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Significance

Cytoskeletal proteins are tightly 
controlled to ensure their proper 
dynamics and function. Here, we 
study the regulation of the 
bacterial tubulin homolog FtsZ, a 
core component of the bacterial 
cell division apparatus, by its 
alphaproteobacterial regulator 
MipZ. FtsZ forms polarized, 
treadmilling filaments at the 
division site, passing through 
different conformational states 
during its polymerization cycle. 
Using a range of different 
approaches, including hydrogen–
deuterium exchange and 
fluorescence correlation 
spectroscopy, we show that MipZ 
can sequester FtsZ monomers, 
affect the conformation of FtsZ, 
and block the polymerization 
interface at the (+)-end of FtsZ 
filaments, thereby disrupting 
their treadmilling dynamics and 
inducing filament disassembly. 
This combination of mechanisms 
may help to fine-tune the 
regulatory effect of MipZ and 
ensure robust division site 
placement.
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MipZ caps the plus-end of FtsZ polymers to promote their rapid 
disassembly
Laura Corrales-Guerreroa,1,2 , Wieland Steinchenb,c , Beatrice Rammd,3 , Jonas Mückschd , Julia Rosuma, Yacine Refesa, Thomas Heimerlb,  
Gert Bangeb,c,e , Petra Schwilled , and Martin Thanbichlera,b,f,1

Edited by Christine Jacobs-Wagner, Stanford University, Stanford, CA; received May 19, 2022; accepted November 1, 2022

The spatiotemporal regulation of cell division is a fundamental issue in cell biology. 
Bacteria have evolved a variety of different systems to achieve proper division site 
placement. In many cases, the underlying molecular mechanisms are still incompletely 
understood. In this study, we investigate the function of the cell division regulator MipZ 
from Caulobacter crescentus, a P-loop ATPase that inhibits the polymerization of the 
treadmilling tubulin homolog FtsZ near the cell poles, thereby limiting the assembly of 
the cytokinetic Z ring to the midcell region. We show that MipZ interacts with FtsZ in 
both its monomeric and polymeric forms and induces the disassembly of FtsZ polymers 
in a manner that is not dependent but enhanced by the FtsZ GTPase activity. Using 
a combination of biochemical and genetic approaches, we then map the MipZ–FtsZ 
interaction interface. Our results reveal that MipZ employs a patch of surface-exposed 
hydrophobic residues to interact with the C-terminal region of the FtsZ core domain. In 
doing so, it sequesters FtsZ monomers and caps the (+)-end of FtsZ polymers, thereby 
promoting their rapid disassembly. We further show that MipZ influences the confor-
mational dynamics of interacting FtsZ molecules, which could potentially contribute 
to modulating their assembly kinetics. Together, our findings show that MipZ uses a 
combination of mechanisms to control FtsZ polymerization, which may be required 
to robustly regulate the spatiotemporal dynamics of Z ring assembly within the cell.

bacterial cell division | divisome | division site placement | FtsZ inhibitor | cytoskeleton

The Z ring was the first prokaryotic cytoskeletal structure to be identified (1, 2). It is 
formed by the tubulin homolog FtsZ and serves to recruit other divisome components to 
midcell prior to cell division (3–5). Like tubulin, FtsZ shows the ability to bind and 
hydrolyze guanosine-5'-triphosphate (GTP) (6–8). It has a conserved domain architecture 
that includes i) a variable N-terminal region; ii) a GTPase domain, composed of an 
N-terminal subdomain (NTD) and a C-terminal subdomain (CTD) that are separated 
by a long central helix (helix 7); iii) a long flexible linker; and iv) a conserved C-terminal 
peptide followed by a short variable region (9–14). FtsZ polymerization is a highly dynamic 
process that involves the association of molecules in the GTP-bound state and their dis-
sociation upon nucleotide hydrolysis (15). Upon polymerization, FtsZ is thought to 
undergo a conformational change (16, 17), similar to eukaryotic cytoskeletal proteins 
such as actin and tubulin (18–20). In support of this notion, recent structural analyses of 
the polymeric (open-cleft) form of FtsZ revealed a downward shift of helix H7 and a 
rotation of the CTD compared to the monomeric (closed-cleft) form (2, 21–23). As also 
suggested for actin (19), this conformational change may promote intersubunit interac-
tions, which in turn favor nucleotide hydrolysis (22–24), thereby destabilizing the subunit 
interface and promoting filament disassembly. Recent in vitro (25, 26) and in vivo (27, 
28) work has shown that FtsZ polymers treadmill, whereby new subunits are preferentially 
added at the (+)-end and released from the (−)-end of the filament. This feature turned 
out to be essential for proper remodeling of the peptidoglycan layer during septum for-
mation (27–29). The intrinsic polarity of FtsZ filaments is thought to result from differ-
ential interactions between the two terminal (open-cleft) subunits of the polymer and free 
(closed-cleft) monomers, which translate into distinct kinetics of subunit addition at the 
two ends (30). Notably, it has been suggested that new FtsZ subunits attach to the filament 
through their nucleotide-binding interface, yielding a directionality opposite to that of 
tubulin (31).

FtsZ polymerization needs to be tightly regulated to ensure correct cell division. To 
position their divisome at midcell, bacteria use both positive and negative regulators that 
stabilize the Z ring at the division plane (32–36) or inhibit its assembly at eccentric posi-
tions (37–40). Moreover, various regulatory factors are in place to modulate Z ring assem-
bly in response to the growth conditions (41–43). The molecular mechanisms that have 
evolved to negatively regulate FtsZ assembly are diverse and include, for instance, the D
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sequestration of monomers (44, 45), the capping of the C-terminal 
polymerization interface (plus-end) (46), and the fragmentation 
of polymers (47). Similar principles also apply to the control of 
tubulin dynamics in eukaryotic cells (48). However, some of the 
regulatory mechanisms found for tubulins, such as severing (48) 
or active disassembly (49), have not been observed for FtsZ to 
date. Yet, it is unclear whether these mechanisms are truly specific 
for the eukaryotic domain.

Many alphaproteobacteria lack common negative regulators of 
FtsZ such as the MinCD or nucleoid occlusion systems. Instead, 
they possess the MipZ protein, a gradient-forming P-loop ATPase 
of the ParA/MinD family, that uses the dynamics of chromosome 
segregation to control division site placement (39, 50). Like its 
family relatives, MipZ relies on its ATPase cycle for proper acti-
vation and localization (51, 52). MipZ monomers interact with 
complexes of the chromosome partitioning protein ParB at the 
cell poles, which stimulates their adenosine-5’-triphosphate 
(ATP)-dependent dimerization (52). The resulting dimers are 
released from ParB and interact nonspecifically with chromosomal 
DNA (51, 53), giving rise to a dynamic bipolar concentration 
gradient with minimum in the midcell region. Dimerization ena-
bles MipZ to interact with FtsZ and thus inhibit Z ring formation 
along the MipZ gradient, thereby limiting cell division to the cell 
center (39). The intrinsic ATPase activity of MipZ eventually 
promotes dissociation of the dimeric complex, generating mon-
omers that reassociate with ParB to start the next localization cycle 
(39, 51).

