Biochemical Journal (2019) 476 1433-1444

https://doi.org/10.1042/BCJ20190138 PY ’ PO RTLAN D
..

PRESS

Research Article

Multi-functional regulator MapZ controls both
positioning and timing of FtsZ polymerization

Zhang Feng, Jiahai Zhang, Da Xu, Yong-Liang Jiang, © Cong-Zhao Zhou and © Yuxing Chen

School of Life Sciences and Hefei National Laboratory for Physical Sciences at the Microscale, University of Science and Technology of China, Hefei, Anhui 230027,

People’s Republic of China

Correspondence: Yuxing Chen (cyxing@ustc.edu.cn)

Received: 26 February 2019
Revised: 25 April 2019
Accepted: 26 April 2019

Accepted Manuscript online:
29 April 2019

Version of Record published:

21 May 2019

The tubulin-like GTPase protein FtsZ, which forms a discontinuous cytokinetic ring at
mid-cell, is a central player to recruit the division machinery to orchestrate cell division.
To guarantee the production of two identical daughter cells, the assembly of FtsZ,
namely Z-ring, and its precise positioning should be finely regulated. In Streptococcus
pneumoniae, the positioning of Z-ring at the division site is mediated by a bitopic mem-
brane protein MapZ (mid-cell-anchored protein Z) through direct interactions between the
intracellular domain (termed MapZ-N (the intracellular domain of MapZ)) and FtsZ. Using
nuclear magnetic resonance titration experiments, we clearly assigned the key residues
involved in the interactions. In the presence of MapZ-N, FtsZ gains a shortened activation
delay, a lower critical concentration for polymerization and a higher cooperativity towards
GTP hydrolysis. On the other hand, MapZ-N antagonizes the lateral interactions of single-
stranded filaments of FtsZ, thus slows down the formation of highly bundled FtsZ poly-
mers and eventually maintains FtsZ at a dynamic state. Altogether, we conclude that
MapZ is not only an accelerator to trigger the polymerization of FtsZ, but also a brake to
tune the velocity to form the end-product, FtsZ bundles. These findings suggest that
MapZ is a multi-functional regulator towards FtsZ that controls both the precise position-
ing and proper timing of FtsZ polymerization.

Introduction

FtsZ, namely filamentous temperature-sensitive Z, is an ancient tubulin-like GTPase that initiates bac-
terial cell division via forming a ring-like structure (known as the Z-ring) at the septum. In the cell
division process, individual FtsZ molecules polymerize into protofilaments, which are subsequently
integrated into a proto ring at the site of cytokinesis [1-3]. This proto ring further serves as a scaffold
to recruit a large number of downstream division proteins and eventually constitutes the divisome
[4-6]. The constriction of the Z-ring accompanying with the synthesis and splitting of septal peptido-
glycan enables the divisome to divide the mother cell into identical daughter cells [7,8].

The Z-ring is a dynamic structure, and the exchange of FtsZ monomers [9] requires the energy
input via the hydrolysis of guanosine-5-triphosphate (GTP) [10]. It has long been recognized that
FtsZ polymerized into a closed ring-like structure around the cell periphery [11,12]. However, the
recent high-resolution imaging and Cryo-electron tomography observed a discontinuous structure of
loosely bundled FtsZ filaments [13-17]. Extensive studies suggested that FtsZ cooperatively formed
polymers of different lengths and structures, such as single-stranded filaments, bundles, tubules and
sheets, depending on the experimental conditions [18-24]. To guarantee the production of two identi-
cal daughter cells, the assembly and positioning of the Z-ring need to be strictly regulated [25-27].
Moreover, the lateral interactions between FtsZ filaments that contribute to the formation of various
high-order structures are also important to the architecture and function of the Z-ring. In addition,

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1433


http://orcid.org/0000-0002-6881-7151
http://orcid.org/0000-0002-7560-1922

PORTLAND Biochemical Journal (2019) 476 1433-1444

0@ prEss

1434

https://doi.org/10.1042/BCJ20190138

the positively charged C-terminal tail of FtsZ was reported to facilitate lateral interactions via shielding nega-
tively charged filaments [28,29]. However, the fine mechanism that regulates the Z-ring dynamics remains
unclear due to the complexity of Z-ring formation.

