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ABSTRACT: Essential cell division protein FtsZ forms the bacterial cytokinetic ring and is a target for new
antibiotics. FtsZ monomers bind GTP and assemble into filaments. Hydrolysis to GDP at the association
interface between monomers leads to filament disassembly. We have developed a homogeneous competition
assay, employing the fluorescence anisotropy change of mant-GTP upon binding to nucleotide-free FtsZ,
which detects compounds binding to the nucleotide site in FtsZmonomers andmeasures their affinities within
the millimolar to 10 nM range.We have employed this method to determine the apparent contributions of the
guanine, ribose, and the R-, β-, and γ-phosphates to the free energy change of nucleotide binding. Similar
relative contributions have also been estimated through molecular dynamics and binding free energy
calculations, employing the crystal structures of FtsZ-nucleotide complexes. We find an energetically
dominant contribution of the β-phosphate, comparable to the whole guanosine moiety. GTP and GDP bind
with similar observed affinity to FtsZ monomers. Loss of the regulatory γ-phosphate results in a predicted
accommodation of GDP which has not been observed in the crystal structures. The binding affinities of a
series of C8-substituted GTP analogues, known to inhibit FtsZ but not eukaryotic tubulin assembly, correlate
with their inhibitory capacity on FtsZ polymerization. Our methods permit testing of FtsZ inhibitors
targeting its nucleotide site, as well as compounds from virtual screening of large synthetic libraries. Our
results give insight into the FtsZ-nucleotide interactions, which could be useful in the rational design of new
inhibitors, especially GTP phosphate mimetics.

FtsZ is a cytoskeletal protein essential for bacterial cell division
that forms the Z-ring at the midcell and is anchored to the
membrane by FtsA and ZipA (1-4). FtsZ with an added mem-
brane tag can constrict liposomes in the absence of other cellular
components (5). FtsZ and its eukaryotic homologue tubulin
share the same fold despite low sequence similarity (6, 7). Both
are self-assembling cytoskeletal GTPases with an N-terminal
nucleotide binding domain and a GTPase activating domain.
These similarities lend weight to the idea that FtsZ and tubulin
share a common ancestor (8). Despite their structural homology,
FtsZ and tubulin present different functions and assembly
dynamics. FtsZ forms similar protofilaments to tubulin (9, 10)
but does not form microtubules.

FtsZ assembly is dependent on nucleotide binding and hydro-
lysis, where GTP favors assembly and GDP favors disassembly.
The nucleotide binding site is located at the top end of the
FtsZ monomer, with the complete GTPase site formed by the
N-domain of one monomer and the C-domain of the next
monomer in the protofilament (10, 11). Unlike in tubulin, where
the nucleotide site is completely occluded in the assembled
protofilament (7), assembled FtsZ presents an exposed nucleo-
tide binding site capable of nucleotide exchange in the polymer-
ized state. However, the dissociation rate for nucleotide in poly-
merized FtsZ is probably slow enough to allow FtsZ monomers
to recycle with GTP hydrolysis in a similar manner to tubu-
lin (12, 13). Assembly is cooperative despite the single-stranded
nature of FtsZ protofilaments. Several models have been pro-
posed to explain this behavior through an initial monomer isomeri-
zation step (14-16). A combined computational and mutational
analysis suggests that a simultaneous contact of a GTP-bound
subunit with adjacent top and bottom subunits forces a conforma-
tional change involving a closure rotation of core helix H7 onto the
C-terminal domain. This assembly switch may govern the acquisi-
tion of the straight form and the activation of GTPase activity (17).

The near universality of FtsZ in bacteria makes it an attractive
target for the development of novel antibiotics that could combat
the emergence of pathogenic bacterial strains resistant to current
therapeutic options (18, 19). Several compounds have been reported
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to inhibit FtsZ activity, including zantrins, sanguinarine, cinna-
maldehyde, and totarol (20-23) among others (see a list in
Supporting Information Table S1). One compound in particular,
PC190723, is an effective protector against lethal doses of Staphy-
lococcus aureus in a mouse model of infection, which has validated
FtsZ as a target for antibacterial intervention. It appears to bind in
the channel between the N- and C-terminal domains of FtsZ that
overlaps the taxol binding site in tubulin (24). This, coupled to its
ability to prevent FtsZ polymer disassembly, makes PC190723 a
candidate to constitute the foundingmember of a new class of FtsZ
polymer stabilizing agents (25).

In addition to these compounds, a series of GTP analogues
withC8 substitutionshave the capacity to specifically inhibit purified
FtsZ while supporting the assembly of eukaryotic tubulin. This
revealed differences between the GTP binding sites of both pro-
teins (26, 27). It points to the interfacial FtsZ nucleotide binding site
as a potential target for the development of new antibacterial agents
(28).Despite the attractive nature of the FtsZ nucleotide binding site
as a target, the precise characteristics of the interaction of FtsZ with
GTP and GDP are not yet fully resolved. In addition, the search
for inhibitors that could specifically target the FtsZ nucleotide site
would greatly benefit from a robust and precise method for charac-
terizing molecules that could substitute the nucleotide.

In this study we have developed and validated a competition
method employing nucleotide-free FtsZ (apoFtsZ) monomers and
the fluorescent nucleotide mant-GTP,1 which allows the efficient
characterization of compounds that specifically target the GTP
binding site of FtsZ.Wehave investigated how the different parts of
the GTPmolecule contribute to the binding to FtsZ employing this
assay, molecular dynamics, and free energy calculations. Our
method has allowed more precise measurements of the binding
affinities of the C8-substituted GTP analogues, which correlated
with their inhibitory capacity on FtsZ from two different bacterial
species. Finally, we have exemplified the use of our method with a
selection of previously reported FtsZ inhibitors andmolecules from
virtual screening, testing them for binding to the nucleotide site.

EXPERIMENTAL PROCEDURES

Small Molecules. mant-GTP, mant-GDP, and 8-Br-GTP
(BrGTP) were from Jena Bioscience. GTP, GDP, GMP, guano-
sine, ATP, CTP, UTP, cinnamaldehyde, sanguinarine, and acetate
kinase (from Escherichia coli) were from Sigma. Acetyl phosphate
(lithium potassium salt) was from Fluka. Totarol was a gift from
Mende Biotech. [8-3H]GTP (5.1 Ci/mmol) was from Amersham
Biosciences. Potassium phosphate (inorganic phosphate, Pi) was
from Merck, potassium pyrophosphate (PPi) was from Riedel de
Ha€en, and sodium triphosphate (PPPi) was fromFluka. 8-Methoxy-
GTP (MeOGTP), 8-pyrrolidino-GTP (PyrrGTP), 8-morpholino-
GTP (MorphGTP), 8-Cl-GTP (ClGTP), 8-I-GTP (IGTP), and
8-tert-butyl-GTP (tBuGTP)were prepared as reported (26, 27).
Their stock solutions were made in 25 mM Pipes-KOH, 50 mM
KCl, 1 mM EDTA, and 10 mM MgCl2, pH 7.5. Compounds

selected by virtual screening (see below) were purchased from
ChemBridge and IBScreen and dissolved in spectroscopy grade
dimethyl sulfoxide. Their absorption spectra were acquired, and
their potential interference with mant-GTP fluorescence measure-
mentswas characterized.Their practical solubility in buffer contain-
ing 2% residual dimethyl sulfoxide was determined spectrophoto-
metrically after centrifugation at 89000g (50000 rpm) for 15min in a
TLA120.2 rotor at 25 �C with a Beckman TLX ultracentrifuge.
Molecular Dynamics, Structural Analysis, and Binding

Free Energy Calculations. The initial model structures for
FtsZ from the thermophilic archaea Methanococcus jannaschii
complexed with GTP-magnesium or GDP were taken from the
Protein Data Bank entries 1W5A (chain A, named 1W5A-A) and
2VAP, respectively. The positions of hydrogen atoms were as-
signed with the Hþþ web server (29). The Poisson-Boltzmann
(PB) method (30) was used, at pH 7.4, 0.15 M salt concentration,
with internal and external dielectric constants of 4 and 80, respec-
tively. Based on the information provided by Hþþ, the following
residues were protonated: H183, H288, and E293 in 2VAP and
H288 in 1W5A. Standard atomic charges and radii were assigned
according to the ff99 force field (31). The two models were
immersed in cubic boxes of TIP3P water molecules (32) large
enough to guarantee that the shortest distance between the solute
and the edge of the box was greater than 15 Å. Counterions
were also added to maintain electroneutrality. Three consecutive
minimizations were performed: (i) involving only hydrogen atoms,
(ii) involving only the water molecules and ions, and (iii) involving
the entire system. The starting structures, prepared as indicated
above, were simulated in the NPT (N, total number of atoms; P,
pressure; T, temperature) ensemble with the periodic boundary
conditions and particle mesh Ewald method to treat long-range
electrostatic interactions. The systems were then heated and
equilibrated in two steps: (i) 20 ps ofMDheating the whole system
from 100 to 300K and (ii) equilibration of the entire system during
100 ps at 300 K. The equilibrated structures, with rmsd to the
crystal structures of 0.4-0.5 Å, were the starting points for 50 ns
MD simulations at constant temperature (300 K) and pressure
(1 atm). The constraint algorithmSHAKEwas used to keep bonds
involving H atoms at their equilibrium length, allowing a 2 fs time
step for the integration of Newton’s equations of motion. The ff99
andTIP3P force fields were used to describe the proteins andwater
molecules, respectively, as implemented in theAMBER10 package
(33). The entire trajectories, the last part (last 0.5 ns) of each 10 ns
fraction, and the last part (last 0.5 ns) of the whole trajectories were
used to sample frames at 10 ps intervals, which were subsequently
used for structural and energetic analysis.

