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The human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) is a major target of antiret-
roviral intervention. Non-nucleoside RT inhibitors (NNRTIs) bind to a hydrophobic pocket located away
from the DNA polymerase catalytic site of the RT. Approved NNRTIs are nevirapine, delavirdine, efavirenz,
etravirine and rilpivirine. This review describes how these inhibitors affect RT function, the structural
basis of NNRTI binding, and the role of specific amino acid substitutions at the NNRTI binding pocket
in the acquisition of high-level drug resistance. However, two or more amino acid substitutions are
required to achieve >20-fold decreased susceptibility to recently developed NNRTIs such as etravirine
or rilpivirine, in phenotypic assays. While genotypic analysis of HIV-1 isolates in infected patients is usu-
ally restricted to residues 1–250 of the RT, recent reports indicate that several residues in the connection
subdomain of the RT (comprising residues 319–426) could also modulate NNRTI resistance. Examples are
Y318F or W, N348I, A376S and T369I or V. Tyr-318 participates in NNRTI binding, but other amino acid
substitutions in the connection subdomain may affect resistance through an indirect mechanism. Studies
on the effects of N348I and A376S on NNRTI resistance indicate that these changes could affect inhibitor
binding by altering the interaction between RT subunits or between the RT and the template-primer.
Moreover, those mutations could also modulate RNase H activity not only during DNA strand elongation,
but also at the initiation of plus strand DNA synthesis as demonstrated for the N348I mutation.
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1. Introduction

The reverse transcriptase (RT) of human immunodeficiency
virus type 1 (HIV-1) is a DNA polymerase responsible for the
ll rights reserved.

: +34 91 196 4420.
ndez-Arias).
conversion of the viral genomic RNA into double-stranded proviral
DNA. Nucleoside and non-nucleoside HIV-1 RT inhibitors consti-
tute the backbone of highly active antiretroviral therapy (HAART)
(Menéndez-Arias, 2010). Currently prescribed HAART regimens
can be diverse, but usually include two nucleoside RT inhibitors
combined with one non-nucleoside RT inhibitor (NNRTI) or alter-
natively, one ritonavir-boosted protease inhibitor or an integrase
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inhibitor. NNRTIs are a group of small (<600 Da) hydrophobic com-
pounds that specifically bind HIV-1 RT, acting as non-competitive
inhibitors with respect to either dNTP or nucleic acid substrates
(Sluis-Cremer and Tachedjian, 2008). Unlike nucleoside RT inhibi-
tors, NNRTIs do not require intracellular metabolism for activity.

There are five NNRTIs approved for clinical use: nevirapine, del-
avirdine, efavirenz, etravirine and rilpivirine (http://www.fda.gov/
ForConsumers/byAudience/ForPatientAdvocates/HIVandAIDSActiv-
ities/ucm118915.htm). First generation non-nucleoside inhibitors
such as nevirapine and delavirdine were licensed by the US Food
and Drug Administration in June 1996 and April 1997, respectively.
Efavirenz, a more potent and selective NNRTI was approved in
September 1998, and has been used in combination with nucleo-
tide and nucleoside analogues such as tenofovir and emtricitabine,
respectively, as part of a very potent and successful HAART ther-
apy. However, the clinical use of nevirapine, delavirdine and efavi-
renz has been limited by their relatively low genetic barrier to
resistance, their cross-resistance and tolerability issues. Some of
these limitations have been overcome by diarylpyrimidine (DAPY)
analogues such as etravirine and rilpivirine. These next-generation
NNRTIs have been approved by the FDA in January 2008 (etravi-
rine) and in May 2011 (rilpivirine).
2. HIV-1 RT structure and NNRTI inhibition of DNA
polymerization

The HIV-1 RT is a heterodimeric enzyme composed of subunits
of 66 kDa and 51 kDa, designated as p66 and p51, respectively.
Both subunits share the same amino acid sequence, but p51 lacks
residues 441–560 of p66 that form the RNase H domain. Crystal
structures have shown that both subunits contain four common
subdomains designated as ‘fingers’ (residues 1–85 and 118–155),
‘palm’ (residues 86–117 and 156–236), ‘thumb’ (237–318) and
‘connection’ (319–426) (Kohlstaedt et al., 1992). The folding of
these subdomains relative to each other is different in each sub-
unit. The DNA polymerase active site resides within p66 where
the catalytic residues Asp-110, Asp-185 and Asp-186 are located.
Two divalent cations (Mg2+) are required for catalysis. The nucleic
acid binding cleft is formed by the fingers, palm and thumb subdo-
mains of p66 and the thumb subdomain of p51, that together with
the connection subdomains of both subunits contribute to the
‘‘floor’’ of the cleft.

The NNRTI binding site is a hydrophobic pocket located in the
palm subdomain of the 66-kDa subunit, at a distance of around
10 Å from the RT DNA polymerase catalytic site and 60 Å from
the RT RNase H active site. Crystal structures of nevirapine bound
to HIV-1 RT revealed that the binding pocket is formed by the
movement of the side-chains of Tyr-181 and Tyr-188 that stabilize
inhibitor binding. These interactions were found to be important
for binding of other first-generation NNRTIs, such as MKC-442 or
TNK-651 (El-Brollosy et al., 2002; Ren et al., 2001). Structural anal-
ysis of nevirapine-bound RT led authors to propose that NNRTI
binding would restrict the relative subdomain movements re-
quired to complete the catalytic cycle of the enzyme (Kohlstaedt
et al., 1992). Upon NNRTI binding, there is a change in the thumb
subdomain that adopts a more open conformation in comparison
with the closed conformation of the unliganded RT (Kohlstaedt
et al., 1992; Rodgers et al., 1995). This rearrangement could affect
the correct interaction between RT and template/primer. This sug-
gested mechanism of nevirapine inhibition has been imaginatively
called as ‘molecular arthritis’.

