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Novel Heter oaromatic Organofluorine Inhibitors of Fructose-1,6-bisphosphatase
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A broad group of compounds including substituted pyrazoles, pyrroles, indoles, and carbazoles were screened
to identify potential inhibitor lead compounds of fructose-1,6-bisphosphatase (FBPase). Best inhibitors are
(1H-indol-1-yl)(4-(trifluoromethyl)phenyl)methanone, ethyl 3-(3,5-dimethyl-1H-pyrrol-2-yl)-4,4,4-trifluoro-
3-hydroxybutanoate, 3,5-diphenyl-1-(3-(trifluoromethyl) phenyl)-1H-pyrazole, and ethyl 3,3,3-trifluoro-2-
hydroxy-2-(1-methyl-1H-indol-3-yl)propanoate. The ICs, values (3.1, 4.8, 6.1, and 11.9 uM) were comparable
to that of AMP, the natural inhibitor of murine FBPase (ICsy of 4.0 uM). Docking programs were utilized

to interpret the experiments.

Introduction

The inhibition of FBPase® has been an active area of research,
as the number of individuals with obesity and impaired glucose
tolerance in the prediabetic state continues to rise.* In recent
years many new potential therapeutics have been screened and
identified to inhibit gluconeogenesis. Some of the inhibitors
showed excellent ICsy values, such as MB05032 (ICsp= 16
nM),? benzimidazole phosphonic acid ((ICs;= 90 nM),® or 10A
(ICso= 16 nM).* Most drug candidates that reached early clinical
trials were later determined to have serious toxic effects or had
delivery problems.>~* There are several drugs on the market
(e.g., metformin, glyburide); however, because of toxic effects,
their therapeutic use is limited.>® Therefore, the search for the
ideal drug to decrease high blood glucose levels continues. The
control of gluconeogenesis, the process by which glucose is
synthesized in the cell from carbon and non-sugar substrates,
is a critical target for control of type Il diabetes that results in
hyperglycemia. Within the gluconeogenic pathway, the conver-
sion of sugar fructose 1,6-bisphosphate (FBP) to fructose
6-phosphate and inorganic phosphate by fructose 1,6-bisphos-
phatase (FBPase), and the reverse reaction catalyzed by phos-
phofructokinase, must be delicately balanced to avoid hypogly-
cemia. The inhibition of fructose 1,6-bisphosphatase (FBPase)
to control blood sugar levels has been found to be an effective
method of treatment for laboratory rats in the prediabetic state.*”

In this study we report new lead compounds for inhibition
of FBPase. The major thrust of the experimental part of the
work was to utilize fructose 1,6-bisphosphatase isolated from
mouse liver homogenate to screen a series of small molecules:
substituted  pyrazoles,®  N-heteroaryl(trifluoromethyl)hy-
droxyalkanoic acid esters,® N-sulfonylpyrroles, -indoles, -car-
bazoles,'® N-acylindoles,** and other substituted pyrroles.*? In
addition, the human FBPase coordinates (PDB code 1FTA,
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Figure 1. (a) The FBPase is a homotetramer. The three potential targets
are shown: (1) the active site of FBPase, (2) the allosteric binding site
of AMP, (3) the tetrameric allosteric inhibitor site. PDB coordinates
1KZ8%31* were used. The figure was drawn using POVScript+.5” (b)
A closeup of the AMP binding pocket is shown. The three programs
used are Dock6, Autodock4, and Surflex and were tested using the
crystallographic ligand AMP moved out of the binding pocket (as
explained in results section). This figure was drawn using POV-
Script+.3” The three conformers of AMP were superimposed with a
rmsd of <2.0 A® from actual AMP atoms in the crystallographic
structure.
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Table 1. Results of Docking Studies and the Experimental ICsy Data of the Molecules Utilized in the Inhibition of FBPase

