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Abstract

The multi-drug resistance HIV-1 genotype A62V/V75I/F77L/F116Y/Q151M is associated with resistance to many nucleoside reverse
transcriptase inhibitors including AZT, ddI, ddC, d4T, abacavir, and 3TC. In this study, we evaluated the antiviral activity of (−)-�-d-1′,3′-
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ioxolan guanine (DXG) towards mutant HIV-1 containing V75I/F77L/F116Y/Q151M (V75Icomplex) and A62V/V75I/F77L/F116Y/Q151M
A62Vcomplex) in MT-2 cells. We further investigated the mechanism of resistance by studying the incorporation of DXG 5′-triphosphate
DXG-TP) during DNA synthesis by mutant enzymes containing single mutations at Q151M or A62V, and the V75Icomplex and A62Vcomplex

sing pre-steady state kinetic analysis. Our studies showed that mutant virus containing V75Icomplex and A62Vcomplex were both more tha
3-fold resistant to DXG, and this correlated with the 68- and 20-fold resistance changes observed in the enzymatic assay. Com
ild-type enzyme, DXG-TP was incorporated 39- and 21-fold less efficiently by the mutant enzyme containing V75Icomplexand A62Vcomplex,
ainly due to decreases in the rate of incorporation. The A62V mutation significantly increased the rate of incorporation (kpol) for both dGTP

3-fold) and DXG-TP (7.9-fold), while the binding affinity of A62V HIV-1 RT for DXG-TP was decreased 14-fold. At the enzyme lev
ddition of the A62V mutation to V75I/F77L/F116Y/Q151M moderately (3.4-fold) reversed the resistance to DXG-TP.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ever since the outbreak the HIV epidemic over two
ecades ago, nucleoside reverse transcriptase inhibitors (NR-

Abbreviations: AZT, 3′-azido-3′-deoxythymidine; AZTR, AZT-
esistant; ddC, 2′,3′-dideoxycytidine; ddI, 2′,3′-dideoxyinosine; d4T, 2′,3′-
idehydro-3′-deoxythymidine; DAPD, (−)-�-d-2,6-diaminopurine diox-
lane; DXG, (−)-�-d-1′,3′-dioxolane guanosine; D30/D45, DNA/DNA
rimer/template 30/45-mer; MP, 5′-monophosphate; MDR, multi-drug re-
istance; dNTP, 2′-deoxynucleoside 5′-triphosphate, a general term for the
atural nucleoside 5′-triphosphates; ddNTP, 2′,3′-dideoxynucleoside 5′-

riphosphate, a general term for the analog nucleoside 5′-triphosphates;
T, reverse transcriptase; 3TC, (−)�-l-2′,3′-dideoxy-3′-thiacytidine; TP, 5′-

riphosphate; wt, wild-type
∗ Corresponding author. Tel.: +1 919 294 7647; fax: +1 919 294 7661.
E-mail address:joy.feng@gilead.com (J.Y. Feng).

TIs) have been key components of antiviral therapy. Onc
side the cells, NRTIs are phosphorylated by cellular enzy
to their 5′-triphosphates in order to serve as alternative
strate inhibitors for HIV-1 reverse transcriptase (RT). Th
approved NRTIs are significantly diverse in their chem
structures, activation pathways and primary resistance
files (Beach, 1998; Pillay et al., 2000; Stein and Moore, 20).
However, a constellation of A62V, V75I, F77L, F116Y, a
Q151M has been shown to confer cross-resistance to
of the NRTIs. This set of mutation, called the Q151M co
plex or multi-drug resistance (MDR) mutations, was foun
HIV-infected individuals receiving AZT plus ddI or ddC a
other ddI-containing regiments (Kavlick et al., 1998; Schm
et al., 1996, 1998; Shafer et al., 1995; Shirasaka et al., 1).
MDR mutations resulted in high-level resistance to AZT,
ddC, d4T, and abacavir (Deval et al., 2004; Kavlick et a

166-3542/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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1998; Pillay et al., 2000; Schmit et al., 1998; Shirasaka et
al., 1995), low cross-resistance to 3TC (Deval et al., 2004;
Garcia-Lerma et al., 1999; Schmit et al., 1998), and no re-
sistance to tenofovir (Deval et al., 2004; McColl and Miller,
2003). The prevalence of the MDR mutations in treatment-
experienced patients appears low (<2%), however, it is ex-
pected to rise in the future and could pose a serious treat to
the efficacy of anti-HIV therapy (Pillay et al., 2000).

