Today:

A few fundamental facts and notions of molecular
biology + basic modeling of gene regulation

Molecular Biology of

THE CELL




Some important molecules
. DNA

. RNA

. Proteins

(lipids, metabolites, ATP,...)
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A Production of Amino Acids Under
Possible Primitive Earth Conditions

Stanley L. Miller* 2

G. H. Jones Chemical Laboratory, ]
University of Chicago, Chicago, Illinois Science, 117, 528-529 (1953)

. H,0, CH,, NH;, H, in gaseous form
and electric discharges.
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Conservation of genotype when cells divide

template S strand
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"It has not escaped our notice that the specific pairing we have postulated
immediately suggests a possible copying mechanism for the genetic material »
The famous last sentence in Watson and Crick, Nature, April 25, 1953.

Very high precision: error rate ~102, how achieved?
-> « Kinetic proof-reading » to be discussed later



THE REPLICATION OF DNA IN ESCHERICHIA COLI*
By MATTHEW MESELSON AND FRANKLIN W. STAHL

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,"’ AND NORMAN W. CHURCH LABORATORY OF
CHEMICAL BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA

Communicated by Max Delbriick, May 1/, 19568
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The classical view
« DNA makes RNA, RNA makes proteins, proteins make us »

F. Crick
gene A gene B gene C
1
- DNA
DNA
l l l double
helix
gene expression RNA
! | = — Protein

protein A proteinB  protein C

RNA viruses: reverse transcription RNA -> DNA
More recently: non-coding RNA with regulatory roles (miRNA, IncRNA,...)



Complementarity between mRNA and DNA

5=—=GCGGCCACGCGCAGUUAAUCCCACAGCCGCCAGUUCCGCUGGCGGCAUUUU—3"  mRNA
' —COGCCGCTGCGCGTCAATTAGGGTGTCGGCGGTCAAGGCGACCGCCGTAAAA—S”  Template strand of DNA

5—~GCGGCCGACGCGCAGTTAATCCCACAGCCGCCAGTTCCGCTGGCGGCATTIT—3"  Coding strand of DNA

Tra nSCfipﬁOn . Synthesis Of m RNA Biochemistry, 5th edition Berg JM, Tymoczko JL, Stryer L.

(from 5" end to 3’ end) by 3 .
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The genetic code

AGA UUA AGC
AGG UuUG AGU
GCA CGA GGA CUA CCA UCA ACA GUA
GCC CGC GGC AUA CUC CCC UCC ACC GUC UAA
GCG CGG GAC AAC UGC GAA CAA GGG CAC AUC cCuG AAA UUC CCG UCG ACG UAC GUG UAG
GCU CGU GAU AAU UGU GAG CAG GGU CAU AUU CUU AAG AUG UUU CCU UCU ACU UGG UAU Guu UGA
Ala Arg Asp Asn Cys Glu Gin Gly His e Leu Lys Met Phe Pro Ser Thr Trp Tyr Val stop
A R D N B E Q G H | L K M F P S T w Y v

Traduction: ribosomes

and transfer RNA(tRNA)

attached amino & 1
acid (Phe)

)<
------

: . BINDING OF
B . RELEASE
: A Iamicodon @@ .'\\ FACTOR
) oo D . TO THE
\ A-SITE
\

anticodon a clover leaf

5 GcccAuuuAccuc_sAGCGCCAGA&@?@;UGGAGcuccucucwccAumACAGAAuut:GCA- ¥
(D) anticodon

UCG

Alberts et al, MBC.



From gene to protein: summary.

(A} EUCARYOTES (8) PROCARYOTES

RNA SPLICING

3" POLYADENYLATION

Exons and introns




Chromatin

* Chromosomes: complexes of protein with DNA

H4 tail
H2B tail

H3 tail

e Basic unit : nucleosome H2A tail

H2A tail
H4 tail

* Higher-order packing

H2B tail

LAY

— sequence-specific
DNA-binding pr\lo!eins

nucleosome



human chromosome 22—48 x 10® nucleotide pairs of DNA
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One DNA molecule is packaged into one chromosome

[A) (B)

Human : 22 pairs of « autosomes » +X/Y



Phylogenetic Tree of Life

. you are
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Green /
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Woese C, Kandler O, Wheelis M (1990) Proc Natl Acad Sci USA 87 (12): 4576-9
« Towards a natural system of organisms: proposal for the domains Archaea, Bacteria, and Eucarya. »



Transcription and its regulation

r activator protein

S e B B EE *
— TATA box

enhancer start of
{binding site for BINDING OF transcription
activator protein) GENERAL TRANSCRIPTION

FACTORS, RNA POLYMERASE,
MEDIATOR, CHROMATIN REMODELING

COMPLEXES, AND HISTONE ACETYLASES

chromatin

remodeling
complex

mediator

histone acetylase

1

TRANSCRIPTION BEGINS



Modification of chromatin structure and accessibility

(A)

histone acetylase (HAT)

v

binding of a second
activator protein

(B)
bromodomain subunit of TFID

histone H4 tail

gene activator protein

TATA

hustonc acetylase
(HAT)

specific pattern of
histone acetylation

RS

chromatin remodeling
complex

remodeled nucleosomes

general transcription factors

and RNA polymerase
holoenzyme

TRANSCRIPTION ACTIVATION



Regulation is possible and exists at all levels

Regulation of transcription
Regulation of translation

Post-translational regulation:
protein modification, complexation,....