X-score
Autodock, estimated
Docké,energy inhibition constant, Surflex, energy final binding
entry inhibitor score K; score Ky energy (kcal/mol) ICso (M)
1 21 —16.96 3.99 x 1077 2.84 5.70 —7.78 3.09
2 7 —16.05 1.14 x 1074 3.33 4.85 —6.62 4.81
3 1 —18.38 1.69 x 1077 3.61 6.26 —8.54 6.04
4 9 —17.33 411 x 1077 3.39 5.16 —7.03 11.86
5 10 —16.71 472 x 1074 2.97 5.05 —6.88 13.33
6 5 —14.01 7.05 x 10°° 3.39 4.27 —5.83 25.74
7 8 —14.53 1.69 x 10°° 3.30 4.91 —6.69 25.74
8 11 —15.37 5.85 x 1077 3.65 4.73 —6.45 35.97
9 6 —15.91 7.56 x 107° 2.96 4.60 —6.27 41.79
10 2 —18.62 2.23 x 1077 3.11 6.17 —8.42 75.45
11 12 —20.59 9.72 x 107% 2.08 4.47 4.47 76.15
12 16 —20.63 1.01 x 1072 1.67 4.55 —6.20 109.03
13 17 —21.73 8.15 x 107 2.61 5.22 —7.12 119.26
14 22 —19.83 1.98 x 1077 2.81 5.94 —8.10 129.43
15 3 —19.00 9.43 x 1078 2.10 6.21 —8.47 150.60
16 27 —23.73 3.12 x 10°° 2.81 5.19 —7.08 176.98
17 19 —25.66 5.68 x 1074 2.27 4.95 —6.75 184.95
18 15 —21.35 6.65 x 10°¢ 2.73 4.39 —5.98 245.60
19 26 —18.53 7.93 x 1077 2.85 5.52 —7.53 >250
20 14 —20.36 493 x 10°° 2.71 4.90 —6.68 >250
21 18 —22.22 1.36 x 1077 2.74 4.56 —6.22 >300
22 23 —17.79 9.60 x 10°° 2.95 4.78 —6.52 >300
23 4 —12.94 2.20 x 1077 2.73 5.08 —6.92 >300
24 20 —25.66 5.68 x 1074 2.27 4.94 —6.75 >300
25 28 —22.92 6.29 x 1078 2.37 5.76 —7.82 >300
26 24 —19.02 3.01 x 1078 3.26 5.67 —7.73 >300
27 25 —16.40 2.76 x 1077 3.39 5.79 —7.90 >300
28 13 —22.76 331 x 10°¢ 2.93 451 —6.16 >300

complexed with AMP) were utilized in docking studies to model
these potential inhibitors. Previous studies of potent inhibitors
of FBPase have been reported, but effective therapeutic drugs
have not yet emerged, so the search for potent inhibitors of
FBPase continues.

There are several potential targets, presented in Figure 1a,
currently under intense scrutiny to inhibit the enzyme: (1) the
active site which binds fructose 1,6-bisphosphate (FBP) and is
inhibited in vivo by fructose 2,6-bisphosphate, (2) an allosteric
regulatory site that binds AMP,*® and (3) a tetrameric binding
site at the dimer interface.®® The AMP binding site (2) is
presented in more detail in Figure 1b and targeted in this study.

Interestingly, an overwhelming majority of compounds
identified in this study to be potential inhibitor lead compounds
of FBPase belong to the large family of organofluorine
compounds. Such compounds are of exceptional interest in
biomedical applications, including drugs, and drug candidates,
diagnostic agents, and research tools for metabolic studies.™
Since the discovery of the beneficial effect of fluorine incor-
poration into organic molecules,*® a steady stream of organof-
luorine compounds was introduced to the pharmaceutical sector.
The most notable examples include steroidal, nonsteroidal anti-
inflammatory, central nervous system drugs, anticancer, and
antiviral agents.” In fact, these compounds represent ap-
proximately 20% of all drugs and three of the current top 10
best sellers are organofluorine products.

M ethods

Synthesis of Inhibitor Candidates. All chemicals and solvents
used for the synthesis of the inhibitor candidates were purchased
from Aldrich. All the compounds used in this study were synthe-
sized on the basis of methods described in the literature.>~*2 In
each case the compounds were purified by flash chromatography.
The identification and purity determination were carried out by gas
chromatography—mass spectrometry and NMR spectroscopy (*H,

13C, and *°F when applicable). All spectra were in agreement with
the literature data. The full spectral characterization of the inhibitor
candidates is available upon request.

