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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
guantitative 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.



Lecture 1:

Life and the stuff
It IS made from

Sources:

« Physical Biology of the cell (Philips et. al)
* Biology by the numbers (Philips and Milo).
A few others

Tsvi Tlusty, tsvi@unist.ac.kr



What is Life?

e We know it when we see it,

at least that’s what we think.
By ERWIN SCHRODINGER

e Open question that many philosophers and

scientists have considered.
WHAT

IS

Schrodinger 1944: “The large and important and very much LIFE

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 Ph}'sicist’s apl:\roach to the
Subject—With an Epﬂoquc on
Determinism and Free Will

The preliminary answer can be summarized as follows:

CAMBRIDGE UNIVERSITY PRESS

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 The ouroboros or oroboros.
Ancient Greek: "tail-
LIFE is a characteristic distinguishing physical entities devouring snake™ is an
ancient symbol depicting a
having biological processes, such as signaling and self- serpent or dragon eating its
o own tail. The ouroboros often
sustaining processes, from those that do not. symbolizes self-reflexivity,

introspection, or cyclicality.

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



Plan B: define life by i1ts 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 1Is made from

e Biological macromolecules are
specific to living organisms.

e Small set of elements:
carbon (C), oxygen (O), nitrogen (N),
hydrogen (H), (P)

e [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...

e Huge diversity in each class.

Figure 1.1 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Why life molecules are so “simple”?

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

e Origin of Life -
many theories, none testable (yet?).

Advantages:

e Small number of basic elements and
precursors.

e Modular combinatorial chemistry.

e 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.

NUCLEIC ACIDS

ALPHABET

nucleotides

WORDS

gene

[ = |
SENTENCES|  TIIUIN0Y, JUOOOUID

Figure 1.2 Physical Biology of the Cell, 2ed. (© Garland Science 201 3]'

PROTEINS

B-strand

protein
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

E wich to sugmest o struceurs for the salt

of deoxyribose nueleie aeld (DWVN.AL, This

atrircturs has novel fantures which are of considorahle
biologieal intoreal.

A etrueture for nueleie seid hae nleondy  boen

propuosed by Pauling amd Corey!, They kindly made

their manmzeripl available 4o us in advenes of

yublication,  Their model eonsists of threc inter-
twined ehnoing, with Lhe phosphates near the fibre
axis. aecl Ll bases on the ontside. T our opindon,
this steuciare ig ensalisfactoey  for two ressorg
(1) We helieve that the material which gives the
2-vay dingrarns is the salt, not the free seid. Withoat
the acidie hydrogen atoms it is not clear what forees
waonld hold the etrueinr together, sapeeially as the
negatively charged phosphates near the axis will
repel each othor.  (2) Bome of the van der Waalz
dislances appest 1o be Loo small.

Anocther thres-chain strueture has alzo beon eug
gested by Fraser (in the press). In his modal the
phosphates aes on thwe ontsicde arel the buses on the
ingide, linked togethor by bydrogen bonds,  This
otrueture 83 deseribed iz rother idldefined, and for
this resson we sha!l not comrment
o1 It

We wish o put forward
rardinully differant areneture for
the salt of decsxyribose nuclaic
acid.  Thia stroeiure hag two
helies] chains coch coiled round
the ssne vviz {rec diagram), We
have made the weal chernical
assirmptions. namely, thao cach
ehain oonsists of phosphate di
eater groupd Joindng f-n-deoxy-
riboluranose residucs with 37,6 g
linkagez, The two chaing (bur
not their hases) are reloted by o
dyad perpendiculor Lo the boe
axis. PBoth chains follow right-
handed helices, bt owing to
the dyad the sequences of the
aloms in the Lwo chaine Tun
i opposte directicms,  Bach
chain,  lodzely  resembles  TFur-
barg’s® modol Noo 13 Lhat da,

K. =

~ SN
This Haie_ 1
cllazrammuatic, L'EA. hru
vilsbems  apnilallse Ele
twn  plosphobe—sgar

the helix and the phosphates on
the mtside,  Tha wnfiiration,
of the sugor and the atoms
Camcor itoiz elose to Burberg's

chwing, swl e Jwri- 5 PR
sonral rode the weira ef  Standard configuration’, the
?u&‘ib'llﬂhlsﬂ‘ '-““;T Amger  botngr roughly  perpordi-
e culdar to the attachod base, There

