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Nucleoside inhibitors of HIV-1 reverse transcriptase (RT)
were the first class of compounds to be utilized in anti-HIV
therapy and remain an important component of current
regimens of highly active antiretroviral therapy (HAART).
Nucleoside analogue triphosphates are incorporated into
elongating DNA chains, and cause chain termination due
to a lack of a 3′ hydroxyl group (Arts et al., 1996; Gu et al.,
1995). The efficacy of a nucleoside analogue depends on a
number of factors including oral bioavailability, cellular
uptake of the parent nucleoside and subsequent phospho-
rylation by cellular enzymes, and the ability to compete
with native nucleotide triphosphates for incorporation into
newly synthesized DNA (Hao et al., 1988). However, the
emergence of resistance-conferring mutations in the RT
enzyme remains a major obstacle in the success of antiviral
therapy.

Drug-resistant variants of HIV-1 have emerged in
patients receiving prolonged single-, double- and even
triple-drug therapy that can include 3′-azido-3′-
deoxythymidine (ZDV), 2′,3′-dideoxyinosine (ddI), 2′,3′-

dideoxycytidine (ddC), and the (–) enantiomer of 2′-
deoxy-3′-thiacytidine (3TC) (Gu et al., 1994; Larder &
Kemp, 1989; St-Clair et al., 1991). 3TC was the first suc-
cessful inhibitor in a novel class of dideoxynucleosides that
contain oxathiolane rings. A single amino acid substitution
of methionine to isoleucine or valine at position 184
(M184I/V) within the RT gene of HIV-1 is sufficient to
cause high-level resistance to 3TC and low-level cross-
resistance to both ddC and ddI (Boucher et al., 1993; Gao
et al., 1993; Gu et al., 1992). A mutation of lysine to argi-
nine at position 65 (K65R) confers low-level resistance to
ddC and 3TC (Gu et al., 1994; Zhang et al., 1994).
Resistance-conferring mutations may not only limit treat-
ment options, but may also be transmitted during de novo
infections (Boden et al., 1999; Little et al., 1999). As the
prevalence of drug-resistant variants increases, it is impor-
tant to continue to develop and screen novel nucleoside
analogues with potent antiviral activity and improved
resistance profiles.

The racemates of 2′-dideoxy-3′-oxa-4′-thiocytidine
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The patterns of resistance-conferring mutations
that are selected in HIV-1 reverse transcriptase (RT)
by the racemates of 2′-dideoxy-3′-oxa-4′-thiocyti-
dine (+/–)dOTC and its fluorinated derivative
(+/–)dOTFC were characterized. Genotypic and
phenotypic analyses of HIV-1 clinical isolates and
HXB2D variants selected with (+/–)dOTC and
(+/–)dOTFC were performed in primary cells and in
the MT-2 T cell line. HIV-1 variants selected with
(+/–)dOTC or (+/–)dOTFC displayed fivefold
decreased susceptibility to the respective com-
pounds. A substitution of methionine to valine
was identified at position 184 (M184V) in variants
selected with (+/–)dOTC. In contrast, a mutation of
lysine to arginine at position 65 (K65R) was found

in variants selected with (+/–)dOTFC. These pat-
terns of selected mutations differ from those seen
with the individual enantiomers. Studies with
mutated recombinant HXB2D-M184V and -K65R
confirmed that these mutations are important for
phenotypic resistance in MT-2 cells. Clinical iso-
lates that display resistance to (–)2′-deoxy-3′-thia-
cytidine (3TC) also showed cross-resistance to
(+/–)dOTC and (+/–)dOTFC. These studies demon-
strate that similar genotypes may be selected by
the dOTC and dOTFC compounds to those with the
structurally related drug 3TC.
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(dOTC) and its 5-fluoro derivative (dOTFC) are struc-
turally similar to 3TC, with the positions of the sulphur
and oxygen heteroatoms interchanged (Mansour et al.,
1995a,b). Previous studies have shown that the (+) and (–)
enantiomers of dOTC and dOTFC have antiviral activity
in primary cells and T cell lines (De Muys et al., 1999;
Mansour et al., 1995a,b).

