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We designed, synthesized, and identified UIC-94017 (TMC114), a novel nonpeptidic human immunodefi-
ciency virus type 1 (HIV-1) protease inhibitor (PI) containing a 3(R),3a(S),6a(R)-bis-tetrahydrofuranylure-
thane (bis-THF) and a sulfonamide isostere which is extremely potent against laboratory HIV-1 strains and
primary clinical isolates (50% inhibitory concentration [IC,], ~0.003 uM; IC,,, ~0.009 pM) with minimal
cytotoxicity (50% cytotoxic concentration for CD4* MT-2 cells, 74 pM). UIC-94017 blocked the infectivity and
replication of each of HIV-1,,,; variants exposed to and selected for resistance to saquinavir, indinavir,
nelfinavir, or ritonavir at concentrations up to 5 pM (ICs,s, 0.003 to 0.029 uM), although it was less active
against HIV-1y, , ; variants selected for resistance to amprenavir (ICs,, 0.22 nM). UIC-94017 was also potent
against multi-PlI-resistant clinical HIV-1 variants isolated from patients who had no response to existing
antiviral regimens after having received a variety of antiviral agents. Structural analyses revealed that the close
contact of UIC-94017 with the main chains of the protease active-site amino acids (Asp-29 and Asp-30) is
important for its potency and wide spectrum of activity against multi-PI-resistant HIV-1 variants. Considering
the favorable pharmacokinetics of UIC-94017 when administered with ritonavir, the present data warrant that
UIC-94017 be further developed as a potential therapeutic agent for the treatment of primary and multi-PI-

resistant HIV-1 infections.

Combination therapy or highly active antiretroviral therapy
(HAART) with two or more reverse transcriptase inhibitors
and protease inhibitors (PIs) has dramatically improved the
quality of life and survival of patients infected with human
immunodeficiency virus (HIV) type 1 (HIV-1) (15, 16, 23, 28).
However, the ability to provide effective long-term antiretro-
viral therapy for HIV-1 infection has become a complex issue,
since 40 to 50% of those who initially achieved favorable viral
suppression to undetectable levels have experienced treatment
failure (7, 21). Moreover, 10 to 40% of antiviral therapy-naive
individuals infected with HIV-1 have persistent viral replica-
tion (plasma HIV RNA load, >500 copies/ml) while they are
receiving HAART (5, 12, 26), possibly due to the transmission
of drug-resistant HIV-1 variants (22, 27, 29). In addition, it is
evident that with these anti-HIV drugs, only partial immuno-
logic reconstitution is attained in patients with advanced
HIV-1 infection.

In the development of new anti-HIV-1 therapeutics, we have
faced a variety of challenges different from those faced in the
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design of the first-line drugs, invoking thoughts about selection
pressure mechanisms, in addition to the conventional issues of
potency, pharmacology, safety, and mechanism of drug action
(3, 4, 17). The issue of the emergence of drug-resistant HIV-1
variants is one of the most formidable challenges in the era of
HAART. Indeed, it is of note that the very features that con-
tribute to the specificity and efficacy of reverse transcriptase
inhibitors and PIs provide the virus with a strategy to develop
resistance (3, 14), and it seems inevitable that this resistance
issue will remain problematic for years to come.

A number of studies indicate that cross-resistance is a major
obstacle inherent to antiviral therapy with PIs (9, 11). This
observation should not be a surprise since all the inhibitors
were designed to bind to the wild-type enzyme. Mutations have
been found in every subsite of HIV-1 protease; however, not
every subsite residue has been found to mutate for resistance
to certain drugs. In this respect, novel PIs targeting the critical
sites (or atoms) of the enzyme other than those sites (or atoms)
with which the available PIs interact should be active against
HIV-1 variants resistant to existing PIs.

