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ABSTRACT: The high fidelity of DNA replication is largely dependent upon accurate incorporation of dNTPs
by DNA polymerases. To study the mechanism underlying nucleotide selection, we synthesized four
nucleotide analogues bearing the unnatural bases benzimidazole, 5-nitrobenzimidazole, 6-nitrobenz-
imidazole, and 5-nitroindole and analyzed their incorporation by three DNA polymerases. We have found
that human DNA polymeraseR (pol R) and the Klenow fragment ofEscherichia coliDNA polymerase
I (KF) incorporate all four nucleotide analogues opposite all four canonical bases up to 4000-fold more
efficiently than an incorrect natural dNTP (i.e., rates that approach those of a correct, natural dNTP),
even though the shape of any base pair formed between the analogue and the template likely does not
resemble a normal base pair. While polR preferentially incorporated the analogues opposite template
pyrimidines, KF surprisingly preferred to polymerize them opposite template purines. Although neither
pol R nor KF readily polymerized a natural dNTP opposite either 5- or 6-nitrobenzimidazole in the template
strand, the enzymes did incorporate the analogues to generate novel base pairs. Both polR and KF
polymerized the analogues up to 140-fold more efficiently than dATP both across from abasic sites and
as 3′-overhangs on blunt-ended templates. Although Maloney murine leukemia virus reverse transcriptase
did not measurably incorporate the analogues, this enzyme bound the analogues withKI’s only slightly
higher than theKm for polymerization of the normal dNTP. The implications of these results with respect
to how polymerases discriminate between correct and incorrect dNTPs are discussed.

Accurate replication of genomic DNA is one of the most
critical aspects of survival for almost all organisms. Although
DNA replication is a highly regulated task involving a huge
cast of proteins, the error rates associated with this process,
as low as 10-10, are largely attributable to the DNA
polymerases (1). Most DNA polymerases have very high
base substitution fidelities during replication, displaying error
rates as low as 10-4 to 10-6, even without an accompanying
3′- to 5′-exonuclease (2-4). The job of the polymerase is to
select the correct nucleotide, on the basis of its complemen-
tarity with the opposing base in the template strand, and
incorporate it at the 3′-end of the growing daughter strand.
This task is greatly complicated by two facts: the enzyme
must discriminate between the four natural nucleotides which
are structurally and chemically quite similar, and each
polymerization event can involve any one of four template
bases, causing the “correct” substrate to constantly vary.

While the methods by which DNA polymerases overcome
these challenges are still a topic of vigorous debate, much
of the general mechanism underlying polymerization has
been determined (5-7). Initially, the polymerase‚primer-
template complex is in an “open” conformation with the
helices closest to the 3′-end of the primer, the “fingers”,

rotated away from the DNA and making the active site
readily accessible to the solvent. This appears to allow the
dNTPs to be rapidly sampled until the correct partner for
the template base becomes productively bound in the active
site while at the same time providing an environment that
could amplify the free energies associated with proper base
pairing. With the correct base pair in hand, the polymerase
undergoes a transformation to its “closed” form in which
the fingers have rotated inward to clamp down on the DNA
and bound nucleotide in the fully formed active site. In this
closed form, the 3′-hydroxyl of the primer and theR-phos-
phate of the bound dNTP are positioned such that the enzyme
can now efficiently catalyze phosphodiester bond formation.
Finally, release of pyrophosphate and translocation of the
polymerase serve to both place the next unpaired template
base into the active site and regenerate the open state of the
enzyme needed to begin a new round of incorporation.

One of the great mysteries of polymerase fidelity is the
enzyme’s transition from its open form, which can interact
with all four natural nucleotides, to the closed catalytically
active form in which, with rare exception, only the correct
nucleotide is inserted. The seminal discovery of Watson and
Crick that DNA forms a duplex by A base pairing with T
and G base pairing with C led to the hypothesis that the
hydrogen bonding in these two base pairs was the driving
force behind nucleotide selection (8, 9). However, differences
in free energy between the matched and unmatched base pairs
in solution cannot account for fidelity greater than 10-2 errors

† This work was supported by National Institutes of Health Grant
GM54194 to R.D.K. K.K. is a Howard Hughes Medical Institute
Predoctoral Fellow.

* To whom correspondence should be addressed. Telephone: (303)
492-7027. Fax: (303) 492-5894. E-mail: kuchta@spot.colorado.edu.

‡ Both of these authors contributed equally to these studies.

10472 Biochemistry2003,42, 10472-10481

10.1021/bi034763l CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/12/2003



per insertion (10-12). This realization has resulted in intense
interest in nucleotide selection and the proposal of many new
hypotheses to explain fidelity.

Currently, one of the most widely accepted models for
nucleotide selection by DNA polymerases is the active site
geometry hypothesis, a variation of the induced-fit mecha-
nism (13). The model proposes that the shape of the base
pair formed between the incoming dNTP and the template
base being replicated, as opposed to H-bond formation, is
the critical determinant for fidelity. Indeed, dNTP analogues
bearing isosteres of adenine (4-methylbenzimidazole) and
thymine (2,4-difluorotoluene) incapable of normal H-bonding
were shown to be relatively efficiently and selectively utilized
by DNA polymerases, clearly demonstrating that formation
of Watson-Crick H-bonds is not critical to either nucleotide
polymerization or fidelity (14-18). This hypothesis proposes
that the enzyme’s active site is only partially formed when
it is in the open conformation and sampling dNTPs; when
the correct base-pairing partner binds across from the
template base in the cleft, the switch to the closed conforma-
tion is either triggered or simply no longer prohibited. Since
the closed form is required to complete the active site and
only the proper base pair should induce the conformational
change, this model provides an attractive solution to the
problem of polymerase fidelity. This theory suggests a
passive role for the DNA polymerase in which its selections
are largely based on geometry, with additional contributions
from various physicochemical properties of the bases (hy-
drophobicity, electrostatics, solvation, etc.) (6, 18-22).

To further illuminate the mechanism of DNA polymerase
nucleotide specificity, we characterized the polymerization
of benzimidazole, 5-nitrobenzimidazole, 6-nitrobenzimid-
azole, and 5-nitroindole 2′-deoxyribofuranoside triphosphates
by DNA pol R, KF,1 and M-MuLV RTase. Both polR and
KF polymerized all four analogues opposite all four natural
template bases at rates that approached those for a normal,
correct base pair in many cases. Both polymerases also
readily incorporated analogues across from abasic sites and
as 3′-overhangs on blunt-ended templates. When either 5-
or 6-nitrobenzimidazole was incorporated into the template
strand, both polR and KF formed novel analogue-analogue
base pairs. These results have important implications with
respect to inhibitor design and also suggest a novel mech-
anism for how polymerases discriminate between correct and
incorrect dNTPs.

