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Materials and Methods

Construction of fluorescent fusions of MukBEF

All strainswere derivatives oE. coliK12 AB1157 @7) and new strains were constructed
usingA-Red recombinatior9( 28). Oligonucleotides had a 50 nucleotide complementary
sequence to the last 50 base pairs of the genénglotling the stop codon) or 50 base
pairs downstream, followed by 20 nucleotides comgletary to an 11 aa linker or the
end of the kanamycin/chloramphenicol resistanceatesin the plasmid, respectively.
Polymerase chain reaction (PCR) used plasmidsitieggpreviously 29) as templates
(these plasmids code for an 11 aa linker followsgd Bet, mCherry or PAmCherry and
an antibiotic resistance cassette). The DNA fragmas gel purified andplg was
electrotransformed into AB1157 derivative cells megpressing\-Red proteins from
pKD46. Cells were selected on plates with appro@matibiotic and insertion into the
chromosome was checked by PCR. MukB and MukE feemet fusions were
constructed in the chromosome at the original looadf the genes by-Red
recombination. Primers used to constrmeikB-YPetvere: Forward 5’- AAC TCC CTG
AAA CGC TTC CAG GAACTG ACG AAG CGC CTT CTC AGG CGBTT CGG

CTG GCT CCG CTG C -3 Reverse: 5'- GA AAC GGA GTTCT GGA AAA AGA

AAA GGC GGC ATT GCT GCC GCC TTAATT CTT ATG AAT ATCTC CTT AGT

TC-3’



mukE-YPetForward: 5’ - AAC TCA ACG ATG AAA CCG AAG AGA ATCAGC
CAG ATA GCG GAG AGG AAG AAT CGG CTG GCT CCG CTG @'-Reverse:

GTT CCA GTT AAT CAG CGT CAG TGA GCG AAATTT ACC GCATC AAT
CAT TACTTATGAATATCCTCCTTAGTT C- 3.

FormukF, N-terminal fusions (antibiotic resistance cass#iinked byfrt sites,
followed byYPet mCherryor PAmCherry was constructed using the following primers:
5-GTTATATTC ATG TCA CCG CGC GCA AAC CGC AGA GCAGG ATA AAG
TAT GAT GTA GGC TGG AGC TGC TTC G — 3’ Reverse:-5TTT CTG GCC CAG
GCA ACC AGT TCG GGG ACT GTC TGG GAA AAT TCA CTC ATGC GCT GCC
AGA ACCAGC -3

For two color experiments, firatRed fusions omukFor mukE-mCherryvere
constructed and the antibiotic resistance cassetsethen removed using Flp
recombinase. Following this, GFP (with Cm antiliagsistance cassette) was integrated
at the C-terminus of MukB usingRed recombination.

Function of fluorescent fusions was tested by a&sggrowth in minimal and rich
media. Growth rates were similar to wild type imimal media with glycerol as the
carbon source and in rich media. No abnormal delentation or production of
anucleate cells was observed. Furthermore, posifitime origin region (as assessed
using the fluorescent operator-repressor systera)asavild type in strains carrying
fluorescent fusions of MuKBEF. Additionally, theifirescent spots localized to the origin

region as seen previousl§)(



Construction of MukBy-GFP and MukBa-GFP

Using the primers (Forward 5- AAC GTATCG TTT GGIAG G-3’; Reverse 5’- TT
GAG ATT CGATTT GCG TGC-3) the 3’ end ohukBfused toGFP followed by aCm
resistance cassette (1175 bp without GFP and atitilmassette) was amplified and
cloned into a pGemT vector (Promega cat. no A136id¢-directed mutagenesis was
carried out on the resultant plasmid to introdiee®1406A mutation using the primer
set: Forward 5’- T GCT GTT CCT CGC TGA AGC AGC GG@G'; Reverse 5'- CGC
GCT GCT TCA GCG AGG AAC AGC A -3'. For the E1407Qutation the primer set
was: Forward 5'- CTG CTG TTC CTC GAT CAG GCA GCG BGTG GAT -3’;
Reverse 5'- ATC CAG TCG CGC TGC CTG ATC GAG GAA GACAG -3’ Insertion
of the mutation was checked by sequencing. Therfea was then reintroduced into the
chromosome (at the endogenous locus)4Red recombination using the following
primers: Forward 5’- AAC GTATCG TTT GGT CAG G-Reverse 5- TT GAG ATT
CGA TTT GCG TGC-3'. Insertion was checked by assgyemperature sensitivity
(cells could grow in LB at 22°C and not 37°C) arydskquencing/ PCR.
Microscopically, the mutants had filamentous growthich media and increased

production of anucleate cells in rich and minim&dia (as reported for Mukells).

Construction of MukBy, MukB>a and MukBgrvariants

Using the primers (Forward 5’- AAC GTATCG TTT GGAG G-3’; Reverse 5’- TT
GAG ATT CGATTT GCG TGC-3) the 3’ end ohukBfused tomYPetfollowed by a

Km resistance cassette or only with an antibioticetis (1175 bp without the fusion and

antibiotic cassette) were amplified and cloned afgGemT vector (Promega cat. no



A1360). Site-directed mutagenesis was carried nuhe resultant plasmid to introduce
the D1406A mutation using the primer set: Forwdrd'SGCT GTT CCT CGC TGA
AGC AGC GCG -3’; Reverse 5- CGC GCT GCT TCA GCGBBAC AGC A -3
The E1407Q mutation was introduced into MukB ughegprimer set: Forward 5’- CTG
CTG TTC CTC GAT CAG GCA GCG CGA CTG GAT -3’; Rever§’- ATC CAG
TCG CGC TGC CTG ATC GAG GAA CAG CAG -3’ and the $BR mutation was
introduced using the primer set: Forward 5’ - GAGTTGGT GCA TTG CGG ACC
GGT GAG GCG ATT; Reverse 5’ - AAT CGC CTC ACC GGTG CAATGC ACC
AGA CTC.

Insertion of the mutation was checked by sequendihg fragment was then
reintroduced into the chromosome (at the endogeloaus) byA-Red recombination
using the following primers: Forward 5’- AAC GTA TZTTT GGT CAG G-3’; Reverse
5-TT GAG ATT CGA TTT GCG TGC-3'. For mutant stre carrying MukE- or
MukF-mYPet fusions, firsk-Red fusions omukFor mukE-mY Petvere constructed. The
antibiotic resistance cassette was removed usppgeebmbinase. Following this, the
fragment containing the 3’ end ofukBwith the mutation and antibiotic cassette only
were reintroduced into the chromosome (at the eelmgs locus) by the processhef
Red recombination using the primers described aldagertion was checked by assaying
temperature sensitivity (cells could grow in LB22°C and not 37°C) and by
sequencing/ PCR. Microscopically, the mutants lachentous growth in rich media
and increased production of anucleate cells inaith minimal media (as reported for

Muk™ cells).



Western blotting of Muk fusions

Cells were grown in LB to an Q) of ~0.5, centrifuged at 4 krpm for 10min 4€4
resuspended in 90 ml of Cracking Buffer (50 mM HiGI, pH 6.8, 100 mM
dithiothreitol, 2% SDS, 0.1% bromphenol blue, aféclglycerol). Samples were boiled
for 10 minutes at 9T before loading into an SDS-PAGE gel with a 5%4@%
acrylamide separation gel (for MukB or MukE/MukEspectively). Transfer was
performed using the Invitrogen iBlot system. Memmigravas blocked with 5% milk (in
PBS) overnight at%€. The blot was probed with primary antibody (1:3@0 1:5000
dilution in 0.5% milk+PBST or 5 ml Signal Boost stibnl (Thermoscientific cat no.
46640), and then with secondary antibody (1:500@idn in 0.5% milk+PBST or 5ml
Signal Boost solutionll). A list of primary and seclary antibodies used is described in
table S1. Immunoreactive bands were visualizedlats by using an enhanced

chemiluminescence kit (ECL, Thermoscientific cat 82109)

Preparation of cells for microscopy

Cells were grown in LB until stationary phase andcltured overnight in M9-glycerol.
The following day, cells were subcultured in fresbdia and grown till OD 0.05-0.15
before imaging. Cells were concentrated and laidroi9-glycerol 1% agarose pad. In
order to elongate cells for FRAP experiments, celise allowed to grow for ~2 h in the
presence of the cell division inhibitor, cephale§d@0 mg/ml). Cells were then

concentrated and laid on an M9-glycerol 1% agapaskcontaining cephalexin.



