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ABSTRACT: The resistance of HIV-1 to 3′-azido-3′-deoxythymidine (AZT) involves phosphorolytic excision
of chain-terminating AZT-5′-monophosphate (AZTMP). Both pyrophosphate (PPi) and ATP act as excision
substrates in vitro, but the intracellular substrate used during replication of AZT-resistant HIV is still
unknown. PPi-mediated excision produces AZT-5′-triphosphate (AZTTP), which could be immediately
re-used as a substrate for viral DNA chain termination. In contrast, ATP-mediated excision produces the
novel compound AZT-(5′)-tetraphospho-(5′)-adenosine (AZTp4A). Since little is known of the interaction
of AZTp4A with HIV-1 RT, we carried out kinetic and molecular modeling studies to probe this. AZTp4A
was found to be a potent inhibitor of HIV-1 RT-catalyzed DNA synthesis and of both ATP- and PPi-
mediated AZTMP excision. AZTp4A is in fact an excellent chain-terminating substrate for AZT-resistant
RT-catalyzed DNA synthesis, better than AZTTP (kpol/Kd ) 6.2 and 11.9 for AZTTP and AZTp4A,
respectively). The affinity of AZT-resistant HIV-1 RT for AZTp4A is at least 30000-fold greater than
that for the excision substrate ATP and∼10-fold greater than that for AZTTP. Dissociation of newly
formed AZTp4A from RT may therefore provide a significant rate-limiting step for continued HIV-1
DNA synthesis. Our studies show that the products of PPi- and ATP-mediated excision of chain-terminating
AZTMP (AZTTP and AZTp4A, respectively) are both potent chain-terminating substrates for HIV-1 RT,
suggesting that there is no obvious benefit to HIV using ATP instead of PPi as the excision substrate.

Replication of the human immunodeficiency virus (HIV)1

is absolutely dependent on the viral enzyme reverse tran-
scriptase (RT), a DNA polymerase that catalyzes all steps
in the conversion of HIV genomic RNA into double-stranded
viral DNA that can be integrated into the host genome (1,
2). Because of its essential nature in HIV replication, RT
has been a widely studied target for antiretroviral drug
discovery. Indeed, as of mid-2006, 11 of the current clinically
used drugs for the treatment of HIV infection are inhibitors
of HIV RT. Eight of the therapeutic RT inhibitors are
nucleoside or nucleotide reverse transcriptase inhibitors

(NRTIs), and these are among the most widely used in
current clinical treatment of HIV infection.

Antiretroviral NRTIs are 2′-deoxyribonucleoside analogues
that lack a 3′-OH group on the ribose moiety. After
intracellular conversion to the active 5′-triphosphate form,
NRTI-TP inhibits DNA synthesis by competing with the
natural nucleotides both for recognition by RT as a substrate
and by incorporation into the nascent viral DNA chain (3).
Incorporation of an NRTI into the nascent viral DNA chain
by RT results in termination of DNA synthesis. Unfortu-
nately, the prevalence of drug-resistant HIV-1 variants limits
the continued clinical efficacy of NRTIs (4). Two different
mechanisms account for phenotypic resistance of HIV-1 to
NRTIs (5, 6). One is NRTI discrimination in which the
mutant RT preferentially incorporates the natural dNTP rather
than the homologous NRTI-TP. The other involves phos-
phorolytic excision of the incorporated chain-terminating
NRTI from the 3′-end of the primer (7-9). The excision
phenotype is primarily associated with mutations arising in
resistance to AZT (7, 9, 10). These mutations, termed
thymidine analogue mutations (TAMs), include M41L,
D67N, K70R, T215F/Y, and K219Q among others (11-14).

A number of different acceptor substrates have been shown
to function in the phosphorolytic excision phenotype in vitro,
including pyrophosphate (PPi) (7) and ATP (8, 9). Indeed,
virtually any ribonucleotide or deoxyribonucleotide diphos-
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phate or triphosphate can serve as an acceptor in vitro (8).
However, the concentrations needed for the excision reaction
are generally well above the expected cellular levels of all
acceptor substrates, except PPi and ATP, suggesting that only
the latter two compounds may be important in the in vivo
resistance phenotype. Nonetheless, the identity of the substrate-
(s) used for the NRTI excision reaction during replication
of AZT-resistant HIV is not yet known with certainty. There
are benefits and drawbacks to ATP or PPi as the excision
substrate. RT-catalyzed excision of 3′-terminal AZTMP in
vitro is readily demonstrable with putative physiological
levels of PPi (50-150 µM) or ATP (3 mM). The rate of
AZTMP excision is substantially higher with PPi than with
ATP as the substrate, although differences in excision
between wild-type and TAM-containing RT are generally
more readily seen with ATP as the substrate. A major
potential drawback for PPi as an excision substrate is the
fact that PPi-mediated excision produces AZT-5′-triphosphate
(AZTTP), which could be immediately re-used as a substrate
for viral DNA chain termination. In contrast, ATP-mediated
excision produces the novel compound 3′-azido-3′-deox-
ythymidine-(5′)-tetraphospho-(5′)-adenosine (AZTp4A). HIV
RT has been shown to use certain dinucleoside 5′,5′-
tetraphosphates as substrates although less efficiently than
the corresponding deoxynucleoside triphosphates (15). How-
ever, virtually nothing is known about the interaction of
AZTp4A with HIV RT.