Average structures, mass-weighted rmsds, with and without
fitting to the minimized X-ray structures (taken as reference), and
configuration entropies (see below) were calculated with the ptraj
program included in the AMBER 10 package. The averaged
structures were minimized in vacuum with the ff99 force field,
without periodic boundary conditions and during 1000 steps (the
first 500 with the steepest descent method and the rest with the
conjugated gradient) solely to alleviate the possible clashes that
may be originated by averaging the coordinates.

Hydrogen bonds were calculated withHBonds Plugin (version 1.1)
as implemented in the molecular visualization program VMD
(34). A hydrogen bond is formed when both the donor-acceptor
distance is less than 3.0 Å and the donor-hydrogen-acceptor
angle is less than 20�. The hydrogen bondoccupancy parameter is
defined as ratio of times where the hydrogen bond is present
relative to the total time length of the trajectory.

1Abbreviations: mant-GTP, 2/3-O-(N-methylanthraniloyl)guanosine
50-triphosphate; mant-GDP, 2/3-O-(N-methylanthraniloyl)guanosine
50-diphosphate; MeOGTP, 8-methoxyguanosine 50-triphosphate;
PyrrGTP, 8-pyrrolidinoguanosine 50-triphosphate; ClGTP, 8-chloro-
guanosine 50-triphosphate; BrGTP, 8-bromoguanosine 50-triphosphate;
IGTP, 8-iodoguanosine 50-triphosphate; tBuGTP, 8-tert-butylguano-
sine 50-triphosphate; MorphGTP, 8-morpholinoguanosine 50-tripho-
sphate; Pipes, 1,4-piperazinediethanesulfonic acid; MD, molecular
dynamics; MM-GBSA, molecular mechanics-generalized Born model-
surface area; rmsd, root-mean-square deviation; VS, virtual screening.
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Effective binding free energies (enthalpic contribution) were
estimated using the MM-GBSA approach (35). The MM-GBSA
method approaches free energy of binding as a sum of a molec-
ular mechanics (MM) interaction term, a solvation contribution
through a generalized Born (GB) model, and a surface area (SA)
contribution to account for the nonpolar part of desolvation.
These calculations were performed for each sampled snapshot (see
above) from the simulations using the appropriate module within
the AMBER 10 package and averaged out. The total values were
partitioned into individual residue contributions to allow for a
finer analysis. The individual interactions were assigned to the
different parts of theGDPandGTPmolecules (guanine and ribose
rings, R-, β-, and γ-phosphate groups) based on visual inspection
(empirical formulas that can be found in the Supporting Informa-
tion section). Configurational entropies were also calculated with
the ptraj program. Briefly, the mass-weighted covariance matrix
was obtained from the dynamics simulations and diagonalized.
The eigenvalues were then converted into frequencies after quasi-
harmonic analysis (36, 37). Finally, standard statistical mechanics
formulas were used to obtain the entropy values.
Virtual Screening (VS). All VS calculations have been

performed using the VSDMIP platform (38) following a common
protocol (39) comprised of filtering with DOCK (40), docking with
CDOCK (41), and rescoringwithAMBER10 (33) andMM-GBSA
energy analysis (35). Briefly, FtsZ chain A from the crystal structure
of SulA:FtsZ (PDB ID 1OFU) from the pathogen Pseudomonas
aeruginosawas used as receptor after removing the nucleotide, water
molecules, and ions. The AMBER 10 ff99 force field (33) was then
used to assign atom types and atomic charges for each atom.Hydro-
gen atoms were added assuming standard protonation states of
titratable groups. The ChemBridge and IBScreen chemical libraries,
containing 454886 and 355138 compounds, respectively, most of
them drug-like molecules fullfiling Lipinski’s rules (42), were directly
obtained from ZINC 6 (43) in SMILES format and prepared with
VSDMIP (38). The binding site was built around the position of the
deleted nucleotide adding a 5.0 Å cushion to its maximum dimen-
sions for the filter step and 7.5 Å for the docking step. Binding site
hot spots (representedby spheres) usedbyDOCKwere generatedby
GAGA (44). After docking themolecules withDOCKand applying
a ZScore cutoff value of 4.5 on the contact scores obtained, 2055
molecules were selected for the next step in the case of ChemBridge
database. The IBScreen library was screened without employing
the DOCK filter. These molecules were then further screened with
CDOCK employing a grid spacing of 0.5 Å and the best 100 classi-
fied passed to the rescoring step. Rescoring was performed to take
into account full flexibility and explicit solvent effects via molecular
dynamics simulations and postprocessing the trajectories withMM-
GBSA method to estimate the free energy of binding. Both steps
were performed as stated before except that the length of the
trajectories was set to 1 ns and the MM-GBSA analysis restricted
to the last 200 ps. Search for analogous compounds, when needed,
was performed through the ZINC server utilities and then submitted
to the docking and rescoring steps as explained above.
ApoFtsZ Preparation and Evaluation. Stable apoFtsZ

from M. jannaschii was prepared and its concentration measured
spectrophotometrically as described (12, 45). M. jannaschii FtsZ
was chosen due to its capacity to retain structure and functionality
after nucleotide removal, unlike bacterial FtsZ from E. coli (45).
ApoFtsZ functionality was checked by monitoring its assembly
with 90� light scattering at 350 nm, employing a Horiba-Jobin-
Yvon FluoroMax-4 spectrofluorometer. ApoFtsZ was diluted to
12.5 μM in 25 mM Pipes-KOH, 50 mMKCl, and 1 mMEDTA,

pH 7.5 at 55 �C. Polymerization was induced by addition first of
10mMMgCl2 and then of 1 mMGTP. All further assays employ-
ing apo-FtsZ were done in the same buffer with 10 mMMgCl2 at
25 �C.The nucleotide binding capacity of apoFtsZwas determined
as described (12) with modifications. Briefly, samples were pre-
pared at varying concentrations of mant-GTP (3-15 μM) with
or without apoFtsZ (5 μM) and then centrifuged at 355000g
(100000 rpm) for 2.5 h in a TLA 120.2 rotor at 25 �C. mant-GTP
concentrations were determined from their absorption spectra in
the protein-depleted top half of the tubes employing an extinction
coefficient ε254 = 23300 M-1 cm-1 (12). Bound mant-GTP was
determined from the difference of mant-GTP concentration be-
tween samples containing apoFtsZor not. The resulting number of
mant-GTP binding sites (n) was 0.75 ( 0.04, compatible with the
previously reportedmant-GTP stoichiometry 0.83( 0.08 employ-
ing the same method (12) and with subsequent results. The differ-
ence to unity may be due to a fraction of inactive protein. In all
cases apoFtsZ concentration refers to concentration of nucleotide
binding sites, except where explicitly stated.
FtsZ Polymerization Assays. FtsZ from E. coli and Bacillus

subtilis was expressed and purified as described (25). Samples
(50 μL) were prepared in polycarbonate ultracentrifuge tubes in a
thermostat at 37 �C (for FtsZ from E. coli) or 25 �C (for FtsZ
from B. subtilis) with varying concentrations of GTP analogues.
FtsZ from E. coli was diluted to 9 μM in 50 mMHepes-NaOH,
50 mM KCl, and 10 mM MgCl2, pH 7.5 (26, 27), with a GTP
regenerating system consisting of 15 mM acetyl phosphate and
1 unit/mL acetyl kinase. Samples were incubated for 10 min;
polymerization was induced by addition of 60 μM GTP, and
samples were centrifuged at 386000g (100000 rpm) for 10 min at
37 �C in a TLA-100 rotor (Beckman). Samples of 9 μM FtsZ
from B. subtilis were prepared in 50 mM Mes-KOH, 50 mM
KCl, 1mMEDTA, and 10mMMgCl2, pH 6.5 (25), also employ-
ing theGTP regenerating system, polymerizationwas initiated by
addition of 60 μMGTP, and samples were centrifuged for 20min
at 25 �Cas above. Control samples included onewith 1mMGDP
(without GTP and regenerating system) and another with no
nucleotide. Supernatants were removed, and 1 equivalent volume
of SDS sample buffer was added to them. Pellets were resus-
pended in 1 volume of sample buffer plus 1 volume of buffer
(FtsZ from B. sutbtilis) or in 1/3 volume of buffer and 1/3 volume
of sample buffer (FtsZ from E. coli). Pellet and supernatant
aliquots from each sample were loaded with a 15 min eletro-
phoretic shift between them into the same lanes of SDS-12%
polyacrylamide gels. Gels were stained with Coomassie blue,
scanned using a Bio-Rad CS-800 calibrated densitometer, and
analyzed with Quantity One software (Bio-Rad).

