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Removal of 2*,3*-didehydro-3*-deoxythymidine-5*-monophosphate (d4TMP) from a blocked DNA chain can
occur through transfer of the chain-terminating residue to a nucleotide acceptor by human immunodeficiency
virus type 1 (HIV-1) reverse transcriptase (RT). ATP-dependent removal of either d4TMP or 3*-azido-3*-de-
oxythymidine-5*-monophosphate (AZTMP) is increased in AZT resistant HIV-1 RT (containing D67N/K70R/
T215F/K219Q mutations). Removal of d4TMP is strongly inhibited by the next complementary deoxynucleo-
side triphosphate (50% inhibitory concentration [IC50] of ;0.5 mM), whereas removal of AZTMP is much less
sensitive to this inhibition (IC50 of >100 mM). This could explain the lack of cross-resistance by AZT-resistant
HIV-1 to d4T in phenotypic drug susceptibility assays.

Human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) and other retroviral RTs lack 39-59 exonuclease
activity (2, 30) but can remove 39-terminal chain-terminating
residues from blocked DNA chains through a nucleotide-de-
pendent mechanism leading to production of dinucleoside poly-
phosphates (23, 24) or through pyrophosphorolysis (the rever-
sal of polymerization) (1, 4, 13, 29). We have recently shown
(23) that HIV-1 RT containing the 39-azido-39-deoxythymidine
(AZT) resistance mutations D67N, K70R, T215F, and K219Q
(67/70/215/219 mutant RT) removes AZT–59-monophosphate
(AZTMP) from blocked primer-templates through the nucle-
otide-dependent mechanism more efficiently than does wild-
type (WT) RT. The mutant enzyme also removes 29,39-di-
deoxyadenosine-59-monophosphate (ddAMP) from blocked
DNA chains more efficiently than does WT RT. Removal of
ddAMP is strongly suppressed by physiological concentrations
of deoxynucleoside triphosphates (dNTPs), whereas removal
of AZTMP is much less sensitive to this inhibition (23).

The chain terminator 29,39-didehydro-39-deoxythymidine-59-
triphosphate (d4TTP) is efficiently incorporated into growing
DNA chains by HIV-1 RT (39). Resistance to d4T can arise in
cell culture through a valine-to-threonine mutation at position
75 (19, 21, 32); however, this mutation is rarely observed in
HIV-1 from d4T-treated individuals (6, 9, 17, 22, 27, 35). In-
stead, mutations associated with AZT resistance, including
M41L, D67N, K70R, L210W, and T215Y/F, are frequently
selected (6, 8, 21, 22, 27, 32, 35). The selection of AZT resis-
tance mutations by d4T in the absence of AZT is unexpected,
since phenotypic assays show little, if any, cross-resistance be-
tween these drugs (20, 22). Nonetheless, clinical studies have
shown that prior exposure to AZT reduces the efficacy of sub-
sequent treatment with d4T (17), and the presence of AZT
resistance mutations is correlated with reduced suppression of

viral load in response to d4T-containing therapies (15, 25).
These results suggest that the phenotypic assays do not fully re-
flect the in vivo sensitivity of HIV-1 replication to d4T.

In an effort to understand the biochemical basis for the lack
of cross-resistance by AZT-resistant mutants to d4T, we have
investigated the ability of WT and 67/70/215/219 mutant RT to
remove d4TMP, AZTMP, and 39-deoxythymidine monophos-
phate (ddTMP) from chain-terminated DNA primers through
either dinucleoside polyphosphate synthesis or pyrophospho-
rolysis.