Some tools (from nature) b e
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One application : cloning

DNA FRAGMENTS
INSERTED INTO

PLASMIDS
recombinant
( DNA molecules
human double-stranded DNA INTRODUCTION
OF PLASMIDS

CLEAVE WITH INTO BACTERIA

RESTRICTION

NUCLEASE

B/ 000
U 2

\\"\" - ‘J genomic DNA library

- . ) double-stranded
millions of genomic reoomgigan‘t\
plasmid DN
DNA fragmonts introduced into
. bacterial cell

oll cell culture produces many copies of purified
¢ hundreds of millions of  plasmid isolated from
new bacteria lysed bacterial cells



Measure and separate different sizes:
gel electrophoresis
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Some clever and useful applications
* Read DNA bases:
Sanger’s sequencing technique (1975).

 Amplification:
Polymerase Chain Reaction (Mullis, 1985)

* Seeing in real time (and in color) inside cells:
Fluorescent proteins and protein fusion (1994)



’ 1 " GCATATGTCAGTCCAG 3 e-stran
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Automation: use of fluorescently-labelled chain
terminators

e ddNTP: th- fluorescent dyes emitting at
different wav ths (color)

AATGTGTCAGAGCTGGCTCCGCTCTAACTGACCTCCCTTGCCTCTAAAAAGTGACACATTGAATTTTATTACTGA
CTCTGTGTTTCAAAACATTTTGGGGACTGAAAAACCCACCAGGCAAATCTCAGGCCTTAGAAAGCAGTTAAACTG
AATTGCAAATAAAAGGCTTAGAAAGTCCTTAAAATCATAAACTTGGCATCTCCAATAGGACAAATGAACTTTGTC
TTCTCATCTGAGTTAACAGATTTGGTAGAATCARAATCTTTTCTGTTGTATAGACTACATGCTACCATTTCCACA
GGCAAGCTGCCCCTHMAATTTGGAAAACTTTTCCTTEEGAAACCACCCAATCTCTTTAGCTTGATTTGGGCAACCG
AATCTCTTAGGCTATTGCCTCTTTGTGTCCAAAACTAGCACEGTTCCTGAGAGCAGGCTATCAATCATTTACATA
TTAGTGTGACAFTCAGTCAGCATCCATTTAAATAAATTTACTCA TATTTATTAAGCACCTACTTTGTTC
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Amplification: Polymerase Chain Reaction

separate DNA DNA
(B) strands and anneal synthesis
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Exponential amplification of a particular sequence



Green Fluorescent Protein

Isolated from a jellyfish

Subsequently modified (brightness improved,
other colors)

Reporter molecule: DNA coding sequence under
the control of a promoter

Fusion protein: GFP-DNA coding sequence
added before/after the coding sequence of
another protein



A quantitative cell-centered approach to biology

- Intra-cellular dynamics :
how a cell state should be characterized?
how does it evolve in time, respond to external signals,...

- Inter-cellular dynamics :
how do cell cooperate to create functionning organs, organisms

Dynamical processes can be hard to understand:
-see the details, perturb
-qualitative reasoning can be difficult mathematical analysis can help



Why 1s modelling useful?
The simplest network

A

11~

Can this network be 1n different states?

Helpful to model it mathematically



A feeling for the number of mRNA and proteins

B Schwanhdiusser et al, Nature 473, 337 (2011); corrected 495, 126-127 (2013)
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Quantitative model of gene expression in growing cells.
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Bistability



The simplest network

A
/

Self-activating gene

activation function(black, h=4); three degradation rates

10

T ‘ T /4 T T
/

p(A)

Can this network
be bistable?




Measuring a promoter activity



Monitoring proteins in real time

Rosenfeld et al, Science (2005)



Fig. 1. Measuring a gene regulation function (GRF) in individual E. coli cell lineages
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Fig. 2. Data and calibration
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Fig. 3. The GRF and its fluctuations
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Fig 1. Autostimulation of ComK expression is sufficient for bimodal distribution.

A
©o0)?)
PcomK %
AbrB r j ‘g
Rok \ e - @ T -
CodY \\, — , 8
DegU —p ( ‘.r | '
Spo0A — ..“. Pcom-GFP intensity
B

) /

Gamba P, Jonker MJ, Hamoen LW (2015) A Novel Feedback Loop That Controls Bimodal Expression of Genetic Competence. PLoS Genet 11(6):
€1005047. doi:10.1371/journal.pgen.1005047

http://journals.plos.org/plosgenetics/article?id=info:doi/10.1371/journal.pgen.1005047
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Fig 2. Transposon insertion in ykyB increases the activation of an artificial ComK feedback loop.
PG401-Tn4

A

nutrient agar
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competence
medium

PG401 PG401-Tn4

Gamba P, Jonker MJ, Hamoen LW (2015) A Novel Feedback Loop That Controls Bimodal Expression of Genetic Competence. PLoS Genet 11(6):
€1005047. doi:10.1371/journal.pgen.1005047
http://journals.plos.org/plosgenetics/article?id=info:doi/10.1371/journal.pgen.1005047
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Auto-inhibition with delay

...,Mackey,...,Goldbeter,...,Monk,..., Sneppen & Jensen,...

C delay D) f
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— delay
dP ) Q
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120 ¢

e

200 400 600 800 time (min)
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J Lewis, Current Biology (2003)




Auto-inhibition with delay
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Fig. 2 Oscillatory expression of bHLH factors in self-renewing NPCs derived from the ventral
telencephalon.(A to F) Bioluminescence images and quantification of Luc2-Hes1 [(A) and (D)],
Luc2-Ascl1 [(B) and (E)], and Luc2-Olig2 [(C) and (F)] reporter expression.
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Noise

Intrinsic and extrinsic noise can be measured and distinguished with two genes (cfp, shown
in green; yfp, shown in red) controlled by identical regulatory sequences.
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M B Elowitz et al. Science 2002;297:1183-1186
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The end (for today).

See you next week!



