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It has long been suggested that the essential and ubiquitous enzyme fructose 1,6-bisphosphate (FBP) aldolase
could be a good drug target against bacteria and fungi, since lower organisms possess a metal-dependant
(Class II) FBP aldolase, as opposed to higher organisms which possess a Schiff-base forming (Class I) FBP al-
dolase. We have tested the capacity of derivatives of the metal-chelating compound dipicolinic acid (DPA), as
well a thiol-containing compound, to inhibit purified recombinant Class II FBP aldolases from Mycobacterium
tuberculosis, Pseudomonas aeruginosa, Bacillus cereus, Bacillus anthracis, and from the Rice Blast causative
agent Magnaporthe grisea. The aldolase from M. tuberculosis was the most sensitive to the metal-chelating
inhibitors, with an IC50 of 5.2 μM with 2,3-dimercaptopropanesulfonate (DMPS) and 28 μM with DPA.
DMPS and the synthesized inhibitor 6-(phosphonomethyl)picolinic acid inhibited the enzyme in a time-
dependent, competitive fashion, with second order rate constants of 273 and 270 M−1 s−1 respectively for
the binding of these compounds to the M. tuberculosis aldolase's active site in the presence of the substrate
FBP (KM 27.9 μM). The most potent first generation inhibitors were modeled into the active site of the
M. tuberculosis aldolase structure, with results indicating that the metal chelators tested cannot bind the cat-
alytic zinc in a bidentate fashion while it remains in its catalytic location, and that most enzyme-ligand inter-
actions involve the phosphate binding pocket residues.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Themetal-dependant Class II fructose 1,6-bisphosphate (FBP) aldol-
ase has been proposed to be a good antimicrobial target because it is
present in many plant and human pathogens, but not in animals or
plants [1]. FBP aldolases (E.C. 4.1.2.13) catalyze the reversible aldol con-
densation of dihydroxyacetonephosphate (DHAP) and glyceraldehyde
3-phosphate (GAP) in glycolysis, gluconeogenesis, and the Calvin
cycle. The Class I aldolase forms a Schiff base using an active site lysine
residue with the keto group of the substrate; whereas the Class II en-
zyme uses a divalent metal ion as an electron sink to stabilize the carb-
anion formed on the 3rd carbon of the substrate. Attempts to disrupt
the Class II FBP aldolase genes from Mycobacterium tuberculosis,
Escherichia coli, Streptomyces galbus, Bacillus subtilis, Pseudomonas
aeruginosa, Streptococcus pneumoniae, Saccharomyces cerevisiae, and
Candida albicans by insertion or deletionmutagenesis have been unsuc-
cessful, thereby suggesting that the Class II FBP aldolases are essential
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for the viability of these organisms [2–13]. The essential role of the
Class II FBP aldolase for the growth of M. tuberculosis on glucose or
gluconeogenic substrates in vitro has been confirmed recently by
knock-out experiments, with a clear demonstration that the chromo-
somal copy of the Class II FBP aldolase can be deleted only in the pres-
ence of a rescue copy of the gene in that organism [14]. The Class II
FBP aldolase from M. tuberculosis was shown to be strongly expressed
in the granulomatous lung tissues of infectedmice and guinea pigs [14].

The glycolysis/gluconeogenesis pathway, at the core of the central
metabolism of all cells, may therefore be a drug target. In this path-
way, we are targeting an essential metabolic enzyme, Class II FBP al-
dolase, which is not found in eukaryotic cells. We propose that the
blockage of this central pathway will inhibit the growth of the cell
by shutting down its core metabolism and all synthetic pathways
due to the accumulation of phosphorylated metabolites [15–17].
This will result in the inhibition of ribosomal RNA transcription and
effectively prevent ribosomes from being synthesized.

In this investigation, a series of commercially available and syn-
thetic compounds were screened to determine starting points for
the rational design of ligands for this class of enzyme. A few known
inhibitors of Class II aldolases, all derivatives of the reaction interme-
diate analogue phosphoglycolohydroxamic acid (PGH), have been
reported [1,18–21]. Unfortunately, it has been found that there are
significant side-effects associated with drugs bearing hydroxamic
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acid functions [22]. As a result, we have chosen to approach the dis-
covery of novel drug candidates that specifically inhibit the Class II al-
dolase over the mammalian Class I aldolase and that incorporate
other metal-binding moieties such as thiols and carboxylates. Ulti-
mately the synthesized compounds should be specific inhibitors of
the Class II enzymes and form a stable ternary complex with the en-
zyme and the active site zinc, instead of promoting the release of
the catalytic zinc ion (non-complexing inhibition).

Several derivatives of the metal chelator dipicolinic acid (DPA)
were synthesized and evaluated as FBP aldolase inhibitors. This com-
pound was chosen as the starting point for the synthesis of Class II
FBP aldolase inhibitors in part because it was observed to have anti-
fungal capabilities in our initial greenhouse tests (unpublished re-
sults). The antifungal and antibacterial capabilities of DPA were
recently confirmed by an independent team [23]. DPA was also cho-
sen as a starting point because it was shown to inhibit enzymes via
a formation of a ternary complex (enzyme-zinc-DPA). For example,
the removal of the zinc cofactor from bovine carbonic anhydrase
(BCA), which is coordinated by three His residues and located in a
deep narrow groove on the enzyme surface, was shown to occur
through the formation of a ternary complex with DPA [24]; whereas
the rate of the zinc removal from the enzyme by EDTA was shown
to be governed by the spontaneous dissociation rate of the zinc-
enzyme, with no evidence of ternary complex formation [25]. The in-
hibition of BCA by DPA was also found to be competitive with respect
to the substrate bicarbonate [26]. Our goal is to produce DPA deriva-
tives displaying improved competitive binding to the active site of
FBP aldolase with respect to the substrate FBP.

