THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 1, Issue of January 2, pp. 509-516, 2004
Printed in U.S.A.

Mechanistic Basis for Reduced Viral and Enzymatic Fitness of
HIV-1 Reverse Transcriptase Containing Both K65R and

M184V Mutations*

Received for publication, August 8, 2003, and in revised form, October 1, 2003
Published, JBC Papers in Press, October 9, 2003, DOI 10.1074/jbc.M308806200

Jérome Devali§, Kirsten L. Whitef, Michael D. Miller1, Neil T. Parkin|, Jérome Courcambeck®**,
Philippe Halfon**, Boulbaba Selmif {f, Joélle Borettof, and Bruno Canard#§$
From the FArchitecture et Fonction des Macromolécules Biologiques, UMR 6098 CNRS et Université Aix-Marseille I et 11,

ESIL, Campus de Luminy, 13288 Marseille cedex 09, France, 1Gilead Sciences, Inc., Foster City, California, |ViroLogic,
Inc., S. San Francisco, California, and **Genosciences, Marseille, France

HIV-1 drug resistance mutations are often inversely
correlated with viral fitness, which remains poorly de-
scribed at the molecular level. Some resistance muta-
tions can also suppress resistance caused by other
resistance mutations. We report the molecular mecha-
nisms by which a virus resistant to lamivudine with the
M184V reverse transcriptase mutation shows increased
susceptibility to tenofovir and can suppress the effects
of the tenofovir resistance mutation K65R. Additionally,
we report how the decreased viral replication capacity
of resistant viruses is directly linked to their decreased
ability to use natural nucleotide substrates and that
combination of the K65R and M184V resistance muta-
tions leads to greater decreases in viral replication
capacity. All together, these results define at the molec-
ular level how nucleoside-resistant viruses can be
driven to reduced viral fitness.

Nucleoside analogue drugs are core constituents of antiret-
roviral regimens to control HIV-1! infection (1). Once activated
to the 5’-triphosphate state in the infected cell, they target the
viral reverse transcriptase (RT), a specialized DNA polymerase
encoded by the viral pol gene. In the clinic, however, treatment
failures can occur that result in the development of drug-
resistant virus. Both the high adaptive capacity of HIV-1 and
the incomplete suppression of viral replication are responsible
for the selection of drug-resistant viruses (2, 3). Controlling the
appearance and spread of drug-resistant viruses requires novel
drugs of increased potency that do not readily elicit resistance,
and that are active against resistant viruses.

The potency of a nucleoside RT inhibitor (NRTI) as an inhib-
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itor of viral replication depends on several factors. First, the
NRTI must be activated to the 5’-triphosphate state by cellular
kinases. Second, the analogue 5’-triphosphate must be an effi-
cient substrate for RT that competes significantly at its cellular
concentration with its natural ANTP counterpart to terminate
viral DNA chain extension. Third, it is increasingly apparent
that stability of the analogue-terminated DNA and inefficient
excision by RT are key factors in sustained inhibition. Viral
drug resistance has been shown to involve the second and third
steps listed above (4).

There is intense ongoing research aimed at elucidating re-
sistance mechanisms at the molecular level. In most cases, the
corresponding substituted RT (referred to as mutant, mutated,
or resistant therein) has altered biochemical properties ac-
counting for viral resistance. At present, two classes of resist-
ance mechanisms for NRTIs have been characterized. The first
class involves an increased discrimination of the nucleotide
analogue 5’-triphosphate at the RT active site relative to the
natural substrate dNTP. Discrimination can be achieved either
through selective decreased binding of the 5’-triphosphate an-
alogue (reflected by an increase in the binding equilibrium
constant K,), or at the catalytic step of incorporation of the
analogue 5'-monophosphate into viral DNA (reflected by a de-
crease of k,, value, the catalytic constant of incorporation of
the nucleotide analogue into DNA). Lamivudine (3TC) and
2'-3" dideoxynucleosides (ddNs, e.g. ddl and ddC) typically
select resistance mutations conferring increased discrimina-
tion properties to the resistant RT (5-7).

The other class of resistance mechanisms involves repair of
the analogue-terminated DNA chain. In this mechanism, the
resistant RT exhibits enhanced repair (also named excision or
unblocking) of the analogue monophosphate-terminated DNA
chain. The repair reaction utilizes pyrophosphate (PP;) or a
nucleoside 5'-triphosphate (NTP) as a co-substrate to unblock
the analogue 5'-monophosphate terminated DNA chain in a
reaction chemically similar to pyrophosphorolysis, the reversal
of the polymerization reaction (8, 9). Zidovudine (AZT) or
stavudine (d4T) can select for RT mutations such as M41L,
D67N, K70R, L210W, T215Y/F, or K219(Q/E/N/R) that act by
this repair mechanism. As a group, these mutations are re-
ferred to as thymidine analogue-associated mutations or TAMs
(10, 11).