Lh
Iiok murka Hze Gl |\v axis

vhe bascs are on the insids of

NATURE ; 737

ig g resiidug on each ehgin every 34 AL in the 2 diroe-
tion.  We hove wemmned an angle of 58° batwoen
adjacent residues in the sune chain, so lhat the
struchure rapents after 10 residues on esch chain, that
is, after 84 A, The distance of a phoaphorus atom
from the fibre axis is 100 A, As the phosphates are on
tha outgide, eations have cagy socess to them.

The slructures is an open one, and its water content
ig rathor high. Ar lower warer contedls we would
expeat the bases to tilt 2o that the strueture eould
berome more Lot pact.

The novel feature of the structure is the manner
in which the twoe chaing are held togethor by the
puring and pyrimidine bases. The planes of the hases
are porpendioular to the fibee axis, They are joined
together in pairs, a single base from ono chain being
hydrogen-honided to & sisgle base from the other
chain, se that the 1wo lis gida by side with identios!
z-gir-ordinates, One of the pair must be s parine and
the other o prrimidine for bonding to oo Phe
hydrogen bonda ape mads as follows ;. purine position
1 to pyrimidine position 1; purine position 8 to
pyrimidine prosikion 8,

f it iz asswned thet the bases only oceur in the
structurs in the most plovsible tomtomneric formg
(khat is, with the ketn rathor than the enol con-
figurationn) it s found that only specifle pairs of
beses can bond together, These pairs aro @ adenine
{purine} with thymine (pyrimidine). and goanine
(puring} with eytosine (pyrimidine.

In obhar words, if an adenine formos ong membor of
& pair, on either ehain, then on thess sesumptions
tha other member roust ko thymine ; similarly for
guanine sl vylosing,  The sequenec of bases on s
single chain doss nob appear to be restricted in any
way. However, if only apocific pair of hases ean be
formad, it follews that if the sequence of boses on
eme ehain it given, then the sequones on the other
chaine 19 awbomatically determined.,

It has been found experimentally®? that the ratio
of the amounts of adenine lo thyming, amd the catio
of guanine to eytosine, sre always very elose bo unity
for deoxyribose mueleie acid,

It iz probably impossibls to bBuilid this slooctun-
with & ribose sugar In place of the deoxyriboze, ss
the extra oxygen atmn would make too elesc a van
der Waals contact.

The proviously published X-ray datad® on dessy-
ribose nuecleic aeid sro mswlicient Tor o rigorous Lest
of oae stmwture, %o far g we can tell, it iz roughly
vcompatible with the sxperimental data, bot it muast
b regarded 83 unproved until i had been eheolzed
againgt more exect resnits. Some of thesoe are given
iny tho following cormununicntions, We wers not aware
of the detsils of the resulte presentod there when wo
deavigal our structnre, which reste mainly though not
entirely on publishid experimentsl data and stereo-
chemical arguments.

It has mot escaped our noties thol the specilc
pairing wae have postulated imncdiatoly sugeests a
passible copying mechanism for the genetic material,

Tull dotails of the structum, ineluding the eon-
ditions asmumed in budding it together with o sct
of eo-ordinetes for the atoms, will be published
alsewheara.

Weo are much indebled 1o Dro doeey Doneliue foo
constant advice and eribicism, cepoeially on intex-
atomic distances, We huve also been atimulatod by
a knowlelgas of e genarsd nature of the unpuhlisheld
expotimendal results and ideas of e WML ¥
Wilkins, Dir. K. B. Franklin and thoir co workers at
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Molecular Structure of Deoxypentose
Nucleic Acids

WaILE the biological properties of deoxypentose
nucleic aecid suggest a molecular structure con-
taining great complexity, X-ray diffraction studies
described here (ef. Astbury!) show the bagic molecular
configuration has great simplicity. The purpose of
this communication is to describe, in a preliminary
way. some of the experimental evidence for the poly-
nuecleotide chain confipuration being helical, and
existing in this form when in the natural state. A
fuller account of the work will be published shortly.

