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Abstract

Bacterial cell division is driven by the polymerization of the GTPase FtsZ into a contractile
structure, the so-called Z-ring. This essential process involves proteins that modulate FtsZ
dynamics and hence the overall Z-ring architecture. Actinobacteria, like Streptomyces and
Mycobacterium lack known key FtsZ-regulators. Here we report the identification of SepH, a
conserved actinobacterial protein that directly regulates FtsZ dynamics. We show that SepH
is crucially involved in cell division in Streptomyces and that it binds FtsZ via a conserved
helix-turn-helix motif, stimulating the assembly of FtsZ protofilaments. Comparative in vitro
studies using the SepH homolog from Mycobacterium further reveal that SepH can also bundle
FtsZ protofilaments, indicating an additional Z-ring stabilizing function in vivo. We propose that
SepH plays a crucial role at the onset of cytokinesis in actinobacteria by promoting the rapid
assembly of FtsZ filaments into division-competent Z-rings that can go on to mediate septum

synthesis.
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Introduction

Cell division is an essential process for almost all living organisms. The core component of
the bacterial cell division machinery is the bacterial tubulin homolog FtsZ, which forms the so-
called Z-ring at the future division site. Like tubulin, FtsZ monomers polymerize in a GTP-
dependent manner into cytoplasmic filaments that undergo treadmilling in vivo, a process in
which FtsZ subunits are selectively added to one end and removed from the other end (Loose
and Mitchison, 2014; Yang et al., 2017). The Z-ring provides a dynamic scaffold for the
assembly of a multiprotein division machinery, the divisome. In addition, FtsZ treadmilling also
guides the circumferential movement of peptidoglycan synthases at the division site which
leads to septum formation and cell membrane constriction (Bisson-Filho et al., 2017; Perez et
al., 2019; Yang et al., 2017).

While the rate of treadmilling is set by the FtsZ GTPase activity, the overall architecture
of the Z-ring is modulated by FtsZ-binding proteins that can influence its positioning,
membrane interaction or stimulate FtsZ filament formation and bundling (Caldas et al., 2019;
Garcia-Soriano et al., 2020; McQuillen and Xiao, 2020). The function of many of these proteins
has been well-characterized in the classical rod-shaped model organisms E. coli and B.
subtilis. However, members of the actinobacteria, which include industrially and medically
important species such as the prolific antibiotic producers of the genus Streptomyces, or the
human pathogens Mycobacterium tuberculosis and Corynebacterium diphtheriae, lack most
of the key components that are known to regulate the dynamics of Z-ring formation. This raises
the fundamental question as to how exactly the assembly and the architecture of the Z-ring is
controlled in these bacteria.

Streptomyces are Gram-positive soil bacteria that have a fascinating multicellular life
cycle involving filamentous growth and sporulation (Bush et al., 2015). Unlike most unicellular
organisms that assemble one Z-ring and divide by binary division, Streptomyces have two
functionally distinct modes of cell division: vegetative cross-wall formation and sporulation
septation (Figure 1A). Cross-walls divide the growing mycelium occasionally into long
multigenomic compartments that remain physically connected. In contrast, during reproductive
growth, dozens of sporulation septa are simultaneously deposited in a ladder-like pattern
between the segregating chromosomes along the length of sporogenic hyphae. Sporulation
septa eventually constrict, leading to cell-cell separation and the release of unigenomic
spores. Both these forms of cell division require FtsZ, but unlike in most other bacteria the ftsZ
gene can be deleted in Streptomyces, leading to viable hyphae that lack both cross-walls and
sporulation septa (McCormick et al., 1994; Santos-Beneit et al., 2017). The Streptomyces
divisome is comprised of several conserved core divisome components including FtsQ, DivIC,
FtsL, FtsEX, and the cell wall synthesis proteins Ftsl and FtsW (McCormick, 2009). In addition,
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the Streptomyces cell division machinery includes the membrane anchor SepF, two additional
SepF-like proteins of unknown function (SepF2 and SepF3), the two dynamin-like proteins
DynA and DynB, which ensure the stability of Z-rings during sporulation and the actinomycete-
specific protein SsgB, which has been proposed to recruit FtsZ to future sporulation septation
sites (Schlimpert et al., 2017; Willemse et al., 2011). However, factors that affect the dynamics
of Z-ring formation and regulate its architecture have not yet been identified in actinobacteria
and the mechanisms that control cell division in Streptomyces and related actinobacteria are
poorly understood.

Here, we report the identification and characterization of SepH, a conserved
actinobacterial-specific cell division protein that directly binds FtsZ and regulates the dynamics
of Z-ring formation in filamentous Streptomyces and in rod-shaped Mycobacterium species.
We find that SepH co-localizes with FtsZ in Streptomyces and is required for regular cross-
wall formation and sporulation septation. Biochemical characterization of SepH from
Streptomyces venezuelae and Mycobacterium smegmatis revealed that SepH interacts with
FtsZ via a highly conserved helix-turn-helix motif and stimulates the rapid formation of FtsZ
protofilaments in vitro. In addition, SepH from M. smegmatis promotes the lateral interaction
of FtsZ filaments. Our data suggest that SepH fulfils a crucial function in the initial stages of
cell division by increasing the local concentration of FtsZ, thereby stimulating the assembly of

division-competent Z-rings.
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97 Results

98

99  SepH is required for regular sporulation in Streptomyces venezuelae
100 In Streptomyces, the initiation of sporulation-specific cell division is controlled by two
101  key transcriptional regulators, WhiA and WhiB. Recent work by Bush et al. determined the
102  regulon of WhiA and WhiB, which co-control the expression of ~240 transcriptional units (Bush
103  etal., 2016, 2013). To identify novel regulators of Z-ring formation in actinomycetes, we chose
104 to focus on uncharacterized gene products which are conserved across streptomycete
105 genomes and are direct targets of WhiAB (Figure 1-figure supplement 1). This analysis turned
106  our attention to vnz_27360 (here named sepH for “septation protein H”), a gene of previously
107  unknown biological function that is conserved across the Streptomyces genus. Bioinformatic
108  analysis revealed that SepH consists of an N-terminal domain of unknown function (DUF3071)
109 and an unstructured, less conserved C-terminal half (Figure 1B). In addition, the DUF3071
110  domain contains a predicted helix-turn-helix motif (HTH) suggesting that SepH could function
111  as a DNA-binding protein.
112 To investigate if sepH plays a role in Streptomyces cell division, we first generated a
113 Avnz_27360::apr null mutant (AsepH) and imaged sporulating hyphae of wild-type
114  S. venezuelae (WT), AsepH and the complemented AsepH mutant strain (AsepH/sepH*) by
115  cryo-scanning electron microscopy (cryo-SEM) (Figure 1C). While aerial hyphae of wild-type
116  S. venezuelae completely differentiate into chains of regularly sized spores, sepH-deficient
117  hyphae failed to undergo efficient sporulation septation, leading to chains of spores of irregular
118  size (Figure 1-figure supplement 2). This phenotype could be fully complemented by providing
119  sepH in trans (AsepH/sepH"), suggesting that SepH is indeed required for normal sporulation.
120 Next, we set out to determine the subcellular localization of SepH and generated a C-
121  terminal SepH-YPet fusion. The sepH-ypet fusion, controlled by its native promoter, was
122  integrated in trans at the ®BT1 phage attachment site in a strain that was engineered to
123 additionally produce mCherry labelled FtsZ, allowing us to visualize the sites of cell division.
124  Microscopic analysis of the resulting S. venezuelae strain revealed that SepH-YPet co-
125 localized specifically with FtsZ-mCherry at incipient division sites including vegetative cross-
126  walls and sporulation septa (Figure 1D). Although sepH is a direct target of the two sporulation-
127  specific regulators WhiAB, the accumulation of SepH-YPet at vegetative division septa
128  suggests that sepH expression is probably driven from an additional, WhiAB-independent
129  promoter and that SepH might also be involved in cell division during vegetative growth.
130 Furthermore, we asked whether the specific localization pattern of SepH is dependent
131 on FtsZ and the assembly of a functional divisome. To address this question, we took

132 advantage of an AftsZ null mutant (Santos-Beneit et al., 2017) and inserted a sepH-ypet fusion
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133 in trans. Fluorescence microscopy of the AftsZ strain constitutively producing SepH-YPet
134  revealed that in the absence of FtsZ, SepH-YPet is largely stable and dispersed in the
135  cytoplasm but occasionally accumulates in random foci (Figure 1-figure supplement 3A and
136  B), indicating that SepH recruitment to future division sites depends upon the assembly of Z-
137  rings.

138

139  SepH is important for cell division during vegetative growth and sporulation

140  To determine the role of SepH in Streptomyces cell division, we introduced a fluorescent ftsZ-
141  ypet fusion into the AsepH mutant strain and wild-type S. venezuelae and followed the
142  formation of Z-rings during sporulation using time-lapse fluorescence microscopy. In
143  sporulating wild-type hyphae, Z-rings are assembled in a characteristic, “ladder-like” pattern
144  in the tip cell compartment of sporogenic hyphae. These so-called “Z-ladders” lead to the
145  synthesis of sporulation septa and the formation of chains of exospores of equal size (Figure
146  2A and Supplementary Movie 1). Interestingly, in the AsepH mutant Z-ladders were less
147  uniform and frequently displayed an irregular spacing between individual FtsZ-YPet-rings. As
148  observed in cryo-SEM images, spores produced under these conditions were aberrant in size
149 and shape, indicating that regular septation was impaired (Figure 2B and Supplementary
150  Movie 2).

151 Kymograph analyses of FtsZ-YPet fluorescence in sporulating wild-type hyphae
152  confirmed the expected regular spacing and dynamics of Z-rings, including Z-ring assembly
153 and constriction, which is accompanied with an increase in fluorescence followed by
154  disassembly and loss of defined FtsZ-YPet fluorescence. In contrast, establishment of equally
155  spaced Z-rings frequently failed in SepH-deficient hyphae leading to the formation of larger,
156  spore-like compartments (Figure 2C and D and Figure 2-figure supplement 1A and B).
157  Notably, closer inspection of the gaps within Z-ladders in AsepH hyphae revealed that no FtsZ-
158  YPet signal was visible at these positions, indicating that the formation of individual Z-rings
159  was disturbed very early in the assembly process. We note that FtsZ protein levels are similar
160 in sporulating WT and AsepH cultures (Figure 2-figure supplement 2), indicating that the
161 absence of SepH does not affect FtsZ protein stability. Furthermore, Z-ring assembly is not
162 completely impaired in every sporogenic AsepH hypha, suggesting that additional
163  mechanisms might be in place that can partially compensate for the lack of SepH activity.
164 While analyzing the spatiotemporal localization of FtsZ-YPet in AsepH hyphae, we
165 noticed occasional lysis of large hyphal segments and the formation of unusual branched
166  sporogenic hyphae (Figure 2B). Given that FtsZ and SepH also co-localize at cross-walls
167  (Figure 1D), we reasoned that the absence of SepH might also affect cell division during

168  vegetative growth. To examine the importance of SepH for cross-wall formation, we used the


https://doi.org/10.1101/2020.10.01.322578
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.01.322578; this version posted October 1, 2020. 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 4.0 International license.