As a result of acquiring drug resistance, drug-resistant vi-
ruses often have a replicative disadvantage relative to wild-
type viruses in the absence of drug (12). There is a growing
body of evidence showing that some of these replication-im-
paired (or unfit) viruses might be less pathogenic and better
controlled than wild-type viruses (13). In addition, some NRTIs
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such as 3TC and AZT (14, 15) select mutant RTs that have
antagonistic resistance mutations where resistance to 3TC de-
creases resistance to AZT. Treatment combining AZT with 3TC
leads to a more sustained efficacy than treatment with either
alone, although virus resistant to both drugs will eventually
evolve without adequate viral load suppression. Consequently,
it is possible that certain combinations of drugs might deliber-
ately lead to a genetically defined virus with altered fitness and
a resistance profile such that the virus remains fully or par-
tially susceptible to drugs in the current or next regimen.
Tenofovir disoproxil fumarate is an orally bioavailable form
of tenofovir that has shown potent and durable efficacy in
phase III clinical trials (16). Tenofovir is an acyclic nucleotide
phosphonate analogue of AMP that is active on RT in its
diphosphate form (tenofovir-PP). The RT mutation K65R ap-
pears to be the only mutation selected for by tenofovir in vitro
and in vivo, and results in low level resistance to tenofovir (17,
18). This resistance is partially to fully suppressed when pres-
ent in combination with the 3TC/emtricitabine (FTC)-resist-
ance mutation M184V (17-19). In this study, we focused on RT
resistance mutations acting through discrimination of the nu-
cleotide analogue relative to its natural counterpart, specifi-
cally K65R, M184V, and the multidrug-resistant Q151M com-
plex mutations, and their effects on drug susceptibility, RT
enzymatic function, and viral replication capacity. We give a
mechanistic basis for the reduced resistance, as well as the
impaired viral and enzymatic fitness of HIV-1 reverse tran-
scriptase containing both K65R and M184V mutations.

EXPERIMENTAL PROCEDURES

Phenotypic Assays of Drug Susceptibility—Phenotypic data for teno-
fovir, zidovudine (AZT), lamivudine (3TC), didanosine (ddI), stavudine
(d4T), and abacavir were obtained for patient-derived recombinant
viruses present in the Virco library using the Antivirogram assay (Virco
Central Virological Laboratory, Mechelen, Belgium). The antiretroviral
histories of patients from whom these viruses were obtained are un-
known. Viruses were chosen based on their RT genotype of M184V
alone (n = 10), K65R alone (n = 5), K65R in combination with M184V
(n = 5), and the combination of Q151M, V751, F77L, and F116Y (n = 5).

Assay of Viral Replication Capacity—Replication capacity was meas-
ured using a single cycle virus growth assay as previously described
with patient-derived recombinant viruses present in the ViroLogic li-
brary (ViroLogic, S. San Francisco, CA) (19, 20). The antiretroviral
histories of patients from whom these viruses were obtained are un-
known. Viruses were chosen that contained no NRTI-associated or
protease inhibitor (PI)-associated resistance mutations (wild-type, n =
1307), K65R alone (n = 17), M184V alone (n = 291), K65R plus M184V
(n = 12), or Q151M complex plus M184V (n = 8), all in the absence of
thymidine analogue-associated mutations (TAMs) or Pl-associated re-
sistance mutations. None of the samples contained mixtures at posi-
tions 65, 151, or 184. Briefly, a retroviral vector was constructed using
the NL4-3 infectious molecular clone of HIV-1. The vector contains a
luciferase expression cassette replacing the HIV-1 envelope (21). NL4-3
protease and RT sequences were replaced with corresponding patient-
derived sequences. Recombinant virus stocks were generated by co-
transfecting 293 cells with retroviral vector DNA pools and an expres-
sion vector that produces the amphotropic murine leukemia virus
envelope protein. After normalization, the amount of luciferase activity
in cells infected with recombinant pseudotyped virus was used as a
direct measure of replication capacity, i.e. the ability of the virus to
complete a single cycle of viral replication. Relative replication capacity
was assessed by comparing the amount of luciferase activity produced
by mutant recombinant viruses to the amount of luciferase activity
produced by the control NL4-3 virus and adjusted to reflect the differ-
ence between NL4-3 and the average replication capacity of wild-type
(drug-sensitive) clinical isolates.

HIV-RT Plasmid Constructions, Enzyme Preparations, and Re-
agents—The wild-type RT bacterial expression gene construct p66RTB
was used to obtain K65R, M184V, K65R/M184V, and Q151M RT as
described (22). All constructs were verified by DNA sequencing. The
recombinant RTs were co-expressed with HIV-1 protease in Escherichia
coli in order to obtain p66/p51 heterodimers, which were later purified
using affinity chromatography. All enzymes were quantitated by active-
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site titration before biochemical studies. DNA oligonucleotides were
obtained from Invitrogen. Oligonucleotides were 5'-*2P-labeled using
T4 polynucleotide kinase (New England Biolabs, MA). y—32P-labeled
adenosine 5'-triphosphate was purchased from Amersham Biosciences.

