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ABSTRACT: Ligases conduct the final stage of repair of DNA damage by sealing a single-stranded nick
after excision of damaged nucleotides and reinsertion of correct nucleotides. Depending upon the
circumstances and the success of the repair process, lesions may remain at the ligation site, either in the
template or at the oligomer termini to be joined. Ligation experiments using bacteriophage T4 DNA
ligase were carried out with purine lesions in four positions surrounding the nick site in a total of 96
different duplexes. The oxidized lesion 8-oxo-7,8-dihydroguanosine (OG) showed, as expected, that the
enzyme is most sensitive to lesions on therdd of the nick compared to théénd and to lesions located

in the intact template strand. In general, substrates containing thé& @@match were more readily
ligated than those with the OG mismatch. Ligations of duplexes containing the OAdase pair (OA=
8-0x0-7,8-dihydroadenosine) that could adoptati—anti conformation proceeded with high efficiencies.

An OI-A mismatch-containing duplex (G 8-oxo-7,8-dihydroinosine) behaved like @& Due to its

low reduction potential, OG is readily oxidized to secondary oxidation products, such as the guanidino-
hydantoin (Gh) and spiroiminodihydantoin (Sp) nucleosides; these lesions also contain an oxo group at
the original C8 position of the purine. Ligation of oligomers containing Gh and Sp occurred when opposite
A and G, although the overall ligation efficiencies were much lower than those of most OG base pairs.
Steady-state kinetic studies were carried out for representative examples of lesions in the térplate.
increased by 96100-fold for OGC-, OI-C-, OI-A-, and OAT-containing duplexes compared to that of

a G-C-containing duplex. Substrates containing-&hGh-G, SpA, and SpG base pairs exhibiteln,

values 206-70-fold higher than that of the substrate containing-& ®ase pair, while th&, value for

OG-A was 5 times lower than that for-G.

Reactive oxygen species (RGS)uch as @, HO', and (AP) site (L5). A nucleotide is inserted by a DNA poly-
H,O, are continuously produced during normal metabolic merase, and in a final stage, the nick is sealed by a DNA
processes, and their production is augmented by inflamma-ligase (6—20). Although DNA repair of oxidized base
tion and exposure to certain agentsZ). DNA is sensitive lesions has been extensively investigated, only a few studies
to ROS, and in vivo oxidative damage results in DNA strand describing the effect of oxidized base lesions on DNA
breaks, base modifications, and DNArotein cross-links  ligation, the last step of DNA repair, have appeai2t 22).

(2). Unrepaired oxidative DNA damage can be mutagenic Both human DNA ligases | (Ligl) and IIl are able to join an
and is implicated in carcinogenesis, neurological disorders, OG-A base pair more efficiently than an OG base pair
and aging 2—4). Oxidation of guanine, the most easily when A or C is inserted at the 8nd of the nick 23). Ligl
oxidized nucleobasé), can lead to the commonly observed also joins Okazaki fragments and aids in long-patch base
lesion 8-oxo-7,8-dihydro-2eoxyguanosine (OG) which is  excision repair 24—26). The crystal structure of Ligl
regarded as a biomarker of oxidative DNA damage in the complexed with an adenylated DNA intermediate was
cell (6). OG is mutagenic in the absence of repair, leading recently reported and aids in the understanding of its
to G — T transversionsq—10). interaction with the DNA substrate at the catalytic cc@@)(

OG can be removed by the base excision repair (BER) Thjs study was designed with the aim of gaining an
pathway (1—14) involving glycosidic bond cleavage of the  ngerstanding of how oxidized purines located at different
damaged base followed by excision of the remaining abaSiCpOSitionS surrounding the nick site in the DNA duplex
influence the ligation efficiency of bacteriophage T4 DNA
This work was supported by the National Cancer Institute (Grant ligase (EC 6.5.1.1). T4 DNA ligase is widely used as a tool

CAQ90689). in gene manipulation, and its low fidelity makes it a good
* To whom correspondence should be addressed. Phone: (801) 585-, . . o S .
7290. Fax: (801) 585-0024. E-mail: burrows@chem.utah.edu. starting point for studying DNA ligation. Ligases catalyze

1 Abbreviations: ROS, reactive oxygen species; OG, 8-0x0-7,8- the formation of a phosphodiester bond between the 5
dihydroguanine; Gh, 5-guanidinohydantoin; Sp, spiroiminodihydantoin; phosphoryl and '3hydroxyl termini to close a nick in duplex
Ol, 8-ox0-7,8-hypoxanthine; OA, 8-oxo-7,8-dihydroadenine; BER, base DNA or RNA (28). T4 DNA ligase is purified from
excision repair; PAGE, polyacrylamide gel electrophoresis; ESI-MS, Escherichi i d. ATP factor in thi
electrospray ionization mass spectrometry; Ligl, human DNA ligase I; ESCNErichia coliand uses as a cofactor In tnis process

APE1, human apurinic endonuclease 1. (28, 29). The ligation mechanism involves three steps: (a)
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Ficure 1: Structures of 8-oxo-7,8-dihydrd-Beoxyguanosine (OG), 8-oxo-7,8-dihydreeeoxyinosine (Ol), and 8-oxo-7,8-dihydro-2
deoxyadenosine (OA).