Estimation of immature fraction of YPet, mCherrg &FP
The proportion of any putative dark, immature fiaciof YPet, mCherry or GFP was
estimated by photobleaching cells carrying denxestiof MukB GFP, YPet or mCherry
completely in the presence of G@/ml of chloramphenicol to prevent further protein
expression. Total cellular fluorescence intensigsuneasured every 15 min for up to
90 min after complete cellular bleaching, to asslesextent of any recovery which
would be indicative of maturation of a previoustymature fraction. This indicated a
mean measurable recovery of fluorescence inteatigss than 5% over this time scale.
We then performed analysis based on this measoagdnum value of
fluorescence recovery and the measured cell daybhme of our strains at room
temperature to estimate the likely proportion of alark’ (i.e. immature) fluorescent
protein in a cell at the typical time of fluorescerslimfield imaging following cell
cultivation and microscope sample preparation. rBleevery fluorescence intensliy)
at a timet in min after a full cellular photobleach can bedaled as a simple exponential
process, since the ‘depletion’ of the dark popafati.e. the maturation process) is a
first-order reaction:
() = 1 () (1-ex- (At + )/t ]
Here,l(x) is the fully recovered intensity of any previgudhrk proteint, is the
exponential ‘maturation time’ amtit is the characteristic time between fluorescent
protein being first expressed in a given cell urmaservation and the start of the
photobleach (in other words, it is a ‘head stamt'et for the maturation of any dark
protein). Although individual cells in a populatioamy be at different stages in their cell

cycles, the ‘average’ cell, assuming we sample ntailg over time from that



population, will be roughly mid-cycle. If the celbubling time i44 then on average
At=ty/2. Although for cells grown in M9-glycerol at 37 t@vety values of ~100 min (see
Supplementary Methods, table S3) the equivalentegalinder our imaging conditions of
room temperature are more like ~4 h, or ~240 mhusT since the increase in measured
fluorescence 90 min following the photobleach ssléhan 5% we can say:

100 _ (1-exd-(240/2+90)1,]) _ (1-exf-210t,]) _,

1 (0) (1-exd-(0+90)t_]) (1-exd-901t,])

Solving this equation numerically indicates a maximvalue of ~41 min fot,, which is

close to the measured maturation time for Clontedtanced GFP reported elsewhere
(20). The typical time delay between cultivating céttam their LB growth medium,
preparing the microscope sample slide and theratigimaging the cells during typical
slimfield experiments is roughly 1 h, or ~60 mimig indicates that the likely maximum
proportion of dark protein present in such cell8 be ~exp[-(240/2+60)/41], or ~1%.
This indicates that for a MukBEF complex to havexcess of one dark fluorescent
protein molecule present then its typical stoichetnyin terms of total number of
fluorescent protein molecules per complex woulddneebe in excess of ~100 molecules,
which is ~3 times greater than the average stanchtoy we observe of MukB and MukE
immobile spots, and over 5 times greater than veeagie MukF stoichiometry of

immobile spots.



Single color slimfield imaging and fluorescent sapnalysis
A single color home-built laser excitation slimighicroscope was used for YPet cell
strain imaging capable of single molecule detectioer a millisecond time scale, similar
to that reported previousI®). In brief, this involved a bespoke inverted flascence
microscope with a 100x Plan Fluor 1.49 NA oil imsien objective (Nikon) and axyz
nanometre-precise positioning stage (Mad City LaBsphtfield illumination used a
tungsten-halogen source; laser excitation usedMODEplane-polarized continuous-
wave 532 nm DPSS laser (Laser2000 UK) and filt¢ie@ser-line 532 nm) and
circularized using a/4 plate. The separately-shuttered slimfield exicitalaser beam
width was shrunk by a factor of three using a @ahl de-expander and the collimated
laser beam directed to under-fill the back-apertirthie objective lens. This generated a
conflated confocal volume profile at the sample se¢nmeasured Gaussian standard
deviation width in the focal plane was pfh (FWHM of ~7um) with intensity
~6.5 kW cnf, allowing quantitative detection of single fluateat molecules at 3 ms
capture rates in singke. coli cells which permitted visualization of fast diffag proteins
which appear blurred and hidden by camera noiseyistower video-rate microscopy.
Fluorescence emissions were passed through a atichiwor, filtered using a band-
pass emission filter and imaged at ~40 nm per pixeme-transfer mode by a
128x128-pixel, cooled, back-thinned electron-myiiy charge-coupled-device camera
(iXon+ DV860-BI, Andor Technology, UK). A maximuwof 100 continuously

illuminated frames were taken in each run.



Images were analyzed using a custom-written tooikilabVIEW 8.5 reported
previously(9). In brief, the perimeters of cell bodies wereniified using custom-written
recognition software from the brightfield imagesed to create an image mask for
subsequent fluorescence analysis. Then, a frantaga/é@nage was complied from
typically a 90 ms total integration time. ‘Hotspatsintensity of the frame-averaged
image indicating localized fluorescent spots cdbkh clearly be observed and a
preliminary intensity centroid position assignedcifcular region of interest (ROI) was
created around each putative spot of diameterxdésilarge enough to encapsulate each
hotspot including those showing elongation paratiehe long-axis of the cell. Having
defined the position of the ROI on the frame-avedhignage, analysis was then
performed on the raw data series, one image ate tetting the outer ROI position
remain fixed but allowing an inner circular ROI kit this to vary its position to best fit
the intensity centroid. The intensity in each R@bkwnodeled as a radial Gaussian plus a
uniform baseline of background noise. The intensytribution due to the YPet (the
‘spot intensity’) was calculated thus:

1. An inner circular mask was created for the dbatron of the spot of diameter 5
pixels to the ROI centered on the intensity cedtroi

2. We convolved intensities within this mask byfaradial Gaussian function of
fixed width 3 pixels and generated a new estimatéhfe centroid.

3. We iterated steps 1-2 until convergence (less fl® loops). For an integration
time of 3 ms per image using surface-immobilizect&s the sample this resulted in an

ultimate centroid r.m.s. precision of ~50 nm.

10



4. We defined the background intensity as the nmeigigensity within the fixed ROI
external to the inner circle mask. The contributiothe background count due to
diffusive YPet in the cytoplasm (i.e. that not bdun a localized MukBEF complex) was
calculated for each track as the initial backgroumensity per pixel after subtracting the
autofluorescence contribution per pixel measurgtiénon-YPet parental strain and the
instrumental background.

5. A preliminary spot intensitl(t) at a timet was defined as the sum of all
intensities within the inner circular mask aftebsaction of the background from each
individual pixel value.

6. A small correction to the spot intensity waslagapto account for non-uniformity
in the slimfield confocal volume due to its Gauasshape in the sample plane: we
multiplied each spot intensity by the factor e&ﬁ(oxyz) wherer is the distance from the
spot centroid to the center of the slimfield exoma volume in the sample plane amg
is the standard deviation width of the excitatimhd (3 um). Even for the longest
bacterial cells in which the spots were most distieam the center of the slimfield
volume the correction factor never exceeded lel l@ss than 10% difference between
corrected and pre-corrected values).

7. A Gaussian fit was then performed on the spgeniity component optimizing

both amplitude and width, generating an estimaté¢hi® size of the spot.

This resulted in an automated method for charazteyifluorescent MukBEF spots

on each separate image frame within the fixed lodtR®I which could quantify the total
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pixel intensity minus the background detector ndise size of the spots and the position
of the spot to within typically ~50 nm precision.

Spot intensity data were collated for each cedlistand the distribution of estimated
pixel intensity binned on a histogram. This resliite multiple distinct peaks separated
by a roughly constant spacing, with the centeheflowest order peak within typically
~10% of the unitary photobleaching peak measuredudace immobilized pure YPet
performedn vitro (Fig. 1). We also performed experiments on putifféet by
immobilizing the protein to the coverslip surfac@ng conjugation via the anti-YPet
antibody(9), which as found previously was also in reasomalgreement with
estimating the unitary peak with a Fourier speatrathod which constructed a power
spectrum from the periodicity in the intensity g#amade up of an edge-preserving
Chung-Kennedy algorithm of two adjacent windows agross the data whose output
was the mean from the window possessing the sralesnce.

The most reliable method for these data, as haal foemd from our earlier
slimfield study of the bacterial replisom®,(was estimation of the size of the unitary
YPet photobleaching step in intensity by performanguultiple Gaussian fit to the
collated, binned spot intensity data, and takiregdénter of the lower order peak as the
best estimate for the unitary step size of YPe&ivn in that particular cell straithype;
indicating ~1,100 counts (fig. S7B) on our deteetamoss the different cell strains used
in this study, with a ~20% variation between dakasEhe raw intensity trace as a
function of timet for each individual fluorescent spot was fittedebgingle exponential

decay function(t)=lgexp({/t,), wherety, is the optimized photobleach time, estimated to
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be in the range 30-50 ms consistent with earlredifigs(9). The number of YPet
molecules associated with each fluorescent spotheasestimated dg divided bylype:
For each cell strain we constructed the stoichioydistribution using an unbiased
kernel density estimation (KDE) via a Parzen windoethod which convolved the
stoichiometry dataset with a Gaussian kernel ohvagth s equal to the noise of the
measurement (equivalent to typically 0.7-1.0 YPetarules in terms of peak-to-peak
amplitude of the intensity signal), normalized #rea of each Gaussian to be unity to
represent a single data point measurement. Thedpeity of each KDE was then
evaluated by first calculating the pair-wise diffiece distribution in the KDE, in a similar
method used for the Fourier spectral analysis taed generating the power spectrum of
this difference distribution as the square of tastF~ourier Transform (FFT), taking the
reciprocal of the spatial frequency axis to cont@d into intensity counts and using a

Nyquist lower limit cut-off equivalent to 2s.
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Live-cell PALM imaging and analysis
To obtain higher resolution data on the immobild diffusing spots, we used PALM
super-resolution microscop¥l, 32) on photo-activatable mCherry, PAMCher3g); in
functional fusion strains d&. coli to all three of the MukBEF components in livelgel
(Supplementary Methods). We developed an imagindatity to identify individual
bound and diffusing molecules (SU, RR-L, Garza deri, F., DJS. & Kapanidis, A.,
unpublished), applied here to resolve the spatsatidution of molecules within
immobile MukBEF clusters and measure the diffus@bonbound complexes. Briefly,
imaging was performed on a custom-built widefidlosbfescence microscope with a 561
nm laser (SLIM-561 200 mW, Oxxius, France) and pkaattivated with a 405 nm laser
(MLL-111-405 100 mW, CNI, China). The 561 nm and%8m laser beams were directed
(100x oil immersion objective, NA 1.4, Olympus, daponto the sample under an angle
allowing for near total internal reflection. Flusoence emission was filtered
(ZT405/473/561rpc and ZET405/473/561NF, Chroma, Y&#d imaged on an EMCCD
camera (iXon, Andor, UK) at magnification 114 nnvkdi Cell outlines were recorded
with an LED brightfield light source (pE-100, co@D, UK) via an Olympus condenser
(IX-2, Olympus, Japan) on the same microscope. &apgsition and focus were
controlled with a motorized stage andhotor (ASlimaging, USA).

