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Abstract 1 

Bacterial shape is physically determined by the peptidoglycan cell wall. The cell-wall-2 

synthesis machinery responsible for rod shape in Escherichia coli is the processive 'Rod 3 

complex'. Previously, cytoplasmic MreB filaments were thought to govern formation and 4 

localization of Rod complexes based on local cell-envelope curvature. Using single-particle 5 

tracking of the transpeptidase and Rod-complex component PBP2, we found that PBP2 6 

binds to a substrate different from MreB. Depletion and localization experiments of other 7 

putative Rod-complex components provide evidence that none of those provide the sole 8 

rate-limiting substrate for PBP2 binding. Consistently, we found only weak correlations 9 

between MreB and envelope curvature in the cylindrical part of cells. Residual correlations 10 

do not require curvature-based Rod-complex initiation but can be attributed to persistent 11 

rotational motion. We therefore speculate that the local cell-wall architecture provides the 12 

cue for Rod-complex initiation, either through direct binding by PBP2 or through an unknown 13 

intermediate. 14 
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Introduction 15 

The peptidoglycan (PG) cell wall is the major load-bearing structure of the bacterial cell 16 

envelope and physically responsible for cell shape (Vollmer et al., 2008). Rod-like cell shape 17 

in Escherichia coli requires peptidoglycan synthesis by stable multi-enzyme 'Rod complexes' 18 

containing the transglycosylase RodA, the transpeptidase PBP2, the transmembrane protein 19 

RodZ, and the actin homolog MreB (Cho et al., 2016; Emami et al., 2017; Meeske et al., 20 

2016; Morgenstein et al., 2015; Typas et al., 2012). All of these proteins move persistently 21 

around the cell circumference at similar speeds (Cho et al., 2016; Morgenstein et al., 2015; 22 

van Teeffelen et al., 2011), suggesting that these proteins stably associate for processive 23 

cell-wall insertion. Colocalization of MreB and RodZ (Alyahya et al., 2009; Bendezú et al., 24 

2009; Morgenstein et al., 2015) supports this idea.   25 

Other proteins (MreC, MreD, PBP1a, and PBP1b) are possibly also part of these complexes 26 

(Banzhaf et al., 2012; Cho et al., 2016; Contreras-Martel et al., 2017; Kruse et al., 2004; 27 

Morgenstein et al., 2015). MreC activates PBP2 (Contreras-Martel et al., 2017; Rohs et al., 28 

2018). However, the shape defect of a mreCD deletion is partially suppressed by a 29 

hyperactive PBP2 point mutant (Rohs et al., 2018), suggesting that neither MreC nor MreD 30 

are strictly necessary for Rod-complex assembly or function. The bi-functional class-A 31 

penicillin-binding proteins PBP1a and PBP1b interact with PBP2 and RodZ, respectively 32 

(Banzhaf et al., 2012; Morgenstein et al., 2015), and PBP2 activates PBP1a 33 

glycosyltransferase activity in vitro (Banzhaf et al., 2012). However, Rod-complex rotational 34 

motion is independent of class-A PBP activity (Cho et al., 2016). Furthermore, single-35 

molecule tracking suggests that any possible association of PBP1a or PBP1b with the Rod 36 

complex is short lived (Cho et al., 2016). Similar to mreCD, a rodZ deletion can also be 37 

suppressed by point mutations in PBP2, RodA, or MreB (Shiomi et al., 2008). Summarizing, 38 

it emerges, that RodA, PBP2, and MreB form the core of the Rod complex (Rohs et al., 39 

2018). On the contrary, the determinants of Rod-complex spatial distribution and activity, 40 

which are ultimately responsible for cell shape, remain less well understood. 41 

MreB filaments are intrinsically curved (Hussain et al., 2018; Salje et al., 2011). This 42 

curvature likely stabilizes their circumferential orientation (Billaudeau et al., 2019; Hussain et 43 

al., 2018; Olshausen et al., 2013; Ouzounov et al., 2016; Wang and Wingreen, 2013) and 44 

the circumferential orientation of Rod complex motion (Errington, 2015; Hussain et al., 45 

2018).  46 

Previously, it has been suggested that MreB filaments provide a platform that recruits other 47 

Rod-complex components to the site of future cell-wall synthesis (Errington, 2015; Shi et al., 48 

2018; Surovtsev and Jacobs-Wagner, 2018). Accordingly, MreB filaments might be 49 

responsible for the initial localization of Rod complexes. Ursell et al. and others suggested 50 

that MreB filaments are attracted to sites of specific two-dimensional cell-envelope curvature 51 

(Billings et al., 2014; Shi et al., 2018; Ursell et al., 2014) based on mechanical properties of 52 
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MreB filaments and RodZ-MreB interactions (Bratton et al., 2018; Colavin et al., 2018). 53 

However, correlations could also come about indirectly, for example through a curvature-54 

independent depletion of MreB from highly curved cell poles (Kawazura et al., 2017) or 55 

through persistent motion (Hussain et al., 2018; Wong et al., 2017, 2019). Therefore, the 56 

initial localization of Rod complexes could in principle be governed by factors different from 57 

MreB. We thus wondered, whether the cell wall itself could provide a local cue for the 58 

initiation of Rod complexes, independently of cell-envelope curvature. Such a local cue 59 

would have to be sensed by a protein with a periplasmic domain that can possibly bind the 60 

cell wall.   61 

An obvious candidate is the transpeptidase PBP2. For its cross-linking activity PBP2 must 62 

bring together donor peptides on nascent glycan strands and acceptor peptides in the cell 63 

wall. Binding of PBP2 to the existing cell wall could therefore provide an alternative 64 

mechanism of Rod-complex initiation. In support of this hypothesis, a PBP2(L61R) mutant 65 

shows increased cell-wall synthetic activity and affects the distribution of MreB-actin filament 66 

length (Rohs et al., 2018). Further support comes from localization studies in E. coli (Lee et 67 

al., 2014) and Caulobacter crescentus (Dye et al., 2005; Hocking et al., 2012). The spatial 68 

distributions of PBP2 and MreB only partially overlap, which is compatible with the 69 

hypothesis that PBP2 finds sites for activity independently of MreB. 70 

Here, we used single-molecule tracking to demonstrate that diffusive PBP2 molecules stably 71 

bind to an immobile component in the cell envelope. Bound molecules transition between 72 

immobile and persistently moving states, the latter depending on Rod-complex activity. 73 

Interestingly, MreB filaments are not the binding substrate for PBP2, nor does MreB 74 

determine locations of PBP2 binding. Depletion and localization experiments of other known 75 

Rod-complex components suggest that none of those provide the sole substrate for PBP2 76 

binding. These observations suggest that PBP2 or an unknown protein determine the initial 77 

localization of newly forming Rod complexes. We speculate that the cell wall itself provides 78 

the cue for Rod-complex initiation. In support of our observations, we found that MreB 79 

filaments are likely not recruited to regions of particular cell-envelope curvature in 80 

filamentous and normal cells, contrary to (Ursell et al., 2014). Specifically, we found only 81 

weak MreB-curvature correlations once cell poles were excluded from the analysis. Residual 82 

correlations were attributed to weak spontaneous cell bending, suggesting that they are 83 

caused by persistent rotational motion (Wong et al., 2017). Finally, we also found that fast 84 

diffusing molecules cannot contribute to processive Rod-complex activity due to limitations 85 

of diffusion, contrary to (Lee et al., 2014).  86 
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Results 87 

PBP2 enzymes can be quantitatively separated into diffusive and bound fractions 88 

To study the role of PBP2 for the formation of Rod complexes we characterized its different 89 

states of motion, which are potentially representative of different states of substrate binding 90 

and activity. We imaged a functional, N-terminal protein fusion of the photo-activatable 91 

fluorescent protein PAmCherry to PBP2 (Lee et al., 2014). The fusion is expressed from the 92 

native mrdA locus at a level similar to the wild-type protein according to quantitative mass 93 

spectrometry (Fig. 1–SI Fig. 1D; Supplementary File 1a) and Bocillin labeling experiments 94 

[Fig. 1–SI Fig. 1A and also (Lee et al., 2014)]. The strain carrying the fusion maintains rod-95 

like cell shape with only slight deviations of average cell diameter and length (Fig. 1–SI  96 

Fig. 1B) and does not show any growth defect (Fig. 1–SI  Fig. 1C) (Lee et al., 2014).  97 

We obtained single-molecule tracks by single-particle tracking PhotoActivatable Localization 98 

Microscopy (sptPALM) (Manley et al., 2008) in total internal reflection fluorescence (TIRF) 99 

mode, which restricts the observation to the bottom part of the cell. We first imaged PBP2 100 

molecules at high frequency (intervals of 60 ms). We found both spatially extended 101 

trajectories, corresponding to fast diffusing molecules, and trajectories that appeared as 102 

localized, corresponding to immobile or slowly moving molecules (Fig. 1A, Fig. 1–Video 1).  103 

We confirmed the presence of two distinct fractions of diffusing and localized molecules 104 

based on the distributions of jump lengths during different time lags (Fig. 1B). Specifically, 105 

we fit those distributions to a two-state or a three-state diffusion model using the Spot-On 106 

tool (Hansen et al., 2018) (Methods; Supplementary File 2). Both models contain as a 107 

special case an immobile population, and they lead to very similar results (Fig. 1B; Fig. 1–108 

SI Fig. 2). We found a diffusive population with average diffusion constant D = 0.04 μm2/s 109 

containing 74-78 % of all enzymes, and a second population with zero diffusion constant 110 

containing 22-26% of all molecules (Supplementary File 1a). The three-state model led to 111 

slightly better fits, predicting a larger fast-diffusing and a smaller slow-diffusing population 112 

with diffusion constants of D1 = 0.015 ± 0.005  μm2/s and D2 = 0.055 ± 0.006 μm2/s, 113 

respectively. Because the true diffusive behavior might be more complex, we report the 114 

average diffusion constant in the following. We confirmed our findings using an alternative 115 

method that is based on the distribution of single-track effective diffusion constants, yielding 116 

a slightly lower bound fraction (Fig. 1–SI Fig. 3).  117 

Upon overexpressed by about three- to six-fold (Fig. 1–SI 1D) using the vector pKC128 that 118 

expresses PAmCherry-PBP2 from the native mrdAB promoter (Lee et al., 2014) the fraction 119 

of molecules with near-zero diffusion constant decreased to 12.3 ± 1.1% (Fig. 1H-I and 120 

Fig. 1–SI Fig. 2). Here, the three-state diffusion model gave significantly better fits (Fig. 1–121 

SI Fig. 2). We therefore decided to use the three-state model throughout the rest of the 122 
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paper. We also noticed that the average diffusion constant of the diffusive population 123 

decreased from D = 0.042 ± 0.004 μm2/s to 0.025 ± 0.002 μm2/s. We will come back to this 124 

latter point further down. 125 

While diffusing molecules are likely enzymatically inactive and possibly searching for new 126 

sites of cell-wall insertion (see further down), localized molecules are likely bound to an 127 

immobile substrate or part of slowly moving Rod complexes with anticipated speeds of 10-40 128 

nm/s (Cho et al., 2016; van Teeffelen et al., 2011).  129 

Bound PBP2 molecules are either persistently moving or immobile 130 

To test whether all or part of the bound molecules were moving persistently we imaged 131 

PBP2 molecules at low frequency, taking images with an exposure time of 1 s and intervals 132 

of 3.6 s. The long exposure time effectively smears out the fluorescence of fast diffusing 133 

molecules, allowing us to detect the positions of individual bound molecules. Using this 134 

protocol, we found molecules that moved persistently, were immobile, or showed transitions 135 

between these two states (Fig. 1C-E, Fig. 1–Video 2, and Fig. 1–SI Fig. 4).  136 

Persistently moving molecules showed similar distributions of speed and orientation as a 137 

functional msfGFP-MreB fusion (Ouzounov et al., 2016) expressed from the native mreB 138 

locus (Fig. 1F, G) (Cho et al., 2016), in agreement with previous measurements (Cho et al., 139 

2016; van Teeffelen et al., 2011). For accurate velocity measurements, we obtained these 140 

results from movies acquired with a shorter time interval of 1 s. Straight tracks representing 141 

persistently moving molecules were selected based on the mean squared displacements 142 

(MSD) (Fig. 1–SI Fig. 5).  143 

Because PBP2 molecules show transitions between different states in single trajectories, we 144 

quantified immobile and persistent states locally in time. Specifically, we classified motion 145 

states using a single threshold on the mean velocity during four consecutive time steps in 146 

movies acquired with 3.6 s interval (Fig. 1C-E). Window size and velocity threshold (8 nm/s) 147 

were chosen based on computationally simulated tracks (Fig. 1–SI Fig. 6A-C). In 148 

confirmation of our two-state model, we found good agreement between the average MSD 149 

obtained from experiment and simulation for immobile and persistent segments, respectively 150 

(Fig. 1–SI Fig. 6D-F). Other states of motion are therefore likely not present. Using this 151 

criterion, we found a persistent fraction of 42.2 ± 1.1 % of all bound molecules, while 57.8 ± 152 

1.1 % remained immobile (Fig. 1H).  153 

Upon overexpression of PAmCherry-PBP2 as above, we found that the persistent fraction 154 

remained nearly constant (Fig. 1I; Supplementary File 1a), suggesting that the number of 155 

active Rod complexes, 𝑁active = 𝑁PBP2𝑏𝑝 (with 𝑁PBP2 the number of PBP2 molecules, and b 156 

and p the bound and persistent fractions, respectively), increased by about two-fold (Fig. 1–157 

SI Fig. 7B). This finding suggests that PBP2 is an important limiting component for the 158 

number of active Rod complexes. This viewpoint is consistent with the recent report that a 159 
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hyperactive PBP2 point mutant (L61R) increased the overall amount of active Rod 160 

complexes (Rohs et al., 2018). We will come back to this mutant in the next section.  161 

msfGFP-PBP2 fusion confirms findings and demonstrates increased PBP2 binding 162 

upon PBP2 depletion 163 

We tested our findings using a strain that carries a functional msfGFP-PBP2 fusion (Cho et 164 

al., 2016) expressed at the native mrdA locus (AV127). Surprisingly, PBP2 levels were about 165 

four-fold lower than in the wildtype according to quantitative mass spectrometry. Yet, the 166 

strain showed normal cell shape and growth (Fig. 1–SI Fig. 8A). Tracking msfGFP-PBP2 at 167 

high frequency after initial pre-bleaching, we found a fraction of bound PBP2 molecules of 168 

36.5 ± 5 % (Fig. 1–SI Fig. 8C, Fig. 1– Video 3), which is higher than in the case of 169 

PAmCherry-PBP2.  170 

To test whether the higher fraction was due to reduced PBP2 levels, we also used a strain 171 

that carries the same msfGFP-PBP2 fusion under IPTG-inducible control as the sole copy of 172 

PBP2 (MG1655 mrdA::aph (Plac::msfgfp-mrdA)) (Cho et al., 2016). Indeed, we found that the 173 

bound fraction decreased with increasing induction level (Fig. 1–SI Fig. 8C), qualitatively 174 

similar to the PAmCherry fusion.  175 

To our surprise, near-wild-type levels observed at low induction (5 μM IPTG) led to loss of 176 

rod shape at long times (Fig. 1–SI Fig. 9A), even though average PBP2 levels were close to 177 

wild-type levels after 6h (Fig. 1–SI Fig. S8B) and remained constant during long-term 178 

exponential growth (Fig. 1–SI Fig. 9A). Since AV127 did not display shape defects despite 179 

lower average levels of msfGFP-PBP2, we reasoned that shape defects might be due to the 180 

noisier expression from the inducible promoter.  181 

Long-term shape changes in the inducible strain were accompanied by an almost two-fold 182 

increase of the bound fraction (Fig. 1–SI Fig. 9B). We therefore speculated that stronger 183 

PBP2 binding might be a response to the increased need for Rod-complex activity. We will 184 

come back to a potential feedback between PBP2 binding and cell-wall architecture further 185 

down.  186 

As a test of our method, we also tracked an msfGFP fusion to the PBP2 point mutant (L61R) 187 

recently characterized by (Rohs et al., 2018). Based on slow-frequency imaging, they 188 

reported that the number of bound msfGFP-PBP2(L61R) was about two-fold increased as 189 

compared to msfGFP-PBP2 (Rohs et al., 2018). We confirmed this finding quantitatively, 190 

using the same inducible PBP2 fusions (Rohs et al., 2018) (Fig. 1–SI Fig. 8C).  191 

Among the bound wildtype molecules we found a fraction of 76-83 % persistently moving 192 

molecules, depending on strain and expression level (Fig. 1–SI Fig. 10A, Supplementary 193 

File 1a, Fig. 1– Video 4), which is significantly higher than in the case of the PAmCherry 194 

fusion. We therefore reasoned that the PAmCherry fusion might have reduced functionality. 195 
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However, similarly to the PAmCherry fusion, the persistent fraction remained nearly constant 196 

over the 20-fold range of expression levels (according to Western Blot) (Fig. 1–SI Fig. 10A, 197 

Supplementary File 1a). Therefore, PBP2 activity is predominantly limited by the number of 198 

bound PBP2 molecules, similar to the PAmCherry fusion.  199 

We also measured persistent motion in the PBP2(L61R) mutant and found that the 200 

persistent fraction is reduced in comparison to the wild-type protein (Fig. 1–SI Fig. 8A, p-201 

value 0.016).  202 

In summary, these results are compatible with our findings with the PAmCherry fusion.  203 

PBP2 molecules show long persistent runs 204 

The classification into different motion states at the sub-trajectory level allowed us to extract 205 

average transition rates between immobile and persistently moving states, kip and kpi, 206 

respectively (Fig. 2A-B). Depending on the fluorescent-protein fusion, we found values of kip 207 

between 0.014-0.063 s-1, and of kpi between 0.009-0.031 s-1. The msfGFP-PBP2 fusion 208 

shows less frequent arrests and faster transitions from immobile to persistently moving 209 

states, in agreement with its higher fraction of moving molecules (Fig. 1–SI Fig. 10A).  210 

A persistent run of PBP2 terminates either due to an arrest of PBP2 (persistent-to-immobile 211 

transition) or due to an unbinding event (persistent-to-diffusive transition). As an upper 212 

bound of the unbinding rate, we measured the transition rate from the aggregate bound state 213 

(persistent and immobile states) to the diffusive state, kbd (Fig. 2A). Specifically, we acquired 214 

distributions of track lengths for two different imaging intervals of 1 s and 12 s (Fig. 2C), 215 

using the inducible msfGFP-PBP2 fusion with 25 μM IPTG for the higher number of tracks 216 

obtained. Track length is limited by bleaching, unbinding, and persistent molecules leaving 217 

the field of view. The latter two processes are responsible for the shorter track lengths 218 

observed for dt = 12 s. Taking all three processes into account in computational simulations, 219 

we obtained an upper limit of the unbinding rate of kbd < 0.03 s-1, corresponding to a 220 

minimum average lifetime of 30 s (Fig. 2–SI Fig. 1). 221 

The rates kpi and kbd then yield the possible ranges of average run lengths of persistently 222 

moving molecules between 0.3-1.6 μm, depending on protein fusion and exact unbinding 223 

rate. This range is compatible with long tracks of MreB motion observed previously (van 224 

