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Thymidine analog mutations (TAMs) in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase
(RT) confer resistance to zidovudine (AZT) by increasing the rate of ATP-dependent phosphorolysis of the
terminal nucleotide monophosphate (primer unblocking). By contrast, the L74V mutation, which confers
resistance to didanosine, sensitizes HIV-1 to AZT and partially restores AZT susceptibility when present
together with one or more TAMs. To compare rates of primer unblocking in RTs carrying different clusters of
TAMs and to explore the biochemical mechanism by which L74V affects AZT susceptibility, ATP-mediated
rescue of AZT-blocked DNA synthesis was assayed using a series of purified recombinant RTs. Rates of primer
unblocking were higher in the 67N/70R/219Q RT than in the 41L/210W/215Y enzyme and were similar to rates
observed with an RT carrying six TAMs (41L/67N/70R/210W/215Y/219Q). The presence of 74V in an otherwise
wild-type RT reduced the rate of primer unblocking to a degree similar to that observed with the M184V
mutation for lamivudine resistance, which also sensitizes HIV-1 to AZT. Introduction of 74V into RTs carrying
TAMs partially counteracted the effect of TAMs on the rate of primer unblocking. The effect of 74V was less
marked than that of the 184V mutation in the 67N/70R/219Q and 41L/210W/215Y RTs but similar in the RT
carrying six TAMs. These results demonstrate that L74V enhances AZT susceptibility by reducing the extent
of its removal by ATP-dependent phosphorolysis and provides further evidence for a common mechanism by
which mutations conferring resistance to didanosine and lamivudine sensitize HIV-1 to AZT.

Nucleoside analogs are prodrugs that inhibit the reverse
transcriptase (RT) of human immunodeficiency virus type 1
(HIV-1). Once phosphorylated by cellular kinases to their ac-
tive triphosphate forms, these drugs compete with the natural
deoxynucleoside triphosphates for incorporation by RT into
the nascent reverse transcript. Because these inhibitors lack a
3�-OH they function as chain terminators, blocking further
DNA polymerization. Nucleoside reverse transcriptase inhibi-
tors (NRTIs) are a cornerstone of antiretroviral therapy and
have contributed importantly to the dramatic reduction in
HIV-related morbidity and mortality in the developed world
(34, 50). However, the high prevalence of drug resistance limits
the clinical benefits of NRTIs in many patients.

In the case of zidovudine (AZT), resistance emerges in a
stepwise manner by accumulation of thymidine analog resis-
tance mutations (TAMs) at RT codons 41, 67, 70, 210, 215, and
219 (3, 19, 23). The combined presence of three to six TAMs
results in high-level (�500-fold) AZT resistance and contrib-
utes significantly to cross-resistance to other nucleoside RT
inhibitors (46). Data from several studies suggest that these
mutations usually are found in two distinct clusters: those
linked to a T215Y mutation, and those linked to the K70R

mutation (18, 28). When present together with other TAMs,
the 215Y mutation most often occurs as a 41L/215Y, 41L/
210W/215Y, or 41L/67N/210W/215Y combination. By con-
trast, the 70R mutation is most often found as 67N/70R, 70R/
219Q (or E or N), 67N/70R/219Q (E,N), or 67N/70R/215F/
219Q (E,N) combinations (48, 49).

Biochemical studies show that TAMs confer resistance to
AZT and other NRTIs by accelerating the rate at which the
terminal AZT monophosphate (or other dideoxynucleoside
monophosphate) is removed through phosphorolytic cleavage.
In this reaction, AZT monophosphate (AZT-MP) is trans-
ferred from the blocked DNA to pyrophosphate (PPi) or a PPi

donor by RT, which in turn resumes polymerization (1, 16, 25,
30, 31). Current data suggest that ATP is the physiologically
relevant pyrophosphate donor for nucleotide excision intracel-
lularly (25, 30, 32). The degree of nucleotide excision corre-
lates with the number of TAMs in RT (32). Most of these data
have been generated using RTs carrying the 215Y mutation in
combination with various other TAMs, but to our knowledge
the relative rates of nucleotide excision by RTs carrying the
most common TAM patterns (41L/210W/215Y and 67N/70R/
219Q) have not been reported.

