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Plant chloroplasts proliferate through binary fission, and the stromal-side molecules that are involved
in chloroplast division are bacterial derivatives. As in bacteria, the prokaryotic tubulin homolog
FtsZ assembles into a ring-like structure (Z ring) at mid-chloroplast, and this process is followed by
constriction. However, the properties of chloroplast FtsZs remain unclarified. Here, we employed
Escherichia coli as a novel heterologous system for expressing chloroplast FtsZs and their regulatory
components. Fluorescently labelled Arabidopsis FtsZ2 efficiently assembled into long filaments in E.
coli cells, and artificial membrane tethering conferred FtsZ2 filaments with the ability to form Z ring-like
structures resembling the bacterial Z ring. A negative regulator of chloroplast FtsZ assembly, ARC3,

: retained its inhibitory effects on FtsZ2 filamentation and Z ring-like structure formation in E. coli cells.

. Thus, we provide a novel heterologous system by using bacterial cells to study the regulation of the

. chloroplast divisome. Furthermore, we demonstrated that the FtsZ2-interacting protein ARC6, which

. isapotential candidate for Z ring tethering to the chloroplast inner envelope membrane, genuinely

* targeted FtsZ2 to the membrane components and supported its morphological shift from linear

. filaments to Z ring-like structures in a manner dependent on the C-terminal ARC6-interacting domain of

. FtsZ2.

Plant chloroplasts are descended from ancient photosynthetic prokaryotes through endosymbiosis, and chlo-

roplasts proliferate by growth and division, similar to bacteria'?. The chloroplast division machinery is a hybrid

structure that is composed of both bacterial and host-derived elements, which localize on the inner (stromal)
. and outer (cytosolic) sides, respectively’. In bacterial cells, a tubulin-like GTPase, FtsZ, is a key component
. that assembles into a ring-like structure (Z ring) at mid-cell and that contributes to cell constriction. However,
. whether FtsZ actually generates a constriction force in the cell or functions as a mobile scaffold for peptido-
- glycan synthesis is controversial*-®. As in bacteria, FtsZ homologs in chloroplasts assemble into a Z ring in the

stromal side immediately beneath the inner envelope of the chloroplast membrane at the future site of division
. (mid-chloroplast), following which other division-related components are recruited®-''. Over the course of evo-
* lution, many chloroplast genes, including FtsZ and other division-related genes, were transferred to the nuclear
. genome, but the encoded proteins are transported back to chloroplast because of their N-terminal chloroplast

transit peptide (cTP)*!*1213_ Chloroplasts contain two FtsZ homologs, FtsZ1 and FtsZ2 (the latter of which is
: encoded by two functionally redundant genes, AtFtsZ2-1 and AtFtsZ2-2, in Arabidopsis thaliana)'*'% AtFtsZ1 and
© AtFtsZ2 form heteropolymers both in vitro and in yeast cells'®'?, play functionally distinct roles, and are essential
. for chloroplast division!*!>1%,

Chloroplast FtsZ proteins lacking the cTP share high sequence identity and similarity with bacterial FtsZs,
especially in their GTPase core domain (see Supplementary Fig. S1). Moreover, the C-terminal domain critical
for the interaction of FtsZ with FtsA/ZipA, which anchor FtsZ to the membrane in bacteria?®?, is partially con-
served in chloroplast FtsZ2 (see Supplementary Fig. S1), although FtsA/ZipA homologs are not present in plants.
FtsZ1 lacks this interaction sequence in its C-terminus, implying that FtsZ1 emerged from FtsZ2 through gene
duplication during evolution?>?*. With regard to whether chloroplast FtsZs also generate a constriction force like

. Department of Life Science, College of Science, Rikkyo University, Tokyo, 171-8501, Japan. ?Present address:
Academic Assembly, Institute of Agriculture, Shinshu University, 8304 Minamiminowa, Kami-Ina, Nagano, 399-4598,
. Japan. Correspondence and requests for materials should be addressed to D.S. (email: dshiomi@rikkyo.ac.jp)

SCIENTIFICREPORTS | 7:3492| DOI:10.1038/541598-017-03698-6 1


mailto:dshiomi@rikkyo.ac.jp
https://doi.org/10.1038/s41598-018-23160-5

www.nature.com/scientificreports/

bacterial FtsZ*, a recent study reported that fluorescently tagged AtFtsZ1 and/or forcibly membrane-targeted
AtFtsZ2 expressed in cells of the yeast Pichia pastoris form ring-shaped filaments, and the rings, including the
AtFtsZ2 homopolymer or AtFtsZ1/AtFtsZ2 heteropolymer, were found to contract. In contrast, previous
research on the division machinery of chloroplasts isolated from the red alga Cyanidioschyzon merolae have sug-
gested that the motive force of chloroplast constriction was not provided by the internal Z ring, but rather by
the external, dynamin-like DRP5B ring'. Thus, the mechanism by which FtsZs function in chloroplast division
remains obscure as compared with what is known regarding their bacterial counterparts.

In planta analysis of chloroplast FtsZs, wherein several components of the division system act together, is crit-
ical to comprehensively evaluate the role of FtsZ during chloroplast division. I vitro and heterologous expression
systems can also be used to enhance our understanding of the inherent properties of chloroplast FtsZs. To date, the
fission yeast Schizosaccharomyces pombe and the methylotrophic yeast P. pastoris have been successfully used as het-
erologous expression systems for chloroplast division-related components, including AtFtsZ1 and AtFtsZ2!51%42°,
In S. pombe cells, linear and ring-shaped filaments of AtFtsZ1 and/or AtFtsZ2 in the free-floating state in the cyto-
sol were observed'®?. The dominance of AtFtsZ2 over AtFtsZ1 in filament morphology and the faster turnover
of AtFtsZ1 compared with AtFtsZ2 have led to a proposal that AtFtsZ2 forms the filament backbone structure
and AtFtsZ1 facilitates filament remodeling, but the typical Z ring formation of AtFtsZs alongside membrane
structures such as the bacterial plasma membrane or the chloroplast inner envelope membrane has not yet been
reported in the fission yeast system'®**. However, a recent study conducted using P. pastoris cells revealed that
AtFtsZ2 tagged with the membrane-targeting sequence (MTS) from Escherichia coli MinD protein assembled into
a contractible ring whether or not AtFtsZ1 was present'. This AtFtsZ2 ring was shown by fractionation analysis
to be attached to the cell membrane, although it remained unclear whether this genuinely reflected the typical Z
ring condition in which the filament is tethered perpendicularly to the membrane plane.

Here, we established a novel heterologous expression system by using the model bacterium E. coli in order to
monitor the assembly and dynamics of chloroplast FtsZ expressed together with or without other regulatory pro-
teins such as ARC3 and ARC6. As already mentioned, chloroplasts originated from free-living bacteria, and the
chloroplast Z ring is formed in the space inside the inner envelope membrane, the stroma, which is topologically
equivalent to the bacterial cytosol. Therefore, we sought to develop a feasible system for the heterologous recon-
stitution of chloroplast Z ring-associated machinery by using E. coli cells to evaluate the function of chloroplast
FtsZ and its related components.

Results

Chloroplast FtsZ2 assembles into filaments in E. coli in a manner partially dependent on its
N-terminus. Only one report to date has shown the localization pattern of AtFtsZ2 expressed in E. coli
(in an ftsZ-depleted strain); in these bacterial cells, AtFtsZ2 fused with green fluorescent protein (GFP) at the
C-terminus (AtFtsZ2-GFP) did not form Z rings but assembled into long filaments and large spots in the bacterial
cytoplasm!'8. One possible explanation for the formation of the large (fluorescent) spots of AtFtsZ2-GFP is that
inappropriate conditions used for heterologous expression of chloroplast FtsZ in E. coli might have led to aberrant
aggregation of the molecule. To test whether AtFtsZ2 can form Z rings in E. coli cells under certain conditions,
we first fused superfolder GFP (sfGFP) to the N-terminus of chloroplast transit peptide (¢TP)-lacking AtFtsZ2-1
(sfGFP-AtFtsZ2) and expressed it in the E. coli wild-type strain WM1074 at the optimal temperature for either E.
coli (37°C) or A. thaliana (22°C) (Fig. 1A). Under the tested conditions, AtFtsZ production resulted in the elon-
gation of E. coli cells, implying that AtFtsZ exerts a toxic effect on E. coli cell division, presumably by inhibiting
the formation or turnover of the Z ring composed of E. coli FtsZ (EcFtsZ). In the stationary phase, sSfGFP-AtFtsZ2
assembled into long filaments that extended along the long axis of bacterial cells, whereas only small dots and
short filaments were observed in cells from logarithmic cultures (Fig. 1A). Notably, upon incubation at 37 °C,
lysed cells were frequently observed, which implied that sfGFP-AtFtsZ2 adversely affected cell viability at this
temperature. At 37 °C, C-terminally sfGFP-tagged AtFtsZ2-1 (AtFtsZ2-sfGFP) exhibited aberrant aggregation or
formation of inclusion body-like patterns at cell poles (see Supplementary Fig. S2A) whereas sfGFP-AtFtsZ2 did
not show such aberrant aggregation in E. coli cells (Fig. 1A). Moreover, in the previous study, the large spots of
AtFtsZ2-GFP were observed at 42 °C'®. Thus, AtFtsZ2 featuring a C-terminal GFP fusion likely aggregates in E.
coli cells at high temperatures. Here, the N-terminal sfGFP fusion of EcFtsZ, sfGFP-EcFtsZ, expressed as a con-
trol, showed typical mid-cell Z ring formation under all experimental conditions (Fig. 1A). Thus, for subsequent
experiments, we used sfGFP-AtFtsZ2 expressed at 22 °C.

