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Main protagonist: bacteria cells such as E.coli

Cell size: roughly 2pum X 1/2pum
Cell volume: ~ 1pum? €. col

(o)) useé

DNA length: 4.7 x 10° base pairs or =~ 1.6mm

Number of proteins in cell: &~ 2.4 x 10°
Different proteins (# genes): 4,300

Some proteins occur only as few or few tens of
copies/cell (nM concentrations)

x 19,000 PIH-C (o

RW Corbin et al, PNAS (2003)



Gene expression one molecule at a time
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Yu et al, Science (2006); | Golding et al, Cell (2005)



Smoluchowski search picture

Search rate for a particle with diffusivity Dsq
to find an immobile target of radius a
(assuming immediate binding):

kfn = 47TD3dCL

Protein-DNA interaction: a ~ {few bp} =~ 1nm
D34 ~ 10pum?/sec (typically @1p ~ 5nm):

1S 10°
°1 " (mol/1) X sec

Lac repressor [AD Riggs, S Bourgeois, M Cohn, J Mol Biol 53, 401 (1970)]:

- (mol/l) X sec

on

— Facilitated diffusion picture

M v Smoluchowski, Physikal. Zeitschr. (1916); P von Hippel and O Berg, J Biol Chem (1989) 4



Facilitated diffusion: the Berg-von Hippel model
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Non-specific binding energy based on in vivo data

X] = Kree) + [ Xao0p| + [XnsB]
AGNSB(CI) = —4.14+0.9 kcal/mol,
AGnsg(Cro) = —4.2 £ 0.8 kcal /mol
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A Bakk & RM, FEBS Lett (2004); J Theoret Biol (2004)



k
Proof of 1D search mode ’i. ‘_ﬁ‘_.
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A =1.74+0.35 1.854+0.24, 2.08 = 0.39, 1.95 £ 0.17

YM Wang, RH Austin & EC Cox, PRL (2006); IM Sokolov, RM, K Pant & MC Williams, Biophys J (2005) 7



The antenna effect

Target search rate for cylindrical DNA model:

kon ~ 4 D3l x

\/ In(0f /1)

Sliding length:
D4 /\/V\/\/\/\/\/\/\/\/‘\/\/\/\/\/\/\/\/\AA
g =
1 koff

Effective sliding length:

k kon
g — o «/ microhop correction:
sl 27TD3d sl X 27TD3d

MA Lombholt, T Ambjornsson & RM, PRL (2005)
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In vivo gene regulation consistent with facilitated diffusion
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@ optimum the target association time is 7 & 311sec (no fit parameter)

single molecule experiment: Tex, = 354sec [EIf et al, Science (2007)]

M Bauer & RM, PLoS ONE (2013) 10



Spatial aspects: do gene locations matter?

Képes: TF targets are typically located next to or at regular distances from the TF gene

— TF gene-target pairs close in 3D

Kuhlman & Cox: e TF distribution highly heterogeneous @ TF gene influences distribution:

localisation of TF near TF gene
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Kepes et al, J Mol Biol (2004); Kuhlman & Cox, Mol Syst Biol (2012)

lacl::venus Gene

lacl::venus mRNA

Lacl-Venus protein
+ DNA binding domain

Lacl42-Venus protein
— DNA binding domain
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TF-regulation effects gene-proximity: rapid-search-hypothesis

Gene-gene distance distribution for local TFs (regulate < 4 operons, left) and global
(regulate > 4 operons, right). Blue line: random location of genes

0.2 - - - - - 0.2
2 2
8 0.15¢ 8 015!
B =
|
L
0.1 = o1}
kS 'S
c —
S 3
g 0.05¢ € 0.05f
L. pzd
0 1 2 3 4 5 6 7 0 . .
10 10 10 10 10 10 10 ' 10°  10°  10*  10°  10° 107
TF-TU distance (bp) TF-TU distance (bp)

Kolesov et al, PNAS (2007) TF Gene Binding Site — 12



Transient intracellular signalling is geometry-controlled

* Cytosol

\ protein
[ )

Nucleoid

O Pulkkinen & RM, PRL (2013) 13



<— TF concentration @ TU

Result 1: transient response to repression
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Result 2: time dependence of gene response: bursts!

Sample paths from MC simulations:
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Numerical analysis confirms relevance of p
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Brownian impromptu: from mere means to distributions

Search rate for particle with diffusivity Dsq
to find an immobile target of radius a (assu-

ming immediate binding):

kﬁon = 47rD3da

M v Smoluchowski, Physikal Zeitschr (1916)

Uniformity index for two independent
first-passage times 71, To:
T1
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T Mattos, C Mejia-Monasterio, RM & G Oshanin, PRE (2012) 17



Beyond mere means: first-passage time distributions

Even in pum-sized bacteria cells biochemical reactions are distance-dependent (geometry-
controlled) [Kolesov et al, PNAS (2007); O Pulkkinen & RM, PRL (2013)]

Geometry- versus reaction-control in finite-reactivity scenario

Full first passage time density: Direct vs indirect trajectories:
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Sequence (binding energy) effects on target search time
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Energetic funnel facilitated diffusion
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Weak regions at gene starts promote DNA denaturation

55

DNA superhelical density:

Lk — Lkg
o = ~ —0.06
Lkg

Bubble Length (nm)

255

J-H Jeon, J Adamczik, G Dietler & RM, PRL (2010); J Adamczik, J-H Jeon, RM & G Dietler, Soft Matter (2012)

50 -
45/
40!
35—-

30 ~

e,
.
¢
A I

Remaining Crossings

21



Quorum sensing dynamics in heterogeneous populations
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