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Abstract

Drug resistance is prevalent across many diseases, rendering therapies ineffective with severe 

financial and health consequences. Rather than accepting resistance after the fact, proactive 

strategies need be incorporated into the drug design and development process to minimize the 

impact of drug resistance. These strategies can be derived from our experience with viral disease 

targets where multiple generations of drugs had to be developed to combat resistance and avoid 

antiviral failure. Significant efforts including experimental and computational structural biology, 

medicinal chemistry and machine learning have focused on understanding the mechanisms and 

structural basis of resistance against direct-acting antiviral (DAA) drugs. Integrated methods show 

promise for being predictive of resistance and potency. In this review, we give an overview of this 

research for HIV-1, HCV and IAV, and the lessons learned from resistance mechanisms of DAAs. 

These lessons translate into rational strategies to avoid resistance in drug design, which can be 

generalized and applied beyond viral targets. While resistance may not be completely avoidable, 

rational drug design can and should incorporate strategies at the outset of drug development to 

decrease the prevalence of drug resistance.
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1. Introduction: drug resistance and viral infections

The emergence and spread of drug resistance is a global threat to public health and requires 

immediate action.1–2 Drug resistance is prevalent in antimicrobials, which include 

antibiotics, antivirals, antifungals and antiprotozoals. This prevalence of resistance leads to 

higher medical cost, longer treatment duration, increased patient mortality, and severe 

financial consequences. In fact, drug resistance is estimated to cost society greater than 55 

billion dollars annually.3 Moreover, 700,000 people die globally per year as a result of 

antimicrobial resistance, which may increase to over 10 million by 2050, if no concerted 

effort is made to combat this threat.4–5

Each year, viral infections cause millions of deaths and engender efforts to develop novel 

antivirals. With rapid spread of outbreaks and pandemics on the rise such as Ebola or 

COVID-19, there is a growing need and interest to design effective therapeutic agents 

against viral diseases. Over 200 viral species are known to infect humans. Yet, there are 

FDA-approved direct-acting antiviral (DAA) drugs that target only 9 of these viruses: 

Human Immunodeficiency virus (HIV), Hepatitis B virus (HBV), Hepatitis C virus (HCV), 

Human Cytomegalovirus (HCMV), Herpes Simplex virus (HSV), Human Papilloma virus 

(HPV), Respiratory Syncytial virus (RSV), Varicella-Zoster virus (VZV) and Influenza virus 

(IAV).6 Currently the quest for DAAs to target SARS-CoV-2 is ongoing, with over 1 million 

associated deaths worldwide. However, to date antivirals only exist in the regular treatment 

of HIV, HCV and IAV. Thus, these viruses serve as ideal systems to understanding drug 

resistance mechanisms and developing strategies to combat antiviral failure.

Drug development efforts for antivirals often have not included strategies to pre-emptively 

avoid resistance, as small molecule inhibitors are typically rationally designed using natural 

substrates of the target protein as starting points. This ligand-based drug design approach has 

successfully been used to discover potent lead compounds and direct-acting antiviral (DAA) 

drugs against HIV-1 protease, reverse transcriptase and integrase, HCV NS3/4A protease 

and NS5B polymerase, and influenza neuraminidase. High-throughput screening (HTS)7–9 

is often the first step in drug discovery and this process can be streamlined if a focused or 

knowledge-based library can be constructed with compounds that had success against that 

Matthew et al. Page 2

Chem Rev. Author manuscript; available in PMC 2022 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific target class.7, 10 HTS is combined subsequently with medicinal chemistry efforts for 

hit-to-lead optimization with analogs for structure-activity relationship (SAR) studies where 

chemical structure of a compound is correlated with biological activity. Iterative rounds of 

optimization are often necessary to improve binding affinity, cellular potency, selectivity, 

toxicity, and pharmacokinetic properties.11–12 While the combination of HTS and extensive 

SAR studies has been very successful in drug discovery in the absence of structural studies 

(including the discovery of HIV-1 protease inhibitor tipranavir, HIV-1 integrase inhibitor 

raltegravir, and the HCV NS5A inhibitor daclatasvir), incorporating structure-based drug 

design (SBDD)13–14 can accelerate drug discovery. SBDD in combination with HTS and 

medicinal chemistry optimization has yielded many antivirals.15–17 However incorporating 

strategies to avoid resistance in antiviral discovery is not common.

SBDD traditionally focuses solely on increasing ligand interactions with the target to disrupt 

the activity without considering potential heterogeneity of the target or resistance. Viruses 

have a wide genetic diversity from single polymorphisms to large divergences leading to 

different subtypes (i.e. genotypes in HCV, clades in HIV, and strains in influenza virus and 

even variations between flaviviruses and coronaviruses).18–20 Polymorphisms among 

genotypes of HCV underlie the differential efficacy of protease inhibitors.21 Even when an 

antiviral has high potency against a certain wild-type strain, resistance can evolve. The 

single digit nanomolar or even picomolar22–24, potency against the wildtype target enzyme 

has led to FDA approval of multiple chemically similar inhibitors against the same target.6 

However, this has resulted in cross-resistance 25–28 where a single mutation selected against 

one inhibitor can confer resistance to others in the same class. Often combination therapy, 

which involves simultaneously inhibiting more than one target, works effectively to suppress 

viral replication. Nevertheless, if for any reason the drug combination is not effective and the 

virus is allowed to replicate in the presence of these drugs then the selective pressure on the 

target still permits the emergence of a resistant viral population. Thus, disrupting an antiviral 

target’s activity is necessary but not sufficient for developing a robust drug with a low 

probability of resistance. The high rates of antiviral drug resistance suggest that our current 

paradigm for drug development needs improvement (Figure 1). Pre-emptively restricting the 

evolutionary pathways to resistance requires further understanding of the underlying 

molecular mechanisms, including the structural and dynamic changes due to resistance 

mutations in the protein–inhibitor system. Improved drug design strategies should 

proactively consider viral evolution to reduce rates of resistance.

In this review, we focus on HIV, HCV and IAV as clinical resistance exists to DAAs against 

each of these viruses. We begin with a brief review of current antivirals against these three 

viruses. Next, the structural and dynamic mechanisms by which mutations in the antiviral 

target confer resistance is discussed where we focus primarily on the extensive data on the 

viral proteases of HIV and HCV, with brief references to other systems. We then describe 

how elucidation of these mechanisms has been incorporated in both SBDD and medicinal 

chemistry strategies to avoid resistance. Finally, we describe how integrative computational 

methods combine experimental data with structural information and conformational 

dynamics into a comprehensive drug design strategy to avoid drug resistance. These 

methods and strategies developed to avoid resistance in viral proteases should generally be 

Matthew et al. Page 3

Chem Rev. Author manuscript; available in PMC 2022 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



applicable to other quickly evolving enzymatic drug targets where susceptibility to drug 

resistance is a necessary consideration to ensure the effectiveness of the therapeutic.

2. Viruses targeted with antivirals

2.1 Human immunodeficiency virus (HIV)

Currently ~38 million people million globally are living with Human Immunodeficiency 

Virus type 1 (HIV-1) with approximately 40,000 new infections in the United States yearly.
29 DAAs against HIV-1 inhibit critical proteins in the viral life cycle including the reverse 

transcriptase (RT), integrase, and protease. Two classes of RT inhibitors have been approved 

by the FDA: nucleoside RT inhibitors (NRTIs) and non-nucleoside RT inhibitors (NNRTIs). 

NRTIs are competitive inhibitors that bind at the active site while NNRTIs bind allosterically 

and inhibit the enzyme with a noncompetitive or uncompetitive mechanism.30 The first 

FDA-approved NRTI, zidovudine/AZT, was developed using traditional drug discovery 

approaches.31 Since then nine additional NRTIs have been FDA approved, the latest of 

which was emtricitabine in 2003.

Another antiviral target is HIV-1 integrase, which catalyzes the integration of viral DNA into 

the host genome. A combination of HTS and SBDD approaches led to development of 

raltegravir, a competitive integrase stand-transfer inhibitor approved by the FDA in 

2007.32–33 Medicinal chemistry efforts led to the discovery and FDA approval of 

dolutegravir in 2013, and recently another integrase inhibitor bictegravir (Figure 2). As with 

most viral small molecule inhibitors, resistance to integrase inhibitors have emerged, with 

mutations in integrase that decrease inhibitor potency.34

After DNA integration, replication and virion assembly occur leading to immature virions 

budding off from the host cell. Viral maturation requires processing of the Gag and Gag-Pol 

polyproteins by HIV-1 protease. Inhibiting HIV-1 protease prevents the formation of mature 

and thus infectious virus. Leveraging modern drug discovery techniques, the first protease 

inhibitor (PI), saquinavir, was designed as a peptidomimetic transition-state analogue. Since 

the FDA approval of saquinavir in 1995, a combination of SBDD and medicinal chemistry 

approaches led to the development of nine FDA-approved PIs, all of which are 

peptidomimetics with the exception of tipranavir (Figure 3).35 The latest and most potent of 

the FDA approved PIs is darunavir (DRV), which retains potency against many single and 

double resistance mutations.36 DRV has a high barrier to resistance and > 7 mutations are 

necessary in vitro for the drug to become ineffective.37 In fact, there is no evidence of 

appreciable resistance to single or double mutant variants. Clinical resistance to DRV does 

occur albeit rare and is often in the setting of cross-resistance with treatment-experienced 

patients.38–39

HIV-1 infected individuals need to be treated with combination therapies as individual 

