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The Three Frontiers










Rlpples at the dawn of time
380,000 years




Gravitational waves
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The origin of mass?
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Temperature variation
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Anomalous magnetic moment of the
electron

Experiment g/2 = 1.001 159 652 180

Theory g/2 = 1.001 159 652 173

Simplicity at the heart of complexity



Intrinsic complexity

Not merely the complicated conjunction
of many simple things



Chaos theory
Self-organization

Information theory
Fractals

Cellular automata

Nonlinear dynamics Systems theory

Network theory
Ecosystems



Life

What Is it?

How did it begin?
Can we make It?
What makes it tick?



b g — i
] '-.‘___".":'I!—".?i i el .&
e e e

Metabolic map




e 1™
L 11 ]

Systems ‘e

B | O|O Revolutionizing science. Enhancing life.
5 g

[TIRG TEISE
& STSTEMS BIOLOGY

Home

SCIENTISTS & RESEARCH

15B FACuLTY MEMBER
4+ Lee Hood

Area of Expertize:
Adaptive
immunity,
genomics and
biotechnology

I5B FACcuLTY MEMBER
i Aimee Dudley

Area of Expertize:
Genetice, Gene
regulatory
networks,
Technology
development

Complete Faculty Listing

Affiliations W

SENIOR RESEARCH
SCIENTIST

i Greg Carter

Area of Expertise:
Computational
Biology and
Genstics

Complete Senior Research
Scientists Listing "

P4 Mepicie™™

STaEMS B OLOGEY
IS ERTHE

SGIENTISTS 8 RESEARGH

VWELCOME TO THE INSTITUTE FOR SYSTEMS BIOLOGY

Bill Gates and Nathan Myhrvold to Keynote Institute for Systems
Biology's 2008 Annual Symposium

The Institute for Systems Biology announces that Bill Gates, co-chair

ofthe Bill & Melinda Gates Foundation and chairman of Microsoft
Corporation and Mathan Myhrvold, PhD, president and CEOQ of
Intellectual Ventures, will serve as keynote speakers for the 7th
Annual Institute for Systems Biology International Symposium. Read
ful releaze ¥
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Weekly Podcasts from the GENcast Network

|SB Associate Professor Nitin Baliga, PhD featured in a Genetic
Engineering and Biotechnology Mews FPodcast

MEW MODEL FOR PREDICTING THE MOLECULAR RESFOMNSE OF
LIVING CELLS TO GEMETIC OR ENVIROMMEMNTAL CHANGE
Genetic Engineering and Biotechnology, Jan. 10, 2008 Listen

Systems Biology Alters Drug Development
This aricle in Genetic Engineering and Biotechnology News
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The immaortal malecubes within our body
is DA, ard as such could cepresent the
reductiomist answer o the old guestion
“Where were vou before vour grandmothier was born?” The con-
tinuity and capability of & THSA sequence 1o oycle on Chirowgh
subsequeent human generations and to adapt and evalve Inte a
caomplex human system, which Is able to busld skyscrapers and
| travel In space, represents a spectacular feat of molecular man.
agement. et anly a minate amount of TYA triggers the process
of molsoalar self-organization that results in such biological
camplexity.

Many complix biokoghcal properties such & human creativity
B0 nat seem o Bave developed durng evelution in a conting-
oais of limear manner et rather exhibit a restricted “all or nong’
develnpment that can be explained hest by a branch of mathe-
matics called nonlinear dynamics {which includes the study of
chzas), For example, there are astounding differences in the de-
gree of creativity between specles that are physiologically very
similar, such as the chimpanzee and the human, who share over
S homology in their DRA s
guence. Even  theugh  chim-
paneees  evolved  for osany

DoMALD 5, Correy

mml
T Chaos ond Deded

The self-arganizaticn of cells Into complex interacting m‘hmunhdﬂqﬁdnﬂmqhﬂhﬂm#ﬂmm
called nanlinear dynamics, which includes the study of chava. Here, Donald Caffey explai

biohogical systems using nonlineas dynamics sheds lght m&emhﬂwhtudmumdulpﬂlpq,
hieart disease and cancer.

Self-organization, complexity and chaos:
The new biology for medicine

By of |

cell=cell communication to farm a collec-
Eive system that enmsenges as mone than the
s o frs individusl neumons'. These self-
organised nearonal intecsctions within e brain respood to
thieir pxiermal environment and form dynamic neural networks
that collectively store, process and rapldly retrieve vast amowsnts
of mdormation, which is displayed as consclowsness and stun-
ning creativity. What type of analysis is requirsd to explsin the
divelopment of a undgue biokogical property such as coeativity?
Enowing the sequence of the human genome 5 only one part of
this urderstamsding and certainly will not be complete withaout
some additional analysis of self-organization, Nonlinear dy-
mnamics, Inclusding chaos thaary, B emenging as the: new fom of
analysis for studying complex blological systems siech a8 the
frain, the heart, bacteria, epldemics and cancer.

