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ABSTRACT: Most models accounting for the efficiency and fidelity of DNA polymerization invoke the use of
either hydrogen bonding contacts or complementarity of shape and size between the formed base pair. This
report evaluates these mechanisms by quantifying the ability of a high-fidelity DNA polymerase to replicate
5-nitroindole, a purine mimetic devoid of classic hydrogen bonding capabilities. 5-NITP acts as a universal
nucleotide since it is incorporated opposite any of the four natural nucleobases with nearly equal efficiencies.
Surprising, the polymerization reaction is not reciprocal as natural nucleotides are poorly incorporated
opposite S-nitroindole in the template strand. Incorporation opposite 5-nitroindole is more efficient using
natural nucleotides containing various modifications that increase their base stacking potential. However,
S-substituted indolyl nucleotides that contain m-electron and/or hydrophobic groups are incorporated
opposite the non-natural nucleobase with the highest catalytic efficiencies. The collective data set indicate
that replication of a non-natural nucleobase is driven by a combination of the hydrophobic nature and
m-electron surface area of the incoming nucleotide. In this mechanism, the overall hydrophobicity of the
incoming nucleobase overcomes the lack of hydrogen bonding groups that are generally required for optimal
DNA polymerization. However, the lack of hydrogen bonds between base pairs prevents primer extension.
This final aspect is manifest by the appearance of unusually high pyrophosphorolysis activity by the T4 DNA
polymerase that is only observed with the non-natural nucleobase in the template. These results highlight the

importance of hydrogen bonding interactions during primer extension and pyrophosphorolysis.

DNA polymerases catalyze the addition of mononucleotides
to a growing polymer using a DNA template as a guide for each
incorporation event. The efficiency and fidelity of DNA poly-
merization have historically been attributed to enthalpic contri-
butions caused by the formation of proper Watson—Crick base
pairs between the incoming nucleotide and the corresponding
templating base (/, 2). Early studies comparing the kinetics of
correct versus incorrect nucleotide incorporation (3—6) have led
to a fundamental model for how DNA polymerases maintain
genomic fidelity. In this model, DNA polymerases simply “read”
the coding information present within the hydrogen bonds of the
template nucleobase. In fact, the mutual recognition of adenine
(A) by thymine (T) and of guanine (G) by cytosine (C) involves
the formation of complementary hydrogen bonds between the
functional groups of each pair. Furthermore, the lack of hydro-
gen bonding compatibility between A and C, for example, would
hinder the polymerase’s ability to form such base pairs and, thus,
maintain genomic fidelity.

Despite the intuitive nature of this model, there is a growing
body of evidence that a simple mechanism invoking hydrogen
bonding interactions is incomplete. A compelling argument
against the reliance of hydrogen bonds comes from the ability
of various DNA polymerases to efficiently utilize nucleotide
analogues devoid of classical hydrogen bonding functional
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groups (7). One of the earliest examples of this phenomenon is
the ability of the Escherichia coli Klenow fragment to effectively
incorporate JAMP' opposite 2,4-difluorotoluene (dF), an iso-
stere of thymine that lacks functional groups associated with
hydrogen bonding (8, 9). In addition, the replication of dF occurs
with fidelity as other natural dNTPs are poorly utilized (8). This
result as well as other reports using distinct non-natural nucleo-
tides (Z, 10, 11) has led to a model invoking “shape comple-
mentarity” as an important determinant for efficient DNA
polymerization (/2). In this model, any base pair that adopts a
geometrical arrangement in size and shape mimicking a natural
Watson—Crick base pair is viewed as being correct by the
polymerase and, as a consequence, allows for phosphoryl transfer
to occur. Base pairs not conforming to this optimal shape and/or
size hinder phosphoryl transfer and are thus excluded from the
polymerase’s active site. In general, this model provides a reason-
able mechanism explaining how polymerases achieve rapid and
accurate DNA synthesis by catalyzing the formation of correct
base pairs while preventing misincorporation events without the
aid of hydrogen bonds.

! Abbreviations: dNTP, deoxynucleoside triphosphate; AAMP, adenosine-
2'-deoxyriboside monophosphate; dCMP, cytosine-2’-deoxyriboside mono-
phosphate; dGMP, guanosine-2'-deoxyriboside monophosphate; dTMP,
thymine-2'-deoxyriboside monophosphate; dF, 2,4-difluorotoluene; dFMP,
2 4-difluorotoluene-2'-deoxyriboside monophosphate; 5-NITP, 5-nitroindo-
lyl-2’-deoxyriboside triphosphate; 5-NIMP, 5-nitroindolyl-2’-deoxyriboside
monophosphate; 5-NapITP, S-naphthylindolyl-2'-deoxyriboside triphos-
phate; 5-PhITP, 5-phenylindolyl-2’-deoxyriboside triphosphate; 5-CE-ITP,
5-cyclohexenylindolyl-2'-deoxyriboside triphosphate; 5-CH-ITP, 5-cyclo-
hexylindolyl-2'-deoxyriboside triphosphate.
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However, several kinetic phenomena that cannot be reconciled
by a model invoking the exclusive contributions of steric fit and
shape complementarity exist. For example, the shape com-
plementarity model predicts that the kinetics for forming a base
pair should be identical regardless of which nucleobase is pre-
sent in the template or used as the incoming nucleotides. This
mechanism is operational during the formation of correct Watson—
Crick base pairs as dAMP is incorporated opposite T just as
efficiently as dTMP is incorporated opposite A. However, this
relationship is not valid for the replication of non-natural
nucleotides as many are incorporated “asymmetrically”. In these
cases, polymerases display an unexplained preference for form-
ing one base pair compared to its complement. For example,
the E. coli Klenow fragment efficiently incorporates deoxy-
xanthosine-2'-deoxyriboside monophosphate opposite 5-(2,4-di-
aminopyrimidine) but does not incorporate 5-(2,4-diamino-
pyrimidine)-2’-deoxyriboside monophosphate opposite a template
xanthine (/3). Other examples include the low catalytic effi-
ciency for incorporation of dFMP opposite A compared to the
reciprocal reaction of incorporating dAMP opposite dF
(compare kea/Kom values of 4 x 10° and 26 x 10° M™" min~",
respectively) (8, 9).

In addition to these kinetic abnormalities, the structures of
several DNA polymerases bound to DNA show that the
templating nucleobase exists in an extrahelical position that
precludes direct interactions with the incoming dNTP during
the initial stages of the polymerization cycle (/4—16). This
unusual orientation casts doubt on models invoking either
hydrogen bonding interactions or shape complementarity as
the preeminent molecular force for efficient DNA synthesis. As
a consequence, other biophysical factors such as desolvation,
induced dipole moments, and/or z-electron configuration of the
incoming nucleotide and templating nucleobase must play signi-
ficant roles during polymerization.

To quantify the contributions of these biophysical features, we
investigated the kinetic behavior of a high-fidelity DNA poly-
merase during the replication of a unique non-natural nucleo-
base, 5-nitroindole (5-NI). Although 5-NI mimics the shape and
size of adenine, it is devoid of classical hydrogen bonding
interactions. As a consequence, most natural nucleotides are
poorly incorporated opposite 5-NI. However, nucleotides pos-
sessing high base stacking potential (low solvation energies
coupled with large m-electron surface areas) are incorporated
opposite the non-natural nucleobase with significantly higher
catalytic efficiencies. These data are used to develop a mechanism
defining the roles of entropic (nucleobase hydrophobicity) and
enthalpic effects (desolvation) during DNA polymerization. In
this mechanism, the overall hydrophobic nature of the incoming
nucleobase overcomes the lack of hydrogen bonding groups that
are generally required for optimal DNA polymerization. How-
ever, the lack of hydrogen bonds between base pairs prevents
primer extension by hindering translocation of the polymerase to
the next templating position. This final aspect is manifest by the
appearance of unusually high pyrophosphorolysis activity by the
T4 DNA polymerase that is observed only with the non-natural
nucleobase in the template. These results collectively provide
additional insight into how DNA polymerization can occur
without the use of shape complementarity or hydrogen bonds.
However, the results also illustrate how the lack of hydrogen
bonding interactions adversely affects primer extension and
enhances pyrophosphorolysis to prevent complete replication
of a non-natural base pair.
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MATERIALS AND METHODS