DAAs are highly susceptible to resistance. DAAs target viral proteins which can readily 

mutate due to error-prone activity of the RT, lack of proof-reading functionality, high 

replication rate and host factors (APOBEC3s) thereby providing the opportunity for 

resistance to be selected. Resistance is exacerbated by poor patient compliance leading to 

suboptimal DAA concentrations that cannot suppress viral replication and thus evolution of 
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resistant variants. Six years post infection, a single HIV-1 infected patient can possess the 

viral genetic diversity of the entire influenza strain of 1996.40 The immense genetic diversity 

can result in rapid selection of resistance to individual DAAs, requiring combination 

therapies to effectively suppress the viral population and prevent resistance. The 

combination of drugs with distinct mechanism of action effectively reduces HIV viral load 

in patients, in some to undetectable levels.41

2.2.2 Hepatitis C virus (HCV)

Similar to HIV-1, HCV is a global health problem, with over 71 million people being 

chronically infected worldwide. HCV is the leading cause of chronic liver disease, liver 

cirrhosis and hepatocellular carcinoma. HCV was historically known as a “silent killer” as 

many people are unaware of their infection and eventually 80% of patients progress to 

chronic liver disease.42 HCV has seven known genotypes (GT 1–7), each of which is further 

divided into subtypes.18 This diversity has presented a challenge in developing effective pan-

genotypic therapies. Over the last several years, effective DAAs have been developed against 

essential proteins in the viral life cycle including the NS3/4A protease, NS5A assembly 

protein and NS5B polymerase. Lessons from decades of work on HIV-1 DAAs have been 

applied to HCV, most notably using multiple drugs as a combination therapy to prevent or at 

least minimize the emergence of resistance. Unlike with HIV-1 which causes incurable life-

long chronic infection, HCV infected patients can be cured with combination therapy. The 

most recent combinations achieve 95% or higher cure rates in certain patient populations, 

but genotypic differences and resistance mutations can still cause treatment failure.

The first FDA-approved antiviral drugs against HCV were inhibitors of the NS3/4A 

protease.43–44 This protease is responsible for cleaving the viral polyprotein into structural 

and nonstructural proteins that are critical in viral replication and maturation. A major 

turning point in HCV protease inhibitor development occurred in 1998, when the N-terminal 

cleavage product of a designed (consensus) substrate peptide DDIVPC-OH was identified as 

a weak competitive inhibitor.45–46 Pharmaceutical companies exploited this hexapeptide 

scaffold by extensive SAR exploration and SBDD, which led to the development of the first-

in-class NS3/4A protease inhibitor ciluprevir, a macrocyclic inhibitor that exhibited 

nanomolar antiviral activity.47–49 Unfortunately, ciluprevir was discontinued due to 

cardiotoxicity.50 Further inhibitor development using SBDD has led to the FDA approval of 

7 protease inhibitors with more in clinical development (Figure 4).6, 51 First generation 

protease inhibitors had activity against mainly only GT1, the most prevalent genotype in the 

West. Most recent inhibitors grazoprevir, glecaprevir, and voxilaprevir are extremely potent 

and exhibit pan-genotypic activity.52–53

The NS5B is the RNA-dependent RNA polymerase which is responsible for viral 

replication. The first combination therapy that achieved a cure for HCV infection was 

Harvoni® which contained NS5B inhibitor sofosbuvir.54 There are two FDA-approved 

NS5B inhibitors, sofosbuvir and dasabuvir (Figure 5), with others in clinical development.6 

Sofosbuvir is a nucleoside analogue that gets incorporated into the nascent RNA chain, 

which induces a chain termination event to stop active transcription.55 Sofosbuvir was 

discovered through SAR studies of nucleoside analogues and replicon–based screening 
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assays where it exhibited nanomolar activity against the wildtype enzyme.56 Similarly, 

NS5B inhibitor dasabuvir was discovered through a HTS campaign of libraries of 

compounds that inhibit the activity of recombinant polymerase in vitro.57 Unlike sofosbuvir, 

dasabuvir is a non-nucleotide small molecule that allosterically binds to the polymerase 

preventing conformational changes that are necessary for viral RNA replication.58 Dasabuvir 

has a low barrier to resistance given its allosteric binding site that can mutate without 

affecting substrate nucleotide binding.59 In contrast, the nucleoside NS5B inhibitors exhibit 

pan-genotypic activity and a higher barrier to resistance, and clinical failure is rare with 

sofosbuvir containing combination therapies.

The last class of HCV DAAs is the NS5A inhibitors, which block RNA replication and 

virion assembly/release.60 This class includes FDA-approved inhibitors daclatasvir, 

ledipasvir, ombitasvir, elbasvir, velpatasvir, and pibrentasvir (Figure 6). The initial lead 

molecule was identified by a phenotypic HTS and optimized by extensive SAR studies, 

leading to the discovery of first-in-class HCV NS5A inhibitor daclatasvir.

Despite improved treatment options and outcomes61–63 with combination therapies,64–68 

drug resistance remains a problem. Even the most recent DAA combinations fail to cure 

some patients.27, 63, 69 Especially for DAA-experienced patients, baseline polymorphisms 

among diverse genotypes and preexisting resistance-associated substitutions negatively 

impact treatment outcomes.62–63, 70 Thus, strategies to thwart resistance need to be applied 

in the design and development of novel antiviral therapeutics.

2.2.3 Influenza virus (IAV)

The CDC estimates that influenza infects between 39–56 million people annually in the 

United States, resulting in over 410,000 hospitalizations and 12,000–60,000 deaths.71 The 

annual influenza vaccine provides preventative measure against seasonal influenza. 

However, vaccine effectiveness can be low due to antigenic drift, high mutation rate, and 

mismatch between vaccine and circulating strains.72–73 As a result, DAA options are needed 

for combating influenza infection especially in vulnerable populations such as those with 

underlying conditions.

There are currently three FDA-approved DAAs against IAV, which target neuraminidase 

(NA) on the surface of the viral particles (Figure 7). NA is a sialidase that cleaves the 

terminal sialic acid from glycoproteins to release the budding virus from the surface of 

infected host cells.74–76 In 1999, the FDA approved two competitive active site NA 

inhibitors, oral oseltamivir, inhaled zanamivir, and in 2014 peramivir for intravenous 

administration.77–80

Influenza NA inhibitors were rationally designed based on the molecular features of 

substrates and to optimize binding interactions in the active site; however, resistant variants 

that avoid inhibition but still cleave the substrate sialic acid have emerged.78–81 Although 

sialic acid binding sites between subtypes are highly homologous, subtype specific patterns 

of drug resistance have emerged against NA inhibitors.82–85 Type A influenza is divided into 

subtypes based on two surface proteins, hemagglutinin (HA) and NA. Type A is the most 

prevalent and is subdivided into two subtypes that predominate in human infection, N1 and 
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N2. Differential patterns of drug resistance mutations have been observed clinically in both 

N1 and N2, and identified experimentally through in vitro and in vivo experiments.81

Recently in 2018, baloxavir targeting the cap-dependent endonuclease of the PA subunit of 

IAV has been approved by the FDA. Although effective against strains resistant to the other 

three drugs that target NA, baloxavir has a low barrier to resistance. A single substitution 

such as the common I38T can confer baloxavir resistance.86 Antivirals that target other 

essential IAV proteins, ideally in combination with those with orthogonal resistance profiles, 

are likely needed for an effective influenza therapy that is less susceptible to resistance, if 

pre-existing resistance prevails within a pandemic strain.

3. Mechanisms of drug resistance

On the molecular level, multiple mechanisms can lead to drug resistance and decrease the 

potency of antiviral therapies. Many viruses are masterfully erroneous and thus acquire 

random mutations during replication. Patients infected with these viruses develop a 

heterogeneous population of viral species known as quasi-species. Often, a patient when first 

diagnosed will already be infected with a heterogeneous viral population.87–89 When 

therapy begins mutations are selected that prevent inhibitor binding while maintaining viral 

replication.90–91 The emergence of these resistant variants eventually renders once-effective 

drugs obsolete.92 This is especially problematic as traditional inhibitor design paradigms 

focus on the wild-type target only and do not incorporate strategies to evade resistance. 

Thus, without pre-emptive methods rapidly evolving disease targets, the acquisition of 

resistance is almost inevitable given enough time.

3.1 Sites of drug resistance mutations

Drug resistance mutations in a therapeutic target often occur initially around the drug 

binding site, where primary resistance is conferred through a physical change in the direct 

contacts with the inhibitor. For a competitive active site inhibitor, mutations causing this 

primary resistance is usually located at or adjacent the active site (Figure 8). For high levels 

of resistance to occur against potent inhibitors, these primary active site mutations are often 

supplemented with mutations that are distal to the active site. These distal mutations, often 

referred to as secondary mutations, were thought to primarily be compensatory and preserve 

enzymatic function lost due to primary mutations; however, recent data have shown these 

distal mutations can contribute significantly to the loss of inhibitor potency.93–97

3.2 Substrate recognition versus inhibitor binding

Resistance mutations in the drug target are selected to tip the balance in favor of substrate 

recognition over inhibitor binding. Substrate recognition has been extensively studied in 

HIV-1 and HCV NS3/4A proteases (Figure 9).98–101 HIV-1 protease cleaves at least 10 sites 

along the Gag and the Gag-Pro-Pol polyproteins to release proteins that are necessary in the 

viral life cycle.102 Similarly, HCV protease cleaves four sites and two innate immune 

adapters. These viral substrates share little amino acid sequence homology and thus are 

highly diverse.100 If the substrates have little sequence homology, how is a viral protease 

able to recognize and cleave the appropriate site along the polyprotein with specificity? 
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Moreover, how are proteases with multiple mutations able to process the substrate sequences 

necessary for viral maturation and evade inhibition by small molecules? The answer lies in 

the shape the substrates adopt when bound to protease, and not the exact amino acid 

sequence.

Crystal structures of substrate-protease complexes showed that HIV-1 viral substrates 

occupy a consensus volume or shape in the active site, now termed the substrate envelope 
(Figure 9c).100 The substrate envelope for any enzyme can be determined by solving 

cocrystal structures with endogenous substrates that the enzyme has to process for biological 

function, and provides key molecular insights into substrate recognition and resistance.103 

Similarly, superposition of substrate-protease complexes of HCV protease showed that 

substrates adopt a conserved volume in the protease active site (Figure 9d).99–100 Therefore, 

this consensus volume or substrate envelope is the basis for molecular recognition of 

substrates for HIV-1 and HCV viral substrates.

