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Inner Life of a Cell




Cells Exhibit a High Degree of Complexity

Nucleus Mitochondrion

Cell's control center Produces energy for cells to use
by breaking down substances
during oxidative metabolism.

DNA

Contains coded information
that passes on every single
inherited characteristic.

Colgi complex
Collects, packages and
distributes molecules
made in the cell.

Endoplasmic reficulum

G EEElE \ Ribosome
Smooth and rough tubes that S T s ’ v Tiny protein
RS O i roducing factories.
rofeins produce
chemical messages

that run a cell.

move and store materials
made by the cell.

lysosome

Where digestion of cell Vacuole
nutrients takes place. Storage area from fats

and other substances.

Cytoplasm
Jelly-like fluid between cell
membrane and the nucleus.
This is where all the organelles
(litle organs) are found.

Peroxisome

Vesicle that contains
enzymes that carry out
particular reactions, such
as defoxifying potentially
harmful molecules.

Cell membrane

Made up of a double layer of fatty material. It .
allows some materials to pass into and out the cell at Centriole

thousands of places across the surface. It allows foods Tiny organs that help the cell divide.
fo pass into the cell and waste to pass out of the cell.

What are the different types of cells?
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Functional
modules
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Regulatory motifs Metabolic pathways

Tk

Proteins Metabolites

Information storage ) Processing ) Execution

Is “Life” an emergent property?



What is Systems
Biology?

Study of the interaction of
the components of a
biological systems and how
these interactions give rise to
the functions of the system

/;ha*s to Systems\
Biology, we now have
a clear picture of

complex diseases!




Why do we need to study Systems Biology?
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To discover and understand
the unifying principles of the
Biological World




What does Systems Biology consist of?

(ADME/Tox,
pharmacokinetics,
disease
development, etc.)

A

Computational
experiments to identify
candidate lead compounds,
treatment optimization and
genetic circuits
(virtual screening)

_<

Clinical, ph}iSIOnglCEIl

and pharmacolo ical

knowledge and data ﬁ
Patient model

In vitro and in
vivo expe riments

and cllnlcal studies Drug discovery

and treatment
1. optimization

Synthesis of lead
compounds and
genetic circuits

-

e
Experiment and treatment

design to test hypotheses

Biological and physiological

knowledge and data
((: ﬂ
Wet’ Models of gene
experiments regulation, biochemical
to verify or reject networks, cells and
i organs (including
hypotheses Eﬂg?gﬁﬁ physiome and virtual
knowledge human)
discovery v il
Computational
Development 'dry’experiments
of experimental artlg Sagrﬁggﬁls
technquEE h},rpotheses

\.\ Experlmental design /z’
to test hypotheses

H. KITANO, NATURE, VOL 420, 2002



Developments Leading to the Field of Systems Biology

Haemophilus influenzae
omb first genome
DNA the Szl Automated Sbcnnced
technology : q Human genome
genetic DNA : sequencing | | sequenced
material structure R 1995 2001
| 1 | ' ‘ 1 L L
L . . v . Al
1944 1953 1960 1970 1980 1980 2000
High-throughput at
genome scale,
‘data rich’ bioclogy
Systems analysis
critical to
molecular biology
‘Data poor’ in sifico biology,
; models of viruses,
i o oo col
| -
1931 1952 1957 1970 1980 1990 2000
! ! 1 1 _ 1 | 1
Non-equilibrium Sell- Sy ¢ s vy
thermodynamcs organization Large-scale simulators Genome-scale models
of metabolic dissipative and analysis, large-scale
structures, energy coupling kinetic models
Analog simulation, ~ MCA and BST
bioenergetics,
lac operon

Hans V Westerhoff & Bernhard O Palsson, Nature Biotechnology Vol 22 (10) 2004




Intersection of Mathematics, Engineering
Science and Biology began in the 1980’s

“*Universal growth model was proposed by M. Savageau in the 1970s
**The single cell model was proposed by Shuler and Domach in the 1980s

“**Metabolic Flux Analysis was proposed in the 1990s by Greg
Stephanopoulos

*»*Systems Biology models was developed in the 2000s; one of the founders
was Hiroaki Kitano

“*Now models for evolution of life itself is being tested; these have be
written based on principles of “systems biology”



