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SYSTEMS BIOLOGY -

DEFINITIONS AND HISTORY




Systems Biology is the science that aims to
understand how biological function absent
fromm macromolecules in isolation, arises when
they are components of their system.

Hans V. Westerhoff

Systems biology towards life in silico: mathematics
of the control of living cells.
J Math Biol. 2008 Feb 16



System level properties

The meaning of “systems” itself varies from two macromolecules that interact,
to the whole organism and even population, and the aim of Systems Biology
is to understand the system level properties of these complex multicomponent
processes.

System level properties mean that they are not predictable from the properties
of the isolated components of the cell, not even predictable from gene
expression, but depend upon the sum of interactions within the whole system



CHANGE OF PARADIGMS OF BIOLOGICAL SCIENCES

FROM REDUCTIONISM

Reductionism used to be the philosophical basis of biochemistry and molecular
biology when everything, from genes to proteins and organelles - were studied in

their isolated state.

TO SYSTEMS BIOLOGY

Systems Biology is a study of integrated systems at all levels: cellular, organ,
organism and population and accepts that the physiological whole is greater than

the sum of its parts.

Using knowledge from molecular biology, the systems biologist can propose a
hypothesis that can be used to mathematically model the system. This model is used to

predict how different changes affect the phenotype of a cell, and can be iteratively tested
to prove or disprove the model.



Denis Noble
Exp Physiol 2008;93;16-26

The reductionist causal chain

organism
oreans
tissues
cells
sub-cellular mechanisms
pathways
projeins
genes
Figure 1. The reductionist 'bottom-up’ causal chain (reproduced
with permission from Noble, 2006)
This begins with the central dogma that information flows from DNA

to proteins (bottom dotted arrow), never the other way, and extends
the same concept through all the higher levels.

Systems Biology: A Brief Overview
Hiroaki Kitano

|dentifying all the genes and
proteins in an organism is like listing
all the parts of an airplane. While
such a list provides a catalog of the
individual components, by itself it is
not sufficient to understand the
complexity underlying the
engineered object.

We need to know how these
parts are assembled to form the
structure of the airplane.



Downward causation

organism
1
organs
Higher level f
triggers of tissues
cell signalling
Higher level
CE“S controls of
gene
sub-cellular mechanisms expression

pathways
proteins

Protein machinery f
reads genes

oenes

Figure 2. Figure 1 has been completed by adding the
downward forms of causation, such as higher levels triggering
cell signalling and gene expression

MNote the downward-pointing arrow connecting from proteins to
genes to indicate that it is protein machinery that reads and interprets
gene coding. Loops of interacting downward and upward causation
can be built between all levels of biological crganization. Reproduced
with permission from MNoble (2006).



Perspectives

SYSTEMS BIOLOGY:
Life's Complexity Pyramid
Zoltan N. Oltvai and Albert-Laszl6 Barabasi-

Science 25
October2002:
Vol. 298. no.
5594, pp. 763
- 764

From the particular to the universal. The bottom of the pyramid shows the traditional representation of
the cell's functional organization: genome, transcriptome, proteome, and metabolome (level 1). There is
remarkable integration of the various layers both at the regulatory and the structural level. Insights into the
logic of cellular organization can be achieved when we view the cell as a complex network in which the
components are connected by functional links. At the lowest level, these components form genetic-
regulatory motifs or metabolic pathways (level 2), which in turn are the building blocks of functional
modules (level 3). These modules are nested, generating a scale-free hierarchical architecture (level 4).
Although the individual components are unique to a given organism, the topologic properties of cellular
networks share surprising similarities with those of natural and social networks. This suggests that
universal organizing principles apply to all networks, from the cell to the World Wide Web.
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The tevals are T} atomic, shown here by the atomic coordinates for the
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HISTORY AND PHILOSOPHICAL BASIS

THERE WAS SYSTEMS BIOLOGY
BEFORE SYSTEMS BIOLOGY!




“Introduction a I'étude de la médecine
expéerimentale”. Flammarion, Paris, 1865,
1984

An Introduction to the Study of Experimental
Medicine

THEORY OF HOMEOSTASIS —
permanence of milieu intérieur
due to integrated regulatory
mechanisms

Claude Bernard (1813-1878) ‘The application of mathematics to natural
phenomena is the aim of all science, because the
expression of the laws of phenomena should always
be mathematical.’

(Noble D. Claude Bernard, the first system biologist, and the future of physiology.
Exp. Physiol. 93.1, 16-26, 2008)



Norbert Wiener
"Cybernetics.

Control and Communication in the
Animal and the Machine"
John Wiley & sons, Inc., New York,
1947

Cybernetics is the interdisciplinary study of
the structure of complex systems, especially
communication processes, control
mechanisms and feedback principles.
Cybernetics is closely related to control
theory and systems theory.




