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Nucleoside reverse transcriptase inhibitors (NRTIs) are an important class of antiviral drugs used to
manage infections by human immunodeficiency virus, which causes AIDS. Unfortunately, these drugs cause
unwanted side effects, and the molecular basis of NRTI toxicity is not fully understood. Putative routes of NRTI
toxicity include the inhibition of human nuclear and mitochondrial DNA polymerases. A strong correlation
between mitochondrial toxicity and NRTI incorporation catalyzed by human mitochondrial DNA polymerase
has been established both in vitro and in vivo. However, it remains to be determined whether NRTIs are
substrates for the recently discovered human X- and Y-family DNA polymerases, which participate in DNA
repair and DNA lesion bypass in vivo. Using pre-steady-state kinetic techniques, we measured the substrate
specificity constants for human DNA polymerases �, �, �, �, �, and Rev1 incorporating the active, 5�-
phosphorylated forms of tenofovir, lamivudine, emtricitabine, and zidovudine. For the six enzymes, all of the
drug analogs were incorporated less efficiently (40- to >110,000-fold) than the corresponding natural nucle-
otides, usually due to a weaker binding affinity and a slower rate of incorporation for the incoming nucleotide
analog. In general, the 5�-triphosphate forms of lamivudine and zidovudine were better substrates than
emtricitabine and tenofovir for the six human enzymes, although the substrate specificity profile depended on
the DNA polymerase. Our kinetic results suggest NRTI insertion catalyzed by human X- and Y-family DNA
polymerases is a potential mechanism of NRTI drug toxicity, and we have established a structure-function
relationship for designing improved NRTIs.

More than 30 million people worldwide are infected with the
human immunodeficiency virus (HIV), which is the causative
agent of AIDS. To manage the life-threatening effects of HIV
replication, nucleoside reverse transcriptase inhibitors
(NRTIs) have been a mainstay in effective combination anti-
retroviral therapy. NRTIs undergo phosphorylation by host
cell kinases to be converted into their active di- or triphosphate
(DP or TP) forms, which can serve as nucleotide substrates for
HIV reverse transcriptase (RT). Incorporation of the NRTIs
into the viral genome by HIV RT terminates the replication
process due to the lack of a 3�-hydroxyl in these drugs. Unfor-
tunately, host DNA polymerases (Pols), organized into the A,
B, X, and Y families, are susceptible to drug inhibition, be-
cause these enzymes catalyze a nucleotidyl transfer reaction
similar to that of HIV RT. Incorporation of the drug analog
into human DNA will inhibit DNA replication and possibly
lead to cell death and drug toxicity. A correlation has been
established between the kinetics of nucleotide analog incorpo-
ration catalyzed by human DNA Pol �, an A-family member,
and the observed clinical toxicity that presents as mitochon-
drial dysfunction (12, 13, 23, 26). However, some drug toxicity
occurs via Pol �-independent mechanisms (36, 52), such as the
bone marrow toxicity associated with zidovudine (AZT) (2, 49)
and the kidney toxicity associated with tenofovir (PMPA) (41,

47). Another possible mechanism is analog incorporation into
nuclear DNA (38, 49), since NRTIs induce genomic instability
by increasing mutations, structural chromosomal aberrations,
abnormal chromatin structure, sister chromatid exchanges, and
shortened telomeres (36, 37, 57). Candidates responsible for
NRTI insertion into nuclear DNA include three replicative,
B-family DNA polymerases (Pols �, �, and ε) and the impor-
tant base excision repair enzyme, Pol � (an X-family member).
Although human replicative DNA polymerases perform the
majority of nuclear DNA synthesis, most of these Pols have
stringent nucleotide selection mechanisms to exclude antiret-
roviral nucleotide analogs (3, 31).

