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Abstract
The nonnucleoside reverse transcriptase (RT) inhibitors (NNRTIs) are a therapeutic class of
compounds that are routinely used, in combination with other antiretroviral drugs, to treat HIV-1
infection. NNRTIs primarily block HIV-1 replication by preventing RT from completing reverse
transcription of the viral single-stranded RNA genome into DNA. However, some NNRTIs, such as
efavirenz, have been shown to inhibit the late stages of HIV-1 replication by interfering with HIV-1
Gag-Pol polyprotein processing, while others, such as the pyrimidinediones, have been shown to
inhibit both HIV-1 RT-mediated reverse transcription and HIV-1/HIV-2 viral entry. Accordingly, in
this review we describe the multiple mechanisms by which NNRTIs inhibit HIV-1 reverse
transcription (and in some cases HIV-2 reverse transcription) and other key steps involved in HIV-1/
HIV-2 replication.
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1. Introduction
Reverse transcription of the HIV single-stranded RNA genome into double-stranded DNA is
an essential step in the virus replication life-cycle (Götte et al., 1999). This process is complex
and requires the concerted function of two enzyme active sites in HIV reverse transcriptase
(RT) (Fig. 1). Reverse transcription is initiated at the 3′-end of cellular lysyl-tRNALys,3,
hybridized to the primer binding site (PBS) of the HIV RNA genome, by the RNA-primed
RNA-dependent DNA polymerase activity (RDDP) of RT and is elongated until the 5′-end of
the HIV-1 RNA is reached (Fig.1, Step 1). The product formed from this reaction is termed
minus-strand strong-stop DNA. RT ribonuclease H (RNase H) activity then hydrolyzes the

* Corresponding author: Nicolas Sluis-Cremer, Division of Infectious Diseases, University of Pittsburgh School of Medicine, S817 Scaife
Hall, 3550, Terrace Street, Pittsburgh, PA 15261, USA. Tel: 412 648 8457, Fax: 412 648 8521, E-mail: cremern@dom.pitt.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Virus Res. Author manuscript; available in PMC 2009 September 17.

Published in final edited form as:
Virus Res. 2008 June ; 134(1-2): 147–156. doi:10.1016/j.virusres.2008.01.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HIV genomic RNA (Fig. 1, Step 2) to allow the nascent DNA to hybridize with the repeat
sequence (R) at the 3′end of the HIV genomic RNA (Fig. 1, Step 3). After this strand transfer,
the nascent DNA strand is further elongated by RT DNA-primed RDDP activity (Fig. 1, Step
4). RNase H activity is again required to hydrolyze the rest of genomic RNA except for a purine
rich sequence, termed the polypurine tract (PPT), which serves as a primer for the initiation of
second strand DNA synthesis (Fig. 1, Step 5). RNA-primed DNA-dependent DNA polymerase
activity (DDDP) then elongates the PPT primer (Fig. 1, Step 6). Removal of the PPT and tRNA
primers by RT RNase H activity (Fig. 1, Step 7) then allows a second strand transfer to take
place by interaction of the complementary PBS sequences (Fig. 1, Step 8). HIV-1 RT DNA-
primed DDDP activity including strand-displacement activity completes the synthesis of the
double stranded proviral DNA precursor. The final product of the complete reaction carries
U3-R-U5 long terminal repeats (LTR) at both ends (Fig. 1, Step 9), and serves as a substrate
for genomic DNA integration, catalyzed by HIV integrase.

2. RT inhibitors (RTIs)
Due to its essential role in HIV replication, RT is a major target for antiretroviral drug
development (Parniak and Sluis-Cremer, 2000). To date, two therapeutic classes of RT
inhibitors (RTIs), the nucleoside and nucleotide RTIs (NRTIs) and the nonnucleoside RTIs
(NNRTIs), are routinely used in the clinic to treat HIV-1 infection.