In order to maximize our chances of finding an effective inhibitor
against the microbial, metal-containing FBP aldolase (also called Class
II FBP aldolase), we decided to study the enzymes from several mi-
crobes, including both human and plant pathogens. In this report,
the results of studies of several commercial and newly synthesized
metal-binding compounds will be described in terms of their capacity
to inhibit the Class II FBP aldolases from human bacterial pathogens
M. tuberculosis, P. aeruginosa, B. cereus, B. anthracis, as well as from
the ascomycete fungus M. grisea, causative agent of rice blast. The
Class I FBP aldolase from rabbit muscle was used as a negative control
to assess the specificity of the compounds for the Class II enzymes.
The inhibition kinetics of the most potent compounds with the aldol-
ase from M. tuberculosis and the stability of the enzyme-inhibitor
complexes will be discussed. The crystallographic structure of the
M. tuberculosis Class II FBP aldolase was recently determined
with its substrates DHAP and G3P bound to the active site [5].
The compounds tested here were modeled into the structure of the
M. tuberculosis FBP aldolase. Suggestions as to how such inhibitors
might be modified to lead to improved potency are provided.

2. Materials and methods

2.1. Inhibition screens

All buffers and solutions were prepared with deionized Milli Q
water (Millipore, Bedford, MA). The rabbit muscle Class I aldolase
was purchased from Sigma-Aldrich (Mississauga, ON). The Class II
FBP aldolases were purified as described previously [27–29]. The syn-
thesis of the inhibitors is summarized in Scheme 1, and is described
in Appendix A (Supplementary material). The structure of each of
the synthetic inhibitors was established by 1H NMR (300 MHz), 13C
NMR (75 MHz), and mass spectrometry, and the purity of the com-
pounds was assessed to be greater than 95% by examination of the
1H NMR spectra (Appendix A).

The standard assay mixture (final volume 100 μL) contained the
FBP aldolase (0.003 to 0.020 U/mL), 0.3 mM NADH, 0.2 U/mL of rab-
bit muscle α-glycerophosphate dehydrogenase, 2.25 U/mL of rabbit
muscle triose phosphate isomerase, 0.2 mg/mL bovine serum
albumin (BSA), 100 mM potassium acetate, 5% v/v DMSO and
23.75 mM Hepes, pH 7.3. The molecules tested for inhibition (except
compound 1, shown in Scheme 1) were dissolved in 100% DMSO to
produce 100 mM stock solutions. The compound 1 was dissolved di-
rectly in 50 mM Hepes, pH 7.3 to produce a 50 mM stock solution.
EDTA was diluted in the Hepes buffer and tested in the same way
but without DMSO. Assays were performed at 28 °C in quadruplicate
in 96-well flat bottom polystyrene plates (Corning, NY). The reac-
tion was initiated by the addition of FBP and monitored at 340 nm
for 10 min on a 96-well plate reader (Spectramax 190, Molecular
Devices, Sunnyvale, CA). With each enzyme studied, the FBP con-
centration employed was at least 10 times its KM. The
concentration of inhibitor was varied depending on the amount of
inhibition recorded, but inhibitor concentrations of 20, 50, 75, 100,
200, 500, and 1000 μM were typically used to determine the IC50s.
The enzymes were pre-incubated with the inhibitor for 15 min in
the coupled assay mixture prior to the addition of the substrate
FBP. The compound 1 was freshly dissolved prior to the kinetic as-
says as it became less potent during long-term storage in solution.
DPA and racemic 2,3-dimercaptopropane-1-sulfonate (DMPS)
were purchased from Sigma-Aldrich (Mississauga, ON) and were
freshly diluted in buffer prior to the assays.

2.2. Second order rate constants determination

The M. tuberculosis aldolase was used for these assays. Four repli-
cates were done for each combination of substrate and inhibitor con-
centrations, and the reaction was monitored by absorbance readings
every six seconds for 10 min using a coupled assay. The assays were
started by addition of the enzyme to the substrate and inhibitor mix-
ture, without pre-incubation of the enzyme with the inhibitor. The
FBP concentrations used were 25, 40, 60, 80, 120, 200, and 500 μM.
The inhibitor concentrations were 20, 50, 100 and 500 μM of DMPS
and DPA; 20 and 50 μM of compound 1; 50 and 100 μM of compound
7, and 100 and 500 μM of EDTA. Eqs. (1) and (2) [30,31] presented
below were fitted to each progress curve by non-linear regression
using automatic outlier elimination (Rout coefficient Q set to 1% to
exclude outliers, with no weighting) to obtain the
apparent constants k or A using the GraphPad Prism software (Graph-
Pad Software Inc, La Jolla, CA). A secondary plot of the apparent con-
stant A multiplied by the inhibitor concentration versus the FBP
concentration was then performed to obtain the on-rate constant
kon for each inhibitor (Eq. (3)), again using non-linear regression
with GraphPad Prism as described above.

