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Abstract

Mutations at six sites in HIV-1 reverse transcriptase (RT) that have long been
associated with resistance to zidovudine (AZT) are now referred to as thymidine
analogue mutations (TAMs) because they help the virus escape from stavudine
(d4T) as well. These mutations include M41L, D67N, K70R, L210W, T215F or Y and
K219Q. Studies on the molecular mechanism of resistance have recently focused on
the enhanced primer unblocking activity conferred by these mutations - i.e. the
mutant enzyme has increased ability to remove a chain terminator after it has been
incorporated. Removal is accomplished by transfer of the chain terminator to an
acceptor that may be pyrophosphate or nucleoside di- or triphosphate. The
intracellular acceptor substrate for this reaction has not been determined. TAMs are
clustered at some distance from the dNTP-binding site in HIV-1 RT, but they are well
positioned to interact with a nucleoside triphosphate substrate for the unblocking
reaction. RTs containing TAMs have elevated unblocking activity against most chain
terminators; however, in culture-based assays for drug susceptibility, the mutant
viruses are highly resistant to AZT and only minimally resistant to other
nucleosides. Addition of micromolar concentrations of natural dNTPs to the in vitro
reaction mixtures results in better agreement with the in vivo assays. In vitro
experiments have shown that the removal of chain-terminating nucleotides such as
ddAMP or d4TMP is inhibited by micromolar concentrations of the next
complementary dNTP, whereas removal of AZTMP is relatively insensitive to this
inhibition. The intracellular concentrations of dNTPs in the cells used in culture-
based drug susceptibility assays are likely to be high enough to prevent the
removal of most chain-terminating nucleotides other than AZTMP. A full
understanding of the mechanism of resistance conferred by these mutations will
require the definition of the contributions of each residue to nucleotide binding and
discrimination, primer unblocking activity, and viral replication fitness.
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Introduction
Antiviral therapy depends on our ability to exploit the

sometimes subtle biochemical differences between a
virus and its host. Even when an antiviral agent is
identified that suppresses viral replication without
being extremely toxic, the virus can often circum-
vent the therapy by acquiring mutations that reduce
its susceptibility to the agent. HIV is able to develop
drug resistance rapidly because of the high rate of
virus replication in an infected individual and the
low fidelity of the viral replication machinery. Rapid
selection of drug resistance mutants may be the
most important limitation on the success of anti-
retroviral therapies against HIV. Recent develop-
ments have begun to shed light on the molecular
mechanisms involved.

Monotherapy with 3’-azidothymidine (AZT, zidovu-
dine) results in a 5 to 10-fold drop in viral load in pre-
viously untreated HIV-infected patients. This is fol-
lowed by a return to near baseline over 6 to 12
months, at which time a mutant population of virus
predominates that is resistant to AZT in culture-
based assays (phenotypic resistance). Resistance
is usually accompanied by selection of mutations at
six sites in the gene for reverse transcriptase (RT)1-5.
The mutations are M41L, D67N, K70R, L210W,
T215Y or F, and K219Q. High-level resistance to
AZT and the presence of mutations at codons 41 or
215 confer increased risk of disease progression
and death in HIV-1 infected patients, even when
adjusted for other factors predictive of disease pro-
gression6,7.

The number of AZT-resistance mutations present
in a virus isolate correlates with the level of resist-
ance8. In cross-sectional studies of AZT-treated
patients, mutations are observed most frequently at
residue 2158-10, suggesting that this site plays a cen-
tral role in AZT resistance. In fact, the mutation at
residue 70 usually appears first followed by the oth-
er mutations in a defined order11. These observa-
tions led to the concept of primary resistance muta-
tions - i.e., mutations that can confer resistance by
themselves (K70R and T215Y or F), and secondary
mutations - i.e., those that usually appear when one
of the primary mutations is already present (M41L,
D67N, L210W and K219Q). The clinical utility of this
distinction has been questioned recently and an
expert panel established by the International AIDS
Society has recommended that the distinction
should be dropped for purposes of clinical man-
agement12. Nonetheless, the ordered appearance
and disappearance of these mutations provides
potentially useful information about their interac-
tions. M41L and L210W only exert their effects when
T215Y or F is already present13, suggesting that
these secondary mutations may cooperate with the
215 mutation to fine-tune the resistance mech-
anism, or they may act indirectly by compensating
for deficiencies in replication caused by the 215
mutation. Of course, the mutations may operate at
both levels. A full understanding of the molecular
mechanisms of drug resistance will depend on sort-
ing out the interactions among all of the mutations
that contribute to the resistance phenotype. 

Selection of AZT-resistance mutations by
therapy with other nucleosides

Over the past few years, evidence has been accu-
mulating that “AZT-resistance mutations” can be
selected by therapy with 2’,3’-didehydrodideoxythymi-
dine (d4T, stavudine)14-25 and that the presence of AZT-
resistance mutations has a negative impact on the
benefit derived from d4T therapy25-29. AZT-resistance
mutations have also been reported after prolonged
therapy with ddI in the absence of AZT30-32. As a result,
this group of mutations has been renamed thymidine
analogue mutations (TAMs) and, more recently, “multi-
NRTI-resistance mutations” or just NAMs (nucleoside-
associated mutations), to reflect the fact that they may
also contribute to resistance to non-thymidine nucleo-
sides12. 