169 fluorescent D-ala-D-ala analogue HADA, to label peptidoglycan and to visualize cross-walls
170  (Kuru et al.,, 2015). Inspection of still images of wild-type S. venezuelae (WT) and the
171  complemented AsepH mutant strain (AsepH/sepH") grown in the presence of HADA showed
172  comparable frequency and distribution of cross-walls within vegetative hyphae. However, we
173 found that sepH-deficient hyphae displayed visibly fewer cross-walls compared to WT (Figure
174  2E). The dramatically reduced number of cross-walls in the sepH mutant could explain the
175 lysis and branching phenotype we observed in our AsepH time-lapse microscopy experiments.
176  In wild-type Streptomyces, cross-walls compartmentalize growing hyphae and are often
177  associated with hyphal branch points leading to the physical separation of different hyphal
178 segments. Thus, fewer cross-walls in the AsepH mutant result in much longer hyphal
179  compartments that are potentially more susceptible to large-scale lytic events. In addition, at
180 the onset of sporulation septation, FtsZ ladders assemble within these unsegmented and
181  branching hyphal compartments which can subsequently result in the formation of the
182  enlarged triangular shaped-like spores at hyphal branch points (Figure. 2B). Collectively,
183  these results demonstrate a crucial role for SepH in cell division during vegetative growth and
184  sporulation.

185

186  The N-terminal DUF3071 domain is crucial for SepH function.

187  Toidentify the protein regions required for the recruitment and function of SepH, we generated
188  fluorescent protein fusions to the N-terminal DUF3071 domain (SepH-NTD, residues 1-186)
189 and the unstructured C-terminal domain (SepH-CTD, residues 187-344) (Figure 3A). The
190 corresponding mutant alleles were integrated in trans at the ®BT1 attachment site in the
191  AsepH null mutant and expressed from the native promoter. The resulting strains were then
192  analyzed by fluorescence microscopy and cryo-SEM to determine the subcellular localization
193  of the fusion proteins and their ability to compensate for the loss of wild-type SepH activity.
194  Using automated Western blotting, we verified that all proteins were synthesized and stable
195  under the conditions used (Figure 3-figure supplement 1). Control experiments with full-length
196  SepH-YPet demonstrated that this fusion was fully functional and restored wildtype-like
197 localization and sporulation (compare Figure 3B, F and Figure 3-figure supplement 2).
198  Expression of the SepH C-terminal domain (SepH-CTD) gave a diffuse localization pattern
199 and failed to complement any aspect of the AsepH phenotype, resulting in irregular sporulation
200 and cell lysis (Figure 3C and G). Interestingly, in contrast, production of the N-terminal
201  DUF3071 domain (SepH-NTD) was sufficient to partially restore normal sporulation (Figure
202  3H). However, the distinct septal accumulation characteristic of full-length SepH-YPet and
203  wildtype-like sporulation could only be clearly observed for the truncated gene fusion when it

204  was constitutively expressed in the AsepH mutant (Figure 3E and |). Taken together, these
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205 results imply that the conserved N-terminal region of SepH encoding the DUF3071 domain is
206 vital for SepH function, but wild-type activity also requires the C-terminal domain.

207

208  SepH does not bind to the nucleoid

209 The DUF3071 domain of SepH includes a helix-turn-helix (HTH) motif, characteristic of DNA
210  binding proteins (Aravind et al., 2005). This raised the question as to whether SepH could
211 interact with the nucleoid. Notably, to-date, no functional homologs of the well-described
212 nucleoid occlusion systems present in other bacteria have been identified in Streptomyces.
213  Toinvestigate a potential role of SepH in chromosome segregation, we first generated a dual-
214  labelled strain which produced SepH-YPet and an mCherry-labelled version of the bacterial
215  nucleoid-associated protein HupA (Salerno et al., 2009). Both fluorescent protein gene fusions
216  were integrated at the ®BT1 attachment site of wild-type S. venezuelae and expression was
217  driven from their native promoters. Fluorescence microscopy of the resulting S. venezuelae
218  strain showed that SepH-YPet and HupA-mCherry did not co-localize. Instead, SepH-YPet
219  accumulated at sites where HupA-mCherry was largely absent, indicating that SepH does not
220  associate with the nucleoid (Figure 4A). Furthermore, we visualized the nucleoid in wild-type
221  and AsepH spore chains stained with the fluorescent DNA dye 7-AAD but did not observe
222 anucleate spores in the AsepH mutant (Figure 4B), suggesting that chromosome segregation
223 is not impaired in sepH-deficient hyphae.

224 To independently verify our localization studies, we first performed chromatin
225  immunoprecipitation coupled to deep-sequencing (ChlP-seq) using sporulating wild-type
226  S. venezuelae. In parallel, we conducted ChlP-seq with the AsepH mutant strain as a negative
227  control to eliminate false-positive signals arising from non-specific binding of the a-SepH
228  antibody. Analysis of the ChlP-seq results did not reveal any significant enrichment of SepH
229  onthe chromosome (Figure 4-figure supplement 1A) compared to the AsepH negative control.
230  Furthermore, DNase | footprinting experiments using purified SepH together with radiolabeled
231  probes derived from three of the most enriched chromosomal regions (Figure 4-figure
232 supplement 1B), did not reveal protection of the selected DNA fragments, collectively
233 suggesting that SepH does not bind to specific DNA-sequences. Finally, we performed
234  electrophoretic mobility shift assays (EMSAs) to test SepH for non-specific DNA-binding
235  activity in vitro (Figure 4-figure supplement 1C). For this, we tested binding of SepH to the
236  promoter region of vnz_ 35870 (the most enriched region from ChlIP-seq), the sequence
237  internal to vnz_08520 (not enriched in ChlP-seq) and the low GC-sequence of the kanamycin
238  resistance gene from a standard E. coli expression vector. Under the conditions used, we did

239  not observe binding of SepH to any of these DNA fragments. Collectively, our results strongly
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240  suggest that the HTH motif in the conserved N-terminal region of SepH is not involved in DNA
241  binding and that SepH does not play a direct role in chromosome segregation.

242

243  The SepH helix-turn-helix motif is essential for the interaction with FtsZ

244  While most HTH motifs mediate DNA binding, exceptions to this rule exist and HTH motifs
245  have also been shown to facilitate protein-protein interaction (van den Ent et al., 2010). Thus,
246  we hypothesized that the HTH motif within the NTD of SepH could directly affect the function
247  of a protein binding partner, such as FtsZ or other components of the Streptomyces cell
248  division machinery. To investigate this possibility, we performed yeast-two hybrid (Y2H)
249  assays. As previously described, we observed that FtsZ can self-interact and associate with
250  SepF (Schlimpert et al., 2017). Furthermore, our Y2H experiments suggest that SepH can
251 oligomerize and, most significantly, SepH binds FtsZ (Figure 5A). In addition, we tested
252  interactions between SepH and several other Streptomyces divisome components including
253  SepF, SepF2, SepF3, DynA and DynB but only detected a putative interaction with SepF in

254  one orientation (Figure 5-figure supplement 1).

255 To identify the SepH domain involved in binding FtsZ, we performed additional
256  experiments using the SepH-NTD and the SepH-CTD variants (Figure 5B). We found that the
257  SepH-NTD could bind FtsZ in the Y2H assays but the SepH-CTD could not. We hypothesized
258  that the HTH fold in the N-terminal domain of SepH could be involved in binding FtsZ. Thus,
259 we repeated the Y2H assay with a SepH variant in which we had substituted a highly
260  conserved glycine residue in the HTH motif with a proline residue (SepH-G79P) (Mercy et al.,
261  2019). While SepH-G79P was still able to interact with wild-type SepH (Figure 5B), this mutant
262  version failed to bind FtsZ. This indicated that the SepH HTH motif is indeed required for the
263 interaction with FtsZ, but not for self-interaction. We also introduced the sepH-G79P allele into
264  the AsepH mutant and found that SepH-G79P was unable to restore wildtype-like sporulation
265  (Figure 5-figure supplement 2).

266 Encouraged by the Y2H results, we purified recombinant S. venezuelae FtsZ, SepH
267 and the SepH mutant variants to test if SepH can directly influence the behavior of FtsZ in
268  vitro (Figure 5C). Using circular dichroism (CD), we confirmed that the G79P substitution did
269  not cause any major structural changes (Figure 5-figure supplement 3A). We then examined
270  SepH and its variants by size exclusion chromatography and found that wild-type SepH, SepH-
271  CTD and SepH-G79P elute as one peak, corresponding to a predicted size of a tetramer, while
272 SepH-NTD eluted as a dimer (Figure 5-figure supplement 3B). We next measured the GTP
273 hydrolysis rate of FtsZ in the presence of SepH (Figure 5D). Initial characterization of the
274  biochemical properties of S. venezuelae FtsZ confirmed that the protein was active and
275  robustly hydrolyzed GTP in a time-dependent manner at a rate of 1.12 + 0.44 GTP per FtsZ

9
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276  per minute, similar to the recently published activity of Streptomyces FtsZ (Figure 5-figure
277  supplement 3C) (Sen et al., 2019). While SepH on its own does not hydrolyze GTP, we found
278  that the addition of increasing amounts of SepH led to a moderate increase of FtsZ's GTP
279  turnover (Figure 5D). Importantly, we observed a similar stimulation of the GTPase activity
280 when we incubated FtsZ with SepH-NTD variant but not with SepH-CTD or SepH-G79P.

281 To further substantiate our finding that SepH directly binds FtsZ, we performed high-
282  speed sedimentation assays (Figure 5F). In the absence of GTP, FtsZ was unable to
283  polymerize into filaments and was largely found in the supernatant after ultracentrifugation. In
284  the presence of GTP, approximately 18% of FtsZ was detected in the pellet fraction, indicating
285  that FtsZ had assembled into polymers. When SepH was added to the reaction with FtsZ and
286  GTP prior to ultracentrifugation, more than 54% of FtsZ and 61% of SepH were co-
287  sedimented, confirming a direct interaction between SepH and FtsZ. In contrast, incubation of
288  FtsZ with GTP and the SepH variant carrying the mutant helix-turn-helix motif (SepH-G79P)
289  resulted in a clearly reduced co-sedimentation of SepH-G79P (28%) with polymerized FtsZ
290  (39%). In addition, in the absence of FtsZ both SepH and SepH-G79P were largely soluble.