3H-GTP Binding Measurements. Assays employing
3H-GTP, apoFtsZ, and competing ligands (where applicable)
were prepared at the desired concentrations and centrifuged as
reported (12), and for this work the concentration of free 3H-GTP
([3H-GTP]f) was determined in the protein-depleted top half of
tubes, after dilution in 3.8 mL of Beckman ReadySafe solution,
employing a 1219 Rackbeta liquid scintillation counter (LKB
Wallac) operating with a 55% efficiency. The 3H-GTP concentra-
tion is proportional to the detected activity in counts per minute
(cpm).We calculated a factor to correct for the amount of 3H-GTP
sedimented in the absence of protein

Fs ¼ cpmbt-0=cpmtop-0 ð1Þ
where cpmbt-0 and cpmtop-0 are the activities in the bottom half
and top half of tubes centrifuged in the absence of apoFtsZ.
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Controls without apoFtsZ were included in each assay to measure
this correction factor, with typical values of 1.4 ( 0.1. The
concentration of bound 3H-GTP was calculated as

½3H-GTP�b ¼ ½ðcpmT - cpmtopð1þFsÞÞ=cpmT�½3H-GTP�T ð2Þ
where cpmT and cpmtop are the total activity (cpmT = cpmbt-0 þ
cpmtop-0) and the activity found in the protein-depleted top half of
the sample, respectively, and [3H-GTP]T and [3H-GTP]b are the
total and bound concentrations of 3H-GTP, respectively. The free
3H-GTP concentration is [3H-GTP]free=Fs[

3H-GTP]top. Less than
2% of total 3H-GTP was left in the tubes.

3H-GTP and ApoFtsZ Titrations. 3H-GTP (50 nM, 51 nCi)
was titrated with increasing concentrations of apoFtsZ. Bound
and free 3H-GTPwere determined as explained above. Assuming
each 3H-GTP binds one apoFtsZ, the following equations
apply:

½P�f ¼ ½P�T - ½3H-GTP�b ð3Þ

½3H-GTP�b=½3H-GTP�T ¼ ðK3H-GTP½P�fÞ=ð1þK3H-GTP½P�fÞ
ð4Þ

where [P]T and [P]f are the total and free concentrations of apoFtsZ
binding sites and K3H-GTP is the equilibrium binding constant of
3H-GTP to apoFtsZ. Equation 4 was employed to obtain the best-
fitted value of K3H-GTP with a nonlinear least-squares Marquadt
algorithm.

ApoFtsZ (75 nM) was then titrated with increasing concentra-
tions of 3H-GTP. Mixtures of 3H-GTP and GTP were used with
activities ranging from 8 nCi to 0.5 μCi per sample. Concentra-
tions of free and bound 3H-GTP were determined and the
equation for binding to independent sites

½3H-GTP�b=½P�T ¼ ðnK3H-GTP½3H-GTP�Þ=ð1þK3H-GTP½3H-GTP�Þ
ð5Þ

was iteratively applied to fit the [3H-GTP]b/[P]T vs [3H-GTP]f
data to obtain the best-fitted value of n (binding sites of 3H-GTP
per total apoFtsZ) and K3H-GTP.
Ligand Competition with 3H-GTP. Samples containing

75 nM apoFtsZ and 100 nM 3H-GTPwere prepared with increas-
ing concentrations of test ligand in Pipes-Mg2þ buffer and
processed as described above. To measure the binding affinity of
a test ligand (L) displacing the reference ligand 3H-GTP from its
apoFtsZ binding site, unitary stoichiometry was assumed, the
fractional binding of 3H-GTP was determined, and the following
expressions were applied

K3H-GTP ¼ ½P 3
3H-GTP�=ð½P�f ½3H-GTP�fÞ ð6Þ

KðLÞ ¼ ½P 3L�=ð½P�f ½L�fÞ ð7Þ

½3H-GTP�f ¼ ½3H-GTP�T - ½P 3
3H-GTP� ð8Þ

½L�f ¼ ½L�T - ½P 3L� ð9Þ

½P�f ¼ ½P�T - ½P 3L�- ½P 3
3H-GTP� ð10Þ

where [P 3
3H-GTP] is the concentration of bound 3H-GTP and

[L]T, [L 3P], and [L]f are the total, bound, and free problem ligand
concentrations, respectively. A personal computer programEQUI-
GRA v5 (46), implementing the third degree equation resultant

from solving eqs 6-10, was employed to find the best least-squares
fit value of the equilibrium binding constant of the competing
ligandK(L) to the [

3H-GTP]b/[
3H-GTP]T versus [L]T data, using the

known values of [P]T, [L]T, [
3H-GTP]T, and K3H-GTP.

Fluorescence Binding Measurements.Measurements were
acquired using a Horiba-Jobin-Yvon Fluorolog 3-221 spectro-
fluorometer. Anisotropy (r) measurements were collected with
vertically polarized excitation and corrected for the sensitivity
of each channel with horizontally polarized excitation using a
T-format mode (47). Fluorescence and binding measurements
were modified from a previous study (12). Anisotropy and magic
angle (IM) measurements of mant-GTP were acquired using 375
nm excitation with a 5 nm band-pass and 445 nm emission with a
10 nm band-pass. Blank values with no mant-GTP were sub-
tracted from the raw measurements.
Titration of mant-Nucleotides and ApoFtsZ. Given the

necessity of simultaneously measuring anisotropy values (see
below), fluorescence intensity was obtained using “magic angle”
settings [vertically polarized light for excitation and a 54.7� angle
for emission (47)] which effectively gave measurements propor-
tional to nonpolarized light. The fraction bound probe (νb) is

νb ¼ ½mant-GTP�b=½mant-GTP�T
¼ ðIM - IMfÞ=ðIMb- IMfÞ ð11Þ

where [mant-GTP]T and [mant-GTP]b are the total and bound
concentrations of mant-GTP, IM is the measurement of the
fluorescence intensity of the sample, IMf is the intensity of free
mant-GTP, and IMb is the intensity of bound mant-GTP. Given
eq 11, for a one to one binding:

IM ¼ ðIMf þKmGTP½P�f IMbÞ=ð1þKmGTP½P�fÞ ð12Þ
whereKmGTP is the equilibrium binding constant ofmant-GTP to
apoFtsZ. Equation 12 was iteratively applied to fit the IM vs [P]f
data, from which the best-fitted values for KmGTP, IMf (which
coincided with the measured value), and IMb were obtained. An
intensity factor to be employed in the anisotropy bindingmeasure-
ments below is defined as

R ¼ IMb=IMf ð13Þ
Binding ofmant-GTP to apoFtsZ was measured through changes
in its anisotropy. The anisotropy of a mixture of free and bound
fluorophore can be expressed as

r ¼ Fbrb þFfrf ð14Þ
where r is the measured anisotropy, Ff and Fb are the fractional
fluorescence intensities of free and bound fluorophore, respec-
tively, rf is the anisotropy of free fluorophore, and rb is the
anisotropy of bound fluorophore. In the simplest case of a
fluorescent probe with no quantum yield difference between the
bound and free state (48), the fraction of bound (νb) and free (νf)
fluorophore coincides with the fluorescence fractions for bound
and free fluorophore (Fb and Ff, respectively). Employing eq 14
and knowing that the sum of the fluorescence fractions is by
definition 1, we obtain

νb ¼ ðr- rfÞ=ðrb - rfÞ ð15Þ
However,mant-GTP does not exhibit this behavior, because there
is a difference between the fluorescence intensity of bound and free
mant-GTP. In this case the fluorescence fraction is

Fb ¼ νbðIb=ITÞ ð16Þ
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where Ib is the fluorescence intensity of boundmant-GTP and IT is
the total fluorescence intensity. A similar expression applies to free
mant-GTP. Given eqs 14 and 16:

r ¼ ðI f=ITνfrfÞþ ðIb=ITνbrbÞ ð17Þ
where If is the fluorescence intensity of freemant-GTP and νf is the
fractional saturation of free mant-GTP. Since the sum of the
fractions free (νf) and bound (νb) ligand is 1 and

IT ¼ I fνf þ Ibνb ð18Þ
employing eqs 13, 17, and 18, we obtain

νb ¼ ðr- rfÞ=½ðr- rfÞþRðrb - rÞ� ð19Þ
which is simplified to eq 15 when there is no change in the
quantum yield (R = 1) (see also ref 47, pp 308-309). Assuming
one to one binding, applying an equivalent to eq 4 and eq 19, the
following expression can be obtained:

r ¼ ðrf þKmGTP½P�fRrbÞ=ð1þKmGTP½P�fRÞ ð20Þ
The above equation was used, together with the previously
obtained value of R and an equivalent of eq 3 to iteratively fit
the r vs [P]f data, with different starting values of rb and rf, from
which best-fitted values ofKmGTP, rb, and rf (which coincidedwith
the measured value) were obtained. In complementary experi-
ments apoFtsZ (375 nM) was titrated with increasing concentra-
tions of mant-GTP. Fractional ligand saturation was obtained
with eq 19 and multiplied times the mant-GTP concentration in
the sample. The concentration of free mant-GTP ([mant-GTP]f)
was calculated with the equivalent to eq 8 employing mant-GTP
concentrations. An equation equivalent to eq 5 was iteratively
applied to fit the [mant-GTP]b/[P]T vs [mant-GTP]f data to obtain
the best-fitted values of n and KmGTP.

