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Bisheteroarylpiperazines are potent inhibitors of human immunodeficiency virus type 1 (HIV-1) reverse

transcriptase (RT). We describe a novel bisheteroarylpiperazine, U-90152 {1-(5-methanesulfonamido-IH-indol-
2-yI-carbonyl)-4-[3-(1-methylethyl-amino)pyridinyllpiperazine}, which inhibited recombinant HIV-1 RT at a

50%Y inhibitory concentration (IC.) of 0.26 FLM (compared with IC50s of >440 ,uM for DNA polymerases at

and B). U-90152 blocked the replication in peripheral blood lymphocytes of 25 primary HWV-i isolates,
including variants that were highly resistant to 3'-azido-2',3'-dideoxythymidine (AZT) or 2',3'-dideoxyinosine,
with a mean 50%o effective dose of 0.066 + 0.137 pM. U-90152 had low cellular cytotoxicity, causing less than
8% reduction in peripheral blood lymphocyte viability at 100 ,uM. In experiments assessing inhibition of the
spread of HIV-MB in cell cultures, U-90152 was much more effective than AZT. When approximately 500
HIV-1l1m-infected MT-4 cells were mixed 1:1,000 with uninfected cells, 3 ,uM AZT delayed the evidence of
rapid viral growth for 7 days. In contrast, 3 ,uM U-90152 totally prevented the spread of HIV-i, and death
and/or dilution of the original inoculum of infected cells prevented renewed viral growth after U-90152 was

removed at day 24. The combination of U-90152 and AZT, each at 0.5 ,uM, also totally prevented viral spread.
Finally, although the RT amino acid substitutions K103N (lysine 103 to asparagine) and Y181C (tyrosine 181
to cysteine), which confer cross-resistance to several nonnucleoside inhibitors, also decrease the potency of
U-90152, this drug retains significant activity against these mutant RTs in vitro (IC50s, approximately 8 ,uM).

Bisheteroarylpiperazine (BHAP) derivatives inhibit hu-
man immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) and block HIV-1 replication in vitro (1, 3, 6,
20, 27). The BHAPs are nonnucleosides and thus differ from
RT inhibitors, such as 3'-azido-2',3'-dideoxythymidine
(AZT) or 2',3'-dideoxyinosine (ddI), which mimic the nor-
mal deoxynucleotide triphosphate substrAte of RT and act as
chain terminators during proviral synthesis (25). In this
respect, the BHAPs are similar to several other recently
described HIV-1 RT inhibitors, including nevirapine (15),
the pyridinones (9), and the tetrahydroimidazo[4,5,1-jk][1,4]-
benzodiazepin-2(1H)-thione (TIBO) compounds (18). Stud-
ies have shown that the BHAPs and these other nonnucleo-
side RT inhibitors all bind to a common region of RT (6, 9,
27). The similarity extends to the kinetic characterization of
their mode of inhibition (1, 8, 9, 28) and also to their common
susceptibility to several RT amino acid substitutions that
confer resistance (22). U-87201E, the first BHAP RT inhib-
itor, has entered clinical trials and has been described most
widely (20). This report identifies a novel BHAP derivative,
U-90152 (Fig. 1), that is structurally similar to U-87201E but
has significantly higher antiviral potency.

MATERIALS AND METHODS
Compounds. U-90152, U-87201E, and [3H]U-88204E were

synthesized by Upjohn Laboratories as described by
Romero et al. (20, 21). Nevirapine (6,11-dihydro-11-cy-
clopropyl-4-methyldipyrido[2,3-b:2',3'-e]-[1,4]diazepin-6-one)

* Corresponding author.

