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In order to maintain genomic integrity, DNA repli-
cation must be highly coordinated. Disruptions in
this process can cause replication stress which is
aberrant in many pathologies including cancer. De-
spite this, little is known about the mechanisms
governing the temporal regulation of DNA replica-
tion initiation, thought to be related to the limited
copy number of firing factors. Here, we present
a high (1-kilobase) resolution stochastic model of
Saccharomyces cerevisiae whole-genome replica-
tion in which origins compete to associate with lim-
ited firing factors. After developing an algorithm to
fit this model to replication timing data, we validated
the model by reproducing experimental inter-origin
distances, origin efficiencies, and replication fork
directionality. This suggests the model accurately
simulates the aspects of DNA replication most im-
portant for determining its dynamics. We also use
the model to predict measures of DNA replication
dynamics which are yet to be determined experi-
mentally and investigate the potential impacts of
variations in firing factor concentrations on DNA
replication.
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Introduction
To maintain genomic integrity, DNA replication must be
tightly controlled to ensure that the entire genome is
replicated precisely once per cell cycle (Blow and Dutta,
2005). In eukaryotes, replication initiates from multiple
sites across the genome known as origins of replica-
tion. While the assembly and major enzymatic activity
of the replisome is conserved across eukaryotes, there
is considerable variability between species as to what
genomic features cause loci to act as origins of repli-
cation. In Saccharomyces cerevisiae, origins occur at
defined sequences known as autonomously replicating
sequences (ARS) (Stinchcomb et al., 1979). This, along
with their short cell cycle and simple, well-understood
genome (Goffeau et al., 1996), makes S. cerevisiae
a good model organism for studying DNA replication.
Each ARS shares a common ARS consensus sequence
(ACS), which is essential but not sufficient for replication
initiation. Local chromatin architecture and nucleosome
positioning are also thought to influence the locations of

origins (Eaton et al., 2010; Li et al., 2022). The locations
of 829 S. cerevisiae origins have been mapped and are
available in OriDB (Siow et al., 2012).
As depicted in Figure 1a, DNA replication initiation at
origins is divided into two temporally distinct stages: li-
censing and firing (reviewed in Costa and Diffley, 2022).
Licensing involves loading of the core of the replica-
tive helicase, the MCM2-7 complex, onto replication ori-
gins and occurs at low levels of cyclin-dependent kinase
(CDK) and Dbf4-dependent kinase (DDK) activity during
late-M and G1 phases of the cell cycle. The process be-
gins with the origin recognition complex (ORC) binding
to origins in an ATP-dependent manner. Subsequent
recruitment of Cdc6 and MCM2-7/Cdt1 proteins facili-
tates the loading of a head-to-head double-hexamer of
the MCM2-7 replicative helicase around the duplex ori-
gin DNA. Importantly, in this form, the MCM2-7 complex
is inactive. The resulting pre-replication complex (pre-
RC) licences the origin for replication (Bell and Dutta,
2002). The transition from G1 to S phase is accompa-
nied by increased CDK and DDK activity that facilitates
origin firing, which involves conversion of the inactive
MCM2-7 double hexamer to two active CMG helicases
(Reusswig and Pfander, 2019). Increased CDK activ-
ity also inhibits further licensing, thereby ensuring only
one round of replication per cell cycle. The process of
origin firing is driven by the coordinated action of mul-
tiple proteins, collectively referred to as “firing factors”.
DDK-mediated phosphorylation of the pre-RC drives re-
cruitment of the Sld7-Sld3 complex and Cdc45 (Ramer
et al., 2013). Away from the DNA, Sld2 binds to GINS
and Pol-ϵ. Phosphorylation of Sld2 and Sld3 by CDK
allows both to bind to Dpb11, bringing together their as-
sociated proteins at the origin to form the pre-initiation
complex (pre-IC) (Zegerman and Diffley, 2007). Sld2,
Sld3, and Dpb11 then depart, leaving the remaining
CMG helicase (Cdc45, MCM2-7, GINS) and pol-ϵ. Sub-
sequent binding of MCM10, along with other replica-
tion factors, results in origin firing by allowing rearrange-
ments of CMG and origin DNA to form the active repli-
some (Boos and Ferreira, 2019). DNA synthesis then
progresses bidirectionally from each fired origin until
replication forks are terminated by either converging or
reaching the ends of chromosomes (Dewar and Walter,
2017).
Three important and related quantities in genome repli-
cation are DNA replication timing, origin efficiency, and
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(a) (b)

