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Spatial ordering of macromolecular components inside cells is
important for cellular physiology and replication. In bacteria, ParA/B
systems are known to generate various intracellular patterns that
underlie the transport and partitioning of low-copy-number car-
gos such as plasmids. ParA/B systems consist of ParA, an ATPase
that dimerizes and binds DNA upon ATP binding, and ParB, a pro-
tein that binds the cargo and stimulates ParA ATPase activity. In-
side cells, ParA is asymmetrically distributed, forming a propagating
wave that is followed by the ParB-rich cargo. These correlated dy-
namics lead to cargo oscillation or equidistant spacing over the nu-
cleoid depending on whether the cargo is in single or multiple copies.
Currently, there is no model that explains how these different spatial
patterns arise and relate to each other. Here, we test a simple DNA-
relay model that has no imposed asymmetry and that only considers
the ParA/ParB biochemistry and the known fluctuating and elastic
dynamics of chromosomal loci. Stochastic simulations with experi-
mentally derived parameters demonstrate that this model is suffi-
cient to reproduce the signature patterns of ParA/B systems: the
propagating ParA gradient correlated with the cargo dynamics, the
single-cargo oscillatory motion, and the multicargo equidistant pat-
terning. Stochasticity of ATP hydrolysis breaks the initial symmetry in
ParA distribution, resulting in imbalance of elastic force acting on the
cargo. Our results may apply beyond ParA/B systems as they reveal
how a minimal system of two players, one binding to DNA and the
other modulating this binding, can transform directionally random
DNA fluctuations into directed motion and intracellular patterning.
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Spatial patterns are omnipresent in biology, spanning a wide
range of size scales and organizational levels. At the single-
cell level, spatial patterns are readily apparent in the formation
of protein gradients and the regular arrangement of cytoskeletal
structures, macromolecular complexes, and organelles. Intra-
cellular patterning serves important functions, as it provides a
means for cells to organize their intracellular space, sense their
geometry, and partition their cellular content (1-5). However,
the mechanisms that drive intracellular patterning are often
poorly understood.

In this study, we aimed to understand how spatial patterns
driven by bacterial ParA/B systems can arise within a small
(micrometer-scale) intracellular space dominated by fluctuations
and diffusion. ParA/B systems consist of only two proteins, ParA
and ParB, that drive the transport and equipartitioning of low-
copy-number macromolecular complexes, often referred to as
cargos. ParA/B systems are widespread among bacteria (6). For
example, many low-copy-number plasmids encode a ParA/B
system that distributes plasmid copies at regular intervals along
the cell length (7-10). This striking plasmid patterning ensures
that division at midcell results in near-equal number of plasmids
in each daughter cell. Other ParA/B systems are dedicated to
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chromosome segregation by transporting origin-proximal DNA
regions across the cell (11-14).

ParA/B systems are similar in biochemical properties, sug-
gesting a common mechanism in cargo transport and patterning
(13, 15-17). ParA is an ATPase that dimerizes and binds non-
specifically to DNA upon ATP binding. Multiple copies of ParB
bind to the cargo and stimulate the ATPase activity of ParA
upon interaction. Imaging of fluorescently tagged protein fusions
has revealed remarkable correlated localization patterns be-
tween ParA and the ParB-rich cargo over the nucleoid region,
with the cargo moving in the wake of a “ParA wave” (18-23). In
the case of a single-plasmid cargo, the correlated localization
dynamics of ParA and ParB results in oscillatory motion of both
the cargo and ParA wave over the nucleoid (18, 23, 24).

Although the exact mechanism underlying the ParA/B-driven
spatial patterns is not clear, several mechanisms have been pro-
posed. They can be grouped into “filament-based” and “reaction/
diffusion-based” models. In the filament-based models, cargos
are translocated by depolymerizing filaments of ParA (8, 18, 20,
24-29). However, the polymerizing property of ParA has recently
been challenged (30, 31). The reaction/diffusion-based models
do not evoke filament depolymerization or any cytoskeletal
structure. Instead, they are rooted in the two main properties of
the ParA/B system: ParA-ATP dimers bind to DNA and ParB-
rich cargo modulates this binding (21, 30, 32-36). Although
progress has been made, none of the current models have been
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Fig. 1. The DNA-relay model results in oscillations of a single ParB-rich
cargo. In silico dynamics of ParA and a single ParB-rich cargo in the DNA-
relay model. (A) The DNA-relay model is based on known in vivo properties
of the chromosome and in vitro biochemical properties of ParA and ParB
proteins. (7) Chromosomal loci exhibit elastic fluctuating dynamics around
their equilibrium position. (2) The ParA/ParB cycle is as follows: ATP-bound
ParA dimerizes and ParA dimers bind DNA nonspecifically. Cargo-associated
ParB stimulates ATPase activity of DNA-bound ParA dimers. ATP hydrolysis
disrupts the ParB/ParA/DNA complex by dissolving ParA dimers into mono-
mers. (B) Example of dynamics of a single cargo and DNA-bound ParA dimers
in simulations of the DNA-relay model, also shown in Movie S1. Shown are
snapshots of DNA-bound ParA dimers (red) and ParB-rich cargo (green)
positions at indicated times. The size of the cargo and ParA dimers is not
drawn to scale. (C) Overlay of a one-dimensional cargo trace (position along
the nucleoid vs. time) with ParA distribution shown as a kymograph. In B and
C, only DNA-bound ParA dimers are shown, as freely diffusing ParA would
display a uniform distribution due to fast diffusion. (D) Displacement auto-
correlation function (ACF) for simulations of the DNA-relay mechanism; of
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able to explain all of the various characteristic ParA/B-driven
spatial patterns: the asymmetric distribution of ParA, the oscil-
latory dynamics of single cargos and ParA waves, and the equi-
distant patterning of multiple cargos.

