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A 6-aminoquinolone derivative, WMS5, which bears a methyl substituent at the N-1 position and a 4-(2-
pyridyl)-1-piperazine moiety at position 7 of the bicyclic quinolone ring system, was previously shown to exhibit
potent activity against replication of human immunodeficiency virus type 1 (HIV-1) in de novo-infected human
lymphoblastoid cells (V. Cecchetti et al., J. Med. Chem. 43:3799-3802, 2000). In this report, we further
investigated WMS5’s mechanism of antiviral activity. WMS inhibited HIV-1 replication in acutely infected cells
as well as in chronically infected cells. The 50% inhibitory concentrations were 0.60 = 0.06 and 0.85 = 0.05 pM,
respectively. When the effects of WMS5 on different steps of the virus life cycle were analyzed, the reverse
transcriptase activity and the integrase and protease activities were not impaired. By using a transient
trans-complementation assay to examine the activity of WMS5 on the replicative potential of HIV-1 in a single
round of infection, a sustained inhibition of Tat-mediated long terminal repeat (LTR)-driven transcription
(>80% of controls) was obtained in the presence of 5 pM WMS5. Interestingly, the aminoquinolone was found
to efficiently complex TAR RNA, with a dissociation constant in the nanomolar range (19 * 0.6 nM). These
data indicate that WMS is a promising lead compound for the development of a new class of HIV-1 transcrip-

tion inhibitors characterized by recognition of viral RNA target(s).

Human immunodeficiency virus type 1 (HIV-1) is the etio-
logic agent of AIDS in humans (6, 20). HIV-1 establishes a
persistent infection in human hosts, with the depletion of
CD4" lymphocytes, the major target cells of viral infection in
vivo, eventually resulting in defective cellular immunity (16).
Combination of antiretroviral drugs (highly active antiretrovi-
ral therapy [HAART]) has changed the outcome of HIV-1
infection, leading to a dramatic reduction in AIDS-related
morbidity and mortality (38). Treatment with a combination of
reverse transcriptase (RT) and protease inhibitors can provide
long-term control of viral replication, with reduction of HIV
RNA in the plasma of infected individuals to undetectable
levels, and can rescue CD4™ cell counts with significant benefit
for HIV-seropositive patients and prolonged survival. Unfor-
tunately, complex drug interactions within the HAART
schemes, along with complicated dosing schedules, toxicity,
and considerable side effects, makes long-term compliance
with drug regimens difficult for most patients. In addition, the
high rate of genetic variation of the HIV-1 genome, combined
with natural selection under therapy, gives rise to the devel-
opment and outgrowth of virus variants resistant to one or
multiple administered agents (25). This has become a major
concern that may affect further development of antiretroviral
compounds and represents one of the most difficult challenges
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in the search for effective inhibitors of HIV-specific enzymes
(24). One way to circumvent this problem would be the iden-
tification of new targets for drug therapy characterized as being
essential for viral replication and therefore less prone to mu-
tational changes. Moreover, recent studies showed that infec-
tious HIV-1 persists latently in resting, memory CD4 lympho-
cytes (10, 18, 19, 56, 59). Viral persistence despite prolonged
treatment is due not only to the slow turnover of residually
infected memory lymphocytes, but also to the inability of cur-
rent antiretroviral regimens to completely suppress viral rep-
lication, thereby allowing replenishment of this pool of latently
infected cells (44). This latent reservoir of HIV-1 represents
the major documented hurdle to virus eradication, although
other viral sanctuaries may exist (11). Therefore, newer effec-
tive drugs and treatment modalities are highly desirable.
Quinolones represent an important class of broad-spectrum
antibacterials, the main structural features of which are a 1,4
dihydro-4-oxo-piridinyl moiety bearing an essential carboxyl
group at position 3. The quinolones’ mechanism of action is
due to the inhibition of prokaryotic type II topoisomerases,
namely DNA gyrase and, in few cases, topoisomerase IV (21).
Quinolones interact directly with the bacterial chromosome,
that enzyme inhibition following the interaction with single-
stranded DNA (49, 50). Physicochemical and enzymatic stud-
ies conducted by our group previously identified the quinolone
moieties involved in binding to DNA and DNA gyrase (2, 40, 41).
We demonstrated that the interaction between quinolones and
the nucleic acid is mediated by magnesium ions and that the
complex formation is dependent on ion concentration (39, 54).
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FIG. 1. Chemical structures of 6-aminoquinolones WMS5 and
WMSE. R = H for WMS5 and C,H; for WMSE. CCs, = 56.24 = 5.24
uM for WMS and 58.36 = 8.84 uM for WMSE (as measured by the
MTT method [see Materials and Methods]).