The present paper presents the first results of antiviral analyses
of a novel PI, UIC-94017 (TMC114), containing a 3(R),3a(S),
6a(R)-bis-tetrahydrofuranylurethane (bis-THF) and a sulfon-
amide isostere which is extremely potent against a wide spectrum
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FIG. 1. Structures of UIC-94017 and amprenavir.

of HIV strains in vitro, including a variety of multi-PI-resistant
clinical strains. We also describe the results of crystallographic
analysis of UIC-94017, which revealed that the close contact of
UIC-94017 with the main chains of the protease active-site amino
acids (Asp-29 and Asp-30), which differs from the binding profiles
of the PIs available at present, is important for its potency and
wide spectrum of activity against multi-PI-resistant HIV-1 vari-
ants.

MATERIALS AND METHODS

Cells and viruses. MT-2 and MT-4 cells were grown in an RPMI 1640-based
culture medium supplemented with 15% fetal calf serum (FCS; HyClone Lab-
oratories, Logan, Utah), 50 U of penicillin per ml, and 50 wg of streptomycin per
ml. The following HIV strains were used for the drug susceptibility assay (see
below): HIV-1; 5y, HIV-1g, , HIV-1y; 4.3, HIV-2g6, HIV-2z6p, two clinical
HIV-1 strains from drug-naive patients with AIDS (HIV-1grsio4pre and HIV-
Tyokw) (13, 25), and seven HIV-1 clinical isolates that were originally isolated
from patients with AIDS who had received 9 to 11 anti-HIV-1 drugs over the past
32 to 83 months and that were genotypically and phenotypically characterized as
multi-PI-resistant HIV-1 variants (30, 31).

Antiviral agents. UIC-94017 (TMC114) (Fig. 1), a novel nonpeptidic PI con-
taining a bis-THF and a sulfonamide isostere, was designed and synthesized in a
convergent manner by coupling an optically active P2-bis-THF ligand and an
(R)-hydroxyethylamino sulfonamide isostere. Detailed synthetic methods for
UIC-94017 will be described elsewhere by A. K. Ghosh et al. 3'-Azido-2',3'-
dideoxythymidine (AZT; zidovudine) was purchased from Sigma (St. Louis,
Mo.). Saquinavir (SQV) and ritonavir (RTV) were kindly provided by Roche
Products Ltd. (Welwyn Garden City, United Kingdom) and Abbott Laboratories
(Abbott Park, IIL.), respectively. Amprenavir (APV) was a kind gift from Glaxo-
Wellcome, Research Triangle Park, N.C. Nelfinavir (NFV), indinavir (IDV), and
lopinavir (LPV) were kindly provided by Japan Energy Inc., Tokyo, Japan.

Drug susceptibility assay. The susceptibilities of HIV-1; oy, HIV-1g, 1, HIV-
2g10, HIV-2Rop, and the primary HIV-1 isolates to various drugs were deter-
mined as described previously (30), with minor modifications. Briefly, MT-2 cells
(2 % 10%/ml) were exposed to 100 50% tissue culture infectious doses (TCIDss)
of HIV-1; o1, HIV-1g, 1, HIV-2g6, or HIV-2; o in the presence or absence of
various concentrations of drugs in 96-well microculture plates and were incu-
bated at 37°C for 7 days. After 100 pl of the medium was removed from each
well, 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solu-
tion (10 pl, 7.5 mg/ml in phosphate-buffered saline) was added to each well in the
plate, followed by incubation at 37°C for 2 h. After incubation to dissolve the
formazan crystals, 100 pl of acidified isopropanol containing 4% (vol/vol) Triton
X-100 was added to each well and the optical density was measured in a kinetic
microplate reader (Vmax; Molecular Devices, Sunnyvale, Calif.). All assays were
performed in duplicate or triplicate.

