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Nucleoside analog chain terminators such as 3’-azido-3'-deoxythymidine (AZT) and 2',3’-dideoxy-3’-thia-
cytidine (3TC) represent an important class of drugs that are used in the clinic to inhibit the reverse
transcriptase (RT) of human immunodeficiency virus type 1. Recent data have suggested that mutant enzymes
associated with AZT resistance are capable of removing the chain-terminating residue with much greater
efficiency than wild-type RT and this may, in turn, facilitate rescue of DNA synthesis; these experiments were
performed using physiological concentrations of pyrophosphate or nucleoside triphosphates, respectively. The
present study demonstrates that the M184V mutation, which confers high-level resistance to 3TC, can severely
compromise the removal of chain-terminating nucleotides. Pyrophosphorolysis on 3TC-terminated primer
strands was not detectable with M184V-containing, as opposed to wild-type, RT, and rescue of AZT-terminated
DNA synthesis was significantly decreased with the former enzyme. Thus, mutated RTs associated with
resistance to AZT and 3TC possess opposing, and therefore incompatible, phenotypes in this regard. These
results are consistent with tissue culture and clinical data showing sustained antiviral effects of AZT in the

context of viruses that contain the M184V mutation in the RT-encoding gene.

Although considerable progress has been made in the treat-
ment of AIDS, the emergence of mutated variants of human
immunodeficiency virus type 1 (HIV-1) resistant to antiviral
drugs is a major problem. Resistant breakthrough viruses, and
also the persistence of reservoirs of latently infected cells, can
limit the success of highly active antiretroviral therapy that
involves a combination of potent inhibitors of the virus-en-
coded reverse transcriptase (RT) and protease enzymes (9, 12,
13, 40). The prolonged clinical use of nucleoside analog chain
terminators, e.g., 3'-azido-3'-deoxythymidine (AZT or zidovu-
dine) and 2',3’-dideoxy-3'-thiacytidine (3TC or lamivudine)
gives rise to resistant viruses that contain mutations in the RT
enzyme (4, 10, 21, 22, 35, 36, 37, 38). This class of inhibitors
competes with natural deoxynucleoside triphosphate (dNTP)
pools after being phosphorylated by cellular kinases. DNA
synthesis is blocked once the chain terminator is incorporated,
since the nucleoside analog lacks a 3’-OH group that is re-
quired to continue the polymerization process. Mutant en-
zymes can reduce the probability of incorporation of a chain
terminator by lowering the affinity of the latter for the dNTP
binding pocket and/or reducing the efficiency of the catalytic
step. The crystal structures of HIV-1 RT bound to DNA-DNA
with (16) and without (17) an incoming dNTP provide a basis
to understand how individual amino acid substitutions might
alter the RT structure in the vicinity of the polymerase active
site to confer resistance to nucleoside-analog RT inhibitors.
Current knowledge with regard to mechanisms of HIV resis-
tance to this class of drugs has recently been reviewed (34).

Understanding the mechanisms involved in HIV resistance
to 3TC and AZT, particularly in the context of combination
treatment, is of enormous practical importance, since both
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compounds are important components of many currently em-
ployed drug regimens. The M184V mutation in RT that con-
fers high-level resistance to 3TC is located in the YMDD motif
that constitutes a portion of the polymerase-active site of RT
and other polymerases (1). Mutated RT that contains the
M184V mutation (RT-M184V) can discriminate between 3TC
triphosphate (3TC-TP) and dCTP, such that the incorporation
rates of 3TC monophosphate (3TC-MP) are 20- to 100-fold
less than with the wild-type (wt) enzyme (7, 8, 19, 28, 30). The
mechanism of HIV resistance to AZT appears to be different.
Tissue culture and clinical data have revealed that multiple
mutations in the “fingers” and “palm” subdomains of RT are
required to confer resistance to AZT (22); however, enzymes
that contain a combination of amino acid substitutions fre-
quently associated with AZT resistance, i.e., M41L, D67N,
K70R, T215Y/F, and K219Q, incorporated AZT-MP at rates
almost equal to that of the wt enzyme (6, 18, 19, 20). Recently,
it was demonstrated that these AZT-resistant enzymes have
increased rates of pyrophosphorolysis (2), the back-reaction of
nucleotide incorporation. Thus, chain termination in this case
is not irreversible and DNA synthesis can be rescued through
removal of the incorporated AZT-MP (Fig. 1). It has further
been shown that unblocking of chain-terminated primers can
also be achieved with nucleoside triphosphates (24, 25).