Quinolone derivatives have been shown to inhibit HIV-1
replication in de novo- and chronically infected cells (4, 5, 22,
29, 35-37, 55). A new fluoroquinolone, K12, bearing an o-
methoxyphenyl-piperazinyl group and a difluoromethoxyl
group at positions 7 and 8, respectively, was reported to have
strong and selective anti-HIV-1 activity (4). The antiviral ac-
tivity seemed to be related to an inhibitory effect at the tran-
scriptional level. Two K12 analogues bearing a phenyl-dehy-
dro-piperidinyl moiety at position 7 were effective at inhibiting
HIV-1 long terminal repeat (LTR)-driven gene expression, as
well as suppressing tumor necrosis factor alpha (TNF-a) and
interleukin 6 (IL-6) production in blood mononuclear cells,
suggesting a mechanism of action mediated by inhibition of Tat
functions (4, 36).

Recently, our group developed a new class of 6-substituted
quinolones and tested their antibacterial and anti-HIV-1 ac-
tivities (9, 51). A 6-aminoquinolone bearing a methyl substitu-
ent at the N-1 position and a 4-(2-pyridyl)-1-piperazine moiety
at the C-7 position (WM5) was found to be the most active
compound in inhibiting HIV-1 replication on de novo-infected
cells. In this study, we investigated the mechanism of action of
WMS and examined the effect of this compound on the HIV-1
life cycle at the molecular level.

MATERIALS AND METHODS

Compounds. The two aminoquinolone derivatives studied, the structure of
which is shown in Fig. 1, were synthesized as previously described (9). The
compounds were dissolved in dimethyl sulfoxide (DMSO) at a concentration of
25 mM or higher to exclude any antiviral or cytotoxic effect of DMSO after
dilution in the appropriate media and kept frozen in aliquots until use. Their
concentration was checked by spectroscopy with molar extinction coefficients of
5,800 = 150 M~ ecm ™! at 355 nm for WM5 and 4,800 + 350 M~ ! cm ™! at 350
nm for WMS5E, experimentally determined in a mixture of Tris (10 mM, pH 7.0),
NaCl (20 mM), and Mg?* (1 mM) at 25°C. Tris, EDTA, NaCl, and Mg(ClO,),
were obtained from Sigma Chemical Co., St. Louis, Mo. Stock solutions of
Mg(ClO,), were made in Millipore water and filtered, and the correct concen-
tration of magnesium was checked by atomic absorption on a Perkin-Elmer 360
instrument. Each buffer was made in sterile water and filtered through a 5-pm-
pore-diameter filter before use to eliminate any particulate material that would
interfere with the fluorescence response.

The catechol derivative RDS 1028 was synthesized as previously described (3).
The HIV-1 protease inhibitor saquinavir (Ro 31-8959) was kindly supplied by I.
Duncan (Roche Products, Welwyn Garden City, Hertsfordshire, United King-
dom) (13).

RNA. TAR RNA was obtained by in vitro transcription as described previously
(9). Before every titration, the RNA was denatured at 95°C and cooled down in
the presence of magnesium. The concentration was checked by spectrophoto-
metric measurement at 260 nm with a molar extinction coefficient (per average
residue) of 8,000 M~! cm ™!, while the concentration (molecular mass) of TAR
was assumed to be 34,200 Da.
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Cell cultures and virus. The human T-lymphoid Jurkat cell line was main-
tained in RPMI 1640 medium (Life Biotechnologies, Gaithersburg, Md.) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) (Life Biotech-
nologies), 100 U of penicillin per ml, and 100 pg of streptomycin per ml (Life
Biotechnologies). 293T cells (adenovirus 5-transformed human embryonic kid-
ney 293 cells constitutively expressing the simian virus 40 large T antigen) were
maintained in Dulbecco’s modified Eagle’s medium (Life Biotechnologies) con-
taining 10% FBS and antibiotics. HIV-1;;5 chronically infected H9 cells were
cultured in RPMI 1640 medium supplemented with 10% FBS and antibiotics.
Cell activation was achieved through an initial 3-day stimulation with 1% (vol/
vol) purified phytohemagglutinin (PHA) and subsequent culture with 10 U of
recombinant human IL-2 per ml (Collaborative Research, Becton Dickinson,
Bedford, Mass.).