Teeffelen et al., 2011).  225 

PBP2 spatial pattern and bound fraction are independent of MreB cytoskeleton 226 

MreB is often regarded as a hub for Rod-complex components (Errington, 2015; Shi et al., 227 

2018; Surovtsev and Jacobs-Wagner, 2018). To determine whether MreB is the substrate of 228 

PBP2 binding we treated cells with the putative MreB-polymerization inhibitor A22 (Gitai, 229 

2005). A22 treatment (50 μg/ml) strongly reduced both number and size of MreB-msfGFP 230 
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spots observed in the cell envelope (Fig. 3A-D, Fig. 3–SI Fig. 1-2) and abolished rotational 231 

motion (Fig. 3– Videos 1-2). We observed the same qualitative behavior for a functional 232 

RodZ-GFP fusion (Bendezú et al., 2009) expressed as the sole copy of RodZ (Fig. 3A-D, 233 

Fig. 3–SI Fig. 1-2). On the contrary, the spotty pattern of mCherry-PBP2 did not change 234 

during A22 treatment. Since these images were taken with a long exposure time (1s), each 235 

spot likely represents multiple bound PBP2 molecules. Our results thus indicate that MreB 236 

filaments are not the binding substrate for PBP2. We will come back to the role of RodZ 237 

further down. 238 

Next, we measured bound and persistent fractions of PBP2 molecules before and after A22 239 

treatment. The bound fraction remained close to the value of untreated cells for both 240 

PAmCherry- and msfGFP fusions (Fig. 3E; Fig. 3–SI Fig. 3). Yet, the fraction of persistently 241 

moving molecules nearly vanished (Fig. 3F). This is consistent with the arrest of MreB 242 

rotation (Fig. 3– Video 2) and with previous bulk measurements of Rod-complex activity 243 

(Uehara and Park, 2008). To follow the bound fraction during two mass-doubling times 244 

(Fig. 3E), we used an intermediate concentration of A22 (20 μg/ml), which did not affect 245 

growth (Fig. 3–SI Fig. 4A). Together, our findings suggest that MreB polymers are neither 246 

the substrate of PBP2 binding nor do they affect the rate of PBP2 binding and unbinding.   247 

MreB depolymerization did also not elicit a rapid change of the diffusion constant of the 248 

freely diffusing molecules (Fig. 3E), suggesting that MreB does not significantly constrain the 249 

movement of diffusive PBP2 molecules (Strahl et al., 2014). Therefore, if PBP2 binds its 250 

substrate from the diffusive state, the locations of PBP2 binding are also independent of 251 

MreB. 252 

A22 treatment already demonstrates that PBP2 binding is independent of Rod-complex 253 

activity. We confirmed this finding using the PBP2-targeting beta-lactam Mecillinam, which 254 

binds covalently to the active site (Spratt, 1975). Mecillinam did not cause a reduction of the 255 

bound fraction (Fig. 3E), demonstrating that PBP2 binds its binding target with a moiety 256 

different from its active site.  257 

At long times of treatment with Mecillinam or A22 (120 min) the bound fraction increased 258 

and the diffusion constant decreased (Fig. 3E), which coincides and is potentially caused by 259 

the loss of normal cell-wall architecture during loss of rod-like cell shape (Fig. 3–SI Fig. 4C), 260 

similar to the increase of the bound fraction at sustained low induction levels of msfGFP-261 

PBP2 (Fig. 1–SI Fig. 9B). 262 

PBP2 binds to its substrate at locations that are independent of MreB localization  263 

To demonstrate that PBP2 binding was indeed independent of MreB filaments or Rod-264 

complex activity as suggested by Fig. 3 we still needed to show that PBP2 molecules 265 

interchange between diffusive and bound states during A22 treatment. We already found a 266 

low upper bound for the transition rate from bound to diffusive states in non-treated cells (kbd 267 
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< 0.03 s-1) (Fig. 2C), and we expect inverse transitions to occur even more rarely. We 268 

therefore used a variant of Fluorescence Recovery After Photobleaching (FRAP) (Fig. 4A) 269 

termed Bound-Molecule FRAP: Instead of measuring fluorescence intensity we measure the 270 

bound fraction at different time points, after bleaching almost all molecules at the bottom of 271 

the TIR field of view. Right after bleaching, the bound fraction dropped significantly (Fig. 4B), 272 

suggesting that fast diffusing molecules re-entered the observation window within less than 273 

half a minute but did not quickly bind their substrate. Within about 2-4 min the bound fraction 274 

recovered, yielding a transition rate from diffusive to bound states of kdb = (4.3 ± 2)*10-3 s-1. 275 

The same experiment in non-treated cells did not reveal recovery of the bound fraction 276 

(Fig. 4–SI Fig. 1), likely because bound molecules leave the field of view through persistent 277 

motion within less than 1 min (Methods).  278 

Since the bound and diffusive fractions did not change by more than 10% after A22 279 

treatment, transition rates from the diffusive into the bound states must be matched by 280 

reverse transitions from the bound to the diffusive state with a rate kbd = kdb(1-b)/b = 281 

0.015 ± 0.009 s-1, where b is the bound fraction. We confirmed this expectation through 282 

independent lifetime measurements of A22-treated cells, similar to those in Fig. 2 (Fig. 4C), 283 

yielding kbd = 0.018 ± 0.01 s-1. Since bound fractions are almost identical for untreated and 284 

A22-treated cells, we reasoned that binding and unbinding rates kbd and kdb are likely also 285 

the same in both conditions. 286 

The average lifetime of a bound molecule of about 1 min is 70-fold smaller than the cell 287 

doubling time of 70 min (Fig. 1–SI Fig. 1C). Therefore, almost all bound PBP2 molecules 288 

observed at any time have undergone multiple transitions from the diffusive to their current 289 

bound state. Together with the previous observation that free diffusion is not constrained by 290 

MreB filaments. We can thus conclude that PBP2 binds its substrate at locations that are 291 

determined independently of MreB filaments. 292 

PBP2 or an unknown low-abundant substrate determines the location of new Rod 293 

complexes  294 

Two qualitatively different scenarios for the formation of an active Rod complex are 295 

conceivable (Fig. 4D): First, PBP2 could bind to a location in the cell envelope and then 296 

recruit MreB filaments directly (through diffusion and capture or through nucleation). 297 

Alternatively, MreB filaments could bind the PBP2-binding site independently of PBP2 298 

(however, without actively influencing the sites of PBP2 binding itself, as shown in the 299 

previous paragraph).  300 

The latter scenario would pose a strong constraint on the binding substrate: It would require 301 

that a fraction of binding sites at least as high as the persistent fraction of PBP2 molecules 302 

was occupied by MreB filaments. This scenario would thus require that the number of 303 

binding sites is not much higher than the number of MreB filaments in the cell envelope, but 304 
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still greater than the number of bound PBP2 molecules. With a conservative estimate of 305 

MreB filaments of about 200 per cell (Methods) and bound molecules of about 10-150 306 

depending on expression and measurement method (Fig. 1–SI Fig. 7A), this constraint 307 

would require that the binding substrate is low-abundant. Alternatively, if MreB was recruited 308 

through bound PBP2 molecules, binding targets could be highly abundant. 309 

None of the known Rod-complex components appears as the sole rate-limiting 310 

binding substrate for PBP2 311 

To investigate the role of known Rod-complex components different from MreB as potential 312 

binding substrates for PBP2, we constructed depletion strains for RodA, RodZ, or MreCD in 313 

a background strain expressing either native levels of PAmCherry-PBP2 (for RodZ, MreCD) 314 

or overexpressing PAmCherry-PBP2 (for RodA). Without repression, almost all strains 315 

showed normal growth rate (Fig. 5–SI Fig. 1), cell shape (Fig. 5A, Fig. 5–SI Fig. 2A-B), 316 

bound fractions (Fig. 5C), and persistent fractions (Fig. 5D). Only the RodA-depletion strain 317 

showed longer cells and grew slightly slower than the wild type, in agreement with the 318 

growth rate of the overexpression strain (Fig. 1–SI Fig. 1C). Furthermore, the RodZ-319 

depletion strain showed slightly higher bound and persistent fractions.  320 

Within 6 h of depletion, cell shape was perturbed (Fig. 5B, Fig. 5–SI Fig. 2A-B), and 321 

repressed protein levels were reduced below wildtype levels (Fig. 5–SI Fig. 2C), while PBP2 322 

levels remained close to initial levels (Fig. 5–SI Fig. 2D, Supplementary File 1b). 323 

Furthermore, growth rates were at most weakly reduced with respect to non-repressed 324 

conditions (Fig. 5–SI Fig.1). 325 

Upon depletion of RodA or MreCD, bound fractions remained constant (Fig. 5C). According 326 

to previous measurements (Vigouroux et al., 2018), RodA was likely repressed by at least 327 

three-fold below levels of bound PBP2 molecules (Methods), suggesting that RodA is not the 328 

main binding substrate. Due to high residual levels of MreC and possibly high levels of 329 

undetected MreD it is possible that either or both of these proteins are required for PBP2 330 

binding. However, constancy of the bound fraction despite a 2.3-fold reduction of MreCD 331 

levels with respect to MG1655, suggests that MreC and MreD are not rate-limiting for PBP2 332 

binding. 333 

Depletion of RodZ led to a significant reduction of the bound fraction (p-value = 0.021). At 334 

the same time, the persistent fraction remained high, which is compatible with observations 335 

of reduced but continued MreB motion (Dion et al., 2019).  The drop of the bound fraction 336 

already occurred within two hours (Fig. 5–SI Fig. 2F), suggesting that RodZ modulates the 337 

rates of PBP2 binding or unbinding.  338 

Despite the strong effect of RodZ depletion, multiple observations suggest that RodZ is not 339 

the sole rate-limiting substrate for PBP2 binding: First, the bound fraction increased after 6 h 340 

of depletion, despite a continued low level of RodZ (Fig. 5–SI Fig. 2C, F). Second, the 341 
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spatial pattern of RodZ but not of PBP2 depends on the presence of MreB filaments (Fig. 3), 342 

suggesting that the localization of PBP2 does also not depend on RodZ. Third, correlations 343 

between spatial patterns of mCherry-PBP2 and RodZ-GFP in cells expressing both fusions 344 

as sole copies of the respective proteins were low, in contrast to RodZ-GFP and MreB-345 

mCherry (Fig. 5–SI Fig. 3) (Alyahya et al., 2009; Morgenstein et al., 2015).  346 

Finally, ponA deletion (PBP1a) (Fig. 5) led to a drop of the bound fraction. Therefore, PBP1a 347 

is not required for PBP2 binding but might aid PBP2 binding or stabilize bound PBP2.  348 

In conclusion, RodA and PBP1a are likely not the substrate for PBP2 binding, and we found 349 

evidence that neither MreCD nor RodZ are the sole rate-limiting substrate for PBP2.  350 

MreB-curvature correlations are likely the result of persistent motion 351 

Previously, Ursell et al. observed that MreB filaments were excluded from regions of positive 352 

Gaussian cell-envelope curvature such as found at the cell poles, while MreB was enriched 353 

in regions of negative Gaussian curvature as found at the inner sides of bent cells (Ursell et 354 

al., 2014). They concluded that the locations of Rod-complex activity are determined by 355 

MreB filaments preferentially localizing to sites of negative Gaussian curvature in rod-356 

shaped cells (Ursell et al., 2014). This conclusion is in contradiction to our finding that PBP2 357 

is responsible for the initial localization of new Rod complexes in the cylindrical part of the 358 

cell. However, MreB-curvature correlations could also come about indirectly through 359 

persistent rotational motion (Hussain et al., 2018; Wong et al., 2017, 2019) or additional 360 

mechanisms of polar exclusion (Kawazura et al., 2017), without any curvature-based Rod-361 

complex initiation. To resolve this conflict, we reinvestigated MreB-curvature correlations 362 

and their potentially different origin.  363 

We followed a very similar approach to (Ursell et al., 2014). Specifically, we measured the 364 

spatial pattern of MreB-msfGFP (Ouzounov et al., 2016) on the two-dimensional cell contour 365 

(Fig. 6A,B) both in filamentous cells, through expression of the division inhibitor SulA (Bi and 366 

Lutkenhaus, 1993), and in non-filamentous cells growing on agarose pads under the 367 

microscope. We obtained the contour curvature of the cell from phase-contrast images using 368 

the Morphometrics cell segmentation tool (Ursell et al., 2017, 2014). In cylindrical regions of 369 

normally growing or filamentous cells with low variations of cell diameter 𝜎 , contour 370 

curvature 𝜅 is a good proxy for Gaussian curvature G, with 𝐺 = 2 𝜅 𝜎⁄ .  371 

First, we measured the enrichment of MreB intensity at the cell contour as a function of local 372 

contour curvature, just like (Ursell et al., 2014) (Fig. 6C for filamentous cells; Fig. 6–SI Fig. 1 373 

for wild-type cells). In quantitative agreement with their data we found enrichment of MreB at 374 

negative curvature and depletion at positive curvatures, as present at cell poles.  375 

We then constrained our analysis to the cylindrical part of the cells and found that 376 

correlations were reduced by about five-fold at positive curvature values (Fig. 6C). These 377 
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findings demonstrate that the pattern of MreB localization is not simply a function of contour 378 

or Gaussian curvature. Instead, curvature correlations are qualitatively different at different 379 

parts of the cell and dominated by cell poles. On the contrary, correlations between MreB 380 

and contour curvature in the cylindrical part of the cell are weak. 381 

In previous work by some of us (Wong et al., 2017) we found small but significant 382 

correlations between MreB and cell-centerline curvature in mechanically bent cells. We 383 

therefore wondered whether residual correlations between MreB and contour curvature in 384 

the cylindrical part of the cell observed here were dominated by weak cell bending (Fig. 6A) 385 

likely caused by cells attaching to the glass surface (Duvernoy et al., 2018). To that end we 386 

restricted our analysis to regions of the cell, where the spatially filtered cell centerline (using 387 

a Gauss filter of σ = 80 nm) was nearly straight (Fig. 6A). These regions still showed 388 

variations of cell-envelope curvature due to bulges or indentations (Fig. 6F). However, we 389 

did not find any significant correlations between MreB and contour curvature (Fig. 6D). 390 

Therefore, all residual MreB-curvature correlations after removal of poles and septa can be 391 

attributed to weak cell bending, while bending-independent bulges and indentations do not 392 

affect MreB localization.  393 

We confirmed our findings with two alternative approaches: First, we subtracted from the 394 

local contour curvature the curvature contribution due to cell bending (Fig. 6–SI Fig. 2A-B). 395 

Residual curvature fluctuations originate from bulges or indentations. Consistently with our 396 

observation in straight cell segments, we found no significant correlations between MreB 397 

and corrected contour curvature. In an independent approach, we corrected MreB intensity 398 

values along the contours for the effect expected from cell-centerline bending (Fig. 6–SI 399 

Fig. 2C). Again, we did not find residual correlations after correction. Both of these analyses 400 

therefore strongly support the conclusion that spontaneous cell bending is responsible for all 401 

correlations between MreB and contour curvature in the cylindrical parts of normally growing 402 

cells.  403 

Previously, we demonstrated that a small bending-induced enrichment of MreB can be 404 

explained by persistent rotational motion of MreB filaments (Wong et al., 2017), because 405 

rotating MreB filaments tend to accumulate at inner regions of bent cells. Our observations 406 

are therefore compatible with a model of MreB-independent initiation of Rod complexes 407 

through PBP2.  408 

Diffusing PBP2 molecules do not contribute to Rod-complex activity 409 

It was previously suggested that diffusive PBP2 molecules contribute to cell-wall synthesis 410 

(Lee et al., 2014). However, if diffusive PBP2 molecules indeed contributed to processive 411 

Rod-complex activity, any cross-linking site of a moving Rod complex would have to be 412 

found by independent PBP2 molecules through diffusion at a rate equal to the cross-linking 413 
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rate of up to 15/s. This rate corresponds to the distance between cross links of 2 nm 414 

(Meroueh et al., 2006) and a speed of PBP2 of 30 nm/s frequently observed (Fig. 1F).  415 

To test whether PBP2 diffusion was fast enough for the biological cross-linking rate, we 416 

conducted computational simulations of freely diffusing PBP2 molecules and measured the 417 

average encounter rate between any simulated molecule and a given target site 418 

representing a Rod complex (Fig. 7A, B). We found that the rate between encounters was at 419 

least three times lower than the rate of cross-linking, even if a single enzyme had a high 420 

chance of returning to the same site and conduct multiple cross-linking reactions on average 421 

(Fig. 7C). Therefore, free diffusion cannot account for physiological cross-linking rates.  422 

As an extension of the model we considered the possibility that PBP2 molecules underwent 423 

facilitated diffusion by preferentially diffusing along MreB filaments, which could possibly 424 

serve to increase encounter rates between PBP2 and cell-wall-insertion sites. One-425 

dimensional diffusion along filaments indeed increased the encounter rate (Fig. 7D). 426 

However, due to the preferentially circumferential orientation of MreB filaments, facilitated 427 

diffusion would also lead to reduced and asymmetric diffusion (Fig. 7E). On the contrary, we 428 

did not observe increased diffusion around the circumference (Fig. 7F). Therefore, Rod-429 

complex activity requires the stable association between transglycosylase and 430 

transpeptidase for multiple cross-linking events. Our findings suggest, that only the 431 

persistently moving fraction of PBP2 molecules substantially contributes to cross-linking.  432 

Discussion  433 

In summary, we found an important role of PBP2 for Rod-complex initiation and persistent 434 

cell-wall synthetic activity. New Rod complexes are initiated once PBP2 binds to an 435 

immobile substrate in the cell envelope that is different from MreB filaments. Furthermore, 436 

we found evidence that none of the known Rod-complex components provides the sole rate-437 

limiting binding substrate for PBP2.  438 

PBP2 might bind directly to the cell wall 439 

Based on our observations we speculated that PBP2 might bind to the cell wall directly. 440 

Support for this viewpoint comes from the diffusive motion of PBP2 molecules. PBP2 441 

diffusion is much slower than diffusion of similar-size membrane proteins (Kumar et al., 442 

2010) or of a truncated version of PBP2 (Lee et al., 2014), suggesting that PBP2 might 443 

weakly bind the cell wall even during diffusion (Lee et al., 2014). We found that depletion of 444 

RodA, RodZ, and MreCD caused an additional decrease of the diffusion constant (Fig. 5–SI 445 

Fig. 2E), similarly to long-term treatment with A22 or Mecillinam (Fig. 3E). In all cases, Rod-446 

complex activity is inhibited or reduced, which changes cell-wall architecture (Wang et al., 447 