In this study, we investigated the rescue of DNA synthesis in
the context of the M184V mutation to evaluate the roles of
pyrophosphorolysis and of nucleotide-dependent primer un-
blocking with regard to enzymes that display resistance to 3TC.
Our data show that rescue of DNA synthesis was severely
impaired with this mutated RT. This effect was strongly pro-
nounced with 3TC-terminated primers and was significant, as
well, with AZT-terminated primers. These results help to ex-
plain the resensitization to AZT on the part of viruses that
contain AZT resistance-conferring mutations, as well as the
M184V mutation in the RT gene.
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DNA synthesis in the absence of chain-terminating nucleotides

dNTP

DNAn + dNTP —=— DNAn+l + PPi —== DNAn+2 + PPi

Rescue of chain-terminated DNA synthesis

1. Pyrophosphorolysis

DNAn + AZT-TP —=—=— DNA-AZT-MP + PPi —>% DNAn+2 + PPi

|—> DNAn+1 + PPi 4’

dNTP

2. Nucleotide - dependent dNTP
primer unblocking

DNA-AZT-MP + ATP —> DNAn +AZT (P),A

FIG. 1. Rescue of chain-terminated DNA synthesis via pyrophosphorolysis
or nucleotide-dependent primer unblocking. Pathways of the forward and back-
reactions catalyzed by HIV-1 RT are shown under different reaction conditions.
In the absence of chain-terminating nucleotides, DNA synthesis is practically
irreversible (14) and, therefore, the back-reaction plays only a minor role at
physiological concentrations of PP;. In contrast, when chain-terminating nucle-
otides, such as AZT-MP, are incorporated into the growing strand, the forward
reaction is blocked and pyrophosphorolysis can effectively occur. The addition of
normal nucleotides may finally rescue the formerly blocked polymerization pro-
cess. Removal of terminal nucleotides and rescue of DNA synthesis can, alter-
natively, be facilitated in the presence of nucleoside triphosphates such as ATP.
Mutant enzymes that confer resistance to AZT showed an increase in both
pyrophosphorolysis (2) and nucleotide-dependent primer unblocking (25), sug-
gesting a possible rescue of DNA synthesis as a mechanism involved in such
resistance.

MATERIALS AND METHODS

Enzymes and nucleic acids. The wt HIV-1 RT, RT-, M184V, and AZT-
resistant mutant RT containing the amino acid substitutions D67N, K70R,
T215F, and K219Q (RT-AZT") were prepared and purified as previously de-
scribed (2, 29). The primer-template substrate used in this study was derived
from the polypurine tract of the HIV-1 genome (11). The following oligonucle-
otides were employed: 5'-CGTTGGGAGTGAATTAGCCCTTCCAGTCCC
CCCTTTTCTTTTAAAAAGTGCTAAGA-3’ (termed 57D), which served as a
DNA template, and 5'-TTAAAAGAAAAGGGGGG-3' (termed 17D), 5'-TTA
AAAGAAAAGGGGGGA-3' (termed 18D), and 5'-TTAAAAGAAAAGGGG
GGAC-3' (termed 19D), which were used as primer strands.

Constructs 57D and 17D were used as a primer-template combination to study
the rescue of DNA synthesis, while constructs 18D and 19D were used to
generate 3TC- and AZT-terminated primers, respectively. All DNA oligonucle-
otides were chemically synthesized and purchased from GIBCO-BRL Inc., Mon-
treal, Quebec, Canada.