By contrast, mutations selected by lamivudine (3TC) and
didanosine (ddI) confer resistance by increasing selectivity of
RT for the natural deoxynucleoside triphosphate. In the case
of 3TC, the M184V substitution in the highly conserved
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YMDD domain increases the Ki for 3TC-TP by 80-fold (47)
and confers high-level (�1,000-fold) 3TC resistance to viruses
carrying this mutation (14, 38, 44). Introduction of this muta-
tion in the highly conserved YMDD domain decreases RT
processivity and significantly decreases viral replication capac-
ity relative to that of the wild type (2, 24, 26, 45). The 184V
mutation also restores AZT susceptibility in viruses carrying
AZT resistance mutations (44). Biochemical studies suggest
that the 184V mutation increases AZT susceptibility by impair-
ing the rescue of AZT-terminated reverse transcripts (16). The
184V mutation reduces primer unblocking in a mutant carrying
five TAMs (41L/67N/70R/215Y/219Q) (6), but its effect in vi-
ruses carrying the 67N/70R/219Q or 41L/210W/215Y clusters
of TAMs has not been reported.

The L74V mutation confers resistance to ddI by reducing
the Ki for ddATP. As with M184V, the 74V mutation decreases
RT processivity, impairs viral fitness relative to wild-type
HIV-1, and restores AZT susceptibility in viruses carrying
TAMs (13, 40–42). This effect may vary depending on the
particular combination of TAMs present together with 74V
(13). The biochemical mechanism by which 74V restores AZT
susceptibility is not yet known. Because viruses carrying the
74V mutation share many properties in common with 184V
mutants, we sought to determine whether 74V also impairs
primer unblocking. Therefore, we evaluated the effect of the
74V and 184V mutations on ATP-mediated phosphorolysis of
AZT-terminated primers in wild-type RT and in RTs carrying
different combinations of TAMs.

MATERIALS AND METHODS

Reagents. Tris base and FLAG peptide were purchased from Sigma-Aldrich
Corp. (St. Louis, Missouri). Luria-Bertani (LB) broth, ampicillin, isopropyl-�-
D-thiogalactopyranoside (IPTG), imidazole, and dithiothreitol were obtained
from Fisher Scientific (Hampton, New Hampshire). All oligonucleotides were
synthesized by IDT Inc. (Coralville, Iowa). High-fidelity Taq DNA polymerase
was purchased from Invitrogen Corp. (Carlsbad, California) and restriction
enzymes from New England Biolabs Inc. (Beverly, Massachusetts). 3�-Azido-
3�-deoxythymidine-5�-triphosphate (AZT-TP) was purchased from TriLink Bio-
technologies (San Diego, California). T4 polynucleotide kinase, dideoxynucleo-
side triphosphates, deoxynucleoside triphosphates, and ATP were obtained from
MBI-Fermentas, Inc. (Hanover, Maryland). ATP was treated with inorganic
pyrophosphatase (Roche Applied Science, Indianapolis, Indiana) at 37°C to
remove the contaminating PPi. [�32P]ATP was purchased from Amersham Bio-
sciences Corp. (Piscataway, New Jersey). EDTA-free protease inhibitor cocktail
(Complete) was obtained from Roche.

