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School	
  teacher…	
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PhD: Specifying and Reasoning about 
Concurrent Systems in Logic	
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…	
  solving	
  really	
  useful	
  problems	
  
‘8	
  queens’	
  

Bob	
  
Kowalski	
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…	
  ‘dining	
  philosphers’	
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DNA,	
  the	
  molecule	
  of	
  life	
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More	
  genes	
  –	
  
beWer?	
  

4,300	
  

70	
  

6,700	
  

14,000	
  

20,000	
  

22,000	
  

28,000	
  

31,000	
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Gene	
  structure	
  

mRNA 

Protein 
sequence 

DNA gene 

Transcription   

Translation 

Folded  
Protein 
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                  xxx 
                 V   x 

                x     x 

                x     x   

                x     x 

                 C   H 

                x \ / x 

               x   Zn  x 

                x /  \ x 

                 C    H 

             xxxx      xxxxxx 

  C-x(2,4)-C-x(3)-[ILVMFYWC]-x(8)-H-x(3,5)-H	
  

…	
  PaWerns	
  …	
  

Brazma,	
  I.	
  Jonassen,	
  I.	
  Eidhammer	
  and	
  D.R.	
  Gilbert.	
  	
  Approaches	
  to	
  the	
  automa-c	
  discovery	
  of	
  paWerns	
  in	
  biosequences,	
  
Journal	
  of	
  Computa-onal	
  Biology	
  1998	
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Stem	
  loops	
  

 (1)   c          (2)    g 
      a-u               u-a 
      g-c               a-u   
      u-a               g-c 
      c-g               c-g 
  augg   ggcau      aggc   ccgu 

(1) auggcugacucagggcau 
(2) aggccgaugaucgccgu 

        α  β αrc 

Eidhammer, Jonassen, Grinhang, Gilbert & Ratnayake, A contraint-based structure description language for 
biosequences,  Journal of Constraints 6:2/3, 2001 
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            ggcauaucgccgu   
                 |||| 
            gacucuagc 
            |||| 
        auggcugaaggc  

String: 
auggcugaaggccgaucucagggcauaucgccgu 

     α  γ1  β  γ2 αrc  γ3  βrc 

Pseudo-­‐knot	
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Mike	
  Ashburner	
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The	
  European	
  Bioinforma-cs	
  Ins-tute	
  

Janet	
  Thornton	
  

David	
  Westhead	
  

EPSRC	
  Visi-ng	
  Research	
  Fellow	
  at	
  
the	
  European	
  Bioinforma-cs	
  
Ins-tute:	
  "Formalising	
  TOPS	
  

cartoons,	
  and	
  the	
  development	
  of	
  
an	
  interac-ve	
  similarity	
  search	
  

mechanism	
  over	
  TOPS	
  databases”	
  
1998	
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PDB:	
  Protein	
  Data	
  Bank	
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Protein	
  structure	
  -­‐	
  levels	
  

VHLTPEEKSAVTALWGKVNVDE
VGGEALGRLLVVYPWTQRFFE
SFGDLSTPDAVMGNPKVKAHG
KKVLGAFSDGLAHLDNLKGTFA
TLSELHCDKLHVDPENFRLLGN
VLVCVLAHHFGKEFTPPVQAAY
QKVVAGVANALAHKYH 

PRIMARY	
  STRUCTURE	
  (amino	
  acid	
  sequence)	
  

QUATERNARY	
  STRUCTURE	
  

SECONDARY	
  STRUCTURE	
  (helices,	
  strands)	
  

TERTIARY	
  STRUCTURE	
  (fold)	
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“Greek	
  key”	
  
mo-f	
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Jelly	
  roll	
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Beta	
  propellor	
  

repeat	
  unit	
  

x6	
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Plait	
  mo-f	
  Number	
  of	
  
insert	
  SSEs 

(0,N)	
   (0,N)	
  

Plait E*h*E*e*H*e 1:3R 1:4A 1:6A 3:4A 4:6R	
  

(0,N)	
  (0,N)	
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Plait	
  
mo-f 

(0,N)	
   (0,N)	
  

2bop 
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PaWern	
  matching	
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Mo-f	
  matching:	
  	
  
TIM	
  Barrel	
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PaWern	
  discovery	
  

P	
  

C	
  

P	
  

D2	
  

N	
  
C	
  

C	
  

5	
   7	
   9	
   11	
  

6	
  3	
   9	
   11	
  

10	
  1	
   4	
   6	
  2	
   3	
   8	
   12	
   13	
  

10	
  1	
   5	
  2	
   7	
  4	
   8	
   12	
   13	
  
N	
  

14	
  

A	
   P	
   P	
  
P	
  P	
  

P	
   P	
  
P	
   P	
   P	
  

A	
  

A	
  

P	
   P	
  

P	
  P	
  PaWern	
  

N	
  

D1	
  

• Send	
  the	
  paWern	
  once,	
  and	
  
• 	
  Send	
  the	
  uncovered	
  parts	
  of	
  each	
  structure	
  
• 	
  Range:	
  0	
  (no	
  similarity)	
  to	
  1	
  (iden-cal)	
  

Special	
  case:	
  When	
  2	
  examples,	
  compression	
  gives	
  comparison	
  

	
  Compression	
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Fast	
  protein	
  structure	
  comparison	
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Genes	
  to	
  systems	
  
DNA "gene" 

mRNA 

Protein 
sequence 

Folded  
Protein 
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Networks	
  
•  Gene	
  regula-on	
  

•  Metabolic	
  

•  Signalling	
  	
  

•  Protein-­‐protein	
  interac-on	
  

•  Developmental	
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Metabolic	
  Pathways	
  

hWp://ca.expasy.org/tools/pathways/ 
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Methionine	
  Biosynthesis	
  in	
  E.coli,	
  aMAZE	
  data	
  model	
  
