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Theory of Active Intracellular Transport by DNA Relaying
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The spatiotemporal organization of bacterial cells is crucial for the active segregation of replicating
chromosomes. In several species, including Caulobacter crescentus, the ATPase ParA binds to DNA and
forms a gradient along the long cell axis. The ParB partition complex on the newly replicated chromosome
translocates up this ParA gradient, thereby contributing to chromosome segregation. A DNA-relay
mechanism—deriving from the elasticity of the fluctuating chromosome—has been proposed as the driving
force for this cargo translocation, but a mechanistic theoretical description remains elusive. Here, we
propose a minimal model to describe force generation by the DNA-relay mechanism over a broad range of
operational conditions. Conceptually, we identify four distinct force-generation regimes characterized by
their dependence on chromosome fluctuations. These relay force regimes arise from an interplay of the
imposed ParA gradient, chromosome fluctuations, and an emergent friction force due to chromosome-

cargo interactions.
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The interior organization of bacterial cells is an essential
prerequisite for several vital processes, ranging from
chromosome and plasmid segregation to cell division [1].
Dedicated active mechanisms ensure the rapid translocation
and accurate localization of macromolecular objects in the
cell [2-5]. A prominent example is the translocation of the
partition complex during chromosome segregation in
bacteria such as Caulobacter crescentus. One copy of
the partition complex—a large centromerelike protein
cluster bound to the newly replicated chromosome—
translocates rapidly from the old to the new cell pole,
resulting in chromosome segregation [6]. The translocation
of this chromosome-bound cargo depends on a protein
gradient: the partition complex follows an increasing
amount of ParA in the cell [7-10]. However, the physical
principles underlying this directed motion of the partition
complex remain unclear.

ParA belongs to the widely conserved ParABS parti-
tioning system for chromosome and plasmid segregation
[11]. The ATPase ParA exists in an ADP- and ATP-bound
form, and the energy released in ATP hydrolysis is used to
generate a nonequilibrium cellular organization of ParA.
The preferred location of ParA in the cell depends on its
nucleotide state [12]: As an ATP-bound dimer, ParA binds
nonspecifically to DNA. On interaction with the ParB
partition complex [13-18], its ATPase activity is stimu-
lated, leading to detachment of ADP-bound ParA mono-
mers into the cytosol, thereby producing a ParA gradient
around the partition complex. The ATP-dependent inter-
actions of ParA with this cargo are thus necessary for its
directed translocation [12], indicating that the ParABS
system is an active intracellular transport system.
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Various mechanisms have been proposed for force
generation [7,19-22], including a class of Brownian-ratchet
models [23-27]. Specifically, a DNA-relay mechanism was
suggested [23,28], in which DNA-bound ParA proteins
relay the partition complex up a ParA concentration
gradient by exploiting elastic fluctuations of the chromo-
some [23,29]. Using simulations, it has been argued that
this model can explain the experimentally observed trans-
location of the partition complex [23,29]. However, a
theoretical description of the DNA-relay force that reveals
the dependence of the force on key system parameters is
still lacking.

In this Letter we present an analytic theory for force
generation by the DNA-relay mechanism. We compute the
relay force by evaluating the stochastic binding of
DNA-bound ParA-like proteins to a cargo using a master
equation approach. Conceptually, the predicted relay force
originates from the interplay of the ParA gradient, chromo-
some fluctuations, and an emergent friction force due to the
interactions of chromosome-bound ParA proteins with the
cargo. These contributions give rise to four distinct force
generation regimes, depending on the strength of chromo-
somal fluctuations and the cytoplasmic friction on the
cargo. We thus establish a theoretical framework to
characterize the DNA-relay mechanism over a broad range
of operational conditions, providing conceptual insight into
active directed transport of ParB-like cargos for in vivo
[23,30-32] and in vitro [33] settings.

To elucidate force generation by the DNA-relay mecha-
nism [23,29], we study a minimal model obtained by
reducing the full complexity of the partitioning system to
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FIG. 1. Minimal model for force generation by DNA relaying.