In the past 15 years, 10 novel human DNA polymerases,
including Pol �, Pol �, Pol �, Pol 	, and Rev1, have been
identified (18, 58). Pol � is an X-family member while Pol �,
Pol �, Pol 	, and Rev1 belong to the Y-family of DNA poly-
merases. The Y-family DNA polymerases have been proposed
to function in DNA lesion bypass, somatic hypermutation, base
excision repair, nucleotide excision repair, and recombination
pathways (18, 29, 55). Pol �, an X-family member, functions in
base excision repair, while Pol � has putative roles in base
excision repair, nonhomologous end joining, and V(D)J re-
combination (58). Incorporation of a chain terminator during
these biological processes would result in DNA replication
inhibition and single- or double-strand DNA breaks, which can
lead to apoptosis, immunosuppression, and genetic diseases
(36). These specialized human X- and Y-family DNA poly-
merases exhibit low fidelity (100 to 10
5) on undamaged DNA,
lack 3�-to-5� exonuclease activity, and possess more flexible
active sites that can accommodate altered DNA and nucleotide
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structures (35). Overall, the X- and Y-family DNA poly-
merases are up to 100,000 times more error prone than Pol �
in synthesizing undamaged DNA (22, 28, 35).

Due to the relatively recent discovery of these novel DNA
polymerases, little is known about whether these noncanonical
human Pols can incorporate the active di- or triphosphate
forms of the NRTIs. In vitro kinetic studies are a good starting
point, because the human genome encodes 16 DNA Pols with
overlapping functions; all of these nucleotidyl transferases may
be unwanted targets. Currently, cell-based assays and animal
models cannot unambiguously identify which DNA poly-
merases are responsible for inducing cellular toxicity. Thus, the
goal of this study was to understand the kinetic basis of incor-
poration for four widely prescribed anti-HIV nucleoside ana-
logs (emtricitabine [L-FTC], lamivudine [L-3TC], PMPA, and
AZT) in their active forms by Pol �, Pol �, Pol �, Pol �, Pol 	,
and Rev1 by using pre-steady-state kinetics methods (Fig. 1).
This study established a structure-function relationship which
may be useful in designing more effective and less toxic NRTIs.

MATERIALS AND METHODS

Materials. The following chemicals used in this study were purchased from the
indicated companies: [�-32P]ATP, MP Biomedicals; deoxyribonucleotide 5�-

triphosphates, GE Healthcare; Bio-Spin 6 columns, Bio-Rad Laboratories;
OptiKinase, USB Corporation; DNA oligomers (Table 1), Integrated DNA
Technologies; 3�-azido-3�-deoxythymidine 5�-triphosphate (AZT-TP), TriLink
BioTechnologies. The diphosphate of 9-[2-(phosphonomethoxy)propyl]adenine
(PMPA-DP), L-2�,3�-dideoxy-5-fluoro-3�-thiacytidine 5�-triphosphate (L-FTC-
TP), and L-2�,3�-dideoxy-3�-thiacytidine 5�-triphosphate (L-3TC-TP) were kind
gifts from Gilead Sciences, Inc.

Preparation of human DNA polymerases and DNA substrates. The plasmids,
expression, and purification of human DNA polymerases � (5, 39), � (15), � (48),
truncated � (residues 1 to 420) (48), truncated 	 (residues 9 to 518) (48), and
truncated Rev1 (residues 341 to 829) (32, 33) were described previously. Com-
mercially synthesized oligomers listed in Table 1 were purified using polyacryl-
amide gel electrophoresis (14, 16). The 21-mer primer was radiolabeled with
[�-32P]ATP and OptiKinase according to the manufacturer’s protocol, and the
unreacted [�-32P]ATP was subsequently removed via a Bio-Spin 6 column. The
21-41-mer primer-template DNA substrates (16) and 21-19-41-mer single-nucle-
otide-gap DNA substrates (14) were annealed as described previously.

