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Beyond Darunavir: Recent Development of Next Generation HIV-1 
Protease Inhibitors to Combat Drug Resistance  
Arun K. Ghosh,*a Irene T. Weberb and Hiroaki Mitsuyac,d,e

We report our recent development of a conceptually new generation of exceptionally potent non-peptidic HIV-1 protease 
inhibitors that displayed excellent pharmacological and drug-resistance profiles. Our X-ray structural studies of darunavir 
and other designed inhibitors from our laboratories led us to create a variety of inhibitors incorporating fused ring polycyclic 
ethers and aromatic heterocycles to promote hydrogen bonding interactions with the backbone atoms of HIV-1 protease as 
well as van der Waals interactions with residues in the S2 and S2’ subsites. We have also incorporated specific functionalities 
to enhance van der Waals interactions in the S1 and S1’ subsites. The combined effects of these structural templates are 
critical to the inhibitors’ exceptional potency and drug-like properties. We highlight here our molecular design strategies to 
promote backbone hydrogen bonding interactions to combat drug-resistance and specific design of polycyclic ether 
templates to mimic peptide-like bonds in the HIV-1 protease active site. Our medicinal chemistry and drug development 
efforts led to the development of new generation inhibitors significantly improved over darunavir and displaying 
unprecedented antiviral activity against multidrug-resistant HIV-1 variants.

Introduction
The treatment of Acquired Immunodeficiency Syndrome 

(AIDS) continues to be a major challenge in medicine.1,2 
According to the UNAIDS/WHO’s 2021 report on HIV/AIDS, an 
estimated 38.4 million people globally are currently living with 
HIV-1 infection and an estmated 40.1 million people have died 
from AIDS-related illness since the start of the epidemic.3,4 The 
advent of highly active antiretroviral therapy (ART) in the mid-
1990s, marked the beginning of a new era of treatment for 
patients with HIV-1 infection and AIDS.5,6 The ART treatment 
regimen is a combination therapy with HIV-1 protease inhibitor 
(PI) and reverse transcriptase inhibitor drugs.7,8 ART has 
significantly reduced morbidity and mortality associated with 
HIV-1 infection and AIDS. It has also improved the quality of life 
of patients who have access to these therapies. The use of ART 
dramatically transformed HIV/AIDS from a fatal disease to a 
manageable chronic disorder.9,10 

Despite the major clinical benefits of ART, initial protease 
inhibitor-based drugs possessed many detriments including 
peptide-like features, drug-related side-effects, and poor ADME 
properties.11,12 The rapid emergence of drug resistance often 

quickly renders a selected treatment ineffective within a short 
period of time. Furthermore, HIV-associated neurocognitive 
disorder (HAND) is affecting nearly fifty percent of the current 
HIV-positive population.13 These problems seriously complicate 
the long-term management of HIV-1 infection and prevention 
of AIDS-related deaths.14,15 Over the years, our laboratories 
have focused on the design of a conceptually new generation of 
nonpeptide HIV-1 protease inhibitors that would maintain 
potent antiviral activity against multidrug-resistant HIV-1 
variants and show improved pharmacological properties over 
existing PI-drugs.16,17 Our research efforts led to the design and 
discovery of a range of highly potent HIV-1 protease inhibitors 
that incorporated novel ligands and templates by drawing 
inspiration from natural products.18,19 One of these protease 
inhibitors is darunavir (DRV, 1, Figure 1) which displayed drug-
like properties and maintained potent antiviral activity against 
a wide range of highly multidrug-resistant HIV-1 variants.20-22 
Darunavir received FDA approval in 2006 for the treatment of 
patients harboring highly drug-resistant viruses.23,24 
Subsequently, it received approval as a first-line therapy for 
treatment of all HIV/AIDS patients including pediatrics in the 
current US Department of Health and Human Service (DHHS) 
guidelines.25,26

One of the intriguing features of darunavir is the presence 
of a stereochemically defined and conformationally constrained 
bicyclic bis-tetrahydrofuran (bis-THF) heterocycle.27,28 The X-ray 
structure of DRV-bound HIV-1 protease revealed that both 
oxygens of the bis-THF form very strong hydrogen bonds with 
the Asp29 and Asp30 backbone amide NHs at the S2 subsite of 
HIV-1 protease.29,30 The bicyclic ring system of the bis-THF 
ligand forms van der Waals interactions with residues in the S2 
subsite.18,31,32 The P2’ ligand, 4-amino sulfonamide was also 
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specifically chosen to promote hydrogen bonding interactions 
with the backbone atoms at the S2’ subsite.18,29 The overall 
structural features of darunavir, its molecular interactions with 
HIV-1 protease particularly its network of hydrogen bonding 
interactions with backbone atoms, and its ability to maintain 
robust antiviral activity with multidrug-resistant HIV-1 variants 
further stimulated our molecular design of novel scaffolds and 
templates for further improving inhibitor properties. Herein, we 
provide highlights of our recent design of new generation HIV-
1 protease inhibitors that incorporated unprecedented 6-5-5 
ring-fused tetrahydropyrano-furan derivatives as the P2 ligand 
in combination with alkylaminobenzoxazole and thiazole 
derivatives as the P2’-ligand. These inhibitors are specifically 
designed to maximize interactions including van der Waals 
interactions and hydrogen bonding interactions with the HIV-1 
protease backbone atoms to combat drug resistance.

Figure 1. Structure and activity of inhibitors 1 and 2 (PDB: 21EN).  

Promoting Backbone Hydrogen Bonding 
Interactions: Molecular Design Strategy to 
Combat Drug-Resistance

The underlying principle for our structure-based design of 
inhibitors to combat drug resistance involves maximizing an 
inhibitor’s active site interactions, particularly with backbone 
atoms from the S2 to S2' subsites.29,33,34  We have critically 
analyzed and compared various mutant HIV-1 protease X-ray 
structures with wild-type HIV-1 protease and observed that the 
active site backbone conformation of these mutant proteases is 
only distorted minimally compared to wild-type HIV-1 

protease.35,36 It is likely that the protease enzyme cannot 
significantly alter its active site backbone conformation without 
compromising its catalytic fitness and efficiency required for 
viral replication. Therefore, our “backbone binding” inhibitor 
design strategy to combat drug-resistance has evolved to 
maximize interactions including van der Waals interactions and 
hydrogen-bonding interactions with the active site of HIV-1 
protease.29,34 In principle, such an inhibitor would likely 
maintain these key interactions including hydrogen-bonds with 
the backbone atoms of protease mutants. As a consequence, 
the development of drug-resistant HIV-1 variants would be 
reduced as altering backbone conformation would lead to 
impaired proteolysis of the natural polyprotein substrates. Our 
simplified view is to design an inhibitor like a ‘molecular crab’ 
that would tightly grip the protein backbone and hold on to the 
enzyme active site.34 HIV-1 protease is an aspartic acid 
protease. The active form of HIV-1 protease is a homodimer 
containing two catalytic aspartic acid residues in the active site. 
Our model for inhibitor design to combat drug resistance is 
shown in Figure 2.33 An inhibitor would have a functional group 
that would mimic the transition-state of the scissile bond 
cleavage. Among many known transition-state mimetics, we 
selected (R)-hydroxyethylamine sulfonamide dipeptide isostere 
with a hydroxyl group with (R)-configuration to bind the 
catalytic aspartates.28,37 The P1 and P1' ligands would fill in the 
hydrophobic S1 and S2 subsites and P2 and P2' ligands would 
interact with the S2 and S2' subsites through robust hydrogen 
bonding interactions with the backbone atoms as well as van 
der Waals interactions with the residues. 

Figure 2. Design models for PIs to combat drug resistance. Promote robust 
hydrogen bonds through the P2- and P2′-ligands in both the S2 and S2′-subsites. 
The hydroxyl group to bind to catalytic aspartates mimicking transition-state, and 
the P1 and P1′-ligands to fill in the S1 and S1′-subsites.  

Using our “backbone binding” design strategy, we have 
recently created a range of exceptionally potent HIV-1 protease 
inhibitors that incorporated polycyclic ethers as P2 ligands and 
heterocyclic sulfonamide derivatives as the P2' ligands. These 
compounds have shown exceptional antiviral activity against a 
range of highly multidrug-resistant HIV-1 variants. Through X-
ray structural studies and analysis of antiviral activity, we can 
corroborate our backbone binding molecular design strategy as 
a powerful design concept to combat drug resistance.19,29,34 
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Cyclic Ether Templates from Natural products: 
Inhibitor Design Strategies to Mimic peptide 
bonds.  

