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Abstract. AIDS, or acquired immune deficiency syndrome is a dangerous disease of our age, and 
is mainly caused by HIV-1. In the last decades, researchers have paid attention to the inhibitors of 
reverse transcriptase (RT) of HIV-1 as a promising candidate for antiviral drugs. The reverse 
transcriptase (RT) is a crucial enzyme in the life cycle of HIV-1, responsible for the conversion of 
viral RNA to proviral DNA which will be later integrated with the genome of infected cells. RT is 
composed of two function domains: an RNA and DNA-dependent polymerase domain and an RNase 
H domain, which are respectively responsible for the synthesis and hydrolysis of proviral DNA 
strands. A number of drugs targeting one of the domains or both have been designed, tested or 
approved for clinical use, among which the nonnucleoside reverse transcriptase inhibitors (NNRTIs) 
have gained their status for various advantages. Herein, the molecular mechanism of four kinds of 
main RT inhibitors-polymerase inhibitors, RNase H active site inhibitors, RNase H allosteric inhibitors 
and dual inhibitors are introduced, as well as the advantages, drawbacks and challenges of these 
drugs. Their mechanisms and challenges are discussed to promote a comprehensive understanding 
of the development of NRRTIs. 

Keywords: Enter key words or phrases in alphabetical order, separated by commas. 

1. Introduction 

AIDS, or acquired immune deficiency syndrome is an acute disease threatening an increasing 

number of populations. The main causative agent of AIDS is referred to as HIV-1, or human 

immunodeficiency virus type 1, which has infected approximate 38.4 million people at the end of 

2021 [1] and only 28.7 million or 75% of the infected were receiving antiviral treatment. The data 

seems improved comparing with the infecting peak in 2004, though new challenges are emerging as 

well. The prevailing treatment to AIDS is highly active antiretroviral therapy or HAART, which 

combines a myriad of antiviral drugs for different replication periods of HIV-1. Though it greatly 

reduces the mortality and morbidity of AIDS, HARRT requires a life-long intake of antiviral drugs 

and thus exposes several serious side effects of this therapy, including acute and chronic toxicity [2] 

and the occurrence of drug resistance virus variations [3,4]. Therefore, exploiting and utilizing novel 

mechanisms and expanding the drug design ideas are becoming increasingly necessary. 

Since the discovery of the replication process of HIV-1, reverse transcriptase (RT) of the virus has 

been paid attention to as a promising target for inhibitors. HIV-1 is a typical reverse transcription 

virus, which indicates that its hereditary substance is RNA rather than DNA. Thus, to integrate its 

hereditary information into the genome of the infected cells, HIV-1 needs to manufacture a DNA 

strand corresponding to the viral RNA strand, and this is called reverse transcription. HIV-1 reverse 

transcriptase (RT) is a pivotal multifunctional protein involved in the process, which is responsible 

for the synthesis of (-)-DNA strand and the hydrolysis of viral RNA after the synthesis as shown in 

Fig 1. 
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Figure 1. The reverse transcription process of HIV-1 mediated by RT [5]. 

It is revealed that two functional domains enable RT to complete its tasks: an RNA- and DNA-

dependent DNA polymerase domain, and an endonuclease or RNase H domain. The former one 

catalyzes the synthesis of (-)-DNA strand from corresponding viral RNA and the latter one is 

responsible for the hydrolysis of viral RNA. Traditional RT inhibitors imitates the structure of 

deoxyribonucleotide to combine with the polymerase domain, competing with normal dNTPs to block 

the synthesis of DNA strand. This classical version of inhibitors is called nucleoside reverse transcript 

inhibitors, or NRTIs. However, such idea encounters obstacles because of drug resistance caused by 

mutations of virus and severe liver, kidney and bone marrow toxicity [6,7]. Newly-developed 

inhibitors, on the contrary, avoiding the structure of dNTPs thus partially solve the problem. They are 

given the name “nonnucleoside reverse transcriptase inhibitors”, or NRRTIs, and are gaining status 

in the field of HIV-1 inhibitors. Inhibiting mechanism of NRRTIS are more variable and flexible, 

targeting a myriad of active locus on RT. The most prevailing NRRTIs target an allosteric site 

adjacent to the polymerase active center to change the structure of the polymerase to defect the 

enzyme thus prevent the synthesis of DNA strand. Comparing with the classical nucleoside inhibitors, 

this allosteric-site targeting inhibitor is specific rather than competitive, which leads to improved 

selectivity, and it can function extracellularly [8]. Another idea of drug design is to set the RNase H 

domain as target: this kind of inhibitors interfere with the hydrolysis of RNA strand to block the 

replication of virus. This is because viral RNA strand will combine tightly with newly synthesized 