To determine the sensitivities of the primary HIV-1 isolates to drugs, phyto-
hemagglutinin-activated peripheral blood mononuclear cells (PHA-PBMCs; 10/
ml) were exposed to 50 TCIDs s of each primary HIV-1 isolate and cultured in
the presence or absence of various concentrations of drugs in 10-fold serial
dilutions in 96-well microculture plates. To determine the drug susceptibilities of
certain laboratory HIV-1 strains, MT-4 cells were used as target cells, as de-
scribed previously (30), with minor modifications. In brief, MT-4 cells (10°/ml)
were exposed to 100 TCIDsgs of drug-resistant HIV-1 strains in the presence or

absence of various concentrations of drugs and were incubated at 37°C. On day
7 of culture, the supernatant was harvested and the amount of p24 Gag protein
was determined by using a fully automated chemiluminescent enzyme immuno-
assay system (Lumipulse F; Fujirebio Inc., Tokyo, Japan) (13). The drug con-
centrations that suppressed the production of p24 Gag protein by 50% (50%
inhibitory concentrations [ICs(s]) were determined by comparison with the level
of p24 production in drug-free control cell cultures. All assays were performed in
triplicate.

Generation of PI-resistant HIV-1 in vitro. MT-4 cells (10°/ml) were exposed to
HIV-1y14.5 (500 TCIDsgs) and cultured in the presence of various PlIs at an
initial concentration of 0.01 to 0.03 wM. Viral replication was monitored by
determination of the amount of p24 Gag produced by MT-4 cells. The culture
supernatants were harvested on day 7 and were used to infect fresh MT-4 cells
for the next round of culture in the presence of increasing concentrations of each
drug. When the virus began to propagate in the presence of the drug, the drug
concentration was generally increased two- to threefold. Proviral DNA samples
obtained from the lysates of infected cells were subjected to nucleotide sequenc-
ing. This drug selection procedure was carried out until the drug concentration
reached 5 pM.

Determination of nucleotide sequences. Molecular cloning and determination
of the nucleotide sequences of HIV-1 strains passaged in the presence of anti-
HIV-1 agents were performed as described previously (30, 31). In brief, high-
molecular-weight DNA was extracted from HIV-1-infected MT-4 cells by using
the InstaGene Matrix (Bio-Rad Laboratories, Hercules, Calif.) and was sub-
jected to molecular cloning, followed by sequence determination. The primers
used for the first round of PCR with the entire Gag- and protease-encoding
regions of the HIV-1 genome were LTR-F1 (5'-GAT GCT ACA TAT AAG
CAG CTG C-3") and PR12 (5'-CTC GTG ACA AAT TTC TAC TAA TGC-3").
The first-round PCR mixture consisted of 5 .l of proviral DNA solution, 2.0 U
of Premix Taq (Ex Tag Version; Takara Bio Inc., Otsu, Japan), and 12.5 pmol of
each of the first PCR primers in a total volume of 50 wl. The PCR conditions
used were an initial 2 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at
58°C, and 3 min at 72°C, with a final 8 min of extension at 72°C. The first-round
PCR products (1 pl) were used directly in the second round of PCR with primers
LTR F2 (5'-GAG ACT CTG GTA ACT AGA GAT C-3’) and Ksma2.1 (5'-CCA
TCC CGG GCT TTA ATT TTA CTG GTA C-3’) under the same PCR condi-
tions described above. The second-round PCR products were purified with spin
columns (MicroSpin S-400 HR columns; Amersham Biosciences Corp., Piscat-
away, N.J.), cloned directly, and subjected to sequencing with a model 377
automated DNA sequencer (Applied Biosystems, Foster City, Calif.).

Crystallographic analyses. The wild type HIV-1 protease was expressed, pu-
rified, and crystallized as described previously (14). In brief, the inhibitor was
dissolved in dimethyl sulfoxide (DMSO). Crystals were grown from a 5:1 ratio of
inhibitor to protease. Crystals grew in hanging drops at room temperature with
a well solution of 30 mM sodium acetate (pH 4.8), 10% glycerol, 10% DMSO,
and 10% dioxane. X-ray diffraction data were collected with the Southeast
Regional Collaborative Access Team (SER-CAT) 22-ID beam line at the Ad-
vanced Photon Source, Argonne National Laboratory. Data were processed in
space group P21212 with unit cell dimensions of a equal to 58.26 A, b equal to
85.91 A, and ¢ equal to 46.05 A by using the HKL 2000 suite of programs (18).
The structures were solved by molecular replacement with the AmoRe package
(17a), refined with anisotropic B factors by using the high-resolution refinement
program SHELX97 (24), and refitted by using the computer graphics program O
8.0 (10).
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TABLE 1. Activity of UIC-94017 against HIV-1, ,; and
cytotoxicity of UIC-94017¢

