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Abstract

To better understand how DNA polymerases interact with mutagenic bases, we examined how human
DNA polymerase o (pol a), a B family enzyme, and DNA polymerase from Bacillus
stearothermophilus (BF), an A family enzyme, generate adenine:hypoxanthine and adenine:8-
oxo-7,8-dihydroguanine (8-0xoG) base pairs. Pol a strongly discriminated against polymerizing
dATP opposite 8-0x0G, and removing N1, N8, or N7 further inhibited incorporation, whereas
removing N3 from dATP dramatically increased incorporation (32-fold). Eliminating N® from 3-
deaza-dATP now greatly reduced incorporation, suggesting that incorporation of dATP (analogues)
opposite 8-oxoguanine proceeds via a Hoogsteen base-pair and that pol a uses N3 of a purine dNTP
to block this incorporation. Pol a also polymerized 8-oxo-dGTP across from a templating A, and
removing N6 from the template adenine inhibited incorporation of 8-oxoG. The effects of N1, N6,
and N7 demonstrated a strong interdependence during formation of adenine:hypoxanthine base-pairs
by pol o and N3 of dATP again helps prevent polymerization opposite a templating hypoxanthine.
BF very efficiently polymerized 8-oxo-dGTP opposite adenine, and N1 and N7 of adenine appear
to play important roles. BF incorporates dATP opposite 8-0xoG less efficiently, and modifying N1,
N6, or N7 greatly inhibits incorporation. N®, and to a lesser extent N1, help drive
hypoxanthine:adenine base pair formation by BF. The mechanistic implications of these results
showing that different polymerases interact very differently with base lesions are discussed.
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Introduction

Accurate DNA replication is crucial for cell survival and in the case of multicellular organisms,
important for preventing oncogenesis and subsequent death of the organism. Therefore, DNA
polymerases should replicate DNA with as few errors as possible. Typical error rates are
10-3-107% per nucleotide replicated, indicating that these enzymes form correct base pairs
much more efficiently than incorrect base pairs (1). In addition, some of these enzymes contain
a 3’-5’ exonuclease designed to remove misincorporated nucleotides.

How DNA polymerases choose whether or not to incorporate a nucleotide remains unclear.
Even though structural, kinetic, and substrate mutagenesis studies have been variously
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employed with different polymerases, the mechanism(s) that differentiate an efficiently
polymerized base-pair from a poorly polymerized base-pair remain unclear and controversial.
Multiple models exist, including base-pair shape, formation of Watson-Crick hydrogen bonds,
and positive/negative selectors (2-5). Previous studies examining DNA polymerase a (pol a
1), a B family polymerase, indicate that it uses a combination of negative selectivity to prevent
misincorporation and positive selectivity (Watson-Crick hydrogen bond formation) to enhance
correct dNTP polymerization, while shape does not play a significant role during incorporation
(6). Different studies with Klenow Fragment, an A family polymerase, have given inconsistent
results. Some studies have concluded that the shape of the incipient base pair plays a key role
in fidelity, while others indicate that shape has no significant role (7-9).

In addition to the natural bases, polymerases will also confront modified bases generated by
unwanted chemical reactions. Guanine is the most readily oxidized natural base (10), and the
oxidized product, 8-0x0G, is an extremely important problem both when found in the DNA
template and asa dNTP (11,12). 8-OxoG can flip into the syn conformation and then form base
pairs with A (Figure 1), causing the common G:C to T:A mutation (13,14). Generating 8-0xoG
lesions in E. coli greatly increased both G—T transversions due to polymerization of dATP
opposite 8-0xoG and A—C tranversions due to polymerization of 8-oxo-dGTP opposite A
(15,16). Previous studies with E. coli have clearly demonstrated that significant concentrations
of 8-0x0-dGTP can accumulate (17). To help solve this problem multiple repair pathways have
evolved to recognize and remove 8-0xoG both from DNA strands and the nucleoside
triphosphate pools (11,18,19).

Previous work showed that pol o incorporates dATP 7-fold more efficiently than dCTP
opposite an 8-o0xoG template lesion (20). No data exist on polymerization of 8-oxo-dGTP
opposite of natural templates by pol o In addition, no structural studies with respect to this
lesion have been completed with pol a However, the lesion has been examined structurally
with RB69, a closely related B-family polymerase (21,22). The 8-0x0G:C base pair binds to
RB69 similar to a normal base pair while the 8-0x0G:A base pair binds in the syn conformation
(Figure 1) (23,24). In addition, it has been shown that other polymerases, such as Dpo4, will
form 8-0xoG (anti):A (syn) base pairs (Figure 1), therefore this type of Hoogsteen base pair
must be considered.

The Klenow fragment of E. coli DNA polymerase I, an A family polymerase, preferentially
incorporates dCTP opposite a templating 8-0xoG (5) as well as 8-0xo-dGTP opposite a
templating C (4). In contrast, another A family enzyme, DNA polymerase | from Bacillus
stearothermophilus (BF) incorporates dATP 9-fold more efficiently than dCTP opposite 8-
0x0G in the template (25). BF has also been extensively characterized structurally as the BF-
DNA binary complex, both with normal DNA and DNA containing 8-o0xoG lesions (25,26).
When base-paired with C, 8-0x0G resides in the anti configuration, although a steric clash
between OB and the 4’-O causes substantial distortion of the backbone. In an A:8-0x0G base
pair, however, the 8-0x0G exists as the syn conformer and the backbone appears normal.

