BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Understanding FtsZ Assembly: Cues from the Behavior of Its N- and

C-Terminal Domains
Bhavya Jindal and Dulal Panda*

Department of Biosciences and Bioengineering, Indian Institute of Technology Bombay, Mumbai 400076, India

© Supporting Information

ABSTRACT: FtsZ polymerizes to form a cytokinetic ring at the center of
a bacterial cell, which engineers bacterial cell division. FtsZ consists of N-
terminal and C-terminal core domains followed by a C-terminal spacer and
a conserved C-terminal tail region. Though it has been reported that both
N- and C-domains can fold independently, the assembly behaviors of the
N- and C-domains are not clear. In this study, we created five truncated
constructs of Bacillus subtilis FtsZ, two N-domain and three C-domain
constructs, and expressed and purified them. We determined their
assembly properties and their effect on the assembly of full-length FtsZ
to gain insight into the mechanism of FtsZ polymerization. We found that
the N-domain of B. subtilis FtsZ can polymerize on its own in a GTP-
dependent manner. Further, we obtained evidence indicating that the N-
domain could bind to GTP but could not hydrolyze GTP by itself. In
addition, the N-domain was found to inhibit the assembly of full-length
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FtsZ. Interestingly, the N-domain was found to enhance the GTPase activity of full-length FtsZ. An analysis of the effects of the
N- and C-domains on FtsZ assembly indicated that the assembly of FtsZ might be directional. The work has provided new
insight into the assembly characteristics of FtsZ domains and the mechanism of FtsZ polymerization.

FtsZ, a bacterial cell division protein, polymerizes to form a ring
structure at the center of the cells that, in turn, mediates cell
division." It is a homologue of the eukaryotic cytoskeletal
protein tubulin®® and displays GTPase activity. Like tubulin, it
polymerizes in a GTP-dependent manner to form filaments in
vitro, and the polymers are structurally similar to the tubulin
polymers.* " In general, FtsZ forms linear polymers, which are
one subunit thick and form structures like sheets, spirals, and
rings in the presence of certain additives.*®” The structure of
the Z-ring inside the cells is still not clear, although it has been
suggested that the Z-ring is a highly dynamic structure that is
made of laterally associated FtsZ protofilaments.*’

The crystal structures of FtsZs from Methanococcus
jannaschii, Pseudomonas aeruginosa, Bacillus subtilis, and Aquifex
aeolicus show that FtsZ consists of two globular domains, an
amino-terminal domain and a carboxy-terminal domain,
connected by a central helix.”'* The N-domain has a Rossman
fold, similar to the GTPases like ras and EF-Tu, which binds to
GTP. The C-domain core has a chorismate mutase-like fold
and a synergy loop (T7) that inserts into the N-domain of the
adjacent monomer and brings about GTP hydrolysis.”"" The
assembly of the FtsZ protofilaments occurs when the N-domain
of one FtsZ monomer contacts the C-domain of another FtsZ
monomer. The assembly of FtsZ protofilaments is suggested to
be directional, with the monomers being added at the bottom
interface of the protofilaments.'>"* Following the C-domain
core is a spacer region having a variable length in different
bacterial FtsZ forms and a highly conserved segment, which is
known to interact with proteins that regulate FtsZ assembly.'*
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A recent study has shown that in B. subtilis FtsZ, the extreme C-
terminus tail region also plays a role in the lateral interactions
of FtsZ protofilaments.'®

It has been shown that N- and C-domains of FtsZ can fold
independently.'® In this study, we made five different truncated
constructs of B. subtilis FtsZ, namely, two N-terminal core
domain constructs and three C-terminal core domain
constructs. The two N-domain constructs, N1-FtsZ and N2-
FtsZ, constituted amino acids 1—178 and 1—204, respectively.
N2-FtsZ has the H7 region additionally, as compared to N1-
FtsZ. The three C-domain constructs (C1-FtsZ, C2-FtsZ, and
C3-FtsZ) consist of residues 205—366, 176—366, and 176—
382, respectively. C1-FtsZ lacks the H7 region, whereas C2-
FtsZ includes it; however, both are devoid of the extreme C-
terminal tail region of FtsZ. In contrast, C3-FtsZ contains both
the H7 region and the C-terminal tail region of FtsZ (Figure
1A). We used these constructs to determine the polymerization
properties of the individual FtsZ domains that may provide
significant insight into the roles of these domains in FtsZ
assembly and assist in the probing of the mechanism of FtsZ
polymerization.