L-­‐aspartate


L-­‐Aspartate-­‐4-­‐P


2.7.2.4


1.2.1.11


L-­‐Homoserine


L-­‐Aspartate	
  semialdehyde


1.1.1.3


aspartate	
  biosynth.
aspartate	
  biosynth.


aplha-­‐succinyl-­‐L-­‐Homoserine


2.3.1.46


4.2.99.9


Homocysteine


Cystathionine

4.4.1.8


L-­‐Methionine


2.1.1.13


2.5.1.6


L-­‐Adenosyl-­‐L-­‐Methionine


2.1.1.14


Aporepressor
Aporepressor


metJ
metJ


codes for


is part of
assembly


is part of
assembly
 inhibits
inhibition


inhibits
inhibition


lysine	
  biosynth.
lysine	
  biosynth.


threonine	
  biosynth.
threonine	
  biosynth.


asd
asd
 aspartate	
  semialdehyde	
  deshydrogenase
aspartate	
  semialdehyde	
  deshydrogenase

codes for
 catalyzes
catalysis


metA
metA
 homoserine-­‐O-­‐succinyltransferase

codes for
 catalyzes
catalysis


homoserine-­‐O-­‐succinyltransferase


catalyzes

cystathionine-­‐gamma-­‐synthase
cystathionine-­‐gamma-­‐synthase


codes for
 catalysis


metC
metC
 cystathionine-­‐beta-­‐lyase
cystathionine-­‐beta-­‐lyase

codes for
 catalyzes
catalysis


metE
metE

Cobalamin-­‐independent	
  homocysteine	
  transmethylase
Cobalamin-­‐independent	
  homocysteine	
  transmethylase


codes for
 catalyzes
catalysis


codes for
 catalyzes
catalysis

Cobalamin-­‐dependent	
  homocysteine	
  transmethylase
Cobalamin-­‐dependent	
  homocysteine	
  transmethylase
metH
metH


metR
metR

codes for


metR	
  acVvator
metR	
  acVvator


up-regulates
up-regulates
up-regulates


represses
repression


represses
repression


represses
repression


aspartate	
  kinase	
  II/homoserine	
  dehydrogenase	
  II
aspartate	
  kinase	
  II/homoserine	
  dehydrogenase	
  II

codes for
 catalyzes
catalysis


catalyzes
catalysis


represses
repression


represses
repression


ATP
ATP

ADP
ADP


NADPH;	
  H+
NADPH;	
  H+

NADP+;	
  Pi
NADP+;	
  Pi


NADPH;H+
NADPH;H+

NADP+
NADP+


Succinyl	
  SCoA
Succinyl	
  SCoA

HSCoA
HSCoA


L-­‐Cysteine
L-­‐Cysteine

Succinate
Succinate


H2O
H2O

Pyruvate;	
  NH4+
Pyruvate;	
  NH4+


5-­‐Methyl	
  THF
5-­‐Methyl	
  THF


THF
THF


2.7.2.4


1.2.1.11


1.1.1.3


2.3.1.46


4.2.99.9


4.4.1.8


2.1.1.14
 2.1.1.13
activation


ATP
ATP

Pi;	
  PPi
Pi;	
  PPi


2.5.1.6


expression


expression


expression


expression


expression


expression


expression


expression


expression


metB


metL

metBL	
  operon
metBL	
  operon


metB


metL


repression


Holorepressor


J van Helden, A Naim, R Mancuso, M Eldridge, L Wernisch, D Gilbert, and S Wodak (2000), Representing and 
analysing molecular and cellular function in the computer, Journal of Biological Chemistry, 381 (9-10):921-35.  
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Interpreta-on	
  of	
  Gene	
  Expression	
  data	
  
DNA chip 
experiment

Transcription profiles

Clustering
Clusters of 

co-regulated genes

Mechanism of co-regulation ?

Pattern discovery
in regulatory regions

Putative 
regulatory sites

Matching against
transcription factor 

database

Sites for
known factors

Novel 
sites

Functional meaning ?

Pathway extraction
in metabolic reaction graph

Putative 
metabolic pathways

Matching against
metabolic pathway

database

Known 
pathways

Novel 
pathways

Visualization

 
J van Helden, D Gilbert, L Wernisch, M Schroeder, and S Wodak (2001), Application of Regulatory Sequence Analysis and Metabolic 
Network Analysis to the Interpretation of Gene Expression Data, in Computational Biology,LNCS 2006, pp147-163, ISBN 3-540-42242-0. 	
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Cell	
  levels	
  
System	
  boundary	
  

Genome	
  space	
  

Transcriptome	
  space	
  

Proteome	
  space	
  

Metabolome	
  space	
  

gene1	
  

gene2	
   gene3	
  

RNA1	
  

RNA2	
  
RNA3	
  

protein1	
  

protein2	
  

protein3	
  

metabolite1	
  

metabolite2	
  
metabolite3	
  

Complex1-­‐3	
  

…	
  

GXD	
  

SMD	
  

ArrayExpress	
  

NDB	
  

Rfam	
  

RNA	
  
Sequence	
  
Database	
  

…	
  

TIGR	
  TRANSFAC	
  

GenBank/
DDBJ/	
  
EMBL	
  

Ensembl	
  

UCSC	
  
Genome	
  
Browser	
  

MIPS	
  
GO	
  

InterPro	
  

SCOP	
  
PDB	
  

Swiss-­‐	
  
2DPAGE	
  
PIR	
  

SwissProt	
  	
  

…	
  
CATH	
  

Prodom	
  

GelBANK	
  

…	
  

LIGAND	
  
WIT2	
  

Brenda	
  	
  

Klotho	
  

ENZYME	
  	
  

