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Abstract

Regions of the chromosome where replication terminates host specific activities in all organisms. In
Escherichia coli, this region, named ter, is also the last segregated before cell division. Delayed
segregation is controlled by the MatP protein, binding specific matS sites along ter. We investigated
the fate of the E. coli ter region and the role of MatP by combining a detailed in vivo analysis of the
mobility of a ter locus at short time scales with in vitro biochemical approaches. We found that ter
dynamics differs only slightly from that of a control locus located close to the replication origin, except
when sister ter loci are paired following their replication. MatP thus mainly acts in maintaining sister
ter paired, but only plays a faint role in absence of pairing. This effect depends on MatP, its 20 C-
terminal residues and ZapB to different levels, implying a role for all known MatP activities. We char-
acterised MatP/DNA complexes and conclude that while MatP binds DNA as a tetramer, it barely
forms specific DNA loops by bridging matS sites in a DNA rich environment. We propose that te-
tramerisation of MatP links matS sites with ZapB and/or with non-specific DNA to promote optimal

pairing of sister ter regions until cell division.
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The compaction and organization of bacterial nucleoids contribute to an efficient mainte-
nance of the genetic material, integrated with robust yet adaptive expression of genetic programs,
in ways that are only partially understood. Nucleoid structuration is due to a variety of processes
including DNA supercoiling, proteins and complexes working on the DNA (e.g., RNA polymerases),
nucleoid-associated proteins (NAPs) and condensins (SMCs) 1. These act together to shape the
chromosomes in a dynamic structure while keeping DNA accessible to polymerases and repair pro-
teins. Replication and segregation re-organize nucleoids on a large scale 23. Whilst some details of
the choreographies depend on the bacterial species, common to all of them is the bidirectional rep-
lication of the chromosome, starting at a unique origin and finishing in the opposite terminus region,
which is also the last to be segregated before the cell divides.

In bacterial chromosomes, macrodomains are large regions with preferential genetic recom-
bination and specific cellular positioning. Most reported macrodomains contain either the origin or
terminus of replication 8. In Escherichia coli (E. coli), a very distinctive macrodomain (the Ter mac-
rodomain, or ter) contains the terminus region and spreads along 765kb, containing 23 matS sites
that are bound by MatP (Fig. 1A) °. MatP is known to play a key role in positioning the chromosome
and setting the segregation pattern for ter: It keeps the sister ter regions together, close to the cell
division complex (the divisome; i.e., in the mid-cell area), allowing their processing by the divisome-
associated Ftsk DNA-translocase °. Since FtsK activity is oriented by KOPS DNA motifs, the result-
ing segregation pattern is precisely oriented and ends at the dif site, where final unlinking of sister
chromosomes occurs %11,

How MatP achieves its functions is currently unclear. MatP forms dimers in absence of DNA,
and tetramers upon binding to matS-containing DNA 2. This was proposed to pair distant matS sites,
forming large chromosome loops organising ter. Such interactions were however not detected in
contact maps of the chromosome 3. MatP was also shown to interact with the divisome-associated
ZapB protein * and the condensin MukB *°. Neither interaction has been deeply characterized so
far. A truncated variant of MatP (deletion of the 20 last residues), MatPA20, was reported unable to
form tetramers 2 nor to interact with ZapB 14, yet retaining interaction with MukB . MukB was re-
cently reported to promote long-range interaction between chromosome loci, except into ter where
it has no effect 3. This exception of ter seems to be dependent of MatP since it is not observed in a
AmatP strain. In addition, MatP, as well as MatPA20, promotes short-range interactions inside ter
13, On the other hand, a MukB variant, defective in ATP hydrolysis, binds matS sites in a MatP-
dependent manner, which is barely detected in a wild type strain °. Taken together, these results
suggest that MatP excludes MukB from ter. Since MukB interacts with TopolV, its exclusion by MatP
has been proposed to delay decatenation of sister ter, thus coupling their segregation with cell divi-
sion. Interaction of MatP with ZapB has been proposed to be involved in a positive control of divi-

some assembly around ter, an effect referred to as the Ter-linkage %/, Mutation of zapB alters the
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mid-cell positioning of MatP-bond sister ter and shortens the co-localization times of ter loci 4. The
dynamics of ter loci is affected consistently in a matPA20 strain 2,

Beside the subcellular positioning and segregation time of chromosome loci, their move-
ments have been recorded at different time scales, revealing important differences between chro-
mosome regions. At long time-interval scales (i.e., looking at displacements above one minute), loci
tracking captures their segregation dynamics as well as rapid super-diffusive movements unrelated
to segregation per se 82, Loci of ter localize accurately when in the mid-cell zone *8. Their separa-
tion occurs at mid-cell at a time in the cell cycle when at least early divisome components have
formed a complex at mid-cell. At short time-intervals, tagged chromosome loci sub-diffuse, i.e., they
explore space slower than they would due to Brownian motion 202426 This reflects constraints im-
posed by their environment and is directly correlated with their capacity to interact with distant loci
91326 Using single tracks recorded at short time scales and extraction of biophysical properties, a
previous study showed that the mobility of loci varied depending on chromosomal localization 26,
with the ter loci less mobile (more constrained) when located at mid-cell.

In this report, we investigate the role of MatP in constraining the mobility of a ter locus. We
first show that mobility depends on the system used to tag loci, on the intensity of fluorescent foci
and their cellular positioning. Surprisingly, low-fluorescent foci of the ter locus were as mobile as
those of an oriC-proximal locus, showing that the higher constraint of the ter locus is not an intrinsic
property of this chromosome region but depends on context. We further show that highly intense
and poorly mobile foci form most often at the ter locus and depend on the presence of MatP, sug-
gesting they contain pairs of unsegregated sister loci. This effect depends on MatP, its 20 C-terminal
residues and ZapB to different levels, implying a role for all known MatP activities. We characterised
MatP/DNA complexes and conclude that while MatP binds DNA as a tetramer, it barely forms specific
DNA loops by bridging matS sites, in a DNA rich environment, so this tetramerisation serves some

other purpose.

Results

Monitoring chromosome loci mobility in vivo

To monitor the mobility of chromosome loci, we used strains carrying a parS site inserted in
the ori or ter regions of the chromosome and producing cognate ParB proteins fluorescent deriva-
tives 27 (Fig. 1a). We recorded the position of foci every 0.5s during 20s (Fig. 1b). We then extracted
the mean squared displacements (MSD) from these trajectories. An example of 30 MSD for the Ter4
locus is shown in Fig. 1c.

We first used the P1 parS site and ParB protein to tag loci in the ori and ter regions. Using
this system, we reproduced results previously reported for the Ori2 and Ter3 loci % (Fig. 1e). How-

ever, this P1-derived system has been reported to induce increased post-replicative cohesion of
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tagged loci 1°. We thus also used another set of strains, with loci tagged by insertion of the pMT1
parS site and producing a ParB-pMT1 fluorescent derivative 2’. Comparing the two tagging systems
revealed very important differences: (i) The number of cells with a single focus increased and those
with two foci decreased when using the P1-derived system compared to the pMT1-derived system
(Fig. 1d); (ii) The MSDs obtained with the pMT1 system were higher than with the P1 system (Fig.
le); (iii) The difference in MSDs between the ori and ter loci was largely reduced when using the
pMT1-derived system (Fig. 1e); (iv) For a same intensity (1000 AU for instance), a remarkable drop
of mobility was observed only for Ter loci labelled with ParS-P1 6. The P1-derived system thus not
only delays ter segregation, but creates aggregates of proteins that resulted in brighter foci (Fig. S1)
with very low mobility, biasing the results obtained with this system. We chose to proceed exclusively

with the pMT1-derived system in this work.