HIV-1 virus stock was produced by transient transfection of Jurkat cells with
the pSVC21 plasmid containing the infectious HXB2 molecular clone of HIV-1
(45) by the DEAE-dextran method as described previously (14) and stored at
—80°C until use. Viral titer was measured as 50% tissue culture infective doses
(TCIDs) per milliliter on C8166 cells by the end point dilution method of Reed
and Muench (46).

Cytotoxicity assay. The cytotoxicities of the compounds for the Jurkat cell line
were based on the cell viability measured by the colorimetric 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (34). Briefly, Jurkat
cells (10* per well) were cultured in triplicate in a 96-well plate in the absence or
presence of various concentrations of the test compounds. After 72 h of incu-
bation at 37°C, MTT was added to each well, and the mixture was incubated for
4 h before addition of the solubilization solution for another 12 h. The plates
were then read at 550 nm with an enzyme-linked immunosorbent assay plate
reader (LP200 Diagnostics Pasteur).

Antiviral assay. The compound’s effect on acute HI'V-1 infection was based on
the inhibition of RT activity in Jurkat cell culture supernatants. Jurkat cells (10°
cells) were incubated with virus stock at multiplicities of infection (MOT) of 0.1
or 0.01 TCIDs, per cell. After 2 h of incubation at 37°C, the cultures were washed
twice and maintained in the absence or presence of various concentrations of the
test compounds, with a 50% medium change every 3 days. Virus replication after
infection was monitored by RT activity in cell-free culture supernatants (47).
Where specified, virus replication was measured, evaluating the viral load in
cell-free culture supernatants, by a viral load assay performed according to the
manufacturer’s specifications (AMPLICOR HIV-1 MONITOR, version 1.5;
Roche Diagnostics, Branchburg, N.J.). The effect on chronic HIV-1 infection was
based on the inhibition of RT production in HIV-1j;3 H9 cells. HIV-1j
chronically infected H9 cells (activated with PHA and IL-2) were washed twice
to remove cell-free virus and resuspended at a density of 5 X 10* cells per well
in 48-well plates in fresh medium containing the test compound at the appro-
priate concentration. After 24 h of incubation at 37°C, cell-free supernatants
were collected to determine viral growth by measuring RT activity. The 50%
inhibitory concentration (ICs,) was determined as the concentration of com-
pound required to inhibit virus replication by 50% and was calculated by non-
linear regression analysis with Sigma Plot (Jandel Scientific, Corte Madera,
Calif.).

env complementation assay. A single round of infection was assayed in a
previously described env complementation assay (23). Briefly, 293T cells were
cotransfected by the calcium phosphate method with 20 pg of the
pHXBH10AenvCAT plasmid and 5 pg of pSVIIIenv plasmids expressing the
HIV-1 HXBc2 or the 89.6 envelope glycoproteins and Rev to produce recom-
binant virions. The pHXBH10AenvCAT plasmid contains an HIV-1 provirus
carrying a deletion in the envelope (env) gene and with the chloramphenicol
acetyltransferase (CAT) gene replacing the nef gene. At 12 h following transfec-
tion, cells were washed and cultured in RPMI 1640 medium supplemented with
10% FBS and antibiotics. Conditioned medium containing recombinant viruses
was harvested and filtered (0.45-pm-pore-size filter) 24 h later. Jurkat cells were
incubated with 30,000 *H cpm RT units of recombinant CAT reporter viruses at
37°C and then maintained in the absence or presence of the compounds. Cells
were lysed 4 days after infection, and CAT activity was determined, indicating
the efficiency of infection.