In the context of a recent study on the Caulobacter crescentus
ParA/B system that is involved in the translocation of origin-
proximal chromosomal regions, our group proposed a diffusion-
reaction mechanism, called the “DNA-relay mechanism,” in
which the translocating force stems from the fluctuating dynamics
and elastic properties of the chromosome (31). It is well-known that
chromosomal loci display confined motion on the hundred-nano-
meter scale (37-40). Motion analysis has revealed that confinement
is due to an elastic force that brings back chromosomal loci toward
an equilibrium position when they fluctuate away from it (31, 37,
38). This observation implies that when ParA dimers bind the DNA,
they experience the elastic dynamics of the underlying DNA. In the
proposed DNA-relay mechanism, the ParB-rich cargo harnesses the
elastic force of the DNA by associating with one or more ParA
dimers until ATP hydrolysis occurs (31).

We have shown that a mathematical model of the DNA-relay
mechanism can explain the directed transport of chromosomal
regions in C. crescentus (31). However, it remains unclear whether a
DNA:-relay mechanism can be applicable to other ParA/B systems.
Our original model had several constraints. First, it specifically
considered a single-cargo scenario. Second, the cargo was forced to
stop after reaching the edge of the nucleoid region to reflect the
particular case of chromosomal cargo attachment by the PopZ
matrix in C. crescentus (41, 42). However, most of ParA-dependent
systems involve more than one cargo (e.g., plasmid case), and they
typically do not have factors (like PopZ) attaching cargos at specific
locations. Third, our model assumed an asymmetric distribution of
DNA-bound ParA dimers at time 0 which changed into a pro-
gressively steeper gradient during cargo translocation to emulate
experimental observations (20-22). Ideally, the asymmetric dis-
tribution of ParA should be explained by the model, as we expect
this asymmetric pattern to be an intrinsic property of the system.
If the DNA-relay mechanism (or any other proposed mecha-
nism) was correct, we would expect it to be applicable to other
ParA/B systems and to explain the various ParA/B-driven spatial
patterns observed experimentally.

Here, we present a DNA-relay model without the aforemen-
tioned constraints and show that a simple DNA-relay mechanism
that does not assume cargo attachment or any specific ParA
distribution at any given time is sufficient to explain the intra-
cellular patterning of single- and multicargo systems, as well as
the spatiotemporal dynamics of its molecular components.

Results

The DNA-Relay Model Results in Oscillatory Motion of Single
Cytoplasmic Cargos. To test the hypothesis that a DNA-relay
mechanism can explain the different spatial patterns driven by
ParA/B systems, we considered a stripped-down version of the
DNA-relay model that only includes the known ParB-dependent
ATPase cycle of ParA and the demonstrated elastic dynamics of
the chromosome (Fig. 14). Specifically, in the model, ParA is in
one of three possible states (Fig. 14): (i) a freely diffusing ParA,
(ii) DNA-bound ParA-ATP dimer, or (iii ) DNA-bound ParA-ATP
dimer engaged in complex with ParB on the surface of the cargo.

the diffusion-binding mechanism (the same as the DNA-relay mechanism
except that it considers a static chromosome, i.e., no DNA fluctuations); and
of a passively diffusing cargo (no ParA). (E) Mean square displacements as a
function of time for the DNA-relay mechanism, diffusion-binding mecha-
nism (no DNA fluctuations), and passively diffusing cargo (no ParA). In D and
E, ACFs and MSDs are averaged over 128 simulations and are calculated after
600-s transition time from the beginning of simulations. Parameters of the
simulation are listed in Table S1.
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ParA-ATP dimers in both DNA-bound states (ii and iii) expe-
rience two types of forces: random Brownian forces from the
cytoplasmic environment that cause random fluctuations of the
ParA/DNA complex around its mean position in the cell, and an
elastic force from the underlying DNA that returns the ParA/
DNA complex to the mean position. The ParB-rich cargo dif-
fuses but, when engaged with one or more DNA-bound ParA-
ATP dimers, it also experiences the sum of elastic forces from
each ParB/ParA/DNA complex. In this complex, ParB stimulates
ATP hydrolysis, releasing ParA from the DNA. If all ParB in-
teractions with ParA-ATP dimers are disrupted, the cargo moves
only by diffusion. Free ParA can redimerize and rebind to DNA
anywhere with uniform probability. This random rebinding to the
DNA takes into account the fast diffusion of cytoplasmic ParA
before DNA binding.