In this work, we studied this interaction and found that
AZTp4A is an excellent substrate for TAM-RT and that use
of this compound as a substrate for HIV-1 RT results in a
3′-AZTMP-terminated primer. The affinity of TAM-RT for
AZTp4A appears to be orders of magnitude higher than that
for ATP and TTP. Our data suggest that release of newly
formed AZTp4A is likely to be a crucial rate-limiting step
for continued viral DNA synthesis catalyzed by TAM-RT.
Furthermore, since the products of both PPi- and ATP-
mediated excision of chain-terminating AZTMP (AZTTP and
AZTp4A, respectively) are both potent chain-terminating
substrates for HIV-1 RT, there may be no obvious benefit
to HIV using ATP instead of PPi as the excision substrate.

EXPERIMENTAL PROCEDURES

Reagents.The wild type (wt) and TAM-RT with the
D67N, K70R, T215F, and K219Q mutations were expressed
and purified using methods previously described (16). We
used the T215F mutation rather than T215Y, as the T215F
mutation has been shown to be more closely associated with
K70R and K219Q mutations in clinical isolates, whereas the
T215Y mutation is more closely associated with the M41L
and L210W mutations (17). The protein concentration of the
purified enzymes was determined by spectrophotometry at
280 nm using an extinction coefficient of 260 450 M-1 cm-1.
The active site concentrations of RT were calculated from
pre-steady-state burst experiments (18). Burst amplitudes of
69 and 66% were calculated for the wt and TAM-RT
enzyme-purified preparations, respectively. All pre-steady-
state kinetic experiments were performed using corrected RT
active site concentrations. Unlabeled dNTPs were purchased
from Promega (Madison, WI). [3H]TTP and [γ-32P]ATP were
products of Perkin-Elmer Life Sciences (Boston, MA). The
homopolymeric template-primers (T/P) poly(rA)-oligo-
(dT)12-18 and poly(rC)-oligo(dG)12-18 used for steady-state

kinetic studies were obtained from Amersham Biosciences
(now GE Healthcare, Piscataway, NJ). AZTTP and AZTp4A
(as a custom synthesis) as well as the 19-nucleotide DNA
primer (3′-CAGGGGGGAAAAGAAAATT-5′) and the 57-
nucleotide DNA template (5′-CGT TGT CAG TGA ATC
AGC CCT TCC AGT CCC CCC TTT TCT TTT AAA AAG
TGG CTA AGA-3′) oligonucleotides used to prepare the
heteropolymeric T/P were obtained from Trilink Biotech-
nologies (San Diego, CA). We used only this single
heteropolymeric template-primer pair in this study as
sequence context effects on AZTTP incorporation and
AZTMP excision appear to be minimal (19). All the other
reagents were of the highest quality available and were used
without further purification.

The 19-nucleotide DNA primer was 5′-radiolabeled with
[γ-32P]ATP and T4 polynucleotide kinase (New England
BioLabs, Ipswich, MA) according to suppliers’ instructions.
The labeled primer was purified using denaturing polyacry-
lamide gel electrophoresis on 7 M urea-16% polyacrylamide
gels followed by elution from the gel. The purified 5′-32P-
labeled primer was then annealed to the 57-nucleotide DNA
template using a 1:1.2 molar ratio of template to primer by
heating to 90°C followed by slow cooling to ambient
temperature to form the 57-nucleotide/19-nucleotide template-
primer (57/19 T/P) substrate. The concentration of the T/P
was verified by UV absorbance at 260 nm. Labeled T/P was
stored at-20 °C until it was used.

Steady-State Analysis of RT DNA Polymerase ActiVity. In
one experimental approach, wt and TAM-RT RNA-depend-
ent DNA polymerase activity in the absence or presence of
the inhibitor was determined using 0.2 unit/mL poly(rA)-
oligo(dT)12-18, 2 nM RT, and 5µM [3H]TTP in a final
volume of 50µL of 50 mM Tris-HCl (pH 8.0) containing
60 mM KCl and 10 mM MgCl2. Samples were incubated
for 20 min at 37°C and then reactions quenched by adding
200 µL of ice-cold 10% trichloroacetic acid containing 20
mM sodium pyrophosphate. After incubation for 20 min on
ice, samples were filtered through a 1.2µm glass fiber type
C filter in 96-well microplates (Millipore, Bedford, MA).
The filters were washed sequentially with 10% TCA and
ethanol, and the extent of incorporation of [3H]TMP into
the precipitated nucleic acid was quantified by liquid
scintillation spectrometry.

