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SUMMARY:

In manyrodshaped bacteriahe Min systenis well known for generating cellpole to
cell-pole standing wave oscillatianith a single node at midell to align cell divisionin
filamentousE .cali cells, the singleode standing wave transitions into a mattidal oscillation.
These multinodal dynamics havargelybeen treated simply as an interesting byprodtict
artificially elongatectells. However, aecentin vivo study by Muraleedharaat al. shows how
multi-nodal Min dynamicsreused to align nomid-cell divisions inthe elongatedwarmer
cells ofVibrio parahaemolyticus (in press) The authors propose a model where the combined
actions of eellength dependent Min dynamics, in concert with nucleoid occlwdarg the cell
length andregulation of FtsZ levels ensures Z ring formation and complete chromosome
segregation at a single off-center positiBg.limiting the number of cell divisioevents to one
per cell at.an oftenter position, longwarmercells are preservaalithin a multiplying
population. The findings unveil an elegant mechanism of cell-division regulation byithe M

system that allows long swarmer cells to divide without the need to “dedifferentiate”.

M ulti-nodal*Min Oscillations and Asymmetric Cell Division

Bacterial cells havintricate subcellular organizatiawth variousmechanism$or growth
and divisiensthat result inrgch diversity of cell shapesndsizes(Kyselaet al., 2016).Rod
shaped baecteri@uch a<€. coli, have mechanisms to position thieiture division sitgpreciséy
at mid-cell«Two well-studiedspatialregulators of cell division positioning E. coli andB.
subtilis are the,Min system and nucleoid occlusion (Schumacher, 20/héreasucleoid
occlusion prevents cell division over nucleoids, the Min system forms a bipolagmjthdi

inhibits cell division at the cell poleBy acting on FtsZ.
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The spatial regulation of bacterial cell division provided by the Min/FtsZ systam is
remarkable example of dynamic subcellular organization found throughout the microta
as well as irthe vast majority oéukaryotic plastids, such as chloropldsegeret al., 2015)and
mitochondria(Chenet al., 2018). FtsZ is a conserved tlibdike GTPase that can organize into
a polymeric.ringlike structure called thg ring (Bi & Lutkenhaus, 1991). The ring acts as a
scaffold for.therecruitment of several other proteins required for cell diiBiosiek &
Margolin, 2015). The MiIG@DE systemis composed of three proteins that selfanizeinto a
standing-wave oscillator on the inner membranespadially regulates where FtsZ polymerizes
into aZ ring (Szwedziak & Ghosal, 201L7MinD is an ATPase that associates with the inner
membraneswhen bound &P (Hu & Lutkenhaus, 2003, Zhou & Lutkenhaus, 2008InE
regulates MinD association with membrane in many ways (Kiyoshi & Vecchiali, 2
Vecchiarelliet al., 2016), includingstimulating MinD release from the membrght et al .,
2002). The dynamic interplay between MinD and MinE on the inmembrane resudin a celt
pole tocell-pole standing wave oscillation (Raskin & de Boer, 1999a). The final protein MinC is
not requiredgfor oscilkgon, butdirectly associates with MinD on the membrane as well as FtsZ
to inhibit its')polymerization into & ring (Dajkovicet al., 2008, Huet al., 1999, Shen &
Lutkenhaus, 2009, Shen & Lutkenhaus, 20T0k poleto-poleoscillation creates a time
averaged.concentration gradient of MinD (and MinC) that is highest at thegpoléswest at
mid-cell (Meinhardt & de Boer, 2001). Tl#ringis therefore allowedb polynernze within this
singlenode whereMlinD andMinC concentrations are atnainimum,thuspromoting symmetric

binary fission‘that generates two daughter cells roughly equal in size (Lutkenhaus, 2007)

It is well establishethatthe “single-node” dynamiasf the Min systenactto align mid-cell
divisionin small rodshapedacteridike E. coli (Raskin & de Boer, 1999pband more recently
in the cyanebacteriur8. elongatus (MacCreadyet al., 2017) It is also known thaiin
oscillation'is stongly influenced by cell shape (Bonalyal., 2013, Hu & Lutkenhaus, 2001,
Raskin & de Boer, 1999b). In elongateédcoli cells, such as in divisiodefective mutants,
oscillation na longer extends from pdtepole with a single node at makll. Once the cell
length exceeds'that of tlscillation wavelength, the pattern changes to a moliial standing
wave. The number and position of these nodes depends on cell length. Recent work by
Muraleedharamet al. shows how multi-nodal dynamics of tivin systemthat emerge in

elongated cellare used toalign nonmid-cell divisions(in press)
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The GramnegativebacteriumVibrio parahaemolyticus can exist as a swimmer cell that
grows in liquid culture or as a swarmer cell that is specialized for growth on suiNéxearter
& Silverman, 1990)Swarmer cellsuppress cell division andeatherefore highly elongated.
However division is not completely halted in these cells because cell proliferation is still needed
to expand the,colony. The mechanism used by long swarmer cells to divide without dinginishi
the population.of long cells required for swarming behavior is unknown. Is there a swgehe
expression‘that'differentiates a subset of swarmer cells in order to pehaiwision? @ is
thereregulation‘at th@osttranslationalevel, wherecell divisionis asymmetrically positioned
to make both long and short cells without the need to “dediffererRidetaleedharast al.
shows that.swarmer cells indeed divide, but positionirtge cell division machinerig
dependentwapon cell lengthssall cels (less than 10 microns in length) divide at rédl; while

long cells (greater than 10 microns) transition to arceffter division sitéin press)