reversible inhibitionð Þ P½ �t ¼ vstþ v0–vsð Þ 1−e−kt
� �

=k ð1Þ

irreversible inhibitionð Þ P½ �t ¼ v0= I½ �Að Þ 1−e− I½ �At� �
ð2Þ

When t approaches infinity; Equation 2 becomes : P½ �∞ ¼ v0= I½ �Að Þ

competitive irreversible inhibitionð Þ A ¼ kon= 1þ S½ �=KMð Þ ð3Þ

where [P]t is the concentration of product formed at time t, v0 is the
initial velocity, vs is the end velocity, [I] is inhibitor concentration,
[S] is the concentration of substrate, KM is the Michaelis constant,
and kon is the second order rate constant for the binding of the com-
petitive inhibitor (Fig. 1). The description of the apparent constants k
and A depends on the type of inhibition (Competitive, Noncompeti-
tive or Uncompetitive). Note that the constant k in Eq. (1) is equiva-
lent to [I]A in Eq. (2).



Scheme 1. The reaction sequences used in the synthesis of inhibitors 1–7.
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2.3. Docking and molecular modeling

The inhibitors were docked into the active site of theM. tuberculosis
aldolase using AutoDock Vina [32]. The substrates, the Na+ ion, and the
water molecules were deleted from aM. tuberculosis aldolase structure
Fig. 1. Scheme of competitive reversible inhibition with associated rate constants.
previously published (PDB ID: 3EKZ) [5] before the file was uploaded
into AutoDockTools 1.5.4 [33] to calculate Gasteiger charges, merge
the non-polar hydrogens and to assign AD4 atom types. The Zn param-
eters were modified to a radius of 0.87 Angstroms and a charge of
+0.95e [34]. The dockings were done setting the enzyme (receptor)
as being rigid, and the inhibitors flexible, as calculated in the AutoDock
Tools quick setup option for ligands. The search was centered on
the catalytic zinc coordinates with a box of 15×15×15 Å. The docking
was done using the default search parameters of AutoDock Vina.

Inhibitors containing phosphonate groups were also minimized in
the M. tuberculosis monomer using the MMFF94 force field in Sybyl
X1.3 (Tripos, St. Louis, MO). The compounds were positioned approx-
imately in the space occupied by the substrates in the M. tuberculosis
aldolase structure (PDB ID: 3EKZ), the files were merged, the
substrates were deleted, and the whole enzyme-inhibitor complex
was minimized employing the anneal function within Sybyl X1.3. Be-
fore minimization, it was necessary to modify the crystallographic

image of Fig.�1
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structure so that the MMFF94 force field could assign proper atom
types. The surface bound (second) zinc ion was deleted and all formal
bonds to the metal ions (that were created automatically by the soft-
ware when the pdb file was imported) were deleted. Atom types
were modified to ensure that the lone pair electrons of the sp2- hy-
bridized nitrogen atoms on the imidazole rings could make contact
with the active site zinc ion. All water molecules in the pdb file
were retained as was the sodium ion in the phosphate binding pock-
et. Since the crystal structure lacks structural information about the
coordinates of certain stretches of amino acid residues, it was neces-
sary to “cap” the C-termini of incompletely defined parts of the struc-
ture as primary amides to avoid computational problems caused by
atoms with unspecified bonding arrangements. All hydrogen atoms
were added and the ionization states of the inhibitors were modified
before geometry optimization. In the case of DPA, both carboxylate
groups were adjusted to be in an ionized state. For compound 1, the
carboxylate group was assumed to be ionized and the phosphonic
acid group was assumed to be singly ionized such the anionic oxygen
atom was oriented towards the sodium ion. In the case of DMPS,
both the sulfonate group and the C-3 thiol group were adjusted to
be singly ionized. Prior to initiating the energy minimization, the
zinc ion, the sodium ion, manually docked inhibitor molecule, and
all amino acid residues within a 10 Å radius were chosen as the
“hot” region that was subjected to full geometry optimization. By de-
fault, an “interesting” region consisting of all amino acid residues
within 12 Å of the “hot” region was defined and allowed to influence
the geometry optimization in the “hot” region. A gradient conver-
gence criterion=0.05 kcal/mol*Å was employed to define geometry
optimization. In each case, this criterion was achieved in approxi-
mately 20,000 iterations.

The images of the docked and minimized compounds were pro-
duced using PyMOL (DeLano Scientific LLC).

3. Results

3.1. Inhibition screens

Several Class II FBP aldolases previously characterized in our
laboratory (those from M. tuberculosis, M. grisea, P. aeruginosa and
B. cereus) were used in this study, in order to cover most of the evo-
lutionary branches of the Class II aldolase phylogenetic tree [29].
The amino acid sequences of the FBP aldolases from B. anthracis
and B. cereus are identical, therefore the results obtained for the
B. cereus aldolase are applicable to the B. anthracis enzyme as well
(the B. cereus strain ATCC 10987 was used in this study [29], and its
Table 1
Summary of IC50 values for the inhibition of FBP aldolases with DPA derivatives.

