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Human DNA polymerase v (Pol v) differs from other DNA polymerases in that it exhibits a marked template
specificity, being more efficient and accurate opposite template purines than opposite pyrimidines. The crystal
structures of Pol v with template A and incoming dTTP and with template G and incoming dCTP have revealed
that in the Pol v active site, the templating purine adopts a syn conformation and forms a Hoogsteen base pair
with the incoming pyrimidine which remains in the anti conformation. By using 2-aminopurine and purine as
the templating residues, which retain the normal N7 position but lack the N° of an A or the O° of a G, here
we provide evidence that whereas hydrogen bonding at N° is dispensable for the proficient incorporation of a
T opposite template A, hydrogen bonding at O° is a prerequisite for C incorporation opposite template G. To
further analyze the contributions of O° and N7 hydrogen bonding to DNA synthesis by Pol v, we have examined
its proficiency for replicating through the °0-methyl guanine and 8-oxoguanine lesions, which affect the O° and
N7 positions of template G, respectively. We conclude from these studies that for proficient T incorporation
opposite template A, only the N7 hydrogen bonding is required, but for proficient C incorporation opposite
template G, hydrogen bonding at both the N7 and O° is an imperative. The dispensability of N® hydrogen
bonding for proficient T incorporation opposite template A has important biological implications, as that
would endow Pol v with the ability to replicate through lesions which impair the Watson-Crick hydrogen

bonding potential at both the N1 and N° positions of templating A.

Human DNA polymerase v (Pol 1), a member of the Y family
of polymerases, differs from other DNA polymerases in that it
incorporates nucleotides opposite template purines with a
much higher efficiency and fidelity than opposite template pyrim-
idines (4, 6, 19, 21, 26). Pol v exhibits the highest efficiency and
fidelity opposite template A, where it misincorporates nucleo-
tides with frequencies of ~10™* to 10~>; opposite template G,
Pol v incorporates a C with an efficiency that is 5- to 10-fold
reduced compared to a T opposite template A, and a T is
misincorporated opposite template G with an efficiency that is
only a fewfold-lowered than that for a C. Pol s efficiency and
fidelity are much reduced opposite pyrimidine templates, par-
ticularly opposite template T (4, 6, 19, 21, 26).

The ternary crystal structures of Pol v with template A and
incoming dTTP and with template G and incoming dCTP have
shown that the purine template adopts a syn conformation in
the Pol v active site and forms a Hoogsteen base pair with the
incoming nucleotide which remains in the anti conformation
(14, 16). The binding of the pyrimidine nucleotide induces a
conformational change in the template purine from anti to syn
in the Pol v active site, and that results because the active site
can accommodate only the ~8.6-A C,’-C,’ distance of sugars
in a Hoogsteen base pair but not the C,’-C," distance of ~10.5
A in a Watson-Crick base pair (14-16).
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In Pol , in the A - T Hoogsteen base pair, two hydrogen
bonds are formed between the “Hoogsteen edge” of template
A (N7 and N°) and the Watson-Crick (W-C) edge of incoming
T (N3 and O%), and in the G - C Hoogsteen base pair, the
Hoogsteen edge of G (N7 and O°) hydrogen bonds with the W-C
edge of incoming C (N3 and N*) (Fig. 1). To evaluate the con-
tribution that hydrogen bonding at the “Hoogsteen edge” of tem-
plate purines makes to the efficiency and fidelity of nucleotide
incorporation by Pol \, here we have examined the effects of
substitutions of templates A and G by their analogs which disrupt
the hydrogen bonding potential of the Hoogsteen edge. In addi-
tion, we have analyzed the impact of DNA lesions °O-methyl
guanine (m6G) and 8-oxoguanine (8-oxoG), which affect the
Hoogsteen edge of template G, on DNA synthesis by Pol .. We
conclude from these studies that whereas hydrogen bonding at
the N7 position is indispensable for nucleotide incorporation op-
posite both the purine nucleotides, hydrogen bonding at the N° of
A versus the O° of G has very different effects on the efficiency
and fidelity of nucleotide incorporation by Pol .. We discuss the
implications of these observations for Pol s role in promoting
synthesis through the DNA lesions which eliminate the Watson-
Crick hydrogen bonding potential of the templating purine.