We performed 2D Brownian dynamics simulations with pa-
rameters constrained by values determined experimentally for
plasmid systems in Escherichia coli. Because plasmids interact
with ParA only when ParA is bound to the DNA and because
plasmids are known to remain within the nucleoid region (18, 24),
we chose the dimensions of the simulation box so as to reflect the
nucleoid area (2 x 0.5 um) in the cell, which we determined by
quantitative fluorescence microscopy of DAPI-stained E. coli
cells grown in M9 glucose at 30 °C (Fig. S14). We estimated the
diffusion coefficient of plasmids (D = 0.003 pum?/s) from the
passive motion of pB171-derived plasmids that lack the ParA/B
system (Fig. S1B). To estimate the local energy potential that
individual ParA-ATP dimers experience when bound to the
DNA, we tracked the motion of single fluorescently labeled
DNA loci in E. coli cells. As in C. crescentus (31), the probability
of finding a chromosomal locus away from its mean position was
very well described by an asymmetric 2D-Gaussian (Fig. S1C),
with standard deviations o, = 0.1 ym and o, = 0.05 um along the
cell length and width, respectively. The asymmetry in locus
motion may reflect an asymmetry in the local DNA architecture
relative to the long and short axes of the cell. Importantly, the
fact that the distribution is Gaussian indicates that the locus
moves in harmonic (elastic) potential. This analysis allowed us to
estimate the effective elastic constants of the E. coli chromo-
some, kg,x/(kT) = 1/, and kpvl(kT) = 1/(;y2 along the long and
short cell axes, respectively (k is the Boltzmann constant and 7' is
the absolute temperature). We used kg = 0.1 s™! for the rate
constant of ParB-stimulated ATP-hydrolysis and kg, = k,, for the
rate constant of ParA rebinding to DNA after the ATP hydrolysis
based on in vitro studies (30, 43). We did not consider spontaneous
(without ATP hydrolysis) dissociation between ParA dimers and the
ParB-rich cargo because it has been shown to be very slow (>10
min) (33). The size of a ParA dimer and ParB-rich cargo were set to
4 and 100 nm, respectively, to match values reported elsewhere
(31, 44).

To start with unbiased conditions, simulations were initiated
with a freely diffusing ParB-rich cargo at the center of the nucleoid
box and with DNA-bound ParA dimers uniformly distributed
throughout the nucleoid. Remarkably, simulations showed that the
stripped-down DNA-relay model (i.e., in the absence of a pre-
established ParA gradient) resulted in spontaneous motion of the
ParB-rich cargo toward one end of the nucleoid (Fig. 1B). Once
near the end, the cargo changed direction and moved toward the
other end, leading to back-and-forth motions over the nucleoid
(Movie S1 and Fig. 1C). This near-oscillatory motion was accom-
panied by the redistribution of the DNA-bound ParA (Fig. 1 B and
C) due to dissociation of ParA from the DNA after ATP hydrolysis
stimulated by the ParB-rich cargo. These dynamics and the time
scale of the oscillation period are in good agreement with what
has been reported for single-plasmid cargo in E. coli (18, 23, 24).
As in experiments (23), the oscillatory motion of individual
cargos was not perfectly periodic (Fig. 1C), which was also ap-
parent at the population level by the dampening in displacement
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autocorrelation function (Fig. 1D). Importantly, this near-oscil-
latory behavior was completely abolished when chromosomal
fluctuations or ParA were removed from simulations (Movies S2
and S3 and Fig. 1D). This result is in agreement with experiments
showing that plasmid and ParA wave oscillations require both ParA
and ParB, as well as the ability of ParA to bind the DNA (18, 45).

An important experimental observation made by the Gerdes
and Howard groups is that the ParA/B system causes the plasmid
cargos to move faster than if they were passively diffusing, as
shown by mean square displacement (MSD) analysis that com-
pares the motion of plasmids with and without a ParA/B system
(28). Consistent with this experiment-based conclusion, MSD
analysis of our simulated data showed that ParA-driven motion is
much faster (i.e., displays bigger displacements) than purely
diffusive motion (no ParA) (Fig. 1E). Note that, on short time
scales, diffusion is always faster than active transport, regardless
of the underlying active transport mechanism. The cross-over
time when active transport becomes more efficient than diffusion
depends on the diffusion coefficient of the cargo and on the
velocity of the transport. For example, for a diffusion coefficient
of cargo D = 0.003 ym?/s (as measured here), the cross-over time
is 40 s (Fig. 1E). When we performed simulations with D =
0.0003 um</s to match the value reported by the Gerdes and
Howard groups (28), the cross-over time is ~2 s (Fig. S24), after
which the DNA-relay mechanism becomes more efficient than
diffusion. The smaller D value still resulted in robust oscillatory
motion of individual cargos, in a manner that depended on
chromosome fluctuations and ParA/ParB interactions (Fig. S2B).

