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50 Years of Molecular Cell Biology
● Genes are made of DNA
o Store digital information as sequences of 4
different nucleotides
o Direct protein assembly through RNA and the
Genetic Code

● Proteins (>10000) are made of amino acids
o
o
o
o
o

Process signals
Activate genes
Move materials
Catalyze reactions to produce substances
Control energy production and consumption

● Bootstrapping still a mystery
o DNA, RNA, proteins, membranes are today
interdependent. Not clear who came first
o Separation of tasks happened a long time ago
o Not understood, not essential
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Towards Systems Biology
● Biologists now understand many of the cellular components
o A whole team of biologists will typically study a single protein for years
o Reductionism: understand the components in order to understand the system

● But this has not led to understand how “the system” works
o Behavior comes from complex patterns of interactions between components
o Predictive biology and pharmacology still rare
o Synthetic biology still unreliable

● New approach: try to understand “the system”
o Experimentally: massive data gathering and data mining (e.g. Genome projects)
o Conceptually: modeling and analyzing networks (i.e. interactions) of components

● What kind of a system?
o
o
o
o

Just beyond the basic chemistry of energy and materials processing…
Built right out of digital information (DNA)
Based on information processing for both survival and evolution
Highly concurrent

● Can we fix it when it breaks?
o Really becomes: How is information structured and processed?
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Structural Architecture
Nuclear
membrane

Eukaryotic
Cell

Mitochondria
(10~100 trillion
in human body)
Membranes
everywhere
Golgi

Vesicles
E.R.

H.Lodish et al.
Molecular Cell Biology
fourth edition p.1
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Modeling It
● Even if we understood it, how would we model it?
o Millions of differential equations? Hmmm…
o Highly, highly, concurrent and asynchronous
o Stochastic (nondeterministic and discontinuous)

● And we will have to model it in order to understand it.
o Simulation and analysis are key to understanding interactions

● What’s peculiar about these systems?
o
o
o
o

They are huge and complicated
They are concurrent and unpredictable
There is no documentation
We understand them by looking at traces and dumps
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Abstract Machines of Systems Biology
Regulation

strings

Gene
Machine

Gene Regulatory
Networks

Nucleotides

Functional Architecture
Diverse
- chemical toolkits
- instruction sets
- programming models
- notations
Model Integration
Different time
and space scales

Biochemical
Networks

records

Protein
Machine
Aminoacids

Metabolism, Propulsion
Signal Processing
Molecular Transport

P

Holds receptors, actuators
hosts reactions

Membrane
Machine

Implements fusion, fission

[
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The Protein Machine

1. The Protein Machine

Very close to
the atoms.

● Complex folded-up shapes that:
o
o
o
o

Fit together, dock, undock.
Excite/unexcite, warp each other.
Bring together, catalyze, transform materials.
Form complex aggregates and networks.

● Mapping out such networks:
o In principle, it’s “just” a very large set of chemical equations.
o Notations have been developed to summarize and abstract.

A molecular interaction network.
(Nodes are distinct protein kinds,
arcs mean that two kinds of proteins interact.)
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Protein Structure
Primary

Secondary

Tertiary

Quaternary

The 20 Aminoacids
Triose Phosphate Isomerase

Green Fluorescent Protein
Tryptophan

Alpha Helix, Beta Sheet

http://www.cmbi.kun.nl/gvteach/bioinformatica1/
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Ribosome: mRNA to Protein
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Protein Function
Regulation
Assembly

Degradation

Transport

Structure
Metabolism
Signaling

Movement
Taken from
?the Luca
web? Cardelli
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Some Allosteric Switches
Allosteric (“other shape”)
reactions modify accessibility.

