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Computational Studies of Dipyridodiazepinones as Human
Immunodeficiency Virus ( HIV) Reverse Transcriptase Inhibitors
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A series of dipyridodiazepinone derivatives that are highly active against wild-type and K103N
—Y181C double mutant reverse transcriptase were computationally investigated. Quantitative
structure-activity relationship (QSAR) studies, metabolic studies, and docking simulations
were performed on these compounds. The logP value and the HOMO-LUMO energies of the
compound were found to be critical for activity. The most probable biotransformation reactions
include N5 / N11-dealkylation, aliphatic hydroxylation/oxidation at the ethoxy connector, and
aromatic hydroxylation in the dipyridodiazepinone nucleus and the aryl group. Docking studies
showed that the inhibitor must have at least two aromatic structures to maintain interactions
with the Tyr181 — Tyr188 pocket and the Tyr318 region. The nucleus of the molecule must
be a hydrophobic structure to interact with Val179 and Gly190 and must be substituted with
H-bonding functional groups to interact with Lys101 and Lys/Asn 103.
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INTRODUCTION

Acquired Immunodeficiency Syndrome (AIDS) is the
disease caused by the human immunodeficiency virus
(HIV). HIV contains its genome on RNA strands and
for it to insert the genetic material in the genome of the
host, a DNA copy of the single-stranded RNA should
first be synthesized. This reversal of the transcription
process is performed by the enzyme reverse transcriptase.
Reverse transcriptase is a multifunctional enzyme with
an RNA-directed DNA polymerase, DNA-directed
DNA polymerase, and an RNAse H activity. The three
dimensional conformation of the enzyme consist of a
large claw-shaped active site. Itisaheterodimer with
a 66-kDa (p66) and a 51-kDa (p51) subunit, which are
coded by the same gene (Kohlstaedt et al. 1992; Jacobo-
Molina et al. 1993; Smerdon et al. 1994; Tantillo et al.
1994; Ding et al. 1995; Ren et al. 1995).
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Reverse transcriptase is prone to errors in copying the
genome of the virus (about 1/2000). The high level of
replication and infidelity of the enzyme give the virus
an advantage, especially in this era of extensive drug
development. The virus can mutate rapidly, giving rise
to drug-resistant variants, and, in some cases, producing
drug resistance in a matter of weeks after treatment. The
amino acid residues involved in drug resistance of HIV-1
reverse transcriptase are Leul00, Val106, Val108, Val179,
Tyr181, Tyr188, Lys103, Gly190, Met230 and Pro236
(Spence et al. 1995). The rapid emergence of resistant
strains became the primary reason for the combination
of different anti-viral treatments.

Drug design of inhibitors of HIV has focused on three
key enzymes required for viral growth, namely protease,
integrase, and reverse transcriptase (Smith et al. 2003).
Consequently, three classes of anti-HIV drugs are
commonly utilized in chemotherapy, the nucleoside reverse
transcriptase (NRT1Is), non-nucleoside reverse transcriptase
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inhibitors (NNRTIs), and the protease inhibitors (PIs).
These, however, do not preclude the development of
inhibitors of viral envelope proteins HIV-gp120 and HIV-
gp41 which are now being considered as potential target
of antiviral therapies (Jacobs et al. 2005).

NNRTIs are excellent drug candidates because they
do not involve chain terminators and, hence, do not
interfere with normal function of polymerases (Kopp
et al. 1991; Romero et al. 1991). Some of the NNRTI
drugs that have been approved by the U.S. Food and
Drug Administration (FDA) are Nevirapine (Viramune,
Boehringer Ingelheim), Delavirdine (Rescriptor, Upjohn
Pharmacia) and Efavirenz (Sustiva, Du Pont) (Tantillo
et al. 1994). Extensive study has been done on this drug
class because of their selectivity, antiviral activity, and
low cytotoxicity thresholds. These properties allow these
drugs to be used routinely without serious side effects
(Yarchoan et al. 1989; Richman 1993).

However, there is need for the advancement of second-
generation anti-HIV drugs which are also effective against
the mutant strains while still maintaining their effect on wild
type reverse transcriptase. These drugs should have novel
interaction mechanisms with the virus, such as binding with
residues which are not prone to mutation (conserved) such
as Trp229 (Jacobo-Molina et al. 1993).

In this paper we report the QSAR studies, metabolic
prediction, and docking experiments on a set of
dipyridodiazepinone derivatives.