The heteropolymeric 57/19 T/P described above was used
for other experiments. Three different experimental condi-
tions were used. In all, RT (40 nM) was incubated with T/P
(150 nM) in 50 mM Tris-HCl (pH 8.0) containing 60 mM
KCl, 10 mM MgCl2, and 0.01 unit of inorganic pyrophos-
phatase for 5 min at 37°C. In one approach, reactions were
initiated by the addition of varying concentrations of AZTTP
or AZTp4A only. In the second approach, reactions were
initiated by the addition of varying concentrations of AZTTP
or AZTp4A followed by incubation for 20 min at 37°C.
Then TTP, dATP, and dGTP (2µM each) were added, and
the reaction was allowed to proceed for an additional 20 min
to allow extension of any non-chain-terminated primer. In
the third approach, reactions were initiated by the addition
of varying concentrations of AZTTP or AZTp4A with TTP,
dATP, and dGTP (2µM each) followed by incubation for
20 min at 37 °C. In all approaches, control reactions
substituted TTP for AZTTP or AZTp4A. Reactions were
terminated by the addition of an equal volume of gel loading
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buffer [98% deionized formamide, 10 mM EDTA, and
bromophenol blue and xylene cyanol (1 mg/mL each)], and
mixutres were denatured by being heated at 85°C for 5 min,
followed by electrophoretic resolution of the products on a
7 M urea-16% polyacrylamide gel. The resolved products
were quantified by phosphorimaging using a Bio-Rad GS525
Molecular Imager (Bio-Rad, Hercules, CA).

Pre-Steady-State Kinetic Experiments and Product Analy-
sis. Pre-steady-state reactions on the time scale of 10 ms to
5 s were carried out using a Bio-Logic (Claix, France) SFM-
400 instrument. Briefly, reactions were performed at 37°C
in 50 mM Tris-HCl (pH 8.0) containing 50 mM KCl, 10
mM MgCl2, and varying concentrations of the nucleotide
substrates. HIV-1 RT was preincubated with T/P prior to
rapid mixing with nucleotide and divalent metal ions to
initiate the reaction. All reported concentrations of RT are
the final concentrations of RT active sites in the mixed
reaction. The concentrations of T/P also refer to those after
mixing. After varying times, the reactions were quenched
with 0.5 M EDTA. Quenched samples were mixed with an
equal volume of gel loading buffer and denatured, and the
products were resolved by electrophoresis on a 7 M urea-
16% polyacrylamide gel and quantified by phosphorimaging.

Both pre-steady-state burst and single-turnover experi-
ments were performed in characterizing the kinetics of
incorporation of TTP, AZTTP, and AZTp4A. Burst experi-
ments used T/P concentrations 3 times greater than those of
the RT active site concentration. Single-turnover experiments
were used to determineKD andkpol and generally used RT
in a 3-4-fold excess relative to the concentration of T/P.

Data Analysis.Kinetics data were analyzed by nonlinear
regression using Sigma Plot (Systat Software, Point Rich-
mond, CA). Data from burst reactions were analyzed using

whereA is the amplitude of the burst, which reflects the
concentration of RT active sites,kobs is the observed first-
order rate constant for nucleotide substrate incorporation, and
kss is the observed steady-state rate constant.

Single-turnover experimental data were analyzed using

to determine the rate of nucleotide incorporation (kobs) at any
given nucleotide concentration. The dissociation constantKd

was determined by fitting the observed rate constants (kobs)
at different concentrations of nucleotide to the hyperbolic
equation

where kpol is the first-order rate constant for maximum
nucleotide incorporation andKd is the equilibrium dissocia-
tion constant for the interaction of nucleotides with the RT-
T/P complex (7, 18, 20).

Assay of RT-Catalyzed Phosphorolysis.AZTMP was
added to the primer 3′-terminus of the 57-nucleotide/5′-[32P]-
19-nucleotide T/P by incubation with wt RT and 100µM
AZTTP for 30 min at 37°C. The resulting32P-labeled, chain-
terminated 20-nucleotide primer was purified by elution of
the appropriate band following electrophoretic resolution on

7 M urea-16% acrylamide denaturing gels. The purified
chain-terminated primer was then reannealed to the 57-
nucleotide DNA template-DNA primer and stored at-20
°C for use as T/P in phosphorolysis experiments.