Measurements of kp and Kd for single-nucleotide incorporation. Kinetic assays
were completed using buffer B (50 mM Tris-HCl [pH 7.8] at 37°C with 5 mM
MgCl2, 50 mM NaCl, 0.1 mM EDTA, 5 mM dithiothreitol [DTT], 10% glycerol,
and 0.1 mg/ml of bovine serum albumin [BSA]) for Pol �, buffer L (50 mM
Tris-HCl [pH 8.4] at 37°C with 5 mM MgCl2, 100 mM NaCl, 0.1 mM EDTA, 5
mM DTT, 10% glycerol, and 0.1 mg/ml of BSA) for Pol � (14, 15), and buffer Y
(50 mM HEPES [pH 7.5] at 37°C with 5 mM MgCl2, 50 mM NaCl, 0.1 mM
EDTA, 5 mM DTT, 10% glycerol, and 0.1 mg/ml of BSA) for Pols �, �, 	, and
Rev1. Pols �, �, 	, and Rev1 were assayed with the 21-41-mer DNA substrates,
and Pols � and � were assayed with the 21-19-41-mer single-nucleotide-gap DNA
substrates. All kinetic experiments described herein were performed at 37°C, and
the reported concentrations were final after mixing all the components. Note that
AZT-TP was not preincubated with DTT to avoid reduction of the azido group
(45). A preincubated solution of the DNA polymerase (120 or 300 nM) and
5�-32P-radiolabeled DNA substrate (30 nM) was mixed with increasing concen-
trations (0.025 to 2,000 �M) of nucleotide or nucleotide analog in the appropri-
ate buffer at 37°C. The polymerase was present in molar excess over DNA,
whereby the enzyme-to-DNA ratio was 4:1 for Pols �, �, �, and Rev1 and 10:1 for
Pols � and 	. Aliquots of the reaction mixtures were quenched at various times
using 0.37 M EDTA. A rapid chemical-quench flow apparatus (KinTek) was
utilized for fast nucleotide incorporations. Reaction products were resolved
using sequencing gel electrophoresis (17% acrylamide, 8 M urea) and quanti-
tated with a Typhoon TRIO (GE Healthcare). The time course of product
formation at each nucleotide concentration was fit to a single-exponential equa-
tion, [Product] � A[1 
 exp(
kobst)], by using a nonlinear regression program,
KaleidaGraph (Synergy Software), to yield an observed rate constant of nucle-
otide incorporation (kobs). The kobs values were then plotted as a function of
nucleotide concentration and fit using the hyperbolic equation, kobs � kp[dNTP]/
([dNTP] 
 Kd), which resolved the maximum rate of incorporation (kp) and the
equilibrium dissociation constant (Kd) for nucleotide incorporation catalyzed by
each enzyme. Most kinetic parameters in this work were resolved from a plot of
seven points (see Fig. 2C), which was a composite of 49 kinetic time points (see
Fig. 2B), i.e., kobs values were obtained from seven time points at seven different
nucleotide concentrations. These measurements provided sufficient coverage
within the appropriate range of the Kd values, and the data-fitting error was low
(usually an R value of �0.98). Unlike steady-state kinetic assays, pre-steady-state
kinetic assays consume at least 50-fold more enzyme per assay mixure; therefore,
the number of time points for the secondary plot was restricted to approximately
seven.

FIG. 1. Chemical structures of NRTIs investigated in this study and
their natural counterparts.

TABLE 1. Sequences of oligonucleotides

Oligonucleotide Sequencea

21-mer......................................................................................................5�-CGCAGCCGTCCAACCAACTCA-3�
19-mer C..................................................................................................5�-CGTCGATCCAATGCCGTCC-3�
19-mer A .................................................................................................5�-AGTCGATCCAATGCCGTCC-3�
41-mer GT ..............................................................................................3�-GCGTCGGCAGGTTGGTTGAGTGTCAGCTAGGTTACGGCAGG-5�
41-mer TG ..............................................................................................3�-GCGTCGGCAGGTTGGTTGAGTTGCAGCTAGGTTACGGCAGG-5�
41-mer AG ..............................................................................................3�-GCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACGGCAGG-5�

a The 21-mer strand was 5� radiolabeled. For single-nucleotide-gap DNA substrates, the downstream 19-mer strand was 5� phosphorylated. The identities of
important base positions are highlighted in bold.
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RESULTS

Measurement of selection factors. Single-turnover kinetic
assays were used to determine the kinetic basis of how Pols �,
�, �, �, 	, and Rev1 discriminate between a correct natural
nucleotide versus a nucleotide analog based on the Kd and kp

for an incoming nucleotide. To directly observe the conversion
of the DNA substrate into the extended DNA product during
a single pass through the enzymatic pathway, a preincubated
solution of Pol � and 5�-32P-labeled 21-41-mer GT DNA (Ta-
ble 1) was mixed with increasing concentrations of L-3TC-TP
(0.2 to 25 �M) (see Materials and Methods) (24). The data
were analyzed to resolve a kp of 0.0296 � 0.0009 s
1 and a Kd