A second base lesion, the conversion of guanine into hypoxanthine via deamination of N2, also
increases generation of A:l base pairs by both BF and pol a (27,28). This occurs both during

LAbbreviations used: 1-Deaza-2’-deoxyadenosine triphosphate, 1-deaza dATP, 1DdATP; 3-Deaza-2’-deoxyadenosine triphosphate, 3-
deaza dATP, 3DJATP; 7- Deaza-2’-deoxyadenosine triphosphate, 7-deaza dATP, 7DJATP; 3-Deaza-2’-deoxyguanosine triphosphate,
3-deaza dGTP, 3DAGTP; 3-Deazapurine-2’-deoxyriboside triphosphate, 3-deazapurine dNTP, 3DdPTP; 7- Deazapurine-2’-
deoxyriboside triphosphate, 7-deazapurine dNTP, 7DdPTP; 1-B-D-2’-Deoxyribofuranosyl-(6-
trifluoromethylbenzimidazole)-5triphosphate, 6CF3dBTP; 1-B-D-2’-deoxyridofuranosyl-(6-nitrobenzimidazole)-5’-triphosphate,
6NO2dBTP; DNA polymerase o, pol o; DNA polymerase | from Bacillus stearothermophilus, BF; Hypoxanthine, I; 8-Oxo-7,8-
dihydroguanine, 8-oxoguanine, 8-0xoG; Purine-2’-deoxyriboside triphosphate, purine dNTP, dPTP; Tris-HCI, Tris(hydroxymethyl)

aminomethane.
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polymerization of dITP opposite A and dATP polymerization opposite hypoxanthine. In both
cases, however, the two polymerases still showed a preference for generating C:hypoxanthine
base pairs.

We have used a series of adenine analogues modified at N1, N3, N6, and N7 to better understand
both how these enzymes polymerize 8-oxo-dGTP and dITP opposite A as well as dATP
opposite 8-0x0G and hypoxanthine. Both during incorporation of the analogue dNTPs opposite
A and dATP opposite the analogues, polymerization is more complicated than simple
formation of Hoogsteen base pairs.

Experimental Procedures

Materials

Methods

All reagents were of the highest quality commercially available. Unlabeled natural INTPs were
from Sigma and radiolabeled dNTPs were from Perkin Elmer. dITP, 7-deaza-dATP, and 8-
0x0-dGTP were from Trilink. 1-Deaza dATP and purine dNTP were prepared as previously
described (6). Protected phosphoramidites of nucleosides containing the bases purine, 7-deaza-
dA and hypoxanthine were from Glen Research. Synthetic DNA oligonucleotides were
purchased from IDT or Biosearch. The two subunit p180-p70 polymerase complex was
expressed in baculovirus-infected SF9 cells at the Tissue Culture Core Facility of the University
of Colorado Health Sciences Center and purified as previously described (27,29,30). BF was
a generous gift of Loreena Beese (Duke University).

5'-End Labeling of Primers and Annealing of Primer/Templates—DNA primers
were 5'-[32P]-labeled using polynucleotide kinase (New England Biolabs) and [y-32P]ATP
(Perkin Elmer). The labeled primer was gel purified and annealed to the template as previously
described (31,32).

Synthesis of nucleotide analogues—7-Deazapurine 6-Chloropurine (1.0 g, 6.6 mmol)
was dissolved in a mixture of iPrOH (50 mL), water (20 mL) and triethylamine (5 mL).
Palladium on charcoal (0.5 g, 10 %) was added and the flask was evacuated and filled with
H, at standard pressure. The mixture was vigorously stirred while H, was continuously
replaced. Palladium on charcoal was filtered off and the solvents were evaporated in vacuo to
yield 0.74 g (95 %) of pure 7-deazapurine. 1H NMR (400 MHz, CD30D): 8.97 (s, 1H, H-2),
8.73 (s, 1H, H-6), 7.51 (d, 1H, J = 2.8 Hz, H-8), 6.67 (dd, 1H, J; = 2.8 Hz, H-7).

9-B-0-(7-Deazapurin)-1’,2’-deoxy-3’,5’-di-O-(4-toluoyl)-o-ribofuranose. 7-Deazapurine (500
mg, 4.2 mmol) was dissolved in MeCN (100 mL) and NaH (5.9 mmol, 60 % in oil, 1.4 eq.)
was added. The mixture was stirred 3 h at r.t. and then 1-chloro-3,5-bis(p-toluoyl)-2-deoxy-f3-
o-ribofuranose (1.9 g, 5 mmol) was added. The resulting dark brown slurry was stirred
overnight, resulting in most of the slurry dissolving. The mixture was then poured into saturated
aqueous NH4CI, extracted with EtOAc, and the product purified by chromatography on silica
gel (100 mL) using a gradient from 50 % EtOAc/hexanes to EtOAc. The yield of colorless oil
was 790 mg (41 %). IH NMR (400 MHz, CDCl3): 8.94 (s, 1H, H-2), 8.87 (s, 1H, H- 6), 7.98
(bdd, 2H, J1 = 6.5 Hz, J, = 1.7 Hz, Tol), 7.94 (bdd, 2H, J; = 6.5 Hz, J, = 1.7 Hz, Tol), 7.40
(d, 3 =3.8 Hz, H-8), 7.20 — 7.30 (m, 4H, 4xH-Tol), 6.89 (dd, 1H, J; = 8.7 Hz, J, = 5.7 Hz,
H-1%), 6.56 (d, 1H, J = 3.7 Hz, H-7), 5.76 (dt, 1H, J; = 6.3 Hz, J, = 2.1 Hz, H-3’), 4.58-4.75
(m, 3H, H-5a, H-5’b, H-*4), 2.91 (ddd, 1H, Jgem = 14.2 Hz, J, = 8.7 Hz, J3 = 6.3 Hz, H-2’3),
2.84 (ddd, 1H, Jgem = 14.2 Hz, Jp»p 1> = 7.8 HZ, ooy 3» = 2.0 Hz, H-2’D), 2.43 (s, 3H, CH3-
Tol), 2.41 (s, 3H, CH3-Tol).
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9-B-o-(7-Deazapurine)-2’-deoxyribofuranose. 9-p-o-(1-Deazapurin)-2’-deoxy-3’,5’-di-O-(4-
toluoyl)-o-ribofuranose (0.68 g, 1.49 mmol) was deprotected in 30 min using 0.1 M MeONa
in MeOH and purified by silica gel chromatography (20 mL) using a gradient of 0—20 % MeOH
in CHCI3. This procedure gave 0.27 g (82 %) of product. 1H NMR (400 MHz, CD30D): 8.92
(s, 1H, H-2), 8.79 (s, 1H, H-6), 7.77 (d, 1H, J; = 3.7 Hz, H-8), 6.72 (dd, 1H, J; = 7.8 Hz, J, =
6.2 Hz, H-1"), 6.68 (d, 1H, J = 3.8 Hz, H-7), 4.92 (bs, 3H, OH, H,0), 4.55 (m, 1H, H-3"), 4.02
(dd, 1H, J; = 6.7 Hz, J, = 3.7 Hz, H-4), 3.80 (dd, 1H, J5-3 5n = 12.0 Hz, J5°3 4* = 3.6 Hz,
H-5%a), 3.73 (dd, 1H, J5' 574 = 12.0 Hz, J574 3+ = 4.0 Hz, H-57a), 2.68 (ddd, 1H, Jgem = 13.7,
Hz, J; =7.9 Hz, J3= 6.0 Hz, H-2’a), 2.43 (ddd, 1H, Jgem = 13.4 Hz, Jp'p 1> = 6.0 Hz, Jp1p 3- =
2.8 Hz, H-2’b).