activation of the enzyme by adenylatiad(y, (b) formation peroxynitrite, carbonate radicals, and singlet oxyd@h%7).
of the intermediate by transfer of the AMP residue from the Two oxidation products of OG, guanidinohydantoin (Gh) and
enzyme to the sphosphate of the nicked DNA3(), and spiroiminodihydantoin (Sp), have been identified as
(c) sealing of the DNA by a transesterification reacti@s, ( arising from direct four-electron oxidation of G (e.g., 1)
31). The existence of clustered DNA dama@2<35) and or further oxidation of initially formed OG 58—60)
the insertion of dOGMP during replication suggest the (Figure 2). Sp was recently detected in repair-deficient
possibility that an oxidized lesion could appear near a nick bacteria exposed to chroma®&l). The levels of Gh and Sp
site. Furthermore, the DNA repair enzyme MutY excises arising from OG during in vitro oxidation of calf thymus
adenine opposite guanine or 8-oxoG during BHR, (36, DNA with peroxynitrite (ONOQO) were 3.7 and 0.6%,
37), and complete repair requires the further action of a respectively §2). Both Gh and Sp can exist as two
polymerase for insertion of dCTP opposite OG, followed by diastereomers5@), and recent computational studies have
ligation (38). In this case, the ligase would be required to revealed that thé&k and S stereoisomers of Sp distort the
seal the nick with an O& base pair at the junction. T4 duplex by perturbing the base stacking and neighboring
DNA ligase is a low-fidelity enzyme, which allows it to seal hydrogen binding§3). OG, Gh, and Sp have been studied
various mismatches, particularly theT@mismatch 89, 40); in primer extension experiments with the Klenow fragment
however, mismatches at the duplex terminus are known to (KF) of E. coli polymerase | §4). Unlike OG-containing
slow the ligation reaction4(l). The efficiency of T4 DNA templates for which dCMP and dAMP insertion is facile,
ligase in ligating two oligodeoxynucleotides greatly decreasesthe presence of Gh or Sp in a template is inhibitory with
when single-base pair mismatches appear on either side ofespect to primer extension, although small amounts of
the ligation junction 42, 43). Previous studies reported that dAMP and dGMP are incorporated opposite these lesions
T4 DNA ligase is capable of ligating -C and GT (64). In vivo studies inE. coli showed that the lesions OG
mismatches on the’3nd of the nick and can tolerate and Gh were easily bypassed, and OG exhibited a weak
pyrimidine/pyrimidine mismatches better than purine- overall mutagenesis that was largely-&T (65). In contrast,
containing mismatchegi{—46). Gh and Sp lesions were essentially 100% mutagedfic (
The purpose of this study was to investigate the ability of 67). Gh was highly specific for G> C mutations, while Sp
T4 DNA ligase to seal a nick that contains an oxidized base led to both G— T and G— C mutations §5).
lesion at or near the ligation site. OG and other oxidized In this ligation study, both Gh and Sp were synthesized
purines, such as 8-oxo-7,8-dihydroadenine (OA), occur at four positions immediately surrounding the single-strand
frequently in mammalian cells (Figure ¥7 48). A previous nick as comparisons to OG, OA, and Ol (Figure 3); all
study showed that OA may contribute to carcinogenesis viamembers of this oxidized purine family have a carbonyl
the observation that it appears in human tumor tissue at angroup at the C8 position of the original purine. To further
increased level49). OA-T and OGA base pairs with the investigate the suppressed ligation efficiencies of lesion-
oxidized lesion positioned at the 8nd of the nick were  containing duplexes, steady-state kinetic studd&¢nd UV
reported to have a high ligation efficiency with T4 DNA melting experiments 64) were performed with selected
ligase 60). 8-Oxo0-7,8-inosine (Ol) has a structure similar lesions in the template strand. Kinetic studies with-Gh
to that of OG but lacks the 2-amino group and serves as aand TG base pairs at thé Bnd of primer 1 were also studied
structural probe (Figure 1). Both OG and Ol have carbonyl to test our hypothesis that Gh mimics T in aGlwobble

groups at C6 and can base pair with A atsyn—anti pair. On the basis of these results, we discuss how base
conformation $1). OA, with an amino group at C6, stacking, hydrogen bonding, and proteDNA interactions
preferentially pairs with T in aranti—anti conformation, influence ligation efficiency.

although it can also mispair with G, leading to 4 C
transversions 52, 53). The OAC mismatch was also MATERIALS AND METHODS
observed in asyn—anti conformation that distorts the Oligodeoxynucleotide Synthesis and Purificatidfigode-
DNA duplex 4, 55). In this work, a comparison of liga-  oxynucleotides containing A, G, T, C, OG, OI, and OA were
tion efficiency with _different oxidized lesions provides obtained either from the DNA/Peptide Core Facility (Uni-
information about the influence of purine modifications versity of Utah) or synthesized on an Applied Biosystems
on base stacking and base pairing related to enzymemodel 392 DNA/RNA synthesizer using solid phase DNA
activity. synthesis. Sequences of the oligodeoxynucleotides that were
Since the redox potential of OG (0.7 V) is lower than those studied are presented in Figure 3. The dOG phosphoramidite
of the unmodified bases T (1.7 V), C (1.6 V), A (1.4 V), (Glen Research) was used to synthesize OG-containing
and G (1.3 V), itis readily oxidized by one-electron oxidants, oligodeoxynucleotides, which were cleaved off the column
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Ficure 2: (A) Oxidation from G to Gh and Sp can occur sequentially via OG or in one step using a four-electron oxidant such as singlet
oxygen. (B) Oxidation of OG with one-electron oxidants leads to Gh and Sp.
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a) TemplateX/Primer 1 T/Primer2N (Fig. 5A): X = G, OG, Gh, Sp, OAorO; N=C, A, Tor G
5" ATT GAT GTA GCT AGC CN3’ 5°T TAT CGG ACGCTATCACGT A3

3’ TAC TAA CTA CAT CGA TCG GXeee A ATA GCC TGC GAT AGTGCATS’

b) TemplateN/Primer1T/Primer2X (Fig. 5B): X = G, OG, Gh, Sp, OAor O; N=C, A, Tor G
5 ATT GAT GTA GCT AGC CX3’ 5°T TAT CGG ACGCTATCACGT A3

3’ TAC TAA CTA CAT CGA TCG GNeee A ATA GCC TGC GAT AGT GCATS’

¢) TemplateX/Primer 1 N/Primer2G (Fig. 5C): X =G, OG, Gh, Sp, OAorOI; N=C,A, Tor G
5" ATT GAT GTA GCT AGC CG3’ 5’N TAT CGG ACG CTATCACGT A 3’