The low mobility of a ter-proximal locus depends on foci intensity

We next analyzed the fate of foci formed at the Ori2 and Ter4 loci using the pMT1-derived
system. Foci populations were binned into categories depending on their number per cell (either one
or two in our growth conditions) and their localization in the cell for which we defined two categories:
(M) midcell (0-0.16 cell length from the cell center) and (R), rest of the cell (0.17-0.5). Foci of the
Ori2 locus were preferentially localized at the quarter positions in cells with two foci and between the
mid-cell and quarter positions in cells with a single focus (Fig. S2). This was consistent with previ-
ously reported positioning of the ori region before and after its segregation 26-0. Also consistent with
previous reports, foci of the Ter4 locus were preferentially located in the mid-cell area (Fig. S2),
unsegregated (single) foci being closer from mid-cell than segregated (double) ones.

The intensity of foci varied between the ori- and ter-proximal loci. Foci formed at the Ori2
locus followed a sharp distribution centered around 500 AU (Fig. 2a). In contrast, foci formed at the
Ter4 locus followed a wider distribution with a higher proportion of highly intense foci. For moderately
intense foci, we observed a monotonous decrease of foci mobility when their intensity increased
(Fig. 1f). Strikingly, Ori2 and Ter4-borne loci had the same MSDs at corresponding intensities. The
low mobility of ter loci repeatedly reported 2°2631 is thus not an intrinsic property of ter loci but de-
pends on the intensity of foci. This was however only true for moderately intense foci, below 1000
AU of fluorescence (Fig. 1f). At higher intensities, foci mobility no longer varies in a monotonous way
with increasing intensity and was clearly different between the Ori2 and Ter4 loci (Fig. 1f). From this
observation, we defined two categories of foci: foci of low intensity, hereafter called FL, below 1000
AU, and foci of high intensity, hereafter called FH, above 1000 AU. FH were rare at the Ori2 locus
(2%) but rather frequent at Ter4 (30%) (Fig. 2b). Single foci of Ter4 were located closest to mid-cell
than double foci (Fig. 2c). Double FH were rare and tended to position like double FL.

We performed a calibration by extracting the number of GFP molecules in a focus from the

increase of variance in intensity along time. This gave an estimated mean of 33 GFP molecules per
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focus for Ter4, FL foci, whereas the mean for Ter4, FH foci was 70 GFP (Fig. S3 and Supp. mat.).
The mean obtained for Ori2 foci was 33 GFP molecules per focus.

Foci of high and low intensities show different dynamics

We analyzed the trajectory of foci using four parameters providing independent information
about the nature of locus movement, described in materials and methods and following the work by
Amitai and coworkers 32 (i) The anomalous exponent (a) is computed from the auto-correlation func-
tion behavior for small increments. It indicates the nature of the locus motion. a=1 describes normal
diffusion, while a<1 is sub-diffusive (constrained) and a>1 is super-diffusive (directed) movement
(Dion and Gasser, 2013). (ii) The length of confinement (L) is defined as the standard deviation
(SD) of the locus position with respect to its mean averaged over time. This provides estimation for
the apparent radius of the volume explored by a finite trajectory. (iii) The diffusion coefficient (Dc)
reflects the second order statistical properties of a trajectory. This diffusion coefficient accounts for
local crowding that may vary along the trajectory. (iv) The effective spring coefficient (K¢) represents
an external force acting on a chromosomal locus. It is modelled as a spring force applied on a single
monomer belonging to a polymer. This force affects the entire polymer motion and can be recovered
from the first order moment statistics of single locus trajectories.

Considering only foci of low intensity (FL) (Fig. 2d), the value of each parameter was poorly
dependent of the position of the focus in the cell, suggesting that loci properties do not change
significantly during the cell cycle. Ori2 foci had a low value of a (0.16), whereas Ter4 showed a
slightly higher a (0.2). According to the RCL model 32734, this suggests that the DNA is locally con-
densed for both loci, but slightly more in ori than in ter. The length of confinement for both foci was
small (0.084 and 0.081um for Ori2 and Ter4, respectively), revealing that loci are confined in small
regions, the size of which does not change much with chromosomal or cellular location. The effective
diffusion coefficient was higher for Ori2 than Ter4 (3.5 x10° and 2.9 x103um?/s, respectively), show-
ing that despite a higher condensation, Ori2 is freer to diffuse than Ter4. Finally, the spring coefficient
reveals high forces tethering both Ori2 and Ter4 (331 and 319ksT/um?), compared to the values
obtained for the mat locus in budding yeast (90ksT/um?, 32). In cells harboring two foci, FL showed
the same behavior as in cells with a single FL (Fig. S4a).

Highly intense foci of the Ter4 locus (Ter4 FH) behaved differently than FL (Fig. 2d). Ter4 FH
a was close to the FL value (0.22 for FH and 0.2 for FL, p=10°) and remained the same for both cell
positions (p=0.5), suggesting a monotonous condensation of the ter region. However, L. was lower
than for FL (p=1012%) and lower at mid-cell than in the rest of the cell (p=8.10*). This suggested that
Ter4 FH are more confined than FL and more confined when in the mid-cell than other cell areas.
D. showed the same trends as L., showing that Ter4 FH are diffusing less than FL (p=102%) and
less when in the mid-cell area (p=5.10%). These changes are consistent with an increase - nearly
doubled - in the force applied to Ter4 in FH when in the mid-cell area (620ks T/um? for FH at mid-cell
and 331kgT/um? for FL, p=10129).


http://dx.doi.org/10.1101/755397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Sep. 4, 2019; doi: http://dx.doi.org/10.1101/755397. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

Terd FH were thus: more intense than FL; submitted to twice the force compared to FL,
particularly when present at mid-cell; more confined and less diffusive than FL and most preferen-
tially located at mid-cell. A straightforward hypothesis is that they mostly contain sister Ter4 loci held
together in post-replicative cohesion. This hypothesis is consistent with the extended cohesion pe-
riod reported for sister ter regions 2°2830 even when the pMT 1-derived localization system was used
10, This also explains the higher percentage of FH for the Ter4 compared to the Ori2 locus. It follows
that most FL contain single copies of loci. Assuming this hypothesis, a strong constrain is applied to
ter loci only when they are in post-replicative cohesion. The rest of the time, their dynamics is much
less different from other chromosome regions than previously thought.