MATERIALS AND METHODS

Protein purification and DNA substrates. Full-length human Pol v was ex-
pressed and purified from Saccharomyces cerevisiae harboring plasmid pBJ956 as
described previously (4). The glutathione S-transferase tag was removed by
treatment with Prescission protease (Amersham Pharmacia), which resulted in
an N-terminal 7-amino-acid leader peptide attached to Pol .. Oligonucleotides
containing a site-specific A, 2-aminopurine (2AP), purine (Pu), m6G, or 8-oxoG
residue were purchased from Midland Scientific (Midland, Texas). Oligonucle-
otides were polyacrylamide gel electrophoresis purified before use. To assay
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FIG. 1. Watson-Crick versus Hoogsteen base pairing. (A) Hydro-
gen bonding in an A-T base pair. The structures of 2-aminopurine and
purine are also shown. (B) Hydrogen bonding in a G-C base pair. The
hydrogen bonding for a G - T Hoogsteen base pair is also shown, and
the structures of °O-methyl guanine and 8-oxoguanine are shown.
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insertion opposite A, 2-AP, or Pu, the oligodeoxynucleotide primer (32-mer),
5" GTTTTCCCAG TCACGACGAT GCTCCGGTAC TC 3', was annealed to a
52-mer template, 5" TTCGTATAAT GCCTACACTX GAGTACCGGA GCA
TCGTCGT GACTGGGAAAAC 3', where the X denotes an A, 2-AP, or Pu
residue.

S1 DNA substrates, shown in Fig. 3, were generated by annealing a 75-
nucleotide oligomer template (5" AGC TAC CAT GCC TGC CTC AAG AAT
TCG TAA XAT GCC TAC ACT GGA GTA CCG GAG CAT CGT CGT GAC
TGG GAA AAC 3'), containing a G, a m6G, or an 8-0xoG at position 31 (X),
to the 5’ 3?P-labeled oligonucleotide primer, N4309 (5" GTT TTC CCA GTC
ACG ACG ATG CTC CGG TAC TCC AGT GTA GGCAT 3'). For S2 DNA
substrates, also shown in Fig. 3, the same 75-nucleotide template oligonucleo-
tides were annealed to four different 5’ 3?P-labeled oligonucleotide primers,
5'-GTT TTC CCA GTC ACG ACG ATG CTC CGG TAC TCC AGT GTA
GGCATN-3', where N is G, A, T, or C.

Oligonucleotide primers were 5'-*?P end-labeled using polynucleotide kinase
(Roche Molecular Biochemicals) and [y-*?P]JATP (Amersham Pharmacia Biotech)
and subsequently annealed to the template by heating a mixture of primer-template
at a 1:1.5 molar ratio to 95°C and allowing it to cool to room temperature over
several hours.

DNA polymerase assays. The standard DNA polymerase reaction (5 pl) con-
tained 25 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 1 mM dithiothreitol, 100 wg/ml
bovine serum albumin, 10% glycerol, one of the four deoxynucleotides (dGTP,
dATP, dTTP, or dCTP) at the indicated concentrations, and DNA substrate at
the indicated concentration. Reactions, containing 1 nM Pol \, were carried out
at 37°C for the indicated time and then were terminated by the addition of 5
volumes of loading buffer (95% formamide, 0.06% cyanol blue, 0.06% bromo-
phenol blue) before resolving the products on 12% polyacrylamide gels contain-
ing 8 M urea. Gels were dried before analysis on a phosphorimager.