3’ TAC TAA CTA CAT CGA TCG GCeeeX ATA GCC TGC GAT AGTGCATYS’

d) TemplateN/Primer1X/Primer2G (Fig. 5SD): X = G, OG, Gh, Sp, OAor O; N=C,A, Tor G
5" ATT GAT GTA GCT AGC CG3 *5’X TAT CGG ACGCTATCACGT A 3

3’ TAC TAA CTA CAT CGA TCG GCeeeN ATA GCC TGC GAT AGTGCAT 5’
Ficure 3: Sequences used for templaf@imer 1—primer 2 duplexes.

overnight in fresh 30% NEDH containing 0.25%3-mer- search) and cleaved using 3 mt20M ammonia in methanol

captoethanol followed by deprotection for 17 h at 85 for 30 min at room temperature followed by deprotection
Oligodeoxynucleotides with a'-®G nucleotide were syn-  for 24 h at 55°C. The dOI phosphoramidite was synthesized
thesized using a Universal Support Il column (Glen Re- by a modification of the method reported by Oka and
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Greenberg &9), the details of which will be reported Table 1: Steady-State Kinetic Parameters of Ligation with Lesions
elsewhere. The dOI and dOA (Glen Research) phosphora-on the 3 End of the Nick (Figure 5B)

midites were used to synthesize OI- and OA-containing Ken (M) ket (MIN D) keadKon (MIn-L M )T (°C)
oligodeoxynucleotides, which were subsequently deprotected

: .. GC 0.064+ 0.008 0.51+ 0.02 7.99 581
ar_1d cleaved with _the same me_thod as the OG-containingqs~ 55113 1154021 020 a3
oligodeoxynucleotides. Purification of the oligodeoxynucle- oga 0.36+0.11 0.61+ 0.06 1.69 571
otides was accomplished using 15 or 20% denaturing O-C >1Q* 58+ 2
polyacrylamide (19:1) gel electrophoresis (PAGE) with 6 M S'AAT g-gi g% 8-231 8-% 8-22 553%‘11
urea. ESI-MS analysis on a Micromass Quattro Il mass ' ' ' ' '

. : ) X A 12404  0.45+0.007 0.36 58 1

spectrometer was used to verify the identity and purity of ghg 28405 0.22+ 0.02 0.08 60F 1
the oligodeoxynucleotide. SpA  45+13 0.52+0.11 0.11 6H-1
DNA Oxidation. OG-containing oligodeoxynucleotides SPG ~ 2.0£05  0.08+0.01 0.04 5%t 1

were desalted twice using a G-25 column. The oligomer 2EstimatedK,, value. The MichaelisMenten curves for some
(12 uM) and NalrCls (100 uM Alfa Aesar) in a 500uL duplexes do not reach a plateau.
reaction volume were used for the oxidation of OG to Gh
or Sp. For the synthesis of Gh from OG, the oligodeoxy- and 0.625 unit of T4 DNA ligase. Reaction mixtures were
nucleotides were oxidized by incubation with the oxidant incubated at 28C for 20 min. All reactions were inactivated
for 30 min at room temperature in,8, whereas Sp was by incubating the mixture at 9TC for 10 min, and then the
generated from OG by incubation for 30 min at 85 in mixtures were lyophilized to dryness. Loading buffer
10 mM sodium phosphate (NgR00 mM NaCl buffer (8 uL of 5% bromophenol blue and 5% xylene cyanol FF in
(pH 7.4). Oxidation reactions were quenched by addition of 6 M urea) was added to the sample, and & 4liquot was
4 uL of 20 mM EDTA (pH 8.5). Oxidized products then taken out and loaded onto a 20% denaturing PAGE gel
were dialyzed (3500 MWCO) against water for-248 h to with 6 M urea. Gels were then analyzed by storage phosphor
remove NalrCls, NaPi, NaCl, and EDTA. Oligomers autoradiography on a Typhoon instrument and quantified
containing OG, Gh, or Sp lesions were purified by HPLC with ImageQuant. Data presented are the averages of three
(Figure S1 of the Supporting Information). All other lesion- or four independent experiments.
containing sequences were also subjected to HPLC purifica- Determining the Concentration of Aeé T4 DNA Ligase.
tion. The purity of the oligodeoxynucleotides used for Primer 2 containing a’'3amino group on the '&erminal
ligation was>99% (Figure S2 of the Supporting Informa- nucleotide was synthesized by transferring-aino-2,3-
tion). ESI-MS analysis confirmed the purity of the Gh and dideoxycytidine 5triphosphate (TriLink BioTechnologies)
Sp oligodeoxynucleotides. using terminal transferase. After purification by HPLC,
Mass Spectrometric Analysis and HPLC Analy<i- primer 2 was annealed with primer 1 and template to form
godeoxynucleotides (2 nmol) in 3gL of H,O were a nicked substrate containing afhosphate and d-amino
combined with 10 M NHOAc (30 uL) for 2 h at room group with no lesion. A T4 DNA ligase burst assay
temperature. A 50:50 mixture of ethanol and 2-propanol was performed with a 100-fold dilution of the enzyme
(180 uL) was added, and the sample was stored for more (400 unitsL) and 50 nM substrate. Data were fit in the
than 2 h in dryice, followed by centrifugation for 30 min at  burst equation to calculate the active enzyme concentration.
4 °C. The supernatant was removed, and 1 mM,Q8Ac Steady-State Kinetics for thev€rall Ligation AssayTo
was added to produce a solution with a DNA concentration investigate the substrate specificity of T4 DNA ligase,
of 40 uM. 2-Propanol was added to yield a final concentra- ligation reactions with various DNA substrates containing
tion of 20 uM. The resulting sample was then used for lesions in the template were performed under the same