Biochemical and biophysical analyses suggest that Streptococcus pneumoniae FtsZ exhibits a delay of GTPase
activity but not of filament polymerization, indicating the FtsZ polymer should undergo a transition from the
inactive to active state of GTPase [30]. Moreover, the positioning of S. pneumoniae Z-ring at the division site
was achieved by a bitopic membrane protein, MapZ (mid-cell-anchored protein Z) (also termed LocZ), which
functions as a molecular beacon signaling the position of the future division site [31,32]. In contrast with this
positive positioning of FtsZ, rod-shaped bacteria usually adopt a negative regulatory mechanism, such as the
nucleoid occlusion system and the Min system [33,34]. Further study showed that MapZ is crucial for the cor-
rection of the angle of Z-ring towards the cell length axis [35]. The solution structures revealed a bi-module
structure of the extracellular domain of MapZ, the C-terminal subdomain of which is projected outwards to
bind to the nascent peptidoglycan [36].

Based on biochemical and biophysical studies, here we revealed a new function of MapZ that serves as a
regulator for FtsZ assembly. We found that MapZ functions as a double-edged sword to facilitate the formation
of FtsZ single-stranded filaments and attenuate the bundling of FtsZ. These findings provided novel insights
into the fine spatial and temporal regulation of MapZ towards FtsZ.

Materials and methods

Cloning and expression of FtsZ, MapZ-N and MapZ-N,.t

The coding regions of FtsZ and MapZ were amplified from the genomic DNA of S. pneumoniae R6. The full-
length FtsZ was cloned into a pET28a-derived expression vector without His-tag and the intracellular domain
of MapZ covering residues from Metl to Lys158, termed MapZ-N (the intracellular domain of MapZ), was
cloned into a 2B-T vector with an N-terminal hexa-histidine tag using ligation-independent cloning system.
The E. coli BL21 (DE3) strain was used for the expression of recombinant proteins. The transformed cells were
grown at 37°C in LB culture medium (10 g NaCl, 10 g Bacto-Tryptone and 5 g yeast extract per liter) contain-
ing appropriate antibiotics until the ODgponm reached 0.6. Protein expression was then induced with 0.2 mM
isopropyl B-p-1-thiogalactopyranoside (IPTG) for another 4 h at 37°C and cells were harvested by centrifuga-
tion at 6000xg for 10 min at 4°C. The harvested cells were resuspended in PEM buffer (50 mM PIPES, pH 6.5,
5 mM MgCl,, 1 mM EDTA) and TNG buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 5% glycerol) for FtsZ
and MapZ-N, respectively. The nine-residue mutant MapZ-N,,,. (the 9-residue mutant of MapZ-N) was
obtained using the MutExpress~ Fast Mutagenesis Kit with the plasmid encoding the wild-type MapZ-N as
the template. The mutant protein was expressed in the same manner as the wild-type protein.

Purification of FtsZ, MapZ-N and MapZ-N,,.