The emergence and the role for each individual mutation
in the Q151M complex in viral resistance have been the fo-
cus of many studies (Iversen et al., 1996; Shafer et al., 1994;
Shirasaka et al., 1995; Ueno et al., 1995). The Q151M com-
plex develops in a sequential and cumulative pattern over the
course of a 2–4-year observation period. Q151M is the first
mutation to develop and it confers partial resistance to some
of the nucleoside analogs tested (AZT, ddI, ddC and d4T).
With time, mutations at position F116Y and F77L develop,
followed by emergence of two other mutations A62V and
V75I. The V75I, F77L and F116Y mutations have little or
no effect on drug susceptibility by themselves, but their co-
occurrence with Q151M results in high-level resistance to
many NRTIs. The biochemical properties of RT carrying all
or a subset of the Q151M complex have also been studied in
detail. Steady state kinetic analyses by Ueno et al. demon-
strated that the Q151M complex mutations (mainly Q151M)
altered substrate recognition by the HIV RT and accounted
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(alone or with the K65R or K103N) is 7–23-fold resistant
to DXG-TP (Jeffrey et al., 2003). In the current study, we
evaluated the antiviral activity of DXG against recombinant
HIV containing the V75I/77L/116Y/151M (V75Icomplex)
and A62V/75I/77L/116Y/151M (A62Vcomplex) mutations.
We also studied the incorporation of dGTP and DXG-TP by
mutant HIV-1 RTs containing V75Icomplexand A62Vcomplex
using pre-steady state kinetic analysis.

2. Materials and methods

2.1. Construction, purification, and kinetic analysis

The wild-type RT gene construct p66RTB served as a
template for directed mutagenesis using the QuikChange Kit
(Stratagene, La Jolla, CA) to obtain the Q151M, V75Icomplex,
and A62Vcomplex RTs. The recombinant RTs were co-
expressed with HIV protease inEscherichia coli to get
p66/p51 heterodimers and then purified by affinity chro-
matography as described (Boretto et al., 2001). All enzymes
were quantified by active-site titration before biochemical
studies.

2.2. Recombinant HIV-1 production and antiviral assay
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or the resistance observed in vitro (Ueno and Mitsuya, 199
eno et al., 1995). Pre-steady state kinetic studies byDeval et
l. (2002)revealed that Q151M and Q151M complex con
esistance to 2′,3′-dideoxynucleotide analogs mainly throu
ecreased rates of incorporation during DNA synthesis, w
aving no effect on pyrophosphorolytic and ATP-media
xcision of the incorporated ddNMP.

Amdoxovir ((−)-�-d-2,6-diaminopurine dioxolan
APD) (Fig. 1) is a selective inhibitor of HIV-1 replicatio

n vitro. DAPD is deaminated by adenosine deaminase t
uanosine analog dioxolane guanine (DXG), which is su
uently phosphorylated to the corresponding 5′-triphosphate
DXG-TP) (Furman et al., 2001). DXG-TP is a poten
lternative substrate inhibitor of HIV-1 reverse transcrip
Furman et al., 2001). The two primary mutations associa
ith DXG-resistance are K65R and L74V, which have b
tudied in detail by recombinant HIV cell culture assays
nzyme kinetic studies (Bazmi et al., 2000; Gu et al., 199
effrey et al., 2003). A pre-steady state kinetic analy
howed that HIV-1 RT containing the Q151M mutat

Fig. 1. Structure of DAPD and DXG.
The plasmid constructs described above were
s templates for the PCR amplification of the 1460
66RTB fragment. The amplified RT genes were then clo

nto a HIV-1LAI backbone (Shi and Mellors, 1997). The
esulting recombinant proviral clones were electropor
nto MT-2 cells for preparation of viral stocks as previou
escribed (Mewshaw et al., 2002). Genotypic analysis o
iral isolates was performed using di-deoxy sequencin
he ABI-377 system. Recombinant viruses were anal
or phenotypic sensitivity to DXG, abacavir, ddI, AZT, D4
nd 3TC on MT2 cells using the XTT colorimetric as
Weislow et al., 1989). MT2 cells were infected with eith
he mutant virus or wild-type HIV-1LAI at a multiplicity
f infection of 0.03 in RPMI 1640 medium containi
0% fetal bovine serum, 20�g of gentamicin/mL (Life
echnologies), and 2�g of polybrene/mL (Sigma) for 3 h
7◦C. Following infection, cells were seeded into 96-w
lates containing test compounds at 3× 104 cells/well.
ithin each 96-well plate, test compounds were anal

n triplicate at five-fold serial dilutions. The infected ce
ere cultured for 5 days in the presence of test compou
n day 5, XTT{2,3-bis(2-methoxy-4-nitro-5-sulfopheny
[(phenylammino)carbonyl]-2H-tetrazolium hydroxide}
as added, and the plates were incubated for 3 h at 3◦C
nd then analyzed for absorption (A450). A dose-respons
urve for each individual compound was generated by u
he absorption values of the uninfected cell controls as 1
rotection and virus-infected cells not treated with dr
s 0% protection. From the dose-response curve, a
ffective concentration (EC50) was calculated and defin
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as the concentration of drug that inhibited the virus-induced
cytopathic effect by 50%.

