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Abstract

HIV-1 protease inhibitors continue to play an important role in the treatment of HIV/AIDS, 

transforming this deadly ailment into a more manageable chronic infection. Over the years, 

intensive research led to a variety of approved protease inhibitors for the treatment of HIV/AIDS. 

In this review, we outline current drug design and medicinal chemistry efforts toward the 

development of new generation protease inhibitors beyond the currently approved drugs.
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1. Introduction

It has been over three decades since human immunodeficiency virus (HIV), the causative 

agent for acquired immunodeficiency syndrome (AIDS), was identified.1, 2 Since the 

beginning of the global pandemic of HIV/AIDS in the early 1980’s, an estimated 78 million 

people have been infected with HIV and about 39 million people have died of AIDS-related 

causes according to the Joint United Nations Program on HIV/AIDS (UNAIDS). An 

estimated 37 million people worldwide are now living with HIV/AIDS.3, 4 These statistics 

are quite staggering by any measure. By the latter half of the 1980’s, advancements in the 

knowledge of HIV pathogenesis, biology, and pharmacology led to unprecedented efforts to 

translate basic findings into the development of novel antiviral drug therapies.5, 6 The 

progression and continuous evolution of antiretroviral therapy for HIV/AIDS treatment is 

quite unique in the history of medicine. Currently, there exists no treatment to eradicate the 
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virus from an infected patient. However, the development of multiple therapeutic agents 

targeting various steps of the HIV life cycle helped transform HIV infection from an 

inevitably fatal disease into a manageable chronic ailment. This has resulted in dramatic 

improvement in HIV-related morbidity and mortality, particularly in developed countries 

where patients have access to potent antiretroviral drug combinations that allow sustained 

control of viral replication and combat drug-resistant virus.7, 8

The discovery of HIV as the causative agent and molecular events critical to HIV replication 

initially identified a number of important biochemical targets including reverse transcriptase 

(RT), protease (PR), and integrase (IN) for antiviral therapy development.9, 10 Nucleoside 

reverse transcriptase inhibitors were the first agents approved for the treatment of HIV 

infection by interfering with the transcription of double stranded viral RNA into DNA.11 

Therapeutic inhibition of virally encoded HIV-1 protease was then specifically targeted since 

this enzyme plays a critical role in processing the gag and gag-pol gene product into 

essential viral proteins required for assembly of a new mature virus. An immense effort in 

the development of HIV-1 protease inhibitor drugs followed. The approval of several HIV-1 

protease inhibitor drugs in the mid-1990’s and their combination with reverse transcriptase 

inhibitors marked the beginning of highly active antiretroviral therapy (HAART).12, 13 It 

became evident that combination chemotherapy was significantly more effective than dosing 

the drugs sequentially.14 The advent of HAART has resulted in dramatic improvement in 

HIV/AIDS treatment. Today, many different treatment regimens are known and new 

therapies with other targets including integrase inhibitors, viral attachment inhibitors, and 

membrane fusion inhibitors have been developed. Treatment regimens aim to be potent, 

convenient, well tolerated, and typically reduce HIV blood concentration to undetectable 

levels within a few weeks of treatment. Antiretroviral therapy (ART) regimes typically 

induce a robust and sustained increase of CD4 T-cell counts.7, 8

Despite major advances in HIV/AIDS therapies, there are significant drawbacks to current 

treatments. Drugs must be taken lifelong with unknown long-term side effects. Drug 

toxicity, drug-drug interactions, and evolution of different patterns of systemic complications 

involving heart, kidney, bone and other organs have emerged.6, 8 Since the central nervous 

system (CNS) is a major sanctuary for HIV-1 infection, HIV-1 associated neurocognitive 

disorders are increasing, possibly due to poor CNS penetration of current anti-HIV 

therapies.15, 16 Perhaps, the most alarming problem is the emergence of drug resistance, 

rendering current therapies ineffective within months in some cases. This has become a 

formidable challenge and may unravel the progress achieved toward HIV/AIDS 

management.17, 18 One of the greatest challenges that the World Health Organization faces 

today is that a large population of HIV infected patients are not diagnosed and treated until a 

late stage of the disease. This is due to limited diagnosis and ineffective treatment in areas 

like Africa and developing countries which contribute to nearly 70% of the global cases of 

HIV infection.4, 7 Some progress has been made in sub-Saharan Africa but significant 

challenges remain. This review will describe the progress made towards the development of 

novel next-generation protease inhibitors since the approval of darunavir, the most recent 

FDA-approved PI.19–21
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2. HIV-1 Protease: Structure, Function, and Therapeutic Target

HIV-1 protease is responsible for the production of all viral enzymes and structural proteins 

necessary to produce mature, virulent virions. During replication, HIV infects T-cells via 

membrane fusion. Viral RNA then enters the cell and is turned into DNA via RT. The DNA 

enters the nucleus of the cell and is incorporated into the host cell’s DNA by IN. HIV then 

exploits the natural transcription and translation mechanism of the host cell to provide the 

viral polyprotein. The polypeptide is then hydrolyzed into mature proteins by PR. The viral 

RNA and proteins then accumulate at the cell surface and are released as infectious virions. 

Inhibition of PR represents intervention at a vital stage in the HIV life cycle.22

HIV protease catalyzes the hydrolysis of the Gag and Gag-Pol polyproteins at various 

cleavage sites which produce the structural proteins, such as the viral envelope 

glycoproteins, and the RT, IN, and PR enzymes for the new virion particles. X-ray 

crystallographic analysis provided insight into protease structure and function.23, 24 PR is a 

homodimer of two 99 amino acid subunits. Catalytic aspartic acid residues, Asp25 and 

Asp25’, one from each monomer, meet at the dimer interface and form the catalytic active 

site of the enzyme.22 Two flexible glycine-dense β-sheets form a flap region over the top of 

the active site. These flaps experience a conformational shift to close over the active site 

when the enzyme is bound to a substrate. Native substrate binds to the enzyme in an 

extended conformation with a minimum of seven amino acid residues interacting with the 

enzyme, indicated as P4 to P1 and P1’ to P4’ by standard nomenclature (Figure 1). 

Hydrolysis of the amide bond occurs between the P1 and P1’ residues. The enzyme is highly 

specific; each subsite has preference for which type of side chain can be accommodated. The 

S1 and S1’ subsites prefer hydrophobic residues, as do the S3 and S3’ subsites, while the S2 

and S2’ subsites can accommodate both polar and hydrophobic side chains.25 Analysis of 

fifteen different peptidic, early inhibitors of HIV protease shed light onto the desired binding 

pattern of PR (Figure 1).26 Mean hydrogen bond lengths were 2.68 to 3.24 Å. Overall, 

hydrogen bonding distances were shortest between the structural water molecules and the 

inhibitor with an average distance of 2.86 Å while direct inhibitor-active site hydrogen 

bonds were slightly longer with an average length of 3.11 Å. It was shown that peptidic 

inhibitors and, by extension, substrates form stronger hydrogen bonds with the flexible flap 

regions consisting of residues 48–50 than with the more rigid portion of the active site 

consisting of residues 25–29.26

3. First-Generation Protease Inhibitors and the Advent of HAART

Initial therapies for HIV/AIDS patients consisted of nucleoside reverse transcriptase 

inhibitor monotherapy such as zidovudine or AZT. Introduction of protease inhibitors (PIs) 

to the market began with saquinavir in 1995 (1, Figure 2). The FDA approval of saquinavir 

marked the beginning of combination therapy for HIV/AIDS patients known as HAART. 

HAART therapy with a RT inhibitor greatly improved patient outcome by reducing viral 

loads, improving CD4 cell counts, and halting the progression to AIDS.25, 27, 28

First-generation inhibitors were based on hydroxyethylene and hydroxyethylamine 

isosteres.29 The central hydroxyl group mimics the transition state of the hydrolysis step by 
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binding with the catalytic aspartic acid residues. Saquinavir (1, Figure 2) is a very potent 

inhibitor with a Ki of 0.12 nM.30 A crystal structure of saquinavir-bound HIV protease 

showed that the inhibitor bound in an extended conformation.31 The transition state 

hydroxyl group complexed between the catalytic aspartic acid residues Asp25 and Asp25’. 

The decahydroisoquinoline moiety fully occupies the S1’ pocket and makes contacts in the 

flap region. The (S,S,S) stereochemistry was found to be optimal for desired hydrophobic 

contacts in this area. The t-butyl amide moiety inserts into the S2’ pocket but does not make 

any polar contacts. The P1 phenyl moiety fills in the hydrophobic volume of the S1 pocket 

while the P2 carboxamide forms hydrogen bonds with the backbone amide moieties of 

Asp29 and Asp30. The quinadyl group fits tightly into the S3 subsite.31

Saquinavir marked the beginning of HAART therapy by the introduction of protease 

inhibitors into the clinic; however, many more first generation inhibitors have been 

developed since its approval. Ritonavir (2), developed by Abbott Laboratories, was approved 

by the FDA in 1996 and had a very potent Ki of 0.015 nM.32 However, ritonavir was later 

found to be a potent inhibitor of cytochrome P450 3A, a major metabolic enzyme for 

protease inhibitors.33 Due to this finding, ritonavir is used more frequently as a 

pharmacokinetic booster than a PI. Indinavir (3) was the next PI to be approved by the FDA. 

Developed by Merck, it was approved for use in 1996, only two weeks following the 

approval of ritonavir. Indinavir is very potent, with a Ki of 0.36 nM.34 Unfortunately, 

indinavir has a very short half-life (1.8h), requiring a multi-dose schedule to maintain low 

viral loads. Nelfinavir (4), approved in 1997, was developed by Agouron Pharmaceuticals in 

collaboration with Eli Lilly.35 With a Ki of 2 nM, nelfinavir features a very similar 

hydroxyethylamine isostere as was seen in saquinavir. Amprenavir (5), approved in 1999, 

also contains a hydroxyethylamine isostere with a Ki of 0.6 nM.36

4. Second-Generation Protease Inhibitors

The therapeutic efficacy of first generation PIs was limited. First, many of these inhibitors 

are highly peptidic in nature. This has resulted in high metabolic clearance, low half-life and 

largely poor oral bioavailability, requiring more frequent dosing. Furthermore, 

gastrointestinal distress including nausea, diarrhea, and abdominal pain, are common side 

effects for first-generation PIs. Most importantly, the emergence of drug-resistant strains of 

HIV has been a major problem for first-generation PIs. Research efforts aimed at addressing 

these issues led to the development of second-generation PIs.29

Lopinavir (6) was developed by Abbott to improve upon the properties of ritonavir. Unable 

to be dosed alone, lopinavir became the first PI available as a combination pill with ritonavir 

as a pharmacokinetic booster.37 Atazanavir (7, Figure 3) was approved in 2003, and it 

became the first protease inhibitor to be effectively dosed once daily. The balance of 

hydrophobicity and hydrophilicity was investigated to find a combination suitable for oral 

dosing with a longer half-life than previous protease inhibitors.38 This allowed for a lower 

pill burden and better patient compliance. Tipranavir (8), was approved in 2005 with 

extension to pediatric use in 2008. Due to its many structural differences, it maintains 

potency against some drug-resistant strains of HIV and appears to have a higher genetic 

barrier requiring many mutations to confer resistance.39 However, tipranavir has been 
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rendered more useful in salvage therapy than as a first line treatment due to more severe side 

effects as compared to other protease inhibitors, such as intracranial hemorrhage, hepatitis, 

and diabetes mellitus. The most recently approved PI, darunavir (9), was approved by the 

FDA in 2006 for treatment experienced adult patients with extension to approval for 

treatment naïve and pediatric patients in 2008 and 2013 respectively.40–44 Darunavir 

maintained potency against multidrug-resistant strains of HIV with a high genetic barrier for 

the development of resistance in preclinical studies. However, multidrug-resistant HIV-1 

variants have emerged from darunavir-experienced patients, showing the ability of the drug 

resistance issue to perpetuate.44–47

5. Emergence of Drug-Resistant Variants

(a) Mechanisms of HIV-1 Protease Drug Resistance

HIV-1 protease is prone to resistance development in large part due to the process in which it 

is synthesized in vivo. Reverse transcriptase creates viral DNA from the viral RNA that gets 

incorporated into the host cell by the virus during infection. This process, unlike eukaryotic 

DNA synthesis, is extremely error prone due to its lack of proofreading mechanisms, 

causing HIV-1 to develop many polymorphic mutations.48, 49 The large error rate of this 

process increases the probability of genetic mutants to be introduced into the system, and 

this is influenced by the evolutionary pressures of PIs. As a consequence, the development 

of resistance is exacerbated.

