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In the present work, 22 compounds of the U.S. NCI compound library (size 273K) were identified as putative
thermolysin binders by structure based virtual screening with the ICM software (ICM-VLS). In vitro
competitive binding assays confirmed that 12 were thermolysin binders. Thermolysin binding modes of the
12 compounds were studied by docking using ICM and Molegro Virtual Docker (MVD). The most potent
inhibitor had an ICs, value of 6.4 x 1078 mM (NSC250686, 1/3-p-arabinofuranosyl-N*-lauroylcytosine).
The structure of this compound is quite different from the other 11 compounds. Nine out of the 12 compounds
contained a similar chemical skeleton (3-nitrobenzamide derivatives) and have ICsy values ranging from
697.48 to 0.047 mM. The ICM-VLS score and the activity profiles (pICs, values) were compared and found
to be somewnhat linearly correlated (R?> = 0.78). Kinetic studies showed that, except for NSC285166
(oxyquinoline), the compounds are competitive thermolysin inhibitors.

Introduction

Thermolysin (EC 3.4.24.27) is a secreted eubacterial en-
doproteinase from Bacillus thermoproteolyticus. Thermolysin
is a 34.6 kDa bacterial Zn metalloprotease and the prototype of
the M4 family of proteinases. The 3D structure contains a single
catalytic zinc' ion essential for hydrolytic activity and four
calcium? ions required for thermostability.! The enzyme cata-
lyzes specifically the hydrolysis of peptide bonds containing
hydrophobic amino acid residues.®*

Most of the M4 family (thermolysin family) members are
virulence factors secreted from Gram-positive or Gram-negative
bacteria degrading extracellular proteins and peptides for
bacterial nutrition prior to sporulation. The thermolysin family
includes enzymes from pathogens such as Legionella, Listeeria,
Clostridium, Staphyloccus, Pseudomonas and Vibrio. Several
members of the thermolysin family are key factors in the
pathogenesis of various diseases, including several types of
bacterial infections,® " cholera,® gastritis and peptic ulcer,®*°
and gastric carcinoma.** Enzymes of the M4 family are
important for suppressing or avoiding the innate immune system
of the infected host during pathogenesis.>**~*" Therapeutic
inhibition of enzyme of the thermolysin family is therefore
believed to be a novel strategy in the development of second-
generation antibiotics.*8°

Zn metalloproteinases with close structural and functional
similarities with thermolysin are often named thermolysin-
like proteinases (TLPs®). TLPs contain the consensus se-
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quence HExxH, which forms the zinc-containing catalytic
domain.?®?* Several TLPs are involved in the control of
different physiological functions. Neprilysin (NEP) and
angiotensin-converting enzyme (ACE) are TLPs involved in
the control of hypertension.?>?® Crystallographic data of
thermolysin®® and various thermolysin—inhibitor complexes
were previously used to construct models NEP and ACE that
guided in the design of NEP/ACE inhibitors.*®"2" The
structural and functional similarities between thermolysin,
NEP and ACE indicate that thermolysin inhibitors also may
inhibit ACE and NEP and be putative antihypertensives.

During past years several articles have discussed the utilities
of virtual high throughput screening (VHTS) in drug
discovery.*228=%% The importance of VHTS in drug discovery
has increased simultaneously with the rapidly growing number
of small molecules available in corporate and public libraries.*®
A very good number of these reports used the ICM VLS
modules for their discovery initiatives.*” —>* But up to now, only
one scientific paper has reported VHTS against Zn metallopro-
tease (matrix metalloprotease 3, MMP-3)*° and none against
thermolysin or TLPs.

In the present study in silico approaches, including target-
based VHTS and docking calculations using different algorithms,
were used to identify putative thermolysin inhibitors. The vHTS
hits were tested by in vitro binding assays.

Results and Discussion

M4 family members and other TLPs are potential targets for
therapeutic intervention. On the basis of structural and functional
similarities, thermolysin may serve as a model system to identify
inhibitor interactions with the active site of other TLPs and
thereby for discovery of potential antibacterial or antihyperten-
sive drugs. Computational approaches including docking and
scoring, VHTS, and molecular dynamics based methods for
ligand—protein affinity predictions have become integral parts
of drug discovery processes. Such methods complement ex-
perimental binding affinity analysis by adding molecular insight
into the binding affinities. Increased computer power and
improved algorithms are important reasons for the increased
use of computational approaches. However, the most important
reason is the growth in available 3D structures of drug target
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Table 1. NCI Codes, ICM-VLS Scores, and Activity Status of the 21
VLS Hits

compd NSC code (NCI) ICM-VLS score status?
1 239336 —43.8903 b
2 82028 —24.7355 A
3 79459 —30.1023 A
4 79456 —25.9124 A
5 241514 —23.3793 1A
6 82020 —22.3550 A
7 82019 —34.8770 A
8 250684 —20.7766 LA
9 250686 —59.2232 A
10 201290 —19.1524 1A
11 313985 —12.8474 1A
12 313981 —8.39318 1A
13 107876 —30.1964 A
14 309546 —7.78814 1A
16 285166 —43.2655 A
17 82029 —42.6830 A
18 79451 —13.7203 b
19 90411 —39.2355 A
20 82024 —46.0381 A
21 82025 —41.9239 A
22 79453 —20.9182 b

@ “Status” means experimentally active or not. A = active. LA = less
active, not possible to calculate the 1Cs, values. IA = inactive. ® Compound
not received from NCI. Compund 15 was removed after MS analysis due
to lack of purity.

proteins, which has given the possibility of predicting binders
using computational methods early in the drug development
phase. In the present study a combination of computational
methods and experimental approaches was used to discover
thermolysin inhibitors and gain structural insight into their mode
of binding.