9-B-o-(7-Deazapurine)-2’-deoxyribofuranose triphosphate. Nucleoside (0.2 mmol) was
dissolved in dry Me3PQOy4 (0.5 mL) and the solution was cooled to 0 °C. POCl3 (20 pL, 1.1 eq.)
in Me3PO,4 (0.3 mL) was drop wise added and the mixture was stirred for 2 h. A solution of
triethylammonium pyrophosphate (5 eq. in DMF, 1 mL) was added followed by 1 drop of
tributyl amine. The mixture was stirred another 3 h while warming to r.t. Crude product was
poured into the solution of triethylammonium bicarbonate (50 mL, 0.01 M), water was
evaporated and triphosphate, redissolved in water (200 mL) was purified by ion exchange
chromatography on Sephadex-DEAE A-25 (Aldrich). The column was equilibrated
withTEAB, the sample loaded and then eluted with a0 to 1 M TEAB gradient. The triphosphate
was identified by MALDI MS (negative M -1 ion) with THAP as the matrix. Collected fractions
were evaporated and purified by HPLC using a gradient of 0 to 50 % MeCN in 20 mM TEAA,
pH 7.0 (triethylammonium acetate) giving a yield of 11 %. MS (MALDI, neg.): 474 (M

-1). 31P NMR (400 MHz, D,0): — 8.64 (d, 1P, J = 48.8 Hz, a-P), — 10.35 (d, 1P, J = 49.6 Hz,
v-P), —22.14 (t, 1P, J = 48.8 Hz, B-P).

5’-(4,4-Dimethoxytrityl)-9-p-o-(7-deazapurine)-2’-deoxyribofuranose. 9-B-o-(7-
Deazapurine)-2’- deoxyribofuranose (81 mg, 0.4 mmol) was dissolved in pyridine (2 mL),
while triethylamine (70 uL), DMAP (catalytic amount) and dimethoxytritylchloride (140 mg,
2.6 mmol) were added. After the reaction was completed (24 h, analyzed by silica TLC in
EtOAC), the mixture was poured into saturated NaHCO3 and the product was extracted into
EtOAc. Organic layers were washed with several portions of 1 % NaHCOg, dried over
MgSO, and solvents were evaporated under reduced pressure. The product was purified by
silica gel chromatography (0-10 % MeOH in EtOACc). The reaction yielded 158 mg (82 %) of
5°-(4,4-dimethoxytrityl)-9-B-o-(7-deazapurine)-2’-deoxyribofuranose. 'H NMR (400 MHz,
CDCl3): 8.90 (s, 1H, H-2), 8.81 (s, 1H, H-6), 7.11 — 7.44 (m, 10H, 1xH-8, 9 x H-DMTT), 6.85
(t, 1H, Jy- o> = 6.5 Hz, H-1"), 6.78 (m, 4H, 4 x H-DMTr), 6.49 (d, 1H, J = 3.8 Hz, H-7), 4.66
(m, 1H, H - 3’), 4.06 — 4.18 (m, 1H, H-4"), 3.75 (s, 3H, CH3-DMTr-a), 3.75 (s, 3H, CH3-
DMTr-b), 3.38 (m, 2H, 2 x H-5), 2.65 (ddd, 1H, Jgem = 13.5, Hz, J, = 6.4 Hz, J3 = 6.4 Hz,
H-2"a), 2.48 (ddd, 1H, Jgem = 13.5 Hz, Jpp 1> = 6.1 Hz, Jop 3 = 3.9 Hz, H-2"b)..

Deazapurin-9-yl)-5-(4,4-dimethoxytrityl)-1,2-dideoxy-o-ribofuranos-3-yl]-2-cyanoethyl-
N,N-bis(isopropylamino)phosphoramidite. Established procedures were used for generation
of the phosphoramidites and synthesis of the oligonucleotides on an Applied Biosystems 394
automatic DNA synthesizer (33,34). The phosphoramidite was obtained as a colorless oil, yield
40 %. MS (ESI, MeCN, LiCl added, neg.): 758 (M +35 [CI]). MS (ESI, MeCN, LiCl added,
neg.): 730 (M +7 [Li]). 31P NMR (400 MHz, MeCN-d3): 149.04 (s, 1.st diastereoisomer),
148.92 (s, 2.nd diastereoisomer).

