P(N,-->N,) and Corner Cutting

« How many networks could be visited on *““almost shortest” paths?
5 \ /

If d(N1,N2) =k, then there are 2% networks are visitable on shortest paths. If 2¢ additional
steps are allowed, then 2% (L +L(L-1)/2 +(L(L-1)..(L-+1)/&l) are visitable.

Example. 15 nodes, L=105, At=4t=0.05, £ =2, d=4. P(4)= e~°.5%/41~.003 P(6)= e°.55/61<10*
How can P( ) be evaluated? 0

Can be found in P(«0) at appropriate rows.
In general not very useful (number of metabolisms).

Simulations
Forward with symmetries could be used in specific cases. [ N

Backward (coupling from the past)

Oll gstroem (2002) Finite Markov Chains and Algorithmic Applications, Cambridge University Press Lyngsg R, Y.S.Song and J.J.Hein (2008) “Accurate Computation of Likelihoods in the Coalescent with Recombination via Parsimony “ In press Recomb



Evolving Networks: Integration

2

NP

0 t t,

A T R

T

* Integrate of all waiting times (t,,..,t;) and state assignments of length i gives
probability of specific trajectory

PIN—>.N,, >N)= ||| P(N > N, > N;t,,.t,)df
ty ..t "
» The above expression can be shown to be of the form HZe WZCka

n=1 n=0 k=0
And recursions O(N?) exists to calculate coefficients.

e Sum over i state assignments gives probability of paths of length 1.
P(N— Nisteps)= D P(N—.N_, —N)

N;,N,,..N,
« Sum over all path lengths gives probability of N turning into N’
P(N — N')=> P(N — N';i steps)



Evolving Networks: MCMC

Present pathway: @ — — Q\
* Insertion of an edge pair Toggle edge k Toggle edge k

Deletion of an edge pair \I\ \ﬂ\

Moving of a pair or singles ﬂ I

Metropolis-Hasting integrating of all paths - Green (1995) version:

Set Of " ..... 1) Likelihood - L(e)
' T, I Probability of going from etoe - q(e ,@) L(')q( o 0)

pa'[hS: o e J - Jacobian L(.)q(.,.)

Acceptance ratio

Green, P. J. (1995) Reversible jump Markov chain Monte Carlo computation and Bayesian model determination, Biometrika, 82, 711-732



A TOV Exam P le (by Aziz Mithani)

Equilibrium
Metabolic Uni Probability
« Metabolic Universe - ¢
' - ¢ 7
i m - . ' iti B E 3
» 12 possible edges Q_\» ! \&.g gragsgl_clq? i\\_
1|1U3 A 5,‘?( . ] rooaptity -~
1' 2u 3 Hy o' \ Gﬁ:l. AG 0 I ) ne ¢ © L
2u 1i 3 \5\}\ \j\ : (
aau V>i;<: . J “ dist=6 ">ﬂ-<:

Transition Probability: e o
Full Exponentiation (212 states 4096) ny

Exponentiation with corner cutting
26 - 64, 384, 960, 1280 ,960, 384, 64

Log Likslihonod

Lag Likelihaod

MCMC Integration ¢
J

H
Favouring insertions connecting
M
N

Inzerion A=t #

Delation Aate 1] I o " Inserlion Rate ™

[ne)
m
)
E
3
=
=

Adding Connectedness

GaNE_, |
i;s The proportion present: g —0.714

=]



Application and extension to Phylogeny

One metabolism Pairwise analysis

Pentose Phosphate Pathway Pseudomonas

Futhway Map Start (rganism End Crganism [Hfferences”  CnP* At ATh [T ST Afp
T o e P oy ) Penteme phosphoe pathway P geruginoss PAOT P syrngae DOCW0OO0 9 (L& D:0) D166 OO0RST 006168 (00656 513849
o — "'I L "I- ) -I'.lr ) | LA PO t 191512 026738 0330 (I213F  S92IRS
1 ¢ L ety P fuorescens PRSP flusrescens PROCL 2 (12 De0) 06724 DOOITE  (UIESE  QUOOISA 525147
wrEr "'I“_'"‘__ i il t G783 Op02E  QRNGE  QUOAO0E  BAEEAT

! e °

: ""'_'_r::-' .:_'._'" T R Lysine degradation P aerugineng PAOL 2 syringae DCWO0 1 (11, I DO0IRY  OOO0SE  QUDESTE  DOOETS 03T
A - : j‘ (AP0 t GIRILE  D22654  12ESS5  RIZR1G4 011702
e i e L e P fiovescens PRSP fluorercens P12 (00, kD) QOOTET  OO00T4  (ReERD Q005N QURGES
j - l D275 DUIDA6E 130084 (44758 009753
A FPhenylalanine metabolism P geruginess PACH 2 syringae D30 6 (L4, De2) OOTE6T  OOOTSS  OdEdes Um0 (.146289
(MAFTO360) +  DIITEE DIST  1SHIR ATIZM 026090

