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Several rare and novel NNRTI [non-nucleoside reverse transcri-
ptase (RT) inhibitor] resistance mutations were recently detected
at codons 132 and 135 in RTs from clinical isolates using the
yeast-based chimaeric TyHRT (Ty1/HIV-1 RT) phenotypic assay.
Ile132 and Ile135 form part of the β7–β8 loop of HIV-1 RT (residues
132–140). To elucidate the contribution of these residues in RT
structure–function and drug resistance, we constructed twelve
recombinant enzymes harbouring mutations at codons 132 and
135–140. Several of the mutant enzymes exhibited reduced DNA
polymerase activities. Using the yeast two-hybrid assay for HIV-
1 RT dimerization we show that in some instances this decrease
in enzyme activity could be attributed to the mutations, in the
context of the 51 kDa subunit of HIV-1 RT, disrupting the subunit–
subunit interactions of the enzyme. Drug resistance analyses using

purified RT, the TyHRT assay and antiviral assays demonstrated
that the I132M mutation conferred high-level resistance
(>10-fold) to nevirapine and delavirdine and low-level resis-
tance (∼2–3-fold) to efavirenz. The I135A and I135M mutations
also conferred low level NNRTI resistance (∼2-fold). Subunit
selective mutagenesis studies again demonstrated that resistance
was conferred via the p51 subunit of HIV-1 RT. Taken together,
our results highlight a specific role of residues 132 and 135 in
NNRTI resistance and a general role for residues in the β7–β8
loop in the stability of HIV-1 RT.

Key words: chimaeric Ty1/HIV-1 reverse transcriptase phenotypic
assay, HIV-1, non-nucleoside reverse transcriptase inhibitor, resis-
tance, reverse transcriptase.

INTRODUCTION

HIV-1 RT (reverse transcriptase) is a multifunctional enzyme that
catalyses the conversion of the viral single-stranded RNA into
double-stranded DNA. Due to its essential role in HIV-1 replic-
ation, RT is a major target for the development of antiretroviral
agents [1]. To date, two therapeutic classes of RT inhibitors have
been identified: the NRTIs (nucleoside RT inhibitors) and the
NNRTIs (non-nucleoside RT inhibitors). NRTIs bind at the active
site of RT and act as competitive, chain-terminating inhibitors
of DNA polymerization [2]. By contrast, the NNRTIs bind to
a non-active site pocket in HIV-1 RT [termed the NNRTI-BP
(NNRTI-binding pocket)] and act as allosteric inhibitors of DNA
polymerization [3]. Although combinatorial therapies that contain
two or more RT inhibitors have profoundly reduced morbidity and
mortality associated with AIDS, their long-term efficacy is limited
by the selection of drug-resistant variants of HIV-1.

The detection and characterization of drug-resistant variants
is important for the effective management of HIV-1 infected
individuals. The TyHRT (Ty1/HIV-1 RT) assay, which uses hybrid
yeast Ty1/HIV-1 RT retroelements, was previously developed to
provide a simple phenotypic assay for HIV-1 RT activity [4].
Expression of TyHRT elements carrying a reverse transcription
indicator gene generates HIV-1 RT-mediated events at a high
frequency and the activity of HIV-1 RT variants can be differ-
entiated and characterized over a 10000-fold range. Since HIV-1

RT activity is inhibited by NNRTI in yeast [5], this assay can be
used to determine the inhibitor susceptibility of individual RTs
derived from laboratory clones or from clinical sample isolates
[6] and can be used to detect drug resistant viral variants present
at frequencies of less than 1% of the virus population [6,7]. In
this regard, we recently detected several rare and novel NNRTI
resistance mutations at codons 132 and 135, in particular I132M
and I135M, in HIV-1 RT [8,8a]. However, the genetic background
of the clinical RT isolates in these studies varied from canonical
WT (wild-type) strains and contained multiple polymorphisms
that may also have affected RT activity and inhibitor susceptibility.
Accordingly, the primary objective of the present study was to
elucidate the role of these residues in RT structure–function and
drug resistance in a defined RT background.