Removing the chromosomal fluctuations from the simulations
while keeping the ParA/ParB interactions led to cargo motion
much slower than free diffusion (Fig. 1E and Fig. S24), simply
because the diffusion of the cargo is repeatedly interrupted by its
interaction with static ParA bound to the DNA. This result in-
dicates that a simple reaction-diffusion model—called “diffusion-
ratchet” (30) or “diffusion-binding” model (31)—that only evokes
cargo diffusion and the known ParA/ParB interactions is not
sufficient to explain directed plasmid motion. A translocating
force such as the existing chromosomal fluctuations must be
present to obtain active motion.

Directional Motion Is Achieved Through ParA Depletion and Stochastic
Symmetry Breaking. In our simulations of the DNA-relay model,
the distribution of DNA-bound ParA dimers is symmetric at time
0 (Fig. 2 A and B, Top, and C, state 0). How can a gradient of
DNA-bound ParA dimers and directional motion of a cargo arise
in such a symmetric system? Plotting both the instantaneous
position (Fig. 24) and the equilibrium position (Fig. 2B) of
DNA-bound ParA dimers at a given time revealed that at the
beginning of the simulations, ParA dimers near the ParB-rich
cargo can reach and interact with the cargo due to their fluctu-
ating dynamics (Fig. 2 A and B). Interaction with the cargo
captures the DNA-bound ParA dimers in a “stretched” state,
away from their equilibrium position (Fig. 2C, state 1), creating a
depletion of ParA dimers around the cargo and a corresponding
accumulation of ParA dimers at the cargo (Fig. 2 A and B,
second and third panels). Such ParA depletion around the cargo
has been described as a key event preceding cargo motion in in
vitro reconstitution experiments with ParB-coated beads on
ParA-bound DNA carpets (33, 46). Our simulations suggest that
this characteristic ParA depletion corresponds to DNA-bound
ParA dimers in a stretched configuration.

At first, in our simulations, the ParA depletion is symmetric
reflecting that a similar amount of ParA dimers interact with the
cargo from both sides, thus resulting in near-zero net force (Fig.
2C, state 1), akin to the initial situation in a tug-of-war game. As
a result, the cargo does not display any significant translocation.
Stochasticity of ATP hydrolysis breaks the symmetry: on ATP
hydrolysis (happening randomly on one side of the cargo earlier
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each individual simulation at the indicated moment of time. ParA distributions were calculated in these coordinates and averaged over 500 simulations.

than on the other; Fig. 2C, state 2), the net force becomes un-
balanced (Fig. 2C, state 3), resulting in incremental cargo motion
to the side opposite of where ATP hydrolysis just happened (Fig.
2C, state 4). Direction of the cargo motion is determined
spontaneously. Accordingly, the cargo started to move to the left
of the simulation box in approximately half of simulations (57 of
120), whereas it moved to the right in the remaining simulations.

As shown in Fig. 2D, cargo translocation makes the local de-
pletion of ParA asymmetric, with more ParA dimers in front of
the cargo (in the direction of the motion). As a result, there are
more DNA-bound ParA dimers that can reach and grab the
cargo on that side, resulting in additional force in the same di-
rection. Concomitantly, the depletion zone behind the cargo
becomes larger with fewer ParA dimers able to reach the cargo
from that side (Fig. 2 A and B, Bottom, and D, t = 500 s). Thus,
the interaction of the ParB-rich cargo with the initial symmetric
field of DNA-bound ParA dimers, together with the stochastic
nature of the ATP hydrolysis, creates a wave of DNA-bound
ParA dimers (Fig. 2D). Note that there is also a characteristic
depletion of ParA right in front of the cargo, which reflects
DNA-bound ParA dimers in a stretched configuration (away
from their equilibrium position) through their interaction with

Surovtsev et al.

ParB on the surface of the cargo (Fig. 2D). The elastic force that
brings the DNA-bound ParA dimers toward their equilibrium
position results in a net pulling force from the ParA wave. Mo-
tion of the cargo toward the ParA wave leads to a redistribution
of ParA, propagating the ParA wave forward (Fig. 2D). Repe-
tition of this process creates a continuous motion of the cargo in
the wake of a ParA wave.

We found that the number of ParA dimers interacting with the
cargo fluctuates, but rarely goes to zero (Fig. 34). This obser-
vation means that the cargo is almost always associated with the
DNA via ParA dimers; i.e., the cargo is rarely released to freely
diffuse. Thus, on average, the cargo is being relayed from one
DNA region to the next. This DNA relay continues toward the
same direction until the cargo reaches the end of the nucleoid
and changes direction.

Note that, in the DNA-relay mechanism, the asymmetric dis-
tribution of ParA is dynamic, as it keeps changing as the cargo
moves. This dynamic ParA gradient is distinct from the special
case of the steady-state gradient of ParA that is maintained
without cargo motion throughout the G1 phase of C. crescentus
during which the cargo is physically anchored to a cell pole (20—
22, 41, 42). Steady-state gradient formation, which originates
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averaged elastic force as a function of time.

from rare spontaneous (without ATP hydrolysis) dissociation of
ParA dimers from DNA, requires minutes to develop (47). This
time is too long for this mechanism to play a significant role
during cargo translocation, as the cargo crosses the entire nu-
cleoid on this time scale.