 Historically, natural products have been important sources 
for structurally diverse bioactive molecules enabling discovery 
and development of new drugs.38,39 Fine-tuning and 
optimization over millions of years of evolution, organisms have 
biosynthesized a variety of structurally intriguing molecules and 
molecular templates, specifically custom-made to interact and 
maintain their activity in biological microenvironments.40 We 
became motivated to harness some of nature’s molecular 
templates in our design of new nonpeptide inhibitors, 
considering the evolutionary fitness and stability of these 
functionalities. We are particularly intrigued by the cyclic ether 
and cyclic acetal structural features of numerous bioactive 
natural products.16,17 As shown in Figure 3, ginkgolides (3), 
isolated from predinosaur era tree, Ginkgo biloba are used as 
dietary supplements for human health.41 Laulimalide (4), 
isolated from marine sponge, exhibits potent anticancer 
activity.42,43 Azadirachtin (5), isolated from Azadirachts indica A, 
has shown broad-spectrum insecticide properties.44 
Platensimylin, isolated from Streptomyces platensis is a potent 
broad-spectrum antibiotic.45,46 Eribulin mesylate (7, Halven®), is 
a semi-synthetic derivative of halichondrin B and is used as an 
approved anticancer drug.47 As can be seen, these bioactive 
natural products possess an abundant amount of cyclic ether 
structural features.

Figure 3. Structure of ginkgolide (3), laulimalide (4), azadirachtin (5), platensimycin 
(6), and Erlbulin (7) natural products

The cyclic ether functionalities in these molecules are 
critically important for their biological activity. Presumably, the 
cyclic ether oxygen is positioned to make up to two hydrogen 
bonding interactions with target peptide or protein residues in 
the drug binding site. The side chain substituents around the 
cyclic ether functionality are likely mimicking the side chains of 

peptides and proteins. Numerous X-ray structural studies of 
cyclic ether-derived natural products with target enzymes or 
receptors revealed that these structural features not only 
provide overall shape and geometry of the molecules, they also 
serve as important pharmacophores and make critical 
interactions with their respective biological target proteins.48,49 
An X-ray crystal structure (PDB code: 404H) of laulimide (4) and 
β-tubulin, with its target protein show these critical 
interactions.50 As shown in Figure 4, the tetrahydropyran ring 
oxygen in the macrocycle forms a strong hydrogen bond with 
the side chain of Asn339. 

Figure 4. Structure of laulimalide (4, green carbons)-bound to β-tubulin.  Hydrogen 
bonds with THP oxygens are shown with dotted lines.

Also, the oxygen atoms of the dihydropyran side chain form 
a water-mediated hydrogen bond to the side chain OH of 
Tyr312 and the main chain backbone carboxyl oxygen of 
Phe296. These interactions are likely very important for 
laulimalide’s potent anticancer activity. Similarly, X-ray 
structural studies of platensimycin (6)-bound bacterial enzyme 
beta-ketoacyl synthase II (FabF) show that the 
tetrahydropyranyl oxygen is involved in hydrogen bonding 
interactions with the Thr270 residue.48 Interestingly, the desoxy 
derivative showed significantly reduced activity, demonstrating 
the importance of the ring oxygen.51 

The cyclic ether templates, basically may be viewed as 
peptidomimetic scaffolds. We therefore speculated that 
incorporation of similar cyclic ether templates in our design of 
HIV-1 protease inhibitors may lead to nonpeptide derivatives 
which would alleviate problems inherent to peptide or 
peptidomimetic based first generation protease inhibitor 
drugs.52,53 We first systematically explored a variety of cyclic 
ethers and cyclic sulfone-derived conformationally constrained 
structural templates to replace peptide-like amide bonds. We 
then demonstrated that cyclic ether or sulfone-derived 
heterocycles can mimic peptide and amide bond interactions in 
the HIV-1 protease active site. This led to the design of a range 
of highly potent and nonpeptide HIV-1 protease inhibitors with 
cyclic ether structural features.16,17,27 Our further design 
optimization then focused on promoting hydrogen bonding 
interactions with the backbone atoms in the S2 to S2' subsites 
of HIV-1 protease.29,34 These design and optimization efforts 
ultimately culminated the discovery and development of 
darunavir.18,20,28 In the following section, we briefly highlight the 
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chronology of these design events that led to the development 
of darunavir; the first approved treatment for patients with 
drug-resistant HIV.

Design of Cyclic Ether Containing HIV-1 
Protease Inhibitors: From Saquinavir to 
Darunavir 

Saquinavir (8, R031-8959) is one of the first HIV-1 protease 
inhibitor drugs that was approved by the FDA in 1996 for 
treatment of patients with HIV/AIDS.54,55 Subsequently, a 
number of other first-generation inhibitor drugs were approved 
for use in combination therapy with reverse transcriptase 
inhibitor drugs.19,56,57 These combination therapies with HIV-1 
protease inhibitors resulted in a dramatic reduction of HIV/AIDS 
related deaths among patients who had access to these 
therapies.9,10 However, therapeutic efficacy of first-generation 
PI drugs was limited due to peptide-like features and poor 
ADME properties of these drugs. The emergence of drug-
resistant HIV-1 strains made the therapies ineffective. 
Subsequent development addressing these issues led to 
second-generation PI drugs, such as lopinavir, atazanevir, and 
tipranavir.37,56 However, the emergence of highly multidrug-
resistant HIV-1 variants among infected patients became a 
significant limitation. 

Figure 5. Structure and activity of inhibitors 8 and 9 (PDB: 1HXB).

In our effort to utilize structure-based design to develop 
next generation nonpeptide PIs effective against drug-resistant 
HIV-1 variants, we first explored saquinavir active site 
interactions with a stereochemically-defined cyclic ether and 
cyclic sulfone-derived heterocycles in an effort to replace the 
peptidic bonds of saquinavir. These endeavors resulted in the 
design and discovery of a variety of potent nonpeptide PIs.58-61 
Further optimization of cyclic ether templates followed based 
upon the X-ray structures of saquinavir-bound HIV-1 protease 
and X-ray structures of early lead inhibitors with HIV-1 protease. 
The saquinavir-bound HIV-1 protease X-ray structure revealed 
that the carboxyl oxygen of the P2-asparagine ligand and the 
amide carboxyl oxygen of P3-quinaldic amide form two strong 
hydrogen bonds with the backbone amide NHs of Asp30 and 
Asp29 in the S2 and S3 subsites (Figure 5).54,62 Based upon the 
X-ray structures, we then designed a fused bicyclic 
hexahydrofuro[2,3-b]furan to replace both amide carbonyl 
bonds in the saquinavir structure.27,61,62 As shown in Figure 4, 
inhibitor 9, with a stereochemically defined (3R,3aS,6aR)-bis-
tetrahydrofuranyl urethane displayed very potent HIV-1 
protease inhibitory activity as well as antiviral activity. Indeed, 
our X-ray structural studies of PI-9-bound HIV-1 protease and 
comparison of X-ray structure of saquinavir-bound protease 
revealed that the fused cyclic ether template of the bis-THF 
ligand oxygens formed strong hydrogen bonds with Asp29 and 
Asp30 backbone amide NHs in the active site.61,62 The bicyclic 
bis-THF core also makes extensive van der Waals interactions in 
the S2 subsite. In essence, the bis-THF ligand effectively 
replaced two amide bonds and the bulky P3-10π-aromatic 
quinaldic moiety of saquinavir. Through our detailed structure-
activity relationship studies, we also demonstrated that ring 
stereochemistry, position of ring oxygens, ring size of bis-THF in 
PI9, are optimal for effective binding interactions in the active 
site.27,61

Following our discovery of the cyclic ether derived 
nonpeptide bis-THF heterocycle as a highly effective P2 ligand 
for HIV-1 protease inhibitors, we then focused our efforts to 
design PIs that would make extensive backbone hydrogen 
bonding interactions in both S2 to S2' subsites.29,34 Since the 
active enzyme, HIV-1 protease is a homodimer, we also planned 

Table 1. Inhibitory potency of 10 against wild-type and mutant proteases

Enzyme Ki (pM) Ki wt/Ki mut Vitalitya

WT 14 1 1
D30N <5 0.33 0.3
V32I 8 0.57 0.5
I84V 40 2.85 1
V32I/I84V 70 5 0.7
M46F/V82A <5 0.33 0.1
G48V/L90M <5 0.33 0.1
V82F/I84V 7 0.5 0.1
V82T/I84V 22 1.57 0.1
V32I/K45I/F53L/A71V/I84V/L89M 31 2.2 0.1
V32I/L33F/K45I/F53L/A71V/I84V 46 3.3 0.1
20R/36I/54V/71V/82T 31 2.2 0.1
aThe vitality is a measure of the enzymatic fitness of a mutant protease in 
presence of an inhibitor, here 10 (determined as (Ki*kcat/Km)mut/(Ki*kcat/Km)wild).
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to promote extensive van der Waals interactions throughout 
the active site. Towards these objectives, we first designed PIs 
incorporating (R)-(hydroxyethyl)sulfonamide-derived 
transition-state binder with a p-methoxybenzene sulfonamide 
as the P2' ligand, with the plan to have hydrogen binding 
interactions in the S2'-site through the methoxyl oxygen.62,63 
This optimization resulted in PI 10 (Figure 6, later named as 
TMC-126), which exhibited exceptional HIV-1 protease 
inhibitory activity as well as antiviral activity. Enzyme inhibitory 
activity of inhibitor 10 against mutant proteases resistant to a 
majority of first-generation approved PIs is shown in Table 
1.64,65 As can be seen, protease inhibitory activity of 10 is less 
than 100 pM and changes of activity were not more than 5-fold. 
Table 2 shows antiviral activity of inhibitor 10 against a panel of 
highly multi-PI-resistant HIV-1 strains isolated from patients. 
Antiviral activity of PI 10 did not change much against these 
multidrug-resistant HIV-1 variants whereas, other 

