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General Introduction

0.1. Bacterial Cell Division and FtsZ

Public health agencies, such as the World Health Organization (WHO) and the Centers for Disease
Control (CDC), have released reports that caution of an impending crisis to global public health due to
the rise and spread of antibiotic resistance (1, 2). Therefore, it is urgently necessary to develop new
antibiotics with novel bacterial targets. This situation has been shed light on cell division (3), which is
an essential phenomenon for extensive species of eukaryotes, archaea, and bacteria. In Escherichia coli,
more than 30 proteins constitute a multiprotein complex called divisome (4). Among these proteins, the
tubulin homolog protein FtsZ (Filamenting temperature-sensitive mutant Z) is widely conserved in
many bacteria and archaea, and plays a central role in cell division; it assembles to form filamentous
structures called protofilaments, which further associate into a ring shape (Z-ring) in the presence of
guanosine triphosphate (GTP) (Fig. 0-1, left panel) (5-7). FtsZ catalyzes GTP hydrolysis, which is
associated with its polymerization because the GTPase active residues are located in the opposite side
of the nucleotide binding pocket (8-11). The Z-ring gradually contracts to divide a cell in half (12), but
how the contraction force is generated has been remained controversial. The most potent model is that
FtsZ filaments bending regulated by GTP hydrolysis generates the force. Electron microscopic study
has shown that highly curved filaments are formed in the presence of GDP in contrast to straight
filaments with GTP (13), and computational approach also supports this hypothesis (14). Furthermore,
a series of fluorescent microscopic studies using yellow fluorescent protein (YFP) and membrane-
targeting sequence (MTS)-fused FtsZ demonstrate that FtsZ can deform liposome membrane (15, 16).
However, recent biochemical and microscopic studies suggest that FtsZ may not generate enough
constriction force for cell division and the Z-ring is cooperated with other cell division proteins for cell
wall metabolism, the alternative candidate for the force generator (17). Net FtsZ filament movement

caused by polymerization at one end and depolymerization at the other end, called treadmilling, has
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Figure 0-1. Schematic representation of FtsZ and FtsA during bacterial cell division.

been found to be important for cell wall synthesis and coupled with a GTPase activity (18, 19).
Although a number of crystallographic and biochemical studies of FtsZ derived from various
species have been performed, the mechanism of the GTPase-mediated FtsZ conformational change still
remains unclear. The biggest problem was that most of FtsZ crystal structures from various species
show identical monomer conformation whether GTP (or its analog) or GDP is bound (20-22).
Additionally, no filamentous structure is found in these crystals. On the other hand, crystal structures
of FtsZ from Staphylococcus aureus (SaFtsZ) show apparently different features. The GDP-bound
molecules align as straight filaments in the crystal, and the loop responsible for GTP hydrolysis (T7
loop) was deeply inserted into the GDP binding pocket of the adjacent molecule (23). This rigid
interaction seems to be responsible for mechanism of GTP hydrolysis: the putative catalytic residues
(Asp210 and Asp213) are located near the y-phosphate of GTP analog (GTPyS), suggesting water-
mediated hydrogen bonds between them, whereas no water molecules are found in the GTPyS complex
because of the low resolution (2.61 A, PDB entry: 3WGN, Fig. 0-2) (24). From these information, the
conformation of SaFtsZ is considered as a tense (T) state corresponding to the straight filaments
observed under GTP, and other structures are thought as a relaxed (R) state corresponding to the curved
filaments observed under GDP. The identified two conformation enables prediction of the T-R

conformational change mechanism. For example, the crystal structure of Mycobacterium tuberculosis



FtsZ (MtbFtsZ, PDB entry: 4KWE) suggests that the GTP hydrolysis induces a hinge-opening
movement in FtsZ monomer, which promotes the conformational changes of FtsZ filaments (25).
Crystallographic study of the SaFtsZ also suggests the FtsZ structural change between the T and R states
is induced by intermolecular interactions (24). However, there is no example that both T and R FtsZ
structures are determined in a single species, so the possibility cannot be excluded that the FtsZ
conformation is intrinsic to the species. Some GDP-bound SaFtsZ mutants structures (altered the length
of the T7 loop, PDB entry: 3WGK and 3WGL) show R-like conformations, but the result should be
carefully interpreted because the heavily engineered mutants without GTPase activity are not functional

(24).

Fig. 0-2. Intermolecular interface of SaFtsZ—GTPyS complex (PDB entry: 3WGN). Upper molecule is shown in

gray for clarity. The distances are labeled in A.

Several molecular dynamics (MD) simulations have been performed to investigate the nucleotide-
regulated FtsZ filament dynamics. Particularly, most previous studies have investigated how the FtsZ
polymer bends by GTP hydrolysis through intermolecular interaction between neighboring FtsZ
monomers (14, 26, 27). Another computational study shows that monomeric FtsZ changes the
conformation fromthe T to R state, but the intramolecular mechanism was not analyzed in atomic detail
(28). In contrast to previous studies, structural basis of intramolecular interaction during the T-R
structural change has been hindered by the absence of both T and R structures of native FtsZ from a

single species as described above.



0.2. Membrane Anchor Protein FtsA

The Z-ring has to be anchored to the cytoplasmic membrane, because the membrane deformation
associated with the ring constriction is essential to complete cell division. FtsZ interacts with a partner
protein FtsA through its C-terminal sequence (29, 30), and FtsA is also tethered to the membrane
through its C-terminal amphipathic helix (MTS described above, Fig. 0-1. Right panel) (31). FtsA
belongs to the actin family, which exhibits ATPase activity coupled to its polymerization (32). FtsA
forms filamentous structures similar to those of actin both in vitro and in vivo (33, 34). Although recent
electron cryomicroscopy and cryotomography allow the observation of three-dimensional (3D)-
arranged FtsA filaments along the Z-ring (35), the role of FtsA filaments remains to be clarified. AT Pase
activity was exhibited in FtsA from Bacillus subtilis (36) and Pseudomonas aeruginosa (37), but it was
not detected in FtsA from Streptococcus pneumoniae (34), Escherichia coli (38), and Thermotoga
maritima (TmFtsA) (33). Fluorescence microscopic study indicates that the coexistence of YFP-fused
FtsZ and FtsA* (a gain-of-function mutant of FtsA (39)) results in formation of a continuous septum in
a GTP and ATP-dependent manner (40). Another fluorescence microscopic study shows that FtsZ and
FtsA self-organize into rapidly reorganizing complex patterns, such as filament bundles and rings, on
supported lipid bilayers (41). These results suggest that the biological role of FtsA is not merely
anchoring FtsZ to the membrane but regulating FtsZ assembly. However, understanding of the
molecular function of FtsA during cell division has been hampered by limited structural information of
FtsA. The only crystal structure is available for TmFtsA (33, 42). The structure shows different domain
architecture (1A, 1C, 2A, and 2B) compared to that of actin (1A, 1B, 2A, and 2B), and filamentous
packing in the crystal (Fig. 0-3). FtsZ-binding site of FtsA was also identified by mutational study (43)
and crystal structure of TmFtsA complexed with the C-terminal peptide of TmFtsZ and solution NMR
studies (33). In order to extend this knowledge to other species-derived FtsA, further structural studies
is required, but other FtsA often needs refolding in a purification step and seems to be difficult to prepare

high purity and homogeneity sample for crystallization (37, 38).



Figure 0-3. TmFtsA-ATPyS filament in the crystal (PDB entry: 4A2B). Domains 1A, 1C, 2A, and 2B are colored

in light orange, green, pink, and cyan, respectively.

0.3. Development of FtsZ Inhibitors

Both FtsZ and FtsA are highly conserved and essential for cell division and viability in many
bacterial species, and higher eukaryotes including human lack these proteins. These facts make them
attractive targets for the development of antibacterial agents against pathogenic bacteria such as
methicillin-resistant Staphylococcus aureus (MRSA). Especially FtsZ, a central player in bacterial cell
division, has been considered to be a potent target, and many FtsZ-inhibitors, such as alkaloids,
polyphenols, taxanes, nucleotide analogs, and benzamide derivatives, have been developed so far (44).
However, structural information is extremely limited; only two kinds of FtsZ crystal structures
complexed with its inhibitors have been determined. One is Aquifex aeolicus FtsZ (AaFtsZ) complexed
with 8-morpholino-GTP (PDB entry: 2R75, Fig. 0-4A), a C8-substituted GTP analog (45). The other is
SaFtsZ with PC190723 (PDB entries: 3VOB and 4DXD, Fig. 0-4B) (23, 46), a benzamide derivative
developed from the starting compound 3-methoxybenzamide (Fig. 0-4C) (47). PC190723 binds in a

cleft opened only in the T state, suggesting that it works as an allosteric inhibitor by fixing FtsZ
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conformation to the T state. PC190723 exhibits antibacterial activity against Bacillus subtilis and S.
aureus including MRSA, and does not inhibit the growth of human hepatocytes (48). PC190723 shows
the tendency of stabilizing FtsZ protofilaments and increasing its GTPase activity, and it also allows
polymerization at lower FtsZ concentration (49, 50). Although PC190723 is the best-known inhibitor
against MRSA and commercially available, the clinical usage of the compound has been hindered by
its poor solubility and formulation properties. Furthermore, several MRSA strains exhibiting the
resistance against PC190723 have been isolated, and several kinds of FtsZ mutations, such as G193D,

G196S, G196A, G196C, N263K, and L200F, were identified (46, 48, 51).

A B
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Figure 0-4. The inhibitors crystallized with FtsZ. (A, B) Overall crystal structures of AaFtsZ—-8-morpholino-GTP

(A, PDB entry: 2R75) and SaFtsZ-PC190723 complex (B, PDB entry: 4DXD). (C) Chemical structure of
PC190723.

0.4. Outline of this Thesis
This thesis aims to clarify the central molecular mechanism of bacterial cell division by performing
structural and functional analysis mainly by X-ray crystallographic analysis of SaFtsZ and FtsA from

S. aureus (SaFtsA). Another significant purpose of this study is to establish a structural basis for new



drug development against MRSA.

In Chapter 1, the structural change mechanism of FtsZ was discussed. The author determined the
structures of non-mutated SaFtsZ corresponding to the T and R state conformations in a single crystal
and proposed the T-R structural change mechanism. Enhanced sampling MD simulation performed by
co-workers predicted the transient structure and identified important interactions for the conformational
change. Crystallographic analysis and conventional MD simulations of the mutant also supported these
results.

Chapter 2 describes binding modes of the novel FtsZ inhibitors and their relationship to drug
resistance mutation. The author reported the crystal structures of SaFtsZ complexed with several
inhibitors developed by collaborators. Unlike previous structures, all the inhibitors in this study showed
a novel bent conformation, which allowed us to identify a new inner hydrophobic pocket and to further
optimize the inhibitor structures. The author also determined the crystal structure of one of the common
drug resistant mutants in complex with the valid inhibitor, and revealed that the existence of bromo
group and the enhanced structural flexibility of the inhibitor are significant factors for overcoming the
drug resistance mutations in SaFtsZ.

In Chapter 3, dynamic behavior of FtsZ filaments and the effect of the inhibitors were investigated
by high-speed atomic force microscopy (AFM). High frame rate (1 frame s™) enables visualization of
the filament formation and dissociation process. Straight and curved filaments were predominantly
formed in the absence and presence of the inhibitors, respectively. The difference of the filament shapes
reflects that of the inhibitor activities.

Structural characterization of SaFtsA was performed in Chapter 4. The author established the way
to express, purify, and crystallize SaFtsA. The crystal structure showed twisted antiparallel filaments in
contrast to the straight filaments of TmFtsA. A hairpin region shows different orientation compared to
that of TmFtsA because of the less hydrogen bond interaction. Additionally, the author performed
SaFtsZ-FtsA interaction assays to find the importance of SaFtsZ C-terminal Arg-rich region. This

unique interaction can explain the stability of SaFtsZ—FtsA complex in vitro.
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Chapter 1

Structural Change Mechanism of FtsZ

1.1. Introduction

A number of accumulated biochemical, microscopic, and structural studies offers a basic GTPase-
assembly cycle of FtsZ (Fig. 1-1). FtsZ assembles to form straight protofilaments in the presence of
GTP. The GTPase active site formation between two molecules in the filaments leads to GTP hydrolysis.
Structural changes by GTP hydrolysis (maybe release of inorganic phosphate) results in filament
bending. The curvature of FtsZ filament decreases the binding affinity with neighboring molecules,
which promotes dissociation to the monomer. Then GTP-GDP exchange recovers the first state. As
mentioned in section 0.1, the mechanism of FtsZ T-R conformational change has been proposed based
on the crystal structures (24, 25). However, the discussion is based on the structures of FtsZ from
different species or heavily-engineered (shortened T7 loop) FtsZ mutants without GTPase activity. The
crystal structures of non-mutated single species FtsZ in both T and R states must be helpful for further

understanding the T-R structural change mechanism in atomic detail.
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Figure 1-1. Schematic representation of FtsZ GTPase-assembly cycle.
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Both T and R structure in a single species must be also useful for MD simulation. My co-workers
have proposed an computational methods called the Parallel Cascade Selection MD (PaCS-MD) for
enhancing the structural change and generating the pathway using two structures as an initial and final
structure (52). In PaCS-MD, multiple short-time MD simulations are started from the initial structure.
Then resulting many snapshots are compared to the final structure, and appropriate snapshots are
selected as the structures that have high potential to change the conformation. To enhance the structural
changes, the cycle between selection of appropriate initial structures and restarting of short-time MD
simulations from the selected snapshots is repeated. Regenerations of initial velocities in restarting
short-time MD simulations might provide sufficient kinetic energies for overcoming free energy barriers,
efficiently inducing the structural changes compared to a long-time MD simulation (53).

