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Binding Modes and Pharmacophore Modelling of Thermolysin Inhibitors
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Abstract: In the present paper 25 known thermolysin inhibitors were docked into thermolysin using the Internal
Coordinate Mechanics (ICM™) software. Pharmacophore models based on thermolysin binding modes and activity
profiles were generated using the LigandScout™ program. The docking studies indicated that all 25 inhibitors coordinated
the catalytic zinc in bidentate or monodentate geometry. A ‘three-point’ pharmacophore model was proposed which
consisted of a hydrophobic group, a negative ionizable group and a hydrogen bond acceptor group. Finally the
pharmacophore model has been tested against a small compound library containing 18 highly, moderately, less active as
well as inactive compounds. The screening indicated that the pharmacophore model could, identify highly active

compounds in front of inactive or less active ones.
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INTRODUCTION

Enzymes of the thermolysin (EC 3.4.24.27) family (M4
family of proteinases) are secreted eubacterial
endoproteinases from Gram-positive or Gram-negative
sources that degrade extracellular proteins and peptides for
bacterial nutrition prior to sporulation. The M4 family
includes enzymes from pathogens such as Legionella,
Listeeria, Clostridium, Staphyloccus, Pseudomonas and
Vibrio, and are key factors in the pathogenesis of various
diseases, including several types of bacterial infections [1-3],
cholera [4], gastritis and peptic ulcer [5, 6] and gastric
carcinoma [7].

The protoptype enzyme of the M4 family is thermolysin,
which is a 34.6 KDa bacterial Zn-metalloprotease that
specifically catalyzes hydrolysis of peptide bonds containing
hydrophobic amino acids [8, 9]. Thermolysin is widely used
for peptide bond formation through reverse reaction of
hydrolysis, and is applied in synthesis of the artificial
sweetener aspartame [10, 11]. Thermolysin is also essential
for the cellular entry via the cell surface of the corona virus
(SARS-CoV) which is causing severe acute respiratory
syndrome (SARS) [12].

TH structure of thermolysin contains the consensus
sequence HExxH that forms the zinc-containing catalytic
domain [13, 14]. Zn-metalloproteinases containing the
HExxH motif have structural and functional similarities with
thermolysin and are often named thermolysin-like
proteinases (TLPs). M4 family members are all TLPs. X-ray
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crystallographic structures of thermolysin [15] and various
thermolysin—inhibitor complexes have been used to model
the active site of neprilysin (NEP) and angiotensin-
converting enzyme (ACE) [16-18]. NEP and ACE are TLPs
involved in the control of hypertension [19, 20], and both
have large structural and functional similarities with
thermolysin.

Enzymes of the M4 family and other TLPs are potential
targets for therapeutic intervention. Adequate inhibition of
different TLPs is important, especially with the emergent
resistance to antibiotics and the fight against multi drug
resistance (MDR), and is believed to be a novel strategy in
development of second generation antibiotics [21, 22].
Thermolysin may also serve as a model system to identify
putative ACE and NEP inhibitors [13, 17]. Structural insight
into thermolysin inhibition is therefore important both for the
design of putative antibacterial and antihypertensive drugs.

In the present work we report molecular docking and
pharmacophore modelling studies of 25 thermolysin
inhibitors from the literature. The present results are helpful
for designing new thermolysin inhibitors with putative
antibacterial or antihypertensive properties.

METHODS
Data Sets and Molecular Structures

In the present study 25 chemically diverse compounds
known as thermolysin inhibitors were retrieved from the
literature [1, 23]. Biological data (experimental K; and pK;
values) for the inhibitors is given in Table 1, and 2D
chemical structures in Fig. (1). Although the biological data
are from different laboratories, the thermolysin inhibition
data were considered to be comparable since similar
conditions were used during the biochemical experimental
studies.

© 2012 Bentham Science Publishers
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Fig. (1). The 2D molecular structures of the thermolysin inhibitors used in this study. The PDB id is given in brackets for compounds that

have been co-crystallized with thermolysin.
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Table1. The Experimental Ki and pKi Values (Exp. pKi) of the Thermolysin Inhibitors

Comp. Ki (in M) Exp. pKi Ref.
1 4.1x10° 7.38722 [1, 23]
2 1.0x10° 8.0000 [23]
3 2.0x10™ 6.69897 [24]
4 1.2x10° 5.92082 [24]
5 4.2x10° 7.37675 [24]
6 4.8x10° 7.31876 [24]
7 1.9x10° 7.72125 [24]
8 1.0x10° 3.00000 [24]
9 1.6x10° 5.79588 [24]
10 1.6x10° 5.79588 [24]
11 3.5x10™ 6.45593 [24]
12 9.3x107 6.03152 [24]
13 7.8x107 6.10791 [24, 25]
14 2.6x10° 7.58503 [24, 25]
15 4.5x10° 7.34679 [24, 25]
16 6.8x10™ 10.16749 [24, 25]
17 1.1x10° 7.95861 [26]
18 4.0x10° 7.39794 [27]
19 1.0x10° 8.00000 [27]
20 0.9x10°® 8.04096 [27]
21 9x10° 2.04576 [27]
22 8.0x10° 7.09691 [28]
23 5.6x107 6.25181 [28]
24 2.2x10° 5.65561 [28]
25 3.8x107 6.42022 [28]

Docking of Thermolysin Inhibitors
Ligand Preparation

Docking of thermolysin inhibitors were performed with
the Internal Coordinate Mechanism (ICM™) [29] docking
module with default setup. Two-dimensional structures of
the 25 inhibitors were drawn using the CS ChemOffice
(www.chembridgesoft.com), converted into 3D, energy
minimized and saved in PDB format using Discovery Studio
(www.accelrys.com). The energy minimized inhibitors were
then reposed into ICM environment and converted into ICM
objects. MMFF charges [30] were assigned to the inhibitors.