Tho structure of deoxypentose nucleic acid is the
same in all species (although the nitrogen base ratios
alter considerably) in nucleoprotein, extracted or in
cells, and in purified nucleate. The same linear group
of polynucleotide chains may pack together parallel
in different ways to give crystalline’-3, semi-erystalline
or paracrystalline material. In all cases the X-ray
diffraction photograph consists of two regions, one

dotarminad laraalsr her 1ha wacalan aonasine af aaales

It has not escaped our notice that the specific)
pairing we have postulated immediately suggests a '
possible copying mechanism for the genetic material. »

L rIg. 1oL IUl. #). ASIDUrY SUggesied usn The
strong 3-4-A, refloxion corresponded to the inter-
nucleotide repeat along the fibre axis. The ~ 34 A.
layer lines, however, are not due to a repeat of a
polynueleotide composition, but to the chain con-
figuration repeat, which causes strong diffraction as
the nucleotide chains have higher density than the
interstitial water. The absence of reflexions on or
near the meridian immediately suggests a helical
structure with axis parallel to fibre length.

Diffraction by Helices

It may be shown?® (also Stokes, unpublished) that
the intensity distribution in the diffraction pattern
of a series of points equally spaced along a helix is
given by the squares of Bessel functions. A uniform
continuous helix gives a series of layer lines of spacing
corresponding to the helix pitch, the intensity dis-
tribution along the nth layer line being proportional
to the square of J,, the nth order Bessel funection,
A straight line may be drawn approximately through

April 25, 1953

VoL. 13

Fig. 1. Fibre diagram of dpoxwpentoae macleie acid from B, ¢
Fibre axis vertical

the innermost maxima of each Bessel funetion
the origin. The angle this line makes with the equ
is roughly equal to the angle between an elemen
the helix and the helix axis. If a unit repeats » ti
along the helix there will be a meridional refle
(J o2 on the nth layer line. The helical configura
produces side-bands on this fundamental freque
the effect® being to reproduce the intensity distribu
about the origin around the new origim, on the
layer line, corresponding to ' in Fig. 2.

We will now briefly analyse in physical terms s
of the effects of the shape dnd gize of the repeat -
or nucleotide on the diffraction pattern. First, if
nueleotide consists of a unit having cireular symms

about an axig parallel to the helix axis, the wi
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Tig. 2. Diffraction pattern of system of helices corresponding
structure of deoxypentose nucleic acid. The squares of Bes
functions are plotted about O on the eguator and on the fir
second, third and fifth layer lines for half of the nncleotide
at 20 A. diameter and remalnder distributed along a radius, f
mass at & wiven rading heing proportional to the rarllua‘ AbC
C on the tenth layer line similar Mmctions are plotted for an ow
diameter of 12 A.



The DNA language Is written In four letters

A (adenine), T (thymine), G (guanine), C (cytosine).
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Base complementarity enables
reliable processing and storage of genomic data

Hydrogen bonds: A—T G—C
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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.

Figure 1.4 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Interlude: the power of scaling in natural science

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

Trinity experiment
July 16, 1945

How strong
IS the bomb?

The formation of a blast wave by a very intense explosion.
II. The atomic explosion of 1945

By Sir Grorrrey TavrLor, F.R.S.
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Dimensional analysis

Assumptions:
* Energy released in a small space.

» Spherical shockwave.

Therefore the only parameters are:

time t: [t]=T
density p:  [p]=ML"
Energy E: [E]=MLT?

R(E,p,t) — Eapﬂv/ 094 M

100 m.

Fraure 6. Succession of photographs of the *ball of fire’ from ¢=0-10 msec. to 1-93 msec.



Scaling yields - |
4
power laws . s

R(E, p,t) = (Ej%t% | -_ /

P N Vs
§ &
ey "F
5 4A
E-pR 4
=P 2 85— /
t 4
7?4; | | | l J
—4 ~3-0 —2.0 ~1-0
loge t

1GURE 1. Logarithmic plot showing that R is proportional to t.
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Scaling yields excellent guesstimates

5 1.3-10°m)’
Ezp(R ]:1.2 kg [ )2=7-1013J

t_2 3

m (2.5.10-23)

1ton TNT =4.2-10°]
E=17kt

Actual yield was about 22 kt

WASHINGTON _,
MONUMENT




We can derive natural units
from physical constants

TABLE I An abbreviated list of the CODATA recommended values of the fundamental constants of physics and chemistry

based on the 2014 adjustment.

