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ABSTRACT. Oxidative damage to DNA produces abasic sites resulting from the formal hydrolysis of the
nucleotides’ glycosidic bonds, along with a variety of oxidized abasic sites. Thex@#ized abasic site
(C4-AP) is produced by several DNA-damaging agents. This lesion accounts4fdffo of the DNA
damage produced by bleomycin. The effect of &@4dized abasic site incorporated at a defined site in

a template was examined on Klenow fragments with and without-3%' exonuclease activity. Both
enzymes preferentially incorporated dAdG > dC, T opposite C4-AP. Neither enzyme is able to extend
the primer past the lesion. Experiments with regular AP sites in an otherwise identical template indicate
that Klenow does not differentiate between these two disparate abasic sites. Extension of the primer by
alternative polymerases pol Il, pol Il exopol IV, and pol V was examined. Pol Il exavas most efficient.
Qualitative translesion synthesis experiments showed that pol 1l geederentially incorporates T opposite
C4-AP, followed in order by dG, dA, and dC. Thymidine incorporation oppositeAR4is distinct from

the pol Il exonuclease interaction with a regular AP site in an otherwise identical template. These in vitro
experiments suggest that bypass polymerases may play a crucial role in survival of cells in which C4-AP
is produced, and unlike a typical AP site, the C4-AP lesion may not follow the “A-rule”. The interaction
between bypass polymerases and a C4-AP lesion could explain the high levels-ef GACtransversions

in cells treated with bleomycin.

Exposure of DNA to various forms of oxidative stress ~07\ o ~0 o ~05 o
produces a variety of lesions that can be cytotoxic and/or Ho)<_>'”OH _K_?”OH _KJ:O
mutagenic {—3). One of these lesions, the Cdxidized C4-AP AP L

O O O
abasic S_'te (C4-AB, resu“?_ﬂom formal hyd.rog.en atdM  FsyRre 1: Structures of abasic lesions: ‘@kidized abasic site
abstraction from the C4osition. The C4-AP site is one of  (C4-AP), “regular” abasic lesions (AP), and 2-deoxyribonolac-
a group of abasic sites (Figure 1) that are produced in DNA tone (L).
by a variety of chemical pathwaygl)( The C4-oxidized
abasic site accounts for approximately 40% of the productsthe common occurrence of the C4-AP lesion, very little is
formed following reaction of bleomycin with DNA, and is  known regarding its effects on polymerase enzymes. Here
formed preferentially by oxidation of the pyrimidine in we report the characterization of the C4-AP lesion’s effects
5'-G-Pyr sequences5). Other antitumor antibiotics also  on the activity of a variety of polymerase enzymes. These

produce the C4-AP lesion, but in smaller amouris The in vitro experiments provide insight into the possible effects
propensity for minor-groove-binding DNA-damaging mol- of the C4-AP site in cells.
ecules to react at the Gposition is partially ascribable to The C4-AP site may exist as an acyclic form in equilibrium

the proximity of this atom to the bound oxidizing agents. with up to four diastereomeric cyclic isomers (Scheme 1).
Its position at the outer edge of the minor groove makes the Although the distribution of isomers that make up this
C4-hydrogen atom accessible to diffusible speci®sCon- equilibrium is unknown, NMR studies on the related non-
sequently, diffusible species (e.g., hydroxyl radical) pro- oxidized “regular’ abasic site (AP) suggest that the acyclic
duce the C4-AP lesion via scission of the relatively weak (1,4-dicarbonyl) form will be present in very small amounts
C4-carbonr-hydrogen bond4, 7—9). Model studies imply  (11). One could also speculate that diastereomers containing
that the C4-AP lesion may also result indirectly from initial - the 4S-configuration are less favored in duplex DNA because
oxidation of the phosphate group, as is postulated to occurthey will distort the backbone more than those containing
as a result of the direct effects pfradiolysis (L0). Despite the 4R-configuration. These assumptions aside, the C4-AP
site may present a variety of structures to polymerase and
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Scheme 1. Equilibration of the C4-AP Lesion
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AP sites are efficiently produced by the action of uracil DNA
glycosylase (UDG) on oligonucleotides containing'alé-
oxyuridine (Figure 2) 12). They can also be prepared
chemically by treatment of an oligonucleotide containing a
strategically designed vicinal diol with periodaf3). Three
different photochemical precursors for 2-deoxyribonolactone
(L) have been reportedL4, 15). In these experiments we
use the ketone precursot, (Figure 2) (6, 17). Specific
studies of the effects of C4-AP on polymerase and repair

