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Abstract—As a model system for designing new inhibitors of bacterial cell division, we studied the essential and highly conserved
FtsZ GTPase from Pseudomonas aeruginosa. A collection of GTP analogues were prepared using the solid-phase parallel synthesis
approach. The synthesized GTP analogues inhibited the GTPase activity of FtsZ with IC50 values between 450 lM and 2.6 mM, and
5 compounds inhibited Staphylococcus aureus growth in a biological assay. The FtsZ spectrophotometric assay developed for screen-
ing of synthesized compounds is the first step in identification of antibacterials targeting the bacterial cell division essential proteins.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The widespread misuse of antibiotics has applied an im-
mense pressure selecting for bacteria resistant to all clas-
ses of antibiotics. The critical human health outcome of
antibiotic resistance among bacterial pathogens world-
wide necessitates the development of structurally new
antibacterials against targets essential for growth, whose
inhibition should give a lethal phenotype.1 The bacterial
cell division process encodes essential proteins forming
the divisome representing some of the best antibacterial
targets. These proteins are extremely sensitive to inhibi-
tion since the cell division depends on recruitment of
specific proteins in an essential cascade for forming the
divisome.2,3 Among those proteins, we selected FtsZ as
a specific target because this is the most important and
conserved protein of the cell division machinery.4 FtsZ
is at the top of hierarchic recruitment in the divisome
and its polymerization into the Z-ring allows the physi-
cal separation of daughter cells.5 The polymerization of
FtsZ depends upon GTP hydrolysis and this essential
enzymatic activity can be exploited to screen inhibitory
molecules.6 The FtsZ strategy proposed here is support-
ed by the absence of bacterial resistance against FtsZ
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inhibitors MinC and SulA which constitute active regu-
lators of cell division.7,8 We focused efforts on the FtsZ
protein of Pseudomonas aeruginosa, one of the major
opportunistic pathogens causing severe nosocomial
infections.9,10 We used FtsZ from P. aeruginosa because
this bacterium is extensively studied as a model system
resistant to most antibiotics. FtsZ is highly conserved
amongst bacteria and we also tested compounds for
growth inhibition of Staphylococcus aureus because of
the differences in permeability between both species
and because of the MRSA problem.

To develop drugs with novel structures, we decided to
synthesize a manageable number of molecules by combi-
natorial chemistry. This technology allows the quick
generation of large numbers of structurally related com-
pounds.11 Combinatorial chemistry was first developed
to synthesize peptides but we adapted recent advances
to small organic compound synthesis.12 This approach
can be achieved either in solution or in solid-phase.
We opted for the time-saving solid support strategy per-
mitting to obtain higher yields where automated reac-
tions can be accelerated by using excess reagents,
simplified washing and purification steps.12 We thus
used the solid-phase chemistry method to synthesize
GTP analogues and parallel synthesis was adopted to
branch out rapidly the core structure to obtain sufficient
amounts of unique small organic compounds in the
library.
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This work identifies a new potential class of antibacteri-
al agents targeting the essential FtsZ cell division
GTPase. We describe the synthesis of highly diversified
GTP analogues having chosen unique structures as po-
tential FtsZ inhibitors. The GTP binding and hydrolytic
activities of the purified P. aeruginosa FtsZ protein were
characterized. The inhibitory activity of each synthe-
sized GTP analogue was then evaluated individually
in vitro against the FtsZ GTPase activity and in vivo
on whole bacterial cells. As part of our continued inter-
est in the development of novel antimicrobials using
essential targets, we present here the development of a
simple, cost-effective, and rapid assay for screening FtsZ
GTPase inhibitors.
2. Results

2.1. Purification of the P. aeruginosa FtsZ protein

The FtsZ protein was efficiently expressed in soluble
form in the cytoplasmic fraction of Escherichia coli
BL21 (kDE3) cells as depicted in Figure 1, lane 1. The
nickel affinity chromatography permitted the purifica-
tion of FtsZ with a yield of 20 mg/L. The purified FtsZ
protein was visualized as a single 42 kDa band on SDS–
PAGE (Fig. 1, lane 2). N-terminal sequencing of the first
15 amino acid residues confirmed the identity of the
purified protein as P. aeruginosa FtsZ (100% identity
with the published sequence).
Figure 1. SDS–PAGE showing overexpression of the FtsZ protein in

E. coli BL21 (kDE3) cells (Lane 1) and the near homogeneity of the

purified FtsZ protein (Lane 2).
2.2. Characterization of the GTP binding and GTPase
hydrolysis activity of purified FtsZ

An UV cross-link binding assay was performed to char-
acterize the substrate specificity of FtsZ. The autoradi-
ography showed that FtsZ binds preferentially GTP
amongst the four radioactive nucleotides tested as sub-
strates (Fig. 2A). The negative control included in the
GTPase assay described in Section 4.3 gave no GTP
hydrolysis (Fig. 2B). This assay showed that the purified
FtsZ was biologically active when using 12 lM FtsZ
which hydrolyzed 85% of the P32-labeled GTP substrate
into GDP after 1 h at 37 �C (Fig. 2B).