Self-organization snd emerging complexity

Insights into these nondinear emergent baological properties are
prowided by a mathematical description of how individual anits
that ane relatively indeperdent
can join togethes and alter their
state of Intemcilon with other

mkllions of vekrs longer than did
humans they still cenndgt ewn
CONSAACL & shmple box wheneas
the late developing huaman can
invent aned produce the grean di-
versity af Mems avallable 1n a
shopping mall. What types of
enzymes or protein mokeoales
are found onky in a haman that
| could possably sccount for this
great difference? Small changes
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units. Thise imteractions reult in
setf.organization into an adaptive
imteractive netwark that possesses
T codktive properties not pos-
seszed by the sum of the individ-
ual compornents, Such a dynamic
aollective system B exemplified
. | Ty & Mok of Dirds, a schonl of fish,
an ant hill, a bofilm of bactesia or |
by thee ineractions beowesn peo-

pie an the srests of Mew York

in the haman DNA LR === LIty (FIg. 11 If the Interactions be-
may have produced I.Tlm - - AR tween the individual units ae oo
Touimgl  eansivlon  bn creative I-dhl-ll-ll_L ,m, _|__ 1?:4: strang, the netwark is ordered and
traits, a transkticn that 15 nonlin- Fars Peaperiin rigid and contatrs little diversity
ear when compared with overall 1o denss [ 300 Zed e By im it abilty o pespomed to chang-
evolutionary time. (Canaciy —_— ] imy stabes amd wo the ensinomn-

The abrugit changes that char- toptghe — el ment. [f the inberactbons are oo
acterize monlinear systems anc - — —1 o wizalk, thi systemn beruds fo disperse
termed “emergent properties’. In Fonci (= oy Al Degomas dispeganized in be-
noalinesr systems, small effects -] Fac P harvlor because of the lack of fesd-
can have very lamge and unex- " | sema | s back between the units. Dynaamie
pectind consequences. This is also ==z e e variations in the degree of interac.
ane of the nallmarks af chaotic

tion between the individual units
glves divemsity 10 the collectve
metwork, which in tum provides
the syt with the plisticty o
rapidly sdapt v changing envi-
ronmental sitoations. This plas-

systems, which are extremely
sensitive oo Inkial conditions.
Indeed, human brain recordings
exhibit nonlinear dynamics: bal-
lions of meurons  interact by

Fg. 1 Examples of s orgarizing uns that Sarm an interactive
network with new collecthve propeeclies. Each ol mtescli with
it i sleenenty in e sl by drect linkage and the in-
beractiors obey & dmple set of roles that ane delined by rcrfinesr
dynamics.
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Clues from non-living coherent
complex systems

Nonlinear

Self-organizing

Far from thermodynamic equilibrium
Adaptive and robust



Belousov-Zhabotinsky
reaction




Convection cells










Self-organization a clue?

« Caution: life is not a self-organizing system. It is a
supervised organizing system, under software
control.

* When the supervision is flawed, life “"goes wrong.”

 Life involves a web of information flow, but the
information is not just “bits™ — it depends on the
context. Contextual information is closely related
to semantic information: genes are coded
iInstructions that need “interpretation” by a
molecular milieu.



Life as hardware-software
entanglement

Information software Informatllon
processing lieeizelilg
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Emergence

The whole is greater than the sum of its parts

Murray Gell-Mann

“You don’t need something more
to get something more”




Emergent literature

HOW THE WORTTI BECAME COMPLEX
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Tackling computational complexity

ECOLE POLYTECHNIQUE
TG SCHOOL OF LIFE SCIENCES - BBP

anglais seulement EPFL > F5V > BMI > Elue Erain Project

The Blue Brain project is the first comprehensive attempt to reverse-engineer the mammalian brain, in order to
understand brain function and dysfunction through detailed simulations.

In July 2005, EPFL and IBM announced an exciting new research initiative - a project to create a biologically accurate,
functional model of the brain using IBM's Blue Gene supercomputer. Analogous in scope to the Genome Project, the Blue
Brain will provide a huge leap in our understanding of brain function and dysfunction and help us explore solutions to
infractable problems in mental health and neurological disease.

