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Abstract—A series of novel benzamide derivatives was designed, synthesized, and their inhibitory activities against glycogen phosphor-
ylase (GP) in the direction of glycogen synthesis by the release of phosphate from glucose-1-phosphate were evaluated. The structure-
activity relationships (SAR) of these compounds are also presented. Within this series of compounds, 4m is the most potent GPa
inhibitor (ICsy = 2.68 uM), which is nearly 100 times more potent than the initial compound 1. Analysis of mapping between
pharmacophores of different binding sites and each compound demonstrated that these benzamide derivatives bind at the dimer
interface of the rabbit muscle enzyme, and possible docking modes of compound 4m were explored by molecular docking simulation.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Type 2 diabetes is a complex and prevalent disease char-
acterized by hyperglycemia. It has become the fourth
leading cause of death and affects ~150 million people
worldwide, and its prevalence is expected to double by
the year 2025.! However, current therapies do not
achieve adequate control of glycemia in type 2 diabetes,>
and abundant use of combination therapy to attempt to
reach optimal glycemia control indicates that it is diffi-
cult to control the disease by attacking only one path-
way.? Therefore, there is a growing demand for novel
drugs with safer and more effective anti-diabetic
therapies.

In type 2 diabetes state, elevated hepatic glucose produc-
tion (HGP) by glycogenolysis and gluconeogenesis is a
contributing factor to hyperglycemia.* In muscle and
liver, glycogen concentrations are regulated by the coor-
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dinated activities of glycogen synthase and glycogen
phosphorylase (GP).”> GP is responsible for the release
of glucose-1-phosphate from glycogen, which is the first
and the rate-limiting step in the glycogenolysis reaction.®
GP exists in two interconvertible forms, GPa (the phos-
phorylated form, high activity, high substrate affinity,
predominantly R state) and GPb (the nonphosphory-
lated form, low activity, low substrate affinity, predom-
inantly T state).” Therefore, the inhibitors of GPa (more
active form) will limit glycogen degradation and reduce
HGP, which provide new potential therapeutic agents
for the treatment of type 2 diabetes.

During the last decade, GP inhibitors have attracted
considerable attention. Several classes of small molecule
inhibitors of GP have been reported.® There are at least
six known binding sites in the GP enzyme: glucose ana-
logues® binding to the catalytic site, flavopiridol'® and
olefin analogues* binding to the inhibitor site (also
referred to as the purine nucleoside site), diacid ana-
logues!! and 5-chloroindole glycine amide inhibitors!?
binding to the allosteric AMP site, thienopyrrole inhib-
itors'3 and 1-substituted-3,4-dihydro-2-quinolone inhib-
itors'* binding at the dimer interface site (or an indole
carboxamide site), the glycogen storage site and Ser14-
phosphate recognition site. Among them, the former
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four regulatory sites are known to be inhibitor binding
sites.

Compounds with the benzamide core have been
widely studied due to their capability of binding to
many receptors with high affinity. By screening
abundant substituted benzamide compounds of
our in-house collection, 2-amino-4-fluoro-5-(1-methyl-
1 H-imidazol-2-ylthio)-N-phenylbenzamide (1, Fig. 1),
N',N*-di(thiazol-2-yl)terephthalamide (2, Fig. 1), and
2-(4-phenylpiperazin-1-yl)-N-(thiazol-2-yl)acetamide (3,
Fig. 1) were identified as GP inhibitors with ICs, val-
ues of 214.6, 337.1, and 96.9 uM, respectively. In this
paper, using the screening hits 1-3 as the benchmark
compounds, a series of novel benzamide derivatives
(4a-n, 5a—f and 6a—c, Tables 1-3) were designed, syn-
thesized and their inhibitory activities against GP en-
zyme in the direction of glycogen synthesis by the
release of phosphate from glucose-1-phosphate were
measured. The structure—activity relationship analyses
of these inhibitors were also performed in this study.

X-ray structural experimental assays are very time-con-
suming and labour intensive, and competitive binding
studies are not suitable to identify the binding sites
of these inhibitors. In order to identify the binding site
of these benzamide derivatives with GPa, we analyzed
the mapping between each compound and pharmaco-
phores which are based on complexes with known
ligands bound at different binding sites, and demon-
strated that these benzamide derivatives bind at the
dimer interface of the rabbit muscle GP enzyme. The
probable binding site of the inhibitors to GPa was
further verified by molecular docking simulation. Con-
sequently, analysis of structure-based pharmacophore
method plays an exemplary role in discovering the drug,
especially selective drug, for multiple targets or binding
sites.

2. Materials and methods
2.1. Chemistry

2.1.1. Design of the derivatives of GPa inhibitors. Based
on the structural feature of the screening hits 1-3, 23
compounds (4a-n, 5a—f, and 6a—c) were designed and
synthesized. Compounds 4a-n were derived from com-
pound 1 by adding different substitutions to the phenyl
group. Keeping the phenyl ring of compound 2 and
replacing the thiazole ring with various substituted het-
erocycles produced derivatives 5a—f. Compounds 6a—c
were obtained by introducing 2-OCHj; and 2-F substitu-

tions to phenyl ring and replacing thiazole ring of 3-CF;
substituted phenyl.

2.1.2. Synthetic procedures. Scheme 1 depicts the se-
quence of reactions that led to the preparation of
compounds 4a-n using 4,5-difluoro-2-nitrobenzoic acid
as the starting material. In general, treatment of 4,5-
difluoro-2-nitrobenzoic acid with oxalyl dichloride and
DMF afforded 4,5-difluoro-2-nitrobenzoyl chloride 7.
Then 7 reacted with appropriate commercially available
aniline to give benzamide 8a—n. Reaction of 8a—n with 1-
methyl-1H-imidazole-2-thiol and triethylamine provided
9a-n. And compounds 4a-n were obtained by hydroge-
nizing 9a—n catalyzed by iron power and saturated aque-
ous NH,CI.

The series of symmetrical benzamide analogues 5a—f
were synthesized by isophthaloyl dichloride or tereph-
thaloyl dichloride reacting with aniline in the presence
of pyridine or triethylamine as shown in Scheme 2.
The series of piperazine-containing amide analogues
6a—c were prepared from 1-(2-R,-phenyl) piperazine
and 10a—c which were produced by the reaction of 2-
chloroacetyl chloride with amino compounds as shown
in Scheme 3.