Pre-steady State Kinetics of Single Nucleotide Incorporation Into
DNA—Pre-steady state kinetics were performed using dATP, dTTP,
dCTP, dGTP, tenofovir-PP and 3TC-TP in conjunction with wild-type,
K65R, M184V, K65R/M184V, and Q151M RT. Rapid quench experi-
ments were performed with a Kintek instrument Model RQF-3 using
reaction times ranging from 10 ms to 30 s. All indicated concentrations
are final. The primer DNA/DNA oligonucleotides used for the rapid
reaction were a 5’-labeled 21-mer primer (5'-ATA CTT TAA CCA TAT
GTA TCC-3') annealed to a 31-mer template 31T-RT (5’-TTT TTT TTT
AGG ATA CAT ATG GTT AAA GTA T-3’) for the incorporation of dTTP,
a 31A-RT (5'-AAA AAA AAA TGG ATA CAT ATG GTT AAA GTA T-3')
for the incorporation of dATP/tenofovir-PP, a 31C-RT (5'-TTT TTT TTT
GGG ATA CAT ATG GTT AAA GTA T-3') for the incorporation of
dCTP/3TC-TP and 31G-RT (5'-TTT TTT TTT CGG ATA CAT ATG GTT
AAA GTA T-3') for the incorporation of dGTP. For natural nucleotides,
the reaction was performed by mixing a solution containing 50 nm
(active sites) of HIV-1 RT bound to 100 nM of primer/template in RT
buffer (50 mm Tris-HCI, pH 8.0, 50 mMm KCl, 0.05% Triton X-100), and a
variable concentration of dANTP in 6 mm MgCl,. Reactions involving
3TC-TP and tenofovir-PP were conducted with excess concentrations of
enzyme (200 nM) over primer/template duplex (100 nm). These condi-
tions were chosen to eliminate the influence of the enzyme turnover
rate (k) that interferes in the measurements of low incorporation
rates. The products of reactions were analyzed using sequencing gel
electrophoresis (14% acrylamide, 8 M urea in Tris borate/EDTA buffer),
and quantified using photo-stimulated plates and Fujilmager. The for-
mation of product (P) over time was fitted with a burst equation shown
in Equation 1,

(P) = A(1 — exp(—(koppt)) + koot (Eq. D

where A is the amplitude of the burst, k,,, is the apparent kinetic
constant of formation of the phosphodiester bond, and %, is the enzyme
turnover rate, i.e. the kinetic constant of the steady-state linear phase.
The dependence of k,,, on dNTP concentration is described by the
hyperbolic Equation 2,

Eapp=kpor [ANTPI/(K, + [ANTP]) (Bq. 2)

where K, and &, are the equilibrium constant and the catalytic rate
constant of the dNTP for RT, respectively. K, and &, were determined
from curve-fitting using Kaleidagraph (Synergy Software, PA).

Molecular Modeling of Tenofovir-PP in the RT Active Site—The mo-
lecular modeling was performed with GenMol (23—-25) with its all-atom
force field, from the x-ray crystal structure of wild type ternary complex
RT-DNA-dTTP (26). We extracted amino acids surrounding the cata-
lytic DNA polymerase domain within a radius of 25 A. This model of
HIV-RT included the residues of both p66 and p51 domain, DNA tem-
plate/primer, two catalytic magnesium ions, and dTTP. Close attention
was given for both magnesium ions, because they have a key role in
positioning the incoming dNTP or NRTI and in catalysis.

In order to prepare the closed RT-DNA-dTTP complex (26), the
authors used a ddGTP primer terminus positioned at the so-called
“Priming site” (P site). We replaced ddGTP by dGTP and interactions of
its 3’-OH with Mg?" were optimized. In the crystal structure, both
magnesium ions were complexed only with residues Asp-185, Asp-110,
and Val-111. By a conformational analysis, we optimized the complex-
ation process of both Mg?*. The complexation process of Mg?", with the
incoming nucleotide via its triphosphate chain and residues Asp-110,
Val-111, and Asp-185, was found to be the same as in the crystal
structure of the ternary complex made of RT-DNA-dTTP. The complex-
ation of the second Mg?" was optimized. Positions of Asp-186 and
Asp-110 side chains were optimized in order to obtain a better com-
plexation process. This second Mg®* was complexed with Asp-186 (051
carboxylate side chain), Asp-185 (082 carboxylate side chain), and
3'-OH dGTP primer terminus.

All minimizations were conducted with Linux RedHat 7.3 worksta-
tions, on a 2.0 GHz bi-Xeon Pentium® 4 processor. Hydrogen atoms
were added to the enzyme, DNA duplex and dTTP within the Biopoly-
mer module of GenMol. Hydrogen positions were then optimized. The
construction of the nucleotide triphosphate was based on x-ray confor-
mation of dTTP present in the ternary complex RT-DNA-dTTP. All-
Atom charges were computed with GenMol for RT-DNA, both Mg?*,
dATP and tenofovir-PP (24, 25). The substituted RT structures were
obtained by changing selected amino acid (M184V). The adenine at the
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TaBLE 1
Summary of tenofovir and nucleoside analogue susceptibilities
Mean fold decrease in susceptibility from wild-type (range)*
Resistance group

N Tenofovir AZT 3TC ddI d4T Abacavir
K65R 5 2.7% (1.8-3.8) 1.1(0.7-1.9) 7.7° (1.1-15.6) 2.0°(0.9-3.2) 1.6 (1.0-2.0) 2.9° (2.3-3.5)
M184V 10 0.7 (0.3-1.3) 0.9 (0.2-1.5) >50° (>50) 1.0 (0.3-2.4) 1.4 (0.4-2.8) 1.3(0.9-2.4)
K65R + M184V 5 1.7 (0.4-3.5) 0.7 (0.4-1.1) >50° (>50) 2.5°(1.8-2.9) 1.0 (0.4-1.7) 7.6° (2.3-14.3)
Q151M complex 5 1.8° (1.1-3.0) 43° (9.6-85) 2.1° (1.3-2.6) 13% (6.4-31) 20° (6.1-57) 11° (3.0-24)

“ Fold change versus wild-type control using the Virco Antivirogram assay with tenofovir, zidovudine (AZT), lamivudine (3TC), didanosine (ddI),

stavudine (d4T), and abacavir.

b Statistically significant decrease in susceptibility as compared to a panel of 10 viruses with wild-type HIV sequence (p < 0.01, Student’s ¢ test).

position 5 of the template was mutated to the counterpart of the incom-
ing nucleotide dATP and tenofovir-PP (A to T). The conformation of 5th
template nucleotide and the side chain of selected amino acid were
minimized within the Biopolymer module of GenMol, using a confor-
mational analysis method. Finally, the incoming dATP or tenofovir-PP
were docked into the DNA-polymerase active site from the positioning
of dTTP present in the x-ray structure ternary complex (nucleoside
binding site, N site). The resulting ternary complexes were optimized
using GenMol All-Atom force field.