ESI-MS analysis. conditions used for qualitative studies. Steady-state kinetics
End Labeling of Primers and Templat®rimer Anneal- experiments were performed in a saturating concentration
ing. Primer 1 with a native base on thé énd was 5end- of ATP (1 mM) with various amounts of DNA substrates

labeled with T4 polynucleotide kinase (New England Biolab) (from 7.5 nM to 2uM) and different enzyme concentrations.
and [y-32P]JATP (Amersham). Primer 1 with OG, OIl, or OA  The annealed duplex containing a normalCQair at the
on the 5 end was first 5 end-phosphorylated with T4  nick site required 6 units of T4 DNA ligase. Ligation with
polynucleotide kinase and 1 mM nonradioactive ATP and an OGA base pair utilized 20 units, while duplexes
then 3 end-labeled with terminal transferase (New England containing Gh and Sp required 40 units of enzyme. Kinetic
Biolab) and fx-32P]dideoxyATP (Amersham). A microspin  studies with Ol- and OA-containing duplexes were performed
G-25 column (Amersham Pharmacia Biotech) was used towith 80 units of enzyme. Various amounts of enzyme- (6
remove unreacted/f*?P]JATP and p-3?P]dideoxyATP from 80 units) and different reaction times+{3 min) were used
the radioactive DNA. Complementary oligodeoxynucleotides to ensure single-turnover condition&. Reaction samples
listed in Table 1 were annealed in water with a template: were quenched with loading buffer and applied to a 20%
primer 1:primer 2 ratio of 2:1:1 at 9 for 5 min followed denaturing PAGE gel. Ligation products were visualized with
by slow cooling to room temperature. The final concentration a Typhoon instrument and quantified with ImageQu#ant.
of the duplex was 0.2aM. andk.,; values were calculated with Grafit 5. Kinetic studies
Ligation with T4 DNA Ligaseligation of the duplex was  of Gh-G and TG base pairs were compared using the same
carried out with T4 DNA ligase (New England Biolabs) in method.
1x T4 DNA ligase buffer [50 mM Tris-HCI, 10 mM MgG] UV Melting StudiesDNA duplexes with lesions in the
10 mM DTT, 1 mM ATP, and 2%g/mL BSA (pH 7.5 and template were used for UV melting studids, values for
25 °C)]. The reaction mixture included 0.128V duplex each duplex were measured with a Beckman DU7406-UV
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ined the ligation with Ol and OA in place of OG. Figure 5A
control G control oG shows the extent of ligation of substrates containing Ol and
[ Jp— WM < Ligation product OA in the template opposite thé &nd of the nick, with OG
used as a comparison. Ol led to a high level of ligation when
it was base paired with C and A~@3 and ~61%,

respectively), which is similar to those of @Gand OGA
SResee BeeSccew — Prine substrates (49 and 63%, respectively):TOlas moderately
CATGCATG CATGCATG ligated at~27%, while the level of ligation of GG was

FiGURE 4: Ligation with lesions in the template opposite the 3 less than 2%. As expected, OA behaved very unlike OG. Its
end of the nick. G-, OG-, Gh-, and Sp-containing oligomers were base pair with a T-containing oligomer exhibited a relatively
each base paired with C, A, T, and G in the opposite strand. Laneshigh degree of ligation~{60%), since it is analogous to an
without ligation products were control studies with no enzyme a.T \Watson-Crick base pair. Other bases opposite OA led
added. Sequences are given in Figure 3a. to very low levels of ligation £8%).
Quantitative analysis of lesions located on theeBd of
e nick is presented in Figure 5B.-G G T, and OGA
base pairs were well ligated to an extent of approximately
RESULTS 70%. Other base mismatches containing the OG lesion were
very poorly ligated £3%). When Ol and OA are on theé 3

Oligodeoxynucleotides were synthesized with each of six end of a nick, the difference between the two nucleotide
lesions incorporated at one of four positions, on either the analogues becomes obvious. The only base pair that ligated
3’ terminus or the Sterminus of the nick, or in the template  well was the OIA base pair £60%), which is similar to
opposite the two sites. For each position, a C, A, T, or G the OGA base pair. In the case of OA, none of the base
nucleotide was synthesized in the opposite strand, bringingpairs were tolerated by T4 DNA ligase<8%). Lesions,
the total number of different nicked duplexes that were except for OGA and OFA base pairs, on the'3end
studied to 96. Oligodeoxynucleotides containing lesions on essentially shut down the ligation activity of T4 DNA ligase,
the 3 end of the nick were synthesized with a Universal and apparently none of the 8-oxopurines is tolerated in a
Support Il column using an input sequence with one extra standardanti conformation.
nucleotide on the '3end. OG-, OA-, and Ol-containing Ligation of oligomers containing lesions at the position
oligodeoxynucleotides were synthesized using the corre-opposite the Send of the nick in the template strand is
sponding phosphoramidites. Gh- and Sp-containing oligode- revealed in Figure 5C. T4 DNA ligase catalyzed ligation of
oxynucleotides were prepared from OG-containing oligode- nearly all of the mismatches and base pairs containing the
oxynucleotides by oxidation. All synthetic oligodeoxynucleotides OG lesion with relatively high levels varying from 55 to
were purified by PAGE, and their purity was checked by 87%. For the ligation with Ol, all the base pairs containing
ESI-MS. After further purification by HPLC, the purities of Ol are well-ligated (25-67%), with those of O and OF
oligodeoxynucleotides were greater than 99%. The diaster-C base pairs higher than 50%. Surprisingly, when OA was
eomers of Gh were used in the experiments as a mixturepaired with C and G, the ligation efficiency was22 and
because they slowly interconvert and cannot be isolat®d ( ~15%, respectively. OA\ and OAT base pair efficiencies
Sp diastereomers were also used as a mixture because theyere both lower than 4%. Overall, OA-containing oligomers
behaved similarly in an in vivo lesion bypass assé§).(  do not form good substrates at this position, although OG
Primer 1 was labeled using#2P]JATP and T4 polynucle-  and Ol generally do so irrespective of the base opposite.
otide kinase and then annealed with the template strand and Figure 5D shows the extent of ligation when the lesion is
primer 2. Bacteriophage T4 DNA ligase was added, and the on the 5 end of the nick. Like other positions,-G base
product was visualized and quantified by PAGE storage pairs had the highest ligation efficiency ©82%. The GT
phosphor autoradiography. mismatch, as for other positions, was ligated beg€q%)