of 3.3 � 0.3 �M (Fig. 2). Similar single-nucleotide incorpora-
tion assays were performed for each enzyme, incorporating
dATP, PMPA-DP, dCTP, L-3TC-TP, L-FTC-TP, dTTP, or
AZT-TP opposite the complementary template base. Please
note, a single-nucleotide-gap DNA substrate was used in the
assays for the gap-filling Pols � and �, since the catalytic effi-
ciencies of these enzymes are enhanced by a 5�-phosphorylated
downstream strand (1, 10) and the gap DNA substrate models
a more physiologically relevant DNA substrate. Meanwhile,
Pols �, �, 	, and Rev1 were assayed with a primer-template
DNA substrate. The kinetic parameters are listed in Tables 2,
3, and 4, and the incorporation efficiency (kp/Kd) and selection
factors are defined and calculated. All polymerases preferred
the natural deoxynucleotide (dNTP) more than the nucleotide
analog.

Selection factors for L-cytosine-based analogs. L-3TC is an
NRTI that was approved in 1995, and it has two unique fea-
tures: L-stereochemistry and an oxathiolane ring (Fig. 1). De-
spite lacking the natural D-stereochemistry, L-3TC-TP was in-
corporated by the six Pols examined in this work, with selection
factors ranging from 40 to 3,300 (Table 2). In general, the
mechanism of L-3TC-TP incorporation was similar for most of
the Pols: a lower rate of incorporation (�6,100-fold on aver-
age) but tighter nucleotide ground state binding affinity (1/Kd;
�6-fold on average) than dCTP. In contrast, a slightly weaker
ground state binding affinity for L-3TC-TP to the Pol �-DNA
complex was measured.

L-FTC, an NRTI approved in 2003, consists of L-3TC with
a fluorine atom added to the C-5 position (Fig. 1). This subtle
modification resulted in selection factors (120 to 7,900) for
L-FTC-TP that were equal to or greater than those determined
for L-3TC-TP (Table 2). The greatest effect was observed with
Pols � and �, whereby the selection factor for L-FTC-TP in-
creased 9- and 4-fold, respectively, relative to L-3TC-TP. This
kinetic effect was due to larger Kd values. In general, the C-5
fluoro group of L-FTC-TP did not affect the rate of incorpo-
ration, since the kp values for L-FTC-TP and L-3TC-TP re-
mained similar. Taken together, these results showed that the
stereospecificity of an incoming dNTP is important for Pols �,
�, �, �, 	, and Rev1 during the nucleotide incorporation step.

Selection factors for an acyclic nucleotide analog. Next, we
examined PMPA, which possesses several novel structural
characteristics: an acyclic moiety and a phosphonate group that
is �1 Å closer to the base than the phosphate of dAMP (Fig.
1) (50). The kinetic parameters for Pol � and Rev1 for inserting
PMPA-DP could not be determined, since product formation
was barely detectable after 3 h at a relatively high PMPA-DP

concentration of 500 �M (data not shown). However, the se-
lection factors of Pols �, �, �, and 	 were calculated to be 40,
65, 1,800, and 110,000, respectively (Table 3). For Pols � and
�, the Kd was weakened by 5-fold on average and the kp was
reduced by 11-fold on average compared to dATP. Notably,
Pols � and � have different kinetic parameters, which supports
our previous discovery that these two homologs of the X-family
possess different enzymatic properties (1, 15). In contrast, Pol
� maintained a tight enzyme–DNA–PMPA-DP complex, but
the rate of PMPA-DP incorporation opposite template dT
dropped by 2,600-fold. Pol 	 discriminated PMPA-DP from

FIG. 2. Concentration dependence on the pre-steady-state rate
constant of L-3TC-TP incorporation catalyzed by Pol �. A preincu-
bated solution of Pol � (120 nM) and 5�-32P-labeled 21-41-mer GT
DNA (30 nM) (Table 1) was rapidly mixed with increasing concentra-
tions of L-3TC-TP � Mg2
 (0.2 �M, F; 0.5 �M, E; 1 �M, f; 2 �M, �;
5 �M, Œ; 10 �M, ‚; 25 �M, }) for various time intervals. (A) A
representative gel image is shown for Pol � inserting L-3TC-TP at 25
�M. The lengths of the DNA primer are indicated in the right margin.
(B) The concentration of DNA product was plotted as a function of
time. The solid lines are the best fits to a single-exponential equation,
which determined the observed rate constant, kobs. (C) The kobs values
were plotted as a function of L-3TC-TP concentration. The data (F)
were then fit to a hyperbolic equation, yielding a kp of 0.0296 � 0.0009
s
1 and a Kd of 3.3 � 0.3 �M.
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dATP by decreasing the rate by 250-fold and increasing the Kd

value by 430-fold. Thus, the Y-family enzymes use the ribose
moiety as a mechanism of discrimination more than the X-
family enzymes. Moreover, most of the PMPA-DP selection
factors were higher than those determined for L-3TC-TP and
L-FTC-TP.

