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Physics (Ancient Greek: ¢uolc physis "nature") is a natural science that involves the
study of matter and its motion through spacetime, as well as all applicable concepts,
including energy and force. More broadly, it is the general analysis of nature,
conducted in order to understand how the universe behaves. -Wikipedia
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Stars in the sky
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A plausible theory

[EPICYCLES]
Planet Epicycle
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Motion of x
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A revolutionary new view

Saturn

B Fixed
Jupiter Stars

Copernicus B HJE, 1473-1543 *

e A model that still needs epicycles
eExplains no more observations than the geocentric model



More quantitative instruments lead to more
accurate measurement
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But not necessarily a better theory

Tycho’s new theory

Sun

Other planets

Earth




Moon

Venus
Sun

Jupiter

Saturn

New instrument lead to new observation

Jupiter’s moons

g Lo X

Galileo's two telescopes

at the IMSS in Florence

The phase of Venus

Galileo Galilei {iiF|Eg, 1564-1642

*Support Heliocentric model
*Qualitative observation



Accurate data lead to quantitative laws

Planet moviess gvep:L£ wartis
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Sun

semunajor axis

The orbit of Mars

The three laws of planetary motion

Johannes Kepler (1571-1630) e The orbits of the planets are e-IIipses, with
the Sun at one focus of the ellipse.

e Thelinejoining the planet to the Sun sweeps
out equal areas in equal times.

Taz / sz = Ra3/ Rb3




Universal laws

Also developed calculus

F = ma; G = constant x mlmz/R1z
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Theories:

Classical mechanics; Thermodynamics &
Statistical physics; Electrodynamics; Quantum
mechanics; Relativity; ...

Fields:

Condensed matter physics; Atomic, molecular,
optical physics; High energy & particle physics;
Astrophysics; Geophysics; Biophysics; ...

Concepts:

Causality; symmetry; symmetry-breaking;
conservation laws; invariance; ...
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Six challenges in the next decade

“Condensed-Matter and Materials Physics: The Science of the World Around
Us”, Committee on CMMP 2010, National Research Council

How do complex phenomena emerge from
simple ingredients?

How will the energy demands of future
generations be met?

What is the physics of life?
What happens far from equilibrium and why?

What new discoveries await us in the
nanoworld?

How will the information technology
revolution be extended?




Cell - a special condensed matter
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Microfilaments wliv Ly
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A many body system state

“Elementary particles” of life

& D & D N
DNA RNA Proteins Ligands
F b o S =177

4 ol

Subcellular functions Cells Organisms Ecosystems

Many body systems



Physics versus Biology

Physical laws Biological world

Causality (Initial conditions + * Function centric (“purpose”)
equations => future)

Symmetry and simplicity * History dependent, detailed, and
“complex”
Universal and time-invariant * Evolving
Q
Order, structure, form O
N
* Physical interactions * Evolutionary forces

Energy and matter Function
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— a physicist’s random walk in the biological world
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Protein folding

ene
DNA =

genetic code

Protein sequence EROVEIYRCH3m00e0

folding

Protein structure
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HP Lattice Model

® H--Hydrophobic
(Dill, Onuchic, Shakhnovich, Wolynes, ...)

® P--Polar

H = ZEO',-O'.A(’/;‘ —I"j)
]

Eyy <E,,<Ep  Hydrophobicity
E,.,+E,,<2F,, Segregation

E,, =-23

-1
0

Eyp=
Epp =



Sequences (10%)

Enumeration

Structures (10°)

5% sequences have
degenerate G-states

Designability

Ng=1



Histogram of Designability (3x3x3)

Random polymer model

10° . / ; 10° .

Number of structures
o
|
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Top Lattice Structures




Sequence-Structure Space

sequence

H :2(61' _Si)2

O structure

N¢ ~ Voronoi volume
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Liang, H., H. Chen, K. Fan, P. Wei, X. Guo, J. W. Jin, C. Zeng,
C. Tang, L. H. Lai, De Novo Design of a fafy Motif. Angew.
Chem. Int. Ed. 48, 3301 (2009).
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Comparison with the design target




Robustness of biological networks

A GENE REGULATORY NETWORK

INPUT INPUT
signal A signal B
receptor proteins L recepfor proteins
inactive
transcription
factor A inactive inhibitory
cascade of @ }ronscnphon @ factor
: : : actor B —
interacting 7 2

kinase proteins

or other :
molecules 4 o <
active

active transcription /\\
transcription factor B ou Er: Au T ‘ | cell .
factor A a \ \_/ functions
OUTPUT
protein
DNA
target gene -
; RNA polymerase
cis-regulatory
DNA sequence
elements feedbacks

YGG 01-0083




Design Principle of Biological Networks
--A Computer Chip or a “Brownian Machine”?

