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Abstract

We review the key role played by mathematical modeling in elucidating two center-finding patterning systems
in Escherichia coli: midcell division positioning by the MinCDE system and DNA partitioning by the ParABS
system. We focus particularly on how, despite much experimental effort, these systems were simply too
complex to unravel by experiments alone, and instead required key injections of quantitative, mathematical
thinking. We conclude the review by analyzing the frequency of modeling approaches in microbiology over
time. We find that while such methods are increasing in popularity, they are still probably heavily under-utilized
for optimal progress on complex biological questions.
he special issue "Microbiology: how to bridge mechanisms and phenomenology" edited by
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Interdisciplinary research is of increasing impor-
tance in understanding complex natural phenomena.
Mathematical modeling in biology is a central example
of such interdisciplinary work and has a well-
established tradition going back many decades.
However, it is probably fair to say that the promise of
modeling in biology has not yet been fully exploited. In
this review, we examine two cases where mathemat-
ical modeling has played a key role in shaping our
biological understanding: division site positioning and
DNA partitioning, analyzing the lessons these two
cases hold for interdisciplinary modeling approaches
in biology more generally.
Many rod-shaped bacteria roughly double in length

before dividing symmetrically at the cell center to form
two equal-sized daughter cells. How this central
division site is specified has been a central question
in microbiology for many decades. Experimentally, in
thor(s). Published by Elsevier Ltd. This is
/licenses/by-nc-nd/4.0/).
the last decade of the last century, this process in
Escherichia coli was shown to be governed by the
MinCDE proteins. Remarkably, these proteins were
found to oscillate from pole-to-pole inside a single cell.
In the first part of this review, we examine how
mathematical modeling together with further experi-
ments in the early 2000s finally unlocked the basis
of the oscillations and thus of division site positioning in
E. coli. This part of the review is more historical in
nature, and we refer to more recent reviews to cover
subsequent developments. Note that our historical
view is not meant to imply that the Min work is only of
historical interest. In fact, quite to the contrary, the Min
system is still a very active area of research. Here, we
merely review how mathematical modeling provided
critical early impetus to the field.
In the second part of the review, we move on to

examine a closely related problem, how DNA, and
especially low copy number plasmids, are positioned
to ensure stable inheritance. This has been a topic of
an open access article under the CC BY-NC-ND license
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recent intense interest, and we review how a recent
theoretical idea, flux balance, together with experi-
ments, has again made a central contribution.
Both these cases are examples of fruitful interaction

between theory and experiment on systems too
complex to be unpicked by experiments alone. Both
illustrate how mathematical modeling can, when
judiciously employed, provide a step change in our
ability to extract mechanistic understanding. We then
conclude this review by providing a perspective on the
role and future potential for mathematical modeling in
microbiology. In our opinion, such approaches are still
severely under-utilized, a bottleneck that we believe is
holding back faster progress in understanding complex
biological processes.
Historical Center Finding: Cell Division
Positioning in E. coli Mediated by the
Oscillatory MinCDE System

The first decisive progress in understanding midcell
division specification in E. coli was the identification,
more than half a century ago, of a strain that produced
so-called “minicells” [1]. Minicells are abnormally small
cells without chromosomes that arise from aberrant
polar, rather than midcell, division events. Molecular
insight into how these minicells arose took many years
to achieve, with the decisive breakthrough not occur-
ring until the late 1980s, with the characterisation of the
minB locus [2]. This operon, encoding three genes,
minC,minD andminE, was shown to be responsible for
the minicell phenotype. The molecular roles of these
three genes then took a further decade of work to
unravel.MinCwasshown tobean inhibitor of FtsZ [3], a
key protein in the formation of the cytokinetic ring
necessary for dividing the cell in two,withMinC found to
partner the MinD protein [4]. Without the third protein,
MinE, this combination of proteins was found to inhibit
cell division at all locations. In the presence of MinE,
however, this inhibition was relaxed specifically at
midcell, allowing symmetric division. MinE was thus
referred to as conferring topological specificity on the
system [2]. Quite how this was achieved still remained
opaque.
A further key advance was achieved through live,

fluorescent protein fusions, which for the first time laid
bare the remarkable spatiotemporal dynamics of the
Min proteins. MinD [5] and MinC [4,6], and later MinE
[7], were found to undergo spatiotemporal oscillations
from pole to pole inside single cells. The oscillations
occur on a timescale ofminutes,much faster than even
the fastest cell cycle time. First MinC and MinD
assemble on the membrane in one half of the cell,
followed by the formation of the MinE ring around the
cell periphery at midcell. This MinE ring then moves
toward the pole, apparently displacing the MinC and
MinDwhich tend to reassemble in the opposite cell half.
Once theMinE ring reaches the cell pole, theMinE ring
disassembles before reforming again at the cell center
before sweeping toward the other pole. In this way the
pattern returns to its initial state, before the whole cycle
repeats. It was also found that the presence of MinC,
although essential for functionality due to its role in
repressing FtsZ, was actually dispensible for the
oscillations [5]. This simplification, requiring only two
proteins to be explicitly modeled (MinD andMinE), was
exploited by much of the subsequent mathematical
modeling. Overall, the Min dynamics were perhaps the
most striking example of spatiotemporal compartmen-
talization in bacteria and provided a further decisive
blow against the previously widely held view of bacteria
as mere bags of enzymes.
Further progress was also made on the biochemistry

of the Min system. Specifically MinD was shown to be
anATPase [8] whose localization wasATP dependent:
on the membrane when bound to ATP, but in the
cytoplasm when in an ADP form [9]. Moreover,
formation of the MinE ring was found to depend on
MinD [10], with MinE then stimulating MinD ATPase
activity [9,11]. This process causes MinD membrane
dissociation, with nucleotide reloading by MinD then
occurring in the cytoplasm, permitting membrane
rebinding (Fig. 1).
Through the spatiotemporal dynamics of the Min

proteins, it was already clear by around 2000 that
midcell division specification was achieved through a
time-averaged minimum in the MinC concentration [7].
Because of the spatiotemporal oscillations, this time-
averaged minimum occurred at midcell. Polar division
events were repressed by higher MinC concentrations,
with off-center divisions additionally repressed by the
nucleoid, through the so-called nucleoid occlusion
mechanism, later shown to be mediated by the
nucleoid-associated protein SlmA [12]. How the Min
oscillations arose remained, however, a profound
mystery. One popular idea invoked the existence of
topological markers that would mark midcell and
somehow orchestrate the Min dynamics so that the
MinCD proteins would avoid this location [13]. Quite
how these marker proteins would themselves find the
center was unclear. This explanation did not, therefore,
resolve the problem but merely pushed the same
spatial targeting problem onto a different set of
hypothetical proteins.
This was the state of affairs around 2001: much was

known about the Min proteins, their interactions and
biochemistry, but it was not at all clear how these
elements combined to generate spatiotemporal oscil-
lations. At this point, three mathematical modeling
papers were published within a few months of each
other in 2001 and 2002: byMeinhardt and deBoer [14];
Howardet al. [15], andKruse [16], respectively. Despite
significant differences, these models all proposed
variants of the same key idea, namely, that the
interactions between the Min proteins, and their
diffusion, spontaneously generate the spatiotemporal