Removal of dTMP analogues from blocked primer-tem-
plates. The removal of chain-terminating nucleotides was as-
sessed by measuring the formation of unblocked primer from
a previously blocked primer-template (24) (Fig. 1A). These
experiments were carried out in two steps. First, HIV-1 RT was
incubated with the blocked primer-template in the presence of
the appropriate substrate for either ATP- or pyrophosphate
(PPi)-dependent removal of the chain-terminating nucleotide
(rescue step). This was followed by heat inactivation of the RT
and extension of unblocked primer-template by addition of all
four dNTPs and exonuclease-free Klenow fragment of E. coli
DNA polymerase 1 (which, under the conditions used here,
does not remove chain-terminating nucleotides in the absence
or presence of ATP or PPi; Fig. 1B) (extension step). The
experiments were performed in this way in order to avoid
inhibition of primer unblocking by dNTPs (23, 24) and to
exclude further unblocking during the extension reaction.

WT or mutant HIV-1 RT was incubated with d4TMP-ter-
minated, 59-32P-labeled L33 primer-WL50 template in the ab-
sence or presence of either 3.2 mM ATP or 50 mM PPi at 37°C
for the times indicated in Fig. 1A. L33 and WL50 are synthetic
oligodeoxynucleotides with the following sequences: chain-ter-
minated L33, 59-CTACTAGTTTTCTCCATCTAGACGATA
CCAGAATAN-39; and WL50, 39-GATGATCAAAAGAGGT
AGATCTGCTATGGTCTTACTTCTGGAGTCGTGAG-59.
TAN refers to the chain-terminating 39-deoxythymidylate ana-
logues d4TMP, AZTMP, and ddTMP.

The HIV-1 RTs used in these experiments were derived
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FIG. 1. Unblocking of chain-terminated primer-templates by WT or 67/70/215/219 mutant RT through either dinucleoside polyphosphate synthesis or pyrophos-
phorolysis. (A) Rescue of d4TMP-terminated primer. d4TMP-terminated 59-32P-labeled L33 primer-WL50 template (5 nM) was incubated with 200 nM WT (upper
panels) or 67/70/215/219 mutant RT (lower panels) and with no substrate (left panels), 3.2 mM ATP (middle panels), or 50 mM PPi (right panels) for the indicated
times at 37°C. The RT was inactivated by heat treatment, and the unblocked primer was extended by incubation with exonuclease-free Klenow fragment of E. coli DNA
polymerase I and all four dNTPs. Products were fractionated on a 10% denaturing polyacrylamide gel (24). Positions for unextended primer (primer) and for products
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from the expression vector pKRT2, containing RT coding se-
quences from human T-cell leukemia virus type III BH10 (7),
to which an N-terminal polyhistidine tail had been added (24).
The enzymes were purified as previously described (24) and
were predominantly homodimeric. The 67/70/215/219 mutant
RT contained the mutations in both subunits.

In the absence of incubation with HIV-1 RT (Fig. 1A, lanes
2, 7, and 12, upper and lower panels, and Fig. 1B, lanes 2 to 4),
a small portion of the primer could be extended, possibly due
to incomplete chain termination. If the first incubation was
performed in the absence of ATP or PPi, a minimal increase in
the amount of unblocked primer was observed even after ex-
tended incubation (lanes 2 to 6 in the upper panel and lanes 2
to 5 in the lower one). In the presence of ATP, however, there
was a time-dependent increase in the amount of extendible
primer (lanes 7 to 11). ATP-dependent rescue of d4TMP-
terminated primer was much more efficient with 67/70/215/219
mutant RT than with WT RT. On the other hand, when PPi
was used as a substrate for the rescue reaction, there was little
difference between the mutant and WT RTs. The dependence
on the addition of ATP or PPi suggests that the primer rescue
could not be accounted for by contaminating exonuclease ac-
tivity. To obtain a sensitive measure of exonuclease present in
each enzyme preparation, 39-labeled [32P]ddAMP-terminated
primer-template was incubated with a 40-fold excess of RT.
For both WT and mutant enzymes a similar amount of the
label (ca. 4 to 5%) was released as [32P]ddAMP after 1 h of
incubation at 37°C.