Brightfield images of the cell outlines were resead before super-resolution
imaging (fig. S4). PALM movies for protein trackimgere recorded under continuous
561 nm wavelength excitation at power 3.5 mW atrsframe for ~5000 frames. The

density of active PAmCherry was controlled by atings405 nm excitation from
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~0-15uW. We tracked individual photo-activated molecuwesr multiple consecutive
localizations 84, 35). Super-resolution localization analysis was penfed using
custom-written MATLAB software (Mathworks, USA).rfgjle molecule point spread
function intensity profiles were identified for lalezation by band-pass filtering and
applying a fixed intensity threshold to each framh@ super-resolution movie. Candidate
positions were used as initial guesses to fit aronstrained two-dimensional elliptical
Gaussian function for super-resolution localiza{@®8 37). Single particle tracking
analysis was performed by adapting MATLAB softwdescribed previoush3g).
Positions were linked to a track if they appearedansecutive frames within a window
of 5 pixels (0.574um).

Bound and diffusing molecules were distinguishea&lgulating an apparent
diffusion coefficientD4p, from the mean square displacement (MSD) for ekt
correcting for the measured localization standa&wation of ~40 nm here. Tracks with
Dapp< 0.1um%s were classified as bound on the basis of thedtéinshape to the
distribution ofD4pp(fig. S5A). MSD traces for the diffusing molecul@sre calculated by
averaging all tracks that were classified as undd®, RR-L, Garza de Leon, F., DJS.
& Kapanidis, A., unpublished), (Fig. 1F, fig. S5@9nerating linear traces indicative of
Brownian diffusion over our time scale of obseroat{0-600 ms). Our analysis
suggested that up to 50% of tracks were immobihés Was higher than that predicated
from slimfield by a factor of ~2. The fluorescenntensity of a single complex with a
relative stoichiometry of 4:4:2 or 2:4:2 for MukBHEs significantly higher than our
single molecule detection sensitivity for slimfiekb slimfield under-sampling of the

immobile population is unlikely to account for thi&-fold difference. This might
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indicate the presence of a fast diffusing poputatibsingle molecules that were not
detected at 50 ms exposure time.

Apparent diffusion coefficients of mobile MukB, B&F were at least three orders
of magnitude greater than measured previously féADbci markers on the bacterial
nucleoid 89) but were typically an order of magnitude lowearitbacterial cytoplasmic
proteins of comparable molecular weight known panteract significantly with the
nucleoid @0). We found that mobile MukB, E and F fluoresceits all had very
similar diffusion coefficients despite large dié@ices in the individual molecular weights
of the MukB, E and F components (MukB, 170 kDa; EMuR6 kDa; MukF, 50.6 kDa),
consistent with each tracked molecule being path®fame type of stoichiometric
MukBEF complex as opposed to an individual molecotanponent of either MukB, E
or F.

PAmCherry fluorescence over a PALM movie accumdlatel-3 elongated spots
per cell (Fig. 1F), similar to the spots identifiedY Pet slimfield. To analyze the spatial
distribution of molecules and account for multipsecutive localizations of each
molecule, we performed clustering analysis on tleamyposition of bound tracks.
Localizations were assigned to the same clustegérated by less than a threshold
distance. To identify the 1-3 main clusters pef @arresponding to the diffraction-
limited YPet spots), we used a threshold distari@9)0 nm (5 times our measured
localization precision). To identify sub-clustefdacalizations within the main clusters,
we used a threshold of 80 nm (2 times localizapigtision). With super-resolution

localization, we were now able to resolve thesdsspo typically ~1-3, or more rarely
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up to ~5, isolated sub-clusters, each containimgean of ~10-11 immobile PAmCherry
molecules for MukB and MukE, and around ~7 for MukF

Pair-wise distances between mean localizationsadéécnles in sub-clusters were
within our measured localization precision of ~49, wonsistent with each sub-cluster
corresponding to several closely associated MukBétfplexes (fig. S5C).

To estimate stoichiometry, we counted the numbéraoks per cluster (fig. S5D).
The mean values from these distributions were Idham those compared to slimfield
measurements, which was expected due to the stachesvation of fluorophore tags in
PALM experiments that leaves some level of darkytetpon implying an under-
sampling of the real number of clusters presenwéd@r, since we expect the proportion
of dark to photoactive flurorophore population pell to be approximately the same for
each experiment on different MUKBEF componentsqgueréd under the same conditions,
the ratio between the mean stoichiometry valuegdoh should be relatively unaffected.
Our data indicates that the ratio from these medmes of MukE:B is 1.03 + 0.09
(xs.e.m.), of MUukE:F is 0.52 + 0.09, and of MukBsF0.56 * 0.09, consistent with the

results from slimfield imaging to within experimaherror.
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Convolution modeling of fluorescence intensityititide cytoplasmic YPet

Here, we used a similar approach to that repomtedqusly(9). In brief, the mean
intensity per pixelm(Xo,Yo0,20) of areadA at point &o,Yo,2) not within a localized
fluorescent spot was modeled as the 3D convolutitagral of the point spread function
P(x,y,? of a single YPet molecule with the spatial dimttion for the number density per
unit volumeV of YPet in the celtiN/d\Mx,y,2 and normalized local excitation intensity
L(x,y,? (estimatedlirectly from the slimfield confocal excitation ki multiplied by the

intensity due to a single YPet moleciyge:

_ dN _ dN
L (%01 Yo %) dA= lYPetd_VD PO L= |YPeJ_”W Rx % ¥y ¥ z @ Lxy)zdxdy

cell

x>y 7
:nIYPetm'P(x— X, Y= ¥, = g)exp - Tf+2l_§+? dxdydz

cell z
= nIYPetS
Here,Sis the integral performed over the full extenttwé cell. This generated an

estimate for the total number of YPet moleculeslocdlized in fluorescent hotspots but
diffuse in the cell cytoplasm on a cell-by-cell isagrom the product of the number
densityn with the volume of the cell (mean value ~16,50Rals). The functior is
approximated as a 3D Gaussian With Iy = g,y = 3.0um andl,~ 2.50,y= 7.5pm
(9). We estimated the mean pixel intensity not asgediwith localized spots for each
strain after subtracting the contribution from gkl autofluorescence (~30 counts per
pixel, assessed by imaging the parental non-YRlestcain under the same microscopy
conditions) and dark noise background (~1,000 copat pixel).

The distributions of these copy number data fohe=st! strain were then generated

using a KDE analysis similar to that used for dtmmetry estimation in localized
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fluorescent spots. The KDE distributions could itted well using &Random Telegraph
Modelfor gene expressiqdl) resulting in a Gamma probability distributip(x), similar
to that reported from previous studies on the &llcopy number distribution of a
variety of other bacterial proteind3), such that:

a-1.,-x/b
e

x

Here,l'(a) is a Gamma function. The parameteendb are determined from the two
momentof the Gamma distribution by its mean valo@nd standard deviatian such
thata = m?/o” andb = ¢’/m. These fits were then used to determine peak sand half

width at half maximum (HWHM) values (fig. S6, tat$e).
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Dual color single molecule millisecond fluorescemoaging and analysis
A bespoke dual color single molecule fluorescenm@oacope was employed by
modifying the existing single color 532 nm lasecigdion slimfield microscope design
(Supplementary Methods). Here, we implemented tebtmnal continuous wave
TEMOO laser excitation sources for wavelengths dm3B4-40, Elforlight) for GFP
excitation, and 561 nm (SLIM-561, Laser2000) forme€@y excitation, each of
comparable beam size to the original 532 nm siogler slimfield laser, simultaneously
coupling in the beams to a common laser excitgiath via application of a laser line
dichroic at 473 nm (Semrock) (fig. S1D). Both beamese circularized for polarization
using an achromatit/4 plate and a dual-pass green-red dichroic m{Gb005bs,
Chroma) was employed to reflect both lasers orgastimple and transmit fluorescence
emissions simultaneously from GFP and mCherry 8soent proteins from live bacterial
fusion mutants. The intensity was adjusted sepgriteeach laser using neutral density
filters to match the measured mean GFP and mChe&pgnential photobleach times
obtained from slimfield data of dual color singéds€l control cell strains, i.e. in which
one of the three Muk components had been labeled egher just GFP or mCherry,
(Supplementary Methods) to those of the compareddlestrains in which the
corresponding Muk component had been labeled oitty YiPet, which corresponded to
typical excitation intensities of ~4.9 kW &énand~2.9 kW ci for the 473 nm and
561 nm laser beams respectively.