To purify FtsZ proteins, the E. coli cells were lysed by sonication, and the soluble fraction containing FtsZ was
purified by Ca**-induced precipitation. Briefly, after 12 min of sonication and centrifugation at 100 000xg for
30 min at 4°C, the supernatant containing the soluble target protein was collected. Then GTP and CaCl, were
added to the supernatant at the final concentration of 1 and 20 mM, respectively. The sample was incubated
for 15 min at 30°C and then centrifuged at 12 000xg for 15 min at 4°C. The pellet containing FtsZ was resus-
pended in 20 ml PEM buffer and centrifuged as in the previous step to discard the insoluble fraction. The
supernatant was subjected to another cycle of Ca®*-induced precipitation. The final FtsZ pellet was resuspended
in 5ml TEM buffer (50 mM Tris-HCI, pH 8.0, 0.1 mM EDTA, 5 mM MgCl,) and further purified by anion
exchange chromatography using a 5 ml HiTrap QHP column (GE Healthcare) equilibrated in the same buffer.
The column was washed with the equilibration buffer and the protein was eluted with a gradient KCl from 0 to
1 M. The target protein was eluted in a range of 300-400 mM KCI and were further pooled and desalted
against TKM buffer (20 mM Tris-HCI, pH 7.5, 250 mM KCl, 5 mM MgCl,). The protein purity was evaluated
by electrophoresis and samples were stored at —80°C.

To purify MapZ-N and MapZ-N,,,; protein, the E. coli cells were lysed by 12 min sonication and centrifuged
at 12 000xg for 30 min. The supernatant containing the soluble target protein was collected and loaded onto a
Ni-NTA column (Qiagen, Mississauga ON) equilibrated with the TNG buffer (20 mM Tris-HCI, pH 7.5,
100 mM NaCl, 5% glycerol). The target protein was eluted with 400 mM imidazole and further purified by
anion exchange chromatography as described above. The elution sample was then loaded to Superdex 75
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column (GE Healthcare) equilibrated in TNG buffer. The peak containing the target protein samples were
pooled and protein purity was evaluated by electrophoresis and samples were stored at —80°C.

All protein samples needed for biochemical experiments were freshly prepared and samples for enzymatic
activity assays were collected at the highest peak fractions without concentration and stored at —80°C with 30%
glycerol.

GTPase activity assays

The GTPase activity of FtsZ was assayed in the buffer containing 20 mM HEPES pH 6.5, 250 mM KCl, 5 mM
MgCl, and 1 mM GTP (Sigma) with or without the addition of MapZ-N. The reaction in a total volume of
20 pl was triggered by adding the purified FtsZ of different final concentrations, followed by incubation at 37°
C for different time courses and finally stopped by heating at 95°C for 10 min. After centrifugation at 12 000xg
for 10 min, the supernatant was applied to HPLC (Agilent 1200 Series, U.S.A.) analyses. The buffer of 100 mM
KH,PO,/K,HPO,, pH 6.5, 10 mM tetrabutyl ammonium bromide was used for equilibration of the column
(Zorbax 300SB-C18 column, 4.6 x 150 mm, Agilent, U.S.A.) and separation of the components at a flow rate of
1 ml/min. The production of GDP was monitored via the absorption at 254 nm. The kinetic determinations of
FtsZ were performed at different GTP concentrations, and the K,,, and V,,.x values were calculated by non-
linear fitting to the Michaelis—-Menten equation using the program Origin 8. The Hill coefficient was calculated
by the Hill equation. Three independent assays were performed to calculate the means and standard
deviations.

90° light scattering assays

The 90° light scattering experiments were performed following a previous report [37]. In general, light scatter-
ing was measured in a Hitachi F-2700 fluorescence spectrophotometer using a quartz cuvette that was main-
tained at 30°C by a circulating water bath. Both excitation and emission wavelengths were set at 350 nm with a
slit width of 5 nm in all assays. For the standard polymerization assay, MapZ-N and/or FtsZ were incubated in
the cuvette at 30°C in polymerization buffer in a total volume of 0.15 ml. After establishing a baseline for
2 min, polymerization was induced by the addition of 1 mM GTP to the reaction mixture. The sample was
gently mixed with a pipet tip, and light scattering was monitored for an additional 22 min. Data were collected
with an interval of 2 s, and light scattering following GTP addition was plotted as a function of time.