In this study, we use a multipronged approach to investigate 
the molecular mechanism underlying the inhibition of FtsZ 
polymerization by MipZ. Our results indicate that the regulatory 
activity of MipZ is based on a combination of different effects. At 
the cell poles, where its concentration is high, it may be able to 

sequester FtsZ monomers. In addition, MipZ can cap the (+)-end 
of FtsZ polymers, thereby disrupting their treadmilling dynamics 
and stimulating their disassembly. We further show that MipZ 
binding affects the conformational dynamics of FtsZ molecules, 
which could provide an additional means to modulate their 
polymerization kinetics. Thus, MipZ emerges as a versatile cell 
division regulator that employs various mechanisms to efficiently 
control division site placement.

Results

MipZ Directly Interacts with FtsZ to Inhibit Its Polymerization. 
Previous work has revealed that, in the presence of MipZ, FtsZ 
has a moderately increased GTPase activity and forms shorter 
polymers that display a reduced tendency to sediment during 
ultracentrifugation (39). However, so far, no direct interaction 
between MipZ and FtsZ has been detected in vitro. To study 
the nature of the inhibitory effect of MipZ in more detail, we 
purified the two proteins and verified their functionality in vitro 
(SI Appendix, Fig. S1 A–D). Subsequently, we investigated the 
binding of MipZ to FtsZ by biolayer interferometry (54), using 
biotinylated FtsZ monomers coupled to a streptavidin-coated 
sensor as a bait (Fig. 1). While monomeric MipZ bound FtsZ 
with only low affinity, dimeric MipZ obtained by incubation of 
the protein with the slowly hydrolysable ATP analog adenosine 
5'-[γ-thio]-triphosphate (ATPγS) showed an interaction with 
an apparent equilibrium dissociation constant (KD) of ~11 µM 
(Fig. 1 B–D). Notably, MipZ also interacted with biotinylated 
FtsZ that had been preincubated with guanosine-5'-[(β,γ)-
methyleno]triphosphate (GMPPcP), a slowly hydrolysable GTP 
analog inducing the formation of stable short, curved polymers 
that can be readily immobilized on the sensor chip. However, 
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Fig. 1. MipZ binds directly to FtsZ. (A) Schematics depicting FtsZ polymerization in the presence of GTP or its nonhydrolyzable analogs GMPPcP or GMPcPP (Top) 
and MipZ dimerization in the presence of ATP or the nonhydrolyzable analog ATPγS (Bottom). (B) Biolayer interferometry analysis of the interaction between 
FtsZ and MipZ. Biotinylated FtsZ immobilized on a streptavidin-coated biosensor was probed with MipZ (15 µM) in the absence or presence of 1 mM ATPγS or 
2 mM GMPPcP. At the end of association phase, the sensor was washed with protein-free buffer to follow MipZ dissociation. Components in parentheses were 
preincubated together before the start of the binding reaction. Note that 77% of the FtsZ molecules were associated with guanosine-5'-diphosphate (GDP) after 
purification. (C) Titration series analyzing the interaction of immobilized FtsZ with increasing concentrations (5 to 75 µM) of MipZ in the presence of ATPγS. (D) 
Binding affinity of MipZ•ATPγS dimers for FtsZ monomers. The wavelength shifts measured at the end of the association phase (Bmax) from panel c were plotted 
against the protein concentration. The apparent equilibrium dissociation constant (KD) of the FtsZ·MipZ complex was obtained by fitting the data to a one-site 
saturation ligand binding model. The KD value represents the average of three independent experiments (±SD). The graph shows the results of a representative 
experiment.
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in this case, the number of interacting MipZ molecules was 
significantly lower, while the binding affinity remained largely 
constant (Fig.  1B  and SI Appendix, Fig.  S2A), suggesting that 
polymerization may reduce the number of sites available for MipZ 
binding. To confirm that MipZ can interact with FtsZ polymers, 
we tested the effect of MipZ dimers on FtsZ sedimentation in the 
presence of GTP, GMPPcP, or guanosine-5'-[(α,β)-methyleno]
triphosphate (GMPcPP), another slowly hydrolyzable GTP analog 
that produces very long, rigid FtsZ polymers. In all conditions, the 
amount of FtsZ recovered from the pellet after ultracentrifugation 
decreased when MipZ was included in the reaction (SI Appendix, 
Fig.  S2B). At the same time, MipZ cosedimented with the 
remaining FtsZ polymers, supporting the notion that it interacts 
with the polymeric form of FtsZ.

Next, we monitored the effect of MipZ on FtsZ polymerization 
over time using fluorescence correlation spectroscopy (FCS). This 
technique determines the diffusional mobility of molecules in 
solution and thus provides a measure of their average particle sizes 
(55). Upon the addition of GTP, the diffusion coefficient of FtsZ 
gradually increased to a value much lower than the one observed 
for the monomeric form, reflecting the formation of slowly dif-
fusing polymers (Fig. 2 and SI Appendix, Fig. S3). By contrast, 
no change was observed for an FtsZ variant (FtsZN211A) carrying 
a mutation in the C-terminal polymerization interface that 

prevents its assembly into higher-order structures (56) (SI Appendix, 
Figs. S1B and S4A). Importantly, FtsZ•GTP polymers disassem-
bled rapidly when mixed with MipZ dimers at a 2:1 (FtsZ:MipZ) 
ratio (Fig. 2 A and B). Titration experiments showed that the 
inhibitory effect of MipZ was concentration dependent (Fig. 2 A, 
C, and D). Notably, its maximum was already reached at substo-
ichiometric MipZ concentrations, suggesting that MipZ may not, 
or at least not exclusively, act by sequestering FtsZ monomers 
(Fig. 2 C and D). However, even at high MipZ concentrations, 
the diffusion coefficient of FtsZ•GTP remained slightly (19%) 
lower than the one observed for the monomeric form. This effect 
may be, at least partially, explained by an interaction of MipZ 
with the FtsZ monomers released in the depolymerization reac-
tion, because a similar increase in the diffusion coefficient was 
observed when MipZ was added to constitutively monomeric 
FtsZN211A•GTP (Fig. 2B). Moreover, it is conceivable that the 
rapid assembly kinetics of FtsZ•GTP make it difficult for MipZ 
to convert FtsZ to a purely monomeric state. Together, these 
results show that MipZ is a potent FtsZ inhibitor, whose action 
relies on a highly dynamic interaction with its target.