MATERIALS AND METHODS

QSAR Study

The chemical structures and experimental data of the
C8-substituted dipyridodiazepinones were taken from
literature (O’ Meara et al. 2005). A representative structure
(Figure 1) (compound 7 in O’Meara et al. 2005) is shown
below. The molecular structures of these compounds were
modeled using Hyperchem 6.0 (Hypercube, Inc.) using a
PC with a 1.59 GHz CPU running on Windows XP.

COOH

Figure 1. Compound 7 (O’Meara et al. 2005).

106

Billones and Villavicencio: Computational Studies
of Dipyridodiazepinones

Since dipyridodiazepinones possess high degree of
flexibility, a geometry optimization was performed
using a systematic conformational search. An energy
minimization was done on a 0.01 kcal/mole convergence
criterion. Hyperchem 6.0 package was used in calculating
partial atomic charges, solvent accessible area, van der
Waals area, volume, hydration energy, logP, refractivity,
polarizability, mass, HOMO, and LUMO energies. From
the last two data, the absolute hardness (1) and absolute
electronegativity () were calculated using the following
equations (Meisler & Tarr 1995):

N =(E Lm0 - Enomo) / 2
%= (ELimo T Enomo) / 2

The electrotopological indices for each compound were
calculated using E-Calc (Kier & Hall 1999). The resulting
properties were used as molecular descriptors and were
then compiled for multiple linear regression analysis.
Multiple linear regression (MLR) was used to investigate
the relationship between the biological activity of the
dipyridodiazepinone derivatives and the calculated molecular
properties. The MLR calculations were performed using
SPSS v11 package (SPSS Inc.). The number of descriptors in
the model was reduced using backward elimination protocol
and in accord with the commonly employed criteria for a
statistically sound model in QSAR studies: 1 descriptor for
every three to five samples (i.e., compounds), high squared
correlation coefficient, 7 and predictive 1 (or ¢°) of at least
0.60 (Wold 1991).

(Equation 1)
(Equation 2)

Metabolic Prediction

To assess how these compounds are metabolized in
the body, their propensity for biotransformation was
also predicted. Metasite 2.7.5 (Zamora et al. 2003;
Cruciani et al. 2005) was used to determine which of
the hydrogens in the molecule is most susceptible to
biotransformation reactions.

The basic concept of MetaSite is to compare the computed
patterns of interaction inside the protein with the 3D
structure of the ligand. The site of metabolism in substrates
of human CYP enzymes is dictated by three factors,
namely: enzyme accessibility, E; chemical reactivity, R;
and the reaction mechanism, M. The site of metabolism can
be described by a probability function PSM (Probability
for the Site of Metabolism), which is expressed as product
of these three computed components. The probability
function, PSM, is considered to be an approximation of
the free energy of the overall metabolic process.

The compounds were inputted as single conformers and
the site of metabolism was predicted using all predefined
cytochromes with reactivity correction. The cytochrome
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P450 isoforms included in the study were CYP1A2,
CYP2C19, CYP2C9, CYP2D6, and CYP3A4. The three
hydrogens with the highest reactivity component were
considered for metabolic interpretation.

Docking Experiment

The receptor files of HIV-1 reverse transcriptase were
obtained from publicly available X-ray crystal structures
in the Protein Data Bank. For the wild type enzyme PDB
entry 1VRT was used while for the K103N — Y181C
double mutant, the entry 1FKP was used. 1FKP is actually
a single mutant enzyme for K103N, the Y181C mutation
was introduced later using the mutate tool of Swiss Protein
Data Bank Viewer (Guex & Peitsch 1997). To reduce
the computational load, each complex was reduced to a
smaller size by removing solvent molecules and residues
outside the predefined 20-A nevirapine core.

Autodock 3.0.5 (Goodsell et al. 1996) was used for all the
docking calculations. Partial charges of the ligand were
retained from the optimization while partial charges and
solvation parameters were set up for proteins. AMBER
United-Atom charges were loaded for the receptor. The
same was done for the ligands but using an All-Atom
implementation to monitor hydrogen bonding interactions.
A grid box size of 60 x 80 x 60 with a spacing between grid
points of 0.375 A was implemented which covered more
than the 8-A core. The grid was centered upon the mass
center of the experimentally-bound nevirapine molecule. A
genetic algorithm-local search method was used to generate
100 possible docked structures. Using an initial population
of 50 randomly-placed individuals, a maximum number of
2.5x 10° energy evaluations and a maximum number of 2.7
x 10* generations were utilized. A mutation rate of 0.02 and
acrossover rate of 0.8 were used. Results differing by more
than 1.0 A in the positional root-mean-square deviation
were clustered together for analysis and comparison.