Laser bleed-through was blocked on the emissitimysing notch rejection

filters (ZET473-NF, Chroma; NF03-561E, Semrock).3@0 mm focal length tube lens
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formed an intermediate image permitting spati&éfihg via a rectangular crossed-slit
aperture to avoid ultimate crossover of separdterdnt color images at the camera
image plane. Following this crossed-slit aperttwelieam was re-collimated via a 50 mm
focal length lens and directed through a bespol@-splitter module consisting of a
dichroic mirror centered on a wavelength of 560(XH2016, Omega Optical Inc.),

which transmitted ~red spectral emissions andctfte~green spectral emissions from
the sample. A combination of three mirrors (figD$vere then used to direct the
separate green and red emissions through addifitiees centered on 525 with a
bandwidth of 50 nm (FF01-525/50-25, Semrock) aB84nm long-pass filter (BLPO1-
594R-25, Semrock) respectively, and a 50 mm ladgeneter 150 mm focal length
imaging lens which formed green and red channefjgaa@n separate halves of the same
128x128 pixel EMCCD camera detector.

The separate green and red channel images coundiéigendently steered using
mirrors in the color-splitter module, and were aéd using a control sample of a 1:500
dilution of 200 nm orange (540/60) fluorescent mgpheres (F8809, Molecular Probes)
incubated for 5 min in an inverted standard flow-()), then washing away any non-
stuck beads with excess minimal media buffer. Téssilted in a random pattern of
microspheres stuck non-specifically to the glassecsip of the flow-cell, with a typical
microsphere separation of a few microns. The spkeetnissions of these orange beads
bled through into both the green and red chana#tsying precise alignment of the
separate images through iterative Gaussian fitifrthe microsphere intensity centroids
(see Supplementary Methods) which could localizecémtroid of these relatively bright

beams to a precision of ~10 nm, permittingsttadfset on the camera between the two
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channels to be set to zero and yhedfset to be set to 64 pixels, thereby maximizimg
available camera pixel array for simultaneous awédr imaging.

In separate experiments, purified GFP and mChexnyral samples were prepared
using the same antibody surface-immobilizationgeol as described previousiiqQ, 43
utilizing anti-GFP and anti-mCherry antibodies edpvely (fig. S7A). These samples
were then imaged using the same microscope anddeiegs as for live-cell imaging,
with the resultanin vitro data fed through the same automated image analggisthms
resulting in the detection of surface localizedfiscent spots which would last for
typically 4-6 image frames for GFP and up to ~2ge®frames for mCherry. This
indicated negligible bleed-through of fluorescent&FP into the red channel and
mCherry into the green channel, as well as nedéglcitation of GFP from the 561 nm
laser and mCherry from the 473 nm laser, consistéhtthe known spectral properties
of the two fluorescent proteins and with the pui#is spectral transmission data of the
dichroic mirrors and filters employed on the enaasspath of our dual color microscope.
We set the ‘on’ detection threshold to be all istéas above the measured dark noise
corresponding to a region of interest of the samreand shape, equivalent to a standard
deviationo of ~100 counts, and calculated the mean of a#aetl spot intensities above
this threshold. This indicated mean single moletwightness values of 780 + 200 counts
and 210 £ 120 counts on our camera detector for &@fPnCherry respectively, which
compared with 1,100 + 260 counts using the sam@@obfor YPet for the single colour
slimfield imaging (fig. S7B). Although it is currép technically too challenging to
isolate and purify single molecule MukBEF composedagged with either mCherry,

GFP or YPet to perform an vitro surface-immobilization assay as described, our
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previous findings of the bacterial replisome comgrus labeled with YPe®) indicate
that the presence of the tagged protein next téldbeophore in addition to any
differences in physico-chemical environment betwienn vitro assay and the live-cell
results in a difference of fluorophore brightnessaeen then vitro andin vivo
environments of less than 10%.

To estimate the molecular stoichiometry of the Moknponents in localized spots
from the dual-label and single color GFP/mChermtoa cell strains (see
Supplementary Methods) a similar protocol was feéld as for that used on the YPet
cell strains except to locate the initial ‘hotspete used the color channel which had the
highest spot signal intensity with respect to backgd noise which, for the dual-label
and GFP-only cell strains was the green channefartie mCherry-only cell strains
was the red channel. Each initial hotspot intenssytroid was then mapped onto the
comparable spatial location of the alternate col@nnel to generate both a green
channel and a red channel equivalent initial hdtkgmation, and then the precise
intensity centroid of each hotspot was measuratguseparate iterative Gaussian fitting
in each channel, allowing estimation of the spt#nsity by the same method used for
the YPet cell strains.

Intensity values in each color channel for eacleded localized spot were then
converted into a stoichiometry estimate using alaimrmethod as for the YPet cell strains
of estimating the initial spot intensityfrom a single exponential decay fit to the spot
intensity values in each separate color channdltlzn dividindo by Igp, wherelgp is
the relevant single molecule fluorescent proteighiness for each respective channel,

either ~780 counts for the green channel or ~21disofor the red channel. The
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stochiometry distribution in each channel was ttemdered as an unbiased kernel

density
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Fluorescence Recovery after Photobleaching (FRAP)

For FRAP experiments, imaging was performed usingdafield spinning disk imaging
system (PerkinElmer) and 100x objective. Imagesvaequired using Volocity imaging
software. FRAP was performed by pulse-bleachinggiai488 nm laser for 10-15 ms
and 6-15% laser intensity (radius of the spot wHgadtion limited at ~300 nm). Two

pre bleach images were taken, bleach spot wasredrie one Muk focus and recovery
of bleached region was recorded every 15 seclataching, for a total time of 3 min, or
for every 20 seconds after bleaching, for a tamaé tof 5 min. Image capture was done at

a 300 ms frame rate (4-6% 532 nm laser).

Quantification of FRAP intensity data
Images were analyzed using ImageJ. In brief, adracikad intensity was subtracted, a
region of interested (ROI) was drawn around thadiled (FRAP) or unbleached (FLIP)
spot and a larger ROl was drawn around the cefi@asure total cellular fluorescence.
Total intensity of the ROIs was measured using kEdagntensity of the ROIs was
normalized to the highest pre bleach intensity.sEhealues were then corrected for
photobleaching due to fluorescence excitation. ddreection factor at each time point
was calculated by comparing the total cellularnstey before and after each image
exposure. Thus, the normalized, corrected intghgit a ROI at timé is:

[(t) = (Ib(t)/Ibmay /(Ic(t)/ICmay

Where:

Ib(t)= intensity of ROI at time (post bleach).
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Ibmax = maximum intensity of ROI (pre bleach).
Ic(t)= intensity of whole cell at time

Icmax = intensity of whole cell soon after bleach.
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Modeling turnover of MukBEF-YPet complexes

Here, we applied a similar analytical moleculantwer model to that described
previously(9). We modeled the experimental FRAP results oM&BEF YPet strains
(Fig. 3) as turnover of SMC dimer of dimers (MukB:E4:4:2) subunits binding to and
unbinding from DNA within a closed reaction-diffosi environment confined to the
finite volume of the cell in which total cell comteof the 4:4:2 complex is in steady-state.
Here we denote:

S-(t) = Unbound number of YPet-labeled SMC dimer of@lisnat time (t > 0) following
initial focused laser bleach.

S(t) = DNA-bound number of the YPet-labeled SMC dimkedimers in a given
localized spot subjected to FRAP investigation.

Sr(t) = Total number of YPet-labeled SMC dimer of dimar the cell.

S () = DNA-bound number of photoactive YPet-labeledGMmer of dimers in a
given localized spot subjected to FRAP investigatio

f = Fraction of YPet-labeled SMC dimer of dimers foiideached following initial
focused laser FRAP bleach.

ki = On-rate per YPet-labeled SMC dimer of dimershioding to DNA in a given
localized spot.

k, = Off-rate per YPet-labeled SMC dimer of dimersdabinding from DNA in a given

localized spot.