enzymes are lacking due to the absence of a method for

generating the lesion at defined sites in DNA. Intracellular
studies using random but selective generation of the C4-AP
site by bleomycin indicate that the lesion is mutaged, (
19). Generation of the C4-AP site in vitro by bleomycin was
also used to qualitatively gauge the ability of repair endo-
nucleases to initiate repair of the lesi@®(21). We recently
reported a method for synthesizing oligonucleotides contain-
ing a C4-AP site at a defined position froth(Figure 2)
(22). The photochemical transformation utilizes the well-
known o-nitrobenzyl photoredox reaction, proceeds very
efficiently, and produces the C4-AP site in high yield. The
photochemical precurs@made it possible to carry out the
studies described below on the C4-AP lesion.
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Ficure 2: Methods for generating the AP, L, and C4-AP lesions.

MATERIAL AND METHODS

General Procedure®ligonucleotide synthesis was carried
out on an Applied Biosystems Inc. 394 DNA synthesizer
using standard protocols. Oligonucleotides containing C4-
AP or 2-deoxyribonolactone (L) were synthesized as de-
scribed (L6, 22). Oligonucleotides containing AP sites were
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Table 1. Oligonucleotides Employed in Polymerase Experiments

5'-d(GTC ACG TGC TGC AXA CGA CGT GCT GAG CCT)

axX=1

b X = C4-AP
cX=2
dX=L
eX=dU
fX=AP
gX=T

5-d(AGG CTC AGC ACG TC)
5"d(AGG CTC ATSC ACG TCG T)
i
5"d(AGG CTC AGC ACG TCG TA)
5-d(AGG CTC AGJC ACG TCG TG)
k

generated from "2deoxyuridine by UDG treatmentl).
Purified oligonucleotides were characterized by ESI-MS or
MALDI-TOF MS. Electrospray and MALDI-TOF mass
spectrometry samples were prepared by ethanol precipitating
from NH,OAc. Electrospray mass spectra were obtained on
an LCQ-Duo instrument. MALDI-TOF mass spectra were
obtained on a Kratos Seq 5 instrument. The oligonucleotides
used in these experiments are shown in Table 1. Com-
mercially available oligonucleotide synthesis reagents were
obtained from Glen Research or Dharmacon Research. DNA
manipulation, including enzymatic labeling, was carried out
using standard procedure®3]. Preparative and analytical
oligonucleotide separations were carried out on 20% poly-
acrylamide denaturing gel by electrophoresis (5% cross-link,
45% urea (by weight)). T4 polynucleotide kinase, uracil DNA
glycosylase (UDG), Klenow, and Klenow exavere ob-
tained from New England Biolabs. Pol I, pol Il exopol

IV, and pol V/Rec A were obtained as previously described
(24—26). [y-3?P]-ATP was purchased from Amersham Phar-
macia Biotech. Radioactive samples were quantitated by
Cerenkov counting using a Beckman LS6500 liquid scintil-
lation counter. Quantification of radiolabeled oligonucleotides
was carried out using a Molecular Dynamics Storm 840
Phosphorimager equipped with ImageQuant Version 5.1
software. Oligonucleotide photolyses were carried out in
Pyrex tubes (0.25 in. i.d.) using a Rayonet Photoreactor
(RPR-100) equipped with 16 lamps having a maximum
output at 350 nm.

General Preparation of PrimerTemplate Duplexe®rim-
ers were hybridized at 5%C to template oligonucleotides
(1.5 equiv) for 5 min and cooled to room temperature over
2 h. For experiments using Klenow exor Klenow exd,

25 pmol of 3-32P-labeled primer and 225 pmol of unlabeled
primer were annealed to 375 pmol of template in 20 mM
Tris (pH 7.5), 100 mM NacCl to produce a DNA working
solution (3.215uM). Duplexes used in these experiments
are listed by number in Table 2.