COG	
  

MethDB	
  

Metabolic	
  
networks	
  

Protein-­‐protein	
  
Interac-on	
  

Signalling	
  	
  
Pathways	
  

Gene	
  
Regulatory	
  
Pathways	
  

…	
  

…	
  

KEGG	
  

aMAZE	
  

DIP	
  

BIND	
  

RegulonDB	
  

PathDB	
  

TRANSPATH	
  

OMIM	
  

Literature	
  
PubMed	
  

Systems	
  Behaviour	
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natural	
  
biosystem	
  

observed	
  
behaviour	
  

wetlab	
  
experiments	
  

model	
  
(knowledge)	
  

Formalising	
  
understanding	
  

model-­‐based	
  
experiment	
  design	
  

predicted	
  
behaviour	
   analysis	
  

Systems	
  biology	
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Qualitative 

Stochastic Continuous 

Approxima,on	
  

Molecules/Levels 
CTL, LTL 

Molecules/Levels 
Stochastic rates 

CSL 

Concentrations 
Deterministic rates 
LTLc 

Approxima,on	
  	
  

DiscreteState Space Continuous State Space 

Time-free 

Timed,  
Quantitative 

Gilbert,	
  Heiner	
  and	
  Lehrack.	
  ``A	
  Unifying	
  Framework	
  for	
  Modelling	
  and	
  Analysing	
  Biochemical	
  
Pathways	
  Using	
  Petri	
  Nets.”	
  	
  Proc	
  CMSB	
  2007	
  	
  

€ 

d[A]
dt

     = −k1 × [A]  

Monika	
  Heiner	
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What	
  is	
  a	
  biochemical	
  network	
  model?	
  

1.  Structure	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  graph	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  QUALITATIVE	
  

2.  Kine-cs	
  (if	
  you	
  can)	
   	
   	
   	
   	
   	
   	
   	
   	
  reac-on	
  rates	
  

	

 	

d[Raf1*]/dt = k1*m1*m2 + k2*m3 + k5*m4	

 	

 	

QUANTITATIVE	


  k1 = 0.53; k2 = 0.0072; k5 = 0.0315	
  

3. 	
  Ini-al	
  condi-ons	
   	
   	
   	
   	
   	
   	
   	
  marking	
  ,	
  concentra-ons	
  

	
   	
  [Raf1*]t=0=	
  2	
  µMolar 	
   	
   	
   	
   	
   	
   	
  QUANTITATIVE	
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Raf-­‐1	
  

MEK	
  
ERK1,2	
  MEK1,2	
  

ERK1,2	
  

B-­‐Raf	
  

Rap1	
  
cAMP	
  
	
  GEF	
  

Akt	
  

Receptor	
  
	
  	
  e.g.	
  7-­‐TMR	
  

α	


β	


γ	



tyrosine	
  
	
  kinase	
  β	



γ	



SOS	
  shc	
  
grb2	
  

Ras	
  

PAK	
  

Rac	
  
PI-­‐3	
  	
  
	
  	
  K	
  

Ras	
  

cAMP	
  

PKA	
  
cAMP	
  

PDE	
  

cAMP	
   AMP	
  

α	

AdCyc	
  

cAMP	
  ATP	
  

PKA	
  
cAMP	
  

MKP	
  

transcrip-on	
  
	
  	
  	
  	
  factors	
  

nucleus	
  

cell	
  membrane	
  

cytosol	
  

heterotrimeric	
  
	
  	
  	
  G-­‐protein	
  

Biochemical	
  networks	
  	
  
We	
  can	
  describe	
  the	
  general	
  topology	
  and	
  single	
  biochemical	
  steps.	
  However,	
  we	
  

do	
  not	
  understand	
  the	
  network	
  func-on	
  as	
  a	
  whole.	
  

Walter	
  Kolch	
   Muffy	
  Calder	
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MAPK	
  Pathway	
  
•  Responds	
  to	
  wide	
  range	
  of	
  s-muli:	
  

cytokines,	
  growth	
  factors,	
  
neurotransmiWers,	
  cellular	
  stress	
  and	
  
cell	
  adherence,…	
  

•  Pivotal	
  role	
  in	
  many	
  key	
  cellular	
  
processes:	
  
–  growth	
  control	
  in	
  all	
  its	
  varia-ons,	
  	
  
–  cell	
  differen-a-on	
  and	
  survival	
  	
  
–  cellular	
  adapta-on	
  to	
  chemical	
  and	
  

physical	
  stress.	
  

•  Deregulated	
  in	
  various	
  diseases:	
  cancer;	
  
immunological,	
  inflammatory	
  and	
  
degenera-ve	
  syndromes,	
  	
  

•  Represents	
  an	
  important	
  drug	
  target.	
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Input	
  

Amplifier	
  

O
utput	
  

Negative feedback	
  

Ras	
  SOS	
  Receptor Raf-­‐1	
   MEK	
  

MEK	
  

MEK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

ERK	
  

•  Amplifies	
  the	
  original	
  signal	
  to	
  create	
  effec-ve	
  cellular	
  responses.	
  

•  1:3:5	
  are	
  the	
  approximate	
  ra-os	
  of	
  Raf-­‐1,	
  MEK	
  and	
  ERK	
  in	
  fibroblasts.	
  

ERK	
  cascade	
  well	
  known	
  biological	
  amplifier	
  

•  Well	
  known	
  nega-ve	
  feedback	
  loop:	
  
phosphoryla-on	
  of	
  SOS	
  by	
  ERK-­‐PP	
  (via	
  
MAPKAP1)	
  resul-ng	
  in	
  the	
  dissocia-on	
  
of	
  the	
  Grb2/SOS	
  complex.	
  

