930 J. Med. Chem. 1997, 40, 930—936

Discovery of HIV-1 Integrase Inhibitors by Pharmacophore Searching?’
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Based upon a class of known HIV-1 integrase inhibitors, several pharmacophore models were
proposed from molecular modeling studies and validated using a 3D database of 152 compounds
for which integrase assay data are known. Using the most probable pharmacophore model as
the query, the NCI 3D database of 206 876 compounds was searched, and 340 compounds that
contain the pharmacophore query were identified. Twenty-nine of these compounds were
selected and tested in the HIV-1 integrase assay. This led to the discovery of 10 novel,
structurally diverse HIV-1 integrase inhibitors, four of which have an 1Csy value less than 30
uM and are promising lead compounds for further HIV-1 integrase inhibitor development.

Introduction

Human immunodeficiency virus type 1 (HIV-1) is the
causative agent of acquired immunedeficiency syndrome
(AIDS).12 Several enzymes important to the replication
cycle of this virus, for example, reverse transcriptase,
protease, and integrase, are considered to be promising
targets for the development of anti-AIDS drugs. In
recent years, reverse transcriptase and protease®4 have
been the primary targets in the development of anti-
AIDS drugs. Effective inhibitors have been developed
against these two enzymes, and several of them are now
marketed in the United States as anti-AIDS drugs.

HIV-1 integrase is an enzyme that mediates the
integration of HIV-1 DNA into a host chromosome>2
and is essential to replication of the virus.1%11 The
HIV-1 integrase first cleaves the last two nucleotides
from each 3'-end of the viral DNA, leaving the terminal
dinucleotide sequence CA-OH-3' at these recessed 3'-
ends. This activity is referred to as 3'-processing or
dinucleotide cleavage. Transported to the nucleus as a
nucleoprotein complex, integrase catalyzes a DNA strand
transfer reaction involving the nucleophilic attachment
of these ends on a host chromosome. This process is
referred to as strand transfer. Finally, the viral 5'-ends
are processed, and the gaps between the viral 5'- and
target 3'-ends are repaired.”® There is obviously a
requirement for a functional integrase in HIV-1 replica-
tion. This enzyme is therefore thought to be a suitable
target for chemotherapeutic intervention and has be-
come a focus of anti-AIDS drug design efforts in these
laboratories.

Over the last few years, several groups have made
efforts to develop HIV-1 integrase inhibitors. So far, a
number of classes of HIV-1 integrase inhibitors have
been identified, including the flavone quercetin and
caffeic acid phenyl ethyl ester (CAPE),*?12 aurintricar-
boxylic acid and its relatives,}* the polyanionic drug
suramin,*® curcumin,!® derivatives of cosalane,'” copper
phenanthroline,!® tyrphostins,'® AZT nucleotides,? bis-
catechols,?* 2N-methyl-9-hydroxyellipticinium (NMHE)
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and oxazolopyridocarbazole (OPC),22 methyl phospho-
nodiester and its derivatives,?® hydroxylated aromatic
compounds,? dibenzylbutyrolactone type lignanolide
(—)-arctigenin,? (—)-arctigenin derivatives,?¢ 3,5-dicaf-
feoylquinic acid, 1-(methoxyoxalyl)-3,5-dicaffeoylquinic
acid, and L-chicoric acid.2’” None of these HIV-1 inte-
grase inhibitors have entered clinical trials because of
either their limited potency or high toxicity. Intensive
research efforts are now being made in our laboratories
to improve the potency and/or reduce the toxicity of the
compounds in these classes.24262829 There is also a need
to discover lead compounds for new classes of HIV-1
integrase inhibitors, not least because of the high
mutation capabilities of the virus, which can lead to a
fast buildup of resistance against many individual
drugs. The discovery of novel, potent, and structurally
simple lead compounds is therefore a highly desirable
goal in HIV-1 integrase inhibitor design.