EXPERIMENTAL PROCEDURES

Materials. All reagents were of the highest quality
commercially available. Unlabeled dNTPs were from Sigma
and radiolabeled dNTPs from New England Nuclear. Unless
they contained an unusual base or an abasic site, synthetic
DNA oligonucleotides were purchased from Oligos, Etc., and

their concentrations determined spectrally (23). The DNA
oligonucleotide containing an abasic site was synthesized as
previously described (24). T4 polynucleotide kinase, Klenow
fragment (exo-), and M-MuLV RTase were from New
England BioLabs. Human DNA polR (four-subunit complex)
was expressed and purified as previously described (25).

Synthesis of 5- and 6-Nitrobenzimidazole 2′-Deoxyribo-
furanoside 5′-Triphosphates. 5-Nitrobenzimidazole was gly-
cosylated using the procedure of Kazimierczuk et al. (26)
using NaH and 1-chloro-2-deoxy-3,5-bis(O-p-toluoyl)-R-D-
erythro-pentofuranose. The nucleoside isomers (protected 5-
and 6-nitrobenzimidazole 2′-deoxyriboses) were separated
by silica chromatography using 1:1 toluene-EtOAc. The
protected nucleosides were identical in every respect to
published data (27). The separate isomers were deprotected
with NH3-saturated MeOH and phosphorylated via the
method of Ludwig (28). 5-Nitrobenzimidazole 2′-deoxyribo-
nuceloside triphosphate:31P NMR (D2O) -9.42 (d),-10.67
(d), -22.34 (dd); HRMS (FAB+-glycerol) 607.9222 (calcd
607.9201, MHNa4+), 629.9046 (calcd 629.9021, MNa5

+).
6-Nitrobenzimidazole 2′-deoxyribonucleoside triphosphate:
31P NMR (D2O) -10.32 (d),-11.04 (d),-21.87(dd); HRMS
(FAB+-glycerol) 563.9578 (calcd 563.9562, MH3Na2

+)
585.9388 (calcd 585.9382, MH2Na3

+) 607.9204 (calcd
607.9201, MHNa4+).

Synthesis of Benzimidazole 2′-Deoxyribofuranoside 5′-
Triphosphate. The benzimidazole deoxyriboside was syn-
thesized similarly to a previous report (29), except instead
of generating the HgBr+ salt of benzimidazole, we generated
the Na+ salt using NaH as previously described (26).
Phosphorylation of the nucleoside was effected via the
method of Ludwig (28). Benzimidazole 2′-deoxyriboside:1H
NMR ([2H]DMSO) 8.47 (1H, s, C2H), 7.70 (d, 1H, ArH),
7.66 (d, 1H, ArH), 7.24 (m, 2H, ArH), 6.36 (t, 1H, 1′H),
5.36 (d, 1H, OH), 4.98 (t, 1H, OH), 4.39 (m, 1H, 3′H), 3.86
(m, 1H, 4′H), 3.54 (m, 2H, 5′H), 2.60 (m, 1H, 2′H), 2.29
(m, 1H, 2′H). Benzimidazole 2′-deoxyriboside 5′-triphos-
phate: 31P NMR (D2O) -8.87 (d),-10.29 (d),-22.09 (dd).

Synthesis of 5-Nitroindole 2′-Deoxyribofuranoside 5′-
Triphosphate. d5NITP was synthesized essentially as de-
scribed previously (30). 5-Nitroindole 2′-deoxyriboside:1H
NMR ([2H]DMSO) 8.57 (1H, d, C2H), 8.02 (1H, dd, ArH),
7.87 (1H, d, ArH), 7.82 (1H, d, ArH), 6.80 (1H, d, ArH),
6.46 (1H, t, 1′H), 5.36 (1H, br s, OH), 4.98 (1H, br s, OH),
4.37 (1H, br s, 3′H), 3.85 (1H, m, 4′H), 3.53 (2H, m, 5′H),
2.49 (m, 2′H), 2.28 (1H, m, 2′H). 5-Nitroindole 2′-deoxy-
riboside 5′-triphosphate:31P NMR (D2O) -9.61 (d),-10.35
(d), -22.25 (dd).

Synthesis of DNA Containing 5-Nitrobenzimidazole and
6-Nitrobenzimidazole.Synthesis of the phosphoramidites was
performed essentially as described by Berger et al. (31). The
nucleoside was coevaporated three times with pyridine,
followed by vacuum drying overnight. The nucleoside (1
equiv), dimethoxytrityl chloride (DMTrCl, 1.5 equiv), and
4-(dimethylamino)pyridine (0.64 equiv) were dissolved in
dry pyridine and heated to 65°C. Once silica TLC (5:1
EtOAc-MeOH) showed complete consumption of starting
material, the reaction was quenched by the addition of H2O,
and the mixture was partitioned between H2O and EtOAc.
The organic layer was washed with brine, dried over Na2SO4,
and evaporated to dryness. The residue was then puri-
fied by silica chromatography (49:1 EtOAc-MeOH). Pro-

1 Abbreviations: CldA, 9-â-D-2′-deoxyribofuranosyl-(2-chloro-
adenine); dBTP, 1-â-D-2′-deoxyribofuranosylbenzimidazole 5′-tri-
phosphate; d5NBTP, 1-â-D-2′-deoxyribofuranosyl-(5-nitrobenzimid-
azole) 5′-triphosphate; d6NBTP, 1-â-D-2′-deoxyribofuranosyl-(6-nitro-
benzimidazole) 5′-triphosphate; d5NITP, 1-â-D-2′-deoxyribofuranosyl-
(5-nitroindole) 5′-triphosphate; FaraA, 9-â-D-arabinofuranosyl-(2-
fluoroadenine); KF, Klenow fragment ofEscherichia coli DNA
polymerase I; M-MuLV RTase, Maloney murine leukemia virus reverse
transcriptase; polR, DNA polymeraseR; Tris-HCl, tris(hydroxymethyl)-
aminomethane hydrochloride.
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tected 5-nitrobenzimidazole 2′-deoxyriboside: 1H NMR
([2H]DMSO) 8.72 (1H, s, NBI), 8.58 (1H, d, NBI), 8.06 (1H,
dd, NBI), 7.95 (1H, d, NBI), 7.13-7.27 (9H, m, DMTr),
6.76 (4H, dd, DMTr), 6.50 (1H, t, 1′H), 5.47 (1H, d, 3′OH),
4.47 (1H, t, 3′H), 4.02 (1H, m, 4′H), 3.69 (6H, d, OMe),
3.14 (2H, m, 5′H), 2.78 (1H, m, 2′H), 2.45 (1H, m, 2′H).
Protected 6-nitrobenzimidazole 2′-deoxyriboside:1H NMR
(CDCl3) 8.44 (1H, d, NBI), 8.28 (1H, s, NBI), 8.19 (1H, dd,
NBI), 7.82 (1H, d, NBI), 7.32 (2H, d, DMTr), 7.16-7.24
(7H, m, DMTr), 6.73 (4H, dd, DMTr), 6.36 (1H, t, 1′H),
4.63 (1H, br m, 3′H), 4.22 (1H, m, 4′H), 3.73 (6H, d, OMe),
3.48 (1H, br s, 3′OH), 3.35-3.38 (2H, m, 5′H), 2.58-2.63
(2H, m, 2′H). The identity of protons was determined via
COSY experiments.

