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Noise in Gene Expression:
Origins, Consequences, and Control

Jonathan M. Raser'Z and Erin K. O'Shea®*}

control of noise in gene expression.

Genetically identical cells and organisms exhibit remarkable diversity even when they
have identical histories of environmental exposure. Moise, or variation, in the process of
gene expression may contribute to this phenctypic variability. Recent studies suggest
that this noise has multiple sources, including the stochastic or inherently random nature
of the biochemical reactions of gene expression. In this review, we summarize noise
terminology and commert on recent investigations into the sources, consequences, and

ny individual in a population of living
Acmutﬂlﬂnm Much of
population vanability is due to genetic
differenees, bt environment and history also
contribute o variability in cclhdar
phenotype. Indeod, identical twin
bmmans or cloned cats differ in
appearance mnd behavior (Fig. 1).
However, even cells or organisms
with the same genes, n the same
environmment, with the same higory,
display variations in form and be-
havior fhat can be subtle or dramatic.
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possihility that such variahiliy is
because of the random nature of
chemical reactions within a cdll (7).
When large mumbems of moleoules are
present, chomical reactions may pro-
oced m a prodictable manmer. How-
over, when only a fow moleoules ofa
spedific type cxist ina cell, stochastic
dﬁ:dxcmbmumpurmnt
Gene as defined by
the 5ot of reactions that control fhe
dmdance of gene products, influ-
onecs most aspocts of cclhidar be-
havior, and its vanation is offen
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can be present and active at a fow
copica per cell, the abmdance of
gene products s theomretically sensitive to
sinchastic fluchmtions. Four potential sources of
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the first clanad cat (ieft) and Rainbow, CC's
different coat pattemns and personalities (38). Photo credit. College of
Veterinary Medicine and Biomedical Sciences Texas A&M University.

variation in gene cxpression must be consderod:
mfrequent molecular events mvolving small

Fig. 1. Examplas of possible stochasticinfluences on
fingarprints of identical twins are reatily disti
axamin ation. Reprinted from (37) with parmission from Elevier. (B} Cc.

expression owing to differmces in the intemal
dates of a population of cclk, dther from
predictable processes such a8 cell cycke pro-
gression or fiom & random process such a8 par-
fitioning of mitochondria durng cdl division;
(in) subtle emvironmental differences, such as
morphogen gradionts i multicdlular develop-
ment; and (iv) ongoing genctic mutation, eifher
random or directed, We use the femm “noise”™ in
gene expression io refer to the meaared lovel of
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ic mather (right), display

varation in gene expression among cclls, re-
gardless of smmce, within a supposedly identical
population,

Measurement Techniques and
Definitions
Recont mvestigations hawve employed groen
fleorescent proden (GFP) vanants, which allow
the quantification of protein kevels m lving cells
by flow cylometry or flsorescenos micToscopy.
Thecosfficient of variation, ornoiser), is defined
as the miio of the standard deviation o the mean
of the population. Other metrics of variability
can be usefidl as well (SOM Text).
Onee genctic mutation and local
migoenvironments are climinated as
sources of noise, an clegant ooperi-
mental method can assigt in differ-
entigting among the romaining sources
(2}, This method mvobves quantifying
expression of two eguivalent, indepen-
dent gene reporters placed in the same
cell, which then allows noise sourees to
be partitioned into two calegorics:
infrinsic, meaning noise sources that
acate differences between the two
reporters within the same ccll (Fig.
m,mmmbm
that affect the two reporters
gmcdlhucmtcdfhm
bctwnmhwomﬂs(ﬁgjﬂjm
cvents during the process of gene ex-
pression, from the level of promoter-
hinding to mRNA translation to

cells, cither in local environment or
in the concentration or activity of any
factor that affects gene expression,
will result in exirinsic noise, Extrin-
gic moise should be further sub-
divided into two categorics (3, #):
global noise, or fluctuations i the
rates of the basic rcactions that affect ex-
pression of all genes (Fig. 2C), and gene-
orpsﬂmw&cﬁmmm{hg_ 2D,
such as flucliations in the abundance of a
pa'h.o.l.la' transcription  factor or stochastic
cvents i a specific signal transduction
pdfrway Ifa factor that causes exirinsic noise

is cxperimentally manmulable, it is possble to
climinate such extringc noise by reduction of
vanahility in that factor, for example, cell
cycle synchromzation will reduce exirinsic
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Noise in genetic networks

Origins

How to measure and distinguish between the two types of noise
(intrinsic vs extrinsic)?