Chloroplast FtsZ proteins, including AtFtsZ2, harbor extended N-terminal sequences compared with their
bacterial counterparts (see Supplementary Fig. S1). This extra region of AtFtsZ2 can promote polymer bundling
and turnover®. Therefore, we expressed sfGFP-AtFtsZ2 lacking this extra N-terminal region (AtFtsZ2residues5-430)
(sfGFP-AtFtsZ2AN) and examined the morphology of its filaments. Fluorescent imaging and quantitative analy-
sis revealed that sfGFP-AtFtsZ2AN formed considerably shorter filaments than sfGFP-AtFtsZ2 did (Fig. 1B, see
Supplementary Fig. S2B).

Immunoblotting of the FtsZ constructs with an anti-GFP antibody (Fig. 1C) revealed that the full-length
product in all cases was detected as the major band and cleaved products were detected as minor bands. Notably,
the expression level of stGFP-AtFtsZ2 was significantly lower than that of stGFP-EcFtsZ during the stationary
phase at 22 °C. In comparison with the FtsZ levels in A. thaliana chloroplast and E. coli, the number of AtFtsZs
molecules was estimated to be 101,200%, while that in E. coli was approximately 5,000-15,000*"?%. Given the
normal division time of sfGFP-EcFtsZ-expressing cells (Fig. 1A), the observed levels of stGFP-EcFtsZ were not
too high. Additionally, the level of sSfGFP-AtFtsZ2 expressed in E. coli cells was inevitably lower than that in the
chloroplast.

Collectively, these results are consistent with previous work conducted using S. pombe cells'®, and suggest that
sfGFP-AtFtsZ2 expressed in E. coli cells exhibits its natural molecular properties.
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Figure 1. Chloroplast FtsZ2 assembles into filaments in Escherichia coli in a manner partially dependent on its
N-terminus. (A) Fluorescence images of stGFP-tagged FtsZ proteins from Arabidopsis thaliana (AtFtsZ2) and
E. coli (EcFtsZ) expressed in E. coli wild-type strain WM 1074 under various conditions. Scale bar: 5um. (B)
Filament morphology of sfGFP-AtFtsZ2 lacking the extra N-terminal region, in the stationary phase at 22 °C.
Scale bar: 5pum. (C) Anti-GFP immunoblotting of each FtsZ protein under various conditions. Arrowheads
indicate the full-length band of sfGFP (a), stGFP-AtFtsZ2 (b), stGFP-EcFtsZ (c) and sfGFP-AtFtsZ2AN (d).
Coomassie stain was used as a loading control.

Membrane-tethered FtsZ2 forms multiple Z ring-like structures. The C-terminal region of
EcFtsZ interacts with FtsA, which interacts with the membrane through its C-terminal amphipathic helix?**.
Consequently, indirectly membrane-tethered FtsZ forms a Z ring oriented perpendicular to the long cell axis.
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Accordingly, the results of in vitro liposome reconstitution analysis demonstrated that EcFtsZ artificially teth-
ered to the membrane by the C-terminal MTS formed Z rings beneath the membrane and produced liposome
constriction®. In the case of chloroplasts, the mechanism by which the Z ring is anchored to the inner envelope
membrane remains unresolved, but MTS-tagged AtFtsZ2 was reported to form a contractible ring structure in a
P, pastoris heterologous expression system'?.

In this context, we added two MTS tags (KGFLKRLFGG) derived from E. coli MinD in tandem to the
C-terminus of sSfGFP-AtFtsZ2 (sfGFP-AtFtsZ2-2MTS), and the fusion protein was produced in E. coli wild-type
strain WM1074 (Fig. 2A, see Supplementary Fig. S3). This MTS-mediated membrane tethering of AtFtsZ2 in
E. coli cells resulted in the formation of multiple Z ring-like structures. Next, to eliminate the possibility that
endogenous EcFtsZ supported the assembly of AtFtsZ2, the fusion protein was produced in the ftsZ-depleted
strain WM2767. In this strain, chromosomal ftsZ was deleted; instead, ftsZ was expressed from a plasmid, and
its expression was induced by using sodium salicylate (NaSal). EcFtsZ in this strain was depleted by elimination
of the inducer from the medium (see Supplementary Fig. S3). The depletion of endogenous EcFtsZ in this strain
caused cell elongation, and these cells were elongated even after expression of the fusion protein, which indicated
that sfGFP-AtFtsZ2-2MTS was unable to compensate for ftsZ depletion. In accord with this result, AtFtsZ2-
2MTS failed to functionally complement the depleted endogenous EcFtsZ at both 37 °C and 22 °C on agar plates,
and instead was toxic when overproduced at 37 °C (see Supplementary Fig. S4). However, sSfGFP-AtFtsZ2-2MTS
formed multiple Z ring-like structures and helical filaments in the elongated cells (Fig. 2B), and the full-length
sfGFP-fused AtFtsZ2 was detected in immunoblotting assays (see Supplementary Fig. S3). The quantified results
clearly demonstrated that the MTS noticeably and strongly contributed to the formation of Z ring-like structures
composed of AtFtsZ2 (Fig. 2C). Intriguingly, in the EcFtsZ-depleted strain WM2767, sfGFP-AtFtsZ2 did not
assemble into long filaments (Fig. 2B) as it did in the wild-type strain WM1074 (Fig. 1A), but instead formed
short filaments and small dots. Because EcFtsZ was previously found to not heteropolymerize with AtFtsZ2', the
bundling of EcFtsZ and AtFtsZ2 homopolymers might be involved in this phenomenon. In E. coli, the nucleoid
occlusion system prevents the Z ring from assembling on nucleoids, and thus the Z ring is formed between
two segregated nucleoids®. To determine whether the Z ring-like structures of sSfGFP-AtFtsZ2-2MTS local-
ize between two segregated nucleoids in E. coli, we stained the nucleoids of E. coli WM2767 cells with DAPI
(Fig. 2D): sfGFP-AtFtsZ2-2MTS formed multiple Z ring-like structures randomly at various positions over the
nucleoids, suggesting that nucleoid occlusion did not function in the assembly of sfGFP-AtFtsZ2-2MTS in E. coli
cells. However, these results indicate that if only anchored to the membrane, AtFtsZ2 per se can form Z ring-like
structures in E. coli cells.

Stromal protein ARC3 inhibits FtsZ assembly in E. coli cells as in chloroplasts. ARC3, a chloro-
plast stromal protein that is absent in bacteria, interacts with both AtFtsZ1 and AtFtsZ2 and, through negative
regulation of their assembly into filaments, spatially regulates chloroplast division. Hence, ARC3 is considered
a functional homolog of bacterial MinC'®2+3*-34, ARC3 interaction with AtFtsZs was shown to be inhibited by
its C-terminal sequence of 143 amino acids including a membrane-occupation-and-recognition nexus (MORN)
repeat motif, to which PARCS, the paralog of ARC6, binds directly and is suggested to promote ARC3 activity in
the chloroplast division process®. Previous work conducted using the S. pombe expression system demonstrated
that the fusion of a fluorescent protein to the C-terminus of ARC3AC143 did not compromise the inhibitory
function of ARC3'3. To validate the ability of ARC3 to prevent AtFtsZ2 assembly into filaments in our E. coli
expression system, sSfGFP-AtFtsZ2 or sfGFP-AtFtsZ2-2MTS was coexpressed with mCherry-fused ARC3AC143
(ARC3AC143-mCherry), and following induction of ARC3AC143-mCherry with NaSal, fluorescent signals in
WM1074 cells were monitored (Fig. 3). Inmunoblotting results confirmed that the sftGFP-AtFtsZ2 proteins and
ARC3AC143-mCherry were produced properly, although a large amount of cleaved mCherry was detected (see
Supplementary Fig. S5). In both cases, we clearly observed that the formation of long filaments or Z ring-like
structures was decreased in the presence of ARC3AC143-mCherry (Fig. 3A). This inhibition of FtsZ assembly
was also demonstrated by the results of quantitative analyses (Fig. 3B,C). Unlike in the case of AtFtsZ1 produced
in yeast cells'®, we could not confirm colocalization of AtFtsZ2 and ARC3 in E. coli cells. The function of ARC3 is
proposed to be analogous to that of bacterial MinC, which transiently localizes to the cell pole and inhibits FtsZ
polymerization. Given the high background fluorescence of cleaved mCherry (see Supplementary Fig. S5), it
might be difficult to observe colocalization of ARC3 and AtFtsZ2 in E. coli cells. Nevertheless, these findings show
that the negative regulator ARC3 functions in inhibiting AtFtsZ assembly in bacterial cells as in chloroplasts,
which further supports the utility of this bacterial system for analyzing chloroplast division-related components.

