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Abstract

Cell division in Escherichia coli starts with the formation of an FtsZ protofilament network in the
middle of the cell, the Z ring. However, only after a considerable lag period do the cells start to
form a midcell constriction. The basis of this cell cycle checkpoint is yet unclear. The onset of
constriction is dependent upon the arrival of so-called late divisome proteins, among which,
FtsN is the last arriving essential one. The timing and dependency of FtsN arrival to the
divisome, along with genetic evidence, suggests it triggers cell division. In this study, we used
high throughput fluorescence microscopy to quantitatively determine the arrival of FtsN and
the early divisome protein ZapA to midcell at a single-cell level during the cell cycle. Our data
show that recruitment of FtsN coincides with the initiation of constriction within experimental
uncertainties and that the relative fraction of ZapA/FtsZ reaches its highest value at this event.
We also find that FtsN is recruited to midcell in two distinct temporal stages with septal
peptidoglycan synthesis starting in the first stage and accelerating in the second stage, during
which the amount of ZapA/FtsZ in the midcell decreases. In the presence of FtsA*, recruitment
of FtsN becomes concurrent with the formation of the Z-ring, but constriction is still delayed
indicating FtsN recruitment is not rate limiting, at least under these conditions. Finally, our data
support the recently proposed idea that ZapA/FtsZ and FtsN are part of physically separate

complexes in midcell throughout the whole septation process.
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Importance

In E. coli, FtsN has been considered a trigger for septal wall synthesis and the onset of
constriction. While FtsN is critical for cell division, its recruitment kinetics to midcell has not
been characterized. Using quantitative high throughput microscopy, we find that FtsN is
recruited to midcell in two temporal stages. The septal cell wall synthesis starts at the first
stage and accelerates in the second stage. In the presence of an FtsA mutant defective in self-
interaction, recruitment of FtsN to midcell is enhanced, but constriction is still delayed. Our
results shed new light on an essential but not rate-limiting role of FtsN in E. coli cell division and
also support the view that ZapA/FtsZ and FtsN are part of physically separate complexes in

midcell throughout the division process.
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Introduction

Cell division in bacteria requires the regulated assembly of several dozen divisome proteins that
collectively initiate and guide the formation of the constriction/septum, which divides the
mother cell into two daughters (1, 2). In Escherichia coli, the assembly of the essential divisome
proteins involves at least two stages (3, 4). During the first stage, the tubulin-like GTPase FtsZ
polymerizes into dynamic protofilament assemblies (5) that are attached to the inner leaflet of
the cytoplasmic membrane by the membrane tethers FtsA and ZipA (6). These assemblies are
also decorated by the non-essential Z-ring associated protein, ZapA (3, 5, 7), and potentially
with several less conserved and less abundant Zap proteins (ZapC, ZapD) (8-10). This initial
complex forms a highly dynamic discontinuous ring-like structure, referred to as the Z-ring,
composed of FtsZ protofilaments which treadmill around the division plane (11-13). FtsEX also

arrives at this stage and is required for recruitment of proteins during the second stage (14, 15).

During the second stage, the remaining essential divisome proteins are recruited to midcell to
complete the assembly of the mature divisome (1, 2), which then starts to synthesize the septal
cell wall. Dependency studies indicate a sequential recruitment of these divisome proteins with
the order FtsK<FtsQ<FtsB-FtsL<FtsW-FtsI<FtsN (1, 2). FtsN is the last of the essential proteins to
arrive, and it has been postulated to be the trigger protein that leads to the onset of
constriction (16-21). FtsN is an integral membrane protein (22), with a short cytoplasmic
domain (FtsN9*°), a single transmembrane helix followed by a large periplasmic domain (23).
The periplasmic domain is further divided into two subdomains: an essential domain (FtsNE),

which has been implicated in triggering septal peptidoglycan (PG) synthesis (17, 24), and a C-
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terminal SPOR (septal peptidoglycan binding) domain, which interacts with PG strands denuded

of peptide linkages by amidases (16, 25, 26).

The recruitment of FtsN to midcell is complex, requiring FtsA, FtsQ, Ftsl and likely all upstream
proteins (1, 27, 28). It has been reported that a small amount of FtsN is recruited to the division
site before the start of cell wall synthesis through a cytosolic interaction between FtsN®* and
FtsA at the Z-ring (29-32). This initial recruitment of FtsN, along with ZipA, is proposed to
interact with the PG synthases PBP1a and PBP1b to initiate a pre-septal phase of PG synthesis
(33). Once the constriction starts, more FtsN is recruited via its SPOR domain that binds to
denuded glycan strands produced by activated amidases (16, 34). Since the denuded strands
are formed following the onset of septal cell wall synthesis, the recruitment process of FtsN via
its SPOR domain is thought to be self-enhancing (also referred to as the septal PG loop) once
constriction starts (16, 22, 25).

Current models on how FtsN initiates the onset of constriction envision a two-pronged
mechanism (17, 35-37). In this model FtsNE causes a conformational change in FtsQLB in the
periplasm that activates FtsWI (36). A parallel activation pathway in the cytoplasm involves
FtsNe* activating FtsA (30-32). The FtsA mutant R286W, with reduced self-interaction, is
thought to mimic an active state of FtsA and will be denoted here also as FtsA*. FtsA* acts
directly on FtsW in the cytoplasm (38). Under physiological conditions these pathways
synergize to activate FtsWI. However, mutations that hyperactivate either of the two pathways