NRTIs are analogs of deoxyribonucleosides that lack a 3′-OH group on the deoxyribose sugar/
pseudosugar. To exhibit antiviral activity, NRTIs must be metabolically converted by host-cell
kinases to their corresponding triphosphate forms (NRTI-TPs). NRTI-TPs inhibit reverse
transcription by acting as chain-terminators of DNA synthesis (Goody et al., 1991). Eight
NRTIs have been approved for clinical use, namely 2′,3-dideoxyinosine (ddI), (R)-9-(2-
phosphonylmethoxypropyl)adenine (TDF), 2′,3′-dideoxycytidine (ddC), (-)-β-2′,3′-
dideoxy-3′-thiacytidine (3TC), 5-fluoro-1-[(2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl]
cytosine (FTC), (1S,4R)-4-[2-amino-6-(cyclopropyl-amino)-9H-purin-9-yl]-2-
cyclopentene-1-methanolsuccinate (ABC), 3′-azido-3′-deoxythymidine (AZT), and 2′,3′-
deoxy-2′,3′-didehydrothymidine (d4T).

NNRTIs are chemically distinct from nucleosides and, unlike the NRTIs, do not require
intracellular metabolism for activity. In general, NNRTIs are a group of small (<600 Da)
hydrophobic compounds with diverse structures that specifically inhibit HIV-1 RT, but not
HIV-2 RT (De Clercq, 1998). There are however, some exceptions and these are discussed in
more detail below. The three NNRTIs approved for clinical use include 11-cyclopropyl-4-
methyl-5,11-dihydro-6H-dipyrido[3,2-b:2′,3′-e][1,4]diazepin-6-one (nevirapine), 1-[3-[(1-
methylethyl)amino]-2-pyridinyl]-4-[[5-[(methylsulfonyl)amino]-1H-indol-2-yl]carbonyl]-
piperazine (delavirdine) and (4S)-6-chloro-4-cyclopropylethynyl-4-trifluoromethyl-1,4-
dihydro-benzo[d][1,3]oxazin-2-one (efavirenz) (Fig. 2). Although NNRTIs represent, in terms
of chemical structures, a heterogeneous class of inhibitors, they all interact with HIV-1 RT by
binding to a single site on the p66 subunit of the HIV-1 RT p66/p51 heterodimer termed the
NNRTI binding pocket that is situated approximately 10 Å from the RT DNA polymerase
active site and 60 Å from the RT RNase H active site (Fig. 3) (Kohlstaedt et al., 1992).

3. Inhibition of HIV replication by NNRTIs
NNRTIs act primarily by inhibiting HIV-1 reverse transcription (Fig. 4; Step 3). However,
some NNRTIs such as efavirenz and the diarylpyrimidine derivatives dapivirine (TMC 120)
and etravirine (TMC 125) (Fig. 2) have been shown to inhibit the late stages of HIV-1
replication by interfering with HIV-1 Gag-Pol polyprotein processing (Fig. 4; Step 7), while
others such as 1-(3-cyclopenten-1-yl)methyl-6-(3,5-dimethylbenzoyl)-5-
ethyl-2,4,pyrimidinedione (IQP-0410, formerly SJ-3366) have been shown to inhibit both RT-
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mediated reverse transcription (Fig. 4; Step 3) and viral entry (Fig. 4; Step 2). Accordingly, in
this review we will describe the multiple mechanisms by which NNRTIs inhibit HIV-1 reverse
transcription and other steps involved in viral replication.

4. Inhibition of HIV-1 reverse transcription by NNRTIs
Steady-state kinetic analyses initially demonstrated that NNRTIs acted as noncompetitive or
uncompetitive inhibitors of HIV-1 RT DNA polymerization reactions (De Clercq, 1998).
However, the NNRTI kinetic constants for inhibition (IC50 or Ki) appeared to be dependent on
the sequence and identity (i.e. DNA/DNA versus RNA/DNA) of the template/primer (T/P)
substrate used in the polymerase assay. For example, the IC50 value for a given NNRTI to
inhibit RT DNA polymerase activity can vary between 2- and 400-fold depending on the T/P
substrate (as well as other conditions) used in the assay (Table 1). In 1999, Quan et al used
quantitative PCR to analyze HIV-1 reverse transcription within acutely infected cells treated
with nevirapine (Quan et al., 1999). This study showed that minus-strong stop DNA synthesis
was only slightly inhibited by nevirapine at concentrations that greatly exceed those necessary
for complete suppression of viral replication. In contrast, intermediate-length and full-length
reverse transcribed products generated after the first strand transfer decreased gradually as viral
DNA strand elongation took place. Based on these observations, the authors suggested that
NNRTIs acted in a stochastic manner with longer templates providing more opportunities for
the inhibitors to act (Quan et al., 1998; Quan et al., 1999). However, as described below, recent
studies have demonstrated that NNRTIs may preferentially target specific steps during reverse
transcription. This information is reviewed below.