Fig. 1. Outline model of the Min
system dynamics. A circled P indicates
the ATP-bound form of MinD. Membrane
shown in gray, with cytoplasm above.
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oscillations without the need for any other hypothetical
factors. In this way, the Min oscillations are an
emergent, self-organizing phenomenon, reliant on an
underlying dynamical instability. This instability causes
a homogenous distribution of proteins to be unstable
via an amplification of any small concentration fluctu-
ations, eventually leading to pole-to-pole oscillations.
The threemodels were also technically implemented in
a similar way, using a deterministic partial differential
equation approach. One prime motivating experiment
for thesemodelswas thebehavior of theMin proteins in
filamentous cells, where division had been inhibited. In
this case, it was seen that the oscillatory pattern broke
up into multiple bands inside single filamentous cells
[5]. Such a pattern exhibits the hallmark of a
characteristic wavelength, a phenomenon that was
already well established from patterning reaction–
diffusion systems in development. This connection
made it reasonable to suppose that the Min dynamics
might have a similar underlying cause.
The Meinhardt model is a pure reaction–diffusion

system, where the instability is generated by a
mechanism of short-range activation and long-range
substrate depletion. This model builds on a long line of
activator–inhibitormodels stretching back toGierer and
Meinhardt [17], implementing a special case of a Turing
instability. A key part of activator/inhibitor models is an
activator whose protein production is enhanced auto-
catalytically, but which diffuses slowly. The activator is
balanced by the second key component, an inhibitor,
also produced by the activator, but which diffusesmore
rapidly and thus disperses to inhibit the activator. In an
activator-depletion mechanism, the role of the inhibitor
is replaced by a rapidly diffusing substrate component,
which is depleted by autocatalytic conversion into the
activator. In the Meinhardt Min model, this slowly
diffusing activator is membrane MinD, with the sub-
strate being much more rapidly diffusing cytoplasmic
MinD. The final ingredient to generate oscillations is the
presence of a local inhibitor (MinE), stimulated by the
activator (membrane MinD), whose accumulation
causes a breakdown of activator production. In regions
of parameter space, such a model can indeed
spontaneously generate spatiotemporal oscillatory
behavior, as well as the multiple oscillatory bands of
filamentous cells [14].
In order for themodel to generate long-term dynamics,

production of MinD in the cytoplasm is required to
compensate for degradation of the activator on the
membrane. In the absence of protein production, the
dynamics would quickly die out due to Min protein
degradation on fast (second) timescales, leaving the cell
devoid of anyMin proteins. In addition to being extremely
costly inenergetic terms,suchamechanismwasactually
already ruled out experimentally even in 2001. Earlier
experiments had already shown that the oscillations
were persistent over many oscillation cycles even when
cells were treated with chloramphenicol to inhibit protein
synthesis [5]. Hence, despite the model's success in
reproducing the Min protein oscillatory phenomenology,
a different type of model was clearly required.
The Howard et al. and Kruse models took such a

different approach by abandoning the traditional
activator/inhibitor/depletion models and instead devel-
oping models fundamentally based on conservation of
protein number. In these models, protein spatiotempo-
ral oscillations occur via relocation of existing proteins
without any production or degradation, processes that
were assumed tobeunimportant on the short timescale
of the oscillations. Both models were thus “mass
conserving,” taking note from the chloramphenicol
experiments, as well as being much less resource
intensive for the cell. The drive behind the out of
thermodynamic equilibrium oscillations was therefore
not due to protein synthesis/degradation as in the
Meinhardt model, but rather to MinE-stimulated ATP
hydrolysis and subsequent nucleotide exchange for
MinD. Both models are again able to recapitulate the
observed spatiotemporal oscillations both in normal-
sized and filamentous cells [15,16].
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However, there are still fundamental differences
between the Howard et al. and Kruse models. The
model of Kruse, as well as incorporating cytoplas-
mic/membrane unbinding/binding reactions and dif-
fusion, also requires the MinD proteins to display
self-aggregating behavior once bound to the mem-
brane. Such behavior has not been decisively
observed experimentally in vivo, although it is
difficult to positively identify. By contrast, the model
of Howard et al. uses only reaction–diffusion terms to
successfully reproduce the Min phenomenology.
Although the reaction kinetics have subsequently
been greatly refined (see, e.g., Ref. [18]), the model
did for the first time conclusively show that a mass-
conserving pure reaction–diffusion model can gen-
erate patterning dynamics. The vast majority of
succeeding models of the Min system have built on
this foundation to construct more elaborate and more
realistic models of this type.
In the period immediately following the introduction of

these models, further progress was made by adding
two main features: more realistic geometries or
stochastic effects [19] (or both combined [20,21]). For
the former, the first generation of Min models had been
mostly 1d in natureand thusonly accounting for the true
cylindrical geometry of E. coli cells in a crude way.
Subsequent models injected much more accurate 3d
geometries capable of generating more realistic Min
protein dynamics, but without fundamentally altering
the underlying mechanisms. Stochastic effects turned
out to be a similar story: theMin proteins are expressed
inwild-type cells at copy numbers high enough (~1000)
[22] to diminish low copy number fluctuation effects. In
effect, the stochastic models again reproduced the
phenomenology of the deterministic models. However,
the Min system did form an effective arena for the
development and testing of spatiotemporal stochastic
reaction–diffusion models (e.g., Smoldyn [23],
MesoRD [24]) that have proved extremely useful for
other cell biology applications.
Perhaps the central prediction of the early Min

modeling was that the spatiotemporal oscillations
were an emergent, self-organized phenomenon requir-
ing only the Min proteins themselves, ATP and
membrane. This prediction was tested in spectacular
fashion in subsequent in vitro experiments [25], which
put together purifiedMinD andMinE, together with ATP
and a supported lipid bilayer. Remarkably, this in vitro
combination generated spontaneous Min protein pat-
terning involving traveling waves and spiral structures.
While there were clear differences with the in vivo
dynamics (e.g., the length scales were much longer),
these experiments formed a powerful conformation of
the modeling predictions [25]. Subsequent work has
refined the in vitromethodology leading tomore realistic
dynamics closer to those observed in vivo, including
oscillations. The quest for more realistic theoretical
models has also continued, with continued refinement
of reaction kinetics. We refer to a series of recent
excellent review articles that discuss these develop-
ments in more detail [26–28].
Looking back on the early Min modeling effort with