MatP is required for FH formation and maintenance at the ter locus

We next deleted matP from our labelled strains and observed the fate of Ter4 foci. The
strongest effect was on FH. Cells with one FH decreased drastically (from 27% to 8%; Fig. 3a)
whereas cells with one FL decreased moderately (from 58% to 48%). Consistently, cells with two
foci raised and mostly contained FL. This increase in two-foci cells is consistent with previous reports
positing that MatP acts to keep sister ter regions together after replication °. The large decrease in
cells with one FH thus confirms that FH contain pairs of unsegregated sister loci. In the A(matP)
strain, the remaining FH were more mobile and less confined than in the wild type strain. They
showed increased L. and D. values and decreased K. values (Fig. 3b, p=10%, p=1.9 .10'?, p=7.6
.10, respectively). These values were close to the ones obtained for Ori2 FH (Table S2, p=0.75,
p=4.103, p=0.56 for for L., Dc and Kc). In addition, no more difference was observed with cell posi-
tioning, meaning that FH at mid-cell were not different anymore from the ones located in the rest of
the cell (Fig. 3b, p=0.6, p=0.4, p=0.5 for L, D and K¢). We conclude that MatP is required both for
the high number of FH foci at the Ter4 locus and for their specific constrain when located at mid-cell.
A slight but significant difference in mobility and confinement between FH and FL in the A(matP)
strain remains (Fig. 3; Table S2, p=4.10"", p=2.10* and p=4.10"* respectively for L, D and K¢).
This difference might be explained by the higher intensity of FH, which should reduce their mobility
% Interestingly, deletion of matP had only a slight effect on the a coefficient of Ter4 foci for FH
(p=0.02) and none on FL (p=0.06), suggesting MatP only marginally influences the local condensa-
tion of ter DNA.

Deleting matP also had a small but significant effect on Ter4 FL dynamics (Fig. 3c). Ter4 FL
were less confined and more mobile in the A(matP) than in the wild type strain (higher L. (p=3.107)
and D. (p=6.107), lower K. (p=7.101%). This appears as a general effect (not specific to the ter

region) as equivalent variations were observed with the Ori2 locus (Fig. S5b).

At least two different activities of MatP are required for FH formation and maintenance
To get more insight into the roles of MatP, we used two other mutants: a deletion of zapB,

coding for the divisome-associated protein interacting with MatP 43¢ and an allele of matP,
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matPA20, coding for a version deleted of the last 20 C-terminal residues, reported defective for both
interaction with ZapB and tetramerisation 2. In these two mutants, MatP still binds matS sites (*2,
and below) and interacts with MukB *°.

Both A(zapB) and matPA20 mutants showed a phenotype intermediate between the wild type
and A(matP) strains considering the populations of Ter4 foci (Fig. 3a). Cells with two FL rose
whereas cells with a single FH decreased. This effect was slightly more pronounced in the A(zapB)
than in the matPA20 strain. This suggests that the interaction with ZapB is the main reason of FH
foci formation, but tetramerisation of MatP and a third activity that certainly involves interaction with
MukB are probably involved too.

Detailed analysis of Ter4 FH behavior in the two mutant strains was fully consistent with the
above conclusion (Fig. 3b, Table S3). FH confinement decreased and mobility increased (higher L.
and D¢, lower K¢) compared to the wild type strain; these effects were more marked in the matPA20
strain, but lower than in the A(matP) strains. In both mutant strains, FH were more confined and less
mobile when located at midcell, as in the wild type strain. This suggests that MatP activities other
than tetramerisation and interaction with ZapB are sufficient to determine a specific behavior of FH
in the mid-cell area.

In the matPAZ20 strain, Ter4 FL behaved as in the A(matP) strain (Fig. 3b, Table S3), i.e.,
slightly increased L. and D; and decrease in K. compared to the wild type strain, indicating a mod-
erate decrease of confinement and increase in mobility. MatP activities other than tetramerisation
and/or interaction with ZapB are thus not required to constrain FL. Surprisingly, the A(zapB) muta-
tion had a larger effect than either the A(matP) or the matPA20 mutation on Ter4 FL (Fig. 3c). This
was unexpected but may be explained by properties of ZapB independent of its interaction with
MatP (see discussion). Whatever the reasons, this precluded conclusions on the relative contribu-

tion of MatP tetramerisation and interaction with ZapB on FL behaviour.

MatP bridges DNA molecules in vitro

As we assume highly fluorescent foci contain paired loci depending on MatP, we attempted to char-
acterize DNA bridging by MatP. Indeed, MatP tetramers were predicted from structural data and
chromatography experiments and have the potential to bridge distant matS sites 2. Consistently,
DNA bridges via MatP were observed in atomic force and electron microscopies although with poor
specificity for matS sites 2. We first designed an assay based on DNA pull-down (Fig. 4a). Briefly, a
biotinylated DNA molecule containing 0, 1 or 2 matS sites (DNA,) was bound to a streptavidin-cov-
ered magnetic bead. This bead-DNA (DNA;,) complex was mixed with a shorter free DNA (DNAy)
containing 0 or 2 matS. The mix was then incubated with purified MatP protein, washed, pulled down
with a magnet and eluted in presence of a low concentration of SDS. The amount of DNAs recovered
after elution represents the capacity of MatP to bridge the two DNA molecules (Fig. 4b). When the

two DNAs contained two matS sites, 18% of DNA;were recovered with the lowest concentration of


http://dx.doi.org/10.1101/755397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Sep. 4, 2019; doi: http://dx.doi.org/10.1101/755397. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

MatP used (0.1uM), increasing to 63% at the highest concentration of MatP used (2uM). We con-
cluded that MatP is able to bridge independent DNA molecules containing matS sites. This interac-
tion was stable enough to persist during the course of our experiment. When repeating the same
experiment with DNA molecules that did not contain matS sites, DNAs was readily recovered alt-
hough with lower efficiency (Fig. 4b, right panel). Adding one matS on DNA;, increased the amount
of DNAs recovered to an intermediate level (Fig. S6). Thus, MatP can bridge independent DNA mol-
ecules, even devoid of matS sites. The presence of matS stimulates this activity and/or stabilised
the complexes formed.

MatP bridging activity involves non-specific DNA binding
To better describe MatP bridging activity, we used a multiplexed tethered particle motion (TPM) set-
up ¥. This set-up allows tracking beads attached at one end of a DNA molecule while the other
extremity of the DNA is tethered to a coverslip (Fig. 5a and Methods). The amplitude of motion at
equilibrium of the bead (Aeq) directly depends on the apparent length of the DNA 3. We used 2284bp
long DNASs containing 0, 1 or 2 matS sites separated by 1207bp. An example of Ae¢q recorded over
time of a single bead is shown Fig. 5b. These traces were plotted as densities of probability of their
Aeq and fitted to Gaussian distributions (Fig. 5¢). Without protein added we observed a single popu-
lation centered on 250nm (Fig. 5c¢, *). Adding purified MatP resulted in the displacement of the whole
bead population towards shorter Aeq, Whatever the DNA used. For one part of the population, this
corresponded to an apparent shortening of around 30nm (Fig. 5¢, **). This moderate decrease in
Aeq could not correspond to MatP induced DNA looping between the matS sites. Indeed, it does not
depend on matS sites. In addition, even when the DNA contains two matS, the shortening predicted
from bridging the two matS sites is around 100nm. An equivalent moderate decrease in Aeq Was
previously observed using another site-specific DNA binding protein in the same set-up and was
inferred to result from protein binding to a single site *°4°. Surprisingly, this moderate decrease in
Aeq Was not observed with purified MatPA20 (Fig. 5¢). We verified that MatPA20 binds matS-con-
taining DNA as well as full length MatP using electromobility shift assay (EMSA; Fig. S7a). Tagged
or untagged versions of MatPA20 bound a matS-containing DNA with at least an equivalent effi-
ciency as MatP. However, the complex formed appeared different and irrelevant to a simple analysis
of their mass. Indeed, the tagged MatPA20, formed complexes migrating more quickly than MatP
even though it is nearly twice its mass (Fig. 6). Assuming MatPA20 binds DNA as a dimer 2, these
observations suggest that MatP binds DNA as a tetramer (Fig. 6). This difference may thus account
for the difference observed between MatP and MatPA20 in our TPM experiments, suggesting the
moderate decrease in Aeq (Fig. 5¢, **) is due to tetrameric MatP binding to a single matS site or to
non-specific DNA, and inducing a change in DNA conformation.