A pharmacophore in a molecule refers to the three-
dimensional (3D) arrangement of atoms or functional
groups that is necessary for the compound to bind to a
specific enzyme or receptor. 3D database pharmaco-
phore searching attempts to identify molecules in a
database on the basis of their possessing a particular
pharmacophore in their structure, expressed necessarily
in three dimensions. This approach has recently gained
attention for its ability to discover new leads in drug
development programs.3°=35 We have built a searchable
3D database®® of a total of ca. 408 000 structures from
the 2D molecular structures stored in the National
Cancer Institute (NCI) Drug Information System (DIS)
database,®” employing the programs Chem-X3 and
Corina,® and have subsequently used this 3D database
to discover, for example, a number of novel protein
kinase C agonists*® and HIV-1 protease inhibitors.4

Recently, we have reported on a pharmacophore that
we identified in a significant number of the HIV-1
integrase inhibitors known to date and which we
subsequently used to find novel inhibitors for this
enzyme in the NCI 3D database.*? In addition to
showing the importance of this (first) pharmacophore,
that study, however, presented strong evidence for a
second pharmaphore whose presence in a compound
might confer anti-integrase activity, presumably due to
a different binding mode in the active site of the protein.
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In the present paper, we analyze this second pharma-
cophore and report on the identification of novel HIV-1
integrase inhibitors through 3D pharmacophore searches
in the DIS database.

Experimental Section

3D HIV-1 Integrase Inhibitors Database. Over the last
few years, a number of classes of HIV-1 integrase inhibitors
have been identified (see above). We have collected in a 3D
database a total of 152 compounds* for which HIV-1 integrase
inhibition data are known. Out of these 152 compounds, 77
had shown inhibitory activity with an 1Cs, value equal to or
less than 100 «M in the 3'-processing assay. This database
was built using Chem-X's ChemDBS-3D database build and
search module. After the 2D structures of all compounds had
been drawn using the Edit/2D-Draw module of Chem-X, they
were submitted to the automatic 3D database generation via
ChemDBS-3D. We used the program options that ensure that
conformational flexibility of the compounds is taken into
account and employed keying of this database with 3D distance
keys during the build phase (using the ‘Search/Generate Keys'
option), which allows for rapid screening in subsequent
searches with the putative pharmacophores.

NCI 3D Database and Search Software. The details of
the NCI 3D database, and of the Chem-X program that was
used in both the 3D database build and search processes, have
been described elsewhere.3 The current version of the NCI
3D database consists of 206 876 “open” and 201 036 “discreet”
(proprietary) structures,* for a total of 407 912 structures. All
searches reported in this paper were conducted on only the
“open” part of the database. The conformationally flexible
search algorithm (‘Flexifit’) implemented in Chem-X (July 1994
version, running on a Silicon Graphics (SGI) workstation) was
employed. For flexible compounds, multiple conformations are
generated and analyzed during both building and searching
of the database.36:%7

Molecular Modeling. All molecular modeling studies—
other than the building and searching of the databases—were
performed with the QUANTA?* 4,0/CHARMmM 2.2 molecular
modeling package,*® running on an SGI IRIS Indigo worksta-
tion. 2D structures of compounds were built in QUANTA's
ChemNote module and energy-minimized using CHARMmM.
Energy minimization was typically conducted with 5000
iterations or until convergence was achieved (defined as an
energy gradient of 0.001 kcal mol-* A~ or less), using an
adjusted basis Newton—Raphson (ABNR) algorithm as imple-
mented in CHARMmM. Conformational searches were per-
formed using either the systematic or the Monte Carlo random
search algorithms implemented in QUANTA.