These results appear to be in conflict with experi-
ments indicating that AZT-resistance mutations are
highly specific for AZT, with little cross-resistance for
even such closely related nucleosides as d4T14,33.
With more extensive data and improved standard-
ization of the phenotypic resistance assays, it has
been possible to detect limited cross-resistance25;
however, the increase in IC50 for d4T is only 3 to 4-
fold for mutant combinations that have 50 to 100-fold
increases in the IC50 for AZT. 

The search for a biochemical basis of
resistance

AZT is converted to AZT triphosphate (AZTTP) by
cellular enzymes. The triphosphate is recognized
by the viral RT as an analogue of dTTP and incorpo-
rated into the growing DNA chain, resulting in chain
termination and inhibition of viral replication. Based
on experience with other resistance mechanisms, it
was anticipated that resistance to AZT would involve
the selection of a mutant enzyme that could discrim-
inate against AZTTP. This was highly plausible
because a 3’-azido group in place of the natural 3’-
hydroxil group represents a substantial structural
change that could readily form the basis for
increased discrimination; however, structural and
enzymatic data on RT containing the AZT-resistance
mutations, accumulated over several years at dis-
tinct laboratories, have provided little support for this
type of mechanism1,34-38. Using pre-steady-state
kinetic analysis, Kerr and Anderson39 have reported
a small but significant increase in discrimination
against AZTTP by an AZT-resistant RT. This differ-
ence was seen when synthesis was monitored on a
RNA template and was not observed using a DNA
template of the same sequence. Vaccaro and
Anderson40 reported a somewhat greater ability to
discriminate against AZTTP when the mutant RT was
used to extend an RNA primer on an RNA template -
a reaction that occurs during the initiation of minus-
strand synthesis. These authors have pointed out
that a small difference in discrimination against
AZTMP at each A position on the genome may be
multiplied into a much larger difference when the
entire viral genome is replicated, and that other fac-
tors not reproduced in the in vitro assays may mag-
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nify the differences observed between the mutant
and wild-type enzymes to account for the greater
than 100-fold resistance seen for these mutants in
vivo. However, these explanations do not apply to
other well-known nucleoside resistance mutations
where discrimination occurs in vitro that is quantita-
tively similar to that seen in vivo. The L74V (ddI
resistance) mutation produces a mutant RT that
favors dATP over ddATP in in vitro assays35,36,41. RT
containing the M184V (3TC resistance) mutation
exhibits a high level of discrimination against 3’-thia-
cytidine triphosphate (3TCTP) in favor of dCTP38,42,43.
In addition, the Q151M (multinucleoside-resistance)
mutant RT discriminates against several chain-termi-
nating nucleotides including AZTTP in vitro44. The diffi-
culty in reproducing the nucleoside-resistance pheno-
type is somehow unique for AZT-resistance mutations,
suggesting that additional factors must be at work.

The residues that are altered in AZT-resistant RT
have been located in the 3-dimensional structures45-50.
Residues 210, 215 and 219 are in the “palm”
domain and 41, 67 and 70 are in the “fingers”
domain, but all are sufficiently far from the active
site of the enzyme that direct contact with 3’ sub-
stituents on the incoming nucleotide is unlikely. It is
possible that the mutations exert their effects at a dis-
tance by inducing conformational changes in the
protein. A structure for AZT-resistant RT has been
determined that showed long range conformational
changes that repositioned the active site aspartate
residues, providing a mechanism capable of explain-
ing increased discrimination by this enzyme49. The
structure of the RT•primer-template•dNTP complex
reported by Huang, et al.50 shows that binding of
nucleotide substrate induces a substantial confor-

mational change in RT. The “fingertips” bend inward
toward the palm by about 20° bringing a number of
residues together to form the dNTP binding site.
The “fingers” residues, including D67 and K70, are
positioned closer to the dNTP binding site but direct
contact that could lead to increased dNTP discrimi-
nation is still unlikely. Figure 1 shows the positions of
primer, template, bound dTTP and the amino acids
corresponding to codons 41, 67, 70, 210, 215 and
219 in the Huang structure. The left panel shows a
side view and the right panel shows a view looking
down the phosphate chain toward the deoxyribonu-
cleoside portion of dTTP. Direct contact between
residues 70 or 215 and the γ-phosphate of dTTP
may be possible but contact with the 3’ position of
dTTP is unlikely. Interactions have been proposed
between the residues at positions 41 and 215 and
the residues that form the dNTP-binding site that
could result in increased substrate discrimination50.

Taken together, the kinetic and structural analysis
of the mutant RTs are insufficient to prove the
hypothesis that increased discrimination against
AZTTP incorporation is the sole or primary mecha-
nism for resistance.