The results from experiments such as the one presented in
Fig. 1A were quantitated using a Molecular Dynamics Phos-
phorImager, and the percentage of primer rescued was plotted
versus time (Fig. 1C). The ATP-dependent removal of d4TMP
was greatly increased in the 67/70/215/219 mutant RT com-
pared to WT RT (upper left panel), whereas removal through
pyrophosphorolysis was slightly decreased in the 67/70/215/219
mutant RT (upper right panel). We also determined the ability
of WT and 67/70/215/219 mutant RT to remove AZTMP (mid-
dle panels) or ddTMP (lower panels) through either ATP-
dependent rescue (left panels) or pyrophosphorolysis (right
panels). The rate of the ATP-dependent reaction catalyzed by
the 67/70/215/219 mutant RT was much greater than that cat-
alyzed by WT RT for the removal of each of the three chain-
terminating thymidylate analogues, whereas PPi-dependent re-
moval occurred at a slightly increased rate with WT RT.

Inhibition of primer rescue by the dNTP complementary to
the next position on the template. We have previously shown
that formation of a stable dead-end complex (DEC) in the
presence of micromolar concentrations of the dNTP comple-
mentary to the next nucleotide position on the template can be
detected by an electrophoretic mobility shift assay (38). The
DEC may be equivalent to the catalytic complex recently de-
scribed by Huang et al. (14). We have also shown that removal
of chain-terminating residues by RT is inhibited by micromolar
concentrations of the next complementary dNTP, leading us to
suggest that DEC formation and inhibition of primer rescue
may be related events (24). Figure 2 shows a comparison of the
concentration of dGTP, the dNTP complementary to the next

nucleotide position on the template, required for inhibition of
ATP-dependent primer rescue (Fig. 2A), inhibition of PPi-
dependent primer rescue (Fig. 2B), and for DEC formation
(Fig. 2C), with primer-templates terminated with each of the
three dTMP analogues.

Excess 67/70/215/219 mutant RT was incubated with chain-
terminated, 59-32P-labeled L33 primer-WL50 template and 3.2
mM ATP (Fig. 2A) or 50 mM PPi (Fig. 2B) in the presence of
various concentrations of dGTP to determine the 50% inhib-
itory concentrations (IC50s) for dGTP inhibition of each rescue
activity (Table 1). Removal of either d4TMP or ddTMP was
strongly suppressed by dGTP (IC50s of ;0.4 to 0.8 mM and of
;2 mM, respectively). In contrast, both ATP-dependent re-
moval and PPi-dependent removal of AZTMP were much
less sensitive to the presence of dGTP (IC50s of .100 mM), in
agreement with previous results (23).

Figure 2C shows DEC formation with primer-template ter-
minated with each of the three dTMP analogues. Excess 67/
70/215/219 mutant RT was incubated with 59-32P-labeled,
chain-terminated L33 primer-WL50 template in the presence
of the indicated concentrations of dGTP for 15 min at 37°C.
The samples were fractionated by electrophoresis through a
nondenaturing polyacrylamide gel, and DEC was identified by
its slower electrophoretic mobility (23, 38). Free primer-tem-
plate and DEC were quantitated by phosphorimaging, and the
percent DEC was plotted versus dGTP concentration (Fig.
2C) to obtain the Kd,app, the dGTP concentration required for
formation of 50% DEC (Table 1). Kd,app for AZTMP-termi-
nated primer-template was 30 to 100-fold higher than for ei-
ther ddTMP- or d4TMP-terminated primer-template. The
amount of dGTP needed for inhibition of primer rescue and
for DEC formation were similar, consistent with a model in
which the removal reaction cannot occur while HIV-1 RT and
primer-template are trapped as DEC (23).

To determine whether dNTP inhibition of primer rescue was
influenced by template sequence, the experiments in Fig. 2A
were repeated with a template in which dC at the first down-
stream position from the primer terminus was replaced with
dG. With this template, removal of the dTMP analogues was
inhibited by dCTP (IC50s of 1.7 6 0.1 mM for d4TMP-termi-
nated primer, 5.5 6 0.5 mM for ddTMP-terminated primer,
and 790 6 190 mM for AZTMP-terminated primer) and was
insensitive to dATP, dGTP, and dTTP (IC50s of .1,000 mM)
(data not shown). These results demonstrate that the specific-
ity for dNTP inhibition of primer rescue is determined by the
next nucleotide position on the template.