Since YPet-labeled SMC dimer of dimers is in stesidye:

aa_str =0. Thus,S = constant=5-+ Sg
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We denote the full reaction-diffusion equations as:

%%szg
%S _y g -
=S -k, §

D is the effective diffusion coefficient of the YPabeled SMC dimer of dimers not
bound to the DNA. As found previously for the earlieplisome study, the typical
diffusion time scale is set by £%/D whereL is the typical length dimension of the cell
~1 um andD we estimate here from single particle trackingoell PALM data to be in
the range ~0.1-im?/s for the relatively mobile fluorescent spots (Slementary
Methods). This indicates a rangetaff ~0.1-1 s, which is ~2 orders of magnitude
smaller than the time scale over which we obsearmuoter from our experimental FRAP
data. Thus this is @eaction-limitedregime, simplifying the analysis significantly. At

equilibrium (for example, before the focused lddeach) we can state that:

k—l %,eq
St~ Seq

aSB,eq -

Gt OD le:,eq = k—l %,equ l1<:

WhereSs ¢qandSeq are the values @ andS: respectively at equilibrium. We assume
the binding kinetics of photoactive SMC dimer ainérs are identical to those of
photobleached SMC dimer of dimers and that the jatipn of bleached and non-
bleached are ultimately well-mixed, thus:

SERN

Under general non-equilibrium conditions this irades:

9S _y (s -s)-
L ok(S-$)- kS
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Solving and substituting indicates:

- s;,eq(l—(l‘ a) ex‘{%ﬁ

Herea is the ratio of the bound photoactive componer&8MfC dimer of dimers at zero
time (i.e. immediately after the initial focusedéa bleach) to the bound photoactive
component of SMC dimer of dimers at equilibriunm& the fluorescence intensigft)
of the bound YPet-labeled SMC dimer of dimers congmt is proportional to the

number of photoactive YPet-labeled SMC dimer ofealisnsubunits, we can write:

la(t) =1 B,eq(l‘(l‘ 7) ex{%ﬁ
=|B(oo)(1-(1-a) F{srk—ilt]}

We estimate that a mean of ~8-10 SMC dimer of dsnsebunits are present in each
localized fluorescent spot, assumed to have a \@flGge.q Convolution modeling
(Supplementary Methods) indicated ~300-400 MukB BiutE molecules and ~200
MukF molecules which are not associated with theADRower spectral analysis of these
more mobile spots suggests that ~30% of MukBEF dexes in the cytoplasm are in the

4:4:2 conformation (see Supplementary Methods)s Tridicates that the total combined
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number of 4:4:2 MukBEF subunits either bound to DdlAree in the cytoplasng(t), is
~30-40 complexes per cell.

The mean post bleach FRAP data were then fittetywsfunction
I(t)=A+Bexp(/t;), with A andB as constants aridis the equivalent &/frecovery time.
This indicates a mean recovery time across the MUMBKE- and MukF-YPet datasets
of 42 £ 7 s. Substituting in these values indicites 0.02 + 0.01 MukBEF 4:4:2
subunits per sec. The majority of wild type cebislltwo spots per cell, allowing both
FRAP and FLIP analysis to be performed — theses$ragached similar intensity levels to
within experimental error after a few hundred selsoimdicating that MukBEF
complexes in the spots are in steady-state witldififiese pool. FRAP experiments
performed on wild type cells containing just onetgper cell also indicated recovery of
fluorescence over a similar time scale to the 2 splis.

Applying the same analysis to cephalexin-elonga#dis (Fig. 3, fig. S10) indicated
a mean recovery time across the MukB-, MUukE- an&f¥Pet datasets of 76 £ 21 s.
The range of elongated cell lengths measured wagM; suggesting a total content of
MukBEF greater by a factor of at least ~2 compaoeitie non-elongated cells assuming
similar cellular concentration levels to wild typehich was consistent with final mean
recovery intensity values being ~60% for the eldedaells compared to ~30% for the
non-elongated cells. Substituting these values the reaction-diffusion equation
indicates the same estimated value of MuKkBEF 4off-Pate as for that estimated from

the non-elongated cell FRAP data to within expentakerror.
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Stoichiometry analysis for rapidly diffusing ‘dispots

The power spectra indicated in fig. S12 for the-pase difference distribution of the
kernel density estimation of the underlying staichetry distribution for diffuse spots in
each cell strain are generated from the squarteeofFast Fourier Transform (FFT) of
these data, and there is a linear dependence gutre of the amplitude for detected
peaksA?, merWith the number of polled periodic features to digtribution. In the case of
there being potentially a mixed population of MuEB: complexes in either a 4:4:2 or a
2:4:2 conformation then, for the MukB componeAf;.qe; i.€. the square of the
amplitude associated with a periodicity of ~2 males, is a measure of the number,
N242, Of the 2:4:2 conformation present in the popalatf diffuse spots as a proportion
of all MUKBEF complexes, wherea¥’,.¢ris a measure both of the sum of the 4:4:2 and
2:4:2 componentglusthe harmonic contribution due to the ~2-mer pedibylof the
2:4:2 state being polled at ~4-mer intervals.

For features that haywecise2-mer periodicity then the 4-mer harmonic
contribution will be polled 0.5 times as often e fundamental 2-mer periodicity in the
FFT, and so the corresponding peak on the powetrspe corresponding to (FFT)
therefore will be (0.3)or 0.25 that of the fundamental 2-mer peak. Howenepractice
the 2-mer periodicity is not precise across thektometry distribution due primarily to
noise-related dephasing, especially so at highelesaof stoichiometry as a result of
increased photon noise from the detected spotss@itiae harmonic contribution to the
4-mer peak from the 2-mer periodicity is likelylde less than 0.25. Since the MukF

component for both conformations of MUKBEF comptekas only a fundamental 2-mer
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periodicity, the relative size of the 4-mer peahk ba used as a representative measure for
the harmonic contribution from the 2-mer periodigit this live-cell system. Put
mathematically:

A% mermuks = QN4

A%y mermuke = O Naaz + BN2az

Here,a andf are constants, with approximated as:

B = A% merMuktA2-mer MukF
Using this approximation, the data of fig. S11 gade a typical value ¢ in the range
0.1-0.2. For each cell strain, the rghie Nys/N242 can be calculated using the three
equations above, such that:

p= A24-mer,MukE{A22-mer,MukB- A24-mer,MukF/A22-mer,MukF
The relative proportion of the number of MUKBEF gidexes in the two different states,
R = Na42:N242, is then given ag/(p + 1):1/(p + 1). Using these analyses, the wild type and
MukBeq data of fig. S12 are both consistent Wil (0.3 £ 0.1):(0.7 = 0.1), whereas the
Mukpa data indicates (0.0 £ 0.1):(1.0 £ 0.1), in otherds a ~30%:70% mix of 4:4:2
and 2:4:2 for the wild type and ATP hydrolysis rmigarespectively, but principally just

the 2:4:2 state for the ATP binding mutant.
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Estimating the likelihood for “chance” co-localizan of diffuse spots

Following a similar 2D treatment to the 3D analysisviously performed4d), call
p(r)dr the probability that the nearest neighbor to glsiMukBEF complex diffuse in
the cytoplasm and present in the 2D focal plarsedstance betweanandr+dr. This
must be equal to the probability that there are particles in range 6-multiplied by

the probability that a single particle exists ie innulus betweenandr+dr. Therefore:
p(r)dr = {1—[ p(r')dr'} 2rrndr
0

Here,n is the number of equivalent particles per unitarethe focal plane. Implying:

E( P j+2mngi=0
dr\ 27rn 2rmn

This indicates an integrating factexp(j 2nrndr), therefore:

Lexp( 2ndr) = B, or —pexp(mzn) =C, whereB andC are constants. In

2mmn 2mn
the limitr—0, p—27n, therefore:
p(r) =27mmrn exp(—mzn)
Thus, the probabilitys(w) that the nearest neighbor particle separatignaater than a

distancew is(45):
p (W) = 1—vjv p(r)dr= 1—]v 2rrrn experre’n r= ex;é—ﬂw2 n)

The effective area densityat the focal plane is given by the number of cigsmic
MukBEF complexe®Nsocusin the cell that are in focus divided by the cresstional area
A of the cell which is bisected by the focal plaNgeysis approximated by the number of
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complexes which are included in the ‘optical sladiich is bounded by the objective
lens’ depth of field (0.2um in our case). For a typickl colicell of width ~1um, this
equates to ~1/5 of the total numip&y; of cytoplasmic MuKBEF complexes in the whole
cell. The probabilitypchancethat a nearest neighbor MukBEF complex will beséashce
less tharw away is given by Jn, but ifwis in effect the optical resolution limit then ghi
equates to the probability the a ‘multimer’ spomistakenly observed by chance co-
localization of two monomer MukBEF complex spotkefiefore:

Pehance 1-eXP(7AVNeyd5A)
Using the MukE and MukF estimates (table S5)Ngk (since these components both
have the same relative stoichiometry in eitherdtde2 or 2:4:2 MukB:E:F complex,
unlike MukB), indicates a mean of 90 + 40 MukBERaexes per cell diffuse in the
cytoplasm. The lateral area in the focal planeypical E. colicells we estimate to be
~2,300 pixel§ and the optical resolution limit is equivalent.6 pixels for our
microscope. Substituting in these values indicttaicnance~ 65 £ 19%; this
comparatively high likelihood is intuitively reasaivie if one considers the effective
nearest neighbor separatidnon the more naive assumption of a uniform spatial
distribution of complexes i.e. assuming that thaltoell volume estimated at typically
~16,500 pixeldequates to#N.,/3(dy/2)%, suggestingl, ~7 pixels or ~280 nm, only
~20% larger than the optical resolution limit —ulb taking into account a potential
~20% volume exclusion by the bulk of the nucleaidgests a revised estimate dgiof
~260 nm, only ~10% larger than the optical resohutimit.

The stoichiometry distribution data of fig. S12r fbe MukE and MukF

components, indicates that the probability for obisg a multimer (i.e. MukE
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component ~8 or more, MuF components ~4 or mon®)éxcess of ~80%. In other
words, this is consistent with most of the appat@nidtiple’ MukBEF spots diffuse in

the cytoplasm being most likely chance co-locaiaratvents of two or more single
MukBEF complexes separated by less than the opgsalution limit and so observed as
a single spot, but there was still a minority ofltiple events that are due to ‘real’

multimers (most likely dimers) in the MukBEF cytapmic pool.