Ligand Competition with mant-GTP. Samples (0.4 mL)
were prepared containing amixture ofmant-GTP (final concentra-
tion 0.5 μM) and binding sites (final concentration 0.375 μM) and
varying concentrations of a competing ligand in Pipes-Mg2þ.
Samples with no competing ligand, with onlymant-GTP, and with
only buffer were included in each assay as controls. Fractional
binding ofmant-GTPwas determined by fluorescence intensity and
anisotropy as described above. Ligand affinities were determined
using the same system of equations of the ligand competitions
with 3H-GTP (eqs 6-10), substitutingK3H-GTP with the previously
obtainedKmant-GTP and all

3H-GTP concentrations withmant-GTP
concentrations.
Determination of the Binding Affinities of the Reference

Ligands 3H-GTP and mant-GTP to ApoFtsZ. In order to
set up an efficient fluorescence competition method to measure
the binding of any ligands to the FtsZ nucleotide binding site,
the equilibrium binding constants (Kb) of the reference ligands
3H-GTP andmant-GTP to the nucleotide binding site of apoFtsZ
were first measured. 3H-GTP was titrated with apoFtsZ, and
the reciprocal titrations of apoFtsZ with 3H-GTP were also
acquired (Figure 1A,B), giving fitted binding constants of
(2.84 ( 0.36) � 107 M-1 and (4.25 ( 1.53) � 107 M-1, respec-
tively. The titration of apoFtsZ with 3H-GTP also gave a num-
ber of binding sites n=0.77( 0.07, very close to that indepen-
dently measured with mant-GTP after protein preparation
(0.75 ( 0.04; see Experimental Procedures). The GTP binding
constant chosen for the purposes of the subsequent competi-
tion assays was that obtained from the titration of 3H-GTP
with increasing concentrations of apoFtsZ. It was judged to be
a more precise measurement due to better statistical fits and
because the titration of apoFtsZ with 3H-GTP gives less
precise measurements at high 3H-GTP concentrations, due
to the very low proportion of [3H-GTP]b.

FIGURE 1: Titrations of reference nucleotides and apoFtsZ. (A) Titration of 3H-GTP (50 nM) with apoFtsZ. (B) Titration of apoFtsZ (75 nM)
with 3H-GTP.ApoFtsZconcentration in this case refers to total protein concentration to reflect themeasurement of binding sites. (C,D)Titration
ofmant-GTP (panel C inset; 50 nM) with apoFtsZ using fluorescence intensity at magic angle and anisotropy, respectively. Data are average and
standard deviations from three independent measurements. Lines in each case correspond to the best fit to the data.
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Binding titrations of mant-GTP with apoFtsZ and reciprocal
titrations of apoFtsZwithmant-GTPwere performed.Bindingof
mant-GTP to apoFtsZ causes a significant increase in its fluores-
cence emission intensity which, if not taken into account, can lead to
the calculation of erroneous apparent Kb values when employing
anisotropy measurements. This was quantified during the titrations
of mant-GTP with apoFtsZ by acquiring the magic angle fluores-
cence intensity (IM), which is directly proportional to the nonpolar-
ized fluorescence intensity, in parallel to anisotropy measurements.
From the intensity ratio between the bound and free fluorescence
intensities acquired, an intensity coefficient (R = 6.1 ( 0.6) was
obtained and used to correct all anisotropy-based binding calcula-
tions. A KmGTP= (1.30( 0.3) � 106M-1 was also obtained from
the intensity measurements (Figure 1C). Anisotropymeasurements
were obtained and used to plot titrations (Figure 1D). The
anisotropy values obtained for free and bound mant-GTP were
0.027( 0.001 and 0.23 ( 0.01, respectively. The equilibrium bind-
ing constant obtainedwasKmGTP= (9.40( 3.9)� 105M-1. These
results correct our previously reportedKmGTP values (12) by taking
the intensity change of mant-GTP into consideration. Note that,
unlike the titration using fluorescence intensities, because of the
calculation due to the change in quantum yield between the bound
and free form of mant-GTP, the 1/Kb value from the anisotropy
measurements does not fit with the midpoint of the titration curve.
Reciprocal experiments of titrating apoFtsZ (375 nM) against
increasing concentrations of mant-GTP were also performed but
gave large errors due to the lackof precision inmeasurementswhere
the fraction of bound mant-GTP was very low (Supporting In-
formation Figure S1A). We used the average KmGTP value 9.40 �
105 M-1 as the reference for competition assays. KmGTP reference
values plus or minus the experimental error were also tested but
gave systematically poor fits to the competition data. Fluorescence
anisotropy was preferred due to its robustness compared to inten-
sity measurements, which are more prone to interferences by light
absorbing or fluorescent compounds.

For comparative purposes, mant-GDP was also titrated with
apoFtsZ (Supporting Information Figure S1B). The free and
bound anisotropy values were∼0.05 and∼0.29, respectively, and
theKmGDP= (8.3( 1.4)� 105M-1. Thus, the ratio ofKmGTP to
KmGDP, is 1.13 ( 0.47.

RESULTS

Comparison of Fluorescent and 3H-GTP Competition
Methods for the Measurement of Ligand Binding Affinity
to the Nucleotide Site of FtsZ. To validate the mant-GTP
displacement method for the evaluation of ligands binding to the
FtsZ nucleotide site, the binding affinities of six different ligands
were measured through competition with 3H-GTP and using the
mant-GTP competition method, and the binding affinities ob-
tained from both methods were compared (Figure 2, Table 1).
Competition with mant-GTP gave accurate measurements of
ligand binding with affinities from 103 M-1 to nearly 108 M-1.
Binding constant values obtained through competition withmant-
GTP were consistently somewhat higher than those obtained with
3H-GTP (average 2.7( 1.1 times; Table 1). This offset is irrelevant
for the purposes of comparing the affinities of different ligands
among themselves. The mant-GTP competition method is able to
detect ligands with a high Kb. However, this type of competition
method is inaccurate for ligands with a binding affinityg102 times
higher than the probe (46), which includes the natural ligandGTP.
Beyond this upper limit fittings for GTP were very similar for
different theoretical binding affinities (6 � 108 to 1010 M-1,

Figure 1A, dashed and gray traces). Aworking value ofKb forGTP
for the purposes of comparison within the mant-GTP method was
calculated from the KGTP-3H-GTP value times the ratio factor

FIGURE 2: Comparison of 3H-GTP and mant-GTP displacement
results. Competition curves ofGTP (circles),GMP (inverted triangles),
and ATP (squares). Data were averaged from a minimum of two
independent determinations. Solid lines correspond to the best fit to the
competition data. (A) Displacement curves of mant-GTP (500 nM)
fromapoFtsZ (375 nM).For theGTPdata, the solid, dashed, and gray
traces are theoretical curves for 1� 108, 6� 108, and 1� 1010M-1Kb

values, respectively. (B) Displacement curves of 3H-GTP (100 nM)
from apoFtsZ (75 nM).