Selection factors for AZT-TP. The kinetic parameters were
measured and the selection factors were calculated for the
5�-triphosphate form of zidovudine, the first NRTI approved
by the U.S. Food and Drug Administration (FDA), being in-
corporated by the six human Pols (Table 4). AZT has a 3�-
azido group that would be larger in size than the 3�-hydroxyl
(Fig. 1). The selection factors for AZT-TP ranged from 110
to 2,600, and the mechanism of incorporation was altered
mostly at the level of incorporation (270-fold reduction on
average) and modestly at the ground state binding step
(11-fold weaker on average) compared to dTTP. Although
Rev1 exhibits the lowest discrimination factor for AZT-TP,
the incorporation efficiency was the lowest among the Pols,
at 5.9 � 10
6 �M
1 s
1.

Different mechanisms observed for different NRTIs. As
noted above, different mechanisms of analog incorporation
were determined for the four NRTIs, indicating that the al-

tered chemical structures differentially affect each polymerase
activity, as the preferential order of incorporation varies
among the DNA polymerases. Furthermore, it is important to
note that the order based on selection factors does not coin-
cide with the order based on substrate specificity constants
except for Pol � and Pol 	 (i.e., L-FTC-TP � L-3TC-TP �
AZT-TP � PMPA-DP for Pol �; AZT-TP � L-3TC-TP �
L-FTC-TP � PMPA-DP for Pol 	). Analysis of these orders
reveals the following general trends: (i) L-3TC-TP and
AZT-TP are usually the most preferred NRTIs, (ii) the fluoro
group on L-FTC-TP leads to a higher level of discrimination
than L-3TC-TP, and (iii) the Y-family enzymes prefer
PMPA-DP the least.

DISCUSSION

Kinetic basis of NRTI selection and inhibition among viral
and human DNA polymerases. Using transient-state kinetic
techniques, this work determined the incorporation efficiency
values for the active forms of four FDA-approved NRTIs cat-
alyzed by six noncanonical human DNA polymerases: �, �, �,
	, �, and Rev1. Most of the NRTIs were inserted into DNA by
these DNA polymerases, which suggested that incorporation

TABLE 2. Kinetic parameters for nucleotide incorporation opposite template base dG at 37°C

DNA polymerase dNTP kp (s
1) Kd (�M) kp/Kd (�M
1 s
1) Selection
factora

Pol � dCTP 5.02 � 0.07 0.71 � 0.04 7.1
L-3TC-TP 0.00390 � 0.00010 0.18 � 0.02 2.2 � 10
2 325
L-FTC-TP 0.027 � 0.001 11 � 2 2.5 � 10
3 2,900

Pol � dCTPb 1.57 � 0.04 0.9 � 0.1 1.7
L-3TC-TP 0.00402 � 0.00008 0.106 � 0.010 3.8 � 10
2 46
L-FTC-TP 0.0049 � 0.0001 0.36 � 0.03 1.4 � 10
2 120

Pol � dCTP 49 � 2 25 � 4 2.0
L-3TC-TP 0.0296 � 0.0009 3.3 � 0.3 9.0 � 10
3 220
L-FTC-TP 0.0244 � 0.0004 2.7 � 0.1 9.0 � 10
3 220

Pol 	 dCTP 11.8 � 0.6 32 � 5 3.7 � 10
1

L-3TC-TP 0.00045 � 0.00001 4.0 � 0.5 1.1 � 10
4 3,300
L-FTC-TP 0.000225 � 0.000003 4.8 � 0.2 4.7 � 10
5 7,900

Pol � dCTP 0.075 � 0.002 50 � 5 1.5 � 10
3

L-3TC-TP 0.00356 � 0.00009 96 � 8 3.7 � 10
5 40
L-FTC-TP 0.0020 � 0.0001 230 � 20 8.7 � 10
6 170

Rev1 dCTPc 22.4 � 0.9 2.2 � 0.3 10
L-3TC-TP 0.0236 � 0.0006 1.04 � 0.10 2.3 � 10
2 450
L-FTC-TP 0.0222 � 0.0007 2.7 � 0.3 8.2 � 10
3 1,200