2.3. Strategy, design, and synthesis of GTP analogues in
the library

A combination of solid-phase combinatorial chemistry
and parallel synthesis was used to synthesize highly
diversified GTP analogues. The general strategy was
optimized from published procedures to allow a SN2
nucleophilic attack of 2-amino-6-chloropurine on the
b-lactone 2.13,14 The b-lactone opening was done by a
nucleophilic attack on the sp3 carbon at the b position
of the cycle and not on the sp2 carbon. The hydroxyl
function of the serine was thus substituted by the 2-ami-
no-6-chloropurine by a nucleophilic attack of the N9

atom of the purine. The central nucleus of molecules
was a guanine moiety linked to an Ala called GAL core
structure (Figs. 3 and 4). To obtain the desired library,
an N-tert-butoxycarbonyl (Boc)-protected guanine mod-
ified amino acid (product 4 in Fig. 3) was required. The
N-(Boc)-(2-amino-6-chloropuryl)-LL-Ala (4) was synthe-
sized by the formation of a b-lactone and its opening
by 2-amino-6-chloropurine (3). The most critical step
was the formation of the Ser b-lactone (product 2 in
Fig. 3) from the (Boc)-LL-Ser. This step was achieved
by the Mitsunobu reaction with variable and modest
yields between 25% and 40%. Different methods were
attempted to improve yield of this critical step. The
method described by Sliedregta gave similar yields but
involved a trityl protecting group.15 The use of dimeth-
ylazodicarboxylate or diisopropylazodicarboxylate in-
stead of diethylazodicarboxylate (DEAD) gave lower
yields and the method based upon the mixed anhydrides
was not successful (data not shown).16 We thus opti-
mized the Mitsunobu reaction and the yield was raised
to 87.7% of a 99% pure product when working on a
small scale. Analysis of the purified Ser b-lactone prod-
uct by NMR spectroscopy confirmed the structure (see
Section 4). We observed that the purification process
must be done as rapidly as possible to avoid a re-open-
ing of the b-lactone cycle. The guanine group was then
added on the side chain of Ser b-lactone by a nucleophil-
ic displacement reaction using 2-amino-6-chloropurine
giving 4 (see Section 4).

The core structure 4 was utilized for parallel synthesis
and the oxime resin was chosen as solid support. This
resin displayed an oxime function linked on a polysty-
rene bead permitting the cleavage with different nucleo-
philes to obtain more functional diversity. The initial
amino acid was linked on the resin by the formation
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Figure 2. (A) UV cross-link specific nucleotide binding assay showing that FtsZ binds preferentially GTP. (B) Autoradiogram demonstrating FtsZ

GTPase activity. Lanes: 1, control without enzyme; 2, hydrolysis of GTP to GDP by FtsZ.

Figure 3. Solid-support combinatorial chemistry strategy and chemical reactions used to synthesize the library of GTP analogues.
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of an ester bond between the carboxylic acid of the ami-
no acid and the oxime resin. This bond was sufficiently
stable under anhydrous acidic conditions to use a
BOC protection strategy and to permit the N-terminal
modification of the core structure. After transforma-
tions, the C-terminal was modified by cleavage of the
bound ester with nucleophiles using relatively mild con-
ditions. The target compounds illustrated in Figure 4
were synthesized via modification of both N- and C-ter-
minals of the core structure. Six different chemical R1

groups were used to modify the functionality of the N-
terminal and three different R2 nucleophiles were used
to adapt the C-terminal (Fig. 4). We thus synthesized
nine different low molecular weight molecules.

LC/MS and 1H NMR analyses confirmed the expected
structure of each compound (see Section 4). In mass
spectrometry, molecular ion (M+H)+ peak was observed
for 12 and 14, whereas the M+ peak was observed for
other compounds. All observed m/z data corresponded
to the exact calculated mass of the compounds. The mass
spectrometry results also confirmed that chloropurine
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Figure 4. (A) GAL core mimicking the natural GTP substrate of FtsZ; the relative positions of side chains R1 and R2 used for the parallel synthesis

are indicated. (B) Chemical structure of individual GTP analogues found in the library with R1 and R2 groups used to modify the N- and C-terminal

of the GAL core.
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was not hydrolyzed to a guanine function during acid
treatment required for BOC deprotection. All spectro-
scopic data confirmed the chemical structures of com-
pounds described in Figure 4.

2.4. Development of a screening assay for FtsZ inhibitors

We developed a rapid and reliable screening assay to
evaluate the GTPase FtsZ inhibitory potential of syn-
thesized molecules. A spectrophotometric coupled enzy-
matic assay was used which allowed quantitative
analysis of the FtsZ GTPase activity with high sensibil-
ity and rapidity. We decided to determine initial veloci-
ties for all GAL compounds and results for compounds
10, 14, and 15 are presented in Table 1. Quantitative
analysis of the FtsZ GTPase enzymatic reaction was
done by monitoring the oxidation of NADH as a de-
crease in absorbance at 340 nm described in Section
4.5 and in Figure 5.

2.5. Evaluation of GTP analogues as inhibitors of the
GTPase activity of FtsZ

Synthesized compounds were analyzed for their capabil-
ity to inhibit GTPase activity of FtsZ in vitro. The FtsZ
conversion of GTP into GDP was used to assess the
inhibitory properties of the synthesized compounds.
All the GTP analogues inhibited the GTPase activity



Table 1. Initial velocities of three synthesized compounds used to

calculate IC50 values

Compounda Concentration (mM) V0 (DDO340 nm/min)

10 0 0.014

0.3 0.010

0.5 0.007

0.7 0.004

0.9 0.003

1.3 0

14 0 0.014

0.3 0.013

0.5 0.012

0.6 0.007

0.7 0.004

0.9 0

1.3 0

15 0 0.014

0.3 0.013

0.5 0.011

0.7 0.007

0.8 0.006

0.9 0.005

1.1 0.004

1.2 0

a Initial velocities were determined with FtsZ for each of the nine

compounds using a spectrophotometric coupled enzyme assay with

NADH (Fig. 5). Details are given in Section 4.5.

GTP              GDP + Pi

PEP + GDP             GTP + Pyruvate

Pyruvate + NADH + H+ Lactate + NAD+

FtsZ

PK

LDH

Figure 5. Spectrophotometric FtsZ enzymatic coupled assay. The

GDP product of FtsZ is used as substrate with phosphoenol pyruvate

(PEP) by the pyruvate kinase (PK) enzyme that gave GTP and pyruvic

acid. The pyruvic acid is used as substrate with NADH + H+ by the

lactate dehydrogenase (LDH) enzyme giving lactate and NAD+. The

NADH + H+ molecule can be detected at 340 nm but the final NAD+

product gave no absorbance at 340 nm.