What are the molecular processes that produce the most of noise?

Consequences
How is the noise propagated in gene networks?

How does the noise affect cellular behavior?

Control

What are the cellular mechanisms that confer robustness to noise?



Origin of noise in genetic networks

Stochasticity gene expression in a single cell
Elowitz, Levine, Siggia, Swain (2002) Science 297: 1183-86

Regulation of noise in the expression of a single gene
Ozdudak, Thattai, Kurtser, Grossman, van Oudenaarden (2002) Nat Genet 31: 69-73

Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Noise in eukaryotic gene expression
Blake, Kaern, Cantor, Collins (2003) Nature 422: 633-637

Gene regulation at the single-cell level
Rosenfeld, Young, Alon, Swain, Elowitz (2005) Science 307: 1962-1965



Stochasticity gene expression in a single cell
Elowitz, Levine, Siggia, Swain (2002) Science 297: 1183-86

Double reporter construction
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Stochasticity gene expression in a single cell
Elowitz, Levine, Siggia, Swain (2002) Science 297: 1183-86

Conrol of gene expression
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Stochasticity gene expression in a single cell
Elowitz, Levine, Siggia, Swain (2002) Science 297: 1183-86

Conclusions

e Using a two-reporter method, it is possible to measure
and distinguished between extrinsic and intrinsic noise.

e The stochastic nature of gene expression gives rise to
noise in protein levels.

* The relative contributions of extrinsic and intrinsic
component to the total noise vary with expression level.

e An increase of noise may arise from transient copy
number differences between parts of the chromosomes

For the theory see: Swain, Elowitz, Siggia (2002) Intrinsic and extrinsic
contributions to stochasicity in gene expression. PNAS 99: 12795-801



Regulation of noise in the expression of a single gene
Ozbudak, Thattai, Kurtser, Grossman, van Oudenaarden (2002) Nat Genet 31: 69-73

Methodology Experiment in bacilius subtilis
DNA transcription » mRNA translation » Protein . .
| @
= 400 |
IP,TG protein .? A1
v — “ﬂ@:@ mRNA g
S S a0} G -
=
c — .
control of transcriptional efficiency control of transcriptional efficiency
¢ ¢ 00 200 400 600 860

concentration of IPTG inducer mutation in the ribosome binding site

p (fluorescence units)
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Translational and transcriptional mutants

Table 1 ¢ Translational mutants: point mutations in the RBS Table 2 * Transcriptional mutants: point mutations
and initiation codon of gfp in the Py, promoter
Strain  Ribosome binding site Initiation Translational Strain —-10 regulatory region Transcriptional efficiency
codon efficiency -10 +1

ERT25 GGG ARA AGG AGG TGA ACT ACT ATG 1.00 ERTS7 CAT AAT GTG TGT AAT 6.63

ERT27 GGG AAA AGG AGG TGA ACT ACT TIG 0.87 ERT25 CAT AAT GTG TGG AAT 1.00

ERT3 GGG AAA AGC TGG TGA ACT ACT ATG 0.84 ERT53 CAT AAT GTG TGC AAT 0.79

ERT29 GGG ARA AGG AGG TGA ACT ACT GTG 0.66 ERT51 CAT AAT GTG TGA AAT 0.76

ERT5S5 CAT AAT GTG TAA AAT 0.76




Regulation of noise in the expression of a single gene
Ozbudak, Thattai, Kurtser, Grossman, van Oudenaarden (2002) Nat Genet 31: 69-73

Various translational mutants Various transcriptional mutants
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Regulation of noise in the expression of a single gene
Ozbudak, Thattai, Kurtser, Grossman, van Oudenaarden (2002) Nat Genet 31: 69-73
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Regulation of noise in the expression of a single gene
Ozbudak, Thattai, Kurtser, Grossman, van Oudenaarden (2002) Nat Genet 31: 69-73

Conclusions

e Translation is the dominant source of noise in protein
levels.

e This result is consistent with the prediction of a simple
theoretical model of stochastic gene expression.