Pre-steady-state kinetic studies have shown that NNRTIs act by
slowing the rate of the chemical reaction of DNA polymerization
catalyzed by the RT (Spence et al., 1995, 1996). These findings were
consistent with structural data showing the differences between
NNRTI bound and free forms of HIV-1 RT that affect the location
of strands b4, b7 and b8 (Esnouf et al., 1995). These b-strands con-
tain part of the polymerase active site including catalytic aspartic
acid residues. It has been suggested that this conformational
change affecting the active site of the RT could alter binding of
divalent cations Mg2+/Mn2+, therefore weakening dNTP interac-
tions. However, kinetic studies demonstrated that NNRTIs
strengthen dNTP binding, while RT-template/primer-NNRTI com-
plexes display a cation-dependent increase in dNTP binding affin-
ity (Xia et al., 2007). These data argue against the proposal of
NNRTI-shifted aspartates as being unable to bind divalent cations.

An alternative mechanism to explain RT inhibition by NNRTIs
involves a conformational change affecting residues of the primer
grip (residues 227–235), as a result of the contribution of the
side-chains of the highly-conserved Trp-229 and Pro-236 in NNRTI
binding (Hsiou et al., 1996). Since the primer grip is involved in the
precise positioning of the DNA primer relative to the polymerase
active site, its conformational change resulting from NNRTI binding
would prevent the establishment of a catalytically competent ter-
nary complex.
3. Structural basis of NNRTI binding and resistance

Crystal structures of HIV-1 RT bound to nevirapine, delavirdine,
efavirenz, etravirine and rilpivirine have been determined
(Table 1). The NNRTI binding site is located in the 66-kDa subunit
of the RT. In general, NNRTI binding involves stacking interactions
between aromatic rings of the inhibitors and the side-chains of
Tyr-181, Tyr-188, Trp-229 and Tyr-318, electrostatic interactions
involving the side-chains of Lys-101, Lys-103 and the p51 residue
Glu-138, van der Waals interactions with Leu-100, Val-106, Val-
179, Tyr-181, Glu-190, Trp-229, Leu-234, Pro-236 and Tyr-318,
and hydrogen bonds between the NNRTI and the main chain of the
RT. The formation of the NNRTI binding pocket is characterized by
the movement of the side-chains of Tyr-181 and Tyr-188 from a
‘down’ to an ‘up’ position (Rodgers et al., 1995; Esnouf et al.,
1997). Tyrosine residues 181 and 188 are important for nevirapine
binding, and single amino-acid substitutions at those positions
(e.g. Y181C, Y181I, Y188C and Y188I) are known to confer high-level
resistance to the inhibitor (Fig. 1).

Larger first-generation inhibitors such as delavirdine, extend to-
wards the flexible loop containing Pro-236, while maintaining
stacking interactions with the tyrosine residues 181 and 188 and
stabilizing hydrogen bonds with Lys-103 (Esnouf et al., 1997). On
the other hand, stacking interactions are less important in the case
of efavirenz binding. Hydrogen bonds between the protein back-
bone of Lys-101 and Lys-103 and the inhibitor are critical for efavi-
renz binding (Ren et al., 2000; reviewed in Ren and Stammers,
2008). K103N confers high-level resistance to efavirenz (Fig. 1).
The crystal structure of the unliganded mutant RT revealed the for-
mation of a hydrogen bond between the hydroxyl group of Tyr-188
and the Asn-103 amide that could stabilize the unliganded RT with
the Tyr-188 side-chain in a ‘down’ position (Hsiou et al., 1996).

Efavirenz, as well as nevirapine and delavirdine, show a low ge-
netic barrier for resistance. Single-nucleotide changes in the viral
genome can confer high-level resistance to those inhibitors. NNRTI
resistance mutations can be classified into three major groups
based on their mechanisms of resistance: (i) loss of or change of
key hydrophobic interactions of the inhibitor at the NNRTI binding
site (e.g. Y181C and Y188L), (ii) steric hindrance affecting the cen-
tral region of the NNRTI (e.g. L100I, V106A and G190A), or (iii) ami-
no acid substitutions that occur at the rim of the NNRTI binding
pocket and interfere with inhibitor entry (e.g. K101E and K103N)
(Hsiou et al., 1996; Ren et al., 2007). Efavirenz binding occurs in
a deeper position in the mutant K103N RT as compared with the
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Table 1
Crystal structures of HIV-1 RT bound to approved NNRTIs.a

Inhibitor RT PDB code Resolution (Å) References

Nevirapine Wild-type 3HVT 2.90 Smerdon et al. (1994)
1VRT 2.20 Ren et al. (1995)