Full-Length Primer Extension by Klenow exexa". Full-
length primer extension i8ab (75 nM) was carried out
using Klenow exo (1 nM) or Klenow exd (10 nM).
Reactions were carried out in 0.02% w/v BSA, 20 mM Tris
(pH 7.5), 10 mM MgC}4, and 15 mM DTT. A X solution
(25 uL) of 3ab (150 nM) and Klenow exo (2 nM) or 20
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Table 2. Oligonucleotide Duplexes Employed in Polymerase of dTTP opposite dA on the'&ide of C4-AP were carried

Experiments out under the same conditions as described above for
5-0-AGG CTC AGC ACG TC insertion reactions. WheBa (dA opposite C4-AP) 9|5b
3.4-TCC GAG TCG TGC AGC AXA CGT CGT GCA CTG (dG opposite C4-AP) was used as substrate, reactions were

carried out for 30 min in the presence of-10000uM dTTP.
3a X = C4-AP S : .
3bX=T Reaction times and dTTP concentration ranges were inde-
3¢ X = AP pendent of the form of the Klenow fragment.

Full-Length Primer Extension by Pol Il, Pol Il expor
Pol IV. Reactions were carried out in a manner similar to
those reported previousl2®, 28). Full-length primer exten-

5'-d-AGG CTC AGCACG TCG T
3'-d-TCC GAG TCG TGC AGC AXA CGT CGT GCA CTG

4a X = C4-AP sion of 3a—c (2 nM) was carried out in 20 mM Tris (pH
::)’(‘fkp 7.5), 8 mM MgCh, 5 mM DTT, 0.1 mM EDTA, 25 mM
ad X = 1 sodium glutamate, 4% glycerol, andid/mL BSA. The four
deX =2 native dNTPs were present at 0.5 mM each. Polymerase was
added to a final concentration of 500 nM using stock
5-d-AGG CTC AGC ACG TCG TY solutions of pol Il, pol Il exo, and pol IV at 2, 15, and 40
8-0-TCC GAG TCG TGC AGC AXA CGT CGT GCA CTG uM, respectively, yielding a total reaction volume of 100
5a X =C4-AP; Y =A uL. The reactions were incubated at 3C for 60 min.
5b X=C4-AP; Y =G Aliquots (10 uL) were quenched with formamide loading

buffer (10uL) and analyzed by 20% denaturing PAGE.

nM Klenow exa” (20 nM) in buffer was added to a solution Full-Length Primer Extension by Pol Wrimer extension

(25 uL) containing all four dNTPs (0.2 mM each). The ©f 3a—c (10 nM) was carried out in solution (20L)
reaction mixture was incubated at room temperature for 2 containing 0.25M Rec A and 0.5 mM ATRS in addition

h. Aliquots (5uL) were collected at 1, 5, 10, 20, 30, 45, 60, © the buffer components employed in the bypass polymerase
and 120 min and quenched immediately in formamide (10 experiments described above. The reaction was incubated
uL) loading buffer. Samples were denatured and loaded on@at 25°C for 3 min, and then all four dNTPs were added to
a 20% denaturing PAGE. Marker lanes were loaded with & final concentration of 0.5 mM each. Pol V- was added (0.4
independently synthesize-3P-16mer and -17mer. Control ~ #L from a 12.54M stock solution) to a final concentration

experiments usingb were carried out as described above, ©f 250 nM. Reactions were incubated at"#7, and aliquots.
except that aliquots were taken for 1 h. (20 uL) were removed after 10 and 30 min, quenched with

Insertion Kinetics Opposite C4-AP, AP, L, or Photochemi- formamide loading buffer (1¢L), and analyzed by 20%

cal Precursors 1 and 2 (27A 2x DNA—enzyme solution denaturmg.PAGE. )