HIV-1 protease mutations can be classified into two groups: primary and secondary 

mutations.50, 51 Primary mutations are changes in residues directly involved in substrate 

binding and manifest themselves in the active site of the enzyme. The residues considered to 

be involved in the active site are residues 25–32, 47–53, and 80–84. Changes in any other 

residues are classified as secondary mutations.52 Secondary mutations are located away from 

the active site and are usually compensatory mutations to relegate the detrimental effects of 

primary mutations on binding to the protease’s natural substrate.50, 53 There can also be a 

second group of secondary mutations considered which do not manifest in the protease itself 

but instead in the protein cleavage site on the Gag-Pol and Gag substrates.54 These changes 

in cleavage sites emerge to counteract the inefficiencies created by primary mutations on 

protease activity and are therefore considered secondary mutations.55

Primary mutations are usually observed to alter direct interactions between the protease and 

the PI but rarely involve residues that participate in active catalysis.56 These mutations are 

most often located in the substrate binding pockets, reducing the affinity for PI binding 

while retaining favorable interactions with the natural substrate and proteolytic activity.57 

The effects of the active site double mutation V82F/I84V have been shown to change the site 

of the binding pocket to an unfavorable conformation for PIs. Reduction in van der Waals 

contacts because of this shape change leads to a significant reduction in binding enthalpy.56 

Often, the protease requires additional mutations to compensate for deleterious effects of 

primary mutations on substrate processing, leading to a higher incidence of secondary 

mutations.58
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Of the 99 residues that compose a monomer of HIV-1 protease, mutations at 45 residues 

have been observed to confer drug resistance.59 Of these 45 mutations, only 11 have been 

identified as active site or primary mutations, leaving the majority of mutations classified as 

secondary mutations.59 Many secondary mutations are located at the dimerization interface 

and in the flap region.56 The flap region, composed of residues 39–57, is a main regulator 

for substrate and ligand binding.60 HIV protease exists in multiple conformations, including 

the free “flap-open” conformation and the ligand-bound “flap-closed” conformation (Figure 

4). Mutations in this region tend to change the extent to which the flaps may be open or 

closed and thereby change the shape of and access to the binding pocket, consequently 

reducing the ability of the inhibitor to bind in the active site. A variant containing G48T/

L89M mutations was shown to have an effect on the binding of saquinavir due to the flap 

being in a more open conformation. This reduced the van der Waals interactions between the 

PI and enzyme, reducing binding affinity.60

All currently available PIs have specific signature mutations associated with them.63, 64 As 

an example, the mutation I84V is commonly witnessed in patients treated with 

fosamprenavir. Viruses containing this mutation are also resistant to indinavir, atazanavir, 

tipranavir, and darunavir.13, 56, 63–65 This mutation changes a larger amino acid for a less 

bulky residue and reduces van der Waals contacts between the PI and the protease, thereby 

reducing affinity.64 Many PIs have been developed over the years with a very high affinity 

for the enzyme. The development of mutation-derived resistance has driven many in the 

medicinal community to develop strategies for designing inhibitors that interact with the 

protease in ways that create a high barrier to resistance. Swift response to PI introduction by 

mutations in the protease structure has been commonly observed and is the foremost concern 

in combating this disease. Nonetheless, there have been great strides in the battle against 

resistance by novel design techniques and a further understanding of the substrate binding 

mechanism.

(b) Inhibitor Design Strategy to Combat Drug-resistance

One of the major strategies utilized to combat protease drug resistance is the design of PIs 

by promoting hydrogen bonding interactions with the backbone atoms in the HIV-1 protease 

active site.42, 44 An overlay of the X-ray structures of inhibitor-bound wild-type HIV-1 

protease and various mutant proteases (Figure 5) shows minimal distortion of active site 

backbone conformations.66, 67 As can be seen, the overall structural changes are minimal, 

even around the flexible flap region. Therefore, a catalytically viable mutant protease that 

maintains viral fitness shows only minimum distortion at the active site backbone 

conformation. Conceptually, this is intriguing since mutations that cause drug resistance 

cannot significantly alter protease active site backbone conformation and at the same time 

maintain protease functions. Based upon this molecular insight, the “backbone binding” 

molecular design strategy was developed.42, 68 It was speculated that an active site protease 

inhibitor that maximizes interactions in the active site, in particularly by making extensive 

interactions with protein backbone atoms from S2 and S2’ subsites of the wild-type enzyme, 

may likely retain these interactions in the active site of mutant proteases. A variety of 

protease inhibitors were then designed and synthesized, including darunavir, that showed 

extensive binding interactions with backbone atoms of the wild-type protease and 
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maintained potent antiviral activity against panels of clinically relevant multidrug-resistant 

HIV-1 variants.42 Figure 6 depicts the X-ray crystal structure of darunavir(9)-bound HIV-1 

protease, showing a network of hydrogen bonding interactions throughout the active site 

from S2 to S2’-subsites.

The difficulty in combating resistance in HIV-1 protease is the tolerance for many mutations 

that lower affinity for PIs but maintain affinity for its natural substrate. Various cleavage 

sites in the natural substrates are vast and dissimilar. It has been speculated that the shape 

and volume of the substrate, with respect to the binding site, is of greater importance to 

binding affinity than the specific interactions with protease residues.69, 70 The observed loss 

of affinity for many PIs in the presence of the double mutant V82F/I84V can be rationalized 

by this hypothesis. The replacement of the isopropyl moiety of valine with a phenyl ring in 

phenylalanine and the loss of a methyl group from isoleucine to valine alters the shape of the 

active site. This results in loss of van der Waals interactions and gain in steric hindrances, 

leading to poor inhibitor binding.29

Resistance development is also thought to persist because of many PIs’ limited ability to 

maintain effective concentrations in the body and/or reach desired locations such as the 

CNS.71 The CNS and other regions of the body can act as viral reservoirs, which can result 

in increased virulence.72 To improve the effective pervasiveness of the PI, strategies have 

been employed to enhance their ability to cross blood brain barrier (BBB) by increasing the 

lipophilic character of inhibitors and introducing fluorine at various sites.71, 73

The majority of approved protease inhibitors, in general, show less than optimum 

pharmacokinetic properties. This is due to the fact that PIs are substrates for the isoenzyme 

CYP3A4, a subunit of the cytochrome P450 hepatic enzyme system, which is responsible 

for metabolic degradation of PIs.51 As a result, many approved PIs show low plasma trough 

levels and a short plasma half-life. Interestingly, many PIs act as both inhibitors and inducers 

of the isoenzymes. As it turns out, ritonavir (RTV) is a potent inhibitor of CYP3A4 and 

administration of a small dose of RTV with PIs significantly improves the PI’s 

pharmacokinetic parameters.74 PIs such as darunavir, fosamprenavir, and atazanavir can be 

administered as a once daily dose when given with a small dose of RTV.74 However, there 

are issues with RTV as a pharmacokinetic booster. When using RTV as a booster of other 

classes of antiviral compounds in HAART therapy which does not contain a PI, a 

subtherapeutic dose of RTV may accelerate emergence of HIV-1 variants resistant to PIs.75 

Multidrug-resistant HIV-1 variants that are resistant to one PI are likely to show cross-

resistance to other PIs. Concurrent RTV also possesses other side effects such as lipid 

disorders and undesired drug interactions. Recently, a new pharmacokinetic enhancer, 

cobicistat, has been developed which is stable and does not have anti-HIV activity.40, 76 

Unlike RTV, it will not contribute toward the emergence of drug-resistant HIV-1 variants. 

Formulation of PIs with cobicistat has resulted in an all-in-one pill, making it convenient for 

patients by reducing pill burden. While this regimen has improved pharmacokinetic 

properties of currently approved PIs, the design of protease inhibitors that do not require a 

pharmacokinetic enhancer would be more ideal.
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(5) Recent Progress Towards HIV-1 Protease Inhibitors

The second-generation PIs, particularly darunavir, show a number of important advantages. 

Darunavir (9, Figure 3) is a potent, non-peptidyl inhibitor of mature protease dimer.77, 78 In 

addition, it also potently inhibits dimerization of HIV-1 protease. Since dimerization of 

protease monomers is essential for the acquisition of catalytic proteolytic properties of 

HIV-1 protease, inhibition of protease dimerization represents a novel approach to halt 

HIV-1 progression. Except DRV and TPV, no other PIs exhibit dimerization inhibition 

properties. PIs with dual inhibitory properties may exhibit a high genetic barrier to 

resistance.

DRV set new standards in terms of its high genetic barrier to resistance as well as its dual 

mechanism of action.13, 25 As a result, the development of the next generation of PIs needs 

to focus on further improvement of drug-resistance profiles. For subsequent development of 

new PIs, molecular design efforts have focused on the design and synthesis of novel P2-

ligands promoting enhanced backbone binding interaction to combat drug-resistance. 

Furthermore, efforts are underway to develop non-peptide PIs containing different structural 

scaffolds other than hydroxyethylsulfonamide isosteres. In this section, we outline 

development of various potent PIs following the approval of darunavir.

(a) Inhibitors Containing Bis-tetrahydrofuran as P2-Ligand

Many new inhibitors have retained the bis-tetrahydrofuran (bis-THF) moiety seen in 

darunavir while incorporating changes in other areas of the molecule to further explore the 

binding capacity of the enzyme. Most studies have focused on attempts to increase the 

hydrogen bonding capabilities of the P2’ ligand in hopes of increasing potency; however, the 

hydrophobic P1’ pocket has also been examined.

To probe the hydrogen bonding capacity of the P2’ region, compounds 11 and 12 (Figure 8), 

with a carboxylic acid and carboxamide moiety in the para position of the P2’ benzene ring, 

respectively, were designed and synthesized.79 It was envisioned that the acid moieties 

would be able to replace water-mediated hydrogen bonds with direct contacts, while 

maintaining the polar contact with Asp30’ observed with darunavir. These inhibitors were 

exceedingly potent in an enzymatic assay with 11 and 12 showing Ki values of 12.7 and 8.9 

pM, respectively. The cellular assay exposed some issues with the enhanced polarity of 11, 

showing no significant affinity. Compound 12 maintained some activity with an EC50 value 

of 93 nM. The complete loss of activity for 11 in cells is presumably due to an issue with 

cellular uptake. The crystal structure of 12 with the wild-type protease enzyme was solved. 

The structure showed that the carboxamide moiety displaced one water molecule that was 

mediating a polar contact between darunavir and Gly48’ to form a direct hydrogen bond 

with the backbone amide NH of Gly48’.79 All other hydrogen bonding activities were 

maintained.

Since inhibitor 12 displayed promising affinity for the wild-type protease enzyme, it was 

tested against clinical isolates of mutant proteases.80 Inhibitor 12 displayed excellent 

retention of affinity against the mutant proteases with 0.8- and 2.6-fold changes. A crystal 

structure was solved for 12-bound PRA02 mutant protease to help elucidate the results of the 
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cellular binding assay (Figure 9). The polar contact in the S2’ pocket was maintained 

through the P2’ amide of 12. This interaction was absent with darunavir, which may explain 

the observed difference in potency.80

An inhibitor containing a benzo-1,3-dioxole P2’ moiety was synthesized and evaluated.81, 82 

Inhibitor 13 (Figure 8) was observed to have an impressive antiviral activity profile with an 

EC50 of 0.5 nM. When tested in the presence of a variety of laboratory selected HIV-1 

variants, 13 maintained excellent activity against all PI-influenced mutant strains (5–20-fold 

change) except for the APV induced strain, where a 107-fold drop in affinity was observed, 

presumably due to the great structural similarities of amprenavir and 13.81 Similarly, 

inhibitor 13 maintained single-digit nanomolar EC50 values for all multidrug-resistant 

clinical isolates that were tested (Table 1). To determine the interactions of 13 with the 

enzyme, a crystal structure was solved of 13-bound wild-type protease (Figure 10). It was 

observed that 13 interacted with the wild-type protease in a similar manner to darunavir, 

with hydrogen bonding interactions to the backbone of residues Asp29, Asp30, Gly27, and 