2012) and reduces the degree of cross-linking (Uehara and Park, 2008). These observations 448 

support the model that diffusion is governed by the physical interactions between PBP2 and 449 
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the cell wall (Lee et al., 2014). Interestingly, overexpression of PBP2 also led to a reduction 450 

of the diffusion constant (Fig. 1–SI Fig. 2). To determine whether this reduction is due to an 451 

alteration of the cell-wall structure or due to a different cause, will require further 452 

investigation.  453 

Cell-wall architecture and not envelope curvature likely provides the signal for Rod-454 

complex initiation 455 

It has been proposed that Rod complexes are recruited to sites of specific cell-envelope 456 

curvature based on mechanical properties of MreB (Ursell et al., 2014). We found that 457 

correlations between MreB filaments and cell-envelope curvature in normally growing rods 458 

do not require any curvature-dependent initiation of Rod complexes. This observation does 459 

not rule out that MreB-curvature correlations in cells of strongly perturbed shape might be 460 

influenced by MreB-filament bending or twisting (Bratton et al., 2018; Colavin et al., 2018). 461 

Evidence for motion-independent curvature preferences comes from C. crescentus (Harris et 462 

al., 2014). However, our study as well as previous studies (Hussain et al., 2018; Wong et al., 463 

2017, 2019) suggest that MreB-filament rotation around the circumference are responsible 464 

for MreB-curvature correlations in wild-type and filamentous cells. Therefore, the physical 465 

signal underlying the spatial pattern of new Rod complexes is likely found in the local 466 

architecture of the cell wall, and not, as previously suggested, in the geometry of the 467 

cytoplasmic membrane.  468 

What is the PBP2-binding substrate? 469 

The bound fraction of PBP2 molecules remained nearly constant upon A22 or Mecillinam 470 

treatment (Fig. 3). We thus reasoned that persistently moving and immobile molecules are 471 

likely bound to the same substrate. In Gram-negative E. coli, active Rod complexes are 472 

thought to insert nascent glycan strands in between template strands (Höltje, 1998), even if 473 

deviations from perfect alignment are reported (Turner et al., 2018). During cell-wall 474 

insertion, Rod complexes might therefore stay connected to the local cell wall through 475 

associations between PBP2 and a template strand, independently of enzymatic activity. In 476 

the future, it will be interesting to study potential interactions at the molecular level. These 477 

might then also reveal structural features of the cell wall potentially responsible for stable 478 

PBP2 association. 479 

What determines the rates of binding and unbinding? 480 

PBP2 molecules transition only slowly between bound and diffusive states (Fig. 2). Possibly, 481 

PBP2 is found in two different molecular states that facilitate stable binding or allow for 482 

diffusive motion – either through conformational change or through interaction with an 483 

unknown interaction partner. Depletion experiments with RodA through CRISPRi suggest 484 
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that RodA is not involved in this process, since RodA levels were likely repressed below the 485 

levels of bound PBP2. Depletion experiments with MreCD and RodZ suggest that none of 486 

these proteins constitutes the sole rate-limiting binding substrate. However, residual protein 487 

levels upon depletion were too high to rule out an important and possibly essential role for 488 

PBP2 binding. Specifically, RodZ depletion led to a reduction of the bound fraction, 489 

suggesting that RodZ directly modulates PBP2 binding or the stability of the bound form of 490 

PBP2. This is compatible with previous observations of RodZ-PBP2 interactions (Bendezú et 491 

al., 2009; Morgenstein et al., 2015). It will thus be interesting to investigate the role of RodZ 492 

for PBP2 binding or unbinding in more detail in the future. 493 

How do MreB filaments 'find' the binding substrate?  494 

We reasoned that MreB filaments must either be recruited to bound PBP2 molecules or to 495 

an unknown, low-abundant binding substrate. To find its target, MreB filaments could 496 

explore the cell envelope through rapid diffusive motion previously overlooked. Alternatively, 497 

the binding target could nucleate new MreB filaments. Other Rod-complex components such 498 

as RodZ could facilitate this process. This latter hypothesis is supported by the recent 499 

observation that the hyperactive PBP2(L61R) mutant described above causes more and 500 

shorter MreB filaments (Rohs et al., 2018). 501 

High residual Rod-complex activity upon PBP2 overexpression suggests that PBP2 502 

activates the Rod complex  503 

We observed that the fraction of bound PAmCherry-PBP2 molecules decreased by about 504 

two-fold upon three-fold increase of enzyme levels. Together with a nearly constant fraction 505 

of persistently moving molecules, this suggests that the number of active enzymes increases 506 

about two-fold (Supplementary File 1a). Therefore, PBP2 appears to be an important limiting 507 

factor for Rod-complex activity. This finding is consistent with the previous observation that 508 

PBP2 activates RodA (Rohs et al., 2018). 509 

For the msfGFP-fusion we observed that the decrease of the bound fraction was roughly 510 

inversely proportional to expression level up to 5 μM IPTG (Supplementary File 1a). 511 

However, while this level of induction lead to wild-type levels of enzymes on average, it still 512 

led to a time-dependent change of cell shape and bound fraction. The quantitative 513 

interpretation of this result is therefore difficult.  514 

Both fusions suggest that PBP2 abundance might not be the sole limiting factor for PBP2 515 

binding and Rod-complex activity, and we already found two qualitatively different limiting 516 

factors: RodZ has a strong effect on PBP2 binding, possibly by facilitating binding or by 517 

stabilizing the bound fraction, while RodA and MreCD have seemingly no effect on binding 518 

but an important limiting role for persistent motion.  519 
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Rod-complex activity and cell shape 520 

Despite the substantial residual degree of persistent motion upon depletion of MreCD, 521 

RodA, or RodZ, the presence of all these components is required to stably maintain rod 522 

shape. A recent paper suggested that cell diameter in E. coli is partially determined by the 523 

spatial density of active Rod complexes (Dion et al., 2019). The model is compatible with the 524 

fold-change of persistently moving PBP2 molecules and cell-diameter changes observed 525 

during MreCD and RodZ depletion. However, during RodA-depletion this simple model does 526 

not apply: Due to overexpression of PBP2, the total number of persistently moving PBP2 527 

molecules per cell is likely as high as in the wildtype – even during RodA depletion. In the 528 

future, it will therefore be interesting to study how the stoichiometry of different Rod-complex 529 

components affects cell-wall insertion and cell shape.  530 
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 677 

Figure 1. PBP2 molecules reside in diffusive, immobile, or persistently moving states. 678 

(A) Representative trajectories of PAmCherry-PBP2 molecules (TKL130) obtained by high-679 
frequency imaging (time interval 60 ms) reveals diffusive (blue) and bound (orange) 680 
molecules. 681 

(B) Probability distribution of single-molecule jump lengths (solid lines, colored) and fit 682 
(dashed, black) using a three-state-diffusion model for different time intervals. 78% of PBP2 683 
move diffusively with <D> = 0.042 μm2/s while 22% are immobile. The shaded area indicates 684 
standard deviation between 6 biological replicates. 685 

(C-E) Low-frequency imaging (3.6 s with 1 s exposure time) reveals that bound PBP2 686 
molecules are either persistently moving (C) or immobile (D), according to the instantaneous 687 
PBP2 velocity. PBP2 molecules show transitions between persistent and immobile states 688 
(E).  689 

(F-G) Persistently moving PBP2 and MreB filaments show similar speeds (F) and 690 
orientations of motion (orientation measured with respect to the cell centerline) (G).  691 

(H-I) Average fractions of bound, diffusive, persistently moving, and immobile PAmCherry-692 
PBP2 at native levels (TKL130) (H) or if overexpressed (TKL130/pKC128) (I). Dots show 693 
biological replicates.  694 
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 695 

 696 

Figure 2. PBP2 molecules transition between different dynamic states.  697 

(A) Diagram illustrating transition rates measured between different motion states.  698 

(B) Transition rates between immobile and persistently moving states for different protein 699 
fusions and expression levels. Circles: biological replicates. 700 

(C) Fluorescence-lifetime distributions of msfGFP-PBP2 trajectories with imaging intervals of 701 
1 s (black solid line) and 12 s (red solid line). Dashed lines represent a joint fit of the two 702 
curves to a model of photobleaching and bleaching-independent track termination, the latter 703 
comprising unbinding and persistently molecules leaving the TIR field of view (bleaching 704 
probability per frame pb = 0.39 ± 0.08, apparent track termination rate ka = 0.035 ± 0.007 s-1). 705 
Based on a model for persistent motion, we obtained an upper limit of the unbinding rate of 706 
kbd < 0.03/s (Fig. 2–SI Fig. 1). Shaded region: Standard deviation between at least 3 707 
technical replicates.   708 
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   709 

Figure 3. Spatial distribution and magnitude of PBP2 bound fraction are independent 710 
of MreB cytoskeleton. 711 

(A-B) 30-min A22 treatment (50 μg/ml) visibly reduces peak number and intensity of MreB-712 
msfGFP and GFP-RodZ but not of mCherry-PBP2 on cell boundaries, as seen in epi-713 
fluorescence images (A) and in line profiles measured along the cell contour (B), starting 714 
from one cell pole at x=0 as indicated by the green arrow in (A). Image exposure time 1 s. 715 
Scale bar 1 μm. 716 

(C) Peak density on the cell boundary [1/μm] as function of peak intensity for two A22 717 
concentrations (20, 50 μg/ml). Intensities are normalized by median peak intensity in 718 
untreated cells. Gray regions: peaks within noise floor. 719 

(D) Density of all peaks above noise floor in (A) for untreated and A22-treated conditions. 720 

(E) Left. Bound fraction and diffusion constant of PAmCherry-PBP2 30 minutes after drug 721 
treatment with mecillinam (labeled ‘Mec’, 100 μg/ml) or A22 (20 or 50 μg/ml). Right. Bound 722 
fraction and diffusion constant over time after treatment with A22 (20 μg/ml) or mecillinam 723 
(100 μg/ml). Dots indicate technical replicates. Red lines and shaded areas: Average values 724 
and standard deviations between biological replicates from untreated cells.  725 

(F) Persistent fractions corresponding to the 30 min time point in (E).  726 
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 728 

 729 

Figure 4. PBP2 slowly transitions between diffusive and bound states.  730 

(A) Bound-Molecule-FRAP reveals rate of PAmCherry-PBP2 binding kdb: i) Diffusive (stars) 731 
and bound (hexagons) molecules are activated at bottom of cell through TIR illumination. ii) 732 
Most activated diffusive molecules (purple) leave the field of view. iii) Remaining molecules 733 
are bleached (red). iv) Activated diffusive molecules partially return into the field of view, 734 
where they can bind (black arrow). v) Measurement of bound fraction.  735 

(B) Bound fraction according to (A) at different lag times. Black horizontal line and shaded 736 
area: bound fraction without bleaching and standard deviation from technical replicates.  An 737 
exponential fit in the form b(t) = a1 - a2 exp[-kdb t] (red line) yields binding rate kdb = (4.3 ± 738 
2)*10-3 s-1. Dots represent technical replicates. Shaded area shows standard deviation 739 
between 6 biological replicates. 740 

(C) Fluorescence-lifetime distributions of msfGFP-PBP2 tracks in A22-treated cells with 741 
imaging intervals of 1 s (black solid line) and 12 s (red solid line) yields unbinding rate kbd = 742 
0.02 ± 0.01 s-1. Shaded area shows standard deviation between at least 3 technical 743 
replicates. 744 

(D) Cartoon of suggested Rod-complex initiation: PBP2 (blue) binds to a target site in the 745 
cell envelope (white circle) independently of MreB filaments or PBP2 activity. PBP2 or the 746 
target site then recruits an MreB filament through diffusion and capture (green) or through 747 
nucleation, and also recruits other rod-complex components (magenta).  748 
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 749 

Figure 5. Depletion of known rod-complex components only weakly affects PBP2 750 
binding. 751 

(A-B) Cell shape upon near-native expression (A) or long-time depletion (B) of RodA, 752 

MreCD, RodZ, or PBP1a. RodA was repressed for 9h through CRISPRi against mrdAB 753 
operon (coding for PBP2 and RodA) in AV48/pKC128 [PmrdA::PAmCherry-PBP2]. Here, 754 
PBP2 was 2-5-fold overexpressed from plasmid pKC128 to avoid PBP2 depletion upon 755 
mrdAB repression. MreCD was depleted for 6h in TKL130 ΔmreCD/pFB121 [Plac::mreCD]. 756 
RodZ was depleted for 6h in TKL130 ΔrodZ/pFB290 [Plac::rodZ]. PBP1a is not essential and 757 
was deleted. In all cases except for PBP1A, cells loose rod-like cell shape. 758 

(C-D) Bound fractions (C) and persistent fractions (D) of PAmCherry-PBP2 upon expression 759 
or depletion of proteins indicated above (A). Dots represent biological replicates.  760 
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  761 

Figure 6. Differential MreB-curvature correlations in filamentous cells are due to cell 762 
poles and cell bending.  763 

(A-B) Phase-contrast image (A) and fluorescence intensity (B) of a representative 764 
filamentous E. coli expressing MreB-msfGFP and SulA (NO53/pDB192). Contours (cyan) 765 
are obtained by computational cell segmentation. Positive contour curvature is found at cell 766 
poles, bulges, and outer parts of spontaneously bent regions, while negative curvature is 767 
found at indentations and inner parts of bent regions. Straight cell segments (yellow) are 768 
defined as regions where the curvature of the spatially averaged centerline (magenta) is 769 
smaller than 0.05 μm-1.  770 

(C-D) Normalized average MreB intensity as a function of local contour curvature. 771 
Comparison between correlations obtained from full contours (black) and side walls (green) 772 
(C) and from side walls (green) and straight cell segments (magenta) (D).  773 

(E-F) Distributions of contour-curvature values corresponding to correlation plots in (C-D). 774 
Shaded region: Standard deviation between 3 biological replicates.   775 
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 776 

Figure 7. Testing a possible role of diffusive PBP2 for cross-linking.  777 

(A) Cartoon of PBP2 finding the target site of a 'rod complex' through free diffusion (left) or 778 
filament-facilitated diffusion (right).  779 

(B) The average encounter rate between any of 100 freely diffusing PBP2 molecules and a 780 
given rod-complex site as a function of the unknown latency time toff (the duration for which a 781 
single PBP2 enzyme is inactive after a cross-linking reaction) (red) in comparison to the 782 
physiological cross-linking rate (dashed-dotted line) (C) Distribution of the number of 783 
successive cross-linking reactions conducted by the same PBP2 molecule at the same rod-784 
complex site for two different latency times.  785 

(D-E) Facilitated diffusion along circumferentially oriented filaments centered at every rod-786 
complex site increases the encounter rate (D) and renders diffusion asymmetric (E).  787 

(F) Diffusion of PAmCherry-PBP2 is along the long axis of the cell (x-direction) is not faster 788 
than around the circumference (y-direction), suggesting that PBP2 does not undergo 789 
facilitated diffusion along circumferentially oriented filaments. Reduced diffusion around the 790 
circumference is possibly caused by out-of-plane motion.  791 
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1. Key Resources Table 826 

Reagent type 
(species) or 
resource 

Designat
ion 

Source or 
reference 

Identifiers Additional 
information 

strain, strain 
background (E. 
coli) 

TKL130 (Lee et al., 
2014) 

MG1655 
mrdA::PAmCherry-
mrdA 

 

strain, strain 
background (E. 
coli) 

EW07 This work 
TKL130 ΔmreCD, 
pFB121 

Materials 
and 
Methods, 
Section 2. 

strain, strain 
background (E. 
coli) 

EW49 This work 
TKL130 ΔrodZ, pFB290 Materials 

and 
Methods, 
Section 2. 

strain, strain 
background (E. 
coli) 

AV48 This work 
186attB::Ptet-dcas9, 
mrdA::rPAmCherry-
mrdA 

Materials 
and 
Methods, 
Section 2. 

strain, strain 
background (E. 
coli) 

NO53  (Ouzounov et 
al., 2016) 

MG1655 mreB-
msfGFPsw 

 

strain, strain 
background (E. 
coli) 

TU230(attL
HC943) 

(Rohs et al., 
2018) 

MG1655 mrdA::aph 
(Plac::msfgfp-mrdA) 

 

strain, strain 
background (E. 
coli) 

TU230(attL
PR122) 

(Rohs et al., 
2018) 

MG1655 mrdA::aph 
(Plac::msfgfp-
pbpA(L61R)) 

 

strain, strain 
background (E. 
coli) 

S352 This work 
MG1655 ΔponA::aph Materials 

and 
Methods, 
Section 2. 

strain, strain 
background (E. 
coli) 

FB83 (Bendezú and 
Boer, 2008)   

MG1655, lacIZYA::frt, 
mreB-mCherrySW 
yhdE::frt  

 

strain, strain 
background (E. 
coli) 

AV07 (Vigouroux et 
al., 2018) 

MG1655 
mrdA::mcherry-mrdA 

 

strain, strain 
background (E. 
coli) 

AV127 This work 
186::dCas9, 
mrdA::sfgfp-mrdA 

Materials 
and 
Methods, 
Section 2. 

strain, strain 
background (E. 

