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bstract

The K70E mutation in HIV-1 reverse transcriptase was observed in 10% of virologic non-responders of the abacavir/lamivudine/tenofovir arm
f ESS30009, alone, or in mixtures with K65R by population sequencing. Clonal analysis of six ESS30009 K70E isolates failed to identify double
utants carrying K65R + K70E. Site-directed K70E mutants had a replication capacity of 97 ± 29%, but only 2.4 ± 0.9% for K65R + K70E and

.01% for K65R + K70E + M184V mutants. K65R + K70E phenotypic fold changes for abacavir, lamivudine and tenofovir were comparable to
eported values for K65R alone. In molecular dynamic simulations, the �-amino group of K65 was positioned 2.7 ± 0.1 Å from the �-phosphate
f the dTTP ligand and stabilized the triphosphate. In the R65 mutant, this distance increased to 4.2 ± 0.4 Å and the interaction energy with the

igand was less favorable, but the K70 �-amino group was repositioned closer to the �-phosphate and had a more favorable interaction energy. In
he double mutant, E70 could not stabilize the �-phosphate, resulting in a more severe defect. The net effect of the atomic-level changes in the
ouble mutant may be to destabilize the pyrophosphate leaving group of the ligand, more severely affecting the catalytic rate of the polymerization
eaction than the R65 single mutation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The HIV-1 reverse transcriptase (RT) mutation K65R is asso-
iated with reduced susceptibility to the nucleotide RT inhibitor
NtRTI) tenofovir disoproxil fumarate (Sarafianos et al., 1999;

ainberg et al., 1999) and other non-azido-containing nucle-
side RT inhibitors (NRTI) (Parikh et al., 2005, 2006). Since
he approval of tenofovir for clinical use in October 2001, an
ncreasing prevalence of K65R in clinical HIV-1 genotypic test-
ng databases has been reported (Faruki et al., 2004; Kagan et

l., 2004; Camacho et al., 2006). K65R has also been observed
t a high frequency in studies of patients experiencing virologic
ailure on triple-NRTI regimens of tenofovir and lamivudine
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ombined with abacavir (Gallant et al., 2005; Khanlou et al.,
005; Landman et al., 2005) and with tenofovir combined with
idanosine-containing regimens (Leon et al., 2005; Maitland et
l., 2005; Torti et al., 2005). We previously reported that the rare
70E mutation, which is associated with reduced susceptibil-

ty to the nucleoside analog adefovir (Cherrington et al., 1996;
iller et al., 2001), has also increased in prevalence since the

ntroduction of tenofovir: from 0.18% of antiretroviral (ARV)-
esistant samples in 1999–2001 to 0.43% in 2002–2004 (Kagan
t al., 2005). K70E has also been reported in a small number of
atients failing on antiretroviral regimens containing tenofovir
Delaugerre et al., 2005; Rouse et al., 2005; Lloyd et al., 2005).

In the Virco Antivirogram® phenotypic assay K70E variants
ave shown small phenotypic fold change increases for lamivu-
ine and emtricitabine and moderate increases for abacavir,

idanosine, stavudine and tenofovir, but below the biological
utoff for these inhibitors (Van Houtte et al., 2006). Interestingly,
he K65R and K70E mutations appear to be mutually exclusive
nd have not been observed to occur together on the same viral

mailto:Ron.M.Kagan@questdiagnostics.com
dx.doi.org/10.1016/j.antiviral.2007.03.006
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enome (Kagan et al., 2005; Lloyd et al., 2005; Ross et al.,
005; Van Houtte et al., 2006). A recent survey of a large com-
ercial database (Virco BVBA, Mechelen Belgium) of more

han 235,000 samples found no instances of K65R and K70E in
he same viral sequence in the absence of mixtures (Van Houtte
t al., 2006). Similarly, in an earlier study of more than 135,000
amples in the Quest Diagnostics sequence database, we did not
etect any occurrence of the K65R and K70E double mutant
Kagan et al., 2005). The K65R + K70E + M184V combination
as identified by population sequencing in a single HIV-1 sub-

ype G patient treated with didanosine, lamivudine, abacavir and
enofovir (Delaugerre et al., 2005), however, clonal analysis was
ot performed on the sample to determine whether these three
utations occurred on the same viral genome.
The ESS30009 study was designed to compare the effi-