the benefit of nearly two decades hindsight, several
observations stand out. The first is that the models
injected a radically new idea into subcellular protein
dynamics, an idea (self-organized protein patterning)
that previously had only been applied at much longer,
developmental length scales. Furthermore, the Kruse
and Howard et al. models utilized a mass-conserving
implementation that was new, to our knowledge, in
biology. Second, this concept was essential for
explaining the phenomenon, but could not have been
contributed by the experimental community, where
such theoretical thinking was not (and still is not)
widespread. No amount of further biochemical charac-
terisation or fluorescence imaging experiments would
have revealed the underlying mechanism. These
experiments were essential for exposing the building
blocks of the Min dynamics but on their own could not
have revealed how these ingredients combine to self-
organize the oscillations. Third, the theoretical ideas
were contributed at an auspicious time: a great deal
was already known about the Min dynamics by 2001,
enough to construct a plausible theory.Of course, there
are many ways in which E. coli could have used to find
its center, but evolution arrived at one possibility. Had
the theory proceeded in isolation, other mechanisms
might have been elaborated that bore no relation to the
mechanism actually implemented. For example, oppo-
sitely directed, stationary concentration gradients could
also be used as a center-finding mechanism and are
perhaps the most obvious method. However, while
such a system does appear to be implemented in
Bacillus subtilis, E. coli selected another way, spatio-
temporal oscillations, that would have been completely
implausible to conjecture prior to the emergence of the
experimental data.
We next turn to a closely related center finding

problem, this time inDNApartitioning systems, that has
recently been the subject of intense investigation. We
will again examine the role played by modeling
approaches, comparing and contrasting with the Min
system.
Contemporary Center Finding:

ParABS-mediated DNA partitioning in E. coli

The accurate transfer of genetic material from a cell
to its progeny is a critical property for all cellular life.
While eukaryotes employ a well-understood machine,
the mitotic spindle, the mechanisms underlying DNA
segregation in prokaryotes are comparatively poorly
understood. This situation has improved substantially
over the last decade or so, especially for the
segregation of low-copy number bacterial plasmids.
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In this case, unlike for high-copy number plasmids,
random diffusion is not a reliable means of partitioning
genetic material to daughter cells as the probability of a
daughter receiving no plasmids is unacceptably high.
Thus, low-copy number plasmids require an active
mechanism to ensure their stable inheritance.
The process is mediated by a three-component

partitioning system, called par, that consists of an
NTPase, aDNAbinding protein and a centromeric-like
site [29,30]. The most well-understood subfamily
include type II par systems, defined by actin-like
ATPases and typified by the ParMRC system of the
R1 plasmid [31]. The actin homolog ParM forms
dynamically unstable filaments that push plasmids to
the cell poles, in a process not dissimilar to spindle-
based mitosis. Type III systems encode a tubulin-like
protein TubZ that forms stable cytoskeleton-like
filaments that again push plasmids to the cell poles.
In the following, however, we focus on so-called type

I systems, defined by a deviant Walker ATPase. An
important distinction of this type is that the ATPase,
generically termed ParA, binds DNA non-specifically
and thereby uses the nucleoid as a scaffold for plasmid
positioning. Second, rather than push plasmids to the
poles, type I systems position them equally and
symmetrically along the long axis of the cell. In cells
with a single plasmid, the plasmid is positioned to mid-
cell, thereby implementing center finding. In cells with
two plasmids, the plasmids are positioned at the one-
quarter and three-quarter positions, and so on for
higher copy numbers (at least up to 5) in a regular
positioning pattern† [32–34]. This class of proteins is
also involved in the regular positioning of other lowcopy
cellular components such as chemotactic clusters [35]
and carboxysomes [36]. Indeed,ParAATPasesare the
most common of the three types of partitioning system
and, in particular, are the only ones found on bacterial
chromosomes [37,38].
Consistent with its similarity to MinD, an early study

found that ParA from the par2 locus of the E. coli
plasmid pB171 oscillates between the two poles of the
cell with a periodicity of about 20 min [39]. This was
found to be dependent on the DNA-binding protein
ParB and the parC centromere-like site. A later study
suggested that ParA forms filaments in vivo [40] and
this was subsequently confirmed in vitro using electron
microscopy [32]. It was then discovered that ParA
dynamics and plasmid movement are intertwined. The
partition complex (ParB bound centromere-like site)
stimulates disassembly of the ParA structure, with the
plasmidmovingalongwith, as if pulled by, the retracting
structure [33]. These dynamics were consistent with
studies of the F plasmid in E. coli and its par operon
sopABC (for clarity, we will henceforth refer to all par
operons as parABS). ParA was found to form ATP-
dependent filaments in vitro [41], to exhibit oscillations
in vivo [41,42] and to have an apparent helical structure
[42,43]. Later work has studied the chromosomal Par
system ofCaulobacter crescentus, which also displays
filamentous structures in vitro [44], providing further
details for how the partition complex might be pulled by
a retracting filament bundle.
However, in spite of frequent in vitro observations

of ParA filament formation, it was not clear whether
ParA forms filaments in vivo, especially given that
the distribution of ParA more often resembled a
cloud than a filament. In particular, the ParABS
system of the E. coli P1 plasmid displayed different
dynamics to that of the pB171 and F plasmids. P1
ParA forms a largely diffuse cloud on the nucleoid
with weak regularly positioned foci that blink upon
segregation [45,46]. Nevertheless, the system is
able to regularly position plasmids [45,46]. Biochem-
ical studies showed that ATP-bound dimers of P1
ParA undergo a slow conformational change to a
state competent for non-specific DNA binding [47].
This slow exchange introduces a time delay that
ensures the cytosolic pool of DNA-binding-
competent ParA is well mixed within the cell,
perhaps explaining the observed diffuse cloud.
Furthermore, in vitro reconstitutions of the F [48]
and P1 [49] plasmid systems featuring plasmids on
an immobilized DNA carpet, revealed no evidence of
filaments in either system or in earlier biochemical
assays [47]. Consistent with that, ParA and ParB
showed free exchange with the DNA carpet. The
ability of ParA to induce plasmid movement was
subsequently shown in vitro using parS coated
magnetic beads and an external magnetic field to
confine F plasmid partition complexes to a ParA-
coated DNA carpet [50]. Strikingly, the authors
observed directed motion of beads across the
DNA-coated surface, with the bead leaving a
transient depletion zone in its wake. They suggested
that, in vivo, plasmids may be confined to the narrow
cytosolic space between the nucleoid and the cell
membrane. However, it was later shown that the
partition complexes of both the F plasmid and in B.
subtilis are positioned and segregated within the
volume of the nucleoid [51].
Similar to the situation for the Min system, much