To generate the phosphoramidites, the DMTr-protected
nucleoside was coevaporated with toluene three times,
followed by vacuum drying overnight. The nucleoside (1.0
equiv) was then dissolved in freshly distilled dichloromethane
containing Hunig’s base (2.0 equiv). Diisopropyl cyanoethyl
chlorophosphoramidite (Aldrich) was then added, and the
solution was allowed to stir at room temperature for
approximately 3 h. The reaction was monitored by silica TLC
(45:45:10 EtOAc-dichloromethane-triethylamine) and often
had to be stopped prior to complete conversion of starting
material to avoid formation of the H-phosphonate at longer
times. The reaction was quenched with several drops of dry
MeOH and evaporated to dryness. The residue was im-
mediately subjected to flash chromatography (45:45:10
EtOAc-dichloromethane-triethylamine) to provide a pure
phosphoramidite, which was dissolved in dry AcN (0.1 M
final) and used immediately on an ABI394 DNA synthesizer.

To ensure that the synthesized templates actually contained
either the 5-nitrobenzimidazole or 6-nitrobenzimidazole
deoxyribonucleotides, purified synthetic oligonucleotides
were first converted to nucleosides using with calf intestinal
phosphodiesterase I and calf intestinal phosphatase (Sigma).
Digested mixtures were directly subjected to HPLC analysis
(Zorbax SB-Aq column, 30 mL gradient of 1-100% MeOH
in H2O). The UV chromatogram was compared to an
authentic sample comprised of the four natural nucleosides
and either 5- or 6-nitrobenzimidazole 2′-deoxyriboside in the
same base ratio as the synthetic oligonucleotide. The
chromatogram of the digested templates matched the UV
chromatogram of the authentic samples in terms of relative
chromatographic retention and UV spectrum of the nucleo-
sides. Additionally, the UV spectrum of the 5- and 6-nitro-
benzimidazole 2′-deoxyriboside derived from the synthetic
oligonucleotides precisely matched that of authentic 5- and
6-nitrobenzimidazole 2′-deoxyriboside [For both the 5- and
6-nitrobenzimidazole nucleosides generated by digestionλmax

) 232 and 301 nm, identical ((2 nm) to the spectra obtained
for authentic nucleoside.]

5′-End Labeling of Primers and Annealing of Primer-
Template Pairs.DNA primers were 5′-32P-labeled using
polynucleotide kinase and [γ-32P]ATP, gel purified, and
annealed to the appropriate template as described previously
(32, 33). Stocks were stored at-20 °C.

Polymerization Assays with PolR and KF. All kinetic data
were determined under steady-state conditions. Assays
contained enzyme, 1µM 5′-32P-labeled primer-template, 50
mM Tris-HCl (pH 7.6), 10 mM MgCl2, 1 mM DTT, 0.05
mg/mL bovine serum albumin, and various concentrations

of dNTPs and/or analogues. Polymerization reactions were
initiated by the addition of enzyme, incubated at 37°C for
5 min, and quenched by addition of an equal volume of gel
loading buffer (90% formamide). Products were separated
by denaturing gel electrophoresis (20% acrylamide, 8 M urea)
and analyzed by phosphorimagery (Molecular Dynamics).
Control experiments using both normal dNTPs and the
analogues showed that the polymerization rates were constant
over the time course of the assays. For polR, all rates were
normalized to the rates obtained in assays containing 2 nM
pol R. For KF, all rates were normalized to the rates obtained
in assays containing 0.0033 unit/µL KF.

Polymerization Assays with M-MuLV RTase. Polymeri-
zation assays were performed as above, except that the
reaction buffer consisted of enzyme (final concentration 8
units/µL), 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM MgCl2,
and 10 mM DTT.

RESULTS

Synthetic primer-templates of defined sequence were used
to analyze the incorporation of unnatural nucleoside tri-
phosphates (Figure 1). The primer-templates only differed
in the identity of the 13th, and in one case the 13th and 14th,
template bases. The primer covered the first 12 bases of the
template; hence, the identity of the 13th template base
specified the correct dNTP to be polymerized. The DNAs
are named according to the 13th template base (e.g., adenine
is the 13th base in DNAA). Since we only wanted to observe
the polymerization of one dNTP onto the primer, we needed
to change the identity of both the 13th and 14th base in
DNAA to avoid having consecutive adenines in the template.
Importantly, keeping the sequence of the flanking regions
around the polymerization site constant minimized any
potential effects of sequence context on the polymerization
opposite each of the template bases.

Incorporation of the Four Natural dNTPs by PolR, KF,
and M-MuLV RTase.To provide a basis for understanding

FIGURE 1: Sequences of the DNA primer-template pairs used.
Primers are oriented 5′ to 3′ and templates 3′ to 5′ so that the
complementary regions are easily visualized. The template base
across from which the incoming dNTP will be incorporated is
underlined.
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how efficiently a polymerase discriminates against the
analogues, we first needed to quantify how efficiently the
polymerases incorporated the natural dNTPs. Polymerization
of correct dNTPs by polR, KF, and M-MuLV RTase was
measured on DNAA, DNAC, DNAG, and DNAT. The second-
order rate constant for polymerization of each dNTP varied
substantially for each polymerase, up to 5-fold (Table 1).
Polymerization of the three noncognate dNTPs by each
polymerase was also measured, and consistent with previous
studies, these reactions were extremely slow (Table 2). The
rates of the different misincorporation reactions varied
substantially according to both the nature of the mismatch
and the identity of the polymerase, again consistent with
previous studies (34).

Incorporation of Nucleotide Analogues across from the
Four Natural Bases by PolR and KF.Using the set of four
DNAN primer-templates described above, we characterized
the incorporation of four nucleotide analogues by polR and
KF (Table 3). The four analogues examined [2′-deoxyribo-
furanoside triphosphates of benzimidazole (dBTP), 5-nitro-
benzimidazole (d5NBTP), 6-nitrobenzimidazole (d6NBTP),
and 5-nitroindole (d5NITP) (Figure 2)] have a general
structure similar to a purine; however, they lack all of the
normal H-bonding groups found in the six-membered ring.
Also, d5NITP lacks the ring nitrogen equivalent to N7 of a
purine; hence, comparing its polymerization to that of
d5NBTP, which retains this nitrogen, provides a measure of
the importance of this nitrogen for selectivity. Both enzymes
polymerized each of the analogues across from all four of

the natural bases (Figure 3 and data not shown), even though
structurally benzimidazole and indole more closely resemble
a purine than a pyrimidine. This was not entirely unexpected
as benzimidazole and indole derivatives have been reported
to behave as somewhat universal bases in DNA melting
temperature studies, and Smith et al. showed that d5NITP
could be polymerized by KF (30, 35, 36). Most surprisingly,
however, both polymerases incorporated these analogues with
high efficiency and very different specificities (Table 3).