are capable of leading to cell constriction in the absence of the other (1, 17, 35).
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99  While FtsN is essential for cell division and potentially a trigger for it, the kinetics of its
100  recruitment to the divisome has not yet been determined. In particular, the question of
101  whether FtsN recruitment is rate-limiting for the onset of constriction has not been addressed.
102  All existing data on FtsN recruitment to the divisome originates from static cell studies or
103  imaging studies where short time-lapse series have been taken. Here we study FtsN dynamics
104  at the individual cell level throughout the cell cycle and determine its recruitment kinetics to
105  the divisome. Our high-throughput studies show that while the recruitment of ZapA/FtsZ to
106  midcell is gradual, recruitment of FtsN is abrupt and occurs on average about a quarter of the
107  cell cycle after a persistent Z-ring forms. Within minutes of FtsN recruitment, if not faster, the
108  onset of constriction starts indicating that the septal cell wall synthesis is tightly linked to the
109  arrival of FtsN to midcell. In the presence of FtsA*, FtsN arrives at midcell as the Z ring forms
110 but constriction is not immediately initiated. Under these conditions FtsN arrival is not the rate-
111  limiting component of the divisome that determines the timing of the onset of constriction. We
112 also find that FtsZ protofilament condensation is not required for FtsN recruitment and the
113 onset of constriction as has been proposed for B. subtilis (39, 40). However, a fraction of
114  ZapA/FtsZ at the midcell in the ring plateaus at its peak value. Furthermore, our data show that
115  the recruitment of FtsN to midcell occurs in two distinct stages. During both stages, cells
116  constrict, but the speed of septal closure increases in the second stage, which starts when
117  ZapA/FtsZ numbers at midcell start to decrease. Our data also lends strong support to the idea
118  that FtsN and ZapA/FtsZ are part of spatially separate complexes throughout the division

119  process.
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120  Results

121

122 FtsN accumulates rapidly at midcell about a quarter of the cell cycle time after the formation
123 of a persistent midcell ZapA/Z-ring

124  To investigate the recruitment kinetics of FtsN to the divisome in live cells, we used quantitative
125  fluorescence microscopy of a functional N-terminal fusion of Ypet to FtsN (Ypet-FtsN) (41). We
126  studied the kinetics of FtsN relative to the formation of the Z-ring. As a proxy for the Z ring, we
127  used a functional C-terminal fusion of mCherry to ZapA (ZapA-mCherry) (34). ZapA is a highly
128  conserved early cell division protein that binds to FtsZ, although not essential (42). We found
129  that the ZapA fraction at midcell is precisely the same as the FtsZ fraction at midcell throughout
130  the cell cycle (SI Fig. S1). The same partitioning ratio of FtsZ and ZapA at midcell indicates that
131  they bind to each other at a fixed stoichiometric ratio irrespective of whether FtsZ

132 protofilaments form transient assemblies or are part of a mature divisome that synthesizes

133 septal PG. Altogether, these data show that ZapA-mCherry acts as a faithful reporter for FtsZ.
134  We imaged cells in mother-machine microfluidic devices under moderately fast and slow

135  growth conditions. Cells grew in these devices in steady-state conditions with doubling times of
136 Td =78 % 28 min(mean + SD) and Td = 143 % 45 min, respectively. These doubling times
137  and cell lengths were comparable to the parent strain without the Ypet-FtsN and ZapA-mCherry
138  labels indicating the fluorescent tags did not affect cell parameters (Sl Table S1). Note that all
139  measurements were carried out at 28°C where the growth rate is expected to be about two
140  times slower than at 37°C (43). At the single-cell level, the mid-cell accumulation of ZapA at the

141  slow growth rate increased gradually as a function of cell cycle time (Fig. 1A,B, top), consistent
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142 with the previous reports which monitored FtsZ (5, 44). The overall increase in the ZapA

143 amount at midcell was interspersed by large fluctuations in ZapA numbers in the first half of the
144  cell cycle, reflecting the appearance and disappearance of FtsZ transient assemblies (5). FtsN
145  did not appear to participate in these transient assemblies, and its midcell accumulation

146  occurred at later times of the cell cycle and showed a much more rapid increase (Fig. 1A,B,

147  middle). The initial increase in the amount of FtsN at midcell was accompanied by an increase in
148  the mid-cell phase signal (Fig. 1A,B, bottom), indicating that the onset of constriction started at
149  about the time FtsN midcell recruitment as concluded before (16, 18, 20, 41). Thus, FtsN

150  showed an abrupt accumulation at midcell compared to FtsZ and ZapA. Qualitatively similar

151  behavior was also observed in moderately fast-growing cells (S| Fig. S2).

152  We then determined the timings of Z-ring formation (Tz) and the onset of FtsN accumulation at
153  midcell (Tn) from time-lapse images (Fig. 1A) using an automated algorithm (Methods). We

154  refer to time Tn as the time when an N-ring is first observed and Tz indicates the time when a
155  persistent Z-ring forms, i.e. ZapA/FtsZ protofilament assemblies that are continuously present
156  until shortly before cells separate when the Z-ring disassembles. There are some uncertainties
157  indistinguishing persistent FtsZ assemblies from transient ones (5) in these time-lapse

158 measurements. However, a fully automated and traceable approach allowed us to determine
159  this timing consistently from measurement to measurement (Methods). The timings of Tn and
160 Tz were well-correlated with each other in both growth conditions (Fig. 2A,B) with a Pearson
161  correlation R = 0.77 for moderately fast and R = 0.84 in slow-growth conditions. However, at
162  least part of this correlation can be explained by the fact that FtsZ protofilament assembly is

163  required to recruit FtsN. At the same time, there was a significant lag time from the onset of Z-
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ring formation to the onset of FtsN recruitment (Fig. 2C,D). The average lag time (all averages
will be denoted by <>) was about a quarter of the cell cycle time for both media conditions
(Glucose-cas: < (Tn — Tz)/Td >= 27 + 17%; glycerol-TrE: 27 + 15%) (SI Table S1). This long
lag time shows that midcell formation of a persistent Z ring alone is not sufficient for the
recruitment of FtsN.