Table 2. IC50 values and antibacterial activity for the nine FtsZ

inhibitors synthesizeda

Compound MW (g/mol) IC50 (mM) Antibacterialb (mm)

9 356 2 No inhibition

10 357 0.45 10

11 378 1.2 No inhibition

12 424 1.8 No inhibition

13 426 1.8 11

14 355 0.6 28

15 357 0.7 15

16 431 1.7 No inhibition

17 433 2.6 11

a Molecular weight (MW) are indicated along with the IC50 value for

each GTP analogue inhibiting the GTPase activity of FtsZ. The

activity was measured by a coupled enzyme spectrophotometric

assay.
b Antibacterial activity of the GAL compounds was evaluated by a

biological assay using S. aureus cells and the measurement of the

diameter of the zone of inhibition of growth.
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Figure 6. IC50 determination for the compound 14 inhibitor of the

GTPase activity of FtsZ. The residual activity of FtsZ was measured as

a function of the concentration of 14. The positive control used with

GDP showed a rapid decrease in absorbance at 340 nm indicating that

the coupled enzymatic assay was efficient. The negative control

performed without the FtsZ enzyme gave a stable absorbance at

340 nm in a time-dependent fashion. This demonstrated that the drop

of absorbance in the FtsZ assay was attributable to the FtsZ GTPase

activity.
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of FtsZ with significant IC50 values between 450 lM and
2.6 mM as given in Table 2. Each compound showed a
linear response between an increase in concentration
and a decrease of the GTPase activity. This correlation
is well represented by compound 14 in Figure 6. The
inhibition curves of all nine inhibitors displayed a sig-
moidal dose–response trend having variable slopes as
shown in Figure 6. GTP analogues included in control
reactions did not affect the PK and LDH enzyme reac-
tion rate (see Section 4.6 and in Fig. 5) used to measure
the release of GDP by FtsZ. The nine GTP analogues
thus specifically inhibited FtsZ.

2.6. Testing of synthesized compounds in a biological
assay

The antibacterial activity of GTP analogues was evalu-
ated with E. coli and S. aureus cells. Kanamycin used
as a control showed an inhibition of growth with a
diameter of 30 mm at 20 g/L for both species (Fig. 7).
None of the GAL compounds inhibited E. coli growth.
Among the nine synthesized compounds, 5 inhibited S.
aureus growth (Fig. 7 and Table 2). Compounds 14
and 15 showed the most promising antibacterial activity
with inhibition of growth having a diameter of 28 and
15 mm, respectively, at 20 g/L. Compounds 10, 13, and
17 presented a moderate antibacterial activity at 20 g/ L
(Fig. 7 and Table 2).
3. Discussion

In the last few years, there has been growing interest in
identifying new antibacterial targets using essential pro-
teins implicated in cell growth and division.17 Until
recently, bacterial cell division proteins such as FtsZ



Figure 7. Agar diffusion assay showing inhibition of growth of

S. aureus by GAL compounds.
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had not been used as targets and no pharmacologically
active inhibitors of division proteins identified. We tar-
geted the most conserved and essential cell division pro-
tein FtsZ which polymerizes as a ring to allow septation
of daughter cells via an essential GTPase activity.4,6 The
GTPase activity of FtsZ was confirmed.7 It has previ-
ously been shown that FtsZ binds GTP.18 Here, we dem-
onstrated the strong binding affinity and specificity of
FtsZ for the GTP substrate.

Since FtsZ specifically binds and hydrolyzes GTP via an
essential activity, we developed active inhibitors mimick-
ing the natural GTP substrate.6,19 To optimize the
specificity of inhibitors for FtsZ and restrict their
interference in eukaryotic cells, we have synthesized a
core structure composed of a guanine-like moiety linked
to an Ala side chain. We argued that the guanyl group
will form a bond in the FtsZ active site. Synthesized
compounds will thus either compete with the natural
substrate as competitive inhibitors or block the GTP
binding to FtsZ by restricting access to the active site
and act as irreversible inhibitors.

The core structure was quite tedious to obtain on a large
scale. We optimized the method described by Pansare
and we used the more reactive 2-amino-6-chloropurine
instead of a guanine surpassing the yield of other meth-
ods.20–22,15,16 Concerning the preparation of the b-lac-
tone, the optimized Mitsunobu reaction allowed the
synthesis of 2 in good yields only when working on a
small scale; whereas it was previously reported as 72%
in yield when starting from 5 g of (Boc)-LL-Ser.13,14 Sev-
eral attempts for preparing the b-lactone and using 5 g
of (Boc)-LL-Ser as described previously gave poor yields
which could be due to variations in the quality of
(Boc)-LL-Ser preparations used.
The diversity of compounds in our focus library was cre-
ated by substituting the core structure at the N- and C-
terminal positions. The oxime resin was used as the most
convenient solid support for our parallel synthesis
strategy in comparison to other support such as the
Merrifield resin.12,23,24 This strategy is most efficient in
Boc, permits gentle cleavage with nucleophiles, and
eventually permits incorporation of a C-terminal amino
group in a single step. A vast majority of the chemical
groups in R1 used to modify the N-terminal functional-
ity were aromatics as many known antibiotics possess an
aromatic group. We also minimized the bulk of the R2

group so as to presumably facilitate the binding in the
FtsZ GTP active site.

Various methods have already been used to evaluate the
biological activity of FtsZ. The FtsZ GTPase activity
was quantified via hydrolysis of radioactive GTP sub-
strate.6,25 The FtsZ activity was also quantified by mea-
suring the release of inorganic phosphate or by assessing
protein polymerization.26–28 These methods required
high amounts of FtsZ except for radioactive assays.
The spectrophotometric assay permitted to follow in
real time the GTPase reaction in comparison to other
assays where only end-point data are obtained. Our as-
say is also less time-consuming, cost-effective, highly
reproducible, and could be well adapted to a HTS
screening in microtiter plates.

