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Aim: Examine concepts and questions of living matter within a physical framework.

Outline: candidate principles of living matter

1. What is living matter? basic processes, molecules, systems and scales.

2. Information theory and its application to biology: noise and representation.

3. Physics of DNA and proteins (molecular recognition): the physical basis.

4. Networks in biology (biochemical, genetic, neural): emergence, collective.

5. Evolution theory: memory.

Bibliography will be given for each lecture. There are no comprehensive textbooks.

Two useful introductory texts are: 1. Physical biology of the cell (Philips et al.)

2. Biophysics – search for principles (Bialek)



Course philosophy and procedure 

• WHY and WHEN?   Now, because biological data becomes as 
quantitative as in physics High demands for living matter 
theory (beyond narrative stage)

• HOW?   Open ended evolution, according to feedback and 
knowledge. Open discussion – please ask/comment.

• WHO?   No structured theory and canonic textbook.

• WHERE?   Here in UNIST we have a unique research center, IBS 
CSLM, which focuses on living and soft matter.   



Life and the stuff 
it is made from 

Lecture 1:

Tsvi Tlusty,  tsvi@unist.ac.kr 

Sources:
• Physical Biology of the cell (Philips et. al)
• Biology by the numbers (Philips and Milo).
• A few others



What is Life?
• We know it when we see it, 

at least that’s what we think.

• Open question that many philosophers and  
scientists have considered.

Schrodinger 1944: “The large and important and very much 

discussed question is: How can the events in space and 

time which take place within the spatial boundary of a 

living organism be accounted for by physics and chemistry? 

The preliminary answer can be summarized as follows: 

The obvious inability of present-day physics and chemistry 

to account for such events is no reason at all for doubting 

that they can be accounted for by those sciences.”



Can life be defined?

Webster dictionary 

LIFE 1a : the quality that distinguishes a vital and 
functional being from a dead body.
b : a principle or force that is considered to underlie the 
distinctive quality of animate beings
c : an organismic state characterized by capacity for 
metabolism, growth, reaction to stimuli, and reproduction
2a : the sequence of physical and mental experiences 
that make up the existence of an individual

Wikipedia 

LIFE is a characteristic distinguishing physical entities

having biological processes, such as signaling and self-

sustaining processes, from those that do not.

More on definitional loops in Levari et al. PRX 2012.

The ouroboros or oroboros. 
Ancient Greek: "tail-
devouring snake“ is an 
ancient symbol depicting a 
serpent or dragon eating its 
own tail. The ouroboros often 
symbolizes self-reflexivity, 
introspection, or cyclicality.



Plan B: define life by its symptoms 

• Descriptive definition: A living thing has all or most of the following traits:

• Homeostasis: regulation (pH, temperature)

• Organization: composed of one or more cells. 

• Metabolism: chemicals and energy into cellular components (anabolism) 
and decomposing organic matter (catabolism). 
Living things require energy to live.

• Growth and development.

• Adaptation: response to environment. This ability is fundamental to the 
process of evolution.

• Response to stimuli: senses of multicellular organisms. Motions toward the 
sun (phototropism), or nutrient (chemotaxis).

• Reproduction: the ability to produce new individual organisms.



The stuff life is made from 

• Biological macromolecules are 
specific to living organisms.

• Small set of elements: 
carbon (C), oxygen (O), nitrogen (N), 

(H), phosphorous (P)

• Four main classes: 
(A) Nucleic acids (DNA): store and 
process information…
(B) Protein (hemoglobin): catalysis 
structure, signaling…
(C) Lipids (phosphatidylcholine): 
membrane, organelles…
(D) Carbohydrates (polysaccharide): 
energy storage, surface, cell wall…

• Huge diversity in each class.



Why life molecules are so “simple”?

• Only four classes of molecules?
• Why these classes and no others?

• Origin of Life –
many theories, none testable (yet?).

Advantages:
• Small number of basic elements and 

precursors.

• Modular combinatorial chemistry.

• Universal to all organisms that can 
eat\decompose each other. 



Nucleic Acids and Proteins:  Two Languages

• Small alphabets:
– 4 nucleic bases 
– 20 amino acids. 

• Translation:
– 3-letter words (codons)
– Each encodes 1 AA.

• Hierarchical languages: 
modular subunits. 





The DNA language is written in four letters

A (adenine), T (thymine), G (guanine), C (cytosine).

R = deoxyribose (5C sugar)



Hydrogen bonds:  A—T  G—C

Base complementarity enables 
reliable processing and storage of genomic data 



The genetic code is the dictionary that 
relates the two languages

• The code is redundant: 
20 AA/64 codons.

• The code is smooth: changing 
one letter often does not 
change AA. 



Interlude: the power of scaling in natural science

• Determine “natural variables” and basic equations.
• Gives good estimates of quantities of interest:

How strong 
is the bomb?

Trinity experiment 
July 16, 1945





Dimensional analysis 

Assumptions:

• Energy released in a small space. 

• Spherical shockwave.