Two types of phosphorolysis experiment were carried out.
In the “direct” assay, the phosphorolytic removal of 3′-
AZTMP in the absence or presence of varying concentrations
of AZTp4A was assayed by incubating wt or TAM-RT with
the AZTMP-terminated T/P (4:1 RT:T/P ratio) in 50 mM
Tris-HCl (pH 8.0) and 50 mM KCl. Reactions were initiated
by the addition of 10 mM MgCl2 and 50-150 µM PPi or
3.0 mM ATP. Inorganic pyrophosphatase (0.01 unit; Sigma)
was included in phosphorolysis reactions using ATP, to
ensure removal of any contaminating PPi in the ATP
preparation. Aliquots were removed at defined times and
quenched with equal volumes of gel loading dye [98%
deionized formamide, 10 mM EDTA, and bromophenol blue
and xylene cyanol (1 mg/mL each)]. The 20-nucleotide 3′-
AZTMP-terminated substrate and 19-nucleotide excision
products were separated by denaturing gel electrophoresis
and quantified by phosphorimaging.

RT-catalyzed phosphorolytic “rescue” DNA synthesis
using AZTMP-terminated T/P was assessed by incubating
20 nM RT with 50 nM chain-terminated T/P in 50 mM Tris-
HCl (pH 7.8), 60 mM KCl, and 10 mM MgCl2. The reaction
was initiated by the addition of either 100µM pyrophosphate
or 3 mM ATP, and TTP, dGTP, and dATP (10µM each).
Under these conditions, the extended primer rescue DNA
polymerization product was seven nucleotides longer than
the starting AZTMP-terminated primer. Aliquots were re-
moved after various time intervals, quenched by the addition
of an equal volume of sequencing gel loading buffer, and
then analyzed by denaturing PAGE on 16% polyacryla-
mide-7 M urea gels. The 27-nucleotide rescue synthesis
product was visualized and quantified by phosphorimaging.

Model Building. SYBYL (Tripos, St. Louis, MO) and O
were used to prepare models of the complex of HIV-1 RT
with AZTp4A. The starting atomic coordinates of HIV-1 RT
were from the structure described by Huang et al. [PDB entry
1RTD (21)]. The side chain mutations T215Y, K70R, and
M41L that are related to AZT resistance were manually
modeled using conformations generally encountered in RT
structures that carry such mutations. A 3′-OH group was
added to the primer 3′-terminal 2′,3′-dideoxynucleotide of
the input structure to emulate the natural primer. The dTTP
at the active site of the ternary complex was converted to
AZT-TP by adding an azido group at the 3′-position of dTTP
in a conformation similar to that described in a related
complex of RT with an AZTMP-terminated primer [PDB
entry 1N5Y (22)]. The adenosine monophosphate component
of AZTp4A was constructed manually on the basis of the
structure of an adenosine triphosphate analogue [tenofovir
diphosphate, PDB entry 1TO5 (23)]. It was initially placed
in the active site by stacking the adenosine ring of the
tetraphosphate on the tyrosine ring of Y215 and by placing
the phosphate moiety proximal to theγ-phosphate of the
AZTTP. The phosphate of adenosine monophosphate and
theγ-phosphate of AZTTP were linked to construct the 5′-
5′ tetraphosphate compound. The resulting AZTp4A was
initially minimized using SYBYL with the surrounding
protein constrained to adjust the ligand torsion angles and
to bring the P-O bond distances to appropriate values (1.65

[20-nucleotide product]) A[1 - exp(-kobst) + ksst]
(1)

[20-nucleotide product]) A[1 - exp(-kobst)] (2)

kobs) (kpol[dNTP])/(Kd + [dNTP]) (3)
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Å). Subsequently, close contacts with the protein were
relieved by manual adjustments of torsion angles and local
energy minimizations.

RESULTS

AZTp4A was a reasonable inhibitor of RT-catalyzed DNA
polymerization measured with poly(rA)-oligo(dT) as the T/P
(Figure 1A) and was approximately 7-fold more potent
against TAM-RT (IC50 ) 38 ( 2 nM) than against the wt
enzyme (IC50 ) 260( 70 nM). The mode of inhibition was
competitive with respect to TTP substrate (Figure 1B). In
contrast, AZTp4A exhibited little if any inhibition of TAM-
RT polymerase reactions using dGTP and poly(rC)-oligo-
(dG) as T/P (IC50 > 5 µM; data not shown).

AZTp4A appeared to be an exceptionally potent inhibitor
of both ATP-mediated and PPi-mediated TAM-RT-catalyzed
phosphorolytic excision when assessed in direct excision
assays (Figure 1C; IC50 ≈ 5 nM). AZTp4A was also
evaluated in so-called “rescue” assays that measure the extent
of RT-catalyzed DNA synthesis from a 3′-AZTMP-termi-
nated primer in the presence of ATP or PPi (24). In this assay,
DNA synthesis can start only after removal of the chain-
terminating 3′-AZTMP, which would be the rate-limiting step
in the reaction. Thus, we expected that the inhibitory potency
of AZTp4A would be reasonably similar in both direct and
rescue excision assays. Surprisingly, the inhibitory potency
of AZTp4A in the rescue assay was reduced more than 30-
fold compared to that found in direct excision assays (data
not shown).

