
Today:	
  
	
  

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



Some	
  important	
  molecules	
  
.	
  DNA	
  
.	
  RNA	
  
.	
  Proteins	
  
(lipids,	
  metabolites,	
  ATP,…)	
  



The	
  main	
  biological	
  
«	
  machines	
  »:	
  	
  	
  	
  	
  Proteins	
  	
  
Building	
  blocks:	
  Amino	
  Acids	
  



H20,	
  CH4,	
  NH3,	
  H2	
  in	
  gaseous	
  form	
  	
  
and	
  electric	
  discharges.	
  

Science,	
  117,	
  528-­‐529	
  (1953)	
  

Glycine	
  

α-­‐alanine	
  



DNA,	
  nucleoSdes	
  and	
  bases	
  

Purines	
  

Pyrimidines	
  



ConservaSon	
  of	
  genotype	
  when	
  cells	
  divide	
  

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

Very	
  high	
  precision:	
  error	
  rate	
  ~10-­‐9,	
  how	
  achieved?	
  	
  
-­‐>	
  «	
  KineSc	
  proof-­‐reading	
  »	
  to	
  be	
  discussed	
  later	
  





The	
  classical	
  view	
  
«	
  DNA	
  makes	
  RNA,	
  RNA	
  makes	
  proteins,	
  proteins	
  make	
  us	
  »	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  F.	
  Crick	
  

DNA	
  

RNA	
  

Protein	
  

RNA	
  viruses:	
  reverse	
  transcripSon	
  RNA	
  -­‐>	
  DNA	
  
More	
  recently:	
  non-­‐coding	
  RNA	
  with	
  regulatory	
  roles	
  (miRNA,	
  lncRNA,…)	
  



Complementarity	
  between	
  	
  mRNA	
  and	
  DNA	
  

Biochemistry,	
  5th	
  ediSon	
  Berg	
  JM,	
  Tymoczko	
  JL,	
  Stryer	
  L.	
  Transcrip2on:	
  synthesis	
  of	
  mRNA	
  	
  
(from	
  5’	
  end	
  	
  to	
  3’	
  end)	
  by	
  
	
  RNA	
  polymerases	
  

instead	
  of	
  
methyl	
  



The	
  geneSc	
  code	
  

Alberts	
  et	
  al,	
  MBC.	
  

TraducSon:	
  ribosomes	
  
	
  and	
  transfer	
  RNA(tRNA)	
  



From	
  gene	
  to	
  protein:	
  summary.	
  

Exons	
  and	
  	
  introns	
  



ChromaSn	
  
•  Chromosomes:	
  complexes	
  of	
  protein	
  with	
  DNA	
  

•  Basic	
  unit	
  :	
  nucleosome	
  

•  Higher-­‐order	
  packing	
  





One	
  DNA	
  molecule	
  is	
  packaged	
  into	
  one	
  chromosome	
  

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



	
  	
  	
  	
  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.	
  »	
  	
  	
  	
  	
  	
  

you	
  are	
  
	
  	
  here	
  	
  



TranscripSon	
  and	
  its	
  regulaSon	
  

	
  	
  



ModificaSon	
  of	
  chromaSn	
  structure	
  and	
  accessibility	
  



RegulaSon	
  is	
  possible	
  and	
  exists	
  at	
  all	
  levels	
  

•  RegulaSon	
  of	
  transcripSon	
  
	
  
•  RegulaSon	
  of	
  translaSon	
  
	
  
•  Post-­‐translaSonal	
  regulaSon:	
  
	
  	
  	
  	
  	
  protein	
  modificaSon,	
  complexaSon,….	
  