Therefore the only parameters are:
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Scaling yields excellent guesstimates
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We can derive natural units 
from physical constants 



Example of natural units : Planck units

Advantages:
• Simple formulas.  
• Physical meaning.
• No prototypes.

• Set c = ħ = G = 1  (quantum meets gravity)
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What are the natural units of biology?

• Hydrogen atom • Escherichia coli
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• Nothing smaller than a cell is alive







A look into E. Coli – the 
“hydrogen atom” of biology

+ a few other atoms

Chapter 2
What and Where: Construction Plans for 

Cells and Organisms



E. coli is a standard 
prototype cell in biology

• All cells share with the “program” to convert 
energy into order and survival\reproduction.

•Minimal requirements for life (on Earth) 

•Storage: DNA-based  genome

•Translation: DNA RNA proteins

(A) Atomic-force microscopy (AFM)
(B) Electron micrograph of a sectioned E. coli
(C) the E. coli ruler.
(D) Bacteria on the head of a pin.



Size of E. coli depends 
on growth rate 

• Cantilever assay: Relation between buoyant mass 
growth rate  (Godin et al., Nat. Meth 2010)



Scaling and counting E. coli: “molecular census”
• Guesstimating how many copies of each molecule. 



Rule of thumb: 
concentrations in 
E. coli units 

Conc. Molec./cell distance

1 nM 1 1,000 nm

1 μM 103 100 nm

1 mM 106 10 nm

1 M 109 1 nm



The average protein has 300 amino acids



Can we guesstimate the number of genes
from genome size?



Can we guesstimate the number of genes
from genome size?

• Works great for E. coli.
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In eukaryotes most DNA is not coding genes

• Not so great for humans: estimate gives 3 million genes…
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E coli census: How many proteins?
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E coli census: 
How many lipids?
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E coli census: 
How many lipids?
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E coli census: 
There are many small molecules
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And the numbers are 

molecules number proportion

genes 5∙103 3

mRNA 2∙103 1

ribosomes 2∙104 10

proteins 2∙106 103

lipids 2∙107 104

ions 108 105

water 2∙1010 107

Proteins perform diverse functions

www.proteomaps.net





The classical method:
Protein census of E. coli in 2D gel.

How do we count?



Protein census of E. coli using (A) mass spectrometry and (B) 
fluorescence microscopy with protein fusions to fluorescence proteins. 
(C) Comparison showing a discrepancy

(A, adapted from P. Lu et al., Nat. Biotechnol. 25:117, 2007; 
B, adapted from Y. Taniguchi et al., Science 329:533, 2010.)

Hard to count small numbres



Cells and the small numbers limit



(A) Difference in mRNA # between two
daughters of a mother with N
mRNAs. (B) Difference in fluorescence 
of two daughters cells for a 
fluorescent fusion
to a repressor protein as a function of
intensity of the mother cell. The line 
corresponds to binomial partitioning 
model. 

(A, adapted from I. Golding et al., Cell 123:1025, 
2005; B, adapted from N. Rosenfeld et al., 
Science 307:1962, 2005.)

Cells and the small numbers limit



(A) Fluorescence microscopy: 
fibroblast with labeled microtubules 
(yellow) and DNA (green). 
(B) Atomic-force microscopy. 
(C) Electron microscopy: Arrows 
indicate bundles of collagen fibers. 

Experimental techniques revealed  
structure of cells and their organelles



E. Coli in a 
hierarchy of 

biological scales



• Eukaryotic cell =
DNA genome in a membrane 
bound nucleus. 

Most bacteria and archaea 
lack nucleus and other 
elaborate intracellular 
membrane-bound structures 
such as the endoplasmic 
reticulum Golgi apparatus.



The “helium atom”: 
the yeast is the simple model eukaryote

Advantages: 
• fungi are close to animals.
• Rapid growth.
• Simple geometry w.r.t. other eukaryotes.

(A) Candida albicans (B) A budding
Candida albicans yeast cell. (C)
Confocal microscopy images of 
mitochondria in S. cerevisiae.
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Eukaryotic cell organelles:
Nucleus



Electron microscopy image shows 
prominent organelles: mitochondria, 
lysosomes, the rough endoplasmic 
reticulum, and the Golgi apparatus.

The Eukaryotic cell 
and its organelles



Macromolecules 
form Assemblies

(A) Nucleosome = complex of 8
protein units and DNA. 
(B) Nuclear pore complex mediates 
transport to/from nucleus. 
(C) Replisome is mediates the 
copying of the genetic material.
(D) Ribosome reads mRNA and 
synthesizes polypeptide chain. 
(E) Proteasome degrades proteins. 
(F) ATP synthase synthesizes ATP.



Helical motifs are abundant in molecular assemblies



Macromolecular assemblies in superstructures



Macromolecular 
assemblies in 

superstructures of 
viruses 



Proteins are superstructures of amino acids  





Scaling up to multicellular organization



Tissues Are Collections of Cells and 
Extracellular Matrix



Nerve cells form complex, 
multicellular structures



Cells differentiate during development 
leading to entire organisms



Cells of the nematode worm, 
Caenorhabditis Elegans, fully charted,

give a cell-by-cell picture of the organism
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