(120 uL) was prepared containinga (150 nM) and 2 nM Trar_lslesmnal Synthesis _by Klenow and _ Pol Il exo
Klenow exo (2 nM)/exa" (20 nM) in 0.02% wiv BSA, 20 Reactions (10@L) were carried out odla,d using 2.5uL
mM Tris (pH 7.5), 10 mM MgC}, and 15 mM DTT. The (for Klenow reactions) or %L (for pol Il exo™ reactions)
DNA—enzyme solution (L) was added to the appropriate ©f @ 0.2uM DNA stock solution to produce final DNA
2x dNTP solution (SuL). The reaction was allowed to run conqentrano_ns of 5 and 1_0 nM, respectively. Reactions were
for a fixed period of time at room temperature and then carried out in 20 mM TriHCl (pH 7.5), 8 mM MgC}, 50
quenched with 95% formamide loading buffer containing MM DTT, 0.1 mM EDTA, 25 mM sodium glutamate, 4%
EDTA (20 uL). The samples were denatured by heating at glycerol, and 4ug/mL BS_A._E_ach dNTP (f|nal_ concentration
90 °C for 3 min and then immediately placed on ice before of 0.5 mM) was added individually to the mixture, an_d then
being loaded (4L) on a 20% PAGE gel. The concentration Klenow (2.72uL of a 0.368 uM stock solution, final
ranges and reaction times for Klenow exeactions were ~ concentration of 10 nM) or pol Il exo(0.67uL of a 15uM

as follow: dATP, 16-2504M, 3 min; dGTP, 16-250.M, stock, final concentration of 100 nM) was added to the
15 min; dCTP, 0.21.5 mM, 15 min; dTTP, 0.510 mM, 9 reactions, resulting in a final volume of 1@@.. Reactions
min. The concentration ranges and reaction times for Klenow Were incubated at 37C for 2 min, and then an aliquot (10

exo" reactions were as follow: dATP, 31000xM, 15 min; uL) was quenched with formamide loading buffer (20)
dGTP, 106-1000xM, 20 min. and analyzed by 20% denaturing PAGE.

Insertion kinetics by Klenow exoopposite 2-deoxyri- RESULTS
bonolactone (L) or an abasic site (AP) were carried out using
duplexesdb and4c, respectively. The concentration ranges  Oligonucleotide Synthesi#A 30-nucleotide-long oligo-
and reaction times for templates containing an AP site nucleotide template (Table 1) containing the photochemical
(40) were as follow: dATP, 161000u4M, 1 min; dGTP,  precursor {) of C4-AP was prepared and purified by gel
10—1000uM, 15 min. The concentration range and reaction electrophoresis, as previously describ28)(The precursor
time for template containing a 2-deoxyribonolactone €t ( containing oligonucleotide was hybridized to the appropriate
were as follows: dATP, 18500u4M, 3 min. The concentra-  primer and photolyzed immediately prior to each experiment.
tion range and reaction time for template containing the Hybridization was carried out at 55C. Photochemical
photochemical precursors to 2-deoxyribonolactofd) Er conversion was determined by treating a duplex in which
C4-AP (e) were as follow: dATP, 16500 uM, 15 min. the template strand was radiolabeled with NaOH (0.1 M, 37

Klenow exo/exo" Primer Extension Past C4-AP Site. °C, 20 min). These conditions cleave the C4-AP site but not
Attempts to obtain kinetic parameters for the incorporation its photochemical precursorl) (22). Greater than 90%
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A. t=0 t=120 Table 3. Steady-State Analysis of Translesion Synthesiéasrt

- —— by Klenow exo

Vmax Km Vma)JKm
lesion dNTP (%-min?) (um) (%*min—t-M)

CA-AP@a) A  65+18 644+104 (1.1+0.4)x 10°
CA-AP@a) G 06401 46.0+11.6 (1.4+0.4)x 10°
AP (4¢) A 119423 895:34 (1.3+0.3)x 10°
G
A

AP (4¢) 11402 90.8+9.1 (1.2+0.2)x 10
L (4b) 1.0+ 0.4 193.8+323 (5.2+0.9)x 103

Table 4. Steady-State Analysis of C4-AP Translesion Synthesis on
4a by Klenow exo

ANTP Ve @min D) Kn (M) Vmal/Kem (Y%min—1-M)