Some	
  tools	
  (from	
  nature)	
  
	
  to	
  manipulate	
  DNA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

•  Cut	
  :	
  	
  	
  	
  	
  	
  	
  	
  restricSon	
  enzymes	
  

•  Copy	
  :	
  	
  	
  	
  	
  	
  primer	
  +	
  polymerase	
  
	
  
•  Paste	
  :	
  	
  	
  	
  	
  	
  ligase	
  
	
  
	
  



One	
  applicaSon	
  :	
  cloning	
  



	
  
	
  

Measure	
  and	
  separate	
  different	
  sizes:	
  	
  
gel	
  electrophoresis	
  

Different	
  ranges	
  of	
  sizes	
  
can	
  be	
  resolved	
  with	
  
different	
  types	
  of	
  gel.	
  

1O	
  

50	
  MigraSon	
  in	
  an	
  electric	
  	
  
Field	
  in	
  a	
  gel.	
  



Some	
  clever	
  	
  and	
  useful	
  applicaSons	
  

	
  
•  Read	
  DNA	
  bases:	
  	
  	
  
	
  	
  	
  	
  Sanger’s	
  sequencing	
  technique	
  (1975).	
  

•  AmplificaSon:	
  	
  
	
  	
  	
  	
  Polymerase	
  Chain	
  ReacSon	
  (Mullis,	
  1985)	
  

•  Seeing	
  in	
  real	
  Sme	
  (and	
  in	
  color)	
  inside	
  cells:	
  
	
  Fluorescent	
  proteins	
  and	
  protein	
  fusion	
  (1994)	
  



	
  
	
  

Sanger’s	
  sequencing	
  	
  
technique	
  	
  



AutomaSon:	
  use	
  of	
  fluorescently-­‐labelled	
  chain	
  
terminators	
  

•  ddNTPs	
  marked	
  with	
  	
  fluorescent	
  dyes	
  emiong	
  at	
  
different	
  wavelengths	
  (color)	
  

AATGTGTCAGAGCTGGCTCCGCTCTAACTGACCTCCCTTGCCTCTAAAAAGTGACACATTGAATTTTATTACTGA
CTCTGTGTTTCAAAACATTTTGGGGACTGAAAAACCCACCAGGCAAATCTCAGGCCTTAGAAAGCAGTTAAACTG
AATTGCAAATAAAAGGCTTAGAAAGTCCTTAAAATCATAAACTTGGCATCTCCAATAGGACAAATGAACTTTGTC
TTCTCATCTGAGTTAACAGATTTGGTAGAATCAAAATCTTTTCTGTTGTATAGACTACATGCTACCATTTCCACA
GGCAAGCTGCCCCTAAATTTGGAAAACTTTTCCTTCTGAAACCACCCAATCTCTTTAGCTTGATTTGGGCAACCG
AATCTCTTAGGCTTTTGCCTCTTTGTGTCCAAAACTAGCACTGTTCCTGAGAGCAGGCTATCAATCATTTACATA
TTAGTGTGACATTCAGTCAGCATCCATTTAAATAAATTTACTCAGATAAATATTTATTAAGCACCTACTTTGTTC 



AmplificaSon:	
  Polymerase	
  Chain	
  ReacSon	
  
	
  

ExponenSal	
  amplificaSon	
  of	
  a	
  parScular	
  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/aqer	
  the	
  coding	
  sequence	
  of	
  
another	
  protein	
  



-­‐  Intra-­‐cellular	
  dynamics	
  :	
  	
  
	
  	
  	
  	
  how	
  a	
  cell	
  state	
  should	
  be	
  characterized?	
  
	
  	
  	
  	
  how	
  does	
  it	
  evolve	
  in	
  Sme,	
  respond	
  to	
  external	
  signals,…	
  
	
  
-­‐	
  	
  Inter-­‐cellular	
  dynamics	
  :	
  
	
  	
  	
  	
  how	
  do	
  cell	
  cooperate	
  to	
  create	
  funcSonning	
  organs,	
  organisms	
  
	
  
	
  
Dynamical	
  processes	
  can	
  be	
  hard	
  to	
  understand:	
  
	
  -­‐see	
  the	
  details,	
  perturb	
  
	
  -­‐qualitaSve	
  reasoning	
  can	
  be	
  difficult,	
  mathemaScal	
  analysis	
  can	
  help	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  

A	
  quanStaSve	
  cell-­‐centered	
  approach	
  to	
  biology	
  



Why is modelling useful?���
The simplest  network

Can this network be in different states?