Inhibition of viral enzymes in vitro. (i) Inhibition of RT activity. Supernatants
from HIV-1 chronically infected H9 cell lines were pelleted, lysed, and incubated
in the presence or in the absence of the compound at 37°C for 15 min, and
subsequently, the RT inhibition assay was performed as described previously
(47).

(ii) Integrase assay. The following oligonucleotides representing the terminal
21 nucleotides of the HIV-1 U5 LTR were used: B (5'-ACTGCTAGAGATTT
TCCACAC-3' [minus strand]) and C (5'-GTGTGGAAAATCTCTAGCA-3’
[plus strand]). Oligonucleotide C was annealed with oligonucleotide B in 0.1 M
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NaCl by being heated at 80°C and then slowly cooled to room temperature
overnight. This double-stranded substrate was labeled by introducing at the 3’
end of C the two missing nucleotides with [a-3>P]dGTP, cold dTTP, and Klenow
polymerase. Unincorporated [a-*?P]dGTP was separated from the duplex sub-
strate by two consecutive runs through G-25 Sephadex quick spin columns. The
reaction mixtures contained 40 mM NaCl, 10 mM MnCl,, 25 mM Tris-HCI (pH
7.5), 1 mM dithiothreitol, 2% glycerol, 1 nM duplex B:C labeled at the 3’ end,
and 5 nM integrase (IN) (considered as monomer, purified as previously de-
scribed) (53). Reaction mixtures were incubated at 37°C for 1 h in a volume of
15 pl and stopped by adding 3 ul of sample buffer (96% formamide, 20 mM
EDTA, 0.08% bromophenol blue, 0.25% xylene cyanol). Samples were heated at
100°C for 3 min, and 10 pl of each of them was layered onto a denaturing 15%
polyacrylamide gel (7 M urea, 0.09 M Tris borate [pH 8.3], 2 mM EDTA, 15%
acrylamide) and run for 1 h at 80 W. Reaction products were visualized and
quantified by a Bio-Rad FX Phosphoimager.

(iii) Protease inhibition by fluorometric assay. The ability of the compounds
to inhibit HIV-1 protease was assessed by using the fluorescent peptide substrate
aminobenzoyl-Thr-Ile-Nle-Phe(NO,)-Gln-Arg-NH, (the scissile bond is under-
lined). Recombinant HIV-1 protease was expressed in Escherichia coli, purified,
and refolded (26, 33). Assays were carried out as previously described (32, 33,
52). Briefly, the assay mixture contained 100 mM 2-(N-morpholino)ethanesul-
fonic acid (MES; pH 5.5), 400 mM NacCl, 0.5% dimethyl sulfoxide, 1.5 to 20 nM
protease, 0 to 100 nM protease inhibitor saquinavir (Ro 31-8959), and 10 uM
fluorogenic substrate. The ICs,, of the test compounds for HIV-1 protease ac-
tivity was determined by nonlinear regression analysis with Sigma Plot (Jandel
Scientific, Corte Madera, Calif.). The protease inhibitor saquinavir, used as
reference in this assay, had a measured ICs, of 2 nM.

Binding to nucleic acids. To evaluate the formation of complexes between the
quinolones and RNA (DNA) in the presence of magnesium ions, we performed
fluorometric titrations, exploiting the drugs’ high fluorescence yield upon exci-
tation at 350 nm for WMS5 and 355 nm for WMSE. Fluorescence spectra were
recorded at 25°C on a Luminescence Spectrophotometer LS50B (Perkin-Elmer).
Briefly, weighted amounts of nucleic acid solutions were added to quinolone
solution in Tris-HCI (10 mM [pH 7.0]), NaCl (20 mM), and Mg(ClO,), (1 mM)
directly in the cuvette, and the emission spectra were recorded after allowing 5
min for equilibration. Hence, the fraction of bound drug (v) can be directly
obtained from the spectra according to the equation (31) v = [I(f) — I|/[I(f) —
I(b)], where I(f) and I(b) are the fluorescence intensities of free and RNA-bound
drug, respectively, and [ is the fluorescence response of the mixture of free and
bound drug being examined.

