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What regulates chromosome segregation dynamics in

bacteria is largely unknown. Here, we show in Caulo-

bacter crescentus that the polarity factor TipN regulates

the directional motion and overall translocation speed of

the parS/ParB partition complex by interacting with ParA

at the new pole. In the absence of TipN, ParA structures

can regenerate behind the partition complex, leading to

stalls and back-and-forth motions of parS/ParB, reminis-

cent of plasmid behaviour. This extrinsic regulation of the

parS/ParB/ParA system directly affects not only division

site selection, but also cell growth. Other mechanisms,

including the pole-organizing protein PopZ, compensate

for the defect in segregation regulation in DtipN cells.

Accordingly, synthetic lethality of PopZ and TipN is caused

by severe chromosome segregation and cell division de-

fects. Our data suggest a mechanistic framework for adapt-

ing a self-organizing oscillator to create motion suitable

for chromosome segregation.
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Introduction

Similar to eukaryotes, bacteria use active mechanisms to

partition chromosomes equally between daughter cells.

Fluorescence microscopy studies in various bacteria have

shown that specific centromere-like DNA regions close to

the origin of replication are translocated to opposite sides of

the cell in one single event during the cell cycle. How this

controlled translocation occurs at the mechanistic level is not

well understood. Most of our knowledge about DNA segrega-

tion in bacteria comes from studies on plasmids, in part

because they are not necessary for cell viability. Many

plasmids use the Par Type 1 system for partitioning (Gerdes

et al, 2010). This system has three components, here referred

to as parS, ParB and ParA. Interestingly, orthologues of these

components are commonly found on bacterial chromosomes

(Livny et al, 2007). Although these components can have a

function in the regulation of DNA replication in some bacteria

(Murray and Errington, 2008), the parS/ParB/ParA system

has also been shown to be involved in chromosome segrega-

tion (Gerdes et al, 2010). Plasmid and chromosome-encoded

ParB proteins are known to bind to cognate, centromere-like

parS DNA sequences. ParA proteins are deviant Walker-type

ATPases whose weak ATPase activity is stimulated by an

interaction with ParB either alone or when bound to parS

(Radnedge et al, 1998; Easter and Gober, 2002; Leonard

et al, 2005; Barillà et al, 2007; Bouet et al, 2007; Pratto

et al, 2008). In vitro, ParA-ATP dimers bind to DNA non-

specifically and in a cooperative manner, whereas ADP-

bound forms do not (Leonard et al, 2005; Pratto et al, 2008;

Ringgaard et al, 2009).

Recently, in vivo mechanistic insight into chromosome

segregation was provided for chromosome I of Vibrio cholerae

(Fogel and Waldor, 2006). Here, segregation starts at the old

cell pole and occurs unidirectionally with a duplicated parSI/

ParBI partition complex moving to the opposite, new pole

(Fogel and Waldor, 2006). ParAI localizes in a cloud-like

structure that extends from the new pole to near the parSI/

ParBI focus at the old pole. Shrinking of the ParAI structure

towards the new pole is accompanied with the translocation

of parSI/ParBI, suggestive of a so-called ‘pulling’ mechanism

(Fogel and Waldor, 2006). Such a mechanism has also been

invoked for plasmid partitioning. For instance, ParA of plas-

mid pB171 forms DNA-bound structures that perpetually

extend and shrink over the nucleoid and in-between plasmids

(Ebersbach et al, 2006; Ringgaard et al, 2009). These con-

tinuous cycles are correlated with back-and-forth motions of

plasmids, which result in time-averaged equidistribution of

plasmids along the cell length. In the case of both plasmid

pB171 and V. cholerae chromosome I, it has been proposed

that parS/ParB interaction with the edge of ParA nucleopro-

tein structures stimulates ParA-ATPase activity, leading to

disassembly of ParA subunits and hence retraction of the

ParA structure (Fogel and Waldor, 2006; Ringgaard et al,

2009). However, the continuous rounds of ParA assembly/

disassembly producing perpetual plasmid movement and the

single DNA translocation event per cell cycle of bacterial

chromosomes are clearly distinct. What generates this differ-

ence is not clear.

Another important aspect of chromosome segregation that

is difficult to address with plasmid models is its necessary

temporal and spatial coordination with other cell cycle

events. How this cell cycle coordination can occur is poorly

understood. Some major advances have been achieved in

Caulobacter crescentus, in which segregation of the parS/ParB

partition complex is linked to cell division (Mohl et al, 2001)
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through MipZ, a cell division inhibitor that associates with

parS/ParB partition complexes (Thanbichler and Shapiro,

2006). In C. crescentus, the DNA spreads throughout the

cell, and as in V. cholerae, segregation is unidirectional

(Jensen and Shapiro, 1999; Viollier et al, 2004). After replica-

tion of the parS locus at the old pole, one parS/ParB copy is

rapidly translocated to the new pole (Viollier et al, 2004;

Thanbichler and Shapiro, 2006; Toro et al, 2008). MipZ,

which inhibits the cell division protein FtsZ, forms polar

gradients through an association with ParB (Thanbichler

and Shapiro, 2006). Hence, segregation of parS/ParB triggers

the formation of a bipolar MipZ gradient, which has been

proposed to result in the preferential assembly of the FtsZ

cytokinetic ring at midcell in which the MipZ concentration is

thought to be lowest (Thanbichler and Shapiro, 2006).

Although MreB has been proposed to affect parS/ParB seg-

regation (Gitai et al, 2005), data obtained from a mutagenized

form of ParA suggests that ParA has a greater function in this

process (Toro et al, 2008). The dynamics of ParA are, how-

ever, unknown in this organism.

Division has also been linked to cell polarity in C. crescen-

tus through the landmark polarity factor TipN (Lam et al,

2006). C. crescentus is a highly polarized bacterium, forming

a predivisional cell with a flagellum and a stalk (a thin

extension of the cell body) at opposite poles. Asymmetric

division yields a flagellated ‘swarmer’ cell slightly shorter

than its sibling, the ‘stalked’ daughter cell. TipN, through its

localization at the new pole, ensures proper positioning of

new-pole markers such as the flagellum, whereas it has no

effect on the positioning of old-pole markers (such as the

stalk) or on the asymmetric localization of the daughter cell

fate determinant CtrA (Huitema et al, 2006; Lam et al, 2006).