Electron microscopy analyses

To evaluate the effect of MapZ-N on FtsZ bundling, the FtsZ polymer morphology was visualized using
negative-staining transmission electron microscopy (EM). The polymerization reactions with 15 uM FtsZ (with
and without MapZ-N) were triggered upon addition of 1 mM GTP. Followed by incubation at the room tem-
perature for 3 min, the samples were adsorbed to carbon-coated glow-discharged grids for 1 min. After blotting
excess liquid off, the sample was immediately stained for 1 min with 1% (wt/vol) uranyl acetate and blotted off.
Grids were examined with an FEI Technai G2 120 KV transmission electron microscope.

Microscale thermophoresis assays

Microscale thermophoresis (MST) analyses were carried out with a Monolith NT.115 instrument (Nano
Temper, Munich, Germany). Purified FtsZ was covalently linked to the fluorescent label NT-495 by NHS coup-
ling. Increasing concentrations of unlabeled MapZ-N (12 nM to 0.4 mM) or MapZ-N,,,,; (12 nM to 0.4 mM)
in 20 mM HEPES pH 6.5, 250 mM KCI, 5 mM MgCl,, 0.05% Tween-20 were titrated against constant amounts
of labeled FtsZ (0.2 wM). Standard treated capillaries (K002 Monolith NT.115) were loaded with the samples.
Experiments were carried out in standard treated capillaries with 20% LED power and 80% IR-laser at 25°C.
Data were treated with NT analysis software (NanoTemper) to determine dissociation constants (Ky).

NMR spectroscopy, data processing

Both ""N-labeled and "*N/"’C-labeled MapZ-N samples were dissolved to a final concentration of 0.6 mM in
500 wl buffer containing 50 mM phosphate sodium, pH 6.5, 100 mM NaCl in a 90% H,O and 10% D,O
mixture or in 99.96% D,0. All NMR experiments were carried out at 298 K on Bruker Avance600 spectrometer
equipped with the cryoprobe. The following spectra were recorded to obtain the backbone and side chain res-
onance assignments: 2D "H->N heteronuclear single quantum coherence (HSQC) and 3D HNCO, HN(CA)
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CO, CBCA(CO)-NH, CBCANH, (H)C(CO)NH-TOCSY, HBHA(CBCA)-(CO)NH, H(C)(CO)NH-TOCSY,
HCCH-COSY and HCCH-TOCSY. NMR data were then processed using NMRPipe and analyzed with Sparky3
and Cyana3.97.

For titration experiments, unlabeled FtsZ proteins were prepared with a final concentration of 0.4 mM and
the buffer contains 50 mM phosphate sodium, pH 6.5, 50 mM NaCl. NMR titration experiments were per-
formed by adding increasing amounts of unlabeled FtsZ to uniformly '*N-labeled MapZ-N. A series of 'H-""N
HSQC spectra were recorded at FtsZ/MapZ-N mole ratios of 0.25:1, 0.5:1, 0.75:1 and 1:1.25. The 'H and
>N resonance variations were applied to collecting HSQC experiments at 298 K. Combined chemical shift
perturbation was calculated using the following equation,

A = \/AfH +(0.17A5,)*
where A, and A5 are chemical shift changes in the "H and '°N dimensions, respectively.

Results

Mapping the key residues of MapZ-N interacting with FtsZ

MapZ is a bitopic membrane protein, the C-terminal extracellular domain (MapZ-C) of which binds to the
peptidoglycan whereas the N-terminal intracellular domain (MapZ-N) positions FtsZ at the division site via
direct protein—protein interaction [36]. As shown in Figure 1A, the profile indicated that the input mixture of
MapZ-N and FtsZ at a molar ratio of 1:1 gave a single peak of ~71 kDa, which is identical with the sum of
the theoretical molecular mass of individual MapZ-N and FtsZ. Subsequent gel electrophoresis analyses con-
firmed that the fractions contain both MapZ-N and FtsZ, which share a similar molarity as estimated from the
intensity of the stained bands (Figure 1B). To further determine the dissociation constant (Ky) of the two pro-
teins, we applied MST experiments and revealed a K4 of 0.53 £ 0.18 wM for MapZ-N towards FtsZ (Figure 1C).
Together, these results enabled us to confirm that MapZ-N and FtsZ form a stable complex with a stoichiom-
etryof 1:1.