Wild-type (in complex with P4Y)b 3QIP 2.09 Lansdon et al. (2011)
M41L/D67N/K70R/M184V/T215Yc 1LWF 2.80 Chamberlain et al. (2002)
M41L/T215Y 1LWE 2.81 Chamberlain et al. (2002)
L100I 1S1U 3.00 Ren et al. (2004)
K101E 2HND 2.50 Ren et al. (2006)
K103N 1FKP 2.90 Ren et al. (2000)
K103N (in complex with LP7)d 3LP0 2.79 Su et al. (2010)
K103N (in complex with LP8) e 3LP1 2.23 Su et al. (2010)
V108I 1S1X 2.80 Ren et al. (2004)
E138K 2HNY 2.50 Ren et al. (2006)
Y181C 1JLB 3.00 Ren et al. (2001)
M184V 1LWC 2.62 Chamberlain et al. (2002)
Y188C 1JLF 2.60 Ren et al. (2001)
T215Y 1LW0 2.80 Chamberlain et al. (2002)

Delavirdine Wild-type 1KLM 2.65 Esnouf et al. (1997)
Efavirenz Wild-type 1FK9 2.50 Ren et al. (2000)

K103N 1FKO 2.90 Ren et al. (2000)
K103N/E478Qf 1IKV 3.00 Lindberg et al. (2002)
Y181C 1JKH 2.50 Ren et al. (2001)
E478Q 1IKW 3.00 Lindberg et al. (2002)

Etravirine Wild-type 3MEC 2.30 Lansdon et al. (2010)
3M8P 2.67 Kertesz et al. (2010)

K103N 3MED 2.50 Lansdon et al. (2010)
K103N/C280S 1SV5 2.90 Das et al. (2004)

Rilpivirine Wild-type 3MEE 2.40 Lansdon et al. (2010)
L100I/K103N/K172A/K173A/C280S 2ZE2 2.90 Das et al. (2008)
K103N 3MEG 2.80 Lansdon et al. (2010)
K103N/K172A/K173A/Y181C/C280S 3BGR 2.10 Das et al. (2008)
K172A/K173A/C280S 2ZD1 1.80 Das et al. (2008)

a Atomic coordinates available from the Protein Data Bank (PDB) at http://www.pdb.org.
b P4Y is 5,6-dihydroxy-2-[(2-phenyl-1H-indol-3-yl)methyl]pyrimidine-4-carboxylic acid, an RNase H inhibitor.
c M41L, D67N, K70R and T215Y are thymidine analogue resistance-associated mutations and M184V is a lamivudine resistance mutation.
d LP7 is ethyl 1,4-dihydroxy-2-oxo-1,2-dihydro-1,8-naphthyridine-3-carboxylate, an RNase H inhibitor.
e LP8 is 3-cyclopentyl-1,4-dihydroxy-1,8-naphthyridin-2(1H)-one, an RNase H inhibitor.
f E478Q is an amino acid substitution that inactivates the RNase H activity of the RT.
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wild-type enzyme (Ren et al., 2000), and is thus less effective in
inhibiting the mutant enzyme. Kinetic studies carried out with
nevirapine showed that K103N impacts the rate of inhibitor bind-
ing (kon), while L100I and V106A influenced inhibitor dissociation
(koff). Major resistance mutations such as Y181I or Y188L have an
impact on both parameters kon and koff (Maga et al., 1997).

Recently developed DAPY compounds, such as etravirine and
rilpivirine, adopt a horseshoe shape in the NNRTI binding pocket
(Das et al., 2004, 2008; Lansdon et al., 2010) (Fig. 2). Etravirine is
bound to the HIV-1 RT with the central pyrimidine ring located be-
tween Leu-100 and Val-179, and establishing a key hydrogen bond
with Lys-101. The benzonitrile moiety of etravirine locates in the
pocket defined by Val-106, Pro-225, Phe-227, Leu-234, Pro-236
and Tyr-318, with its dimethylcyanophenyl group oriented to-
wards Tyr-188, Phe-227 and Trp-229 (Das et al., 2004; Lansdon
et al., 2010).

Rilpivirine shows a similar conformation in the NNRTI binding
pocket, but the inhibitor slides closer to Glu-138 (p51) and
protrudes further in the pocket defined by Phe-227 and Trp-229
(Lansdon et al., 2010). As shown for other NNRTIs, upon etravirine
and rilpivirine binding, there is a shift in the location of the
conserved YMDD motif (residues 183–186). Unlike nevirapine,
delavirdine or efavirenz, DAPY derivatives can adopt different
conformational modes while binding the RT enzyme. These com-
pounds show remarkable torsional flexibility (‘‘wiggling’’) and abil-
ity to reposition (‘‘jiggling’’) within the NNRTI binding pocket,
thereby optimizing their interactions with the enzyme (Das et al.,
2004, 2008). In vitro studies have shown that high-level resistance
to etravirine or rilpivirine is usually achieved by the accumulation
of two or more amino acid substitutions as compared with the
wild-type strain. Examples are K101E/K103N and K103N/Y181C
in the case of etravirine (Andries et al., 2004). Single mutations
do not prevent their binding to the enzyme but reduce the number
of alternative binding configurations available for the inhibitor.
However, recently published results of phase III clinical trials of
rilpivirine in combination with tenofovir/emtricitabine showed a
high prevalence of E138K (usually in combination with the emtri-
citabine resistance-associated mutation M184I) in individuals
experiencing virological failure (Cohen et al., 2011; Molina et al.,
2011), suggesting that the rilpivirine genetic barrier to resistance
could be lower than previously thought.
4. Other effects of NNRTI binding on RT function

As described above, NNRTI binding impairs DNA polymerization.
However, the kinetic constants for inhibition can vary more than
100-fold depending on the template/primer used in the assays. In
addition, reverse transcription requires the coordinate action of
the DNA polymerase and RNase H activities of the RT, particularly
at strand transfer reactions required to complete minus strand
DNA synthesis and to synthesize the full proviral DNA.