AZT resistance mutations enhance the
primer unblocking activity of RT

Recently, several laboratories have proposed that
AZT-resistance mutants may differ from wild-type in
their ability to remove AZTMP from blocked
primers51-53. RT lacks 3’ exonuclease activity54;how-
ever, removal may occur through transfer of the ter-
minal AZTMP to pyrophosphate (PPi) (pyrophos-
phorolysis, the reversal of polymerization)51,52 or to a

AIDS Rev 2001; 3

Figure 1. Location in the ternary complex of wild-type HIV-1 RT of the residues substituted in thymidine analogue mutations. The
six TAM residues are shown as space-filling models and identified in the figure. Residues in the “fingers” domain are light colored
and those in the “palm” domain are dark. The primer and template are shown as rods corresponding to their DNA backbones. The
bound dTTP is shown as a ball-and-stick model. The figure was produced with Protein Explorer
(http://www.umass.edu/microbio/chime/explorer) using the structure coordinates (1RTD) of Huang, et al.50 retrieved from the
Brookhaven Protein Data Base. Left panel, side view. Right panel, top view looking down the phosphate chain toward the
deoxynucleoside portion of dTTP. The primer and template are omitted in the right panel for simplification.
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nucleoside di- or triphosphate53 (Fig. 2). Significant
increases in either or both of these unblocking reac-
tions have been reported for AZT-resistant RT52,55-62.

The question of whether the PPi and nucleotide-
dependent reactions both play a role in resistance
has not been resolved since some investigators
report that AZT-resistant RT has increased PPi-
dependent unblocking activity52,56-58,61,62 and others
report that the PPi-dependent reaction is not
increased37,55,59,60,63. In contrast, there is general agree-
ment that the nucleotide-dependent reaction is
increased for the mutant enzymes55,58-62. Circum-
stantial evidence for the importance of a nucleotide
substrate for this reaction in vivo is provided by the
locations of the AZT-resistance mutations in the 3-
dimensional structure of HIV-1 RT (see below). Since
ATP is present at higher concentrations than other
nucleotides in most cells64, it would be the most like-
ly nucleotide to participate in this reaction in vivo.

A structural rationale for resistance by
AZT-resistance mutants

The evidence that primer-unblocking activity of
HIV-1 RT plays a role in resistance has stimulated
renewed inspection of the crystal structures of the
enzyme. The covalently trapped catalytic complex
of Huang, et al.50 corresponds to a stable substrate
complex that has been captured just prior to the
polymerization reaction, but the structure can
equally be viewed as the product complex resulting
from PPi-dependent pyrophosphorolysis of a DNA
chain ending with dTMP. The nucleotide-dependent

removal reaction is analogous to the PPi-dependent
reaction and it is reasonable to assume that the din-
ucleoside polyphosphate product would occupy an
analogous position on the enzyme. For ATP-depen-
dent removal of dTMP, the product would be Ap4dT,
in which ATP is joined to dTMP, and the dTMP moi-
ety would be bound in the dNTP binding site on the
enzyme, connected by a chain of four phosphates
to the adenosine from ATP. The residues altered in
AZT-resistance mutants are positioned to interact
with the AMP moiety of the Ap4dT product55,60.

As shown in Fig. 1, the residues that are substi-
tuted in the AZT-resistance mutations lie in a cluster
positioned just above the dNTP binding site in the
enzyme. This corresponds to an indentation or
pocket in the surface of the enzyme reaching in
towards the active site of the enzyme. While none of
these residues is likely to make direct contact with a
3’ substituent on the incoming nucleotide, they are
well positioned to make contact with a nucleotide
substrate for the removal reaction. 

Lacey and Larder65 compared mutants of HIV-1
with various amino acids substituted at codon 215
and showed that tyrosine and phenylalanine gave
maximal resistance, tryptophan gave low level resis-
tance, and other amino acids gave no increase in
resistance over wild-type. From this it can be con-
cluded that the introduction of an aromatic side chain
at residue 215 is important for the resistance pheno-
type. Boyer, et al.60 modeled ATP into the Huang, et al.
structure and showed that the adenine base could
make direct contact with an aromatic side chain intro-
duced at position 215. Virus containing only the

Walter A. Scott: Mechanism of Thymidine Analogue Resistance 

197

A
I

D
S

R
E

V
I

E
W

S

Pyrophosphorolysis Dinucleoside polyphosphate
synthesis

P P P

P

P

P

P

P

P

P

+ PPi + NTP

P

P

P

P

P

P

P

P

P

P

P

P

Figure 2. Removal of a chain-terminating nucleotide by transfer to PPi or to a nucleoside triphosphate. A chain-terminating
nucleotide (dark rectangle) is removed from a blocked DNA chain by transfer to PPi (left panel) to form the triphosphate or to a
nucleoside triphosphate such as ATP (right panel) to form the dinucleoside tetraphosphate. The open rectangle can be any ribo-
or deoxyribonucleoside. The shaded rectangles are natural deoxyribonucleosides in the primer and template chains. Adapted from
Meyer, et al.53.
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T215Y mutation show modest AZT resistance in vivo66

and a modest increase in in vitro primer unblocking
activity60,62,67. The introduction of additional TAMs dra-
matically enhances both activities9,60-62,66,67.