ZapA fraction at midcell reaches a maximum at the start of the FtsN recruitment to the
divisome

Why is the midcell recruitment of FtsN delayed by about a quarter of the cell cycle, and what
event is needed for the recruitment of FtsN to occur? It has been argued that the onset of
constriction in B. subtilis follows condensation of FtsZ protofilaments in the middle of the cell
(40, 45). To test if a similar process also holds in E. coli, we determined the width of the Z-ring
and the N-ring at the time of the onset of constriction (Tn). The width reflects the spatial
spread of FtsZ protofilaments along the long axis of the cell, however, the number reported is
larger than the actual spread because of the width of the point-spread function (PSF) of the
microscope. In both growth conditions, the width of midcell ZapA-mCherry accumulations
started to decrease before the onset of constriction and continued to decrease throughout the
constriction period (Fig. 3A,B). The width of the N-ring also decreased throughout the
constriction period. Thus, there was no sharp condensation in the longitudinal distribution of
ZapA/FtsZ before or at the onset of constriction, which is not consistent with an abrupt FtsZ
protofilament condensation needed to trigger the onset of constriction.

It has also been proposed earlier that FtsZ needs to accumulate to some threshold number at

the Z-ring to initiate cell division (46). To test this idea further, we determined how the number
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of ZapA molecules varied as a function of time at about time Tn. In slow-growth conditions, the
number of ZapAs in the divisome increased linearly in time before Tn (Fig. 3C). At time Tn, the
linear increase almost stopped, and the number of ZapA molecules stayed constant for about
30 min (Fig. 3C). This behavior is consistent with the idea of a threshold accumulation of FtsZ.
However, at a moderately fast growth rate, the number of ZapA molecules increased
continuously throughout Tn, and their number peaked only about 20 min (0.25Td) after the
onset of constriction (Fig. 3D). This further increase could have arisen from fluorophore
maturation if the concentration of ZapA-mCherry had varied within the cell cycle, but we found
this variation small (<10%).

We subsequently investigated how the fraction of ZapA at the midcell varies as a function of
time in the vicinity of Tn. We found that the population-average fraction also increased about
linearly after formation of a persistent Z-ring (Fig. 3E,F). At time Tn, the fraction stopped
increasing in both growth conditions and plateaued at its highest value (43% in both growth
conditions). So, the threshold accumulation of a relative fraction of ZapA holds in both growth
conditions. The same behavior was also confirmed by plotting Tn vs this fraction and observing
that these two quantities showed a zero correlation (SI Fig. S3). It is unclear why the fraction of
ZapA should reach a threshold value rather than the total number of ZapA molecules in the
divisome at the onset of constriction. Furthermore, the coefficient of variation for both the
fraction of ZapA and the total number of ZapAs in the midcell Z-ring was about 0.3 (Sl Fig. S3),
indicating that if there is a threshold, then it is rather poorly defined in the cell population. An

alternative explanation for plateauing is that at time Tn some change in the divisome prevents

10
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207  afurtherincrease in the FtsZ amount in the Z-ring. Rather than being a cause for the onset of
208  constriction, the threshold accumulation may be a consequence of divisome maturation.

209  Septal cell wall synthesis starts at the first distinct stage of the FtsN recruitment

210  Our single-cell data (cf. Fig. 1B, middle) is indicative that the recruitment of FtsN occurs in two
211  stages during the cell cycle, although single-cell signals show large fluctuations. This finding
212 would support the idea that FtsN is first weakly recruited to the divisome via FtsA and later
213 more strongly via its SPOR domain once septal PG synthesis starts (16, 30, 33). To investigate
214  this idea further, we averaged the single-cell data over the cell population to remove the large
215  fluctuations in protein numbers inherent to single-cell data. The population-averaged midcell
216  accumulation of FtsN showed two distinct stages when plotted as a function of cell age (Fig.
217  4A,B). The first rise in the FtsN midcell amount occurs at about the population-averaged time
218  <Tn>, whichis (0.48 + 0.11)Td in glucose-cas and (0.65 + 0.14)Td in glycerol-TrE

219  measurements (mean + SD). Expectedly, the sharp increase observed in the single-cell data
220  (cf. Fig. 1B middle) was smeared out because of the variability in Tn timing in the cell

221  population. There was also a second distinct increase in FtsN accumulation in the population-
222 averaged data. It started at about 0.75Td for cells in the glucose-cas (Fig. 4A) and 0.9Td for
223 cellsin the glycerol-TrE medium (Fig. 4B). This increase was accompanied by a decrease in the
224 relative and absolute amount of ZapA/FtsZ in the Z-ring. An increase in the FtsN midcell

225 numbers, while there was a decrease in the ZapA/FtsZ numbers, indicates FtsN is recruited
226  independently of ZapA/FtsZ during this stage. Such recruitment may be due to binding of the

227  FtsN SPOR domain to denuded glycan strands and not involving ZapA/FtsZ.

11
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228  Itis also worth mentioning that only a relatively small fraction of FtsN is recruited to the

229  divisome even at its peak recruitment. At the peak during the 2nd stage, we found that the
230  number of FtsN in the divisome was just 16% of the total number of FtsN molecules present in
231  thecellin glycerol-TrE and 18% in glucose-cas medium (Fig. 4A,B; Sl Fig. S4). In contrast, about
232 45% of ZapA is recruited to the divisome at its peak recruitment. It is unclear what the function
233 of the remaining 83% of the FtsN molecules, which appear to be uniformly distributed

234 throughout the cell membrane. Of the 17% of the FtsN present at midcell at its peak, 70% were
235  recruited during the first stage, while the remaining 30% were recruited at the second stage.
236  Interestingly, these fractions were the same in both growth conditions. Moreover, if the

237  recruitment kinetics are plotted as a function of (absolute) time instead of cell age (relative
238  time), then the duration of the first and the second stages were effectively the same (SI Fig.
239  S5A,B) despite the twofold difference in doubling times in these two growth conditions (S|

240  Table S1). The latter finding is suggestive that septal PG synthesis is not limited by substrate
241  availability, which is likely to vary in different growth conditions, but by enzyme kinetics.