Kinase
= donates phosphate P
= phosphorilates other proteins

Phosphatase
= accepts phosphate P
= dephosphorilates other proteins

Logical AND
at equal concentrations of the
individual input stimuli, activation is
much higher if both stimuli are
present

“Phosphatase Kinase Kinase” =
a kinase that activates a kinase
that activates a phosphatase
that deactivates a protein.
Humans have the same
number of modular protein
domains (building blocks) as
worms, but twice the number
of multi-domain proteins.
Luca Cardelli
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MIM: Molecular Interaction Maps (Kohn)

Taken from
Kurt W. Kohn
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Kohn Diagrams
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Molecular Interaction Maps (Kohn)
http://www.cds.caltech.edu/~hsauro/index.htm

JDesigner

The p53-Mdm2 and DNA Repair Regulatory Network

K.W. Kohn. Molecular interaction map of the
mammalian cell cycle control and DNA repair systems.
Molecular Biology
of the
Cell 10(8):2703-34,
Luca
Cardelli
2009-03-13 1999. 15

Kitano Diagrams
From direct graphical
representation of
chemical reactions

To more abstract
representation of the
logic such reactions
implement

Luca Cardelli
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Molecular Interaction Maps (Kitano)
CellDesigner

Kitano H (2003) A graphical notation for
biochemical
networks.
BioSilico 1: 169–176
Luca Cardelli
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Molecular Interaction Maps (Kitano)

“The current EGFR map is essentially a
state transition diagram, in which one
state of the system is represented in one
node, and an arc from one node to
another node represents a transition of
the state of the system. This class of
diagrams is often used in engineering and
software development, and the schema
avoids using symbols that directly point
to molecules to indicate activation or
inhibition. “

Kitano H (2003) A graphical notation for
biochemical
networks.
BioSilico 1: 169–176
Luca Cardelli
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The Protein Machine “Instruction Set”
cf. BioCalculus [Kitano&Nagasaki], k-calculus [Danos&Laneve]

On/Off switches
Inaccessible

Protein
Binding Sites

Each protein has a structure
of binary switches and binding sites.
But not all may be always accessible.

Inaccessible

Switching of accessible switches.
- May cause other switches and
binding sites to become (in)accessible.
- May be triggered or inhibited by nearby specific
proteins in specific states.

Binding on accessible sites.
- May cause other switches and
binding sites to become (in)accessible.
- May be triggered or inhibited by nearby specific
proteins in specific states.
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Notations for the Protein Machine
●

Stochastic π-Calculus
o

●

BioSPi
o

o
o

●

Calder Gilmore and Hillston model the ERK
pathway.

k-calculus
o

●

Regev-Shapiro-Silverman propose modeling
chemical interactions (exchange of electrons and
small molecules) as “communication”.
Standard stochastic simulation algorithms
(Gillespie) can be used to run in-silico experiments.
Complex formation is encoded via p-restriction.

●

Bio State Charts
–

●

Pathway Logic
–

●

Harel uses State Charts to model biological
interactions via a semi-graphical FSM notation.

Talcott-Eker-Knapp-Lincoln use term-rewriting.

BioCham
–

ChabrierRivier-Fages-Soliman use term-rewriting and
CLT modelchecking.

PEPA
o

●

Priami (following Hillston’s PEPA) formalizes a
stochastic version of p-calculus where channels
have communication rates.

Danos and Laneve (following Kitano’s BioCalculus)
define a calculus where complex formation is
primitive.

●

Kohn Diagrams, Kitano Diagrams

●

SBML (Systems Biology Markup Language)
–

●
●
●

(Stochastic) Petri Nets
o
o

S.Reddy’94 modeling pathways.
Srivastava Perterson and Bentley analyze and
simulate E.coli stress response circuit.

XML dialect for MIM’s:

–

Compartments (statically nested)
Reagents with concentrations
Reactions with various rate laws

Read and written by many tools
via the Systems Biology Workbench protocol

Luca Cardelli

2009-03-13

20

The Gene Machine

2. The Gene Machine

Pretty far from
the atoms.