acy of tenofovir or efavirenz co-administered with abacavir
nd lamivudine as a once-daily fixed-dose combination in
reatment-naı̈ve patients (Gallant et al., 2005). The teno-
ovir/abacavir/lamivudine arm was terminated prior to reaching
he 24-week midterm analysis, after an urgent interim anal-
sis was performed due to spontaneous reporting of several
ases of early virologic non-response in this arm. An unex-
ectedly high non-response rate of 49% was observed in this
rm, and the K65R mutation had been selected in 54% (22/41)
f patients with virologic failures along with M184V/I in 98%
40/41) of these cases (Gallant et al., 2005). A number of sub-
ects on this arm also developed the K70E mutation (Ross et al.,
005). In this work, we present the results of clonal analyses
f K70E-containing mutants in the ESS30009 virologic fail-
res and replication capacity results for site-directed mutants
SDM) carrying the K70E and K70E/K65R double mutations.

e also carried out molecular dynamic (MD) simulations to bet-
er understand the mutual antagonism between the K65R and
70E mutations.

. Methods

.1. ESS30009 study

ESS30009 was a study of 340 ARV-naı̈ve patients ran-
omized to receive a once-daily fixed-dose of aba-
avir/lamivudine/efavirenz or abacavir/lamivudine/tenofovir.
he abacavir/lamivudine/tenfovir arm of this study was dis-
ontinued after an unplanned interim analysis of 194 subjects
n this arm was performed following spontaneous reports
f inadequate response or rebound on this regimen. This
nplanned analysis, which occurred prior to all subjects having
eceived 24 weeks of therapy, indicated an unacceptably high
ncidence of non-response in this arm (Gallant et al., 2005).

.2. Phenotypic analysis, replication capacity and
equencing for ESS30009
Population sequencing and genotyping, plasma HIV-1
rug susceptibility and replication capacity measurements
n the baseline and on-therapy samples of the abacavir/
amivudine/tenofovir arm of the ESS30009 study samples were

0
i

s
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onducted by Monogram Biosciences, South San Francisco, CA
PhenoSense GTTM assay). HIV site-directed mutants contain-
ng K70E were created at Monogram Biosciences and analyzed
n triplicate for phenotypic impact on study drugs and for replica-
ive capacity.

.3. Clonal analysis of ESS30009 K70E samples

The Monogram Biosciences population sequence data were
sed to identify samples in which K70E mixtures were detected
ith K65R mixtures. Plasma containing such mixtures was

vailable from six subjects and these samples were sent to
esearch Think Tank, Inc. (RTT) for clonal analysis. Clonal
nalysis was accomplished using HIV-1 GeneTankerTM PR/RT
elect amplification and nucleotide sequencing methodologies.
minimum of 50 HIV-1 clones were obtained from each of these

ix samples and analyzed. Briefly, the GeneTanker methodology
ncorporates unique primers and two-step RT-PCR with cDNA
roduction originating in the 3′ long terminal repeat (LTR), fol-
owed by target-specific co-linear amplification. Amplicons for
rotease and reverse transcriptase were identified, collected,
nd purified on ethidium-stained 1% agarose gels. Bacterial
lasmid clones were obtained by 3′ addition of an A-tail for
A cloning, ligation and transformation using pGEM®-T Vec-
or Systems (Promega Corp. Madison, WI). Approximately
5 isolated colonies selected on IPTG/X-Gal LB agar plates
ontaining 100 �g/ml ampicillin were picked and scaled up
y overnight growth in 3 mL Amp100 LB broth. Nucleotide
nalysis was performed using purified plasmid clones and Gene-
anker bi-directional sequencing on the Long-Read TowerTM

nd OpenGeneTM System (Bayer Healthcare, a subsidiary of
ayer AG). Sequence data were exported and electronically

ransmitted to data management for analysis using the Phar-
aTanker EMSTM application (Research Think Tank, Inc).
lonal analysis was also performed on one additional sam-
le with K65R and K70E identified by population sequencing,
hich was submitted to RTT for routine genotypic analysis.