Relative std.

Quantity Symbol Numerical value Unit uncert. ur
speed of light in vacuum c, Co 299 792 458 m s~ ! exact
magnetic constant Lo 4w x 1077 N A2

= 12.566370614... x 1077 N A~2 exact
electric constant 1/,u,gc2 €0 8.854 187817... x 10712 Fm! exact
Newtonian constant of gravitation G 6.67408(31) x 1071 m® kg~! 572 i ©
Planck constant h 6.626 070 040(81) x 1034 Js 1.2 107"
h/2n h 1.054571800(13) x 107%*  Js 190 s
elementary charge e 1.602 176 6208(98) x 107  C 6.1 %10
magnetic flux quantum h/2e & 2.067833831(13) x 107 Wb 6.1 x 1072
conductance quantum 2e*/h Go 7.748 091 7310(18) x 107° S G |
electron mass Me 9.109 383 56(11) x 10~3 kg l2%18™"
proton mass mp 1.672621898(21) x 10~27 kg 12 o0 10
proton-electron mass ratio mp/me  1836.152 673 89(17) o5 o |
fine-structure constant e*/4neohc ! 7.297 352 5664(17) x 1073 24 1070
inverse fine-structure constant a~! 137.035 999 139(31) s o |
Rydberg constant a’*mec/2h Reo 10973 731.568 508(65) m™! 5w a2
Avogadro constant Na,L 6.022 140 857(74) x 10?3 mol ! T
Faraday constant Nae F 96 485.332 89(59) C mol ! G2sc107?
molar gas constant R 8.314 4598(48) Imel " K" BoRln"
Boltzmann constant R/Na k 1.380 648 52(79) x 1023 JK Sics1a"
Stefan-Boltzmann constant
(n?/60)k*/h3c? o 5.670367(13) x 1078 Wm2K* 23x10°°
Non-SI units accepted for use with the ST
electron volt (e/C) J eV 1.602 176 6208(98) x 107 J 6.1 x 107°
(unified) atomic mass unit £m(**C) u 1.660 539 040(20) x 10~27 kg Lsig™




Example of natural units : Planck units

« Setc=h=G=1 (quantum meets gravity)

Quantity Expression Metric value Name
hG 35
Length (L) lp = — 1.616 x10™°¥ m | Planck length
c
hc 8
Mass (M) mp = E 2.176 x107° kg | Planck mass
| hG _ |
Time (T) tp = 4| — 5.3912 x 10™** s | Planck time
c
Advantages: G
e Simple formulas. G, ZB”CTTW - G,, =8xT,
e Physical meaning. 3
y J A C s

= No prototypes. Sen = Gh S




What are the natural units of biology?

= Hydrogen atom e Escherichia coli

2
Bohr :h_NOSBA

e Nothing smaller than a cell is alive




Table 1.1: Rules of thumb for biological estimates.

E. coli

Yeast

Organelles

Water

Table 1.1 (part 1 of 2) Physical Biology of the Cell, 2ed. (© Garland Science 2013)

Quantity of interest

Cell volume

Cell mass

Cell cycle time

Cell surface area

Macromolecule concentration
in cytoplasm

Genome length

Swimming speed

Volume of cell
Mass of cell
Diameter of cell
Cell cycle time
Genome length

Diameter of nucleus
Length of mitochondrion
Diameter of transport vesicles

Volume of molecule
Density of water
Viscosity of water

Hydrophobic embedding
energy

Symbol

VE. coli
ME_ coli
tE. coli

AE. coli
Cmacromol
E. coli

E. coli
Nbp

VE. coli

Vyeast
Myeast
dyeast

lyeast

yeast
Nbp

dnucleus
"(mito

dvesicle

VH,0
p
n

~Enydr

Rule of thumb

=] p.m3

~1 pg
~3000s

~6 Lm?
~300 mg/mL

~5 x 109 bp
~201m/s

~60 um3
~60 pg
~5um
~200 min
~107 bp

~5um
~2um
~50nm

~10~2 nm3
1g/cm3

~1 centipoise
(10~2g/(cms))

2500 cal/(mol nm?)



