JOURNAL OF VIROLOGY, Aug. 2009, p. 7434-7439
0022-538X/09/$08.00+0 doi:10.1128/JVI1.00487-09

Vol. 83, No. 15

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Effect of the Human Immunodeficiency Virus Type 1 Reverse
Transcriptase Polymorphism Leu-214 on Replication
Capacity and Drug Susceptibility"

Maria Carmen Puertas,' Maria Jose Buzén,! Anna Artese,” Stefano Alcaro,”
Luis Menendez-Arias,” Carlo Federico Perno,* Bonaventura Clotet,’
Francesca Ceccherini-Silberstein,* and Javier Martinez-Picado'->*#

irsiCaixa Foundation, Hospital Germans Trias i Pujol, Badalona, Barcelona, Spain'; Department of Pharmacobiological Sciences,
University of Catanzaro Magna Graecia, Catanzaro, Italy’; Centro de Biologia Molecular Severo Ochoa, Consejo Superior de
Investigaciones Cientificas and Universidad Auténoma de Madrid, Madrid, Spain®; Department of Experimental Medicine,
University of Rome Tor Vergata, Rome, Italy*; and Institucié Catalana de Recerca i Estudis Avangats, Barcelona, Spain®

Received 9 March 2009/Accepted 14 May 2009

A negative association between polymorphism Leu-214 and type-1 thymidine analogue mutations (TAM1)
and a positive association with a clinically favorable virological response to thymidine analogue-based com-
bination antiretroviral therapy have been described. In this study, the impact of Leu-214 on replication
capacity and resistance to zidovudine (ZDV) of viruses containing TAM1 or TAM2 was determined. Leu-214
decreased the growth rate of viruses bearing Tyr-215, as well as their resistance to ZDV. This observation was
confirmed by structural and molecular modeling data, suggesting a regulatory role for Leu-214 in the emer-

gence and phenotypic resistance of TAM1.

Human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) is responsible for the conversion of the viral
single-stranded RNA genome into double-stranded DNA,
prior to host-genome integration in target cells. RT has been
widely considered a key target for combination antiretroviral
therapy. Drugs targeting this viral enzyme include nucleoside
analogues (NRTIs) and nonnucleoside RT inhibitors (NNRTIs).
One of the mechanisms contributing to decreased HIV sus-
ceptibility to NRTIs promotes the removal of the nucleoside
analogue from the terminated DNA chain (22). The muta-
tions responsible for this effect, thymidine analogue muta-
tions (TAMs), emerge after long-term therapy with zidovu-
dine (ZDV) and/or stavudine (d4T) and confer resistance to
almost all clinically approved RT inhibitors. Two different
TAM patterns have been defined: TAMI, including Leu-41,
Trp-210, and Tyr-215; and TAM2, including Asn-67, Arg-70,
Phe-215, and GIn/Glu-219. TAM1 is more prevalent and con-
fers a higher degree of resistance to thymidine analogues (6, 8,
10, 12, 19, 32-34). To date, the factors driving one mutational
pattern or another remain unclear, although the genomic back-
ground of the treatment-naive viral population, host factors
such as HLA genotype (16), and stochastic effects could be
involved.

Leu-214 is a natural polymorphism in the RT coding region,
and it is present in ca. 10 to 20% of antiretroviral treatment
(ART)-naive and ART-experienced patients carrying any of
the major HIV-1 subtypes A, B, or C (3, 4; http://www.hiv.lanl
.gov/). A negative association between Leu-214 and the TAM1

* Corresponding author. Mailing address: irsiCaixa Foundation,
Hospital Germans Trias i Pujol, Ctra. de Canyet s/n, 08916 Badalona,
Spain. Phone: 34 934656374. Fax: 34 934653968. E-mail: jmpicado
(@irsicaixa.es.

1 F.C.-S. and J.M.-P. contributed equally to this study.

¥ Published ahead of print on 20 May 2009.

7434

pattern and a positive association with the TAM2 pattern have
been observed (29). Moreover, it has recently been demon-
strated the association of the Leu-214 with a favorable viro-
logical response to thymidine analogue-containing ART (3).
These data suggest that Leu-214 may regulate divergent resis-
tance pathways by affecting viral fitness and/or drug suscepti-
bility. However, experimental evidence supporting these ob-
servations has not yet been reported. The aim of the present
study was to compare the in vitro growth rate and relative viral
fitness of HIV-1 recombinant mutants containing the Leu-214
polymorphism in RT containing TAM1 or TAM?2 patterns, in
both the absence and the presence of ZDV. A preliminary
structural analysis was also performed in order to explain the
putative role of this polymorphism in the RT replicative ca-
pacity at the molecular level.