Figure 1. Initiation of DNA replication.
(a) Mechanism of DNA replication initiation at origins. Licensing occurs during G1 at low levels of DDK and CDK activity. Firing occurs during S phase at high levels
of DDK and CDK activity. (b) DNA replication initiation as represented in our model. Our model simplifies DNA replication initiation to the S phase, representing all
necessary proteins for origin firing as a single “firing factor”. This factor binds to origins with different affinities and is subsequently recycled for future use. Created in
BioRender.com.

origin firing probability (reviewed in (Rhind, 2022a)).
DNA replication timing refers to the time in S phase
when a genomic locus replicates, often measured over
a population of cells. However, only a fraction of li-
censed origins fire in each cell and the subset of puta-
tive replication origins that fires is stochastic; it varies
cell-to-cell and over successive cell cycles (McCune
et al., 2008; Czajkowsky et al., 2008; Wang et al.,
2021b; Bechhoefer and Rhind, 2012). Hence, the repli-
cation timing within a particular cell may deviate from
the population average (Dileep and Gilbert, 2018). This
stochastic nature leads to the concepts of origin effi-
ciency and origin firing probability. An origin’s efficiency
is defined as the fraction of cells in which that origin fires
(Newlon and Theis, 1993) while an origin’s firing proba-
bility is the probability that an origin fires at a particular
time in S phase. Firing probability is often modelled as
an exponential distribution such that the rate of origin
firing is the sole parameter that determines the shape
of the distribution. Origins that do not fire are passively
replicated by forks from neighbouring origins. However,
these dormant origins still serve an important purpose:
They increase the robustness of whole-genome replica-
tion by serving as a reserve pool that can be activated if
primary origins fail or if replication is challenged, thereby
ensuring complete and efficient DNA duplication (Das
et al., 2014).

The essential firing factors Sld2, Sld3, Cdc45, Dpb11,
and the DDK subunit Dbf4 have all been found to be
in low abundance in S. cerevisiae. Overexpression of
these leads to premature firing of late origins (Mantiero
et al., 2011; Tanaka et al., 2011). An origin’s affin-

ity for firing factors is influenced by multiple factors in-
cluding chromatin accessibility and nuclear localisation
(Knott et al., 2012; Kitamura et al., 2006; Boos and Fer-
reira, 2019). Stochastic firing means that, whilst the
replication timing profile is reproducible at a popula-
tion level, the set of origins that fire and their precise
firing times differ between cells and cell cycles (Cza-
jkowsky et al., 2008; Wang et al., 2021b; Retkute et al.,
2011). Therefore, single-molecule methods such as
DNA fibre analysis are needed to study details of DNA
replication which are smoothed out in population av-
eraging obtained from bulk experiments (Bianco et al.,
2012; Quinet et al., 2017). However, these techniques
tend to have low throughput, and while recent long-read
sequencing (Müller et al., 2019; Hennion et al., 2020;
Theulot et al., 2022) and optical mapping (Wang et al.,
2021a) techniques have expanded the toolkit to study
DNA replication, mathematical models are a valuable
complement to these techniques to study DNA replica-
tion dynamics.