3.3 Substrate envelope and primary active site resistance mutations

Comparison of the substrate envelope with inhibitor binding elucidated molecular 

mechanisms of resistance due to active site mutations. Active site residues that make critical 

interactions with substrates such as catalytic residues, are essential and would prohibit 

substrate processing if mutated. Instead, as structures of inhibitor-protease complexes 

revealed, resistance mutations occur where inhibitors protrude beyond the substrate envelope 

and make contact with residues that are not essential for substrate recognition.98–99, 104 

These mutations differentially impact inhibitor binding while maintaining substrate 

processing. As each inhibitor may protrude at different sites from the envelope, selected 

resistance mutations are inhibitor specific. This is evident in HCV NS3/4A protease 

inhibitors where resistance mutation patterns are largely determined by the P2 extended 

moiety.98

In HCV, resistance to protease inhibitors are common due to mutations in the S2 and S4 

subsites where the inhibitors protrude beyond the substrate envelope and make van der 

Waals (vdW) contacts with primarily three active site residues: Arg155, Ala156 and Asp168 

(Figure 10). These three residues contact the large P2 heterocyclic moiety, an extension to 

the PIs that significantly improves inhibitor potency, and the P4 capping group.105–106 

Arg155 and Asp168 form a critical salt bridge that provides additional hydrophobic surface 

necessary for inhibitor binding. This salt bridge stabilizes Arg155 in a conformation that 

allows potent inhibitor binding, often through aromatic stacking with the inhibitor (Figure 

10a–c). Disruption of this electrostatic network as a result of substitutions R155K or D168A, 

or loss of stacking on Arg155 underlies the mechanism of resistance for most first and 

second generation HCV PIs.100 The third generation inhibitors managed to largely avoid 

susceptibility to mutations at these two sites, as the P2 moiety packs on the catalytic triad 

and avoids packing on Arg155, as in grazoprevir (Figure 10d). The related third generation 

inhibitors glecaprevir52, 68, 107 and voxilaprevir108 (Figure 4) maintain excellent potency 

across viral genotypes coordinating water structure and sharing the same binding mode with 

grazoprevir.109 However, the rigid macrocycle in all these PIs still causes susceptibility to 

changes at 168, and more significantly to mutation of Ala156 to a larger Val or Thr which 
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causes a steric clash with the macrocycle. Thus, significant primary resistance occurs for all 

the HCV PIs where these inhibitors protrude beyond the substrate envelope and contact 

residues that can tolerate mutations as they are not essential for substrate recognition and 

turnover.

Similarly, in HIV-1 protease, individual inhibitors contact specific active site residues 

beyond the substrate envelope, which are primary sites of drug resistance mutations selected 

both in the laboratory and in clinic. For instance, D30N is a signature mutation to nelfinavir, 

I47A to lopinavir, I50L/V for amprenavir/darunavir/atazanavir, G48V to saquinavir, and 

V82A/I/F to saquinavir/ritonavir.110 These mutations directly impact inhibitor binding by 

altering and reducing intermolecular contacts necessary for inhibiting the enzyme (Figure 9), 

but still allow continuing to recognize and process substrates. DRV is the FDA approved 

inhibitor that fits best within the substrate envelope and is the least susceptible to resistance. 

DRV retains picomolar inhibition against primary resistance mutations such as I84V.111 

However, DRV is still susceptible to the combined accumulation of mutations proximal and 

distal to the active site. In a recent study, these distal mutations were shown to perturb the 

dynamic conformational ensemble of the protease, propagating changes to the active site to 

severely impact DRV binding.95 Thus, the substrate envelope not only explains substrate 

specificity but also provides a framework for understanding the mechanism of resistance due 

to active site mutations.

As with protease inhibitors, resistance to HIV-1 RT inhibitors has been observed. Single 

mutations around the active site, or the hydrophobic allosteric site of RT can confer 

significant resistance to NRTIs and NNRTIs, respectively.112 For instance, the M184V/I 

mutations, close to the active site, decrease susceptibility to the NRTIs lamivudine (3TC) 

and emtricitabine (FTC) by more than 100-fold. 113–114 In addition, the K65R mutation is 

highly clinically relevant and has been shown to reduce susceptibility to lamivudine and 

emtricitabine by 5- to 10-fold115–116 and to tenofovir (TDF) ~2-fold.117 Conserved allosteric 

sites can also be viable drug targets but are highly susceptible to resistance mutations as is 

the case for NNRTIs for which single site mutations can compromise affinity. For example, 

the K103N decreases susceptibility to nevirapine and efavirenz,118–121 Y181C decreases 

susceptibility to nevirapine,122–123 efavirenz,124 etravirine,125 and rilpivirine126 and G190A 

decreases susceptibility to nevirapine and efavirenz.118–120 Resistance in HIV-1 RT will be 

reviewed in a companion article within this issue and thus is not expanded here.

Much like the protease and RT, certain mutations in the integrase are clinically relevant and 

cause significant levels of resistance to commonly used integrase inhibitors. Mutations 

N155H and Q148K/R/H decrease susceptibility to raltegravir and elvitegravir. More recent 

cryo-EM structures of second generation integrase inhibitors, dolutegravir and bictegravir, 

show how these inhibitors are less susceptable to the resistance that impacted first generation 

inhibitors, in part by their high affinity, stabilization of the optimal binding geometry and 

ligand extension to better fill the active site.127–128 G140S is a compensatory 

mutation34, 129–130 that rescues a replication defect caused by Q148H mutation (Figure 11).
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3.4 Resistance via altered dynamics – applying parallel molecular dynamics (pMD)

Many mutations in a drug target occur remote from the active site of the enzyme and their 

role in resistance has remained controversial. One mechanism by which distal mutations 

contribute to resistance is via altering the conformational dynamics of the enzyme-inhibitor 

system. In the past decade, the strategy of pMD was developed to collectively analyze a 

series of MD simulations of similar yet distinct molecular complexes to decipher 

conformational and dynamic differences responsible for changes in molecular recognition 

due to resistance. pMD simulations are performed on complexes with varied protein 

sequence and/or inhibitor identity to unravel structural and dynamic properties that underlie 

coupled changes in molecular recognition, binding affinity and resistance. With this 

powerful strategy drug resistance mutations were observed to cause alterations in everything 

from water structure to physical interactions and correlated fluctuations.93–94, 96–97, 131–140 

This method was applied to a wide variety of enzymes including the viral proteases of HIV,
94, 131, 134–135, 139, 141–144 HCV,93, 145–146 Dengue virus,137–138 and influenza 

neuraminidase,136 successfully providing insights into the mechanisms of resistance.

Traditional drug design paradigms do not consider the role of dynamics in molecular 

recognition. Instead, the modus operandi is identifying a lead compound and optimizing by 

either brute force trial and error or with some insights from the 3D structure if available, 

with the goal of obtaining desirable activity against the target. However, as pMD studies 

have indicated, the conformational ensemble and dynamics of the inhibitor–protein complex 

may be key to potency and resistance. Better understanding and computational tools are 

needed to incorporate these considerations into drug design to improve potency and avoid 

drug resistance.

3.5 Dynamic substrate envelope in molecular recognition and resistance

Substrate recognition and processing by enzymes involve a series of dynamic events where 

the protein will adopt different conformational states. This is not surprising as most proteins 

are inherently flexible and sample a conformational dynamic ensemble in their native states. 

These conformational dynamics occur on various time scales and are essential for function. 

Their substrates are often also naturally flexible, especially for peptide substrates. In the 

bound complex, the conformational freedom of the substrate and enzyme can be coupled and 

the dynamics of the overall system is critical for molecular recognition.

The substrate envelope model was initially developed using crystallographic structures and 

provided crucial insights into drug resistance. Protein crystallography has been invaluable to 

visualizing, understanding and targeting with small molecules of many proteins. 

Crystallography has even been able to capture some dynamic movements of the HIV-1 

protease at high resolution.37, 147 Still, a great deal of information is missed by 

crystallography as the structure is only a snapshot of the protein or complex within the 

confines of the crystal lattice. While crystal structures give some insight into short-range 

protein dynamics, complementary methods are needed to fully elucidate the details of 

conformational flexibility.148
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The substrate envelope was redefined to include the role of protein dynamics by analyzing 

substrate-protease complexes of HIV-1 using pMD simulations.132, 148 HIV-1 substrate-

protease complexes were simulated and conformational dynamic ensemble analyzed.
101, 148–150 Most of the HIV-1 substrate-protease molecular interactions observed in the 

crystal structures were conserved across the dynamic trajectories. Accordingly, the dynamic 

substrate envelope, calculated over thousands of substrate conformers from the MD 

simulations, reproduced main characteristics of the static envelope. In addition, the dynamic 

substrate envelope gives a probabilistic volume that accounts for substrate flexibility101, 151 

and a more realistic representation of the consensus volume that the substrates occupy in the 

active site.

The dynamic substrate envelope as a predictive tool of resistance has been applied to other 

viral proteins including HCV protease and neuraminidase. For HCV protease, the dynamic 

substrate envelope analysis was consistent with that of the static substrate envelope revealing 

the mechanism of resistance to common resistance-associated substitutions.151 In influenza 

neuraminidase, the dynamic substrate envelope explained differential patterns of resistance 

for N1 and N2 despite highly homologous active site (Figure 12).136 Mutations often occur 

at residues I222, S246 and H274 in N1 and E119 in N2 to confer resistance to NA inhibitors. 

Intermolecular interactions, especially van der Waals contacts, with these residues are 

crucial for inhibitor but not substrate binding.82, 136 In these viral proteins, further analysis 

of the dynamic substrate envelope revealed that inhibitors do not optimally occupy the 

remaining space in the substrate envelope, which for rapidly evolving disease targets 

presents opportunities to design inhibitors with improved potency and substrate mimicry.