Target Preparation

The X-ray crystal structure of thermolysin (PDB id:
1GXW) was retrieved from Brookhaven Protein databank

(PDB, www.rcsb.org/pdb) and converted to ICM-object. The
default macro of ICM was used for adding missing hydrogen
atoms and for optimizing the thermolysin structure in order
to relieve bad van der Waals contacts by a process of short
energy minimizations and Monte Carlo simulation. A grid
map (5 A) that included the active site amino acids and zinc
was generated. The grid map was manually adjusted.

Docking Process

The previously prepared 25 compounds were docked into
the active site of thermolysin (PDB id: 1GXW) using the
‘interactive docking” module of ICM. Several docking
approaches were tested.

In the first approach Glul43 at the active site was
negatively charged while the functionally important
histidines at the active site (His142, His146, and His231)
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were protonated at the §-N position. All compounds had a
total charge of zero during this docking approach. A stack of
complexes (poses) with different orientation and
conformation of each compound was sampled. The docking
poses were validated based on similarities (RMSD) with
known X-ray crystal structures complexes of thermolysin
inhibitors in the PDB database (PDB codes: 1QF0, 1QF1,
1QF2, 1THL, 10S0, 5TMN, 6TMN, 1Y3G) and docking
energy. The best ranked docking pose of each compound
was refined by a combination of energy minimizations and
Monte Carlo simulations of side chains, and the docking
energy was again calculated.

It was suggested that the glutamic acid in TLPs
corresponding to Glu143 in thermolysin is protonated and
interacts with acceptor oxygen of bound ligand [31]. The
compounds in Fig. (1) that have been co-crystallized with
thermolysin (PDB codes: 1QF0, 1QF1, 1QF2, 1THL, 10S0,
5TMN, 6TMN, 1Y3G) were therefore re-docked in 5
docking runs into two different active site scenarios:

» Scenario 1. Glul43 was negatively charged (as in
the first approach).

e Scenario 2. Glu143 was protonated.

The functionally important histidines were still
protonated at thed -N position in both scenarios. The
phosphorus based protease inhibitors (Fig. 1) are acidic, with
pKa values in the range of 1.4 - 3.1, and should therefore be
charged at physiological pH [1]. All phosphorus based
inhibitors from X-ray crystal structure complexes (Fig. 1)
were therefore re-docked both being charged and neutral. All
poses from the 5 docking runs of each compound in both
scenarios (both charged and neutral for some of the
compounds) were analyzed for their similarities with the X-
ray structure complexes and docking energy. The analyses
indicated that the scenario with neutral Glul43 resulted in
docking poses most similar to the X-ray complexes. Further,
for the phosphorus based inhibitors, the docking runs with
charged compound were most similar to X-ray crystal
complexes.

The 17 compounds in Fig. (1) that not have been co-
crystallized with thermolysin were therefore re-docked with
a neutral Glul43 and charged phosphorus groups. Five
docking runs were performed for all compounds.

LigPlot [32] was used to construct schematic 2D plots of
thermolysin-ligand interactions. Regression analysis between
experimental data from the literature and docking
calculations were performed by MS Excel ™.

Pharmacophore Modeling

Based on an X-ray crystal structure complexes with
thermolysin, the highest ranked docking modes of the 25
compounds, and their activity profiles, pharmacophore
models were constructed using the program LigandScout™
(www.inteligand.com) version 2.01 [33-38]. The X-ray
structure of compound 20 (Fig. 1) with thermolysin is known
(PDB code 5TMN) and the compound is a strong
thermolysin binder (K; value 9.1x10°° M). Compound 20 was
therefore used as reference compound for generating
pharmacophoric features. The 25 docked complexes were
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used to generate preliminarily pharmacophore models of
each of the molecules. These models were superimposed and
merged to produce the most common features. The model
common for all 25 complexes were superimposed with the
X-ray complex of compound 25, and from that, the final
model was proposed. The 3D co-ordinates for the proposed
pharmacophoric features were also calculated. The complete
approach is schematically indicated in Fig. (2).

This proposed model has been further tested using a
small library constructed based on from a previous
experimental study [39]. In that study we used structure
based virtual screening and experimental binding assays to
identify 12 thermolysin inhibitors. The library contained 18
compounds of highly active, moderately active, less active
and inactive compounds against thermolysin. The
pharmacophore model was then used to searching this library
in order to see if the model could score strong binders in
front weak binders and not binders. The LigandScout™
platform was used for this screening.

Fig. (2). Schematic representation of the pharmacophore model
generation. The model was based on the X-ray structure complex
5tmn and docked complexes of 25 inhibitors. The final model was
used to search on a small library (containing 18 compounds).

RESULTS AND DISCUSSION

Therapeutic intervention of TLPs is believed to be a
novel strategy in the development of second generation
antibiotics and new antihypertensive drugs. Structural insight
into binding modes of known thermolysin binders is
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therefore important for the design of new thermolysin
inhibitors. Computational approaches including docking and
scoring and pharmacophore modeling complement
experimental studies and may shorten the drug discovery
timeline. In the present study computational approaches were
used for docking and scoring, and pharmacophore modelling
of 25 known thermolysin inhibitors.

Thermolysin — Inhibitor Interactions

Different features including resolution of target X-ray
crystallographic structure, ligand conformation, number of
rotatable bonds in the ligand, topology and water
accessibility of active site, placement of polar hydrogen
atoms and correct forms (e.g. charged or uncharged) of
ligand(s) and amino acid within the active site have been
comprehensively discussed as factors influencing docking
accuracy. Several docking programs are available, extensive
studies of docking accuracy of different programs during
flexible ligand docking have been reported [31, 40-44].

