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ABSTRACT OF THE DISSERTATION

Formation and Genotoxicity of Novel Oxidatively Generated Tandem DNA Lesions
and N°-(1-carboxyethyl)-2'-deoxyguanosine

by
Yong Jiang
Doctor of Philosophy, Graduate Program in Environmental Toxicology
University of California, Riverside, December 2009
Dr. Yinsheng Wang, Chairperson

Exogenous and endogenous agents can induce the formation of both single- and
tandem-nucleobase lesions in DNA. In this dissertation, we assessed the formation and
genotoxicity of three different types of DNA lesions; a novel guanine-thymine intrastrand
cross-link lesion (G[8-5m]T), two tandem single-nucleobase lesions consisting of a
thymidine glycol and an 8-0x0-7,8-dihydro-2'-deoxyguanosine [5'-(8-0xodG)-Tg-3" and
5'-Tg-(8-0x0dG)-3' ], and a single nucleobase lesion, N*-(1-carboxyethyl)-2'-

deoxyguanosine (N*-CEdG).

In Chapter 2, We demonstrated the dose-dependent induction of the G[8-5m]T
cross-link in human HeLa-S3 cells upon exposure to y-rays by LC-MS/MS. The in-vitro
replication studies on the lesion-bearing substrate showed that the Klenow fragment of
Escherichia coli (E. coli) DNA polymerase I stopped synthesis mostly after incorporating
one nucleotide opposite the 3’-thymine moiety of the lesion. Yeast polymerase 1, a

translesion synthesis DNA polymerase, could replicate past the lesion with a markedly

viil



reduced efficiency. However, it could also induce nucleotide misincorporation (i.e.,
dAMP and dGMP) opposite the 5'-guanine moiety of the G[8-5m]T. In Chapters 3 and 4,
we developed an LC-MS/MS-based strategy for quantitative analysis and demonstrated
the efficient formation of a tandem lesion, 5'-Tg-(8-0x0dG)-3’, in calf thymus DNA upon
exposure to Cu(Il)/ascorbate along with H,O; or y- rays. Both in-vitro and in-vivo
replication studies on two tandem lesions, 5'-(8-0x0dG)-Tg-3’ and 5'-Tg-(8-0x0dG)-3,
revealed that the tandem lesions blocked DNA replication mediated by the Klenow
fragment and yeast pol 1 more readily than when the Tg or 8-0xodG was present alone
and the mutagenicity of Tg or 8-oxodG differed while they were present alone or in
tandem. Moreover, the activities of base excision repair enzymes were altered in
substrates bearing the tandem lesions. The 5'-Tg-(8-0xodG)-3’ could also give rise to a
substantial frequency of TG>GT tandem double mutation. These results support that
complex lesions could exert a greater cytotoxic effect than when the composing lesions
are present alone and the mutagenic properties of the tandem lesions could be markedly
affected by the spatial arrangement of the component lesions.

In Chapter 5, we analyzed the formation and genotoxic properties of N>-CEdG,
demonstrated that this major stable DNA adduct could be induced by methylglyoxal (MG)
in human cancer cells. We also found that N*-CEdG is weakly mutagenic, and DinB (i.c.,
polymerase IV in E. coli) is the major DNA polymerase responsible for bypassing the
lesion in vivo; the E. coli pol IV- and human polymerase k-mediated nucleotide
incorporation opposite this lesion is both accurate and efficient. Our results supported N*-

CEdG may constitute an important endogenous substrate for DinB DNA polymerase.

X



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt sttt sttt eseenae e v
COPYRIGHT ACKNOWLEDGEMENTS ......ooiiiiiieieeeee et vi
ABSTRACT OF THE DISSERTATION ....cutiiiiiiieieeeeee e viii
TABLE OF CONTENTS ... .ottt et st e X
LIST OF FIGURES ... .ottt ettt e XVi
LIST OF TABLES ... ...ttt sttt ettt sae et sneenseenna s XX1
LIST OF SCHEMES. ..ottt ettt sttt st enaeeneenseens XXVi
CHAPTER 1
General INtrOAUCTION .........ovuiiiiiiiiieie ettt sttt ettt 1
Oxidative DNA Damage.........cccveeiiiriiieiieiieeiieeie ettt sete et siaeebeesaeeseesneeeseeeene 1
Formation of Intrastrand Cross-1ink Lesions ............ccocevervienieneiienienieienieneeieneens 2
Formation of Single and Tandem Nucleobase DNA LeSions..........ccceveevverienersiennens 4
Formation of N°-(1-carboxyethyl)-2’ -deoxyguanosine (N>-CEAG)..........cocrvvevuen.... 8

Replication of Cross-link Lesions, Tandem Lesions and N*-CEdG by Purified DNA
POLYIMETASES ..eeviieiie ettt ettt e et e e e e et e e etbeeenaeesssaeeenaeeennneas 10
Repair of Complex DNA LEeSIONS.....ccccuiieiiieeiiieeiiie e eeee e e eieeesveeeeveeeeaee e 13
Application of Mass Spectrometry (MS) in Identification and Quantification of DNA
MOAIFICALIONS ...ttt ettt et st ebe e s eeeeas 15

LC-MS/MS-based Strategy for In-vitro and In-vivo Replication Studies .................. 17



CHAPTER 2

In-vivo Formation and In-vitro Replication of a Guanine-thymine Intrastrand Cross-link

| T 0] § OO OSSPSR 39
INEOAUCTION ...t ettt 39
EXPErimental.........ccoooiiiiiiiiieiiie et e es 42

Chemicals and @NZYMES .............ccueeecueeeiiiieeeieeeceeeecaeeseeesaaeesaeeessaeessaaeeaaeeennes 42
Treatment of Hela-S3 cells with y-rays and enzymatic digestion of DNA ............ 42
HPLC @RFICAIMENL ...ttt 43
LC-MS/MS for the detection and quantification of G[8-5m]T .............ccceeeuunn... 43
Preparation of substrates for in vitro replication Studies...............ccccceuveveuvnenne.. 44
Primer eXtenSiOn GSSAY ...........cccccueeeeeiiuieeeeeiiieeeeecieeeeeseee e e sae e e e sareeeessareaeenaenees 44
Steady-state Kinetic MEASUFEMENLS ............cccueeeeueeeiiueeeiieeeiieeenieeenreeesreesnareesneens 45
RESUILS ..ttt ettt ettt et st sb et as 46

............................................................................................................................... 46
In vitro replication studies of the G[8-5m]T cross-link lesion ............................. 49
DIISCUSSION ...ttt ettt ettt e e st e sttt e s st et e e st e seee bt enteeseenteeneesaeenseeneas 59
RETOIENICES: ...ttt 63

xi



CHAPTER 3

In-vitro Replication and Repair Studies of Tandem Lesions Containing Neighboring

Thymidine Glycol and 8-Ox0-7,8-dihydro-2’-deoXyguanosine...........cccccveeeeveeereveeernveeennen. 69
INEOAUCTION ...ttt et 69
EXPErimental........cccoeiiiiiiiiiieiiie et e 71

MALETIALS ...ttt ettt ettt 71
Preparation of Substrates for In-vitro Replication and Repair Studies ............... 72
Primer EXtENSION ASSAYS........cceeeueeeiieiiieeeeiiieeeeeiieeeeesieeeeesitaeessnsseeessnnsneessnssees 72
Steady-state Kinetic MeASUTEMENLS ...........cc..ccccueeeeeeeecieesiieeeieeesseeeseeesssseesseens 74
BER ASSAYS «ccooueeeeeeeeee ettt et e et e e e et e e et e e e e naaaaeennnaees 74
ROSUILS ...ttt et ettt ettt ettt 75

Increased Blocking Effects Induced by Tandem Lesions during DNA Replication
IFL VITTO .ot 77

The Presence of Single-nucleobase Lesions in Tandem Affects their Mutagenic

POLERLIAL ...t 84
The Recognition of Tandem Lesions by BER ENzymes ............ccccoeevveveeeencueeennne. 85
DIISCUSSION ...ttt ettt ettt et sttt et e e st et e et esee e bt enteebeenteeneesaeenseenean 89
RETEIENICES: ...ttt e 93

xii



CHAPTER 4
Efficient Formation of the Tandem Thymine Glycol/8-0x0-7,8-dihydroguanine Lesion in

Isolated DNA and the Mutagenic and Cytotoxic Properties of the Tandem Lesions in

EScherichia cOli CelIS .........ooiiiiiiiiiiiiee ettt 101
INEOAUCTION ...ttt et 101
EXPErimental.........cc.ooeiiiiiiiiieiiie ettt e e et 104

MALETIALS ...ttt ettt e 104
Treatment of calf thymus DINA.........c..cocoveeeeueeeeiiieeeieeeeiee e et seeeeeeeesvee e 105
Enzymatic digestion of calf thymus DINA ...........ccooecveeeceeeeciieeeieeeiieeeceeeseeeens 107
Quantitative LC-MS/MS QRALYSIS ........ccccuveeeeeeeiiieeieeeeiee et sveeeeveesvee e 107

Construction of calibration curves for the quantifications of the 5’-Tg-(8-oxodG)-
3’ tandem lesion and an isolated TG leSION .............cccoueeecueeecceeeiieeecieeeieeenenn 108
Preparation of lesion-bearing ODN SUBDSIFQLES ...........cccueeeceveeeceieeiieeecieeeineeenns 108
Construction of ss-pYMV1 genomes harboring a site-specifically inserted 8-
oxodG, Tg, 5°-(8-0x0dG)-Tg-3’, or 5°- Tg-(8-0x0dG)-3 " .....cccvvvveveeeiieeeennne, 108
Transfection of E. coli cells with ss-pYMV1 vectors containing an 8-oxodG, Tg,
57-(8-0x0dG)-Tg-3" or 5'- TG-(8-0X0AG)-3 " ..ooveeeeeaeeeeeeeeeeeeee e 110
Determination of the bypass efficiency and mutation frequency using competitive

replication and adduct bypass (CRAB) and restriction endonuclease and post-

1ADElING (REAP) GSSAYS......uueeeueeaiiieeeieeeeeeeieeeeieeesieeesiaeessaeessaaeesaaeesaeeeenees 111
Identification of replication products by using LC-MS/MS.............ccccceueeueen... 112
RESUILS .ttt et sttt b et s ae et 113



CHAPTER 5

Efficient and Accurate Bypass of N°~(1-carboxyethyl)-2’ -deoxyguanosine by DinB DNA

Polymerase 11 Vitro and In Vivo..............oooceeeeuieeiiieeciieecieeecee e eeiee et sveesevee e 147
INETOAUCTION ...ttt et sttt et saee e enne 147
EXPrimental.........ccoviiiiiiiiiiiieiiccie ettt et ettt e 150

MALETIALS ...ttt ettt et ettt e et e enaeeenseenneas 150

............................................................................................................................. 150
Cell Culture and Methylglyoxal/D-Glucose Treatment.................ccccoeecuvennenn. 151
ENZYmatic DIESHION .........cccouiieiiiiiiiieeiiieeee ettt ettt 151
HPLC ERFICAIMENL ...ttt 152
LC-MS/MS Quantification of N°-CEAG ..............coowoveeeeeeeeeeeeeeeeeeeeeseeseeseesesenes 153
Preparation of ODN Substrates Containing an S-N°-CEdG or R-N°-CEdG ..... 153
In Vitro Replication Studies with Human Polymerase k ..............ccccccveeeeecenane.. 153
In Vitro Replication Studies with E.coli DNA Polymerase IV ............................ 155

Construction of ss-M13 Genomes Harboring a Site-specifically Inserted S-N°-
CEAG, R-N’-CEAG OF dG ......coooevveserrereeseiesseeisssseisssssisssssssssssssssssssssssssens 156
Transfection of E. coli Cells with ss-M13 Vectors Containing S-N*-CEdG, R-N°-

(0 7 € o) 7 L€ 157

X1V



Determination of the Bypass Efficiency Using Competitive Replication and
Adduct Bypass (CRAB) ASSAY ......c.ccocueveeeiieiieeiieciieeee et sve e 157

Determination of Bypass Efficiency and Mutation Frequency Using LC-MS.... 158

RESULLS ...ttt ettt ettt et e e esaaeeateeeaae e 159
DISCUSSION ...eiiieniieeiieeiie ettt ettt et e et eestaeeate e teeesbe e seeeabeeseeenseesaesnseenneesnseenses 176
RETCIEIICES: ...ttt ettt ettt et e beesate b e 182
CHAPTER 6
Concluding Remarks and Future DIireCtions............ccccvveeiiieeiiieniie e 188

XV



LIST OF FIGURES

FIGUIE 1-1 ottt et sttt et et sb et sieesbe st e saeenneas 3

Structures of several oxidatively produced intrastrand cross-link lesions.

The structures of several oxidatively generated tandem nucleobase lesions.

FIGUIE 1-3 ettt ettt et et st e bttt e b e bt et st e sbeentenaeenbeas 9
The formation of N*-CEdG from methylglyoxal.

FIGUIE 2-1 1ttt ettt st b et et b et ettt 41
(Top) Structure of the G[8-5m]T intrastrand cross-link. (Bottom) The substrates used for
in vitro replication studies.

FIGUIC 2-2 1ttt ettt et b et et b et ettt 47
Selected ion chromatograms (SICs) for the monitoring of the m/z 570—472 (a, for G[8-
S5m]T and 573 —475 (b, for labeled G[8-5m]T transitions in the y-ray irradiated cellular
DNA samples after enzymatic digestion . Shown in the insets are the product-ion spectra
of the [M + H]" ions of the unlabeled and labeled G[8-5m]T.

FIGUIE 2-3 ettt ettt et sttt st e st saae et 48
SICs for monitoring the m/z 570>472->276 (a, for unlabeled G[8-5m]) and m/z
573>475->278 (b, for labeled G[8-5m]T) transitions in the y-ray treated DNA after
enzymatic digestion. Shown in the insets are the MS3 results for the unlabeled and

labeled G[8-5m]T.

XVi



Dose-dependent formation of G[8-5m]T in Hela-S3 cells upon exposure to y-rays. The
values represent the means = SD from three independent exposure and quantification
experiments.

FAGUIC 2-5 ettt et e e st e e et e e e s ateeeesbeeesbeeensaeeetaeeeneeeereeennreas 51
Calibration curves for the quantifications of G[8-5m]T. The amounts of labeled G[8-
5m]T is 500 fmol.

FAGUIC 26ttt ettt e s e e et e e st e e e sbeeesbeeesaeeeaaeeenaeeenreeenreas 53
Primer extension assays for nucleotide incorporation opposite a G[8-5m]T-bearing
substrate and its control undamaged substrate with exo--Klenow Fragment DNA
polymerase (left two panels) and yeast pol  (right two panels). 5’-[**P]-labeled
d(GCTAGGATCATAGC) was used as primer. KF (exo-) and yeast pol 1 with the
indicated concentrations was incubated with 10 nM substrate and 200 mM dNTPs at
37°C for 60 min.

FIGUIE 27 ot ettt ettt et e et e et e e e ab e e bt e enbeebee et e esateenneentaens 56
Steady-state kinetic measurements for the incorporation of dAAMP, dGMP, dCMP and
dTMP opposite the thymidine portion of G[8-5m]T (top panels) or the thymidine at an
undamaged GT site (bottom panels). Exo- Klenow Fragment (0.1 U) was incubated with
10 nM DNA substrate at room temperature for 10 min. The highest ANTP concentration
is shown in the figure, and the concentration ratio of ANTP between adjacent lanes was

0.5-0.6.

xvil



FIGUIE 2-8 ...t ettt ettt et e et e et e eab e e bt e enbe et eeeabeeeateenneenraens 57
Steady-state kinetic measurements for incorporation of dAAMP, dGMP, dCMP and dTMP
opposite the thymidine portion of G[8-5m]T (top) or the thymidine at an undamaged GT
site (bottom). Yeast poln (5 ng) was incubated with 10 nM DNA substrate at room
temperature for 10 minutes. The highest ANTP concentration is shown in the figure, and
the concentration ratio of ANTP between adjacent lanes was 0.5 - 0.6.

FIGUIE 2-9 ...ttt ettt et e et e et e e it e e bt e enbeetae et e e eateenseentaens 61
Optimized structure of G[8-5m]T obtained by the semi-empirical PM3 method.

FIGUIE 31t ettt ettt et e et e et e e abe e aeeenbeeseeenseenaeesnneensaens 76
The structures of the 5°-Tg-(8-0x0dG)-3’ and 5’-(8-0x0dG)-Tg-3’ tandem lesions, and
the sequences of the 20-mer lesion-containing substrates used in the present in-vitro
replication and repair studies.

FIGUIE 321ttt ettt ettt et e st e et e e abe e ateenb e e teeeabeenateenaeentaens 78
Primer extension assays for nucleotide incorporation opposite tandem lesions, i.e., 5’-(8-
0x0dG)-Tg-3 and 5°-Tg-(8-0x0dG)-3’, a single 8-0xodG or Tg, and the undamaged
control, with exo- Klenow fragment (a) and yeast pol 1 (b). 5°-[**P] labeled
d(GCTAGGATCATAGC) was used as the primer. Klenow fragment or yeast pol n at the
indicated units/concentrations was incubated with 10 nM substrate and 200 uM dNTPs at
37 °C for 60 min. The products were subsequently resolved by using 20% denaturing
polyacrylamide gels. The 21-mer was observed due to the presence of a 1-base overhang
in the primer, and the 22-mer primer extension products were originated from the

terminal transferase activity of the polymerase.

xviil



FIGUIE 33 ettt ettt et e e et e s aa e et e e e ab e e ateenbeeteeeabeeeateenneennaens 80
Example gel images for the steady-state kinetic measurements for the nucleotide
incorporation opposite the 8-0xodG portion of the 5’-Tg-(8-0x0dG)-3’ tandem lesion (a)
or the corresponding dG site for the undamaged substrate. (b). exo- Klenow fragment (5
ng) was incubated with 10 nM DNA substrate at room temperature for 10 min. The
highest ANTP concentration is shown in the figure, and the ratio of dNTP concentrations

between adjacent lanes was 0.5-0.6.

(a) PAGE analysis of the hOGG1-mediated cleavage products of the substrates
containing an 8-0xodG, the two tandem lesions, and unmodified GT. “XY” represents
different lesions, and the 20 mer 5’-(CA)-3’- and 5’-(AC)-3’-containing complementary
strands were used for the repair studies of the 5’-Tg-(8-0x0dG)-3’- and 5’-(8-0x0dG)-Tg-
3’-containing substrates, respectively. (b) A summary of the quantification results of the
percent cleavage products for different substrates. The values represent the mean +

standard deviation from three independent treatments and quantification experiments.

(a) PAGE analysis of the products arising from the endonuclease III-mediated cleavage
of substrates housing Tg, 5’-Tg-(8-0x0dG)-3’, 5’-(8-0x0dG)-Tg-3" and unmodified GT.
(b) The quantification results of percent cleavage products for different substrates. The
values represent the mean =+ standard deviation from three independent treatments and

quantification experiments.

X1X



The formation of the 5’-Tg-(8-0x0dG)-3’ tandem lesion. G*, mC, and mCg represent 8-

oxoQGua, 5-methylcytosine and 5-methylcytosine glycol, respectively.

LC-MS/MS identification of 5’-Tg-(8-0x0dG)-3’ tandem lesion formation in calf thymus
DNA treated with Cu(Il)/ H,O,/ascorbate. Extracted-ion chromatograms (EICs) for
monitoring the m/z 700 = 557 transitions for pTg-p(8-0xodG) in Fenton reagent-treated
calf thymus DNA (under reaction condition D described in Table 4-1, a) and calf thymus
DNA doped with authentic tandem lesion-containing ODN (b). Shown in (¢) and (d) are
the MS/MS averaged from the 21.7-min peak in (a) and the 21.8-min peak in (b). lons
labeled with “*” are due to the fragmentation of other co-eluting species.

FIGUIE 4-3 ..ottt ettt et e st e e bt e et e e bee et e e aeeenbeesnaeenbeenbeennnas 116
Calibration curves for the quantification of pTg-dG (a) and pTg-p(8-0xodG) (b). Plotted
in (a) is the ratio of peak area found in the extracted-ion chromatogram (EIC) for the m/z
684->541 transition for the loss of the CSH5NO4 from the modified thymine glycol
moiety in pTg-pdG (see ref. 9) over the peak area found in the EIC for the [M — H] ion
of pdA (m/z 330) versus the amount of the lesion (in lesions per 106 nucleobases).
Plotted in (b) is the ratio of peak area found in the EIC for the m/z 700> 557 transition
for the loss of the CSH5NO4 from the modified thymine glycol moiety (see ref. 9) in
pTg-p(8-0x0dG) over the peak are found in the EIC for the [M — H] ion of pdA (m/z 330)

versus the amount of lesion, in lesions per 106 nucleobases.

XX



FIGUIE 4.ttt ettt et e et b e et e e teesabe e st e enbeeenbeenbeenbeenanas 117
The quantitative formation of the 5’-Tg-dG-3" and 5’-Tg-(8-0x0dG)-3’ lesions in calf
thymus DNA exposed with Cu(Il) and ascorbate along with HO, or y rays. (a) Dose-
dependent induction of the 5’-Tg-dG-3’ and 5°-Tg-(8-0x0d(G)-3’ lesions in calf thymus
DNA by Cu(I1)/H,0O,/Ascorbate. (b) The induction of 5’-Tg-dG-3’ and 5’-Tg-(8-
0x0dG)-3’ lesions in calf-thymus DNA upon exposure to 50 Gy of y rays in combination
with Cu(Il) and ascorbate at the indicated concentrations. (¢) The induction of 5’-Tg-dG-
3’ and 5’-Tg-(8-0x0dG)-3’ lesions in calf thymus DNA upon treatment with 50 Gy of y
rays, alone or in combination with 50 uM Cu(II), 4 mM ascorbic acid, or both. The data
represent the means + S.D. of results from three independent treatments and LC-MS/MS

quantification experiments

FIGUIC 4-5 .ttt ettt et b et st sbe et be e b 119
The product-ion spectrum of the ESI-produced [M-6H]® ion (m/z 1065.8) of
d(GTATCCTCCATGGCG*TGCTAT). Shown in the inset are the zoom-scan negative-

ion ESI-MS for the ODN and a scheme summarizing the observed fragment ions.

FIGUIE 40ttt et sb et et b et et sb et 120
The product-ion spectrum of the ESI-produced [M-6H]® ion (m/z 1068.8) of
d(GTATCCTCCATGGCGTgGCTAT). Shown in the inset are the zoom-scan negative-

ion ESI-MS for the ODN and a scheme summarizing the observed fragment ions.

XX1



FIGUIE 47 ettt ettt et st e bt e e e et e sabeenae e et e e enaeenbeenbeenanas 121
The product-ion spectrum of the ESI-produced [M-6H]® ion (m/z 1071.5) of
d(GTATCCTCCATGGCG*TgGCTAT). Shown in the inset are the zoom-scan negative-

ion ESI-MS for the ODN and a scheme summarizing the observed fragment ions.