3.6 Protein dynamics and role of distal mutations in conferring resistance

Protein dynamics have been shown to play a key role in drug resistance.
93–97, 131–133, 135–136, 140, 152–153 Proteins are dynamic and conformational flexibility is 

required for biological activity and substrate molecular recognition. Mutations not only at 

the active site but throughout the enzyme can lead to changes in protein dynamics to impact 

substrate recognition and inhibition. The flexibility and conformation of loops and other 

structural elements in the enzyme active site can affect catalytic activity and susceptibility to 

resistance. For example in HIV-1 protease, the flaps need to open and then close down on 

the substrate, which is coupled with an extensive rearrangement of hydrophobic residues in 

the core of the enzyme, known as hydrophobic sliding 133, 152. Alterations in the core that 

affect hydrophobic sliding can thus impact flexibility of the flaps, which control access of 

substrates and inhibitors to the active site.133, 152

Similarly in influenza neuraminidase, the dynamic 150s-loop controls the size of the active 

site and flexibility of this loop varies across subtypes.154–155 This loop contains a catalytic 

residue, Asp151, and therefore, the flexibility and conformation is directly related to 

substrate processing. Thus, understanding the dynamics of the target of interest and key 

interactions with substrate is important in inhibitor design.

Importance of conformational dynamics in viral resistance has also been reported for the 

HIV-1 gp41/gp120 envelope fusion protein. The gp120 variants that have faster fusion 

kinetics are more resistant to the fusion inhibitor enfuvirtide.156–157 The mechanism of this 
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specific enfuvirtide resistance was shown to accelerate the first step of entry, by mutations 

altering the conformational dynamics of the CD4-bound Env, limiting the enfuvirtide 

susceptible conformation that is available for binding.158

3.6.1 Distal mutations and dynamics in HIV-1 protease—Mutations that are distal 

to the active site in the target enzyme are often observed in resistant variants. As these 

mutations occur at amino acids that do not physically interact with the inhibitor, the 

assumption has been that distal mutations merely compensate for the enzyme activity lost 

due to primary drug resistance mutations. However, recent evidence shows that distal 

mutations also contribute to resistance.94–97, 159 Although distal changes cannot directly 

alter intermolecular interactions with the substrate or inhibitor, they exert their effect 

indirectly by altering the protein’s dynamics. Mutations far from the active site in HIV-1 

protease change the dynamic ensemble of the protease and are particularly relevant in 

evolution of resistance to highly potent inhibitors such as DRV. While DRV is highly potent 

against wild-type enzyme and fits well within the substrate envelope, high-level resistance to 

DRV has been observed in patient isolates and in vitro selection variants.94, 96, 119, 160–161 

These variants achieve resistance to DRV through a combination of mutations proximal and 

distal to the active site.

In a study evaluating five highly mutated patient variants with 19–24 mutations, from the 

HIV Drug Resistance Database160–161 distal mutations were shown to cause alterations in 

the protein’s internal hydrogen-bonding network.94 Another study investigated a clinical 

variant using pMD to elucidate the role of distal mutations in resistance where one distal 

mutation weakened inhibitor potency and another restored substrate processivity in 

conferring resistance.162 pMD analysis of a series of protease variants each with a single 

distal mutation bound to DRV revealed that a distal mutation can result in significant 

rearrangement of the protein and hydrogen bond network that propagates to critical active 

site residues that interact with the inhibitor. This idea that the effect of distal mutations 

propagates to pivotal active site residues has been termed as the “network hypothesis.” 
94, 134, 162 More recent studies with highly mutated and highly DRV resistant variants 

confirmed the role of distal mutations in altering the dynamics of the enzyme-inhibitor 

complex.94–97

Under inhibitor selective pressure, in vitro viral selection experiments159 have generated a 

highly DRV resistant variant with 11 mutations.95 Much like clinical variants, in vitro 
selection variants need to accumulate a combination of active site and distal mutations for 

high-level resistance. With 3 active site and 8 distal mutations, this selection variant reduced 

DRV’s low picomolar inhibition to near micromolar inhibition, a 152,000-fold decrease in 

potency. Protease variants engineered to harbor subsets of these 11 mutations revealed that 

the distal mutations were critical in achieving high-level resistance. Crystal structures of 

these complexes did not reveal a potential molecular mechanism to account for this loss of 

affinity. In contrast pMD simulations reflected altered the molecular mechanism through 

altered dynamics of the enzyme-inhibitor complex that correlated with the experimental loss 

of affinity, this loss was observed in a variety of physical characteristics including the 

increase in root mean square fluctuation of DRV and a decrease in the van der Waals contact 

DRV makes with the enzyme (Figure 13) 95.

Matthew et al. Page 12

Chem Rev. Author manuscript; available in PMC 2022 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.6.2 Dynamics, resistance and genotypic differences in HCV protease—In 

HCV NS3/4A protease, substitutions distal from the inhibitor binding site either due to 

resistance mutations or genotypic differences can decrease inhibitor potency. Variants with 

double or triple substitutions including a distal mutation have been observed in clinic. These 

distal substitutions, such as V36M or Y156H, propagate their effects to the active site and 

impact the conformational dynamics of the enzyme-inhibitor complex in conferring 

resistance.93, 145, 163 This was most dramatically shown in the elucidation of the differential 

potency for the HCV protease inhibitors between genotypes 1a and 3a, where inhibitors lost 

up to three orders of magnitude in potency. This loss of potency against genotype 3a was 

recapitulated by introducing three site mutations near the substrate binding site, where the 

two genotypes varied, into the genotype 1a enzyme. Co-crystal structures showed virtually 

no difference in the binding conformation, and only in the comparison pMD simulations 

were variations observed where a decrease in correlated dynamic fluctuations were observed 

between the inhibitor and the genotype-3 enzyme (Figure 14).93

Overall, distal mutations can change protein dynamics and in turn protein-ligand 

interactions. However, teasing out the molecular mechanisms underlying resistance requires 

consideration of dynamic effects. More comprehensive integrated methods with a large 

number of variants and/or inhibitors leveraging machine learning and pMD96 are needed to 

better understand the role of distal mutations in resistance. Such analysis and tools may lead 

to better incorporation of protein conformational dynamics into the drug design process.

3.6.3 The role of hydration in drug resistance—Water structure also likely plays a 

direct role in conferring resistance. When the hydration structure was investigated using 

extended pMD for HIV-1 protease,140 water was found to occupy certain specific sites in 

hydrating the protein-inhibitor complex, and the water sites surrounding the bound inhibitor 

DRV were asymmetric on the concave surface of the active site. Comparison with wild-type 

HIV-1 protease revealed that key interactions between water molecules and the protease 

were altered in a drug resistant variant (Figure 15), indicating that modulation of solvent-

solute interactions likely plays a key role in conveying drug resistance.140

4. Strategies to avoid resistance in structure-based drug design

In development of new inhibitors, having high affinity against the wildtype protein is 

essential but not enough especially in the case of a rapidly evolving disease where lead 

compounds need to have high potency not only against the wildtype protein but also against 

various genotypes and resistant variants. Compounds that mimic a transition state, establish 

evolutionarily conserved interactions with active site residues, form a covalent bond, and fit 

within the substrate envelope along with an optimized inhibitor scaffold will likely be less 

susceptible to drug resistance.164–165 While resistance may not be completely avoidable, 

rational drug design can incorporate strategies at the outset of drug development to evade 

resistance (Figures 1 and 16).

4.1 Substrate envelope guided inhibitor design to avoid resistance

A rational structure-based strategy for designing inhibitors that are less susceptible to 

resistance is to fit within the substrate envelope (Figure 16a).164–165 The substrate envelope 
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is the basis for molecular recognition of substrates by viral enzymes, as explained above, 

and adequately explains selection of active site resistance mutations. Inhibitors that protrude 

beyond the substrate envelope and contact vulnerable positions, more critical for inhibitor 

binding than substrate turnover, select for mutations at these active site residues. To avoid 

this vulnerability, a potent inhibitor that fits within the substrate envelope is highly 

advantageous. Such an inhibitor would retain potency as mutations that disrupt inhibitor 

binding would also have a negative effect on enzymatic activity and thus viral fitness.

Proof of concept of this strategy is exemplified with DRV, which is the most potent FDA-

approved HIV-1 protease inhibitors with picomolar inhibition of wild type enzyme.36 DRV 

fits very well within the HIV-1 substrate envelope, although this constraint was not used in 

its design and development.164 DRV mimics certain aspects of the three-dimensional shape 

conserved among protease substrates, and makes key interactions with backbone atoms of 

protease active site residues. While limiting an inhibitor to a confined volume may raise 

concern of the ability to achieve high potency, DRV is a glaring example that single digit 

picomolar activity is possible while fitting in the substrate envelope.164

The substrate envelope can guide the design of inhibitor not only against the wild type but 

also mutant variants of the target enzyme. Under evolutionary pressure, highly resistant 

variants of HIV-1 protease are observed to co-evolve with mutations at the cleavage sites, 

including the p1-p6 and CA-p2.166–168 Structural and dynamic analysis of these co-evolved 

substrates demonstrated that substrate co-evolution reinforces and maintains the substrate 

structure and dynamics rather than altering them.132, 135, 149, 151 This further validates the 

essential role of substrate recognition in viral evolution.

