
SYSTEMS BIOLOGY:

MOLECULAR SYSTEM 

BIOENERGETICS

Laboratory of Fundamental and Applied Bioenergetics

J.Fourier University, Grenoble, France

Laboratory of Bioenergetics

National Institute of Chemical and Biological Physics

Tallinn, Estonia

Valdur Saks



SYSTEMS BIOLOGY -

DEFINITIONS AND HISTORY



Systems Biology is the science that aims to 

understand how biological function absent 

from 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 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 

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.



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.

CHANGE OF PARADIGMS OF BIOLOGICAL SCIENCES

FROM REDUCTIONISM

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.



Identifying 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.

Systems Biology: A Brief Overview

Hiroaki Kitano
Denis Noble

Exp Physiol 2008;93;16-26
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5594, pp. 763 

- 764

Perspectives
SYSTEMS BIOLOGY:

Life's Complexity Pyramid
Zoltán N. Oltvai and Albert-László Barabási*

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. 





HISTORY AND PHILOSOPHICAL BASIS

THERE WAS SYSTEMS BIOLOGY  

BEFORE SYSTEMS BIOLOGY!



‘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.’

An Introduction to the Study of Experimental

Medicine

Claude Bernard (1813-1878)

“Introduction a l’étude de la médecine

expérimentale”. Flammarion, Paris, 1865, 

1984

(Noble D. Claude Bernard, the first system biologist, and the future of physiology.

Exp. Physiol. 93.1, 16-26, 2008)

THEORY OF HOMEOSTASIS –

permanence of milieu intérieur

due to integrated regulatory 

mechanisms



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.

Norbert Wiener

"Cybernetics.

Control and Communication in the 

Animal and the Machine" 

John Wiley & sons, Inc., New York, 

1947 

Norbert Wiener (1894 – 1964)



BIOENERGETICS AND 

METABOLISM-

WHY?

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 integrated metabolism is that the organism succeeds in 

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



Synthesis

Antithesis

Thesis

DIALECTICAL PRINCIPLES OF 
HISTORICAL DEVELOPMENT:

Georg Wilhelm Friedrich Hegel

(1770 – 1831)



Synthesis: Systems Biology

Quantitative description of 

integrated mechanisms of 

regulation, interaction studies, 

system level properties

Antithesis (reductionism): 

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

Cybernetics, 

applied 

mathematics, 

computer sciences



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, I suggest, 
classical physiology by another name.

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

Denis Noble

Exp Physiol 2008;93;16-26



MOLECULAR SYSTEM 

BIOENERGETICS

In this first integrated view, 

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.

Description
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Le nombre de façons différentes de répartir une même quantité d’énergie dans un état donné

du système est appelé la dégénérescence, ω. Boltzmann a démontré que l’entropie est reliée 

à la dégénérescence par l’équation :
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Albert Lehninger et al. 

discovered in 1949 that

oxidative phosphorylation 

occurs in

Mitochondrion





The main consumer of ATP is CONTRACTION







Ernest Starling
1866-1927

« 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)

THE ORIGIN OF THE PROBLEM OF RESPIRATION REGULATION
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“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)



1900 - 1930



Otto Meyerhof
The Nobel Prize in Physiology or Medicine 1922
Nobel Lecture

Nobel Lecture, December 12, 1923
Energy Conversions in Muscle

Archibald V. Hill

The Mechanism of Muscular Contraction



“ALACTACID” CONTRACTION



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

BB-CK uMtCK

MM-CK                                                sMtCK

human (Eder et al. 2000)chicken (Eder et al. 1999)

rabbit (Rao et al. 1998) chicken (Fritz-Wolf et al. 1996)



Sigmundur Gudbjarnason, Iceland, Reykjavik, 1971

James Neely, Hershi, USA, 1973

COMPARTMENTATION OF ADENINE NUCLEOTIDES
IN HEART CELLS



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
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MACROMOLECULAR

CROWDING



MICROTUBULAR NETWORK AND MITOCHONDRIA IN 
CARDIOMYOCYTES
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FRANK-STARLING LAW AND RESPIRATION

Suga et al.:

VO2 =A × PVA + B

Williamson et al. Circ.Res. 38, I39-

I51,1976

Neely et al. Biochem.J. 

128,147-159, 1972



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



LIMITATIONS OF THE EQUILIBRIUM CREATINE KINASE THEORY 

[ADP] = [ATP][CREATINE]/[PCR]K’eq

MgADP + Phosphocreatine + H+���� MgATP + Creatine

[ADP]cyt = 50 –100 µM

Since the apparent Km for ADP in isolated mitochondria  ≅≅≅≅ 20 µM, under 
physiological conditions respiration should be always activated by 80%

THIS CONTRADICTS TO EXPERIMENTAL OBSERVATIONS,

INCLUDING THE METABOLIC STABILITY

CONCLUSION:

“WE HAVE ALL BEEN WRONG 

OFTEN”



CALCIUM  HYPOTHESIS

(Balaban, J.mol.Cell.Cardiol. 

34,1259-1271,2002)



“WE HAVE ALL BEEN RIGHT 

SOMETIMES AND

WE HAVE ALL BEEN WRONG 

OFTEN”



“WE HAVE ALL BEEN RIGHT 

SOMETIMES AND

WE HAVE ALL BEEN WRONG 

OFTEN”



[Ca2+]m

1 -10 

µM

[Ca2+]ex = 

1,5·10-3 M

CICR

ATP

ADP

Ca2+

[C
a
2+ ] =

 10
- 3 M

Ca2+

H+

Na+

ATPATP

3 Na+ Ca2+

Na+

Ca2+

Ca2+

3 Na+ DHPR

RyR

RS

Myofibril

MITO

SERCA

2K+

+

Uniport

PTP

Ca2+

nNa+

Ruthenium
Red

troponin C
contraction

relaxation

[Ca2+] free:

Diastole - 10-7 M

Systole – 1- 3· 10-6 M

Ca2+

ATPADP+Pi



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)



2. Positive cooperativity of croosbridge

binding to actin ( Robinson et al. J.Mol.Biol. 

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) 

THE RESULT:
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http://cens.ioc.ee/~markov/etransfer/current_model.pdf



THE REGULATION OF HEART ENERGETICS UNDER THE 

FRANK-STARLING LAW 

CAN BE QUANTITATIVELY EXPLAINED BY METABOLIC 

FEEDBACK SIGNALLING WITHIN

THE STRUCTURALLY ORGANIZED ENERGTIC UNITS AND 

ENERGY TRANSFER AND SIGNALLING NETWORKS

THIS TYPE REGULATION RESULTS IN METABOLIC 

STABILITY (HOMEOSTASIS)
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