Plasmid construction. Recombinant RT was purified using a double-tag strat-
egy as described (27). All molecular biology procedures were performed using
standard techniques. A PCR-based approach was used for the cloning of the
HIV-1 HXB2 RT subunits. The primers used in the PCR included sense 5�-CC
GGAATTCATTAAAGAGGAGAAATTAACT-3�, antisense (p51): 5�-CATGC
CATGGTCACTAATGATGATGATGATGATGGGATCCACGCGGAACTA
GGAAGGTTTCTGCTCCTAC-3�, and antisense (p66) 5�-ACGCAAGCTTTC
ACTA CTTGTCATCGTCAT-3�. In addition to the RT sequences, these
oligonucleotides encoded the histidine (His) and FLAG tags at the carboxy
terminus of the p51 and p66 subunits, respectively. The PCR products containing
the open reading frames of the HXB2 p51 and p66 subunits were then isolated
and cloned into the pET-duet vector (Novagen-EMD Biosciences Inc., San
Diego, California).

Generation of mutant RTs. The M41L, D67N, K70R, L74V, M184V, L210W,
T215Y, and K219Q substitutions were introduced into wild-type HXB2 p51 and
p66 RT subunits by site-directed mutagenesis using the GeneEditor in vitro
site-directed mutagenesis kit (Promega Corp., Madison, Wisconsin), following
the manufacturer’s directions. Full-length sequencing of mutant RTs was per-
formed to confirm the presence of the desired mutations and to exclude adven-
titious mutations that may have been introduced during the mutagenesis proce-
dure.

Enzyme purification. Reverse transcriptase was purified from Escherichia coli
BL21 (Invitrogen) transformed with pET-duet plasmids encoding either the
p51-His or p66-FLAG subunit. Bacteria were harvested by centrifugation, resus-
pended in lysis buffer [50 mM Tris-HCl (pH 8.3); 300 mM NaCl; 10 mM
imidazole; and protease inhibitors], and lysed by passage through a microfluid-
izer processor model M-110EHI (Microfluidics Corp., Newton, Massachusetts).
Cellular debris was removed by centrifugation, and the supernatant was mixed
with nickel-nitrilotriacetic acid-agarose (QIAGEN Inc., Valencia, California) to
allow binding of the His-tag to the beads and to allow RT dimerization (7). After
washing with buffer containing 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 20
mM imidazole, the p51-His monomer and p51-His/p66-FLAG heterodimer were
eluted by the addition of elution buffer [50 mM Tris-HCl (pH 7.4); 150 mM
NaCl; 250 mM imidazole]. The eluted proteins were then applied to a column
packed with anti-FLAG(M2) agarose resin (Sigma-Aldrich), which was washed
with buffer containing 50 mM Tris-HCl (pH 7.4) and 150 mM NaCl. The p51-
His/p66-FLAG heterodimer was recovered with elution buffer [50 mM Tris-HCl
(pH 7.4); 150 mM NaCl; and FLAG peptide (100 �g/ml)] and concentrated using
an Amicon-Ultra (size cutoff, 50 kDa) centrifugal filter (Millipore Corp., Bil-
lerica, Massachusetts). Finally, dithiothreitol was added to a concentration of 1
mM.

Analyses by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and Coomassie blue staining revealed that the p51 and p66 subunits
were present at a 1:1 ratio and were �95% pure. Preparations generally yielded
specific activities of approximately 40,000 units/mg of protein, calculated as
described (43).

ATP-mediated primer unblocking. 32P labeling of the PPT-18 and PPT-21
primers, preparation of AZT-terminated DNAs, and the primer unblocking
assay, were performed as described (16). The template and primer oligonucle-
otides used in the experiments were derived from the polypurine tract of the
HIV-1 genome (17). They include PPT-57 (template), 5�-CGTTGGGAGTGA
ATTAGCCCTTCCAGTCCCCCCTTTTCTTTTAAAAAGTGGCTAAGA-3�,
and PPT-18 (primer), 5�-TTAAAAGAAAAGGGGGGA-3�. Rescue of AZT-
terminated DNA synthesis was performed in the presence of 3.5 mM ATP, 10
�M each of dCTP and dGTP, and 100 �M each of dTTP and ddATP. All
reactions were performed at 37°C and stopped by adding 1 �l of formamide gel
loading buffer (Ambion Inc., Austin, Texas) at 0, 1, 3, 10, 20, 30, 45, 60, and 90
min. Samples were boiled for 5 min and resolved on 8% polyacrylamide-7 M urea
gels. Gels were exposed to a PhosphorImager screen, the data were acquired in
a Storm 820 system, and radioactive bands were quantified with ImageQuant
software (Amersham). All experiments were performed in triplicate.