2.2. Glycogen phosphorylase enzyme assays

2.2.1. Materials. Glycogen phosphorylase a (from rabbit
muscle), glycogen, glucose-1-phosphate, malachite
green, and ammonium molybdate were purchased from
the Sigma-Aldrich Corporation (St. Louis, MO, USA).
Reagents and solvents were obtained from commercial
suppliers and used without further purification. Solvents
used were AR grade.

2.2.2. Enzymatic activity assay. The enzymatic inhibi-
tion of phosphorylase activity was monitored using
microplate reader (Bio-Rad) based on the published
methods.!> In brief, GPa activity was measured in
the direction of glycogen synthesis by the release
of phosphate from glucose-1-phosphate. Each com-
pound was dissolved in DMSO and diluted at differ-
ent concentrations for ICsy determination. The
enzymes were added into the 100 pL buffer with
compounds dissolved in containing 50 mM Hepes
(pH 7.2), 100 mM KCl, 2.5 mM MgCl,, 0.5 mM glu-
cose-1-phosphate, and 1 mg/mL glycogen in 96-well
microplates (Costar). After the addition of 150 uL.
of 1 M HCI containing 10 mg/mL. ammonium molyb-
date and 0.38 mg/mL malachite green, reactions were
run at 22°C for 25min. And then the phosphate
absorbance was measured at 655 nm. The ICs, val-

Figure 1. The structures of compounds 1-3, which appeared as potential leads in a focused database screening.



Table 1. Chemical structure of compounds 1, 4a—n and their activities
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Table 2. Chemical structures of compounds 2, Sa—e and their activities
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Table 3. Chemical structures of compounds 3, 6a—c and their activities
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2.3. Binding site prediction through analysis of mapping
between each compound probe and pharmacophore

The structure-based pharmacophore models for four
different binding sites were created using LigandScout'®
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Scheme 1. Reagents and conditions: (a) oxalyl chloride (1.2 equiv),
DMF (two drops), CH,Cl,, rt, 2 h; (b) R-NH, (1 equiv), pyridine
(2 equiv), CH,Cl,, rt; (c) 1-methyl-1H-imidazole-2-thiol (1 equiv),
Et3N (3 equiv), CH3CN, reflux; (d) iron powder (10 equiv), isopropa-
nol, reflux, 0.5 h.

Scheme 2. Reagents and conditions: (a) NH,-R (2 equiv), pyridine or
triethylamine (5 equiv), CHCls, rt, 12 h.
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Scheme 3. Reagents and conditions: (a) R;-NH, (1 equiv), K,CO3
(2 equiv), THF, 45 °C, 2 h; (b) 1-(2-R,-phenyl)piperazine (1 equiv), KI
(catalyzer), K,COj3 (2 equiv), THF, 50 °C, 4 h.

C|/\n/CI
0

against several protein-ligand complexes (Fig. S1). Four
different binding sites (Fig. 2) were derived from the
crystal structures of GP with known inhibitors: Caffeine
and Flavopiridol at the inhibitor site (PDB entry
1C8K !9 and 1GFZ!7); Bzurea at the catalytic site
(PDB entry 1K06'%); BAY-W1807, acyl urea inhibitor,
at the AMP allosteric site (PDB entry 3AMYV,!
2ATI?° 1Z6P,?! and 1Z6Q?"); Thienopyrrole inhibitors,
such as Bzurea and CP320626, at the dimer interface site
(PDB entry 2GJ4,22 2GM9,2? 1K06,'® 1H5U,>* and
2IEI?%). Analysis of mapping between each compound
and pharmacophores was implemented according to
the following process: (i) each pharmacophore model,
representing a class of binding interactions at different
binding sites, was generated by LigandScout with the
complex structure; (ii) compounds 4e, 4j, 4g, 4k, 4m,
and 6a were used as probes to fit the pharmacophore
models of different binding sites using Catalyst soft-
ware?’; (iii) the pharmacophores were found with which
the compounds match best.

The structures of compounds were built using Catalyst
2D-3D sketcher, and conformations of each compound
were generated with maximum 255 conformers using
best quality generation type, and 20.0 kcal/mol was the

allowed energy range for the conformers above the glo-
bal energy minimum in the conformational space.

2.4. Molecular docking simulation

After identifying the most likely binding site for these
inhibitors through the above-mentioned analysis, more
extensive docking simulation was performed to further
verify the binding model between inhibitors and GP.
Autodock3.05 software?® was used for the docking sim-
ulations. The high resolution crystal structure 2IEI'#
(RMGPa complex with FXR at the dimer interface site)
was used as the target for docking simulation. Ligand
and water molecules in the crystal structure were
removed, polar hydrogens were added, and ‘KOLLUA’
charges®’” were assigned to the protein. The conforma-
tions of compounds best fit to pharmacophore men-
tioned above were used as the initial structures for
docking, and Gasteiger—Marsilli charges were assigned
to the compounds. Since the dimer interface site is
formed by residues from both monomers, to ensure
the searching space enclosing the binding site, the num-
bers of grid points were set as 100 in x, y, and z direc-
tions around the central point of the dimer. The
Lamarckian genetic algorithm (LGA)?° was adopted in
the molecular docking simulation, and the number of
individuals for the population was set as 150, corre-
spondingly, the maximum number of energy evaluations
and the maximum numbers of generations were set as
4,500,000 and 81,000, respectively. Twenty independent
runs with different seeds were performed on a SGI origin
3800 supercomputer. The ligand was fully optimized
inside the binding site during the docking simulations,
and the best docking modes were determined by choos-
ing those poses with the lowest energy for each ligand.