MATERIALS AND METHODS

Materials

TyHRT reverse transcription assays were carried out in Saccharo-
myces cerevisiae strain GRY 1990(MATα ura3–167 trp1:pgk-
lacZ spt3–101 his3�200). Yeast two-hybrid analyses were carried
out using the S. cerevisiae strain CTY10–5d (MATα ade2
trp1–901 leu2-lacZ his3–200 gal4−gal80− URA3:lexA-lacZ).
Efavirenz and nevirapine were obtained from the NIH (National
Institutes of Health) AIDS Research and Reference Reagent

Abbreviations used: β-gal, β-galactosidase; p66, 66 kDa subunit of reverse transcriptase; p51, 51 kDa subunit of reverse transcriptase; RLU, relative
light unit; RT, reverse transcriptase; TyHRT, Ty1/HIV-1 RT; NNRTI, non-nucleoside RT inhibitor; NNRTI-BP, NNRTI-binding pocket; NRTI, nucleoside RT
inhibitor; WT, wild-type.
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Program. Delavirdine was purchased from BIOMOL. All other
reagents were of the highest quality available and were used
without further purification.

Site-directed mutagenesis and purification of HIV-1 RT

All mutations were introduced into WT HIV-1LAI RT [9] by site-
directed mutagenesis using the QuikChange® mutagenesis kit
(Stratagene). Full-length sequencing of mutant RTs was per-
formed to confirm the presence of the desired mutations and to
exclude adventitious mutations introduced during mutagenesis.
WT and mutant recombinant HIV-1 RTs were overexpressed
and purified to homogeneity as described previously [10,11].
For subunit selective mutagenesis, the p66 (66 kDa subunit of
RT) and p51 (51 kDa subunit of RT) RT genes were cloned
into the pET-DUET vector (Novagen-EMD Biosciences) and
enzymes were purified as described previously using a double-tag
strategy [12,13]. The RT concentration was determined spectro-
photometrically at 280 nm using a molar absorption coefficient
(ε280) of 260450 M−1 cm−1.

RNA-dependent DNA polymerase assays

Fixed time assays were used for HIV-1 RT-associated RNA-
dependent DNA polymerase activity. Briefly, reactions were
carried out in 50 mM Tris/HCl (pH 7.8 at 37 ◦C), 50 mM KCl,
10 mM MgCl2 and 5 µg/ml of poly(rA)-oligo(dT)12−18 containing
20 µM [3H]TTP, and various concentrations of ligand dissolved in
DMSO (3% final concentration). Reactions were initiated by the
addition of 50 ng of WT RT, incubated for 20 min at 37 ◦C and then
quenched with 250 µl of ice-cold 10% TCA (trichloroacetic acid)
containing 20 mM sodium pyrophosphate. Quenched samples
were filtered and the extent of radionucleotide incorporation was
determined by liquid scintillation spectrometry.

CD spectroscopy

CD spectra were collected at ambient room temperature (24 ◦C)
using an Aviv Instruments Circular Dichroism Spectrometer
(Model 202). HIV-1 RT was dialysed into 500 mM sodium
phosphate buffer (pH 7.4) just prior to CD analysis.

Yeast two-hybrid assay

Quantification of protein–protein interactions were determined
using the β-gal (β-galactosidase) liquid assay performed on
permeablized yeast grown from at least three independent trans-
formants, as described previously [14]. Briefly, individual
transformants were grown in 1 ml of synthetic complete medium,
without histidine and leucine, containing 2% (w/v) glucose
(termed SC-His-Leu) at 30 ◦C with aeration for 16 h before
being diluted to an absorbance (at 600 nm) of 0.2 in 2.5 ml of
SC-His-Leu. Cells were then allowed to grow with aeration at
30 ◦C until the absorbance (at 600 nm) reached 0.5–0.8 before
they were pelleted and stored at −20 ◦C. Thereafter they were
permeablized in 50 µl of Y-PERTM Yeast Protein Extraction
Reagent (Pierce) and assayed for β-gal activity by adding 1 ml of
60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4

containing 40 mM 2-mercaptoethanol followed by the addition
of 200 µl of orthonitrophenyl-β-D-galactopyranoside. Reactions
were incubated at 30 ◦C, quenched by the addition of 0.5 ml of 1 M
Na2CO3, and the absorbance was read at 420 nm. β-gal activity
(in Miller units) was calculated by using the following equation:
Miller units = A420 × 1000/incubation time (in min).