Table 1: Binding Affinities of Nucleotides to FtsZ Determined with the
3H-GTP and mant-GTP Competition Methodsa

ligand Kb(3H-GTP) (M
-1) Kb(mGTP) (M

-1)

ΔG(mGTP)

(kcal mol-1)

GTP (4.13 ( 0.27) � 107 (1.12 ( 0.46) � 108 -10.98( 0.25

GDP ∼3.8 � 107 ∼-10.34

GMP (8.09 ( 0.11) � 103 (2.62 ( 0.57) � 104 -6.02( 0.14

guanosine (3.42 ( 0.37) � 103 -4.81( 0.07

PPPi (4.16 ( 0.01) � 104 -6.29( 0.01

PPi (2.93 ( 0.71) � 104 (5.71 ( 0.13) � 104 -6.48( 0.01

Pi (1.53 ( 0.15) � 103 -4.34( 0.06

ATP (3.44 ( 0.03) � 105 (4.93 ( 0.60) � 105 -7.76( 0.10

CTP (1.78 ( 0.25) � 105 (7.58 ( 2.9) � 105 -8.01( 0.30

UTP (2.67 ( 0.39) � 105 (7.13 ( 1.4) � 105 -7.98 ( 0.20

aKb(3H-GTP), affinities obtained through 3H-GTP competition; Kb(mGTP),
affinities obtained through mant-GTP competition; ΔG(mGTP), binding free
energy change calculated fromKb(mGTP).GDPhad a fitted equilibrium constant
value (∼1.1� 108M-1, Figure 3) that fell at the border the precisemeasurement
range of themant-GTPmethod, close to that ofGTP.We know thatGDPhas a
binding affinity 2.9 ( 0.5 times smaller that of GTP from the relative affinities
previously obtained by direct methods, HPLC, and titration calorimetry (12).
For consistency,we adopted aworking value ofKbGDP-mGTP=KbGTP-mGTP/2.9
≈ 3.8� 107 M-1. The binding affinities for GDP and GTP are respectively 2.3
and 2.9 times smaller than those previously reported employing mant-GTP
displacement (12) due to the corrections now applied.
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between binding affinities obtained by both methods. This
gave KGTP-mGTP = (1.12 ( 0.46) � 108 M-1 (Table 1).

The initial ligands tested with both methods included nucleotides
different from GTP. Changing the base from guanine to adenine
causes apredictable largedrop inbindingaffinity (Table 1).Remark-
ably, changing the base to a pyrimidine (CTP or UTP) does not
cause a further drop in theKb (Table 1). One measurement of ADP
binding through themant-GTP competitionmethod resulted in aKb

of 2.84� 105M-1, making theKbATP/KbADP= 1.74. As in the case
of mant-GTP and mant-GDP (see Experimental Procedures), the
γ-phosphate had a weak effect on the observed binding affinity.

It should be noted that FtsZ from M. jannaschii does not
polymerize at the temperature and concentrations employed in
this study. Analytical ultracentrifugation results have indicated
that it is a monomer under similar buffer conditions (49).
Binding Affinities of the Components of GTP to FtsZ

Monomers. The binding affinities of the ligands that make up
the parts of the nucleotide were determined employing the mant-
GTP competition method (Figure 3A, Table 1). All of the GTP
component ligands measured competed with mant-GTP for the
FtsZ nucleotide binding site with a range of affinities between the
nanomolar (GTP) and milimolar (Pi). Comparing the binding
affinities of GDP andGTP (Table 1), the γ-phosphate has only a
weak influence on the observed binding affinity. Theβ-phosphate
clearly has a large weight in nucleotide interaction, as its removal
drops affinity by 3 orders ofmagnitude, when comparingGDP to
GMP (Table 1; uncorrected values in ref 12). The R-phosphate,
though not as important for binding as the β-phosphate, is also
relevant, as its removal further drops affinity 1 order of magni-
tude, comparing GMP to guanosine (Table 1). Measurement of
the phosphate components, Pi, PPi, and PPPi, revealed that they
also compete withmant-GTP for the nucleotide binding site, with
similar or higher affinities than guanosine (Table 1).

Calculation of incremental binding free energy changes (ΔΔG�)
allows us to evaluate the apparent contributions of different parts
of the nucleotide to FtsZ binding (Table 2). The ΔΔG� value asso-
ciated to the modification of a ligand gives a first approximation
to the intrinsic binding free energy change of the added part
of the molecule, assuming that everything else would remain
the same (50-52). For example, the important contribution
of the β-phosphate can be approximated as ΔΔG�(GMPfGDP)=
ΔG�GDP - ΔG0

GMP=-4.32 kcal 3mol-1. The R-phosphate con-
tributes -1.21 kcal 3mol-1. The apparent contribution of the
γ-phosphate is atmost-0.64kcal/mol.TheR- andγ-phosphate con-
tributions can also be estimated fromΔΔGPifPPi

andΔΔGPPifPPPi
,

respectively (Table 2), further supporting a negligible effect of the

γ-phosphate on the observed binding. The guanosine contrib-
utes-4.68 kcal 3mol-1.Although the binding of guanine could not
be directly measured due to low solubility (53), a tentative estima-
tion of the contributions of guanine and ribose can be made by ob-
serving the very similar binding of non-guanine nucleotides (ATP,
CTP, and UTP). If the non-guanine bases were not significantly
contributing to binding, then ΔΔG�(NTPfGTP) and ΔΔG�(PPPifNTP)

(where NTP is the nonguanine nucleotide) would give the con-
tributions of guanine and ribose, which average -3.05 kcal 3mol-1

and -1.63 kcal 3mol-1, respectively. If the non-guanine bases
contribute to binding, then the actual contribution of ribose would
be lower and that of guanine higher, assuming that the interactions
made by the rest of the nucleotide did not change.

We can now compare the measured binding free energy changes
for PPPi, PPi, and Pi (Table 1) to the estimated contributions of
their corresponding parts of GTP (Table 2). ΔΔGguanosinefGTP,
which represents the contribution of the triphosphate moiety,
is -6.16 kcal 3mol-1, very close to the measured binding free
energy change of PPPi. Binding of Pi andPPi could occur in several
positions on the nucleotide site. However, assuming a Boltzmann
distribution with the β-phosphate position as the minimal energy
state, we can calculate that>99% of Pi will bind in the β position.
The observed binding affinity of Pi is very close to the estimated
contribution of the β-phosphate to binding (-4.32 kcal 3mol-1).
The observed binding affinity of PPi is not very different from the
contributions that can be estimated for each of the two possible
diphosphate moieties, ΔΔGguanosinefGDP=∼-5.53 kcal 3mol-1

and ΔΔGGMPfGTP=-4.96 kcal 3mol-1. The ΔG� values of PPPi
and PPi are similar.

Several crystal structures of FtsZs have shown an absence of
nucleotide-induced conformational changes (54). The protein
and bound nucleotides in the structures corresponding to our
binding measurements above, the FtsZ monomers from M.
jannaschii bound to GDP (PDB ID 2VAP) and to GTP-Mg2þ

(from 1W5A), are practically superimposable (rmsd 0.62 Å), except
for the presence of the γ-phosphate of GTP andMg2þ that interact
with loops T2, T3, and T4 of the FtsZ binding site (Figure 3B).
Therefore, one may ask why these additional interactions do not
translate into a markedly larger binding affinity of GTP over GDP
in solution. This suggested compensatory changes in the system,
which required a more detailed analysis.
Structural Analysis of GDP- and GTP-Bound FtsZ from

Molecular Dynamics Trajectories. In order to pinpoint the
precise interactions participating in nucleotide binding and to reveal
potential conformational changes in solution, we first analyzed
the results of 50 ns molecular dynamics simulations employing the

Table 2: Increment Free Energy Changes and Computationally Estimated Contributions to Binding of the Constituent Groups of GDP and GTP

group

ligand

substitution

ΔΔG�
(kcal mol-1)

% ΔΔG�(GDP)

experimental

% EMM-GBSAGDPcomputed

for 2VAP

% ΔΔG�(GTP)

experimental

% EMM-GBSAGTPcomputed

for W15A-A, W15A-B

guanosine PPPi f GTP -4.68 46 32 43 36, 47

guanine XTP f GTP ∼-3.05 ∼30 15 ∼28 21, 12

ribose PPPi f XTP ∼-1.63 ∼16 17 ∼15 15, 35

phosphates guanosine f GTP -6.16 54 68 57 64, 53

R-phosphate guanosine f GMP -1.21 12 20 11 9, 4

Pi f PPi (-2.15)a (21)a (20)a

β-phosphate GMP f GDP -4.32 42 48 40 34, 26

γ-phosphate GDP f GTP -0.64 6 21, 23

PPi f PPPi (0.19)a (-2)a
P

groups -10.85 100 100 100 100, 100

aThese values are alternative free energy change calculations.
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crystal structures of FtsZ-GDP (2VAP) and FtsZ-GTP-Mg2þ

(1W5A-A; see Experimental Procedures). The structural integrity
ofFtsZproteinwith both ligands (GDPandGTP) iswell conserved
along the simulations (panels A and B of Figure 4 for GDP and
GTP, respectively). For the ligand, two measurements were re-
corded. In the first one a fitting of each snapshot (to the minimized
X-ray structures) was performed before rmsd calculation, yielding
1.28( 0.28 Å for GDP and 0.86( 0.20 Å for GTP, indicating that
in both cases GDP/GTP conformation did not suffer major
changes. In the second one no fitting was performed, monitoring
the motion of the ligand within the binding site. The values were
2.28 ( 0.43 Å for GDP (Figure 4A) and 1.30 ( 0.12 Å for GTP
(Figure 4B). The higher average value for GDP, as compared to
GTP, indicates thatGDP, being smaller thanGTP, fluctuatedmore
while finding its pose within the binding site.