291 The enrichment of SepH and FtsZ in the pellet fraction following high-speed
292  centrifugation suggested that SepH either promotes the formation of macromolecular FtsZ
293  bundles or stimulates the assembly of a high number of individual FtsZ protofilaments. To
294  further distinguish between these two possibilities, we repeated this co-sedimentation assay
295  at a lower centrifugation speed that would only allow the pelleting of FtsZ bundles. A similar
296  approach was recently employed to examine the assembly state of FtsZ filaments in complex
297 with the FtsZ-stabilizing protein GpsB (Eswara et al., 2018). Using this differential
298  centrifugation method, we found that low-speed centrifugation did not lead to an accumulation
299 of SepH and FtsZ in the pellet fraction (Figure 5-figure supplement 4). Taken together, our
300 two-hybrid and in vitro experiments demonstrate that SepH directly interacts with FtsZ via the
301 HTH motif in the conserved N-terminal DUF3071 domain. Furthermore, this interaction
302  appears to stimulate the abundant formation of FtsZ protofilaments, rather than bundles, which

303  would account for the observed increase in GTPase activity of FtsZ.
304

305 SepH stimulates the rapid formation of dynamic FtsZ filaments in vitro

306  To further investigate the assembly state of FtsZ and to visualize the effect of SepH on FtsZ
307 filament morphology, we used negative staining and transmission electron microscopy (TEM).
308  Our control experiments confirmed that purified FtsZ and SepH did not form any visible
309 complexes when imaged on their own (Figure 6A and B). When the polymerization buffer (50
310 mM HEPES pH 7.2, 50 mM KCI, 5 mM MgCl) contained 3.5 uM FtsZ and 2 mM GTP, FtsZ

10
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311 formed long, gently curved fibers that sparsely covered the EM grid (Figure 6C). In contrast,
312 inthe presence of GTP and 3.5 uM SepH, FtsZ filaments were readily visible as largely straight
313  filaments of various lengths (Figure 6D). Closer inspection of these FtsZ filaments revealed
314  that the addition of SepH did not increase filament width compared to FtsZ polymers formed
315 inthe absence of SepH (Figure 6E). This supports our co-sedimentation data, suggesting that
316  SepH stimulates the efficient assembly of FtsZ protofilaments but does not seem to promote
317 lateral interactions between filaments. These results are also consistent with an increase in
318 FtsZ GTPase activity as a direct consequence of the high abundance of FtsZ protofilament

319  ends that can undergo treadmilling.

320 In addition, we examined FtsZ filament assembly in the presence of the different SepH
321  mutant variants. As expected, incubation of FtsZ with GTP and SepH-CTD or SepH-G79P did
322 not alter FtsZ filament morphology (Figure 6-figure supplement 1A and B). However, adding
323  SepH-NTD to FtsZ and GTP resulted in filaments similar in appearance to FtsZ filaments
324 formed with full-length SepH (Figure 6-figure supplement 1C), corroborating our earlier
325 findings that the SepH DUF3071 domain with the HTH motif drives the interaction with FtsZ.

326 To directly follow the assembly kinetics of purified FtsZ into filaments, we used dynamic
327  light scattering (DLS). In the presence of 50 uM GTP, FtsZ monomers assembled into
328  protofilaments which resulted in a sharp increase in the light scattering signal. The reaction
329 reached a brief steady-state level before GTP became limiting and the intrinsic FtsZ GTPase
330 activity triggered depolymerization and the complete disassembly of FtsZ filaments. In
331  contrast, incubation of 3.5 uM FtsZ with 50 uM GTP and increasing amounts of SepH led to a
332  significantly higher amplitude in light scattering compared to FtsZ with just GTP (Figure 6F).
333  This was followed by a rapid decrease in light scattering and the complete depolymerization
334  of FtsZ filaments. As expected, control experiments using GDP or SepH with GTP did not
335 generate a meaningful light scattering signal (Figure 6-figure supplement 2A). Furthermore,
336 we recorded the polymerization dynamics of FtsZ in combination with the different SepH
337 mutant variants. In agreement with our earlier results, SepH-NTD stimulated FtsZ assembly
338 dynamics in a similar manner to wild-type SepH (Figure 6-figure supplement 2B). However,
339  we noticed that FtsZ filaments formed under these conditions appeared to be more stable,
340  suggesting that the C-terminal domain of SepH has some influence on the overall activity of
341  SepH and the interaction with FtsZ. As anticipated, SepH-CTD and SepH-G79P did not further
342  promote the assembly of FtsZ filaments and resulted in scatter profiles similar to FtsZ alone
343  with GTP.

344 We repeated the DLS experiments using a higher GTP concentration (2mM) to test if

345 the detected decrease in light scattering was caused by the depletion of GTP and the
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346  accumulation of GDP. When GTP is provided in excess, there is no drop in the light scatter
347  signal (Figure 6-figure supplement 2C), suggesting that the observed decline in the scatter

348  signal in Figure 7F was in fact caused by the depolymerization of FtsZ filaments.

349 In addition, we monitored FtsZ polymerization in the presence of SepH and the slow-
350 hydrolysable GTP analogue GMPCCP to test if GTP hydrolysis is required for SepH-
351 stimulated FtsZ filament assembly. We observed a clear increase in the light scattering signal
352 compared to reactions without SepH (Figure 6G), indicating that SepH-induced FtsZ
353  protofilament formation does not depend on GTP hydrolysis. This result was further supported
354 by TEM images of FtsZ filaments assembled in the presence of GMPCCP and SepH.
355  Incubation with FtsZ and GMPCCP led to the formation of long and stable FtsZ polymers
356  (Figure 6-figure supplement 3A). Addition of SepH resulted in a visible increase of these long
357 and curved FtsZ polymers that occasionally further associated into straight multifilament
358 bundles, which was likely an indirect effect due to increased longitudinal filament stability
359  (Figure 6-figure supplement 3B). Together, these findings demonstrate that SepH directly
360 regulates the behavior of FtsZ by promoting the rapid and reversible assembly of FtsZ

361  protofilaments.

362

363 SepH is conserved in morphologically diverse actinobacteria

364  Previous work by Gao et al. (Gao et al., 2006) identified a group of 24 so-called signature
365 proteins that are highly conserved actinobacterial proteins and SepH was one of these 24
366  proteins. To get a better understanding of the phylogenetic distribution and conservation of
367 SepH, we specifically searched for SepH homologs in an expanded set of 3962 representative
368 genomes, including those of 673 actinobacterial species.

369 In total, we identified 626 SepH homologs, which, in agreement with Gao et al., are
370  exclusively found in actinobacteria (Figure 7A) (Gao et al., 2006). Furthermore, SepH
371  homologs cluster into distinct groups, suggesting a greater sequence divergence at the family
372 level. Interestingly, in contrast to SepH homologs detected in e.g. the Coreynbacteriales or
373  Micrococcales, SepH homologs identified in all analyzed streptomycetes genomes (n=60)
374 display a very high sequence identity (>80%), which is reflected by the small number of
375 individual leaves within the Streptomycetales branch. Notably, members of the actinobacteria
376  display remarkably diverse cellular morphologies, ranging from cocci and rods to multicellular
377  filaments (Barka et al., 2016). Thus, it is conceivable that SepH homologs have further evolved
378  to support cell division in the different actinobacterial species.

379 Despite this apparent divergence of SepH homologs throughout the actinobacteria, a
380 refined alignment of 360 SepH sequences clearly showed a strong conservation in the N-

381 terminal DUF3071 domain, including the helix-turn-motif (Figure 7-figure supplement 1).
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382 Interestingly, we identified two additional sequence motifs that are highly conserved among
383  SepH homologs. These include a lysine and arginine-rich patch, which is particularly enriched
384 in SepH sequences from Corynebacteria, and ten amino acids at the far C-terminal end of
385  SepH homologs (Figure 7-figure supplement 1). It is conceivable that these residues are
386 involved in a yet unidentified aspect of SepH function.

387 To investigate if SepH homologs share a similar biological function, we expressed
388  codon-optimized sepH from the non-pathogenic, rod-shaped model organism Mycobacterium
389  smegmatis mc? 155 (sepHus, MSEMG_5685) in the S. venezuelae AsepH mutant. Both SepH
390 homologs share an overall sequence identity of 34%. The heterologous sepHus was fused to
391  mcherry, placed under the control of the native sepH promoter and integrated at the S.
392  venezuelae ®BT1 phage attachment site. SepHus-mCherry was able to fully support wildtype-
393  like sporulation in the AsepH mutant (Figure 7B). Moreover, SepHwms-mCherry also displayed
394  the characteristic septal localization in growing and sporulating hyphae similar to SepH from
395 S. venezuelae (Figure 1D and 7B). In addition, we could detect a direct interaction between
396  SepHws and FtsZys using yeast two-hybrid analyses, supporting the idea that SepH plays a
397 universal role in actinobacterial cell division (Figure 8C).

398

399  SepH from mycobacteria stimulates FtsZ polymerization and bundling

400 To test if SepHws can also affect the behavior of FtsZwsin vitro, we purified recombinant
401  SepHwms-6xHis (SepHwms) and untagged FtsZws (Figure 7-figure supplement 2). We first
402  examined SepHws by size exclusion chromatography and found that it eluted, like SepH from
403  S. venezuelae, as a single peak that corresponds to the predicted size of a tetramer (148 kDa)
404  (Figure 7-figure supplement 3). We also measured the effect of SepHwus on the GTPase activity
405  of FtsZus but did not observe a significant effect on the GTP turnover rate when SepHws was
406  added to the reaction (Figure 7-figure supplement 4). Next, we followed the assembly of FtsZus
407 into filaments using DLS. As described previously, mycobacterial FtsZ displays a significantly
408 lower polymerization rate than FtsZ from E. coli (White et al., 2000). However, FtsZus
409  polymerization was dramatically stimulated upon addition of SepHwms at a molar ratio of 1: 0.5
410  (Figure 7D), as indicated by a sharp and rapid increase in the light scattering signal. Electron
411  microscopy of negatively stained FtsZus (6 uM) confirmed that the incubation with GTP led to
412  the assembly of long and thin protofilaments (Figure 7E). Interestingly, and in contrast to SepH
413  from S. venezuelae, the addition of 3 uM SepHuws resulted in the formation of FtsZus bundles,
414  which were even more prominent when FtsZys and SepHws were combined at equimolar
415  concentrations (Figure 7-figure supplement 5). Notably, in the background of these bundles,
416  shorter FtsZ filaments were visible, suggesting that SepHuws initially enhances FtsZus

417  protofilament formation which subsequently leads to the assembly of long and stable FtsZus
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418 filaments that can further associate into stable multifilament bundles. We could further support
419  SepHws-mediated FtsZus bundling by differential co-sedimentation experiments. Incubation of
420  FtsZus with GTP and SepHuws followed by either high- or low-speed centrifugation led to an
421  enrichment of both proteins in the pellet (Figure 7F), indicating that SepHws leads to the
422  formation of macromolecular FtsZ assemblies that can be pelleted at lower centrifugation
423  rates. This clearly suggests that SepHwus not only stimulates the rapid polymerization of FtsZus
424  but also has the propensity to promote lateral interactions of FtsZys filaments.

425 Collectively, our results demonstrate that SepH from mycobacteria accelerates and
426  stimulates the assembly of FtsZys filaments, in a similar manner to SepH from S. venezulae.
427 In addition, SepHws further promotes lateral interactions between FtsZys protofilaments,
428 leading to the formation of stable macromolecular FtsZ assemblies in vitro.

429

430
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431 Discussion

432
433  Here we report the identification of SepH as one of the missing actinomycete-specific positive

434  regulators of Z-ring formation. Based on our in vivo and in vitro characterization of the SepH
435 homologs from the filamentous species S. venezuelae and the rod-shaped species M.
436  smegmatis, we propose a model in which SepH-mediated FtsZ assembly increases the local
437  concentration of FtsZ. This in turn promotes the spatial ordering of FtsZ filaments, the
438  formation of division-competent Z-ring(s) and efficient FtsZ treadmilling, which is linked to the

439  synthesis of septal peptidoglycan (Figure 8) (Bisson-Filho et al., 2017; Yang et al., 2017).