The FtsZ GTPase Activity is Not Essential But Conducive for 
the Inhibitory Effect of MipZ. All FtsZ inhibitors known to date 
appear to require the GTPase activity of FtsZ to prevent FtsZ 
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polymerization  (31, 45, 57). Similarly, MipZ was reported to 
increase the GTPase activity of FtsZ by twofold (39). To assess the 
mechanistic significance of this stimulatory effect, we monitored 
the influence of MipZ on the mobility of FtsZ•GMPcPP polymers 
by FCS. In the presence of GMPcPP, FtsZ formed larger filaments 
that disassembled only slowly after the addition of MipZ (Fig. 2). 
Interestingly, the disassembly process was biphasic, with an initial 
slow phase that led to partial depolymerization of FtsZ, followed 
by a rapid second phase culminating in its complete disassembly 
(Fig.  2A). As a complementary approach, we compared the 
activity of MipZ on FtsZ•GTP or FtsZ•GMPcPP polymers 
by sedimentation assays and transmission electron microscopy. 
When FtsZ monomers were incubated with MipZ dimers prior 
to the start of polymerization, MipZ was able to efficiently 
prevent polymerization regardless of the nature of the nucleotide  
(Fig. 3). However, when preassembled in the absence of MipZ 
dimers, FtsZ•GMPcPP polymers showed less sensitivity to MipZ 
than FtsZ•GTP polymers, consistent with the results of the FCS 
analysis. A similar behavior was observed for FtsZ in the presence 

of the alternative GTP analog, GMPPcP, and for GTP-induced 
polymers of FtsZD213A (SI Appendix, Figs. S1E and S4A), a variant 
with strongly reduced GTPase activity (SI Appendix, Fig. S1B). 
Thus, MipZ appears to rely on the FtsZ GTPase activity for full 
inhibition, although it also acts on hydrolysis-impaired polymers, 
albeit with reduced efficiency.

FtsZ Specifically Interacts with the S6-H7 Region of MipZ. 
MipZ dimers interact with both chromosomal DNA and FtsZ, 
and they are thought to inhibit FtsZ polymerization while being 
dynamically associated with the nucleoid in vivo (39, 51). Whereas 
the DNA-binding site of MipZ has been recently narrowed down 
to a positively charged patch of amino acids at the interface 
between the two monomers (53), the determinants mediating its 
interaction with FtsZ are still unknown. To better understand the 
regulatory effect of MipZ, we aimed to map the binding interfaces 
between the two proteins. For this purpose, MipZ dimers were 
subjected to hydrogen–deuterium exchange (HDX) analysis (58) 
in the absence or presence of FtsZ to monitor local shifts in the 
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At least 100 filaments were counted for every condition. ****P < 0.0001 (Student’s t test). The difference in the results obtained for FtsZ with both GMPcPP and 
MipZ in different orders of addition was not statistically significant.
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accessibility of backbone amide hydrogens caused by FtsZ binding. 
Peptides of MipZ that showed a reduced rate of deuterium uptake 
in the presence of FtsZ clustered in two distinct regions of the 
protein (Fig. 4A and Dataset S1 and SI Appendix, Fig. S5A). One 
of these regions (residues 141 to 180) was specifically involved in 
FtsZ binding, encompassing helix H7 as well as a structural feature 
comprising sheet S6/S7 and loop S6-S7 that differentiates MipZ 
from homologous P-loop ATPases such as ParA and MinD (51). 
The second region (195 to 205, 238 to 259), by contrast, including 
helices H8 and H10, overlapped with the previously characterized, 
highly positively charged DNA-binding site (53). Notably, the 
DNA-binding site is located at the rim of the dimer interface and 
composed of residues from both subunits. The FtsZ-specific site, 
by contrast, only comprises residues from within each subunit, 
yielding two sites per MipZ dimer, located on the opposite sides 
of the complex (Fig. 4A).

To clarify the role of the two binding sites in the interaction 
with FtsZ, we purified two MipZ variants containing either three 
amino acid exchanges (K155A R167A K168A) in the FtsZ-specific 
site (MipZ-F3) or two exchanges (R194A R219A) in the previ-
ously characterized DNA-binding site (MipZ-D2). The resulting 
mutant proteins had normal ATPase activity, suggesting that 

protein folding, nucleotide binding, and dimerization were unaf-
fected (SI Appendix, Fig. S1 C and D). As expected, both variants 
showed a marked decrease in their affinity for FtsZ in biolayer 
interferometry assays (Fig. 4B), confirming the contribution of 
the two sites to the MipZ–FtsZ interaction in vitro. Interestingly, 
MipZ-D2 exhibited a stronger reduction in the binding signal 
than MipZ-F3. However, only mutation of the FtsZ-specific site 
abolished the ability of MipZ to prevent the sedimentation of FtsZ 
polymers or stimulate the FtsZ GTPase activity, whereas exchanges 
in the DNA-binding site had hardly any influence on the regula-
tory activity of MipZ (Fig. 4 C and D). To corroborate this result, 
we tagged wild-type MipZ and its mutant derivatives with yellow 
fluorescent protein (eYFP) and analyzed their localization behavior 
and function in cells depleted of the native MipZ protein. In doing 
so, we colocalized the fusion proteins with a red fluorescent protein 
(mCherry)-tagged derivative of the cell division protein FzlA (32) 
as a proxy for FtsZ localization. As expected, exchanges in the 
FtsZ-specific site did not affect the ability of MipZ to interact with 
the nucleoid and condense into ParB-proximal patches. 
Nevertheless, the cells showed a phenotype similar to the one 
observed upon MipZ depletion, producing a mixture of minicells 
and short filaments with FzlA located at eccentric positions 
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Fig.  4. Identification of the FtsZ-binding site(s) of MipZ. (A) Maximum differences in deuterium uptake between the MipZD42A•ATPγS-FtsZ complex and 
MipZD42A•ATPγS alone observed throughout the whole time course (0.5, 1, 2, and 10 min) mapped on the crystal structure of MipZ. Blue color indicates regions 
protected (lower HDX) upon FtsZ binding. (B) Biolayer interferometry analysis of the interaction between FtsZ and the F3 (K155A R167A K168A) and D2 (R194A 
R219A) variants of MipZ. Biotinylated FtsZ immobilized on a streptavidin-coated biosensor was probed with the indicated MipZ variants (15 µM) in the presence of 
1 mM ATPγS. When indicated, a 14-bp dsDNA oligonucleotide (7.5 µM) was included in the reaction. (C) Effects of different MipZ variants on FtsZ polymerization. 
FtsZ (3 µM) was incubated with 2 mM GTP in the absence or presence of the indicated MipZ•ATPγS variants (6 µM). When indicated, a 14-bp dsDNA oligonucleotide 
(3 µM) was included in the reactions. After ultracentrifugation, the amount of sedimented FtsZ was quantified by SDS-PAGE. The bar chart shows the average (±SD) 
amount of sedimented FtsZ recovered from the pellet. Data represent the results of 3 to 7 independent experiments (dots). The significance of differences to the 
MipZ-free condition was tested using the Student’s t test (ns: not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001). (D) GTPase activity of FtsZ in the presence 
of different MipZ variants. FtsZ (3 µM) was assayed in the absence (none) or presence of the indicated MipZ•ATPγS variants (4 µM). When indicated, a 14-bp 
dsDNA oligonucleotide (3 µM) was included in the reactions. The bar chart shows the average (±SD) of 2 to 6 independent experiments (dots). The significance 
of differences to the MipZ-free condition was tested using the Student’s t test (ns: not significant, ***P < 0.001, ****P < 0.0001). (E) Subcellular localization and 
functionality of different MipZ-eYFP variants. Shown are overlays of phase contrast and fluorescence images of MipZ-depleted cells (LC33, LC34, and LC36) 
producing the indicated MipZ-eYFP variants as well as mCherry-FzlA (false colored in cyan) as a proxy for the divisome. Minicells (white arrows) and mislocalized 
divisomes (asterisks) are indicated. The percentage of minicells produced by each strain is given in the lower left corner of the images. (Scale bar, 3 µm.)D
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(Fig. 4E and SI Appendix, Fig. S6 A and B). These results suggest 
that the FtsZ-specific site is required for MipZ to productively 
interact with FtsZ and mediate the positioning of FtsZ at midcell. 
Defects in the DNA-binding site, by contrast, led to dispersion 
of MipZ within the cell and completely inhibited cell division 
(Fig. 4E), likely because MipZ retained its ability to interact with 
FtsZ but was no longer associated with the nucleoid, thereby 
inhibiting FtsZ polymerization throughout the cell (53).