Figure 6. Structure and activity of inhibitors 1 and 10. X-ray structure of 10-bound 
HIV-1 protease (PDB: 317E). 

approved PIs exhibited a high level of drug resistance.63,66 The 
X-ray structural analysis of 10-bound HIV-1 protease revealed 
that both the bis-THF ligand and the 4-methoxy sulfonamide 
P2'-ligand formed extensive hydrogen bonding and van der 
Waals interactions with the backbone atoms in the S2 and S2' 
subsites.32,37,67 As shown in Figure 6, both lone pairs of top 
tetrahydrofuranyl oxygen atom of bis-THF ligand form two 
hydrogen bonds with Asp30 and Asp29 backbone amide NHs.  
The bottom oxygen however forms a single hydrogen bond with 
Asp29 backbone amide NH in the S2 subsite. Also, both P1 and 
P1' ligands fill in the hydrophobic S1 and S1' subsites effectively. 

Inhibitor 10 showed a high genetic barrier to drug resistance 
acquisition. Also, in vitro selection of HIV-1 strains resistant to 
inhibitor 10 was difficult to attain.66 The extraordinary antiviral 
activities of 10 against multidrug-resistant HIV-variants as well 
as its durability towards the development of drug-resistance 
can be attributed to the extensive interactions of 10 with the 
protease, particularly the formation of a network of hydrogen 
bonding interactions with the backbone atoms from the S2 to 
S2-subsites.29,34

Table 2. Antiviral activity of 10 against HIV-1 isolated from previously treated HIV-
infected patients 

IC50 µM (fold change)

Virus[a] RTV IDV SQV NFV APV 10
WT 0.044 (1) 0.013 (1) 0.010 (1) 0.023 (1) 0.025 (1) 0.0007 (1)
1 >1 (>23) >1 (>77) 0.27 (27) >1 (>43) 0.27 (11) 0.004 (6)
2 >1 (>23) 0.49 (38) 0.037 (4) 0.33 (14) 0.28 (11) 0.0013 (2)
3 >1 (>23) 0.49 (38) 0.036 (4) >1 (>43) 0.26 (10) 0.001 (1)
4 >1 (>23) 0.21 (16) 0.033 (3) 0.09 (4) 0.31 (12) 0.0016 (2)
5 >1 (>23) >1 (>77) 0.31 (31) 0.41 (18) 0.67 (27) 0.0024 (3)
6 >1 (>23) 0.30 (23) 0.19 (19) >1 (>43) 0.16 (6) 0.0005 (1)
7 >1 (>23) >1 (>77) 0.12 (12) >1 (>43) 0.49 (20) 0.0055 (8)
8 >1 (>23) 0.55 (42) 0.042 (4) >1 (>43) 0.15 (6) 0.001 (1)

[a] Amino acid substitutions identified in the protease-encoding regions of viruses 
compared to the consensus sequence cited from the Los Alamos database. See 
reference 57 for details.

We have designed and synthesized a variety of other very 
potent PIs that promote the formation of a network of 
hydrogen bonds like PI 10. Further optimization of ligand 
binding as well as pharmacokinetic properties ultimately led to 
the design and development of inhibitor 1 (Darunavir, TMC-
114) with a bis-THF P2 ligand and a 4-
aminobenzenesulfonamide as the P2' ligand. Darunavir 
exhibited exceptionally potent protease inhibitory and antiviral 
activity.28,62,63 Also, it displayed unprecedented broad-spectrum 
antiviral activity against a wide range of highly multidrug-
resistant HIV-1 variants.21,22 As shown in Table 3, darunavir 
exhibited very potent antiviral activity (IC50 = 0.003-0.029 µM) 
against a series of HIV-1 strains, which were selected for their 
resistance against saquinavir (SQV), amprenavir (APV), indinavir 
(IDV), nelfinavir (NFV), and ritonavir (RTV) after exposure of the 
virus to increasing concentrations of these PIs. Also, darunavir 
maintained excellent antiviral activity 

Table 3. Activity of darunavir against HIV-1 clinical isolates in PHA-PBMC infected 

cells[a]

IC50 values (µM)
Virus SQV APV IDV NFV RTV DRV (1)
WT 0.010 0.023 0.018 0.019 0.027 0.003
1 0.004 0.011 0.018 0.033 0.032 0.003
2 0.23 (23) 0.39 >1 (>56) 0.54 (28) >1 (>37) 0.004 (1)
3 0.30 (30) 0.34 >1 (>56) >1 (>53) >1 (>37) 0.02 (7)
4 0.35 (35) 0.75 (33) >1 (>56) >1 (>53) >1 (>37) 0.029 (10)
5 0.14 (14) 0.16 (7) >1 (>56) 0.36 (19) >1 (>37) 0.004 (1)
6 0.31 (31) 0.34 (15) >1 (>56) >1 (>53) >1 (>37) 0.013 (4)
7 0.037 (4) 0.28 (12) >1 (>56) 0.44 (23) >1 (>37) 0.003 (1)
9 0.029 (3) 0.25 (11) 0.39 (22) 0.32 (17) 0.44 (16) 0.004  (1)

O

O
H
N

OH

Ph

N
SO

H

O O

OMe

10, TMC-126
Ki = 14 pM
IC50 = 1.4 nM (antiviral)

OH
H

O

O
H
N

OH

Ph

N
SO

H

O O

NH2

1, Darunavir, TMC-114
Ki = 14 pM
IC90 = 4.1 nM (antiviral)

OH
H

Page 5 of 21 ChemComm



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

[a] Amino acid substitutions identified in the protease-encoding regions of viruses 
compared to the consensus sequence cited from the Los Alamos database. See 
reference 13 for details.

against a panel of highly multi-PI- resistant HIV-1 variants 
isolated from AIDS patients who previously failed anti-HIV 
regimens after receiving other anti-HIV drugs.21,22 Darunavir 
received an accelerated FDA approval in June, 2006, for patients 
harboring drug-resistant HIV. Then in 2008, its approval was 
extended to all HIV/AIDS patients including pediatrics.16 
Darunavir emerged as a first-line therapy and it is often 
preferred for HIV/AIDS patients who did not receive  
antiretroviral drugs previously due to its tolerance and a high 
genetic barrier to the development of drug-resistant viruses 
compared to other HIV-1 protease inhibitor drugs.15,16 The 
unique structural design of darunavir, its molecular interactions 
with the protease active site, and resilience against multidrug-
resistant HIV-1 variants have stimulated significant research 
interest regarding its mechanism of action.28,68 Using 
intermolecular fluorescence resonance energy transfer (FRET)-
based HIV expression assay, we have shown that darunavir 
blocks HIV-1 protease dimerization.69,70 Therefore, darunavir’s 
unique dual modes of action which include (1) inhibition of the 
catalytic protease dimer and (2) inhibition of protease 
monomer dimerization to form the active enzyme, may be 
responsible for its robust drug-resistance profiles and high 
genetic barrier to the development of drug-resistant HIV-1 
variants.20,28,68

We have determined a high resolution X-ray crystal 
structure of darunavir-bound HIV-1 protease (Figure 1). These 
structures show that darunavir makes extensive interactions 
including a network of hydrogen bonds throughout the HIV-1 
protease active site. Both oxygens of the P2 bis-THF ligand 

formed two very strong hydrogen bonds with the Asp29 and 

Asp30 backbone amide NHs in the S2 subsite.30,31,71 The P2’-
aminosulfonamide’s amine functionality formed hydrogen 
bonds with the Asp30’ backbone NH as well as with the side 
chain carboxylic acid in the S2’-subsite. Both P1 phenylmethyl 
group and the P1' isobutyl moiety filled in the hydrophobic 
pockets in S1 and S1' subsites. Furthermore, a tetra-
coordinated structural water molecule forms hydrogen bonds 
with both NH atoms of flap residues Ile50/50’ and the inhibitor’s 
P2 urethane carbonyl and one of the P2’-sulfonamide (SO2) 
oxygens.72,73 Presumably, these ligand-binding site interactions 
are responsible for darunavir’s unprecedented antiviral activity 
and drug-resistance profiles.29,34

Following darunavir’s development, utilizing our SAR and 
critical molecular insights from active site interactions, we have 
designed a variety of other bicyclic and polycyclic ether 
templates to enhance the backbone-binding interactions, as 
well as to improve van der Waals interactions in the active site. 
These endeavours resulted in a series of exceptionally potent 
HIV-1 protease inhibitors that exhibited improved antiviral 
activity against multidrug-resistant HIV-1 variants compared to 
darunavir and other approved PI drugs. Figure 7 depicts 
structure and potency of a selected number of representative 
inhibitors (11-16).74-81 A detailed account of their design, 
synthesis, biological evaluation and structural studies have 
been reported and reviewed by us.19 Of particular importance, 
we desgined and incorporated stereochemically defined and 
conformationally constrained cyclic-ether structural features in 
the P2 ligand to interact specifically with active site.

