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1. Abstract

Bacterial cell division and plant chloroplast division require self-assembling Filamentous temperature-
sensitive Z (FtsZ) proteins. FtsZ proteins are GTPases sharing structural and biochemical similarities
with eukaryotic tubulin. In the moss Physcomitrella, the morphology of the FtsZ polymer networks
varies between the different FtsZ isoforms. The underlying mechanism and foundation of the distinct
networks is unknown. Here, we investigated the interaction of Physcomitrella FtsZ2-1 with FtsZ1
isoforms via co-immunoprecipitation and mass spectrometry, and found protein-protein interaction in
vivo. We tagged FtsZ1-2 and FtsZ2-1 with different fluorophores and expressed both in E. coli, which
led to the formation of defined structures within the cells and to an influence on bacterial cell division
and morphology. Furthermore, we have optimized the purification protocols for FtsZ1-2 and FtsZ2-1
expressed in E. coli and characterized their GTPase activity and polymerization in vitro. Both FtsZ
isoforms showed GTPase activity. Stoichiometric mixing of both proteins led to a significantly
increased GTPase activity, indicating a synergistic interaction between them. In light scattering assays,
we observed GTP-dependent assembly of FtsZ1-2 and of FtsZ2-1 in a protein concentration dependent
manner. Stoichiometric mixing of both proteins resulted in significantly faster polymerization, again
indicating a synergistic interaction between them. Under the same conditions used for GTPase and light
scattering assays both FtsZ isoforms formed filaments in a GTP-dependent manner as visualized by
transmission electron microscopy (TEM). Taken together, our results reveal that Physcomitrella
FtsZ1-2 and FtsZ2-1 are functionally different, can synergistically interact in vivo and in vitro, and

differ in their properties from FtsZ proteins from bacteria, archaea and vascular plants.
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2. Introduction

Plants harvest energy from oxygenic photosynthesis, during which light is the energy source for the
fixation of atmospheric CO, in organic compounds, while O, is produced as a side product. In
eukaryotic cells, photosynthesis depends on chloroplasts [1]. These cell organelles derived from
endosymbiosis, where a eukaryote engulfed a free-living, photoautotrophic cyanobacterial-like
prokaryote [2, 3, 4]. While some genes of prokaryotic origin disappeared over time, or were retained in
the organellar genome, respectively, most were transferred to the host nucleus after the endosymbiotic
event [5]. The relation of these organelles to prokaryotes explains why chloroplasts do not develop de
novo but divide by binary fission [6], while at the same time suggesting that prokaryotic cytokinesis
and cell organelle division are conserved mechanisms [7, 8].

Most bacteria and chloroplasts of bryophytes, comprising mosses, liverworts, and hornworts, are
surrounded by a peptidoglycan wall [9, 10], which needs to be remodelled during bacterial cell division
[11, 12]. Proteins involved in bacterial cell division are also responsible for plastid division in plants
[6, 8]. Both mechanisms require Filamentous temperature-sensitive Z (FtsZ) proteins as a key
component of the division machinery [13, 14]. FtsZ proteins were named after one of the filamentous
temperature-sensitive Escherichia coli (E. coli) mutants, which grows filamentous due to their inability
to divide at elevated temperatures [15]. FtsZ proteins assemble into a ring structure, the Z-ring, thus
determining the future division site of bacteria and chloroplasts [16, 17, 18]. In E. coli and
Bacillus subtilis, FtsZ-function is coupled to peptidoglycan synthesis [11, 19]. Remarkably, bacterial
cell division as well as division of moss chloroplasts, but not plastid division of vascular plants, is
sensitive to beta-lactam antibiotics [20].

FtsZ proteins are soluble guanosine triphosphatases (GTPases) [21, 22, 23] that share structural and
biochemical similarities with the eukaryotic cytoskeletal protein tubulin [24, 25]. FtsZ proteins have
similar functions in bacteria and plastids [7, 8]. The nuclear-encoded plant FtsZ proteins are imported
into the chloroplast [7], where they are required for plastid division as well as plastid shaping [26]. In
most bacteria, FtsZ is encoded by a single gene [27, 28], while plants and archaea, except the TACK
and ASGARD superphyla, encode predominantly two FtsZ isoforms [25, 29]. For instance, Arabidopsis
thaliana (Arabidopsis) encodes FtsZ1 and FtsZ2 [7, 14]. These arose from a gene duplication [29], in
which plant FtsZ1 arose from FtsZ2 [31, 32].

In the vascular plant Arabidopsis, both FtsZ isoforms have non-redundant functions since their
independent expression inhibition led in both cases to a reduced number of chloroplasts [14]. The rings
formed by Arabidopsis FtsZ1 and FtsZ2 colocalize in vivo at the chloroplast centre [17] and form
heteropolymers at the future division site upon recombinant expression in the yeast Pichia pastoris
(new species name Komagataella phaffii) [18]. Also, the polymerization behaviour of Arabidopsis FtsZ
isoforms has been characterized in vitro [33, 34]. Here, FtsZ1 and FtsZ2 show differences in their

GTPase activity and polymerization mechanism and only FtsZ2 polymerized on its own [34].
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90 Furthermore, FtsZ1 and FtsZ2 show differences regarding their protein structure. In general, FtsZ
91 proteins contain two domains, a widely conserved N-terminal GTPase domain and a C-terminal region
92 [32, 35]. The GTPase domain comprises a GTP-binding domain and a GTPase-activating domain.
93 Together, they represent the core structure of FtsZ [18], since the C-terminal region is more variable
94  [36]. The N-terminal domain is responsible for GTP binding and hydrolysis [35]. FtsZ2 proteins contain
95 an additional short motif at the C-terminus that is missing in FtsZ1 [31, 32]. In Arabidopsis, this motif
96 s responsible for the interaction of FtsZ2 with transmembrane proteins [32]. Recently, a conserved
97 sequence motif of the C-terminal domain of Arabidopsis FtsZ1 was identified that is involved in
98 membrane binding and interactions with other proteins of the plastid division machinery [37].
99 Moreover, the N- as well as the C-terminus of both isoforms are involved in polymer formation of FtsZ1
100 and FtsZ2 [38].
101 The moss Physcomitrella (new species name Physcomitrium patens) encodes the high number of five
102 different FtsZ proteins (FtsZ1-1, FtsZ1-2, FtsZ2-1, FtsZ2-2, FtsZ3), which fall in three clades (FtsZ1,
103  FtsZ2, FtsZ3), indicating neofunctionalisation of the different isoforms during evolution [30, 39, 40].
104  Arabidopsis FtsZ1 and FtsZ2 are orthologues to Physcomitrella FtsZ1 and FtsZ2 [39, 40]. Among those
105 FtsZ isoforms, FtsZ2-1 was proven to be involved in chloroplast division [8, 41, 42].
106 The Physcomitrella FtsZ proteins assemble in network-like structures inside the chloroplast [26, 43].
107 Using reverse genetics, the diverse and non-redundant functions of the five FtsZ isoforms in
108 Physcomitrella were investigated [42]. Here, the analysis of distinct single and double knockout mutants
109 of Physcomitrella ftsZ genes revealed their roles in chloroplast division, chloroplast shaping, as well as
110 their network assembling properties within the chloroplast [26, 42]. Due to these characteristics, the
111 Physcomitrella FtsZ proteins ensure plastid stability and structural integrity [26, 44]. Since this FtsZ
112 network in moss plastids resembles the structure of the eukaryotic cytoskeleton, the term
113  ‘plastoskeleton’ was coined to describe its organization and function in plastids [26, 45]. Subsequently,
114 itwas discovered that not only eukaryotes but also bacteria have a highly dynamic cytoskeleton at which
115 FtsZis a part [46-49].
116  Unlike described for other plants, proteins of the nuclear ftsZ genes are not only imported into plastids
117 but are dually targeted to chloroplasts and the cytosol in Physcomitrella, suggesting that they have
118 functions beyond plastid division [50]. Interestingly, this coincides with a low diversification of the
119 cytoskeletal protein family tubulin in Physcomitrella [51]. Subsequently, Physcomitrella FtsZ proteins
120 were found to be involved in cell patterning, plant development, and gravity sensing [42]. Additionally,
121 distinct localization-dependent in-vivo interactions among four of the five Physcomitrella FtsZ isoforms
122 were revealed by using fluorescence resonance energy transfer (FRET) [52].
123 The morphology of the Physcomitrella FtsZ polymer networks varies between the different isoforms.
124  In-vivo network analysis using GFP-tagged FtsZ1-2 and FtsZ2-1 indicated functional differences
125  between them [53]. While the FtsZ2-1 network is exclusively formed within the chloroplast, FtsZ1-2

126 networks form long, extra-plastidic extensions and may play a role in the formation of stromules [53],
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127 stroma-filled, tubular connections between chloroplasts [54]. The FtsZ1-2 network also contains
128 significantly more nodes than the FtsZ2-1 network, while so-called meganodes (extraordinarily large
129 nodes) occur only with FtsZ2-1. Moreover, FtsZ2-1 filaments are more curved in vivo, thicker in
130 segment size and resemble the microtubules of the cytoskeleton more than FtsZ1-2. This resemblance
131  hints towards mechanical properties that might be interesting when using Physcomitrella FtsZ filaments
132  to develop sustainable material systems [55]. Based on the identified morphological differences of
133 Physcomitrella FtsZ1-2 and FtsZ2-1 [53], the mechanical behaviour and load-bearing responses of the
134  two Physcomitrella FtsZ isoforms were investigated in in-silico experiments, relating the structure to
135 the function of the FtsZ protein networks [55-57]. The capability of the plastoskeleton to maintain its
136 load-bearing structure even under distortion is based on its material properties as polymers and more
137 importantly, on the structural features of the network [55].