It has been shown that some NNRTIs (e.g. nevirapine, efavirenz)
are able to inhibit 50-RNA directed HIV-1 RNase H activity (or poly-
merase-independent RNase H activity), while stimulating 30-DNA
directed (i.e. polymerase-dependent) RNase H activity (Hang
et al., 2007; Radzio and Sluis-Cremer, 2008). In agreement with
these observations, it has been shown that efavirenz and other
NNRTIs show a more potent effect in strand transfer assays than
in DNA polymerization assays. In addition, NNRTI resistance muta-
tions such as K103N, V106A, Y181C or P236L modulate RNase H
activity by diminishing 50-RNA and/or 30-DNA directed cleavage

http://www.pdb.org
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Fig. 1. Chemical structures of nevirapine, delavirdine and efavirenz and amino
acid substitutions that by themselves confer a >40-fold increase in the inhibitory
concentration (IC50) relative to the wild-type virus in phenotypic assays using
recombinant HIV-1 strains. Locations of amino acid residues relative to the
NNRTI structures were obtained from the corresponding crystal structures of
RT/NNRTI complexes, using Protein Data Bank (PDB) coordinates given in Table 1.
NNRTI susceptibility data on the effects of single amino acid substitutions were
taken from the following references: (i) nevirapine (Richman et al., 1991; Balzarini
et al., 1993, 1994a,b; Richman et al., 1994; Ahgren et al., 1995; Buckheit et al.,
1995a,b; Fujihashi et al., 1995; Kleim et al., 1997; Pelemans et al., 1997; Fujiwara
et al., 1998; Balzarini et al., 2000; Petropoulos et al., 2000; Bacheler et al., 2001;
Chan et al., 2001; Isaka et al., 2001; Brenner et al., 2003; Huang et al., 2003; Rao
et al., 2004; Amiel et al., 2005; Harrigan et al., 2005; Parkin et al., 2006; Barreca
et al., 2007; Kagan et al., 2009; Tambuyzer et al., 2009; Azijn et al., 2010), (ii)
delavirdine (Dueweke et al., 1993; Balzarini et al., 1994a, 1996a,b; Olmsted et al.,
1996; Demeter et al., 1997; Kleim et al., 1997; Fujiwara et al., 1998; Balzarini
et al., 2000; Isaka et al., 2000; Petropoulos et al., 2000; Bacheler et al., 2001;
Brenner et al., 2003; Harrigan et al., 2005; Parkin et al., 2006; Sato et al., 2006),
and (iii) efavirenz (Young et al., 1995; Balzarini et al., 2000; Petropoulos et al.,
2000; Bacheler et al., 2001; Brenner et al., 2003; Huang et al., 2003; Das et al.,
2004; Amiel et al., 2005; Sato et al., 2006; Kagan et al., 2009; Tambuyzer et al.,
2009; Azijn et al., 2010). For a comprehensive review on the effects of one or more
amino acid substitutions on phenotypic resistance to NNRTIs, see Menéndez-Arias
(2011).
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(e.g. K103N, V106A, P236L), or increasing the rate and frequency of
secondary cleavages in the viral RNA (e.g. Y181C) (Gerondelis et al.,
1999; Archer et al., 2000).

In vitro studies have shown that NNRTIs are potent inhibitors of
the initiation of plus-strand DNA synthesis under conditions in
which there was little inhibition of minus strand DNA synthesis
(Grobler et al., 2007). Plus-strand DNA synthesis involves binding
of the RT to a template/primer containing a DNA template and
an RNA polypurine tract (PPT) that is used as a primer. Biochemical
studies showed that RT preferentially binds to RNA PPT hybrid du-
plexes in a polymerase-dependent mode (i.e. with the 30 end of the
primer located at the polymerase active site) (Palaniappan et al.,
1998; Götte et al., 2000).

Fluorescent resonance energy transfer (FRET) experiments
using fluorophores attached to one of the single strand overhangs
of the DNA template and to the polymerase (either at the RT fingers
subdomain or at the RNase H domain) have confirmed that the
RNA PPT could adopt different orientations, with its 30 end located
either at the DNA polymerase catalytic site or at the RNase H active
site (Abbondanzieri et al., 2008; Liu et al., 2008). In the absence of
dNTPs, the RT has a stronger tendency to interact with the PPT pri-
mer in a polymerase-independent mode (Abbondanzieri et al.,
2008) (Fig. 3). However, nucleotide addition occurs in the polymer-
ase-dependent orientation. Extension of the PPT primer facilitates
its removal because the RNA becomes more accessible to the RNase
H activity of the RT. FRET-based single-molecule studies showed
that nevirapine binding increases the flipping rate from the poly-
merase-competent to the RNase H-competent (or polymerase-
independent) orientation (Abbondanzieri et al., 2008) (Fig. 3).
Therefore, NNRTIs appear to facilitate primer removal while inhib-
iting DNA synthesis.