Figure 7. Design and synthesis of polycyclic-ether containing highly potent HIV-1 protease inhibitors.
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Design of Crown-THF-based New Generation 
of HIV-1 Protease Inhibitors

In our post darunavir development, we set out to design a 
structurally more conformationally constrained and 
preorganized ligand that would enhance overall backbone 
hydrogen bonding and van der Waals interactions in the 
protease active site.29,34 The X-ray structure of darunavir-bound 
HIV-1 protease revealed that the bis-THF P2 ligand can be 
modified to enhance ligand-binding site interactions.30,31 In the 
context of our design of bicyclic 6-5-fused acetal-derived 
inhibitor 11, we showed that the hexahydrofuropyranol 
heterocycle has made better alignment with the backbone 
amide NHs in the S2-subsite over the bis-THF ligand.74 
Presumably, the extra methylene group in the new 
tetrahydropyranyl tetrahydrofuran-fused (Tp-THF) ligand may 
have contributed toward improved van der Waals interactions. 
Inhibitor 11 displayed enhanced enzyme inhibitory and antiviral 
activity over the corresponding bis-THF-derived inhibitor 10. In 
addition, inhibitor 11 exhibited impressive antiviral activity 
against a panel of highly multidrug-resistant HIV-1 variants, 
comparable to darunavir and its methoxy derivative 10.74,82 
Indeed, our X-ray structural analysis of 11-bound HIV-1 
protease and 10-bound HIV-1 protease complexes show that 
both oxygens of the Tp-THF ligand of inhibitor 11 promoted 
stronger hydrogen bond formation with the backbone NHs of 
Asp29 and Asp30.74

Based upon the above critical ligand-binding site 
interactions, we then speculated that a bicyclic 7-5-fused 
acetal-derived P2 ligand in inhibitor structure 17 (Figure 8) may 
further improve hydrogen bonding interactions in the active 
site, however, due to conformational instability of the seven-
membered ring cycle, we planned to incorporate a methylene 
bridge to further stabilize the conformation. This hypothesis led 
to the design of a conformationally restricted crown-like 
tetrahydropyrano-tetrahydrofuran (crown-THF or Crn-THF) 
ligand shown in inhibitor structure 18. The ligand has three 
extra methylene groups compared to bis-THF ligand in 
darunavir and three methylene groups are expected to engage 
in van der Waals interactions with nearby residues in the active 
site. This Crn-THF ligand is a relatively larger P2 ligand than the 
bis-THF ligand of darunavir, and we speculated that it may 
confer better adaptability to protease mutation. 

Figure 8. Design of Crown-THF P2 ligand

Our examination of the preliminary models of endo-crn-THF 
and exo-crn-THF-derived inhibitors indicated that the acetal 
oxygens in the endo-derivative are more favorably positioned 
to form hydrogen bonds with Asp30 and Asp29 amide NHs. The 
tricyclic core of endo-crn-THF ligand  also appeared to fill the 
hydrophobic pocket in the S2 site more effectively than the exo 
isomer.  As can be seen in Figure 9, inhibitor 19 with an endo-
Crn-THF P2 ligand and a 4-methoxybenzenesulfonamide as the 
P2′-ligand, displayed an enzyme inhibitory Ki of 14 pM 
compared to inhibitor 20 with an exo-crn-THF ligand (Ki 10.8 
nM).83,84 Inhibitor 21, with a p-aminobenzenesulfonamide as 
the P2′-ligand, exhibited a comparable Ki value to compound 19. 
Both inhibitors 19 and 21 with an endo-crn-THF P2 ligand 
exhibited very potent antiviral activity comparable to darunavir 
and inhibitor 10.  Inhibitor 20 with an exo-crn-THF displayed no 
measurable antiviral activity.

Figure 9. Structure and activity of inhibitor 19-21.

We determined a high resolution X-ray crystal structure of 
inhibitor 19-bound HIV-1 protease.83,85 As shown in Figure 10, 
both acetal oxygens of the tricyclic crown scaffold interact with 
backbone residues and the side chain Asp30 carboxylate group 
in S2 subsite, comparable to the interactions of darunavir.  This 
Crn-THF ligand is conformationally restricted and larger than 
the P2 bis-THF ligand of darunavir.  It displaced residues 45’-48’ 
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Figure 10. Inhibitor 19-bound X-ray structure of HIV-1 protease (PDB code: 5ULT).  
All hydrogen bonds are indicated by dotted lines. 

by up to 0.8 Å, and resulted in an enlarged inhibitor-binding 
cavity.  The Crn-THF ligand is also involved in significantly 
enhanced van der Waals interactions with Ile47, Val32, and 
Leu76 residues in the S2-site compared to bis-THF ligand of 
darunavir.

For improving overall ligand-binding interactions of 
inhibitors, we then planned to replace P2'-ligand aminobenzene

sulfonamide ligand of darunavir with other aromatic 
heterocycles that would promote enhanced hydrogen bonding 
interactions as well as to improve hydrophobic contacts in the 
S2’ subsite. In particular, we planned to incorporate various 
alkylaminobenzothiazole and benzoxazole hetereocycles in 
combination with the crown-THF P2 ligand for this new class of 
HIV-1 protease inhibitors. We selected these heterocycles as 
they are structural features of numerous medicinally important 
compounds with drug-like properties.86,87 Among various 

Figure 11. Structure and activity of inhibitor 22-23.

alkylamino groups examined by us, aminocyclopropylbenzo-
thiazole (Abt) sulfonamide as the P2‘ ligand showed the 
optimum results. As shown in Figure 11, replacement of the 4- 
aminosulfonamide P2’ ligand of inhibitor 21, with an 
aminocyclopropylbenzothiazole ligand, resulted in inhibitor 22, 

which displayed a slight reduction of enzyme Ki value, however 
there is a nearly 10-fold improvement of antiviral activity over 
inhibitor 21.83 In comparison, inhibitor 23 resulting from 
substitution of darunavir’s 4-aminosulfonamide P2’ ligand with 
an aminocyclopropylbenzothiazole ligand showed only slight 
improvement in antiviral activity over darunavir.  Inhibitors 21, 
22 and 23 were evaluated against DRV-resistant HIV-1 variants.  
Inhibitor 22 exhibited very potent antiviral activity against all 
HIV-1 variants examined compared to inhibitors 21, 23, and 
several FDA approved PI drugs.83,84  

We determined the X-ray crystal structure of inhibitor 22-
bound wild-type HIV-1 protease and the important interactions 
are shown in Figure 12. In particular, the P2′ ligand’s 
benzothiazole amine nitrogen also makes strong hydrogen 
bonds with the backbone NH of Asp30′ and the cyclopropyl 
amine nitrogen forms an additional hydrogen bond with the 
side chain carboxylate of Asp30′. The Abt ligand makes more 
hydrophobic contacts with the protease than the 4-
aminobenzenesulfonamide ligand of DRV. Also, both oxygens of 
the crn-THF ligand formed strong hydrogen bonds with 
backbone amide NHs of Asp29 and Asp30. The tricyclic ligand 
scaffold is involved in van der Waals interactions with the HIV-1 
protease.83 Presumably, these extensive molecular interactions 
are responsible for observed superior antiviral profiles of 
inhibitor 22 against a panel of highly multidrug-resistant HIV-1 
variants.83,84

  

Figure 12. Inhibitor 22-bound X-ray structure of HIV-1 protease (PDB code: 5TYR).  
All hydrogen bonds are indicated by dotted lines. 

Based upon our detailed structural analysis of inhibitor 22-
bound HIV-1 protease, we then planned to further optimize the 
inhibitor-protease van der Waals hydrogen ligand-binding site 
interactions of inhibitor 22 to improve drug properties. Our 
overall plans were to preserve all backbone bonding 
interactions of 22 with HIV-1 protease and interactions in the 
active site. We planned to incorporate fluorine atoms in the P1-
ligand to improve van der Waals contact in the S1-subsite. Our 
particular preference for fluorine atoms is due to fact that 
fluorines are often used to increase  lipophilicity and help 
improve drug penetration in the CNS.88,89 As shown in Figure 13, 
our incorporation of a 3,5-difluorobenzyl moiety as the P1 
ligand in 22 resulted in exceptionally potent inhibitor 2, 
displaying a protease inhibitory Ki value of 14 pM and antiviral 
IC50 value of 0.017 nM, a more than 150-fold potency 

Table 4. Antiviral activity of inhibitors 2 and 22 against highly DRV-resistant HIV-1 
variants.