The substrate envelope has been used as a constraint during inhibitor development yielding 

inhibitors with reduced susceptibility to resistance across multiple targets.169–170 Analogous 

HIV-1 protease inhibitors were designed to either respect (fit within) or violate the envelope 

by protruding beyond the consensus volume. Inhibitors that fit within the substrate envelope 

had better activity against multi-drug resistant variants whereas their analogous counterparts 

exhibited high potency only against the wildtype enzyme.169 The substrate envelope was 

also used to design HIV-1 integrase inhibitors to fill the same consensus volume as DNA 

substrates leading to inhibitors with better efficacy against a panel of known integrase 

resistant variants.171

In addition to fitting within the substrate envelope, filling must be optimal. Analysis of the 

dynamic substrate envelope of HCV protease revealed that the P1–P5 substrate positions are 

quite conserved with the P6 position being the most dynamic.101 The scaffold of all current 

HCV protease inhibitors only spans the P4–P1’ positions with small P4 capping groups. 

However, there is adequate volume remaining in the substrate envelope for further inhibitor 

optimization. Rational design of two series of HCV protease inhibitors that extend in the 

P4–P5 direction, yielded robust inhibitors with improved activity against drug resistant 

variants.172 The P4 amino acid position is not conserved but is often occupied by a 

hydrophobic residue.173 Thus, the inhibitors in this study that had enhanced hydrophobic 

packing in the S4 pocket and avoided an energetically frustrated pocket performed the best 

(Figure 17) .172 Properly filling of nonpolar pockets is well known to be beneficial to 
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inhibitor binding and selectivity for the target.174–175 This strategy complements substrate 

mimicry of conserved binding interactions, and may help designing inhibitors with improved 

potency.

Does the target have to rapidly evolve for the substrate envelope to be useful in drug design? 

Does the target need to recognize multiple substrates? In the case of HIV and HCV protease 

which inherently have to recognize diverse substrates with no amino acid sequence motif, 

they do so by binding to a conserved consensus volume. While other targets likely do the 

same, this is not a prerequisite for using the substrate envelope to guide inhibitor design. 

More generally, the substrate envelope has been applied to a diverse set of rapidly evolving 

disease targets including abl kinase, chitinase, thymidylate synthase, dihydrofolate reductase 

and neuraminidase.148, 170 This demonstrates the broad utility of the substrate envelope. If 

only one natural substrate is known for a target, a substrate envelope can and should be 

calculated. The envelope can be used to understand the molecular interactions of the 

substrate-target complex. Thus, the premise of this strategy is to gain a detailed 

understanding of substrate-target interactions that are essential in the enzymatic or biological 

activity and conserve those interactions in inhibitor design while avoiding unessential 

contacts that may cause vulnerability to resistance, thereby decreasing the probability of 

resistance.

4.2 Leveraging evolutionarily constrained regions of target active site

The second strategy in inhibitor design is to target evolutionarily constrained or conserved 

regions in the active site of the target. The substrate envelope is a constraint that can be 

applied at the outset of inhibitor design, and adhering to the substrate envelope has 

demonstrated success in numerous studies.170, 176 However, is it possible to violate the 

substrate envelope but still avoid resistance? The answer lies in exploiting a target’s 

sequence conservation and how critical a conserved region is in biological function. Most 

enzymes have critical residues that are indispensable to carry out their biological function 

such as the catalytic residues. With or without selective pressure, these residues are invariant 

as mutation is not tolerated without disrupting activity (Figure 16). Designing inhibitors that 

pack on these invariant residues is one strategy that can be used to avoid resistance.

These invariant and/or critical residues can be determined by mutational analysis coupled 

with activity assays to map the fitness landscape. Mutational analysis of HCV polymerase 

demonstrated that four amino acid sequence motifs are crucial for polymerase activity.177 

Specifically, mutations at residue Gly283 disrupted activity of the polymerase.178 Sofosbuvir 

was the first FDA-approved HCV polymerase inhibitor.56 Interestingly, sofosbuvir forms a 

hydrogen bond with residue Ser282 which positions Gly283 to form a hydrogen bond with 

the residue of the template that base pairs with the nucleotide substrate. This hydrogen bond 

network is conserved with the natural substrates but sofosbuvir becomes incorporated into 

the growing RNA, inducing chain termination. While sofosbuvir is near-resistance proof, the 

S282T resistance mutation has been observed in clinical failure.179 However, this mutation 

disrupts the extensive hydrogen bond network and results in stalling of the enzyme – a 

severe fitness cost leading to rapid reversion to wildtype in absence of selective pressure.178 

Thus, in drug design, exploitation of conserved critical residues is a great strategy as 
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mutations that disrupt such residues will not only affect inhibitor binding but biological 

activity as well.

Another good example of this strategy is grazoprevir, an HCV NS3/4A protease inhibitor, 

and the two related inhibitors glecaprevir52, 68, 107 and voxilaprevir 108 (Figure 4). 

Grazoprevir’s P2 moiety extends well beyond the substrate envelope, but stacks on the 

invariant catalytic triad residues (Figures 10). Modification of the P2 extended moiety of 

grazoprevir yields inhibitors with improved resistance profiles.180 Even though grazoprevir 

protrudes beyond the substrate envelope, leveraging interactions with the conserved catalytic 

residues reduces susceptibility to resistance.

4.3 Targeting protein backbone interactions to avoid resistance

Designing inhibitors that make backbone interactions with the target residues is another 

strategy to minimize the probability of drug resistance. This concept exploits the fact that 

amino acid substitutions alter the side chains of mutated residues, but not the backbone 

atoms. Inhibitors designed to have strong hydrogen bonds with backbone atoms of the 

protein would likely conserve interactions in the mutant variant – thus retaining potency. 

This has been demonstrated in both HIV-1 reverse transcriptase and HIV-1 protease 

inhibitors where compound scaffolds were modified to have optimized moieties for 

hydrogen bonding interactions with backbone atoms. In both cases, the resulting inhibitors 

had high potency against wildtype and resistant variants.181–184 Loss of a hydrogen bond to 

the protein backbone is less likely to occur than to the side chain when a protein is mutated. 

Still, there are caveats to this approach. Steric clashes due to protein shifts or rearrangement 

from distal mutations can result in changes in the inhibitor binding mode, disrupting the 

backbone interactions which are highly constrained and dependent on distance and angles. 

This strategy may be most useful when combined with the aforementioned strategies where 

backbone interactions are optimized to mimic natural substrate binding while fitting in the 

substrate envelope.

4.5 Allosteric inhibition

Another strategy against resistance that can be considered is the design of allosteric 

inhibitors (Figure 16f). These are drugs that bind to sites outside of the natural substrate 

binding site. NNRTI and some HCV polymerase inhibitors are allosteric and have 

demonstrated success as therapeutics.58, 185–186 However, these inhibitors often have low 

barriers to resistance mutations at the allosteric site as these sites are less conserved and not 

necessary for natural substrate recognition.70, 187 One consideration in using this strategy is 

that drugs should have an “anchor” moiety that interacts with invariant or essential residues. 

This will help sustain potency when the inhibitor needs to adapt against a mutated variant. 

Additionally, dual targeting of the allosteric and active site simultaneously or use of covalent 

inhibition of the allosteric site are alternative strategies that can be used to raise the barriers 

to resistance.188 A detailed understanding of the interdependence of the allosteric site and 

substrate processing is fundamental in utilizing this design strategy.
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5. Chemical optimization of inhibitors to avoid resistance

5.1 Designing inhibitors beyond DRV to target HIV-1 protease

Since the FDA approval of DRV as a potent antiviral in 2006, significant efforts have been 

made both by pharmaceutical companies and academic groups to develop HIV-1 protease 

inhibitors with improved potency and resistance profiles.22 These efforts have been either to 

further optimize the DRV scaffold or discover novel scaffolds to enhance the bioavailability 

so as to avoid ritonavir boosting or potentially to develop long-acting HIV-1 protease 

inhibitors. Many of these efforts have focused on exploring analogues of DRV with 

modifications at various inhibitor moieties including the bis-THF.189 The motivations for 

these modifications have varied from introducing additional enzyme–inhibitor binding 

interactions,190 providing what was thought to be a “solvent anchor”,191 optimally filling the 

substrate envelope,192 to optimizing and maximizing backbone hydrogen bonding (Figure 

18).182, 193 Many of these modifications resulted in significant improvement in potency 

compared to DRV, even to highly resistant variants, however several still have susceptibility 

to active site mutations.22

DRV with the bis-THF moiety was originally pioneered by Ghosh and coworkers194–195 

who continued to improve potency by introducing modifications at various inhibitor 

positions including diverse substitutions at the bis-THF moiety.22, 193 Their more recent 

efforts have focused on developing novel bi- and tri-cyclic ether moieties to further improve 

binding in the S2 subsite of HIV-1 protease compared to bis-THF. This work has resulted in 

the discovery of several novel P2 ligands (Figure 19) including the 6–5–5 ring-fused crown-

like tetrahydropyranofuran (Crn-THF)196–197 and octahydrocyclopentylpyranofuran, an 

umbrella-like tetrahydropyranofuran (Umb-THF),198 and cyclohexane fused-

tetrahydrofuranofuran (Chf-THF) moieties.199 These and other novel P2 moieties have been 

explored in combination with modifications at the P1 and P2’ positions in the DRV scaffold 

providing HIV-1 protease inhibitors with improved potency against multidrug-resistant 

HIV-1 variants. In most cases, the novel P2 moieties resulted in enhanced hydrophobic 

interactions in the S2 subsite. The increased hydrophobicity allowed these moieties to be 

combined with more polar ligands, such as the cyclopentyl-aminobenzothizole (Cp-Abt) 

moiety, to be incorporated at the P2’ position, improving polar and vdW interactions in the 

S2’ subsite. The resulting HIV-1 protease inhibitors exhibited excellent antiviral potency and 

resistance profiles. In particular, GRL-142, which contains the Crn-THF and the Cp-Abt 

moieties at the P2 and P2’ positions, respectively in combination with a 3,5-difluorophenyl 

group at the P1 position, showed sub-nanomolar antiviral potency against highly PI-resistant 

HIV-1 variants including DRV-resistant strains.200 GRL-142 also showed extremely high 

genetic barrier to the emergence of resistance and enhanced central nervous system 

penetration.

