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From the scientific point of view, our project made significant steps to understand replication of
information in biology in a quantitative way. Its application can have a deep societal relevance for
understanding genetic diseases and for optimizing widely used techniques such as PCR.

The goal of this project was to characterize the optimal performance of
molecules that replicate information. The most important examples in biology are the molecules
responsible of copying DNA. Our project has clarified the physical limit of these molecules in terms

of their speed, accuracy, and dissipation. We also studied the variability of their performance,
and how one can use this variability to understand the functioning of these molecules. Our project
was theoretical in nature but we also tested our predictions in collaboration with experimental
groups. We studied, in particular, speed variability during bacterial DNA replication and how one
can optimize the Polymerase Chain Reaction (PCR), a process that finds numerous applications in
biology.
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(background at the beginning of the research)

This KAKENHI project aimed at understanding the optimal way of processing biological
information by small biophysical systems such as polymerases.

Previously to the beginning of the project, there has been a significant research
activity in understanding the performance of information-processing molecular systems,
such the proteins that are responsible of replicating DNA, using ideas from non-
equilibrium thermodynamics, and in particular of stochastic thermodynamics. In this
framework, these proteins are seen as thermodynamic machines that consume chemical
energy to improve their speed and accuracy of the copies they produce.

The PI of this project has pioneered the use of non equilibrium thermodynamics to
characterize these systems before the beginning of this project. Our main result has
been the derivation of universal bounds linking the speed, accuracy, and dissipation
of the copying process. These bounds are based on the second law of thermodynamics and
are therefore valid independently of the system details.

The theoretical approaches proposed before the beginning of our project considered
speed, accuracy, and dissipation as average, deterministic quantities. However, these
observables might display significant fluctuations. Characterizing these fluctuations
might shed light on the underlying dynamics of these machines.

Moreover, further studies by our group and others attempted at using the existing body
of theory to characterize the performance of the actual proteins that replicate DNA.
It turned out that these proteins appear to operate far from the theoretically derived
physical limit. This discrepancy called for novel approaches to theoretically study
the optimal performance of these machines.

(purpose of the research)

The purpose of this project has been to understand the performance of information-
processing physical systems using 1ideas of non-equilibrium thermodynamics. In
particular, we aimed at addressing the two following questions. Can we characterize
the fluctuating behavior (in terms of speed, accuracy, and dissipation) of proteins
replicating information? Can we understand the general tradeoffs between speed,
accuracy, and dissipation?

To complement our theoretical work, we established collaborations with experimental
groups to test the predictions of our theory.

(method of research)

Our project used an approach based on non-equilibrium statistical physics to understand
the optimal operating regimes for replicating information encoded in DNA. We used a
rather diverse range of techniques from this field to answer our research question.

In particular, for the project “ Error-speed correlations in biopolymer synthesis”
(see point 4.), we used techniques based on stochastic thermodynamics and large
deviation theory.

For project “ Speed variations of bacterial replisomes” we used an age-structured
population model for the density of incomplete genomes in a growing population, and
managed to solve this model exactly in some simple cases. In more complex cases, we
solved the model numerically using an analogy with stochastic resetting, which is
another important tool in contemporary non-equilibrium physics.

Finally, for project “ Pareto optimal front of kinetic proofreading” we employed



theoretical and numerical techniques of mathematical optimization theory.
(research results)

In the following, we will briefly outlined the main research results of our KAKENHI
project. The project has led to five publications in high-impact international
journals, of which three (marked with *) were lead by our research unit and two were
collaborations.
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*Error-speed correlations in biopolymer synthesis — )
(Chiuchia, Tu, Pigolotti, Physical Review Letters,
2019). In this paper, we extended the theory of error
correction in biopolymers to account for random
fluctuations. The project was led by Davide Chiuchiu, a ®
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can be seen as a ~“natural®" tradeoff between error and Figure 1: Error-speed
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covariance can be positive or negative depending on the protein (enzyme)
error correction strategy implemented by the enzyme. This replicating information.
result leads to an experimental prediction, should it be (b) correlation between

possible in the future to measure the covariance of error  error and time necessary to

and speed in replicating biopolymers. copy a polymer

Physical Bioenergetics: Energy fluxes, budgets, and constraints in cells (Yang, ...,
Pigolotti, ... , Foster, Proceedings of the National Academy of Sciences, 2021). This
collaboration stemmed from a program at the Kavli Institute for Theoretical Physics at
UCSB. The goal was to outline how ideas from thermodynamics and energetics can help us
understanding biological processes. The PI' s contribution to this perspective paper
was to present the state of the art of energetics in the context of replication of
information in cells.
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(Bhat, Hauf, Plessy, Yokobayashi, Pigolotti, g —
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measured DNA abundance distribution. Our main replisomes. (a) bacteria replicating
finding is that the speed of replisomes their genome. (b) Prediction on the
presents wave-like oscillations along the abundance of DNA fragments (c)

genome. It was previously observed that the
bacterial mutation rate present a similar
oscillatory pattern along the genome. Our
result suggests a dynamical explanation
according to which replisomes make more
mistakes when their speed is higher.

Corresponding experimental measurement.
(d) Speed variations of bacterial
replisome and mutation rate.



Error-suppression mechanism of PCR by blocker strands (Aoyanagi, Pigolotti, Ono,
Toyabe, Biophysical Journal 2023). The Polymerase Chain Reaction (PCR) is one of the
most used technique in molecular biology. In this collaborative work, we attempted at
using our theory on the optimal performance of proteins replicating information to
optimize the performance of PCR. We found a novel regime of operation, where PCR can
efficiently operate for a broad range of annealing temperatures.

*Pareto optimal front of Kkinetic proofreading
(Chiuchit, Mondal, Pigolotti, New Journal of Physics
2023). In this work, we developed a computational
method to characterize the optimal speed, error,
dissipation of a chemical reaction characterizing a
protein copying DNA. Our method revealed that the set
of optimal solutions depend on the complexity of the
underlying biochemical network. In particular, more
complex networks lead to an increase of the
performance in terms of speed, accuracy, and
dissipation. We also characterized the scaling of
these observables along the set of the optimal
solutions.
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Figure 3: Pareto optimal
front between Speed, Error,
and Dissipation in kinetic

proofreading.
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