Pol � dCTPd 44 � 2 1.1 � 0.1 40
L-3TC-TPd 0.125 � 0.005 9.2 � 0.9 1.4 � 10
2 2,900
L-FTC-TPe 0.0086 � 0.0015 62.9 � 8.4 1.4 � 10
4 290,000

HIV-1 RT dCTPf 2.9 � 0.2 56 � 10 5.2 � 10
2

L-3TC-TPg 0.019 � 0.001 15 � 3 1.3 � 10
3 41
L-FTC-TPe 0.039 � 0.003 12 � 3 3.3 � 10
3 16

a Calculated as �(kp/Kd)dCTP�/�(kp/Kd)analog�.
b Kinetic parameters are from reference 15.
c Kinetic parameters are from reference 6.
d Kinetic parameters are from reference 12.
e Kinetic parameters are from reference 13.
f Kinetic parameters are from reference 44.
g Kinetic parameters are from reference 11.
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into nuclear DNA and interference of genomic replication and
repair are possible in vivo. The four NRTIs examined herein
are associated with a low potential of producing mitochondrial
dysfunction (4, 40), thereby suggesting toxicity associated with
these NRTIs is induced by other mechanisms (36). The selec-
tion factors for an exonuclease-deficient mutant of human
DNA polymerase �, an A-family member, have been measured
or estimated using pre-steady-state kinetic techniques similar
to those used in this work (12, 13, 19, 23). Based on the
selection factors, Pol � exhibited a greater level of discrimina-
tion than most of the X- and Y-family DNA polymerases: up to
70-, 2,400-, 270-, and 90,000-fold for L-3TC-TP, L-FTC-TP,
PMPA-DP, and AZT-TP, respectively (Tables 2 to 4). This
kinetic finding strengthens the possible role of human X- and
Y-family DNA polymerases in the etiology of NRTI toxicity.
The kinetics of Pol �-catalyzed AZT-TP incorporation is com-
plicated by the slow release of the pyrophosphate product;
therefore, the lack of a hyperbolic concentration dependence
on the rate of incorporation prevented the measurement of
single-turnover kinetic parameters, but a selection factor of
1 � 10
7 was calculated (19). The unique mechanism
of AZT-TP selection by Pol � does not apply to the nonca-
nonical polymerases examined in this work, since their ob-
served rate constants were dependent on the concentration of
AZT-TP. For the unnatural L-cytosine analogs, Pol � exhibits
a weaker ground state binding affinity than Pols �, �, �, 	, and
Rev1. Perhaps the more spacious active site of low-fidelity
enzymes provides greater accessibility for the L-stereoisomer

to enter and the oxathiolane ring to bind favorably, leading to
a tighter Kd value. Similar to the Y-family enzymes, Pol �
depends on the presence of a ribose moiety for efficient nucle-
otide incorporation, since PMPA-DP reduced the kp and weak-
ened the Kd. Similar kinetic results were obtained for PMPA-DP
incorporation catalyzed by an exonuclease-deficient mutant of T7
DNA polymerase, a model A-family enzyme (50). Unlike Pol �,
the X- and Y-family enzymes lack 3�-to-5� exonuclease activity;
therefore, the incorporated NRTIs can only be removed by
pyrophosphorolysis, which requires high cellular pyrophosphate
levels due to the weak binding affinity of pyrophosphate, meaning
NRTIs will not be excised easily from DNA.

The efficacy of NRTIs depends partially on the selection
factor of HIV-1 RT relative to the host DNA polymerases. In
general, the selection factors, as calculated from pre-steady-
state kinetic parameters, for HIV-1 RT during DNA-depen-
dent DNA synthesis are lower by at least 1-, 8-, 7-, and 22-fold
for L-3TC-TP, L-FTC-TP, PMPA-DP, and AZT-TP, respec-
tively, than those measured for human X- and Y-family Pols
(Tables 2 to 4). Improving the efficacy of NRTIs may be a
challenge, because the kinetic basis of analog incorporation for
HIV-1 RT is sometimes similar to the X- and Y-family DNA
polymerases. For example, HIV-1 RT incorporates the L-oxa-
thiolane cytosine analogs with an �4-fold-tighter binding af-
finity and �100-fold-reduced rate of incorporation, a general
trend that is similar to the X- and Y-family polymerases but
different than Pol � (Table 2) (11–13). In contrast, HIV-1 RT
prefers L-FTC-TP over L-3TC-TP, whereas Pols �, �, 	, �, and