MATERIALS AND METHODS

Site-directed mutagenesis. Phe-214 is found in the hemiplasmid p83-2 (9)
containing the 5’ half of the genome of the proviral clone pNL4-3 (1). The
Leu-214 polymorphic variant was generated by PCR-based site-directed mu-
tagenesis on nucleotide position 3189 (17) by using a QuikChange II site-directed
mutagenesis kit (Stratagene). The TAMs Trp-210 (position 3178) and Phe-215
and Tyr-215 (positions 3192 to 3193) were introduced into wild-type variants
containing either Phe-214 or Leu-214 by using the same procedure (Fig. 1).

Generation of a cloning vector. The recombinant vector pJM14 (21), recon-
structed with an RT-coding region (including its DNA polymerase and RNase H
domains) (30), was used to create the new cloning vector pJM16ART (5’-half of
the HIV-1 genome without RT). Briefly, the RT-coding region of reconstructed
pIM14 was cut with the restriction enzymes Smal (position 2588) and Agel
(position 3493) (Fermentas), and the resulting fragment was replaced by a
polylinker.

Cloning. To avoid miscarrying mutations that could have occurred during the
PCR-based mutagenesis amplification, a 908-bp fragment ranging from positions
2574 to 3482 from the newly generated mutants was amplified by PCR (Platinum
Taq High Fidelity; Invitrogen) using primers 2574U29-Smal (5'-CCA GTA AAA
TTA AAG CCC GGG ATG GAT GG-3') and 3482L31-Agel (5'-TGG GTC
ATA ATA CAC TCC ATG TAC CGG TTC T-3') and subsequently subcloned
into the pJM16ART cloning vector using the Smal and Agel restriction enzymes
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FIG. 1. Diagram of the viral variants generated by site-directed
mutagenesis. Briefly, the Leu-214 (214L) polymorphism was intro-
duced in the pNL4-3 background, which contained the Phe-214 (214F)
variant. Trp-210 (210W), Tyr-215 (215Y), or Phe-215 (215F) was then
combined with each of these Phe-214 and Leu-214 backgrounds.
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(Fermentas). Sequence integrity from positions 2500 to 3600 was confirmed on
the newly generated clones (BigDye Terminator v3.1 cycle sequencing kit; Ap-
plied Biosystems).

Generation of viral stocks. Infectious viral stocks from recombinant proviral
clones were obtained by cotransfection with hemiplasmid p83-10 (containing the
3’ half genome of the pNL4-3 [9]) by electroporation of MT-4 cells (NIH AIDS
Research and Reference Reagent Program). Seven days after transfection, su-
pernatants were collected and p24“2¢ content was determined by enzyme-linked
immunosorbent assay (HIV-1 p24 ELISA kit; Perkin-Elmer). Chemilumines-
cence titration assays in HeLa-derived TZM-bl cells (NIH AIDS Research and
Reference Reagent Program) were used to determine the mean 50% tissue
culture infective dose(s) (TCIDs,) of each viral stock, as previously described
(18).

Replication capacity assays. Viral replication kinetics of mutant viruses was
assayed by inoculation of 5,000 TCIDs, of each viral stock onto 5 X 10° periph-
eral blood mononuclear cells (PBMC) mixed from two healthy donors (multi-
plicity of infection [MOI] of 0.001), previously stimulated with 3 pg of phytohe-
magglutinin (Sigma-Aldrich)/ml and 10 U of interleukin-2 (Roche)/ml for 3 days.
Replication kinetics assays were performed in parallel, using the same PBMC
donor mix in order to guarantee reliable results. After incubation for 2 h at 37°C,
the cells were washed twice with phosphate-buffered saline and resuspended in
RPMI (Invitrogen) medium supplemented with 20% fetal bovine serum (FBS,
Invitrogen) and interleukin-2 (10 U/ml) at a final concentration of 10° cells/ml.
When indicated, ZDV (Sigma) was added to the cultures. Viral replication was
quantified by measuring HIV-1 p2492¢ antigen production in the culture super-
natant for 7 days (HIV-1 p24 ELISA kit; Perkin-Elmer). Growth kinetics were
analyzed by fitting a linear model to the log-transformed p24°°¢ data during the
exponential growth phase by maximum-likelihood methods using GraphPad
Prism 4 software.