Protein expression in yeast

To prepare yeast protein extracts for Western blot analysis, yeast
transformants were grown and pelleted as described above. To
extract protein, the cells were thawed at room temperature in
160 µl of YeastBuster Protein Extraction Reagent (Novagen)
containing 1 µg/ml of pepstatin, leupeptin and aprotinin. The cells
were vortexed for 10 s and allowed to mix on a rotating wheel
for 20 min at room temperature. The supernatant was clarified
after centrifugation at 13000 g for 15 min. The total protein
concentration for each protein extract was determined using
Bradford reagent (Bio-Rad) and 5–15 µg of total protein was
loaded per well for Western blot analysis. Fusion protein
expression in yeast was determined by Western blot analysis of
lysates with Gal4AD polyclonal antibodies (Upstate Biotechno-
logy) and anti-lexA polyclonal antibodies (Invitrogen). Immuno-
detection was accomplished using ECL®-Plus (Amersham).

TyHRT reverse transcription assay

TyHRT elements carrying a luciferase reverse transcription
reporter gene (TyHRT-lucAI) were used to assay RT activity
and inhibitor susceptibility in a yeast strain, GRY1990, where
lacZ is constitutively expressed and serves as a normalization
control. Assays were performed in a 96 well format by growing
cells carrying TyHRT-lucAI elements overnight in 0.5 ml of
AA-URA (amino-acid-supplemented synthetic medium lacking
uracil) + glucose in 2.2 ml deep-well plates. Then, 50 µl was
transferred to 0.5 ml AA-URA + galactose in 2.2 ml deep-well
plates and grown for 48 h without shaking at 30 ◦C. Subsequently,
50 µl was transferred to 200 µl of YPD [1% (w/v) yeast
extract/2% (w/v) peptone/2% (w/v) glucose] medium in 96 well
round-bottom tissue culture plates and grown for 6 h at 30 ◦C.
Cells were pelleted at 3000 g for 5 min, decanted and placed at
−80 ◦C for more than 30 min to promote cell lysis upon thawing.
Cells were resuspended in 160 µl of 1 mM Tris/HCl (pH 7.5)
and 0.1 mM EDTA at room temperature. The cell suspension
(80 µl) was then transferred to Microlite 1 (Thermo) flat-bottom
micotitre plates followed by the addition of 160 µl Enhanced
Luciferase Assay reagent (BD Pharmigen). Then 8 µl of cell
suspension was transferred to Microlite 1 (Thermo) flat-bottom
micotitre plates followed by the addition of 80 µl of Galacto-
Star (Applied Biosystem) reagent. Luciferase activity was read at
15 min and β-gal activity was read at 1 h in a 96 well luminometer
(Tropix TR717, Applied Biosytems). RT activity was determined
by dividing luciferase activity (RT reporter) RLUs (relative light
units) by β-gal (cell growth and lysis normalization) RLUs.
Drug-resistance assays were carried out in the presence of 0.4%
DMSO. Different RT inhibitor concentrations were achieved by
2-fold serial dilutions in AA-URA + galactose medium. In each
experiment RT mutations were run in triplicate and the RT assays
were repeated at least three times. RT activity assays in the
absence of drug were also carried out in a 96 well format with six
independent isolates of each variant and 24 WT RT controls per
plate.