Enzyme Assays. The acetone precipitated murine liver homo-
genate was resuspended in deoinized water and sterile-filtered and
then dialyzed against 50 mM Tris buffer, pH 7.5, for 3 changes
over 48 h at 4 °C. The crude protein extract was then run over gel
filtration column (G25-150), and the fractions were analyzed by
Bradford assay and SDS—PAGE. Fractions containing FBPase
activity were pooled and redialyzed in 50 mM Tris, pH 7.5, loaded
on a Matrex Gel Blue affinity column (Cibacron Blue 3GA dye
coupled to cross-linked 5% agarose) and eluted in the presence of
1 mM FBP. Fractions were tested for activity, pooled, and
redialyzed in 50 mM Tris, pH 7.5. The final concentration of wild-
type enzyme was determined by absorption at 280 nm*® and
compared with the Bio-Rad version of the Bradford dye-binding
assay.™® The purity of the enzyme was verified by SDS—PAGE?°
and nondenaturing PAGE.?*22

The FBPase HTS assay measures phosphatase activity by
colorimetric determination of released inorganic phosphate.?®2 This
colorimetric phosphate assay used an ammonium molybdate
malachite green reagent. For all the assays presented in this study,
this reagent was prepared with a 1:3 ratio of 4.2% ammonium
molybdate and 0.05% malachite green oxalate. Specific activity was
calculated from calibration curves, 2—20 M, that were made with
a standard KH,PQO, solution. The reaction was carried out at 37 °C
for 3 min and then stopped by quenching the samples with dye
reagent by adding 1 mL of the colorimetric phosphate assay reagent
to each sample. The specific activity was estimated using the Asgo
to calculate the umol of product formation using the standard
KH,PO, solution as a quantitative measure of inorganic phosphate
present in the reaction mixture.

Once potent inhibitors were identified, to determine more detailed
kinetic parameters (e.g., I1Cs), the total volume of the assay mixture
was increased to 200 uL to reduce experimental errors. Enzyme
amount was adjusted to keep Asgo between 0.1 and 0.5 to keep the
percentage of product less than 20% of total substrate.?®
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Figure 2. Schematic representation of the inhibitor candidates used in this study.

Docking Studies. The three-dimensional coordinates were
downloaded from Rutgers RCSB.?%2” The crystallographic ligand
was removed from the binding pocket of interest. The energy-
minimized ligand with full charges was loaded into the program
PRODRG.?® The format used was PDBQ for Autodock42° and mol2
format for Surflex*° and DOCK®6.1.%*

The molecules were drawn in GaussView 2.1,%2 minimized by
energy (HF/STO-3G), and converted to pdb then mol2 format
(ChemDraw Ultra 9.0 and Dundee PRODRG). The pdb structure
of protein 1FTA was obtained from Rutgers RCSB.?%2”

By use of Surflex-Dock 2.0, a conformational search of rotatable
bonds was performed and these conformations were aligned to the
protein (protomol). The aligned fragments were scored and pruned,
and the program presented the binding energy in log format (Table
1). The AutoDock4 performed the docking of the ligand to a set of
grids describing the target protein. AutoDock4 studies resulted in
estimated inhibition constants in log format shown in Table 1.
Dock6 generated a set of overlapping spheres, which fill the active
site. To orient a ligand within the active site, some of the sphere
centers were “matched” with ligand atoms. Approximations were
made to the usual molecular mechanics attractive and dispersive
terms for use on a grid. The program presents energy scores in log
format (Table 1). X-Score®*** was used to compare binding
energies by analyzing binding strength between the protein and the
ligand determined by electrostatic, hydrophilic, and hydrophobic
interactions.

Results and Discussion

On the basis of earlier studies and detailed analysis of
available databanks, we have selected several groups of
compounds for this study. The general structure of the inhibitor
candidates are illustrated in Figure 2. These compounds include
several pyrazole, pyrrole, indole, and carbazole derivatives. The
synthesis of these compounds have been carried out on the basis
of our earlier work.®*? While these molecules are known
compounds, they are not commercially available and thus have
not been evaluated against FBPase inhibition. The biological
potential of similar compounds has been already explored
against Alzheimer’s disease.®

As the first step, we have carried out enzyme inhibition assays
using these compounds. A widely accepted protocol®~2° has
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Figure 3. Effect of inhibitor concentration on the activity of FBPase
for 1Cs, determination of the three inhibitor lead compounds and the
natural inhibitor AMP: (&) AMP; (2) 1; (O) 7; (O) 21.

been used to evaluate the initial activity of our compounds. The
inhibitors previously described above to inhibit amyloid fibril-
logenesis® were first tested in in silico docking experiments.
The compounds that yielded encouraging results in at least one
of the three programs used were then tested in the laboratory
for ability to inhibit FBPase reaction. The results of the assays
and docking studies are summarized in Table 1.