The authors'find thatswitchto nonmid-cell division is mediated by a cdéngth
dependenttransition in the number and position of nodes generatesMiy system(in press)
Consistent withthe previously studieMlin systems oE. coli, B. subtilus, andS. elongatus, both
swimmer andswarmercellsless than 10 microns in lengitbpporta singlenode where
MinD/MinC concentrations are minimuat mid-cell (Figure 1A), thus promoting symmetric
division:However, h swarmer cells longer than 10 microns, Mstillationtransitions from a
single nodeat mid-cell to twonodes at the quarter positions (Figure 1B). Therefore, in these
longer cells;'the Min system promotes asymmetric positioning o tiveg atone ofthese off
center nodes. lartificially elongatedE.coli cells, Min nodes occuwith a spacing of 4 um
(Meinhardt & de Boer, 2001, Raskin & de Boer, 1999b). Therefore, the maximum Min
wavelength and celength at vinich a transition to mukinode dynamics occur are very similar
betweerE. eali-andV. parahaemolyticus. Smilar lengthdependent transitions in Min
oscillation have alsbeen reconstituted in raghaped compartments covered with membranes
(Caspi & Dekker, 2016, Zieske & Schwille, 2013). Together the findings #haivit is a cell
lengthdependent intrinsic property of the Min system that triggers the transition in localization

dynamics.

Regulation of FtsZ levels and Nucleoid Occlusion limitsdivision to a single site
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Two nodes provide the cell with two potents#tes for a functional Z ringhowever the
authorsfind that only one of treequarter positions are selected Zoring formation and cell
division (in press) In very longswarmercells, Min dynamics transition from 2 to 4 nodes
cells betweer20-30 microns ilength and then from 4 to 6 nodés cells30-40 microns in
length.Even.in.these muknodal cells, only one functionZlring is formed allowing for a
single septation evertiow do swarmer cells with multiodal Min dynamics restri& ring
formation‘and-cell division to a single node? The authors find-tisZtievels in longswarmer
cells areregulated to match thaf swimmercells. Consistentlyshortswimmer cells that were
chemically elongated had sign#ictly higher levels of F&and, combined witimulti-nodal
Min dynamicspdisplayed equidant positioning of multiple Z rirgy Thereforein long swarmer
cells, multrnodal Min dynamics provide several choicesZaing positioning, but there is only

enough FtsZ toiform a singkering.

The authorsilsodetermind the relationship between cell division and chromosome
segregationin'swarmer ce(is press)V. parahaemolyticus has two chromosomes that are
actively partitioned by two independent Par systéviagnaichiet al., 1999).Swarmer cells are
polyploid,andthe copy numbepf both chromosomesorrelatewith cell lergth. By tagging the
ori regions, the,authors find both chromosomes are equidistantly segregated iroesgestive
copies alongsthe cell length. However, upon DAPI staining, it was found that thesecdhucleoi
copies are not spatially resolved from onethenq that is, there were no cytoplasmic gaps in
between chromosome copies spanning the cell length. Intriguingly, a single cyiogjlapm
would only emerge between nucleoids at a site tha¢leded with the position of a functional
ring. This “complete chromosome segregatieméntfollowed a similar cell lengtldependent
transition from a mietell positionin short swarmer cell@~igure 1C}o an offcenter position in
long cells: (Figure 1D). In contrastll DAPI-stained nucleoids ofhemicallyelongated swimmer
cells were completely segregateadm one anothewith cytoplasmic gaps that correlated with
the positioning of multipl€ rings. Together, the data suggests that positioning df tigg by
the Mingsystem is a prerequisitegmmoting complete chromosome segregafi@yether, the
paper highlights the importance of node positioninghegyMin system as key first step in a
cascade of spatial regulatifor Z ring positioning, and the completion of chromosome

segregation at #future division site.
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The indication that small swimmer and long swarmer cells possess the same concentration of
FtsZ presents a problem in concentrating all FtsZ molecules into afsingt®nal Z ring” and
then delete “As a swarmer cell elongates, the intracellular concentration of FtsZ will decrease
How then daoall FtsZmolecules concentrate to form a singleing at oneMin node, angvoid
geting sequestereas norfunctional subpopulations at other nodés?ensure that all FtsZ
molecules are availabfer a singleZ ring in long cells, thelata implicatenucleoid occlusion. In
E. coli, the'nucleoid occlusion effector protein is SlifBernhardt & de Boer, 2005)vhich
binds to specific DNA sequences and directly interacts with FtsZ to Bloiciy formation over
regions of the cell occupied by the nucle@@hoet al., 2011, Tonthagt al., 2013).This has also
been shown for, SIMA of. Cholerae (Galli et al., 2016) In the absence of SImif V.
parahaemolyticus, the authors found th&tsZ forns divisiondeficient clusters along the cell
length rather tha single, division-compete#tring (in press)Therefore FtsZ is inhibited
from accumulating along the cell length by SImA, which is bound to the multiple copies of
nucleoids ‘eccupyinthe entire length of the ceBut once a “complete chromosome
segregation”event occurs at one of the Maues, all FtsZ molecules can congregathis
cytoplasmie gap to form Aring, free from SImA inhibition(Figure 1CD). Togethethe authors
propose asmodel whetke combined actions of cdéngth dependent Min dynamics, a uniform
distribution*of nucleoids and SImA function along the cell length, and regulatfisdlevels