Chloroplast inner envelope membrane protein ARC6 accelerates FtsZ2 assembly into Z
ring-like structures through interaction with the FtsZ2 C-terminus. The membrane-tethering abil-
ity of AtFtsZ2, like that of bacterial FtsZ, largely contributes to the assembly of AtFtsZ2 into Z ring-like structures
in bacterial cells. Osawa and Erickson successfully reconstituted a bacterial Z ring that was tethered to the mem-
brane in liposomes by its natural anchoring partner FtsA*. In chloroplasts, the inner envelope membrane protein
ARCS6, which binds to the C-terminal conserved sequence of AtFtsZ2%, is a potential candidate to anchor Z ring
to the membrane. AtFtsZ2 and ARC6 have been shown to interact directly by using a yeast two-hybrid system!**”.
ARC6-GFP localized at chloroplast constriction sites, and Arabidopsis arc6 mutants showed clear defects in Z ring
formation and, consequently, chloroplast division®. These observations suggest that ARC6 is a potential anchor-
ing partner of AtFtsZ2 to the membrane for Z ring formation, but direct evidence has not yet been reported.
ARCE is an ortholog of the division protein Ftn2/ZipN that is unique to cyanobacteria®, and E. coli expresses
no ARC6 ortholog. In E. coli cells, stGFP-AtFtsZ2 did not form Z ring-like structures (Figs 1A and 4A). Thus,
we coexpressed sfGFP-AtFtsZ2 and ARC6 in the WM1074 strain and examined the AtFtsZ2 filament morphol-
ogy (Fig. 4A, see Supplementary Fig. S6A). When ARC6 expression was induced using NaSal, the pattern of
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Figure 2. Membrane-tethered FtsZ2 forms multiple Z ring-like structures. (A) Fluorescence images of sfGFP-
AtFtsZ2 tagged with 2MTS in E. coli WM1074 strain. Scale bar: 5 pm. (B) Filament morphology of sfGFP-
AtFtsZ2 with or without 2MTS in the FtsZ-depleted strain WM2767. Scale bar: 5pm. (C) Quantification of Z
ring-like structures formed by sfGFP-AtFtsZ2 with or without 2MTS in the WM1074 and WM2767 strains. The
graph shows the percentage of cells containing >1 Z-ring-like structure. The numbers of elongated bacterial
cells investigated for the quantification were 212 (WM1074/sfGFP-AtFtsZ2), 123 (WM1074/sfGFP- AtFtsZ2-
2MTS), 97 (WM2767/sfGFP-AtFtsZ2), and 41 (WM2767/sfGFP-AtFtsZ2-2MTS). (D) Concurrent observation
of AtFtsZ2 Z ring-like structures and bacterial chromosomes in the WM2767 strain. Chromosomes were
stained with DAPI. Scale bar: 5pm.
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Figure 3. Stromal protein ARC3 exerts inhibitory effects on FtsZ assembly in E. coli cells. (A) Effect of ARC3
expression on AtFtsZ2 filaments and Z ring-like structures. Scale bar: 5pum. (B) Quantification of ARC3
inhibition of AtFtsZ2 filament formation. The graph shows the percentage of cells containing sfGFP-AtFtsZ2
filaments that extended over half the cell length along the long axis. At least 118 elongated bacterial cells were
investigated for the quantification. (C) Quantification of ARC3 inhibition of AtFtsZ2 Z ring-like structure
formation. The graph shows the number of sfGFP-AtFtsZ2-2MTS Z ring-like structures per 1 um of cell length.
The mean and standard deviation were calculated from at least 89 cell samples.

sfGFP-AtFtsZ2 fluorescence distribution changed drastically, from linear long filaments to Z ring-like structures
and/or helices; by contrast, cells that were not induced with NaSal or carried an empty vector showed comparable
sfGFP-AtFtsZ2 fluorescence patterns.

In a previous study, the results of a complementation assay with the Arabidopsis arc6 mutant suggested that
fusing a fluorescent protein to the ARC6 C-terminus did not disrupt ARC6 function in chloroplast division®.
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Figure 4. Chloroplast inner envelope membrane protein ARC6 accelerates FtsZ2 assembly into Z ring-like
structures by interacting with the FtsZ2 C-terminus. (A) Effect of ARC6 expression on filament formation by
AtFtsZ2 with or without the C-terminal ARC6-interacting sequence in the WM1074 strain. Scale bar: 5 um.

(B) Concurrent observation of Z ring-like structures formed by sfGFP-AtFtsZ2 and ARC6-mCherry in the
WM1074 strain. Arrowheads indicate overlapping signals of AtFtsZ2 Z ring-like structure and ARC6. Scale

bar: 5pum. (C) Fractionation assay of the bacterial cell membrane. E. coli cells expressing sfGFP-AtFtsZ2 and
ARC6-mCherry were fractionated by performing sonication and ultracentrifugation. Each protein was detected
by immunoblotting with anti-GFP and anti-RFP antibodies. Arrowheads indicate the full-length protein bands
of ARC6-mCherry (a), stGFP-AtFtsZ2 (b) and sfGFP-AtFtsZAC18 (c), the relative intensities of which were
quantified using the software Image] (rsb.info.nih.gov/ij/). The band intensity of total lysate in the case of vector
(pKG116) plus sfGFP-AtFtsZ2 was normalized to one. T, total lysate; S, supernatant (cytoplasmic) fraction; P,
pellet (membrane) fraction. (D) Quantification of the Z ring-like structure signal of stGFP-AtFtsZ2 coexpressed
with ARC6 in the WM1074 and WM2767 strains. The graph shows the percentage of cells containing >1

Z ring-like structure. The numbers of elongated bacterial cells investigated for the quantification were 105
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(WM1074/stGFP-AtFtsZ2 & vector, —NaSal), 272 (WM1074/sfGFP-AtFtsZ2 & vector, +NaSal), 69 (WM1074/
sfGFP-AtFtsZ2 & ARC6, —NaSal), 79 (WM1074/sfGFP-AtFtsZ2 & ARC6, +NaSal), 152 (WM1074/sfGFP-
AtFtsZ2 & ARC6-mCherry, +NaSal), 35 (WM1074/sfGFP-AtFtsZ2AC18 & vector, +NaSal), 60 (WM 1074/
sfGFP-AtFtsZ2AC18 & ARC6, +NaSal), and 146 (WM2767/ARC6-mCherry & sfGFP-AtFtsZ2, —NaSal).

Therefore, we fused mCherry to the C-terminus of ARC6 (ARC6-mCherry) and the fusion protein was coex-
pressed with sfGFP-AtFtsZ2. Following induction of ARC6-mCherry with NaSal, concurrent fluorescence exam-
ination revealed that the ARC6-mCherry signal colocalized with sfGFP-AtFtsZ2 Z ring-like structures (Fig. 4B),
although the mCherry signal was also detected in the cytoplasm probably because of cleavage of ARC6-mCherry
(see below). To test whether the morphological change of stGFP-AtFtsZ2 from linear filaments to Z ring-like
structures depends on the direct interaction between AtFtsZ2 and ARC6, we created and expressed an AtFtsZ2
truncation mutant lacking the C-terminal ARC6-interacting sequence (sfGFP-AtFtsZ2AC18)(see Supplementary
Fig. S1), and our results showed that the linear-filament distribution of sfGFP-AtFtsZ2AC18 was unaffected by
NaSal-induced ARC6 expression (Fig. 4A). ARC6 protrudes into the chloroplast inner envelope membrane
with its C-terminus and directly interacts with AtFtsZ2 through its N-terminal region in the stromal side®”%,
Thus, we performed membrane-fractionation assays to test whether ARC6 binds to the E. coli cell membrane
and subsequently anchors sfGFP-AtFtsZ2 to the membrane. After cell fractionation through sonication and
ultracentrifugation, full-length ARC6-mCherry was detected in the membrane fraction but the truncated form
and cleaved mCherry were detected only in the soluble fraction, which confirmed ARC6 targeting to the E. coli
membrane (Fig. 4C). Concomitantly, a large amount of sfGFP-AtFtsZ2 was also detected in the membrane frac-
tion, whereas the amount of sfGFP-AtFtsZ2AC18 in the membrane fraction was clearly decreased to the control
level. This result was further corroborated by quantification of the band intensity of each protein. In the case of
sfGFP-AtFtsZ2, the total amount of full-length and truncated product bands was quantitated. The results con-
firmed the membrane anchoring of sfGFP-AtFtsZ2 through direct interaction with ARC6 (Fig. 4C).