3. Results and discussion

3.1. Biological activities on rat muscle glycogen phos-
phorylase a (RMGPa)

The enzymatic inhibition activities of compounds 1-3,
4a-n, Sa—f, and 6a—c against GPa determined by the
methods described in Section 2.2 are listed in Table 1.
The hit, compound 1, exhibits a medium inhibitory
activity toward GPa with an ICso value of 214.6 uM.
After inserting a methylene group between the amide
nitrogen and the phenyl ring, compound 4b maintains
the similar potency. Introducing methoxyl group (4c,
4d, 4e), cyano group (4f, 4g, 4h), fluorine (4j), trifluo-
romethyl group (4k), and amino group (41, 4m, 4n), to
the phenyl group apparently increased the inhibitor
potency. The 3-NH, derivative (4m) with an 1Csq value
of 2.68 uM showed the most potent inhibitory activity
among the compounds. Compound 4g (3-CN), 4j (3-
F), and 4k (3-CF3) also exhibited good results, with
the ICsy values of 9.87, 30.9, and 8.95 uM, respectively.
However, moving the 3-fluorine substitute to 2,6-posi-
tion (4i) led to a complete loss of activity.

Compound 2 is less active toward GPa with an ICs
value of 337 uM. The inhibitor potencies were slightly
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The inhibitor site
1C8K
1GFZ

The AMP

allosteric site

3AMV
2ATI
176P
126Q

The catalytic site
1K06

The dimer interface site
2GJ4
2GM9
1K06
1H5U
2IEI

Figure 2. Schematic diagram of the GP dimeric molecule viewed down the molecular dyad. One subunit is colored in green and the other in cyan.
Four different categories of inhibitor sites are highlighted through CPK models of the respective ligands. The catalytic site is colored in red,
corresponding complex is 1K06. The inhibitor site is colored in yellow, corresponding complexes are 1C8K and 1GFZ. The AMP allosteric site is
colored in magenta, corresponding complexes are 3AMYV, 2ATI, 1Z6P, and 1Z6Q. The dimer interface site is colored in orange, corresponding
complexes are 2GJ4, 2GM9, 1K06, 1H5U, and 2IEI. The dimer interface site, located inside the central cavity and formed by the two subunits, is
approximately 15 A from the allosteric AMP site, 33 A from the catalytic site, and 37 A from the inhibitor site. The structure-based pharmacophore
models for four different binding sites were created against these GP-ligand complexes. Compounds 4e, 4g, 4k, 4j, 4m, and 6a were used as probes to

fit the pharmacophore models of different binding sites (Table 4).

increased by replacing the thiazole ring with 1,3,4-thi-
adiazole group (5b) as shown in Table 2. When replacing
the terephthaloyl dichloride with isophthaloyl dichlo-
ride, the activity of compound 5d (ICsy=57.6 uM)
was apparently increased. However, when the phenyl
of 5d was changed to pyridine ring (Se), the potency of
compound was lost. The activities of these symmetrical
benzamide analogues were not as good as the activities
of compounds 4a-n, due to the loss of the amino group
of the middle phenyl and the rigidity of two carbonyl
groups.

By adding the 2-F group to the phenyl ring of com-
pound 3 (ICsy = 96.9 uM), the inhibition potency (6a)
was increased. While introducing the 3-(trifluorometh-
yl)benzenamine group to compound 3 gave a more
potent inhibitor (6b, 6c¢).

3.2. Prediction of potential binding site

Competitive binding studies are not suitable to identify
the binding sites of benzamide derivatives,”® and the
binding sites of GP are relatively dispersed in the GP
dimer.”® For example, the dimer interface site, which
located inside the central cavity and formed by the
two subunits, is approximately 15 A from the allosteric
AMP site, 33 A from the catalytic site, and 37 A from
the inhibitor site (Fig. 2). Accordingly, it is unsuitable
and inaccurate to implement molecular optimization
to find the binding sites of our inhibitors by using molec-
ular docking method in such an immense searching
space.

To identify the probable binding site fast and accurately,
compounds 4e, 4g, 4k, 4j, 4m, and 6a were used to map
to the pharmacophores derived from the crystal struc-
tures of inhibitor-GP complexes (see Section 2). The gly-
cogen storage site and Serl14-phosphate recognition site
were not considered because they are not inhibitor bind-
ing sites as mentioned above. From Table 4, we can see
that no mapping was possible in comparing operations
between these compounds and the pharmacophore of
complex 1C8K in the inhibitor site. Although these com-
pounds were able to fit to the pharmacophore of com-
plex 1GFZ more or less (Fig. 3a), it requires these
compounds to conquer more conformation energy
(12.5251, 13.6558, 5.44196, 11.2092, 3.91966, and
13.2133 kcal/mol, respectively). For the catalytic site,
these compounds also could not be fitted to the pharma-
cophore of complex 1K06. The catalytic site was known
as the binding site of glucose analogues. However, if
Bzurea bound at the dimer interface site of complex
1K 06, these compounds can fit the pharmacophore very
well (see footnote of Table 4). Because of considering
the interaction between the bound ligand and protein
including key water molecules, all these compounds
were able to fit those pharmacophores of complexes
with ligands bound at the dimer interface site. The map-
ping of compound 4m and pharmacophore of complex
21EI is shown in Figure 3b. Most of the compounds
were not able to fit to those pharmacophores of com-
plexes with ligands bound at the AMP allosteric site,
except for 2ATI case. These compounds have some 3D
similarities with the ligand in the 2ATI complex
(Fig. 4a), but the interactions with protein are incorrect
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Table 4. The fit values of compounds compared with pharmacophore based on complex structures for four different categories binding sites

4e 4g 4k 4j 4m 6a
The inhibitor site
1C8K N/M” N/M N/M N/M N/M N/M
1GFZ 2.13258 2.2104 2.12344 2.17843 2.19227 1.75998
The catalytic site
1K06* N/M N/M N/M N/M N/M N/M
The dimer interface site
2GJ4 1.8799 1.92384 2.04043 1.98176 2.57069 1.64323
2GM9 2.4409 1.97927 2.39471 2.17587 2.01597 2.35093
1K06° 2.141987 1.54151 2.6116 1.56013 1.93331 1.653628
1H5U 2.49269 2.17955 3.21127 2.42967 2.75289 2.54755
21EI 2.81157 2.90281 3.34978 2.83311 2.80239 2.88392
The AMP allosteric site
3AMV N/M N/M N/M N/M N/M N/M
2ATI 2.5911 2.62288 3.01083 2.3964 2.94731 N/M
1Z6P N/M N/M N/M N/M N/M N/M
126Q N/M N/M N/M N/M N/M N/M

Compounds 4e, 4g, 4k, 4j, 4m, and 6a were used as probe to fit the pharmacophore models of different binding sites.
4 Bzurea bound at the catalytic site.