Mean IC50 in nM ± SD (fold-change)
LPV ATV DRV 22 (GRL-121) 2 (GRL-142)

cHIVnl4-3
WT 13 4.0 3.2 0.26 0.019

HIVDRV
R

P20 >1000 
(>77) 450 (113) 51 (16) 0.075 (0.3) 0.0024 (0.1)

HIVDRV
R

P30 >1000 
(>77)

>1000 
(>250) 220 (79) 1.9 (7) 0.023 (1)

HIVDRV
R

P51 >1000 
(>77)

>1000 
(>250) 2500 (781) 32 (279) 1.2 (63)

Numbers in parentheses represent fold changes in IC50s for each isolate compared to 
the IC50s for wild-type cHIVNL4-3

WT. All assays were conducted in triplicate, and the data 
shown represent mean values (±1 standard deviation) derived from the results of 
three independent experiments. 
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enhancement over darunavir. Inhibitor 2 is over 15-fold more 
potent than inhibitor 22 with no fluorine, showing the 
importance of bis-fluorines on the P1-ligand.90,91 We also 
investigated activity of monofluoro derivatives.  Inhibitor 24 
with a 3-fluorophenylmethyl as the P1-ligand displayed a 
protease inhibitory Ki value of 0.3 pM and an antiviral IC50 of 
0.055 nM. Inhibitor 25 with a 4-fluorophenylmethyl as the P1 
ligand exhibited a reduction in both protease inhibitory and 
antiviral activity over its 3-fluoro derivative.90,92 We also 
investigated various alkylaminobenzoxazole derivatives as the 
P2’ ligand in place of P2’ ligand of inhibitor 2. Inhibitor 26 with 
an isopropylaminobenzoxazole displayed the best results, 
showing a Ki value 5 pM and antiviral IC50 of 0.055 nM.93  

We evaluated inhibitor 2 and inhibitor 22 without fluorine 
against darunavir-resistant HIV-1 variants and compared 
antiviral IC50 values against approved PIs. These DRV-resistant 
variants HIV-1DRV

Rs are highly resistant to clinically used PIs 
including DRV and RT inhibitors (NRTIs) such as tenofovir.  As 
shown in Table 4,  both LPV and ATV failed to block the 
replication of DRV-resistant HIV-1 variants. Inhibitor 22 with no 
fluorine very effectively blocked the replication of all three 
highly DRV-resistant HIV-1 variants.90,91 However, inhibitor 2 
with two-fluorines on the P1 ligand displayed exceptional 
antiviral activity in low picomolar concentration against DRV-
resistant HIV-1 variants selected in the presence of DRV over 20 

Figure 13. Structure and activity of inhibitors 2 and 24-26.

viral passages.94,95  Inhibitor 2 maintained IC50 values of 1.2 nM 
against HIV-1DRV

R
51, the most multi-PI/NRTI-resistant HIV-1 

variants. In comparison, darunavir displayed >1000-fold 
increase in its IC50 values (IC50 2.5 µM).  Furthermore, inhibitor 
2 exerted very potent antiviral activity against the HIV-2 
variants and showed much improved cytotoxicity profile with a 
selectivity index (CC50/IC50) as high as 2,473,684 compared to 
DRV (41,562).90,91 

Inhibitor 22 was then evaluated against a variety of HIV-1 
variants that had been selected in vitro with other FDA-
approved PI drugs. These variants acquired multiple amino acid 
substitutions in the protease of the virus resulting in viral 
resistance to each PI drug. As shown in Table 5, two widely used
PIs LPV and ATV failed to block these variants effectively 
compared to DRV. Inhibitor 22 without fluorine, maintained 
very potent antiviral activity against all resistant HIV-1 variants 
(IC50 values ranging from 1.8 pM to 0.13 nM). Inhibitor 2 with 
bis-fluorines displayed exceptional antiviral activity against all 
seven highly P1-resistant HIV-1 variants, showing antiviral IC50 
values, ranging from 8.5 fM to 0.015 nM.90,91

We assessed genetic barrier to the emergence of HIV-1 
variants resistant to inhibitors 2 and 22 and compared with 
other approved PI drugs.  We aimed to select HIV-1 variants 
resistant to ATV and DRV and inhibitors 2 and 22 by propagating 
CHIVNL4-3

WT using increasing concentrations of each inhibitor. As 
shown in Figure 14 (top panel), HIV-1 became resistant to ATV 
and started replicating in the presence of 5 µM by week 36. 
There were 7-amino acid substitutions in the protease encoding 
region.91 However, the emergence of DRV-resistant variants 
were considerably delayed at concentration above 0.1 µM DRV 
at week 36. In comparison, CHIVNL4-3

WT failed to spread in the 
presence of 0.01 µM concentration of 22 or in the presence of 
0.003 µM concentrations of 2, even after 36 weeks, indicating 
that HIV-1 failed to select any meaningful substitutions in the 
PR encoding region of the virus.  The effect of inhibitors 2 and 
22 against a mixture of 11 multi-PI-resistant clinical HIV-1 
isolates (HIV11MIX) were also evaluated and the results are 
shown in Figure 14 (bottom panel). As can be seen, the virus 
quickly became highly resistant to both ATV and DRV however, 
both inhibitors 2 and 22 very effectively blocked the 
propagation of HIV11MIX in the presence of >0.07 nM inhibitor 22 
or >0.017 nM concentration of inhibitor 2. The results indicate 

Table 5. Antiviral activity of 2 and 22 against highly PI-resistant HIV-1 variants.
Mean IC50 in nM ± SD (fold-change)

Virus Species LPV ATV DRV 22 (GRL-121) 2 (GRL-142)
Wild-type cHIVnl4-3

WT 13 ± 2 4.0 ± 2.3 3.2 ± 0.7 0.26 ± 0.05 0.019 ± 0.017
invitroHIVPI

R* HIVSQV-5M >1000 (>77) 430 ± 20 (108) 17 ± 7 (5) 0.026 ± 0.01 (0.1) 0.00018 ± 0.00003 (0.009)
HIVAPV-5M 280 ± 15 (22) 3.0 ± 1.0 (1) 39 ± 16 (12) 0.13 ± 0.08 (0.5) 0.0000085 ± 0.000008 (0.0004)
HIVLPV-5M >1000 (>77) 46 ± 10 (12) 280 ± 50 (86) 0.0018 ± 0.001 (0.007) 0.000019 ± 0.0000014 (0.0001)
HIVIDV-5M 250 ± 15 (19) 56 ± 9 (14) 37 ± 8 (12) 0.0092 ± 0.016 (0.04) 0.00018 ± 0.00028 (0.009)
HIVNFV-5M 37 ± 3 (3) 12 ± 2 (3) 7.7 ± 3 (2) 0.048 ± 0.02 (0.2) 0.00024 ± 0.00026 (0.01)
HIVATV-5M 310 ± 20 (24) >1000 (>250) 25 ± 1 (8) 0.092 ± 0.09 (0.4) 0.015 ± 0.004 (0.8)
HIVTPV-15M >1000 (>77) >1000 (>250) 40 ± 3 (13) 0.063 ± 0.02 (0.2) 0.00024 ± 0.00007 (0.01)

*invitroHIVPI
R, in vitro PI-selected HIV-1 variants; ** rCLHIV, recombinant clinical HIV-1 variants. Numbers in parentheses represent fold changes in IC50s for each 

isolate compared to the IC50s for wild-type cHIVNL4-3
WT. All assays were conducted in triplicate, and the data shown represent mean values (±1 standard 

deviation) derived from the results of three independent experiments. DOI: https://doi.org/10.7554/eLife.28020.005
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Figure 14. Inhibitor 2 shows high genetic barrier to the development of HIV-1 
variants in vitro.  Top panel A, against HIVNL4-3; bottom panel B, against a mixture 
of 11 multi-PI-resistant HIV-1 isolates (HIV11MIX). DOI: 
https://doi.org/10.7554/eLife.28020.005 

that inhibitor 2 displayed an extremely high genetic barrier to 
resistance.91 

It appears that inhibitor 2, like DRV, exhibits a dual 
mechanism of action, (i) inhibition of HIV-1 protease 
dimerization and (ii) inhibition of proteolytic activity of HIV-1 
protease. Dimerization of HIV-1 protease subunits is an 
essential process for the acquisition of proteolytic activity of 
HIV-1 protease.  We previously demonstrated that DRV and TPV 
inhibit the dimerization of HIV-1 protease monomers by using 
the FRET-based HIV-1 expression assay.69,70 Other approved PIs 
do not block dimerization of HIV-1 protease subunits.   We have 
now observed that inhibitor 2 blocks protease dimerization very 
potently, at 0.1 nM concentration, which were significantly 
lower than DRV. It improved by at least a factor of 1000-fold 
(thousand) compared to DRV.91 The data suggests that inhibitor 
2 could be developed as a monotherapy.