RESULTS AND DISCUSSION

QSAR Study

Combination of calculated physico-chemical and
electrotopological properties were subjected to multi-
linear regression analysis with the experimental activity
(IC,,) and computed properties as dependent variables. For
the activity of the ligands against the wild type reverse
transcriptase, the following equation was generated:

IC,, = -104 logP — 7 sCH3 + 40 ssCH2 - 346 LUMO
+ 83 aaN - 559 (Equation 3)

N=14,4*=0.85
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The logarithm of the octanol-water partition coefficient
(log P) reflects the hydrophobic property of the
compound under investigation. The negative value for
(logP) suggests that increasing the hydrophobicity of the
molecule will decrease the IC50 value and thus increases
the activity.

The electrotopological descriptors such as sCH3,
ssCH2, and aaN are measures of electron richness on
methyl, methylene, and aromatic nitrogen, respectively.
The negative value for sCH3 indicates that, to increase
activity (decrease IC,), there must be nearby functional
groups that donate electrons to methyl or no groups that
withdraw electrons away from it. On the other hand,
the positive value for ssCH2 indicates that methylene
groups must be made more electron-deficient. In order
to decrease this value, methylene carbons must be in
the vicinity of electron withdrawing groups. This can
possibly be achieved by shortening the alkyl chains either
in the N11-ethyl substituent or the ethoxy linker of the
dipyridiazepinone. The latter makes the methylene groups
closer to the highly electronegative atoms of oxygen and
nitrogen, thus decreasing electron density. However, by
doing so, the molecule concomitantly loses some of its
hydrophobicity as well as its flexibility so there is a limit
by which alkyl chains can be abridged.

The lowest unoccupied molecular orbital (LUMO)
energy describes the propensity of an atom or molecule
to accept an electron. The negative coefficient for LUMO
implies that a higher energy for this orbital correlates
with increased activity. The positive coefficient of aaN
describes the contribution of the nitrogen heterocycles in
the nucleus. To increase activity, electron richness of the
aromatic nitrogen should be decreased.

The activity of the dipyridodiazepinone compounds
against the mutant enzyme was also modeled. The
predictors in equation 3 such as logP, LUMO energy,
and aaN were also found to greatly influence the activity
of these compounds against the mutant. In addition,
HOMO energy and Hmin (i.e., minimum E-state value)
were shown to contribute to the observed activity. The
negative coefficient of HOMO and Hmin indicates that
these should be increased to improve the activity of the
compound. This suggests that there should be a limit to
the positivity or acidity of hydrogens because extreme
values might cause ionization and, therefore, loss of active
H-bonding interactions.

Metabolic Prediction

Asite of metabolism prediction was conducted to examine
the type of reactions the compounds undergo in biological
systems. This would facilitate the design of novel drugs
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that are more stable in vivo and does not produce reactive
or toxic metabolites. Figure 2 shows the site of metabolism
in compound 7.

Figure 2. Sites of metabolism for compound 7 on CyplA2

The hydrogens with the high reactivity component were
highlighted and should be considered for the design
of novel reverse transcriptase inhibitors. In general,
three biotransformation reactions are most likely to
ensue, namely: N-dealkylation, aliphatic hydroxylation/
oxidation, and aromatic hydroxylation. The most
possible sites of these reactions were predicted based
on the complementarity of the hydrophobic molecular
interaction field (MIF) distances, charges, and H-bond
donor and acceptor distances for the cytochrome and
the inhibitor. The N-dealkylation reactions would most
probably occur at the N5 with the methyl group (in blue
circle) and N11 with the ethyl group. These reactions
have the highest reactivity component in almost all cases.
Thus, in the design of novel compounds, the effects of
other carbon groups at these positions were evaluated.
Cyclopropane and cyclopentane were tested but with
little success. To preserve the hydrophobic nature of the
molecule without interference in binding, the prototype
compound was substituted with an ethyl group at the N5
position. Although still susceptible to N-dealkylation, we
found that it is not as reactive as the methyl component. In
addition adding a slightly longer carbon chain increases
the hydrophobic nature of the compound which according
to the QSAR study (equation 3) is crucial for activity. The
aliphatic hydroxylations occur at the methylene carbons
connecting C8 to the methylbenzoic acid moiety, the
N11-ethyl substituent and, occasionally, on the methyl
substituent of the methylbenzoic acid. Adding halogens