Preparation of AZT- and 3TC-terminated primer strands. To generate chain-
terminated primers, oligonucleotides 18D and 19D were first radiolabeled at the
5" end and subsequently extended with 3TC-TP or AZT-TP using HIV-1 RT.
5’-end labeling of oligonucleotides was performed with [y->P]JATP and T4
polynucleotide kinase (GIBCO-BRL). Reactions were allowed to proceed for 30
min, and then heat inactivation of the kinase was performed at 95°C for 5 min.
Next, oligonucleotide 57D (120 nM), which served as a template strand, was
added to the solution containing the 3?P-labeled primer (100 nM). The primer
and template were hybridized by denaturing of the nucleic acids in the mixture
at 95°C for 2 min, followed by incubation at 72°C (10 min) and cooling for 20 min
to room temperature. The preannealed primer-template substrate (100 nM) was
incubated with HIV-1 RT (150 nM) in a buffer containing 50 mM Tris-HCI (pH
7.8) and 50 mM NaCl. AZT-TP or 3TC-TP (100 pM) was added to form ternary
RT-primer-template~dNTP complexes. Oligonucleotides 18D and 19D, respec-
tively, permitted incorporation of 3TC-MP and AZT-MP at the next template
positions. Reactions were initiated with MgCl, at a final concentration of 6 mM
and allowed to proceed for 60 min at 37°C. Chain-terminated primers were
purified on 15% polyacrylamide-7 M urea gels containing 50 mM Tris borate
(pH 8) and 1 mM EDTA.

Pyrophosphorolysis. The specific activities of the three different RT species
that were studied differed slightly from one another; this is most likely attribut-
able to differences in amino acid composition (19, 29). To specifically monitor
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putative differences among RTs with regard to the back-reaction (pyrophospho-
rolysis), all enzyme preparations had to be studied under conditions that would
ensure the same efficiency of polymerization. The polymerase activity was ana-
lyzed under steady-state conditions using the same primer-template combination
that was employed to study the influence of the various amino acid substitutions
on rates of pyrophosphorolysis. For this purpose, the preannealed primer-tem-
plate substrate (100 nM 17D-57D) was incubated for 5 min at 37°C with either
wt or mutated HIV-1 RT (10 to 20 nM) in a buffer containing 50 mM Tris-HCI
(pH 7.8), 50 mM NaCl, and a dNTP cocktail that allowed incorporation of the
first four nucleotides (AATP, dCTP, dTTP, and ddGTP at a final concentration
of 100 wM each). Polymerization was restricted to a limited number of incor-
poration events to ensure that measurements of specific activity would not be
confounded by differences in processivity among these RT species (2, 3). Reac-
tions were initiated by MgCl, (6 mM) and stopped after 5 min by addition of
EDTA to a final concentration of 40 mM. Samples were precipitated with
ethanol, resuspended in 95% formamide, and finally resolved on 12% polyacryl-
amide-7 M urea gels, followed by overnight exposure to Kodak Bio Mat films.
Band intensities were analyzed by densitometry or by molecular image analysis.
Using this protocol, all enzyme preparations were adjusted to allow extension of
20% of the primer during a 5-min reaction. To monitor pyrophosphorolysis, the
preannealed primer-template substrates (100 nM) that contained either AZT- or
3TC-terminated primer strands were preincubated for 5 min at 37°C with HIV-1
RT (50 nM) in a buffer containing 50 mM Tris-HCI (pH 7.8), 50 mM NaCl, and
6 mM MgCl,.

Pyrophosphorolytic cleavages were initiated by adding PP; at a final concen-
tration of 150 pM. Reactions were performed at 37°C and stopped at different
times by adding 1-pl aliquots of reaction mixture to 9 wl of 95% formamide
containing 40 mM EDTA. Samples were finally heat denatured (5 min at 95°C)
and analyzed as described above.

Rescue of DNA synthesis in the presence of PP; and ATP. All experiments
were performed with oligonucleotide 57D as the template strand and the 17D
primer. 5’-end labeling of the primer and the formation of duplex DNA were
performed as described above. The duplex (100 nM) was preincubated with wt or
mutant RT (50 nM), followed by the addition of dATP (50 pM), dCTP (50 uM),
and AZT-TP (10 uM) to generate an AZT-terminated primer strand. Under
these conditions, about 90% of the primer was found to be extended after 2 min.
The reaction was then allowed to proceed for 20 min to convert the 17D primer
completely into the AZT-terminated form. After 20 min, a cocktail of dTTP (100
wM), ddGTP (100 wM), and PP; (150 pM) or ATP (3.5 mM) was added to the
reaction mixture to assay rescue of DNA synthesis at the next template position.
(A 35 mM solution of ATP was pretreated with 1 U of inorganic pyrophos-
phatase [Sigma], which liberated 1 wmol of putative contaminating pyrophos-
phate per min.) Aliquots were removed at different time points and analyzed as
described above. Experiments that monitored the rescue of 3TC-terminated
DNA synthesis followed the same procedure, except that a cocktail of JATP (50
pM) and 3TC-TP (50 pM) was used to generate the terminated primer and a
mixture of dCTP (100 wM) and ddTTP (100 nM) was added to follow rescue of
DNA synthesis.

