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Abstract: FtsZ is a key protein in bacterial cell division and is assembled into filamentous architec-
tures. FtsZ filaments are thought to regulate bacterial cell division and have been investigated using
many types of imaging techniques such as atomic force microscopy (AFM), but the time scale of
the method was too long to trace the filament formation process. Development of high-speed AFM
enables us to achieve sub-second time resolution and visualize the formation and dissociation process
of FtsZ filaments. The analysis of the growth and dissociation rates of the C-terminal truncated
FtsZ (FtsZt) filaments indicate the net growth and dissociation of FtsZt filaments in the growth and
dissociation conditions, respectively. We also analyzed the curvatures of the full-length FtsZ (FtsZf)
and FtsZt filaments, and the comparative analysis indicated the straight-shape preference of the
FtsZt filaments than those of FtsZf. These findings provide insights into the fundamental dynamic
behavior of FtsZ protofilaments and bacterial cell division.

Keywords: bacterial cell division; Staphylococcus aureus; FtsZ; high-speed atomic force microscopy

1. Introduction

FtsZ is a tubulin-homolog GTPase protein that is highly conserved among bacterial and
archaeal species [1-4]. During cell division, FtsZ gathers to form a filamentous shape called
a “protofilament” in the presence of GTP [5]. Protofilaments further assemble into a ring
(Z-ring) [6], which is tethered to the cytoplasmic membrane by anchor proteins, such as FtsA
and ZipA through flexible C-terminal tail of FtsZ [7,8]. Thus, the Z-ring is tightly associated
with the membrane and cell wall, where peptidoglycan synthesis and remodeling occur
during cell shape change and septum formation [9]. Recent studies have shown that GTPase
activity-coupled treadmilling of FtsZ protofilaments regulates peptidoglycan synthesis [10,11];
highlighting the importance of FtsZ dynamics in bacterial cell division, but the whole process
is still not fully understood. To address this question, a large number of imaging studies for
visualizing the protofilaments and Z-ring has been performed both in vivo and in vitro. Most
commonly used are fluorescence microscopy [12-14], electron microscopy [15-17], electron
tomography [18,19], and atomic force microscopy (AFM) [20-23]. Among these methods,
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AFM does not require labeled proteins and should be able to follow filament growth and
dissociation by capturing images continuously. However, FtsZ filaments are highly dynamic
and flexible: bending, circularization, fragmentation, annealing, and bundling have been
observed by AFM [22,23], and these events seem to occur on a second time scale. Therefore,
the limited time resolution of AFM (around a minute) has hampered understanding of the
detailed mechanism. High-speed AFM (HS-AFM) developed by Dr. Toshio Ando and co-
workers at Kanazawa University takes each image at a much faster frame rate (~1 frame
s71) [24,25] and can be a powerful tool for visualization of FtsZ polymer dynamics. They
have already captured images of FtsZ protofilaments from Escherichia coli on a time scale
of seconds [26]. However, the study mainly focused on the FtsZ modulator ClpX, and
the detailed FtsZ dynamics were not investigated, likely because of the fast FtsZ polymer
formation.

As the image resolution of AFM is not very high, other techniques such as X-ray
crystallography and cryo-electron microscopy (cryo-EM) should be used complementarily
to examine the detailed molecular mechanism of FtsZ. The GTPase domain of FtsZ can
be further divided into three subdomains: N-terminal, C-terminal, and the long helix
connecting the two subdomains [4]. Change of the relative subdomain arrangement affects
the enzymatic activity and assembly/disassembly of FtsZ, because GTP binds between
N- and C-terminal subdomains. Among bacterial species, many crystal structures of FtsZ
from Staphylococcus aureus (SaFtsZ) are available, leading to structural insights [27,28].
Previously, we determined the crystal structures of both the tense (T) and relaxed (R) states
of native SaFtsZ [29]. This study explained the assembly/disassembly mechanism of FtsZ,
triggered by conformational changes induced by the relative movement between the N-
and C-terminal subdomains, which had been proposed previously [30,31]. Recent progress
of cryo-EM study provides a density map of FtsZ protofilaments from Escherichia coli [32],
but the resolution is still too low to clarify detailed interactions.

