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While some examples are known of integrase inhibitors that exhibit potent anti-HIV activity, there are
very few cases reported of integrase inhibitors that show significant differences in anti-HIV activity that
result from distinctions in cis- and trans-configurations as well as enantiomeric stereostructure. We
describe here the design and synthesis of two enantiomeric trans-hydroxycyclopentyl carboxamides
which exhibit notable difference in anti-HIV activity. This difference is explained through their binding
interactions within the active site of the HIV-1 integrase intasome. The more active enantiomer 3
(EC50 25 nM) was relatively stable in human liver microsomes. Kinetic data revealed that its impact on
key cytochrome P450 isozymes, as either an inhibitor or an activator, was minor, suggesting a favorable
CYP profile.

� 2013 Elsevier Ltd. All rights reserved.
HIV-1 integrase is a 32 kDa protein, which catalyzes the incor-
poration of HIV DNA into host chromosomal DNA through a specif-
ically defined sequence of reactions, which involves 30-processing
and a key strand transfer (ST) step.1–6 Initiation of integration oc-
curs in the cytoplasm, where a complex is formed between viral
cDNA, previously produced by reverse transcription, and HIV
integrase. Following this is site-specific endonucleatic cleavage of
two nucleotides from each 30-end of double-stranded viral DNA,
which produces truncated viral DNA with terminal CAOH-30 (30-
processing). The next step, ST, involves staggered nicking of chro-
mosomal DNA and joining of each 30-end of the recessed viral
DNA to the 50-ends of the host DNA, followed by repair/ligation.
The ST step is carried out after transport of the processed, preinte-
gration complex from the cytoplasm into the nucleus. Both 30-pro-
cessing and ST steps require divalent metal ions as cofactors.

We recently reported on the synthesis and structure-activity
studies of new anti-HIV-1 integrase inhibitors.7 Among the most
interesting compounds discovered in this study was 4-(5-(2,4-diflu-
orobenzyl)-1-(2-fluorobenzyl)-2-oxo-1,2-dihydropyridin-3-yl)-4-
hydroxy-2-oxobut-3-enoic acid (1, Fig. 1), which exhibited potent
strand transfer (ST) inhibitory activity (IC50 6 nM). However, the
in vitro antiviral data of compound 1 revealed that there was a sig-
nificant disconnect of almost two orders of magnitude between the
anti-HIV-1 activity in cell culture (EC50 500 nM, MAGI cells) and the
low nM ST IC50 data for 1. Because this disconnect appeared to be a
problem associated with the cellular permeability of this ionized
inhibitor, we investigated unionized and somewhat more lipophilic
derivatives of inhibitor 1. Interesting new compounds to emerge
from this study were the hydroxycyclopentyl carboxamides 2
(Fig. 2, c logP 3.41). However, while the racemic trans-compound
showed strong strand transfer inhibition of HIV-1 integrase with
an IC50 of 48 nM, the racemic cis-compound was not an inhibitor
of integrase.8

To explore further whether enantiomers belonging to the trans-
compound related to 2 would show significant differences in anti-
HIV activity in cell culture as a consequence of their specific chiral-
ity, we synthesized their optically pure (S,S) and (RR) enantiomeric
hydroxycarboxamides, 3 and 4 (Fig. 2).

Synthesis of the enantiomeric carboxamides was achieved from
1, which was prepared from 5-bromo-2-methoxypyridine 5 via the
acetylpyridinone 7,7 as summarized in Scheme 1. Conversion of
diketo acid 1 to produce the optically active carboxamide 3 re-
quired the coupling amine, (1S,2S)-(+)-trans-2-aminocyclopentanol
(Sigma–Aldrich). Treatment of 1 in DMF with hydroxybenzotriazole
(HOBt) followed by 1-(3-dimethylaminopropyl)-3-ethylcarbodiim-
ide hydrochloride (EDCI–HCl) produced the activated intermediate
of 1, which was coupled using (1S,2S)-(+)-trans-2-aminocyclopent-
anol hydrochloride in the presence of NaHCO3. Purification of the
resulting crude product using silica gel chromatography gave
highly purified (1S,2S)-4-(5-(2,4-difluorobenzyl)-1-(2-fluoroben-
zyl)-2-oxo-1,2-dihydropyridin-3-yl)-4-hydroxy-N-(2-hydroxycycl-
opentyl)but-3-enamide (3) in 66% yield (½a�20

D +41.8, c 0.01,
CH3OH).9 The enantiomer of 3, that is, compound 4, was prepared
by a similar route, but using (1R,2R)-2-aminocyclopentanol hydro-
chloride as the coupling reagent.10 This coupling reagent was
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Table 1
In vitro anti-HIV-1 data of compounds 3 and 4 in MAGI cells

Inhibitor EC50 (SD) nM EC90 (SD) nM CC50 (lM)

3 (S,S-Enantiomer) 25.1 (±3.9) 415.1 (±39.1) 40.4 (±1.9)
4 (R,R-Enantiomer) 42.2 (±1.3) 871.4 (±23.5) 137.0 (±6.0)

EC50 = concentration for 50% inhibition of virus replication. Mean of three
determinations.
EC90 = concentration for 90% reduction of virus replication. Mean of three
determinations.
CC50 = concentration to reduce cell viability by 50%.Figure 1. Structures of HIV-1 integrase inhibitor 1 and four possible hydroxycycl-

opentyl carboxamides 2.