Zinc is essential for biological function and inhibitor
binding of thermolysin. Theoretical simulations and ligand
affinity predictions of zinc containing proteins are
challenging. Zinc can obtain multiple coordination
geometries, indicating that the molecular mechanical force
field parameters for one molecular system are not directly
transferable to other molecular systems, and there it is a lack
of force fields capable of reproducing zinc properties. Most
docking studies have used a formal charge of +2 for zinc

Khan et al.

obtained affinities, and overestimation of the electrostatic
interactions [31]. Table 3 compare docking studies from the
literature where different programs have been used to dock
compounds with known target-compound X-ray structures.
Table 2 indicates that docking into metal containing targets
often gives less accurate docking modes compared to targets
not containing metal ions.

Bursulaya et al. [40] and Hu et al. [31] performed
docking into 9 and 40 zinc containing targets, receptively.
The study by Bursulaya et al. [40] indicated that for zinc
containing targets, the different programs showed between 1
(Autodock) to 5 (ICM) out of 9 compounds within RMSD of
2 A from corresponding X-ray complex (Table 3), while the
study by Hu et al. [31] had 8 (Dock) to 21 (GOLD) out of 40
zinc containing targets within RMSD of 2 A. ICM was not
used by Hu et al. [31] The study by Chen et al. did not
specifically indicate the accuracy obtained for the zinc
containing targets. However, the overall docking accuracy by
Chen et al. was quite high, especially for the ICM program
(91 % within RMSD of 2 A) and Glide (63 % within RMSD
of 2 A). However, a similar study by Perola et al. [43]
indicated that ICM reproduced 45 % within RMSD of 2 A of
the X-ray complexes while Glide reproduced 61 %.

An important contribution to the high docking accuracy
by Bursulaya et al. [40] and Chen et al. [41] may be that
more than 70 % of the targets did not contain metal ions.
However, the results in Table 3 indicate that ICM is a
valuable approach for flexible ligand docking, also for zinc

giving relatively low correlation with experimentally containing targets. The docking results of the present study
are shown in Table 4 and 5. Table 5 indicates that the
Table 2. Docking Successfulness Measured by RMSD of Ligand Structure from Corresponding X-Ray Crystal Structure Complex
No. of complexes Percentage® No. of metal containing No. of metal®
Ref. Program targets
<20A <1.0A Total Zinc <20A <1.0A
Autodock 37 46 24 9 9 1 /
Dock 37 30 8 9 9 1 /
[40] FlexX 37 35 11 9 9 2 /
ICM 37 76 41 9 9 5 2
GOLD 37 46 22 9 9 3 /
FlexX 164 43 26 42 34 / /
GOLD 164 55 39 42 34 / /
[41]

GLIDE 164 63 49 42 34 / /
ICM 164 91 56 42 34 / /
Autodock 40 40 / 40 40 16 /
Dock 40 20 / 40 40 8 /
[31] FlexX 40 35 / 40 40 14 /
DrugScore 40 40 / 40 40 16 /
GOLD 40 53 / 40 40 21 /

Notes: *percentage of compounds within 1 and 2 A from X-ray complex; "No. of metal compounds within 1 and 2 A from X-ray complex.
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docking approach considered as most realistic had 7 out of 8
compounds (87 %) within 2 A of corresponding X-ray
structure complex, while the first approach had 4 out of 8 (50
%).

Several docking approaches were used in the present
study. In the first approach all 25 compounds were docked in
neutral form with Glu143 of thermolysin negatively charged
(Table 3). Thereafter, the 8 compounds with known X-ray
crystal structure complex were re-docked using:

*  Protonated Glu1l43, and neutral

compounds.

(neutral)

* Protonated Glu143, and with the compounds most
probably charged at physiological pH in charged

Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 6 521

The remaining 17 compounds were then re-docked using
protonated Glu143 and compounds most probably charged at
physiological pH in charged form. All docking approaches
gave rather low correlation between experimental inhibition
constants and docking energy for the compounds. The free
energy of thermolysin binding was also calculated for the
best poses from both docking approaches using the Calc
Binding Energy script of ICM [45]. These energies should be
more related to the free energy of binding than the docking
energy. However, correlation with experimental binding
affinities was low.

Low correlation between experimental inhibition
constants and docking energy was not unexpected since the
compounds have quite diverse chemical structures (Fig. 1) in

form. the fact that the parameterization of zinc is insufficient. The
Table 3. The Initial Docking of the 25 Compounds (Neutral Compounds). The Energy Values are Given in Kcal/mol

(x-Cr:;n Egr:rpl)(ljex) rmsd” (A) (KEcdaIl/(rr?;I) (KEcr;Il/(rr?ol) Py
1 -131.7 -1095 74