Inhibitor 2 is more lipophilic than inhibitor 22 or DRV.  
Inhibitor 2 shows favorable penetration into the brain of rats. 
When DRV and compound 2 were perorally administered to rats 
(n = 2) at a dose of 5 mg/kg plus RTV (8.33 mg/kg), the Cmax 
was achieved around 90 and 360 min after the administration, 
respectively. The concentrations of DRV and inhibitor 2 in 
plasma, CSF, and brain were determined in 15 and 90 min for 
DRV and 60 and 360 min for inhibitor 2 after the administration. 
Drug concentrations of 2 in the brain were 7.24 ± 9.65 and 32.6 
± 1.4 nM in 60 and 360 min, respectively. The latter 
concentration (32.6 nM) represents ~1,882 fold greater than 
the IC50 value and ~114 fold greater than the IC95 value of 
inhibitor 2. The data strongly suggest that inhibitor 2 would 
potently block the infection and replication of HIV-1 in the 
brain.90,91 This may serve to prevent or treat HAND 
complication. 

We determined a high resolution X-ray crystal structure of 
inhibitor 2-bound wild-type HIV-1 protease and the important 
interactions are shown in Figure 14. Inhibitor 2 retains all key 
hydrogen bonds observed between DRV and the backbone 
atoms of HIV-1 protease. The P2’ thiazole nitrogen of 2 forms a 
hydrogen bond interaction with the backbone amide of Asp 30 
similar to the interaction of 4-aminobenzene of DRV. The P2 
amino group forms a strong hydrogen bond interaction with the 
Asp 30 side chain. Interestingly, the cyclopropyl group bulges 
out and forms N-H…O interactions with the side chain of Asp 
30. Both oxygen atoms in the Crn-THF form strong hydrogen 
bonds with the backbone amide NHs of Asp29 and Asp30.  In 
addition, the Crn-THF ligand has formed enhanced van der 
Waals interactions in the S2 subsite compared to the bis-THF 
ligand of darunavir.90,91

 
Figure 15. Inhibitor 2-bound X-ray structure of HIV-1 protease. The major 
orientation of the inhibitor is shown. The inhibitor carbon atoms are shown in 
green, water molecules are red spheres, and the hydrogen bonds are indicated by 
dotted lines (PDB ID: 6BZ2).

As shown in Figure 16, both fluorine atoms on the P1 ligand 
of inhibitor 2 form important halogen bond interactions in the 
protease active site. One of the fluorine atoms interacts with 
the tips of both flaps by forming a strong polar interaction with 
the backbone NH group of Ile50 (C-F…H-N) and an orthogonal 
multipolar interaction (C-F…C-O) with the backbone carbonyl 
ofGly49.[41,42]  This fluorine makes hydrophobic interactions 
with Gly48, Ile50 and Pro81. The second fluorine atom forms 
multipolar interactions with the guanidium group of Arg8, 
stabilizing the dimer of HIV-1 protease by a critical inter-subunit 
ion pair. This fluorine atom also has van der Waals contact with 
Val82. Both P1 and P2 ligands in inhibitor 2 considerably 
contributed additional interactions, improving the favorable 
inhibitor-HIV-1 protease interactions in comparison to DRV. 
These new ligand-binding site interactions are likely to account 
for the improved activity of inhibitor 2.
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Figure 16. Side view of the S1 subsite. The protein surface is shown in transparent 
gray. The van der Waals surface for the fluorinated P1-ligand for inhibitor 2 is 
shown in orange wire mesh and van der Walls contacts are shown by dotted lines.

Synthesis of Crown-THF-derived HIV-1 
Protease Inhibitor 2 (GRL-142)

Our synthetic strategy for inhibitor 2 is shown in Scheme 1. 
Inhibitor 2 was obtained by alkoxycarbonylation of ligand 
alcohol 27 and hydroxyethylaminosulfonamide amine 
derivative 28.96,97 Stereochemically defined tricyclic ligand 
alcohol 27 was synthesized from 3-hydroxybicyclo[2.2.1]hept-
5-ene derivative 29. We planned to synthesize this intermediate 
via an enantioselective Diels-Alder reaction. The fluorinated 
isosteric amines were synthesized from azido diol 30 utilizing 
Sharpless asymmetric epoxidation98,99 of the corresponding 
fluorinated allylic alcohol, followed by regioselective epoxide 
opening as described by us previously.100

The synthesis of tricyclic crown-THF ligand alcohol 27 in 
optically active form is shown in Scheme 2. As described 
previously, we utilized a chiral oxazaborolidinium cation 

Scheme 1. Synthetic strategies for the preparation of inhibitor 2

catalyzed Diels−Alder reaction developed by Corey and 
Mukherjee.101,102 The Diels-Alder reaction of readily available 
ethyl vinyl boronate 31103 and cyclopentadiene afforded the 
corresponding cycloadduct, which was oxidized with H2O2 to 
furnish optically active alcohol 29 in excellent yield and in 
excellent optical purity (98% ee). Alcohol 29 was then converted 
to bicyclic acetal 33 in a four-steps to provide bicyclic acetal 33 
(2:1 mixture). The lactol mixture was exposed to TFA to provide 
tricyclic exo-alcohol 34 in good yield. This exo-alcohol was then 
converted to endo-alcohol 27 by oxidation followed by 
reduction of the resulting ketone.104 Crown-THF ligand alcohol, 
(3S,3aS,5R,7aS,8S)-hexahydro-4H-3,5-methanofuro[2,3-b]-
pyran-8-ol (27) was obtained in good yield. This overall route is 
efficient and provided access to both endo- and exo-ligand 
alcohols in optically active form (>99% ee).

Scheme 2. Synthesis of Crn-THF ligand 27.

Our synthesis of the 3,5-difluorobenzene epoxide derivative 
for the synthesis of inhibitor 2 is shown in Scheme 2. 
Commercially available 1-bromo-3,5-difluorobenzene 35 was 
converted to its 3,5-difluorophenyl magnesium bromide and 
this Grignard reagent was reacted with butadiene monoxide to 
provide allylic alcohol 16.61 Sharpless asymmetric epoxidation 
of 16 with (-)-diethyl-D-tartrate resulted in the corresponding 
epoxide which was reacted with TMSN3 and Ti(OiPr)4 to afford 
the azido diol 37.98,99,105 Diol 37 was then converted to epoxide 
38 as described previously.106,107 2827
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Scheme 3. Synthesis of difluoroazidoepoxide 38.

Epoxide 38 was then converted to inhibitor 2 as shown in 
Scheme 4. Reaction of 38 with isobutylamine provided 
azidoalcohol 39. This was then reacted with sulfonyl chloride 40 
to provide the sulfonamide, which was converted to Boc amine 

Scheme 4. Synthesis of protease inhibitor 2.

derivative 41. Oxidation of the sulfide provided the sulfone, 
which was then reacted with cyclopropylamine followed by 
deprotection of Boc with TFA to furnish aminoalcohol 42. 
Crown-THF ligand alcohol 27 was converted to activated 

carbonate 43 which reacted with amine 42 to furnish inhibitor 
2 in good overall yield.90,91 

Synthesis of Fused Tricyclic Polyether-derived 
HIV-1 Protease Inhibitors

Recently, we have designed, synthesized and evaluated another 
new class of HIV-1 protease inhibitors containing stereochemically 
defined fused tricyclic polyethers as the P2 ligands and a variety of 
sulfonamide derivatives as the P2' ligands.108 As described 
previously, based upon the X-ray crystal structure of DRV (1)-bound 
HIV-1 protease and its methoxy derivative 10-bound HIV-1 protease, 
we have designed hexahydrofuropyranol-derived urethane as the 
P2-ligand in inhibitor 11, which exhibited enhanced activity over 
inhibitor 10.74 Inhibitor 11 maintained potent antiviral activity 
against drug-resistant HIV-1 strains similar to darunavir and its 
methoxy derivative 10. In an effort to promote further backbone 
interactions in the S2 subsite with the bicyclic acetal functionality, we 
speculated that  a methylene group would be more effective.  As 
shown in Figure 17,  a hydroxymethyl urethane in inhibitor structure 
44 would be optimum for effective contact with the backbone amide 
NHs. However, we planned to incorporate a methylene bridge to 
promote stablity as shown in inhibitor structure 45. An inhibitor 
model shows an increase of the dihedral angle of the acetal template 
and better alignment with Asp29 and Asp30 backbone amide NHs. 
The resulting preorganized and conformationally constrained 
octahydro-2H-1,7-dioxacyclopenta[cd]indene incorporates three 
extra methylene groups over bis-THF ligand in DRV. This ligand is 
expected to make more favorable van der Waals interactions since 
these methylene groups are located in the hydrophobic space 
surrounding Ile47, Val32, Leu76, and Ile50′ residues in the S2 subsite. 
We presumed that the umbrella-like tetrahydropyranofuran (Umb-
THF) may show better adaptability to protease mutation. We 
planned to optimize ligand-binding site interations of inhibitors with 
an Umb-THF P2 ligand in combination with a fluorinated 
phenylmethyl P1 ligand and benzothiazole derivatives to improve 
activity and drug resistance profiles.
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Figure 17. Design of Umb-THF P2 ligand

We have synthesized a series of inhibitors incorporating Umb-
THF as the P2 ligand in combination with other P1 and P2' ligands.108 
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All inhibitors containing the Umb-THF as the P2 ligand provided very 
potent activity. As can be seen in Figure 18, inhibitor 46 with an 
(2aS,2a1S,4R,4aS,7aS)-octahydro-2H-1,7-dioxacyclopentaindenyl 
urethane as the P2 ligand with a 4-methoxybenzenesulfonamide as 
the P2′-ligand, displayed an enzyme inhibitory Ki of 8 pM and antiviral 
IC50 value of 9 nM. Interestingly inhibitor 47 with an enantiomeric 
ligand also showed very potent activity however, both inhibitors 
displayed reduced antiviral activity compared to inhibitor 10 or 11. 
We have also investigated the effect of alternative fused 
tetrahydrofurano-pyran rings in inhibitor 48. This inhibitor showed a 
reduction in enzyme and antiviral activity compared to inhibitor 
46.108 
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Figure 18. Structure and activity of inhibitors 46-48.