When compared with the insertion of the correct dNTP
by pol R, the analogues were incorporated only 5-400-fold
less efficiently, regardless of the identity of the opposing
template base, and in some cases the incorporation efficiency
approached that for a correct dNTP (e.g., d6NBTP opposite
cytosine or thymine and d5NITP opposite cytosine). In
contrast, polR generally discriminated against incorrect,
natural dNTPs by factors of 103 to >105. Thus, the
discrimination against analogue incorporation by polR was
minimal when compared with the natural dNTPs. The
enzyme did not greatly differentiate among the four ana-
logues, with dBTP used slightly less efficiently than the
others. Intriguingly, even though the analogues more closely
resemble a purine than a pyrimidine regarding their size and
shape, polR exhibited only a slight preference to incorporate
them as purines.

KF displayed stronger discrimination against the ana-
logues, incorporating them 30-1300-fold less efficiently than
the correct dNTP, and did not greatly differentiate between
the four compounds. However, this level of discrimination

Table 1: Kinetic Parameters for Incorporation of Correct Natural dNTPs on DNAN by Pol R, KF, and M-MuLV RTasea

pol Rb KFb M-MuLV RTasec

dNTP DNAN Vmax(SD) Km (SD) (µM) Vmax/Km Vmax(SD) Km(SD) (µM) Vmax/Km Vmax(SD) Km(SD) (µM) Vmax/Km

dATP DNAT 21.6 (4.2) 2.3 (0.1) 9.4 26 (13) 0.2 (0.1) 124 110 (17) 148 (6) 0.7
dCTP DNAG 15.6 (2.5) 1.9 (0.7) 8.0 123 (63) 0.9 (0.5) 138 ND ND ND
dGTP DNAC 27.3 (5.5) 1.2 (0.2) 22.8 74 (28) 0.5 (0.5) 137 ND ND ND
dTTP DNAA 9.9 (0.2) 1.9 (0.9) 5.3 22 (13) 0.3 (0.3) 65 18 (3) 80 (3) 0.2

a Polymerization assays were performed as described in Experimental Procedures. SD) standard deviation; ND) not determined. Rates are
given as percent extension per minute.b Kinetic constants were determined by measuring the percent of primer extended at increasing concentrations
of the dNTP. Each dNTP was assayed a minimum of two times. Standard deviations were determined by averaging the values from each individual
assay;Vmax/Km values are calculated by dividing the averageVmax andKm values.c Kinetic constants were determined as above for polR and KF,
except each dNTP was assayed once. Standard deviations were determined from the error in the linear fit.

Table 2: Kinetic Parameters for Misincorporation of Natural dNTPs on DNAN by Pol R and KFa

pol Rb KF

dNTP DNAN Vmax/Km (SD) discrimination Vmax/Km (SD) discrimination

dCTP DNAT <0.0003 >3 × 104 0.008 (0.0002) 1.6× 104

dGTP DNAT 0.001 (0.0002) 9× 103 0.06 (0.005) 2.1× 103

dTTP DNAT ,0.0001 >9 × 104 <0.0003 >4 × 105

dATP DNAG 0.0003 (0.00002) 2.6× 104 0.06 (0.003) 2.3× 103

dGTP DNAG 0.0003 (0.00005) 2.6× 104 0.035 (0.007) 3.9× 103

dTTP DNAG ,0.0001 >8 × 104 0.03 (0.009) 4.6× 103

dATP DNAC 0.02 (0.007) 1.2× 103 0.03 (0.002) 4.6× 103

dCTP DNAC ,0.0001 >2 × 105 ,0.0001 >1.4× 106

dTTP DNAC 0.0006 (0.0001) 3.8× 104 ,0.0001 >1.4× 106

dATP DNAA 0.0008 (0.0001) 6.6× 103 0.07 (0.04) 9.3× 102

dCTP DNAA <0.0003 >1.8× 104 0.04 (0.004) 1.6× 103

dGTP DNAA ,0.0001 >5.3× 104 0.006 (0.0003) 1.1× 104

a Polymerization assays were performed as described in Experimental Procedures. SD) standard deviation. Discrimination reflects how much
more efficiently the correct dNTP on each template is polymerized (Table 1) as compared to the incorrect dNTP. Kinetic constants were determined
as described in Table 1, and standard deviations were determined by analyzing the error in the linear fit. The units forVmax/Km are % elongated
min-1 µM-1. b Many mismatches were incorporated at levels that were either not detectable or too low for accurate determination of the kinetic
parameters at up to 2 mM dNTP of interest. In these cases,Vmax/Km < 0.0003 was reported for dNTP incorporation that could be detected but not
accurately measured, whileVmax/Km , 0.0001 was reported if incorporation of the dNTP was not detectable.
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remains much less than the extent of discrimination against
incorrect, natural dNTPs. In contrast to the results with pol
R, KF displayed a slight preference to incorporate these
analogues opposite purines in the template strand. Even
though small, this favored insertion across from purines was
quite astonishing in light of the structures of the analogues.

Inhibition of M-MuLV RTase.Unlike the rapid incorpora-
tion of the four analogues by polR and KF, M-MuLV RTase
very strongly discriminated against their polymerization. In
fact, no detectable analogue polymerization was observed,
even at elevated analogue concentrations (1 mM) and with
extended incorporation times, indicating that this RTase
discriminated against their polymerization by>10000-fold.
However, the inability of RTase to polymerize these ana-
logues did not result from an inability of the enzyme to bind

them. Using the set of DNAN primer-templates described
above, we measured the ability of the analogues to inhibit
the incorporation of natural dNTPs. In each case, inhibition
was competitive with respect to the dNTP and relatively
potent, as theKm values for correct dNTP polymerization
(ca. 100µM) were similar to theKI values measured for the
analogues (100-500µM, Table 4). Interestingly, the enzyme
did not display any preferences with regard to either the
template base or the inhibiting analogue.