To assess the effect of endogenous EcFtsZ on the formation of ARC6-tethered AtFtsZ2 Z ring-like structures,
we constructed a plasmid carrying both ARC6-mCherry and sfGFP-AtFtsZ2 in tandem under the control of a
single IPTG-inducible promoter and introduced it into the EcFtsZ-depleted WM2767 strain. Our results showed
that even when endogenous EcFtsZ was heavily depleted, sfGFP-AtFtsZ2 frequently formed Z ring-like structures
in the presence of ARC6, which indicates that ARC6-tethered AtFtsZ2 per se can form Z ring-like structures in
bacterial cells (see Supplementary Fig. S6B). However, we could not detect ring-like structures corresponding to
ARCS, possibly because of the strong background fluorescence of mCherry. Moreover, immunoblotting analysis
revealed that ARC6-mCherry was largely cleaved, yielding mCherry and non-fused ARC6 (see Supplementary
Fig. S6C). Thus, we concluded that both the non-fused ARC6 and full-length ARC6-mCherry recruited AtFtsZ2
to the cytoplasmic membrane. The effect of ARC6 on Z ring-like structure formation was further supported
by the results of quantitative analyses, while the fusing mCherry works negatively on this effect (Fig. 4D). The
expression of full-length EcFtsZ, stGFP-AtFtsZ2, and ARC6-mCherry was confirmed through immunoblotting
(see Supplementary Fig. S6C). Collectively, these results strongly suggest that AtFtsZ2 is tethered to the mem-
brane through direct interaction with ARC6 and assembles into Z ring-like structures. Bolstering these findings,
ARCS exerted a markedly smaller effect on the fluorescence pattern of AtFtsZ2-sfGFP (C-terminal fusion) as
compared with that of stGFP-AtFtsZ2 (N-terminal fusion), probably due to the interaction between AtFtsZ2 and
ARCES being inhibited, to some degree, by sfGFP fusion at the C-terminus of AtFtsZ2 (see Supplementary Fig. S7).

FtsZ1 affects the filament morphology of FtsZ2 in E. coli cells.  Although the chloroplast Z ring in
A. thaliana consists of AtFtsZ1 and AtFtsZ2, the filament morphology of AtFtsZ2 is more dominant than that of
AtFtsZ1'81%. AtFtsZ1 harbors no ARCé6-interacting sequence at its C-terminus and is proposed to act as a reg-
ulator of Z ring turnover and remodeling'®?>** (see Supplementary Fig. S1). The formation of the ring-shaped
filament and Z ring-like structures of MTS-tagged AtFtsZ2 in P. pastoris and E. coli, respectively, strongly sup-
ports the function of AtFtsZ2 as the backbone of the AtFtsZ filament'® (Fig. 2). This view is also supported by
the observation that chloroplasts in the Arabidopsis ftsZ1 mutant still exhibited a single mid-plastid constriction,
suggesting that AtFtsZ?2 is functional in the ftsZI mutant®*. Nevertheless, like the ftsZ2 mutant, the ftsZ1 mutant
displays chloroplast division defects such as a reduced number of enlarged chloroplasts, which indicates the cru-
cial role of AtFtsZ1 in chloroplast division*. To investigate the effect of AtFtsZ1 on the AtFtsZ2 filaments formed
in E. coli cells, we coexpressed sfGFP-AtFtsZ2 and AtFtsZ1 N-terminally fused to mCherry (mCherry-AtFtsZ1)
and then monitored their fluorescence distribution. Following induction of mCherry-AtFtsZ1 with NaSal,
unexpectedly, the long filaments of sSfGFP-AtFtsZ2 in WM1074 cells were morphologically changed into heli-
cal and/or Z ring-like structures in the presence of mCherry-AtFtsZ1 (Fig. 5A). The mCherry-AtFtsZ1 signal
clearly overlapped with the sfGFP-AtFtsZ2 signal, which implies heteropolymerization of AtFtsZ1 and AtFtsZ2.
AtFtsZ1 possesses no C-terminal sequence that can bind to any membrane-anchoring factors, either FtsA/
ZipA in bacteria or ARC6 in chloroplasts'®?>?* (see Supplementary Fig. S1), whereas AtFtsZ2, which contains
the C-terminal ARCé6-interacting sequence, did not form any Z ring-like structures in wild-type WM1074 cells
in the absence of ARC6 (Figs 1A, 2C, and 4A,E). One possibility is that the C-terminal domain of AtFtsZ2 in
AtFtsZ1/AtFtsZ2 heteropolymers acquired the ability to interact with FtsA/ZipA in E. coli because the C-terminal
domain of FtsZ serves as dock for proteins that regulate FtsZ assembly. These proteins include FtsA, ZipA, MinC,
and SImA. To test the effects of AtFtsZ2 C-terminus on this phenomenon, we coexpressed sfGFP-AtFtsZ2AC18
and mCherry-AtFtsZ1, but again observed that the Z ring-like signals of sfGFP-AtFtsZ2AC18 overlapped with
the mCherry-AtFtsZ1 signals, which suggests that the AtFtsZ1-induced morphological change of AtFtsZ2 fil-
aments does not depend on the C-terminus of AtFtsZ2 (Fig. 5A,B). We clearly detected full-length EcFtsZ,
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Figure 5. FtsZ1 affects the filament morphology of FtsZ2 in E. coli cells. (A) Effect of AtFtsZ1 expression on the
filaments of AtFtsZ2 with or without the partially conserved C-terminal sequence in the WM1074 strain. Scale
bar: 5pum. (B) Quantification of the Z ring-like signal of sfGFP- AtFtsZ2 expressed with or without mCherry-
AtFtsZ1. The graph shows the percentage of cells containing >1 Z-ring-like structure. The numbers of elongated
bacterial cells investigated for the quantification were 60 (WM1074/sfGFP-AtFtsZ2 & vector, +NaSal), 107
(WM1074/sfGFP-AtFtsZ2 & mCherry-AtFtsZ1, +NaSal), 49 (WM1074/sfGFP-AtFtsZ2AC18 & vector,
+NaSal) and 90 (WM1074/sfGFP-AtFtsZ2AC18 & mCherry-AtFtsZ1, +NaSal). (C) Fluorescence image of
sfGFP-AtFtsZ1 expressed by itself in the WM 1074 strain. Scale bar: 5um.

sfGFP-AtFtsZ2, and mCherry-AtFtsZ1 in immunoblotting assays (see Supplementary Fig. S8). These results sug-
gest that the AtFtsZ1/AtFtsZ2 heteropolymer can form Z ring-like structures independently of the EcFtsZ-FtsA/
ZipA interaction in E. coli cells. AtFtsZ2 has been reported not to form heteropolymers with EcFtsZ'®, but
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whether AtFtsZ1 and EcFtsZ can assemble into heteropolymers remains unclear. However, when sfGFP-AtFtsZ1
was expressed independently, it dispersed uniformly in WM1074 cells with regular cell lengths, which implies
that AtFtsZ1 does not significantly interact with EcFtsZ (Fig. 5C). How AtFtsZ1/AtFtsZ2 heteropolymers form Z
ring-like structures without ARC6 in E. coli cells remains to be elucidated. However, our results clearly indicate
that AtFtsZ1 positively affects the morphological properties of AtFtsZ2 filaments and thereby promotes the for-
mation of Z ring-like structures.

Discussion

We have presented here the first example of chloroplast Z ring reconstitution in a heterologous expression system
developed using bacteria, the evolutionary ancestors of the chloroplast. Given that microbial systems offer the
practical advantages of both axenic culture and genetic accessibility, establishing bacterial heterologous expres-
sion systems for reconstituting the cellular events of plant cells is crucial. While we were developing our E. coli
system, Yoshida et al. reported a similar reconstitution system with P. pastoris'®. Thus, the yeasts S. pombe and P
pastoris and a bacterium, E. coli, have now been used for heterologous expression of chloroplast FtsZs and other
chloroplast division-related proteins owing to the complexities faced in in planta analysis'®!*? (and this study),
while there are some inverse examples, where the bacterial FtsZ has been heterologously produced in eukaryotic
cells**. Yeast reconstitution systems have shown the value of using heterologous expression systems for studying
the inherent properties of chloroplast division-related proteins, particularly filament and ring formation by FtsZs
in eukaryotic cellular environments. However, our novel E. coli system provides a new approach for dissecting
and uncovering the chloroplast division process in the stromal side, which is topologically equivalent to the
bacterial cytosol, although the possible post-translational modifications of AtFtsZs reported by Karamoko et al.*!
would not occur in bacteria.