Materials. The exonuclease-deficient mutant of gp43 (Asp-
219 to Ala mutation) was purified and quantified as previously
described (/7). Oligonucleotides, including those containing a
tetrahydrofuran moiety mimicking an abasic site, were synthe-
sized by Operon Technologies (Alameda, CA). Single-strand and
duplex DNA were purified and quantified as described pre-
viously (18). [y-*PJATP was purchased from Perkin-Elmer Life
and Analytical Sciences (Boston, MA). Unlabeled dNTPs
(ultrapure) were obtained from Pharmacia. Magnesium acetate
and Trizma base were from Sigma. Urea, acrylamide, and bisacryl-
amide were from National Diagnostics (Rochester, NY).
5-Fluorouridine-2'-deoxyriboside triphosphate (5-F-dUTP),
5-aminoallyluridine-2'-deoxyriboside triphosphate (5-AA-dUTP),
2-thiothymine-2'-deoxyriboside triphosphate (2-thio-dTTP), 4-thio-
thymine-2'-deoxyriboside triphosphate (4-thio-dTTP), 5-propynyl-
uridine-2’-deoxyriboside triphosphate (5-Pro-dUTP), 5-hydroxy-
luridine-2’-deoxyriboside triphosphate (5-OH-dUTP), 2-amino-
2'-deoxyadenosine 5'-triphosphate (2-APTP), 2'-deoxyinosine
5'-triphosphate (dITP), 6-chloropurine-2'-deoxyadenosine 5'-tri-
phosphate (6-CI-PTP), 6-chloro-2-amino-2’-deoxyadenosine
5'-triphosphate (6-CI-2-APTP), 7-deaza-2'-deoxyadenosine 5'-tri-
phosphate (7-deaza-dATP), 7-deaza-2'-deoxyguanosine 5'-triphos-
phate (7-deaza-dGTP), N*-methyl-2'-deoxyguanosine 5-triphos-
phate (N*methyl dGTP), O°-methyl-2’-deoxyguanosine
5'-triphosphate (O°-methyl-dGTP), and N°®-methyl-2'-deoxy-
adenosine 5-triphosphate (N®-methyl-dATP) were purchased
from TriLink Biotechnologies (San Diego, CA). Indolyl-
2'-deoxyriboside triphosphate (IndTP), 5-fluoroindolyl-2’-deoxy-
riboside triphosphate (5-FITP), 5-aminoindolyl-2'-deoxyriboside
triphosphate (5-AITP), 5-nitroindolyl-2’-deoxyriboside triphos-
phate (5-NITP), 5-cyclohexylindolyl-2'-deoxyriboside triphos-
phate (5-CH-ITP), 5-cyclohexenylindolyl-2'-deoxyriboside triphos-
phate (5-CE-ITP), 5-phenylindolyl-2’-deoxyriboside triphosphate
(5-PhITP), and 5-naphthylindolyl-2'-deoxyriboside triphosphate
(5-NapITP) were synthesized and purified as previously
described (/9—23). All other materials were obtained from
commercial sources and were of the highest quality available.

Polymerization Assays. The assay buffer used in all kinetic
studies consisted of 25 mM Tris-acetate (pH 7.5), 150 mM potassium
acetate, and 10 mM 2-mercaptoethanol. All assays were performed
at 25 °C. Polymerization reactions were monitored by analysis of
the products on 20% sequencing gels as previously described (24).
Gel images were obtained with a Packard Phosphorlmager using
OptiQuant supplied by the manufacturer. Product formation was
quantified by measuring the ratio of *P-labeled extended and
nonextended primer. The ratios of product formation are corrected
for the substrate in the absence of polymerase (zero point). Corrected
ratios are then multiplied by the concentration of the primer—
template motif used in each assay to yield the total product. All
concentrations are listed as final solution concentrations.

Determination of Kinetic Parameters for Nucleotide
Incorporation. Kinetic parameters, kpq, Ky, and kyo/Kq, for
each modified and non-natural nucleotide were determined by
monitoring the rate constants for product formation using a fixed
amount of the exonuclease-deficient T4 DNA polymerase (1 M)
and DNA substrate (250 nM) at varying concentrations of
nucleoside triphosphate (10—500 uM). Aliquots of the reaction
mixtures were quenched in 350 mM EDTA (pH 8) at times
ranging from 5 to 300 s. In all cases, samples were diluted 1:1 with
sequencing gel loading buffer and products were analyzed for
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product formation by denaturing gel electrophoresis. Data
obtained for DNA polymerization reactions measured under
single-turnover reaction conditions were fit with eq 1:

y=A(l—e " +C (1)

where A is the burst amplitude, & is the observed rate constant
(kops) 1n initial product formation, ¢ is time, and C is a defined
constant. Data for the dependence of ks on dNTP concentra-
tion were fit with the Michaelis—Menten equation (eq 2) to
provide values corresponding to ko and Kqy.

kops = (kpot[dXTP]) /(K4 + [dXTP]) (2)

where ko is the observed rate constant of the reaction, k1 is the
maximal polymerization rate constant, Ky is the dissociation
constant for dXTP, and [dXTP] is the concentration of the non-
natural nucleotide substrate.

Primer Extension Assays. Single-turnover conditions were
used to measure the rates of extension beyond base pairs formed
between 5-NI in the template strand and various natural and non-
natural nucleobases in the primer strand. To enzymatically form the
various pairing combinations, 500 nM 13/20s.n;-mer was first
incubated with 1 uM exonuclease-deficient T4 DNA polymerase
and 10 mM Mg(OAc), in reaction buffer followed by initiation of
the polymerization reaction through the addition of 200 uM dXTP.
After four half-lives (time needed to achieve 95% production of
14-mer), 500 uM dGTP, the next correct nucleotide, was added to
the reaction mixture to allow for extension beyond the formed
mispair. At various time intervals (Az = 1—10 min), 5 uL aliquots
of the reaction were quenched in an equal volume of 350 mM
EDTA (pH 8.0). The samples were then diluted 1:1 with sequencing
gel loading buffer, and products were analyzed for product forma-
tion by denaturing gel electrophoresis as described above.

Pyrophosphorolysis Activity. To enzymatically form the
5-NI-5-NI mispair, 500 nM 13/20s.-mer was first incubated
with 1 uM exonuclease-deficient T4 DNA polymerase and
10 mM Mg(OAc), in reaction buffer followed by initiation of
the polymerization reaction through the addition of 20 uM
5-NITP. After 3 min, 400 uM PP; was added to the reaction
mixture to initiate pyrophosphorolysis. At various time intervals
(At = 1—10 min), 5 uL aliquots of the reaction mixture were
quenched in an equal volume of 350 mM EDTA (pH 8.0). The
samples were then diluted 1:1 with sequencing gel loading buffer,
and products were analyzed for product formation by denaturing
gel electrophoresis as described above.

The ability of various non-natural nucleotides such as
5-NapITP and 5-PhITP to act as the phosphoryl donor was
evaluated using a slight modification to the aforementioned
protocol. In these experiments, 20 uM 5-NITP was added to the
preincubated polymerase—DNA complex to form the 5-NI-5-NI
mispair. In this case, however, a fixed concentration of non-
natural nucleotide was added rather than PP; to initiate the
pyrophosphorolysis reaction. In these experiments, the concentra-
tion of non-natural nucleotide was maintained at its K value for
incorporation opposite 5-NI (vida supra). After the addition of the
non-natural nucleotide, aliquots were quenched as a function of
time (At = 1—10 min), and the products were analyzed by
denaturing gel electrophoresis as described above.