ICM-Structure Based Virtual Ligand Screening. In order
to reduce CPU time for screening, the number of compounds
was reduced. Large size molecules and molecules containing
unusual heteroatoms were excluded, while others were excluded
based on Lipinski rule-of-five (Ro5).>® Finally, 1170 compounds
from the 273K compound library of NCI were being screened
by ICM virtual ligand screening (ICM-VLS). The nature of the
active site is important for the speed of the ICM-VLS process.
Thermolysin has a Zn ion at the active site. Our experiences
are that presence of metal ion at the active site reduces the speed
of the ICM-VLS process (unpublished data).

On the basis of the ICM-VLS score, 19 compounds (obtained
from Drug Synthesis and Chemistry Branch, DTP, Division of
Cancer Treatment and Diagnosis, NCI) were finally taken in
considerations for in vitro studies using competitive binding
assays. Compound 15 was inititally tested, but removed from
further testing after MS analysis. The number of experimentally
positive hits was 12 (66.67%) and the remaining 6 were false
positive hits, giving a percent of false positive hits of 33.33.
The percent of experimental hits when considering the entire
NCI library was about 0.004% before filtering and 1.03% after
the filtering process. These results also show the necessity of
filtration, which increases the speed and reduces the number of
false positives. Table 1 presents compound code numbers, NCI
codes, ICM-VLS scores, activity status after experimental testing
of the VLS hits, and the identification codes used in the present
study.

Experimental 1Csy values (in mM) of the 12 compounds
confirmed by competitive binding assays as thermolysin
binders together with some of their chemical features are
shown in Table 2. Molecular structures of the compounds
are shown in Figure 1.

Structure-based virtual screening algorithms, like ICM-VLS,
contain a docking procedure that generates hypothetic interaction
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mode(s) and a scoring procedure that evaluates the binding
modes and assigns scores, which finally is employed to rank
the ligands according to the quality of their fits to the target,
ideally reflecting the affinity of binding.>* During the ICM-VLS
processes different scorings were considered. One of them was
ICM-VLS, which is a fast potential and empirically adjusted
scoring (Table 1) that includes a solvation electrostatic free
energy term calculated by the REBEL algorithm.®* Other
scorings calculated were mfScore (potential of mean force
score), hydrogen bonding energy, and hydrophobic energy. The
scores for the 12 experimentally verified hits are shown in Table
3, together with their activity profiles (pICsp values). The binding
mode of compound 9 (the most potent compound) suggested
by the ICM-VLS process is shown in Figure 2.

ICM-VLS Scoring vs in Vitro Results. The experimental
activity profiles (ICso values) were compared with the scoring
values obtained by the ICM-VLS process using linear regression
analysis. Figure 3 indicates that the ICM-VLS scores (Table 1)
were most linearly related to the experimental pICsy (—log 1Csg)
values (R? = 0.78). For the other scoring values, their regression
coefficients (R?) were less than 0.6 (statistically insignificant),
indicating that they did not reproduce the relative ranking of
the experimental observations. Therefore, Figure 3 indicates that
ICM-VLS score was more useful than mfScore (potential of
mean force score), Hbond (hydrogen bonding energy), and
Hphob (hydrophobic interaction energy) for predicting ther-
molysin inhibitors.

Except for compounds 9, 13, and 16 all compounds confirmed
as thermolysin binders (Table 3) contain a common structural
skeleton consisting of an amid group connected to 2-hydroxy-
3-nitrobenzene group and a benzene ring with varying functional
substituents (methyl, ethyl, bromide, chloride, methoxy, nitro).
This structural skeleton is indicated in Figure 4 where the
compounds (Figure 1) containing the skeleton are superimposed.
The thermolysin binders were further studied by enzyme kinetics
and docking.

Kinetic Analyses. Enzyme kinetic were performed using
Lineweaver—Burk, Michaelis—Menten, and Dixon—Hill meth-
ods. The results of enzyme kinetics studies are shown in Table
4. These studies indicated that all compounds, except for
compound 16, are competitive inhibitors. Double reciprocal (1/
[FAGLA] in mM vs 1/reaction rate, V, in (mmol/min)/mg)
Lineweaver—Burk plots of some of inhibitors are shown in
Figure 5.

Time dependent enzyme—inhibitor reaction Kinetics showed
that at inhibitor concentrations of 50 M most of the compounds
still bound after 2 h of reaction (Figure 6). This may indicate
that they are “slow binders” with high affinity for thermolysin.
Similar trends were also observed in previous reports.?®~"° Two
phosphonamidate peptide inhibitors, carbobenzoxy-Gly®-L-Leu-
L-Leu (ZGPLL) and carbobenzoxy-L-PheP-L-Leu-L-Ala(ZFFLA)
with very strong inhibitory (K; values of 9.1 and 0.068 nM,
respectively) potentials to thermolysin showed slow binding
during the complexation process.®® This is often attributed to
the rapid formation of an enzyme—inhibitor complex followed
by a slow conformational isomerization to a tight complex.”* ™"
The observation that thermolysin had essentially the same
conformation in the absence of inhibitors and in complexes with
slow or faster binding inhibitors ruled out mechanisms in which
the enzyme undergoes a substantial conformational change
during binding.®®

Docking Calculations. In order to study the binding modes
of the 12 compounds identified as thermolysin binders, docking
calculations were performed using ICM and Molegro Virtual
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Table 2. Experimental I1Csy Values of VLS Hits Indentified as Thermolysin Inhibitors, Compound Code Numbers Used in the Present Study, Chemical
Features (Chemical Names, Molecular Formula, Molecular Weight), and CAS Number®