We found that the N-domains of FtsZ can polymerize to
form filamentous polymers independently in a GTP-dependent
manner, whereas the C-domains cannot form polymers on their
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Figure 1. Assembly kinetics of FL-FtsZ and its N-domains and C-domains. (A) Schematic showing the descriptions of the FtsZ constructs used in
the study. (B) Light scattering traces showing the polymerization kinetics of 4 uM FL-FtsZ (@), N1-FtsZ (A), N2-FtsZ (A), C1-FtsZ (O), C2-FtsZ
(M), and C3-FtsZ (O). Light scattering by buffer is also denoted (x). (C) Fluorescence images, electron micrographs (scale bar of 200 nm), and
atomic force microscopy (AFM) images (x and y axis are S ym each) (from left to right, respectively) showing the polymers formed by FL-FtsZ, N1-
FtsZ, and N2-FtsZ in 25 mM PIPES buffer containing 50 mM KCl, 5 mM MgCl, and 1 mM GTP. For fluorescence and electron microscopy, 4 M
protein was used, and for AFM, 1 yM protein was used. (D) Electron microscopic analysis of FL-, N1-, and N2-FtsZ (4 uM each) polymerized in S0
mM HEPES buffer containing 2.5 mM MgCl,, 1 mM GTP, and either 50 or 250 mM KCI. The scale bar is 200 nm.

own. In addition, we found that the N-domain is inhibitory for
the assembly of full-length FtsZ (FL-FtsZ) as opposed to the
C-domain, which only slightly affected the polymerization of
FL-FtsZ. When added to FL-FtsZ, the N-domain increased the
GTPase activity, whereas C-domain did not significantly affect
the GTPase activity of FL-FtsZ. These observations together
indicate that only the N-domain can bind to the FL-FtsZ
polymers, supporting the directional assembly of FtsZ.

B EXPERIMENTAL PROCEDURES

Materials. The polymerase chain reaction (PCR) primers
and fluorescein isothiocyanate (FITC) dye were obtained from
Sigma (St. Louis, MO). Tetramethylrhodamine-5(6)-isothio-
cyanate (TRITC) dye was obtained from Invitrogen. Isopropyl
p-p-1-thiogalactopyranoside (IPTG) was purchased from
Calbiochem. Ni-NTA resin was obtained from Qiagen, and
Bio-Gel-P6 resin was purchased from Bio-Rad. All other
reagents were of analytical grade and obtained from either
Sigma or Himedia (Mumbai, India).
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Cloning. We created the following truncated constructs of
B. subtilis FtsZ: N1-FtsZ (amino acids 1—178), N2-FtsZ
(amino acids 1—204), C1-FtsZ (amino acids 205—366), C2-
FtsZ (amino acids 176—366), and C3-FtsZ (amino acids 176—
382). The following primer pairs were used for the PCR
amplification of the regions mentioned above. For the N1 and
N2 forms, the forward primer sequence is S'GGGTTTCAT-
ATGTTGGAGTTCGAAAC3' and the reverse primer sequen-
ces are 5’CGCGGATCCTTACGGTGTGTTTTTATC3' and
S'CGCGGATCCTTAAGGTGTAGCAATC3', respectively.
For the C1-C3 forms, the forward and reverse primer pairs
are S'GGGTTTCATATGGGTCTTATCAACCTT3’ and
S'CGCGGATCCTTAATCAGCCGG3', S'GGGTTTCATAT-
GAACACACCGATGCTTGAAGC3' and 5'CGCGGATCCT-
TAATCAGCCGGCTGTG3', and S'GGGTTTCATATGAA-
CACACCGATGCTTGAAGC3’ and 5'CGCGGATCCTTAG-
CCGCGTTTATTGC3/, respectively. The N1, N2, C2, and C3
forms were cloned in pET16b, and the C1 form was cloned in
pET28a between Ndel and BamHI sites.
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Protein Purification. Isolation and Purification of FL-FtsZ
and C-Domains. B. subtilis FL-FtsZ,"” C1-FtsZ, C2-FtsZ, and
C3-FtsZ were expressed in Escherichia coli BL21(DE3)plysS
cells. The cells were grown at 37 °C in Luria-Bertani (LB)
medium in the presence of appropriate antibiotics. The cells
were then induced at late log phase (ODgg ~ 0.8) with 1 mM
IPTG for 6 h. Cells were harvested and washed with lysis buffer
[S0 mM NaH,PO, (pH 8.0) and 300 mM NaCl]. The cell
pellet was suspended in ice-cold lysis buffer containing 0.1% f-
ME and 2 mM PMSF. Lysozyme (1 mg/mL) was added, and
cells were incubated for 1 h on ice. The cells were then
disrupted by sonication (10 pulses, 30 s each), and the crude
lysate obtained was spun at 88760g and 4 °C to obtain a cleared
cell lysate. Imidazole (S mM) was added to the cleared cell
lysate to prevent the binding of nonspecific proteins to Ni-
NTA. The imidazole-containing supernatant was then mixed
with an activated Ni-NTA resin and incubated while being
gently shaken for 1 h at 4 °C. This resin was then loaded on a
column, and the flow through was collected. The column was
extensively washed with buffers containing increasing imidazole
concentrations [25 mM PIPES (pH 6.8) and 300 mM NaCl
with 25, 50, and 75 mM imidazole]. The proteins were eluted
with buffer containing 250 mM imidazole. Protein fractions
were pooled and desalted using the Biogel P-6 resin using
either 25 mM PIPES buffer (pH 6.8) or S0 mM HEPES buffer
(pH 7.5). The pure protein obtained was then concentrated
and stored at —80 °C.

