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—— Abstract

The PEN-DNA toolbox has emerged as a versatile framework for implementing chemical reaction
networks with DNA and enzymes, enabling applications ranging from molecular sensing to neural
computation. A simulation tool, DACCAD, has provided a standardized approach for translating
network schematics into dynamical models, facilitating in silico design and validation. However, the
evolution of the PEN-DNA toolbox — particularly the transition from inhibitor-based regulation
to drain-template-based inactivation — introduces mechanisms that are only partially captured by
existing simulation frameworks, limiting the ability to reliably simulate and design recent PEN-DNA
systems.

In this context, we introduce PENSim, a simulation package that aims to realign computational
modeling with current experimental practices. By extending the repertoire of simulated reactions
and incorporating thermodynamic dependencies into kinetic rate calculations via NUPACK, PENSim
enables a more faithful representation of modern PEN-DNA systems. In particular, accounting for
thermodynamic effects is essential for accurately modeling inactivation via drain templates.

PENSim is validated through qualitative reproduction of existing experimental results, including
inactivation-driven bistability, microRNA detection circuits, and linear classifiers based on neural
networks. By bridging legacy modeling approaches with recent experimental advances, PENSim
provides a step toward more realistic and flexible in silico design of systems based on the PEN-DNA
toolbox.
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1 Introduction

Nucleic acid strands — both DNA and RNA — are harnessed to perform a wide range
of tasks, spanning chemical [11, 32, 40], mechanical [7, 34], biomedical [12, 18, 27], and
computational [5, 21, 36] applications. In particular, their ability to form base pairs enables
the design of 2D or 3D nanostructures, which in turn confer precise functional behaviors.

In the context of computing, several paradigms have emerged. Some rely exclusively on
DNA, as for instance, tile and brick assembly models [9, 36], which perform computation by
dynamically expanding a DNA-based network. Alternatively, another DNA-only approach
relies on chemical reaction networks, where computation is achieved through toehold-mediated
strand displacement [5, 13].
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In recent years, a novel paradigm has emerged: the PEN-DNA toolboz [4, 10, 20],
which integrates DNA with enzymatic processes to implement chemical reaction networks.
Specifically, this framework exploits three types of enzymes, forming the so-called Polymerase-
Ezonuclease-Nickase Dynamic Network Assembly (PEN-DNA) toolbox (see Section 2 for
details). This framework has been successfully applied to engineer biochemical oscillators [20],
model predator-prey dynamics [10], and, more recently, construct small neural networks [21].
The ability to implement neural networks is a proof of concept that the PEN-DNA tool-
box is functionally complete and may be capable of Turing-complete computations under
idealized conditions (e.g. unbounded precision and infinite memory). Beyond computational
applications, the PEN-DNA toolbox also shows applications in biomedical contexts, such as
the detection of microRNAs, enzymes, and other small molecules [11, 12, 18, 32].

When working with any DNA model, in silico simulation is a critical first step to assess
computational systems before advancing to in vitro validation. Therefore, each paradigm
is supported by a dedicated simulation framework: kTAM for tile assembly models [35],
systems based on ordinary differential equations or continuous-time Markov chains for toehold-
mediated strand displacement systems [15, 39], and DACCAD for the PEN-DNA toolbox [2, 3].
These frameworks not only enable the prediction and optimization of nucleic acid-based
systems but also bridge the gap between theoretical design and experimental implementation.
Developing and refining such tools is therefore essential, as it allows simulations to increasingly
reflect biochemical reality and better guide experimental outcomes.

Contribution

This work presents PENSim, a new toolkit for the PEN-DNA toolbox that addresses
limitations of the existing DACCAD framework. PENSim enhances the simulation capabilities
for systems utilizing the latest PEN-DNA toolbox features with two main contributions.

First, it expands the scope of simulable reactions by implementing mechanisms introduced
in recent versions of the PEN-DNA toolbox, including reporter templates, EvaGreen fluor-
escence, inactivation via drain templates, irreversible conversion, and support for multiple
versions of the same signal strand [19, 21, 29]. These mechanisms are central to modern
PEN-DNA systems — such as neural networks and microRNA sensing — but are not supported
in available versions of DACCAD, thereby limiting the simulation and design of such systems.
Furthermore, PENSim includes experimental code modules supporting additional reactions,
such as those involving non-phosphorylated and non-protected templates, reflecting a design
choice toward extensibility and future integration of emerging mechanisms. Importantly,
PENSim is designed to complement rather than replace DACCAD, as it does not implement
inhibitor-based regulation from earlier versions of the toolbox, which is no longer used in
recent studies.

Second, PENSim improves the fidelity of simulations by introducing a thermodynamically
grounded approach to kinetic rate computation. Rather than relying on uniform or user-
defined kinetic parameters, the simulator derives reaction rates directly from biochemical
properties using NUPACK and a kinetics nearest neighbor model [26, 38]; including sequence,
temperature, enzyme, and buffer conditions. This enables a more accurate representation of
DNA hybridization and enzymatic processes, which is critical for capturing behaviors driven
by inactivation mechanisms and for modeling complex systems such as enzymatic neural
networks [19, 21].