BIOENERGETICS AND
METABOLISM-
WHY?

- !
J ' ERWIN SCHROEDINGER,
| WHAT IS LIFE? 1944

« A living organism avoids the rapid decay into the inert state of equilibrium and

keeps alive by continually drawing from its environment

negative entropy.

The essential thing in metabolism is that the organism succeeds in

freeing itself from all entropy it cannot help producing while alive »



DIALECTICAL PRINCIPLES OF
HISTORICAL DEVELOPMENT:

Synthesis

Antithesis

Georg Wilhelm Friedrich Hegel .
(1770 — 1831) Thesis




integrated mechanisms of

system level properties

Synthesis: Systems Biology

Quantitative description of

regulation, interaction studies,

Cybernetics,
applied
mathematics,

computer sciences

____________

g
[

Antithesis (reductionism): e
systems are dissociated into components
- molecular biology and genetics,
protein structure, enzymology, kinetics,

membrane bioenergetics

____________

Thesis :

System parameters studied: classical
physiology, cell physiology, homeostasis

discovered

MEDICINE




Denis Noble

Claude Bernard, the first systems biologist, and the future of physiology

Exp Physiol 2008;93;16-26

Higher-level control cannot be reduced to lower-level
databases like the genome. A major part of the future
of physiology surely lies in returning to our roots.
Higher level systems biology is, | suggest,
classical physiology by another name.



MOLECULAR SYSTEM
BIOENERGETICS

Edited by Valdur Saks HWILEY-YCH

Molecular System

Bioen ergetics _

In this first integrated view,
Energy for Life practically each of the world's
leading experts has
contributed to this one and
only authoritative resource on
the topic. Bringing systems
biology to cellular energetics,
they address in detail such
novel concepts as metabolite
channeling and medical
aspects of metabolic
syndrome and cancer.
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dE=FE,—E,=dq+dw
dGrp=dH; p —TdS; p =dE + PdV —TdS <0

Le nombre de fagons différentes de répartir une méme quantité d’énergie dans un état donné
du systéme est appelé la dégénérescence, w. Boltzmann a démontré que I'entropie est reliée
a la dégénérescence par I'équation :

S=k,logw

lim S =0

T—0K
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Adencsine Triphosphate

NH; ATP consists of a base, in this case
| adenine (red), a ribose (magenta) and
! a phosphate chain (blue).
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Albert Lehninger et al.
discovered in 1949 that
oxidative phosphorylation
occurs in

Mitochondrion

Crista Junction Model

Crista Junctions

Améliorer le fonctionnement

M Weiimds 1o e

Les efiets du srmenage s ['homme
snl dévastateurs, sans parler des
comsequences lites & un environme
ment hostile {s malbouffe =, pollu-
fion...). Ce sont ses cellules qui en
subissent les consexquences, fout parti-
culserement les matochondries, venita-
bles chawdiires proshic trices dénergie,
iqu fimissent par capituler e ¢ovyiler.
Pour I'homme moderie, manger
comine les centenaires o Okinawa
me sufiil pas: c'est avant loul son
style de vie qu'il doil changer. Pas
facile poaw la majorité des hommes,
mais pas de panique, d'autres aller-
natives exislent, comme celle de
prendre soin de ses mitechondries,

Les mitochondries vivent dans cha-
cune de nos cellules ef accomplissent

' leiers Gaches quotidiennes ; les cellides

musculaires se confractent, cedles du
foie détoxiquent, celles du cerveau
donnent impudsion chimique gque Fon
nomme a pensée ; pour ce faire, elies
it bessnin el ensreie. |nrsmue 'on est

1. Nos mitochendries : ventables chaudiéres o energle

NuUTRA NEWS

Science, Nulrition, Prévention el Santé
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FIGURE 1. Overview of oxidative phosphorylation in the cardiac cell

The sequential oxidation of fuels (e.g., fatty acids and glucose) leads to the common substrate for the Krebs cycle, acetyl-CoA, which drives the pro-
duction of the reducing equivalents NADH and FADH,. Electrons are passed to the electron-transport chain, where coupled redox reactions mediate
proton translocation across the inner membrane to establish an electrical potential and pH gradient (proton-motive force) that drives ATP synthesis
by the mitochondrial ATP synthase. lon-selective or nonselective mitochondrial ion channels dissipate energy and alter the ionic balance and volume
of the mitochondrial matrix, which is partly compensated by antiporters coupled to H* movement. See text for further details. ANT, adenine
nucleotide translocase; G-6-P, glucose-6-phosphate; IMAC, inner-membrane anion channel; MCU, mitochondrial Ca?* uniporter; mitoK,_, mitochon-
drial Ca?*-activated K* channel; mitoK ., mitochondrial ATP-sensitive K* channel; PIC, phosphate carrier; PTP, permeability transition pore; PYR,
pyruvate; KHE, K*/H* exchanger; NHE, Na*/H* exchanger; NCE, Na*/Ca?* exchanger; IDH, isocitrate dehydrogenase; KDH, a-ketoglutarate dehy-
drogenase; MDH, malate dehydrogenase; PDH, pyruvate dehydrogenase; SDH, succinate dehydrogenase.