In addition to the slight decrease in Acq described above, a second population with shorter
Acq Was obtained upon incubation of the DNA containing two matS with MatP (Fig. 5¢, ***). Gaussian

fitting of this population was centered around 150nm (147nm +/-22), corresponding to the 100nm

9


http://dx.doi.org/10.1101/755397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint first posted online Sep. 4, 2019; doi: http://dx.doi.org/10.1101/755397. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license.

shortening predicted for looping between two matS sites. Consistent with this hypothesis, this peak
was neither observed when using DNA without matS nor when using MatPA20 (Fig. 5¢). However,
a second peak was also detected upon incubation of the DNA containing a single matS with MatP
(Fig. 5c). This peak was centered on 153nm +/-23 and contained about three times fewer events
than with the 2 matS-containing DNA (percentage of the events of about 13% with 1 matS instead
of 36% with 2 matS). The second peak formed with DNA containing one or two matS exhibits very
similar centers, as if 1200bp was the most favorable the inter-matS distance for looping by MatP.
We next repeated TPM experiment using 2 matS-containing DNA but in presence of non-specific
DNA as a competitor. The moderate decrease in Aeq was readily observed as in the absence of
competitor DNA (Fig. S8a; **). In contrast, a peak corresponding to larger shortening was not ob-
served, showing that pairing of distant DNA loci by MatP is sensitive to non-specific DNA competi-
tion. We then analyzed the kinetics of loop formation when MatP is incubated with DNA containing
one or two matS (Fig. S8b). It shows that the presence of matS enhances the formation of loops by
increasing the duration of long-lived looped events.

Taken together, these results show that MatP can pair distant DNA loci in the TPM set-up.
This activity depends on the 20 C-terminal residues of MatP, is stimulated by the presence of matS
but is strongly sensitive to the presence of non-specific DNA.

The above conclusion prompted us to analyze in more detail the MatP/matS complexes. Us-
ing two different DNA probes of different sizes and labelled with different fluorophores but both car-
rying a single matS site, we performed an EMSA experiment (Fig. S7c). The result shows that
MatP/DNA complexes detected in EMSA experiment contain a single DNA molecule. This suggests
that in DNA/MatP complexes detected in EMSA experiment, one DNA binding domain is involved in
specific interaction with matS, while the second is free of DNA. We assume that this DNA-free DNA

binding domain could be involved in non-specific interaction with DNA (see discussion).
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Discussion

We combined different approaches to investigate the fate of the ter region and the role of MatP. This
yields several new observations and unexpected conclusions: (i) ter loci are not intrinsically less
mobile than ori loci, even in presence of MatP; (ii) however, a significant proportion of ter foci show
intense fluorescence, most preferentially at mid-cell and are much less mobile; (iii) the proportion of
these foci and their low mobility depend on all described activities of MatP; (iv) MatP binds matS-
containing DNA as a tetramer but this complex contains only one DNA fragment; (v) bridging matS-
containing DNA can be observed in vitro but is efficiently competed by non-specific DNA. From these
observations, we conclude that MatP constrains ter mobility only at a specific stage of the cell cycle
when replication has terminated and sister chromosomes are paired by their ter regions (i.e., in the
D period of the cell cycle). MatP does so via at least two activities, only one of which depends on its
C-terminal domain. This C-terminal domain is required for tetramerisation and wild type MatP binds
matS-containing DNA as a tetramer. However, our data indicate that pairing two matS-containing
DNA by a MatP tetramer is a weak activity, readily challenged by non-specific DNA, that may be
irrelevant in vivo.

Loci of the ter region were repeatedly reported less mobile than other chromosome regions
9121420 However, these comparisons did not consider the context of foci, particularly their intensity.
Tracking foci over short time-interval, focusing on local DNA constraints, revealed that mobility de-
pends on foci intensity and on their sub-cellular positioning 26. Our data extend this observation and
further show that the localization system used plays an important role. Indeed, using the less inva-
sive pMT1-derived system, significant differences in mobility between an ori-proximal and a ter prox-
imal locus are observed only for the most intense foci (FH), which explains why these differences
were described in experiments where only highly intense foci were detected due to limitations of the
microscope setup. Indeed, less intense foci (FL) of the ter and ori loci show no difference in mobility
and the same decrease in mobility when intensity increases (Fig. 1). More detailed analyses of the
trajectories of these foci revealed slight but significant differences between ori and ter loci, of which
a decreased a coefficient, suggesting the ori region is more condensed than the ter region. This is
consistent with recently reported images of the E. coli nucleoid as a donut in cells rendered round,
showing a ter region less condensed than the rest of the chromosome #!. However, despite the ori
region being more condensed, the ori locus appears freer to diffuse than the ter locus, as shown by
its higher diffusion coefficient. This difference is only partly suppressed by mutation of matP and
better suppressed by mutation of zapB (comparing Fig. 2 and 3). Since ZapB self-assemble into
large structures and clusters around ter (in a MatP-dependent manner) and the divisome (in a MatP-
independent manner) 3, we suspect these cluster limit the diffusion of ter loci both in presence and
absence of MatP.

Highly fluorescent foci (FH) of the ter locus show very distinctive properties. They are less
mobile than expected from the global decrease in MSD observed when intensity increases and

clearly less mobile than foci of the ori locus of same intensity (Fig.1). They are most preferentially
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localized at mid-cell and depend on MatP and ZapB (Fig. 2 and 3). They are almost always single
foci and in mutant strains, their decrease specifically correlates with increase in two-foci cells (Fig.
3). From these observations, we conclude that most FH contain pairs of sister loci. A rough estima-
tion of cell cycle periods duration agrees with this view. In our strain and growth conditions (MG1655
derivatives grown at 30°C in M9 broth with glucose and casamino acids), about two third of the cells
have completed replication #2. Assuming the ter locus segregate at the onset of cell constriction °
and that about 25% of the cells are constricting in a growing population, the 27% FH we observed
can be restricted to cells having completed replication and not initiated constriction. Detailed analysis
shows that the a coefficients of FH are close to those of FL for the ter locus, suggesting paired sister
ter regions are not more condensed than single ones. Inactivation of MatP significantly increased a
of Ter4 FH but not the deletion of its last 20 residues or of zapB (Fig. 3). We suspect this effect is
due to a defect of MukB exclusion from ter in the A(matP) strain, which would be consistent with
MukB promoting long distance interaction between chromosome loci as recently proposed 3. FH of
the ter locus also showed lower L and D¢ and higher K. than FL, consistent with their very low
mobility and high constraint. Surprisingly, this is only partly suppressed by mutation of matP (com-
pare Fig. 2 and 3) and even less by matPA20 or mutation of zapB (Fig. 3). These results are con-
sistent with the low mobility of FH of the ter locus being primarily due to the post-replicative pairing
of sister ter regions. In this view, the role of MatP is to delay the separation of sister ter regions,
hence the drastic effect of matP mutation on the frequency of FH, but only marginally to constrain
their mobility per se.