108

Billones and Villavicencio: Computational Studies
of Dipyridodiazepinones

could prevent the oxidation of these methylene groups
but their activity would be sacrificed because of severe
loss of conformational flexibility. These groups should
be left unchanged during the design of a prototype
compound. Aromatic hydroxylation, on the other hand,
occurs at C2, C3, and C9. The metabolic reactions for
the other dipyridodiazepinone derivatives to the different
cytochrome P450 isoforms were generally similar to the
model compound 7.

Docking Experiment

Table 1 shows that the dipyridodiazepinone derivatives
have a much lower docking energy than the drug
nevirapine in both the wild type and mutant enzyme.
The calculated energies are almost two-fold lower than
the reference compound. The RMSD values can be
considered acceptable if their values are about 1.0 A (Mai
et al. 2005). Although, there were values as high as 3 A,
the similarity of structure to the overall conformation
was also considered upon screening. The reason for
their high cluster RMSD is that we have previously
randomized the input of the initial conformations to
prevent the introduction of any bias in the experiment.
Occasionally there will be structures that are very far
from the conformations taken by most of the training set.
Nevertheless, upon docking, these random conformations
would find their energy minimum in the allosteric site but
would sacrifice their RMSD values in the process.

In determining the binding modes, the Chimera program
(Pettersen et al. 2004) and Ligplot (Wallace et al. 1995)
were used. The binding of nevirapine to the wild type
reverse transcriptase only showed hydrophobic and
aromatic interactions (Figure 3). The residues involved
are Trp229, Tyrl81, Leu234, Vall79, Gly190, Vall06,
Pro236, and Tyr318.

The trytophan residue is critical in the interaction of the
ligand with the aromatic region of the allosteric site. This
residue is not susceptible to mutation and is therefore
a reliable basis for the design of the novel inhibitors
of reverse transcriptase. Another residue important for
inhibition is Tyr181 which improves the binding through
n-m interaction with the aromatic heterocycles of the
compound. The outline in the ligand determines the
solvent accessibility of the molecule with a lighter shade,
denoting more accessibility to water molecules.

Figure 4 shows that nevirapine does not form any fixed
or efficient interactions with any region because it cannot
approach all these binding pockets at the same time.
This is the reason for the conjugation of the nevirapine
nucleus with an ethoxy chain connected to an aromatic
ring to allow the molecule to bind effectively with these
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Table 1. Docking energies and root-mean-square deviation (RMSD) values for the different RT inhibitors.

\ O
N—~4
SN LR
= N —
R, N N
Wild Type RT K103N-Y181C RT
Docking Energy Docking Energy
Compound R1 R2 (keal/mol) Cluster RMSD (keal/mol) Cluster RMSD
nevirapine -8.41 0.514 -8.42 1.141
o
7 H ©/ -14.1 0.264 -13.7 0.255
COH
[e]
22 F ©/ -14.3 0.316 -14.2 0.248
COH
[¢]
23 OMe <>/ -15.1 0.063 -13.9 1.056
COH
o
24 H -12.2 2.932 -11.6 0.973
COH
o
25 H -11.0 2.809 -12.1 0.766
CDZH
0
26 H -14.0 0.380 -13.1 1.005
COH
o
27 H HOZC -12.7 0.188 -11.7 0.664
o
28 H © -13.4 0.056 -12.9 0.772
CO,H
o
29 H <>) -14.3 0.404 -14.3 0.180
CO,H
(o]
Br
30 H -14.4 0.163 -6.3 0.974
CO,H
o}
31 H -14.7 1.634 -15.4 3.275

CO_H

see Table 1 continuation next page. . ..
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Table 1 continuation . . ..
[
32 H -15.6 1.55 -14.9 0.240
COZH
[e]
33 Cl -15.2 0.240 -14.2 0.924
CO,H
o
34 Me -14.6 0.207 -14.7 2.800
COH
Average RMSD 0.781 Average RMSD 1.018
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Figure 3. Hydrophobic interactions of nevirapine with aromatic and

aliphatic amino acid residues of the wild type reverse
transcriptase.

interaction centers. The cyclopropane group has an affinity
to the depression because of the cooperative hydrophobic
contributions of the aliphatic chains of Val179 and Gly190.
The methyl pyridine ring interacts with the aromatic
region consisting of Tyr188, Tyrl81, and Trp229 while
the other pyridine ring interacts with Tyr318 which is at
the right corner of the diagram.