Isolation and Purification of N-Domains. N1-FtsZ and N2-
FtsZ were expressed in E. coli BL21(DE3)plysS and E. coli C41,
respectively. The NI-ftsz transformed BL21(DE3)plysS cells
were grown in LB medium in the presence of 100 pg/mL
ampicillin and 12.5 pg/mL chloramphenicol, and the N2-ftsz
transformed C41 cells were grown in LB medium in the
presence of 100 ug/mL ampicillin until the OD¢, reached 0.8—
1. Subsequently, the cells were induced with 1 mM IPTG for 6
h and then collected by centrifugation. The cells were lysed
using 8 M urea, and the proteins were subsequently refolded
during purification using TN buffer.'®~*° Briefly, the cells were
lysed in a buffer containing 50 mM Tris-HCI (pH 8.0), 300
mM NaCl, 8 M urea, 0.1% f-ME, 2 mM PMSF, and 1 mg/mL
lysozyme. The cells were then disrupted by sonication (10
pulses, 30 s each), and the crude lysate obtained was spun at
88760g and 30 °C to gain a cleared cell lysate. Imidazole (S
mM) was added to the cleared cell lysate to prevent nonspecific
binding. The imidazole-containing supernatant was then mixed
with an activated Ni-NTA resin pre-equilibriated with a buffer
containing S0 mM Tris-HCI (pH 8.0), 300 mM NaCl, 8 M
urea, and 5 mM imidazole and incubated while being gently
shaken for 1 h at room temperature. This resin was then loaded
onto a column, and the flow-through was collected. The
column was extensively washed with TN buffer [Tris-HCI (pH
8.0) and 150 mM NaCl] and then with an imidazole
concentration gradient (25, 50, and 7S mM). The protein
was eluted with 250 mM imidazole. The protein fractions were
pooled and then desalted using the Biogel P-6 resin using either
25 mM PIPES buffer (pH 6.8) or SO mM HEPES buffer (pH
7.5). The pure protein obtained was then concentrated and
stored at —80 °C.

To check whether N1- and N2-FtsZ were properly folded,
we monitored the far-UV circular dichroism spectra (198—260
nm) of FL-, N1-, and N2-FtsZ using a JASCO spectropolarim-
eter. The spectra were recorded using a quartz cuvette with a
path length of 0.1 cm in 10 mM phosphate buffer (pH 7.4) at
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25 °C. Each spectrum was an average of three scans. The
spectral data were deconvoluted using CDNN from JASCO.>!
The secondary structure contents estimated by the CDNN
analysis corroborated those obtained from the sequences of
these proteins (Table S1 of the Supporting Information).
Secondary structure contents were derived from the sequences
using EMBL server.”>?3

Measurement of GTP Binding. GTP binding was
monitored using 2',3’-0-(2,4,6-trinitrocyclohexadienylidine)-
guanosine S'-triphosphate (TNP-GTP), a fluorescent analogue
of GTP.>*** The proteins (5 yM FL-, N1-, and N2-FtsZ) were
incubated without and with 250 yM GTP in 25 mM PIPES
buffer (pH 6.8) containing S mM MgCl,, 300 mM NaCl, and
10% glycerol and incubated for 1 h on ice. Then, the reaction
mixtures were further incubated with 15 yM TNP-GTP for 1 h
on ice. The emission spectra of the samples were monitored
from 500 to 600 nm using an excitation wavelength of 410 nm.

Labeling of Proteins with FITC and TRITC. FITC
labeling of proteins was conducted by incubating the proteins
with a 10-fold molar excess of FITC for 4 h on ice. The labeling
reaction was quenched by adding 10 mM Tris-HCl buffer (pH
8.0). The unbound dye molecules were removed by passing the
mixture through a gel filtration (Bio-Gel P-4 resin) column
followed by dialysis against 25 mM PIPES buffer (pH 6.8) for 4
h at 4 °C. The concentration of proteins was measured by the
Bradford assay.”® The incorporation ratio of FITC per
monomer was estimated to be 0.6—0.7 per monomer for the
proteins. N2-FtsZ was covalently modified with TRITC as
described above. N2-FtsZ was incubated with a 5-fold molar
excess of TRITC with respect to the protein for 8 h on ice, and
the unbound dye was removed as described above.

Light Scattering Assay. The polymerization of proteins
was assessed by 90° light scattering using a JASCO 6500
spectrofluorometer. Different constructs of FtsZ were poly-
merized in 25 mM PIPES buffer (pH 6.8) containing 50 mM
KCI and 5 mM MgCl, in the presence of 1 mM GTP. The
reaction mixture was immediately transferred into a quartz
cuvette for monitoring the light scattering signal at 37 °C for 10
min at 500 nm.*® The initial rates of polymerization of the
different FtsZ constructs were determined from the slope of the
scattering signal for the initial 90 s of the assembly.

Sedimentation Assay. The protein mixtures were
prepared in 25 mM PIPES (pH 6.8) and 50 mM KCl and
incubated for 20 min on ice. Then 5 mM MgCl, and 1 mM
GTP were added to the reaction mixtures and polymerized for
10 min at 37 °C. Polymers were sedimented at 127814g for 20
min at 30 °C. The supernatant was decanted carefully without
disturbing the pellet. The pellet was dissolved and loaded on
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) gel. The protein concentration of the pellet
was estimated from the SDS—PAGE gel stained with
Coomassie brilliant blue R using Image].