Stochastic Forces from the Chromosome Drive the Translocation of
the Cargo. Active transport requires a sustained translocating
force. In the DNA-relay model, the only forces the cargo expe-
riences are random uncorrelated forces from the cytoplasmic
environment and elastic forces from the chromosome. The
former results in Brownian motion (e.g., no ParA case in Fig.
1D), whereas the latter is responsible for directed translocation.
The instantaneous elastic force acting on the cargo is very sto-
chastic (Fig. 3B). The stochasticity is due in part to the large fluc-
tuations in number of ParA bound to the cargo (Fig. 34), and
in part to the random displacements of the cargo by stochastic
Brownian forces.

Fourier analysis of the force on the cargo shows a strong low-
frequency peak that reflects an underlying frequency of the long-
time-scale oscillatory dynamics of the cargo (Fig. 3C). The dashed
line in Fig. 3C marks the frequency (f;) corresponding to the av-
erage period of the cargo oscillations (t = 1/fy = 330 s). Although
the instantaneous force is stochastic in amplitude and direction,
time-averaging reveals a nonzero force component with a near-
oscillatory time dependence (navy blue line in Fig. 3B) that is
positively phase-shifted relative to the cargo coordinates (Fig. 3D).
We note, however, that the correlation between the time-averaged
force and the cargo trajectory is not always perfect, as it can be
seen during the 600- to 700-s window in Fig. 3D. Such deviations
are manifestations of the highly stochastic nature of the force.
Indeed, the deviation in the 600- to 700-s window disappeared
when we reduced the influence of sporadic, most deviant individual
forces by plotting the median force (Fig. S3). Altogether, our data
show that highly stochastic force can result in directed motion.

When Two Cargos Are Present, the DNA-Relay Mechanism Results in
Effective Repulsion Between Approaching Cargos. The small de-
pletion of ParA in front of the moving cargo (Fig. 2D) causes the
cargo to change direction before it reaches the end of the nu-
cleoid (Fig. 1C). This small front depletion leads to another
important consequence when more than one cargo is present.
When two cargos are approaching each other, their front de-
pletion zones coalesce into a large depletion zone. As a result,
there are no longer ParA dimers in front of the cargos that can
sustain the direction of the motion. To illustrate this expectation,
we simulated dynamics of two ParB-rich cargos in a narrower
(0.3 pm instead 0.5 pm) simulation box to increase the proba-
bility of cargo running into each other (Movie S4). Kymographs
showing the position of the two cargos in relation to the distri-
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bution of ParA dimers over time clearly demonstrated that every
time the two cargos came close to each other, a large depletion
zone formed between them (Fig. 44). The depletion, in turn,
caused an apparent repulsion and change of cargo direction. In
the DNA-relay model, the mode of the individual cargo motion
within their soft boundaries is similar to the near-oscillatory
dynamics of a single cargo. This localized near-oscillatory be-
havior disappeared if the DNA fluctuations were not considered
(Movie S5) or if there was no ParA (Movie S6). Thus, both the
ParA/cargo interaction and the chromosomal fluctuations are
required for oscillations.

It is important to note that the DNA-relay model does not
include any cargo—cargo interactions. Our model only considers
cargo-ParA interactions. Calculations of the average force ex-
perienced by the cargos showed a strong dependence of the force
on the distance between cargos (Fig. 4B), with a repulsive force
quickly increasing when the cargos were separated by less than
0.4 pm along the long axis. This length is consistent with the
length of the merged ParA depletion zone (2 X ~0.2 pm) in front
of the cargos. The repulsion comes from the collective effect of
individual cargos interacting with ParA dimers. This short-range
repulsion leads to localized oscillations of each cargo within
separate regions of the nucleoid, although the boundaries of
these regions are “soft,” as they change according to the cargo
dynamics (Fig. 44 and Movie S4).

For Multiple (n > 2) Cargos, the Effective Repulsion Between Cargos
Leads to Equidistant Patterning. It is common for ParA/B systems
to have more than two cargos. For example, under our experi-
mental conditions, the most prevalent number of pB171-derived
plasmids per E. coli cell is four, consistent with a previous report
(18). When we performed simulations with four cargos that are
localized at the center of the nucleoid at time 0, we found that the
cargos dispersed very quickly after simulations began (Fig. 54 and
Movie S7). From then on, the cargos displayed stable back-and-
forth motion within narrow regions, leading to near equidistant
cargo distribution along the nucleoid (Fig. 54 and Movie S7).
The cargos displayed perfect repulsion when the width of the
simulation box was 0.3 pm. Increasing the width to 0.5 pm to
more accurately reflect the size of the nucleoid under our ex-
perimental conditions (Fig. S14) resulted in less confined cargo
motion, with occasional “cross-overs” of cargos along the long
axis of the nucleoid (Movie S8). The cross-overs occurred simply
because the repulsion occurs only at a certain range (Fig. 4B),
and a wider simulation box allowed cargos to occasionally go
around each other without coming in contact (Movie S8). De-
spite cargo confinement not being perfect, the range of repulsion
was still sufficient to produce equidistant cargo distribution on
time average (Fig. 5B). For comparison with experiments, we
monitored the motion of the pB171-derived plasmids in E. coli
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cells (Movie S9). The plasmids displayed behavior very remi-
niscent of the simulations—they were very dynamic and their
distribution was regularly spaced when averaged over time (Fig.
5B), consistent with previous reports (7-10).