We have shown previously that (+)dOTC generated a
similar pattern of resistance-conferring mutations, as did
3TC, while variants selected with (–)dOTC did not display
a resistance phenotype (Richard et al., 1999). In the case of
the fluorinated derivatives (–)dOTFC selected for the
M184V mutation, while (+)dOTFC selected for the novel
mutation D67G in addition to M184V (Richard et al.,
2000). It is important to have preclinical information on
the resistance profiles of the racemic mixtures of both
dOTC and dOTFC in tissue culture to assess the in vitro
efficacy of the drugs in the presence and absence of resist-
ance-conferring mutations. Moreover, the results may also
provide important information regarding the choice of
drug combinations. In the present study, we have selected
for variants of HIV-1 that are resistant to (+/–)dOTC and
(+/–)dOTFC, in order to examine the resistance profiles of
these compounds and to compare the results with those
obtained previously regarding the (+) and (–) enantiomers.

Materials and Methods

Cells
The MT-2 human T cell line was utilized to propagate
both wild-type and resistant variants of HIV-1. Cells were
cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Flow
Laboratories, Toronto, Canada), 2 mM L-glutamine,
100 U/ml penicillin and 100 µg/ml streptomycin as
described (Gao et al., 1993). Cord blood mononuclear cells
(CBMCs) were isolated by Ficoll/Hypaque centrifugation
from the cord blood of HIV-1-negative patients ( Jewish
General Hospital, Montréal, Québec, Canada), and were
stimulated with 0.1% phytohaemagglutinin (PHA) for 
3 days and cultured in RPMI 1640 medium supplemented
with 10% FBS, 10 U/ml interleukin-2 (IL-2) and antibi-
otics as described (Gao et al., 1993).

Virus variants
The infectious molecular clone HXB2D of HIV-1 was uti-
lized to perform drug selections and drug susceptibility
assays (Fisher et al., 1985). The mutated recombinant
clones HXB2D-M184I, -M184V and -K65R were gener-
ated by site-directed mutagenesis of RT cloned in pGEM-
3Z (Pharmacia, Baie d’Urfée, Québec, Canada). A Msc I
1.9 kb fragment was then substituted into full-length
HXB2D as described (Gu et al., 1994). Progeny virions of

recombinant clones were generated by electroporation of
MT-2 cells. Clinical isolates had been obtained between
1989 and 1993 from patients who had received 12 or 
52 weeks of 3TC monotherapy or 1 year of ZDV
monotherapy; viruses were also cultured from drug-naive
patients. Virus was amplified by co-culture of patient
peripheral blood mononuclear cells (PBMCs) with healthy
CBMCs as described (Gao et al., 1993).

Drugs
The dOTC and dOTFC compounds as well as 3TC were
provided by Biochem Pharma (Laval, Québec, Canada).
ZDV was obtained from Glaxo Wellcome (Research
Triangle Park, N.C., USA).

Selection of variants resistant to dOTC and
dOTFC
The MT-2 cell line was employed to select for variants of
HIV HXB2D resistant to each of the racemates of dOTC
and dOTFC as described previously (Richard et al., 1999,
2000). In brief, 2.5×105 cells were pre-incubated in the
presence or absence of sub-inhibitory drug concentrations
for at least 2 h. Cells were then washed and infected with
106 RT units of HXB2D for 2 h. Cells were washed again
and maintained in RPMI 1640 medium containing the
same concentration of drug used during the pre-incuba-
tion. Culture supernatants were clarified when 50% of cells
displayed cytopathic effects (CPE). A new round of infec-
tion was initiated by infecting fresh cells with 0.5 ml of cul-
ture supernatant and the concentration of drug was
increased gradually over 12 passages. Cellular DNA was
extracted at each passage from uninfected MT-2 cells and
cells infected with the drug-selected variants as described
(Richard et al., 1999, 2000). The complete RT-coding
regions of the drug-selected variants from passage 12 were
amplified by PCR. A 1.7 kb fragment was generated using
the primers 5′-GTAGAATTCTGTTGACTCA-
GATTGG-3′ and 5′-GATAAGCTTGGGCCTTATC-
TATTCCAT-3′ and cloned using the TA Cloning kit
(Invitrogen, Carlsbad, Calif., USA). The sequence of the
RT-coding region was determined by automated sequenc-
ing (Bio S&T, Lachine, Québec, Canada). The genotypes
of the clinical isolates employed in these studies were deter-
mined by first extracting cellular RNA from infected
CBMCs using a QIAamp Viral RNA kit (Qiagen,
Mississauga, Ontario, Canada), amplifying viral sequences
by RT-PCR, and sequencing using the TruGene HIV-1
Genotyping Assay (Visible Genetics, Toronto, Ontario,
Canada).

