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Abstract

FtsZ (Filamentous temperature sensitivity Z) cell division protein from Escherichia coli binds the fluorescence probe DAPI. Bundling
of FtsZ was facilitated in the presence of DAPI, and the polymers in solution remained polymerized longer time than the protofilaments
formed in the absence of DAPI. DAPI decreased both the maximal velocity of the GTPase activity and the Michaelis—Menten constant
for GTP, indicating that behaves like an uncompetitive inhibitor of the GTPase activity favoring the GTP form of FtsZ in the polymers.
The results presented in this work support a cooperative polymerization mechanism in which the binding of DAPI favors protofilament

lateral interactions and the stability of the resulting polymers.
© 2007 Elsevier Inc. All rights reserved.
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Escherichia coli FtsZ (EcFtsZ),? an essential protein for
the division of the bacterial cell, is a monomeric protein of
40.3 kDa that self-assembles in vitro in the presence of GTP
and magnesium to form protofilaments (for reviews see [1-
3)). It is thought that these polymers interact to form a ring
associated with the cytoplasmic membrane at the division
site responsible for bacterial septation [4]. It has been
established that the in vitro polymerization is cooperative,
with a critical concentration and a lag time in the polymer-
ization kinetics [5,6]. A nucleation mechanism with a criti-
cal concentration has been described for Methanococcus
Jjannaschii FtsZ (MjFtsZ) [7], and a variation of this process
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involving an isodesmic assembly coupled with preferential
cyclization of long polymers under crowding conditions
has also been proposed [8].

FtsZ polymerization depends on the presence of magne-
sium and GTP [9], therefore it belongs to the guanine
nucleotide binding protein family. It has intrinsic GTPase
activity that is stimulated by polymerization [10,11]. FtsZ,
in the presence of GDP at high protein concentrations,
forms various polymer structures such as arcs and rings
[12]. During polymerization, the GTPase activity is stimu-
lated and the polymer disassembles as the GTP is spent
[13]. This behavior is different from that of microtubules
where tubulin-GDP remains bound to other molecules of
tubulin in the body of the microtubule protected by caps
of GTP-tubulin at both ends of this assembly [14]. Divalent
cations [13], DEAE-dextran [15] and ruthenium red [16]
induce bundling of FtsZ protofilaments inhibiting the
GTPase activity.

The remarkable functional and structural similarity
between tubulin and FtsZ suggest that FtsZ could be the
ancestral homologue of tubulin [17] and as such, the
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knowledge on tubulin structure can be used to predict some
FtsZ structural properties. Tubulin has a high affinity bind-
ing site for the fluorescence probe DAPI that is located on
the main body (tubulin S) and protected by the C-terminal
region [18-20]. When bound to the tubulin heterodimer,
DAPI’s quantum yield increases and its fluorescence max-
imum shifts to the blue [19]. In this work, the binding of
DAPI to EcFtsZ was characterized and its influence on
the polymerization process was analyzed. EcFtsZ polymer-
ization in the presence of DAPI showed that this fluores-
cence probe induced bundles of FtsZ protofilaments
inhibiting the GTPase activity.

Materials and methods

Reagents

GTP (type III), DAPI, Tris, glycerol, EDTA, MES and PIPES,
were purchased from Sigma Chemical Co. The HiTrap Q-Sepharose
packed column was from Pharmacia. Malachite green oxalate, salts and
solvents were analytical grade obtained from Merck. Ultrapure
water from a Barnsted Infinity water system was used throughout.

EcFtsZ purification

The bacterial strain E. coli BL21 (DE3) transformed with the
plasmid pMFV56 that contains the E. coli ftsZ gene cloned in the
vector pET-28a, kindly donated by Dr. M. Vicente, was grown at
37°C in 2L of LB medium supplemented with 50 pg/mL kanamycin
until an ODggponm Of 0.7 was reached in the late logarithmic phase, and
expression of the protein was induced with 0.5 mM IPTG. Cells were
centrifuged at 10,000g during 15 min at 4 °C and stored at —80 °C.
Purification of the protein was achieved following the calcium-precip-
itation method [21]. Briefly, cells were suspended in a solution con-
taining 50 mM PIPES, pH 6.5, 5mM MgCl, and 1 mM EDTA and
sonicated to break the cells. The protein was subjected to two cycles
of calcium precipitation and suspended in the same buffer. Further
purification through ion exchange chromatography (Hi-Trap Q-
Sepharose column) and dialysis against 50 mM Tris-HCl, pH 8.0,
250 mM KCl and 10% glycerol was carried out. The protein was
stored at —80 °C.