Drug ICsy (kM) CCsy (LM) Selectivity index
UIC-94017 0.003 = 0.0001 744+ 1.2 24,800
SQV 0.017 = 0.003 11328 660
APV 0.036 = 0.011 >100 >2,800
IDV 0.047 = 0.008 703 = 4.6 1,500
NFV 0.027 = 0.004 ND ND
RTV 0.045 £ 0.012 ND ND
LPV 0.034 = 0.006 ND ND

@ MT-2 cells (2 X 10%) were exposed to 100 TCIDss of HIV-1; 5; and cultured
in the presence of various concentrations of PIs, and the ICs,s were determined
by the MTT assay on day 7 of culture. All assays were conducted in duplicate, and
the data shown represent mean * 1 standard deviation derived from the results
of three independent experiments. ND, not determined.

RESULTS

Anti-HIV-1 activity and cytotoxicity of UIC-94017. We de-
signed, synthesized, and examined ~200 different bis-THF-
containing nonpeptidic PIs for their anti-HIV activities and
found that UIC-94017 had extremely potent activity against a
laboratory HIV-1 strain, HIV-1, ,;, compared to the activities
of the clinically available Food and Drug Administration-ap-
proved PlIs. As shown in Table 1, six of the available PIs
suppressed the infectivity and replication of HIV-1, ,;, with
ICsqs ranging from 0.017 to 0.047 pM with MT-2 cells as the
target cells, while UIC-94017 had the most potent activity in
terms of suppressing the infectivity and replication of the virus
(ICsp, 0.003 wM). The selectivity index of UIC-94017, which
was 24,800, was much greater than those of SQV and IDV,
although the 50% cytotoxic concentration (CCs,) of APV was
greater than 100 wM, and further testing was not conducted
with APV.

UIC-94017 was further tested against an R5 laboratory
HIV-1 strain, HIV-1g, ;, and two HIV-2 strains, HIV-2;5p
and HIV-2gy0, in vitro (Table 2). UIC-94017 was also found
to have potent activity against HIV-1g,; (ICs,, 0.003 nM)
when it was tested with PHA-PBMCs as the target cells and
against the two HIV-2 strains (ICss, 0.003 to 0.006 wM) when
it was tested with MT-2 cells as the target cells. UIC-94017 had
6- to 13-fold greater activity against HIV-1g, ; than the other
PIs tested. In addition, UIC-94017 and SQV had more potent
activities than the other four PIs against the two HIV-2 strains
and suppressed the infectivity and replication of the two HIV-2
strains (Table 2). In particular, the activities of APV and RTV
were much less potent than those of the other PIs against
HIV-2.