Previous work on mathematical modelling of DNA repli-
cation in S. cerevisiae has employed analytical mod-
els based on the Kolmogorov-Johnson-Mehl-Avrami
equation to derive local, time-dependent firing rates,
capturing genome-wide stochastic initiation patterns
(Baker et al., 2012; Yang et al., 2010). Determinis-
tic models have also used origin positions and fork
migration rates to predict replication timing profiles
(Spiesser et al., 2009), while other studies have high-
lighted how stochastic origin usage enhances replica-
tion robustness (Hyrien and Goldar, 2010). Addition-
ally, other models characterised origin firing on chromo-
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some 6 by defining each origin’s competence, reflect-
ing firing probability through pre-RC assembly, and a
Gaussian-distributed activation time (de Moura et al.,
2010; Retkute et al., 2012). Whilst fast to compute,
none of these modelling approaches includes firing fac-
tors. Rate-limiting firing factors were incorporated into
a stochastic model by Arbona et al. (2018) in which fir-
ing factors were loaded into the system gradually and
traveled with the replication forks, being released upon
fork termination. While this is thought to be the case
for Cdc45 (Tanaka et al., 2011), it does not account for
other firing factors. Stochastically varying fork speeds
were incorporated into the model by Yousefi and Row-
icka (2019). However, this contrasts with data from
(Theulot et al., 2022) which showed a consistent fork
speed across the budding yeast genome. A Bayesian
algorithm was used by Bazarova et al. (2019) to infer
the origin firing time distributions of S. cerevisiae chro-
mosome 10 from Okazaki fragment analysis. However,
this model only considered three consecutive origins at
a time and used “replicated base pairs” rather than con-
ventional time units. A more complex model developed
by Brümmer et al. (2010) attempted to describe all of the
core processes governing DNA replication initiation in
S. cerevisiae. However, the challenge of incorporating
every relevant factor restricted their model to capturing
the kinetics of early, but not late, firing origin.
Whilst a broad range of different measures of DNA repli-
cation dynamics have been investigated across the myr-
iad of existing models, differences in assumptions and
generalisations between these models makes it difficult
to compare their findings. Furthermore, many rely on
complex, rigid mathematical equations, making them
difficult to interpret and modify. To gain a better under-
standing of the core mechanisms governing DNA repli-
cation dynamics, there is therefore still a need for a DNA
replication model which is as simple as possible whilst
still capturing the main features and from which many
aspects of DNA replication dynamics can be extracted.
Here, we present a stochastic model for S. cerevisiae
whole-genome DNA replication in which origins com-
pete to associate with limited firing factors, needed for
initiation, which then recycle to be used again (Figure
1b) (Mantiero et al., 2011).

Materials and methods
The simulation

Origin positions. We obtained the positions of origins
from OriDB (Siow et al., 2012), which catalogues 829
origins, classifying them as ‘Confirmed’ (410), ‘Likely’
(216), or ‘Dubious’ (203). In our model, we only include
‘Confirmed’ origins (verified by ARS assays and/or 2D
gel analysis) and ‘Likely’ origins (identified in two or
more microarray studies). We excluded ‘Dubious’ ori-
gins, as these were identified by only a single microar-
ray study.

Model formulation. We created a stochastic model for
S. cerevisiae whole-genome replication in which origins
compete to associate with limited firing factors, needed
for activation, which then recycle to be used again (Fig-
ure 1b). To construct our model, we used Beacon Cal-
culus, a process algebra designed for modelling biolog-
ical systems (Boemo et al., 2020) (Figure S1). In Bea-
con Calculus, each component of the system is repre-
sented as a process capable of performing one or more
actions. The Beacon Calculus model is simulated ac-
cording to a modified Gillespie algorithm, with each ac-
tion being associated with a rate that represents the pa-
rameter of an exponential distribution. This makes mod-
els written in the Beacon Calculus inherently stochastic
and therefore well-suited to modelling DNA replication.
The simplicity of Beacon Calculus also makes it intu-
itive, straightforward to interpret, and easily modifiable.
In our model, each origin is characterised by four pa-
rameters: its chromosome, [ch]; position on the chro-
mosome [i]; chromosome length [length]; and the
rate at which it associates with firing factors, [fire].
The model was formulated such that chromosomal po-
sitions had a spatial resolution of one kilobase (kb).
Once an origin associates with a firing factor, it initiates
two replication forks which move bidirectionally, repli-
cating DNA at a constant rate of 1.4 kb/min (Friedman
et al., 1997; Yousefi and Rowicka, 2019). Forks ter-
minate when they reach either the end of the chromo-
some or an oncoming replication fork (Dewar and Wal-
ter, 2017). In our model, an origin is passively repli-
cated and therefore removed from the system when a
fork moves through its position before it can fire. After
associating with an origin, firing factors are temporarily
inactive while they are recycled for reuse. We assume
that firing factors are available immediately following the
transition from G1 to S phase (Reusswig and Pfander,
2019). Therefore, all firing factors are present from the
beginning of the simulation.
Each simulation of the model can be interpreted as
a single S-phase within an individual cell. Given the
stochastic nature of the model, each simulation yields
variable results, similar to the variability observed in in-
dividual cells (Czajkowsky et al., 2008). To capture a
representative overview of DNA replication dynamics at
the population level, unless otherwise stated, we based
our analysis on results averaged from 500 simulations
of each model.