Despite the previous report suggested the N-terminal segment of 40 residues is critical for MapZ binding to
FtsZ [31], the precise interface on MapZ-N remains unknown. We titrated FtsZ protein into MapZ-N solution
using NMR experiments and monitored the chemical shifts of backbone atoms. A series of "H-""N HSQC
spectra were recorded along the titration (Figure 1D). Upon the addition of FtsZ, we found a couple of residues
of MapZ-N undergo significant perturbations in a stepwise directional manner (Figure 1E). In detail, residues
including Asn’, Arg®, GIn'*, Val®®, Val’®, Val*?, Ser’®, Leu'*®, Glu'>’ possess a chemical shift change above
average. To prove whether these residues are indeed involved in the interactions with FtsZ, we constructed a
nine-residue mutant of MapZ-N (N7A, R8A, QIl4A, V38E, V76E, V92D, S95D, L126D, E137A, termed
MapZ-N,,,,,) with hydrophilic residues mutated to alanine and hydrophobic residues mutated to aspartate or
glutamate. Then we applied MST experiments to quantitatively measure the dissociation constant of
MapZ-N,,,« towards FtsZ. The results gave a Ky of 14.8 £ 5.1 uM (Figure 1F), indicating a much lower binding
affinity of MapZ-N,,; towards FtsZ, as compared with that of wild-type. Altogether, using a method of much
higher resolution, we assigned that a couple of C-terminal residues (V76, V92, S95, L126 and E137) of
MapZ-N also contribute to the interaction with FtsZ, in addition to the previously identified residues [31].

MapZ-N facilitates the polymerization of FtsZ to accelerate the activation of

GTPase

The direct interactions between MapZ-N and FtsZ indicated that MapZ-N might affect the polymerization and
GTPase activity of FtsZ. Thus, we determined the enzymatic parameters of FtsZ in the presence or absence of
MapZ-N. We monitored the accumulation of GDP using HPLC after adding GTP at various concentrations
ranging from 0.05 to 3 mM. The velocities of GDP production were plotted against the concentrations of input
GTP, which could be fitted to the Michaelis-Menten kinetic model. Calculations of enzymatic parameters gave
a K, of 208 £32 uM and a V. of 8.97 +0.69 uM GTP/uM FtsZ/min (Figure 2A). In contrast, the addition
of MapZ-N resulted in a slightly decreased K,, of 167 £38 uM and similar V., of 9.32£0.8 pM GTP/uM
FtsZ/min (Figure 2B). Despite that the binding of MapZ-N did not significantly alter the catalytic efficiency of
FtsZ, a higher Hill coefficient (ng=1.71+0.21) of FtsZ in the presence of MapZ-N, compared with without
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Figure 1. Mapping the key residues of MapZ-N interacting with FtsZ.

(A) Gel filtration chromatography of the co-purified MapZ-N and FtsZ. mAU, milli-absorbance units. (B) Coomassie blue-stained
SDS gel electrophoresis of corresponding peak fractions from gel filtration chromatography. The binding affinity of MapZ-N

(C) and MapZ-N (F) towards FtsZ determined by MST. (D) The '"H-">N HSQC spectra showing significant chemical shift
perturbations, which reflect the putative interface residues. (E) The histogram plot of the chemical shift changes of MapZ-N
induced by addition of FtsZ. The horizontal dashed line denotes the mean value of the chemical shift change. The nine
representative residues with a significant chemical shift are labeled.

the addition of MapZ-N (nyg = 1.35 + 0.06), strongly indicated that the FtsZ molecules catalyze GTP in a much
more cooperative manner in the presence of MapZ-N.