The view that TAMs enhance the binding site for
the nucleotide substrate for the primer unblocking
reaction, receives additional support from the
observations of Meyer, et al.53,55. These authors have
shown that, while nucleoside di- and triphosphates
are about equally efficient as substrates for the
unblocking reaction with wild-type RT, unblocking
activity is enhanced with the mutant enzyme only
when nucleoside triphosphates are used as sub-
strate. The product of the ATP-dependent removal
of ddNMP from the 3’ position on the primer is
Ap4ddN, whereas the product of the ADP-depen-
dent reaction is Ap3ddN. In either case the ddN por-
tion of the product would be formed in the dNTP
binding site on the enzyme and would retain an
affinity for that site. The position of the adenosine
moiety on the enzyme would be determined by the
length of the phosphate chain connecting the two
portions of the dinucleoside polyphosphate. When
ATP is the substrate, the adenosine moiety will be
positioned so that it can interact with an aromatic
group at residue 21560. When ADP is the substrate,
the adenosine moiety will not be close enough to
interact with that residue.

Based on this model, structural explanations are
possible to explain the effects of some of the other
TAMs. Enzyme containing only the K70R and D67N
mutations have 4 to 5-fold increased nucleotide-
dependent removal activity55. The K70R mutation
may adjust the position of the positive charge to
facilitate an interaction with the additional phos-
phate residue derived from ATP, which would not be
present if ADP or PPi were the substrate. Mutation
D67N disrupts a salt bridge between D67 and K219
in the wild-type enzyme and may provide increased
access for nucleotide attack at the primer termi-
nus60. The M41L mutation cooperates with T215Y
both in vivo66 and in vitro67; however, the basis for
this interaction is not evident from the crystal struc-
ture. The residues are too far apart for simultaneous
interaction with the nucleotide substrate for the
removal reaction, and other possible interactions
that would alter unblocking activity or replication
activity are not obvious.

M41L and K70R are antagonistic in vivo. They
very rarely occur together in patients10,68 and a
constructed HIV-1 variant with the two mutations
is replication deficient69, which may suggest that
M41L plays a role in a replication function of RT.
The replication deficiency disappears when the
215 mutation is also present69, which may help
explain why, during the evolution of AZT resis-
tance in an infected patient, the K70R disappears
at about the time that M41L and T215Y appear,
and why the K70R mutation can reappear later.
These observations serve to emphasize that many
of the interactions between these mutations are
not understood and that effects on replication
(viral fitness) are also an important part of the
equation.

Selective resistance to AZT
In vitro measurement of primer unblocking activi-

ty and in vivo culture-based phenotypic resistance
assays appear to be in conflict when it comes to
defining the specificity of AZT resistance. The
mutant RTs show approximately the same enhance-
ment of unblocking activity on primers terminated
with a wide variety of chain terminators55,63,70. In con-
trast, an HIV isolate containing multiple TAMs may
have 50 to 100-fold decreased susceptibility to AZT,
while susceptibility to other nucleoside drugs is only
minimally reduced. This discrepancy can be at least
partly resolved by carrying out the in vitro reaction
in the presence of physiological concentrations of
dNTPs55,60,61,63,71. Under these conditions, the mutant
enzyme loses the ability to remove chain termina-
tors such as ddAMP or d4TMP but retains the abili-
ty to remove AZTMP. 

This phenomenon relies on the fact that RT that is
bound to a chain-terminated primer-template can
bind the next complementary dNTP on the tem-
plate and attempt to carry out the polymerization
reaction72. When this happens, RT forms a tight
non-productive complex with the dNTP and primer-
template, the presence of the chain terminator at
the 3’ end of the primer prevents the formation of a
phosphodiester bond, and the enzyme is locked in
a dead-end complex and is prevented from carry-
ing out the unblocking reaction. An azido group in
the 3’ position of the primer interferes with the bind-
ing of the incoming dNTP, and dead-end complex
formation is inhibited55,60,63,72. As a result, the removal
of AZTMP is at least 50-fold less sensitive to inhibi-
tion by the next complementary dNTP, and the
block to elongation is removed under physiological
conditions, while blocks by other chain terminators
are not removed. For the measurement of pheno-
typic drug sensitivity, mitogen-stimulated peripheral
blood mononuclear cells14,16,73 or transformed
human cell lines33,74-77 are used. In either case, the
intracellular dNTP pools are high due to mitogenic
stimulation, and the removal of most chain termina-
tors except AZTMP will be inhibited. Since resis-
tance depends on the removal activity, the drug
resistance profile obtained in these assays shows
high-level resistance to AZT and minimal resistance
to other chain terminators.