ensure< ring formation anccomplete chromosonsegregation at a single off-center position.
Concluding'Remar ks and Future Directions

Very long svarmer cells withmore than two Min nodes shewa preference for pole
proximal nedes'over pole-distal nodes Zoring formation and cell division, suggesting there is
an additional'level of regulation for cell division positioning tneated in thisvork (in press).

No preferencevas found for one cell pole over the other in the placement of the division site
with respet to the previous divisiorRecently, unique positive relgiors ofZ ring formation
have been identified in bacteria tlzain work in concert with nucleoid occlusiand the Min
system(Huanget al., 2013);highlighting the diversityand redundancy of division site selection
mechanismshat may playa rolein positioning th&Z ring at poleproximal Min nodesWhenE.
coli cells are grown in rich media, deletions of the Min system and &sidlts in too many

potential locations for Z rings, preventing assembly of a single functional Z ringl-atethi
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(Bernhardt & De Boer, 2004, Yu & Margolin, 1999). However, in minimal medtbese cells
candivide with surprisingly robusZ ring placemenat mid-cell (Baileyet al., 2014) There may
be other regulators outside of Min and Slrd@ntributingto Z ring positioning at pole-proximal
Min nodes in swarmer cell@ne possibility not pursued in thigperis the positioning of the

Ter macrodemain athromosomes at theell poles relative to those found along the cell length.
In E. coli, the Ter macrodomaihas been implicated as part of a positive regulatory syster for
ring positioning(Bailey et al., 2014) In this system, MatP serves to connect the Ter
macrodomain‘to the divisome through interaction &iipB (Espéliet al., 2012).It is attractive

to speculate that the Ter macrodomahshromosomes at the poles arented differentlyto
those down the, length of the cell, such that poteximal Min nodes are preferentially chosen

for Z ring pesitioning.

Although'it is fairly wél understood how the Min system positsotineZ ring during
vegetativergrowth, relatively little is known about the requirement? forg placement near the
cell poles‘in“preparation for asymmetric septatioaridosporderming bacilli. When
fluorescentiytagged MinD and MinE frork. coli was reconstitd inB. subtilis, the
reconstituted polée-pole oscillationnhibited sporulatioriJamroskovic et al., 2012) It was
proposed that®Min oscillatiori&ely preventedhe assembly of Z rings near cell poteguired
for endospere-formatioMin oscillation was therefore suggested to be a sysfgimizedfor
mid-cell divisions in cells likee. coli that only growvegetatively and problematior cells that
switch to asymmetric divisio(Barak, 2013)Although this isstill likely truefor cells smakkr
than the wavelength of the Min system, the worlMayaleedharaet al. showhow multinodal
Min dynamics that emerge in elongated cells can be used to aligmidasell divisions(in

press)

Wehrens and Ershove et al. recently published highly complementary finding€ircoli
cells that were elongated due to sti@¥ehrenset al., 2018) In thesegrowingfilamentouscells,
multiple Fts rings were evenly distributed in response to the-madial dynamics of the Min
system."Upon removal of filamentation stress, single division events would satiyiectur at
one of theFtsrings. But unlike the pole proximal preference of cell division in the elongated
swarmer cells of/. parahaemolyticus, cell division position was chosen at random from the one

of the pre-positioned Fts ring sites in these elongatedli cells.How these londe. coli cells
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divide just oncedespite having several Fts rings, remains an open question. The findings by
Muraleedharamt al. suggest several other mechanisioald be at play, outside BfsZ
depletion(in press).Taken together, these studies reveal an underappreciated function of the
Min/Fts systenin the off-centerpositioning ofcell division How many of other bacterial
species thatundergditamentous lifestyle employ this Min dependent mode of asymmetric

cell-division?
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Figure 1. Cell-length dependent localization of the division plan¥.iparahaemolyticus

(A) MinC (blue) and MinD (red) oscillate from pete-pole to form a time averaged gradient of
anti-FtsZ activity that is highest towards the polar regions of the cehitimigi FtsZ assembly,

and lowestrat'midcell, allowing #@ng (purple) assembly. (Bh elongated swarmer cells,

MinCD formeasdynamic standing wave that forms multiple possible sites fimgZzassembly.

(C) SImA ((light blue) prevents-Aing formation atop the nucleoid. g assembly occurs where
chromosome completely segregaté) In elongated swarmer cells, FtsZ assembles towards the
polar region of the cell (mimicking an averaged size cell) following chromosegregation.
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