Surprisingly, TipN appears to affect cell division placement,

as DtipN cells, unlike wild type (Terrana and Newton, 1975;

Quardokus and Brun, 2002), often constrict closer to the old

pole, generating a reversed asymmetry in daughter cell size

(Lam et al, 2006).

How the polarity factor TipN spatially affects cell division

is puzzling given the distance between the site of division

and the new-pole location of TipN. Here, we present evidence

suggesting that TipN exerts its long-distance effect on cell

division positioning by regulating ParA and parS/ParB

segregation dynamics. Our study provides mechanistic

insights into how rapid and directional DNA segregation

can be achieved and regulated. Moreover, our findings sug-

gest that extrinsic regulation of the parS/ParB/ParA system

has a profound effect on several aspects of cell cycle

coordination.

Results and discussion

TipN alters the timing and positioning of FtsZ ring

formation

Our study was initially motivated by the intriguing observa-

tion that unlike wild-type cells, DtipN cells frequently appear

to divide closer to the old pole (Lam et al, 2006). To quantify

the distribution of the division defect within the DtipN

population, we measured the division ratios of constricting

cells, defined by the length between the old pole and the

site of cell constriction divided by the total cell length

(Supplementary Figure S1A) using a DivJ–CFP fusion as an

old-pole marker (Wheeler and Shapiro, 1999). Most wild-type

cells had an average division ratio of 0.537 (with a standard

error of the mean of ±0.001, n¼ 1433; Supplementary Figure

S1B) that is consistent with a previous electron microscopy

study (Terrana and Newton, 1975). In contrast, the majority

of DtipN cells had a division ratio of 0.468 (±0.001, n¼ 1766;

Supplementary Figure S1B). Thus, TipN clearly affects where

division occurs.

How C. crescentus selects its division site is not completely

understood. MipZ is thought to restrict FtsZ polymerization

to the region of lowest MipZ concentration (Thanbichler

and Shapiro, 2006). As the bipolar MipZ gradients appear

symmetric, it was suggested that FtsZ ring assembly may

occur at midcell and that unequal growth rate between the

sides flanking the FtsZ ring may cause the asymmetric

division. An asymmetry in FtsZ ring positioning had been

measured in dividing C. crescentus cells (Quardokus and

Brun, 2002), but the assembly of the FtsZ ring occurs well

before cell constriction is initiated (Kelly et al, 1998; Aaron

et al, 2007). Therefore, it was conceivable that the FtsZ

ring would form at midcell, but that its position would

become progressively asymmetric over time because of un-

equal growth between sides. To test this idea, we quantified

the temporal and spatial distribution of FtsZ by time-lapse

microscopy starting with synchronized swarmer cell popula-

tions producing FtsZ–YFP. The relative position of FtsZ–YFP

along the long cell axis in individual cells was plotted as a

function of time after cell cycle synchronization (Figure 1A).

In wild-type cells, FtsZ–YFP moved from the new pole to a

central region and soon formed a ring (band) at a

0.536±0.003 position (n¼ 190 cells), and this asymmetric

position did not significantly change for the remainder of the

cell cycle (Figure 1A; Supplementary Movie S1). Thus, it is

the asymmetric location of the FtsZ ring, rather than an

asymmetry in growth rate, that dictates the asymmetric

division. Supporting this notion, in DtipN cells, the FtsZ

ring stabilized on average at a 0.445±0.003 position

(n¼ 114 cells) relative to the long cell axis (Figure 1A;

Supplementary Movie S2), which corresponds well to the

average position of the division site of this mutant

(Supplementary Figure S1B).

Another striking difference between wild-type and DtipN

backgrounds was that FtsZ–YFP remained at the new pole for

a longer time in DtipN cells, and consequently, FtsZ ring

formation (represented by the stabilization of FtsZ–YFP

localization at an off-centre position) was considerably

delayed (Figure 1A). Under our experimental conditions,

FtsZ–YFP ring formation occurred on average 11.5±0.7 min

after cell synchronization in wild-type cells (n¼ 190),

whereas in DtipN cells (n¼ 114), FtsZ–YFP ring formation

was observed at about 42.6±1.7 min after cell synchroniza-

tion. Thus, the DtipN mutation causes a significant delay

in FtsZ ring formation (Kolmogorov Smirnov (K-S) test,

Po0.0001), while having no effect on the timing of cell

constriction or cell separation (see below).

TipN affects parS/ParB/MipZ segregation dynamics

MipZ regulates the timing of FtsZ ring formation during

the cell cycle (Thanbichler and Shapiro, 2006), raising the

possibility that the delay in FtsZ ring formation in DtipN

cells is due to abnormal MipZ dynamics. Kymographs made

from time-lapse sequences of wild-type cells producing
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MipZ–mCFP (Figure 1B) displayed the expected dynamics

during the cell cycle (Thanbichler and Shapiro, 2006). Before

DNA replication, MipZ–mCFP localized at the old pole with

the single parS/ParB partitioning complex. Following initia-

tion of DNA replication and duplication of parS, a second

MipZ–YFP signal rapidly moved to the new pole through its

interaction with the segregating parS/ParB complex

(Thanbichler and Shapiro, 2006). When MipZ–mCFP reached

the new pole, it displaced FtsZ–YFP from the new pole

(Figure 1B, yellow arrow). FtsZ–YFP then moved to its off-

centre position where it formed a ring. In DtipN cells, it took

much longer for MipZ–mCFP to reach the new pole

(Figure 1C), explaining the delay in FtsZ ring assembly in

these mutant cells.

