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The K70E mutation in human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) has
become more prevalent in clinical samples, particularly in isolates derived from patients for whom
triple-nucleoside regimens that include tenofovir (TNV), abacavir, and lamivudine (3TC) failed. To
elucidate the molecular mechanism by which this mutation confers resistance to these nucleoside RT
inhibitors (NRTI), we conducted detailed biochemical analyses comparing wild-type (WT), K70E, and
K65R HIV-1 RT. Pre-steady-state kinetic experiments demonstrate that the K70E mutation in HIV-1 RT
allows the enzyme to discriminate between the natural deoxynucleoside triphosphate substrate and the
NRTI triphosphate (NRTI-TP). Compared to the WT enzyme, K70E RT showed 2.1-, 2.3-, and 3.5-fold-
higher levels of resistance toward TNV-diphosphate, carbovir-TP, and 3TC-TP, respectively. By compar-
ison, K65R RT demonstrated 12.4-, 12.0-, and 13.1-fold-higher levels of resistance, respectively, toward the
same analogs. NRTI-TP discrimination by the K70E (and K65R) mutation was primarily due to decreased
rates of NRTI-TP incorporation and not to changes in analog binding affinity. The K65R and K70E
mutations also profoundly impaired the ability of RT to excise 3�-azido-2�,3�-dideoxythymidine mono-
phosphate (AZT-MP) and other NRTI-MP from the 3� end of a chain-terminated primer. When introduced
into an enzyme with the thymidine analog mutations (TAMs) M41L, L210W, and T215Y, the K70E
mutation inhibited ATP-mediated excision of AZT-MP. Taken together, these findings indicate that the
K70E mutation, like the K65R mutation, reduces susceptibility to NRTI by selectively decreasing NRTI-TP
incorporation and is antagonistic to TAM-mediated nucleotide excision.

Nucleoside reverse transcriptase (RT) inhibitors (NRTI) are
analogs of deoxyribonucleosides that lack the 3�-OH group of
the ribose sugar. They were the first drugs used to treat human
immunodeficiency virus type 1 (HIV-1) infection, and they
remain integral components of essentially all antiretroviral reg-
imens. Although combination therapies that contain one or
more NRTI have profoundly reduced morbidity and mortality
associated with AIDS, their long-term efficacies are limited by
the selection of drug-resistant variants of HIV-1. Over the last
twenty-five years, as antiretroviral therapies have evolved, the
nature and pattern of drug resistance mutations identified in
patients have also changed (32). In this regard, previously
uncommon mutations have become more prevalent among
patients experiencing treatment failure. For example, since the
introduction of NRTI, such as tenofovir (TNV) and abacavir
(ABC), which select for the K65R mutation in HIV-1 RT, the
incidence of this mutation has steadily increased in clinical
databases (17, 25, 31, 36).

Recently, the incidence of the K70E mutation in HIV-1 RT
in clinical databases has also increased (16a). For example,
Virco Laboratories reported that the prevalence of the K70E
mutation increased in their database from 0.2% in 1999 to

0.5% in 2005. By comparison, the prevalence of the K65R
mutation increased from 0.8% to 2.7% in the same time frame
(32a). The K70E mutation was first identified following in vitro
selection and analysis of HIV-1 resistant to the acyclic nu-
cleoside phosphonate analog 9-[2-(phosphonomethoxy)ethyl]
adenine (adefovir) (4). More recently, it was also selected in vitro
by the D-enantiomer of beta-2�,3�-didehydro-2�,3�-dideoxy-5-fluo-
rocytidine (12) and by the nucleotide analog phosphonomethoxy-
2�-fluoro-2�,3�-dideoxydidehydroadenosine (4a). The K70E mu-
tation was also detected in clinical trials of adefovir dipivoxil for
HIV-1 infection (23, 24). However, after development of adefo-
vir for treatment of HIV-1 infection was stopped in November
1999, K70E was no longer reported as a resistance mutation in
HIV-1 genotype interpretations, and it is still not included in
some of the most widely used mutation lists (16). Recently,
several reports have documented the emergence of the K70E
mutation in patients being treated with TNV in combination
with other NRTI (5, 25a). For example, the K70E mutation
was selected in 10% of antiretroviral-naı̈ve subjects receiving
TNV, ABC, and lamivudine (3TC) triple-NRTI therapy in the
ESS 30009 study (25a).

