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Final Progress Report for W911NF-05-1-0172

The key issue we addressed was how DNA polymerase o discriminates between right
and wrong dNTPs. This is a key issue in molecular recognition since all 4 bases are relatively
similar chemically, and the energy difference, as measured in terms of the stability of DNA,
between a correct and incorrect base-pair is much smaller than the difference in efficiencies with
which a DNA polymerase incorporates a right and wrong dNTP.

1. Mechanism by which pol « discriminates between right and wrong purine dNTPs

We have identified the chemical features of purine dNTPs that human pol o uses to
discriminate between right and wrong dNTPs. Removing N-3 from guanine and adenine, two
high fidelity bases, significantly lowers fidelity. Analogously, adding the equivalent of N-3 to
low-fidelity benzimidazole-derived bases (generating 1-deazapurines) significantly increases the
ability of pol a to identify the resulting 1-deazapurines as wrong. Adding the equivalent of the
purine N-1 to benzimidazole or to 1-deazapurines significantly decreases the rate at which pol o
polymerizes the resulting bases opposite A, C, and G, while simultaneously enhancing
polymerization opposite T. Conversely, adding the equivalent of adenine’s C-6 exocyclic amine
(N-6) to 1- and 3-deazapurines also enhances polymerization opposite T, but does not
significantly decrease polymerization opposite A, C, and G. Importantly, if the newly inserted
bases lack N-1 and N-6, pol o does not efficiently polymerize the next correct dNTP, whereas if
it lacks N-3 one additional nucleotide is added and then chain termination ensues. These data
indicate that pol o uses two orthogonal screens to maximize its fidelity. During dNTP
polymerization, it uses a combination of negative (N-1 and N-3) and positive (N-1 and N-6)
selectivity to differentiate between right and wrong dNTPs, while the shape of the base-pair is
essentially irrelevant. Then, to determine whether or not to add further dNTPs onto the just
added nucleotide, pol o appears to monitor the shape of the base-pair at the primer 3’-terminus.

The role of N® was examined by comparing a series of purine dNTPs either containing or
lacking N? (adenine vs. 2-aminoadenine, purine vs. 2-aminopurine, 6-chloropurine vs. 2-amino-
6-chloropurine). Adding the N? to adenine, purine, and 6-chloropurine did not significantly affect
polymerization opposite G, A, or T in the template. However, adding N? significantly increased
misincorporation opposite C (up to 100-fold enhancement). We also examined the effects of N?
when present in the template, and the effects were analogous to N? in the dNTP.

Potentially, the enhanced misincorporation could have resulted from either a
tautomerization/protonation of the 2-amino containing compounds, or a hydrogen bond formed
between N? of the purine and O of cytosine. To differentiate between these possibilities, we
examined the effects of N for polymerization opposite the base 2-hydroxypyridine (pyridin-2-
one). As with a template cytidine, N? enhances polymerization opposite pyridin-2-one, consistent
with the hydrogen bond between N? and O? driving misincorporation opposite cytidine, as
opposed to tautomerization/protonation. Likewise, pol a polymerized pyridin-2-one dNTP much
more rapidly opposite purines bearing N°. To provide further evidence for the importance of this
hydrogen bond, we examined polymerization of 1-deazapurine dNTP and 2-amino-1-
deazapurine dNTP. Again, the presence of N? drove polymerization opposite template cytidine
and pyridin-2-one, consistent with the hydrogen bonding mechanism.
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2. Mechanism by which pol « discriminates between right and wrong pyrimidine dNTPs.

In order to test the hypothesis that pol o discriminates against incorrect pyrimidine
dNTPs using similar mechanisms as it uses for discriminating against incorrect purine dNTPs,
we have synthesized and tested an initial set of pyrimidine dNTP analogs (Chart 1) and measured
their polymerization opposite A, C, T, and G. Pol a strongly discriminated against polymerizing
dNTPs containing the bases 2-hydroxypyridine (by factors of 270, 2600, 3000, and 1800
opposite A, C, G, and T, respectively) and 2,4-dihydroxypyridine opposite all 4 natural template
(by factors of 1700, >20,000, 9500, and 6200 opposite A, C, G, and T, respectively). Thus, the
presence of exocyclic oxygens at C-2 and C-4 of a pyridine allow pol a to identify the incoming
dNTP as wrong opposite the natural bases.