RESULTS

Relative rates of ATP-mediated primer unblocking with RTs
carrying different TAMs. To compare the effect of TAMs char-
acteristic of those found in clinical isolates on ATP-mediated
primer unblocking, rescue of AZT-terminated DNA synthesis
was assayed using RTs carrying M41L/L210W/T215Y (41L/
210W/215Y RT), D67N/K70R/K219Q (67N/70R/219Q RT),
and 41L/67N/70R/210W/215Y/219Q (6-TAM RT). As ex-
pected, the presence of TAMs increased the rate of ATP-
mediated primer unblocking compared to the wild type (Fig.
1). Interestingly, the extent of primer unblocking was greater
with the 67N/70R/219Q RT compared to the 41L/210W/215Y
RT. Moreover, the extent of primer unblocking observed with
67N/70R/219Q RT was similar to that of the 6-TAM RT.

Effect of the 74V mutation on primer unblocking. To deter-
mine the effect of the 74V mutation on primer unblocking,
rescue of AZT-blocked DNA synthesis was compared in wild-
type and 74V RTs. The rate of primer unblocking was signif-
icantly slower in the 74V RT compared to the wild-type en-
zyme (Fig. 2). The effect of 74V on reducing rescue of an
AZT-blocked primer was comparable to the effect of the 184V
mutation.

Effect of 184V and 74V mutations on primer unblocking in
the presence of TAMs. To determine the extent to which 184V
altered the rate of primer unblocking in RTs carrying various
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FIG. 1. Effect of thymidine analog resistance mutations on ATP-mediated rescue of an AZT-blocked primer. A. Diagram depicting the
three-step primer unblocking strategy used to monitor unblocking of an AZT-terminated primer. Z represents the incorporated AZT monophos-
phate at position �2 (terminated primer); �5 describes the position at which the unblocking reaction is terminated (rescued primer). In step I,
the 32P-labeled primer PPT-18 hybridized to the template. In step II, the primer is extended by 2 nucleotides until AZT-MP is incorporated. In
step III, addition of ATP, dGTP, dTTP, and ddATP at the indicated concentrations results in excision of AZT and resumption of DNA synthesis
until incorporation of ddATP at position �5. B. Representative sequencing gels showing the rescue of the AZT-terminated primer for wild-type
(WT), 41L/210W/215Y, 67N/70R/219Q, and 6-TAM RTs at the indicated times; P shows the position of migration of the primer. C. The
percentages of terminated primer over time were determined for the wild-type (F), 41L/210W/215Y (�), 67N/70R/219Q (Œ), and 6-TAM (�)
RTs. Means and standard deviations from three experiments are shown; curves connecting the points represent the best fit for exponential decay.
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combinations of TAMs, this substitution was introduced into
the 41L/210W/215Y, 67N/70R/219Q, and 6-TAM RTs. When
introduced into the 41L/210W/215Y RT, the 184V mutation
reduced the rate of primer unblocking to nearly wild-type
levels (Fig. 3A). When introduced into the 67N/70R/219Q RT,
the 184V mutation resulted in intermediate rates of primer
unblocking (Fig. 3B). Introduction of this mutation into the
6-TAM RT had a relatively modest though still significant
effect on primer unblocking compared to the 6-TAM RT car-
rying the wild-type methionine at position 184 (Fig. 3C).