Fitting the origin firing rates. The model was fitted to ex-
perimental replication timing data iteratively through cy-
cles of model prediction, comparing the predicted and
experimental replication timings, and adjusting the firing
rate to better fit the replication timing data. For iteration
n and origin i, we denote the origin’s firing rate as fi,n.
For the initial iteration n = 0, the firing rate at each ori-
gin was calculated using the experimentally determined
replication timing at that origin (Müller et al., 2014), Ti,
and the number of firing factors in the model, F , accord-
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ing to

fi,0 = 1
F

1
Ti

. (1)

For subsequent iterations, n+1, new firing rates at each
origin, fi,n+1, were calculated based on the previous
firing rate, fi,n, and a power (α) of the ratio of its simu-
lated replication timing, T̃i,n, to its experimental replica-
tion timing:

fi,n+1 = fi,n

(
T̃i,n

Ti

)α

. (2)

The parameter α was set to 1.2 to achieve efficient fitting
by balancing faster fitting times against the risk of taking
large steps that cause instability. While there are alter-
native fitting methods for unreplicated DNA fractions as
discussed in Baker et al. (2012); Baker and Bechhoe-
fer (2014); Gispan et al. (2017), this method is sufficient
to capture the prevailing firing rate distribution for given
replication timing profiles in S. cerevisiae.

Total error. The total error in replication timing was quan-
tified using the Mean Absolute Error (MAE), which was
calculated as the mean absolute difference between our
simulated replication timing and the experimental data
from (Müller et al., 2014) for each genomic locus with
1-kb resolution. The model was fit for 15 iterations, cho-
sen because the MAE’s rate of change approached zero
beyond this point indicating that further iterations would
not substantially improve the fit. The model with the low-
est MAE over the fitting iterations was selected as the
final model used for the results in this paper.

Model configuration. The essential firing factor identified
to have the lowest copy number is Dpb11, estimated at
200 (Tanaka et al., 2011). For simplicity, we assume
that Dpb11 is rate-limiting and therefore set F =200.
While the recycling rate is more difficult to estimate, this
parameter was set conservatively to 0.05 such that the
expected recycling time would be approximately one-
third of S phase. While the model’s robustness meant
that it was also able to be fitted using a range of dif-
ferent combinations of firing factor copy numbers and
recycling rates, all analysis in this study was based on
the fitted model configured with F =200 and a recycling
rate of 0.05.

Software and processing
Models were simulated using Beacon Calculus ver-
sion 1.1.0 (the latest available at the time of writing)
https://github.com/MBoemo/bcs, (Boemo et al., 2020).
Models, fitting algorithms, and analysis scripts are avail-
able at https://github.com/rb2065/S_cerevisiae_DNA_-
rep_model.

Results
Model convergence. The replication timing predicted by
the model converged with the replication timing data

from (Müller et al., 2014) over successive iterations to
produce a close match (Figure 2). Figure 2a shows
how the model’s prediction of replication timing com-
pares to data when using the selected model with the
lowest MAE against the data over 15 iterations. Fig-
ure 2b demonstrates how our initial predictions of origin
firing rates were improved upon by successive fitting it-
erations. As the iterations progressed, we observed the
MAE converging to a minimum value of 1.32 minutes
by the 15th iteration (as shown in Figure 2c). The R2

value obtained from comparing the experimentally de-
termined and simulated replication timings was 0.94.

Length of S phase. In our model, S phase duration is
defined by the time required, from the beginning of the
simulation, to replicate the entire genome. The mean
simulated length of S phase was 93.7 ± 10.8 minutes
(Figure 3b). This aligns with experimental findings that
place the completion of S phase at approximately 90-
100 minutes (Müller et al., 2014; Rivin and Fangman,
1980). The low variation in simulated S phase duration
shows that, despite its inherent stochasticity, our model
consistently achieves DNA replication completion within
a biologically realistic timeframe. Moreover, consistent
with experimental results, our model indicates that the
majority of DNA replication occurs within the first 60
minutes of S phase (Figure 3a).

Model validation

To validate the model, features of DNA replication dy-
namics were calculated from the output of 500 model
simulations and compared to experimental data that
was not used to fit the model.