For the theory see: Thattai, van Oudenaarden (2002) Intrinsic noise in gene
regulatory networks. PNAS 98: 8614-8610



Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Double reporter construction Experiment in S. cerevisiae
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Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Experiment with different promoters:
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Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14
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Experiment with different promoters:

intrinsic noise

GAL1 promoter — controled by Gal4dp
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PHOS5 promoter same activator
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Observation

GAL1 promoter > low intrinsic noise
PHO84 promoter

PHO5 promoter —— larger intrinsic noise



Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14
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Theoretical model

Comparison of various
models of gene activation

The noise strength profile of
PHQOS is similar to the
prediction made for case | (see
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Prediction:

The noise generation in PHO5
is dependent on the rate of a
slow upstream promoter
transition



Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

complexes involved in chromatin remodeling

/\

mutations in UAS mutations in snf6, arp8,...

transcription efficiency

N\

mutations in TATA box

A 200 1 B 200 C 200
— 17,5 —_ g 175
5 5 175 .
< < 2
< 15.0 = 15.0 1 2 1501
g 2 ® 125 ]
g 1251 @ 125 c
@ @ £ 100
i i [T} T
ll_d 100 ‘_“-; 10.0 g
o ] 5 751
c 75 c i o
] ° e p
7] [7] = 507
E 507 £ 50 £
£ E ’—l—‘ & 25
o257 E T 254 £
00 = T T )
00 T T 1 0.0 T T T 1 TATA- TATA- TATA- wild-
UASm1 UASm2 wildtype snféa  arpBA  genSA wild-type AlTE C2 Al type
rate: 4% 33%  100% rate: 60%  62%  68% 100% rate: 5%  13% 50% 100%
7 o
150 . . > s @ 150 - 0p % 150 oo ©
o o +p of o & o .1
. .:‘a e @ o 8 . . o « o s ° Ooo °° eng §
(-] - -]
=120 1 . o0 & °© s oop8f
5 . a ‘:E,‘?o °% 1204 o, ° 2 %o 120+ A e °
< o @ 7% 2° g 35 o, o @0 g =) % % 2o% afy
1] N * e %0 &° < g @+ o < 0 a0 &
g ol w 53’ 3 ARSI TUY H =
g %07+ ¢ . R} Py g% 8 gg4e * o go, & °° g B
g ‘e v @ m e oo @ . e 8 ° * : +8 o 2
@ > * o ° g * 0y @ o @ . 3
o AN @ “°o%u°la, ° . * o e o g 8" o . . o o
& 609 * +° 00 0s o : o 0o *° ]
= - 0 :5.55 o%’ ° . . é 60 o ¥ °.$°° 30 . 3 3
n FL Ty g0 o ° %t 4% * o
- qgodt® s w o . [
- L . > .:‘1 . %&,Ogtﬂ o o wild-type =
j-’ +, - 304+ B o°%p + TATA-C2
G | @ wild-type . M YR *o| * snfBA d
% AP i LR T o ry @ wild-type
° * * UASm1 L =
* ' ' 1 0 N S S : . e . ,
60 90 120 150 o} 30 60 a0 120 150 0 30 B0 90 120 150

CFP fluorescence (AU)

CFP fluorescence (AU)

CFP fluorescence (AU)



Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Conclusions

* The two-reporter technique can be applied to eukaryotes
(yeast).

o Extrinsic noise is predominant over intrinsic noise

» Total noise (= extrinsic) is not gene-specific, but intrinsic
noise is gene-specific.

* Noise does not depend on the regulatory pathway,
neither on absolute rate of expression.

* Noise depends on the rate of a slow upstream promoter
transition, such as chromatine remodeling



Noise In eukaryotic gene expression
Blake, Kaern, Cantor, Collins (2003) Nature 422: 633-637

Experiment in S. cerevisiae
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Genetic construction with two
transcriptional controls:

GAL (direct activator)
and

ATc (inhibitor of the TetR inhibitor)

Inductions by GAL or ATc induce
differential responses.

The mode of transcriptional
control has thus a significant
influence on the response to the
noise.