Pol a also strongly discriminated against polymerization of the dNTP containing the base
2-hydroxypyrimidine opposite A, C and T (by factors of 430, 1400, and 410, respectively). In
contrast, pol a polymerized 2-hydroxypyrimidine dNTP opposite a template G only 6-fold less
efficiently than dGTP. Thus, pol o recognizes 2-
hydroxypyrimidine dNTP as a dCTP analogue
despite the lack of a Watson-Crick hydrogen

1 2 3 4
NH, Cl o) CHg
bond.
N7 | N7 | HN | N7 |
We specifically examined the role of O N N X X
of a pyrimidine by synthesizing 4 analogues of

pyrimidine dNTPs (Figure 1). Remarkably, pol o Sugar Sugar Sugar Sugar
very strongly discriminated against

polymerization of all 4 dNTPs, even though in Figure 1. Bases to test the role of O? of a
two cases the compounds could form 2 Watson- pyrimidine.

Crick hydrogen bonds. The lack of
polymerization resulted from very weak binding of the dNTPs to pol a. Thus, O of a pyrimidine
plays a critical role during pyrimidine dNTP polymerization.

3. Functional groups play very different roles when present in the template than in the incoming
dNTP.

In contrast to the very strong discrimination against the dNTPs containing the bases in
Figure 1, in the case of compound 3, pol o readily incorporates dATP opposite this base when it
is in the template (<10-fold discrimination). Thus, there is a huge disparity in the importance of
O? when in the dNTP versus when in the template. We have found similar disparities in base
recognition for a number of other bases (i.e., polymerization when in the template versus when in
the dNTP), including 6-chloropurine, purine, and various hydrophobic bases. Together, these
data indicate that pol o has the capacity to “read” the template base being replicated in order to
choose the appropriate incoming dNTP. Additionally, this result helps explain why it has proven
so difficult to develop novel base-pairs that DNA polymerases rapidly and efficiently replicate.
Since pol a, and probably other polymerases, read the template base in order to decide what is
the correct incoming dNTP, in order to know what the polymerase will consider a correct ANTP
to incorporate opposite a novel template base, one must know the rules of how the polymerase
reads the template base and what it will be looking for in the novel base-pair. Presently, we have
no idea what the rules are — i.e., we cannot predict what the polymerase will consider correct for
incorporation opposite a novel template base.
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4. Pol « Does not Use “Electrostatic Complementarity” between the Bases on the Incoming
dNTP and Template to Identify Correct dNTPs.

We tested the hypothesis that pol a uses “electrostatic complementarity” between the
bases of the incoming dNTP and the template to help identify the incoming dNTP as right or
wrong. We synthesized a series of potential novel base-pairs that would electrostatically
complement each other (Figure 2). However, pol a did not rapidly polymerize any of these
novel base pairs. Thus, electrostatic complementarity between the edges of the aromatic bases is
not sufficient for the development of novel base-pairs.
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5. Pre-steady state mechanism of pol ¢.

We first developed conditions that allowed us to perform trapping studies on pol o in
order to examine a single-turnover of the enzyme. As a trap DNA, we found that poly(dT)-
oligo(rA) worked very efficiently. Control experiments showed that a large excess of poly(dT)-
oligo(rA) prevented free pol o from binding [*2P]DNA,, but did not inhibit the ability of
preformed E-[*P]DNA, complex from adding the next correct dNTP. Using this trapping assay,
we found that the E-[*2P]DNA,, complex could add the next dNTP when diluted into trap DNA
and the dNTP. Thus, like all known DNA polymerases, pol a. can bind DNA prior to the dNTP.
Additionally, by measuring the amount of the initial E-[**P]DNA,, complex formed as a function
of [**P]DNA, concentration, we found that the Kp of DNA is 1.5 pM for a 13/25-mer primer-
template.

We have initiated rapid quench studies on pol a.. A solution of pol o and [*?P]-
primer/template is mixed with unlabeled dNTP and then quenched with EDTA. After
concentrating the sample, the products are subjected to gel electrophoresis to separate elongated
primer from unelongated primer. As with most processive polymerases, a biphasic reaction
curve was obtained, indicative of a slow step after phosphodiester bond formation. From the
burst phase, we can measure the rate of dNTP polymerization. As compared to replicative
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polymerases from bacteria and phage, pol o is not an especially fast enzyme. The rate of ANTP
incorporation is only around 40 s™.