In addition to being slower in DtipN cells, the motion of

MipZ–mCFP was erratic with many changes in direction.
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Even when MipZ–CFP reached the new pole (Figure 1C,

yellow arrow), it usually temporarily moved back to the

cell interior, often multiple times (Figure 1C, purple arrow-

heads). To examine the spatial distribution of the MipZ

gradients along the cell length, we used MipZ–YFP-expres-

sing cells and averaged their fluorescent profiles from the first

time MipZ–YFP reached the new pole to the onset of cell

constriction. In wild-type cells (n¼ 94), the minimum of the

MipZ–YFP signal was slightly biased towards the new pole

with a mean value of 0.530±0.004 (Figure 1D, green arrow),

whereas in DtipN cells (n¼ 63), this minimum was shifted

towards the old pole with a mean value of 0.460±0.008

(Figure 1D, blue arrow), most likely because of the common

backwards motions of MipZ after FtsZ displacement from the

new pole (Figure 1C, see images at time points 42 and 45 min

for examples). This likely contributes to the difference in

relative FtsZ–YFP ring positioning along the cell length

between wild-type and DtipN cells.

As MipZ is associated with the parS/ParB complex, we

examined the segregation dynamics of this complex

(Thanbichler and Shapiro, 2006). Without TipN, transloca-

tion of the parS/CFP–ParB complex from one pole to the

other took longer with an average speed of 0.038±0.001mm/

min in DtipN cells (n¼ 79) compared with 0.109±0.006 mm/

min in wild-type cells (n¼ 94). Translocation was also more

erratic, displaying many directional changes (Supplementary

Figure S2A). The origin of replication had a similarly erratic

motion in DtipN cells (Supplementary Figure S2B), consistent

with its proximity to the parS locus. DAPI staining revealed

no major defect in overall DNA organization at a gross level

(Supplementary Figure S2C).

The MipZ segregation and FtsZ localization defects in

DtipN cells were complemented by expression of plasmid-

encoded TipN (Supplementary Figure S2D). Our data thus

argue that TipN affects the timing and positioning of FtsZ ring

formation by affecting the segregation of the MipZ-associated

parS/ParB partition complex.

TipN regulates ParA localization dynamics

How can TipN, a protein that localizes at the new pole

(Huitema et al, 2006; Lam et al, 2006), affect parS/ParB

segregation? To address this question, we examined the

spatial and temporal localization of ParA. In C. crescentus,

parA is part of an operon that includes gidA, gidB, parA and

parB. We generated strains in which the chromosomal parA

open reading frame was substituted with a parA–yfp fusion

while maintaining the native promoter, the operon structure

and the upstream parS locus. Maintaining endogenous ex-

pression was important to determine the correct localization

pattern as expression from heterologous promoters can lead

to abnormal localization pattern as shown for the ParA

homologue Soj in Bacillus subtilis (Murray and Errington,

2008). Our ParA–YFP fusion was functional (Supplementary

data; Supplementary Figure S3A–C). Time-lapse microscopy

and kymograph analysis of the average ParA–YFP signal over

time in synchronized wild-type cells (n¼ 65) revealed a

dynamic and consistent pattern (Figure 2A). During the

beginning of the cell cycle, ParA–YFP formed a ‘cloud’ that

extended from the new pole towards the old pole. About 10–

20 min into the cell cycle, the ParA–YFP cloud rapidly con-

densed into a focus at the new pole (Figure 2A, arrowhead)

and this new-pole accumulation persisted for the rest of the

cell cycle. The ParA–YFP signal was constant during the cell

cycle (Supplementary Figure S3D), consistent with western

blot analysis of ParA levels (Mohl and Gober, 1997). Thus,

the rapid condensation of the ParA–YFP cloud observed in

wild-type cells is caused by a change in protein localization

as opposed to degradation. The level of ParA–YFP signal was

similar in the DtipN background (Supplementary Figure

S3D), but its localization pattern exhibited two important

differences. First, the retraction of the ParA–YFP cloud was

slow (Figure 2B) and the protein accumulated at the old pole

(Figure 2B, pink arrowhead). Second, unlike in wild-type

cells, the ParA–YFP signal failed to accumulate at the new

pole in DtipN cells (Figure 2B).

To understand how ParA dynamics may affect parS/ParB

segregation, we covisualized ParA–YFP and CFP–ParB during

the cell cycle. Kymograph analysis of time-lapse sequences

from synchronized cell populations revealed that the con-

densation of the ParA–YFP cloud towards the new pole was

temporally and spatially correlated with CFP–ParB segrega-

tion (Figure 2C; Supplementary Movie S3). When the dupli-

cated CFP–ParB focus (Figure 2C, green trace) reached the

ParA–YFP signal, the ParA–YFP cloud rapidly retracted to

form a focus at the new pole (Figure 2C, red, 31:30 to

37:30 min; Supplementary Movie S3). Averaging the ParA–

YFP and CFP–ParB signals from multiple cells showed that

the translocating CFP–ParB focus follows in the wake of a

retracting ParA–YFP gradient (Figure 2D).

In DtipN cells, rapid shifts in ParA–YFP localization be-

tween poles correlated with back-and-forth movements and

stalls of the segregating CFP–ParB focus (Figure 2E;

Supplementary Movie S4), as if the back-and-forth motion

of ParA was attracting the partitioning complex in opposite

directions. Transient localizations of ParA–YFP behind the

translocating CFP–ParB focus typically preceded the direction

Figure 1 FtsZ and MipZ dynamics in wild-type and DtipN cells. (A) Time-lapse microscopy of FtsZ–YFP in wild-type (MT199) and DtipN
(CJW2563) cells after synchrony. The expression of ftsZ–yfp was induced with 0.5 mM vanillic acid 2.5 h before synchronization and imaging.
Images were acquired every 1.5 min and the cells were identified using MicrobeTracker. The FtsZ–YFP signal in representative wild-type and
DtipN cells is shown for selected time points as an overlay with the MicrobeTracker cell outline (the old pole is marked by the arrow).
The graphs show the trace of the relative FtsZ–YFP position along the cell length over time. (B) Time-lapse microscopy of MipZ–mCFP and
FtsZ–YFP in a wild-type background (strain CJW3455). FtsZ–YFP expression was induced with 0.5 mM vanillic acid 1 h before cell
synchronization. Time-lapse results from a representative cell are shown as an overlay with MicrobeTracker cell outlines in white (the old
pole is marked by the arrow.). The relative position of FtsZ–YFP (red trace) is indicated over a kymograph of the MipZ–mCFP signal profile
(green) along the cell length as a function of time after synchrony. Yellow arrows show first instance of MipZ–mCFP and FtsZ–YFP
colocalization at the new pole. (C) Same as (B) except in a DtipN background (strain CJW3612). Purple arrowheads show backwards motion of
MipZ–mCFP. (D) Time-lapse recordings of MipZ–YFP in wild-type (CJW2022) and DtipN (CJW3366) cells after synchrony. Images were
acquired every 1.5 min and the cells were identified using MicrobeTracker. Shown are profiles of the mean MipZ–YFP signal along the cell long
axis of 94 wild-type cells (green) and 63 DtipN cells (blue) from the time point when MipZ–YFP becomes bipolar (yellow arrow in (B) and (C)
to the onset of cell constriction). The arrows show the minima in MipZ–YFP intensity for each strain.
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reversal of CFP–ParB towards the old pole (Figure 2E;