An interesting observation in some preliminary direct
excision assay experiments led us to suspect that AZTp4A
might in fact act as a substrate for RT, like AZTTP. The
primer used in these preliminary experiments was not
completely terminated with AZTMP; thus, control samples
showed both the 20-nucleotide AZTMP-terminated primer
and small amounts (approximately 10%) of the 19-nucleotide
unreacted starting primer. Control samples which contained
this heterogeneous T/P substrate with RT and AZTp4A, but
without ATP or PPi, showed the disappearance of the 19-
nucleotide nonterminated starting primer and a slight but
reproducible increase in the amount of the 20-nucleotide

terminated primer (data not shown). To confirm this observa-
tion, we directly examined the ability of AZTp4A to serve
as a substrate for HIV-1 RT. Incubation of 2µM AZTp4A,
AZTTP, or TTP with RT and T/P resulted in extension of
the primer by a single nucleotide (Figure 2A,B, lanes 4-9).
Subsequent addition of dGTP and dATP extended the primer
formed in the initial reaction with TTP by an additional seven
nucleotides (Figure 2A,B, lanes 2 and 3). In contrast, no
additional extension was seen with the primers formed in
the initial incubations with either AZTp4A or AZTTP (Figure
2A,B, lanes 10-15). Furthermore, when initial reaction
mixtures contained AZTp4A (or AZTTP), TTP, dATP, and
dGTP (2µM each), the predominant polymerization product
was the 20-nucleotide single-nucleotide extended primer
(Figure 2A,B, lanes 16-21). These data show that AZTp4A
is a substrate for RT and that the single-nucleotide extended
primer formed in the reaction with AZTp4A is unable to
support additional extension, suggesting that AZTp4A is a
chain terminator similar to AZTTP.

Panels C and D of Figure 2 show the concentration
dependence of the substrate activity of AZTp4A and AZTTP
under steady-state conditions with wt and TAM-RT, using
heteropolymeric T/Ps. The apparent affinity of wt and TAM-
RT for AZTTP is essentially similar (apparentKm ≈ 0.5µM),
whereas the affinity of wt RT for AZTp4A (apparentKm >
2 µM) is lower than that for AZTTP. In contrast, TAM-RT
exhibits a 15-fold increased affinity for AZTp4A (apparent
Km ≈ 0.14µM) compared to wt RT. In addition, the affinity
of TAM-RT for AZTp4A is 4-fold greater than that for
AZTTP.

Pre-Steady-State Kinetic Analysis of AZTp4A and AZTTP
as Substrates for HIV-1 RT. To better characterize the
interaction of AZTp4A with HIV-1 RT, we carried out a
series of pre-steady-state kinetic studies. Both pre-steady-
state burst and single-turnover experiments were performed
to compare the kinetics of incorporation of TTP, AZTTP,
and AZTp4A.

Burst experiments used T/P in excess of RT. Under these
conditions, a rapid initial rate of product formation due to
incorporation of nucleotides by existing RT-T/P complexes
is followed by a slower linear steady-state phase which

FIGURE 1: Inhibition of RT-catalyzed DNA synthesis and AZTMP excision by AZTp4A. (A) Dose dependence for inhibition of RNA-
dependent DNA synthesis by AZTp4A catalyzed by wt RT (2) and TAM-RT (3), using poly(rA)-oligo(dT) as T/P and [3H]TTP as substrate.
(B) Double-reciprocal plots of TAM-RT-catalyzed RNA-dependent DNA synthesis using poly(rA)-oligo(dT) as T/P and [3H]TTP as substrate
in the presence of (O) no AZTp4A, (1) 20 nM AZTp4A, (4) 100 nM AZTp4A, and (b) 250 nM AZTp4A. Data are means( the standard
deviation of triplicate determinations. (C) Dose dependence for inhibition of TAM-RT-catalyzed excision of 3′-terminal AZTMP by AZTp4A
mediated by (3) 150 µM PPi or (2) 3 mM ATP (in the presence of 0.01 unit of inorganic pyrophosphatase).
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defines the rate-limiting release of the single-nucleotide
extended T/P. Under these conditions, the kinetics of
incorporation of TTP, AZTTP, and AZTp4A were reasonably
comparable (Figure 3 and Table 1).