242  Next, we investigated how the two stages of FtsN recruitment are related to septal cell wall
243  synthesis. We used two independent methods to assess the synthesis rate of the septal cell
244  wall. In the first method, we followed the phase signal at midcell. The change in the latter is
245  approximately proportional to the change in the amount of the dry biomass at the midcell (see
246  Methods). As the septum starts to constrict, the dry biomass in the cell center decreases,

247  leading to anincrease of the phase signal in the negative phase contrast imaging that we used
248  (cf. Fig. 1B, bottom). The increase in the phase signal approximately coincided with the onset of

249  the first stage of the FtsN recruitment (within about +3min glucose-Cas and +8min in glycerol

12
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250  medium) when we aligned phase signals of single cells relative to their Tn (Fig. 4C, D). As a

251  second method, we determined the length growth rate of the cells. Here the length growth rate
252  isdefined as (1/L)(AL/At) where AL is the change of the cell length from a pole to a pole, L,
253 during small time interval At. This growth rate varies in a cell-cycle-dependent manner rather
254 than being a constant as shown recently (47). The length growth rate also started to increase
255  when the first FtsN accumulation occurred in the glycerol-TrE medium (SI Fig. 5E,G). In glucose-
256  cas medium, the length growth rate may be delayed but not more than by about 0.1Td (SI Fig.
257  5F,H). These two independent measurements thus show that septal PG synthesis starts already
258  at the first stage of FtsN recruitment to the divisome.

259

260  Upregulation of FtsA affects recruitment of ZapA/FtsZ and condensation of the Z-ring but not
261  the N-ring

262  To further understand what role FtsA plays in the recruitment of FtsN and early divisome

263  proteins, we introduced into our strain an extra copy of FtsA on plasmid pDSW210 (pSEB306+)
264  under an isopropyl-B-D-thiogalactoside (IPTG) inducible Pt promoter (48, 49). This plasmid

265  allows upregulation of the concentration of FtsA ([FtsA]) in the cell by about 50% (S| Fig. S6)
266  under the experimental conditions used in this study. However, in slow growth conditions in
267  glycerol medium, FtsA expression from this plasmid is too leaky (Sl Fig. S6B), so we focus on the
268  results from the moderately fast growth condition. In addition to the strain mentioned above,
269  we constructed a reference strain expressing GFP instead of FtsA from pDSW210 in non-labeled
270  WT background BW27783 cells. We imaged this reference strain (JM149) in the same

271 microfluidic chip simultaneously with the above-described strain of interest (JM150). The total

13
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272  fluorescence intensity of GFP in the reference strain allowed us to estimate the number of FtsA
273  molecules synthesized from plasmid pSEB306+ before and after IPTG induction revealing that
274  leakage from the plasmid accounted for less than 5% of the native protein level in uninduced
275  conditions (Fig. 5A). The induced condition resulted in a 50% increase in the level of FtsA, which
276  ledto anincrease in the cell length by about 10% (SI Table S1). This behavior is different from
277  the high-level expression of FtsA that inhibits cell septation and causes the formation of

278  filamentous cells (50-52).

279  The main effect observed after overexpression of FtsA was a significantly reduced amount of
280  ZapA-mCherry at the divisome (Fig. 5B). However, in the first quarter of the cell cycle, the

281  amount of ZapA-mCherry at midcell was not affected. During the first quarter, ZapA-mCherry is
282  mostly part of transient FtsZ assemblies and other complexes that lack FtsN. In later parts of the
283  cell cycle, the midcell ZapA fraction decreases from about 45% to 30% at its peak. At the same
284  time, strikingly, the fraction of FtsN at midcell remained unaffected by FtsA upregulation

285  throughout the cell cycle (Fig. 5C). Thus, the FtsA upregulation by 50% does not affect

286  recruitment of FtsN to midcell, but it has a significant effect on ZapA/FtsZ recruitment.

287  We also investigated how the increased FtsA affected the condensation of the Z-ring. Based on
288  invitro measurements, FtsA has been suggested to act as an anti-bundling agent through

289  forming minirings (53, 54). We, therefore, compared the changes in the width of both the Z-
290  and N-rings before and after the onset of constriction (Tn). Before FtsA induction, both the Z-
291  and N-ring widths behaved similarly to the WT strain without the plasmid (Fig. 5D). However, in
292 FtsA upregulated conditions, the distribution of FtsZ protofilaments along the long axes of the

293  cell remained wide and did not condense. In contrast, the N-ring appeared similar to WT cells
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294  (Fig. 5D). This finding indicates that FtsN and ZapA/FtsZ are present in spatially separated

295  complexes. These conclusions agree with previous observations that proteins in the Z-ring were
296  separated from proteins in the PG synthesizing machinery along the radial direction (19, 55,
297  56). Here, our data show that separation can also occur along the cell's long axis, at least in FtsA
298  upregulated conditions. Furthermore, the finding that the ZapA-mCherry (FtsZ)-ring stays broad
299  and does not condense suggests that FtsA upregulation antagonizes FtsZ protofilament

300  bundling. Strikingly, however, the recruitment of FtsN and the condensation of the N-ring were
301 not affected. The latter finding suggests that the majority of FtsN is recruited to the divisome
302 independent of ZapA/FtsZ.