Supplementary Movie S4). These phenotypes were comple-

mented by producing TipN in trans (Supplementary Figure

S3G). Altogether, the data suggest that the localization defect

of ParA–YFP in DtipN cells causes the slower, erratic translo-

cation of the parS/ParB complex.

Further evidence that a change in ParA dynamics affects

parS/ParB/MipZ segregation came from examining DNA

segregation when ParA was slightly overproduced.

Overexpression of a yfp–parA fusion from the xylose-induci-

ble promoter (Pxyl) from a second locus had considerable

effects on several aspects of ParA dynamics and localization
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synchronization and imaging.
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(Figure 2F). First, YFP–ParA tended to form larger cloud

structures in swarmer cells, often expanding all the way to

the old pole. Second, the condensation of the YFP–ParA

cloud was slower, accompanied with a correspondingly

slower segregation of the parS/ParB/MipZ–mCFP complex.

Third, ParA–YFP occasionally exhibited oscillations between

new and old poles, which were associated with the reversal of

parS/ParB/MipZ–mCFP movement (Figure 2F, 90–110 min).

TipN interacts with ParA at the new pole

In the absence of TipN, ParA clouds failed to condense at the

new pole and new ParA structures frequently formed at the

opposite end behind the partitioning complex, which was

correlated with stalls or backwards movement of this com-

plex (Figure 2E). As TipN specifically localizes at the new pole

(Huitema et al, 2006; Lam et al, 2006), we hypothesized that

TipN may interact with ParA at that location. Consistent with

this hypothesis, a TipN-FLAG fusion (produced from the native

chromosomal tipN promoter in place of wild-type TipN) was

able to pull down ParA–YFP from C. crescentus cells using the

anti-FLAG antibody, whereas no ParA–YFP was pulled down

in the control strain producing untagged TipN (Figure 3A). We

confirmed that ParA and TipN interact inside cells using

fluorescence resonance energy transfer (FRET) microscopy

(Verveer et al, 2006). After correcting for the bleed through

from strains expressing TipN–CFP and ParA–YFP alone

(Supplementary Figure S4A), we obtained a mean apparent

energy transfer efficiency (nFRET/YFP) of 0.21±0.03 (n¼ 77)

between TipN–CFP and ParA–YFP (Figure 3B), indicative of an

interaction. Consistent with this, TipN–CFP and mYFP-PopZ,

which colocalize at the new pole, but do not physically interact

(Bowman et al, 2010), displayed a mean nFRET/YFP of about

zero (0.014±0.005; n¼ 141; Figure 3B; we obtained similar

results when PopZ was fused to YFP and produced from its

native chromosomal locus in place of PopZ; data not shown).

The difference in distributions of nFRET/YFP values for TipN/

ParA and TipN/PopZ fusions were highly significant (K-S test,

Po0.00001).
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Overproduction of TipN can cause aberrant accumulation

of TipN at the old pole and occasionally along lateral sides of

the cell (Lam et al, 2006). ParA–YFP and partition complexes

(visualized with MipZ–mCFP) were recruited to these abnor-

mal TipN–mCherry localization sites (Figure 3C, arrows).

Aberrant old-pole localization of ParA–YFP resulted in a

slow and erratic segregation of the MipZ–mCFP-labelled

partition complex characterized by frequent direction rever-

sals and stalls (Figure 3D), similarly to what happens in

DtipN cells (Figure 2E). Thus, collectively, our findings

suggest that TipN is required for ParA recruitment to the

new pole during condensation of the ParA structure, which in

turn enables rapid and unidirectional segregation of the

partition complex.

Extrinsic regulation of the parS/ParB/ParA system

We envision a model in which the ParA cloud observed

before DNA replication is primarily made of DNA-bound

ParA-ATP dimers forming nucleoprotein structures. The

weak intrinsic ATPase activity of ParA (Easter and Gober,

2002) would maintain this steady-state until replication

is initiated. The replication process itself (Lemon and

Grossman, 2001; Dworkin and Losick, 2002) and/or entropy

would presumably push duplicated parS/ParB complexes

apart and help one of them come in contact with the edge

of the nucleoprotein structure. This interaction would lead to

ParB-dependent stimulation of ParA-ATPase activity and

release of ParA from the nucleoprotein structure into the

cytoplasm, resulting in the shrinkage of the ParA-ATP struc-

ture (see model in Figure 7A). Space-constrained Brownian

motion of chromosomal loci results in some space explora-

tion (Elmore et al, 2005; Ebersbach et al, 2008), which

presumably would allow the parS/ParB complex to interact

again with the edge of the slightly smaller DNA-bound ParA-

ATP structure. Repetition of this process would cause the

parS/ParB complex to move closer and closer to the new pole

in the wake of a ‘shrinking’ ParA-ATP nucleoprotein struc-

ture. This proposed mechanism shares similarities with what

has been suggested for the segregation of V. cholerae chromo-

some I (Fogel and Waldor, 2006) and Escherichia coli plasmid

pB171 (Ringgaard et al, 2009), but how can a similar mechan-

ism explain both the single, directional motion of the chro-

mosome and the back-and-forth motions of the plasmid? Our

data suggest that segregation of chromosomal parS/ParB in C.

crescentus depends on a regulatory mechanism that prevents

the released ParA molecules from reforming a ParA-ATP

nucleoprotein structure behind the translocating parS/ParB

complex to avoid backwards motions. We propose that TipN

is an important element of this preventive mechanism.