•  New	
  nega-ve	
  feedback	
  loop:	
  
ERK-­‐PP	
  phosphorylates	
  Raf-­‐1	
  resul-ng	
  
in	
  a	
  hyper-­‐phosphorylated	
  inac-ve	
  form	
  
of	
  Raf	
  	
  
(Dougherty	
  et	
  al.	
  2005)	
  

Dougherty et al. (2005), Regulation of Raf-1 by Direct Feedback Phosphorylation, Molecular Cell 17 215-224 
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Nega-ve	
  Feedback	
  Amplifier	
  

•  Nega-ve	
  feedback	
  amplifier	
  from	
  electronics	
  
•  Amplifier	
  with	
  a	
  nega-ve	
  feedback	
  loop	
  from	
  the	
  output	
  of	
  the	
  amplifier	
  to	
  its	
  input.	
  

•  NF	
  loop	
  	
  a	
  system	
  much	
  more	
  robust	
  to	
  disturbances	
  in	
  the	
  amplifier.	
  

•  NFA	
  was	
  invented	
  in	
  1927	
  by	
  Harold	
  Black	
  of	
  Western	
  Electric.	
  	
  
•  Originally	
  used	
  for	
  reducing	
  distor-on	
  in	
  long	
  distance	
  telephone	
  lines.	
  

•  NFA	
  a	
  key	
  electrical	
  component	
  used	
  in	
  a	
  wide	
  variety	
  of	
  applica-ons	
  

y	
  =	
  u	
  	
  
A	
  	
  

1+A*F	
  	
  

y	
  
A

F	
  

u	
   +	
   +	
  

-­‐	
  

Nega-ve	
  Feedback	
  Amplifier	
  

y	
  =	
  u*A	
  	
  

y	
  
A

u	
   +	
   +	
  

Standard	
  Amplifier	
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How	
  to	
  test	
  if	
  the	
  ERK	
  pathway	
  is	
  a	
  NFA?	
  

Strategy 

In vivo system that allows us 
to compare feedback broken  
to feedback intact model. 

Computational Model of 
ERK pathway with/without 
feedback 
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Computational Modeling 1: 
Build the model  

•  Non-linear ordinary differential 
equations (ODE’s). 

•  ODE’s were solved using Math Lab 
and Gepasi. 

•  Models are based on the Schoeberl et 
al. (2002) model 

•  Mass Action Kinetics instead of 
Michaelis Menten 

•  Kinetic parameters are from 
literature, previous models and 
“guesstimates” 

Schoeberl et al. (2002), Computational modeling of the dynamics of the MAP kinase cascade activated 
by surface and internalized EGF receptors, Nature Biotechnology 20, 370-375 
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EGFR 

Sos 

Ras 

Raf 

MEK 

ERK 

The experimental systems 

Negative feedback 
loops intact 

RasV12 

Raf 

MEK 

ERK 

One feedback loop 
eliminated by 
constitutively active 
RasV12 mutant 

BXB-ER 

4-OHT 

MEK 

ERK 

Both feedback loops 
eliminated by BXB-ER 
(4-OHT regulatable 
Raf-1 mutant) 

U0126 U0126 U0126 MEK 
inhibitor 

4557W EGFR inhibitor 
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Figure	
  3	
  

A)	
   B)	
  

pp
ER

K	
  

+EGF +increasing U0126 

+4HT +increasing U0126 

+EGF +increasing 4557W  

0 
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1 
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5 10 40 20 50 µM 30 

Inhibitor	
  concentra-ons	
  

5 10 40 20 50 µM 30 
U0126   0 
4557W  0 

pp
ER

K	
  

+EGF +increasing U0126 

+4HT +increasing U0126 

+EGF +increasing 4557W  

Inhibitor	
  concentra-ons	
  

0 
2x106 

4x106 

6x106 

8x106 

10x106 

12x106 

14x106 

U0126      0 5x106 10x106 15x106 20x106 25x106 
Ras-GTP  5350 4280 3210 2140 1070 0 

(A)	
  Model	
  predic-on	
  	
  	
  	
  	
  	
  (B)	
  Biochemical	
  valida-on	
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The	
  Mammalian	
  MAPK/ERK	
  Pathway	
  Exhibits	
  
Proper-es	
  of	
  a	
  Nega-ve	
  Feedback	
  Amplifier	
  

•  Three-­‐-ered	
  kinase	
  module,	
  signal	
  amplifier.	
  	
  
•  Nega-ve	
  feedback	
  loops	
  -­‐	
  system	
  like	
  nega-ve	
  feedback	
  amplifier	
  
•  Smoothens	
  the	
  output	
  to	
  changes	
  in	
  input	
  -­‐	
  system	
  robust	
  to	
  change.	
  	
  
•  No	
  feedback	
  loops:	
  cells	
  sensi-ve	
  to	
  inhibi-on	
  of	
  MEK	
  
•  Feedback	
  intact:	
  cells	
  are	
  resistant	
  to	
  inhibi-on	
  there.	
  	
  

•  Drug	
  development:	
  inhibitors	
  targecng	
  components	
  outside	
  NFA	
  are	
  
more	
  effecVve	
  at	
  inhibiVng	
  the	
  pathway.	
  

Sturm,	
  Orton,	
  Vyshemirsky,	
  Grindlay,	
  Birtwistle,	
  Gilbert,	
  Calder,	
  PiW,	
  
Kholodenko	
  and	
  Kolch.,	
  Science	
  Signalling	
  Dec	
  21;3	
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Using	
  the	
  U-lity	
  to	
  model	
  the	
  effect	
  of	
  drug	
  inhibi-on	
  

Effects	
  of	
  inhibi-ng	
  EGFR	
  on	
  downstream	
  signalling	
  (ERK-­‐PP).	
  