The GAL core structure of analogues was efficient in
mimicking GTP and impairing the FtsZ activity. First,
we determined their initial velocity (Table 1) and used
these data to calculate IC50 values which were in the
lM range (Table 2). The most active compounds were
10, 14, and 15. The three best FtsZ inhibitors showed
an antibacterial activity against S. aureus. Compound
14 is the most promising structure giving the best anti-
bacterial activity and an IC50 value of 600 lM. As
shown in Figure 4, the sole difference between com-
pounds 14 and 15 is the presence of a double bond at
the C-terminus of 14. We will focus efforts to pursue
characterization of 14 and its chemical structure will
constitute the basic core structure for synthesis of more
potent FtsZ inhibitors.29–31

FtsZ shares a highly conserved central core structure
with tubulin.32,33 However, FtsZ has a N-terminal
extension absent in tubulin, while tubulin subunits dis-
play two long C-terminal a-helices absent in FtsZ.34 Sev-
eral tubulin inhibitors are presently used in cancer
treatment, but are not very effective against FtsZ.35,36

To date, few FtsZ inhibitors have been identified.25,37–42

The Zantrin compounds perturb the FtsZ ring assembly
causing lethality to a variety of bacteria in broth cul-
tures, indicating that FtsZ antagonists may serve as
chemical leads for the development of new broad-spec-
trum antibacterial agents.43 The antibacterial activity
of GAL compounds may be similar to Zantrins and
could be attributable to inhibition of the Z-ring
polymerization dependent on the FtsZ GTPase activi-
ty.43 The viriditoxin product from Aspergillus sp.
MF6890 blocked FtsZ polymerization with an IC50 of
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8.2 lg/mL and inhibited GTPase activity with an IC50 of
7.0 lg/mL.41 The antibacterial action of viriditoxin via
inhibition of FtsZ was confirmed by the observation of
its effects on cell morphology, macromolecular synthe-
sis, DNA-damage response, and increased minimum
inhibitory concentration as a result of an increase in
FtsZ expression. Viriditoxin exhibited broad-spectrum
antibacterial activity against clinically relevant Gram-
positive pathogens, including methicillin-resistant S.
aureus and vancomycin-resistant Enterococci, without
affecting the viability of eukaryotic cells.41 The sole
GTP analogue identified as an FtsZ inhibitor did not
have antibacterial activity.44 The 8-bromoguanosine 5 0-
triphosphate acts as a competitive inhibitor of both FtsZ
polymerization and GTPase activity with a Ki of
31.8 lM. The observation that this GTP analogue did
not inhibit tubulin assembly suggested a structural dif-
ference of the GTP-binding pockets of FtsZ and tubu-
lin.44 Structures of the published FtsZ inhibitors could
be exploited to enhance the inhibitory potential of com-
pound 14.40,43

To our knowledge, this is the first report describing GTP
analogues having promising inhibitory properties of the
GTPase activity of FtsZ and validated antimicrobial
properties against whole bacterial cells. The synthesis
of derivatives of these compounds is a promising avenue
in investigating the structure–activity relationships for
the design of efficient and specific inhibitors of bacterial
cell division and we are currently working along these
lines.
4. Experimental

4.1. Reagents, solvents, and bacterial strains

Amino acids were purchased from Advanced ChemTech
(Louisville, Kentucky, USA) and all other reagents were
purchased from Sigma–Aldrich (Oakville, Ontario, Can-
ada) unless otherwise indicated. The reagents and sol-
vents were treated as follows: dichloromethane (DCM)
was distilled; dimethylformamide (DMF) was degassed
using nitrogen; water was deionized and filtered using
a 0.45 lm membrane; tetrahydrofuran (THF) was dis-
tilled over Na and benzophenone; n-propylamine was
distilled over KOH. Other reagents and solvents were
used directly; methanol ACS grade (EM Science,
VWR International, Mont-Royal, Québec, Canada);
acetonitrile spectroscopic quality (Laboratoire MAT,
Beauport, Québec, Canada); diethyl ether ACS grade
(BDH, VWR International); chloroform spectroscopic
quality. The recombinant plasmid containing the ftsZ
gene was propagated in E. coli NovaBlue, endA1 hsdR17
rK12

� mK12
þ supE44 thi-1 recA1 gyrA96 relA1 lac [F 0

proA+B+ laclq ZD M15::Tn10] prior to protein synthesis
in E. coli BL21, F� ompT hsdSB rB

� mB
� gal dcm

(kDE3) (Novagen, Madison, WI, USA).

4.2. Purification of biologically active FtsZ enzyme

Polymerase chain reaction (PCR) amplification was
used to obtain DNA fragments encoding P. aeruginosa
PAO1 ftsZ gene. The construction fused a His-tag at
the C-terminus of the FtsZ protein. The ftsZ PCR prod-
uct was cloned into the expression vector pET24b
(Novagen) as described previously.45 The recombinant
plasmid pMON2020 containing the ftsZ gene was main-
tained in E. coli NovaBlue prior to protein expression in
E. coli BL21.45 Expression of the recombinant FtsZ pro-
tein was performed by adding 1 mM IPTG at an OD
600 nm of 0.8 during the exponential phase of growth.
The E. coli BL21 culture was then incubated for 4 h at
37 �C under agitation. Cells were centrifuged and the
bacterial pellet was treated with lysozyme and soni-
cated.45 FtsZ was purified to homogeneity by affinity
chromatography using a His-bind nickel resin (Nova-
gen) with 150 mM imidazole during elution. Purified
FtsZ was dialyzed in buffer (20 mM Tris–HCl, pH 7.6,
10 mM NaCl, and 1 mM EDTA) and conserved in
50% (v/v) glycerol at �80 �C.46 Purified FtsZ was visual-
ized on SDS–PAGE and the protein concentration was
determined using the Bradford method (Bio-Rad, Miss-
issauga, Ontario, Canada). N-terminal sequencing was
done by the Edman degradation technique at the Bio-
technology Research Institute (National Research of
Council Canada, Montreal, Québec, Canada).45