35



The dimer pairs undergo independent hydrolysisetease an SMC dimer of dimers
complex from DNA
Previousn vitro measurements of the ATPase activity of MukB ATHas&ds in the
presence of MUKEF indicate a range of 5.6-20 ATiPMgkB dimer per ming, 19,
which is equivalent to a probability pfin the range 0.09-0.33 ATP per dimer per sec.
If each dimer in the two closed heads of the SM@adiof dimersn vivo are
required to be hydrolyzed independently for reldesm the DNA to occur then the
turnover rate, or the probabili/for this occurring per second, ig%-suggesting a range
of P of 0.01-0.11 dimer of dimers per sec, consistdtit the experimental estimates of
the measured FRAP turnover rate.
Conversely, consider a different scenario in wiadingle SMC dimer could
hypothetically be released from DNA by a coupledrolysis of just two bound ATPs.
The dimer turnover rate is then simply, toughly an order of magnitude greater than the

observed FRAP turnover rate.
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Fig. S1 Summary(A) Schematic of MuKBEF with ATP bound to engaged Bggdeen)
and 1 molecule of MukF and 2 of MukE associatedhwdch MukB dimer. Dimerization
of these through the N-terminal dimerization don@iiMukF (8, 13)can lead to the
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observed dimer of dimer complexes. In the absehéd B (cyan heads), the heads are
unengaged and two molecules of MukF and 4 of MukiE associate with each dimer.
(8). (B) Detection of single-molecule photobleaching evgi@¥ Dual color single-
molecule ms imaging set-ufD) Results from live-cell PALM to estimate molecular
stiochiometry, architecture and dynamics of immelfilnctional complexe$E) “Rock
climber” model for the in vivo action of SMC compéess. Top panel: dimer of dimer
4:4:2 MukB:E:F complexes are recruited to immobets in the region of replication
origins, where they associate with DNA. One segméctptured DNA can be released
by coupled hydrolysis of the two ATPs bound to eygghdimer heads, as in related ABC
transporters46). Nevertheless, complete release of a dimer oedsrfrom DNA requires
two almost simultaneous hydrolysis events in eathqd engaged heads. Consistent
with this is relatively long dwell time of individu complexes (~50 s) as compared to
that expected if release from DNA resulted froningle pair of concerted hydrolysis
events in a dimer, as judged ioywitro MUKBEF ATPase activity8, 19)(Supplementary
Methods). The release of one segment of DNA, aptlica of a new segment without
releasing the complex from the chromosome is pregpa® underlie the molecular action
of MUuKBEF in chromosome organization and segregatiBottom panel. The
predominant state for rapidly diffusing spots i4:2; with a minority of dimer of dimer
complexes, whose presence requires ATP binding.pBosas unable to bind ATP form

only dimer complexes.
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Fig. S2.Characterization of MukBEF cell strains using westblotting. Example

western blots from cell strairfd) MukB-YPet and MukB-GFRB) MukB (non-
fluorescent parental strain) and MukB-mChe(f) MukE-YPet,(D) MukF-YPet,

probed using an anti-MukBEF antibody as describeSupplementary Methods. The
positions of molecular weight marker lines are aagkied in kDa, as are the calculated
molecular weights of the probed Muk proteins onliasis of their known sequences (red

arrows).
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Fig. S3.Variation of spot width with stoichiometry for YPsgtrains. 2D false-color
contour images generated using kernel density astmvia a 2D Gaussian convolution
of the data for mean measured Gaussian standaiatidavspot width ©> with

estimated spot stoichiometry for the three wildetyuk strains (first three panels from
the left). These data are then combined using :2 4@hformation model for a single
MukB:E:F complex (panel far right), with a linedr (dotted line) indicating a mean
decrease of ~75 nm in spot width over a rangewtase of ~25 MukBEF 4:4:2

complexes to spot stoichiometry, or ~3 nm per ce@xph average.

40



MukB-PAmCherry

R

Fig. S4.PALM single particle tracking. Diffusing (left pah colored tracks with gray
brightfield overlaid) and immobile PAmCherry moléesi(right panel, bound tracks and
colored clustered localizations, overlaid againsuanulated PAmCherry fluorescence),

white bar lum.
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Fig. S5.Live-cell PALM. (A) Diffusion coefficients, Dapp for MukB-PAmCherryl({e),

MukE-PAmCherry (green), MukF-PAmCherry (orange)ewcales (lighter coloring

putative diffusing molecules, darker colors immebitolecules). Modal value for DNA

polymerase | (Poll) measured using same techniglieated (arrow) for comparison.

(B) Average mean square displacement for all diffusiodecules(C) Cumulative

distribution function of measured (same color caddorA) and simulated pair-wise

distances between PAmCherry localizations withinrslusters (red dashed line).

Simulation based on random distribution model ehlizations for a two-dimensional

Gaussian distribution with width of our localizatiprecision of 40 nm(D) Distribution

of MukBEF stoichiometry per elongated spot.
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Fig. S6.Distributions of estimated concentration of YPet pell not integrated into
distinct fluorescent spots. Kernel density estiorai(gray) based on convolution
modeling on YPet intensity not integrated in lozadl spots fo(A) MukB, (B) MukE
and(C) MukF, Gamma fits indicated (red), with peak vatuealf width at half

maximum (HWHM) of Gamma fit.
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Fig. S7.In vitro calibration using purified GFP and mCherry. Suefanmobilized GFP

(green channel shown, upper panel) and mCherrycfradnel shown, lower panel) with

frame average image using 10 consecutive imageeBdlaft panel) with identified

single molecule hotspots (white circles), compagdinst single slimfield image frames

(right panel)(B) Distribution ofin vitro spot brightness values for mCherry (red) and

GFP (green), compared against YPet (yellow), geednasing 1-dimensional unbiased

kernel density estimation of spot brightness valuigls a kernel width of 100 counts,

mean and s.d values indicated (arros)69-128 spots.
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Fig. S8.The formation of localized MukBEF structures. Tbealized fluorescent spot

MukBg.-YPet

MukB-YPet

phenotype of wild type (far left panel) and the AfffRIrolysis mutant MukBy compared
against the ATP-binding mutants MugBand MukBsg, shown here in variants for which
the MukB component is fused to YPet (epifluoreseentages, green), borders of cell

indicated (white) and white scale bar indicatingm.
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cells for MukB-YPet wild type (upper panel) and ¥th€P hydrolysis mutant
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steady-state cells not treated with cephalexin(@mwild type strains an@D), mean
FRAP-only traces for the ATP hydrolysis mutants BgkYPet and MukBqo:MUkE-

YPet.
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Sample Primary antibody Secondary antibody
MukB-mYpet MukB 30) Anti-rabbit
MukB-mCherry MukB 80) Anti-rabbit
MukBgqg-GFP MukB (30) Anti-rabbit
MukBpa-GFP MukB @0) Anti-rabbit
MukE-mYPet Anti-GFP Anti-rabbit
MukF-mYPet Anti-GFP Anti-rabbit

Table S1.List of primary and secondary antibodies used festern probes.
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Ab16 mukB-YPet, Kfh This study
Ab18 mukE-YPet Kfh This study
Ab25 mukB-mCherry frt, mukE-YPet, Km This study
Ab24 mukB-mCherry, Kfh This study
Ab36 MukE-YPet frt This study
Ab45 mukB-GFP, Cr This study
Ab60 frt YPet-mukF This study
Ab75 mukB-E1407Q-GFP, Cin This study
Ab81 Ab60, mukBmCherry , , Cm This study
Ab88 mukE-mCherry frt This study
Ab137 Ab88, Ab75 This study
Ab191 frt N-mCherry-mukF This study
Ab198 mukB-E1407Q-YPet, Km This study
Ab213 mukB-E1407Q, Kfh, Ab60 This study
Ab220 mukB-GFP, Cfy Ab88 This study
Ab221 mukB-GFP , Cfy Ab191 This study
Ab223 mukB-E1407Q, K MukE-YPet frt This study
Ab237 mukE-PAmCherry, Kfn This study
Ab238 mukB-PAmCherry, K This study
Ab246 mukB-D1406A-mYPet, Km This study
Ab247 mukB-D1406A Kfh, MukF-YPet frt This study
Ab248 mukB-D1406A, Kfh, MukE-YPet frt This study
RRL80 mukB-D1406A-GFP, Ch This study
Katl mukB-GFP, Ch Ref. B1)

Table S2.List of strains and their sources used in currardys
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Strain name Doubling time Doubling time (min) | Anucleate cells (% | Cell filamentation
(min) in LB, in M9-glycerol, proportion of total | (% proportion of
37°C, 1s.d. 37°C, 1s.d. population) total population)

AB1157 (wild type) 3343 110+10 <1% <1%

MukB-YPet 3442 108+10 <1% <2%

MukE-YPet 3442 110+12 <1% <2%

MukF-YPet 36+3 112+10 <1% <2%

MukE-Cherry 33+4 114+12 <1% <2%

MukB-GFP

MukF-mCherry 34+£2 116+11 <1% <2%

MukB-GFP

Table S3.Characterization of strains used in current study.
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Strain Mean Mean Mean Mean Mean Mean Mean
number of number of number of number of number of number of number of
molecules molecules molecules molecules molecules molecules molecules
per spot per spot: per spot: per spot: per spot: per spot: per spot:
averaged 1spotcells | 2spotcells | 2spotcells | 3spotcells | 3spotcells | 3spotcells
across all (xSEM), (spot #1) (spot #2) (spot #1) (spot #2) (spot #3)
cells +SEM, +SEM, +SEM, +SEM, +SEM,
+SEM % % % % % %

proportion proportion proportion proportion proportion proportion
of cells with | of cells with | of cells with | of cells with | of cells with | of cells with
localized localized localized localized localized localized
spots spots spots spots spots spots