To evaluate our partitioning model, we generated point

mutations in ParA that are known to interfere with the

ATPase cycle and localization of Thermus thermophilis and

B. subtilis ParA homologues (Soj) (Leonard et al, 2005; Hester

and Lutkenhaus, 2007; Murray and Errington, 2008), which

are closely related to C. crescentus ParA (see Supplementary

data). Accordingly, a G16V mutant (G12V in B. subtilis Soj) is

expected to be ATP-binding proficient, but DNA-binding

defective. A R195E mutant (R189E in B. subtilis Soj) should

be proficient for ATP-binding, dimerization and ATP hydro-

lysis, but defective for DNA binding (Hester and Lutkenhaus,

2007). On the other hand, a D44A mutant (D40A in B. subtilis

Soj) should bind ATP, dimerize and bind DNA, but should be

defective in ATP hydrolysis (Leonard et al, 2005; Murray

and Errington, 2008). As ParA is essential for viability in

C. crescentus (Mohl and Gober, 1997), a YFP fusion of each

ParA mutant was synthesized from Pxyl at the chromosomal

xylX locus in an otherwise wild-type background. All

three ParA–YFP mutants, which were produced as stable,

full-length proteins (Supplementary Figure S3E and F),

exhibited distinct localization pattern during the cell cycle

(Figure 4A–D).

ParAG16V–YFP accumulated at the old and new poles

before MipZ–mCFP reached the new pole and shifted to a

strong, predominantly new-pole localization upon the com-

pletion of MipZ–mCFP segregation (Figure 4A). We observed

no colocalization between ParAG16V–YFP and the parS/ParB/

MipZ–mCFP complex during its translocation (Figure 4A).

The ParAR195E–YFP mutant displayed a strong polar loca-

lization, initially at the old pole and then at both poles after

the partition complex reached the new pole (Figure 4B).

It also failed to colocalize with the segregating MipZ–mCFP

focus.

Conversely, the ParAD44A–YFP mutant always colocalized

with MipZ–mCFP even during its segregation (Figure 4C),

indicating interaction with ParB, in agreement with the

B. subtilis Soj mutagenesis study (Murray and Errington,

2008). This association had a dominant-negative effect on

the rate of segregation (Figure 4C). ParA–YFP carrying a

double R195E and D44A mutation failed to colocalize with

the partition complex during segregation (Figure 4D), simi-

larly to the single R195E mutant (Figure 4B) and in contrast

to the D44A single mutant (Figure 4C). All three mutants are

expected to bind ATP and to dimerize (Leonard et al, 2005;

Hester and Lutkenhaus, 2007; Murray and Errington, 2008).

The only expected difference is that D44A should be able to

bind DNA, unlike the other two mutants. This result suggests

that ParB most strongly interacts with the DNA-bound ParA-

ATP structure, in accord with our model. Consistent with this

notion, we showed by FRET microscopy that CFP–ParB and

ParAD44A–YFP interact as they exhibited a mean nFRET/YFP

of 0.31± 0.03 (Supplementary Figure S5A). Conversely,

colocalized CFP–ParB and DivJ–YFP, which are not expected

to interact and served here as a negative control, had a

mean nFRET/YFP ratio close to zero (�0.008±0.002;

n¼ 30; Supplementary Figure S5A; Supplementary data).

Furthermore, in accord with our DNA-binding assumptions,

the assumed DNA-binding proficient C. crescentus ParA–YFP

and ParAD44A–YFP colocalized with the nucleoid in a hetero-

logous E. coli system, whereas the proposed DNA-binding

defective G16V and R195E mutants displayed a diffuse cyto-

plasmic localization (Supplementary Figure S5B).

Interestingly, after taking into consideration the segrega-

tion delay in the DtipN mutant, only the G16V mutant, and

not the R195E and D44A single or double mutants, displayed

a distinct localization pattern in the absence of TipN

(Figure 4E). When TipN was present, ParAG16V–YFP localiza-

tion was bipolar during segregation of the MipZ–mCFP-

labelled partition complex and switched to a primarily new-

pole localization after completion of MipZ–mCFP transloca-

tion (Figure 4A). In the absence of TipN, ParAG16V–YFP

accumulated at the old pole throughout most of the cell

cycle and only displayed a weak and intermittent new-pole

accumulation after the completion of MipZ–mCFP segrega-

tion (Figure 4E).
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Averaging the distribution of ParAG16V–YFP signal along

the cell length during and after MipZ–mCFP segregation

(Figure 4F) revealed specific differences in ParAG16V–YFP

localization between wild-type and DtipN backgrounds.

During MipZ–mCFP segregation, ParAG16V–YFP showed a

clear accumulation at the new pole in wild-type cells

(n¼ 107), but not in DtipN cells (n¼ 144; Figure 4F). After

the completion of MipZ–mCFP segregation (i.e. after the

partition complex reached the new pole), ParAG16V–YFP

accumulated almost exclusively at the new pole in wild-

type cells, whereas this strong new-pole accumulation was

virtually absent in DtipN cells (Figure 4F). As the G16V

mutant is unable to bind DNA (Supplementary Figure S5B)

and hence fails to form nucleoprotein filaments, its TipN-

dependent localization at the new pole supports a model in

which TipN recruits the cytoplasmic ParA molecules released

from the DNA-bound structure during segregation of parS/

ParB. A corresponding mutation to G16V in the closely

related T. thermophilis has been proposed to block the

dimerization step (Leonard et al, 2005), suggesting the

possibility that TipN might have a higher affinity for a

monomeric form of ParA. Localization data (Figure 4E–F;

Supplementary Figure S6A) and pull-down assays

(Figure 4G) are consistent with the G16V mutant having a

higher affinity for TipN than the D44A R195E double mutant,

supportive of a conformational difference between these

mutants.

Plasmid-encoded parS/ParB/ParA systems are thought to

be self-organizing and to act without host factors (Gerdes

et al, 2010). Without extrinsic interference, the dynamics of
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these systems lead to back-and-forth motion of plasmids over

short times and hence equidistribution when time averaged.