° Bzurea bound at the dimer interface site.

*N/M: no mapping was possible in compare operation.

Figure 3. Mapping of compounds 4g and 4m onto the structure-based pharmacophore model. Pharmacophoric features are hydrogen-bond acceptor
(green), hydrogen-bond donor (magenta), hydrophobic group (cyan), and aromatic ring (orange). (a) Mapping of compound 4g onto the
pharmacophore for the inhibitor site based on the complex structure (1GPZ), with fit value of 2.2104 and conformation energy of 13.6558 kcal/mol;
(b) Mapping of compound 4m onto the pharmacophore for the dimer interface site based on the complex structure (2IEI), with fit value of 2.80239
and conformation energy of 4.39393 kcal/mol.

a . - ) b
" e :

g asde

Figure 4. The pharmacophore for the AMP allosteric site. (a) The pharmacophore based on the complex structure (2ATI) with acyl urea inhibitor.
Pharmacophore features are hydrogen-bond acceptor (red arrow), hydrogen-bond donor (green arrow), hydrophobic groups (yellow sphere), and
excluded volume (gray sphere). (b) Mapping of compound 4m onto the pharmacophore using Catalyst 4.10. Pharmacophoric features are hydrogen-
bonds acceptor (green), hydrogen-bond donor (magenta), and hydrophobic group (cyan).

after comparing with and fitting to the pharmacophore LigandScout was very similar to that in the original
in catalyst (Fig. 4b), due to lack of three important paper,”’ which indicates that the complex structure-
hydrogen-bond acceptor features. The pharmacophore based pharmacophore is more reliable. Through analy-

of the AMP allosteric site used here generated by sis of mapping to each binding site, it appeared that
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our compounds likely bind at the dimer interface site.
This prediction will be subsequently validated by our
X-ray crystal structure experiment in our future work.

3.3. Binding model predicted by molecular docking
simulation

After identifying the dimer interface site as the most
likely binding site for these compounds, the crystal
structure of RMGP complexed with ligand bound at
the dimer interface site (PDB entry 2IEI) was selected
for use in the molecular docking simulation. The first
ranked docking conformation of compound 4m at the
dimer interface, with the best interaction energy
(—8.42 kcal/mol), was determined as a preferred docking
mode, as shown in Figure 5. One can clearly see (Figs. 5

and 6b) that this inhibitor binds at the dimer interface,
which forms the binding site for the inhibitor with many
hydrophobic residues including Trp67 (A), Leu63(A),
Trpl89 (A), Lys191 (A), Alal92 (A), Pro229 (A), and
Leu39 (B). 1-Methylimidazole and the 3-aminophenyl
groups are bordered by this hydrophobic site. The nitro-
gen of 3-aminophenyl is close to Arg60 (A) to which it
may form a hydrogen bond, and the nitrogen of the
amide carbonyl group forms a hydrogen bond with the
oxygen of Pro188 (A). It should be noted that the amino
group of the middle phenyl can form three hydrogen
bonds with Asnl187 (A), Prol88 (A), and Glul90 (A),
respectively, which may provide stable interaction. The
interactions were in accord with those presented in the
pharmacophore based on complex structure of GPa
(Fig. 3b).

Figure 5. Stereoview of the binding mode of compound 4m at the dimer interface site of RMGP (left) and enlarged view of binding site (right) with
residues around the docked pose within 4.0 A. The RMGP structure is shown in cartoon, and residues in the binding site are shown in line. The
coloring for 4m is as follows: carbon atoms, magenta; oxygen atoms, red; nitrogen atoms, blue; sulfur atoms, yellow; fluorine, cyan; respectively.
Hydrogen atoms have been omitted for clarity. All structure figures were prepared using PyMol (http://pymol.sourceforge.net/).

£ A

Pro 229(A;
Trp 189(A)
P

Leu 63(A)—

Leu 30%

Asn 187(A)

) Glu 190(A)

Compound 4ri]

o o N N

Pro 188(A)

Figure 6. (a) Comparison of docked compound 4m with the ligand bound in crystal structure (2IEI). Compound 4m (carbons in magenta) and ligand
of FRX (carbon in cyan) are shown in stick with the non-carbon atoms in standard colors. Hydrogen atoms have been omitted for clarity. (b) Two-
dimensional representation for the interacting mode of compound 4m with RMGP. A distance between donor and acceptor less than 3.4 Ais
considered as a hydrogen-bond, and a 4.1-A distance between two hydrophobic atoms is considered hydrophobic interaction. The hydrogen bonds
and hydrophobic interactions were calculated by HBPLUS and LIGPLOT,*! respectively. Dashed lines represent hydrogen bonds, and spiked

residues form hydrophobic contacts with the ligands.
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The predicted docking conformation occupies the same
location of its bound ligand (FRX) at the dimer inter-
face site in crystal structure (Fig. 6a and b). Same as
the interaction of FRX, two ends of compound 4m are
overlaid with 1-methylimidazole and the 3-aminophenyl
group interacting with those hydrophobic residues,
moreover, 3-amino group of the benzamide and the
nitrogen of the amide carbonyl group maintain all major
interactions of hydrogen bonds. It also displayed the
same orientation and presented ideal superposition be-
tween the docked conformation of 4m and FRX in crys-
tal structure (Fig. 6a).

The nitrogen of the amide carbonyl group of this series
of compounds forms a hydrogen bond with the oxygen
of Prol188 (A), and the amino group of the middle phe-
nyl can form three hydrogen bonds with Asnl87 (A),
Prol88 (A), and Glul90 (A). The activities of 3-position
substituted compounds are much better than those of
compounds which were substituted by the same group
in 2- and 4-position, except the methoxyl group. This
can be illustrated by the much more steric space for
hydrophobic effect formed by 3-position substituted
phenyl with enzyme and the hydrogen bond formed by
3-position electronegative group with Arg60 (A) (Figs.
5 and 6b), which fit pharmacophores well and enhance
activity further. The activities of symmetrical benzamide
compounds 5a-f were not as good as the activities of
compounds 4a-n, because of the rigidity of two amide
groups and unfitness into the hydrogen bond interac-
tions and pharmacophores discussed above. The
structures of compounds 6a-c with 2-(piperazin-1-
yl)acetamide in middle are more flexible compared to
5a—f, so the inhibitory activities are much better than
those of compounds Sa-f.