By enabling simulation from DNA sequences and experimental parameters, PENSim
provides a practical tool for experimentalists designing new PEN-DNA circuits. The simulator,
along with validation notebooks and usage examples, is openly accessible in the accompanying
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Git repository (https://github.com/GwendalDucloz/PENSim). It is validated through the
qualitative reproduction of experimentally observed behaviors of previously implemented
systems spanning dynamical circuits, molecular sensing, and neural computation [19, 21, 29].
Section 2 introduces the mechanisms of the PEN-DNA toolbox and their representation
as a graph-like schematic. DACCAD, and related work on simulating PEN-DNA toolbox
systems are reviewed in Section 3. Our contribution begins in Section 4, where we detail the
dynamics of key subreactions — DNA hybridization and enzymatic reactions — and present
our method for computing their kinetics. Section 5 outlines the code architecture, provides
usage tutorials, and describes the species considered (DNA single strands and complexes),
along with the construction of their governing equations. Validation of the simulator is
presented in Section 6. An appendix includes additional features of the PEN-DNA toolbox,
supplementary figures, and an overview of the set of equations solved by PENSim.

2 The PEN-DNA toolbox

A system built using the PEN-DNA toolbox, called PEN-DNA system, is composed of DNA
strands and three types of enzymes: Polymerase, Exonuclease, and Nickase(s). All these
components interact simultaneously through various reactions that produce, transform, and
degrade DNA strands. Generally, PEN-DNA systems are designed so that the concentrations
of all DNA species either reach a periodic behavior [10, 20] or equilibrium [19, 21].

2.1 Reactions of the PEN-DNA toolbox

Five types of mechanisms are designed within the PEN-DNA toolbox, described in Figure 1.
They are the conversion, the reporting, the inactivation, the degradation, and the killing
conversion. Fach reaction, except degradation, needs a specific DNA strand, called template.

Conversion

A converter template (cT) enables the production of a new DNA strand f, called the

output strand or output signal, from an initial DNA strand «, called input strand or input

stgnal. The conversion « Teb + 3, happens as illustrated in Figure 1:

(@ The strand « binds to the converter template cTas.

(@ The polymerase binds to the resulting complex and extends « according to the comple-
mentary sequence of the template cTapf.

(3 The nickase binds to the complex on its recognition sequence and cleaves the extended
strand at a specific position, separating « from the newly synthesized part 5.

(@ At the working temperature, both strands a and 8 can unbind from the template ¢Ta/5.

After step 3, if @ and S are still attached to the template, the polymerase can bind again
to the 3’ end of a and extend it, dislocating the strand . This intermediate process is
equivalent to step 2, but provides an output signal 8 by polymerase displacement.

When the output signal of a converter template is the same as its input signal, we refer
to it as an autocatalytic template.

Some converter templates are special, extending first their input signal into a longer one.
Since this new input has a higher melting temperature, we consider that it never unbinds
from the template at the working temperature, as illustrated in Figure 6 (Appendix). We
refer to this kind of template as irreversible template.
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Figure 1 Schematic of the main reactions underlying PEN-DNA systems: conversion,
reporting, inactivation, degradation, and killing conversion. Abbreviations pol, nick and exo denote
the enzymatic actions of polymerase, nickase and exonuclease. A red arrow ¥ indicates the cleavage
position of a nickase enzyme, and a red rectangle its recognition sequence. A star 5> represents an
emitting fluorophore, while a pentagon (O represents its associated quencher.

J

Some converter templates may also feature a truncated 5" end to address thermodynamic
or kinetic constraints, as illustrated in Figure 7 (Appendix). This truncation introduces a
bias: when a signal has two binding options — one with a full-length template and one with a
shortened template — the interaction with the full-length version will be thermodynamically
favored [19].

Inactivation and killing conversion

A drain template (dT) inactivates a strand « by converting it into an extended form,

denoted o, via the reaction « dTe, /. While o can still bind to the converter templates, it
cannot be extended by the polymerase anymore because its 3’ end is misaligned with the
template, thereby preventing further conversion, as illustrated in Figure 8 (Appendix).

A converter template whose output strand is a drain template is called killer template
(kT). A schematic is presented in Figure 1.

Reporting

A reporter template (rT) functions as a molecular beacon, designed to signal the presence
of a specific strand [14]. As illustrated in Figure 1, it adopts a hairpin secondary structure
at the working temperature. In this conformation, the quencher is positioned adjacent to
the fluorophore, effectively preventing fluorescence. However, when a reported strand binds
to the hairpin loop, it is extended by the polymerase. This extension opens the hairpin,
spatially separating the quencher from the fluorophore and enabling fluorescence.
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The reporter template can also switch off if the reported strand is no longer present in
solution. To achieve this, the extended reported strand is cleaved by the nickase into two
short fragments, which are sufficiently small to unbind at the working temperature. Once
detached, these fragments are degraded by the exonuclease, allowing the reporter template
to refold into its hairpin loop. This refolding repositions the quencher near the fluorophore,
quenching fluorescence once again.

The reporting process is not the only mechanism for tracking the evolution of a PEN-DNA
system. EvaGreen, a green fluorescent nucleic acid dye, is also commonly used to quantify
the amount of double-stranded DNA species present in the system.

Degradation

All DNA strands in PEN-DNA systems are subject to degradation by exonuclease, which
cleaves nucleotides sequentially from the strand ends. The ttRecJ enzyme is commonly
employed, degrading strands from their 5’ ends [23]. To prevent degradation, DNA strands
can be chemically protected using three phosphorothioate bases at their 5’ ends. This
modification replaces one of the oxygen atoms in the DNA backbone with a sulfur atom,
making the strand less recognizable and resistant to enzymatic cleavage [33].

2.2 Graph representation

To represent a PEN-DNA system, a graph-like schematic is used. The notation — illustrated in
Figure 1 — is inspired by gene regulatory networks. A simple arrow (—) denotes a conversion,
a black dot (s—s) represents a drain template, a T-shaped arrow (—) indicates a killing
conversion, and an arrow pointing to a star (x) refers to a reporting.