Noise In eukaryotic gene expression
Blake, Kaern, Cantor, Collins (2003) Nature 422: 633-637

Experiment: effect of transcriptional and Model
translational efficiency on the noise
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The level of noise in eukaryotic gene expression is
strongly influenced by transcription



Noise In eukaryotic gene expression
Blake, Kaern, Cantor, Collins (2003) Nature 422: 633-637
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Noise In eukaryotic gene expression
Blake, Kaern, Cantor, Collins (2003) Nature 422: 633-637

Conclusions

 In eukaryots, the mode of transcriptional control can
have a marked effect on the response to the noise.

 In eukaryots, noise arising from transcription contributes
more than noise generated at the translational level (in
contrast to observation in prokaryots).

e Downstream effects of noise can have profound
phenotypic consequences, drastically affecting the
stability of gene expression.



Consequence of noise in genetic networks

Stochastic kinetic analysis of a developmental pathway bifurcation in phage- A E. coli cell
Arkin, Ross, McAdams (1998) Genetics 149: 1633-48

Multistability in the lactose utilization network of E. coli
Ozbudak, Thaittai, Lim, Shraiman, van Oudenaarden (2004) Nature 427: 737-740

Noise propagation in gene networks
Pedraza, van Oudenaarden (2005) Science 307: 1965-69

Ultrasensitivity and noise propagation in a synthetic transcriptional cascade
Hooshangi, Thilberge, Weiss (2005) PNAS 102: 3581-3586



Stochastic kinetic analysis of a developmental pathway

bifurcation in phage- A Escherichia coli cell
Arkin, Ross, McAdams (1998) Genetics 149: 1633-48
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Stochastic kinetic analysis of a developmental pathway

bifurcation in phage- A Escherichia coli cell
Arkin, Ross, McAdams (1998) Genetics 149: 1633-48
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Stochastic kinetic analysis of a developmental pathway
bifurcation in phage- A Escherichia coli cell

Arkin, Ross, McAdams (1998) Genetics 149: 1633-48

Parameters for housekeeping and nongenetic reactions

Very detailed molecular model

for the phage- A genetic switch

Available ribosomes
Cell voluma () = (1 + & *6 = 107" liters

Mongenatic reactions’

o1 ()
Parameters for transcription and transiation reactions .01 & Cl,
&
Reaction.event Parameter References and comments
H
Transcription reactions Cro = ()
RMAP- DA, = RMAP.DNA, . Kz = 30 nt sec™! Salected as an average rate. Measured elongation
rates vary widely, depending on DNA templats
and cell state (CoTra & al. 106]; Kennelr and &
Riezman 1977, Kormeerc and Baker 1002 2.Cro iy Crog
VoceL and Jersen 1994)
RMAP DMNA,,» g el RNAF-DMAy, . e 4z = 5 nisec™

L
N— (]}
RMAP-DMA; .y + N = RNAP-N-OMNA gey Ko = 045 (mMsec) ™ Selected to produce termination and antiterming:

k= F1 concentration®

Kn =01 sec! tion corsistent with Lo & afl (1992) and WHaLEN
o al (1938)
&
RHAP-N-DMA,, o 5 a RMAP-M-DMNA e ky = 30 mot sec™! CII + F1 5 A.Cl
EMAP-DNAL, E'-RNAP-DN_-\M_. kz = 15 ot sec™’ Selected o yleld 50% termimation at N = 0 om PLCI ty Pl
(DameLy-CHAUDIERE o 2l 1983 FRIEDMAN and R
CoTTesMan 1982)
| = -
RMAP.DMNA, = RMAFP + DMA, ka = 15 sac™!
e ' CII + P12 PLCIO
FMAP-N-DMA p — BENAP-N-DNA g - ka = 20 ot sec”’ Assumpticn that antiterminated RMAF passes termi- ke

nator freely

! Salected to yield 80% termination at N = 0 s

RMAP.DNAy,, 2% RNAP-DMAy,-,
4z

RNAP DNAz, — ENAF + DNAg,
RMAP-N DNA 7, 2 RNAP.N.DMAg, -,

Kxn = 5 nt sac™!

o
kg = 25 s Salected to yield B0% termination at N = 0 rm FLCIT — A

Ky = 20 nt sec™! Aszumption: antiterminated RNAP passes tarmina

tor freely P2 concentration

Translation reactiors '™
CII + P2 b P2.CII

Ribosome + RN.—\ﬂG)—mf Ribosome-RNA . Ky = 0002 {msec)™' (Kemerl and Riezman 1977; Sorensen and PED-