In E. coli wild-type strain cells, stGFP-AtFtsZ2, but not AtFtsZ2-sfGFP, assembled into long filaments (Fig. 1A,
see Supplementary Fig. S2A). Thus far, almost all studies on bacterial and chloroplast FtsZs have used C-terminal
fluorescent-protein fusions to monitor the subcellular localization of each FtsZ. Bacterial FtsZ fused with GFP
at its C-terminus functions properly at least in assembly into Z rings, although it cannot fully complement
ftsZ mutants®!. In chloroplasts, the Arabidopsis ftsZ1 knockout mutant can be complemented by C-terminal
fluorescent-protein fusions of AtFtsZ1 but not of ftsZ2 mutant by C-terminal fusion proteins of AtFtsZ2, which
further supports the notion that AtFtsZ2 and AtFtsZ1 function as the filament backbone and regulator, respec-
tively's. These complementation defects appear to result partially from the fluorescent-protein tag blocking the
membrane tethering of the proteins by their C-terminal conserved peptides'®*2. The difference in filamentation
ability between the N- and C-terminal sfGFP fusions of AtFtsZ2 might consistently reflect the importance of
the C-terminal sequence of FtsZ proteins for their function. In A. thaliana, AtFtsZ2 tagged C-terminally with a
fluorescent protein is assembly competent, which suggests that the other division-related proteins in chloroplasts
exert supportive effects!®3%,

Temperature and bacterial growth phase can also critically affect AtFtsZ2 in our bacterial expression sys-
tem. AtFtsZ2-sfGFP assembled into large spots, presumably inclusion bodies, at 37 °C but not at 22°C (see
Supplementary Fig. S2A), whereas cells carrying the gene sfGFP-AtFtsZ2 frequently appeared atypically white
and exhibited little or no fluorescence, and large sfGFP-AtFtsZ2 aggregates were not detected at 37 °C (Fig. 1A).
Conversely, both EcFtsZ-GFP and sfGFP-EcFtsZ assembled into typical Z rings at both 37°C and 22°C (Fig. 1A,
see Supplementary Fig. S2A). A. thaliana is a winter annual plant that grows optimally at 22°C-23°C. Thus,
AtFtsZ2 might be optimized to function more effectively at around 22 °C than at 37°C. On the other hand, in
stationary-phase bacterial cells incubated at 37 °C, we detected higher expression levels of sSfGFP-AtFtsZ2 than
that of stGFP-EcFtsZ, and this might explain the toxic effect on E. coli cells. However, further investigation is
required to confirm the protein’s temperature dependency. We observed that sfGFP-AtFtsZ2 efficiently assembled
into filaments only in the stationary phase of E. coli wild-type strain (Fig. 1A). Reduced dynamics and a lower
turnover rate of AtFtsZ2 as compared with those of EcFtsZ is one possible explanation for this phenomenon!®.
Another possibility is that there is less competition with actively assembling EcFtsZ during the stationary phase.

Regardless of the temperature, we occasionally detected faint bands at around 55 kDa, which are potentially
associated with the dimerization of stGFP molecules (Fig. 1C, see Supplementary Fig. S3). However, the overall
behavior of sfGFP-AtFtsZ2 with/without MTS or other chloroplast components in this study, particularly the
formation of Z ring-like structures, strongly suggest that we observed the inherent characteristics of this protein
rather than artifacts by the possible dimerization of sfGFP.

Only one study has reported functional complementation of E. coli cell division by chloroplast FtsZ*: FtsZ
from the pea plant (Pisum sativum) was shown to correct the thermosensitive defect of E. coli ftsZ mutant.
However, we found that AtFtsZ2 did not rescue the colonization defects of the E. coli FtsZ-depletion mutant at
either 37°C or 22°C, even though the extra N-terminal region of AtFtsZ2 was deleted and its C-terminal region
was tagged with 2MTS (see Supplementary Fig. S4). At 22°C, sfGFP-AtFtsZ2-2MTS formed Z ring-like struc-
tures in E. coli cells, and E. coli cell division occurred normally with sfGFP-EcFtsZ localized correctly at mid-cell
(Figs 1A and 2A,B); therefore, we concluded that AtFtsZ2 could not functionally complement EcFtsZ in E. coli
cells. To date, no intact form of a foreign bacterial FtsZ has been observed to complement EcFtsZ function**.
Thus, this issue remains controversial.

Membrane tethering is required for Z ring-like structure formation*!**¢ (Figs 2 and 4). The FtsA/
ZipA-interacting sequence of EcFtsZ is partially conserved at the AtFtsZ2 C-terminal region (see Supplementary
Fig. S1), but MTS-lacking sfGFP-AtFtsZ2 forms only long filaments in E. coli cells (Fig. 1A); this finding indi-
cates that AtFtsZ2 cannot interact with E. coli FtsA/ZipA and thus cannot be targeted to the bacterial mem-
brane. The addition of 2MTS to the AtFtsZ2 C-terminus drastically alters the filament morphology, from linear
to ring-shaped, regardless of the presence or absence of EcFtsZ (Fig. 2A,B). These rings are perpendicular to
the membrane plane, to some degree, and resemble the Z rings immunostained in elongated bacterial cells of
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both thermosensitive ftsZ and ftsZ-depletion mutants*2. Given that the bacterial cell-division machinery correctly
localizes at the inter-chromosomal space, the Z ring-like structures of sSfGFP-AtFtsZ2-2MTS detected over the
bacterial chromosome might not be incorporated into the cell-division machinery of E. coli. Collectively, our
results indicate that membrane-targeted AtFtsZ2 can assemble into Z ring-like structures as a filament backbone
in the absence of EcFtsZ and other chloroplast division-related proteins in our bacterial expression system. The
partly slanted AtFtsZ2 rings might be due to the lack of connection to the peptidoglycan machinery**. Here, we
did not observe the constriction of E. coli cells by the expressed sftGFP-AtFtsZ2-2MTS (Fig. 2B). Bacteria feature
a peptidoglycan-containing cell wall that provides rigidity to the cell and maintains the shape of each bacterium.
Because the constricting ring of MTS-tagged AtFtsZ2 expressed in spherical P. pastoris cells has been proposed
to slide along the membrane from the middle region to one end of the cell'?, we suggest that the cell-wall integ-
rity of E. coli restricts the constriction of Z ring-like structures formed by sfGFP-AtFtsZ2-2MTS in our bacte-
rial system. Notably, whereas long filaments of sfGFP-AtFtsZ2 were observed only when endogenous EcFtsZ
was present (Figs 1A and 2B), multiple Z ring-like structures of stGFP-AtFtsZ2-2MTS were formed even in the
EcFtsZ-depleted strain (Fig. 2B), which suggests that EcFtsZ exerts a supportive effect particularly on AtFtsZ2
filamentation ability. The long filaments detected in wild-type cells are possibly generated by bundling of EcFtsZ
and AtFtsZ2 homopolymers because EcFtsZ cannot heteropolymerize with AtFtsZ2'.

To reconstitute the inner membrane assembly complex of the chloroplast division machinery in bacteria, it
is critical to introduce other regulatory components into bacterial cells together with AtFtsZ2 and accurately
evaluate their functions. In S. pombe, ARC3 colocalizes with AtFtsZ1 and inhibits its polymerization, which
indicates that ARC3 expressed in yeast cells acts as a negative regulator of AtFtsZ1, as in chloroplasts's. ARC3 also
interacts with AtFtsZ2 in a yeast two-hybrid system, and AtFtsZ2 filament assembly is inhibited in A. thaliana
ARC3-overexpressing plants®. Consistently, nonbacterial ARC3 expression potently lowered the filament length
of sfGFP-AtFtsZ2 and reduced the number of Z ring-like structures formed by sfGFP-AtFtsZ2-2MTS in bacterial
cells (Fig. 3). Here, the AtFtsZ2 Z ring-like structures were forcibly tethered to the membrane by the MTS, and
ARCS3 strongly inhibited AtFtsZ2 filamentation, and thus the number of Z ring-like structures formed might have
been reduced due to the inhibition of AtFtsZ2 filament assembly by ARC3. Notably, the cells expressing both
AtFtsZ2-2MTS and ARC3 were much shorter than those expressing only AtFstZ2-2MTS were. This is consistent
with the reduced filamentation of AtFtsZ2-2MTS by ARC3. On the other hand, ARC3-expressing cells with short
filaments of non-membrane-targeted AtFtsZ2 were still elongated. Although the underlying mechanistic details
remain unclear, membrane-tethered short filaments of AtFtsZ2-2MTS appear to be less toxic for E. coli cell divi-
sion than free-floating filaments of AtFtsZ2.