4.1. Inhibition of the first strand transfer
The first strand transfer reaction is an essential step in reverse transcription (Fig. 1) and requires
the co-ordination of both the DNA polymerase and RNase H activities of HIV-1 RT. Although
the NNRTI-binding pocket in RT is located ∼ 60Å from the RNase H active site of RT (Fig.
3), several studies have demonstrated that NNRTIs can either partially inhibit or accelerate this
activity depending on the mode of RNase H activity (Shaw-Reid et al., 2005;Hang et al.,
2007;Radzio and Sluis-Cremer, 2007). For example, Hang et al demonstrated that several
structurally diverse NNRTIs all partially inhibited 5′-RNA directed HIV-1 RNase H activity
(or polymerase independent RNase H activity) with maximal inhibition of 40-65% (Table 1)
(Hang et al., 2007). In contrast, the 3′-DNA directed RNase H activity of RT (or polymerase
dependent RNase H activity) is significantly stimulated by NNRTI binding to RT (Shaw-Reid
et al., 2005;Hang et al., 2007;Radzio and Sluis-Cremer, 2007). Therefore, strand transfer
inhibitory potencies of NNRTIs may be dependent on both DNA polymerase and RNase H
inhibition efficiencies. In this regard, Hang et al demonstrated that IC50 values for inhibition
of strand transfer for some NNRTIs were significantly lower in strand transfer assays than in
polymerase or RNase H assays (Hang et al., 2006). Furthermore, NNRTI resistance mutations
affected NNRTI inhibitory potencies in different RT assays in an activity and compound
specific manner. For example, the level of efavirenz resistance due to the single mutation
Y188L was more than 30-fold higher when determined in strand transfer assays as compared
to the polymerase and RNase H assays (Hang et al., 2006).

4.2. Inhibition of plus-strand initiation
Grobler et al demonstrated that NNRTIs potently inhibited plus-strand initiation in vitro under
conditions in which little or no inhibition of minus-strand DNA synthesis was observed
(Grobler et al., 2007). In addition, they showed that NNRTIs completely abrogated dNTP
binding to RT associated with RNA PPT primer/DNA template substrate, but only exerted a
modest decrease in the dNTP affinity for RT associated with a DNA PPT primer/DNA
template. Götte et al have delineated the temporal events involved in HIV-1 RT initiation of

Sluis-Cremer and Tachedjian Page 3

Virus Res. Author manuscript; available in PMC 2009 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



plus-strand DNA synthesis (Fig. 5) (Götte et al., 2001). RT first binds to the RNA PPT primer/
DNA template and elongates the primer by 12 nucleotides. The enzyme then goes back and
binds the PPT with its 5′-end in the polymerase active site and cleaves the PPT from the nascent
DNA. RT then completes elongation of the nascent DNA. As described by Götte et al, and
others, RT can bind RNA-DNA hybrid duplexes in different modes depending on the structure
of the substrate (Götte et al., 2000; Palaniappan et al., 1998). With substrates that contain a
recessed DNA 3′-OH, RT engages the nucleic acid in a polymerase-dependent mode of binding
where the 3′-end of the DNA is positioned in the polymerase active site poised to be extended.
For RNA-DNA hybrid duplex substrates in which the 3′-end of the DNA is not recessed, RT
preferentially engages substrate in a polymerase-independent mode where the 5′-end of the
RNA strand, and not the 3′-end, is situated in the polymerase active site. Thus, most recessed
RNA oligonucleotides annealed to DNA templates do not act as efficient primers for initiation
of polymerization. RNA PPT hybrid duplexes are selectively utilized as primers by RT because
binding of the 3′-end of the RNA in the polymerase active site is not as disfavored as with non-
RNA PPT primers. In this regard, Grobler et al suggested that NNRTIs affect the enzyme's
ability to bind the RNA PPT primer/DNA template in a polymerase dependent mode (Grobler
et al., 2007). It should be noted that other studies have also demonstrated that NNRTIs directly
affect the RT-T/P equilibrium (Divita et al., 1993; Rittinger et al., 1995).