At the end of 2006, the Blue Brain project had created a model of the basic functional unit of the brain, the neocortical
column. At the push of a button, the model could reconstruct biologically accurate neurons based on detailed experimental
data, and automatically connect them in a biological manner, a task that involves positioning around 30 million synapses in

About the Blue Brain Project

News & Media information DrECise 3D |Ocati0ﬂ8_

Gallery

People

fi'“ﬁ:ls"e“t'v Asked Questions In November, 2007, the Blue Brain project reached an impartant milestone and the conclusion of its first Phase, with the
Contact announcement of an entirely new data-driven process for creating, validating, and researching the neocortical column.

y l._ i

More detailed information and a glimpse into the future of the Blue Brain Project.

Henry Markram




Cancer is a phenomenon of the basic
life process itself

What is life?

How did cancer evolve as part of life?

Origin of life (3.8 Gyr)
Evolution of eukaryotic cell (2.5 Gyr)
Evolution of multi-cellularity (600 Myr)

Evolution of aging



J. Theoret. Biol. (1966) 12, 12-45

The Moulding of Senescence by Natural Selection
W. D. HAMILTON

Imperial College Field Station, Silwood Park,
Sunninghill, Berks., England

(Received 16 October 1965)

The consequences to fitness of several types of small age-specific effects
on mortality are formulated mathematically. An effect of given form
always has a larger consequence, or at least one as large, when it occurs
earlier. By reference to a model in which mortality is constant it is shown
that this implication cannot be avoided by any conceivable organism. A
basis for the theory that senescence is an inevitable outcome of evolution
is thus established.

The simple theory cannot explain specially high infant mortalities.
Fisher’s “‘reproductive value”, the form of which gave rise to an erroneous
opinion on this point, is shown to be not directly relevant to the situation.
Infant mortality may evolve when the early death of one infant makes more
likely the creation or survival of a close relative. Similarly, post-reproduc-
tive life-spans may evolve when the old animal still benefits its younger
relatives.

The model shows that higher fertility will be a primary factor leading
to the evolution of higher rates of senescence unless the resulting extra
mortality is confined to the immature period. Some more general analytical
notes on the consequences of modifications to the reproductive schedule
are given.

Applications to species with populations in continual fluctuation are
briefly discussed. Such species apart, it is argued that general stationarity
of population can be assumed, in which case the measurement of conse-
quences to fitness in terms of consequences to numerical expectation of
offspring is justified.

Ali the age-functions discussed are illustrated by graphs derived from
the life-table of the Taiwanese about 1906, and the method of computation
is shown,



Force of selection is age-specific

Malthusian parameter defines Darwinian fitness. He derived the
first partial derivative for the proportional effect on fitness of age-
specific changes in survival probability. This effect is given by

s(x)/T, where T is a measure of generation length and

s()= Y e l(y)m(y), (1)

y=x+I

where r is the Malthusian parameter, or the growth rate of the pop-
ulation, associated with the specified /(v) survivorship and m(y)
fecundity functions. The dummy variable y is used to sum up the
net expected reproduction over all ages after age x. Ultimately,
the s(x) function represents the fitness impact of an individual’s
future reproduction. Note that, before the first age of reproduc-
tion, s is always equal to I; once reproduction has ended, s is
equal to zero; and during the reproductive period, s(x) progres-
sively falls.

Like mortality, the age-specific force of natural selection act-

ing on fecundity has a scaling function
sS'(x)y=e " (x). (2)

An interesting difference between these scaling functions is that

the force of natural selection acting on survival only decreases

Force of natural selection

0 20 40 60
Age (days from egg)

Figure 1. Hamilton's Forces of Natural Selection scaling functions
with respect to somatic age: s(x) the scaling function for the force
of natural selection acting on proportionally uniform changes in
age-specific survival probability; and s’(x) the scaling function for
the force of natural selection acting on changes in age-specific
fecundity. Age-specific survival and fecundity values used to cal-
culate these functions were derived from a cohort of 1111 fe-
male Drosophila melanogaster from population CO; of Rauser
et al. (2006b).
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HAMILTON'’S FORCES OF NATURAL SELECTION
AFTER FORTY YEARS

Michael R. Rose,' Casandra L. Rauser,’ Gregory Benford? Margarida Matos.? and Laurence D. Mueller!
! Dapartment of Ecalogy and Evolutionary Biology, Unhersity of Callfornia, iniine, Callfomla 92697-2525

E-mails mrrose@ucledy
2 papartment of Physics and Astronomy, Unhversity of Callfornia, invine, Califomla 92697-2525
A¢antro de Blologia Ambiental, Departamento de Slolegla Animal, Faculiade de Céndas da Universidade de Lisboa,
Campo Grande, 1749-016 Usboa, Portugal