Here, we visualized and analyzed the formation and dissociation of C-terminal trun-
cated SaFtsZ (FtsZt) filaments using HS-AFM. We observed the complete dissociation of
dense FtsZ filaments on the mica surface with addition of excess GDP on a time scale of
seconds. Individual ends of the filaments showed random growth and dissociation on a
short time scale, resulting in net growth or dissociation depending on the condition. We
also analyzed the curvatures of the FtsZ filaments, and the comparative analysis indicated
that a larger number of straight filaments were observed in FtsZt than in full-length FtsZ
(FtsZf). These findings suggest an important role of the flexible C-terminal tail of FtsZ.
The visualized assembly/disassembly process in this study helps to further clarify FtsZ
dynamic features, as well as the entire cell division process.

2. Results
2.1. Observation of SaFtsZ Filaments with HS-AFM

In most of the previous FtsZ studies using AFM, the observation buffers contained
high concentrations (500 mM) of potassium chloride (KCl) [20-23], presumably to decrease
the strong interaction between FtsZ molecules and the mica surface. Therefore, we first
tested various KCl concentrations, and all HS-AFM observations discussed were performed
under the optimized pool buffer condition (50 mM Tris-HCl pH 7.5, 5 mM MgCl,, 100 mM
KCl), and GTP or GDP were added after starting measurement. Notably, actual concen-
trations of free FtsZ and GTP/GDP in the solution cannot be determined because FtsZ
molecules remain attached to the mica surface and GTP is hydrolyzed into GDP during
the measurement. Thus, we describe the total added amount of GTP/GDP and the final
GTP/GDP concentration. Additionally, as full-length SaFtsZ polymerizes very quickly,
we used the truncated SaFtsZ construct containing only the GTPase enzymatic domain
(residues 12-316; FtsZt) to investigate filament formation and dissociation. Although
refolded FtsZt was used to minimize the effect of GDP bound during overexpression in
E. coli, no clear difference was observed compared to non-refolded FtsZt.
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Many FtsZ filaments were observed in the presence of 200 nM FtsZt and 600 uM GTP
(Figure 1A), while no filaments were observed in the absence of GTP. We added much more
GTP than FtsZ, because GTP is consumed during the process and high GTP concentration
drives FtsZ to the T state and promotes polymerization. The height profile along a single
filament (indicated by the red line in Figure 1A) shows the periodic structure (Figure 1B),
and this period corresponds to that of the SaFtsZ filament (4.4 nm) in the previous crystal
structure (Figure 1C, PDB entry: 3VOA) [28]. Therefore, we confirmed that these filaments
are composed of SaFtsZ. However, we could not identify the orientation or conformation
of each FtsZ monomer because of the lack of sufficient resolution.
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Figure 1. SaFtsZ filaments observed by HS-AFM: (A) An image of FtsZt filaments in the presence of 200 nM FtsZt and
600 uM GTP; (B) Line profile of height displacement along the red-line in (A); (C) Filamentous structure of SaFtsZ in the

crystal (PDB entry: 3VOA).

2.2. Formation, Elongation, and Dissociation of SaFtsZ Filaments

Next, we investigated how FtsZ protofilaments form, grow, and dissociate by changing
the concentrations of FtsZ and GTP/GDP in a stepwise manner. To slow down filament
growth, we began with 100 nM FtsZt and 300 uM GTP. In this condition, FtsZ filaments
formed and grew slowly, but did not cover all areas of the mica surface (Figure 2A and
Movie S1). Most of the filaments were straight, or at least not severely bent. After a single
filament was formed, another filament tended to elongate along the existing filament,
possibly reflecting lateral interactions between FtsZ filaments. After GTP concentration
was increased to 600 uM, the filaments extended longer, but no significant increase in
filament number was observed, probably because fewer FtsZ molecules floated in the
pool buffer (Figure 2B). Rapid growth of FtsZ filaments was observed after increasing the
FtsZt concentration to 200 nM (Figure 2C and Movie S2). After incubation for 20 min, the
area of the mica surface was mostly covered with straight filaments, arranged to align in
one direction (Figure 2D). Then, the GDP concentration in the pool buffer was increased
to 3 mM to investigate and promote dissociation of FtsZ filaments. We expected that a high
GDP/GTP ratio might shift the equilibrium towards disassembly of FtsZ filaments. After
10 min of incubation, many gaps were generated between filaments, indicating the FtsZ
filaments started dissociating slowly, although many filaments remained (Figure 2E). We
also found that some gaps were filled with free FtsZ molecules floating in the pool buffer,
but this reassembly was not as fast as the dissociation, resulting in a slow dissociation
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overall. After the GDP concentration was increased to 6 mM, the gaps rapidly expanded,
and most of the filaments were completely dissociated after 25 min (Figure 2F and Movie
S3). Thus, a high concentration of GDP dissociates FtsZ filaments attached to a mica surface.
Notably, the filaments remained straight; bending of filaments was hardly observed, even
when small numbers of filaments were left without lateral interaction.