Primer extension in the presence of chain-terminating nu-
cleotides. The 67/70/215/219 mutant RT was incubated with
59-32P-labeled D25 primer annealed to D70 template, all four
dNTPs, and d4TTP, AZTTP, or no chain terminator, in the
absence or presence of 3.2 mM ATP (Fig. 3). The concentra-
tion of chain terminator was adjusted to maintain a fixed ratio
to dTTP in each reaction mixture (d4TTP/dTTP 5 4:1 and
AZTTP/dTTP 5 2:1). The ratios of dTTP analogue to dTTP
were chosen to give similar patterns of termination products in
a size range suitable for gel analysis.

The sequences of the 25-mer DNA primer (D25) and 70-

formed after elongation to the end of the template (ext. primer) are shown at the left of the figure. Lane 1, unextended primer-template. (B) Effect of incubation in
the absence of HIV-1 RT. The experiment was performed as described in panel A in the absence of HIV-1 RT (lanes 1 to 4) or with HIV-1 RT (lane 5) with or without
added ATP (3.2 mM) or PPi (50 mM), as indicated in the figure, for 40 min at 37°C. After heat treatment, unblocked primer was extended by addition of
exonuclease-free Klenow fragment of E. coli DNA polymerase I and all four dNTPs. (C) Rescue of primer terminated with d4TMP, AZTMP, or ddTMP. Incubations
were carried out as in panel A with primer terminated with either d4TMP, AZTMP, or ddTMP in the presence of 3.2 mM ATP (left panels) or 50 mM PPi (right panels)
and WT RT (v) or 67/70/215/219 mutant RT (V). Radioactivity in products of .34 nucleotides (rescued primers) was quantitated by phosphorimaging and expressed
as percentage of total radioactivity in the lane. The data were fitted to a hyperbola using Sigmaplot 4.0 (solid lines).
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mer DNA template (D70) were as follows: D25, 59-GTTTCT
GATCTGGTGTGAAAAGTCC-39; and D70, 39-CAAAGAC
TAGACCACACTTTTCAGGGGTGGAGTTGTCTACAAC
AGAGTCGAGGAGATAAAAACAAGATAC-59.

In the presence of dNTPs and d4TTP, the 25-mer DNA
primer was extended and terminated at the expected T incor-
poration sites (Fig. 3A, upper panel). The primer extension
products observed in this experiment were due to chain termi-
nation rather than enzyme pausing since the formation of these
products depended on the presence of chain-terminating nu-
cleotide analogues (Fig. 3A, compare the upper and lower
panels). When 3.2 mM ATP was included in the reaction
mixture, longer products were observed (59 to 70 bases in
length), while the shorter species, such as the 31-mer product
corresponding to the first termination site, were depleted (Fig.
3A, upper panel, compare lanes 2 and 8). This is consistent
with ATP-dependent rescue of DNA chains initially termi-
nated with d4TMP and further extension by RT. At higher
dNTP concentrations, the ATP-dependent formation of long-
er extension products was diminished and the shorter spe-
cies were less depleted (Fig. 3A, upper panel, and Fig. 3B), as
expected from the inhibition of d4TMP removal by the next
complementary dNTP.