The product-ion spectrum of the ESI-produced [M-6H]® ion (m/z 1071.5) of
d(GTATCCTCCATGGCTgG*GCTAT). Shown in the inset are the zoom-scan negative-
ion ESI-MS for the ODN and a scheme summarizing the observed fragment ions.
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genomic DNA extracted from cells treated with 25 pM methylglyoxal. 300 fmol of D3-
N-CEdG internal standard was added before HPLC enrichment.
FIGUIE 5-3 ettt et b ettt e bt et st nbe et et e b 163

Calibration curve for quantification of S-N*-CEdG and R-N*-CEdG.

Determination of cytotoxicity and mutagenicity of the N>-CEdG lesion in E. coli cells.
“X” in the 16mer ODN represents S-N*-CEdG, R-N*-CEdG or unmodified dG. “N” in the
progeny of lesion genome represents the nucleoside inserted at the original lesion site.
Bbsl and Tsp5091 restriction endonuclease recognition sites are indicated in italic and the
cleavage sites induced by the two enzymes are designated by broken and solid arrows.
Only partial sequence of PCR products for the lesion genome is shown, and the PCR
products of competitor genome are not shown.
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respectively. The band above the 8 mer is most likely a non-specific digestion product
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CHAPTER 1

General Introduction

This chapter will cover the general background of the research projects discussed

in this dissertation.

Oxidative DNA Damage

The integrity of the human genome is constantly challenged by endogenous and
exogenous agents, among which reactive oxygen species (ROS), i.e. superoxide anion
(0,7, hydroxyl radical ("OH) and hydrogen peroxide (H,O,), can be generated from
normal cellular aerobic metabolism or from interaction with exogenous sources such as
ionizing radiation, ultraviolet light (UV) and anticancer agents (/-5). ROS can attack
DNA molecules to induce a variety of lesions including single-nucleobase lesions, 2-
deoxyribose modifications (/, 5-7), bulky adducts (8, 9), intra-/ interstrand cross-links
(10-16), DNA-protein cross-links (/7-19), and single- or double-strand breaks (SSB or
DSB) (7, 7). It has been estimated that approximately 10* DNA bases can be oxidatively
modified per cell per day (20, 27). The accumulation of DNA damage has been
associated with the natural processes of ageing and numerous pathological conditions

including cancer (5, 22-24), cardiovascular dysfunctions (25) and neurodegeneration (26).



Formation of Intrastrand Cross-link Lesions

It has been shown that intrastrand cross-link lesions, where two neighboring
nucleobases in the same DNA strand are covalently bonded, can be induced in DNA
upon ROS attack, which can be formed from exposure to y rays (75, 27, 28) or Fenton
reagents (13, 29). In this regard, studies have revealed several novel intrastrand cross-link
lesions formed between neighboring C and G, Gand T, T and A, C and A as well as G
and mC (10, 13, 15, 16, 28, 30-36). The structures of several intrastrand cross-link lesions

are shown in Figure 1-1.

Mechanisms have been proposed for the formation of intrastrand cross-link
lesions. It was revealed that intrastrand cross-link lesions could be initiated from a single
pyrimidine radical (15, 30, 31, 34, 35, 37, 38). In this respect, a hydroxyl radical (*OH)
can be added to the C5 and C6 carbon atoms of cytosine, thymine or 5-methylcytosine;
alternatively it can abstract a hydrogen atom from the 5-methyl group of thymine or 5-
methylcytosine (39). The resulting pyrimidine base-centered secondary radicals may
attack their neighboring purine bases to generate a covalent bond between two bases to
form intrastrand cross-link lesions. It has been shown that the yields for the formation of
these lesions are sequence- and distance-dependent, with the purine on the 5’-side
favoring formation of the cross-link products than with the purine on the 3’-side, and the
distance between the secondary radical of pyrimidine and the C8 of purine is also directly

correlated with the yield of the cross-link lesion formation (73, 40).
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In this dissertation, we will discuss an intrastrand cross-link lesion, G[8-5m]T, where
the C8 of guanine is covalently bonded with the methyl carbon of its neighboring 3°-
thymine (structure shown in Figure 1-1). This lesion can be induced in an aqueous
solution of duplex DNA upon exposure to y- or X-rays (/5). In addition, it was
demonstrated that this lesion could be generated in calf thymus DNA upon treatment with

the Fenton reagent, Cu(Il)/H,O,/ascorbate, under aerobic conditions (47).

Formation of Single and Tandem Nucleobase DNA Lesions

Most oxidative modifications on a single nucleobase and 2-deoxyribose of DNA
by ROS have been well studied and characterized. For instance, pyrimidine base lesions
can be induced by the addition of the hydroxyl radical to the C5 and/or C6 positions of
cytosine, thymine, or 5-methylcytosine, to form 5-hydroxy-6-yl and 6-hydroxy-5-yl
radicals of the pyrimidine bases. The latter radicals can conjugate with OH or couple
with water followed by deprotonation to render the corresponding pyrimidine glycols.
Alternatively, hydrogen abstraction from the methyl group of thymine or 5-
methylcytosine by the hydroxyl radical can initiate the formation of 5-
hydroxymethyluracil (5-HmU), 5-formyluracil (5-FoU), 5-hydroxymethylcytosine (5-

HmC) and 5-formylcytosine (42).

Purine base lesions can be induced by the hydroxyl radical addition to the C4, CS5,
or C8 of adenine and guanine. The generated secondary radicals are transformed to
various products, such as 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodG), 8-ox0-7,8-

dihydro-2’-deoxyadenosine (8-oxodA). These two oxidatively generated purine products



are known to undergo imidazole ring-opening to give 2,6-diamino-5-formamido-
pyrimidine (Fapy-dG), and 4,6-diamino-5-formamido-pyrimidine (Fapy-dA),

respectively (43).

Hydroxyl radicals can also attack the C-H bonds in 2-deoxyribose moiety of DNA
to form carbon-centered radicals, resulting in 2-deoxyribose modification products, DNA
strand breaks and base-free sites, such as lactone, abasic site and 2-deoxyribose ring-

opening products (39).

In addition to the above single-base and 2-deoxyribose lesions, ROS can also
induce the formation of cyclo lesions, which involve the formation of an additional bond
between the nucleobase and the Cs: carbon of the same nucleoside, e.g. 5°,8-cyclo-2’-
deoxyganosine, 5°,8-cyclo-2’-deoxyadenosine, 5°,6-cyclo-5,6-dihydrothymidine, and

5°,6-cyclo-5,6-dihydro-2’-deoxyuridine (44, 45) .

Other than the above lesions, which are believed to occur frequently and
predominately upon single ROS attack, complex or clustered DNA lesions, where two or
more damaged nucleosides are located within 1-2 helical turns of DNA, can form upon
interaction with ROS. Example lesions include those formed upon exposure to ionizing
radiation (46-49). As a subset of clustered lesions, tandem lesions, consisting of two
neighboring damaged nucleotides on the same DNA strand, could be initiated from a
single hydroxyl radical attack (50), which can be induced from ionizing radiation (46) or
Fenton reagents (57). For example, a tandem lesion, with an 8-0xodG and a formamido

(dBF) moiety being neighboring to each other, was first reported to form in short



oligodeoxyribonucleotides (ODNs) upon exposure to y-rays or Fenton-type reagents
under aerobic conditions (Figure 1-2) (46, 52).

Multiple oxidation events in close proximity, for example, those occurred during
ionizing radiation, may give rise to the formation of tandem lesions by inducing oxidation
events on both neighboring nucleobases. In addition, a proposed mechanism for the
tandem lesion formation under single oxidation event is that the single ROS attack may
transform one nucleobase into an intermediate nucleobase radical, the latter radical can
further attack its neighboring nucleobase rendering the formation of a tandem nucleobase
lesion. This is similar as the well-studied formation of intrastrand cross-link lesions
which can also be categorized as a type of tandem DNA lesions.

In this dissertation, we investigated the replication and repair of the tandem
nucleobase lesions containing a neighboring thymidine glycol (or 5,6-dihydroxy-5,6-
dihydrothymidine, Tg) and an 8-o0xodG, which are major oxidatively induced lesions of
thymidine and 2’-deoxyguanosine, respectively. The structures of the two positional

isomers of this type of tandem lesions are shown in Figure 1-2.
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Formation of N?-(1-carboxyethyl)-2'-deoxyguanosine (N*~CEdG)

Other than ROS, which constitutes a major endogenous source of DNA damage
(2), DNA in living cells is also susceptible to damage from exposure to reactive carbonyl
species, and methylglyoxal (MG) is one of them (53). MG is a byproduct of the
nonenzymatic fragmentation of triose phosphates produced during glycolysis, a
ubiquitous process conserved in all domains of life (54). The accumulation of MG in
human cells can be enhanced by both endogenous factors, including aging,
hyperglycemia, inflammation, oxidative stress, diabetes, and uremia (55-57), and
exogenous sources, including cigarette smoke (58), food, and beverages (58, 59). In this
regard, treatment of human red blood cells with increasing concentrations of glucose in
vitro can result in increases of intracellular MG concentration (60). The MG
concentration was also found to be elevated in the kidney (cortex and medulla), lens, and
blood of streptozotocin-induced diabetic rats (6/) and in blood samples of diabetic
patients (57).

N*-CEdG was the major stable adduct formed in calf thymus DNA upon exposure
to MG at physiological concentration and temperature (62). The formation and structures
of the two diastereomers of N>-CEdG are shown in Figure 1-3. This lesion can also be
detected in urine samples from healthy humans at levels ranging from 1.2- to 117-ng N°-
CEdG equivalent per milligram of creatinine (63). In another study, the level of the
lesion was enhanced in the kidney and aorta of patients with diabetic nephropathy and

uremic atherosclerosis, respectively (64).
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In this dissertation, we employed LC-MS/MS and measured the formation of N*-
CEdG in human cells, with or without treatment of methylglyoxal or glucose. We also
assessed how the lesion perturbs the fidelity and efficiency of DNA replication both in

vitro and in vivo.

Replication of Cross-link Lesions, Tandem Lesions and N2-CEdG by Purified DNA

Polymerases

To ensure the integrity and stability of genome against deleterious effects of DNA
damage, cells have developed various strategies to protect themselves, including multiple
levels of intracellular signaling to indicate the presence of damage, intricate DNA repair
systems for removing DNA lesions, and certain tolerance mechanisms during DNA
replication process. Despite replicative DNA synthesis is a faithful event which requires
undamaged DNA and high-fidelity DNA polymerases, if lesions escape the complicated
network of DNA repair, cells have developed processes, as a backup pathway, for
tolerating unrepaired, or repair-resistant DNA lesions when the genome is replicated. A
major mechanism proposed is translesion synthesis (TLS) (65, 66). A model of TLS,
namely “DNA polymerase switch model”, proposed that the replicative polymerase
blocked by DNA damage is transiently replaced by one (or several) TLS polymerases,
which insert only a few nucleotides opposite the lesion and beyond the lesion site before
dissociating from replication fork and resuming regular DNA synthesis (67). During TLS,
either the correct (error-free) or the incorrect (error-prone) nucleotide can be inserted,

depending on the nature of the DNA lesion and the nucleotide preference of the engaged
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specialized polymerase. Thus, TLS allows replication to continue and contributes to cell

survival but can result in induced mutagenesis and increased cancer risk.

Relative to single nucleobase lesions, the presence of complex or bulky DNA
lesions, i.e. tandem nucleobase lesions and cross-link lesions could lead to more DNA
strand distortion. It has been demonstrated that G[8-5]C, G[8-5m]T and G[8-5m]C
destabilized the DNA duplex, which increased the free energy for duplex formation at
37°C by 4.0, 5.4 and 3.6 kcal/mol, respectively (68, 69). Likewise, 5’-(8-0xodG)-Tg-3’
or 5’-Tg-(8-0x0d(G)-3’ tandem lesions destabilized the duplex by increasing the free

energy for duplex formation at 25°C with 5.1 kcal/mol (70).

Most TLS polymerases, including pol n, pol 1, pol ¥ and Revl in mammalian cells
(65), and pol IV and V in E. coli (71), belong to the Y-family of DNA polymerases. They
have been well characterized for their lesion-bypassing properties in vitro (67). Unlike
replicative polymerases, mostly TLS polymerases do not have highly constrained active
sites and lack the 3°-5’ proofreading exonuclease activity, resulting in low fidelity in

replicating undamaged DNA.

The biological significance of TLS polymerases is highlighted by DNA
polymerase 1 (pol 1), which is encoded by the RAD30 gene in budding yeast
Saccharomyces cerevisiae (72) and the variant form of xeroderma pigmentosum (XP-V)
gene in humans (73). Pol n can bypass efficiently the TT cyclobutane pyrimidine dimer
(CPD) in an error-free manner (72, 74). In addition to pol n, pol 1 encoded by RAD30B

in humans can bypass abasic sites and another major photoproduct, i.e. the pyrimidine(6-
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4)pyrimidone product (67). Other than thymine dimers, pol n was reported to bypass
many other DNA lesions, such as some bulky lesions, i.e. N*-benzo[a]pyrene-7,8-diol-
9,10-epoxide-dG (N*-BPDE-dG), cisplatin-DNA adducts, and even Tg and 8-oxodG (75-

78).

Two major oxidatively induced single-nucleobase lesions, 8-0xodG and Tg, have
been extensively studied. 8-0xodG is a major mutagenic lesion and can resultin G > T
transversion mutations (79, 80). In contrast, thymidine glycol lacks mutagenicity under
most conditions (87-84), but effectively blocks DNA replication (83, 86). It can be
bypassed by TLS DNA polymerases including yeast pol | and  as well as human pol «
and all three polymerases preferentially insert a dA opposite the lesion (82, 87, 88). On
the other hand, 8-0xodG can also be bypassed by various DNA polymerases, and both dC

and dA can be inserted opposite the lesion (89, 90).

Most intrastrand cross-link lesions mentioned above and dimeric TT photo-
products share close structural similarity. Our previous in-vitro replication study on an
intrastrand cross-link lesion, G[8-5]C, also showed that it can either stall DNA replication
performed by high-fidelity replicative polymerases or give rise to mutations by yeast pol
n (27). In addition, since a similar conformational change can be induced by tandem
lesions, it could be proposed that certain translesion synthesis enzyme(s), i.e. pol 1, may
play an important role in intrastrand cross-link- or tandem lesion-induced mutagenesis, if

the replication of the lesion is blocked by replicative polymerases.
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Among the Y-family DNA polymerases, DinB (also known as pol IV in
Escherichia coli and pol x in mammalian cells) is conserved in all domains of life.
Previous studies demonstrated that E. coli pol IV and human pol k can insert
preferentially the correct nucleotide, dCMP, opposite a number of N°-dG lesions (91, 92).
It was also found that the DinB polymerase is capable of bypassing the N>-dG adduct
induced by BPDE (75, 93-95), a cigarette smoke carcinogen, and pol k was observed to
be overexpressed in lung tumor specimens (96). In this dissertation, one goal is to
examine if N*-CEdG is a substrate for DinB polymerase.

The study of In-vitro mutagenesis on a lesion can be achieved from steady-state
enzyme kinetic analyses (97-99). The efficiency and fidelity of nucleotide incorporation
can be determined by measuring the velocities for the incorporation of one nucleotide at a
time and fitting the velocity data with the Michaelis-Menten equation

V_ x[dNTP]

(Vobs == )

K, +[dNTP]

Repair of Complex DNA Lesions

Several repair systems are involved in repairing different types of DNA damage,
such as base excision repair (BER) for single-nucleobase lesions, nucleotide excision
repair (NER) for major DNA photo-products and bulky DNA adducts, homologous
recombination (HR) and non-homologous end-joining (NHEJ) for double-strand breaks,
as well as mismatch repair (MMR) for nucleobase mispairs (3, 5, 100-102). However, for

complex or clustered DNA lesions, owing to the intrinsic chemical and structural
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diversities of the different lesions involved and their close proximity, they are often more

difficult to repair than when individual lesions are present alone (100, 103-109).

With respect to the repair of two major single nucleobase lesions, in eukaryotes,
the majority of 8-0xodG is removed via BER pathway by 8-0xodG glycosylases (OGGs);
As a second line of defense to prevent G = T transversions during replication, bacteria
and most eukaryotes have a mismatch DNA glycosylase called MutY, which removes the
dA that is mispaired with the 8-oxodG. Thymidine glycol is a substrate for the
glycosylase activity of the endonuclease III in bacteria, this important enzyme is highly
conserved in evolution from bacteria to human cells (//0-112). In addition to BER, both
Tg and 8-0x0dG can also be excised from DNA by NER enzymes in vitro (113).

Several studies assessed the replication and repair of tandem single-nucleobase
lesions. For example, the base-excision activities for a tandem lesion with Tg neighboring a
2-deoxyribonolactone are inhibited (/74); the repair process on a tandem lesion may
generate persistent single-strand breaks (/06). In addition, the mutation frequency of an 8-
oxodG is enhanced by a certain second lesion nearby due to inhibition of the repair
machinery for 8-oxodG by the presence of another lesion (106, 115). More studies showed
that the excision, by purified BER enzymes or by cell extracts, of clustered DNA lesions is
indeed compromised, and that the effects vary depending on the types of lesions involved

and their spatial distribution (100, 104, 107, 116-118).

NER pathway can repair those lesions that can distort the DNA helical structure.

ROS-induced intrastrand cross-link lesions or tandem lesions, due to the increased
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structural destabilization, may also allow the lesions to be more efficiently excised by the
NER than the BER pathway. Indeed, several ROS-induced intrastrand cross-link lesions
were found to be substrates for NER enzymes as manifested by the binding and incision
of the lesion-bearing duplex DNA substrates by the E. coli UvrABC excision nuclease
(119). Another study also indicated tandem nucleobase lesions may be recognized and
incised by the bacterial NER repair system (/00). NER is a particularly important
mechanism by which the cell removes the vast majority of UV-induced DNA damage,
mostly in the form of CPD and 6-4 PP photoproducts, and various bulky DNA adducts,
i.e., BPDE-DNA adduct (/017). Unlike BER machinery which recognizes and removes
damaged bases by specific DNA glycosylases, the NER machinery recognizes distortions
to the DNA double helix and leads to the removal of a short single-stranded DNA
segment conaining the lesion, which creates a single-strand gap in the DNA. The latter is
subsequently filled in by DNA polymerase with the undamaged strand as a template, and

finally the nick is sealed by DNA ligase(s) (/20).

Application of Mass Spectrometry (MS) in Identification and Quantification of DNA

Modifications

Nowadays, mass spectrometry is becoming a powerful tool for nucleic acid
research. It has major advantages for the characterization and quantification of DNA
modifications. Historically the major role of MS in the determination of DNA lesions had
been limited to providing structural information about new DNA adducts (/27). Gas

chromatography-mass spectrometry (GC-MS) was previously used to quantify DNA
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adducts. However, only non-polar/volatile compounds can be analyzed by GC-MS.
Derivatization at high temperature is needed prior to subjecting a sample to GC-MS
analysis because most DNA adducts are non-volatile/polar. Thus, the measurements are
not accurate because the derivatization may lead to artificial formation of certain adducts

(122, 123).

The advent of liquid chromatography-mass spectrometry (LC-MS), together with
the introduction of electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI), has led to widespread application of MS in the analysis of non-volatile
and thermally labile compounds. Assessing DNA adducts by LC-MS has been proven to
be a sensitive and reliable method for quantifying DNA adducts when compared to other
analytical approaches, such as *”P post-labeling and immunoassays. Accurate and
reproducible data can be obtained by employing isotope dilution techniques together with
LC-tandem MS (LC-MS/MS) analysis. The detection limits can reach as low as 0.2-2.0
adducts per 10® unmodified nucleosides. In addition, MS can offer structural information

and is capable of analyzing DNA adducts with unknown structures (/23).

The identification and quantification of certain DNA modifications formed in
isolated or cellular DNA can be achieved by enzymatic digestion coupled with LC-
MS/MS analysis. After enzymatic digestion, unmodified nucleobases and single-
nucleobase lesions in DNA are liberated as mononucleosides or nucleotides depending on
the enzymes employed; certain lesions, i.e. intrastrand cross-link lesions can be released

as a dinucleoside monophosphate. These lesion-carrying small molecules can be analyzed
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by LC-MS/MS for compound identification and quantification (10, 13, 27). Other
methods may also improve the sensitivity for lesion detection, for example, chemical
derivatization of 5-formyl-2'-deoxyuridine with Girard reagent T can enhance

substantially the detection limit of the lesion by LC-MS/MS analysis (/24).

LC-MS/MS-based Strategy for In-vitro and In-vivo Replication Studies

Two major types of fragment ions, w, and [a,-base] are generated during the
fragmentation of ODNs in a mass spectrometer. The mass difference between two
adjacent w, or [a,-base] corresponds to the mass of a nucleotide. Viewing that
nucleotides bearing an A, C, G, or T have unique masses, the sequences of ODNs can be
determined by MS/MS (/25), which leads to another important application of MS in
nucleic acid research: sequencing. The capability to sequence and quantify short ODNs

renders MS a powerful tool for mutagenesis studies of modified DNA.

LC-MS/MS method had been introduced for investigating the multiple bypass
mechanisms of polymerases toward DNA lesions in vitro by Guengerich et al. (92, 126)
and our group (/27). It turned out that this method provides an efficient route for
determining the identities and distributions of various replication products resulting from
the polymerase reaction in the presence of all four ANTPs, which, relative to the
conditions used for steady-state kinetic measurements, mimics better the replication

conditions in vivo.

Strategies have also been developed to assess the mutagenicity and cytotoxicity of

a specific lesion in cells. In most previous in-vivo mutagenesis studies, researchers
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applied genotoxic agents to introduce specific DNA lesions into the genome, which
usually are site-undirected and may be contaminated with other non-specific lesions. To
overcome those drawbacks, strategies have been developed for the site-directed
mutagenesis study by inserting a structurally defined lesion into the genome of a vector
that can be introduced into cells and replicated there. The replication and repair of the
vector would be performed by the endogenous enzymes of the host and in a cellular
environment providing the natural level of precursors for DNA synthesis (/28). Moreover,
the relative toxic effects of different lesions can be measured, and polymerase-specific
analysis can be achieved by using certain polymerase-deficient or knockout cell lines as

hosts.

Restriction endonuclease and post-labeling (REAP) and competitive replication
and adduct bypass (CRAB) assays were introduced by Essigmann and coworkers to
measure quantitatively the mutation frequency and lesion bypass efficiency of a site-
specifically incorporated and structurally defined DNA lesion in cells (/29-131). In these
assays, the replication products of the lesion in the vector was extracted after replication,
the sequence of interest was amplified by PCR, and short ODNs containing replication
products were obtained by digestion with restriction endonucleases prior to sequencing
and quantification analysis. Instead of **P post-labeling and thin-layer chromatography
analysis which were used by Essigmann and coworkers, LC-MS/MS was recently
introduced for unambiguous identification and accurate quantification of replication
products; especially since the method can allow for the identification of unexpected

replication products (/32).

