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The Escherichia coli SMC Complex, MukBEF, Shapes Nucleoid
Organization Independently of DNA Replication

Anjana Badrinarayanan, Christian Lesterlin, Rodrigo Reyes-Lamothe, and David Sherratt

Department of Biochemistry, University of Oxford, Oxford, United Kingdom

SMC (structural maintenance of chromosomes) complexes function ubiquitously in organizing and maintaining chromosomes.
Functional fluorescent derivatives of the Escherichia coli SMC complex, MukBEF, form foci that associate with the replication
origin region (ori). MukBEF impairment results in mispositioning of ori and other loci in steady-state cells. These observations
led to an earlier proposal that MukBEF positions new replicated sister oris. We show here that MukBEF generates and maintains
the cellular positioning of chromosome loci independently of DNA replication. Rapid impairment of MukBEF function by de-
pleting a Muk component in the absence of DNA replication leads to loss of MukBEF foci as well as mispositioning of ori and
other loci, while rapid Muk synthesis leads to rapid MukBEF focus formation but slow restoration of normal chromosomal locus

positioning.

he bacterial chromosome is not only highly compacted but

also spatially organized, with chromosomal regions occupying
specific positions in the cell (26, 35). For example, in newly
formed Escherichia coli cells, the replication origin region (ori) is
located at midcell and the left and right replication arms (rep-
lichores) occupy opposite cell halves (left-ori-right), with replication
regenerating this arrangement in sisters (23, 42). The E. coli SMC
(structural maintenance of chromosomes) complex, MukBEF, ap-
pears to play an important role in the left-ori-right arrangement
about the cell transverse axis, because this organization is lost in
Muk ™ cells, with sister oris moving to the outer nucleoid edges and
the replication termination regions (ter) being located close to mid-
cell (6, 43). For brevity, we refer to this positioning in the cell as
nucleoid organization.

This arrangement bears similarities to those in Caulobacter
crescentus and Bacillus subtilis, where characterized processes can
position oris at cell poles (2, 38, 46); in Vibrio cholerae, the primary
chromosome also has a pole-proximal ori, directed by an unchar-
acterized mechanism (8).

SMC protein complexes share a distinctive conserved architec-
ture and play a range of roles in chromosome maintenance and
processing in all three domains of life (22, 45). Most bacteria have
asingle SMC complex comprising a homodimer of SMC interact-
ing with two accessory subunits, ScpA (kleisin) and ScpB (9). E.
coli and some other gammaproteobacteria use a distant relative of
SMC, MukB, which acts with two non-SMC subunits, MukE and
MukF (kleisin) (24, 47). Bacterial smc null mutants are frequently
temperature sensitive, produce a significant fraction of anucleate
cells, and are hypersensitive to gyrase inhibitors (6, 14, 29), sug-
gesting that SMC complexes play roles in chromosome compac-
tion and segregation. Consistent with this, fluorescence in situ
hybridization (FISH) and fluorescence repressor-operator system
(FROS) studies have shown that chromosomal regions are mispo-
sitioned in B. subtilis and C. crescentus as well as in E. coli in the
absence of the SMC complex (6, 10, 17, 33).

In vivo, fluorescent derivatives of both MukBEF and SMC-
ScpAB form foci that associate with ori (6, 10, 21, 33). In B. subtilis
and Streptococcus pneumoniae, ori association is mediated by in-
teraction of SMC with ParB and its association with parS sites
distributed throughout ori (10, 21, 33). The molecular basis of the
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MukBEF association with the ~400 kb ori is not known, although
itis not obviously restricted to a small defined region (6). Further-
more, the mechanism of action of MukBEF on DNA is not under-
stood, and it is unclear whether its role is confined to a particular
stage of the cell cycle and whether it associates with regions of the
chromosome in addition to ori. A number of studies have sug-
gested roles for SMC/MukBEEF in ensuring effective chromosome
segregation and/or organization of newly replicated DNA (6, 10,
30, 33). Further evidence has come from a genetic interaction of
SMC and topoisomerase IV (TopolIV) in B. subtilis (34) and from
in vitro studies demonstrating a physical interaction between
MukB and TopolV (13, 19), suggesting that MukBEF could pro-
mote effective sister chromosome unlinking during segregation
(40).