These dynamics are analogous to the oscillatory behaviour of

the related, self-organizing Min system in E. coli. However,

our findings imply that these intrinsic, self-perpetuating

dynamics are inconsistent with chromosome segregation, in

which duplicated origins are partitioned to opposite poles in

one single, rapid event during the cell cycle. We propose that

in C. crescentus, this distinct single-event partitioning process

is achieved through the regulatory action of polarly localized

proteins such as TipN. As before DNA replication, DtipN

cells form normal ParA cloud structures, TipN is likely not

involved in nucleation or stabilization of the ParA structure at

the new pole. Instead, collectively, our data suggest a model

in which TipN interrupts the ParB-stimulated ParA-ATPase

cycle by trapping cytoplasmic ParA intermediates at the new

pole after their release from the nucleoprotein structure

during segregation. This step would prevent reassembly of

ParA into nucleoprotein structures behind the migrating parS/

ParB, ensuring its rapid translocation in one constant direction.

Existence of partially compensatory mechanisms

A DtipN mutation caused a significant increase in cell length

within the cell population (Supplementary Figure S1B; K-S

test, Po0.00001), but remained viable. We found that two

processes partially compensate for the loss of TipN function.

One of them is mediated by a cell size-dependent sensing

mechanism. In wild-type cells, asymmetric division leads to

swarmer daughter cells that are shorter and that replicate and

segregate parS/ParB/MipZ–mCFP later than their stalked

siblings (Figure 5A and B). Quantitative analysis of time-

lapse sequences showed that swarmer daughter cells initiate

DNA replication at similar cell length as stalked daughter

cells (Figure 5B). This suggests that cells have to reach a

certain size before initiating DNA replication, explaining the

delay in swarmer progeny. By affecting division placement

and growth (see below), the DtipN mutation generated

swarmer cells considerably longer than wild type

(Figure 5C). However, these longer DtipN swarmer cells

initiated DNA replication and segregation sooner than wild-

type swarmer cells (Figure 5C). In other words, DtipN swar-

mer cells display a shorter G1 phase, thereby considerably

reducing the extra period of growth during G1 and partially

compensating for the cell length increase at birth. In the

absence of such cell size-sensing mechanism, the DtipN

mutation would cause swarmer cells to become ever longer

with each successive division.

The second compensatory mechanism is mediated by

PopZ, a multifunctional protein that assembles into a matrix

at the cell poles (Bowman et al, 2008; Ebersbach et al, 2008).

PopZ anchors parS/ParB at the pole after segregation through

an interaction with ParB (Bowman et al, 2008; Ebersbach

et al, 2008). In our model, TipN ensures speedy and direc-

tional segregation and without this regulation, the parS/ParB

complex displays erratic, back-and-forth motions over the

DNA. However, the erratic motion in the DtipN background

stops when parS/ParB gets captured by PopZ at the pole;

from then on, parS/ParB can no longer respond to the

aberrant ParA cloud inside the cells (Figure 2B and E)

because it is attached to the PopZ matrix. A similar effect

could be observed when ParA–YFP was overproduced. These

conditions occasionally resulted in ParA oscillations, as re-

ported above (Figure 2F). As large overproduction of ParA

causes cell filamentation (Mohl and Gober, 1997), the elon-

gated ParA–YFP-overproducing cells often displayed more

than two partition complexes, with the unattached com-

plexes—but not the polarly localized, PopZ-attached

complexes—moving back and forth synchronously with

ParA oscillations (Figure 2G). Overproduction of ParA may

presumably saturate TipN-binding sites, resulting in oscilla-

tory behaviour of unattached parS/ParB, as observed for

plasmids.

In addition to this parS/ParB anchoring function, PopZ

appears involved in the polar maintenance of ParA. Mutant

analysis suggests that PopZ has an affinity for non-DNA-

binding forms of ParA (Supplementary Figure S6;

Supplementary data). This property, together with the polar

attachment of parS/ParB, minimizes the DtipN defects. Such

synergistic function between PopZ and TipN is substantiated

by the synthetic lethal phenotype of a double DpopZ DtipN

mutation (Ebersbach et al, 2008). Depletion of TipN in DpopZ

cells growing in minimal M2G medium caused a severe

increase in cell division events producing cells lacking a

partition complex (Figure 5D and E), suggesting that the

synthetic lethal phenotype is due to a severe chromosome

segregation defect.

DpopZ cells were elongated in both minimal M2G and rich

peptone-yeast extract (PYE) media, but cell filamentation was

particularly severe in PYE medium (Supplementary Figure

S6E). Overexpression of tipN, however, was able to suppress

this cell filamentation phenotype, even in PYE medium

(Figure 5F), with the mean cell length being reduced from

9.0±0.4 mm (n¼ 305) in the absence of TipN overproduction

to 3.83±0.03 mm (n¼ 3463) when TipN was overproduced.

Suppression of cell filamentation was correlated with a rescue

of the defects in ParA localization and parS/ParB/

MipZ–mCFP polar attachment (Figure 5G). These data are

consistent with TipN and PopZ acting synergistically in the

regulation of chromosome segregation in C. crescentus.

The existence of compensatory mechanisms attests to the

importance of this regulation.

Effects of regulation of the parS/ParB/ParA system

on cell cycle coordination

Although the requirement of DNA segregation for division

has been previously documented in C. crescentus (Mohl et al,

2001; Figge et al, 2003; Thanbichler and Shapiro, 2006), we

found that parS/ParB segregation does not control the timing

of cell constriction as wild-type and DtipN cells constricted at

similar times (K-S test, P40.2; Figure 6A), despite the

significant delay in FtsZ ring formation in DtipN cells (K-S

test, Po0.0001; Figure 6A). Thus, the timing of FtsZ ring

formation does not dictate that of cell constriction initiation,

and divisome maturation (i.e. recruitment of other cell divi-

sion proteins) can occur rapidly and does not require early

FtsZ ring formation. Although the positioning of the division

plane along the cell length is abnormal (Figure 1A), the rate

of cell constriction and the timing of cell separation appeared

normal in DtipN cells (Figure 6D and E). This argues that

regulation of MipZ-associated parS/ParB/ParA translocation

influences where cell division occurs along the long cell axis

(through the positioning of the FtsZ ring), but not when or

how fast the cell constricts and separates.