In light of the reemergence of the K70E mutation in clinical
samples, we were interested in elucidating the molecular mech-
anism by which this mutation confers resistance to TNV, ABC,
and 3TC. This paper reports the results of detailed biochemical
studies of the impact of the K70E mutation, compared to that
of the K65R mutation, on nucleotide analog incorporation and
excision by HIV-1 RT.
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MATERIALS AND METHODS

Enzymes. The M41L, K65R, K70E, L210W, and T215Y mutations were in-
troduced into wild-type (WT) HIV-1LAI RT (28) by site-directed mutagenesis
using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). Full-length
sequencing of mutant RTs was performed to confirm the presence of the desired
mutations and to exclude adventitious mutations introduced during mutagenesis.
WT and mutant recombinant HIV-1 RTs were overexpressed and purified to
homogeneity as described previously (19, 20). RT concentrations were deter-
mined spectrophotometrically at 280 nm using an extinction coefficient (ε280) of
260 450 M�1 cm�1, and the active site concentration was calculated from pre-
steady-state burst experiments (18). All experiments described below were per-
formed using corrected active site concentrations.

DNA substrates. DNA oligomers were synthesized by Integrated DNA Tech-
nologies (Coralville, IA). A 20-nucleotide DNA primer (P20; 5�-TCGGGCGC
CACTGCTAGAGA-3�) and a 57-nucleotide DNA template (T57; 5�-CTCAG
ACCCTTTTAGTCAGAATGGAAANTCTCTAGCAGTGGCGCCCGAACA
GGGACA-3�) were used in all experiments. Four DNA templates were
synthesized, each of which had a different nucleotide at position 30 (N). The T57
template that was synthesized with guanine at position 30 also contained a
thymidine at position 34. This strategy allowed us to evaluate the kinetics of
single-nucleotide incorporation or excision for different NRTI-TP using the same
primer (see below). P20 was 5� radiolabeled with [�-32P]ATP (GE Healthcare)
and T4 polynucleotide kinase and then subjected to further purification by
denaturing polyacrylamide gel electrophoresis using 7 M urea–16% polyacryl-
amide gels. 5�-32P-labeled P20 was annealed to T57 by adding a 1:1.5 molar ratio
of primer to template at 90°C and allowing the mixture to slowly cool to ambient
room temperature.

Nucleotides. 3�-azido-2�,3�-dideoxythymidine triphosphate (AZT-TP) and 3TC-TP
were purchased from TriLink Biotechnologies (San Diego, CA) and Sierra
Bioresearch (Tucson, AZ), respectively. Tenofovir diphosphate (TNV-DP) and
carbovir triphosphate (CBV-TP; active metabolite of ABC) were kindly provided
by Michael Miller (Gilead) and Randall Lanier (GlaxoSmithKline), respectively.
All other nucleotides were purchased from GE Healthcare.

Pre-steady-state kinetic experiments. A rapid-quench instrument (RQF-3 in-
strument; Kintek Corporation, Clarence, PA) was used for pre-steady-state
experiments with reaction times ranging from 5 ms to 30 min. The typical
experiment was performed at 37°C in 50 mM Tris-HCl (pH 8.0) containing 50
mM KCl, 10 mM MgCl2, and various concentrations of nucleotides. All concen-
trations reported refer to the final concentrations after mixing. Three hundred