Figure 2. Growth and dissociation of FtsZt filaments. Each image was taken under the following conditions: (A) 100 nM
FtsZt and 300 uM GTP; (B) 100 nM FtsZt and 600 uM GTP; (C) 200 nM FtsZt and 600 uM GTP; (D) After 20 min incubation
from (C); (E) 200 nM FtsZt, 600 uM GTP, and 3 mM GDP; (F) 200 nM FtsZt, 600 uM GTP, and 6 mM GDP. Scale bar: 50 nm.

To summarize and analyze these results, we measured the number and area of the
filaments from each movie and plotted them over time (Figure 3). It should be noted that
the time course is not completely continuous, as we had to add FtsZ or GTP/GDP and
change the recording settings between each movie. However, we did not observe large
changes in the number and length of filaments after recording the next movie because of
slow diffusion of the additives. In the presence of 100 nM FtsZt and 300 uM GTP, both the
number and area of filaments increased rapidly up to approximately 25 and 3000 pixels,
respectively. When the GTP concentration was raised to 600 uM, the area fluctuated and
finally reached 4500 pixels, although the number did not change significantly. This suggests
that filament propagation rather than formation occurred in this step, probably because
fewer free FtsZ monomers were present in the solution. After we added FtsZt to 200 nM,
the number and area were increased very rapidly up to 80 and 14,000 pixels, respectively.
Filament dissociation in the presence of 3 mM GDP was very slow due to the remaining
filament growth. The number and area dropped suddenly, and the filaments were almost
completely dissociated, after the addition of 6 mM GDP. Notably, the dissociation was still
slow just after the addition of GDP, but suddenly accelerated after 5 min. This is probably
because of the limited diffusion speed of additional GDP. Another possible explanation
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is that lateral interactions stabilize filament formation; therefore, it takes a long time to
dissociate the filaments. Throughout these processes, FtsZ and GTP/GDP concentrations
mainly contributed to the formation and growth/dissociation, respectively. These results
demonstrate the power of high-speed AFM: this is the first visualization of the association
and dissociation of FtsZ filaments on a second time scale, which is difficult to capture with
non-high-speed AFM.
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Figure 3. Time-course graph of the number (blue) of FtsZ filaments and the area (orange) covered
with FtsZ filaments shown in Figure 2. Note that the time course is not completely continuous
because of the intervals for adding samples and changing settings.

Next, we tried to estimate the growth and dissociation rates of FtsZt filaments. We
picked several filaments from the images in the growth condition (200 nM FtsZt and
600 uM GTP) and the dissociation condition (200 nM FtsZt, 600 uM GTP, and 6 mM GDP)),
respectively, and prepared kymographs to calculate growth and dissociation rates. There
were some limitations on tracking single filaments. We had to pick up only straight and
stable filaments, otherwise the edge of the filament could not be detected because of the
bending, fission, and movement of the filament. Almost all edges of the filaments seem
to repeat the elongation and dissociation randomly on a second time scale in the both
conditions (Figure 4A,B). We estimated instantaneous growth and dissociation rates from
the kymographs and plot them as histograms in each condition (Figure 4C,D). Again, both
histograms seem to represent random motions of FtsZt filaments. In a certain moment,
the filaments showed rapid propagation and dissociation (>20 nm/s) in the growth and
dissociation condition, respectively. Although these rare events were not represented much
in the histograms of a second time scale, they lead to net growth or dissociation of the
filaments on a larger time scale.
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Figure 4. Growth and dissociation rates of FtsZt filaments: (A,B) Typical kymographs of a single FtsZt filament in the

growth condition (A) and the dissociation condition (B). Cyan circles represent the position of filament ends on each

frame. Yellow line shows the base line for the measurement of length. The time axis goes from the bottom to the top; (C,D)

Histograms of growth/dissociation rates of FtsZt filaments in the growth condition (C) and the dissociation condition (D).

Scale bars: 50-100 nm.