SIMAP	
  extended	
  downstream	
  model	
  
IC50	
  &	
  KD(M)	
  values	
  for	
  170	
  drugs	
  from	
  SIMAP	
  database	
  

Increasing	
  inhibiVon:	
  
• 	
  Amplitude	
  of	
  ERK-­‐PP	
  reduced	
  
• 	
  Peak	
  -me	
  shized	
  from	
  8	
  –	
  25	
  mins	
  

Original	
  behaviour	
  
	
  (no	
  inhibi-on)	
  

Inhibi-ng	
  100%	
  

Inhibi-ng	
  50%	
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Condor	
  Based	
  Grid	
  Component	
  for	
  	
  SIMAP	
  U-lity	
  

• Condor	
  pool	
  

• SIMAP	
  
U-lity	
  

• Scheduler	
   • Condor	
  pool	
  

• The	
  U-lity	
  and	
  
Scheduler	
  	
  

• Pink	
  Building	
  

Grid-­‐enabled	
  SIMAP	
  UVlity:	
  MoVvaVon,	
  IntegraVon	
  Technology	
  and	
  Performance	
  Results	
  
	
  Jun	
  Wang,	
  Xuan	
  Liu,	
  Navonil	
  Mustafee,	
  Qian	
  Gao,	
  Simon	
  J	
  E	
  Taylor,	
  David	
  Gilbert	
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BioModel	
  Engineering	
  

Rainer	
  Breitling,	
  David	
  Gilbert,	
  Monika	
  Heiner,	
  Richard	
  Orton	
  (2008).	
  A	
  structured	
  approach	
  for	
  the	
  engineering	
  of	
  biochemical	
  
network	
  models,	
  illustrated	
  for	
  signalling	
  pathways.	
  Briefings	
  in	
  Bioinforma-cs	
  

David	
  Gilbert,	
  Rainer	
  Breitling,	
  Monika	
  Heiner,	
  and	
  Robin	
  Donaldson	
  (2009).	
  An	
  introduc-on	
  to	
  BioModel	
  Engineering,	
  illustrated	
  
for	
  signal	
  transduc-on	
  pathways,	
  9th	
  Interna-onal	
  Workshop,	
  WMC	
  2008,	
  Edinburgh,	
  UK	
  LNCS	
  Volume	
  539,	
  pp13-­‐28	
  
Rainer	
  Breitling,	
  Robin	
  Donaldson,	
  David	
  Gilbert,	
  Monika	
  Heiner	
  (2010):	
  Biomodel	
  Engineering	
  -­‐	
  From	
  Structure	
  to	
  Behavior;	
  :	
  
Trans.	
  Comp	
  Systems	
  Biology	
  XII,	
  Springer	
  LNBI	
  5945,	
  pp.	
  1-­‐12	
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Model	
  Checking	
  	
  
Biochemical	
  Pathways	
  

Pathway Model 

Property 
Eg, “Order of peaks is;  RafP,  
MEKPP, ERKPP 

Model Checker 
Yes/no	
  or	
  	
  
probability	
  

predicted	
  
behaviour	
  

model	
  
(knowledge)	
  

observed	
  
behaviour	
  

natural	
  
biosystem	
  

wetlab	
  
experiments	
  

Formalising	
  
understanding	
  

model-­‐based	
  
experiment	
  design	
  

analysis	
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Simula-on-­‐based	
  Model	
  Checking	
  	
  
Biochemical	
  Pathways	
  

Model Checker 

Model 

Property 
Eg, “Order of peaks is   
RafP, MEKPP, ERKPP” Yes/no	
  or	
  	
  

probability	
  

Lab Model 

Behaviour	
  Checker	
  

Time	
  series	
  data	
  

predicted	
  
behaviour	
  

model	
  
(blueprint)	
  

observed	
  
behaviour	
  

synthe-c	
  
biosystem	
  

design	
   construc-on	
  

valida-on	
  

valida-on	
  

desired	
  
behaviour	
  

verifica-on	
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Qualita-ve	
  to	
  quan-ta-ve	
  descrip-ons	
  
in	
  PLTL	
  

•  QualitaVve:	
  	
  
Protein	
  rises	
  then	
  falls	
  	
  
P=?	
  [	
  (	
  d(Protein)	
  >	
  0	
  )	
  U	
  (	
  G(	
  d(Protein)	
  <	
  0	
  )	
  )	
  ]	
  	
  

•  Semi-­‐qualitaVve:	
  	
  
Protein	
  rises	
  then	
  falls	
  to	
  less	
  than	
  50%	
  of	
  peak	
  concentra,on	
  	
  
P=?	
  [	
  (	
  d(Protein)	
  >	
  0	
  )	
  U	
  (	
  G(	
  d(Protein)	
  <	
  0	
  )	
  ∧	
  F	
  (	
  [Protein]	
  <	
  0.5	
  ∗	
  max[Protein]	
  )	
  )	
  ]	
  	
  

•  Semi-­‐quanVtaVve:	
  	
  
Protein	
  rises	
  then	
  falls	
  to	
  less	
  than	
  50%	
  of	
  peak	
  concentra,on	
  by	
  60	
  minutes	
  	
  
P=?	
  [	
  (	
  d(Protein)	
  >	
  0	
  )	
  U	
  (	
  G(	
  d(Protein)	
  <	
  0	
  )	
  ∧	
  F	
  (	
  -me	
  =	
  60	
  ∧	
  Protein	
  <	
  0.5	
  ∗	
  max(Protein)	
  )	
  )	
  ]	
  	
  

•  QuanVtaVve:	
  	
  
Protein	
  rises	
  then	
  falls	
  to	
  less	
  than	
  100µMol	
  by	
  60	
  minutes	
  	