2 -82.0 -1068 8.0

3 -79.1 -986.5 3.7

4 (1QF2) 1.93 -91.6 -1042 29

5 (1QFO0) 151 -102.4 -1067 44

6 (1QF1) 249 -76.7 -1058 43

7 -86.1 -1072 47

8 -76.1 -1066 3.0

9 -87.0 -1052 2.8

10 -79.6 -1031 2.8

11 -64.2 -1046 35

12 (10S0) 131 -112.2 -1118 6.0
13 -105.8 -1116 6.1

14 -136.8 -1106 7.6

15 -122.9 -1073 74

16 -127.3 -1015 10.2

17 -106.9 -1069 8.0

18 (1Y3G) 249 -118.3 -1082 74
19 -109.4 -1029 8.0

20 (5TMN) 194 -120.3 -1090 8.0
21 (6TMN) 2.28 -123.9 -1072 21
22 -134.8 -1119 7.1

23 -99.7 -976.2 6.3

24 -72.4 -1073 5.7

25 (1THL) 3.75 -112.9 -1069 6.4

Notes: *rmsd from corresponding X-ray structure (before refinements) °docking energy; ‘energy after refinements.
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pose scoring was therefore based on geometrical similarities
with known X-ray structures. Table 4 and 5 clearly indicate
that using protonated Glul43 and charged compounds
resulted in docking poses most similar to the X-ray
structures. The remaining 17 compounds were therefore re-
docked using this scenario and scored based on the presence
of zinc coordination. Docking into metal containing targets
is challenging. However, results from the literature (Table 2)
and the present docking (Table 3 and 4) indicate that using
the ICM program is a valuable approach for docking into
zinc containing binding sites.

A large number of reported thermolysin inhibitors are
dipeptides [24, 28, 46-52], but a number of small organic

Khan et al.

molecules also inhibit thermolysin. Non-peptide thermolysin
inhibitors are most often derivatives of phosphate [24, 25,
53-55], silicon [1], or sulfate [24]. A large number of the
thermolysin inhibitors contain common fragments, which
bind the catalytic zinc. Nishino and Powers suggested that
oxygen atoms present in these fragments may form bidentate
interactions with the catalytic zinc ion [56-58] resulting in
multiple zinc coordination geometries that play critical roles
in the stability of the thermolysin - inhibitor complex [59].
All compounds in the present study contain putative zinc
coordinating groups (Fig. 1). The present docking indicated
that all 25 compounds coordinated the catalytic zinc and
formed strong interactions. Compounds 22, 23, 24 and 25

Table4. The Docking Results Using Neutral Glu143 and all Phosphorus Based Inhibitors Charged

Edocking” Docking pose”
(X-Crz;nsgr:g(ljex) NRB (kcalimoD Edocking’ rmsd’
(kcal/mol) A)
1 16 -124.7 -125.7
2 15 -107.2 -107.2
3 9 -70.2 -71.2
4 (1QF2) 8 -86.4 -81.2 0.37
5 (1QFO0) 13 -103.0 -108.5 142
6 (1QF1) 13 -88.2 -88.7 0.67
7 11 -88.5 -88.6
8 9 -70.9 -70.9
9 6 -82.5 -82.3
10 7 -66.8 -70.5
11 6 -65.5 -65.6
12 (10S0) 13 -108.8 -111.8 1.55
13 11 -97.4 -97.3
14 16 -126.7 -125.8
15 16 -126.6 -124.6
16 16 -129.9 -130.7
17 15 -104.6 -104.3
18 (1Y3G) 16 -111.0 -119.0 2.02
19 16 -118.8 -119.0
20 (5TM) 16 -108.6 -118.0 1.93
21 (6TM) 16 -106.9 -107.9 2.00
22 11 -128.9 -127.6
23 14 -104.6 -105.3
24 10 -84.2 -85.1
25 (1THL) 12 -99.1 -94.2 1.50

Notes NRB: number of rotatable bonds, *Average docking energy for best poses from 5 docking runs; "docking energy of the pose closest to the average energy; ‘docking energy of

the best pose; “rmsd from corresponding X-ray structure.
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Fig. (3). Geometry of bidentate arrangements of zinc binding groups. A: Bidentate arrangements of carboxylate groups give rise to a four
membered ring. B: Bidentate arrangements of phosphate oxygens groups giving a four membered ring. C: Bidentate arrangements of
silanediols groups giving a four membered ring. D: Bidentate arrangements of OCCS group giving a five membered ring.

coordinated zinc via bidentate arrangements of two
carboxylate oxygens (OCO) forming a four memberd chelate
ring (Fig. 3A). Compounds 2, 12, 13, 14, 15, 16, 17, 19, 20
and 21 formed a similar bidentate geometry that included the
zinc and phosphate oxygens (OPO) (Fig. 3B). In addition
compound 15 also interacted with zinc via amide oxygen
(O5). Compound 1 also formed a similar bidentate geometry
consisting of oxygens from the O-Si-O group (Fig. 3C).
Compound 18 also formed a similar O-Si-O bidentate, but in
addition, the amide oxygen (O1) was also coordinating zinc.
Compound 5, 6, 7 and 8 formed a bidentate geometry with
zinc via oxygen and sulphur of the OCCS group (Fig. 3D).

All inhibitors interacted with the catalytic zinc of
thermolysin (Table 5). The following section describes
additional molecular interactions of the compounds with
thermolysin. Atomic numbering is indicated in Fig. (1).

Compound 1 (Fig. 4)

Atoms C1, C7 and C9 had hydrophobic interactions with
His231, while C4 and C6 interacted with Asn112, Phel30
and Leu202. C10 and C11 interacted with Phel14, C12 with
Tyrl57 and Trp115, C14 with Asn116, Tyrl57 and Trp115.
C16 interacted with Asn116, while C17 interacted with
Phel14 and Asn116.

Compound 2

Atoms C3, C13, Cl14, and C15 had hydrophobic
interactions with His231, while atoms C5 and C8 interacted
with His142. C11 interacted with Phe130, C17 and C18 with
Tyrl57 and His146, while C19 and C20 interacted with
Tyrl57.

Compound 3

S1, C4 and C9 interacted with His231. Atom C8
interacted with Asn112, C13 with Leul133 and Phel30, C14
and C15 with Leul33, Phel30, Vall39 and Leu202. Atom
C16 interacted with Val139 and Leu202, while C17
interacted with Leu202.