18



Scope of This Dissertation

To understand the biological significance of several oxidative DNA lesions, for
example, intrastrand cross-links and tandem lesions, it’s important to characterize and
quantify their formation in isolated DNA upon exposure to certain biologically relevant
ROS-inducing systems, i.e. y rays or Fenton-type reagents; or more importantly, to
investigate if the lesions can be formed in cells, i.e. N>-CEdG. It is also of great
importance to assess the cytotoxic and mutagenic properties of these lesions both in vitro
and in vivo, so as to gain further insights into their influences on genome integrity and
cell viability if they are produced in living organisms. The knowledge gained from these
studies may also contribute to an understanding of oxidative DNA damage-related
pathological conditions, i.e. cancer development, neurodegeneration and diabetes.

In this dissertation we attempt to attain the following objectives: 1). To identify
and quantify the formation of a DNA intrastrand cross-link lesion, G[8-5m]T, induced in
cells upon exposure to y rays and to investigate its in-vitro replication properties with
several purified DNA polymerases. 2). To identify and quantify the formation of a
tandem lesion, 5’-Tg-(8-0x0dG)-3’, in isolated DNA upon exposure to Fenton-type
reagents by LC-MS/MS. 3). To assess both the in-vitro and in-vivo replication properties
of tandem lesions; 5’-Tg-(8-0x0dG)-3" and 5°-(8-0x0dG)-Tg-3". 4). To identify and
quantify the formation of N*~CEdG adducts in cells with LC-MS/MS analysis and to

reveal the translesion synthesis polymerase(s) involved in bypassing this lesion.
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CHAPTER 2

In-vivo Formation and In-vitro Replication of a Guanine-thymine Intrastrand

Cross-link Lesion

Introduction

Excess generation of reactive oxygen species (ROS) in vivo can result in DNA
damage (/-3), which include a multitude of single-nucleobase lesions (4) and a number of
intrastrand cross-link lesions (5-17). In this respect, it was found that some intrastrand
cross-link lesions, including G[8-5m]T where the C8 of guanine is covalently bonded to
the methyl carbon of its neighboring 3’-thymine (structure shown in Figure 2-1), can be
induced in an aqueous solution of duplex DNA upon exposure to y- or X-rays (/0). In
addition, our study demonstrated that G[8-5m]T could be generated from calf thymus
DNA upon treatment with Fenton reagent, Cu(Il)/H,O,/ascorbate, under aerobic

conditions (/8).

Previous studies revealed that intrastrand cross-link lesions are initiated from a
single pyrimidine radical (6-8, 10, 12-14). In this respect, hydroxyl radical ('OH) can
abstract a hydrogen atom from the 5-methyl group of thymine (/9), leading to the
formation of the methyl radical of the nucleobase, which may attack its neighboring
guanine base to yield the G[8-5m]T (/0). In light of this underlying mechanism for the

formation of the intrastrand cross-link lesions and the previous results from Fenton
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system (/8), we reasoned that the G[8-5m]T cross-link lesion might be induced in

genomic DNA of eukaryotic cells upon exposure to ROS.

The presence of DNA lesions in replicating DNA may lead to the stalling of DNA
replication, which may cause cell death. Moreover, lesions may give rise to mutations
and result in numerous pathological conditions including carcinogenesis (20). Other than
some frequently observed single mutations resulting from ROS-induced DNA lesions, e.g.
C->T transitions and G2 T transversions (27), CC>TT and mCG—>TT tandem double
mutations were shown to be induced by ROS generated from a variety of systems (27-24).
It was suggested that ROS-induced intrastrand cross-link lesions formed between

adjacent nucleotides might contribute to the tandem mutations (22, 23).

It is worth noting that one of our previous in-vitro replication studies on G[8-5]C
showed that it can either stall DNA replication performed by some high fidelity
replicative polymerase, such as T7 DNA polymerase and HIV reverse transcriptase, or
lead to mutagenesis by a translesion synthesis polymerase, yeast polymerase # (pol #) (17,

25).

Herein, we demonstrated, for the first time, that the G[8-5m]T cross-link lesion
could be induced, in a dose-dependent manner, in cultured human cells upon exposure to
y rays. In addition, we measured the steady-state kinetic parameters during DNA
replication in vitro with a replicative DNA polymerase, Klenow fragment of Escherichia
coli DNA polymerase I, and a member of “Y” superfamily polymerases, yeast DNA pol 7.
The latter is the gene product of Rad30 in budding yeast Saccharomyces cerevisiae (26)

and the variant form of Xeroderma pigmentosum (XP-V) in humans (27).
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G[8-5m|T

Crosslink: 5-ATGGCG[8-5m][TGCTATGATCCTAG-3
Control: 5-ATGGCGTGCTATGATCCTAG-3’

14 mer Primer: 5-GCTAGGATCATAGC-3’

15 mer Primer: 5-GCTAGGATCATAGCA-3’

Figure 2-1. (Top) Structure of the G[8-5m]T intrastrand cross-link.
(Bottom) The substrates used for in vitro replication studies.
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Experimental

Chemicals and enzymes

All oligodeoxyribonucleotides (ODNs) used in this study were purchased from
Integrated DNA Technologies (Coraville, IA). [y->*P]ATP was obtained from Amersham
Biosciences Co. (Piscataway, NJ). Other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO). Nuclease P1 and alkaline phosphatase were purchased from MP
Biomedicals (Aurora, OH) and Sigma-Aldrich (St. Louis, MO), respectively. Snake

venom phosphodiesterase and calf spleen phosphodiesterase were obtained from US
Biological (Swampscott, MA). Klenow fragment (3’5" exo ) of the DNA polymerase I

was purchased from New England Biolabs, Inc. (Ipswich, MA). Yeast polymerase # (pol
n) was a kind gift from Prof. J.-S. A. Taylor at Washington University (St. Louis, MO).

Hela-S3 cells were obtained from National Cell Culture Center (Minneapolis, MN).

Treatment of Hela-S3 cells with y-rays and enzymatic digestion of DNA

Hela-S3 cells were centrifuged to remove the culture medium and resuspended in
phosphate-buffered saline (PBS). The cell suspension (10" cells/mL) was exposed to y-
rays delivered by a Mark I *’Cs Irradiator (JL Shepherd and Associates, San Fernando,
CA), and the dose rate was 2.8 Gy/min. Immediately after the exposure, the cells were

harvested by centrifugation and the nuclear DNA was isolated by phenol extraction.

The DNA was digested with four enzymes (nuclease P1, calf spleen
phosphodiesterase, alkaline phosphatase, and snake venom phosphodiesterase) to release

the intrastrand cross-link lesions as dinucleoside monophosphates following previously
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published procedures (28). The digestion mixture was passed through a YM-10 Centricon
membrane (Millipore, Billerica, MA) to remove the enzymes. The amount of nucleosides
in the mixture was quantified by UV absorption spectroscopy and to the mixture was then
added isotopically labeled d(G[8-5m]T), which carried two "°N and a deuterium on the

thymidine portion and was synthesized previously (/8).

HPLC enrichment

The HPLC enrichment of d(G[8-5m]T) from the digestion mixture of cellular
DNA was performed with a 4.6x50 mm Luna reverse-phase C18 column (5 um in
particle size, Phenomenex, Torrance, CA). A gradient of 5-min of 0-2% acetonitrile
followed by a 55-min of 2-5% acetonitrile in 10 mM ammonium formate (pH 6.3) was
employed and the flow rate was 0.60 mL/min. The fractions were collected in a wide
retention time range to ensure that the cross-link product was completely collected. The
collected fractions were dried in the Speed-vac, redissolved in 15 pL H,O, and injected

for LC-MS/MS analysis.

LC-MS/MS for the detection and quantification of G[8-5m]T

A 0.5%150 mm Zorbax SB-C18 column (particle size, 5 um, Agilent) was used
for the separation of the DNA hydrolysis samples, and the flow rate was 8.0 uL/min,
which was delivered by an Agilent 1100 capillary HPLC pump (Agilent Technologies,
Palo Alto, CA). A 60-min gradient of 0-30% acetonitrile in 20 mM ammonium acetate
was employed for the analysis of HPLC-enriched d(G[8-5m]T). The effluent from the LC

column was coupled to an LTQ linear ion-trap mass spectrometer (Thermo Fisher
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Scientific, San Jose, CA), which was set up for monitoring the fragmentation of the [M +

H]" ions of the labeled and unlabeled d(G[8-5m]T).

Preparation of substrates for in vitro replication studies

The G[8-5m]T-containing ODN for in-vitro replication studies was prepared
following procedures described in a previous paper (29). Briefly, a dodecameric lesion-
bearing substrate d(ATGGCG[8-5Sm]TGCTAT) was obtained from the 254-nm
irradiation of a 5-phenylthiomethyl-2’-deoxyuridine-containing ODN. The lesion-bearing
substrate was ligated with the 5’-phosphorylated d(GATCCTAG) in the presence of a
template ODN, d(CCGCTCCCTAGGATCATAGCACGCCAT) (17). The desired lesion-
containing 20-mer ODN was purified by 20% denaturing polyacrylamide gel
electrophoresis (PAGE) and desalted by ethanol precipitation. The purity of the product

was further confirmed by PAGE analysis (data not shown).

Primer extension assay

The 20-mer lesion-containing template or normal template (20 nM) with GT in
lieu of the G[8-5m]T was annealed with a 5°-**P-labeled 14-mer primer (10 nM) (Figure
2-1). To the duplex mixture were added a mixture of all four ANTPs as well as a DNA
polymerase. The reaction was carried out at 37°C in a buffer containing 10 mM Tris-HCI
(pH 7.5), 5 mM MgCl,, and 7.5 mM DTT for 60 min. The concentrations of polymerases
were indicated in the figures. The reaction was terminated by adding a 2 volume excess
of formamide gel-loading buffer [80% formamide, 10 mM EDTA (pH 8.0), 1 mg/mL

xylene cyanol, and 1 mg/mL bromophenol blue]. The products were resolved on 20%
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(29:1) cross-linked polyacrylamide gels containing 8 M urea. Gel band intensities for the
substrates and products were quantified by using a Typhoon 9410 Variable Mode Imager

(Amersham Biosciences Co.) and ImageQuant version 5.2 (Amersham Biosciences Co.).

Steady-state kinetic measurements

The steady-state kinetic analyses were performed as described previously (30, 317).
In this measurement, the primer-template duplex (10 nM) was incubated with either
Klenow fragment (0.1 unit) or yeast polymerase # (5 ng) in the presence of an individual
dNTP at various concentrations as indicated in the figures. The reaction was carried out
at room temperature with the same reaction buffer as described for the primer extension
assays. The dNTP concentration was optimized for different insertion reactions to allow
for less than 20% primer extension (37). The observed rate of ANTP incorporation (Vps)
was plotted as a function of ANTP concentration, and the apparent K, and Vy,.x steady-
state kinetic parameters for the incorporation of both the correct and incorrect nucleotides

were determined by fitting the rate data with the Michaelis-Menten equation:

Vo X[ANTP]
K +[dNTP]

The efficiency of nucleotide incorporation was determined by the ratio of Viax

/K. The fidelity of nucleotide incorporation was then calculated by the frequency of

misincorporation (fi,.) with the following equation:

f _ (Vmax /Km)incorrect
inc (V / Km) °

max

correct
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Results

Identification and quantification of G[8-5m]T in Hela-S3 cells exposed to y rays

Encouraged by the findings that G[8-5m]T could be induced in ODNs from
exposure to y-rays and in calf thymus DNA treated with Fenton reagents under aerobic
conditions (10, 18), we set out to examine the formation of this type of lesion in human
cells. To this end, we exposed cultured Hela-S3 cells to a series of doses of y-rays,
isolated nuclear DNA immediately after the exposure, and digested the DNA by using
four enzymes (See Experimental). This digestion method was proven to be efficient in
liberating both single-base and intrastrand-cross-link lesions (/8). We then added the
isotope-labeled d(G[8-5m]T) to the digestion mixture, removed most unmodified
nucleosides by HPLC, and subjected the d(G[8-5m]T)-containing HPLC fractions to LC-

MS/MS and LC-MS/MS/MS (MS?) analyses.

Our LC-MS results revealed that G[8-5m]T could be induced in cultured human
cells upon exposure to y-ray exposure. In this context, we observed a peak in the SIC for
the m/z 570->472 transition for the DNA sample obtained from the cell (Figure 2-2).
Moreover, the product-ion spectrum of the [M + H]" ion of this fraction showed the
presence of the fragment ion of m/z 472, which is attributed to the elimination of a 2-
deoxyribose (/8). Corresponding analysis of DNA samples obtained from control cells

without y-ray exposure revealed that the G[8-5m]T was not detectable.
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Figure 2-2. Selected ion chromatograms (SICs) for the monitoring of the
m/z 570—472 (a, for G[8-5m]T and 573 —475 (b, for labeled G[8-5m]T
transitions in the y-ray irradiated cellular DNA samples after enzymatic

digestion . Shown in the insets are the product-ion spectra of the [M + H]"
ions of the unlabeled and labeled G[8-5m]T.
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Figure 2-3. SICs for monitoring the m/z 570->472->276 (a, for unlabeled
G[8-5m]) and m/z 573>475->278 (b, for labeled G[8-5m]T) transitions in
the y-ray treated DNA after enzymatic digestion. Shown in the insets are
the MS® results for the unlabeled and labeled G[8-5m]T.
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Other than the characteristic fragment ions found in the MS/MS for the internal
standard and the analyte, ions from impurities were also present (Figure 2-2). To afford
unambiguous detection of the lesion, we set up the instrument to monitor the further
cleavage of the ion of m/z 472 to obtain a product-ion spectrum, i.e. MS®, of high quality
(Figure 2-3). In this respect, collisional activation of the ion of m/z 472 results in the
formation of a dominant fragment ion of m/z 276, which is attributed to the protonated
ion of the cross-linked nucleobase component. Moreover, the LC-MS® results revealed
the dose-dependent formation of this lesion in Hela-S3 cells (Figure 2-4, and calibration
curve is shown in Figure 2-5). It is worth noting that the rate for the formation of the G[8-
5m]T lesion is approximately 0.050 lesions per 10° nucleosides per Gy, which is
approximately 200 times lower than what we found for the rate of the formation of 5-
formyl-2’-deoxyuridine (0.011 lesions per 10° nucleotides per Gy) under identical

exposure conditions (32).

In vitro replication studies of the G[8-5m]T cross-link lesion

The G[8-5m]T-bearing 12mer ODN substrate was obtained from the 254 nm-
irradiation of a 5-phenythiomethyl-2’-deoxyuridine-containing ODN following
previously reported procedures (29). This lesion-carrying ODN was further ligated with a
5’-phosphorylated 8-mer ODN to construct a 20-mer lesion-containing substrate as a

template for in vitro replication studies (Figure 2-1).
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Figure 2-4. Dose-dependent formation of G[8-5m]T in Hela-S3 cells upon
exposure to y-rays. The values represent the means + SD from three
independent exposure and quantification experiments.

50



G[8-5m]T/labeled G[8-5m]T

0.00 - . . . . .
0 20 40 60 80 100

G[8-5m]T) (fmol)

Figure 2-5. Calibration curves for the quantifications of G[8-5m]T. The
amounts of labeled G[8-5m]T is 500 fmol
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Firstly, we examined the general replication properties of G[8-5m]T by
performing primer extension assays with Klenow fragment and yeast pol #. The primer
extension assay results with Klenow fragment showed that, in the presence of all four
dNTPs, the synthesis stopped mostly after the incorporation of the first nucleotide
opposite the 3°-T of the lesion. A small portion of the reaction product carried an
additional nucleotide opposite the 5’-G of the lesion, and only trace amount of full-length
products could be detected (Figure 2-6a). This result is consistent with what was
observed by Bellon and coworkers (33). On the other hand, the primer extension assay
with yeast pol 7 showed that this polymerase can bypass partially the G[8-5m]T
intrastrand cross-link when all four ANTPs are present. However, a considerable amount
of short replication products with the addition of one or two nucleotides opposite the

lesion site was also found (Figure 2-6b).

Next, we determined the steady-state kinetic parameters for nucleotide
incorporation opposite the damaged nucleobases in the G[8-5m]T lesion-containing
substrate and G and T in the undamaged substrate as a control by both Klenow fragment
and yeast pol 7 (Figure 2-7 and Figure 2-8). The steady-state kinetic parameters for
nucleotide incorporation mediated by the two polymerases are summarized in Tables 2-

1&2-2).

Relative to the unmodified substrate, the efficiency for Klenow fragment to
incorporate the correct nucleotide, dAMP, opposite the modified 3’-thymine moiety of
G[8-5m]T was reduced by only two-fold. Decreased incorporation efficiencies, i.e. by 2-

10 times, were also found for the other three nucleotides. Thus, the incorporation of
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Figure 2-6. Primer extension assays for nucleotide incorporation opposite a
G[8-5m]T-bearing substrate and its control undamaged substrate with exo™-
Klenow Fragment DNA polymerase (left two panels) and yeast pol # (right
two panels). 5°-[**P]-labeled d(GCTAGGATCATAGC) was used as primer.
KF (exo-) and yeast pol # with the indicated concentrations was incubated
with 10 nM substrate and 200 mM dNTPs at 37°C for 60 min.
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Table 2-1. Fidelity of nucleotide incorporation by exo” Klenow fragment on a G[8-5m]T
cross-link-containing substrate and the undamaged substrate as determined by steady-
state kinetic measurements (K, and V. are average values based on three independent
measurements).

dNTP Vinae (nM/min) K, (nM) Vinax / Ko Fine
G[8-5m]T-containing substrate (14mer Primer, 5’-GCTAGGATCATAGC-3")
dATP 0.22+0.004 0.71£0.02 0.31 1.0
dGTP 0.2940.02 (6.0+1.0) x 107 5.0x10™ 2.0x 107
dCTP 0.28+0.01 (4.0£+0.4) x 10* 7.0 x 10 23x107°
dTTP 0.2440.004 (1.0740.05) x 10’ 22x10° 7.1x 107
Undamaged DNA substrate (14mer Primer, 5’-GCTAGGATCATAGC-3")
dATP 0.27+0.01 1.6+1.6 0.16 1.0
dGTP 0.17+0.04 (4.0+1.0) x 10° 4.0x107 2.0 x 107
dCTP 0.1640.01 (5.2+0.5) x 10 3.1x10° 1.9x 107
dTTP 0.10%0.001 (3.0+0.3) x 10 3.3x10° 2.0x10°
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Table 2-2. Fidelity of nucleotide incorporation by yeast polymerase # on a G[8-5m]T
cross-link-containing substrate and the undamaged substrate as determined by steady-
state kinetic measurements (K, and V. are average values based on three independent
measurements).

dNTP

Vinax (nM/min)

Km (l’lw Vmax/Km fz"nc

G[8-5m]T-containing substrate, 14mer primer (5’-GCTAGGATCATAGC-3")

dATP 0.40+0.02 (3.3+0.5) x 107 12x107 1.0
dGTP 0.45+0.06 (1.7£0.3) x 10° 2.7x10° 23x107°
dCTP 0.20+0.01 (8.0+2.0) x 10° 3.0x 107 2.0 x 107
dTTP 0.3840.07 (12+0.4) x 10° 3.1x10° 2.6x10°
Undamaged substrates, 14mer primer (5’-GCTAGGATCATAGC-3’)
dATP 0.23£0.02 (3.6110.06) x 10 6.4 x 107 1.0
dGTP 0.3340.02 (5.9+0.5) x 10 5.6x10° 8.8x 10"
dCTP 0.3240.04 (4.1+0.1)x 10° 7.8x 107 12x107?
dTTP 0.530.01 (1.1£0.9) x 10° 4.6 x10° 7.2 %10

G[8-5m]T-containing substrate, 15mer primer (5’-GCTAGGATCATAGCA-3’)

dATP 0.48+0.03 (5.0%0.6) x 10°* 9.5%10° 1.0
dGTP 0.3240.01 (5.7£0.2) x 10* 5.6x10° 0.59
dCTP 0.47+0.05 (2.3+0.2) x 10° 2.1x 107 2.2 x 107
dTTP 0.3340.02 (6.2+0.4) x 10° 53x107 5.6x107
Undamaged substrate, 15mer primer (5’-GCTAGGATCATAGCA-3’)
dATP 0.97+0.08 (52£0.3)x 10° 1.9x10° 4.8 %107
dGTP 1.57£0.01 (5.8+0.1) x 10° 2.7x10° 7.0x107
dCTP 0.3640.04 9.2+2.5 3.9 x 107 1.0
dTTP 0.36+0.04 (1.8+0.3) x 10* 2.0x 107 5.1x10*
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Figure 2-7. Steady-state kinetic measurements for the incorporation of dAMP,
dGMP, dCMP and dTMP opposite the thymidine portion of G[8-5m]T (top
panels) or the thymidine at an undamaged GT site (bottom panels). Exo'-
Klenow Fragment (0.1 U) was incubated with 10 nM DNA substrate at room
temperature for 10 min. The highest AINTP concentration is shown in the figure,
and the concentration ratio of ANTP between adjacent lanes was 0.5-0.6.
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dNTP incorporation
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Figure 2-8. Steady-state kinetic measurements for incorporation of dAAMP, dGMP,
dCMP and dTMP opposite the thymidine portion of G[8-5m]T (top) or the
thymidine at an undamaged GT site (bottom). Yeast poly (5 ng) was incubated
with 10 nM DNA substrate at room temperature for 10 minutes. The highest ANTP
concentration is shown in the figure, and the concentration ratio of ANTP between
adjacent lanes was 0.5 - 0.6.
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dAMP is still much more preferred over those of the other three nucleotides in the
presence of the lesion (Table 2-1). However, when we attempted to measure the steady-
state kinetic parameters for nucleotide incorporation opposite the 5’-guanine moiety of
the lesion with the Klenow fragment, we either could not detect any nucleotide
incorporation or failed to derive valid kinetic parameters with applicable concentration
range (< 2 mM) of dNTPs. It indicates that, even though one nucleotide can be
incorporated opposite the 3°-T moiety, DNA synthesis is blocked mostly at the 5’-G
moiety of the G[8-5m|T lesion. This result is consistent with results obtained from the

primer extension assay (vide supra).

We further measured the steady-state kinetic parameters for nucleotide
incorporation catalyzed by yeast pol 7. When the data for the lesion-containing- and
undamaged substrates were compared, we found that the presence of the cross-link lesion
diminished the insertion efficiencies of all four dNTPs in the position opposite the 3’-T
moiety of the lesion by nearly 1-5 times (Table 2-2). As a result, pol # still inserted
dAMP opposite the 3°-T of the lesion most preferentially. The incorporation efficiency of
the correct nucleotide, dCMP, opposite the 5°-G, however, is markedly reduced, by
approximately 5 orders of magnitude, with the presence of the cross-link lesion (a 15mer
primer with a dA at the 3° terminus was used for this measurement, Table 2-2). On the
other hand, the efficiencies for the insertion of dAMP and dGMP opposite the 5°-G of the
lesion became slightly higher than those for the incorporation of these two nucleotides
opposite an unmodified guanine. Consequently, the fidelity of nucleotide incorporation

opposite the 5°-G moiety of the lesion was significantly impaired. The insertion of dAMP
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or dGMP was slightly favored over that of dCMP or dTMP. This result indicates that,
during translesion synthesis by yeast pol 7, the existence of G[8-5m]T intrastrand cross-
link lesion in the template may lead to the incorporation of a dJAMP or dGMP opposite
the 5°-G moiety instead of the correct dCMP, thereby resulting in G 2 Tand G 2 C

transversions.