In patients carrying virus with TAMs, cell popula-
tions are likely to exist, at least transiently, that do
not have high dNTP pools. This would lead to the
unmasking of an unblocking reaction for chain ter-
minators that are not removed in rapidly dividing
cells and would provide an explanation for the
selection of these mutations by drugs such as d4T
and ddI. This would also explain why the clinical
benefit is less if TAMs are present at the onset of
therapy with the other nucleosides.

Conclusions
The ability of a chain terminating nucleotide to

block HIV-1 replication depends on its activation
and incorporation into viral DNA during reverse
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transcription and also on the extent to which it can
be removed by the primer unblocking activity of
HIV-1 RT. The selection of resistance mutations is a
function of the ability of specific changes in the
sequence of RT to avoid incorporation of the acti-
vated form of the drug (discrimination), remove the
chain terminating nucleotide after it has been incor-
porated (primer unblocking), and support viral DNA
synthesis using natural nucleotide substrates (fit-
ness). Increased primer unblocking activity plays a
major role in the resistance to AZT and d4T by
thymidine analogue mutations; however, it is neces-
sary to investigate each of these parameters to
define the contribution from each of the mutations.

Acknowledgements
This work was supported in part by NIH grant AI-

39973.

References
1. Larder B, Darby G, Richman D. HIV with reduced sensitivity to

zidovudine (AZT) isolated during prolonged therapy. Science
1989;243:1731-4.

2. Larder B, Kemp S. Multiple mutations in HIV-1 reverse transcrip-
tase confer high-level resistance to zidovudine (AZT). Science
1989;246:1155-8.

3. Kellam P, Boucher C, Larder B. Fifth mutation in HIV type 1
reverse transcriptase contributes to the development of high-lev-
el resistance to zidovudine. Proc Natl Acad Sci USA
1992;89:1934-8.

4. Harrigan P, Kinghorn I, Bloor S, et al. Significance of amino acid
variation at HIV-1 reverse transcriptase residue 210 for zidovu-
dine susceptibility. J Virol 1996;70:5930-4.

5. Hooker D, Tachedjian G, Solomon A, et al. An in vitro mutation
from leucine to tryptophan at position 210 in HIV type 1 reverse
transcriptase contributes to high-level resistance to 3’-azido-3’-
deoxythymidine. J Virol 1996;70:8010-8.

6. D’Aquila R, Johnson V, Welles S, et al. Zidovudine resistance
and HIV-1 disease progression during antiretroviral therapy. Ann
Intern Med 1995;122:401-8.

7. Japour A, Welles S, D’Aquila R, et al. Prevalence and clinical
significance of zidovudine resistance mutations in HIV isolated
from patients after long-term zidovudine treatment. J Infect Dis
1995;171:1172-9.

8. Richman D, Guatelli J, Grimes J, Tsiatis A, Gingeras T. Detection
of mutations associated with zidovudine resistance in HIV by
use of the polymerase chain reaction. J Infect Dis
1991;164:1075-81.

9. Larder B. Interactions between drug resistance mutations in
human immunodeficiency virus type 1 reverse transcriptase. J
Gen Virol 1994;75:951-7.

10. Yahi N, Tamalet C, Tourres C, et al. Mutation patterns of the
reverse transcriptase and protease genes in human immunode-
ficiency virus type 1-infected patients undergoing combination
therapy: survey of 787 sequences. J Clin Microbiol
1999;37:4099-106.

11. Boucher C, O’Sullivan E, Mulder J, et al. Ordered appearance of
zidovudine resistance mutations during treatment of 18 HIV-pos-
itive subjects. J Infect Dis 1992;165:105-10.

12. Resistance Mutations Project Panel. International AIDS Society -
USA Resistance Testing Guidelines Panel. Update on drug resis-
tance mutations in HIV-1. Topics in HIV Medicine 2001;9:31-3.

13. Yahi N, Tamalet C, Tourres C, Tivoli N, Fantini J. Mutation L210W
of HIV-1 reverse transcriptase in patients receiving combination
therapy. J Biomed Sci 2000;7:507-13.

14. Lin P-F, Samanta H, Rose R, et al. Genotypic and phenotypic
analysis of HIV type 1 isolates from patients on prolonged stavu-
dine therapy. J Infect Dis 1994;170:1157-64.

15. Soriano V, Dietrich U, Villalba N, et al. Lack of emergence of
genotypic resistance to stavudine after 2 years of monotherapy.
AIDS 1997;11:696-7.

16. Lin P-F, Gonzalez C, Griffith B, et al. Stavudine resistance: An
update on susceptibility following prolonged therapy. Antiviral
Ther 1999;4:21-8.

17. Pellegrin I, Izopet J, Reynes J, et al. Emergence of zidovudine
and multidrug-resistance mutations in the HIV-1 reverse tran-
scriptase gene in therapy-naïve patients receiving stavudine
plus didanosine combination therapy. AIDS 1999;13:1705-9.