nanomolar active site HIV-1 RT was preincubated with 50 nM DNA substrate
(P20-T57), prior to rapid mixing with nucleotide and divalent metal ions to
initiate the reaction that was quenched with 0.5 M EDTA. The quenched sam-
ples were then mixed with an equal volume of gel loading buffer (98% deionized
formamide, 10 mM EDTA, 1 mg/ml each of bromophenol blue and xylene
cyanol), denatured at 85°C for 5 min, and the products were separated from the
substrates on a 7 M urea–16% polyacrylamide gel. The disappearance of sub-
strate (20-mer) and the formation of product (21-mer) were quantified using a
GS525 Molecular Imager (Bio-Rad Laboratories, Inc., Hercules, CA).

Data analysis. Data obtained from kinetic assays were fitted by nonlinear
regression using Sigma Plot software (Jandel Scientific) using the appropriate
equations (15). The apparent burst rate constant (kobs) for each particular
concentration of deoxynucleoside triphosphate (dNTP) was determined by fitting
the time courses for the formation of product (21-mer) using the following
equation: [21-mer] � A[1 � exp(�kobst)], where A represents the burst ampli-
tude and t is time (s). The turnover number (kpol) and apparent dissociation
constant for dNTP (Kd) were then obtained by plotting the apparent catalytic
rates (kobs) against dNTP concentrations and fitting the data with the following
hyperbolic equation: kobs � (kpol[dNTP])/([dNTP] � Kd).

Assay of RT-catalyzed phosphorolysis of NRTI-MP terminated primers. The
P20 primer was 5�-end labeled with [�-32P]ATP and annealed to T57 as de-
scribed above. The primer was chain terminated by incubation with WT RT and
100 �M of the appropriate nucleotide (AZT-TP, 3TC-TP, TNV-DP, or ABC-
TP) for 30 min at 37°C. 32P-labeled, chain-terminated 21-nucleotide primer was
further purified by extraction of the appropriate band after 7 M urea–16%
acrylamide denaturing gel electrophoresis. The purified chain-terminated primer
was reannealed to T57 for use in phosphorolysis experiments. Phosphorolytic
removal of NRTI-MP was achieved by incubating 300 nM active site RT with 50
nM of the chain-terminated template/primer (T/P) complex of interest in 50 mM
Tris-HCl, pH 8.0, and 50 mM KCl. The reaction was initiated by the addition of
3.0 mM ATP or 150 �M pyrophosphate (PPi) and 10 mM MgCl2. For the
AZT-MP excision assays, 1 �M TTP and 5 �M ddCTP were also included in the
reaction mixture. For CBV-MP and TNV excision assays, 1 �M dGTP (CBV-
MP) or 1 �M dATP (TNV), 1 �M TTP, and 5 �M ddCTP were included in the
reaction mixture. For 3TC-MP excision assays, 1 �M dCTP, 1 �M TTP, and 5
�M ddATP were included in the reaction mixture. After defined incubation
periods, aliquots were removed and processed as described previously (2).

Molecular modeling. A molecular model of K70E HIV-1 RT was constructed
using the X-ray crystallographic coordinates for the RT-T/P-TTP and RT-T/P-

TABLE 1. Pre-steady-state kinetic constants for binding and incorporation of the natural dNTP substrates and NRTI-TP
by WT, K65R, and K70E HIV-1 RT a

dNTP/nucleotide analog
substrate incorporated

by WT or mutant
HIV-1 RT

Kinetic value for incorporation of:

Selectivityb ResistancecdNTP Nucleotide analog

kpol (s�1) Kd (�M) kpol/Kd
(�M�1 s�1) kpol (s�1) Kd (�M) kpol/Kd

(�M�1 s�1)

dATP/TNV-DP
WT 24.4 � 3.9 3.22 � 1.17 7.58 6.16 � 1.0 4.29 � 1.0 1.44 5.3
K65R 12.6 � 1.9 3.19 � 0.68 3.95 0.45 � 0.06 7.31 � 2.7 0.06 65.8 12.4
K70E 18.0 � 2.8 3.25 � 0.94 5.50 2.09 � 0.05 5.11 � 1.5 0.41 13.3 2.5

dCTP/3TC-TP
WT 1.22 � 0.65 1.14 � 0.37 1.07 0.023 � 0.004 0.37 � 0.20 0.06 17.8
K65R 0.83 � 0.20 1.08 � 0.27 0.77 0.002 � 0.001 0.61 � 0.16 0.0033 233.3 13.1
K70E 1.10 � 0.09 0.95 � 0.32 0.86 0.010 � 0.007 0.69 � 0.13 0.014 61.4 3.5

dGTP/CBV-TP
WT 7.53 � 1.08 4.20 � 1.36 1.79 0.63 � 0.22 3.95 � 1.83 0.16 11.2
K65R 3.89 � 0.72 4.00 � 2.30 0.97 0.031 � 0.009 4.33 � 2.15 0.007 134.4 12.0
K70E 4.98 � 1.30 4.42 � 1.98 1.12 0.17 � 0.08 4.64 � 2.35 0.036 31.4 2.8

TTP/AZT-TP
WT 8.08 � 0.98 2.10 � 0.71 3.84 8.78 � 0.24 1.99 � 0.99 4.41 0.87
K65R 3.25 � 0.20 2.38 � 0.97 1.36 1.05 � 0.31 2.18 � 1.66 0.48 2.8 3.2
K70E 7.70 � 1.25 2.05 � 0.32 3.75 4.83 � 0.97 2.31 � 1.13 2.09 1.8 1.7

a Data are the means � standard deviations from at least three independent experiments.
b Selectivity is defined as (kpol/Kd)dNTP/(kpol/Kd)NRTI-TP.
c Resistance (n-fold) is calculated as selectivitymutant/selectivityWT.
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TNV-DP ternary complexes (13, 31; Brookhaven Protein Databank entries 1rtd
and 1t05). Introduction of the K70E mutation into WT RT and energy minimi-
zation experiments were carried out using the Molecular Operating Environment
program (Chemical Computing Group, Montreal, Quebec, Canada). Charges
were calculated using the Gasteiger method, and iterative minimizations were
carried out using the AMBER 99 force field until the energy difference between
iterations was less than 0.0001 kcal/mol per Å.

RESULTS

Two kinetically distinct mechanisms of HIV-1 resistance to
NRTI have been described previously (6, 30). One mechanism
involves selective decreases in NRTI-TP versus normal dNTP
incorporation during viral DNA synthesis. This resistance
mechanism has been termed NRTI discrimination. The second
mechanism involves the selective removal of the chain-termi-
nating NRTI-MP from the prematurely terminated DNA
chain (1, 21). This mechanism has been termed NRTI excision.
To define the mechanism by which the K70E mutation in
HIV-1 RT confers resistance to NRTI, we designed and per-
formed independent experiments that assessed the abilities of
WT and mutant RTs to incorporate NRTI-TP versus normal
dNTP substrate or to excise the NRTI-MP from the 3� end of
the chain-terminated DNA primer.