We then examined aminocyclopropylbenzothiazole (Abt) 
sulfonamide as the P2‘ ligand.  As shown in Figure 19, both inhibitors 
49 and 50 with the enantiomeric Umb-ligand as the P2 ligand and Abt 
as the P2‘ ligand displayed significant improvement in antiviral 
activity compared to inhibitors 46 and 47 with 4-
methoxybenzenesulfonamide as the P2′-ligand.  Then, incorporation 
of a 3,5-difluorobenzyl moeity as the P1 ligand in inhibitors 49 and 
50 provided inhibitors 51 and 52 with enantiomeric P2 ligands.  Both 
inhibitors exhibited exceptionally potent activity, displaying antiviral 
IC50 values of 23 pM for inhibitor 51 and 27 pM for inhibitor 52, 
comparable to Crown-THF-derived inhibitor 2.  

Table 6. Comparison of the antiviral activity of 51 and 52 and other PIs 
against highly PI-resistant HIV-1 variants.

EC50 (nM)a

Virusa LPV APV ATV DRV 51 52

HIV-1NL4-3 0.032 0.087 0.0033 0.003 0.002 0.0012 

HIV-1ATV
R

5µM >1 (>31) >1 (>11) >1 (>303) 0.024 (8) 0.0015 (1) 0.0006 (0.3)

HIV-1LPV
R

5µM >1 (>31) 0.19 (2) 0.029 (9) 0.026 (9) 0.002 (2) 0.002 (1)

HIV-1APV
R

5µM 0.39 (12) >1 (>11) 0.07 (21) 0.2 (67) 0.00032 (0.3) 0.0003 (0.2)
bThe EC50 (50% effective concentration) values were determined by using MT-4 cells as 
target cells. MT-4 cells (105/mL) were exposed to 100 TCID50s of each HIV-1, and the 
inhibition of p24 Gag protein production by each drug was used as an endpoint. All 
assays were conducted in duplicate, and the data shown represent mean values (± S.D.) 
derived from the results of two independent experiments.

We evaluated the antiviral activity of both potent Umb-THF-
derived inhibitors 51 and 52  against a panel of HIV-1 variants that 
had been selected in vitro with three widely used FDA-approved PI 
drugs as described previously.109,110 The results are shown in Table 6. 
As can be seen, both inhibitors 51 and 52 maintained exceptional 
activity against all three HIV-1 variants with EC50 values ranging from 
0.0003 to 0.002 nM. Essentially, both inhibitors did not show any loss 
in antiviral activity compared to wild-type HIVNL4-3. 
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Figure 19. Structure and activity of inhibitors 49-52.

We determined high resolution X-ray crystal structures of both 
inhibitors 51- and 52-bound HIV-1 protease. All key inhibitor-
protease interactions are shown in Figure 20. The Umb-THF P2 ligand 
forms stronger hydrogen bonds with backbone atoms in the S2-site. 
Also, both enantiomeric ligands make enhanced van der Waals 
interactions in S2-site compared to the bis-THF ligand of DRV. The 
acetal oxygens are suitably positioned and formed strong hydrogen 
bonds with backbone NHs of Asp29 and Asp30.  The Umb-THF ligands 
form significant van der Waals interactions with the side chain atoms 
of Ile50, Ile47, Val32, and Ile84 in the S2 subsite. The bulging P2 
ligand 
in 52 is nicely accommodated by shifting the Gly48 carbonyl group in 
flap region into an alternate conformation.  Interestingly, the 
enantiomeric Umb-THF ligand in inhibitor 51 rotated towards the 
CD1 atom of Ile50 to form a van der Waals contact.  These 
interactions are extensive and they contributed towards the 
exceptional potency and superior drug resistance properties of 
inhibitors 51 and 52.108

Our synthesis of optically active Umb-THF ligand alcohol is shown 
in Scheme 5. Dihydropyran was converted to bromo ether 13 using 
NBS and propargyl alcohol. Dehydrobromination of bromo ether 
provided ene-yne derivative 14.111 Pauson-Khand cyclization112,113 of 
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Figure 20A. Inhibitor 52-bound HIV-1 protease X-ray structure is shown (PDB code: 
6CDJ). The inhibitor carbon atoms are shown in green and hydrogen bonds are shown by 
black dotted lines. 

Figure 20B. Inhibitor 51-bound HIV-1 protease X-ray structure is shown (PDB code: 
6CDL). The inhibitor carbon atoms are shown in cyan and hydrogen bonds are shown by 
black dotted lines. 

14 with CO2(CO)8 in hexane furnished tricyclic enone 15. Transfer 
hydrogenation followed by reduction of the resulting ketone 
furnished racemic ligand alcohol 16. Lipase catalyzed enzymatic 
resolution114,115 of racemic alcohol 16 afforded optically active 
alcohol (+)-16 and its acetic derivative 17. Saponification of 17 
provided optically active ligand alcohol (-)-16.
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Scheme 5. Synthesis of optically active ligand alcohol 16.

Above optically active ligand alcohols were converted to their 
respective mixed activated carbonate derivatives 18 and 19.  
Reaction of these carbonates with amine 42 containing fluorines in 
the P1 ligand, furnished inhibitors 51 and 52, respectively. The 
overall route involving Pauson-Khand cyclization as a key step 
provided convenient access to various Umb-THF ligands for SAR and 
optimization work.108 Our preliminary results show that the 
combination of the fused tricylic Umb-THF as the P2 ligands, a 
cyclopropylaminobenzothiazole derivative as the P2'-ligand, and a 
3,5-difluorophenylmethyl as the P1 ligand resulted in exceptionally 
potent inhibitors with marked drug resistance profiles.  Further 
optimization of the ligand-binding site interactions based upon the  
X-ray structures of inhibitor-HIV-1 protease complexes may lead to 
inhibitors with improved properties.
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Scheme 6. Synthesis of inhibitors 51 and 52. 

Recent development of related HIV-1 protease 
inhibitors from other laboratories.

The design, synthesis, and optimization of protease inhibitors for 
clinical development continues to be a very active area of research. 
Darunavir, the last approved protease inhibitor drug, sets a high 
standard for next generation protease inhibitors. Several 
laboratories recently reported further structural modification of 
darunavir scaffold to improve potency and drug-resistance 
properties. We will report here new and relevant inhibitors since 
2016 that are not reported in previous reviews.19,57 

Based upon X-ray structures of darunavir-bound HIV-1 protease 
(PDB ID: 4HLA), we have shown that incorporation of carboxylic acid, 
carboxamide or stereochemically defined hydroxyl alkyl groups on 
the P2'-ligand of darunavir led to enhanced hydrogen bonding 
interactions in the S2'-subsite.116 As shown in Figure 21, compounds 
60-62 exhibited very potent protease inhibitory activity, however, 
they displayed significantly reduced antiviral activity possibly due to 
efflux properties of these derivatives.117,118 X-ray structural studies of 
60-bound HIV-1 protease documented extensive hydrogen bonding 
interactions in the S2'-site.117 Raines and co-workers reported the 
design of boronic acid based derivatives and showed extraordinary 
enhancement of HIV-1 protease inhibitory activity.119 Representative 
derivatives 63 and 64 showed femtomolar Ki values, however 
antiviral activity was reduced significantly. X-ray structural studies 
showed similar enhanced hydrogen bonding interactions as the 
carboxylic acid derivative 60. Interestingly, inhibitor 65, containing 
crown-THF ligands as the P2 ligand and boronic acid as the P2' ligand 
showed improved antiviral activity.118 We have examined antiviral 
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activity of inhibitors 64 and 65 against DRV-resistant HIV-1 variants 
and the results were compared against darunavir and our recent 
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Figure 21. Structure and activity of inhibitors 60-53.

highly potent inhibitor 2 as shown in Table 7.118 All boronic acid and 
carboxylic acid-derived inhibitors exhibited significantly reduced 
antiviral activity against the highly DRV-resistant HIV-1 variants.