detailed experimental knowledge of the ParABS
dynamics was available. However, it remained
completely unclear how the various elements com-
bined to generate the sophisticated ParA spatiotempo-
ral patterns. Once again, as in the Min system,
mathematical modeling was needed to provide key
insights to help unlock the underlying mechanisms.
Early efforts in this direction centered around Min-like
reaction–diffusion mechanisms [43,52]. Later work
focused on how the formation of retracting ParA
filaments might generate patterning and plasmid
positioning [33], through a filament length-dependent
detachment probability. Other related work focused on
details of the ParA/ParB dynamics at the filament tip via
polymer simulations [53], while another model incorpo-
rated random diffusion of the partition complex along
the retracting filament bundle [54]. However,
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experiments casting doubt on the formation of (long)
ParA filaments suggested that these scenarios might
not be the whole story.
The field received critical new insights frommodeling

work by Sugawara and Kaneko [55] and Ietswaart et
al. [34] for how ParA could generate self-organized
patterning. In particular, Ietswaart et al. argued that
independent of the precise ParA-mediated molecular
mechanism for plasmidmovement, regular positioning
can be explained by the competition between ParA on
either side of each plasmid. Assuming that ParA
can bind anywhere along the nucleoid and treating
plasmids as sinks for ParA-ATP, they showed that the
only configuration where the fluxes of ParA-ATP into
eachplasmid fromeither side balance is onewhere the
plasmids are regularly positioned. For the simplest
case of a single plasmid, if the plasmid is off-center,
then the amount of ParA binding on one side will
Fig. 2. Flux balance as a general positioning mechanism. (
which binds uniformly over the nucleoid. (Left) With the plasm
side is different. (Right) If the plasmid moves up the ParA-ATP
where the fluxes balance. (b) Basal unbinding/hydrolysis of Pa
where D is the nucleoid-bound diffusion constant and k is the
ParA-ATP. If L is less than the nucleoid length, then the plasm
nucleoid. Here, L = 0.2 in units of nucleoid length, otherwise
spatiotemporal fluctuations of the plasmid about the center po
be greater than the other. As the plasmid is a sink for
ParA, this creates a steeper gradient of ParA
concentration on one side as compared to the other
(Fig. 2a). Assuming that the plasmid is able tomove up
a ParA concentration gradient, consistent with exper-
iments, then because this gradient is steeper on one
side rather than the other, the plasmid will be
repositioned back to the center of the nucleoid. The
model was demonstrated to form appropriate patterns
analytically for a completely non-polymerising case,
and then shown also to work via stochastic simulations
for the case of short and long ParA filaments. The flux-
balancemodel therefore potentially provides a unifying
explanation for the varied ParA patterning dynamics
observed experimentally.
The flux-balance mechanism has two important

requirements. The first is that binding of ParA-ATP to
the nucleoid is homogenous, therefore requiring that
a) A plasmid (red) acts as a sink for ParA-ATP (blue line),
id off-center, the flux (or gradient) of ParA-ATP from either
gradient then it will be positioned at the nucleoid center,

rA-ATP affects positioning. The length-scale L ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
2D=k

p
,

basal unbinding rate defines the diffusive length-scale of
id does not receive positional information over the entire
as in panel a. This incomplete sensing may contribute to
sition.
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ParA-ATP in the cytosol iswellmixed. This is consistent
with the slow conformational change that ParA-ATP
dimers undergobefore they are competent to bindDNA
[47]. Second, if the basal (ParB-independent) hydroly-
sis rate is too great, or the diffusion rate too slow, then
each ParA-ATP dimer explores only a fraction of the
nucleoid during a single binding event, and as a result,
the plasmid is not able to “sense” the entire nucleoid
(Fig. 2b). Onlywhen a complex gets sufficiently close to
a cell pole or another complex is there an imbalance in
the ParA fluxes to bias its movement. Combined with
the persistent nature of the motion, this provides a
natural explanation for the lack of positioning observed
when hydrolysis is too fast, or on-nucleoid diffusion is
too slowor absent, and the onset of oscillatory behavior
[56–59]. As these requirements are quite general, flux
balance has been argued to underlie positioning in
other systems, for example, PomXYZ and MukBEF
(see below).
An essential requirement for plasmid positioning via

ParABS dynamics is that plasmids move up the (likely
non-filamentous) ParA concentration gradient. The first
explanation for how this would work was theoretical.
Sugawara and Kaneko [55] used thermodynamic
arguments to argue that binding of ParA-ATP can
generate a “chemophoretic” pulling force on the
plasmid (with flux balance subsequently resulting in
regular positioning, as described above). This mecha-
nismwas later used by Vecchiarelli et al. [60] to explain
their in vitro observations of directed motion of parS
coated beads and put their earlier conceptual “diffu-
sion-ratchet” model [47] on a mathematical footing.
More recent studies have attempted to provide

molecular explanations for force generation and have
extensively employed mathematical modeling ap-
proaches. Although we will not address this question
in depth, we briefly mention that twomechanisms have
been proposed. The first is the DNA-relay model
[59,61], based on the observation that genetic loci
undergo elastic fluctuations in their position, indepen-
dent of chromosome segregation [62]. The second is
the Brownian-ratchet model [56,63], where the entire
tether from the partition complex to the nucleoid DNA
(via ParB and ParA-ATP) is considered as an elastic
spring that can generate forces on the complex in a
similar way to the DNA-relay model. While there has
been some discussion about the differences between
the two models and about the validity of the underlying
assumptions and parameters values [64], the two
mechanisms for directed movement are conceptually
similar. However, it is not yet resolved which one might
be closer to reality.
Intriguingly, the underlying molecular dynamics for

the ParABS and MinCDE systems are fundamentally
rather similar. Both involve an ATPase (MinD, ParA)
whose activity is stimulated by an ATPase activating
protein (MinE, ParB), with the location of the ATPase
switchingbetweencytoplasmandmembrane (MinD) or
between cytoplasm and nucleoid (ParA). However, a
fundamental difference arises from the positioning and
dynamics of the ATPase activator. For the Min system,
in the form of MinE, this is a diffusible molecule free in
principle to occupy any site on the membrane with
available MinD. For the plasmid system, the equivalent
protein ParB binds to the parC centromere-like site and
is therefore not free to occupy any position on the
nucleoid. Hence, for the plasmid case, the sink of ParA
is at discrete locations (the plasmids), whereas for the
Min system, the sink is itself a self-organized, dynamic
object (the MinE ring). However, we emphasize that
there are still many similarities between the two
systems. Plasmid systems are also capable, at least
theoretically, of displaying oscillations [56,58,59] and
both are examples of mass-conserving patterning
dynamics. A related system, PomXYZ of Myxococcus
xanthus, sits between the two. It functions like the Min
system to define the future site of cell division but does
so in a manner very similar to plasmids [57,65].
Self-positioning of MukBEF