Asp30’.82 In addition, inhibitor 13 formed a water-mediated hydrogen bond from the 1,3-

benzodioxole P2’ substituent to the Gly48’ amide NH. Gly48’ is in the flexible flap region 

of the protease and strong interactions in this region could further stabilize the flap closed 

conformation of the enzyme.81

Further elaboration of P2’ ligands able to interact with extended residues in the S2’ pocket 

has been performed using inhibitors containing large heteroaromatic polycyclic P2’ ligands 

such as 14 (Figure 8).83 Inhibitor 14 was designed by focusing on discovering substituents 

which could extend far into the S2’ binding pocket of HIV-1 protease.84 This compound was 

evaluated against the wild-type protease and drug-resistant clinical isolates. Compound 14 
displayed excellent affinity for the wild-type protease strains, with EC50 values ranging 

between 2.2 and 14 nM. This compound maintained its affinity (fold change <10) against 

clinical isolates containing less than 11 mutations. Some loss of potency was observed for 

isolates containing more than 11 mutations. When tested against laboratory-selected strains 

of PI-resistant recombinant clinical isolate HIV r13205 selected against 14 and darunavir, 14 
was able to maintain potency against darunavir selected strains while maintain moderate 

potency against 14-selected strains (Table 2). To determine ligand-binding site interactions 

in the HIV-1 protease active site, a co-crystal structure of the inhibitor and enzyme was 

solved and examined (Figure 11). The interactions of 14 with the wild-type protease were 

comparable to that of darunavir, except for the interactions with Asp30’. Asp30’ forms two 

hydrogen bonding interactions with the aniline moiety of darunavir, but in 14, these two 

interactions are shared between the benzothiazole nitrogen and the nitrogen attached to this 

fragment. The piperidine ring may also form additional interactions with mutant proteases 

and this may explain the observed resistance profile. Compound 14 has been evaluated in 

Phase 2 clinical trials.85

To probe the S1’ site, inhibitors containing an N-alkoxy substituent at the P1’ position have 

been investigated.86 Cyclic, acyclic, and aromatic non-polar N-alkoxy moieties were 

incorporated at the P1’ position and evaluated for affinity against wild-type protease. The O-

cyclopentyl (15; Ki <0.005 nM; IC50 = 7 nM) and O-cyclohexyl (16; Ki <0.005 nM; IC50 = 

3 nM) derivatives proved to be the most potent (Figure 12).86 Unfortunately, potency against 
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mutant enzyme was only moderate, with 26–28-fold change and 33–80-fold change in 

activity, respectively. The use of polar moieties at the P1’ position has also been 

investigated.87, 88 Inhibitor 17, containing a chiral methyl oxazolidinone as the P1’ ligand 

was synthesized.87 Incorporation of the oxazolidinone in the P1’ position was carried out to 

interact with the backbone of Gly27’ and Arg8 in the S1’ pocket. Interestingly, this inhibitor 

maintained full antiviral potency against a panel of multidrug-resistant HIV-1 variants.

(b) Inhibitors Containing Substituted Bis-tetrahydrofuran as P2-Ligand

Novel substitutions of the bis-THF ligand have been a major focus to further improve 

ligand-binding site interactions. In particular, substituents have been specifically 

incorporated to interact with Gly48 in the flap region. Alkoxy substitutions at the C4 

position of bis-THF were explored. A series of inhibitors containing simple alkoxy 

substituents resulted in inhibitor 18 (Figure 13) with a Ki of 0.0029 nM and an IC50 of 2.4 

nM.89 It has been shown that the (R)-epimer at this position resulted in more potent 

inhibitors than the (S)-isomer. The X-ray structural studies of the inhibitor-HIV-1 protease 

complex showed that the oxygen of the methoxy substituent formed a water-mediated 

hydrogen bond with the amide nitrogen of Gly48 (Figure 14).

As an extension, a series of compounds with longer alkoxyalkyl chains were designed and 

synthesized, resulting in inhibitor 19. This compound had an EC50 value of 8.6 nM.90 An 

energy-minimized model of this inhibitor showed binding similar to darunavir and a water 

mediated hydrogen bond to Gly48, similar to inhibitor 18. Further studies of these 

substitutions resulted in inhibitors with more structurally complex substitutions such as 

inhibitor 20, with an EC50 of 0.4 nM.91 The aim of this study was to obtain a direct 

hydrogen bond with Gly48. This compound was evaluated against three strains of multidrug-

resistant HIV-1 variants and it showed 1–6 fold reduction in activity. The X-ray structural 

studies showed that the fluoroalkene had two conformations. This is due to the competing 

halogen bond interactions between the fluorine and both the Gly48 carbonyl and the Arg108 

guanidinium moiety.

Incorporation of an N-alkyl amine at the C4 position of bis-THF was investigated. It was 

speculated that a hydrogen bond donor at this position may lead to the formation of a direct 

hydrogen bond with Gly48, rather than the water-mediated hydrogen bond that was observed 

in inhibitor 18. Compound 21, with an N-isopropyl C4 substitution, was a very potent 

inhibitor from this class of compounds. Inhibitor 21 displayed a Ki value of 6.3 pM and an 

antiviral IC50 of 0.34 nM.92 A number of these inhibitors were able to maintain good 

potency against laboratory selected multidrug-resistant HIV-1 variants, with EC50 values 

ranging from 0.021 µM to 0.26 µM. The X-ray structural studies revealed that the 

incorporation of an amine at this position enabled the inhibitor to form a direct hydrogen 

bond with the Gly48 carbonyl oxygen, while maintaining the water-mediated hydrogen bond 

with the backbone amide NH in the active site.

In an effort to improve lipophilicity as well as to interact with Gly48 backbone atoms, 

fluorine was introduced in the bis-THF P2 ligand. Inhibitors 22 and 23 (Figure 15) were also 

designed to improve blood-brain barrier penetration.73 Compound 22 showed a Ki of 0.0058 

nM and an IC50 of 0.031 µM. Both inhibitors 22 and 23 displayed impressive selectivity 
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indices of 12,333 and 21,875, respectively.71 When tested against clinical and laboratory 

variants, both 22 and 23 maintained comparable or better activity than darunavir with EC50 

values ranging from 0.002 µM to 0.021 µM for clinical isolates (Table 3).71, 73 When tested 

against darunavir-resistant strains, 22 and 23 showed EC50 values of 0.034 and 0.030 µM, 

respectively, against the 10-pass virus and 0.043 and 0.020 µM, respectively, against the 20-

pass virus. Darunavir showed an EC50 value of 0.174 µM against the 20-pass virus.71 The 

partition (logP) and distribution (logD) coefficient of these compounds were measured in an 

in vitro model of BBB penetration (Papp). Compound 23 was found to be the most lipophilic 

with a logP of −0.14 and a logD of −0.29. Compound 22 and darunavir have respective logP 

values of −0.83 and −0.63 and logD values of −1.01 and −1.03.71 A triple cell co-culture 

system of rat astrocytes, pericytes, and monkey endothelial cells was used to determine the 

Papp. The inhibitors were added to the lumenal interface. After 30 minutes, the concentration 

of the inhibitor in the ablumenal interface was detected via a spectrophotometer. Any 

compound with a Papp of more than 20 × 10−6 cm/s is considered to have efficient BBB 

penetration. Compound 22 had a Papp of 47.8 × 10−6 cm/s and compound 23 had a Papp of 

61.8 × 10−6 cm/s. In the same assay, caffeine was used as a comparison and showed a Papp 

of 100 × 10−6 cm/s, showing that the fluorinated inhibitors have very efficient BBB 

penetration capabilities. Furthermore, these compounds were isolated and tested after the 

assay and it was observed that the inhibitors pass through the membrane without 

modification and retain their antiviral activity.71, 73

An isosorbide derived P2 ligand, as in compound 24 (Figure 15), was designed and 

synthesized. Inhibitor 24, with a methoxy substituent, showed an IC50 value of 0.05 nM.93 

When docked in the X-ray crystal structure of wild-type HIV-1 protease, it was found that 

inhibitor 24 maintained a similar binding mode as darunavir. The top ring oxygen of the 

isosorbide P2 ligand formed hydrogen bonds with the amide NHs of Asp29 and Asp30, 

similar to the bis-THF moiety of darunavir. The C6 methoxy group did not make any polar 

interactions in the active site according to the docking model.93

(c) Inhibitors Containing Cyclopentyltetrahydrofuran as P2-Ligand

Various other bi- and tricyclic ether ring systems have been investigated as the P2 ligands. 

Cyclopentyltetrahydrofuran (Cp-THF) was designed to interact with residues in the S2 site 

similar to bis-THF ligand. Inhibitor 25 (Figure 16), with a Cp-THF P2 ligand, showed a Ki 

of 0.0045 nM and an IC50 of 1.8 nM.94 When screened against a panel of multidrug-resistant 

HIV-1 variants, 25 maintained potency with IC50 values ranging from 3–52 nM. Other FDA-

approved protease inhibitors were much less active in this assay. An X-ray crystal structure 

of 25-bound HIV-1 protease showed that the THF oxygen of the P2 ligand formed a 

hydrogen bond with the amide NH of Asp29 (Figure 17).

Inhibitor 26 (Figure 16), with a dioxolane moiety in place of the THF of Cp-THF, was 

synthesized and evaluated. This inhibitor was potent with a Ki of 0.11 nM and an IC50 of 

0.0038 µM.95 When tested against multidrug-resistant HIV-1 variants, inhibitor 26 
maintained an excellent resistance profile with only a 1–19-fold reduction in potency. An X-

ray crystal structure of a structurally related compound provided insight into the binding 

mode of 26. The oxygen of the dioxolane, which corresponds to the oxygen of the THF of 
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Cp-THF, maintained its hydrogen bond with the amide NH of Asp29. The other oxygen 

formed a water-mediated hydrogen bond to Gly48.

It has been observed that the use of polar moieties instead of hydrophobic residues are also 

tolerated at the P1’ position.87, 88 Inhibitor 27 (Figure 16) containing chiral methyl-2-

pyrrolidinone as the P1’ ligand was synthesized to form new backbone interactions in the 

active site.87 In particular, it was speculated that the incorporation of a polar substituent in 

the P1’ position could allow hydrogen bonding interactions with Gly27’ and Arg8 in the S1’ 

pocket. Inhibitor 27 displayed a very potent Ki of 0.099 nM and impressive IC50 of 0.026 

nM. The crystal structure of 27 with the wild type HIV-protease showed two conformations 

of the pyrrolidinone. The structure revealed a strong hydrogen bonding interaction with the 

carbonyl of Gly27’ and a water mediated polar interaction with Arg8. The other 

conformation showed interactions with the backbone of residues Val82’ and Pro81’.87

The resistance profile of 27 was examined against multidrug-resistant HIV-1 variants (Table 

4).84, 96, 94 Inhibitor 27 was shown to retain excellent potency against these viral strains.93 

The V82A mutation of the protease has been shown to change the shape of the binding 

pocket by reducing hydrophobic interactions with the 80s loop of the protease with 

PIs.47, 97, 98 The dual binding mode of 27 is possibly due to the reduction of interactions 

with the 80s loop of the protease as it formed new interactions of the pyrrolidinone ring with 

Gly27’ and Arg8.96

Inhibitor 27 was evaluated for its affinity against a protease mutant bearing 20 mutations that 

is highly resistant to all clinical PIs.99, 100 The crystal structure of the mutant protease with 

27 was determined (Figure 18). The pyrrolidinone ring which interacts with the S1’ 

appeared to be affected. The two binding conformations of the P1’ pyrrolidinone ring that 

was seen with the wild protease was not observed in the protease bearing the 20 mutations. 

This is due to the I54L mutation which displaces Pro81’ and makes interactions with this 

residue unfavorable. A L10F mutation displaces a structural water molecule with the 

phenylalanine side chain which previously mediated the interaction between Arg8 and the 

pyrrolidinone ring. Reduction in these interactions is thought to explain the loss of affinity 

for inhibitor 27.100

Substitutions on Cp-THF have been investigated. Inhibitors such as 28 (Figure 19) were 

designed to make a hydrogen bond with the Gly48 carbonyl in the S2 subsite. Compound 28 
was very potent with a Ki of 5 pM and an IC50 of 2.9 nM.101 When tested against a panel of 

multidrug-resistant HIV-1 variants, 28 maintained potency with only a 1–10-fold reduction 

of potency. X-ray crystallographic analysis showed that the introduction of the C4-hydroxy 

group of 28 formed a water-mediated hydrogen bond with the carbonyl oxygen of Gly48. 

Other substituents including N-acyl, N-carbamate, and N-sulfonyl moieties at the C3 

position were investigated. These substituents could function as both hydrogen bond donors 

and acceptors. Compound 29, with a methyl carbamate substituent, showed a Ki of 1.8 pM 

and an antiviral IC50 of 1.6 nM.102 When tested against a panel of multidrug-resistant HIV-1 

variants, 29 maintained excellent potency with only a 1–3-fold reduction in activity (Table 

5). Crystallographic analysis showed that the nitrogen of the carbamate formed a hydrogen 

Ghosh et al. Page 12

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bond with the carbonyl oxygen of Gly48 while the carbamate carbonyl interacts with Arg8’ 

via a water mediated hydrogen bond.