N » A 08+0.3 33715  (2.3+09)x 10
16 ! . G 01+£001  252£59  (3.6+0.9)x 1C°

- - e - - Steady-state experiments were carried out uéaig order
... i i to measure nucleotide incorporation opposite (translesion
- synthesis) the C4-AP lesion (Table 3) by Klenow exo
Klenow exo showed an~10-fold preference for incorporat-
ing dA over dG opposite the lesion. Although the apparent
B. t=0 t=60 Km of dG translesion synthesis was approximately one-third
—— lower than that of dA, the bulk of the selectivity was attrib-
utable to a larger observed appar¥ptx for dA incorpora-
& . ... tion, which could reflect a difference in the rate of product
' release. Incorporation of dT or dC opposite the C4-AP site
- was extremely inefficient. Despite increasing the reaction
time from 3 to 9 min, no incorporation of dT was observed
in the presence of as much as 10 mM dTTP, and less than
1% of the primer was extended after 15 min in the presence
of 1.5 mM dCTP. Hence, kinetic analysis of translesion
incorporation of dCTP or dTTP by Klenow exowas
unfeasible. Translesion incorporation was also checked on
. a template containing the C4-AP precursde)( but no
Ny ‘ incorporation was detected in 3 min in the presence of as
- much as 1 mM dATP.
oee - For comparison purposes, translesion synthesis by Klenow
exo on templates containing 2-deoxyribonolactone4h)
or an AP site 4c) was examined. The preference for
Ficure 3: Klenow exo (1 nM)-mediated extension dab (75 tran_slesion deoxyribonucleo_tide incor_poration of dA versus
nM) in the presence of native dNTPs (0.1 mM each): 8ajand dG in the presence of a typical AP site was comparable to
(B) 3b. that observed for the C4-AP template (Table 3). In con-
trast, the efficiency for incorporation of dA opposite the
conversion to the C4-AP lesion was achieved. Template C1'-oxidized abasic site (L) was20-fold lower (Table 3)
primer duplexes containing “regular” abasic (AP) or 2-deoxy- compared to that opposite the C4-AP and AP sites. No
ribonolactone (L) sites in otherwise identical sequences wereextension of a primer opposite a template containing the
prepared immediately prior to enzyme experiments using photochemical precursor to L4¢) was detected in the
published procedured 2, 16). presence of dATP (0.5 mM) after 15 min.

Primer Extension by Klenow eXt@xo . Qualitative analy- The efficiency for deoxyribonucleotide incorporation op-
sis of Klenow exo’s ability to read through a C4-AP site posite the C4-AP site by Klenow eXawas less efficient
was carried out using duple3a in which the enzyme was than that observed using Klenow exdTable 4). The
given a running start. Although translesion synthesis was apparentK,'s measured for dA and dG incorporation
achieved, Klenow exowas unable to bypass the lesion after opposite C4-AP were-2-fold lower than those when Klenow
2 h (Figure 3A). Complete extension of a comparable duplex exo- was used. Howevelma.x Wwas 6-8 times slower when
(3b) containing thymidine in place of the lesion was observed Klenow exad” was used. Although translesion synthesis by
within 60 min under identical conditions (Figure 3B). Bypass Klenow exo” was less efficient on the C4-AP template, the
of the C4-AP site was not achieved, even when the con- overall selectivity for dA incorporation relative to dG was
centration of Klenow exo was increased to 10 nM (see comparable to that observed using Klenow exo
Supporting Information). Klenow exowas also unable to The qualitative results indicating that Klenow exexo"
bypass the C4-AP when reactions were carried out at 10 nMcannot extend the primer past the C4-AP lesion (Figure 3,
enzyme, whereas the control was fully extended (see Supporting Information) were examined more thoroughly
Supporting Information). using a standing start. No extension of the primer by either
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the C4-AP site is a commonly formed lesion. We investigated

Table 5. Percent Extension by Bypass Polymerases . . . A
the mutagenic potential of the C4-AP lesion. As an abasic

enzyme C4-AP B3 AP (39 control @b) site, the C4-AP lesion can be described as a noninformative
PO: ” B 1?:1'2 2%% 88% one. Consequently, we compared the C4-AP lesion to the
Egl e s o1 78 regular abasic site (AP) and 2-deoxyribonolactone (L), whose
pol Ve 0.6 0.8 38 effects on polymerases have been previously characterized
2 [Enzyme] = 500 nM, except where noted otherwiSEnzyme] (12, 30). We_ carried out more limited studies on the Iapter
= 100 nM. ¢ [Enzyme]= 250 nM, Rec A= 250 nM. two lesions in order to provide a benchmark for comparison

to literature values, which were obtained from templates
containing different sequences.