One interesting question that arises from the analysis
of ParABS iswhether regular positioning systemsexist,
which consist purely of dynamic proteins rather than
fixed objects like plasmids. The Min dynamics in
filamentous cells arguably constitute such a system,
although such filamentation does not normally arise
and requires an ftsZmutant, for example. One example
system that has recently been investigated is that of
bacterial Structural Maintenance of Chromosomes
(SMC) complex [66]. SMCs are ubiquitous protein
complexes involved in chromosome organization and
segregation.MukBEF, theE. coliSMC, forms foci at the
middle and quarter cell positions in cells with one or two
foci, respectively, in a pattern similar to that of low copy
number plasmids. These foci are dynamic, fluctuate in
position and intensity, and turnover on a timescale of
about 1 min. [67]. Furthermore, MukBEF has multiple
conformational and stoichiometric states. Foci consist
of a slowly diffusing DNA-associated state, while
another rapidly diffusing state is distributed uniformly
within the cell [67]. Combined with the biochemical
evidence for cooperative interactions, it was proposed
that MukBEF foci form by a diffusion-driven instability,
similar to the Min system, but with a classic stationary
Turing pattern, rather than an oscillation as the output
pattern [66].
However, an obstacle to the application of Turing

patterning in finite systems is that model parameters
typically need be fine-tuned to robustly obtain the
desired wavelength, independent of initial conditions.
Furthermore, even with fine tuning, the polarity is not
fixed, so that the concentration profile can equally well
have a peak or a valley in the middle of the cell.
Surprisingly, however, simulations showed that the
correct pattern formed independent of the initial
conditions. This finding relied on two conditions. First,
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like in the ParABS system, uniform binding across the
nucleoid and subsequent on-nucleoid diffusion means
that self-organized MukBEF foci can be influenced by
the incoming fluxes from either side of the nucleoid. In
the case of one off-center focus, this results in the focus
being “fed”more on one side than the other, and thus, it
moves to the middle of the cell where the incoming
fluxes balance. Second, robust positioning required
stochastic effects, without which foci could become
stuck at the poles. This configuration is not stable to
stochastic effects and the system is easily pushed to
the stable regularly positioned configuration. Together,
balancing fluxes and stochasticity allows the self-
organized MukBEF foci to sense the nucleoid
length and/or each other and position themselves
appropriately.
Discussion: Theory and Experiment,
Finding an Optimal Mix for the Future

In this review, we have highlighted two fruitful
examples of the interplay between theory and exper-
iment in E. coli: cell division positioning and DNA/
protein partitioning. Both cases implement center
finding, but do so in very different ways, utilizing
spatiotemporal oscillations and flux balance, respec-
tively. For both, mathematical modeling building on
substantial experimental foundations was critical for
establishing the underlyingmechanisms. In suchcases
where the mechanism involved exceeds our ability as
scientists to understand intuitively, the injection of
mathematical modeling can provide a solid framework
for dealing with complex interactions and can greatly
accelerate our acquisition of mechanistic understand-
ing. For thecaseof theMin system,onecan reasonably
ask how long it would have taken to get at the heart of
themechanismwithout input from theoreticians. It is not
implausible to think that the scientific community would
still be waiting for an answer nearly two decades later.
Despite these successes, it is fair to say that

mathematical approaches are still under-represented
in the literature in biology. Specifically, within microbi-
ology, this is unfortunate as the comparative simplicity
of prokaryotes (complex but not too complex) makes
them attractive targets for combined modeling and
experiments. To assess the current degree of “market
penetration” of modeling within microbiology, we
performed literature searches within the ISI Web of
Science database, examining the fraction of published
papers in experimental microbiology with a modeling
component from 2002 to 2017, the most recent year
with complete data (Fig. 3). We are specifically
interested here in published papers that combine both
types of investigation, as we believe that such a
combination is optimal, certainly as compared to pure
theory papers existing in isolation without experimental
input, their ideas mostly unread by experimentalists.
We therefore searched for microbiology papers with a
theoretical component in otherwise experimental jour-
nals. We examined first papers in Molecular Microbi-
ology and Journal of Bacteriology, two of the highest
impact journals focused specifically on fundamental
microbiology. Searching on relevant keywords, we
found that the proportion of papers involving modeling
increased ~3-fold between 2002 and 2017, but from a
low base (from around 0.5%) and reaching only 1%–
3% in recent years. Searching specifically for bacterial
Fig. 3. Plot showing the percent-
age of published bacteriology articles
with a computational or mathematical
component for three established jour-
nals. Results are based on a Web of
Science topic search for any of the
phrases “math*,” “computation*” or
“simulation*.” For the multidisciplinary
journal PNAS, the search was re-
stricted to bacteriology with the addi-

tional topic keyword “bacteria.”
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papers in the general journal Proceedings of the
National Academy of Sciences of the United States of
America (PNAS) did suggest more theory involvement,
with theproportionof papers doubling fromaround3%–
5% in the early 2000s to around 7%–9% inmore recent
years. Interestingly, these data suggest that high-
impact microbiology papers do involve significantly
more theoretical content. However, the proportion of
papers is still low at less than 10%. The proportion of
papers with theoretical content that is optimal for the
most rapid scientific progress is, self-evidently, hard to
estimate. The two topics reviewed in this publication
clearly benefited from theoretical input, but other topics
may of course be more straightforward conceptually.
Nevertheless, it seems overwhelmingly likely that the
optimal proportion is much higher than the 1%–2%
from the specialist literature, perhaps by an order of
magnitude or more, and also probably higher than that
seen in PNAS, although by a smaller factor of perhaps
2–3. From this analysis, it is hard to escape the
conclusion that in microbiology (and biology in general)
progress is being hampered by a lack of theoretical
thinking.
Overall, we believe that such thinking is best input

through collaborations between theoretical and ex-
perimental groups. Of course, it is possible for both
styles to be combined within a single group, and there
are successful examples of such work. However, it is
often difficult for experimental group leaders to acquire
the experience to critically manage theoretical work,
which can differ markedly from project to project and
which does not lend itself to the “pipeline” approaches
so common in bioinformatics. Similarly, many theo-
rists may struggle with experimental approaches due
to lack of training and experience. Given that most
microbiologists are not experts in theory and are not
likely to become so, then to optimally assist this cohort
of researchers (which constitutes the vast majority of
active microbiologists today), collaboration with ded-
icated theory groupswould seem tobe the best overall
strategy.
Nearly 20 years ago when one of us (M.H.) started

thinking about biology and how theoretical approaches
could be used, it seemed clear that the field was ripe for
a step change in the use of theoretical approaches.
This still seems true today. Much progress has been
made in the intervening years, but in our opinion,
biology in general andmicrobiology in particular remain
very far from utilizing the optimum combination of
theory and experiment.
Acknowledgements

S.M. is supported by theGerman FederalMinistry of
Education and Research and the Max Planck Society
in the framework of the research network MaxSynBio.
M.H. is supported by the BBSRC Institute Strategic
Programme GEN (BB/P013511/1).