440 Our model is supported by several lines of evidence. First, we demonstrate that SepH
441  plays a crucial role during the early stages of Z-ring formation. Kymograph analysis of
442  fluorescently tagged FtsZ revealed that individual Z-rings fail to assemble in sporulating S.
443  venezuelae hyphae lacking SepH (Figure 2C). Notably, this contrasts with earlier results from
444  a Streptomyces AdynAB mutant in which already assembled Z-rings become destabilized and
445  disassemble, leading to failed septation or partially constricted hyphae (Schlimpert et al.,
446  2017). Thus, SepH is clearly important for the establishment of Z-rings. In addition,
447  Streptomyces undergo a second, distinct mode of division during vegetative growth which
448 leads to the synthesis of cross-walls. Our live-cell imaging studies revealed that SepH is not
449  only required for sporulation-specific cell division but also for vegetative cross-wall formation
450  (Figure 2E). The formation of cross-walls is poorly understood and although the synthesis of
451 cross-walls depends on FtsZ, other core cell division proteins such as Ftsl, FtsL and FtsW are
452  not required (McCormick, 2009). We found that deleting sepH significantly reduced the
453  number of cross-walls in vegetative hyphae. The importance of SepH for FtsZ-mediated cell
454  division during vegetative growth was further supported by the observation that SepH-deficient
455  hyphae were prone to extensive cell lysis due to the lack of hyphal compartmentalization. This
456 s in line with work by Santos-Beneit et al. demonstrating that cross-walls protect the mycelium
457  from large scale cell rupture caused by mechanical or enzymatical stress (Santos-Beneit et
458  al., 2017). Thus, despite the different morphological outcomes of the two types of cell division
459  that occur during the Streptomyces life cycle, both require SepH for efficient and regular Z-
460  ring formation (Figure 8).

461 Second, we show that SepH directly interacts with FtsZ in vitro and determined the
462  protein domain that are critical for SepH function. Our cytological and biochemical analyses
463  have revealed that the N-terminal DUF3071 domain is crucial for SepH activity during cell
464  division (Figure 3 and 5). Importantly, our data support the idea that SepH function depends
465 on a highly conserved helix-turn-helix motif located within the DUF3071 domain (Figure 7-

466  figure supplement 1). Mutational analysis confirmed that this motif is essential for SepH activity
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467 in S. venezuelae cell division and required for interaction with FtsZ (Figure 5). Further
468  structural studies will be required to identify the critical residues at the interface of the SepH-
469  FtsZ complex and to determine whether SepH association induces a conformational change
470  in the FtsZ structure that could promote the rapid nucleation and/or bundling observed in our
471  in vitro experiments. Although the SepH C-terminus is less conserved among SepH homologs
472  and largely dispensable for SepH function, we found that the C-terminal domain (CTD) is
473  required for SepH tetramer formation in vitro and efficient subcellular localization in vivo (Fig.
474  Figure 5-figure supplement 3B and Figure 3). In support of the importance of the C-terminal
475  half for SepH function, we identified two additional short sequence motifs of unknown function
476  within the CTD that are widely conserved among SepH homologs (Figure 7-figure supplement
477  1).

478 Third, we demonstrate that SepH from S. venezuelae and SepHws from M. smegmatis
479  stimulate FtsZ nucleation and affect FtsZ filament stability which ultimately may aid the
480 formation of division-competent Z-rings in vivo (Figure 6 and 7). Recent work in B. subtilis and
481  S. aureus suggest that at the onset of cytokinesis, loose FtsZ filaments are actively condensed
482  into a Z-ring. This process depends on FtsZ treadmilling and the activity of FtsZ-binding
483 proteins, such as SepF, FtsA, ZapA or GpsB, which support filament formation, bundling,
484 stabilization or membrane-anchoring (Eswara et al., 2018; Monteiro et al., 2018; Silber et al.,
485  2020; Squyres et al., 2020; Whitley et al., 2020; Woldemeskel et al., 2017). Interestingly, our
486  in vitro studies suggest that the SepH homologs from S. venezuelae and M. smegmatis display
487  biochemical properties that are partially similar to the activities described for ZapA and GspB
488  (Caldas et al., 2019; Eswara et al., 2018; Squyres et al., 2020; Woldemeskel et al., 2017). For
489  example, similar to the effect described for GpsB, we found that SepH and SepHuws stimulate
490 FtsZ assembly (Eswara et al., 2018). In addition, like ZapA, M. smegmatis SepHwus also
491  supports lateral association of FtsZ filaments (Caldas et al., 2019). Our in vitro studies suggest
492  slightly contrasting results for the effects of SepH and SepHwus on the GTPase activity of FtsZ
493  (Figure 5D and Figure 7-figure supplement 4). We believe that the observed 2-fold increase
494  inthe GTPase rate of FtsZ in the presence of S. venezuelae SepH is an indirect consequence
495  of the more abundant and reversible assembly of FtsZ filaments (Figure 6F). However, the net
496  effect of both SepH homologs leads to a local increase in FtsZ concentration which is likely to
497 influence FtsZ GTPase activity, thereby mediating efficient FtsZ-treadmilling and Z-ring
498 remodeling. Moreover, like GpsB and ZapA, both characterized SepH homologs form
499  oligomers in solution which could further aid the assembly of FtsZ filaments into a condensed
500 Z-ring to drive cytokinesis.

501 Finally, our combined cytological, biochemical and phylogenetic analyses support our
502 hypothesis that SepH plays a conserved and crucial role in actinobacterial cell division.

503 Actinobacteria display a range of complex lifestyles and include human pathogens such as
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504  Corynebacterium diphtheriae or Mycobacterium tuberculosis, in which sepH is essential
505 (Barka et al., 2016; Griffin et al., 2011; Sassetti et al., 2003). Although SepH is not essential
506 in S. venezuelae, SepH-deficient hyphae are subject to frequent cell lysis during vegetative
507 growth and sporulate less efficiently (Supplementary Movie 2), supporting the notion about
508 the critical role of SepH in actinobacterial development.

509 In summary, we propose that SepH functions to stimulate FtsZ polymerization and in
510 this way orchestrates the assembly, stabilization and activity of FtsZ at the onset of cell division
511  in actinobacteria.

512

513

514

515

516

517
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518 Materials and Methods
519

520 Bacterial strains and growth conditions

521  Bacterial strains are listed in Supplementary File 1 (Table 1). E. coli strains were grown in LB
522  or LB agar at 37°C supplemented with the following antibiotics when necessary: 100 ug mL"™"
523  carbenicillin, 50 yg mL™ kanamycin, 25 yg mL™" hygromycin, 50 yg mL™" apramycin or 25 ug

524  mL™" chloramphenicol.

525  Streptomyces venezuelae was grown in maltose-yeast extract-malt extract medium (MYM)
526  prepared with 50% tap water and 50% reverse osmosis water and supplemented with R2 trace
527  element solution at 1:500 (Kieser et al., 2000). Liquid cultures were grown under aeration at
528  30°C at 250 rpm. MYM agar was supplemented with the following antibiotics when required:
529 5 ug mL" kanamycin, 25 ug mL™" hygromycin, or 50 ug mL™" apramycin.

530 Plasmids and oligos used to generate or verify strains and plasmids are listed in

531  Supplementary File 1, Table 2 and 3, respectively.

532  Construction and complementation of a sepH mutant in S. venezuelae

533  Using ‘Redirect’ PCR targeting (Gust et al., 2004, 2003), the sepH mutant was generated in
534  which the central (1029bp) coding region was replaced with a single apramycin resistance
535 cassette. A cosmid library that covers > 98% of the S. venezuelae genome (M.J. Bibb and
536  M.J. Buttner, unpublished) is fully documented at http://strepdb.streptomyces.org.uk/. Cosmid
537 Sv-3-B02 was introduced into E. coli BW25113 containing plJ790 and the sepH gene
538 (vnz_27360) was replaced with the apr-oriT cassette amplified from plJ773 using the primer
539  pair mb118 and mb119. The resulting disrupted cosmid was confirmed by PCR analysis using
540 the flanking primers mb144 and mb145 and introduced into S. venezuelae by conjugation via
541 E. coli ET12567/pUZ8002 (Paget et al., 1999). Double cross-over strains (AprR, Kan®) were
542  confirmed by PCR using oligo mb144 and mb145. To avoid any unwanted genetic changes
543  following PCR-targeting and homologous recombination, the AsepH::apr locus was
544  transduced back into wild-type S. venezuelae using the transducing phage SV1 (Stuttard,
545  1982) as described by Tschowri et al. (Tschowri et al., 2014). A representative transductant
546  (AprR) was designated SV56. For complementation, pMB557 was introduced into the sepH

547  mutant by conjugation.

548 Light microscopy and kymograph analysis

549  For imaging protein localization in S. venezuelae, cells were grown in MYM medium for 14-
550 18h and a 2-pyL sample of the culture was spotted onto a 1% agarose pad. Streptomyces
551  hyphae were visualized using a Zeiss Axio Observer Z.1 inverted epifluorescence microscope
552  fitted with a Zeiss Colibri 7 LED light source and a Zeiss Alpha Plan-Apo 100x/1.46 Qil DIC
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553  M27 objective. Still images and time-lapse images series were collected using Zen Blue
554  (Zeiss) and analyzed using Fiji (Schindelin et al., 2012).

555  Time-lapse fluorescence imaging with S. venezuelae was performed as previously described
556  (Schlimpert et al., 2016). Briefly, S. venezuelae strains were grown in MYM medium for about
557 36 h at 30°C and 250 rpm to reach complete sporulation. To isolate spores, mycelium was
558  pelleted at 400x g for 1 min. Supernatants enriched in spores were diluted in MYM medium to
559 a final concentration of 0.5-5 x 107 spores per mL. Spores were loaded into BO4A microfluidic
560 plates (ONIX, CellASIC), allowed to germinate and grown by perfusing MYM for 3 h before
561 medium was switched to spent-MYM medium. Spent-MYM was prepared from the 36-hour
562  sporulation culture by filtering the growth medium to remove spores and mycelia fragments.
563  The media flow rate and temperature were maintained at 2 psi and 30°C. Time-lapse imaging
564  was started approximately 8 h after spores had germinated and images were acquired every

565 10 min until sporulation was completed.

566  Kymographs were generated from time-lapse image series of strain SS12 (WT/ftsZ-ypet) and
567 MB750 (AsepHiftsZ-ypet) using Fiji (Schindelin et al., 2012). Hyphae undergoing sporulation
568 septation were first identified based on the characteristic FtsZ-YPet localization pattern
569 following the cessation of tip extension. 47 frames (10min/frame) including 12 frames
570 immediately before and 34 frames after the cessation of hyphal growth were isolated. Selected
571  hyphae were “straightened” in Fiji and a segmented line (5pt) was manually drawn along the
572  center of the straightened hyphae. FtsZ-YPet fluorescence intensity was plotted along this line
573 as a function of time (460min) using the “Reslice” command. Kymographs were further

574 annotated in Adobe lllustrator.

575  Spore length measurements

576  Lawns of the respective S. venezuelae strains were generated by spreading a single colony
577 onto MYM agar. The plates were incubated for 3-4 days at 30°C until sporulation was
578 completed. Spores were washed off the agar using 20% glycerol and a sterile cotton pad
579  through which spores where harvested using a sterile syringe. A small aliquot of the spore
580  suspension was mounted on a microscope slide on top of a thin agarose pad (1% agarose
581 dissolved in water) and imaged by phase-contrast microscopy using a Zeiss Axio Observer
582  Z.1 inverted microscope and a Zeiss Alpha Plan-Apo 100x/1.46 Oil DIC M27 objective. Spore
583 lengths were determined using the software Fiji (Schindelin et al., 2012) except for spore
584  length measurements in Figure 7B in which case the Microbed plug-in for Fiji was used (Ducret
585 etal., 2016).