Different activities of MatP, dependent and independent of its 20 last residues, are involved
in the formation and/or maintenance of highly fluorescent foci (FH) at the ter locus (Fig. 3a). Assum-
ing FH contain paired sister loci (see above), at least two MatP activities are involved in this pairing.
We suspect that the activity remaining in the matPAZ20 strain involves the control of sister chromo-
some decatenation. Indeed, inhibition of decatenation hinders sister chromosome separation #3-47
and MatP may control the activity of TopolV, the main E. coli decatenase, by several mechanisms.
First, MatP interacts with MukB, which in turn interacts with TopolV 4849 1t is proposed that MatP
excludes TopolV from ter by excluding MukB *°. Second, catalysis by TopolV at the dif site decreases
in a A(matP) strain %, Third, FtsK, which also interacts with and activate TopolV %5, acts to segre-
gate sister ter regions in a MatP-dependent manner °. On the other hand, the functions of MatP
depending on its 20 last residues certainly involve the formation of MatP tetramers and the interac-
tion of MatP with ZapB. Indeed, most of the effect of the matPA20 mutation on FH formation and
maintenance depends on zapB (Fig. 3). The link between the ter region and the divisome via ZapB
and ZapA (the ter-linkage) thus appears required for the maintenance of a normal pairing of the ter
regions. This suggests that either the ter-linkage also acts to maintain catenation links or that the
pairing of sister ter regions is partly independent of their catenation. Lastly, a small but significant

part of the MatP activity dependent of its 20 last residues is independent on ZapB (Fig. 3). Thus,
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either the 20 last residues of MatP participate in an undescribed activity of MatP or MatP tetramer-
isation plays some role in the pairing of ter independently of either MukB or ZapB.

We further characterized the interaction of MatP with DNA and its tetramerisation. Our data
are fully consistent with MatP forming tetramers when it interacts with matS-containing DNA, as
previously reported 2. These DNA-bound tetramers are the major form observed in EMSA gels (Fig.
S7). However, despite dedicated experiments, we were unable to detect two DNA fragments asso-
ciated within these tetramers, strongly suggesting MatP tetramers contain a single matS-containing
DNA. We detected MatP-dependent pairing of DNA molecules in vitro in two assays. However, this
pairing activity poorly depended on the presence of matS sites on the DNA and was readily chal-
lenged by non-specific DNA (Fig. 4 and 5). We conclude that matS-matS looping or bridging by MatP
is unlikely to occur frequently or stably in vivo, consistent with their absence in contact maps of the
E. coli chromosome 3. MatP tetramers may instead pair matS site with non-specific DNA, ensuring
a part of ter pairing this way. This however should also lead to compaction of the ter region, which
is argued against by the absence of anomalous component modification in A(matP) compared to wt
(Fig. 3). In addition, chromatin immunoprecipitation of MatP did not reveal non-specific binding of
MatP around matS sites 3. We thus favor a model into which MatP tetramers bond to a matS-con-
taining DNA specifically interact with ZapB, excluding other binding activity, so that the DNA-bridging
activity of MatP would be observed only when ZapB is absent.

Taken together, our data support the view that MatP mainly acts to pair sister ter regions and
to maintain this pairing until the onset of cell division, but has little effect on their dynamics when
unpaired. To do so, tetramers of MatP bind matS sites and act in at least two ways, which can be
genetically separated. This globally results in delaying decatenation by TopolV until FtsK gets acti-
vated °2°° and segregate the paired ter regions by promoting both decatenation and dimer resolution
at the dif site 1911,
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Material and methods

Strains, media, plasmids

E. coli strains were all derived from MG1655 and provided by O. Espeli %°. Briefly, parS sequences
were inserted at positions 4197685bp for Ori2 locus (parS-P1 and parS-pMT1), 1395706bp for Ter3
(parS-P1), and 1444252bp for Terd (parS-pMT1) loci. Strains carrying a parS-P1 sequence were
transformed with pALA2705, and strains carrying parS-pMT1 were transformed with pFHC2973 272,
The [1(matP) and [1(zapB) deletions were transferred by P1 transduction from strains JW939 and
JW3899 of the Keio collection %6. The [1(matP) was obtained from F. Boccard 2. Ampicillin
(50ug/mL), Kanamycin (25pug/mL) and chloramphenicol (10pg/mL) were added when needed.

Microscopy measurements

Strains were grown at 30°C in M9 broth (Difco) supplemented with complementary salts (Mg2SOa4
2mM, CaCl; 100uM, tryptophan 4ug/mL and Thymidine 5ug/mL), glucose and CAA (0.4% glucose,
0.1% CAA) for 6h, then diluted 2000x in M9-glucose. ParB fusion proteins production was induced
for 30 min with 30uM IPTG. Cells were then deposited on a 1.5% agar pad in M9-glucose, incubated
for 2h30 (2 cell cycles) at 30°C, and imaged at an ODeoonm = 0.1. A control experiment was done with
fixed cells, which were grown as above, centrifuged, resuspended in a solution of 2% paraformalde-
hyde in PBS (Bioclear), incubated at 4 °C for 30 min and imaged as follows (Fig S10).

Imaging was done as previously described 28, Briefly, movies were taken on a Nikon Eclipse TiE with
a 60x oil-immersion objective; the images were further magnified with a 2.5x TV adapter before
detection on an Andor iXon EM-CCD camera. Imaging was done at 2fps with a 0.1s exposure, for

20s to avoid photobleaching.

Image analysis and loci tracking

We achieved high precision localization of foci on each frame by two-dimensional fitting of a Gauss-
ian function to the diffraction limited intensity distributions of individual loci 2. This has a higher
precision than typical displacements between successive frames. Particle tracks can then be ob-
tained by matching the nearest objects in successive frames. The center of mass motion of all the
common loci in the image pair is subtracted, to remove collective motion related to microscope vi-
bration. Loci have a distribution of initial intensity, and undergo photobleaching. Tracks were ana-
lyzed using a custom written Matlab script, as previously described 2. This was further adapted for
the shorter trajectories of 40 images in our experiments. Briefly, the tracking consists of three main
steps: 1) Localization of candidate particles. The aim of this step is to obtain an estimate of the
particle localization; 2) Subpixel resolution detection of the position. Using the original unprocessed

images, the regions around the candidate particles are fitted to a 2D Gaussian; 3) Linking of the
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trajectories. In this step, the positions detected along the different time frames are assembled to

reconstruct the particles trajectories.