Incorporation Assays with Pol a and BF—AII kinetic data were determined under steady
state conditions. Reactions (5 pL) typically contained 5 nM pol a or BF, 1 uM 5'-[32P]-primer/
template, 50 mM Tris-HCI pH 8.0, 1. mM dithiothreitol, 0.1 mg/mL bovine serum albumin, 10
mM MgCl,, 5% glycerol, and various concentrations of a dNTP (analogue). Reactions were
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incubated at 37°C for 5-30 min and quenched with 5 pL formamide/0.05% xylene cyanol and
bromophenol blue. Products were separated using 25% polyacrylamide, 8 M urea gels and
imaged using a Typhoon Phosphorimager (Molecular Dynamics). Kinetic parameters were
determined by fitting the data to the Michaelis-Menten equation using Origin 6.1 graphing
software.

Binding Assays with Pol a and BF—The relative affinity of pol a and BF for modified
DNAs was measured in assays containing 5 nM enzyme, 50 mM Tris-HCI pH 8.0, 1 mM
dithiothreitol, 0.1 mg/mL bovine serum albumin, 10 mM MgCl,, 5% glycerol, 1 uM 5°-[32P]-
DNAT, 5 uM dATP, and various concentrations of DNAg, DNA,, or DNAgg. Reactions were
incubated at 37°C for 15 min and quenched with 5 uL formamide/0.05% xylene cyanol and
bromophenol blue. Products were separated using 25% polyacrylamide, 8 M urea gels and
imaged using a Typhoon Phosphorimager (Molecular Dynamics). The amount of activity on
DNAT was quantified, and the relative ability of DNAg. DNA|, and DNAgg to inhibit
elongation of the 5’-[32P]-DNA7 quantified.

Both DNA pol a and BF generate 8-0x0G:A and I:A base-pairs much more rapidly than one
might predict. Potentially, the relatively rapid formation of both base-pairs could result from
Hoogsteen-type base-pairing between the purines (Figure 1). To better understand the
mechanism by which pol a and BF generate these base-pairs, we used primer:templates of
defined sequences (Figure 2) and nucleotide analogues modified at N1, N3, N6, and N7 (Figure
3).

We initially examined the effect of removing N7 from a purine dNTP on the correct
incorporation of a dNTP (Table 1). Converting dATP into 7-deaza-dATP decreased the
efficiency of polymerization opposite T by only around 3-fold, and converting purine dNTP
into 7-deazapurine dNTP affected incorporation opposite T by 3.6-fold. Similarly, removing
N7 from adenosine and purine in the template had only small effects (< 4-fold) on
polymerization of dTTP across from the adenine analogues. The loss of N7 from adenine and
purine also did not impact formation of incorrect G: A (analogue) mispairs. These data indicate
that in both the incoming dNTP and the template base, N7 plays a relatively minor role during
correct incorporation and preventing misincorporation opposite G.

Similar to previous data (20), pol a incorporated dATP opposite 8-0xoG more rapidly than it
incorporated dCTP (Table 2). However, since the efficiency of dATP incorporation was no
better than a natural mismatch, pol o clearly recognizes the A:8-0xoG base-pair as “wrong”.
Most modifications further reduced polymerization, since removing N1, N6 or N7 from dATP
resulted in no detectable incorporation.

Next, we examined how removing N3 from dATP and dG TP affected the efficiency with which
pol o polymerized the resulting 3-deaza-dNTPs across from 8-0xo0G. Previous work showed
that removing N3 from dATP and dGTP greatly increases pol a-catalyzed misincorporation of
the resulting 3-deazapurine dNTPs opposite some natural template bases (6), suggesting that
this modification could affect incorporation opposite 8-oxoG. Remarkably, pol o incorporated
3-deaza-dATP 32-fold more efficiently than dATP across from 8-oxoG (Table 2). In contrast,
pol o did not detectably incorporate 3-deaza-dGTP opposite 8-0x0G. Removing N® from 3-
deaza-dATP significantly inhibited polymerization of the resulting 3-deazapurine dNTP
opposite 8-0x0G. Thus, N8 and N3 serve important and opposite functions during
polymerization of dATP across from 8-oxoG.

Biochemistry. Author manuscript; available in PMC 2010 September 1.
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In contrast to pol a incorporating dATP more efficiently than dCTP opposite 8-0x0G, the
enzyme incorporated 8-oxo-dG TP more efficiently across from C than A (Table 2). In addition,
pol a incorporated 8-0xo-dGTP opposite various adenine analogues much more efficiently
than when it polymerized the corresponding analogue dNTPs opposite 8-0x0G in the template.
Removing N7 from either adenine or purine had only small effects on 8-0xo-dGTP
incorporation, while eliminating N® from adenine had a slightly larger effect. Thus, neither N7
nor N® appear critical for polymerization of 8-ox0-dGTP opposite A.