RESULTS

Pyrophosphorolysis on AZT- and 3TC-terminated primer
strands. Diminished rates of 3TC-MP incorporation by RT-
M184V have been well documented (7, 8, 19, 28, 30). Whether
the reverse reaction, i.e., pyrophosphorolysis, has the same
tendency has not been studied. Yet, this question is important
in evaluating the impact of the M184V substitution on the
efficiency with which chain-terminated DNA synthesis can be
rescued. To address this issue, we first compared the rates of
pyrophosphorolytic cleavage on a 3TC-terminated primer us-
ing wt HIV-1 RT and RT-M184V. We employed a well-estab-
lished DNA-DNA primer-template system that was used to
study the initiation of HIV-1 plus-strand DNA synthesis (11).
Results obtained with this substrate may contribute insight
additional to that obtained on RNA-dependent pyrophospho-
rolysis with the wt and AZT-resistant enzymes (2). The time
course experiment of Fig. 2A (left, top) shows that wt RT
removed 3'-terminal 3TC-MP with considerable efficiency; the
terminal residue was almost completely cleaved within the first
10 min of the reaction (lane 4). In contrast, RT-M184V was
virtually unable to complete this back-reaction and pyrophos-
phorolytic cleavages were almost nondetectable with this mu-
tant enzyme, as shown in Fig. 2A (right, top). The 3TC-termi-
nated primer remained uncleaved, even when relatively high
concentrations of RT were used, e.g., 300 nM HIV-1 RT and
100 nM primer-template. Thus, RT-M184V possesses a phe-
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FIG. 2. Pyrophosphorolysis catalyzed by wt RT and RT-M184V. The time course of pyrophosphorolytic cleavage was analyzed with the same DNA primer-template
substrate that was recently employed to study mechanistic aspects of initiation of HIV plus-strand synthesis (11). (A) Time course of removal of 3TC-MP (top) and
AZT-MP (bottom). Chain-terminated primers are labeled (20D) DNA-AZT and (19D) DNA-3TC. Reaction products are indicated by (19D), (18D), and (17D), with
numbers referring to the nucleotide length of the primer and D designating DNA. RT-primer-template complexes were incubated with 150 wM PP; as described in

Materials and Methods. Reactions were stopped at 1, 3, 6, 10, 15, 22, 30, and 45
and lane Cis a control performed in the absence of PP;. (B, C, and D) Graphic r

min and analyzed on 15% polyacrylamide gels. Lanes 1 to 8 represent these reactions,
epresentation of the data shown at the bottom of panel A. Panel B shows the decrease

in the amount of the uncleaved primer, while C and D show the formation of the primary product and subsequent reaction products, respectively.

notype that is the opposite of that of RT that contains amino
acid substitutions associated with AZT resistance, i.e., in-
creased rates of pyrophosphorolysis (2).

This result is also interesting in the light of earlier findings
that viruses containing the M184V substitution in RT along-
side relevant AZT resistance-conferring mutations became re-
sensitized to AZT (23). Therefore, we next analyzed the effi-
ciency of pyrophosphorolysis with an AZT-terminated primer
in the context of the 3TC-resistant mutant enzyme. As shown
in Fig. 2A (bottom) and B, pyrophosphorolytic cleavages were
still diminished with RT-M184V, although this effect was less
pronounced than that observed with the 3TC-terminated
primer. Quantification of these data revealed that a two- to
threefold reduction in pyrophosphorolytic removal of AZT
had occurred with RT-M184V. These differences were re-
stricted to the first cleavage event that required removal of the
terminal AZT-MP, while subsequent cleavage events, that in-
volved pyrophosphorolysis of “normal” nucleoside monophos-
phates, occurred at rates similar to those seen with wt RT (Fig.