4.3. Biochemical characterization of FtsZ

An UV cross-link specific nucleotide-binding assay was
performed with purified FtsZ and with the radioactive
nucleotides ATP, GTP, CTP, and TTP.47 Briefly, 3 lg
of purified FtsZ was mixed with each of the four P32-la-
beled nucleotides (Perkin-Elmer, Woodbridge, Ontario,
Canada). The samples were incubated for 30 min at
0 �C and irradiated for 10 min at 254 nm in a microtiter
plate on top of a chilled lead brick in iced water. The
samples were purified prior to analysis by SDS–PAGE
and visualized by autoradiography. The GTPase activity
of purified FtsZ was confirmed using a thin-layer chro-
matography (TLC) assay with P32-labeled GTP as sub-
strate. The FtsZ GTPase assay was performed using
12 lM FtsZ in reaction buffer Z (50 mM Bis-Tris pro-
pane, pH 7.4, 10 mM MgCl2 and 2.5 mM DTT) and
1 lL of GTP32 10 lCi/lL (Perkin-Elmer) in a final vol-
ume of 20 lL.25 The mixture was incubated for 1 h at
37 �C and 2 lL was deposited on a TLC along with a
negative control (without enzyme). Hydrolysis of the
radioactive substrate was measured by autoradiography
using a Phosphorimager (Fuji, Stanford, California,
USA).

4.4. Synthesis of the GTP analogue library using combi-
natorial chemistry

4.4.1. Synthesis of the b-lactone 2 from (Boc)-LL-Ser. The
general strategy was from Pansare et al.21 The method
was optimized on a small scale and the reaction was
repeated to accumulate the desired amount of (Boc)-LL-
Ser b-lactone 2. In a typical experiment (1 g, 4.87 mmol)
(Boc)-LL-Ser (1 g, 4.87 mmol) was dissolved in 5 mL of
anhydrous THF and the solution was introduced in an
addition funnel on a 100 mL 3-necked flask. Triphenyl-
phosphine (1.28 g, 4.87 mmol) was added to the reaction
mix and the assembly was kept under inert atmosphere.
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Twenty-five microliters of anhydrous THF was added to
dissolve triphenylphosphine and the solution was cooled
down to �78 �C using a dry ice-acetone bath. When the
temperature was stable, DEAD (0.77 mL, 4.87 mmol)
was added dropwise over a period of 10 min at constant
temperature. The (Boc)-LL-Ser solution was then added
dropwise over a period of 15 min. After an agitation
period of 20 min at �78 �C, the temperature was slowly
raised to room temperature. The mixture was stirred for
2.5 h and the solvent was evaporated to precipitate the
triphenylphosphine oxide. A column chromatography
was performed to purify the (Boc)-LL-Ser-b-lactone prod-
uct using silica gel as adsorbent and a hexane/AcOEt
65:35 at elution.

4.4.2. Ser b-lactone (2). HPLC: Rt = 10.9 min. 1H NMR
(300 MHz, DMSO-d6) d: 1.41 (s, 9H, t-butyl), 4.29 and
4.41 (7 lines, 2H, JAB = 4.5 Hz, CH2), 5.14 (m, 1H,
CHa), 7.81 (d, 1H, NH, 8.0 Hz). 13C NMR (75 MHz,
DMSO-d6) d: 28.1 (CH3 t-butyl), 58.8 (CH2), 65.8
(CHa), 79.3 (C t-butyl), 154.7 (C@O t-butyl), 170.6
(C@O). Yield: 87.7%; purity >99%.

4.4.3. Opening of the b-lactone 2 and formation of N-
(Boc)-(2-amino-6-chloropuryl)-LL-Ala (4). (Boc)-LL-Ser-b-
lactone (1.4 g, 7.5 mmol) and 2-amino-6-chloropurine
(1.9 g, 11.2 mmol, 1.5 equiv) were dissolved in 20 mL
of anhydrous DMF. Cesium carbonate (3.66 g,
11.2 mmol) was added and the solution was heated to
reflux during 3 h. The solution was cooled and water
was added to stop the reaction. The pH was adjusted
to 5 and 6 extractions were done using 20 mL of ethyl
acetate with moderate agitation. The organic phase
was dried with anhydrous MgSO4, filtered, evaporated,
and kept under vacuum.

4.4.4. N-(Boc)-(2-amino-6-chloropuryl)-LL-Ala (4). HPLC:
Rt = 10.66 min. MS (MALDI-TOF): m/z
357.1 = (M+H)+. 1H NMR (300 MHz, DMSO-d6) d:
1.30 (s, 9H, t-butyl), 4.24 (m, 1H, CHa), 4.44 (m, 2H,
CH2), 6.97 (s, 2H, NH2), 7.31, (d, 1H, J = 8 Hz NH),
7.95, (s, 1H, CH@N), 13.01 (m, 1H, COOH) 13C
NMR (75 MHz, DMSO-d6) d: 28.02 (CH3 t-butyl),
43.49 (CH2), 52.44 (CHa), 78.59 (C t-butyl), 123.29
(C1–C@N), 143.44 (CH@N), 149.32 (NH2–C@N),
154.16 (C@C), 155.26 (C@C), 159.83 (C@O t-butyl),
171.24 (COOH).Yield: 63.7%; purity >96%.

4.4.5. Preparation of the oxime resin. To obtain the de-
sired oxime resin, polystyrene beads reticulated with
divinylbenzene were treated with p-nitrobenzoyl chlo-
ride following the Friedel-Crafts conditions.23,24 Once
the acylation of the polystyrene was completed, hydrox-
ylamine gave a reaction with the ketone to yield the
oxime groups. After several washes, the oxime resin
was composed of 1% divinylbenzene crosslinked poly-
styrene with randomly grafted p-nitrobenzoyloxime
groups.

