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Darunavir, a conceptually new HIV-1 protease inhibitor
for the treatment of drug-resistant HIV
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Abstract—Our structure-based design strategies which specifically target the HIV-1 protease backbone, resulted in a number of
exceedingly potent nonpeptidyl inhibitors. One of these inhibitors, darunavir (TMC114), contains a privileged, structure-based
designed high-affinity P2 ligand, 3ðRÞ,3aðSÞ,6aðRÞ-bis-tetrahydrofuranylurethane (bis-THF). Darunavir has recently been approved
for the treatment of HIV/AIDS patients harboring multidrug-resistant HIV-1 variants that do not respond to previously existing
HAART regimens.
� 2007 Elsevier Ltd. All rights reserved.
The AIDS (acquired immunodeficiency syndrome) epi-
demic has become one of the most pressing medical con-
cerns of our time.1 The World Health Organization
(WHO), as of 2006, estimated that over 40 million peo-
ple are infected with HIV (human immunodeficiency
virus), the causative agent of AIDS.2 During replication
in the HIV life-cycle, gag and gag-pol gene products are
produced as precursor polyproteins which are subse-
quently processed by a virally encoded protease to pro-
vide structural proteins (p17, p24, p9 and p7) and
essential viral enzymes, including protease (PR), reverse
transcriptase (RT) and integrase (IN).3 All three retrovi-
ral enzymes have been identified as potential drug tar-
gets. Specifically, the critical function of HIV protease
has made it an important target for the treatment of
HIV/AIDS. The approval of the first protease inhibitor
(PI), saquinavir and its introduction into highly active
antiretroviral therapy (HAART), with reverse transcrip-
tase inhibitors, led to significantly enhanced HIV man-
agement and improved the quality of life of HIV/
AIDS patients.4
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Since the advent of saquinavir, a number of PIs have
been introduced in the regimens of HAART. Thus
improved HAART regimens have shown reduced viral
load, increased CD4+ T-cell counts5 and drastically low-
ered AIDS-related deaths in the US and industrialized
nations.6 While HAART proved to be a large step for-
ward, there are still serious drawbacks with the first
generation anti-protease therapeutics. These include:
(1) severe side effects and drug toxicities, (2) higher ther-
apeutic doses due to ‘peptide-like’ character, (3) costly
synthesis which leads to high treatment cost, and
perhaps the most alarming, (4) the rapid emergence of
drug resistance. Indeed, the emergence of multidrug-
resistant HIV strains has greatly compromised current
HAART regimens. It has been reported that treatment
failure has ultimately occurred in at least 40–50% of
patients, who initially achieved favorable viral suppres-
sion with HAART to undetectable levels.7 Furthermore,
persistent viral replication (plasma HIV RNA
> 500 copies=mL) has been reported under HAART
in 10–40% of antiviral therapy-naive individuals as a
result of transmission of drug-resistant HIV-1 variants.8

The management and effective treatment options for
HIV/AIDS clearly depend upon the development of
PIs and other novel anti-HIV therapeutics, which can
effectively combat drug-resistant HIV strains, possess
better pharmacokinetic properties, have no or less toxic-
ities, and come at a reduced cost of synthesis.
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1. Design of nonpeptide ligands to eliminate peptidic
character

Our initial investigation primarily focused on reducing
peptidic features, molecular weight, and structural
complexity of protease inhibitors. In this context, we
have designed a number of nonpeptidic high-affinity li-
gands for the HIV protease substrate binding site
based upon various available three-dimensional struc-
tures of the protein-ligand complex.9 Particularly, we
planned to design conformationally constrained non-
peptidic molecules of a cyclic or heterocyclic nature
to maximize the active site interactions. One of the
important elements in our design strategy is the incor-
poration of a stereochemically defined and conforma-
tionally constrained cyclic ether template that could
replace peptide bonds and mimic their biological mode
of action by retaining critical interactions in the active
site.9,10 The idea of designing cyclic ether-based ligands
emerged from our observation that numerous bioactive
natural products are comprised of these cyclic ether
motifs. Of particular interest, ionophore antibiotic,
monensin (1, Fig. 1)11 and platelet activating factor
antagonist, ginkgolide B (2),12 which feature these
cyclic ether subunits, do not suffer from oral bioavail-
ability problems inherent to peptide and peptidomimet-
ic-based inhibitor drugs.