Here, the author started from structure determination of SaFtsZ in the R state. Unexpectedly,
SaFtsZ was crystallized as two conformations in the same crystal, and they were found to adopt the T
and R state conformations. Several key features were identified, and a putative mechanism of the
structural change was proposed. PaCS-MD simulations was applied to the T (initial) and R (final)
structures by the co-workers to support and further investigate the mechanism. A transient structure
generated by PaCS-MD showed a unique hydrogen bond between the side chain of Argl91 and the
main chain of Arg29, which was responsible for the structural change mechanism. Therefore, the author
focused on Arg29 and mutated this residue to alanine, and determined the crystal structure of the R29A
mutant of SaFtsZ. The mutant also showed T and R state-like conformations, but these conformations
included slight but important structural changes compared to those of WT. Conventional MD
simulations of the R29A showed increased structural flexibility in both T and R conformations,

suggesting that Arg29 acts as a conformational switch.

1.2. Materials and Methods
1.2.1. Cloning, expression, and purification of SaFtsZ wild-type and R29A mutant

The globular GTPase enzymatic domain of ftsZ gene (amino acid residues 12-316) from

9



methicillin-resistant S. aureus (strain MRSA252, Uniprot entry: Q6GHP9) was amplified from the
constructed full-length ftsz gene inserted into pColdl vector (TAKARA BIO) (see section 4.2.1.) using
KOD -plus- DNA polymerase (TOYOBO) and the following primers: forward, 5’-
GGTAGGCATATGGCGACTTTAAAGGTCATTGGTGTAGGTGG-3’, reverse, 5-
GAATTCGGATCCTTAATCAAAACCAGTTGCAATAACTGTTACAACAATCTC-3’, and was
subcloned into a modified pColdl vector, whose Factor Xa protease cleavage site (IEGR) was replaced
into continuous Pstl restriction site and tobacco etch virus (TEV) protease site (LQENLYFQG) via Ndel
and BamHI sites. The resulting plasmid contains additional N-terminal extra residues of
MNHKVHHHHHHLQENLYFQGHM before Alal2 of SaFtsZ. The plasmid was transformed into E.
coli DH5a strain and extracted with QlAprep Spin Miniprep Kit (QIAGEN). Desired plasmids were
selected by sequencing. The selected plasmid was transformed into E. coli BL21(DE3) strain and the
cells were cultured in Luria—Bertani (LB) medium supplemented with 100 ug ml~* ampicillin at 37 °C
until the optical density at 600 nm reached 0.5. After the addition of 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG), cultivation was continued for 24 h at 15 °C. Cells were harvested by
centrifugation for 20 min at 9000xg and 4 °C, and immediately stored at —80 °C. Cell pellets were
resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 300 mM NacCl, 20 mM imidazole), and lysed with
an EmulsiFlex-C3 homogenizer (Avestin). The suspension was ultracentrifuged for 30 min at
100,000%g and 4 °C. The supernatant was filtered by a 0.45 um syringe filter (Sartorius) and loaded
onto a 5 ml HisTrap HP column (GE Healthcare). The protein was eluted by a 45-310 mM imidazole
gradient. Fractions containing the desired protein were dialyzed against dialysis buffer (50 mM Tris-
HCI pH 7.5) for 3h at 4 °C. TEV protease digestion reaction for hexahistidine (6xHis)-tag removal was
carried out by the addition of 1 mg His-tagged TEV protease and 1 mM dithiothreitol (DTT) and
standing overnight at 4 °C. The residual amino acid sequences after the digestion are GHM. The reaction
mixture was loaded onto the HisTrap HP column again, and the flow-through fraction was collected
and diluted ten times with the dialysis buffer. The diluted solution was loaded onto a 1 ml Resource Q

column (GE Healthcare), and the protein was eluted by a 30—750 mM NaCl gradient. The FtsZ fractions
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were further purified using a HiLoad 16/600 Superdex 200 prep-grade column (GE Healthcare)
equilibrated with gel-filtration buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl). The purity of the protein
was confirmed by SDS-PAGE. The purified protein was concentrated to 10 mg ml™* with Vivaspin 20-
10K (GE Healthcare), and flash-frozen in liquid nitrogen and immediately stored at —80 °C. R29A
mutant of SaFtsZ1,_316 was cloned, expressed, and purified as described above, except that site-directed
mutagenesis was performed by inverse-PCR wusing the following primers: forward, 5’-
CAACGCCGTAAACQCAATGATTGACC-3’, reverse, 5’-GGTCAATCATTgcGTTTACGGCGTTG-3’
(The changed nucleotides are represented in small letters, and the codons corresponding to the amino

acids residues to be changed are underlined).

1.2.2. Crystallization, data collection and structure determination

All SaFtsZ crystals in this chapter were obtained by a sitting-drop vapor-diffusion technique at
20 °C in the following reservoir conditions based on JBScreen Pentaerythritol 2 (Jena Bioscience).
SaFtsZ1, 31e-GDP complex was crystallized at 4.4 mg ml™ under the condition of 100 mM HEPES pH
8.0, 39% wi/v pentaerythritol propoxylate 629 (PEP 629). SaFtsZi,-316 R29A (T state) was crystallized
at 10 mg mI™* under the condition of 100 mM Tris pH 8.1, 43% w/v PEP 629, 300 mM KCI. SaFtsZ,
a16 R29A (R state) was crystallized at 10 mg mI™ under the condition of 100 mM Tris pH 8.4, 45% wi/v
PEP 629, 300 mM KCI. Crystals were flash-frozen in a nitrogen gas stream at —180 °C without
cryoprotectants. X-ray diffraction data were collected at SPring-8 BL44XU (Hyogo, Japan) under
cryogenic nitrogen gas stream at 100 K. The diffraction data were processed and scaled with HKL2000
(54). The phases were determined by molecular replacement with Phaser in the CCP4 suite (55) using
a previous structure of SaFtsZ-GDP complex (PDB entry: 3VOA) (23) as a search model. The model
structures were refined with Refmac5 (56) and CNS (57, 58), with manual modification using COOT
(59). The refined structures were validated with MolProbity (60). Data collection and refinement
statistics are summarized in Table 1-1. The final atomic coordinates and structure factor amplitudes

have been deposited in the RCSB Protein Data Bank (PDB entries: 5SH5G, 5SH5H, and 5H5I). Chain
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interactions were assessed with PISA server (61), and interface interactions were identified with
LIGPLOT (62). Domain rotation was estimated with DynDom (63). Sequence alignment was prepared

using ClustalW (64) and ESPript (65). Figures were prepared with PyMOL (Schrodinger).

1.2.3. GTPase activity assay

GTPase assay of SaFtsZ was carried out using a coupled enzyme assay (66). In this method, GTP
hydrolysis is coupled to NADH oxidation with pyruvate kinase (PK) and lactate dehydrogenase (LDH).
NADH absorbance decrease at 340 nm was measured, which is proportional to the rate of GTP
hydrolysis. In our experiments, the sequential reactions were performed in 50 mM Tris-HCI pH 7.5, 5
mM MgCl,, 200 mM KCI, 50 U ml™* PK, 50 U mI* LDH, 1 mM phosphoenolpyruvate (PEP), 1 mM
GTP, 0.2 mM NADH, 0.5 mg ml* protein at 37 °C. Whole reaction volume was 1 ml. GTPase activity
was calculated from the decrease of absorbance per minute at 340 nm divided by the molar extinction

coefficient of NADH (6220 M* cm™), FtsZ molar concentration, and the path length (1 cm).

1.2.4. MD simulations

PaCS-MD and conventional MD simulations were performed by co-workers (67).
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Table 1-1. Data collection and refinement statistics.

Data set SaFtsZ1, 316 WT SaFtsZ1,-316 R29A SaFtsZ1,_316 R29A
(T state) (R state)
PDB entry 5H5G 5H5H 5H5I

Data collection
X-ray Source
Wavelength (A)
Space group
Unit-cell parameters

a, b, c(A)

SPring-8 BL44XU
0.900
P2,

43.92, 159.02, 44.06

SPring-8 BL44XU
0.900
C2

71.53, 50.83, 88.48

SPring-8 BL44XU
0.900
Cc2

64.76, 59.28, 81.77

L(°) 92.78 110.63 109.13

Resolution (A) 50.0-2.20 50.0-1.70 50.0-1.90
(2.24-2.20)" (1.73-1.70) (1.93-1.90)

Total reflections 156,805 132,869 86,369
Unique reflections 30,358 32,530 22,985
Completeness (%) 100.0 (100.0) 99.5 (100.0) 99.2 (99.5)
/o 19.9 (2.2) 14.3 (1.4) 24.0 (2.0)
Rmerge” (%) 8.0 (51.6) 13.0 (96.0) 6.4 (50.3)
CCu2 (%) (80.0) (87.1) (84.3)
Refinement
Resolution (A) 44.0-2.20 41.4-1.70 42.6-1.90
Rwork/Riree” (%) 18.4/24.5 18.2/22.6 18.9/22.3
No. of molecules 2 (T, R states) 1 (T state) 1 (R state)
in the A.U.
No. of atoms

Protein 4473 2230 2208

Ligand 57 29 28

Water 196 244 124
Average B-factors (A%

Protein (T state) 38.4 27.4

Protein (R state) 47.2 43.2

Ligand 29.1 18.5 32.2

Water 42.1 34.9 44.4
RMSD from ideal

Bond length (A) 0.008 0.015 0.014

Bond angles (°) 1.359 1.707 1.695
Ramachandran plot

Favored 608 (97.4%) 301 (97.1%) 300 (98.0%)

Allowed 16 (2.6%) 9 (2.9%) 6 (2.0%)

Outlier 0 (0%) 0 (0%) 0 (0%)

Nvalues in parentheses are for the highest resolution shells.

Rimerge = Zhia Zi [li(hkl) — <I(hkD)>|/Zna Zi li(hkl), where [i(hkl) is the intensity of an individual reflection and

<I(hkl)> is the mean intensity of symmetry-equivalent reflections.

Ruork = Zhit ||Fobs] — |Featc|l/Zhi |Fobs|, Where Foss and Feac are observed and calculated structure-factor amplitudes,

respectively. Ree Was calculated as for Rwork but using only 5% unrefined subset of reflection data.
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1.3. Results and Discussion
1.3.1. Structure comparison between the T and R states

The GTPase enzymatic domain (residues 12-316) of SaFtsZ was expressed, purified, and
crystallized as described above. The crystal structure was determined at 2.2 A resolution, and all SaFtsZ
molecules in the crystal bound GDP, which did not be supplemented in the purification or crystallization
steps. Therefore, it should be brought from E. coli during the cultivation. The crystallographic
asymmetric unit contains two structurally different SaFtsZ molecules (chains A and B, a root mean
square deviation (RMSD) = 1.2 A for aligned 229 C, atoms; Fig. 1-2A). Chain A shows the common
structural features of most previously determined SaFtsZ structures (e.g. PDB entry 3VOA, RMSD =
0.20 A for aligned 256 C, atoms, Fig. 1-2B) (23), whereas the structure of chain B is similar to that of
AT7 mutants of SaFtsZ (PDB entries 3WGK and 3WGL, RMSD = 0.52 A for aligned 248 C, atoms
and 0.61 A for aligned 243 C, atoms, respectively) (24) or FtsZ from other species (e.g. BsFtsZ, PDB
entry 2RHL, RMSD = 0.82 A for aligned 234 C,, atoms, Fig. 1-2C) (68). Thus, it is concluded that the
conformations of chain A and B correspond to those of the T and R states, respectively. This is the first
example that both of the conformations were observed in non-mutated FtsZ from a single species.
Although the N-terminal subdomains (residues 12-172) of the T and R state structures are well
superposed (RMSD = 0.44 A), the C-terminal subdomains (residues 222—316) are not (RMSD = 1.1 A)
because of approximately 23° (calculated by DynDom (63)) rotation of the C-terminal subdomain.
Structure comparison of the T and R state also highlights significant structural differences in three areas:
the GDP-binding site and the H7 helix, the intersubdomain region, and the T7 loop (Fig. 1-2A).