RESULTS

The interplay between suppressive mutations and viral fit-
ness bears potential to increase the efficacy of antiretroviral
drug regimens. The aim of our study was to determine the
potential for tenofovir in such a strategy. We investigated the
mechanism of drug resistance to tenofovir by its most relevant
mutation K65R in order to identify which drug would be best
combined with tenofovir in terms of resistance suppression, as
well as resistance mutations that would maximize the alter-
ation of viral replication capacity.

HIV-1 Genotypes Associated with Reduced Susceptibility to
Tenofovir—Table I shows antiviral susceptibilities determined
using the Virco Antivirogram for patient-derived samples. Pa-
tient samples were selected that contained M184V alone, K65R
alone, K65R plus M184V, or the Q151M substitution with
additional resistance mutations including V751, F77L, and
F116Y in all cases (Q151M complex). When compared with the
wild-type, viruses containing M184V demonstrated high level
susceptibility changes to 3TC (>50-fold) and no significant
changes for all other nucleosides and tenofovir. Viruses con-
taining K65R showed decreased susceptibility for 3TC, tenofo-
vir, ddI, and abacavir (2.0-7.7-fold), but were not significantly
changed for AZT and d4T (1.1- and 1.6-fold, respectively). The
K65R and M184V double mutants showed high-level suscepti-
bility changes for lamivudine (>50-fold) and further decreased
susceptibility for ddI and abacavir (2.5- and 7.6-fold, respec-
tively). For tenofovir, AZT, and d4T, however, the susceptibility
values for the K65R + M184V double mutant were improved
relative to K65R alone (1.7-, 0.7- and 1.0-fold relative to wild-
type, respectively). The Q151M complex viruses showed high-
level resistance to all NRTIs (>11-fold), except to lamivudine
and tenofovir, where the susceptibility changes were minimal
compared with wild-type (2.1- and 1.8-fold, respectively). In
summary for tenofovir, full in vitro activity against M184V was
maintained. Low level phenotypic changes were demonstrated
for the K65R mutant viruses, and this was partially reversed
when M184V was also present. These results with patient-
derived HIV isolates parallel two published studies with site-
directed recombinant viruses that showed significantly in-
creased tenofovir susceptibility for viruses with K65R plus
M184V relative to K65R alone (17, 18). In order to understand
the molecular mechanisms involved in resistance and suppres-
sion of resistance, the incorporation of the active metabolite of
tenofovir, tenofovir-PP, by RTs carrying these mutations was
investigated using pre-steady state kinetics.

Mechanisms of RT-mediated Tenofovir-PP Resistance—A nu-
cleotide analogue 5'-triphosphate is characterized by its effi-

ciency of incorporation (&,,/K;) into DNA as compared with
that of its natural counterpart. For a given RT, comparing
kpo/K,; values between a natural dNTP and its corresponding
analogue is a convenient manner to evaluate selectivity for (or
discrimination of) the analogue. Comparing selectivity between
RTs defines in vitro resistance (or susceptibility) at the enzy-
matic level. The results are presented in Table IT and Fig. 1.
K65R was found to be the most tenofovir-PP resistant RT, in
accordance with the fact that this is the only tenofovir-selected
mutation that has been shown to develop in vitro and in teno-
fovir-treated patients to date (17, 18). This mutation is known
to occur at low frequency during regimens making use of
dideoxynucleosides (ddC and ddI) as well as for abacavir. The
molecular mechanism of resistance to ddNs by K65R is known
in great detail: ddNTPs bind to K65R RT with the same affinity
as dNTPs, but their incorporation rate is decreased selectively,
accounting for resistance (6).

As shown in Table II and Fig. 1, this mechanism was also
found to be valid in the case of tenofovir-PP which binds to
K65R RT with the same affinity (K; = 18 um) as wild-type RT
(K, = 23 uMm) whereas the rate of insertion of the analogue into
DNA (k) is decreased 20-fold (from 7 to 0.32 s~ 1). The com-
parison with dATP provides an overall enzymatic resistance to
tenofovir-PP of 4.4-fold, in accordance with the low-level of
viral resistance shown in Table I and as previously published
(17, 19). When these types of experiments were performed
using M184V RT, an affinity constant similar to that of wild-
type (K,; = 30 um) was found and the catalytic constant &, also
remained unchanged at 6.9 s~ 1. The remarkably similar ki-
netic profiles between wild-type RT and M184V RT for tenofo-
vir-PP can be visualized on Fig. 1A. Notably, as further de-
scribed below, dATP is a 3.7-fold poorer substrate for M184V
RT than for wild-type RT (k,,/K,; drops from 6.7 to 1.8
s~ Lum™1), whereas tenofovir-PP is equally effective for these
two RTs. Thus, relative to dATP, M184V RT discriminates
tenofovir-PP less effectively than wild-type RT (8- versus 22-
fold, respectively). As a result, M184V RT is actually 2.5-fold
more sensitive to tenofovir-PP than wild-type RT. When the
two mutations are combined, the susceptibility of K65R/M184V
RT to tenofovir-PP is similar to that of wild-type RT. The
presence of M184V in a K65R background increases the k,, for
tenofovir-PP but also increases its K, resulting in a similar
kpo/K, ratio as K65R alone. However, relative to dATP, which
shows a 3-fold decrease in &, /K, for the double mutant versus
K65R, the discrimination capacity is reduced 2.6-fold for teno-
fovir-PP accounting for a susceptibility to tenofovir-PP that is
near wild-type RT. M184V thus has a suppressive effect on
K65R-mediated tenofovir resistance in agreement with the
phenotypic results presented above. This observation prompted
us to examine the effect of K65R on 3TC resistance.