Indeed, our structure-based design strategy led to the
development of a number of cyclic ether-derived non-
peptide P2-ligands for the HIV protease substrate
binding site. We have documented an intriguing
potency enhancing effect of 3ðSÞ-tetrahydrofuranyl
urethane in inhibitors containing a hydroxyethylene
isostere or a hydroxyethylsulfonamide isostere.13

Incorporation of 3ðSÞ-tetrahydrofuran into a ðRÞ-
(hydroxyethyl)sulfonamide isostere afforded a highly
potent inhibitor which later became amprenavir.14 It
is noteworthy to mention that the tetrahydrofuranyl
subunit is inherent in both monensin and various
ginkgolides (Fig. 1).
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Figure 1. Structures of monensin and ginkgolide B.
2. Design of bis-THF: an inspiration from bioactive
natural products

Analysis of a number of protein-ligand X-ray structures
of 3ðSÞ-tetrahydrofuranyl urethane-bearing inhibitors
revealed weak hydrogen bonding between the tetrahy-
drofuranyl oxygen and the main chain aspartic acids
(Asp-29 and Asp-30) as well as van der Waals interac-
tions in the S2-site. Based upon this structure, our sub-
sequent objective became to design a ligand that would
maximize the hydrophobic and hydrogen bonding inter-
actions with the residues in the S2-site. Our critical anal-
ysis of the saquinavir (3)-bound protease X-ray crystal
structure led us to design and develop a stereochemically
defined bicyclic tetrahydrofuran (bis-THF) ligand that
appeared to effectively hydrogen bond with both
Asp-29 and Asp-30 NHs. The bicyclic ring of the bis-
THF is also poised to offset the loss of P3 hydrophobic
binding of the quinoline ring in saquinavir. Inhibitor 4
(enzyme IC50 of 1.8 nM and antiviral CIC95 of 46 nM,
Fig. 2) has shown improved aqueous solubility, reduced
peptidic features and molecular weight compared to
saquinavir.9 Subsequent detailed studies established that
the stereochemistry, the position of the oxygen atoms,
ring sizes and substituents are all essential for potency.9

The X-ray crystal structure of 4-bound protease
revealed that the bis-THF ring oxygens are involved in
effective hydrogen bonding interactions with both the
backbone NH’s of Asp-29 and Asp-30 present in the
S2 subsite. In essence, the bis-THF ligand, a subunit
of ginkgolides (bicyclic acetal) remarkably mimics the
binding of the P2 asparagine carboxamide and the P3
quinaldic amide carbonyl of saquinavir.
3. Design and development of ‘darunavir’ to combat drug
resistance

Our analysis of protein-ligand complexes of wild-type
and mutant proteases and an overlay of the correspond-
ing protein backbones showed only minimal distortion
of the backbone conformation, particularly in the active
site of the protease.15 This is also apparent in other
reported high resolution X-ray structures of related
inhibitor/ligand complexes.16 This observation led us
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Figure 2. Structures of saquinavir and a bis-THF inhibitor.
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to speculate that an inhibitor making extensive hydro-
gen bonding interactions with the protein backbone of
the wild-type enzyme will also maintain potency against
mutant strains. Our inhibitor design strategy to combat
drug-resistance then focused on optimizing of the
ligand-binding site interactions so as to make maximum
interactions in the active site, including hydrophobic,
electrostatic and most critical, hydrogen bonding with
the backbone atoms located in the S2 to S2 0-subsites
of protease. As mentioned previously, inhibitor 4-bound
X-ray structure of HIV protease revealed that while the
P2 bis-THF ligand makes extensive interactions
including backbone hydrogen bonding in the S2-subsite,
similar hydrogen bonding in the S2 0-site are mostly
absent.