The main consumer of ATP is CONTRACTION
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Fig. 5. The contractile cycle incorporating
structural features of the myosin head and their
proposed involvement in the cycle. Actin is
represented as a sphere. In the near axial third
of the myosin head, the narrow cleft that splits
the 50-kD segment of the myosin heavy chain
sequence into two domains is for simplicity
represented as a horizontal gap perpendicular
to the filament axis. In the model, this cleft lies
at an angle of ~30° to the filament axis and the
opening and closing of the cleft would not be
evident from this view. The representation of the
nucleotide-bound state and its associated con-
formational change relative to the x-ray struc-
ture of myosin is conceptual in nature.
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THE ORIGIN OF THE PROBLEM OF RESPIRATION REGULATION

Ernest Starling 28
1866-1927 & )

Ernest Starling’s Sei-up: - Windissel
~
Reservoir L &3 .

« Rate of oxygen consumption is
taken as a measure of the total
energy set free in the heart during its

activity “(Starling & Visscher, The regulation
of energy output of the heart, J.Physiol 62,
243,1926)

Pressiine
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Fatal. myocardial
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REST
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FIG. 12-5. Family of Starling curves. According to Starling’s law, increased stretch of myo-
x+30 cardial fibers, which increases the ventricular end-diastolic volume, results in greater ventricu-
lar performance. Modified with permission from Braunwald et al. (1968). The line for heart fail-

ure is based on that shown in Figs. 1 and 2 of Holubarsch et ai. (1996).
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Frank {irog, 1895)

“Any increase in the work demanded of
the heart is met by corresponding
increase in the oxygen consumption and
in the amount of chemical changes taking
place* (Starling & Visscher,J.Physiol 62, 243, 1926)
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Otto Meyerhof
The Nobel Prize in Physiology or Medicine 1922 Archibald V. Hill

Nobel Lecture _ _
The Mechanism of Muscular Contraction

Nobel Lecture, December 12, 1923
Energy Conversions in Muscle

We can establish that the lactic acid is directly associated with muscle
contraction by an exact comparison ot the work performed under anaerobic

conditions with the formation of lactic acid. As the best expression of the



1930, COPENHAGEN, DENMARK

LUNDSGAARD’S
REVOLUTION IN PHYSIOLOGY (HILL)
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THE REVOLUTION IN MUSCLE PHYSIOLOGY

A.V. Hill

Physiol. Review 12, 56 — 67, 1932

“"WE HAVE ALL BEEN RIGHT SOMETIMES

AND

WE HAVE ALL BEEN WRONG OFTEN”



1934 — Karl Lohmann shows that the ATP and PCr
are related to each other by thecreatine kinase reaction

CH3 NH2 CH3 I\IHF"C,‘JQ,EEj
200C-CHy—N= C@+MQATP25 0C - CH, —N= c@ + MgADP?© , ®
“NH
Cr NH, pcr 2

FIGURE 1 Reaction catalyzed by creatine kinase.

BB- CKChlcken (Eder et al. 7999) hubMtCer et al. 2000)




Tissue content (umol/g ww)

10 1

Sigmundur Gudbjarnason, Iceland, Reykjavik, 1971
James Neely, Hershi, USA, 1973

COMPARTMENTATION OF ADENINE NUCLEOTIDES
IN HEART CELLS
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Ventricular Function % recovery

Neely JR, Grotyohann LW. Role of glycolytic products in damage to ischemic myocardium.

Dissociation of adenosine triphosphate levels and recovery of function of
reperfused ischemic hearts. Circ Res. 1984 Dec;55(6):816-24
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COMPARTMENTATION AND ORGANIZATION — SYSTEM LEVEL PROPERTIES

Intracellular Energy Units (ICEU)
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Saks et al. 2007 in « Molecular System Bioenergetics», Wiley-VCH, Weinheim
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MICROTUBULAR NETWORK AND MITOCHONDRIA IN
CARDIOMYOCYTES
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VO2, umol O,/g dw min

FRANK-STARLING LAW AND RESPIRATION

Suga et al..
VO,=4 x PVA+ B
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WHICH MECHANISM OF REGULATION OF RESPIRATION in vivo
EXPLAINS THE METABOLIC ASPECTS OF FRANK-STARLING LAW?