Pol o exhibited remarkably inconsistent interactions with the adenine analogues during
generation of an adenine:hypoxanthine base-pair (Table 3). When the template contained the
hypoxanthine, removing N® from dATP inhibited incorporation by only 2-fold, while removing
N© from 7-deaza-dATP inhibited polymerization by >300-fold. N7 had similarly unpredictable
effects — removing it from dATP increased incorporation, whereas removing it from purine
dNTP severely inhibited incorporation across from hypoxanthine. Removing N3 from dATP
increased incorporation opposite hypoxanthine by 7-fold, a much smaller effect than observed
during incorporation opposite 8-0x0G. Effects of altering N6 and N7 in the template likewise
had unpredictable effects on dITP incorporation. For example, when the template base
contained N7, removing N6 only slightly inhibited dI TP incorporation (~2-fold, compare dATP
and purine dNTP, Table 3), but if the template base lacked N7, removing N8 increased
polymerization by >10-fold (compare 7-deaza-dATP and 7-deazapurine dNTP).

To better understand the interactions of pol a with templates containing modified bases, we
first determined if the identity of the next template base to be replicated affects DNA binding.
Polymerase activity was monitored via dATP polymerization on DNAT, and inhibition of
polymerase activity by DNAg, DNAgg, and DNA; measured. Since these DNAs only differ
in the next template base to be replicated (Figure 2), comparing how well they inhibit pol o
shows the effect of varying this base on binding. Importantly, DNAgg and DNA, inhibited
dATP polymerization only 6.4- and 1.5-fold worse than DNAg, indicating that the presence
of these base analogues in the DNA did not greatly inhibit binding (Table 4). Then, we
examined polymerization of a “low fidelity” dNTP opposite both 8-0x0G and hypoxanthine
(Table 5). Pol a incorporates 6-nitrobenzimidazole dNTP opposite all 4 natural template bases
much faster than an incorrect, natural dNTP (6). Likewise, pol a incorporated 6-
nitrobenzimidazole dNTP opposite 8-0xoG, hypoxanthine, and G with similar efficiencies. In
combination with the data showing rapid incorporation of 3-deaza-dATP, these results show
that pol a can both productively bind templates containing 8-oxoG and also efficiently
polymerize some dNTPs.

DNA Polymerase | from B. stearothermophilus (BF)

We extended these studies to BF, an A-family polymerase, by first examining the role of N7
during generation of A:T base pairs (Table 6). During incorporation of TTP opposite A, N7
plays a minor role since converting adenine into 7-deaza-adenine only decreased the efficiency
of polymerization by 2.5-fold, and removing N7 from purine actually increased the
incorporation efficiency by 7-fold. Removing N7 from dATP and purine dNTP reduced the
polymerization efficiency opposite T by 11- and 3-fold, respectively, indicating that N7 has a
slightly more significant impact in the dNTP. Removing N7 from either the incoming dNTP
or the template base did not affect generation of incorrect A:G base pairs, indicating that N7
does not help prevent generation of A:G mispairs.

BF requires N6 for efficient polymerization of dATP opposite hypoxanthine as well as for
polymerization of dITP opposite A (Table 7). Both with the template nucleotide and the
triphosphate, removing N6 from either adenine or 7-deaza-adenine decreased formation of a
base pair with hypoxanthine by >100-fold. Removing N7 from adenine also inhibited formation
of a base pair with hypoxanthine, albeit to a lesser extent. Removing N7 from dATP inhibited
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polymerization opposite hypoxanthine by just 3-fold, while removing N7 from a template A
reduced incorporation of dITP by 18-fold. Eliminating N1 from dATP had little effect on the
efficiency of incorporation of the resulting 1-deaza-dATP.

Unlike pol o, BF readily incorporates 8-oxo-dG TP opposite A (Table 8). Indeed, the efficiency
of this polymerization event approaches that for a correct, canonical base pair. Removing N8
from the template A reduced 8-oxo-dGTP polymerization 85-fold, while removing N7 reduced
incorporation by 9-fold. The further loss of N from 7-deaza-adenine reduced the efficiency
of 8-oxo-dGTP polymerization by another 9-fold such that BF polymerizes 8-oxo-dGTP
opposite both purine and 7-deazapurine with similar efficiencies. When BF polymerizes dATP
opposite 8-0x0G, the loss of either N7 or N8 from dATP reduces incorporation to undetectable
levels. We also explored the effect of removing N1 since it could be involved in hydrogen
bonding to 8-oxoG. BF polymerized 1-deaza-dATP 17-fold less efficiently than dATP opposite
8-0x0G. Thus, N1, N6 and N7 all appear important for efficient polymerization of dATP
opposite 8-0x0G.

To better understand how BF interacts with templates containing an 8-oxoG or hypoxanthine
lesion, we tested the ability of BF to incorporate 6-trifluorobenzimidazole dNTP, a relatively
low fidelity dNTP (28), opposite 8-0xoG, hypoxanthine, and G (Table 5). While BF
incorporated 6-trifluorobenzimidazole dNTP opposite hypoxanthine only 2-fold less well than
itincorporated dATP, incorporation opposite 8-0xoG was no better than incorporation of dATP
or dCTP. The effects of varying the template base to be replicated on DNA binding was
measured by comparing the ability of DNAg. DNAgg, and DNA, to inhibit BF activity on a
separate template. Replacing the template G with hypoxanthine reduced binding by 1.2-fold,
while replacing G with 8-0xo0G reduced binding by 6.3-fold (Table 4).

Discussion

The interactions of an A-family polymerase, BF, and a B-family polymerase, pol a, with two
base lesions were examined using a series of purine analogues modified at N1, N3, N® and N7.
The two enzymes showed distinctly different requirements for generating base pairs involving
either hypoxanthine or 8-0xo0G, consistent with previous studies showing that polymerases
from different families have discrete mechanistic constraints.