Several studies have shown that NNRTIs act as chemical
enhancers of HIV-1 RT dimerization (Tachedjian et al., 2001; Vene-
zia et al., 2006). Their binding pocket is located at the interface be-
tween the HIV-1 RT subunits p66 and p51, and includes residues
such as Tyr-181 in p66 or Glu-138 in p51 (Menéndez-Arias et al.,
2001). Efavirenz was found to be the most potent inducer of RT
dimerization, whereas nevirapine has a weak effect and delavir-
dine has no effect at all (Tachedjian et al., 2001). Efavirenz is a
tight-binding inhibitor capable of binding RT monomers (i.e. p51
or p66) or dimers (p51/p51, p66/p51 and p66/p66) (Figueiredo
et al., 2006; Braz et al., 2010). Based on these observations, it has
been suggested that efavirenz and probably other NNRTIs could
promote Gag-Pol dimerization and enhance polyprotein processing
due to a premature activation of the viral protease (Figueiredo
et al., 2006). The compensatory effect of amino acid substitutions
in the viral protease that restore viability of HIV clones containing
defective RTs (Olivares et al., 2007) also argues in favour of tight
regulation between RT dimerization and viral protease activation.
In addition, other studies have shown that efavirenz impairs virus
particle production by affecting RT-Gag interactions. This effect is
suppressed by mutant RTs bearing the amino acid substitutions
W401A/W402A that occur at the RT dimerization interface (Chiang
et al., 2009).
5. Connection subdomain mutations related to NNRTI
resistance

Current genotypic analysis of HIV-1 isolates generally focus on
residues 1–250 of the RT, and therefore do not provide information
on potential antiretroviral therapy-related mutations occurring in
the thumb-connection and RNase H domains of the viral polymer-
ase. Recent findings have revealed that mutations in the connec-
tion subdomain and in the RNase H domain of the RT can
significantly amplify resistance to the nucleoside analogue zidovu-
dine (AZT), by altering the balance between excision and RNA tem-
plate degradation (Nikolenko et al., 2005; Delviks-Frankenberry
et al., 2008; for recent reviews, see Menéndez-Arias, 2008;
Delviks-Frankenberry et al., 2010). Suppression of AZT resistance
by NNRTIs also suggests that there is an interaction between the



Fig. 2. Structures of etravirine and rilpivirine binding pockets and resistance-associated mutations. Top panel shows the HIV-1 RT bound to etravirine with green and blue
ribbon diagrams showing the location of p66 and p51, respectively. The NNRTI binding pockets of etravirine and rilpivirine are shown using a mesh representation. NNRTIs
are represented with orange sticks. In the etravirine complex, Leu-100 and Val-179 are shown in green, Val-106, Pro-225, Phe-227, Leu-234, Pro-236 and Tyr-318 in red, and
Tyr-188 and Trp-229 in cyan. In the rilpivirine complex, highlighted residues are Glu-138 (blue) and Phe-227 and Trp-229 (purple). Coordinates were taken from PDB files
3MEC and 3MEE. The lower panel shows amino acid substitutions associated with phenotypic resistance to etravirine (Andries et al., 2004; Das et al., 2004; Tambuyzer et al.,
2009) and rilpivirine (Azijn et al., 2010). In vitro, high-level resistance to both inhibitors requires the combination of two or more amino acid substitutions (for a
comprehensive list of mutant HIV-1 strains with etravirine or rilpivirine susceptibility data, see Menéndez-Arias, 2011).
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binding sites of AZT and NNRTIs. Furthermore, the NNRTI resis-
tance mutation Y181C can suppress AZT resistance mediated by
the combinations D67N/K70R/T215F/K219Q or D67N/K70R/
T215Y/K219Q (reviewed in Menéndez-Arias, 2008).

Several mutations in the thumb and connection subdomains of
the RT have been associated with resistance to NNRTIs. Among
those occurring in the thumb, the amino acid substitution L283I
produces an approximately 2-fold increase in the 50% inhibitory
concentration (IC50) of nevirapine and delavirdine, particularly
when combined with I135L, I135M or I135T (Leigh Brown et al.,
2000). Both amino acids locate at the p51 heterodimer interface
of the RT, but do not participate in the NNRTI binding pocket.
The N265D polymorphism has been identified in subtype A HIV-
1 clones with NNRTI resistance mutations, but unexpectedly, in
one clone it showed an antagonistic effect on K103N over nevira-
pine, delavirdine and efavirenz resistance, rendering HIV-1 suscep-
tible to the drugs (Eshleman et al., 2006). Other HIV-1 subtype A
variants selected in the presence of efavirenz contained mutations
A288T or D312E/Q452L, which appeared associated with the
NNRTI resistance mutation Y188C or with L234F, respectively
(Lai et al., 2010). Another thumb subdomain mutation (V314I)
has been selected in combination with E138K in HIV-1 subtype C
strains grown in the presence of etravirine (Lai et al., 2010).