.4. Molecular dynamic simulations

The initial structure used in the MD simulations was based
n the crystallographic structure of the HIV-1 reverse transcrip-
ase proposed by Huang et al. (1998) (PDB ID:1RTD). Only the
rst monomer in the crystal structure was used for the simula-

ion. The positions of hydrogen atoms were determined using
he HBUILD facility in the CHARMM simulation program ver-
ion c32a2 (Brooks et al., 1983). The crystal water molecules
ere removed and the monomer was capped with a 20 Å sphere
f pre-equilibrated TIP3P water molecules (Jorgensen et al.,
983) centered at the ligand. Any water molecule within 2.8 Å
f the solute was removed. The ion atmosphere consisted of Na+

nd Cl− ions that were added at random positions to neutralize
he system and reach the physiologic sodium concentration of

.14 M. The ion positions were kept within the water sphere and
nitially at least 4.7 Å away from any solute atoms.

All mutations were formed by removing the wild-type residue
ide chain and re-building the mutated residue from the residue
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emplate in CHARMM. Each mutation was treated as an inde-
endent simulation: i.e., the simulation for each mutation started
rom the X-ray structure. Stochastic boundary MD simulations
Brooks et al., 1983, 1985) were carried out. All atoms that were
ore than 20 Å away from the center of the water sphere were

eld fixed during the simulations. Atoms within the radial dis-
ance of 18 to 20 Å from the center were restrained to the initial
-ray crystal positions.
In MD simulations, the atoms within a sphere of 18 Å from

he center were treated with Newtonian dynamics, and the
toms in the radial range between 18 and 20 Å were treated
y Langevin dynamics at constant temperature, which also pro-
ides a surrounding heatbath for the system. Atomic positions
ere propagated using the leap-frog Verlet algorithm with 1-fs

ntegration time step (Allen and Tildesley, 1987). Non-bonded
nteractions were treated using an atom-based cutoff of 14 Å with
witching between 10 and 12 Å. Bond lengths for all covalent
onds involving hydrogen were constrained using the SHAKE
lgorithm (Ryckaert et al., 1977). Initially, a set of simulation
nnealing processes was applied (total 220 ps simulation). These
rocedures were to ensure the proper equilibration of water
nd ion molecules, which is a standard protocol for simulations
ontaining nucleotides or highly charged residues.

.4.1. Pre-annealing stage
Water and ion molecules were first energy-optimized, then

nderwent a simulation annealing for 10 ps. The temperature
as increased from 0 to 298 K in a 7.5 ps period and was then
ept at 298 K. The annealing simulations were repeated twice,
ith temperature increased from 298 to 498 K and then back to
98 K.

.4.2. Annealing stage
Four steps of simulations (10 ps each) were performed for

his stage:

The temperature was increased from 298 to 498 K in 7.5 ps
and then kept at 498 K.
The temperature was increased from 498 to 698 K in 7.5 ps
and then kept at 698 K.
The temperature was increased from 698 to 498 K in 7.5 ps
and then kept at 498 K.
The temperature was increased from 498 to 298 K in 7.5 ps
and then kept at 298 K.

The whole annealing stage was repeated three times before
he post-annealing stage.

.4.3. Post-annealing stage
Three steps of constant volume simulations were performed

n the this stage.

The temperature was increased from 298 to 498 K in 7.5 ps

and then kept at 498 K for a total of 10 ps.
The temperature was increased from 498 to 298 K in 7.5 ps
and then kept at 498 K for a total of 10 ps.
The temperature was kept at 298 K for 50 ps.

t
t
r
f

earch 75 (2007) 210–218

.4.4. Solute relaxation stage
The solute atoms were energy-optimized and then allowed

o move under harmonic restraints during a 50 ps simulation
t 298 K. The harmonic force constant (in ∼kcal mol−1 Å−2)
n each heavy atom was obtained from the empirical formula
i = 25 + 2000/Bi, where ki is the force constant for atom i and
i is the corresponding crystallographic B-value.

After the preparation stages, the whole system (within 20 Å
rom the center) underwent a 500-step energy minimization.
hen the temperature was increased from 0 to 298 K at the rate
f 1 K/ps and kept at 298 K thereafter. A 10 ns simulation was
erformed for each mutation and the last 5 ns results were used
or data analysis. The data sampling frequency was 1 ps. All
verage interaction energies and distances were calculated from
hese 5000 sampled structures for each simulation.