2.3. Curvature of SaFtsZ Filaments

Then we observed the filaments of FtsZf under the conditions of 100 nM FtsZf and
600 uM GTP to compare with FtsZt. FtsZf filaments seemed to be more curved than those
of FtsZt (Figure 5A and Movie 54), and we did not observe complete dissociation of FtsZf fil-
aments even in the presence of 6 mM GDP (Figure 5B and Movie S5). Growth/dissociation
rates were too difficult to calculate, because curvature of FtsZf filaments hampered tracking
of single filaments and preparation of kymographs. Instead, to analyze filament curvature
further, we picked 265 and 603 filaments from FtsZt and FtsZf in the same condition of
100 nM FtsZt/FtsZf and 600 uM GTP, respectively, and calculated radii of circles by re-
garding the filaments as arcs. The straighter filaments become, the larger the radius of the
circle should be. Histograms of FtsZt and FtsZf are shown in Figure 5C,D, respectively.
Both histograms showed similar shapes: a single peak with an extended tail. FtsZt showed
wider distribution than FtsZf, and medians of the histograms were 262 and 114 nm in FtsZt
and FtsZf, respectively. Larger median value in FtsZt reflects the straight-shape preference
of the filaments.
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Figure 5. Curvature analysis of FtsZt and FtsZf filaments: (A,B) An image of FtsZf filaments taken under the following
conditions: (A) 100 nM FtsZf and 600 uM GTP; (B) 100 nM FtsZf, 600 uM GTP, and 6 mM GDP; (A,B) show different fields
of view; (C,D) Histograms of radius calculated by regarding the FtsZt (C) and FtsZf (D) filaments as arcs. Scale bars: 50 nm.

3. Discussion

We observed the formation, growth, and dissociation of FtsZt filaments in the presence
of sufficient GTP or GDP. Throughout these processes, most of the filaments remained
straight or at least not severely curved or circularized. In contrast, many curved filaments
were observed in FtsZf, corresponding with the previous observations [20-23]. The trun-
cated region, flexible C-terminal tail of FtsZ, interacts not only with other cell division
proteins, such as FtsA and ZipA [33-35], but also with another FtsZ molecule to stabilize
the filaments [36]. Other previous studies showed that curvature and torsion of FtsZ
filaments affected by the surface and the linker attached [21,37]. From these results, we
speculated that intact FtsZ filaments tend to be curved and circularized on mica surface,
and truncation of the flexible C-terminal tail leads to alter the interaction between FtsZ
and mica surface, although the effect of truncation depends on the length and sequence of
C-terminal tail and therefore on species.

Previous studies revealed a treadmilling behavior of FtsZ filaments in vivo [10,11],
while such behavior has not been observed by AFM on mica surface [22,38]. For tread-
milling, FtsZ filament needs to grow from one end and to shorten from the other end. It
has been proposed that treadmilling of the filaments could be a consequence of attach-
ment to the surface, which could explain different behaviors of the filaments between in
a cell and in AFM [37]. For example, throughout the measurements, fission and parallel
arrangement of the filaments were observed. These events were also reported in previous
AFM measurements of FtsZ from Escherichia coli and described as fragmentation, annealing,
and bundling [23]. Such behavior of FtsZ filaments may be one of the mechanisms for
formation of several parallel FtsZ filaments and construction of Z-rings. However, we
should keep in mind that we only can observe the molecular behavior on mica by this
technique.

We investigated growth rates of many ends of the FtsZt filaments in the growth and
dissociation conditions, and found that the motion on a second time scale appeared to be
random rather than ordered, corresponding with previous observation [22]. The shorter
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time scale of HS-AFM enabled us to confirm the random behavior of both ends of the
filaments, and rapid propagation or shortening at a specific moment mainly contributes net
growth/dissociation on a minute time scale as previously observed. Note that we could
analyze the growth and dissociation rates only for FtsZt, because of the limitations for
tracking single filaments at the same point and preparing kymographs. Additionally, we
did not find dissociation of severely-curved FtsZt filaments during the analysis. In other
words, all filaments were disassembled in the presence of excess GDP without bending,
even in the concentration where little lateral interactions left (Figure 2F and Movie S3). This
behavior could be derived from truncation of the C-terminal tail, which affects dynamics
of FtsZ on surfaces [39], but previous AFM study also observed an isolated single straight
filament without lateral interactions [38]. As curved FtsZf filaments did not be packed
as dense as those of FtsZt, and not completely dissociated even in the presence of excess
GDP, it is tempting to assume that the flexible C-terminal tail of FtsZ stabilizes longitudinal
interactions and the filaments with some flexibility of curvature. Further structural studies
using cryo-EM as well as X-ray crystallography would help understanding the relationship
of the dynamics/structure/function of FtsZ.