  
P=?	
  [	
  (	
  d(Protein)	
  >	
  0	
  )	
  U	
  (	
  G(	
  d(Protein)	
  <	
  0	
  )	
  ∧	
  F	
  (	
  -me	
  =	
  60	
  ∧	
  Protein	
  <	
  100	
  )	
  )	
  ]	
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Parameter	
  es-ma-on	
  
Response	
  with	
  EGF	
  vs.	
  NGF	
  signal	
  

NGF	
  

Sustained	
  acVvaVon	
  of	
  
Ras,	
  MEK	
  and	
  ERK	
  

EGF	
  
Transient	
  acVvaVon	
  
of	
  Ras,	
  MEK	
  and	
  ERK	
  Proliferation 

(cell	
  division)	
  
PC12 cells 

Differentiation 
(neurite	
  	
  
outgrowth) 

Brightman	
  &	
  Fell,	
  FEBS	
  LeW	
  2000.	
  	
  “Differen-al	
  feedback	
  regula-on	
  of	
  the	
  MAPK	
  cascade	
  underlies	
  the	
  quan-ta-ve	
  
differences	
  in	
  EGF	
  and	
  NGF	
  signalling	
  in	
  PC12	
  cells”	
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Desired	
  Behaviour	
  in	
  PLTLc	
  
The	
  desired	
  (sustained)	
  NGF	
  behaviour	
  of	
  the	
  pathway	
  was	
  wriWen	
  in	
  the	
  original	
  model	
  paper.	
  	
  	
  

Can	
  be	
  wriWen	
  in	
  PLTLc	
  as:	
  

Sustained	
  Ras:	
  Ac-ve	
  Ras	
  peaks	
  within	
  2	
  minutes	
  to	
  a	
  maximum	
  of	
  20%	
  of	
  total	
  Ras	
  and	
  is	
  stable	
  between	
  
5%	
  and	
  10%	
  	
  

	
  P=?	
  [	
  d(ac-ve	
  Ras)	
  >	
  0	
  	
  U	
  (	
  -me	
  ≤	
  2	
  ∧	
  ac-ve	
  Ras	
  ≥	
  0.15∗total	
  Ras	
  	
  
	
  ∧	
  ac-ve	
  Ras	
  ≤	
  0.2∗total	
  Ras	
  ∧	
  (	
  d(ac-ve	
  Ras)	
  <	
  0)	
  	
  
	
  U	
  (	
  G(	
  ac-ve	
  Ras	
  ≥	
  0.05∗total	
  Ras	
  ∧	
  ac-ve	
  Ras	
  ≤	
  0.10∗total	
  Ras	
  )	
  )	
  )	
  ]	
  	
  

Sustained	
  MEK:	
  Ac-ve	
  MEK	
  peaks	
  within	
  2	
  to	
  5	
  minutes	
  and	
  is	
  stable	
  between	
  40%	
  and	
  50%	
  of	
  peak	
  value	
  

	
  P=?	
  [	
  d(MEKPP)	
  >	
  0	
  U	
  (	
  -me	
  ≥	
  2	
  ∧	
  -me	
  ≤	
  5	
  ∧	
  d(MEKPP)	
  <	
  0	
  	
  
	
  U	
  (	
  G(	
  MEKPP	
  ≥	
  0.40∗max(MEKPP)	
  ∧	
  MEKPP	
  ≤	
  0.50∗max(MEKPP)	
  	
  )	
  )	
  )	
  ]	
  	
  

Sustained	
  ERK:	
  Ac-ve	
  ERK	
  peaks	
  within	
  2	
  to	
  5	
  minutes	
  and	
  is	
  stable	
  between	
  85%	
  and	
  100%	
  of	
  peak	
  value	
  

	
  P=?	
  [	
  (	
  d(ERKPP)	
  >	
  0	
  )	
  U	
  (	
  -me	
  ≥	
  2	
  ∧	
  -me	
  ≤	
  5	
  ∧	
  d(ERKPP)	
  <	
  0	
  	
  
	
  U	
  (	
  G(	
  ERKPP	
  ≥	
  0.85	
  ∗	
  max(ERKPP)	
  )	
  )	
  )	
  ]	
  	
  

Robin	
  Donaldson	
  and	
  David	
  Gilbert	
  (2008).	
  A	
  Model	
  Checking	
  Approach	
  to	
  the	
  Parameter	
  Es-ma-on	
  of	
  
Biochemical	
  Pathways	
  In	
  proceedings	
  CMSB	
  2008	
  (Computa-onal	
  Methods	
  in	
  Systems	
  Biology).	
  	
  To	
  Appear.	
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Model	
  construc-on	
  using	
  a	
  gene-c	
  algorithm	
  

2000	
  models,	
  100	
  generaVons:	
  200,000	
  simulaVons/checks	
  

Sustained	
  ERK:	
  
Ac-ve	
  ERK	
  peaks	
  
within	
  2	
  to	
  5	
  
minutes	
  and	
  is	
  
stable	
  between	
  
85%	
  and	
  100%	
  of	
  
peak	
  value	
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Parameter	
  fi�ng	
  results	
  

• 	
  Original	
  model	
  of	
  the	
  NGF	
  signalling	
  pathway	
  varying	
  V28	
  	
  (doWed)	
  
• 	
  Best	
  model	
  returned	
  when	
  varying	
  the	
  cri-cal	
  parameters	
  (solid)	
  	
  
• 	
  Cri-cal	
  parameters	
  without	
  V28	
  (dashed).	
  	