(d) Inhibitors Containing Tetrahydropyranyl-Tetrahydrofuran as P2-Ligand

Other bicyclic scaffolds, such as the tetrahydropyranyl-tetrahydrofuran (Tp-THF) ligands in 

inhibitors 30 and 31 (Figure 20), were investigated. It was speculated that the addition of a 

methylene group into the top ring of bis-THF would promote stronger hydrogen bonding 

with the Asp30 amide NH. The methylene addition could also increase the dihedral angle 

and give more flexibility to the ring. Compound 30 was very potent with a Ki of 0.0027 nM 

and an IC50 of 0.0005 µM.103 Against a panel of MDR variants, inhibitor 30 only showed a 

1–14-fold loss in potency. This may be due to more favorable van der Waals interactions of 

the pyran ring with the hydrophobic pocket created by Ile47, Val32, Ile84, Leu76, and 

Ile50’. Both 30 and 31 were further examined against both clinical isolates and selected 

laboratory strains. When tested against clinical isolates, both 30 and 31 maintained good 

potency with a 1–14-fold and 1–7-fold reduction of potency, respectively. It should be noted 

that while the fold-change of 30 was not high, the EC50 values obtained were substantially 

lower than darunavir when tested in the same assay, with values and 0.3–4.8 nM and 3.5–

21.4 nM respectively.

(e) Inhibitors Containing Tris-tetrahydrofuran as P2-Ligand

A tris-tetrahydrofuran (tris-THF) was designed and synthesized to interact with backbone 

atoms in the S2-site as well as to fill in the hydrophobic pocket in the S2-S3 region of the 

active site. Compounds 32 and 33 (Figure 21) were synthesized with varying 

stereochemistry on the tris-THF system. Inhibitor 32 with a syn-anti-syn structural motif 

was expected to maintain hydrogen bonding interactions with backbone atoms as well as fill 

the hydrophobic pocket of quinaldic acid amide of SQV. Inhibitor 32 was very potent with a 

Ki of 5.9 pM and an IC50 of 1.8 nM.104 Inhibitor 33, with a syn-syn-syn-structural motif, 

was less potent. Inhibitors 32 and 33 were screened against a panel of selected laboratory 

variants. Compound 32 only suffered a 6–7-fold loss in potency against ritonavir-, 

atazanavir-, and lopinavir-resistant strains. Two darunavir-resistant strains lowered the 

potency 9- and 50-fold (Table 6).105 The X-ray crystallographic studies revealed that the top 

two THF oxygens of the tris-THF ligand in 32-bound to Asp29 and Asp30 like the bis-THF 

ligand of darunavir (Figure 22). The third THF ring oxygen makes a water-mediated 

hydrogen bonding interactions with Arg8’. There is also an interaction between a methylene 

group CH of the THF ring and the carbonyl oxygen of Gly48.104, 105

(f) Inhibitors Containing Tricyclic Derivatives as P2-Ligand

Carbocycles containing THF rings have also been investigated. Replacement of the middle 

THF ring of tris-THF with a cyclopentane ring resulted in inhibitors such as 34 (Figure 23), 

maintaining the same syn-anti-syn structural motif of 33. Inhibitor 34 had a Ki value of 1.39 

nM.106 Replacement of the top THF ring of tris-THF with a cyclohexane ring resulted in 

inhibitors such as 35, with a Ki of 0.01 nM and an IC50 of 1.9 nM.107 These inhibitors 

maintained their potency against multidrug-resistant HIV variants with only 2–4-fold 

reduction of potency. The X-ray crystal structure of 35-bound wild type HIV-1 protease 
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revealed a water-mediated hydrogen bond to Gly27 and Arg8’. Inhibitor 35 was evaluated 

against both multidrug-resistant clinical isolates as well as selected laboratory strains. It 

performed better than darunavir against all but one clinical isolate, with EC50 values ranging 

from 0.007 µM to 0.033 µM. In an in vitro BBB penetration assay, it displayed good 

lipophilicity and a Papp of 27.3 × 10−6 cm/s, indicating that this compound would likely have 

very good CNS penetration. Compound 35 has much greater hydrophobic contact with the 

active site of HIV protease than darunavir; however, it lacks in polar interactions.

The use of cyclic polyethers with multiple sites available for hydrogen bonding activity 

resulted in the design of inhibitors such as 36 and 37 (Figure 24). It was envisioned that the 

use of a flexible ring, rather than the more rigid bis-THF motif, may be able to 

accommodate more variability in amino acid side chains and thus maintain potency across 

mutant viruses. Compound 36, with a 1,3-dioxepane P2 ligand, had a Ki of 26 pM and an 

IC50 of 4.9 nM, while a 1,3-dioxane P2 ligand, such as in 37 resulted in a Ki of 41 pM and 

an IC50 of 3.4 nM.108 Use of a symmetrical ligand, as in 37, was also successful in 

simplification of the inhibitor structure by elimination of a stereocenter. When tested against 

multidrug-resistant HIV-1 variants, 36 maintained good resistance profile with only a 1–25-

fold change against the tested mutants (Table 7). The resistance profile of 37 was much more 

modest, with a 2–55-fold change against the tested mutants. The X- ray co-crystal structure 

of 36 was determined (Figure 25). The structure revealed that Asp29 and Asp30 formed 

hydrogen bonds directly to one of the oxygens of the dioxepane ligands, while the other 

oxygen formed a water-mediated hydrogen bond with the Gly48 backbone NH.

(g) Inhibitors with Extended P1 Ligands

Brecanavir (38, Figure 26), was brought to clinical trials by GlaxoSmithKline but ultimately 

abandoned due to formulation issues.13 Researchers explored the P1 pocket via an extension 

of the phenyl group with a 2-methylthiazole ether. Further studies were focused on 

optimization of the P1 position by exploring both aryl and heteroaryl ethers.109 Inhibitor 38 
displayed an impressive activity profile, with a wild-type IC50 of 0.7 nM and IC50 values of 

4.8 nM and 1.1 nM against selected drug resistant variants (Table 8). When screened against 

a more extensive panel of ten multidrug-resistant HIV-1 mutants, 38 maintained potency 

with IC50 values ranging from 0.22 nM to 8.2 nM, a 1–12-fold change. When tested in the 

presence of 0% – 40% human serum, inhibitor 38 was seven-times more potent than 

darunavir.110

Inhibitor 40 (Figure 26) explored the benefits of a phosphonate moiety off the P1 phenyl 

group.111 This inhibitor displayed an impressive Ki of 8.1 pM and an antiviral EC50 of 3.5 

nM.112 The phosphonic acid derivative was also synthesized and tested. It was very potent in 

an enzymatic assay with a Ki of 13.3 pM; however, it did not display any cellular antiviral 

activity. This may be due to lower cellular permeability when incorporating a phosphonic 

acid moiety. When screened against darunavir-resistant viruses containing M46I/I50V or 

I84V/L90M mutations, 40 displayed only a 2.4- and 0.7-fold change, respectively. When 

examining the kinetic and thermodynamic parameters of binding, it was found that 40 bound 

to HIV protease with both favorable entropy and enthalpy. This is desired compared to 

inhibitor 39 (TMC-126), which binds with favorable enthalpy but unfavorable 
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entropy.112–114 Examination of the X-ray crystal structure of the 40-HIV-1 protease complex 

showed that this inhibitor binds similar to inhibitor 39 (Figure 27). However, one ethyl group 

from the phosphonate moiety in the P1 ligand positions itself in a cleft created by Phe253 

and Pro81. This displaces the waters solvating this portion of the enzyme, giving an entropic 

gain in the binding of the inhibitor.112 Exploration of the extended S1 pocket with long alkyl 

ether chains has been accomplished. Incorporation of a moiety capable of mediating 

potential hydrogen bonding opportunities resulted in inhibitors 41, 42, and 43 (Figure 26). 

The elongated alkyl chain, in addition to the carbamate moiety cap, helped to increase the 

cellular penetration and resulted in single digit nanomolar potencies against both wild-type 

and mutant HIV strains.115

Other studies have explored a variety of biaryl motifs as the P1 ligand. Substitutions at the 4-

position of the phenyl ring with aryl and heteroaryl moieties resulted in compounds such as 

inhibitor 44 (Figure 28) with a Ki of 0.086 nM. This inhibitor was well tolerated with a 

selectivity index of 2,600,000. Computational docking of this compound into the wild-type 

HIV protease showed that no new hydrogen bonds were made, but the S1 subsite was fully 

occupied as compared to amprenavir.116 Modifications at the 3-position with substituted 

phenyl moieties resulted in compounds such as inhibitor 45.117 These inhibitors were 

designed to fill the hydrophobic site of the S1 pocket in order to improve lipophilicity and 

CNS penetration. It was speculated that this extension would protrude towards the P2 ligand, 

filling in a small subsite between the S1 and S2 sites. This inhibitor had potent enzymatic 

and antiviral activity with a Ki of 0.012 nM and an IC50 of 3 nM. When tested against three 

different multidrug-resistant strains of HIV, this inhibitor maintained potency with only a 1–

8-fold reduction in activity (Table 9). Elucidation of the crystal structure of related 

compound 46 showed that no additional polar interactions were made in the HIV active site 

(Figure 29). However, there were significant hydrophobic interactions with a pocket made 

from Leu23’, Arg8’, Pro81’, and Val182’. This was a different binding mode than originally 

predicted.117

(h) Benzamide-Based Inhibitors

Replacement of the P1 phenyl rings of some PIs, particularly those of nelfinavir and 

saquinavir, with a thiophene ring and derivatives was investigated in an attempt to address 

drug resistance and pharmacokinetic liabilities. Initial investigations resulted in inhibitors 47 
and 48 (Figure 30), which were not very active.118 A modeling study revealed that while 

most of the compound binds similarly to that of the parent compound, the P1 thiophene 

moiety cannot properly access the S1 pocket. Further expansion and derivatization of the 

series revealed inhibitors 49 and 50, with similar potencies as their parent compound.119 The 

incorporation of a one-carbon spacer allowed for greater flexibility and enabled these 

inhibitors to better access the binding site.

(i) Inhibitors Containing Proline Derivatives as P2-Ligand

Proline derivatives have been incorporated in the design of potent inhibitors. Inhibitor 51 
(Figure 31), containing a prolinamide as P2 ligand, was designed, synthesized, and 

evaluated. Compound 51 showed an antiviral IC50 of 15.4 nM. A docking study with this 

compound showed that inhibitors can make many hydrogen bonds in the S2 site, including a 
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hydrogen bond between Arg8’ and the methoxy oxygen, Gly48 and the proline NH, and 

Asp30 with the amide NH.120 Compound 52 with a pyrrolidinone P2 ligand, was designed 

to exploit both structure-based design and the potential to promote hydrogen bonding in the 

S2 site similar to the bis-THF ligand. The use of a pyrrolidinone ligand reduced the 

structural complexity. Inhibitor 52 displayed a Ki of 0.003 nM and an EC50 of 15.5 nM.121 

This inhibitor maintained potency against three tested multidrug-resistant strains, with Ki 

values ranging from 0.24 nM to 0.37 nM. The crystal structure for 52 was determined and 

showed that the pyrrolidinone carbonyl oxygen formed a hydrogen bond with the amide NH 

of Asp29 and a water-mediated hydrogen bond to Gly27. The pyrrolidinone NH formed a 

water-mediated hydrogen bond to the amide NH of Asp30 (Figure 32).

Pyrrolidinone based inhibitors have been designed in combination with hydroxyethylene 

isosteres.122 Inhibitors 53 and 54 (Figure 33) were synthesized and evaluated. They show 

better antiviral potency than amprenavir. Other pyrrolidinone containing inhibitors with a 

slightly different overall structure have been designed and evaluated. Inhibitors 55 and 56 
achieved single-digit nanomolar potency.123 Both inhibitors were co-crystallized with 

protease containing the L63P, V82T, and I84V mutations. The β-hydroxy group of the 

pyrrolidinone ring in 55 forms tight hydrogen bonds with Asp25 and Asp25’. The carbonyl 

group of the pyrrolidinone and the carbonyl group adjacent to the hydrazide moieties formed 

water-mediated hydrogen bonds to Ile50 and Ile50’ in the protease flap region. The P1’ 

phenyl group forms hydrophobic contacts with Pro81 and an edge-face π-π interaction with 

Phe53’.123 Inhibitor 56 bound similarly (Figure 34).

Inhibitors featuring a pyrrolidinium moiety have been synthesized and evaluated. These 

inhibitors were designed to incorporate an endocyclic amine with a protonated nitrogen 

atom which may bind the catalytic aspartic acids. Also, the two carbonyl moieties are 

expected to bind to the structural flap water molecule, and the side chains are expected to 

interact favorably in the extended binding site.124 Inhibitor 57 (Figure 35) was the most 

potent of the series with an IC50 value of 2.2 µM as a racemic mixture. The X-ray crystal 

structure of the 57-protease complex was determined and the structure revealed that the 

(R,R) isomer bound to the enzyme over the (S,S) isomer, as predicted by docking studies. 