In some instances, the standard deviations for activities
determined in the TyHRT-luciferase assay were high. This can be
attributed to the fact that this is an in vivo assay and, accordingly,
is subject to multiple variable parameters including the following.
(i) Assays are carried in an spt3 deletion strain to prevent
expression of endogenous Ty retroelements. Cells lacking the
SPT3 protein show pleiotropic phenotypes and the his3�200
deletion impacts mitochondrial maintenance, galactose induction
and senescence. (ii) TyHRT elements are expressed from a
galactose-responsive promoter. Growth and promoter activity in
the presence of galactose varies due to genetic (including the
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Figure 1 Structural representation of nevirapine bound in the NNRTI-BP of
HIV-1 RT

The NNRTI-BP is formed predominantly from residues in the p66 subunit of HIV-1 RT. These
include Lys103, Val106, Tyr181 and Tyr188 (depicted). The β7–β8 loop in the p51 subunit of RT
(residues 132–140) is located at the base of the NNRTI-BP. Residues Ile132 and Ile135, however,
do not directly interact with the bound ligand. (In this structure, Ile132 and Ile135 are located
∼20 Å and 13 Å from nevirapine.) This Figure was generated using PDB co-ordinates 3HVT
and MOE software (Chemical Computing Group).

spt3 mutation) and environmental factors. (iii) Lysis of cells is
achieved via freeze/thaw of cell pellets and the extent of lysis
varies within a 96 well plate and from experiment to experiment.
(iv) Luciferase is measured in yeast cell extracts in the presence
of cellular proteases that degrade luciferase. These parameters
combine to contribute to the variability of the TyHRT-luciferase
assay.

Antiviral Assays

WT, I132M, and I135M HIV-1LAI virus stocks were made by
transfection of HEK-293T (human embryonic kidney 293T)
cells with the plasmids using LipofectamineTM 2000 (Invitrogen).
Viruses were titered on GHOST cells expressing CD4 and CXCR4
[15]. TZM indicator cells (formerly called JC53 BL13+ cells)
were infected in duplicate with each virus at an equal multiplicity
of infection in the presence or absence of 5-fold dilutions of
inhibitors, as previously described [16]. Each inhibition assay
was performed in two independent experiments.

RESULTS

Residues 132 and 135 form part of the β7–β8 loop (residues
132–140) in HIV-1 RT. In the 66 kDa (p66) subunit of RT, this
loop is situated in the fingers domain and resides a substantial
distance from both the DNA polymerase active site and NNRTI-
BP. In the 51 kDa (p51) subunit of RT, the β7–β8 loop is situated
in the dimer interface and contributes to the formation of the
base of the NNRTI-BP (Figure 1). However, Ile132 and Ile135 do
not directly interact with the bound ligand nor do they form part
of the NNRTI-BP (Figure 1). Accordingly, we hypothesized that
mutations at residues 132 and 135 in HIV-1 RT might decrease
the susceptibility of the enzyme to NNRTI by inducing subtle
conformational changes in the β7–β8 loop that influence the
ability of other residues to interact optimally with the bound
ligand. Therefore in the present study we have characterized
mutations at residues 132 (I132A and I132M) and 135 (I135A
and I135M) to elucidate their specific roles in NNRTI resistance.
We also performed alanine scanning mutagenesis of residues
136–140 to delineate the roles of each of these residues in
NNRTI resistance. Furthermore, RT containing E138K or T139V
was included in the present study since these mutations have
previously been associated with NNRTI resistance [17,18].

Figure 2 Activity of mutant HIV-1 RT determined using recombinant purified
enzymes or the TyHRT assay

Data are reported as an average +− S.D. of at least three separate experiments. The grey and
black bars represent the fold-change in RT activity using recombinant purified enzymes (grey
bars) or the TyHRT assay (black bars). *P < 0.01 compared with WT (Student’s t test).

Activity of WT and mutant HIV-1 RT

As described above, we generated 11 mutant HIV-1 RT constructs
that harboured the following mutations: I132A, I132M, I135A,
I135M, N136A, N137A, E138A, E138K, T139A, T139V or
P140A. Each of the mutant enzymes was purified to homogeneity
and analysed for RNA-dependent DNA polymerase activity. The
mutant RT constructs were also introduced into the TyHRT system
and their relative reverse transcription activities were assessed
using a luciferase-based reverse transcription reporter. In general,
the activities of each of the mutant enzymes were similar in
both assay systems (Figure 2), although some differences can
be noted. These differences may be due to the fact that TyHRT
activity is dependent on multiple RT functions whereas only RNA-
dependent DNA polymerase activity was assessed for the purified
recombinant enzymes. Of note, the substitutions I132A, I132M,
I135M and E138K were well tolerated by HIV-1 RT. By contrast,
the activities of the I135A, N136A, N137A, E138A, T139A,
T139V and P140A enzymes were compromised.