Incorporation of dNTP and NRTI-TP. Pre-steady-state anal-
yses were carried out to elucidate the interactions of the nat-
ural dNTP substrates (dATP, dCTP, dGTP, and TTP) and
nucleotide analogs (TNV-DP, 3TC-TP, CBV-TP, and AZT-
TP) with the polymerase active sites of WT, K65R, and K70E
HIV-1 RT (Table 1). These experiments defined the maximum
rates of nucleotide incorporation (kpol), the nucleotide disso-
ciation constants (Kd), and the catalytic efficiencies of incor-
poration (kpol/Kd). The kpol/Kd values for the incorporation of
the natural substrates by WT or K70E HIV-1 RT were essen-
tially identical, suggesting that the K70E mutation does not
adversely affect the structure or function of the polymerase
active site. By comparison, the catalytic efficiency values for
K65R HIV-1 RT were decreased 1.4- to 2.8-fold, depending on
the identity of the dNTP substrate. As noted by others (27),
this decrease is primarily due to a lower maximum rate of
dNTP incorporation (kpol) by K65R and not decreased dNTP
binding affinity (Kd). The selectivity of RT, which is defined
with the equation (kpol/Kd)dNTP/(kpol/Kd)analog, is an indication
of the ability of the WT or mutant RT to discriminate between
the natural dNTP substrate and the NRTI-TP. The WT en-
zyme favors incorporation of the natural dNTP over the nu-
cleotide analogs (selectivity � 1), with the exception of AZT-
TP. The K70E and K65R mutations independently increased
the selectivity of RT for the natural substrate versus that for
the nucleotide analogs (Table 1). The observed resistance
(n-fold), which is the ratio of the selectivity of the mutant and
WT enzymes, ranged from 1.7- to 3.5-fold for K70E RT and
3.2- to 13.1-fold for K65R RT (Table 1). For both mutant RTs,
nucleotide analog resistance could be primarily attributed to
decreased kpol rates, although small increases in Kd (	1.5-fold)
were noted for 3TC-TP (K65R and K70E RT) and TNV-DP
(K65R RT).

Excision of NRTI-MP. The NRTI-MP excision activities of
WT, K65R, and K70E HIV-1 RT were investigated by mea-
suring the abilities of WT or mutant RT to excise AZT-MP,
3TC-MP, CBV-MP, or TNV from the 3� terminus of the

primer and to rescue DNA synthesis, as described previously
(2). Excision assays were carried out using either ATP or
pyrophosphate as the phosphate donor (Fig. 1; Table 2). For
ATP-mediated excision reactions (Fig. 1, left-hand panel),
both the K65R and K70E enzymes showed decreased capaci-
ties to excise AZT-MP and CBV-MP compared with the WT
enzyme (Table 2). The ability of K65R and K70E RT to excise
TNV did not appear to be as severely attenuated. Neither
mutant (K65R or K70E mutant) nor WT RT showed appre-
ciable excision of 3TC-MP (data not shown). For PPi-mediated
excision (Fig. 1, right-hand panel), K65R RT excised each of
the NRTI-MP with efficiency lower than that of WT or K70E
enzyme (Table 2). This result is consistent with a previous
study that reported decreased pyrophosphorolytic activity for
K65R HIV-1 RT (29). K70E RT also exhibited decreased rates
of PPi-mediated excision for AZT-MP and 3TC-MP compared
to the WT enzyme but not for CBV-MP or TNV.

Antagonism between K70E and TAMs. RT containing thy-
midine analog mutations (TAMs) shows an increased capacity
to unblock AZT-MP-terminated primers in the presence of
physiological concentrations of ATP (3, 21). Since the K70E

FIG. 1. Isotherms for ATP (left-hand panel)- or PPi (right-hand
panel)-mediated phosphorolytic excision of AZT-MP (A), 3TC-MP
(B), CBV-MP (C), and TNV (D) carried out by WT (
), K65R (�), or
K70E (ƒ) HIV-1 RT. None of the enzymes exhibited ATP-mediated
excision of 3TC-MP (data not shown). Data are the means of three or
four independent experiments.
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mutation reduced the ability of RT to excise AZT-MP, we
hypothesized that this mutation may antagonize excision by
TAMs. To test this hypothesis, the K70E mutation was intro-
duced into an AZT-resistant enzyme (Aztr RT) with M41L,
L210W, and T215Y substitutions. ATP-mediated AZT-MP ex-
cision activities of WT, Aztr, and Aztr K70E RT were exam-
ined, as described above. As expected, the Aztr enzyme showed
increased excision of AZT-MP compared with WT enzyme
(Fig. 2). By contrast, the ability of Aztr K70E RT to carry out
the same reaction was severely compromised and weaker than
that of WT RT (Fig. 2).