However, the protonated amine of the pyrrolidine was able to bind the catalytic residues 

Asp25 and Asp25’. The sulfone and carbonyl did not bind the structural water molecule in 

the flap region. Instead, the sulfone oxygen forms a direct hydrogen bond with Ile50, 

displacing the water molecule and leaving the amide carbonyl of the inhibitor unbound. 

Interestingly, substituents on the inhibitor did not occupy the expected subsites. Instead, an 

overall rotated orientation was observed resulting in mismatched occupancy of the 

subsites.124 Further investigation of pyrrolidinium-based inhibitors includes compound 

58.125 This series of compounds was designed to target the open-flap conformation of the 

enzyme. Compound 58 achieved modest enzyme inhibition with a Ki value of 20 µM. This 

compound was co-crystallized with a mutant protease containing an I84V mutation. Two 

binding modes were shown as α and β. In the α binding mode, 58 forms hydrogen bonds 

with the Asp25 and Asp25’ catalytic residues. These are the only polar contacts observed. In 

the β binding mode, the ligand binds to the flap region of the protease. Extensive van der 

Waals contacts are observed with many amino acids in the flap region and water mediated 
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hydrogen bonds to Gly51 and Gly51’ from the amine of the pyrrolidinium ring are also 

observed.125

(j) Oxazolidinone-Based P2 Ligands

In further attempts to address drug resistance, N-aryl oxazolidinone derived P2 ligands have 

been explored. Inhibitors 59, 60, and 61 (Figure 36) demonstrated potent antiviral activity 

against wild-type virus with Ki values of 0.003 nM, 0.008 nM, and 0.026 nM, respectively, 

and EC50 values of 5.0 nM, 1.7 nM, and 1.2 nM, respectively. Remarkably, each of these 

inhibitors maintained potency against mutant virus and had better activity than lopinavir 

against each virus.126 A structurally related compound 62, with a fused ring 

benzoxazolidinone ligand, has been investigated. In these studies, substituted phenyl- and 

benzo-heterocycle derivatives were investigated for their ability to accept hydrogen bonding. 

Compound 62 proved to be the most potent of the series with an IC50 of 5 nM and an EC50 

of 0.8 µM. Elongation of the chain between the benzo-heterocycle and the amide carbonyl 

resulted in decreased potency.127

(k) Urea and Triazole Derived Inhibitors

Inhibitors featuring a urea moiety as the P2 ligand have been designed and synthesized. 

These inhibitors were designed to mimic the P2 ligand of nelfinavir while adding an 

acetamide moiety to form strong hydrogen bonds in the S2 site. Inhibitors 63 and 64 (Figure 

37) showed decent inhibitory activity with IC50 values of 0.015 µM and 0.064 µM, 

respectively.128 Click chemistry has been utilized to form triazoles which can serve as a 

peptide surrogate in the P2 position. These inhibitors can be synthesized in situ to form 

potent inhibitors of HIV protease.129 Inhibitor 65 (Figure 38), with a N-Boc benzylamine 

moiety, and 66, with an aminoindanol moiety, were both very potent, showing Ki values of 4 

nM and 1.7 nM and IC50 values of 13 nM and 6 nM, respectively. The X-ray 

crystallographic studies revealed that the triazole moiety forms hydrogen bonds in the active 

site such as C5 of the triazole with Gly27 and a water-mediated hydrogen bond to nitrogen 2 

of the triazole.130

(l) Atazanavir-Based Compounds

A series of inhibitors based on a modified substructure of atazanavir have been synthesized 

and evaluated.131 A tertiary chiral alcohol was investigated as the transition state mimetic. 

Modified derivatives were examined as the P1’ ligand. The pyridyl benzyl moiety of 

atazanavir was replaced with a series of heteroaromatic functional groups, while the chain 

length between the tertiary alcohol and the hydrazide functional groups were varied between 

one and three carbons.131 Inhibitors containing the chiral tertiary alcohol were less potent 

against wild-type protease. The elongation of the hydrocarbon chain resulted in inhibitors 

with a three-carbon linker as the most potent compounds. Inhibitor 67 (Figure 39), with a 

para-biphenyl moiety, displayed a Ki of 4.6 nM and an EC50 of 1 µM, while inhibitor 68, 

with a 3-thiophene substitution, displayed a Ki of 3.6 nM and an EC50 of 1 µM. The X-ray 

crystallographic analysis of the protease-inhibitor complex showed that the tertiary hydroxyl 

group was unable to adequately bind to the catalytic aspartic acid residues Asp25 and 

Asp25’. This may explain the loss of potency of inhibitors 67 and 68 compared to inhibitors 
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with the atazanavir isostere. Furthermore, the three carbon chain positioned the aromatic P1’ 

ligand into the S1’ pocket facilitating π-π and hydrophobic interactions with Phe53 and 

Phe153 and forcing the S1’ pocket to accommodate larger residues. This was observed when 

the carbon chain length was three and the P1’ substituents were 4-phenyl phenylalanine and 

4-(3-thiophene)phenyl alanine as described by the co-crystal structure.131

Further derivatization resulted in inhibitors 69, 70, and 71 (Figure 40), which displayed 

single-digit nanomolar Ki values.132 Inhibitors 70 and 71 were tested against multidrug-

resistant HIV variants. Both inhibitors either maintained potency (70; IC50 = 2.0 µM and 1.6 

µM) or showed enhanced potency (71; IC50 = 0.7 and 0.8 µM) against two strains of 

resistant HIV. Inhibitors 70 and 71 showed good cellular permeability in a Caco-2 assay, 

Papp = 35 and 42 × 10−6 cm/s, respectively. Unfortunately, metabolic hydroxylation of the 

benzylic position of the aminoindanol moiety led to fast intrinsic clearance of these 

compounds. A crystal structure of the HIV protease-69 complex was determined (Figure 

41). Instead of the tertiary hydroxyl group positioning itself tightly between the catalytic 

aspartic acids, as seen with darunavir, it makes a longer hydrogen bond with Asp25’. The β-

nitrogen of the hydrazido group makes a hydrogen bond with Asp25. The P3’ carbamate 

makes hydrogen bonds with Asp29’, Gly48’, and Gly49’.132

Further studies into this motif included extension of the benzyl amine of the α-nitrogen of 

the hydrazido moiety into biaryl systems. Inhibitor 72 (Figure 42), with a 4-pyridyl 

extension of the aryl system, displayed good activity with a Ki of 2.8 nM and an EC50 of 

0.17 µM.133 The 3-pyridyl derivative 73 showed similar activity, with a Ki of 5 nM and an 

EC50 of 0.18 µM.134 Inhibitor 73 showed excellent cellular permeability with a Caco-2 Papp 

of 33 × 10−6 cm/s. The X-ray crystallographic studies revealed that this inhibitor interacted 

with the enzyme through a series of hydrogen bonds. The tertiary alcohol hydrogen bonded 

to Asp25 and the hydrazide nitrogens bound to Gly27. The structure showed a hydrogen 

bond between the pyridine nitrogen and Arg8’ as well as conserved water-mediated 

hydrogen bonds with the NHs of Ile50 and Ile50’ and the carbonyls of the inhibitor. Inhibitor 

74, the 2-pyridyl derivative, was tested against a panel of multidrug-resistant HIV-1 variants 

and was found to maintain EC50 values ranging from 0.006 µM to 0.130 µM (Table 10).135 

The X-ray structural studies showed that it maintained a similar binding mode as previously 

observed, including the binding of the tertiary alcohol to the catalytic Asp25, water-

mediated hydrogen bonding to Ile50 and Ile50’ via the carbonyls, and an indanol hydroxyl 

group forming a hydrogen bond to Asp29 (Figure 43).

(m) Macrocyclic Inhibitors

Macrocyclic inhibitor design spanning the S1 to S2 sites have been explored with and 

without involving the P1 phenyl group. A 14-membered macrocycle 75 (Figure 44), with 3-

hydroxybenzamide as the P2 ligand, was designed and synthesized. This compound showed 

a Ki of 0.7 nM and IC50 of 0.30 µM.136 An energy-minimized model revealed that the 

hydroxyl group of the phenolic moiety forms hydrogen bonds with the amide NH of Asp29, 

while the amide carbonyl forms a water-mediated hydrogen bond with the structural water 

molecule that forms hydrogen bonds with amide NHs of Ile50 and Ile50’. When the P1 

phenyl group is incorporated, a 16-membered macrocycle is preferred. Inhibitor 76 

Ghosh et al. Page 18

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



displayed a Ki of 0.2 nM and an antiviral IC50 value of 0.21 µM.137 An energy-minimized 

model of inhibitor 76 in the HIV-1 protease active site show that the phenolic hydroxyl 

group of the P2 ligand forms a hydrogen bond with amide NHs of Asp29 and Asp30 like the 

bis-THF portion of darunavir. The flexible macrocycle fills the S1 site.

A series of macrocyclic structures have been designed as the P1’-P2’ ligands.138, 139 Various 

9–15 membered ring macrocycles were synthesized and evaluated. To compare the effect of 

the cyclization on inhibitor activity, the pre-cyclized linear analogs (77, Figure 45) were also 

evaluated.138 The macrocyclic analogs (78 and 79) were more potent than their linear 

analogs. Unsaturated inhibitor 78 was formed as an E:Z ratio of 3:1; the mixture showed a 

Ki of 0.045 nM and an IC50 of 2 nM. Once saturated, inhibitor 79 displayed a Ki of 0.47 nM 

and an IC50 of 22 nM. The X-ray crystal structure showed that the cyclic P1’ structure fits 

into the S1’ binding pocket in a zig-zag conformation, allowing for optimal hydrophobic 

contacts and dipole interactions between the ligand and the protease (Figure 46).138

(n) Non-Sulfonamide Inhibitors

A 3,5-disubstituted pyrrolidinone scaffold was previously developed as a successful β-sheet/

strand mimic. This template showed great potential for acting as a β-turn mimic.140 Since 

many aspartic acid proteases, including HIV-1 protease, bind their targets in an extended β-

strand conformation, it was speculated that appropriately substituted pyrrolidinones can be 

developed as a PI scaffold.141 A series of PIs were designed based on the structure of 

amprenavir with a 3,5-disubstituted pyrrolidinone as the P2’ substituent. The most potent 

inhibitor, 80 (Figure 47), contained a chiral indane oxazolidinone skeleton. This compound 

exhibited a sub-nanomolar IC50 value. An X-ray crystal structure of this inhibitor complexed 

with wild-type protease revealed the displacement of a water molecule in the S2’ binding 

pocket of the enzyme led to an entropic gain.141

A series of inhibitors with oxyindole as the P2’ ligands was designed in an attempt to 

maximize the water-mediated hydrogen bonding interactions with amide NHs of Ile50 and 

Ile50’.142 The two most potent compounds were diastereomers 81a and 81b (Figure 47). 