4. Materials and Methods
4.1. Cloning, Protein Expression, and Purification

Refolded SaFtsZt (residues 12-316) was cloned, overexpressed, and purified as we
described previously [29], except a 5 mL HiTrapQ HP column (Cytiva, Marlborough,
MA, USA) was used instead of a 1 mL Resource Q column and the following additional
denaturing and refolding steps inserted after the anion exchange chromatography: the FtsZ
fraction was dialyzed against denaturing buffer (50 mM Tris-HCI pH 7.5, 200 mM NaCl,
10% v /v glycerol, 6 M urea) for 2-3 h three times. The denatured sample was refolded by a
dialysis against 50 mM Tris-HCl pH 7.5, 10% v /v glycerol for 3 h. The refolded FtsZ was
purified again using 5 mL HiTrapQ HP column, and the protein was eluted by 30-750 mM
NaCl gradient. We also tested non-refolded SaFtsZt, but no clearly different feature was
observed compared to the refolded one. FtsZf (full-length) was overexpressed and purified
as FtsZt.

4.2. High-Speed AFM

All AFM images were captured by a laboratory-built high-speed AFM apparatus
in the tapping mode [24,25]. The cantilever (Olympus, Tokyo, Japan) shows a resonant
frequency of ~1 MHz in water and a spring constant of ~0.16 N m~!. The laser, whose
output is ~0.8 mW and wavelength is 680 nm, was focused onto the back side of the
cantilever, and the reflected laser deflection from the cantilever was detected with an
optical beam deflection detector. To obtain higher resolution images, an amorphous carbon
tip was constructed on the original AFM cantilever by electron beam deposition [24,40].
The observation was started on a freshly cleaved mica surface under a 70-80 pL of pool
buffer (50 mM tris-HCl pH 7.5, 5 mM MgCl,, 100 mM KCl), and purified SaFtsZ, GTP,
and GDP were added, if required, during the measurements. High concentration stock
solutions of SaFtsZ, GTP, and GDP were used to avoid dilution of the measuring pool
buffer. All measurements were performed at room temperature.

4.3. Analysis of High-Speed AFM Data

To estimate the growth and dissociation rates of FtsZt filaments, we first constructed
kymographs as shown in Figure 4A,B using a laboratory-developed AFM image viewer
based on Igor Pro (Ver. 8.0.4, Wave-Metrics Inc., Lake Oswego, OR, USA). The filament-end
positions of each frame in the kymograph were detected using the edge detection function
of MatrixFiler, which is implemented in IgorPro. Then a graph of filament end position vs.
time was made, and the growth and dissociation rates were estimated from the slope of the
graph (Figure 4A,B).
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To analyze filament curvature, we picked the filaments from FtsZt and FtsZf, respec-
tively. The radii of circles are calculated by regarding the filaments as arcs on Igor Pro (Ver.
8.0.4, Wave-Metrics Inc., Lake Oswego, OR, USA)). Obtained radii values were analyzed
by Igor Pro, giving the median values of the histograms.