18. Coakley E, Gillis J, Hammer S. Phenotypic and genotypic resis-
tance patterns of HIV-1 isolates derived from individuals treated
with didanosine and stavudine. AIDS 2000;14:F9-F15.

19. De Mendoza C, Soriano V, Briones C, et al. Emergence of
zidovudine resistance in HIV-1 infected patients receiving stavu-
dine. J AIDS 2000;23:279-81.

20. Pozniak A, Gilleece Y, Nelson M, et al. Zidovudine genotypic and
phenotypic resistance arising in patients never exposed to
zidovudine. Antiviral Ther 2000;5(suppl 3):42.

21. Calvez V, Mouroux M, Descamps D, et al. Occurrence of thymi-
dine-associated mutations in naive patients treated more than 6
months by stavudine/lamivudine bi-therapy combination and tri-
therapies including stavudine/didanosine or stavudine/lamivu-
dine. Antiviral Ther 2000;5(suppl 3):40-1.

22. Soriano V. Sequencing antiretroviral drugs. AIDS 2001;15:547-51.
23. Moyle G, Gazzard B. Differing reverse transcriptase mutation

patterns in individuals experiencing viral rebound on first-line
regimens with stavudine/didanosine and stavudine/lamivudine.
AIDS 2001;15:799-800.

24. Pellegrin I, Garrigue I, Caumont A, et al. Persistence of zidovu-
dine-resistant mutations in HIV-1 isolates from patients removed
from zidovudine therapy for at least 3 years and switched to a
stavudine-containing regimen. AIDS 2001;15:1071-3.

25. Ross L, Scarsella A, Raffanti S, et al.Thymidine analog and multin-
ucleoside resistance mutations are associated with decreased phe-
notypic susceptibility to stavudine in HIV type 1 isolated from
zidovudine-naive patients experiencing viremia on stavudine-con-
taining regimens. AIDS Res Hum Retrovir 2001;17:1107-15.

26. Katlama C, Valantin A, Matheron S, et al. Efficacy and tolerabili-
ty of stavudine plus lamivudine in treatment-naïve and treatment
-experienced patients with HIV-1 infection. Ann Intern Med
1998;129:525-31.

27. Izopet J, Bicart-See A, Pasquier C, et al. Mutations conferring
resistance to zidovudine diminish the antiviral effect of stavudine
plus didanosine. J Med Virol 1999;59:507-11.

28. Montaner J, Mo T, Raboud J, et al. HIV-infected persons with
mutations conferring resistance to zidovudine show reduced
virologic responses to hydroxyurea and stavudine-lamivudine. J
Infect Dis 2000;181:729-32.

29. Shulman N, Machekano R, Shafer R, et al. Genotypic correlates
of a virologic response to stavudine after zidovudine monother-
apy. J AIDS 2001;27:377-80.

30. Demeter L, Nawaz T, Morse G, et al. Development of zidovudine
resistance mutations in patients receiving prolonged didanosine
monotherapy. J Infect Dis 1995;172:1480-5.

31. Schafer R, Winters M, Jellinger R, Merigan T. Zidovudine resis-
tance reverse transcriptase mutations during didanosine
monotherapy. J Infect Dis 1996;174:448-9.

32. Winters M, Shafer R, Jellinger R, et al. HIV type 1 reverse tran-
scriptase genotype and drug susceptibility changes in infected
individuals receiving dideoxyinosine monotherapy for 1 to 2
years. Antimicrob Agents Chemother 1997;41:757-62.

33. Larder B, Chesebro B, Richman D. Susceptibilities of zidovu-
dine-susceptible and -resistant HIV isolates to antiviral agents
determined by using a quantitative plaque reduction assay.
Antimicrob Agents Chemother 1990;34:436-41.

34. Lacey S, Reardon J, Furfine E, et al. Biochemical studies on the
reverse transcriptase and RNase H activities from HIV strains resis-
tant to 3’-azido-3’-deoxythymidine.J Biol Chem 1992;267:15789-94.

35. Martin J, Wilson J, Haynes R, Furman P. Mechanism of resis-
tance of HIV type 1 to 2’,3’-dideoxyinosine. Proc Natl Acad Sci
USA 1993;90:6135-9.

36. Eron J, Chow Y-K, Caliendo A, et al. pol mutations conferring
zidovudine and didanosine resistance with different effects in vit-

Walter A. Scott: Mechanism of Thymidine Analogue Resistance 

199

A
I

D
S

R
E

V
I

E
W

S

No part of this publication may be 

reproduced or photocopying 

�without the prior written permission 

�of the publisher

© Permanyer Publications 2010



200

A
I

D
S

R
E

V
I

E
W

S

ro yield multiply resistant HIV type 1 isolates in vivo. Antimicrob
Agents Chemother 1993;37:1480-7.

37. Carroll S, Geib J, Olsen D, et al. Sensitivity of HIV-1 reverse tran-
scriptase and its mutants to inhibition by azidothymidine triphos-
phate. Biochemistry 1994;33:2113-20.