4. Conclusions

In this paper, we have identified a series of novel benzam-
ide inhibitors of glycogen phosphorylase and described
their SAR, enzyme activities, and synthetic routes. With-
in this series of compounds, 4m was the most potent GPa
inhibitor (ICsg = 2.68 uM). Structure-based pharmaco-
phore strategy was put forward to predict the potential
binding site for our compounds, and analysis of mapping
between each compound and pharmacophore based on
complexes with ligand bound at different binding sites
demonstrated that these compounds’ binding sites were
at the dimer interface of the RMGP enzyme. By using
the crystal structure of RMGP (PDB entry 21EI), possi-
ble docking modes of compound 4m were further
explored by Autodock calculation.

Compared to 3D similarity,?®2° complex structure-based
pharmacophore adequately considers the interaction
between the ligand and protein including some key water
molecules, which is more reliable due to considering the
position of molecular features in 3D space. In this paper,
analysis of structure-based pharmacophore plays an
exemplary role in discovering potential binding sites for
inhibitors, especially for targets with multiple binding
sites. Moreover, complex structure based pharmacophore

can provide guidance for the design of novel inhibitors of
GP, and also can be applied in large-scale database
screening. By far, more than 1000 complex structure-
based pharmacophores against Potential Drug Target
Database (PDTD, unpublished) have been constructed,
and a new program to predict the binding site or target
based on this strategy is also underway. We believe it
should be possible to enable reliable prediction of binding
target through combining with reverse docking method.3°

5. Experimental

Melting points were measured in capillary tube on a
SGW X-4 melting point apparatus without correction.
The type of analytical thin-layer chromatography
(TLC) was HSGF 254 (0.15-0.2 mm thickness, Yantai
Huiyou Company, China). Nuclear magnetic resonance
(NMR) spectra were recorded on a Brucker AMX-300
NMR (TMS as IS). Chemical shifts were reported in
parts per million (ppm, d) downfield from tetramethylsil-
ane. Proton coupling patterns were described as singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m),
and broad (br). Low- and high-resolution mass spectra
(LRMS and HRMS) were given with electric (EI)
produced by Finnigan MAT-95 mass spectrometer.

5.1. 2-Amino-4-fluoro-5-(1-methyl-1 H-imidazol-2-ylthio)-
N-phenylbenzamide (1)

4,5-Difluoro-2-nitrobenzoic acid (200 mg, 0.98 mmol)
reacted with oxalyl dichloride (0.2 mL) and DMF (two
drops) at room temperature for 2 h. After concentration
of the reaction mixture, the residue was dissolved in
CH,Cl, and then added dropwise into the mixture of ani-
line (91 mg, 0.98 mmol) and pyridine (1.96 mmol) in
CH,Cl,. The mixture was stirred vigorously for 12 h at
room temperature and washed with 0.1 M aqueous
hydrochloric acid solution (2 x 50 mL), a saturated aque-
ous sodium bicarbonate solution (2 x 50 mL) and a satu-
rated aqueous sodium chloride solution (2 x 50 mL)
sequentially, and then dried over sodium sulfate, filtered,
and concentrated in vacuum. A mixture of the obtained
benzamide (190 mg, 0.68 mmol), 1-methyl-1H-imidaz-
ole-2-thiol (78 mg, 0.68 mmol), and triethylamine
(2.05 mmol) in acetonitrile was heated to reflux with stir-
ring overnight. Upon cooling, the yellow precipitate was
filtered and washed with water (5 mL). Then deoxidizing
the precipitate by iron power (2 g) and saturated aqueous
NH,4CI(2 mL)inisopropanol gave compound 1 as a white
solid (157 mg, 45% total yield). Mp 108-112 °C; '"H NMR
(300 Hz, CDs;0D-d;)o: 3.80 (3H, s), 6.49 (1H, d,
J=11.5Hz), 7.00 (1H, s), 7.12-7.16 (2H, m), 7.34 (2H,
t, J=157Hz), 7.63 2H, d, J=9.6 Hz), 7.93 (1H, d,
J=79Hz). HRMS (EI) m/z caled for C{7H;5FN40S
(M™) 342.0951, found 342.0948.

5.2. 2-Amino-4-fluoro-5-(1-methyl-1 H-imidazol-2-ylthio)-
N-p-tolylbenzamide (4a)

In the same manner as described in the preparation of 1,
4a was prepared from 4-methylaniline. Total yield: 50%;
mp 75-80 °C; '"H NMR (300 Hz, CD;0D-d,) d: 3.79
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(3H, s), 3.91 (3H, 5), 6.51 (1H, d, J = 11.5 Hz), 6.95 (1H,
t, J=16.6 Hz), 7.01 (1H, d, J= 1.4 Hz), 7.05 (1H, d,
J=93Hz), 7.16 (IH, t, J=1.73Hz), 7.20 (1H, d,
J=0.5Hz), 7.80 (1H, d, J=7.8Hz), 7.85(1H, dd,
J=09Hz, 99Hz). HRMS (EI) m/z caled for
C,sH,,FN,0S (M*) 356.1107, found 356.1113.

5.3. 2-Amino-N-benzyl-4-fluoro-5-(1-methyl-1 H-imi-
dazol-2-ylthio)benzamide (4b)

In the same manner as described in the preparation of 1,
4b was prepared from benzylamine. Total yield: 30%;
mp 163-165 °C; '"H NMR (300 Hz, CD;0D-dy) J: 3.74
(3H, s), 4.50 (2H, s), 6.45 (1H, d, J=11.4 Hz), 6.95
(1H, s), 7.12 (1H, s), 7.20-7.32 (5H, m), 7.79 (1H, d,
J=7.8Hz). HRMS (EI) m/z calcd for CigH7FN,OS
(M™) 356.1107, found 356.1113.