(-)-DNA strand through hydrogen bond and RT is required to cleave and decompose the RNA strand 

to release the (-)-DNA strand as the substrate for the synthesis of (+)-DNA [9]. If RNase H domain 

is blocked, the RNA strand will not be decomposed, thus restricts the (-)-DNA strand to involve in 

the generation of (+)-DNA strand. Some other inhibitors target more than one locus and even involve 

in multiple processes in virus replication-not only reverse transcription, but also integration of viral 

DNA-and they are referred to dual inhibitors, indicating their multi-target property [10]. 

Having a grasp of the characteristics, mechanisms and advantages or challenges of these inhibitors 

is beneficial to understanding the HIV-1 inhibitor researches from a birds’ eye perspective. Herein, 

the mechanism of nonnucleoside polymerase inhibitors, RNase H inhibitors and dual inhibitors will 

be introduced in detail as well as some candidate substance discovered in research. We hope this 
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review provide you some comprehensive understanding of the development, challenges and possible 

future directions of HIV-1 inhibitors. 

2. Polymerase Inhibitors 

2.1. Mechanism, characteristic and challenges 

As a widely-used clinic medicine, nonnucleoside polymerase inhibitors interfere with the spatial 

structure of the catalyzing site of the RT to defect the polymerase domain. To catalyze the synthesis 

of (-)-DNA strand, 3 aspartic acid residues-named D110, D185 and D186 –which are attached to a β-

sheet structure are required to be in correct location to combine with substrates [11,12]. However, the 

presence of polymerase inhibitors can interpret this by combining with an allosteric site approximate 

10A from the catalyzing site. Candidate substances for polymerase inhibitors are tend to be strong 

hydrogen bond acceptors or donors to bind with some amino residues at this site. In most cases, they 

also possess a hydrophobic structure to fit in the hydrophobic environment at the binding site. It is 

revealed that most polymerase inhibitors can induce the formation of a pocket structure-or NRRTIs 

binding pocket-which means that the protein skeletons of polymerase domain will move and set room 

for the inhibitor. This leads to a 2A displacement of the β-sheet structure and the three aspartic acid 

residues, hence defects the polymerase domain. 

One apparent advantage of nonnucleoside polymerase inhibitors is that they combine specifically 

with polymerase domain of RT, which requires less amount of drug intake and ensures higher 

efficiency. Moreover, this inhibitor targets RT directly rather than involving in the synthesis process, 

which means it can effect on extracellular RT and reduce the concentration of virus outside the cells. 

However, the challenge to the application of this inhibitor is that drug resistance occurs frequently. 

The binding process between inhibitors and the allosteric site is highly dependent on kind of the 

amino residues at the site, which are very sensitive to mutations. Discovered drug resistance 

mutations such as K103N/S, V106A/M, Y181C/I/V, Y188L/C/H, and G190A/ S/E can decrease the 

activity of inhibitors drastically to 10% even 1%. [12-14] Hence, discovering new substance effective 

to the mutated types of viruses is a demanding task at present. 

2.2. Introduction to some inhibitors 

2.2.1. Nevirapine 

Nevirapine, or NVP is the first approved NRRTIs for clinical use. The binding structure of this 

substance is inferred to be its double-pyridine ring and a three-member alkyl ring[15]. The double-

pyridine rings extend the delocalized π-system and cause a π-π stacking interaction between NVP and 

the binding pocket, while the lipophilic alkyl substitution “tail” can bind with other hydrophobic 

amino residues [15]. 

2.2.2. Delavirdine 

As the second approved NRRTIs in 1997, Delavirdine, or DLV possess more interaction sites with 

the allosteric site comparing to NVP [16]. It is a relatively longer molecule consisting of several 

heterocycles to form various interactions with the binding pocket. The oxygen atom at the middle of 

the molecule and the nitrogen atom on the indole ring both form hydrogen bonds with surrounding 

amino residues, and the outreached aromatic rings are responsible for stacking interactions [17]. 

2.2.3. Efivirenz 

Efivirenz, or EFV, is deemed as the second generation of NRRTIs because of its effects on drug-

resistant viruses [18]. It should be partially attributed to the novel design of this molecule: more 

innovative structures are introduced into EFV, such as the alkynyl chain with a three-member ring, 

and the trifluoromethyl, to create a significant polarity difference in one molecule. Nowadays, EFV 

is one of the most widely used NRRTIs due to its broad-spectrum effect to various mutant viruses 

and its reduced possibility of drug resistance [18]. 
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Figure 2. (A) The binding mode of EFV and (B) the ligand interactions of EFV [15]. 