4.4.6. Coupling of the GAL core molecule 4 on oxime
resin. Oxime resin (5 g) with a loading of 0.5 mmol/g was
introduced into a solid-phase synthesis vessel with a sin-
tered glass extremity and a Teflon cap. The resin was
swollen with 100 mL DCM and washed twice with
100 mL of this solvent. N-(Boc)-(2-amino-6-chloropu-
ryl)-LL-Ala 4 (3.66 g, 11.2 mmol) was dissolved in
80 mL of a DCM/DMF 1:1 mixture and the solution
was cooled to 0 �C. 1.26 mL of diisopropylcarbodiimide
(DIC) (10.0 mmol; 4.0 equiv) was added and the suspen-
sion was shaken for 30 min. The resulting suspension
was poured into the reaction vessel containing the oxime
resin. The resulting mixture was shaken during 24 h, and
its content was filtered by suction. The resin coupled
with N-(Boc)-(2-amino-6-chloropuryl)-LL-Ala was
washed 3 times with 100 mL of DMF and 3 times with
100 mL of methanol. Washing steps were repeated and
the resin was dried under vacuum.

4.4.7. Acetylation of non-substituted sites on the oxime
resin. The non-substituted sites were blocked by acetyla-
tion as described in the literature.48 Briefly, the resin was
washed with DMF and an acetic anhydride/DMF 1:1
mixture was added to the vessel followed by DIEA.
After 2 h of shaking, the content was filtered and the res-
in was washed with DMF, with methanol and then dried
under vacuum. In this specific case, the concentration of
resin to be loaded cannot be determined by the Kaser’s
quantitative colorimetric ninhydrin test because of the
guanine moiety.49 We pursued the synthesis assuming
a substitution level of 0.4 mmol/g of dried resin.

4.4.8. Deprotection of the n-Boc group of GAL core
molecule. Resin 5 was swollen with 100 mL DCM and
washed twice with 100 mL of this solvent. Eighty micro-
liters of a 2,2,2-trifluoroacetic/DCM 1:1 mixture was
added and the mixture was shaken mechanically for
30 min. The vessel content was filtered by suction,
washed with DMF and with methanol as mentioned
above, and dried under vacuum.

4.4.9. Modification of the N-terminal of GAL core
molecule (R1). The resin (500 mg, 0.20 mmol) was swol-
len with 10 mL DMF and washed twice with this sol-
vent. An excess of 1 mmol (5 equiv) of the desired R1

group was added to the resin solution with 5 mL
DCM and shaken for 2 h. The R1 group was obtained
from carboxylic acids, acid chlorides, isocyanates or sul-
fonyl chlorides. In the case of the carboxylic acids, it was
activated with DIC and hydroxybenzotriazole (HOBt).
To do so, 1 mmol (5 equiv) of the carboxylic acid was
dissolved in 8 mL of a DCM/DMF 1:1 mixture and
the solution was cooled to 0 �C. One hundred and fif-
ty-seven microliters of DIC (1 mmol; 5 equiv) was add-
ed and the solution was shaken for 5 min. One hundred
and thirty-five micrograms of HOBt–H2O (1 mmol and
5 equiv) was added and the whole mixture was shaken
for 30 min. The suspension was introduced into the ves-
sel, 52 lL DIEA (0.3 mmol; 1.5 equiv) was added, and
the content was shaken for 2 h. For each R1 group,
the ampoule content was filtered by suction, washed
with DMF and methanol as described previously, and
dried under vacuum. For N-terminal modifications with
acid chlorides, isocyanates or sulfonyl chlorides, the
deprotected resin was swollen and washed with DMF.
The acid solution of the desired reagent (5 equiv) in
DCM was added to the resin, followed by addition of
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52 lL DIEA. After 2 h of shaking, the reaction mixtures
were filtered, washed with a cycle of DMF and metha-
nol, and then dried under vacuum to yield the appropri-
ate N-modified compounds linked to the resin.

4.4.10. Cleavage and modification of the C-terminal (R2).
The cleavages were performed using three nucleophiles:
sodium hydroxide, n-propylamine or allylamine.50 The
sodium hydroxide cleavage was done by first swelling
the resin with 20 mL THF and washing it twice with
20 mL of this solvent. Thirty microliters of a THF solu-
tion containing 10% of 0.1 N NaOH was introduced
into the reaction vessel and the resulting mixture shaken
for 4 h. The vessel content was filtered by suction and
washed 3 times with 30 mL DCM and 30 mL of metha-
nol. This step was repeated and the solvents and wash-
ings were combined and evaporated under vacuum.
The dried crude product was dissolved in glacial acetic
acid and lyophilized. The n-propylamine cleavage was
done by treating the swollen resin in DCM with 20 lL
(1 equiv) of n-propylamine and 30 mL DCM. The
resulting mixture was shaken for 1 h.50 The vessel
content was then recovered and the resin treated as
described for the sodium hydroxide cleavage. The
allylamine cleavages were performed as with n-
propylamine.

4.4.11. Synthesis of the specific compounds in library.
Each molecule under investigation was synthesized in a
parallel fashion using the general method described
previously.

4.4.12. N-Phenylacetyl-(2-amino-6-chloropuryl)-LL-Ala
(9). HPLC: Rt = 9.5 min. MS (API-ES): m/z
373.2 = M+. 1H NMR (300 MHz, DMSO-d6): 3.65 (s,
2H, CH2), 4.37 (m, 1H, CHa), 4.63 (d, 1H, J = 4.0 Hz,
CH2 ala), 4.71 (d, 1H, J = 4.2 Hz, CH2 ala), 7.06–7.31
(m, 5H, Harom), 8.51 (s, 1H, N–CH@N). Yield: 61%;
purity >95%.