5.4. 2-Amino-4-fluoro-N-(4-methoxyphenyl)-5-(1-methyl-
1H-imidazol-2-ylthio)benzamide (4c)

In the same manner as described in the preparation of 1,
4c was prepared from 4-methoxyaniline. Total yield:
22%; mp 95-100 °C; 'H NMR (300 Hz, CD3;0D-dy) ¢:
3.80 (6H, d, J=2.1 Hz), 6.49 (1H, d, J=11.7 Hz), 6.92
(2H, d, J=9.3 Hz), 6.99 (1H, s), 7.17 (1H, s), 7.51 (2H,
d, J=9.0Hz), 7.91 (1H, d, J = 8.1 Hz). HRMS (EI) m/z
caled for C gH 7 FN40,S (M ™) 372.1056, found 372.1056.

5.5. 2-Amino-4-fluoro-/NV-(3-methoxyphenyl)-5-(1-methyl-
1H-imidazol-2-ylthio)benzamide (4d)

In the same manner as described in the preparation of 1,
4d was prepared from 3-methoxyaniline. Total yield:
32%; mp 72-73 °C; '"H NMR (300 Hz, DMSO-d;) 6:
3.72 (3H, s), 3.78 (3H, ), 6.63 (1H, d, J = 11.7 Hz), 6.72
(1H,d, J=7.2 Hz), 6.94 (1H, s), 7.27-7.30 (3H, m), 7.40
(1H, s), 7.95 (1H, d, J = 8.0 Hz). HRMS (EI) m/z calcd
for C;sH;7,FN,0,S (M™) 372.1056, found 372.1059.

5.6. 2-Amino-4-fluoro-/V-(2-methoxyphenyl)-5-(1-methyl-
1 H-imidazol-2-ylthio)benzamide (4e)

In the same manner as described in the preparation of 1,
4e was prepared from 2-methoxyaniline. Total yield:
51%; mp 224-225°C; '"H NMR (300 Hz, CD;0D-d,)
0: 3.79 (3H, s), 3.91 (3H, s), 6.51 (1H, d, J=11.4 Hz),
6.95 (1H, t, J=16.8 Hz), 7.01-7.06 (2H, m), 7.13-7.21
(2H, m), 7.80 (1H, d, J=7.8Hz), 7.85 (1H, dd,
J=09Hz, 9.6Hz). HRMS (EI) m/z caled for
CsH7FN405S (M) 372.1056, found 372.1052.

5.7. 2-Amino-N-(2-cyanophenyl)-4-fluoro-5-(1-methyl-
1 H-imidazol-2-ylthio)benzamide (4f)

In the same manner as described in the preparation of 1,
4f was prepared from 2-aminobenzonitrile. Total yield:
9%; mp 162-165°C; '"H NMR (300 Hz, DMSO-d;)s:
3.70 (3H, s), 6.61 (1H, d, J=12.0Hz), 6.91 (1H, 5s),
7.27 (1H, s), 7.43 (1H, t, J=12.4Hz), 7.51 (1H, d,
J=80Hz), 7.73 (IH, t, J=17.2Hz), 7.85 (1H, d,
J=28.1Hz), 8.06 (1H, d, J=8.0 Hz). HRMS (EI) m/z
caled for C1gH 4FN5OS (M™) 367.0903, found 367.0901.

5.8. 2-Amino-N-(3-cyanophenyl)-4-fluoro-5-(1-methyl-
1H-imidazol-2-ylthio)benzamide (4g)

In the same manner as described in the preparation of 1,
4g was prepared from 3-aminobenzonitrile. Yield: 55%;
mp 172-174 °C; '"H NMR (300 Hz, DMSO-d)d: 3.66
(3H, s), 6.57 (1H, d, J=11.7Hz), 6.88 (1H, s), 7.18
(IH, d, J=73Hz), 724 (1H, s), 7.34 (IH, t,
J=16.3Hz), 7.68 (1H, d, J=83Hz), 7.84 (1H, s),
7.92 (1H, d, J=8.0 Hz). HRMS (EI) m/z calcd for
CsH4FN5OS (M™) 367.0903, found 367.0977.

5.9. 2-Amino-N-(4-cyanophenyl)-4-fluoro-5-(1-methyl-
1H-imidazol-2-ylthio)benzamide (4h)

In the same manner as described in the preparation of 1,
4h was prepared from 4-aminobenzonitrile. Total yield:
15%; mp 291-293 °C; '"H NMR (300 Hz, DMSO-d;) J:
3.71 (3H, s), 6.63 (1H, d, J=11.7Hz), 6.93 (1H, s),
7.29 (1H, s), 7.88 (5H, m). HRMS (EI) m/z caled for
C1gH4FNsOS (M™) 367.0903, found 367.0899.

5.10. 2-Amino-NV-(2,6-difluorophenyl)-4-fluoro-5-(1-
methyl-1H-imidazol-2-ylthio)benzamide (4i)

In the same manner as described in the preparation of 1,
4i was prepared from 2,6-difluorobenzenamine. Yield:
59%; mp 202-205°C; '"H NMR (300 Hz, CD;0D-d,)
0: 3.80 (3H, s), 6.51 (1H, d, J=11.4 Hz), 6.99 (1H, s),
7.07 2H, t, J=12.0 Hz), 7.17 (1H, s), 7.30-7.38 (1H,
m), 8.04 (1H, d, J = 8.1 Hz). HRMS (EI) m/z calcd for
C7H3F3N,0S (M™) 378.0762, found 378.0762.

5.11. 2-Amino-4-fluoro- N-(3-fluorophenyl)-5-(1-methyl-
1 H-imidazol-2-ylthio)benzamide (4j)

In the same manner as described in the preparation of 1,
4j was prepared from 3-fluorobenzenamine. Yield: 49%;
mp 190-193 °C; '"H NMR (300 Hz, DMSO-d)d: 3.68
(3H, s), 6.59 (1H, d, J=11.7 Hz), 6.90-6.94 (2H, m),
7.25 (1H, s), 7.35-7.40 (1H, m), 7.46 (1H, d,
J=17.5Hz), 7.64 (1H, d, J=11.7Hz), 792 (1H, d,
J=17.5Hz). HRMS (EI) m/z calcd for C7H4F,N40S
(M™) 360.0856, found 360.0833.