was synthesized as described by Hargrave et al. (11). L-697,661
(3-{[(4,7-dichloro-1,3-benzoxazol-2-yl)methyl]amino}-5-ethyl-
6-methylpyridin-2(1H)-one) was synthesized as described by
Goldman et al. (9).
HIV-1 RT assays. In vitro inhibition of recombinant het-

erodimeric RT derived from HIV-1IIIB by U-87201E,
U-90152, AZT triphosphate, and 2',3'-dideoxythymidine
was assayed as previously described (5, 20) but with highly
purified RT (4). Inhibition of DNA polymerases a and 8 by
these compounds was assayed (26) with poly(dA) oligo(dT)
as the template-primer and 1.6 ,g of proliferating cell
nuclear antigen per ml in the DNA polymerase 8 assay.
Drug-resistant mutants of HIV-1IIIB RT were prepared by
site-directed mutagenesis (Amersham, Arlington Heights,
Ill.). Mutant RT genes were cloned into plasmid DE 5.2 (23),
which expresses RT with an amino-terminal hexahistidine
linker. Mutant RTs were purified by metal affinity chroma-
tography (23) and used as a p66 homodimer. Drug inhibition
of the RNA-dependent DNA polymerase activity of the
mutant RTs was assayed with 40 nM enzyme as described
previously (7).

Antiviral drug susceptibility assays. The antiviral activity
of U-90152, U-87201E, and AZT against HIV-lIIIB was
assayed in MT-2 cells (10) and primary peripheral blood
lymphocytes (PBL) as follows. MT-2 cells were infected
with HIV-1IIIB at 0.001 50% tissue culture infective dose per
cell for 1 to 2 h at 37°C, extensively washed to remove virus,
and cultured in the presence of drug for 4 days, the time
needed for a maximal viral cytopathic effect. The 50%
effective dose (ED50) was determined by counting syncytia.
PBL were similarly infected and cultured in the presence of
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FIG. 1. Structures of U-90152 and related BHAPs.

drug for 6 days, when the extent of HIV-1 replication was
assessed by determining supematant p24 antigen levels
(Coulter Immunology, Hialeah, Fla.). The activity of
U-90152 against 25 clinical HIV-1 isolates cultured in PBL
was directly compared with that of AZT, ddI, and 2',3'-
dideoxycytidine by use of the AIDS Clinical Trials Group-
U.S. Department of Defense standardized protocol for
HIV-1 drug susceptibility testing (12). Cytotoxicity was
assayed by culturing 2 x 105 phytohemagglutinin-stimulated
normal PBL in 200 RI of medium containing 0 to 100 ,M
U-90152 for 7 days, when cells were counted and viability
was determined by trypan blue exclusion. The anti-HIV
activity of U-90152 against monocytotropic HIV-1JR-FL was
determined with a primary monocyte-macrophage culture by
previously described methods (2, 13).

Inhibition of viral spread in cell cultures. A human T-cell
line, MT-4 (10), was infected with HIV-1IIIB at a multiplicity
of 0.005 50% tissue culture infective dose per cell and
cultured for 7 to 8 days, when abundant syncytia were
evident. The infected cells were washed and mixed with
fresh, uninfected MT-4 cells at a ratio of 1:1,000; 5 x 105
cells were used to seed 1-ml cultures. The cultures were
diluted 1:6 into fresh medium containing drug every 3 or 4
days to maintain logarithmic cell growth. Prior to dilution,
cell viability was assessed by trypan blue exclusion, super-
natant p24 antigen levels were assayed, and some cells were
frozen for later analysis. Beginning at day 24 postcocultiva-
tion, portions of cultures with low p24 antigen levels were
also diluted into medium lacking drug to determine whether
HIV-1 was still present.
PCR of proviral DNA. Total cellular DNA from cultures

TABLE 1. In vitro inhibition of HIV-1 RT and normal
cellular polymerases

IC50 (>M) folA:
Compound HIV-

1 RT Polymerase a Polymerase 8

U-90152 0.26 440 >550
U-87201E 1.3 260 1,976
AZT triphosphate 0.15 60 140
2',3'-Dideoxythymidine

triphosphate 0.025 100 100

a Determined from the slopes of median effect plots of combined data from
a minimum of two independent determinations. The correlation coefficients
for the plots were 20.98.

that lacked evidence of viral growth at day 85 was isolated
2y by use of approximately 106 MT-4 cells. DNA samples were

also isolated from infected and uninfected cultures to be
*CH3SO2rOH used as controls. A series of dilutions of DNA (0 to 250 ng)

from the infected control culture were amplified by the
polymerase chain reaction (PCR) with 60 cycles (95°C, 1
min; 60°C, 1 min) and primers with the sequence of the gag
gene region of HIV-1 (SK38139 [17]). In each amplification,
DNA isolated from the uninfected cells was added so that all
reaction mixtures contained a total of 250 ng of DNA. PCR
products were resolved on an 8% acrylamide gel and stained
with ethidium bromide to visualize the 115-bp target band.
The limit of detection of the 115-bp PCR product corre-
sponded to the amplification of 0.025 ng of infected-cell

3SO2-OH DNA, or about five human cell genomes (24). The absence of
HIV-1 proviral DNA in cultures treated with U-90152 was
confirmed by subjecting 250 ng of DNA to the PCR as
described above.