Received 3 December 2018;
Received in revised form 9 January 2019;

Accepted 14 January 2019
Available online 18 January 2019

Keywords:
bacterial cell division positioning;

plasmid segregation;
MinCDE system;
ParABS system;

mathematical modeling

†In the case of n plasmids, their relative positions are
i � 1

2

� �
1
n for i = 1, 2, … , n.
References
[1] H.I. Adler, W.D. Fisher, A. Cohen, A.A. Hardigree, Miniature

Escherichia coli cells deficient in DNA, Proc. Natl. Acad. Sci.
57 (1967) 321–326, https://doi.org/10.1073/pnas.57.2.321.

[2] P.A.J. de Boer, R.E. Crossley, L.I. Rothfield, A division
inhibitor and a topological specificity factor coded for by the
minicell locus determine proper placement of the division
septum in E. coli, Cell 56 (1989) 641–649.

[3] Z. Hu, A. Mukherjee, S. Pichoff, J. Lutkenhaus, The MinC
component of the division site selection system in Escher-
ichia coli interacts with FtsZ to prevent polymerization, Proc.
Natl. Acad. Sci. U. S. A. 96 (1999) 14819–14824.

[4] Z. Hu, J. Lutkenhaus, Topological regulation of cell division in
Escherichia coli involves rapid pole to pole oscillation of the
division inhibitor MinC under the control of MinD and MinE,
Mol. Microbiol. 34 (1999) 82–90.

[5] D.M. Raskin, P.A.J. de Boer, Rapid pole-to-pole oscillation of a
protein required for directing division to themiddle ofEscherichia
coli, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 4971–4976.

[6] D.M. Raskin, P.A.J. de Boer, MinDE-dependent pole-to-pole
oscillation of division inhibitor MinC in Escherichia coli,
J. Bacteriol. 181 (1999) 6419–6424.

[7] C.A. Hale, H. Meinhardt, P.A.J. de Boer, Dynamic localiza-
tion cycle of the cell division regulator MinE in Escherichia
coli, EMBO J. 20 (2001) 1563–1572, https://doi.org/10.1093/
emboj/20.7.1563.

[8] P.A.J. de Boer, R.E. Crossley, A.R. Hand, L.I. Rothfield, The
MinD protein is a membrane ATPase required for the correct
placement of the Escherichia coli division site, EMBO J. 10
(1991) 4371–4380.

[9] Z. Hu, E.P. Gogol, J. Lutkenhaus, Dynamic assembly of MinD
on phospholipid vesicles regulated by ATP and MinE, Proc.
Natl. Acad. Sci. U. S. A. 99 (2002) 6761–6766, https://doi.org/
10.1073/pnas.102059099.

[10] D.M. Raskin, P.A.J. de Boer, The MinE ring: an FtsZ-
independent cell structure required for selection of the correct
division site in E. coli, Cell 91 (1997) 685–694.

[11] Z. Hu, J. Lutkenhaus, Topological regulation of cell division in
E. coli. spatiotemporal oscillation of MinD requires stimula-
tion of its ATPase by MinE and phospholipid, Mol. Cell 7
(2001) 1337–1343.



937Modeling Center Finding in E. coli
[12] T.G. Bernhardt, P.A.J. de Boer, SlmA, a nucleoid-associated,
FtsZ binding protein required for blocking septal ring
assembly over chromosomes in E. coli, Mol. Cell 18 (2005)
555–564, https://doi.org/10.1016/j.molcel.2005.04.012.

[13] L.I. Rothfield, C.R. Zhao, How do bacteria decide where to
divide? Cell 84 (1996) 183–186.

[14] H. Meinhardt, P.A.J. de Boer, Pattern formation in Escher-
ichia coli: a model for the pole-to-pole oscillations of Min
proteins and the localization of the division site, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 14202–14207, https://doi.org/
10.1073/pnas.251216598.

[15] M. Howard, A.D. Rutenberg, S. de Vet, Dynamic compartmen-
talization of bacteria: accurate division in E. coli, Phys. Rev. Lett.
87 (2001), 278102. https://doi.org/10.1103/PhysRevLett.87.
278102.

[16] K. Kruse, A dynamic model for determining the middle of
Escherichia coli, Biophys. J. 82 (2002) 618–627, https://doi.
org/10.1016/S0006-3495(02)75426-X.

[17] A.Gierer, H.Meinhardt, A theory of biological pattern formation,
Kybernetika 12 (1972) 30–39, https://doi.org/10.1007/
BF00289234.

[18] K.C. Huang, Y. Meir, N.S. Wingreen, Dynamic structures in
Escherichia coli: spontaneous formation of MinE rings and
MinD polar zones, Proc. Natl. Acad. Sci. U. S. A. 100
(2003) 12724–12728, https://doi.org/10.1073/pnas.
2135445100.

[19] M. Howard, A.D. Rutenberg, Pattern formation inside
bacteria: fluctuations due to the low copy number of proteins,
Phys. Rev. Lett. 90 (2003), 128102. https://doi.org/10.1103/
PhysRevLett.90.128102.

[20] R.A. Kerr, H. Levine, T.J. Sejnowski, W.J. Rappel, Division
accuracy in a stochastic model of Min oscillations in
Escherichia coli, Proc. Natl. Acad. Sci. U. S. A. 103 (2006)
347–352, https://doi.org/10.1073/pnas.0505825102.

[21] D. Fange, J. Elf, Noise-induced min phenotypes in E. coli,
PLoS Comput. Biol. 2 (2006) 0637–0648, https://doi.org/10.
1371/journal.pcbi.0020080.

[22] Y.-L. Shih, X. Fu, G.F. King, T. Le, L. Rothfield, Division site
placement in E. coli: mutations that prevent formation of the
MinE ring lead to loss of the normal midcell arrest of growth of
polar MinD membrane domains, EMBO J. 21 (2002)
3347–3357, https://doi.org/10.1093/emboj/cdf323.