(a) The relay force F arises from the interactions of the cargo with
ParA ATPases bound to the chromosome, represented by a set of
chromosomal elements modeled as a bead-spring system with an
associated ParA concentration (indicated by the green tone). We
assume that the ParA gradient is comoving with the cargo.
Chromosomal elements fluctuate due to thermal energy, with the
magnitude of the fluctuations, o = \/kgT/k (red Gaussian). Our
1D model is presented in 2D for visual purposes. (b),(c) Cargo
trajectory (b) and the corresponding DNA-relay force (c) obtained
from the numerical solution of Eq. (1) using Brownian dynamics
simulation. The horizontal line shows the time average of F.

key elements important for DNA relaying [Fig. 1(a)]. Our
one-dimensional model consists of the cargo and ParA-
bound chromosomal elements. To account for the chromo-
somal dynamics in a simplified manner, the chromosome is
modeled as a set of fluctuating elastic springs. In ParABS-
like partitioning systems, the ATPase ParA detaches from
the chromosome at the ParB cargo due to stimulation of
ATP hydrolysis by ParB and can rebind to the chromosome
only on ATP binding and dimerization. This dynamics
results in a ParA gradient propagating with the cargo, as
was shown for an in vitro reconstituted partitioning system
[33,34]. Since our aim is to derive a minimal model for
force generation by stochastic ParA-cargo interactions, we
use this observation by imposing a comoving ParA gradient
on the cargo, instead of modeling the ParA dynamics
explicitly.

Specifically, the cargo is represented as a line segment of
length 2r with a reaction radius r, and chromosomal
regions are described in a coarse-grained way as a set of
N beads, equally spaced along a domain of length #
[Fig. 1(a)]. Each bead is tethered to a fixed position by a
spring with stiffness k, thermally fluctuating with ampli-

tude 6 = \/kgT/k. The ParA concentration associated
with a chromosomal bead at a distance x; from the cargo
is set to ¢(x;) = mx; + ¢y. Note that the coordinates x; are
defined in the cargo frame of reference, thereby enforcing

the comoving ParA gradient. Cargo and chromosomal
elements interact: Beads within the reaction radius of the
cargo bind with rate k,,c(x). Cargo-bound beads unbind
with rate k. Importantly, due to the elasticity of the DNA,
cargo-bound chromosomal elements exert a force on the
cargo. We describe the resulting cargo motion by an
overdamped Langevin equation:

dx,
Ve g = kZ(xi = yi) + V/2rcksTn(1), (1)

where x, is the cargo position and the index i runs over all
cargo-bound chromosomal elements with rest position x;
and bead position y;. The white noise term 7(z) satisfies
(n(r)) =0and (n(t)n(t')) = 6(t — ¢), and y. is the friction
coefficient of the cargo in the cytoplasm.

Our goal is to calculate the steady-state DNA-relay force
on the cargo for a comoving ParA gradient. To compute the
steady-state DNA-relay force using a finite chromosomal
domain of size Z, we employ periodic boundary conditions,
such that there are always N, chromosomal elements the
cargo could interact with (Supplemental Material [35]). For
6> ¢, the limited number of chromosomal elements
becomes important, allowing us to study finite system size
effects. In contrast, if ¢ < ¢, this model is effectively
identical to one with an infinite system size.

To facilitate further theoretical analysis we recast vari-
ables and system parameters in a nondimensional form
using the system size ¢ as a characteristic length x — x¢
and the unbinding time 1/k.; as characteristic time scale
t — t/kq. Using this nondimensionalized form, we iden-
tify four key parameters that dictate the system’s dynamics:
The binding propensity cok.,/koir — co characterizes the
on/off kinetics between the cargo and ParA; the concen-
tration gradient m#/c, — m describes the asymmetry of
the ParA gradient on the chromosome; /¢ — o sets the
magnitude of chromosomal fluctuation relative to system
size; and the cargo friction coefficient y ko 2>/ (kgT) — 7.
provides a measure for how susceptible the cargo is to
DNA-relay forces (Supplemental Material [35]).