RESULTS

Effect of WMS5 on HIV-1 replication in acutely and chroni-
cally infected cells. In a previous study we showed that a
6-aminoquinolone, WMS5 (Fig. 1), was able to inhibit HIV-1
replication on the de novo-infected C8166 human lymphoblas-
toid T-cell line (9). Among the members of the quinolone
structural class of compound, WMS appears to be one of the
most effective anti-HIV-1 agents so far described. This prop-
erty prompted us to further extend our studies. To investigate
the mechanism of action of WMS5 at the molecular level,
among a variety of human lymphoblastoid cell lines tested, we
selected the human CD4" T-cell line Jurkat, which is highly
permissive for HIV-1 replication. Jurkat cells were exposed to
HIV-1 at MOI of 0.1 and 0.01 TCIDs, per cell, cultured in the
presence of WMS, and monitored for virus replication by mea-
suring RT activity in the culture supernatants. As shown in Fig.
2, WMS significantly inhibits viral replication in Jurkat cells at
both MOI without affecting cell viability (concentration of
compound required to reduce Jurkat cell viability by 50%
[CCso] = 56.24 uM, as reported in Fig. 1). At the higher MOI,
the inhibitory effect was more striking when virus replication
was monitored by viral load in the culture supernatants. At an
MOI of 0.1, the ICs, was 0.60 = 0.06 uM after 12 days of
infection. When viral infection was maintained in the presence
of WMSE, the 3-ethyl-esterified form of WMS, no effect on
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FIG. 2. Effect of WMS on replication-competent HIV-1 in Jurkat
lymphocytes. Cultures were infected with the HXBc2 isolate at MOI of
0.1 (A and B) and 0.01 (C) TCIDs, per cell for 2 h, washed, and
maintained in the absence (open bars) or presence (hatched bars) of
WMS at the concentration shown over time. Virus replication was
monitored by RT production in cell-free supernatants 5 (A) and 12 (B
and C) days after infection. As a control, WMSE, the 3-ethyl-esterified
form of WMS5, was included (solid bars). Where indicated (A [inset])
in the same culture, virus production was also determined by measur-
ing the viral load.



892 PAROLIN ET AL.

virus replication was observed. This finding is consistent with
our previous observations obtained with the C8166 cell line (9),
indicating the critical contribution of the carboxylic acid at the
C-3 position of the quinolone moiety to the antiviral activity.
To test the effect of WMS on chronic infection, HIV-1;5
chronically infected H9 cells, activated with PHA and IL-2,
were incubated in the presence or absence of various concen-
trations of WMS for 24 h, and HIV-1 growth was monitored by
assessing RT activity in the culture supernatants. WMS inhib-
ited HIV-1 replication in these cells with an ICs, of 0.85 = 0.05
wM. Cell viability in H9-treated cultures was essentially similar
to that of control cells, as determined by MTT assay (data not
shown).

Effect of WMS on a single round of HIV-1 replication. To
study the replicative properties of HIV-1, we used an env
complementation assay, which measures the efficiency of the
early events in a single round of infection (23). HIV-1 infection
of target cells requires the sequential binding of envelope gly-
coprotein to CD4 and one of the chemokine receptors. In this
assay, an env-defective provirus encoding the bacterial CAT
gene was complemented by the envelope glycoprotein. The
level of CAT expression in the target cells reflects the efficiency
of a single round of the retroviral infection cycle. The use of
the env complementation system has several advantages for
these studies. First, precise measurements of early-phase rep-
licative ability can be made. Second, since all measurements
are performed with a single cycle of infection initiated by
clonal viral genes, the possibility of changes in viral phenotype
during virus propagation is eliminated. Because the T-cell line
we used in this assay expresses the CXCR-4 chemokine recep-
tor, the envelope glycoprotein was derived from the laborato-
ry-adapted T-cell-tropic strain HXBc2, which uses CXCR-4 as
a coreceptor (17). Recombinant HIV-1 virions expressing CAT
and containing the HXBc2 envelope glycoprotein were har-
vested 36 h after transfection of 293T cells, normalized to
30,000 cpm of RT activity, and used to infect Jurkat cells. Cell
cultures were then maintained in the absence or presence of
the compounds. CAT transfer by recombinant viruses was sig-
nificantly inhibited by WMS5 at concentrations of 5 and 2 uM
(ICsy =0.64 = 0.05 pM) (Fig. 3). In contrast, WMSE did not
exert any effect on HIV-1 replication. These results indicate
that WMS specifically inhibits early events in HIV-1 infection.