. Results

.1. Clonal analysis of ESS30009 isolates

A virologic non-response rate of 49% was reported for
he abacavir/lamivudine/tenofovir arm of the ESS30009 study
ompared with 5% in the abacavir/lamivudine/efavirenz arm
Gallant et al., 2005). Genotypes at baseline and post-baseline
rior to study discontinuation were available for 81 patients in
he abacavir/lamivudine/tenofovir arm. No K70E variants were
etected at baseline. Population sequencing detected isolates
ith the K70E substitution in eight of 81 subjects (10%) at post-
aseline time points only. In all eight cases, K70E was observed
s a mixture of wild-type and mutant (K70K/E) subpopulations.
65K/R mixtures were also observed in the majority of these

solates, and M184V was detected as an apparently homoge-
eous mutant population in all eight subjects (Table 1). Reduced
henotypic susceptibility to lamivudine was observed in all eight
ost-baseline isolates. Phenotypic susceptibility for abacavir
as reduced in all eight cases but a fold change greater than the

bacavir clinical cutoff (4.5) was only observed for three of eight
ubjects (two of these three subjects had also selected K65R,
115F, and M184V by population sequencing). Phenotypic sus-

eptibility to tenofovir was retained in all eight non-responders
Table 1). In an attempt to determine genotypic linkage between
65R and K70E, we prepared and analyzed 305 pol gene clones

rom six of these eight patient isolates. Of 305 clones analyzed,
65R and K70E were not observed together on the same clone,
hereas M184V was seen in all clones (Table 1).

.2. Site-directed mutant analysis

To further examine whether the K70E and K65R mutations
ould co-exist in the same virus, we created the following HIV-
cloned site-directed mutants (SDMs): K70E, K70E + K65R,

nd K70E + K65R + M184V. Each SDM was analyzed in tripli-
ate for replicative capacity and for phenotypic susceptibility to

enofovir, abacavir and lamivudine (Table 2). Phenotypic resis-
ance of the K70E clone was comparable to previously published
esults of 1.8-fold for abacavir, 3.7-fold for lamivudine and 1.2-
old for tenofovir in a cell-based assay (Van Houtte et al., 2006)



R.M. Kagan et al. / Antiviral Research 75 (2007) 210–218 213

Table 1
Clonal analysis of six ESS30009 subjects developing K70E

Subject Genotype at
study initiationa

ABC/3TC/TDF at
study initiation
(FC)b

Week Population genotype
at K70E emergencea

ABC/3TC/TDF
Phenotypic FCb at
K70E emergence

Clonal analysisc No. of
clones

1 V118I 1.4/0.6/1.1 12

K70K/E,
Y115Y/F,
V118I,
M184V

6.5/>124/0.6

V118I/Y115F/M184V (25)

50

K70E/M184V (4)
K65R/M184V (4)
T215S/M184V (1)
T69N/M184V (3)
M184V (14)

2 WT 0.9/0.9/0.9 8
K65K/R,
K70K/E,
M184V

3.6/145/0.5

K70E/M184V (3)

52
K70Q/M184V (1)
K65R/M184V (2)
M184V (46)

3 WT 0.9/1.2/0.8 20
K65K/R,
70K/E,
M184V

5.1/97/0.9
K70E/M184V (23)

51K65R/M184V (31)
M184V (2)

4 WT 0.9/0.9/0.8 12
K70K/E,
M184V

4.1/122/0.4

K70E/M184V (8)

50
K70N/M184V (1)
K65R/M184V (2)
M184V (39)

5 WT 0.8/1.0/0.9 16
65K/R,
70K/E,
M184V

3.1/122/0.5

K70E/M184V (4)

50
K65R/M184V (4)
K65R/S68G/M184V (1)
V/118I/M184V (1)
M184V (40)

6 WT 1.0/0.9/0.7 20

K65K/R,
K70K/E,
Y115Y/F,
M184V

7.8/85/0.6

T69S/F77S/Y115F/M184V (1)

51

K70E/Y115F/M184V (1)
K65R/Y115F/M184V (1)
Y115F/M184V (45)
K103R/M184V (1)
M184V (2)

7 WT 0.8/0.9/0.9 16 K65K/R, K70K/E,
M184V

2.7/114/0.5 NDd NDd

8 WT 1.1/0.9/1.1 16 K65K/R, K70K/E,
M184M/I/V

3.2/114/0.6 NDd NDd

Eight of 81 subjects in the abacavir/lamivudine/tenofovir (ABC/3TC/TDF) arm of the ESS30009 study developed the K70E mutation as detectable by population
sequencing. Clonal analysis was carried out for 305 clones from six of these patients and did not detect K65R and K70E on the same genome.

a Population sequencing was performed at Monogram Biosciences (PhenoSense GTTM assay). Samples with no IAS USA-defined RT inhibitor resistance mutations
are designated as wild-type.

b FC: fold change. Phenotypic susceptibility analysis was performed at Monogram Biosciences (PhenoSense GTTM assay).
c Clonal analysis was conducted at Research Think Tank, Inc. using the Gene TankerTM methodologies.
d ND: not done.