5. Kinetic mechanism by which NNRTIs inhibit HIV-1 RT DNA polymerase
activity

Most studies describing the mechanism of action of NNRTIs on HIV-1 RT mediated DNA
synthesis reactions have been carried out using steady-state kinetics. Because steady-state
experiments are unable to resolve kinetic steps which are masked by the rate-limiting step of
a reaction (the release of DNA substrate from RT), this approach cannot elucidate the detailed
interactions of the drug with RT at the polymerase active site (Kati et al., 1992). In this regard,
we, and others, have used the pre-steady-state kinetic approach to provide detailed mechanistic
insights into the catalytic events that occur directly at the enzyme's active site in the absence
and presence of NNRTIs (Table 2) (Spence et al., 1995; Wang et al., 2004; Xia et al., 2007).
These studies show that NNRTI-RT-T/P complexes display a metal-dependent increase in
dNTP binding affinity (Kd). For example, the Kd for Mg2+-dTTP, Mn2+-dTTP and Co2+-dTTP
are increased 130-, 15.5- and 1.1-fold when nevirapine is complexed to RT (Table 2). In
contrast, the NNRTI-RT/T/P complexes exhibit a metal-independent decrease in the maximum
rate of dNTP incorporation (kpol). Furthermore, no phosphorothioate elemental effects are
evident irrespective of the metal ion used in the assay (Table 2). (Phosphorothioate elemental
effects, derived from experiments which compare the rates of incorporation of the natural dNTP
substrate versus dNTPαS, are frequently used as a diagnostic for determining whether the
chemical step of polymerization reactions is rate-limiting.) These data suggest that the slow
rate of dNTP incorporation observed for NNRTI-RT-T/P complexes might not be due to a
direct effect of the inhibitor on phosphodiester bond formation, as suggested previously
(Spence et al., 1995), but rather an indirect effect through alteration/perturbation of the
constellation of amino acids involved in positioning the active site for efficient catalysis (Xia
et al., 2007). In this regard, structural studies have demonstrated that inhibitor binding in the
NNRTI-binding pocket causes the “primer grip” to be shifted upward by approximately 5 Å
in comparison with its position in the RT-T/P binary and RT-T/P-dNTP ternary complexes
(Ding et al., 1997). Therefore, the slow rate of dNTP incorporation observed for NNRTI-RT-
T/P complexes might be due to changes in the position and conformation of the “primer grip”
which significantly slow down the necessary conformational changes that are required to align
the substrates and to facilitate phosphodiester bond formation (Xia et al., 2007).
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6. Inhibition of HIV-2 reverse transcription by NNRTIs
Although HIV-2 RT shows significant amino acid sequence homology to HIV-1 RT, most
NNRTIs are completely inactive against HIV-2 (De Clercq, 1998). This lack of activity is
primarily due to the residues at codon 181 and 188 (Tyr181 and Tyr188 in HIV-1; Ile181 and
Leu188 in HIV-2) which prevent the drugs from binding to HIV-2 RT (Condra et al., 1992).
Interestingly, the phenylmethylthiazolylthiourea derivative MSK-076 shows marked activity
against both HIV-1 (EC50 = 0.0018 μM) and HIV-2 (EC50 = 0.63 μM) replication (Ren et al.,
2000; Auwerx et al., 2004). Steady-state kinetic studies demonstrated that MSK-076 was a
non-competitive inhibitor of both HIV-1 and HIV-2 RT (Ren et al., 2000; Auwerx et al.,
2004). In cell culture, the drug selected for the A101P and G112E mutations in HIV-2 RT, and
for K101E, Y181C and G190R mutations in the HIV-1 RT (Auwerx et al., 2004). Mapping of
the resistance mutations to the HIV-1 RT structure ascertained that A101P is located at a
position equivalent to the NNRTI-binding site residue Lys101 in HIV-1 RT but that G112E
resides close to the DNA polymerase active site (Fig. 6), implying a novel molecular mode of
action and mechanism of resistance (Auwerx et al., 2004).