RESULTS AND DISCUSSION

Inhibition of HIV-1 RT activity. U-90152 inhibited HIV-1
RT activity at an 50% inhibitory concentration (IC50) of 0.26
,uM (Table 1). This inhibitory concentration was roughly
comparable to that of AZT triphosphate and about fivefold
lower than that of U-87201E. The concentration of U-90152
required to inhibit HIV-1 RT was significantly lower than
that required to inhibit cellular DNA polymerase a and DNA
polymerase 8 (IC50s of 440 and >550 ,uM, respectively),
resulting in a selectivity index of > 103. When compared with
AZT triphosphate and 2',3'-dideoxythymidine triphosphate,
U-90152 was considerably less inhibitory to either of the
cellular DNA polymerases (Table 1).
Our previous work indicated that the inhibition of RT

activity by BHAPs is mediated by a specific interaction with
RT (6). The binding of radiolabeled U-88204E (Fig. 1), an
analog of U-90152, to heterodimeric RT was quantitated by
equilibrium dialysis. U-88204E specifically interacted with
RT in the presence or absence of saturating concentrations
of the poly(rC). oligo(dG) template-primer, with a Kd of
about 60 nM and a stoichiometry of 1 mol of drug per mol of
RT heterodimer. U-90152 and U-87201E competed with
[3H]U-88204E for binding to HIV-1 RT (data not shown),
indicating that these BHAPs bind to RT at the same site.
U-90152 bound to RT with a high apparent affinity (=80 nM),
consistent with its potent inhibition of both recombinant
HIV-1 RT (Table 1) and viral replication in cell cultures (Fig.
2 and Table 2). U-87201E bound to RT with an apparent
affinity of approximately 700 nM.
U-90152 prevents HIV-1 spread in human lymphocytes in
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FIG. 2. Prevention of HIV-1 spread in vitro by U-90152, AZT,
and the two combined. Cell-to-cell spread of HIV-1IIIB in the
presence of RT inhibitors was monitored by measuring supernatant
p24 antigen levels as described in Materials and Methods. A viral
replication burst accompanied by an abrupt increase in p24 levels (to
>500 ng/ml) caused cell death, and cultures were not maintained
further. The vertical broken line indicates day 24 postcocultivation,
when drugs were no longer added to the cultures and were thus
allowed to be diluted out over time. (A) Cultures grown in the
presence of no drug (*), 3 F.M AZT (-), 1 pM U-90152 (A), and 3
p,M U-90152 (0). (B) Cultures grown in the presence of U-90152 and
AZT combined at a 1:1 ratio: *, no drug; 0, 0.3 p,M total drug (i.e.,
0.15 p,M each U-90152 and AZT); A, 1 pM total drug; 0, 3 pM total
drug.

vitro. For determination of whether U-90152 blocked the
spread of virus from infected to uninfected lymphocytes,
approximately 500 MT-4 cells that had been infected with
HIV-1IIIB for 7 days were cocultivated with a 1,000-fold
excess of uninfected cells in the presence or absence of
U-90152 alone or in combination with AZT. Cultures were
diluted every 3 to 4 days with fresh medium containing drug
to maintain exponential growth of the infected control cul-
tures. Under these conditions in the absence of drug, HIV-1
spreads rapidly, as indicated by the formation of multinucle-
ated syncytia and an abrupt increase in p24 levels after day
3 of cocultivation (Fig. 2). At a concentration of 3 ,uM, AZT
prolonged the interval to the rapid burst of viral replication
to about 7 days. In contrast, U-90152 at 3 ,uM completely
prevented the spread of HIV-1 (Fig. 2). U-90152 at 1 ,uM
delayed viral spread until 42 days (data not shown). U-90152
was also very effective in combination with AZT (Fig. 2B);
the combination of 0.5 ,uM U-90152 and 0.5 ,uM AZT totally
prevented viral spread. This effect with the drugs in combi-
nation is not unexpected, because the BHAPs and AZT
inhibit RT by different mechanisms and because previous
work had indicated that AZT and BHAP U-87201E inhibit
HIV-1 synergistically (3). In all cases in which viral growth
was suppressed, cell viability was indistinguishable from