2.3. Indole Aromatic Sulfone Inhibitors 

Among all the drug resistant viruses, the Y181C variation is the most threatening and tricky 

mutation, whose 181 tyrosine at allosteric site mutates to cysteine [19]. Such change greatly blocks 

the interaction between many NNRTIs with the RT polymerase domain. To handle the problem, a 

creative solution was proposed, which is, to form a covalent bond between the mutated amino acid 

residue and the inhibitor molecule. Cysteine possesses an electron-rich pedant sulfydryl suitable for 

nucleophilic agent to attack some electron-deficient small molecules [20,21]. Indole aromatic sulfone 

inhibitors, or IAS inhibitors, which contains an electron-deficient ring, are one of the attempts to 

overcome the obstacle of Y181C [22]. 

3. RNase H Inhibitors 

3.1. Active Site Inhibitors 

The key to the hydrolysis function of RNase H lies in the unique structure of the catalyzing site of 

RNase H domain. RNase H is a metalloenzyme, with a highly conserved structure of active site where 

three amino acid residues-named D443, E478, D498, D549-coordinating with two metal ions, usually 

magnesium ions [23]. The metal ions are suitable electron acceptors which can bind the phosphate 

group in nucleoside and a water molecule, by which the catalyzing process could be done [24]. Thus 

an apparent drug design idea is to find out a biocompatible small molecule which can coordinate with 

the magnesium ions to block the binding of RNA and water molecule. Inhibitors in this mechanism-

targeting the active site directly-are always modified ligands to form a chelation structure with the 

magnesium ions. 
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Figure 3. (A)The structure of the active site of the RNase H domain and (B) the detailed mechanism 

of hydrolysis catalyzing [5] 

3.1.1. Diketo Acids(DKAs) 

The diketo acids are the first known effective RNase H inhibitors, which was firstly reported 

effective to influenza virus integrase [26]. The discovery of diketo acids not only open a gate for RNase 

H inhibitors but also cast a light on the research of dual inhibitors. The reason why the diketo acids 

can work on both viruses is that the structure of influenza virus integrase shares remarkable similarity 

with the RNase H domain at the active site. They both present a metal ion-amino residues structure. 

Moreover, the structure of HIV-1 integrase is also similar to that of the RNase H domain, which means 

diketo acids may target two sites-the RNase H and the integrase-at the same time [26-28]. It is also 

found that the inhibitors’ selectivity towards RNase H and HIV-1 integrase can be coordinated via 

changes on the charge of the molecule. By adding substitutions of different electron effects, an RNase 

H-preferred or integrase-preferred or dual-target inhibitor can be created [29].  

3.1.2. Synthetic α-Hydroxytropolones 

Though DKAs are proved effective, some serious problems still exist, including its unsatisfactory 

metabolism properties and low cell membrane penetration, which greatly restrict its application in 

clinical scenarios. Another problem is that, though the selectivity of DKAs can be coordinated, it is 

difficult to make it precisely target the RNase H site. Hydroxylated tropolones, which are the 

compounds separated from some natural vegetation, such as Thuja Plicata and Dulacia Guianensis, 

are described as the first RNase H selective inhibitors. However, these natural products seemed 

ineffective in blocking the replication of HIV-1 and showed significant cell toxicity partially due to 

their binding with cellular metalloenzymes. Fortunately, a series of compounds imitating the structures 

of hydroxy tropolones have been synthesized and proved effective with lower toxicity. [30]. 

3.2. Allosteric inhibitors 

It seems that active site inhibitors are promising in novel antiviral drugs, but the fact is that a simple 

but serious question block their way to clinical use: they are not so effective. The reasons are various: 

the active site of RNase H domain is a depthless, open shape structure with few contacts site for 

inhibitors. Moreover, some HIV-1s are found to get rid of the dependence on a precise RNase H 

hydrolysis, which means that an interfered hydrolysis process causes limited influence on the 

replication. Therefore, inhibitors targeting the overall structure RNase H rather than the active site are 

designed and synthesized, which are given the name allosteric inhibitors. 

Allosteric inhibitors possess various mechanisms which could not be divided into simple categories. 