3 Related work

PEN-DNA systems are simulated by modeling the interactions between all species over time
using ordinary differential equations (ODEs). Specifically, the general reactions described in
Section 2 can be decomposed into two fundamental sub-reactions: DNA hybridization and
enzymatic processes.

While many articles on PEN-DNA systems include supplementary sections on differential
equations for simulation purposes, these sections are often dense and difficult to interpret
due to different and complex notations [19, 20, 21].

To standardize the simulation of any PEN-DNA system, Aubert-Kato et al. developed
DACCAD (DNA Artificial Circuit Computer-Assisted Design) [2]. This tool automates the
generation of differential equations from the graph representation of a PEN-DNA system and
solves them, significantly accelerating the design process. DACCAD has proven to be both
consistent and reliable, qualitatively reproducing experimental results such as oscillators and
switchable memory systems [2, 20, 23].

However, since the development of DACCAD, the PEN-DNA toolbox has evolved into a
new version, replacing inhibitor-based regulation with drain template inactivation. Drain
templates are preferred because they irreversibly convert active strands into non-functional
species and provide a tunable degradation pathway that improves control over network
dynamics [19].

It has been reported that DACCAD is extensible to support advanced features like reporter
or drain templates. To our knowledge, although some of the corresponding equations have
been described in detail [3], their practical implementation remains unavailable. Additionally,
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a previous attempt to simulate drain templates in DACCAD revealed an unexpected behavior:
a bistable system switched off only after spiking a large concentration of drain species over
several minutes, rather than through a single spike of 60 nM of drain [3].

Furthermore, the latest version of the toolbox introduces additional complexities, including
the use of two distinct nicking enzymes (Nb.Bsml and Nt.BstNBI), irreversible templates,
and different versions of the same signal strand [12, 21]. These innovations represent new
reactions that would be valuable to simulate, further highlighting the need for updated
simulation capabilities.

DACCAD faces another limitation in its computation of hybridization rates. Initially, it
assigns a uniform binding rate to all signals and derives unbinding rates from the dissociation
constant, as detailed in Section 4. The tool requires users to input the dissociation constant
for each signal, assuming that all rates associated with a given signal are identical. This
simplification was primarily due because all converter templates and signals were used in their
full-length version, which was sufficient to simulate systems based on the first version of the
PEN-DNA toolbox. However, unbinding rates depend on the binding sequence length, leading
to differences between full-length converter templates and their 3’ shortened counterparts.
This distinction has been identified as a key factor in implementing inactivation processes:
the dissociation rate between a signal and its drain template differs from that between the
same signal and its converter template [19]. Moreover, even the same signal can be present
under shortened or elongated forms, to speed up certain reactions, as it has been used in some
studies [12, 29]. To ensure consistency with the latest experimental findings, simulations
should now account for these discrepancies by defining a specific kinetic rate for each pair of
interacting DNA strands in the system.

A final limitation pertains to the kinetics rates of enzymatic processes. In DACCAD,
users can adjust the Michaelis-Menten constants of all enzymatic processes. Nevertheless,
these constants are not derived from an enzyme concentration, which could be more intuitive
and user-friendly. Additionally, these rates should be derived from multiple parameters,
including salt concentrations, temperature, and template sequences.

In the following sections, we present PENSim, a toolkit for generating and solving the
ordinary differential equations (ODEs) of PEN-DNA systems. This tool addresses most of
the limitations of previous approaches and enables qualitative reproduction of the behavior
of complex and recent systems, which are based on inactivation mechanisms.

4 Kinetics and rates computation

In this section, we describe how the kinetic rates used in PENSim are computed. We first
present DNA hybridization dynamics, then enzymatic reactions, and finally discuss their
limitations.

4.1 DNA hybridization

The overall chemical equation for DNA hybridization between strands A and B is

A+B a2 AB
off
where AB is the DNA duplex formed by A and B, and ko, and kg are the association and
dissociation rates.
The association reaction is first-order in each reactant, described by d[dAtB] = kon[A][B]
with ko typically ranging between 7 x 10° and 3 x 107 M~* - s~ [1, 39].
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The dissociation reaction is also first-order, described by d[‘gtB] = —kog[AB] with kog
typically ranging between 6 x 1076 and 4 x 103 s~ [1, 39].
At equilibrium, the concentration of AB is constant and kon[A][B] = kog[AB]. The
dissociation constant Kp, which quantifies the equilibrium binding affinity, is given by:
[AIB] _ Forr

Kp = W = Koon (1)

Under the quasi-equilibrium hypothesis, ko, can be derived from ko (or vice versa), if
the dissociation rate is known. In DACCAD, a global ko, value of 3.3 x 10°M ™" 57! and a
signal-specific Kp of 74.328 x 1079 M are used by default, unless otherwise specified by the
user.

4.1.1 An automatized computation

Decades of research into the mechanism of hybridization have led to a deep understanding of its

thermodynamics, resulting in the development of detailed computational models [16, 30, 38].

However, many questions remain regarding its kinetics and dynamics.

Recent advances include coarse-grained computational models that describe hybridization
as a two-step process: nucleation of a critical base-pair stretch followed by rapid zippering [8,
22]. Tools like Multistrand, which simulates nucleic acid kinetics using continuous-time
Markov chains, enable the exploration of folding pathways and reaction rates [17, 31].