Source
organism

KM (μM)
for FBPa

IC50 (μM) obtained for each compoundb

(95% confidence interval)

DPA 1 2

M. grisea 51±1 79 78 960
(74–84) (68–92) (880–1,050)

M. tuberculosis 27.9±0.9 28 57 650
(24–36) (54–62) (590–710)

B. cereus 450±10 150 78 1050
(130–170) (70–89) (950–1170)

P. aeruginosa 35±2 95 130 >1000
(81–120) (100–180)

Rabbit muscle 5.1 N/I N/I N/I

N/I: no inhibition.
–: not determined.

a Values taken from [29] and [42].
b A one phase decay equation was fitted to the data by non-linear regression, and the 95
c The inhibition is affected by pH. This compound was also tested at a higher pH with the

~500 μM in these conditions. The other compounds were not tested at different pH.
amino acid sequence is the same as that of the aldolase from
B. anthracis str. ‘Ames Ancestor’, whose structure was deposited in
the Protein Data Bank recently (PDB ID: 3Q94)). Several potential in-
hibitory compounds were tested, including DPA derivatives (com-
pounds 1–7) (Scheme 1), in order to facilitate rational ligand
design. The IC50 values of these inhibitors after 15 min of incubation
were determined with the recombinant Class II FBP aldolases from
the targeted microorganisms (Table 1). It is relevant to note that the
presence of metal in the assay was found to significantly decrease
the inhibitory capacity of the compounds, as less than 30% inhibition
was observed after 15 min of incubation with 1 mM DPA or com-
pound 1 for the P. aeruginosa aldolase in the presence of 0.7 mM
CoCl2, whereas the IC50 values in the absence of metal were 200 μM
or less. An experiment was also performed to determine if the inhibi-
tion was reversible upon simple dilution in the assay mixture. The
concentrated enzyme (100× compared to the assay concentration,
or ~0.8 μM of M. tuberculosis aldolase) was incubated with 1 mM of
the inhibitors EDTA and DPA, or 250 μM of compound 1 for 15 min,
in the presence of 5% v/v DMSO. The enzyme was only ~60% inhibited
by the compound 1 in these conditions. The aldolase was in contrast
100% inhibited by the pre-incubation with 1 mM EDTA and DPA
under these conditions. The enzyme and inhibitor mixture was then
diluted in the assay such that the inhibitor concentration was 10 μM
(or 2.5 μM for compound 1), and the reaction was immediately
started by addition of FBP at a final concentration of 200 μM. The M.
tuberculosis aldolase recovered its full activity in all cases but with
DPA, where only ~5% of the activity was recovered.

According to the data presented in Table 1, the compounds tested
appear to be generally no better than EDTA at inhibiting the Class II
aldolases. However, these results were obtained after 15 min of pre-
incubation in the absence of the substrate FBP. While performing
similar experiments without pre-incubation with the inhibitory com-
pounds, it was observed that the compounds were much less effective
inhibitors when the substrate was present, pointing to a competitive
mechanism. Some inhibitors were therefore assayed by varying
both inhibitor and substrate concentration with and without the
15 min of pre-incubation of the enzyme with the inhibitor. However,
the analysis showed that the competitive, uncompetitive, or mixed
inhibition models did not fit the resulting data (Figure B1). The
compounds in fact exhibited a time-dependent pattern of inhibition
of the FBP cleavage reaction (see progress curves in the presence of
various compounds in Fig. 2). In spite of being reversible upon simple
dilution as described above, the inhibition did not appear reversible
under the coupled assay conditions, as the reverse reaction was too
slow to be detected. However the enzyme could be reactivated
3 4 5 6 EDTA

1370 540 430 740 53
(1320–1420) (480–630) (400–470) (710–770) (45–66)
560 190 110c 81 48
(520–600) (160–230) (91–140) (61–120) (44–53)
1100 N/I 170 740 8
(990–1250) (150–180) (690–790) (7–11)
>1500 >1000 270 240 41

(230–340) (200–300) (37–45)
– N/I 680 N/I N/I

(620–740)

% confidence interval for each IC50 value is indicated in brackets.
M. tuberculosis aldolase (assay at pH 8.0 instead of pH 7.3), and the IC50 was found to be



Fig. 2. Progress curves of FBP cleavage by M. tuberculosis Class II aldolase in the pres-
ence of different metal-chelating inhibitors. 3 nM of enzyme was used to start the re-
action in the presence of 500 μM FBP and the following compounds: A) negative
control (BSA, 3 μM); B) EDTA (5 mM); C) DMPS (500 μM); D) DPA (500 μM); and E)
compound 7 (500 μM). After subtracting the background NADH oxidation from the
data, the enzyme was calculated to be completely inactivated by the metal-chelating
compounds after 20 min.

Fig. 3. Variation of the apparent rate of inhibition in function of the substrate concen-
tration: Tsou's test for competitive irreversible inhibition. The apparent constant A was
obtained by fitting Eq. (2) using non-linear regression to the progress curves obtained
with the M. tuberculosis aldolase, in the presence of various concentrations of FBP and
different inhibitors: panel A) 500 μM compound 1 (◊); 100 μM DMPS (□); 100 μM
compound 7 (Δ); panel B) 500 μM EDTA (○); panel C) 500 μM DPA (○). Each point
represents the average value of 4 replicate assays. Straight lines indicate that the inhi-
bition is competitive with respect to the substrate FBP.
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upon the addition of zinc to the assay mixture (Figure B2). The inhi-
bition experiments were subsequently performed in the presence of
substrate (no pre-incubation) and analyzed using a time-dependent
inhibition model.