Figure 2. Structures of the (S,S) and (R,R) enantiomers (3 and 4) of the trans-isomer
of compound 2.
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synthesized using a modification of a literature procedure.11 The
yield of pure compound 4 from 1 was 42% (½a�20

D �41.2, c 0.01,
CH3OH).

A summary of the in vitro anti-HIV-1 NL4-3 data of 3 and 4 in
MAGI cells are shown in Table 1.8 With respect to the EC50 data,
it is evident that both compounds are active and show low nM cell
culture activity. However, the data also clearly indicate that the
(S,S)-isomer 3 was more active than its (R,R)-enantiomer 4, in
terms of both the EC50 and EC90 anti-HIV data. The question then
was to see if this difference in viral replication inhibition could
be explained through the molecular details of the interaction of
these compounds with the HIV-1 intasome (i.e., HIV-1 integrase–
processed viral DNA complex) and this is discussed below.

Comparison of the binding interactions of compounds 3 and 4
within the modeled active site of HIV-1 integrase intasome was car-
ried out through docking experiments in order to provide an expla-
nation for the difference in antiviral activity.12 The results are
shown in Figure 3. The amino acid residues are designated with
HIV-1 numbering and are color coded by hydrophobicity with the
orange color indicating more hydrophobicity and the blue color
indicating less hydrophobicity. Atoms of DNA residues and of inhib-
itors 3 and 4 (ball and stick representation) are colored according to
atom type: carbon—grey; nitrogen—blue; oxygen—red; fluorine—
Scheme 1. Methodology for the synthesis of the
green; hydroxyl hydrogen—cyan. Notable interactions common to
both compounds include: non-polar interactions involving
Pro145; polar interactions with two Mg2+ ions, that is, chelation
with diketo chromophore in both compounds; pi–pi stacking inter-
action of DC16 with the o-fluorophenyl ring and pi stacking of DA17
with the diketo chromophore. However, molecular modeling
images in Figure 3C and D (partial structures shown) clearly show
the difference in spatial orientation of the cyclopentyl carboxamide
moiety of compounds 3 and 4 within the HIV-1 integrase intasome
active site. This difference is in the interactions involving amino
acid residues 143 and 118 within the active site. Compound 3 inter-
acts with Tyr143 through the cyclopentylhydroxyl hydrogen and
the aromatic pi-electrons of Tyr143. This interacting distance is
about 2.8 Å.14 The corresponding interaction is absent in the case
of enantiomer 4, which apparently forms a hydrogen bond with
Gly118 in which the amide carbonyl oxygen of Gly118 is the accep-
tor.15,16 The tyrosine ring is significantly further away (>6.0 Å) from
the cyclopentyl OH in 4 to allow for the hydroxyl hydrogen–pi
interaction seen in 3. Our docking studies also indicated that the
protein–ligand binding free energy favored compound 3.

Because of the importance of establishing early, the behavior of
a potentially promising new anti-HIV compound in phase I metab-
olism, our next studies involved the more active compound 3 and
its in vitro microsome stability as well as its cytochrome P450
(CYP) profile.17–19 The microsome stability studies were performed
through incubations using pooled, mixed-gender human liver
microsomes.20 Analyses were performed by HPLC separation com-
bined with UV detection and further bioanalytical identification of
compound 3 and its metabolites. The results showed that com-
pound 3 was relatively stable in pooled human liver microsomes
(Fig. 4), exhibiting a half-life (t1/2) of approximately 2 h.

The CYP isozyme profile study also utilized pooled mixed-gen-
der human liver microsomes and two substrates for CYP 3A4 (tes-
tosterone and triazolam) and one substrate for CYP 2D6
(dextromethorphan).21 These two CYP isozymes account for the
metabolism of about 80% of the drugs that are metabolized in
enantiomeric trans-carboxamides 3 and 4.



