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Abstract—A new class of inhibitors of HIV-1 reverse transcriptase obtained by the systematic structural simplification of epi-
catechin and epigallocatechin gallates are also shown here to inhibit DNA-strand-transfer, a process critical to the completion of
the HIV-1-RT reproduction and to recombination-associated mutation of the virus. Up to 80-fold selectivity for DNA-strand-
transfer inhibition over polymerase inhibition was observed for a defined subset of these agents. Such specific DNA-strand-transfer
inhibitors may have important therapeutic potential. © 2002 Elsevier Science Ltd. All rights reserved.

The ease with which HIV overcomes the immune system
is thought to be due primarily to its extraordinary
mutation rate, which is presumed to facilitate produc-
tion of escape mutants.! Ultimately, the genetic vari-
ability of the virus exceeds that of the host’s immune
system. The exact way in which the immune system and
the virus interact is, however, complex, and the course
of wviral replication and mutation also depends on the
genetic capacity of the host immune system.?? The
capacity of HIV to mutate during replication is thought
to be due to two primary mechanisms: (A) the high
error rate associated with the lack of exonuclease exci-
sion of mismatched bases during the course of poly-
merization, and (B) recombination-associated mutation
mediated through a DNA-strand-transfer process that
involves DNA-RNA intermediates in the HIV-1-RT
reaction.*® The high error rate of purified HIV-1-RT
alone may not accurately reflect the level of genetic
variation in a natural infection.” It has been suggested
that DNA-strand-transfer associated recombination
contributes to the prodigious rate of HIV genome
mutation during active infection.*>

*Corresponding author. Fax: +1-419-530-7946; e-mail: rhudson@
uoft02.utoledo.edu

Recently, it has been shown that base misincorporation
during reverse transcription promotes DNA-strand-
transfer.!® Base misincorporations provide strong pause
sites in  polymerization. DNA-strand-transfer is
enhanced at those sites.!! Incorporation of non-tem-
plate-encoded nucleotides was reported to occur at the
3’ end of the polymer during DNA-strand-transfer
leading to the hypermutation of the HIV-1 genome.!?~14
Furthermore, breaks in the RNA strands have also been
shown to cause polymerase pausing and induction of
DNA -strand-transfer associated point mutations.!>!¢

A few specific inhibitors of the DNA-strand-transfer
reaction have been reported recently. One of these
agents, actinomycin D, has been shown to interfere with
translocation of the DNA intermediate to the acceptor
template.!” A second class, exemplified by the chloro-
phenylhydrazone derivative of mesoxalic acid inhibited
the RNase H activity of reverse transcriptase.'®-!
Recently, we described the irreversible inhibition of
DNA-strand-transfer by a novel group of inhibitors
thought to act through a quinone methide inactivation
process.?’ Discovery of new DNA-strand-transfer inhi-
bitors, while providing new tools for studying the
mechanism of the process, could also be used in new
anti-HIV therapeutic strategies.
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Figure 1. Structures of inhibitor molecules synthesized.

We recently reported a new class of inhibitors of HIV-1-
RT obtained by the systematic simplification of the
structures of epicatechin and epigallocatechin gal-
lates.?!>?> These compounds inhibited the native as well
as the A17 double mutant (K103N Y181C) forms of the
enzyme. By further structural optimization we have
defined some of the structural requirements for a unique
DNA-strand-transfer inhibitor where we observed up to
80-fold selectivity for DNA-strand-transfer inhibition
versus polymerase inhibition. We synthesized com-
pounds 1-11 (Fig. 1) and studied and compared their
polymerase and DNA-strand-transfer inhibitory activ-
ities. The syntheses of the compounds 1-4 and 6-8 were
described previously.?> Compound 5 was synthesized as
shown in Scheme 1. The starting material 13 was
obtained by the selective O-methylation of 12 with diazo-
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Scheme 1. Synthesis of compound 5. Reagents and conditions: (a)
CH,N,, ether; (b) HCO,Et, Na; (c) H* (-H,0); (d) BH;, NaOH/H,O;
(e) DCC, DMAP, CH,Cl,; (f) H,/Pd/C.
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Scheme 2. Synthesis of compounds 9-11. Reagents and conditions: (a)
SOCl,/MeOH; (b) benzyl chloride, K,CO3;, DMF; (c) LiBH,, THF;
(d) DCC, DMAP, CH,Cl; (e) Pd/C, H,.