Superposed on the phosphate and the ribose moiety of GDP, the guanine ring is tilted
approximately 30°, and the H7 helix moves upward in the R state relative to the T state (Fig. 1-3A, B).
In the T state, Arg29 is hydrogen-bonded with the carbonyl group of the guanine ring and Asp187, but
the side chain of Arg29 is flipped outside in the R state and Asp187 binds to the guanine ring directly.
Note that the equivalent Arg-Asp ion pairs between the H1 and H7 helices are highly conserved in many

bacterial species (69). His33 in the H1 helix forms NH-= or cation-n interaction with Arg191 both in
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Figure 1-2. Whole structure comparison of FtsZ. (A) Superposition of the T (orange) and R (green) state in this
study. Three areas where significant structural changes were observed are highlighted by blue circles. The rotation
of the C-terminal subdomain is indicated by a red curved arrow. (B) Superposition of the SaFtsZ in this study
(orange) and the previous one (cyan, PDB entry: 3VOA) in the T state. (C) Superposition of the SaFtsZ in this
study (green) and BsFtsZ (purple, PDB entry: 2RHL) in the R state.

the T and R state, and fixes the position of Arg191.

In the region between the N- and C-terminal subdomain, there are two pairs of hydrogen bonds in
the T state: the side chains of Arg134 and Glu251, and the main chains of Val163 and Glu251 (Fig. 1-
3C). In the R state, however, neither hydrogen bond is observed (Fig. 1-3D). This might be related to
the interaction change that Asn166 binds to the GDP directly in the T state but Thr133 forms a water-
mediated hydrogen bond to the GDP in the R state. The loss of the hydrogen bonds results in a structural

change of the H9-S8 loop (residues 245-258) and probably the C-terminal subdomain rotation.
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In the T7 loop of the T state, four residues (Leu200, Val203, Asn208, and Leu209) and two water
molecules are octahedrally coordinated to the Ca®* ion (Fig. 1-3E). The Ca?" coordination sphere is
essentially the same as in the previous structure (23) and assures the T7 loop rigidity, enabling it to be
deeply inserted into the nucleotide-binding pocket of the neighboring molecule. The residues in the
edge of the T7 loop also binds the residues located on the S9 strand to keep the binding cleft for the
FtsZ inhibitor PC190723 (PC cleft) open (23, 46). In the R state, the T7 loop adopts significantly
different conformation (Fig. 1-3F). The T7 loop structure in the R state does not contain Ca*, and four
hydrogen bonds are formed between three pairs of residues (Leu200-Leu209, 11e201-Asn208 and
Val203-Glu206), resulting in the formation of a twisted B-hairpin-like structure. Such a large movement
of the T7 loop has not been observed in previous FtsZ crystal structures. The side chain of Asn208,
which participates in Ca®* capture in the T state, is hydrogen-bonded with the carbonyl group of Thr296
in the S9 strand. Moreover, the carbonyl group of Gly196 in the H7 helix forms a hydrogen bond with
the side chain of Asn263 located on a 3-sheet in the C-terminal subdomain to close the PC cleft in the
R state. Switching between these interactions coordinates the open or closed motions of the PC cleft.
Furthermore, the Gly196-Asn263 interaction disrupts the terminal structure of the H7 helix, supporting
the reorientation of the T7 loop. The structural basis of the SaFtsZ conformational changes observed
here might be common to many bacterial species, because Gly196 and Asn208 are highly conserved

among members of the FtsZ family.
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Figure 1-3. Structure comparison between the T and R states. (A, B) Interactions around the GDP, H1, and H7
helix inthe T (A) and R (B) state. The mF,—DF. omit maps are contoured at 3.5 ¢ as gray meshes. Water molecules
are shown by red spheres. Hydrogen bonds are shown by cyan dotted lines. (C, D) Interactions around the
intersubdomain region in the T (C) and R (D) state. (E, F) Interactions around the T7 loop in the T (E) and R (F)

state.
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The structural changes in the FtsZ monomer also affect interactions with neighboring molecules in
the filaments. In the crystal, two kinds of layers consisting of only either the T or R monomer are
accumulated alternately, and the directions of FtsZ filaments in each layer are oriented perpendicularly
(Fig. 1-4A). The repeat distances between monomers in the T and R filament are 44.1 A and 43.9 A,
respectively. In the T filament, the interface can be divided into two parts: the left and the right one (Fig.
1-4B). The left one contains the hydrogen bond between Leu270 (main chain CO) and Met179 (main
chain NH) in the H6—-H7 loop of the lower molecule. The corresponding interaction is maintained in
the R state, although the interaction pair is changed into Leu272 (main chain NH) and Thrl177 (main
chain CO) (Fig. 1-4C). Because Thr177 and Met179 are located near the N-terminus of the H7 helix,
this interaction change may lead to an up/down shift of the helix. In the right-side interaction, the T7
loop is deeply inserted into the GTP/GDP binding pocket of the neighboring molecule in the T state as
the previous structure (23). The main chain carbonyl group of Glu206 in the T7 loop forms a hydrogen
bond with the side chain of Asn25 in the H1 helix of the lower molecule (Fig. 1-4B). Notably, Asn25 is
also highly conserved among bacterial species. In contrast, this interaction is not observed in the R state
because of the flipped T7 loop (Fig. 1-4C). As a result, the interaction areas decrease from 1168 AZin
the T state to 798 A? in the R states. Such reduction in surface area in the R state interface results in a
gap on one side of the protofilament, which might permit bending, as reported previously (24, 25). The
relative orientation of the neighboring molecules in the filament differs between the T and R state
structures (Fig. 1-4D). Superposed on the upper molecules of the T and R filament, the lower molecule
shifts about 8 A, resulting in reorientation between neighboring molecules in the filaments.

Based on the crystal structures, the T-R structural change mechanism could be proposed as follows
(Fig. 1-5): after GTP hydrolysis, first, tilt of the guanine ring and interaction changes around the GDP
are occurred. This also causes the dissociation of the hydrogen bonds between N- and C-terminal
subdomains. The loss of the hydrogen bonds leads to the rotation of C-terminal subdomain and upshift
of the H7 helix. Then the T7 loop is pulled out from the GTP/GDP binding pocket of the neighboring

molecule and flipped out to reduce the interaction area, which promotes reorientation of the neighboring
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molecule to allow the curvature of FtsZ protofilaments.

Figure 1-4. Intermolecular interactions of SaFtsZ. (A) Crystal packing and filaments arrangement. Molecules in
the T and R state are shown in orange and green, respectively. (B, C) Dimer structures of the T (B) and R (C)
filament (left panel). Lower molecules are colored in gray. Interaction areas are highlighted by blue circles. Close-
up views of the interaction areas (right panel). Hydrogen bonds are shown by cyan dotted lines. (D) Superposition
of (B) and (C) left panel based on the upper molecules (shown in semi-transparent). Movement between the lower

molecules is indicated by a red arrow.
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1.3.2. Transient structure and key interactions identified by PaCS-MD

In order to verify and investigate the proposed mechanism of the T-R structural change, PaCS-
MD simulations (67) followed by free-energy analyses were applied to each monomer in the T and R
states in this study by co-workers. After 300 cycles (total 300 ns), the simulation successfully
reproduced the structural change to near the crystal structure of the R state (RMSD = 1.2 A for aligned
260 C, atoms, Fig. 1-6A), similar to the previous MD simulation (28). Nevertheless, neither of them
reproduced the flip of the T7 loop. In addition, this T7 reorientation was not reproduced in the extra
PaCS-MD simulations without Ca?*. This is probably because intermolecular interaction is needed for
the T7 loop reorientation. A free-energy profile during the T-R structural change clearly suggests the
existence of a transient structure between the two stable T and R states in aqueous solution (Fig. 1-6B).
The low energy barrier (about 4 ksT) indicates that the structural change easily occurs at room
temperature, and both T and R states co-exist in solution. The free energy difference between the T and
R states is about one ksT. Roughly speaking, this free energy difference corresponds to the existence
ratio of the T state (0.55) : R state (0.45) in the equilibrium, although the free energy profile is strongly
affected by a choice of force field parameters in MD simulations. In this transient structure snapshot,
the C-terminal subdomain and the H7 helix are located between those of the T and R state (Fig. 1-6C).

Focused on the interactions around GDP in this transient structure (Fig. 1-6D, middle panel), the
following features were found from the comparison to those in the T and R state (Fig. 1-6D, left and
right panel, respectively). (1) GDP interacts with Arg29 in the T state and is directly bound to Asp187
in the R state. On the other hand, Asp187 is hydrogen-bonded with both GDP and Arg29 in the transient
structure. (2) Asn166 forms hydrogen bond with GDP in the T state, but Thr133 interacts with GDP
through a water-mediated and direct hydrogen bond in the R state and transient structure, respectively.
(3) m-m stacking between Phel83 and the guanine ring of GDP is observed in both T and R state
structures, whereas it is dissociated in the transient structure. These features suggest that this snapshot
reasonably represents the transient structure between the T and R state well. Additionally, in the

transient structure, the unique hydrogen bond was also found between the side chains of Arg191 and
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the main chain carbonyl oxygen of Arg29, which is absent both in the T and R state crystal structure.
For further investigation, the distances between several hydrogen bonds were monitored during PaCS-
MD simulations (Fig. 1-6E). A sudden dissociation of the hydrogen bond between Asn166 and GDP
found in the T state was observed (green line at 900 ps), which suggests that this hydrogen bond was
broken in the early stage of the structural change from the T to R state. Arg29 gradually approaches
Argl191 to form a hydrogen bond formation between them (red line from 800 to 1000 ps). Owing to the
hydrogen bond formation between Arg191 and Arg29, Arg29-GDP interaction was weakened and
Aspl187 was inserted between them as the transient structure, resulting in the dissociation of Arg29 from
the GDP (blue line at 1080 ps). Finally, the Arg29—-Arg191 hydrogen bond was broken to complete the
structural changes to the R state structure (red line at 1150 ps). Among FtsZ proteins, Asn166 and
Thr133 are completely conserved, and Arg29 and Asp187 are well conserved, but His33, Asn188, and
Argl91 are not. This tendency may indicate that the switching residues related to the T-R change are
well conserved, but the interaction pairs of the switching residues differ among bacterial species.

In this study, the PaCS-MD simulation was applied only for monomer structure, but both
intramolecular and intermolecular changes have to be cooperative (70). Additionally, the GTP/GDP
exchange also affects FtsZ conformation, because the presence of a y-phosphate and its interaction with
the T3 loop would strongly affect the conformation of the neighboring molecule in other species (25).
However, this structural change has not been observed in SaFtsZ (24). Further MD studies of FtsZ
filament based on a crystal structure of the complex of SaFtsZ and GTP (or its analog) at higher

resolution than the previous one (24) may be considered to address the complete T-R structural change.
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Figure 1-6. PaCS-MD simulation for T-R structural change. (A) Superposition of crystal structure of the R state
(green) and final structure after 300 ns calculation (red). (B) Profile of free energy calculation as a function of C
RMSD measured from crystal structure of the T state in this study. (C) Superposition of the T (orange), R (green),
and the transient structure (yellow). (D) Interactions around GDP in the T state (left), transient structure (middle),
and the R state (right). Hydrogen bonds are shown by cyan dotted lines. (E) Profile of hydrogen bond distances
during the T-R structural change between Asn166—GDP (green), Arg29-Arg191 (red), and Arg29-GDP (blue).
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1.3.3. Crystal structures and conventional MD simulations of R29A mutant in the T and R state

To confirm the importance of the residues in the T-R structural change, we focused on Arg29,
which moved markedly in the T and R crystal structures and the calculated transient structure, and is
well conserved among many bacterial species. The mutant that Arg29 was replaced with Ala (R29A)
was designed and prepared in the same way as WT. It was considered that R29A mutant adopted only
the R state conformation, because the dissociation of Arg29—-GDP hydrogen bond would destabilize the
T state structure. As expected, R29A mutant was found to lack GTPase activity (Table 1-2), probably
because polymerization is severely inhibited by the destabilization of the T state. However, this result
does not correspond to the previous one. In FtsZ from Methanococcus jannaschii, R55A mutant
(corresponds to R29A in SaFtsZ) shows a slightly higher GTPase activity than WT (69). This difference
may be derived from the environment of surrounding residues. Although Arg55 and Asp212
(corresponds to Asp187 in SaFtsZ) are conserved, surrounding Glu59, Glu213, and 11e216 (corresponds
to His33, Asn188, and Argl191 in SaFtsZ, respectively) are completely changed.