RESULTS

Replication of a “Universal” Non-Natural Nucleotide
Occurs in an Asymmetric Fashion. The ability of the exo-
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nuclease-deficient T4 DNA polymerase to incorporate S-nitro-
indolyl-2'-deoxynucleoside monophosphate (5-NIMP) (Figure 1A)
opposite natural templating nucleobases and a nontemplat-
ing DNA lesion (abasic site) was assessed as previously de-
scribed (25). The data illustrated in Figure 1B recapitulate
previous observations that 5-NIMP is preferentially incorporated
opposite the nontemplating abasic site (26). These data also show
that while 5-NIMP is a purine analogue lacking classical hydro-
gen bonding groups, it is incorporated opposite each of the four
natural templating nucleobases with similar efficiencies (Figure 1B).
The promiscuous nature of 5-NITP as the incoming nucleotide is
consistent with its designation as a universal nucleotide (27, 28)
and is attributed to the enhanced base stacking capabilities of
S-nitroindole as it contains significant s-electron density coupled
with low solvation energies (29).

The nonselective nature of 5-NITP as the incoming nucleotide
led to the hypothesis that 5-NI in the template strand should also
be highly nonselective; i.e., all four natural nucleotides should be
incorporated with similar efficiencies. Representative data pro-
vided in Figure 1D provide evidence to the contrary as dAMP
and dTMP are the only nucleotides incorporated opposite 5-NI.
In addition, the efficiency of their incorporation is very low
compared to that of the reciprocal reaction of incorporating
5-NIMP opposite either nucleobase. For example, the first-order
rate constant for dAMP incorporation opposite 5-NI (0.0033 +
0.0005 s™") is 1300-fold slower than the ko of 4.4 + 0.1 s~'
measured for the reciprocal reaction of incorporation of 5-NIMP
opposite adenine (26). Likewise, the kops value of 0.0024 +
0.0004 s~ measured for incorporation of dTMP opposite 5-NI is
380-fold slower than the rate constant of 0.9 + 0.1 s~ measured
for incorporation of 5-NIMP opposite thymine (26). It should be
noted that the rate constants for forming either non-natural base
pair are significantly slower than the maximal rate constants
of 50—100 s~ measured for formation of a normal Watson—
Crick base pair (Table 1) (17, 18). Regardless, the differences in
nucleotide utilization as well as the significantly lower rate
constants for formation of a base pair containing a non-natural
nucleotide indicate that polymerization catalyzed by the bacter-
iophage T4 DNA polymerases occurs in an asymmetric manner.

Incorporation of Modified Pyrimidine Analogues oppo-
site 5-Nitroindole. The preferential utilization of dTTP could
reflect the influence of steric fit and shape complementarity
(7, 12) since the overall shape and size of a thymine- 5-nitroindole
pair are more like those of a Watson—Crick base pair than those
of an adenine/guanine- 5-nitroindole base pair (Figure 2A). To
evaluate this possibility, various dTTP analogues illustrated in
Figure 2B were tested for incorporation opposite 5-NI. As shown
in Figure 2C, only 2-thiothymine-2'-deoxyriboside monopho-
sphate (2-thio-dTMP) is incorporated opposite 5-NI to an
appreciable extent. The dissociation constant (K4)* and maximal
polymerization rate constant (k) for incorporation of 2-thio-
dTMP opposite 5-NI were measured as previously described (26).
The data provided in Figure 2D illustrate the dependence of
2-thio-dTTP concentration on the kinetics of polymerization.
These time courses are unique as both the amplitudes in product
formation and the affiliated rate constants show a dependence on
2-thio-dTTP concentration. Each time course is best defined as a

“Since the reactions were performed using single-turnover conditions
and the rate-limiting step for incorporation is likely to be the conforma-
tional change preceding phosphoryl transfer, the measured K, values
closely approximate a true dissociation constant (Ky).
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FiGure 1: (A) Defined DNA substrates used for kinetic analysis. (B) Structures of 2’-deoxynucleoside triphosphates used in this study. For the
sake of convenience, dR is used to represent deoxyribose triphosphate. (C) Representative gel electrophoresis for the incorporation of 25 uM
S-NITP opposite all four templating nucleobases (A, C, G, and T) or opposite an abasic site. (D) Representative gel electrophoresis for the
incorporation of natural nucleotides (500 «M) opposite 5-nitroindole present in the templating strand.

single exponential from which k, values were obtained. The
plot of ks versus 2-thio-dTTP concentration is hyperbolic
(Figure 2E), and a fit of the data to the Michaelis—Menten
equation (30) yields a ko value 0f 0.047 £ 0.003s ', a Kd value of
55+ 12 uM, and a kq/Ky value of 855 + 90 M~ s

The incorporation of 2-thio-dTMP could reflect the contribu-
tions of steric fit as the replacement of oxygen with sulfur causes
a subtle increase in size of the incoming nucleobase which
could allow for more favorable interactions with the templating
5-NI (Figure 1A of the Supporting Information). Indeed,
analogous replacement of oxygen with sulfur at the correspond-
ing 4-position of dTMP [4-thiothymine-2'-deoxyriboside mono-
phosphate (4-thio-dTMP)] is expected to clash with the nitro
group of 5-NI (Figure 1B of the Supporting Information). In this
case, the lack of shape complementarity could explain why
4-thio-dTMP is not incorporated opposite 5-NI (Table 1). This
interpretation would be consistent with recent work from the
Kool laboratory demonstrating that subangstrom increases in
the size of the incoming pyrimidine triphosphate can significantly
influence the dynamics of nucleotide incorporation opposite a

templating nucleobase (37, 32). However, the inability of the
T4 DNA polymerase to incorporate other analogues such as
5-F-dUMP and 5-OH-dUMP that are similar in shape and size to
dTMP argues that biophysical features distinct from shape
complementarity and steric fit play important roles as well.
Incorporation of Modified Purine Analogues opposite
S-Nitroindole. The incorporation of dTMP and 4-thio-dTMP
opposite 5-NI could reflect the influence of optimized base pair
geometry. However, this cannot explain the efficient incorpora-
tion of dAMP opposite the non-natural nucleobase. To further
investigate this phenomenon, several modified dATP and dGTP
analogues (Figure 3A) were tested for incorporation opposite
5-NI. Gel electrophoresis data provided in Figure 3B show that
analogues such as N°-methyl-dAMP, 2-APMP, 6-CI-2-APMP,
and O°-methyl-dGMP are incorporated opposite 5-NI with
surprisingly high efficiencies. Of these four modified purines, only
NS-methyl-dATP displays saturation kinetics (data not shown)
from which a ky; of 0. 017 :t 0 003s !, a Kyof 21 & 7uM, and a
kpoi/Kq of 810 & 100 M~ ! s ! were obtained (Table 1). The other
three analogues (2-APTP, 6 CI-2APTP, and O%-methyl-dGTP) do
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Table 1: Summary of Kinetic Parameters for the Incorporation of Natural and Modified Nucleotides opposite 5-Nitroindole by the Bacteriophage T4

DNA Polymerase”

dipole solvation energy
analogue Ky (uM) kpor ) kpor/ Ka M 'sTh volume (A3)/7 moment (D)* (kcal/mol)d

dATP — 5-NI > 500 ~0.0033 6 1245 2.57 —18.906
dATP — T¢ 10+ 1 100 + 10 107

dGTP — 5-NI ND/ ND/ ND/ 131.9 6.93 —24.914
dGTP— C# 541 50 4+ 7 107

dCTP — 5-NI ND/ ND/ ND/ 104.9 6.62 —23.778
dTTP — 5-NI > 500 ~0.0024 5 119.9 4.17 —11.840
5-F-dUTP ND/ ND/ ND/ 106.7 3.97 —11.079
5-AA-dUTP ND/ ND/ ND/ 162.9 3.33 —15.857
4-thio-dTTP ND/ ND/ ND/ 128.8 4.49 —13.650
2-thio-dTTP 55+ 12 0.047 =+ 0.003 855 4 90 129.2 4.47 —14.378
2-pro-dUTP ND/ ND/ ND/ 148.5 438 —13.609
5-OH-dUTP ND/ ND/ ND/ 109.0 5.27 —17.524
N°-Me-dATP 2047 0.017 = 0.003 810 £ 100 1453 2.52 —15.849
0°-Me-dGTP > 500 ~0.008 16 152.1 3.03 —19.303
2-APTP > 500 ~0.0033 7 124.8 3.29 —19.487
dITP ND/ ND/ ND/ 121.5 5.16 —22.850
7-deaza-dATP ND/ ND/ ND/ 130.9 3.88 —16.963
7-deaza-dGTP ND/ ND/ ND/ 138.4 4.88 —18.533
6-Cl-dATP > 500 ~0.010 20 1259 4.86 —16.147
6-CI-2APTP ND/ ND/ ND/ 136.1 485 —18.813