138 Besides the mechanical properties of the FtsZ isoforms, knowledge about the polymer-forming
139 properties of Physcomitrella FtsZ proteins as a GTP-driven structure is of particular interest. Combining
140 the data about the load-bearing structure of the plastoskeleton with knowledge about the biochemical
141 foundations could pave the way for adaptive biomimetic materials [58] or 3D-printed biopolymer
142  materials for tissue engineering [59]. In various tissues, Physcomitrella FtsZ1-2 and FtsZ2-1 have
143  relatively high expression levels, suggesting division-independent, stable networks within the
144  chloroplast [53]. We examined GTPase activity, polymer assembly, and formation of the
145  Physcomitrella FtsZ network in vitro. We expressed Physcomitrella FtsZ1-2 and FtsZ2-1 in E. coli,
146 purified the proteins, and analysed their GTP-dependent polymerization individually and together.
147  Furthermore, we investigated the interaction of these isoforms in vivo, and visualised both FtsZ
148 isoforms in E. coli cells individually and in combination without potential interaction partners.

149 Different bacterial FtsZ (e.g., B. subtilis FtsZ and E. coli FtsZ [60], Agrobacterium tumefaciens FtsZ
150 [61], Synechococcus elongatus [23], archaeal FtsZ (Haloferax volcanii [62, 63]), and plant FtsZ
151 (Arabidopsis [23, 34]) were already investigated regarding their assembly and biochemical properties.
152 Here, we provide insights into the GTP-dependent polymerization and the assembly properties of
153 FtsZ1-2 and FtsZ2-1 of the moss Physcomitrella.

154

155 3. Results
156 3.1. In-vivo interaction of Physcomitrella FtsZ2-1 with FtsZ1

157 Distinct localization-dependent interactions among four of the five Physcomitrella FtsZ isoforms have
158 been revealed by overexpression as GFP fusions [52]. Here, we independently reassessed these results
159 ona physiological level with special focus on the interactions between FtsZ1 isoforms and FtsZ2-1.

160 To address this, an in-frame fusion of Physcomitrella FtsZ2-1 with a single linker-GFP (Figure 1A,
161 Supplemental Figure S1A) at the endogenous locus was generated via targeted knock-in (Supplemental

162 Table S1), employing the highly efficient homologous recombination in this moss [64, 65]. Twenty-
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163  one selected lines were screened by PCR for the presence of the GFP coding sequence (CDS). From
164 these, sixteen positive candidate lines were selected and the correct integration of the knock-in construct
165 was analysed by PCR (Supplemental Figure S1A, B). From this analysis three of the fifteen positive
166 lines were chosen for a test co-immunoprecipitation (Co-IP, Supplemental Figure S1C). Finally, line
167 #513 was chosen for quantitative Co-immunoprecipitations (Co-IP), performed using GFP-Trap
168 Magnetic Particles, with Physcomitrella wild type (WT) as a negative control. Label-free quantitation
169 values (LFQ) obtained from a MaxQuant search [66, 67] were used and significant interacting partners
170 were identified at a false discovery rate (FDR) of 1 % (Figure 1B). The significant interacting proteins
171 can be found in Supplemental Table S2.
172  From this, Physcomitrella FtsZ1 isoforms were identified as significant interactors of FtsZ2-1
173  (Figure 1). Thus, we confirmed that FtsZ2-1 is interacting with FtsZ1 proteins in vivo. However, due to
174  their high sequence similarity (Figure 1C) and the limited number of matching peptides, the isoforms
175 Ftsz1-1 and FtsZ1-2 could not be distinguished in these experiments. Hence, we were able to confirm
176 that Physcomitrella FtsZ2-1 is interacting with Physcomitrella FtsZ1 proteins in vivo, but we could not
177  explicitly narrow this down to an interaction with FtsZ1-2. As CO-IPs do not allow to assess spatial
178 information of interactions, they can be direct or indirect.
179
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182 Figure 1 FtsZ domain structures, sequence identity and analysis of the co-immunoprecipitations
183 (Co-IPs) against GFP-tagged FtsZ2-1 protein.

184 (A) Domain structures of the five Physcomitrella FtsZ proteins and the FtsZ2-1_GFP fusion protein.
185 Depicted are PFAM [68] domains (FtsZ family, C-terminal domain: PF12327; Tubulin/FtsZ family,
186 GTPase domain: PF00091; GFP: PF01353) and the poly-G linker in the FtsZ2-1_GFP fusion protein.
187 Arrows indicate predicted chloroplast transit peptide (cTP) cleavage sites (blue: ChloroP1.1; green:
188 TargetP2.0). Predicted cTP cleavage sites of other FtsZ isoforms than FtsZ1-2 and FtsZ2-1 are not
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189 shown. The image was created with the R package drawProteins [69]. (B) The Volcano plot shows the
190 log, ratios of normalized LFQ (label-free quantitation) intensities plotted against logio of adjusted
191 p-values. Proteins significantly enriched in the GFP-tagged pulldown are shown as red crosses with a
192 false discovery rate (FDR) of 0.01 %. Physcomitrella wild type (WT) served as a negative control.
193  Proteins not significant for neither WT nor FtsZ2-1-GFP are visualized as grey crosses. The Co-IP was
194  performed with GFP-Trap Magnetic Particles M-270 (ChromoTek GmbH, Planegg, Germany) and
195 Physcomitrella protonema tissue homogenized from suspension culture. The isoforms of FtsZ1
196 (FtsZ1-1, FtsZ1-2) could not be distinguished on the basis of the peptides identified in this approach
197 and are thus grouped (FtsZ1). (C) Matrix showing the sequence identity ([%]) between the five different
198 FtsZ isoforms. Identity values were obtained from a multiple sequence alignment using protein
199 sequences done with the UniProt Align tool (https://www.uniprot.org/align).

200

201 3.2. Expression of Physcomitrella FtsZ1-2 and FtsZ2-1 in E. coli

202 The respective plastoskeletal morphologies of Physcomitrella FtsZ1-2 and FtsZ2-1, which were
203  elucidated before [53], hint towards functional differences of these two isoforms. Therefore, GTPase
204  activity, polymer assembly, and the formation of Physcomitrella FtsZ1-2 and FtsZ2-1 filaments in vitro
205  were studied.

206 Inorder to produce Physcomitrella FtsZ1-2 and FtsZ2-1 in E. coli, the coding sequences (CDS) of both
207 FtsZ isoforms were optimized for codon usage in bacteria (Supplemental Figures S2 and S3). In total,
208 304 bases were changed for FtsZ1-2 and 357 bases were changed for FtsZ2-1. The GC content was
209 concurrently increased from 49 % to 51 % for FtsZ1-2, and from 49 % to 52 % for FtsZ2-1. The
210 in-silico predicted N-terminal transit peptides for Physcomitrella FtszZ1-2 (Pp3cl9 2490) and
211 Physcomitrella  Ftsz2-1  (Pp3cll 17860) were 34aa and 3laa (ChloroP 1.1,
212  http://www.cbs.dtu.dk/services/ChloroP/),  respectively.  The  predictions of  TargetP-2.0
213 (http://www.cbs.dtu.dk/services/TargetP/) and ChloroP 1.1 differ (Table 1, Figure 1A) and the exact
214  estimation of cTPs remains challenging. The shorter predictions by ChloroP 1.1 were chosen so as not
215 to affect the functional domains of both proteins (Figure 1A).

216

217 Table 1 Comparison of sequence and length of the chloroplast transit peptide (cTP) for
218 Physcomitrella FtsZ1-2 and FtsZ2-1 predicted by ChloroP 1.1 and TargetP-2.0. Length of cTP in
219 amino acids (aa).

220
Tool predicted cTP sequence Ie[r;g;h
ChloroP 1.1  MGSTARLRLSPSPSSVSGSLCPASARSVYPMGSV 34
FtsZ1-2 TergetP-2.0 MGSTARLRLSPSPSSVSGSLCPASARSVYPMGSVAVRVTSRCRW 86
LGAESRLGKSQFFGAGKPLVHLQKRGWSLGWEGRAAGRTVVM
ChloroP 1.1  MALFSGCSGWAGLKVSSRVGGEACRTPPVVH 31
Foze-d TargetP-20  MALFSGCSGWAGLKVSSRVGGEACRTPPVVHCSMHSRSSVRA 42
221
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222 The respective codon-optimized FtsZ1-2 and FtsZ2-1 sequence, fused to a C-terminal 8 x His-tag
223  encoding sequence, were subcloned into the pLATE11 expression vector (Supplemental Tables S3 and
224 S4)and with the correct plasmids subsequently transformed into BL21 Star™ (DE3) cells. Immunoblots
225 of IPTG induced strains confirmed the expression of both isoforms (Supplemental Figure S4).