A parallel experiment with AZTTP is shown in the middle
panel of Fig. 3A. When AZTTP was present in the reaction
mixture, ATP-dependent rescue also led to an increase in
longer products and a decrease in the 31-mer product as we
have previously reported (23) (Fig. 3A, middle panel, compare
lanes 2 and 8). In contrast with the results with d4TMP-termi-
nated primer, the rescue of the 31-nucleotide AZTMP termi-
nation product was not inhibited at higher dNTP concentra-
tions (Fig. 3B).

dNTP inhibition of primer rescue was further investigated by
purification of the mixture of d4TMP (Fig. 4A, upper panel) or
AZTMP (Fig. 4A, lower panel) termination products and fur-
ther incubation with RT in absence of ATP or in the presence
of ATP without added dNTPs or with each of the four dNTPs
individually. Following the incubation in which ATP-depen-
dent rescue of chain-terminated primer could occur (rescue

step), the RT was heat inactivated, and the rescued products
were extended with exonuclease-free Klenow fragment of DNA
polymerase I (extension step). Individual chain termination
products were quantitated by phosphorimaging (Fig. 4B). Res-
cue of chains terminated at position 31 was not observed when
ATP was omitted during the rescue step (Fig. 4A, lanes 1 to 4);
however, the products were rescued when ATP was present
(Fig. 4A, lanes 5 to 7, and 4B). Addition of both dCTP and
ATP during the rescue step resulted in almost complete inhi-
bition of rescue of the d4TMP-terminated 31-nucleotide prod-
ucts but no detectable inhibition of rescue of the correspond-
ing AZTMP-terminated product (Fig. 4A, lanes 11 to 13, and
4B). Addition of dATP, dGTP, or dTTP during the rescue step
resulted in no inhibition of rescue of either d4TMP- or
AZTMP-terminated 31-mers (Fig. 4A, lanes 8 to 10 and 14 to
19, and 4B). Examination of the template sequence (bottom of
Fig. 4A) shows that the nucleotide following the position 31
termination site is dG. Therefore, a primer-template termi-
nated at position 31 would form DEC with dCTP resulting in

FIG. 2. Ability of the dNTP complementary to the next nucleotide position on the template to inhibit primer rescue and to induce a stable complex with
chain-terminated primer-template and 67/70/215/219 mutant RT. (A and B) Inhibition of primer rescue by dGTP. Rescue by 67/70/215/219 mutant RT of primer-
templates terminated with d4TMP (�), ddTMP (V), or AZTMP (v) using either ATP (A) or PPi (B) as a substrate was performed as described in the legend to Fig.
1, in the presence of the indicated concentrations of dGTP. The results were quantitated by phosphorimaging, and the percent inhibition was plotted versus dGTP
concentration and fitted to hyperbolas (solid lines) using Sigmaplot 4.0. (C) Formation of DEC with 67/70/215/219 mutant RT, chain-terminated primer-templates, and
dGTP. DEC formation was carried out in the absence of ATP or PPi and was monitored by gel mobility shift assay as described previously (23, 38). The percent DEC
formation was plotted as a function of dGTP concentration. The primer-templates are identified as in panel A. Partial sequences of the WL50 template and L33 primer
terminated with a dTMP analogue (TAN) are shown.

TABLE 1. Ability of dGTP to inhibit primer rescue and
to induce DEC formation

Primer-template

Inhibition of primer rescue
(IC50, mM)a 6 AD DEC formation

(Kd,app, mM)b

6 ADATP
dependent

PPi
dependent

d4TMP terminated 0.51 6 0.07 0.72 6 0.05 2.6 6 1.1
ddTMP terminated 2.6 6 0.2 1.6 6 0.5 7.7 6 3.8
AZTMP terminated 110 6 30 170 6 20 220 6 60

a Reactions were performed as described in the legend of Fig. 2 in the pres-
ence of 67/70/215/219 mutant RT, primer-template terminated with the indicated
nucleotide analogue and various concentrations of dGTP. The IC50s were de-
termined as shown in Fig. 2A and B.

b Electrophoretic mobility shift experiments were performed as described in
the text. Kd,app values for DEC formation as a function of dGTP concentration
were determined as shown in Fig. 2C. The numbers were obtained from two to
three experiments. AD, average deviation.
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dCTP-specific inhibition of rescue of this termination product,
as was observed.