2.3. Reagents

PAGE-purified DNA primer (30-mer, 5′-GCC TCG CAG
CCG TCC AAC CAA CTC AAC CTC-3′) and DNA template
(45-mer, 3′-CGG AGC GTC GGC AGG TTG GTT GAG
TTG GAG CTA GGT TAC GGC AGG-5′) were obtained
from Integrated DNA Technologies Inc. (Coralville, IA).32P-
labeling of DNA 30-mer and annealing of DNA/DNA 30/45-
mer primer/template (D30/D45) were conducted as previ-
ously reported (Feng and Anderson, 1999). The stock solu-
tion of dGTP was from Sigma. [�–32P]ATP was purchased
from Amersham Biosciences. DXG-TP was synthesized by
TriLink BioTechnologies (San Diego, CA) in the form of
lithium salt. All other buffers and reagents were of analytical
grade.

2.4. Pre-steady state kinetic for single nucleotide
incorporation into DNA

Transient kinetic experiments were performed by the rapid
quench method as described previously using a KinTek In-
strument Model RQF-3 rapid-quench-flow apparatus (Kati et
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Data from burst experiments were fit to a burst equation:

[Product]= A[1 − exp(−kobsdt) + ksst]

A represents the amplitude of the burst that correlates with
the concentration of enzyme in the active form,kobsd is the
observed first-order rate constant for dNMP incorporation,
kss is the observed steady state rate constant, andt is the
reaction time. Data from single-turnover experiments were
fit to a single exponential equation:

[Product]= A[1 − exp(−kobsdt)]

The dissociation constant,Kd, for dNTP binding to the
enzyme–DNA complex was calculated by fitting the data to
the hyperbolic equation:

kobsd= kpol[dNTP]

Kd + [dNTP]

kpol is the maximum rate of dNTP incorporation and [dNTP]
is the corresponding concentration of dNTP.

3. Results
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ts.
l., 1992). Unless noted otherwise, all concentrations refe
o the final concentration after mixing. Under pre-steady
urst conditions, the reactions were carried out by mixi
olution containing the pre-incubated complex of HIV-1
100 nM) and 5′-32P-labeled D30/D45 primer/template d
lex (300 nM) with a solution containing 10 mM MgCl2 and
arious concentrations of the dNTP. When single-turn
onditions were used, the reactions were carried ou
ixing a solution containing the pre-incubated comple
IV-1 RT (200–250 nM) and 5′-32P-labeled D30/D45 du
lex (50 nM) with a solution of 10 mM MgCl2 and various
oncentration of the dNTP. The reactions were quen
ith 0.3 M EDTA at time intervals ranging from 3 ms
min.
The products from each quench reaction were reso

y electrophoresis (14% acrylamide, 8 M urea) follow
y phosphor imaging (Bio-Rad Personal Molecular Ima
X). Data were fitted by non-linear regression (KaleidaG
.51). Under burst conditions, the product formation occu

n a fast exponential phase, followed by a slower linear ph

able 1
rug susceptibility for wild-type and Q151M-containing mutant HIV-1

utation EC50 (�M)a (fold changes from wild-type virus)

DXG Abacavir AZ

T (xxLAI) 2.2 ± 0.9 2.5± 1.3 0.5
151M 21± 4 (9.6) 5.5± 3.7 (2.2) 2.4
75Icomplex >50 (>23) >20 (>8) >1
62Vcomplex >50 (>23) 7.0± 0.6 (2.8) >1
a Values are mean± standard deviation from at least three experimen
.1. Virologic studies

In this study, we examined the antiviral activity of DX
gainst HIV-1 containing the multi-drug resistant muta
151M, along with the Q151M-containing V75Icomplexand
62Vcomplex. Fold changes in EC50 values for each of th
utant virus as compared to wild type were evaluated.

o the variability inherent in these assays, changes in E50
ess than three-fold were considered to be insignifican
hown inTable 1, the single mutation Q151M conferred lo
o moderate resistance to DXG as well as AZT and d4T. A
ion of the V75I/77L/116Y mutations (V75Icomplex) resulted
n greater resistance to DXG and AZT while decreasing r
ance to d4T. The virus containing the V75Icomplexwas also
esistant to abacavir, ddI, and 3TC. Addition of the A6
utation to the V75Icomplexdecreased the resistance to a

avir but increased resistance to d4T. No additional ef
n the antiviral of DXG, AZT, ddI or 3TC were observ
ith addition of A62V to the V75Icomplex, partially due to

he experimental design.