In this study, we set out to test if the action of MukBEF is
restricted to a specific stage of a cell’s lifetime. We show that rapid
depletion of functional MukBEF leads to correlated changes in
positioning of ori and distant loci in cells containing a single un-
replicated chromosome and in replicating cells, independently of
cell generation stage. Functional MukBEF repletion, obtained by
induced expression of MukF in otherwise Muk™ cells, leads to
immediate formation of MukBEF foci and a slow repositioning of
chromosomal loci. Thus, MukBEF, independently of DNA repli-
cation, is required to generate and maintain wild-type chromo-
some positioning in the cell, defined by the left-ori-right arrange-
ment about the cell transverse axis.

Received 31 May 2012 Accepted 20 June 2012
Published ahead of print 29 June 2012

Address correspondence to Rodrigo Reyes-Lamothe,
rodrigo.reyes@bioch.ox.ac.uk, or David J. Sherratt, david.sherratt@bioch.ox.ac.uk.

Supplemental material for this article may be found at http://jb.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.00957-12

The authors have paid a fee to allow immediate free access to this article.

jb.asm.org 4669


http://jb.asm.org/
http://dx.doi.org/10.1128/JB.00957-12
http://jb.asm.org

Badrinarayanan et al.

TABLE 1 Strains and plasmids

Strain Description or reference”

Ab19 mukE degron; Kan" AsspB

Ab62 mukE degron FRT; AsspB P, sspB lacO at oril Kan" tetO at lacZ Gm" (LacI-CFP and TetR-YFP expressed from pWX6)
Ab64 mukE degron FRT; AsspB P, sspB lacO at oril Kan" dnaC2(Ts) Tet" (LacI-mCherry expressed from pWX17)

Ab82 mukE degron FRT; AsspB P,,,, sspB lacO at L3 Kan" tetO at R3 Gm" dnaC2(Ts) Tet" (LacI-CFP and TetR-YFP expressed from pWX6)
Ab86 mukE degron FRT; mukB-mYPet Kan® AsspB P,,,, sspB tetO at oril Gm" (TetR-mCerulean expressed from pWX9)

Ab174 AmukF::Kan mukB-gfp Cm" P, mukF FRT tetO at oril Gm" P, tetR FRT dnaC2(Ts) Tet"

Ab188 AmukF::Kan tetO at oril Gm" P, tetR FRT dnaC2(Ts) Tet"

Ab229 AmukF::Kan P, mukF FRT lacO at L3 Kan" tetO at R3 dnaA46(Ts) Tet" (LacI-CFP and TetR-YFP expressed from pWX6)
Ab234 AmukF::Kan mukB-gfp Cm" P,,,, mukF FRT lacO at oril tetO at ter3

RRL48 tetO at oril Gm" P, tetR FRT

pAb41l pBAD24+sspB

pWX6 41

pWX9 41

pWX17 41

“ FRT, Flp recombination target; CFP, cyan fluorescent protein; YFP, yellow fluorescent protein. For details of array positions on the chromosome, see Materials and Methods.

MATERIALS AND METHODS

Bacterial strains and growth. Strains and plasmids used in this study are
listed in Table 1. All strains were derivatives of E. coli K-12 AB1157 (1).
Chromosomal loci were visualized by the fluorescence repressor-operator
system (41, 42). tetO arrays (240 copies) inserted at positions 18 kb coun-
terclockwise (CCW) of oriC (oril), 50 kb clockwise (CW) of dif (ter3), and
L3 (2268kb) and lacO arrays (240 copies) at positions L2 (366 kb) and R3
(852 kb) were used. LacI-mCherry and TetR-mCerulean were expressed
either chromosomally (27) or from a plasmid (42). In the case of plasmid
expression, AT (anhydrotetracycline) (40 ngml ') and IPTG (isopropyl-
B-p-thiogalactopyranoside; 0.5 mM) was added to reduce operator occu-
pancy and avoid replication blockage (41, 42). Western blotting for MukE
depletion was done on cells growing in LB using a polyclonal antibody to
c-Myc (Sigma-Aldrich). For MukF, this was done using antibody to MukF
(48).