Helpful	
  to	
  model	
  it	
  mathemaScally	
  



Proteinswere, on average, five timesmore stable (median half-life of
46 h) thanmRNAs (9 h) and spanned a bigger dynamic range (Fig. 2a).
Because very long (.200 h) and very short (,30min) protein half-
lives cannot be accurately quantified from our three time points, the
true dynamic range of protein stabilities may be even higher. Notably,
we foundno correlation betweenprotein andmRNAhalf-lives (Fig. 2c,
R25 0.02, log–log scale).

Absolute mRNA and protein copy numbers
We calculated absolute cellular mRNA copy numbers based on the
number of sequencing reads in theunfractionated sample in conjunction

with information on cellular mRNA content20. Absolute protein copy
numbers can be inferred from mass spectrometry data21,22. To this end,
we used the sum of peak intensities of all peptides matching to a specific
protein. When divided by the number of theoretically observable pep-
tides, this value provides an accurate proxy for protein levels (‘intensity-
based absolute quantification’ or iBAQ, see Supplementary Methods).
Levels of detected proteins spanned approximately five orders of

magnitude (Fig. 2b). Relatively few proteins had less than 100 copies
per cell, indicating that some proteins of low abundance escaped
detection. Indeed, we observed a moderate detection bias (Sup-
plementary Fig. 4) and therefore restricted our analysis to genes that
were identified at both the mRNA and protein level. In this subset,
proteins were, on average, ,900 times more abundant than corres-
ponding transcripts. Despite a huge spread, mRNA and protein levels
were clearly correlated (Fig. 2d, R25 0.41, log–log scale). This cor-
relation is considerably higher than in any previous study in mam-
mals3,4,23. An attempt to improve this correlation further by nonlinear
transformation resulted only in a marginal increase (R25 0.44,
Supplementary Fig. 5). It seems that for our data set, this is about
the maximum correlation between mRNA and protein that can be
achieved without additional information.

Reproducibility
To investigate the experimental noise we performed a second inde-
pendent large-scale experiment and measured mRNA and protein
levels and half-lives again. The overall correlation of half-lives and
levels between both replicates was good (Supplementary Fig. 6 and
Supplementary Table 1). Removing less-consistent data points did
not increase correlation between mRNA and protein levels or half-
lives (Supplementary Fig. 7). Thus, noise has little impact on the
observed correlation betweenmRNA and protein levels and half-lives.
We also validated absolute mRNA and protein copy numbers using
independent methods. For mRNA copy numbers we used the
NanoString technology, which captures and counts individual tran-
scripts without enzymatic reactions24. Correlation between sequen-
cing and NanoString data was high (r5 0.79, see also Supplementary
Fig 8a). Absolute protein quantification was validated by spike-in
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Figure 1 | Parallel quantification ofmRNA and protein turnover and levels.
a, Mouse fibroblasts were pulse labelled with heavy amino acids (SILAC, left)
and the nucleoside 4-thiouridine (4sU, right). Protein andmRNA turnover was
quantified bymass spectrometry and next-generation sequencing, respectively.
b, Mass spectra of peptides from a high- and low-turnover protein reveal

increasing heavy to light (H/L) ratios over time. c, Protein half-lives were
calculated from log H/L ratios at all three time points using linear regression.
d, Variability of linear regression slopes assessed by leave-one-out cross-
validation was small.
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Figure 2 | mRNA and protein levels and half-lives. a, b, Histograms of
mRNA (blue) and protein (red) half-lives (a) and levels (b). Proteins were on
average 5 times more stable and 900 times more abundant than mRNAs and
spanned a higher dynamic range. c, d, Although mRNA and protein levels
correlated significantly, correlation of half-lives was virtually absent.
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A feeling for the number of mRNA and proteins 

Mouse fibroblasts (NIH3T3) 

B Schwanhäusser et al, Nature 473, 337 (2011); corrected  495, 126-127 (2013) 



B Schwanhäusser et al. Nature 473, 337-342 (2011) + correction (2013) 

Quantitative model of gene expression in growing cells. 