To further investigate the role of the DNA-binding site in the 
regulatory activity of MipZ, we reinvestigated the association of 
MipZ with FtsZ in the presence of DNA. Notably, DNA reduced 
the FtsZ-binding activity of wild-type MipZ to a level slightly 
lower than that observed for MipZ-D2. Moreover, it completely 
abolished the binding of MipZ-F3, whereas it had no effect on 
the interaction with MipZ-D2 (Fig. 4B), indicating that FtsZ and 
DNA compete for interaction with the MipZ DNA-binding site. 
Importantly, however, the obstruction of the DNA-binding site 
by DNA had no adverse effects on the ability of MipZ to prevent 
the sedimentation of FtsZ or stimulate its GTPase activity (Fig. 4 
C and D). Thus, only the FtsZ-specific site is required for MipZ 
to inhibit FtsZ polymerization, although its DNA-binding site 
contributes to the interaction with FtsZ, thereby potentially mod-
ulating MipZ activity in vivo.

The FtsZ-specific site and its surroundings contain a conspicu-
ous array of exposed hydrophobic or charged residues (SI Appendix, 

Fig. S7A). To further corroborate the importance of this region for 
the regulatory effect of MipZ, we analyzed additional MipZ vari-
ants with exchanges in helix H7 (L161A, W164A, K168A, and 
L172A) and at the C-terminal end of helix H8 (K208A R209A). 
Cells producing these variants in place of the wild-type protein 
again displayed mild-to-severe cell division defects (SI Appendix, 
Fig. S6). Moreover, most of the variants also showed defects in 
GTPase stimulation and/or FtsZ binding (SI Appendix, Fig. S7 B 
and C). Together, these findings support the notion that the FtsZ-
specific site is critical for the inhibitory activity of MipZ in vitro 
and in vivo.

MipZ Inhibits FtsZ Assembly by Interacting with the C-terminal 
Polymerization Interface. Knowledge about the binding site of an 
FtsZ inhibitor can help to understand the underlying regulatory 
mechanism. We, therefore, probed the effect of MipZ on the 
accessibility of the FtsZ surface by HDX analysis (Dataset S2). As 
a reference, we first monitored shifts in the HDX pattern resulting 
from GMPPcP-induced polymerization of FtsZ in the absence 
of MipZ (Fig. 5A and SI Appendix, Fig. S5B). As expected, we 
observed drastic changes throughout the entire GTPase domain 
of FtsZ, which can be explained by the sum of three events: 
i) nucleotide binding and protection of the polymerization 
interfaces, which comprise loops H6-H7 and S3-H3 (T3) within 
the NTD as well as loop H7-H8 (T7) and helix H10 in the CTD 
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Fig. 5. Identification of the MipZ-binding site of FtsZ. (A) Maximum differences in deuterium uptake between FtsZ in the presence or absence of GMPPcP (2 
mM) observed throughout the whole time course (0.5, 1, 2, and 10 min) mapped on a structural model of the FtsZ GTPase domain. Blue color indicates regions 
protected (lower HDX) in the presence of GMPPcP. (B) Maximum differences in deuterium uptake between the FtsZ-MipZD42A complex and FtsZ alone in the 
presence of ATPγS. Blue and red color indicate regions of FtsZ that are protected (lower HDX) or deprotected (higher HDX), respectively, in the presence of 
MipZ. (C) Effect of MipZ on the GTPase activities of FtsZ and its L277A derivative. The indicated FtsZ proteins (2 µM) were assayed in the absence or presence 
of MipZ•ATPγS (4 µM). The apparent kcat values obtained were normalized to the value measured for wild-type FtsZ without MipZ. The bar chart shows the 
average (±SD) from three independent experiments (dots). Statistical significance was tested using a Student’s t test (ns: not significant, **P < 0.01). (D) Biolayer 
interferometry analysis of the interaction of MipZ with an N-terminal (FtsZ-N) fragment and a C-terminal (FtsZ-C) fragment of FtsZ, performed as described in 
Fig. 1B. (E) HDX analysis of the interaction of MipZ with full-length StrepII-FtsZ and a truncated variant comprising only helix H7 and the CTD (FtsZΔNC). The heat 
plots show the changes in the HDX pattern of MipZ induced by the addition of the indicated FtsZ proteins for a series of representative peptides (see Dataset 
S3 for the full list of peptides). Blue color indicates reduced deuterium uptake in the presence of the interactor.
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(59); ii) protection of lateral interaction surfaces, including helices 
H3 and H5 and sheet S7 (60); and iii) polymerization-associated 
conformational changes, affecting helices H1 and H6, loop T6, 
helix H7, loop T7, and helices H9-S8 (30).