compd CAS no. chemical name mol. formula MW 1Csp values (mM) ref
2 73454-96-3 N-(2,3-dimethylphenyl)-2-hydroxy-3-nitro-benzamide C15H14N,04 286 294.06 56
3 33581-05-4 N-(5-chloro-2-methoxyphenyl)-2-hydroxy-3-nitro-benzamide C14H1;:CIN,0s 323 81.41 57
4 33581-08-7 N-(2,4-dimethylphenyl)-2-hydroxy-3-nitro-benzamide Ci15H14N,04 286 161.14 57
6 33580-97-1 N-(2-chloro-4-nitrophenyl)-2-hydroxy-3-nitro-benzamide C13HsCIN3O¢ 338 697.48 58
7 33580-95-9 5-bromo-N-(4-bromophenyl)-2-hydroxy-3-nitro-benzamide C13HgBr,N,O4 416 48.13 59
9 55726-42-6 1B-p-arabinofuranosyl-N*-lauroylcytosine C,1H35N306 426 6.4 x 107 60
13 30932-95-7 not found at source C14H2,0, 222 91.57 61
16 148-24-3 oxyquinoline or quinophenol CyH;NO 145 0.35 62
17 63981-16-8 N-(2,5-dimethylphenyl)-2-hydroxy-3-nitrobenzamide C15H14N,04 286 14.54
19 73454-91-8 N-(2-ethylphenyl)-2-hydroxy-3-nitrobenzamide C15H14sN,04 286 29.5 63
20 73544-89-5 N-(2-chloro-6-methylphenyl)-2-hydroxy-3-nitrobenzamide C14H11CIN,O4 307 0.047
21 73454-90-7 2-hydroxy-N-(4-methyl-2-nitrophenyl)-3-nitrobenzamide C14H11N304 317 20.58

@ Source for chemical features is http://dtp.nci.nih.gov/dtpstandard/ChemData/index.jsp, and the references of the compounds citations are from SciFinder

Scholar.

Table 3. Experimental (pICso, —log ICs) Values and Scores Obtained
by Different Scoring Algorithms of Positive VLS Hits?

ICM-VLS score mfScore  Hbond Hphob

compd pICso

2 —2.4684360 —24.7355 —49.8417 —1.23229 —4.37299
3 —1.9106778 —30.1023 —77.6134 —2.88318 —4.79094
4 —2.2072034 —25.9124 —55.1310 —1.24014 —5.14992
6 —2.8435318 —22.3550 —41.5040 —1.23352 —4.50400
7 —1.6824159 —34.8770 —53.4101 —1.27285 —5.09298
9 7.19382003 —59.2232 —153.290 —6.69245 —6.57258
13 —1.9617532 —30.1964 —105.182 —3.30275 —5.85623
16 0.45593196 —43.2655 —47.9014 —3.67542 —3.38986
17 —1.1625644 —42.6830 —39.2669 —2.91399 —4.83127
19  —1.4698220 —39.2355 —36.5526 —3.04642 —4.72559
20 1.32790214 —46.0381 —52.9612 —3.57504 —4.48770
21 —1.3134454 —41.9239 —48.1556 —3.50110 —4.17856

#1CM-VLS score: ICM virtual ligand screening score. mfScore: potential
of mean force score. Hbond: hydrogen bonding energy. Hphob: hydrophobic
interaction energy. The values are in kcal/mol.

Docker (MVD). For each compound a stack of docked
complexes with different ligand conformations and orientations
was generated. The most realistic complex of each compound
was selected on the basis of docking energy (Egocking) and
similarities with known X-ray crystal structure complexes of
thermolysin (hydrogen bonding interactions with amino acids
in thermolysin and Zn interactions). The thermolysin binding
energy (BE) was calculated for the most realistic complex of
each compound using the ICM “calcBinding energy” script.
ICM was also used to dock four compounds with known X-ray
crystal structure in complex with thermolysin (PDB codes
2TMN, 3TMN, 1TLP, and 1GXW). The root-mean-square
deviation (rmsd) between the best docking poses and X-ray
crystal structures were 2TMN 0.26 A, 3TMN 0.27 A, 1TLP
0.27 A, and 1GXW 0.01 A. However, calculated BE values
were overestimated compared with AG calculated from experi-
mental inhibition constants. On the basis of these docking
studies, it seems that ICM performs well in reproducing
experimental binding modes of thermolysin complexes. Insuf-
ficient zinc parametrization and the fact that we used a formal
charge of +2 for zinc may have contributed to the overestimation.

Linear regression analyses of Egocking and BE values against
experimental K; values (pK;) of the 12 thermolysin binders of
the U.S. NCI compound library showed that BE was signifi-
cantly correlated with pK;, as the regression coefficient R? was
0.744, while the correlation with Egocing Was less significant
(R? = 0.66). The scatter plots are shown in Figure 7.

The experimental K; (pK;) values were also compared with
different scores from MVD (Table 5) using linear regression
analysis. Interestingly, these scores were correlated to experi-
mental binding affinities (Figure 8); in particular, predicted
binding affinities (affinity, Table 5) were highly correlated (R?

= 0.875). Three other scores also showed correlations in the
same range with the experimental affinities (MVDscore, R? =
0.827; TIE, R? = 0.9443; and docking score, R? = 0.7023).
The different scores are explained in the methods section.

Protein—Inhibitors Interactions. Main protein—inhibitors
interactions (hydrogen bonding and zinc interactions) are given
in Table 6. The molecular interactions of some of the compounds
(4,7, 16, 17, 19, and 21) with thermolysin are also shown in
Figure 9.

The docking poses obtained by ICM and MVD docking were
very similar. Except for compound 9, the rmsd between the best
raked pose of the ICM and MVD docking was 0.1—0.15 A for
all inhibitors. Compound 9 has a very flexible aliphatic side
chain which contributes to an rmsd of 2.4 A between the best
ranked ICM- and MVD-docking pose. In the following the
hydrophobic interactions of the highest ranked docking poses
are described.

Atoms C6 and C11 of compound 2 (Figure 1) had hydro-
phobic interactions with His146. Atom C7 interacted with
His231, while C9, C14, C15, C18, and C19 interacted with
His142. C13 interacted with Alall3, while C18 interacted
with Phe130, Leul33, and Val139.