Mass-weighted atomic positional fluctuations were calcu-
lated by residue along the entire trajectories and are shown
in Figure 4C for FtsZ-GDP and Figure 4D for FtsZ-GTP. In
addition to the very mobile N-terminal helix H0, the larger
fluctuations (above 2 Å) correspond mainly to loop T3 (resi-
dues 98-103 with GDP and 97-100 with GTP), loop T5 (resi-
dues 164-169 with GDP), loop H6-H7 (residues 199-209
with GDP and 197-212 with GTP, including in both cases the

top part of H7), loop S9-S10 (residues 325-328 with GDP
and 325-331 with GTP), and loop S11-S12 (residues 347-
352 with GDP).

The movements in the FtsZ molecule in the molecular dynam-
ics simulations can be globally appreciated in Figure 4E (for
2VAP) and Figure 4F (1W5A-A), where minimized average
structures after 50 ns are superimposed onto the X-ray ones.
Average structures every 10 ns are superimposed in Supporting
Information Figure S3. LoopT3 and the top part of H7 showed the
largest structural variability, acting as the borders of the binding site
where the GDP/GTP is accommodating. Globally similar results
were obtained when FtsZ-GTP-Mg2þ was constructed by adding
one Mg2þ ion to 1W5A-B in the same position as in chain A, with
some local differences. Superposition of the initial and final binding
sites showed significant displacements of GDP and GTP with
respect to the crystal structures. The differences between the GDP
andGTP-Mg2þ (for 1W5A-Aand1W5A-B) at thebinding site after
the full 50 ns trajectories are shownbyFigure 4G,H. It can be appre-
ciated how the accommodated nucleotides are no longer super-
imposable, in contrast to the initial crystal structures (Figure 3B).
Interestingly, theGTPphosphates aftermolecular dynamics present
a conformation resembling that found in the crystal structure of a
W319Y FtsZ mutant (PDB entry 1W5E (10)).
Computational Analysis of GDP and GTP Binding to

FtsZ. The individual interactions made by the guanine ring,
ribose, and phosphates of GDP and GTP with their binding site
along the molecular dynamics trajectories were inspected next.
The interacting residues of FtsZ in 2VAP, 1W5A-A, and 1W5A-
B are marked in Figure 5 (for earlier analyses of the interactions
of GDP in the FtsZ crystal structure 1FSZ, see refs 6 and 9).

The guanine ring is stacked between the side chains of F208
andA48, both in 2VAP and 1W5A-A (moreweakly in 1W5A-B).
F208 was replaced byK209 in 1W5A-A but not in 1W5A-B. The
A48 interaction is sharedwith theR-phosphate in 2VAP,whereas
in 1W5A this interaction is further shared with the ribose ring.
There is also an electrostatic interaction with the carboxylic
group of D212 in 1W5A-A, weakening along the trajectories of
1W5A-B and 2VAP. By contrast, for 1W5A-A a hydrogen bond
forms between the carboxylic group of D212 and the hydrogen
atom at position N1 or the hydrogen atoms from the amino
group at position 2 (total occupancy only 19%). In 1W5A-B the
N-terminal part of helix H7 bends inward, and D212 forms a
hydrogen bond with N51. The nucleotide binding site gets
somewhat narrower in 1W5A-B than in 1W5A-A. Both GDP
and GTP present a weak hydrophobic interaction of the guanine
ring with F162. Finally, two transient interactions (at 10 ns) were
established with A211 and T159 in 2VAP, while in 1W5A
(appearing at 20-30 ns and maintained thereafter) there is an
electrostatic interaction withC129 and the interactionwith T159.

The ribose ring in 2VAP presents a group of stable hydro-
phobic-driven interactions during the entire MD trajectory with
P161,G130, L131 (also hydrogen bondedwith occupancy of only
11%), withG132, and predominantly withR169 (shared with the
two phosphate groups). In 1W5A-A, besides sharing the A48
hydrophobic interaction and part of the F208 electrostatic
interactions with the guanine ring, the ribose ring also presents
stable hydrophobic interaction during the entire MD trajectory
with G130, L131, G132, and F162. Important interactions are a
hydrogen bond formed between the E165 side chain (occupancy
68%) and the hydroxyl group at the 20 position and an electro-
static interaction with R169. These two residues interact more
closely with the ribose ring in 1W5A-B.

FIGURE 3: Binding of the constituent parts of GTP to FtsZ. (A)
Displacement curves ofmant-GTP (500 nM) from apoFtsZ (375 nM)
employing GTP parts: GDP (black symbols), PPPi (red), guanosine
(green), and Pi (blue). GTP data (void circles) are included only for
comparison with GDP. Data were averaged from a minimum of two
independent determinations. Lines in each case correspond to the best
competition fit. Resultant Kbs are in Table 1. (B) The nucleotide
binding site in superimposed FtsZ monomers from M. jannaschii
bound toGDP(PBBID2VAP, salmon) and toGTP-Mg2þ (1W5A-A,
cyan).GDPandGTPare shown in colors by atom type andMg2þ as a
gray sphere.
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FIGURE 4: Molecular dynamics simulations of FtsZ-GDP and FtsZ-GTP-Mg2þ. (A) rmsd (in Å) along theMD simulation for FtsZ (black) and
GDP (fitted in blue and not fitted in red) compared to the initial reference structure (2VAP; see text). (B) rmsd (in Å) along the simulation for FtsZ
(black) andGTP (fitted in blue and not fitted in red) compared to the initial reference structure (1W5A-chainA). The rmsd of sampled snapshots
(at 1 ps intervals) compared to the initial reference structures (the minimized X-ray structures) was measured. The average values obtained were
1.64( 0.22 Å withGDP (A) and 1.81( 0.22 Å withGTP (B). (C)Mass-weighted atomic positional fluctuations per residue along the trajectory
for GDP (2VAP). (D) Mass-weighted atomic positional fluctuations per residue along the trajectory for GTP (1W5A). (E) Minimized average
structures corresponding to the last 500 ps of the 50 nsMD (yellow) superimposed onto the minimized X-ray one (blue) for GDP (2VAP). (F) A
similar comparison for GTP (1W5A). The average structures at each 10 ns are available as Supporting Information Figure S3. (G) Differences
betweenGDP (cyan) andGTP-Mg2þ (salmon, IW5A-A) at the binding sites after the full 50 ns trajectories. GDP andGTP are shown in blue and
red, respectively.Mg2þ is shown as a sphere. (H)Differences betweenGDP (cyan) andGTP-Mg2þ (salmon, 1W5A-B) at the binding sites after the
full 50 ns trajectories.
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The R-phosphate group in 2VAP interacts with A48 forming a
hydrogen bond that is lost at the end of the simulation, becoming a
moderate hydrophobic interaction. It also forms a double hydrogen
bond between the R169 side chain and the O2 oxygen atom from
GDP which is maintained during the whole trajectory (occupancy
48%). Finally, a relatively strong electrostatic interaction is estab-
lished with G133, which is also shared with the β-phosphate group.
In 1W5A-A the R-phosphate group interacts through a hydro-
phobic interactionwithG47 (whereas the electrostatic interaction is
assigned to the β-phosphate group), an electrostatic interaction
with A48 (whereas the hydrophobic interaction was assigned to the
ribose ring; see above), and an electrostatic interaction with G133
(shared with both phosphate groups at β and γ positions).

The β-phosphate group interacts similarly inGDPandGTP. It
is attached to the protein in 2VAPmainly through hydrogen bond
interactions with G134 (occupancy 27%), T135 (main and side
chains, 21 and 67% occupancy, respectively), G136 (occupancy
33%), andG47 (transient, van derWaals interaction is sharedwith
the R-phosphate group). Minor interactions are established with
G46 (electrostatic) and G90 (weak electrostatic). In a similar way,
the β-phosphate group in 1W5A-A is attached to the protein
through hydrogen bond interactions with G134 (occupancy 21%)
and G136 (occupancy 29%), electrostatic interactions with G46
and G47, hydrophobic interaction with T135, and the shared
interaction with G133 with the other two phosphate groups.
Minor interactions are established with C45 and N70.

Finally, the γ-phosphate group in the 1W5A-A complex is
attached to the protein through two hydrogen bond interactions
established with T135 (both main and side chains with occupan-
cies 29 and 84%, respectively) and the shared interaction with
G133. The initial hydrogen bond interactions found in the X-ray
structure with the T3 loop through G96, A97, G98, and G99
residues are lost (1W5A-A) or reduced significantly (1W5A-B)
during the MD trajectory.