[23] S.S. Andrews, Smoldyn: particle-based simulation with rule-
based modeling, improved molecular interaction and a library
interface, Bioinformatics 33 (2017) 710–717, https://doi.org/
10.1093/bioinformatics/btw700.

[24] D. Fange, A. Mahmutovic, J. Elf, MesoRD 1.0: stochastic
reaction-diffusion simulations in the microscopic limit, Bioin-
formatics 28 (2012) 3155–3157, https://doi.org/10.1093/
bioinformatics/bts584.

[25] M. Loose, E. Fischer-Friedrich, J. Ries, K. Kruse, P. Schwille,
Spatial regulators for bacterial cell division self-organize into
surface waves in vitro, Science 320 (2008).

[26] J. Halatek, F. Brauns, E. Frey, Self-organization principles of
intracellular pattern formation, Philos. Trans. R. Soc. B Biol. Sci.
373 (2018) 20170107, https://doi.org/10.1098/rstb.2017.0107.

[27] L. Wettmann, K. Kruse, The Min-protein oscillations in
Escherichia coli: an example of self-organized cellular protein
waves, Philos. Trans. R. Soc. Lond. B Biol Sci. 373 (2018)
https://doi.org/10.1098/rstb.2017.0111.

[28] I.V. Surovtsev, C. Jacobs-Wagner, Subcellular organization:
a critical feature of bacterial cell replication, Cell 172 (2018)
1271–1293, https://doi.org/10.1016/j.cell.2018.01.014.
[29] K. Gerdes, M. Howard, F. Szardenings, Pushing and pulling
in prokaryotic DNA segregation, Cell 141 (2010) 927–942,
https://doi.org/10.1016/j.cell.2010.05.033.

[30] A.C. Brooks, L.C. Hwang, Reconstitutions of plasmid
partition systems and their mechanisms, Plasmid 91
(2017) 37–41, https://doi.org/10.1016/J.PLASMID.2017.
03.004.

[31] J. Salje, P. Gayathri, J. Löwe, The ParMRC system:
molecular mechanisms of plasmid segregation by actin-like
filaments, Nat. Rev. Microbiol. 8 (2010) 683–692, https://doi.
org/10.1038/nrmicro2425.

[32] G. Ebersbach, S. Ringgaard, J. Moller-Jensen, Q. Wang, D.J.
Sherratt, K. Gerdes, Regular cellular distribution of plasmids by
oscillating and filament-forming ParA ATPase of plasmid
pB171, Mol. Microbiol. 61 (2006) 1428–1442, https://doi.org/
10.1111/j.1365-2958.2006.05322.x.

[33] S. Ringgaard, J. van Zon, M. Howard, K. Gerdes, Movement
and equipositioning of plasmids by ParA filament disassembly,
Proc. Natl. Acad. Sci. 106 (2009) 19369–19374, https://doi.org/
10.1073/pnas.0908347106.

[34] R. Ietswaart, F. Szardenings, K. Gerdes, M. Howard, Compet-
ing ParA structures space bacterial plasmids equally over the
nucleoid, PLoSComput. Biol. 10 (2014), e1004009. https://doi.
org/10.1371/journal.pcbi.1004009.

[35] M.A.J. Roberts, G.H.Wadhams, K.A. Hadfield, S. Tickner, J.P.
Armitage, ParA-like protein uses nonspecific chromosomal
DNA binding to partition protein complexes, Proc. Natl. Acad.
Sci. U. S. A. 109 (2012) 6698–6703, https://doi.org/10.1073/
pnas.1114000109.

[36] D.F. Savage, B. Afonso, A.H. Chen, P.A. Silver, Spatially
ordered dynamics of the bacterial carbon fixation machinery,
Science 327 (2010) 1258–1261, https://doi.org/10.1126/
science.1186090.

[37] J. Livny, Y. Yamaichi, M.K. Waldor, Distribution of centromere-
like parS sites in bacteria: insights from comparative genomics,
J. Bacteriol. 189 (2007) 8693–8703, https://doi.org/10.1128/JB.
01239-07.

[38] K. Gerdes, J. Moller-Jensen, R.B. Jensen, Plasmid and
chromosome partitioning: surprises from phylogeny, Mol.
Microbiol. 37 (2000) 455–466, https://doi.org/10.1046/j.1365-
2958.2000.01975.x.

[39] G. Ebersbach, K. Gerdes, The double par locus of virulence
factor pB171: DNA segregation is correlated with oscillation of
ParA, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 15078–15083,
https://doi.org/10.1073/pnas.261569598.

[40] G. Ebersbach, K. Gerdes, Bacterial mitosis: partitioning
protein ParA oscillates in spiral-shaped structures and
positions plasmids at mid-cell, Mol. Microbiol. 52 (2004)
385–398, https://doi.org/10.1111/j.1365-2958.2004.04002.x.

[41] G.E. Lim, A.I. Derman, J. Pogliano, Bacterial DNA segrega-
tion by dynamic SopA polymers, Proc. Natl. Acad. Sci. U. S. A.
102 (2005) 17658–17663, https://doi.org/10.1073/pnas.
0507222102.

[42] T. Hatano, Y. Yamaichi, H. Niki, Oscillating focus of SopA
associated with filamentous structure guides partitioning of F
plasmid, Mol. Microbiol. 64 (2007) 1198–1213, https://doi.
org/10.1111/j.1365-2958.2007.05728.x.

[43] S. Adachi, K. Hori, S. Hiraga, Subcellular positioning of F
plasmid mediated by dynamic localization of SopA and
SopB, J. Mol. Biol. 356 (2006) 850–863, https://doi.org/10.
1016/J.JMB.2005.11.088.

[44] J.L. Ptacin, S.F. Lee, E.C. Garner, E. Toro, M. Eckart, L.R.
Comolli, W.E. Moerner, L. Shapiro, A spindle-like apparatus



938 Modeling Center Finding in E. coli
guides bacterial chromosome segregation, Nat. Cell Biol. 12
(2010) 791–798, https://doi.org/10.1038/ncb2083.

[45] M. Sengupta, H.J. Nielsen, B. Youngren, S. Austin, P1
plasmid segregation: accurate redistribution by dynamic
plasmid pairing and separation, J. Bacteriol. 192 (2010)
1175–1183, https://doi.org/10.1128/JB.01245-09.

[46] T. Hatano, H. Niki, Partitioning of P1 plasmids by gradual
distribution of the ATPase ParA, Mol. Microbiol. 78 (2010)
1182–1198, https://doi.org/10.1111/j.1365-2958.2010.
07398.x.