226
227 3.3. Physcomitrella FtsZ proteins localize in foci in elongated E. coli cells

228 To investigate the behaviour of each isoform individually and in combination within a heterologous
229  system, fluorescent FtsZ fusions were employed. E. coli FtsZ, which is non-functional in Physcomitrella
230 and does not interact with Physcomitrella FtsZ isoforms in FRET experiments [51], is not anticipated
231 to interact with Physcomitrella proteins. FtsZ1-2 was fused at the N-terminus with enhanced Green
232 Fluorescent Protein (eGFP), while FtsZ2-1 was fused at the N-terminus with mKusabira-Orange2
233 (mKOrange2, mKO2). To serve as controls, eGFP-His and mKO2-His were used respectively. All CDS
234 were cloned into the inducible pLATE11 expression vector. For the co-expression of eGFP-FtsZ1-2
235 and mKO2-FtsZ2-1, the latter expression cassette was introduced into the initially generated
236 pLATE1l eGFP-FtsZ1-2 vector. BL21 Star™ (DE3) cells were transformed with the final plasmids.
237 Confocal microscopy of IPTG-induced bacteria revealed that the eGFP-His control was localized in a
238 diffuse pattern within the cell (Figure 2A). The cells expressing eGFP-His grew normally and were
239 approximately 1-2 um long. The eGFP-FtsZ1-2 protein was localized in numerous foci within the cell
240 (Figure 2B), and, in some instances, formed single filaments or filamentous networks (Figure 3,
241 Supplemental Figures S5A, B, E, and S7C). Cells expressing eGFP-FtsZ1-2 were longer than those
242  expressing eGFP-His, showing a length distribution between 5 and 10 um (Figure 2B, and
243  Supplemental Figure S5). The distribution of the eGFP-FtsZ1-2 signal suggests the assembly of
244  functional structures, which is further supported by the filamentous phenotype of the E coli cells
245  expressing eGFP-FtsZ1-2, which resembles the phenotype of E. coli strains overexpressing FtsZ or ftsZ
246  depletion strains.

247  As with eGFP-His, the mKO2-His control exhibited a diffuse localization throughout the cell
248  (Figure 2C). Cells transformed with mKO2-His also grew normally and were approximately 1-2 pm
249 long. The mKO2-FtsZ2-1 protein was distributed in foci throughout the whole cell. The cells were
250 elongated, ranging between 5 and 20 um in length (Figure 2D, Supplemental Figure S6). In analogy to
251 eGFP-FtsZ1-2, we infer that mKO2-FtsZ2-1 also assembles in functional structures when expressed in
252 E. coli cells.

253 In general, the signal of mKO2-FtsZ2-1 expressed in E.coli was weaker than the signal of
254  eGFP-FtsZ1-2. Furthermore, it was observed that the foci of the mKO2-FtsZ2-1 were less frequent than
255 in eGFP-FtsZ1-2 and were situated at regular intervals inside the cell. In contrast to eGFP-FtsZ1-2, no
256 filaments between the foci of mKO2-FtsZ2-1 were observed.

257
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260 Figure 2 Cellular positioning of Physcomitrella FtsZ1-2 and FtsZ2-1 fluorescent fusion proteins
261 intransformed E. coli cells.

262 Confocal fluorescence microscopy of (A) eGFP-His, (B) eGFP-tagged Physcomitrella FtsZ1-2, (C)
263 mKOrange2-His and (D) mKOrange2-tagged Physcomitrella FtsZ2-1 in E. coli. Scale bars 5 pm.

264
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265 Confocal microscopy of E. coli cells containing the double construct eGFP-FtsZ1-2_mKO2-FtsZ2-1
266 confirmed the heterologous expression of eGFP-FtsZ1-2 and mKO2-FtsZ2-1 in E. coli (Figure 3). Cells
267  expressing eGFP-FtsZ1-2_mKO2-FtsZ2-1 were elongated and ranged between 5 and 20 um in length
268 (Figure 3, Supplemental Figure S7). In these cells, eGFP-FtsZ1-2 was once again localized in foci and
269 filamentous networks. Correspondingly, the distribution pattern of mKO2-FtsZ2-1 was similar as
270 observed in the cells transformed with the single constructs: mKO2-FtsZ2-1 was distributed in foci
271 throughout the whole cell. Remarkably, it was observed that eGFP-FtsZ1-2 and mKO2-FtsZ2-1 co-
272 localize in these foci within the cell (Figure 3) suggesting a direct or indirect interaction between the
273 two proteins. Furthermore, it was observed that bacterial cells expressing eGFP-FtsZ1-2,
274 mKO2-FtsZ2-1 and the construct with both FtsZ fusion proteins together exhibited highly aberrant
275 phenotypes (Figure 2, Figure 3, Supplemental Figures S5, S6 and S7), suggesting that expression of the
276  two moss FtsZ proteins affected bacterial cell division and shaping.

277

Brightfield eGFP mKOrange2 Merge

278
279
280 Figure 3 Cellular positioning of combined expression of Physcomitrella FtsZ1-2 and FtsZ2-1
281 fluorescent fusion proteins in E. coli.

282 Confocal fluorescence microscopy of E. coli cells co-expressing eGFP-tagged Physcomitrella FtsZ1-2
283 and mKOrange2-tagged Physcomitrella FtsZ2-1. Filamentous eGFP-FtsZ1-2-derived network
284  formation is highlighted with an arrow. Scale bars 5 um.
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285 3.4. Optimized purification of recombinant Physcomitrella FtsZ proteins

286 To investigate whether Physcomitrella FtsZ1-2 and FtsZ2-1 can form plastoskeleton-like structures in
287 the absence of other proteins, we aimed to purify both proteins recombinantly produced in E. coli.
288 Overexpression and initial attempts to purify the C-terminally His-tagged Physcomitrella FtsZ1-2 and
289 Ftsz2-1from E. coli revealed that both proteins were partially localized in inclusion bodies. Purification
290 of the soluble fractions using standard affinity purification protocols resulted in relatively low yields
291 and highly contaminated protein samples. Consequently, we sought to optimize the expression
292  strategies for both FtsZ isoforms. To enhance the stability of the FtsZ proteins and reduce inclusion
293  Dbody formation, Physcomitrella FtsZ1-2 and FtsZ2-1, lacking the N-terminal transit peptides of 86 and
294 42 amino acids, respectively (Table 1), were fused to an N-terminal His6-SUMO tag, which was cleaved
295  off after the first purification step. Various expression conditions were tested, with the highest amounts
296 of soluble protein obtained after growth in a simplified version of autoinduction medium at 25 °C, as
297 described by [70]. The buffer composition used during the purification process was subsequently
298 optimized. Both proteins exhibited significant aggregation at lower and neutral pH values, as well as at
299 higher salt concentrations. Stabilization was achieved in the presence of GDP and glycerol, whereas the
300 presence of sodium inhibited activity after purification. The optimized purification buffer compositions
301 were as follows: for FtsZ1-2, 50 mM glycine (pH 9.5), 150 mM KCI, 1 mM MgCl., and 5% glycerol;
302 for FtsZ2-1, 25 mM glycine (pH 10.5), 50 mM KCI, 1 mM MgClz, and 5% glycerol. This resulted in
303 highly enriched FtsZ1-2 or FtsZ2-1, respectively (Supplemental Figure S8).

304
305 3.5. Invitro-polymerization of Physcomitrella FtsZ1-2 and FtsZ2-1

306 To evaluate the activity of both FtsZ proteins, polymer formation was assessed using light-scattering
307 assays. This method is highly effective for monitoring FtsZ filament formation in real-time, as the
308 intensity of light scattering is directly proportional to the mass of polymers formed [71]. The light-
309 scattering experiments were performed using the optimized purification buffers. For both proteins, a
310 protein concentration-dependent increase in light scattering was observed upon the addition of GTP,
311 indicating the formation of FtsZ filaments (Figure 4A and B). Interestingly, both proteins exhibited an
312 initial lag phase following GTP addition, during which no increase in light scattering was detected.
313 Attempts to enhance the polymerization rate of the two FtsZ proteins by altering the buffer conditions
314 to those typically favouring polymerizations in other FtsZ proteins, such as lowering the pH or
315 increasing the potassium concentration, resulted in protein precipitation. However, when equal
316 concentrations of the two FtsZ proteins were combined, a significantly faster increase in light scattering
317 was observed after GTP addition, indicating a synergistic interaction between the two proteins (Figure
318 40Q).