The free energies of binding between GDP/GTP and FtsZ
were calculated by means of the MM-GBSA method (for the
enthalpic part) and quasiharmonic analysis (for the entropic
part) (see Experimental Procedures). The MM-GBSA energies
were stable by the end of the trajectories (Supporting Information
Figure S2). The average values (and standard deviations) over the
last 500 ps for each period of 10 ns are collected in Supporting
Information Table S2 (for GDP) and Table S3 (for GTP). The
MM-GBSA energy values were further partitioned into individual
residue contributions to allow for a finer analysis. It should be noted
that MM-GBSA energy values for individual residues (as imple-
mented in the AMBER 10 package) are the binding energies
assigned by the force field to the residues being considered within
the complex and not really binding free energy changes, that is, the
values resulting from subtracting, from the complex energy, the
energies corresponding to the isolated receptor and ligand. This
shortcoming considered, the individual interactions (Supporting
Information Table S4 for GDP and Table S5 for GTP) were
assigned to the different parts of the GDP/GTP molecules after
visual inspection. Their relative contributions to GDP/GTP bind-
ing energy along the MD trajectories were collected (Supporting
Information Table S6 for GDP and Table S7 for GTP).

GDP makes numerous contacts with FtsZ upon binding, but
our computational analysis indicated that the interactions be-
tween the R- and β-phosphate and amino acids G132, G133,
G134 at loop T4 and R169 at loop T5 (Figure 5) account for a
large part of theGDP binding energetics, with roughly half of the
free energy concentrated on the interaction between these key

FIGURE 5: Interactions of FtsZ with GDP and GTP after molecular
dynamics. (A) GDP-FtsZ interacting residues shown in sticks and
colored according to atom types after 50 ns MD from the crystal
structure 2VAP. (B) GTP-FtsZ interacting residues after MD of
1W5A-chain A. Mg2þ is shown as a small white sphere. (C) GTP-
FtsZ interacting residues after MD of 1W5A-chain B.
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residues and the phosphates. By the end of the molecular
dynamics runs, the resulting contribution of the guanine ring to
the GDP (2VAP) and GTP (1W5A) interactions affords average
values of 15% and 12-21% of the total free energy change,
respectively (Table 2). The average contribution of the ribose ring
is 17% in GDP and 15-35% in GTP. The contribution of the
R-phosphate is 20% in GDP and 4-9% in GTP. There is a
dominant contribution of the β-phosphate, 48% in GDP and
26-34% in GTP (34-44% if the γ-phosphate was removed).
These computed binding energy percentages showed correlation
with the experimentally estimated group incremental free energy
change ΔΔG values (Table 2). The exception is the γ-phosphate
group, which according to these calculations contributes about
21-23% of the binding free energy of GTP but a maximum of
6% of the total experimental ΔΔG (Table 2).

The discrepancy between the significant interactions made by
the γ-phosphate of GTP in the structure of the complex with FtsZ
(both in the crystal structure and after molecular dynamics
simulations) with the very weak affinity increase of GTP with
respect to GDP may be ascribed to different interactions made by
the rest of the nucleotide, as in themolecular dynamics simulations.
These differences practically compensate for the binding of the
γ-phosphate. In this caseΔΔG is not a valid approximation to the
intrinsic free energy change of the added group.
Interactions of Inhibitory C8 Derivatives of GTP with

FtsZ. A series of GTP analogues with small substituents at C8 of
the guanine base have been shown to inhibit the polymerization of
FtsZ as monitored by 90� light scattering, while supporting the in
vitro assembly of the eukaryotic analogue of FtsZ, tubulin (26).
They served as a proof of concept that it is possible to specifically
target compounds to the nucleotide binding site of purified FtsZ
without inhibiting eukaryotic tubulin. The detailedmeasurements
of affinity for the GTP binding site of FtsZ and their inhibi-
tory capacity are reported here (Figure 6 and Table 3), as a test
of the mant-GTP competition method. One of the compounds,
8-methoxy-GTP (MeOGTP), had an affinity similar to that of
GTP, which could be approximated to Kb ≈ 1.6 � 108 M-1. The
compound with the second highest affinity, 8-pyrrolidino-GTP
(PyrrGTP), presented a Kb half of that of GTP, (5.2 ( 1.4) �
107 M-1. 8-Cl-GTP (ClGTP), 8-Br-GTP (BrGTP), 8-I-GTP
(IGTP), and8-tert-butyl-GTP(tBuGTP) had intermediateKb values
(between 1� 107 and 1.8� 107M-1). Finally, there was one com-
pound, 8-morpholino-GTP (MorphGTP), with a Kb of (2.31 (
0.04) � 106 M-1. It appears that the presence of more bulky
substitutions atC8 leads to lesser affinity for the nucleotide binding
site. These measurements (Figure 6A and Table 3) complement
previous Kb measurements (26), also including corrected calcula-
tions due to the quantum yield change ofmant-GTP upon binding
(see Experimental Procedures).We alsomeasured the inhibition of
FtsZ assembly by the compounds with a FtsZ pelleting assay,
which determines the concentration of polymerized FtsZ, giving
more reliable quantitative results than 90� light scattering. Four
compounds representing every Kb group (MeOGTP, PyrrGTP,
BrGTP, and MorphGTP) were assayed to determine their poly-
merization IC50. The pelleting assays confirmed that the log IC50

linearly correlates to the logKd of the compounds (Figure 6B) with
FtsZboth fromE. coli and fromB. subtilis.This supports the use of
stable apoFtsZ fromM. jannaschii as an experimentalmodel of the
FtsZ nucleotide binding site.
Applying the mant-GTP Competition Assay To Screen

Natural and Synthetic Compounds for Binding to the FtsZ
Nucleotide Site. The nucleotide binding site of FtsZ is a good

candidate for the search of novel compounds that could speci-
fically inhibit bacterial cell division and therefore act as potential
new antibiotics. Compounds should be of a different chemistry to
the natural nucleotides in order to be effective antibiotics.
Sanguinarine, cinnamaldehyde, and totarol are compounds that
have been reported to inhibit FtsZ activity (21-23), but they did

FIGURE 6: Affinity for the nucleotide site andFtsZ assembly inhibition
byGTPderivatives substitutedatC8. (A)Displacement curvesofmant-
GTP (500 nM) from apoFtsZ (375 nM) employing GTP derivatives:
MeOGTP(solid circle), PyrrGTP (empty circle),BrGTP(solid inverted
triangle),MorphGTP (empty triangle), and BrGuanine (square). Lines
in each case correspond to the best fit to the competition curve. (B)
Correlation of logKd with log IC50 of polymerization using FtsZ from
B. subtilis (triangles) andE. coli (black circles) and correlation of logKd

to previously reported (26) polymerization IC50 of FtsZ from E. coli
measured by light scattering (gray circles). Data were averaged from a
minimum of two independent determinations. Lines in each case
correspond to the best linear fit.

Table 3: Binding Affinities of C8-Substituted GTP Analogues to FtsZ

Determined with the mant-GTP Competition Method

ligand Kb (M
-1) ΔG� (kcal mol-1)

MeOGTP ∼1.6 � 108 ∼-11.2

PyrrGTP (5.24 ( 1.4) � 107 -10.52 ( 0.19

ClGTP (1.01 ( 0.05) � 107 -9.55 ( 0.03

BrGTP (1.27 ( 0.80) � 107 -9.68 ( 0.58

IGTP (1.81 ( 0.48) � 107 -9.89 ( 0.18

tBuGTP (1.01 ( 0.08) � 107 -9.54 ( 0.05

MorphGTP (2.31 ( 0.04) � 106 -8.67 ( 0.01

BrGuanine <1 � 104 >-5.45
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not displace mant-GTP within the concentration range measured
(representative competition assay example in Figure 7A), indicat-
ing that they should bind to another site inFtsZ.Wehadpreviously
found that the FtsZ polymer stabilizing agent PC190723 binds to a
site different from the nucleotide site (25).

An alternative to known and natural compounds is the use of
small molecules from large synthetic libraries. To narrow down
the search, we directly employed a virtual screening method on
the structure of bacterial FtsZ from the opportunistic pathogen
P. aeruginosa, based on the conservation of the nucleotide
binding site. The procedure consisted in docking and rescoring
with molecular dynamics and MM-GBSA binding energy anal-
ysis [(38); see Experimental Procedures]. The first VS round was
performed using the ChemBridge library, ending up with 100
molecules sorted by their binding energies as obtained from the
MD trajectories. After visually inspecting their simulated com-
plexes with FtsZ, chemical features, and predicted solubility (55),
17 compounds were selected for experimental tests (Supporting
Information Table S8). Most of them had severe solubility prob-
lems. Since no active molecules were found, we used a different
chemical library from IBScreen, selecting compounds predicted to
be more soluble. Again, and despite good predicted docking and
computed binding energies (Supporting InformationTable S9), the
finally selected 19 compounds still did not compete withmant-GTP
for binding to FtsZ (Figure 7) nor inhibited assembly of bacterial
FtsZ from E. coli. It should be noted that practical solubility

was generally poor with respect to predicted solubility, making
the evaluation of many compounds at high concentrations
impossible.