D4T ddI 3TC

5.6± 2.8 12± 8 2.6± 1.5
4.8) 26± 6 (4.6) 32± 3 (2.7) 3.7± 2.6 (1.2)
) 18± 2 (3.2) >100 (>8.3) 25± 3 (8.3)

>50 (>8.9) >100 (>8.3) 29± 12 (9.7)
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Table 2
Kinetic differences between wild-type and mutant HIV-1 RT in DNA-dependent incorporation of dGTP or DXG-TP

HIV-1 RT dGTP DXG-TP Selectivity
factora

Resistance
fold changesb

kpol (s−1) Kd (�M) kpol/Kd (�M−1 s−1) kpol (s−1) Kd (�M) kpol/Kd (�M−1 s−1)

WT 15.9± 0.5c 6.1 ± 0.9 2.6± 0.4d 1.46± 0.03 2.5± 0.2 0.58± 0.05 4.5± 0.8d 1
Q151Me 26 ± 2 6.8± 1.8 3.8± 1.0 0.34± 0.02 2.9± 0.4 0.12± 0.02 33± 10 7
A62V 48 ± 2 8.1± 1.1 5.9± 0.8 11.6± 0.5 36± 4 0.32± 0.04 18± 3 4
V75Icomplex 42 ± 2 9.2± 1.2 4.6± 0.6 0.066± 0.004 4.4± 0.7 0.015± 0.003 300± 70 68
A62Vcomplex 60 ± 6 25 ± 5 2.4± 0.5 0.090± 0.009 3.3± 0.8 0.027± 0.007 90± 30 20

a Defined as (kpol/Kd)dGTP/(kpol/Kd)DXG-TP.
b Defined as (selectivity factor)mutant RT/(selectivity factor)wild-type RT.
c Values are average± standard error.
d Errors were calculated using standard methods (Harris, 1995).
e FromJeffrey et al. (2003).

3.2. Enzymatic studies

Detailed mechanistic studies of the DNA-dependent in-
corporation of DXG-MP by wt and mutant HIV-1 RTs were
conducted using pre-steady state kinetic analysis. The re-
sults are summarized inTable 2. Thekpol value represents the
maximum rate of incorporation at the saturating concentra-
tion of a dNTP analog. TheKd value represents the nucleotide
concentration that is required to reach half ofkpol. Therefore,
a lower value ofKd indicates a tighter binding affinity of the
enzyme to the dNTP analog. The ratio ofkpol/Kd is defined
as incorporation efficiency and a higher value ofkpol/Kd for
a dNTP analog indicates that it is a better substrate for HIV-1
RT.

Mutant enzymes containing single mutations at Q151M
or A62V, and the V75Icomplexand A62Vcomplexincorporated
the natural substrate dGTP at 1.6-, 3.0-, 2.6-, and 3.8-fold
higher rates, respectively, than the wt RT. However, the bind-
ing affinity of the Q151M RT for dGTP was similar to wild-
type enzyme, while the mutant enzymes containing A62V,
V75Icomplex, and A62Vcomplex had 1.3-, 1.5-, and 4.1-fold
weaker binding affinity, respectively, as compared to wt en-
zyme. These results were similar to the increasedkcatandKm
values reported for dGTP incorporation into a homopoly-
meric primer/template by mutant RT containing V75Icomplex
and A62Vcomplex (Ueno et al., 1995). Our data showed that
d cien-
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less efficiently than the wt RT by mutant enzymes Q151M,
V75Icomplex, and A62Vcomplex, respectively.

The “selectivity factor” is defined by the ratio of the
dGTP’skpol/Kd value to the DXG-TP’skpol/Kd value. The
higher the selectivity factor, the greater the discrimination be-
tween the natural substrate and the nucleoside analog. In this
study, the selectivity factor of the wt HIV-1 RT for DXG-TP
was only 4.5, indicating that DXG-TP is a good substrate for
HIV-RT relative to the natural substrate. In contrast, the se-
lectivity factors were 33, 18, 300, and 90 for mutant enzymes
Q151M, A62V, V75Icomplex, and A62Vcomplex, indicating an
increased preference for the natural substrate by the mutant
HIV-1 RT. The overall “resistance fold change” for the RTs is
defined as the ratio between the selectivity factors of the mu-
tant enzymes and the selectivity factor of the wt enzyme. A
resistance factor that is >1 indicates that the mutant enzyme
becomes even more discriminating against the incorporation
of DXG-TP versus the incorporation of the natural substrate
dGTP. This enzymatic study demonstrated that the mutant
enzymes with Q151M, A62V, V75Icomplex, and A62Vcomplex
were 7-, 4-, 68-, and 20-fold resistant to DXG-TP.