3.2. Inhibition mechanism determination

In order to determine the inhibition mechanism, we chose to use
the enzyme from M. tuberculosis, as it generally was the most sensi-
tive to the inhibitors during the initial screens (Table 1). Two addi-
tional compounds were tested: 7 and commercially available, thiol-
containing compound DMPS. DMPS was investigated because it is
already used for medical treatment in humans and animals, and it
was also found to be an inhibitor of another zinc metalloenzyme in
vitro [35]. The M. tuberculosis and M. grisea aldolases were inhibited
strongly by DMPS, with IC50 values of 5.2±0.4 μM and 31±3 μM, re-
spectively, while the rabbit muscle aldolase was not inhibited in the
presence of 2 mM of this compound. Compound 7 was also tested
with these enzymes, and inhibited the M. tuberculosis aldolase
with an IC50 of 21±3 μM and the M. grisea aldolase with an IC50 of
60±4 μM. However, compound 7 also inhibited the rabbit muscle al-
dolase by 37% at a concentration of 2 mM. The most potent inhibitors
from these screens (DPA, 1, 7, and DMPS) were chosen for the inhibi-
tion mechanism studies, and EDTA was used for comparison.

The slow-binding inhibition progress curves can be fitted to Eq.
(1) [30] (see Materials and methods section) in the case of reversible
inhibition. The inhibition of the Class II aldolases was shown to be re-
versible upon the addition of metal, but the end velocity (vs) obtained
in our assay conditions is too low to be detected. This could be due to
the background NADH oxidation which is relatively high in our
coupled assay, and this masks any potential small residual aldolase
activity. The observed enzyme inhibition is therefore not distinguish-
able from irreversible inactivation, so we will consider the end veloc-
ity (vs) in Eq. (1) to be negligible and use instead Eq. (2) [31] (see
Eq. (2) fitted to progress curves obtained in the presence of DMPS
in Figure B3). The type of irreversible inhibition (Eq. (2)) can be dis-
tinguished by suitable plots of A and [S] [31]. In the case of competi-
tive inhibition (Fig. 1), A is defined by Eq. (3), and thus a plot of 1/A
versus [S] should give a straight line. Some of these plots obtained
with the metal-chelating inhibitors are shown in Fig. 3. The results

image of Fig.�2
image of Fig.�3
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indicate that the (apparent) irreversible inactivation is competitive
with the substrate for the inhibitors DMPS, EDTA, and compounds 1
and 7. However, the high dispersion of the calculated constant A for
these inhibitors at high substrate concentration means that non-
linearity cannot be totally excluded, and these compounds may
therefore not display purely competitive inhibition. In the case of
DPA, the resulting plot is non-linear, indicating that this compound
is a mixed inhibitor of the M. tuberculosis aldolase (Fig. 3C).

Since the inhibition appears irreversible under the assay condi-
tions used, the apparent KI cannot be determined for a one-step inhi-
bition mechanism (Fig. 1), as it would represent the ratio of the
forward and reverse inhibitor binding rate constants (kon /koff). The
binding capacity of the most potent inhibitors will instead be com-
pared using their second order binding rate constant kon (Eq. (3),
Fig. 1). The binding rate constant kon was determined using the equa-
tion associated with a competitive inhibition model for all com-
pounds for comparison purposes. The resulting plots are presented
in Fig. 4. The kon rate constants obtained with these inhibitors are
presented in Table 2. The apparent inhibition constants obtained
with DPA were also analyzed using a mixed inhibition equation (see
Figure B4), yielding a kon=73±4 M−1 s−1, which is ~13% lower
than the value presented in Table 2.

As can be seen from the results presented in Table 2, the inhibitors
DMPS and compound 1 can inactivate the Class II FBP aldolase from
M. tuberculosis ~20 times faster than EDTA, and ~3 times faster than
DPA in the presence of the substrate FBP, whereas the inhibitor 7
can inactivate the enzyme almost 2 times faster than DPA in the pres-
ence of FBP. The apparent second order rate constants obtained for
the irreversible reaction with these inhibitors are over 3 orders of
magnitude lower than the second order rate constant determined
for the FBP cleavage reaction for the M. tuberculosis aldolase (kcat /
Km=1.08×106 M−1s−1 [29]). It is therefore estimated that these in-
hibitors have an affinity for the active site ~3 orders of magnitude
lower than the substrate FBP.

3.3. Molecular modeling

Initial efforts at exploring possible ways in which the pyridine car-
boxylate inhibitors bind to the active site of Class II aldolases were
carried out by docking flexible inhibitor molecules to a rigid model
of the protein. In each case, the docking exercise produced a model
in which the inhibitor interacted with the active site region in a man-
ner that is very different from the interaction of PGH, DHAP or the
High Energy Intermediate (H.E.I.) with the enzyme (e.g. see a com-
parison of the H.E.I. binding mode and the docked structure of DPA
determined using the rigid docking strategy in Fig. 5, panels A and
B, and rigid docking results for other pyridine carboxylate inhibitors
in Appendix C, Figure C1). The distances between H donors and ac-
ceptors from the ligands and the enzyme active site elements in all
the modeled compounds are presented in Appendix C, Table C1.

It was concluded that the enzyme likely must undergo significant
conformational alteration to accommodate the binding of the pyri-
dine carboxylate inhibitors so that a rigid docking process might not
be appropriate.