The conformation of nevirapine docked to the mutant enzyme
is more or less the same, but because the Tyr181 residue is
mutated to cysteine, the aromatic interaction is not as effective.
The cysteine residue (Figure 5, yellow) forms a cavity in the
aromatic region and disperses the aromatic residues.
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Figure 4. Surface model of wild-type reverse transcriptase complex
with nevirapine.

Figure 5. Interaction of nevirapine with the K103N — Y181C mutant
reverse transcriptase.

As the representative compound of the dipyridodiazepinone
derivatives, compound 7 was modeled into the allosteric
site of the enzyme. The residues involved in the interaction
were Trp229, Tyr181, Leu234, Vall179, Gly190, Vall06,
Pro236, Lys101, and Lys103.
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Figure 6 shows that compound 7 is flipped in such a
way that N11 atom faces the trytophan residue instead
of N5. This is to allow the methylbenzoic acid moiety
to scaffold so that it can reach Tyr318 in the other side
of the hydrophobic pocket. The dipyridodiazepinone
nucleus is imbedded in the aromatic pocket of the
allosteric site. In addition, the hydrophobic interaction
with the aliphatic chain of Val179 is diminished because
the sterically hindered methylene connector cannot fold
to the depression of the hydrophobic pocket. The distance
of the ethoxy connector to Lys101 may also suggest
H-bonding interactions. The interactions of compound
7 with the mutant enzyme (Figure 7) are basically the
same but with loss of contact points. The nucleus is
still in the same conformation as it was when docked to
the wild type enzyme but it is more entrenched in the
aromatic pocket. Interestingly, the methylbenzoic acid
moiety sacrificed the interactions to the Tyr318 residue in
order for the carboxylate to form H-bonding interaction
with the mutated Asn103. This interaction can be a basis
for the activity of compound 7 and other C8-substituted

Lys 101

Tyr 318

Figure 6. Surface model of wild- type reverse transcriptase in complex
with compound.

Figure7. Surface model of K103N-Y 181C mutantreverse transcriptase
in complex with compound 7
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dipyridodiazepinones against the double mutant enzyme.
This mount point is also assisted by the interaction of
the oxygen in the chain with an H-bond to Lys101. This
proves that H-bonding is a more favored interaction by
this class of compounds.

The dipyridiazepinone class of compounds form less
interactions with the Lys103 residue than other non-
nucleoside reverse transcriptase inhibitors. This unique
binding mode enables these drug molecules to effectively
interact with the hydrophobic site of the enzyme even in
the presence of the double mutation K103N —Y181C.

Compound 7 is a representative of the dipyridiazepinone
derivatives discussed in literature because of its
pharmacokinetic profile and remarkable stability in
metabolic studies (Wallace et al. 1995). The remaining
members of this drug class bind in much the same way in
the wild type and mutant enzyme. The compounds bind in a
folded manner in the wild-type reverse transcriptase while
they bind in an extended conformation upon substitution
with the double mutant enzyme. There are occasionally
novel binding mechanisms that can be attributed to these
other compounds but preference was made to compound
7 since its drug properties surpass the other compounds
making it a good basis for the design of more active and
stable non-nucleoside reverse transcriptase inhibitors.

CONCLUSION

Quantitative structure-activity relationship study,
metabolic prediction, and docking experiments were
undertaken on nevirapine and the dipyridodiazepinone
class of compounds. In the QSAR study, it was
demonstrated that the hydrophobic nature of the
compound and the destabilization of its frontier orbitals,
among others, promote activity. The metabolic study
revealed that the functional groups susceptible to
biotransformation should be made more electron-dense to
prevent nucleophilic attack. It was predicted that the most
probable site of biotransformation is the N5-methyl group
via demethylation. The docking experiments showed the
significance of aromatic groups for efficient interaction
by direct binding and acting as mount points for more
stable interactions such as H-bonding. These results are
expected to facilitate the design and development of next-
generation HIV reverse transcriptase inhibitors. In fact, the
subsequent molecular design of novel HIV RT inhibitors
is now the subject of intense efforts in our group.
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