Qualitative primer extension experiments (Figure 3, Sup-
porting Information) using either form of Klenow suggest
that C4-AP is a blocking lesion. Both forms of Klenow pause
prior to incorporating a nucleotide opposite the C4-AP lesion.
Moreover, neither polymerase extends the primer past the
lesion. The C4-AP lesion’s effect on Klenow is similar to
that exhibited by a “regular” AP site and 2-deoxyribonolac-
tone (L). Klenow enzymes were able to extend past the
lactone lesion only under forcing conditions, and bypass was
achieved most efficiently on templates whose sequences were
prone to introducing deletions3@). Kinetic experiments
reveal that the regular abasic site (AP) is also a strong
blocking lesion. Nucleotide incorporation opposite an AP
site by Klenow exd was approximately 1000-fold slower
"Wan that when a native nucleotide was present. Extension
(bypass) of a primer containing a-t&rminal dA opposite
the AP site was retarded by yet another 1000-fdg) (

The similarities and differences between the effects of the
C4-AP, AP, and L lesions are evident under more quantita-
tive analysis as well. Translesional synthesis (nucleotide
incorporation opposite a lesion) is considerably less efficient
than replication opposite a native nucleotide. Both forms of
Klenow preferentially incorporate dA opposite any of the
three abasic sites, followed by dG (Table 3). Pyrimidine
incorporation opposite the C4-AP site was too slow to
measure accurately. This, too, is consistent with previous
reports on the AP and L lesions in which pyrimidines are
incorporated less efficiently than purines by—1100 times

form of Klenow was observed over the course of 30 min
when dA 6a) or dG (Bb) was opposite the lesion in the
presence of 1 mM dTTP (data not shown).

Primer Extension by Escherichia coli SOS-Induced Bypass
PolymerasesThe ability of pol Il, pol Il exo, pol 1V, and
pol V in the presence of Rec A to read through the C4-AP
lesion @a) was examined in a qualitative manner using a
running start (Table 5). The percent extension reported is
defined by the sum total of products equal to or longer than
that resulting from translesion synthesis. Reactions using a
control template (T substituted at the position of C4-8B),
and an non-oxidized AP sit8¢) were run side by side. With
the exception of Pol V, large amounts of full-length product
were obtained from the control templatgbj when large
excesses of bypass polymerases were used (see Supporti
Information). Only modest extension was achieved using pol
V (250 nM) in the presence of Rec A (250 nM), and no
improvement was observed upon increasing enzyme con-
centration 29). Primers hybridized to templates containing
an AP @c¢) or C4-AP lesion 8a) were extended far less
efficiently. This was particularly true for pol IV and pol V.
Extension by pol II was compromised by the enzyme’s
exonuclease activity. The enzyme’s exonuclease activity
made it difficult to gauge the extent that the AP sites were
bypassed, but this was not an issue when pol II"exas
used. Extension past the C4-ABg| by pol Il exo was the
most proficient of the four bypass polymerases, but extension
was approximately half as efficient compared to that of the

respective AP-site-containing templa@zy _ or more (2, 30, 31). The absolute specificities for dA or
The high concentrations of pol Il exorequired for G jncorporation by Klenow exoopposite the C4-AP and

extension of the primer opposite C4-AP precluded carrying ap |esjons are within experimental error of one another for

out kinetic analysis of translesion synthesis. HOwever, a g,y regpective nucleotide (Table 3). Furthermore, the kinetic

gualitative 'pictl;re of the enzyme’s r;_);.ef.erehnce was obtaifned parameters measured for translesional synthesis by Klenow
y measuring the percent extensiomanin the presence of oy - o the latter 4b) are comparable to those previously

each dNTP individually (Figure 4A). Comparable measure- reported in a different sequenck2]. Klenow exa exhibits
ments were carried out on templates containing an AP :sitean approximately 8- and 11-fold preference for dA versus
(4c, Figure 4B). Pol Il exo incorporated dT followed by dG incorporation opposite the C4-AP and AP lesions
dG most efficiently under these conditions. In contrast, pol respectively. A slightly more modest preference for dA’
Il exo™ preferred to incorporate dA and dG opposite an AP incorporation Vma/Km, dA:dG ~ 6.4) is observed using
site. The pol Il exo observations were calibrated by carrying  jenowy exa’, atrend V\,IhiCh is also consistent with a reported
out comparable extension experiments4anand 4c using study on a template containing a regular AP sit8)( In