Direct targeting of FtsZ proteins to the membrane has not yet been reported in either bacteria or chloro-
plasts, but FtsZ is known to be recruited to the membrane by other transmembrane or membrane-associated
proteins such as FtsA/ZipA in E. coli?*?1:230:364647_Artificial membrane targeting of EcFtsZ and AtFtsZ2 through
C-terminal tagging with MTS confers the proteins with the ability to form membrane-tethered Z ring-like struc-
ture*!” (Fig. 2). However, no evidence reported thus far indicates that the AtFtsZ2-interacting protein ARC6
directly tethers chloroplast FtsZ to the membrane component for Z ring formation. In our bacterial system, ARC6
colocalized with AtFtsZ2 and drastically altered its filament morphology, from linear filaments to Z ring-like
structures (Fig. 4, see Supplementary Fig. S6B). This Z ring-like structure formation and the membrane attach-
ment of AtFtsZ2 strongly depended on the C-terminal ARC6-interacting sequence of AtFtsZ2, which indicates
that ARC6-tethered AtFtsZ2 behaves like AtFtsZ2-2MTS, an artificial membrane-targeting protein, and assem-
bles into multiple Z ring-like structures. Conversely, the Z ring-like structures formed by AtFtsZ2 and ARC6 in
bacterial cells reflect the natural condition of the chloroplast Z ring, which concurrently demonstrates that ARC6
functions as a genuine membrane-anchoring partner of AtFtsZ2.

Recently, ARC6 was reported to be capable of stabilizing AtFtsZ2 polymers in yeast cells independently of
its Z ring-tethering function?®; the stromal region of ARC6 was observed to lower the turnover rate of AtFtsZ2
polymers. This phenomenon might affect, at least partially, the formation of multiple Z ring-like structures of
AtFtsZ2 in ARC6-expressing bacterial cells, although the formation of Z ring-like structures is correctly due to
membrane tethering through the AtFtsZ2-ARC6 interaction. The crystal structure of the conserved domain in
the intermembrane space region of ARC6 has been solved, but the requirement of this region for the interaction
with the outer envelope membrane protein PDV2 and the coordination between the inner and outer envelope
division machineries remain unclear*. Solving the crystal structure of the stromal region of ARC6, particularly of
co-crystals with AtFtsZ2, will provide additional insights into the ARC6-AtFtsZ2 interaction and the membrane
tethering of chloroplast Z rings.

In plants and algae, FtsZ1 and FtsZ2 function together in forming the Z ring in the chloroplast division
machinery®>'**°. Despite the high identity and similarity in their amino acid sequence, these two FtsZ proteins
of A. thaliana play distinct roles in chloroplast division'*'>!®, When AtFtsZ1 and MTS-tagged AtFtsZ2 are coex-
pressed, AtFtsZ1 forms ring structures together with AtFtsZ2 in P, pastoris'. Intriguingly, in E. coli cells, AtFtsZ1
supported the formation of Z ring-like structures of AtFtsZ2 lacking the MTS tag (Fig. 5), but when expressed
separately, AtFtsZ1 itself did not assemble into filaments or ring-like structures in our bacterial system. These
findings and the previous observation that AtFtsZ1 assembled into ring-like structures without MTS-tagging in
P pastoris" together suggest that further characterization of AtFtsZ1 is required, with a particular focus on its
direct interaction with membrane components. Notably, unlike sfGFP-AtFtsZ2, sSfGFP-AtFtsZ1 expressed in E.
coli did not produce division-defective effects, which supports the notion of AtFtsZ2 dominance over AtFtsZ1 as
a core component of the Z ring filament.

To date, heterologous expression systems using P. pastoris' and E. coli (this study) have successfully formed
clear rings/bands of AtFtsZ2, which is tethered to the membrane by MTS. Additionally, in our system, membrane
tethering by MTS could be replaced by co-production of ARC6. We strongly believe that AtFtsZ2, when anchored
to the membrane, exhibits an intrinsic property to form such rings, similar to EcFtsZ. Purified EcFtsZ-MTS can
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form distributed ring-like structures in tubular liposomes®*. We speculate that AtFtsZ2-2MTS also forms similar
structures in vitro. Thus far, we have not been able to purify AtFtsZ2-2MTS; therefore, we do not know if AtFtsZ2-
2MTS can form Z ring-like structures within liposomes in the same way as EcFtsZ-MTS* If AtFtsZ2-2MTS
also forms ring-like structures similar to EcFtsZ-MTS, then FtsZ, in general, may have the ability to attach to a
particular membrane curvature.

Plant chloroplasts are surrounded by two envelope membranes, and the inner envelope membrane protein
ARCE plays the crucial role of interacting with the outer envelope membrane protein PDV2 and thereby enabling
coordination between the inner (stromal) and outer (cytosolic) division machinery>. The successful reconstitu-
tion of the membrane-tethered chloroplast Z ring through its natural partner ARC6 in E. coli cells suggests that
the bacterial cell—the chloroplast ancestor—can serve as a novel experimental system for analyzing the stromal
components in the chloroplast divisome complex. The evolutionary distance is high between E. coli and cyano-
bacteria, which are the direct bacterial ancestors of the chloroplast, and certain stromal proteins of the chloroplast
divisome, including ARC6 and ARC3, are absent in E. coli; this enhances the value of this bacterium for use in the
heterologous system. In addition to our observation of AtFtsZ2 Z ring-like structure formation, our results show-
ing that ARC3 and ARCS, the negative and positive regulators in Z ring formation, respectively, function properly
in E. coli cells strongly indicate the usefulness of bacterial cells for analyzing the chloroplast division machinery.

Methods

Bacterial strains and growth media. All strains used were derivatives of E. coli K-12. Strains WM1074°!
and WM2767°2 were kindly provided by Dr. Margolin (University of Texas Houston). WM1074 is a wild-
type strain, and WM2767 lacks chromosomal ftsZ but harbors a salicylate-inducible ftsZ-expressing plasmid,
pWM2765. Cells were grown in L broth (1% bactotryptone, 0.5% yeast extract, 0.5% NaCl) at the mentioned
temperatures. When necessary, kanamycin (20 pg/mL), ampicillin (100 pg/mL), chloramphenicol (20 pg/mL),
and NaSal (10 pM) were added to the cultures. These compounds were purchased from Wako (Osaka, Japan).
In liquid culture, each protein was expressed from the pPDSW204%-based plasmid without any inducers, except
in the case of cells with plasmid harboring sfGFP-AtFtsZ2 and ARC6-mCherry in tandem. For the induction of
each protein from pKG116°*-based plasmid, NaSal was added at the beginning of the second culture. Sampling
of the cells was performed during either the exponential (ODg, < 1.0) or stationary phase (ODg, > 1.8). In the
complementation assay, IPTG (100 M) was added to the plate medium.

Plasmids. All plasmids used in this study are listed in Table S1. All DNA sequences of chloroplast division
proteins used in this study lacked the sequences encoding cTPs predicted by ChloroP (http://www.cbs.dtu.dk/
services/ChloroP/) except AtFtsZ1. The cTP of AtFtsZ1 was removed following a previous report'®. All plasmids
carrying FtsZ2 of A. thaliana and ftsZ of E. coli were cloned into pDSW204, which carries the ampicillin resistance
gene (bla). To generate pRU194 and pRU200, PstI-HindIII fragments of PCR-amplified sfGFP and sfGFP-2MTS
were introduced into the corresponding sites in pDSW204, respectively. SacI-BamHI fragments of FtsZ2-1 and
FtsZ2-1AN lacking the stop codon were amplified from A. thaliana cDNA and introduced into the corresponding
sites of pRU194, which generated pRU310 and pRU711, respectively. To obtain pRU296, the SacI-BamHI frag-
ment of FtsZ2-1 lacking the stop codon was introduced into the corresponding site of pRU200. For the comple-
mentation assays, the SacI-BamHI fragments of FtsZ2-1 and FtsZ2-1AN including the stop codon were amplified
and introduced into the corresponding sites of pRU200, which yielded pRU329 and pRU712, respectively. The
SacI-HindIII fragments of ftsZ, FtsZ2-1-2MTS, and FtsZ2-1AN-2MTS were amplified and introduced into the
corresponding sites of pDSW204, which resulted in pRU731, pRU613, and pRU722, respectively. To generate
pRU874 and pRU876, the EcoRI-Sacl fragment of sfGFP lacking the stop codon was amplified and introduced
into the corresponding sites of pRU329 and pRU613, respectively. The SacI-HindIII fragments of PCR-amplified
FtsZ2-1AC18 and ftsZ of pRU731 were replaced with the corresponding regions of pRU874, which yielded
pRU888 and pRU878, respectively. To generate pRU972, the SacI-BamHI fragment of FtsZ1 including the stop
codon was amplified and introduced into the corresponding site of pRU200. Next, the EcoRI-SacI fragment of
sfGFP was introduced into corresponding site. All plasmids carrying only ARC6, ARC3, or FtsZ1 of A. thaliana
were derivatives of pKG116, which harbors the chloramphenicol resistance gene (cat). The NdeI-KpnI fragment
of ARC6 was amplified from A. thaliana cDNA and introduced into the corresponding sites of pKG116, which
yielded pRU325. To generate pRU394, the KpnI-Xhol fragment of mCherry was amplified and introduced into
the corresponding site of pKG116. Next, the NdeI-KpnlI fragments of ARC6 and ARC3AC143 lacking the stop
codon were amplified from A. thaliana cDNA and introduced into the corresponding sites of pRU394, which
resulted in pRU889 and pRU886, respectively. To generate pRU930, the Ndel-Kpnl fragment of FtsZ1 amplified
from A. thaliana cDNA was introduced into the corresponding sites of pKG116 and then the NdeI-Ndel fragment
of mCherry lacking the stop codon was amplified and introduced into the corresponding sites of the resulting
plasmid. For concurrent expression of stGFP-AtFtsZ2 with ARC6-mCherry under the control of a single pro-
moter, the NcoI-Ncol fragment of ARC6-mCherry was amplified using pRU889 as a template and the fragment
was then introduced into the corresponding site of pPRU874 to obtain pRU957.