Polymerization of FtsZ above a critical protein concentration is essential for the GTPase activity [38]. In fact,
we found that hydrolysis of GTP could be detected once the concentration of FtsZ reached 3 pM (Figure 2C).
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Figure 2. MapZ-N facilitates the polymerization and gain of GTPase activity of FtsZ.

GTP at various concentrations was incubated with 10 wM FtsZ in polymerization buffer in the (A) absence or (B) presence of
MapZ-N. Velocities were obtained from the slopes of the GDP accumulation curves and fitted to the Michaelis-Menten model
with a Vinax of 8.97 £ 0.69 and 9.32 + 0.8 pwmol GTP/umol FtsZ/min, and a K,, of 208 + 32 and 167 + 38 M, respectively. The
Hill plots were shown as insets in Figure 2A,B based on the Hill equation. The critical concentration of FtsZ polymerization is
decreased from (C) 3 uM in the absence of MapZ-N to (D) 2 uM in the presence of MapZ-N at an equal molar ratio. GDP
accumulation curves along the time course catalyzed by polymerized FtsZ in the (E) absence or (F) presence of MapZ-N at an
equal molar ratio. The plots were determined at various protein concentrations (squares, 1 uM; circles, 5 wM; up triangles,

10 wM; inverted triangles, 15 wM). Data are presented as the means = S.D. from three independent assays. Statistical
significance analyses were performed using a one-way ANOVA. *** indicates a P-value of <0.001.

Given a higher cooperativity of FtsZ in the presence of MapZ, the critical concentration of FtsZ should be
reduced. As expected, the results show that critical concentration of FtsZ reduced from 3 to 2 uM in the pres-
ence of MapZ-N at an equal molar ratio (Figure 2C,D). Different from other species, S. pneumoniae FtsZ
assembles through a cooperative mechanism that shows an activation delay of GTP hydrolysis as reported
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previously [30]. To further explore whether MapZ-N affects the FtsZ activation delay in vitro, we analyzed the
enzymatic properties of FtsZ. In agreement with previous results [30], FtsZ showed a delay of GTP hydrolytic
activity, which strongly depends on protein concentration, being shorter as FtsZ concentration increased. At
5 uM FtsZ, the delay time is ~1.5 min, whereas it is shortened to ~1 min at 10 or 15 uM FtsZ (Figure 2E).
The addition of MapZ-N at an equal molar ratio significantly reduces the activation delay time, at 0.5 min for
all three concentrations of FtsZ (Figure 2F).

MapZ-N attenuates the bundling of FtsZ oligomers

It was reported that above the critical concentration, the delay of GTPase activity is coupled with the progres-
sive elongation of the FtsZ polymer [30]. As MapZ-N reduces the GTPase activity delay of FtsZ, we next moni-
tored the polymerization/bundling of FtsZ using the 90° light scattering which had been used as a standard
method to measure the enhanced signals along the polymerization of FtsZ [28,37]. The polymerization of FtsZ
was triggered with GTP and was monitored by light scattering. In the absence of MapZ-N, the polymer is
formed in an accelerating manner in the first 3 min and reaches a plateau with the maximum level of polymer-
ization, indicating an equilibrium state of bundling and dissociation (Figure 3A, control). Subsequently, the
highly bundled polymers disassembled due to the hydrolysis of GTP driven by the polymerized FtsZ. Upon the
addition of MapZ-N, the signal of FtsZ polymerization increases in a much lower velocity and can reach a
lower plateau, corresponding to smaller FtsZ bundles. Moreover, the FtsZ polymerization velocity is decreased
in a MapZ-N concentration-dependent manner (Figure 3A,B). Addition of MapZ-N leads to less than half of
the yield of FtsZ bundled polymers at an equal molar ratio and complete inhibition of polymerization at a
MapZ-N concentration of 60 M. In contrast, the addition of nine-residue mutant MapZ-N (MapZ-N,,,,,) has
much less effect on the FtsZ polymerization velocity (Figure 3C,D), indicating this effect is due to direct inter-
actions between FtsZ and MapZ. Notably, deletion of the most C-terminal 12 residues of FtsZ results in a
much lower bundling level of FtsZ (Figure 3E,F), further confirming the previous report that FtsZ molecules
are bundled via lateral interactions mediated by the C-terminal tail [28]. Moreover, the bundling of FtsZ
C-terminal truncated mutant is independent of the presence of MapZ-N, suggesting that MapZ-N inhibits the
C-terminal tail mediated filament bundling via competitively interacting with the FtsZ core domain that inter-
acts with the C-terminal tail of the adjacent FtsZ molecule in the same bundle.