Drug susceptibility assays
To assess the susceptibilities of HIV-1 variants, the 50%
inhibitory concentration (IC50) of each drug was deter-
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mined by measuring levels of RT activity in culture super-
natant, as described previously (Richard et al., 1999). IC50

values were determined using a GraphPad Prism program.

Results

Selection of HIV-1 variants to dOTC and dOTFC
The infectious molecular clone HIV HXB2D was passaged
in MT-2 cells while gradually increasing the concentrations
of (+/–)dOTC and (+/–)dOTFC from levels of 0.2 and 0.4
µM, respectively. A final concentration of 100 µM was
attained over 12 passages for dOTC and 200 µM for
dOTFC. The drug susceptibilities of these variants are
reported in Table 1. Variants selected with (+/–) dOTC
were sixfold less sensitive to this drug. These same variants
were highly resistant to 3TC (>300-fold), and were sensi-
tive to ZDV. Variants selected with dOTFC were fivefold
less sensitive to this compound, moderately resistant to
3TC (10-fold), and sensitive to ZDV.

Cell extracts were prepared at each passage and DNA
from passage 12 was used for genotypic analysis. The com-
plete RT coding region was PCR-amplified, cloned and
sequenced (Table 1). A substitution of methionine to valine
at amino acid position 184 (M184V) was observed in all 20
clones from (+/–)dOTC-selected variants. A mutation of
lysine to arginine at position 65 (K65R) was found in addi-
tion to M184V in one of 20 clones. The K65R mutation
alone was observed in all (five of five) clones from the vari-

ants selected with (+/–)dOTFC.

Susceptibility of mutated recombinant HXB2D
to dOTC and dOTFC
To confirm that the mutations identified following drug
selections are associated with the resistance phenotype,
recombinant HXB2D containing these same mutations
were generated via site-directed mutagenesis. To determine
the degree of cross-resistance to (+/–)dOTC (+/–)dOTFC
and 3TC, variants containing the mutation M184I were
included in the analyses along with K65R and M184V. For
this purpose, 3TC and both the (+) and (–) enantiomers of
dOTC and dOTFC were included in these studies as con-
trols as well. The analyses were first performed in MT-2
cells since these cells had been used for the tissue culture
selections and the results are shown in Table 2. HXB2D-
M184V displayed 10-fold less sensitivity to (+/–)dOTC
compared with wild-type virus, confirming its importance
for this resistance phenotype, while the M184I mutation
had only a marginal effect. Although (+/–)dOTFC did not
select for the M184V mutation, this substitution conferred
a higher-degree of resistance to the racemate of dOTFC
(25-fold) than to that of dOTC. This pattern of resistance
was previously demonstrated with the (+) and (–) enan-
tiomers of dOTC and dOTFC (Richard et al., 1999, 2000).
The K65R mutation conferred 30-fold resistance to
dOTFC, confirming the tissue culture selection data, and
was also 10-fold resistant to dOTC. HXB2D-K65R was
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IC50 (µM)*
Drug HXB2D HXB2D-M184V HXB2D-M184I HXB2D-K65R
(+/–)dOTC 3.10±0.52 30±4.2 7.0±1.2 30±5.5
(+/–)dOTFC 3.20±0.75 75±20 10.8±2.4 80±8.1
(+)dOTC 3.00±1.00 >100 16.0±2.0 55±9.2
(–)dOTC 3.50±0.90 35±4.2 17.0±2.8 20±3.2
(+)dOTFC 6.60±0.90 >100 27.0±4.1 75±11.0
(–)dOTFC 4.80±1.10 65±15 18.0±3.4 >100
Lamivudine 0.34±0.02 >200 >100 25±5.7

*Results were calculated on the basis of reverse transcriptase activity in culture supernatants. Data are means ± standard deviations of three
independent experiments.