Ligation with OG, OlI, and OA Lesiong'he extent of among all the other noncanonical base pairs. All the
ligation by T4 DNA ligase of oligodeoxynucleotides contain- nucleotides base paired with OG on tHeehd are ligated
ing mismatches and lesions was first investigated using readily from 28 to 65%. Base pairs containing Ol showed
template X with primer 1T and primer 2N (3% G or OG; ligation patterns similar to those of OG base pairs. The
N = C, A T, or G) (Figure 3). Template strands were ligation efficiencies were high, from 60 to 70%, except for
annealed with the appropriate primers and ligated with T4 that for OFG (~32%). OA base pairs were also ligated well,
DNA ligase at 25°C for 20 min. The same reaction system and the OAT base pair had the highest efficiency among
without enzyme was used as a control. Th&€C@Vatson- them ¢(74%). Other OA base pairs displayed ligation
Crick base pair, in which C occupies thesile of the nick, efficiencies to the range of 3310%.
had the highest percent ligation of77%, whereas 47% of Ligation with Gh and Sp LesionEstablished procedures
the mismatched & base pair was ligated (Figures 4 and were used to generate the Gh and Sp lesions as diastereo-
5A). G-A and GG mismatches were barely ligated with meric mixtures. Gh diastereomers rapidly interconvert and
levels of <3%. For base pairs containing OG, both @G  cannot be purified separatelyl, 73); Sp diastereomers are
and OGA ligated to relatively large extents at49 and stable, but their activities with other enzymes have often been
~63%, respectively. The positioning of OG opposite T or similar 64, 72). For hydantoin lesions in the template
G resulted in low ligation efficiencies (Figures 4 and 5A). opposite the 3end of the nick, GRA and GhG lesions were

To gain a greater understanding of the structural featuresmoderately ligated at-35 and~19%, respectively, while
influencing helical integrity and enzyme activity, we exam- only ~7% of SpA was ligated by T4 DNA ligase. Other

vis spectrophotometer. Methods were the same as thos%h
described by Kornyushyna et ab4).



DNA Ligation of C8-Oxidized Purine Lesions Biochemistry, Vol. 46, No. 12, 2008739

¥ HOP S ¥ HOP &
100 ﬂ N\ <3 100 B 52 S\ <3
- x H B o I

w | X g5 . 33 M $5

Ligation Efficiency (%)

Ligation Efficiency (%)

= CATG CATG G TG CATG CATG CATG CATG

= OA Gh sp 0G ol oA Gh sp
3 HOP & 3 HO P

w PN 3 w, D 5 PN 3

[T
pl Z
-
AN AR
wow
-
[T
Ex| @«
1T
AN AR

¥
1
é Ba | 5 g_ " 3" 5
3' T t"l‘ i *
< c
2 5 2w
2 2
E 50 E 50
e e 10
k=3 2
= = w0
o ™
L= 2
- -
1a 10
N=0 TG CATG CATG CATG N=nl::l.TG CATG CATG CATG CATG CATG
X= OA Gh Sp X= G oG ol OA Gh Sp

Ficure 5: Ligation efficiencies of oligodeoxynucleotides containing OG, Ol, OA, Gh, or Sp lesions (X) around the nicklgXion;
N=C, A T,or G): (A) lesions in the template opposite tHeed of the nick, (B) lesions on thé 8nd of the nick, (C) lesions in the
template opposite the Bnd of the nick, and (D) lesions on thednd of the nick. DNA sequences used for panetsDAare indicated in
panels a-d of Figure 3, respectively. Primer 1 (colored red) wasril-labeled for PAGE analysis. Asterisks (C and D) indicate a comparison
of 5-T-G and 3-Gh-G, both of which are ligated with high efficiency.

duplexes with Gh and Sp in the template had extremely low containing 5phosphorylated Gh and Sp lesions are ef-
ligation efficiencies £5%) (Figure 5A). ficiently ligated, experiments were carried out withe®d-

Quantitative analysis of lesions on theehd of the nick labeled primer 1, and the results yielded similar ligation
is presented in Figure 5B. All the base pairs containing Gh abilities (see the Supporting Information).
and Sp lesions had very low ligation efficiencies3%0). Concentration of Actie T4 DNA LigaseTo pursue kinetic
Gh and Sp are very poor substrates in this position, and T4studies and obtain accurate./K., data, we performed
DNA ligase is very sensitive to the proper base pairing on experiments to determine the concentration of active T4 DNA
the 3 end of the nick. ligase following a protocol developed by Tsai and co-workers

Ligation efficiencies of lesions at the position opposite (44). The enzyme was precharged to form an enzyawP
the 8 end of the nick in the template strand are revealed in intermediate by incubating a nicked DNA substrate contain-
Figure 5C. Duplex DNA containing Gh and Sp base pairs ing a 3-phosphate and a'-&mino group at the nick site.
had efficiencies relatively lower than those of OG base pairs. The adenylation of the'§phosphate resulted in a rapid single
Gh-G and SpG were the most effectively ligated at20 turnover followed by a slow steady-state phase. Data were
and~26%, respectively. GIA and SpA were also ligated  fit to a burst equation in which the burst amplitude corre-
to some extent (12 and 16%). The duplexes containing basesponds to the concentration of active enzyme, determined
pairs of Gh and Sp with C or T were not good substrates for to be 3.11+ 0.06 «M.
ligation (=6%). Steady-State Kinetics and UV Melting ExperimeBteady-