5.12. 2-Amino-4-fluoro-5-(1-methyl-1 H-imidazol-2-
ylthio)-NV-(3-(trifluoromethyl)phenyl)benzamide (4k)

In the same manner as described in the preparation of 1,
4k was prepared from 3-(trifluoromethyl)benzenamine.
Yield: 34%; mp 95-100 °C; "H NMR (300 Hz, DMSO-
dg) 9: 3.66 (3H, s), 6.58 (1H, d, J=11.7 Hz), 6.89 (1H,
s), 7.25 (1H, s), 7.42 (1H, d, J=7.8 Hz), 7.56 (1H, t,
J=16.5Hz), 7.90-7.97 (2H, m), 8.13 (1H, s). HRMS
(EI) m/z caled for C gH 4F4N4OS (M™) 410.0824, found
410.0818.

5.13. 2-Amino-N-(2-aminophenyl)-4-fluoro-5-(1-methyl-
1 H-imidazol-2-ylthio)benzamide (41)

In the same manner as described in the preparation of 1,
41 was prepared from 2-nitrobenzenamine. Total yield:
40%; mp 174-178 °C; 'H NMR (300 Hz, DMSO-d;) o:
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3.69 (3H, s), 6.56-6.60 (2H, m), 6.76-6.79 (1H, m), 6.92—
6.97 (2H, m), 7.09-7.12 (1H, m), 7.28 (1H, s), 8.00 (2H,
d, J=8.1 Hz). HRMS (EI) m/z calcd for C;7H;(FNsOS
(M™) 357.1060, found 357.1063.

5.14. 2-Amino-/N-(3-aminophenyl)-4-fluoro-5-(1-methyl-
1 H-imidazol-2-ylthio)benzamide (4m)

In the same manner as described in the preparation of 1,
4m was prepared from 3-nitrobenzenamine. Total yield:
37%; mp 144-148 °C; 'TH NMR (300 Hz, DMSO-dg) o:
3.63 (3H, s), 6.31 (1H, d, J=8.1 Hz), 6.57 (1H, d,
J=11.4Hz), 6.78 (1H, t, J=153Hz), 6.90 (1H, s),
6.95 2H, t, J=189 Hz), 7.25 (1H, s), 7.85 (1H, d,
J=7.8Hz). HRMS (EI) m/z caled for C;7H;¢FNsOS
(M™) 357.1060, found 357.1052.

5.15. 2-Amino-/N-(4-aminophenyl)-4-fluoro-5-(1-methyl-
1H-imidazol-2-ylthio)benzamide (4n)

In the same manner as described in the preparation of 1,
4n was prepared from 4-nitrobenzenamine. Total yield:
45%; mp 95-98°C; '"H NMR (300 Hz, DMSO-d;)d:
3.68 (3H, s), 6.52-6.57 (3H, m), 6.90 (1H, s), 7.25-7.29
(3H, m), 7.86 (1H, d, J = 8.4 Hz). HRMS (EI) m/z calcd
for C;7H,FNsOS (M™) 357.1060, found 357.1068.

5.16. N', N*-Di(thiazol-2-yl)terephthalamide (2)

To a solution of thiazol-2-amine (1 g, 10 mmol) and
triethylamine (25 mmol) in CHCl; (20 mL) was
added terephthaloyl dichloride (1.08 g, 5 mmol) drop-
wise. After the mixture was stirred overnight, a saturated
aqueous sodium bicarbonate solution (10 mL) was
added in and reacted for another 30 min. Then compound
2 was collected by filtration, water washing, and
purification as a slight yellow solid. Yield: 23%; mp
>300 °C; '"H NMR (300 Hz, DMSO-d,) d: 7.30 (2H, d,
J=3.3Hz),7.57(2H,d,J = 3.9 Hz), 8.19 (4H, s). HRMS
(EI) mlz calcd for C14H10N402S2 (M+) 3300245, found
330.0245.

5.17. N',N*-Di(pyridin-2-yl)terephthalamide (5a)

Compound 5a was prepared from pyridin-2-amine (1 g,
10 mmol), pyridine (25 mmol), and terephthaloyl dichlo-
ride (1.08 g, S mmol) using a procedure similar to that
described for the preparation of 2 as a white solid
(340 mg, 21% yield). Mp 276-280°C; 'H NMR
(300 Hz, DMSO-dg) o: 7.19 (2H, t, J=12.0 Hz), 7.86
(2H, t, J=17.7Hz), 811 (4H, s), 8.18 (2H, d,
J =129 Hz), 8.40 (2H, d, J = 6.6 Hz). HRMS (EI) m/z
caled for C;sH;4N4,O, (M) 318.1117, found 318.1110.

5.18. Nl,N4-Di(1,3,4-thiadiazol-2—yl)terephthalamide (5b)

Compound 5b was prepared from 1,3,4-thiadiazol-2-
amine, pyridine, and terephthaloyl dichloride using a
procedure similar to that described for the preparation
of 2 as a white solid. Yield: 31%; mp >300°C; 'H
NMR (300Hz, DMSO-dg) ¢ 8.24 (4H, s), 9.23 (2H, s).
HRMS (EI) mlz caled for C12H8N60282 (M+)
332.0150, found 332.0068.

5.19. Nl,N4-(4-methylthiazol-2-yl)terephthalamide (5¢)

Compound 5c¢ was prepared from 4-methylthiazol-2-
amine, pyridine, and terephthaloyl dichloride using a
procedure similar to that described for the preparation
of 2 as a white solid. Yield: 12%; mp >300 °C; 'H
NMR (300 Hz, DMSO-dq)d 2.30 (6H, s), 6.78 (2H, s),
8.17 (4H, S). HRMS (EI) m/z calcd for C16H14N4OZSZ
(M™) 358.0558, found 358.0567.

5.20. N', N*-Di(pyridin-2-yl)isophthalamide (5d)

Compound 5d was prepared from pyridin-2-amine, pyr-
idine, and isophthaloyl dichloride using a procedure
similar to that described for the preParation of 2 as a
white solid. Yield: 52%; mp 253 °C; "H NMR (300 Hz,
DMSO-dg) o: 7.36-7.43 (2H, m), 7.68-7.79 (1H, m),
8.09-8.20 (2H, m), 8.23-8.28 (2H, m), 8.30-8.34 (2H,
m), 8.48 (2H, d, J = 1.8 Hz), 8.59 (0.5H, s), 8.73 (0.5H,
S). HRMS (EI) m/z calcd for C18H14N402 (M+)
318.1117, found 318.1116.