Growth competition assays. Each pair of competing viruses was mixed at ratios
of 20:80, 50:50, and 80:20 to infect 10° MT-4 cells in 1 ml of R-10 (RPMI medium
supplemented with 10% FBS), with 1,000 TCID5, (MOI of 0.001). After 2 h at
37°C, cells were washed twice with PBS, resuspended in 5 ml of R-10 medium
(2 X 10° cells/ml) and cultured in six-well plates. Culture supernatants were
collected twice weekly, and 100 pl was used to newly infect 10° of fresh MT-4
cells. Viral RNA was extracted from culture supernatants by using the Qiamp
viral RNA minikit (Qiagen). The viral RNA fragment from positions 2212 to
4120 was first amplified by one-step RT-PCR (Superscript High-Fidelity; Invitro-
gen), followed by nested PCR ranging from positions 2574 to 3482. The relative
proportions of the two competing variants were determined at days 7, 14, 21, and
28 based on the relative peak heights of codons 210, 214, and 215 in electro-
pherograms obtained by bidirectional sequencing of the RT coding region (Big
Dye Terminator v3.1 cycle sequencing kit and a 3100-Avant genetic analyzer
[Applied Biosystems]).

Structural analysis. The structural analysis was performed by using the X-ray
crystallographic coordinates of HIV-1 RT deposited in the Protein Data Bank
(http://www.rcsb.org/PDB) with code IN6Q (27). This structure corresponds to a
HIV-1 RT complex bound to a DNA-DNA template primer, where the primer
is blocked at its 3’ terminus with ZDV. In this Protein Data Bank entry, the
ZDV-monophosphate (ZDVMP) moiety is located at the nucleotide binding
site, in the so-called “pretranslocation” complex. The starting geometries of the
mutants containing Tyr-215 in combination with Leu-214 and Phe-214 were
generated by making single-residue substitutions in the crystallographic struc-
ture. In order to analyze the potential interactions occurring in the absence of the
drug, the ZDVMP residue was replaced by deoxythymidine-monophosphate
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FIG. 2. Replication kinetics assay. The slope of p24 antigen pro-
duction of each TAM-mutated virus after infection of PBMC was
compared to the slope of the corresponding wild-type virus harboring
the same 214 background (Phe-214 in gray bars and Leu-214 in black
bars). Error bars represent the standard deviations of two independent
experiments. Statistical analyses were performed by using the Student
t test. WT, wild type.

(dTMP). The obtained structures were energy minimized, using the MMFF force
field (11), a dielectric constant equal to 1, and a convergence criterion fixed at 0.5
kJ/mol - A. RT residues within 30 A from the catalytic Asp residues were free to
move, while the rest of the enzyme was kept frozen. Subsequently, the MOLINE
method (2) was adopted to evaluate the interaction energies of the four com-
plexes derived from the combination of both RT variants and both DNA primer
templates with 3'-terminus ZDVMP or dTMP. All simulations were performed
with MacroModel version 7.2 (24). The LigPlot program was used to identify the
most relevant interactions between the nucleotide and p66 subunit of the RT

(31).
Statistical analysis. Statistical data were estimated by using GraphPad Prism
v.4 software. A Student ¢ test was applied to compare data means.

RESULTS

Variations in the replication capacity. Viral replication ki-
netics of mutant viruses was first assayed in the absence of
drug. As expected, all HIV-1 variants Phe-214 or Leu-214 in
combination with Trp-210, Tyr-215, or Phe-215 showed de-
creased replication capacity compared to the wild-type virus.
The loss of fitness was more evident in viruses with mutations
at codon 215 (Fig. 2). In fact, the role of Trp-210 in replication
capacity is controversial, with some previous studies reporting
a significant effect on viral fitness (13, 14) and others showing
limited change (5, 20).

No statistically significant difference on replication capacity
was observed between the two viruses containing Phe-214 or
Leu-214 within the wild-type background. However, pairwise
comparisons of the growth rate of viral variants that contained
Phe-214 or Leu-214 in combination with the TAM Trp-210,
Tyr-215, or Phe-215 showed that Leu-214 significantly de-
creases the growth rate of the Tyr-215 mutant, slightly de-
creases replication of the Trp-210 variant, and has no effect on
the Phe-215 mutant, with respect to viral variants that con-
tained Phe-214 (Fig. 2). The data also suggest that Tyr-215, the
major mutation in the TAMI pattern, resulted in a better
fitness than the Phe-215 mutation in the Phe-214 background,
whereas no clear advantage was observed in the Leu-214 back-
ground.