303  FtsA* leads to earlier recruitment of FtsN but not to earlier constriction

304 It has been proposed that FtsA self-interaction prevents recruitment of downstream proteins,
305 including FtsN, to the divisome (31, 32, 57). The FtsA mutant R286W (FtsA*) has a reduced

306 ability to self-interact/polymerize but still interacts normally with FtsZ (57-59). To further

307 understand how disruption of the FtsA self-interaction affects FtsN recruitment kinetics, we
308 upregulated FtsA* in the WT FtsA background. To that end, we replaced ftsA by ftsA* in

309 plasmid pDSW210 (pSEB306+*) and repeated experiments described in the previous section.
310  We found that upregulation of FtsA* by about 50% with respect to the native FtsA levels did
311  not affect cell doubling times but led to about a 16% shortening of cell length (SI Table S1).

312  Overexpression of FtsA* decreased the midcell fraction of ZapA-mCherry slightly (Fig. 6A). The
313  decrease of about 3% was uniform throughout the cell cycle in contrast to overexpression of
314  FtsA, in which case the ZapA fraction in the beginning of the cell cycle was not affected but in

315 the late stages decreased by about 15%. Furthermore, we found that the width of the midcell Z-
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316 ring was not affected (S| Fig. S7A). At the same time, significantly more Ypet-FtsN was recruited
317  at midcell following the overexpression of FtsA* and it arrived at the same time as ZapA.

318 Importantly, the fraction of FtsN at midcell was almost uniformly increased throughout the cell
319  cycle (Fig. 6B). It was noticeable that the midcell fraction of FtsN in the FtsA* upregulated

320  conditions increased throughout the cell cycle in the same way as the midcell fraction of ZapA,
321  although the latter was about twice higher (Fig. 6C,D). Unlike FtsA, FtsA* is thus capable of
322 recruiting FtsN to the divisome as soon as the Z-ring is assembled and in proportion to the

323  fraction of ZapA/FtsZ in the Z-ring.

324  In addition to higher midcell abundance, FtsN recruitment also shifted earlier (from 34 +

325 18 minto 26 + 17 min; t-test p=4.1x101°), and the delay between recruitment of ZapA and
326  FtsN to midcell shortened from 20 + 12 min without FtsA* to 9 + 8 min in its presence (Fig.
327  6E). The distribution of these delay times changed from one with a distinct lag time to an

328 exponential, indicating that the presence of FtsA* eliminates the lag. However, the earlier and
329  more abundant recruitment of FtsN to the divisome did not lead to the earlier onset of

330 constriction in these conditions (Fig. 6F, SI S7B). This result indicated that the recruitment of
331  FtsN to the divisome is not a rate-limiting process for the onset of constriction under these
332 conditions but reveals that FtsA* accelerates FtsN recruitment.

333

334  Discussion

335  FtsN has been implicated as a trigger for the onset of constriction (16, 18, 20). Here we studied
336 its recruitment kinetics to the divisome using an early cell division protein ZapA as a reference

337  after verifying that the latter is a good proxy for FtsZ. Our data show that, unlike the gradual

16


https://doi.org/10.1101/2021.12.09.472041
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.09.472041; this version posted December 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

338 increase of ZapA/FtsZ at midcell over about a quarter of the cell cycle, the recruitment of FtsN
339  occurs abruptly over much shorter time scales and, on average, about a quarter of the cell cycle
340 later than when the persistent Z-ring forms. The question then arises as to what is responsible
341  for the delay in FtsN recruitment following formation of the Z-ring? A long delay between the
342  formation of a persistent Z-ring (T'z) at midcell and an abrupt accumulation of FtsN (Tn)

343  suggests that there is some cell cycle checkpoint between the formation of a persistent Z-ring
344  and the onset of constriction.

345 Is the onset of constriction triggered by the change in FtsZ protofilament assembly at midcell?
346  What could be responsible for the delay between Tz and Tn? The putative mechanisms

347  proposed for a checkpoint for Tn so far include the change in the polymerization state of FtsZ
348  (46), its higher-order assembly (40, 45) or that of FtsA (31, 32) or simply recruitment of FtsN
349  itself (17). To further investigate the idea that FtsZ dynamics drive the checkpoint, we followed
350 the amount of ZapA/FtsZ and the effective width of the septal ring before and after the onset of
351  constriction. Our data show that condensation of FtsZ protofilament assemblies started before
352  the onset of constriction and continued well past it. Unlike B. subtilis cells (39, 40), we did not
353  observe a change in FtsZ protofilament condensation at the onset of constriction. It is possible
354  that the mechanism triggering the onset of constriction is different in these two organisms,

355  although many of the essential divisome components are homologous to each other.

356  We also tested the hypothesis that the numbers of FtsZ molecules need to reach some

357  threshold value at midcell to initiate the formation of a constriction (46). Our data show that
358  ZapA/FtsZ reaches a broad maximum (plateau region) in slow growth conditions at the onset of

359  constriction. However, in faster growth conditions, this maximum is reached later. On the other
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hand, the fraction of ZapA/FtsZ at midcell (about 45%) plateaued at the onset of constriction in
both growth conditions. It is unclear why a fraction of FtsZ at midcell could have any
significance in initiating downstream biochemical processes. A more likely explanation is that
the constant fraction of ZapA/FtsZ at midcell indicates that divisome has matured to a
functional form for PG synthesis. This mature divisome appears to be in a quasi-equilibrium
characterized by an equilibrium constant. As the cell syntheses more ZapA/FtszZ, it is
incorporated into a divisome in proportion to this equilibrium constant. The constant fraction
thus may be the consequence of divisome maturation by some unrelated process rather than
the cause, but further work is warranted to support this claim.