It is possible that the observed inhibition of HIV-1 replica-
tion by WMS5 might be strain specific. To address this issue, we
examined the ability of WMS to inhibit other HIV-1 strains.
We generated recombinant HIV-1 viruses containing the en-
velope glycoprotein of the primary HIV-1 isolate 89.6, a dual-
tropic strain that can use either CXCR-4 or CCRS as a core-
ceptor (12, 15). Figure 3 shows that WMS5, but not WMSE,
significantly abrogated replication of recombinant virions ex-
pressing the 89.6 envelope glycoprotein to levels comparable to
those of recombinant virions containing the HXBc2 envelope
glycoprotein. The ICs, was similar to that obtained with the
HXBc2 envelope glycoprotein (0.60 £ 0.04 pM).

Inhibition of RT activity in vitro. To examine the effects of
WMS at different steps of the virus life cycle, we first tested the
effect of the compound on the activity of the RNA-dependent
DNA polymerase enzyme. To this end, we used an in vitro RT
inhibition assay performed in the presence of various concen-
trations of WMS. As shown in Table 1, no significant inhibitory
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FIG. 3. CAT activities in Jurkat cells infected with HIV-1 CAT
reporter viruses. Cultures were infected with HIV-1 recombinant CAT
viruses expressing envelope glycoproteins from a laboratory-adapted
T-tropic virus, HXBc2 (A), and a primary dualtropic virus, 89.6 (B),
and then maintained in the absence or presence of WMS5 or WMSE at
the concentrations shown. Four days later, CAT activity in cell lysates
was measured. The results are reported as percent conversion (%
conv.) of ["*C]chloramphenicol to acetylated forms above the spots. A
representative experiment of two performed is shown.

effect on RT activity was observed in the presence of WMS5.
Effect of WMS5 on HIV-1 IN. We then investigated the effect
of WMS on the virus integration process. HIV-1 IN catalyzes
the integration of the viral DNA into the host chromosome
through a two-step mechanism. In the cytoplasm, IN recog-
nizes the LTR termini and removes the last two nucleotides
(GT), leaving two recessed 3’-OH ends (3’-processing reac-
tion). In the nucleus, IN catalyzes the joining of the 3’-pro-
cessed viral 3’ ends into the host DNA through a transesteri-
fication reaction (strand-transfer reaction). In vitro, the IN
sequence-specific removal of the labeled terminal dinucleotide
of the 21-mer double-stranded oligonucleotide substrate by
intervention of nucleophiles, such as glycerol, 3'-OH groups of
the substrate DNA, and water, generates 5'-glycerol-phos-

TABLE 1. Anti-HIV-1 activity of WMS5 on virus-encoded enzymes

ICso (WM)*
Compound IN
RT 3 Strand PR

processing transfer
WMS5 800 = 150 60 =20 75 £ 15 7121
WMSE >100 >100
RDS 1028 04+02 03=*02
Saquinavir 0.002 = 0.00035

“1Cs, concentration of compound required to reduce the HIV-1 enzyme-
catalyzed reactions by 50%. PR, protease. All data represent means * standard
deviations obtained in three separate experiments.
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FIG. 4. Inhibition of HIV-1 IN-catalyzed 3’-processing and strand
transfer reactions by WMS and WMSE. The strand transfer products
migrate more slowly than the 21-mer substrate (A, darker exposure)
and the 3'-processing products G, C, and L (B, lighter exposure).
Lanes: 1, DNA and IN without drugs; 2, DNA alone; 3 to 10, DNA, IN,
and a titration of RDS 1028 (1, 0.33, and 0.1 uM in lanes 3 to 5,
respectively), WMSE (100 and 33 wM in lanes 6 and 7, respectively),
and WMS (100, 33, and 11 pM in lanes 8 to 10, respectively).

phate-GTyy (G), cyclic GT (C), and 5’-phosphate-GTqyy (L),
respectively, as reaction products. Subsequently, IN catalyzes
the insertion of the 19-mer 3’ processing product into a labeled
21-mer unprocessed substrate, leading to strand transfer prod-
ucts of different lengths. When assayed for anti-IN activity,
WMS showed an ability to inhibit both 3" processing and strand
transfer activities at high micromolar concentrations (Fig. 4
and Table 1), whereas WMSE was completely inactive. A cat-
echol derivative (RDS 1028) was used as a reference control
3).