Table 1.1: Rules of thumb for biological estimates.
Quantity of interest
DNA

Length per base pair
Volume per base pair
Charge density
Persistence length

Amino acids and

proteins

Radius of “average” protein

Volume of “average” protein

Mass of “average” amino acid

Mass of “average” protein

Protein concentration in
cytoplasm

Characteristic force of protein
motor

Characteristic speed of protein
motor

Diffusion constant of “average’
protein in cytoplasm

Lipid bilayers

Thickness of lipid bilayer
Area per molecule

Mass of lipid molecule

Table 1.1 (part 2 of 2) Physical Biology of the Cell, 2ed. (© Garland Science 2013)

Symbol

"'bp

p
ADNA
&p

Fprotein

Vp rotein
Maa

Mp rotein

Cprotein
Fmotor
Vmotor

Dprotein

Alipid

Miipid

Rule of thumb

~1/3 nm
~1 nm3
2e/0.34nm
50nm

~2nm
~25nm3
~100Da
~30,000Da
~150 mg/mL

=5 pN
~200nm/s

~10um?/s

~=5nm
~1 nm?
2

~800 Da



A look Iinto E. Coli — the
“hydrogen atom” of biology
+ a few other atoms

Chapter 2
What and Where: Construction Plans for

Cells and Organisms



(A)

E. coli Is a standard
prototype cell in biology

(B)
« All cells share with the “program” to convert

energy into order and survival\reproduction.

. : : (©)
Minimal requirements for life (on Earth)

eStorage: DNA-based genome
e Translation: DNA-> RNA - proteins

(D)

(A) Atomic-force microscopy (AFM)

(B) Electron micrograph of a sectioned E. coli P ’ \Lu

(C) the E. coli ruler. 5 um
(D) Bacterla on the head Of a pln_ jure 2.1 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Size of E. coli depends ~

on growth rate

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

(B)

0.16
0.14
O:l:2
0:10
0.08
0.06
0.04
0.02

0
60 100 140 180 220
initial buoyant mass (fg)

Figure 2.2 Physical Biology of the Cell, 2ed. (© Garland Science 2013)

growth rate (fg/s)

Figure 2.3c Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Scaling and counting E. coli: “molecular census”

e Guesstimating how many copies of each molecule.

flagellum lipopolysaccharide

membrane
water protein inorganic Ilzd

\ ﬁr ion
1 rI{ 1
@ 10° @§6x107 5x107

2x10l”
m 2x108
2x10°  /2x10? 5x105bR

>
ribosome DNA

protein

outer
membrane

inner G
membrane

ribosome mMRNA DNA
Figure 2.4 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Rule of thumb:
concentrations In
E. coli units

1 nM 1 1,000 nm
1 pM 103 100 nm
1 mM 106 10 nm
1M 10° 1 nm

>

w
[eD]
=
(W]
[eD]
5
E
(.
o
3
o &)
£
c 1 10 100 1000
concentration (nM)

(B)

1000

500

‘E 200

< 100

50

20

1 10" 102103 104 10° 10°
concentration (nM)

Figure 2.12 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



fraction of set

0.003

0.002

0.001

0.000
0

The average protein has 300 amino acids

¢

insulin (2hiu)

serum albumin (1e7i)

250 500 750 1000
length of protein (amino acids)

hexokinase (1cza) rubisco (1rex) alcohol dehydrogenase (2ohx)



Can we guesstimate the number of genes
from genome size?

Mycoplasma E. coli

BACTERIA ' | I e ant

FUNGI = |
PROTISTS
PLANTS
Drosophila
INSECTS wil
MOLLUSKS
shark
CARTILAGINOUS FISH |
BONY FISH
frog newt
AMPHIBIANS | l
REPTILES
BIRDS
human
MAMMALS |

Amcl::eba
belan Ii‘y f?rn
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number of nucleotide pairs per haploid genome

Figure 1-38. Molecular Biology of the Cell, 4th Edition.