Bacterial chromosome segregation regulation
WB Schofield et al

The EMBO Journal VOL 29 | NO 18 | 2010 &2010 European Molecular Biology Organization3076



In addition to mispositioning the division plane, DtipN

cells elongated significantly faster than wild-type cells

(Figure 6B; 10.3±0.2 nm/min for DtipN (n¼ 114) versus

7.7±0.1 nm/min for wild type (n¼ 190); K-S test,

Po0.00001) despite similar cell cycle durations. A possible

source for this difference may come from the observation that

C. crescentus uses two modes of cell elongation: a dispersed/

helical mode of growth along the entire cell length (Figge

et al, 2004; Aaron et al, 2007) before FtsZ ring formation and

a largely FtsZ ring-dependent, zonal mode of growth after

FtsZ ring assembly (Aaron et al, 2007). The delay in FtsZ ring

formation in DtipN cells increases the duration of dispersed/
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CJW3543). Purple arrows show minicells lacking MipZ–mCFP signal and yellow arrows show the creation of these cells. (E) Percentage of the
cell population lacking MipZ–mCFP from wild-type cells (CB15N), DpopZ cells (CJW3599) and DpopZ cells (CJW3543) either depleted of TipN
(growth without xylose for 17 h) or overproducing TipN (growth in 0.3% xylose). Shown is the mean±s.d. from three independent
experiments. (F) Top, phase-contrast images of DpopZ cells (CJW3512) either producing TipN–mYFP at a normal level (growth in PYE with
0.2% glucose) or overproducing TipN–mYFP (growth in PYE with 0.3% xylose for 17 h). Scale bar, 5mm. Bottom, distribution of cell lengths
under each condition. (G) Phase-contrast and overlays of ParA–YFP (red) and MipZ–mCFP (green) in a DpopZ background carrying tipN under
Pxyl on a low-copy-number plasmid (strain CJW3043). Overexpression of tipN was either uninduced with 0.2% glucose or induced with 0.3%
xylose for 5 h.
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helical growth compared with that in wild-type cells, suggest-

ing that the dispersed/helical growth is faster than the zonal

one. In addition, as DtipN swarmer cells are on average

longer than wild-type cells (Figure 5C), they may have

more available sites for new cell wall insertion, providing

an explanation for the greater rate of cell elongation.

Consistent with a dependence of growth rate on cell size,

the length of swarmer cells (i.e. after synchrony) was corre-

lated with the rate of growth for both wild-type and DtipN

cells (Figure 6C).

Taken together, our data suggest that by affecting the

timing of FtsZ ring formation, TipN-dependent regulation of

parS/ParB translocation dynamics does not affect the timing

of cell constriction initiation, but instead affects the time and

hence relative contribution of dispersed/helical growth ver-

sus largely FtsZ-dependent, zonal growth (Aaron et al, 2007).

In addition, our findings argue that the erratic, less-direc-

tional translocation of parS/ParB/MipZ in the DtipN mutant

affects the positioning of the FtsZ ring and cell constriction

along the cell length (Figure 1). Extrinsic regulation of parS/

ParB/MipZ translocation would thus control cell growth in

time and cell division in space.

After division, the segregation system needs to be reset in

the daughter cells. TipN delocalization from the new pole in

the late predivisional stage likely contributes to this event

(Supplementary Figure S4B; see Supplementary data). This

delocalization presumably lowers the local concentration

of TipN and releases ParA, allowing them to reform a

DNA-bound ParA-ATP structure. This structure preferentially

forms away from ParB destabilizing activity, which is re-

stricted at the old pole of each daughter cell after cytokinesis

through attachment to PopZ. These proposed TipN- and

PopZ-dependent mechanisms would ensure that transloca-

tion of the partition complex occurs efficiently in only one

direction and only once per cell cycle, as summarized

in Figure 7B.

Adapting the parS/ParB/ParA system for chromosome

segregation

The distribution of TipN and PopZ among a-proteobacteria

suggests conserved function in this large, medically and

agriculturally important class of bacteria. However, the con-

servation of chromosomal parS/ParB/ParA systems is

even broader and spans across bacterial phyla (Livny et al,

2007), suggesting a widespread function in chromosome

segregation. Our findings argue that these parS/ParB/ParA

partitioning systems may require extrinsic regulation to

prevent back-and-forth motions, which are unsuitable for
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Figure 6 Effects of DtipN mutation on the temporal and spatial regulation of cell division and cell growth. (A) Top, distributions of the time
from synchrony to the appearance of the FtsZ–YFP ring. Bottom, distributions of the time from synchrony to the appearance of cell constriction.
These distributions were obtained from time-lapse sequences of wild-type (MT199; n¼ 190) and DtipN (CJW2563; n¼ 114) cells as described
in Figure 1A. (B) Distributions of rates of cell-length elongation during the time-lapse sequences described in Figure 1A. (C) Rates of cell-length
growth were plotted as a function of the cell length at time¼ 0 min in Figure 1A. (D) Mean degree of cell constriction ±s.e.m. of wild-type
(CB15N) and DtipN (CJW1407) cells after the time of cell constriction initiation. Following synchronization, cells were imaged every 1.5 min by
time-lapse microscopy and analysed by MicrobeTracker. (E) Distributions of time gaps between initiation of cell constriction initiation and cell
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chromosome segregation. Our work suggests a mechanistic

framework by which this regulation can be achieved

and integrated with the cell cycle through polarly localized

factors.