Effect of WMS on protease activity. The late phases of the
virus life cycle were analyzed by using an in vitro protease
inhibition assay previously reported by our group (32). The
wild-type HIV-1 protease, expressed and purified in E. coli,
was employed to test its activity on hydrolysis of a fluorogenic
substrate. As reported in Table 1, WMS5 showed the ability to
inhibit protease activity at high micromolar concentrations.
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FIG. 5. Binding of WM5 to TAR RNA. Shown is the fraction of
bound quinolone (v) versus the TAR concentration for WMS5 as in-
ferred by fluorometric titrations (see text). Experiments were per-
formed with a mixture of Tris-HCI (10 mM, pH 7.0), NaCl (20 mM),
and Mg(ClO,), (1 mM) at 25°C.

Binding to nucleic acids. To evaluate the binding of quino-
lones to nucleic acids, we performed fluorometric titrations.
Upon addition of TAR to WMS5 solutions in the presence of
constant (1 mM) magnesium ions, substantial variations in the
compound’s fluorescence quantum yield are observed, indica-
tive of a complex formation at low RNA/ligand ratios (up to
0.8), whereas no variations in the emission spectra of WMSE
were observed at the same or higher ratios of TAR to quino-
lone.

The complex curve formation (fraction of bound quinolone,
v, versus TAR concentration) is shown in Fig. 5. The apparent
affinity of WMS5 to this nucleic acid, expressed as the concen-
tration of TAR needed to complex 50% of WMS, normalized
for quinolone concentration, corresponded to 19 = 0.6 nM.
Lack of interaction with unrelated nucleic acid targets was
confirmed by the very poor affinity of WMS5 (and WMSE) for
single- or double-stranded DNA structures as well as for a
tRNA preparation. In particular, binding of the quinolone to
DNA yields an appreciable variation in the fluorescence spec-
tra, variation that was not observed upon addition of tRNA.
Accordingly, the latter should not exhibit appreciable affinity
for the quinolone. The apparent binding constant of WMS to
calf thymus DNA was found to be 0.72 mM (per average base
residue), similar to that obtained by the titration with single-
stranded DNA (0.71 mM). These data are indeed indicative of
a low affinity of aminoquinolones for single- and double-
stranded DNA, in accordance with what was previously ob-
tained for other aminoquinolones (51), which bind the nucleic
acid five- to sixfold less than the clinically used bacterial fluo-
roquinolones (39).

DISCUSSION

Despite the recent success of HAART, the search for new
anti-HIV-1 compounds continues to be a major challenge in
the development of antiviral molecules. Among a series of
6-aminoquinolone derivatives, we recently identified WMS as a
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potent inhibitor of HIV-1 replication (9). Here, we examine, at
the molecular level, the basis of this antiviral activity. The
studies presented here provide evidence that WMS exerts its
effect at the transcriptional level.