Similarly, the effect of the 74V mutation on primer unblock-
ing in the presence of TAMs was determined by introducing
this mutation into the 41L/210W/215Y, 67N/70R/219Q, and
6-TAM RTs. In contrast to the 184V mutation, introduction of
74V into the 41L/210W/215Y RT reduced the rate of primer
unblocking only slightly (Fig. 4A); likewise, the effect of 74V
on primer unblocking was relatively modest when introduced
into the 67/70/219 RT or the 6-TAM RT (Fig. 4B and 4C,
respectively). The magnitude of this effect was comparable to

the effect of introducing the 184V mutation into the same
6-TAM background (Fig. 3C).

DISCUSSION

In this study we showed that the L74V mutation in HIV-1
RT reduced ATP-mediated rescue of AZT-terminated DNA
synthesis in wild-type and AZT-resistant enzymes. In otherwise
wild-type RT, the magnitude of this effect was comparable to
that observed with the M184V mutation. Both mutations coun-
teracted the increased rate of primer unblocking observed in
RTs carrying different combinations of TAMs representative
of patterns commonly observed in clinical isolates. The 184V
mutation reduced primer unblocking to wild-type levels in the
41L/210W/215Y RT and somewhat reduced the extent of
primer unblocking in RTs with the 67N,70R and 219Q muta-
tions or with all six TAMs. Introduction of 74V into these
mutant enzymes partially counteracted the effect of TAMs on
the rate of primer unblocking, but the effect was substantially

FIG. 2. Effect of the L74V and M184V mutations on ATP-mediated rescue of an AZT-blocked primer. Reaction conditions were as in Fig. 1.
A. Representative sequencing gels showing the rescue of the AZT-terminated primer for wild-type (WT), 74V, and 184V RTs at the indicated
times. P shows the position for the migration of the primer. B. The percentages of terminated primer over time were determined for wild-type (F),
74V (E), and 184V (Œ) RTs. Means and standard deviations from three experiments are shown; curves connecting the points represent the best
fit for exponential decay. Some standard deviation bars are not visible due to small experimental variations.
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FIG. 3. Effect of 184V on ATP-mediated primer rescue in the context of TAMs. Representative sequencing gels showing the rescue of the
AZT-terminated primer for wild-type (WT) and mutant RTs at the indicated times (P shows the position for the migration of the primer). Means
and standard deviations from three experiments are shown; curves connecting the points represent the best fit for exponential decay. A. Wild-type
(F) versus 41L/210W/215Y (■ ) versus 41L/210W/215Y/184V (�) RTs; B. wild-type (F) versus 67N/70R/219Q (Œ) versus 67N/70R/219Q/184V (‚)
RTs; C. wild-type (F) versus 6-TAM (�) versus 6-TAM plus 184V (�) RTs.
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FIG. 4. Effect of 74V on ATP-mediated primer rescue in the context of TAMs. Representative sequencing gels showing the rescue of the
AZT-terminated primer for wild-type (WT) and mutant RTs at the indicated times (P shows the position for the migration of the primer). Means
and standard deviations from three experiments are shown; curves connecting the points represent the best fit for exponential decay. A. Wild-type
(F) versus 41L/210W/215Y (■ ) versus 41L/210W/215Y/74V (�) RTs; B. wild-type (F) versus 67N/70R/219Q (Œ) versus 67N/70R/219Q/74V (‚)
RTs; C. wild-type (F) versus 6-TAM (�) versus 6-TAM plus 74V (�) RTs.
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less than that of the 184V mutation except in the context of the
6-TAM RT.

Our results demonstrate that the 74V mutation shares a
common biochemical mechanism with other RT mutations
that also sensitize HIV-1 RT to zidovudine, including the 184V
mutation for 3TC resistance (6, 16), the K65R mutation for
tenofovir resistance (K. L. White, N. A. Margot, J. M. Chen,
A. S. Ray, R. Wang, M. Pavelko, T. Wrin, C. J. Petropoulos, M.
McDermott, S. Swaminathan, and M. D. Miller, Abstr. 11th
Conf. Retroviruses Opportunistic Infect., abstr. M-26, 2004),
and the Y181C mutation for nevirapine and delavirdine resis-
tance (39). Results similar to ours were reported by Frankel et
al., who found a 50% reduction in the efficiency of ATP-
dependent primer unblocking in RT carrying the 74V mutation
(F. Frankel, D. Turner, B. Brenner, Y. Quan, and M. A. Wain-
berg, abstr. 27, Antiviral Ther. 9:S33, 2004), but that study did
not examine the interaction of 74V with TAMs.