MukB- 36+3 51.8+13.0, 52.4+6.9, | 26.4+1.6, | 40.1+£2.5, | 28.9+2.1, | 20.9+1.8,

Vet 9.6% 60.4% | 60.4% | 30.0% | 30.0% | 30.0%

MukE- 3614 53.848.3 | 53.4+3.3 | 27.4+2.4 | 42.2t4.2, | 26.1+£3.0, | 12.0+1.6,

vPet 18.1% | 61.0% | 61.0% |21.9% |21.9% | 21.9%

MukF- 19+1 28.3+3.3 | 31.0+4.1 | 15.0#1.5 | 30.0+£1.2, | 18.9+1.1, | 12.8+1.2,

Vet 17.1% | 69.5% | 695% |13.4% | 13.4% | 13.4%

MUKB gq- 5544 64.845.2, | 52.3+2.6, | 11.4+3.4, - - -

Vet 81.8% | 182% | 18.2%

MUkKB gq: 5414 65.2+4.2, | 55.6+3.9, | 9.5£1.0, - - -

MUukE- 80.0% | 20.0% | 20.0%

YPet

MukBeo: | 20+4 22.0+£3.2, | 21.615.2, | 6.8£1.0, - - -

MukF- 73.1% | 26.9% | 26.9%

YPet

Table S4.Analysis of YPet fusion cell strains for spot stoametry, classed into cells of

different numbers of distinct spots (ranked suélt #1 is the spot with the highest

measured stoichiometry for multi spot cells, intthigen cell).




Strain Mean total Total number Proportion of Total
number of of molecules molecules in number
molecules in not in localized | localized spots | of
all localized spot per cell relative to molecules
spots per cell (Mode from number in per cell
+SEM, Gamma fit £ whole cell (%)

N=number of HWHM)
cells in dataset

MukB 8247, 356+177 19+10 438+18(
N=96

MukE 7943, 301+150 21+11 380+154
N =82

MukF 45+2s, 211+109 18+10 256+110Q
N =105

MUkB eq 656, 278139 20+9 333+139
N =55

MUkB eqMUKE 6545, 331+166 16+8 396+166
N =75

MukB eqMUukF 24+4, 170485 1145 214488
N =64

Table S5.Distribution of total numbers of MukBEF moleculesYPet in both the

fluorescent spots and not integrated into localzgats.
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Strain Spot stoichiometry (meanzs.d.) Number of spots

in dataset
Green channel | Red Channel

MukB-GFP 31+14 - 41

MukE-mCherry - 41+14 28

MukF-mCherry - 23+10 22

MukB-GFP: MukE-mCherry 3316 3015 136

MukB-GFP: MukF-mCherry 29+18 14+7 115

Table S6Localized fluorescent spot stoichiometry estim&besiual color cell strains

and single color GFP and mCherry control cell strai

55




References

1. S. Gruber, MukBEF on the march: Taking over chromosome organization in bacteria? Mol.
Microbiol. 81, 855 (2011). doi:10.1111/].1365-2958.2011.07764.x Medline

2. K. Nasmyth, C. H. Haering, The structure and function of SMC and kleisin complexes. Annu.
Rev. Biochem. 74, 595 (2005). doi:10.1146/annurev.biochem.74.082803.133219 Medline

3. A.J. Wood, A. F. Severson, B. J. Meyer, Condensin and cohesin complexity: The expanding
repertoire of functions. Nat. Rev. Genet. 11, 391 (2010). doi:10.1038/nrg2794 Medline

4. H. Niki et al., E. coli MukB protein involved in chromosome partition forms a homodimer
with a rod-and-hinge structure having DNA binding and ATP/GTP binding activities.
EMBO J. 11, 5101 (1992). Medline

5. K. Yamanaka, T. Ogura, H. Niki, S. Hiraga, Identification of two new genes, mukE and mukF,
involved in chromosome partitioning in Escherichia coli. Mol. Gen. Genet. 250, 241
(1996). doi:10.1007/BF02174381 Medline

6. O. Danilova, R. Reyes-Lamothe, M. Pinskaya, D. Sherratt, C. Possoz, MukB colocalizes with
the oriC region and is required for organization of the two Escherichia coli chromosome
arms into separate cell halves. Mol. Microbiol. 65, 1485 (2007). doi:10.1111/j.1365-
2958.2007.05881.x Medline

7. S. Hiraga et al., Mutants defective in chromosome partitioning in E. coli. Res. Microbiol. 142,
189 (1991). doi:10.1016/0923-2508(91)90029-A Medline

8. J. S. Woo et al., Structural studies of a bacterial condensin complex reveal ATP-dependent
disruption of intersubunit interactions. Cell 136, 85 (2009).
doi:10.1016/j.cell.2008.10.050 Medline

9. R. Reyes-Lamothe, D. J. Sherratt, M. C. Leake, Stoichiometry and architecture of active DNA
replication machinery in Escherichia coli. Science 328, 498 (2010).
doi:10.1126/science.1185757 Medline

10. M. C. Leake et al., Stoichiometry and turnover in single, functioning membrane protein
complexes. Nature 443, 355 (2006). doi:10.1038/nature05135 Medline

11. B. Huang, M. Bates, X. Zhuang, Super-resolution fluorescence microscopy. Annu. Rev.
Biochem. 78, 993 (2009). doi:10.1146/annurev.biochem.77.061906.092014 Medline

12. Z. M. Petrushenko, C. H. Lai, V. V. Rybenkov, Antagonistic interactions of kleisins and
DNA with bacterial Condensin MukB. J. Biol. Chem. 281, 34208 (2006).
d0i:10.1074/jbc.M606723200 Medline

13. R. Fennell-Fezzie, S. D. Gradia, D. Akey, J. M. Berger, The MukF subunit of Escherichia
coli condensin: Architecture and functional relationship to kleisins. EMBO J. 24, 1921
(2005). doi:10.1038/s].emboj.7600680 Medline

14. M. Gloyd, R. Ghirlando, A. Guarné, The role of MukE in assembling a functional MukBEF
complex. J. Mol. Biol. 412, 578 (2011). doi:10.1016/j.jmb.2011.08.009 Medline

15. M. Hirano, T. Hirano, Positive and negative regulation of SMC-DNA interactions by ATP
and accessory proteins. EMBO J. 23, 2664 (2004). doi:10.1038/sj.emboj.7600264
Medline

56


http://dx.doi.org/10.1111/j.1365-2958.2011.07764.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07764.x
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133219
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133219
http://dx.doi.org/10.1038/nrg2794
http://dx.doi.org/10.1038/nrg2794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1464330&dopt=Abstract
http://dx.doi.org/10.1007/BF02174381
http://dx.doi.org/10.1007/BF02174381
http://dx.doi.org/10.1111/j.1365-2958.2007.05881.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05881.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05881.x
http://dx.doi.org/10.1016/0923-2508(91)90029-A
http://dx.doi.org/10.1016/0923-2508(91)90029-A
http://dx.doi.org/10.1016/j.cell.2008.10.050
http://dx.doi.org/10.1016/j.cell.2008.10.050
http://dx.doi.org/10.1126/science.1185757
http://dx.doi.org/10.1126/science.1185757
http://dx.doi.org/10.1038/nature05135
http://dx.doi.org/10.1038/nature05135
http://dx.doi.org/10.1146/annurev.biochem.77.061906.092014
http://dx.doi.org/10.1146/annurev.biochem.77.061906.092014
http://dx.doi.org/10.1074/jbc.M606723200
http://dx.doi.org/10.1074/jbc.M606723200
http://dx.doi.org/10.1038/sj.emboj.7600680
http://dx.doi.org/10.1038/sj.emboj.7600680
http://dx.doi.org/10.1016/j.jmb.2011.08.009
http://dx.doi.org/10.1016/j.jmb.2011.08.009
http://dx.doi.org/10.1038/sj.emboj.7600264
http://dx.doi.org/10.1038/sj.emboj.7600264

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30

B. Hu et al., ATP hydrolysis is required for relocating cohesin from sites occupied by its
Scc2/4 loading complex. Curr. Biol. 21, 12 (2011). doi:10.1016/j.cub.2010.12.004
Medline

P. Arumugam et al., ATP hydrolysis is required for cohesin’s association with chromosomes.
Curr. Biol. 13, 1941 (2003). doi:10.1016/j.cub.2003.10.036 Medline

S. Weitzer, C. Lehane, F. Uhlmann, A model for ATP hydrolysis-dependent binding of
cohesin to DNA. Curr. Biol. 13, 1930 (2003). doi:10.1016/j.cub.2003.10.030 Medline

N. Chen et al., ATP-induced shrinkage of DNA with MukB protein and the MukBEF
complex of Escherichia coli. J. Bacteriol. 190, 3731 (2008). doi:10.1128/JB.01863-07
Medline

C. Kural et al., Kinesin and dynein move a peroxisome in vivo: A tug-of-war or coordinated
movement? Science 308, 1469 (2005). doi:10.1126/science.1108408 Medline