The kinetics of incorporation of AZTTP and AZTp4A
were also compared under single-turnover experiments using
wt or TAM-RT in excess of T/P. Under these conditions,
the entire prebound T/P is converted to the single-nucleotide
extended primer product in a single kinetic step. Data from
a typical experiment are shown in Figure 4A which illustrates
the kinetics of single-nucleotide incorporation at varying
AZTp4A concentrations catalyzed by TAM-RT. These
experiments were used to define the maximum rate of
incorporation (kpol), the dissociation constant (Kd), and the
catalytic efficiency of incorporation (kpol/Kd) for AZTp4A
and AZTTP for both wt and TAM-RT (Table 2). Although
the maximum rate of incorporation (kpol) of AZTp4A was
essentially identical for wt and TAM-RT, the mutant enzyme
exhibited a 6-fold increase in affinity (Table 2 and Figure
4B) and thus in catalytic efficiency for incorporation of
AZTp4A. Interestingly, the catalytic efficiency of incorpora-
tion of AZTp4A by TAM-RT was nearly twice that for
incorporation of AZTTP, suggesting that the tetraphosphate

compound is a better chain-terminating substrate for TAM-
RT than is AZTTP.

DISCUSSION

RT-catalyzed phosphorolytic excision of chain-terminating
3′-AZTMP is generally considered to be the major pheno-
typic mechanism for HIV resistance to AZT, and this
phenotype may also contribute to resistance to other NRTIs
as well. Both PPi and ATP have been proposed as major
substrates for the phosphorolytic excision reaction (7-9),
although the substrate(s) used for NRTI excision during
replication of AZT-resistant HIV is still unclear.

The product of PPi-mediated excision of AZTMP is
AZTTP. This newly formed AZTTP would presumably
reside in the correct orientation to allow re-incorporation to
the 3′-terminus of the primer. Such a scenario would result
in a futile excision with no net benefit for HIV replication,
unless AZTTP dissociation was rapid relative to the re-
incorporation event. In this case, competition of TTP with
the dissociated AZTTP could provide for continued reverse
transcription following pyrophosphorolytic excision of the
original 3′-terminal AZTMP.

FIGURE 2: Primer extension catalyzed by RT in the absence and presence of AZTTP or AZTp4A. Reactions used 150 nM heteropolymeric
57/19 T/P and 40 nM RT as described in Experimental Procedures in the presence of (A) AZTp4A and TAM-RT or (B) AZTTP and
TAM-RT: lanes 1 and 22, no RT control; lane 2, polymerization products formed after incubation for 20 min with TTP, dATP, and dGTP
(2 µM each); lane 3, polymerization products formed after incubation for 20 min with 2µM TTP followed by addition of dATP and dGTP
(2 µM each) and additional incubation for 20 min; lanes 4-9, polymerization products formed after incubation for 20 min with 0.1, 0.25,
0.5, 1, 2.5, and 5µM AZTp4A (A) or AZTTP (B), respectively; lanes 10-15, polymerization products formed after incubation for 20 min
with 0.1, 0.25, 0.5, 1, 2.5, and 5µM AZTp4A (A) or AZTTP (B), respectively, followed by addition of TTP, dATP, and dGTP (2µM each)
and additional incubation for 20 min; and lanes 16-21, polymerization products formed after incubation for 20 min with 0.1, 0.25, 0.5, 1,
2.5, and 5µM AZTp4A (A) or AZTTP (B), respectively, in the presence of TTP, dATP, and dGTP (2µM each). P is the 19-nucleotide
starting primer, P+1nt the single-nucleotide extended primer, P+8nt the 27-nucleotide polymerization product formed in the presence of
TTP, dATP, and dGTP. (C) P+1nt product formed by wt RT in the presence of varying concentrations of AZTp4A (3) or AZTTP (2). (D)
P+1nt product formed by TAM-RT in the presence of varying concentrations of AZTp4A (3) or AZTTP (2).
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The product of ATP-mediated excision is the dinucleoside
5′,5′-tetraphosphate compound, AZTp4A. This is a unique
compound that likely arises only during ATP-mediated
excision of chain-terminating 3′-AZTMP and which has no
known biological properties. ATP might thus be a preferred
excision substrate for TAM-RT since the reaction could lead
to irreversible removal of 3′-terminal AZTMP as the novel
product AZTp4A. While the cellular enzyme Ap4A hydro-

lase (asymmetrical dinucleoside tetraphosphatase) catalyzes
the hydrolysis of AZTp4A resulting in the regeneration of
AZTTP in many cell types (25), this reaction would occur
away from the RT active site and thus the newly formed
AZTTP would not be immediately available for re-
incorporation into the growing viral DNA. Victorova et al.
(15) previously showed that HIV RT can use some bis(2′-
deoxynucleoside)-5′,5′-tetraphosphates as substrates for DNA
polymerization. However, these dinucleoside tetraphosphates
are generally much less efficient substrates than the corre-
sponding deoxynucleoside triphosphate. In contrast, we have
found that AZTp4A is an excellent substrate for HIV RT

FIGURE 3: Pre-steady-state burst kinetics for incorporation of TTP
(A), AZTTP (B), and AZTp4A (C) catalyzed by TAM-RT. RT (40
nM) was preincubated with 57/19 T/P (125 nM), and reactions were
initiated by the addition of 40µM nucleotide substrate and 10 mM
MgCl2. The reactions were quenched by the addition of EDTA to
a final concentration of 0.2 M at the indicated time points. The
data points are the means( the standard deviation of three
independent experiments. The lines are the best fit of the data to
eq 1 described in Experimental Procedures. Kinetic constants from
these experiments are listed in Table 1.