2C and D). At the start of the reaction (less than 10 min), these
ensuing cleavages, that yielded DNA fragments with 18 and 17
nucleotides, appeared to be delayed with RT-M184V. This is a
consequence of the diminished rates of pyrophosphorolysis of
the AZT-terminated primer. However, as the concentration of
the initial cleavage product increased, these shorter products
appeared to be stronger with the mutated RT than with wt RT.
This represents an “internal control,” indicating that the di-
minished rate of pyrophosphorolysis of AZT-terminated prim-
ers with the 3TC-resistant mutant enzyme is a specific effect
attributable to the amino acid change at residue 184. Were the
decrease in pyrophosphorolysis nonspecific and, as such, at-
tributable to putative differences in active-site concentrations
of the enzyme preparations used, then diminished rates of
pyrophosphorolysis on the AZT-terminated primer with “nor-
mal” nucleoside monophosphates would also have been ob-
served.

Rescue of chain-terminated DNA synthesis. We next ana-
lyzed whether differences in rates of the back-reaction would
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FIG. 3. Comparison of pyrophosphate- and nucleotide-dependent rescue of
DNA synthesis. (A) Schematic representation of the assay used to study these
events. RT-primer-template complexes were incubated with dATP, dCTP, and
AZT-TP to generate an AZT-terminated primer (step 1). Reactions were al-
lowed to proceed for 20 min to quantitatively convert the primer strand into an
AZT-terminated product (step 2). Rescue of DNA synthesis requires removal of
AZT-MP and incorporation of dTMP and at least an additional nucleotide. The
AZT-terminated complex was therefore incubated simultaneously with dTTP,
ddGTP, and PP; or ATP (step 3). The extent of rescued DNA synthesis is thus
reflected by the efficiency with which ddGTP is incorporated at position +4. (B)
Rescue of AZT-terminated DNA synthesis with wt RT, RT-AZT", and RT-
M184V. Reactions were performed with 150 uM PP; (top) and 3.5 mM ATP
(bottom). Lane C shows the unextended primer, and lane 1 shows the AZT-
terminated primer. Lanes 2 to 10 show reactions performed for 1, 3, 6, 10, 15, 22,
30, 45, and 60 min, respectively. (C) Graphic representation of data shown in
panel B, including standard deviations. Rescue of AZT-terminated DNA syn-
thesis was compared after a 60-min reaction with PP; (light bar) and ATP (dark
bar), respectively.

translate into corresponding alterations with regard to the abil-
ity of the various RTs to rescue chain-terminated DNA syn-
thesis. In this context, we compared wt RT, RT-M184V, and
RT-AZT", which showed increased rates of rescue of AZT-
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terminated DNA synthesis with both PP; (2) and ATP (25). In
order to reduce the complexity of the reaction to a minimum,
we devised an assay that allows us to monitor the rescue of
DNA synthesis at a single template position (Fig. 3A); this
involves the quantitative termination of DNA synthesis by
AZT-TP and the rescue of the reaction using a mixture of
dTTP and PP;. Removal of AZT-MP and incorporation of
dTMP is then monitored by the addition of ddGTP at the next
template position.

Figure 3B shows a time course of the rescue of DNA syn-
thesis performed with wt RT, RT-AZT", and RT-M184V using
physiological concentrations of PP,. In agreement with previ-
ous results performed with RNA templates (2), the use of
RT-AZT" resulted in rescue of DNA synthesis to levels higher
than those seen with wt RT. The opposite effect was seen with
RT-M184V, in which case rescue of DNA synthesis was seen to
a lesser extent than with the wt enzyme. The same pattern was
seen when ATP was used to remove the terminal residue.
Thus, regardless of whether ATP or PP; was employed, the
M184V mutation in RT resulted in diminished rescue of DNA
synthesis while substitutions in RT associated with resistance
to AZT increased the strength of the reaction.