The absolute stereochemistry of these isomers was not determined. The enzyme did not 

show a preference for either isomer. Both derivatives 81a and 81b were nearly equipotent, 

showing Ki values of 7 and 2 nM. Six and seven membered spirocyclic oxyindole derivatives 

were also synthesized; however, they were less potent compared to their linear analogs.142

(o) Allophenylnorstatine-Containing Inhibitors

A series of PIs was designed by incorporating the allophenylnorstatine isostere and (R)-5,5-

dimethyl-1,3-thiazolidine-4-carboxamide as the P1’ substituent.143 Inhibitors 82 and 83 
(Figure 48) showed EC50 values of 0.033 µM and 1.29 µM, respectively.144 Compound 84, 

containing a β-methyl allyl derivative as the P2’ moiety, showed significant affinity for the 

wild-type protease (EC50 = 0.010 µM). However, inhibitor solubility was moderate. An X-

ray structure of the inhibitor-protease complex revealed important ligand-binding site 

interactions (Figure 49). The β-methyl allyl group formed hydrophobic contacts with 

residues Ala28, Ile84, Ile50’, Val32 and Ile 47. This allyl moiety was thought to compensate 

for the interactions of the phenyl group found in 82.144
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The (R)-5,5-dimethylthiazolidine-4-carboxamide derivatives were further modified to 

improve antiviral properties.145 A number of compounds based on the 82 substructure were 

designed and synthesized. Among these compounds, inhibitor 85 (Figure 48), containing 

bis-THF as the P2 ligand, showed an enzymatic Ki of 0.0052 nM and antiviral IC50 of 0.009 

µM. When tested against multidrug-resistant HIV-1 variants, this inhibitor showed a 1–8-

fold decrease in potency.145 The X-ray structural studies of inhibitor 85 with HIV-1 protease 

revealed the enzyme-inhibitor interactions in the S1’ and S2’ binding pockets are similar to 

inhibitor 82. The potency enhancing effect of the bis-THF ligand along with the extensive 

hydrophobic contacts in the S1’ and S2’ pockets may be responsible for the potency and 

resistance profile of inhibitor 85.145

Further exploration of P2-ligands provided inhibitor 86 (Figure 50) which showed an EC50 

value of 22 nM against wild-type virus.146 Inhibitor 87, with an acetyl P2 substituent and a 

p-methoxybenzyl-thiomethyl group as the P3 ligand, displayed an enzymatic IC50 of 0.18 

nM and an antiviral EC50 of 13 nM. The resistance profile of this compound was evaluated 

with PI-resistant virus. Compound 87 retained good activity against multidrug-resistant 

HIV-1 variants (Table 11).143

A small library of thirty-two inhibitors containing the allophenylnorstatine core structure 

was synthesized and evaluated in enzymatic and cellular assays.147 Among the derivatives, 

compounds 88 and 89 (Figure 51) displayed the best activity. Resistance profiles of these 

inhibitors showed excellent properties against RTV- and NFV-resistant HIV-1 variants (Table 

12). Inhibitor 89 displayed excellent antiviral activity showing an EC50 value of 6.4 nM and 

retained good antiviral activity against resistant strains. These compounds were evaluated in 

the presence of fetal calf serum and α1-acid glycoprotein to mimic blood. Both inhibitors 

showed reduced antiviral activity.147

(p) Diol and Pseudo-symmetric Inhibitors

Exploiting the symmetry of HIV protease, a number of new symmetric inhibitors have been 

designed and synthesized. As PR is a homodimer, it is conceivable that an identical binding 

pattern in both the prime and non-prime side of the enzyme could be accommodated. 

Pseudo-symmetric inhibitors featuring indanol ligands were shown to provide potent 

inhibitors. Compound 90 (Figure 52) was very potent with an enzymatic Ki of 19 nM.

Compound 91 also showed good enzyme affinity with a Ki of 11 nM.148 Inhibitors 92 and 

93 were designed with a similar isosteric core along with a P2 aminoindanol moiety and 

other varying P2’ ligands.149 Inhibitor 92 showed good potency with a Ki of 1.0 nM and an 

EC50 of 0.17 µM. Docking studies of inhibitor 92 did not show any polar interactions in the 

S2’ subsite as initially speculated. Incorporation of a more polar residue as a P2’ ligand 

resulted in compound 93. While this inhibitor was more potent in an enzymatic assay (Ki = 

0.7 nM), it was less potent in an antiviral assay (EC50 = 0.33 µM). Inhibitor 93 has been 

shown to maintain good potency against multidrug-resistant HIV-1 variants with an EC50 of 

0.30 µM. Docking studies, however, revealed that the methoxy substituent was not able to 

make any polar interactions in the S2’ subsite.149
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Pseudo-symmetric inhibitor 94 (Figure 53), containing a Phe-Phe dihydroxyethylene 

isostere and valine derivatives as the P2 and P2’ ligands, was designed. This compound 

exhibited a Ki value of 1.3 nM.150 Incorporation of a phenylalanine-proline 

dihydroxyethylene isostere as the transition state mimic has also been investigated.151 

Inhibitors 95 and 96 showed good enzymatic activity with IC50 values of <0.6 and 9.6 nM, 

respectively. Other pseudo-C2-symmetric inhibitors have been investigated, such as inhibitor 

97.152 Featuring a biaryl P1’ moiety, inhibitor 97 showed an EC50 of 4 nM and very good 

resistance profile, with only 2- and 38-fold change in potency against two mutant patient 

isolates. When dosed with a subtherapeutic does of RTV in rats, no appreciable metabolism 

of inhibitor 97 was observed.152

Further replacement of the phenylalanine side chain with a benzyloxy moiety provided a 

new symmetric dipeptide isostere. A series of inhibitors were designed and synthesized with 

arylmethoxy P1 and P1’ side chains. Inhibitors 98–101 (Figure 54) showed good potency 

against the enzyme with nanomolar to subnanomolar Ki values.153 Docking studies of 

stilbene derivative 101 showed that one of the hydroxyl groups was positioned between 

catalytic Asp25 and Asp25’. This inhibitor bound in three main conformations. One 

positioned the terminal phenyl rings between Phe53/53’ and Pro81/81’. In the second 

position, the benzyloxy group has hydrophobic interactions with Val82/82’. The third 

conformation finds the extended aryl system in a groove formed by Arg8/8’ and Leu10/10’.

Other symmetric inhibitors incorporating sulfoxides and sulfoximines as the transition state 

mimic to bind the catalytic aspartic acids were reported. Inhibitor 102 (Figure 55), with a 

sulfoxide functionality, showed potent inhibitor activity with an IC50 of 21.1 nM.154 It was 

envisioned that the incorporation of a sulfoximine rather than a sulfoxide may better act as a 

transition state mimic. Inhibitor 103 proved to be much more potent than the sulfoxide 

derivative 102, with an IC50 of 2.5 nM. Docking studies of this compound in the HIV-1 

protease active site revealed that the inhibitor formed extensive hydrogen bonding 

interactions in the active site.155 The amide NHs formed hydrogen bonds with the carbonyl 

of Gly27/27’. The hydroxyl groups of the aminoindanol moiety made hydrogen bonds with 

the carboxylate oxygens of Asp29/29’. As expected, the sulfoximine is within hydrogen 

bonding distance to the catalytic Asp25/25’.155 Symmetric inhibitor 104, based on a 

benzodiazepine scaffold, showed promise with an IC50 of 0.03 µM.156

(q) Non-Transition State Inhibitors

A series of inhibitors were designed that do not utilize a transition-state mimic to bind the 

catalytic aspartic acids. Inhibitor 105 (Figure 56) displayed an HIV-1 protease inhibitory 

IC50 of 10 µM.157 Chromanone derivatives 106 and 107 were designed to serve as dual 

HIV-1 protease and HIV-1 reverse transcriptase inhibitors.158, 159 A part of the inhibitors 

resembles AZT, the first FDA approved treatment for HIV, to target reverse transcriptase. 

Inhibitor 106 inhibited protease with an IC50 of 27.06 µM and reverse transcriptase with an 

IC50 of 5.59 µM. It was speculated that incorporation of the N-benzyl in 107 would improve 

HIV-1 protease inhibitory activity; however, it resulted in decreased PR activity and 

improved RT inhibition with IC50 values of 35.06 and 3.40 µM, respectively. Docking 

studies showed that both 106 and 107 fit into the active site of PR similarly, forming 
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hydrogen bonds at both the AZT and coumarin parts of the inhibitors. Inhibitor 108 with a 

dihydropyranone core had an IC50 of 1.7 µM.160 Presumably, the enol hydroxyl group binds 

the catalytic Asp25 and Asp25’ similar to TPV.

(r) Cyclic Sulfamide Inhibitors

C2 symmetric cyclic sulfamide-based inhibitors were designed based upon the success of 

cyclic urea-derived HIV-1 protease inhibitors.161 A variety of biaryl structural motifs were 

investigated. Inhibitor 109 (Figure 57) contained 2-benzofuran substituents and showed a Ki 

of 0.53 µM against the wild-type HIV-1 protease. Based on computational modeling, it was 

speculated that the oxygen of the benzofurans may interact favorably with the NH of the 

backbone of Gly48 and better fill the S3 pocket.161 Other cyclic sulfamide based inhibitors 

110 and 111 were synthesized incorporating 2-naphthalene acetamide substituents on the 

benzyl side chain.162 The symmetric inhibitor 110 was much more potent than 

nonsymmetric inhibitor 111 with Ki values of 20 nM and 140 nM, respectively. Other 

substituents were investigated and, in general, the symmetric inhibitors were significantly 

more potent than their asymmetric analogs. Incorporation of an ortho-bromo substituent on 

the N-benzyl side chain of 111 resulted in inhibitor 112. This compound displayed a Ki of 

280 nM, a 14-fold loss of activity compared to its symmetric analog, 110.163

Cyclic sulfonamide-derived HIV-1 protease inhibitors were designed by restricting the 

conformation of acyclic derivatives.164 Inhibitors 113 (Figure 58), with a para-

fluorosulfonamide P2 ligand, and 114, with a para-methoxysulfonamide P2 ligand, were 

found to be equipotent with Ki values of 20 nM and 19 nM respectively. The X-ray 

crystallographic structure of 113 with mutant HIV-1 protease was determined (Figure 59). 

The hydroxyl group of this inhibitor makes the expected hydrogen bonds with Asp25 and 

Asp25’. The key conserved structural water molecule formed a tetra-coordinated hydrogen 

bonding interaction with Ile50 and Ile50’, the sulfonamide oxygen, and the carbamate 

carbonyl oxygen. The methyl group on the sulfonamide ring forms hydrophobic interactions 

with Leu23, Val82, and Ile84.164

(s) Lysinol Containing Inhibitors

A series of compounds incorporating the structures of lysine, ornithine, and arginine have 

been synthesized in an attempt to inhibit protease activity.165 Compounds 115, 116, and 117 
(Figure 60) were very potent, showing IC50 values of 5.0, 3.9, and 2.1 nM, respectively. It 

was observed that the alkyl chain length is very important. Variation of even one carbon 

leads to compounds that either displayed a significant drop in affinity or a complete loss of 

activity.165 Further modification of the lysine-derived structures resulted in inhibitors 118 
and 119, with Ki values of 40 and 20 pM, respectively.166 These compounds were 

investigated in cellular assays against two viral strains (Table 13). Both compounds 

maintained good antiviral activity against all strains evaluated in this study.166

Further modification of lysine derivatives was carried out by incorporation of chiral alkyl 

substituents adjacent to the lysine amine. Compound 120 (Figure 61), with an S-methyl 

group at the ε position, resulted in a very potent inhibitor with an IC50 of 7 pM. 

Replacement of the methyl group with an ethyl group, while retaining the stereochemical 
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configuration, resulted in 121 with an IC50 of 16 pM.167 Initial pharmacokinetic studies 

showed good oral bioavailability, showing an AUC of 0.32 and 1.05 µM·h, respectively, 

when dosed at 4 mpk in beagle dogs. Inhibitor 121 showed a half-life of 7.4 hours. In an 

attempt to further improve the pharmacokinetic properties of these compounds, this series 

was further elaborated to investigate both the N-alkyl and ε-alkyl substituents. Inhibitors 122 
and 123, featuring an N-propyl substituent, while maintaining the methyl or, in the case of 

123, trifluoromethyl, at the ε-position, were synthesized.168 Both of these inhibitors lost 

potency as compared to 120, displaying IC50 values of 28 and 22 pM, respectively. However, 

these compounds displayed a better pharmacokinetic profile, particularly in dogs (Table 

14).168

(t) Cyclic Urea-derived Inhibitors

Based upon the tetrahydropyrimidinone P2 scaffold of lopinavir, a series of inhibitors was 

designed and synthesized to incorporate an imidizolidinone moiety as the P2 ligand. 

Compound 124 (Figure 62) contains a thiazole extension off the imidizolidinone ring. 