Supplementary Materials: Supplementary Materials can be found at https:/ /www.mdpi.com /1422
-0067/22/4/1697/s1, Supplementary Movies S1-S5.
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HS-AFM  High-speed atomic force microscopy
GTP Guanosine triphosphate
GDP Guanosine diphosphate
References
1.  De Boer, P; Crossley, R.; Rothfield, L. The essential bacterial cell-division protein FtsZ is a GTPase. Nature 1992, 359, 254-256.
[CrossRef]
2. RayChaudhuri, D.; Park, J.T. Escherichia coli cell-division gene ftsZ encodes a novel GTP-binding protein. Nature 1992, 359,
251-254. [CrossRef]
3. Mukherjee, A.; Dai, K.; Lutkenhaus, J. Escherichia coli cell division protein FtsZ is a guanine nucleotide binding protein. Proc. Natl.
Acad. Sci. USA 1993, 90, 1053-1057. [CrossRef]
4. Lowe, ].; Amos, L.A. Crystal structure of the bacterial cell-division protein FtsZ. Nature 1998, 391, 203-206. [CrossRef] [PubMed]
5. Bramhill, D.; Thompson, C.M. GTP-dependent polymerization of Escherichia coli FtsZ protein to form tubules. Proc. Natl. Acad.
Sci. USA 1994, 91, 5813-5817. [CrossRef]
6. Bi, E.F; Lutkenhaus, J. FtsZ ring structure associated with division in Escherichia coli. Nature 1991, 354, 161-164. [CrossRef]
[PubMed]
7. Pichoff, S.; Lutkenhaus, J. Tethering the Z ring to the membrane through a conserved membrane targeting sequence in FtsA. Mol.
Microbiol. 2005, 55, 1722-1734. [CrossRef]
8.  Pichoff, S.; Lutkenhaus, J. Unique and overlapping roles for ZipA and FtsA in septal ring assembly in Escherichia coli. EMBO ].
2002, 21, 685-693. [CrossRef]
9.  Nanninga, N. Cell-division and peptidoglycan assembly in Escherichia coli. Mol. Microbiol. 1991, 5, 791-795. [CrossRef]
10. Yang, X.; Lyu, Z.; Miguel, A.; McQuillen, R.; Huang, K.C.; Xiao, J. GTPase activity-coupled treadmilling of the bacterial tubulin
FtsZ organizes septal cell wall synthesis. Science 2017, 355, 744-747. [CrossRef] [PubMed]
11. Bisson-Filho, A.W.; Hsu, Y.P; Squyres, G.R.; Kuru, E.; Wu, E; Jukes, C.; Sun, Y.; Dekker, C.; Holden, S.; VanNieuwenhze, M.S,; et al.
Treadmilling by FtsZ filaments drives peptidoglycan synthesis and bacterial cell division. Science 2017, 355, 739-743. [CrossRef]
12.  Loose, M.; Mitchison, T.J. The bacterial cell division proteins FtsA and FtsZ self-organize into dynamic cytoskeletal patterns. Nat.
Cell Biol. 2014, 16, 38-46. [CrossRef]
13. Osawa, M.; Erickson, H.P. Liposome division by a simple bacterial division machinery. Proc. Natl. Acad. Sci. USA 2013, 110,
11000-11004. [CrossRef] [PubMed]
14.  Sun, Q.; Margolin, W. FtsZ dynamics during the division cycle of live Escherichia coli cells. ]. Bacteriol. 1998, 180, 2050-2056.

[CrossRef] [PubMed]


https://www.mdpi.com/1422-0067/22/4/1697/s1
https://www.mdpi.com/1422-0067/22/4/1697/s1
http://doi.org/10.1038/359254a0
http://doi.org/10.1038/359251a0
http://doi.org/10.1073/pnas.90.3.1053
http://doi.org/10.1038/34472
http://www.ncbi.nlm.nih.gov/pubmed/9428770
http://doi.org/10.1073/pnas.91.13.5813
http://doi.org/10.1038/354161a0
http://www.ncbi.nlm.nih.gov/pubmed/1944597
http://doi.org/10.1111/j.1365-2958.2005.04522.x
http://doi.org/10.1093/emboj/21.4.685
http://doi.org/10.1111/j.1365-2958.1991.tb00751.x
http://doi.org/10.1126/science.aak9995
http://www.ncbi.nlm.nih.gov/pubmed/28209899
http://doi.org/10.1126/science.aak9973
http://doi.org/10.1038/ncb2885
http://doi.org/10.1073/pnas.1222254110
http://www.ncbi.nlm.nih.gov/pubmed/23776220
http://doi.org/10.1128/JB.180.8.2050-2056.1998
http://www.ncbi.nlm.nih.gov/pubmed/9555885

Int. . Mol. Sci. 2021, 22, 1697 10 of 10

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Andreu, ].M.; Schaffner-Barbero, C.; Huecas, S.; Alonso, D.; Lopez-Rodriguez, M.L.; Ruiz-Avila, L.B.; Nunez-Ramirez, R.; Llorca,
O.; Martin-Galiano, A.J. The antibacterial cell division inhibitor PC190723 is an FtsZ polymer-stabilizing agent that induces
filament assembly and condensation. J. Biol. Chem. 2010, 285, 14239-14246. [CrossRef] [PubMed]

Huecas, S.; Llorca, O.; Boskovic, J.; Martin-Benito, J.; Valpuesta, ].M.; Andreu, ] M. Energetics and geometry of FtsZ polymers:
Nucleated self-assembly of single protofilaments. Biophys. J. 2008, 94, 1796-1806. [CrossRef] [PubMed]

Mukherjee, A.; Lutkenhaus, J. Dynamic assembly of FtsZ regulated by GTP hydrolysis. EMBO ]. 1998, 17, 462-469. [CrossRef]
Szwedziak, P.; Wang, Q.; Bharat, T.A.; Tsim, M.; Léwe, J. Architecture of the ring formed by the tubulin homologue FtsZ in
bacterial cell division. eLife 2014, 3, e04601. [CrossRef]