The results of both studies differ, however, from those of a
previous report that found no effect of 74V on ATP-mediated
extension of an AZT-blocked primer (5). This study examined
the effect of ATP on the ability of different RTs to copy an
entire oligonucleotide template. As noted by the authors of
that study, the presence of only a few sites in the template at
which AZT could be incorporated might have reduced the
sensitivity of their assay to detect the effects of specific muta-
tions on ATP-mediated primer unblocking (5). By contrast, the
assay employed in our studies and those of Frankel et al.
examined ATP-mediated primer unblocking at a single tem-
plate position.

Previous studies of primer unblocking have used RTs with a
wide variety of TAMs but have not directly compared the rates
of ATP-mediated rescue of DNA synthesis using enzymes car-
rying combinations of TAMs commonly encountered in clinical
isolates. For example, one report focused on enzymes carrying
67N/70R, 215F/219Q, or 67N/70R/215F/219Q, but did not
study enzymes carrying mutations at 41L and 210W (1). An-
other report compared primer unblocking in RTs carrying
67N/70R/215F/219Q or 67N/70R/215Y/219Q (a relatively un-
common combination among clinical isolates), as well as en-
zymes carrying 41L and/or 215Y, but did not include enzymes
carrying the 210W substitution in their studies (32). A third
study examined primer unblocking in RT carrying 41L/67N/
210W/215Y (with or without the 44D and 118I mutations), but
did not include enzymes carrying the 67N/70R/219Q cluster of
TAMs (15). We found higher rates of ATP-mediated rescue of
an AZT-blocked primer with the 67N/70R/219Q RT compared
to the 41L/210W/215Y enzyme. This observation is somewhat
surprising, given that clinical studies have generally shown that
the combined presence of the 41L, 210W, and/or 215Y muta-
tions is associated with worse clinical or virologic response to
AZT and other nucleoside RT inhibitors (21, 33).

Several factors could account for differences between our
results and those of previous studies. It is possible that varia-
tion in the RT backbone between the molecular clone of
HIV-1 used in our studies (HXB2) and clinical isolates may
account for these differences. Differences in the absolute rates
of primer unblocking and extension as a function of ATP and
deoxynucleoside triphosphate concentrations have been re-
ported, but in those reports the relative order of primer un-
blocking efficiency for different mutant enzymes remained sim-

ilar at the different concentrations tested (5, 6). Therefore, we
do not believe that the substance of our conclusions would be
changed by use of different reagent concentrations. Alterna-
tively, it is possible that phenotypic expression of AZT resis-
tance in vivo results from a combination of primer unblocking
and other, as yet unidentified factors. Our biochemical data
should be extrapolated cautiously to the clinic, because the
effects of TAMs and other nucleoside analog resistance muta-
tions on clinical response to AZT-containing regimens result
from a complex interplay of a variety of factors, including drug
susceptibility, viral replication capacity, HIV-specific cellular
immune responses, and the activity of other components of the
antiretroviral regimen (9–11).

The rate of ATP-mediated rescue of an AZT-blocked DNA
primer can be affected by a number of factors, including the
rate of ternary complex formation (which requires positioning
of AZT in the priming or P site of the enzyme and binding of
the next incoming deoxynucleoside triphosphate at the nucle-
otide binding or N site), affinity of the enzyme for ATP, and
positioning of the � phosphate of ATP with respect to the
phosphodiester bond between the terminal AZT-MP and the
penultimate nucleoside monophosphate (4, 5, 30).