FB60 
(iFB273) 

(Bendezú and 
Boer, 2008)   

MG1655 lacIZYA::frt, ro
dZ::aph, Plac::gfp-rodZ 
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coli) 

strain, strain 
background (E. 
coli) 

S504 This work 
FB83, rodZ::aph, Plac::g
fp-rodZ 

Materials 
and 
Methods, 
Section 2. 

strain, strain 
background (E. 
coli) 

S505 This work 
AV07, rodZ::aph, Plac::g
fp-rodZ 

Materials 
and 
Methods, 
Section 2. 

chemical 
compound, drug 

Mecillinam Sigma-Aldrich, 
#33447 

  

chemical 
compound, drug 

A22 Cayman 
Chemical 
#15870 

  

software, 
algorithm 

Trackmate (Tinevez et al., 
2017) 

10.1016/j.ymet
h.2016.09.016 

  

software, 
algorithm 

Morphometr
ics 

(Ursell et al., 
2017) 

  

software, 
algorithm 

Spot-On 

 

(Hansen et al., 
2018) 

  

2. Strain construction 827 

All strains, plasmids, and primers can be found in Supplementary File 3. 828 

EW07: To obtain the MreCD depletion strain EW07 (TKL130 ΔmreCD, pFB121) we 829 
introduced pFB121 (Bendezú and Boer, 2008)  into TKL130. We replaced the mreCD gene 830 
by a kanamycin resistance gene (amplified from pKD13 with primer DmreC_fw and 831 
DmreC_rv) using the λ-Red mediated recombineering system expressed from pTKred  832 
(Kuhlman and Cox, 2010). The resulting strain was then grown at 42°C to cure the plasmid 833 
pTKred. We verified the deletion of mreCD by PCR. 834 

EW49: For the RodZ depletion strain EW49 (TKL130 ΔrodZ, pFB290) we first introduced 835 
pFB290 (Bendezú et al., 2009) into TKL130. In the resulting strain we deleted rodZ by a P1 836 
transduction with lysate made from the ΔyfgA strain from the Keio collection yielding strain 837 
EW49.  838 

AV48: We constructed a strain AV48 (186::Ptet-dcas9, mrdA::rPAmcherry-mrdA) that allows 839 
repressing the native mrdAB operon using CRISPRi and a guide RNA targeting the codon-840 
modified ORF of rPAmcherry (Vigouroux et al., 2018), where 'r' denotes the codon 841 
modification (repressible). To construct strain AV48 we used allelic exchange on the strain 842 
LC69 (186attB::Ptet-dcas9) (Cui et al., 2018). To that end, we first electroporated the plasmid 843 
pAV25 (Vigouroux et al., 2018) into LC69 and selected for growth on chloramphenicol. Then 844 
we removed the plasmid backbone by transforming the cells with pAV10 (Vigouroux et al., 845 
2018). The resulting strain was then grown at 42°C to cure the plasmid pAV10.  846 

For RodA repression, we transformed AV48 with the CRISPR plasmid pcrRNA G20-R20 847 
(Vigouroux et al., 2018) and pKC128 (PmrdA-PAmcherry-mrdA, non-repressible version) to 848 
counter repression of native PBP2 . 849 
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S352: For the ponA deletion strain we deleted ponA in TKL130 by a P1 transduction with 850 
lysate made from the ΔponA strain from the Keio collection yielding strain S352. 851 

AV127: The strain AV127 was obtained with the allelic exchange procedure described in 852 
(Vigouroux et al., 2018). LC69 (Cui et al., 2018) was electroporated with the suicide plasmid 853 
pAV101, then clones that integrated the plasmid by recombination were screened for by 854 
PCR. We then transformed these clones with pAV10 (Vigouroux et al., 2018) in a medium 855 
containing diacetyl-phloroglucinol (DAPG) to induce backbone excision. Finally, clones 856 
containing the desired scarless insertion were identified by PCR. To make pAV101, we 857 
amplified the msfGFP-PBP2 fusion from pHC943 (Cho et al., 2016) with primers V396 and 858 
V397, the backbone from pSW23t with V171 and V394, and an homology region from 859 
MG1655's chromosome with V180 and V395. These three fragments were then assembled 860 
together by Gibson assembly. We checked the sequence of the fusion gene by Sanger 861 
sequencing. 862 

S504: To construct a strain expressing both MreB-mCherry and GFP-RodZ fusions, we used 863 
FB83 (mreB-mCherry) and performed P1 transduction with lysate made from FB60(iFB273) 864 
(ΔrodZ, Plac::gfp-rodZ) (Bendezú et al., 2009) first selecting on ampicillin for Plac::gfp-rodZ 865 
then a second transduction with the same lysate and selecting on kanamycin for deleting the 866 
native rodZ.  867 

S505: To construct a strain carrying both mCherry-PBP2 and GFP-RodZ fusions, we used 868 
strain AV07 (mCherry-mrdA) and performed P1 transduction with lysate made from FB60 869 
(iFB273) (ΔrodZ, Plac::gfp-rodZ) (Bendezú et al., 2009) first selecting on ampicillin for 870 
Plac::gfp-rodZ then a second transduction with the same phage lysate and selecting on 871 
kanamycin for deleting native rodZ. 872 

3. Bocillin labelling  873 

PBP2 levels of strains MG1655, TKL130 and TKL130/pKC128 were measured by a Bocillin-874 
binding assay as described similarly in (Cho et al., 2016; Kocaoglu et al., 2012). We 875 
performed the quantification in parallel on two identical cultures grown from independent 876 
colonies of each strain. We grew strains overnight in LB at 37° C. We then washed the cells 877 
in LB, diluted them 1/200 in LB and grew them at 37° C until an OD600 of ~0.4. We washed 878 
1.8 ml of the culture in PBS, resuspended in 200 μl PBS and kept cultures on ice. We 879 
disrupted cells by sonication (FB120, Fisher Scientific) and centrifuged them for 15 min at 4° 880 
C (21,000 g). We subsequently resuspended the pellet corresponding to the membrane 881 
fraction in 50 μl PBS containing 15 μM fluorescently labelled Bocillin-FL (Invitrogen). 882 
Membranes were incubated at 37° C for 30 min and washed once in 1ml PBS. We 883 
centrifuged the membranes for 15 min (21,000 g) and resuspended them in 50 μl PBS. We 884 
measured the protein concentration of each sample with a colorimetric assay based on the 885 
Bradford method (#5000006, Bio-Rad) and loaded equal amounts of protein mixed with 4X 886 
Laemmli buffer onto a 10 % polyacrylamide gel. We visualized the labelled proteins with a 887 
Typhoon 9000 fluorescence imager (GE Healthcare): excitation at 488 nm and emission at 888 
530 nm. We quantified the relative amounts of PBP2 in each sample by quantifying the grey 889 
values of each lane in ImageJ (Schneider et al., 2012). 890 

4. Sample preparation and imaging conditions 891 

Cells were grown overnight at 37°C in LB medium and then washed and diluted at least 892 
1:500 in M63 minimal medium (Miller, 1972) supplemented with 0.1% casamino acids, 893 
thiamine (5·10-5%), glucose (0.2%) and MgSO4 (1 mM) (here referred to as minimal 894 
medium) and grown to early exponential phase (maximum OD600 of 0.1) at 30°C. If strains 895 
carried antibiotic resistance we added the respective antibiotics to the medium (carbenicillin 896 
(100 µg/ml), kanamycin (50 µg/ml), chloramphenicol (30 µg/ml), all Sigma-Aldrich). Inducers 897 
were added as indicated below. For microscopy, cells were spotted on 1% agarose pads 898 
(UltraPureTM Agarose, Invitrogen) of minimal medium, without any antibiotics. Drugs 899 
targeting MreB or cell-wall synthesis and inducers were added as indicated below. 900 
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For technical replicates, we grew cell cultures to exponential phase in independent flasks 901 
starting from the same saturated overnight culture. For biological replicates, we grew 902 
overnight cultures from different bacterial colonies.   903 

Cells were imaged in a custom-built temperature-controlled chamber at 29°C. Prior to 904 
imaging the cells were incubated 10-20 min on the microscope to equilibrate sample 905 
temperature and minimize drift. In experiments with drugs [mecillinam (Sigma-Aldrich, 906 
#33447), A22 (Cayman Chemical #15870)] cells were spotted on agarose pads containing 907 
the antibiotic at the concentration of 100 µg/ml (mecillinam), or 20-50 µg/ml (A22). For 908 
treatments longer than 20 min cells were incubated in liquid culture with the respective 909 
antibiotic at the same concentration prior to imaging. The indicated incubation times denote 910 
the total incubation time in liquid and on the pad. 911 

In experiments where we depleted MreCD and RodZ (strains EW07 and EW49 respectively) 912 
we grew cells in the presence of 50 or 100 μM IPTG respectively (EUROMEDEX #EU0008-913 
B) and carbenicillin both during overnight growth and during regrowth as described above. 914 
We then washed the cells 3 times, diluted them and grew them in minimal medium in the 915 
absence of IPTG for 6 hours. 916 

In experiments where we repressed the mrdAB operon (strain AV48/pcrRNA G20-917 
R20/pKC128) we grew cells in the presence of kanamycin and chloramphenicol both during 918 
overnight growth and during regrowth as described above. We added anhydrotetracycline 919 
(aTc) (100 ng/ml, Acros Organic) upon dilution in minimal medium to induce the repression. 920 
We grew cells for 9 h prior to imaging both in the presence and absence of aTc.  921 

In experiments where we imaged msfGFP-PBP2, TU230(attLHC943) cells are plated on and 922 
grown overnight in minimal media containing 25 μM IPTG. For the regrowth from saturated 923 
culture, we used minimal media containing the indicated IPTG concentration. We grew cells 924 
for 6, 8 or 10 hours to early exponential phase at 30°C. For the measurement of auto 925 
fluorescence, we grew MG1655 in the same way but without the addition of an antibiotic or 926 
IPTG.  927 

In experiments where we imaged GFP-RodZ, we used 100 μM IPTG. 928 

For MreB-curvature correlation measurements we grew NO53 or NO53/pDB192 overnight at 929 
37°C in LB medium. We diluted the cultures by 1:500 and grew them at 30°C in LB medium 930 
for 2h. We then washed the cultures and diluted them 1:200 in MOPS rich medium (MOPS 931 
EZ Rich Defined Medium Kit. Cat.No. M2105, TEKnova) and grew them at 30°C for an 932 
additional 4h, such that the culture density remained below an OD600 of 0.1. The growth 933 
media of NO53/pDB192 cells contains carbenicillin at all times until the cells are harvested 934 
for microscopy. Cell division is inhibited by adding 1mM IPTG in liquid culture inducing sulA 935 
expression 30 min prior to imaging. Cells were placed on 1% agarose pads of the same 936 
media without any antibiotics but containing the same amount of IPTG for filamentation. 937 
Images were taken right after placing cells on a pad (NO53) or after maintaining cells for 30 938 
min on the pad at the same 30°C (NO53/pDB192). 939 

5. Microscopy  940 

Single particle tracking of PAmCherry-PBP2 and msfGFP-PBP2 was performed on a 941 
custom-designed fluorescence microscope (here referred to as microscope 1) in TIRF (total 942 
internal reflection fluorescence) mode. The microscope was equipped with a 100x TIRF 943 
objective (Apo TIRF, 100x, NA 1.49, Nikon), three laser lines: 405 nm (Obis, Coherent), 488 944 
nm (Sapphire, Coherent), 561 nm (Sapphire, Coherent), a dichroic beamsplitter (Di03-945 
R488/561-t3-25x36, Semrock), an edge filter for PAmCherry imaging (BLP02-561R-25, 946 
Semrock), and a laser-line filter (NF561-18, Thorlabs). Shuttering of the 488 nm laser was 947 
controlled with an acusto optic tunable filter (AA Optoelectronics) or with shutters (Uniblitz, 948 
LS3 and TS6B, Vincent Associates). The 405 nm laser was controlled directly via an USB 949 
interface. Images were acquired with an EMCCD camera (iXon Ultra, Andor). All 950 
components were controlled and synchronized using µManager (Edelstein et al., 2010). 951 

For high-frequency imaging with PAmCherry-PBP2, images were acquired with exposure 952 
time and intervals of 60 ms for a duration of 1 min. A weak UV-laser pulse (405 nm, 100-200 953 
ms) was provided before the acquisition and every 200 frames during the measurements to 954 
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activate new fluorophores. To obtain low variability of the bound fraction of molecules 955 
between replicates (standard deviation < 5%) we aimed to generate about 1000 tracks per 956 
technical replicate by taking 3-10 movies per replicate.  957 

Low-frequency imaging was conducted with an exposure time of 1000 ms and with imaging 958 
intervals of 3.6 s or 1 s for a duration of 3.5 min or 3 min, respectively. We activated 959 
fluorophores once before the acquisition for 100-200 ms. In this way we collected 7-9 960 
movies per replicate yielding about 100 tracks of at least 4 time steps, which resulted in 961 
variability of the persistent fraction of standard deviation < 10%. This way, the imaging time 962 
did not exceed 30 min per replicate. 963 

Single molecule tracking with cells carrying the msfGFP-PBP2 fusion requires a photo-964 
bleaching phase prior to image acquisition. For high-frequency imaging, the sample was 965 
exposed to 488 nm laser in epi mode in order not to bias our analysis towards diffusive 966 
molecules as exposure to light in TIR mode would predominantly lead to a loss of bound 967 
molecules. After photo-bleaching, we immediately switched to TIR mode for image 968 
acquisition. Images are taken with 60 ms exposure time and intervals for a duration of 1 969 
minute as for the PAmCherry fusion. As for PAmCherry-PBP2, we aimed to generate about 970 
1000 tracks per replicate.  971 

For low-frequency imaging of msfGFP-PBP2, the sample is first photo-bleached in TIR mode 972 
with high laser power. This step is followed by image acquisition while using a reduced laser 973 
power with an exposure time of 1000 ms and imaging intervals of 3.6 s for a duration of 4.5 974 
minutes. Bleaching times for both cases were adjusted according to the PBP2 levels and it 975 
varies between 5 to 30 or 2 to 10 seconds for high and low frequency imaging respectively. 976 
As for PAmCherry-PBP2, we aimed to generate > 100 tracks per replicate.  977 

For measurements of cell shape, average fluorescence intensity, MreB-curvature 978 
correlations, and MreB rotation we used two inverted epi-fluorescence microscopes, an 979 
Eclipse Ti (Nikon) microscope (microscope 2) or a DeltaVisionTM Elite (GE Healthcare) 980 
microscope (microscope 3). Microscope 2 is equipped with a 100x phase contrast objective 981 
(CFI PlanApo LambdaDM100X 1.4NA, Nikon), a solid-state light source (Spectra X, 982 
Lumencor Inc., Beaverton, OR), a multiband dichroic (69002bs, Chroma Technology Corp., 983 
Bellows Falls, VT), and excitation (485/25) and emission (535/50) filters. Images were 984 
acquired using a sCMOS camera (Orca Flash 4.0, Hamamatsu, Japan) with an effective 985 
pixel size of 65 nm. Microscope 3 is equipped with a 100x phase contrast objective 986 
(UPlanSApo 100X NA 1.4, Olympus), a multi-band dichroic beamsplitter (DAPI-FITC-mCh-987 
Cy5) with excitation (475/28) and emission (525/48) filters, and a sCMOS camera (DV Elite, 988 
PCO-Edge 5.5) with an effective pixel size of 65nm. 989 

For measurements of fluorescence on cell boundaries, contour curvature, and MreB-990 
msfGFP tracks, we focused on cells based on the phase-contrast signal. to track MreB-991 
msfGFP spots moving at the bottom of the cell, we moved the focal plane 250 nm below the 992 
central plane of cells. Images were taken every 1 s for a duration of 120 s. We generated 993 
images of about 100 cells per replicate. 994 

6. Cell segmentation 995 

Cell boundaries were detected from phase contrast microscopy images on microscope 2 or 996 
3 using the MATLAB based cell segmentation tool Morphometrics (SimTK) (Ursell et al., 997 
2017). The cell poles and the cell centerline were identified using the MicrobeTracker 998 
package (Sliusarenko et al., 2011). The spacing of subsequent points along the cell 999 
centerline was chosen as 0.5 pixels (32 nm). Cell width was measured as the median of all 1000 
local widths.  1001 

A smoothened centerline (x- and y-coordinates Gauss-filtered, σ = 3.5 steps) was used for a 1002 
cell-internal orthogonal coordinate system, specifically to determine the local orientation of 1003 
the cell.  1004 



34 

7. PBP2 tracking 1005 

All images taken on microscope 1 were analyzed using custom Matlab code (available as 1006 
source code file). First, we segmented bright field images using a semi-automated approach 1007 
based on standard image processing tools to separate regions containing cells from 1008 
background regions. For spatially separated cells this also allowed us to obtain a coordinate 1009 
system for each cell.  1010 

PAmCherry-PBP2 spots in fluorescence images were identified as the local maxima of the 1011 
denoised (bandpass filtered) images with intensity 3.5 or 2 (for fast and slow imaging, 1012 
respectively) times higher than background (bpass and pkfnd functions from 1013 
https://site.physics.georgetown.edu/matlab/code.html). Sub-pixel resolution was achieved by 1014 
finding the center of a two-dimensional Gaussian fitted to the intensity profile of each spot. 1015 
We discarded peaks with a poor (residuals of fit) or broad (standard deviation of fit) 1016 
Gaussian profile. Spots in subsequent frames were then connected into raw trajectories if 1017 
their distance was below a threshold distance that is consistent with diffusion (high-1018 
frequency imaging) or persistent motion (low-frequency imaging) (Crocker and Grier, 1996). 1019 
Threshold distances were 600 nm for imaging intervals of τ = 60 ms, 112.5 nm for τ = 1 s, 1020 
and 225 nm for τ = 3.6 s. If tracking of a particle lead to a situation where a particle can be 1021 
connected to more than one possible peak in the next frame we discontinued the tracking for 1022 
this trajectory. We checked that low-frequency trajectories lie in cells by comparing 1023 
fluorescent images and brightfield images.  1024 

msfGFP-PBP2 images from fast frequency imaging are analyzed in the same way except 1025 
that peaks which have intensity 1.6 times higher than background are selected. 1026 

msfGFP-PBP2 spots from low frequency imaging were identified and tracked in the following 1027 
way: Peaks were preselected as local maxima in the bandpass-filtered image (using a 1028 
Laplacian of Gaussian filter with σ = 1.8 pixels and pkfind, as above). We only considered 1029 
local maxima in regions of the 2% highest intensity values that are 4-connected and contain 1030 
at least 3 pixels each. We only consider peaks with nearest-neighbor distance higher than 1031 
3.5 pixels. 1032 

For further peak selection and sub-pixel localization we considered denoised raw images 1033 
(using a Gauss filter with σ = 0.4 pixels). We selected peaks with a ratio of peak signal to 1034 
local background noise higher than 3. Local background intensity and noise are respectively 1035 
the average and standard deviation of the values of the pixels at a distance included 1036 
between 3 and 4 pixels of the center of the peak. To avoid very low intensity peaks we also 1037 
discarded peaks with absolute signal (<2000 counts for 1s exposure, <1200 counts for 60ms 1038 
exposure), and we remove the 1% of the peaks with highest intensities, as those likely 1039 
represent clusters of molecules. Sub-pixel resolution was achieved by fitting a two-1040 
dimensional Gaussian to every selected peak. Peaks with standard deviation > 3 or with a 1041 
ratio of the average absolute value of the residuals divided by peak intensity > 0.2 are 1042 
removed.  1043 

Tracking was performed using the same code from (Crocker and Grier, 1996) with a 1044 
maximum displacement between subsequent frames of 4 pixels (both for slow and fast 1045 
tracking). For lifetime measurements with a time interval of 12 s, we increased to maximal 1046 
displacement to 6 pixels. 1047 

For the comparison between different datasets we used Student’s t-test for bound fractions, 1048 
persistent fractions, and diffusion constants where appropriate. P-values are indicated in 1049 
supplemental datasets corresponding to the different figures. 1050 

8. MreB tracking 1051 

Fluorescence images were analyzed using a custom Matlab code: Images were first filtered 1052 
in both space and time using a three-dimensional Savitzky-Golay filter with a filter size of 3 1053 
pixels in xy-directions time 3 points along the temporal dimension. Images were 1054 
subsequently de-noised once more using a 2D-Gauss filter (σ = 0.5 pixels).  1055 
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Images were subsequently rescaled by a factor of 5 using spline interpolation to achieve 1056 
sub-pixel resolution. MreB spots were detected as local maxima inside the cell boundary 1057 
obtained by segmentation.  1058 

The local maxima were connected to construct raw trajectories based on their distance at 1059 
consecutive time points (van Teeffelen et al., 2011) with a maximal displacement during 1060 
subsequent time frames of 2 pixels.  1061 

9. Curvature analysis and MreB-curvature correlations 1062 

After obtaining the cell contours and the two poles of each cell we first computed the contour 1063 
curvature all along the cell boundary by fitting a polygon to every contour point and its two 1064 
neighboring points (MATLAB function LineCurvature2D, 1065 
http://www.mathworks.com/matlabcentral/). Negative curvature values correspond to 1066 
indentations and positive curvature values to bulges and poles. To eliminate the influence of 1067 
noise the contour curvature c is then obtained by Gauss-filtering the raw curvature values (σ 1068 
= 2 steps, corresponding to 65 nm). 1069 