Inter-origin distances. Inter-origin distance (IOD) is de-
fined as the length of DNA between successive origins
which fire during the same cell cycle. The mean IOD de-
termined from the model simulation was 57.4 ± 30.9 kb
(Figure 3c) and was relatively consistent across chro-
mosomes. This aligns closely with the mean IOD of
55.6 ± 30.3 kb which has been previously established
by DNA combing experiments (Devault et al., 2002).

Origin efficiency. Origin efficiencies were calculated as
the percentage of simulations in which each origin fired.
As expected, more efficient origins tended to have ear-
lier replication timings. The efficiencies of 433 of the 626
origins included our model have been previously deter-
mined experimentally from Okazaki fragment analysis
(Smith and Whitehouse, 2012). The mean absolute dif-
ference between the experimental and simulated origin
efficiencies was 18.7% ± 14%. The mean signed differ-
ence of 6.2% ± 22% is close to zero and this was rel-
atively consistent across all chromosomes (Figure 3d).
This indicates that our model’s estimation of origin effi-
ciencies is not markedly skewed towards either overes-
timation or underestimation.
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Figure 2. Fitting the model to replication timing data.
(a) Replication timing profiles from simulations using the fitted model (blue) and experimental data from (Müller et al., 2014) (orange). (b) Replication timing profile of
chromosome 1 over the fitting, highlighting the incremental convergence towards the real timing profile. Model fitting iterations are represented as a colour gradient
from light green to blue. Experimental data (orange) is also shown for comparison. (c) The change in Mean Absolute Error (MAE) in replication timing over the fitting
iterations.

Replication fork directionality. Replication fork direction-
ality (RFD) is a measure of the proportion of cell cy-
cles in which a particular position is replicated by ei-
ther the leftward or rightward moving fork. RFD ranges
from -1 to 1 where a RFD of -1 corresponds to posi-
tions which are always replicated by leftward moving
replication forks whilst positions exclusively replicated
by rightward moving replication forks have a RFD of 1.
Wu et al. (2023) have used Okazaki fragment sequenc-
ing (OK-seq) (Petryk et al., 2016) to determine the RFD
for the entire S. cerevisiae genome. As demonstrated
for chromosome 2 in Figure 3e, the simulated RFD from
our model was in relatively close agreement with this
experimentally determined RFD.
The mean percentage absolute difference between
these experimentally determined RFDs and those de-
termined by our model was 19.9% ± 16.0%. This differ-
ence can be partly attributed to the increased noise in
the experimental RFD.

Model predictions
Our model is also capable of predicting various aspects
of DNA replication that have not yet been fully explored
experimentally. While this means these predictions can-
not currently be verified by experiments, they offer valu-
able insights into the dynamics of DNA replication and
suggest directions for future research.

Active replication forks. Our model predicts the mean
number of replication forks which are active at each
time point over the simulated S phase (Figure 4a). This
reached a maximum of 200 active replication forks at 22

minutes into S phase.

Distribution of origin firing times. From our model, the
distribution of firing times for each origin can be ex-
tracted. Using a subset of chromosome 2 origins as
an example, Figure 4b illustrates how firing time distri-
butions correspond to origin efficiencies. This is shown
for all chromosome 2 origins in Figure S2. More effi-
cient origins do not necessarily fire earlier or have less
varied firing time distributions. Given the limited com-
ponents in our minimal model, this suggests position-
ing and context among other origins are more important
than efficiency in determining firing time which is con-
sistent with the discussion in (Rhind, 2022a). Addition-
ally, many origins exhibited weakly bimodal firing time
distributions, which also did not correlate with their effi-
ciencies.