Recepved lanuary 30, 2007
Brcapted lanuary 21, 2007

In 1966, William D. Hamitton published a landmark paper in swolutionary biology: “The Moulding of Senescence by Natural Se
lection.” It is now apparent that this artick is as important as his better-known 1964 articles on kin selection. Not only did the
1966 artide explain aging, it also supplied the basic scaling forces for natural selection ower the entire life history. Like the Lorentz
transformations of relativistic physics, Hamiltons Forces of Natural Selection provide an oversrching framework for understanding
the power of natural selection st sarly ages, the existence of aging. the timing of aging, the cessation of aging. and the timing
of the cessstion of sging. His twin Forces show that nstursl selection shapes survival snd fecundity in differert ways, so their
evolution can be somewhat distind. Hamilton's Forces also define the cortext in which genetic wariation is shaped. The Fonces of
Matural Selection are readily manipulable using experimental evelution, allewing the deczleration or acczleration of aging, and
the shifting of the transition ages between development, aging, and late life. For these reasons, evolutionary research on the
demographic features of life history should be referred to as “Hamiltonian.”

KEY WORDS: Lging demography. xpermental evalution, forces of nstursl sslection, late life, sen=scence, William D, Hamitton.

I 1966, Willarn D Hamd oo published “The Manlding of Senes-
cence by Matural Salection™ in Sowrmal of Theoredieal Biology At
the tme, the papser was hardly noticed, Forty years later &= of
this writing, it i8 clear that this paper was anciher mdkEstone in
Hamiltens mimculse decade of the 19608, His besk-koown ar-
Heles fronm this period aie his beo 1964 articles on kn selection
(Hamilton 15648 by and hiz 1967 amicls onevolnionary strategies
of sen-ratio manipulation. In those three articles, he laid foonda-
Hons for contemporary ressarch in behavioral ecolagy and cog-
nate felds, including research on inclusive fimess and frequency-
dependentstrabegles. These three publicalions ame among the most
heavily cited in the evolulionary Hterahire, broadly construed.
Hae we will afgue that Hamilion's 19656 aiticls 18 at lesst as
important a3 thoss three aticlks.

Hamilton was an avid disciple of R.A. Flsher (see the
marginalia of Hamilton's 1996 volume). whose 1930 book The

Genetical Theary of Mataral Selection contalned elliptical renaiks
on he parallels between age-specific reproductive valoe and age-
specifc survdval probabiliies, parboularly the parallel betwean the
decline of reproductive value and the dacline of age-specific sur-
vival probability with increasing age. Haldane (19417, Madawar
(15486, 1952), and Williames (1957) took up the same theme, al-
thaugh, ke Fisher, none suppliad o useful formal analysis. £ was
Midawar, especially in his 1952 publication. who populirzed the
term “force of aanral sekcion.”™ Bul there was no quantitatively
explicit and cogent analysis of this evolulionany concept befon
Hamilbon's 1966 analysis.

Like his other 1960s publicaticns, Hamilton's 1965 analysis
of the forces of aahigsl salecion conting ohscure wording and
inelegant mathematical notation. But he finally made the verbal
hints and ciecumiccutions of his predecessors mathematically ex-
plicit. Hamdltons assumption, taken from Fisher, was that the

& 2007 The Authon s). Journal compilation £ 2007 The Society for the Soady of Evolution.

1265 | Evolation 61-6 J265-1176
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A Case Study in the
Evolution of Aging

"

Michael R. Rose
Hardip B. Passananti
Margarida Matos

Flies don’'t get cancer!



Cells on a knife-edge

Multicellularity: joining a union means giving up
freedom to pursue a “selfish cell” agenda

In vertibrates, adult cells need to proliferate, but
In a “unionized’, i.e. regulated, manner

With aging, the delicate controls may fail due to
lack of selective pressure on the regulatory
systems (Hamilton)

Cells revert to pre-multicellular “selfish cell”
anarchy

Cancer is a “fine-tuning” problem



Control mechanisms in networks

« Kauffman: gene networks have a critical
threshold at which internal cycles scale
like a power law

* Healthy cells operate at the critical
threshold, “on the edge of chaos”

» Slip beyond the threshold, and chaos
reigns



How can physics help tame
cancer?