Figure 5D shows the extent of ligation when the hydantoin state kinetic studies using T4 DNA ligase to seal a nick were
lesion is on the 5end of the nick. Here the difference carried out with duplexes bearing lesions in the template
between Gh and Sp is highlighted because certain Gh-opposite the 3end of the nick. An overall ligation assay
containing substrates ligated well, but none of the Sp was performed at a fixed and saturating concentration of ATP
duplexes were good substrates. The Glbase pair had a (1 mM), while the concentration of another substrate, the
high ligation efficiency of~62%, and the GIA base pair DNA duplex, was varied (from 7.5 nM to2V). The values
was moderately ligated~25%). Duplexes containing Gh  of Km, keas, and keafKm were calculated for each lesion
C, GhT, and Sp lesions were barely ligated10%), and (Table 1). The relative catalytic efficiency of theGbase
although the Gh substrates were competent for being pair was 4-fold higher than that of the G&base pair. The
adenylated (see Figure S3C of the Supporting Information), ligation of the OGC base pair demonstrated an efficiency
their adenylated intermediates were not able to complete thesimilar to those of the OI- and OA-containing duplexes,
ligation process. In a related experiment, theGpase pair ~ which is an~70-fold difference compared to that of the
was only slightly ligated{7%), and little adenylation was analogous & substrate. The substrates bearing further
observed for any Spl base pair. Since Gh and Sp lesions, oxidized OG lesions yielded 66180-fold lower efficiencies
when positioned on the 8nd of the oligodeoxynucleotides, than GC substrates except Gh the efficiency of which is
enhance the exonuclease activity of T4 polynucleotide kinase,only ~20-fold lower. GC had the lowest, value at
degradation was observed for oligodeoxynucleotides with Gh 0.064uM; the K, of OG-A is 5-fold higher than that of &
and Sp at that position. To verify if oligodeoxynucleotides C, while still fairly low when compared with those of other
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Table 2: Steady-State Kinetic Parameters of Ligation with@h influence the ligation reaction. Although lesions at these

and TG on the 5 End of the Nick positions near a nick (Figure 5C,D) are less likely to occur,
Ko (M) Keat (Min-Y) KeadKon (MR- M 1) they could be_ relevant to the repair of tand(_em IeS|o_ns. We
therefore designed DNA duplexes that contained lesion base
GhG 1.5+0.1 0.45+ 0.02 0.31 : . e X :
TG 0.055+ 011 015t 0.001 0.28 pairs or mismatches at four positions surrounding the nick

leading to the sequences shown in Figure 3.

lesions. Duplexes containing Gh and Sp lesions yielded Possible base; pair orientat_ions. (Figure_: 6) for O.G inqlude
K values much higher than that of G by ~18—70-fold. e WatsorCrick base pair with C in ananti—ant
The Michaelis-Menten curves for Ol- and OA-containing conformat|_on, altho_ugh the_ oxygen at CB of the purine could
duplexes did not reach plateaus, so tg values were have detrimental interactions with the sugahosphate

estimated to be-5 uM for these DNA substrateg.,; values b_ackbone. A conformational changg Of 0G Fsymorienta—
were similar for all the duplexes. tion results in a Hoogsteen base pair witheauti A. Ol lacks

UV melting experiments were conducted with all the the amino group at position 2 but retains the same ability to

duplexes used in the kinetic studies. The 40-mer template-Par With C or A 69). Although Ol is not a biologically
containing lesions were annealed with a 20-mer primer and Significant lesion, it allows us to further probe the steric
a 17-mer primer. Most of the duplexes HBglvalues around ~ 'éguirements asynandanti 8-oxopurines in positions around

58 °C (Table 1). Within experimental error, tHB, data the nick site. In contrast, OA has been reported to induce
showed little difference among various DNA duplexes, ~ Mmutations both in vitro and in vivesg). Although thymine

Gh-G and TG Comparison.Steady-state kinetics were 'S preferentially mcorporated_ opposite 8-oxoA by KF and
studied with T or Gh on the'®nd of primer 1 with G inthe ~ T@dpol, pola.andf can also incorporate dGMP as well as
template opposite (asterisks in Figure 5, panels C and D). dCMP opposite 8-0xoA76, 77). Figure 6 shows the structure
The ligation efficiencies for Gi6 and TG base pairs were N Which OA'is paired with T in amnti—anti conformation.
similar with kea/Km values of 0.31 and 0.28 mih uM~2, Additionally, OA can also base pair with C insyn—anti
respectively (Table 2), although the individuak and Kp, conformation by ad_opting a Hoo_gsteen wobble structbie (
values were quite different with GG displaying weaker ~ Thus, many possible base mismatches could be accom-
binding but a compensatingly highég,. Among the 32 modated in duplex DNA if DNA ligase is able to seal nicks
different orientations of hydantoin lesion base pairs«(@h  Surrounding these lesions.

or SpN), Gh-G with the Gh lesion at the' ®nd of primer The results obtained in this study lead to several important
1 (asterisk in Figure 5D) exhibited the highest ligation conclusions. Consistent with other studies, the ligation
efficiency. reactions showed that T4 DNA ligase is more affected by a
3'-terminal lesion or mismatch at the nick site (Figure 5B)
DISCUSSION and, to a lesser extent, to lesions in the template opposite