Using Brownian dynamics simulations [Figs. 1(b)
and 1(c)] we find distinct force-generation regimes depend-
ing on the magnitude of chromosomal fluctuations ¢ and
the cytoplasmic friction coefficient y, of the cargo, each
characterized by a different dependence on o (Fig. 2).
While we observe maximal force under stalling conditions
(y. — ), the system’s behavior changes drastically for a
moving cargo (finite y.). Interestingly, in this parameter
range we find a maximum in the force at intermediate o,
suggesting an optimal operating regime for this transport
mechanism.

To provide conceptual insight into the DNA-relay
mechanism, we develop an analytical theory to calculate
the relay force on the cargo. Specifically, we derive an
approximation for the relay force
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FIG. 2. Average relay force F in the weak-binding limit
(cop < 1) for different values of the friction coefficient y. of
the cargo in the cytoplasm and the magnitude of chromosome
fluctuations o. (a) We compare results from simulations (dots)
with theory (lines), obtained from Egs. (8) and (10) for a static
(black) and moving cargo (blue), respectively. The dotted vertical
line at ¢ = 1/2 separates the different force generation regimes.
(b) Phase diagram of force generation regimes.
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which reveals how microscopic system parameters control
the DNA-relay mechanism. To obtain an explicit analytical
expression, we consider the average relay force and use a
continuum approximation

1 1/2 r
F:?/_ dx/_rdyn(x,y,t)(x—Y)

1/2

1/2
= /_ dx f(x,1). (3)

1/2

We moved to the cargo frame of reference, introduced the
density n(x,y, ) of cargo-bound chromosomal elements
with a rest position x and binding position y at the cargo,
and defined the force density

pn = [Tdynteyn-n. @

Thus, the relay force can be understood by studying the
force density f, for which we need to calculate n(x,y,1).
The dynamics of the density n(x,y, t) is described by

omn(x,y,t) —v(n,1)0n(x,y,t)
= c(x)p(y;x,0)[Nio —n(x, )] = n(x,y,2).  (5)

For a static cargo (v = 0), the temporal change in n is
determined only by a gain and a loss term, corresponding to
binding to and unbinding from the cargo. For a binding
event, a chromosomal bead needs to move within the
reaction radius of the cargo. We describe the position y of
an unbound bead as a Gaussian random variable with
mean x and variance ¢°. The probability that a bead with
rest position x is at position y € [—-r,r] is thus given
by the Gaussian probability density function ¢(y;x,o)
[Fig. I(a)]. This is justified under weak chromosome-
cargo interactions, i.e., whenever the decorrelation time
Teor = 627Ny is much smaller than the binding time
Tpinda = 1/co. A binding event takes place stochastically
with a rate ¢(x)[Ny — n(x,1)], accounting for the finite
density of chromosomal elements available for binding,
where ¢(x) = ¢o(1 4+ mx) denotes the dimensionless ParA
concentration. The total density of cargo-bound chromo-
somal beads with rest position x can be obtained by
integrating the density n(x,y,t) over all possible binding
positions y on the cargo:

n(x,t) = /_r dyn(x,y,t). (6)

r

Unbinding is described by a constant detachment rate, set
by the last term in Eq. (5). Finally, when v # O the temporal
evolution of n also includes an advection term to account
for cargo motion.

We expect the weak-binding limit (¢y < 1) to be the
biologically relevant parameter regime in this model,
because of the high ParA turnover rate caused by ParB-
induced ATP hydrolysis of ParA and subsequent detach-
ment of ParA from the cargo [36]. Henceforth, we thus
consider only this limit, for which saturation effects of the
cargo by bound chromosomal elements are negligible. For
completeness, we provide our results for the strong-binding
limit (Supplemental Material [35]) and find that the
conceptual insights gained from the weak-binding limit
largely apply.