On mixing FtsZ monomers with MipZ•ATPγS dimers (Fig. 5B 
and SI Appendix, Fig. S5B), we observed a strong protection of 
helix 7 and the CTD at the C-terminal polymerization interface 
of FtsZ, which likely reflects an interaction of MipZ with this 
region of the protein. Smaller changes in HDX, including an 
increased exposure of some segments, were also detected in the 
adjacent regions of the NTD, likely reflecting conformational 
changes induced by the binding event. Together, these results 
indicate that MipZ interacts with regions that are exposed at the 
(+)-end of FtsZ polymers.

To probe the putative MipZ binding site suggested by HDX 
analysis, we purified an FtsZ variant (L277A) bearing a single 
amino acid exchange in a region of helix H10 that was highly 
protected upon the addition of MipZ (Fig. 5B and SI Appendix, 
Fig. S1A). The mutant protein showed close-to-normal GTPase 
activity (Fig. 5C) and formed polymers similar to those of the 
wild-type protein (SI Appendix, Fig. S4D), indicating that the 
exchange did not have any significant effect on the nucleotide-
dependent assembly of FtsZ, even though it was located in the 
vicinity of the polymerization interface. We then analyzed the 
ability of MipZ to interact productively with the mutant FtsZ 
protein. Importantly, MipZ was no longer able to stimulate the 
GTPase activity of FtsZL277A (Fig. 5C) nor could it induce the 
depolymerization of FtsZL277A filaments (SI Appendix, Fig. S4D), 
supporting the notion that helix H10 and the surrounding regions 
in the CTD of FtsZ are central components of the MipZ-binding 
interface. To further verify the MipZ binding site, we purified 
two FtsZ fragments, comprising either the N-terminal region of 
the protein up to the beginning of helix H7 (FtsZ-N; amino 
acids 1 to 182) or the adjacent C-terminal region (FtsZ-C; amino 
acids 183 to 508), and studied their interaction with MipZ by 
biolayer interferometry (Fig. 5D). While MipZ was unable to 
bind FtsZ-N, its interaction with FtsZ-C was similar to that 
observed with the full-length protein (compare Fig. 1B), consist-
ent with the hypothesis that the MipZ-binding site is located in 
the CTD.

The conserved C-terminal peptide following the long variable 
linker of FtsZ is targeted by many different regulators (34, 44, 
61). However, nonstructured protein regions show very high HDX 
rates, which makes it difficult to detect their interaction with other 
factors based on HDX analysis. To explore whether the flexible 
C-terminal region of FtsZ could contribute to MipZ binding, we 
therefore purified two FtsZ variants lacking the C-terminal linker 
(Ctl) or the conserved C-terminal peptide (Ctp) (SI Appendix, 
Fig. S1A), and analyzed their interaction with MipZ using the 
effect of MipZ on their GTPase activity and polymerization (as 
observed by TEM) as a proxy. We found that both variants were 
still sensitive to MipZ (SI Appendix, Figs. S1B and S4A), suggest-
ing that the regulatory function of MipZ relies on interactions 
with the FtsZ core domain. In a complementary approach, we 
used HDX analysis to study the interaction of truncated FtsZ 
variants with MipZ. Notably, a fragment comprising only helix 
H7 and the CTD (FtsZΔNC, amino acids 183 to 320) changed 
the HDX pattern of MipZ in the same way as the full-length FtsZ 
protein (Fig. 5E and Dataset S3). These results show that the 
C-terminal region of the FtsZ GTPase domain contains all deter-
minants mediating the interaction of FtsZ with the FtsZ-specific 
site and the DNA-binding site of MipZ.

To obtain insights into the structural basis of the MipZ–FtsZ 
interaction, we performed computational modeling studies with 

AlphaFold-Multimer (62), using a MipZ dimer and an FtsZ frag-
ment (amino acids 183 to 325) comprising helix H7 and the CTD 
as a starting point. Strikingly, the predicted structure was perfectly 
in line with the experimental data and suggested an interaction 
between the FtsZ-specific site of MipZ and the CTD of FtsZ as 
identified by HDX analysis (SI Appendix, Fig. S8 A–C). The inter-
action determinants in MipZ include all residues in strand S7, 
helix H7, and helix H8 shown to be important for the regulatory 
effect of MipZ in this study (compare Fig. 4C and SI Appendix, 
Fig. S6A). Their side chains form hydrogen bonds and a dense 
network of hydrophobic interactions with residues in helix H10, 
loop S8-H10, and loop T7 of the CTD, including the verified 
interaction determinant L277. A similar interface was also 
obtained in predictions using full-length FtsZ (SI Appendix, 
Fig. S8D) or an MipZ monomer (SI Appendix, Fig. S8E). These 
findings further corroborate the central role of the FtsZ-specific 
site in MipZ function.

MipZ Binding Stabilizes FtsZ in a Distinct Conformation. Similar 
to tubulin and other eukaryotic cytoskeletal elements, FtsZ was 
shown to exist in two distinct conformations (the closed- and 
open-cleft states) that differ in the arrangement of the NTD 
relative to helix H7 and the CTD. Monomers are typically 
found in the closed-cleft state, lacking a complete polymerization 
interface, and transition to the open-cleft state upon integration 
into a polymer  (30). Interestingly, when further analyzing the 
HDX profiles of FtsZ monomers, we observed that the mass/
charge profiles of multiple peptides showed a bimodal distribution 
(Fig. 6 A, D, and E and Dataset S2 and SI Appendix, Fig. S9A). 
This was particularly true for peptides located in helix H7 or 
the CTD, which both move significantly relative to the NTD 
during the closed-to-open-cleft transition (30) as well as in regions 
surrounding H7 (including H1, which is in direct contact with 
H7). This finding indicates structural flexibility in certain regions 
of the protein, possibly due to spontaneous transitions between the 
closed- and open-cleft states. A similar modality profile, albeit with 
slight differences in the proportions of the different populations, 
was obtained for a constitutively monomeric FtsZ variant 
carrying mutations in both polymerization interfaces (F182E 
L276E) (31) (SI Appendix, Figs. S1 A and B and S9 B and C and 
Dataset S4), excluding the possibility that the observed bimodal 
behavior reflects a dynamic equilibrium between monomers and 
small oligomers. Based on this finding, we next analyzed the 
modality profile of polymeric FtsZ, generated by incubation with 
GMPPcP. Under this condition, essentially all peptides switched 
to unimodal distributions (Fig. 6B and SI Appendix, Fig. S9A) 
that either resembled the distributions observed for the slow-
exchanging subpopulation of FtsZ monomers or were shifted 
to even lower mass/charge ratios, indicating further increased 
protection. These results support the notion that polymerization 
stabilizes FtsZ in the open-cleft conformation (30) and causes a 
global transition of the protein to a more protected state. The only 
exception was a peptide (amino acids 68 to 84) in the T3 loop 
region of the NTD GTPase subdomain, which switched from a 
unimodal (unprotected) to a bimodal distribution in the presence 
of GMPPcP, consistent with the flexibility of this region observed 
in crystallographic studies (30).