The substrate envelope was used to design a series of highly potent HIV-1 protease 

inhibitors with improved resistance profiles.192 The designed inhibitors shared a common 

chemical scaffold with DRV but used various P1′ and P2′ chemical moieties that optimally 

fill the substrate envelope (Figure 20). These inhibitors retained robust binding to multi-drug 

resistant protease variants and displayed exceptional antiviral potencies against a panel of 12 
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drug-resistant HIV-1 strains.192 Additionally, viral selection demonstrated their ability to 

retain potency with greater than 10 mutations required for high levels of resistance.159 The 

substrate envelope-guided design strategy was used to further improve the resistance profile 

of HIV-1 protease inhibitors by optimizing hydrogen bonding and van der Waals interactions 

with the protease.201 Stereoisomers of 4-(1-hydroxyethyl)benzene and 4-(1,2-

dihydroxyethyl)benzene moieties were explored as novel P2′ ligands to enhance hydrogen 

bonding interactions in the S2′ subsite of HIV-1 protease, as represented by U8-mH and U8-

dH. Co-crystal structures revealed unique polar interactions, including a network of direct 

and water-mediated hydrogen bonding with the backbone and side chain atoms of D29′ and 

D30′. Notably, and as aimed, the (R)-4-(1,2-dihydroxyethyl)benzene moiety makes 

hydrogen bonding interactions in the S2′ subsite, closely mimicking the polar interactions of 

the substrates.201 These inhibitors fit within the substrate envelope and maintain excellent 

potency against highly drug-resistant HIV-1 strains representing the spectrum of clinically 

relevant multidrug-resistant viruses. The retained potency and flatter resistance profiles 

compared to DRV indicate that inhibitor flexibility along with the substrate envelope permits 

the inhibitors to adapt to drug-resistant variants of HIV-1 protease.

Displacement of critical water molecules can also be a strategy for avoiding resistance. 

HIV-1 protease inhibitors containing a novel lysine sulfonamide scaffold were discovered 

through high throughput screening and exhibited this property.202 Originally, lysine 

derivatives were identified as potent hits against HIV-1 protease, which after modifications 

provided compounds with nanomolar potency.203 Further iterative rounds of optimization 

led to the discovery of PL-100, a novel HIV-1 protease inhibitor that exhibited potent 

antiviral activity (Figure 21) against a large selection of patient-derived HIV-1 isolates 

resistant to other protease inhibitors.204 This class of compounds was further optimized with 

modifications at the epsilon position of the lysine core to provide PL-100 analogues with 

improved potency.205 The distinct potency profile of PL-100 compared to other 

peptidomimetic HIV-1 protease inhibitors likely arises from the novel binding mode of 

lysine sulfonamide compounds where the sulfonamide moiety displaces the conserved flap 

water molecule (PDB 2QMP).

A team at GlaxoSimthKine explored modifications at the P1 and P1′ position in the DRV 

scaffold to improve potency against drug resistant HIV-1 strains through the introduction of 

additional enzyme-inhibitor binding interactions.206–207 Iterative SAR studies and lead 

optimization identified a series of exceptionally potent HIV-1 protease inhibitors containing 

ether-linked aryl and heteroaryl moieties attached to the P1 phenyl group, culminating in the 

discovery of clinical candidate brecanavir (Figure 22).190, 208 Brecanavir exhibited 

femtomolar enzyme inhibition and maintained low nanomolar antiviral potency against a 

panel of 10 multidrug-resistant HIV-1 strains. Co-crystal structure of brecanavir with wild-

type HIV-1 protease (PDB 2FDE) revealed that the 2-methylthiazole moiety at the P1 

position binds in a solvent-exposed cleft between Pro81 and Phe53 making extensive vdW 

interaction with these and other residues. The clinical development of brecanavir was halted 

due to formulation issues.

Incorporation of a polar phosphonate group at the P1 moiety of TMC-126 scaffold was 

found to improve the resistance profile of resulting analogues (Figure 22).191 Optimization 
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of the phosphonate moiety and linker provided an orally bioavailable HIV-1 protease 

inhibitor GS-8374 that maintained excellent antiviral potency against a panel of clinically 

important PI-resistant HIV-1 strains.209–210 The phosphonate moiety was designed to be 

solvent exposed with no interactions with the protease resides. This “solvent anchoring” was 

proposed to provide entropic advantage to binding of the inhibitor, allowing it to adapt to 

changes in the protease active site caused by mutations.191 However, a close examination of 

the co-crystal structures of GS-8374 (PDB 2I4W) revealed that the phosphonate moiety 

bound to the protease similar to the thiazole moiety in brecanavir, with one of the ethyl 

groups making van der Waals interactions with largely invariant glycines in the flap. 

Although solvent exposed, the additional van der Waals contacts of the phosphonate moiety 

to invariant residues within the flap residues may contribute to the superior resistance profile 

of GS-8374.

An alternate approach to combat drug resistance in inhibitor design is to improve 

pharmacokinetic properties and metabolic stability. These can be achieved either by 

incorporating novel structural features or using novel inhibitor scaffolds to provide protease 

inhibitors that potentially do not require ritonavir boosting. Recently researchers at Merck 

used a structure-based design approach to develop novel HIV-1 protease inhibitors 

containing a morpholine core as the aspartyl binding group (Figure 23).211 Structure-guided 

optimization led to the discovery of MK-8718 that exhibited potent antiviral activity and a 

favorable pharmacokinetic profile. Further efforts to improve antiviral potency identified a 

bicyclic piperazine sulfonamide core designed to displace the conserved flap water. The 

resulting HIV-1 protease inhibitor showed picomolar binding affinity to wild-type HIV-1 

protease and low nanomolar antiviral potency.212

In addition pharmaceutical companies have made significant efforts to improve the ADME 

properties of approved HIV-1 protease inhibitors by prodrug and formulation approaches.
213–215 Efforts have been made to develop new protease inhibitors suitable for long-acting 

formulations that may be both potent and less susceptible to resistance as there would be 

much less likelihood of treatment troughs during a patient’s therapy.216

5.2 Macrocyclization of HCV NS3/4A inhibitors

Another strategy to improve potency, and hopefully suppress resistance, is preorganization 

of a ligand in its bioactive conformation either by intramolecular interactions or 

macrocyclization of the inhibitor scaffold (Figure 16d). Although the Lipinski’s “rule of 

five” is often used in traditional “small” molecule drug design, these criteria are not 

universal to all targets.217 Many targets are “difficult-to-drug” with “rule of five” compliant 

ligands. Using macrocyclic compounds allows targeting of binding sites that are large, 

lipophilic, or highly polar, flexible, flat or even featureless as seen in HCV protease with its 

shallow binding site.173, 218 Macrocycles are able to stabilize inhibitors in a bioactive 

conformation which could be leveraged to take advantage of interactions with essential 

residues in the target protein. Moreover, macrocyclic compounds can have improved cellular 

permeability and target selectivity, key properties needed for a lead compound.219 

Macrocycles add rigidity to a compound and reduce the entropic penalty of binding by 

conformationally constraining the ligand, which can increase binding affinity.220 However, 
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conformational flexibility is also important especially to be able to adapt to changes due to 

mutations. Thus, when using this strategy, there must be a balance between flexibility and 

rigidity as compounds still need to be able to adapt to changes by having some degree of 

flexibility to target the binding surface and avoid resistance.

In HCV protease, the addition of the macrocycle to connect the P1–P3 or P2–P4 positions 

on the scaffold greatly enhances inhibitor potency.104, 221–222 The first HCV NS3/4A 

protease inhibitor that was in clinical trials was the P1–P3 macrocyclic BILN-2061, which 

was dropped due to toxicity. This was then followed by the first FDA-approved inhibitors 

that were linear ketoamides (telaprevir and boceprevir) but side effects, lack of potency and 

susceptibility to resistance limited their clinical use. All subsequent FDA-approved 

inhibitors contained macrocycles. In addition to the extended P2 moiety, the particular 

macrocycle is a major structural feature impacting protease inhibitor resistance profiles.
98, 101, 104 The P1–P3 macrocycle, as in simeprevir and paritaprevir, is largely within the 

substrate envelope, but many of the extended P2 moieties in the first and second generation 

protease inhibitors packed on the ionic network of R155 and D168 and were susceptible to 

mutations (Figure 11).98 In contrast, the P2 quinoxaline moiety in the P2–P4 macrocyclic 

inhibitor grazoprevir successfully avoided interactions with these residues largely through 

packing on the catalytic triad. Grazoprevir was the first FDA-approved inhibitor with a P2–

P4 macrocycle. Yet the rigidity induced by the macrocycle is a double-edged sword, as 

A156T mutation causes a steric clash and D168A causes a loss of packing, leading to high 

levels of resistance. Following grazoprevir, glecaprevir and voxilaprevir107–108, 221, 223 

utilized very similar scaffolds, which renders all of the latest generation HCV protease 

inhibitors susceptible to significant cross-resistance.

Changing the macrocycle location to the P1–P3 circumvents the resistance susceptibility 

patterns caused by the P2–P4 macrocycle. Analysis of inhibitor dynamics with either 

macrocyclic connection demonstrated that the P1–P3 compounds have more conformational 

flexibility and can adapt to the A156T mutation.104 Thus, in inhibitor design rigidity and 

flexibility need to optimally balance tight binding interactions that contribute to high 

potency while retaining conformational flexibility to adapt to perturbations at the binding 

site.