Pol o discriminated strongly against polymerization of any natural ANTP opposite the 8-oxoG
lesion. Consistent with previous studies (27), the enzyme incorporated dATP most efficiently.
Loss of N1, N6, or N7 reduced polymerization to undetectable levels, as did conversion to
another natural base (Table 2). However, removing N3 increased incorporation 32-fold,
indicating that N3 acts as a critical “gatekeeper” to prevent incorporation of dATP opposite 8-
0x0G. Analogously, we previously found that removing N3 from dATP and dGTP markedly
increased some misincorporation events (6). These data suggest that pol o. may use the chemical
features of N3 to prevent many, but certainly not all, incorrect purine dNTP polymerization
reactions. How N3 has this effect remains unclear, although as noted previously, we suspect
that it involves an interaction with Tyr 957 (6). Interestingly, pol o did not efficiently
polymerize 3-deaza-dGTP opposite 8-0x0G, indicating that the other functional groups on
guanine are sufficient to prevent this polymerization event.

Removing N8 from 3-deaza-dATP resulted in no detectable incorporation of the resulting 3-
deazapurine dNTP across from 8-0x0G. Since N6 forms a hydrogen bond in a Hoogsteen base
pair between 3-deaza-adenine and 8-0xoG (Figure 1B), this large decrease in incorporation
suggests that pol o incorporates 3-deaza-dATP via a Hoogsteen base pair. This base pair could
be either 8-0x0G (syn): A (anti) or 8-0x0G (anti): A (syn), because N8 forms a hydrogen bond
in both potential Hoogsteen base pairs (Figure 1B). Deleting N® from dATP also decreased
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incorporation of the resulting purine NTP opposite 8-0x0G, again consistent with formation
of a Hoogsteen base pair. However, these latter data must be interpreted more cautiously due
to the low efficiency of dATP.

Pol a also can incorporate dNTPs opposite 8-0xoG without forming any hydrogen bonds since
radically modifying the base to 6-nitrobenzimidazole resulted in a dNTP that pol a very
efficiently incorporated (Table 5). Thus, the pol a active site has evolved to prevent
incorporation of natural ANTPs opposite 8-0xoG, but not unnatural dNTPs that lack specific
chemical features of a natural base. Indeed, pol o employs this type of negative selectivity to
prevent misincorporation of natural dNTPs opposite a natural base (6).

In contrast to the strong discrimination against polymerizing natural dNTPs across from 8-
0xoG inthe template, pol o polymerized 8-0xo-dGTP relatively efficiently against C, and about
10-fold less efficiently opposite A. The more efficient polymerization opposite C suggests that
in the pol a active site, 8-0xo-dGTP binds in the anti conformation, since it is difficult to see
how binding in the syn conformation would result in efficient incorporation. Indeed, the ca.
100-fold less efficient polymerization of 8-oxo-dGTP opposite C as compared to dGTP
opposite C could result from the reduced stability of the anti conformation as compared to the
syn conformation.

N6 of a template A enhances the polymerization of 8-oxo-dGTP, while N7 plays little if any
role. These data are consistent with two models for how pol a binds and polymerizes 8-oxo-
dGTP across from a template A — 8-0xo-dGTP binds in the anti conformation and forms a
larger than normal Watson-Crick type base-pair, or 8-0xo-dGTP binds in the syn conformation
and forms a Hoogsteen base-pair with the A. Given the greater stability of the syn conformation
and that structural studies of double-stranded DNA show 8-0xoG and A form a Hoogsteen
base-pair (13,14), this is currently our favored model.

Removing N2 from either dGTP or a template G stimulates the formation of incorrect
A:hypoxanthine base pairs (27). During polymerization of dITP, removing N7 from both
adenine and purine in the template inhibited polymerization (by >100- and 4-fold,
respectively). In contrast, losing N® from a template A slightly decreased dI TP polymerization,
whereas losing N® from 7-deaza-adenine greatly stimulated polymerization. While the
decreased polymerization in the absence of N7 is consistent with a Hoogsteen type base-pair
between adenine and hypoxanthine, the effects of deleting N® are not (Figure 1A). Thus, if a
Hoogsteen base-pair is formed in this case, the putative hydrogen bond between N° of adenine
and OF of hypoxanthine is energetically irrelevant. Alternatively, and as described in greater
detail below, these data are consistent with the hypothesis that the identity of the template base
being replicated alters how pol a identifies the “correct” incoming dNTP. As with incorporation
opposite 8- 0xoG, pol o, very efficiently incorporated the low fidelity base 6-nitrobenzimidazole
dNTP, again indicating the key role that negative selectivity can play in preventing
incorporation of incorrect natural dNTPs.

Modifications to the template base had inconclusive effects on dNTP polymerization by pol
o.. For example, removing N® from adenine inhibits polymerization of dTTP, whereas removing
N6 from 7-deazaadenine had no effect on polymerization (Table 1). Analogously, removing
N8 from a template adenine slightly inhibited polymerization of dITP (2-fold, Table 3)), but
removing N® from 7-deazaadenine greatly enhanced dITP polymerization. These very different
effects of the same base modification indicate that the extent to which the interactions between
pol o and a specific functional group enhance (or prevent) dNTP incorporation depends upon
the overall structure of the base. Additionally, they indicate that the properties of the template
base alone can help determine what dNTP(s) pol a will efficiently polymerize. In this model,
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pol a “reads” the template base and depending upon the structure of the base, slightly alter its
conformation to optimize its ability to choose the correct dNTP.

Interestingly, three lines of evidence indicate that the A family polymerases also “read” the
template base in order to enhance selection of the correct ANTP. Similar to pol o, the identical
base modification in two different template bases can have very different effects on both BF
and Klenow Fragment (8,28). Waksman and coworkers showed that both the structure of the
closed E-DNA-dNTP ternary complexes vary depending upon the identity of the template base
(35). Finally, the dynamics of dNTP polymerization also vary according to the identity of the
template base (36). Thus, the template base itself, as opposed to just the properties of the base-
pair formed between the incoming dNTP and template base, can greatly affect how DNA
polymerases differentiate “right” from “wrong” dNTPs.