Determination of the Critical Concentration for the
Assembly of FtsZ Variants. The critical concentration of FL-
FtsZ and N2-FtsZ was determined by sedimentation as
described previously.”” Briefly, different concentrations of
proteins (2, 3, 4, S, and 6 uM FL-FtsZ and 1, 2, 3, 4, S, and
6 uM N2-FtsZ) were polymerized in 25 mM PIPES buffer (pH
6.8) in the presence of 50 mM KCl, S mM MgCl,, and 1 mM
GTP at 37 °C for 10 min. Polymers were collected through
sedimentation (127814g) for 20 min at 30 °C. The protein
concentration in the supernatant was determined using a
Bradford assay. Subsequently, the amount of protein
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polymerized was estimated by subtracting the concentration of
protein in the supernatant from the total protein concentration.
Similarly, the critical concentration for the polymerization of
both FL-FtsZ and N2-FtsZ was determined in 50 mM HEPES
buffer (pH 7.5) in the presence of S0 mM KCJ, 2.5 mM MgCl,,
and 1 mM GTP.

GTPase Assay. Protein samples were prepared in 25 mM
PIPES buffer (pH 6.8) containing S0 mM KCl and S mM
MgCl,. Then, 1 mM GTP was added to the mixtures, and the
mixtures were kept at 37 °C for polymerization. An aliquot of
40 pl was taken at different time points (0, 2, S, 10, and 15
min); the reaction was quenched by adding 10% (v/v)
perchloric acid, and the samples were kept on ice. All the
samples were taken; 900 uL of ammonium-molybdate
malachite green was added to the reaction mixtures, and they
were incubated in the dark for 30 min. The absorbance of the
samples was measured at 650 nm, and the amount of P;
released was determined using a phosphate standard curve.***®

Electron Microscopy. Protein samples (4 yuM FL-, N1-,
and N2-FtsZ) were prepared in 25 mM PIPES buffer (pH 6.8)
and 50 mM KCl. Then S mM MgCl, and 1 mM GTP were
added, and the proteins were allowed to polymerize when the
samples were placed in a 37 °C water bath for 5 min. Then, the
samples were adsorbed on Formvar carbon-coated copper grids
and subjected to negative staining using a 2% uranyl acetate
solution for 45—60 s. The samples were analyzed using an FEI
Tecnai-G*> 12 electron microscope (Philips). The polymer-
ization of FL-, N1-, and N2-FtsZ was also monitored in 50 mM
HEPES buffer (pH 7.5) containing 2.5 mM MgCl, with 50 and
250 mM KClL.

Atomic Force Microscopy. Proteins (1 uM) were taken in
25 mM PIPES buffer (pH 6.8) and 50 mM KCl and
polymerized in the presence of 5 mM MgCl, and 1 mM
GTP at 37 °C for 10 min. An aliquot (10 L) of the sample was
placed on a mica sheet (2 mm X 2 mm) and dried. The images
were acquired in the tapping mode using the digital instruments
multimode nanoscope IV scanning probe microscope.

Fluorescence Microscopy. Protein samples (using 4 uM
labeled proteins) were prepared in 25 mM PIPES buffer (pH
6.8) and S0 mM KCl, and then S mM MgCl, and 1 mM GTP
were added. Polymerization was conducted at 37 °C for 10
min. The samples were then placed on clean glass slides,
covered with glass coverslips, and observed using a fluorescence
microscope (Eclipse TE2000-U, Nikon, Tokyo, Japan). The
images were captured using a Cool SNAP-Pro camera and
processed using Image-Pro Plus version 5.0.

Colocalization Assay. FITC-labeled FtsZ (9 uM) was
polymerized in SO mM HEPES buffer (pH 7.5), 50 mM KClJ,
2.5 mM MgCl,, and 1 mM GTP at 37 °C for 2 min; 150 nM
TRITC-labeled N2-FtsZ was then added to this mixture and
further polymerized for 4 min. The sample was then placed on
a clean glass slide (24 mm X 60 mm) and covered with another
glass coverslip (24 mm X 24 mm). The sample was
immediately visualized using a fluorescence microscope
(Eclipse TE2000-U, Nikon) under an FITC filter and a
TRITC filter. Similarly, the only FITC-FtsZ was polymerized
and observed under FITC and TRITC filters. The assay was
also performed using 3 uM FITC-labeled FtsZ and 60 nM
TRITC-labeled N2-FtsZ in 25 mM PIPES buffer (pH 6.8)
containing 50 mM KCl, 5 mM MgCl,, and 1 mM GTP.