Klenow exa (Figure 4C,D). As expected, incorporation  c,nirast the 2-deoxyribonolactone lesion was recognized
levels for all of the dNTPs were higher. Moreover, the 4 weakly by Klenow exothan either of the other lesions.
polymerase preferred to incorporate ¢AdG > T > dC g inetic parameters for dA incorporation opposite L
opposite the C4-AP and AP lesions. measured usingc were very similar to those previously
reported 80). The apparenKy, is significantly higher, and
DISCUSSION the Vimax is ~10-fold lower than that measured for incorpora-
The C4-hydrogen atom is a likely target for reactive tion of dA opposite AP or C4-AP (Table 3).
species that react with DNA. The respective carbby- It is tempting to postulate a structural reason for the
drogen bond is a relatively weak one, and thé-yHrogen guantitative differences observed between replication of
atom lies on the outer edge of the minor groowe9j. These templates containing 2-deoxyribonolactone in comparison to
physical features of DNA provide an explanation for why the AP and C4-AP lesions. Limited UV-melting studies
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Ficure 4: Single time point measurement of translesional nucleotide incorporation by Pollbpymsite (A) C4-AP 4a) or (B) AP (4¢)
and by Klenow ext opposite (C) C4-AP4a) or (D) AP (4c).

indicate that the abasic lesions destabilize duplex DNA to was too slow for us to measure and is very inefficient for
comparable extent®®, 32, 33). Structural information on AP lesions as well12).

DNA containing the C4-AP site is unavailable at this time,  The reduced rate of nucleotide incorporation opposite the
and variable effects have been observed in NMR studies ofjgsjons compared to undamaged templates, and the inability
an AP site (or its stable tetrahedral analogu@}—36). to detect C4-AP bypass by Klenow exexa, led us to
However, examination of a duplex that is otherwise identical jyestigate primer extension big. coli alternative poly-
to that containing L indicated that, overall, the structures of merases. The observed effects were calibrated by comparison
duplexes containing this lesion or an AP site are comparableg templates containing thymidine or AP sites. The total
(37, 38). We suggest that the structural differences between amount of extension was summed over all nucleotides. Only
2-deoxyribonolactone (L) and the other two abasic sites arepg| || exo~ was able to extend a significant fraction of
subtle and are concentrated at carbon one. All three abasiGyrimers hybridized to AP3a) or C4-AP @c) templates,
sites should exist predominantly in their cyclic isomers, gespite being present in large excess. Full-length product was
particularly L, for which ring opening is not readily revers- |ess than 1% of the total DNA. The absence of full-length
ible. The C1-carbonyl of 2-deoxyribonolactone (L) represents proguct is not surprising because the bypass polymerases
a hydrogen bond acceptor, whereas the hemiacetal forms otgre known to exhibit low processivity, and short DNA
the AP and C4-AP lesions present a potential hydrogen bondiemplates such as those employed here are typically poor
donor in two possible configurations. Furthermore? sp gypstrates. These observations are consistent with previous
hybridization at C1 in 2-deoxyribonlactone results in a stydies in which AP sites are a substrate for pol Il e{8).
different shape than those exhibited by thé-lsgbridized  previous studies suggested that including accessory proteins
C4-AP and AP lesions3Q). would not enhance extension 8for 4 due to their short
The kinetic experiments also suggest that the polymerasedength @0). Realizing that this is only a model of what occurs
do not detect the structural differences present at C4 betweerwithin a cell, we focused on the relative preference for
the C4-AP and AP lesions. Thes4€4-hydroxyl group in nucleotide incorporation by pol 1l exaopposite C4-AP, and
C4-AP (Figure 1) should alter the phosphate backbone AP for comparison, because this enzyme exhibited the
significantly more than theRrisomer. The &diastereomers  greatest activity or8a (Figure 4). Nucleotide incorporation
of C4-AP presumably decrease the thermal stability of duplex by Klenow exd was carried out under the same conditions
DNA more than the B-diastereomers. Consequently, it is in order to calibrate the results with pol Il exoThe results
possible that these comprise minor constituents of the of these single-point measurements with Klenow fexo
equilibrium mixture. Alternatively, it is possible that the (Figure 4C,D) were consistent with the steady-state kinetic
altered backbone introduced by th&@4-AP isomers may  measurements (Table 3), suggesting that the method was
affect bypass more than translesional synthesis. The formerreliable. Nucleotide incorporation by pol 1l exapposite
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the AP lesion followed the “A-rule” (Figure 4B)4(Q).