Protein determination

Protein concentrations were determined by measuring the absor-
bance at 280 nm of samples diluted 10-fold in 6 M GdmCI. A theo-
retical molar extinction coefficient of 11.94x 10> M~' ecm™" was used
assuming that one mol of GDP was bound per mol of EcFtsZ [21].
Absorption spectra were obtained on a Hewlett-Packard 8452A diode
array spectrophotometer.

Polymerization measurements

EcFtsZ polymerization was monitored by light scattering at 90° in a
Perkin-Elmer LS-50 luminescence spectrometer setting the excitation
and the emission wavelength at 430 nm to avoid DAPI interference,
with bandwidths of 5Snm, using a 2% T attenuator in the emission
beam filter holder to prevent overloading the photomultiplier. The
polymerization was also measured through the enhancement of DAPI
fluorescence under the experimental conditions described in the text.
The excitation wavelength was 352 nm and the emission was fixed at
454 nm. Bandwidth of 5 nm for both excitation and emission were used
and the fluorescence was recorded at s intervals over the time limit
indicated in Fig. 2.

EcFtsZ GTPase activity

EcFtsZ (12.5 uM) was incubated in 50 mM MES, pH 6.5, 50 mM KClI,
10 mM MgCl,, in a final volume of 0.5 mL at 30 °C. The progress of the
reaction was followed by taking at least three aliquots of 0.1 mL at dif-
ferent times and the products inorganic phosphate (Pi) and GDP were
quantified. The Pi product of GTP hydrolysis was determined using the
colorimetric method of malachite green [22]. In brief, the polymerization
sample (70 pL) was mixed with perchloric acid to reach a final concen-
tration of 10%. After 5 min, 50 pL of this solution were mixed in a vortex
for 1 min with 800 pL malachite green reagent. One hundred microliters of
citrate (34%) was added and the solution was kept on ice for 20 min before
the measurement of the optical density at 630 nm. Alternatively, the
concentrations of GDP and GTP were determined through chromatog-
raphy of the products on a Supelcosil™ LC-18-DB or on a Mono-Q
column following the OD at 260 nm in a Beckman System Gold HPLC.

Fluorescence spectroscopy

Steady state fluorescence measurements, including anisotropy, were
made on a Perkin-Elmer LS-50 luminescence spectrometer, equipped with
film polarizers. DAPI fluorescence intensity measurements were corrected
for inner filter effects according to standard procedures [23].

Electron microscopy

Polymers were adsorbed to carbon-coated copper grids placing 10 pL
of the polymerization reaction solution on the grid and negative stained
with 1% uranyl acetate at room temperature. Images were taken on a Zeiss
model EM-109 electron microscope at 80 kV and recorded on a KODAK
TIMAX-100 film with the 35 mm camera of the microscope. Each picture
was digitized directly from the film and the width of the polymers was
measured using the computer program Image] 1.34s (http://rsb.info.-
nih.gov/ij/).

Data analysis

The anisotropy data were obtained as an average of 10 measurements
for each experimental point. Each experiment was repeated at least twice.
The experimental data were fit to the respective binding equation through
the computer program Sigma Plot, Scientific Graphing Software, version
2.0, Jandel Corporation. Inhibition data were analyzed using the computer
program Leonora version 1.0 for IBM PC designed by Dr. Athel Cornish-
Bowden in 1992 (CNRS, CBM, B.P. 71, 31 chemin Joseph-Aiguier 13402
Marseille, France).