Having established a theoretical framework to study
force generation by DNA relaying, we first consider the
case of a static cargo (v = 0). Put simply, we compute the
stalling force of the cargo. This static case allows us to
study basic features of the force generation mechanism and
provides insights that will also be relevant for the moving
cargo scenario. We first calculate the steady-state solution
of Eq. (5), and with this an expression for the steady-state
force density (Supplemental Material [35]):
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f(x) = Niwc(¥)[@(x; r.0) = gl =r, )] (7)

This expression for the force density constitutes one of
our key findings and allows us to understand how the
DNA-relay force is generated and how it depends on
system parameters.

The force density encodes the contribution of a chromo-
somal element with rest position x to force generation.
Intuitively, this force density is determined by the interplay
between how likely it is for a chromosomal element to bind
to the cargo and how much force is exerted on the cargo in
this configuration. In the limit ¢ > 1, chromosomal beads
exhibit strong fluctuations, and without a ParA gradient
(m = 0) every bead thus has approximately the same
binding probability. Here, only the distance of a chromo-
somal element from the cargo matters for force generation
and therefore the force density increases linearly with the
distance of the bead from the cargo [Fig. 3(a), light green].
Because of the symmetry of f(x), forces exerted on the
cargo from chromosomal elements positioned behind and
in front of the cargo cancel, such that no net force is
generated. By contrast, if the ParA concentration on the
beads increases toward the right (m > 0), beads in front of
the cargo are more likely to bind to the cargo than those
behind. Hence, the force density profile starts to deviate
from an odd function, resulting in a net positive force
[Fig. 3(a), dark green). In the regime ¢ < 1 there is a
nonuniform probability for chromosomal beads to bind to
the cargo. While chromosomal elements far from the
cargo are less likely to bind, they generate the largest
force contribution. Consequently, the force density
peaks at an intermediate position between the cargo edge
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FIG. 3. The influence of the ParA concentration gradient m and

the cargo velocity v on the force density f(x). (a),(b) f(x) for a
static cargo given by Eq. (7) without (m = 0) and with (m = 2) a
ParA gradient. (c),(d) f(x) for a static (v = 0) and a moving
(v = 0.05) cargo both with m = 2. The force density for a
moving cargo is obtained numerically. We compare results from
simulations (dots) and our theoretical results (lines). Note that the
dark green and the light blue curves in (a),(c) and (b),(d) show the
same data.

and the system boundary [Fig. 3(b)]. These maximal force
density values are, for the parameters shown in Fig. 3, three
orders of magnitude larger than those observed for o > 1.
Again, in the presence of a ParA gradient f(x) deviates
from being an odd function, resulting in a net force
on the cargo. In all cases, our analytical predictions for
the force density are in accord with Brownian dynamics
simulations.

Having analyzed the steady-state force density f(x), we
next evaluate the cargo stalling force F, in the weak-
binding limit using Eq. (3):

Fpo = / 7 dx N (@) p(x:r.0) = o —r.0)]. (8)

1/2

On performing this integral, we obtain the dependence
of the cargo stalling force on o (Fig. 2). Remarkably, for
o < 1 we find that F is independent of 6. On increasing
o, more chromosomal elements are recruited to contribute
to force generation. However, this increase in participation
is precisely compensated by the softening of the springs
resulting in a stiffness independent DNA-relay force
F. = const. For ¢ > 1, we obtain F, o 1/6°. Here, the
finite size of the system affects force generation. Because of
the limited number of beads, the softening of the springs
can not be compensated anymore by an increased amount
of beads interacting with the cargo. Therefore, the force on
the cargo decreases.