7. Pyrimidinediones inhibit HIV-1 reverse transcription and HIV-1/HIV-2 viral
entry

The pyrimidinedione IQP-0410 was found to inhibit both HIV-1 (EC50 ∼ 1 nM) and HIV-2
(EC50 ∼ 150 nM) replication (Buckheit et al., 2001). However, unlike MSK-076, IQP-0410
is a potent inhibitor of HIV-1 RT, but not of HIV-2 RT. Instead, IQP-0410 inhibits viral entry
by targeting a conformational epitope that forms following interaction of the viral receptors
with CD4 and the chemokine receptors but prior to fusion of the viral and cellular membranes.
Structure-activity-relationship evaluations have demonstrated that the molecular features of
the pyrimidinediones responsible for the two distinct mechanisms of action are integrated in
the structure of the molecule and the substituents required for RT inhibition versus entry
inhibition are not distinct but overlapping (Buckheit et al., 2007). In this regard, it is anticipated
that IQP-0410 might be expected to provide the same level of protection in patients as the
combination of efavirenz and enfuvirtide (a peptide fusion inhibitor), but in one small molecule
(Buckheit et al., 2007).

8. NNRTIs with distinct binding sites and mechanisms of action
All of the NNRTIs described above bind in the NNRTI-binding pocket of HIV-1 RT that is
situated between the β6-β10-β9 and β12-β13-β14 sheets in the palm subdomain of the p66
subunit of the enzyme. However, there are some NNRTIs that appear to have distinct binding
sites and mechanisms of action. These are discussed below.

8.1. [2′,5′-Bis-O-(tert-butyldimethylsilyl)-β-D-ribofuranosyl]-3′spiro-5″-(4″-amino-1″, 2″-
oxathiole-2″,2″-dioxide)thymine (TSAO-T) derivatives

TSAO-T (Fig. 2) derivatives represent a unique class of compounds that are potent inhibitors
of HIV-1 replication (Camarasa et al., 2004). Although TSAO-T derivatives are highly
functionalized nucleosides, they behave as allosteric inhibitors of HIV-1 RT (Balzarini et al.,
1992). They were originally thought to target the same non-substrate binding site as all the
other NNRTIs. However, TSAO compounds are one of few inhibitors that require amino acids
in both the p66 and p51 subunits of RT for optimal interaction with the enzyme (Balzarini et
al., 1993). Furthermore, we demonstrated that the N-3-ethyl derivative of TSAO-T destabilizes
the inter-subunit interactions of HIV-1 RT (Sluis-Cremer et al., 2000). More recently, we
carried out a comprehensive structure-activity-relationship analysis of this class of compounds
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and identified key functional regions that were responsible for their ability to inhibit RT
dimerization (Sluis-Cremer et al., 2006).

8.2. 5-methyl-1-(4-nitro-phenyl)-2-oxo-2,5-dihydro-1H-pyrido[3,2-b]indole-3-carbonitrile
(INDOPY)

Steady-state kinetics analyses, binding studies and site-specific footprinting experiments have
demonstrated that INDOPY (Fig. 2) binds in the DNA polymerase active site of RT and traps
the T/P substrate in the post-translocational state, thereby preventing binding and incorporation
of the next complementary nucleotide (Jochmans et al., 2006). As expected, this novel mode
of action also translates into a unique resistance profile: INDOPY susceptibility is unaffected
by NNRTI or multi-drug NRTI resistance mutations, but exhibits decreased susceptibility to
A62V, M184V and Y115F and hypersusceptibility to K65R (Jochmans et al., 2006).

9. NNRTI inhibition of post-integration steps in the HIV-1 life-cycle
The post-integration steps of the HIV life-cycle begin after proviral DNA integration (Fig. 4,
Step 4), where singly and multiply spliced mRNAs are transcribed that encode the HIV-1
envelope proteins and regulatory proteins, respectively (Rabson and Graves, 1997), while
unspliced mRNAs are translated to form the Pr55gag (Gag) and Pr160gag-pol (Gag-Pol)
polyproteins (Fig. 4. Steps 5 and 6) (Swanstrom, 1997). Gag consists of the viral structural
proteins matrix (MA), capsid (CA), nucleocapsid (NC), p6 and two spacer peptides termed p1
and p2. Gag-Pol consists of MA, CA and NC in addition to protease (PR), RT and integrase
(IN). Following translation, Gag and Gag-Pol are targeted to the host cell plasma membrane,
a process that is dependent on the myristoylation of the N-terminus of Gag (Park and Morrow,
1992;Smith et al., 1993). As the newly assembled virions bud from the host cell it is thought
that Gag and Gag-Pol polyproteins oligomerize to promote the activation of the viral PR,
through the formation of an active homodimer. This results in the sequential cleavage of Gag
and Gag-Pol into the mature structural proteins and viral enzymes (Fig. 4, Step 7) (Kaplan et
al., 1994;Pettit et al., 1998).