“Assays were performed using 1 uM exonuclease-deficient bacteriophage T4 DNA polymerase, 250 nM 13—205_n;-mer, and variable concentrations of
non-natural nucleotide in the presence of 10 mM Mg*". ®Volume (used as an indicator of the relative size of the nucleobase) calculated using Spartan *04.
“Dipole moments calculated using Spartan '04. “Solvation energies for each nucleobase calculated using Spartan '04. “Values taken from refs 18 and 17.
/No incorporation detected up to a concentration of 500 uM. #Unpublished results of A. J. Berdis.

not show saturation kinetics up to concentrations of 500 uM (data
not shown), and this prohibits the measurement of accurate Ky
and kp values. However, it is possible to use the linear portion of a
Michealis—Menten curve to accurately measure the catalytic
efficiencies (kp01/Kq) for incorporation opposite 5-NI (Table 1).
It is quite intriguing that the overall catalytic efficiency of 810 M ™"
s~ for N®-methyl-dATP is essentially identical to that for 2-thio-
dTTP (kpo/Ky = 855 M~"'s7!) since the nucleotides differ greatly
with respect to shape, size, and potential hydrogen bonding
interactions. It is even more surprising that the larger purine
analogue has an ~2-fold lower Ky value than the smaller
pyrimidine (compare Ky values of 21 and 55 uM for N°-Me-
dATP and 2-thio-dTTP, respectively).

Incorporation of Non-Natural Nucleoside Monopho-
sphates as Probes for the Involvement of Base Stacking.
The influence of 7-electron density and hydrophobicity on nucleo-
tide incorporation was assessed by measuring the ability of the T4
DNA polymerase to incorporate various S-substituted indolyl
nucleotides (Figure 4A) opposite 5-NI. Initial screening revealed
that non-natural nucleotides such as 5-PhIMP and 5-CE-IMP are
incorporated opposite 5-NI (Figure 4B) much more effectively than
the natural nucleotides, JAMP and dTMP, or any of their modified
counterparts. In addition, the kinetics of incorporation of 5-PhIMP
opposite 5-NI are similar to those previously described for 2-thio-
dTMP as both the rate constants and amplitudes for product
formation are dependent upon 5-PhITP concentration (Figure 4C).
The corresponding plot of kyps versus S-PhITP concentration
(Figure 4D) yields a kg value of 0.107 £ 0.005 s, a Ky value
of 8.7 + 1.1 uM, and a kyo/Ky value of 12300 + 500 M~ s™",
Similar results were obtained with other non-natural nucleotides
such as IndTP, 5-FITP, 5-NITP, and 5-CH-ITP (data not shown),
and their kinetic parameters are summarized in Table 2.

The non-natural nucleotide, 5-NapITP, displays unique ki-
netic behavior as the plot of ks versus nucleotide concentration
provides a pattern consistent with substrate-induced inhibi-
tion (Figure 5A). A fit of the data to the equation describing
competitive substrate inhibition (33) yields a kj,, value 0f 0.029 £
0.009s™", a Kyof 17+ 8 uM, aky/Ksof 1720M ™' s, and a K;
of 41 + 15 uM. Similar data were obtained for the incorporation
of 5-CE-IMP (data not shown). In both cases, the appearance of
substrate-induced inhibition is dependent upon the nature of the
templating nucleobase as this phenomenon is not observed for
their incorporation opposite templating nucleobases (/9) or
damaged DNA (34).

Unusual Pyrophosphorolysis Activity Accounts for the
Appearance of Substrate-Induced Inhibition. Inhibition of
polymerase activity by nucleotide substrates has been observed
primarily during mismatch DNA synthesis, i.e., the misincor-
poration of JAAMP opposite C (35—37). Since this phenomenon
occurs using high nucleotide concentrations (>1 mM), it is
typically attributed to the nonproductive binding of an incorrect
nucleotide to the polymerase—DNA complex or to the binding of
nucleotide to free polymerase to form the pol—dNTP complex. In
this later case, the formation of the pol—dNTP complex causes
inhibition by preventing DNA binding to form the catalytically
competent pol=DNA—dNTP ternary complex .

An alternative possibility for explaining substrate inhibition
is that the nucleotide can act as a substrate for the pyrophos-
phorolysis reaction to directly reverse the forward polymeriza-
tion reaction (Figure 5B). This mechanism was evaluated via
measurement of the pyrophosphorolysis activity of the exo-
nuclease-deficient T4 DNA polymerase on the 5-NI- 5-NI mispair.
Briefly, this mispair was formed in situ via addition of 20 uM
5-NITP to the preincubated polymerase—13/205_-mer complex.
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modified pyrimidine is provided to show clarity with respect to surface ionization potential. Surface ionization potentials for each nucleobase were
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atomic charges were calculated using the DFT 6-31G** method and basis set. (C) Representative gel electrophoresis for the incorporation of
modified pyrimidine triphosphates (500 #«M) opposite S-nitroindole present in the templating strand. (D) Rate constants for 2-thio-d TTP opposite
5-NI as a function of nucleotide concentration. Assays were performed using 1 uM gp43 exo , 250 nM 13/205_n-mer, 10 mM Mg(OAc),, and
2-thio-dTTP at variable concentrations: 10 (O), 25 (@), 50 (2), 100 (), 200 (O), 350 (M), and 500 uM (<). The solid lines represent fits of the data to
a single exponential. (E) ks values (@) were plotted vs 2-thio-dTTP concentration and fit using the Michaelis—Menten equation to determine the
following values: Kg = 55 & 12 uM, kpo = 0.047 £0.003 s ', and kpo/Kg = 855 £90 M 's ™.

After 3 min (A¢; of more than four half-lives), 400 uM PP; was
added to initiate pyrophosphorolysis, and aliquots of the reaction
mixture were quenched into EDTA as a function of time (Af, =
1—10 min). The results provided in Figure 5C show that the
addition of 400 uM PP; leads to a reduction in the amount of
enzymatically formed 14-mer, consistent with pyrophosphorolysis-

mediated degradation of the primer. Pyrophosphorolysis activity is
dependent upon the composition of the templating base since this
activity is not observed when 5-NI is paired opposite thymine or an
abasic site (Figure 2 of the Supporting Information).

To further investigate this unique pyrophosphorolytic activity,
we measured the ability of PP; to remove other non-natural
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FI1GURE 3: (A) Structures of modified purine-2’-deoxynucleoside triphosphates used in this study. For the sake of convenience, only the
nucleobase portion of the modified purine is provided for the sake of clarity. Surface ionization potentials for each nucleobase are provided for
comparison and were generated using Spartan 04. Red indicates the most electronegative regions, green neutral regions, and blue electropositive
regions. The partial atomic charges were calculated using the DFT 6-31G** method and basis set. (B) Representative gel electrophoresis for the
incorporation of modified purine triphosphates (500 uM) opposite 5-nitroindole present in the templating strand.

nucleotides when paired opposite 5-NI in the template. Each
mispair was formed in situ by adding Ky concentrations of the
non-natural nucleotide (5-FITP, 5-CE-ITP, 5-PhITP, 5-NapI TP,
or 2-thio-dTTP) to the preincubated polymerase—:13/205.y-mer
complex. After four half-lives, 400 uM PP; was added to initiate
pyrophosphorolysis, and aliquots of the reaction mixture were
quenched into EDTA as a function of time (data not shown). In
all cases, the addition of PP; causes a reduction in the amount of
enzymatically formed 14-mer, consistent with pyrophosphorolysis-
mediated degradation of the primer. However, the amount of
degradation is dependent upon the composition of the terminal
nucleobase. To quantify these differences, each time course was
fit to a single exponential to define the rate constant for pyrophos-
phorolysis (kpyro). On the basis of the magnitude of these kpyr,
values, the rank order of reactivity for the terminal base is as

follows: 5-FInd > 2-thio-dT > 5-PhInd > 5-NInd > 5-CE-Ind
and 5-Naplnd. In general, the data reveal an inverse correlation
between pyrophosphorolysis activity and the base stacking
potential of the terminal base.