5.21. N*,N®-Di(pyridin-2-yl)pyridine-2,6-dicarboxamide
(Se)

Compound 5e was prepared from pyridin-2-amine, pyr-
idine, and pyridine-2,6-dicarbonyl dichloride using a
procedure similar to that described for the preparation
of 2 as a white solid. Yield: 8%; mp 228-229 °C; 'H
NMR (300 Hz, DMSO-dg) o: 7.25 (2H, t, J =9.6 Hz),
793 2H, t, J=5.4Hz), 8.31 (3H, t, J=6.6 Hz), 8.40
(2H, d, J=5.7Hz), 8.49 (2H, dd, J=0.9 Hz, 4.5 Hz).
HRMS (EI) mlz caled for C17H13N502 (M+) 3191069,
found 319.1069.

5.22. N',N*-Di(thiazol-2-yl)isophthalamide (5f)

Compound 5f was prepared from thiazol-2-amine, pyri-
dine, and isophthaloyl dichloride using a procedure sim-
ilar to that described for the preparation of 2 as a white
solid. Yield: 71%; mp 285-287 °C; '"H NMR (300 Hz,
DMSO-dy) o: 7.27 (1H, d, J=3.5Hz), 7.29 (1H, d,
J=39Hz), 7.55 (IH, d, J=3.7Hz), 7.56 (1H, d,
J=39Hz), 7.65-7.73 (1H, m), 826 (2H, d,
J=18Hz), 827 (1H, d, J=1.8Hz), 8.62 (0.5H, t,
J=3.3Hz), 8.77 (0.5H, t, J = 3.8 Hz). HRMS (EI) m/z
caled for C7H;3NsO, (M) 330.0245, found 330.0233.

5.23. 2-(4-Phenylpiperazin-1-yl)- V-(thiazol-2-yl)acetam-
ide (3)

A solution of thiazol-2-amine (200 mg, 2 mmol) and
anhydrous potassium carbonate (414 mg, 3 mmol) in
THF (20 mL) was added with 2-chloroacetyl chloride
(339 mg, 3 mmol) dropwise. Then the mixture was stir-
red under reflux for 2 h. After evaporation THF, the
residue was dissolved with water and the precipitate
was collected by filtration. A mixture of the obtained
acetamide (232 mg, 1.32 mmol), I1-phenylpiperazine
(213 mg, 1.32 mmol), and anhydrous potassium carbon-
ate (273 mg, 1.98 mmol) in THF was reacted under
reflux for 4 h using potassium iodide as catalyzer. The
reaction mixture was evaporated and water was added
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subsequently, and then the pH value was adjusted to
neutral using 1 M aqueous hydrochloric acid solution.
Compound 3 was collected by filtration, water washing,
and purification as a slight yellow solid (352 mg, 88% to-
tal yield). Mp 167-168 °C; "H NMR (300 Hz, CD;0D-
dy) 0: 2.77 (4H, t, J=9.7 Hz), 3.26 (4H, t, J=9.7 Hz),
3.37 (2H, s), 6.83 (1H, t, J=14.6 Hz), 6.98 (2H, d,
J=9.8Hz), 7.14 (1H, d, J=3.9 Hz), 7.21-7.25 (2H,
m), 7.44 (1H, d, J = 3.7 Hz). HRMS (EI) m/z calcd for
CsH gN4OS (M™) 302.1201, found 302.1204.

5.24. 2-(4-(2-Fluorophenyl)piperazin-1-yl)- /V-(thiazol-2-
yl)acetamide (6a)

Compound 6a was prepared from thiazol-2-amine, 2-
chloroacetyl chloride, and 1-(2-fluorophenyl)piperazine
using a procedure similar to that described for the
preparation of 3 as a white solid. Total yield: 69%; mp
159-160°C; 'H NMR (300 Hz, CD;OD-d,)5: 2.79
(4H, t, J=9.4Hz), 3.17 (4H, t, J=10.2 Hz), 3.38
(2H, s), 6.93-7.00 (1H, m), 7.02-7.11 (3H, m), 7.14
(1H, d, J=3.8Hz), 7.44 (1H, d, J=3.7Hz). HRMS
(EI) m/z caled for C;sH;;FN,OS (M™) 320.1107, found
320.1097.

5.25. 2-(4-(2-Fluorophenyl)piperazin-1-yl)-N-(3-(trifluo-
romethyl)phenyl)acetamide (6b)

Compound 6b was prepared from 3-(trifluorometh-
yl)benzenamine, 2-chloroacetyl chloride, and 1-(2-fluor-
ophenyl)piperazine using a procedure similar to that
described for the preparation of 3 as a white solid. Total
yield: 75%; mp 93-95 °C; "H NMR (300 Hz, DMSO-dy)
02.70 (4H, t, J = 8.8 Hz), 3.09 (4H, t, J=9.2 Hz), 3.24
(2H, s), 6.95-6.99 (1H, m), 7.05-7.16 (3H, m), 7.41 (1H,
d, J=7.7Hz), 7.56 (1H, t, J=15.6 Hz), 7.90 (1H, d,
J=8.3Hz), 8.16 (1H, s). HRMS (EI) m/z calcd for
C1oH9gF4N30 (M™) 381.1464, found 381.1472.

5.26. 2-(4-(2-Methoxyphenyl)piperazin-1-yl)-/V-(3-(triflu-
oromethyl)phenyl)acetamide (6¢)

Compound 6c¢ was prepared from 3-(trifluorometh-
yl)benzenamine, 2-chloroacetyl chloride, and 1-(2-meth-
oxyphenyl)piperazine using a procedure similar to that
described for the preparation of 3 as a white solid. Total
yield: 70%; mp 95-100 °C; "H NMR (300Hz, DMSO-d)
02.68 (4H, t, J = 8.6 Hz), 2.99-3.04 (4H, t, J = 8.6 Hz),
3.23 (2H, s), 3.77 (3H, s), 6.87-6.95 (4H, m), 7.43 (1H, d,
J=8.0Hz), 7.56 (1H, t, J=16.1Hz), 7.89 (1H, d,
J=8.5Hz), 8.16 (1H, s). HRMS (EI) m/z calcd for
CroH2,F3N30, (M™) 393.1664, found 393.1669.
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