Results and discussion

The emission of DAPI increased approximately 4-fold
upon binding to EcFtsZ and the emission maximum
blue-shifted slightly from 450 to 443 nm (data not shown).
DAPI (5 uM) was titrated with increasing concentrations
of EcFtsZ (in the GDP form) and fluorescence anisotropy
was measured (Fig. 1). The increase in anisotropy corre-
sponds to the increase in the rotational relaxation time of
DAPI upon binding to the protein. With this experiment
it was not possible to reach saturation due to protein poly-
merization at higher concentrations. However, the additive
law of anisotropy allowed the determination of the dissoci-
ation constant for one affinity binding site of DAPI
(Kq = 16.6 uM), taking into account the 4-fold increase in
quantum yield for the bound probe and assuming that
the anisotropy for the bound probe was close to that for
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Fig. 1. Binding of DAPI to EcFtsZ followed by fluorescence anisotropy.
Anisotropy of 5uM DAPI in 50 mM MES, pH 6.5, 50 mM KCI and
10 mM MgCl, at 30 °C with increasing concentrations of EcFtsZ. The
excitation wavelength was 340 nm and the bandwidth was 5 nm for both
excitation and emission. The calculated value of Ky was 16.6 uM for one
binding site of DAPI on EcFtsZ.

DAPI in glycerol at low temperature, i.c., 0.35, which was
the case for DAPI bound to tubulin [9], and that is
expected for a probe bound non-covalently with no appre-
ciable local mobility.

The effect of DAPI on EcFtsZ polymerization was char-
acterized following the increase in turbidity associated with
the increase in light scattering. Turbidity measurements are
appropriate as quantitative data after the polymers have
reached a length where the turbidity is proportional to its
mass. Fig. 2 shows that GTP induces a very sharp incre-
ment in the turbidity of EcFtsZ in solution at 30 °C, and
after an interval the turbidity decreases reaching the initial
value. In the absence of GTP, DAPI induced an increment
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Fig. 2. Polymerization kinetics of EcFtsZ followed by light scattering in
absence and presence of DAPI. EcFtsZ (12.5 uM) was polymerized at
30 °C in a solution containing 50 mM MES, pH 6.5, 50 mM KCI and
10 mM MgCl,. Polymerization was started by the addition of 0.4 mM
GTP. Turbidity was measured at 90° respect to the excitation beam at
430 nm. The values of light scattering before the addition of GTP
increased with the addition of DAPI and in the plot were adjusted to zero.
Curves 1-5 represent 0, 2.15, 3.30, 4.50 and 5.75 uM DAPI, respectively.

in turbidity proportional to DAPI concentration (not
shown). After GTP addition almost the same increment
over the initial turbidity induced by DAPI was obtained.
The kinetic behavior of the increment in turbidity induced
by GTP was plotted in Fig. 2. The results show that the
polymers remain in solution for a longer period as evi-
denced by the persistence of turbidity in the time. The crit-
ical concentration measured by light scattering is identical
to that reported by Mukherjee and Lutkenhaus [13] and
5 uM DAPI slightly diminishes this value.

In order to understand the increment in stability of the
EcFtsZ polymers in solution at 30 °C, the GTPase activity
of EcFtsZ in the presence of DAPI was determined.
EcFtsZ GTPase activity presented a typical hyperbolic
kinetic behavior for the hydrolysis of GTP with a K, of
4644+ 0.3 uM and a ke of (1.3+0.3)x107%s™'. The
presence of DAPI diminished both the K, and V. values.
These results were plotted in Fig. 3 as both Cornish-
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Fig. 3. Effect of DAPI on GTPase activity. The initial velocities were
measured in 50 mM MES, pH 6.5, 50 mM KCI and 10 mM MgCl, at
30 °C. Protein concentration was 7.4 uM. Inorganic phosphate concen-
tration was determined by the malachite green method. Saturation curves
for GTP were transformed to represent a Cornish-Bowden plot (a) and
Dixon plot (b); in both plots GTP concentrations were: 30, 45, 60, 120 and
500 uM, represented by filled circles, open circles, filled triangles, open
triangles and filled squares, respectively.
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Bowden (a) and Dixon (b) plots and indicate that DAPI
behaves as an uncompetitive inhibitor of EcFtsZ [24], with
an inhibition constant of 29.4 + 0.3 uM, consistent with
the stabilization of the polymers during the polymerization
process. The same results were obtained when the GDP
was quantified chromatographically as described in
Materials and methods.