UIC-94017 has potent activity against HIV-1 variants se-
lected with PIs. Next we tested the activities of UIC-94017 and
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five clinically available PIs against various HIV-1 variants se-
lected for resistance in vitro with each of the five PIs. A lab-
oratory HIV-1 strain, HIV-1y, 45, was passaged in the pres-
ence of increasing concentrations of up to 5 puM each PI in
MT-4 cells. The selection was carried out in a cell-free manner
for a total of 27, 23, 22, 21, and 14 passages for SQV, APV,
IDV, NFV, and RTV, respectively. When the concentration of
each drug reached 5 pM, we found that the protease-encoding
region of HIV-1 contained a variety of previously known PI
resistance-associated amino acid substitutions (Table 3). When
resistance was examined in MT-4 cells as the target cells, each
PI-selected HIV-1 variant was, as expected, highly resistant to
the PI with which the virus was selected, with ICs,s exceeding
1 uM. UIC-94017 had potent activities against HIV-1, 4 5 se-
lected with SQV at 5 pM (HIV-1sqvs,m) and HIV-1ygy s,
although it was less potent against HIV-1;5y5,v and HIV-
1rTvs.m. Considering that UIC-94017 shares a P2’ 4-amino-
benzenesulfonamide with APV (Fig. 1), it was not surprising
that UIC-94017 had the least potent activity against HIV-
1 apvsums With an ICs, 73-fold greater than that for HIV-1y; 4 5.
UIC-94017 exerts potent activity against highly multi-PI-
resistant clinical HIV-1 strains. Highly multi-PI-resistant pri-
mary HIV-1 strains were isolated from seven patients with
AIDS who had failed existing anti-HIV regimens after receiv-
ing 9 to 11 anti-HIV-1 drugs over the previous 32 to 83 months
(30, 31) and served as a source of primary infectious HIV-1
strains. These primary strains contained 9 to 14 amino acid
substitutions in the protease-encoding region which have re-
portedly been associated with HIV-1 resistance to various PIs.
The mutations seen in these isolates included Leu-10—Ile (sev-
en of seven isolates), Met-46—lle or Leu (six of seven isolates),
Ile-54—Val (five of seven isolates), Leu-63—Pro (seven of
seven isolates), Ala-71—Val or Thr (six of seven isolates),
Val-82—Ala or Thr (seven of seven isolates), and Leu-
90—Met (five of seven isolates) (see footnote a of Table 4).
Two wild-type primary strains, X4 HIV-1gggi04pre (25) and
RS HIV-1,0kw (13), were used as reference strains, against
which all the drugs tested exerted potent antiviral activities,
with ICsys ranging from 0.003 to 0.033 uM (Table 4). Three
primary strains were highly resistant to AZT, with ICs,s being
20- to 183-fold greater than the ICs, for HIV-1grgigapre- SQV
showed considerable activity against two multidrug-resistant
primary strains, strains HIV-1. and HIV-15, with the ICs.s
being three- to fourfold greater than those for HIV-1ggsigapres
however, its activity was less potent against the other five
strains, with 1Cy,s ranging from 0.14 to 0.35 uM. APV, IDV,
NFV, and RTV were less potent in blocking the replication of
all multi-PI-resistant strains, with IC5,s ranging from 0.16 to

TABLE 2. Activities of selected anti-HIV agents against HIV-1g, ;, HIV-2y4p, and HIV-2,o°

. ICso (M)
Virus Cell
AZT SQv APV IDV NFV RTV UIC-94017
HIV-15,, PBMC 0.009 =0.001 0.018 = 0.010 0.026 = 0.005  0.025 £0.012  0.017 = 0.004  0.039 = 0.020  0.003 = 0.0003
HIV-2p0p MT-2 0.018 = 0.002  0.003 = 0.0002 0.23 = 0.01 0.014 = 0.006  0.019 = 0.003 0.13 = 0.06 0.003 = 0.0001
HIV-2ho  MT-2 0.011 = 0.002  0.006 = 0.002 0.17 = 0.05 0.011 = 0.002  0.029 = 0.018 0.24 = 0.006  0.006 = 0.003

“ For HIV-1g, 1, the ICs4s were determined by using PHA-PBMCs and inhibition of p24 Gag protein production by the drug as an endpoint. For HIV-2g o, and
HIV-2g0, MT-2 cells were exposed to the virus and cultured, and the ICsys were determined by the MTT assay. All assays were conducted in duplicate or triplicate,
and the data shown represent means *+ 1 standard deviation derived from the results of three independent experiments.
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TABLE 5. Effects of human serum proteins on anti-HIV-1 activity of UIC-94017¢

15% FCS 10 uM AAG 45% human serum

Drug
ICso (LM) ICo (LM) ICs (kM) ICy (M) ICso (LM) ICo (M)