It is worth emphasizing that, even though yeast pol 7 can synthetically bypass
both nucleobases of the cross-link lesion, in addition to the compromised fidelity, the
efficiency for nucleotide incorporation opposite the 5’-G dropped by approximately 4000
times. Therefore, the presence of the G[8-5m]T cross-link lesion decreases both the

efficiency and the fidelity of nucleotide incorporation mediated by yeast pol #.
Discussion

By using LC-MS/MS with the standard isotope dilution method, we demonstrated,
for the first time, that the G[8-5m]T could be induced in Hela-S3 cells upon exposure to
y-rays. This result, combined with our previous finding that the lesion could be generated
in calf thymus DNA upon treatment with Fenton reagents under aerobic conditions (/8),

underlies the biological significances of this type of lesions.

As we reported previously, a photochemical approach enabled us to obtain well-
characterized intrastrand cross-link-containing ODNs (29). In this context, the use of
ODN substrates bearing a structurally defined lesion for in vitro replication studies
facilitates us to understand the biological implications of these lesions at the molecular

level. Examining the behaviors of both a replicative polymerase and translesion synthesis
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polymerase during DNA replication can provide us with a comprehensive view of the
mutagenic properties of a DNA lesion. Our results revealed that both Klenow fragment
and yeast pol # could incorporate the correct nucleotide, dAMP, opposite the 3’-T of the
lesion with a relatively high efficiency. Thus, the hydrogen bonding properties of the 3°-
T might be conferred during nucleotide incorporation by both polymerases, though
Klenow fragment belongs to the high-fidelity A family of DNA polymerases, which
adopt constrained active sites (34, 35). On the other hand, nucleotide incorporation by
Klenow fragment opposite the 5’-G was completely abolished by the presence of the
G[8-5m]T lesion. In addition, the 5’-G portion of the cross-link lesion conferred
significant drop in efficiencies for nucleotide incorporation by yeast pol #. Moreover,
yeast pol #-mediated nucleotide insertion opposite the 5’-G by yeast pol  was error-
prone, with the dGMP and dAMP being incorporated much more efficiently than the
correct nucleotide, dCMP. We reason that the presence of the cross-link lesion may lead
to a structural distortion to duplex DNA, which may render the hydrogen-bonding
property of the 5’-guanine portion not to be recognized by yeast pol # during nucleotide
insertion. Indeed, molecular modeling results showed that the N-glycosidic linkage of the
3’ nucleoside of the cross-link assumes an anti configuration, whereas that of the 5’
nucleoside exhibits a syn configuration (Figure 2-9). Under such circumstances, purine
nucleotides can conceivably be incorporated opposite the 5°-G more efficiently than
pyrimidine nucleotides because the former nucleotides exhibit a stronger stacking
interaction with the 3’ nucleotide of the primer than the latter nucleotides (36). In this

context, it is worth noting that the efficiencies and specificities of nucleotide
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Figure 2-9. Optimized structure of G[8-5m]T obtained by the semi-empirical PM3
method.
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incorporation opposite G[8-5m]T by yeast pol # are consistent with our previous

observations with the G[8-5]C lesion (/7).

Thermodynamic studies showed that the G[8-5m]T cross-link lesion could cause
distortion to duplex DNA to an extent between two DNA photoproducts, i.e. T[6-4]T and
T[c,s]T (25). G[8-5m]T can also be recognized by the Escherichia coli UvrABC nuclease,
suggesting that this lesion may be a good substrate for the NER pathway (29, 37).
Therefore, the presence of the lesion is expected to have significant biological
consequences, especially for people suffering from genetic diseases associated with
deficiency in NER, i.e. Xeroderma pigmentosum (XP) (38). XP patients usually exhibit a
progressive, yet massive, neuron loss with accompanying mental deterioration over (39).
The accumulation of oxidative intrastrand cross-link lesions may contribute to the

pathophysiological symptoms of XP patients.

The intracellular concentrations of iron and copper ions can be dramatically
elevated under oxidative stress conditions via the release of these ions from iron- or
copper-storage proteins (40, 41). In humans, genetic hemochromatosis and Wilson’s
disease induce abnormal accumulation of iron and copper, respectively, in various organs.
Bulky DNA lesions were found in the liver of patients with Wilson’s disease and primary
hemochromatosis (42). On the grounds that oxidative intrastrand cross-link lesions could
be induced in DNA by iron- or copper-mediated Fenton-type reactions (8, 43), we
reason that this type of lesion may also play a role in the pathological conditions

associated with high intracellular concentrations of these transition metal ions.
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CHAPTER 3

In-vitro Replication and Repair Studies of Tandem Lesions Containing Neighboring

Thymidine Glycol and 8-Oxo0-7,8-dihydro-2’-deoxyguanosine

Introduction

It has been demonstrated that other than single-nucleobase lesions, clustered DNA
lesions, where two or more damaged nucleosides are located within 1-2 helical turns of
DNA, can form upon interaction with ROS, particularly those formed upon exposure to
ionizing radiation (/-3). In addition, complex lesions are often more difficult to repair than
when they are present alone (4-71). Among the complex DNA lesions, tandem lesions,
consisting of two neighboring damaged nucleotides on the same DNA strand, could be
initiated from a single hydroxyl radical attack and, depending on the nature of the tandem
lesions, molecular oxygen may or may not be involved in their formation (/2-20).

Some lesions, when present in replicating DNA, can lead to replication fork stalling
and/or give rise to mutations. Thymidine glycol blocks effectively DNA replication, but is
not mutagenic under most conditions (27); on the other hand, 8-0xodG does not block
appreciably the DNA replication and it can result in significant frequencies of G2>T
transversion mutation (22, 23). Tg could also arise from the deamination of 5-
methylcytosine glycol (24), an oxidative lesion formed on 5-methylcytosine (25). In this
respect, cytosine at a CpG dinucleotide site can be methylated, and approximately 5%

cytosine residues are methylated in the human genome (26). The methylated CpGs are
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mutational hot spots in the human p53 tumor suppressor gene (27). Previously we found
that oxidative intrastrand cross-link lesions could form at methylated CpG sites, which may
account for the mCG—->TT tandem double mutations induced by Fenton type reagents (28).
The 5°-Tg-(8-0x0dG)-3’ tandem lesion may also emanate from ROS attack at methylated
CpG site thereby contributing to CpG mutagenesis. Along this line, a relatively high
frequency of mCG->TT mutation was observed after the Cu®*/H,0,/ascorbate-treated
pSP189 shuttle vector was propagated in nucleotide excision repair (NER)-deficient human
XPA cells (27).

Several studies have been carried out to assess the cytotoxic and mutagenic
properties of clustered DNA lesions. Our previous in-vitro replication studies on several
intrastrand cross-link lesions, i.e. G[8-5]C, and G[8-5m]T (In Chapter 2), showed that they
can either stall DNA replication performed by high-fidelity replicative polymerases or give
rise to mutations by a translesion synthesis polymerase, yeast polymerase n (29-37). In
addition, altered mutagenic potential was found for 8-oxodG when it is present in a
clustered DNA damage site (17, 32, 33).

The base excision repair (BER) pathway can allow for the efficient and accurate
repair of ROS-induced single-nucleobase lesions (34). However, when these lesions are
present as components of complex lesions, the repair by the BER enzymes becomes
difficult. A number of studies showed that the excision, by purified BER enzymes or by
cell extracts, of clustered DNA lesions is indeed compromised, and the effects vary with

the types of lesions involved and their spatial distribution (5-8, 11, 35).
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Building upon our successful synthesis of oligodeoxyribonucleotides (ODN5s)
containing neighboring Tg and §8-oxodG (36), here we examined how the presence of the
5’-Tg-(8-0x0dG)-3’ and 5’-(8-0x0dG)-Tg-3’ tandem lesions in template DNA perturbs
nucleotide incorporation by two DNA polymerases. One is a replicative DNA polymerase,
the exonuclease-free Klenow fragment of E. coli DNA polymerase I, and the other is a
member of the “Y” superfamily polymerases, Sacchramyces cerevisiae DNA polymerase n
(pol 1). Pol n} was reported to bypass efficiently many DNA lesions, including 8-oxodG
and Tg (37, 38). We also assessed how these two types of tandem lesions are recognized by

human 8-oxoguanine-DNA glycosylase (hOGG1) and E. coli endonuclease I11.
Experimental

Materials

All unmodified ODNs used in this study were purchased from Integrated DNA
Technologies (Coralville, IA). [y->*P]ATP was obtained from Amersham Biosciences
(Piscataway, NJ). The Klenow fragment (3’25’ exo’) of E. coli DNA polymerase I and
endonuclease III were from New England Biolabs (Ipswich, MA). One unit of
Endonuclease III is defined as the amount of enzyme required to cleave 1 pmol of a 34-
mer ODN duplex containing a single abasic site in a total reaction volume of 10 ul in 1
hour at 37°C in the Endonuclease III reaction buffer containing 10 pmol of fluorescently
labeled ODN duplex. Human AP endonuclease 1 (APE1) was purchased from Enzymax
(Lexington, KY). Yeast pol n and hOGG1 were expressed and purified following

previously published procedures (39, 40).
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Preparation of Substrates for In-vitro Replication and Repair Studies

The ODNSs containing the cis-(5R, 6S) diastereomer of Tg, an 8-oxodG, or both
were synthesized previously (sequences shown in Table 3-1) (36). The dodecameric
lesion-bearing substrate, e.g., d(ATGGCTgG*GCTAT) (“G*” represents 8-0xodG), was
ligated with the 5’-phosphorylated d(GATCCTAG) in the presence of a template ODN,
d(CCGCTCCCTAGGATCATAGCCAGCCAT), following previously described
procedures (29). The desired lesion-containing 20-mer ODN was purified by using 20%
denaturing polyacrylamide gel electrophoresis (PAGE) and desalted by ethanol

precipitation. The purity of the product was further confirmed by PAGE analysis.

Primer Extension Assays

The 20-mer lesion-containing ODNs or the unmodified template (20 nM) were
annealed with a 5° **P-labeled 14- or 15-mer primer (10 nM). To the duplex mixture were
added all four dNTPs at a concentration of 200 uM each and a DNA polymerase. The
reaction was carried out in a buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM NaCl,
10 mM MgCl,, and 1 mM dithiothreitol (DTT) at 37 °C for 60 min. The amounts of the
polymerases are indicated in the figures. The reaction was terminated by adding a 2
volume excess of formamide gel-loading buffer [80% formamide, 10 mM EDTA (pH
8.0), 1 mg/mL xylene cyanol, and 1 mg/mL bromophenol blue]. The products were
resolved on 20% (29:1) cross-linked polyacrylamide gels containing 8 M urea. Gel band
intensities for the substrates and products were quantified by using a Typhoon 9410

variable-mode imager (Amersham Biosciences Co.).
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Table 3-1. The sequences of ODNSs used for enzymatic ligation (“G*” represents an

8-0x0dG).

ODNs

Sequences

1, 5°-Tg-(8-0x0dG)-3’
2, 5’-(8-0x0dG)-Tg-3’
3, 5’-(8-0x0dG)-dT-3’
4, 5-Tg-dG-3°

5, control

5’-ATG GCTg G*GC TAT-3’
5’-ATG GCG* TgGC TAT-3’
5’-ATG GCG* TGC TAT-3’
5’-ATG GCG TgGC TAT-3”
5’-ATG GCG TGC TAT-3’
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Steady-state Kinetic Measurements

The steady-state kinetic analyses were performed as described previously (47). In
this measurement, the primer-template complex (10 nM) was incubated with either
Klenow fragment (5 ng) or yeast pol n (5 ng) in the presence of an individual ANTP at
various concentrations as indicated in the figures. The reaction was carried out at room
temperature with the same reaction buffer as described for the primer extension assays.
The dNTP concentration was optimized for different insertion reactions to allow for less
than 20% primer extension. The observed rate of nucleotide incorporation (Vps) was
plotted as a function of ANTP concentration, and the apparent K, and V. steady-state
kinetic parameters for the incorporation of both the correct and incorrect nucleotides were
determined by fitting the rate data with the Michaelis-Menten equation:

V. X[dNTP]
K _+[dNTP]

The k..t values were then calculated by dividing the Vi, values with the concentration of
the polymerase used. The efficiency of nucleotide incorporation was determined by the
ratio of k../Knm, and the fidelity of nucleotide incorporation was calculated by the
frequency of misincorporation (fi,.) with the following equation:

— (kcat
inc (k

/ Km )incurrect
/K,)

cat correct

BER Assays

The 20mer 5° **P-labeled lesion-containing ODNs or a control substrate were

annealed with their respective complementary strands by heating the mixture to 90 °C
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and cooling slowly to room temperature in a solution containing 10 mM Tris-HCI (pH
7.5), 100 mM NaCl, and 1 mM EDTA. The duplex (10 nM) was incubated with either
hOGGT1 or endonuclease I1I in a 10-pL buffer solution at 37 °C for 30 min. The amounts
of enzyme are shown in the figures. A buffer containing 10 mM Tris-HCI (pH 7.5), 50
mM NacCl, 10 mM MgCl, and 1 mM DTT, along with 1 ng of APE1, was used for the
hOGGT1 cleavage assays, and a buffer bearing 20 mM Tris-HCI (pH 8.0), 1 mM EDTA,
and 1 mM DTT was employed for endonuclease III reactions. The reaction products were
mixed with formamide gel-loading buffer, heated at 90 °C for 20 min to cleave the
apurinic/apyrimidinic sites (AP sites), and the resulting products were resolved by 20%
denaturing polyacrylamide gels. The level of the BER enzyme-induced cleavage was
quantified based on the gel band intensities for the substrates and products by

phosphorimaging analysis.

Results

To assess how the tandem 5°-Tg-(8-0x0dG)-3" and 5’-(8-0x0dG)-Tg-3’ lesions
perturb DNA replication and how they are recognized by BER enzymes, we first
constructed 12-mer ODN substrates carrying the cis-(5R,6S) diastereomer of Tg, an 8-
oxodG, or both (Table 3-1) (36). These lesion-containing ODNs were further ligated with
a 5’-phosphorylated 8-mer ODN to afford 20-mer lesion-containing substrates for in-vitro

replication and repair studies (Figure 3-1).
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5'- ATG GCX YGC TAT GAT CCT AG -3’
XY = Tg-(8-0x0dG), (8-0x0dG)-Tg, dG-Tg, (8-0xodG)-dT or dG-dT

Figure 3-1. The structures of the 5’-Tg-(8-0x0dG)-3’ and 5’-(8-0x0dG)-Tg-3’
tandem lesions, and the sequences of the 20-mer lesion-containing substrates
used in the present in-vitro replication and repair studies.
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Increased Blocking Effects Induced by Tandem Lesions during DNA Replication in vitro

First, we performed primer extension assays on the four lesion-bearing substrates
and an undamaged control substrate with Klenow fragment and yeast pol n. The results
with the Klenow fragment showed that, in the presence of all four ANTPs, the synthesis
catalyzed by the Klenow fragment stopped mostly after incorporating one or two
nucleotides opposite the tandem lesions (Figure 3-2a). In addition, the Tg moiety of the
tandem lesions could lead to a greater blocking effect than 8-0xodG on the Klenow
fragment-mediated bypass of the tandem lesions. For instance, when the polymerase
encounters the Tg first, i.e, for the 5°-(8-0xodG)-Tg-3’ tandem lesion, some of the
primers remain unextended; only a trace amount of full-length product was detected
(Figure 3-2a). This observation is in keeping with the fact that Tg is a replication-
blocking lesion (27), whereas 8-0xodG does not block appreciably the DNA replication
(22, 23). Together, the two tandem lesions block the Klenow fragment-mediated primer
extension more readily than the two composing single-nucleobase lesions when present
alone.

The primer extension assay with yeast pol | showed that this polymerase could
bypass both tandem and isolated single-nucleobase lesions, and generate full-length
replication products in the presence of all four ANTPs (Figure 3-2b). However, similar to
what we found for the Klenow fragment, both tandem lesions were somewhat more

difficult for yeast pol 1 to bypass than either single-nucleobase lesion.
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dNTP incorporation

@) Primer: 57-3pGCT AGG ATC ATA GC¢

Template: 3”-GA TCC TAG TAT CGG* TgCG GTA-5"
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Figure 3-2. Primer extension assays for nucleotide incorporation opposite tandem
lesions, i.e., 5°-(8-0x0dG)-Tg-3’ and 5’-Tg-(8-0x0dG)-3’, a single 8-0xodG or
Tg, and the undamaged control, with exo™ Klenow fragment (a) and yeast pol n
(b). 5’-[**P]-labeled d( GCTAGGATCATAGC) was used as the primer. Klenow
fragment or yeast pol n at the indicated units/concentrations was incubated with
10 nM substrate and 200 uM dNTPs at 37 °C for 60 min. The products were
subsequently resolved by using 20% denaturing polyacrylamide gels. The 21-mer
was observed due to the presence of a 1-base overhang in the primer, and the 22-
mer primer extension products were originated from the terminal transferase
activity of the polymerase.
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We next determined the steady-state kinetic parameters for nucleotide
incorporation opposite both moieties of the tandem lesions, opposite an isolated 8-oxodG
or Tg, or across an unmodified dG or dT by Klenow fragment and yeast pol n (Figure 3-3,
and the steady-state kinetic parameters for nucleotide incorporation are summarized in
Tables 3-2 to 3-4). It turned out that the Klenow fragment incorporated preferentially the
correct nucleotide opposite the 3’ modified nucleoside in both tandem lesions, namely,
dAMP and dCMP were the most favored nucleotides inserted opposite the Tg in the 5’-
(8-0x0dG)-Tg-3’ tandem lesion and the 8-0x0dG in the 5’-Tg-(8-0xodG)-3’ tandem
lesion, respectively. The presence of a 5’ neighboring 8-0xodG does not affect the
efficiency of dAMP incorporation opposite Tg. Likewise, an adjacent 5’ Tg does not
confer compromised efficiency in nucleotide incorporation opposite 8-oxodG. The
nucleotide insertion opposite the 5° component of the tandem lesion by Klenow fragment,
however, became much more difficult; only little incorporation of dAMP opposite the Tg
was observed when it lies on the 5’ side of the 8-0xodG (Tables 3-2 & 3-4).

Unlike the nucleotide incorporation with the Klenow fragment, yeast pol n could
insert nucleotides opposite both moieties of the tandem lesions. The efficiencies for the
incorporation of the most favorable nucleotide, dCMP, opposite the 8-oxodG that is
isolated, in 5°-Tg-(8-0x0dG)-3’, or in 5’-(8-0x0dG)-Tg-3’ are 3.7 x 107,2.9 x 10 and
1.1 x 10 nM'min™, respectively (Tables 3-3 & 3-4). Thus, the presence of Tg as the 5’
neighboring nucleotide only resulted in marginal decrease (i.e., 22%) in efficiency of

nucleotide incorporation; the existence of Tg as the 3’ adjoining nucleotide, however, led
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(@) dNTP incorporation

Primer: 57-32pGCT AGG ATC ATA GC¢
Template: 3”-GA TCC TAG TAT CGG* TgCG GTA-5~
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(b) dNTP incorporation

Primer: 57-32pGCT AGG ATC ATA GCA ¢
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Figure 3-3. Example gel images for the steady-state kinetic measurements for
the nucleotide incorporation opposite the 8-oxodG portion of the 5’-Tg-(8-
oxod(G)-3’ tandem lesion (a) or the corresponding dG site for the undamaged
substrate. (b). Klenow fragment (5 ng) was incubated with 10 nM DNA
substrate at room temperature for 10 min. The highest ANTP concentration is
shown in the figure, and the ratio of ANTP concentrations between adjacent

lanes was 0.5-0.6.
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Table 3-2. Steady-state kinetic parameters for Exo” Klenow fragment-mediated
nucleotide incorporation opposite Tg and 8-0xodG in tandem lesion-containing substrates
and opposite undamaged dG or dT in the control substrate.”

Substrates dNTP keat K, kea/ K, S ine
(min™) (nM) (nM min)
14 mer Primer: 5’ - GCTAGGATCATAGC - 3’
dATP 0.10+0.01 (2.9+0.6) x 10° 3.4 %10 52 %107
dGTP  0.057+0.003 (1.4+0.2) x 10° 3.8x 107 5.8 x 107
5’-Tg-(8-0x0dG)-3" | 4CTP  0.073 0.008 11+1 6.6 x 10 1.0
dTTP  0.090+0.008  (1.5+0.2) x 10° 6.0x10° 9.1x10°
15 mer Primer: 5° - GCTAGGATCATAGCC - 3’
dATP  0.098+0.001  (3.1+0.3)x 10* 32x10° 1.0
14 mer Primer: 5° - GCTAGGATCATAGC - 3’
dATP 0.21+0.01 16 +0.75 13 x 107 1.0
5°-(8-0x0dG)-Tg-3 | dGTP  0.065+0.001 (2.4+0.1)x 10* 2.7x10° 2.1x107
dCTP  0.049+0.02  (2.7+12)x 10° 1.8 x 107 1.4 x 10"
dTTP  0.030+0.0003 (2.2+0.1) x 10° 1.4 % 107 1.1x 10
14 mer Primer: 5° - GCTAGGATCATAGC -3’
dATP  0.060 = 0.001 0.71 +0.02 0.085 1.0
dGTP  0.079+0.005 (6.0 = 1.1) x 10 13 %10 1.5% 107
dCTP  0.076+0.003 (4.0 +0.4) x 10* 1.9 % 10° 22x10°
Undamaged dTTP  0.063+0.001  (1.1%0.1) x 10° 57%10° 6.7x10°
5’-dG-dT-3’ 15 mer Primer: 5 - GCTAGGATCATAGCA - 3°
dATP  0.057+0.001 (2.2+0.2) x 10* 2.6x10° 2.8x 10"
dGTP  0.076£0.003 (4.6 +0.4) x 10° 1.7 x 107 1.8 x 107
dCTP  0.079 +0.008 8.5+3.4 9.3 x 107 1.0
dTTP 0.11+0.01 (2.1£0.3) x 10 52x10° 5.6x 10"

“ ke and K, are average values based on three independent measurements
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Table 3-3. Steady-state kinetic parameters for nucleotide incorporation mediated by yeast
pol n opposite Tg and 8-0xodG in tandem lesion-containing substrates and opposite
undamaged dG and dT in the control substrate.”