To visualize the bundling of FtsZ in solution and the influence of MapZ-N, we applied the negative-staining
EM to detect the bundling of FtsZ. As expected, FtsZ proteins at 15 pM exhibit extensive interactions with
each other, forming relatively homogenous bundled polymers (Figure 4A). In detail, the bundles share a length
of 200-300 nm and a diameter of 12-15 nm, corresponding to ~3~4 laterally twisted filaments. Remarkably,
some of the FtsZ bundles assemble into a curved structure which mimics the contractive ring for cell division
[17], similar to the FtsZ bundling found in E. coli [39,40] and M. tuberculosis [41]. Upon the addition of
15 uM wild-type MapZ-N, most FtsZ proteins form the single-stranded filaments rather than bundled poly-
mers (Figure 4B). Notably, the addition of the mutant MapZ-N revealed a mix of bundled polymers and single-
stranded filaments (Figure 4C). Taken together, we conclude that MapZ-N alters the polymerization process of
FtsZ, most likely via lateral interactions with the FtsZ filaments.

Discussion

Streptococcus pneumoniae MapZ was first identified as a scaffold protein that localizes at future division sites
before FtsZ and positions the Z-ring correctly via protein-protein interaction [31,32]. Further study suggested
that MapZ is important for setting the correct angle of division plane [35]. In addition, structural analysis of
the extracellular domain of MapZ suggests that MapZ binds to the peptidoglycan [36] under the control of the
Ser/Thr kinase StkP [31], which is a key player in tuning the synthesis of peripheral and septal peptidoglycan
[42,43]. However, little is known on the role of the intracellular domain of MapZ during cell division.

Similar to the previous report [30], we confirmed that S. pneumoniae FtsZ undergoes an activation delay of
GTPase activity, coupling a transition from the inactive monomer to the active polymer form. However, upon
binding to the intracellular domain of MapZ, the activation delay is significantly reduced, resulting in a behav-
ior similar to E. coli FtsZ, which shows almost no activation delay [30]. It suggested that the presence of MapZ
might lower the energy barrier of FtsZ polymerization, which was proved by the lower critical concentration
for FtsZ forming a polymer and a higher Hill coefficient towards GTP. Thus, we propose that the intracellular
domain of MapZ could facilitate the initiation of FtsZ polymerization.
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Figure 3. Antagonization of FtsZ bundling by MapZ-N monitored by lights scattering.

The GTP-induced assembly of (A) FtsZ in the presence of MapZ-N at various concentrations (3, 7.5, 15, 30, 60 wM) and (B)
normalized diagram of relative light scattering. (C) Comparison of light scattering changed by the addition of wild-type and
mutant MapZ-N at an equal molar ratio of FtsZ and (D) the normalized diagram. (E) MapZ-N inhibits C-terminal tail mediated
bundling of FtsZ filaments and (F) the normalized diagram. The normalized diagrams were used to compare the maximum light
scattering signal in a more illustrative way, using the signal of the control normalized to 1. All versions of FtsZ (WT & FtsZAC12)
used in assays were 15 uwM. The arrow indicates the time when GTP was added to a final concentration of 1 mM after baseline
recording for 2 min. The arrow corresponds to the time when GTP was added to a final concentration of 1 mM after baseline
recording in 2 min. The results shown are the mean + S.D. from three independent measurements. Statistical significance
analyses were performed using a one-way ANOVA. P-value of <0.05, 0.01 and 0.001 are indicated with *, ** and ***,
respectively.
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Figure 4. Electron microscopic pictures of FtsZ polymers.