Growth competition assays were performed to assess the
previous results. Recombinant viruses with either Phe-214 or
Leu-214 in an otherwise isogenic viral backbone were com-
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FIG. 3. Growth competition assays between Phe-214 (214F) and Leu-214 (214L) in wild-type (WT), Trp-210 (210W), Tyr-215 (215Y) or
Phe-215 (215F)-mutated HIV-1 variants; the Leu-214 variant is represented with solid symbols and Phe-214 with open symbols. Each pair of viruses
was mixed at initial ratios of 20:80 (first column), 50:50 (second column) and 80:20 (third column), and the proportion of each viral variant was
determined at days 7, 14, 21, and 28. The error bars represent the standard error of two independent experiments.

peted. A total of four different competition viral variant pairs
were established: Phe-214 versus Leu-214, Trp-210/Phe-214
versus Trp-210/Leu-214, Phe-214/Tyr-215 versus Leu-214/Tyr-
215, and Phe-214/Phe-215 versus Leu-214/Phe-215. The data
obtained from the growth competition experiments are consis-
tent with those previously obtained in the replication kinetics
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assays: the clearest evidence of comparative disadvantage was
observed between the two viruses containing Tyr-215 (Fig. 3),
since Leu-214/Tyr-215 shows a 8.4% = 0.8% loss of fitness
when competed with Phe-214/Tyr-215.

Susceptibility to ZDV. The viral variants containing Phe-214
and Leu-214 in combination with the wild-type Thr-215 or the
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FIG. 4. Replication kinetics of wild-type (WT) and Tyr-215 (215Y) HIV-1 variants in the presence of 0.02 uM (A), 0.2 pM (B), and 1 pM
(C) ZDV. The slope of p24 antigen production in each experiment was compared to the slope of the corresponding nonmutated wild-type virus
harboring the same 214 background in the absence of drug (Phe-214 in gray bars and Leu-214 in black bars). Error bars represent the standard
deviations of two independent experiments. Statistical analyses were performed by using the Student ¢ test.
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FIG. 5. Molecular modeling analysis of ZDVMP and dTMP interactions in the optimized complex of RT Phe-214/Tyr-215 (A and C) and RT
Leu-214/Tyr-215 (B and D) bound to template primers blocked at their 3’ ends. The enzyme and DNA are shown, respectively, as yellow-orange
and orange diagrams; the 3’-terminal nucleotides and the RT residues involved in hydrogen bonding are represented, respectively, as green and
gray carbon sticks. Hydrogen bonds are indicated with yellow dashed lines.

thymidine analogue-associated mutation Tyr-215 were selected
to perform replication kinetics assays in the presence of 0.02,
0.2, and 1 pM ZDV. When cultured at 0.02 uM ZDV, the
wild-type Thr-215 variants remained more replicative than the
Tyr-215 mutants (Fig. 4A), as expected, because the ZDV ICj,,
in wild-type-susceptible virus is 0.033 wM (25). In contrast,
both Tyr-215 mutants—whether containing Phe-214 or Leu-
214—replicated better at 0.2 uM ZDV (Fig. 4B). In these
conditions, Phe-214/Tyr-215 replicated better than Leu-214/
Tyr-215. When 1 pM ZDV was used in the cell culture, the
replication advantage of Phe-214/Tyr-215 was even greater
(Fig. 4C). Our findings demonstrate that the Tyr-215 mutation
in a Phe-214 background results in better replication kinetics

and greater fitness than with Leu-214 in the absence or pres-
ence of ZDV.