IC50 (µM)*
HXB2D HXB2D Mutations

Drug HXB2D (+/–)dOTC-selected (+/–)dOTFC-selected identified†
(+/–)dOTC 3.10±0.52 18±3.2 ND M184V
(+/–)dOTFC 3.20±0.75 ND 15.00±2.20 K65R
Lamivudine 0.30±0.09 >100 2.00±0.52 ND

Zidovudine 0.023±0.006 0.015±0.004 0.04±0.07 ND

ND, not determined.
*The results were calculated on the basis of RT activity in culture supernatants. Data are means ± standard deviations of three independent
experiments.
†Mutations were identified by PCR amplification, cloning and sequencing of the RT genes of drug-selected variants as described in Materials
and Methods.

Table 1. Selection of HIV HXB2D with the racemates of dOTC and dOTFC in MT-2 cells

Table 2. Susceptibilities of recombinant HXB2D to nucleoside inhibitors of reverse transcriptase in MT-2 cells



also less sensitive to the enantiomers of dOTFC than
dOTC.

The analyses were repeated in CBMCs since data
obtained with primary cells may be more clinically relevant
than those obtained with immortalized cell lines. The
results are shown in Table 3. As previously reported, the
change in sensitivity to the dOTC and dOTFC com-
pounds was marginal in CBMCs compared to MT-2 cells
(Richard et al., 1999, 2000). The M184V mutation had no
effect on sensitivity to the racemate of dOTC and con-
ferred a small (fourfold) decrease in sensitivity to that of
dOTFC. The same pattern was observed with the (+) and
(–) enantiomers. HXB2D-M184I showed no change in
sensitivity to either the dOTC or dOTFC compounds.
However, the HXB2D-M184I and -M184V viruses dis-
played characteristic moderate and high-level resistance to
3TC. HXB2D-K65R was only marginally resistant with
increased IC50 values (two- to three-fold) to the dOTFC
enantiomers.

Resistance phenotypes of clinical isolates
Clinical isolates were obtained from patients and the resist-
ance phenotypes for (+/–)dOTC and (+/–)dOTFC were
determined in CBMCs and the genotypes of the samples
were analysed. The data are summarized in Table 4. Isolate
4246 was obtained from a drug-naive patient and possessed

a wild-type genotype and phenotype for the compounds
tested. Isolates 3350 and 4205 were obtained from patients
who had received 12 and 52 weeks of 3TC monotherapy,
respectively. Both isolates contained the M184V mutation
and in addition, 4205 possessed the T69D mutation.
Isolate 3350 was highly resistant to 3TC (>1000-fold) and
moderately resistant to both (+/–)dOTC (eightfold) and
(+/–)dOTFC (40-fold). Isolate 4205 possessed the same
pattern of resistance and displayed 15-fold resistance to
(+/–)dOTC, 40-fold to (+/–)dOTFC, and greater than
1000-fold to 3TC. Isolate 4170 was obtained from a
patient who had received 1 year of ZDV monotherapy and
contained the K70R mutation. It displayed wild-type sen-
sitivity to each of (+/–)dOTC (+/–)dOTFC and 3TC.