9.1. NNRTIs act as potent inhibitors of HIV-1 RT dimerization
It has been demonstrated that some NNRTIs act as chemical enhancers of HIV-1 RT
heterodimerization (Tachedjian et al., 2001; Venezia et al., 2006). To date, efavirenz was found
to be the most potent enhancer of RT heterodimerization, whereas nevirapine has a weak effect
and delavirdine has no effect at all (Tachedjian et al., 2001). While there doesn't appear to be
a correlation between the impact of NNRTI-mediated enhancement of RT heterodimerization
and the defects in RT polymerase function (Xia et al., 2007), recent studies have demonstrated
effects of some potent NNRTIs, (e.g. efavirenz, dapivirine and etravirine) on the late stages of
HIV replication (Tachedjian et al., 2005; Figueiredo et al., 2006).

9.2. Efavirenz accelerates Gag-Pol processing
Gag-Pol expresses a p66 embedded form of the HIV-1 RT. Studies demonstrate that efavirenz
is not only a potent enhancer of RT heterodimerization, but it also strongly promotes p66/p66
homodimerization (Tachedjian et al., 2005; Figueiredo et al., 2006). In contrast, nevirapine has
no significant effect on p66/p66 homodimerization (Tachedjian et al., 2005; Figueiredo et al.,
2006). This observation provided the impetus to evaluate whether efavirenz can mediate an
effect on Gag-Pol processing. Using a 90 kDa Pol construct that expresses the last 3 amino
acids of NC, the transframe region, PR, RT and the first 43 amino acid of IN in bacteria (Sluis-
Cremer et al., 2004), it was shown that efavirenz enhances the processing kinetics of this
minimal Pol to the p66 and p51 RT subunits compared to untreated and nevirapine treated
bacteria (Fig. 7) (Tachedjian et al., 2005). An explanation for this observation is that efavirenz
is promoting the oligomerization of the minimal Pol construct by binding to p66 resulting in
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activation of the HIV-1 PR. Yeast two-hybrid analyses of Pol polyproteins that includes a
knock-out active site mutation in PR and are truncated in the integrase domain, confirmed that
efavirenz mediates a concentration dependent increase in Pol/Pol dimerization (Figueiredo et
al., 2006).

9.3. Potent NNRTIs inhibit the late stages of HIV-1 replication
A recent study evaluated the impact of potent NNRTIs in HIV-1 transfected 293T and HeLa
cells (Figueiredo et al., 2006). Treatment of these cells with efavirenz, dapivirine and etravirine,
but not nevirapine and delavirdine, resulted in a dramatic increase in the processing of
intracellular Gag and Gag-Pol polyproteins (Figueiredo et al., 2006). This enhancement of
polyprotein processing was associated with a decrease in viral particle production. Enhanced
Gag and Gag-Pol processing was even more dramatic when cells were transfected with a
myristoylation-defective HIV mutant indicating that the effect was not dependent on targeting
of Gag and Gag-Pol to the plasma membrane and that it occurs more efficiently in the cell
cytoplasm. No decrease in viral particle release was observed with a HIV-1 mutant expressing
the K103N RT mutation that confers efavirenz resistance or with a PR-defective HIV mutant.
Furthermore, similar experiments performed with MoMLV demonstrated that efavirenz did
not confer a non-specific effect on viral particle production. A model has been proposed to
explain these data. In this model, potent NNRTIs bind to the RT embedded in Gag-Pol thereby
promoting the interaction between individual Gag-Pol polyproteins. This leads to premature
activation of the HIV-1 PR embedded within Gag-Pol, and the subsequent cleavage of the
precursor polypeptides. As a consequence, the amount of full-length viral polyproteins
available for assembly and budding from the host cell membrane decreases.