Far-UV CD analyses of WT and mutant HIV-1 RT

To determine whether the reduced activity of the mutant enzymes
was a result of protein misfolding, far-UV CD spectroscopic
analyses of WT and mutant HIV-1 RT were performed. The CD
spectra for WT and all mutant enzymes, except for the N136A
RT, were essentially identical (Figure 3) indicating that these
mutations did not impact on the spatial arrangement or secondary
structure of the peptide backbone. In regard to N136A HIV-1
RT, a recent study also demonstrated that mutations at this codon
perturb the secondary structure of the enzyme [19]. Therefore
the loss of reverse transcription activity associated with the
N136A mutation may be due to protein-associated conformational
changes.

Role of β7–β8 loop in RT heterodimer stability

The DNA polymerase activity of HIV-1 RT is tightly coupled
to the quaternary structure of the enzyme [20,21]. Because the
β7–β8 loop resides in the dimer interface where many of the resi-
dues participate in the subunit–subunit interactions of RT
[19,22–24], we were interested to determine whether the loss
of DNA polymerase activity associated with the I135A, N136A,
N137A, E138A, T139A, T139V and P140A mutations was related
to defects in subunit dimerization. Accordingly, we analysed the
ability of these mutant enzymes to form functional heterodimers
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Figure 3 Far-UV CD spectra of WT and mutant HIV-1 RT

Figure 4 Effect of mutations on the β-gal readout in the yeast two-hybrid
RT dimerization assay

Yeast reporter strain CTY10-5d was co-transformed with p66 bait and p51 prey constructs
containing mutations in β7–β8 and assayed for β-gal activity. β-gal activity (abscissa)
represents the average of three transformants from three independent experiments. *P < 0.01
compared with WT (Student’s t test).

using the yeast two-hybrid assay [14] (Figure 4). In this assay
system, p66 was fused to the LexA DNA-binding domain ‘the
bait’ and p51 was fused to the Gal4 activation domain (GalAD)

‘the prey’. Specific interaction between the two subunits resulted
in trans-activation of the Lac Z reporter gene in the yeast strain
CTY10–5d, which permits the interaction for the RT subunits
to be quantified by assaying for β-gal activity. Initially, β-gal
activity in yeast co-expressing mutant p66 bait and p51 prey
fusions engineered with the same mutations in each subunit
was measured. This analysis revealed that the substitutions
I135A, N136A and E138A significantly decreased β-gal activity
compared with yeast expressing the WT p66 bait and p51 fusion
proteins (Figure 4). To delineate the effects of mutations in each
of the subunits on RT dimerization, we performed a subunit-
selective analysis. To analyse the effects of mutations in the
p66 subunit we co-transformed yeast with mutant p66 bait and
WT p51 prey, and to analyse the effects of mutations in the p51
subunit we co-transformed yeast with WT p66 bait and mutant
p51 prey. Our data show that the mutations in the p51 subunit were
largely responsible for the observed decrease in β-gal activity
(Figure 4).

Decreases in β-gal activity, as measured in a yeast two-hybrid
assay, may represent a true diminution in RT subunit interaction or
may be due to decreased expression levels of either the bait or prey
fusions compared with WT protein. To distinguish between these
two possibilities we compared the steady-state protein levels in
yeast expressing mutant p66 bait and p51 prey fusion proteins
with the WT proteins. Yeast protein extracts were prepared
from exponentially growing cells and subjected to Western blot
analysis. The p66 bait was detected using LexA antibodies and
p51 prey detected using Gal4AD antibodies. No differences
in the steady-state protein levels of the p66 bait or p51 prey
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Table 1 NNRTI susceptibility of WT and mutant HIV-1 RT

The concentrations of NNRTI required to inhibit the activity of purified RT and TyHRT by 50 % (IC50) are reported as an average of three independent experiments +− S.D. The effective concentrations
of NNRTI required to inhibit virus replication by 50 % (EC50) are reported as an average of two independent experiments +− S.D. Values in parentheses indicate fold-resistance.