Another approach involves developing nearest-neighbor (NN) thermodynamic models to
compute association and dissociation rates directly from the sequence, similar to how free
energy is calculated [26, 30]. This approach is based on the Eyring equation, which computes
the rate of a chemical reaction:

_ kgT AGH
=y o (‘m) @)

where:
T is the temperature,
kp is the Boltzmann constant,
h is the Planck constant,
R is the gas constant,
AG? is the Gibbs energy of activation.
The Gibbs energy of activation can be computed using the thermodynamic equation:

AGY = AHY — TAS? (3)

where AH?* is the enthalpy of activation and AS?* is the entropy of activation.

The nearest-neighbor model designed by Rejali et al. [26] allows the computation of the
enthalpy and entropy of activation from the DNA sequence. The article provides two NN
models for association and two for dissociation, each corresponding to one of two buffer
conditions: 1.0 M NaCl or 2.2mM of MgCls,.

For dissociation, the models demonstrated high accuracy: in 1.0 M NaCl, predicted
dissociation rates were within 3-fold of literature data. However, for association, predictions
were less accurate, with NN predictions differing from experiments by 35 + 30% even on
the training data. This discrepancy is attributed to weak temperature dependence and
overparameterization of the NN terms.
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Given that the thermodynamics of hybridization are well-studied and models are well-
established, we aim to ensure that our computed rates are consistent with the dissociation
constant Kp. To achieve this, we use only one of the nearest-neighbor (NN) models — either
for association or dissociation — and derive the complementary rate from the Kp value
computed using NUPACK ([38].

Although NN models for association are less accurate, and exhibit weaker dependence
on thermodynamic parameters — such as sequence length and temperature — we chose to
derive kog from k,, in PENSim. When the reverse approach is taken, even small errors in
the computation of k.g are amplified upon division by Kp, rendering ko, overly sensitive to
variations in sequence length and temperature. A detailed comparison of these approaches
is available in the file resources/comparison_computation_kon_koff.ipynb in the Git
repository and in Figure 9 (Appendix).

4.1.2 Coaxial stacking slowdown

At a nick, adjacent bases undergo collaborative stabilization through coazial stacking, which
slows the release of both input and output strands. This effect depends on the bases located
at the nick site. Early studies in DACCAD estimated realistic slowdown values based on
the data available at the time [2, 24, 37]. However, due to experimental constraints, these
studies could only measure stacking interactions between base pairs, not between individual
bases. This has prevented knowing stacking energies between A and C for example, because
in the context of a duplex this would be necessarily paired with stacking of the hybridized
bases (T and G in this example).

Recently, a study using a centrifuge force microscope advanced our understanding of
coaxial stacking energy by directly measuring the unbinding slowdown [25]. Building on these
findings, we incorporated the updated values into our model, automating the computation
to account for temperature and nick sequence using the formula:

AG’stack

stack_slowdown = exp (RT)

This refinement shifts the reference slowdown value in DACCAD from 0.2 to 0.035, as initial
works had underestimated the coaxial stacking energy.

4.1.3 Limitations

Despite the improved accuracy of our hybridization kinetic rate computations, several
uncertainties need to be pointed out. First, the NN model was calibrated specifically for
1.0 M NaCl, which does not match the buffer conditions used in PEN-DNA systems — which
usually contain 0.07 M monovalent ions and 0.0125 M bivalent ions. Note that although these
buffer conditions do not match, this is not a major concern for qualitative predictions, since
all association rates ko, are relatively close from each other. System behavior is primarily
determined by the dissociation rates, which are computed through NUPACK using the actual
buffer concentrations. For example, a DNA strand will bind at nearly the same speed to
a shortened converter template and to its full-length counterpart, but it will unbind much
more quickly from the shortened version.

Second, regarding again association rates, the NN model neglects the impact of secondary
structures on kinetics, prioritizing computational speed over accuracy. More sophisticated
approaches, such as Multistrand or molecular dynamics simulations, could refine these
computations [1, 17].
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Finally, chemical modifications to the DNA backbone — such as 5’ phosphorothioate — are
known to affect both kinetic and thermodynamic constants [1, 6]. Since these modifications
are employed in the PEN-DNA toolbox to prevent degradation, the release of output signals
may be accelerated. Additionally, the presence of netropsin, used to stabilize PEN-DNA
systems, may further alter all kinetic rates.

4.2 Enzymatic reactions

All enzymatic processes in this study are described using Michaelis—Menten kinetics, under

the quasi-equilibrium hypothesis [28]. In the case of several reactions using the same enzyme
d[P;]
dt

(S; EN P;), their competitive behavior is modeled by the rate equation = enz; - [S;],

where the effective enzymatic activity, enz;, is given by:

kcat,i : [E]total
S.
Ko (145, %)

enz; =

where:
[P;] and [S;] are the product and substrate concentrations (in nM),
kcat,i is the catalytic rate constant associated to the i-th enzymatic process,
K; is the Michaelis constant (in nM) associated to the i-th enzymatic process,

[E]total is the total enzyme concentration (in nM, or in units/mL).

For simplicity, PENSim assumes that all catalytic rate constants (kcat,i) and Michaelis
constants (K;) are identical for a given enzyme, except for the polymerase. For this enzyme,
we distinguish two cases: whether it is displacing the output strand or not. Rates associated
with this special case are denoted with the suffix _displ in subsequent sections.

4.2.1 Rates computation

In PENSim, we adopted the same enzymatic kinetic constants as those used in DACCAD
processes involving polymerase, exonuclease, and the Nt.BstNBI nickase enzyme, based
on the study by Padirac et al. [2, 23]. However, we modified the approach to compute
Vinax = Keat - [Fltotal directly from the enzyme concentration, enhancing user-friendliness.