319
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Figure 4 Light scattering experiments with FtsZ1-2 and FtsZ2-1, individually and in combination.
Light scattering experiments were conducted at 25 °C and GTP was added after 100 sec at a final
concentration of 5 mM. Individual light scattering experiments were performed using 1.875 uM,
3.5 uM, 7.5 uM or 15 uM of either of FtsZ1-2 in buffer C (A) or FtsZ2-1 in buffer B (B). The combined
light scattering experiments were performed in a buffer containing 37.5 mM glycine (pH 10), 100 mM
KCl, 5 mM MgCl, and 5% glycerol. For these experiments, 7.5 uM of each FtsZ1-2 and FtsZ2-1 were
mixed and analysed in technical triplicates. Additionally, 7.5 uM of each FtsZ variant was measured
separately in triplicates under the same buffer conditions (C). Light scattering in counts per seconds

(cps).
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331 3.6. Physcomitrella FtsZ proteins show GTPase activity in vitro

332 To further investigate the synergistic interaction between FtsZ1-2 and FtsZ2-1, the GTPase hydrolysis
333 rates of the proteins were measured. Both FtsZ proteins exhibited low but significant GTPase activities.
334 FtsZ1-2, which demonstrated a lower and slower increase in light scattering, displayed higher GTPase
335 activity compared to FtsZ2-1. Stoichiometric mixing of both FtsZ isoforms led to a significant increase
336 in GTPase activity, exceeding the activity observed for the individual proteins (Figure 5). This
337 observation further supports the existence of a synergistic interaction between the two FtsZ isoforms.
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339

340 Figure 5 GTPase activity of Physcomitrella FtsZ1-2 and FtsZ2-1, individually and in
341 combination.

342 GTPase assays were performed at 25 °C using either 7.5 uM of FtsZ1-2 or 7.5 uM of FtsZ2-1
343 individually, or a mixture of 7.5 uM FtsZ1-2 with 7.5 pM FtsZ2-1. The assays were performed in a
344  buffer containing 37.5 mM glycine (pH 10), 100 mM KCI, 5 mM MgClz, and 5% glycerol in the
345 presence of 1 mM GTP and conducted in technical triplicates. To account for background GTP auto-
346 hydrolysis, parallel reactions without FtsZ variants were included for each replicate. Background values
347  were subtracted from the corresponding experimental measurements. Absorbance was measured at 620
348 nm after a 10-minute incubation. The amount of free phosphate (UM) released per minute was
349 determined using a phosphate standard calibration curve. Data are presented as mean * standard
350 deviation from three technical replicates.

351

352

353 3.7 GTP-dependent filament formation of FtsZ1-2 and FtsZ2-1

354 The formation of FtsZ filaments was further investigated using negative-stain transmission electron
355 microscopy. Under the same conditions used for the GTPase and light-scattering experiments, filaments
356 were observed for both FtsZ1-2 and FtsZ2-1 when incubated in the presence of 2 mM GTP (Figure 6),
357 while no filaments were detected in the absence of GTP (Supplemental Figure S9). FtsZ1-2 formed
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small protofilaments, which further assembled into wider filaments, adopting a straight, bundle-like
conformation. In contrast, FtsZ2-1 mainly polymerized into curved filaments with straight filaments
being observed only occasionally. While filament bundles formed from FtsZ1-2 were wider, those
formed from FtsZ2-1 were notably thinner. When FtsZ1-2 and FtsZ2-1 were co-incubated in the
presence of GTP, both curved and straight filaments were observed with occasionally single
protofilaments also present. Overall the appearance of the filaments more closely resembled that of
FtsZ2-1. However, it was not possible to distinguish between FtsZ1-2, FtsZ2-1, or potential hybrid
FtsZ1-2/FtsZ2-1 filaments (Figure 6). In conclusion, purified Physcomitrella FtsZ1-2 and FtsZ2-1 are

active and capable of forming FtsZ filaments in the presence of GTP.

Figure 6 Negative stain transmission electron microscopies of Physcomitrella FtsZ filaments.
7.5 UM of Ftsz1-2 (left), 7.5 uM FtsZ2-1 (middle) and 7.5 pM FtsZ1-2 mixed with 7.5 uM FtsZ2-1
(right) were incubated at room temperature for 5 min with 2 mM GTP and then imaged by transmission
electron microscopy. Representative images are shown. Scale bars as indicated. Experiments were
repeated with two independent purifications with similar results.
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375
376 4. Discussion

377 FtsZ proteins are GTPases and GTP binding is a prerequisite for their polymerization, and GTP
378 hydrolysis supports filament dynamics and turnover [21, 22, 34]. The moss Physcomitrella encodes five
379 different FtsZ proteins, suggesting neofunctionalisation of the different isoforms during evolution [30,
380 39, 40]. The interplay among the five FtsZ isoforms results in the formation of a filament network inside
381 the chloroplasts, where each isoform exhibits distinct filament characteristics [52]. Two of the five
382 isoforms (FtsZ1-2, FtsZ2-1) have relatively high expression levels in various moss tissues, indicating
383 division-independent, stable networks within the chloroplast [53]. Knowledge about the
384 polymer-forming properties of FtsZ1-2 and FtsZ2-1 as a GTP-driven non-equilibrium structure is of
385 particular interest to develop sustainable material systems [73]. Here, we expressed FtsZ1-2 and
386 FtsZ2-1 in E. coli. We studied the localization of fluorescence-tagged Physcomitrella FtsZ in E. coli
387 cells, established a purification protocol for the recombinant FtsZ isoforms, and characterized their
388 GTPase activity and polymerization in vitro. Expression of fluorescence-tagged Physcomitrella FtsZ1-2
389 and FtsZ2-1 in E. coli resulted in fluorescent foci and elongated cells. The distribution pattern of
390 fluorescence-tagged Physcomitrella FtsZ is similar to E. coli FtsZ tagged with GFP [74]. Elevated
391 levels of E. coli FtsZ tagged with GFP also localize in foci, and overexpression of E. coli FtsZ at least
392 10-fold above wild-type levels inhibits cell division, leading to filamentous cell shapes. In contrast,
393 mild overexpression induces the formation of minicells [74, 75]. The foci at higher FtsZ concentrations
394  were suggested to represent FtsZ nucleation sites [74]. In contrast, Synechococcus elongatus FtsZ
395 tagged with mCerulean and Arabidopsis FtsZ1 tagged with mVenus localize to long curved filaments
396 when expressed separately in yeast [23]. The localization of Physcomitrella FtsZ1-2 and FtsZ2-1 in
397 E. coliindicates that the FtsZ function is evolutionary conserved and that Physcomitrella FtsZ interferes
398 with cell division and morphology when overexpressed in E. coli.

399 To analyse the in vitro-polymerization of both Physcomitrella FtsZ isoforms individually and in
400 combination, GTPase assays and light scattering assays were performed. GTPase and light scattering
401 assays are FtsZ concentration dependent and are generally performed at concentrations between 1 and
402 15 uM. For example, concentrations ranging up to 8 uM for Agrobacterium tumefaciens FtsZ [63] and
403 12 pM for Bacillus subtilis FtsZ and E. coli FtsZ [60] have been used previously. Notably, E. coli FtsZ
404  polymerizes rapidly and reaches a steady-state within only 30 seconds [72]. Indeed, both Physcomitrella
405 FtsZ proteins exhibited concentration-dependent polymerization at concentrations higher than ~ 2 uM.
406  While the individual proteins exhibited a short lag phase prior to polymerization, a mixture of both
407 proteins initiated polymerization immediately. Although strong polymerization was observed, the
408 GTPase activity (~0.2-0.4 GTP/min) was relatively low compared to that reported for FtsZ proteins
409 from other organisms [60]. This may, however, be attributed to the instability of both FtsZ proteins at
410 low and neutral pH as well as under high-salt conditions, limiting the assays to high-pH and low-salt

411 conditions. These conditions deviate from both the natural environment and the conditions under which
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412 most FtsZ proteins exhibit optimal polymerization activity. GTP hydrolysis is essential for
413  depolymerization, and consistent with this, no depolymerization of the FtsZ proteins was observed
414  during the 10-minute duration of the experiments. Alternatively, our results support the idea [23] that a
415 low GTPase activity of plant FtsZ proteins compared to bacterial FtsZ is a conserved feature. One
416 reason might be that bacteria divide faster than chloroplasts, and thus require a higher GTPase activity
417 and faster assembly of the Z-ring. In contrast to bacteria, chloroplasts are not able to divide on their
418 own as chloroplast division relies on additional nuclear-encoded proteins [76]. This implies that only
419 the initiation of chloroplast division itself might take as much time as the whole division process in
420 Dbacteria. Furthermore, plant-specific components of the division machinery are involved in the rate of
421 chloroplast division, e.g. PLASTID DIVISION (PDV) proteins. The overexpression of PDV proteins
422 in both Arabidopsis and Physcomitrella led to an increase in chloroplast number and a decrease in
423 chloroplast size [76]. Additionally, the rates of chloroplast division might vary depending on the
424  developmental stage: during leaf development the level of PDV proteins decreased, leading to a
425 decrease in the chloroplast division rate [76]. This indicates another mechanism determining the rate of
426 chloroplast division, which might explain why chloroplasts take more time to divide, therefore not
427 depending on a high FtsZ GTPase activity. Thus, the relatively slow GTP-dependent polymerization of
428 the Physcomitrella FtsZ proteins at relatively high concentrations observed here is in accordance with
429 their participation in a plastoskeleton, which persists independent of the division process.