D486 DO0EIE 78573 Q05140 0057
+ 034472 DUIMIE 205643 046145 006763

P fecorenvens PI-5 P ffunrercess FI0-1 T, Ik5)

Multiple analysis with parameter for neighbor dependence Main results

Evolution rates

Pathwny Map Phylogeny El&)  war(f] ElA) var{ A} Efu) i) Alu . . , . .
Pentose phasphate patbway  (pae,(pd,pba) | OAME Q0072 22403 LAAS&  LOOGBE  O.0866 20805 @ [nsertion rate higher for pathway maps invched in central metabolism
[ MAFOO00) (poe,([psbopsp),pst))  OC336E 00073 LTEST  LA1EE  QRSER Q0S8 ROSZ 1 v ' : . '
Forvde mots 0208 0006 LG 0068 08431 00ITE  Lom and aming acid bIDE.!,'I'I‘t hEIIE than thl::.se invalved in secondary
metabelism and amino acid degradation
Laysing degradation (oo, (o i} ) 00861 DO0GT 06244 0INE 26061 4TTI 02316 . . .
(MAPOOE L) (pae,({psbypsp)pee))  0UOTOF 00024 04TEZ 0433 40EGE GLERS 01154 w Hates hIEhEF in Pseudomonas s¥ringae EDI'I'IFIEFEd to Pseudomonas
Ferudamsorins 0060 00022 04955 00235 22045 23058 0248 flrarescens
Fhenyalanine metabalism { s, [, i) 0063 00020 05337 D2ST  A.2TR 25057 02851 « Supports experimental findings = High number of deletions in F.
[ MAPOOR R (poe,((psbpaplpe))  OOSE2 00019 05080 (U083F Q0808 28660 02971 : -
Feeudamsorins 0479 00004 OESM3  MIT 1983 05205 04511 syringae lineage

@ Low insertion to deletion ratio (/) for pathway maps related to
amino acids which are poor nutrient sources

MNeighbourhood structure

¢ Pathway maps involved in central metabalism and metabaolism of
essential aming acid have strong neighbourhood structure.



Requlatory Network Evolution

Artificial Genome . Regulatory control according to rules

Riel, 1999: _ : :
 Proteins can bind the regulatory regions

genes

time

v )

(= =

/\

Evolving Artificial Genome = =
/AR
IT="

aajoarg

Quant & Bullocks, 2007:
/\\

* Selection will influence final dynamics

R.Somogyi & CA Sniegoski (1996) Modelling the Complexity of Genetic Networks Complexity 1.6.45-64. Metabolic stability and epigenesis in randomly constructed genetic netsJournal of Theoretical Biology,\Volume 22, Issue 3,\March 1969, Pages 437-467S. A. KauffmanTorsten Reil: Dynamics of Gene Expression in an
Artificial Genome - Implications for Biological and Artificial Ontogeny. ECAL 1999: 457-466 Quayle, A. and Bullock, S. (2006) Modelling the evolution of genetic regulatory networks. Journal of Theoretical Biology, 238 (4). pp. 737 Babu, M.M., Luscombe, N.M., Aravind, L., Gerstein, M. & Teichmann, S.A. (2004) Structure
and evolution of transcriptional regulatory networks. Curr. Op. Struc. Biol., 14, 283-291753. Nat Rev Genet. 2007 Oct ;8 (10):803-13 17878896. The evolution of genetic networks by non-adaptive processes. Michael Lynch



Networks: Signal Transduction Pathways

I.I r'| - - f— ;
o8 |l| e
receptor | protein 1 | effector < I
receptor | 0.000 | -0.986 | 0.007 109 H
protein 1 0.020 0.000 -0.040 g,. I
effector -0.733 0.726 0.000 ) |
02 1
One protein IS receptor, one effector.

Activating receptor creates cascade effect % =[P D 1,IP 1-[IP, 1L _K,[P; D]
described by simple equation system. j j

e Dynamics

o Mutational Process: recruitment/loss + change of interactions

F=1-nc ifa=1 n-number of proteins, c - fitness cost per protein,

e Fitness _ SO
F=0 ifa=0 «- functionality criteria

18

- A A
e N A~ O

e Evolution

Average Pathway Size

o N &2 O ©&

0 500 1000 1500
Generation
50 (2 7) . ARNOLD J. LEVINE WENWEI , ZHAOHUI FENGANDGERMAN GIL Soyer, os Pf ff . T, Bonho ff s

rse Engineering Bi. 1 Networks al Methods thw: Ann. N. ad.
S I ing the evolution of signal p hway JOURNAL OF THEORETICAL BIOLOGY (2006) 241 223 232 R. Alhen, B. Da: G p R Dol d S K h I ED Sontag, A Z Ik ky d K W b k An Ime hod for signal transduction network inference from indirect experimental eviden I of Comput:
Biology, 14:927-949, 200 7 Soyer oss h ff S. Evolution of complexity in signaling pathways. Proc Natl Acad Sci USA. 2006;103:16337316342



Models of Protein Interaction Networks Evolution

Barabasi & Oltvai, 2004 & Berg et al. ,2004; Wiuf etal., 2006

*A gene duplicates

eInherits it connections

*The connections can change

Berg et al. ,2004:
*Gene duplication slow ~10-%/year
«Connection evolution fast ~10%/year

*Obhserved networks can be modeled
as If node number was fixed.