Materials and methods

Strains, plasmids and growth conditions
C. crescentus was grown at 301C in PYE or M2G supplemented (Ely,
1991) with kanamycin (5 mg/ml), oxytetracycline (1 mg/ml), specti-
nomycin/streptomycin (30/5 mg/ml) or gentamycin (5mg/ml) when
appropriate. Vanillic acid (0.5 mM or 0.25) or xylose (0.3 or 0.03%)
was added to the medium to induce the Pvan or Pxyl promoters,
respectively. Exponentially growing cultures were used for all
experiments. Plasmids were mobilized from E. coli strain S17-1 into
C. crescentus by conjugation (Ely, 1991) or electroporation.
Plasmids and strains are listed in Supplementary Table S1 and
their mode of construction is provided in the Supplementary data.
Synchronized populations of C. crescentus swarmer cells were
obtained using a technique described previously (Evinger and
Agabian, 1977) with some modifications (Angelastro et al, 2010).

Microscopy and image analysis
Cells were imaged at room temperature (RT, B221C) or at 311C
using an objective heater on either a Nikon Eclipse ti-U fitted with a
100X phase-contrast objective and an Andor ixonEMþ 888 camera
or a Nikon E1000 microscope fitted with a 100X phase-contrast
objective and a Hamamatsu Orca-ER LCD camera. Cells were
immobilized on 1% agarose pads with M2 buffer or M2G medium
containing vanillic acid or xylose when appropriate. Images were
taken with NIS-Elements (Nikon) or Metamorph software (MDS
Analytical Technologies).

FRET microscopy and image analysis were performed as
described in the Supplementary data.

Pull-down experiments
Two liters of CJW3359, CJW3010, CJW3538 and CJW3537 cell
cultures (OD660 o0.6) were harvested and washed with 50 ml of
buffer A (40 mM HEPES (pH 7.4), 150 mM KCl in 20% glycerol).
Cells were pelleted again and resuspended in 36 ml of buffer A.
Cross-linking was carried out for 30 min with 2 mM dithiobis(suc-
cinimidylpropionate) at RT. The reaction was quenched by the
addition of Tris/HCl (pH 8.0) to a final concentration of 0.5 M and
incubated at RT for 15 min. The cells were pelleted and resuspended
in 25 ml of buffer A containing a protease inhibitor cocktail (Roche).
Following cell lysis by French Press, the crude lysate was clarified

New pole

Old  pole

A

B
i ii iii iv v vi

Iterations of a three-step process

2 31 2 31 2 31

FtsZ ring formation FtsZ ring constrictionInitiation of DNA 
segregation

Dispersed/helical elongation FtsZ-dependent zonal elongation Pole formation

Cell
separation

parS/ParB/MipZ DNATipN PopZ DNA-bound ParA Released ParA FtsZ

Figure 7 Proposed models for chromosome segregation and cell cycle coordination in C. crescentus. (A) Model for parS/ParB segregation.
In wild-type cells, after initiation of DNA replication, one of the duplicated parS/ParB partition complexes comes in contact with the leading
edge of a DNA-bound ParA-ATP structure (red circles) for which ParB has a strong binding affinity (step 1). (Only a small portion of the ParA
structure is shown for simplicity.) ParB then stimulates ParA-ATPase activity, resulting in dissociation from the nucleoprotein filament and
release of ParA molecules (blue circles), presumably ParA monomers, into the cytoplasm (step 2). This shortens the DNA-bound ParA-ATP
structure and the released ParA is sequestered by TipN at the new pole to prevent regeneration of DNA-associated ParA-ATP dimers (step 3).
Presumably through Brownian motion, the segregating parS/ParB reaches the new leading edge of the DNA-bound ParA-ATP structure, thereby
getting closer to the new pole. Successive rounds of this cycle result in net parS/ParB translocation to the new pole. See text for more details.
(B) Model for cell cycle coordination. Before DNA replication and segregation are initiated, the parS/ParB/MipZ complex is attached at the old
pole by the PopZ matrix, promoting the establishment of a DNA-bound ParA-ATP structure biased towards the new pole (that is, away from the
destabilizing activity of ParB at the old pole) (i). During segregation of the partition complex (described in panel A), the TipN-mediated
condensation of the ParA cloud structure ensures rapid and unidirectional translocation of the partition complex (ii). Rapid segregation, which
affects the timing of FtsZ ring formation, ensures an early switch between a dispersed/helical mode of growth and a primarily zonal, FtsZ ring-
dependent mode of growth. Unidirectional translocation, on the other hand, affects the proper positioning of the FtsZ ring along the cell length,
which dictates where the cell will divide (iii). TipN and PopZ functions maintain ParA and the partitioning complexes at the cell poles (iv) such
that only a single round of segregation occurs per cell cycle. Near the end of the cell cycle, TipN delocalizes from the new cell pole, contributing
to the release of ParA (v). This event, coupled with cytokinesis, which creates new cell poles free of PopZ and ParB, resets the cycle and allows
for the reestablishment of the DNA-bound ParA-ATP structure in the daughter cells (vi).
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by centrifugation and the pellet was resuspended in 20 ml of buffer
B (buffer A plus 0.1% Triton-X-100 and protease inhibitor cocktail)
and incubated at 41C for 3 h. The membrane protein extract was
then clarified by ultracentrifugation (30 000 g, 15 min) before 0.5 ml
ANTI-FLAGs M2 Affinity Gel (Sigma) was added. Following
overnight incubation at 41C, unbound proteins were removed by
passing the mixture over a column. The Affinity Gel was washed on
the column with a total of 36 ml of buffer B in 2 ml batches. The
last 1.5 ml of the wash was used for the mock elution. Then, TipN-
FLAG was eluted with 1.5 ml buffer B supplemented with 100 mM
3� FLAG peptides. The elutions (including the mock elution)
were concentrated by trichloroacetic acid/deoxycholic acid pre-
cipitation and resuspended in 12.5ml of 2� loading buffer plus
12.5ml 1 M Tris (pH 8). The samples (10ml) were separated on an
SDS–PAGE gel.

Growth curve measurements
Cultures (three for each condition) in exponential phase of growth
were diluted to final OD660 of 0.01. Two hundred fifty microliters
were used to inoculate 96-well plates in triplicates (9 wells per
strain condition). Readings were taken every 5 min with continuous
shaking at 301C.

Western blots
Western blots were performed using antibodies at the following
concentrations: GFP and derivatives (YFP and YFP), antibody JL-8

(Sigma) at 1:1000; ParB, anti-ParB at 1:5000; MreB, anti-MreB at
1:10 000.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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