Table 3: Kinetic Parameters for Incorporation of dNTP Analogues on DNAN by Pol R and KFa

pol R KF

dNTP DNAN Vmax(SD) Km (SD) (µM) Vmax/Km discrimination Vmax(SD) Km (SD) (µM) Vmax/Km discrimination

d5NBTP DNAT 2.4 (0.8) 4.6 (4.1) 0.5 19 10 (5.4) 35.5 (30.4) 0.3 4.1× 102

d5NBTP DNAG 1.8 (1.2) 9.5 (4.8) 0.2 40 53 (19) 30.4 (17.7) 1.7 81
d5NBTP DNAC 7.3 (4.1) 7.6 (3.4) 1.0 23 6.4 (3.9) 32.8 (27.0) 0.2 6.9× 102

d5NBTP DNAA 18 (6.0) 26 (12) 0.7 13 12.6 (3.3) 282 (145.0) 0.04 3.1× 103

d6NBTP DNAA 2.2 (0.7) 36 (12) 0.06 88 6.5 (4.2) 16.0 (8.5) 0.4 1.6× 102

d6NBTP DNAG 12.9 (0.3) 38.7 (9.6) 0.3 27 31 (8.6) 85.3 (18.0) 0.4 3.5× 102

d6NBTP DNAC 33.5 (0.7) 7.8 (0.6) 4.3 5.3 6.6 (0.2) 157 (23) 0.04 3.4× 103

d6NBTP DNAT 10.5 (1.6) 35.0 (2.8) 0.3 31 6.8 (3.2) 91 (5.3) 0.07 9.3× 102

d5NITP DNAT 6.4 (1.3) 12.3 (0.3) 0.5 19 21 (4.7) 57 (28) 0.4 3.1× 102

d5NITP DNAG 4.8 (0.6) 17.3 (4.0) 0.3 27 15.2 (0.4) 32 (12) 0.5 2.8× 102

d5NITP DNAC 11 (2.9) 4.0 (2.3) 2.7 8.4 17.4 (0.2) 43 (17) 0.4 3.4× 102

d5NITP DNAA 5.2 (1.0) 17.3 (2.1) 0.3 18 117 (30) 56 (42) 2.1 31
dBTP DNAT 4.6 (0.5) 64 (25) 0.07 130 8.4 (3.0) 98 (43.0) 0.09 1.4× 103

dBTP DNAG 2.3 (0.3) 100 (21) 0.02 400 121 (1.6) 70 (22) 1.7 81
dBTP DNAC 8.8 (2.0) 32.3 (7.6) 0.3 76 5.8 (0.1) 158 (5.9) 0.04 3.4× 103

dBTP DNAA 4.8 (0.0) 110 (30) 0.04 130 23.1 (2.7) 107 (32) 0.2 3.3× 102

a Polymerization assays were performed as described in Experimental Procedures. SD) standard deviation. The units forVmax/Km are % elongated
min-1 µM-1. Discrimination reflects how much more efficiently the correct dNTP on each template is polymerized as compared to the analogue
(Table 1). Kinetic constants were determined as described in Table 1 for KF and polR.

FIGURE 2: Structures of the base analogues discussed.

FIGURE 3: Incorporation of d6NBTP and the correct natural dNTPs
across from the four natural bases by polR and KF. The tested
dNTP and the opposing base in the template strand are provided
above the gel; X) no dNTP control, and N) d6NBTP. The assays
contained either 50µM d6NBTP or 10µM correct natural dNTP
and were performed as described in Experimental Procedures. The
12mer primer and 13mer extension products are labeled.

Table 4: KI Values for the Inhibition of M-MuLV RTase
Incorporation of dNTPs on DNAN by Natural dNTPs and
Analoguesa

KI (SD) (µM)

inhibitor DNAA DNAC DNAG DNAT

dATP ND 2500 (500) 2200 (400) ND
dCTP 2000 (100) 2800 (300) ND 2500 (400)
dGTP 860 (120) ND 1100 (300) 1300 (200)
d5NBTP 280 (30) ND ND 550 (70)
d6NBTP 100 (20) ND ND 110 (50)
d5NITP 190 (20) 490 (70) 240 (40) 340 (20)
dBTP 120 (10) 510 (100) 200 (50) 240 (40)

a Polymerization assays were performed as described in Experimental
Procedures. SD) standard deviation; ND) not determined. For those
normal dNTPs noted as “not determined”, this was because they would
be polymerized as a correct dNTP on the template (Figure 1).KI values
were determined from the IC50 values measured in assays containing
either 25µM dNTP being polymerized (inhibition by dATP, dCTP,
and dGTP) or 100µM dNTP being polymerized (inhibition by d5NBTP,
d6NBTP, dBTP, and d5NITP).
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Incorporation of Nucleotides across from 5- and 6-
Nitrobenzimidazole by PolR and KF.We incorporated two
of the analogues, 5- and 6-nitrobenzimidazole, into the
template strand and examined the ability of each enzyme to
polymerize either a natural dNTP or an analogue opposite
them. The primer-templates were identical to those described
above, except that the 13th template base was either 5- or
6-nitrobenzimidazole [DNA13-5N and DNA13-6N , respec-
tively (Figure 1)]. All of the polymerases incorporated the
natural dNTPs poorly at best on these primer-templates, the
most efficient polymerization of a natural dNTP being that
of dATP on DNA13-6N by pol R (ca. 3000-fold worse than
forming a natural base pair; Table 5, Figure 4). Thus, polR
and KF clearly recognize the incipient base pair formed by
any of the natural dNTPs and the nitrobenzimidazoles as
incorrect in this orientation. In contrast, polR and KF
incorporated several of the analogues with efficiencies only
5-3800-fold worse than forming a Watson-Crick base pair.
These novel analogue-analogue base pairs are quite surpris-
ing considering both their large size (similar to a purine-
purine base pair) and that forming a planar base pair between
some of the analogues could place the two electron-rich nitro
groups in close proximity.

Incorporation of Nucleotides across from Abasic Sites and
as 3′-OVerhangs by PolR and KF.Pol R and KF prefer to

incorporate dATP in noninstructional situations such as
across from abasic lesions or as 3′-overhangs on blunt-ended
duplex DNA (37). To explore polymerization of the ana-
logues across from an abasic lesion, we used a primer-
template containing a single abasic site (DNAAB, Figure 1).
To measure polymerization of nucleotides as 3′-overhangs,
we annealed a 5′-32P-labeled 12mer DNA primer to a 15mer
DNA template such that the 3′-end of the primer formed a
blunt end with the 5′-end of the template (DNABLT, Figure
1). The 3′-end of the template was designed to extend past
the 5′-end of the primer in order to minimize the possibility
that the polymerase would add nucleotides onto this 3′-
hydroxyl. Consistent with previous studies, polR and KF
both incorporated dATP 6-1000-fold more efficiently on
these templates than dCTP, dGTP, or dTTP (Figure 5, Table
6). KF polymerized d5NBTP, d6NBTP, and d5NITP on the
abasic template, and d5NITP and d5NBTP on the blunt-
ended template, with efficiencies similar to that for dATP
on these templates. On the other hand, polR polymerized
the analogues slightly more efficiently opposite an abasic
site (2-20-fold), and much more efficiently onto the blunt-
ended template (10-150-fold), than it incorporated dATP
in these situations.