N-Domain Model Building. The three-dimensional (3D)
coordinates for the structure of B. subtilis FtsZ were obtained
from Protein Data Bank (PDB) entry 2VXY.>>*° To obtain the
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structure of the N-domain, the coordinates for amino acids 11—
204 were kept and the rest of the coordinates were deleted.
Docking of the N-domain versus the N-domain was performed
using Patchdock.>"*? The obtained complexes were energy
minimized using spdbv viewer.>> The lowest-energy complex
was taken, and the 3D structure of the N-domain filament was
built from this dimer using the pair fitting module of PyMol.34
The residues involved in the interactions (hydrophobic and H-
bonding interactions) between the two chains of the N-domain
dimer were determined using Naccess>® and UCSF Chimera.®
The figures have been rendered in UCSF Chimera.>

B RESULTS

N-Domains of FtsZ Polymerized To Form Filaments,
whereas C-Domains Did Not Polymerize. C-Domains of
FtsZ did not show any increase in light scattering, indicating
that C-domain constructs do not polymerize independently
(Figure 1B). Interestingly, both N1- and N2-FtsZ showed an
increase in light scattering in the presence of GTP, indicating
that the N-domains of FtsZ might polymerize alone (Figure
1B). However, the rate and extent of polymerization of N-
domains were lower than those of FL-FtsZ. For example, the
initial rates (measured for 90 s) of polymerization of FL-FtsZ,
N1-FtsZ, and N2-FtsZ were found to be 55, 8, and 10 units/s,
respectively.

The assembly of N-domains was further probed by electron
microscopy, fluorescence microscopy, and atomic force
microscopy (Figure 1C). Long thin filaments were observed
under an electron microscope in case of both N1- and N2-FtsZ.
In addition, atomic force microscopic analysis showed that FL-
FtsZ formed very long filaments, whereas N-domains formed
relatively shorter polymers than FL-FtsZ (Figure 1C).

To analyze the polymerization of N1- and N2-FtsZ under
different solution conditions, the assembly of FL-, N1-, and N2-
FtsZ was also monitored in HEPES buffer (pH 7.5) in the
presence of two different concentrations (50 and 250 mM) of
KCI. Under these conditions, N1- and N2-FtsZ were also found
to form polymers (Figure 1D). However, the polymers were
found to be shorter and thinner in HEPES buffer than those
formed in PIPES buffer.

FL-, N1-, and N2-FtsZ contain an N-terminal six-His tag;
therefore, the polymerization of these proteins was also
observed after removing the His tag using Factor Xa. The
His tag cleaved proteins were also found to polymerize
efficiently (Figure S1 of the Supporting Information). Because
proteins without and with the His tag exhibited similar
assembly properties, we used proteins with the His tag for
the rest of the experiments.

The critical concentrations for polymerization of FL-FtsZ
and N2-FtsZ were determined in both PIPES and HEPES
buffers (Figure 2). The critical concentrations for polymer-
ization of FL-FtsZ and N2-FtsZ were determined to be 0.9 +
0.14 and 0.3 =+ 0.08 uM, respectively, in PIPES buffer,
suggesting that N2-FtsZ polymerized with a critical concen-
tration that was lower than that of FL-FtsZ (Figure 2A,B). The
critical concentrations for polymerization of FL-FtsZ and N2-
FtsZ in HEPES buffer were determined to be 1.4 + 0.20 and
0.6 + 0.06 uM, respectively (Figure 2A,B).

Because the N-domain of FtsZ contains the GTP binding
domain, the GTP binding ability of N1- and N2-FtsZ was
examined using TNP-GTP, a fluorescent GTP analogue. Both
N1 and N2 constructs were found to bind to TNP-GTP, and
GTP was able to inhibit the binding of TNP-GTP to these
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constructs (Figure 3). To check whether the polymerization of
N-domains is dependent on GDP or GTP, the polymerization
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Figure 3. FL-, N1-, and N2-FtsZ bound to TNP-GTP. The
fluorescence spectra of TNP-GTP in buffer (X) and in the presence
of FL-FtsZ (O), N1-FtsZ (A), and N2-FtsZ (M) are shown. Also,
GTP caused a reduction in the increase in fluorescence caused by
binding of TNP-GTP to FL-FtsZ (@), N1-FtsZ (A), and N2-FtsZ
(O). The experiment was performed three times.

of N-domains was conducted in the absence and presence of
GDP and GTP. The scattering of light was observed in all three
cases, in the absence of GDP and GTP, in the presence of
GDP, and in the presence of GTP (Figure 4A—C). Further, in
the absence of GDP and GTP, only aggregates are visible,
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whereas polymers are formed in the presence of either GDP or
GTP (Figure 4D). Therefore, the increase in light scattering
observed in the absence of GDP and GTP is due to the
formation of aggregates. Moreover, the morphologies of
polymers formed in the presence of GDP and GTP were
found to be different; the polymers formed in the presence of
GDP are visibly shorter than the polymers formed in the
presence of GTP (Figure 4D). FL-FtsZ also formed polymers
of different morphologies in the presence of GTP and GDP.
The polymers formed in the presence of GTP are longer and
thicker, whereas the polymers formed in the presence of GDP
appeared to be comparatively shorter and thinner than those
formed in the presence of GTP. In addition, the rates of
assembly of FL-FtsZ, N1-FtsZ, and N2-FtsZ were higher in the
presence of GTP than that of GDP (Figure 4A and insets of
Figure 4B,C).