TABLE 2. Antiviral activity of U-90152 and nucleoside analog
RT inhibitors against clinical HIV-1 isolates

ED50 (>.M) of>:
Isolate AZT ddl 2',3'-Dideoxy- U-AZT ddl ~~~~cytidine 05

1 4.2 3.9 0.02 <0.005
2 0.005 0.3 0.02 0.005
3 0.003 2.6 0.003 0.006
4 0.008 0.2 0.01 0.007
5 0.2 1.9 0.02 0.008
6 0.2 0.6 0.03 0.01
7 4.3 1.4 0.03 0.01
8 7.4 2.2 0.02 0.01
9 0.05 9.8 0.08 0.02
10 6.6 2.8 0.03 0.02
11 0.5 2.1 0.02 0.02
12 0.02 4.3 0.02 0.03
13 >5.0 15.5 0.05 0.03
14 3.5 16.7 0.15 0.04
15 1.0 2.5 0.01 0.04
16 0.1 6.0 0.02 0.05
17 0.02 3.1 0.04 0.06
18 2.9 3.1 0.03 0.08
19 2.1 6.5 0.05 0.10
20 0.1 2.7 0.06 0.11
21 0.05 9.5 0.12 0.18
22 0.6 15.4 0.07 0.16
23 3.1 5.8 0.03 0.69
24 0.02 0.4 <0.01 <0.005
25 0.005 0.05 <0.01 <0.005

a Determined with the median effect equation and triplicate wells at each of
six drug concentrations.

b U-90152 at 100 FM caused less than 8% reduction in cell viability.

that in uninfected control cultures. At day 24 postcocultiva-
tion, cultures lacking viral growth were split, and drug was
allowed to be diluted out of one of the cultures to monitor
any renewed viral growth in the absence of drug (vertical
broken line in Fig. 2). When drug was allowed to be diluted
out of the culture previously treated with 1 ,uM U-90152, a
rapid viral replication burst occurred within 10 more days
(Fig. 2). The culture previously exposed to 3 ,uM U-90152 or
the combination of 0.5 ,uM U-90152 and 0.5 ,uM AZT
continued to grow without any evidence of infection after
drug was removed. At day 85, cells from these two cultures
were assayed for the presence of proviral DNA by PCR and
reinfected to confirm their continued sensitivity to infection.
Total cellular DNA was isolated and subjected to PCR
amplification with primers with the sequence of the HIV-1
gag gene region as described in Materials and Methods.
With a sensitivity of detection equal to approximately five
copies of proviral HIV-1 DNA, no evidence of the HIV-1
genome was observed (data not shown).
These data suggest that the effective prevention of viral

spread, coupled with death and/or dilution of the initially
infected cells, removed all detectable virus from the cul-
tures. Reinfection of the cultures lacking virus after drug
treatment led to a rapid burst of supernatant p24 antigen
production by day 7, so the cells remained sensitive to
HIV-1 infection (data not shown). In a similar experiment
(27), BHAP U-87201E prevented HIV-1 spread to an extent
equal to that observed with AZT.
U-90152 potently blocks the replication of multiple labora-

tory-adapted or primary isolates of HIV-1 in vitro. The
anti-HIV activity of U-90152 against multiple isolates of
HIV-1 after acute infection of cells was also quantitated.

VOL. 37, 1993 1129



ANTIMICROB. AGENTS CHEMOTHER.

TABLE 3. Inhibition of nonnucleoside-resistant HIV-1 RT

IC50 (AM) Of":
RT mutant

U-90152 Nevirapine L-697,661

None (wild type) 0.26 + 0.04 2.7 ± 0.2 0.67 ± 0.19
Y181C 8.32 ± 0.70 >60" >60b
K103N 7.70 ± 0.60 >60b 15.0 ± 4.1

a Determined from best fit of a competitive inhibition curve to triplicate
datum points at each of 12 drug concentrations (± asymptotic standard
deviation).

b Highest concentration tested.