586
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587  Staining of DNA and peptidoglycan

588 S. venezuelae wildtype and SV56 cells were grown in confluent patches on MYM agar for 1-
589 2 days. Glass coverslips were gently pressed onto the cell material and removed. Coverslips
590 were fixed with 100% methanol for 1 minute. Sterile H,O was used to wash the coverslips.
591 Spore chains attached to the coverslips were incubated with the DNA-stain 7-AAD (7-
592  Aminoactinomycin D, 10 ug mL™") and with Wheat Germ Agglutinin (WGA), Alexa Fluor™ 488
593  Conjugate (50 ug mL") to visualize cell wall material. The samples were incubated for 30
594  minutes in the dark, after which the dyes were removed with sterile H.O. The coverslips were

595 then mounted onto agarose pads and visualized by fluorescence microscopy.

596  For HADA (7-hydroxycoumarin 3-carboxylic acid-amino-D-alanine) labelling (Kuru et al.,
597  2015), spores were loaded into BA04 microfluidic plates (CellASIC ONIX). Trapped spores
598  were continuously supplied with MYM containing 0.25 mM HADA at 2 psi at 30°C. Following
599  spore germination, hyphae were allowed to grow by perfusing MYM-HADA at 2 psi for 4-5
600 hours. Prior to image acquisition MYM-HADA was replaced with MYM and hyphae were
601  visualized using fluorescence microscopy as described above. Images were collected using

602  Zen Blue (Zeiss) and analyzed using Fiji (Schindelin et al., 2012).

603  Cryo-scanning electron microscopy

604  S. venezuelae colonies were mounted on the surface of an aluminium stub with Tissue Tek™
605  OCT (optimal cutting temperature compound) (Agar Scientific Ltd, Essex, UK), plunged into
606  liquid nitrogen slush at approximately -210°C to cryo-preserve the material, and transferred to
607  the cryo-stage of an Alto 2500 cryotransfer system (Gatan, Oxford, England) attached to either
608 a FEI NanoSEM 450 field emission gun scanning electron microscope (FEI Ltd, Eindhoven,
609  The Netherlands) or a Zeiss Supra 55 field emission gun scanning electron microscope (Zeiss
610 UK Ltd, Cambridge). The surface frost was sublimated at -95°C for 3’2 mins before the sample
611  was sputter coated with platinum for 2 min at 10 mA at below -110°C. Finally, the sample was
612 moved onto the cryo-stage in the main chamber of the microscope, held at approximately -
613 130°C, and viewed at 3 kV.

614  Transmission electron microscopy

615  FtsZ filament morphology was visualized by negative staining and transmission electron
616  microscopy. For FtsZ from S. venezuelae, 3.5 uM FtsZ and/or 3.5 uM SepH was prepared in
617  buffer P (50 mM HEPES pH 7.2, 50 mM KCI, 5 mM MgCl.). All the solutions were previously
618 filtered using 0.1-um centrifugal filter units (Millipore). Reactions were pre-warmed at 30°C for
619 10 min, started by adding 2 mM GTP and incubated at 30°C for additional 10 min. 3.5 pL of
620 each reaction was placed on a carbon-filmed, 400 mesh copper grid (EM Resolutions,
621  Sheffield, UK) which had been glow discharged for 20 seconds at 10 mA in an Ace 200 (Leica

20


https://doi.org/10.1101/2020.10.01.322578
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.01.322578; this version posted October 1, 2020. 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 4.0 International license.

622  Microsystems (UK) Ltd, Milton Keynes, UK). After 60 seconds, excess sample was wicked
623  away using Whatman No. 1 filter paper and grids were negatively stained using 2% (w/v)
624  uranyl acetate in water. Grids were imaged using a Talos F200C transmission electron
625  microscope (ThermoFisher Scientific, Eindhoven, The Netherlands) operated at 200 kV,
626  equipped with a 4k OneView CMOS detector (Gatan UK, Abingdon, Oxfordshire, UK).

627  For M. smegmatis proteins, 6 uM FtsZus was prepared in modified buffer P (50 mM HEPES
628 pH 6.8, 100 mM KCI, 5 mM MgCl,) in the absence or presence of SepHws at 3 uM or 6 pM.
629  Reactions were pre-warmed to 37°C for 10 min, and then started by adding 2 mM GTP and

630 incubated for further 20min. Samples were stained and imaged as described above.

631 Measurement of FtsZ filament width

632  TEM micrographs of FtsZ filaments assembled in the presence or absence of SepH were used
633  to manually estimate filament width. Analysis was performed in Fiji (Schindelin et al., 2012) by
634  extracting the grey values along a line which was drawn perpendicular to the longitudinal axis
635  of FtsZ filaments. Obtained intensity profiles were aligned manually by setting the highest grey
636  values as the centre of the filament and plotted using GraphPad Prism8. The distance between

637  the two lowest grey values was defined as the average width of the FtsZ filaments.

638 Automated Western blot analysis

639  For analysis of protein levels, we used the automated capillary-based immunoassay platform
640  WES (ProteinSimple, San Jose, CA). To prepare proteins samples, 2 mL aliquots of liquid
641 MYM cultures were sampled at the desired time points. Mycelium was pelleted by
642  centrifugation and washed with PBS. Pellets were snap-frozen in liquid nitrogen and stored at
643  -80°C until use. Mycelia pellets were thawed on ice and resuspended in 0.4 mL ice-cold lysis
644  buffer (20 mM Tris pH 8.0, 5 mM EDTA, 1x EDTA-free protease inhibitors [Roche]) and
645  sonicated (5x 15 sec on/15 sec off at 5-micron amplitude). Cell lysates were then cleared by
646  centrifugation at 16,000x g for 20 min at 4°C. Total protein concentration was determined
647  using Bradford reagent (Biorad) and 1 ug of total protein was then loaded in technical
648 triplicates into a microplate (ProteinSimple). For the detection of SepH, FtsZ or YPet-fusion
649  proteins anti-SepH antibody (1:200), anti-FtsZ antibody (1:200) or anti-GFP antibody (1:200)
650 was used. Data analysis and the generation of virtual western blots was done using the

651  Compass Software (Protein Simple, Version XZ).

652  Yeast two-hybrid analysis

653  The yeast two-hybrid assays were performed in strain Saccharomyces cerevisiae Y2HGold
654  (Takara Bio USA). Combination of the two plasmids encoding the desired fusion proteins were
655  transformed into Y2HGold cells using Frozen-EZ Yeast Transformation Il Kit (Zymo

656  Research). Selection for growth was carried out on selective drop-out plates lacking leucine
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657  and tryptophan (SD*"T) and single colonies were inoculated into liquid SD*" T medium
658 and grown overnight at 30°C. Saturated cultures were diluted 1:4 in water and 5 yL of each
659  dilution was then spotted on SDe"T" and SD-eu T -Ade His (gdditionally lacking adenine and
660 histidine) in order to test for growth and interaction, respectively. Plates were incubated for 4-

661 5 days at 30°C and scanned. Each interaction was tested in biological triplicate experiments.

662  Protein expression and purification

663  To purify untagged SepH, SepH mutant variants and FtsZ from S. venezuelae and FtsZysfrom
664 M. smegmaitis, E. coli Rossetta (DE3) was transformed with derivatives of the plasmid pTB146
665 to produce Hise-SUMO-tagged protein fusions. Cells were grown at 37°C in LB medium
666  containing 50 yg mL-" carbenicillin, 25 ug mL™" chloramphenicol and 1% glucose overnight
667 and then diluted 1/100 in fresh LB medium containing carbenicillin and chloramphenicol. To
668  induce protein production, 0.5 mM IPTG to the culture once cells reached an ODeggyo of 0.5.
669  Cultures were incubated shaking at 30°C for 4 h and then harvested by centrifugation. Cell
670  pellets were resuspended in Tris-FtsZ buffer (50 mM Tris-HCI pH 8.0, 50 mM KCI and 10%
671  glycerol) and lysed by sonication for 10 cycles at 15-micron amplitude, 15 s ON and 30 s OFF.
672  Lysates were centrifuged at 14,000 rpm for 30 min at 4°C to remove cell debris. Hise-SUMO-
673  FtsZ, Hise-SUMO-SepH or Hiss-SUMO-FtsZys were purified using an HisTrap column in AKTA
674  pure (GE Healthcare) and eluted using an increasing concentration of imidazole. Fractions
675  containing protein were pooled and dialyzed overnight at 4°C against Tris-FtsZ buffer
676  containing 1 mM DTT and Hise-Upl1 protease at a molar ration of 100:1. The cleaved Hise-
677 SUMO tag and Hiss-Upl1 protease were then removed by incubation with Ni-NTA affinity
678 agarose beads. The flow-through containing untagged FtsZ, SepH or FtsZws was then
679  concentrated and subjected to size exclusion chromatography on a HiLoad 16/600 Superdex
680 200 pg column (GE Healthcare) in Tris-FtsZ buffer. Peak protein fractions were pooled and
681  dialyzed overnight against HEPES-FtsZ buffer (50 mM HEPES pH 7.2, 50 mM KCI, 10%

682  glycerol) and subsequently stored at -80°C until further use.

683  To purify M. smegmatis SepHws-Hises (SepHuws), E. coli Rossetta (DE3) carrying the plasmid
684 pSS561 was induced for protein overexpression and cell lysis was carried out as described
685 above. SepHws-Hiss was purified from lysates using an HisTrap column in AKTA pure (GE
686  Healthcare) and eluted using an increasing concentration of imidazole. Fractions containing
687  the protein were pooled and dialyzed overnight against HEPES-FtsZ buffer (50 mM HEPES
688 pH 7.2, 50 mM KCI, 10% glycerol) and stored at -80°C until use.

689  Antibody production
690  To produce antibodies against FtsZ and SepH from Streptomyces, untagged FtsZ and SepH-

691  Hiss were overexpressed and purified as described above, and a total amount of 2 mg of
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692  purified protein was sent to Cambridge Research Biochemicals (UK) to be used to raise
693  antibodies in rabbits.

694  Analytical gel filtration chromatography

695  Purified SepH, SepH-NTD, SepH-CTD or SepHG79P was prepared at 30 uyM in buffer P (50
696 mM HEPES pH 7.2, 50 mM KCI, 5 mM MgClz). A 500-uL sample was subjected to size
697  exclusion chromatography on a Superose 12 10/300 GL column (GE Healthcare) in buffer P
698  using an AKTA pure (GE Healthcare) at 0.25 mL min™' constant flow. Gel filtration standards
699  (Bio-Rad) included thyroglobulin (MW 670,000), y-globuline (MW 158,000), ovalbumin (MW
700  44,000), myoglobin (MW 17,000) and vitamin B12 (MW 1,350). Standards were separated
701  using the same conditions described above, and the retention volume of each of the proteins
702  was plotted against Log MW. The standard curve was used to calculate the molecular weight
703  of SepH using the retention volume previously obtained. The same procedure described
704  above was carried out for SepHws but using a modified buffer P (50 mM HEPES pH 6.8, 100
705 mM KCI, 5 mM MgCly).

