedia.org/wiki/One-to-one
http://en.wikipedia.org/wiki/One-to-one
http://en.wikipedia.org/wiki/One-to-one
http://en.wikipedia.org/wiki/One-to-one
http://en.wikipedia.org/wiki/One-to-one
http://en.wikipedia.org/wiki/Onto
http://en.wikipedia.org/wiki/Mapping
http://en.wikipedia.org/wiki/Graph_%28mathematics%29
http://en.wikipedia.org/wiki/Subgraph_isomorphism_problem
http://en.wikipedia.org/wiki/NP-complete
http://en.wikipedia.org/wiki/NP-complete
http://en.wikipedia.org/wiki/NP-complete
http://en.wikipedia.org/wiki/Image:Graph_isomorphism_a.svg
http://en.wikipedia.org/wiki/Image:Graph_isomorphism_b.svg
http://en.wikipedia.org/wiki/Image:Graph_isomorphism_a.svg
http://en.wikipedia.org/wiki/Image:Graph_isomorphism_b.svg
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The simplest case: interologs

A Interactions conserved in orthologs
I Orthology Is a fuzzy notion

I Sequence similarity is not necessary for
conservation of function

A A

Annotation transfer between genomes: protein-protein interologs and protein-DNA
regulogs. H Yu, NM Luscombe, HX Lu, X Zhu, Y Xia, JD Han, N Bertin, S Chung, M Vidal, M
Gerstein (2004) Genome Res 14: 1107-18.




Interolog

A Target Organism (e.g. Yeast)

Interacting Proteins

Protein-Protein
Interologs with
Joint identiy
Jae = m

Source Organism (2.g. Worm) 13
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Network Alignment Framework

SO e

A In general, the problem is computationally hard
(generalizing subgraph isomorphism under certain
formulations), but heuristic approaches have been
devised for it.

A A merged representation of the two networks is
created, called a network alignment graph. In a
network alignment graph, the nodes represent sets
of molecules, one from each network, and the links
represent conserved molecular interactions across
the different networks (PNAS, 2003).

A A greedy algorithm is applied for identifying the
conserved subnetworks embedded in the merged
representation.

14
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:Cnnyiﬁmﬁt}rpg 2)

Biological networks

Matched protains
Match protein pairs that are
sequenca-similar

PESDIDVDLCSELMARACSE -GV
PESE +D+DLCEEL+ FAT++ +
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High-=coring
consarved subnetworks

Metwork alignmeant

Consarved
intaractions

Matched
protain pairs

)

Saarch
algorithm

Figure 1 Network alignment. Metwork alignment combines protein interaction data that are available
for each of at least two species with orthology information based on the corresponding protein

sequences. A detailed probabilistic model is used to identify protein subnetworks within the aligned

network that are conserved across the species. Each node in this aligned network represents a set of
sequence-similar proteins (one from each species) and each link represants a conserved interaction.

Cther than species, the networks being compared can also be sampled across different t:in::nln::ugin::zai5

conditions or interaction types.
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Earlier approaches: PathBLAST

A Goal: identify conserved pathways (chains)

A ldea: can be done efficiently by dynamic
programming If networks are DAGS

(as ey des )
(Ao xs os

Score: match + gap + mismatch + match

Kelley, B. P., Sharan, R., Karp, R., Sittler, E. T., Root, D. E., Stockwell, B. R., and Ideker, T. Conserved pathways within bacteria
and yeast as revealed by global protein network alignment. Proc Natl Acad Sci U S A 100, 11394-9 (2003).

Kelley, B. P, Yuan, B., Lewitter, F., Sharan, R. Stockwell, B. R., Ideker, T. PathBLAST: a tool for alignment of protein interactiop
networks. Nucleic Acids Research 1;32: W83-8 (2004).
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B sequence homology
N protein interaction
e indirect interaction
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Comment: One of the drawbacks of the
alignment graph is that it includes a node
for every pair (or triplet) of similar proteins
(one from each input network). The
commonly used similarity

functions (e.g. BLAST E-value threshold)
generally impose a many-to-many
correspondence between proteins, which
causes the size of the alignment graph to
grow exponentially with the number of
aligned networks.

M) - gie)
S{F] — l ]‘:'E-J.I:I ! -+ l ]'Dgllzl i ;
=P P random —p & random7
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Earlier approaches: PathBLAST

A Problem: Networks are neither acyclic nor directed

A Solution: eliminate cycles by imposing random ordering
on nodes, perform DP; repeat many times

“ow

A In expectation, finds conserved paths of length L within
networks of size n in O(L!n) time

A Drawbacks

I Computationally expensive
I Restricts search to specific topology

Kelley et al (2003)
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Earlier approaches: MaWISh

A Goal: identify conserved multi-protein complexes
(cligue-like structures)

A ldea: such structures will likely contain at least
one hub (high-degree node)

Koyuturk, M., Grama, A. & Szpankowski, W. in Proceedings of the Ninth Annual
International Conference on Research in Computational Molecular Biology (RECOMB)
48i 65 (2005).