Preparation of Oligonucleotide Substrates. The HPLC-
purified oligonucleotides AE117, 5'-ACTGCTAGAGATTTTC-
CACAC-3', and AE118, 5'-GTGTGGAAAATCTCTAGCAGT-3',
were purchased from Midland Certified Reagent Co. (Midland,
TX). Dr.R. Craigie, Laboratory of Molecular Biology, NIDDK,
NIH, Bethesda, MD, provided the expression system for the
wild-type HIV-1 integrase. To analyze the extents of 3'-
processing and strand transfer using 5'-end-labeled substrates,
AE118 was 5'-end-labeled using T, polynucleotide kinase
(Gibco BRL) and [y-32P]-ATP (DuPont-NEN). The kinase was
heat-inactivated, and AE117 was added to the same final
concentration. The mixture was heated at 95 °C, allowed to
cool slowly to room temperature, and run on a G-25 Sephadex
quick spin column (Boehringer Mannheim) to separate an-
nealed double-stranded oligonucleotide from unincorporated
label.

In Vitro HIV-1 Integrase Assays. Integrase was prein-
cubated at a final concentration of 200 nM with inhibitor in
reaction buffer (50 mM NacCl, 1 mM HEPES, pH 7.5, 50 uM
EDTA, 50 uM dithiothreitol, 10% glycerol (w/v), 7.5 mM MnCl,
(when specified), 0.1 mg/mL bovine serum albumin, 10 mM
2-mercaptoethanol, 10% dimethyl sulfoxide, 25 mM MOPS, pH
7.2) at 30 °C for 30 min. Then, 20 nM of the 5'-end 32P-labeled
linear oligonucleotide substrate was added, and incubation was
continued for an additional 60 min. Reactions were quenched
by the addition of an equal volume (16 uL) of loading dye (98%
deionized formamide, 10 mM EDTA, 0.025% xylene cyanol,
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0.025% bromophenol blue). An aliquot (5 uL) was electro-
phoresed on a denaturing 20 polyacrylamide gel (0.09 M Tris-
borate, pH 8.3, 2 MM EDTA, 20% acrylamide, 8 M urea). Gels
were dried, exposed in a molecular Dynamics Phosphorimager
cassette, and analyzed using a Molecular Dynamics Phosphor-
imager (Sunnyvale, CA). Percent inhibition was calculated
using the following equation:

%I =100 x [1 — (D — C)/(N — C)]

where C, N, and D are the fractions of 21-mer substrate
converted to 19-mer (3'-processing product) or strand transfer
products for DNA alone, for DNA plus integrase, and for
integrase plus drug, respectively. All ICs, values were deter-
mined by plotting the drug concentration vs percent inhibition
and determining the concentration which produced 50%
inhibition.

Results and Discussion

Identification of the HIV-1 Integrase Pharma-
cophore. To perform a pharmacophore search it is first
necessary to establish a valid pharmacophore model. In
contrast to HIV-1 protease or HIV-1 reverse tran-
scriptase, where crystal structures of enzyme—ligand
complexes are available, it is not possible to derive an
HIV-1 integrase pharmacophore model directly from
such complexes since no experimental structures of the
HIV-1 integrase complexed with its substrate or with
inhibitors are known to date. The crystal structure of
the catalytic core domain of HIV-1 integrase (without
any ligand) has been determined;*’ however, residues
141—-153, which contain the crucial residue Glu 152 in
the DD(35)E motif shown to be essential for activity
through site-directed mutagenesis studies, were unre-
solved due to disorder caused presumably by the flex-
ibility of this loop. It is therefore very difficult to derive
a reasonable pharmacophore model directly from the
protein X-ray structure. Because of this, one has to
resort to indirect approaches for deriving a pharma-
cophore, which, in this study, was molecular modeling
of known potent HIV-1 integrase inhibitors.

Previously, we reported?® that 4-hydroxycoumarin-
based compounds showed promising activity against
HIV-1 integrase. The best inhibitor in this class, a
“tetrameric” 4-hydroxycoumarin structure (1, NSC
158393), exhibited 1Csp values of 1.5 and 0.8 uM for 3'-
processing and strand transfer, respectively. Subse-
guent chemical modifications?® and molecular modeling
studies?® have shown that, although the “monomer”
form (2) of 4- hydroxycoumarin does not exhibit signifi-
cant inhibitory activity against HIV-1 integrase, the
“dimer” form (3) of 4-hydroxycoumarin does possess
inhibitory potency (43.4 + 23.7 and 38.8 + 25.9 uM,
respectively).?® Therefore, the crucial polar/hydrogen
bond interaction sites appear to be contained in the
dimer structure 3 but not in the monomer structure 2.
Further molecular modeling of this group of compounds
indicated that the two carbonyl groups and two hydroxy
groups in the dimer structure 3 can be mapped very well
onto the corresponding atoms in the tetramer structure
1.