[47] A.G. Vecchiarelli, Y.-W. Han, X. Tan, M. Mizuuchi, R. Ghirlando,
C.Biertümpfel,B.E.Funnell, K.Mizuuchi, ATPcontrol of dynamic
P1 ParA-DNA interactions: a key role for the nucleoid in plasmid
partition, Mol. Microbiol. 78 (2010)https://doi.org/10.1111/j.1365-
2958.2010.07314.x (no-no).

[48] A.G. Vecchiarelli, L.C. Hwang, K. Mizuuchi, Cell-free study of
F plasmid partition provides evidence for cargo transport by a
diffusion-ratchet mechanism, Proc. Natl. Acad. Sci. U. S. A.
110 (2013) E1390–E1397, https://doi.org/10.1073/pnas.
1302745110.

[49] L.C. Hwang, A.G. Vecchiarelli, Y.-W. Han, M. Mizuuchi, Y.
Harada, B.E. Funnell, K. Mizuuchi, ParA-mediated plasmid
partition driven by protein pattern self-organization, EMBO J.
32 (2013) 1238–1249, https://doi.org/10.1038/emboj.2013.34.

[50] A.G. Vecchiarelli, K.C. Neuman, K. Mizuuchi, A propagating
ATPase gradient drives transport of surface-confined cellular
cargo, Proc. Natl. Acad. Sci. U. S. A. 111 (2014) 4880–4885,
https://doi.org/10.1073/pnas.1401025111.

[51] A. Le Gall, D.I. Cattoni, B. Guilhas, C. Mathieu-Demazière, L.
Oudjedi, J.-B.Fiche, J.Rech,S.Abrahamsson,H.Murray, J.-Y.
Bouet, M. Nollmann, Bacterial partition complexes segregate
within the volume of the nucleoid, Nat. Commun. 7 (2016),
12107. https://doi.org/10.1038/ncomms12107.

[52] A. Hunding, G. Ebersbach, K. Gerdes, A mechanism for ParB-
dependent waves of ParA, a protein related to DNA segrega-
tion during cell division in prokaryotes, J. Mol. Biol. 329 (2003)
35–43, https://doi.org/10.1016/S0022-2836(03)00401-7.

[53] E.J. Banigan, M.A. Gelbart, Z. Gitai, N.S. Wingreen, A.J. Liu,
Filament Depolymerization can explain chromosome pulling
during bacterial mitosis, PLoS Comput. Biol. 7 (2011),
e1002145. https://doi.org/10.1371/journal.pcbi.1002145.

[54] B. Shtylla, J.P. Keener, A mathematical model of ParA
filament-mediated chromosome movement in Caulobacter
crescentus, J. Theor. Biol. 307 (2012) 82–95, https://doi.org/
10.1016/j.jtbi.2012.05.004.

[55] T. Sugawara, K. Kaneko, Chemophoresis as a driving force for
intracellular organization: theory and application to plasmid
partitioning, Biophysics (Oxf). 7 (2011) 77–88, https://doi.org/10.
2142/biophysics.7.77.

[56] L. Hu, A.G. Vecchiarelli, K. Mizuuchi, K.C. Neuman, J. Liu,
Brownian ratchet mechanism for faithful segregation of low-
copy-number plasmids, Biophys. J. 112 (2017) 1489–1502,
https://doi.org/10.1016/j.bpj.2017.02.039.

[57] S. Bergeler, E. Frey, Regulation of Pom cluster dynamics in
Myxococcus xanthus, PLoS Comput. Biol. 14 (2018),
e1006358. https://doi.org/10.1371/journal.pcbi.1006358.

[58] J.-C. Walter, J. Dorignac, V. Lorman, J. Rech, J.-Y. Bouet, M.
Nollmann, J. Palmeri, A. Parmeggiani, F. Geniet, Surfing on
protein waves: proteophoresis as a mechanism for bacterial
genome partitioning, Phys. Rev. Lett. 119 (2017), 028101.
https://doi.org/10.1103/PhysRevLett.119.028101.

[59] I.V. Surovtsev, M. Campos, C. Jacobs-wagner, DNA-relay
mechanism is sufficient to explain ParA-dependent intracel-
lular transport and patterning of single and multiple cargos,
Proc. Natl. Acad. Sci. (2016) 1–9, https://doi.org/10.1073/
pnas.1616118113.

[60] A.G. Vecchiarelli, Y. Seol, K.C. Neuman, K. Mizuuchi, A moving
ParA gradient on the nucleoid directs subcellular cargo transport
via a chemophoresis force, BioArchitecture 4 (2014) 154–159,
https://doi.org/10.4161/19490992.2014.987581.

[61] H.C. Lim, I.V. Surovtsev, B.G. Beltran, F. Huang, J. Bewersdorf,
C. Jacobs-Wagner, Evidence for a DNA-relay mechanism in
ParABS-mediated chromosome segregation, elife 3 (2014)
https://doi.org/10.7554/eLife.02758.

[62] P.A. Wiggins, K.C. Cheveralls, J.S. Martin, R. Lintner, J.
Kondev, Strong intranucleoid interactions organize the
Escherichia coli chromosome into a nucleoid filament, Proc.
Natl. Acad. Sci. U. S. A. 107 (2010) 4991–4995, https://doi.
org/10.1073/pnas.0912062107.

[63] L. Hu, A.G. Vecchiarelli, K. Mizuuchi, K.C. Neuman, J. Liu,
Directed and persistent movement arises frommechanochem-
istry of theParA/ParB system, Proc.Natl. Acad. Sci. 112 (2015)
E7055–E7064, https://doi.org/10.1073/pnas.1505147112.

[64] L. Hu, A.G. Vecchiarelli, K. Mizuuchi, K.C. Neuman, J. Liu,
Brownian ratchet mechanisms of ParA-mediated partitioning,
Plasmid 92 (2017) 12–16, https://doi.org/10.1016/j.plasmid.
2017.05.002.

[65] D. Schumacher, S. Bergeler, A. Harms, J. Vonck, S. Huneke-
Vogt, E. Frey, L. Søgaard-Andersen, M. Hoppert, J. Kahnt, J.
Munoz-Dorado, L. Søgaard-Andersen, The PomXYZ pro-
teins self-organize on the bacterial nucleoid to stimulate cell
division, Dev. Cell 41 (2017) 299–314.e13, https://doi.org/10.
1016/j.devcel.2017.04.011.

[66] S.M. Murray, V. Sourjik, Self-organization and positioning of
bacterial protein clusters, Nat. Phys. 13 (2017) 1006–1013,
https://doi.org/10.1038/nphys4155.

[67] A.Badrinarayanan, R. Reyes-Lamothe, S.Uphoff, M.C. Leake,
D.J. Sherratt, In vivo architecture and action of bacterial
structural maintenance of chromosome proteins, Science 338
(2012) 528–531, https://doi.org/10.1126/science.1227126.