Steady-state kinetic analysis. For steady-state kinetic analyses shown in Table
1, the standard DNA polymerase assay was used and the deoxynucleotide con-
centrations were varied from 0.5 to 2,500 pM. Reactions were carried out for 5
to 15 min. The concentration of Pol  varied from 0.5 nM to 5 nM, depending on
the DNA substrate and incoming deoxynucleotide combination. For steady-state
kinetic analyses for deoxynucleotide incorporation opposite 8-0xoG and m6G
residues (Table 2), or primer extension opposite from these lesions (Table 3), Pol
L (1 nM) was incubated with DNA substrate (30 nM) in the presence of different
concentrations of a single deoxynucleotide for various times (3 to 30 min) as
indicated in Fig. 3. The reaction products were resolved on 15% polyacrylamide
gels containing 8 M urea. Gel band intensities of the substrates and products
were quantitated with a PhosphorImager, and the observed rate of deoxynucle-
otide incorporation was plotted as a function of deoxynucleoside triphosphate
(dNTP) concentration. The data were fit by nonlinear regression using SigmaPlot
to the Michaelis-Menten equation describing a hyperbola, v = (V;,,,« X [dNTP])/
(K,,,+[dNTP]). The k., and K,,, steady-state parameters were obtained from the
fit and were used to calculate the efficiency of nucleotide incorporation (k.,/K,,),
the frequency of deoxynucleotide incorporation (f;,.), and the intrinsic efficiency
of mispair extension (f °.,,) for each primer/template pair by using the following
equation: fi,c Of f%exy = (keat/K)mispaired/(Kcat/Ki)pairea- To facilitate the com-
parison of the insertion reactions opposite undamaged G, m6G, and 8-0x0G, the

TABLE 1. Efficiency and fidelity of human Pol v opposite templates A, 2AP, and Pu

Template Incoming - Efficiency relative
base nucleotide kear (min”") Ko (kM) kea/Kin fine to template A
A G ND* >1,250 14x107° 23%x107°

A 0.12 = 0.007 600 = 100 20x 1074 33x107*
T 2.8 £0.12 4.6 0.7 0.6 1
C ND >1,250 52x10°° 8.7x10°¢
2AP G 0.03 = 0.002 918 =117 33x10°° 1.0 x107* 124
A 0.09 = 0.002 570 = 34 1.6 X 1074 50x107* 113
T 1.2 £0.03 3.8+0.3 0.32 1 105
C 0.12 = 0.01 530 = 107 23 %1074 7.2x 1074 144
Pu G 0.09 + 0.01 1,400 * 300 6.4 X 107° 1.1x107* 14.6
A 0.3 = 0.01 310 = 46 9.7x 1074 1.6 X 1073 149
T 2.1 = 0.08 35=x05 0.6 1 1
C 0.15 = 0.01 290 * 65 52x107* 8.7 x107* 1100

“ ND, not determined.
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TABLE 2. Steady-state kinetic parameters of insertion reactions opposite m6G and 8-o0xoG template residues by human Pol v

Template Incoming Efficiency relative

base nucleotide Kear (min™") K., (WM) keaK,,, fine to template G

G G ND* =500 24 %1073 1.5x107%
A 0.06 = 0.01 340 = 80 1.8 x107* 1.1x1072
T 0.75 £ 0.09 120 = 20 6.3 %1073 3.9x 107!
C 0.8 = 0.05 49+ 6 1.6 X 1072 1

m6G G ND =500 12x107° 7.5 X 107% 120
A 0.022 = 0.004 680 = 300 32%x10°° 2x1073 156
T 1+0.05 42*5 2.4 %1072 1.5 138
C 0.65 = 0.03 420 =120 1.5x 1073 9.4 x 1072 110

8oxo-G G 0.16 = 0.03 270 = 50 59x10°* 3.6 X102 125
A 0.021 = 0.003 260 = 30 8§x 107 5%x107° 123
T 0.07 £ 0.008 190 = 20 3.7x10°* 23 %1072 117
C 0.14 = 0.03 310 =90 45x107* 2.8 %1072 136

4 ND, not determined.
b Because the nucleotide incorporation rate remained linear throughout the nucleotide concentration range used, the k.,/K,, value was obtained from the slope of

the line.

relative insertion efficiency (f,.;) was calculated by using the following equation:
Jret = (Kear Km)dumagcd/(kcat/Kn)undamagcd C:G pair*

RESULTS

Base analogs and DNA lesions. To examine the contribution
that hydrogen bonding at the N° position of adenine makes to
nucleotide incorporation by Pol +, we used 2AP, which is sim-
ilar to adenine except that it lacks the N® amino group and has
an additional amino group at the second position. To rule out
the possibility of any effects arising from the presence of the
additional amino group at the second position in 2AP, we used
Pu, which lacks this amino group as well as the N® amino group
(Fig. 1A). The results with 2AP and Pu are also informative for
the contribution that hydrogen bonding at the O° position
makes to C versus T incorporation opposite guanine.