M-MuLV RTase did not detectably incorporate any of the
analogues on either the abasic or blunt-ended template, even
at analogue concentrations as high as 1 mM. Thus, under
both noninstructional and instructional conditions, this RTase
does not measurably polymerize these analogues. Interest-
ingly, when the natural dNTPs were tested with these
noninstructional templates, this enzyme most readily poly-
merized dGTP opposite the abasic site instead of the more
commonly used dATP and did not measurably incorporate
any dNTP as a 3′-overhang onto the blunt-ended template
(Figure 5 and data not shown).

Extension past Incorporated Analogues by PolR and KF.
Even though polR and KF readily incorporated the various
unnatural nucleotide analogues, elongation past these incor-
porations was extremely slow. As both polymerases inserted
the analogues much more efficiently than they did an

Table 5: Kinetic Parameters for Incorporation of Natural dNTPs
and Analogues on DNA13-5N and DNA13-6N by Pol R and KFa

dNTP template
pol Rb

Vmax/Km (SD)
KFb

Vmax/Km (SD)

dATP DNA13-5N 0.0014 (0.001) ,0.0001
dCTP DNA13-5N ,0.0001 ,0.0001
dGTP DNA13-5N ,0.0001 ,0.0001
dTTP DNA13-5N ,0.0001 ,0.0001
d5NBTP DNA13-5N 0.042 (0.01) 0.22 (0.02)
d6NBTP DNA13-5N 0.21 (0.04) 0.16 (0.03)
d5NITP DNA13-5N 0.14 (0.02) 0.46 (0.09)
dBTP DNA13-5N 0.006 (0.002) ,0.0001
dATP DNA13-6N 0.003 (0.002) ,0.0001
dCTP DNA13-6N ,0.0001 ,0.0001
dGTP DNA13-6N ,0.0001 ,0.0001
dTTP DNA13-6N 0.0011 (0.0003) ,0.0001
d5NBTP DNA13-6N 0.06 (0.03) 0.19 (0.02)
d6NBTP DNA13-6N 0.98 (0.3) ,0.0001
d5NITP DNA13-6N 0.45 (0.2) 1.3 (0.4)
dBTP DNA13-6N 0.019 (0.004) ,0.0001

a Polymerization assays were performed as described in Experimental
Procedures. SD) standard deviation. The units forVmax/Km are percent
elongated min-1 µM-1. Kinetic constants were determined as described
in Table 1 for polR and KF.b Some dNTPs were incorporated at levels
that were either not detectable or too low for accurate determination
of the kinetic parameters at up to 2 mM dNTP of interest. In these
cases,Vmax/Km was reported as,0.0001, as the smallestVmax/Km that
was measurable in our assays was 0.0003.

FIGURE 4: Polymerization of the natural dNTPs and analogues
opposite 5-nitrobenzimidazole and 6-nitrobenzimidazole in the
template. Assays contained polR, either DNA13-5N or DNA13-6N,
and 500µM noted dNTP and were performed as described under
Experimental Procedures. The 12mer primer and 13mer extension
products are labeled.

FIGURE 5: Incorporation of natural dNTPs and analogues across
from an abasic site and as 3′-overhangs on a blunt-ended template
by pol R, KF, and M-MuLV RTase. Polymerization assays were
performed as described in Experimental Procedures and included
either no dNTPs (P/T only) or 1 mM indicated natural or analogue
dNTP. The sequences of the abasic primer-template (DNAAB) and
the blunt-ended primer-template (DNABLT) are shown in Figure 1.
The 12mer primer and 13mer extension products are labeled on
the gels.
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incorrect dNTP, elongation past an incorporated analogue
could be measured by simply including both the analogue
triphosphate and the next correct dNTP in the reactions. Even
when the concentration of the next correct dNTP was
increased 10-fold (to 100µM) and the concentration of
enzyme was increased 4-fold over the standard reaction
conditions, no detectable extension past the incorporated
analogue was observed (Figure 6 and data not shown.)

Effects of Mn+2 on Incorporation and Elongation of the
Nucleotide Analogues.Mn2+ has been shown to be highly
mutagenic for both polR and KF (38, 39). Figure 6 shows
that although the inclusion of 1 mM Mn2+ in the assays
significantly increased the amount of d5NBTP incorporated
by polR and KF, it did not result in detectable polymerization
past the incorporated analogue. Similar results were obtained
with d5NITP, d6NBTP, and dBTP (data not shown). M-
MuLV RTase remained unable to measurably polymerize
the analogues, even when 1 mM Mn2+ was included in the
assays (data not shown).

DISCUSSION

We have synthesized a series of novel dNTPs containing
four different base analogues and tested them as substrates
for DNA pol R, KF, and M-MuLV RTase. Whereas RTase
did not readily polymerize any of these compounds, both
pol R and KF incorporated them opposite all four of the
canonical bases as well as at noninstructional/nonnatural
template positions. The rates of incorporation of these
nonnatural nucleotides opposite the natural bases were up
to at least 4000-fold faster than the polymerases misincor-
porated natural dNTPs and, in some cases, only slightly less
than those for the polymerization of the correct natural dNTP.
In contrast to the rapid polymerization of the analogues,
neither pol R nor KF detectably elongated them after
incorporation, indicating that the “rules” for polymerization
and elongation are likely very different.

Pol R and, to a lesser extent, KF exhibited a remarkable
inability to discriminate against d5NBTP, d6NBTP, d5NITP,
and dBTP, polymerizing them opposite all four normal bases.

In contrast, these enzymes strongly discriminated against
polymerization of incorrect natural dNTPs, indicating that
the rapid polymerization of the analogues did not result from
an unusually high misincorporation frequency on these
primer-templates. The formation of H-bonds with the tem-
plate bases probably does not account for the rapid poly-
merization of these nucleotides for several reasons. The
H-bonds between the oxygens of the nitro group and an
H-bond donor of the template base would likely be rather
weak (40), and the drawn structures would vary substantially
from the standard Watson-Crick geometry. Kool and co-
workers have clearly shown that some DNA polymerases,
including KF, do not require formation of H-bonds between
the base of the incoming dNTP and the template base in
order to catalyze phosphodiester bond formation (15, 18).
The nitroindole base is much more hydrophobic than a
normal base (41, 42), and it seems likely that the nitro-
benzimidazoles are also more hydrophobic than a normal
base, a feature that might allow them to bind more efficiently
in the polymerase active site and stack onto the primer 3′-
terminus. Indeed, and as described in greater detail below,
it has been proposed that the reason adenine is so readily
inserted in noninstructional situations is the greater hydro-
phobicity of adenine relative to the other normal bases.
Interestingly, however, the greater hydrophobicity of these
analogues did not enhance the ability of polR and KF to
polymerize them opposite a hydrophobic base analogue in
the template. The rates of polymerization of the analogue
triphosphates opposite 5-nitrobenzimidazole and 6-nitro-
benzimidazole were very similar to the rates opposite the
four natural bases (Tables 3 and 5).