K65R is able to promote 3TC-TP resistance as judged by 8.6-
fold resistance relative to wild-type RT that is mediated by de-
creased k&, (Table II). In contrast, M184V RT promotes 30-fold
3TC-TP resistance that is mediated by increased K, as previously
described (5, 7). Interestingly, the presence of both K65R and
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Pre-steady state kinetic constants of dATP/tenofovir-PP and dCTP/3TC-TP incorporation by HIV-1 RTs
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TaBLE II

dATP Tenofovir-PP .
Nucleotide HIV-1 RT cnotovit Selectivity® Resistance
Pyl Ky kpoilKq Fpot K, /Ky fold
s la i s 1 MM—I s la wr s 1 MM—z
WT 50° 7.5¢ 6.7 7.0 23 0.3 22 1
K65R 12 6.9 1.7 0.32 18 0.017 97 4.4
M184V 33 18 1.8 6.9 30 0.23 8 0.4
K65R/M184V 20 37 0.56 1 66 0.015 37 1.7
dCTP 3TC-TP .
Nucleotide HIV-1 RT Selectivity? Resistance
Fpol Ky FpolKa Fpol Ky Fpol/Ka fold
s la e —-1 MM—I s la e 51 p,Md
WT 7.3° 7.9° 0.93 0.047 2.5 0.019 50 1
K65R 2.7 2.8 0.96 0.0056 2.2 0.0023 430 8.6
M184V 9.5 21 0.45 0.026 88 0.0003 1500 30
K65R/M184V 5.7 19 0.3 0.003 89 0.000034 8900 180
“K, and k,; were determined as described under “Experimental Procedure.” S.D. were <20%.

® Selectivity and resistance were determined as described under “Results.” The selectivity is the ratio of [k

/K, (nucleotide analogue)l/[k

pol

/K,

pol

(nucleotide)]. The resistance is determined by the ratio of selectivityyrrr/selectivity,,  iant-

¢ Value from Selmi et al. (6).

M184V combines both types of resistance, i.e. decreased k,, and
increased K, (illustrated on Fig. 1B) for 3TC-TP. The double
mutant K65R/M184V is thus a “3TC super resistant” RT (see Fig.
10), but its clinical relevance to 3TC resistance is likely to be low
since M184V alone already provides the highest measurable lev-
els of 3TC-resistance, >50-fold.

Molecular Modeling of Tenofovir-PP in the RT Active Site—
Molecular modeling was used to visualize how mutations can
affect the positioning of nucleotides and tenofovir in the HIV-1
RT DNA polymerase catalytic domain (Fig. 2). We first evalu-
ated the positioning of tenofovir-PP in the active site of the
wild-type RT. Tenofovir-PP binds to the N-site of RT through
electrostatic and hydrophobic interactions. The propyl chain of
the tenofovir -PP stacks to the side chain of Tyr-115, making
hydrophobic interactions (Fig. 2A). The oxygen atom of the
tenofovir-PP linker makes electrostatic interaction with the
N-H main chain of Tyr-115 (not shown). This orientation of the
methyl group in the acyclic linker of the tenofovir-PP avoids an
interaction with the residues 114, 115 and 116 of the hydro-
philic 3'-OH binding pocket. However, with this orientation,
the methyl group is in close contact with the GIn-151 side chain
(GIn-151 in pink, Fig. 2A). In order to avoid any steric hin-
drance while keeping a correct positioning of tenofovir-PP in
the N-site, the Gln-151 rotates slightly in the ternary complex
(Fig. 2A). Similar observations of a rotated Gln-151 side chain
have been made from a recent crystal structure of tenofovir-PP
bound in a ternary complex.? The existence of these specific
interactions allow tenofovir-PP to have favorable interaction
with the N-site of HIV-1 RT and a correct orientation of its
a-phosphonate for catalysis, in agreement with the relatively
high incorporation efficiency of tenofovir-PP by wild-type RT
observed with pre-steady state kinetics (Table II).

The M184V mutation was also introduced in the model in
order to evaluate its effects. When a cyclic deoxyribonucleotide
is modeled (here dATP), the oxolane ring of the ribose comes in
the close vicinity of the van der Waals surface (VDW) of the
methyl group of Val-184 side chain, providing a nonfavorable
interaction (Fig. 2B, red arrow) between a hydrophobic surface
(Val-184 side chain, surface in blue) and a hydrophilic polar
surface corresponding to the oxygen atom of the dATP ribose
ring (polar surface in red). Similar observations of steric clash
with Val-184 and the sulfur atom of the oxathiolane ring of
3TC-TP have been made by Sarafianos et al. (27). Interestingly,
relative to Met-184, the presence of the bulkier Val-184 (a B—

2'S. Tuske, personal communication.

branched methyl amino acid) does not alter the specific binding
mode of the acyclic tenofovir-PP. These observations are in
agreement with our kinetic data showing that tenofovir-PP is
not affected in its binding affinity to M184V RT, whereas
dATP, dCTP, and 3TC-TP all bind with less affinity to M184V
RT than to wild-type RT. These results prompted us to examine
whether a decreased affinity of all natural nucleotides for RT
could be measured in vitro and whether this would have an
impact on HIV replication capacity.