BF requires both N® and N7 of a template adenine for efficient polymerization of dITP,
suggesting that misincorporation of dITP involves a Hoogsteen base-pair. During
polymerization of dATP opposite a template hypoxathine, BF again requires N8 for efficient
polymerization. Curiously, however, removal of either N1 or N7 also inhibited incorporation,
albeit to a lesser extent than removing N6, While the effects of removing N7 suggest formation
of a Hoogsteen base-pair, the effects of losing N1 are not consistent with this model. Resolving
this question will likely require capturing a catalytically relevant structure of BF during
polymerization of dATP opposite hypoxanthine.

BF polymerized 8-oxo-dGTP opposite a template A remarkably efficiently — much more
efficiently than opposite C and with similar efficiency as a correct dNTP. NO clearly plays an
important role in this process since removing it from either adenine or 7-deaza-adenine
inhibited polymerization. Removing N7 from a template adenine decreased incorporation less
than removing N®, while removing N7 from purine had no effect. This modification also
modestly affected correct incorporation of dTTP. Why removing N7 has these effects remains
unclear. Structural studies of BF and KlenTag, another A family polymerase, do not reveal any
obvious interactions of N7 with the protein (37). Rather, these effects may reflect subtle
changes in the electron distribution around the base that BF can detect, or they could reflect
interactions prior to formation of the closed E-DNA-dNTP complex.

Similar to pol o, BF discriminated much more strongly against incorporating dATP opposite
a template 8-0xoG than it did against incorporating 8-oxo-dG TP opposite A (70-fold).
Additionally, the enzyme was very sensitive to removing N1, N6, or N7, again similar to pol
a. While the effects of removing N1 and N6 are consistent with Hoogsteen base pairing between
8-0x0G and A, the effects of removing N7 are difficult to rationalize in terms of the structure
of a base-pair.

The potential mutagenicity of 8-0xo-dGTP and 8-0xoG in the template heavily depends upon
the polymerase with which they interact. Unfortunately, one cannot predict the incorporation
frequency even among polymerases in the same family. Among A family enzymes, BF
incorporates 8-oxo-dGTP extremely well opposite A, while other members of this family have
very different efficiencies. For example, pol y incorporates 8-oxo-dGTP opposite A 250-fold
less efficiently than dGTP opposite C (38), while pol I (E. coli) polymerizes 8-oxo-dGTP
extremely poorly (4). Similarly, different A family polymerases exhibit very different
capacities to replicate past an 8-oxoG template lesion. Perhaps more surprising, the relative
efficiency of generating C:8-0xoG versus A:8-0x0G base pairs varies by at least 70-fold among
A family enzymes (39). These data indicate that different A family active sites interact
extremely differently with 8-0xo0G.

Likewise, the B family polymerases show large variability in terms of polymerization
efficiency of 8-0xo-dGTP, replication past a template 8-0xoG lesion, and the ratio of A:8-0x0G
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versus C:8-0xoG base pair formation efficiency (4,20-22). As with the A family enzymes,
these data indicate that one cannot stereotype how the B family enzymes will interact. One of
the most biologically curious disparities is how pol o and pol § interact with 8-oxoG in the
template (20). Pol o does not efficiently bypass it, but pol 6 does, even though both enzymes
are replicative polymerases. This dichotomy is particularly perplexing based on recent data
indicating that the primary role of both enzymes is Okazaki fragment synthesis (40). Why
biology allowed these two enzymes to process the same lesion so differently, and what causes
these two active sites to have such different properties, remains unclear.
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Hydrogen bonding schemes of (A) hypoxanthine base paired with A in the anti and syn
conformations, respectively, and base paired with C, and (B) 8-0xoG in the syn and anti
conformation base paired with A in the anti and syn conformations, respectively, and 8-o0xoG

in the anti conformation base paired with C.
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5'-TCC ATA TCA CAT
3'- AGG TAT AGT GTA ATT CTT ATC ATCT

5'-TCC ATA TCA CAT
3'- AGG TAT AGT GTA CTT CTT ATCATCT

5'-TCC ATA TCA CAT
3'- AGG TAT AGT GTA GAT CTT ATC ATC T

5'-TCC ATA TCA CAT
3'- AGG TAT AGT GTA TAT CTT ATC ATC T

5'-TCC ATA TCA CAT
3'- AGG TAT AGT GTAICT CTT ATC ATCT

5'-TCC ATA TCA CAT
3'- AGG TAT AGT GTA (OG)CT CTT ATC ATCT

Figure 2.
Primer-templates used. | = hypoxanthine and OG = 8-0x0G. The letter(s) after ‘DNA’ identifies
the next template base to be replicated.
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Bases used in these studies.

Biochemistry. Author manuscript; available in PMC 2010 September 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Patro et al.