Substrates dNTP kcat K, kea / K, S ine
(min™) (nM) (nM' min™)
14 mer Primer: 5’ - GCTAGGATCATAGC - 3’
dATP 0.29 + 0.02 (2.3+0.3)x 10° 13x10* 45x%107
dGTP  0.060+0.005  (4.9+0.9)x 10° 12x107 4.1x107°
dCTP  0.099 +0.029 34+ 16 29107 1.0
57-Tg-(8-0x0dG)-3" | 4rTp  0.060+0.005  (5.8+0.7) x 10° 1.0 x 10 3.4 %107
15 mer Primer: 5> — GCTAGGATCATAGCC - 3°
dATP  0.063+0.001  (2.9+0.7) x 10 22x 10" 1.0
dGTP 0.16 +0.01 (6.3+0.4) x 10* 2.5%10° 1.1 x 107
dCTP  0.11+0.002 (6.3+0.5) x 10° 1.7 x 107 7.7 x 10*
dTTP 0.13+0.01 (2.7+0.7) x 10° 48 x10° 22 %107
14 mer Primer: 5’ - GCTAGGATCATAGC - 3’
dATP  0.12+0.002 (3.3+0.1)x 10° 3.6x10™ 1.0
dGTP  0.048+£0.002  (1.4+0.1) x 10* 3.4x10° 9.4 %107
dCTP  0.063+0.005  (2.5+0.4)x 10° 25x107° 6.9 x 107
3-(8-0x0dG)-Tg-3" | grrp  0.080+0.002  (53+0.5)x 10* 1.5% 107 42 % 10°
15 mer Primer: 5’ - GCTAGGATCATAGCA -3’
dATP  0.084+0.002  (1.1+0.1)x 10’ 7.6 x 107 6.9 x 107
dGTP 0.15+0.01 (9.6+0.5) x 10° 1.6 x 107 1.5% 107
dCTP  0.046+0.005  (4.1+0.6)x 10° 1.1x10* 1.0
dTTP 0.17 £ 0.02 (6.4£0.5) x 10’ 2.7 %107 25%x107
14 mer Primer: 5’ - GCTAGGATCATAGC - 3’
dATP  0.055+0.005 36+ 1 1.5x10° 1.0
dGTP  0.080+0.005  (5.9+0.5) x 10* 1.4x10° 9.3 x 10
dCTP  0.077+0.010  (4.1+0.1)x 10° 1.9% 107 1.3 %107
dTTP  0.13+0.003 (1.1£0.9)x 10’ 12x10° 8.0x 10
37-dG-dT-3” 15 mer Primer: 5’ - GCTAGGATCATAGCA - 3°
dATP  023£0.02  (52£03)x 10’ 44x10" 46x10"
dGTP  038+001  (58+0.07)x 10’ 6.7x10" 7.1x10°
dCTP  0.087+0.010 92+25 95%10° 1.0
dTTP  0.087£0.010  (1.8+03)x 10’ 48x10° 51x10°

“ k.and K, are average values based on three independent measurements
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Table 3-4. Steady-state kinetic parameters for nucleotide incorporation by Exo” Klenow
fragment and yeast polymerase 1 on 8-0xodG- and Tg-containing substrates.”

Substrates

5°-(8-0x0dG)-dT-3

5-dG-Tg-3’

dNTP keat K, ket /K, f e
(min™) (nM) (nM min”)
By Exo- Klenow fragment with 15 mer Primer: 5 — GCTAGGATCATAGCA - 3’
dATP  0.082+0.005  (9.7+0.2) x 10 8.5x10” 5.7 x 107
dGTP  0.082+0.001  (3.7+0.2)x 10* 22 %107 1.5%x 10
dCTP  0.038+0.003 267 1.5% 107 1.0
dTTP  0.016+0.001 (4.8 +0.7) x 10° 33x10% 22x10°
By yeast polymerase 7 with 15 mer Primer: 5 - GCTAGGATCATAGCA - 3’
dATP 0.13+0.01 (6.9+1.3)x 10° 1.9x10* 5.1 x 107
dGTP  0.065+0.010  (4.0+0.9) x 10’ 1.6 x 107 43 %107
dCTP  0.063 + 0.005 17+4 3.7x10° 1.0
dTTP  0.041+0.005 (1.3+0.04) x 10° 32x10° 8.6 x 107
By Exo- Klenow fragment with 14 mer Primer: 5° - GCTAGGATCATAGC - 3°
dATP  0.057 £0.005 36+3 1.6 x 107 1.0
dGTP  0.087+0.014  (2.1+0.4)x 10" 4.1x10° 26x10°
dCTP  0.052£0.005  (1.1+0.2)x 10° 47 %107 2.9 %10
dTTP  0.030+0.003  (2.0+0.2) x 10° 1.5%10° 9.4 x 10
By yeast polymerase # with 14 mer Primer: 5’ - GCTAGGATCATAGC -3’
dATP  0.053£0.001 71.1+£02 7.5 %10 1.0
dGTP  0.070+0.005  (6.0+1.0) x 10’ 12x10° 1.6 x 107
dCTP  0.067+0.002  (4.0+0.4) x 10° 1.7x 107 23 %10
dTTP  0.058+0.001  (1.1+0.1)x 10° 53 %107 7.1x10*

“ k. and K, are average values based on three independent measurements
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to a pronounced drop in efficiency for dCMP insertion, i.e., by ~34 fold. This large drop
is mainly due to the increase in K, i.€., by ~24 fold, for the 5’-(8-0x0dG)-Tg-3’ lesion
relative to the isolated 8-0xodG lesion (Tables 3-3 & 3-4). The latter compromised
efficiency for dCMP incorporation reflects the difficulty experienced by the polymerase
in extending the Tg:A base pair at the primer-template junction.

The efficiencies for the insertion of the most favorable nucleotide, i.e., dAMP,
opposite the Tg that is alone, in 5’-Tg-(8-0x0dG)-3’, or in 5°-(8-0x0dG)-Tg-3” were 7.5 x
10*,2.2 x 10*, and 3.6 x 10 nM"'min™", respectively (Tables 3-3 & 3-4). The 5” and 3’
adjacent 8-0xodG, therefore, led to the decreases in nucleotide incorporation efficiency
by ~2.1 and ~3.4 fold, respectively, and the decrease arises again from the increase in K,
(Tables 3-3 & 3-4). This result revealed that pol n encounters greater difficulty in
extending the 8-0x0G:C base pair than a G:C base pair. The extent of decrease, however,
is much less drastic than what we found for the 8-0xodG in the tandem lesions where Tg

is the neighboring lesion (vide supra).

The Presence of Single-nucleobase Lesions in Tandem Affects their Mutagenic Potential

The steady-state kinetic parameters for yeast pol n-mediated nucleotide
incorporation also revealed some notable differences in mutagenicity for the two single-
nucleobase lesions while they are present alone or in tandem. In addition, the fidelity for
nucleotide insertion is different for the tandem lesions with the Tg and 8-o0xodG being in
the opposite orientation. In this regard, the frequency of misincorporation of dAMP

opposite 8-0xodG in the 5°-Tg-(8-0x0dG)-3’ (4.5%) was similar as that opposite an
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isolated 8-0xodG (5.1%). However, the frequency for the misinsertion of dAMP opposite
the 8-0xodG in 5’-(8-0x0dG)-Tg-3" was only 0.69% (Tables 3-3 & 3-4). The Tg
component, however, exhibits greater mutagenic potential for both orientations of the
tandem lesions than when it is present alone; the misinsertion of dGMP occurred at
frequencies of 1.1% and 0.16% for the 5°-Tg-(8-0x0dG)-3’ and isolated Tg, respectively
(Tables 3-3 & 3-4). By contrast, dCMP was inserted opposite the Tg moiety of the 5°-(8-
0ox0dG)-Tg-3’ tandem lesion at a relatively high frequency, i.e., 6.7% (Tables 3-3 & 3-4).
Very limited differences were found for the fidelity of Klenow fragment-mediated
nucleotide incorporation opposite the Tg and 8-oxodG while they are isolated or
neighboring to each other. The frequencies for the misincorporation of dAMP opposite 8-
oxodG by Klenow fragment were similar, namely, 5.7% and 5.2% for isolated 8-oxodG
and 5’-Tg-(8-0xod()-3’ tandem lesion, respectively (Tables 3-2 & 3-4). In addition, the
frequencies for the misinsertion of dGMP opposite the Tg were comparable, i.e., 0.21%
and 0.26% for substrates containing 5’-(8-0xodG)-Tg-3’ tandem lesion and isolated Tg,

respectively (Tables 3-2 & 3-4).

The Recognition of Tandem Lesions by BER Enzymes

We next investigated how efficiently the two tandem lesions can be recognized by
two BER enzymes, i.e., hOGGI and E. coli endonuclease I1I. Although hOGG1 is a
bifunctional glycosylase harboring both glycosylase and AP lyase activities (42),
previous kinetic studies showed that the hOGG1-mediated strand cleavage at 8-oxodG
site is not very efficient, and the k., values indicated that the purified protein may take

more than 20 min to perform a single repair event in vitro (43). Human AP endonuclease
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1 (APE1), however, can stimulate the DNA glycosylase activity of hOGG1 by cleaving
the AP site produced by the latter (44). Thus, we employed APE1 to induce cleavage at
the hOGG1-produced AP sites.

It turned out that the 8-0x0dG in the two tandem lesions could be cleaved by
hOGGT1 (Figure 3-4); the efficiencies for the cleavage of 8-0xodG in the two tandem
lesions are, however, considerably different from each other and from the hOGG1-
mediated cleavage of an isolated 8-0xodG. In this respect, hOGG1 could remove 8-
oxoguanine from the 5’-(8-0x0dG)-Tg-3’ tandem lesion-bearing substrate more
efficiently than from the substrate housing an isolated 8-oxodG (Figure 3-4). By contrast,
the cleavage of 8-oxoguanine from the 5’-Tg-(8-0xodG)-3’ tandem lesion-carrying
substrate is much less efficient than that from the substrate containing 8-oxodG alone; the
cleavage of the former substrate was almost completely abolished at the lowest level of
the enzyme used (Figure 3-4b). This result revealed that the presence of a vicinal Tg can
perturb significantly the hOGG1-mediated cleavage of 8-0xodG, and this perturbation is
dependent on the spatial arrangement of the two single-nucleobase lesions.

We next examined whether the presence of an adjoining 8-0xodG can affect the
endonuclease III-mediated cleavage of Tg. Since endonuclease III has both glycosylase
activity and a relatively robust AP lyase activity (45), no AP endonuclease was added for
the endonuclease I1I-mediated cleavage reactions. In contrast to what we observed for
hOGG1, the Tg in both tandem lesions could be cleaved by endonuclease III at

comparable efficiencies as an isolated Tg (Figure 3-5).
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Figure 3-4. (a) PAGE analysis of the hOGG1-mediated cleavage products of the
substrates containing an 8-oxodG, the two tandem lesions, and unmodified GT.
“XY” represents different lesions, and the 20 mer 5°-(CA)-3’- and 5’-(AC)-3’-
containing complementary strands were used for the repair studies of the 5°-Tg-
(8-0x0dG)-3’- and 5’-(8-0x0dG)-Tg-3’-containing substrates, respectively. (b) A
summary of the quantification results of the percent cleavage products for
different substrates. The values represent the mean + standard deviation from
three independent treatments and quantification experiments.
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Figure 3-5. (a) PAGE analysis of the products arising from the endonuclease
[II-mediated cleavage of substrates housing Tg, 5’-Tg-(8-0x0dG)-3’, 5’-(8-
0x0dG)-Tg-3" and unmodified GT. (b) The quantification results of percent
cleavage products for different substrates. The values represent the mean +

standard deviation from three independent treatments and quantification
experiments.
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Discussion

In this chapter, we employed the ODN substrates containing Tg and 8-oxodG,
either alone or neighboring each other, and examined how these lesions perturb DNA
replication by using purified DNA polymerases and how efficiently they are recognized
by two BER enzymes, hOGG1 and E. coli endonuclease I11.

Our primer extension assay results revealed that the tandem lesions blocked DNA
replication more effectively than the two isolated single-nucleobase lesions. In addition,
the miscoding potentials of Tg and 8-0xodG, as revealed by steady-state kinetic
measurements, are different while these lesions are present alone or in tandem. Our
observation is consistent with previous findings that the tandem lesions, where an 8-
oxodG is vicinal to an abasic site or a formylamine, can perturb differently the fidelity
and efficiency of nucleotide incorporation opposite the lesion site from the situations
where the composing lesions are present alone (32, 33). The alteration in the fidelity of
nucleotide incorporation might be attributed to the local structure change imposed by the
neighboring lesion.

BER assay results showed that Endonuclease 111 recognizes and cleaves the
thymine glycol in the two tandem lesion-containing substrates at a similar efficiency as
the substrate housing an isolated thymine glycol. On the other hand, the 8-0xodG in the
two tandem lesions could be recognized differently by hOGG1; whereas the lesion with
an adjacent 5° Tg could be cleaved much less efficiently than an isolated 8-0xodG, the
lesion with a neighboring 3’ Tg could be cleaved more readily than when the 8-oxodG

was present alone.

89



Thermodynamic measurements revealed that the 5’-Tg-(8-0xodG)-3’ and 5°-(8-
0ox0dG)-Tg-3’ tandem lesions destabilized duplex DNA to a similar extent, which is
represented by a 5.1 kcal/mol increase in Gibbs free energy for duplex formation at 37 °C
(36). Thus, the difference in recognition of the two tandem lesions by hOGGl1 is not due
to difference in overall destabilization to duplex DNA induced by the two tandem lesions.
However, the above differential cleavage efficiencies for the three substrates can be
rationalized from the nature of hOGG1-DNA interaction based on the X-ray structure of
the hOGG1-DNA complex (46) and the structural perturbation to duplex DNA
introduced by thymidine glycol (47, 48).

The X-ray co-crystal structure of hOGG1 and 8-oxodG-bearing duplex DNA
revealed a marked structure alteration of the lesion-containing DNA (46). The modified
nucleobase, 8-0x0-7,8-dihydroguanine (8-oxoGua) is extruded from the helix and is
inserted deeply into an extrahelical active-site pocket of the enzyme. In addition, the X-
ray structure showed the hydrogen bonding interaction between the nucleobase on the 5°
side of 8-oxoGua and Asnl151 in the protein (46). The lack of aromaticity of Tg may
compromise this interaction thereby resulting in decreased binding of the 5’-Tg-(8-
ox0dG)-3’-bearing substrate toward hOGG1. Furthermore, the structure showed that the
formation of a catalytically competent protein-DNA complex necessitates significant
bond rotation of the flanking 5’ phosphate so that its non-bridging oxygen atoms point
inward towards the helix axis. The presence of Tg as the 5’ neighboring nucleoside may
also perturb this bond rotation thereby decreasing the catalytic proficiency of the enzyme.

The above factors together may contribute to the poorer hOGG1-mediated cleavage of 5°-
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Tg-(8-0x0dG)-3’ than an isolated 8-0xodG.

The X-ray structure showed no direct contact between the protein and the 3’
flanking nucleobase and no significant bond rotation in the phosphate group on the 3’
side of 8-0x0dG (46). On the other hand, previous molecular modeling studies showed
that the methyl group in the cis-(5R,6S) isomer of Tg favors an axial conformation,
which results in a steric clash between the methyl group and the 5’ neighboring
nucleobase thereby destabilizing the 5’ base pair (47, 48). Therefore, the destabilization
of the 8-oxoGua:Cyt (“Cyt” represents cytosine) base pair induced by the 3’ vicinal Tg
may result in the facile extrusion of 8-oxoGua from the helix thereby enhancing the
cleavage efficiency of the enzyme toward the 5’-(8-0xodG)-Tg-3’ substrate.

The relatively poor cleavage of 8-0xodG from the 5’-Tg-(8-0x0dG)-3’-tandem
lesion-containing substrate may render this lesion a substrate for the NER pathway. In
this regard, both Tg and 8-0xodG can be recognized by mammalian NER machinery (49).
The formation of this tandem lesion at methylated CpG site, therefore, may account for
the occurrence of high frequency of mCG—=>TT mutation while CpG-methylated pSP189
shuttle vector was replicated in NER-deficient XPA cells (27).

Together, the above results revealed that when the two commonly observed ROS-
induced lesions, i.e., Tg and 8-0xodG, are neighboring to each other, they impose greater
challenges to DNA replication apparatus and confer different mutagenic properties than
when these lesions are present alone. Moreover, the 5°-Tg-(8-0xodG)-3’ tandem lesion
can be recognized by hOGG1 much less efficiently than an isolated 8-oxodG. Therefore,

the efficient formation of the 5°-Tg-(8-0x0dG)-3’ tandem lesion, coupled with the
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elevated difficulty in the hOGG1-mediated repair of its 8-0xodG component, underscores
the biological significance of this tandem lesion. To our knowledge, this represents the
first replication and repair study on a tandem single-nucleobase lesion [i.e., 5’-Tg-(8-

ox0d@G)-3"] whose efficient formation in isolated DNA has been demonstrated.
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CHAPTER 4

Efficient Formation of the Tandem Thymine Glycol/8-0x0-7,8-dihydroguanine
Lesion in Isolated DNA and the Mutagenic and Cytotoxic Properties of the Tandem

Lesions in Escherichia coli Cells

Introduction

The integrity of human genome is constantly challenged by endogenous and
exogenous ROS and other reactive agents. In this regard, ROS include hydroxyl radical,
superoxide radical, hydrogen peroxide, and singlet oxygen; they can react directly with
DNA (i.e., hydroxyl radical and singlet oxygen) or modify DNA when in the presence of
transition metal ions (i.e., hydrogen peroxide and superoxide radical) (/, 2).

Copper is an important structural metal in chromatin (3) and it can form stable
complexes with DNA (4-6). Studies showed that copper plays a significant role in H,O,-
mediated DNA damage (7-10). In-vitro studies showed that Cu(Il) and H,O,, frequently
together with the presence of ascorbate, induce DNA strand breaks as well as many types
of single-nucleobase and intrastrand crosslink lesions (8, 9, 11-13).

Due to the intrinsic chemical and structural properties of different lesions and their
close proximity, complex or clustered DNA lesions often display altered mutagenic
potential (/4, 15) and are more difficult to repair than when they are present alone (/6-21).
As a subset of clustered lesions, tandem lesions, comprising of two contiguously damaged
nucleotides, can emanate from ROS attack (8, 9, 22-37). One type of tandem lesion, with

an 8-o0xo0-7,8-dihydro-2’-deoxyguanosine (8-0xodG) and a formamido (dfF) moiety being
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neighboring each other, was first found to form in short ODNs upon exposure to y-rays or
Fenton-type reagents under aerobic conditions (32, 33). Later it was observed that the
amounts of these tandem lesions, with dBF being adjacent to 8-oxodG, formed in isolated
DNA upon y-ray exposure cannot account for the total amount of tandem lesions involving
8-0x0dG (27). It was, thus, concluded that other tandem lesions involving 8-0oxodG may
exist (27). Since 5,6-dihydroxy-5,6-dihydrothymidine (or thymidine glycol, Tg) and 8-
oxodG are major single-nucleobase lesions induced by ROS from thymidine and 2°-
deoxyguanosine, respectively (18, 34, 35), we reasoned that tandem lesions with an 8-
0ox0dG being adjacent to a Tg might be induced in DNA by ROS.

Tg can block effectively DNA replication in vitro (36, 37) and exhibits a low
mutagenic potential (34). The 8-oxodG, on the other hand, does not block DNA
replication, but is highly mutagenic, which can result in both G=>T and G>C mutations,
with the former being more prevalent (38, 39). Thymidine glycol could also arise from
the deamination of 5-methylcytosine glycol, a common oxidatively induced lesion of 5-
methylcytosine (Figure 4-1) (40). Thus, the 5°-Tg-(8-0x0dG)-3’ tandem lesion may also
form from ROS attack at methylated CpG site and contribute to CpG mutagenesis (47).

In Chapter 3, our data showed that the tandem lesions composing of Tg and 8-
oxodG exhibit stronger blocking effects toward DNA replication mediated by purified
DNA polymerases in vitro than when either lesion is present on its own. In addition,
steady-state kinetic studies revealed that the mutagenic properties of isolated Tg or 8-
oxodG are different from when they are neighbors to each other. However, it has not

been assessed whether the above findings can be extended to cells.
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Figure 4-1. The formation of the 5’-Tg-(8-0x0dG)-3’ tandem lesion. G*, mC,

and mCg represent 8-oxoGua, 5-methylcytosine and 5-methylcytosine glycol,
respectively.
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In this chapter, we will assess quantitatively the formation of the tandem lesion
5’-Tg-(8-0x0dG)-3’ in isolated DNA. We also prepared single-stranded pYMV1 shuttle
vectors containing a 5°-(8-oxodG)-Tg-3’, 5’-Tg-(8-0xodG)-3", or an isolated Tg or 8-
oxo0dG at a defined site and assessed how these lesions compromise the efficiency and

fidelity of DNA replication in E. coli cells.
Experimental

Materials

Copper (II) chloride, L-methionine, L-ascorbic acid and calf thymus DNA were
from Sigma-Aldrich (St. Louis, MO). Hydrogen peroxide (30%) and nuclease P1 were
purchased from Fisher Scientific (Fair Lawn, NJ) and MP Biomedicals (Aurora, OH),
respectively. Unmodified ODNs used in this study were purchased from Integrated DNA
Technologies (Coralville, IA), and [y->P]JATP was obtained from Perkin Elmer
(Piscataway, NJ). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was purchased from TCI
America (Portland, OR). Shrimp alkaline phosphatase was obtained from USB
Corporation (Cleveland, OH); all other enzymes were from New England Biolabs
(Ipswich, MA). The single-stranded pYMV1 vector and the wild-type AB1157 E. coli
strain were kindly provided by Prof. Peter E.M. Gibbs (42) and Prof. John M. Essigmann,
respectively. The polymerase-deficient AB1157 strains [Apol B1::spec (pol II-deficient),
AdinB (pol IV-deficient), AumuC::kan (pol V-deficient) and AumuC::kan AdinB (pol IV,

pol V-double knockout)] were generously provided by Prof. Graham C. Walker (43).
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Treatment of calf thymus DNA

Calf thymus DNA was desalted by ethanol precipitation. The DNA pellet was
redissolved in a solution containing 100 mM NaCl, 1 mM EDTA and 10 mM Tris-HCI
(pH 7.5), and the DNA was annealed by heating the solution to 90 °C and cooling slowly
to room temperature. Aliquots of DNA (150 pg) were incubated with CuCl, (12.5-200
uM), H,O; (0.1-1.6 mM), and ascorbate (1-16 mM) in a 0.5-mL solution at room
temperature for 50 min (The concentrations of individual Fenton reagents are shown in
Table 4-1). In this respect, chemicals used in Fenton-type reaction were freshly dissolved
in doubly distilled water and the reactions were carried out under aerobic conditions. The
reactions were terminated by adding an excess amount of L-methionine, and the resulting
DNA samples were desalted by ethanol precipitation and quantified by measuring the UV
absorbance at 260 nm.

For the treatment with y rays, calf thymus DNA (50 pg) was first dissolved in a
250 pL solution containing 50 mM NaCl and 10 mM phosphate (pH 7.0), Cu(Il), and
ascorbate at concentrations shown in Table 4-1. The resulting solution was exposed to y
rays delivered by a Mark I "*’Cs irradiator (JL Shepherd and Associates, San Fernando,
CA). The samples were exposed to y rays at a total dose of 50 Gy over a period of 20
min. The y ray-exposure experiments were also carried out in the presence of 50 uM of
Cu(Il), 4 mM of ascorbate, or both. After the y-ray exposure, the DNA samples were

desalted by ethanol precipitation and quantified.
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Table 4-1. Concentrations of Fenton-type reagents employed for the treatment of calf
thymus DNA?