Molecular modeling studies. In order to test whether the
structural proximity of the side chains at positions 214 and 215
could explain the different levels of viral replication and sus-
ceptibility to ZDV, we built molecular models of the RT vari-
ants containing the Tyr-215 mutation in complex with a tem-
plate primer containing ZDV- or dTMP-terminated primers
and evaluated the interaction energy (AE) for the four RT
complexes. According to the theoretical models, the calcu-
lated AE of ZDVMP primer template with the RT contain-
ing Phe-214 and Tyr-215 was higher than that observed with
the enzyme containing Leu-214 and Tyr-215 (AE in kcal/
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mol, —4,876.42 versus —4,938.92). In addition, we observed an
increased number of hydrogen bonds for ZDVMP-oligonucle-
otide in the optimized RT complex containing Leu-214/Tyr-
215 compared to the enzyme containing Phe-214/Tyr-215 (Fig.
5A and B). In agreement with the results of the replication
kinetics assays carried out in the absence of drugs, the Phe-
214/Tyr-215 variant bound to the dTMP-terminated primer
showed a favorable energetic profile, since the interaction en-
ergy for the dTMP moiety was slightly lower than for the
Leu-214/Tyr-215 combination (AE in kcal/mol, —4,836.35 ver-
sus —4,830.22). Such an observation was further supported by
the higher stabilization of the dTMP due to the specific hydro-
gen bond established between the nucleotide and the p66 Ala-
114 backbone only in the RT harboring the Phe-214/Tyr-215
combination (Fig. 5C and D).

DISCUSSION

In the absence of drug, Tyr-215 and Trp-210, both included
in the TAM1 pattern, confer higher replication capacities
when in combination with Phe-214, whereas the Phe-215 mu-
tation, considered a TAM2, did not show any significant ad-
vantage. The impact of the Leu-214 polymorphism on viral
replication when associated with other changes in the RT
structure may explain the strong negative association observed
in NRTI-failing patients between TAM1 and Leu-214, proba-
bly by affecting the stability of the dTMP-enzyme complex by
interactions between aromatic side chains at close positions
(Fig. 5).

The proportion of patients who experienced virological fail-
ure at 48 months after starting thymidine analogue-based com-
bination ART was 16% in patients with Leu-214 and 36% in
those with Phe-214, if previously ART-naive patients, or 47%
in patients with Leu-214 and 72% in those with Phe-214, if
ART-experienced patients (3). Our results provide additional
insights into the favorable impact of Leu-214 on the virological
response to thymidine analogue-based treatments. This effect
could be due to the fact that Leu-214 somehow inhibits the
development of TAMI. It has been reported that this muta-
tional profile confers higher phenotypic resistance to NRTIs
than TAM?2, thus providing a favorable effect on virological
response (6, 7, 15, 26). Moreover, our results suggest that
Leu-214 not only influences viral fitness but could also play a
direct role in drug susceptibility. Thus, viruses containing Tyr-
215 in their RT were more susceptible to ZDV in the presence
of Leu-214 than in the presence of Phe-214. Our molecular
modeling studies highlighted a favorable interaction energy of
ZDVMP primer template for the variant containing Leu-214/
Tyr-215. These data would be consistent with a higher genetic
barrier for excision of the inhibitor in the presence of a pyro-
phosphate donor. However, geometrical constraints arising
from the different conformation of the ZDVMP moiety in the
binary complex could also affect the removal of the inhibitor.
Our results also support previous reports showing that Tyr-208,
Lys-211 and Phe-214 substitutions, despite lacking a direct
effect on drug resistance per se, could increase ZDV resistance
and cross-resistance when they appear in combination with
amino acid substitutions of the TAM1 pathway (7, 23, 28).

The present study evaluates the in vitro effect of Leu-214 on
the single TAM1 Trp-210 and Tyr-215, since they showed a
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stronger negative association with Leu-214 in ART-experi-
enced patients (3, 29). In a similar way, the effect of Leu-214 on
the single TAM2 Phe-215 was also assessed. In the latter case,
the absence of a significant fitness effect when Leu-214 was
combined with Phe-215 is not surprising since this mutation
did not showed a positive per se association with Leu-214 in
ART-experienced patients (3). Since in vivo TAM patterns are
highly complex, involving a larger number of mutations clus-
tering together, other TAMs, including Leu-41, Asp-44, Asn-
67, Arg-70, and GIn-219, have yet to be evaluated in vitro.
More complex approaches with diverse combinations of these
TAMs could also improve our understanding of this associa-
tion mechanism. Further modeling studies by means of molec-
ular dynamics simulations could provide interesting insights
into each mutation effect on the enzyme conformational prop-
erties and additional correlations with resistance profiles.

In conclusion, the effect of Leu-214 on the RT structure of
HIV-1 directly affects the growth rate and drug susceptibility of
drug-resistant variants containing TAM1. These results help to
explain the putative role of Leu-214 in regulating the emer-
gence of these viral variants and in enhancing the virological
response to thymidine analogue-containing ART.
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