Additionally, we incorporated the distinct kinetic constants of the Nb.Bsml nicking
enzyme, which differ from those of Nt.BstNBI, as measured by Montagne et al. [19]. All
kinetic rates are summarized in Table 1 (Appendix).

4.2.2 Limitations

All enzymatic rates depend on temperature, salt conditions and template sequence [11, 18].
While we currently use constant rates for simplicity, this approach will be refined in future
work, as precise method for measuring enzymatic rates are available [11]. Additionally, the
polymerase rates described here apply to the Bst DNA polymerase. To our knowledge,
no measurements exist for the Vent(exo—) polymerase, which is also used in PEN-DNA
systems [18, 21].

Intuitively, these remarks primarily limit quantitative predictions. However, one should
also note that, since enzymatic parameters are fixed as constants, this likely impacts qualit-
ative explorations of temperature and buffer conditions as well.
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5 Overview of PENSim

5.1 Installation and code organization

PENSim is a piece of software developed in Python. It relies on basic packages but also on
NUPACK for computing the kinetic constants [38]. PENSim is publicly available on this Git
repository: https://github.com/GwendalDucloz/PENSim.

PENSim can be installed by following the instruction in the README. The main code is
organized into three files:

strands.py defines the DNA strands classes, as described in the following subsection.

rates.py manages all the kinetics rates, as detailed in Section 4.

PEN_System.py is the core file for system setup, ODEs generation, simulation execution,

and result visualization (including graph-like representations).

5.2 Species and equations

As previously described, the system is simulated using an ordinary differential equation
(ODE) of the form: ‘C% = f(x), where each coordinate z; of the variable vector x represents
the concentration of a species within the PEN-DNA system. This species may be a single
strand or a complex of strands.
Four classes of species are defined in the strands.py file:
Signal: Can exist in two states:
alone: Free in solution.
drained: The Signal once inactivated by a drain template, free in solution.
Drain: Can exist in three states:
alone: Free in solution.
in: Bound to the target signal.
ext: Bound to the inactivated signal.
Template: Can exist in six states:
alone: Free in solution.
in: Bound to its input signal.
out: Bound to its output signal.
ext: Bound to its extended input signal (via polymerase activity).
both: Bound to both input and output signals.
in_drained: Bound to an inactivated input strand.
Note 1: The state where the template is bound to an inactivated output strand was not
implemented, as it is suspected not to significantly inhibit the system.
Note 2: Irreversible Template includes an additional state called load. It corresponds to
the initial binding step of the input signal to the template before irreversible extension.
The in state refers to the irreversible binding of the extended input (illustrated in Figure 6).
Reporter Template: Shares the same states as reversible templates, except for
in_drained, which cannot open the hairpin structure of reporter templates.

The ODEs for all species are computed by decomposing each reaction into either
(de)hybridization or enzymatic processes (see Section 4). An overview of the resulting
system of equations is provided in Appendix D (Appendix), while the full set of equations is
available in the resources/ folder within the accompanying Git repository.

Importantly, in addition to hybridization and enzymatic processes, we must account for
a polymerase default behavior: even in the absence of an input signal, conversion can be
spontaneously initiated by spurious polymerization or impurities [19]. This phenomenon,
referred to as leak, is modeled in PENSim by defining a leak rate, which quantifies the
fraction of polymerase molecules initiating spurious reactions.
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5.3 Tutorials

Tutorials of use are available in the tutorials/ directory of the accompanying Git repository.
The notebook tutoriall_basic.ipynb guides users through basic simulations of a PEN-
DNA system, covering;:

1. System definition: Specifying experimental conditions (temperature, salt concentra-
tions, enzyme concentrations, and polymerase leak rate) and the main species (signals,
drain templates, converter templates, and reporter templates).

2. Simulation execution over a predefined time range.

3. Result visualization: Plotting species concentrations and fluorescence (reporter tem-
plates/EvaGreen dye).

4. System validation: Checking kinetic rates and graph-based coherence.

This tutorial illustrates a simple system with the mechanisms presented in Figure 1 (conver-

sions, inactivation, killing conversions, reporting).

Two additional tutorials explore other simulable scenarios, including systems with multiple
versions of the same signal strands, templates degraded by exonucleases, and 3’ shortened
templates extended by polymerase.

6 Validation

In this section, we validate PENSim across three representative classes of PEN-DNA systems:
dynamical systems (bistability), sensing circuits (microRNA detection), and computational
architectures (neural networks). Unless otherwise specified, all simulation parameters are
directly sourced from the referenced articles. The only tuned parameter is the polymerase
leak rate, which is generally set to 6 x 10~7, unless specified otherwise. All simulations are
available in the validation/ folder within the Git repository.

6.1 Bistable systems and inactivation process

A key contribution of this article is the ability to simulate the inactivation process (described
in Section 2). Our first validation demonstrates that the simulated process exhibits the same
behavior as experimentally observed in the study from Montagne et al. [19]. The simulation
is available in the notebook validation/drain_validation.ipynb in the accompanying
Git repository.