Replicons. Our model’s capacity to track individual repli-
cation forks also enables the investigation of replicons,
defined as the segment of DNA replicated from a single
origin. Replicon length is an important metric for inves-
tigating DNA replication dynamics because, as well as
the efficiency of the origin in question, it is also influ-
enced by its proximity to neighboring origins and their
respective efficiencies. From our model, we calculated
the average replicon length for each origin. Figure 4c
exemplifies this for chromosome 2. As expected, there
was a strong positive correlation between an origin’s
efficiency and its average replicon length. Although
Claussin et al. (2022) have used the single molecule
technique Replicon-seq to study replicons in S. cere-
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Figure 3. Comparing simulated and experimental replication dynamics.
(a) Length of unreplicated DNA over time. (b) Distribution of the total time taken to complete DNA replication (lengths of S phase). (c) Distribution of inter-origin
distances (IODs). The mean (red) and standard deviation (orange) are shown. (d) Box plots of the signed difference between simulated and experimentally determined
origin efficiency across each Chromosome. Efficiency differences for individual origins are shown as scatter points (blue). (e) Simulated (blue) and experimentally
determined (orange) replication fork drectionality (RFD) for chromosome 2. Positions of origins are shown as red points. RFD represents the proportion leftward and
rightward moving forks which replicate each position, ranging from -1 (exclusively leftward moving forks) to 1 (exclusively rightward forks). All plots were derived from
500 simulation a version of the model in which F =200 and the recycling rate was 0.05.
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visiae experimentally, their focus on early S phase and
the potential bias of Replicon-seq towards detecting
shorter replicons limits its use for validating our model.
Furthermore, by determining replicon lengths beyond
just the early stages of replication, our model provides a
broader overview which captures the dynamics of both
early and late firing origins.

Variation in replication timing. Our model enables us to
predict variability in replication timing, as shown for
chromosome 2 in Figure 4d. Notably, we observed local
maxima in variability at the boundaries of origin clusters.
The average standard deviation for replication timings
at the origins stood at 16.82 ± 2.36 minutes whereas
the average standard deviation for replication timings
across the entire genome was slightly lower, at 15.50
± 2.14 minutes.

Influence of firing factors on DNA replication
Impact of firing factor availability. In our model, the rate
at which origins fire is determined by the interplay be-
tween three factors: the affinity of individual origins for
firing factors, the abundance of “free” firing factors able
to associate with origins, and the number of available
origins yet to fire or be passively replicated. This dy-
namic, averaged over 500 simulations, is illustrated in
Figure 5a. The simulation begins with maximal avail-
ability of firing factors and origins, causing high initial
origin firing. This initial swell of activity reduces the pool
of both free firing factors and available origins, subse-
quently leading to a decline in the rate of origin firing.
As the simulation progresses, firing factors are recycled
back into the available pool. This increases the proba-
bility of some of the few remaining origins fire, thereby
facilitating the timely completion of genome replication
within the duration of the S phase. Of the 626 origins in-
cluded our model, a mean of only 206.43 ± 6.72 origins
fire per simulation.

Altering the number of firing factors. We explored the in-
fluence of firing factor concentration variations on DNA
replication dynamics by manipulating the copy num-
ber of firing factors introduced into the model. To iso-
late the effects of firing factor concentration changes,
we maintained the constant recycling rate of 0.05 and
kept the origin firing rates which were derived from fit-
ting the baseline model configuration in which F =200.
We quantitatively assessed the impact of altering the
firing factor copy numbers by computing the MAE in
replication timing across a range of values from F =25
to F =800. This data was subsequently fitted a fifth-
degree polynomial (Figure 5b). As expected, increas-
ing the number of firing factors led to earlier replication
timing and a higher number of origins firing, whereas
decreasing the number of firing factors produced the
opposite effect. However, the shape of the replication
timing curve remained remarkably robust despite this
severe perturbation. This is illustrated for chromosome
2 in Figure 5c.

As shown in Figure 5b, successive increases in firing
factor copy numbers causes diminishing increases in
error as they become less limiting and therefore their
availability has less influence on origin firing dynamics.
Conversely, reducing the copy number of firing factors
incrementally increases the error. This is because, in
our model, firing factors are essential for initiating ori-
gin firing; therefore, a minimum number is required to
ensure sufficient origins can activate to complete DNA
replication within the expected timeframe.