Figure 3. Docking of HIV integrase inhibitor 3: A and C and 4: B and D with the integrase catalytic site of the HIV-1 integrase–DNA intasome (PDB code 3OAY).13 DNA residues
and inhibitor atom types: carbon—grey, nitrogen—blue, oxygen—red, fluorine—green, hydroxyl hydrogen—cyan. R and S are stereocenter designations.
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Figure 4. Stability of compound 3 in pooled, mixed-gender human liver micro-
somes. Data bars indicate the mean from three determinations. The error bars are
standard deviations (±S.Ds.) from the mean.
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phase I metabolism by CYP isozymes.17 Summarized in Table 2 is
the effect of compound 3 on the substrate activity of these key
CYP isozymes (CYP3A4–hydroxylation of testosterone and triazo-
lam, and CYP2D6–demethylation of dextromethorphan). The data
indicate only relatively small changes in the level of substrate
activity compared to the control study in each case. Changes in
compound 3 concentration also did not influence significantly
the inhibition or activation of the probe substrates. The data ob-
served were generally within expected experimental variations.
Thus, compound 3 is neither a significant inhibitor nor an activator
of these key CYP isozymes and its CYP profile appears to be favor-
able with respect to these key isozymes.

In summary, there are very few examples known of integrase
inhibitors that show significant differences in anti-HIV activity that
result from distinctions in cis- and trans-configurations as well as
enantiomeric stereostructure. We have described herein the ste-
reospecific synthesis of two enantiomeric of trans-hydroxycycl-
opentyl carboxamides. The (S,S)-enantiomer 3 was notably more
active than its (R,R)-counterpart 4 on the basis of both the EC50

and EC90 data in anti-HIV-1 assays in cell culture. This difference
in antiviral activity may be explained by examining the molecular
level interactions of these compounds with the HIV-1 integrase
intasome. The more active (S,S)-compound, on which further study
was continued, was moderately stable in pooled, mixed-gender
human liver microsomes. Kinetic data showed that its behavior to-
wards key cytochrome P450 isozymes, either as an inhibitor or an
activator, was relatively minor, suggesting that the compound is
expected to possess a generally favorable CYP profile. Further stud-
ies are in progress on the molecular design and synthesis, antiviral
evaluations and CYP studies of novel integrase-based anti-HIV
compounds, in which preferred configurational geometry and
enantiomeric structure are both critical for significant antiviral
activity.



Table 2
Influence of compound 3 on CYP isozyme substrate activity in pooled human liver microsomes

CYP isozyme Substrate Probe substrate concentrationa (lM) Compound 3 concentration (lM) Substrate activity % ±S.D.b

CYP 3A4 Testosterone 100 Control
CYP 3A4 Testosterone 100 12.5 109 ± 13
CYP 3A4 Testosterone 100 25 97 ± 18
CYP 3A4 Testosterone 100 50 112 ± 15
CYP 3A4 Triazolam 200 Control
CYP 3A4 Triazolam 200 12.5 124 ± 23
CYP 3A4 Triazolam 200 25 98 ± 7
CYP 3A4 Triazolam 200 50 100 ± 8
CYP 2D6 Dextromethorphan 200 Control
CYP 2D6 Dextromethorphan 200 12.5 86 ± 7
CYP 2D6 Dextromethorphan 200 25 87 ± 17
CYP 2D6 Dextromethorphan 200 50 87 ± 13

a The concentration of each probe substrate was determined by the Km value for that substrate.17

b Change in substrate activity (%) relative to the control value (100%). Standard deviations (±S.D.) were determined from the mean of three determinations. Substrate and
metabolite peaks were monitored by HPLC–UV bioanalytical methods.21
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(15 lm, 300 � 3.9 mm, 100 Å) eluting with (A) 10 mM potassium phosphate
buffer (pH 4.5) and (B) acetonitrile, in a gradient mixture starting with 25% (B)
at time 0 min to 100% (B) at time 23 min. at a flow rate of 1.2 mL/min, with
detection wavelength set at 254 nm. Testosterone and 6b-hydroxytestosterone
were detected at 14.01 and 8.90 min rt, respectively. The analytical column
Novapak C18 (4 lm, 150 � 3.9 mm, 60 Å) mounted on the above HPLC system
was used in the analysis of triazolam and 4-hydroxytriazolam as well as
dextromethorphan and dextrophan respectively. The elution solvent for both
assay system was similar to testosterone above with variation in gradient
system. Triazolam and hydroxytriazolam were separated with a gradient
solvent mixture of 30% (B) at 0 min to 100% B at 16 min, at a flow rate of
1.0 mL/min while detecting at 260 nm wavelength. The rt for Triazolam and
hydroxytriazolam were 8.46 and 5.48 min, respectively. Dextromethorphan
and dextrorphan were similarly separated with gradient solvent elution
system of 28% (B) at 0 min to 100% (B) after 16 min, at a flow rate of 1.0 mL/
min, with UV detection set at 278 nm. RT for dextromethorphan and
dextrorphan were 11.96 and 5.96 min, respectively.

http://refhub.elsevier.com/S0960-894X(13)00645-8/h0075
http://refhub.elsevier.com/S0960-894X(13)00645-8/h0075

	Notable difference in anti-HIV activity of integrase inhibitors  as a consequence of geometric and enantiomeric configurations
	Acknowledgments
	References and notes