We hypothesized that this near-equidistant distribution of
plasmids in real cells is also driven by the cargo—cargo repulsion
that we observed in our simulations (Fig. 4B). This repulsion
stems from the ParA depletion in the zone between two nearby
cargos, which is evident in simulations by the nonlinear dependence
of the ParA amount on the distance between cargos (Fig. 5C).
When we measured ParA-GFP signal between neighboring plas-
mids in E. coli cells as a function of the distance separating these
plasmids, we observed a similar nonlinear dependence (Fig. 5D),
consistent with our hypothesis.
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results in a change of cargo direction. Shown is a kymograph of cargo traces
(green) overlayed with ParA dimers distribution (red), also shown in Movie
S4. (B) Average (over 24 simulations for 2,000 s, after 600-s transition time)
force on the cargos as a function of intercargo distance.

Surovtsev et al.

A E’
=5
c
Rel
=
80
aQ
S
)
9]
o
5 -1
Z o 1000 2000
Time, s
B 05 simulation
S ®es0ggeet”” =
= 0 ofee, ooed 3
Z balPigses . - S
8 -05 — o9
o 900 1100 1300 =3
= 05 experiment 8 o
I vQ
i P e o
& o e
O S onet
05 'PRePegp®°, L
-0 200 400
Time, s
C Simulation , D Experiment
O ParA o S O ParA L °
- - Reference R4 © 3 }-e-Reference .°°
. < 0 o
3 o} 9
S c L, o
— 2 8 .
g 22 o0 °
o g .o o ©°
<1 = R
& [ '9' °
G100
0 < [°
0 0.2 0.4 0.6 g o 0.2 0.4 0.6

Distance between cargos, um Distance between plasmids, pm
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of multiple cargos. (A) Representative traces of four cargos in a simulation of
the DNA-relay model with a 0.3-um-wide nucleoid, also shown in Movie S7. (B)
Comparison between the in silico cargo dynamics (with nucleoid width of
0.5 pm as measured in vivo) and the in vivo motion of pB171-derived plasmids
(pSR320) in E. coli cells (strain KG22) in the case of four cargos/plasmids. Shown
are the relative positions of the cargos/plasmids vs. time and their distributions
averaged over the shown period. The simulation trajectories are plotted after
a900-s transition period. (C) Plot showing the ParA amount between cargos as
a function of the intercargo distance in simulations (n = 128) of the DNA-relay
model for four cargos and 0.5-um-wide nucleoid. The dashed line shows a
linear relationship for reference. (D) Signal quantification of ParA-GFP and
DAPI signals between neighboring plasmids as a function of interplasmid
distance in DAPI-stained E. coli cells (KG22 strain harboring pB233 plasmid)
with four plasmids per cell (n = 381). The DAPI data (circles, experimental
values; line, linear fit) provide a reference for uniform DNA binding.

The DNA-Relay Model Is Compatible with 3D Cargo Motion Through
the Nucleoid Volume. It was recently demonstrated by 3D super-
resolution microscopy that ParA/B-dependent plasmids are
found within the volume of the nucleoid, as opposed to on their
surface (36). Given this important experimental observation, we
also modeled the DNA-relay mechanism in 3D, simulating the
cargos and ParA dynamics within a spherocylinder-shaped nu-
cleoid (length = 2 pm, diameter = 0.5 pm). We found that our
main conclusions remain valid even when the 3D geometry of the
nucleoid is considered. Indeed, the 3D model led to oscillations
of single cargos and correlated ParA waves (Movie S10 and Fig.
64). Simulations with four cargos (Movie S11) resulted in dynamic
equidistant patterning of cargos (Fig. 6 B and C), associated with a
nonlinear ParA distribution between cargos (Fig. 6D).

Discussion

We show here that the DNA-relay model—whether the motion
of the cargo occurs on a surface (in 2D) or throughout the vol-
ume of the nucleoid (in 3D)—reproduces the signature behav-
iors of ParA/B systems: oscillations of single cargos, propagating
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Fig. 6. 3D DNA-relay model reproduces cargo and ParA dynamics. Results of
3D simulations of the DNA-relay model with a spherocylinder-shaped nu-
cleoid (2 pm length and 0.5 pm diameter). (A) Example of dynamics of a
single cargo (green) and distribution of DNA-bound ParA dimers (red) in 3D
simulations of the DNA-relay model, also shown in Movie S10. (B) Histogram
of cargo positions after a 100-s transition period in the four-cargo simulation
shown in Movie S11. (C) Distribution of the four cargos in the 3D DNA-relay
model averaged over 120 simulations after a 600-s transition period. (D) The
ParA amount between cargos as a function of the intercargo distance in 3D
simulations of the DNA-relay model for four cargos (n = 120). The dashed
line shows a linear relationship for reference.