Additionally, we have examined the effects of m6G and
8-0x0G lesions on DNA synthesis by Pol v. The presence of a
methyl group at the O° position in m6G could sterically hinder
nucleotide incorporation, and 8-0xoG could affect nucleotide

incorporation because of the protonation at N7 (Fig. 1B).
Since, at physiological pH, 8-0xoG exists predominantly in a
6,8-diketo form and is protonated at N7 (2, 20), the presence
of a hydrogen atom at N7 would disrupt hydrogen bonding at
this position because of a steric clash with the N3 hydrogen in
thymine, and that could impair the incorporation of T that is
normally observed opposite an undamaged G. The incorpora-
tion of a C opposite 8-0xoG would also be hindered if the
dCTP is protonated in the Pol v active site as we have suggested
before (14).

Hydrogen bonding at the N° of adenine is dispensable for
thymine incorporation. To assess the role of hydrogen bonding
at the N° position of adenine, we determined the efficiencies of
correct and incorrect nucleotide incorporations opposite tem-
plates A, 2AP, and Pu by steady-state kinetic analyses. As for
template A, Pol v predominantly incorporates a T opposite
2AP and Pu (Fig. 2). As is shown in Table 1, Pol v incorporates
a T opposite template A with an efficiency (k.,/K,,) that
is ~107*- to 10~ >-fold greater than the efficiency for the in-

TABLE 3. Steady-state kinetic parameters of extension from primers paired opposite m6G and 8-0xoG catalyzed by human Pol v

Template:primer Incoming

base pair nucleotide kear (min~") K (M) KealKon foex
G:G T ND* =500 2.0x 1075 7.1 X107
G:A T 0.052 =+ 0.007 180 + 30 29x107* 1x1073
G:T T 0.63 = 0.07 46+ 6 1.4 x 1072 5% 1072
G:C T 21+02 74 +0.5 0.28 1
m6G:G T ND =500 1.0 X 1073 3.6 X 1073
m6G:A T 0.065 + 0.009 140 + 30 4.6 %1074 1.6 X 1073
m6G:T T 2.4 +0.14 38+3 6.3 X 1072 0.23
m6G:C T 0.75 + 0.04 130 + 15 5.8x 1073 2% 1072
8-0x0G:G T 0.028 =+ 0.004 190 =+ 40 1.5%x10°* 54 %1074
8-0x0G:A T 23+0.1 13+2 0.17 0.6
8-0x0G:T T 0.083 =+ 0.009 180 = 20 4.6 %1074 1.6 X 1073
8-0x0G:C T 0.33 +0.05 110 + 13 3.0x 1073 1.1 x 1072

“ ND, not determined.

® Because the nucleotide incorporation rate remained linear throughout the nucleotide concentration range used, the k., /K,, value was obtained from the slope of

the line.