Construction of the MukE degron. Degron-tagged MukE was con-
structed in the chromosome at the original location of the gene by the
process of N\-Red recombination (7). mukE was thus fused to a single
c-Mpyc tag followed by the DAS+4-degron tag (20). The plasmid carrying
a 6-amino-acid (aa) linker, the Myc tag, a 2-aa linker, and the DAS+4-
degron tag (SAGSAAEQKLISEEDLSSAANDENYSENYADAS) was de-
scribed previously (28). N-Red recombination was carried out in an
ABI1157 strain with sspB deleted and carrying the plasmid pKD46. After
fusion of the degron tag to the C terminus of mukE, the fusion was trans-
duced into a strain with sspB deleted at the endogenous gene locus, but
with an arabinose-inducible copy at an ectopic locus on the chromosome
(20).

For overexpression of sspB from a plasmid, the gene was cloned into
pBAD24 between the Nhel and Kpnl sites. Degron constructs were
checked for loss of viability at 37°C by streaking on plates with 0.2%
arabinose. Plasmid expression of SspB was repressed by the addition of
0.2% glucose.

MukB fused to m-YPet or green fluorescent protein (GFP) at its C
terminus was also constructed at the endogenous chromosome position
by A-Red recombination following the strategy described in reference 27.
By all criteria this fusion was fully functional, and the foci have physiolog-
ical significance (data not shown).

Construction of P, ,-mukF. The strain carrying the MukF repletion
system has been described previously (31). An ectopic copy of mukF FRT
under the control of the P,,, promoter was introduced at the argE locus in
AB1157. This was then transduced into an AB1157 strain carrying a dele-
tion of mukF (replaced by kanamycin) in the operon (47).

Microscopy. Cells were visualized with a 100X objective on a Nikon
Eclipse TE2000-U microscope, equipped with a Photometrics Cool-
SNAP HQ charge-coupled device (CCD) camera. Images were taken and
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processed by Metamorph 6.2. Image analysis was done using ImageJ or
MicrobeTracker (32) run in Matlab.

Cells were grown at 30°C or 37°C in M9 medium supplemented with
0.2% glycerol (M9-gly) and were shifted to 37°C or 42°C (in the case of
dnaC(Ts) or dnaA(Ts) mutants, respectively) to prevent new rounds of
replication initiation. Amuk cells were grown at 22°C (generation time in
M9-gly was ~4 h). Induction of expression from an arabinose-inducible
promoter (11, 18) was done by the addition of 0.2 to 0.5% arabinose. For
microscopy, cells in exponential phase (A, 0.05 to 0.2) were concen-
trated and laid on a 1% agarose pad on a slide. Nucleoids were visualized
using a final concentration of 1 wg/ml 4’,6-diamidino-2-phenylindole
(DAPI). Cell division was blocked by the addition of cephalexin (100
pg/ml).

MukE degradation experiment in replication-blocked cells. De-
gron-mediated MukE degradation used a chromosomally expressed P,
sspB. Cells were grown to an Ag, of 0.05 in M9-gly at 30°C to ensure
nonoverlapping replication cycles; the mass doubling times were 130 min
(41). Cells were shifted to 37°C for 2 h, where the doubling time was ~100
min. At the end of 2 h, a control sample (0 min) was collected and 0.2%
arabinose was added to the culture at 37°C. Samples were collected 2 h
after arabinose induction. All samples were spun down immediately at
37°C, spotted on a prewarmed slide, and imaged at 37°C.

MukF repletion experiment in replication-blocked cells. Cells were
grown in M9-gly at 30°C overnight. A dilution of the overnight culture
was made into M9-gly and grown till A¢,, of 0.05. Cells were shifted to
37°C [for dnaC2(Ts)] or 42°C [for dnaA46(Ts)] for 2 h. A sample of cells
(0 min) was taken before the addition of 0.5% arabinose to the culture.
Samples were also taken 20, 40, 60, and 120 min after arabinose addition.
All samples were spun down at 37°C or 42°C, spotted on a prewarmed
slide and imaged at a restrictive temperature under the microscope. For
time-lapse experiments, the same experimental setup was followed, but
no arabinose was added to the culture; rather, cells were spotted on a slide
containing medium with 0.5% arabinose. All imaging was done at 37°C.