Atom C1 in 3 (Figure 1) had hydrophobic interactions with
Glu143 and Val139, while C6 had hydrophobic interactions with
the following amino acids: Val139, Phell4, Glul66, Tyrl57,
His146, and His231. In addition the following interactions of
NO3 were seen: C7 with Tyrl57, Glul66, and Phel14; C9 with
Asnl12; C11 with Glul66, Tyrl57, and His146; C12 with
Glul66 and Phell4; C14 with Vall39 and Leul33; C15
with Asn112, Val139, Glul143, and Leul33; C17 with Tyrl57;
C18 with 11188, His142, and His231; C19 with Glul43 and
Leu202.

Atoms C1, C12, C13, and C17 of 4 (Figure 1) had
hydrophobic interactions with His231 and Leu202. C6 (Figure
1) interacted with His142 and Asn113. C9 and C15 interacted
with His146, and atom C15 interacted with Leu202 (Figure 9).

Atom C10 of NO06 (Figure 1) had hydrophobic interaction
with His231. In addition the following interactions were
observed: C9, C14, and C15 with His146 and Phell4, C11,
C12, and C17 with His146 and Leu202.

Atom C6 of 7 (Figure 1) had hydrophobic interacts with
His142, Hisl46, and Tyrl57. C9, C13, and C14 exhibited
hydrophobic interactions with His146, as well as with Phel14
and Tyrl57. Atom C12 interacted with Asn113 (Figure 9).

Atom C4 of 9 (Figure 1) had hydrophobic interactions with
Asnl12, Val139, and Leu202. Atom C9 showed interactions
with Asn112, Leul33, and Glul43, and atoms C10 and C14
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Figure 1. Molecular structures of confirmed thermolysin binders. Atom numbering assigned by the ICM program is indicated.

interacted with His146. C14, C18, and C22 interacted with
Tyrl57. C22 interacted with Gly117, and C24, C26, C27, C28,
and C29 interacted with Asp150.

Atoms C2, C3, C7, and C8 of compound 13 had hydrophobic
interactions with Phe114. C7 and C16 had hydrophobic interac-
tions with the His146. Atoms C8, C10, and C13 interacted with
Tyrl57, while atoms C15 and C6 interacted with Glu143,
His142, 11e188, and Leu202.

C1, C3, C4, and C10 of 16 (Figure 1) had hydrophobic
interactions with Asnl112. C2, C3, and C10 interacted with
Leu202, and C7 had weak interactions with His142 (Figure 9).

C1 and C13 of 17 (Figure 1) had hydrophobic interactions
with His231. In addition, the following interactions were seen:
C6, C7, and C11 with His142; C6 with Asn112; C9 and C19
with His146 and Tyrl57; C12 and C17 with Leu202; C14 and
C15 with Phel14; and C15 with His146 (Figure 9).

C1, C13, and C18 of 19 showed hydrophobic interactions
with His231. In addition, atoms C9, C14, and C15 interacted
with Phel14 and His146, and C6 interacted with His142 and
His146. C7 had hydrophobic interaction with Asn112, C11 with
His142, and C12 and C17 had hydrophobic contacts with
Leu202 (Figure 9).
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. .
Figure 2. Interaction mode of compound 9 (ball and stick model) suggested by the ICM-VLS procedure. The carbon atoms of 9 are shown in
light-green, hydrogen atoms in gray, oxygen atoms in pink, and nitrogen atoms in purple. Side chain sugar moiety is shown in yellow.
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Figure 3. Scatter plots of the in vitro activity profiles (pICsy values) vs scores of the thermolysin binders of the NCI compounds, where the linear
relationship between the activity profiles and the ICM-VLS scores showed the best correlation (A). Panels B, C, and D show the correlation
between the activity profiles and mfScore (B), energy of hydrogen bonding (C), and energy of hydrophobic interactions (D).

Atom C6 in 20 (Figure 1) demonstrated hydrophobic interac-
tions with Phell4 and Tyrl57. In addition, the following
interactions were seen: atoms C7 and C12 interacted with
His231 and Glul66, C9 with Leu202 and Val139, C11 with
His146, C14 with Val139 and Leu133, C13 with His142, C16
and C19 with Leu202, C16 with Vall39, and C18 had
hydrophobic interactions with Glul166, Tyr157, and Phell4.

C8 and C14 of 21 (Figure 1) revealed hydrophobic interac-
tions with the active site residue His146. In addition C12 and
C18 interacted with Leu202, C21 with Asn112 and Leul33
(Figure 9).

X-ray crystallographic structures of thermolysin in complex
with inhibitors show that all inhibitors contain carboxyl acid,
hydroxamide, sulfydryl, dialkylsilanediol, or phosphinic groups
that form bidentate or monodentate arrangements with the
catalytic zinc. The experimentally confirmed binders in the
present study (Figure 1) contain carbonyl, amide, or hydroxyl

groups that may form arrangements with zinc similar to those
observed in the X-ray crystal structure complexes. The highest
scored docking poses indicated that compounds 9, 13, and 20
did not interact with zinc while compounds 2, 6, and 16
interacted rather distantly with catalytic zinc. The other com-
pounds formed at least one strong interaction with zinc (Table
6). Interestingly, the putative zinc binding groups of compound
9, which seems to be a potent thermolysin inhibitor, did not
interact with the catalytic zinc. Figure 10 shows the superim-
position of the docked complex of compound 9 (most potent
inhibitor in the present study) and the X-ray complex of the
inhibitor N-phosphoryl-L-leucinamide (PDB code 1tlp).” The
two ligands are relatively different in structure. The inhibitor
of the X-ray structure interacts within the S1, S1', and S2'
pockets of thermolysin with an oxygen of the phosphoramide
moiety coordinating zinc. Compound 9 contains carbonyl,
hydroxyl, and amide groups that putatively could form interac-
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Figure 4. Superimposed stick models of the structures of 2, 3, 4, 6, 7,
17, 19, 20, and 21, showing that they all share a common molecular
skeleton. Carbon atoms of the main skeleton are shown in gray, oxygen
atoms in red, hydrogens in white, chlorine atoms in green, and nitrogen
atoms in blue.