Immunoblotting. Sample proteins were analyzed by polyacrylamide gel electrophoresis using 12% poly-
acrylamide gel and transferred onto polyvinylidene difluoride membranes (EMD Millipore). Immunoblotting
was performed using anti-GFP (1:3,000) and anti-RFP (1:3,000) antibodies (MBL, Nagoya, Japan) as the primary
antibodies. Anti-Rabbit IgG AP-linked antibody (1:3,000, CST) was used as the secondary antibody. The signals
were visualized with DDAO phosphate (Molecular Probes, Massachusetts, USA) and detected using Typhoon
FLA 9500 (GE Healthcare Life Sciences, Chicago, Illinois USA).
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Microscopy. Cells were mounted on M9-agarose pads and examined using an Axio Imager A2 (Zeiss,
Germany) equipped with a cooled CCD camera (Axiocam MR; Zeiss, Oberkochen, Germany). Images were
acquired and processed using ZEN (Zeiss), Photoshop (Adobe), and Image].

Cell fractionation. E. coli cells expressing sSfGFP-AtFtsZ2 and ARC6-mCherry were harvested and sus-
pended in Sonication buffer (50 mM Tris-HCI, pH 8.8, containing one tablet of protease-inhibitor cocktail
[Roche, Basel] per 10 mL). After freezing at —30°C, cells were lysed by sonicating them and then the supernatants
were collected, following which ultracentrifugation at 32,000 rpm for 30 min at 4 °C (S55A2 angle rotor, Hitachi
KOKI, Tokyo, Japan) was performed to divide the samples into membrane and cytoplasmic fractions.

References

1.
2.

NN}

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Gould, S. B., Waller, R. F. & McFadden, G. L. Plastid evolution. Annu. Rev. Plant Biol. 59, 491-517 (2008).
Keeling, P. ]. The number, speed, and impact of plastid endosymbiosis in eukaryotic evolution. Annu. Rev. Plant Biol. 64, 583-607
(2013).

. Osteryoung, K. W. & Pyke, K. A. Division and dynamic morphology of plastids. Annu. Rev. Plant Biol. 65, 443-472 (2014).
. Osawa, M., Anderson, D. E. & Erickson, H. P. Reconstitution of contractile FtsZ rings in liposomes. Science 320, 792-794 (2008).
. Adams, D. W. & Errington, J. Bacterial cell division: assembly, maintenance and disassembly of the Z ring. Nat. Rev. Microbiol. 7,

642-653 (2009).

. Erickson, H. P, Anderson, D. E. & Osawa, M. FtsZ in bacterial cytokinesis: cytoskeleton and force generator all in one. Microbiol.

Mol. Biol. Rev. 74, 504-528 (2010).

. Bisson-Filho, A. W. et al. Treadmilling by FtsZ filaments drives peptidoglycan synthesis and bacterial cell division. Science 355,

739-743 (2017).

. Yang, X. et al. GTPase activity-coupled treadmilling of the bacterial tubulin FtsZ organizes septal cell wall synthesis. Science 355,

744-747 (2017).

. McAndrew, R. S., Froehlich, J. E.,, Vitha, S., Stokes, K. D. & Osteryoung, K. W. Colocalization of plastid division proteins in the

chloroplast stromal compartment establishes a new functional relationship between FtsZ1 and FtsZ2 in higher plants. Plant Physiol.
127, 1656-1666 (2001).

Mori, T., Kuroiwa, H., Takahara, M., Miyagishima, S. Y. & Kuroiwa, T. Visualization of an FtsZ ring in chloroplasts of Lilium
longiflorum leaves. Plant Cell Physiol. 42, 555-559 (2001).

Vitha, S., McAndrew, R. S. & Osteryoung, K. W. FtsZ ring formation at the chloroplast division site in plants. J. Cell Biol. 153,
111-120 (2001).

Osteryoung, K. W. & Vierling, E. Conserved cell and organelle division. Nature 376, 473-474 (1995).

Fujiwara, M. & Yoshida, S. Chloroplast targeting of chloroplast division FtsZ2 proteins in Arabidopsis. Biochem. Biophys. Res.
Commun. 287, 462467 (2001).

Osteryoung, K. W, Stokes, K. D., Rutherford, S. M., Percival, A. L. & Lee, W. Y. Chloroplast division in higher plants requires
members of two functionally divergent gene families with homology to bacterial ftsZ. Plant Cell 10, 1991-2004 (1998).

Schmitz, A. ], Glynn, J. M., Olson, B. J., Stokes, K. D. & Osteryoung, K. W. Arabidopsis FtsZ2-1 and FtsZ2-2 are functionally
redundant, but FtsZ-based plastid division is not essential for chloroplast partitioning or plant growth and development. Mol. Plant
2,1211-1222 (2009).

Olson, B.]., Wang, Q. & Osteryoung, K. W. GTP-dependent heteropolymer formation and bundling of chloroplast FtsZ1 and FtsZ2.
J. Biol. Chem. 285, 20634-20643 (2010).

Smith, A. G, Johnson, C. B, Vitha, S. & Holzenburg, A. Plant FtsZ1 and FtsZ2 expressed in a eukaryotic host: GTPase activity and
self-assembly. FEBS Lett. 584, 166-172 (2010).

TerBush, A. D. & Osteryoung, K. W. Distinct functions of chloroplast FtsZ1 and FtsZ2 in Z ring structure and remodeling. J. Cell
Biol. 199, 623-637 (2012).

Yoshida, Y., Mogi, Y., TerBush, A. D. & Osteryoung, K. W. Chloroplast FtsZ assembles into a contractible ring via tubulin-like
heteropolymerization. Nat. Plants 2, 16095 (2016).

Liu, Z., Mukherjee, A. & Lutkenhaus, J. Recruitment of ZipA to the division site by interaction with FtsZ. Mol. Microbiol. 31,
1853-1861 (1999).

Ma, X, Ehrhardt, D. W. & Margolin, W. Colocalization of cell division proteins FtsZ and FtsA to cytoskeletal structures in living
Escherichia coli cells by using green fluorescent protein. Proc. Natl. Acad. Sci. USA 93, 12998-13003 (1996).

Miyagishima, S. Y. et al. Two types of FtsZ proteins in mitochondria and red-lineage chloroplasts: the duplication of FtsZ is
implicated in endosymbiosis. J. Mol. Evol. 58, 291-303 (2004).

TerBush, A. D., Yoshida, Y. & Osteryoung, K. W. FtsZ in chloroplast division: structure, function and evolution. Curr. Opin. Cell Biol.
25, 461-470 (2013).

Zhang, M., Schmitz, A. J., Kadirjan-Kalbach, D. K., TerBush, A. D. & Osteryoung, K. W. Chloroplast division protein ARC3 regulates
chloroplast FtsZ ring assembly and positioning in Arabidopsis through interaction with FtsZ2. Plant Cell 25, 1787-1802 (2013).
TerBush, A. D., Porzondek, C. A. & Osteryoung, K. W. Functional Analysis of the Chloroplast Division Complex Using
Schizosaccharomyces pombe as a Heterologous Expression System. Microsc. Microanal. 22, 275-289 (2016).

McAndrew, R. S. et al. In vivo quantitative relationship between plastid division proteins FtsZ1 and FtsZ2 and identification of ARC6
and ARCS3 in a native FtsZ complex. Biochem. J. 412, 367-378 (2008).