The “Central Dogma” of Molecular Biology

regulation

DNA Tutorial

transcription

translation

interaction

Taken from
Leroy Hood

4-letter
digital code

4-letter
digital code

20-letter
digital code

50.000(?)
shapes
folding

Lactose Operon

Taken from
Pedro Mendes
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RNA Polymerase: DNA to RNA
Multisubunit RNA polymerases.
Cramer P (2002) Curr Opin Struct Biol. 12:89-97
Yeast RNA polymerase II is a 12 subunits complex (mwt.
400 kDa, size 140 A x 140 A x 110 A). Its structure at 2.8 A
resolution reveals a division of the polymerase into four
mobile modules, including a clamp, shown previously to
swing over the active center. The clamp is in an open
state, allowing entry of straight promoter DNA for the
initiation of transcription

110 Å

RNA polymerase II takes 30 seconds to one minute to
transcribe a 1 kilobase long gene

Transcription

From ???

Taken from
???

Transcription
Number of genes
Number of different transcription factors

Gene
length
H. Sapiens

102 to
103 to
104 to
105 to
106 to

E. Coli
3.200
150

103 bp :
400 genes
104 bp :
6000 genes,
105 bp :
12.200 genes
106 bp :
3200 genes
2.4 106 bp : 62 genes

H. Sapiens
25.000
2.000

1 to 10 minutes
10 to 100 min
16 to 24 h

Number of transcripts per gene : 0,1 to 106.
Up to 106 mRNA globin in erythroid cells
15.000 mRNA actin / nucleus in muscle fibers
10 to 100 copies for mRNAs encoding transcription factors
In an HeLa cell, there are approx. 100 mol. RNA pol / gene coding rRNA
Taken from
???

The Gene Machine “Instruction Set”
cf. Hybrid Petri Nets [Matsuno, Doi, Nagasaki, Miyano]

Positive Regulation
Negative Regulation

Input

Transcription

Output

Gene
(Stretch of DNA)

Regulation of a gene (positive and
negative) influences transcription.
The regulatory region has precise
DNA sequences, but not meant for
coding proteins: meant for binding
regulators.
Transcription produces molecules
(RNA or, through RNA, proteins)
that bind to regulatory region of
other genes (or that are endproducts).

Output2

Coding region
Regulatory region

Input

Output1

“External Choice”
The phage lambda
switch

Human (and mammalian) Genome Size
3Gbp (Giga base pairs) 750MB @ 4bp/Byte (CD)
Non-repetitive: 1Gbp 250MB
In genes: 320Mbp 80MB
Coding: 160Mbp 40MB
Protein-coding genes: 30,000-40,000
M.Genitalium (smallest true organism)
580,073bp 145KB (eBook)
E.Coli (bacteria): 4Mbp 1MB (floppy)
Yeast (eukarya): 12Mbp 3MB (MP3 song)
Wheat 17Gbp 4.25GB (DVD)
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Gene Composition
a

degradation

Is a shorthand for:

b

A

protein

Under the assumptions [Kim & Tidor]
1) The solution is well-stirred
(no spatial dependence on concentrations or rates).
2) There is no regulation cross-talk.
3) Control of expression is at transcription level only
(no RNA-RNA or RNA-protein effects)
4) Transcriptions and translation rates monotonically
affect mRNA and protein concentrations resp.

translation

B

regulation

mRNA
transcription

gene

a

b

Ex: Bistable Switch
a

b

a

b

Ex: Oscillator
Expressed

c

c

c

Repressed
Expressing

a

b

a

b

a

b
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Indirect Gene Effects
No combination of standard
high-throughput experiments
can reconstruct an a-priori
known gene/protein network
[Wagner].

Taken from
Andreas Wagner

One of many bistable switches
that cannot be described by
pure gene regulatory networks
[Francois & Hakim].