430 By performing Co-IPs, we confirmed that Physcomitrella FtsZ2-1 interacts with Physcomitrella FtsZ1
431 proteins in vivo. In FRET experiments, the in-vivo interaction between Physcomitrella FtsZ2-1 and
432 FtsZ1-1 was observed before [52]. Our Co-IPs were performed with an in-frame fusion of
433  Physcomitrella FtsZ2-1 with GFP at the endogenous locus and not with over-expression lines. Due to
434  the relatively low abundance and high similarity of these isoforms, the specific interacting FtsZ1
435 isoform could not be unequivocally identified based on the detected peptides. Consequently, it was
436 decided not to follow up on the approach to estimate the ratio of FtsZ1-2 and FtsZ2-1 forming
437  (hetero)polymers but to perform GTPase assays and polymerization assays with a mixture of
438 Physcomitrella FtsZ1-2 and FtsZ2-1 in a 1:1 ratio. This mixing resulted in a significantly enhanced
439 overall GTPase activity, suggesting that there is a synergistic interaction of the two FtsZ isoforms. This
440 result is different from findings regarding Arabidopsis FtsZ proteins [34], where no synergistic effects
441  were observed.

442  We were able to visualize GTP-dependent filament formation for both Physcomitrella FtsZ isoforms
443  using negative stain TEM, revealing distinct structural characteristics. For FtsZ1-2 small protofilaments
444  and larger filaments with a bundle-like architecture were observed, indicating that FtsZ1-2 primarily
445  polymerizes into small protofilaments, which subsequently assemble into straight filament bundles. In
446  contrast, FtsZ2-1 predominantly formed curved filaments, with straight filaments being less frequent.
447 No protofilaments were observed for this isoform. Additionally, a higher abundance of FtsZ2-1

448 filaments was observed in TEM images compared to FtsZ1-2. This is consistent with the light-scattering
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449  data, which demonstrated that FtsZ2-1 achieved a higher scattering intensity (measured in counts per
450 second) than FtsZ1-2. The structural differences extended to filament thickness, where FtsZ1-2 bundles
451 were notably broader than those of FtsZ2-1. When both isoforms were co-incubated in the presence of
452  GTP, the resulting filaments displayed characteristics of both straight and curved morphologies, along
453  with occasional single protofilaments. Interestingly, the overall filament appearance was more similar
454  to FtsZ2-1. However, it was not possible to definitively attribute the observed filaments to FtsZ1-2,
455  FtszZ2-1, or hybrid assemblies. Differences in the polymer-forming abilities of plant FtsZ proteins have
456  been previously reported. Arabidopsis FtsZ2 forms filaments similar to those of Physcomitrella FtsZ1-
457 2 as observed by TEM, whereas Arabidopsis FtsZ1 does not independently assemble into filaments
458 under the tested conditions [34]. In Physcomitrella, FtsZ2-1 is directly involved in plastid division [8,
459  41] leading to enlarged plastids in basal chloronema cells of the AftsZ2-1 mutant [41]. Furthermore,
460 chloroplasts of AftsZ2-1 cells show complete loss of chloroplast integrity [53]. In contrast, chloroplasts
461 in the chloronema cells of the AftsZ1-2 mutant did not show morphological differences compared to
462 WT cells [53]. This indicates that FtsZ2-1 is essential for maintaining chloroplast shape and integrity,
463  while FtsZ1-2 might be less important. While filaments of FtsZ2-1 are exclusively formed within the
464 chloroplast, FtsZ1-2 filaments apparently need to be longer, as they form long, extra-plastidic
465 extensions to connect multiple chloroplasts via stromules [43, 53]. In general, it is reasonable to assume
466 that differences in filament morphology are due to the underlying differences in GTPase activity and
467  polymerization dynamics.

468

469 Conclusions

470 We observed GTPase activity and in-vitro polymerization of Physcomitrella FtsZ1-2 and FsZ2-1. We
471  confirmed the polymer formation of both FtsZ isoforms using TEM and show that Physcomitrella FtsZ1
472 isoforms were identified as significant interactors of Physcomitrella FtsZ2-1 in vivo. We present the
473  heterologous expression of eGFP-tagged Physcomitrella FtsZ1-2 and mKO2-tagged FtsZ2-1 in E. coli.
474 The observation that the over-expression of both Physcomitrella FtsZ isoforms in E. coli leads to
475 elongated bacterial cells confirms that the FtsZ function for bacterial and organelle division is
476 evolutionary conserved. Furthermore, our results provide insights into the polymer-forming properties
477  of Physcomitrella FtsZ1-2 and FtsZ2-1. Based on the mutant phenotypes [42, 53] the localization of
478  Physcomitrella FtsZ in E. coli (this study), the in vivo ([53] and this study) and our in-vitro studies, we
479 postulate different roles for FtsZ1-2 and FtsZ2-1 regarding the assembly of the plastoskeleton. These
480 diverse functions of FtsZ1-2 and FtsZ2-1, as well as their interaction, impact the formation of the
481 Physcomitrella plastoskeleton, abidingly shaping chloroplast morphology.

482
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483 5. Methods

484 5.1. Design of the expression vectors FtsZ1-2 and FtsZ2-1

485 The coding sequences (CDS) for PpFtsZ1-2 (Pp3c19_2490) and PpFtsZ2-1 (Pp3cl11l_17860) according
486 to the Physcomitrella genome [78] were optimized for bacterial expression. Changes in the CDS were
487 made accordingly to a codon usage table derived from the analysis of 16,000 E. coli genes using a
488 custom Perl script and the GC content was concurrently increased (script written by Dr. Oguz Top).
489  The putative N-terminal transit peptides for PpFtsZ1-2 (Pp3c19_2490) and PpFtsZ2-1 (Pp3c11_17860)
490 were determined using the ChloroP 1.1 Prediction Server (http://www.cbs.dtu.dk/services/ChloroP/).
491 The codon-optimized sequences lacking the predicted N-terminal transit peptides (34 and 32 amino
492  acids, respectively, Table 1) were synthesized by Eurofins Genomics Germany GmbH, Ebersberg,
493  Germany. For cloning of the final construct of FtsZ2-1, the primers were designed starting at the codon
494  for amino acid 33. The fragments for FtsZ1-2 and FtsZ2-1 were amplified via PCR using the respective
495 primers (Supplemental Tables S3 and S4). The final expression vectors were subcloned into the
496 pLATEL1 bacterial expression vector via Ligation Independent Cloning (LIC, aLICator LIC Cloning
497 and Expression Kitl, untagged; Thermo Fisher Scientific, Waltham, USA) following the
498 manufacturer’s instructions. The pLATEL1 expression vector allows high levels of target protein
499 expression. The 8 x His-tag was integrated into the primer and added either to the N- terminus or the
500 C-terminus of the CDS.

501

502 5.2.Design of the expression vectors pLATE eGFP_His, pLATE eGFP_FtsZ1-2 His,
503 pLATE_mKO2_His, pLATE_mKO2_Ftsz2-1_His

504 To generate the expression vectors pLATE eGFP_His, pLATE_eGFP_FtsZ1-2 His,
505 PpLATE_mKO2_His, pLATE_mKOZ2_ FtsZ2-1 His, the CDS of FtsZ1-2, FtsZ2-1, eGFP and
506 mKOrange2 (mKO2) were amplified via PCR using the respective primers (Supplemental Table S3 and
507 S4). The mKO2 template was kindly provided by Dr. Roland Nitschke. The inserts were then assembled
508 via Gibson cloning [80] and subcloned into the pJET1.2 vector (CloneJET PCR cloning kit, Thermo
509 Fisher Scientific) following the manufacturer’s instructions. After identification of the recombinant
510 clones, the correct construct was used as a template to be amplified using the respective primers for
511 LIC cloning (Supplemental Table S3). The PCR fragments were subcloned into the pLATE11l
512  expression vector via Ligation Independent Cloning following the manufacturer’s instructions. To
513 create the construct containing both fluorescence-tagged FtsZ isoforms, the pLATE_eGFP_FtsZ1-
514 2 _His vector was linearized using Nde 1. Subsequently, the mKO2-FtsZ2-1 expression cassette,
515 amplified from the pLATE_mKOZ2_FtsZ2-1_His vector, was inserted into the corresponding site by
516 Gibson cloning.