ERSEM 1991} e
. FZCI— P2
Ribosome + RMA,; — Ribosome RMA, ., Ky = 100 ot sac™! {ADHyA and GoTTEsMaN 1982 KENNELL and Riez-

MaN 197T; SoreMsEM and PEDERSEN 19601)

RMama + RNAL 2 RMase KxRMase = 0.2sec™'  Adjusted to get an average of 10 proteins per tran-

seript

FL -
CIIl + F2E P2.CHI
Average number of proteins per transcript PRI = P2

(all transcripts) 10 (KerEs 1963; YarcHuk & al 1992)

Ribosomes = S00 mm
K= 476 x 107" lters
se !

K = 00007 sec™

Kz o= 005 m~! sac™!
K&y = 0.5 sac™!
k&, = 0.0025 sac™!

Ko = 005 ™ 'sec™!
ks = 0.5 sec™!
ke = 0.0023] sec™!

Fl = 35 oM
Ky = 001 W7 sac™!
Ky = 0.01s2c™"

Ky = 0002 sRC™!

Ky = 001 M 500!

Ky = 0.00] sec™!

Kpa = QL0001 se™!

P2 = 140 o

Ky = 000025 M sec !
Ky = OL0ES sec™!

kg = 06 sec™!

Ko = 001 Mt

Ky = 001 560!

Kos = Q001 seC™!

Reaction. event Parameter References and comments
Housekeeping reactions
Availahle RMNAP RMAP = 30 nm McCrure (1980, 1933)

To double initial cell volume of 107" liters
in 35 min

Selectad to yeld a CLACL life time of ap prosd-
mately 40 min (REmimz and Vaisuys
1980} in the concentration range batweaen
20and 100 nm

Burz & al. (1994); SHEes and Ackers (1985)

Selactad to match Cros'Cro, lifetime of ap-
proximately 30 min (REwnTzand Vasays
1990} in the concentration range between
20 and 100 nm

Remirtz and Vaswys (1590); Saver (1979)

GoTTEsMAN and GoTTESMAM (1981)

Adjusted to match the % hsogeny s API
data (Kourmsky 1973)

Selactad to match CIT halfife in GoTTESMAN
and GOTTESMAN (1981)

Selectad to match CIIT protection of CIT deg-
radation (Hovr & al. 1982, RaTTRAY & 2l
1984) and CIN halflife Kornerzer & al.
(1991ab)

Selectad to match CIT halfife in CoTTESMAN
and GorTeEsMan (1981)

Selactad tomatch CII protection of CII from
degradation (Howr af al. 1982; RatTRay
& al 1984) and CIII halHife {KorMrTZER
& al 199]ab)




Stochastic kinetic analysis of a developmental pathway

bifurcation in phage- A Escherichia coli cell
Arkin, Ross, McAdams (1998) Genetics 149: 1633-48

Manomolar Manomolar

Manomolar

an {a) all cells

0 5 10 15 20 25 30 35
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Cro-Cro (nh)
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B B o @
o o o o 9
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40 3
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0

(a)

Lysogeny The random developmental
path choice between the
lysogenic or lytic path in
individual cells results from
the inevitable fluctuations in

the temporal pattern of

protein concentration

growth caused by the

molecular-level thermal

fluctuations in rates of rate-

determining reactions within
e I gene expression

0 5 10 15 20 25 30 35  Mechanisms.

Time (minutes)

The resulting differences in concentration between the
regulatory proteins controlling the bistable switching
elements of the decision circuit led to different path
selections in different cells.



Stochastic kinetic analysis of a developmental pathway

bifurcation in phage- A Escherichia coli cell
Arkin, Ross, McAdams (1998) Genetics 149: 1633-48

Conclusions

e Stochastic variations at the genetic level can produce
probabilistic pathway selection, thereby leading to
distinct phenotypic subpopulations.