Table 2
Mean fold change in drug susceptibility and replicative capacity in HIV-1 with site-directed mutations

Site-directed mutant Phenotypic fold changea Replication capacitya (%)

Abacavir Lamivudine Tenofovir

K70E 1.4 ± 0.05 3.4 ± 0.1 1.2 ± 0.09 97.3 ± 29
K65R + K70E 3.1 ± 0.4 8.8 ± 0.8 2.3 ± 0.4 2.4 ± 0.9
K65R + K70E + M184V NAb NAb NAb 0.01 ± 0.01

Site-directed mutants were constructed by Monogram Biosciences as described in Methods. Phenotypic fold change and replication capacity analyses were conducted
in triplicate using the PhenoSenseTM assay. Phenotypic analysis of a K65R site-directed mutant was not performed in this study, however the mean fold change in
147 clinical isolates with only the K65R NRTI mutation is reported to be 1.9 for tenofovir, 2.5 for abacavir and 8.5 for 3TC, and the mean replication capacity of
these isolates was 68% (Underwood et al., 2004).

a Mean and standard deviation for three measurements.
b The replication capacity was too low to measure IC50 values for phenotypic determination of fold change.
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Table 3
R.M.S. deviations and key interaction energies between residues 65/70 and the
ligand

R.M.S.D. (Å) Residue 65
(kcal/mol)

Residue 70
(kcal/mol)

WT 0.92 ± 0.1 −166 ± 7 −62 ± 17
K65R 1.45 ± 0.1 −111 ± 9 −129 ± 19
K70E 1.07 ± 0.1 −169 ± 6 91 ± 7
K65R/K70E 0.92 ± 0.1 −136 ± 8 90 ± 11

Root Mean Square deviation (R.M.S.) was calculated for atoms within a 18 Å
sphere around the ligand for each model and the starting crystal structure of
HIV-1 with a dTTP ligand (PDB ID: 1RTD) from Huang et al. (1998). The
interaction energies between two residues are defined as the summation of
electrostatic energies and van der Waals interactions between every atom pair
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r derived from pre-steady state kinetic measurements (2.3×,
.5× and 2.1×, respectively; Sluis-Cremer et al., 2007). No
dditive affect on phenotypic resistance was observed for the
ouble mutant (Table 2). Phenotypic resistance values were
omparable to values reported for K65R alone for abacavir
hich is typically around three-fold, lamivudine, reported at
.7-fold, and tenofovir, reported at 2.7-fold (Deval et al., 2004).
nlike K65R mutants, which are reported to have reduced repli-

ation capacity of 58% (Deval et al., 2004) to 69% (White et al.,
002), the replication capacity of the K70E SDM did not differ
rom that of the wild-type control (Table 2). However, in the
ouble mutant K65R + K70E, the replication capacity declined
o <2.4% (Table 2). M184V has been reported to reduce the repli-
ation capacity of the K65R mutant to 38% of wild-type (Deval
t al., 2004). In the triple mutant K65R + K70E + M184V, repli-
ation capacity was reduced to a nearly undetectable <0.01% of
ild-type (Table 2).

.3. Molecular dynamic simulations

To better understand the large reductions in replication capac-
ty observed in the K65R + K70E double mutants, we conducted

D simulations of wild-type and mutant RT bound to dTTP,
tarting with the coordinates for the 1RTD structure from Huang
t al. (1998). The main chain root mean square deviations
etween the MD simulations and the 1RTD structure were small,
etween 0.92 and 1.4 Å (Table 3). Key distances and interaction
nergies between the ligand and key residues were calculated
rom the MD simulation trajectories (Tables 3 and 4). Snapshots
f the models at 6 ns were taken to demonstrate the relative
ositions of the ligand and key residues (Fig. 1).