To evaluate mutational effects on the structure, the R29A crystal structure was determined. Four
of five crystals contain only the R state (the best resolution is 1.9 A), but surprisingly, one crystal shows
the T state structure (1.7 A resolution). Each space group is C2, and each asymmetric unit contains one
FtsZ molecule. Although the R29A structure in the T state is superposed well on that of WT inthe T
state (RMSD = 0.27 A for aligned 250 C,, atoms, Fig. 1-7A, left panel), the structure of the H1 helix C-
terminus is slightly loosened. The hydrogen bond distances between Arg/Ala29 (CO)-His33 (NH) and
Met30 (CO)-Gly34 (NH) are changed from 2.9 (WT) to 3.4 A (R29A) (Fig. 1-7A, right panels). The
R29A structure in the R state also resembles that of WT in the R state (RMSD = 0.72 A for aligned 273
C. atoms, Fig. 1-7B), but again is slightly different. The C-terminal subdomain is not rotated completely
relative to its position in WT in the R state. As described above, the WT structure in the T state contains
the two pairs of hydrogen-bonds, Arg134-Glu251 and Val163-Glu251, between the N- and C-terminal
subdomains (Fig. 1-3C), and the R29A structure in the T state does. However, neither of these hydrogen

bond pairs is present in the WT structure in the R state (Fig. 1-3D). Interestingly, only a single hydrogen

23



Figure 1-7. Crystal structures of R29A mutant in the T and R state. (A) Superposition of the WT (orange) and
R29A (lightblue) in the T state (left panel). Close-up views around the H1 helix of the R29A (upper) and WT
(lower) structures (right panel). Hydrogen bonds are shown by cyan dotted lines. The distances are labeled in A.
(B) Superposition of the WT (green) and R29A (pink) in the R state. Incomplete C-terminal subdomain rotation
is highlighted by a blue circle. (C) Interdomain interactions of the R29A structure in the R state. (D) Superposition
of the C-terminal subdomains of WT T (orange) and R (green) state, and R29A T (lightblue) and R (pink) state.

The rotation directions are indicated by red arrows.
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bond pair, Argl34-Glu251, is present in the R29A structure in the R state (Fig. 1-7C). Therefore, a
degree of intersubdomain hydrogen bond dissociation correlates with that of the rotation of the C-
terminal subdomain (Fig. 1-7D). The interactions between neighboring molecules were almost

conserved between the mutant and WT.

Table 1-2. GTPase activity of SaFtsZi2_316 WT and R29A mutant.

GTPase activity (min™)
WT 1.0£0.06
R29A (85+0.9)x 103

Average and standard error of three independent experiments are shown.

To address the effects of the mutation (R29A) on the T-R structural change, four conventional MD
simulations were independently applied for the monomer structures of the WT and R29A mutant in the
T and R state. After 100 ns of the simulations, C, RMSDs measured from the T and R states of the WT
crystal structures were calculated for all the snapshots. Then, these values were plotted as a two-
dimensional distribution (Fig. 1-8). The distributions of the T (Green) and R (Red) states in the WT
simulations were clearly separated from each other. On the other hand, those in the R29A mutant
simulations partly overlapped, suggesting that both of the T and R states of the R29A structures are in
between those of the WT and that the structures of R29A is more flexible in a solution due to the loss
of Arg29-GDP hydrogen bond. From these results, the significance of Arg29 is confirmed as the

conformational switch in the T-R structural change process.
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Figure 1-8. Projections of trajectories generated by conventional MD simulations (100 ns) starting from the T
(green) and R (red) states of R29A mutant (upper panel) and WT (lower panel). Each trajectory was projected

onto the conformational subspace spanned by a set of C. RMSDs measured from the T and R states of WT.

1.4. Summary

In this chapter, the author reported the 3D structures of non-mutated SaFtsZ corresponding to the
T and R state conformations in the same crystal for the first time and proposed the T-R structural change
mechanism. PaCS-MD simulation performed by the co-workers enables us to predict the transient
structure and identify key interactions during the conformational change. Crystallographic analysis and
conventional MD simulations using the mutant also supported these results, which offers structural

insights into the mechanism of T-R conformational change leading to the assembly/disassembly and

the treadmilling of FtsZ molecules.
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Chapter 2
Unique Binding Mode of FtsZ Inhibitors and

Relationship to Drug-Resistant Mutation

2.1. Introduction

As described in section 0.3, the benzamide derivative PC190723 has been shown to be efficacious
inhibitor against MRSA. However, the poor pharmaceutical and pharmacokinetic characteristics has
hampered its clinical use. Recently, my collaborators in the group of Professor Daniel S. Pilch at Rutgers
Robert Wood Johnson Medical School, described a novel small molecule (TXA707) that targets SaFtsZ
(71, 72). The chlorine substituent of PC190723 is replaced with a trifluoromethyl (CF3) group for
increasing stability against metabolic attack (Fig. 2-1). TXA707 is bactericidal against clinical isolates
of S. aureus that are resistant to various important antibiotics, including MRSA, vancomycin-resistant
S. aureus (VRSA), linezolid-resistant S. aureus (LRSA), and daptomycin-resistant S. aureus (DRSA)).
In addition, the collaborators have shown that a prodrug of TXA707 (TXA709), for improving its poor
oral bioavailability, is also efficacious in vivo in mouse models of both systemic and tissue (thigh)
infections with MRSA, which further highlights the potential clinical usefulness of FtsZ-targeting
agents.

The collaborators also identified several SaFtsZ mutations (G196S, N263K, G193D, G196C, and
G196A) that confer resistance to TXA707 as well as PC190723 by frequency of resistance (FOR) assay
(72). G196S shows the highest FOR (55%), while the others indicates much lower FOR values (less
than 15%). This tendency is in a great accordance with the previous result using PC190723 (46).
Actually, the result of minimal inhibitory concentration (MIC) assay against the MRSA clinical isolate
MPWO020 indicates that TXA707 is inactive against G196S mutant strain (>64 ug ml™) although it
shows comparable activity (1 ug mlI™) in WT FtsZ strain to that of PC190723 (Table 2-1) (73). The

collaborators also found that the benzamide derivative TXA6101 retains antistaphylococcal activity

27



against MRSA that expresses G196S mutant of FtsZ (MIC of 1 ug mI™). Additionally, TXA6101 is 8-
fold more active (MIC of 0.125 pg ml™?) than TXA707 in WT FtsZ strain. This compound was first
reported by another group as part of a broad structure-activity relationship (SAR) study of
antistaphylococcal FtsZ inhibitors (74, 75). The difluoro-benzamide portion of TXA6101 is identical to
that of TXA707, but in TXA6101, the bromine-substituted oxazole and CFs-substituted phenyl rings
are linked by a single bond in contrast to the fused ring of TXA707 (Fig. 2-1). Moreover, the structure
of TXA6101 was further extended to a new compound called TXD1107 with a reduced propensity for
aggregation. The only chemical difference of TXD1107 is an addition of a methyl group in the linker
region between the difluorobenzamide and oxazole moiety, and TXD1107 shows the same MIC values
as that of TXA6101 both in WT and G196S strain (Table 2-1). The collaborators also evaluated the
MIC of a compound called TXD1122, which lacks the bromo group of TXA6101. Interestingly,
TXD1122 was found to be far less active (4 pg ml™) than TXA6101 in WT strain (Table 2-1); thus, the
bromo functionality is a critical determinant of the enhanced antistaphylococcal potency in these FtsZ

inhibitors.
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Figure 2-1. Chemical structures of the FtsZ inhibitors. The characteristic moieties are highlighted in each color.
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Table 2-1. Activities of FtsZ inhibitors against MRSA MPWO020 clinical isolates
expressing FtsZ WT and G196S mutant.

MIC (ug mi™)
compound WT G196S
PC190723 1t >64f

TXA707 1 >64
TXA6101 0.125 1
TXD1107 0.125 1
TXD1122 4 ND

"Values against MRSA COL strain (46). ND denotes not determined.

Here, the author aims to investigate the binding manners of the newly developed inhibitors and the
reason why TXA707 and TXA6101 (or TXD1107) show completely different activity against MRSA
expressing G196S mutant. The author determined the crystal structures of TXA707, TXA6101, and
TXD1107 in complex with WT SaFtsZ at the maximum resolution of 1.3 A, the highest resolution
among FtsZ to date, and found that these inhibitors bind FtsZ in a novel bent conformation. The
structures explain the importance of bromo group of TXA6101 and TXD1107. The author also reported
the crystal structures of SaFtsZ G196S in an inhibitor-free form and in complex with TXA6101. These
structures demonstrate how the structural difference between TXA707 and TXA6101 affects the ability

to target the G196S mutant.
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2.2. Materials and Methods
2.2.1. Cloning, expression, and purification of SaFtsZ G196S mutant

SaFtsZ1,-316 Was cloned, expressed, and purified as described in section 1.2.1. G196S mutant of
SaFtsZ1,-316 Was prepared in the same method, except that site-directed mutagenesis was performed by
inverse-PCR using the following primers: forward, 5’-
CCAAGGTGTACAAaAGTATCTCAGACTTAATCG-3’, reverse, 5-
CGATTAAGTCTGAGATACITTGTACACCTTGG-3’ (The changed nucleotides are represented in

small letters, and the codons corresponding to the amino acids residues to be changed are underlined).

2.2.2. Crystallization, data collection and structure determination

The SaFtsZ crystals in this study were obtained using the sitting-drop vapor-diffusion technique at
20 °C in reservoir conditions based on JBScreen pentaerythritol 2 (Jena Bioscience). All SaFtsZ 12 316—
inhibitor complexes were crystallized using a soaking method. For the complex of TXA707 with WT
SaFtsZ, the protein was crystallized at 9.4 mg ml™ under the condition of 100 mM Tris-HCI pH 7.6,
41% (w/v) PEP629, and 300 mM KCI. After 2 months, the crystal was soaked in the same reservoir
supplemented with 5 mM TXA707 and 10% (v/v) 1-methyl-2-pyrrolidone for 2 days. For the complex
of TXA6101 with WT SaFtsZ, the protein was crystallized at 9.4 mg ml™* under the condition of 100
mM Tris-HCI pH 7.8, 43% (w/v) PEP629, and 300 mM KCI. After 3 weeks, the crystal was soaked in
the same reservoir supplemented with 2 mM TXA6101 and 2% (v/v) dimethyl sulfoxide (DMSO) for
1 day. For the complex of TXD1107 with WT SaFtsZ, the protein was crystallized at 9.5 mg ml~* under
the condition of 100 mM Tris-HCI pH 7.8, 45% (w/v) PEP629, and 300 mM KCI. After 3 weeks, the
crystal was soaked in the same reservoir supplemented with 5 mM TXD1107 and 10% (v/v) DMSO for
3 days. For the complex of TXA6101 with G196S mutant SaFtsZ, the protein was crystallized at 4.4
mg ml™* under the condition of 100 mM Tris-HCI pH 8.4, 43% (w/v) PEP629, and 300 mM KCI. After
4 months, the crystal was soaked in the same reservoir supplemented with 5 mM TXA6101 and 10%

(v/v) DMSO for 3 days. The inhibitor-free form of G196S mutant SaFtsZ was crystallized at 4.5 mg
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ml~* under the condition of 100 mM Tris-HCI pH 8.5, 45% (w/v) PEP629, and 300 mM KCI. Crystals
were flash-frozen in a nitrogen gas stream at —180 °C without cryoprotectants. X-ray diffraction data
were collected at SPring-8 BL44XU and BL32XU (Hyogo, Japan) under cryogenic nitrogen gas stream
at 100 K. The diffraction data were processed and scaled with HKL2000 (54). The phases were
determined by molecular replacement with Phaser in the CCP4 suite (55) using a previous structure of
SaFtsZ-GDP complex (PDB entry: 3VOA) (23) as a search model. The model structures were refined
with Refmac5 (56) and PHENIX (76), with manual modification using COOT (59). The refined
structures were validated with MolProbity (60). Data collection and refinement statistics are
summarized in Table 2-2. The final atomic coordinates and structure factor amplitudes have been
deposited in the RCSB Protein Data Bank (PDB entries: 5XDT, 5XDU, 5XDV, and 5XDW) except
SaFtsZ WT-TXD1107 complex for future publication. Interplanar angles were calculated using UCSF

Chimera (77). Figures were prepared with PyMOL (Schrédinger).
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Table 2-2. Data collection and refinement statistics.