Specifically we simulate a system comprising a single signal «, its autocatalytic template,
and a drain template, as schematized below:

Our simulations qualitatively confirm the following main behaviors, as detailed in the
original article:
1. Self-reproduction and equilibrium of «
In the absence of drain templates, « self-reproduces through conversion until it reaches
equilibrium, where its production is balanced by degradation via exonuclease. However,
this amplification spontaneously starts even without «, due to polymerase leak.
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Drain templates are introduced to capture and inactivate self-produced «, thereby slowing
the self-activation. Beyond the critical drain concentration, a bifurcation occurs, stabilizing
the [o] = 0 nM state. Past this point, the system becomes bistable, exhibiting either no «
or a stable positive concentration.
The critical drain concentration is determined by defining the start time (C;) as the time
at which the concentration of a reaches 20% of its maximal value. This concentration
corresponds to the point where 1/C; reaches 0, with 1/C; set to 0 in the absence of
amplification. This process is illustrated in Figure 2.

2. Impact of drain template length
The longer the drain template, the slower the inactivated strand («’) dissociates, reducing
the efficiency of the inactivation process. Consequently, longer drain templates require
a higher critical drain concentration to achieve bistability, as revealed in Figure 10
(Appendix).

3. Effect of shortened 3’ end in the autocatalytic template
Thermodynamic predictions indicate that a shortened 3’ end in the autocatalytic template
enhances the binding affinity of « for the drain template (which exhibits a full length
interaction). As a result, inactivation becomes more efficient, and the critical drain
concentration decreases as the 3’ end of the autocatalytic template is shortened. This
behavior is presented in Figure 11 (Appendix).
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Figure 2 1/C; versus drain concentration for simulated (left, blue) and experimental
data (right, red) adapted from Montagne et al. [19]. In the simple autocatalytic network, self-
initiation occurs spontaneously at a drain concentration of 0. As the drain template concentration
increases, it first delays and eventually suppresses this self-initiation. In this simulation, the leak
rate has been set to 2 x 107",

Furthermore, in an analog bistable system using ~ instead of «, we simulated the system’s
switch-on and switch-off behavior by triggering either v (on) or dT7 (off). The simulations
successfully reproduced the expected  concentration dynamics and the experimentally
measured fluorescence signals (EvaGreen and red Cy3.5), as shown in Figure 3.

This result contrasts with previous attempts in DACCAD, where simulations of drain
templates were reported to result in unexpected behavior: the system switched off only after
spiking a large concentration of drain species over several minutes [3]. This discrepancy
likely arose because (de)hybridization kinetics were modeled identically for both signal-drain
template and signal-converter template interactions.
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Figure 3 Simulation and experimental comparison of bistable system dynamics. The
first two curves (top) are from our simulation, triggered by spiking either 20 nM of v (switch-on) or
340 nM of drainvy (switch-off). The yellow curve represents the normalized concentration of -y, while
the red and green curves correspond to normalized EvaGreen and red Cy3.5 fluorescences. The third
curve (bottom) is adapted from Montagne et al. [19], where the system is toggled using 20 nM of v
and 60 nM of drain-~y.

6.2 Sensing systems: microRNA detection

Gines et al. recently developed PUMA, an isothermal, digital detection method for microR-
NAs (miR) using a PEN-DNA circuit [12, 18, 29]. This system integrates an irreversible
converter template, an autocatalytic template, a drain template and a reporter template, as

illustrated below:
miR M \):3>

Qualitatively, our simulations demonstrate the system’s ability to detect microRNA
concentrations as low as femtomoles, validating the use of different nickases in the same system
(Nt.BstNBI and Nb.Bsml), reporting, and irreversible templates implementations. The
simulation files are available in validation/PUMA_simulation.ipynb on the Git repository,
and the result is presented in Figure 4.

Moreover, our model validates the presence of modified signal variants, where additional
bases are truncated at the 5’ end and extended at the 3’ end, while maintaining compatibility
with the autocatalytic template. Specifically, the converter template produces the strand
called a+2-2, which binds to the autocatalytic template with two bases downstream of the
nicking position. This modification biases the thermodynamic, favoring the input region of
the autocatalytic template, relative to the drain template, thereby altering the kinetics.
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Figure 4 Simulated (left) and experimental (right) PUMA system. The experimental data
are adapted from Masurier et al. [18]. The simulation was conducted at 50°C using concentrations
of 0.5 nM converter template, 50 nM autocatalytic template, 9.66 nM drain template (compared
to 6 nM in the experimental data), and 50 nM reporter template. Measurements were taken over
a time range of 1000 minutes (extended from 300 minutes in the experiment). In both cases, the
detection limit of the system is approximately 100 fM.

6.3 Neural network simulation

The PEN-DNA toolbox has been demonstrated to enable the implementation of neural
networks [21]. From a theoretical perspective, this proof of concept is significant, as it
establishes that PEN-DNA systems are functionally complete and may be capable of Turing-
complete computations under idealized conditions (e.g. unbounded precision and infinite
memory). Thus, the ability to accurately simulate neural networks serves as a critical
validation for our simulator.

The capability of PENSim to simulate neural networks is demonstrated in the notebook
validation/neural_network_simulation.ipynb (available in the Git repository) and is
illustrated in Figure 5. The simulator qualitatively reproduces the behavior of positive-
weighted linear classifiers (exhibiting a negative slope) with respect to converter and drain
template concentrations. It also approximates the behavior of negative-weighted classifiers
(exhibiting a positive slope) with respect to temperature, aligning with experimental results
reported by Okumura et al. [21]. From a logic gate perspective, positive-weighted classifiers
function as AND gates, while negative-weighted classifiers behave as AND-NOT gates.

7 Conclusion

The PENSim package enables the simulation of complex reactions based on the PEN-DNA
toolbox, expanding the scope of previously simulable systems on DACCAD by incorporating
new mechanisms used in recent studies. It also enhances quantitative precision through a
novel method for computing kinetic rates, grounded in thermodynamic properties such as
DNA sequences, temperature, and salt concentrations. This advancement addresses many of
the limitations inherent in previous tools.