Metabolic Flux Analysis Caused a Shift in
Paradigm of the Central Dogma

Wild type Recombinant

CENTRAL DOGMA

Characterization
of cellular
phenotype

Tools:

e Flux determinations
(balances, use of
isotopic tracers,

round of X ;Y-: X v NMR, GC-MS)
gensiloichanges . . e Metabolite profiling
) Production profile Soge
e Transcription

“*Will this work? v

(DNA microarrays)

RNA Protein — —
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/ Y transcription translation — O
"_’7._,.5 4 X
/ 4—|

< *
P °o— o

replication

% reverse Design of next {
transc on

| |

‘:’W'Id type Ce“S dare Analysis of cell physiology |« |

engmeerEd to ov.erexpres.s Gregory Stephanopoulos, Hal Alper and Joel Moxley,
the enzyme E3 with the aim  Nature Biotechnology, Vol 22 No 10 Oct 2004

of increasing the yield of Y




The Equation that Defines MFA

“*MFA begins with reaction network stoichiometries describing how substrates re converted to
metabolic products and biomass constituents (macromolecular pools). Consider K metabolites
participating in J reactions

dX,..
dt L= et _:uXmet

A
X, = Vector of concentrations of intracellular metabolites

m

A

r_. = rxn vector containing net rates of formation

met

“»Assumption: pseudo—steady state
“*Reason: 1. High turnover of metabolite pools
2. Rapid adjustments of metabolite pools even after large perturbations
0= Fet — U Xmet

<+ u X, describes the dilution effect of metabolites due to growth. Intracellular level of metabolites

is usually very low, hence
luxmet << l.met

T
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Metabolic flux analysis showing effect of cysteine on of
methionine production by mutant C. lilium




Why was there a need for creating a new field
of Systems Biology?

» MFA assumes that all the variables (concentrations of intracellular
metabolites, proteins, etc. ) are in PSEUDO-STEADY STATE

* MFA does not include the regulation of gene expression




Systems Biology - A shift from
Pseudo-Steady State

Modify-measure-mine-model paradigm

Quantitative /—N Systematic
models experiments

Model Modify

Reaction models Molecular genetics
Mechanistic models Chemical genetics
Statistical models Cell engineering
Stochastic models

Mine Measure

Bioinformatics Arrays
Databases Spectroscopy
Data semantics Imaging

Microfluidics

NATURE CELL BIOLOGY, 2008



Systems Analysis Integrates Physiological and
Transcriptional Data

Increasing complexity

Pattern models

Tool output

Bayesian networks

Conditional probabilities of
genes within and among
groups

Markov models

Conditional probabilities of
genes within groups

Position weight
matrices

Probability of genes within
the groups

Complex grammars

Identification of groups and
interactions among them

Regular expressions

Identification of groups of
genes

Statistical
correlations

|dentification of genes

Generated model

Fs R

afipamouy WalsAs pasealou|

Gregory Stephanopoulos, Hal Alper and Joel Moxley,
Nature Biotechnology, Vol 22 No 10 Oct 2004

“*Various pattern models and
data analysis techniques can
be used for linking data sets

+»*Statistical correlations can
be used to link microarray
data with phenotype

**Models of increased
complexity require more data
but are also able to provide
deeper insight



Simple Example of Constructing a Model in

Systems Biology

Pictogram

:l<«-l— [

e
+
[ ]

=

Reaction list

kﬁ
R+L &= LR*
|I<r1
kfz
LR*+K &= LR*K
ré

K

LR*K = LR*+K* |

Kia
K*+S T<_= K*S

4

ka
K*S — K*+S*

-

Approximations
if [S),>>[K",: _"“;’t‘ Sl.o

AL = R kK

dt
Kes[K*]o[S]

kr4 + krs +[S]
km

d[S*] _ Kys[K*16[S]

dt K., +ks +IS]
Kra




Simple Example of Constructing a Model in
Systems Biology

Pathway diagram Differential equations
Lo A =K ALIR +k LR
- - d[LR"]
=k [LI[R] = k,[LR*]= k;,[LR¥[K]
G ¢ 5 A 4k ILRK] +K o[ LR*K]
- _— d[LR*K]

T = Kl LRIIK] - K [LRK] - K o[ LR'K]

‘ L = - ILRAIK + KA [LRK]
K *
::)75 d[K*]

[ —— =k 5[LR*K] - Kk, [K*][S] + k ,[K*S]
:[tS] +K;[K*S]

gt Kral KI8T+ [K*S]

— d[K*S]
dt

s ) st d[S"]

T - k'S[K*S]