UIC-94017 0.003 = 0.0003 0.009 = 0.0005 0.042 = 0.011 (14) 0.17 = 0.10 (19) 0.034 = 0.0005 (11) 0.11 = 0.03 (12)
SQV 0.010 = 0.004 0.060 = 0.008 0.033 = 0.0006 (3) 0.09 = 0.002 (2) 0.17 = 0.12 (17) 0.89 £ 0.13 (15)
APV 0.023 = 0.006 0.083 = 0.004 0.35 £ 0.06 (15) >1(>12) 0.35 £ 0.07 (15) >1(>12)
IDV 0.018 = 0.004 0.075 = 0.002 0.051 = 0.002 (3) 0.35 = 0.16 (5) 0.069 = 0.008 (4) 0.61 = 0.04 (8)
NFV 0.019 = 0.002 0.075 = 0.0007 0.31 = 0.01 (16) 0.83 = 0.01 (11) 0.94 = 0.06 (49) >1(>13)
RTV 0.027 £ 0.009 0.082 = 0.005 0.21 = 0.16 (8) 0.69 = 0.19 (8) 0.33 = 0.05 (12) >1(>12)

“The ICs¢s and ICqys were determined by using PHA-PBMCs as target cells and the inhibition of p24 Gag protein production as an endpoint. All assays were
conducted in triplicate. The results shown are means * standard deviations from three independent assays. Numbers in parentheses represent fold increases in ICs,
and ICys in the presence of 10 uM AAG or 45% human serum compared to those determined in the presence of 15% FCS. The virus used was HIV-1grgig4pre-

more than 1 wM. These data confirm that virtually all the
primary strains tested were highly resistant to all clinically
available PIs except SQV, to which strains were susceptible in
a few cases. It should be noted, however, that UIC-94017
potently blocked the replication of five of seven primary
strains, with I1Cs,s ranging from 0.003 to 0.013 M, although
the ICsys of UIC-94017 were 7- and 10-fold greater for HIV-
1y and HIV-1,g;, respectively.

Effects of human serum proteins on anti-HIV-1 activity of
UIC-94017. In an attempt to determine whether the anti-
HIV-1 activity of UIC-94017 is affected by proteins in the
bloodstream or body fluids, we examined the effects of «,-acid
glycoprotein (AAG) or human serum (45%) on the activity of
UIC-94017 against HIV-1ggs04pre in PHA-PBMCs (Table 5).
In the presence of 10 uM AAG, the ICsys and ICyys of five
clinically available PIs rose by factors of 3 to 16 and 2 to >12
compared to the ICs,s and IC,,s determined in the presence of
15% FCS, respectively. In the presence of 45% human serum,
the IC;,s and IC,,s of the five Pls rose by factors of 4 to 49 and
8 to 15 (or >13) compared to the ICss and IC,yys obtained
with 15% FCS, respectively. The 1Csys and 1Cqys of UIC-94017
also rose by factors of 14 and 19, respectively, in the presence
of 10 uM AAG and by factors of 11 and 12, respectively, in the
presence of 45% human serum. It is worth noting that the
1C,ys and ICy,s of UIC-94017 were the second lowest after
those of SQV in the presence of AAG and were the lowest
among those of the other PlIs in the presence of 45% human
serum.

Crystallographic analysis of UIC-94017 complexed with
HIV-1 protease. In order to investigate the mechanism of how
UIC-94017 exerts its potent activity against a wide spectrum of
multi-Pl-resistant HIV-1 strains, an X-ray crystal structure of
HIV-1 protease complexed with UIC-94017 was refined to
an R factor of 0.15 and R free of 0.19 at a 1.30-A resolution.
(The crystallographic R factor is defined as folows: R =
S(|Fops = Featcl/IFops), where F,,. represents the observed
structure factors and F_,,. represents the calculated structure
factors.) It was found that UIC-94017 was bound in two ori-
entations, and the side chains of several amino acids showed
disordered densities with two conformations, as observed pre-
viously for hydrophobic side chains near the peptide analogs
(14). Equivalent interactions were also shown in both orienta-
tions of UIC-94017. The inhibitor’s P1 and P1’ groups form
van der Waals interactions with protease residues Leu-23, Gly-
49, Ile-50, Pro-81, Val-82, and Ile-84. The P2 and P2’ groups
interact with residues Ala-28, Asp-29, Asp-30, Val-32, Ile-47,