To obtain MreB-msfGFP intensities along the cell boundary we first smoothened raw MreB-1070 
msfGFP images using a 2D-Gauss filter (σ = 0.5 pixels). For interpolation of the GFP images 1071 
at points close to the cell boundary we then corrected the contour coordinates 𝒓𝑖  for 1072 
systematic shifts between the phase-contrast-based cell contours and the GFP-intensity 1073 
peaks corresponding to MreB filaments. Specifically, we obtained the corrected contour 1074 
coordinates 𝒓𝑖

𝑐 from the Morphometrics-based contour coordinates 𝒓𝑖 according to  1075 

𝒓𝑖
𝑐 = 𝒓𝑖 + 𝜟𝒓 − 𝒓⊥i𝑠. 1076 

Here, the first term 𝜟𝒓 = (−0.35, −0.78)  pixels is a microscope-dependent displacement 1077 
vector that accounts for a systematic shift between phase-contrast and GFP images. The 1078 
second term shifts the contour by an amount s = 140 nm inward (along a vector normal to 1079 
the cell boundary 𝒓⊥i), such that the corrected contour passes through the positions of the 1080 
GFP intensity peaks that correspond to the positions of MreB filaments on the sides of the 1081 
cell. By convention, 𝒓⊥i always points outward from the cell center. To make sure to take 1082 
MreB-msfGFP peaks into account even if they are slightly displaced from the corrected 1083 
boundary, GFP intensity values 𝐼𝑖  are then obtained by linear interpolation of the 1084 
smoothened MreB-msfGFP image at the positions of the corrected contour and at two other 1085 
points perpendicular to the boundary and spaced 0.5 pixel inward an outward:  1086 

𝐼𝑖 =
1

3
[𝐼(𝒓𝒊

𝑐 − 𝒓⊥i𝛿) + 𝐼(𝒓𝒊
𝑐) + 𝐼(𝒓𝒊

𝑐 + 𝒓⊥i𝛿)], 

where 𝛿 = 65 nm. Subsequently, intensity values are normalized by the average taken over 1087 
the full contour, the side walls, or the straight cell segments, respectively, depending on the 1088 
analysis. To obtain the MreB enrichment as a function of curvature, the curvature values are 1089 
binned and MreB intensities corresponding to those curvature vales are averaged. 1090 
Subsequently, intensity values are normalized by the average intensity found close to zero 1091 
curvature:  1092 

𝐼𝑖
𝑐 = 𝐼𝑖 〈𝐼𝑖| −0.05/um < 𝑐𝑖 < 0.05/um〉⁄  . 1093 

If a bin contains less than at least 0.1% of the data points per replicate, it is not displayed in 1094 
the figure.  1095 

To remove the cell poles and potential septa from the analysis, we removed 2 um from each 1096 
cell pole (according to the distance along the centerline) and 650 nm from the middle of the 1097 
cell. The large distance from the poles was chosen, since the automated software does 1098 
sometimes not identify the poles correctly. In those cases, contour points can fall into MreB-1099 
msfGFP-free regions at the poles even if the corresponding centerline points are more than 1100 
just 0.5 um away from the automatically identified poles. 1101 

To determine correlations between MreB and contour curvature independently of 1102 
spontaneous cell bending, we either concentrated on regions where the smoothened 1103 
centerline was straight or we performed two independent normalization approaches:  1104 

http://www.mathworks.com/matlabcentral/
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To constrain our analysis to straight segments of the cell we considered only those boundary 1105 
points corresponding to centerline curvatures with |𝜅𝑖| < 0.05/μm.  1106 

In the first normalization approach we renormalized the contour curvature by subtracting the 1107 
contribution of cell bending according to 1108 

𝑐𝑖
corr = 𝑐𝑖 ± 𝜅𝑖 (1 −

𝜅𝑖𝑤𝑖

2
)⁄ , 1109 

where 𝜅𝑖 is the curvature of the smoothened centerline (x- and y-coordinates Gauss-filtered, 1110 

σ = 3.5 steps), and where 𝑤𝑖 is the local width of the cell. The centerline was smoothened to 1111 
consider only the contribution of long-range bending rather than the impact of short-scale 1112 
oscillations of boundary curvature. Positive/negative centerline-curvature values correspond 1113 
to cells bent to the right/left along the direction of the centerline. The plus or minus signs 1114 
correspond to the right or left side of the cell, respectively. The correction only works for 1115 
segments of the cell with 𝜅𝑖 < 0.5 𝑤𝑖 to avoid divergence. For the cell segments excluding 1116 
poles and potential septa this criterion was always fulfilled. 1117 

In the second normalization approach we renormalized the MreB intensity by the component 1118 
expected due to cell bending: 1119 

𝐼𝑖
corr = 𝐼𝑖 (1 ± 𝛼𝜅𝑖𝑤𝑖)⁄ , 1120 

where alpha ~ 0.2 is a coefficient that accounts for the correlations observed between MreB 1121 
intensity and smoothened centerline curvature (Fig. 6–SI Fig. 2D). As above, the plus/minus 1122 
signs correspond to the inner/outer face of the bent cell, respectively.  1123 

10. Spot analysis and colocalization analysis on cell boundaries 1124 

and in TIRF 1125 

To analyse the distribution of fluorescence peaks of cells expressing mCherry-PBP2, MreB-1126 
msfGFP, or GFP-RodZ and to perform colocalization measurements we first obtained 1127 
fluorescence profiles on cell contours from epi-fluorescence images as described in Section 1128 
9.  1129 

Peak analysis: Fluorescence profiles were smoothened with a Gauss filter (σ = 0.5 pixels). 1130 
Subsequently, we subtracted the median intensity of every cell contour. Peaks were then 1131 
detected as positive-valued local maxima (Figs. 3C).  1132 

The intensity-dependent peak density is the number of peaks with intensity p divided by total 1133 

contour length of all cells ∑ 𝑙𝑖 
𝑁cells
𝑖 . For the total density of all peaks, we considered all peaks 1134 

with peak height 3 times higher than the estimated intensity noise (gray regions in Figs. 3C). 1135 
The noise was calculated in non-treated conditions. To that end, we filtered the raw 1136 
fluorescence image with a 2D Gauss filter of σ = 0.5 pixels and σ = 3 pixels separately. The 1137 
signal on the cell boundaries are then extracted from two sets of images. Next, we took the 1138 
difference of signals belonging to same cells and calculated the average standard deviation 1139 
of the differences, which is used as a readout for pixel noise.  1140 

For colocalization analysis, we extracted profiles as described above for two different fusions 1141 
and calculate the Pearson correlation coefficient in each cell independently. 1142 

For the analysis of spots and colocalization with TIRF microscopy, images of mCherry-1143 
PBP2, MreB-msfGFP, MreB-mCherry, and GFP-RodZ are taken with Microscope 1 in TIRF 1144 
mode. Cells are manually segmented based on the bright-field image by drawing a line 1145 
along the long axis of the cell, defining a centerline. The raw florescence images are 1146 
smoothened using a 2D-Gauss filter (σ = 1 pixel). The 2D-intensity map is acquired from the 1147 
region ± 210 nm around the centerline. For peak analysis, we subtracted the median 1148 
intensity from every map and detected peaks as positive-valued local maxima. The intensity-1149 
dependent peak density and total density of all peaks are calculated in the same way as on 1150 
the cell boundary. To calculate the levels of noise, the raw fluorescence images are filtered 1151 
with a 2D Gauss filter of σ = 1 pixel and σ = 3 pixels separately. Next, we took the difference 1152 
of maps belonging to same cells and calculated the average standard deviation of the 1153 
differences, which is used as a readout for pixel noise.  1154 
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For colocalization analysis with TIRF microscopy, we first applied a correction for the 1155 
systematic shifts between the signals appear in the red- and green- channels. By imaging 1156 
TetraSpeck beads (Invitrogen) in the two channels and performing peak detection, we found 1157 
a displacement vector 𝜟𝒑 = (−1, −0) with a magnitude of 105 nm. Then, we modified the 1158 

coordinates of the points on the centerline of each cell according to: 𝒑𝑖
𝑐 = 𝒑𝑖 + 𝜟𝒑 where  1159 

𝒑𝑖  and 𝒑𝑖
𝑐  show the original and modified centerline coordinates, respectively. Next, we 1160 

generated 2D intensity maps (Fig. 5–SI Fig. 3C-D) and calculated the Pearson correlation 1161 
coefficient between the two different fluorescence channels for each cell. 1162 

11. Determination of bound fraction and diffusion constant 1163 

We used the Spot-On software (Hansen et al., 2018) to fit 2- and 3-state-diffusion models to 1164 
high-frequency data (Supplementary File 2). In brief, Spot-On fits the experimental jump-1165 
length distributions for different time lags to the analytical solution of a multi-state diffusion 1166 
model. The code returns fractions and diffusion constants of the different fractions, and the 1167 
particle-localization precision. We used jump-length distributions from lags between 1 and 5 1168 
time intervals (60-300 ms). To that end, we selected tracks with at least 4 or 7 localizations, 1169 
for PAmCherry and GFP fusions respectively. We used a normalized value for the sum of 1170 
residuals (χ2) acquired by dividing χ2 by the number of bins and by the lag time (in number of 1171 
time steps) used.  1172 

To make sure bound molecules are indeed bound, we checked the value of Dbound by leaving 1173 
it free for TKL130 and TKL130/pKC128 tracks (Supplementary File 2b). Dbound is then found 1174 
to be between 10-4-10-9 from fitting a 3-state model. After confirming near-zero values for 1175 
Dbound, we fixed Dbound = 0 for all experiments.  1176 

We complemented Spot-On measurements by a different method, which is based on the 1177 
distribution of single-track effective diffusion constants (referred to as ‘Deff-based method’): 1178 
For every track, we calculated Deff from the first 4 steps of each track, applying a linear fit of 1179 
single-track MSD's <x2(t)> according to <x2(t)> = 4Defft + 4σ2. The empirical distribution of 1180 
Deff was then compared with distributions generated from computational simulations. For the 1181 
reference condition of PAmCherry-PBP2 fusions (TKL130), we calculated distributions 1182 
p(Deff|D, σ) for diffusive molecules with different diffusion constant D and localization 1183 
uncertainties σ. The combined distribution of a two-state population is then given by p(Deff) = 1184 
b p(Deff|Dbound = 0, σ) + (1-b) p(Deff|D, σ), where we assume bound molecules to be immobile. 1185 
For every combination [D, σ] we obtained the bound fraction b by fitting the peak value at 1186 
Deff = 0 μm2/s to the experimental data. [D, σ] were then obtained by minimizing the residual 1187 
sum of squares (RSS) between experimental and simulated distributions, considering values 1188 
for Deff between -0.015 and 0.055 μm2/s (see Fig. 1–SI Fig. 3A). We used a bin size of 0.005 1189 
μm2/s. We varied D between 0.015 and 0.06 μm2/s with an interval of 0.005 μm2/s and σ 1190 
between 0 and 40 nm with and interval of 5 nm. The parameter set of D = 0.04 μm2/s and σ 1191 
= 20 nm gave the lowest RSS. We confirmed that Dbound = 0 μm2/s by comparisons between 1192 
distributions for zero and finite values of Dbound (Fig. 1 SI Fig. 3B).  1193 

We compared the values given by Spot-On with the Deff-based method using a 2-state 1194 
model and acquired very similar results (Fig. 1 SI Fig. 3C).  1195 

12. Velocity and orientation distributions of persistently moving 1196 

PBP2 and MreB  1197 

Directed motion of individual trajectories can be inferred from a quadratic dependency of the 1198 
single-particle mean squared displacement (MSD) on time according to  1199 

〈𝑥𝑖
2〉 = 𝑣𝑖

2𝑡2 + 𝑏𝑖.     (11.1) 1200 

Here, vi denotes the velocity of particle i and bi is an offset reflecting the localization error.  1201 

To determine the velocity distribution of persistently moving PBP2 molecules or MreB 1202 
filaments, respectively, we analyzed a subset of trajectories obtained with 1 s time intervals, 1203 
for which each single-track MSD could be well fit by a quadratic function of the form of 1204 
Eq. (11.1) according to the coefficient of determination R2. We considered trajectories with at 1205 
least 4 time steps. For PBP2 we considered trajectories with a maximum of ten time steps to 1206 
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prevent a bias towards slowly moving molecules that are more likely to remain in the TIR 1207 
field of illumination for long times. MreB trajectories are longer in time than PBP2 1208 
trajectories, since they are obtained from filaments containing many msfGFP molecules, and 1209 
they are obtained from a larger field of view since their movement is measured in epi-1210 
fluorescence mode. For comparability with PBP2 tracks we therefore constrained the MreB 1211 
trajectories by analyzing the 10 displacement steps around the point closest to the cell 1212 
centerline. These displacements are found within a field of view also detectable in TIRF 1213 
mode. 1214 

The velocity distributions for different minimal R2 values are plotted in Fig. 1–SI Fig. 5D. As 1215 
expected, low velocities corresponding to immobile molecules contribute less with increasing 1216 
minimal R2. Accordingly, both MreB and PBP2 showed a mildly increasing average velocity 1217 
as a function of the minimum R2 (Fig. 1 SI Fig. 5D). For comparison between PBP2 and 1218 
MreB in Fig. 1F-G we generated velocity distributions from tracks that showed R2 values >= 1219 
0.9, corresponding to ~10% of PBP2 tracks that showed the highest R2 values (Fig. 1 SI Fig. 1220 
5C), yielding average velocities of 18.3 nm/s for PAmCherry-PBP2 and 16.5 nm/s for MreB-1221 
msfGFP filaments (Fig. 1 SI Fig. 5D).  1222 

Performing the same analysis on PAmCherry-PBP2 trajectories generated with a time 1223 
interval of 3.6 s we obtained an average velocity of v = 14.2 nm/s for persistent tracks (R2 >= 1224 
0.9). The average velocity is lower than for the 1 s dataset because fast-moving molecules 1225 
are observed less often than slowly moving molecules, as they leave the TIR field of view at 1226 
higher probability (Fig. 1 SI Fig. 5E-F). For msfGFP-PBP2 we obtained an average velocity 1227 
of 13.5 nm/s. 1228 

To obtain the orientation of persistent PBP2 tracks we calculated the angle between the 1229 
end-to-end vector of persistent trajectories measured with time interval of 3.6 s (same 1230 
criteria of R2 >= 0.9 and a minimum length of 4 time points) and the cell orientation. For 1231 
MreB we calculated the orientation in the same way and on the same data for which we 1232 
obtained the velocity distribution. 1233 

13. Localization accuracy in low-frequency imaging 1234 

We determined the experimental localization accuracy from the distribution of displacements 1235 
from measurements at 3.6 s time intervals for PAmCherry-PBP2 (Fig. 1 SI Fig. 6A). We 1236 
restricted our analysis to immobile molecules according to a simple criterion (end-to-end 1237 
distance less than 200 nm for tracks of at least 7 steps). The standard deviation 𝜎d of a 1238 
Gaussian fit to the distribution of displacements in a single spatial direction is determined by 1239 

𝜎d
2 = 〈(𝑥𝑖 − 𝑥𝑖+1)2〉 = 2𝜎2, where 𝜎 is the localization uncertainty. Therefore, 𝜎 = 𝜎𝑑/√2 . For 1240 

PAmCherry-PBP2 𝜎 = 25nm.  1241 

14. Simulation of persistent and immobile tracks 1242 

To establish a criterion for reliably classifying persistently moving and immobile states in 1243 
experimental PBP2 trajectories, we computationally simulated tracks of immobile or 1244 
persistently moving molecules resembling the tracks observed by microscopy using 3.6 s 1245 
time intervals. To that end we randomly picked a trajectory length (number of steps n) from 1246 
an exponential distribution with 〈𝑛〉 = 3.5 that resembled the experimental length distribution 1247 
(Fig. 1 SI Fig. 6B). For the simulation of persistently moving or immobile molecules we 1248 
imposed a constant step size in the x-direction corresponding to the experimental velocity (v 1249 
= 14 nm/s for PAmCherry-PBP2) for persistent molecules or to v = 0 nm for immobile 1250 
molecules. To account for the localization uncertainty we subsequently added to all x- and y-1251 
coordinates a random displacement drawn from a normal distribution with a mean of 0 nm 1252 
and a standard deviation equal to the localization accuracy for low-frequency imaging 25 nm 1253 
(for PAmCherry-PBP2).  1254 

Trajectories with transitions between immobile and persistent states were obtained by 1255 
randomly selecting sub-trajectories from a single 1000-step long trajectory containing 1256 
transitions between persistent and immobile states. Transition rates were obtained from 1257 
experimental data (see next paragraph).  1258 
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15. Determination of persistent and immobile states and 1259 

switching rates 1260 

For each time point we calculated the smoothed local velocity by dividing the displacement 1261 
during the surrounding w time steps by the time lag wτ: 1262 

𝑣(𝑡) = 𝒓 (𝑡 +
𝑤

2
) − 𝒓 (𝑡 −

𝑤

2
) 𝑤𝜏⁄ ,  1263 

Here 𝒓(𝑡) = (𝑥(𝑡), 𝑦(𝑡)) is the position at time t, and τ = 3.6 s is the imaging time interval. 1264 

We classified the particle as either immobile or persistently moving at time t if v was smaller 1265 
or bigger than the threshold velocity vthr, respectively. 1266 

We applied different values for w and vthr to simulated trajectories of PAmCherry-PBP2 (v = 1267 
14 nm/s; sigma = 25 nm) to find the parameter combination that reliably detected dynamic 1268 
states in simulated tracks with more than 99% success rate (Fig. 1 SI Fig. 6C). We chose a 1269 
window size of w = 4 and a velocity threshold of vthr = 8 nm/s (classifying 99.6% of segments 1270 
of simulated immobile molecules as immobile and 99.6% of simulated persistent molecules 1271 
as persistent) (Fig. 1 SI Fig. 6C). Since we found almost identical average velocity for 1272 
msfGFP-PBP2, we used the same window size and velocity threshold for persistence 1273 
classification. 1274 

We calculated transition rates kip or kpi by counting the number of transitions from immobile 1275 
to persistent or persistent to immobile states, respectively, and dividing by the total duration 1276 
of persistent or immobile states observed. Here, we ignored intermittent segments of 1277 
duration of a single time step. 1278 

All error bars denote standard errors between replicates. 1279 

16. Testing the two-state model of immobile and persistent states 1280 

To test whether the dynamics of PBP2 molecules is compatible with a model of molecules 1281 
residing in either of two possible states we measured single-particle MSD's of track 1282 
segments identified as either immobile or persistent (Fig. 1–SI Fig. 6A). The average MSD of 1283 
segments classified as persistently moving increased quadratically with time, while the 1284 
average MSD of segments classified as immobile remained nearly constant (Fig. 1 SI Fig. 6 1285 
D-E).  1286 