517
518
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519 Table 2 Plasmids used in this study

Plasmid

Relevant characteristics

PLATE_FtsZ1-2_Hiss

Overproduction FtsZ1-2 with C-terminal Hisg

PLATE_FtsZ2-1_Hiss

Overproduction FtsZ2-1 with C-terminal Hisg

PLATE_eGFP_Hiss

Overproduction eGFP with Hisg

PLATE eGFP_FtsZ1-2_Hiss

Overproduction FtsZ1-2 with N-terminal eGFP and

C-terminal Hiss

PLATE_mKOrange2_Hiss

Overproduction mKOrange2 with Hisg

PLATE_mKOrange2_FtsZ2-1_Hisg

Overproduction FtsZ2-1 with N-terminal mKOrange2 and

C-terminal Hisg

PLATE_eGFP_FtsZ1-2 Hiss_
mKOrange2 FtsZ2-1 Hisg

FtsZz1-2 with N-terminal eGFP and

C-terminal Hisg and overproduction FtsZ2-1 with N-terminal

Overproduction

mKOrange2 and C-terminal Hisg

Hiss_SUMO_FtsZ1-2

Overproduction FtsZ1-2 with N-terminal Hiss and SUMO-tag

Hiss_SUMO_FtsZ2-1

Overproduction FtsZ2-1 with N-terminal Hiss and SUMO-tag

pLATE31-Cm Overproduction CAT
520
521 5.3. Design of the expression vectors Hiss_ SUMO_FtsZ1-2 and Hiss_SUMO_FtsZ2-1
522 The CDS of FtsZ1-2 and FtsZ2-1 lacking the N-terminal transit peptides (86 and 42 amino acids,
523  respectively) were amplified via PCR (Supplemental Table S4) and subcloned into the linearized
524 pSVAL13429 vector [76] via Gibson cloning [80]. The final vectors were sequenced with SUMO_fwd
525 and T7_rev (Supplemental Table S4).
526
527 5.4. Transformation of E. coli cells
528 BL21 Star™ (DE3) One Shot® (Invitrogen, Thermo Fisher Scientific) or NiCo (Invitrogen, Thermo
529 Fisher Scientific) cells were transformed with vectors listed in Table 2 according to the manufacturer’s
530 instructions.
531
532 5.5. Generation of a FtsZ2-1-eGFP fusion line
533 The coding sequence of eGFP combined with a flexible 18 bp linker [82] fused FtsZ2-1 at the
534  endogenous locus via homologous recombination as described [81]. Homologous flanks for the
535 integration were chosen to remove the endogenous stop codon. Restriction sites for Esp3l to release the
536 linearized transfection construct from the final vector backbone were included at the 5> and the 3’ end
537 of the knock-in construct. All necessary parts were amplified with Phusion polymerase (Thermo Fisher
538 Scientific) and assembled into the pJetl.2 vector backbone (Thermo Fisher Scientific) via triple
539 template PCR as described [82]. PCRs were performed with the primers listed in Supplemental Table
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540 S1. The plasmid linearized via Alw261 digestion as well as a plasmid for co-transfection containing a
541 neomycin resistance cassette [83] were purified via ethanol precipitation and transfection and selection
542  was performed as described [64, 84]. Plants surviving the selection procedure were screened by PCR
543  (Phire Polymerase, Thermo Fisher Scientific) for targeted integration of the knock-in construct at the
544  desired locus as described [81]. Sequences of primers used for cloning and screening are listed in
545  Supplemental Table S3. Physcomitrella WT as well as the employed eGFP fusion line #516 is available
546 from the International Moss Stock Center (IMSC, www.moss-stock-center.org) with accessions 40095
547 and 40960, respectively. The plasmid containing the knock-in construct is also available from the IMSC
548 under accession P1779.

549

550 5.6. Co-immunoprecipitation

551 Co-immunoprecipitations of the GFP-tagged FtsZ2-1 line was performed in biological triplicates using
552  GFP-Trap Magnetic Particles M-270 (ChromoTek, Planegg-Martinsried, Germany). In brief, 300 mg
553  homogenized protonema of the bait line (GFP-tagged FtsZ2-1, line #513) and WT were dissolved in
554 2 mL ice-cold extraction buffer (25 mM HEPES-KOH, pH 7.5, 2 mM EDTA, 100 mM NacCl, 200 nM
555 DTT, 0.5 % Triton X-100, 1 % plant protease inhibitor cocktail (PPI, P9599, Sigma Aldrich, St. Louis,
556 USA). All further steps were performed as described [81]. MS analyses were performed on a Q-
557 Exactive Plus instrument (Thermo Fisher Scientific) coupled to an UltiMate 3000 RSLCnano system
558 (Dionex, Thermo Fisher Scientific) as described [85]. A database search of the test Co-IPs was
559 performed with Mascot Server V2.7.0 (Matrix Science). Results were subsequently loaded into the
560 Scaffold™ 5 software (V5.0.1, Proteome Software) and proteins were accepted at an FDR=1 and
561 peptides at an FDR =0.5. Database search and label free quantitation of the quantitative ColP were
562 performed as described [81] using MaxQuant (2.1.4.0; Cox and Mann, 2008). The database contained
563 all Physcomitrella V3.3 protein models [78] as well as a fusion sequence of FtsZ2.1 (Pp3cl1l 17860)
564 and eGFP Data analysis was performed in Perseus (V2.0.10.0 [83]). Proteins with at least two LFQ
565 values in at least one group (FtsZ or WT) were used and missing values were imputed from a normal
566 distribution with a down-shift of 1.8 and distribution width of 0.5. True interaction partners were
567 accepted at an FDR of 0.01 % and a p-value <0.01. The resulting table containing significantly
568 interacting proteins is available from Supplemental Table S2.

569

570 5.7. Preparation of transformed BL21 Star™ (DE3) cells for confocal microscopy

571 For confocal microscopy, 3 mL of LB medium containing 50 mg/mL ampicillin (amp) and 1 % glucose
572 was inoculated with a colony of respective transformed BL21 Star™ (DE3) cells, picked from a LB/amp
573 agarose plate. The inoculated culture was then incubated overnight at 37° C while shaking. On the
574  subsequent day, 200 pL of this overnight culture was transferred to 2.8 mL of LB/amp and further
575 incubated for 3 hours at 37° C. Subsequently, 0.5 mM isopropyl R-D-1-thiogalactopyranoside (IPTG)
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576 was added, and the culture was incubated for an additional 45 minutes. For confocal microscopy, 1-5
577 pL of the respective bacterial solution was transferred to a microscopy glass slide. Then the samples
578 were embedded using ProLong™ Glass Antifade Mountant (Thermo Fisher Scientific), covered with a
579 cover slide, and stored in darkness for 24 hours prior to confocal microscopy.

580

581 5.8. Confocal microscopy of transformed BL21 Star™ (DE3) cells

582  All images were taken with a Zeiss LSM880 NLO microscope (Carl Zeiss Microscopy GmbH, Jena,
583  Germany) using Plan-Apochromat 40x/1.4 Qil DIC(UV)VIS-IR objective with a zoom factor of 2. For
584 the excitation the laser was applied at 488 nm (eGFP) or 561 nm (mKO2) with an intensity of 2 % or
585 5%, respectively. For eGFP images the pinhole was adjusted to 100.5 AU (12.11 um), and for mKO2
586 the pinhole was set to 115.4 AU (18.54 uM), while no emission filter was used. The detection range
587 was set to 500-550 nm for the eGFP fluorescence and 560-600 nm for the mKO2 fluorescence.

588

589 5.9. Overexpression and purification of Hiss SUMO_FtsZ1-2 and Hiss_ SUMO_FtszZ2-1

590 NiCo cells (Invitrogen, Thermo Fisher Scientific) were transformed with the plasmids
591 Hiss SUMO FtsZ1-2 and Hiss SUMO_FtsZ2-1, then directly transferred to 200 mL of LB medium
592 containing 50 mg/L kanamycin and 0.025% glucose. Cultures were grown overnight at 37 °C and
593 subsequently used to inoculate 1 litre of a simplified autoinduction medium (based on [70]) ina5 L
594  baffled flask, to an ODsoo 0f 0.025. The medium contained 100 mg/L kanamycin, 6 g/ Na2HPO4, 3 g/L
595 KH:POs, 10 g/L tryptone, 5 g/L yeast extract, and 5 g/ NaCl. Glucose, lactose, and glycerol were
596 autoclaved separately as a 20x stock and added to achieve final concentrations of 3 g/L glucose, 8 g/L
597 lactose, and 11 g/L glycerol. The culture was grown at 37 °C until reaching an ODsoo of 1.0, after which
598 the temperature was lowered to 22 °C, and growth continued overnight. The next day, ODsoo was
599 monitored hourly until it remained constant for 2 hours. Cells were harvested by centrifugation at 7,500
600 rpm (SS-34 rotor) at 4 °C, washed with either buffer A (50 mM glycine, pH 9.5, 50 mM KCI, 1 mM
601 MgClz, 5% glycerol) containing 20 mM imidazole for FtsZ1-2, or buffer B (25 mM glycine, pH 9.5,
602 150 mM KCI, 1 mM MgCl., 5% glycerol) containing 20 mM imidazole for FtsZ2-1, and centrifuged
603 again. The supernatant was removed, and the cell pellets were flash-frozen in liquid nitrogen and stored
604 at -80 °C. Frozen pellets were thawed on ice and resuspended in their respective buffers (A or B)
605 containing 20 mM imidazole. All subsequent steps, including purification, were performed on ice or at
606 4 °C. Cells were lysed by passing them through a French press three times, followed by centrifugation
607 at 7,500 rpm (SS-34 rotor) and then at 45,000 rpm (Ti-60 rotor). Purification was performed using an
608 AKTA Purifier system (Cytiva). The supernatant was loaded onto a 5 mL HisTrap FF column (Cytiva)
609 equilibrated with buffer A or B containing 20 mM imidazole at a flow rate of 0.5 mL/min. The column
610 was washed with the same buffer at 2 mL/min until the OD2so stabilized. Proteins were eluted with

611 buffer A or B containing 250 mM imidazole at 0.5 mL/min, and fractions containing protein were
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612 collected and pooled. The Hiss-SUMO tag was removed by cleavage with His-Ulpl protease (80
613 ng/mL) for 6 hours at 4 °C in the presence of 2 mM DTT, 0.1% ND-40, and 500 pM GDP. SUMO
614 protease was produced in-house [79, 86]. Proteins were concentrated using Pierce™ Protein
615 Concentrators PES (10 kDa MWCO, Thermo Fisher Scientific). The concentrated proteins were applied
616 toaHiLoad® 16/600 Superdex® 200 pg (Cytiva) size-exclusion column equilibrated with buffer C (50
617 mM glycine, pH 10.5, 50 mM KCI, 1 mM MgClz, 5% glycerol) for FtsZ1-2 or buffer B for FtsZ2-1.
618 Protein concentrations in fractions containing FtsZ1-2 and FtsZ2-1 were determined using the Pierce
619 BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.