MukF repletion in steady-state cells. Cells were grown in M9-gly at
30°C overnight. A dilution of the overnight culture was made in M9-gly
and grown until an Ay, of 0.05 was reached. A sample of cells (0 min)
taken before the addition of 0.5% arabinose to the culture. Samples were
also taken 1, 10, 20, 40, 60, and 120 min after arabinose addition. The
1-min time point is effectively 2 to 3 min later (including the time taken
for sampling and for imaging). All samples were spun down, spotted on a
prewarmed slide, and imaged under the microscope. For time-lapse ex-
periments, the same experimental setup was followed, but no arabinose
was added to the culture; rather, cells were spotted onto a slide that con-
tained medium with 0.5% arabinose.
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Image analysis. (i) Assessing the position of chromosomal loci. In
order to estimate the positions of chromosomal loci, the Point Picker
plugin (http://bigwww.epfl.ch/thevenaz/pointpicker/) of Image] was
used. In cells with two copies of each locus, the x,y coordinates for the two
cell poles and for the two loci were marked. From these, the absolute
distances (in nm) of two loci from each cell pole as well as the relative
distances, expressed as percentage of cell length, were estimated. For cells
with two copies of each locus, as a rule, the cell pole farthest to the two loci
was marked as the first pole (0%) and the opposite pole was marked as the
end of the cell (100%). The average position and standard deviation (ex-
pressed as percentage of cell length) were plotted for each locus. Sister
locus distance (SLD) was expressed as the average distance (percentage of
cell length) between two sister loci in the same cell.

In cells with a single copy of each locus, the position of the locus was
marked with respect to nucleoid pole. The nucleoid was divided into three
categories: nucleoid middle (40 to 60% of nucleoid length), nucleoid
quarter (60 to 80% of nucleoid length), and nucleoid edge (80 to 100% of
nucleoid length). As a rule, the pole farthest from the locus was marked as
the first pole (0%) and the nearest pole as the end of the nucleoid (100%).
Hence, no loci were present in the 0-to-40% half of the nucleoid. Interlo-
cus distance was calculated similar to sister chromatid distance (expressed
as percentage of nucleoid length).

(ii) Defining a MukB focus. MukB foci were counted automatically
using the Microbetracker’s spotfinderZ program (32). In the case of MukF
repletion experiments in steady-state cells (see Fig. S3D in the supplemen-
tal material), when MukB foci were very weak, estimation of foci was done
manually by using line profiles of fluorescence distribution. For each cell,
maximum intensity in the profile was normalized to 100%. A peak in
fluorescence intensity >40% above background fluorescence and with a
full width at half maximum not greater than 4 pixels was considered a
focus (see Fig. S4 in the supplemental material).

(iii) Defining colocalization between a MukB focus and chromo-
somal locus. Distance between MukB foci and chromosomal loci were
calculated automatically using Microbetracker’s Colocalize program (32).
A MukB focus was considered to colocalize with a chromosomal locus if
the distance between them was =250 nm (which is close to the resolution
limit of our system).

RESULTS

MukE depletion leads to loss of normal chromosome locus po-
sitioning in the absence of DNA replication. We previously
showed that functional MukBEEF is essential for the normal posi-
tioning of newly replicated oris and for maintaining the wild-type
arrangement of E. coli chromosome arms (6). It was nevertheless
unclear whether MukBEF generates and/or maintains this organi-
zation. Furthermore, it was unknown when during a given cell
generation MukBEF acts and if this action is directed exclusively
to newly replicated DNA. To address these questions, we devel-
oped systems to rapidly produce or inactivate one of the MukBEF
components through controlled expression or degradation, re-
spectively.