Analysis of trajectories to extract the parameters a, L¢, D and K¢
The parameters have been described by Amitai and coworkers %2, and they were extracted using the

same algorithm (accessible at http://bionewmetrics.org/ ; “Nuclear Organization” section). These pa-

rameters provide independent, complementary information on first and second moment statistics.
i) The length of constraint L. is defined as the standard deviation (SD) of the locus position with
respect to its mean averaged over time. This parameter provides estimation for the apparent radius
of the volume explored by a finite trajectory. For a trajectory containing N, points, where R _(kAr)

is the position of a locus at a time t, Lc is obtained from the empirical estimation (1):

N
e = VarR) = |1 S (R (a0 - (R
It characterises the confinement of a locus, Whic; in other studies has been reported as the radius
of confinement (Rcont — NOt to be confused with R¢). The Reont is computed from the asymptotic plateau
of a Mean Square Displacement (MSD) curve, and is therefore limited to trajectories that plateau.
This is strongly influenced by the length of image acquisition. The advantage of computing Lc is that
it gives a robust estimate of the volume 7 =4/3x ;. occupied by the trajectory and can be used
on any kind of trajectory, as it does not require a plateau.

C(t) = (Re(r+1) —Re (1)) = °

i) The anomalous exponent a is computed from the MSD behavior for small increments. a was
estimated by fitting the first 6 points of the MSD of an SPT by a power law t°.

iii) The effective spring coefficient Kc. The spring force acting at position X. and measured at
position xm is represented by F=-K¢(Xxm-Xa). The spring constant Kc allows us to estimate the effect
of local tethering interactions around the locus of interest %’. This tethering can arise from interactions
of the locus with other chromosomes or cellular substructures, such as the membrane. These inter-
actions cannot be measured directly but they can be inferred from SPTs.

iv) The effective diffusion coefficient D reflects the second order statistical properties of a trajec-

tory. This diffusion coefficient accounts for local crowding that may vary along the trajectory.

Calibration of the foci

In order to estimate the copy number of fluorophores, we implemented a custom intensity calibration
method in MATLAB, based on the principle described in %8. The calibration method aims at estimating
the ratio between the intensity of foci and the number of GFP molecules by exploiting the intrinsic
fluctuations of intensity generated by the random photobleaching process. The key idea is that the

variance of the intensity drop depends on the number of emitting GFP molecules contained in the
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focus at the beginning of acquisition. l.e.: a higher number of emitting GFP molecules corresponds
to a smaller variance in the relative intensity loss (see Supplementary Materials for the detailed
calculation and algorithm). We estimate the intensity/copy number ratio (calibration ratio) by binning
the foci by initial intensity, and evaluating the dependence of the variance of the intensity drop on
the bin.

Statistics

Distributions are plotted using the boxplot script in Matlab, therefore showing the median of the dis-
tribution (horizontal line), the 25th and 75th percentiles of the samples (respectively the bottom and
top of the box), the lowest and top values within a range of 1.5 times the interquartile range (dotted
lines), and outliers of these as crosses. The notches display the variability of the median; non-over-
lapping notches between samples indicate different value of the medians at a 5% significance level.
Each strain was tested at least 3 times independently, and the data were pooled in the same data
file. The final numbers of foci used for data analysis are indicated in Table S1. Table S2 shows the
median for each dataset.

To compare distributions, a two-sample Kolmogorov—Smirnov test was used and p values are indi-
cated in the text and Table S3. Unless stated, the distributions of foci at midcell (M) were used to

compare 2 strains or type of foci (FH or FL).

MatP purification

A pET15b containing matP or matPA20 was transformed into BL21 cells. After 2h induction with
1mM IPTG, cells were centrifuged and pellets were resuspended in RB1 (20mM Tris pH7.5, 300mM
NaCl, 1mM DTT, 5% glycerol and protease inhibitor (complete EDTA-Free, Roche)). Cells were
lysed by sonication, centrifuged and resuspended in RB1 for a step of ultra-centrifugation (50000rpm
for 90min at 4°C). The supernatant was loaded onto a heparin column (Hitrap Heparin HP, GE
Healthcare Life Sciences) and MatP was eluted with a NaCl gradient (0.3 to 1M) in RB1 with 5mM
MgCl,. MatP fractions were pooled, dialysed (20mM Tris pH7.5, 250mM NaCl, 1mM DTT, 5mM
MgCl., 20% glycerol) and frozen.

His-tagged MatPA20 was cloned and expressed as above; after the first centrifugation, it was loaded
onto a HisTrap column (HisTrap, GE Healthcare Life Sciences) and eluted with an imidazole gradient
(0 to 0.5M; 10 column volumes). MatPA20 fractions were pooled, dialysed (20mM Tris pH 7.5,
250mM NaCl, 1mM DTT, 2mM EDTA, 10% glycerol) and frozen.

Pull-down experiments

Magnetic beads (1uL/reaction, Streptavidine MagneSphere® Paramagnetic Particles, Promega)
were washed twice in PBS and once in RB2 (20mM Tris pH7.5, 1mM MgCl,, 150mM NaCl, 1mg/mL
BSA), then resuspended in RB2. Biotinylated DNAy, (10ng) (DNAb@zmats): 3746pb, DNAsamats): 3800pb,
DNAbomats): 3700pb) was added and incubated at RT for 30min. The DNA-bead complexes were
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then washed and resuspended in RB2, and the non-biotinylated, DNA: (20ng) was added
(DNAf@2mats): 1701pb, DNAsumats): 1717pb, DNAsomas): 1688pb), along with 100nM competitor DNA
(25bp, double-stranded, non-specific oligo). Finally, MatP (respectively 0,0.1,0.2,0.5,1 and 2uM) was
added and reactions were incubated for 15min at RT. After this time, the supernatant was removed
and reactions were quickly washed with 15uL RB2, then resuspended in 15uL RB2 + 0.1% SDS.
After 10min, the supernatant was deposited on a 0.8% agarose gel. DNA was visualized with Sybr-
Green (Life technologies).

Multiplexed tethered particle motion (TPM)

The overall TPM procedure, including data analysis, has been described previously 37°°. The com-
plexed beads-DNA (2284bp) were incubated O/N in the chambers at 4°C in RB3 (PBS 1X, 5mg/mL
Pluronic F-127, 0.1mg/mL BSA, 0.1% SDS and 0.05% Triton 100X) and the free beads were washed
with RB3. Chambers were then washed with RB4 (20mM Tris pH7.5, 1mM MgCl;, 150mM NacCl,
0.1mg/ml BSA, 5mg/mL Pluronic F-127), and imaged for 2min before injection of 600nM MatP or
MatPA20. Traces were examined one by one as described in . Only those with an appropriate
amplitude of motion measured in absence of proteins, regarding the calibration curve, were con-
served for further analysis. We analyzed the kinetics of the amplitude of motion after 5 min after
injection of proteins and used for that detection methods based on thresholds defined as midways
between the peak positions found in the histograms of amplitude of motion. We thus defined 2 states:
state 1, intact DNA, and state 2, apparently looped DNA and detected them on each trace. The

histograms of the state duration were fitted with 2 exponential decays leading to Trast and Tsiow.