In the wild-type RT crystallized with dTTP, the �-amino
roup of K65 interacts with the �-phosphate of dTTP. The loss
f this interaction in the R65 mutant likely introduces unfa-
orable rearrangements (Huang et al., 1998). In the wild-type
D simulation of RT with the dTTP ligand, the �-nitrogen

f K65 (K65:N�) can interact with the �-phosphate oxygen
f dTTP (dTTP:O�) from a distance of 2.7 ± 0.1 Å, whereas
he K70 side chain �-nitrogen (K70:N�) is distant (6.6 ± 1.1 Å)

rom the �-phosphate oxygen (Fig. 1a, Table 4). This residue
5-�-phosphate interaction was not observed in the R65 single-
utant MD simulation, where the guanidinium nitrogen of
65 (R65:N�) was 4.2 ± 0.4 Å distant from dTTP:O� (Fig. 1b,

c
T
p
a

able 4
ey dNTP binding pocket residue to dTTP ligand distances

K65:N� ↔
dTTP:O�a

R65:N� ↔
dTTP:O�

K70:N� ↔
dTTP:O�

T 2.7 ± 0.1 6.6 ± 1.1
65R 4.2 ± 0.4 3.5 ± 0.6
70E 2.7 ± 0.1
65R/K70E 3.0 ± 0.2

ll distances were calculated from the last 5 ns of simulations of the WT, K65R, K7
sed, giving 5000 measurements for each distance. The distances (Å) and standard d
a The minimum possible distance was used when multiple choices existed, as in th
b R72:N�H was within hydrogen-bonding distance (<3.5 Å) of the �-phosphate in
utant and, 56% of the wild-type and 51% of the R65 simulations.
rom different residues. They were calculated by the INTERACTION module in
he CHARMM program. Interaction energies were averaged over the last 5000
ampled structures sampled at 1 ps intervals.

able 4) and there was a +55 kcal/mol unfavorable change in
nteraction energy (Table 3). However, in this model, K70:N�
as repositioned much closer to the ligand, 3.5 ± 0.6 Å distant

rom dTTP:O�, and may partially compensate for the loss of the
65 interaction with the ligand (Fig. 1b) as evidenced by the
67 kcal/mol more favorable interaction energy between K70

nd the ligand (Table 3). In the simulation of the E70 mutant
Fig. 1c) the carboxyl oxygen of E70 (E70:O�) moved closer to
ithin 2.7 ± 0.1 Å of the positively charged �-amino group of
65, creating an electrostatic interaction. However, the interac-

ion of K65:N� with the �-phosphate of the ligand did not appear
o be lost and it was positioned 2.7 ± 0.1 Å from dTTP:O� and
he interaction energy between K65 and the ligand was compara-
le to that in the wild-type model (Tables 3 and 4). R65:N� was
loser to dTTP:O� in the R65 + E70 double mutant (3.0 ± 0.2 Å)
hen compared to the R65 single mutant (4.2 ± 0.4 Å) (Fig. 1d,
able 4), but the interaction energy between R65 and the ligand
as +30 kcal/mol less favorable than in the wild-type model

nd there was no compensating interaction of the ligand with
he negatively charged E70 (Table 3).

In the crystal structure, the triphosphate moiety of the lig-
nd is also coordinated by the side chain of R72 and the main

hain nitrogen of D113 (Huang et al., 1998; Harris et al., 1998).
he guanidinium group of R72 was farther away from the �-
hosphate in the E70 single mutant (Fig. 1c and d, Table 4)
nd was within hydrogen-bonding distance in only 1.34% of the

E70:O� ↔
dTTP:O�

R65:N� ↔
E70:O�

K65:N� ↔
E70:O�

R72:N�H ↔
dTTP:O�b

3.0 ± 1.0
3.4 ± 0.5

4.4 ± 0.5 2.7 ± 0.1 5.3 ± 0.9
4.6 ± 0.7 3.6 ± 0.6 2.5 ± 0.5

0E and K65R/K70E models with the dTTP ligand. A 1 ps sampling rate was
eviations are shown.
e case of the two O� in the E70 side chain.
only 1.34% of the simulations for the E70 mutant but in 95.4% of the double
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ig. 1. Molecular dynamic snapshot at 6 ns of the dTTP ligand and residues 6
ersion 1.6 (Accelrys Software, Inc. San Diego, CA) was used to prepare the fi
ouble mutant. Interatomic distances are given in Angstrom units (Å) and are a

imulations. In the double mutant, R72 remained close to the
-phosphate (Fig. 1c and d, Table 4) and was more likely to
e within hydrogen-bonding distance (double mutant: 95.4%;
ild-type: 56.0%; K65R: 51.0%). We did not observe any repo-

itioning in the main chain nitrogen of D113 relative to the
riphosphate moiety in any of the wild-type or mutant MD sim-
lations (data not shown).