To test whether deviations of single-particle MSDs from the average were due to transitions 1287 
between the two states we analyzed computationally simulated tracks of our two-state model 1288 
containing transitions. We then used the same classification criterion and MSD analysis on 1289 
simulated tracks as on experimental tracks. For simulations of persistent segments we 1290 
adjusted the velocity of v = 12 nm/s (compared to 14 nm/s above) that yielded better 1291 
agreement of the average MSD curves of persistent segments with experiments (Fig. 1–SI 1292 
Fig. 6D). The difference is likely due to the fact that we consider here all persistent segments 1293 
while above we obtained the velocity from the 10% most persistent full tracks according to 1294 
the R2-criterion.  1295 

Simulations and experiments showed very similar distributions of single-particle MSD's (Fig. 1296 
1–SI Fig. 6F), suggesting that bound PBP2 molecules are indeed either immobile or 1297 
persistently moving, but not found in a qualitatively different slowly-moving state.  1298 

17. Calculation of the unbinding rate based on fluorescence-1299 

lifetime measurements  1300 

To obtain the unbinding rate kbd in non-treated or A22-treated cells we measured lifetime 1301 
distributions of tracks 𝑓(𝑛, 𝜏) obtained with 1 s exposure time and different time intervals 𝜏 = 1302 
1 s or 12 s (Fig. 2). Here, n is the number of steps a track is observed corresponding to the 1303 
lifetime 𝑡 = 𝑛𝜏. At first, we assume two random processes to contribute to particle loss: GFP 1304 
bleaching with a probability pb per time frame, and a second process with an apparent track 1305 
termination rate ka, corresponding to a termination probability 𝑝a = 1 − exp[−𝑘𝑎𝜏].  1306 
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For A22-treated cells, ka is caused by unbinding only, that is, kbd = ka. For non-A22-treated 1307 
cells, ka subsumes unbinding and particles leaving the field of view due to persistent motion. 1308 
While the probability of molecules leaving the field of view is not independent of track 1309 
duration, this assumption does not affect our calculation of kbd, as we will see below.  1310 

For both conditions (-A22, +A22), we simultaneously fit the two lifetime distributions to the 1311 
above model, considering tracks between 3 to 7 steps (4-8 localizations). For A22-treated 1312 
cells we obtained pb = 0.43 ± 0.08 and ka = kbd = 0.021 ± 0.008 s-1. The unbinding rate 1313 
corresponds to an average lifetime of the bound state of 48 ± 18 s. 1314 

For non-A22-treated cells we obtained pb = 0.39 ± 0.08 and ka = 0.035 ± 0.007 s-1. To 1315 
estimate the contribution of persistent motion to the apparent unbinding rate, we then 1316 
conducted simulations of bound molecules transitioning between persistent and immobile 1317 
states: Molecules started from random positions within the field of view (width 600 nm) either 1318 
moving persistently with speed of v = ± 14 nm/s perpendicular to the central axis, or resting 1319 
immobile. Transitions between the two states occurred at experimental rates kip and kpi, 1320 
respectively. The probability of bleaching was set equal to pb. In a second set of simulations, 1321 
we changed either of the two rates to maintain the measured persistent fraction of p = 80%, 1322 

that is, either 𝑘ip
corr = 𝑘pi 𝑝 (1 − 𝑝)⁄  or 𝑘pi

corr = 𝑘ip (1 − 𝑝) 𝑝⁄  (Fig. 2–SI Fig. 1). We then 1323 

measured track-length distributions from simulations with different unbinding rates kbd to 1324 
infer the range of unbinding rates kbd compatible with the experimentally obtained apparent 1325 
termination rate ka (Fig. 2–SI Fig. 1).  1326 

In both conditions, experimental lifetime distributions of 1 s data are dominated by bleaching. 1327 
Therefore, the time-dependent process of persistent molecules leaving the field of view only 1328 
affects the 12 s distributions. While those distributions are not perfectly exponential, we 1329 
could still fit them by an exponential function over the window of 3 to 7 steps, considered 1330 
here. 1331 

18. Estimate of the number of MreB filaments per cell 1332 

To estimate the number of MreB filaments we assume for simplicity that all MreB proteins of 1333 
the cell are part of dimers of MreB protofilaments (Salje et al., 2011). A substantial fraction of 1334 
proteins is found as cytoplasmic monomers. Our estimate is therefore rather conservative. 1335 
Previous measurements suggest that there is a broad distribution of filament lengths with 1336 
many filaments as long as 1 um (Ouzounov et al., 2016). As a conservative estimate we 1337 
assume that all filaments are 100 nm in length and have a repeat length of 5 nm (Salje et al., 1338 
2011). Each of the idealized filaments therefore contains 40 monomers. With an average of 1339 
2000 or 11000 proteins per cell in poor or rich growth media, respectively (Li et al., 2014) the 1340 
cytoplasmic membrane is decorated with up to 50-200 filaments according to this simple 1341 
model.  1342 

19. Measuring transitions from diffusive to bound states (Bound-1343 

Molecule FRAP) 1344 

In order to determine the transition rate from the diffusive to the bound state kdb we 1345 
measured the bound fraction at different time points after bleaching the field of view, 1346 
conceptually similarly to classical FRAP (fluorescence recovery after photobleaching) 1347 
experiments. In a first step we aimed to activate all PAmCherry fluorophores in the TIRF 1348 
field of view with a 1.5 s exposure of 10-fold increased UV intensity compared to our 1349 
standard protocol (see above). We introduced a waiting time of 2 seconds in the dark in 1350 
order to let diffusive photo activated PBP2 molecules escape the field of view. Then, we 1351 
photo bleached for 4 seconds with normal excitation intensity. After a recovery period of 0-1352 
10 minutes in the dark, we acquired images in high-frequency mode without any additional 1353 
photo activation for a duration of 48 seconds. In this way, we were able detect PAmCherry-1354 
PBP2 molecules, which were activated in the first step, which were able to escape the field 1355 
of view during the 2 second pause, and which then reentered the field of view, where they 1356 
either remained diffusive or bound to their substrate.  1357 
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For finding bound fractions as reported in Fig.4B, we fixed D1 = 0.02 and D2 = 0.06 which are 1358 
the diffusion constants found in the reference state (A22-treated cells with 20ug/ml for 30 1359 
minutes) in order to avoid fluctuations in population sizes. 1360 

20. Estimation of the timescale of molecules leaving the TIR field 1361 

of view due to persistent motion 1362 

To estimate the average time it takes a molecule that bound randomly in the field of view to 1363 
leave the field of view through persistent motion, we conducted simulations identical to those 1364 
in Section 17, ignoring the effect of bleaching. Specifically, bound molecules were initially 1365 
assigned to be immobile before transitioning between immobile and persistently moving 1366 
states according to the experimentally determined rates kip and kpi. Persistently moving 1367 
molecules moved with a the experimentally determined average speed of 14 nm/s in a 1368 
random direction, while immobile molecules remained at their current locations. According to 1369 
this model it takes 45 s on average for a molecule to leave the field of view through 1370 
persistent motion. This time is four times smaller than the time it takes an initially diffusive 1371 
molecule to bind. We therefore reasoned that the rapid escape of bound molecules through 1372 
persistent motion is responsible for the FRAP curve of non-A22-treated cells to not show 1373 
recovery. 1374 

21. Quantification of expression level from fluorescence 1375 

For PAmCherry-PBP2 we counted the number of fluorescent spots observed per cell after a 1376 
single activation pulse of the UV laser. For the comparison between native and 1377 
overexpression levels see Fig. 1 – SI Fig. 1D. 1378 

We quantified the different levels of msfGFP-PBP2 obtained on microscope 2 (see above) 1379 
by measuring the total GFP fluorescence intensity per cell, where cell outlines were obtained 1380 
by segmentation of phase-contrast images using Morphometrics (SimTK) (Ursell et al., 1381 
2017). We subtracted contributions from auto-fluorescence per pixel as obtained from 1382 
imaging wildtype E. coli (MG1655) cells. For a comparison between different induction levels 1383 
see Fig. 1 – SI Fig. 8B. 1384 

For comparing the number of bound molecules: We compared PAmCherry-PBP2 track 1385 
densities between native and overexpression levels. To collecting tracks, we used same 1386 
activation power for the two strains and acquired 5 consecutive images with an exposure 1387 
time of 1 second. Then, we did peak detection and tracking as described in Section 7. We 1388 
selected tracks with at least 3 localizations to discard any mis-annotations. Density of tracks 1389 
is than found by dividing the number of tracks by the area in the field of view covered with 1390 
cells (Fig. 1 – SI Fig. 7C). 1391 

22. Calculation of the stoichiometry between RodA and bound 1392 

PBP2 molecules 1393 

For the stoichiometry between RodA and PBP2 in wildtype cells, we used literature values 1394 
obtained by ribosome profiling (Li et al., 2014). In those measurements, the stoichiometry is 1395 
1.34 and 1.36 in poor (minimal medium + glucose) and rich growth media (rich defined 1396 
media), respectively. We thus assume that the mean stoichiometry of 1.35 holds for wildtype 1397 
cells in our intermediate growth medium (minimal medium+glucose+casamino acids).  1398 

In the RodA depletion strain and in the parent PAmCherry-PBP2 overexpression strain, 1399 
PBP2 levels are about 9-fold higher than in MG1655 according to mass spectrometry, while 1400 
RodA levels are 1.5-fold above wildtype levels. However, fluorescence measurements 1401 
suggest that the increase of PAmCherry-PBP2 with respect to TKL130 is only about three-1402 
fold, while PAmCherry-PBP2 is expressed between one- to two-fold above wildtype PBP2 1403 
(MG1655) in TKL130 depending on the measurement (Bocillin, DIA, PRM). Assuming that 1404 
functional PAmCherry-PBP2 levels are equal to PBP2 levels in MG1655 as a conservative 1405 
estimate, we then calculated the stoichiometry of PAmCherry-PBP2 and RodA in the 1406 

overexpression strain according to 𝑁RodA
0 𝑁⁄ =  1.35/3 =  0.45, where NRodA and N are the 1407 

numbers of RodA and PBP2 molecules per cell, respectively.  1408 
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Upon CRISPRi-based repression, we estimate that RodA levels go down as a function of 1409 
time t according to  1410 

𝑁RodA(𝑡) = 𝑁RodA
0 [(1 − 𝑓)2−𝑡/𝑡d + 𝑓], 

where 𝑡d = 90 min is the doubling time and 𝑓 = 0.1 is the relative residual expression level of 1411 
mCherry-PBP2 after CRISPRi-based repression of the mCherry-mrdA-mrdB operon during 1412 
steady-state growth (Vigouroux et al., 2018). This strain is equal except for the differences 1413 
between PAmCherry and mCherry and for the overexpression of PBP2 from the pKC128 1414 
plasmid. We then made the conservative estimate that RodA only started to drop 4h after 1415 
inducing dCas9 due to any unanticipated delay of dCas9 activity. 5h after induction we 1416 
observed a significant increase in cell diameter, suggesting that RodA levels had already 1417 
fallen well below wildtype levels.  1418 

Accordingly, we found that 𝑁RodA 𝑁⁄ = 0.1. With a bound fraction of 𝑏 = 0.19 ± 0.03, we then 1419 

obtain the ratio between RodA and bound PBP2 molecules of 𝑁RodA (𝑏𝑁)⁄ = 0.5 ± 0.1. Thus, 1420 
there is likely less than one RodA molecule for every bound PBP2 molecule.  1421 

23. Model to test the contribution of diffusing PBP2 molecules to 1422 

rod-complex activity 1423 

Cross-links with neighboring glycan strands are formed every other di-sugar subunit. Each 1424 
subunit is about 1 nm long (Boal and Boal, 2012). Thus, the rate of transpeptidation 1425 
corresponding to a high but common speed of MreB of 30 nm/s is 𝜆 = 15/s. Lee et al. argued 1426 
that after forming one cross link, PBP2 would detach and diffuse in the cell envelope to find 1427 
a new site for cell-wall cross-linking (Lee et al., 2014).  1428 

The number of PBP2 enzymes in the cell is about between 100-300 in nutrient-rich medium 1429 
and 60-75 in poor medium according to radiolabeling (Dougherty et al., 1996) or ribosome 1430 
profiling (Li et al., 2014). We thus wondered whether free diffusion of such a small number of 1431 
enzymes could account for the experimentally observed rate of cross-link formation, or 1432 
whether free diffusion would limit this process. Alternatively, we also considered that 1433 
molecules underwent facilitated diffusion along one-dimensional tracks such as the 1434 
cytoskeleton MreB (Oswald et al., 2016), similarly to the phenomenon of transcription factors 1435 
searching their target on chromosomal DNA (Mirny et al., 2009). 1436 

We conducted overdamped Brownian-dynamics simulations of N = 100 enzymes 1437 
[interpolating between measurements made for poor and rich media (Dougherty et al., 1996; 1438 
Li et al., 2014)] in a rectangular domain of 3 x 3 um with periodic boundary conditions in x- 1439 
and y-directions, thus approximating the cylindrical surface of a rod-like E. coli bacterium of 1440 
1 um width and 3 um length (Fig. 1 – SI Fig. 1B) and ignoring the shape of the cell poles.  1441 

The overdamped Brownian motion of PBP2 in our model is governed by the Langevin 1442 
equation for its position  1443 

𝒓̇ = 𝐷ζ 

where the dot denotes a time derivative, D = 0.06 um2/s is the experimental diffusion 1444 
constant, and ζ is the zero mean Gaussian white noise random displacement originating 1445 
from the solvent. Its variance is given by  1446 

𝜻(𝑡)𝜻(𝑡′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 2𝛿𝑖𝑗𝛿(𝑡 − 𝑡′), 𝑖, 𝑗 = 𝑥, 𝑦, 1447 

where the bar denote a noise average.  1448 

A number of n = 10 circular cross-linking sites of diameter a = 10 nm are placed at random 1449 
locations in the rectangular domain. Once a diffusing molecule hits any of the cross-linking 1450 
sites, a cross-linking event is registered to occur. Note, that this model is based on the 1451 
conservative estimate that every encounter between enzyme and cross-linking site leads to 1452 
a successful reaction. To prevent rapid return of an enzyme to the same site we introduce a 1453 
deterministic latency time toff after every encounter during which an enzyme can diffuse but 1454 
not facilitate a reaction. This latency time could reflect the typical time it takes to conduct one 1455 
reaction or a combination of different microscopic effects. The reaction rate per site 𝛾 is then 1456 
calculated as the mean number of enzyme-site encounters per site per total simulated time. 1457 
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We consider latency times larger than 0.1 ms (Fig. 7B), a time that is needed for a PBP2 1458 
enzyme to explore an area similar to the size of an enzyme (5 nm). In this regime, the 1459 
encounter rate depends only weakly on toff (Fig. 7B). Thus, only a minor fraction of enzymes 1460 
re-encounters the same site shortly after leaving it (Fig. 7C).  Notably, the effect of toff on 1461 
rebinding is much weaker than in the previously studied cases of finding a membrane 1462 
receptor from the cytoplasm or of binding a receptor in the 3D bulk (Mugler et al., 2012), 1463 
where the probability of rebinding decays algebraically with the latency time for short times 1464 
and exponentially for long times. Results are nearly independent of target numbers n (not 1465 
shown).  1466 

We next considered the possibility that PBP2 undergoes facilitated diffusion along one-1467 
dimensional tracks, such as MreB filaments: MreB forms circumferentially oriented filaments 1468 
of up to 1 um in length (Ouzounov et al., 2016).  PBP2 enzymes and other cell-wall proteins 1469 
interact with MreB filaments (Kruse et al., 2004; Morgenstein et al., 2015), and PBP2 was 1470 
observed to partially co-localize with MreB filaments (Lee et al., 2014). To test the possible 1471 
influence of linear tracks on the encounter rate we extended the model introduced above by 1472 
adding unidirectional filaments of length l to every rod-complex site (filaments are oriented 1473 
along the y-axis). PBP2 molecules cannot cross filaments. Instead, a PBP2 molecules that 1474 
encounters a filament, diffuses along the filament with the same diffusion constant D until it 1475 
either a) hits the reaction site, b) reaches one of the two filament ends and returns to 2D 1476 
diffusion, or c) is randomly displaced from the filament by an amount ∆x = 2a with rate koff. 1477 
Only after hitting the target is an enzyme inactive for the latency time toff.  1478 

24. Western blotting 1479 

In order to estimate the relative amount of msfGFP-PBP2 in different strains or with different 1480 
induction levels, three independent preparations of the membrane protein fraction of AV127 1481 
and TU230(attLHC943) were analyzed by western blot using a GFP primary antibody.  1482 

Cells were grown overnight in LB at 37°C and diluted 1/400 into 15 ml of M63A with varying 1483 
amounts of IPTG or not depending on the strain. Three independent cultures, for each 1484 
strain, were grown at 30°C with different inducer concentrations (5 to 25 μM of IPTG) for 6 1485 
hours to an OD600 approximately of 0.3. Cells were harvested by centrifugation and 1486 
resuspended in 500 μl of ice-cold 1X phosphate-buffered saline (PBS) containing 10 mM 1487 
EDTA. Cells were disrupted by sonication and the membrane protein fraction was collected 1488 
by centrifugation (20,000 x g for 30 min at 4°C). The membrane fractions were suspended in 1489 
100 μL of 1X PBS.  1490 

The protein concentrations were determined using a Bradford-based Protein Assay 1491 
(5000006, Bio-Rad) according to the instructions. Membrane protein fractions were adjusted 1492 
to the same concentration with 1X PBS. 75 μl of the membrane protein extract was mixed 1493 
with 25 μl of Laemmli sample buffer 4X (#1610747, Bio-Rad). Ultimately, approx. 14 μg of 1494 
proteins for each sample were loaded and separated on 10 % SDS-PAGE gels (Miniprotean 1495 
TGX, Bio-rad). After migration, the proteins were transferred on PVDF membranes. The 1496 
membranes were incubated for 1h in TRIS-buffered saline, 0,1% Tween 20 (TBS-T) with 3% 1497 
milk at room temperature and incubated in TBS-T milk 3% with anti-GFP antibodies 1498 
(1/10000 dilution) ON at 4°C. Membranes were then washed three times with TBS-T and 1499 
incubated for 1h with the secondary antibody tagged with horseradish peroxidase (HRP) 1500 
(Goat anti-rabbit #172 1019, Bio-Rad) at room temperature. Unbound secondary antibodies 1501 
were again washed out with three TBS-T washes. Signal was revealed using ECL solution 1502 
(RPN2232, Amersham) and blots were imaged. Relative fold-change in signal intensity was 1503 
measured in ImageJ.   1504 

25. PBP2 Mass-spectrometry  1505 

To quantify relative changes of protein levels between conditions and strains, we used Data 1506 
Independent Acquisitions (DIA) following (Bruderer et al., 2017). For absolute quantification 1507 
of PBP2 levels, we used a targeted proteomics approach by Parallel Reaction Monitoring 1508 
(PRM) (Bourmaud et al., 2016; Gallien et al., 2012; Peterson et al., 2012). 1509 
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Preparation of E. coli whole protein extracts 1510 