N-Domains Inhibited the Polymerization of FL-FtsZ.
The addition of N-domains to FL-FtsZ resulted in the
inhibition of polymerization of FL-FtsZ as indicated by light
scattering and a sedimentation assay (Figure SA—C). Electron
microscopy and fluorescence microscopic analysis also
indicated that the extent of polymer formation decreased in
the presence of N-domains (Figure SD). Electron microscopy
showed an overall reduction in the level of polymers in the
presence of N-domains, which could be either of FL-FtsZ, N-
domains, or both. To specifically probe the status of the
assembly of FL-FtsZ, the effect of N-domains on the
polymerization of FITC-labeled FL-FtsZ was examined. The
number of FITC-labeled FL-FtsZ polymers per field of view
was found to be visibly reduced in the presence of N-domains.
N2-FtsZ inhibited the polymerization much more efficiently
than N1-FtsZ (Figure S). For instance, the addition of 4 M
N1- and N2-FtsZ reduced the polymerized amount of FL-FtsZ
(4 uM) by 13 + S and 49 + 11%, respectively (Figure SC). In
addition, the inhibition of FL-FtsZ polymerization by N2-FtsZ
was monitored in both PIPES and HEPES buffer, and N2-FtsZ
inhibited the polymerization of FL-FtsZ in both buffers with
similar efficacies (Figure S2 of the Supporting Information).
For example, 3 uM N2-FtsZ inhibited the polymerization of 6
UM FtsZ by 28 and 36% in PIPES and HEPES buffers,
respectively (Figure S2 of the Supporting Information).

The effect of the N2-domain on the polymerization of FL-
FtsZ was also monitored in the presence of different
concentrations of GTP. In the presence of 0.1, 0.5, and 2
mM GTP, N2-FtsZ inhibited the polymerization of FL-FtsZ by
40, 46, and 52%, respectively, suggesting that it can effectively
inhibit the assembly of FtsZ over a wider range of GTP
concentrations (Figure S3 of the Supporting Information),
indicating that the inhibition is not caused by depleting the
available GTP pool.

The N-Domain Increased the GTPase Activity of FL-
FtsZ. The effect of N-domains on the GTPase activity of FL-
FtsZ was probed to understand the mechanism by which N1-
and N2-FtsZ inhibited the assembly of FL-FtsZ. N-Domains
did not show any GTPase activity on their own. However, they
increased the GTPase activity of FL-FtsZ. The GTPase activity
of FL-FtsZ was significantly higher in the presence of N2-FtsZ
than in its absence, while N1-FtsZ could not considerably
increase the GTPase activity of FL-FtsZ. Without both N1-FtsZ
and N2-FtsZ and with N1-FtsZ and N2-FtsZ, the rates of GTP
hydrolysis were found to be 1.9 + 0.7, 2.1 + 0.7 (p = 0.652),
and 6.3 + 1.1 (p = 0.004) mol of P, released (mol of FtsZ)™"
min "', respectively (Figure SE).
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C-Domains Inhibited the Polymerization of FL-FtsZ.
At equimolar concentrations, the C-domain constructs did not
significantly affect the polymerization of FL-FtsZ. However, at
1:2 ratios of FL-FtsZ and C-domain, C-domains were found to
inhibit the polymerization of FL-FtsZ (Figure 6A,B). A light
scattering assay showed a decrease in both the rate and extent
of polymerization of FL-FtsZ in the presence of C-domains. In
the sedimentation assay, at 8 uM, C1-FtsZ, C2-FtsZ, and C3-
FtsZ inhibited the polymerization of 4 yuM FL-FtsZ by 10 + 3,
19 + 5, and 34 + 8%, respectively, suggesting C1-FtsZ, C2-
FtsZ, and C3-FtsZ inhibited the assembly of FL-FtsZ with
different efficacies (Figure 6B). This might be due to the
presence of helix H7 in C2-FtsZ and the presence of both helix
H7 and the C-terminal tail in C3-FtsZ.

C-Domains Did Not Significantly Affect the GTPase
Activity of FL-FtsZ. In the absence and presence of C1-FtsZ,
C2-FtsZ, and C3-FtsZ, the rates of GTP hydrolysis of FL-FtsZ
were found to be 1.9 + 0.3, 1.8 + 0.3, 1.9 + 0.4, and 1.7 + 0.3,
respectively, showing that C-domains did not alter the GTPase
activity of FL-FtsZ significantly even at a 1:2 FL-FtsZ:C-
domain ratio.

N-Domain of FtsZ Localized with FL-FtsZ Protofila-
ments. Using FITC-labeled FL-FtsZ and TRITC-labeled N2-
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FtsZ, the binding of the N-domain of FtsZ with the polymers of
FL-FtsZ was monitored by fluorescence microscopy. TRITC-
labeled N2-FtsZ was found to be localized with the FITC-
labeled FL-FtsZ filaments (Figure 7). Similar to the
colocalization of TRITC-labeled N2-FtsZ and FITC-labeled
FL-FtsZ filaments in HEPES buffer, TRITC-labeled N2-FtsZ
was also found to be associated along the length of FITC-
labeled FL-FtsZ filaments when the experiment was performed
in the PIPES buffer (Figure S4 of the Supporting Information).

3D Models for the FL-FtsZ and N-Domain Polymers.
The modeled FL-FtsZ protofilament from the available dimeric
structure of FtsZ (Methanocaldococcus jannaschii)16 showed a
straight conformation (Figure 8A). We also constructed a 3D
model for the N-domain polymers to gain an idea about how
the N-domain forms polymers. The 3D model of N-domain
filaments displayed a slightly curved structure (Figure 8B and
inset 1). Both hydrophobic and H-bonding (Figure 8B, inset 2)
interactions were found to be involved in the interaction of N-
domains.