A

a

B

b

A

A:B

B

a
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Structure of the Coding Region
The Central Dogma

Challenging the Dogma
(in higher organisms)

DNA
transcription

mRNA
translation

Protein

RNA is not just an intermediary; it can:
- Fold-up like a protein
- Act like an enzyme
- Regulate other transcribed RNA
- Direct protein editing
-…

Taken from
John Mattick

97-98% of the transcriptional output of the human
genome is non-protein-coding RNA.
30-40,000 “protein genes” (1.5% of genome)
60-100,000 “transcription units” (>30% of genome is transcribed)
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Structure of a Regulatory Region
2300bp!
> average
protein

Proteins
DNA
Protein
binding sites
DNA
Sequence
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Function of a Regulatory Region
And

Begin coding region

DNA

Or

Amplify

Gate

Sum

C-H.Yuh, H.Bolouri, E.H.Davidson. Genomic Cis-Regulatory
Logic: Experimental and Computational Analysis of a
Sea Urchin Gene.
Science
279:1896-1902,
1998
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Cardelli
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Regulation: Where/When/HowMuch
3 genes encoding
transcription factors

6 genes encoding
proteins

Luca Cardelli
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Gene Regulatory Networks
http://strc.herts.ac.uk/bio/maria/NetBuilder/

NetBuilder
E.H.Davidson, D.R.McClay, L.Hood. Regulatory gene
networks and the properties of the developmental
process. PNAS 100(4):1475–1480, 2003.

And

Begin coding region

DNA

Or

Amplify

Gate

Sum

C-H.Yuh, H.Bolouri, E.H.Davidson. Genomic Cis-Regulatory Logic: Experimental and
Computational Analysis of a Sea Urchin Gene. Science 279:1896-1902, 1998

Luca Cardelli

2009-03-13

33

Phage Lambda Decision Circuit
Output2

External
Choice
10-6 failure rate

Input

Output1

Figure 1. The phage lysis-lysogeny decision circuit. (a)
Bold horizontal lines indicate stretches of double-stranded
DNA. Arrows over genes indicate direction of transcription.
Dashed boxes enclose operator sites that comprise a
promoter control complex. The three operator sites, OR1–3,
of the "lambda switch" implement concentration-dependent
logic controlling promoters PRM and PR. Cro and CI dimers
bind to the three sites with different affinities and in
opposite order to control the activation level of the PRM
and PR promoters (PTASHNE 1992 ; SHEA and ACKERS 1985
). The five boxes R1–R5 contain nongenetic protein reaction
subsystems. In R1, R2, and R5, "deg" indicates degradation.
When protein N is available, transcribing RNAPs can be
antiterminated at the NUTR and NUTL sites; termination
sites TR1 and TL1 are inoperative for antiterminated RNAPs.
The CI dimer acts as either a repressor or activator of
promoter PRM, depending on its concentration. See text for
discussion of the proteases labeled as P1 and P2 in R3 and
R4. (b) decision circuit DNA organization. Phage-encoded
genetic elements of the decision circuit are located in a
5000 nucleotide region of the phage DNA. Genes are
separated onto leftward and rightward transcribed strands
as indicated by the arrows. Rightward extensions of the
antiterminated PR transcript transcribe the O and P genes
essential for phage genome replication and the Q gene that
controls transcription of later genes on the lytic pathway.
Leftward extension of the antiterminated PL transcript
transcribes xis and int genes essential for phage
chromosome integration and excision into and out of the
host chromosome. Locations of four termination sites are
Taken from
indicated by TR1–2 and TL1–2.
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Whole Genome Activity
S.cerevisiae
yeast cell cycle

Measured protein features

Known cell cycle
transcriptional activators
Cyclins

Average value of a given feature
over all cell-cycle-proteins whose
genes are maximally expressed at
a given time in the cycle.