A number of amino acid substitutions in the RT connection sub-
domain have been associated with low-level but significant resis-
tance to NNRTIs (Table 2). In some cases, the residues involved
occur at the NNRTI binding pocket and participate in interactions
with the inhibitor (e.g. Y318F and Y318W). However, in most cases,
drug resistance mutations occur away from the NNRTI binding
pocket. The molecular mechanisms involved in resistance medi-
ated by these mutations are less clear and still being investigated.
6. NNRTI binding pocket mutations: effect of Y318F and Y318W
on resistance

The prevalence of mutations at position 318 in large panels of
HIV-infected antiretroviral-drug treated patients has been esti-
mated at less than 2%, and about 5 to 11 times less frequent than
major NNRTI resistance mutations such as K103N or Y181C
(Harrigan et al., 2002). Tyr-318 is highly conserved among all
HIV-1 and HIV-2 strains and is part of the binding pocket of all



Table 2
Effect of RT connection subdomain mutations on NNRTI susceptibility as determined in phenotypic assays.

Amino acid
substitution

IC50 (fold-change)a References

Nevirapine Delavirdine Efavirenz Etravirine

E312Q 2.4 nr 0.8 nr Hachiya et al. (2009)
Y318F 1.5–7.8 17.3–42 0.5–1.7 1.4 Pelemans et al. (1998), Harrigan et al. (2002), Vingerhoets et al. (2005), Sato et al. (2006) and

Tambuyzer et al. (2009)
Y318W 53.7 0.3 nr nr Pelemans et al. (1998)
G333D 2.4 nr 1.4 nr Hachiya et al. (2009)
G333E nr nr nr 0.9 Gupta et al. (2011)
G335C 2.8 nr 0.6 nr Hachiya et al. (2009)
N348I 3.3–27 3.4–5.5 1.7–2.7 1.4–1.6 Yap et al. (2007), Hachiya et al. (2008, 2009), Sluis-Cremer et al. (2010), Gupta et al. (2010,

2011) and Lengruber et al. (2011)
K358R 0.5 nr nr nr Lengruber et al. (2011)
G359S 0.7 nr nr nr Lengruber et al. (2011)
A360I 1.7 nr 0.8 nr Hachiya et al. (2009)
A360V 0.8–2.2 nr 1.3 nr Hachiya et al. (2009) and Lengruber et al. (2011)
V365I 2.9 nr 1.1 nr Hachiya et al. (2009)
T369I 8.4 5.2 2.1–2.4 1.5 Zhang et al. (2007), and Gupta et al. (2010, 2011)
T369V 8.6–9.2 5.5 3.1 nr Gupta et al. (2010) and Lengruber et al. (2011)
A371V 1.2 nr nr nr Lengruber et al. (2011)
I375V 0.9 nr nr nr Lengruber et al. (2011)
A376S 3.7–4.3 1.5 1.8–1.9 1.1 Hachiya et al. (2009) and Paredes et al. (2011)
T377M 1.2 nr nr nr Lengruber et al. (2011)
T386A nr nr 1.6 0.5 Vingerhoets et al. (2005)
I393L 1.3 1.0 1.0 nr Hachiya et al. (2008)
E399D nr nr nr 1.2 Gupta et al. (2011)
Q509Lb 9.1 nr 2.7 nr Hachiya et al. (2009)
N348I/T369Ic 58.6 29.8 8.1 1.7 Gupta et al. (2010, 2011)
N348I/I393Lc 26 7 1.7 nr Hachiya et al. (2008)

nr, not reported.
a Indicated values correspond to the ratio between the 50% inhibitory concentrations (IC50) obtained with recombinant virus carrying the indicated mutation and a

reference wild-type strain. Significant levels of resistance (>2.5-fold) are indicated in bold.
b Q509L is an RT RNase H domain mutation.
c Combination of RT connection subdomain mutations that confer significant resistance to one or more approved NNRTIs.
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approved NNRTIs. Specifically, Tyr-318 makes extensive contacts
with delavirdine through its piperazine moiety and the adjacent
CO group. Non conservative substitutions of Tyr-318 in the RT lead
to the loss of its DNA polymerase activity to levels below 5% of the
wild-type enzyme (Pelemans et al., 1998). However Y318F and
Y318W retain more than 60% of the wild-type RT activity.

Phenotypic assays using recombinant virus have demonstrated
that Y318F produces a 17.3- to 42-fold increase in the IC50 for del-
avirdine, while conferring low-level resistance (1.5- to 3-fold in-
crease) to nevirapine (Pelemans et al., 1998; Harrigan et al.,
2002; Sato et al., 2006; Tambuyzer et al., 2009). In contrast, the
available data indicate that Y318F has a minor impact on efavirenz
and etravirine resistance (Vingerhoets et al., 2005; Tambuyzer
et al., 2009), although selection experiments carried out in the
presence of etravirine allowed for the identification of viruses hav-
ing mutations V179I, Y181C, L234F and Y318F and showing high-
level resistance to etravirine (Vingerhoets et al., 2005). In site-di-
rected mutagenesis studies carried out with HIV-1 clones, Y318F
was shown to increase by 2-fold efavirenz and etravirine resistance
mediated by the combination of K103N and Y181C (Vingerhoets
et al., 2005).