B DISCUSSION

The N-Domain of FtsZ Shows Polymerizing Behavior.
The N-domain (the GTP binding domain) of FtsZ was found
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to assemble to form filamentous polymers in the presence of
GTP as well as GDP, while in the absence of GTP and GDP,
aggregates of N-FtsZ were formed. It is well established that
tubulin, a eukaryotic homologue of FtsZ, exists as an af
heterodimer and these heterodimers associate in a GTP-
dependent manner to form microtubules.>’ However, the
purified f-subunit of tubulin has been shown to polymerize in a
manner independent of the a-subunit to form various kinds of
structures like filaments, sheets, rings, etc.®® Similarly, we found
that only the N-domain of FtsZ could polymerize to form
filaments even in the absence of the C-domain, indicating that
the N-domain of FtsZ behaved like the f-subunit of tubulin.*®
Similar to FL-FtsZ, the N-domain of FtsZ was also found to
polymerize with a critical concentration suggesting that the
assembly of the N-domain also involves nucleation steps.
However, the critical concentration for the polymerization of
the N-domain was found to be lower than that of FL-FtsZ,
indicating that the size of the nucleus was smaller for the N-
domain than for FL-FtsZ (Figure 2). The extents of
polymerization and bundling were higher in FL-FtsZ than in
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the N-domains, suggesting that the lateral interactions are
predominant in FL-FtsZ polymers (Figure 1).

In a study performed with the N- and C-domains of
Thermotoga martima (thermophile) FtsZ, it was found that
these domains individually could not form any polymers and
the combination of the two domains resulted in the formation
of filaments like FL-FtsZ but with differences in morphology.'®
Further, the T. maritima FtsZ domains when mixed together
could hydrolyze GTP, although to a lesser extent than FL-
FtsZ.'® In this study, none of the five B. subtilis FtsZ domains
exhibited GTPase activity individually. In addition, we also did
not find any GTPase activity even after mixing the N- and C-
domains. Moreover, the addition of C-domains inhibited the
assembly of N-domains (Figure S5 of the Supporting
Information). This is most likely due to a minor loss of the
proper conformation of the N-domain and/or C-domain upon
separation, resulting in the nonfunctional interaction of the two
domains (Figure S6 of the Supporting Information). Differ-
ences in the polymerization behavior of the two domains in this
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Figure 7. N2-FtsZ localized with the FL-FtsZ filament. FITC-labeled
FL-FtsZ (9 uM, green) was polymerized in the presence of 150 nM
TRITC-labeled N2-FtsZ (red) in the presence of S0 mM HEPES
buffer (pH 7.5), SO mM KCl, 2.5 mM MgCl,, and 1 mM GTP.
TRITC-labeled N2-FtsZ colocalized with the FL-FtsZ protofilament
(top). FITC-labeled FL-FtsZ polymers (green) in the absence of
TRITC-labeled N2-FtsZ are shown in the bottom panel. The scale bar
is 2 pm.

study and the previous study may be due to the origin of FtsZ,
which is B. subtilis and T. maritima, respectively.

The results suggested that the N-domain is sufficient on its
own to polymerize and to form filamentous structures, but
these polymers may not have any dynamicity because the N-
domain cannot hydrolyze GTP on its own. It might be possible
that the C-domain contributes to the dynamics of FL-FtsZ
filaments, when it is part of the folded protein, and the
polymers therefore undergo the states of polymerization and
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depolymerization. Because both polymerization and depolyme-
rization are crucial for the functionality of FtsZ, FtsZ might
have evolved in such a way that the N-domain acquired the C-
terminal GTPase activating region to gain the depolymerization
function. For cell division to happen, the depolymerization of
the ring is required for the final splitting of the daughter cells.*”
However, further experiments are required to confirm the
precise roles of these domains in FtsZ.

Recently, two new proteins, FtsZl1 and FtsZI2, of the FtsZ-
tubulin superfamily have been identified in bacteria. Sequence
analyses of these proteins revealed that the N-domain of these
proteins was similar to FtsZ while the C-terminal domain is
dissimilar to that of FtsZ,* indicating a common N-domain
ancestor for FtsZ-tubulin-like family proteins. The polymer-
ization capability of these new families of proteins is still
unknown; however, if they do polymerize, then their
mechanism might be different as the C-domain region of
these families is different from those of the other FtsZ families.

Helix H7 Might Be Important for the Functionality of
the N-Domain. N2-FtsZ was found to be much more effective
in inhibiting FL-FtsZ polymerization than NI1-FtsZ. This
striking difference in the effect of these two constructs can be
attributed to the absence and presence of helix H7 in N1-FtsZ
and N2-FtsZ, respectively. Different groups have placed helix
H7 differently with respect to N- and C-domains. Oliva et al.
placed helix H7 in the C-domain in T. maritima FtsZ,'® whereas
Osawa and Erickson suggested that half of helix H7 belongs to
the N-domain of FtsZ and the other half is a component of the
C-domain."”® Our observations suggested that helix H7 might
be an integral component of the N-domain and plays an
important role in the interaction between the monomers. For
this reason, N2-FtsZ could interact more competently to FL-
FtsZ and inhibited its assembly as compared to N1-FtsZ.