IC50/EC50

RT Assay Efavirenz (nM) Nevirapine (µM) Delavirdine (µM)

WT Purified RT 94.16 +− 6.33 (1.0) 7.22 +− 1.38 (1.0) 2.18 +− 0.62 (1.0)
TyHRT 1.73 +− 0.64 (1.0) 1.16 +− 0.55 (1.0) *
Antiviral 0.90 +− 0.00 (1.0) 0.03 +− 0.00 (1.0) 0.04 +− 0.01 (1.0)

I132A Purified RT 90.07 +− 5.11 (1.0) 18.05 +− 2.35 (2.5) 8.70 +− 1.02 (4.0)
TyHRT 2.78 +− 0.97 (1.6) 1.95 +− 0.52 (1.7) *

I132M Purified RT 432.42 +− 11.31 (4.6) 62.09 +− 3.69 (8.6) 30.25 +− 3.35 (13.9)
TyHRT 6.63 +− 2.43 (3.7) 7.10 +− 1.67 (6.1) *
Antiviral 2.00 +− 0.00 (2.2) 1.25 +− 1.10 (42) 0.80 +− 0.20 (20.0)

I135A Purified RT 188.08 +− 9.34 (2.0) 87.36 +− 4.56 (12.1) 34.60 +− 5.59 (15.9)
TyHRT 1.62 +− 0.47 (0.9) 1.63 +− 0.58 (1.4) *

I135M Purified RT 197.09 +− 13.18 (2.1) 38.99 +− 2.89 (5.4) 3.92 +− 0.99 (1.8)
TyHRT 2.76 +− 1.15 (1.6) 2.02 +− 0.50 (1.7) *
Antiviral 2.00 +− 0.00 (2.2) 0.07 +− 0.01 (2.3) 0.05 +− 0.02 (1.3)

N136A†
N137A Purified RT 87.35 +− 22.28 (0.9) 6.50 +− 1.10 (0.9) 1.52 +− 0.55 (0.7)

TyHRT 1.30 +− 0.14 (0.8) 1.28 +− 0.37 (1.1) *
E138A Purified RT 188.08 +− 12.11 (2.0) 13.72 +− 1.57 (1.9) 7.62 +− 0.91 (3.5)

TyHRT 4.11 +− 2.09 (2.4) 1.19 +− 1.03 (1.0) *
E138K Purified RT 216.34 +− 12.13 (2.3) 15.88 +− 2.26 (2.2) 13.06 +− 1.56 (6.0)

TyHRT 3.52 +− 1.04 (2.0) 1.51 +− 0.75 (1.3) *
T139A†
T139V Purified RT 113.44 +− 9.23 (1.2) 12.27 +− 1.89 (1.7) 2.61 +− 0.97 (1.2)

TyHRT 1.74 +− 0.85 (1.0) 1.85 +− 0.24 (1.6) *
P140A†

*Delavirdine is not soluble in yeast media.
†RT activity too low to effectively evaluate NNRTI susceptibility.

Table 2 NNRTI susceptibility of HIV-1 RT containing subunit specific
mutations

The concentrations of NNRTI required to inhibit the activity of purified RT by 50 % (IC50) are
reported as an average of three independent experiments +− S.D. Values in parentheses indicate
fold-resistance.

IC50

Efavirenz (nM) Nevirapine (µM) Delavirdine (µM)