A slight modification of this experimental paradigm was
employed to test the ability of 5-NapITP to directly act as the phos-
phoryl donor during pyrophosphorolysis. After enzymatic for-
mation of the 5-NI- 5-NI mispair (Af; = 3 min), 30 uM 5-NapITP
was added to initiate pyrophosphorolysis. As illustrated in
Figure 5D, the addition of 5-NapITP causes a rapid degrada-
tion of the primer containing the incorporated 5-NIMP (band
denoted as “14-NI""). However, the removal of 5-NIMP regene-
rates the original 13-mer primer which then allows for the
incorporation of 5-NapIMP opposite 5-NI (band denoted as
“14-Nap”). The production of the 14-Nap band does not simply
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FiGure 4: (A) Structures of 5-substituted indolyl-2’-deoxynucleoside triphosphates used in this study. Only the non-natural nucleobases are
provided for the sake of clarity. Surface ionization potentials for each nucleobase are provided for comparison and were generated using Spartan
’04. Red indicates the most electronegative regions, green neutral regions, and blue electropositive regions. The partial atomic charges were
calculated using the DFT 6-31G** method and basis set. (B) Representative gel electrophoresis for the incorporation of modified 5-substituted
indolyldeoxyribose triphosphates (500 M) opposite S-nitroindole present in the templating strand. (C) Rate constants for the incorporation of
5-PhITP opposite 5-NI as a function of 5-PhITP concentration. Assays were performed using 1 uM gp43 exo , 250 nM 13/205_nj-mer, 10 mM
Mg(OAc),, and 5-PhITP at variable concentrations: 1 (O), 2 (O), 4 (@), 8 (M), 21 (»), and 42 uM (a). The solid lines represent fits of the data to a
single exponential. (D) ks values (@) were plotted vs 2-thio-dTTP concentration and fit using the Michaelis—Menten equation to determine the

following values: K4 = 8.7 £ 1.1 uM, ki = 0.107 £ 0.005 s,

and kpol/Kd =

12300 + 500 M~ 's™ 1,

Table 2: Summary of Kinetic Parameters for the Incorporation of Non-Natural Nucleotides opposite 5-Nitroindole by the Bacteriophage T4 DNA Polymerase”

s-electron surface

dipole

solvation

analogue Ky (uM) kpol s kpol/Ka M~ 'sTh volume (A3)h area (A3)" moment (D)? energy (kcal/mol)*
IndTP 60+ 10 0.014 £ 0.003 230 £ 20 132.8 148.1 2.11 —5.45
5-FITP 55410 0.030 & 0.005 545435 137.7 148.1 3.57 —4.66
5-AITP ND/ ND/ ND/ 143.2 148.1 1.55 -9.47
5-NITP 324+ 6 0.027 +£0.002 840+ 40 154.5 174.0 7.32 —6.92
5-CH-ITP 13+7 0.006 +0.001 460 £+ 30 228.9 148.1 1.97 —4.23
5-CE-ITP 63+ 31 0.10+0.03 1590 + 250 224.2 181.4 2.06 =5.11
5-PhITP 8.7+ 1.1 0.107 £ 0.005 12300 £ 500 215.6 225.2 2.66 —6.59
5-NapTP 17£8 0.029 +0.009 1720 £ 200 267.5 274.6 2.73 —=7.21

“Assays were performed using 1 uM exonuclease—deﬁcient bacteriophage T4 DNA polymerase, 250 nM 13—205_n;-mer, and variable concentrations of
bVolume (used as an indicator of the relative size of the nucleobase) calculated using Spartan "04.
“m-Electron surface area refers to the presence of a conjugated functional group at the 5-position of the indolyl-2- deoxyr1b0s1de triphosphate and was calculated
using Spartan *04. “Dipole moments calculated using Spartan "04. “Solvation energies for each nucleobase calculated using Spartan "04. “No incorporation

non-natural nucleotide in the presence of 10 mM Mg*".

detected up to a concentration of 500 uM.
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FIGURE 5: (A) Substrate-induced inhibition by 5-NapITP during incorporation opposite 5-nitroindole. The observed rate constants for
incorporation (O) were plotted vs 5-NapITP concentration and fit to the equation for competitive substrate inhibition [kobs = (kpor-
[5-NapITP))/(Ky + [5-NapITP] + K{[5-NapITPJ?)] to determine the following values: Kq = 17 & 8 uM, kpor = 0.029 £ 0.009 s !, kpol/Ka =
1720200 M~ 's™! and K; = 41 & 15 uM. (B) Proposed mechanism for the incorporation and subsequent excision of a non-natural nucleotide
via pyrophosphorolysis, the reversal of polymerization. See the text for details. (C) Pyrophosphorolysis of 5-NIMP when paired opposite
S-nitroindole in the template strand. Removal of the enzymatically formed 14-mer is caused by the addition of 400 uM PP;. See the text for details
regarding the experimental design. (D) 5-NaplTP-mediated pyrophosphorolysis of S-NIMP when paired opposite 5-nitroindole in the template
strand. Degradation of the enzymatically formed 14-mer caused by the addition of 30 uM 5-NapITP. See the text for further details regarding the
dynamics of the pyrophosphorolysis reaction. (E) Incorporation of 30 uM 5-NapITP opposite 5-NI. The identical mobility of the “14-Nap” band
compared to the results depicted in panel D indicates that the reaction products do not reflect elongation from 5-NIMP but instead reflect the
enzymatic removal of 5-NIMP and subsequent insertion of 5-NapITP opposite 5-NI in the template.

represent elongation of the 14-NI-mer band since control experi-
ments validate that the band denoted as 14-Nap represents
incorporation of 5-NapITP opposite 5-NI (Figure SE).

We also assessed if other non-natural nucleotides could act as
phosphoryl transfer donors to remove 5-NIMP as the terminal
primer base. Since this assay relies on measuring differences in the
mobility of DNA primers via denaturing gel electrophoresis,
there are limitations about which non-natural nucleotides could
be tested. Specifically, only relatively “large” non-natural nucleo-
tides such as 5-PhITP, 5-CE-ITP, and 5-CH-ITP could be tested
as they display significant differences in mobility during electro-
phoresis. In all cases, the addition of these non-natural nucleo-
tides caused a reduction in the amount of enzymatically formed
14-mer (Figure 3 of the Supporting Information). In these cases,
the extent of degradation depends upon the composition of the
non-natural nucleotide acting as the phosphoryl transfer donor.
As before, these differences were quantified through fits of the
data to a single exponential, and the rank order of reactivity
for these nucleotides is as follows: 5-NapITP and 5-CE-ITP >
5-PhITP and 5-CH-ITP. These data suggest a correlation be-
tween pyrophosphorolysis activity and the base stacking poten-
tial of the phosphoryl transfer donor.

Nucleotide Incorporation in the Presence of Exonuclease
Activity. Like most high-fidelity DNA polymerases, the bacterio-
phage T4 enzyme possesses a vigorous exonuclease activity that
plays a significant biological role in maintaining genomic fidelity.
Although we have demonstrated that pyrophosphorolytic acti-
vity participates in the removal of nucleotides paired opposite
5-NI, it is important to examine the capacity of exonuclease

excision to effectively remove nucleotides paired opposite a
noncanonical nucleobase. This was accomplished by comparing
the ability of the wild-type bacteriophage polymerase (gp43exo™)
versus the exonuclease-deficient polymerase, gp43 exo , to stably
insert 5-NIMP opposite 5-NI. As illustrated in Figure 6A,
gp43exo efficiently incorporates 5-NIMP opposite its non-
natural counterpart while barely detectable levels of 5-NIMP
incorporation are observed using the wild-type polymerase.
Similar results were obtained using other non-natural nucleotides
such as 5-PhITP and 5-CE-ITP (Figure 4 of the Supporting
Information). In general, the reduced amount of product forma-
tion using gp43exo ™ infers enzymatic removal of the non-natural
nucleotide after it is incorporated.