DISCUSSION

The K70E mutation in HIV-1 RT has been detected more
frequently in clinical samples, particularly in patients for whom
triple-nucleoside regimens that include TNV, ABC, and 3TC
failed (5, 16a, 25a). In this study, we provide the first insights
into the molecular mechanism by which this mutation confers
resistance to NRTI. Furthermore, we provide a direct compar-
ison of the K70E mutation with K65R, a mutation that has also
become more prevalent following the widespread use of TNV
and ABC (17, 25, 32, 37).

Our pre-steady-state kinetic data demonstrate that both the
K65R and K70E mutations in HIV-1 RT increase the enzymes’
abilities to discriminate between the natural dNTP substrate
and the NRTI-TP. The levels of RT resistance conferred by the
K70E mutation were 2.5-, 3.5-, and 2.8-fold for TNV-DP, 3TC-
TP, and CBV-TP, respectively. These resistance values corre-
late well with data from viral drug susceptibility assays (4, 4a).
By comparison, the K65R mutation conferred greater resis-
tance (12- to 13.1-fold) to the same nucleotide analogs, which
is consistent with prior reports (7, 9, 14, 27). The K65R mu-
tation was selected in 53% of the patients receiving TNV/ABC/

3TC in the ESS 30009 study, whereas the K70E mutation was
selected in only 10% of the patients (25a). The K70E and
K65R mutations were not present on the same viral genome
when both mutations were detected in plasma, suggesting neg-
ative interaction between the mutations (20a). Therefore, the
higher frequency of the K65R mutation in the ESS 30009
study is most likely explained by resistance conferred by the
K65R mutation to ABC, 3TC and TNV being greater than
that conferred by the K70E mutation. Differences in viral
replication fitness between the mutants could contribute,
but the K65R mutation (34, 36) has been reported to de-
crease viral replication fitness to a greater degree than the
K70E mutation (4, 20a).

The catalytic efficiency of NRTI-TP (and dNTP) incorpora-
tion is driven by two kinetic parameters: (i) the affinity of the
nucleotide for the RT polymerase active site (Kd) and (ii)
the kpol. In general, NRTI-TP discrimination is achieved by the
resistance mutation affecting only one of these kinetic param-
eters. For example, the M184V and V75T mutations in HIV-1
RT increase the NRTI-TP Kd without significantly impacting
the kpol (9, 10, 26). Other mutations, such as Q151M and
L74V, decrease the kpol without affecting the Kd (7, 8). Con-
sistent with prior reports, our data show that K65R predomi-
nantly exerts its discrimination effects by selectively decreasing
the kpol (9, 11, 27), although small changes in Kd were noted in
this study and others (14, 27). Our results show that the K70E
mutation has the same mechanism of discrimination as the
K65R, L74V, and Q151M mutations, in that it predominantly
exerts its effects by decreasing the kpol for the NRTI-TP. Res-
idues K65 and K70 both reside in the �3-�4 loop in the “fin-
gers” subdomain of the 66-kDa subunit of HIV-1 RT. In the
crystal structure of the ternary HIV-1 RT-T/P-TTP and RT-
T/P-TNV-DP complexes, the �-amino group of K65 interacts
with the �-phosphate of the bound nucleotide substrate (13,
31). Modeling studies suggest that the K65R mutation in
HIV-1 RT prevents optimal positioning of the NRTI-TP in the
active site, which results in decreased catalytic efficiency of
incorporation (27, 29). In the ternary RT-T/P-dNTP com-
plexes, the side chain of K70 does not interact with either the
bound nucleotide or the nucleic acid substrate and exhibits
minimal noncovalent interactions with other amino acid resi-
due side chains. However, our preliminary modeling studies

FIG. 2. ATP-mediated excision of AZT-MP and rescue of DNA
synthesis carried out by WT, Aztr (M41L/L210W/T215Y), and Aztr

K70E RT. (A) ATP-mediated unblocking reaction analyzed by dena-
turing gel electrophoresis. Excision products were analyzed at 4, 8, 12,
16, 20, 40, 60, and 90 min. (B) Isotherms for ATP-mediated phospho-
rolytic excision of AZT-MP by WT (
), Aztr (ƒ), and Aztr K70E (�)
HIV-1 RT. Data are the means of three independent experiments.