Figure 6. Feature variation during the cell cycle. The temporal variation in nine selected protein features during the cell cycle, with zero time (at the top of the plot) corresponding to the presumed time of cell division (M=G1 transition). The color scales correspond to +/-two standard
deviations from the cell cycle average. The concentric feature circles correspond to: isoelectric point, nuclear and extracellular localization predictions, PEST regions, instability index, N-linked glycosylation potential, O-GalNAc glycosylation potential, serine/threonine
phosphorylation potential and tyrosine phosphorylation potential. The presumed positions of the four cell cycle phases G1; S, G2 and M are marked. Also depicted are known cell cycle transcriptional activators (marked in blue), positioned at the time where they are reported to
function.
Protein Feature Based Identification of Cell Cycle Regulated Proteins in Yeast
Ulrik de Lichtenberg, Thomas S. Jensen, Lars J. Jensen and Søren Brunak

Luca Cardelli
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The Programming Model
● Strange facts about genetic networks:
o Not an operator algebra. The output of each gate is fixed and pre-determined; it is
never a function of the input!
o Not term-rewriting, nor Petri nets. Inhibition is widespread.
o Not Communicating Sequential Processes. Feedback is widespread: asynchronous
communication needed to avoid immediate self-deadlocks. Even the simplest gates
cannot be modeled as a single synchronous automaton.
o Not Message-Passing between genes. Messages themselves have behavior (e.g., they
stochastically decay and combine), hence messages are processes as well.
o Not Data-Flow. Any attempt to use data-flow-style modeling seems doomed because of
widespread loops that lead to deadlocks or unbounded queues. Data-flow tokens do not
“decay” like proteins.

● How can it possibly work?
o Stochastic broadcasting. The apparently crude idea of broadcasting a whole bunch of
asynchronous decaying messages to activate a future gate, means there are never any
“pipeline full” deadlocks, even in presence of abundant feedback loops.
o Stochastic degradation. Degradation is fundamental for system stability, and at the
same time can lead to sudden instability and detection of concentration levels.
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Notations for the Gene Machine
● Many of the same techniques as for
the Protein Machine apply.
o Process Calculi, Petri Nets, TermRewriting Systems…

● But the “programming model” is
different.
o Asynchronous stochastic control.
o Biologically poorly understood.
o Network “motifs” are being analyzed.

● Specific techniques
o Hybrid Petri Nets
o [Matsuno, Doi, Nagasaki, Miyano]
Gene Regulation
o Genomic Object Net
www.genomicobject.net

● Gene Regulation Diagrams
● Mixed Gene-Protein Diagrams
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The Membrane Machine

3. The Membrane Machine

Very far from
the atoms.

Molecular transport and
transformation through
dynamic compartment
fusion and fission.

Taken from
MCB CD

Fusion
Fission

Voet, Voet & Pratt
Fundamentals of Biochemistry
Wiley 1999. Ch10 Fig 10-22.

} The Instruction Set

Well, what is all that for?
“Given the complicated pathways that have
evolved to synthesize them, it seems likely
that these [modified proteins] have important
functions, but for the most part these
functions are not known” [MBC p.609]
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Membranes are Oriented 2D Surfaces
Diffusion (fast)

Lipid

Extracellular
Space (H2O)

Hydrophilic head
Hydrophobic tail

Flip
(rare)

Lipid Bilayer
Self-assembling
Largely impermeable
Asymmetrical (in real cells)
With embedded proteins

A 2D fluid inside a 3D fluid!

(Not spontaneous)

5nm
5nm
~60 atoms

Cytosol (H2O)

Embedded
membrane proteins

Channels, Pumps
(selective, directional)
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Membrane Fusion

Positive curvature to
Negative curvature
transition in 3D

Cell membrane

Aggressive fusion
(virus)
Virus membrane
By unknown mechanisms,
the exoplasmic leaflets of
the two membranes fuse”
[MCB p745]

Taken from
Tamm Laboratory

Cooperative fusion
(vesicle)
“Fusion of the two
membranes immediately
follows prefusion, but
precisely how this occurs is
not known” [MCB p742]
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Negative curvature to
Positive curvature
transition in 3D

Membrane Fission
Vesicle
Formation

“Nonetheless, the actual
process whereby a segment of
phospholipid bilayer is ‘pinched
off’ to form a pit and
eventually a new vesicle is still
not understood” [MCB p.746]

Movie by Allison Bruce

Cytokinesis
(Mitosis)
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Local Membrane Reactions
Membrane
System

Local
View
Switch

(Symmetric by 90o rotation.)
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Global Membrane Reactions
Global
Views

(Fission)

Mito

(Fusion)

Mate

(Fission)

Endo

Switch

Same
Local
View!