To validate this conclusion, the efficiency of nucleotide
removal via exonuclease proofreading by gp43exo™ was directly
compared to removal catalyzed by pyrophosphorolysis. This was
achieved by first forming the 5-NI-:5-NI mispair in situ by
adding 20 uM 5-NITP to the preincubated gp43 exo —13/205.n1-
mer complex. After 3 min (Az; of more than four half-lives),
400 uM PP; was added to initiate pyrophosphorolysis, and
aliquots of the reaction mixture were quenched into EDTA as
a function of time (A, = 15—180 s). Representative gel electro-
phoresis data provided in Figure 6B (left panel) recapitulate
results of earlier experiments as the addition of PP; causes a
reduction in the amount of 14-mer. To measure exonuclease
degradation of the the 5-NI-5-NI mispair, a similar experiment
was performed in 2 uM gp43 exo™ instead of 400 uM PP;. As
illustrated in Figure 6B (right), the addition of the wild-type poly-
merase leads to a rapid degradation of the 14-mer (kops > 0.1 ).
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FIGURE 6: (A) Time course for the incorporation of 5-NIMP opposite
5-NI using either gp43 exo~ (O) or gp43 exo™ (@). Assays were per-
formed using 500 nM gp43 exo~ or gp43 exo™, 250 nM 13/205.n-mer,
10 mM Mg(OAc),, and 150 uM 5-NITP. The solid lines represent fits
of the data to a single exponential. (B) Gel electrophoresis data
comparing pyrophosphorolysis (left) vs exonuclease excision (right)
of 5-NIMP paired opposite S-nitroindole in the template strand.
Pyrophosphorolytic removal of the enzymatically formed 14-mer
occurs after the addition of 400 uM PP;. Exonuclease removal of
the enzymatically formed 14-mer occurs after the addition of 2 uM
gp43 exo’. See the text for details regarding experimental design.
(C) Quantification of gel electrophoresis data comparing pyrophos-
phorolysis vs exonuclease excision of 5-NIMP paired opposite
S-nitroindole.

It is difficult to unambiguously compare the rate constants for
nucleotide removal via exonuclease proofreading versus pyro-
phosphorolysis activity due to differences in reaction conditions.
However, quantification of the gel electrophoresis data provided
in Figure 6C validates that nucleotide removal occurs far more
efficiently via exonuclease excision than by pyrophosphorolysis.

The Absence of Hydrogen Bonds Prevents Primer Ex-
tension. Single-turnover conditions were used to measure the
rates of extension beyond various natural ({AAMP and dTMP),
modified (2-thio-dTMP, N°-methyl-dAMP, O°-methyl-dGMP,
and 2-APMP), and non-natural nucleotides (5-NIMP, 5-PhIMP,
and 5-FIMP) paired opposite a template 5-NI. Briefly, mispairs
were formed in situ by adding 100 uM nucleotide to the
preincubated gp43exo —13/20s.n-mer complex. After several
minutes to allow for the formation of 14-mer (typically a At; of
5 min), 500 uM dGTP was added to initiate extension beyond the
mispair and aliquots of the reaction mixture were quenched into
EDTA as a function of time (A, = 1—10 min). Under these

3Exonuclease proofreading is a first-order reaction; pyrophosphoro-
lysis is a second-order reaction. As such, it is difficult to make accurate
mechanistic deductions based upon a simple comparison of kinetic rates
for the two reactions.
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conditions, extension beyond any base pair combination contain-
ing 5-NI in the template was not observed, even in the absence of
exonuclease proofreading activity (data not shown).

DISCUSSION

DNA polymerases are remarkably efficient enzymes as they
can copy thousands of base pairs per second with an incredible
degree of accuracy [~1 mistake every 10° opportunities (38, 39)].
They are also enigmatic as they are sufficiently versatile to
recognize four distinct pairing partners while capable of main-
taining selectivity by inserting only one of four potential ANTPs
opposite a template base. Several models have been proposed to
account for this dynamic behavior and range from the exclusive
utilization of hydrogen bonding interactions to base pair recog-
nition using shape and size complementarity. In this work, we
used the unique biophysical properties of 5-NI to further evaluate
the contribution of shape, size, and other biophysical features
such as nucleobase hydrophobicity and z-electron surface areca
during polymerization. The significant findings of this report
include (a) evidence for asymmetry during the replication of a
non-natural nucleobase by the high-fidelity bacteriophage T4
DNA polymerase, (b) the facile incorporation of hydrophobic
nucleotides opposite 5-NI which provides evidence of a model
invoking desolvation as the predominant molecular force during
polymerization, (c) extension of this model to describe the
importance of desolvation during the formation of natural
Watson—Crick base pairs, and (d) evidence of an enhancement
in pyrophosphorolysis activity during the replication of non-
natural nucleobases. Each of these points is discussed in more
detail below to emphasize their mechanistic ramifications.

Polymerization Occurs in the Absence of Hydrogen
Bonds and Shape Complementarity. 5-NI is a non-natural
nucleobase that mimics the shape and size of adenine yet is devoid
of classical hydrogen bonding functional groups. Although 5-NI
is a purine analogue, the non-natural nucleobase is not replicated
like a normal templating nucleobase. Instead, the replication of
5-NI is surprisingly similar to the replication of the nontemplat-
ing abasic site. This is based upon several key pieces of kinetic
data. First, of the four natural nucleotides, JAMP is preferen-
tially incorporated opposite both 5-NI and an abasic site (26).
Second, modified purines such as N°-Me-dAMP and O°-Me-
dGMP that possess enhanced base stacking capabilities are
incorporated opposite 5-NI and the abasic site much more
efficiently than their unmodified natural counterparts (29).
Finally, the most effective substrates in both cases are 5-sub-
stituted indolyl nucleotides that are hydrophobic and contain
significant s-electron density (19, 22). However, it is noteworthy
that the catalytic efficiencies for their incorporation opposite
5-NI are ~100-fold lower compared to the efficiency of incor-
poration opposite an abasic site (19, 22). It is interesting that this
difference is not caused by perturbations in binding affinities
since the Ky values for these analogues are essentially identical
regardless of templating base composition. For example, the K4
of 32 uM for 5-NITP with 5-NI containing DNA is identical to
the value of 36 uM measured with thymine and only ~2-fold
higher than the Ky of 18 uM using abasic site-containing
DNA (26). Instead, the low catalytic efficiency is caused by large
reductions in the ko values.

This final aspect is noteworthy since the ko values for these
non-natural nucleotides opposite an abasic site are highly sensi-
tive to the overall m-electron surface area of the incoming
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nucleotide (23). This relationship does not exist for their incor-
poration opposite 5-NI since 5-CH-IMP and 5-FIMP, which lack
extensive s-electron density, are incorporated as efficiently as
analogues such as 5-PhIMP and 5-NIMP that contain signifi-
cantly larger m-electron surface areas. The common feature
among these four non-natural nucleotides is their hydrophobic
nature, and this provides a molecular basis for their insertion
opposite an equally hydrophobic nucleobase (vida supra). In-
deed, hydrophobic effects likely explain why dAMP and dTMP
are the only two natural nucleotides incorporated opposite 5-NI
as they possess the lowest solvation energies among the four
natural nucleobases (40, 41). Consistent with this mechanism is
the fact that 5-AITP, the only hydrophilic non-natural nucleotide
tested, is not incorporated opposite S-nitroindole.