Compound 4

The interaction mode of compound 4 was very similar to
that of the X-ray crystal structure (PDB id: 1QF2, RMSD:
0.37 A). S1 had hydrophobic interactions with His231, C4
interacted with Leul33, Phel30 and Val139. Atom C5
interacted with Leu202, C6 and C8 with Phel30, Leul33,
Vall39 and Leu202. Atom C7 interacted with Leul33,
Vall39, Leu202 and His231. C9 interacted with His231 and
Leu202, C10 with Asn112, C13 and C14 with His231.

Compound 5 (Fig. 4)

S1 showed hydrophobic interactions with Phell4 and
His146. Atoms C1, C3, C5, C7, and C8 interacted with
Phel14. C4 interacted with Asn112, while C15 with Leul33,
Phel30, Leu202 and Ile188. Atoms C16 and C17 interacted
with Leu202, Val139, and 11e188. C17 also interacted with
Leul33, while C13, C22 and C23 interacted with Phel30,
Leul33 and Leu202. Atoms C19 interacted with His231 and
Asnl12. C27 interacted with His231 and C26 interacted with
Phe130. In the x-ray crystal structure (PDB id: 1QF0), C20
interacted with Asn112, C24 and C25 interact with Phe130
and Leu202. Other interaction modes of compound 5 were
similar to those in the x-ray crystal structure complex.

Compound 6 (Fig. 4)

The interaction mode of compound 6 was very similar to
that of the X-ray crystal structure complex (PDB id: 1QF1).
Cl, C4 and C5 showed hydrophobic interactions with
Phel14. C11 and C13 interacted with Phel30, Leul33,
Vall39 and Leu202, C14 with Val139, Leul33 and 11188,
C15 with Phel30, Leul33, Val139, 11e188 and Leu202, and
C19 with His231.

Compound 7

Atoms S1, C20 and C21 had hydrophobic interactions
with Trp115 and Phel14, while S1 and C20 also interacted
with Glul66. In addition the following interactions were
seen: C3 with His231, C4 with Asn112, C8 with Leu202, C9
and C10 with Leu202, 11188 and Val139, C10 with His142,
C11 and C12 with His142 and Val139, C15, C16, C17 and
C18 with Phel14.

Compound 8

S1 showed hydrophobic interactions with Phell4, C3
interacted with His231, C10 and C11 with Phel30, Vall139,
Leul33 and Leu202, C12 with Phel30, Val139, Leul3s,
Leu202 and 11e188, and C13 with VVal139 and 11e188.

Compound 9

S1, C11 and C14 showed hydrophobic interaction with
His231. Atom C16 interacted with His142, C18 and C19
with Vall139 and Leu202, C20 with Val139, Leu202 and
Phel30, C21 with Phel30, Val139, Leul33 and Leu202.

Compound 10

S1 interacted with His142, His146, His231 and Glul43
(long distant interaction). Atom C3 interacted with His231
and Leu202, C5 with His231, C6 with His142 and His146,
C8 with Leu202 and 11e188, C9 with Val139, Leu202, 11e188
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Fig. (4). Three-dimensional view of the molecular interactions of compounds 1, 5, 6, 18, 20 and 25 with active site of thermolysin (PDB
code 1gxw). The binding pocket is shown in transparent mode. Interacting amino acids identified by LigPlot [32] analysis are shown. Color
coding of atoms: Oxygen: red, nitrogen: blue, sulphur: light green. phosphorous: yellow, zinc: light blue.

and Leul33, C10 with Phel30, Leu202, Val139, Leul33 and
11e188, and C11 with Phel30, Leul33, VVal139 and Leu202.

Compound 11

S1 showed hydrophobic interactions with His231 and
His142. Atom C3 interacted with Asn112, C6 with His142,
C8 and C9 with 11€188, Leu202 and Val139, C10 and C11
with Leu202, Val139, Leul33 and Phel30.

Compound 12

Atoms C1, C3, C4, C5, C6, C7 and C8 all showed
hydrophobic interactions with Phe114. Atoms C13, C15 and
C17 interacted with Leul33, Leu202, Val139 and Phel30,
C16 with Leul33, Leu202 and Vall39, C18 with Leu202
and His231, C21 with Asnl112, C24 with Leu202, Phel30
and His231. In the x-ray crystal structure complex (PDB id:
10S0), C14 interacted with His142. Other interactions of

compound 12 were similar to those of the x-ray crystal
structure complex.

Compound 13

Atoms C1, C2, C3, C4, C6 and C7 showed hydrophobic
interactions with Tyr157, Phell4 and Hisl46. Atom C9
showed hydrophobic interactions with His231, while C14
and C15 interacted with Leu202 and Val139. C16 interacted
with Leu202, His142, Val139 and 11e188, C17 with 11188,
C18 with Leu202, His142 and Val139 and C21 with Asn112.

Compound 14

C2 and C3 had hydrophobic interactions with Asn112.
C4 interacted with Phel14 and Trpl15, C13, C14 and C15
with Trp115, Asnl16, Gly117 and Tyrl57, C16 with
Phell4, Trp115 Asn116 and Tyrl57, C17 with His142 and
His231, C19 with His142 and Leu202, C21 with Leu202,
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His142 and 1le188, C22 and C23 with Leu202, His142,
11e188 and Vall139.

Compound 15

Atoms C2, C3 and C4 showed hydrophobic interactions
with Asn112. Atoms C10, C11, C12, C13, C14, C15 and
C16 interacted with Tyr157, C18 and C21 with His142.