To understand force generation for a dynamic cargo, we
first consider the case of a cargo that moves with an
imposed velocity ». To this end, we study the steady-state
force density, which determines the relay force F(v). We
calculate the steady-state solution of Eq. (5) for a fixed
velocity v and obtain the corresponding force density f(x)
using Eq. (4). We observe that, for v > 0, the weight of the
binding profile is relocated from the leading (right) to the
lagging (left) side of the cargo [Figs. 3(c) and 3(d), dark
blue). This can be understood intuitively: In the case of a
dynamic cargo, the forward movement of the cargo and the
finite time a chromosomal bead is attached to the cargo (on
average 1/kyg) result in an increased amount of chromo-
somal beads pulling the cargo backward.

Interestingly, we find that a moving cargo experiences
the force

which has two contributions: the static relay force and an
additional force term linear in ». This term can be
interpreted as an emergent friction force with the friction
coefficient y, = (1/6*)N. = (1/6%)2rcy, where N
denotes average number of cargo bound beads for a static
cargo (Supplemental Material [35]).
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Next, we use this result for imposed motion to obtain the
DNA-relay force exerted on a cargo that moves autono-
mously due to diffusion and the interactions with ParA-
bound beads. First, we self-consistently determine the
velocity v of a self-propelled cargo using force balance
yev = F(v). From this analysis, we obtain an explicit
expression for the generated force associated to this trans-
location velocity:

FSC
L+ 2

F= (10)

Interestingly, the force on an autonomously moving cargo
can be entirely calculated from quantities obtained for a
static cargo.

The interplay of self-propulsion and emergent friction
force gives rise to four distinct force generation regimes, as
depicted in the phase diagram in Fig. 2(b). As in the static
limit, we distinguish force generation for small and large
chromosomal fluctuations. Importantly, however, the quali-
tative dependencies on the strength of the chromosome
fluctuations can differ because of the emergent friction
force. When the cytoplasmic friction dominates the emer-
gent friction, y. > y., the dynamic relay force is well
approximated by the static relay force [Fig. 2(a), black
line]. On lowering the cytoplasmic friction slightly, the
emergent friction reduces force generation only for small 6.
Here, the o dependence of the emergent friction, y, « 1/67,
combines with the constant static cargo force to F o 62
[Fig. 2(a), dark blue line]. On lowering y. further, the
emergent friction also influences the regime ¢ > 1. For this
parameter regime, the decrease in driving and friction force
with increasing ¢ combine to F « 1/o [Fig. 2(a), light blue
line]. In the limit 6 — oo, we find that the relay force
vanishes, as for a static cargo. Importantly, we find that
these force generation regimes emerge robustly also in the
case of more general nonlinear concentration profiles
(Supplemental Material [35]). In all cases, we find that
our analytical predictions agree well with Brownian
dynamics simulations.

Our work complements previous studies on numerically
and phenomenologically modeling cargo motion in
ParABS-like systems [23-26,29,37,38] by providing an
analytical microscopic theory for force generation by DNA
relaying. It is still debated whether the main contribution to
force generation in ParABS systems derives from chromo-
some elasticity (DNA-relay force) [23-26,28] or chemo-
phoresis [22,27,39]. We contribute to this open question
by developing a quantitative mechanistic theory. Our
analytical predictions for the dependence of the DNA-relay
force on microscopic parameters could be tested in in vitro
experiments with a stiffness controlled DNA carpet [33].
We find that the relay force depends on the friction
coefficient of the cargo in the cytoplasm, which varies
with the size of the cargo and cytoplasm composition.

Hence, this observation could be explored in vitro by
considering differently sized cargoes or adding crowding
agents to the system. Furthermore, our relation for the
emergent friction coefficient could be tested experimentally
by varying the amount of ParA in the system. An increased
concentration of ParA should result in more cargo-bound
ParA and hence a larger emergent friction coefficient. In
future work, our framework can serve as a starting point for
further investigations of force generation in ParABS
systems with complex ParA dynamical patterns [19] and
nonequilibrium activity in the chromosome [40,41]. Our
theory might also be useful more generally for macroscopic
cargo translocation driven by stochastic interactions, as
observed both in prokaryotic and eukaryotic cells [42—44].
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