M184V and K65R Impair Natural Nucleotide Binding and
Catalysis, Respectively—There are reports in the literature
showing that M184V and K65R mutations affect the “enzy-
matic fitness” of HIV-1 RT by decreasing the processivity of the
enzyme (19, 28). However, processivity is a general term and
many altered biochemical properties of RT may account for a
defect in processivity along the DNA polymerization pathway,
such as primer/template binding (%, and/or k), nucleotide
binding (K,), nucleotide incorporation (&), pyrophosphate re-
lease, or translocation to the next template base. In order to
characterize the relationship between RT processivity, viral
replication capacity and drug resistance mutations, the incor-
poration of the four natural nucleotides was individually inves-
tigated in terms of binding and catalysis and compared be-
tween wild-type RT and the three mutants K65R, M184V, and
K65R/M184V RT.

We observe that the K65R and M184V mutants incorporate
natural dNTPs with an overall lower efficiency than wild-type
RT (Fig. 3A). The K65R mutant RT exhibits a marked differ-
ence in purine nucleotide incorporation efficiency relative to
pyrimidines. The causes of the reduced dNTP incorporation
efficiency of drug-resistant RT were investigated further. Cat-
alytic rates of incorporation %, and binding affinity constants
(K, = 1/K,) are reported in Fig. 3, B and C, respectively, as a
percent of wild-type. Interestingly, the nature of the deficiency
is closely linked to the corresponding mechanism of drug re-
sistance. Indeed, K65R RT displays reduced k,,, values for all
of the combined dNTPs relative to wild-type RT, ranging from
22% (dATP) to 66% (dCTP) (Table III and Fig. 3B). However,
binding constants of nucleotides for K65R are generally not
affected (Fig. 3C). In the case of M184V RT, it is the other way
around: the catalytic step is nearly unchanged compared with
wild-type RT (Fig. 3B), but binding affinities are reduced rel-
ative to wild-type RT (Fig. 3C), in agreement with previous
observations (7, 29). Interestingly, the characteristics brought
by each individual substitution appear additive in the K65R/
M184V double mutant RT to confer the lowest incorporation
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Fic. 1. Tenofovir-PP and 3TC-TP incorporation curves and
resistance profiles. A, plot of the incorporation of tenofovir-PP by
wild-type RT (e ), K65R RT (¢ ), M184V RT (2), and K65R/M184V RT
(X), resulting in K, and k,, values (see “Experimental Procedures”)
reported in Table II. B, same as A with the incorporation of 3TC-TP,
resulting in k,,,; and K, values reported in Table II. C, fold resistance of
K65R RT, M184V RT, and K65R/M184V RT were determined from the

ratio (selectivity,, ian rr/selectivitywr gr) and listed in Table II for the
incorporation of tenofovir -PP (white), 3TC-TP (gray).
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efficiency among the RTs studied here (Fig. 3A). Indeed, the
most striking value is the 12-fold reduction of nucleotide incor-
poration efficiency for dATP relative to wild-type (&,,/K, de-
creases from 6.7 to 0.56 sfl-p,Mfl, Table II). At the level of
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Tenofovir-PP

Fic. 2. Molecular modeling of the positioning of dATP and
tenofovir-PP in the nucleotide binding site. Crystal structure of
RT in complex with double-stranded DNA primer/template and a nu-
cleotide. The atomic coordinates of Huang et al. (26) were used to
visualize the complex, dATP, and tenofovir -PP were positioned using
GenMol (see “Experimental Procedures”). A, positioning of dATP and
tenofovir-PP in the active site of wild-type RT. The methyl group of the
acyclic linker of tenofovir -PP induces a repositioning of the side chain
of Gln-151 (pink to atom color) to avoid steric hindrance. Stacking
interactions between propyl chain of tenofovir-PP and Tyr-115 side
chain are represented in green. B, same as A, with M184V mutant. Non
favorable interactions between oxolane ring of dATP (polar surface, red)
and methyl group of Val-184 (apolar surface, blue) are represented with
a red arrow.

kinetic constants, an altered binding affinity mainly accounts
for this polymerization deficiency with a 5-fold decrease in
nucleotide affinity for dATP and dGTP, and a 2-fold decrease
for dTTP and dCTP (Fig. 3C) relative to wild-type RT. For the
catalytic step, K65R/M184V RT is somewhat intermediate be-
tween K65R and M184V RT. Table III also summarizes the
overall incorporation efficiency (written as percent k,,/K,
dNTPs) for all RTs, where the efficiencies of incorporation of
each individual dANTP were averaged (Table III), and plotted in
Fig. 4A. As a control, the multidrug-resistant Q151M RT is
included in this table for the purpose of comparison. Q151M RT
exhibits a comparable (104%) nucleotide efficiency as wild-type
RT, whereas K65R RT and M184V RT display 42 and 41%
incorporation efficiency of wild-type RT, respectively. K65R/
M184V RT is the least efficient, conferring an overall 27%
nucleotide incorporation efficiency relative to that of wild-type
RT. In conclusion, we found that the incorporation efficiency of
natural nucleotides into DNA follows the order: wild-type RT >
K65R RT = M184V RT > K65R/M184V RT.