620

621 5.10. GTP hydrolysis assay

622 The GTPase activity was assessed using the malachite green assay. Experiments were conducted in a
623  Dbuffer containing 37.5 mM glycine (pH 10), 100 mM KCl, 5 mM MgCl., and 5% glycerol, with a total
624  reaction volume of 50 pL. At 25 °C, released phosphate increased linearly for at least 15 minutes and
625 therefore the assay was performed at 25 °C for 10 minutes. The reaction was initiated by adding GTP
626 to a final concentration of 1 mM and stopped by the addition of EDTA to a final concentration of 10
627 mM. A 20 pL aliquot of the reaction mixture was incubated with 80 puL of malachite green working
628 reagent. Control reactions lacking either GTP or protein were performed under identical conditions.
629 Absorbance at 620 nm was measured using a plate reader (CLARIOstar® Plus, BMG LABTECH
630 GmbH, Ortenberg, Germany), and the amount of free phosphate in each sample was calculated using a
631 phosphate standard calibration curve.

632

633 5.11. Light Scattering Assays

634  Experiments were conducted using a temperature-controlled FluoroMax-4 spectrofluorometer (Horiba
635 Scientific) at 25 °C. The excitation and emission wavelengths were set to 350 hm, with an excitation
636 Dbandwidth of 1 nm and an emission bandwidth of 0.5 nm. Filament formation was initiated by the
637 addition of GTP to a final concentration of 5 mM. FtsZ1-2 and FtsZ2-1 were measured individually in
638 buffers C and B in the presence of 5 mM MgCl., and for the experiments were FtsZ1-2 and FtsZ2-1
639 were mixed in a buffer D containing 37.5 mM glycine (pH 10), 100 mM KCl, 5 mM MgCl., and 5%
640 glycerol.

641

642 5.12. Transmission electron microscopy of FtsZ filaments

643  For polymerization studies, FtsZ proteins (7.5 uM FtsZ1-2, 7.5 pM FtsZ2-1, or 7.5 puM each of FtsZ1-
644 2 and FtsZ2-1) were incubated at 25 °C for 10 minutes with or without 5 mM GTP in a buffer containing
645 37.5 mM glycine (pH 10), 100 mM KCI, 5 mM MgClz, and 5% glycerol, in a total volume of 60 uL.. A
646 5 pL aliquot of each sample was immediately applied to freshly glow-discharged carbon/Formvar-

647 coated copper grids (300 mesh; Plano GmbH) and incubated for 30 seconds. Excess liquid was blotted
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away, and the grids were washed three times with ddH-O, followed by negative staining with 2% uranyl
acetate. Images were acquired using a Hitachi HT7800 transmission electron microscope operated at
100 kV and equipped with an EMSIS Xarosa 20-megapixel CMOS camera.
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Table S1 Oligonucleotides and the respective template accessions or templates used for
the generation of the FtsZ2-1-eGFP fusion construct.

Name

ftsZ2-1 5HR_Fwd
ftsZ2-1 5HR_Rev

Kin 2-1 3'HR Rev
ftsZ2-1 3HR_Rev
Link_GFP_F

eGFP_Rev

FTSZ2_1 GFP_5int_fwd
FTSZ2 1 GFP_5int_rev
FTSZ2_1 GFP_3int_fwd
FTSZ2 1 GFP_3int_rev

Sequence (5¢ to 3¢)

CGTCTCTCTCTGTTGGGCTTGTGAGGAA
CTTGCTCACAGCTCCACCTCCACCTCCATGACGTGTCTGGCCTCGC
ACTCTCGGCATGGACGAGCTGTACAAGTAAAGGTCGTAACATTGGAATTAC
CGTCTCAACATGTGTGATCCGTTTCG
GGAGGTGGAGGTGGAGCTAGTAAAGGAGAAGAACTTTTCAC
GGCCCCAGCGGCCGCAGCAGCACCAGCCTTGTACAGCTCGTCCATGCC
GCCACAGGGATAGTCTGGAA

GAACTTCAGGGTCAGCTTGC

CGACCACTACCAGCAGAACA

GTCTCACTGCGTCTTCGTCA

Table S2 List of proteins significantly interacting with Physcomitrella FtsZ2-1 as
determined by Co-IP and subsequent MS analysis.

The list can be downloaded from Zenodo (https://zenodo.org/records/10648779).
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Table S3 Oligonucleotides used for Ligation Independent Cloning in this work.

Due to the cloning strategy, all

forward oligonucleotides (fwd) include the sequence

5> AGAAGGAGATATAACTATG 3’ at their 5’ end; all reverse oligonucleotides (rev) include the
sequence 5> GGAGATGGGAAGTCATTA 3’ at their 5° end.

Name

C1lpLATE_optiFtsZ1-
2_fwd

CloptiFtsZ1-

2 H pLATE rev
C2pLATE_optieGFP_1-
2_fwd

C2optiFtsZ1-

2 H pLATE rev
C5pLATE_optieGFP_2-
1 fwd

C5optiFtsZ2-

1 H pLATE_rev
C6pLATE_optiFtsZ2-

1 fwd

C6optiFtsZ2-

1 H pLATE rev
C9_mKO2_optiFtsZ2-

1 pLATE_fwd
C9_mKO2_optiFtsZ2-

1 pLATE_H_rev
C9_mKO2_H _pLATE_f
wd

C9_mKO2_H _pLATE_r
ev

Sequence (5' to 3")

GCTGTTCGTGTTACCTCTCGTTGCC

GTGGTGGTGGTGGTGGTGGTGGTGCAGGAAACCTTTACGGTT
CAGACCCTG

GTTTCTAAAGGTGAAGAACTGTTCACCGGTG

GTGGTGGTGGTGGTGGTGGTGGTGCAGGAAACCTTTACGGTT
CAGACCCTG

GTTTCTAAAGGTGAAGAACTGTTCACCGGTG

GTGGTGGTGGTGGTGGTGGTGGTGGTGACGGGTCTGACCAC
GTTTACG

TCTATGCACTCTCGTTCTTCTGTTCG

GTGGTGGTGGTGGTGGTGGTGGTGGTGACGGGTCTGACCAC
GTTTA

AGAAGGAGATATAACTATGGTGAGTGTGATTAAACCAGAGA

GGAGATGGGAAGTCATTAGTGGTGGTGGTGGTGGTGGTGGT
GGTGACGGGTCTGACCACG
AGAAGGAGATATAACTATGGTGAGTGTGATTAAACCAGAGA
TG
GGAGATGGGAAGTCATTAGTGGTGGTGGTGGTGGTGGTGGT
GTGAATGAGCTACTGCATCTTCTACC
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979 Table S4 Oligonucleotides used for Gibson cloning and sequencing in this work.