Greenberg et al.

(45). Pol 1l is not believed to play a significant role in

However, the bypass polymerase preferentially incorporatedbypassing “regular” AP sites46). When the observations

thymidine opposite the C4-AP site (Figure 4A).

reported here are evaluated in the context of bleomycin

Our inability to carry out comparable in vitro experiments mutagenesis studies, they suggest that pol Il may play a role

using pol IV and pol V does not eliminate the possibility

in the mutagenesis induced by the C4-AP lesion. These

that these polymerases may incorporate thymidine or otherresults provide motivation for examining the possible role
nucleotides preferentially opposite the C4-AP lesion in vivo. Of pol Il in replicating DNA containing the C4-AP in vivo.

However, preferential incorporation of thymidine opposite
the C4-AP lesion by pol Il exois unique with regard to all
other in vitro experiments that we are aware of. All available

SUPPORTING INFORMATION AVAILABLE

Figures showing Klenow exemediated extension &a,b

information indicates that prokaryotic DNA polymerases gnq exg-mediated extension &ain the presence of native
preferentially incorporate dA followed by dG opposite AP gNTPs, bypass polymerase extensior8af-c, and pol V,

and L lesions in vitro 12, 30, 31). The A-rule is followed

Rec A extension o8a—c. This material is available free of

by the pol V bypass polymerase when replicating AP sites charge via the Internet at http:/pubs.acs.org.

(42). Deoxyadenosine is also preferentially incorporated
opposite AP sites iik. coli (43).

The reason for enhanced thymidine incorporation opposite
C4-AP by pol Il exo is unknown. The 5adjacent nucleotide
relative to C4-AP in the templatetd) is dA. We cannot
rule out a mechanism in which thymidine is incorporated
via a misalignment mechanism in which the lesion is looped
out, as is seen when pol IV acts on AP sit26, @4). How-
ever, previous studies involving pol Il and AP sites dis-
counted this explanation for translesion incorporation of dA
(45). Regardless of the mechanism for increased thymidine
incorporation by pol Il opposite the C4-AP lesion, these ex-
periments point out a difference between the handling of this
abasic site compared to the AP lesion. Presumably, the dif-
ference is due to the presence of the C4-hydroxyl group.
However, we cannot determine at this time if thymidine in-
sertion is ascribable to a particular sterecisomer (eS).att
the position, which differentiates C4-AP and AP lesions.
Furthermore, the in vitro reaction of pol Il exanay be
significantly different than what happens i coli in the
presence of other proteins.

Finally, it is interesting to note that previous studies on
the mutations induced ifE. coli by bleomycin revealed
significant levels of G:C— T:A transversions18). These
transversions were concentrated &d8CGCC) sequences
(site of mutation italicized), in which the chemical selec-
tivity of bleomycin would lead one to predict high levels of
C4-AP production from deoxycytidine oxidatioB)( The in
vitro experiments described above suggest that the bleomycin
mutations involving G:C— T:A transversions may be
attributable at least in part to C4-AP bypass by pol II. If pol
Il'is involved in these transversions, a misalignment mech-
anism cannot explain the observed substitution. Misalignment
in the 8-d(CGCC) sequence would result in misincorporation
of dC, not thymidine.

CONCLUSIONS

Despite a significant structural difference, the in vitro
examination of the effects of the C4-AP site on Klenow&xo
exo and bypass polymerase activity indicate that in many

respects the oxidized abasic lesions parallel those previously 1

reported for regular abasic sites (AP). A notable exception
is the preferential thymidine incorporation by pol Il exo

opposite the C4-AP lesion. Thymidine incorporation opposite
C4-AP may be attributable to a misalignment mechanism.
However, this would distinguish the lesion from a regular
abasic site, which does not interact with pol Il in this manner

13.

14.
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