Efforts to improve potency of P1–P3 macrocyclic HCV NS3/4A protease inhibitors against 

drug resistant variants initially focused on modifications of the P2 quinoline moiety and the 

P4 capping group.224–225 Reducing the size of the P2 moiety and incorporating 

conformational flexibility together with modifications at the P4 position resulted in 

significant improvement in potency against key resistant variants R155K and D168V (Figure 

25).225 Although the optimized P2 moiety still bound to the wild-type protease in a 

conformation similar to that of the second generation inhibitors, the conformational 

flexibility allowed the inhibitor to adapt to perturbation caused by D168V mutation by 

shifting the position of the quinoline moiety toward catalytic residues.226

Since the discovery of grazoprevir several next-generation NS3/4A protease inhibitors have 

been discovered by Merck that exhibit pan genotypic activity (Figure 26). The strategy of 

conformationally constraining the P2 moiety was pursued and additional inhibitor features 
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were introduced to further improve the potency and resistance profiles leading to the 

discovery of a quinazolinone-based P2–P4 macrocyclic inhibitor MK-2748 and a 

quinoxaline-based bis-macrocyclic inhibitor MK-6325 containing both P1–P3 and P2–P4 

macrocycles.227–228 Compared to grazoprevir, MK-6325 showed improved pan-genotypic 

potency profile including against genotype 3, and maintained low nanomolar potency against 

major drug resistant HCV variants including A156T. Subsequent efforts to develop 

structurally distinct molecules with an alternate core led to the discovery of a novel class of 

HCV NS3/4A protease inhibitors containing a unique spirocyclic-proline structural motif.229 

The P1–P3 macrocyclic compound MK-8831 and the bis-macrocyclic analogue exhibited 

excellent pan-genotypic activity and maintained potency against key drug resistant HCV 

variants.230

A substrate envelope-guided design strategy has been reported for improving the resistance 

profile of HCV NS3/4A protease inhibitors.180 This structure-guided design strategy 

incorporates the substrate envelope constraint and understanding of the mechanisms of drug 

resistance in inhibitor design which led to the discovery of inhibitors with significantly 

improved potency and resistance profiles. P1–P3 macrocyclic analogues of grazoprevir were 

designed by incorporating diverse quinoxalines at the P2 position that predominantly 

interact with the invariant catalytic triad of the protease (Figure 27). Exploration of SAR 

showed that inhibitors with small hydrophobic substituents at the 3-position of P2 

quinoxaline maintain better potency against drug resistant variants, likely due to reduced 

interactions with residues in the S2 subsite. In contrast, inhibitors with larger groups at this 

position were highly susceptible to mutations at R155, A156 and D168. These findings 

support that inhibitors designed to interact with evolutionarily constrained regions of the 

protease, while avoiding interactions with residues not essential for substrate recognition, 

are less likely to be susceptible to drug resistance and can maintain potency.231

5.3 Covalent inhibitors

Covalent inhibitors constitute another strategy to improve potency against drug resistant 

variants by including a “warhead” that permits covalent binding to the target (Figure 2c). 

Covalent inhibitors have made a resurgence recently in drug development. Many drugs used 

to treat human diseases rely on non-covalent intermolecular interactions including 

hydrophobics, electrostatics, van der Waals, and hydrogen bonds to bind to the target.232 In 

covalent inhibition, the small molecule binds to the target via a covalent linkage, which can 

be either reversible or irreversible. Irreversible covalent inhibitors can be an effective 

strategy in drug resistance as covalent bond formation may be possible even if the target 

mutates to decrease binding affinity. This is the case unless the residue being targeted by the 

covalent warhead mutates or a neighboring residue changes causing a steric hindrance. 

Covalent inhibitors have been successfully used in multiple viral targets including HIV-1 

reverse transcriptase, influenza neuraminidase, and HCV protease with effect against some 

drug resistant variants.233–235 In fact, the first FDA-approved HCV protease inhibitors were 

the reversible covalent inhibitors boceprevir and telaprevir.44, 236 These inhibitors offer 

many advantages including high efficiency requiring lower drug doses and specificity. 

However, given their long duration of action, they are often highly susceptible to off-target 

effects and toxicity especially if desired specificity is not achieved.237 Therefore, while 
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adding covalency to inhibitors is a viable approach to combat drug resistance, high target 

specificity, affinity and interactions with invariant residues should be integrated with the 

design of covalent inhibitors.

6. Integrative computational methods to evaluate inhibitor potency and 

resistance

6.1 Correlation of structural changes from mutations with variation of inhibitors

Decreasing the probability of drug resistance in drug design, as discussed above, involves 

many different aspects and various characteristics of the inhibitor and specific interactions 

with the enzyme target. Traditional structure-based drug design strategies typically leverage 

information from protein crystal structures to optimize a small molecule lead. However, this 

analysis can be extended to only a few variants and relies heavily on experience and 

subjective evaluation. To optimally consider resistance in drug design, integrative 

computational methods that take into account the physical interaction of the drug with the 

target are essential. In the case of HIV-1 protease, even for single primary active site 

mutations involving hydrophobic changes (at residues including I50, V82, and I84 that line 

the S1/S1' pocket) a collective computational analysis provided key insights (Figure 28). 

Through enzyme inhibition assays and a series of 12 crystal structures, the susceptibility of 

DRV and two potent analogues to primary S1/S1' mutations was analyzed111. The DRV 

analogues had modifications at the hydrophobic P1' moiety to better occupy the unexploited 

space in the S1' pocket where the primary mutations were located. Collective analysis of 

protease-inhibitor interactions in the crystal structures using principle component analysis 

was able to distinguish inhibitor identity and relative potency solely based on van der Waals 

contacts, indicating that such approaches can be a useful tool for distinguishing resistance 

and inhibitor potency.

6.2 pMD differentiates interdependence of functional group modifications in inhibitors.

Molecular recognition is a highly interdependent process. Subsite couplings within the 

active site of proteases are most often revealed through conditional amino acid preferences 

in substrate recognition. However, the potential effect of these couplings on inhibition and 

thus inhibitor design is largely unexplored. pMD of HIV-1 protease complexes of DRV and 

11 analogs192 that were designed to fit within the substrate envelope through modifications 

at the P1’ and P2’ sites, discovered the interdependence of how modifications at P1’ altered 

packing at P2’ but the reverse was not the case139. These dynamic relationships intricately 

link the HIV-1 protease subsites and are critical to understanding the coupled recognition of 

inhibitor binding. More broadly, the interdependency of subsite recognition within an active 

site requires consideration in the selection of chemical moieties in drug design rather than 

independent optimization of chemical moieties of an inhibitor.

6.3 Structural inhibitor fingerprints and potency

Protein-inhibitors interaction fingerprints are high-level presentations of these complexes, 

where the binding mode of a small molecule inhibitor is encoded in a series of physical 

interactions. The exact composition of such a fingerprint can vary significantly from simple 
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binary representations that inform about the presence or absence of a particular interaction, 

to quantitative measurement of the strength of interactions between protein and ligand 

atoms. 238–239 Protein-ligand interaction fingerprints have been used extensively to 

characterize virtual screening results to identify small molecules that share a common mode 

of interaction with known binders.240 Fingerprinting has been used to characterize 

conserved binding modes across families of potential drug targets such as human kinases 

and G protein-coupled receptors.241–242 One major advantage of fingerprinting is the ability 

to simultaneously evaluate a large number of protein-ligand complexes, which can identify 

signature interactions to guide structure-based drug design. Comparison of susceptible and 

resistant protein variants through their ligand interaction fingerprints can also reveal which 

interactions to avoid.239

Using these techniques coupled with recent advances in high-resolution structure 

determination, computational power, and machine learning methodology, it is becoming 

more tractable to elucidate the structural basis of drug potency. The applicability of machine 

learning models to drug design is limited by the interpretability of the resulting models in 

terms of feature importance. A good test to evaluate inhibitor diversity and machine learning 

models to predict ligand affinity is HIV-1 protease with the many co-crystal structures 

associated potencies. This was performed243 after hierarchical clustering (Figure 29) of 

HIV-1 protease inhibitors by distinct chemical core structures. Explicit features including 

protein-inhibitor interactions were extracted as three-dimensional fingerprints. A gradient 

boosting machine learning model with this explicit feature attribution was able to predict 

binding affinity with high accuracy based on specific van der Waals interactions of key 

protein residues which are pivotal for the predicted potency. Protein-specific and 

interpretable prediction models could guide the optimization of many small molecule drugs 

for improved potency.

6.4 Integration of potency and pMD with machine learning for evaluating resistance

Protein-ligand interaction fingerprints are highly complementary to pMD analysis. 

Molecular dynamics simulations allow considering the flexibility and dynamics of the 

protein-ligand complex and the trajectories can be used for quantitative description of 

interactions. The fingerprints derived from pMD can include mean values or the distribution 

of values observed over the simulation to account for the dynamic properties of the protein-

ligand complex. The combination of molecular interaction fingerprinting, pMD, and 

machine learning has been used successfully to predict the free energy of solvation, partition 

coefficients, and protein-ligand binding affinity.96, 244–245 For HIV-1 protease variants, the 

combination of pMD and interaction fingerprinting successfully identified signature 

interactions that drive resistance against the third-generation protease inhibitor DRV.96 A 

series of 28 susceptible and resistant protease variants were characterized by pMD, followed 

by computation of inter- and intra-molecular interaction fingerprints. Regression analysis 

was performed to identify key features that are highly correlated with the loss of inhibitor 

potency. Strikingly, only four distinct molecular interactions were required and sufficient to 

predict the loss of binding free energy in resistant variants to within 1 kcal/mol. These 

features included both intermolecular interactions and interactions within the enzyme and 

serve as bellwethers for loss of potency. The ability of interaction fingerprinting to not only 

Matthew et al. Page 23

Chem Rev. Author manuscript; available in PMC 2022 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



predict the loss of binding affinity but also identify conserved mechanisms of drug resistance 

can be exploited in drug design strategies to avoid resistance.

7. Conclusions

Drug resistance is a major public health problem that needs serious attention. With 

pandemics like CoVID-19 and the rapid spread of new viral strains, the rational design of 

therapeutics with the goals of thwarting resistance should be considered at the outset of 

design. To avoid resistance, a detailed analysis of the biological function and natural 

substrate recognition of the target enzyme is critical. Drugs that leverage evolutionary 

constrained regions of the target and fit within the substrate envelope will have higher 

barriers to resistance. The goal is to not only consider the wildtype protein but also likely 

variants that may evolve, any sites of vulnerability in the target that may mutate to weaken 

inhibitor binding while maintaining substrate recognition. Rational drug design also needs to 

incorporate protein and inhibitor dynamics, water structure, and predictive models that can 

leverage machine learning to accelerate the design and development of robust drugs that last. 