. Discussion

Following the widely publicized findings that certain triple-
RTI combination therapies that included tenofovir and

bacavir lead to an increased rate of virologic failure and selec-
ion of the K65R mutation (Gallant et al., 2005; Khanlou et
l., 2005; Landman et al., 2005; Leon et al., 2005; Maitland
t al., 2005; Torti et al., 2005), the prevalence of K65R has
eclined from its peak of 4.5% in 2003. The emergence of the
defovir-associated resistance mutation K70E in patients fail-
ng treatment with tenofovir and other NRTIs was first reported
n 2005 (Delaugerre et al., 2005; Rouse et al., 2005; Lloyd
t al., 2005). Recently published work (Sluis-Cremer et al.,
007) shows that K70E confers low-level resistance to tenofovir
y selectively reducing the incorporation efficiency of nucleo-
ide RT inhibitors, similar to the K65R mechanism of action

Deval et al., 2004). Both mutations also impair the excision
athway of thymidine analog mutation mediated resistance for
hymidine analogs such as azidothymidine (White et al., 2006;
luis-Cremer et al., 2007).

s
s
o
p

71 (backbone only) and 72 in single and double mutant RT. DS Visualizer
(A) Wild-type model. (B) K65R mutant. (C) K70E mutant. (D) K65R + K70E
e distances as shown in Table 4.

In this work, we confirmed that the absence of K65R + K70E
ouble mutants in large clinical populations was not simply an
rtifact of failure to detect such mutants in population-based
equencing assays. Clonal analysis of virologic non-responders
n the abacavir/lamivudine/tenofovir arm of the ESS30009 study
ho had detectable K70E and K65R mixtures failed to identify

ny double mutants. Recombinant viruses carrying the double
utant had phenotypic resistance levels comparable to K65R

lone with no additive affect, but the double mutant had a much
reater loss of replicative capacity than either of the single
utants, suggesting that this combination would be unfavorable.
ince in the clinical samples analyzed by clonal sequencing,
70E was always accompanied by M184V on the same clone,

nd given that the site-directed triple recombinants carrying the
184V mutation had a replication capacity nearly too low to
easure (0.01%), these findings suggest that while K70E might

e observed by population sequencing with K65R in clinical
solates, it would be less likely for both mutations to be selected
n the same viral genome in a clinical sample. K70E is still very
are and much less prevalent than K65R in the clinical popu-
ation, which suggests that in vivo, the K65R mutation is the
referred pathway to loss of susceptibility to tenofovir.

To better understand the deleterious effects of the double
utation on the viral reverse transcriptase, we undertook MD
imulations of K65R, K70E and K65R + K70E reverse tran-
criptase with bound dTTP ligand. Positioning and coordination
f the nucleotide triphosphate ligand in the nucleotide binding
ocket of the reverse transcriptase is important for phosphodi-
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ster bond formation, which proceeds through the attack of the
′-OH of the primer on the �-phosphate of the dNTP followed by
he leaving of the terminal pyrophosphate group (Jacobo-Molina
t al., 1993). Mutations that affect ligand binding by reducing the
ate of incorporation of dNTPs and nucleoside/nucleotide ana-
og inhibitors include M184V (Krebs et al., 1997; Deval et al.,
004), K65R (Selmi et al., 2001; Deval et al., 2004) and Q151M
Deval et al., 2002). The �-phosphate of the nucleotide ligand is
tabilized by the amino group side chain of K65, and the K65R
ubstitution may abolish this stabilization and induce pack-
ng rearrangements in the vicinity of the �- and �-phosphates
Huang et al., 1998; Sarafianos et al., 1999). We used MD sim-
lations to demonstrate that the guanidinium nitrogen of R65
s farther from the �-phosphate compared to the amino group
f K65 in the wild-type variant and that the interaction energy
etween these moieties becomes less favorable, in agreement
ith the predicted loss of interaction. Interestingly, the amino
roup side chain of K70, which is distant from the ligand in the
ild-type model, is shifted much closer to the �-phosphate with
more favorable interaction energy with the ligand. This previ-
usly undescribed interaction may partially compensate for the
oss of �-phosphate stabilization when the lysine at position 65
s substituted by arginine. Nevertheless, the replication capacity
f R65 variants is reduced, indicating that these changes still
ave a deleterious affect on the reverse transcriptase.

