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Abstract

Takanori Takei

The human immunodeficiency virus (HIV) is an agent that caused acquired immunodeficiency syndrome (AIDS),
and the emergence of drug-resistant mutant strains has been a major problem in recent years in HIV therapy. To
address this problem, antiretroviral therapy (ART) has been performed in anti-HIV treatment, which is generally used
in combination with two nucleoside analog reverse transcriptase inhibitors (NRTIs) and one of the non-nucleoside
analog reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs) or integrase inhibitors (INIs). There are
five types of NNRTIs currently approved in Japan: first-generation nevirapine (NVP) and efavirenz (EVZ), and
second-generation etravirine (ETR), rilpivirine (RPV) and dravirine (DOR). Second-generation NNRTIs are shown
to be effective to various mutant strains due to its structural flexibility. However, there are some insufficiently
effective mutant strains even in these NNRT]Is, and problem of side effect and drug-drug interaction. Therefore, it is
necessary to develop a novel NNRTI that has high safety, wide spectrum, and new resistance profile.

Alkenyldiarylmethans (ADAMs) have flexible structure consisting of two aromatic ring and an alkyl side chain
parts and are shown reverse transcriptase inhibitory activity by binding to the NNRTI binding site of reverse
transcriptase (RT). In recent years, receptor-based development has been promoted based on the X-ray crystal
structure of the ADAM-RT complex, and interaction analysis and molecular design based on computational chemistry
methods such as fragment molecular orbital (FMO) method has been carried out. However, the interaction between
ADAM and RT may not be exact because the reported complex structure does not contain information on water
molecules, and conventional analysis does not assume dynamic behavior of the ADAM-RT complex in vivo. The
traditional ADAMs have insufficient anti-HIV activity to wild and mutant strains, which requires more accurate
interaction analysis to solve these problems. Also, the ADAMs have a serious problem such as low chemical stability
to hydrolysis. Therefore, for the purpose of developing more effective ADAM derivatives, this study has been carried
out using interaction analysis that combined molecular dynamics (MD) method in addition to conventional FMO
method, and new derivatives were designed, synthesized, and evaluated the anti-HIV-1 activity.

In Chapter 1, the interaction between ADAM and RT complex was analyzed by FMO method and MD simulation.
In FMO analysis, the interaction of each substituent of ADAM was more clarified by dividing ADAM into three
fragments, an aromatic ring site and alkyl side chain site. MD simulation containing water molecules revealed the
interaction changes associated with the conformation changes of ADAM and RT. In addition, new hydrogen bonds
with His221 and GIn222 were observed at the benzoxazolone ring site of ADAM, and the formation of hydrogen
bonds network with some water molecules was newly found at benzoxazolone ring and thioester sites. The polar
amino acid in the hydrophilic area of the NNRTI binding site had high motility and infrequent the hydrogen bonds
with ADAM, while the aromatic amino acids (Trp229, Tyr181, Tyr188) in the hydrophobic area of it had low motility
and showed good interaction with ADAM. Thus, it is inferred that interaction with these aromatic amino acids is
important for the expression of the activity. Based on these results of MD simulations and FMO analysis, new ADAM
derivatives were developed in Chapter 2 and 3. In particular, amino acids (Trp229, Leu228, Tyr188) and water
molecules with low motility were targeted in order to form more stable interactions.

In Chapter 2, new ADAMs with a sulfur atom in alkyl side chain were synthesized for the purpose of enhancing the



dispersion interaction with Trp229, and their activities were evaluated. Trp229 is suggested an important target for
ADAMSs, since computational chemistry analysis in Chapter 1 showed good interaction with Trp229 and no drug-
resistant mutants of Trp229 have been reported. ADAMs with a sulfur atom in alkyl side chain showed moderately
active ECso (MT-4 cell) and were effective to a wider range of mutants than the first generation NNRTI nevirapine.
However, those activities were generally significantly reduced as compared with the conventional derivatives, and
MD simulation and FMO analysis showed decreasing in the interaction with Trp229. It was inferred that the decrease
in their activity was caused by the decrease in interaction with Trp229, suggesting that the interaction with Trp229 is
important for the activity of ADAM.

In Chapter 3, new ADAMs were examined for the purpose of enhancing electrostatic interaction, focusing on the
hydrogen bond at their thioester site at first. The thioester was presumed to be an important substituent because stable
hydrogen bond with water molecules were observed in MD simulation. However, the thioester doesn’t have
sufficiently chemical stability since it is hydrolyzed easily. Therefore, ADAMs with hydrolysis-resistant sulfoxide
introduced instead of thioester were designed, synthesized and evaluated for the activity. ADAMs with racemic
sulfoxide had lower activity about ECso (MT-4 cell) than the conventional ADAMs but showed efficacy to a wide
range of mutant strains. In addition, to compare the activities between their enantiomers, asymmetric synthesis of
chiral sulfoxide was investigated, succeeding in synthesizing ADAMs introduced chiral sulfoxide with high optical
purity (> 99% e.e.) by Sharpless asymmetric oxidation reaction. The HIV-1 RT inhibitory activity ICso of ADAMs
introduced chiral sulfoxide was moderate, which their R-form showed stronger activity than their S-form. The R-form
showed better interaction with Trp229 and Tyr181 by computational chemistry analysis, suggesting that the
interaction with these aromatic amino acids contributed to the improvement of activity. Although ADAMs with
sulfoxide were low activity, they had enhanced interaction with Lys103 as compared with the conventional ADAMs
with thioester, not obtaining correlation between the interaction and the activity. Thus, it was speculated that the
sulfoxide substituent influenced the entry process into the NNRTI binding site.

Secondly, new ADAMs focused on hydrogen bond at their a benzoxazolone ring site were examined. Although
hydrogen bonds between the benzoxazolone ring site and His221 or GIn222 were observed by MD simulation, it was
inferred to be an unstable interaction because these amino acids were extremely high motility. On the other hand,
Leu228 and Tyr188, which were present near the benzoxazolone ring site, had low motility, therefore these were
potential targets for stable hydrogen bonds. New ADAMs introduced with a hydroxymethyl group at the
benzoxazolone ring were designed for the purpose of forming hydrogen bonds with the carbonyl group of main chain
of Leu228 and the hydroxy group of Tyr188 and synthesized and evaluated for the activity. The HIV-1 RT inhibitory
activity ICso of a new ADAM with the hydroxymethyl group were significant improved than that of known ADAMs.
In addition, the new derivative showed the strongest activity among all ADAMs. MD simulation for the ADAM with
the hydroxymethyl group observed stable hydrogen bonds to Leu228, Tyr188 and surrounding water molecules.
Moreover, the domain constituting the polymerase active site of RT was showed decreasing in motility by MD
simulation. This ADAM has possibility to decrease in protein motility and improve anti-HIV-1 activity. These results
suggests that hydroxymethyl group is a very important substituent in the development of ADAMs.

This study succeeded in clarifying the structure-activity relationship and obtaining useful information for the

development of ADAM derivatives by combining MD simulation and FMO analysis.
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