We have previously shown that the biologically active
conformation of an inhibitor need not be the global
energy minimum state (in vacuum).*® Nevertheless, the
conformational energy penalty a compound may have
to pay to be able to bind to its target cannot exceed the
overall free energy gained in the binding process, and
it is thus the low-energy areas of the conformational
energy hypersurface that need to be explored to identify
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1, NSC158393 2 3

the possible bioactive conformation(s). This was done,
for NSC 158393, through a Monte Carlo conformational
analysis, in which each of 5000 randomly generated
conformations of the compound was minimized using
QUANTA/CHARMM. Some 621 distinct conformations
were found with a conformational energy of less than
10 kcal/mol above the global minimum, and it was
assumed that a reasonable pharmacophore model would
be found in this subset.

On the basis of the average values of the two crucial
torsion angles, w; and w», shown in Figure 1, the 621
low-energy conformations of NSC 158393 could be
partitioned into five distinct clusters. From these, we
derived five four-point pharmacophores with the inter-
atomic distances shown in Figure 2. To check if any of
these is a reliable pharmacophore model, validation by
a search in the small 3D database of 152 HIV-1
integrase inhibitors was performed. Even with rela-
tively wide distance tolerances of 0.7 A, the hit rates
for each of the five four-point pharmacophores, however,
were disappointingly low, ranging from 0% to, at best,
17%, and so attempts to define a four-point pharma-
cophore model were dropped.®

Concluding that a three-point pharmacophore, as it
is commonly used in enzyme—Iligand systems, may be
a better choice in the HIV-1 integrase case, too, all
possible three-point pharmacophores were extracted
from the five conformational clusters of NSC 158393.
There are six oxygen—oxygen distances for the four
oxygen atoms shown in Figure 2. For each of the
conformations, four three-point pharmacophores can be
built from these six distances, resulting in 20 possible
pharmacophores for this compound. Two of these three-
point pharmacophores (5.14, 4.76, 2.72 and 5.14, 4.76,
2.76) are essentially identical and were set as 5.14, 4.76,
2.74. Similarly, the three pharmacophores (6.00, 4.76,
2.72), (6.00, 4.76, 2.76), and (6.00, 4.76, 2.74) were
presumed to be identical and replaced by (6.00, 4.76,
2.74). This resulted in the 17 unique possible three-
point pharmacophores shown in Table 1, which were
then used in a search of the database of 152 integrase
inhibitors to give results which are also shown in Table
1. The distances listed in this table show that the 17
possible pharmacophores can be partitioned into four
clusters, (1-5), (6—9), (10—13), and (14—17), based upon
the pharmacophore dimensions. As can be seen from
the search results in Table 1, the first of these clusters
was the most successful in retrieving known active
compounds, and this was thus presumed to include the
most probable of the analyzed HIV-1 integrase phar-
macophores.

3D Database Search Results. In order to con-
struct, from the validation database search results
shown in Table 1, a reasonable pharmacophore query
for a search of the entire (open) NCI 3D database, the
multiple sets of distances in each cluster were reduced
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Figure 1. Molecular structure of NSC 158393. Shown are the
torsion angles w; and w, as used in the conformational search
and analysis. Points a—d are the atoms between which the
distances are measured that define the analyzed pharmaco-
phores.