¢ f°.x depicts the efficiency of extension of different primer termini relative to the extension from a G:C base pair.
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FIG. 2. Nucleotide insertion opposite an A, 2AP, or Pu by DNA
polymerase v. Pol v (1 nM) was incubated with DNA substrate (10 nM)
and one of the four dNTPs (50 uM G, A, T, or C) for 10 min at 37°C.
The substrate is shown on the top, and the X indicates the presence of
either an A, a 2-AP, or a Pu residue.
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corporation of incorrect nucleotides. Interestingly, the effi-
ciency of T incorporation opposite the 2AP and Pu templates
remains almost the same as that opposite template A, which
suggests that hydrogen bonding at the N® position is not a
prerequisite for proficient T incorporation opposite template
A by Pol . The N° amino group, however, does contribute to
the fidelity of nucleotide incorporation opposite template A, as
the misincorporation of C is enhanced opposite the 2AP and
Pu templates ~40- and 100-fold, respectively. The lowered
efficiency of C incorporation opposite template A compared to
that opposite templates 2AP and Pu could arise from the steric
clash of amino groups at the N° of A and N* of C.
Hydrogen bonding at the O° of guanine contributes to C
incorporation. Pol u is less efficient at incorporating the correct
nucleotide opposite template G than opposite an A; moreover,
it incorporates a T opposite template G with only a fewfold

DNA substrate (S1-)
Primer 5'p% AT
Template 3 TAGAATGCTT——
*
30 min 30 min 6 min 6 min
- —-A
—A
S - - -G
0 |16 4010000 | 1.6 | 4010000 | 1.6 | 401000 O |1.6 | 40 [1000
032 8 200 | 032 8 200 | 032 8 200 | 032 8 200
30 min 30 min 6 min 6 min
- —A
—-A
- —-—mGG

0 | 16| 40 [10000 | 1.6 40[10000 | 1.6 | 401000 0 [1.6 | 40 [1000

032 8 200 | 032 8 200 | 032 8 200 | 032 8 200
30 min 30 min 30 min 30 min
-A
—A
- - o ~»-80x0G
0 | 1.6 40[10000 | 1.6| 40[10000 | 1.6 | 401000 O |1.6 | 40 [1000
032 8 200 032 8 200 032 8 200 032 8 200
[dGTP](uM)  [dATP](uM)  [dTTP](uM) [dCTP](uM)
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reduction in efficiency compared to that for C incorporation.
As shown in Fig. 1B, in a G - C Hoogsteen base pair, the N7
and O° of template G hydrogen bond with the N3 and N* of C,
respectively, and hydrogen bonding between the N7 of G and
N3 of C requires that the N3 of C be protonated. In the G - C
Hoogsteen base pair seen in the ternary structure of Pol v, the
geometry of the nascent base pair is consistent with the for-
mation of two such hydrogen bonds and with the protonation
of N3 of dCTP (14). The template G could also form a Hoogs-
teen base pair with a T held by a single hydrogen bond between
the N7 of G and N3 of T (Fig. 1B).

The kinetic analyses we have performed with the 2AP and
Pu templates are also informative in regard to the contribution
of hydrogen bonding at the O° position of guanine to C versus
T incorporation, since as far as the Hoogsteen edge is con-
cerned, 2AP and Pu retain the N7 hydrogen bonding but lack
the O° hydrogen bonding of a G. Even though we find that C
incorporation is enhanced opposite the 2AP and Pu templates
compared to that opposite an A, still, it is incorporated quite
inefficiently, with an f,.,. of less than 10~ (Table 1). Also, a C
is incorporated opposite template G better than opposite an
2AP or Pu template (compare Tables 1 and 2). Our observa-
tion that T is efficiently incorporated opposite the 2AP and Pu
templates, but C is incorporated quite poorly (Table 1), would
suggest a role for hydrogen bonding at the O° position in the
incorporation of a C opposite template G.

Preferential incorporation of a T opposite m6G by Pol .
The proficiency of Pol  for C incorporation opposite m6G is
reduced ~10-fold compared with the incorporation of a C
opposite undamaged G; moreover, the incorporation of a T
opposite m6G is over 15-fold more efficient than the incorpo-
ration of a C opposite this lesion (Table 2; Fig. 3). Thus, by
contrast to an undamaged G, where Pol v incorporates a C