The Y318W substitution confers HIV-1 high-level resistance to
nevirapine (i.e. >50-fold increase in the IC50), while rendering the
virus susceptible to delavirdine (Pelemans et al., 1998). However,
the presence of this mutation in vivo has not been reported, since
it requires two simultaneous nucleotide changes (TAT to TGG) to
emerge and any intermediate single-nucleotide change would ren-
der a defective virus.

7. Mutations away from the NNRTI binding pocket: resistance
mechanisms

As shown on Table 2, amino acid substitutions in the RT connec-
tion subdomain at residues located away from the NNRTI binding
pocket confer low to moderate levels of resistance to nevirapine
and delavirdine, and in a lesser extent to efavirenz. The most rele-
vant are N348I, T369I or T369V and A376S. High-level resistance
to nevirapine and delavirdine, and moderate levels of resistance to
efavirenz have been observed in the case of the double-mutant
N348I/T369I, in the absence of mutations affecting the NNRTI bind-
ing site (Gupta et al., 2010, 2011). Interestingly, these two amino
acid substitutions can produce a significant increase of the resis-
tance mediated by classical NNRTI resistance mutations such as
L100I, K103N, Y181C or G190S, as demonstrated in drug susceptibil-
ity assays carried out with nevirapine, delavirdine, efavirenz and
etravirine (Gupta et al., 2010, 2011). For etravirine, the introduction
of the connection subdomain mutations N348I/T369I produces a 10-
fold increase of IC50 obtained with viruses having Y181C, and ren-
ders a highly-resistant HIV-1 strain (Gupta et al., 2011).

7.1. N348I

The most extensively studied mutation of the connection sub-
domain is N348I. This amino acid substitution is selected early in
response to antiretroviral therapy (Yap et al., 2007), but disappears
soon after interrupting therapy due to its negative effects on the
HIV-1 replicative capacity (Hachiya et al., 2008; Gupta et al.,
2010; McCormick et al., 2011). N348I is usually associated with
thymidine analogue resistance mutations (e.g. M41L and T215Y),
and by itself confers dual resistance to AZT and nevirapine (Yap
et al., 2007; Hachiya et al., 2008). An association between N348I
and the accumulation of NNRTI resistance mutations has also been
reported (Cane et al., 2007; Yap et al., 2007) and, specifically, the
combination of K103N and N348I shows increased efavirenz and
nevirapine resistance in comparison with mutants having K103N
alone (Yap et al., 2007).

Yap et al. showed that N348I reduces the rate of RNA template
degradation by RT in either a wild-type background or in the
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presence of thymidine analogue resistance mutations (Yap et al.,
2007). This property would facilitate the excision of AZT by giving
RT more time to excise the blocking nucleoside analogue from the
terminated primer (Nikolenko et al., 2005). A similar effect has
been reported for Q509L, an RNase H domain mutation that de-
creases RNase H activity while increasing AZT resistance mediated
by D67N/K70R (Brehm et al., 2008). Q509L confers 9.1- and 2.7-
fold increased resistance to nevirapine and efavirenz in phenotypic
assays (Hachiya et al., 2009).

However, it has been shown that N348I could also modulate the
excision activity of the RT by an RNase H independent mechanism,
since this mutation could increase the processivity of HIV-1 RT in
the absence (Schuckmann et al., 2010) or in the presence of AZT
resistance-associated mutations (Ehteshami et al., 2008). As for
nevirapine, four major mechanisms have been proposed to explain
the resistant phenotype conferred by N348I. Thus, this amino acid
substitution could act (i) by decreasing inhibitor binding to the
nevirapine binding pocket, (ii) by reducing the affinity of the RT
for the template/primer in the presence of the NNRTI, (iii) by
decreasing the RT RNase H activity, and (iv) by affecting the orien-
tation of the RT relative to the nucleic acid substrate, a property
that appears to be critical for PPT tract removal during plus strand
DNA synthesis (Biondi et al., 2010; Nikolenko et al., 2010; Schuck-
mann et al., 2010) (Fig. 4). Asn-348 has no direct interaction with
the NNRTI binding pocket and does not participate in p66/p51 sub-
unit interactions.

Enzymatic studies have shown that N348I decreases catalytic
efficiency (Schuckmann et al., 2010), thereby providing an expla-
nation for the reduced fitness of viruses carrying the mutation. In
addition, N348I improved affinity for nucleic acid and enhanced
processivity of DNA synthesis, and these effects were also observed
when the mutation was selectively introduced either in p66 or in
p51. These properties had a long-range effect on inhibitor binding
(Kd) by primarily decreasing the association rate (kon) of the inhib-
Fig. 4. Potential mechanisms to explain nevirapine resistance mediated by N348I. The am
DNA template-primer and therefore, the coordination between the RNA-dependent DNA
mechanism acts on the initiation of plus strand DNA synthesis and is based on the red
presence of nevirapine (see Fig. 3 for details).
itor (Schuckmann et al., 2010). Interestingly, the decreased RNase
H activity conferred by N348I (Yap et al., 2007) was mapped to
the 51-kDa subunit (Schuckmann et al., 2010).