Exo

(Fusion)
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The Membrane Machine “Instruction Set”
Zero case
P

Q

P
P

Q

Mate
Mito

P

Mito:
special
cases

Q

One case

P
Arbitrary
subsystem

P

Drip

R

P

Bud

R

Fusion

Fission

Zero case
P

Q

Q
P

Q

Exo
Endo

P Q

Endo:
special
cases

One case

R
Arbitrary
subsystem

Fusion

Q

Pino

Q

R

Phago

Q

Fission
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Mito/Mate by 3 Endo/Exo
P

P

P

Exo
Endo

Q

Q

Endo
Exo

Q

P

Q

P Q

P Q

Exo
Endo

P Q
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(fake) Example: Clean Eating
(why Endo/Exo is “healthier” than Mito/Mate)

P

Q

P

Q

Either:

Or:

Fizz

Pad

Dirty!!

P Q

Mate

P

Endo

Q

P Q

Exo

P Q
P Q

P Q

Exo

Clean!
Exo

P Q
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Example: Autophagic Process
Lysosome and target don’t just merge.
Target

Lysosome
Enzymes

E.R.

1

2

3

4

5?

6?

7

Biologically, Mito/Mate
clearly happens. However,
weird sequences of
Endo/Exo are also common.
Luca Cardelli
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… in 3D
S-Exo
S-Endo
T-Exo
T-Endo
S-Mito
S-Mate
T-Mito
T-Mate

Fusion

Fission

Fission

Fusion

Fission

Fusion

Fusion

Fission
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A Membrane Algorithm
Lipid bilayer

● LDL-Cholesterol Degradation
o A cast of many thousands (molecules) just to get one
molecule from A to B.
o Membranes are key to the algorithm, we want to model
them, not their individual millions of molecules.

● Some very fancy chemistry
o But its “purpose” is to reliably implement a specific
sequence of discrete steps.

Luca Cardelli
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A more C.S.-style state transition diagram
(Receptor-Mediate Degradation Pathway)
Target particle
(e.g. LDL Cholesterol)

Clathrin

Clathrin coat

Cell

p

Bind

Ligand

p

Endo

Receptor
Sorting vesicle

Depoly

p

low pH

p

Merge

p

p

Unbind

Lysosome

Sort

p

Exo

p
Enzymes

Degrade

p

Merge
high pH

Several hundred round-trips
in lifespan of receptor
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Operators on Membranes
E.g. plant vacuole (white).
H+ impermeable

H+

ATP
ADP
Pi

Cl–

H+

H+

H+

Proton Pump
ATP charges up the vacuole
with H+. Several other pumps
work off that charge.

Ion Channel

Cl–

Na+

H+

H+

Na+

Proton Antiporter

A plant vacuole has all those things on it, to accumulate NaCl.
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Membrane Algorithms
LDL-Cholesterol
Degradation

Protein Production
and Secretion

Voet, Voet & Pratt
Fundamentals of Biochemistry
Wiley 1999. Ch10 Fig 10-22.

Viral Replication

Adapted from: B.Alberts et al.
Molecular Biology of the Cell
third edition p.279.

Luca Cardelli

H.Lodish et al.
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Notations for the Membrane Machine
● “Snapshot” diagrams
o In biology literature.

● P-Systems
o G.Paun uses ideas from the theory of
grammars and formal languages to
model “Membrane Computing” (book
2002).

● BioAmbients
o An extension of BioSPI along Ambient
Calculus lines (with more bio-relevant
mobility primitives) to model dynamic
compartments.

● Brane Calculi
o Computation on the membrane.

http://psystems.disco.unimib.it/.
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Summary
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