PENSim has been validated by simulating previously experimentally characterized systems,
including bistable systems [19], microRNA detection circuits [29], and linear classifiers based
on neural network architectures [21]. In all cases, PENSim produced qualitative results that
faithfully replicate experimental behaviors. This makes it a valuable tool for designing and
validating experiments in silico before laboratory implementation, while also allowing users
to explore the impact of critical parameters such as DNA lengths and temperature.
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Figure 5 Simulation (top, blue) and experimental (bottom, green) results for linear
classifiers. Simulations were conducted using the same configuration as the experiments, from which
the bottom figure is adapted [21]. The only deviation is the polymerase concentration, which was
set to half the experimental value, as PENSim was calibrated using Bst polymerase rates, whereas
the experiments used Vent (exo—) polymerase — known to be slower. Another difference is that the
right system was simulated at 46°C instead of 45°C. The left system represents a positive-weighted
classification, while the right system represents a negative-weighted classification. The underlying
PEN-DNA systems are schematized at the top. Qualitative behaviors align between simulations

and experiments, with the positive-weighted classification showing strong quantitative agreement.

However, the negative-weighted classification exhibits less quantitative agreement, as the slope is
significantly flatter than in experiments.
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However, PENSim is not yet a quantitative oracle. While it significantly improves qualit-

ative accuracy and modeling scope, several challenges remain to achieve fully quantitative

simulations. Intuitively, the major obstacles, from most to least important, are:

1.

Enzymatic reactions are insufficiently characterized. In our simulator, kinetic rates are
currently modeled as dependent solely on enzyme concentrations, despite their known
dependence on temperature and salt conditions. The existing rates were measured under
different experimental conditions (e.g., buffer, temperature) than those used in recent
systems. Additionally, enzymes such as Vent(exo-) polymerase (now often used instead of
Bst) have not been measured in any PEN-DNA buffer. Enzymatic activity is also highly
sequence-dependent, with rates varying by up to threefold between templates [18].

. To our knowledge, polymerase leak rates are currently uncharacterized. In the previous

simulations, this rate was set to 6 x 1077, as this value yields convincing results with
respect to enzymatic activities. While this parameter did not affect the qualitative
agreement of the simulations, it remains a major obstacle for achieving quantitative
accuracy.

. Hybridization rates are still not fully understood. Our approach does not account for

secondary structures or chemical modifications, which may significantly affect reaction
dynamics. Moreover, the computation of association rates in PENSim was calibrated for
a specific buffer condition, differing from the usual conditions in PEN-DNA systems.

. Non-specific interactions, such as cross-talks and secondary structures, are not currently

modeled, further limiting quantitative accuracy.

Future work

To enhance the capabilities of PENSim, we plan to pursue the following improvements:
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A Additional mechanisms and figures about the PEN-DNA toolbox

The mechanisms presented in Section 2 can incorporate additional features. For example,
the converter template can act as an irreversible template, if it includes an extra domain
between its input and output region (depicted in violet in Figure 6). In this configuration,
once the polymerase extends the input strand, the template becomes “loaded”. Since the
nickase cleaves after the extended domain, the resulting extended « strand (comprising green
and violet domains) remains stably bound to the template at the working temperature. This
irreversible template continuously produces the 8 output signal.

B
« pol ick
e Mgt oo T

T . i s .
cTaf Conversion with irreversible templates

Figure 6 Schematic of the conversion with irreversible template. The converter template
contains an extra domain (violet) that irreversibly binds the input once it is extended.

Another feature of the converter template involves its 3’ end, which can be shortened by a
couple of bases. While unbinding from shortened templates occurs faster than from standard
templates, the overall binding is less thermodynamically favorable. Such shortened templates
are typically used in inactivation processes, to favor pairing with the drain template. It is
important to note that the converter template is usually protected by a 3’ phosphorylation
(represented by a “P” in Figure 7) to prevent the polymerase from re-extending the strand
to its full length.
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Figure 7 Schematic of the conversion with a shortened template. A P signifies a 3’
phosphorylation, which prevents the polymerase from extending the template.
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Figure 8 Schematic of the interaction between an inactivated strand and a converter
template. Even though the strand can bind to the template, it cannot be extended by the
polymerase since its 3’ end (in blue) does not properly match the template.

B Kinetics supplement

As discussed in Section 4, deriving association rates by deriving them from dissociation rates
via NUPACK may introduce errors. Given that Kp and k.g exhibit an exponential depend-
ence on thermodynamic parameters, this approach can lead to incorrect behavior in k,,. For
example, Figure 9 illustrates this exponential temperature dependency. Further exploration
of these behaviors is available in the notebook comparison_computation_kon_koff.ipynb
in the resources/ folder in the Git repository.

C \Validation supplement

As explained in Section 6.1 and illustrated in Figure 10, the critical drain concentration
required to achieve bistability increases with the drain template length. Experimentally,
however, this behavior does not fully align with theory, as a single mismatched nucleotide
may not be sufficient to completely prevent polymerase extension of the input signal [19].

The simulation closely matches the measured behavior for 3’-shortened converter tem-
plates, as shown in Figure 11: the critical drain concentration decreases as the shortening
size increases. However, even at 43°C (instead of 45°C), the system fails to self-start in the
absence of the drain template for a shortening of 3 nucleotides. This is primarily because the
input signal unbinds faster than the polymerase can extend it. This effect may be addressed
in future work, once temperature-dependent enzyme activities will be incorporated.