Thus construction of models by superimposition of the pyridine
carboxylate inhibitors on the H.E.I. in the X-ray crystal structure of
the complex ([5]) was undertaken. It proved possible to align a
model of DPA such that one carboxylate group could interact with
the zinc ion whereas the other carboxylate was in the vicinity of the
phosphate binding site. Bad contacts between the inhibitor and the
protein were then removed by geometry optimization with the An-
neal functionality within Sybyl X1.3 using the MMFF94 molecular
mechanics force field (see Materials and methods for more detail).
Interestingly, even though such pyridine dicarboxylates are potential-
ly capable of bidentate interaction with metal ions involving both
the carboxylate anion and the pyridine nitrogen, none of the energy
minimized complexes exhibited such interaction with the zinc ion
(Fig. 5, panel C, and Appendix C, Figure C2, panels A–C). The pyridine
ring is simply too large to permit such bidentate interaction in the
Class II FBP aldolase active site.

The minimized models do suggest that the internuclear distance
between the carboxylate groups of DPA is appropriate to allow signif-
icant monodentate binding between these two groups simultaneous-
ly with the zinc ion and the sodium ion in the phosphate binding site.
The geometry optimization process did lead to significant alteration
of the environment of the zinc ion compared to that observed in the
X-ray crystal structure (PDB ID: 3EKZ) [5]. For example, some distor-
tion of the orientation of the imidazole rings of the histidine residues
around the zinc ion, as well as a new interaction of the carboxylate
group of D95, was observed. Thus the zinc ion was predicted to be
in a distorted trigonal bipyramidal environment.

In the case of the DPA analogues, 4, 5, and 6, the additional steric
bulk of the C-4 substituents appears to diminish the affinity for the
FBP aldolase active site (Table 1, andAppendix C, Figure C2, panels A–C).

It proved possible to construct and geometry optimize a model of
the pyridine carboxylate–phosphonate with the active site. In this
model the phosphonate group is able to occupy the phosphate bind-
ing site with significant interaction with the sodium ion while the
pyridine carboxylate group binds with the zinc ion (Fig. 5, panel D).
The environment of the zinc ion was observed to be altered in a sim-
ilar fashion to that observed in the energy minimized complex of DPA
with the enzyme. In compounds 2 and 3 the pyridine substituents ap-
pear to lead to increased unfavorable interaction with the active site
(Table 1 and Appendix C, Figure C2, panels D and E).

In the case of the pyridine dicarboxylate derivative, 7, all attempts
to construct an energy minimized active site bound model using a
similar strategy were unsuccessful. The very large substituent at C-4
of the pyridine ring in this compound led to bad contacts with active
site residues that could not be relieved in the molecular mechanics
minimization without gross distortions of the inhibitor structure.
Thus the relatively fast on rate observed for this compound is not ex-
plicable based on easy access or strong affinity for the H.E.I. binding
site. One possibility is that this compound binds to the two metal
ions via the carboxylate groups of the pyridine ring but with the pyr-
idine ring and the large C-4 substituent external to the active site. In
such a complex, the very large C-4 substituent might be capable of
blocking access to the active site by the substrate leading to what
would be competitive inhibition kinetically. Efforts to explore this
possibility through X-ray crystallographic experiments are planned.

In the case of DMPS, which contains one chiral centre and which
was analyzed as the racemic mixture, both the R and S enantiomers
were docked manually in the active site as defined by the coordinates
in the X-ray crystal structure of the M. tuberculosis FBP aldolase. In
both cases a fully extended conformation was assumed as a starting
point for the geometry optimization since only such a conformation
allows interaction with both the zinc ion and the phosphate binding
site. After energy minimization with the MMFF94 force field, the R-
enantiomer was found to have a slightly closer contact with the zinc
ion (C-3 thiolate ion to Zn2+ distance=2.32 Å for the S-isomer versus
2.29 Å for the R-isomer) and with the sodium ion (sulfonate oxygen
to Na+ distance=2.48 Å for the S-isomer versus 2.29 Å for the R-iso-
mer) (Fig. 5, panels E and F; Table C1).

In the fully extended conformation, the two thiol/thiolate groups
are in an anti-periplanar relationship (expected to be lower in ener-
gy) for the S-enantiomer but in a gauche relationship (expected to
be higher in energy) for the R-enantiomer. Thus it is plausible that
both enantiomers contribute significantly to the observed inhibition
by racemic DMPS.

Although a bis-mercaptan, such as DMPS, has the potential to act
as a bidentate metal ion ligand to the active site zinc ion, the short
distance between the sulfonate group, that likely binds to the phos-
phate binding site, and the C-3 thiolate group allows only that sulfur



Fig. 4. Secondary plots of the apparent inhibition constants obtained with the M. tuberculosis aldolase in the presence of various inhibitors, as a function of the FBP concentration.
The apparent inhibition constants (A*[I], represented by k in Eq. (1)) were obtained from 47 to 100 progress curves for each inhibitor, and are shown with their error bars repre-
senting the standard deviation. Eq. (3) defining the apparent constant A for competitive inhibition was fitted to the data by non-linear regression using the GraphPad Prism soft-
ware. The equation was fitted independently to the data from each inhibitor concentration (shown as lines in each Panel), and the global parameters were also calculated. The
global parameters calculated for each inhibitory compound are presented in Table 2. Panel A) DMPS; B) DPA; C) compound 1; D) Compound 7; and E) EDTA. The concentrations
of inhibitors used are 500 μM (●), 100 μM (■), 50 μM (▲), and 20 μM (♦).
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Table 2
Second order rate constants for the binding of chelating inhibitors to the recombinant
Class II aldolase from M. tuberculosis.
Each value is calculated from a secondary plot (Eq. (3)) using the apparent constant A
(Eq. (2)) obtained for multiple assays done simultaneously in a microtiter plate in the
presence of various concentrations of FBP and inhibitor.

