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The Enzymatic Basis for Thymidine
Analogue Resistance in HIV-1
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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 orY 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.

rtofthi ficationrm
Key words U va t U S pUU catio dy UE
Reverse transcnptasE%{QQ.%QQQEM%Q&QWBQ)W resistance.
Pyrophosphorolyslsk
vant I l’\ Ny I Y \I\II’I++r\h nr\rmu‘rﬂr\n
VVILITU LIIc |J Ul VVITULCTI |JCIIIII.).)IUII

Correspondence to:

Walter A. Scott

Department of Biochemistry & Molecular Biology
University of Miami School of Medicine

P.O.Box Q

=&sPermanyer Publications 2010

E-mail: wscott@med.miami.edu

of the publisher




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)*®.
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-
gression®’.

The number of AZT-resistance mutations present
in a virus isolate correlates with the level of resist-
ance®. In cross-sectional studies of AZT-treated
patients, mutations are observed most frequently at
residue 215%'°, 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 order™. 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 drstrnotron
should be dropped fo pf@ |1; |rg
agement®. Nonetheless, the'or ered appearan e
and disappearance of these mutations provides
potentially useful mformatrd’re 00 Eheid a@l’
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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)™# and that the presence of AZT-
resistance mutations has a negative impact on the
benefit derived from d4T therapy®®. AZT-resistance
mutations have also been reported after prolonged
therapy with ddl in the absence of AZT***. 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-
sides™.

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 d4T'3,
With more extensive data and improved standard-
ization of the phenotypic resistance assays, it has
been possible to detect limited cross-resistance®;
however, the increase in IC,, for d4T is only 3 to 4-
fold for mutant combinations that have 50 to 100-fold
increases in the IC,, 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 mechanism'**%, Using pre-steady-state
krnetrc analysis, Kerr and Anderson® have reported
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P(yj not observed using a DNA
template of same sequence. Vaccaro and

used to extend an RNA primer on an RNA template -

that a small difference in discrimination against

tors not reproduced in the in vitro assays may mag-

AIDSREVIEWS

° 195



AIDSREVIEWS

° 196

AIDS Rev 2001, 3

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 (ddl
resistance) mutation produces a mutant RT that
favors dATP over ddATP in in vitro assays®*#. RT
containing the M184V (3TC resistance) mutation
exhibits a high level of discrimination against 3-thia-
cytidine triphosphate (3TCTP) in favor of dCTP%424,
In addition, the Q151M (multinucleoside-resistance)
mutant RT discriminates against several chain-termi-
nating nucleotides including AZTTP in vitro*. 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 structures**.
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 enzyme®. The
structure of the RTeprimer-template®dNTP complex
reported by Huang, et al.*® 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 y-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 discrimination®.

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
primers®%. RT lacks 3" exonuclease activity®*;how-
ever, removal may occur through transfer of the ter-
minal AZTMP to pyrophosphate (PPi) (pyrophos-
phorolysis, the reversal of polymerization)>'®2 or to a
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nucleoside di- or triphosphate® (Fig. 2). Significant
increases in either or both of these unblocking reac-
tions have been reported for AZT-resistant RT%25¢2,
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 activity®?56%86'62 and others
report that the PPi-dependent reaction is not
inCreased3 5559808 |n contrast, there is general agree-
ment that the nucleotide-dependent reaction is
increased for the mutant enzymes®®¢2 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 cells®, 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.*® 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
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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 Ap,dT,
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 Ap,dT product®<.

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 Larder® 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.® 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
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T215Y mutation show modest AZT resistance in vivo®®
and a modest increase in in vitro primer unblocking
activity®®2¢7. The introduction of additional TAMs dra-
matically enhances both activities®60-626667,

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.%3%, 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
Ap,ddN, whereas the product of the ADP-depen-
dent reaction is Ap,ddN. 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 215%. 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 activity®®. 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-
nus®. The M41L mutation cooperates with T215Y
both in vivo®® and in vitro®; 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 togw i ie Wtﬂkﬂg
constructed HIV-1 varia wmﬁ @f i n@u
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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 terminators®™, 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
dNTPs061871 “(Jnder 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
reaction’?. 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 inhibited®®°%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 cells''® or transformed
human cell lines®™" 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-
ions are likely to exist, Ieast transiently, that do
ME@& Kighl dNTP) o eThIS would lead to the
unmasking of an unb ock|ng reaction for chain ter-
emoved in rapidly dividing
de an explanation for the
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transcription and also on the extent to which it can 15. Soriano V, Dietrich U, Villalba N, et al. Lack of emergence of
be removed by the primer unblocking aotivity of genotypic resistance to stavudine after 2 years of monotherapy.

HIV-1 RT. The selection of resistance mutations is a
function of the ability of specific changes in the

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

sequence of RT to avoid incorporation of the acti- Ther 1999:4:21-8.

vated form of the drug (discrimination), remove the 17. Pellegrin I, Izopet J, Reynes J, et al. Emergence of zidovudine
chain terminating nuclectide after it has been incor- and multidrug-resistance mutations in the HIV-1 reverse tran-
porated (primer unblocking), and support viral DNA scriptase gene in therapy-naive patients receiving stavudine

synthesis using natural nucleotide substrates (fit-
ness). Increased primer unblocking activity plays a

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

major role in the resistance to AZT and d4T by with didanosine and stavudine. AIDS 2000;14:F9-F15.
thymidine analogue mutations; however, it is neces- 19. De Mendoza C, Soriano V, Briones C, et al. Emergence of
sary to investigate each of these parameters to zidovudine resistance in HIV-1 infected patients receiving stavu-
define the contribution from each of the mutations. dine. J AIDS 2000;23:279-81.

20. Pozniak A, Gilleece Y, Nelson M, et al. Zidovudine genotypic and
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