In this study, we investigated the influence of the guanine the 3 end of the nick (Figure 5A). The data shown in the
oxidation product 8-oxo-7,8-dihydroguanine (OG) and the OG panel of Figure 5A are similar to the results of Moriya
related oxidized purines, 8-oxo-7,8-dihydroadenine (OA) and @nd co-workers who studied human DNA ligases | and Il
8-0x0-7,8-dihydrohypoxanthine (Ol), on the ligation reaction and found more efficient ligation with A at the 8rminus
catalyzed by bacteriophage T4 DNA ligase. Since guanosine®Pposite OG Z3). In the study presented here, substrates
has a lower redox potential than A, C, or T, it is the most containing a 3terminal A were preferred versus those
subject to oxidation by reactive oxygen species, leading to containing a 3terminal C, although the differences were
formation of OG in, for example, the template strand of Not large. However, a dramatic difference was seen when
DNA. Numerous studies have established that dCTP andthe positions were reversed, i.e., when the 8-oxopurine was
dATP are inserted opposite OG during replication and repair. Present at the’3erminus next to the nick (Figure 5B). These
Although misinserted dATP opposite template OG can be substrates were either very efficiently ligated65%) or not
excised by the action of MutY irE. coli or hMYH in ligated at all <5%). For example, the O®@ base-paired
humans, a preliminary level of proofreading by inhibition substrate was very efficiently ligated, while the €55
of ligation of OGA mispairs would also aid in maintaining ~ substrate was not. Similarly, the @l substrate was ef-
fidelity. In contrast, previous studies have shown that ficiently ligated, while the OIC base pair was not a substrate.
duplexes containing a-3erminal A at the nick site opposite ~ These results suggest that the active site of the enzyme cannot
OG in the template are easily ligated. For example, human accommodate the oxo group protruding at C8 of the purine
ligases | and lll are able to join O@ more efficiently than and must flip to asynconformation. Additional evidence is
OG-C when OG is in the template opposite theeBd of seen in the fact that OA at theé 8nd of the nick is not a
the nick (Figure 5A) 23). The opposite base pair orientation substrate no matter what base is opposite in the template
is also biologically relevant if the dOGTP lesion is present (Figure 5B), although it is efficiently ligated when it resides
in the nucleotide pool and is inserted opposite C or A during in the template and has T at thé rdck site (Figure 5A).
DNA replication (74, 75). This would also require ligase to  Thus, data for the 8-oxopurines show that only gy
seal the nick next to a lesion, in this case at thsi@e of orientation is allowed when the purine is at tHeeBd of the
OG as in Figure 5B. It is also worthwhile to study the other nick, but additionally, a reasonably stalg—anti base pair
two positions around the nick in which lesions occupy the is also a requirement for ligation since OA was not well
site at the 5end of the nick or the position in the template ligated with any base opposite. In contrast, 8-oxopurines can
opposite the 5end of the nick to give a complete under- adopt either thesynor anti conformation when they reside
standing of how the lesions in different positions could in the template opposite thé &nd of the nick.



DNA Ligation of C8-Oxidized Purine Lesions Biochemistry, Vol. 46, No. 12, 2008741

My HA !N : N
N N N _H-N = _H-N =
CN__N_ NN H -7 _HN__N @ NH N\ ~N Ny O N\ N,
1 - aR o N . dR A dR
w g L( oR " o 7(]: W M jo( aR HN’& N P"N_«m ANEY
o=" '°°)N\" o= ‘o.)"” o=" \o.\J" HN\éE&H i n”Tsp NH
J NS ? > E 0. H
RN = RN R K
o by Dy 0
ni OG (anti) — dC (anti) wh Ol (anti) — dC (anti) s OA (anti) — dT (anti) b Gh (syn) — dA (anti) b Sp (syn) — dA (anti)
H
powo Nt\n H NN Rn HZNY\ QN Pt NS
N o m/ “dR NN N NN "N-:« S o [ Y \\\N
NIOG/ L TN=N o N (g‘”/ N eneeveneeei ho/ @R HN\}NH"""O NSy i T uNG ) R
i N§<“H’ Iy L EN N4 5\0 Slk\ m/u‘dn ;\o m&,’q % " '2;"
0. N o 0----y-NE T R Ng SN oo N,
:o:j’ o} Oj o j;<\o koj {oj H z’" :%: H
o o H 0
o [¢] ke e o
ke OG (syn) — dA (anti) o Ol (syn) — dA (anti) OA (syn) — dC (anti) Gh (syn) — dG (anti) o Sp (anti) — dG (anti)

FiGure 6: Base pairing of OG, Ol, OA, Gh, and Sp. OG can base pair with C iardir-anti conformation and with A in ayn—anti

conformation. Ol can form a similar base pair with the same conformation as OG. OA can form aaiyi-aanti base pair with T. Gh
is proposed to base pair with A and G irsgn—anti conformation. Sp is proposed to base pair with A or G isya—anti conformation
or potentially with G in aranti—anti conformation (shown).

These preferences in ligation are consistent with nucleotide may help explain why T4 DNA ligase favors OG and Ol in
insertion and primer extension studies in which dAMP and the syn conformation, although the possibility of steric
dCMP were found to be incorporated opposite OG and Ol interaction with the major groove is not ruled out. Overall,
(69) and dTMP was incorporated opposite OB4( 77). the 3 end of the nick is the most important position in the
Lesions in the template are relatively dangerous to cells sinceligation process, since it increases the fidelity of DNA ligase
they may not be readily removed by short-patch base excisionby its strict requirement for in line attack on the@hosphate
repair (BER) 23). Also, the 3— 5' exonuclease activity of (28, 41).
human apurinic endonuclease 1 (APE1) does not discriminate | asions occurring on the Berminus and in the template
OG-A from OG-C (41). Furthermore, human DNA ligases |, sjte the Send of the nick were also studied, although
and Il ligated OGA more efficiently than OGC when OG ¢ existence in vivo is considered minor. T4 DNA ligase
was located in the template (analogous to Figure 8).( 505 not differentiate mismatches at these positions and

A preypus_study showed th_at thé@rminal O_GC base efficiently ligates all the mismatches containing OG, Ol, and
pair inhibits ligation by DNA ligase | or DNA ligase i OA (Figure 5D). In the position opposite the &nd of the
(78); our results suggest that thé énd OGA base pair is nick, OA-C and OAG mismatches were weakly ligated,

Ir_nui_h m((j)rte eﬁicie?tg/gig?/;[/e?l. This ié also CoaniSteTtLWithh while ligation of OAA and OA T mismatches was virtually
Igation data reported by Vvallace and Co-workers, although ,,,qyistent (Figure 5C). This differs from OG and Ol, which

\(’:V:mg:ginnognogﬁ\gszgn;;'rclﬁag)]t CI)Igact:IgSI dV\zla:Itgo ?ct:rbn.:,t;antes also suggests that OA behaves differently with an amino
OA-C bage air with & nF—)anti cbnformation' however. it group at position 6 and its poor ability to flip over to form
P y ’ ! a syn conformation. Overall, the'Sterminus of the nick

is believed to be a Hoogsteen wobble base pair that distorts, | & o< less to the fidelity of ligase than theeBd of
the DNA duplex and is unsuitable for normal base pairing the nick

in A or B forms of DNA (55).