Negative stain electron micrographs of FtsZ at 15 wM in the (A) absence or presence of equal molar ratio of (B) MapZ-N or

(C) MapZ-Nnt- All samples were prepared for electron microscopy as described in the Materials and Methods. The scale bar is
100 nm.

It has long been recognized that the in vivo FtsZ forms a compact closed ring-like structure [44-47].
However, accumulating evidences showed that Z-ring is composed of a loose bundle of FtsZ filaments that ran-
domly overlap with each other, especially at the onset of bacteria cytokinesis [7,13-17]. The bundling of Z-ring
with favorable lateral interactions between FtsZ filaments may serve as a navigator to recruit the cell wall syn-
thesis machinery, which contributes to the main constriction force of cell separation [7,48]. Thus, it is import-
ant to maintain dynamic and loosely bundled FtsZ filaments to provide a proper timing and enough space for
the recruitment of other cell division proteins into the divisome. To coordinate the precise cell division process,
several regulators have been identified that act in concert to regulate FtsZ polymerization via distinct mechan-
isms, such as ZapA-E in E. coli and SepF, EzrA in B. subtilis and S. pneumoniae [27,49,50]. In addition to
these Z-ring structure regulators, it is reported that C-terminal tail of FtsZ itself also determines the lateral
interaction pattern [28]. Here we further confirmed that the C-terminal tail is indispensable for the bundling of
FtsZ (Figure 3E,F). However, the process and final structure of FtsZ bundles should be finely controlled, in the
present case, via the lateral interactions with MapZ. On the other hand, the released C-terminal tail is ready to
recruit other cell division proteins, such as FtsA, EzrA and SepF in S. pneumoniae.

Altogether, these findings enabled us to propose a model for MapZ-coordinated FtsZ structure and dynamics
in S. pneumoniae (Figure 5). At the initial state of cell division, MapZ are aligned at the division site

-
Zr

Figure 5. A proposed model for the multiple functions of MapZ.

The upper panel of the figure highlights the two proteins MapZ and FtsZ at different states. (A) MapZ molecules aligned along
the future septum. (B) FtsZ monomers recruited by MapZ forming single-stranded filaments with MapZ laterally binding to the
core domain. (C) Loosely bundled FtsZ polymers. (D) Condensed bundle of FtsZ in the Z-ring. MapZ is shown as a red dot,
whereas FtsZ is shown as a yellow rectangle with a black tail.
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(Figure 5A), via its extracellular domain that recognizes the nascent peptidoglycan [31]. Subsequently, the intra-
cellular domain of MapZ starts to recruit FtsZ monomers and triggers the polymerization of FtsZ into single-
stranded filaments (Figure 5B). The lateral interactions with MapZ make FtsZ form loosely bundled polymers
(Figure 5C), which might facilitate the recruitment of other cell division proteins via its C-terminal tails. In
turn, the MapZ molecules are moved away from the septum along with the synthesis of peptidoglycan and
aligned at the next-cycle division site. As the mother cell elongates, the FtsZ ring condenses (Figure 5D) to
navigate cell wall synthesis machinery until the production of two daughter cells.

Distinct from the previously identified regulators, which are either positive [51,52] or negative [51] towards
the assembly of FtsZ, S. pneumoniae MapZ is a double-edged sword for FtsZ. On one hand, at the very begin-
ning of cell division, MapZ acts as a master regulator that controls the precise positioning of FtsZ and a trigger
that facilitates the formation of FtsZ single-stranded filaments. On the other hand, the lateral interactions with
FtsZ core domain enabled the formation and maintenance of loosely bundled polymer of FtsZ, which is
important for the dynamic and proper timing for cell division. In sum, MapZ is a multi-functional regulator
that controls both the precise positioning and timing of FtsZ polymerization.
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