38. Krebs R, Immendörfer U, Thrall S, Wöhrl B, Goody R. Single-
step kinetics of HIV-1 reverse transcriptase mutants responsible
for virus resistance to nucleoside inhibitors zidovudine and 3-
TC. Biochemistry 1997;36:10292-300.

39. Kerr S, Anderson K. Pre-steady-state kinetic characterization of
wild type and 3’-azido-3’-deoxythymidine (AZT) resistant HIV
type 1 reverse transcriptase: Implications of RNA directed DNA
polymerization in the mechanism of AZT resistance. Biochem-
istry 1997;36:14064-70.

40. Vaccaro J, Anderson K. Implications of the tRNA initiation step for
HIV type 1 reverse transcriptase in the mechanism of 3’-azido-3’-
deoxythymidine (AZT) resistance. Biochemistry 1998;37:14189-94.

41. Boyer P, Tantillo C, Jacobo-Molina A, et al. Sensitivity of wild-
type HIV type 1 reverse transcriptase to dideoxynucleotides
depends on template length; the sensitivity of drug-resistant
mutants does not. Proc Natl Acad Sci USA 1994;91:4882-6.

42. Wilson J, Aulabaugh A, Caligan B, et al. HIV type 1 reverse tran-
scriptase. Contribution of met-184 to binding of nucleoside 5’-
triphosphate. J Biol Chem 1996;271:13656-62.

43. Sarafianos S, Das K, Clark A, et al. Lamivudine (3TC) resistance
in HIV-1 reverse transcriptase involves steric hindrance with
β-branched amino acids. Proc Natl Acad Sci USA 1999;96:
10027-32.

44. Ueno T, Shirasaka T, and Mitsuya H. Enzymatic characterization
of human immunodeficiency virus type 1 reverse transcriptase
resistant to multiple 2’,3’-dideoxynucleoside 5’-triphosphates. J
Biol Chem 1995;270:23605-11.

45. Kohlstaedt L, Wang J, Friedman J, Rice P, Steitz T. Crystal struc-
ture at 3.5 Å resolution of HIV-1 reverse transcriptase com-
plexed with an inhibitor. Science 1992;256:1783-90.

46. Jacobo-Molina A, Ding J, Nanni R, et al. Crystal structure of HIV
type 1 reverse transcriptase complexed with double-stranded
DNA at 3.0 A resolution shows bent DNA. Proc Natl Acad Sci
USA 1993;90:6320-4.

47. Rodgers D, Gamblin S, Harris B, et al. The structure of unligand-
ed reverse transcriptase from HIV type 1. Proc Natl Acad Sci
USA 1995;92:1222-6.

48. Ding J, Das K, Hsiou Y, et al. Structure and functional implica-
tions of the polymerase active site region in a complex of HIV-1
RT with double-stranded DNA and an antibody Fab fragment at
2.8 Å resolution. J Mol Biol 1998;284:1095-111.

49. Ren J, Esnouf R, Hopkins A, et al. 3’-Azido-3’-deoxythymidine
drug-resistance mutations in HIV-1 reverse transcriptase can
induce long-range conformational changes. Proc Natl Acad Sci
USA 1998;95:9518-23.

50. Huang H, Chopra R, Verdine G, Harrison S. Structure of a cova-
lently trapped catalytic complex of HIV-1 reverse transcriptase:
implications for drug resistance. Science 1998;282:1669-75.

51. Canard B, Sarfati S, Richardson C. Enhanced binding of azi-
dothymidine-resistant HIV-1 reverse transcriptase to the 3’-azi-
do-3’-deoxythymidine 5’-monophosphate-terminated primer. J
Biol Chem 1998;273:14596-604.

52. Arion D, Kaushik N, McCormick S, Borkow G, Parniak M. Phe-
notypic mechanism of HIV-1 resistance to 3’-azido-3’-
deoxythymidine (AZT): increased polymerization processivity
and enhanced sensitivity to pyrophosphate of the mutant viral
reverse transcriptase. Biochemistry 1998;37:15908-17.

53. Meyer P, Matsuura S, So A, Scott W. Unblocking of chain-terminat-
ed primer by HIV-1 reverse transcriptase through a nucleotide-
dependent mechanism.Proc Natl Acad Sci USA 1998;95:13471-6.

54. Roberts J, Bebenek K, and Kunkel T. The accuracy of reverse
transcriptase from HIV-1. Science 1988;242:1171-3.

55. Meyer P, Matsuura S, Mian A, So A, Scott W. A mechanism of AZT
resistance: An increase in nucleotide-dependent primer unblock-
ing by mutant HIV-1 reverse transcriptase. Mol Cell 1999;4:35-43.

56. Arion D, Sluis-Cremer N, Parniak M. Mechanism by which phos-
phonoformic acid resistance mutations restore 3’-azido-3’-
deoxythymidine (AZT) sensitivity to AZT-resistant HIV-1 reverse
transcriptase. J Biol Chem 2000;275:9251-5.