With the objective of designing an inhibitor that can
make robust hydrogen bonding throughout the S2-S2 0-
subsites, we investigated the effect of a P2 bis-THF
ligand with a number of different isosteres.9 Incorpora-
tion of the P2 bis-THF in ðRÞ-(hydroxyethyl) sulfon-
amide isosteres led to a number of potent PIs, with
impressive drug resistance profiles. For instance, inhibi-
tor 5 (UIC-PI or UIC94003 and later TMC-126), incor-
porating a P2 bis-THF and a p-methoxysulfonamide as
the P2 0 ligand exhibited remarkably potent enzyme
inhibitory potency (K i value 14 pM, Fig. 3) and antiviral
activity (ID50 value of 1.2 nM) in CEM cell lines.17 It
was also profiled against numerous mutant HIV prote-
ases. The K i was less than 100 pM in every case and
the K imut=K iwt was no greater than five. This indicates
a low level of resistance even for enzymes with multiple
mutations which have been shown to be resistant to clin-
ically active inhibitors. TMC-126 has shown a remark-
able drug resistance profile and has maintained high
potency in the presence of human serum albumin.17

Inhibitor 6 (UIC 94017, later known as TMC-114) with
a bis-THF as the P2 ligand and p-aminosulfonamide as
the P2 0 ligand has also exhibited very impressive inhibi-
tory properties. It displayed an enzyme inhibitory po-
tency ðK iÞ of 16 pM and an antiviral ID50 of 4.7 nM
in CEM cell lines. It showed an antiviral ID90 of
10 nM, and a TD50 > 100 lM in cell culture assays.18

Inhibitor-bound X-ray structure analysis revealed that
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Figure 3. Structure of darunavir and inhibitor 5.
both P2 and P2 0-ligands of inhibitor 6 are involved in
extensive hydrogen bonding with the protein backbone.
This may be responsible for its potency and wide-spec-
trum activity against multi-PI-resistant HIV-1 variants.
It was tested against a panel of 20 HIV variants resistant
to current PI’s, but there was no greater than a 5-fold
increase in ID50 values, indicating it remained active
against the resistant strains. In addition, the P2 0-amine
group provided more favorable pharmacokinetic prop-
erties compared to the P2 0-methoxy group in inhibitor
5. Subsequently, it was selected for clinical development
and renamed darunavir.19

Clinical development of darunavir was conducted by
Tibotec-Virco, Belgium.18b POWER 1 and POWER 2
clinical trials of ritonavir-boosted darunavir (DRV/r)
were carried out with treatment-experienced patients
who were no longer benefiting from available PIs. Over
a period of six months, both studies showed that combi-
nation therapy using DRV/r led to a reduction in viral
load below 50 copies/mL in 45% of participants com-
pared with only 12% of participants given another avail-
able PI. CD4+ cell counts in the DRV/r group rose by
an average of 92 cells=mm3 over the six month period
compared with an average increase of 17 CD4+ cells/
mm3 for participants receiving another PI during this
time.20 POWER 3, a non-randomized, open-label trial
was conducted to assess the long-term efficacy and
safety of DRV/r 600/100 mg BID in treatment-experi-
enced patients. The primary efficacy endpoint was the
proportion of patients with P 1 log10 reduction in
HIV RNA by week 24. Reduction of HIV RNA with
an efficacy endpoint of P 1 log10 was observed in
65% of patients. Reductions in HIV RNA levels to
< 400 copies=mL and < 50 copies=mL were observed
in 57% and 40% of patients, respectively. DRV received
accelerated approval by the FDA on June 23, 2006.20

Recent studies have shown that darunavir, when used
in combination with the fusion inhibitor FUZEON,
can substantially increase the chances of reaching unde-
tectable viral load.21
4. Recent PIs based on the bis-THF ligand