D ODE construction

Following the schematic in Figure 1, the ODE function f(x) is computed by decomposing
each reaction into either (de)hybridization or enzymatic processes (see Section 4). This
decomposition results in a system of equations, which are briefly outlined here. The rest of
the full set of reactions is provided in the resources/ folder in the Git repository, along
with its modifications for complex features.
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Figure 9 Comparison of the four ways to compute the hybridization rates applied to the
DNA sequence TAATCGGCAGGT. For dissociation (and association), two nearest-neighbor (NN) models
from Rejali et al. [26] are employed, along with two additional models derived from the NN models
for association (and dissociation), as explained in Section 4. NN1 refers to the model designed for
1 M NaCl, while NN2 refers to the model developed for 2.2 mM MgCl,. The association rates, when
derived from the dissociation ones, suffer from an exponential dependency on the temperature.
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Figure 10 Simulated behavior of 1/C; versus drain concentration for drain templates of
varying lengths. The legend indicates the length of the inactivation tail of the drain templates.
The critical drain concentration increases with drain template length, indicating reduced inactivation
efficiency for longer templates.
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Figure 11 Normalized o concentration over time for templates of varying shortened
lengths. The top panel shows results from our simulations (at 43°C), while the bottom panel presents
experimental data adapted from Montagne et al. [19] (at 45°C). The critical drain concentration
decreases with template length, reflecting enhanced inactivation efficiency for shorter templates.
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We use the following notation:

s denotes standalone signals, sq, inactivated signals, d drain, and tmp stands for template,
with sip and st as its input and output signals.

[X] denotes the concentration of species X.

kon(X,Y) and kys£(X,Y) are the binding and unbinding rates between species X and Y.
leak(tmp) is the leak rate of template tmp.

stack(tmp) is the unbinding penalty coming from the stability increase from the coaxial
base-stacking interaction between the input and output signals. stack is computed as
detailed in Section 4.

exo, nick, and pol represent the effective enzymatic activities of exonuclease, nickase,
and polymerase enzymes, respectively. pol_displ is the specific effective activity of the
polymerase when displacing the output signal strand.

polV([polymerase],T) = [polymerase] - k2%, where kP9 is the catalytic rate constant of
the polymerase.

polK is the Michaelis constant of the polymerase and polK_displ the one for the
polymerase when displacing the output signal strand.

All concentrations and enzyme activities depend on time, but we omit the (t) term for
readability.

alone signal equation:

flux_in(s) = Z < koft(s, tmp) - [tmp;, ()] (s unbinds from in)
t;‘gu‘;v}i‘sosse + Eogi(s, tmp) - stack(tmp) - [tmpy.,(s)] (s unbinds from both)
— kon (s, tmp) - [8] - [tmDP,10ne) (s binds to alone)
— kon(s, tmp) - [s] - [tmp, ) ) (s binds to out)
flux_out(s) = Z ( Kot (s, tmp) - [tmp,, . (3)] (s unbinds from out)
f)rl’ft%lvlvthiossg + Eogi(s, tmp) - stack(tmp) - [tmpy.,(s)] (s unbinds from both)
— kon (s, tmp) - [s] - [tmP,ione) (s binds to alone)
— kon(s, tmp) - [8] - [tmp;,] (s binds to in)
+ pol__displ - [tmpy, o] (pol displacement)
+ leak(tmp) - polV([pol], T) - [tmpalone]> (polymerase leak)

d
% = flux_in(s) + flux_out(s) (interactions with templates)
+ Z ( Eost(s,d) - [din] (s unbinds from the drain)
jahose N kon(s,d) - [s] - [dalonc]> (s binds to the drain)

— 145 not protected} - €XO0 - [3] (exonuclease degradation)
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alone drain equation:

%[dalone] = kott(Sar,d) - [dext] (inactivated signal unbinding from drain)
+ kot (s, d) - [din] (signal unbinding from in)
— kon(s,d) - [s] + [datone) (signal binding to alone)
— kon(Sdrs d) - [datone] * [Sar] (inactivated signal binding to alone)
+ flux_ out(d) (created drains by conversion)
— 1{d not protected} * €X0 - [dalone] (exonuclease degradation)

both template equation (for reversible or irreversible):

d . o
%[tmpboth] = kon(Sin, tmp) * [Sin] - [tMPy4) (input binding to out

+ Eon(Sout, tmp) - [Sout] - [tmp;y] (output binding to in
— kot (Sin, tmp) - stack(tmp) - [tmpy, ] (input unbinding from both

)
)
)
— kot (Sout, tmp) - stack(tmp) - [tmpy, ]  (output unbinding from both)
— pol__displ - [tmpy,g4,] (polymerase binding to both)

)

+ nick - [tmpg,] (nicking enzyme binding to ext

Effective polymerase activity:

polV([polymerase], T)
OlK(T)- (143, Atmeul 4 s~ ] 4 5~ [ompnen)
p tmp polK(T) d polK(T) tmp polK_displ(T)

pol =

Enzymatic kinetic constants

Table 1 Table of the enzymatic kinetic constants used in PENSim, along with the
temperature they have been measured at. (u.a.) means nM - min™" - (units/mL) ™.

Enzymes keat K (nM) | Reference Temperature
pol 41.1 (u.a.) 80 42°C
pol displ | 8.2 (u.a.) 5.5 42°C
€x0 6 min~! 440 42°C
Nt.BstNBI | 1.8 (u.a.) 30 42°C
Nb.BsmI | 0.19 (u.a.) 9 45°C
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