Noise In Cellular Circuits
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Lambda Phage Stochastic Model
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ABSTRACT

Fluctuations in rates of gene expression can produce highly erratic time patterns of protein production
in individual cells and wide diversity in instantaneous protein concentrations across cell populations. When
two independently produced regulatory proteins acting at low cellular concentrations competitively control
a switch point in a pathway, stochastic variations in thedr concentrations can produce probahilistic pathway
selection, so that an initially homogeneous cell population partitions into distinct phenotypic subpopula-
tions. Many pathogenic organisms, for example, use this mechanism to randomly switch surface features
to evade host responses. This coupling between molecular-level fluctuations and macroscopic phenotype
selection 15 analyzed using the phage h lysis-lysogeny decision circuit as a model system. The fraction of
infected cells selecting the lysogenic pathway at different phage:cell ratios, predicted using a molecular-
level stochastic kinetic model of the genetic regulatory circudt. is consistent with experimental observations.
The kinetic model of the decision circuit uses the stochastic formulation of chemical kinetics. stochastic
mechanisms of gene expression, and a statistical-thermodynamic model of promoter regulation. Conven-
tional deterministic kinetics cannot be used to predict statistics of regulatory systems that produce probabilis-
tic outcomes. Rather, a stochastic kinetic analysis must be used to predict statistics of regulatory outcomes
for such stochastically regulated systems.
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Stochastic Gene Expression in a
Single Cell

Michael B. Elowitz,’?* Arnold ). Levine,! Eric D. Siggia,?
Peter S. Swain®

Clonal populations of cells exhibit substantial phenotypic variation. Such het-
erogeneity can be essential for many biological processes and is conjectured to
arise from stochasticity, or noise, in gene expression. We constructed strains
of Escherichia coli that enable detection of noise and discrimination between
the two mechanisms by which it is generated. Both stochasticity inherent in the
biochemical process of gene expression (intrinsic noise) and fluctuations in
other cellular components (extrinsic noise) contribute substantially to overall
variation. Transcription rate, regulatory dynamics, and genetic factors control
the amplitude of noise. These results establish a quantitative foundation for
modeling noise in genetic networks and reveal how low intracellular copy
numbers of molecules can fundamentally limit the precision of gene regulation.
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Two sources of potential noise in the system:

1. Extrinsic- External noise from the input
2. Intrinsic - Internal noise generated by the circuit
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Two identical genes expressing Yellow and Cyan fluorescent proteins.
Both are turned on by the same signal.

Two sources of potential noise in the system:

1. Extrinsic- External noise from the input
2. Intrinsic - Internal noise generated by the circuit
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Only Intrinsic and Extrinsic Noise
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Experimental Results
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Gillespie Algorithm

Simulating a stochastic model is quite different from an

ODE model. In a stochastic model we take account of individual
reactions as they convedne molecule into another. Solving a
stochastic model is a two stage process.

At each time point we must answer the following two questions:

1. Determinewhenthe next reaction will occur.

2. Determinewhichreaction will occur.

The most welknownimplementation of this approach is
the Gillespie method (Gillespie, 1977).



Simulating a Simple System

Consider the following simple system:

A_—_—_B



Simulating a Simple System

1. Sett=0, initialize concentrations (molecule numbers)
A =50 moleculesB = 0; k1 =0.1; k2 = 0.2;

2. Computereaction probabilities for all reactions
andcompute thetotal reactionprobability, rtot

k1A
k>

U]
r2

Ftot = T1 + 72



Simulating a Simple System

3. Generate two random numbers, pl and parnd()

4. Compute theéime of next reaction

T — — In(pl)/rtot

Tauisa delta time, so that ey = told ‘|‘ T



Simulating a Simple System

5. Determinewvhen the next reaction will occur.

6. Computehe relative probability rates:

r1
rri = ——
T'tot
D
rro = ——

T'tot



Simulating a Simple System
Determine which reaction will occur.
cPd® / 2YLIWziS 6KAOK NBIFOGAZ2Y ¢

If po < rrq then reaction 1 fires
A=A-1,B=B 4+ 1,

if po» > rrqy then reaction 2 fires
A=A+1 B=B-1;

/. Update the current time:

t=t+ 71

- -
8. Go back to step 2 ZK:-._A{