Data set WT- WT- WT- G196S— G196S
TXA707 TXA6101 TXD1107 TXA6101
PDB entry 5XDT 5XDU not deposited 5XDV 5XDW
Data collection
X-ray Source SPring-8 SPring-8 SPring-8 SPring-8 SPring-8
BL44XU BL32XU BL44XU BL44XU BL44XU
Wavelength (A) 0.900 1.100 0.900 0.900 0.900
Space group C2 C2 C2 C2 C2
Unit-cell
a, b, c(A) 70.55, 70.76, 70.49 71.39, 71.76,
51.19, 51.57, 51.74 50.44, 51.01,
86.45 86.66 86.74 88.26 88.33
£ () 108.68 108.75 108.65 109.97 110.71
Resolution (A) 50.0-1.30 50.0-2.00 50.0-1.40 50.0-1.70 50.0-2.00
(1.32-1.30)"  (2.03-2.00)  (1.42-1.40)  (1.73-1.70)  (2.03-2.00)
Total reflections 503,253 55,580 360,570 121,237 110,946
Unique reflections 71,548 19,640 58,167 32,355 20,437
Completeness (%) 99.5(100.0) 97.7 (98.3) 99.2 (100.0)  99.5(100.0)  99.7 (99.8)
/o 41.7 (2.2) 13.6 (2.6) 26.7 (2.4) 27.7 (2.7) 17.6 (2.9)
Rmerge” (%) 4.9 (76.0) 8.1 (26.4) 7.2 (70.4) 6.0 (36.8) 14.6 (87.9)
CCu2(%) (84.1) (89.8) (87.1) (89.7) (79.1)
Refinement
Resolution (A) 41.0-1.30 40.9-2.00 41.1-1.40 41.5-1.70 41.3-2.00
Ruwork/Riree” (%) 13.6/16.8 20.1/23.9 14.5/17.7 17.3/20.6 18.8/23.6
No. of molecules 1 1 1 1 1
in the A.U.
No. of atoms
Protein 2393 2211 2387 2230 2213
Ligand 69 58 59 58 29
Water 304 168 340 219 168
Average
B-factors (A?)
Protein 24.8 32.3 20.6 28.4 24.7
Ligand 23.8 29.9 14.6 22.9 16.7
Water 39.1 37.2 34.8 37.1 30.3
RMSD from ideal
Bond length (A)  0.011 0.012 0.007 0.012 0.010
Bond angles (°)  1.746 1.578 1.434 1.735 1.448
Ramachandran plot
Favored 334 (98.2%) 294 (96.7%) 333 (97.9%) 303 (98.4%) 299 (98.4%)
Allowed 6 (1.8%) 10 (3.3%) 7 (2.1%) 5 (1.6%) 5 (1.6%)
Outlier 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

values in parentheses are for the highest resolution shells.

Rimerge = Zhia Zi [li(hkl) — <I(hkD)>|/Zna Zi li(hkl), where Ii(hkl) is the intensity of an individual reflection and
<I(hkl)> is the mean intensity of symmetry-equivalent reflections.

Ruork = Zhit ||Fobs] — |Featc|l/Zhi |Fobs|, Where Foss and Feac are observed and calculated structure-factor amplitudes,
respectively. Ree Was calculated as for Rwork but using only 5% unrefined subset of reflection data.
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2.3. Results and Discussion
2.3.1. Crystal structures of WT SaFtsZ complexed with TXA707, TXA6101, and TXD1107

The author determined the crystal structures of SaFtsZ enzymatic domain (residues 12—-316) in
complex with TXA707, TXA6101, and TXD1107 refined at 1.3, 2.0, and 1.4 A resolution, respectively.
The inhibitors were dissolved in 1-methyl-2-pyrrolidone or DMSO and introduced by soaking as
described above. Although no nucleotides or divalent cations were added during the purification or
crystallization steps, the crystal structure contains GDP and Ca** again. In the TXA707 structure, two
molecules of the solvent (1-methyl-2-pyrrolidone) were observed in the crystal structure, one inan inner
space between FtsZ and GDP and the other on the molecular interface between neighboring FtsZ
molecules without altering FtsZ conformation and crystal packing. The overall structures of SaFtsZ
when complexed the inhibitors are essentially the same as that of inhibitor-free form of SaFtsZ in the T
state in this study (the maximum RMSD = 0.61 A for the TXD1107 complex) and that of previously-
reported PC190723-complexed SaFtsZ (PDB entries: 3VOB and 4DXD, the maximum RMSD = 0.45
A between 3VOB and the TXD1107 complex) (23, 46). Difference Fourier omit maps clearly show that
the inhibitors bind to the intersubdomain PC cleft, the same position as PC190723 (Fig. 2-2A-D). The
interactions around the benzamide moiety of the three inhibitors and PC190723 are mostly conserved.
The existence of the bromo group of TXD1107 was also confirmed by anomalous dispersion signal
derived from Br K-absorption edge (0.920 A, the wavelength of X-ray was 0.900 A, Fig 2-2C, magenta
mesh). The methyl group of TXD1107 shows no significant interaction with FtsZ. The binding manners
of TXA6101 and TXD1107 are quite similar, so only higher-resolution TXD1107-complexed structure

is described below.
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Figure 2-2. Close-up views of the inhibitor-binding sites in TXA707 (A), TXA6101 (B), TXD1107 (C), and
PC190723 (D, PDB entry: 4DXD) complex. The mF,—DF. omit maps are contoured at 3.0 ¢ as gray meshes in
(A), (B), and (C). Anomalous difference map is contoured at 5.0 o as a magenta mesh in (C). Hydrogen bonds are

shown by cyan dotted lines.
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There is a significant conformational change in the inhibitors used in this study. All of TXA707,
TXA6101, and TXD1107 adopt a novel “bent” conformation in contrast to the straight conformation of
PC190723 (Fig. 2-3A). The CFs-substituted rings of TXA707 and TXD1107 are accommodated in an
inner hydrophobic pocket surrounded by the hydrophobic residues Met98, Phel00, Val129, 1le162,
Gly193, 11e197, Val214, Met218, Met226, Leu261, and 1le311 (Fig. 2-3B, C). This pocket is unique to
the novel inhibitor complexes, as it was not observed in previous structures of inhibitor-free SaFtsZ and
SaFtsZ-PC190723 complex (23, 24, 46). In all previously-reported structures, the side chains of 11197,
Met226, and I1e311 block access to the inner hydrophobic pocket (Fig. 2-3D). Binding of TXA707 and
TXD1107 induces conformational changes of the side chains of 11e197, Met226, and Ile311 to open the
way to the hydrophobic pocket, which allows to accommodate the CFs-substituted rings. The CFs-
substituted phenyl ring of TXD1107 is more extended than the corresponding CFs-substituted
thiazolopyridine ring of TXA707, and is therefore more deeply inserted into the inner hydrophobic
pocket (Fig. 2-3A).

Superposition between the TXA707, TXD1107, and PC190723 complexes shows that the
benzamide rings are precisely overlapped (Fig. 2-3A). Thus, the benzamide ring of TXA707 and
TXD1107 is structurally stabilized via robust interactions within the binding cleft of FtsZ, and likely
acts as a hinge point for the conformational changes of the other moiety in the compounds. The novel
bent conformation and inner hydrophobic pocket we identified in this study provides the possibility of
further structural optimization of the inhibitors. Within this hydrophobic pocket, extra space still
remains around the CF; group of TXA707 and TXD1107 (Fig. 2-3B, C). The possibility of binding site
extension along the intersubdomain cleft has recently suggested by MD simulation study using larger

fluorescent analogs of PC190723 (78).
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TXA707
TXD1107
PC190723
o (4DXD)

Figure 2-3. Different conformations of FtsZ inhibitors. (A) Superposition of the inhibitor conformations. The
complex structures of TXA707, TXD1107, and PC190723 (PDB entry: 4DXD) are shown in pink, blue, and cyan,
respectively. (B, C, D) Molecular surface of the binding pocket in TXA707 (B), TXD1107 (C), and PC190723
(D) complex.

The bent conformations of TXA707 and TXD1107 are also markedly different. The
thiazolopyridine moiety of TXA707 is mainly stabilized by Van der Waals interactions with the side
chains of 11e197, Leu200, Leu261, and Ile311 (Fig. 2-4A). During the initial refinement, positive

differences in the Fourier map appeared in the residues surrounding TXA707, and the alternative
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conformations of 11e197, Met226, and 11e311 were built into this density map. The minor conformers
of 11197, Met226, and Ile311 were very close to TXA707 (1.7-2.4 A), suggesting they correspond to
the conformations in the absence of the inhibitor. To minimize the positive difference peaks, the
occupancy of TXA707 was set to 0.80, and those of 11e197, Met226, and I1e311 were set to 0.80 for the
TXA707-bound form and 0.20 for the unbound form. This conformational alternation reflects the
structural plasticity of the inhibitor binding pocket of SaFtsZ.

The bromo group on the oxazole ring of TXD1107 interacts with a hydrophobic pocket formed by
the side chains of Leu261, Asn263, Thr309, and Ile311 located on the rigid 3-sheet in the C-terminal
subdomain of FtsZ (Fig. 2-4B). The distances between bromo group and the carbonyl oxygen of Leu261,
the C, atom of Leu261, and the C,, atom of Ile311 are 3.1, 3.9, and 4.1 A, respectively. These tight
contacts offer the rigid orientation of the oxazole ring of TXD1107 in a conformation that is rotated
approximately 55° relative to the corresponding thiazolopyridine rings of TXA707. Leu261 interacts
with both TXA707 and TXD1107, but the way of interactions differs. One is with the sulfur atom on
the thiazole ring of TXA707, and the other is with the bromo group on the oxazole ring of TXD1107.
The interactions including the bromo group substantially contributes to the binding affinity with FtsZ,
because the compound lacking this bromo group (TXD1122) shows 32-fold higher MIC value (Table
2-1). This robust bromo group interactions may also explain the result that the antistaphylococcal
activity of TXD1107 and TXA6101 is 8-fold greater than that of TXA707.

The binding of TXA707 and TXD1107 induces conformational rearrangements of 11e197, Met226,
and lle311 that lead to open the way to the inner hydrophobic pocket. Here the question arises: why
does the binding of TXA707 and TXD1107, but not PC190723, induce such conformational
rearrangements in SaFtsZ to adopt the bent conformation? The only chemical difference between
TXA707 and PC190723 is a substituent on the thiazolopyridine ring: CF3 group for TXA707 and chloro
group for PC190723. The previous PC190723-SaFtsZ complex structure enables us to predict the effect
of replacing the chloro group in PC190723 with a CF3 group. Such a substitution would introduce steric

hindrances between the compound and residues GIn192, Gly193, and Gly227 (Fig. 2-2D). To avoid
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such steric clashes, the movement of the side chain of Met226 leads to a series of conformational
rearrangements in residues 11e197 and 11e311. Conversely, if the CF3z group of TXA707 was substituted
for the chloro group, sufficient interaction would not be formed in the inner hydrophobic pocket (Fig.
2-4C). Van der Waals radius of chlorine atom is 1.75 A, and it is over 1 A smaller than the size of CF3
group of 2.78 A (sum of the C-F distance of 1.31 A in the TXA707 structure and Van der Waals radius

of fluorine atom of 1.47 A).

Figure 2-4. Different interactions between TXA707 and TXD1107. (A) Interactions around thiazolopyridine ring
of TXA707. Van der Waals contacts are shown by magenta dotted lines. The distances are labeled in A. (B)
Interactions around bromo group of TXD1107. (C) Interactions around CFz group of TXA707 in the inner
hydrophobic pocket.
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2.3.2. Crystal structure of G196S mutant complexed with TXA6101

Next, the author determined crystal structures of SaFtsZ G196S—TXA6101 complex and inhibitor-
free SaFtsZ G196S to investigate the reason why TXA6101 and TXD1107 retains activity against
MRSA that expresses G196S mutant FtsZ, which remains resistant to TXA707 (Table 2-1). G196S—
TXA6101 complex and G196S structures were refined at 1.7 and 2.0 A resolution, respectively. The
overall structures are essentially the same between G196S-TXA6101 complex and inhibitor-free
G196S (RMSD = 0.49 A for aligned 271 C,, atoms) and between inhibitor-free WT (T state in this
study) and G196S structures (RMSD = 0.26 A for aligned 279 C,, atoms) (Fig. 2-5A). These low RMSD
values indicate that there are little structural effects of introducing G196S mutation and binding the
inhibitor. In the G196S-TXA6101 complex structure, clear electron density corresponding to the
inhibitor was observed in the same PC cleft as the previous inhibitor-complexed structures (Fig. 2-5B).
The existence of the bromo group of TXA6101 was again confirmed by anomalous dispersion signal.
The introduction of G196S mutation was also verified by the electron density in both structures, but the

orientation of Ser196 side chain is completely reversed due to the steric hindrance with TXA6101.