TABLE 3. Kinetic parameters for nucleotide incorporation opposite template base dT at 37°C

DNA polymerase dNTP kp (s
1) Kd (�M) kp/Kd (�M
1 s
1) Selection
factora

Pol � dATP 32 � 1 9.2 � 1.0 3.5
PMPA-DP 4.7 � 0.5 50 � 10 9.4 � 10
2 40

Pol � dATPb 1.5 � 0.1 0.9 � 0.3 1.7
PMPA-DP 0.095 � 0.008 3.7 � 0.9 2.6 � 10
2 65

Pol � dATP 35 � 3 130 � 26 2.7 � 10
1

PMPA-DP 0.0134 � 0.0007 90 � 10 1.5 � 10
4 1,800

Pol 	 dATP 2.49 � 0.08 7.0 � 1.0 3.6 � 10
1

PMPA-DP 0.010 � 0.005 3,000 � 2,000 3.3 � 10
6 110,000

Pol � dATP 0.015 � 0.001 260 � 40 5.8 � 10
5

PMPA-DP Could not measure High

Rev1 dATP 0.00152 � 0.00005 2.0 � 0.3 7.6 � 10
4

PMPA-DP Could not measure High

Pol � dATPc 45 � 1 0.8 � 0.1 56
PMPA-DPd 0.21 � 0.01 40.3 � 5.7 5.2 � 10
3 10,800

T7 exo dATPe 156 � 8 8 � 2 19.5
PMPA-DPe 0.096 � 0.009 268 � 39 3.6 � 10
4 54,400

HIV-1 RT dATPe 41.3 � 0.6 8.1 � 0.9 5.1
PMPA-DPe 49 � 5 58 � 11 8.4 � 10
1 6

a Calculated as �(kp/Kd)dATP�/�(kp/Kd)PMPA-DP�.
b Kinetic parameters are from reference 15.
c Kinetic parameters are from reference 22.
d Kinetic parameters are from reference 23.
e Kinetic parameters are from reference 50, and T7 exo was assayed at 20°C.
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Rev1 prefer L-3TC-TP. These results may explain why emtric-
itabine is a more effective NRTI than lamivudine (46). The
smaller and more flexible acyclic moiety of PMPA-DP only
affects the Kd during catalysis by HIV-1 RT, unlike the human
enzymes. A crystal structure of the HIV-1 RT–DNA–
PMPA-DP ternary complex revealed that PMPA-DP forms a
noncanonical Watson-Crick base pair (51). Thus, this subop-
timal base-pairing scheme for PMPA-DP and dT may contrib-
ute to the lower catalytic efficiency for the human enzymes,
since hydrogen bonding has been shown to be important for
incorporation catalyzed by Pol � (27), Pol � (7), Saccharomyces
cerevisiae Pol � (54), Pol 	 (56), and Rev1 (6). Overall,
PMPA-DP appears to be a superior drug analog because it
requires only two phosphorylation events to become activated,
it is a better substrate for HIV-1 RT than the seven human
enzymes examined thus far (Table 3) (23, 50), and it has a
favorable resistance profile characterized by activity against
most NRTI-resistant viruses and a low propensity for resis-
tance development (30, 34).

Potential cellular implications of NRTIs incorporated into
human genomic DNA. Although the X- and Y-family DNA
polymerases perform fewer incorporation events than Pol �,
most of them show a lesser degree of discrimination for the
nucleotide analogs versus natural dNTPs than does Pol � (Ta-
bles 2 to 4). The potential incorporation of nucleotide analogs
in vivo depends on intracellular concentrations of natural nu-
cleotides relative to the nucleotide analogs. The ratio of dCTP
to L-3TC-TP is approximately 10:1 in noninfected phytohem-
agglutinin (PHA)-activated peripheral blood mononuclear
cells (PBMC) (9). Gao et al. determined the dTTP:AZT-TP
ratio to be 21:1 and 1.6:1 for resting and PHA-activated