Compound 16 (Fig. 5)

Atoms C2 and C3 interacted with Asnl12, C4 with
Phel14. C10, C12, C14 and C15 with Tyr157, C14 and C15
with Asn116, and C18 and C21 with His142.

Compound 17

Atoms C1, C6, C7 and C8 showed hydrophobic
interactions with Leu202. C7 and C8 also interacted with
Val139 and 11e188, while C2 interacted with His231. C5 and
C8 interacted with His142, while C11, C12 and C13
interacted with Trp115. C12 and C13 also interacted with
Tyrl57. Finally C17 and C18 interacted with His231.

Compound 18 (Fig. 4)

Atoms C1 and C2 had hydrophobic interactions with
His146. C2 and C3 interacted with Tyr157, C8 and C19 with
Phell4 and His231, respectively, C15, C16 and C17 with
Vall39, Leu202, Leul33 and Phe130, C21 with Asn112 and
C22 with Leu202 and Phel30. The interaction mode of
compound 18 is quite similar to that of the x-ray crystal
structure complex (1y3g).

Compound 19

Atom C1 revealed hydrophobic interaction with His231.
C7 and C10 interacted with Leu202, C11 and C12 with
Leu202, 11e188 and Val139, C11 with Asnl112, C12 with
His142, C13 with Asnl112, C16 with His146 and C18 and
C19 with Tyr157.
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Compound 20 (Fig. 4)

Atoms C2 and C4 showed hydrophobic interactions with
Tyrl57 and His146. C13 interacted with VVal139, Phe130 and
Leu202. C14 and C15 interacted with Vall139 and Leu202.
C14 also interacted with Leu133 and Phe130, while C18 and
C21 interacted with His231. In the x-ray crystal structure
(PDB id: 5TMN), C16 and C17 interacted with His231, and
not C18 and C21 as indicated by the docked complex. Other
interactions were similar to that of the x-ray crystal structure
complex.

Compound 21

Atom C1 showed hydrophobic interactions with Tyr157,
His146, Phel14 and Asn116. C2 interacted with Tyr157 and
His146, C5 and C6 with Phell4 and Asnll16, C9 with
Phel14 and His146, C13 and C14 with Leu202 and Phel130,
C15 and C17 with His231, C17 also with Leu202 and C20
with Asnl112, Leu202 and Phel30. In the x-ray crystal
structure complex (PDB id: 6TMN), C1 and C2 did not show
hydrophobic interactions with His146 as indicated by the
docking pose.

Compound 22

Atom C1 interacted with Phell4, C3 with His231, C4
with Tyrl57 and His146, C5 with Tyr157 and Phell4, C6
with Phell14 and His146, C9 with Leu202 and Phe130, C10
with Val139, Leul33, Phel30, Leu202 and Asn112, C15 and
C16 with Leu202 and Phel30, C17, C18, C19 and C20 with
Leu202 and Phe130, while C21 interacted with Asn112.

Compound 23

Atom C1 interacted with His146, His142 and Phell4.
C4, C5 and C6 interacted with Phe114 and His146, C8 and
C9 with Tyr157 and His146, C16 and C17 with His231, C12
with His142, C24 and C25 with Phe130. C24 also interacted
with Asn111, while C26 interacted with Asn112.

Fig. (5). Molecular interactions of the compound 16, the most potent inhibitor (Ki = 6.8x10™ M, for detailed see Table 1) in this work,
within the active site of thermolysin (PDB code 1gxw). (A) A 2D schematic representation of the interactions (LigPlot), and (B) the 3D view
of the same interactions, where ball-stick representation is used for compound 16 and purple CPK sphere model representation is used for the

Znion.
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Table5. Interatomic Distances Between Amino Acids in Thermolysin and Functionally Important Groups of the Compounds

Compound Atomic dist. to Zn Hydrogen bonding interactions
Comp. atom Dist. (A) Comp. atom Thermolysin atom Dist. (A)

1 04 2.6 N1 Asnl112 (OD1) 3.2
05 2.3 03 Arg203 (NH1) 2.8

04 Glu143 (OE1) 2.6

05 His146 (NE2) 2.9

05 Glu166 (OE2) 2.6

06 Trp115 (N) 3.3

2 02 2.3 02 His146 (NE2) 3.3
03 3.7 04 Arg203 (NH1) 2.6

N2 Asnl12 (OD1) 3.2

3 S1 2.7 S1 His231 (NE2) 3.2
02 Asn112 (ND2) 2.5

03 Arg203 (NH1) 2.3

03 Arg203 (NH2) 3.2

N2 Asnl12 (OD1) 3.3

4 s1 2.6 o1 Arg203 (NH1) 24
o1 Arg203 (NH2) 3.3

N1 Asnl12 (OD1) 3.1

02 Asn112 (ND2) 2.7

5 o1 19 N1 Alal13 (O) 31
s1 3.7 02 Arg203 (NH1) 3.0

02 Arg203 (NH2) 3.1

03 Asnlll (O) 3.0

05 Asn112 (ND2) 2.6

6 o1 21 N1 Asnl112 (OD1) 31
S1 3.9 N1 Alal13 (O) 3.0

N2 Asnl12 (OD1) 3.0

02 Arg203 (NH1) 3.0

02 Arg203 (NH2) 3.2

04 Asn112 (ND2) 2.7

7 S1 2.3 S1 His146 (NE2) 3.2
04 24 N2 Asnl112 (OD1) 29

04 His142 (NE2) 3.0

8 03 21 N1 Asnl112 (OD1) 3.3
S1 4.0 N2 Asnl112 (OD1) 3.0

o1 Asn112 (ND2) 2.5

02 Arg203 (NH1) 2.7

02 Arg203 (NH2) 3.1
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(Table 5). Contd

Compound Atomic dist. to Zn Hydrogen bonding interactions
Comp. atom Dist. (A) Comp. atom Thermolysin atom Dist. (A)