Table 1: Pre-Steady-State Kinetic Parameters for dTTP, AZTTP,
and AZTp4A Incorporation with wt and TAM-RT

wt RT TAM-RT

substrate kobs(s-1) kss (s-1) kobs(s-1) kss(s-1)

TTP 10.9( 0.6 4.7( 0.1 12.7( 1.7 4.2( 0.6
AZTTP 11.9( 2.5 3.0( 0.1 9.8( 2.0 4.7( 1.0
AZTp4A 8.6( 4.2 2.5( 0.7 7.3( 0.7 4.0( 0.8

FIGURE 4: Kinetics for single-nucleotide incorporation of AZTp4A
catalyzed by RT. Reactions used 150 nM RT and 50 nM 57/19
T/P as described in Experimental Procedures. (A) Rate of formation
of the P+1nt product by TAM-RT in the presence of (9) 0.15, (3)
0.31, (2) 0.625, (O) 1.25, and (b) 2.5 µM AZTp4A. The lines are
the best fit of the data to eq 2 described in Experimental Procedures.
(B) Variation ofkobswith the concentration of AZTp4A in reactions
catalyzed by wt RT (O) and TAM-RT (b). The lines are the best
fit of the data to eq 3 described in Experimental Procedures. Kinetic
constants from these experiments are listed in Table 2.

Table 2: Kinetic and Equilibrium Constants for Binding and
Incorporation of AZTp4A and AZTTP by wt and TAM-RT

substrate kpol (s-1) Kd (µM)
kpol/Kd

(µM-1 s-1)

catalytic
efficiency

ratio
(TAM-RT/wt)

AZTp4A
wt RT 2.1( 0.1 0.98( 0.08 2.1
TAM-RT 1.9 ( 0.1 0.16( 0.01 11.9 5.7

AZTTP
wt RT 10.0( 2.0 0.43( 0.06 23.2
TAM-RT 7.5 ( 2.3 1.20( 0.1 6.2 0.3
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with kinetic properties superior to those of either TTP or
AZTTP, especially with TAM-RT (Table 2).

There are two possible extended primer products following
use of AZTp4A as a substrate by RT, 3′-terminal AZTMP
and 3′-terminal AMP. We propose that the product of the
AZTp4A reaction is the 3′-AZTMP-terminated primer, for
several reasons. First, our transient kinetic studies show that
the mechanisms of the incorporation of AZTTP and AZTp4A
are identical. Second, no additional polymerization is seen
after addition of dNTPs to RT reaction mixtures following
incubation with AZTp4A (Figure 2A), just as seen when
AZTTP is incubated with RT, followed by addition of dNTPs
(Figure 2B). RT is readily able to add 2′-deoxynucleotides
to primers with a 3′-terminal ribonucleotide (26). If AMP
was added to the primer terminus in the reaction with
AZTp4A, then one might expect to see some evidence of
the 27-nucleotide extended primer product following sub-
sequent addition of dNTPs to the mixture. This extended
primer is seen only in reactions that use TTP followed by
addition of dATP and dGTP (Figure 2A,B, lanes 2 and 3).
Third, the template base for the first nucleotide addition with
the 57-nucleotide/19-nucleotide T/P used is adenine, which
provides complementarity for thymidine nucleotides such as
TTP, AZTTP, and the AZT component of AZTp4A. Addi-
tion of AMP from AZTp4A would constitute a mismatch or
misincorporation. While RT is able to carry out misincor-
poration and mismatch extensions, these reactions are much
less efficient than addition of the complementary nucleotide
(27), and we believe that the chance of such misincorporation
at the levels of AZTp4A used would be minimal. Further-
more, the asymmetric nature of the tetraphosphate comprising
a 2′-deoxynucleoside component (AZT) and a ribonucleoside
component (adenosine) should strongly favor the binding of
the AZT end in the RT polymerase active site. The 2′-OH
group of the adenosine end would be sterically excluded by
Y115 that has been suggested to act as a “steric gate” to
discriminate against ribonucleotides during RT-catalyzed
DNA synthesis (28).