J. Mascarenhas et al., Dynamic assembly, localization and proteolysis of the Bacillus subtilis
SMC complex. BMC Cell Biol. 6, 28 (2005). doi:10.1186/1471-2121-6-28 Medline

C. D’Ambrosio, G. Kelly, K. Shirahige, F. Uhlmann, Condensin-dependent rDNA
decatenation introduces a temporal pattern to chromosome segregation. Curr. Biol. 18,
1084 (2008). d0i:10.1016/j.cub.2008.06.058 Medline

M. T. Ocampo-Hafalla, F. Uhlmann, Cohesin loading and sliding. J. Cell Sci. 124, 685
(2011). doi:10.1242/jcs.073866 Medline

D. Gerlich, T. Hirota, B. Koch, J. M. Peters, J. Ellenberg, Condensin I stabilizes
chromosomes mechanically through a dynamic interaction in live cells. Curr. Biol. 16,
333 (2006). doi:10.1016/j.cub.2005.12.040 Medline

R. A. Oliveira, S. Heidmann, C. E. Sunkel, Condensin | binds chromatin early in prophase
and displays a highly dynamic association with Drosophila mitotic chromosomes.
Chromosoma 116, 259 (2007). doi:10.1007/s00412-007-0097-5 Medline

C. H. Haering, A. M. Farcas, P. Arumugam, J. Metson, K. Nasmyth, The cohesin ring
concatenates sister DNA molecules. Nature 454, 297 (2008). doi:10.1038/nature07098
Medline

B. J. Bachmann, Pedigrees of some mutant strains of Escherichia coli K-12. Bacteriol. Rev.
36, 525 (1972). Medline

K. A. Datsenko, B. L. Wanner, One-step inactivation of chromosomal genes in Escherichia
coli K-12 using PCR products. Proc. Natl. Acad. Sci. U.S.A. 97, 6640 (2000).
doi:10.1073/pnas.120163297 Medline

R. Reyes-Lamothe, C. Possoz, O. Danilova, D. J. Sherratt, Independent positioning and
action of Escherichia coli replisomes in live cells. Cell 133, 90 (2008).
doi:10.1016/j.cell.2008.01.044 Medline

M. Yamazoe et al., Complex formation of MukB, MukE and MukF proteins involved in
chromosome partitioning in Escherichia coli. EMBO J. 18, 5873 (1999).
doi:10.1093/emboj/18.21.5873 Medline

57


http://dx.doi.org/10.1016/j.cub.2010.12.004
http://dx.doi.org/10.1016/j.cub.2010.12.004
http://dx.doi.org/10.1016/j.cub.2003.10.036
http://dx.doi.org/10.1016/j.cub.2003.10.036
http://dx.doi.org/10.1016/j.cub.2003.10.030
http://dx.doi.org/10.1016/j.cub.2003.10.030
http://dx.doi.org/10.1128/JB.01863-07
http://dx.doi.org/10.1128/JB.01863-07
http://dx.doi.org/10.1126/science.1108408
http://dx.doi.org/10.1126/science.1108408
http://dx.doi.org/10.1186/1471-2121-6-28
http://dx.doi.org/10.1186/1471-2121-6-28
http://dx.doi.org/10.1016/j.cub.2008.06.058
http://dx.doi.org/10.1016/j.cub.2008.06.058
http://dx.doi.org/10.1242/jcs.073866
http://dx.doi.org/10.1242/jcs.073866
http://dx.doi.org/10.1016/j.cub.2005.12.040
http://dx.doi.org/10.1016/j.cub.2005.12.040
http://dx.doi.org/10.1007/s00412-007-0097-5
http://dx.doi.org/10.1007/s00412-007-0097-5
http://dx.doi.org/10.1038/nature07098
http://dx.doi.org/10.1038/nature07098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4568763&dopt=Abstract
http://dx.doi.org/10.1073/pnas.120163297
http://dx.doi.org/10.1073/pnas.120163297
http://dx.doi.org/10.1016/j.cell.2008.01.044
http://dx.doi.org/10.1016/j.cell.2008.01.044
http://dx.doi.org/10.1093/emboj/18.21.5873
http://dx.doi.org/10.1093/emboj/18.21.5873

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

. K. Ohsumi, M. Yamazoe, S. Hiraga, Different localization of SeqA-bound nascent DNA
clusters and MukF-MukE-MukB complex in Escherichia coli cells. Mol. Microbiol. 40,
835 (2001). doi:10.1046/].1365-2958.2001.02447.x Medline

. E. Betzig et al., Imaging intracellular fluorescent proteins at nanometer resolution. Science
313, 1642 (2006). doi:10.1126/science.1127344 Medline

. F. V. Subach et al., Photoactivatable mCherry for high-resolution two-color fluorescence
microscopy. Nat. Methods 6, 153 (2009). doi:10.1038/nmeth.1298 Medline

. S. Manley et al., High-density mapping of single-molecule trajectories with photoactivated
localization microscopy. Nat. Methods 5, 155 (2008). doi:10.1038/nmeth.1176 Medline

. B. P. English et al., Single-molecule investigations of the stringent response machinery in
living bacterial cells. Proc. Natl. Acad. Sci. U.S.A. 108, E365 (2011).
doi:10.1073/pnas.1102255108 Medline

. R. E. Thompson, D. R. Larson, W. W. Webb, Precise nanometer localization analysis for
individual fluorescent probes. Biophys. J. 82, 2775 (2002). doi:10.1016/S0006-
3495(02)75618-X Medline

. S. J. Holden et al., Defining the limits of single-molecule FRET resolution in TIRF
microscopy. Biophys. J. 99, 3102 (2010). doi:10.1016/j.bpj.2010.09.005 Medline

.J. C. Crocker, D. G. Grier, Methods of digital video microscopy for colloidal studies. J.
Colloid Interface Sci. 179, 298 (1996). doi:10.1006/jcis.1996.0217

. C. L. Woldringh, in Bacterial Chromatin, R. T. Dame, C. J. Dorman, Eds. (Springer
Biomedical/Life Science, Netherlands, 2009), pp. 71-96.

. N. J. Delalez et al., Signal-dependent turnover of the bacterial flagellar switch protein FliM
Proc. Natl. Acad. Sci. U.S.A. 107, 11347 (2010). doi:10.1073/pnas.1000284107 Medlin

e

. J. Peccoud, B. Ycart, Markovian modelling of gene-product synthesis. Theor. Popul. Biol.
48, 222 (1995). doi:10.1006/tpbi.1995.1027

. L. Cai, N. Friedman, X. S. Xie, Stochastic protein expression in individual cells at the singl
molecule level. Nature 440, 358 (2006). doi:10.1038/nature04599 Medline

. M. Plank, G. H. Wadhams, M. C. Leake, Millisecond timescale slimfield imaging and
automated quantification of single fluorescent protein molecules for use in probing

e

complex biological processes. Integr. Biol. 1, 602 (2009). doi:10.1039/b907837a Medline

. S. Chandrasekhar, Stochastic problems in physics and astronomy. Rev. Mod. Phys. 15, 1
(1943). doi:10.1103/RevModPhys.15.1

. G. J. Schiitz, M. Sonnleitner, H. Schindler, Ultrasensitive microscopy of the plasma
membrane of living cells. J. Fluoresc. 11, 177 (2001). doi:10.1023/A:1012245016672

.J. E. Moody, L. Millen, D. Binns, J. F. Hunt, P. J. Thomas, Cooperative, ATP-dependent

association of the nucleotide binding cassettes during the catalytic cycle of ATP-binding

cassette transporters. J. Biol. Chem. 277, 21111 (2002). doi:10.1074/jbc.C200228200
Medline

58


http://dx.doi.org/10.1046/j.1365-2958.2001.02447.x
http://dx.doi.org/10.1046/j.1365-2958.2001.02447.x
http://dx.doi.org/10.1126/science.1127344
http://dx.doi.org/10.1126/science.1127344
http://dx.doi.org/10.1038/nmeth.1298
http://dx.doi.org/10.1038/nmeth.1298
http://dx.doi.org/10.1038/nmeth.1176
http://dx.doi.org/10.1038/nmeth.1176
http://dx.doi.org/10.1073/pnas.1102255108
http://dx.doi.org/10.1073/pnas.1102255108
http://dx.doi.org/10.1016/S0006-3495(02)75618-X
http://dx.doi.org/10.1016/S0006-3495(02)75618-X
http://dx.doi.org/10.1016/S0006-3495(02)75618-X
http://dx.doi.org/10.1016/j.bpj.2010.09.005
http://dx.doi.org/10.1016/j.bpj.2010.09.005
http://dx.doi.org/10.1006/jcis.1996.0217
http://dx.doi.org/10.1073/pnas.1000284107
http://dx.doi.org/10.1073/pnas.1000284107
http://dx.doi.org/10.1006/tpbi.1995.1027
http://dx.doi.org/10.1038/nature04599
http://dx.doi.org/10.1038/nature04599
http://dx.doi.org/10.1039/b907837a
http://dx.doi.org/10.1039/b907837a
http://dx.doi.org/10.1103/RevModPhys.15.1
http://dx.doi.org/10.1023/A:1012245016672
http://dx.doi.org/10.1074/jbc.C200228200
http://dx.doi.org/10.1074/jbc.C200228200

	Badrinarayanan refs for SM.pdf
	References