706  GTPase activity assay

707  FtsZ GTPase activity was monitored using the PiColorLock Gold kit (Expedeon), a malachite-
708 green-based assay. SepH and FtsZ were diluted to the desired concentration in buffer P (50
709 mM HEPES pH 7.2, 50 mM KCI, 5 mM MgCl,). The protein solution was incubated for 5 min
710 at 30°C and the reaction was started by adding 50 uM GTP. Samples were taken at 0, 2.5, 5,
711 7.5 and 10 min. Reactions were stopped by adding an equal volume of 0.6 M perchloric acid.
712 Absorbance at 620 nm was measured and plotted using Microsoft Excel. GTPase activity was
713  determined from the linear range of the curves (Wasserstrom et al., 2013). GTPase activity
714  assays for M. smegmatis FtsZws and SepHws were performed as described above but using a
715  modified buffer P (50 mM HEPES pH 6.8, 100 mM KCI, 5 mM MgCl,) and incubating the
716  protein solutions at 37°C. Samples were taken at 0, 5, 10, 15 and 20 min and data was

717  analyzed as described above.

718 Dynamic light scattering

719  FtsZ assembly was monitored using a Wyatt Dynapro Titan Dynamic Light Scattering (DLS)
720 instrument. All components of the reaction buffer were filtered using 0.1-um centrifugal filter
721  units (Millipore). Streptomyces FtsZ (3.5 uM) was prepared in buffer P (50 mM HEPES pH
722 7.2, 50 mM KCI, 5 mM MgCl,) and SepH was added at the desired concentrations when
723 required. 15-pL of the resulting protein solution was transferred to a quartz cuvette and
724  equilibrated to 30°C for 5 min in the DLS instrument and the laser intensity adjusted until
725  readings reached ~20,000 counts. Baseline readings were taken for 5 min, GTP (50 uM or 2

726  mM) was added and light scatter readings were recorded for up to 30 min. The same protocol
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727  was followed in the case of GDP or GMPCCP. Data were visualized using Dynamics software
728  (vB), transferred to an Excel file and plotted using GraphPad Prism. M. smegmatis FtsZus (6
729  uM) was prepared in modified buffer P (50 mM HEPES pH 6.8, 100 mM KCI, 5 mM MgCl,) in
730 the presence or absence of SepHws (3 uM). All DLS measurements with M. smegmatis
731  proteins were performed at 37°C, baseline readings were first monitored for 5 min, followed
732 by the addition of 2 mM GTP and the recording of the scatter profile for up to 35 min. Data

733  was analyzed as described above.

734  Circular dichroism spectroscopy

735  SepH or SepHG79P (3.5 uM) were dialyzed overnight against phosphate buffer pH 7.2 to
736  dilute the sodium ions in preparation for CD analysis. Spectra were recorded in 1 nm steps on
737  a Chirascan Plus spectrophotometer (Applied Photophysics) at 20°C in a 0.5 mm quartz
738  cuvette (Hellma). Measurements were collected in triplicate, averaged and background
739  subtracted with matched buffer using the Chirascan software package. Data were exported to

740  an Excel file and plotted using GraphPad Prism.

741  Sedimentation assay

742  FtsZ (3.5 yM) and/or SepH (3.5 uM) were prepared in buffer P (50 mM HEPES pH 7.2, 50 mM
743  KCI, 5 mM MgCl,). Reactions were incubated at 30°C for 10 min and polymerization was
744  started by adding GTP (2mM) or GMPCCP (2 mM). Samples were incubated for an additional
745 15 min at 30°C and then pelleted by ultracentrifugation at 350,000x g for 15 min (high-speed),
746  or at 25,000x g for 30 min (low-speed). Supernatant and pellet fractions were mixed with
747  equivalent volumes of SDS sample buffer. Proteins were visualized by SDS-PAGE and

748  Coomassie staining and proteins bands were quantified using Fiji (Schindelin et al., 2012).

749  For M. smegmatis proteins, FtsZus (6 uM) and/or SepHws (3 uM) were prepared in modified
750  buffer P (50 mM HEPES pH 6.8, 100 mM KCI, 5 mM MgCl,). Reactions were incubated at
751  37°C for 10 min, started by adding 2 mM GTP final concentration, incubated for an additional
752 20 min followed by ultracentrifugation and SDS-PAGE analysis as described above.

753  Chromatin immunoprecipitation and deep-sequencing (ChlIP-seq)

754  Wild-type S. venezuelae and the AsepH mutant (SV56) were grown in four 30-mL volumes of
755  MYM medium for 18h (sporulation). Cross-linking and immunoprecipitation were conducted
756  as described by (Bush et al., 2019) using the anti-SepH polyclonal antibody. Library
757  construction and sequencing were performed by Genewiz (NJ, USA), using lllumina Hiseq (2

758  x 150 bp configuration, trimmed to 100 bp).

759 Reads in the fastq files received from the sequencing contractor were aligned to the S.
760  venezuelae genome (GenBank accession number CP018074) using the bowtie2 (2) software

761  (version 2.2.9), which resulted in one SAM (.sam) file for each pair of fastq files (paired-end
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762  sequencing). For each SAM file, the depth command of samtools (version 1.8) was used to
763 arrive at the depth of sequencing at each nucleotide position of the S. venezuelae

764  chromosome (https://www.sanger.ac.uk/science/tools/samtools-bcftools-htslib). From the

765  sequencing depths at each nucleotide position determined in 2, a local enrichment was
766  calculated in a moving window of 30 nucleotides moving in steps of 15 nucleotides as (the
767  mean depth at each nucleotide position in the 30-nt window) divided by (the mean depth at
768  each nucleotide position in a 3000-nucleotide window cantered around the 30-nucleotide
769  window). This results in an enrichment ratio value for every 15 nucleotides along the genome.
770  The enrichment ratios thus calculated were stored in files in the bedgraph format and were
771  used for viewing in IGB. After ensuring good correlation between the replicates (Spearman
772 correlation coefficient > 0.95) the mean of the replicates was calculated and used in further
773  calculations. Enrichment in the control was subtracted from the enrichment in the WT files.
774  Significance of enrichment was calculated assuming normal distribution of the control-
775  subtracted enrichment values. The SepH ChlP-seq data has been deposited at the MIAME-
776  compliant ArrayExpress database (https://www.ebi.ac.uk/arrayexpress/) under accession
777  number E-MTAB-9064.

778  DNase | footprinting

779  DNase | footprinting experiments were carried out essentially as previously described (Bush
780 et al.,, 2013) and according to the manufacturer’s instructions (Sure Track footprinting kit,
781  Amersham Pharmacia Biotech). DNA fragments from the promoter regions of vnz35870,
782  vnz30075 and vnz07520 were amplified by PCR from the PL1_M15, PL1_G3 and PL1_E16
783  cosmids, using the primer pairs mb1136/mb1129, mb1138/mb1139 and mb1140/mb1133,
784  respectively. Oligonucleotides were first end-labelled with T4 polynucleotide kinase
785  (Amersham Pharmacia Biotech) and [y-32P]-ATP as described by the manufacturer. Binding
786  reactions were carried out at room temperature for 30 min in 1x Polymerization Buffer (50mM
787  HEPES/KOH pH7.2, 50 mM KCI, 5 mM MgCl,) in a total volume of 40 uL, and in the presence
788  of approximately 50000-75000 cpm of the DNA probe. Following incubation, 10 pyL containing
789 3 units of DNase | (Promega) and 1 pL of CaCl, was added, mixed and incubated for 1 min.
790  The reaction was stopped by addition of 140 uL stop solution [192 mM NaAc, 32 mM EDTA,
791  0.14% SDS, 70 pg yeast-tRNA (Invitrogen)]. Samples were then phenol-chloroform extracted
792  prior to ethanol (96%) precipitation. The pellet was vacuum-dried and resuspended in 5 pL of
793  formamide loading dye (95% formamide, 20 mM EDTA pH 8.0, 0.1% bromophenol blue, 0.1%
794  xylene cyanol FF). 2.5 yL of each sample was loaded on a 6% sequencing gel, next to a G+A
795 ladder, prepared according to the Sure Track footprinting kit (Amersham Pharmacia Biotech).
796  The gel was then vacuum-dried before imaging using image plates, visualized using the
797  FUJIFILM FLA-7000.

25


https://doi.org/10.1101/2020.10.01.322578
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.01.322578; this version posted October 1, 2020. 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 4.0 International license.

798  Electrophoretic mobility-shift assay (EMSA)

799 DNA sequences were amplified by PCR using the primer pairs mb1136/mb1129,
800 mb1124/mb1125, mb1126/mb1127 and the templates PL1_M15, SV-4-G01 and pCOLADuet-
801 1 respectively. This generated probes to test for potential binding of SepH to the promoter
802  region of vnz35870, a sequence internal to vnz08520 (ftsZ) and a low-GC sequence from the
803  vector kan®-gene (aphll). Binding reactions were carried out at room temperature for 30 min
804  in 1x Polymerization Buffer (50 mM HEPES/KOH pH7.2, 50 mM KCI, 5 mM MgCl.) in a total
805  volume of 20 yL, and in the presence of 50 ng of the DNA probe. Following the incubation
806  step, samples were run on pre-cast Mini-PROTEAN TBE gels (Bio-Rad 456-5014) in 0.5 x
807 TBE for 60-90 min alongside 100 bp ladder (NEB). Gels were stained for 30 minutes in

808  ethidium bromide solution before imaging under UV-light.

809 Phylogenetics analysis

810 The SepH sequence from Streptomyces venezuelae (vnz27360) was used to BLAST against
811 3962 representative bacterial species (Altschul et al., 1997, 1990; Camacho et al., 2009). After
812  reciprocal BLAST analysis and quality filtering, 626 actinobacterial SepH homologs were
813 identified. The 626 sequences were clustered to remove redundancies using CD-HIT at 90%
814  similarity and then clustered again at 75% similarity to reduce the likelihood of misclustering
815  (Li and Godzik, 2006). These representative homologs (360 sequences) were used to created
816 three separate sequence alignments using CLUSTALX (Larkin et al., 2007), MUSCLE (Edgar,
817  2004a, 2004b), and MAFFT, using the I-ins-I option (Katoh and Standley, 2014). TrimAl was
818 used to compare the alignments for consistency, at which point the most consistent
819 (CLUSTAL) was used and gaps that were present in 80% or more of sequences, were trimmed
820 out (Capella-Gutiérrez et al., 2009). This alignment was used to generate a tree in PHYML
821  (Guindon et al., 2010) using the model, LG +G, as selected by SMS (Lefort et al., 2017). The
822 tree was visualized using iTOL, the Interactive Tree of Life (Letunic and Bork, 2019).
823  Additionally, the alignment was used to generate a logo using WebLogo3 (Crooks et al., 2004).
824
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Figure 1. SepH is required for sporulation septation in Streptomyces venezuelae. (A)
Schematic illustrating the multicellular lifestyle of Streptomyces including the two FtsZ-
dependent modes of cell division that occur in vegetative and sporogenic hyphae: cross-wall
formation and sporulation septation. (B) Schematic of the predicted SepH domain
organization, including the N-terminal DUF3071 domain containing a helix-turn-helix motif
(HTH), and the unstructured C-terminal domain. Numbers indicate corresponding amino acid
positions. (C) Cryo-scanning electron micrographs of sporogenic hyphae from wild-type S.
venezuelae (WT), the AsepH mutant (SV56) and the complemented mutant strain
AsepH/sepH® (MB747). Scale bars: 2 um. (D) Subcellular co-localization of fluorescently
labelled FtsZ (FtsZ-mCherry) and SepH (SepH-YPet) in vegetative and sporulating hyphae.
Fluorescent gene fusions were expressed in the wildtype background (MB751). White arrow
heads point at cross-walls in vegetative hyphae and the asterisk denotes a sporogenic hypha

undergoing sporulation septation. Scale bar: 5 ym.
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Figure supplement 1. Identification of SepH by ChIP-seq.