Table 4. Enzyme Kinetic Data of Thermolysin Binders®

compd Vs ((Mmol/min)/mg) Km (MM) Ki (mM)

2 1.155 x 10° 2.195 x 10° 2.94 % 102
3 71.91 x 10° 1.332 x 10° 8.14

4 4.720 x 10° 9.512 x 10° 1.61 x 102
6 4.284 x 10° 8.703 x 10° 6.97 x 102
7 2.809 x 10° 5.932 x 10° 4.81

9 3.692 x 10° 7.242 x 10° 6.40 x 1078
13 0.282 x 10° 0.57 x 10° 9.16

16 1.3047 1.5764 0.214

17 0.986 x 10° 2.791 x 10° 1.45

19 3.249 x 10° 9.842 x 10° 2.95

20 2.994 x 10° 9.096 x 10° 4.70 x 1072
21 5.493 x 10° 1.124 x 108 2.06

®Vmax and Ky, were directly derived from the kinetic experiments, and
the K; values were determined from 1Cs, values using the Cheng—Prusoff
relationship.55~%7

tions with catalytic zinc. However, Figure 10 indicates that these
groups did not form interactions with zinc. The ring system of
compound 9 interacted with amino acids within the S1' and
S2' pockets of thermolysin. Two hydroxyl oxygens interacted
with Arg203 (S1' pocket), while the amide group interacted
close to His146, Tyr157, and His231. This observation is based
on theoretical studies only and should be further examined
experimentally. Table 6 and Figure 9 indicate that several of
the compounds interacted with zinc via their amide and/or
hydroxyl groups similar to zinc interaction modes observed in
X-ray crystal structure complexes.

The X-ray crystal structures of thermolysin show that His142,
His146, and Glul66 coordinate the catalytic zinc, while Glu143
and His231 are required for the catalytic activity. Most
compounds had several hydrogen bonding or hydrophobic
interactions with these amino acids (Table 6, Figure 9).
Therefore, the present docking indicates that thermolysin
inhibitors may not need to interact directly with the catalytic
zinc, but inhibition may be obtained by forming interactions
with other functionally important amino acids.
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Compound 16 is structurally different from the others (Figure
1) and did not have hydrogen bonding interactions with any of
the amino acids involved in zinc coordination or catalytic
activity. Figure 9 indicates that 16 binds thermolysin quite
differently from the others, and differences in binding mode
(especially the hydrogen bonding patterns) may explain why
16 is not a competitive inhibitor in contrast to the other
compounds (Figure 5).

Conclusion

In the present study we have successfully demonstrated the
use of computational approaches to identify thermolysin binders
in a fast and inexpensive manner. Systematic structure based
virtual screening of the NCI compound library using ICM-VLS
identified 22 compounds as putative thermolysin binders. Twelve
of these compounds were confirmed by binding assays as
thermolysin inhibitors. Most of the 12 inhibitors (9 compounds)
contain a common structural scaffold. However, the most potent
inhibitor (compound 9) is structurally different from the other
compounds. Except for 16, the compounds formed strong
hydrogen bonding interactions and hydrophobic interactions,
with central amino acids being important for zinc coordination
or thermolysin activity, and in contrast to the other compounds,
16 did not seem to be a competitive inhibitor. The most potent
inhibitors may also function as “leads” for developing stronger
thermolysin binders. Because of structural and functional
similarities between thermolysin and other TLPs, these com-
pounds should also be tested for their binding to other TLPs
like ACE and NEP.

VHTS has become essential for the discovery of lead
compounds and may serve as an alternative to experimental high
throughput screening in drug discovery.”® Unfortunately there
are still many obstacles present for these kinds of approaches,
especially false positive hits (33.33% in this study). In spite of
recent theoretical and procedural advancements in the field,””
the VHTS methods still need improvements in handling of
structural flexibility of ligands and targets’®’ and thereby
reduce the number of false positives. As the field is rapidly
improving, there are hopes that these kinds of problems will
also be solved by development of new and improved algorithms.

Experimental Section

Chemicals. Chemicals used for binding assays and kinetic studies
were purchased from Sigma-Aldrich. Three-times crystallized
thermolysin (activity >=7000 units/mg) was from CalBioChem (E-
Merck, Germany). According to the manufacture’s instructions, the
lyophilized protein was first reconstituted in 42% glycerol adjusted
to pH 8.0 with 0.01 N NaOH, containing 0.005% Triton X-100.

In Vitro Assay. Steady-state enzyme assays were performed at
25 °C using the spectrophotometric method of Feder and
Schuck.8°A 96-well microplate was used instead of a single cuvette,
thereby increasing the throughput of the experiments compared with
the original method described by Feder and Schuck. The thermol-
ysin activity was determined by following the decrease in absorption
at 346 nm due to enzymatic hydrolysis of the substrate N-[3-(2-
furyl)acryloyl]glycyl-L-leucinamide (FAGLA). Initial velocities
were determined for <10% of the reaction. Stock solutions of Tris
(50 mM), NaBr (2.5 M), and CaCl; (10 mM), pH 7.0, were prepared
and stored at 4 °C. A stock solution of FAGLA was prepared in
dimethylformamide (DMF) and diluted with buffer to a final
concentration of 0.1 M Tris, 0.1 M NaBr, and 2.5 mM CaCl,, pH
7.0 (final concentration of DMF, 2.5%).

The total volume of the reaction mixture was 200 uL, in a final
enzyme concentration of 50 nM, and with a substrate concentration
of 1.0 mM. The enzyme and compounds were incubated for 15
min at 25 °C in a temperature-regulated 96-well microplate. Initial
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Figure5. Double reciprocal “Lineweaver—Burk” plots of the compounds identified as thermolysin binders. X axis is showing 1/[FAGLA] in mM,

and Y axis is showing 1/reaction rate, V, in (mmol/min)/mg.

velocities after adding the substrate were determined for <10%
reaction in duplicate for each inhibitor concentration. Control
(solvent) readings were taken in six replicates during each experi-
ment. Preliminary inhibition studies were performed in duplicate
at three different concentrations (0.5, 0.05, and 0.005 mM) for all
compounds, and percent inhibition as well as 1Cs, values were
calculated for the active compounds.