Bistability	
  	
  



The	
  simplest	
  	
  network	
  

dA

dt
=

⇥0 + ⇥1(A/A0)h

1 + (A/A0)h
� �AA

Bistability	
  requires	
  Hill	
  h	
  >1	
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(black, h=1)

0 200 400 600 800 1000

A

0

10

ρ
(A

)

Self-activating gene
activation function(black, h=4); three degradation rates

h	
  >1,	
  low	
  degradaSon	
  rate	
  :	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  one	
  stable	
  state	
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h	
  >1,	
  high	
  degradaSon	
  rate	
  :	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  one	
  stable	
  state	
  	
  
h	
  >1,	
  medium	
  degradaSon	
  rate	
  :	
  
	
  two	
  stable	
  state	
  (+	
  one	
  unstable)	
  
h=1,	
  a	
  single	
  stable	
  state	
  Can	
  this	
  network	
  	
  

be	
  bistable?	
  
h	
  >1,	
  medium	
  degradaSon	
  rate	
  	
  It	
  is	
  interesSng	
  to	
  quanStaSvely	
  	
  

measure	
  	
  gene	
  regulaSon	
  funcSons	
  



Measuring a promoter activity  



Monitoring	
  proteins	
  in	
  real	
  Sme	
  

Rosenfeld	
  et	
  al,	
  Science	
  (2005)	
  



Published by AAAS 

 N.  Rosenfeld et al.,  Science  307, 1962 -1965 (2005)     

Fig. 1. Measuring a gene regulation function (GRF) in individual E. coli cell lineages 



Published by AAAS 

 N.  Rosenfeld et al.,  Science  307, 1962 -1965 (2005)     

Fig. 2. Data and calibration 



Published by AAAS 

 N.  Rosenfeld et al.,  Science  307, 1962 -1965 (2005)     

Fig. 3. The GRF and its fluctuations 





Fig	
  1.	
  Autos2mula2on	
  of	
  ComK	
  expression	
  is	
  sufficient	
  for	
  bimodal	
  distribu2on.	
  

Gamba	
  P,	
  Jonker	
  MJ,	
  Hamoen	
  LW	
  (2015)	
  A	
  Novel	
  Feedback	
  Loop	
  That	
  Controls	
  Bimodal	
  Expression	
  of	
  GeneSc	
  Competence.	
  PLoS	
  Genet	
  11(6):	
  
e1005047.	
  doi:10.1371/journal.pgen.1005047	
  
hup://journals.plos.org/plosgeneScs/arScle?id=info:doi/10.1371/journal.pgen.1005047	
  



Fig	
  2.	
  Transposon	
  inser2on	
  in	
  ykyB	
  increases	
  the	
  ac2va2on	
  of	
  an	
  ar2ficial	
  ComK	
  feedback	
  loop.	
  

Gamba	
  P,	
  Jonker	
  MJ,	
  Hamoen	
  LW	
  (2015)	
  A	
  Novel	
  Feedback	
  Loop	
  That	
  Controls	
  Bimodal	
  Expression	
  of	
  GeneSc	
  Competence.	
  PLoS	
  Genet	
  11(6):	
  
e1005047.	
  doi:10.1371/journal.pgen.1005047	
  
hup://journals.plos.org/plosgeneScs/arScle?id=info:doi/10.1371/journal.pgen.1005047	
  



Auto-inhibition with delay

J	
  Lewis,	
  Current	
  Biology	
  (2003)	
  	
  

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

D



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.  

Itaru Imayoshi et al. Science 2013;342:1203-1208 

Published by AAAS 



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. 

M B Elowitz et al. Science 2002;297:1183-1186 

Published by AAAS 

Noise 



The	
  end	
  (for	
  today).	
  
	
  

See	
  you	
  next	
  week!	
  