Control A B C D E
CuCl, (uM) 0 12.5 25.0 50.0 100 200
H,0, (uM) 0 100 200 400 800 1600
Ascorbate (mM) 0 1.0 2.0 4.0 8.0 16

a, All reactions were carried out in a 500 pL solution containing 150 pg of calf thymus

DNA.
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Enzymatic digestion of calf thymus DNA

To the above treated DNA (20 pg) were added 2 units of nuclease P1 and a 30-uL
buffer solution containing 300 mM sodium acetate (pH 5.0) and 10 mM zinc acetate.
The digestion was continued at 37 °C for 4 hrs, and the enzyme in the resulting digestion
mixtures was removed by chloroform extraction. The amount of nucleosides in the
mixture was quantified by UV absorbance measurements, and aliquots of the nucleoside

mixture were subjected directly to LC-MS/MS analysis.

Quantitative LC-MS/MS analysis

LC-MS/MS quantification was performed by using an Agilent 1100 capillary
HPLC pump (Agilent Technologies, Santa Clara, CA) interfaced with an LTQ linear ion-
trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A 0.5%250 mm Zorbax
SB-C18 column (5 um in particle size, Agilent Technologies) was used for the separation
of the DNA hydrolysates, and the flow rate was 7.0 pL/min. A 10-min gradient of 0-20%
methanol in 400 mM HFIP (pH was adjusted to 7.0 by addition of triethylamine),
followed by a 30-min gradient of 20-50% methanol in 400 mM HFIP, was used for the
separation. The mass spectrometer was set up for monitoring the fragmentation of the [M
— H] ions of 2’-deoxyadenosine-5’-phosphate (pdA) and dinucleotides pTg-p(8-0xodG)
and pTg-pdG. The capillary temperature for the electrospray source of the mass
spectrometer was maintained at 300 °C to minimize the formation of the HFIP adducts of

nucleotides.
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Construction of calibration curves for the quantifications of the 5’-Tg-(8-oxodG)-3’

tandem lesion and an isolated Tg lesion

Certain amounts of tandem lesion-containing dodecameric standard,
d(ATGGCTgG*GCTAT) [G* represents an 8-0xodG, and Tg represents the cis-(5R,6S)
diastereomer of Tg], or single Tg lesion-bearing dodecameric standard,
d(ATGGCTgGGCTAT) (44), were mixed with 20 pg of untreated calf thymus DNA.
The resulting DNA was enzymatically digested following the same methods as described

above and the samples were subjected to LC-MS/MS analysis.

Preparation of lesion-bearing ODN substrates

The above described 12mer lesion-bearing substrates were 5’-phosphorylated
firstly, then ligated with a d(GTATCCTCC) in the presence of a template ODN,
d(TTTTATAGCACGCCATGGAGGATACTTTT), following previously described
procedures (28). The resulting lesion-containing 21-mer ODNSs (sequences shown in
Table 4-2) were purified by using 20% denaturing polyacrylamide gel electrophoresis
(PAGE) and desalted by ethanol precipitation. The integrity and purity of the ligation

products were further confirmed by LC-MS/MS and PAGE analysis.

Construction of ss-pYMV1 genomes harboring a site-specifically inserted 8-oxodG, Tg,
5’-(8-0x0dG)-Tg-3", or 5’- Tg-(8-0x0dG)-3’

The lesion-containing single-stranded pYMV1 viral genomes and the control
lesion-free genome were prepared following the previously described procedures (45).

Briefly, 20 pmol of pYMV1 vector was digested with 40 U EcoRI at 23°C for 8 hrs to
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Table 4-2. The sequences of ligated ODNs for in vivo replication (“G*” and “Tg”
represent an 8-oxodG and thymidine glycol, respectively).

ODNs

Sequences

Control
5’-(8-0x0dG)-dT-3’
5’-Tg-dG-3’
5’-(8-0x0dG)-Tg-3’

5’-Tg-(8-0x0dG)-3’

5’-GTATCCTCCATGGCGTGCTAT-3’

5’>-GTATCCTCCATGGCG*TGCTAT-3’
5’-GTATCCTCCATGGCGTgGCTAT-3’
5’-GTATCCTCCATGGCG*TgGCTAT-3"

5’-GTATCCTCCATGGCIgG*GCTAT-3’
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linearize the vector. Two scaffolds:
5’-ATGGAGGATACCACTGAATCATGGTCATAGC-3’
and 5’-AAAACGACGGCCAGTGAATTATAGC-3’ (25 pmol), each spanning one end
of the linearized vector and the modified ODN insert, were annealed with the linearized
pYMV1 vector. The 21mer control or lesion-containing inserts were 5’-phosphorylated
with T4 polynucleotide kinase and subsequently ligated to the above vector by using T4
DNA ligase at 16°C for 8 hrs. T4 DNA polymerase (22.5 U) was subsequently added
and the solution was incubated at 37°C for 4 hrs to digest the scaffolds and residual
unligated pYMV1 vector. The constructed genomes were normalized against a lesion-
free competitor genome (43, 46), which was prepared by inserting a 24mer unmodified

ODN, 5’-GTATCCTCCATGGCACAGCGCTAT-3’, to the EcoRI-linearized genome.

Transfection of E. coli cells with ss-pYMV1 vectors containing an 8-oxodG, Tg, 5’-(8-
oxodG)-Tg-3" or 5’- Tg-(8-0x0dG)-3’

Purified control or lesion-containing genome (150 fmol) was mixed with the
competitor genome at a molar ratio of 6:1 (lesion/competitor) and transfected into the
AB1157 E. coli cells by electroporation. The E. coli cells were then grown in 3-mL LB
medium at 37°C for 6 hrs and the phage was recovered from the supernatant by
centrifugation at 13,000 rpm for 5 min. The resulting phage was further amplified in
SCS110 E. coli cells to increase the progeny/lesion-genome ratio (45, 46). After the
phage was recovered from the supernatant, the progenies of the pYMV1 vector were

isolated using QIAprep Spin M13 kit (Qiagen, Valencia, CA).
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Determination of the bypass efficiency and mutation frequency using competitive
replication and adduct bypass (CRAB) and restriction endonuclease and post-labeling
(REAP) assays

CRAB and REAP assays were carried out to examine the bypass efficiency and
mutation frequency according to the previously described procedures (45-47) with some
modifications (48). PCR amplification of the region of interest in the resulting isolated
progeny genome was performed by using Phusion high-fidelity DNA polymerase. The
primers were 5’-YCAGCTATGACCATGATTCAGTGGTATCCTCC-3’ and 5'-Y
TCGGTGCGGGCCTCTTCGCTATTAC-3' (Y is an amino group), and the amplification
conditions consisted of 10 s at 98°C, 30 s at 62°C, 15 s at 72°C for 30 cycles, followed by
a final extension at 72°C for 5 min. The PCR products were purified by using QIAquick
PCR purification kit (Qiagen, Valencia, CA).

For the bypass efficiency assay, 5% of the above PCR products was treated with
10 U Ncol and 1 U shrimp alkaline phosphatase in a 10-uL. NEB buffer 2 at 37°C for 2
hrs, followed by heating at 65°C for 20 min to deactivate the phosphatase. The mixture
was then treated in a 15-uL NEB buffer 2 containing 5 mM DTT, ATP (50 pmol cold,
premixed with 1.66 pmol [y-*P] ATP) and 10 U polynucleotide kinase. The reaction was
continued at 37°C for 1 hr, followed by heating at 65°C for 20 min to deactivate the
polynucleotide kinase. To the above reaction mixture was added Tsp5091 (10 U) and the
solution was incubated at 65°C for 1 hr, followed by quenching with 15 pL formamide
gel loading buffer containing xylene cyanol FF and bromophenol blue dyes. The mixture

was resolved by using 30% native polyacrylamide gels (acrylamide:bis-acrylamide=19:1)
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and quantified by phosphorimager analysis. After the restriction enzyme cleavages, the
DNA fragment of interest from the full-length replication product was liberated as an
13mer ODN, d(p*CATGGCMNGCTAT), where “MN” designates the nucleobases
present at the original 5’-(8-0xodG)-dT-3’, 5°-Tg-dG-3’, 5°~(8-0x0dG)-Tg-3" or 5’-Tg-
(8-0x0dG)-3’ site after in vivo DNA replication and “p*” represents the 5’-radiolabeled
phosphate. The 13mer with a single-nucleotide difference could be resolved by 30%
native polyacrylamide gels except that the 13mer-GT and 13mer-CT exhibited similar
mobility. On the other hand, the corresponding DNA fragment released from the
competitor genome was a 16mer ODN, d(p*CATGGCACAGCGCTAT). The mutation
frequencies were determined from the relative amounts of different 13mer products from
the gel band intensities except for the G=>C mutation arising from 8-oxodG, which was
calculated by combining LC-MS/MS analysis with gel assay. Briefly, we first measured
the ratio of 13mer-CT/13mer-TT (ratio A) by LC-MS/MS and quantified the ratio (ratio
B) of 13mer-TT over the total amount of all 13mer bypass products (i.e., 13mer-GT,
13mer-CT and 13mer-GT) by gel electrophoresis, and we then obtained the frequency of
the G- C mutation by multiplying the ratios A and B. The bypass efficiency was
calculated using the following formula, %bypass= (lesion signal/competitor signal)/(non-

lesion control signal/its competitor signal) (45).

Identification of replication products by using LC-MS/MS

In order to identify the replication products using LC-MS/MS, 80% of the above
PCR products were treated with 50 U Ncol and 20 U shrimp alkaline phosphatase in 200-

uL NEB buffer 2 at 37°C for 2 hrs, followed by heating at 65°C for 20 min. To the

112



resulting solution was added Tsp5091 (50 U), and the reaction mixture was incubated at
65°C for 1 hr followed by extraction with phenol/chloroform/isoamyl alcohol (25:24:1,
v/v), and the aqueous portion was dried with Speed-vac and dissolved in water. The
resulting mixture was subjected to LC-MS/MS analysis. A 0.5x150 mm Zorbax SB-C18
column (Agilent Technologies) was used for the separation, the flow rate was 8.0 pL/min,
and a 5-min gradient of 0-20% methanol followed by a 35-min of 20-50% methanol in
400 mM HFIP was employed for the separation. The LTQ linear ion trap mass
spectrometer was set up for monitoring the fragmentation of the [M-3H]* ions of the
13mer [d(CATGGCMNGCTAT), where “MN” designates GT, TT, CT, or TG] and

l6mer [i.e., d(CATGGCACAGCGCTAT)] ODNE.

Results

Quantitative measurement of the formation of tandem single-nucleobase lesions
in DNA by LC-MS/MS necessitates the development of enzymatic digestion procedures
for the selective release of the tandem lesion as a unique chemical entity. To this end, we
took advantage of the previous observation that thymidine glycol prohibits the cleavage
of its 3’ phosphodiester linkage by nuclease P1 (49), and employed this enzyme to
liberate the tandem 5°-Tg-(8-0x0d(G)-3’ lesion from DNA as a dinucleotide. Under this
digestion condition, an isolated Tg is also released along with its 3’ flanking undamaged
nucleoside as a dinucleotide.

We supplemented calf thymus DNA with different amounts of an authentic
dodecameric ODN carrying an isolated thymidine glycol (5’-Tg-dG-3") or the 5°-Tg-(8-

0ox0dG)-3’ tandem lesion. We then digested the DNA mixture with nuclease P1,
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removed the enzyme, and subjected it to LC-MS/MS analysis, where we monitored
specifically the fragmentation of the [M — H] ions of 2’-deoxyadenosine-5’-phosphate
(pdA) and Tg-carrying dinucleotide, namely, 5’-pTg-p(8-0xodG)-3’ (Figure 4-2), for the
tandem lesion-carrying substrate, or 5’-pTg-pdG-3°, for the substrate containing a Tg
situating on the 5’ side of an unmodified dG. The ratio for the peak areas found in the
extracted-ion chromatogram for monitoring the fragmentation of the dinucleotide over
that for pdA was then plotted against the amount of Tg- or 5’-Tg-8-0x0dG-3’-bearing
substrate that we added, which afforded straight lines for both types of lesion-containing
substrates (Figure 4-3). These results support that nuclease P1 digestion combined with
LC-MS/MS analysis can allow for a reliable quantification of the thymidine glycol lesion,
which is present on the 5’ side of an unmodified nucleoside or 8-0xodG. In this respect,
we normalized the ion currents of the analytes to that of pdA to correct for the variation
in sample loading and analyte loss during the sample preparation.

After having established an analytical method for monitoring the formation of the
tandem 5°-Tg-(8-0x0dG)-3’ lesion and Tg followed by an unmodified dG, we
demonstrated the formation of these two types of lesions in calf thymus DNA treated
with Cu(Il)/H,O,/ascorbate (Figure 4-2). Quantification of the results revealed the dose-
responsive formation of both lesions (Figure 4-4a). To our surprise, we observed that the
yield of the tandem lesion, 5’-Tg-(8-0x0dG)-3’, was merely 5-6 fold lower than what was

found for the Tg that is situated on the 5’ side of an unmodified dG (Figure 4-4a).
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Figure 4-2. LC-MS/MS identification of 5’-Tg-(8-0xodG)-3’ tandem lesion
formation in calf thymus DNA treated with Cu(Il)/H,O,/ascorbate. Extracted-ion
chromatograms (EICs) for monitoring the m/z 700 = 557 transitions for pTg-p(8-
oxodG) in Fenton reagent-treated calf thymus DNA (under reaction condition D
described in Table 4-1, a) and calf thymus DNA doped with authentic tandem
lesion-containing ODN (b). Shown in (¢) and (d) are the MS/MS averaged from
the 21.7-min peak in (a) and the 21.8-min peak in (b). Ions labeled with “*” are
due to the fragmentation of other co-eluting species.
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Figure 4-3. Calibration curves for the quantification of pTg-dG (a) and pTg-p(8-
oxodG) (b). Plotted in (a) is the ratio of peak area found in the extracted-ion
chromatogram (EIC) for the m/z 684->541 transition for the loss of the CsHsNO4
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from the modified thymine glycol moiety in pTg-pdG (see ref. 9) over the peak area

found in the EIC for the [M — H] ion of pdA (m/z 330) versus the amount of the

lesion (in lesions per 10° nucleobases). Plotted in (b) is the ratio of peak area found

in the EIC for the m/z 700> 557 transition for the loss of the CsHsNO4 from the
modified thymine glycol moiety (see ref. 9) in pTg-p(8-0xodG) over the peak are

found in the EIC for the [M — H] ion of pdA (m/z 330) versus the amount of lesion,
in lesions per 10° nucleobases.
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Figure 4-4. The quantitative formation of the 5’-Tg-dG-3’ and 5’-Tg-(8-0x0d(G)-3’ lesions in
calf thymus DNA exposed with Cu(II) and ascorbate along with H,O; or y rays. (a) Dose-
dependent induction of the 5’-Tg-dG-3" and 5°-Tg-(8-0xod(G)-3’ lesions in calf thymus DNA
by Cu(II)/H,0O,/Ascorbate. (b) The induction of 5°-Tg-dG-3" and 5°-Tg-(8-0x0dG)-3’ lesions
in calf-thymus DNA upon exposure to 50 Gy of y rays in combination with Cu(II) and
ascorbate at the indicated concentrations. (¢) The induction of 5’-Tg-dG-3’ and 5’-Tg-(8-
0x0dG)-3’ lesions in calf thymus DNA upon treatment with 50 Gy of y rays, alone or in
combination with 50 uM Cu(II), 4 mM ascorbic acid, or both. The data represent the means +
S.D. of results from three independent treatments and LC-MS/MS quantification experiments.
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Our experimental results also revealed that copper ions, especially Cu(I), can
stimulate the y ray-induced formation of the 5’-Tg-(8-0x0dG)-3’ tandem lesion (Figure 4-
4b&c). In this regard, we exposed calf thymus DNA to 50 Gy of y-rays in the presence
of increasing concentrations of Cu(Il) and ascorbate, and quantified the Tg and Tg-(8-
0x0dQ@) lesions by LC-MS/MS. The presence of Cu(Il) and ascorbate enhanced
markedly the y ray-mediated formation of both types of lesions. For instance, the amount
of the 5’-Tg-(8-0x0dG)-3’ formed in the presence of 200 uM of Cu(Il) and 16 mM of
ascorbate is approximately 400 times higher than that induced by y-rays alone (Figure 4-
4b). To gain further insights into the Cu(Il)/ascorbate-enhanced formation of these
lesions, we also compared the formation of lesions in calf thymus DNA upon treatment
with 50 Gy of y-rays in the presence of 50 uM of Cu(Il) or 4 mM of ascorbate, or both. It
turned out that, while the presence of ascorbate inhibited considerably the formation of
both types of lesions, the existence of Cu(Il) stimulated significantly the formation of
these lesions. The presence of both Cu(Il) and ascorbate further enhanced the formation
of both types of lesions (Figure 4-4c). These results support without ambiguity the role
of Cu(I) in enhancing the y ray-mediated formation of these lesions.

We next investigated the mutagenic and cytotoxic properties of the tandem
lesions, where the Tg and 8-0xodG are neighboring to each other, as well as the isolated
Tg and 8-0x0dG in E. coli cells. To this end, we prepared the lesion-carrying 21-mer
substrates by enzymatic ligation (Table 4-2), confirmed the identities of the 21-mer
ODNs by ESI-MS and MS/MS (Figures 4-5 to 4-8), and inserted the above 2 1mer lesion-

containing ODNSs into the single-stranded pYMV1 genome. We then assessed the bypass
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Figure 4-5. The product-ion spectrum of the ESI-produced [M-6H]" ion (m/z
1065.8) of d(GTATCCTCCATGGCG*TGCTAT). Shown in the inset are the
zoom-scan negative-ion ESI-MS for the ODN and a scheme summarizing the
observed fragment ions.
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Figure 4-6. The product-ion spectrum of the ESI-produced [M-6H]" ion (m/z
1068.8) of d(GTATCCTCCATGGCGTgGCTAT). Shown in the inset are the
zoom-scan negative-ion ESI-MS for the ODN and a scheme summarizing the
observed fragment ions.
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Figure 4-7. The product-ion spectrum of the ESI-produced [M-6H]" ion (m/z
1071.5) of d(GTATCCTCCATGGCG*TgGCTAT). Shown in the inset are the
zoom-scan negative-ion ESI-MS for the ODN and a scheme summarizing the
observed fragment ions.
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Figure 4-8. The product-ion spectrum of the ESI-produced [M-6H]" ion (m/z
1071.5) of d(GTATCCTCCATGGCTgG*GCTAT). Shown in the inset are the
zoom-scan negative-ion ESI-MS for the ODN and a scheme summarizing the

observed fragment ions.
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efficiencies and mutation frequencies of these DNA lesions by using the CRAB and
REAP assays introduced by Essigmann and coworkers (Figure 4-9) (45-47). A unique
feature of these assays lies in that the entire progeny population was used for determining
the mutation frequency and bypass efficiency, thereby affording statistically sound
conclusions (45). Additionally, the methods do not require phenotypic selection (45).

Restriction digestion of the PCR products of the progeny pYMV1 genome
resulting from in-vivo replication renders 13mer fragment(s) harboring the site where the
single or tandem lesions were initially incorporated. The corresponding digestion of PCR
products of the progeny of the competitor genome gives a 16mer fragment (Figure 4-9).
The failure to detect radio-labeled fragments with lengths shorter than 13mer supports
that none of the single or tandem lesions gives rise to deletion mutations (Figure 4-10).
In this context, we employed 30% (19:1, acrylamide:bisacrylamide) non-denaturing
polyacrylamide gels to resolve the **P-labeled fragments; the 13mers with a single
nucleotide difference can be resolved from each other except that 13mer-GT and 13mer-
CT exhibit very similar mobility (Figure 4-10).

It is worth noting that the identities of the above restriction fragments were
confirmed by LC-MS/MS analyses (48). In this context, we were able to detect the
13mer ODNs d(CATGGCMNGCTAT) [“MN” is GT, TT or CT for the isolated 8-
oxodG-bearing substrate; GT for the isolated Tg-bearing substrate; GT or TT for 5°-(8-
0ox0dG)-Tg-3’; and TG, GT or TT for 5’-Tg-(8-0x0dG)-3’] in the restriction digestion
mixtures (Some example LC-MS and MS/MS results are depicted in Figures 4-11 to 4-

13), which is consistent with the findings made from native PAGE analysis.
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57 -GTATCCTCCATGGCMNGCTAT-3”

EcoRl site E 57 -GTATCCTCCATGGCACAGCGCTAT-3”

Progeny of Progeny of
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Linearize with EcoRI lPCR amplification
Anneal with 2 scaffolds
dd 5’-phosphorylated ODN Nco | Tsp509 |
ST ATCCTCCATEECKXGCTAT 3" 5° GATTCAGTGGTATC CTéQATG GCMNGCTATAATTCACTGGCC . . . -3
57 -GTATCCTCCATGGCACAGCGCTAT-37 T i T
\ . / T = 3. ..CTAAGTCACCATAGGAGGTAGCGPQUGATATTAAGTGACCGG . . . ~5°
Nco |
Lesion-containing Competitor l Alkaline phosphatase
pYMV1 genome PYMV1 genome Tsp509 |

57-...GATTCAGTGGTATCCTC CATGGCMNGCTAT pAATTCACTGGCC...-3~
37 -...CTAAGTCACCATAGGAGGTAC CGPQCGATATTAAp GTGACCGG...-5~

Add T4 DNA ligase
Add T4 DNA polymerase

Identification of Quantification of
replication bypass efficiency and
Lesion-containing Competitor - products with LC- mutation frequency by
pYMV1 genome pPYMV1genome ) MS/MS 30% native PAGE gel.
Electroporation

into E. coli

Figure 4-9. The method for the determination of the cytotoxicity and mutagenicity
of DNA lesions in E. coli cells. “XY” in the 16mer ODN represents 5’-(8-0xodG)-
dT-3’ (G*T), 5’-Tg-dG-3’ (TgQG), 5’-(8-0x0dG)-Tg-3* (G*Tg) and 5°-Tg-(8-
0x0dG)-3" (TgG*). “MN” in the progeny of the lesion genome represents the
nucleotides inserted at the above dinucleotide site. Ncol and Tsp5091 restriction
endonuclease recognition sites are underlined and the cleavage sites induced by the
two enzymes are designated by solid and broken arrows, respectively. Only partial
sequence of PCR products for the lesion genome is shown, and the PCR products of
the competitor genome are not shown.
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Figure 4-10. Measurement of the in vivo bypass efficiencies and mutation
frequencies by the CRAB and REAP assay. (A) Sample processing (“p*” represents
the **P-labeled phosphate group); (B) gel image showing the 16mer and 13mer
ODN:s released from the PCR products of the progeny resulting from the replication
of the competitor genome and the control or lesion-carrying genome in wild-type
and the isogenic AB1157 cells deficient in pol 11, pol IV, pol V, or both pol IV and
pol V. The restriction fragment arising from the competitor genome, i.¢.,
d(CATGGCACAGCGCTAT), is designated with “l6mer”; “13mer-GT”, “13mer-
TT”, “13mer-CT” and “13mer-TG” represent standard ODNs
d(CATGGCMNGCTAT), where “MN” are “GT”, “TT”, “CT” and “TG”,
respectively. G* represents 8-oxodG.
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Figure 4-11. MS/MS for monitoring the restriction fragments arising from the
replication, in wild-type AB1157 cells, of the isolated 8-oxodG-containing
substrate. Shown are the MS/MS for the 13mer fragments with a G>T or G>C
mutation at the original 8-0x0dG site [i.e., d(CATGGCTTGCTAT) (A) and
d(CATGGCCTGCTAT) (B)]. Depicted in the insets are schemes summarizing the

observed fragment ions.
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Figure 4-12. (A) MS/MS for monitoring the restriction fragment arising from the
replication, in wild-type AB1157 cells, of the isolated 8-oxodG-containing
substrate where there is no mutation [i.e., d(CATGGCTGGCTAT)]. (B) LC-
MS/MS for monitoring the restriction fragments arising from the replication, in
wild-type AB1157 cells, of the 5’-Tg-(8-0x0dG)-3’-containing substrate where
there is no mutation [i.e., d(CATGGCTGGCTAT)] or there is TG>GT tandem
mutation [i.e., d(CATGGCGTGCTAT)]. Depicted in the insets are schemes
summarizing the observed fragment ions. The unique fragment ions for
d(CATGGCGTGCTAT) and d(CATGGCTGGCTAT) found in panel (B) are we”,
[a7-G]* and ws, [ag-G]™, respectively.
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Figure 4-13. The zoom-scan negative-ion ESI-MS for monitoring the restriction
fragments of interest without mutation [i.e., d(CATGGCGTGCTAT)] or with a
G—->T or G=>C mutation at the original 8-oxodG site [i.e., d(CATGGCTTGCTAT)
and d(CATGGCCTGCTAT)] in wild-type AB1157 cells (A) as well as in the
isogenic cells deficient in pol II (B), pol IV (C) or pol V (D).
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The bypass efficiencies were calculated from the ratio of the combined intensities
of bands observed for the 13mer products, which were from the replication of the lesion
genome, over the intensity of the 16mer band, from the replication of the competitor
genome, with the consideration of the ratio of the lesion over competitor genomes
employed during the initial transfection. The bypass efficiencies for the lesion-carrying
genomes were then normalized against that for the control lesion-free genome.