The increased rescue of DNA synthesis with the RT-AZT"
enzyme was specifically seen with the AZT-terminated prim-
ers, while 3TC-terminated DNA synthesis was rescued at levels
lower than those seen with wt RT (Fig. 4). Moreover, and in
accordance with the severely restricted rates of pyrophospho-
rolysis shown in Fig. 2A, RT-M184V was able to rescue 3TC-
terminated DNA synthesis neither in the presence of PP; (Fig.
4A and B) nor in the presence of ATP (data not shown). In this
context, it is interesting that neither wt RT nor RT-AZT" was
able to quantitatively incorporate 3TC-MP while RT-M184V
did this effectively over longer reaction times, i.e., >15 min
using a 1:2 molar ratio of RT and the nucleic acid substrate.
This result may reflect a poor affinity of RT-M184V for the
3TC-terminated primers and, consequently, does not contra-
dict previous data that showed diminished rates of incorpora-
tion of 3TC-MP. Indeed, since this enzyme was used at con-
centrations lower than that of the primer-template, the 3TC-
terminated primer should have been expected to compete with
the unextended fraction. A relatively poor affinity for the 3TC-
terminated primer likely results in preferential binding of the
M184V mutated enzyme to the unmodified 3'-OH terminus
and might help to explain the fact that the primer was quan-
titatively extended. Such diminution in affinity for 3TC-termi-
nated primers on the part of RT-M184V is consistent with the
severely compromised pyrophosphorolysis associated with this
enzyme.

DISCUSSION

We have demonstrated that HIV-1 RT-M184V is virtually
unable to remove 3’-terminal 3TC-MP via pyrophosphorolytic
cleavage. This mutated enzyme is also known to possess di-
minished processivity (3), increased fidelity or diminished nu-
cleotide misincorporation with regard to both the RNA-depen-
dent DNA polymerase and DNA-dependent DNA polymerase
steps of reverse transcription (8, 15, 26, 27, 31, 39), and dimin-
ished incorporation of 3TC-MP (7, 8, 19, 28, 30) in comparison
with wt RT. However, the present demonstration of compro-
mised pyrophosphorolytic cleavage is the strongest effect of
this mutation on RT function seen to date. Crystal structure
analysis of HIV-1 RT bound to a DNA-DNA primer-template
substrate, with (16) and without bound dNTP (17), as well as
the structures of M184V and M1841 mutated enzymes (23),
may provide an explanation for our observation. Modeling of
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the inhibitor at the active site of these structures suggested a
steric clash between the sugar moiety of 3TC-TP and mutation
at position 184, which is believed to account for the diminished
incorporation rate of 3TC-MP. Since pyrophosphorolysis rep-
resents the back-reaction of nucleotide incorporation, it fol-
lows that such unfavorable interactions are involved during the
removal of terminal nucleoside monophosphates as well. How-
ever, as corroborated by our data, the back-reaction should be
more sensitive to this structural hindrance than the forward
reaction, since rates of pyrophosphorolytic cleavage are nor-
mally significantly slower than rates of nucleotide incorpora-
tion (14).

Our finding that pyrophosphorolysis on 3TC-terminated
primer strands is virtually eliminated in the case of RT-M184V
seems paradoxical, since one could argue that increased rates
of pyrophosphorolysis should lead to augmented rescue of
chain-terminated DNA synthesis and therefore contribute to
higher levels of drug resistance. Indeed, precisely such mech-
anisms have been proposed to explain RT resistance to AZT
(2). Thus, any decrease in rates of pyrophosphorolytic cleavage
might be expected to increase drug sensitivity. However, the
200- to 1,000-fold increase in the 50% inhibitory concentration
that has been reported for 3TC in association with viruses
containing the M184V mutation is extremely high (4, 10, 35,
36, 37). Therefore, the diminished rate of incorporation of
3TC-MP by RT-M184V is likely both necessary and sufficient
to ensure that viral replication can continue in the presence of
the drug and the rescue of DNA synthesis appears to be irrel-
evant with regard to mechanisms that confer resistance to 3TC.
However, impaired pyrophosphorolysis may be one of the fac-

FIG. 4. Rescue of 3TC-terminated DNA synthesis. (A) Reactions performed
in the presence of 150 wM pyrophosphate with wt RT, RT-AZT", and RT-
M184V. The reaction conditions were similar to those described in the legend to
Fig. 3, except that chain-terminating 3TC-MP was incorporated at template
position +2 and rescue of DNA synthesis was monitored by the addition of
ddTMP at position +3. It is noteworthy that incorporation of 3TC-MP was not
quantitatively achieved with wt RT and RT-AZT" (see Results). (B) Graphic
representation of the data shown in panel A with standard deviations. Rescue of
3TC-terminated DNA synthesis was compared after a 60-min reaction.