A

WT

Figure 2-5. Crystal structures of G196S-TXA6101 complex and inhibitor-free G196S. (A) Superposition of the
whole structures between G196S-TXA6101 (blue green), G196S (yellow), and WT T state (orange). (B) Close-
up view of the inhibitor-binding site. The mF,—DF. omit map is contoured at 3.0 o as a gray mesh. Anomalous

difference map is contoured at 5.0 ¢ as a magenta mesh.
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As observed in the TXA6101 and TXD1107 complexes with WT SaFtsZ, the bromo group on the
oxazole ring of TXA6101 interacts with the hydrophobic pocket formed by Leu261, Asn263, Thr309,
and Ile311 (Fig. 2-4B). This interaction strongly fixes the orientation of the oxazole ring and dominantly
determines the position of the CFs-phenyl ring. Arotatable single-bond between the phenyl and oxazole
rings of TXD1107 enables the two rings to interact with the Cg atom of the Ser196 side chain, which
allows the compound to bind SaFtsZ G196S mutant without steric clash (Fig. 2-6A, B). Unlike the
oxazole and phenyl rings of TXA6101, the corresponding thiazole and pyridyl rings of TXA707 are
fused. Note that this thiazolopyridine ring of TXA707 is supported by tight Van der Waals interactions
by the four hydrophobic residues (Fig. 2-4A). As a result, TXA707 cannot avoid a steric clash between
the nitrogen atom on the thiazole ring of the compound and Ser196 (Fig. 2-6A, C). These results suggest
that structural flexibility depending on the presence or absence of a single bond linking the five-
membered and six-membered rings determines the ability of the inhibitor to target the G196S mutant

protein.

A

G/S196

Br

G196S—
TXA6101
WT-TXA707

Figure 2-6. Interaction between the inhibitors and Ser196. (A) Superposition of G196S-TXA6101 (blue green)
and WT-TXA707 (pink) complex structures. Van der Waals contacts and steric crash are shown by magenta and
gray dotted lines, respectively. The distances are labeled in A. (B, C) Sphere representation of the inhibitors and
Ser196 in G196S-TXA6101 (B) and WT-TXA707 (C) complex. Steric crash is highlighted by black circle in (C).
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2.4. Summary

In this chapter, the author determined the crystal structures of SaFtsZ—inhibitor complexes. All of
the inhibitors used in this study adopt the novel bent conformation. Newly identified inner hydrophobic
pocket was found to accommodate CFs group and to enable further structure optimization of the
inhibitors. The author also determined the crystal structure of one of the most frequently observed drug
resistant mutant G196S in complex with TXA6101, and revealed that the interactions including bromo
group and the increased structural flexibility of the inhibitor are key factors for overcoming the drug
resistance mutations in SaFtsZ. These findings offer a structural basis for the design of new FtsZ

inhibitors with enhanced antibacterial potency and a reduced susceptibility to mutational resistance.
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Chapter 3
Dynamic Behavior of FtsZ Filaments Visualized

by High-Speed AFM

3.1. Introduction

As mentioned throughout General Introduction, the imaging studies on visualizing FtsZ
protofilaments and the Z-rings, mainly employing fluorescence, electron, and atomic force microscopy,
have greatly contributed to identify the roles and features of dynamic FtsZ protein. Especially, AFM
has been widely used to investigate the dynamic behavior of FtsZ, although a time scale is limited above
a minute (79-82). From both scientific and medical points of view, the interest also goes to how the
inhibitors affect FtsZ dynamic properties: polymerization, bending, forming bundles and rings, and
dissociation. A previous electron microscopic study reported that PC190723 enhances the formation of
polymers and further bundles, coils, and toroids in FtsZ from B. subtilis and SaFtsZ (50). High-speed
AFM developed by Dr. Toshio Ando and co-workers at Kanazawa University (83, 84) has been expected
to be a powerful tool for visualization of FtsZ polymer dynamics at much faster frame rate (~1 frame s~
1), and it succeeded in capture polymer dynamics of FtsZ from E. coli on a time scale of several seconds
(85). However, this study mainly focuses on ClpX, an ATP-dependent chaperone and FtsZ modulator,
and visualizes only after formation of high-density FtsZ filaments by pre-incubation on mica surface.

Here, the author visualized the formation and dissociation process of SaFtsZ filaments using high-
speed AFM by adding FtsZ protein during the measurement. Straight and curved filaments were mainly
formed in the absence and presence of the inhibitors, respectively. Lateral interaction between the
filaments seems to be significant factor for the new filament growth in both cases. The difference of the

filament shapes reflects that of the inhibitor activities.
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3.2. Materials and Methods
3.2.1. Sample preparation

SaFtsZ1,_316 Was cloned, expressed, and purified as described in section 1.2.1, except 5 ml HiTrapQ
HP column (GE Healthcare) was used instead of Resource Q column. To decrease the effect of FtsZ-
bound GDP, refolded SaFtsZ1,_316 Was also tested. Consequently, no different feature was found between
the no-refolded and refolded SaFtsZ. Refolded SaFtsZ was prepared as the non-refolded one, except the
following additional denaturing and refolding steps were 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-HCI 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 a 30-750 mM NaCl gradient.

3.2.2. High-speed AFM measurement

All AFM images in this thesis were captured by a laboratory-built high-speed AFM apparatus in
the tapping mode (83, 84). The cantilever (Olympus) 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 (83,
86). The observation was started on a freshly cleaved mica surface under a 70-80 ul of pool buffer (50
mM Tris-HCI pH 7.5, 5 mM MgCl,, 100 mM KCI), and purified SaFtsZ, GTP, and GDP were added, if
required, during the measurements. For observations of FtsZ-inhibitor complexes, FtsZ and the
inhibitor dissolved in DMSO were mixed and pre-incubated on ice for 0.5-1 h. All measurements were

performed at room temperature.
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3.3. Results and Discussion
3.3.1. Formation and dissociation of the FtsZ filaments

In many previous AFM studies, high concentration of KCI (500 mM) has been included in the
observation buffers (79-82). The author first tested various concentration of KCI, and found high KCI
concentration promotes SaFtsZ adsorption to mica surface and rapid polymerization. To decrease the
rate of polymerization and observe dissociation of FtsZ filaments, KCI concentration was reduced to
100 mM. All measurements below were performed under the pool buffer (50 mM Tris-HCI pH 7.5, 5
mM MgCl;, 100 mM KCI), and GTP and GDP were added if required. Full-length SaFtsZ polymerizes
at lower protein concentration and more rapidly than SaFtsZi2_s6, SO the truncated construct were used
below. Under this condition, many filaments were also observed in the presence of 600 uM GTP (Fig.
3-1A). Height profile along one filament (red line) obviously indicates the existence of periodic
structure (Fig. 3-1B), and this period corresponds to the translation period (4.4 nm) of SaFtsZ filament
in the crystal. Thus, the author confirmed that SaFtsZ also polymerizes and forms filaments in a similar

manner to the crystal structure on bare mica.
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Figure 3-1. SaFtsZ filaments observed by high-speed AFM. (A) An image of SaFtsZ filaments in the presence of
600 uM GTP. (B) Profile of height displacement at the red-lined section in (A).

Next, FtsZ filaments formation process were investigated. AFM measurement was started under

the pool buffer supplemented 600 uM GTP, and then 200 nM SaFtsZ was added after starting the
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measurement. Initially, one filament grew straightforward, and then another filament extended along it
(Fig. 3-2, 220-280 s). This result reflects the importance of lateral interaction between the FtsZ
filaments for polymerization. Most of the FtsZ molecules form straight filaments. Some filaments grew
in independent directions (300—400 s), but finally many filaments arranged in parallel (450 s). These
rearrangements of FtsZ polymer orientation are also caused by the stable lateral interactions and can be
observed because of the weakened interaction between FtsZ and mica surface by reducing KCI

concentration in the pool buffer.

Figure 3-2. Growth of SaFtsZ straight filaments in the presence of 600 uM GTP.

Filament dissociation was also observed under the same buffer but supplemented an excess (6 mM)
of GDP. In the beginning, high density filaments were formed in the presence of 600 uM GTP. Many
gaps were found in the filaments in the presence of 3 mM GDP, but they were immediately repaired
and filled in with free FtsZ monomers. This state is considered to be in equilibrium between dissociation
and polymerization of the FtsZ filaments. In contrast, when the GDP concentration was increased to 6
mM (Fig. 3-3, 0 s), a number of gaps were observed in or between the filaments even after a time (100—

200 s). Then the gaps expanded rapidly, leading to complete dissociation (300-580 s). This is probably
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because FtsZ population in the R state was increased by GDP binding and the interaction between FtsZ
monomers was weakened as described in section 1.3.1 (Fig. 1-4B, C); thereby the equilibrium was
biased towards dissociation of the filaments. Note that filament bending was hardly observed even in
the condition without the lateral interaction, which raises a question to the FtsZ filament bending model.
In vivo, other requirements (e.g. flexible tethering by FtsA and support by other cell division proteins)
may allow FtsZ filaments to bend by GDP binding. This result demonstrates how useful high-speed
AFM is, because this is the first visualization of the dissociation process of high density FtsZ filaments

in a second time scale, which has been considered difficult with AFM.

Figure 3-3. Dissociation of SaFtsZ filaments in the presence of 6 mM GDP.

3.3.2. Effects of inhibitors

Next the author investigated the effect of the inhibitors. 22.5 uM TXD1107, which shows the
lowest MIC value (Table 2-1), was pre-incubated with SaFtsZ. Unlike the straight filaments in the
absence of the inhibitors, a curved filament grew and then another filament was also curved along it
(Fig. 3-4). Finally, many coils or toroids were generated. This result suggests that the inhibitor can also
bind not only SaFtsZ filaments but also a monomer, because the filaments were generated in a curved

form from the beginning, not bending after growing straightforward. Surprisingly, the curved filaments
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can be formed without adding GTP, probably because the binding of the inhibitor fixes SaFtsZ
conformation to the T state even in the GDP-bound form and promotes polymerization. Judging from
the crystal structure, intermolecular interaction in the GDP-bound T state is enough strong to polymerize,
but the curved filament found here is apparently different from the straight one observed in the crystal
structure. As described in Chapter 2, the crystal structures in the T state of inhibitor-free and inhibitor-
bound form are structurally identical, because the inhibitors were introduced by a soaking method.
Otherwise, only straight filaments could be observed in SaFtsZ crystals due to the crystal packing, so
the possibility cannot be excluded that the inhibitors bind and fix FtsZ to another T state-like
conformation stabilizing the interaction in the curved filament, not to the T state conformation observed

in the crystal.

Figure 3-4. Growth of SaFtsZ curved filaments in the presence of 22.5 uM TXD1107 and in the absence of GTP.

Finally, the author also tested other inhibitors (PC190723 and TXA707) and G196S mutant. In WT
SaFtsZ, all inhibitor-bound FtsZ shows many coiled structures, but in TXA707, FtsZ seems to assemble
in a shorter filaments (Fig. 3-5B) than those in the other inhibitors (Fig. 3-5A, C). This tendency might

reflect the slightly higher MIC value of TXA707 (1 ug mi™) (Table 2-1). However, in G196S mutant,
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similar coiled structures were observed only in the presence of TXD1107 (Fig. 3-5F), and the others
show a number of straight filaments observed in the absence of the inhibitors (Fig. 3-5D, E). These
results obviously correlate with that of the MIC assay because TXA707 and PC190723 lack inhibitory
activity against SaFtsZ G196S (Table 2-1). In addition, filaments were hardly observed in the absence
of GTP in the mutant even in the presence of TXD1107. The MIC values partially explain this result:
TXD1107 shows much lower value against G196S mutant (1 ug ml™*) than that against WT FtsZ (0.125
ug mi™), although still active against the mutant. One question still remains: why WT SaFtsZ with
TXA707 polymerizes even in the absence of GTP despite the same MIC value (1 pg mI™)? It was
reported that FtsZ assembly cooperativity is affected by the addition of PC190723 (49), but this property
could not be investigated in AFM measurement or MIC assay. Further studies are needed to elucidate

the factors underlying these results, which is affected by the inhibitors and the mutation.