To test whether changes in locus positioning are dependent on
ongoing DNA replication, functional MukBEF was impaired by
degron-mediated depletion of MukE in cells containing a single
nonreplicating chromosome (Fig. 1A). This was achieved by using
dnaC(Ts) cells at 37°C, conditions that do not allow replication
initiation, as judged by lack of replisomes, a single unsegregated
ori, and flow cytometry, but do support completion of rounds of
replication during most generations (40, 44). Cellular positions of
oril, L3,and R3loci (42) (18 kb CCW, 1000 kb CCW, and 1000 kb
CW of oriC, respectively) were analyzed before and 2 h after MukE
depletion in nonreplicating cells. As expected, >85% cells con-
tained a single oril focus as a consequence of their being unable to
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initiate replication from their single unreplicated chromosome
(Fig. 1B). After 2 h of depletion (about one generation), ~70% of
the MukE had been degraded in steady-state cells, with most hav-
ing lost their MukBEF foci, consistent with cells being MukBEF
phenocopies; indeed Muk ™~ phenotypes were evident after 20 min
of depletion (see Fig. S1 in the supplemental material). Before
depletion, 80% of nonreplicating cells had a single oril focus at
midnucleoid (Fig. 1B; mean position, 54% of nucleoid length). In
contrast, after 2 h of MukE depletion, only 12% cells had oril at
midnucleoid, with the mean position of oril having been shifted
to 74% of nucleoid length. Along with the changes in oril posi-
tioning, the average L3-R3 interlocus distance (ILD) decreased
from 63% to 45% after depletion, with 58% of L3 and R3 foci now
in the same nucleoid half, rather than the 17% prior to depletion
(Fig. 1C). Analysis of single oril focus steady-state cells also
showed a clear shift of oril position from midnucleoid after MukE
depletion, a pattern similar to that in cells deleted for MukF (Fig.
1B). We noted that after MukE depletion, the nucleoids took on a
somewhat “lumpy” extended appearance, as assessed by DAPI
staining (Fig. 1B; nucleoid length increased by ~50%). We do not
know if this is a direct or indirect consequence of MukBEF im-
pairment, but it is not a direct consequence of induced SspB (data
not shown). Indeed overexpression of SspB or presence of the
SsrA tag on MukE did not affect nucleoid organization or cell
growth (data not shown).

We then examined segregated sisters of each locus by analyzing
images of steady-state cells (see Fig. S2 in the supplemental mate-
rial). The analysis showed reproducible changes after 2 h of MukE
depletion. Sister locus distance (SLD) for sister oriI loci increased,
with sisters moving outwards from the normal quarter positions.
In contrast, sisters of L3, R2, and R3, respectively, moved closer
together after MukE depletion, almost always locating to the same
cell half.

We conclude that impairment of MukBEF function by MukE
depletion leads to changes in nucleoid organization that are inde-
pendent of DNA replication. Therefore, MukBEF activity is re-
quired continuously throughout a cell’s lifetime to maintain nu-
cleoid organization.

Repletion of functional MukBEF leads gradually to normal
locus positioning independently of DNA replication. We also
examined chromosome locus position when MukF expression
was induced from an ectopic chromosomal locus in AmukF cells
that had a single nonreplicating chromosome (Fig. 1A and 2A).
Before induction of expression, 51% of cells had oriI at the nucle-
oid edge and 11% of cells had oriI at midnucleoid, with mean oril
position at 79% of nucleoid length, comparable to the values for
steady-state AmukF cells and for nonreplicating or steady-state
MukE-depleted cells (Fig. 1B). After 1 h of induction, most cells
that induced MukF expression now had oriI at the wild-type mid-
nucleoid position (Fig. 2A).