=k o[K*I[S] - Kk, 4[K* S] - ks[K*§]




Kyoto Encyclopedia of Genes and Genomes
KEGG Atlas
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Sensitivity Analysis and Parameter Estimation in
Systems Biology

Pictogram Multiple parameter Single parameter
sensitivity analysis sensitivity analysis
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Understanding and Depiction of Networks
for Designing Drug Targets
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The DT network is generated by using the known associations between FDA-approved drugs and
their target proteins. Circles and rectangles correspond to drugs and target proteins. Drug nodes
(circles) are colored according to their Anatomical Therapeutic Chemical Classification, and the target
proteins (rectangular boxes) are colored according to their cellular component obtained from the
Gene Ontology database




What are the Challenges facing Systems
Biology?

*»»Data quality and standardization

**Depends heavily on public domain data

+*Data sets are incomplete, not standardized, not properly annotated; very often
uncertain

“*Network topology

s*Development of new theoretical methods to understand, analyze and visualize the vast
data acquired or generated for a problem

**Computation and organization
**Search and analyze massive volumes of data

*»*Miniaturized automated microfluidic devices

**Need to obtain faster, accurate and repeatable high throughput data
*»*Bridge theory and experiments through fundamental principles

“*Imaging
**Dynamic spatial and temporal data for discovering new drug targets



What are the Elements for Analyses?

*»*System Structure ldentification
**Gene regulatory network
**Metabolic reaction networks

***System Control
***Cellular level control

**External modification to repair defective control mechanism
(treatment of diseases)

“**System Design
**Grow organs from the patients own cells
**Using biological material for robotics and computation

“»*System Behaviour Analysis
**Sensitivity to perturbations
**Speed and characteristic of response



Development of viable simulators

“**Properties if the simulator
**Functional for biological processes
** Accurate, efficient and fast
**Friendly and logical GUI

**No single simulator can answer all the problems

**Simulators of events — e.g. rhythmic behavior

**Simulators for gene expression, metabolism and signaling
— e.g gene expression

¢ Stochastic process, noise and uncertainty
‘*phenotype simulation
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Top-down Bottom-up Systems Biology

High level models Global analysis (omics)

Top Down }

Data analysis (bioinformatics)

\{
A 4

Reduction of dimensionality

System description

Reaction/process Kinetics

t

Molecular interactions

Bottom Up
Low level models

“*In the top-down approach, high-throughput data are applied for
identification of structures, connectivity, and possible information
on the quantitative interaction between different components

**In the bottom-up approach, the system is reconstructed based on
biological knowledge, e.g. on molecular interactions







SYNTHETIC BIOLOGY logically follows
Systems Biology

+1980: used by Barbara Hobom to describe
bacteria that had been genetically engineered
using recombinant DNA technology

+2000: term ‘synthetic biology’ was again Eric
Kool and other speakers at the annual ACS
Meeting to describe the synthesis of unnatural
organic molecules that function in living systems



Enigma of Synthetic

**Make discoveries and

Biology

overturn paradigms

***Success or failure as an engineering discipline
depending on where independent approximations

become useful in the continuum between the atomic

and macroscopic worlc

“**Assemble existing bio

S
ogical parts into machines, and

create artificial systems that reproduce the emergent
properties of living systems



Interchangeability Leading Synthetic
Genetic Systems

**The Watson-Crick genetic code
**|Is this the only solution for “life” across the universe?
**Optimality of the genetic code

“*Synthesis of “nucleobases” that can support an artificial
genetic coding system

A synthetic genetic alphabet with up to 12 independently
replicatable nucleobase pairs can be supported by an extended set
of Watson—Crick rules

***Protein engineering converts natural polymerases into
polymerases that accept components of an expanded genetic
alphabet in a polymerase chain reaction



Challenges in Synthetic Biology

“**Proteins
**Proteins do not possess the repeating charge present in nucleotides

“*Vision
**synthetic biologists would first alter the behaviour of proteins by
replacing amino acid

**the behaviour of a protein is not a simple combination of independent
contributions from the constituent amino acids

“**More seriously

s*even the simplest of molecular interaction are poorly understood.

**the chemical theory cannot retrodict the freezing point of water, the
solubility of simple salts in water, or the packing of crystals of simple
organic molecules



The Developmental Stages of the Foetus in
Reptiles is Similar

Carnegie Stages of Human Development

Dr Mark Hill, Cell Biology Lab, School of Medical Sciences (Anatomy), UNSW
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