Earlier approaches: MaWISh

A Algorithm: start by aligning a pair of homologous
hubs, extend greedily

Efficient running time, but also only solves a
specific case

Koyuturk et al 2(32004)
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2 mic) - E. n( 3 ~2 diy)

maid ral

A Koyuturk et al. suggested an evolution-based scoring
scheme for the alignment of protein interaction networks
of two species.

A Define M to be the set of interologs (matches) among
the two subnetworks being compared (that is, two pairs
of interacting proteins, one in each subnetwork, with
orthology relations between them).

A Define N to be the set of mismatched interactions (that
IS, two pairs of proteins with orthology relations between
them, such that only one pair interacts).

A Define D to be the union of the sets of duplicated protein
pairs within each subnetwork.

21
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Earlier approaches: Graemlin

A a novel network alignment framework that is fast,
scalable, and capable of searching large sets of
dense networks for conserved functional modules.

A Gr b ml probadbdistic formulation of the topology-
matching problem eliminates earlier restrictions
on the possible architecture of conserved
modules.

A Most importantly, Grae mlinis the first program
capable of multiple alignment of an arbitrary number
of networks.

Flannick, Jason, Novak, Antal, Srinivasan, Balaji S., McAdams, Harley H.,
Batzoglou, Serafim, Graemlin: General and robust alignment of multiple
large interaction networks, Genome Res. 2006. 5
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A The efficient performance of Gree mlin is due to the
use of several strategies common in sequence
alignment.

A First, its variantof i pr ogr e s s i vallowait i
to scale linearly with the number of networks
compared.

A Second, Grae mlin searches for pairwise alignments
between networks using a modification ofthein s e e
e x t e n methodpopularized by BLAST.

A Finally, it allows an explicit speed-sensitivity trade-
off through the control of a parameter analogous to
the BLAST word size. 0
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Our motivation

E A general framework to deal with all kind
of networks. Directed and undirected,
weighted or unweighted.

E

S
S

"he combined network alignment graph
nould be optimized and one protein

nould correspond to only one protein.

25



Our methodo o MNAIligner

Given two networks G,=(V,, E)), G,=(V,E)) ,

={Vp Voo Vi,
V, ={\V, Vo

The adjacent matrix are

da,; @&, .. an ab, b, .. by
Azgﬂ &y, ... 8y Bzﬁlﬂ b, .. b,
®.. .. o . &. .. .
?aml A -+ G g%ni bn2 hm
El |f(v,,v = CELif A ) E,
aij Qj I
TO otherwise 70, otherwise

Z.Li*, S. Zhang*, Y. Wang, X.S Zhang and L. Chen.
Bioinformatics, 2007. 26



$ Chirme T W a ZHANGrOUP
Node similarity

o
as; J -
S S o S
S=

e

cSu Se - Sm
where §; is the node v;*in the first network and vi?in the second
netowrk

1" sequence similarity, such as BLAST

~ 27 protein evolution similarity, such as ortholog information

~ 3" functional similarity, such as the similarity between enzymes
can determined by their EC number difference

27



Defining variables as

(=

1 if ©! V] matches tf = Vo
)
E () f:rlhcrwls,c

Then the network alignment problem is formulated as an
Integer quadratic programming problem

T T
max  f(G,Ga) = A E E SiiTij
X

i—lj—l
— Al ; ; ; ; g J'j.g!”i!“
1_1.} l.l'L 11—
i L ;:.
Zﬁnliuil i=1.2.-m
5.1 Z;—]*uil j—l.E. 1
=12, ---m;3=1,2,---.n
. ] . o
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Comments on the model

B Object function: The first term is total node similarity
and the second term is the edge similarity.