4.4.13. N-Phenylcarbamoyl-(2-amino-6-chloropuryl)-LL-
Ala (10). HPLC: Rt = 5.4 min. MS (API-ES): m/z
374 = M+. 1H NMR (300 MHz, DMSO-d6): 4.24 (m,
1H, CHa), 4.51 (m, 2H, CH2 ala), 6.61 (d, 1H,
J = 5.25 Hz, NHa), 6.72 (s, 1H, NH–C6H5), 7.16–7.49
(m, 5H, Harom), 8.08 (s, 1H, N–CH@N).Yield: 84%;
purity >95%.

4.4.14. N-Benzenesulfonyl-(2-amino-6-chloropuryl)-LL-Ala
(11). HPLC: Rt = 10.3 min. MS (API-ES): m/z
395 = M+. 1H NMR (300 MHz, DMSO-d6): 4.33 (m,
1H, CHa), 4.52 (m, H, CH2), 6.86 (d, 1H, J = 10.6
Hz, NH), 7.24–7.98 (m, 5H, Harom), 8.08 (s, 1H,
N–CH@N). Yield 43%; purity >96%.

4.4.15. Allyl amide of N-(R)-(+)-a-methylbenzylcarba-
moyl-(2-amino-6-chloropuryl)-LL-Ala (12). HPLC: Rt =
13.7 min. MS (API-ES): m/z 443 = (M+H)+. 1H NMR
(300 MHz, DMSO-d6): 1.31 (m, 2H, CH2@CH–CH2),
1.24 (d, 3H, J = 7.3 Hz, CH–CH3), 3.64 (m, 1H, CH–
CH3), 5.05 (m, 1H, CHa), 5.28 (m, 2H, CH2 ala), 5.82
(m, 2H, CH2@CH–CH2), 5.94 (m, 1H, CH2@CH–
CH2), 7.30 (m, 5H, Harom), 7.95 (s, 1H, N–CH@N).
Yield 23%; purity >96%.

4.4.16. n-Propyl amide of N-(R)-(+)-a-methylbenzylcar-
bamoyl-(2-amino-6-chloropuryl)-LL-Ala (13). HPLC:
Rt = 15.1 min. MS (API-ES): m/z 443 = M+. 1H NMR
(300 MHz, DMSO-d6): 0.92 (t, 3H, J = 7.7 Hz, CH3–
CH2–CH2), 1.39 (m, 2H, CH3–CH2–CH2), 2.05 (d, 3H,
J = 7.5 Hz, CH3–CH), 2.75 (m, 2H, CH3–CH2–CH2),
2.98 (q, 1H, J = 6.1 Hz, CH3–CH), 3.65 (m, 2H, CH2

ala), 3.80 (m, 1H, CHa), 7.34 (m, 5H, Harom). Yield:
24%; purity >96%.

4.4.17. Allyl amide of N-methanesulfonyl-(2-amino-6-
chloropuryl)-LL-Ala (14). HPLC: Rt = 4.7 min. MS
(API-ES): m/z 374 = (M+H)+. 1H NMR (300 MHz,
DMSO-d6): 128 (m, 2H, CH2–CH@CH2), 2.31 (s, 3H,
CH3), 3.70 (m, 2H, CH2 ala), 5.02 (m, 1H, CHa), 5.41
(d, 2H, CH2@CH), 5.89 (m, 1H, CH2@CH), 7.93 (s,
1H, N–CH@H). Yield: 34%; purity >96%.

4.4.18. n-Propyl amide of N-methanesulfonyl-(2-amino-6-
chloropuryl)-LL-Ala (15). HPLC: Rt = 13.7 min. MS
(API-ES): m/z 374 = M+. 1H NMR (300 MHz,
DMSO-d6): 0.89 (t, 3H, J = 7.5 Hz, CH3–CH2–CH2),
1.40 (m, 2H, CH3–CH2–CH2), 1.58 (m, 2H, CH3–CH2-
CH2), 2.32 (s, 3H, CH3–SO2), 3.00 (m, 2H, CH–CH2),
3.84 (m, 1H, CHa), 6.93 (m, 1H, NHa), 7.87 (s, 1H,
N–CH@N). Yield: 38%; purity >95%.

4.4.19. Allyl amide of N-p-toluenesulfonyl-(2-amino-6-
chloropuryl)-LL-Ala (16). HPLC: Rt = 13.7 min. MS
(API-ES): m/z 448 = M+. 1H NMR (300 MHz,
DMSO-d6): 1.28 (m, 2H, CH2@CH–CH2), 2.30 (s, 3H,
CH3–C6H4), 3.47 (d, 2H, J = 5.9 Hz, CH2 ala), 5.03
(m, 1H, CHa), 5.34 (d, 2H, J = 11.3 Hz, CH2@CH),
5.87 (m, 1H, CH2@CH), 7.12 (d, 2H, J = 7.9 Hz, Harom

H2, H6), 7.48 (d, 2H, J = 8.0 Hz, Harom H3, H5), 7.99 (s,
1H, N–CH@N). Yield: 23%; purity, 95%.

4.4.20. n-Propyl amide of N-p-toluenesulfonyl-(2-amino-
6-chloropuryl)-LL-Ala (17). HPLC: Rt = 14.0 min. MS
(API-ES): m/z 450 = M+. 1H NMR (300 MHz,
DMSO-d6): 0.92 (t, 3H, J = 7.5 Hz, CH3–CH2–CH2),
1.54 (m, 2H, CH3–CH2–CH2), 2.30 (s, 3H, CH3–
C6H4), 2.75 (t, 2H, J = 7.5 Hz, CH3–CH2-CH2), 3.00
(m, 2H, CH2 ala), 7.12 (d, 2H, J = 7.8 Hz, Harom H2,
H6), 7.48 (d, 2H, J = 7.9 Hz, Harom H3, H5), 7.68 (m,
3H, N–CH@N + NH2(2-amino-6-chloropuryl)). Yield: 25%;
purity, >96%.