Figure 3-5. Effects of the inhibitors. Filament images of SaFtsZ WT in the absence of GTP (A, B, C) and G196S
mutant in the presence of 1 mM GTP (D, E, F) are shown. 22.5 uM PC190723 (A, D) or TXA707 (B, E) or
TXD1107 (C, F) were pre-incubated with SaFtsZ.
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3.4. Summary

In this chapter, the author visualized the formation and dissociation process of SaFtsZ filaments
using high-speed AFM. Straight and curved filaments were predominantly generated in the absence and
presence of the inhibitors, respectively. Lateral interaction between the filaments triggers the formation
of a new filament in both cases. The filament shapes strongly correlate with the results of MIC assay,
but several disagreements between the filament structures observed in the crystals and by the AFM

measurements remain to be elucidated.
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Chapter 4

Crystallographic and Interaction Analysis of FtsA

4.1. Introduction

As described in section 0.2, understanding of the molecular function of FtsA during cell division
has been hindered by limited structural information of FtsA. The only available crystal structure is
TmFtsA from hyperthermophilic bacteria Thermotoga maritima (33, 42), so it is worth acquiring
structural information of FtsA from other organism, especially mesophilic bacteria, for highlighting
common and intrinsic features. However, previous studies suggest that FtsA from E. coli and P.
aeruginosa need refolding in a purification step and seem to be difficult to prepare high-quality sample
suitable for crystallization (37, 38). FtsA as well as FtsZ should be an attractive target for drug
development due to its essentiality and wide conservation among bacterial species. Actually, in FtsA
from P. aeruginosa, peptide screenings by phage display was performed, acquiring several peptide
inhibitors (37). Structural information of FtsA from pathogenic bacteria should be useful in terms of the
inhibitor design.

FtsA interacts with FtsZ C-terminus and the interaction is also essential for complete cell division,
which may highlight the possibility of protein-protein interaction (PPI) inhibitor development. Previous
mutational studies suggest Crystal structure of TmFtsA in complex with the C-terminus peptide of
TmFtsZ offers the information about binding manner of FtsZ (33). The previous mutational study using
FtsZ and FtsA from both S. aureus and E. coli represents the importance of a conserved residues in the
C-terminus of FtsZ for FtsZ—FtsA interaction (29). Interestingly, the extreme C-terminus of SaFtsZ has
an extra non-conserved Arg-rich sequence (RRSRRTRR), but it was not described in the previous study.

Here, the author discovered that SaFtsA is amenable to overexpression in E. coli and can be
purified without refolding steps. SaFtsA also produce a diffraction-quality crystal with [-y-

imidoadenosine 5’-phosphate (AMPPNP: a non or slowly-hydrolyzable ATP analog) and allows the
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structure determination at 2.2 A resolution. In the crystal, the SaFtsA molecules stack head to tail
forming continuous filaments, as does TmFtsA. However, SaFtsA filaments are twisted in two different
torsion angles, and they align in antiparallel. A hairpin region of TmFtsA involved in intermolecular
interactions is found to be more rigid than that of SaFtsA because of more hydrogen bonds existence.
In addition, we demonstrated that SaFtsZ and SaFtsA form a stable complex in vitro, and confirmed the

essentiality of the Arg-rich region for FtsZ—FtsA complex formation.

4.2. Materials and Methods
4.2.1. Cloning, expression, and purification of SaFtsA and SaFtsZ

SaFtsA (UniProt ID: Q6GHQO) was cloned, expressed, and purified in the following method. The
ftsA gene was amplified from the genomic DNA of S. aureus (ATCC accession No. 43300) using the
following primers: forward, 5’-GCCATATGGAAGAACATTACTACGTAAG-3’, reverse, 5’-
GCGGATCCTCATTCAAATAGAGATTTCATTAG-3’), and was subcloned into the vector pCR4-
TOPO (Invitrogen) with a TOPO TA cloning kit (Invitrogen). The sequence was verified by sequencing.
Recloning into the vector pColdl (TaKaRa Bio) was performed via the restriction sites Ndel and BamHl,
resulting in the addition of an N-terminal 6xHis-tag and Factor Xa protease cleavage site with the
sequence MNHKVHHHHHHIEGRH. The resulting plasmid was transformed into E. coli DH5a and
successful plasmids were selected by colony PCR and extracted using a QlAprep Spin Miniprep Kit
(QIAGEN). The plasmid was transformed into E. coli BL21(DE3) cells and the cells were cultured in
LB medium supplemented with 100 pg ml™ ampicillin at 37 °C. Expression was induced at an ODeoo
of 0.5 with cooling to 15 °C and the addition of IPTG to a final concentration of 0.5 mM. Cells were
harvested by centrifugation for 20 min at 12 000xg and 4 °C after 24 h of expression and were stored
at —80 °C. FtsA cell pellets were resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 300 mM NacCl,
20 mM imidazole) with one tablet of protease-inhibitor cocktail (EDTA-free, Roche) per 50 ml of buffer,
lysed using an EmulsiFlex-C3 homogenizer (Avestin) and centrifuged for 30 min at 100,000xg and

4 °C. The supernatant was filtered using a 0.45 um syringe filter (Sartorius) and applied onto a 5 ml
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HisTrap HP column (GE Healthcare). FtsA with an N-terminal 6xHis-tag was eluted by a 45-310 mM
imidazole gradient. Fractions containing FtsA were diluted ten times with a buffer consisting of 50 mM
Tris-HCI pH 7.5 and loaded onto a 5 ml HiTrapQ HP column (GE Healthcare). FtsA was eluted with a
30-750 mM NacCl gradient. The FtsA fractions were further purified using a HiLoad 16/60 Superdex
200 prep-grade column (GE Healthcare) equilibrated with gel-filtration buffer (20 mM Tris-HCI pH 7.5,
150 mM NaCl). The 6xHis-tag was not cleaved. The purity of the product was confirmed by SDS-
PAGE and matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF
MS, autoflex 111, Bruker). The purified protein was concentrated to 10 mg ml™%, flash-frozen in liquid
nitrogen and immediately stored at —80 °C. SaFtsZ (UniProt ID: Q6GHP9) was cloned, expressed, and
purified as reported for SaFtsA except that the cloning primers were: forward, 5’-
GCCATATGTTAGAATTTGAACAAGGATTTAATC-3, reverse, 5-
GCGGATCCTTAACGTCTTGTTCTTCTTGAACG-3’. Selenomethionine-labeled SaFtsA (SeMet-
SaFtsA) was expressed and purified with the same protocols as WT SaFtsA, except that the expression
system was E. coli B834 (DE3) (Invitrogen) and that the cells were cultured in LeMaster medium, 50
mg It SeMet, 100 ug mi~* ampicillin, 5 ml I"* vitamin solution as reported (87, 88). As assessed by
MALDI-TOF MS, six of the possible seven methionines are present in SeMet-SaFtsA (SaFtsA:
observed, 54,679 Da; calculated, 54,703 Da; SeMet-SaFtsA: observed, 54,962 Da; full substitution:
calculated, 55,031 Da). Deletion mutagenesis of SaFtsZAC (residues 1-382, eight amino acids from the
C-terminus were truncated) was performed by inverse-PCR using KOD-plus (TOYOBO) and the
following primers: forward, 5’-GGATCCGAATTCAAGCTTGTCGACC-3’, reverse, 5’-
TTATTCTTCTCTATTTCTAATGAAGCTAGGAATATC-3’. SaFtsZAC was expressed and purified

with the same protocols as WT SaFtsZ.

4.2.2. Crystallization, data collection and structure determination
Crystallization drops consisting of 0.5 ul 10 mg ml™* SaFtsA solution and 0.5 pl reservoir solution

were equilibrated against 60 pl reservoir solution. A needle-like crystal was obtained by mixing protein
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solution consisting of 10 mg ml™* SaFtsA, 1 mM AMPPNP (B-y-imidoadenosine 5’-phosphate), 2 mM
MgCl, with 0.2 M NaBr, 20% (w/v) polyethylene glycol 3350 (PEG3350). This condition was further
optimized using the sitting-drop vapor-diffusion technique. A diffraction-quality SaFtsA crystal was
obtained after two weeks by mixing 1 ul of the protein solution with 1 ul of a precipitant solution
consisting of 0.15 M NaBr, 14.3% (w/v) PEG3350, 0.075 M Tris pH 7.8 and equilibrating against 1 ml
of a reservoir solution consisting of 0.2 M NaBr, 19% (w/v) PEG3350, 0.1 M Tris pH 7.8. SaFtsA was
also crystallized in the presence of ADP by mixing an equal volume (1 pl) of protein solution (10 mg
ml™) containing 1 mM ADP and 2 mM MgCl, with 0.2 M lithium nitrate, 20% (w/v) PEG3350, 0.1 M
sodium cacodylate, pH 7.0 (reservoir solution) and equilibrating against 1 ml of the reservoir solution.
The crystallization conditions for SeMet-SaFtsA were the same as those for crystallization of SaFtsAin
the presence of AMPPNP. The crystals were cryoprotected by changing PEG3350 concentration to 37%
(w/v) and adding 15% (w/v) PEG8000, and individually mounted in a loop and then flash frozen in a
stream of nitrogen at 100 K. Synchrotron-radiation diffraction data were collected at 100 K at the
SPring-8 BL44XU (Hyogo, Japan) and Photon Factory BL-1A beamlines (Tsukuba, Ibaraki, Japan).
The diffraction datasets were processed using HKL2000 (54). The structure of SaFtsA was determined
by the single-wavelength anomalous diffraction method using SeMet-labeled-SaFtsA. Of the 24
possible selenium atoms in an asymmetric unit, 17 were found by SHELXD (89) using the anomalous
signals in the SeMet-SaFtsA peak datasets. Initial phases were calculated and refined using SHELXE
(89) and the graphical interface HKL2MAP (90). The model structures were refined with CNS (57, 58)
and PHENIX (76), with manual inspection and modification in conjunction with the CCP4 program
COOT (59). Data collection, phasing, and refinement statistics are summarized in Table 4-1. The refined
structures were validated with PROCHECK (91). Chain interactions were assessed at the PISA server
(61), and interface interactions were identified by LIGPLOT (62). The final atomic coordinates and
structure factor amplitudes have been deposited in the RCSB Protein Data Bank (PDB entries: 3WQT

and 3WQU). Figures were prepared using PyMOL (Schrédinger) and ESPript (65).
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Table 4-1. Data collection and refinement statistics.

Data set SaFtsA SaFtsA SaFtsA
(AMPPNP) (ATP) (SeMet)

PDB entry 3WQT 3WQU

Data collection

X-ray Source Photon factory BLIA  SPring-8 BL44XU SPring-8 BL44XU

Wavelength (A) 1.000 0.900 0.979

Space group P2, P2, P2,

Unit-cell parameters

a, b, c(A)

75.26, 102.74, 105.86

82.53, 122.02, 107.00

74.54, 101.87, 105.37

L(°) 96.54 95.66 96.23

Resolution (A) 38.0-2.20 39.7-2.80 50.0-2.70
(2.24-2.20) (2.85-2.80) (2.75-2.70)

Total reflections 234,088 196,794 334,143
Unique reflections 78,940 47,837 84,991
Completeness (%) 97.4 (97.4) 92.3 (86.5) 100.0 (100.0)
/o 18.6 (2.1) 18.7 (2.2) 14.7 (1.6)
Rmerge” (%) 6.7 (39.6) 7.5 (59.3) 10.0 (58.5)
Phasing
No. of sites 17
FOM? 0.32
Refinement
Resolution (A) 38.0-2.20 39.7-2.80
Rwork/Rfree4 (%) 23.4/28.9 20.7/25.4
No. of molecules 4 4
inthe A.U.
No. of atoms

Protein 11,051 11,487

Ligand 139 128

Wiater 428 48
Average B-factors (A?)

Protein 49.0 60.4

Ligand 40.7 46.5

Water 445 47.2
RMSD from ideal

Bond length (A) 0.007 0.009

Bond angles (°) 1.2 1.3

Nvalues in parentheses are for the highest resolution shells.

2Rierge = Znit Zi [li(hkl) — <I(hkD)>|/Zna Zi li(hkl), where li(hkl) is the intensity of an individual reflection and

<I(hkl)> is the mean intensity of symmetry-equivalent reflections.
3Figure of merit = |F(hkl)best|/|F(hk1)|; F(hkl)best = Zo P(ar) Fra(at)/Zo P(at).

*Rwork = Zhii ||Fobs] — |Featc|l/Zhi |Fobs|, Where Foss and Feac are observed and calculated structure-factor amplitudes,

respectively. Ree Was calculated as for Rwork but using only 5% unrefined subset of reflection data.
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4.2.3. Size-exclusion chromatography

Each sample was concentrated to 10 mg ml* and supplemented with 5 mM MgCl.. For the
complexes, SaFtsZ (or SaFtsZAC) and SaFtsA were mixed and supplemented with MgCl,, and then
incubated at 20 °C for 20 min. A volume of 300 ul (600 ul for the complexes) was applied onto a HiLoad
16/60 Superdex 200 prep-grade column (GE Healthcare) and eluted with the gel-filtration buffer. Each

peak was further analyzed by SDS-PAGE.