Pharmacophore Distance Pattern

Figure 2. Possible pharmacophores in the hydroxycoumarin
‘dimer’ structure.

to a single-distance triad in the following way. A
weighting factor W; was defined for every three-point
pharmacophore in a cluster depending on the percent-
age of active compounds containing the pharmacophore
in all active compounds (N+), as given in eq 1:

W= (NS (NL), (=1, 2, n) )

with n being the size of each cluster (e.g., 5 for cluster
1). W; represents the contribution of the distance
pattern of the ith pharmacophore in the cluster to the
combined pharmacophore query distance pattern, which
was constructed according eqs 2—4:

DQ, = zWiDli (i=1,2,..n) 2)
DQ, = zWiDzi (i=1,2,..n) (3)
DQ; = ZWiD3i (i=1,2,..n) (4)

The resulting values DQ1, DQ3, and DQ3 then are the
dimensions of the pharmacophore query subsequently
used in the NCI 3D database search. The pharmaco-
phore query constructed from pharmacophores 1-5 (i.e.,
from the first cluster) is shown in Figure 3. The
distance tolerances for D1, D,, and D3 were set to 0.7,
0.7, and 0.4 A, respectively. The reason for assigning
different distance tolerances in the pharmacophore
query was that the distance between two oxygen atoms
in the same ring system (D3) should change very little
as the conformation varies, but the distances between
oxygen atoms in different ring systems (D1, Dy) can
change much more substantially when the conformation
changes.

The search of the structure database of 206 876 “open”
compounds, using this pharmacophore query, yielded a
total of 340 compounds which contained the pharma-
cophore pattern in one or more of their conformations.
Samples of 180 of these were available in the NCI
repository. Charged molecules which would have likely
transport problems in vivo were excluded from this set,
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Table 1. Three-Point Pharmacophore Validation Results?
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Table 2. Results of HIV-1 Integrase Inhibitory Assay?

pharmacophore interatomic distances (&) Nat N1 (%) W

1 2.74 4.76 6.00 52 67.53 0.208
2 2.69 4.76 5.84 51 66.23 0.204
3 2.78 4.76 5.40 51 66.23 0.204
4 3.39 4.76 5.68 51 66.23 0.204
5 2.74 4.76 5.14 45 58.44 0.180
6
7
8
9

4.19 4.76 5.84 47 61.04
4.01 4.76 6.00 45 58.44
4.07 4.76 5.68 44  57.14
4.35 4.76 5.40 42 5455

10 2.74 4.76 4.27 42 5455
11 2.69 4.76 4.62 48 62.34
12 2.78 4.76 4.45 48 62.34
13 3.39 4.76 4.15 40 51.95
14 4.01 4.76 4.27 33 4286
15 4.19 4.76 4.26 9 11.69
16 4.07 4.76 4.15 34 44.16
17 4.35 4.76 4.45 13 18.18

a Search tolerances are 0.7 A for the long sides of the triangle,
+0.4 A for the short side. Na: number of active compounds (I1Csp
< 100 mM) containing the pharmacophore. Ni: percentage of
active compounds retrieved with pharmacophore (ICso < 100 mM)
containing the pharmacophore in 77 active HIV-1 integrase
inhibitors in the database. W: value of weighting function (see
text).

4.76 £ 0.4A

.

2.87 £ 0.7A

5.62 £0.7A"

Figure 3. Dimensions of the pharmacophore query used in
the search of the 206 876 compounds of the ‘open’ part of the
NCI 3D database. The pharmacophoric atom centers are O and
N.

and this, together with exclusions based upon consid-
erations of chemical diversity, led to a set of 29
compounds being submitted to the integrase bioassay.

In Vitro HIV-1 Integrase Bioassay Evaluations.
The anti-HIV-1 integrase activity of the 29 compounds,
shown in Table 2, was measured in the in vitro assay
as described in the Experimental Section, employing
purified recombinant integrase and a 21-mer duplex
oligonucleotide corresponding to the U5 region of the
HIV LTR sequence. Both 3'-processing and DNA strand
transfer reactions are shown in one experiment as
described earlier.