DISCUSSION

In this study we first devised and validated a fluorescence
polarization method for assaying ligand binding to the
nucleotide site in FtsZ and measuring their affinities. We
have employed this method to gain insight into the interac-
tion of GDP/GTP with their binding site in FtsZ monomers.
We were able to assign the relative contribution of each part
of the nucleotides to the total interaction, that were com-
pared with the results from MM-GBSA analysis after long
molecular dynamics trajectories (50 ns) simulating FtsZ with
GDP/GTP bound. In addition, we measured the Kb for a
series of C8-GTP derivatives and directly measured their
inhibitory capacity on FtsZ polymerization. We also tested
several previously reported FtsZ inhibitors and compounds
from virtual screening for potential binding to the nucleo-
tide site.

Competition assays with a selection of nucleotide ligands
showed that the mant-GTP method gives reliable measurements
of Kb, though slightly higher than those obtained with a 3H-GTP
competition method. Competition with mant-GTP can efficiently
measure ligands with binding affinities below 108 M-1 and gives
reliable results after even 7 h at 25 �C (data not shown). Themant-
GTP measurements are scalable to medium- or high-throughput
screening assays employing plate readers, whereas the 3H-GTP
method can be preferably employed to manually counterscreen a
smaller number of samples.

We employed the mant-GTP competition method to test for
binding to the nucleotide site several FtsZ-interacting compounds
with chemistries very different from nucleotides [sanguinarine (21),
cinnamaldehyde (22), totarol (23), PC190723 (24, 25)]. We also
tested a total of 36 compounds from two successive virtual screen-
ing rounds, with negative results. Among potential causes, low
solubility of the VS compounds frequently made testing at high
concentrations impossible, so an improvement on the solubility
prediction algorithms employed may be necessary. Another possi-
bility would be to test VS on relaxed FtsZ structures after long
molecular dynamics trajectories (discussed below). In addition, the
FtsZ nucleotide binding site is highly exposed to the solvent,
representing a challenge to current docking and scoring schemes.
Ourmant-GTP competitionmethodwould be suited to analyze the
binding of compounds directed to the GTP site of FtsZ, such as
PC170942, PC58538 (56), and the chrysophaentins (57).

Employing C8-substituted analogues of GTP, we found a
linear relationship between the logKb and the log IC50 of polymeri-
zation of FtsZ from E. coli and B. subtilis. This confirms but also
improves upon previously reported results (26). The affinities of
8-Cl-GTP and 8-Br-GTP relative to GTP are compatible with
recent free energy calculations, which take into account the effect of
these substitutions in the dihedral angle distribution around the
glycosidic bond (58). The results demonstrate that our method of
measurement of modified nucleotides binding to the GTP site in
FtsZ can serve to predict inhibitory effects onFtsZ polymerization.

We obtained insight into the interactions of FtsZ with GTP
through competition measurements with the nucleotide and its
components. Incremental free energy changes were employed to
estimate, in a first approximation, group contributions to bind-
ing. Guanosine was estimated to contribute less than half the
binding energy of GDP, distributed between the guanine and

FIGURE 7: Examples of results obtained with nonnucleotide com-
pounds. (A) Competition experimentwith cinnamaldehyde (squares)
and virtual screening compound 12 (triangles, Supporting Informa-
tion Table S9) compared to UTP (circles; the line corresponds to the
best competition fit). (B) Docking model of compound 12 (green,
Supporting Information Table S9) superimposed toGDP (red) at the
nucleotide binding site.
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ribose moieties (Table 2). These measurements indicated that the
β-phosphate provides the dominant interaction, accounting for
42% of total binding free energy change, with the R-phosphate
contributing 12%.The binding free energy changes of Pi, PPi, and
PPPi measured independently were compatible with the domi-
nant nature of the β-phosphate interaction. The binding free
energy change of Pi was compatible with predominant binding to
the β-phosphate locus.

Curiously, adding the incremental free energy changes of
the parts of the nucleotide makes up the observed free energy
change of the complete nucleotide. The observed (Table 1) and
the incremental free energy changes (Table 2) for guanosine and
the phosphates are practically coincident. This is puzzling because
taking ΔΔG as an estimate of the intrinsic contact free energy
change, a minimal difference ΔG�obs - ΔΔG ≈ 2.4 kcal 3mol-1 is
expected, coming from the change in entropy of mixing in a
bimolecular reaction, which does not count in the unimolecular
binding of a part of the ligand (50). Lacking such systematic
difference from intrinsic to observed free energy changes suggests
compensatory effects of solvation and conformational or mobility
differences.

Computational analysis through molecular dynamics and
MM-GBSA binding energy calculations, although not a strictly
comparable method, supported the importance of the phosphate
groups inGDP binding, predicting relative contributions close to
the experimental incremental free energy changes. It also pre-
dicted relatively modest contributions by the guanine and ribose
moieties (see comparison in Table 2).

The binding affinities of triphosphate nucleotides were only
slightly higher than those obtained for the analogous diphosphate
nucleotides; thus the incremental free energy change resulting from
adding the γ-phosphate is strikingly close to zero. It could be
thought that the γ-phosphate has an irrelevant contribution to the
binding energy of GTP. However, the γ/β-phosphate signal is very
important in FtsZ dynamics, as FtsZ polymerizes in the presence of
GTP and GDP triggers disassembly. It has been hypothesized that
GTP facilitates a “straight” conformation favorable to polymer
assembly while GDP favors a “curved” conformation that desta-
bilizes FtsZ polymers (45). But our experimental results show that
FtsZmonomers do not significantly favorGTPoverGDPbinding.
Computational analysis of binding offers a possible explanation.
Theγ-phosphatemakes strong interactionswith the nucleotide site.
The crystal structures of FtsZ-GDP and -GTP complexes are very
similar, but upon molecular dynamics simulations the interactions
of other parts of the GTP nucleotide also change in comparison
with GDP, including the guanine ring and the R-phosphate. For
GDP the main differences observed upon molecular dynamics
simulation were the guanine ring losing a hydrogen bond with the
side chain of D212, forming instead a double hydrogen bond with
N51. Other contributions implying the guanine ring are associated
with the weakening of A48 and F208 interactions, which allows
GDP to perform a small displacement, optimizing the R-phos-
phate-R169 interaction. ForGTP, the computational results show
that in spite of several changes its five moieties maintain their
resultant interaction energies along the trajectory. The γ-phosphate
is tightly bound to FtsZ through hydrogen bond interactions with
G133 and T135, contributing 21-23% of the total GTP-FtsZ
binding energy. Consequently, the numerical value ΔΔGGDPfGTP

is not the intrinsic contribution of the γ-phosphate to binding;
therefore, the percent ΔΔG that can be calculated for this part of
GTP deviates more from the computational estimates. The FtsZ
homologue tubulin also presents an only slightly higher affinity for

GTP than for GDP at its exchangeable site in the presence of
magnesium (59). However, other GTPase proteins show different
affinities (60, 61).

The differences between the MD simulations and the crystal
structures may be taken as suggesting the presence of average
conformations in solution different from a frozen conforma-
tion in the crystal structures or only as indications of potential
movements in the FtsZ structure. Differences between FtsZ-
GDPandFtsZ-GTP,whichwere not observed in the correspond-
ing crystal structures, are predicted by the molecular dynamics
simulations. They suggest that, upon GTP hydrolysis to GDP
and Pi release following FtsZ assembly, not only are the inter-
actions of the γ-phosphate and the coordinated magnesium lost
but the GDP may accommodate in the binding site establishing
different interactions, which might also trigger the FtsZ disas-
sembly switch (17). Obviously, the different effect of GTP and
GDP on FtsZ polymer stability may also be due to the added
interactions between the γ-phosphate and the next monomer in a
FtsZ filament (10, 11), which should bind GTP and GDP with
different affinities (12) than the FtsZ model monomer employed
in this work.

Taken together, our results give insight into the precise nature
of the interactions between GTP and the nucleotide binding site
of FtsZ. The fluorescentmethod developed permits detecting and
analyzing the binding of any ligand replacing GTP in FtsZ
monomers. The new information obtained could be useful in the
rational design of new compounds targeting the nucleotide
binding site of FtsZ. In particular, compounds could be designed
to specifically interact with the FtsZ residues with the most
important contributions to nucleotide binding, especially com-
pounds mimicking the β- and γ-phosphate groups.
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