Recruitment of FtsN is not rate-limiting for the onset of constriction

Our data shows that there is sufficient FtsN available at all cell cycle times, but only about 17%
is present in the septal ring at its peak, which occurs in the late stages of cell division (0.1-
0.15Td before division). The late recruitment of FtsN to the divisome is thus not because FtsN is
not available. This assessment is also consistent with measurements where we expressed FtsA*
in addition to the native copy of FtsA. In these conditions, FtsN was recruited concurrently with
the formation of the Z ring. The early recruitment of FtsN in this strain can be explained by an
increased number of FtsA* molecules with a free 1C domain to interact with FtsN since FtsA* is
defective in self-interaction, which would mask the 1C domain (57-59). Though FtsN is available
early in the cell cycle in WT cells, its recruitment does not occur until a later stage of the cell
cycle. This indicates that some other process holds back the maturation of the divisome and
that recruitment of FtsN to the divisome is not a rate-limiting process for the onset of

constriction. It is possible that instead of FtsN, the recruitment of one or more of FtsN’s
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382 interaction partners is rate-limiting. The potential interaction partners that could be rate-

383  limiting for division are FtsQ (in complex with FtsBL) or FtsWI proteins (28, 60). It could also be
384  that the rate-limiting step is a change in FtsA polymerization/self-interaction state or the

385  activation of FtsW/I (57, 61). Although data show that the recruitment of FtsN is not rate-

386 limiting for the onset of constriction, it does not contradict the notion that recruitment of FtsN
387 isthe essential last step that triggers activation of the divisome. Instead, our findings show that
388  the recruitment of the FtsN is not instrumental in controlling the timing of the division process,
389  asit should occur rapidly once the rate-limiting step is surmounted.

390 Decoupling of FtsN midcell accumulations from FtsZ protofilaments

391  Our data (Fig. 5) show that after FtsA overexpression, the fraction of ZapA/FtsZ in the Z-ring
392  decreased, and the rings did not condense at the onset of constriction as it did in WT cells. This
393  mild effect of increased FtsA on Z ring morphology is consistent with the disassembly of Z rings
394  that occurs when FtsA is increased 10-fold (50). What is surprising is that the N rings assembled
395  normally. This finding can be explained if FtsN in the septal ring is not physically linked to FtsZ
396 protofilaments. Evidence for decoupling FtsN and FtsZ protofilaments has also been

397  documented in other measurements where their localization in the radial direction was

398  examined (55) and from recent single-molecule studies (62).

399  Beyond ZapA/FtsZ and FtsN being part of different complexes, the data on Fig. 5 furthermore
400  could imply that FtsA has a minor role in directly recruiting FtsN to the septal ring. Otherwise,
401  upregulation of FtsA would have either up or downregulated the FtsN fraction in the midcell as
402 it did for the ZapA/FtsZ fraction and as it occurred when FtsA* was upregulated. However, this

403  interpretation might be too simplistic because it assumes that FtsA forms similar polymeric or
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404  higher-order structures when associated with FtsZ protofilaments and in separate divisome
405 complexes together with FtsN. If this is not the case, then the two different higher-order

406  structures could respond differently to increasing FtsA concentration. When in complex with
407  FtsZ protofilaments, FtsA could form 12 member minirings as observed in vitro measurements
408 (53, 54, 63), which appear to prevent the condensation of FtsZ protofilaments. As such, FtsA
409  acts as an anti-bundling agent for FtsZ protofilaments, which is consistent with findings in Fig. 5
410  that upregulation of FtsA leads to more diffuse Z-rings and a lower fraction of ZapA/FtsZ in

411  these rings. The concentration of the minirings should have a sensitive dependence on the total
412  FtsA monomer concentration with a high Hill coefficient (~12). As a result, small variations in
413  FtsA concentration could significantly affect FtsZ protofilament assemblies observed in our

414  experiments.

415 A different scenario might materialize in divisome complexes containing FtsN. FtsN and

416  potentially other divisome proteins can be expected to bind to FtsA via its 1C interface (29, 57,
417 64, 65). In support of his assumption, when FtsA* is present, FtsN is rapidly recruited to the Z
418  ring overcoming the normal delay observed when only WT FtsA is present. The 1C domain is
419  alsoinvolved in forming a monomer-monomer interface in FtsA polymers (66). Because of the
420  dual role of this interface, FtsA cannot form minirings when it is already a part of the divisome
421  complex as the latter prevents the closure of the ring. Thus, active divisome complexes should
422 onlyinclude linear FtsA polymers. The length of these polymers could be rather short because
423  linear polymers should be less stable than the ring ones. Furthermore, the length distribution of

424 linear polymers can be expected to have a weaker dependence on the total FtsA monomer
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425  concentration. A weaker dependence would be consistent with the experimental observation
426  that FtsN concentration at midcell does not change upon upregulation of FtsA (Fig. 5C).

427  So far, there is no experimental data on the polymerization state of FtsA in either of the

428  complexes. It remains even a possibility that divisome complexes with FtsN do not contain any
429  FtsA. Furthermore, the FtsA minirings have not been observed in vivo, and it remains unclear
430  how the minirings could keep up with treadmilling FtsZ protofilaments. Further measurements
431  are warranted to understand what is the polymerization state of FtsA in different complexes in
432 vivo.