All compounds were initially assayed at a concentra-
tion of 100 wug/mL; all 29 compounds showed some
inhibitory activity. Those that exhibited >50% inhibi-
tion at this concentration (for both 3'-processing and
strand transfer) were tested at several concentrations
to obtain the ICsp values shown in Table 2. 1Cs values
of less than 100 ug/mL (see Chart 1) were found for all
10 of these compounds, for which the corresponding
micromolar values are listed in Table 2. Their struc-
ture, with a highlight on the atoms found by Chem-X
to match the pharmacophore query, are depicted in
Chart 1. Four of these 10 inhibitors have 1Csq values
of less than 10 ug/mL (equivalent 1Csy < 30 uM); for
NSC 310217, 1Cso(3'-processing) = 0.6 ug/mL and ICso-
(integration) = 0.46 ug/mL, which corresponds to 2.0 and
1.5 uM, respectively, if the molecular weight listed in
the NCI database records (302) is used. Upon further
investigation, which is reported in detail in the following
paper,3® NSC 310217 proved to be a mixture of two
compounds: 1,2-bis(o-hydroxylbenzoyl)hydrazine (4) and
the hydrazide 5.

% inhibition at 100 ug/mL 1Cso (M)

NSC 3- strand 3'- strand
no. processing transfer processing transfer
4411  36.5(41.2) 27.6 (48.9)

16683  14.5(35.8) 50.3 (67.4)

23518 20.8 17.7

26665  40.8 (29.6) 67.7 (34.2)

30181  25.8(10.2) 61.5 (55.2)

48240 100 100 26 £2.7 206 +£4.8

49858 99.8 77.4 294 (367) 185 (233)

57586  20.8 (43.2) 54.4 (69.7)

58327 0.4 (2.2) 0.0 (13.4)

61916  25.0 (43.9) 52.4 (69.9)

72097 10.9(2.6) 17.1 (18.9)

83080  13.1(7.1) 25.1 (27.0)

87566  28.9 (33.3) 25.0(33.3)

87863  37.0 (45.8) 77.9 (70.2)

106723  34.7 (56.7) 70.5 (74.1)

226058  22.6 (24.9) 63.5 (54.3)

229488 727 69.3 228 (271) 203 (271)
246119 579 65.6 350 (289) 268 (135)
305801  43.7 (30.6) 87.4 (56.6)

310217 100 100 20+1.1 15+0.8
371056  98.1 92.4 29.9(71.3) 16.5(35.8)
408130  25.7 (49.1) 63.3 (66.6)

612955 22.5(19.1) 48.1(43.2)

626436 63.4 85.7 177 (124) 103 (47.6)
632901 725 79.9 182 (238) 101 (142)
633671  45.3 (30.3) 90.6 (47.9)

635971  23.1(17.6) 57.2 (37.0)

641547  62.7 (43.4) 92.2 (66.8) 224 (291) 134 (143)
642710 100 100 53+25 50+1.2

aValues with a standard deviation are from at least three
independent experiments, and those in parentheses are from a
second experiment.

OH © OH © /@
©/U\NH ©/H\N—N/\(\o
HNp HH  on
O OH
4

5

Both these structures, as well as the originally
provided structure®! (a closely related hydrazide, see
Chart 1), contain the original pharmacophore. Only the
bis-hydrazide 4 showed activity (ca. 2 uM) and is thus
responsible for the inhibitory activity shown by the
assayed sample of NSC 310217. An activity only
slightly lower was found for NSC 642710, which inhib-
ited HIV-1 integrase in the 5 uM range. Compounds
NSC 48240 and NSC 371056 showed inhibitory activity
in the 30 M range and are notable because they contain
a resorcin, i.e., a m-dihydroxylphenyl, moiety, which
contrasts them with many of the known HIV-1 integrase
inhibitors which possess ortho pairs of phenolic hydroxyl
groups. These four molecules, being nonionic and of low
molecular weight and simple structure, are promising
lead compounds in the search for integrase inhibitors.