Li, Z.; Trimble, ML].; Brun, Y.V.; Jensen, G.J. The structure of FtsZ filaments in vivo suggests a force-generating role in cell division.
EMBO J. 2007, 26, 4694-4708. [CrossRef] [PubMed]

Marquez, L.E; Mateos-Gil, P,; Shin, ].Y.; Lagos, R.; Monasterio, O.; Velez, M. Mutations on FtsZ lateral helix H3 that disrupt cell
viability hamper reorganization of polymers on lipid surfaces. BBA Biomembranes 2017, 1859, 1815-1827. [CrossRef] [PubMed]
Salas, P.G.D.; Horger, I.; Martin-Garcia, F.; Mendieta, ].; Alonso, A.; Encinar, M.; Gomez-Puertas, P.; Velez, M.; Tarazona, P. Torsion
and curvature of FtsZ filaments. Soft Matter 2014, 10, 1977-1986. [CrossRef]

Mateos-Gil, P; Paez, A.; Horger, I; Rivas, G.; Vicente, M.; Tarazona, P.; Velez, M. Depolymerization dynamics of individual
filaments of bacterial cytoskeletal protein FtsZ. Proc. Natl. Acad. Sci. USA 2012, 109, 8133-8138. [CrossRef] [PubMed]
Mingorance, J.; Tadros, M.; Vicente, M.; Gonzalez, ] M.; Rivas, G.; Velez, M. Visualization of single Escherichia coli FtsZ filament
dynamics with atomic force microscopy. J. Biol. Chem. 2005, 280, 20909-20914. [CrossRef] [PubMed]

Ando, T.; Uchihashi, T.; Kodera, N.; Yamamoto, D.; Miyagi, A.; Taniguchi, M.; Yamashita, H. High-speed AFM and nano-
visualization of biomolecular processes. Pfliigers Archiv Eur. J. Physiol. 2008, 456, 211-225. [CrossRef] [PubMed]

Ando, T.; Kodera, N.; Takai, E.; Maruyama, D.; Saito, K.; Toda, A. A high-speed atomic force microscope for studying biological
macromolecules. Proc. Natl. Acad. Sci. USA 2001, 98, 12468-12472. [CrossRef]

Sugimoto, S.; Yamanaka, K.; Nishikori, S.; Miyagi, A.; Ando, T.; Ogura, T. AAA* chaperone ClpX regulates dynamics of
prokaryotic cytoskeletal protein FtsZ. J. Biol. Chem. 2010, 285, 6648—6657. [CrossRef]

Tan, C.M.; Therien, A.G.; Lu, J.; Lee, S.H.; Caron, A.; Gill, C.].; Lebeau-Jacob, C.; Benton-Perdomo, L.; Monteiro, ].M.; Pereira,
PM.; et al. Restoring methicillin-resistant Staphylococcus aureus susceptibility to -lactam antibiotics. Sci. Transl. Med. 2012, 4,
126ral35. [CrossRef]

Matsui, T.; Yamane, J.; Mogi, N.; Yamaguchi, H.; Takemoto, H.; Yao, M.; Tanaka, I. Structural reorganization of the bacterial
cell-division protein FtsZ from Staphylococcus aureus. Acta Crystallographica D Biol. Crystallogr. 2012, 68, 1175-1188. [CrossRef]
Fujita, J.; Harada, R.; Maeda, Y.; Saito, Y.; Mizohata, E.; Inoue, T.; Shigeta, Y.; Matsumura, H. Identification of the key interactions
in structural transition pathway of FtsZ from Staphylococcus aureus. |. Struct. Biol. 2017, 198, 65-73. [CrossRef]

Matsui, T.; Han, X; Yu, J.; Yao, M.; Tanaka, I. Structural change in FtsZ induced by intermolecular interactions between bound
GTP and the T7 loop. |. Biol. Chem. 2014, 289, 3501-3509. [CrossRef] [PubMed]

Li, Y;; Hsin, J.; Zhao, L.; Cheng, Y.; Shang, W.; Huang, K.C.; Wang, HW.; Ye, S. FtsZ protofilaments use a hinge-opening
mechanism for constrictive force generation. Science 2013, 341, 392-395. [CrossRef] [PubMed]