Network Alignment

Basic Operations:
* Duplication

» Elimination (loss of interaction — edge) erd
* Emergence (gain of interaction — edge)

* Deletion (loss of node with edges)

By wy ”'i LT

Associated cost function for each operation and cut-off 4 (matching disallowed)

Heuristic Search of optimal matching subnetworks

Example of small matched networks

Application to Yeast, C.elegans, D.melanogastor,

) # Matched nodes & Mufches ¥ Mismaiches # Duplications l,_:" ;{ e L. Melanogastes
Crgarinm ., t ) T~
plir # Nodes A=1 A=12 A=1 A=12 A=1 Org. § (rp. 2 : }1"" -
1
B owa UE T 31z 123 412 AT 40262 Glo7 LHEA / I|I
SO wa DM 1 5H=4 1730 2522 i1 42TH] 1054241 alo7 13470 { y, 1
CE vs M 1 1805 4i] 3391 455 5265 A543 GHER 1470 Hp2 p ) omzmnes ()

66T-28T°Z°ET 1019'NdWOD T SYJOMIBN UOHIRIZIU UIBI0Id J0 Juawubiy asivured (9002) “[e 1 MHN.LNAOM



L_ikelithood of PINSs

Irreducible (and isomorphic)

XX

o
N 1) wonn

Bunoauuod-aQg

2386 nodes and 7221 links

e Can only handle 1 graph.

e Limited Evolution Model

Log Likelihood
-19.0 -180 -17.0 -16.0
| | | | | | |

0.2 0.4 0.6 0.8
Parameter p

0, = (1,.66,.33,0)

pAO|T "] O1noueAOr ') *(9002) ‘0252-99S. ‘€0T ‘SN ‘B1ep XJ4oMmiau Jo sisAjeue 01 yoeoidde pooytjaxi] v ‘Jdwns "H'd'IN ‘48qbeH O ‘as1awelg "IN ‘JNIAN "D



The size of the human Interactome

True network — G\=(Vy, En)

N

P, ,(Gs) = D P.(G4Gy)P,(Gy)

Gy 26Gg
Pp=Ng/Ng
. 2 M
=
NS(NS _1)
Species Nodes Edges MN 95% ClI
Yeast 4,959 17,226 25,229 24,100- 26,440

Drosophila 7,451 22,636 74,336 71,700- 77,100
C.Elegans 2,638 3,970 240,544 220,030-263,270
H.Sapiens 1,085 1,346 672,918 625,170-722,670

Sampled network G¢=(Vs, Eg)

Pp,e (Gs) = Qp(NS) Zq(GS'GN)Pa (GN)

Gy 26Gg

P, (G'x

Gy 2Gg
1 — NN(MN _1)
; NS(NS _1)

Gs) = (Gs,GW)P,(G'v)/ 2.q(Gs,Gy)P,(Gy)

alcomplexity.com

Yeast Protein Interaction Network from http://www.visu.

stimatid et Siee

5 2
g
£
£
s £
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Inference and Evolution

l l l

)P(D )P(N

I:)(Dmouse ’Dhuman ) — Z P(D

Ni, N

N

human ‘ human mouse ‘ mouse human ! mouse )

Evolve

Infer network H H

Observe (data) Human Mouse



Suggestion: Evolving Dynamical Systems

« Goal: a time reversible model with sparse mass action system of order three!!

Adding/Deleting components (TKF91): w
Add rate: (k+1)A x
Delete rate: ku ) ° \<.

Adding reactions with birth of component:
There are 3k(k-1) possible reactions involving a new-born

Reaction Coefficients: l
e Continuous Time Continuous States Markov M ¥
Process - specifically Diffusion. A R

* For instance Ornstein-Uhlenbeck, which has
Gausssian equilibrium distribution T




I
Evolve! CE

> [ ][ |
Budding (D;) | CIb5 | CIb2 | Cdhl | Cdc20 | Sicl | Cln2 | SBF | ™N/A) | (N/A)
Fission (D) | Cig2 | Cdcl3 | Ste9 | Slp1 | Ruml | WA) | N/A) | cde25 | Weel

- What is the edit distance?
* Which properties are conserved?

 If you only knew Budding Yeast, how much would you know about Fission Yeast?

» As N1 starts to evolve, you can only add reactions. Isn’t that strange?

* On a path from N1 to N2 how close to the minimal has evolution travelled?

» What is the number of equation systems possible for N1?



summary

The importance of modelling

The main classes of networks

The development of sequence and networks models

Integration of paths

Basic Models

Modeling Dynamic Systems Evolution
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