In the double mutant, the negatively charged glutamate at
osition 70 cannot interact with the �-phosphate of the ligand
o compensate for the loss of the interaction with residue 65,
nd we postulate that this results in a more severe defect than
hat caused by the single R65 mutation. Although R65 appears
loser to the �-phosphate in the double mutant, its interaction
nergy with the ligand is 30 kcal/mol less favorable than K65 in
ither the wild-type or the E70 single mutant; therefore, it does
ot appear to provide much stabilization of the �-phosphate.
e speculate that the �-phosphate may preferentially interact
ith the adjacent negatively charged E70, which may prevent it

rom stabilizing the �-phosphate. In the single mutant K70E, the
70 carboxylate is close enough to the positively charged amino
roup of K65 to form a salt bridge, and as recently suggested
Sluis-Cremer et al., 2007) this may affect the interaction of K65
ith the �-phosphate. Alternately, the repositioning of R72:N�H
utside of the normal hydrogen-bonding distance with the ligand
-phosphate may in itself destabilize the pyrophosphate leav-

ng group sufficiently to account for the poorer incorporation of
ucleosides and nucleoside analogs and the resultant low-level
esistance observed in K70E variants. R72A mutants exhibit
ery poor catalytic activity (Harris et al., 1998) suggesting that
tructural changes impacting this residue could also have an
ffect on activity.

Although both K65R and M184V reduce the rate of
ucleotide incorporation, K65R does so by reducing the catalytic
ate constant whereas M184V reduces the binding affinity of the
ucleotide. When present together, these mutations can act syn-

rgistically to reduce the rate of incorporation of the nucleotide
Deval et al., 2004). This synergistic interaction may account
or the greater loss of replicative capacity that we observed
n the triple mutant. MD simulations of the triple mutant with

t
w
t
e

earch 75 (2007) 210–218

urine and pyrimidine dNTP ligands may shed further light on
he additional fitness loss.

Although our study represents the longest all-atom simula-
ion reported to-date for an HIV-1 RT system, the results must
e treated with caution. Our simulations were based on cutoff
odels; i.e., we only simulated the region near the active site,

nd did not employ the most advanced techniques for treating
on-bonding interactions such as long-range electrostatic inter-
ctions. Hence quantitative analyses were not possible and long
ange conformational changes would not be captured. Thus, our
imulation results are intended to be used for interpreting the
xperimental evidence, rather than for de novo prediction of
utational effects. These analytical limitations are due to the

imitations in currently available computational power. A full-
cale and predictive MD study of the HIV-1 RT system may be
ecome possible with further advances in computer hardware
nd software.

. Conclusions

In summary, we have proposed a mechanistic explanation
or the incompatibility of two reverse transcriptase mutations,
65R and K70E, consistent with the reduced replication capac-

ty of site-directed double mutants and the reported absence
f such double mutants in clinical databases in spite of the
idespread use of tenofovir. MD simulations have been used
reviously in structural studies of the HIV-1 RT dNTP binding
ite and nucleotide analog resistance (White et al., 2004, 2006).

D simulations, by their nature, are computationally expensive
nd therefore are usually limited to defined shells encompassing
egions of interest in biological macromolecules and limited in
uration to hundreds of picoseconds or several nanoseconds. In
his work, we were able to model an 18–20 Å shell around the
NTP binding site of RT and conduct relatively long-duration
10 ns) simulations. This technique allowed us to study changes
n atomic-level motions in the nucleotide-binding site of HIV-1
everse transcriptase resulting from the introduction of specific
rug resistance mutations. Further applications of this method-
logy may serve to provide a better mechanistic understanding
f additional single or combined mutations in the nucleotide
inding site of the HIV-1 reverse transcriptase including further
ntagonistic interactions such as between K65R or K70E and
hymidine analog mutations (White et al., 2006; Sluis-Cremer
t al., 2007) or between K65R and L74V (Sharma et al., 2004).
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