methane. Compound 13 was then reacted with ethyl
formate and sodium to obtain the hemiacetal 14, acid-
catalyzed dehydration of which gave 15.23 Diborane
reduction of 15 gave the chromanol 16,>%2° which was
esterified with 17 in the presence of DCC and DMAP in
CH,Cl, to obtain 18.2° The benzyl protecting groups
were removed by hydrogenolysis to obtain 5. Com-
pounds 9-11 were prepared by esterifying 2-phenylethyl
alcohol derivatives 22 with 3.,4,5-tribenzyloxybenzoic
acid 23, followed by the debenzylation of the protecting
groups by hydrogenlysis (Scheme 2). All compounds
were characterized by '"H NMR and '3C NMR spectro-
scopy and by elemental analysis.?’

The HIV-1-RT polymerization assay was carried out as
described earlier.”> The purified, wild-type and A17
mutant HIV-1-RT enzymes used in both polymerase
and DNA-strand-transfer assays were p66/51 hetero-
dimers and were also prepared as described earlier.??
We used the procedure of Peliska and Benkovic con-
verted into a Scintillation Proximity Assay (SPA) based
on biotin/streptavidine bead capture, to facilitate the
rapid study of a large number of samples (Fig. 2).1%17-18
The oligonucleotides used were prepared by Pfizer Glo-
bal Research and Development (Ann Arbor, MI) and
purified as described elsewhere.'® Their sequences were:
DNA primer, 5 Biotin-GCATCTGGGGCTCG-
CAAATTTG-3’; RNA template, 5-AGGUGAGUGA-
GAUGAUAACAAAUUUGCGAGCCCCAGAUGC-
3’; DNA acceptor template, 5'-CCCCCCCCCCCC-
CCAGGTGAGTGAGATGATAACA-3'. The 22-
oligomeric DNA primer containing biotin at its 5'-end
rapidly gave an immediate 40-oligomeric DNA product
in reverse transcription on the 40-oligomeric RNA



L. M. V. Tillekeratne et al. | Bioorg. Med. Chem. Lett. 12 (2002) 525-528 527

template. In the presence of the 35-oligomeric DNA
acceptor designed to hybridize with the terminus of the
40-oligomer DNA, DNA-strand-transfer and extension
to a 55-oligomer occurred at a slower pace. The final
extension to a 55-oligomer resulted in incorporation of
labeled nucleotide into the product which had biotin
attached. DNA-strand-transfer is rate-limiting in the
overall process. The rate of DNA-strand-transfer is
measured as the rate of labeled nucleotide incorpora-
tion. On addition of streptavidin SPA beads, which also
contained a scintillant, the biotin tagged product bound
to the beads. The incorporated tritiated nucleotides sti-
mulated the scintillant to produce a signal which was
generated only after successful reverse transcription,
coupled RNase H hydrolysis of initial template RNA,
DNA-strand-transfer and final extension. The reactions
were performed in 96-well plates. The reaction mixture
(final volume 100 pL) contained 9.6 nM biotinylated
DNA primer, 32 nM RNA primary template, 96 nM
DNA acceptor template, dATP, dTTP, and dCTP (each
at 600 nM), 500 nM [*H]dGTP (specific activity = ~10

merase and DNA-strand-transfer in some of these
compounds suggested that inhibitors could be sepa-
rately directed to the two sites. Substantial separation of
polymerase and DNA-strand-transfer inhibition was
achieved with compounds 4 and 5 for both wild-type
and mutant enzyme Al17. It was evident that the pre-
sence of polar hydroxyl groups on the aromatic ring of
the chromanol moiety enhanced polymerase inhibition.
Complete removal of these hydroxyl groups or their
conversion to less polar methyl ether functions resulted
in a 10- to 80-fold selectivity for DNA-strand-transfer
inhibition over polymerase inhibition. Removal of one