Similar analysis of termination products at position 39
showed that rescue of d4TMP termination products was inhib-
ited specifically when dGTP was present during the rescue
step, whereas AZTMP termination products were only slightly
inhibited (Fig. 4B, middle panels). The template nucleotide
following the position 39 termination site is dC. Rescue of
d4TMP termination products at position 41 was specifically
inhibited by dTTP, whereas the AZTMP termination prod-
ucts at this site were not inhibited (Fig. 4B, right panels). The
template nucleotide following the position 41 termination site
is dA. In summary, ATP-dependent rescue of d4TMP termi-
nation products was specifically inhibited by the dNTP com-

plementary to the next position on the template in each of
these three sequence contexts, and rescue of AZTMP termi-
nation products was much less sensitive to this inhibition in
each case.

From these results we predict that the removal of d4TMP in
vivo will depend on the intracellular levels of dNTPs (low
dNTP pools allow rescue to occur, while high dNTP pools will
greatly suppress it), whereas removal of AZTMP will be much
less sensitive to physiological concentrations of dNTPs.

Conclusions. We have shown that the 67/70/215/219 mutant
RT has increased ability, compared to WT RT, to remove
d4TMP, AZTMP, and ddTMP from blocked DNA primer-
templates through transfer of the chain terminator to a nucle-
otide acceptor. We have previously shown that mutant RT also

FIG. 3. Primer extension by 67/70/215/219 mutant RT in the presence of d4TTP or AZTTP or in the absence of chain terminator. (A) 59-32 P-labeled D25
primer-D70 template (5 nM) was incubated for 30 min at 37°C with 200 nM 67/70/215/219 mutant RT, the indicated concentrations of all four dNTPs, and d4TTP
(d4TTP/dTTP 5 4:1) (upper panel); AZTTP (AZTTP/dTTP 5 2:1) (middle panel), or no chain-terminating nucleotide (lower panel), in the absence (2ATP) or
presence (1ATP) of 3.2 mM ATP. The products were fractionated on a 10% denaturing polyacrylamide gel. The primer lengths are indicated in nucleotides. Lane 1,
untreated primer-template. (B) The results in panel A were quantitated by phosphorimaging, and the 31-mer chain-terminated product formed in the presence of ATP
plus d4TTP plus dNTPs (v) or ATP plus AZTTP plus dNTPs (V), expressed as a percentage of the total radioactivity in the lane, was plotted versus the dNTP
concentration.
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FIG. 4. Effects of dNTPs on ATP-dependent removal of chain terminators in multiple sequence contexts. (A) 59-32P-labeled D25 primer-D70 template was
incubated for 30 min at 37°C with excess 67/70/215/219 mutant RT, 1 mM concentrations of all four dNTPs, and either d4TTP (2 mM) or AZTTP (1 mM). The resulting
mixtures of chain-terminated products were extracted with phenol-chloroform, followed by ethanol precipitation. Excess 67/70/215/219 RT (200 nM) was incubated with
either d4TMP-terminated products (5 nM) (upper panel) or AZTMP-terminated products (5 nM) (lower panel) in the absence or presence of 3.2 mM ATP and in the
presence or absence of 50 mM of the indicated dNTP for the indicated times at 37°C. After heat inactivation of the HIV-1 RT (5 min at 90°C), unblocked primers were
extended by the addition of exonuclease-free Klenow fragment of E. coli DNA polymerase I and 100 mM concentrations of each of the four dNTPs and the incubation
at 37°C for 30 min. Product lengths are indicated in nucleotides. A partial sequence of the D70 template is shown. (B) Inhibition of ATP-dependent primer rescue by
dNTPs. The results shown in panel A were quantitated by phosphorimaging. The amounts of radioactivity in the 31-mer products (left panels), the 39-mer products
(middle panels), and the 41-mer products (right panels) terminated with either d4TMP (upper panels) or AZTMP (lower panels) were normalized to the total
radioactivity in each lane. The percent ATP-dependent rescue was calculated by the formula: 1002100(a/b), where a and b are the normalized radioactivity in the band
of interest in the presence or absence of ATP, respectively, and plotted versus time. The data (indicated by the symbols shown at the bottom of the figure) were fitted
to hyperbolas (solid lines) using Sigmaplot 4.0.