Most surprising with respect to their rapid polymerization
is the tremendous lack of shape complementarity of putative
base pairs formed between the analogues and the canonical
bases. Although the analogues are similar in overall shape
to a normal purine, they contain extra mass at the Watson-
Crick H-bonding face and lack an exocyclic group at C-6.
One could imagine a base pair between either 5-nitroindole
or 5-nitrobenzimidazole and either thymine or cytosine that
is fairly close in size to a normal base pair, potentially
accounting for their facile polymerization by KF and polR.
In contrast, any base pair between 6-nitrobenzimidazole and
either thymine or cytosine likely requires at least some dis-
tortion away from normal Watson-Crick geometry. Placing
the 6-nitrobenzimidazole and a pyrimidine in Watson-Crick

Table 6: Kinetic Parameters for Incorporation of Natural dNTPs
and Analogues on Abasic and Blunt-Ended Templates by PolR and
KFa

Vmax/Km (SD)

abasic template blunt-ended template

dNTP polR KF pol R KF

dATP 0.005 (0.0008) 0.42 (0.09) 0.007 (0.0005) 0.3 (0.02)
dCTP ,0.0001 0.007 (0.003),0.0001 <0.0003
dGTP <0.0003 0.066 (0.004) 0.001 (0.0001)<0.0003
dTTP <0.0003 0.003 (0.001),0.0001 <0.0003
d5NBTP 0.038 (0.004) 0.36 (0.04) 0.096 (0.004) 0.078 (0.02)
d6NBTP 0.079 (0.003) 0.28 (0.04) 1.02 (0.11) <0.0003
d5NITP 0.098 (0.02) 0.81 (0.03) 0.46 (0.05) 0.48 (0.02)
dBTP 0.011 (0.0007)<0.0003 0.076 (0.01) <0.0003

a Polymerization assays were performed as described in Experimental
Procedures. SD) standard deviation. The units forVmax/Km are percent
elongated min-1 µM-1. Kinetic constants were determined as described
in Table 1, and standard deviations were determined by analyzing the
error in the linear fit. Because several of the compounds were
incorporated at levels too low for accurate determination of kinetic
data,Vmax/Km < 0.0003 was reported for dNTP incorporation that could
be detected but not accurately measured, whileVmax/Km , 0.0001 was
reported for no detectable incorporation.

FIGURE 6: Effects of Mn2+ on polymerization of d5NTP on DNAA.
Polymerization assays were performed as described in Experimental
Procedures and included either the first complementary dNTP
(absent misincorporation, only+1 primer extension possible), the
first and second complementary dNTPs (+2 extension possible),
or d5NBTP and the second complementary dNTP (to test for
extension past analogue incorporation). As noted, polR and KF
were tested in assays with and without 1 mM MnCl2.
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geometry would result in the electronegative O atoms of the
nitro group and O-2 of the pyrimidine being in close
proximity. Last, the generation of a base pair between any
of the analogues and either adenine or guanine that resembles
a normal base pair with respect to its geometry seems highly
unlikely. Despite this, KF actually prefers to polymerize these
analogues opposite a purine, and polR polymerizes these
analogues opposite purines much more readily than it
polymerizes any normal, noncognate dNTPs.

KF polymerizes nucleotide analogues containing 4-meth-
ylbenzimidazole and difluorotoluene, isosteres of adenine and
thymine, and the analogues described herein, with remarkably
similar efficiency (compare the data in Table 3 and ref15).
While detailed kinetic data for polymerization of 4-methyl-
benzimidazole and difluorotoluene nucleotides by polR do
not exist, this enzyme appears to actually prefer the more
misshapen analogues (Table 3 and ref17). Together, these
results suggest that, for KF and polR, formation of a
correctly shaped base pair is not critical for dNTP poly-
merization.

Potentially, the unique physicochemical properties of the
nitrobenzimidazole and nitroindole bases vis a` vis the
canonical bases could account for the remarkable inability
of the polymerases to discriminate against them. As noted
earlier, these “bases” are made relatively electron deficient
by the nitro group and are likely much more hydrophobic
than the natural bases. If this feature (or features) does
account for their facile polymerization, however, it would
further indicate that shape is not a critical factor in determin-
ing whether these polymerases will incorporate a dNTP.

Additionally, previous studies by Schultz and co-workers
suggest that the shape of the base pair between the incoming
dNTP and the template base does not play a dominant role
in determining whether a nucleotide is polymerized (43, 44).
They synthesized a number of nucleotides containing hy-
drophobic, aromatic base analogues that did not closely
resemble the natural bases and tested them as substrates for
KF. Many of them were polymerized opposite the natural
bases as well as hydrophobic base analogues. Remarkably,
even though any base pair formed between the incoming
dNTP analogue and the template base likely has a geometry
very different from that of a natural base pair, the rates of
polymerization approached those observed for natural base
pairs. For example, KF polymerized dNTPs containing the
bases 2-methylnaphthylene and 7-azaindole opposite either
a template adenine or a template dimethylnaphthylene only
4-fold and 10-fold slower, respectively, than it polymerized
dTTP opposite a template adenine (Figure 2) (44).

The inability of the polymerases to identify nitrobenz-
imidazole and nitroindole as incorrect bases may actually
result from their lack of similarity to a normal base. In
discriminating between a correct dNTP and an incorrect
dNTP, a polymerase could use two general mechanisms:
specifically select for the correct dNTP (i.e., positive
selectivity) or specifically selectagainstthe incorrect dNTP
(i.e., negative selectivity). Mechanisms considered to date
have generally focused on the polymerases obtaining fidelity
by specifically selecting for the correct dNTP, based on either
formation of Watson-Crick H-bonds or the correct active
site geometry upon binding the correct dNTP. As noted
above, however, it is difficult to rationalize the inability of
a polymerase to discriminate against nitrobenzimidazole or

nitroindole on the basis of a positive selection mechanism
using either of these factors.