9 S1 25 S1 His231 (NE2) 3.2
02 Asn112 (ND2) 24

03 Arg203 (NH1) 2.5

03 Arg203 (NH2) 2.9

10 S1 25 N1 Asnl112 (OD1) 3.3
o1 Asn112 (ND2) 2.5

02 Arg203 (NH1) 2.7

02 Arg203 (NH2) 3.3

11 S1 24 S1 His142 (NE2) 3.3
N1 Asnl12 (OD1) 3.1

o1 Asn112 (ND2) 2.5

02 Arg203 (NH1) 2.7

02 Arg203 (NH2) 3.2

12 o1 25 N1 Glu143 (OE1) 3.3
02 2.2 N2 Asnl112 (OD1) 31

o1 His231 (NE2) 3.3

02 His146 (NE2) 3.1

02 His142 (NE2) 3.2

03 Arg203 (NH1) 2.7

05 Asn112 (NH1) 2.5

13 o1 21 N2 Asnl112 (OD1) 31
02 3.6 o1 His231 (NE2) 31

03 Arg203 (NH1) 2.6

05 Asn112 (ND2) 2.6

14 o1 21 o1 His146 (NE2) 3.0
02 34 N2 Asnl112 (OD1) 31

05 Arg203 (NH1) 2.7

o7 Asn112 (ND2) 2.6

15 o1 21 o1 His146 (NE2) 3.0
02 3.7 N2 Asnl112 (OD1) 31

05 31 05 His231 (NE2) 3.2

06 Arg203 (NH1) 2.6

08 Asn112 (ND2) 2.6

16 o1 2.0 o1 His146 (NE2) 29
02 3.6 N2 His231 (NE2) 31

N3 Asnl12 (OD1) 3.1

05 Arg203 (NH1) 2.6

o7 Asn112 (ND2) 2.5
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(Table 5). Contd.....
Compound Atomic dist. to Zn Hydrogen bonding interactions
Comp. atom Dist. (A) Comp. atom Thermolysin atom Dist. (A)

17 04 2.5 02 Arg203 (NH1) 2.7
05 24 03 Arg203 (NH1) 2.7

03 Arg203 (NH2) 3.0

04 His231 (NE2) 2.9

05 His142 (NE2) 3.0

N2 Ala113 (O) 3.2

N2 Asnl12 (OD1) 3.0

18 o1 2.7 o1 His146 (NE2) 2.8
02 25 02 Glu143 (OE1) 2.6

03 2.6 03 His231 (NE2) 2.6

04 Arg203 (NH1) 2.6

04 Arg203 (NH2) 3.1

05 Arg203 (NH1) 2.8

19 04 2.6 o1 Asnl112 (ND2) 2.6
05 2.8 03 Arg203 (NH1) 2.6

03 Arg203 (NH2) 3.3

04 His231 (NE2) 3.0

N2 His231 (NE2) 3.0

20 03 25 N2 Alal13 (O) 3.3
04 25 N2 Asnl112 (OD1) 31

N3 Asnl12 (OD1) 3.3

04 His231 (NE2) 2.7

05 Arg203 (NH1) 2.6

05 Arg203 (NH2) 3.0

o7 Asn112 (ND2) 24

21 03 25 N1 Glul143 (OE1) 31
04 2.6 o1 Trp115 (N) 3.0

04 His231 (NE2) 2.6

06 Asn112 (ND2) 2.7

08 Arg203 (NH1) 2.5

22 02 25 o1 His142 (NE2) 2.3
o7 3.0 o1 His146 (NE2) 2.8

02 His231 (NE2) 2.8

N2 Asnl12 (OD1) 2.9

06 Trp157 (O) 2.7

o7 Glu143 (OE1) 2.7

08 Arg203 (NH1) 3.1

010 Asn112 (ND2) 2.7
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(Table 5). Contd.....

Compound Atomic dist. to Zn Hydrogen bonding interactions
Comp. atom Dist. (A) Comp. atom Thermolysin atom Dist. (A)

23 o1 2.3 N1 His231 (NE2) 3.0
02 2.3 N3 Asnlll (O) 2.8

03 Arg203 (NH1) 24

03 Arg203 (NH2) 3.2

05 Asn112 (ND2) 3.2

24 o1 21 o1 Hi231 (NE2) 29
02 2.3 02 His146 (NE2) 3.2

03 Arg203 (NH1) 2.2

04 Arg203 (NH2) 3.1

25 o1 24 o1 His231 (NE2) 3.2
02 2.2 03 Arg203 (NH1) 2.7

05 Asn112 (ND2) 2.7

Notes: Hydrogen bonding distances < 3.3 A and zinc binding distances < 4 A are included in the table.

Compound 24

Atom C5 interacted with Asnl112, C19 interacted with
Asnll2 and His146. C8 interacted with His142, while C9,
C10, C11 and C12 interacted with Leu202. C9, C11 and C12
also interacted with His231, and C18 interacted with Phel14.

Compound 25 (Fig. 4)

Atoms C3 and C11 interacted with Asn112. Atoms C4,
C5, C6, C7, C8 and C9 interacted with Phel14. C13 and C14
interacted with Leu202, while C14 also interacted with
Phel30 and Asn112. C16 showed interaction with Leul33,
C18 and C19 with His231, and C27 and C28 with Leu202
and Phel30. The hydrophobic interaction mode of this
compound was similar to that of the x-ray crystal structure
complex (PDB id: 1thl).