E The parameter | is to balance the importance of node
similarity and edge similarity

E Constraints' One node in one network can
correspond to at most one node in the other network

29



Some results

An example from website of PathBLAST
(http://www.cytoscape.org/pluginsl.php)

30



Adjacent matrix

—_— |l-r.
DDDDDDDDHDDD
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001 020 010 0

0

0
002 020 010

0

070 0,01
0

0

0

0.01 050

0

0

010 0.01

0

0.01
0.70

0.10

0.20

0

010 0.570

0.01
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Node similarity matrix

|( 0.1
0.1
0.1
0.1
0.1
0.1
0.8
0.8
0.1
0.1
0.8

\ 0.1

0.1
0.1
(.8
(.8
(.8
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.8
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.8

0.8
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.8
0.8
0.1
0.8

0.5
0.1
0.1
0.1
0.1
0.5
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.5
0.1
0.5
0.1

0.1
0.5
0.1
0.1
0.5
0.1
0.1
0.1
0.5
0.1
0.1
0.1

0.8
0.1
0.1
0.1
0.1
0.8
0.1
0.1
0.1
0.1
0.1
0.1

0.8
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.8
0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.1
0.5
0.1
0.5
0.1
0.1
0.1
0.1
0.5

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.5
0.5
0.5

05 /
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Fig. 2. The simulated example of two directed networks

34
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We can align two directed networks
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Example on PPl networks

36
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Metabolic pathway alignment

A
[ 2344 2728 | [121.38 4.3.241 |
| 2.3.14 2728 | |1.21.38 4.3.241 |
B

fzu.-t 1.24.11 1413 42899 11‘1‘13]
[172.4 1.2.1.11 1113 2.3.131 - | A.

it
==
2

['1.1.1.94 2.3415] (23451 (27741
ll-lm- 234145 23451 | ' |2.7.7.41

37
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Network comparison globally

E Directly to find the isomorphism is NP-
complete, thus this measure can not be
used to practically test similarity of two

networks.

E The feasible way is to extract features or
global properties from the network, then
compute the similarity between the
vectors or distributions.

38
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E It is very common to use some of the
topological features of networks as a basis
of checking their similarity.

E For example, the degree distribution, the
k-hop reachability, the graphlet frequency,
the betweenness distribution and the
closeness distribution.

39
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networks: regulatory, co-expression,

Interaction, and metabolic.
In terms of overall topologic correlation

A global comparison of four basic molecular

Natwork Nurnl:u.gr of Nurr_‘nl:uer Poverar-law distribution Avarage C:Ius.’.:e.ring Characteristic | Diamater
Matwork name Tope proteins of links N=ak™ degree | coefficiant path langth { L)| (D)
0] a ¥ K (]
Exprassion undiractad 5,205 70,201 2,542 1.358 26.97 0.A585 5.518 19
Intaraction 4,743 23,294 2,601 1.588 2.822 0.2321 4 .358 11
Metabaolism 852 5,933 486.6 1.24 12,93 0.4.234 4659 20
. Regulator directed 2458 16.01 0.5835 29.14
Ragulation Targol 3271 723 - - 5 209 01087 3.765 g

Yu H, Xia Y, Trifonov V, Gerstein M. Design principles of molecular networks revealed by
global comparisons and composite motifs. Genome Biology 7: R55 (2006).

40
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Construct phylogenetic tree?

A Basically use the sequence or structure similarity
to get the distance matrix.

A Can we use the network data of different species
(PPI, co-expression)?

A Relate network with evolution

A Network evolution? (Understanding how network
evolves is a fundamental issue) sequence
mutation+ duplication

42



Multiple Alignment?

A Progressive alignment technique
I Used by most multiple sequence aligners

M. tuberculosis E. coli C. crescentus

A Simple modification of implementation to align
alignments rather than networks
I Node scoring already uses weighted SOP
I Edge scoring remains unchanged

TE e S s ZHANGrouD
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Take-home messages

A Network alignment: NP hard problem
A Heuristic methods

A Global vs local; alignment vs comparison

45
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Simultaneous fitting of
assembly components into
cryo -EM density maps




Overview

U Background
U Simultaneous fitting problem
U Our method
U Vector quantization
U Integer Quadratic Programming (IQP)
U Scoring of candidate structures
U Weighted ICP refinement
U Results
U Summary



e . ZRANGroup ot

Background

The function of biological macromolecules is often driven by their
Interactions. Large-scale experimental interaction network

Protein complex structures Protein domains & structures

Dom1 — Dom2 — Dom3

-- There are thousands of protein assemblies/complexes with unknown structure.
-- Structure determination of assembliesis difficult because of the limitations in
experimentatechnologies

Cryoelectron microscopy(CrycEM) is a promisingtool to generatelow-resolution (>4 A)
densitymapsof largeprotein assemblies
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Background: cryo -EM maps

Deposited electron microscopy

250 maps

EMDB EBI

200

B 20 A

B 10-20 A > (.
Bl <10A s

150

100

Total number of deposited maps

50

2002 2003 2004 2005 2006
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Sequential fitting problem

Component

—> 3D density map of
assembly

Pesudo-atomic structure of
assembly

Global
Optimum

Scoring function: cross-correlation score between the EM
map of the assembly and the atomic structure at similar
resolution.

Search method: exhaustive search over all possible
orientations.