Wild-type MukF protein levels were reached at 5 to 20 min of
arabinose addition (see Fig. S1 in the supplemental material). The
~20% of cells that retain oril close to the nucleoid edge had prob-
ably not induced efficient MukF expression, since we show later
that a similar fraction of cells failed to respond to arabinose induc-
tion under the same conditions (Fig. 3A; also, see the supplemen-
tal material). Examination of oril position as a function of time of
MukF expression in nonreplicating cells showed a gradual reposi-
tioning toward midnucleoid over the 60 min analyzed, although
the induction of MukF and concomitant formation of MukBEF
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FIG 1 MukE depletion leads to mispositioning of oril and L3-R3 independently of DNA replication. (A) Depletion and repletion. With depletion, arabinose-
induced SspB directs MukE-SsrA’ to ClpXP for degradation (left). With repletion, MukF is expressed from an arabinose-inducible promoter at an ectopic
chromosomal location in cells with wild-type MukF deleted (right). (B) MukE depletion results in ori mispositioning independently of replication. oril positions
before (MukE™ 9) and after (MukE?®?) MukE depletion (2 h) in steady-state or nonreplicating [dnaC(Ts)] cells (strain Ab64) with a single oril focus are
estimated as percentage of nucleoid length. Positions are binned into three categories: middle (40 to 60%), quarter (60 to 80%), or edge (80 to 100%) of nucleoid,
and the percentage of cells with oril in each category is plotted. Wild-type and AmukF controls (strains RRL48 and Ab188, respectively) in steady-state cells with
asingle oril focus are also shown. Snapshot images of cells with labeled oril (red) and DAPI nucleoid staining (green) are shown before and after MukE depletion
(in nonreplicating cells) on the left. n = 300. Bars, 2 wm. (C) MukE depletion results in mispositioning of L3-R3 independently of replication. Interlocus distance
(ILD; percentage of nucleoid length) between L3 and R3 before and after MukE depletion (2 h) in nonreplicating dnaC(Ts) cells (snapshot analysis) (strain Ab82).
Red lines represent the median ILD. Boxes, interquartile ranges; whiskers, minima and maxima. Median values are shown below the red lines. The percentage of

cells with L3 and R3 in the same nucleoid half is also shown (right). n = 200.

foci was rapid (Fig. 2A and B; also, see Fig. S1A and S3B, C, and D
in the supplemental material). Before induction, only 11% cells
had oriI at midnucleoid; this had increased to 25% by 20 min of
induction and to ~50% after 1 h, by which time the nucleoids had
returned to their wild-type length. Time-lapse analysis confirmed
this MukF-dependent gradual repositioning of oril toward mid-
nucleoid in nonreplicating cells (Fig. 2B; also, see Fig. S3C). Anal-
ysis of L3-R3 interlocus distances (ILD) also showed the comple-
mentary repositioning of L3-R3 during repletion (Fig. 2C). Prior
to repletion, 59% of cells had L3 and R3 in the same nucleoid half,
and mean L3-R3 ILD was 41%. After 1 h of repletion, mean L3-R3
ILD increased to 63%, with 24% of cells having L3 and R3 in the
same nucleoid half. Similar slow repositioning of oril in steady-
state cells containing a single oril focus was observed when either
MukF or MukE expression was induced from an ectopic chromo-
somal locus in AmukF or AmukE cells, respectively (see Fig. S3A).
We conclude that rapid expression of functional MukBEF in non-
replicating cells leads gradually, over ~50% of a doubling time, to
normal positioning of oril and other loci on both replichores.
Formation of MukBEF foci is independent of replication.
MukBEEF foci formed quickly after induction of MukF expression,
in AmukF cells, irrespective of replication or cell size. Before in-
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duction, >75% of nonreplicating or steady-state cells had no clear
MukBEF foci, and heterogeneous diffuse staining of MukB-GFP
fluorescence was seen throughout the cell (Fig. 3A). Twenty-one
percent of nonreplicating cells had at least one very weak MukBEF
focus that may have arisen through low levels of arabinose-inde-
pendent MukF expression (see Fig. S4 in the supplemental mate-
rial for how a focus is defined). At 20 min after MukF induction,
~75% of nonreplicating cells had MukBEEF foci, with about a third
of these having more than two foci. The situation was comparable
after 20 min induction in steady-state cells (Fig. 3A). After 60 min
of induction, ~75% cells now had one or two MukBEF foci, as in
steady-state wild-type cells (6), consistent with MukF overexpres-
sion not resulting in any aberrant behavior relative to MukBEF
action. We infer that the ~24% of cells that did not have MukBEF
foci after 20, 40, or 60 min of incubation with arabinose had failed
to induce efficient MukF expression.