The results showed that the bypass efficiencies for the tandem lesions are about
one half of that for the isolated Tg or 8-0xodG in all AB1157 strains that we examined
(Figure 4-14A). The bypass efficiencies for the isolated 8-oxodG, isolated Tg, 5’-(8-
0x0dG)-Tg-3" and 5’-Tg-(8-0x0dG)-3’ in wild-type AB1157 cells were ~102%, 90%,
46% and 56%, respectively (Figure 5-14A). However, the bypass efficiencies for all
lesion-containing substrates dropped in the isogenic AB1157 cells deficient in pol IV, pol
V, or both. Deficiency in pol II in the isogenic AB1157 background does not affect
appreciably the bypass efficiencies of Tg or 8-0xodG, either present alone or in tandem
(Figure 4-14A). These data support that both pol IV and pol V are involved partially in
the bypass of Tg and 8-0xodG in E. coli cells, regardless of whether the two lesions are
present alone or adjacent to each other.

The results from native PAGE analysis also allowed us to measure the mutation
frequencies of these lesions in wild-type and DNA polymerase-deficient AB1157 E. coli
strains (43). The quantification data showed that the 8-0xodG, when isolated or present
in the 5°-(8-0x0dG)-Tg-3’ or 5-Tg-(8-0x0dG)-3’, is mutagenic in wild-type AB1157 cells,

with G=>T transversion occurring at frequencies of 38%, 32% and 7%, respectively.
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Figure 4-14. Bypass efficiencies (A) and mutation frequencies (B) of 8-oxodG and
Tg, present alone or in tandem, in wild-type and polymerase-deficient AB1157 E. coli
cells. Shown are the results for the substrates carrying unmodified GT, an isolated 8-
oxodG (G*), an isolated Tg (Tg), 5’-(8-0x0dG)-Tg-3’ (G*Tg) and 5’-Tg-(8-0x0dG)-3’
(TgG*), respectively. “Ctrl” designates the control substrate. The data represent the
means and standard deviations of results from three independent experiments.
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Interestingly, the G=>T mutation for the 8-0xodG that was isolated or situated on the 3’
side of Tg was found to be decreased in pol IV-deficient cells and increased in pol V-
deficient cells. However, deficiency in SOS-induced polymerases does not result in
significant change in G=> T mutation induced by 5’-(8-0xodG)-Tg-3’ (Figure 4-14B). In
addition, G=>C mutation was found for 8-0xodG after it was replicated in all E. coli
strains. To our surprise, we also observed a TG=>GT tandem mutation at a frequency of
approximately 40% in the replication of 5’-Tg-(8-0x0dG)-3’ in each strain we

studied.
Discussion

The availability of ODNs containing both Tg and 8-oxodG (44) facilitated us to
develop an LC-MS/MS method to quantify the formation of the tandem lesion where a
Tg lies on the 5° side of an 8-0xodG and allowed us to assess the mutagenicity and
cytotoxicity of the tandem lesions composed of Tg and 8-oxodG. We found that the
tandem lesion, where a Tg lies on the 5’ side of an 8-0xodG, could be induced, at a
relatively high yield (i.e., about 5-6 fold less than an isolated Tg situated on the 5’ side of
an unmodified dG), in calf thymus DNA upon exposure to Cu(Il)/ascorbate along with
H,0; or y-rays. In this context, an electron transfer mechanism, which was initiated from
a single radical attack, was proposed for the formation of the 5’-dBF-(8-0xodG)-3’
tandem lesion (27, 50). By employing isotope-labeling and using dinucleoside
monophosphate as a substrate, Cadet et al. (50) later argued that the tandem lesion may
arise from the intramolecular addition of thymine peroxyl radical to guanine. Our

preliminary '®O incorporation experiment suggested that neither electron transfer
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pathway nor the peroxyl radical addition constitutes the major mechanism for the
formation of this 5°-Tg-(8-0x0dG)-3’ tandem lesion (data not shown).

Copper is known to associate with chromatin (3), and the binding constants of
Cu(I) and Cu(II) with DNA are 10° and 10 M (11, 51), respectively, with the N of
guanine being the most favorable binding site (52). We observed that Cu(Il), and more
substantially Cu(I), can enhance markedly the y-ray induced formation of both single and
the tandem lesions in calf thymus DNA (Figure 4-4c). We speculate that the DNA-bound
Cu(I) may reduce H,O, to release hydroxyl radicals or similar oxidizing species, which
may attack its complexed guanine and the neighboring thymine to give 8-oxodG and
thymidine glycol, respectively. Additionally, copper may induce significant
conformational change to DNA (53), which may also render the neighboring thymine
residue more susceptible to damage by the ROS formed from the reaction of H,O, with
the DNA-bound Cu(l) or y-rays. Indeed copper binding was found to enhance the
formation of radiation-induced strand breaks, and the conformational change induced by
metal binding was proposed to be a mechanism for the elevated formation of the strand
breaks (54). Therefore, it can be envisaged that Cu(I) may also enhance the formation of
other tandem lesions in DNA exposed with H,O; or y-rays.

Thymidine glycol and 8-0xodG are two major DNA lesions induced by ROS. In
Chapter 3, our In-vitro primer extension assay with exonuclease-free Klenow fragment
and yeast polymerase 1 showed that the presence of the tandem lesion containing both Tg
and 8-0xodG in template DNA blocks the progression of DNA replication more readily

than when the two lesions were present alone (55). The mutagenic properties of the
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tandem lesions, as revealed by steady-state kinetic assay, also differ from the two
composing lesions when exist on their own (55). Moreover, it was found that the
cleavage of 8-0xodG by hOGG1 was inhibited substantially by the presence of a
neighboring 5° Tg (55), indicating that the tandem lesion might be more resistant to
repair. In the present Chapter, we investigated the mutagenic and cytotoxic properties of
the tandem lesions in E. coli cells by using single-stranded pYMV 1 shuttle vectors
containing an isolated 8-oxodG, Tg, or both of them being adjacent to each other.

Our data revealed that the isolated and tandem single-nucleobase lesions exhibited
considerably different bypass efficiencies in E. coli cells. The tandem lesions are twice
as effective as single lesions in blocking DNA replication in AB1157 E. coli cells. In
addition, the absence of pol IV and pol V, either alone or in combination, results in an
appreciable drop in bypass efficiency (Figure 4-14A). In this context, it is worth noting
that Tg does not constitute a replication block in wild-type E. coli cells (bypass efficiency
~90%, Figure 4-14A), which is considerably different from the observation that this
lesion inhibits appreciably the DNA replication in vitro (36, 37). Our results, however,
are in line with the report by Essigmann et al. (56), where no decrease in bypass
efficiency was observed for Tg as assessed by using a survival assay with a Tg-bearing
single-stranded M13 shuttle vector. Different from the DNA replication in vitro, the
replication in E. coli cells may involve more than one DNA polymerases and the
participation of other protein factors (57, 58), which may render a more efficient bypass

of the lesion.
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The 8-0x0dG is mutagenic in all AB1157 strains that we examined. The
frequency of G>T transversion mutation is approximately 38%, which is relatively high
when compared with the results from recent in-vivo replication studies (29, 59).
However, Basu et al. (15, 60) observed that, when the 8-oxodG-bearing shuttle vectors
were replicated in COS-7 cells, the lesion induced G=>T transversion mutation at
frequencies of 23-24% and 6% in 5’-TG*T-3” and 5’-TG*A-3’ sequence contexts,
respectively. Furthermore, molecular modeling results predict that the 8-oxoGua:Ade
(“8-oxoGua” and “Ade” are 8-ox0-7,8-dihydroguanine and adenine, respectively) base
pair stacked relatively poorly with the neighboring 3’ base pair in a 5’-TG*A-3’ sequence
when compared with a 5’-TG*T-3 sequence (60). Therefore, the placement of an 8-
0xodG on the 5’ side of thymine could confer an increased mutation frequency for 8-
oxodG, which may account for a relatively high frequency of G=>T mutation for 8-
0ox0dG in the 5’-CG*T-3’ sequence context used in the present study.

The frequency of the 8-oxodG-induced G=>T transversion mutation was reduced
in pol IV-deficient background, supporting that the pol IV-mediated nucleotide
incorporation opposite the lesion is error-prone. Similar results were obtained for the 8-
0x0dG in the 5°-Tg-(8-0x0dG)-3’ tandem lesion. In this respect, the results from
previous steady-state kinetic analysis revealed that human Pol k, an ortholog of E. coli
pol IV, is efficient in nucleotide incorporation opposite 8-oxodG (67). The nucleotide
incorporation, however, is inaccurate; Pol k incorporated a dAMP opposite 8-oxodG
more efficiently than a dCMP by approximately 16-fold (67). Therefore, our finding of

the error-prone bypass of 8-0xodG by E. coli pol IV is consistent with the previous
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findings made with human Pol k. However, no obvious difference in G=>T mutation
frequency was found for the 5’-(8-0x0dG)-Tg-3’ tandem lesion in wild-type AB1157
cells and the isogenic cells deficient in pol I, pol IV, pol V, or both pol IV and pol V.

Other than the single-base substitutions, we also detected an approximately 40%
TG->GT tandem double mutation for the 5’-Tg-(8-0x0dG)-3’ in wild-type AB1157 cells
and the isogenic cells deficient in SOS-induced DNA polymerases. Here we propose a
tentative mechanism to account for this unusual tandem double mutation (Scheme 4-1).
We reason that the incorporation of dAMP opposite the 8-0xodG and the resulting
presence of the 8-oxoGua:Ade base pair at the primer-template junction may lead to a
conformational change of Tg at the polymerase active site, where the N-glycosidic bond
of the modified nucleoside is altered from the anti to syn conformation, thereby rendering
the Tg to form base pair preferentially with the cytosine base. In this context, it is worth
noting that we were not able to detect the T->G single-base substitution from the
replication of the 5’-Tg-(8-0x0dG)-3’-bearing genome, suggesting that the
misincorporation of dAMP across the 8-0xodG might be essential for the mis-insertion of
dCMP opposite the downstream 5° Tg.

Together, given the presence of copper ions in normal cells (3) and its cellular
accumulation under pathophysiological conditions (62), we believe that the copper-
stimulated formation of the 5’-Tg-(8-0x0dG)-3’ tandem lesion in DNA exposed with
H,O; or y-rays is very significant. Although the formation of this type of lesion in cells
remains to be assessed, the relatively high frequency of its formation in vitro suggests

that it might also be induced in cells. The lower in-vivo bypass efficiencies for tandem
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Scheme 4-1. The Tg:Cyt (left) and 8-oxoGua:Ade (right) base pairs formed during the

replication of the 5’-Tg-(8-0x0dG)-3’-bearing substrate.

Tg:Cyt Pair 8-oxoGua:Ade Pair
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lesions compared to the composing single lesions revealed that, when the two common
ROS-induced lesions (i.e., Tg and 8-0xodG) are adjacent to each other, they impose
greater cytotoxic effects by blocking more effectively the DNA replication. The tandem
lesions also displayed different mutagenic properties than when these lesions are present
alone. Moreover, the mutagenic properties of the tandem lesions are also affected by the
spatial arrangements of the composing single-nucleobase lesions; the 8-oxodG
component in both tandem lesions can lead to G>T transversion, whereas the 5’-Tg-(8-

0x0dG)-3’ tandem lesion could give rise to the unique TG=>GT tandem double mutation.
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CHAPTER 5

Efficient and Accurate Bypass of Nz-(l-carboxyethyl)-z '-deoxyguanosine by DinB

DNA Polymerase In Vitro and In Vivo

Introduction

Living cells are constantly exposed to environmental and endogenous agents that
inflict damage to DNA (/). Cells have evolved various strategies to counteract the
deleterious effects of DNA lesions by an intricate DNA repair system and certain
mechanisms to tolerate unrepaired lesions during DNA replication (2). However, the
presence of DNA lesions in replicating DNA may lead to replication fork stalling,
thereby inducing cell death. It was proposed that, when a high-fidelity replication fork is
arrested at the lesion site, translesion synthesis polymerases can take over from
replicative polymerases temporarily to bypass synthetically the lesion residing in the
template (3). Among the Y-family DNA polymerases, DinB (also known as pol IV in
Escherichia coli and pol k in eukaryotic cells) is conserved in all domains of life;
however, the basis for this marked conservation remains unclear (4). In particular, the
physiological substrates for the polymerase allowing for the striking conservation have

yet been identified.

Similar to pol V (the other Y-family DNA polymerase in E. coli) and its
eukaryotic homolog pol n, which are specialized in bypassing efficiently and accurately

TT cyclobutane pyrimidine dimer (35, 6), E. coli pol IV and human pol « can insert
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preferentially the correct nucleotide, dCMP, opposite a number of N°-dG lesions (7, 8). It
was also found that the DinB polymerase is capable of bypassing N°-dG adduct induced

by benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE) (9-12), a cigarette smoke carcinogen.

Aside from the difference in substrate specificity, £. coli pol IV and pol V
distinguishes from each other in expression levels. In un-induced cells, pol V is not
detectable by Western analysis, whereas there are approximately 250 copies of pol IV per
cell detected. Upon SOS induction, it is believed that there are only about 15 molecules
of pol V per cell; however, the level of pol IV reaches approximately 2,500 molecules per
cell (4). The high level of expression of pol IV also suggests that there is an important,

basic, and yet to-be-discovered function for pol IV in general metabolism (4).

Other than ROS, which constitutes a major endogenous source of DNA damage
(13), genomic DNA in living cells is susceptible to damage from exposure to reactive
carbonyl species, and methylglyoxal (MG) is one of them (/4). In this respect, MG can
arise endogenously in all cells and all organisms from the nonenzymatic fragmentation of
triose phosphates, which include glyceraldehyde-3-phosphate and dihydroxyacetone
phosphate, and are produced as metabolites of the highly conserved glycolysis pathway
(15-20). In this regard, treatment of human red blood cells with increasing concentrations
of glucose in vitro can result in increases of intracellular MG concentration (27). The
accumulation of MG in human cells can also be enhanced by many factors, including
aging, hyperglycemia, inflammation, oxidative stress, diabetes, and uremia (22). In
addition, humans are exposed to exogenous sources of MG including cigarette smoke (22,

23), food, and beverages (24).
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N*-(1-carboxyethyl)-2’-deoxyguanosine (N*-CEdG) was the major stable adduct
formed in calf thymus DNA upon exposure to MG at physiological concentration and
temperature (Figure 1-3) (25). N>-CEdG can also be detected in urine samples from
healthy humans, cultured human smooth muscle cells and bovine aorta endothelium cells
using immunoaffinity chromatography with a polyclonal antibody raised against N*-
CEdG (26, 27).

MG-DNA adducts could induce single-strand breaks and mutations in E. coli cells,
and G>C and G T transversions in supF gene in mammalian cells (26, 27). However,
lesion-containing DNA substrates in these previous mutagenesis studies were prepared by
direct treatment of undamaged DNA with dihydroxyacetone or MG (26, 27); thus, the
identity and homogeneity of the DNA adducts were not carefully assessed. In light of the
previous findings that DinB is capable of bypassing, in an error-free manner, a number of
N?-dG lesions (7-12), we reason that this polymerase may also be involved in the bypass
of N°-CEdG.

In the present study, we prepared single-stranded M 13 genomes carrying
individual diastereomers of N>-CEdG and assessed the cytotoxic and mutagenic
properties of the lesion in E. coli cells. Our results showed that pol IV was the major
polymerase responsible for the error-free bypass of N*-CEdG in vivo. Steady-state kinetic
measurements revealed that the nucleotide incorporation, catalyzed by E. coli pol IV or
its human homolog pol ¥, is both accurate and efficient. In addition, N>~CEdG could be

detected in untreated human cells, and exposure of cells to glucose or MG enhanced the
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formation of N*-CEdG. These observations support that N*~CEdG is an important

endogenous substrate for DinB DNA polymerase.
Experimental

Materials

Unmodified ODNs used in this study were purchased from Integrated DNA
Technologies (Coralville, IA). [y->’PJATP was obtained from Amersham Biosciences Co.
(Piscataway, NJ). All enzymes unless specified were from New England Biolabs
(Ipswich, MA) or Sigma-Aldrich (St. Louis, MO). Shrimp alkaline phosphatase was
obtained from Roche Diagnostics (Indianapolis, IN). [3,3,3-Ds]-DL-Alanine (D3, >98%)
was obtained from Cambridge Isotope Laboratories (Andover, MA). 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) was purchased from TCI America (Portland, OR).

M13mp7(L2) and wild-type E. coli strains were provided by Prof. John M.
Essigmann, and polymerase-deficient AB1157 strains [4pol Bl::spec (pol II-deficient),
AdinB (pol IV-deficient) and AumuC::kan (pol V-deficient)] were generous gifts from
Prof. Graham Walker (28). E. coli DNA polymerase IV was provided by Prof. Myron F.

Goodman (29). Human polymerase k was purchased from Enzymax (Lexington, KY).

Synthesis of [2, 2, 2-Ds]-N*-(1-Carboxyethyl)-2 -deoxyguanosine (D3-N°-CEdG)

This compound was synthesized from 2-fluoro-2’-deoxyinosine and D;-DL-
alanine employing previously reported procedures (30). The resulting two diastereomers
of D3-N*-CEdG were separated by HPLC and used as internal standards for the

quantification of N>-CEdG formed in cells, and the concentrations of the stock solutions
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of D3-N*-CEdG were determined by UV absorbance measurements using molar

extinction coefficients of 13600 L/mol/cm at 260 nm (30).

Cell Culture and Methylglyoxal/D-Glucose Treatment

WM-266-4 human melanoma skin cancer cells (ATCC, Manassas, VA) were
cultured at 37°C in 5% CO, atmosphere and in Eagle's minimum essential medium
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 100 unit/mL
penicillin, and 100 pg/mL streptomycin (ATCC). After growing to 80% confluence, cells
were detached by trypsin-EDTA treatment and harvested by centrifugation to remove the
medium. The cell pellets were subsequently washed twice with phosphate-buffered saline
(PBS) and resuspended in 20 mL PBS (10° cells/mL) containing desired concentration of
methylglyoxal (MG). The cells were incubated with MG at room temperature for 3.0
hours with occasional shaking.

For D-glucose treatment, the cells were cultured in the same media containing
certain concentrations of D-glucose. The media was discarded and the cells were
resuspended in fresh media containing the same concentration of glucose on day 3. The
cells were harvested at the end of day 5. The nuclear DNA was isolated from cell lysates

with phenol extraction and desalted by ethanol precipitation.

Enzymatic Digestion

Eight units of nuclease P1, 0.02 unit of calf spleen phosphodiesterase, and a 10-
pL solution carrying 300 mM sodium acetate (pH 5.0) and 10 mM zinc acetate were

added to 90 pl aqueous solution with 200 pg genomic DNA, and the digestion was
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carried out at 37°C for 4 h. To the digestion mixture were then added 50 units of alkaline
phosphatase, 0.2 unit of snake venom phosphodiesterase, and 10 uL of 0.5 M Tris-HCl
buffer (pH 8.9). The digestion was continued at 37°C for 4 h and the enzymes were
removed by passing through a 10-kDa cut-off Centricon membrane (Millipore, Billerica,
MA). The amount of nucleosides in the mixture was quantified by UV absorbance
measurements, and to the mixture were then added 300 fmol of D;-S-NM*-CEdG and D;-R-
N*-CEdG. The resulting aliquots were subsequently subjected to HPLC enrichment and

LC-MS/MS analysis.

HPLC Enrichment

The enrichment of DNA lesions from the digestion mixture of genomic DNA was
performed on a Beckman Gold HPLC system (pump module 125, 32 Karat software
version 3.0, Fullerton, CA) with a UV detector (module 126) monitoring at 260 nm. A
4.6 x 250 mm Grace Apollo reverse phase C18 column (5 um in particle size, Deerfield,
IL) was used, and 10 mM ammonium formate buffer (pH 6.4, solvent A) and a mixture of
10 mM ammonium formate and acetonitrile (70/30, v/v, solvent B) were employed as
mobile phases. A gradient of 5 min 0-10% B followed by 40 min 10-35% was used, and
the flow rate was 0.60 mL/min. We collected fractions in a wide retention time range (3-4
min) to ensure that the lesions were completely collected while the unmodified
nucleosides were excluded as much as possible. The collected fractions were dried in a

Speed-vac, reconstituted in 6 uL. of H,O, and 3 pL was injected for LC-MS/MS analysis.
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LC-MS/MS Quantification of N°-CEdG

Quantitative analysis of N°-CEdG in the above DNA hydrolysates was performed
by online capillary HPLC-ESI-MS/MS using an Agilent 1100 capillary HPLC pump
(Agilent Technologies) interfaced with an LTQ linear ion-trap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA), which was set up for monitoring the
fragmentation of N>-CEdG and isotope-labeled internal standard Ds-N*-CEdG. A
0.5%150 mm Zorbax SB-C18 column (5 um in particle size, Agilent Technologies) was
used for the separation of the DNA hydrolysis mixture, and the flow rate was 6.0 uL/min.
A 5-min gradient of 2-20% methanol in 0.1% formic acid, followed by a 35-min gradient
of 20-45% methanol in 0.1% formic acid, was employed for the separation. To eliminate
the isobaric impurities present in MS/MS, we quantified N>-CEdG using MS>, which
monitored the further fragmentation of the protonated ions of nucleobase portions of N*-

CEdG and D3-N*-CEdG (i.e., the ions of m/z 224 and 227), respectively.