Can we guesstimate the number of genes

from genome size?

e 1 protein = 300 amino acids
e 1 amino acid =1 DNA codon = 3 bp DNA

= L

L

genome

. I—genome _ 5106

genes

= N

 Works great for E. coli.

gene

~10° bp

=5-10° bp

L

gene

~ 5,000 genes

Mycoplasma E. coli
st
|
PROTISTS

Am?eba
PLANTS . belan I||y f?rn
Drosophila
INSECTS « |
MOLLUSKS
shark
CARTILAGINOUS FISH |
BONY FISH
frog newt
AMPHIBIANS | |
REPTILES
BIRDS
human
MAMMALS |

107 108 109 1010 1011 101
number of nucleotide pairs per haploid genome

jure 1-38. Molecular Biology of the Cell, 4th Edition.



In eukaryotes most DNA is not coding genes

e Not so great for humans: estimate gives 3 million genes...

. # of genes
Organism # of protein- naive estimate: PMID BNID
coding genes (genome size /1000)

HIV 1 9 10 Kuiken et al., 2008 105769

In uenza A virus 10-11 14 19230160 105767 |
Bacteriophage A 66 49 Daniels et al., 1983 105770
Epstein Barr virus 80 172 John W. Kimball Biology Pages 103246 |
Buchnera sp. 610 641 12364605 105757

T. maritima 1,861 1,906 12364605 105766 |
S. aureus 2,788 2,878 12364605 105763

V. cholerae 3,949 4,033 12364605 105760 |
E. coli 4,225 4,600 19402753 105443

B. subtilis 4,233 4,215 Rogozin et al., 2002 105753

S. cerevisiae 5,616 12,160 16169922 105444

C. elegans 19,735 100k 16339362 101364 |
D. melanogaster 13,601 180k 10731132 100200

A. thaliana 20,568 125k 17210932 105446 |
F. rubripes 23,131 400k 10523524 100280

Z. mays ~49,000 2,400k 16339807 105521 |
M. musculus 20,210 2,500k 19468303 100310

H. sapiens 19,042 3,080k 19468303 105447 |

T. aestivum 107,000 16,800k 17010109 105448



E coli census: How many proteins?

e Dry mass of protein (macromolecules) ~ 30% of mass
e Proteins are about half ~15% of mass

V

Ecoli

=1um’

=V oteins = 0.15x1 um® =0.15 pm® =1.5-10°nm°

=2nm = V =

protein

r

protein

47[( )3 ~30 nm®

rprotein

8 3
_ Vproteins _ 1.5-10°nm
proteins v 30n =

protein

N

=5-10°




First, calculate the mass of E. coli:
e 1moleH,0=18gr=N, x18Da=18cm’ (N, =6-10%)
N,Da 022 N,Da o1 I

®  Pu,0 ® Pecoii =1 o =1 um’ cm®

3

¢ VEcoli :1 Hm

, N,Da

3

x1um?® =10"*N,Da
1m

- M Ecoli — pEcoIiVEcoIi = 10_1

e Dry mass (macromolecules) ~ 30% of mass
e Proteins are about half ~15% of mass

- .
In-.d'

=M _ .. =015M,. =15-10"*N,Da

proteins Ecoli

i \t

wﬂ?!&

e 1 protein = 300 amino acids (AA)
e 1AA=100Da

= m =300 AA %100 Da = 3-10* Da

protein

_ M proteins _ 1-5'10_13 NADa

Nproteins o m 3104 Da

=5-10"%N, =5-10"x6-10% =3-10° proteins

protein



E coli census:
How many lipids?

Transter RNA,

=3-10° Da
= 2/3 rRNA + 1/3 proteins

e ribosome mass m

ribo

e ribosome mass m

ribo

— mprotein :106 Da

ribo

M PP = 20% of M

ribo proteins

=1.5-10*N,Da/5 = 3-10N,Da

3 M protein 3 3.10—14 NADa

ribo

ribo — rnprotein 10° Da

ribo

=3-100°°N, =2-10* ribosomes

=N
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E coli census:
There are many small molecules

e 70% of E. coli mass is water:

MHC =70% M, .=7-10" N,Da
e m,,=138Da
_ 7’10_13 NADa —14
=N, o= ~4-10™ N,

18 Da
=4-10""x6-10% =2.4-10%
e 1nM =1molecule/E.coli = p, =24 M

e Typical concentration of ions (K*,Na*...) 100mM

0.1M 1

= N. = =
1 molecule /1nM

ion



And the numbers are

Proteins perform diverse functions

molecules | number proportion

genes 5-10° o T —

MRNA 2-103 1

ribosomes  2-10* 10 s
proteins  2-10° 10° iy~ 1 3 gsomE (O
lipids 2-107 104 oL e

ions 108 105 L O

water 2-1010 107 ' ; Glycolysis

5 Pentose
phosphate
metabolism

TCA cycle

and
anaplerotic

enzymes

Transport =

www.proteomaps.net



flagellum

lipopolysaccharide

memt_)rane o
water  protein inorganic lipid -
\ ‘! S é protein
== / ’
outer ; @ b4 / Fi
membrane & 10°  @ex107 Sxld
; 2x10'0
inner
membrane = W Al
2x103 /2x10* 5x10%bp
mRNA ribosome DNA
Table 2.1: Observed macromolecular census of an E. coli cell. (Data from
F. C. Neidhardt et al., Physiology of the Bacterial Cell, Sinauer Associates, 1990
dlosame  MRNA DNA and M. Schaechter et al., Microbe, ASM Press, 2006.)
Substance % of total dry weight Number of
molecules

Macromolecules

Protein 55.0 2.4 x 10
RNA 20.4
23S RNA 10.6 19,000
16S RNA 5.5 19,000
55 RNA 0.4 19,000
Transfer RNA (4S) 2.9 200,000
Messenger RNA 0.8 1,400
Phospholipid 9.1 22 x 10°
Lipopolysaccharide (outer membrane) 3.4 1.2x10°
DNA 3.1 2
Murein (cell wall) 2.5 1
Glycogen (sugar storage) 2.5 4,360
Total macromolecules 96.1

Small molecules

Metabolites, building blocks, etc. 2.9
Inorganic ions 1.0
Total small molecules 3.9

Table 2.1 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



How do we count? Dnak RpoB EF-Tu

N
o O
o

-

N
)

vl
o

W
o

N
o

molecular weight (kDa)

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

H-NS

Figure 2.5 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Hard to count small numbres

(A) (B) (©)
120 250
2
100 200 . ;
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.2 Q Q X N Q ber of proteins by microsco
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number of proteins number of proteins
— Nmass spec — Nmicroscopv
mass spectrometry microscopy — Npass spec = 2200 + 7.3 X Npnicroscopy

Figure 2.6 Physical Biology of the Cell, 2ed. (© Garland Science 2013)

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.)



Cells and the small numbers limit

fluorescent protein (B)
E 40
O? % 35
protein % Og . 30
T
-~ 25
mother ceII = 20
7
__ 15
’Z'I"N 10
J 4 % g D = .
= 0
% ——> 0 1000 2000 3000 4000 5000
L+
daughter cell 1 daughter cell 2 1+ i1l
N, molecules N, molecules
intensity /4 intensity |

Figure 2.10 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Cells and the small numbers limit

(A)
18
16
:3 “aHornoﬂﬁnQi”//
310 (A) Difference in mRNA # between two
8 Py ‘ daughters of a mother with N
%binomial% MRNAs. (B) Difference in fluorescence
] of two daughters cells for a
- . perfect partition  fluorescent fusion
. 15 to a repressor protein as a function of
(B) | intensity of the mother cell. The line
P corresponds to binomial partitioning
8 o .. model.

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

100 140
’tot
Figure 2.9 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Experimental techniques revealed
structure of cells and their organelles

(A) FLUORESCENCE MICROSCOPY (B) ATOMIC-FORCE MICROSCOPY
camera

_ deflected
laser beam

incoming
laser beam

laser

fluorescence
photon

cantilever
\

excitation
photon

idealized fibroblast

fluorescent
molecule

| I—
10um (O ELECTRON MICROSCOPY

(A) Fluorescence microscopy: Nﬂecmr
fibroblast with labeled microtubules

(yellow) and DNA (green).

(B) Atomic-force microscopy.

(C) Electron microscopy: Arrows Gl
indicate bundles of collagen fibers.

Figure 2.13 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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E. Coliin a
hierarchy of
biological scales

ZOOMING OUT 1 L

DNA

epithelial
cell

. - :- -7
viral capsid

epithelium

bacteriophage

tissue




* 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.