. DNA primer 3
i RNA template

3

5

dNTPs, including
PHIdGTP

40-mer DNA product
®
3 5

Ci/mmol), reaction buffer [S0 mM Tris—HCI (pH 8.0), RNase activity

80 mM KCI, 10 mM MgCl,, 10 mM DTT, 0.5% w/v DNA-Strand-Transfer
Nonident P-40], and varying concentrations of the test

compounds dissolved in 2 uL of DMSO. Reaction was ® ¥

initiated by the addition of 10 uL of 100 nM enzyme
solution (10 nM final concentration). After incubation
at 37°C for 1 h, the reaction was quenched by the
addition of 40 pL of 0.5M EDTA (pH 8.0). SPA beads
(Amersham RPNQ 0006, 0.2 mg in 20 pL of
1xDulbecco’s phosphate buffered saline) were added
and the mixture was incubated at 37°C for 10 min and
after adding 150 puL of 1xTBE buffer, the radioactivity
was counted in a 96-well scintillation counter.

Table 1 shows the ICsos for polymerization and DNA-
strand-transfer processes of both wild-type and Al7
mutant enzyme for the inhibitors reported. Earlier
compounds of the series (1-3), with all three hydroxyl
groups on ring B (gallic acid moiety) as well as at least
one hydroxyl group on ring A (chromanol moiety) were
found to inhibit HIV-1-RT polymerization as well as
the DNA-strand-transfer process. Inhibition of DNA-
strand-transfer was of the same order of magnitude as
polymerase inhibition for most of these compounds.
However, the observed variation in ICs¢s for poly-

Table 1. ICsq values for polymerization and strand transfer inhibition
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Figure 2. DNA-strand-transfer assay. A 22-mer DNA primer biotin-
ylated at 5" end and annealed to a 40-mer primary RNA template was
used. The 5'-end of the RNA template lacked cytosine to avoid incor-
poration of [*H]dGPT in pre-strand-transfer polymerization. The 3'-
end sequence of the acceptor template is designed to hybridize with the
3’-end of the 40-mer DNA and has a polycytosine sequence at its 5'-
end. Post strand-transfer polymerization involves incorporation of
[PH]dGTP. The reaction was quenched with EDTA and the DNA
products were captured with streptavidin-coated SPA beads contain-
ing a scintillant. [*H]JdGTP incorporated in to DNA stimulates the
scintillant to produce a signal, while [PHJdGTP not physically asso-
ciated with the beads produces no signal.

Compd 1Cso (uM) polymerization 1Cso (uM) strand transfer
Wild-type A17 double mutant Wild-type A17 double mutant

1 3.8+04 24+1.2 6.2+0.8 5.5+0.4

2 45.5+9.7 64.7+15.0 8.7+0.9 ND

3 36.3+7.7 30.8+8.4 7.6+0.6 ND

4 > 100 >100 6.1+1.7 2.6+£0.9

5 72.84+9.6 > 100 0.9+0.2 69+1.5

6 >100 >100 >100 > 100

7 37.2+10.8 >100 >100 > 100

8 96.3+25.9 ND ND ND

9 10.7+1.7 6.3+1.5 0.6+0.1 10.5+1.9

10 7294254 ND 6.94+0.9 ND

11 7.9+0.9 ND 4.54+0.4 ND

ND, not determined.
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or more of the hydroxyl groups on the gallic acid moiety
(6-8) led to loss of polymerase as well as DNA-strand-
transfer inhibitory activity.

We previously reported that analogues in which the
tether between the two aromatic rings is acyclic retained
polymerase inhibitory activity.?> This condition pre-
vailed for DNA-strand-transfer inhibitory activity as
well, as exemplified by compound 10. Compounds 9 and
11, with one or more hydroxyl groups in the aromatic
ring A, were active in both assays and were not able to
differentiate between the two processes. It is of interest
that the DNA-strand-transfer inhibition differs by 8- to
18-fold for the mutant versus the wild-type HIV-1-RT
for some of these selective DNA-strand-transfer inhibi-
tors. However, it is difficult to assess the basis for this dif-
ference until more is known about the site of the enzyme
to which these agents are directed. Further experiments
to identify the enzyme sites that mediate the DNA-
strand-transfer process, and to determine the selectivity
(toxicity/antiviral activity) of the DNA-strand-transfer
agents by cell culture studies are planned.
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