980

Name

pre3pJET_oFtsZ1-
2_fwd

pre3oFtsZ1-

2 eGFP_rev
pre3oFtsZ1-
2_eGFP_fwd
pre370eGFP_pJET _re
%
pre7pJET_oFtsZ2-
1 fwd

pre7oFtsZ1-

2 eGFP_rev
pre7oFtsZ1-
2_eGFP_fwd
pre20eGFP_FtsZ1-
2 rev
pre20eGFP_FtsZ1-
2_fwd

pre2oFtsZ1-

2 pJET rev
pre25pJET_o0eGFP_f
wd
pre50eGFP_FtsZ2-
1 rev
pre50eGFP_FtsZ2-
1 fwd

pre5oFtsZ2-

1 pJET rev

SUMO_Ftsz1-2_fwd
SUMO_FtsZ1-2_rev
SUMO_FtsZz2-1_fwd

SUMO_FtsZ2-1_rev

pre9_pJET_mKO2 _
oFtsZ2-1_fwd
pre9_pJET_mKO2 _
oFtsZ2-1 rev
preQoFtsZ2-

1 mKO2_pJET_fwd

Sequence (5' to 3%)

TCTTCCGGATGGCTCGAGTTTTTCAGCAAGATATGGTTCGTG
TTACCTCTCGTTGCCGTT
ACAACACCGGTGAACAGTTCTTCACCTTTAGAAACCAGGAA
ACCTTTACGGTTCAGACCCTG
TGTTCCGTCAGGGTCTGAACCGTAAAGGTTTCCTGGTTTCTA
AAGGTGAAGAACTGTTCACCGGTG
TGAGAATATTGTAGGAGATCTTCTAGAAAGATTTATTTGTAC
AGTTCGTCCATACCCAGGGT
TCTTCCGGATGGCTCGAGTTTTTCAGCAAGATATGTCTATGC
ACTCTCGTTCTTCTGTTCG
ACAACACCGGTGAACAGTTCTTCACCTTTAGAAACGTGACG
GGTCTGACCACGTTTA
CGTCTTTCCTGCGTAAACGTGGTCAGACCCGTCACGTTTCTA
AAGGTGAAGAACTGTTCACCGGTG
GCACCCAGCCAACGGCAACGAGAGGTAACACGAACTTTGTA
CAGTTCGTCCATACCCAGGGT
CTGGTATCACCCTGGGTATGGACGAACTGTACAAAGTTCGT
GTTACCTCTCGTTGCCGTT
TGAGAATATTGTAGGAGATCTTCTAGAAAGATTTACAGGAA
ACCTTTACGGTTCAGACCCTG
TCTTCCGGATGGCTCGAGTTTTTCAGCAAGATATGGTTTCTA
AAGGTGAAGAACTGTTCACCGGTG
CGCAGAGCACGAACAGAAGAACGAGAGTGCATAGATTTGTA
CAGTTCGTCCATACCCAGGGT
CTGGTATCACCCTGGGTATGGACGAACTGTACAAATCTATGC
ACTCTCGTTCTTCTGTTCG
CTGAGAATATTGTAGGAGATCTTCTAGAAAGATTTAGTGAC
GGGTCTGACCACGTTTA
GAAGCGCATCGCGAACAGATCGGTGGTATGGCTAACCTGTC
TGGTGCTAAAATCAAAGTTATCGG
CTCACTGCCCGCTTTCCAGTCGGGTCGACGGTTTACAGGAAA
CCTTTACGGTTCAGACCC
GAAGCGCATCGCGAACAGATCGGTGGTATGTCTCTGCGTCG
TATCGACCGTGCTC
CTCACTGCCCGCTTTCCAGTCGGGTCGACGGTTTAGTGACGG
GTCTGACCACGTTTACGC
GGATGGCTCGAGTTTTTCAGCAAGATATCATGGTGAGTGTG
ATTAAACCAGAGATG
CAGAAGAACGAGAGTGCATAGATGAATGAGCTACTGCATCT
TCTACC
GTAGAAGATGCAGTAGCTCATTCATCTATGCACTCTCGTTCT
TCTGTTC
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pre9oFtsZ2-

1 mKO2_pJET rev
mKO2_FtsZ21 eGFP
_Ftsz12_fwd
mKO2_FtsZ21 eGFP
_FtsZ12 rev
SUMO_fwd

T7 rev

GTAGGAGATCTTCTAGAAAGATATCCTAGTGACGGGTCTGA
CCACG
GCAGATTGTACTGAGAGTGCACCAAATTGTGAGCGGATAAC
AATTTGAGCTC
CTGTGCGGTATTTCACACCGCATACAAAAAACCCCTCAAGA
CCCGTT

GCGTAGAGGATCGAGATCTCGATCCCG
GGGGTGCCTAATGAGTGAGCTAACTCAC
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A 5'integration 3'integration
L 4_1
| S'HR nker:eGF|
B
3
983 3 #212 #3100  #513
984
985
986 Figure S1 ldentification of FtsZ2-1-GFP fusion lines via PCR and Co-immunoprecipitation (Co-
987 IP).

988  Primers were designed to represent correct positioning of the knock-in construct at the desired genomic
989 locus (Pp3cll 17860V3). (A) Scheme representing the positioning of the knock-in construct and the
990 primers used for the screening PCR. (B) Results of the screening PCR. Expected amplicon sizes: 5’
991 integration: 1064 bp; 3 integration: 1302 bp; AARE2 (Pp3c12_21080V3): 768 bp. Stars (*) indicate
992 candidate lines that were selected for a first test Co-IP. Uncropped gel images are available from
993  Supplemental Figure S10. (C) Results from the first test Co-IP with selected FtsZ2-1:eGFP fusion lines.
994 Relative quantitative share of FtsZ2.1:eGFP in the analysed sample is represented by normalized
995  spectral abundance factors (NSAF, [87]). A full spectrum report is available from Supplemental Table
996 S2.
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Figure S2 Pairwise sequence alignment of Physcomitrella FtsZ1-2 (PpFtsZ1-2) and the codon optimized FtsZ1-2 (FtsZ1-2) for codon usage in E. coli.
Alignment was performed with Jalview (Version 2.11.2.2).
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1008 Figure S3 Pairwise sequence alignment of Physcomitrella FtsZ2-1 (PpFtsZ2-1) and the codon optimized FtsZ2-1 (FtsZ2-1) for codon usage in E. coli.

1009  Alignment was performed with Jalview (Version 2.11.2.2).
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Figure S4 Immunoblot detections of protein extracts from BL21 Star™ (DE3) cells transformed
with the pLATEL1 vector for the expression of Physcomitrella FtsZ1-2 or FtsZ2-1.

Total protein extracts from BL21 Star™ (DE3) cells harbouring the respective expression constructs
for the Physcomitrella FtsZ isoforms were separated on a 10% SDS-PAGE gel (Bio-Rad) and
subsequently transferred to a polyvinylidene fluoride (PVDF) membrane (Cytiva). Immunodetection
was performed using an anti-His antibody (anti-6X His tag® antibody, ab18184, Abcam; 1:1,000) and
an HRP-conjugated anti-mouse secondary antibody (NA931, Cytiva; 1:50,000). Immunoblot signals
were observed at the expected molecular weights, corresponding to recombinant Physcomitrella FtsZ1-
2 (~44 kDa) and FtsZ2-1 (~45 kDa). The ‘+’ and ‘—" symbols indicate whether the cells were induced
or not induced with IPTG. Protein ladder: PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific).
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Merge

1026
1027

1028 Figure S5 Confocal microscopy of eGFP-tagged Physcomitrella FtsZ1-2 in E. coli.
1029 BL21 Star™ (DE3) cells transformed with the constructs for eGFP-FtsZ1-2 were induced with 0.5 mM

1030 IPTG. Different elongated bacteria were observed (A-E). Filament formations are highlighted with
1031 arrows. Scale bars 5 pm.
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Figure S6 Confocal microscopy of mKO2-tagged Physcomitrella FtsZ2-1 in E. coli.
BL21 Star™ (DE3) cells transformed with the constructs for mMKO2-FtsZ2-1 were induced with 0.5 mM

IPTG. Different elongated bacteria were observed (A-E). Scale bars 5 um.
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1040 Figure S7 Confocal microscopy of eGFP-tagged Physcomitrella FtsZ1-2 and mKO2-tagged
1041 Physcomitrella FtsZ2-1 in E. coli.
1042 BL21 Star™ (DE3) cells transformed with the construct for eGFP-FtsZ1-2_mKO2-FtsZ2-1 were

1043 induced with 0.5 mM IPTG. Different elongated bacteria were observed (A-E). Filament formations
1044  are highlighted with arrows. Scale bars 5 um.
1045
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Figure S8 Coomassie-stained SDS-PAGE of purified FtsZ1-2 and FtsZ2-1.

Physcomitrella FtsZ1-2 and FtsZ2-1 were overexpressed in E. coli as Hise-SUMO fusion proteins. The
proteins were purified using Ni-affinity chromatography, followed by removal of the Hiss-SUMO tag
and further purification via size exclusion chromatography. The fractions obtained after size exclusion
chromatography are displayed.
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1057 Figure S9 Negative stain transmission electron microscopy of Physcomitrella FtsZ1-2,
1058 Physcomitrella FtsZ2-1 together with FtsZ2-1 without GTP as negative control.

1059 15 uM of FtsZ1-2 (A), 15 uM FtsZ2-1 (B) and 7.5 uM FtsZ1-2 mixed with 7.5 uM FtsZ2-1 (C) were
1060 incubated at room temperature for 5 min without GTP and then imaged by transmission electron
1061 microscopy. Representative images are shown. Scale bars as indicated. Experiments were repeated
1062 independently twice with similar results.
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1064

1065
1066 Figure S10 Uncropped gel image of the PCR result of the screening for transgenic FtsZ2-1-eGFP

1067 lines.
1068 (A) PCR testing correct integration at the selected 5” and 3’ region. Expected amplicon sizes were 1064

1069 bp (5’ integration) and 1302 bp (3’ integration). (B) Control PCR on AARE2 (Pp3c12 21080V3).
1070 Expected amplicon size was 768 bp. Primers for AARE2 were taken from [78].
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