(T

Figure 2.16 Physical Biology of the Cell, 2ed. (© Garland Science 2013)




The “helium atom™:
the yeast Is the simple model eukaryote

glucose glycerol

w L1 (B L]
10 um I um 1 um
Figure 2.18 Physical Biology of the Cell, 2ed. (© Garland Science 2013) (A) Candida albicans (B) A budding

Candida albicans yeast cell. (C)
Confocal microscopy images of
i mitochondria in S. cerevisiae.
Advantages:
e fungi are close to animals.
e Rapid growth.
e Simple geometry w.r.t. other eukaryotes.



Some yeast numbers

Yeast diameter D =5 um

3
Vi, = 4_”(9j ~ 4x 2.5 =60 um® = 60xV
32

D 2
Syeast =47 (Ej ~ 80 um3 =13x S,

cytoplasmic composition is similar

N Yeast ~ 60 x N Ecoli

proteins proteins

N2 ~13x NE©! ~13x2-10"=3-10° lipids

lipids lipids

Ecoli

~60x3-10°= 2-10° proteins

o
O
€ &
- —
o 8 .I
D]
>0
I
v
0
0 25 50 75 100 125
cell size (fL)

Figure 2,19 Physical Biology of the Cell, 2ed. (€ Garland Science 2013
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Figure 2.20 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Eukaryotic cell organelles:
Nucleus

10 pm

Figure 2.22a Physical Biology of the Cell, Zed. [© Garland Science 2013)
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microtubule
centrosome with

The Eukaryotic cell

extracellular matrix

- I—l i
Y chromatin (DNA)
and its organelles
=0 nuclear envelope
ol | vesicles

intermediate}é":"-.'

: = ; ;
filaments 5 mitochondrion

actin . e 2 .

filaments /\<@ endorilasmlc
. S reticulum

peroxisome /_ nucleolus

ribosomes in cytosol nucleus plasma membrane

Golgi apparatus

Golgi apparatus

nucleus lysosome

Electron microscopy image shows
prominent organelles: mitochondria,

lysosomes, the rough endoplasmic
reticulum, and the Golgi apparatus. 24
mitochondria

L
endoplasmic
: m
reticulum S

Figure 2.23 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



f4— ~80 nm—=

Macromolecules o e ncta
form Assemblies . /

(A) Nucleosome = complex of 8 g—
protein units and DNA. membrane

(B) Nuclear pore Complex mediates ® nucleosome (B) nuclear pore complex
transport to/from nucleus.

(C) Replisome is mediates the
copying of the genetic material.

(D) Ribosome reads mRNA and daughter /

strands

synthesizes polypeptide chain. N\

(E) Proteasome degrades proteins.
(F) ATP synthase synthesizes ATP.

growing polypeptide chain
2 ibosome

—~5 nm —» \rl/
parental ¢
DNA

mRNA
replication fork

= ~25 nm —=

(C) replisome (D) ribosome

Fo subunit

inner
mitochondrial
membrane

Fi
subunit

(E) proteasome (F) ATP synthase

Figure 2.26 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Helical motifs are abundant in molecular assemblies

(A) (B) (© (D) (E)

microtubule bacterial tobacco collagen
fiber DNA

flagellum mosaic virus

l«—— 25 nm — f«— 20 nm —»

Figure 2.27 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Figure 2.28 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Macromolecular
assemblies In
superstructures of
VIruses

oX17

bacteriorhodopsin

cowpea mosaic TBE-RSP cowpea chlorotic B19
mottle parvovirus S
30 nm

Figure 2.29 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Proteins are superstructures of amino acids

ball and stick

ribbon
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alcohol (hydroxyl)  thiol (sulfhydryl)

phosphoryl

amino carboxyl

Figure 2.34 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Scaling up to multicellular organization

(A)

(B)

Figure 2.36 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Tissues Are Collections of Cells and
Extracellular Matrix

Figure 2.40 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Nerve cells form complex,
multicellular structures

10 um

muscle fiber nerve axon

neuromuscular junction 10 um

Figure 2.43 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



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

Figure 2.46 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Figure 2.47 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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