tors that contribute to the reduced replication fitness of
M184V-containing variants of HIV-1; this may relate to the
possibility that a single nucleotide addition is sufficient to se-
verely compromise reverse transcription. Given the scenario
that 3TC-MP is eventually incorporated, DNA synthesis would
most likely be efficiently blocked, due to a lack of pyrophos-
phorolytic cleavage by RT-M184V. Kinetics studies have indi-
cated that the incorporation efficiency (k,./K,) of 3TC-MP is
as high as the formation of G-T mismatches (2.4 X 107> versus
1.1 X 107 pM ™! s71) and significantly higher than those of
more unfavorable mismatch combinations (8). Thus, the prob-
ability that 3TC-MP is incorporated by RT-M184V in vivo is
not negligible, which helps to explain previous observations
that the viral burden in the presence of 3TC does not rebound
to baseline levels, despite the presence of the M184V mutation
(36).

Enzymes associated with resistance to AZT possessed the
opposite phenotype; i.e., they manifested increased rates of
rescue of DNA synthesis with either PP; (2) or ATP (25). The
mechanisms involved in the two reactions may be similar. Pre-
sumably, the B- and y-phosphates of nucleoside triphosphates
can occupy the same binding site as PP; as pyrophosphorolysis
proceeds. Further studies are required to determine whether
there is any preference for PP; or for nucleoside triphosphates
or whether both are employed with similar efficiencies in vivo.
Identification of reaction intermediates in HIV-infected cells
may shed some light on this issue. However, data that are
available from cell-free assays indicate that both PP; and nu-
cleoside triphosphates need to be considered as cellular com-
ponents capable of removing chain-terminating stop nucleo-
tides. In addition, although removal of the chain terminator is
definitely a prerequisite for rescue of DNA synthesis, other
factors can influence this process as well. These include in-
creased affinity of mutated RT-AZT" for the AZT-terminated
primer (2, 5) and increased enzyme processivity (2), both fac-
tors that can facilitate rescue of DNA synthesis. Conversely,
efficient binding of the dNTP that is complementary to the next
template position can diminish the removal of the chain ter-
minator and, in turn, diminish such rescue (25).

Our results also show that amino acid substitutions in the
RT enzyme and the chemical nature of the inhibitor are im-
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portant parameters that can critically affect the efficiency with
which the terminal residue that blocks DNA synthesis is re-
moved. An increase in rescue of DNA synthesis with RT-AZT"
was specifically seen for AZT-terminated primer strands, while
3TC-terminated DNA synthesis was rescued even at lower
levels than those seen with wt RT. This result is in accordance
with tissue culture and clinical data that show that AZT-resis-
tant viruses are not cross-resistant to 3TC. Conversely, AZT-
resistant viruses can be resensitized in the context of AZT-3TC
combination therapy alongside the appearance of the M184V
mutation (23). These observations are consistent with our cur-
rent results showing that RT-M184V possesses a diminished
rescue capacity for AZT-terminated DNA synthesis. Recent
experiments performed with mutant enzymes containing the
M184V mutation in a background of amino acid substitutions
associated with resistance to AZT further support these obser-
vations (M. Gotte, D. Arion, M. A. Parniak, and M. A. Wain-
berg, unpublished data).

The rescue of chain-terminated DNA synthesis, regardless
of whether it is mediated by PP; or ATP, must be considered an
important mechanism to explain HIV resistance to AZT. It will
be of interest to study such reactions in the context of other
mutated RTs and nucleoside analog inhibitors. However, our
data make it clear that unblocking of the primer does not
represent a unifying mechanism to explain all HIV resistance
to nucleoside reverse transcriptase inhibitors. Indeed, our find-
ings with both 3TC and AZT and the corresponding drug-
resistant RT species point to the involvement of diametrically
opposed mechanisms. The diminished chain terminator incor-
poration rate is important with regard to resistance to 3TC but
not AZT; in contrast, rescue of DNA synthesis is important
with regard to AZT resistance but may be irrelevant in the case
of 3TC and RT-M184V.
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