Discussion
Despite being central to maintaining genetic integrity,
the mechanisms underlying the temporal regulation of
DNA replication remain poorly understood. Since DNA
replication is a stochastic process and therefore differs
between cells, valuable information is lost in bulk ex-
periments which use population averages (Czajkowsky
et al., 2008; Wang et al., 2021b). Whilst the de-
velopment of high-throughput, single-molecule experi-
mental techniques have advanced our ability to inves-
tigate DNA replication, the complex cellular environ-
ment means it is still difficult to identify the features
most important for determining its dynamics (Bianco
et al., 2012; Quinet et al., 2017; Georgieva et al., 2020;
Claussin et al., 2022; Rhind, 2022b; Theulot et al.,
2022).
Here, we created a stochastic model for S. cerevisiae
whole-genome replication from first principles. By mak-
ing the model as simple as possible whilst still able to
reproduce experimentally determined measures of DNA
replication dynamics, we highlight the features which
are most important for determining these dynamics.
The ability to rapidly conduct thousands of simulations
of our model offers a scale of repetition far surpassing
what experimental methods can feasibly achieve. More-
over, conventional experimental techniques typically fo-
cus on only a few aspect of DNA replication dynamics.
In contrast, our model allows numerous features to be
calculated from a single output, providing a more com-
prehensive insight.
In simplifying the model, we used firing factors, recy-
cling rates, and origin firing rates to combine many com-
plex features affecting DNA replication into a few ba-
sic concepts. In our model, firing factors represent the
completed pre-IC. The number of available firing factors
represents any protein or protein complex essential for
forming the pre-IC that may be in limiting abundance at
any given time during S phase. For instance, this may
represent the availability of the complex formed during
pre-IC assembly between Sld2, Sld3, and Dpb11 which
are all present in limited abundance (Tanaka et al.,
2011). This complex is released before origin firing
and therefore does not move with the replication forks
(Boos and Ferreira, 2019; Zegerman and Diffley, 2007).
Based on this, in our model, firing factor recycling is in-
dependent of replication fork termination and, instead,
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Figure 4. Predictions of DNA replication dynamics.
(a) The number of active replication forks over time. For this plot, the time has been cropped at the mean simulation length. These plots were derived from a version
of the model which used F =200 and a recycling rate of 0.05. (b) Kernel density plot showing the distribution of firing times for origin on chromosome 2. Each line
represents a separate origin, with the shade colour gradient from light green to dark blue reflecting its efficiency. For improved visualisation, only 1 in 4 origins, ordered
by efficiency, are shown. (c) Chromosome 2 replication dynamics. Simulated and experimental replication timing profiles are shown in blue and orange respectively.
Origins are shown as circles with the shade of blue reflecting their efficiencies. The average replicon length of each origin is shown in red. (d) The standard deviation
of simulated replication timing for each kb on chromosome 2. The positions of origins are shown in red. All plots were derived from 500 simulation a version of the
model in which F =200 and the recycling rate was 0.05.

recycling begins at a set rate immediately following fir-
ing. Of the essential firing factors thought to be in limited
abundance, only Cdc45 is known to travel with replica-
tion forks. Over-expression of Cdc45 alone is insuffi-
cient to cause premature firing of late origins, suggest-
ing it is not solely responsible for limiting origin firing

(Mantiero et al., 2011). Despite this, the DNA replica-
tion model developed by Arbona et al. (2018) employed
a fork-dependent mechanism for recycling firing factors.
This assumes that the firing factors travel with the repli-
cation forks, only becoming available again once the
forks terminate. However, the ability of our model to
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Figure 5. Influence of firing factor availability on origin firing dynamics.
(a) The percentage of active firing factors (dark blue), fired origins (orange), origins available to fire (red) and rate of origin firing over time (light blue). Here, available
origins refers to origins which have not already either fired or been passively replicated. For this plot, the time has been cropped at the mean simulation length. (b)
Mean Absolute Error (MAE) in replication timing with different numbers of firing factors. Data points from simulations (red) have been fit to a fifth-degree polynomial
(blue). (c) Simulated replication timing profiles for chromosome 2 from models using F =100 (light blue), F =200 (red), and F =400 (dark blue). In all models,
origin firing fates were fitted using F =200. The experimentally determined replication timing profile is also shown for comparison (orange).

be fitted and validated without fork-dependent recycling
suggests that it is not strictly necessary to model DNA
replication dynamics. In our model, recycling rates rep-
resent a generic time-lag which encapsulates any pro-
cesses which may delay the ability of firing factors to
activate new origins following their release from a fired
origin. This could include the time required for diffusion
and the assembly of protein complexes required to con-
struct the replisome.

Based on the assumption of a rapid transition from G1
to S phase, in our model, all firing factors are available
from the beginning of the simulation. However, although
the transition from G1 to S-phase is accompanied by
a switch-like increase in CDK and DDK activity, it is
possible that the subsequent activation of firing factors
required for initiating DNA replication is more gradual
(Reusswig and Pfander, 2019). This would be expected
to increase the competition for firing factors at the be-
ginning of S phase, thereby decreasing the initial rate of
origin firing.