Interestingly, the best 10 compounds all had fluorine in their
structure, to underline the beneficial effect of fluorine incorpora-
tion. Several of the molecules scored within £2-fold of the
natural inhibitor. On the basis of the docking results, 28
compounds were tested: 9 or 33% showed 1Csq > 250 uM; 7
or 26% had 250 uM > 1Csy > 100 u4M; 2 or 7.4% had 100 uM
> 1Csp > 50 uM, and 9 or 33% had ICs, <50 uM. Those that
were within 2-fold of AMP, with either higher or lower ICsp,
are considered lead compounds. Figure 3 shows the concentra-
tion vs activity functions for the three best inhibitors against
AMP for comparison.

Although there is no clear agreement between the in silico
docking results and the actual 1Csq values, regarding the top 10
compounds, a correlation can be found between the theory and
experimental data. Compound 21 with ICsy of 3.1 uM had a
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Figure 4. Comparison of AMP (A) in the AMP binding pocket of
FBPase, PDB code 1FTA, with the docking results of the three best
actual inhibitors (B) 21; (C) 7, and (D) 1 from Table 1: carbon, gray;
fluorine, magenta; nitrogen, blue; oxygen, red; phosphorus, yellow.

predicted AutoDock4 inhibitory constant of ~0.4 x 107¢ and
a Surflex score within 10% of natural inhibitor AMP at 2.84.
Compound 7 with 1Csy of 4.8 uM had a Surflex score 12%
higher than AMP at 3.33. Compound 1 had I1Cs of 6.1 «M and
AutoDock4 score of 0.17 x 1075,

A comparison of the three highest scoring compounds was
carried out with AMP by docking the lead compounds into the
binding pocket of the AMP binding site of human FBPase (PDB
code 1FTA) (Figure 4).

The actual crystallographic position of AMP is shown in
Figure 1b and Figure 4A. There are several H-bonding interac-
tions between the following residues and atoms of the AMP

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 3 881

molecule: Thr27, Gly28, and Glu29 and oxygens of phosphate
moiety; Arg140 and Tyrl113 and the hydroxyl oxygens of the
ribose ring of AMP; and the phosphate that is coordinated by
Lys112 (Figure 1b and 4A). There are hydrophobic interactions
of carbons of the heterocyclic ring and Vall7, Leu30, and
Leu34. Figure 4B—D show our best lead compounds from the
inhibitor assays docked in the FBPase AMP binding domain
(PDB code 1FTA). Note that the shape of the inhibitors fills
nearly the entire AMP binding pocket with only a small space
toward the bottom of the hydrophobic pocket. This shows that
other hydrophobic functional groups may be added to enhance
the binding. Figure 4B—D also show the trifluoromethyl moiety,
which embeds the fluorine atoms into backbone interactions
within phosphate binding pocket of AMP binding domain.
Finally, AutoDock4 rotates the ligand until it fits into the AMP
pocket in Figure 4D. The new version of AutoDock4 allows
side chains to move slightly for an induced fit to the ligand.
This might be misleading, as predicted binding here is far tighter
than actual 1Csq (1075). Even with inflated binding predicted in
the 10715 range, there is still empty space at the bottom of the
hydrophobic pocket for tighter binding. In summary, docking
results of all 28 compounds can be compared in the three
programs.

In conclusion, we have identified three heterocyclic organof-
luorine lead compounds for FBPase inhibiton. A small scale
automated docking utilizing the ZINC database®® led us to
identify classes of possible lead compounds. These compounds
have been synthesized and have been targeted to high throughput
colorimetric assay to screen compounds for FBPase inhibition.
On the basis of the assays, a small group of compounds was
identified as lead compounds. Then the interaction between these
compound and FBPase was studied by utilizing three docking
programs to understand how these inhibitors may bind the
enzyme. The putative target for this study is the AMP binding
pocket. However, as identified by others,** there exists an
interfacial tetrameric binding pocket that requires a 2:1 ratio of
tetramer to ligand binding. Since the affinity for this pocket is
much smaller, some of these compounds may also be considered
to be potential lead compounds for that site, as is shown in
area 3 of Figure la.
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