10. Conclusions and future perspectives
NNRTIs represent an important therapeutic class of inhibitors used in the treatment of HIV-1
infection. Although multiple studies have demonstrated that they primarily block HIV-1
replication by inhibiting the DNA polymerase active site of RT, recent work has suggested that
their inhibition of reverse transcription might also be due to effects on RT RNase H activity
and/or T/P binding. An in-depth understanding of the multiple mechanisms by which NNRTIs
inhibit reverse transcription is essential because this information may be critical for the
development of the next-generation of NNRTIs and for understanding drug resistance.

Some NNRTIs also inhibit the late stages of HIV-1 replication by interfering with HIV-1 Gag-
Pol polyprotein processing. However, it should be noted that the concentration of NNRTI that
is required to affect the late stage of HIV replication is three orders of magnitude greater than
the concentration that blocks reverse transcription. Nevertheless, in the case of efavirenz, these
drug concentrations are observed in the plasma of efavirenz treated individuals (Almond et al.,
2005). The large differences in potency of the NNRTIs for the mature RT heterodimer and the
proposed target for the late effect, the RT embedded within Gag-Pol, may be due to differences
in the relative affinity of efavirenz for the two targets. In this regard, elucidation of the structure
of RT embedded within Gag-Pol would contribute to our understanding of the difference
between binding of NNRTIs to this target compared to the NNRTI-binding pocket of the mature
RT, and might facilitate the development of more potent antiviral drugs that target Gag-Pol.
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Fig. 1.
Diagram of HIV reverse transcription mediated by the DNA polymerase, RNase H and strand-
transfer activities of the viral RT. Each step is described in more detail in the text. RDDP and
DDDP refer to the RNA- and DNA-dependent DNA polymerase activities of RT, respectively.
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Fig. 2.
Chemical structures of the NNRTIs described in this review.
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Fig. 3.
Ribbon representation of the HIV-1 RT in complex with efavirenz (PDB coordinates 1FK9).
The p66 and p51 subunits of HIV-1 RT are colored red and blue, respectively. Residues located
in the DNA polymerase active site (Asp110, Asp185, Asp186) and the RNase H active site
(Glu478, Asp443, Asp498) are indicated with yellow spheres.
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Fig. 4.
The HIV life-cycle. (1) HIV binds to a CD4 receptor and one of two co-receptors (CXCR4 or
CCR5) on the surface of the CD4+ T-lymphocyte. (2) The viral envelope then fuses with the
host cell membrane. After fusion, the viral capsid is released into the host cell cytoplasm. (3)
The HIV RT converts the single-stranded HIV RNA into double-stranded DNA (dsDNA). (4)
The proviral dsDNA integrates into the host cell's genome in a process mediated by the viral
IN. (5) The replication and transcription machinery of the host cell is involved in provirus
replication, and in viral mRNA synthesis. (6) Viral mRNAs are used in the synthesis of the
viral proteins Gag, Gag-Pol and Env, as well as accessory proteins such as Nef, Vif, Vpr, and
Vpu. (7) Sets of viral protein chains come together with 2 copies of the viral RNA to generate
an immature virus particle that pushes out (or buds) from the cell, taking some of the cell
membrane with it. (8) The virus then matures, which involves the processing of viral proteins
by the HIV PR.
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Fig. 5.
Diagram of the temporal events involved in the initiation of plus-strand DNA synthesis.
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Fig. 6.
Superimposition of the HIV-1 RT in complex with MSK-076 (blue; PDB co-ordinates 1DTT)
with the apo-form of HIV-2 RT (orange; PDB co-ordinates 1MU2), illustrating location of the
NNRTI-binding pocket (in HIV-1) and conserved residues in the DNA polymerase active site
(Asp110, Asp185, Asp186). Amino acid residues that were mutated in HIV-1 (Lys101, Tyr181
and Gly190) and HIV-2 (Ala101 and Gly112) during selection experiments with MSK-076
are also depicted.
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Fig. 7.
Western blot analysis of sequential processing products from a model Pol construct, pol-
pET28a(+), expressed in E. coli strain BL21(DE3)pLysS and grown in the absence or presence
of 5 μM efavirenz. Samples were taken at 60, 75, 90, 105, 120, 150 and 180 min post-induction,
respectively. Western blots were probed with mAB 5B2 (anti-RT). As is clearly evident, more
p66/p51 RT is generated in the efavirenz reaction than in the absence of drugs.
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