Figure supplement 2. Spore length analysis.

Figure supplement 2-source data 1. Spore size measurement data.

Figure supplement 3. Localization and corresponding protein abundance of SepH-YPet in

the wildtype and the AftsZ mutant.
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Figure 2: SepH is important for cell division leading to sporulation septa and cross-

walls. (A) and (B) Stillimages from the Supplementary Movie 1 and 2 showing the localization
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of FtsZ-YPet in sporulating (A) wildtype (SS12) and (B) AsepH mutant hyphae (MB750). Arrow
heads in (B) point at aberrant spores or gaps in FtsZ-YPet-ladders (filled arrow head) or
indicate lysed hyphae (open arrow heads in DIC image). Note that DIC images correspond to
a later time point than fluorescence micrographs to show the terminal sporulation phenotype.
Scale bars: 10 um. (C) and (D) Kymograph analysis of FtsZ-YPet dynamics during
sporulation-specific cell division in wildtype (C) and AsepH cells (D), expressing a ftsZ-ypet
fusion (SS12 and MB750). The DIC image below shows the resulting spore chain at the end
of the experiment. Yellow and blue boxes indicate magnified regions of the kymograph. Scale
bar: 2 um. Additional examples of kymographs can be found in Figure supplement 1 (E) HADA
staining to visualize cross-walls in wildtype (WT), AsepH (SV56) and AsepH/sepH* (MB747)
hyphae. Spores of each strains were germinated and grown in the presence of 0.25 mM HADA

for 5h in a microfluidic device before imaging. Scale bar: 20 um.

Source Data 1. Time-lapse fluorescence image series of selected and straightened hyphae
(SS12) used to generate kymograph shown in Figure 1C.

Source Data 2. Time-lapse fluorescence image series of selected and straightened hyphae
(MB750) used to generate kymograph shown in Figure 1D.

Figure supplement 1. Additional examples of kymographs shown in Figure 2C and D.
Figure supplement 2. FtsZ levels in wildtype and AsepH cells during sporulation.
Supplementary Movie 1. Time-lapse fluorescence microscopy and DIC image series
showing FtsZ-YPet localization in wild-type S. venezuelae (SS12).

Supplementary Movie 2. Time-lapse fluorescence microscopy and DIC image series
showing FtsZ-YPet localization in the AsepH mutant (MB750).
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59 Figure 3: The DUF3071 domain is crucial for SepH function in vivo. (A) Schematic
60 showing the SepH domain architecture and constructed truncations. Numbers indicate the
61 relevant amino acid positions. (B) to (E) Fluorescence micrographs showing the localization
62  of the full-length and truncated SepH-YPet mutant variants in the AsepH mutant expressed
63  from the native promoter (B-D, strains MB918, MB827, MB828) or from a constitutive promotor
64  (E, strain MB852). Scale bar: 5 um. (F) to (I) Cryo-SEM images of the same strains presented
65 in (B)-(E) showing the ability of (F) full-length SepH-YPet or (G)-(I) truncated versions of SepH
66 fused to YPet to complement the sporulation defect of the AsepH mutant (MB918, MB827,

67 MB828 and MB852). Scale bars: 5 um.
68

69  Figure supplement 1. Automated Western blot analysis of SepH-YPet constructs shown in
70  Figure 3B-D.

71  Figure supplement 2. Cryo-SEM image of the control strain AsepH carrying the empty vector.
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Figure 4
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Figure 4: SepH is not associated with the nucleoid or required for chromosome
segregation. (A) Fluorescence micrographs showing the accumulation of SepH-YPet and
concomitantly distribution of chromosomal DNA using the nucleoid-associated protein HupA
fused to mCherry (MB807). Box | and Il indicate an enlarged hyphal segment shown in the left
panels. Scale bars: 2 um. (B) Fluorescence images of wild-type (WT) and AsepH (SV56) spore
chains incubated with the fluorescent dyes 7AA and WGA Alexa Fluor 488 to visualize DNA

and cell wall material, respectively. Scale bar: 5 ym.

Figure supplement 1. Additional results showing the absence of DNA binding by SepH.
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Figure 5
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Figure 5: SepH helix-turn-helix motif is crucial for the interaction with FtsZ. (A) Yeast
two-hybrid analysis. The indicated proteins were fused to the GAL4 activation domain (AD)
and the GAL4 DNA-binding domain (BD). The viability of the yeast strains expressing the
respective fusion proteins was confirmed by spotting the individual strains on minimal medium
containing leucine and tryptophan (left panel). Interaction between the protein fusion allows
growth on minimal medium lacking leucine, tryptophan, histidine and alanine (right panel). The
full set of tested interactions can be found in Figure supplement 1. Each interaction was tested
in triplicate. (B) Yeast two-hybrid assay showing the interaction between FtsZ and different
SepH mutant variants, including full-length SepH (SepH), N-terminal domain of SepH (SepH-
NTD), C-terminal SepH domain (SepH-CTD) and the mutated SepH helix-turn-helix domain

(SepH-G79P). Experiments were performed as described above. (C) Coomassie-stained
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98  SDS-PAGE with purified S. venezuelae FtsZ, SepH, SepH-NTD (residues 1-186), SepH-CTD

99  (residues 187 to 344) and SepH-G79P. (D) Mean GTP hydrolysis rate of 3.5 yM FtsZ alone
100 orin the presence of increasing concentrations of SepH. SepH did not show GTPase activity
101  (red graph). Error bars represent SEM (n23) (E) Mean GTP hydrolysis rate of FtsZ (3.5 uM) in
102  the presence of wild-type SepH and SepH mutant variants at a molar ratio of 1:1. Error bars
103  represent Min/Max values (n=3) (F) Co-sedimentation of SepH with polymerized FtsZ in vitro.
104 3.5 yM FtsZ was incubated in the presence or absence of 2 mM GTP, and 3.5 yM SepH or
105 SepH-G79P as indicated. Polymerized FtsZ was then collected by high-speed
106  ultracentrifugation. The presence of proteins in the supernatant (S) and pellet (P) was then
107 analyzed by SDS-PAGE and Coomassie staining. The average percentage of total FtsZ or
108  SepH/SepHGT79P in the pellet fraction derived from two independent experiments is indicated
109  below.

110

111  Figure supplement 1. Y2H analysis of SepH and additional divisome components.

112  Figure supplement 2. Cryo-SEM image of AsepH complemented with sepH-G79P.

113  Figure supplement 3. Biochemical characterization of SepH and SepH mutant variants with
114 FtsZ.

115  Figure supplement 4. Low-speed co-sedimentation.

116  Source Data 1. High-speed co-sedimentation data used in Figure 5F.

117  Figure supplement 3B-source data 1. Analytical gel filtration data.

118 Figure supplement 4-source data 2. Low-speed co-sedimentation data.
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122 Figure 6: SepH stimulates the polymerization of dynamic FtsZ protofilaments. (A-D)
123 Visualization of purified FtsZ and/or SepH using negative staining transmission electron
124  microscopy (TEM). No structures were detected for 3.5 uM FtsZ in the absence of GTP (A),
125  or 3.5 uM SepH in the presence of GTP (B). Filaments were observed for FtsZ (3.5 uM) when
126  2mM GTP was added (C), and increased FtsZ polymerization was observed when SepH (3.5
127  uM) was added to the reaction (D). Scale bar: 100 nm. (E) Graph showing the width of FtsZ
128 filaments assembled in the absence (black line, n=59) and presence of SepH (red, n=63)
129  based on the average intensity profile of grey values along a line drawn perpendicular to the
130 longitudinal axis of the filaments where the highest value corresponds to the center of the
131 filaments (0 nm). Error bars represent SD. (F) Light scatter traces showing the reversible
132 assembly of 3.5 uM FtsZ filaments in the presence of 50 uM GTP and increasing amounts of
133 SepH. (G) Light scatter profile showing the polymerization of 3.5 uM FtsZ with 2 mM GMPCCP
134  inthe presence (red line) or absence of 3.5 uM SepH (black line). SepH alone did not generate
135  light scattering when incubated with 2 mM GMPCCP (dashed line). Light scatter graphs
136  display representative traces of at least 3 independent experiments.

137  Source Data 1. FtsZ flament measurements used to generate Figure 6E.

138  Figure supplement 1. TEM images of polymerized FtsZ with SepH mutant variants.

139  Figure supplement 2. Additional DLS results, including control reactions with GDP, SepH
140  mutant variants and 2 mM GTP.

141  Figure supplement 3. TEM images of FtsZ filaments in the presence of GMPCCP and SepH.
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144  Figure 7: SepHus stimulates FtsZ polymerization and bundling in vitro. (A) Phylogenetic
145  tree showing the distribution of SepH within different actinobacterial orders. Major orders with
146 more than two representative leaves are shown in different colors. Numbers denote bootstrap
147  values. The scale bar represents the average substitutions per site. (B) Representative
148  fluorescence and DIC images showing the subcellular localization (1) and wildtype-like
149  sporulation (Il) of the S. venezuelae AsepH mutant producing SepHws-mCherry (SS380). For
150 comparison spore chains of the wildtype and the AsepH mutant (SV56) are shown and the

151  mean + SD spore length for each strain are denoted below. 350 spores per biological replicate

152  (n=3) and strain were measured. Scale bars: 5 um. (C) Yeast two-hybrid analysis to test the
153  interaction between SepHws and FtsZus from M. smegmatis. Viability of the yeast strains
154  carrying the respective fusion proteins was confirmed by spotting the individual strains on
155  minimal medium lacking leucine and tryptophan (left panel). An interaction between the protein
156  fusions allows growth on minimal medium lacking leucine, tryptophan, histidine and alanine
157  (right panel). Shown is a representative image. Experiments were performed in triplicates. (D)
158  Assembly dynamics of FtsZus from M. smegmatis using dynamic light scattering. Light scatter
159  traces for 6 uM FtsZ (black) and 6 uM FtsZys in the presence of 3 uM SepHuws (red) are shown.
160 2 mM GTP was added to induce FtsZ polymerization. Light scatter graphs display
161  representative traces of at least 3 independent experiments. (E) FtsZys filament morphology
162  visualized by negative stain TEM of 6 uM FtsZus alone, with 2mM GTP and with 6 uM SepHs.
163  SepHws (3uM) does not form visible structures when incubated with GTP. Scale bars: 200 nm.
164  (F) High and low speed co-sedimentation assay of polymerized FtsZys (6 uM) with and without
165 SepHws (3 uM) in the presence of 2 mM GTP. Presence of FtsZws and SepHws in the
166  supernatant (S) or pellet (P) was analyzed by SDS-PAGE and Coomassie staining. The
167 average percentage of total FtsZ or SepH in the pellet fraction based on results from two

168 independent experiments is indicated below.
169
170  Source Data 1. Alignment of SepH proteins used to construct phylogenetic tree in Figure 7A.