and Ile-50. The inhibitor hydroxyl group interacts with all four
carboxylate oxygens of the catalytic residues Asp-25 and Asp-
25'. The carbonyl oxygen and one of the sulfonamide oxygen
atoms form hydrogen bonds with the water molecule that in-
teracts with the amides of Ile-50 and Ile-50" on the flaps, as
observed in most HIV-1 protease-inhibitor complexes (8). The
two oxygen atoms of the bis-THF group of UIC-94017 are
positioned to form hydrogen bond interactions with the main
chain amides of Asp-29 and Asp-30 and the carboxylate oxygen
of Asp-29. Furthermore, it was found that UIC-94017 formed
new polar interactions with the amide of the main chain and
the carboxylate oxygen of Asp-30.

DISCUSSION

In the present study, we demonstrated that a novel nonpep-
tidic HIV-1 protease inhibitor, UIC-94017 (TMC114), which
contains a bis-THF and a sulfonamide isostere, exerts ex-
tremely potent activity against laboratory HIV-1 strains and
primary clinical isolates with minimal cytotoxicity (Tables 1 to
3). In particular, UIC-94017 efficiently blocked the infectivity
and replication of each of the HIV-1, , 5 variants exposed to
and selected for resistance to SQV, IDV, NFV, or RTV at
concentrations up to 5 uM (Table 3). UIC-94017 was also
potent against multi-PI-resistant clinical HIV-1 variants iso-
lated from patients who had no response to existing antiviral
regimens after having received a variety of antiviral agents
(Table 4). It was noted that the activity of UIC-94017 was less
potent against APV-resistant strain HIV-1,py 5,03 however, it
was thought that this was due to the structural relatedness of
UIC-94017 to APV, in that they share the P2’ 4-aminobenz-
enesulfonamide. It is intriguing that the activity of SQV was
fairly well maintained against various HIV-1 strains selected
with PIs but not against the variant selected with SQV, a
profile generally consistent with previous results (1, 6, 30, 31).
Nevertheless, when the activity of SQV against multi-drug-
resistant primary strains was examined, high concentrations of
SQV were required to suppress the replication of five of seven
primary strains tested (ICs, range, 0.14 to 0.35 M) (Table 4).
In contrast, UIC-94017 exerted highly potent activity against
all seven primary strains examined. As shown in Table 4, even
the replication of the most apparently resistant primary strain,
HIV-1,4;, was successfully suppressed by a relatively low con-
centration of UIC-94017 (ICs, 0.029 wM). With regard to the
pharmacokinetics of UIC-94017, Hoetelmans et al. (R.
Hoetelmans, et al., 10th Conf. Retrovir. Opportunistic Infect.,
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FIG. 2. Stereoview of X-ray crystal structure of HIV-1 protease complexed with UIC-94017. UIC-94017 is depicted in purple, and significant HIV-1 protease residues are shown in green
with the corresponding three-letter amino acid codes and sequence numbers. Nitrogen and oxygen atoms are shown in blue and red, respectively. Hydrogen bonds between UIC-94017 and

each amino acid and those between UIC-94017 and the water molecule are indicated by green dashed lines.