Pharmacophore Modeling

It has been concluded that LigandScout™ is a valuable
and effective tool in drug discovery [33-38]. In the present
study, the LigandScout™ program was used to perform
pharmacophore modelling based on the available X-ray
crystal structure complex of compound 20 (PDB id: 5TMN),
binding modes obtained by the second docking approach
(neutral Glu143 and all phosphorous compounds charged)
and the experimental profiles of the inhibitors. Fig. (6)
shows the close up of the active site interactions of
compound 20 (PDB code 5TMN). Compound 20 is a strong
thermolysin inhibitor (K; = 9.1x10° M), and the X-ray the
complex was used as a template for pharmacophore
modelling.

The key interactions in this complex were considered as
the main pharmacophoric features and have been illustrated
in Fig. (7), where unfavorable (gray spheres) and favorable
(others than gray spheres) features for the complexation are
shown. All docked complexes from the second docking

approach were analyzed in a similar manner, and thereafter
the favorable and unfavorable features were superimposed.
The most common and favorable features were then chosen
as putative pharmacophoric features (Fig. 8).

= -

Fig. (6). 3D view of the X-ray structure complex of compound 20
with thermolysin (PDB code: 5TMN) indicating the chemical
features that characterizes the specific interaction mode of
compound 20 at the active site pocket. The blue CPK sphere
represents the catalytic zinc. MMFF94 charges of the atoms are
used to represent the surface of the target.

The calculations suggested a three-point pharmacophore
model consisting of a hydrophobic, a negative ionizable and
a hydrogen bonding accepting group. Their atomic
coordinates in 3D space are given in Fig. (8). For the
strongest binder (compound 16) these groups correspond to
the benzene ring (C11-C16), the phosphate group, and the
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oxygen (O3) of an amide group (Fig. 1), respectively. In the
docked complex of compound 16, the atomic distance
between P and C11 was 6.7 A, the atomic distance between
P and O3 was 3.7 A, while the distance between O3 and C11
was 4.2 A.

Fig. (7). The best pharmacophore models based on the activity
profile, using compound 20 (K; = 9.1x10° M) as reference. Grey
spheres represent excluded volume, the yellow sphere is
hydrophobic, red is negative ionizable, while red arrow represent
hydrogen bonding acceptor group.

The final model shown in Fig. (8) has then been tested
against a small library of 18 compounds containing highly

Khan et al.

active, moderately active, less active and inactive
compounds against thermolysin using the LigandScout™
platform. During the search the model also included the
undesirable volumes (shown in Fig. 7), in addition to the
features shown in Fig. (8). The results are given in Table 6,
which shows the activity profiles (the I1Csq values, in mM)
from our previous experimental study [39], if the compound
matches the model or not, the number of matching features
between the model and the compound, and the RMSD values
between the model and the compound for the matching
featurs.

The screening process identified that 8 of the 12
thermolysin binders contained the pharmacophoric features.
The most active compounds were all matching the
pharmacophoric features consisting of a hydrophobic, a
negative ionizable and a hydrogen bond acceptor group,
while some of the least active compounds (ICs values 299.1,
91.6, 29.5 and 14.5 mM) did not. However, the screening
process also indicated that 5 out of 6 compounds shown not
to bind thermolysin [39] were matching the features of the 3-
point pharmacophore model. The screening process showed
that the 3-point pharmacophore model was able to identify
thermolysin binders, since 8 of 12 compounds known to bind
thermolysin matched the pharmacophoric features, indicating
that structure-based pharmacophore modelling is a novel
approach in search for new thermolysin binders. However,
the model failed in identifying compounds not binding
thermolysin, since 5 out the 6 compounds known not to bind
thermolysin also were in agreement with the pharmacophoric
features. A reason for that may be that the 6 compounds
were quite similar in structure. Although this model have
limitations, it would be interesting to perform a similar
search using a larger library.

Fig. (8). The proposed three-point pharmacophore model, without excluded volumes. Yellow sphere represents a hydrophobic group, red a
negative ionizable group and the red arrow represent hydrogen bond accepting group. Co-ordinates in 3D space are given in parentheses. The

distances between the three points are given in Angstram.
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Table 6. Pharmacophore Search Results of the 3-Point Model Against Small Decoy Library
Comp. 1Cs values Pharmacophore Matched RMS
(in mM)[39] Matching Features pairs (Matchedfeatures pairs)

LO1 294.06 No -
L02 81.41 Yes 0.741
LO3 161.14 Yes 0.79
L04 1A Yes 0.74
LO5 697.48 Yes 1.124
LO06 48.13 Yes 0.556
LO7 LA Yes 0.945
L08 6.4x10™ Yes 0.794
L09 1A Yes 0.794
L10 1A No -
L11 1A Yes 0.883
L12 91.57 No -
L13 1A Yes 0.258
L14 0.35 Yes 1.106
L15 14.54 No -
L16 29.5 No -
L17 0.047 Yes 0.975
L18 20.58 Yes 0.586

Notes: A = active; LA = due to less activity 1Cs, value was not possible to calculate; 1A = inactive.

CONCLUSION

Docking programs should be able to identify novel
‘binders’ as accurate as possible. However, docking into zinc
containing binding sites is a challenge due to lack of force
fields capable of reproducing zinc properties. The present
study indicates that ICM is a valuable tool for docking into
zinc containing binding sites, but more precise parameters
for reproducing zinc interaction properties should be
developed. The docking showed that the compounds
coordinated the catalytic zinc in a bidentate or monodentate
manner. This study can assists in the design of novel and
potent thermolysin inhibitors, which could be used as lead
compounds for the advancement of antihypertensives (e.g.,
ACE and NEP inhibitors) and antibacterials.
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