Compound 124 displayed an enzymatic EC50 of 0.005 µM.169 In order to address solubility 

issues, the thiazole moiety was optimized. Inhibitor 125, with a 3-pyridyl aryl group and an 

exocyclic alkene on the imidizolidinone, proved to be a potent inhibitor against both wild-

type and mutant HIV proteases, showing EC50 values of 1 nM against both enzymes. The 

cyclic urea analogs were found to have better aqueous solubility than their imide 

counterparts. Inhibitor 125 displayed better overall exposure when in vivo pharmacokinetic 

studies were done in rats with ritonavir as a pharmacokinetic booster.170 Inhibitor 126, with 

a dione derivative, was very potent, displaying an EC50 of 1 nM. When tested against two 

patient isolates, inhibitor 126 showed EC50 values of 8.4 nM and 11.3 nM, respectively.171 

A cyclic urea derivative with a biaryl P1’ ligand has been designed and synthesized to 

address high metabolic clearance and subsequent side effects. Inhibitor 127 was potent in a 

cellular assay against wild-type HIV with an EC50 of 3 nM. When tested against a panel of 

thirteen mutant strains of HIV, only a 1–33-fold loss in potency was observed.172

Cyclic lactams and azaureas have also been investigated as potential protease inhibitors. A 

series of inhibitors containing a seven-membered lactam was investigated.173 Inhibitor 128 
(Figure 63), containing an epoxide at the scissile site, was more potent than the 

corresponding cis-diol derivative 129.174 Inhibitors 130 and 131 were very potent displaying 

IC50 values of 61 nM and 4 nM, respectively. The X-ray crystal structure of 130-bound 

HIV-1 protease was determined (Figure 64). The 3-methoxy and 4-hydroxy substituents of 

the aromatic ring formed hydrogen bonds with Asp29, Asp30, Asp29’, and Asp30’. The 

carbonyl of the urea formed direct hydrogen bonding interactions with the backbone NH of 

the Ile50 and Ile50’. The acyl side chain forms many favorable hydrophobic interactions 

with Leu23’, Val82’, and Pro81’. The phenyl ring nestles between Gly49’, Val82, and Ile84 

and shows good van der Waals interactions. The hydroxyl group binds to the catalytic Asp25 

and Asp25’.174 Inhibitor 131 was evaluated against drug-resistant HIV strains (Table 15). It 

suffered a 14- and 16-fold loss of potency against these strains; however, it showed 7- and 

16-fold better activity than lopinavir. Preliminary pharmacokinetic studies showed that these 

compounds had very poor bioavailibilities ranging between 0–23%, even when co-dosed 

with ritonavir as a pharmacokinetic booster.174
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(u) Natural Product-based inhibitors

Nature continues to provide structurally intriguing protease inhibitor leads which may be 

further optimized to novel inhibitors. Semi-synthetic dammarane-type triterpene derivatives 

were examined against HIV-1 protease. Compounds 132 and 133 (Figure 65) showed mild 

HIV-1 protease inhibitory activity with both compounds showing an IC50 of 2.7 µM.175 

Schisanlactone A (134) was isolated from the evergreen shrub Kadsura longipedunculata.176 

Structurally related compound 135 was isolated from Ganoderma colossum, a Vietnamese 

mushroom. These compounds displayed IC50 values of 20 and 5 µg/mL, respectively.177 

Other terpene derivatives, both natural and semi-synthetic, have been evaluated as protease 

inhibitors. Semi-synthetic triterpene derivative 136 (Figure 66) was derived from oleanolic 

acid and it showed moderate anti-HIV-1 PR activity with an IC50 of 3.9 µM.178 A similar 

triterpenoid, 137, was isolated from Stauntonia obovatifolia. It showed modest activity with 

an IC50 of 8.7 µg/mL.179 2-O-acetyldryopteric acid, 138, which was isolated from the 

rhizome of Dryopteris crossrhizoma, showed similar activity with an IC50 value of 1.7 

µM.180

Ganomycin I and ganomycin B (139 and 140, Figure 67) were also isolated from 

Ganoderma colossum. They showed similar anti-HIV-1 activity with IC50 values of 7.5 and 

1.0 µg/mL, respectively.181 A structurally related molecule, bilobol C (141), was isolated 

from the sarcotestas of Ginkgo biloba. It showed moderate activity against HIV-1 protease 

with an IC50 of 2.6 µM.182 Symmetric saururin B (142) was isolated from the Korean 

medicinal plant Saururus chinensis.183 It inhibited HIV-1 protease with an IC50 of 5.6 µM.

(v) Pentacycloundecane-Containing Inhibitors

In an attempt to enhance activity and slow metabolic degradation of inhibitors, caged 

structures, in particular, pentacycloundecanes (PCU), have been investigated as PIs. PCU 

was introduced into the natural substrate in place of phenylalanine. The most potent 

compound of the series is derivative 143 (Figure 68) which showed an IC50 of 78 nM.184 

Molecular docking studies revealed that the PCU hydroxyl group formed hydrogen bonds 

with Asp25 and Asp25’, and the rest of the inhibitor showed binding interactions similar to 

its substrate.

Inhibitors containing a PCU moiety were further modified to improve enzyme affinity.185 

The most potent compound in this series was compound 144 which displayed an IC50 of 75 

nM. It has been hypothesized that the long flexible peptides can exist in many conformations 

and that rigidifying these structures can greatly improve binding affinity. The binding 

affinity of both the PCU diol and PCU lactam are similarly active for the protease, though 

they are structurally different.184, 185

(w) Dimerization Inhibitors

With growing resistance to active site inhibitors, other mechanisms of inhibition have been 

explored. As HIV-1 protease is only proteolytically active as a dimer, it is feasible that the 

inhibition of this protein-protein interaction will stop the reproduction of the virus. Four 

antiparallel β sheets of the C- and N-terminus of each monomer create the dimer interface, 

consisting of residues 1–5 and 95–99.186, 187 Ile3, Leu5, Thr96, and Leu97 are particularly 
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important for dimerization. It has been shown that mutations of these residues disrupts the 

dimerization process. Thr26, Asp29, and Arg87 are also important and mutations of these 

residues result in destabilized dimers prone to dissociation.188 Protease dimerization occurs 

through a two-step process. First, initial weak intermolecular interactions in the active site 

brings the two monomer units in proximity, creating a loosely associated dimer. Second, 

subsequent interactions at the dimerization interface associates the dimer and creates the 

mature enzyme.77 As a secondary mechanism of action, darunavir and structurally-related 

inhibitors block the dimerization of HIV protease by binding to monomers, but does not 

dissociate mature dimerized protease.188, 78 Other inhibitors have been designed and 

synthesized specifically to target the dimerization of HIV protease.

A class of dimerization inhibitors termed “molecular tongs” have been designed to 

intercalate into the monomer dimerization interface and prevent dimerization. Inhibitor 145 
(Figure 69) incorporates a pyrimidinone moiety in an attempt to reduce the peptidic 

character and create more proteolytically stable inhibitors. Compound 145 showed a 

dimerization inhibition Ki of 0.4 µM; however, its poor water solubility limits its clinical 

viability.189 Polar substituents were incorporated into this scaffold to address this issue. 

Compounds 146 and 147 incorporate a carbamate moiety into this scaffold. This increased 

the anti-dimerization activity of these compounds (Ki = 0.04 µM and 0.06 µM, respectively) 

and improved their aqueous solubility.190 Further investigations included incorporation of a 

carbonyl hydrazide motif to further address solubility concerns which resulted in more stable 

inhibitors. Inhibitor 148, with pseudopeptidic arms containing a hydrazine bridge, proved to 

be a very potent derivative with a Ki of 50 nM.191

Other dimerization inhibitors are composed of two peptide chains connected by alkyl 

linkers. Inhibitor 149 (Figure 70) was potent with a Ki of 85 nM. However, the peptidic 

features of this inhibitor may leave it susceptible to proteolytic cleavage. It was envisioned 

that a peptoid containing inhibitor may be able to make similar interactions with the 

dimerization interface while circumventing potential peptidase degradation. Inhibitor 150, 

the fully peptoid derivative of 149, only displayed a Ki of 801 nM. However, optimization of 

the linker length, side chain length, and side chain functionality resulted in inhibitor 151 
which showed an improved Ki of 135 nM.192

Inhibitors such as these can also be modulated between allosteric competitive inhibitors and 

dimerization inhibitors. Inhibitor 152 (Figure 71) was found to be a weak competitive 

allosteric inhibitor with an IC50 of 5.8 µM. Substitution on one of the benzene rings showed 

that this activity can be changed from allosteric to dimerization depending on the location of 

the substituent. Inhibitor 153, containing a meta-hydroxy derivative, displayed an IC50 value 

of 1130 nM. It showed competitive inhibition. Inhibitor 154, with a para-amine substituent, 

showed dimerization inhibition with an IC50 of 650 nM. Phenyl ether derivative 155, also 

exhibited potent dimerization inhibitory activity with an IC50 value of 96 nM.193

Future Directions

Due to the sustained advances of antiretroviral therapies in the last three decades, HIV/AIDS 

can now be perceived as a chronic illness. HIV-1 protease inhibitors continue to play an 

Ghosh et al. Page 25

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



important role in today’s combination therapy with reverse transcriptase inhibitors and other 

antiviral drugs. HIV/AIDS patients have to maintain lifelong adherence to antiretroviral 

therapy and are confronted with managing this chronic disease for many years. Therefore, 

long-term HIV care requires more efficient therapy with less drug-related side effects and 

toxicities. In this context, the design and development of new and robust protease inhibitors 

with broad spectrum activity against multidrug-resistant HIV-1 variants is essential. The 

first-generation protease inhibitors demonstrated effectiveness of combination therapy. 

However, rapid emergence of resistance and cross-resistance brought new challenges in HIV 

management. Second-generation HIV-1 protease inhibitors, particularly darunavir, were 

developed to address these concerns. However, there is no doubt that drug-resistance will 

remain a challenging issue to the scientific community. In addition, new therapy must 

demonstrate superiority over current treatment with convenient dosing regimens. These 

stringent requirements have resulted in reduced investment in new protease inhibitors by the 

pharmaceutical industry; yet, the overall outlook for new protease inhibitors is not so grim.

As outlined in this review, many new classes of potent HIV-1 protease inhibitors with 

innovative ligands and functionalities have been developed. A number of protease inhibitors 

have novel structural features with favorable resistance profiles, showing clinical potential. 

Protease inhibitor TMC310911 (14), with structural features similar to darunavir, is in 

advanced clinical development. A few other new inhibitors with promising results are also in 

preclinical development, bringing hope for improved long-term treatment of HIV/AIDS. 

HIV-1 protease is a validated biochemical target and novel transition-state binding inhibitors 

with innovative ligands and scaffolds have emerged, providing potent inhibitors with 

excellent antiviral activity against multidrug-resistant HIV-1 variants. Further structural 

evolution will continue and more effective novel inhibitors will emerge. Inhibitor design 

targeting the protein backbone will continue to play an important role in the design of 

inhibitors to combat drug resistance. High resolution inhibitor-protease structures, offering 

molecular insight into their interactions, will further inspire innovative design and medicinal 

chemistry efforts leading to new classes of protease inhibitors.
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Abbreviations Used

AIDS acquired immunodeficiency syndrome

APV Amprenavir

ATV Atazanavir

bis-THF bis-tetrahydrofuran

CNS central nervous system

CYP3A4 Cytochrome P450-3A4

DRV Darunavir

HAART highly active antiretroviral therapy

HIV-1 human immunodeficiency virus type 1

IDV Indinavir; isothermal titration calorimetry

LPV Lopinavir

MDR multidrug-resistant

NFV Nelfinavir

PCU pentacycloundecane

PDB Protein Data Bank

PI protease inhibitor
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PR protease

RTV Ritonavir

SQV Saquinavir

TPV Tipranavir

Tris-THF tris-tetrahydrofuran
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Figure 1. 
Conserved binding mode of peptides in the HIV protease active site. Hydrogen bonds are 

shown as yellow dashed lines
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Figure 2. 
First-generation HIV protease inhibitors
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Figure 3. 
Second-generation HIV protease inhibitors
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Figure 4. 
HIV protease in both the flap open (magenta, PDB: 2PCO)61 and flap closed conformations 

(green, PDB: 2AOD)62 shown as ribbons. Catalytic residues Asp25 and Asp25’ of both 

enzymes are shown in sticks. Peptide inhibitor ace-Thr-Ile-Nle-r-Nle-Gln-Arg is shown in 

sticks, where r is the reduced peptide bond.
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Figure 5. 
Overlay of wild-type HIV-protease (cyan PDB: 2IEN) with three mutant proteases (red, 

PDB: 2FDD; green, PDB: 1SGU; yellow, PDB: 2HCO). Geometry of the backbone is 

conserved in the active site
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Figure 6. 
An X-ray crystal structure of darunavir-bound HIV protease (PDB: 2IEN)
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Figure 7. 
Structures of ritonavir and cobicistat
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Figure 8. 
Inhibitors with varying P2’ ligands
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Figure 9. 
Crystal structure of 12 in the HIV-1 protease active site (PDB: 4I8Z)
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Figure 10. 
X-ray crystal structure of 13-bound HIV protease (PDB: 2Z4O)
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Figure 11. 
X-ray crystal structure of 14 in the HIV protease active site (PDB: 3R4B)
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Figure 12. 
P1’ N-alkoxy derived inhibitors
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Figure 13. 
Structure and activity of C4 substituted bis-THF inhibitors 18–21
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Figure 14. 
X-ray crystal structure of 18-bound HIV-protease (PDB: 3QAA)
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Figure 15. 
Structures and activities of difluoro bis-THF and isosorbide derived inhibitors
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Figure 16. 
Structures and activities of Cp-THF containing inhibitors 25–27
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Figure 17. 
X-ray crystal structure of 25-bound protease (PDB: 2HB3)
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Figure 18. 
X-ray structure of 27- bound to mutant HIV protease (PDB: 4J55)
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Figure 19. 
C3 substituted Cp-THF containing inhibitors
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Figure 20. 
Structure and activity of inhibitors containing a Tp-THF P2 ligand
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Figure 21. 
Structures and activities of tris-THF containing HIV protease inhibitors
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Figure 22. 
X-ray crystal structure of 32-protease co-crystal (PDB: 3OK9)
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Figure 23. 
Structure and activity of carbocycle containing tricyclic P2 ligands
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Figure 24. 
HIV protease inhibitors containing monocyclic polyethers as the P2 ligand
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Figure 25. 
X-ray crystal structure of 36-bound protease (PDB: 3DJK)
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Figure 26. 
Structures and activities of inhibitors 38–43 featuring phenyl ether P1 ligands
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Figure 27. 
X-ray crystal structure of inhibitor 40-bound HIV-1 protease (PDB: 2I4W)
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Figure 28. 
Inhibitors 44–46 with biaryl moieties
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Figure 29. 
Binding mode of inhibitor 46 as determined by X-ray crystallography (PDB: 4ZLS)
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Figure 30. 
Thiophene containing inhibitors 47–50