57. Meyer P, Schneider B, Sarfati S, et al. Structural basis for activa-
tion of α-boranophosphate nucleotide analogues targeting drug-
resistant reverse transcriptase. EMBO J 2000;19:3520-9.

58. Götte M, Arion A, Parniak M, Wainberg M. The M184V mutation
in the reverse transcriptase of HIV type 1 impairs rescue of
chain-terminated DNA synthesis. J Virol 2000;74:3579-85.

59. Mas A, Parera M, Briones C, et al. Role of a dipeptide insertion
between codons 69 and 70 of HIV-1 reverse transcriptase in the
mechanism of AZT resistance. EMBO J 2000;19:5752-61.

60. Boyer P, Sarafianos S, Arnold E, Hughes S. Selective excision of
AZTMP by drug-resistant HIV reverse transcriptase. J Virol
2001;75:4832-42.

61. Lennerstrand J, Hertogs K, Stammers D, Larder B. Correlation
between viral resistance to zidovudine and resistance at the
reverse transcriptase level for a panel of HIV type 1 mutants. J
Virol 2001;75:7202-5.

62. Naeger L, Margot N, Miller M. Increased drug susceptibility of
HIV-1 reverse transcriptase mutants containing M184V and
zidovudine-associated mutations: analysis of enzyme proces-
sivity, chain-terminator removal and viral replication. Antiviral
Ther 2001;6:115-26.

63. Meyer P, Matsuura S, Schinazi R, So A, Scott W. Differential
removal of thymidine nucleotide analogues from blocked DNA
chains by HIV reverse transcriptase in the presence of physio-
logical concentrations of 2’-deoxynucleoside triphosphates.
Antimicrob Agents Chemother 2000;44:3465-72.

64. Hauschka P. Analysis of nucleotide pools in animal cells. Meth-
ods Cell Biol 1973;7:361-462.

65. Lacey S, Larder B. Mutagenic study of codons 74 and 215 of the
HIV type 1 reverse transcriptase, Which are significant in nucle-
oside analog resistance? J Virol 1994;68:3421-4.

66. Kellam P, Boucher C, Tijnagel J, Larder B. Zidovudine treatment
results in the selection of HIV type 1 variants whose genotypes
confer increasing levels of drug resistance. J Gen Virol 1994;75:
341-51.

67. Meyer P, Pfeifer I, Matsuura S, et al. Effects of M41L and T215Y
mutations in HIV-1 reverse transcriptase on removal of chain-
terminators from blocked primer/templates. Antiviral Ther
2000;5(suppl 3):14.

68. Ünal A, Lorenzo E, Brown M, et al. Reverse transcriptase muta-
tions in HIV-1 infected children treated with zidovudine. J AIDS
1996;13:140-5.

69. Jeeninga R, Keulen W, Boucher C, Sanders R, Berkhout B. Evo-
lution of AZT resistance in HIV-1: The 41-70 intermediate that is
not observed in vivo has a replication defect. Virology
2001;283:294-305.

70. Meyer P, Matsuura S, So A, et al. Nucleotide-dependent removal
of C- and T-nucleotide analogues by wild-type and AZT-resistant
HIV-1 reverse transcriptase. HIV DART, Puerto Rico 2000
[abstract 008].

71. Lennerstrand J, Stammers D, Larder B. Biochemical mechanism
of HIV type 1 reverse transcriptase resistance to stavudine.
Antimicrob Agents Chemother 2001;45:2144-6.

72. Tong W, Lu C-D, Sharma S, et al. Nucleotide-induced stable
complex formation by HIV-1 reverse transcriptase. Biochemistry
1997;36:5749-57.

73. Japour A, Mayers D, Johnson V, et al. Standardized peripheral
blood mononuclear cell culture assay for determination of drug
susceptibilities of clinical HIV type 1 isolates. Antimicrob Agents
Chemother 1993;37:1095-101.

74. Kellam P, Larder B. Recombinant virus assay: a rapid, phenotyp-
ic assay for assessment of drug susceptibility of HIV type 1 iso-
lates. Antimicrob Agents Chemother 1994;38:23-30.

75. Hertogs K, de Bethune M, Miller V, et al. A rapid method for
simultaneous detection of phenotypic resistance to inhibitors of
protease and reverse transcriptase in recombinant HIV type 1
isolates from patients treated with antiretroviral drugs. Antimi-
crob Agents Chemother 1998;42:269-76.

76. Parkin N, Lie Y, Hellmann N, et al. Phenotypic changes in drug
susceptibility associated with failure of HIV-1 triple combination
therapy. J Infect Dis 1999;180:865-70.

77. Petropoulos C, Parkin N, Limoli K, et al. A novel phenotypic drug
susceptibility assay for human immunodeficiency type 1. Antimi-
crob Agents Chemother 2000;44:920-8.

AIDS Rev 2001; 3

No part of this publication may be 

reproduced or photocopying 

�without the prior written permission 

�of the publisher

© Permanyer Publications 2010