PBMC, respectively (17). Unlike the aforementioned works,
most studies do not measure the levels of both the natural
dNTPs and the nucleotide analogs. Therefore, the dATP:
PMPA-DP and dCTP:L-FTC-TP ratios are predicted by us to
be 10:1 and 1:1, respectively, based on the values for natural
dATP or dCTP (see Table 2 in reference 17) and the average
values for PMPA-DP (20, 42) and L-FTC-TP (8, 53), all of
which were derived from PBMC. These predicted or measured
dNTP:dNTP analog ratios suggest that the relative intracellu-
lar concentrations can approach 1:1; therefore, the selection
factors (Tables 2 to 4) can be interpreted as the insertion
frequencies. For example, the selection factors of AZT-TP
range from 110 to 2,600 (Table 4). Thus, the six noncanonical
human DNA polymerases are predicted to incorporate 1
AZT-TP molecule for every 110 to 2,600 dTTP incorporations
when the cellular concentrations of AZT-TP and dTTP are
equal.

The X- and Y-family DNA polymerases are expressed in the
tissues affected by drug toxicity, so it is plausible that NRTI
incorporation by these enzymes may play a role (18, 58). NRTI
incorporation by X- and Y-family DNA polymerases would
inhibit critical cellular pathways, such as base excision repair,
nonhomologous end joining, translesion DNA synthesis,
V(D)J recombination, and somatic hypermutation (18, 29, 43,
55, 58). Therefore, incorporation of a chain terminator at junc-
tions with single-strand or double-strand DNA breaks would
lead to genomic instability (21, 37, 57) and eventually trigger
apoptosis in noninfected cells, which could lead to unwanted
side effects (36). Besides NRTI incorporation by host enzymes,
other processes can affect the efficacy and toxicity of the ana-
log, such as drug uptake, transport, catabolism, and metabo-

TABLE 4. Kinetic parameters for nucleotide incorporation opposite template base dA at 37°C

DNA polymerase dNTP kp (s
1) Kd (�M) kp/Kd (�M
1 s
1) Selection
factora

Pol � dTTP 12.3 � 0.5 3.5 � 0.5 3.5
AZT-TP 0.0199 � 0.0007 15 � 2 1.3 � 10
3 2,600

Pol � dTTPb 3.9 � 0.2 2.6 � 0.4 1.5
AZT-TP 0.0104 � 0.0004 6 � 1 1.7 � 10
3 865

Pol � dTTP 35 � 1 41 � 5 8.5 � 10
1

AZT-TP 0.31 � 0.05 500 � 200 6.2 � 10
4 1,400

Pol 	 dTTP 4.35 � 0.04 11.0 � 0.5 4.0 � 10
1

AZT-TP 0.0144 � 0.0005 80 � 9 1.8 � 10
4 2,200

Pol � dTTP 0.75 � 0.02 13 � 1 5.8 � 10
2

AZT-TP 0.0037 � 0.0003 90 � 20 4.1 � 10
5 1,400

Rev1 dTTP 0.0038 � 0.0003 6 � 1 6.3 � 10
4

AZT-TP 0.00119 � 0.00005 200 � 30 5.9 � 10
6 110

Pol � dTTPc 25 � 2 0.6 � 0.16 42
AZT-TPd 10,000,000

HIV-1 RT dTTPe 16.7 19 8.8 � 10
1

AZT-TPe 0.7 2 3.5 � 10
1 2.5

a Calculated as �(kp/Kd)dTTP�/�(kp/Kd)AZT-TP�.
b Kinetic parameters are from reference 15.
c Kinetic parameters are from reference 22.
d Kinetic data are from reference 19.
e Kinetic parameters are from reference 25.
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lism. This interplay of pathways is likely important for a com-
prehensive understanding of NRTI toxicity.

Concluding remarks. Although our in vitro kinetic findings
do not provide direct evidence that X- and Y-family DNA
polymerases are a causative factor of in vivo toxicity, our data
did establish the following important points: (i) most antiviral
nucleotide analogs are substrates for human X- and Y-family
DNA polymerases, (ii) these noncanonical Pols are less selec-
tive than Pol �, (iii) the basis of nucleotide analog selection is
sometimes similar for the X- and Y-family Pols and HIV-1 RT,
and (iv) NRTI toxicity may involve nucleotide analog incorpo-
ration by DNA repair and lesion bypass DNA polymerases.
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