Enzyme Kinetic Studies. The enzyme Kinetic studies were
performed for the compounds showing prominent inhibition of
thermolysin during initial inhibition studies. All methods were
similar to the initial studies (described above) except that multiple

concentrations of the substrate (FAGLA) were used (2, 1, 0.75,
and 0.5 mM). The kinetic parameters (Vmax, Km) were calculated
using the Enzyme Kinetic module of SigmaPlot, version 10,
integrated with SigmaStat.

K; values were determined from ICsy of the inhibitors values
using the Cheng—Prusoff relation.®>—®”

K;=1Cs/(1+S/K,,)

where S is the substrate concentration.
Time Dependent Reactions. Kinetic studies were performed in
order to study the association and dissociation depending on time.

M)
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Table 5. Different Scores Derived from the MVD Docking Tools Compared with Experimental pK;

MVD affinity ReRank TIE Hbond LE1 LE2 docking
compd pKi score (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) score

2 —2.46843 —89.4536 —2.281622274 —15.81352661 —19.9718 —2.64565 —1.01741 —0.29063 —79.233
3 —1.91067 —95.4184 —2.681688989 —17.10780812 —22.8014 —2.27005 —1.03592 —0.33903 —97.1813
4 —2.2072 —95.5725 —2.740349517 —17.91419931 —20.5243 —2.70758 —1.087 —0.28972 —81.101
6 —2.84353 —82.8569 —1.867177042 —17.20399132 —20.8727 —2.68761 —0.96428 —0.30964 —77.6549
7 —1.68242 —91.102 —3.141371615 —19.58664537 —21.3597 —2.61333 —1.13852 —0.37706 —94.539
9 7.193821 —114.228 —8.175285696 —9.0659178 —34.4559 —1.7169 —0.91212 —0.11328 —115.643
13 —1.96175 —91.94 —2.989776186 —18.13661252 —21.9772 —1.19423 —1.50681 —0.32121 —81.814
16 0.669279 —95.6783 —6.061858635 —10.89437794 —19.6909 —2.04638 —1.25238 —0.55108 —97.5693
17 —1.16256 —90.8142 —3.338491054 —16.9656471 —22.7183 —1.9698 —1.03289 —0.2751 —92.7419
19 —1.46982 —90.7237 —3.722435678 —17.36578547 —20.4168 —2.7071 —1.03191 —0.291 —92.8511
20 1.327903 —99.5722 —6.889148832 —16.64621472 —27.1181 —2.63409 —1.13249 —0.32805 —104.699
21 —1.31344 —95.4528 —4.035944675 —16.562762 —22.7589 —3.456 —0.99124 —0.27932 —97.7197

The total duration of the experiments was 2 h, giving a total of
121 data points (1 point/min).

Virtual High-Throughput Screening (VHTS). Library
Preparation. Before the structure-based virtual ligand/library
screening (VLS) process, the downloaded NCI library was filtered
using the Lipinski rule-of-five (Ro5)*® and manually filtered for
removing very large molecules, dimers, polymers, molecules
containing unusual heteroatoms, and highly reactive functional
groups. Finally 1170 compounds out of the 273K compound library
were used for VLS by the ICM-VLS algorithm.

Target Preparation. The target thermolysin (PDB code 1gxw?®h)
was loaded into the ICM program and prepared for docking. The
retrieved coordinates were converted to ICM objects. Hydrogen

atoms were added and optimized using the ECEPP/3 force field of
ICM. The target was optimized using Monte Carlo simulation and
energy optimizations. A grid map (5 A) that included the active
site amino acids and zinc was generated.

VLS Method. A flow scheme indicating the steps of the VLS
process is shown in Figure 11. The modified NCI library (1170
compounds) was screened against the prepared target using the
ICM-VLS algorithm (version 3.4) according to the descriptions in
the ICM manual.®*#2~8* Grid potentials were rapidly generated
which accounted for shape of the binding pocket, hydrophobicity,
electrostatic potentials, and hydrogen-bonding profile. The com-
pounds were automatically screened for their putative thermolysin
binding properties using a rigid target and flexible ligands in the
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internal coordinates space.>* Docking took an average of 3 min/
molecule on a four AMD 64-bit processors RedHat linux server
with 4 GB of RAM. The speed for each compound was dependent
on the number of torsional degrees of freedom.

ICM-VLS Scoring Function. Detailed information about the
ICM-VLS scoring function is given by Schapira et al..>* The ICM-
VLS scoring function® uses the following equation and terms:

Score = AE, e + TASyo, + AEygong + AEgpesol T AEggig +
AEHPhob + QSize (2)

where AE,«wr accounts for the van der Waals and internal force
field energy of the ligand. TASt,, is the change in free energy due
to the conformational entropy loss of the ligand upon binding.
AEngondis 1S the hydrogen bonding term, while AEpgpesor accounts
for the disruption of hydrogen bonds with solvent (desolvation of
hydrogen bond donors and acceptors). AEsqg is the solvation
electrostatic energy change upon binding. AEsg was calculated
using the boundary element Poisson equation solver as implemented
in the REBEL®® module of ICM. The AEupn is the hydrophobic
free energy gain, and Qs; is a size correction term.>*

Docking Calculations Using ICM. Compound Prepar ation.
The compounds experimentally confirmed as thermolysin binders
were used for regular docking into thermolysin. Docking calcula-
tions of the thermolysin inhibitors were performed using the ICM®”

docking module with default setup. The structures of the active
compounds were energy minimized in the same environment and
saved in PDB format. These energy-minimized inhibitors were then
reposed into ICM and converted into ICM object, and MMFF
charges®°° were assigned for each of the ligand.

Target Preparation. The target was prepared as described for
the ICM-VLS screening.