Hypotheses proposed:

1. Cytoplasmic ADP in equilibrium CK
reaction (Meyer et al. 1984 and many others)?

2. Parallel regulation of contraction and
respiration by calcium?

3. METABOLIC FEEDBACK REGULATION
VIA PHOSPHOTRANSFER NETWORKS



THIS CONTRADICTS TO EXPERIMENTAL OBSERVATIONS,
INCLUDING THE METABOLIC STABILITY



CALCIUM HYPOTHESIS
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Figure 7 Summary of the Ca’" parallel activation
scheme. Both classical ADP and Pi feedback and Ca®"
parallel activation is proposed to play a significant role.
The transport of Ca®" from the cytosol or the SR to and
from the mitochondria is poorly defined.

(Balaban, J.mol.Cell. Cardiol.
34,1259-1271,2002)
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Calcium, ATP, and ROS: a mitochondrial love-hate triangle

Paul S. Brookes, Yisang Yoon, James L. Robotham, M. W. Anders, and Shey-Shing Sheu
Deparmments of Anesthesiology, Pharmacology, and Plnvsiolegy and Mirechondrial Reseavch
Interest Growg, University of Rochester Medical Center, Rochester New York 14642
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Sonia Cortassa® Miguel A Aon* Eduasda Marban ** Raimond L. Winslaw,'* and Brian ORourke®
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Fig. 2. Reprezentative left ventricular (LV) pres-
sure (LVP: Al volame (LVV: B, and ealeium
transients ([Ca®'];; O measured during steady-
state ejecting contractions and on the first 150-
volumie beat of variously timed volume clamps.
I LVP-LVV locps corresponding to A and B.
There 15 an approximately linear relationship
batween: peals pressure and volume on the 1s0-
volumic contractions, and the pressure-velume
loop of the sjecting beat “breaks through™ this
line. E: superimposed averaged [Ca®'li during
steady-state sjecting contractions (dottad line]
and during 1sovolumic contractions at the 2 dif-
ferent volumes; there 12 no detectable difference
batween these tracings.

Am o Plyaiol Hearf Cire Physiol 282: H1081-H 1091, 2002,
10.1152/ajpheart.00488, 2001,
Load dependence of ventricular performance explained
by model of calcium-myofilament interactions

JUICHIRC SHIMIZL, KOJI TODAKA, AND DANIEL BURKHOFF
Division of Circulatory Physiology, College of Physicians and Surgeons,
Columbia University, New Yorf, New York 10032
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Length-dependent activation of sarcomeres

Hibberd MG and Jewell BR. Calcium and length-dependent
production in rat ventricular muscle. J. Physiol. 329:527,1982

1. Changes in muofilament lattice spacing
(Granzier et al. Circulation Research 94:284, 2004)
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Croasbridge Cooperativity:

Formation of crosshridge — shift of tropomyosin -
increases probability of downstream crossbridge formation

2. Positive cooperativity of croosbridge
binding to actin ( Robinson et al. J.Mol.Biol.
T 322,1065,2002)

3. Increase of affinity of troponin complex
for calcium induced by strong binding of
crossbridges (Landesberg&Sideman,
Am.J.Physiol.276,H998,1999)

Cooperative Actlivation ms=s

Bers OM. Excitation—contraction coupling and cardiac force. Kluwer Academic Publishers 2002: p.25.
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ENERGY TRANSFER AND SIGNALLING NETWORKS
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MECHANISMS OF DISEASE

N Engl ] Med 2007;356:1140-51.
The Failing Heart — An Engine Qut of cepwight © 2007 Massachuseits Medical Society.

Stefan Neubauer, M.D., F.R.C.P.
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Figure 2. The Phosphocreatine:ATP Ratio in Heart Failure.

Panel A shows cardiac **P-MR spectra in (from bottom to top) a healthy subject, a patient with dilated cardiomyop-
athy (DCM) and a normal phosphocreatine (PCr):ATP ratio (>1.6; 1.6 was the median of the ratio), a patient with
DCM and a reduced PCr:ATP ratio (<1.6), and a patient with DCM and a severely reduced PCr:ATP ratio (<1.0). The
patient with the severely reduced ratio died 7 days after undergoing magnetic resonance examination. 2,3-DPG de-
notes 2,3-diphosphoglycerate, PDE phosphodiesters, and vy, &, and 8 phosphorus atoms of ATP. Panel B shows a
Kaplan—Meier life-table analysis of mortality in two groups of patients with DCM: one with a higher PCr:ATP ratio
and one with a lower ratio. Patients with an initially low ratio had an increased mortality over the study period (aver-
age follow-up, 2.5 years). Data are from Meubauer et al.*” Panel C shows short-axis cine MRI scans of a normal
heart and the severely dilated heart of a patient with DCM.
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Phosphocreatine as an energy source for actin cytoskeletal rearrangements during
myoblast fusion

Roddy S. O' Connor, Craig M. Steeds, Robert Wiseman and Grace Pavlath
J. Physiol. published online Apr 17, 2008:
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