Electromobility shift assays (EMSA)

The matS41 DNA (41 bp) was obtained by hybridizing oligonucleotides matS41top (5-CY3-
AAGTACGGTAAAAGGTGACAGTGTCACTTTCATTGTTGGTA) and matS41lbottom (5-TAC-
CAACAATGAAAGTGACACTGTCACCTTTTACCGTACTT). The matS237 DNA (237 bp) was ob-
tained by PCR amplification using pEL3, a pLN135 derivative containing the matS sequence (our
lab collection: matS site;: GTGACAGTGTCAC), as a matrix and FmatS (5-GTAGTGCCGGGA-
GAAAGCAG) and RmatS (5'-GCCTTCTTGACGAGTTCTTC) as oligonucleotides. Binding reactions
were done in buffer containing 10mM Tris (pH 7.5), 125 mM NacCl, 2.5 mM MgClI2, 0.5mM DTT, and

5% glycerol, in the presence of 1uM of each DNA probe, 0.25 ug of poly(dl-dC) and different con-
centrations of indicated proteins (4uM of proteins in Figure 6 and 3uM and 6uM in figure S8) The

reactions were incubated at 30°C for 30 min and analyzed on 5% native TGE PAGE.
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Supplementary Material

1. Detailed calculation for the calibration of foci

Given a focus with n emitting molecules, the observed intensity will be
I =vn
Here we aim at estimating the calibration ratio v from the fluctuations in the intensity drop due to

photobleaching.

At any given time t, the number of emitting GFP molecules in a focus with nginitial emitting molecules,

-t
is described by a binomial distribution with n=n, and p=e = where 7 is the bleaching time constant.

The variance of the binomial distribution is given by
Var(4n) = nyp(1 — p)

Where An represents the number of bleached molecules, and p the probability of bleaching until
time t. Then the contribution of bleaching to the variance of the intensity drop is:

Var(4D), = v’nop(1 — p) = vIyp(1 - p)
Where Al represents the total intensity loss for a given focus and the subscript b indicates that the
term is relative to the component of variance coming from fluctuations in the bleaching process.
This establishes a linear relationship between the variance of the intensity drop and the calibration
ratio, that can be estimated as the slope of Var(A4I)pas a function of Igp(1 — p)on a linear fit
(with intercept constrained at 0) on several initial intensity bins (Fig. S3C). P is estimated from the

data through a fit on 41 as a function of Iy (Fig. S3A). This also allows to estimate the bleaching

time constant T that will be used in the following steps.
In order to estimate the contribution of bleaching to the total intensity variance, we model it as follows:
Var(ADorqr = Var(ADy, + Var(AD peper = vipp(1 —p) +yI

Where yI groups non-bleaching variance contributions such as shot noise, and is expected to be

proportional to intensity.

-t -t
Since we expect p(t) = eTandI(t) = I,e* we can substitute it in the above equation and fit the

following expression to the observed variance as a function of time (Fig. S3B):
-t -t ot
Var(ADora1 = ve€ T + Vi (e T —e r)

The bleaching dependent part of variance (the second term of the expression) has a different func-
tional dependence on time, and therefore can be disentangled from other sources of variance and

used to estimate the calibration parameter through the above described linear fitting. This process
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also allowed to verify that the bleaching contribution is indeed the dominant contribution in the em-

pirical variance. As an additional pre-processing step, we estimate and subtract background intensity
by extrapolating the intensity at which no bleaching is observed (Fig. S3A).
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Figure 1. The type of visualisation system affects the mobility of chromosomal loci

a Scheme of E. coli chromosome showing two macrodomains, the origin of replication oriC and
the site-specific recombination site dif, plus the loci where parS sites have been inserted, called
Ori2, Ter8 and Ter4. Positions are indicated in Mbp. b Examples of tracks for Ori2 and Ter4 loci;
2fps for 20s. ¢ Example of 30 MSD from Ter4 (parB-pMT1) locus as a function of lagtime (grey
lines), with the median for all MSD of this experiment (n=1600) shown in blue. d Number of Ter
foci per cell (dark blue, cells with no focus; orange, cells with 4 foci), with ParB-P1 (T3P1) or parB-
pMT1 (T4T1). Y axe represents the proportion of cells with that number of foci compared to the
total number of cells. e Medians of MSDs as a function of lagtime for Ori2-ParB-P1 (O2P1), Ori2-
ParB-pMT1 (02T1), Ter3-ParB-P1 (T3P1) and Ter4-ParB-pMT1 (T4P1). f MSD of ParB-P1 and
ParB-pMT1 foci at 5s as a function of intensity of the foci. Error bars show the SEM (Standard
error of the mean).
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Figure 2. The high intensity Ter4 foci display a slower dynamics.

a Distribution of intensity of Ori2 and Ter4 ParS-pMT1 foci. b Proportion of each type of focus in
Ori2 and Ter4 strains. 1FL: single, low intensity focus in the cell; 1FH: single, high intensity focus
in the cell; 2FL: low intensity focus detected in a cell with 2 foci; 2FH: high intensity focus
detected in a cell with 2 foci. The numbers of foci of each type are indicated in Table S1. ¢
Proportion of Ter4 foci as a function of their position in the cell. 0 is midcell, while 0.5 is a cell pole
d The four parameters q, L¢, Dc and K¢ were calculated for Ori2 and Ter4 foci, which were divided

in low (FL) or high intensity (FH) foci, and in foci localised at midcell (M, 0-0.16) or away from
midcell (R, 0.17-0.5). Ori2 1FL (blue), Ter4 1FL (pink) and Ter4 1FH (purple) are shown. The
number of 1FH for Ori2 is too low to give significant results (Table S1) and is therefore not plotted

here. The values of medians are indicated in Table S2.
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Figure 3. Ter4 foci are more mobile in MatP mutants.

a Proportion of each type of focus in Ter4 mutant strains. b - ¢ The four parameters q, L¢, Dc and
Kc were calculated for 1FH Ter4 foci (b), and 1FL Ter4 foci (c). Wild type (pink) and mutant
backgrounds (AmatP, blue; matPA20, green; AzapB, orange) are presented as in Fig. 2d. To help
comparing the values, a line has been drawn at the value for the foci at midcell in the wt

background, the value indicated in pink, and the outliners at high values have been cut off.
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Figure 4. MatP can bridge DNA

a Scheme of the pull-down experiment. A biotinylated DNA (DNAy) containing 0, 1 or 2 matS, is
attached to a streptavidin-covered, magnetic bead. Free DNA (DNAy), containing 0,1 or 2 matS, is
added to the reaction, alongside a competitor (40bp, non-specific, double-stranded DNA).
Different concentrations of MatP are added to the mix. The reactions are pulled-down a first time,
rinsed with buffer, eluted with 0.1% SDS, which denatures MatP but not the streptavidin, and
pulled down again. DNAt is recovered if MatP has induced bridging. Those are then loaded on an
agarose gel. b Examples of gels obtained with both DNA, and DNAs containing 2 matS (left) or no
matS (right). Concentration of MatP is from left to right: 0, 0.1, 0.25, 0.5, 1 and 2uM, with an
additional reaction with 4uM for the gel on the right. The percentage of recovered DNAs is shown
below each lane; lane C shows the initial amount of DNAs (20ng). Quantitation can vary from gel to
gel but the trend is the same within 3 independent experiments.
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Figure 5. MatP can loop DNA
a Scheme of the TPM set-up. A glass