Inhibitor kon M−1 s−1 R2 value of secondary plot

DPA 84±1 0.9879
1 270±6 0.9476
7 153±3 0.9575
DMPS 273±2 0.9941
EDTA 14±1 0.8683
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centre and not the C-2 sulfur centre to interact with the zinc ion. Cur-
rent efforts in this group are aimed at creating synthetic analogues
DMPS in which the spatial relationships among the two thiol groups
and the sulfonate ion are such as to allow favorable binding to the
phosphate binding site as well as more potent binding to the zinc
ion in a bidentate fashion. Preliminary molecular modeling studies
suggest that this may be feasible.

4. Discussion

Although the Class II FBP aldolases are potential targets for antimi-
crobial therapy and for the development of new fungicides, there
have been few potent Class II FBP aldolase inhibitors reported in
the literature. In order to create specific inhibitors for the metal-
dependent Class II aldolases, compounds that have metal-chelating
groups were tested. The results were compared with the general
metal ion chelators, EDTA and DMPS. EDTA has an affinity for zinc
which is >104 higher than that of DPA, based on the equilibrium con-
stants for Zn2+ binding to these chelators [36]. The rate of enzyme in-
hibition by DPA and its derivatives is therefore expected to be faster
than the rate of inhibition by EDTA only when the active site zinc is
much more accessible to DPA compared to EDTA. In this study, inhibi-
tion by EDTA was used as a reference to evaluate the capability of DPA
derivatives to compete with the aldolase substrate for access to active
site zinc. This is considered to be in direct correlation with the DPA
derivatives' affinity for the enzyme's active site.

The IC50 results show that in the absence of substrate, the active
site zinc is accessible to both DPA and EDTA, based on the similar
IC50 values obtained for these compounds for most Class II aldolases
tested. The molecule 2,6-pyridinedicarboxylic acid (or dipicolinate,
DPA) was the most potent inhibitor according to our initial com-
pound screen. Derivatives of DPA were then synthesized and IC50
values were determined with a wider range of FBP aldolases. IC50
values are generally similar with DPA and compound 1, which differs
from DPA by the substitution of the carboxylate with a phospho-
methyl group at the 6-position of the pyridine ring. Addition of
other substituents (in compounds 2 to 6) resulted in higher IC50
values for most enzymes. Two exceptions are compounds 5 and 6, re-
spectively with hydroxymethyl and formyl substituents in position 4
of the pyridine ring, which had IC50s comparable to DPA and com-
pound 1 with the M. tuberculosis aldolase. The generally poorer inhi-
bition observed with compounds 2 to 4 in M. tuberculosis aldolase
initially did not appear to be due to steric hindrance in the active
site of the enzyme since compound 7, with a 3,5-dicarboxyphenyl
substituent in position 4 of the pyridine ring was found to be better
than DPA in inhibiting this enzyme (Table 2). However, molecular
modeling revealed that the substituents in position 3 and 4 of the pyr-
idine ring of compounds 2 and 3 make unfavorable contacts with key
active site residues, unlike compound 1. The improved inhibition
obtained with compound 7 could be the result of favorable interac-
tions of its dicarboxyphenyl substituent with GAP binding residues
located in the adjacent dimer subunit [5]. The fact that compound 7
partially inhibits the Class I FBP aldolase reaction at high concentra-
tion (Section 3.2) also suggests that this compound may be closer to
an FBP analog than the other metal-chelating compounds.

Upon further kinetic analyses, it was noticed that the inhibition by
these compounds was weaker in the presence of the FBP substrate,
implying a competitive mechanism. A time-dependent analysis of re-
action progress curves of the cleavage of FBP by theM. tuberculosis al-
dolase in the presence of the most potent inhibitors showed that
compounds 1, 7, and DMPS were better competitive inhibitors than
DPA, according to their second order binding rate constants. EDTA
was comparatively a weak inhibitor of the enzyme in the presence
of substrate, being 6 times less potent than DPA. The first-order ap-
parent rate constant for inhibition of FBP cleavage (k, or A[I] in Eqs.
(1) and (2)) were dependent on the concentration of the inhibitors
EDTA, DPA, compound 1, Compound 7 and DMPS (over the concen-
tration range 25 μM–500 μM inhibitor), confirming that the inhibition
mechanism involves the formation of a ternary complex [36] (Fig. 4).

In our study, the enzymes were reactivated by the addition of
small amounts of zinc (i.e. ~10 times less zinc than the inhibitor con-
centration), which indicates that the inhibitors are forming an unsta-
ble ternary complex with the active site and the zinc ion. The DPA
derivatives tested therefore do not have a sufficient affinity for the ac-
tive site to form a stable complex in the presence of extraneous zinc.
In contrast, the inhibitor PGH was shown to form a stable complex
with the cobalt-dependant Bacillus stearothermophilus Class II FBP al-
dolase, as the inhibited enzyme was not reactivated in the presence of
excess cobalt [37]. Our data however shows that some chelating in-
hibitors, such as DMPS and compound 1, are better able to compete
with the substrate FBP for the access to the active site zinc in the
M. tuberculosis aldolase in comparison with DPA or EDTA, which
means that some of the studied compounds have a higher affinity
for the active site than others.