p66WT/p51WT 15.44 +− 3.16 (1.0) 5.21 +− 1.08 (1.0) 1.68 +− 0.50 (1.0)
p66I132M/p51I132M 69.08 +− 9.02 (4.6) 44.80 +− 4.26 (8.6) 23.35 +− 2.56 (13.9)
p66I132M/p51WT 15.34 +− 4.46 (1.0) 5.20 +− 1.05 (1.0) 1.60 +− 0.85 (1.0)
p66WT/p51I132M 78.19 +− 10.05 (5.2) 47.93 +− 6.36 (9.2) 21.33 +− 3.85 (12.7)
p66I135M/p51I135M 32.11 +− 1.09 (2.1) 28.13 +− 3.36 (5.4) 3.02 +− 0.45 (1.8)
p66I135M/p51WT 15.37 +− 8.02 (1.0) 4.91 +− 1.25 (0.9) 1.70 +− 0.55 (1.0)
p66WT/p51I132M 35.36 +− 1.19 (2.3) 25.52 +− 2.88 (4.9) 3.86 +− 0.35 (2.3)
p66E138K/p51E138K 35.17 +− 1.29 (2.3) 11.46 +− 2.77 (2.2) 10.08 +− 2.22 (6.0)
p66E138K/p51WT 15.21 +− 7.03 (1.0) 5.00 +− 1.10 (1.0) 1.64 +− 0.65 (1.0)
p66WT/p51E138K 36.22 +− 9.02 (2.4) 12.50 +− 3.20 (2.4) 10.25 +− 2.70 (6.1)

mutants were observed compared with the WT subunits (results
not shown). This result indicates that the observed decreases in
β-gal activity were entirely due to a diminution in RT subunit
interactions.

NNRTI susceptibility of WT and mutant HIV-1 RT

The NNRTI susceptibility of WT and mutant HIV-1 RT to
efavirenz, nevirapine and delavirdine was assessed in three com-
plementary assay systems. These included analyses of recom-
binant purified RT, the TyHRT assay and antiviral assays in TZM

indicator cells (Table 1). In each of the assays, the I132M mutation
conferred high-level resistance (> than 10-fold) to nevirapine and
delavirdine and low-level resistance (∼2-fold) to efavirenz. The
I132A mutation conferred low-level resistance to nevirapine and
delavirdine in assays that used purified RT. The I135M mutation
also conferred low-level resistance (∼2-fold) to all NNRTIs tested
in each of the assays, whereas the I135A mutation conferred high-
level resistance to nevirapine and delavirdine, but not to efavirenz,
only at the enzyme level. By contrast, all other mutations, with
the exception of the E138A and E138K mutations, conferred
essentially no resistance to each of the NNRTIs tested.

To delineate the effects of I132M, I135M and E138K in each
of the RT subunits on NNRTI susceptibility, we performed a
subunit-selective analysis using purified enzyme that harboured
each mutation in either the p66 or p51 subunit. The data (Table 2)
clearly demonstrate that the NNRTI resistance is conferred by the
mutations present in the p51, and not p66, subunit.

NRTI susceptibility of WT and mutant HIV-1 RT

The susceptibility of recombinant purified WT and mutant HIV-
1 RT to the NRTI AZT-TP (3′-azido-3′-dideoxythymidine tri-
phosphate), ddTTP (3′-dideoxythymidine triphosphate) and d4T-
TP (2′,3′-didehydrothymidine triphosphate) was also assessed.
These data (Table 3) demonstrated that none of the mutant
enzymes exhibited any changes in susceptibility to each of the
nucleoside analogue inhibitors tested.

DISCUSSION

The detection and characterization of minor drug-resistant
variants is important for the clinical management of HIV infection
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Table 3 NRTI susceptibility of WT and mutant HIV-1 RT.

The concentrations of NRTI required to inhibit the activity of purified RT by 50 % (IC50) are
reported as an average of three independent experiments +− S.D. Values in parentheses indicate
fold-resistance

IC50 (µM)

ddTTP AZT-TP d4T-TP

WT 0.10 +− 0.05 (1.0) 0.06 +− 0.01 (1.0) 0.20 +− 0.02 (1.0)
I132A 0.07 +− 0.02 (0.7) 0.02 +− 0.01 (0.3) 0.13 +− 0.03 (0.7)
I132M 0.06 +− 0.01 (0.6) 0.03 +− 0.01 (0.5) 0.12 +− 0.04 (0.6)
I135A 0.08 +− 0.02 (0.8) 0.04 +− 0.01 (0.6) 0.16 +− 0.05 (0.8)
I135M 0.09 +− 0.03 (0.9) 0.06 +− 0.01 (1.0) 0.17 +− 0.05 (0.9)
N136A *
N137A 0.10 +− 0.04 (1.0) 0.06 +− 0.02 (1.0) 0.18 +− 0.04 (0.9)
E138A 0.09 +− 0.02 (0.9) 0.03 +− 0.01 (0.5) 0.16 +− 0.06 (0.8)
E138K 0.10 +− 0.03 (1.0) 0.07 +− 0.02 (1.2) 0.16 +− 0.06 (0.8)
T139A *
T139V 0.10 +− 0.05 (1.0) 0.06 +− 0.02 (1.0) 0.14 +− 0.06 (0.7)
P140A *