Conformational Energy Penalty. It can be seen
from the data in Table 2 that all 29 compounds tested
in the HIV-1 integrase assay exhibited some inhibitory
activity. However, only 10 compounds had shown
inhibition of more than 50% in both integration steps
at a concentration of 100 ug/mL and had subsequently
shown ICsp values of less than 100 ug/mL (only micro-
molar 1Csy data shown in Table 2); the remaining 19
compounds, albeit not totally devoid of inhibitory po-
tency, are called “inactives” in the following for the
purpose of discussion.
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Chart 1. Structures of 10 HIV-1 Integrase Inhibitors Discovered in the 3D Search?

NSC 48240

1C4,=8.7+0.9 pg/ml (3'-processing) /O:\ N:‘\

IC5=6.8+1.6 pg/ml (strand transfcr)

NSC 49858
IC5= 83(104) png/ml (3'-processing)
IC5,= 52(66) nug/ml (strand transfer)

0
0.
‘
o]

NSC 229488
ICs, = 68(80) ug/ml (3'-processing)
ICsy = 60(80) ug/ml (strand transfer)

NSC 246119
IC5, = 89(74) pg/ml (3'-processing)
IC;, = 68(34) pg/ml (strand transfer)

NSC 310217
1C;o = 0.6+0.33 pg/ml (3'-processing)
ICsp = 0.46+0.25 pg/ml (strand transf

This finding suggested that the presence of the
pharmacophore that was used in the query, depicted in
Figure 3, may be a necessary but not sufficient condition
for strong inhibitory activity of a compound in this set
and that there are presumably additional factors which
are important in the binding of these ligands to HIV-1
integrase. One important such factor is the conforma-
tional energy penalty exacted for an inhibitor to achieve
the desired conformation containing the pharmacophore
query 3D pattern of atoms. The larger this energy
penalty is, the lower the free energy of binding will be
(all other factors being equal), and the less effectively
it will therefore bind to its target.

In the 3D database pharmacophore search in Chem-
X, energy was not taken explicitly into account for
reasons of computational efficiency. Hence, energy data
such as those provided by CHARMmM as described in the
previous section were not available to narrow down the
selection of structures based on conformational energy.
Consequently, some pharmacophore-containing com-
pounds found in the search may have failed to bind to
the enzyme because it was only in a high-energy
conformation that they would have been able to present
the pharmacophore to the protein.

In a systematic investigation of this possibility, con-
formational searching and pharmacophore mapping
were carried out for all 10 active compounds and, as a
control, for 10 of the inactive compounds. For each
compound, 4000 conformations were generated using
random sampling, and each conformation was subse-
quently energy-minimized. These conformations were
then mapped onto the pharmacophore query constructed
in Figure 3, and the results are shown in Table 3. It
can be seen that all but one of the 10 active compounds
contain the pharmacophore in their global energy
minimum conformation. All 10 inactive compounds, on

NSC 371056
1Cs, = 7.6(18) pg/mi (3'-processing)
1C5, = 4.2(9.1) pg/ml (strand transfer)

NSC 626436
ICy, = 82(58) ug/ml (3'-processing)
ICy, = 48(22) pg/ml (strand transfer)

NSC 632901
ICs, = 72(94) pg/ml (3'-processing)
1C4, = 40(56) pg/mi (strand transfer)

NSC 641547
IC,, = 100(130) pg/ml (3'-processing)
1C,, = 60(64) pg/ml (strand transfer)

NSC 642710 0
IC,, - 1.7+0.8 pg/ml (3-processing) B9~ )J\ NN JLNH

1C5, = 1.6+0.4 pg/ml (strand transfer) o . o

Table 3. Lowest Energy Conformation That Contains the
Pharmacophore?