Discussion

The dOTC and dOTFC compounds belong to a novel
class of nucleosides that contain oxathiolane sugar rings
and are structurally related to 3TC, except for the transpo-
sition of the sulphur and oxygen heteroatoms in the sugar
ring (Mansour et al., 1995a,b). Tissue culture selections
with (+/–) dOTC generated the mutation M184V, which
confers high-level resistance to 3TC, and low-level resist-
ance to both ddI and ddC (Gao et al., 1993; Gu et al.,
1992). These findings are also consistent with recent results
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IC50 (µM)*
Drug HXB2D HXB2D-M184V HXB2D-M184I HXB2D-K65R
(+/–)dOTC 1.9±0.24 2.1±0.50 1.5±0.23 3.1±0.50
(+/–)dOTFC 2.5±0.41 9.4±2.10 2.2±0.31 6.0±0.97
(+)dOTC 2.2±0.70 1.8±0.25 2.2±0.07 4.2±0.74
(–)dOTC 2.8±0.60 3.9±1.20 1.8±0.15 3.2±0.71
(+)dOTFC 4.2±0.65 9.0±0.80 4.5±0.75 13.5±1.30
(–)dOTFC 3.4±0.20 10.0±0.80 3.5±0.60 6.5±1.10
Lamivudine 0.15±0.05 >200 10.0±1.20 1.0±0.17

*Results were calculated on the basis of RT activity in culture supernatants. Data are means ± standard deviations of three independent
experiments.

Table 3. Susceptibilities of recombinant HXB2D to nucleoside inhibitors of reverse transcriptase in cord blood
mononuclear cells

IC50 (µM)*
Wild-type isolate Isolates resistant to lamivudine Isolate resistant to zidovudine

Drug 4246 3350 4205 4170
(+/–)dOTC 0.200 1.5 3.000 0.20
(+/–)dOTFC 0.250 9.0 9.000 0.20
(+)dOTC 1.500 3.5 15.000 0.65
(–)dOTC 0.200 4.0 2.500 0.17
(+)dOTFC 0.400 4.5 >100 2.00
(–)dOTFC 0.300 18.0 15.000 0.50
Lamivudine 0.025 >100 >100 ND

Zidovudine 0.008 ND 0.007 0.25

ND, not determined
*Results were calculated on the basis of reverse transciptase activity in culture supernatants. Data are averages of two independent 
experiments.

Table 4. Susceptibilities of HIV-1 clinical isolates to nucleoside inhibitors of reverse transcriptase in cord blood
mononuclear cells
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in which selections were performed with (+/–)dOTC
(Taylor et al., 2000). In our studies, a single RT clone after
selection contained the mutation K65R in addition to
M184V. The combination of mutations K65R and M184V
has been observed in clinical isolates from patients receiv-
ing ddC therapy by PCR screening (Gu et al., 1995). The
significance of the K65R mutation for (+/–)dOTC resist-
ance is unclear because even though HXB2D-K65R dis-
played a similar decrease in sensitivity, as did HXB2D-
M184V in MT-2 cells (Table 2), the majority of RT clones
sequenced (19 out of 20) contained the M184V mutation
alone. Selection with the (+) enantiomer of dOTC also
selects for the mutations M184I and M184V (Richard et
al., 1999).

The M184V mutation is located within the conserved
YXDD motif of retroviral RTs, found within the catalytic
domain. Recent RT models, based on crystallographic
studies, position the side chain of amino acid 184 in con-
tact with the sugar moiety of the incoming nucleotide
(Huang et al., 1998; Sarafianos et al., 1999). Owing to
structural similarities with 3TC, interference with the
oxathiolane rings of dOTC and dOTFC probably occurs as
well.

The K65R mutation was selected with (+/–)dOTFC.
The K65R mutation has been shown to confer resistance to
ddC, as well as low-level cross-resistance to 3TC, adefovir
(PMEA) and ddI. As mentioned above, this mutation can
be detected in some patients undergoing ddC therapy (Gu
et al., 1995; Zhang et al., 1994). Similar findings were
observed with the (+) enantiomer of dOTFC, where the
D67G mutation was selected in tissue culture, but the
M184V mutation conferred a higher degree of resistance in
MT-2 cells (Richard et al., 2000). However, further pas-
sages with (+)dOTFC selected for double mutants contain-
ing both D67G and M184V (Richard et al., 2000). Both
mutations are generated by an A to G substitution, but
codon 65 is located within a homopolymeric A region,
which may affect the probability of mutagenesis.