Importantly, incubation of FtsZ monomers with MipZ•ATPγS 
also induced a low-flexibility state, in which all peptides adopted 
unimodal mass/charge distributions (Fig. 6C and SI Appendix, 
Fig. S9A). Peptides close to the T7 loop and helix H10 (213 to 
243, 254 to 265, and 278 to 307) were strongly protected, likely 
due to direct interaction with MipZ. By contrast, those in other 
regions of the protein, including helices H7 and H1 (amino acids D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 U

N
IV

E
R

SI
D

A
D

 D
E

 S
E

V
IL

L
A

 o
n 

M
ar

ch
 2

1,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
0.

21
4.

18
2.

23
5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208227119#supplementary-materials


8 of 12   https://doi.org/10.1073/pnas.2208227119� pnas.org

34 to 43, 150 to 157, 168 to 172, 183 to 203, and 243 to 253), 
mostly adopted intermediate mass/charge distributions, with max-
ima different from the ones identified for monomeric FtsZ alone. 
These results suggest that MipZ binding stabilizes FtsZ in a 
defined conformation that differs from the typical open- and 
closed-cleft states.

Discussion

The control of FtsZ polymerization has been studied intensively, 
but for many of the known regulatory factors the mechanisms of 
action are still incompletely understood. The well-characterized 
examples mainly act by sequestering FtsZ monomers or capping 
polymers (44–46). This study now reports a bacterial cell division 
inhibitor that induces a conformational change in FtsZ which 
could potentially also destabilize filaments at the (+)-end, thus 
resembling eukaryotic cytoskeletal regulators.

We show that MipZ binds monomeric FtsZ with moderate 
affinity (Fig. 1A) and is thus, in principle, able to act as a seques-
terer. However, this is unlikely to be its only role, since sequesterers 
do not increase GTP turnover but, on the contrary, reduce it by 
limiting the incorporation of new FtsZ•GTP subunits. Moreover, 
to efficiently compete with homotypic interactions between FtsZ 
subunits, sequesterers usually need to bind FtsZ with affinities 
that are comparable to or higher than those between FtsZ subunits 
within the polymer, as for instance shown for Escherichia coli SulA 
and SlmA (38, 44, 45, 63). While the KD value of the interaction 

between MipZ and FtsZ monomers is in the range of 10 to 
20 µM, the critical concentration of FtsZ is only 0.3 µM 
(SI Appendix, Fig. S1F). Thus, sequestration may only be effective 
at relatively high MipZ concentrations. MipZ indeed strongly 
impaired FtsZ assembly when added at a concentration (6 µM) 
close to the KD value, in particular when preincubated with FtsZ 
before the start of the polymerization reaction (Fig. 3). However, 
marked effects on FtsZ polymerization were already observed at 
concentrations in the nanomolar range, with half of the maximum 
inhibitory effect obtained at an FtsZ:MipZ dimer ratio of 1:0.12 
(Fig. 2C). These results suggest that the inhibitory activity of 
MipZ is based on a mechanism that goes beyond sequestration.

Consistent with a more complex inhibitory mechanism, we 
found that MipZ also binds to FtsZ polymers (Fig. 1 and 
SI Appendix, Fig. S1), which is plausible because the MipZ bind-
ing site is located in the helix H10 region of FtsZ (Fig. 4A), whose 
local conformation is unaffected by the closed-to-open-cleft tran-
sition during polymerization (30). However, since this region is 
an integral part of the FtsZ polymerization interface, the only 
region accessible to MipZ in an FtsZ polymer is the first subunit 
at the (+)-end. This hypothesis is consistent with the slow activity 
of MipZ on stabilized GMPcPP-bound polymers (Fig. 2 A and 
B). In this condition, depolymerization may largely depend on 
random fragmentation, since the absence of nucleotide hydrolysis 
prevents the release of individual subunits at the (−)-end. Thus, 
right after the addition of MipZ to FtsZ polymers, only a low 
number of binding sites are available to MipZ. However, over 
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time, spontaneous fragmentation may gradually increase the num-
ber of free (+)-ends, which are again capped by MipZ and thus 
prevented from rejoining, leading to a progressive, superlinear 
decay in polymer length (compare Fig. 2A).

Notably, the ability of MipZ to block the polymerization inter-
face of FtsZ by interacting with the helix H10 region of the CTD 
is reminiscent of previously characterized FtsZ inhibitors, such as 
E. coli MinC (47) or Bacillus subtilis MciZ (46, 64). Our experi-
mental results indicate that hydrophobic residues in the FtsZ-
specific region are critical for the regulatory effect of MipZ, and 
computational modeling suggests that these residues interact with 
the helix H10/loop S8-H10/loop T7 region in the CTD of FtsZ. 
Notably, this region forms a deep hydrophobic pocket that can 
accommodate the exposed W164 residue of MipZ (SI Appendix, 
Fig. S8B), which emerged to be a key determinant of the MipZ–
FtsZ interaction in this study. A binding mode based on hydro-
phobic interactions has also been reported for B. subtilis MciZ, 
although the structural details may differ (46, 64). Thus, while 
bacterial FtsZ regulators are highly diverse in sequence and evo-
lution, their activities are based on common mechanistic princi-
ples. Interestingly, while MipZ, MinC, and MciZ target the same 
region of FtsZ, they show highly different binding affinities, which 
may be explained by their distinct modes of action. MipZ and 
MinC are part of dynamic gradient-forming systems that specifi-
cally inhibit FtsZ assembly in the pole-proximal regions of the 
cell, requiring transient, low-affinity interactions (KD~ 10 µM) 
(51, 65). MciZ, by contrast, serves to completely block cell divi-
sion in terminally differentiated cells (66) and thus forms a stable 
complex with FtsZ (KD ~ 100 nM).

Although dimerization is required for MipZ to inhibit FtsZ 
polymerization efficiently (39, 51), we found that MipZ mono-
mers were also able to interact with FtsZ, albeit with lower affinity 
(Fig. 1B). This finding is consistent with the fact that the FtsZ-
specific binding site of MipZ is located distal from the 

dimerization interface and thus, in principle, a constitutive feature 
of MipZ exists independently of its oligomerization state. In line 
with this notion, permanently monomeric MipZ variants are still 
able to inhibit cell division when overproduced from a replicating 
plasmid (SI Appendix, Fig. S10). However, unlike the wild-type 
protein, they are not able to disassemble the Z ring but rather 
appear to compromise its function, possibly by altering its archi-
tecture or dynamics. The differences in affinities between MipZ 
monomers and dimers may be due to slight differences in their 
conformations (51, 53) that may translate into distinct modes of 
interaction with FtsZ (SI Appendix, Fig. S8E).