Time-lapse analysis of MukBEF focus formation with respect
to oril position in nonreplicating cells (Fig. 3B; also, see Fig. S3C
in the supplemental material) confirmed that MukBEF foci ap-
peared rapidly after induction of MukF expression and long be-
fore oril foci were normally repositioned close to midcell. Fur-
thermore, several MukBEF foci distributed along the nucleoid
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FIG 2 MukF repletion repositions oril and L3-R3 in the absence of replication. (A) MukF repletion repositions oril independently of replication. oril position
before (MukF"® "P) and 1 h after (MukF"?) induction of MukF expression in nonreplicating dnaC(Ts) cells at 37°C (strain Ab174). Snapshot images of cells with
labeled oril (red) and DAPI nucleoid staining (green) are shown before and after MukF repletion (in nonreplicating cells). 7 = 300. Protocols, snapshot analysis,
and controls were as described for Fig. 1. Bars, 2 pm. (B) oril repositioning during MukF repletion in the absence of replication. MukF repletion as a function
of time [nonreplicating dnaC(Ts) cells]. Time-lapse analysis (strain Ab174) images were taken every 5 min for 100 min. The data for two representative cells are
shown (blue lines), along with a subset of total images. Time-lapse traces of oril position for two representative nonreplicating AmukF cells are shown in red
(strain Ab188). n = 15. Bars, 2 um. (C) MukF repletion repositions L3-R3 in the absence of replication. Interlocus distance (as percentage of nucleoid length)
between L3 and R3 during MukF repletion (1 h) in nonreplicating [dnaA(Ts)] cells is shown (strain Ab229). The percentage of cells with L3 and R3 in the same

nucleoid half is also shown (right). n = 300.

were present at the earliest times, often with one being associated
with oril during the repletion period, with the number returning
to the wild-type level over time, consistent with the snapshot anal-
ysis. We do not know why this is, but we suspect that it is a con-
sequence of re-establishing normal MukBEF function during re-
pletion. Analysis of >300 randomly selected cells from an
asynchronous population, which should represent all stages of a
cell’s life in a single generation, showed the appearance of foci in
all cells within 5 min of MukF induction, indicating that MukBEF
foci form independently of both replication and cell stage within a
generation (see Fig. S3D in the supplemental material).

DISCUSSION

MukBEEF directs a sequence of molecular events that shapes nu-
cleoid organization. We show here that the action of MukBEF in
directing the normal positioning of ori and the two chromosome
arms with respect to ori about the cell transverse axis is not re-
stricted to newly replicated DNA. Furthermore, using degron-
mediated MukE depletion, we also show that maintenance of the
wild-type positioning of chromosomal regions is dependent on
the continuous activity of MukBEF throughout the lifetime of a
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cell. Previously, we proposed that MukBEF directs the layering of
newly replicated DNA on both sides of ori, resulting in the wild-
type left-ori-right organization of the replichores with respect to
ori about the cell transverse axis (6, 26). Similarly, others have
proposed a close link between ongoing DNA replication and the
action of MukBEF/SMC (29, 30). In contrast, the results presented
here suggest that in E. coli there is no functional requirement for
DNA replication for the action of MukBEF, with MukBEF foci
forming independently of DNA replication and the stage within a
cell’s lifetime. In the absence of DNA replication, MukBEF-medi-
ated repositioning of ori occurs slowly (=30 min) in comparison
with the few minutes it takes for MukBEF foci to form, and with
the time required for the accumulation of normal levels of protein
after induced MukF expression (5 to 20 min). Similarly, in steady-
state cells, repletion of either MukF or MukE leads to a slow repo-
sitioning of ori.