The aromatic side chains of 210W and 215Y or 215F are
proposed on the basis of modeling studies to enhance ATP
binding through stabilizing interactions with the adenine ring
of ATP (5). This hypothesis is challenged by kinetic data as
well as by mutagenesis studies that fail to show an effect of
215Y on RT affinity for ATP and suggest instead that this
mutation optimizes the orientation of ATP for the primer
excision reaction (29, 35). Our finding of higher rates of primer
unblocking in the 67N/70R/219Q enzyme compared to the
41L/210W/215Y enzyme is consistent with the latter model
that shows that the 67N/70R/219Q cluster in the absence of
changes at the 215 position is also well positioned to make
direct contact with ATP which facilitates a catalytically efficient
alignment with the primer terminus (8).

In the case of the 184V mutation, it has been proposed that
altered positioning of the template-primer allows the 3� end of
the AZT-MP-terminated primer to move more easily into the
P position, thereby favoring formation of a closed (“dead
end”) complex by binding of the incoming deoxynucleoside
triphosphate (5, 37). The precise mechanism by which the 74V
mutation reduces primer unblocking is not known. Crystal
structures of RT complexed to the DNA substrate and the
incoming deoxynucleoside triphosphate show that L74 is in
proximity to the deoxynucleoside triphosphate binding site but
does not make direct contact with the incoming nucleotide
(20). Rather, this residue more likely makes contact with the
�1 position of the DNA template and with the side chains of
amino acids R72 and Q151, which are positioned at the base of
the incoming deoxynucleoside triphosphate. In turn, Q151,
together with D113, Y115, and F116, forms a small pocket that
can accommodate the 3�-OH group of the incoming de-
oxynucleoside triphosphate or the 3�-azido group of AZT-TP.

We hypothesize that introduction of the L74V mutation
disrupts proper interaction with Q151, altering optimal posi-
tioning of the 3�-azido group in the 3� pocket, which in turn
impairs ATP phosphorolysis of AZT. This model may also
account for the reduced efficiency of incorporation of natural
deoxynucleoside triphosphates in the L74V mutant (12). That
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the crystal structure of the L74V mutant RT shows no signif-
icant conformational changes in the structure of p66 compared
to the wild-type enzyme argues for a subtle alteration of side
chain interactions around the 3� pocket (36). Alternatively,
introduction of the �-branched amino acid valine at position 74
may alter primer positioning, which in turn may lead to a
configuration that is unfavorable for nucleotide excision. This
explanation seems less likely, as L74 does not appear to make
direct contact with the 3� end of the primer. Differences in the
extent to which 74V and 184V reduce primer unblocking in
various TAM backgrounds could be explained by their differ-
ent locations in the RT structure. The 74V mutation is found
at the base of the �2-�3 loop, whereas 184V is found several
angstroms away in the catalytic loop (20).

In conclusion, we have shown that, like the 184V mutation,
the 74V mutation reduces ATP-mediated rescue of an AZT-
blocked primer. The finding that the 184V mutation had a
greater effect on RTs carrying different 3-TAM combinations
than did the 74V mutation corresponds to the clinical obser-
vation that 3TC resistance has a greater effect on ZDV sus-
ceptibility than does ddI resistance. The effect of both muta-
tions on primer unblocking was blunted by the presence of a
larger number of TAMs, which is consistent with the observa-
tion that the resensitizing effects of the 74V and 184V muta-
tions can be overcome by accumulation of additional TAMs to
yield viruses that are dually resistant to AZT and ddI or 3TC
(22, 46). A more complete understanding of the precise mech-
anisms underlying these interactions may come from detailed
kinetic analyses of primer unblocking, along with determina-
tion of the crystal structures of RTs carrying the combinations
of mutations studied in this work. It would also be of interest
to extend these findings by conducting biochemical studies with
AZT-resistant RTs from other HIV-1 genetic backgrounds,
including clinical isolates.
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