coverslip is coated with PEG and
neutravidin. A DNA molecule is attached to
that surface by a biotin bound to one of its
5’ end. A latex bead coated with
antidigoxigenin is bound to the other
extremity of the DNA molecule by the
presence of digoxigenin on this 5’ end. The
amplitude of the Brownian motion of the
bead (Aeq) depends on the size of the DNA
molecule that tethers the bead to the glass
surface (for details see text and M&M).
Right: if MatP joins the 2 matS sites
together, the Aeq decreases. b Example of a
track following a bead tethered to a 2-matS-
DNA as a function of time. The dotted lines
indicate the expected Aeq for a naked DNA
(top) or looped DNA (bottom). MatP is
added after 2 min (arrow) and the bead
tracked for another 13min. ¢ Probability
distributions of Aeq, before protein injection
(light grey histogram), or during the 5 min
following the injection (dark grey
histograms). The type of DNA (0 to 2 matS),
the type of MatP (wt or A20) and the number
of tracks obtained for each condition are
indicated on the graphs. MatP: *, population
centred on (mean +/- SD, in nm) : 248 +/-19;
250 +/-21 and 257 +/-21 for the DNA

containing 2, 1 and no matS site, respectively. **, population centred on (mean +/- SD, in nm): 211

+/- 25, 224 +/- 26 and 229 +/- 28 for the DNA containing 2, 1 and no matS site, respectively. ***,
population centred on (mean +/- SD, in nm): 147 +/- 22 and 153 +/- 23 for the DNA containing 2

and 1 matS site, respectively. MatPA20: *, population centred on (mean +/- SD) : 252 +/- 20nm.
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Figure 6. MatP binds matS as a tetramer

EMSA experiment showing the interaction between a 41bp DNA fragment containing matS
(MWiheo= 27kDa) and 3uM of MatP (MWineo= 21kDa ), his-tagged MatPA20 (MWineo= 32kDa ), or
untagged MatPA20 (MWineo= 18kDa ). Based on the theoretical molecular weight (MWineo) Of the
DNA molecule and of the different protein used, we have estimated the theoretical molecular
weight of the different protein-DNA complexes following 3 different hypotheses. Hypothesis 1
(Hyp.1) proposes that MatP and MatPA20 binds DNA as a dimer; Hypothesis 2 (Hyp.2) proposes
that MatP and MatPA20 binds DNA as a tetramer; Hypothesis 3 (Hyp.3) proposes that MatP binds
DNA as a tetramer whereas MatPA20 binds DNA as a dimer. Note that only Hypothesis 3
proposes theoretical molecular weights that are in accordance with EMSA results.
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Figure S1: Intensities of foci labeled with ParS-P1 and ParS-pMT1
Distribution of intensity for Ori2 and Ter3 or Ter4 foci labeled with ParS-P1 (O2P1 and T3P1) or
ParS-pMT1 (O2T1 and T4T1).
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Figure S2: Cell localisation of Ori2 and Ter4 foci

Localisation of Ter4 foci in a wild-type strain as a function of foci number and their intensity.
Position in the cell is given from midcell (0) to the cell pole (0.5).

Note that only the foci that have a trajectory that has been validated by the script are plotted here,

leading to an over-representation of 1F cells.
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Figure S3: Calibration of intensity/copy number ratio on a sample acquisition session

a Background intensity, bleaching probability and time constant are estimated from the total
intensity loss as a function of initial intensity. The estimated background intensity is subtracted
before further processing. b Estimation of the bleaching contribution to variance over time. Tracks
are binned by initial intensity, and variance in the intensity drop is computed per bin and per
timepoint. Then, the variance as a function of time is fit with two terms, accounting for the
bleaching and the short noise contributions to the intensity drop variance (see supplementary text
for calculations). If variance was not dominated by bleaching, we would expect it to decay over
time proportionally to intensity. On the graph, the bleaching term is roughly the difference
between the end and the beginning of the black dashed curves. ¢ The calibration parameter is
estimated through a linear fit with intercept constrained to 0. The calibration parameter is
obtained by dividing the slope of the linear fit by p(1-p), where p is the bleaching probability
estimated in panel a.
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Figure S4: Mobility of 2FL in Ori2 and Ter4
The four parameters q, Lc, Dc and K¢ were calculated and are plotted as in Fig. 2D for Ori2 locus
(blue) and Ter4 (pink) in wt background. a Results for 2FL. b For an easier comparison, results are

also shown for 1FL (same as in Fig 2D).
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Figure S5: Mobility of 2FL foci in mutant strains

The four parameters a, Lc, Dc and K¢ were calculated and are plotted as in Fig. 2d. a Results for
2FL for Ter4 locus in wt (pink), AmatP (light blue), matPA20 (green) and AzapB (orange)
backgrounds. b Ori2 locus in wt (dark blue), AmatP (light blue) and AzapB (orange) backgrounds.
Results here are shown for 1FL only, the number of 1FH being too low to give relevant results
(Table S1). To help comparing the values, a line has been drawn at the value for the foci at midcell
in the wt background, the value indicated in pink (a) or blue (b), and the outliners at high values

have been cut off.
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Figure S6: Pull-down experiments
The experiment is done as in Fig. 4. Here DNAy contains no matS, while DNAs contains one matS.

Percentage of DNA recovered is indicated at the bottom of the gel. The concentration of MatP is

the same as in Fig. 5.
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Figure S7: MatP interaction with DNA analysed by EMSA

a EMSA experiment showing the interaction between an increasing concentration of protein (0.2,
0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, and 2uM) and a 41bp DNA fragment containing matS. Top:
purified MatP protein. Middle: purified tagged MatPA20 protein. Bottom: purified untagged
MatPA20 protein. b Percentage of bound DNA was estimated (ImageJ) and plotted as a function
of the protein concentration. ¢ EMSA experiment showing the interaction between MatP (0, 3 and
6 uM) and a 41bp, Cy3-labeled DNA molecule containing matS or a 237bp, Cy5-labeled DNA

molecule containing matS. Note that a DNA-protein complex made of two DNA molecules of

different length bridged together by MatP would appear yellow on this gel.
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Figure S8: TPM with competitor DNA and kinetics analysis

a Probability distributions of Aeq, before protein injection (light grey histogram), or during the 5min
following MatP injection (dark grey histogram). The DNA contained 2 matS, 2.5uM of competitor
DNA (dsDNA, 40bp, non-specific) was added in the reaction, and the number of tracks is 718. *,
population centred on (mean +/- SD) : 251 +/-20nm; **, population centred on (mean +/- SD): 238
+/- 24nm. b Table of the Gaussian fit results of TPM time traces. ¢ Histogram of the durations of
unlooped (Black) and looped (Red) for DNA containing one matS (hollow symbols) or 2 matS (full
symbols) in presence of MatP.
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Figure S9: Mobility of foci in fixed cells
To assess the limitation of our detection system, a control was performed with fixed cells. Ori2

(blue curves) and Ter4 (pink curves) foci were followed as usual, and their MSD was calculated.
The dotted lines show the medians of MSDs of foci for the non fixed cells used on the same day.
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