Natural Nucleotide Insertion Efficiency Correlates with Viral
Replication Capacity—The drug-resistant viruses harboring
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Fic. 3. Comparative incorporation efficiencies, catalytic rate,
and nucleotide binding for single nucleotides. Calculations are
based on values taken from Table III. A, incorporation efficiencies
(k,,/K,) of variant RTs (K65R, M184V, and K65R/M184V) for each
dNTP were expressed as percent of incorporation efficiencies deter-
mined for wild-type RT. B, same as A with the catalytic rate &,,. C,
same as A with the binding affinity K, (K, = V/K,).

single or double mutations in the RT active site described here
have been shown to have decreased replication capacities and
are believed to have an impaired fitness in vivo (19, 28, 30). The
use of site-directed recombinant viruses indicates clearly that
these mutations alone (M184V for 3TC resistance, K65R for
ddN and tenofovir resistance) are responsible for the decreased
replication capacity. Their location in the nucleotide binding
site of RT further indicates that nucleotide incorporation effi-
ciency is likely to be the altered parameter.

We compared the natural nucleotide incorporation efficiency
of these mutant RTs with the replication capacity of a panel of
patient-derived viruses containing the same mutations. The

Resistance and HIV-1 Fitness with K656R and M184V RT Mutations

mean replication capacity of patient-derived viruses that
lacked any NRTI- or PI-associated mutations (wild-type, n =
1307) or contained only K65R (n = 17), only M184V (n = 291),
K65R plus M184V (n = 12), or Q151M complex plus M184V
(n = 8) were determined (Fig. 4B). There were insufficient
patient viruses for analysis that had the Q151M complex but
did not include M184V. As expected, the wild-type viruses
replicated efficiently (95% of the control virus) whereas the
viruses that contained K65R or M184V had diminished repli-
cation capacity (58 and 65%, respectively). Viruses containing
both K65R and M184V displayed further decreases in replica-
tion capacity (38%) compared with the single mutants. Finally,
viruses that contained both Q151M plus M184V replicated
with similar efficiency to the M184V alone viruses (59%).
Therefore, unlike the case for the addition of K65R to M184V,
the addition of the Q151M complex to M184V did not appear to
have a significant effect on replication capacity, which is con-
sistent with its efficient nucleotide incorporation shown in Fig.
4A. In previous studies, HIV-1 with Q151M complex mutations
also did not show a replication disadvantage relative to wild-
type HIV-1 (31, 32). Hence, in the case of the K65R and M184V
mutations, the decreases in nucleotide incorporation efficiency
correlate with the decrease in HIV-1 replication capacity such
that the reductions conferred by the two mutations individu-
ally are seemingly additive for the combination of K65R plus
M184V in the same virus.

DISCUSSION

In the treatment of AIDS, the prolonged use of nucleoside
analogues under conditions of suboptimal therapy can select
for drug-resistant and often multidrug-resistant viruses. To
optimize antiretroviral regimens it is important to understand
and anticipate gene mutations that confer drug resistance.
Drug resistance mutations may also affect viral fitness, and
much is still to be learned on the interplay of resistance and
viral fitness for the long term management of patients with
HIV-1. Our results give a molecular basis for the observed loss
of both resistance and replication capacity of viruses containing
K65R or M184V RT substitutions.

In the first part of the study, patient-derived viruses were
tested for their capacity to resist tenofovir and other nucleoside
analogues. We show that the K65R mutation gives HIV-1 a
moderate reduction in susceptibility to tenofovir while the ad-
ditional presence of the M184V mutation restores the sensitiv-
ity to tenofovir, as described before (19). Our investigation with
pre-steady state kinetics and molecular modeling gives mech-
anistic support to these viral resistance patterns. We observe
that K65R impairs tenofovir-PP incorporation and propose that
the positioning of the a-phosphate is affected with this muta-
tion resulting in the decreased catalytic rate of reaction
through a “k,-dependent” pathway. This property is charac-
teristic of the K65R mutation and occurs in the same way for
dideoxynucleotide resistance (6). The two mutations K65R and
M184V when put together appear to combine their effects such
that there are further reductions in dATP incorporation. This
loss of efficiency appears responsible for the partial loss of
resistance of the K65R/M 184V virus to tenofovir. Interestingly,
our experiments with 3TC-TP give the opposite result: K65R
and M184V have together an additive or synergistic effect on
3TC resistance. Hence, we show that two single mutations can
have either an antagonistic or synergistic effect over HIV-1
resistance in vitro, essentially due to their intrinsic chemical
properties. The clinical significance, if any, of the increased
level of resistance for the K65R/M184V double mutant relative
to M184V alone for lamivudine is unknown.

The second part of the study describes the loss of replication
capacity of the K65R/M184V virus. Our single cycle replication
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Pre-steady state kinetic constants of incorporation of ANTPs by WT, Q151M, K65R, M 184V, and K65R/M184V RT mutants

- " WT RT Q161M RT K65R RT M184V RT K65R/M184V RT
ucleotide

dATP dGTP dTTP dCTP dATP dGTP dTTP dCTP dATP dGTP dTTP dCTP dATP dGTP dTTP dCTP dATP dGTP dTTP dCTP
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% K; ANTPs® 100 118 109 270 350
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% kpo/K, ANTPs® 100 104 42 41 27

“ K, and &, were determined as described under “Experimental Procedure.” S.D. were <20%.