Wagstaff, ].M.; Tsim, M.; Oliva, M.A.; Garcia-Sanchez, A.; Kureisaite-Ciziene, D.; Andreu, ].M.; Lowe, J. A polymerization-
associated structural switch in FtsZ that enables treadmilling of model filaments. mBio 2017, 8, e00254-17. [CrossRef]
Szwedziak, P.; Wang, Q.; Freund, S.M.; Lowe, ]. FtsA forms actin-like protofilaments. EMBO ]. 2012, 31, 2249-2260. [CrossRef]
Mosyak, L.; Zhang, Y.; Glasfeld, E.; Haney, S.; Stahl, M.; Seehra, J.; Somers, W.S. The bacterial cell-division protein ZipA and its
interaction with an FtsZ fragment revealed by X-ray crystallography. EMBO J. 2000, 19, 3179-3191. [CrossRef]

Ma, X.L.; Margolin, W. Genetic and functional analyses of the conserved C-terminal core domain of Escherichia coli FtsZ. ]. Bacteriol.
1999, 181, 7531-7544. [CrossRef]

Buske, PJ.; Levin, P.A. Extreme C terminus of bacterial cytoskeletal protein FtsZ plays fundamental role in assembly independent
of modulatory proteins. J. Biol. Chem. 2012, 287, 10945-10957. [CrossRef] [PubMed]

Mateos-Gil, P; Tarazona, P; Velez, M. Bacterial cell division: Modeling FtsZ assembly and force generation from single filament
experimental data. FEMS Microbiol. Rev. 2019, 43, 73-87. [CrossRef]

Marquez, I.; Diaz-Haro, G.; Velez, M. Surface orientation and binding strength modulate shape of FtsZ on lipid surfaces. Int. |.
Mol. Sci. 2019, 20, 2545. [CrossRef]

Sundararajan, K.; Vecchiarelli, A.; Mizuuchi, K.; Goley, E.D. Species- and C-terminal linker-dependent variations in the dynamic
behavior of FtsZ on membranes in vitro. Mol. Microbiol. 2018, 110, 47-63. [CrossRef] [PubMed]

Wendel, M.; Lorenz, H.; Kotthaus, ]J.P. Sharpened electron beam deposited tips for high resolution atomic force microscope
lithography and imaging. Appl. Phys. Lett. 1995, 67, 3732-3734. [CrossRef]


http://doi.org/10.1074/jbc.M109.094722
http://www.ncbi.nlm.nih.gov/pubmed/20212044
http://doi.org/10.1529/biophysj.107.115493
http://www.ncbi.nlm.nih.gov/pubmed/18024502
http://doi.org/10.1093/emboj/17.2.462
http://doi.org/10.7554/eLife.04601
http://doi.org/10.1038/sj.emboj.7601895
http://www.ncbi.nlm.nih.gov/pubmed/17948052
http://doi.org/10.1016/j.bbamem.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28642045
http://doi.org/10.1039/c3sm52516c
http://doi.org/10.1073/pnas.1204844109
http://www.ncbi.nlm.nih.gov/pubmed/22566654
http://doi.org/10.1074/jbc.M503059200
http://www.ncbi.nlm.nih.gov/pubmed/15793307
http://doi.org/10.1007/s00424-007-0406-0
http://www.ncbi.nlm.nih.gov/pubmed/18157545
http://doi.org/10.1073/pnas.211400898
http://doi.org/10.1074/jbc.M109.080739
http://doi.org/10.1126/scitranslmed.3003592
http://doi.org/10.1107/S0907444912022640
http://doi.org/10.1016/j.jsb.2017.04.008
http://doi.org/10.1074/jbc.M113.514901
http://www.ncbi.nlm.nih.gov/pubmed/24347164
http://doi.org/10.1126/science.1239248
http://www.ncbi.nlm.nih.gov/pubmed/23888039
http://doi.org/10.1128/mBio.00254-17
http://doi.org/10.1038/emboj.2012.76
http://doi.org/10.1093/emboj/19.13.3179
http://doi.org/10.1128/JB.181.24.7531-7544.1999
http://doi.org/10.1074/jbc.M111.330324
http://www.ncbi.nlm.nih.gov/pubmed/22298780
http://doi.org/10.1093/femsre/fuy039
http://doi.org/10.3390/ijms20102545
http://doi.org/10.1111/mmi.14081
http://www.ncbi.nlm.nih.gov/pubmed/30010220
http://doi.org/10.1063/1.115365

	Introduction 
	Results 
	Observation of SaFtsZ Filaments with HS-AFM 
	Formation, Elongation, and Dissociation of SaFtsZ Filaments 
	Curvature of SaFtsZ Filaments 

	Discussion 
	Materials and Methods 
	Cloning, Protein Expression, and Purification 
	High-Speed AFM 
	Analysis of High-Speed AFM Data 

	References