How Much Does Desolvation Contribute toward DN A
Polymerization? The importance of hydrophobicity and des-
olvation is evident via examination of the structure of duplex
DNA. The interior of the helix is devoid of water and thus
classified as a hydrophobic environment that is essential for the
formation of the network of correct hydrogen bonds between
base pairs. Creating this hydrophobic environment during DNA
polymerization is challenging since water molecules surrounding
the functional groups of the incoming dNTP must be removed
prior to the formation of hydrogen bonds within the interior of
the DNA helix. However, the replication of hydrophobic, non-
natural nucleobases such as S-nitroindole circumvents the re-
quirement for a desolvation step, and thus, only nucleotides that
are also relatively hydrophobic are effectively incorporated.

This conclusion is consistent with results reported by the
Romesberg group who developed a series of novel base pair
combinations using hydrophobic packing interactions rather
than hydrogen bonds or shape complementarity (42, 43). This
group proposed that interactions between two hydrophobic
nucleobases should be stronger than those made between a mixed
base pair composed of a hydrophobic base paired opposite a
hydrophilic one. Indeed, the catalytic efficiencies for incorporat-
ing a natural dNMP opposite a hydrophobic base such as
7-azaindole is ~100-fold lower than for incorporating the
hydrophobic isocarbostyril nucleotide opposite 7-azaindole (44).
Furthermore, this model provides a comprehensive mechanism
for the maintenance of replication fidelity as the misinsertion of
any natural dNMP opposite a hydrophobic nucleobase is
hindered due to unfavorable enthalpic interactions. However,
this improvement in fidelity does not extend to the enzymatic
formation of a completely hydrophobic base pair. In fact, fidelity
cannot be achieved during the replication of two distinct hydro-
phobic bases due to the ease of enzymatically forming self-pairs.
One relevant example of this phenomenon is the higher catalytic
efficiency for incorporating dFMP opposite a template dF
compared to the incorporation of JAAMP, the “preferred” shape
partner for dF (45). In general, reductions in solvation energies
lower entropic penalties and favor nucleotide incorporation.
However, they also produce negative effects on selectivity as a
hydrophobic base can be efficiently incorporated opposite any
other hydrophobic base regardless of shape and/or size.

It is also important to compare the kinetic behavior for forming
amixed (natural-non-natural) base pair such as AAMP-5-NI and
dTMP-5-NI with that of corresponding natural mispairs such
as dAMP-dG and dTMP-dG as this provides insight into
mechanisms used to achieve polymerization fidelity. A summary
of kinetic parameters for these various natural and mixed mis-
matches is provided in Table 3. In general, the efficiency of
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Table 3: Comparison of the Kinetic Parameters for the Incorporation of
Natural Nucleotides opposite Natural Templating Nucleobases and the
Non-Natural Nucleobase, 5-Nitroindole, by the Bacteriophage T4 DNA
Polymerase

base pair Kon (M) Keat 571 Kead K M1
dATP-dT¢ 10+1 4+1 400000
dATP-dC? 1100 £ 160 0.005 £ 0.001 8
dATP-dA? 230 + 60 0.028 £ 0.002 120
dATP-dG® 1280 =4 500 0.0049 £ 0.001 4
dATP-5-NI¢ > 500 ~0.0033 6
dTTP-dA 10£1 441 400000
dTTP-dC? not determined not determined not determined
dTTP-dG? 530 + 65 0.019 £ 0.002 36
dTTP-dT? 1350 + 400 0.021 £ 0.003 16
dTTP-5-NI¢ > 500 ~0.0024 5

“Values taken from ref /7. ®Values taken from ref 58. “From this
study. “Unpublished results of A. J. Berdis.

forming a mixed mispair such as dAMP- 5-NI is identical to that
for forming natural mismatches such as dAMP-dG and
dAMP-dC. In all three cases, the apparent K, for the incorrect
nucleotide is greater than 500 M while the rate constant for
nucleotide incorporation is exceedingly slow (< 0.005 s "). Similar
results are observed for the misincorporation of dTMP opposite
the non-natural nucleobase, 5-NI, and natural nucleobases such as
dG or dT. As such, the enzymatic formation of a mixed mispair is
kinetically disfavored through similar perturbations in K, and k.,
values as observed during the enzymatic formation of natural
purine - purine or purine- pyrimidine mispairs.

While natural nucleotides are poorly incorporated opposite a
noncanonical nucleobase such as 5-nitroindole, it is clear that
increasing the base stacking potential of the incoming nucleotide
(either through changes in solvation energies or through in-
creased z-electron surface areas) facilitates enzymatic incorpora-
tion. This is consistent with previous reports demonstrating that
the high-fidelity bacteriophage T4 DNA polymerase incorpo-
rates modified natural nucleotides opposite an abasic site much
more efficiently than their unmodified counterparts (29). The
increase in the level of misincorporation of these nucleotides
opposite this nontemplating lesion correlated with their enhanced
base stacking properties. However, a similar effect was not
observed during their misincorporation opposite templating
DNA. This suggests that different biophysical features are
employed during the replication of damaged versus nondamaged
DNA. Thus, most DNA polymerases behave differently when
replicating normal versus damaged nucleic acid. Indeed, high-
fidelity polymerases typically misinsert a wrong nucleotide upon
encountering damaged DNA, while specialized or “error-prone”
DNA polymerases such as pol # and pol ¢ maintain genomic
fidelity by incorporating the “correct” nucleotide opposite the
DNA lesion (reviewed in ref 46).

When Does Desolvation Occur during DNA Polymeri-
zation? While these data highlight the importance of desolvation,
the more daunting challenge is to define how and when desolva-
tion occurs along the multistep DNA polymerization pathway.
For example, desolvation could occur during the binding of the
incoming nucleotide, during the conformational change step that
precedes phosphoryl transfer, or both (Figure 7).* We argue that

*We argue that desolvation occurs prior to phosphoryl transfer since
water must be removed from the polymerase’s active site to avoid
hydrolysis reactions that would compete with phosphoryl transfer.
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F1GURE 7: Proposed mechanism for desolvation of an incoming nucleotide during DNA polymerization. In this mechanism, the entropic penalty
associated with removing water molecules associated with various functional groups is offset by favorable enthalpic contributions caused by the
formation of proper hydrogen bond interactions between the two nucleobases. This model for the bacteriophage T4 DNA polymerase invokes an
asymmetrical mechanism in which the templating nucleobase is initially in an extrahelical position. Thus, binding of the incoming nucleotide
occurs without an obligatory desolvation step. Instead, desolvation of the incoming nucleobase occurs during the conformational change step in
which the templating nucleobase and the incoming nucleotide are positioned in an interhelical position to form proper base stacking and hydrogen

bonding interactions.

with the bacteriophage T4 DNA polymerase, desolvation likely
occurs during the nucleotide binding step since the Ky values for
hydrophobic S-substituted indolyl nucleotides such as 5-PhITP
and 5-NapITP are essentially independent of templating nucleo-
base composition (2/). In addition, the vast majority of these
analogues bind with relatively high affinity (~20 uM) despite the
fact that they are not complementary to the shape and/or size of
the pairing partner, nor do they contain functional groups that
could support enthalpic stabilization via hydrogen bonding inter-
actions. In essence, non-natural nucleotides that can be desolvated
casily are thermodynamically more stable in the interior of DNA,
and this feature coincides with their low K values and more facile
incorporation opposite other hydrophobic nucleobases.

Desolvation can also occur during the conformational change
step that precedes phosphoryl transfer. This conformational
change step was initially attributed to the alignment of the
incoming nucleotide with the templating base (47). However, this
step could also function to exclude water from the polymerase’s
active site after the binding of the incoming nucleotide. As
illustrated in Figure 7, enthalpic penalties associated with removal
of water molecules from these various functional groups should be
adequately offset by the formation of favorable enthalpic con-
tributions that result from proper hydrogen bonds made between
two natural nucleobases. During the enzymatic formation of a
mixed hydrophobic—hydrophilic base pair, however, the rate of
the conformational change is reduced since the lack of a hydrogen
bonding groups precludes the contributions of compensatory
enthalpic stabilization inside the DNA helix. Thus, polymerization
can occur in the absence of hydrogen bonding potential. However,
the efficiency of the process is dramatically reduced.