Generally speaking, most allosteric inhibitors share a similar mechanism with polymerase inhibitors: 

binding with some certain amino acid residues and inducing the formation of a binding pocket to cause 

displacement of some key parts of RNase H [31]. However, most of the mechanisms are simulated 

rather than proved by experiment because the binding process is not easy to record, especially when 

the binding sites are various. For some candidate compounds, we can only infer that they are allosteric 
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inhibitors from the fact that they do not coordinate with metal ions [32]. Methods in computational 

chemistry are applied in selecting candidates because in this case a fixed binding site does not exist 

and potential binding sites are found via calculating the molecule docking energy and simulating the 

interaction patterns between RNase H and inhibitors [33]. 

Expect for the binding-pocket mechanism, there do exist some allosteric inhibitors function in other 

mechanisms. One of the examples is p66/51 interface inhibitor. In fact, the transcriptase of HIV-1 

consists two subunits: p66 and p51. P66 subunit is the functional unit which contains the polymerase 

and RNase H domains, while p51 does not possess any catalytic site. However, p51 is responsible for 

the folding of p66 and it keeps the correct spatial configuration of p66. It is not thoroughly revealed 

that how p66 and p51 interact with each other, but a kind of Benzothienooxazinone derivative has been 

reported to have the ability to interfere with the process [34]. 

4. Dual Inhibitors 

With the development of NRRTIs, the concept “dual inhibitors” is proposed as an inhibitor targeting 

two sites or two proteins at the same time. It is proved that multi-target drugs tend to be more effective 

than those only target one: the replication of virus is an interconnected process, which means that if 

you only block one step, there may exist some compromising mechanism to control the influence [35]. 

However, if you block several steps in virus replication at the same time, the protective mechanism of 

virus may be overloaded, which significantly reduces the rate of replication. Dual inhibitors, in this 

case, often target these two sites: the polymerase site and the RNase H site, or the RNase H site and 

the integrase. 

4.1. IN/RNase H Dual Inhibitors 

As mentioned in 3.1.1, the foundation of the IN/RNase H inhibitors is that RNase H domain and 

integrase share similarity in structure of active site, especially the folding motif of carboxyl residues 

and the metal ions. Expect for mentioned DKAs inhibitors, there are other candidates as well. 

4.1.1. Galloyl Derivatives 

This is a series of compounds consisting of an N-acylhydrazone scaffold with a galloyl group. The 

three oxhydryls on the benzene ring serve as strong electron donors to coordinate with the metal ions. 

And there is an interesting fact: this kind of compounds have two coordination mode (shown in Fig 4), 

and they coordinate with RNase H in mode A while with integrase in mode B [36,37]. 

 

Figure 4. The chelating modes of galloyl derivatives [5] 
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4.2. RT-associated DNA Polymerase/RNase H Dual Inhibitors 

The mechanism of polymerase/RNase H inhibitors are opaquer. The reason for this is that most 

polymerase/RNase H inhibitors are allosteric inhibitors for both sites, which means they combine with 

a myriad of docking sites varying from molecule to molecule. Some promising candidates for this kind 

of inhibitors are nicotinic acid derivatives [38], isatin derivatives [39]and heteroaryl carbothioamide 

derivatives [40]. 

5. Conclusion and Outlook 

In this review, a simplified contour of the development in HIV-1 nonnucleoside reverse 

transcriptase inhibitors is present. The mechanisms of main types of nonnucleoside inhibitors are 

introduced on a molecular basis, including the polymerase inhibitors, RNase H active site inhibitors, 

RNase H allosteric inhibitor and dual inhibitors. The review shows and discusses the advantages, 

challenges and drawbacks of some of the inhibitors. For example, traditional allosteric polymerase 

inhibitors are proved most effective though troubled with the occurrence of drug resistance due to 

mutations of amino acid residues. RNase H active site inhibitors seem promising but encounters 

serious problem to bind with the target site. RNase H allosteric inhibitors share the same problem with 

dual inhibitors that they are not designed but accidentally found. The overall principle behind the 

occurrence of a potential docking site is still in dark at present, which means the discovery of a new 

RNase H allosteric inhibitor or a dual inhibitor involves possibilities. However, these two kinds of 

inhibitors are promising because they avoid many drawbacks of their ancestors: they are not vulnerable 

to drug resistance and can eradicate viruses more efficiently. Another significant obstacle, though not 

fully discussed in the review, is that most of the candidates are cellular toxic, which requires efforts to 

reduce their side effects. Therefore, several possible directions in future are proposed: 1) the 

development of a high-efficiency computational method to find potential docking sites for RNase H 

and polymerase domains; 2) the proposal and application of novel strategies against drug-resistant 

mutations, for example, the covalent inhibitors; and 3) the researches on the structure-function 

mechanism of cellular toxicity of small molecules. 
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