ParA waves correlated with cargo motion, and equidistant
distributions of multiple cargos. The model relies only on
known properties, namely, the ParA/ParB biochemistry and the
chromosomal fluctuations. Our results imply that these prop-
erties, which are stochastic in nature, are sufficient to create
directed motion and to change a homogenous environment into
spatial patterns.

A well-studied spatial oscillator in bacteria is the MinD/E
system, which plays an important role in division site selection
(48-51). The biochemical similarities between the MinD/E and
ParA/B system are striking: upon binding to ATP, MinD di-
merizes and binds to the membrane, whereas MinE stimulates
MinD ATPase activity, which, in turn, releases MinD from the
membrane. From a biochemical perspective, the only apparent
difference with the ParA/B system is the binding surface, which is
the DNA for ParA as opposed to the membrane for MinD.
However, the mechanism of action between these two systems is
fundamentally different. The MinD/E system does not rely on
any known translocating force besides the passive transport
(diffusion) of MinD and MinE (52, 53). In contrast, the DNA-
relay model is based on an active transport that harnesses the
elastic dynamics of the chromosome to translocate the ParB-rich
cargo. A key difference between the two systems is the size scale
of what is transported. In the case of MinD/E, there is no cargo
to move; only proteins move and they can diffuse across the cell
in less than a second because of their small size. ParA/B systems,
on the other hand, move large cargos, which, without a ParA/B
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system, would take on the scale of 10 min to diffuse across the
cell. When chromosomal fluctuations are not included in simula-
tions (i.e., only diffusion and ParB/ParA interactions are consid-
ered), there are no cargo oscillations (Fig. 1D; Movie S1 vs. Movie
S2) or spatial patterning (Movie S4 vs. Movie S5).

ParA-dependent systems are widespread in bacteria. Interest-
ingly, some of them do not have an associated ParB homolog. For
example, such ParA-dependent systems have been shown to drive
the equidistant patterning and partitioning of non-DNA cargos such
as chemotaxis protein clusters and metabolic protein organelles (54,
55). Although these ParA-dependent systems do not have a ParB
protein, their partitioning function still requires a partner protein
associated with the cargo (56, 57). Thus, a DNA-relay mechanism
may still be at play. It will be interesting to see whether the partner
protein plays a ParB-like function by modulating the lifetime of
ParA association to the DNA.

An important aspect of this study is that all parameters in the
simulations were constrained by values derived from experi-
ments; there was no parameter optimization. Because ParA/B
systems are involved in the transport of cargos of different sizes
with correspondingly different diffusion coefficients, we varied
the diffusion coefficients to encompass the range of values
(0.0001-0.03 um?/s) that have been reported for ParA/B cargos
(28, 31, 58). We found that the DNA-relay model is robust over
these 100-fold variations in diffusion coefficients with respect to
cargo inheritance in daughter cells (Fig. S4). The DNA-relay
model also performed well over the wide range of ParA dimer
copies (100-4,000) per cell (Fig. S4) that have been reported in
the literature (8, 28, 31). We also show that the DNA-relay
mechanism can accommodate different cargo numbers. Thus,
the DNA-relay mechanism we propose is robust to variations
among ParA/B systems.

In the DNA-relay model, the cargo translocation is driven by
intrinsic chromosomal fluctuations. These chromosomal dynamics
contribute to the transport mechanism in two ways. First, they
provide an elastic force on the cargo. Second, they allow DNA-
bound ParA dimers to explore space around their equilibrium
position, thus expanding the zone of ParA-cargo interaction. The
size of the interaction zone is dictated by the amplitude of the fluc-
tuations and reflects the size of the ParA-depletion zone. The sim-
plicity and efficiency of the DNA-relay mechanism makes it, at least
in principle, broadly applicable, perhaps even beyond ParA-de-
pendent systems. Elastic dynamics of fluctuating chromosomal loci
were observed not only in different bacteria (31) (Fig. S1C), but also
in eukaryotic nuclei by tracking fluorescently labeled chromosomal
loci (59). Therefore, these elastic dynamics likely represent a uni-
versal feature of compacted, high-order structured DNA. The DNA-
relay model shows that a simple biochemical system with only two
players—one binding to the DNA and the other modulating this
binding—can harness the fluctuations of the DNA, which are ran-
dom in direction, to spontaneously generate directional motion
and spatial patterning inside the cell.

Materials and Methods

Strains and Culture Conditions. To measure chromosomal locus dynamics, we
used E. coli strain CJW4473 (DL2875/pMC1), which encodes a tetO array at
the cynX locus (60) and harbors pMC1 plasmid carrying mcherry and a tetR-
yfp fusion. To construct pMC1 plasmid, lacl-cfp was removed from pLAU53
(61) by digestion with EcoRI. Then, mcherry was amplified from pCHYC-2
(62) by PCR (using primers TCGTTCTAGAATGGTGAGCAAGGGCGAGGAGG
and AGGTTCTAGATTACTTGTACAGCTCGTCC) (62) and then inserted at the
Nhel site. After construction, pMC1 was verified by PCR and fluorescence microscopy.