The success of Darunavir and the evidence indicating
the importance of the bis-THF P2 ligand has led to an
expansion of the ‘backbone binding concept’, and
produced several novel and active PIs. Ritonavir has
recently been modified with the addition of the P2-bis-
THF ligand, and initial SAR results revealed a new
potent inhibitor.22 Introduction of a fused benzodioxo-
lane and other related functionalities as P2 0 sulfona-
mides have shown significant potency enhancement
and drug-resistance properties.23 GlaxoSmithKline
researchers have investigated various structural modifi-
cations at the P1 and P1 0 positions of inhibitors contain-
ing a bis-THF group as the P2-ligand and a
benzodioxolane sulfonamide as the P02-ligand.24 One of
the inhibitors has shown IC50 values in the single digit
nanamolar range as well as K i’s in the femtomolar
range.25 This inhibitor was later renamed brecanavir
and had undergone extensive clinical studies. However
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brecanavir development was later terminated reportedly
due to its difficulty to formulate. Tibotec researchers
have discovered a new series of fused benzoxazole and
benzothiazole ligands to fit the S20 domain. These new
inhibitors have shown broad-spectrum antiviral activity
against PI resistant mutants, as well as excellent phar-
macokinetic properties.26
5. Beyond the bis-THF ligand and darunavir: recent
developments in protease inhibitors

Recently, Procyon pharmaceuticals has reported a new
class of protease inhibitors based on L-lysine. Uniquely,
two novel sulfonamide based PIs (PL-100, 7 and PPL-
100, 8, Fig. 4) have displayed good protease inhibitory
activity.27 They have shown enzyme inhibitory activity
less than 20 nM, but their preliminary cross-resistance
results are very impressive. Against 14 viral stains from
highly PI-experienced patients, PL-100 showed a 4.5
average fold-increase in IC50 values.28 The phosphate es-
ter prodrug, PPL-100 (8), showed a superior pharmaco-
kinetic profile.29 AG-001859, 9 is another recently
identified compound which exhibited potency against
resistant strains of HIV.30 This new compound is an all-
ophenylnorstatin-based PI, and has shown K i’s for
wild-type and mutant proteases as low as 0.1 nM. When
AG-001859 was tested against 44 PI-resistant HIV-1 iso-
lates, it displayed excellent potency with a median EC50

of 34 nM (range 5.3–420 nM).30 AG-001859 was
selected for further testing and has started a phase 1
clinical trial.

We recently developed a new P2 ligand, based upon the
‘backbone binding’ design concepts. Inhibitor 10
contains a stereochemically defined bicyclic hexa-
hydrocyclopentanofuran as a P2 ligand and a hydrox-
ymethylphenylsulfonamide group as the P2 0 ligand
(Fig. 4) It has shown potent antiviral activity
ðK i ¼ 4:5 pM, IC50 ¼ 1:8 nMÞ and effective drug-resis-
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Figure 4. Structures of recent protease inhibitors.
tance properties against a panel of multi-PI-resistant
HIV-1 isolates with IC50 values ranging from 4–
52 nM.31
6. Future directions of anti-protease treatment

The future management of HIV/AIDS should rely upon
the development of therapies that are less toxic and
more effective in combating drug-resistance. Since prote-
ase inhibitors are very important components of current
HAART regimens, design and development of new PIs
with improved pharmacological properties and better
drug-resistance profiles are of great importance. In this
context, our design strategies target the active site pro-
tein-backbone as there is minimal change in the back-
bone conformations of the wild-type and mutant
proteases. Of particular note, we have developed a
new generation of PIs bearing a structure-based de-
signed bis-THF ligand that effectively fills in the hydro-
phobic pocket and maximizes hydrogen bonding
interactions with the backbone atoms of the S2-site. A
number of bis-THF-derived inhibitors are exceedingly
potent and have maintained very impressive potency
against multidrug-resistant HIV-1 variants. One of these
inhibitors, darunavir, has been recently approved by the
FDA as the first treatment of drug-resistant HIV. Our
detailed structural analysis of darunavir-bound wild-
type and mutant proteases have documented extensive
hydrogen bonding interactions with the active site back-
bone atoms. This design concept targeting the backbone
may serve as an important guide to combat drug resis-
tance. Further development of novel PIs with designed
functionalities is currently the focus of our ongoing
investigation.
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