The strategies discussed in this review are broadly applicable beyond antivirals, and these 

lessons are particularly relevant for rapidly evolving disease targets. If we stay ahead of 

“unavoidable” evolution with rational, inventive and intelligent drug design, we can greatly 

reduce the probability of drug resistance and design inhibitors that will last against our most 

dangerously evolving viruses and diseases.
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Figure 1. 
Traditional drug design and development process can result in clinical resistance, which 

renders therapies obsolete. Incorporating strategies to avoid resistance in the lead 

optimization of drug design can minimize the probability of resistance.

Matthew et al. Page 43

Chem Rev. Author manuscript; available in PMC 2022 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Structures of HIV-1 integrase inhibitors.
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Figure 3. 
Structures of HIV-1 protease inhibitors.
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Figure 4. 
Chemical structures of first-generation (top) and latest generation (bottom) HCV NS3/4A 

protease inhibitors.
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Figure 5. 
Chemical structures of HCV NS5B polymerase inhibitors.
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Figure 6. 
Chemical structures of HCV NS5A inhibitors.
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Figure 7. 
Chemical structures of influenza neuraminidase inhibitors.
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Figure 8. 
Residues that are sites of primary (red spheres) and secondary (blue spheres) resistance 

mutations displayed on the structures of (a) HIV-1 protease, and (b) HCV NS3/4A protease. 

The protease backbone is represented as gray tubes, side chains of catalytic residues are 

shown as yellow sticks, and inhibitor bound at the active site is displayed as green sticks. 

Primary resistance mutations are mostly at the active site where the inhibitor binds but many 

resistance mutations can occur distal from the active site.
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Figure 9. 
Crystal structures of inhibitor-bound viral proteases, and the substrate envelopes determined 

through substrate-bound cocrystal structures. a) HIV-1 protease bound to darunavir (DRV; 

magenta sticks). The two protein chains that comprise the homodimeric protease are in light 

violet and gold cartoon representation, with DRV bound at the active site. b) HCV NS3/4A 

protease (light violet cartoon) with grazoprevir (GZR; magenta sticks) bound at the active 

site. c) HIV-1 protease substrate envelope (blue volume) and fit of DRV within the envelope. 

d) HCV NS3/4A protease substrate envelope (blue volume) and fit of GZR within the 

envelope.
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Figure 10. 
Comparison of the binding conformations of second-generation HCV NS3/4A protease 

inhibitors asunaprevir (A), danoprevir (B) and vaniprevir (C) with third generation inhibitor 

grazoprevir (D).
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Figure 11. 
Active site of the Simian immunodeficiency virus (from red-capped mangabeys) intasome in 

complex with bictegravir (BIC) and dolutegravir (DTG); protein, DNA, and drug are shown 

as sticks. Yellow spheres represent Mg2+ ions, and water molecules are shown as small red 

spheres. (A) Superposition of BIC (green) (PDB-ID: 6RWM) and DTG (pink) (PDB-ID: 

6RWN) bound structures with protein and DNA shown in orange. (B) Q148H/G140S variant 

bound to BIC (PDB-ID: 6RWO).127
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Figure 12. 
Dynamic substrate and inhibitor envelopes for N1 and N2 influenza NA. The ligands are in 

gray sticks, and the probabilistic volume distribution for the envelopes is represented using a 

rainbow color spectrum from red to blue to indicate more to less occupied regions. The left 

and right columns are for subtypes N1 and N2 NA, respectively. Dynamic substrate envelope 

of (A, B) α−2,3 and (C, D) α−2,6 substrates and the inhibitor envelopes of (E, F) 

oseltamivir and (G, H) zanamivir.

Reproduced with permission from Ref 136 Copyright © 2016, American Chemical Society.
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Figure 13. 
A) Root-mean-square fluctuation (RMSF) of DRV atoms grouped by moiety monitored 

during MD simulations bound to WT and resistant HIV-1 protease variants. B) Packing 

around DRV in complex with WT protease and resistant variants. Total per atom protease–

DRV vdW contact energies mapped onto the respective DRV crystal structure, with red 

indicating more contacts.

Reproduced with permission from Ref 95 Copyright © 2019, American Chemical Society.
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Figure 14. 
HCV NS3/4A inhibitors can lose significant potency against genotype 3 (GT-3). Although 

the crystal structures show only subtle changes in inhibitor binding and van der Waals (vdW) 

packing, pMD simulations revealed significant perturbations in inhibitor–protease dynamics, 

evident in loss of cross-correlations between atomic fluctuations of the inhibitor and active 

site residues.

Reproduced with permission from Ref 93 Copyright © 2016, American Chemical Society.
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Figure 15. 
Water structure around the inhibitor-protein complex can be impacted by drug resistance 

mutations. Water sites for wild-type HIV-1 protease (blue spheres) compared to those in a 

resistant variant (red spheres). Location of mutations are indicated in orange.

Reproduced with permission from Ref 140 Copyright © 2018, American Chemical Society.
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Figure 16. 
Strategies to minimize the probability of resistance in rational structure-based drug design. 

The structure of enzyme-inhibitor complex and the substrate envelope (SE) can guide the 

design to enhance potency while avoiding resistance. The inhibitor should/can be designed 

to a) contact evolutionarily conserved residues of the enzyme; b) extend within the SE to 

exploit unleveraged space and interactions; c) covalently attach to the enzyme, such as 

through cysteine side chains (Cys) at or near the active site; d) incorporate a macrocycle 

while staying within the SE; e) avoid protruding beyond the SE to contact residues that can 

mutate; f) target conserved allosteric and active site residues.
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Figure 17. Filling the S4 subsite of the HCV NS3/4A protease active site.
Comparison of grazoprevir binding at the active site reveals unexplored space in the 

substrate envelope (blue volume) where the inhibitors can be extended. Mutation at residue 

D168 confers significant resistance when the S4 pocket is not optimally filled by the 

inhibitor. Modification of the moiety to optimally fill the pocket resulted in potent inhibitors 

that retained potency against D168A mutation, with significantly smaller fold-changes 

compared to grazoprevir. Reproduced with permission from Ref 172 Copyright 2020 The 

American Society for Microbiology under Creative Commons Attribution 4.0 International 

license (https://creativecommons.org/licenses/by/4.0/)
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Figure 18. 
Comparison of recently designed “4th” generation inhibitors and their intermolecular 

hydrogen bonding interactions in the active site of HIV-1 protease crystal structures (A) 

DRV (PDB-ID 1T3R), (B) U8-dH (PDB-ID 60Y1), (C) brecanavir (PDB-ID 3FDE), (D) 

GS-8374 (PDB-ID 2I4W), (E) GRL-142 (PDB-ID 5TYS), (F) MK-8718 (PDB-ID 5IVT), 

(G) PL-100 (PDB-ID 2QMP), and (H) MK-8718 analogue (PDB-ID 6B3H).
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Figure 19. 
Chemical structures of HIV-1 protease inhibitors containing novel bi- and tri-cyclic ether 

moieties as P2 ligands.
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Figure 20. 
Chemical structures of substrate envelope-designed HIV-1 protease inhibitors.
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Figure 21. 
Chemical structures of lysine sulfonamide-based HIV-1 protease inhibitors.
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Figure 22. 
Chemical structures of P1 modified DRV analogues as HIV-1 protease inhibitors.
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Figure 23. 
HIV-1 protease inhibitors with a morpholine and a bicyclic piperazine sulfonamide cores as 

aspartyl binding groups.
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Figure 24. 
HIV-1 protease inhibitors designed for long-acting injectable drug applications.
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Figure 25. 
Chemical structures of HCV NS3/4A protease inhibitors with P1-P3 macrocycles and 

modifications at the P2 and P4 moieties.
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Figure 26. 
HCV NS3/4A protease inhibitors with conformationally constrained P2 moieties.
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Figure 27. 
HCV NS3/4A protease inhibitors with flexible P2 quinoxaline moieties.

Matthew et al. Page 69

Chem Rev. Author manuscript; available in PMC 2022 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 28. 
a) Co-crystal structure of DRV (green sticks) bound to WT HIV-1 protease. The two chains 

(cyan and magenta) are shown as a cartoon with a transparent surface. D25/D25’ catalytic 

aspartates (red) are displayed as sticks. A-Insert) Residues that contribute to primary drug 

resistance, shown as sticks. b) Spherical representation of residues that make up the S1’ 

subsite / P1’ pocket. Variable residues are shown in orange. c) Principle component analysis 

of van der Waals (vdW) interactions in 12 protease-inhibitor complexes with varying 

mutations and potency. The protease–inhibitor pairs plotted according to second and third 

principle components, PC2 versus PC3. The lines are shown only to guide the eye. d) 

Structures of inhibitors with modifications at the P1’ position that display varying 

susceptibility to S1’ mutations.

Reproduced with permission from Ref 111 Copyright © 2019, American Chemical Society.
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Figure 29. 
Structural fingerprints of HIV-1 protease inhibitors. (left) Representative structures for each 

cluster of inhibitors. The minimum common substructure is colored to highlight. (right) Key 

residues with effect of vdW contacts on predictions. In the center panel: Structure of HIV-1 

protease where catalytic aspartic acids in the center of the active site are shown in yellow. 

Key residues are highlighted in purple. Inserts show the effect of changes in van der Waals 

contacts of those residues on the predicted binding free energy. Density distribution, 

computed by gaussian kernel density estimate, is displayed next to scatter plot.

Reproduced with permission from Ref 243 Copyright © 2019, American Chemical Society.
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