The ability of RT to use AZTp4A as a substrate also
explains the rather substantial difference in apparent IC50

values (nearly 8-fold) for the inhibition by AZTp4A of DNA
polymerization catalyzed by TAM-RT (38( 2 nM) com-
pared to that for the inhibition of ATP-mediated AZTMP
excision (ca. 5 nM) (Figure 1). The assay for phosphorolytic
excision of chain-terminating AZTMP measures the extent
of formation of a 19-nucleotide product from a 20-nucleotide
AZTMP-terminated primer in a fixed time assay (as de-
scribed in Experimental Procedures). AZTp4A is both an
inhibitor of phosphorolytic excision and a substrate for RT.
Thus, the presence of AZTp4A in excision reactions will
lead to a substantially stronger inhibition of excision due to
the use of the compound as a substrate, which will re-form
the 20-nucleotide AZTMP-terminated starting primer. Sub-
sequent measurement of the relative amounts of the 20-
nucleotide starting primer and the 19-nucleotide excised
primer will thus be inappropriately skewed toward the
former.

The molecular basis for TAM-mediated enhancement of
AZTMP excision is still unclear. Boyer et al. (10, 29)
proposed that TAMs increase the affinity of the mutant RT
for ATP via aromatic stacking interactions between mutations
such as Y/F215 and the adenine ring of ATP. However,

others suggest that TAMs do not in fact increase the affinity
of RT for ATP but rather act to properly position the ATP
molecule in the RT active site to allow phosphorolytic
excision to occur (30). It has also been proposed that
enhanced excision of AZTMP may be due to tighter binding
of the AZTMP-terminated P/T to TAM-RT which may
facilitate pyrophosphorolysis by maintaining the AZTMP
terminus in an appropriate position for excision (31). Our
data show that the presence of TAMs in RT results in a
substantial increase in the affinity of the enzyme for
AZTp4A, which is supportive of the hypothesis of Boyer et
al.

We have developed a model for accommodating this
enhanced binding by TAM-RT that may also explain the
ability of AZTp4A to act as a chain-terminating substrate
for HIV reverse transcriptase (Figure 5). The docked
tetraphosphate has several interactions with RT both at the
polymerase active site and at the proposed binding site of
the ATP substrate for the excision reaction (10). In the
polymerase active site, the AZT component of AZTp4A is
bound in a manner similar to that of a bound dNTP substrate
via base pairing interactions with the templating base and
interactions with R72. The azido group interacts with the
main chains of residues 113 and 114, plus the side chain of
A114. This positions theR-â phosphodiester bond at the
AZT end of the tetraphosphate in exactly the right position
to allow nucleophilic attack by the 3′-OH group of the primer
terminal nucleotide. The adenine base of AZTp4A stacks
with the aromatic side chain of Y/F215 in a manner similar
to that proposed for interaction of ATP with TAM-RT (10,
29).

The model is consistent with our biochemical data in
several ways. The affinity of TAM-RT for AZTp4A is 6-fold
higher than that of wt RT. This increased affinity may result
from stacking interactions of the adenine ring of AZTp4A
with the tyrosine or phenylalanine at position 215 in TAM-
RT. The equivalent residue in wt RT is threonine that would
be unable to form any significant interactions with the
adenine component of AZTp4A. The increased affinity of
TAM-RT may also be due to interaction of the tetraphosphate

FIGURE 5: Molecular model for the interaction of AZTp4A with
TAM-RT and double-stranded DNA T/P. The model was con-
structed as described in Experimental Procedures. The backbones
of the palm and fingers subdomains are colored red and yellow,
respectively; side chains of AZT resistance mutations are colored
purple, and side chains of palm residues proximal to the modeled
tetraphosphate are colored cyan.
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component of AZTp4A with other mutated residues common
in the resistance of HIV to AZT such as D67N and K70R.
The affinity of TAM-RT for AZTp4A is more than 7-fold
greater than that of the same enzyme for AZTTP. This is
again consistent with additional interactions of the adenine
ring of AZTp4A with TAMs, interactions that are absent in
binding of AZTTP.

It is important to note that our model not only describes
the binding of RT to an exogenously added AZTp4A but
also would represent the complex of RT with a newly formed
AZTp4A molecule arising from ATP-mediated phosphoro-
lytic excision of terminating AZTMP. Our model therefore
suggests that the newly excised AZTMP, as AZTp4A, has
the potential of being immediately re-incorporated by RT,
analogous to that of the AZTTP formed during pyrophos-
phorolytic excision. Release of the excision products formed
during both pyrophosphorolysis and ATP-mediated phos-
phorolysis is thus likely to constitute the critical step for the
continued synthesis of viral DNA. The substantially increased
affinity of TAM-RT for AZTp4A compared to that of the
wt enzyme, when contrasted with the somewhat reduced
affinity of the mutant enzyme for AZTTP, suggests that ATP
may not be an optimal excision substrate during replication
of AZT-resistant HIV. Furthermore, even if AZTp4A is
released before re-incorporation of AZTMP can occur, the
cellular enzyme Ap4A hydrolase can convert AZTp4A to
AZTTP (23) that can then be incorporated into the viral
DNA. In light of these observations, more detailed mecha-
nistic studies with other potential pyrophosphate donors such
as GDP and ADP, shown to produce excision products in
cell extracts (32), may be warranted.
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