Specifically and reliably wired =
interactions in a clean and stable o
environment; No unwanted cross

talks Weak interactions (~kT) in a

noisy and fluctuating environment



Network of Cell Cycle Regulators

“Steady state” s

4 g e
X TN
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mitosis

centrosome

metaphase

anaphase

Pcell Size

“ens

Positive regulation:

*Transcriptional activation

*Activation by phosphorylation/

dephosphorylation
InteRS Checkpoint >
Negative regulation:
DNAJReplication “Inhibition by binding
PMcm1/SFF *Deactivation by phosphorylation
*Mark for degradation

“swis

® Checkpoints



Cell Stationary State 1s a Fixed Point

gizi“ Cln3 | MBF | SBF Cln2 | Cdhl | Swis | Cde20 | CIb5 | Sicl Clb2 | Mcml
1764 0 0 0 0 1 0 0 0 1 0 0
151 0 0 1 1 0 0 0 0 0 0 0
109 0 1 0 0 1 0 0 0 1 0 0
9 0 0 0 0 0 0 0 0 1 0 0
7 0 1 0 0 0 0 0 0 1 0 0
7 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 1 0 0 0 0 0 0

The big fixed point (1764/2048=86%) = G, stationary state

The lowest point of the landscape




Global Flow Diagram of Trajectories
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Perturbation
--Stability of the biopathway

Deletion, addition, color-switching -- 41.2%, 57.4%, 64.7%



The 1nteraction network of biological system 1s robust

Waddington’s metaphor for developmental pathway (1957)
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Form follows function

DR RE R

Macroscopic scale Za X1 R &

Kinesin




Function and form on “meso”-scales?

Cellular networks

Macroscopic [N Microscopic
Organismic Molecular
Bistability
Oscillation N
[A] /\/\/\/\ Patterning [A]
Signal transduction
t ” Homeostasis ¢ >
Adaptation
A@ Cell polarization O
/ Cell division o
A A
° o

For a given function, are there preferred network topologies (form)?



Biochemical adaptation

E coli chemotaxis

signal
+Attr -Attr  +Rep -Rep
0.7 ¥ Yy v
8 =
= wit
a 0.65
o
5
o 06
>
0 500 1000 1500
Time (sec)
signalJ
g
3
5 300uM
!
9 200
I I I I
0 10 Time (s) 20 30

A common feature in sensory and other pathways



Biochemical adaptation

Function

Signal . .
Circuit topology ?

Output \ Design principles ?
N




Function and network space

Function A

Input
l

Output

16038 networks

Output

Sensitivity

_|(0peak B 01)/01|

A
-1

Precision = ©0,-0)/0,
(12 - 11)/11

Input Input
| |
®e_® ®

L
Output Output

Examples

|
o
P



Linear analysis

Adaptation precision: steady state property Outout
—t+——Outpu

A Jif, Jf, Jf,
E_fA(A,B,C,I)—O JA JB JC AA * %N
9B (AB,C)=0 My O Iy N agw |+ 9T |ar=0

1= f3(4,B,0)= o JA OB OC || \ru 0
dC A =0 . I, I 0
i £.(A,B,C)= | 9A 9B aC

afA 8fA &fA -1 _ AC* = A]aim
" JA 9B IC of, i
AB* |= ofy, dfy Jf o a1
s dA 0B JC 0 of, Jf,
Jf.  Jf. It 0 JA IB
N:
A OB dC e It
JA OB




AC = () requires |N|=0AND |]|#0

Correspondence between matrix terms and regulations

links = off diagonal terms loops = terms in the determinant
af, af, o, of, 9%, o,
JA 9B OC " JA 9B OC
=) Le 2% I =) e 2 I ﬁ
dA o ac |® JdA 9B IC
daf.| df. Jf, | éfg % in
dA) dB JC JA JB JC
of,  of, |
N|= JA OB _dfy o"f
| 9f. Of. aA aB JB | A
JA OB '

© ©
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No feedforward

loop
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| At least one negative feedback loop




N1 | tlote|_ oty [ofe) i
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IOOp Output p
IFFLP class
o, ot ~
0A 0B _ of;
o0 9B 0 wep | Incoherent

A feedforward



logki

Topology-function mapping

B=—— 1-B

Active 0 Inactive
Form Form

Output
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Core adaptive topology
--Negative feedback loop with a buffer

‘ o~V
Buffer node @ L ‘/
y Output
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Core adaptive topology

--Incoherent feed-forward loop with a proportioner node
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Design table of adaptation circuits

Robustness (Q) of adaptation networks

Combinations that improve the performance (Examples)

NFBLB
f N f N
Minimal network Minimal network
|
Q=5 (C*=const) Q=8 (A* =const)
§ G
4 N f
One additional self-loop on B One additional NFBL
| | | |
/0
o/?+Co= c{? o’ +O.\3= ofj
Q=27 Q=26
Q=5 (C*=const))) {_ Q=8 (aA* +yC* = 0)
@ See supplement for
[ OneaddionalNFBL | | @ comprehensive list
] |
/0
6;3+ e = o\;i
Parameter ranges for K
Q=27 Q=49 ’ m
\ (C* = <,'()11SI)J — Unconstrained

IFFLP
a )
Minimal network

|
e
L Q=16 (B*=const - A*) )
7

Linear

Saturated

\

One additional NFBL
| |

G

Q=72

Q=16 (B* = const- A*/C*))

4

\

Two additional NFBL
|

Y+E=4

i Q=133
Q=72 (B* =const- A*/C*))




Adaptation circuit of E coli

moecue W
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