The K65R mutation is located within the β3–β4 loop in
the fingers subdomain of RT. Several other mutations asso-
ciated with nucleoside resistance have been mapped to this
loop at positions 67, 69 and 70 (Fitzgibbon et al., 1992;
Larder & Kemp, 1989). Furthermore, insertions of amino
acids between positions 68 and 70 have been shown to con-
fer multi-nucleoside resistance, indicating a certain degree
of flexibility in the structure of the β3–β4 loop (Larder et
al., 1999; Winters et al., 1998). Crystallographic and mod-
elling studies showed that the side chain of lysine at posi-
tion 65 contacts the γ-phosphate of the incoming
nucleotide and stacks over arginine at position 72 (Huang
et al., 1999). In vitro, RT containing the K65R mutation
displayed decreased affinity for the triphosphates of 3TC
and ddC, resulting in diminished incorporation and chain

termination (Arion et al., 1996; Gu et al., 1995).
The resistance profiles of the viruses assayed differed

depending on the cell type used. HB2D-M184V displayed
decreased sensitivity to (+/–)dOTC and (+/–)dOTFC in
MT-2 cells (Table 2), but were susceptible to the drugs in
CBMCs (Table 3). Similar findings have been reported
previously (Salomon et al., 1995). This is an important
point, in view of the fact that the M184V substitution con-
ferred a 10-fold change in susceptibility to (–)dOTC in the
current experiments in MT2 cells, but not in CBMCs.
However, tissue culture selection experiments with
(–)dOTC and CBMC did not select for the M184V muta-
tion, yet clinical isolates of HIV-1 that contained 184V dis-
played marginally diminished sensitivity to (–)dOTC in
CMBCs. We should point out that all of the viruses stud-
ied were assessed simultaneously in some experiments
using CBMC populations, with similar results to those
reported here. These finding attest to the fact that the
selection pressures exerted by certain virus/drug combina-
tions in primary cell populations, such as CBMCs, cannot
always be predicted from results obtained using T cell lines
such as MT-2 cells. The level of resistance conferred by
K65R was also greater in MT-2 cells compared to CBMCs
(Tables 2 and 3), but the IC50 values of HXB2D-K65R
were consistently, if only marginally, higher than those of
wild-type.

The resistance profiles of the dOTC compounds are
more favourable than those of their fluorinated counter-
parts, particularly regarding the M184V mutation. Even
though M184V-containing clinical isolates displayed
decreased sensitivity to (+/–)dOTC, the level of resistance
was much lower than that observed with 3TC and the like-
lihood of clinical significance cannot be concluded.
(+/–)dOTC and the (+) and (–) enantiomers have a
favourable toxicity profile and good bioavailability in rats
(De Muys et al., 1999). Although the maximum levels of
cellular (+/–)dOTC-TP achieved are lower than for 3TC-
TP, and the cellular half-life of (+/–)dOTC-TP is shorter,
(+/–)dOTC-TP is a more potent inhibitor of RT in vitro
(De Muys et al., 1999). (+/–)dOTC has retained many of
the properties of (–)dOTC in terms of antiviral activity and
toxicity, but tissue culture selections generated the M184V
mutation. Therefore, of the three compounds – (+/–)
dOTC and its (+) and (–) enantiomers – (–)dOTC has the
most favourable resistance profile in these experimental
conditions, since it did not select for a resistance phenotype
and was non-toxic over 12 passages at a final concentration
of 100 µM (Richard et al., 1999). In this context, it should
be noted that injection of (+/–)dOTC racemate into mon-
keys has led to toxic effects (unpublished results).

It can correctly be asked whether the development of the
dOTC and dOTFC compounds might represent an advan-
tage over 3TC and its fluorinated derivative FTC, since
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both of the latter compounds also select for the M184V
mutation and are relatively non-toxic. The answer is that
the M184V substitution confers very high-level resistance
against 3TC and FTC, but only low-level resistance
against the dOTC and dOTFC molecules. Accordingly, it
is conceivable that the latter drugs may retain potent anti-
HIV activity, even in the presence of the M184V substitu-
tion.
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