3470 NOTES ANTIMICROB. AGENTS CHEMOTHER.



has increased ability to remove ddAMP from a primer termi-
nus (23), and we have preliminary results that ddGMP and
ddCMP removal activities are also increased in the mutant
enzyme (P. R. Meyer et al., unpublished results). In contrast,
we did not observe an increase in the transfer of chain termi-
nator to pyrophosphate by the mutant RT. The removal of
d4TMP or ddTMP was inhibited by micromolar or submicro-
molar concentrations of the next complementary dNTP, where-
as removal of AZTMP was .50-fold less sensitive to this in-
hibition.

The removal of chain terminators in vivo will, presumably,
be controlled by the concentrations of nucleotide acceptors for
the transfer reaction as well as the levels of dNTPs, which are
inhibitory. ATP is present at millimolar concentrations in lym-
phocytes (37), making it the most likely acceptor substrate for
the removal reaction. Estimates of dNTP concentrations de-
pend on assumptions about cell volume (3, 5, 11, 33, 36) and
range from 0.14 to 5.6 mM in resting lymphocytes (10, 11, 31,
37), 2.4 to 26 mM in mitogen-stimulated lymphocytes (10, 11),
and 15 to 170 mM in CEM lymphoblasts (31, 37). These values
suggest that removal of AZTMP residues can occur in cells at
most stages of activation, since the IC50 for dNTP inhibition is
.100 mM, but that removal of d4TMP will be inhibited except
in cells that are relatively quiescent. However, even in acti-
vated lymphocytes, where the d4T is a much better inhibitor
than in resting cells due to a higher d4TTP/dTTP ratio (34),
d4TMP that has been incorporated might be removed by
HIV-1 RT during subsequent periods of reduced cell activa-
tion. The physiological importance of removal of d4TMP is
difficult to evaluate since dNTP pools may differ between cell
types and dNTP concentrations may be unevenly distributed
within a cell. Nonetheless, the finding that mutations that in-
crease the removal reaction are selected during d4T therapy
suggests that removal of d4TMP from growing DNA chains is
physiologically relevant.

From the results of phenotypic drug susceptibility assays it
has been concluded that AZT-resistant HIV-1 is not cross-
resistant to d4T (20, 22). However, this conclusion fails to
account for the selection of AZT resistance mutations during
d4T monotherapy (6, 8, 21, 22, 27, 32, 35) or why treatment
regimens containing d4T are less effective in patients harboring
AZT-resistant virus (15, 17, 25). An explanation may lie in the
fact that the most commonly used phenotypic drug suscepti-
bility assays use either mitogen-stimulated peripheral blood
lymphocytes (16, 21, 22) or transformed human cell lines (12,
18, 20, 26, 28) to optimize virus replication. In these systems
the intracellular dNTP pools are elevated. The phenotypic
assays show that the 67/70/215/219 mutant HIV-1 is sensitive to
d4T but resistant to AZT; however, we predict that the 67/70/
215/219 mutant HIV-1 would be cross-resistant to d4T under
conditions where the dNTP pools are low.

In patients harboring AZT-resistant virus, infected cells may
go through periods when they are not continuously stimulated
to divide and the dNTP pools may be reduced. Under these
conditions the AZT resistant RT will have an increased ability
to remove d4TMP compared to WT RT. This would give the
AZT-resistant HIV-1 a replicative advantage over WT virus,
and the AZT resistance mutations would be selected. Our re-
sults suggest that phenotypic assays for HIV drug susceptibility
may need to be reevaluated, taking into account the selective
effects of dNTP pools on the sensitivities of WT and mutant
viruses to nucleoside analogues.

This work was supported by NIH grants AI-39973 (W.A.S.) and
DK-26206 (A.G.S.) and by the Department of Veteran Affairs
(R.F.S.).
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