Electron microscopy (Fig. 4A-C) shows that DAPI
induced the formation of protofilament bundles. Fila-
ments width depended on the concentration of DAPI

frequency

frequency

frequency
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used, with an increment of the average width with
respect to the polymers in the absence of DAPI (histo-
grams of Fig. 4A-C). In the absence of DAPI, the poly-
mers showed a rather homogeneous population with a
majority width of 8 nm and corresponded to a double
stranded filament called thick filament [7]. At 5uM
DAPI, the population became more heterogeneous with
polymer widths between 8 and 400 nm in which the pop-
ulation of 40 nm presented the highest frequency. At
10 uM DAPI the population clearly showed a shift in
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Fig. 4. Electron Microscopy of EcFtsZ polymers in absence and presence of DAPI. Electron micrographs of EcFtsZ (7.5 uM) polymers induced by GTP
(0.5 mM) in the absence (A) and presence of 5 and 10 uM DAPI (B and C) at 30 °C. The polymerization solution contained 50 mM Mes pH 6.5, 50 mM
KCl, 10 mM MgCl,. Each mix of reaction was incubated for 20 min at 30 °C prior to GTP addition. Electron microscopy samples were taken 5 min after
the addition of GTP during the lapse of polymerization. Bars: (A) 100 nm, (B) and (C) 200 nm. At the left of each figure the frequency of the distribution
of the polymer width are shown in the corresponding histogram. Frequency is the number of measurements in different polymers.
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the polymer width to higher values. It is interesting to
point out that part of the population with a width of
~40 nm remained at 5 and 10 pM DAPI, which would
correspond to the association of ~5 thick filaments
[15,25]. The presence of stabilizing agents like calcium
and DEAE-dextran induced the formation of polymers
with 10-15 protofilaments (40—60 nm width). The com-
mon characteristic of these stabilizing agents, ruthenium
red, and DAPI is the presence of positive charges,
although they differ in the concentration required for
the induction of sheets. Thus, calcium is in the millimo-
lar range [26], the concentration of DEAE-dextran is
sub-stoichiometric [15], while the concentrations for
ruthenium red [16] and DAPI are in micromolar range
(stoichiometric).

A DAPI binding site also appears in tubulin, an evolu-
tionary related protein [3] and the binding of this probe
to tubulin has not effect over microtubule polymerization
[18]. DAPI binding site in tubulin is located at the interface
of both subunits (a- and B-tubulin) [20]. Thus, using the
knowledge of the structures of pig tubulin and MjFtsZ, a
structural model of EcFtsZ has been built (E. Nova and
O. Monasterio, unpublished results). The use of this model
plus fluorescence resonance energy transfer experiments
will help to find the location of DAPI in FtsZ, and with this
information it will be possible to have a better understand-
ing of how DAPI promotes lateral interactions.

The inhibitory effect of DAPI on the EcFtsZ GTPase
activity is probably due to bundling of protofilaments,
which in turn are responsible for the stability of the poly-
mer during the polymerization process. The K, and V.«
of EcFtsZ GTPase activity is higher than that for tubulin,
and this can be explained by the higher number of FtsZ
polymers ends (short filaments) with respect to that of
microtubules (long polymers with multiple subunits). In
both cases the exchange of GDP by GTP and hydrolysis
of the nucleotide y-phosphate would occur principally at
these ends when polymerization has reached a steady
state [27,28]. Other explanation is that the exchange of
nucleotide is inhibited in all protofilament subunits by
the bundling induced by DAPI [29]. Free energy for the
binding of DAPI to EcFtsZ at 30°C (AG°pinding =
—6.63 kcal/mol, determined by anisotropy fluorescence)
is a little more negative than the free energy determined
from the GTPase inhibition constant (AG®punibition =
—6.28 kcal/mol). These values suggest that the binding
of one mole of DAPI per mole of EcFtsZ is responsible
for the protofilament bundling and the inhibition of the
GTPase activity. The uncompetitive inhibition behaviour
indicates that the binding of DAPI to one site in EcFtsZ
induces the bundling of the protofilaments responsible of
the GTPase activity inhibition without a competitive
component.
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