  	
  

The	
  best	
  model	
  returned	
  when	
  varying	
  the	
  cri-cal	
  parameters	
  only	
  required	
  a	
  16-­‐fold	
  increase	
  in	
  
V28	
  (compared	
  with	
  40-­‐fold	
  in	
  original	
  paper)	
  

Even	
  possible	
  to	
  get	
  similar	
  behaviour	
  without	
  varying	
  V28	
  

• 	
  Built	
  a	
  fitness	
  func-on	
  for	
  sustained	
  Ras,	
  MEK	
  and	
  ERK	
  
• 	
  Ran	
  the	
  gene-c	
  algorithm	
  with	
  100	
  genera-ons	
  and	
  obtained	
  results:	
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System	
  Biology	
  of	
  Trypanosoma	
  metabolism	
  

Inaugural	
  Lecture	
  24/03/11	
   54	
  david.gilbert@brunel.ac.uk	
  



Metabolic	
  systems	
  analysis	
  –	
  
differen-a-on	
  in	
  Trypanosoma	
  
Huma	
  Lodhi	
  &	
  David	
  Gilbert	
  

Aim:	
  Construc-on	
  of	
  accurate	
  
dynamic	
  models	
  of	
  
biochemical	
  networks	
  

Challenges:	
  	
  
  Unknown	
  /	
  uncertain	
  kine-c	
  parameters	
  
  Short	
  -me	
  course	
  data	
  
  Noisy	
  measurements	
  

Solu-on:	
  
Development	
  of	
  effec-ve	
  and	
  efficient	
  

techniques	
  	
  
Example:	
  A	
  bootstrapping	
  based	
  method	
  for	
  

es-ma-ng	
  kine-c	
  parameters.	
  

SysTryp	
  
BBSRC	
  (Glasgow)	
  –	
  ANR	
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Unaffected	
  

FRDA	
  

FXN	
  

FXN	
  

Disease	
  effects	
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•  European	
  Friedreich	
  Ataxia	
  Consor-um	
  for	
  
Transla-onal	
  Studies	
  
–  EU	
  funded	
  (€6	
  million	
  for	
  4	
  years)	
  
–  13	
  clinical,	
  basic	
  and	
  computa-onal	
  research	
  groups	
  (5	
  UK)	
  
and	
  Pharma	
  (Repligen)	
  	
  

•  There	
  is	
  ac-vity	
  in	
  all	
  “Research”	
  and	
  “Pre-­‐clinical”	
  aspects	
  of	
  
the	
  “Treatment	
  Pipeline”	
  that	
  aims	
  to	
  take	
  new	
  FRDA	
  
treatments	
  through	
  to	
  clinical	
  trials.	
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model	
  
(blueprint)	
  

design	
  
synthe-c	
  
biosystem	
  

construc-on	
  

valida-on	
  

valida-on	
  

desired	
  
behaviour	
  

verifica-on	
  

observed	
  
behaviour	
  

predicted	
  
behaviour	
  

Synthe-c	
  Biology	
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A drug manufacturing plant

  “Audacious	
  plan”	
  New	
  Scien-st,	
  May	
  2006

  Engineer	
  e.coli	
  /	
  yeast	
  to	
  synthesise	
  the	
  an--­‐malarial	
  artemisinin	
  

  $42.6	
  million,	
  Bill	
  &	
  Melinda	
  Gates	
  Founda-on	
  

Artemisia	
  annua	
  

  Plant	
   difficult	
   to	
   grow	
   and	
   only	
   yield	
   minute	
  
quan--es	
  of	
  drug	
  per	
  kilo


  Artemisinin	
  is	
  expensive	
  

$ $Engineer cheaper alternative and 
save the world!
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Modular	
  design	
  –	
  simple	
  rules	
  

VS.	
  

mRNA	
   miRNA	
  

• 	
  Enough	
  pairs?	
  
• 	
  Crosstalk?	
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Design	
  of	
  novel	
  miRNA:target	
  site	
  pairs	
  
Maciej	
  Trybiło	
  (PhD	
  student),	
  David	
  Gilbert,	
  Amanda	
  Harvey	
  

Brunel	
  University	
  

Computa-onal	
  
Design	
  of	
  
miRNA	
  

Wet-­‐lab	
  
Valida-on	
  and	
  
Characterisa-on	
  

Re-­‐evaluate	
  Prof	
  David	
  Gilbert	
   Dr	
  Amanda	
  Harvey	
  

synthesise	
  

UAUCGCGCGUUAUAACGUACG	
  

• 	
  Another	
  major	
  mechanism	
  for	
  gene	
  expression	
  regula-on.	
  
• 	
  Allow	
  regulatory	
  mechanisms	
  to	
  be	
  more	
  robust,	
  fine	
  tuned.	
  	
  
• 	
  Cheap	
  for	
  the	
  cell	
  and	
  faster.	
  
• 	
  Rigorous	
  computa-onal	
  design	
  of	
  new	
  miRNAs	
  for	
  use	
  in	
  
Synthe-c	
  Biology	
  	
  
• 	
  Major	
  computa-onal	
  challenge:	
  Avoid	
  off-­‐target	
  hybridisa-on	
  
• 	
  Dry	
  &	
  Wet	
  project	
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-­‐ve	
  siRNA,	
  EGFP,	
  sample	
  2,	
  5.4%	
  green	
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Top-­‐down	
  Synthe-c	
  Biology	
  development	
  cycle	
  

validate	
  

construct	
  

verify	
  

construct	
  

verify	
  

construct	
  

modify	
  

modify	
  

Model	
  /	
  check	
   Biosystem	
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Vision	
  –	
  behaviour	
  driven	
  design	
  

validate	
  

Model	
  fi�ng	
  

Desired	
  Behaviour	
  

Component	
  
library	
  

Model	
  	
  construc-on	
  

Standard	
  
biological	
  parts	
  

Biological	
  system	
  

construct	
  

verify	
  

Wu,	
  Gao	
  &	
  Gilbert	
  (CMSB	
  2010)	
  