The Results Support the Directional Polymerization
of FtsZ. The addition of the N-domain to FL-FtsZ inhibited
the polymerization of FL-FtsZ (Figure S and Figure S2 of the
Supporting Information). The inhibition of FtsZ assembly can
be either due to the sequestration of FtsZ monomers by the N-
domain or due to the obstruction of the growth of FtsZ
filaments by the binding of the N-domain to the growing FtsZ
polymers. If the inhibition would have been by sequestration,
then one would expect the GTPase activity of FL-FtsZ to
decrease upon addition of the N-domains, but our results
showed that N2-FtsZ significantly increased the GTPase
activity of FL-FtsZ (Figure SE). On the other hand, if N-
domains inhibited the polymerization by binding to the
polymers, then it would cause a decrease in the amount of
assembled FL-FtsZ polymers upon addition after the assembly
of FL-FtsZ. In support of this idea, we observed that N2-FtsZ
inhibited the polymerization of FL-FtsZ even when it was
added after the polymerization of FL-FtsZ reached saturation,
although the extent is lower compared to the case in which N2-
FtsZ was added before the assembly. When N2-FtsZ was added
to the reaction mixture before FL-FtsZ had been subjected to
polymerization, the polymerization was inhibited by 51 + 5.7%,
whereas when it was added after FL-FtsZ had been polymerized
for S min, it inhibited the polymerization by 30.6 + 6.6%
(Figure S7 of the Supporting Information). In addition, the
colocalization experiment suggested that N2-FtsZ may become
incorporated into the FL-FtsZ polymers (Figure 7). This clearly
raises the possibility that it would be interacting with FL-FtsZ
polymers and reducing its level of polymerization. It is possible
that the binding of N2-FtsZ to the growing FtsZ polymers
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Inset 1

Inset 2

Figure 8. 3D models of protofilaments of FL-FtsZ and the N-domain of FtsZ. (A) 3D model of the FL-FtsZ protofilament (alternating monomers
are colored brown and gold). The surface representation of the modeled protofilament is shown. (B) 3D model of the N2-FtsZ protofilament
(alternating monomers are colored blue and green). The surface representation of the modeled protofilament is shown. Inset 1 shows the ribbon
view of the N2-FtsZ dimer. Inset 2 shows the H-bonding residues between chain A and chain B of the N2-FtsZ dimer. Black dashes show the H-
bonds. The models have been constructed from the dimers of FL-FtsZ (PDB entry IWSA) (A) and the N2 domain of FtsZ (obtained by docking of
the N-domain of FtsZ monomers, PDB entry 2VXY) (B). The figures were rendered using UCSF Chimera.>®

perturbs the lattice structure, causes their dissociation, and
increases the GTPase activity of FL-FtsZ. Moreover, C-
domains caused a smaller decrease in the polymer mass of
FL-FtsZ than the N-domains and did not significantly affect the
GTPase activity of FL-FtsZ, indicating that they might just
sequester FL-FtsZ monomers to some extent, thereby causing a
reduction in the level of polymers of FL-FtsZ.

We made two important observations. The N-domain
inhibits the assembly of FL-FtsZ, and the N-domain alone
can polymerize in the presence of GTP. An inspection of the
3D model of N-domain filaments indicated that N-domains
form slightly curved filaments (Figure 8B). FL-FtsZ is known
to form straight protofilaments.'® The modeled FL-FtsZ
protofilament, from the dimer of M. jannaschii FtsZ,'¢ also
exhibited a straight conformation (Figure 8A). This difference
in the protofilament structure of FL-FtsZ and the N-domain
also provides a possible explanation for the inhibition of FL-
FtsZ assembly in the presence of N-domains. Because the
geometry of N-domain polymers is different from that of FL-
polymers, the incorporation of the N-domain might leave a

7079

kink or constraint in the FL-FtsZ protofilaments that weakens
the lattice, causing the disassembly of protofilaments.
Furthermore, in a previous study, it was found that the
expression of the N-domain is lethal for E. coli cells."> The
study reported that when the N-domain of E. coli FtsZ was
overexpressed in E. coli cells, it led to the inhibition of Z-ring
function, whereas overexpression of the C-domain did not
perturb the Z-ring. These findings led to the suggestion that the
assembly of FtsZ protofilaments could be directional.'?
Accordingly, we found that the expression of N2-FtsZ was
toxic to the bacterial cells, and no colonies were obtained while
N2-FtsZ construct was being transformed in E. coli BL21-
(DE3)pLysS cells. The construct could be transformed in E. coli
C41 cells, which are known to be capable of expressing many
toxic proteins.*' Our in vitro experimental observations provide
evidence that the N-domain of FtsZ is incorporated into the
filaments of FL-FtsZ and causes their disassembly. The
inhibition might be due to binding either at the ends or at
the lateral regions or both of these regions of growing FL-FtsZ
filaments. The data also indicated that N-domains bind to the
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growing FL-FtsZ polymers, supporting the directional assembly
of FL-FtsZ, a mechanism described in the literature.'®
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