A negative selection mechanism would readily account
for the inability of a DNA polymerase to discriminate against
an unnatural analogue. The enzyme would bind the incoming
dNTP, perhaps allowing the base of the dNTP and the
template base to interact and adopt the lowest energy
conformation. If the base pair formed is correct, the enzyme
rapidly catalyzes phosphodiester bond formation. However,
if the base pair formed is incorrect, some feature of this
incorrect base pair prevents rapid phosphodiester bond
formation. For example, if the enzyme attempted to polymer-
ize dATP opposite a template deoxycytidylate, the 6-NH2

group might be in the wrong location (vis a` vis a correct
A‚T base pair), thereby blocking a conformational change
necessary for rapid phosphodiester bond formation. In this
model, therefore, the enzyme has developed mechanisms
whereby the incorrect positioning of the ring substituents
on the incoming dNTP (or, potentially, the template base)
inhibits some process essential for catalysis. Two points
about this model should be emphasized. First, the use of
negative selectivity does not preclude the enzyme from
simultaneously using positive selectivity to choose the correct
dNTP [e.g., the apparent H-bond between N-3 of an
incoming purine dNTP and Arg283 in polâ (45, 46)].
Second, the enzyme does not block polymerization of an
incorrect dNTP by specifically binding the incorrect dNTP.
If it did, this would stabilize the bound, incorrect dNTP and
would not result in discrimination against the incorrect dNTP.

Under negative selection, the inability of KF and polR to
effectively discriminate against the tested analogues results
from their dissimilarity to a normal base. Compared to a
normal purine, these compounds lack an exocyclic group at
C6 and the free pair of electrons at N3, possess grossly
altered exocyclic groups at N1 and C2, and, probably, display
a very different π-electron distribution. If any of these
features are critical for the polymerase to discriminate against
an incorrect dNTP, a negative selection model predicts that
the polymerase should not effectively discriminate against
the analogue triphosphate.

Negative selection would also account for the ability of
KF and polR to effectively discriminate against polymeri-
zation of the natural dNTPs opposite a template 5- or
6-nitrobenzimidazole, even though these enzymes readily
polymerize d5NBTP and d6NBTP opposite all four natural
bases. When a natural dNTP binds opposite the template
nitrobenzimidazole to form an E-DNA-dNTP ternary
complex, some feature of the dNTP is located in a position
that precludes polymerization. In contrast, the analogues lack
this feature; hence, the polymerase can incorporate them
opposite the nitrobenzimidazoles.

Importantly, precedence exists for DNA polymerases
employing negative selectivity, albeit in the case of sugar
fidelity. DNA polymerases very efficiently differentiate
between ribose and 2′-deoxyribose, a situation where the
concentration of the wrong substrate is 50-100-fold greater
than the correct substrate. Tight binding of a nucleotide
bearing a ribose sugar would require locating the 2′-hydroxyl
in space occupied by an amino acid side chain of the protein
(47-51). Reducing the size of this amino acid via mutagen-
esis dramatically reduces the ability of the mutant enzyme
to discriminate against NTPs. Further evidence that at least
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some DNA polymerases do not actively select for the two
hydrogens at the 2′-C comes from studies of nucleotide
analogues. A variety of analogues containing modified 2′-
positions have been synthesized (e.g., 2′-deoxy-2′,2′-di-
fluororibofuranosylcytosine, 2′,3′-dideoxydidehydrothymine,
arabinofuranosylcytosine), and in many cases DNA poly-
merases readily polymerize these compounds (51-53). For
example, both polR and polε polymerize 2′-deoxy-2′,2′-
difluororibofuranosylcytosine 5′-triphosphate only slightly
less efficiently than dCTP, even though the electronic
character of the 2′-C is vastly different in the two compounds
(53). Presumably, the similar rates of polymerization result
from the similar sizes of H and F.

Whereas base pair shape plays a relatively small role for
simple polymerization of a dNTP, shape may be critical for
polymerases to discriminate between a correct and incorrect
dNTP. For example, KF discriminates against polymerization
of 4-methybenzimidazole across from the natural bases by
approximately 104-105-fold, levels similar to those at which
KF discriminates against misincorporation of dATP (15). In
contrast, KF discriminates against polymerization of benz-
imidazole across from the natural bases by only ap-
proximately 102-103-fold. Together, these data suggest that
the exocyclic mass at C-4 of benzimidazole (equivalent to
C-6 of a purine) is critical for the fidelity of KF.

Among the three polymerases we tested, only M-MuLV
RTase demonstrated an ability to strongly discriminate
against the analogues. This ability did not result from an
inherently higher fidelity of M-MuLV RTase as compared
to pol R and KF since the misincorporation frequencies of
all three enzymes were similar. This extremely strong dis-
crimination against polymerization also cannot be attributed
to weak binding of the analogues by the enzyme; d5NBTP,
d6NBTP, d5NITP, and dBTP all inhibited M-MuLV RTase
with KI’s only slightly greater than theKm for a correct dNTP.
Interestingly, M-MuLV RTase also discriminated very
strongly against polymerization of dNTP analogues contain-
ing either 4-methylbenzimidazole or 9-methyl-1H-imidazo-
[4,5-b]pyridine as the base (17). While the actual reasons
for this strong discrimination remain obscure, two potential
explanations are that this enzyme requires hydrogen-bonding
groups at C6 and/or N1 of the purine ring and that very
hydrophobic bases are incapable of binding in the enzyme’s
active site in a productive conformation.

Unlike most polymerases that use dATP at noninstructional
lesions, M-MuLV RTase instead uses dGTP across from an
abasic site. It has been suggested that most polymerases use
dATP because of the greater hydrophobicity of adenine
relative to the other bases (21). Indeed, hydrophobicity could
account for the rapid polymerization of the analogues by pol
R and KF, both of which prefer dATP, under noninstructional
conditions. The marked preference of M-MuLV RTase for
dGTP indicates that hydrophobicity is not the primary driving
force for this enzyme under noninstructional situations.
Rather, these data suggest that specific interactions between
the polymerase and dGTP direct its polymerization under
noninstructional situations. M-MuLV RTase is not alone in
preferring dGTP, since at least two other DNA polymerases,
ι andη, also preferentially polymerize dGTP opposite abasic
lesions (54, 55).

A previous study using M-MuLV RTase reported that an
abasic site completely blocked polymerization (56). Interest-

ingly, this study used a deoxyribolactone to mimic an abasic
site, whereas we used a tetrahydrofuran mimic. These
different results indicate that the structure of the sugar at an
abasic site can greatly influence M-MuLV RTase activity.

The remarkably rapid polymerization of nucleotides whose
bases do not closely resemble any of the canonical bases
has important implications for the design of nucleotide-based
chemotherapeutics. Generally, these compounds contain a
modified sugar and either a canonical base or a slightly
modified base (e.g., 2-fluoroadenine in FaraA, 2-chloro-
adenine in CldA). Ribavirin probably contains the most
unusual base, 1,2,4-triazole-3-carboxamide, although even
in this case the 1,2,4-triazole-3-carboxamide is thought to
resemble a normal base since the overall length of the base
is similar to a purine and the carboxamide may form
Watson-Crick H-bonds analogous to those formed by
adenine or guanine (57). However, our results showing the
rapid polymerization of dNTPs containing unusual bases
suggest that it should be possible to generate a large number
of novel nucleotide analogues with interesting pharmacologi-
cal properties by utilizing bases that do not closely resemble
the canonical bases.
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