We show that the formation of MukBEF foci, which are exclu-
sively associated with the nucleoid (6), is not dependent on DNA
replication. This contrasts with the cell cycle-regulated loading of
cohesin and subsequent replication-dependent establishment of
cohesion in eukaryotes (22). Although the B. subtilis and S. pneu-
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FIG 3 Formation of MukB foci is independent of replication. (A) MukB focus appearance during MukF repletion is independent of replication or cell stage. The
appearance and number of MukB foci were assessed before (0 min) and 20, 40, and 60 min after induction of MukF repletion (strain Ab174) in nonreplicating
cells (left) and at 1 and 20 min after induction of MukF repletion in steady-state cells (strain Ab234). In the steady-state cells, transcription initiation was blocked
at each time point by the addition of rifampin. The percentage of cells with 0, 1, 2, or >2 foci per cell are shown. n > 200. (B) MukB focus dynamics with respect
to oril repositioning during MukF repletion in the absence of replication. Time-lapse analysis of MukB focus formation and oril positioning during MukF
repletion in nonreplicating cells (strain Ab174). Time-lapse traces of oril (blue lines) as well as the position of MukB foci (circles) for three representative cells
are shown. oril, red; MukB, green. Cell outlines are in white. Images were taken every 5 min. Note that the 0-min time point in panel B is not equivalent to that
in panel A, since there is a delay of ~2 min between induction and imaging during the time-lapse experiments. Bars, 2 pm.

moniae SMC complexes associate with ori through a ParB-parS
interaction (10, 21, 33), the molecular basis of the ori association
with MukBEF has not been identified.

Although the nature of the molecular transactions carried out
by MukBEF remains unclear, we consider two non-mutually ex-
clusive models, both of which assume that the MukBEF foci are
important centers of MukBEF activity. In the first, MukBEF
within foci plays a key role in positioning ori, consistent with
MukBEF absence’s leading to ori mispositioning (6). Further-
more, the action of MukBEF is restricted locally to ori, as observed
through the oril-MukBEF association in wild-type steady-state
cells. The loss of the normal left-ori-right replichore organization
would then be explained by correlated repositioning of other loci
when the ori region moves, similarly to that reported in C. crescen-
tus when the tethering point of the chromosome to the cell pole is
moved (36). Such local action need not lead to any global changes
to the chromosome other than through the left-ori-right rep-
lichore organization about the cell transverse axis. Since in this
model MukBEF foci position oris, an ori-independent mechanism
for the formation of MukBEF foci is required, for example, one
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similar to the mechanisms that can position plasmids and chemo-
sensory machines at regular positions on the nucleoid (37). The
early appearance of multiple MukBEF foci distributed throughout
the nucleoid during repletion is consistent with locus-indepen-
dent MukBEF positioning, as is the observation that MukBEF fo-
cus-ori association can be lost in other situations in which DNA
metabolism, or MukBEF function, is perturbed (our unpublished
data). Similarly, the slow correlated movement of oril with an
associated MukBEF focus to the midcell position during repletion,
along with a reduction in the number of MukBEF foci to the
steady-state levels, underlines the importance of the ori-MukBEF
association in correct ori positioning and indicates that restora-
tion of the chromosome to a normal organization occurs slowly
during functional MukBEF repletion. A corollary of this model is
that correct ori positioning by MukBEF plays a role in faithful
chromosome segregation.

The second hypothesis states that MukBEF has a direct global
role in determining nucleoid structure and organization, with its
association with ori helping direct organization of distant regions
by alooping and/or bridging process. Loss of replichore organization
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in Muk™ cells could then result from the breaking of MukBEF-
mediated links between distant chromosomal regions. One could
imagine this occurring by a “gathering in” of distant chromo-
somal regions by ori-associated MukBEF, similarly to the pro-
posed action of H-NS, which interacts with multiple chromosome
regions (39). The observation that at early times of repletion there
are multiple MukBEF foci throughout the nucleoid (with one gen-
erally being ori associated), despite there being a single unrepli-
cated copy of the chromosome, is also consistent with this hy-
pothesis. MukBEF molecules in these foci could be in the
gradual process of gathering in distant chromosome segments
and associating them with ori. Others have proposed functions
of SMC complexes in global compaction through bridging or
SMC ring-mediated looping (4, 5, 12, 15, 25), while linkage
between chromosomal regions has been proposed as a mecha-
nism for the action of condensin in mitotic chromosomes (4).
A global action on chromosomes has also been suggested for
MukBEF and other SMCs through an effect on DNA topology,
potentially facilitating compaction and segregation (3, 16, 29).

We now need a better understanding of the nature of the struc-
tures within MukBEF foci and how they form and associate with
ori DNA. Insight from this work should help us understand how
MukBEF and other SMC complexes function mechanistically in
vivo.
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