4.4.21. Analysis of synthesized molecules by mass
spectrometry and NMR. Analysis of aliquots was first
performed on a LC/MS system (Agilent Technologies,
model HP 1100 LC-MSD) with an atmospheric pressure
electrospray ionization (API-ES) and a quadrupole
mass spectrometer detector (MSD).48 Briefly, the
separation was done using a C5 reversed-phase column
0.46 · 25 cm (Phenomenex, Torrance, CA, USA) at
room temperature. The flow rate was 0.5 mL/min and
the injection volume was 10 lL. A linear gradient from
a 10:90 to 100:0 ACN–water (with 0.1% of TFA) was
used over 45 min. Mass spectrometry detection was
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performed with the ESI set at Vcap = 4500 V, nebulizing
gas pressure = 35 psi, drying gas flow rate = 13 L/min,
drying gas temperature = 350 �C with the quadrupole
scanning from 50 to 500 m/z every 1.03 s with a step
size of 0.15 amu. The 1H NMR experiments were
done on a Bruker AC-F-300 MHz spectrometer using
standard software. All measurements were made at
25 �C on a 5 mg sample dissolved in 0.6 mL DMSO-
d6. The residual proton resonance of DMSO was used
as an internal reference at 2.5 ppm for 1H NMR
spectra.

4.5. Screening assay for FtsZ inhibitors

A spectrophotometric coupled enzymatic assay was
developed to measure the FtsZ activity. The GTPase
enzymatic reaction was quantified by monitoring the
oxidation of NADH as a decrease in absorbance at
340 nm. FtsZ hydrolyzed GTP into GDP and inorganic
phosphate. The GDP product is used as substrate with
phosphoenol pyruvate (PEP) by the pyruvate kinase
(PK) enzyme to give GTP and pyruvic acid as products.
The pyruvic acid is then used as substrate with
NADH + H+ by the DD(�)lactate dehydrogenase
(LDH) enzyme giving lactate and NAD+. The
NADH + H+ molecule could be detected at 340 nm
but the final NAD+ product gave no absorbance. The
decrease in NADH + H+ absorbance at 340 nm follows
proportionally the FtsZ GTPase enzymatic activity
(Fig. 5). This coupled enzymatic assay was optimized
for specificity and for several parameters including reac-
tion buffer, FtsZ, GTP, DTT, and DMSO. The assay
contained 50 mM Bis–Tris Propane (pH 7.4), 3.5 lM
of purified FtsZ, 5 mM GTP, 5 mM MgCl2, 2.5 mM
DTT, 2 mM of phosphoenolpyruvate, 1.4 U of PK en-
zyme (Roche Diagnostics, Québec, Canada, EC:
2.1.7.40, 200 U/mg), 380 lM NADH, 2.1 U of LDH en-
zyme from Lactobacillus leichmannii (Roche Diagnos-
tics, EC: 1.1.1.28, 300 U/mg), and 25% DMSO
(Laboratoire MAT). The reaction was performed in a
100 lL volume using a Submicro Cell (Varian, Mississa-
uga, Ontario, Canada). The optical density was moni-
tored at 340 nm for a period of 15 min at room
temperature with a Cary spectrophotometer (Varian).
The FtsZ enzyme kinetics were determined from the lin-
ear portion of the curve using the least-squares calcula-
tion as described.51 A negative control was performed
without the FtsZ enzyme and a positive control was
done using 0.5 mM GDP and without FtsZ.

4.6. Inhibition assays of FtsZ and IC50 determination

Each synthesized compound was dissolved in 100%
DMSO at 0.1 g/L, the pH was adjusted to 7, and the
buffered solution was kept at �20 �C. Inhibition of the
FtsZ GTPase activity was determined using various con-
centrations of each GAL compound. The final DMSO
concentration was adjusted to 25%. Reaction mixtures
without FtsZ were incubated at 37 �C for 10 min and
the FtsZ enzyme was added. The velocity of FtsZ
GTPase activity was determined with each compound
at various concentrations as described in Section 4.5.
The percentage of GTPase residual activity was ob-
tained by comparing the enzyme velocity from each
compound concentration with the velocity obtained
with the wild-type FtsZ reaction. The compound con-
centrations required to inhibit 50% of the FtsZ GTPase
activity (IC50) were obtained by plotting the percentage
of residual GTPase activity.25 As controls, concentra-
tions of each compound leading to inhibition of GTPase
activity were analyzed using the coupled enzymatic as-
say. The inhibition of enzymes in the coupled assay
was evaluated by using 0.5 mM GDP without FtsZ.
The velocities of the PK and LDH enzymes were
determined for each compound and similar values were
obtained as for the wild-type enzyme.

4.7. Agar diffusion assay

Cultures of E. coli ATCC 25922 and S. aureus ATCC
25923 were grown in 10 mL of Mueller Hinton broth
(MHB, Becton Dickinson Microbiology Systems,
Sparks, Maryland, USA) overnight at 37 �C. The bacte-
rial cultures were diluted in MHB to obtain a McFar-
land standard turbidity of 0.5. Agar plates were
prepared by pouring 100 mL of Mueller Hinton Agar
(Becton–Dickinson Microbiology Systems) into
150 mm Petri dishes. Plates were dried for 30 min at
37 �C and wells were made in the agar with a sterile Pas-
teur pipette. Sterile cotton tip applicators were used to
uniformly inoculate the surface of agar plates with the
bacterial cultures. As control, 100 lL DMSO and
100 lL of a 20 g/L kanamycin solution were added to
wells. Each GAL compound was diluted in DMSO to
reach a 20 g/L concentration and 100 lL of each solu-
tion (2 mg) was added to wells. Plates were incubated
at 37 �C overnight without being inverted.
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