Target	
  Driven	
  Biochemical	
  Network	
  Reconstruc,on	
  	
  Based	
  on	
  Petri	
  nets	
  and	
  Simulated	
  Annealing	
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Alan	
  Turing	
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It	
  is	
  suggested	
  that	
  a	
  system	
  of	
  chemical	
  substances,	
  called	
  morphogens,	
  reac-ng	
  
together	
  and	
  diffusing	
  through	
  a	
  -ssue,	
  is	
  adequate	
  to	
  account	
  for	
  the	
  main	
  
phenomena	
  of	
  morphogenesis.	
  Such	
  a	
  system,	
  although	
  it	
  may	
  originally	
  be	
  quite	
  
homogeneous,	
  may	
  later	
  develop	
  a	
  paWern	
  or	
  structure	
  due	
  to	
  an	
  instability	
  of	
  the	
  
homogeneous	
  equilibrium,	
  which	
  is	
  triggered	
  off	
  by	
  random	
  disturbances..	
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...	
  this	
  might	
  account,	
  for	
  instance,	
  for	
  the	
  tentacle	
  paSerns	
  on	
  Hydra	
  and	
  for	
  whorled	
  
leaves…	
  account	
  for	
  gastrula,on…[and]	
  phyllotaxis.	
  The	
  purpose	
  of	
  this	
  paper	
  is	
  to	
  
discuss	
  a	
  possible	
  mechanism	
  by	
  which	
  the	
  genes	
  of	
  a	
  zygote	
  may	
  determine	
  the	
  
anatomical	
  structure	
  of	
  the	
  resulVng	
  organism.	
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Mul-scale	
  from	
  signalling	
  to	
  organs	
  

Actin_(MyoP)2

Actin_MyoP

Actin

100

(MyoP)2

Myosin_P
10

Myosin 100

Drok_act

10

Drok
100

Dsh_act

10

Dsh

100

Fz_Fmi

Fmi 10

Ld 10

Fz 10

Fz_act

Vang10

Fmi_neigh

10

Fmi_Vang

FzFmi_FmiVang

Pk10

FzFmi_FmiVangPk

Dsh_FzFmi_FmiVang

MyoDimer_actin_binding

dimerisation

de-binding

binding

dephosphorylation

phosphorylation

deactivation_drok

activation_drok

r_2

r_1activation_Fz

rneigh_1

rneigh_2

rInter_1

rInter_2

rInter_3

rInter_4

rInter_5

rInter_7

rInter_6

deactivation_dsh

dsh_complex

de_dsh_complex

2

ODEs,	
  stochas-cs	
  

P-­‐systems	
  
(InfoBio-cs	
  -­‐	
  No�ngham)	
  

Petri	
  nets	
  (coloured,	
  hierarchical)	
  
Monika	
  Heiner	
  

Pam	
  Gao,	
  David	
  Tree	
  

Planar	
  Cell	
  
Polarity	
  

	
  Design	
  &	
  geneVcally	
  engineer	
  ‘paherns’!	
  
Inaugural	
  Lecture	
  24/03/11	
   69	
  david.gilbert@brunel.ac.uk	
  



Acknowledgements	
  

•  Pam	
  Gao	
  

•  Zujian	
  Wu	
  

•  Maciej	
  Trybilo	
  
•  Chris	
  Paterson	
  

•  Huma	
  Lodhi	
  

•  Crina	
  Grosnan	
  

•  Hui	
  Liu	
  

•  Mark	
  Pook	
  

•  AnneWe	
  Payne	
  

•  Amanda	
  Harvey	
  

•  David	
  Tree	
  

•  Simon	
  Taylor	
  

•  Stephen	
  Swiz	
  

•  Allan	
  Tucker	
  

•  Monika	
  Heiner	
  

•  Rainer	
  Breitling	
  

•  Mike	
  BarreW	
  
•  Vlad	
  Vyshemirsky	
  

•  Muffy	
  Calder	
  

•  Walter	
  Kolch	
  

•  Richard	
  Orton	
  

•  Oliver	
  Sturm	
  

•  Robin	
  Donaldson	
  

•  Xuan	
  Liu	
  

•  Jun	
  Wang	
  

•  Aik	
  Choon	
  Tan	
  

Inaugural	
  Lecture	
  24/03/11	
   70	
  david.gilbert@brunel.ac.uk	
  

•  Mallika	
  Veeramalai	
  

•  Xu	
  Gu	
  

•  Julie	
  Morrison	
  
•  Jose	
  Reyes	
  

•  Ali	
  Al-­‐Shahib	
  

•  Des	
  Higham	
  

•  Susan	
  Rosser	
  

•  Fabien	
  Jourdan	
  

•  J-­‐C	
  Nebel	
  

•  Juris	
  Viksna	
  

•  Gabriel	
  Valiente	
  

•  Sung	
  Hee	
  Park	
  

…	
  and	
  apologies	
  for	
  anyone	
  whom	
  I	
  may	
  have	
  inadvertently	
  omiWed.	
  



Centre	
  for	
  Systems	
  and	
  Synthe-c	
  Biology	
  

Principles	
  and	
  applica-ons	
  of	
  systems	
  and	
  synthe-c	
  
biology:	
  

•  To	
  conduct	
  interdisciplinary	
  research	
  (computer	
  
science,	
  biology,	
  engineering,	
  mathema-cs,	
  and	
  
sta-s-cs)	
  concerned	
  with	
  the	
  principles	
  behind	
  
systems	
  and	
  synthe-c	
  biology	
  

•  To	
  apply	
  this	
  research	
  to	
  challenging	
  real-­‐world	
  
problems,	
  especially	
  in	
  biology,	
  environment,	
  
engineering	
  and	
  health	
  science.	
  

•  www.brunel.ac.uk/research/centres/cssb	
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