While our discussion has focused on hydrogen bonding and
steric fit recognition, an alternative model invoking positive
versus negative selection must also be considered. This model is
derived from results generated by the Kuchta laboratory using
a series of non-natural nucleotides to probe the determinants
used by various DNA polymerases to optimize replication
fidelity (48, 49). Results from their studies suggest the use of
two orthogonal screens: positive selection for incorporating the
correct ANTP and negative selection against incorporating an
incorrect ANTP (48, 49). In work relevant to our studies here, the
Kuchta laboratory demonstrated that the eukaryotic poly-
merase, pol @, incorporates S-nitrobenzimidazole opposite all
natural nucleobases at rates comparable to those of normal,
correct base pairs (49). These results were attributed to a positive
versus negative selection mechanism in which the absence or
presence of chemical entities that differ from normal purine and
pyrimidine bases (i.e., N-3 of purine) defines the ability of a DNA
polymerase to recognize the incoming nucleotide as either “right”
or “wrong”. In other words, the lack of discrimination by pol a
against incorporating S-nitrobenzimidazole results from its in-
ability to recognize S-nitrobenzimidazole as being wrong since
the non-natural nucleotide is so dissimilar from a purine.

At face value, the data obtained here using the bacteriophage
T4 DNA polymerase with certain hydrophobic analogues such as
5-NITP, 5-CE-ITP, and 5-NapITP are consistent with this
model. These analogues are more efficiently incorporated oppo-
site the hydrophobic 5-nitroindole compared to a hydrophilic
nucleobase such as guanine and thus could reflect a negative
selection mechanism. As before, the incorporation of these
hydrophobic indolyl purine nucleotides results from the absence
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of essential features associated with purine nucleotides that are
critical for effective discrimination. However, it is impossible to
exclude positive selection as the beneficial influence of hydro-
phobic packing forces may be sufficient for these non-natural
nucleotides to be incorporated into duplex DNA (43).

The Lack of Primer Extension Enhances Pyrophosphoro-
lysis. In addition to the poor kinetics of nucleotide incorpora-
tion opposite 5-NI, the exonuclease-deficient T4 DNA poly-
merase is unable to extend beyond any base pair containing the
non-natural nucleobase in the template. The lack of extension
could reflect the absence of hydrogen bonding groups that are
essential for polymerase translocation that occurs after nucleo-
tide incorporation (50, 51). Alternatively, this could be caused by
the incorrect shape of the formed mispair. Indeed, Romesberg
and colleagues showed that the E. coli Klenow fragment is unable
to extend large, aromatic non-natural nucleobases that result
from the formation of an intercalated structure that causes
mispositioning of the 3’-OH group in the polymerase’s active
site to hinder phosphoryl transfer (43).

Regardless of the exact molecular mechanism, the increase in
the pyrophosphorolysis activity of the bacteriophage T4 DNA
polymerase is also consistent with a model invoking inhibition
of polymerase translocation. The inability of the polymerase
to translocate along DNA containing the non-natural nucleo-
base would lock the enzyme in a postcatalytic conformation
(E'-DNA,,, ) that is poised to bind pyrophosphate (PP;) or other
phosphoryl donors rather than the next correct nucleotide.
The binding of pyrophosphate to form the E-DNA,,,—PP;
complex allows pyrophosphorolysis to occur and generates the
E—DNA,, complex and dNTP. This mechanism also explains
the appearance of substrate-induced inhibition by non-natural
nucleotides, including 5-NapITP and 5-CE-ITP. At low nucleo-
tide concentrations, the production of 14-mer is favored since
polymerization activity is higher than pyrophosphorolysis acti-
vity. However, as the concentration of the non-natural nucleotide
increases, pyrophosphorolysis activity becomes more prevalent
such that the 14-mer initially generated via polymerization is
removed via pyrophosphorolysis. Precedence for this mechanism
comes from studies in which the mechanism of pyrophosphoro-
lysis with HIV reverse transcriptase (RT) was examined because
of its importance in the development of drug resistance to chain
terminators such as AZT and ddC (52, 53). Although PP; acts
as the normal substrate during pyrophosphorolysis, Meyer
et al. demonstrated that ATP can substitute as a phosphoryl
donor during this reaction (54). Our data using non-natural
nucleotides are consistent with this mechanism as increasing the
base stacking potential of non-natural nucleotides causes an
enhancement in the binding affinity of the pol—DNA,,, | complex
to facilitate pyrophosphorolysis. In this case, higher pyropho-
sphorolysis activity is observed with nucleotides such as
5-NapITP and 5-CE-ITP that have greater base stacking poten-
tial than analogues such as 5-CH-ITP. A similar correlation
is observed between the base stacking potential of the non-
natural nucleotide present as the second substrate on the
terminal primer. In this case, analogues such as 5-FIMP and
2-thio-dTMP that have low base stacking potential are removed
via pyrophosphorolysis significantly faster than analogues such
as SCE-IMP and 5-NapIMP that possess higher base stacking
potential.

The enhancement in pyrophosphorolysis also provides a
mechanism for explaining the unusual kinetic behavior observed
for the incorporation of 2-thio-dTMP, 5-PhIMP, and other
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non-natural nucleotides opposite 5-NI. As previously described,
the time courses of primer elongation with these analogues
exhibited unusual effects on both the amplitudes in product
formation and the corresponding rate constants for incorpora-
tion (vide infra). Similar results were reported by Johnson et al.
measuring the enzymatic insertion of AZT-MP opposite adenine
by pol y, the human mitochondrial DNA polymerase (55). In this
case, the dependence of nucleotide concentration on the ampli-
tude of product formation was argued to be a consequence of a
readily reversible polymerization reaction. The data presented
here with the bacteriophage T4 polymerase support this model as
the polymerization reaction can be easily reversed via pyropho-
sphorolysis when various nucleotides are incorporated opposite a
non-natural nucleobase. Collectively, the enhanced pyrophos-
phorolysis activity displayed by the T4 DNA polymerase in-
dicates that the phosphoryl transfer step is readily reversible if
hydrogen bonding contacts between the formed base pair are not
present or if the base pairs are not optimally arranged in the
polymerase’s active site. Collectively, the lack of translocation
and an enhancement of pyrophosphorolysis activity represent
significant complications in the application of non-natural
nucleotides as chemical tools to expand the genetic code (56, 57).

Is Pyrophosphorolysis Activity Comparable to Exo-
nuclease Proofreading Activity? The enhanced pyrophos-
phorolysis activity at a noncanonical base can explain the
appearance of nucleotide-induced inhibition that is typically
observed when misincorporation kinetics catalyzed by exo-
nuclease-deficient DNA polymerases are monitored. In addi-
tion, the enhanced pyrophosphorolysis activity also provides
a mechanism for explaining why non-natural nucleotides are
refractory to elongation, even in the absence of exonuclease
proofreading. However, the data provided in Figure 6 clearly
show that exonuclease proofreading is far more efficient than
pyrophosphorolysis in removing a nucleotide paired opposite a
non-natural nucleobase. These kinetic data argue that exonu-
clease proofreading is more biologically important than pyro-
phosphorolysis in maintaining genomic fidelity with high-fidelity
DNA polymerases. However, this may not be true with “specia-
lized” DNA polymerases that are devoid of exonuclease proof-
reading activity.

SUPPORTING INFORMATION AVAILABLE

Figure 1A shows the structure of 2-thio-d TMP paired opposite
5-NI, while Figure 1B shows the structure of 4-thio-dTMP paired
opposite 5-NI. Figure 2 provides data indicating that pyropho-
sphorolysis does not occur when 5-NI is paired opposite thymine
or an abasic site. Figure 3 provides time courses for pyropho-
sphorolysis using 5-PhITP, 5-CE-ITP, and 5-CH-ITP as the
phosphoryl transfer donor. Figure 4 provides time courses for
incorporation of 5-PhIMP (A) and 5-CE-IMP (B) opposite 5-NI
using exonuclease-deficient and exonuclease-proficient bacter-
iophage T4 DNA polymerase. This material is available free of
charge via the Internet at http://pubs.acs.org.
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