U-90152 consistently showed a high potency against HIV-
1IIIB' typically 10- to 100-fold higher than that of AZT or
U-87201E. For example, in HIV-1IIIB-infected PBL, the
ED50s of U-90152, AZT, and U-87201E were approximately
0.1 to 1 nM, 1 nM, and 1 to 10 nM, respectively. Similarly,
in MT-2 cells, the ED50s of U-90152 and AZT for inhibiting
HIV-1-induced cellular syncytia were about 10 nM and
about 100 nM, respectively. U-90152 also blocked HIV-1
replication in primary monocyte-macrophage cultures, with
an ED50 of approximately 20 nM against monocytotropic
HIV-lJR-FL-
The antiviral activity of U-90152 against a panel of clinical

isolates was also evaluated and compared with that of three
nucleoside RT inhibitors (AZT, ddI, and 2',3'-dideoxycyti-
dine) by methods described by Japour et al. (12). As shown
in Table 2, U-90152 was a potent inhibitor of all the HIV-1
strains tested (ED50s, <0.005 to 0.69 ,uM; mean, 0.066 +
0.137 ,uM). U-90152 at 100 ,uM caused less than 8% decrease
in PBL viability under similar conditions. U-90152 also
potently blocked the replication of several HIV-1 isolates
with high-level resistance to AZT, ddI, or both. On the basis
of these data, U-90152 should potently inhibit most HIV-1
variants, including resistant isolates that arise upon treat-
ment with nucleoside RT inhibitors.

U-90152 inhibits the RT activity of drug-resistant enzymes.
The acquisition of HIV-1 resistance to U-90152, nevirapine,
and the pyridinones occurs rapidly in vitro (7, 14, 16, 19).
HIV-1 resistance to nevirapine and L-697,661 was found to
be conferred mainly by substitutions at amino acids 103, 181,
and 188 of RT, but these substitutions may not be the
predominant means of the development of resistance to
U-90152 (7). Since the development of drug resistance by
HIV-1 will likely limit the clinical utility of these com-
pounds, it is important to determine whether RT resistant to
these compounds is also cross-resistant to U-90152. To
investigate this question, we quantitated the drug sensitivi-
ties of recombinant HIV-1IIIB RTs carrying the amino acid
substitutions described above. Specifically, RTs carrying
previously described substitutions conferring resistance to
nevirapine or L-697,661 (tyrosine 181 to cysteine [Y181CJ)
and lysine 103 to asparagine [K103N]) were prepared. The
sensitivities of mutant RTs to various inhibitors were deter-
mined in vitro with the poly(rA) oligo(dT) template-primer
(Table 3). The substitutions Y181C and K103N conferred
some resistance to all the nonnucleoside inhibitors tested,
suggesting that these amino acid changes define areas of
drug-RT interactions common to U-90152, nevirapine, and
L-697,661. U-90152 inhibited Y181C-substituted RT at an
IC50 of 8.3 ,uM, while nevirapine and L-697,661 failed to
achieve 50% inhibition at 60 ,uM, the highest concentration
tested.

In summary, we have described a novel BHAP HIV-1 RT

inhibitor. The potent antiviral activity of U-90152 against
multiple primary HIV-1 isolates suggests that this compound
may be useful in treating HIV-1 infection in vivo. The ability
of U-90152 to completely suppress the spread of HIV-1IIIB in
cell cultures emphasizes this potential, particularly when
U-90152 is used in combination with AZT. As with all other
RT inhibitors described to date, the emergence of HIV-1
variants resistant to U-90152 is a concern. However, be-
cause U-90152 has significant inhibitory activity against the
known nonnucleoside-resistant forms of RT, it may have
utility despite the emergence of resistant HIV-1 carrying the
RT substitution Y181C or K103N. Moreover, in laboratory
animals, U-90152 exhibits good oral bioavailability, and
serum drug levels well in excess of those required for in vitro
antiviral activity can be safely maintained for prolonged
periods (data not shown). Clinical trials with the mesylate
salt of U-90152 have been initiated.
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