* New scanning and diagnostic techniques

T rays (teraherz radiation)

C.A.R.S. — coherent anti-Stokes Raman
scattering
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Biophoton dete -tion as a novel technique for cancer imaging g Marik
Satios
Motohiro Takeda,! * ssaki Kobayashi,® Mariko Takayama,” Satoshi Suzuki,? Takanori Ishida,! Kohji Ohnuki,* [] Taka
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& 3To whom correspondence should be addressed. E-mail: noriaki-o@umin.ac.ip

Biophoton emission is defined as extremely wealk light that is radiated from any living system due to its
metabolic activities, without excitation or enhancement. We measured biophoton images of tumaors
transplanted in mice with a highly sensitive and ultra-low noise CCD camera system. Cell lines employed
for this study were AH1094, TE4 and TES. Biophoton images of each tumor were measured 1 week after
carcinoma cell transplantation to estimate the tumor size at week 1 and the biophoton intensity. Some
were also measured at 2 and 3 weeks to compare the biophoton distribution with histological findings.
We achieved sequential biophoton imaging during tumor growth for the first time. Comparison of
microscopic findings and biophoton intensity suggested that the intensity of biophoton emission reflects
the viability of the tumor tissue. The size at week 1 differed between cell lines, and the biophoton

R Tt (NN ol (0] [N [OOSR ([ U [Nt T N ) AN (NSO SR (R | N R (U T i ar e T - T T S o (S,



Theoretical physics

New conceptual insights into complex systems

Experience with modeling computational
complexity

Ability to extract a signal from confusing noise

Ability to “stand back” and see the system as a
whole

Tendency to ask really dumb questions,
seemingly without embarrassment

Salamander limb regeneration

How do cells stick together, and why do
metastasized cells come unstuck?

Tolerance of “wild ideas”




Example of a wild idea:
Life at the quantum edge

Cells as bags of quantum
nanostructures



Two ways that QM may play a role 1n life

1. Negative effect

Life’s efficiency 1s limited by quantum mechanics,
so perhaps life tends to evolve to the ‘quantum edge.’

2. Positive effect

Life (or pre-life) harnesses quantum effects to

improve 1ts performance or to accomplish unusual
tasks.



QM

QM



‘Non-trivial’ quantum effects

Superposition
Entanglement

Tunneling

System/environment interaction, e.g. watchdog



Wigner inequalities

(Peter Pesic¢, John Barrow)
Quantum clock, mass m, size [:
T <ml/h

Smallest autonomous organism Typical nanostructure in cell
- Mycoplasma
m ~ 103 daltons [/~ 100A

m~8x1074g [~0.3um
T ~ milliseconds

T~ 100 min



Polymerase motor

m~=~10"¢g /=103 cm

v>himl
v > 10" cm/s ~ 100 bp/s

Net Replication Rate (bases s™)

Tension on DNA (pN)



Quantum algorithms and the
genetic code

Apoorva Patel

Grover’s algorithm for searching an unsorted database of NV objects

VN 1mprovement
Q queries; (20 + ) sin'(1AN) = /2
Unique integer solution: O=1,N=4

For 0=3,N=202




Popp, Hameroff, Penrose
“‘quantum mitosis”




A thermodynamic interpretation
of malignancy: do the genes
come later?

S. Hauptmann

Institute of Pathology, Charité Hospital, Berlin, Germany

Summary Current theories on cancer development focus on ‘unlucky’ mutations affecting oncogenes
suppressor genes. In this article a theory will be developed which interprets cancer as an adaptive phel
response to cellular stress induced by an energetic overload which would ultimately lead to an increase in:
One of these adaptive mechanisms is paneuploid polyplmdma’[mn a phenomenon frequently described
tumours. This inherent property of the genome to g ailed sequence variability may be involv
new proteins which are more appropriate to magiage the harmful sit@gtion of energetic overload. Anothe
mechanism to prevent increasing entropy is th§ change in chirality offproteins and carbon hydrates bec
enantiomers with higher intrinsic energy ultimateNsngeduces entrogyff the cell. These chiral alterations i
molecular structures of proteins and DNA, resulting in abriormal function of the former and disturbances
transcription and repair of the latter. Moreover, the altered proteins may — as a secondary step — induce
changes of the DNA. Because changes in chirality affect the structure of a cell randomly, one can expe
multiple genes or proteins, and this is exactly what has been described in the literature. Therefore, this

help to clarify confusing findings of tumour genetics accumulated over the last two decades. Cancer coL

1of 4 k il (= |



Elena Pikuta Richard Hoover

NASA Marshall
Spaceflight Center



Anaerovirgula multivorans



The technology of the complex
future

quantum technology



Conclusion

* Physicists have plucked most of the low-
hanging fruit (“simple” systems)

* There exists a class of problems that are
computationally challenging but not

iIntractable, which should soon yield to
Moore's law: cancer may be one of them

» Cancer - like life — can be understood only
within the context of evolutionary biology
as well as cell biology
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