ANTIMICROB. AGENTS CHEMOTHER.

abstr. 549, 2003) have recently reported that when UIC-94017
is coadministered with RTV by use of dosing regimens of 200
mg of UIC-94017 plus 100 mg of RTV once a day and 1,200 mg
of UIC-94017 plus 200 mg of RTV once a day, the levels of
UIC-94017 in the plasma of patients with AIDS rose to 2.6 and
9.6 uM, respectively, and the trough levels were 0.65 and 1.8
M, respectively. These pharmacokinetic data from a clinical
trial show that the levels of UIC-94017 in plasma do not go
below 15- and 43-fold above the AAG-adjusted ICs,s (0.042
wM; Table 5) with the low and high dosing regimens, respec-
tively. Indeed, it should be noted that Arasteh et al. (K.
Arasteh, et al., 10th Conf. Retrovir. Opportunistic Infect., ab-
str. 8, 2003) most recently reported the early results of an open,
randomized phase Ila clinical trial with 50 multiple PI-experi-
enced patients with AIDS in which patients receiving various
combination regimens of UIC-94017 and RTV had a signifi-
cant reduction in the number of HIV-1 RNA copies in their
plasma (range, —0.47 to —2.5 log,,; median reduction, —1.35
log,,). Treatment with UIC-94017 plus RTV was generally
well tolerated.

It was recently reported that certain PIs can exert potent
activities against clinical HIV-1 strains which acquired high
levels of resistance to multiple PIs (2, 30, 31). One such agent,
JE-2147, represents a dipeptide PI which, like UIC-94017, is
potent in vitro against a wide spectrum of HIV-1 strains, in-
cluding HIV-1 variants highly resistant to multiple PIs (31).
JE-2147, unlike UIC-94017, possesses a P2’ benzylamide
group that has two rotatable bonds between the amide and the
phenyl ring. This flexible P2’ substituent, which can adapt to
structurally altered active sites of mutant HIV-1 proteases and
maintain its tight binding to protease, is believed to be respon-
sible for the potent activity of JE-2147 against multi-PI-resis-
tant HIV-1 variants (31). In contrast, the observed extreme
potency of UIC-94017 seen in the present in vitro study ap-
pears to stem from the formation of strong hydrogen bonds
between the two oxygens of UIC-94017’s bis-THF and the
main chains of Asp-29 and Asp-30 in the S2 subsite (Fig. 2).
More importantly, the reason that UIC-94017 exerts potent
activity against multi-PI-resistant variants is also presumably
due to its interaction with the main chains (not the side chains,
with which other PIs interact) of these two aspartic acids.
Indeed, the Asp-30—Asn substitution emerges as a primary
substitution in HIV-1 following long-term exposure to NFV,
which is known to interact with the side chain of Asp-30, and
presumably alters the NFV-protease interaction and confers
on the virus resistance to NFV (19, 20). Although HIV-1 se-
lection experiments with UIC-94017 are under way in H.M.’s
laboratory, it is worth noting that HIV-1 strains exposed to
UIC-94003 (30), an analog of UIC-94017, did not undergo a
substitution at codon 30, probably because side chain changes
do not confer on the virus resistance to UIC-94003, as de-
scribed previously (30). Instead, HIV-1 strains exposed to
UIC-94003 acquired a unique Ala—Ser substitution at residue
28 at the active site of the enzyme, which can produce a steric
and electrostatic expulsion and which may alter the conforma-
tion of the enzymatic active site composed of Asp-29 and
Asp-30 (30). The unique characteristics exhibited by the bis-
THF group of UIC-94017—namely, its close position and tight
binding to the main chains of the active-site amino acids,
Asp-29 and Asp-30, which differ from the profiles of other
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Food and Drug Administration-approved PIs—should be im-
portant for the potency of UIC-94017 and its activity against
multi-PI-resistant HIV-1 variants. These structural properties
of UIC-94017 may also provide a new framework for the de-
velopment of PIs which hardly permit or delay the emergence
of PI-resistant HIV-1 variants.

Taken together, the present data strongly suggest that UIC-
94017 might have potent efficacy in patients harboring multi-
drug-resistant HIV-1 variants; however, it is likely that HIV-1
will eventually become resistant to UIC-94017, and the poten-
tial usefulness of UIC-94017 should be interpreted in the con-
text of placebo-controlled, double-blind clinical trials.
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