Docking Process. The compounds were docked using the
“interactive docking” menu of ICM. A stack of different docked
conformations were generated and visually checked. The best
docking conformations were selected on the basis of docking
energies, rmsd of the ligand from the initial ligand conformation,
and similarities to known X-ray crystal structures from PDB
(hydrogen bonding with active site amino acids and interactions
with catalytic zinc). Each ligand docking took an average of 2 min/
molecule on a four AMD 64-bit processors Red Hat Linux server
with 4 GB of RAM.

Calculation of Binding Free Energy. The docking conformation
validated as most realistic for each compound was used for
calculation the ligand—thermolysin binding energy (Cal.AG) using
the ICM script for binding energy calculations. Cal.AG was
compared with the experimental free energies of binding (Exp.AG)
calculated from the experimental K; values using eq 3.

AG = —RTInK, @)
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Table 6. Hydrogen Bonding Interactions and Zinc Interactions of
Thermolysin Inhibitors?

interactions with Zn,
compd if any (distance in A)

2 Zn—N2 (3.15)

H-bond, if any
(atom no., length in A)

N2—Glu143 (OE2, 3.05)
03—His231 (NE2, 2.87)
010—Alal13 (O, 3.02)
010—Glul43 (OE2, 3.77)
021-Trp115 (N, 2.79; O, 2.92)
03—Asn112 (OD1, 2.96), Ala113
(0, 3.1)
022—Trp115 (O, 3.01)
03—Asn112 (OD, 2.95)
010—His142 (NE2, 3.04), Arg203
(NH2, 2.23)
019—Arg203 (NH2, 2.96)
020—Val139 (O, 3.33)
N2—His231 (NE2, 2.66)
03—Asn112 (OD1, 2.87; ND2,
3.12)
010—Arg203 (NH1, 3.27; NH2,
2.89)
019—Arg203 (NH2, 2.64)
023—Trp115 (O, 2.66)
03—His231 (NE2, 3.12)
010—His142 (NE2, 2.88), Arg203
(NH2, 3.54)
019—Arg203 (NH2, 2.61)
020—Glu143 (OE2, 2.9)

3 Zn—N2 (2.98)

4 Zn—N2 (2.75)

6 Zn—N2 ((3.29)

7 Zn—N2 (2.88)
Zn—010 (3.05)

9 01—Arg203 (NH1, 2.88)
07—Arg203 (NH2, 2.65)
13 011—Arg203 (NH1, 3.19; NH2,
2.64)

012—Arg203 (NH2, 2.88)

N6—Arg203 (NH1, 2.85)

08—Arg203 (NH2, 2.63)

03—Asn112 (OD1, 2.94)

010—His142 (NE2, 3.05), Arg203
(NH2, 3.01)

021—Arg203 (NH2, 2.31), Asp170
(OD1, 3.23)

03—Asn112 (OD1, 3.02)

010—Arg203 (NH2, 2.9), His142
(NE2, 3.04)

020—Val139 (O, 3.33)

021—Arg203 (NH2, 2.9)

20 03—Asnl12 (OD1, 2.9), Alal13
(0, 3.33)

020—Trpl15 (O, 3.11)

04—His231 (NE2, 2.94)

013—Alal13 (0, 3.19), Glu143
(OE1, 3.11)

023-Trpl115 (O, 2.62; N, 2.68)

@ The interactions were analyzed using the most favorable docking mode
of the ICM docking. Atomic numbering of the different compounds is given
in Figure 1. The given atomic distances are between heavy atoms (O or N)
involved in the hydrogen bond.

16 Zn—08 (3.34)

17 Zn—N2 (2.86)
Zn—010 (3.33)

19  Zn—N2 (2.75)

Zn—010 (3.57)

21 Zn—N1 (3.34)
Zn—016 (2.98)

where R is the gas constant (0.001 98 kcal/mol) and T is the
temperature (298 K).

Cal.AG was calculated by the ICM script utilizing egs 4 and
5.91

AG=AG,+AGg +AGg+C ()
AG = AG,, + AGcoy, + AGpesory + AGs+C  (5)

where AGy is the hydrophobic or cavity term, which accounts for
the variation of water/nonwater interface area, AGg_ is the
electrostatic term composed of Coulombic (AGcoyL) interactions
and desolvation (AGpgsorv) Of partial charges transferred from an
aqueous medium to a protein core environment, and AGs is the
entropic term that results from the decrease in the conformational
freedom of functional groups buried upon complexation. C is a
constant that accounts for entropy changes due to decreased
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concentration of free molecules (cratic factor) and loss of rotational/
translational degrees of freedom.®*

Docking Calculations Using Molegro Virtual Docker.
Algorithm and Scoring Function. The docking module of Molegro
Virtual Docker (MVD), MolDock, is based on a new heuristic
search algorithm that combines differential evolution (DE) with a
cavity prediction algorithm.®? One scoring function of MolDock
(MolDock Score or MVDScore) is an extension of the piecewise
linear potential (PLP) originally proposed by Gehlhaar et al.®*~%
and later extended by Yang et al.”® that includes new hydrogen
bonding and electrostatic terms. To further improve docking
accuracy, a reranking scoring function has been introduced that
identifies the most promising docking solution from the solutions
obtained by the docking algorithm.®?

The docking scoring function, Egre (Docking Score), which is
another scoring function of MVD, is defined by the following
energy terms.

E Einter T Eintra (6)

score — —inter

Einter 1S the ligand—protein interaction energy calculated by

aq;
a2

4r;

U]

Ener= » 2 [Epr(rij)+332-0
illigand jlprotein

] U]

The summation runs over all heavy atoms in the ligand and in the
protein, including any cofactor atoms (here, calcium and zinc ions)
and water molecule atoms that might be present (all water molecules
were removed in the present docking study).®? Ep,p is a “piecewise
linear potential” using two different sets of parameters: one set for
approximating the steric (van der Waals) term between atoms and
another set approximating a stronger potential for hydrogen bonds.
The linear potential is defined by the following functional form:

Epp(0) =Ag,  Epp(R) =0, Epp(Ry) =Epp(R3) = Ay,
Epp()=0 for r=R4 (8)

and is linearly interpolated between these values.®®

The second term describes the electrostatic interactions between
charged atoms. It is a Coulomb potential with a distance dependent
dielectric constant given by D(r) = 4r. The numerical value of
332.0 fixes the units of the electrostatic energy to kcal/mol.