Table 1

Page 16

Incorporation of natural and anlogue dNTPs by pol o opposite both natural and analogue template nucleosides.

dNTP Template Keat Km Kea! Km
Base (min™ (M) (MM~ min™)
dCTP G 184+18 26+x04 7.0
A 17810 6.0+13 3.0
dTTP P 9.6+£0.2 55+0.9 1.7
7DA 34+0.2 44+2 0.77
7DP 52+0.2 7117 0.73
A N/A G
P N/A
dGTP 7DA N/A
7DP N/A
C 244+0.8 3.3%£0.6 7.4
dATP 86109 1.2+£0.3 7.2
0.36 + 0.008 1330 + 280 2.7x1074
dPTP T 38102 13+04 29
7DJATP 54+04 20+£0.8 2.7
N/A
7DdPTP T 28+0.2 3611 0.78
N/A
1DdATP G 1.7+0.2 700 + 190 24x10°°
3DdATP T 19604 28+0.2 7.0
0.5+0.02 730 £ 65 7.1x10™

a .
N/A Incorporation was too low to measure accurately.
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Incorporation of ANTPs by pol o opposite 8-0xoG and incorporation of 8-0xo-dG TP opposite both natural and analogue

template nucleosides.

dNTP Template Keat Kum Keat! Km
(min—-1) (UM) (UM~ min™h
A 1.9+0.1 840 + 120 22x10°
P 0.20 + 0.04 930 + 360 22x107
8-Ox0-dGTP 7DA 1.0+0.01 1100 + 260 91x107*
7DP 0.10 £0.02 210 + 110 48x10™
C 44+10 290 + 110 1.5 102
dATP 8-Ox0G 0.08 + 0.004 400 + 90 20x1074
3DdATP 8-0x0G 0.1+0.08 16+5 63x107°
3DdPTP 8-0x0G N/A2
dPTP 8-Ox0G N/A
7DdATP 8-Ox0G N/A
1DdATP 8-Ox0G N/A
7DdPTP 8-Ox0G N/A
3DAGTP 8-0x0G N/A
dcTpP 8-Ox0G N/A

a .
N/A Incorporation was too low to measure accurately.
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Polymerization of dI TP opposite natural and analogue template nucleosides and polymerization of natural and analogue
dNTPs opposite a template hypoxanthine by pol a.

dNTP Template Keat Ku Kea Km
(min™) (uM) (MM~ min™)
A 3.2+04 320 + 100 1.0x 1072
P 0.8+0.1 180 + 50 44x10°°
dITP 7DA N/A 8
7DP 0.60 +0.08 480 + 180 11x107
3DA 0.32+0.05 830 + 260 39x107*
C 34+0.1 2103 16
dATP I 14+04 230 + 150 6.1x10°
dPTP I 1.0+0.1 260 + 130 38x10°
7DAATP I 3.2+0.6 120+ 50 27x1072
1DAATP I 20402 990 + 160 20x10°°
3DJATP I 7.8+0.2 190 + 20 41x107?
7DdPTP I N/A
dcTP I 1.6+0.08 16+05 1.0

a .
N/A Incorporation was too low to measure accurately.
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ICsq values for inhibition of pol a and BF by natural and modified DNAs.
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Pol a BF
DNA ICs, (NM) IC5 (NM)
dG 85+ 40 460 + 70
di 130 + 60 580 + 190
8-Ox0G 550 + 300 2900 + 390
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Table 5
Incorporation of “low fidelity” dNTPs by BF and pol o.
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dNTP Template Keat Kum Keat! Km
(min™?) (M) (MM~ min™)
Pol a

G 6.4+1.0 25+11 0.25
6NO2dBTP | 48+0.2 15+3 0.32

8-Ox0G 1.8+0.2 70+4.0 0.25

BF

G 20+£0.3 432 0.46
6CF3dBTP | 23+3 90 + 20 0.25

8-Ox0G 40+04 130 + 60 0.30
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Table 6
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Incorporation of natural nucleotides and analogues by BF across from both natural and analogue template nucleosides.

dNTP Template Vmax Ku Keat! Km
(%/min™) (M) M min™)
dcTpP G 19+6.0 1.8+05 10.4
A 2142 82+6 2.6
dTTP P 62+8 330 + 90 0.19
7DA 38+8 38+15 1.0
7DP 84+0.1 6.4+0.4 13
A 11+04 390 + 300 29x10°
dGTP P N/A 2
7DA N/A
7DP N/A
c 24+2 19+6 13
dATP T 12.1+0.6 22405 55
dPTP T 44+02 6.7+1 0.66
7DJATP T 21+1 56 + 10 0.37
N/A
7DdPTP 36+4 160 + 40 0.23
N/A
1DdATP G 1.7+0.2 340+ 70 50x107°

a .
N/A Incorporation was too low to accurately measure.
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Table 7
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Incorporation of dNTPs opposite a templating hypoxanthine and dITP opposite various templating nucleosides by BF.

dNTP Template V max Ku Keat! Km
(%/min™) (UM) MM min™
A 3.1+02 19+4.4 0.16
P N/A S
dITP 7DA 23+0.2 260 + 80 8.8x107°
7DP N/A
c 55+ 4.0 79 + 24 0.69
dATP I 53+0.4 130 + 40 40x107?
dPTP I N/A
7DdATP I 48+1 390 + 170 12x1072
7DdPTP I N/A
1DAATP I 25+1 480 + 50 53x 1072
dCTP I 16+ 0.4 35+05 47

a .
N/A Incorporation was too low to accurately measure.

Biochemistry. Author manuscript; available in PMC 2010 September 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Patro et al.

Table 8
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Incorporation of dNTPs opposite a template 8-oxoG and incorporation of 8-oxo dGTP opposite natural and analogue
template nucleosides by BF.

dNTP Template Vmax Ku Kea Km
(Y%/min™) (UM) (M min™h
A 3B+l 1242 28
P 55+0.6 165 + 60 33x107?
8-Ox0-dGTP 7DA 5.6+0.3 18+5 0.31
7DP 22402 70+ 20 3.3x1072
C 115+04 52+6 0.22
dATP 8-0x0G 74+06 190 + 60 4x107?
dPTP 8-0x0G N/A @
7DdATP 8-0x0G N/A
7DdPTP 8-0x0G N/A
1DAATP 8-Ox0G 13+04 540 + 20 24 %107
dCTP 8-0x0G 29+4 2000 + 470 15x1072

a .
N/A Incorporation was too low to accurately measure.
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