In this study, in addition to replication-competent virus, we
used a transient transcomplementation assay to assess the rep-
licative potential of HIV-1 in a single round of virus replication
(23). The use of recombinant viruses pseudotyped by the en-
velope glycoprotein allows us to examine early events in the
infection process. Because the viral proteins are expressed in a
context similar to that occurring in the authentic provirus, the
levels of gene expression achieved are expected to resemble
those in HIV-1-infected cells. Consistent with our previous
observation (9), WMS5 inhibited HIV-1 replication in acutely
infected cell cultures. Moreover, inhibition of HIV-1 was also
found in chronically infected cells. The observation that WMS5,
but not WMSE, affects virus replication implies that the car-
boxylic acid group at the C-3 position of the quinolone mole-
cule plays a crucial role in the antiviral effect. These results
indicate that this portion of the molecule, along with the pres-
ence of small substituents at the N-1 position, a small polar
group at the C-6 position, and bulky substituents at the C-7
position, contributes to the antiviral activity, as we previously
reported (9). Our results indicate that between 82 and 88%
inhibition of infection by recombinant viruses pseudotyped
with the HXBc2 and the 89.6 envelope glycoproteins, in a
single round of infection of Jurkat cells, was obtained in the
presence of 5 puM WMS compared to the level in control cell
cultures. In dissecting specific steps of the early phase of the
viral life cycle that might be targeted by WMS5, we have evi-
dence that RNA-dependent DNA polymerase and IN activities
in vitro, as well as proviral DNA synthesis (data not shown),
were not affected by the compound. On the other hand, we
found that late phases of the replication life cycle, like those
dependent on protease activity, were not impaired by WMS5.
Altogether, these results suggest that the most likely process
affected by WMS5 is HIV-1 transcription. This finding corre-
lates with our previous observation that WMS5 binds to TAR
RNA stem-bulge region of the viral RNA transcript (9). This
conclusion is further supported by our results indicating that
WMS exhibits a great affinity to TAR RNA, as suggested by the
dissociation constant of the WMS5-TAR complex that was
found to be in the range of 19 nM. Our results therefore
suggest that WMS5 may effectively sequester TAR RNA affect-
ing HIV-1 transcription. Fluoroquinolone derivatives have re-
cently been shown to be potent and selective inhibitors of
HIV-1 replication (5, 22, 29, 36, 55). A representative com-
pound of the series, K12, has been reported to inhibit HIV-1
transcription, reducing the synthesis of HIV-1 mRNA in
chronically infected cells without significantly affecting Tat ac-
tivity (5). Since Tat-mediated HIV-1 activation involves com-
plex interaction with known and unknown cellular factors (60),
it has been suggested that K12 might target cellular factors that
play a key role in HIV-1 transcription either by influencing
their expression or by interfering with their function in HIV-1
transactivation (55). Recently, a K12 derivative, K37 has been
reported to be more active than K12 in inhibiting HIV-1 rep-
lication by affecting Tat-mediated gene expression in HIV-1
LTR-driven reporter gene assay (36). Our TAR-quinolone
binding experiments instead suggest a newer nucleic acid-tar-
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geted mechanism of action. Although we cannot exclude the
possibility that WMS5 might target cellular factors, the drug’s
ability to bind TAR with prominent affinity may have an ad-
vantage over fluoroquinolone derivatives in terms of possible
cytotoxic side effects.

Disruption of Tat-TAR complex has been the goal of ratio-
nal anti-HIV-1 strategies, based on either a peptidomimetic
approach (30) or the screening of combinatorial peptide librar-
ies (27). Recent nuclear magnetic resonance studies have dem-
onstrated that critical groups recognized by Tat are presented
to the protein in a unique spatial arrangement created by
conformational rearrangement in the TAR RNA that occurs
during binding (1, 43). Metal ions play an important role in
stabilizing a variety of RNA structural motifs by interacting
with RNA functional groups. Mg>" ions have been shown to be
required for folding and function of hammerhead ribozyme (7,
8, 42, 48). TAR RNA can also bind divalent ions (such as
Ca®"), as was found in the X-ray structure of model TAR (28).
It has been proposed that the bulge region of TAR is a metal
binding site, as supported by hydrodynamic studies of the in-
fluence of metal ion (Mg®") binding on TAR RNA bulge
region conformation (57, 58). We previously demonstrated
how quinolones target single-stranded nucleic acids and the
essential contribution of magnesium ions to the mechanism of
antibacterial activity (39, 41, 51, 54). Given the ability of quin-
olones to interact with nucleic acids isolated or complexed to
proteins, a similar mechanism of action on nucleic acid-protein
complexes may be relevant for antiviral activity. Indeed, here
we show the ability of WMS5 to bind TAR RNA with high
affinity, possibly interfering with Tat-mediated transcriptional
activation. In conclusion, WMS represents a promising lead for
the development of a new group of anti-HIV-1 compounds, the
synthetic and pharmacological features of which might make
them candidates for combinations with clinically available an-
tiretroviral agents.
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