(S2-)
5-TG 5—TA 5—TT 5-TC
3 —AGAAT— 3 —AGAAT— 3—AGAAT— 3—AGAAT—
* * * %
30 min 30 min 3 min 3 min
-T
- - - A
- — A
S ol
0 |1.6 | 40 [10000 | 1.6 |40 [1000 O [1.6 |40 [1000[ O | 1.6 | 40 |1000
032 8 200 | 032 8 200 | 032 8 200 | 032 8 200
30 min 30 min 3 min 3 min
—T
- - -A
- —A
-mé6G
0 |1.6 | 40 [10000 |1.6 |40 [1000 0 [1.6 |40 [ooo/0 [1.6 | 40 [1000
032 8 200 | 032 8 200 | 032 8 200 | 032 8 200
30 min 3 min 30 min 30 min
-T
-— A
e pp— S A
- 8ox0G
0 |[1.6 | 40 [10000 [1.6 |40 [1000 O [1.6 |40 fio00 O | 1.6 | 40 1000
032 8 200 032 8 200 032 8 200 032 8 200
[dTTP](uM)  [dTTP](uM)  [dTTP](uM)  [dTTP](uM)

FIG. 3. Steady-state kinetic analysis of insertion and extension reactions catalyzed by Pol v on m6G- and 8-oxoG-containing DNA templates. Gel assay
of nucleotide incorporation (left) and extension (right) reactions across from m6G and 8-0xoG residues by Pol v are shown. DNA substrate (30 nM) was
incubated with Pol v (1 nM) and different concentrations of a single nucleotide at 37°C for various times (3 to 30 min), as indicated.
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somewhat better than a T, the situation is reversed for the
mo6G lesion opposite which a T is preferentially incorporated
over a C (Fig. 3; Table 2).

The inhibitory effect of the presence of a methyl group at the
O° position in template G on the incorporation of C is in line
with the inference drawn from the studies with the 2AP and Pu
templates that hydrogen bonding at O° is an important deter-
minant for C incorporation opposite template G.

An 8-0x0G lesion is inhibitory to the incorporation of a C or
a T by Pol v. The protonation of N7 in the 8-0x0G lesion would
be expected to lower the efficiency of T incorporation by Pol v
because of the adverse effect that would have on the hydrogen
bonding of N7 of 8-0xoG with the N3 of T (Fig. 1B). Accord-
ingly, we observe an ~20-fold reduction in the efficiency with
which a T is incorporated opposite the 8-oxoG lesion com-
pared to that opposite the undamaged G template (Table 2;
Fig. 3).

In the G - C Hoogsteen base pair formed in the Pol v active
site, the O6(G)-HN4(C) and N7(G)-HN3"(C) distances of
2.87 and 2.98 A, respectively, are typical for hydrogen bonds.
This geometry, indicative of a hydrogen bond between the N7
of guanine and N3 of cytosine, however, requires that the N3
of dCTP be protonated, and we have suggested before that the
pK, of dCTP is elevated when it is bound in the Pol v active site
(14). If such a protonation of dCTP indeed occurs in the Pol v
active site, in that case, an 8-0xoG should be inhibitory for the
incorporation of a C also, since the protonated N7 of 8-oxoG
would sterically clash with the protonated dCTP in the Pol v
active site. In fact, we find an ~40-fold reduction in the effi-
ciency of C incorporation opposite 8-0xoG compared to that
opposite undamaged G. The reduced efficiency of C incorpo-
ration opposite 8-0xoG supports the inference of dCTP pro-
tonation in the Pol v active site arrived at from structural
studies (14).

In most DNA polymerases, including the replicative Pols,
8-0x0G adopts a syn conformation and hydrogen bonds via its
Hoogsteen edge with dATP in the anti conformation. Nuclear
magnetic resonance and X-ray crystallographic studies of DNA
containing an 8-0xoG(syn) - dA(anti) base pair have shown that
this base pair fits well in B-form DNA without causing any
significant distortion (1, 7, 10, 12, 17). The incorporation of an
A(anti) opposite 8-0xoG(syn), however, will be disfavored in
the Pol v active site because of the ~10.5-A distance between
the C,’-C,’ atoms of an 8-oxoG(syn) - dA(anti) base pair.
Accordingly, we find that Pol v is highly inefficient at incorpo-
rating an A opposite the 8-0xoG lesion (Table 2).