433  Two different stages in septal peptidoglycan synthesis

434 Our data reveal two distinct stages in FtsN recruitment to midcell, both involving septal PG

435  synthesis. We observed that the first FtsN recruitment/accumulation stage coincides with the
436  onset of the constriction/ septal PG synthesis within about + 4 min in glucose-cas and £ 8 min in
437  glycerol medium (Fig. 1A; 4C-D). This may imply that the arrival of FtsN results in rapid

438  activation of septal PG synthesis, although based on the time-resolution of our measurements,
439 itis also possible that initial septal PG synthesis starts first and FtsN is recruited thereafter. In
440 the former scenario, FtsN could be recruited first via its binding to FtsA (29, 30, 32). However, in
441  this case, there is no extended period when FtsN lingers in the divisome just due to its sole

442  binding to FtsA because once septal PG synthesis starts, FtsN can bind to denuded

443  peptidoglycan strands also via its SPOR domain. This is presumably stronger binding than the
444  binding of FtsN to FtsA, but the latter is not neglible because cells without the FtsN cytoplasmic

445  domain or the FtsN D5N mutants show a division defect and elongated phenotype (31, 32).
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446  The second distinctive stage of FtsN accumulation occurs late in the cell cycle (15 min before
447  division in both growth conditions corresponding to 0.81Td and 0.90Td for glucose-cas and
448  glycerol conditions, respectively). There seems to be some additional mechanism involved in
449  this stage, in addition to the SPOR-domain related self-enhanced recruitment of FtsN.

450 Interestingly, the start of the second stage of FtsN recruitment occurs approximately when the
451  amount of ZapA/FtsZ in the septal ring starts to decrease. While this could be a mere

452  coincidence, it appears that FtsZ protofilament-involved complexes may sequester away some
453  of the FtsN binding partners such as FtsQLB from the divisome complexes. Once FtsZ

454  protofilaments at midcell become unstable, perhaps because of high membrane curvature at
455  the site of constriction, fewer FtsQLB complexes are associated with FtsZ protofilaments, and
456  more can be directly recruited by the divisome complexes. As the elevated level of FtsN at the
457  septal ring coincides with the increase in septal cell wall synthesis (S| Fig. S5, C-F), the rate of
458  the septal cell wall synthesis increases in this second stage (Sl Fig. S5 C-D). At the very end of
459  the division process, this synthesis proceeds without any FtsZ protofilaments present at the
460 division site. It is likely that FtsN and, to a lesser degree DedA, which also features a SPOR

461 domain (67), completely take over the role of positioning the divisome apparatus from FtsZ
462  protofilaments.

463  The two phases of FtsN accumulation may also correspond to the septation stages recently
464  observed in TEM images of dividing E. coli (68). The images showed a V-shaped invagination in
465  the early stages of septation, referred to as the constriction phase. This invagination developed
466  aninward protrusion similar to the septum of B. subtilis in the second stage, referred to as the

467  septation phase. Although the authors did not determine the exact timing of these phases in
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468  the cell cycle, their approximate durations appear similar to stages one and two observed here
469  for FtsN recruitment.

470

471 In conclusion, our data show an abrupt accumulation of FtsN to the divisome, which occurs
472  about 30% of cell cycle time after a persistent Z-ring forms. This accumulation coincides with
473  the onset of septal cell wall synthesis within the uncertainties of our measurements. We did not
474  observe a change in FtsZ protofilament condensation at the start of constriction but did

475  observe that the fraction of FtsZ in the ring reached a plateau. Furthermore, our data support
476  theidea (55, 62) that FtsN is not part of the complexes that include FtsZ protofilaments but
477  resides in separate divisome complexes involved in septal PG synthesis. Finally, our data show
478  that the recruitment of FtsN to midcell is not rate-limiting for the onset of constriction, even

479  though this recruitment step is the last essential step for the onset of constriction.

480

481 Experimental procedures

482  Media, bacterial strains, and plasmids

483  Cells were grown with M9 minimal media (Teknova Inc., CA) supplemented with 0.5% glucose
484  (Millipore Sigma, MO) and 0.2% casamino acids (cas, ACROS Organics) or 0.3% glycerol

485  (ThermoFisher Scientific) and trace metals mixture (TrE, Teknova Inc., CA) at 28°C. Unless
486 indicated otherwise, antibiotic concentrations were as follows: Ampicillin (Amp), 100 pg/mL;
487  Chloramphenicol (Cm), 25 pug/mL; Kanamycin (Kan), 25 ug/mL). For induction, 100uM of IPTG
488  was used. All E. coli strains used in the reported experiments are derivatives of K12 BW27783

489  obtained from the Yale Coli Genetic Stock Center (CGSC#: 12119). The strain with fluorescent
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490  fusions of ZapA-mCherry and Ypet-FtsN (JM144) was made by P1 transduction (69). All strains
491  and plasmids used in this study are listed in S| Tables S2A and S2B, respectively.

492

493  Further details for cell preparation and culture in microfluidic devices, fluorescence microscopy,
494  image analysis and Western blot analysis can be found in SI Text.

495
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702

703  Fig.1 Accumulation of ZapA and FtsN at midcell at the single cell level.

704  (A) Kymographs of fluorescent and phase signals for a representative cell grown in M9 glycerol-
705  TrE medium. Red corresponds to high and blue to low-intensity values. Black marks regions
706  outside the cell. Dashed vertical lines indicate cell division events. The arrows indicate event
707  timings as determined by an automated algorithm (see Methods). The timing of the persistent

708  Z-ring is denoted by Tz and the onset of FtsN recruitment by Tn.

709  (B) Midcell intensity traces of ZapA-mCherry (top), Ypet-FtsN (middle), and phase signal (bottom)
710  for the cell shown in the kymograph. The intensity traces were collected from about a 0.5 Em
711  wide band in the cell middle. The dotted line corresponds to Tz and the dashed line to Tn in all

712 panels. "a.u." stands for an arbitrary unit. Note that the increase in the phase signal starts at Tn.

713
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Figure 2. The time delay between the FtsZ-ring/ZapA and N-ring formation.