Cells were collected by centrifugation (4000g, 10 minutes at 4°C) around OD600 0.15. For 1511 
absolute quantification of PBP2, an aliquot part was taken from each culture in order to 1512 
determine cell number by colony counting. Supernatant was removed and cell pellets were 1513 
flash-freeze in liquid nitrogen and stored at -80°C. Cells were suspended in 250 μl of Urea 1514 
buffer 8M (Sigma U4883). Cooled cells were lysed by sonication (Fisherbrand FB120) 1515 
(alternating 3 cycles of 30 seconds ON with 40% amplitude and 15 seconds OFF to cool 1516 
down the sample). Protein concentration was determined using a Bradford-based 1517 
colorimetric assay (Bio-Rad 5000006) (Bradford, 1976) with known concentrations of bovine 1518 
serum albumin (Sigma) as a standard. Proteins samples were diluted with 2x phosphate 1519 
buffered saline (PBS) in order to decrease Urea concentration and be compatible with the 1520 
colorimetric assay. For the quantification of absolute numbers of PBP2 we used colony 1521 
counting and measured protein concentration led, which resulted in an average of 105 fg of 1522 
proteins per cell.  1523 

Digestion of proteins 1524 

All protein samples were denatured in 8 M urea in Tris HCl 100 mM pH 8.0. Proteins 1525 
disulfide bonds were reduced with 5 mM tris (2-carboxyethyl)phosphine (TCEP) for 20 min at 1526 
23° C and further alkylated with 20 mM iodoacetamide for 30 min at room temperature in the 1527 
dark. Subsequently, LysC (Promega) was added for the first digestion step (protein to Lys-C 1528 
ratio = 80:1) for 3 h at 30° C. Then the sample was diluted to 1 M urea with 100 mM Tris pH 1529 
8.0, and trypsin (Promega) was added to the sample at a ratio of 50:1(w/w) of protein to 1530 
enzyme for 8 h at 37° C. Proteolysis was stopped by adding 1% formic acid (FA). Resulting 1531 
peptides were desalted using Sep-Pak SPE cartridge (Waters) according to manufacturer 1532 
instructions. Peptides elution was done using a 50% acetonitrile (ACN), 0.1% FA buffer. 1533 
Eluted peptides were lyophilized and then stored until use.  1534 

For Data Independent Acquisitions (DIA) and Parallel Reaction Monitoring (PRM) (see 1535 
below), iRT peptides (Biognosys) were spiked into all samples as recommended by 1536 
manufacturer.  1537 

Peptide Fractionation for spectral library  1538 

Peptide fractionation was done using poly(styrenedivinylbenzene) reverse phase sulfonate 1539 
(SDB-RPS) stage-tips method as described in (Kulak et al., 2014; Rappsilber et al., 2007). 1540 
Briefly, 3 SDB-RPS Empore discs were stacked on a P200 tip and used to fractionate 30 µg 1541 
of peptides. Four serial elutions were applied as following: elution 1 (80mM Ammonium 1542 
formate, 20% (v/v) ACN, 0.5% (v/v) FA), elution 2 (110mM Ammonium formate, 35% (v/v) 1543 
ACN, 0.5% (v/v) FA), elution 3 (150mM Ammonium formate, 50% (v/v) ACN, 0.5% (v/v) FA) 1544 
and elution 4 (80% (v/v) ACN, 5 % (v/v) ammonium hydroxide).  1545 

All fractions were dried and resuspended in 0.1% formic acid before injection. For all 1546 
fractions, iRT peptides were spiked as recommended by Biognosys.  1547 

LC-MS data acquisitions 1548 

Data Independent Acquisitions (DIA) 1549 

LC-MS/SM analysis of digested peptides was performed on an Orbitrap Q Exactive HF mass 1550 
spectrometer (Thermo Fisher Scientific, Bremen) coupled to an EASY-nLC 1200 (Thermo 1551 
Fisher Scientific). Peptides were loaded and separated at 250 nl/min on a home-made C18 1552 
50 cm capillary column picotip silica emitter tip (75 μm diameter filled with 1.9 μm Reprosil-1553 
Pur Basic C18-HD resin, (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany)) equilibrated 1554 
in solvent A (2% ACN, 0.1 % FA). Peptides were eluted using a gradient of solvent B (80% 1555 
ACN ,0.1 % FA) from 3% to 6% in 5 min, 6% to 29% in 130 min, 29% to 56% in 26 min, 56% 1556 
to 90% in 5 min (total length of the chromatographic run was 180 min including high ACN 1557 
level steps and column regeneration). Mass spectra were acquired in data-independent 1558 
acquisition mode with the XCalibur 4.1.31.9 software (Thermo Fisher Scientific, Bremen).  1559 

Each cycle was built up as follows: one full MS scan at resolution 30 000 (scan range 1560 
between 400 and 1200 m/z), AGC was set at 3*106, ion trap was set at 50 ms. All MS1 was 1561 
followed by 40 isolation windows of 20 m/z, covering the MS1 range from 400 m/z to 1200 1562 
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m/z. The AGC target was 2*105, and NCE was set to 27. All acquisitions were done in 1563 
positive and profile mode.  1564 

Parallel Reaction Monitoring acquisitions for absolute quantification of PBP2 (PRM) 1565 

Peptides chosen and used for absolute quantification of PBP2 were based on the FASTA 1566 
sequence obtained from UniprotKB database (The Uniprot Consortium, 2015) and MS 1567 
evidence of identification. Peptides sequences are SGTAQVFGLK and VDNVQQTLDALR 1568 
(Aqua UltimateHeavy, Thermo Fisher Scientific). Targeted peptides and their heavy forms 1569 
were imported into Skyline (MacLean et al., 2010) to generate precursor ion inclusion list 1570 
that also contained instrument control parameters for Xcalibur to detect peptides using PRM-1571 
MS. Information on iRT peptides (Biognosys) were also generated. 1572 

Heavy peptides synthetized from PBP2 sequence were spiked at 16fmol.µl-1 in each sample. 1573 
Each sample was injected at a known concentration with iRT peptides (as recommended by 1574 
Biognosys) and 50 fmol of heavy peptides. Quantity of peptide injected on column was 1575 
controlled by UV absorbance at 280 nm and tryptophan absorbance.  1576 

PRM was performed on an Orbitrap Q Exactive HF mass spectrometer (Thermo Fisher 1577 
Scientific, Bremen) coupled to an EASY-nLC 1200 (Thermo Fisher Scientific). Peptides were 1578 
loaded and separated at 250 nl.min-1 on a home-made C18 50 cm capillary column picotip 1579 
silica emitter tip (75 μm diameter filled with 1.9 μm Reprosil-Pur Basic C18-HD resin, (Dr. 1580 
Maisch GmbH, Ammerbuch-Entringen, Germany) equilibrated in solvent A (2% ACN, 0.1 % 1581 
FA). Peptides were eluted using a gradient of solvent B (80% ACN, 0.1 % FA) from 5% to 1582 
10% in 1 min, 10% to 30% in 82 min, 30% to 50% in 5 min, 50% to 95% in 5 min (total 1583 
length of the chromatographic run was 105 min including high ACN level steps and column 1584 
regeneration). Mass spectra were acquired XCalibur 4.1.31.9 software (Thermo Fisher 1585 
Scientific, Bremen). The acquisition method combined a full scan method with a time‐1586 
scheduled sequential PRM method. For the full MS, a scan range of 350 to 1500m/z, an 1587 
orbitrap resolution of 60000, and an AGC value of a 3*106 were used. An orbitrap resolution 1588 
of 60000, a maximum IT set at 110 ms, an isolation window selection of 1.2 m/z, AGC target 1589 
was 2*105 and NCE fixed at 28 were used. Targeted, heavy and retention time peptides (iRT 1590 
peptides, Biognosys) were listed in an inclusion list and monitored.  1591 

Data analysis 1592 

Data Analysis for spectrum library building and DDA analysis of Co-IP 1593 

For spectral library purposes and DDA experiments, MaxQuant (Tyanova et al., 2016a) 1594 
1.5.5.3 was used. Raw data were analyzed against an E. coli database (6071 entries, 1595 
downloaded from Uniprot on 10/03/2016).  1596 

The following search parameters were applied: carbamidomethylation of cysteines was set 1597 
as a fixed modification, oxidation of methionine and protein N-terminal acetylation were set 1598 
as variable modifications. The mass tolerances in MS and MS/MS were set to 5 ppm and 20 1599 
ppm respectively. Maximum peptide charge was set to 7 and 7 amino acids were required 1600 
as minimum peptide length. A false discovery rate of 1% was set up for both protein and 1601 
peptide levels.  1602 

Data analysis was done mainly using Excel and Perseus environment (Tyanova et al., 1603 
2016b). 1604 

Data analysis for DIA acquisitions 1605 

DIA experiments were analyzed using Spectronaut X (v. 11 Biognosys AG). Dynamic mass 1606 
tolerance at the MS1 and MS2 levels was employed. The XIC RT Extraction Window was 1607 
set to Dynamic with a correction factor of 1. Calibration mode was set to automatic with 1608 
nonlinear iRT calibration and precision iRT enabled. Decoys were generated using the 1609 
scrambled method and a dynamic limit (default settings). P value estimation was performed 1610 
using a kernel density estimator. Interference correction was enabled with no proteotypicity 1611 
filter. Major grouping was by Protein-Group ID, and minor grouping was by stripped 1612 
sequence. The major group quantity was mean peptide quantity. The major group top N was 1613 
enabled with a minimum of 1 and a maximum of 3. Minor group quantity was mean 1614 
precursor quantity. The minor group top N was enabled with a minimum of 1 and a 1615 
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maximum of 3. The quantity MS-Level was MS2, and quantity type was area. Q value was 1616 
used for data filtering. Cross run normalization was enabled with Q value sparse row 1617 
selection and local normalization. The default labeling type was label-free with no profiling 1618 
strategy and unify peptide peaks not enabled. The protein inference workflow was set to 1619 
automatic. 1620 

PRM data analysis 1621 

Raw mass spectrometry data were exported to Skyline-daily (version 4.1.1.18179) for 1622 
identification of transitions and peak area integration. Data were exported in .csv file format 1623 
and analyzed in Excel. 1624 
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Supplemental Figures 1739 

 1740 

 1741 

Figure 1–figure supplement 1. Comparison of PBP2-PAmCherry expressing cells and 1742 
WT.  1743 

(A) Bocillin-binding assay to compare expression levels of PBP2 in the wild-type strain 1744 
(MG1655), the strain expressing PBP2-PAmCherry from the native locus (TKL130), and the 1745 
strain overexpressing PBP2-PAmCherry (TKL130/pKC128). Quantification in (D).  1746 

(B) Average cell dimensions obtained by phase-contrast microscopy and computational 1747 
image segmentation.  1748 

(C) Average doubling times during steady-state exponential growth in batch culture (from 1749 
OD600).  1750 

(D) Different methods to compare PBP2 expression levels in different strains (from left to 1751 
right): Bocillin labeling (from A), single-cell fluorescence levels measured in epi-fluorescence 1752 
mode, mass spectrometry [Data Independent Acquisitions (DIA) and Parallel Reaction 1753 
Monitoring (PRM)]. For the first three methods, PBP2 levels are normalized by the 1754 
corresponding value in TKL130. For PRM, we obtained absolute numbers of proteins per 1755 
cell by comparing to reference peptides and colony counting. With both mass spectrometry 1756 
methods, we observe a higher fold-change than through the other methods. Dots represent 1757 
biological replicates.  1758 
  1759 
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 1760 

Figure 1–figure supplement 2.  Comparing 2- and 3-state-diffusion models to fit 1761 
experimental data through Spot-On. 1762 

(A) Probability distributions of single-molecule jump lengths (solid lines, colored) and fit 1763 
(dashed, black) using a two-state (left) or three-state (right) diffusion model for different time 1764 
intervals for native levels (TKL130) and for over-expression (TKL130\pKC128) of PBP2-1765 
PAmCherry. Shaded regions show standard deviations between biological replicates.  1766 

(B) Comparison of bound fractions and average diffusion constants acquired by fitting two-1767 
state and three-state diffusion models shown in (A). Dots represent biological replicates.  1768 

(C) Normalized sum of residuals found by using multi-state models with Spot-On. Error bars 1769 
show standard error between biological replicates.   1770 
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 1771 

Figure 1–figure supplement 3. An alternative approach to fit a two-state diffusion 1772 
model, based on the distribution of effective diffusion constants. 1773 

(A) Heat map of sum of squared differences (RSS) between the Deff distributions of single-1774 
track effective diffusion constants Deff obtained from experimental data or computational 1775 
simulations of a two-state model, using different model parameters D (diffusion constant of 1776 
the diffusive fraction) and σ (localization precision). Parameter sets giving the lowest 5 RSS 1777 
values are shown with green diamonds. Best fit is given by D = 0.04 μm2/s and σ = 20 nm. 1778 

(B) We verified that the non-diffusive population was indeed not diffusing, with Dbound = 0 1779 
μm2/s (left), while a finite diffusion constant Dbound > 0.002 um2/s gives poor agreement 1780 
between simulation and experiment. Here, the experimental Deff distribution is the mean of 6 1781 
biological replicates.  1782 

(C) We compared the results of our method with the Spot-On code (2-state model) in 1783 
TKL130 (native levels) and TKL130/pKC128 (overexpression), respectively.  1784 
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 1785 

Figure 1–figure supplement 4. Transitions between immobile and persistent states.  1786 

Example tracks and velocity as a function of time for example tracks that show transitions 1787 
between persistent and immobile states.  1788 

 1789 

 1790 
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 1791 

Figure 1–figure supplement 5. Analysis of bound PAmCherry-PBP2 molecules.  1792 

(A) Velocity distribution of all PBP2 tracks measured with 1 s intervals. The velocity of 1793 
individual tracks was determined by fitting a quadratic function to the MSD.  1794 

(B) Velocity distributions for directed trajectories of PBP2 and MreB as found by selecting for 1795 
an increased goodness of fit measured by R2 of a quadratic function to the MSD.  1796 

(C) The stricter the goodness of fit criterion (minimal R2) the less trajectories contribute to 1797 
the mean track velocity.  1798 

(D) The mean velocity increases with increasing minimum R2. The dashed line indicates the 1799 
value chose for the distributions in Fig. 1.  1800 

(E-F) The same analysis applied on 4-step segments of trajectories measured with 3.6 s 1801 
intervals delivers smaller mean velocities, likely because fast trajectories reside for a shorter 1802 
amount of time in the field of view. 1803 
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 1804 

Figure 1–figure supplement 6. Quantitative analysis of persistent and immobile states 1805 
based on computational simulations.  1806 
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(A) Distribution of measured single-step displacements in one dimension. A fit of a normal 1807 
distribution to the data delivers a standard deviation of 36 nm, which corresponds to a 1808 
localization error of single localization events of 25 nm.  1809 

(B) We computationally simulated trajectories such that the length distribution of the 1810 
simulated trajectories resembles the one from measured trajectories.  1811 

(C) Fraction of immobile segments measured in simulations of immobile (blue) or persistent 1812 
(red) molecules and in experimentally measured tracks (yellow) as a function of the moving-1813 
average window size and for different velocity thresholds. The red horizontal lines signify 5% 1814 
and 95% probability thresholds, respectively. Error bars are from bootstrapping. For a 1815 
window size of 4 steps and a velocity threshold of 8 nm/s the rate of wrong annotation is 1816 
smaller than 1% both in simulations of purely persistent or immobile molecules. For pairs of 1817 
w and vthr that lead to high accuracy of the determination of immobile and persistent 1818 
segments the immobile fraction of the experimental data shows similar results.  1819 

(D-E) MSD’s of single-track segments (gray lines) classified as (D) immobile or (E) 1820 
persistent compared to the MSD of all respective segments (blue line). For simulated 1821 
trajectories that can switch between the immobile and the persistent state (simulated with v 1822 
= 12 nm/s, kip = 0.015 s-1, kpi = 0.021 s-1) we find a similar behavior of the MSD curves (red 1823 
line).  1824 

(F) Distribution of MSD’s of immobile and persistent segments for different numbers of steps 1825 
N.  1826 
  1827 
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 1828 

Figure 1–figure supplement 7. Number of bound PBP2 molecules increases with 1829 
increasing PBP2 levels.  1830 

(A-B) Number of bound PBP2 molecules (𝑁bound = 𝑁PBP2𝑏) (A) and active PBP2 molecules 1831 

(𝑁active = 𝑁PBP2𝑏𝑝) (B) as a function of the number of PBP2 molecules per cell (NPBP2). b and 1832 
p are the bound and persistent fractions of molecules, respectively. Since DIA, fluorescence, 1833 
and Western Blot results only gave relative changes of PBP2 numbers, we used PRM 1834 
values for TKL130 (for PAmCherry-PBP2) or for TU230(attLHC943) with 5 μM IPTG 1835 
induction (for msfGFP-PBP2), respectively.  1836 

(C) Density of tracks obtained by slow tracking for TKL130 and TKL130/pKC128, using 1837 
same photo-activation and imaging conditions. Dots represent single fields of view (40x40 1838 
um). Despite variations between different fields of view, the fold-change of the median is of 1839 
the same order as the relative change of bound molecules obtained in (A).  1840 
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 1842 

Figure 1–figure supplement 8. Comparison of AV127, msfGFP-PBP2 1843 
(TU230(attLHC943)), msfGFP-PBP2(L61R) (TU230(attLHC943)), and WT strains.  1844 

(A) Length (top left), width (bottom left), and growth curves (right) of the strains carrying 1845 
msfGFP-PBP2 (AV127 or IPTG-inducible) and msfGFP-PBP2(L61R) (labeled 'Mut') for 1846 
different induction levels in comparison to MG1655. Gray and blue bars show cell 1847 
dimensions after 6 and 10 hours of growth, respectively (see also Fig. 1–SI Fig. 9). Doubling 1848 
times are obtained from exponential fits (dashed lines) to three biological replicates (different 1849 
colors).  1850 

(B) PBP2 fold changes acquired from epi-fluorescence images, GFP-Western Blotting, and 1851 
mass spectrometry measurements (DIA and PRM). The values are normalized by the value 1852 
acquired from 5 μM IPTG induction except for PRM counts. PRM measurements combined 1853 
with colony counting yield absolute numbers of proteins per cell.  1854 

(C) Average diffusion constants and bound fractions. Gray bars show data after 6 hours of 1855 
growth. Dots represent biological replicates. 1856 
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 1857 

Figure 1–figure supplement 9. Time-dependent effect of low msfGFP-PBP2 1858 
expression.  1859 

(A) Cell length, width, and GFP intensity as a function of time of TU230(attLHC943) cells for 1860 
2 different induction levels of 5 μM IPTG (black) and 25 μM IPTG (red). 1861 

(B) Bound fractions and average diffusion constants. Red lines in (B) indicate the values 1862 
measured for 25 μM induction during steady-state growth. Shaded areas and error bars 1863 
show standard deviation between at least 3 technical replicates.  1864 
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 1865 

Figure 1–figure supplement 10. Low-frequency tracking of msfGFP-PBP2 and 1866 
msfGFP-PBP2(L61R) cells under different induction levels.  1867 

(A) Persistent fractions for different expression levels of msfGFP-PBP2 and msfGFP-1868 
PBP2(L61R). 1869 