Lu, C,, Stricker, ]. & Erickson, H. P. FtsZ from Escherichia coli, Azotobacter vinelandii, and Thermotoga maritima: quantitation, GTP
hydrolysis, and assembly. Cell Motil. Cytoskeleton. 40, 71-86 (1998).

Erickson, H. P,, Anderson, D. E. & Osawa, M. FtsZ in bacterial cytokinesis: cytoskeleton and force generator all in one. Microbiol.
Mol. Biol. Rev. 74, 504-528 (2010).

Pichoff, S. & Lutkenhaus, J. Unique and overlapping roles for ZipA and FtsA in septal ring assembly in Escherichia coli. EMBO J. 21,
685-693 (2002).

Pichoff, S. & Lutkenhaus, J. Tethering the Z ring to the membrane through a conserved membrane targeting sequence in FtsA. Mol.
Microbiol. 55, 1722-1734 (2005).

Bernhardt, T. G. & de Boer, P. A. SImA, a nucleoid-associated, FtsZ binding protein required for blocking septal ring assembly over
chromosomes in E. coli. Mol. Cell 18, 555-564 (2005).

Hu, Z., Mukherjee, A., Pichoff, S. & Lutkenhaus, J. The MinC component of the division site selection system in Escherichia coli
interacts with FtsZ to prevent polymerization. Proc. Natl. Acad. Sci. USA 96, 14819-14824 (1999).

Maple, J., Vojta, L., Soll, J. & Meller, S. G. ARC3 is a stromal Z ring accessory protein essential for plastid division. EMBO Rep. 8,
293-299 (2007).

Johnson, C. B., Shaik, R., Abdallah, R., Vitha, S. & Holzenburg, A. FtsZ1/FtsZ2 turnover in chloroplasts and the role of ARC3.
Microsc. Microanal. 21, 313-323 (2015).

Zhang, M., Chen, C., Froehlich, J. E., TerBush, A. D. & Osteryoung, K. W. Roles of Arabidopsis PARC6 in coordination of the
chloroplast division complex and negative regulation of FtsZ assembly. Plant Physiol. 170, 250-262 (2016).

SCIENTIFICREPORTS | 7:3492| DOI:10.1038/541598-017-03698-6 13



www.nature.com/scientificreports/

36. Osawa, M. & Erickson, H. P. Liposome division by a simple bacterial division machinery. Proc. Natl. Acad. Sci. USA 110,
11000-11004 (2013).

37. Maple, J., Aldridge, C. & Moller, S. G. Plastid division is mediated by combinatorial assembly of plastid division proteins. Plant . 43,
811-823 (2005).

38. Vitha, S. et al. ARC6 is a J-domain plastid division protein and an evolutionary descendant of the cyanobacterial cell division protein
Ftn2. Plant Cell 15, 1918-1933 (2003).

39. Yu, X. C., Margolin, W., Gonzalez-Garay, M. L. & Cabral, F. Vinblastine induces an interaction between FtsZ and tubulin in
mammalian cells. J. Cell Sci. 112,2301-2311 (1999).

40. Srinivasan, R., Mishra, M., Wu, L., Yin, Z. & Balasubramanian, M. K. The bacterial cell division protein FtsZ assembles into
cytoplasmic rings in fission yeast. Genes Dev. 22, 1741-1746 (2008).

41. Karamoko, M., El-Kafafi, el-S., Mandaron, P., Lerbs-Mache, S. & Falconet, D. Multiple FtsZ2 isoforms involved in chloroplast
division and biogenesis are developmentally associated with thylakoid membranes in. Arabidopsis. FEBS Lett. 585, 1203-1208
(2011).

42. Ma, X. & Margolin, W. Genetic and functional analyses of the conserved C-terminal core domain of Escherichia coli FtsZ. J. Bacteriol.
181, 7531-7544 (1999).

43. Gaikwad, A., Babbarwal, V., Pant, V. & Mukherjee, S. K. Pea chloroplast FtsZ can form multimers and correct the thermosensitive
defect of an Escherichia coli ftsZ mutant. Mol. Gen. Genet. 263, 213-221 (2000).

44. Osawa, M. & Erickson, H. P. FtsZ from divergent foreign bacteria can function for cell division in Escherichia coli. ]. Bacterial. 188,
7132-7140 (2006).

45. Potluri, L. P,, de Pedro, M. A. & Young, K. D. Escherichia coli low-molecular-weight penicillin-binding proteins help orient septal
FtsZ, and their absence leads to asymmetric cell division and branching. Mol. Microbiol. 84, 203-224 (2012).

46. Hale, C. A. & de Boer, P. A. Direct binding of FtsZ to ZipA, an essential component of the septal ring structure that mediates cell
division in E. coli. Cell 88, 175-185 (1997).

47. Mosyak et al. The bacterial cell-division protein ZipA and its interaction with an FtsZ fragment revealed by X-ray crystallography.
EMBO]J. 19, 3179-3191 (2000).

48. Kumar, N., Radhakrishnan, A., Su, C. C., Osteryoung, K. W. & Yu, E. W. Crystal structure of a conserved domain in the
intermembrane space region of the plastid division protein ARC6. Protein Sci. 25, 523-529 (2016).

49. Osteryoung, K. W. & McAndrew, R. S. The plastid division machine. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 315-333 (2001).

50. Glynn, J. M., Froehlich, J. E. & Osteryoung, K. W. Arabidopsis ARC6 coordinates the division machineries of the inner and outer
chloroplast membranes through interaction with PDV2 in the intermembrane space. Plant Cell 20, 2460-2470 (2008).

51. Corbin, B. D., Geissler, B., Sadasivam, M. & Margolin, W. Z ring-independent interaction between a subdomain of FtsA and late
septation proteins as revealed by a polar recruitment assay. J. Bacteriol. 186, 7736-7744 (2004).

52. Shiomi, D. & Margolin, W. Compensation for the loss of the conserved membrane targeting sequence of FtsA provides new insights
into its function. Mol. Microbiol. 67, 558-569 (2008).

53. Weiss, D. S., Chen, J. C., Ghigo, ]. M., Boyd, D. & Beckwith, J. Localization of FtsI (PBP3) to the septal ring requires its membrane
anchor, the Z ring, FtsA, FtsQ, and FtsL. J. Bacteriol. 181, 508-520 (1999).

54. Bur6n-Barral, M. C., Gosink, K. K. & Parkinson, J. S. Loss- and gain-of-function mutations in the F1-HAMP region of the
Escherichia coli aerotaxis transducer Aer. J. Bacteriol. 188, 3477-3486 (2006).

Acknowledgements

We thank Dr. Margolin (University of Texas Houston) for providing strains WM1074 and WM2764; Dr.
Horiguchi (Rikkyo University) for providing A. thaliana cDNA; Moeka Hayashi (Rikkyo University) for technical
assistance; and all members of the Shiomi lab for invaluable suggestions. This work was supported by the Strategic
Research Foundation Grant-aided Project for Private Universities (51201003 to D.S.) from the Ministry of
Education, Culture, Sports, Science and Technology, Japan.

Author Contributions
H.I. designed and performed the research, analyzed the data, and wrote the article. D.S. designed the research,
analyzed the data, and wrote the article.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03698-6

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:3492| DOI:10.1038/541598-017-03698-6 14


http://dx.doi.org/10.1038/s41598-017-03698-6
http://creativecommons.org/licenses/by/4.0/

	ARC6-mediated Z ring-like structure formation of prokaryote-descended chloroplast FtsZ in Escherichia coli

	Results

	Chloroplast FtsZ2 assembles into filaments in E. coli in a manner partially dependent on its N-terminus. 
	Membrane-tethered FtsZ2 forms multiple Z ring-like structures. 
	Stromal protein ARC3 inhibits FtsZ assembly in E. coli cells as in chloroplasts. 
	Chloroplast inner envelope membrane protein ARC6 accelerates FtsZ2 assembly into Z ring-like structures through interaction ...
	FtsZ1 affects the filament morphology of FtsZ2 in E. coli cells. 

	Discussion

	Methods

	Bacterial strains and growth media. 
	Plasmids. 
	Immunoblotting. 
	Microscopy. 
	Cell fractionation. 

	Acknowledgements

	Figure 1 Chloroplast FtsZ2 assembles into filaments in Escherichia coli in a manner partially dependent on its N-terminus.
	Figure 2 Membrane-tethered FtsZ2 forms multiple Z ring-like structures.
	Figure 3 Stromal protein ARC3 exerts inhibitory effects on FtsZ assembly in E.
	Figure 4 Chloroplast inner envelope membrane protein ARC6 accelerates FtsZ2 assembly into Z ring-like structures by interacting with the FtsZ2 C-terminus.
	Figure 5 FtsZ1 affects the filament morphology of FtsZ2 in E.