® Values from Deval et al. (48).

¢ Calculated as the average of the four K, (AINTP) after they are expressed as a % of WT RT.

¢ Calculated as the average of the four %, (ANTP) after they are expressed as a % of WT RT.

¢ Calculated as the average of the four %,,/K, (ANTP) after they are expressed as a % of WT RT.
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Fic. 4. Global nucleotide incorporation efficiency of RT and
replication capacity of virus-bearing mutations Q151M, K65R,
M184V, or K65R/M184V. A, values from Fig. 3A were averaged to give
an overall ANTP incorporation efficiency, and are directly reported from
Table III. B, replication capacity of mutant viruses was performed in a
single cycle infection assay, as described under “Experimental Proce-
dures.” Relative to the wild-type (WT) control, all mutant groups had
statistically significant reductions in replication capacity (p < 0.05,
Student’s ¢ test). Mean values = S.D. are shown.

analysis highlights the low replication capacity of K65R/
M184V virus, the latter retaining only 38% of that of wild type.
This finding is in agreement with our observation regarding
the impaired incorporation of natural nucleotides by K65R/
M184V RT. We find that both K65R and M184V single muta-
tions impair the incorporation of natural nucleotides by RT,
each of them through their respective characteristics closely
linked to their mode of drug discrimination as described above.
These impairments brought by each individual mutation (and
cumulated in K65R/M184V RT) turn into a 40% loss of repli-
cation capacity with K65R and M184V containing viruses.

However, there is an apparent discrepancy between these com-
parable viral replication capacities and the very different fre-
quencies of selection of these two individual mutations in the
clinic: M184V is found in most patients treated with lamivu-
dine while K65R appears less frequently in antiretroviral-ex-
perienced patients (33, 34). We propose two rational explana-
tions based on our findings. First, the K656R mutant virus
shows low-level resistance to ddNs in vitro (about 2—-10-fold).
These low level changes in susceptibility may play a role in the
low frequency and slow development of K65R; there is not
much selective growth advantage for the mutant virus against
the drug. We believe the same phenomenon occurs with teno-
fovir: low levels of resistance (2—3-fold) do not favor a quick
selection of the K65R variant, which is found in low frequency
(2—-3%) under tenofovir treatment (18, 35). This moderate loss
of susceptibility contrasts with the high-level of 3TC resistance
associated with M184V, which favors the quick and frequent
selection of this mutation. Recent observations have shown an
increased prevalence of K65R in treated patients in the past
years (36). However, the relationship between this trend and
the specific use of tenofovir and/or other NRTIs that can also
select K65R is unknown.

A second explanation for the difference between K65R and
M184V frequency comes from the incorporation rates of natu-
ral nucleotides. We observe that the nucleotide incorporation
efficiency of K65R is severely imbalanced between purines and
pyrimidines whereas it is better equilibrated for all bases in the
case of M184V. Although the in vitro replication capacity as-
says presented here do not show a significant difference be-
tween K65R and M184V, natural nucleotide concentrations can
vary widely between cell types (37—-41). Thus, as a result of the
imbalanced incorporation efficiency between purines and pyr-
midines for the K65R mutant, there may be a greater defect in
the replication capacity of the K65R versus the M184V mutant
in vivo depending on the specific cell types and dNTP levels of
the infected cells.

Regarding tenofovir resistance, it seems that the K65R mu-
tant virus with replication impairment does not permit full
viral growth in vivo and, thus, viral load remains reduced as a
result of the mutation. This may explain the lack of association
with viral load increases among treatment-experienced pa-
tients who developed K65R in reported clinical trials of teno-
fovir (18, 35). These two mechanisms of low-level resistance
and decreased replication capacity are not mutually exclusive
and are likely both operating for K65R and tenofovir. This is
similar to what has been reported for patients with detectable
resistance to all elements of their regimen: evidence for both
residual drug regimen activity and decreased replication ca-
pacity of the mutant virus were observed in vivo (20).

Although the goal of antiretroviral therapy is the complete
suppression of HIV viral load and the prevention of resistance
mutations, anticipating the results of possible virologic failure
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or resistance development is of major interest. Combination of
tenofovir with 3TC or FTC may result in viruses containing
both K65R and M184V mutations. These mutations are com-
patible in the HIV genome and have been observed together in
the majority of tenofovir-treated patients who developed K65R
and who were also taking 3TC (35, 42). These double mutant
viruses, although likely to remain pathogenic, are less fit than
wild-type viruses and may be more amenable to control by
drugs in the current or subsequent regimen. We believe that
the observed reduced fitness could play an important role in the
response to antiretroviral therapy, which supports existing
information in the field (12, 13, 43, 44). Indeed, the idea of
driving HIV-1 to unfitness is not completely new, and the role
of several specific mutations in that purpose has already been
described for RT (12, 43, 45, 46). However, other studies con-
cerning antagonistic mutations such as M184V in a back-
ground of AZT-resistance mutations show that resensitization
effects might only be transient, often followed by the evolution
toward highly mutated isolates with broad resistance patterns
(4'7). Hence, further clinical investigation and in vitro charac-
terization will be needed to fully evaluate the therapeutic rel-
evance and benefit of such strategies based on the combination
of antagonistic mutations in HIV-1 RT.
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