(B) Left. Mean velocity as a function of minimal R2, which are obtained from a quadratic fit to 1870 
single-track MSD’s of the form y = a + bx2. Right. Mean velocity of tracks, which satisfy 1871 
R2>0.9. Dots represent biological replicates.  1872 
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 1873 

Figure 2–figure supplement 1. Determination of an upper limit of the unbinding rate 1874 
kbd through simulations.  1875 

Simulations of track-length distributions reveal the apparent track termination rate ka as a 1876 
function of the unbinding rate kbd for different transition simulated rates kip, kpi. Top: 1877 
kip = 0.063/s, kpi = 0.0086/s (experimentally measured rates, leading to a bound fraction of 1878 
88%); middle and bottom (thin solid lines): kip = 0.063/s, kpi = 0.0158/s; kip = 0.033/s, 1879 
kpi = 0.0086/s. For the thin solid lines, we adjusted either of the two rates to yield the 1880 
experimentally measured bound fraction of 80%. Comparison with the experimentally 1881 
measured apparent unbinding rate (green) allows us to infer an upper bound for the 1882 
unbinding rate kbd < 0.03/s. Shaded area: 95% confidence interval. 1883 
  1884 
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 1885 

 1886 

Figure 3–figure supplement 1. Sample fluorescence profiles on cell boundaries as in 1887 
Fig. 3B.  1888 

Fluorescence profiles along contours of different cells carrying mCherry-PBP2, MreB-1889 
msfGFP, or GFP-RodZ fusions for untreated (left) or A22 treated cells (50 μg/ml) (right), 1890 
obtained in the same way as in Fig. 3A, B. Intensities are normalized by the median value 1891 
and smoothened with a Gauss filter with standard deviation of 33 nm (0.5 pixel). 1892 
  1893 
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 1894 

Figure 3–figure supplement 2. Spotty patterns of MreB, RodZ and PBP2 in TIRF 1895 
microscopy. 1896 

(A) Sample TIRF images with cell centerline plotted in cyan. Scale bar 1 um.  1897 

(B-C). In analogy to Fig. 3C-D, TIRF microscopy shows that A22 (30 min; 50 μg/ml) visibly 1898 
reduces peak number and intensity of MreB-msfGFP and GFP-RodZ but not of mCherry-1899 
PBP2.  1900 
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 1901 

 1902 

 1903 

Figure 3–figure supplement 3. Verification of bound fraction measurements with A22 1904 
treated cells carrying the msfGFP-PBP2 fusion.  1905 

Bound fractions and average diffusion constants for untreated and A22-treated (for 30 1906 
minutes) cells carrying the msfGFP-PBP2 fusion (AV127). Dots represent biological 1907 
replicates.  1908 
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 1909 

Figure 3–figure supplement 4. Growth and shape of A22- and mecillinam-treated cells.  1910 

(A-B) A22-treated cells grow unperturbed for 6 generations (A), while cells treated with 1911 
mecillinam show a reduced growth rates after around 3 generations (B). (C) Cell shape of 1912 
cells treated with A22 (A) and mecillinam (B). In both cases, cells become wider and shorter. 1913 
Dots represent technical replicates. 1914 
 1915 

 1916 
1917 
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 1918 

Figure 4–figure supplement 1. Change in the bound fraction after photobleaching of 1919 
untreated cells.  1920 

The horizontal line corresponds to the mean bound fractions obtained from unbleached cells 1921 
(see Fig 3). Error bars and shaded area show standard deviations between at least 3 1922 
technical replicates.  1923 
  1924 
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 1925 

 1926 

Figure 5–figure supplement 1. Depletion of Rod-complex components shows no effect 1927 
on growth.  1928 

Growth curves for the different depletion strains in induced and depleted conditions as a 1929 
function of time after initiating protein depletion. The doubling time is obtained from an 1930 
exponential fit. 3 biological replicates for each condition. Y-axis is shown in log-scale.  1931 
  1932 
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 1933 

 1934 

Figure 5–figure supplement 2. Depletion of Rod-complex components. 1935 

(A-B) Cell length and width upon repression of RodA, and depletion of MreCD or RodZ at 1936 
different time points after initiating protein depletion.  1937 

(C-D) Levels of RodA, MreC, and RodZ (C) and levels of PBP2 (D) acquired by mass 1938 
spectrometry (DIA). Protein levels are normalized by the mean of the corresponding protein 1939 
level in MG1655. Dots represent two biological replicates for each condition.  1940 

(E) Average diffusion constants drop upon repression of potential members of the Rod 1941 
complex. Dots represent biological replicates. 1942 

(F) Bound fraction and average diffusion constant of PBP2-PAmCherry at different time 1943 
points during RodZ depletion. Dots represent biological replicates. 1944 
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 1945 

 1946 

Figure 5–figure supplement 3. RodZ and PBP2 do not colocalize, while RodZ and 1947 
MreB do.  1948 

(A) Sample profiles along the cell centerline of different cells carrying MreB-mCherry and 1949 
GFP-RodZ fusions (ΔrodZ mreB<>mreB-mCherry (Plac::gfp-rodZ)) (top) or mCherry-PBP2 1950 
and GFP-RodZ fusions (ΔrodZ mrdA<>mCherry-mrdA (Plac::gfp-rodZ)) (bottom) acquired by 1951 
epi-fluorescence microscopy. Intensities are normalized by the median value and then 1952 
smoothened with a Gauss filter with standard deviation of 33 nm (0.5 pixel). 1953 

(B) Boxplots of Pearson correlation coefficients between PBP2- and RodZ signals (left) and 1954 
between MreB-and RodZ signals (right) acquired by epi-fluorescence microscopy. 1955 

(C) Sample snapshots and corresponding intensity maps of cells carrying mCherry-PBP2 1956 
and GFP-RodZ fusions (ΔrodZ mrdA<>mCherry-mrdA (Plac::gfp-rodZ)) (left) or MreB-1957 
mCherry and GFP-RodZ fusions (ΔrodZ mreB<>mreB-mCherry (Plac::gfp-rodZ)) (right) 1958 
acquired by TIRF microscopy. Intensities are normalized by the median value. x-axis show 1959 
position along the short axis of the cell where zero corresponds to the centerline (mid-cell). 1960 
y-axis is then the position along the cell’s long axis. Distances are given in nm. Scale bar 1961 
shows 1 um. Intensity maps are stretched in x-direction for better visibility. 1962 

(D) Boxplots of Pearson correlation coefficients between PBP2- and RodZ signals (left) and 1963 
between MreB-and RodZ signals (right) acquired by TIRF microscopy.  1964 
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 1965 

Figure 6–figure supplement 1. Correlations between MreB and contour curvature in 1966 
WT cells.  1967 

Left. Normalized average MreB intensity as a function of local contour curvature in strain 1968 
NO53 (mreB<>mreB-msfGFP). Comparison between correlations obtained from full 1969 
contours (black) and side walls (green).  1970 

Right. Distributions of contour-curvature values corresponding to correlation plots on the 1971 
left. Shaded areas show standard deviation between 3 biological replicates.  1972 
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 1973 

Figure 6–figure supplement 2. Loss of correlations between MreB and contour 1974 
curvature after renormalizing either curvature or intensity for cell bending in 1975 
filamentous cells.  1976 

(A-B) Curvature correction. (A) Average MreB intensity as a function of contour curvature 1977 
(black) and bending-corrected contour curvature (orange) in NO53/pDB192 (Plac::sulA). (B) 1978 
Distributions of contour curvature (black) and corrected contour curvature (orange). 1979 
Curvature correction leads to a narrower distribution while ~80% of local curvature values 1980 
keep their original sign of curvature. 1981 

(C-E) Intensity correction. (C) Average MreB intensity as a function of bending-corrected 1982 
MreB-intensity (orange). Intensity is corrected for observed correlations between MreB 1983 
intensity and centerline curvature in (D) (Methods). (D) Average MreB intensity as a function 1984 
of smoothened centerline curvature (using a Gauss filter of σ = 80 nm). (E) Centerline-1985 
curvature distribution. Shaded areas show standard deviation between 3 biological 1986 
replicates.  1987 
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Supplementary files 1988 

Supplementary File 1. PBP2 levels and dynamics. 1989 

a. Unperturbed conditions. Measurement results at different levels of PAmCherry-PBP2 and 1990 
msfGFP-PBP2 as well as msfGFP-PBP2(L61R). Protein levels are measured based on 1991 
fluorescence, mass spectrometry (DIA and PRM), and Western Blots.  1992 

b. PBP2 dynamics under different perturbations corresponding to Figs. 3 and 5.  1993 

 1994 

Supplementary File 2. Comparison of 2- and 3-state diffusion models.  1995 

a, b. Measurements of PAmCherry-PBP2 in TKL130 and TKL130/pKC128, constraining 1996 
D0=0 (a) or leaving D0 free (b).  1997 

c. All measurements carried out with the msfGFP-PBP2 or msfGFP-PBP2(L61R) fusions. 1998 

 1999 

Supplementary File 3. Strains (a), plasmids (b), and primers (c) used in this study. 2000 
 2001 

Video captions 2002 

Fig. 1–Video 1. High-frequency imaging of PAmCherry-PBP2.  2003 

Left. Denoised bright-field image taken at the beginning of the video. Right. Raw images 2004 
from high-frequency imaging (imaging interval 60 ms) of PAmCherry–PBP2 show diffusive 2005 
and bound molecules. Blue circles and lines represent peaks and corresponding tracks 2006 
considered for analysis.  2007 

Fig. 1– Video 2. Low-frequency imaging of PAmCherry-PBP2.  2008 

Left. Denoised bright field image Right. Raw images from low frequency imaging (imaging 2009 
interval 3.5 s) of PAmCherry–PBP2 show immobile and persistently moving molecules. Blue 2010 
circles and lines represent peaks and corresponding tracks considered for analysis.  2011 

Fig. 1– Video 3. High-frequency imaging of msfGFP-PBP2.  2012 

Left. Denoised bright field image taken at the beginning of the video. Right. Raw images 2013 
from high frequency imaging (imaging interval 60 ms) of msfGFP–PBP2 (AV127) show 2014 
diffusive and bound molecules. Blue circles and lines represent peaks and corresponding 2015 
tracks considered for analysis.  2016 

Fig. 1– Video 4. Low-frequency imaging of msfGFP-PBP2  2017 

Left. Denoised bright field image Right. Raw images from low frequency imaging (imaging 2018 
interval 3.5 s) of msfGFP–PBP2 (AV127) show immobile and persistently moving molecules. 2019 
Blue circles and lines represent peaks and corresponding tracks considered for analysis.  2020 

Fig. 3– Video 1. MreB-msfGFP imaging 2021 

Left. Phase contrast image taken at the beginning of the video. Right. Raw images of MreB-2022 
msfGFP motion (imaging interval 1 s) of NO53 cells. Blue circles and lines represent peaks 2023 
and corresponding tracks considered for analysis.  2024 

Fig. 3– Video 2. MreB-msfGFP imaging of A22 treated cells 2025 

Left. Phase contrast image taken at the beginning of the video. Right. Raw images of MreB-2026 
msfGFP motion (imaging interval 2 s) of NO53 cells treated with 20 μg/ml A22 for a duration 2027 
of 30 minutes. Blue circles and lines represent peaks and corresponding tracks considered 2028 
for analysis.   2029 
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Supplemental datasets for figures and tables 2030 

Source Data File 1 – Data related to Figure 1.  2031 

The file Dataset-Fig1.xlsx contains: 2032 

Fig. 1H-I. Number of tracks, average diffusion constants, bound and persistent fractions for 2033 
PAmCherry-PBP2 for native and overexpression conditions, including p-values for bound 2034 
and persistent fractions. 2035 

Fig. 1F-G. Numerical values of the distribution of speeds and orientations of PAmCherry-2036 
PBP2 and MreB-msfGFP tracks from low frequency imaging and number of tracks 2037 
considered. 2038 

Fig1. SI1B-C. Width, length and doubling times obtained from OD600 measurements of 2039 
MG1655, TKL130, and TKL130/pKC128 cells. 2040 

Fig1. SI1D. Bocillin labeling, fluorescence and mass spectrometry measurements of 2041 
MG1655, TKL130, and TKL130/pKC128 cells. 2042 

Fig1. SI2. Values of bound fractions, average diffusion constants, and sum of residuals of 2043 
PAmCherry-PBP2 tracks from TKL130/pKC128 strain with high frequency imaging given by 2044 
the Spot-On method using 2- or 3-state diffusion model. 2045 

Fig1. SI3. Values of bound fractions and diffusion constants of PAmCherry-PBP2 tracks 2046 
from TKL130/pKC128 strain to compare the results from Spot-On with the Deff based 2047 
method. 2048 

Fig1. SI5. Raw data for Fig. 1F-G. List of velocity, orientation and goodness of fit (R2). 2049 

Fig1. SI7. Number of bound or active PBP2 molecules as a function of the number of PBP2 2050 
molecules per cell acquired from mass spectrometry and fluorescence measurements. 2051 

Fig1. SI8A. Shape and OD600 measurements of cells carrying the msfGFP-PBP2 fusion 2052 
expressed from the native or PLac promoters with different induction levels of IPTG. 2053 

Fig1. SI8B. Fluorescence and Western Blot quantifications and mass spectrometry (both 2054 
DIA and PRM) of cells carrying the msfGFP-PBP2 fusion expressed from the native or PLac 2055 
promoters with different induction levels of IPTG  2056 

Fig1. SI8C. Values of number of tracks, average diffusion constants, and bound fractions for 2057 
cells carrying the msfGFP-PBP2 fusion, including p-values for bound fractions. 2058 

Fig1. SI9. Shape and fluorescence measurements, number of tracks, average diffusion 2059 
constants and bound fractions from high frequency imaging of cells carrying msfGFP-PBP2 2060 
fusion with induction levels of 5 and 25uM IPTG after different times of growth, including p-2061 
values for bound fractions. 2062 

Fig1. SI10A. Values of number of tracks, and persistent fractions for cells carrying msfGFP-2063 
PBP2 fusion expressed from the native or PLac promoters with different induction levels of 2064 
IPTG, including p-values for persistent fractions. 2065 

Fig1. SI10B. List of velocity and goodness of fit (R2) values for cells carrying msfGFP-PBP2 2066 
fusion under different induction levels of IPTG. 2067 

 2068 

Source Data File 2 – Data related to Figure 2.  2069 

The file Dataset-Fig2.xlsx contains: 2070 

Fig. 2B. Values of switching rates of PAmCherry-PBP2 and msfGFP-PBP2 tracks from low 2071 
frequency imaging and number of tracks considered. 2072 

Fig. 2C. Values of histogram counts of track lengths of msfGFP-PBP2 tracks for lifetime 2073 
measurements. 2074 

 2075 
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Source Data File 3 – Data related to Figure 3.  2076 

The file Dataset-Fig3.xlsx contains: 2077 

Fig. 3C-D. Numerical values of the distribution of peak intensities, average peak density, 2078 
pixel noise and number of cells considered for untreated and A22-treated cells carrying 2079 
either mCherry-PBP2, MreB-msfGFP, or GFP-RodZ fusion. 2080 

Fig. 3E. Number of tracks, average diffusion constants, and bound fractions from high 2081 
frequency imaging for non-treated, A22- and Mecillinam- treated cells from TKL130, 2082 
including p-values for bound fractions and diffusion constants.  2083 

Fig. 3F. Number of tracks and persistent fractions from low frequency imaging for non-2084 
treated, A22- and Mecillinam- treated cells from TKL130, including p-values for persistent 2085 
fractions. 2086 

Fig3. SI2. Numerical values of the distribution of peak intensities, average peak density, 2087 
pixel noise and number of cells considered for untreated and A22-treated cells carrying 2088 
either mCherry-PBP2, MreB-msfGFP, or GFP-RodZ fusion. 2089 

Fig3. SI3. Number of tracks, average diffusion constants, and bound fractions from high 2090 
frequency imaging for non-treated and A22-treated cells from AV127, including p-values for 2091 
bound fractions and diffusion constants. 2092 

Fig3. SI4. Width, length and doubling time from OD600 measurements for non-treated, A22- 2093 
treated and Mecillinam- treated cells from TKL130. 2094 

 2095 

Source Data File 4 – Data related to Figure 4.  2096 

The file Dataset-Fig4.xlsx contains: 2097 

Fig. 4B. Number of tracks and bound fractions from Bound-molecule-FRAP measurements 2098 
at different time lags with A22-treated cells from TKL130. 2099 

Fig. 4C. Values of histogram counts of track lengths of msfGFP-PBP2 tracks from A22-2100 
treated cells for lifetime measurements. 2101 

Fig4. SI1. Number of tracks and bound fractions from bound-molecule-FRAP measurements 2102 
at different time lags with non-treated cells from TKL130. 2103 
 2104 

Source Data File 5 – Data related to Figure 5.  2105 

The file Dataset-Fig5.xlsx contains: 2106 

Fig. 5C. Number of tracks, average diffusion constants and bound fractions of PAmCherry-2107 
PBP2 tracks from high frequency imaging during depletion of Rod-complex components, 2108 
including p-values for bound fractions and diffusion constants. 2109 

Fig. 5D. Number of tracks and persistent fractions of PAmCherry-PBP2 tracks from low 2110 
frequency imaging during depletion of Rod-complex components, including p-values for 2111 
persistent fractions. 2112 

Fig5. SI1. OD600 measurements during depletion of Rod-complex components. 2113 

Fig5. SI2A-B. Shape measurements during depletion of Rod-complex components. 2114 

Fig5. SI2C-D. Mass spectrometry measurements (DIA method) of MreC, RodA, RodZ, and 2115 
PBP2 during depletion of Rod-complex components. Protein levels are normalized by the 2116 
mean of the corresponding protein level in MG1655. 2117 

Fig5. SI2E. see data for Fig. 5C. 2118 

Fig5. SI2F. Number of tracks, average diffusion constants, and bound fractions of 2119 
PAmCherry-PBP2 tracks from high frequency imaging at different times of RodZ depletion, 2120 
including p-values for diffusion constants and bound fractions. 2121 
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Fig5. SI3B, D. Pearson correlation coefficients between (i) mCherry-PBP2 and GFP-RodZ 2122 
or (ii) MreB-mCherry and GFP-RodZ signals for each cell. 2123 
 2124 

Source Data File 6 – Data related to Figure 6.  2125 

The file Dataset-Fig6.xlsx contains: 2126 

Fig. 6C-D. For filamentous NO53 cells, numerical values of correlations between contour 2127 
curvature and normalized MreB-msfGFP intensities for the full contour, side walls or flat 2128 
regions with number of cells considered. 2129 

Fig. 6E-F. For filamentous NO53 cells, numerical values of the distribution of contour 2130 
curvatures for the full contour, side walls or flat regions with number of cells considered. 2131 

Fig6. SI1. For NO53 cells, numerical values of the (i) correlations between contour curvature 2132 
and normalized MreB-msfGFP intensities, and (ii) distribution of contour curvatures for the 2133 
full contour and side walls. 2134 

Fig6. SI2. For filamentous NO53 cells, numerical values of (i) correlations between 2135 
curvature and normalized MreB-msfGFP intensities, and (ii) curvature distributions after 2136 
applying curvature or intensity correction methods. 2137 

 2138 
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