4.2.4. Native-PAGE

Each sample was diluted to 2 mg mI™* and supplemented with 2 mM MgCl.. For the complexes,
SaFtsZ (or SaFtsZAC) and SaFtsA were mixed and supplemented with MgCl,. All samples were mixed
with an equal volume of 2X sample buffer (10 mM Tris-HCI pH 7.5, 50% v/v glycerol, 1 mg ml**
bromophenol blue) and incubated on ice for 20 min before loading onto 10% polyacrylamide gel. The

electrophoresis was performed at 40 mA/gel and 4 °C.

4.3. Results and Discussion
4.3.1. Crystal structure of SaFtsA

Crystal structures of SaFtsA complexed with AMPPNP and ATP were determined at 2.2 and 2.8 A
resolution, respectively. The structures are superposed well (RMSA = 0.32 A for aligned 351 C,, atoms)
and no significant structural change was observed, so only higher-resolution AMPPNP-complexed
structure is described below. The overall structure of SaFtsA resembles that of TmFtsA (33, 42) and
shares the canonical actin-like fold. The SaFtsA monomer consists of four domains, 1A, 1C, 2A, and
2B, and a difference Fourier omit map clearly shows that AMPPNP is bound in the pocket formed by
domains 1A, 2A, and 2B (Fig. 4-1). The adenine ring of AMPPNP is stabilized by the side chain of
His255 via a m-n stacking. The side chains of Glu251, Lys254, and His255 interacts with the ribose
moiety. Two loops participate in the binding of the phosphates: S1-S2 loop (residues 13-17) and S9—

S10 loop (residues 209-211). Mg? ion was observed to bridge between Pg and P, oxygens. In addition,
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two water molecules (labeled W1 and W2) are located in 4.5 and 4.7 A distance from the P, atom, and
the B-y-bridging oxygen-P,-water angles are 139° and 133°, respectively. In TmFtsA structures, the
water molecule corresponding to W1 is located in 4.3-4.6 A distance from the P, atom and the angle is
113-135°, and W2 is replaced by the side chain of Ser84. These distances and angles suggest that the
positions of W1 and W2 are not suitable for ATP hydrolysis. Indeed, SaFtsA shows little ATPase activity
(see below). However, some previous studies suggested that FtsA may exhibit actin-like AT Pase activity
(36, 37). One of the possibility is that FtsA-interacting proteins induce structural changes of FtsA to

increase its ATPase activity during cell division.

S9-S10 loop

AMPPNP == #

S1-S2 loop
E251

Figure 4-1. Overall structure of SaFtsA. Domains 1A, 1C, 2A, and 2B are colored in light orange, green, pink,
and cyan, respectively. The mF,—DF. omit map is contoured at 3.0 ¢ as a gray mesh in the right panel. The

distances are labeled in A.

The crystallographic asymmetric unit contains four SaFtsA molecules (chains A, B, C, and D). The
A, B and C, D molecules stack head to tail in the crystal to form two antiparallel filamentous structures
(Fig. 4-2). One chain and the same chain in the neighboring asymmetric unit are related by a 106 A

translation. The two molecules in the head-to-tail dimer (A-B and C-D) are twisted 28° (A-B) and 17°
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(C-D). These interaction is mainly mediated by two interfaces: 1A-1C and 2B—2A interfaces (Fig. 2,
red and blue circles, respectively). The 1A—1C interface has a relatively large area (564 A2 compared
with the 2B—2A interface (174 A?). The 1A-1C interactions are essentially conserved in the A, B and
C, D interfaces. This interface includes Leul45, corresponding to Met147 in B. subtilis FtsA, whose
importance for polymerization is confirmed by mutational study (33). The 2B—2A interactions are
mediated by a few residues in the S12-S13 hairpin loop, H8-S14 loop, and H10-S15 loop, and the
interactions are not conserved well in the A, B and C, D interfaces. Although helical filament can be
generated by superposing A-B or C-D SaFtsA dimers one by one, in contrast to straight TmFtsA

filament in the crystals, whether this twist is required for functions of FtsA remains to be elucidated.

P

Figure 4-2. Crystal packing of SaFtsA. Domains are colored as Fig. 4-1. The molecules in neighboring
asymmetric units are shown in semi-transparent. AMPPNP molecules are represented by spheres. A period of the
dimer units (A-B or C-D) and the twist angles are represented. 1A—1C and 2B-2A interfaces are shown in red
and blue circles, respectively. Structural disorders of the S12—-S13 hairpin in B and D chains are highlighted by

dashed circles.
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The S12-S13 hairpin is structurally ordered in A and C molecules, whereas it is disordered in B
and D molecules, which reflects the increased flexibility of this region compared to the corresponding
region of TmFtsA (Fig. 4-2). This hairpin seems to be important for the interactions with other
molecules, because the mutation point of FtsA” (R286W, a gain-of-function mutant of EcFtsA (39)) is
located in the S12—S13 hairpin. Additionally, the S13—-H8 region of SaFtsA is considered to be binding
site of the C-terminus of SaFtsZ, based on the structure of the TmFtsA—FtsZ C-terminal peptide
complex (PDB entry: 4A2A, Fig. 4-3A) (33). Therefore, the S12-S13 hairpin should be important for
FtsA function and partner proteins binding. The position of S12-S13 hairpin of SaFtsA is clearly
different from that of TmFtsA, probably because the TmFtsA S12-S13 hairpin is stabilized by more

hydrogen bonds than SaFtsA (Fig. 4-3B, C).

A B

SaFtsA
TmFtsA
(4A2A)

Figure 4-3. Structure comparison of S12-S13 hairpin. (A) Superposition of SaFtsA (orange) and TmFtsA-FtsZ
complex (PDB entry: 4A2A, green) structures. The C-terminal peptide of SaFtsZ is shown in blue. (B, C) Close-
up views of the S12-S13 hairpin of SaFtsA (B) and TmFtsA (C). Water molecules are shown by red spheres.

Hydrogen bonds are shown by cyan dotted lines.
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4.3.2. SaFtsZ-FtsA interaction assays

FtsZ is known to bind FtsA through its C-terminal region (30, 92). SaFtsZ has an extra unique Arg-
rich sequences in its extreme C-terminus (Fig. 4-4A, red box). This region did not be focused well in
the previous SaFtsZ—FtsA interaction assay (29). Judging from the TmFtsA—FtsZ peptide structure, this
region will be extended to near the S13—H8 region. SaFtsA has many acidic residues in S12—-S13 hairpin
(Glu274, Asp277, Asp279, and Glu280) and in the following H8 helix (Asp288, Asp291, Glu294,
Glu298, and Glu299). Thus, it is suggested that electrostatic interactions among these residues promote
the formation of SaFtsZ—FtsA complex. To confirm the importance of this Arg-rich region of SaFtsZ,
SaFtsZ-FtsA complex formation were examined using full-length SaFtsZ and SaFtsZAC, whose C-
terminal eight residues (RRSRRTRR) were truncated, by the two methods: size-exclusion
chromatography and Native-PAGE. SaFtsZ-FtsA complex is enough stable to be detected by size-
exclusion chromatography (Fig. 4-4B, red line), but the peak corresponding to the complex was not
observed in the case of SaFtsZAC (Fig. 4-4B, green line). The Native-PAGE analysis showed the similar
result that the band of the complex was disappeared when SaFtsZAC and SaFtsA was loaded onto gel
(Fig. 4-4C). These facts suggest that the extreme C-terminal Arg-rich region of SaFtsZ is quite
important for binding SaFtsA. This extended interaction might be one of the reason why SaFtsZ-FtsA

complex can be easily prepared by size-exclusion chromatography.
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Figure 4-4. SaFtsZ-FtsA interaction assays. (A) Sequence alignment of FtsZ C-terminus. Arg-rich region is
highlighted by a red box. (B) Elution profiles of size-exclusion chromatography on HiLoad 16/600 Superdex 200
prep grade. The peak corresponding to SaFtsZ-FtsA complex is indicated by a black arrow. (C) Complex
formation analysis by Native-PAGE.

4.4, Summary

In this chapter, the author performed crystallographic analysis of SaFtsA. The SaFtsA molecules
are aligned as twisted filaments in the crystal in contrast to the straight filaments of TmFtsA. The S12—
S13 hairpin region, located near the FtsZ-binding region, shows different orientation compared to that
of TmFtsA due to the less hydrogen bonds interactions. Moreover, SaFtsZ—FtsA interaction assays
reveal that the C-terminal Arg-rich region of SaFtsZ is essential for SaFtsA binding. This unique
interaction is probably responsible for the formation of the stable SaFtsZ—FtsA complex in vitro. This

knowledge might be useful for inhibitor development which disrupts the SaFtsZ—FtsA interaction.
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Conclusion

In Chapter 1, the author determined the crystal structures of non-mutated SaFtsZ in both the T and
R state conformations in the same crystal for the first time, and proposed the mechanism of the T-R
structural change. The transient structure and the significant interactions during the T-R conformational
change were predicted by PaCS-MD simulation performed by the collaborators. Crystallographic
analysis and conventional MD simulations using the key-interaction-disrupted mutant also supports
these results. Intramolecular interaction was mainly focused in this study, and it would cooperate with
the previously suggested intermolecular mechanism, which offers structural insights into the
mechanism of T-R conformational change leading to the assembly/disassembly and the treadmilling of
FtsZ molecules.

Disturbing the T-R conformational change is the effective strategy for drug development. In
Chapter 2, the author determined the crystal structures of SaFtsZ in complex with the three inhibitors,
TXA707, TXA6101, and TXD1107, developed based on this strategy. All of the inhibitors used in this
study adopt the novel bent conformation, and newly identified inner hydrophobic pocket was found to
allow further structure optimization of the inhibitors. The author also reported the crystal structure of
the most frequently observed drug resistant mutant G196S in complex with TXA6101, and revealed
that the existence of the bromo group and the enhanced structural flexibility of the inhibitor are key
factors for overcoming the steric hindrance introduced by the drug resistance mutation in SaFtsZ. These
results offer a structural basis for the design of new FtsZ inhibitors with increased antibacterial potency.

To investigate the effects of the novel inhibitors on FtsZ dynamics, high-speed AFM measurement
was performed in Chapter 3. The author visualized the formation and dissociation process of SaFtsZ
filaments by adding the protein during the measurement. Straight and curved filaments were
predominantly generated in the absence and presence of the inhibitors, respectively, in accordance with

the previous study. Lateral interaction between the filaments seem to promote the recruitment of FtsZ
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monomer and the new filament formation in both cases. An extent of filament curvature strongly
correlates with the inhibitory activity of the supplemented inhibitor, but several disagreements between
the crystal structure and the AFM observation remain to be elucidated. Another factor, probably a kind
of cooperativity, seem to underlie the dynamic FtsZ events.

FtsA is also essential player in bacterial cell division and attractive drug target, but its structural
information has been significantly limited compared to FtsZ. Therefore, in Chapter 4, the author
performed crystallographic analysis of SaFtsA. The molecules are aligned as two kinds of twisted
antiparallel filaments in the crystal in contrast to the straight filaments observed in TmFtsA. The S12—
S13 hairpin region, located near the FtsZ-binding region, shows different orientation and more
flexibility compared to that of TmFtsA because of the less hydrogen bond interactions. Moreover,
SaFtsZ—FtsA interaction assays indicate that the non-conserved C-terminal Arg-rich region of SaFtsZ
is essential for SaFtsAbinding. This unique interaction seems to assure the stable SaFtsZ—FtsA complex
formation in vitro. This information might be a clue to the development of the SaFtsZ—FtsA interaction
inhibitors.

Here, the author combines X-ray crystallographic analysis with several related methods to
elucidate the molecular mechanism underlying bacterial cell division and establish structural basis for
the development of antibacterial agent. For future perspective, MD simulations of the filamentous
structures consisting of the T and R state molecules will be a powerful tool to further investigate the
disparity between the crystallographic and microscopic result. Moreover, recent improvement of a
resolution in cryo-electron microscopy may allow futuristic structure determination of FtsZ filament in
biological condition and clear distinction between the T and R state in the filament. This research
focused on SaFtsZ and SaFtsA in terms of drug development against MRSA, but the structural and other
knowledge obtained in this study is a quite useful basis for discussing the similar and different features
compared to the cell division proteins from other species, and a definite step for understanding the vast

divisome machinery world.
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