Besides carboxylic acid and boronic acid functionalities, we and 
others have explored stereochemically defined hydroxyl groups to 
make enhanced hydrogen bonding interactions in the S2' site. The 
effect of these functionalities on the antiviral activity was evaluated. 
As shown in Figure 22, darunavir derivative 64 with a (R)-hydroxyl 
group on the P2' ligand showed comparable in vitro activity as 
darunavir. Interestingly, the derivative 65 with (S)-isomer showed 
much reduction in potency.27,116 Rusere and co-workers have also 
investigated the effect of various polar groups on the P2' ligand in 
combination with other P1' ligands.120 As shown in Figure 23, 
inhibitors 66-69 have shown very potent protease inhibitory activity 
against drug-resistant variants 184V and I50V/A71V. The X-ray 
structure of inhibitor 67-bound HIV-1 protease showed extensive 
interactions in the S2'-subsite as shown in Figure 24.120

 Figure 22. Structure and activity of inhibitors 64 and 65.
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Figure 23. Structure and activity of inhibitors 66-69.

Figure 24. Inhibitor 67-bound HIV-1 protease X-ray structure is shown (PDB code: 6OXV). 
The inhibitor carbon atoms are shown in cyan and hydrogen bonds are shown by black 
dotted lines. 

Rusere and co-workers have investigated protease inhibitors 
incorporating bis-tetrahydrofuran as the P2 or P2' ligand in 
psuedosymmetric dipeptide isosteres related to lopinavir.121,122 The 
authors’ structure-activity relationship studies revealed that bis-THF 
carbamate can be incorporated in both sides of the isostere without 
affecting much of enzyme inhibitory activity. Representative 
inhibitors 70-73 in Figure 25 showed very potent Ki values against 
wild-type as well as protease mutants I84V and I50V/A71V. However, 
antiviral activity of these derivatives is not improved over darunavir 
or lopinavir. X-ray structural studies have indicated strong hydrogen 
bonding interactions of the bis-THF ligand with backbone amide NHs 
Asp29 and Asp30 as well as Asp29' and Asp30' NH similar to 
interactions of bis-THF ligand in the S2 subsite of darunavir.121 

Table 7. Antiviral activity of inhibitors against highly DRV-resistant HIV-1 variants.

                 Mean IC50 in nM ± SD (fold-change)
LPV 1 62 63 2 (GRL-142)

cHIVnl4-3
WT 13 ± 2 3.2 48.9 37.7 0.017 

HIVDRV
R

P20
>1000 
(>77) 525.8 (164) 219.3 (4) 71.2 (2) 0.0024

HIVDRV
R

P30
>1000 
(>77)   601 (>187)   946.4 (19) 532.3 (14) 0.14 

HIVDRV
R

P51
>1000 
(>77) 5429.7 (>1000) >1000 >1000 1.3

Numbers in parentheses represent fold changes in IC50s for each isolate compared to 
the IC50s for wild-type cHIVNL4-3

WT. All assays were conducted in triplicate. 
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Figure 25. Structure and activity of inhibitors 70-73.

Bai and co-workers have reported design, synthesis, and 
structure-activity relationship studies of HIV-1 protease inhibitors 
incorporating stereochemically defined aminotetrahydrofuran-
derived tertiary amine-amide as the P2' ligand in 
hydroxysulfonamide isostere scaffold.123,124 Many amide derivatives 
were explored and a number of tertiary amide derived inhibitors 
have shown low nanomolar to subnanomolar HIV-1 protease 
inhibitory activity. Among representative examples 74-77 in Figure 
26, inhibitor 77 with N(S-tetrahydrofuran)-N(2-
methoxyethyl)acetamide P2 ligand in combination with 3,4-
methylenedioxybenzene sulfonamide P2' ligand exhibited best 
protease inhibitory activity (IC50 0.35 nM). These derivatives showed 
low cytotoxicity. However, antiviral activity of these compounds was 
not reported.123 
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Figure 26. Structure and activity of inhibitors 74-77.

Bungard and co-workers reported the design and synthesis of a 
potent series of HIV-1 protease inhibitors containing a piperazine 
sulfonamide core.125,126 The design of these inhibitors was based 
upon the work of pyrrolidine based inhibitor 78 (Figure 27), reported 
by Coburn and co-workers.127 Presumably, the pyrrolidine NH binds 
to catalytic Asp25 and Asp25' in the active site. A truncated 
derivative 79 containing a morpholine was then designed. This 
compound weakly inhibited HIV-1 protease (11% inhibition at 1µM), 
however,
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Figure 27. Structure and activity of inhibitors 78-81.

structural studies of inhibitor-bound HIV-1 protease showed key 
interactions with catalytic Asp25 and Asp25' in the active site.   Also, 
the two phenyl groups occupied the S1 and S3 regions in the protease 
active site. 

Subsequently, the X-ray structure-based optimization of 
substituents and incorporation of functionalities were carried out.  In 
inhibitor 80, an aniline moiety was incorporated on the side chain 
and a methyl carbamate functionality was introduced on the 
morpholine ring.  Compound 80 displayed low nanomolar HIV-1 
protease inhibitory activity and exhibited antiviral IC95 value of 120 
nM.  Rat pharmacokinetic studies showed oral favorable 
bioavailability for compound 80 (5 mpk, F = 19%).   Further 
optimization of P1, P1’, P2 and P3 ligands resulted in Inhibitor 81 (MK 
8718) with improved antiviral and pharmacokinetic properties.125 

Further design based upon the structural information of inhibitor 
81-bound HIV-1 protease led to the development of very potent 
inhibitors containing piperazine sulfonamide core.  As shown in 
Figure 28, inhibitor 82 exhibited very potent enzyme inhibitory 
activity (IC50 12 pM) and antiviral activity (EC50 2.8 nM), comparable 
to darunavir and atazanevir. The X-ray structure of a related inhibitor 
83-bound HIV-1 protease was determined.125 As shown in Figure 29, 
the structure revealed unique modes of interaction with catalytic 
aspartates as well as interactions of inhibitor’s sulfonamide group 
with Ile50 and Ile50' located in the flaps of HIV-1 protease.  The 
piperazine NH is involved in hydrogen bonding interactions with 
catalytic Asp25 and Asp25' in the active site.   
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Figure 28. Structure and activity of inhibitors 82 and 83.

Figure 29. Inhibitor 83-bound HIV-1 protease X-ray structure is shown (PDB code: 6B3H). 
The inhibitor carbon atoms are shown in green and hydrogen bonds are shown by black 
dotted lines. 

Conclusion

HIV-1 protease inhibitors continue to play an important role 
in the current treatment and management of patients with HIV-
1 infection and AIDS.  The last approved HIV-1 protease inhibitor 
drug is darunavir, which has become widely used first-line 
therapy for treatment of HIV/AIDS patients.  Darunavir based 
therapy is particularly effective for treatment of patients 
harboring multidrug-resistant HIV-1 variants that do not 
respond to existing ART regimens. Darunavir is conceptually 
different from other approved protease inhibitor drugs.  
Daruanvir exhibits unprecedented dual mechanism of action, 
(1) it inhibits catalytically active dimeric HIV-1 protease; (2) it 
prevents dimerization of protease monomers into the active 
enzyme.  During darunavir design, we incorporated a 
stereochemically defined bis-tetrahydrofuran heterocycle as 
the P2 ligand in combination with a p-
aminobenezenesulfonamide as the P2' ligand.  These structural 
features are specifically designed to make extensive hydrogen 
bonding interactions from S2 and S2’ subsites of HIV-1 protease. 
The ‘backbone binding’ interactions of darunavir on both sides 

of the dimeric protease as well as the polyether structural 
features of the bis-THF ligand are critical to its extraordinary 
antiviral activity against multidrug-resistant HIV-1 strains.  

Since our discovery of darunavir, we have set our focus on 
the design and development of a new generation of protease 
inhibitors which can show robust drug-resistant profiles and 
maintain potency against darunavir and other PI-resistant 
viruses.  Also, we planned to design inhibitors that can cross the 
blood-brain barrier to inhibit HIV-1 replication in the CNS and 
reduce developing HAND. In this review, we provided highlights 
of our recent development of exceptionally potent new 
generation HIV-1 protease inhibitors that incorporated a host of 
new polyether-like conformationally constrained polycyclic 
ligands such as, crown-THF, Umb-THF as P2 ligands; 
aminobenzothiazole and aminobenzooxazole-derived P2’ 
ligands, and fluorinated phenylmethyl derivatives as the P1 
ligand to make enhanced backbone binding as well as van der 
Waals interactions in the active site. Among these inhibitors, 
inhibitor GRL-142 and related derivatives are particularly very 
intriguing as these compounds display significantly better 
antiviral activity, drug-resistance profiles, and drug-like 
properties compared to darunavir.  We feature design 
principles for cyclic polyether-derived nonpeptide ligands 
motivated by bioactive natural products, backbone binding 
design strategies to combat drug resistance, in-depth biological 
studies including in vitro antiviral studies against a range of 
MDR variants, and X-ray structural studies of inhibitor-protease 
complex to gain structural insights into activity and properties. 
We hope this review will further stimulate design and discovery 
efforts toward improved treatment against HIV infection and 
AIDS.
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