Extension of primers opposite from the m6G and 8-oxoG
lesions by Pol v. Although upon the binding of the incoming
dNTP, the templates A and G adopt a syn conformation in the
Pol v active site and engage in Hoogsteen base pairing with the
incoming nucleotide, upon translocation of Pol v to the next
templating base, the base pair at the primer terminus adopts a
normal W-C geometry (14-16). This implies that when extend-
ing the primer termini opposite from DNA lesions, Pol v would
preferentially extend the primer termini that conform to a
normal W-C base pairing geometry. To test whether the W-C
base pairing indicated at the primer terminus from structural
studies also prevails in solution conditions, we examined the
ability of Pol v to extend from primer termini bearing a G, an
A, aT, or a Copposite the m6G and 8-0xoG lesions. As shown
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in Table 3 and Fig. 3, Pol v extends most efficiently from a T
opposite m6G, and this was only ~4-fold less efficient than the
extension from a C opposite the undamaged G. Opposite the
8-0x0G lesion, Pol v extended from the A primer terminus with
nearly the same efficiency as the extension from a C opposite
undamaged G. In the Discussion, we elaborate upon the im-
plications of these observations for the adoption of a W-C base
pairing geometry at the primer terminus in Pol v active site.

DISCUSSION

The Hoogsteen base pairing of templates A and G with
incoming T and C, respectively, involves the formation of two
hydrogen bonds between the atoms at the seventh and sixth
positions of the purine and at the third and fourth positions of
the pyrimidine, respectively (Fig. 1). Here, by using 2AP and
Pu as the templating residues, which lack the N® amino group
of an A or the O° group of a G, we have examined the
contribution that hydrogen bonding at the N° or the O° posi-
tion of template purines makes to the efficiency and fidelity of
dNTP incorporation. From our observation that the efficiency
of T incorporation by Pol v is not affected by these modified
bases, we conclude that hydrogen bonding at N° is not oblig-
atory for the efficient incorporation of T opposite template A.
Hydrogen bonding at the N7 position, however, is imperative
for proficient T incorporation opposite A, as the efficiency of T
incorporation opposite 7-deazaA is reduced by over 200-fold
relative to that opposite an A (5).

The substitution of 2AP or Pu for an A in the template leads
to an ~40- to 100-fold increase in the efficiency of C incorpo-
ration by Pol i, which suggests that the N° amino group is
inhibitory to C incorporation opposite template A. Presum-
ably, this results from the steric clash of the N® amino group in
A with the N* amino group of C (Fig. 1). Although the effi-
ciency of C incorporation increases opposite 2AP and Pu, still,
it is incorporated over 1,000-fold less well than a T. In the
Hoogsteen base pairing of 2AP or Pu with a C, only the N7 of
the purine can hydrogen bond with the N3 of C and would
require the protonation of C. Since the residues in the vicinity
of the N3 atom of C in Pol v are hydrophobic (Val64 and
Leu78) (14), the much-reduced efficiency of C incorporation
opposite 2AP or Pu could reflect the less-efficient binding of a
positively charged dCTP versus neutral dTTP in the Pol v
active site.

By contrast to the incorporation of a T opposite an A, which
requires only the hydrogen bonding of N7 of A with N3 of T,
the proficient incorporation of a C opposite template G re-
quires, in addition to the hydrogen bonding at N7 of G with N3
of C, the hydrogen bonding at O° of G with N* of C. Our
previous studies with 7-deaza guanine have indicated a re-
quirement of hydrogen bonding at N7 for C incorporation
opposite template G (5). Our results with 2AP and Pu support
the requirement of O° hydrogen bonding for C incorporation
opposite template G, and our observation that a T is incorpo-
rated about 15-fold more efficiently than a C opposite m6G is
also in accord with such an inference.

From our studies with 7-deaza adenine and 7-deaza guanine
that we reported previously (5), and from the studies presented
in this paper, we draw the following conclusions for the con-
tribution that hydrogen bonding at the Hoogsteen edge of
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template purines makes to dNTP incorporation by Pol v: (i) T
incorporation opposite template A requires only the hydrogen
bonding at the N7 position of A, and hydrogen bonding at the
N© position is dispensable; and (ii) C incorporation opposite
template G requires hydrogen bonding at both the N7 and O°
positions, and if the O° hydrogen bonding is impaired, then a
T is preferentially incorporated opposite template G.