The in silico docking studies indicate that the DPA derivatives can-
not form bidentate bonds with the zinc ion while it remains in its cat-
alytic location, due to both the restricted size and geometry of the
DHAP binding pocket, where the zinc ion is located; and the limited
solvent-exposed surface of the catalytic metal. This is in agreement
with the conclusions of a recent report on the inhibition of the
G. lamblia Class II FBP aldolase by metal-chelating aromatic com-
pounds [38]. The authors found that the orientation of a 3-hydroxy-
2-pyridone ligand in the binding pocket was not consistent with
strong bonds with the active site zinc in the crystal structure. They
concluded the zinc stabilizes the reaction intermediate (enediolate
form of DHAP), but does not provide significant binding energy in
the enzyme-substrate complex [38].

It appears that the presence of a substrate analog in the active site
is necessary to induce conformational changes in Class II FBP aldol-
ases that cause the zinc ion to move from a buried location to a
solvent-exposed position, which then allows strong interactions be-
tween the zinc ion and the enzyme substrates/inhibitors [38–41].
The slow inhibition observed with the metal-chelating compounds
may be related to the buried location of the catalytic zinc in the
absence of substrate. In our study, molecular modeling results con-
firmed that most interactions between the metal-chelating inhibitors
and the enzyme active site involve the phosphate binding pocket res-
idues. However, these results also show that some inhibitors can
alter the catalytic zinc environment. It is relevant to point out that
in some minimized models of M. tuberculosis aldolase with the che-
lating inhibitors, the interaction of the catalytic zinc with its ligand
His212 is considerably weakened compared to the interaction seen
in the original crystal structure (Fig. 5A). This weakened interac-
tion with His212 is concomitant with the new interaction of the
carboxylate group of Asp95 with the catalytic zinc mentioned in
Section 3.3. This is the case for the minimized models with DPA,
Compounds 4, 5 and 6 (Figs. 5C and C2A-C2C), as well as R-DMPS,



Fig. 5.M. tuberculosis FBP aldolase (PDB ID 3EKZ) with substrate DHAP (High Energy Intermediate) and modeled inhibitors. The DHAP enediolate form (High Energy Intermediare)
and the docked compounds are represented as sticks with carbons in white, oxygens in red, nitrogen in blue, sulfur in yellow, and phosphorus in orange. The active site residues are
shown as sticks with colored carbon aroms: D95 in yellow, N27 in cyan, S255 in blue, D276 in black, T277 in red, G253 in pink. The zinc ligands H96, H212 and H252 are shown as
gray sticks. The catalytic zinc (Zn1) is represented as a gray sphere (bottom left) and the Na+ is represented as a purple sphere (right). The electrostatic interactions between 2 and
3.6 Å are shown as black dashes. A) DHAP High Energy Intermediate (H.E.I.); B) docked DPA; C) to F) DPA, compound 1 R-DMPS, and S-DMPS minimized using the anneal function
of Sybyl (Tripos, St. Louis, MO). The figures were produced using PyMOL (DeLano Scientific LLC).
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and S-DMPS (Fig. 5E and F). It is possible that this zinc ligand ex-
change in the presence of the inhibitors constitutes the first step of
a slow ligand exchange process, which could lead to a bidentate in-
teraction of the metal ion with the chelating inhibitors as the zinc
leaves its catalytic location. This could possibly lead to the removal
of the catalytic zinc from the enzyme when the metal-inhibitor
complex leaves the active site. These modeling results are also con-
sistent with previous reports of the considerable mobility of the
catalytic zinc in Class II FBP aldolases [35–38].
5. Conclusions

The strongest inhibitors in our study according to the second order
binding rate constants (kon) were DMPS and compound 1, which re-
spectively possess a sulfonate and a phosphonate group in addition
to zinc-chelating functions. Molecular modeling results suggest that
the strongest interaction between these compounds and the enzyme
occurs via the phosphate binding pocket ligands. Molecular modeling
results also suggest that the compounds cannot bind the catalytic zinc

image of Fig.�5


58 G. Labbé et al. / Journal of Inorganic Biochemistry 112 (2012) 49–58
ion in a bidentate fashion while themetal is chelated by the active site
zinc ligands, but indicate that several inhibitors can alter the zinc en-
vironment. In order to eliminate the possibility of zinc removal from
the enzyme, the first generation inhibitory compounds produced in
this study could be modified by the addition of R-groups extending
out of the FBP binding pocket to promote stronger interactions and
improved specificity for the Class II FBP aldolase from different path-
ogens. Longer-chain FBP analogues containing metal-chelating func-
tions have been shown recently to be very potent inhibitors of the
S. cerevisiae, C. albicans, H. pylori, M. tuberculosis, M. bovis and Y. pestis
Class II aldolases [18,21]. The use of metal-chelating substrate ana-
logues, like the ones reported in the present study, is therefore very
promising for the development of new drugs targeting the Class II
FBP aldolase.

6. Abbreviations

BSA bovine serum albumin
DHAP dihydroxyacetone phosphate
DMPS 2,3-dimercaptopropane-1-sulfonate
DPA dipicolinic acid
FBP Fructose 1,6-bisphosphate
GAP glyceraldehyde-3-phosphate
H.E.I. High Energy Intermediate (enediolate form of DHAP)
PGH phosphoglycolohydroxamic acid
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