171  Source Data 2. Phylogenetic tree file with bootstrap values used to generate Figure 7A
172  Source Data 3. Spore measurement data used in Figure 7B.

173  Source Data 4. Co-sedimentation data used in Figure 7F.

174  Figure supplement 1. SepH sequence logo.

175  Figure supplement 1-source data 1. Alignment used to generate SepH sequence logo.
176  Figure supplement 2. SDS gel showing purified SepHwvs and FtsZws.

177  Figure supplement 3. Size exclusion chromatogram of purified SepHuws.

178  Figure supplement 3-source data 2. Size exclusion chromatogram data.

179  Figure supplement 4. GTP hydrolysis rate of FtsZ with and without SepHus.

180 Figure supplement 5. TEM image of polymerized FtsZus with SepHwus at a 1:1 molar ratio.
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184  Figure 8: Model of SepH-mediated FtsZ remodeling in Streptomyces and
185  Mycobacterium. SepH (green) directly binds FtsZ (yellow) and stimulates the rapid assembly
186  of FtsZ protofilaments. Filament-associated SepH from M. smegmatis can further mediate
187 lateral interactions between FtsZ filaments while filaments assembled in the presence of SepH
188 from S. venezuelae are less stable. The GTP hydrolysis rate of FtsZ is likely not directly
189  affected by SepH but will eventually lead to the disassembly of FtsZ filaments. Importantly,
190 SepH increases the local concentration of FtsZ which promotes the condensation of filaments
191 into a Z-ring and aids FtsZ treadmilling during the early stages of cell division. This process is
192 linked to septal peptidoglycan synthesis and the formation of division septa.
193
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1 Figure 1-figure supplement 1
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5 Figure 1-figure supplement 1. Identification of SepH. ChIP-seq traces showing the
6 enrichment of the FLAG-tagged developmental regulators WhiA and WhiB at binding sites
7  upstream of sepH or their absence in the untagged wildtype (WT) control sample. Source
8 data: Bush et al. (2013).
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Figure 1-figure supplement 2
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Figure 1-figure supplement 2. Spore length analysis of wildtype S. venezuelae (WT), the
AsepH mutant (SV56) and the complemented mutant strain AsepH/sepH* (MB747). A
minimum of 347 spores were quantified for each biological replicate (n=3) and strain. The
dashed red lines indicate the median, and black dotted lines the 25/75th percentiles. Statistical
comparisons were made using a one-way Anova test followed by a Dunnett’'s multiple

comparison test comparing the means to the WT mean. ****P<0.0001; ns, not significant.
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Figure 1-figure supplement 3
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Figure 1-figure supplement 3. Localization and corresponding protein abundance of
SepH-YPet in the wildtype and the AftsZ mutant. (A) Localization pattern of constitutively
produced SepH-YPet in the wildtype (WT, MB858) and in an AftsZ mutant strain (MB859).
Scale bar: 5 um. (B) Automated Western blot showing the accumulation of SepH-YPet in
MB858, MB859 and an untagged wildtype control carrying the empty vector (e.v., SS4). YPet
fusions were detected with an anti-GFP antibody. Shown are representative results of

duplicate experiments.
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Figure 2-figure supplement 1
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Figure 2-figure supplement 1. SepH is important for cell division in Streptomyces.
Additional kymographs showing the localization dynamics of FtsZ-YPet in (A) wildtype or (B)
AsepH cells. Scale bar: 2 um.
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Figure 2-figure supplement 2. FtsZ levels in wildtype and AsepH cells during
sporulation. FtsZ levels were determined by automated Western blot analysis using an anti-
FtsZ polyclonal antibody (1:200). Lysates were analyzed in triplicate for each strain and FtsZ

levels were quantified at the indicated time-points.
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Figure 3-figure supplement 1
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Figure 3-figure supplement 1. Automated Western blot analysis of the different SepH-
YPet constructs shown in Figure 3B-D. Strains (MB918, MB827, MB828, SV56) were grown
to mid-exponential phase and SepH-YPet fusions were detected using an anti-GFP antibody
(1:200). Red arrow heads indicate expected size for each construct. Asterisks denote non-
specific signals that are also present in the negative control (AsepH) or likely degradation

products. Shown are representative results of duplicate experiments.
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Figure 3-figure supplement 2

Figure 3-figure supplement 2. Control showing the AsepH phenotype. Cryo-SEM image
showing sporulating hyphae of AsepH carrying an empty plasmid (MB749). Scale bar: 5 um.
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86  Figure 4-figure supplement 1
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89  Figure 4-figure supplement 1. SepH does not bind DNA. (A) Relative genome-wide
90 distribution of putative SepH binding sites identified by ChlP-seq analysis using an anti-SepH
91  polyclonal antibody during sporulation in wildtype versus AsepH (SV56) cells. Arrows point to
92 the three most enriched putative binding sites of SepH upstream of vnz07520, vnz30075 and
93  vnz35870 which were further analyzed in (B) and (C). (B) DNase | footprinting analysis of
94  SepH bound to radiolabeled probes derived from the sequence upstream of vnz07520,
95 vnz30075 and vnz35870. 5 end-labelled probes were incubated with increasing
96 concentrations of SepH and subjected to DNase | treatment. The footprints are flanked by

97 Maxam and Gilbert sequence ladders (GA). No binding of SepH to the probes could be

8
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98 detected. (C) EMSA analysis to test for binding of SepH to the promoter region of vnz35870,
99 a sequence internal to vnz08520 (ftsZ) and a low-GC sequence from the KanR-gene. No

100  binding activity of SepH to any of the tested DNA probes could be detected.
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102  Figure 5-figure supplement 1
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106  Figure 5-figure supplement 1. Yeast-two hybrid analysis showing the complete set of
107 tested interactions between SepH and different cell division proteins. Growth and
108  putative interaction between the different fusion proteins was verified by spotting the individual
109 strains onto minimal media lacking either leucine and tryptophan (growth) or leucine,
110 tryptophan, histidine and alanine (interaction). The white dashed box indicates the subset of
111  interactions shown in Figure 5A. Each interaction was tested in triplicate and a representative

112 overview of the results is shown.
113
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115  Figure 5-figure supplement 2
116

117

118  Figure 5-figure supplement 2. Cryo-SEM micrograph of sporulating AsepH hyphae
119  expressing sepH-G79P (MB938). Scale bar: 10 um.
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124  Figure 5-figure supplement 3
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126

127  Figure 5-figure supplement 3. Biochemical characterization of SepH, SepH mutant
128 variants and FtsZ. (A) CD spectroscopy analysis of wild-type SepH (black) and SepH-G79P
129  (red). Both proteins show a similar spectral pattern indicating that they are not significantly
130  different in their secondary structure. (B) Size exclusion chromatograms of purified SepH
131 (grey), SepH-G79P (red), SepH-NTD (yellow) and SepH-CTD (blue). Predicted
132 multimerization states of the purified proteins based on the migration of MW standards is
133  indicated (4X, tetramer; 2X, dimer). Shown are representative results of duplicate
134  experiments. (C) Mean GTP hydrolysis rate of increasing concentrations of FtsZ over time.

135  Error bars represent SEM (n23).
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137  Figure 5-figure supplement 4
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141  Figure 5-figure supplement 4. Low-speed co-sedimentation. Polymerized FtsZ (3.5 pM)
142  was sedimented in the presence or absence of 3.5 uyM SepH and 2 mM GTP. Percentage of

143  total FtsZ or SepH in the pellet fraction averaged from triplicate experiments is indicated below.
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145 Figure 6-figure supplement 1
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148  Figure 6-figure supplement 1. TEM images of polymerized FtsZ with SepH mutant
149  variants. FtsZ was incubated in the presence of GTP and the SepH mutant variants SepH-
150 G79P (A), SepH-CTD (B) or SepH-NTD (C) and filaments were visualized by protein negative
151  stain TEM. Scale bars: 100 nm.
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Figure 6-figure supplement 2. Additional DLS results. Light scattering traces of 3.5 uM

FtsZ assembly kinetics resulting from incubation with (A) SepH (3.5 uM) and GDP, (B) with

50 uM GTP and 3.5 uM of the different SepH mutant variants or (C) in the presence of non-

limiting GTP concentrations with or without SepH. Light scatter graphs display representative
traces of at least 3 independent experiments.

15


https://doi.org/10.1101/2020.10.01.322578
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.01.322578; this version posted October 1, 2020. 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 4.0 International license.

161 Figure 6-figure supplement 3
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165 Figure 6-figure supplement 3: TEM images of FtsZ filaments in the presence of
166 GMPCCP and SepH. FtsZ was incubated with GMPCCP and in the absence (G) or presence
167  of SepH (H) visualized by protein negative stain TEM. Scale bars: 100 nm.
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169 Figure 7-figure supplement 1
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173  Figure 7-figure supplement 1. SepH sequence logo. Logo generated from an alignment of
174 360 selected actinobacterial SepH sequences. Amino acids are colored according to their
175  chemical properties. The SepH N-terminal region contains a highly conserved helix- turn-helix
176  (HTH) motif. The red arrow head denotes glycine residue that was substituted in the S.
177  venezuelae SepH-G79P variant. The C-terminal domain contains two additional conserved
178  sequence motifs of unknown function (dashed boxes).
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180 Figure 7-figure supplement 2
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181
182  Figure 7-figure supplement 2. SDS gel showing purified SepHus and FtsZus. Coomassie-
183  stained SDS gel with SepH-6xHis (SepHwus) and untagged FtsZ (FtsZys) from M. smegmatis.
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185 Figure 7-figure supplement 3
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189  Figure 7-figure supplement 3. Size exclusion chromatogram. Shown is the chromatogram
190  of purified SepHws, which, based on the migration of MW standards, is predicted to form a

191  tetramer (4x). Experiment was performed in duplicate.
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192 Figure 7-figure supplement 4
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196  Figure 7-figure supplement 4. GTP hydrolysis rate of FtsZ with and without SepHus.
197  Mean GTP hydrolysis rates of 6 yM FtsZys, 3 yM SepHws and 6 uM FtsZys in the presence of
198 3 uM SepHws (1:0.5) or 6 uM SepHws (1:1). Error bars represent SEM (n=3).
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199 Figure 7-figure supplement 5

200
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201

202  Figure 7-figure supplement 5: FtsZys (6 uM) filament bundles formed in the presence of 6
203  uM SepHws and 2mM GTP. Filaments were visualized by negative stain TEM. Scale bar 200
204 nm.
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206  Supplementary File legends

207  Supplementary File 1: Tables listing bacterial strains, plasmids and oligonucleotides used in
208 this study.

209  Supplementary Movie 1: Time-lapse fluorescence and DIC microscopy movie showing the
210 localization of FtsZ-YPet in growing and sporulating wild-type S. venezuelae (SS12). Scale
211 bar: 10 pm.

212 Supplementary Movie 2: Time-lapse fluorescence and DIC microscopy movie showing
213 growth and localization of FtsZ-YPet in vegetative and sporulating hyphae of the AsepH
214  mutant (MB750). Scale bar: Scale bar: 10 um.

22


https://doi.org/10.1101/2020.10.01.322578
http://creativecommons.org/licenses/by/4.0/