Multistability in the lactose utilization network of E. coli
Ozbudak, Thaittai, Lim, Shraiman, van Oudenaarden (2004) Nature 427: 737-740

Lactose utilization network in E. coli

Glu TMG
i TMG = inducer
s 1 = control parameter
cAMP MG LacY (inhibits Lacl inhibitor)
metabolism -
M - LacZ
CRP Lacl )
GFP = green fluorescent reporter,
3 1 I I I controled by P,,. promoter
P lacZ lacY lacA
=il ——Em
P.I.Hr: g'fp
) —— 2R
[T [T 1
Poat HeRed




Multistability in the lactose utilization network of E. coli
Ozbudak, Thaittai, Lim, Shraiman, van Oudenaarden (2004) Nature 427: 737-740

Bistability and hysteresis effect in single cells
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Multistability in the lactose utilization network of E. coli
Ozbudak, Thaittai, Lim, Shraiman, van Oudenaarden (2004) Nature 427: 737-740

Monostable

. (induced)

Monostable
: (uninduced)

0,05 040 0415 0.2

1/p

c
o Experiment: switch from a low (uninduced) or high
AL} (induced) TMG medium to an intermediary TMG
medium (bistability)
AL
150
Tal @ e e
- 100 (b) lacl binding site inserted in 4 plasmids
. dlll (c) lacl binding site inserted in 25 plasmids — 9radual
r 0 response
.
theoretical R 1
Phase R, B I+ (x/x,)
diagram & |
var - “1+R/R, 7T
dx
Ty E - ﬂ} —X

parameters values are
estimated experimentally



Multistability in the lactose utilization network of E. coli
Ozbudak, Thaittai, Lim, Shraiman, van Oudenaarden (2004) Nature 427: 737-740

Conclusions

e Hysteretic vs graded responses can be achieved by
modulating the parameters of the model, as predicted by a

simple model.

 In the condition of hysteretic response, a bimodal
distribution is observed because not all the cells switch
from one steady state to the other. This is a consequence
of stochastic effects.



Ultrasensitivity and noise propagation in a synthetic

transcriptional cascade
Hooshangi, Thilberge, Weiss (2005) PNAS 102: 3581-3586

Experiment in E. coli:

construction of 3 synthetic transcriptional cascades:

Circuit 2
@
oo
P Ltet-Cr1 P!ac

AP(R-012)

aTc = inducer = control parameter, prevent the repression by tetR



Ultrasensitivity and noise propagation in a synthetic

transcriptional cascade
Hooshangi, Thilberge, Weiss (2005) PNAS 102: 3581-3586

(circuit 1) (circuit 2) (circuit 3)
C

Circuit 1 e alc Circuit 2 e alc Circuit 3
°® =

o o® ." (G .'@ @
L 1x® Lﬁl g g A

J’_| tstR - _I’_| eyfp L ayio
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10° : ; e e 3
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% 10°l e Circut3 5 5
= 25 ko] al
8 g §
c 20
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lg 'g | 8 1t
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= ©os ©os
10°1 - 0 b e i L 0 o
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aTc (nM) Mean fluorescence (MEFL) Reparter proteins per cell

The noise is more marked during the transition, especially in circuit (3).
Longer cascade amplify cell-to-cell variability in the intermediate regions.



Ultrasensitivity and noise propagation in a synthetic

transcriptional cascade

Hooshangi, Thilberge, Weiss (2005) PNAS 102: 3581-3586

Delay in the response
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Ultrasensitivity and noise propagation in a synthetic

transcriptional cascade
Hooshangi, Thilberge, Weiss (2005) PNAS 102: 3581-3586

Conclusions

* Noise (and consequently cell-to-cell variability) is amplified
at transition in long cascades.

e Synchronization of cell responses is diminished for longer
cascade

» Long cascade can induce delay in the response

* Long cascade act as low pass-filter

=> Trade-off between robustness to noise and function



Control of noise in genetic networks

Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Engineering stability in gene networks by autoregulation
Becskei, Serrano (2000) Nature 405: 590-3

Design principles of a bacterial signalling network
Kollmann, Lodvok, Bartholomeé, Timmer, Sourjik (2005) Nature 438: 504-507
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Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Noise can be controled
by kinetics parameters



Control of stochasticity in eukaryotic gene expression
Raser, O'Shea (2004) Science 304: 1811-14

Conclusions

* Noise can be controled by kinetics parameters



Engineering stability in gene networks by autoregulation
Becskei, Serrano (2000) Nature 405: 590-3

Model and simulation
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Engineering stability in gene networks by autoregulation
Becskei, Serrano (2000) Nature 405: 590-3
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Engineering stability in gene networks by autoregulation
Becskei, Serrano (2000) Nature 405: 590-3

Conclusions

e Autoregulation in gene circuits (in particular negative
feedback loops) provides stability.