To track the motion of pB171-derived plasmids, we used E. coli strain KG22
harboring a dual plasmid system (18). The first plasmid, pSR124 (18), encodes
an inducible tetR-mcherry fusion to visualize the second plasmid that was
pSR233 (par+) or pSR230 (par-). Plasmid pSR233 is a miniR1 plasmid that
carries a pB171-derived par2 locus (45), a tetO array, and a parA-gfp fusion
(18). pSR230 is essentially the same, with the exception that it does not
encode the par2 locus (18).
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Cell cultures were grown overnight at 30 °C to ODggp < 0.25 in M9 medium
(0.87 g/L Na;HPO,, 0.54 g/L KH,PO,, 0.50 g/L NH,Cl, 0.5 mM MgSO,, 0.5 mM
CaCly, 0.01 mM FeSO,) supplemented with 0.2% (wt/vol) glycerol, 0.06% (wt/vol)
casamino acids, and thiamine (1 pg/mL). To track chromosomal locus dynamics,
synthesis of TetR-mCherry was induced with 0.02% arabinose (wt/vol). Cells then
were grown for 45 min at 30 °C before imaging. For plasmid tracking, synthesis
of TetR-mCherry was induced for 60 min at 30 °C following the addition of 0.3%
arabinose. After the induction, cells were washed with M9 + 0.2% (wt/vol)
glucose medium (also supplemented with casamino acids and thiamine) and
grown for 4-5 h at 30 °C before imaging to dilute TetR-mCherry level through
growth and division to prevent plasmid clustering. All strains were initially
grown overnight in the presence of antibiotics (100 ug/mL ampicillin for the
strain carrying pMC1 and 100 pg/mL ampicillin plus 50 pg/mL kanamycin for
strains carrying pSR230 and pSR233) that were omitted during subsequent
induction, regrowth, and imaging steps.

Microscopy and Image Processing. For imaging, cells were spotted on 1%
agarose pads containing M9 glucose medium and imaged after 30 min at
room temperature on an Eclipse Ti-E microscope (Nikon) system with a 100x/
1.40 NA phase-contrast objective (Plan Apochromat; Nikon) and an Orca-II-
ER camera or an ORCA-Flash4.0 V2 Digital CMOS camera (both Hamamatsu
Photonics) combined with a Perfect Focus System (Nikon). Microscope and
image acquisition were controlled by MetaMorph software (Molecular Devices).
Cell outlines, segmentation, fluorescence quantification, object (nucleoid)
detection, and spots detection (plasmid localization) were carried out using
Oufti (63) and MicrobeTracker (64). We estimated the localization error for
the detection of fluorescent spots (plasmids or chromosomal loci) to be
about 20 nm (65).

Quantitative Image Analysis. To determine the dimensions of individual nu-
cleoids, cells were stained by addition of 1 pg/mL DAPI to cell cultures for
5 min before spotting cells on the pad. A standard object detection output
from Oufti was used for quantification (63). We defined the length of the
nucleoid by projecting image coordinates of all vertices of the nucleoid
outline on the cell centerline and by calculating the difference between
minimal and maximal values. Width of the nucleoid was defined as an area
of the nucleoid (standard field returned by Oufti in object output) divided
by the length of the nucleoid.

To track the motion of chromosomal loci, spots detected by spotFinder (an
auxiliary function of MicrobeTracker (64) were connected into trajectories
for cells with a single spot per cell. Then, we determined, in cellular coor-
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dinates (along short and long cell axes), the mean position of each trajectory
and the positions of each spot relative to the trajectory’s mean position.
Combined distributions of positions relative to the mean trajectory position
were generated (as in Fig. S1C) and fitted by a Gaussian with width o.
According to Boltzmann distribution, a probability P to observe a given state
is proportional to exp(—E/kT), where E is the energy of state, k is the
Boltzmann constant, and T is the absolute temperature. Hence, a Gaussian
distribution is expected for deviations from the mean position for a chro-
mosomal locus in a harmonic potential, i.e., for a particle under an elastic
force with E = kg, (x — X0)?/2. The underlying elastic constant ksp was calcu-
lated as ks, = kT/c™.

To track the motion of multiple plasmids, identified spots were connected
between frames into a trajectory by minimizing the displacement of indi-
vidual spots. If the displacement exceeded the maximum allowed value, a
new trajectory was started. Then, MSDs were calculated in the ensemble-
averaged sense as follows:

msD()=1 3 () ~x(0)7, [
i=1

where x(t) is the coordinate of a given particle at moment t, x(0) is the co-
ordinate of this particle at the beginning of the trajectory, and n is the
number of trajectories.

To quantify ParA-GFP fluorescence as a function of the interplasmid dis-
tance, the closest neighboring plasmid was first identified for each plasmid in
the cell. Then, the amount of fluorescence within this plasmid-plasmid
segment of the cell was calculated from the standard fluorescence profile
output from Oufti. Finally, the data were binned according to interplasmid
distance, and the average values for each bin were quantified.

Model Simulations. Briefly, Brownian dynamics simulations of cargos and ParA
dynamics within simulation boxes were carried out using a second-order
approximation (66) and parameter values derived from experiments (Table
S1 and Supporting Information).
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