Quantitative principles in biological systems

5. Gene regulation and statistical mechanics

Spring 2026

The lac operon will be our model system for gene regulation.
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Crash course on stat mech

RNA polymerase
.

Fundamental principle

At equilibrium, all microstates
occur with equal probability.
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The probability of a microstate is given by the Boltzmann distribution.
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The probability of a microstate is given by the Boltzmann distribution.
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The Boltzmann distribution allows us to write down binding probabilities
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Parameter-free predictions of Lac repression.
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Parameter-free predictions of Lac repression.
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Parameter-free predictions of Lac repression.

Sources of transcription factor binding competition
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Parameter-free predictions of Lac repression.
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The lac operon forms a positive feedback circuit.
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The lac operon forms a positive feedback circuit.
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The lac operon forms a positive feedback circuit.
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The lac operon forms a positive feedback circuit.
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The lac operon forms a positive feedback circuit.
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The lac operon forms a positive feedback circuit.
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Activate or repress?
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The lac operon is regulated by both a repressor and an activator.
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New growth laws emerge from CAP regulation.
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Measuring noise
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Measuring noise
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Measuring noise
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Measuring noise
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We found that a single cell’s
protein and mRNA copy numbers for any given gene are uncorrelated.
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Summary

- Transcriptional regulation is a stochastic process that can be
quantitatively understood and controlled.

- Toolbox for modeling biological systems: stochastic processes, chemical
reaction networks, coarse-grained models, ... and more to come!
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