
Independent-fork model

In our analysis of the focus dynamics, we have not distinguished between one and two fork repli-
somes and interpreted the measured rate of focus loss as the rate of single fork disassembly to gener-
ate a crude estimate of the number of conflicts per cell cycle. We will call this qualitative model the
cooperative-fork model since it implicitly postulates that a conflict at a single fork results is loss of the
replication complex at both forks. While this model is clearly a useful qualitative device for making a
crude estimate of the number of conflicts per cell cycle, it is inconsistent with the stoichiometry data
which demonstrates that replisomes frequently have a stoichiometry consistent with a single fork. We
now briefly explore a more self-consistent model which distinguishes between one and two-fork com-
plexes. We will assume that the replication forks move and act independently and assume that the
conflict-generation and replication restart are both Poisson processes with a constant rate:
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for a single fork. Since the forks in this model act independently, we will call this model the independent-
fork model. This more complicated model changes none of the qualitative insights from the cooperative
fork model.

Model and rates. Since our experiments are sensitive only to the number of assembled fork complexes,
we define the states in terms of the number of complexes in the focus: 0, 1, or 2. The rate equation
describing the number of two, one and zero active complexes is therefore: Ṅ2
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where the factors of two in the rate equation account for the fact that either of the two forks can
disassemble. We analyze the linear model in the canonical way: we find the eigenvalues and vectors.

Steady-state solution. In the current context, we only care about the steady-state solution with eigen-
value zero:
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which determines the ratios between two and one fork replisomes is steady state:

R ≡ N2(∞)/N1(∞) = k+/2k−. (4)

where the factor of two in the denominator is the result of the ability of either fork to transition to the
stalled state. R is fit from the stoichiometry measurements and is therefore observable.

The second observable is the lifetime of a focus which is measured in the replisome dynamics
experiments. As we demonstrate in the next section, the average lifetime is:
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as a function of the independent-fork model rates k±. We will discuss the effective rate of focus loss
keff ≡ t

−1. An intuitive limit for keff is the large k+, where the effective rate of focus loss is:
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. (6)
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The rate has a squared dependence on k− and inverse dependence on k+ since two successive conflict
transitions are required without restart to lose a focus. This limit is not relevant in the current context
since k− ≈ k+.

Technical details: The first-passage-time calculation. To analyze the lifetime, we will solve the first
passage time problem using the canonical method: We make the zero-focus state absorbing, preventing
transitions from 0 to 1 forks. The average lifetime for system is defined:

t ≡
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0
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where p1→0(t) is the probability density of transitions from the one-fork to the zero fork state. Number
conservation implies:
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where Pi is the probability of occupancy for the i fork state. To perform this calculation, we project
onto the N2-N1 plane:
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We integrate Eqn. 7 by parts. We then use the solution to the matrix linear differential equation for the
probabilities, given the initial conditions:(
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The resulting integral can be easily evaluated:
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The inverse rate matrix K−1
∗ can be computed using the well-known closed-form expression for a 2-

by-2 matrix inverse. We initialize the system in a steady-state mix of two and one fork states (Eqn. 4):(
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The average lifetime is therefore:
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which is measured in the replisome dynamics experiments.
Aside: Note that the independent-fork model does not appreciably affect the lifetime distribution

function (Eqn. 8) for R ≈ 1 relative to the cooperative model and therefore a new maximum likelihood
fit need not be performed.

The underlying rates: Estimating the independent-fork model parameters. R is fit from the stoi-
chiometry measurements and is therefore observable. We estimate the ratio is

R = 1.4± 0.4 (15)
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from the focus stoichiometry measurements. We estimate the effective focus loss rate keff :

keff = 0.12± 0.01 min−1, (16)

from the replisome dynamics experiments.
Even though the ratio of one to zero fork replisomes cannot be directly measured, since non-

replicating cells anomalously increase the number of zero-fork cells, we can still estimate this quantity
in the model:

R10 ≡ N1(∞)/N0(∞) = 2k+/k− = 4R, (17)

which can be expressed in terms of the observable ratio R. We therefore expect:

R10 = 5.8± 1.6, (18)

The probability of a conflict in a single fork is

Pc =
k−

k−+k+
= 1

1+2R = 0.26± 0.05. (19)

We now explicitly estimate the conflict and restart rates from the independent-fork model. The conflict
rate per fork is:

k− = keff
1 + 5

2R+R2

(1 +R)
= 0.33 ± 0.09 min−1, (20)

and the restart rate per stalled fork is:

k+ = 2k−R = 0.95± 0.71 min−1. (21)

We now estimate the number of conflicts per cell cycle. Assuming a replication time of T , we would
expect:

Nc = k−(1− Pc)T =
k−k+

k− + k+
T, (22)

conflicts per fork per round of replication. Our naı̈ve estimate for the cooperative model is:

N ′c ≡ keffT. (23)

The following table summarizes the conflict number predictions:

Replication Independent conflict Cooperative conflict
time: T number: Nc number: N ′c
40 min 9.5 ± 0.8 4.8 ± 0.4
80 min 19.5 ± 1.6 9.7 ± 0.8

120 min 28.7 ± 2.4 14.5 ± 1.2

From the visualization of DnaN throughout the cell cycle, we estimate that the replication time under
these growth conditions is 80-100 minutes (unpublished).

Discussion. It is important to note that both the cooperative and independent-fork models make a
number of simplifying assumptions. For instance, these models do not include the known position of
conflicts at the rDNA and other loci. In the model, we treat the generation of conflicts as a Poisson
process with a constant rate. The existence of these sequence-specific hot spots could act to over-
estimate the rate of conflicts if these forks undergo multiple rounds of abortive restart. Our dynamics
experiments also do not detect short-lived conflicts that are resolved quickly. The independent-fork
model also assumes that there is no interaction between the forks. Our data suggest that the forks are
frequently co-localized, which is consistent with a role for functional coupling between forks.

3