Using HDX analysis, we were able to obtain more detailed 
mechanistic insights into the regulatory effects of MipZ. 
Interestingly, the mass/charge ratios of many peptides obtained 
from FtsZ monomers produced two distinct Gaussian distribu-
tions, indicative of a dynamic equilibrium between the closed- and 
open-cleft conformations. Importantly, after the addition of 
MipZ, several peptides, in particular from helix H7 and adjacent 
regions in the NTD, which are not directly contacted by MipZ, 
exhibited distributions that could not be attributed to either of 
these states (Fig. 6). These findings suggest that MipZ binding 
locks FtsZ in a distinct, inhibited conformation, thereby prevent-
ing sequestered monomers from reattaching to the existing poly-
mers or inducing the release of terminal subunits from capped 
(+)-ends. The ability to actively disassemble FtsZ polymers could 
explain why MipZ can already act at concentrations that are far 
below the KD of the MipZ–FtsZ interaction and therefore insuf-
ficient to saturate FtsZ to an appreciable level. MipZ could thus 
potentially act in analogy to microtubule-depolymerizing kinesins 
(families 8 and 13) in eukaryotes. This group of ATPases binds to 
the (+)-ends of microtubules and locks the terminal subunits in a 
conformation that mimics the GDP-bound state, thereby reducing 
their affinity for the adjacent subunit and promoting their release 
from the polymer (49, 67). Similar to MipZ, the kinesin-8 motor 
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Fig. 7. Model of the molecular mechanism underlying the regulation of FtsZ polymerization by MipZ. FtsZ polymerizes by the addition of new subunits at the 
(+)-end and the release of subunits at the (−)-end, leading to treadmilling. The asymmetry of FtsZ filaments is based on a switch of FtsZ from the closed to the 
open conformation during polymerization. Since hydrolysis occurs in a time-dependent manner, subunits at the younger (+)-end of the filament are mostly 
bound to GTP. Those at the older (−)-end, by contrast, are bound to GDP, which induces instability and thus promotes the release of the terminal subunits. 
Filament growth occurs by the addition of individual subunits or oligomers to the (+)-end, and bundling will occur through lateral interactions. MipZ induces a 
conformational change in interacting FtsZ molecules (indicated in salmon). When bound to FtsZ monomers (sequestration), it can transiently arrest them in a 
polymerization-incompetent state, thereby reducing the rate of subunit addition and shifting the equilibrium toward depolymerization. MipZ can also bind to 
the (+)-ends of oligomers or polymers (capping), again preventing the growth of FtsZ polymers and favoring their disassembly. In addition, MipZ may potentially 
also induce a conformational change in the terminal FtsZ subunit and thus promote its release from the polymer.
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KIF19A is able to reach its half-maximal inhibitory capacity at a 
1:0.14 (tubulin:KIF19A) ratio (68). Thus, similar regulatory prin-
ciples may apply to the spatiotemporal regulation of the tubulin 
cytoskeleton in bacterial and eukaryotic cells, although the struc-
tures of the proteins involved are clearly different. Notably, active 
FtsZ depolymerization could also explain the observed stimulation 
of GTP turnover in the presence of MipZ (Fig. 4D). However, a 
similar effect could also be exerted by capping, if it shifted the 
equilibrium toward shorter but more abundant FtsZ polymers 
and thus decreased the residence time of FtsZ molecules in poly-
meric assemblies without affecting the total fraction of polymer-
ized protein.

Taken together, our results suggest that MipZ can use multiple 
ways to control the dynamics of FtsZ polymerization (Fig. 7). On 
the one hand, it is able to sequester monomers or cap the (+)-end 
of FtsZ polymers – pathways that may be particularly effective at 
elevated MipZ concentrations. In addition, it induces a confor-
mational change in interacting FtsZ molecules that could poten-
tially favor their release from the (+)-end and thus actively promote 
filament disassembly. MipZ has a copy number of ~1,000 mole-
cules per cell (39). However, its local concentration varies consid-
erably between the poles and midcell, suggesting that different 
mechanisms may apply at these locations. At the poles, MipZ is 
highly concentrated, so that sequestration could make significant 
contributions to its regulatory function. However, closer to mid-
cell, the MipZ concentration may not be sufficiently high for this 
process to work in an efficient manner, so that the control of FtsZ 
polymerization may largely rely on capping, possibly supported 
by active depolymerization.

Our work describes a bacterial cytoskeletal regulator that 
induces a conformational change in its target protein. It will be 
interesting to obtain more detailed structural insights into the 
conformation that FtsZ adopts in the presence of MipZ and to 
clarify whether this structural change affects the interactions 
between FtsZ subunits and, thus, their polymerization capacity.

Methods

Plasmids and Strains. The bacterial strains, plasmids, and oligonucleotides 
used in this work are listed in SI Appendix, Tables S1–S3. Their construction and 
the growth conditions used are detailed in the SI Appendix. All plasmids were 
verified by DNA sequencing.

Fluorescence Microscopy. Cells were grown to exponential phase in vanil-
late-containing medium, washed, and cultivated for 6 h in medium containing 
0.3% (w/v) xylose to deplete the native MipZ protein and induce the production 
of the different MipZ-eYFP variants. After immobilization of the cells on agarose 
pads, images were acquired as detailed in the SI Appendix. The data were analyzed 
with Fiji 1.49 (69). Minicells were defined as cells whose length was smaller than 
the minimum length of the wild-type strain.

Transmission Electron Microscopy. FtsZ (5 µM) was incubated with the indi-
cated nucleotides in the absence or presence of MipZ (7.5 µM) at 25 °C in buffer 
P (50 mM HEPES/NaOH pH 7.2, 50 mM KCl, and 5 mM MgCl2). Aliquots of the 
reactions were transferred to glow-discharged carbon-coated grids. Protein was 
then stained with uranyl acetate and visualized by transmission electron micros-
copy. Details are given in the SI Appendix. Fiji 1.49 (69) was used for data analysis.

Immunoblot Analysis. Immunoblot analysis was performed as described (39) 
using a polyclonal rabbit anti-MipZ antibody (39) or a monoclonal anti-GFP anti-
body (Sigma-Aldrich; Cat. #: G1544; RRID: AB_439690).