One of the major differences between amti and asyn Although a crystal structure of T4 DNA ligase has not
conformation of OG (or Ol) is that the oxo group at C8 is Deen published, it is reasonable to assume that the AMP
oriented in a different groove. This hydrogen bond acceptor covalently bound to the 'Ghosphate is stabilized by a
is extended in the major groove in anti conformation while ~ number of amino acids in the adenylation domain of ligase
flipped to the minor groove in &yn conformation. An in a comparison of active site amino acids of T4 DNA ligase
explanation for their difference in reactivity is that the ligase With human DNA ligase 7). It is stabilized and ready to
may stabilize the '3terminal hydrogen bond with an acceptor be attacked by the'®H group despite the poor base pairing
in the minor groove that would position it for “in line” attack ~ resulting from the presence of OG, OI, and OA. The’d
at the 3-phosphate. This hydrogen bond acceptor would of the nick may have less contact with the enzyme when a
normally be G of a pyrimidine in a TA (or C-G) base pair, lesion is present, making it sensitive to the base pair stability
but the 8-oxo group of OG or Ol could play this role in the and increasing the enzyme’s fidelity. The published crystal
OG-A or OI-A mispairs. An alternative explanation is that structure of human DNA ligase | in association with an
bothanti conformations of OG and Ol have a carbonyl group adenylated DNA substrate demonstrated that thghbs-
in the major groove that may clash with the protein. It has phorylated end is positioned in the active site, and the 5
been found that DNA ligase fidelity is ensured by interroga- AMP interacts extensively with Glu621, Arg573, and Lys568
tion of minor groove contacts7@). A pyrimidine shape  (27). These interactions lower the energetic requirement of
analogue, difluorotoluene (DFT), was used to replace thym- the base pairing at theé &nd of the nick, while the '30H
ine, and although DFT paired with adenine approximates group has few interactions with the enzyme and therefore is
Watson-Crick geometry, a minor groove hydrogen bond more dependent on the proper base pair chemistry in helping
acceptor is lost and the ligation was inhibit&@@)( This result the OH group attack the'fphosphate grou@2().
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Once OG forms in the DNA duplex, it has the potential thesynorientation when paired with A and G, in which the
to be oxidized to the secondary oxidation products Gh and hydantoin ring is positioned to mimia T in hydrogen
Sp; the latter has been detected in repair-compromised cellsoonding. This hypothesis easily explains the high ligation
exposed to chromat®&Q). In primer extension experiments, efficiency of the substrates containing the-Ghmismatch
dATP and dGTP are inserted opposite Gh and Sp, which as well as the Gi6 mismatch, which may mimic the-G
suggests a reason that these oxidative lesions are highlywobble pair. For a 3G wobble pair (or UG wobble pair in
mutagenic tcE. coli (64, 72, 81, 82). Ligation with Gh and RNA), the pyrimidine is shifted toward the major groove to
Sp in the four positions around the nick was also studied provide an appropriate hydrogen bonding partner with G.
(Figure 5). Except for the'Z®nd of the nick, Gh and Spin The same orientation in a GB pair would shift the
other positions were able to be ligated when placed oppositenonplanar Gh residue toward the major groove creating more
A and G, which conforms to the preference observed in space for the Spcarbon while providing hydrogen bond
primer extension experiments. Gh and Sp on theri@l of complementarity with G. The observation of similarly high
the nick totally blocked the ligation, likely because of poor ligation efficiencies with GHG and TG pairs at the 5
base pairing with nucleotides and disruption of the helical terminus is an interesting result that may support this
structure. Although Gh and Sp might pair with A and G, hypothesis (compare the asterisks in panels C and D of
the ligation efficiencies of Gh- and Sp-containing base pairs Figure 5).

were found to be very low (mostly30%). Our current data suggest that, except for the -®G
To further investigate the Iigation inhibition of lesion- mismatch, OG, OA, OlI, Gh, and Sp are poor substrates for
containing duplex DNA, we measured the kinetic parameters |igation especially when they are located at ther®d of the
keatandKn for a representative series of base pair combina- oligomer to be ligated. Discrimination against ligation of a
tions and examined thermal stability via UV melting experi-  3'-terminal lesion provides a means of proofreading of single-
ments. For the DNA duplexes used in our ligation study, nucleotide misincorporation during BER. Suppression of
including Watsor-Crick and Hoogsten base pairs and base DNA ligation under oxidative stress is one possible mech-
mismatches, UV melting experiments showed very similar anism for reducing the level of spontaneous mutation.
Tm data, providing evidence that one unmatched base pairHowever, oxidative lesions occurring in the template are still
at the nick site did not destabilize the overall 37-mer DNA potential threats to the cell. Whenever C and A are inserted
duplex to a large extent, although local fraying could be opposite OG or A and G are inserted opposite Gh, these

occurring. mismatches will be efficiently ligated, potentially resulting
Steady-state kinetic studies were carried out with template in cellular mutation.

X, primer 1T, and primer 2N (Figure 3). We found thaf;

values for all the duplexes were similar, which suggested SUPPORTING INFORMATION AVAILABLE

T4 DNA ligase converts the same amount of substrates to ] -

product per second despite the presence of lesions. The main HPLC analysis of crude and purified OG-, Sp-, and Gh-

factor influencing ligation efficiency iKy. The OGA- containing oligomers, PAGE analysis of Ol- and OA-
containing nicked duplex hadk, value 5-fold higher than ~ containing oligomers, and comparison of ligation of oligo-
that of its GC base counterpart. OG, OI-C, OF-A, and mers with lesions on the'Zerminus of primer 1. This

OA-T had much higheK, values ¢90-fold higher than material is available free of charge via the Internet at http://
that of GC), while GhA, Gh-G, and SpG had intermediate ~ Pubs.acs.org.
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