The dispensability of hydrogen bonding at the N® amino
group of adenine for proficient T incorporation could have
important implications for lesion bypass by Pol v. Because of its
reactivity, a number of adducts would bind at the N° position
of an A and adversely affect the potential of this position to
participate in hydrogen bonding. Pol \, however, could still
remain effective at proficiently incorporating a T opposite such
N° adenine adducts. Moreover, since N° also contributes to
W-C base pairing, exocyclic adducts that would form between
the N1 and N° of an A, and which thereby completely disrupt
the Watson-Crick edge, may have little or no inhibitory affect
on the proficiency of T incorporation by Pol v, as the hydrogen
bonding potential of the N7 position would not be affected by
such lesions.

1,N%-Ethenodeoxyadenosine (edA), a promutagenic and po-
tentially carcinogenic lesion, is formed in DNA from the in-
teraction of bases with aldehydes derived from lipid peroxida-
tion. A variety of highly reactive aldehydes, such as acrolein,
malonaldehyde, and frans-4-hydroxy-2-nonenal (HNE), are
generated in vivo from lipid peroxidation. Enals such as HNE
are converted to epoxyaldehyde upon further oxidation reac-
tions, and the reaction of epoxyaldehyde with adenine in DNA
generates the edA adduct (3, 11). Since the exocyclic ring
present between the N1 and N positions of edA completely
disrupts the Watson-Crick edge of adenine, this adduct is
highly inhibitory to synthesis by replicative DNA polymerases
and also to synthesis by translesion synthesis polymerases m
and k (9). However, Pol « efficiently incorporates a T opposite
the edA adduct with only an about 10-fold reduction in effi-
ciency compared to that opposite a normal A (13). In the
crystal structure of Pol v - €édA - dTTP ternary complex, the edA
adduct adopts a syn conformation in the Pol v active site and
forms a Hoogsteen base pair with dTTP which remains in the
anti conformation, and as expected, a single hydrogen bond is
established between the N7 of edA and N3 of dTTP (13).
Following the incorporation of a T opposite the edA adduct by
Pol , the subsequent extension by Pol { would provide for
efficient and accurate synthesis through the lesion (13).

The role of Pol v in translesion synthesis thus would involve
not only the proficient incorporation of a C opposite the large
variety of N? adducted guanines that we have proposed before
(22, 24, 25) but could include, also, the ability for proficient T
incorporation opposite the N® adducted adenines as well as
opposite the lesions that impair the W-C hydrogen bonding
potential of both the N1 and N° positions of adenine. In this
regard, it is noteworthy that since Pol v exhibits the highest
efficiency and fidelity of nucleotide incorporation opposite
template A, its dependence upon only the N7 hydrogen bond-
ing for efficient T incorporation would endow it with the ability
for promoting proficient replication through a large variety of
adducts that bind the templating A and disrupt its W-C edge.

As inferred from ternary crystal structures, following the
nucleotide incorporation step, the resulting primer terminal
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base pair adopts a normal W-C geometry in the Pol v active site
(14-16). Our observation that Pol v is most proficient at ex-
tending from a T opposite the m6G lesion and from an A
opposite the 8-0x0G lesion suggests that in solution also, Pol v
extends most proficiently from the primer termini that more
closely approximate the W-C base pairing geometry. The high-
fidelity replicative DNA polymerases which depend strictly
upon a proper W-C base pairing geometry synthesize DNA
across the m6G and 8-0xoG lesions by incorporating a T or an
A, respectively, and by extending therefrom. This is because an
mo6G - T mispair closely resembles a W-C base pair (8, 18, 23)
and an 8-oxoG(syn) - A(anti) Hoogsteen base pair also has the
geometric features that resemble a W-C base pair (1, 7, 12).
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