* RT activity too low to effectively evaluate NRTI susceptibility.

and for studies dissecting the mechanisms of antiretroviral
treatment failure. Using the TyHRT phenotypic assay, we detected
unusual and rare NNRTI resistance mutations at codons 132
and 135 in RTs (in particular I132M and I135M) from clinical
isolates [6–8]. Other studies have also detected NNRTI resistance-
associated mutations at codon 135 in HIV-1 RT [18,25]. In the
present study we demonstrate that these mutations confer NNRTI
resistance both at the virus and enzyme level. In fact, the I132M
mutation conferred high-level resistance (>10-fold) to nevirapine
and delavirdine in each of the assay systems tested.

HIV-1 RT is a heterodimer composed of a 66 kDa (p66) subunit
and a p66-derived 51 kDa (p51) subunit [26]. Our subunit selective
mutagenesis studies demonstrated that I132M and I135M confer
NNRTI resistance via the p51, and not p66, subunit of HIV-1
RT. In p51, the β7–β8 subunit (residues 132–140) resides in the
dimer interface and contributes to the base of the NNRTI-BP
(Figure 1). However, Ile132 and Ile135 do not interact with the
bound ligand nor do they directly form part of the NNRTI-BP. As
described in the Results section, we hypothesized that mutations
at Ile132 and Ile135 may decrease NNRTI susceptibility by acting
through other residues in the β7–β8 loop. Accordingly, we also
carried out alanine-scanning mutagenesis studies of residues 136–
140. Interestingly, most of these mutations significantly decreased
the activity of RT. CD and yeast two-hybrid analyses suggested
that for some enzymes this was due to either a conformational
change induced in RT structure (N136A) or a defect in RT
heterodimer formation (I135A, N137A and E138A). These results
are consistent with previously published studies which have
demonstrated a key role for the β7–β8 loop in RT stability [19,22–
24]. For the T139A, T139V and P140A mutations, however,
the loss of RT activity could not be attributed to either a
conformational change in RT structure or heterodimer instability.
It should be noted though that previous studies suggested an
important role for Thr139 and Pro140 in RT dimerization [23,24].
Despite the discrepancies between the present study and those
carried out by Auwerx et al. [23,24], taken together our combined
results highlight an important role for these residues in RT
structure and function.

Whereas mutations at residues 132 and 135 in RT conferred
NNRTI resistance, mutations at residues 137, 139 and 140 had
no effect on drug susceptibility. The results are consistent with

previous in-depth mutagenesis studies which demonstrated that
residues 137, 139 and 140 did not influence NNRTI susceptibility
[23,24]. NNRTI resistance mutations, however, have been
selected at residue Thr139 but these are mostly associated with
resistance to (+)-calanolide A and do not affect the sensitivity of
nevirapine, delavirdine and efavirenz [23]. By contrast, mutations
at residue 138 can significantly affect NNRTI susceptibility
(the present study and [27–29]). Thus it might be possible that
mutations at residues 132 and 135 affect NNRTI susceptibility
via Glu138. A crystal structure of E138K HIV-1 RT in complex
with nevirapine has recently been solved [30]. These data show
that Glu138 indirectly interacts with the bound ligand via water
molecules, and that the E138K mutation alters these interactions
resulting in a small shift in the position of nevirapine, which may
influence its ring stacking with Tyr181 [30]. We hypothesize that the
I132M and I135M mutations may affect β7–β8 loop positioning
and the concomitant interactions of Glu138 with the bound ligand.
However, crystal structure analyses of I132M and I135M RTs in
complex with NNRTI are required to confirm this hypothesis.
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