TABLE 2. Kinetic rates of ATP- and PPi-dependent excision of
chain-terminating NRTI-MP by WT, K65R and K70E HIV-1 RTa

RT excising
indicated

nucleotide
analog

kATP
b kPPi

c

Mean � SD
(min�1)

Ratio
(WT/mutant)

Mean � SD
(min�1)

Ratio
(WT/mutant)

AZT-MP
WT 0.029 � 0.005 0.48 � 0.03
K65R 0.008 � 0.001 3.6 0.15 � 0.02 3.2
K70E 0.007 � 0.001 4.1 0.19 � 0.02 2.5

3TC-MP
WT NDd 0.064 � 0.008
K65R NDd 0.022 � 0.006 2.9
K70E NDd 0.045 � 0.007 1.4

CBV-MP
WT 0.042 � 0.011 0.71 � 0.09
K65R 0.019 � 0.007 2.2 0.39 � 0.07 1.8
K70E 0.024 � 0.007 1.8 0.61 � 0.06 1.2

TNV
WT 0.100 � 0.020 0.91 � 0.12
K65R 0.084 � 0.009 1.2 0.55 � 0.08 1.7
K70E 0.055 � 0.007 1.8 0.90 � 0.10 1.0

a Data are the means � standard deviations from at least three indepen-
dent experiments.

b kATP, maximum rate of nucleotide incorporation with ATP-mediated exci-
sion.

c kPPi, maximum rate of nucleotide incorporation with PPi-mediated excision.
d ND, no detectable rate of excision.
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show that if the lysine at position 70 is replaced with glutamic
acid, the 
-oxygen atom comes sufficiently close (�4 Å) to the
ε-amino group of K65 to form a noncovalent bond (data not
shown). We hypothesize that this putative interaction between
K65 and E70 may alter the location of K65, thereby affecting
NRTI-TP incorporation.

HIV-1 RT has the innate capacity to unblock NRTI-MP-
terminated primers in the presence of physiological concentra-
tions of ATP or PPi (1, 22). Biochemical studies show that
TAMs confer resistance to AZT and other NRTI by acceler-
ating the rate at which the terminal AZT-MP (or other NRTI-
MP) is removed through phosphorolytic cleavage (3, 21). Both
the K65R (this study; 25, 29, 35) and K70E (this study) mutant
enzymes exhibit rates of ATP- or PPi-mediated phosphorolytic
excision that are either significantly reduced or similar (in the
case or PPi) to the WT enzyme. These data rule out the possibility
that excision contributes to the NRTI resistance conferred by
either of these mutations. Furthermore, when the K70E muta-
tion was introduced into an AZT-resistant enzyme with M41L,
L210W, and T215Y substitutions, the excision rates of
AZT-MP were substantially reduced, indicating phenotypic
antagonism between the K70E mutation and TAMs. Similarly,
we have recently demonstrated antagonistic interactions be-
tween the K65R mutation and TAMs (24a, 25).

In conclusion, our mechanistic studies demonstrate that the
K70E mutation, like the K65R mutation, confers resistance to
ABC, 3TC, and TNV via a nucleotide discrimination pheno-
type. However, the level of resistance conferred by the K70E
mutation to these nucleotides is less than that conferred by the
K65R mutation. The K70E mutation also profoundly impairs
the ability of RT to excise AZT-MP, suggesting that the K70E
mutation is similar to the K65R mutation in antagonizing the
phenotypic effects of TAMs.
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