A-B Timing of the formation of a persistent Z-ring, Tz, versus timing for midcell accumulation of
FtsN, Tn, for cells grown in M9 minimal media supplemented with (A) glucose-cas (N=526) and
(B) glycerol-TrE (N=339). The solid red lines are the linear fit to the data (Tn = (0.91 +
0.03)Tz + (22 £ 0.8min),R = 0.77) for glucose-cas and Tn = 0.96+ 0.03Tz + (41 +
2.2min), R = 0.84) for glycerol-TrE cells. The dashed black line corresponds to Tn = Tz.

C-D Distributions of time delays between the Z-ring and N-ring formation (Tn — Tz) for cells
grown in (C) glucose-cas media (21 £ 13min; mean *+ SD) and (D) in glycerol-TrE media (39 +

22min; mean + SD).
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Fig. 3. Kinetics of ZapA accumulation at the time of FtsN recruitment at midcell.

A-B The spatial spread of ZapA-mCherry and Ypet-FtsN accumulations at midcell along the long
axes of a cell as a function of time. Time zero corresponds to Tn (indicated by a dashed vertical
line). (A) Slow-growing cells in glycerol-TrE media (N=339) and (B) moderately fast-growing cells
in glucose-cas media (N=526). The shaded area marks the region where the number of cells
analyzed is no less than 10% of its maximal value. All error bars represent 95% confidence

intervals.

C-D Fluorescent intensity of ZapA-mCherry at midcell (1.0 um wide band) as a function of time
from FtsN recruitment at midcell for (C) slow-growing and (D) moderately fast-growing cells. The
fluorescent intensity reflects the number of ZapA present at the midcell. The arrow points to a

plateau region.
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739  E-F The percentage (fraction) of ZapA at midcell (1.0 um wide band) as a function of time from
740  FtsN recruitment at midcell for (E) slow-growing and (F) moderately fast-growing cells. The arrow

741  points to a plateau region.
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Fig. 4. Septal cell wall synthesis starts at the first distinct stage of FtsN recruitment.

A-B The percentage/fraction of ZapA-mCherry (left axis) and Ypet-FtsN (right axis) at midcell (1.0
um wide band) as a function of cell age for (A) moderately fast-growing (glucose-cas media,
N=526), and (B) slow-growing cells (glycerol media, N=339). Arrows show the approximate start
of stages 1 and 2. The start time for stage 1 is < Tn > which is based on data in Fig. 2 and Table

S1. The error bars represent 95% confidence intervals (for clarity, only every 5th point is shown).

B-C Phase signal intensity at midcell (1.0 um wide band) as a function of time from FtsN
recruitment at midcell for (C) moderately fast-growing and (D) slow-growing cells. Time zero
corresponds to Tn (indicated by a dashed vertical line). The shaded area marks the region where
the number of cells analyzed is no less than 10% of its maximal value. All error bars correspond

to 95% confidence intervals.
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757
758  Fig. 5. Changes in FtsN and ZapA midcell accumulations upon FtsA overexpression.

759  (A) Arelative increase in the concentration of FtsA, [FtsA], at cell birth before and after

760 induction with 100uM of IPTG as inferred from monitoring GFP reporter expressed from
761 pDSW210 (strain JM149). The shown increase is relative to WT FtsA concentration, [FtsA]o,
762 which is determined by Western blotting. Time zero (black dashed vertical line) corresponds
763 to the start of the induction. N=1470.

764  (B) The percentage (fraction) of ZapA-mCherry at midcell before and after overexpression of

765 FtsA as a function of cell cycle time. For cells termed "after," ZapA amounts were analyzed
766 when the cell growth reached a new steady-state (indicated by a blue vertical dashed line in
767 panel A). Cells were grown in M9 glucose-cas media at 28°C. The error bars represent 95%
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768 confidence intervals (for clarity, only every 5th point is shown). N=660 (before); N=223
769 (after).

770  (C) The percentage of Ypet-FtsN at midcell before and after overexpression of FtsA as a

771 function of cell cycle time. Conditions as above for ZapA-mCherry in (B).

772 (D) The spatial spread of ZapA-mCherry and Ypet-FtsN accumulations at midcell along the long

773 axes of cell as a function of time before and after overexpression of FtsA. Midcell traces of
774 ZapA-mCherry and Ypet-FtsN were aligned at the time of FtsN recruitment at midcell, t —

775 Tn = 0, marked by a dashed line. The shaded area marks the region where the number of
776 cells analyzed does not vary more than 10%. The error bars represent 95% confidence

777 intervals (for clarity, only every 2nd point is shown for FtsN).

778
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Fig. 6. Changes in FtsN and ZapA midcell accumulations upon FtsA* (FtsAR?%¢W) oyerexpression.

(A) The percentage (fraction) of ZapA-mCherry at midcell before and after overexpression of FtsA*
(R286W) as a function of cell cycle time. FtsA* was expressed as an extra copy from a plasmid
pSEB306+*by the addition of 100uM IPTG in M9 glucose-cas media at 28°C. For cells termed "after,"
ZapA amounts were analyzed when the cell growth reached to a new steady-state. All error bars
represent 95% confidence intervals (for clarity, only every 5th point is shown). N=381 (before); N=321

(after)

(B) The percentage of Ypet-FtsN at midcell before and after overexpression of FtsA* as a function of cell

cycle time. Conditions as above for ZapA-mCherry in (A).

(C)-(D) The percentage of ZapA-mCherry and Ypet-FtsN at midcell before and after upregulation of

FtsA*, respectively.

(E) The distributions of time delay between the Z-ring and N-ring formation (Tn — Tz) in cells before

(20 £ 12; mean + SD) and after (9 + 8; mean + SD) upregulation of FtsA*.
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794  (F) Phase signal intensity at midcell (1.0 um wide band) as a function of cell age before and after

795  upregulation of FtsA*.
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