Ghosh et al. Page 70

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 31. 
Structure and activity of inhibitors 51 and 52
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Figure 32. 
X-ray structure of 52 in the HIV protease active site (PDB: 4DJR)
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Figure 33. 
Pyrrolidinone containing inhibitors 53–56

Ghosh et al. Page 73

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 34. 
X-ray crystal structure of the 56-mutant protease co-crystal (L63P, V82T, and I84V PDB: 

4A6B)
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Figure 35. 
Structures of pyrrolidinium-based inhibitors
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Figure 36. 
Inhibitors with oxazolidinone-derived P2 ligands
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Figure 37. 
Inhibitors with tertiary amine P2 ligands
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Figure 38. 
Inhibitors synthesized via click chemistry containing triazole P2 fragments
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Figure 39. 
Structure of atazanavir based inhibitors with biaryl P1’ motifs

Ghosh et al. Page 79

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 40. 
Tertiary hydroxyl inhibitors 69–71
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Figure 41. 
X-ray crystal structure of 69-bound HIV protease (PDB: 2BQV)
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Figure 42. 
Inhibitors 72–74 featuring a biaryl motif
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Figure 43. 
X-ray crystal structure of the 74-protease co-crystal (PDB: 2WKZ)
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Figure 44. 
Macrocyclic inhibitors 75 and 76 spanning the S2 to S1 subsites
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Figure 45. 
Macrocyclic inhibitors spanning the P1’ and P2’ subsites
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Figure 46. 
X-ray crystal structure of 78-bound HIV protease (PDB: 3I6O)
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Figure 47. 
Non-sulfonamide inhibitors 80, 81a, and 81b
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Figure 48. 
Structure and activity of inhibitors 82–85
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Figure 49. 
X-ray crystal structure of 84-bound HIV protease (PDB: 3A2O)
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Figure 50. 
Allophenylnorstatine inhibitors 86 and 87
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Figure 51. 
Allophenylnorstatine containing inhibitors 88 and 89
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Figure 52. 
Indanol containing inhibitors 90–93
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Figure 53. 
Pseudo-symmetric inhibitors 94–97
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Figure 54. 
Symmetric inhibitors 98–101
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Figure 55. 
Other symmetric HIV protease inhibitors
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Figure 56. 
Coumarin and pyrone inhibitors 105–108
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Figure 57. 
Cyclic sulfamide inhibitors 109–112
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Figure 58. 
Cyclic sulfonamide inhibitors 113 and 114
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Figure 59. 
X-ray crystal structure of 113-bound mutant protease (Q7K, L33I, L63I PDB: 3TH9)
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Figure 60. 
Lysine-derived inhibitors 115–119
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Figure 61. 
Lysinol derived inhibitors 120–123

Ghosh et al. Page 101

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 62. 
Structures and activities of imidizolidinone-derived inhibitors 124–127
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Figure 63. 
Lactam and azaurea containing inhibitors 128–131
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Figure 64. 
X-ray crystal structure of 130 in the active site of HIV-protease (PDB: 2A4F)
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Figure 65. 
Structures and activities of natural products 132–135
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Figure 66. 
Natural products 136–138 and their activity against HIV-1 protease

Ghosh et al. Page 106

J Med Chem. Author manuscript; available in PMC 2017 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 67. 
Structure and activity of natural products 139–142
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Figure 68. 
PCU containing inhibitors 143 and 144
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Figure 69. 
Dimerization inhibitors of HIV protease
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Figure 70. 
Peptoid-based dimerization inhibitors
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Figure 71. 
Inhibitors with allosteric and dimerization inhibitory activity
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Table 2

Resistance profile of inhibitor 14

Virusa EC50 values, nM (fold change)

14 DRV LPV

HIV-1r13205 26 22 28

HIV-1T20760 (14-selected) 65 (2.5) 39 (1.8) 112 (4.0)

HIV-1T21055 (14-selected) 308 (12) 122 (5.5) 426 (15)

HIV-1T21217 (14-selected) 312 (12) 84 (3.8) 198 (7.1)

HIV-1T13436 (DRV-selected) 5.1 (0.20) 49 (2.2) 263 (9.4)

HIV-1T13572 (DRV-selected) 1.5 (0.058) 234 (11) 511 (18)

HIV-1T13632 (DRV-selected) 42 (1.6) 624 (28) 1597 (57)

HIV-1T13717 (DRV-selected) 68 (2.6) 670 (30) 1900 (68)

a
Amino acid substitutions in the protease-encoding region compared to type r13205: L10F for T20760; L10F, I47V for T21055; L10F, I47V, L90M 

for T21217; V32I, L76V for T13436; V32I, L76V, V82I for T13572; V32I, I50V, L76V, V82I for T13632; V32I, I50V, G73S, L76V, V82I for 
T13727
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Table 5

Resistance profile of inhibitor 29

Virusa EC50 values, µM
(fold change)

DRV 29

HIV-1ERS104pre (WT) 0.004 0.029

HIV-1B (MDR) 0.019 (5) 0.075 (3)

HIV-1C (MDR) 0.011 (3) 0.030 (1)

HIV-1G (MDR) 0.011 (3) 0.039 (1)

HIV-1TM (MDR) 0.028 (7) 0.074 (3)

a
Amino acid substitutions in the protease-encoding region compared to type B: L63P in HIV-1ERS104pre; L10I, K14R, L33I, M36I, M46I, F53I, 

K55R, I62V, L63P, A71V, G73S, V82A, L90M, and I93L in HIV-1B; L10I, I15V, K20R, L24I, M36I, M46L, I54V, I62V, L63P, K70Q,V82A, and 

L89M in HIV-1C; L10I, V11I, T12E, I15V, L19I, R41K, M46L, L63P, A71T, V82A, and L90M in HIV-1G; L10I, K14R, R41K, M46L, I54V, 

L63P, A71V, V82A, L90M, I93L in HIV-1TM.
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Table 7

Resistance profiles of inhibitors 36 and 37

Virusa IC50 values, nM (fold change)

36 37 DRV APV

HIV-1ERS104pre (WT) 20 6 3.5 33

HIV-1TM (MDR) 220 (11) 64 (10) 4 (1) 290 (9)

HIV-1MM (MDR) 250 (13) 110 (18) 17 (5) 300 (9)

HIV-1JSL (MDR) 500 (25) 330 (55) 26 (7) 430 (13)

HIV-1B (MDR) 340 (17) 230 (38) 26 (7) 320 (10)

HIV-1C (MDR) 210 (11) 160 (27) 7 (2) 230 (7)

HIV-1G (MDR) 360 (18) 300 (50) 7 (2) 340 (10)

HIV-1A (MDR) 20 (1) 13 (2) 3 (1) 100 (3)

a
Amino acid substitutions in the protease-encoding region compared to type B: L63P in HIV-1ERS104pre; L10I, K14R, R41K, M46L, I54V, 

L63P, A71V, V82A, L90M, I93L in HIV-1TM; L10I, K43T, M46L, I54V, L63P, A71V, V82A, L90M, Q92K in HIV-1MM; L10I, L24I, L33F, 

E35D, M36I, N37S, M46L, I54V, R57K, I62V, L63P, A71V, G73S, V82A in HIV-1JSL; L10I, K14R, L33I, M36I, M46I, F53I, K55R, I62V, L63P, 

A71V, G73S, V82A, L90M, and I93L in HIV-1B; L10I, I15V, K20R, L24I, M36I, M46L, I54V, I62V, L63P, K70Q,V82A, and L89M in HIV-1C; 

L10I, V11I, T12E, I15V, L19I, R41K, M46L, L63P, A71T, V82A, and L90M in HIV-1G; L10I, I15V, E35D, N37E, K45R, I54V, L63P, A71V, 

V82T, L90M, I93L, C95F in HIV-1A
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Table 9

Resistance profile of inhibitor 45

Virusa EC50, µM (fold change)

APV DRV 45

HIV-1ERS104pre (WT) 0.037 0.0035 0.0048

HIV-1B (MDR) 0.044 (1.2) 0.028 (8) 0.036 (8)

HIV-1C (MDR) 0.38 (10) 0.019 (5) 0.0029 (0.6)

HIV-1G (MDR) 0.398 (11) 0.023 (7) 0.0047 (1)

a
Amino acid substitutions in the protease-encoding region compared to type B: L63P in HIV-1ERS104pre; L10I, K14R, L33I, M36I, M46I, F53I, 

K55R, I62V, L63P, A71V, G73S, V82A, L90M, I93L in HIV-1B; L10I, I15V, K20R, L24I, M36I, M46L, I54V, I62V, L63P, K10O, V82A, L89M in 

HIV-1C; L10I, V11I, T12E, I15V, L19I, R41K, M46L, L63P, A71T, V82A, L90M in HIV-1G
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Table 10

Resistance profile of inhibitor 74

Entry Mutant Protease
EC50 (µM) of
74

1 wild-type 0.007

2 G48V, L90M 0.008

3 A71V, I84V, L90M 0.007

4 V32I, M46I, A71V, V82A 0.006

5 V32I, M46I, V82A 0.024

6 M46I, V82F, I84V 0.13
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Table 11

Resistance profile of inhibitor 87

Virusa EC50, nM (fold change)

87 RTV NFV

HIV-1NL-432 17 80 25

HIV-1RTV
R 18 (1.1) 220 (2.8) 28 (1.1)

HIV-1NFV
R 2.4 (0.14) 16 (0.20) 308 (12)

HIV-1RTV,NFV
R 14 (0.82) 162 (2.0) 67 (2.7)

a
Amino acid substitutions in the protease-encoding region: N37S, G57R, I84V in HIV-1RTVR; D30N, N37S, G57R in HIV-1NFVR; L19V, V32I, 

M46L, G57R, L63P, I85V in HIV-1RTV,NFVR

J Med Chem. Author manuscript; available in PMC 2017 September 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 123

Table 12

Resistance profiles of inhibitors 88 and 89

Virusa EC50, nM (fold change)

88 89 RTV NFV

HIV-1NL-432 88 9.3 80 25

HIV-1RTV
R 44 (0.50) 17 (1.8) 220 (2.8) 28 (1.1)

HIV-1NFV
R 9.6 (0.11) 0.67 (0.07) 16 (0.2) 308 (12)

HIV-1RTV,NFV
R 19 (0.22) 13 (1.4) 162 (2.0) 67 (2.7)

a
Amino acid substitutions in the protease-encoding region: N37S, G57R, I84V in HIV-1RTVR; D30N, N37S, G57R in HIV-1NFVR; L19V, V32I, 

M46L, G57R, L63P, I85V in HIV-1RTV,NFVR
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Table 13

Resistance profile of inhibitors 118 and 119

Virusa EC50, nM (fold change)

118 119

HIV-1NL4-3 16 20

HIV-14596 38 (2.3) 13 (0.65)

HIV-1Saq
R 19 (1.1) 4 (0.2)

a
Amino acid substitutions in the protease-encoding region: L10R, M46I, L63P, V82T, in HIV-14596; I48V, L90M in HIV-1SaqR
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Table 15

Resistance profile of 131. NT=not tested

Virusa EC50, µM (fold change)

131 RTV LPV

HIV-1WT 0.004 0.022 0.016

HIV-1IND
R 0.054 (13.5) NT 0.385 (24.1)

HIV-1A17 0.065 (16.3) 1.24 (56.4) 1.06 (66.3)

a
Amino acid substitutions in the protease-encoding region L10R, M46I, L63P, V82T, I84V for HIV-1INDR; L10F, V32I, M46I, I47V, Q58E, I84V 

for HIV-1A17
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