Whilst the number of firing factors and their recycling

rates affect the firing probability of all origins uniformly,
individual differences in firing probability arise from each
origin’s specific assigned firing rate. An origin’s firing
rate encompasses anything which may impact its abil-
ity to associate with firing factors, including sequence
composition and local chromatin structure. There is ev-
idence suggesting that the probabilities of origins firing
are dynamically regulated throughout S phase by mech-
anisms such as cooperative firing, the formation and
dissolution of replication factories, and changes in chro-
matin environments (Fangman et al., 2008; Kitamura
et al., 2006; Knott et al., 2012; Meister et al., 2007; Hao
et al., 2023; Kurat et al., 2017). However, our model
simplifies these dynamics by assuming constant origin
firing rates for the entirety of S phase.

Our model also assumes a constant rate of fork move-
ment in order to be consistent with findings from Theulot
et al. (2022) which demonstrated a remarkable uni-
formity in replication fork speeds across the S. cere-
visiae genome. Theulot et al. (2022) also observed a
slight acceleration of fork speeds during the S phase
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and identified specific genomic regions, such as cen-
tromeres, telomeres, and tRNA genes, where replica-
tion forks progress more slowly, likely due to increased
pausing and stalling at replication barriers (Mirkin and
Mirkin, 2007; Yeung and Smith, 2020). Neither increas-
ing fork speeds nor fork stalling are included in our
model. Despite these simplifications, our model’s abil-
ity to successfully reproduce experimentally determined
measures of S. cerevisiae DNA replication suggests
that such features may not be central to determining
the overall dynamics of DNA replication in S. cerevisiae.
Whilst changing fork speeds and fork stalling could also
easily be incorporated into our model, the constant rate
of fork movement also limits the maximum gradient of
the DNA replication timing profile which helps to avoid
over fitting.
Our model’s capacity to predict aspects of DNA repli-
cation dynamics which have not yet been determined
experimentally offers novel insights and directs future
research. For instance, by calculating the number of
active replication forks throughout S phase, our model
could highlight periods when cells may be particularly
susceptible to replication stress or damage. Moreover,
our model predicted that the distribution of an origin’s fir-
ing time is not associated with its efficiency, indicated a
non-trivial relationship between the average replication
time and the standard deviation of replication time, and
predicted that replication timing curves do not particu-
larly change shape under overexpression and underex-
pression of firing factors. The simplicity of our model
not only identifies the minimal components necessary to
reconstruct replication timing profiles, but it also shows
how the shape of the replication timing curve remains
remarkably robust to insults such as changes in the
copy number of firing factors.
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Supplementary Information
The Beacon Calculus model

fast = 100000; //fast rate
v = 1.4; //fork velocity in kilobases per minute

//process definitions

FF[] = {@factor![0],1}.{dwell,0.05}.FF[];

ORI[i,ch,length,fire] = {@factor?[0],fire}.(FL[i,ch,length]||FR[i,ch,length])
+ {ch?[i],fast};

FR[i,ch,length] = {ch![i],fast}.[i < length] -> {~ch?[i+1],v}.FR[i+1,ch,length];

FL[i,ch,length] = {ch![i],fast}.[i > 0] -> {~ch?[i-1],v}.FL[i-1,ch,length];

Figure S1. The Beacon Calculus model.
Beacon Calculus code used for the model. Processes and comments are highlighted in pink and green respectively. The code includes process
definitions for firing factors, FF, origins, ORI, and replication forks, FR and FL. Comments within the code are indicated by “\\”. Actions are
enclosed within “{ }” and are defined as ordered pairs, specifying the action followed by the rate at which it occurs. Handshake communications
are denoted by @factor! for sending and @factor? for receiving on the factor channel. Beacon actions are represented by ch! for sending,
~ch? for checking, and ch? for receiving, all on the ch channel. The values within “[]” following handshake or beacon are transmitted. The code
syntax includes “.” for sequential statements, “|” for parallel statements, and “+” for making exclusive choices. Condition gates are represented
by “->”. All origin and firing factor processes are initiated from the beginning of the simulation. However, this has been omitted from this
representation for conciseness.
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Origin firing rates
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Figure S2. Chromosome 2 origin firing time distributions.
Kernel density plot showing the distributions of origin firing times for all origins on chromosome 2. Each line represents a separate
origin, with the colour gradient from light green to dark blue reflecting its efficiency.
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