4. Discussion

DXG showed favorable activities against virus harbor-
i ZT
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t
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G ka et
GTP was incorporated by the mutant enzymes at effi
ies that were either similar or slightly higher (up to 2.3-fo
han wt RT, which is consistent with the report that the
orporation efficiency of dTTP, dATP and dCTP were
ffected by Q151M and Q151Mcomplex (Deval et al., 2002
004). In contrast, DXG-TP was incorporated 4.8-, 2.5-,
nd 21-fold slower by the mutant enzymes Q151M, A6
75Icomplex, and A62Vcomplex, respectively, than the wt e
yme. The binding affinities of mutant enzymes for DX
P were similar to that of wt enzyme, with the exception
62V, which bound DXG-TP 14-fold less tightly than t
ild-type (wt). Among the mutant enzymes, A62V was
nly one that incorporated DXG-TP as efficiently as the
nzyme. DXG-TP was incorporated 4.8-, 39-, and 21-
ng HIV-1 RT mutations associated with resistance to A
M41L/D67N/K70R/T215Y/K219Q), 3TC (M184V), ab
avir (M41L/D67N, M184V/L210W/T215Y) and efavire
K103N) (Mewshaw et al., 2002). MDR has not been know
o be associated with DXG-resistance in the clinical stu
f DAPD. However, due the NRTI nature of the compo
nd the increasing prevalence of MDR, there is a nee
tudy the antiviral activity of DXG for mutant viruses co
aining Q151M and Q151M-associated mutations (Pillay et
l., 2000). Our in vitro studies showed that mutant HIV
ontaining either V75Icomplexor A62Vcomplexwas highly re
istant to DXG. The results on other NRTIs were gene
onsistent with previously reported values (Deval et al., 2004
arcia-Lerma et al., 1999; Iversen et al., 1996; Shirasa
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al., 1995). Addition of the three or four mutations to the back-
ground of Q151M inevitably led to higher resistance to all of
the NRTIs tested.

At the HIV-1 RT enzyme level, the Q151M, V75Icomplex,
and A62Vcomplex mutations made the enzyme 7-, 68-, and
20-fold more resistant to DXG-TP, mainly due to a decrease
in the rate of incorporation for DXG-TP. This was similar
to the Q151M-associated resistance for AZT-TP, ddATP, and
ddCTP reported previously (Deval et al., 2002). An earlier
steady state study showed that the A62V mutant RT was
up to two-fold more sensitive to ddCTP and AZT-TP than
the wt enzyme (Ueno et al., 1995). Furthermore, the addi-
tion of the A62V to a background of V75I/77L/116Y/151M
led to a nearly two-fold decrease in IC50 value for ddATP,
indicating a re-sensitization effect by A62V. In this study,
we found some very interesting properties associated with
the A62V mutation. First, the A62V mutant RT incorporated
DXG-TP eight-foldfasterthan the wt RT, which was unusual
for 2′,3′-dideoxynucleotide analogs. Secondly, the incorpora-
tion efficiency of natural substrate dGTP by mutant A62V RT
was two-fold higher than wt RT, solely due to an increase in
kpol. Thirdly, the addition of A62V to V75I/77L/116Y/151M
enabled the RT to be less discriminating against DXG-TP,
as seen by a 3.4-fold (p< 0.01) decrease in the resistance
fold changes. This A62V-associated re-sensitization effect
was only seen with abacavir in our in vitro studies, par-
t s
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While our pre-steady state data on dGTP and DXG-TP in-
corporation do not directly support this observation, a study
of the incorporation of dTTP/AZT-TP and dATP/ddATP (the
active form of ddI) by the mutant RTs could be more rele-
vant. In conclusion, our study demonstrated the mechanism
for Q151M-associated DXG resistance at the molecular level
and showed that the Q151M-associated resistance to DXG
was due to significant decreases in the rate of incorporation of
DXG-TP by RTs containing Q151M, V75I/77L/116Y/151M
and 62V/75I/77L/116Y/151M mutations. This altered sub-
strate discrimination at the enzyme level translated to a resis-
tant phenotype for the corresponding mutant virus in the in
vitro evaluations.
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