A general model to explain dual resistance to nucleoside and
nonnucleoside RT inhibitors that incorporates RNase H activity
has been proposed (Nikolenko et al., 2010). In this model, reduced
RNase H cleavages allow more time for dissociation of the NNRTI
from the RT-template/primer-NNRTI complex leading to more effi-
cient reinitiation of DNA synthesis. The experiments carried out
with N348I mutants show that the dissociation rate for nevirapine
is similar to that obtained with the wild-type RT (koff 0.005 s�1)
(Schuckmann et al., 2010). In addition, increasing concentrations
of NNRTIs can reverse N348I-mediated deficits in RNase H cleavage
on regular RNA/DNA template/primers (Biondi et al., 2010). None-
theless, N348I seems to reduce polymerase-independent RNase H
cleavage during minus strand DNA synthesis, probably as a result
of a decrease in the affinity for shorter double-stranded fragments
(Ehteshami et al., 2008).

In agreement with the results of phenotypic assays (Table 2),
Biondi et al. have shown that N348I has a more significant impact
on susceptibility to nevirapine compared to efavirenz (Biondi et al.,
2010). This differential behaviour has been related to the specific
influence of the mutation on initiation of plus strand DNA synthe-
sis. As discussed above, nevirapine (and efavirenz) facilitate PPT re-
moval during initiation of plus strand DNA synthesis (Götte et al.,
2000; Abbondanzieri et al., 2008). Premature removal of the PPT
tract impairs reverse transcription. N348I counteracts the effects
of nevirapine on this process by diminishing the primer removal
reaction, without affecting RNase H activity in the presence of
efavirenz (Biondi et al., 2010). Overall, these data suggest that
long-range interactions involving RT subdomains can affect the
orientation of the template/primer relative to the RT in the pres-
ence of NNRTIs, and this could have different effects depending
on the reverse transcription step under consideration.
ino acid substitution in the RT can affect interactions with nevirapine and the RNA/
polymerase and RNase H activities of the enzyme during DNA elongation. The fourth
uced tendency of N348I RT to adopt a polymerase-independent orientation in the
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7.2. A376S

Studies carried out with a large European cohort of HIV-infected
patients showed that NNRTI-naïve individuals carrying the A376S
substitution had a 10-fold increased risk of virological failure to
nevirapine (Paredes et al., 2011). A376S confers low-level resis-
tance to nevirapine in phenotypic assays, without affecting the
RT susceptibility to other NNRTIs (Table 2). As in the case of
N348I, the substitution A376S decreases nevirapine affinity (Kd)
by two-fold despite the location of residue 376 more than 20 Å
away from the NNRTI binding site (Paredes et al., 2011). These ef-
fects could result from the higher affinity for double-stranded DNA
of the mutant A376S RT relative to the wild-type enzyme (Paredes
et al., 2011), and could be a consequence of the contribution of Ala/
Ser-376 in p66 to the dimerization interface in the RT heterodimer.
Unlike in the case of N348I, the decreased nevirapine susceptibility
does not seem to be related to effects on primer removal during
initiation of plus strand DNA synthesis.
7.3. Other relevant substitutions

There are other amino acid substitutions in the RT connection
subdomain whose involvement in NNRTI has been suggested. For
example, T386A has been selected as a secondary mutation after
passaging the virus in the presence of etravirine. This amino acid
substitution increases etravirine resistance when classical NNRTI
resistance mutations such as L100I and K103N are present in the
virus (Vingerhoets et al., 2005). G359S has been also associated
with the accumulation of classical NNRTI resistance mutations,
although its real effect in resistance is not clear (Cane et al.,
2007). Studies carried out with chimeric constructs containing
the entire RT connection subdomains of HIV-1 subtype B isolates
obtained from treatment-experienced patients showed the correla-
tion between the presence of G335C and nevirapine resistance, or
between the presence of A360I and resistance to both nevirapine
and efavirenz. In these studies, isolates containing G335C and
N348I were found to be susceptible to efavirenz (Nikolenko et al.,
2010).

A correlation between etravirine susceptibility and the presence
of mutations at codon 399 of the RT-coding region (e.g. E399G or
E399D) has been observed in phenotypic assays carried out with
RTs obtained from treated individuals (Poveda et al., 2008; Gupta
et al., 2011). However, by themselves E399G and E399D have a
minimal effect on etravirine susceptibility and their relevance in
drug resistance is not clear. On the other hand, T369I and T369V
are known to confer resistance to nevirapine and delavirdine in
phenotypic assays and in the case of T369I, this substitution poten-
tiates nevirapine, delavirdine and efavirenz resistance mediated by
N348I (Table 2). T369I has also been selected in the presence of
VRX-480773, an experimental NNRTI that inhibits efavirenz-resis-
tant HIV-1 clones (Zhang et al., 2007). Thr-369 is close to the RT
heterodimer interface but the molecular mechanisms involved in
NNRTI resistance mediated by mutations at position 369 have
not been investigated.
8. Conclusions

All described biochemical studies point towards nucleic acid
binding affinity and RNase H activity as important modulators of
NNRTI resistance. These studies also highlight the importance of
interactions between distinct parts of the RT that play a significant
role in drug resistance evolution. In addition, next-generation
inhibitors (i.e. etravirine and rilpivirine) show more extensive
interactions with the NNRTI binding pocket and require two or
more mutations to achieve significant resistance. In this scenario,
it is possible that RT connection subdomain and/or RNase H do-
main mutations could have a larger impact on resistance, and their
relevance in clinical management of HIV drug resistance is likely to
increase as the novel inhibitors integrate in current HAART
therapies.
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