NSC no. rms (A)P AE (kcal/mol)®
48240 0.215 0
49858 0.062 0

229488 0.137 0

246119 0.212 0

310217 0.2364 0.657d

371056 0.107 0

626436 0.134 0

632901 0.157 0

641547 0.138 0

642710 0.101 0

4411 0.080 7.560
30181 0.214 2.920
57586 0.249 2.163
61916 0.299 8.424
87863 0.168 2.354

106723 0.196 2971

305801 0.197 13.511

612955 0.171 8.380

633671 0.074 1.908

635971 0.276 1.215

aFirst 10 rows are the ‘active’ compounds; last 10 rows are
‘inactive’ compounds (see text). P rms: root-mean-square value of
rigid-body fitting of three oxygens or nitrogens in a conformation
of the compound to the pharmacophore query. ¢ AE: difference
between the energy of the conformation containing the pharma-
cophore and the global energy minimum of the compound. @ These
values were calculated for the original structure in the DIS
database. Subsequent analysis showed that the global energy
minimum conformation of the active molecule 4 contains a triad
of oxygens that matches two of the three pharmacophore distances
very exactly and the distance range ¢ (Figure 3) within 0.46 A.
Distorting this conformation somewhat allows to bring the third
distance within the range used in the search. The energy penalty
for doing so was 1.75 kcal/mol, and the rms between that
conformation and the pharmacophore was 0.214 A.

the other hand, can adopt conformations containing the
pharmacophore only at higher energies (average AE =
5.14 kcal/mol), and thus, to bind to the enzyme, they
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Chart 2. Ten ‘Inactive’ Compounds Containing the
HIV-1 Integrase Pharmacophore Query (See text)?2

o)
O [NH]
NSC 30181

NSC 106723

flf
07N NH
;

NSC 633671

[N]
[NH]
O
F
NSC 4411

0
H,C(H,C);\NJ\N

]

NSC 57586

Sl

NSC 61916

NSC 305801

G 9

NSC 612955

face a significant energy penalty. The structure and
pharmacophore centers identified by Chem-X for the 10
inactive compounds are shown in Chart 2. The two
compounds with the lowest percentage of inhibition,
NSC 4411 and NSC 612955, also show particularly high
energy penalties (AE > 7.5 kcal/mol), but beyond this,
the small sample size and the accuracy of the assay data
preclude further statistical analysis. However, it seems
plausible that the energy penalty of at least 1 kcal/mol,
and typically more than 2 kcal/mol, for each of these
compounds is at least partly responsible for their low
inhibitory activity. The effect of such energy penalties
on binding constants has been discussed previously;52
briefly, every kcal/mol in energy penalty corresponds to
a reduction of approximately 175 in the binding con-
stant, a rule of thumb which is consistent with the data
in Tables 2 and 3.

Search Efficiency. Chem-X employs a rule-based
algorithm in both the database build and search stages.
Each single bond is rotated with a default step size of
120°, and each conjugated bond is rotated with a default
step size of 180°. Chem-X thus covers a much wider
conformational space than other 3D database build
programs in which only a single conformer is stored.
But with such a large step size, the program provides
only a limited coverage of the entire conformational
space for each compound. Chem-X offers another
conformation generation algorithm, the ‘Flexifit' method,
which is particularly appropriate for structures with a
large number of degrees of freedom. In this method
each structure is modified by rotation of nonrigid bonds
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to try to fit it to the pharmacophore query, without
taking into account internal energy changes. The
process can be repeated from randomly chosen, different
starting geometries. Before the 3D search was carried
out on the NCI database, these two methods were
compared. It was found that the Flexifit method was
better suited to the search: more hits were obtained,
reducing the possibility of missing active compounds.

Conclusion

Ten inhibitors of HIV-1 integrase have been discov-
ered by a search of the open part of the NCI 3D database
(206 876 compounds), using a pharmacophore query
developed through a molecular modeling study of a class
of known HIV-1 integrase inhibitors. Four of these 10
inhibitors, which are particularly potent with 1Csy < 30
uM, constitute useful lead compounds for the develop-
ment of anti-AIDS drugs and are under active investi-
gation.

Despite a number of deficiencies in the current 3D
database pharmacophore search technology, the suc-
cessful discovery of a number of novel, structurally
diverse HIV-1 integrase inhibitors shows that computer
3D database pharmacophore searching is an effective
and promising tool in the drug development process.
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