Eintra is the intramolecular energy of the ligand calculated by

Eiia = Eq p(r;) + A[1 — cos(m6 —
e im;d jm;d P flexible bonds
Oo)] + Egiasn (9)

The double summation is between all atom pairs in the ligand
excluding atom pairs connected by two bonds or less. The second
term is a torsional energy term, parametrized according to hybrid-
ization of bonded atoms, while 6 is the torsional angle of the bond.
An average of torsional energy bond contribution is used if several
torsions can be determined between bonded atoms. The last term,
Eciash, assigns a penalty of 1000 if the distance between two heavy
atoms (more than two bonds apart) is less than 2.0 A. Thus, Eqas
term punishes infeasible ligand conformations.®°¢

Docking Search Algorithm. The docking search algorithm
(MolDock Optimizer) used by MolDock is based on an evolutionary
algorithm.*”-°8 Evolutionary algorithms are iterative optimization
techniques inspired by Darwinian evolution theory.®® MolDock
Optimizer is based on an evolutionary algorithm variant called
differential evolution. The differential evolution algorithm was
introduced by Storn and Price in 1995.2°° Compared to more widely
known evolutionary algorithm techniques (e.g., GA, evolutionary
programming, and evolution strategies), differential evolution uses
a different approach to select and modify candidate solutions.®®

Stepwise Docking M ethod. Active compounds and thermolysin
(PDB code 1gxw) was uploaded without water molecules. When
necessary, bonds, bond orders, hybridizations, and hydrogen atoms
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Figure 9. Molecular interactions between the active site of thermolysin and compounds 4, 7, 16, 17, 19, and 21. The illustration was generated

with LigPlot.”#

Figure 10. Superimposition of compound 9 (blue) and the inhibitor
N-phosphoryl-L-leucinamide (red) from the X-ray crystal structure
complex 1tlp.”® These ligands are relatively different but share some
structural features. The most important amino acids for ligand binding
are shown in green. The zinc atom is shown as blue CPK model.

were added, charges were assigned (a formal charge of +2 for Zn
ion),%? and flexible torsions of ligands were detected. Then an
automatic procedure was used to detect possible binding cavities.
During this process the maximum number of cavities was fixed to
5, the grid resolution was 0.80 A, and probe size was 1.2 A, while
other parameters were default. Two cavities were detected, and the
cavity around the catalytic zinc ion (volume of approximately
70—72 A% was used for docking calculations using MolDock
Optimizer as search algorithm. During docking the grid resolution
was set to 0.3 A, while the binding site radius was set to 21 A.
The best ligand poses were chosen on the basis of visual inspection

e o
' Filtering '
g Lipinski
& others)

1,170

iHTse

U‘H’I’S

-
T

Figure 11. Flow diagram for the virtual high-throughput screening
(VHTS) using ICM-VLS module.

of the interactions at the active site using the same criteria as for
the ICM docking.

The docking calculations were performed with a dual processor
Windows XP based computer with 2 GB of RAM, and each docking
process took 5—7 min.

Scorings Generated by MVD. In addition to MVDscore and
DockingScore (Escore, €xplained in equations), the following MVVD
based scores were also calculated for each compound:

(1) Affinity calculated by MVD in kJ/mol (converted to kcal/
mol for easy comparisons).

(2) ReRank. To further increase the docking accuracy, the 10
solutions obtained from the 10 independent docking runs were
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reranked using a more complex scoring function.®® In addition to
the docking scoring function terms, an sp>—sp? torsion term and a
Lennard-Jones 12—6 potential*®* are included.

(3) TIE, which should correspond to total interaction energy
between ligand and target.

(4) HBond, the hydrogen bonding energy between ligand and
target.

(5) LE1, ligand efficiency 1, which corresponds to MolDock
Scores divided by the number of heavy atoms.

(6) LE2, ligand efficiency 2, which corresponds to the affinity
divided by the number of heavy atoms.

Data Plotting and Regression Analysis. For easy interpretations
of the interactions between the thermolysin and the compounds,
LigPlot™* was used to construct schematic 2D plots of the
interactions. Regression analysis of different data derived from
experiments and docking calculations were performed by MS Excel.
For the kinetic experiments, the Enzyme Kinetic module of
SigmaPlot, version 10, integrated with SigmaStat was used.

Analysis of the Purity of the Compounds. The purity of the
NCI compounds was analyzed by tandem MS.

Chemicals. Formic acid was supplied by Fluka (Steinheim,
Germany), and LC—MS grade methanol and water were supplied
by Riedel-de-Haén (Seelze, Germany) and were used as mobile
phase.

Method and Equipment. Stock solutions of the different
compounds were diluted to 1 M with 50% methanol in 5 mmol/L
aqueous formic acid.

A triple quadruple mass spectrometer (Quattro Premier XE
benchtop tandem quadruple mass spectrometer from Waters,
Manchester, U.K.) fitted with a Z-spray ion source was used. The
mass spectrometer was operated in both positive and negative
electrospray ion (ESI) modes, and spray voltage was 3.0 kV. The
system was controlled by MassLynx, version 4.1, software.
Parameters were as follows: desolvation gas temperature, 260 °C;
source temperature, 120 °C; desolvation gas flow, 300 L/h; cone
gas flow, 40 L/h; collision gas pressure, 3.5 x 1072 mbar (argon);
ion energies, 0.9 V for both quadruples. Diluted samples (1 uM)
were infused into the ionization probe using a syringe pump at a
flow rate of 10.0 uL/min. After optimum cone voltage and collision
energy were found for parent ion and most of the abundant daughter
ions produced from the fragmentation of parent, MS/MS spectra
were acquired.
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