Design principles of a bacterial signalling network
Kollmann, Lodvok, Bartholomé, Timmer, Sourjik (2005) Nature 438: 504-507
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Design principles of a bacterial signalling network
Kollmann, Lodvok, Bartholomé, Timmer, Sourjik (2005) Nature 438: 504-507

Conclusions

e Noise can be controled by topology of the regulatory
network
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Noise in Gene Expression:
Origins, Consequences, and Control

Jonathan M. Raser'Z and Erin K. O'Shea®*}

control of noise in gene expression.

Genetically identical cells and organisms exhibit remarkable diversity even when they
have identical histories of environmental exposure. Noise, or variation, in the process of
gene expression may contribute to this phenctypic variability. Recent studies suggest
that this noise has multiple sources, including the stochastic or inherently random nature
of the biochemical reactions of gene expression. In this review, we summarize noise
terminology and commert on recent investigations into the sources, consequences, and

ny ndividual in a population of living
A organisms or cells & umigue, Much of

population vanahility 1s due to genetic
differenees, bt environment and history also
contribute o variability in cclhdar
phenotype. Indeod, identical twin
bmmans or cloned cats differ in
appearance and behavior (Fg. 1).
However, even cells or organisms
with the same genes, m the same
environmment, with the same higory,
display variations in form and be-
havior fhat can be subtle or dramatic.
Investigations have focused on fhe
possibility that such varability is
incvitable in hiological systems
because of the random nature of B
chemical reactions within a cdll (1),
When large mumbers of moleaules are
present, chemical reactions may pro- 1
ceod n a prodictable manner. Howe-
over, when only a fow moleoules ofa |
specific type exist ina cdl, stochastic
effects can become prominent,

Gene expression, as defined by
the 5ot of reactions that control fhe
dmdance of gene products, influ-
nees most aspects of cclhudar be-

- ; e Fig. 1. Ex
havior, and its variation is often  fingerprin
mvoked to explain phenotypie dif-  examinat
forences in a population of cols  the it
Becanse DMA, RNA, and proteins  different

‘et eni nan

can be present and active at a fow
copics per ccll, the abmdance of
gene products is theorctically sensitive to
siochastic fluchuations, Four potential srces of
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Hughes Medical Istitute, University of California—

San Francieco, 600 16th Street GH-5472D, San

varation in gene cxpresson must be consdered:
(i) as desaribed above, the mherent stochasticity
of hiochemical processes that are dependent on
mfrequent molecular events mvolving small

variation in gene cxpression among cells, re-
gandless of sounce, within a supposedly identical
population,

Measurement Techniques and
Definitions
Recent mwvestigations have employed green
fheorescent projem ((3FP) vanants, which allow
the quantification of protein kvels m Inving cclk
by flonr eylometry or fleorescence micToscopy.
Thecosfficiont of variation, or noise), is defined
as the matio of fhe standard deviation o the mean
of the population, Other matrics of vanabiliy
can be usefidl as well (SOM Text).
Unee gencic mutation and local
migoenvironments are climinated as
sources of noise, an clegant cxpern-
mental method can assig in differ-
entiating among fhe romaining smrces
b

e S 1 ol 5 difia

...much work must be done to
understand how cellular processes
behave robustly in the presence of
underlying stochasticity. Such work

often requires a non-traditional
collaboration between mathematicians,
physicists, and in vivo experimentalists
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(in) subtle emvironmental differences, such as
morphogen gradients m multicdlular develop-
ment; and (iv) ongoing genetic mmutation, eifher
random or directed, We use the femm “noise”™ in
gene expresslon o refer to the meaamed lovel of

TYCOlE T d SPECTE SIETTED TEnEOEeTionT
pathway, 1fa factor that causes exirinsic noisc
is cxperimentally manipulable, it is posable to
climinate such extringc noise by reduction of
vanahility n that factor, for cxample, cell
cycle synchromzation will reduce exirinsic
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