Protein Overproduction and Purification. Proteins were overproduced in 
E. coli Rosetta(DE3)pLysS transformed with suitable plasmids. MipZ-His6 and its 
mutant derivatives were purified by Ni-NTA affinity chromatography, followed by 
cation exchange chromatography when indicated. FtsZ derivatives were overpro-
duced as His6-SUMO fusions. After purification by Ni-NTA affinity chromatography, 

the His6-SUMO tag was removed by treatment with Ulp1-His6 protease (70) and a 
second round of Ni-NTA affinity chromatography. StrepII-tagged derivatives were 
further purified by gel filtration. Protein concentrations were determined before 
every experiment with the Bradford assay, using the Roti-Nanoquant reagent 
(Carl Roth) with bovine serum albumin (Carl Roth). A detailed description of the 
purification procedures is given in the SI Appendix.

Biolayer Interferometry. Biolayer interferometry analysis was performed with a 
BLItz System (Sartorius) using Dip and Read High-Precision Streptavidin Biosensors. 
Biotinylated FtsZ (equivalent to a wavelength shift of 2 nm) was immobilized on the 
sensor surface and probed with MipZ or its mutant derivatives under the indicated 
conditions in buffer PG (50 mM HEPES/NaOH pH 7.2, 50 mM KCl, 5 mM MgCl2, 
and 10% (v/v) glycerol) containing 0.01% (v/v) Triton X-100 and 0.01 mM BSA. To 
determine equilibrium dissociation constants, the maximal wavelength shifts meas-
ured at the end of the association phases were plotted against the corresponding 
protein concentrations. Details are provided in the SI Appendix.

FCS. Fluorescently labeled FtsZ was prepared by derivatization with a thiol-reactive 
dye, taking advantage of the fact that Caulobacter crescentus FtsZ contains a single 
cysteine residue (C123), which is exposed on the protein surface outside the polym-
erization interface. To this end, FtsZ or its mutant derivatives were incubated with 
dithiothreitol (DTT) for 10 min at room temperature. DTT was removed by passage 
of the protein through a PD SpinTrap G-25 desalting column (GE Healthcare) equil-
ibrated with buffer PG (50 mM HEPES/NaOH pH 7.2, 50 mM KCl, 5 mM MgCl2, and 
10% glycerol). The proteins (75 µM) were then incubated for 16 h at 4 °C with 10 mg 
ml−1 of the thiol-reactive fluorescent dye Alexa Fluor 488 C5-maleimide (Alexa488; 
Life Technologies; diluted in DMSO). Unreacted reagent was removed by extensive 
dialysis against buffer PG at 4 °C. All experiments were performed with a mixture 
of 90% nonlabeled protein and 10% labeled protein to avoid adverse effects of the 
label on the dynamics of FtsZ polymerization. MipZ was preincubated for 15 min 
with 1 mM ATPγS prior to its addition to the reaction. All FCS measurements were 
performed in a self-made chamber, using an LSM780 microscope equipped with 
a ConfoCor3 unit (Zeiss) in pseudo-crosscorrelation mode, as described previously 
(71). Details of the procedure are provided in the SI Appendix. To assess the time 
evolution of FtsZ polymerization after the addition of MipZ, FtsZ was added at the 
respective concentration. The chamber was then mixed thoroughly by pipetting, and 
10 consecutive 2-min FCS measurements were performed. Subsequently, 2 mM GTP 
was added and 20 additional 2-min measurements were conducted before MipZ 
was added at the indicated concentrations. The diffusion coefficient was determined 
for each of the 2-min intervals.

Nucleotide Hydrolysis Assays. GTPase and ATPase activities were measured 
using a continuous, regenerative coupled-enzyme assay (72), as detailed in the 
SI Appendix.

Sedimentation Assays. FtsZ (3 µM) was preincubated with nucleotides in the 
absence or presence of MipZ (6  µM) and sedimented by ultracentrifugation. 
Pelleted protein was then applied to an SDS-polyacrylamide gel, followed by 
staining and quantification with an imaging system. Details are given in the SI 
Appendix.

HDX-Mass-Spectrometry (HDX-MS). To elucidate the conformational dynamics 
of MipZ and FtsZ as well as the interaction interfaces of the two proteins, four 
separate sets of HDX-MS experiments were conducted that differed in the com-
position of the samples investigated. To determine the FtsZ-binding interface of 
dimeric MipZ (Dataset S1), 50 µM MipZD42A was incubated for 15 min at room 
temperature in buffer B6 supplemented with 1 mM ATPγS in the absence or 
presence of 100 µM FtsZ. The subsequent HDX reactions were conducted in 
D2O-containing buffer B6 supplemented with 1 mM ATPγS. To determine the 
MipZ-binding interface of FtsZ and compare the conformational changes induced 
by GMPPcP (Dataset S2), 50 µM FtsZ was incubated for 15 min at room temper-
ature in buffer B6 containing 1 mM ATPγS in the absence of either interaction 
partner, in the presence of 100 µM MipZ, or in the presence of 2 mM GMPPcP. The 
HDX reactions were conducted in D2O-containing buffer B6 either supplemented 
with 1 mM ATPγS (determination of the MipZ-binding interface) or with both 
1 mM ATPγS and 2 mM GMPPcP (comparison of conformational changes). To 
compare the HDX profiles of MipZ in the presence of wild-type FtsZ or truncated 
FtsZ variants (Dataset S3), 50 µM MipZD42A was incubated either alone or in the D
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presence of 100 µM of FtsZ, FtsZΔN, or FtsZΔNC for 15 min at room temperature 
in buffer B6 supplemented with 1 mM ATPγS. The subsequent HDX reactions 
were conducted in D2O-containing buffer B6 supplemented with 1 mM ATPγS. 
To compare the conformational dynamics of FtsZ and its monomeric variant 
FtsZF182E/L276E (Dataset S4), the two proteins were incubated for approximately 
15 min at room temperature in buffer B6, and HDX reactions were carried out in 
D2O-containing buffer B6. The mass spectrometric analysis of the HDX patterns 
was carried out essentially as described previously (53). Details on the procedure 
are given in the SI Appendix. The raw data and an in-depth analysis of the HDX 
profiles obtained are provided in Datasets S1–S4.

Bioinformatic Tools. The structural model of C. crescentus FtsZ used to illustrate 
the HDX data was generated with I-TASSER (73) using Staphylococcus aureus 
FtsZ (PDB ID: 4DXD) as a template. Protein structures were visualized with the 
PyMOL Molecular Graphics System (Schrödinger). Boxplots were generated using 
R version 3.5.1 (http://www.r-project.org). Protein modeling was performed with 
AlphaFold-Multimer v2.1.0 (62), as implemented in Google Colab, without the 
use of homologous structures as templates.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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