Preparation of ODN Substrates Containing an S-N°-CEdG or R-N’-CEdG

The 16mer and 20mer N*-CEdG-containing ODNs (16mer, 5’-
GAAGACCAXCGACGCC-3’; 20mer, 5’-ATGGCXCACTATGATCCTAG-3’, X =S/R-

N*-CEdG) were prepared as described previously (30).

In Vitro Replication Studies with Human Polymerase x

Primer extension assays were performed under standing-start conditions. The
20mer lesion-containing template or non-damaged template (20 nM) with dG in place of

the N*-CEdG was annealed with a 5’-[**P]-labeled 15mer primer
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d(GCTAGGATCATAGTG) (10 nM), to which mixture were then added a mixture of all
four dNTPs (200 uM) as well as the human polymerase k. The reaction was carried out at
37°C in a 20-pL solution containing 10 mM Tris-HCI (pH 7.5), 5 mM MgCl,, and 7.5
mM dithiothreitol (DTT) for 60 min. The concentrations of the polymerase are indicated
in the figures. The reaction was terminated by adding 8 uL of gel-loading buffer
containing 80% formamide, 10 mM EDTA (pH 8.0), 1 mg/mL xylene cyanol, and 1
mg/mL bromophenol blue. The products were resolved on 20% (29:1) cross-linked
polyacrylamide gels containing 8 M urea. Gel band intensities for the substrates and
products were quantified by using a Typhoon 9410 Variable Mode Imager (Amersham
Biosciences Co.) and ImageQuant version 5.2 (Amersham Biosciences Co.).

The steady-state kinetic analyses were performed as described previously (317).
The primer-template duplex (10 nM) was incubated with human polymerase k (5 ng) in
the presence of an individual ANTP at various concentrations as indicated in the figures.
The reaction was carried out at room temperature with the same reaction buffer as
described above. The ANTP concentration was optimized for different insertion reactions
to allow for less than 20% primer extension (32, 33). The products were resolved again
by denaturing PAGE analysis. The observed rate of ANTP incorporation (V4ps) was
plotted as a function of ANTP concentration, and the apparent Ky, and Vi.x steady-state
kinetic parameters for the incorporation of both the correct and incorrect nucleotides were

determined by fitting the rate data with the Michaelis-Menten equation.
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The efficiency for nucleotide incorporation was determined by the ratio of
Vmax/Km. The fidelity of nucleotide incorporation was then calculated by the frequency of

misincorporation (fi,.) with the following equation:

f — (Vmax / Km )incorrect
" (I/max / Km )cnrrect

In Vitro Replication Studies with E.coli DNA Polymerase IV

Primer extension assays and steady-state kinetic measurements with E. coli pol IV
were performed under similar conditions as described above for human pol k. For primer
extension assays, a mixture of all four ANTPs (200 uM) as well as the E. coli Pol IV were
added to the same primer-template complex as described above. The reaction was carried
out at 37°C in a 20-uL solution containing 20 mM Tris-HCI (pH = 7.5), 8 mM MgCl,, 5
mM dithiothreitol (DTT), 0.1 mM EDTA, 50mM NacCl, 40 ug/mL BSA and 4% glycerol
for 60 min. The concentrations of the polymerase are indicated in the figures. The
reaction was terminated by adding 8 pL of gel-loading buffer containing 80% formamide,
10 mM EDTA (pH 8.0), 1 mg/mL xylene cyanol, and 1 mg/mL bromophenol blue. The
products were again resolved on 20% (acrylamie:bis-acrylamide, 29:1, wt/wt) cross-
linked polyacrylamide gels containing 8 M urea.

For steady-state kinetic measurements, the primer-template duplex (10 nM) was
incubated with E. coli Pol IV (20 ng) in the presence of an individual dNTP at various
concentrations as indicated in the figures. The reaction was carried out at 37°C for 10 min
with the same reaction buffer as described above. The ANTP concentration was optimized

for different insertion reactions to allow for less than 20% primer extension.
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Construction of ss-M13 Genomes Harboring a Site-specifically Inserted S-N*-CEdG, R-

N°-CEdG or dG

The M13mp7 (L2) viral genomes, either lesion-free or carrying a site-specifically
inserted S- or R-N>-CEdG, were prepared following the procedures described by Delaney
and Essigmann (33). Briefly, 20 pmol of ss-M13mp7 (L2) was digested with 40 U EcoRI
at 23°C for 8 h to linearize the vector. Two scaffolds, 5°-
GGTCTTCCACTGAATCATGGTCATAGC-3’ and 5°-
AAAACGACGGCCAGTGAATTGGCGTC-3’ (25 pmol), each spanning one end of the
cleaved vector and the modified ODN insert, were annealed with the linearized vector.
The 16mer insert [d(GAAGACCAXCGACGCC), where “X” is dG, S-N*-CEdG, or R-
N*-CEdG, 30 pmol] was 5’-phosphorylated in a 30-ul solution containing 1xT4
polynucleotide kinase buffer, | mM ATP, 5 mM dithiothreitol (DTT), and 15 U
polynucleotide kinase at 37°C for 1 h. The 5’-phosphorylated 16mer inserts were ligated,
by using T4 DNA ligase, to the above vector in the presence of the two scaffolds at 16°C
for 8 h. T4 DNA polymerase (22.5 U) was subsequently added and incubated at 37°C for
4 h to remove the scaffolds. The solution was extracted once with
phenol/chloroform/isoamyl alcohol (25:24:1, v/v), and the aqueous phase was passed
through a Sephadex-G50 column (Amersham) to remove traces of phenol and salt. The
constructed genomes were normalized against a lesion-free competitor genome, which
was constructed by inserting a 19-mer unmodified ODN to the EcoRI-linearized genome,

following the method described by Delanely et al. (33)
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Transfection of E. coli Cells with ss-M13 Vectors Containing S-N°*-CEdG, R-N*-CEdG or

dG

Desalted genomes containing a lesion or unmodified dG (150 fmol) were mixed
with the competitor genome at a ratio of 6:1 and transfected into the electrocompetent
AB1157 E. coli cells. The M13 genome-carrying E. coli cells were grown in 3 mL LB
culture at 37°C for 6 h, after which the phage was recovered from the supernatant by
centrifugation at 13,000 rpm for 5 min. The resulting phage was further amplified in
SCS110 E. coli cells to increase the progeny/lesion-genome ratio (33). The phage
recovered from the supernatant (700 ul) was passed through a QIAprep Spin M13 kit

(Qiagen, Valencia, CA) to isolate the ss-M 13 DNA.

Determination of the Bypass Efficiency Using Competitive Replication and Adduct
Bypass (CRAB) assay

PCR amplification of the region of interest in the resulting progeny genome was
performed in a 100-pl solution containing 1 uM of each primer, 0.3 mM of each ANTP,
15 pl ss-M13 DNA, 1 U Phusion high-fidelity DNA polymerase, and 1x polymerase
reaction buffer. The primers were 5’-YCAG GGT TTT CCC AGT CAC GAC GTT GTA
A-3" and 5'-YCAG CTA TGA CCA TGA TTC AGT GGA AGA C-3' (Y is an amino
group), and the amplification cycle was 30, each consisting of 10 s at 98 °C, 30 s at 62 °C,
15 s at 72 °C, with a final extension at 72 °C for 5 min. The PCR products were purified

by using QIAquick nucleotide removal kit (Qiagen, Valencia, CA).
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For the bypass efficiency assay, a portion of the above PCR fragments was treated
in a 10-pl reaction volume with 5 U Bbsl and 1 U shrimp alkaline phosphatase (Roche) in
1x NEB buffer 2 at 37 °C for 4 h, followed by heating at 65 °C for 20 min to deactivate
the phosphatase. The above mixture was then treated in a 15-ul solution containing 1x
NEB buffer 2, 5 mM DTT and ATP (50 pmol cold, premixed with 1.66 pmol [y->*P] ATP)
and 10 U polynucleotide kinase at 37 °C for 1 h, followed by heating at 65 °C for 20 min
to deactivate the polynucleotide kinase. After supplementation with 10 U Tsp5091, the
reaction mixture was incubated at 65 °C for 1 h, followed by quenching with 15 pl
formamide gel loading buffer containing xylene cyanol FF and bromophenol blue dyes.
The mixture was loaded onto a 20% denaturing gel and products were quantified by
phosphorimager analysis. After the restriction cleavages, the DNA fragment of interest
from the full-length replication product was liberated as an 8mer ODN,
d(p*XCGACGCC), where ‘X’ designates the nucleobase present at the original lesion
site after in vivo DNA replication and “p*” represents the 5’-radiolabeled phosphate. On
the other hand, the corresponding DNA fragment released from the competitor genome
was an 1 Imer ODN, d(p*GCTAGCTGCGG). The bypass efficiency was calculated using
the following formula, %bypass= (lesion signal/competitor signal)/(non-lesion control

signal/its competitor signal) (34).

Determination of Bypass Efficiency and Mutation Frequency Using LC-MS

To examine the bypass efficiency using LC-MS, PCR products were treated in a

250-pl reaction volume with 45 U Bbsl and 20 U shrimp alkaline phosphatase in 1x NEB
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buffer 2 at 37°C for 4 h, followed by heating at 65°C for 20 min. After supplementation
with 50 U of Tsp5091, the reaction mixture was incubated at 65°C for 1 h followed by
extraction once with phenol/chloroform/isoamyl alcohol (25:24:1, v/v), and the aqueous
portion was dried with Speed-vac and desalted with HPLC.

The resulting ODN fragments were separated using a 0.5x150 mm Zorbax SB-
C18 column (5 um in particle size, Agilent Technologies) and the flow rate was 8.0
ul/min, which was delivered by using the Agilent 1100 capillary HPLC pump. A 5-min
gradient of 0-20% methanol followed by a 35 min of 20-50% methanol in 400 mM HFIP
buffer (pH was adjusted to 7.0 by the addition of triethylamine) was used for the
separation (34). The effluent from the LC column was coupled directly to the LTQ linear
ion trap mass spectrometer, which was set up for monitoring the fragmentation of the [M-

2H]* ions of the 8mer and 1 lmer ODN.

Results

To explore the possibility that N*-CEdG might constitute an endogenous substrate for
DinB polymerase, we first assessed the formation of N>-CEdG in WM-266-4 human
melanoma cells that are either untreated or treated with glucose or MG. LC-MS/MS
analysis using the accurate isotope-dilution method revealed that both diastereomers of
N*-CEdG could be detected in untreated cells at a level of one lesion per 107 nucleotides
(Figure 5-1, LC-MS/MS data and calibration curves are shown in Figures 5-2 and 5-3,
respectively). In addition, incubation of melanoma cells with MG led to a dose-dependent

increase in the level of N>-CEdG (Figure 5-1). Moreover, culturing of these cells in media
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containing 5 and 25 mM glucose for 5 days resulted in the increase of the levels of the
lesions to approximately 2.5 and 4 lesions in 10’ nucleosides (Figure 5-1). In this context,
it is worth noting that, in response to change in blood glucose level, glucose transporters
are regulated in some types of cells (35). Therefore, the intracellular glucose
concentration in WM-266-4 human cells may not increase proportionally with the

glucose concentration in the culture media, which may explain why the levels of N*-
CEdG lesions induced in glucose-treated cells are not proportional to the applied glucose
dose. Taken together, both diastereomers of N>-CEdG can be induced endogenously in
WM-266-4 human melanoma cells, and the exposure of cells to MG or glucose further
enhances the formation of N>-CEdG. In this context, it is worth noting that the two

diastereomers of N>-CEdG can also be detected readily in HeLa-S3 cells (data not shown).
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Figure 5-1. The dose-dependant formation of N>-CEdG in WM266-4 cells,
either untreated or treated with methylglyoxal for 3 hrs or D-glucose for 5 days.
The concentrations of methylglyoxal and D-glucose are indicated. The data
represent the means and standard deviations of results from three independent
cell culture and treatments.
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the digestion mixtures of genomic DNA extracted from cells treated with 25
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before HPLC enrichment.
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Figure 5-3. Calibration curve for quantification of S-N2-CEdG and R-N2-CEdG
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We next examined how the presence of N>-CEdG compromises DNA replication
and which SOS-induced DNA polymerase is involved in bypassing the lesion in E. coli
cells. To this end, we synthesized ODNs harboring a site-specifically incorporated S- or
R-N*-CEdG, following our procedures (30). We then ligated the ODNis into single-
stranded M 13 genome and assessed the bypass efficiencies and mutation frequencies of
the two diastereomers by using the CRAB (competitive replication and adduct bypass)
and REAP (restriction endonuclease and post-labeling) assays introduced by Essigmann
and coworkers (Figure 5-4) (32, 33).

If there is no deletion mutation, restriction digestion of the PCR products of
progeny M13 genome arising from the replication of the lesion-carrying vector affords a
8mer fragment harboring the site where the N>-CEdG was initially incorporated. The
corresponding digestion of PCR products of the progeny of the competitor genome gives
an 11mer fragment (Figure 5-4). The failure to detect any radiolabeled fragments with
lengths shorter than 8 mer supports that neither diastereomer gives rise to deletion
muations (Figure 5-5). The bypass efficiency canbe calculated from the ratio of the 8mer
product over the 11mer product with the consideration of the genome ratio used in the
initial transfection experiment. The bypass efficiency for the lesion-carrying genome is

then normalized against that for the control lesion-free genome (Figure 5-6A).
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GAAGACCAXCGACGCC GAAGACCAGCTAGCTGCGG
Lesion genome > < Competitor genome

LReplication in E. coli cells

GAAGACCANCGACGCC GAAGACCAGCTAGCTGCGG
Progeny of lesion Progeny of competitor
genome genome

PCR amplification

Bbsl Tsp509|

v
57..CATGATTCAGTGGAAGACCANCGACGCCAATTCACTGGCC..3~
3’mGTACTAAGTCACCTTCTGGTCGCTGCGGTTA@ETGACCGGMS’

Bbsl
Alkaline phosphatase
Tsp509I

57 ..CATGATTCAGTGGAAGACCA NCGACGCC pAATTCACTGGCC..3”
37 ..GTACTAAGTCACCTTCTGGTCGCT GCGGTTAAp GTGACCGG..5”

lLC-MS/MS

Identification and quantification of
replication products

Figure 5-4. Determination of cytotoxicity and mutagenicity of the N*-CEdG lesion
in E. coli cells. “X” in the 16mer ODN represents S-N°-CEdG, R-N*-CEdG or
unmodified dG. “N” in the progeny of lesion genome represents the nucleoside
inserted at the original lesion site. Bbsl and Tsp509I restriction endonuclease
recognition sites are indicated in italic and the cleavage sites induced by the two
enzymes are designated by broken and solid arrows. Only partial sequence of PCR
products for the lesion genome is shown, and the PCR products of competitor
genome are not shown.
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Figure 5-5. Measurement of the bypass efficiencies of the two diastereomers of N°-
CEdG in vivo by CRAB assay. (a) Sample processing (“p*” represents *“P-labeled
phosphate group); (b) Gel image showing the 11mer and 8mer released from the
PCR products of the progeny resulting from the replication of competitor genome
and the control or lesion-carrying genome. “M” represents markers which include
the un-mutated 8mer sequence from the control genome and authentic 11mer
sequence from the competitor genome. “C”, “S”, and “R” represent control as well
as S- N>-CEdG - and R- N*-CEdG -bearing genomes, respectively. The band above
the 8mer is most likely a non-specific digestion product from the competitor genome
because, in each lane, the intensity for this band is proportional to the band intensity
of the 11mer.
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Figure 5-6. Bypass efficiencies (A) and mutation frequencies (B) of dG, S-N*-
CEdG and R-N*-CEdG lesions in wild-type, pol II-, pol IV- and pol V-deficient
AB1157 E. coli cells determined by CRAB and REAP assays, respectively.
Black, gray and white column represent the results for substrates carrying dG, S-
N*-CEdG and R-N’-CEdG, respectively. The data represent the means and
standard deviations of results from three independent experiments.
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It turned out that the bypass efficiencies for S- and R-N*-CEdG in wild-type
AB1157 cells are approximately 75% and 35%, respectively; deficiency in pol II or pol V
in the isogenic AB1157 background does not appreciably affect the bypass efficiencies
for the two diastereomers (Figure 5-6A). However, the bypass efficiency dropped to
approximately 28% and 13%, respectively, in the corresponding pol IV-deficient cells
(Figure 5-6A). Therefore, pol IV is the major polymerase involved in the bypass of N*-
CEdG in E. coli cells. In addition, regardless of the E. coli strains used, the bypass
efficiency for R-N*-CEdG is approximately one half of that for S-N*-CEdG (Figure 5-6A),
demonstrating that R-N>-CEdG is a stronger block to DNA replication than S-N>-CEdG.
Moreover, the bypass efficiencies for N>-CEdG were similar in pol IV-deficient and
triple-knockout AB1157 cells, underscoring the lack of involvement of pol II and pol V
in bypassing the lesion in vivo. We also measured the bypass efficiencies by using the
recently introduced LC-MS/MS method (33, 36), and the results are consistent with those
measured by using the conventional CRAB assay (Figure 5-7).

We then assessed the mutation frequencies of N*-CEdG in wild-type and bypass
polymerase-deficient E. coli strains with the REAP assay (32, 33), and we used LC-
MS/MS for interrogating the replication fragments (Figure 5-4) (37). In this respect, the
restriction digestion mixture was analyzed by LC-MS/MS, and we monitored the
fragmentation of the [M — 2H]* ions of d(NCGACGCC), where “N” is an A, T, C or G.
It turned out that only d(GCGACGCC) and d(TCGACGCC) could be found in the

digestion mixture. We then quantified the relative amounts of different replication
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Figure 5-7. In vivo bypass efficiency of S-N*-CEdG, R-N*-CEdG lesions in
wild-type, pol II-, pol IV- and pol V-deficient AB1157 E. coli determined by
LC-MS/MS assay. Black, gray and white column represent control DNA, S- N-
CEdG and R- N*-CEdG, respectively. The data represent the means and standard

deviations of results from three independent transformation and LC-MS/MS
experiments.
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products with the consideration of difference in ionization efficiencies for different
ODNs [LC-MS/MS for monitoring the formation of d(GCGACGCC) and d(TCGACGCC)
are shown in Figure 5-8, and calibration curves are depicted in Figure 5-9]. Our results
revealed that both S-N*-CEdG and R-N*-CEdG are weakly mutagenic in wild-type
AB1157 cells and the deficiency in pol II or pol V does not confer apparent increase in
mutation frequency (Figure 5-6B). However, deficiency in pol IV causes considerable
increase in G> T mutation. Moreover, the mutation frequency induced by R-N*-CEdG is
approximately one half of that by S-N*-CEdG in pol IV-deficient background (1.1% and
2.3%, respectively, Figure 5-6B). Along this line, triple-knockout cells again exhibited
significant increase in G=>T mutation relative to the wild-type strain (Figure 5-6B). On
the grounds that low mutation frequencies were found for N>-CEdG, we may conclude
that DinB plays an important role in avoiding the cytotoxic, rather than the mutagenic,
effects of N*-CEdG and its structurally related derivatives.

The above results unveiled that approximately two thirds of the bypass of N*-
CEdG in AB1157 E. coli cells requires pol IV, and the deficiency in pol IV leads to a
marked increase in mutation frequency. Therefore, the pol IV-mediated bypass of N*-
CEdG in E. coli cells is error-free. To further substantiate this conclusion, we accessed
quantitatively the efficiency and fidelity of pol IV-mediated nucleotide insertion opposite
both S- and R- N*-CEdG by using the steady-state kinetic measurements (Figure 5-10 and
5-11, and Table 5-1) (29, 31). It turned out that the nucleotide insertion opposite both
diastereomers of N*-CEdG is remarkably accurate, with mis-insertion frequencies similar

to those found for nucleotide incorporation opposite an unmodified dG. Furthermore, the
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Figure 5-8. LC-MS/MS for monitoring the restriction fragments of interest

without mutation or with a GOT mutation at the original N*-CEdG site [i.e.,
d(GCGACGCC) (8mer-G) and d(TCGACGCC) (8-mer T)]. Shown in (a) and
(b) are the SICs for the formation of indicated fragment ions of these two ODNSs,

and illustrated in (c) and (d) are the MS/MS of the [M—2H]2- ions (m/z 1196.9
and 1184.3)of these two ODNss.
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Figure 5-9. Calibration curves for the quantification of 11mer [i.e.,

d(GCTAGCTGCGQG)] (a) and 8mer-T [i.e., d(TCGACGCC)] (b). 2.5 pmol of
8mer-G [i.e., d(GCGACGCC)] was mixed with 11mer and 8mer-T at different
ratios. The normalized peak area ratios of 11mer and 8mer-T over 8mer-G in the
selected-ion chromatograph (SIC) were plotted against the molar ratio for these
ODN:s to give the calibration curves. The fragment ions, w2, [a,-Base] and [as-
Base] ions were selected for the SIC monitoring of 8mer ODN while the fragment
ions, w3, [a,-base], and [a5-Base] ions were selected for SIC monitoring of 11mer

ODN. The conditions for analysis are identical for the replication mixture and the

calibration curves. The data represent three independent measurements.
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Figure 5-10. In vitro replication studies of N>-CEdG-bearing and control
undamaged substrates with E. coli polymerase IV (X represents S-N*-CEdG, R-N*-
CEdG or unmodified dG). The primer extension was carried out at 37 °C in the
presence of all four ANTPs at a concentration of 200 uM each for 60 min, and the
amounts of pol IV were indicated. A 5°-[**P]-labeled d(GCT AGG ATC ATA
GTG) was used as the primer.
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Primer 5' -32P -GCTAGGATCATAGTG

Template 3 - GATCCTAGTATCACXCGGTA
” —— — e —— -
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2000 uM [dATP ] 2000 uM [dGTP ]
SRR S—————_ .
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Figure 5-11. Steady-state kinetic measurements for incorporation of dAAMP, dGMP,
dCMP and dTMP opposite the S-N*-CEJG, R-N*-CEdG or undamaged dG on the 20
mer ODNSs. E.coli DNA Pol IV (20 ng) was incubated with 10 nM primer-template
duplex substrate at 37 °C for 10 minutes for each reaction. The highest AINTP
concentration is shown in the figure, and the concentration ratio of ANTP between
adjacent lanes was 0.5 - 0.6.

* The incorporation of dATP and dGTP opposite undamaged dG is barely detectable
even at extraordinarily high concentration.
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Table 5-1: Fidelity of nucleotide incorporation by E.coli DNA polymerae IV
on N*-CEdG-containing substrates and the undamaged substrate as determined

dATP
dGTP
dCTP
dTTP

dATP
dGTP
dCTP
dTTP

dATP
dGTP
dCTP
dTTP

Dy d&eﬁf}y-state FIETC easyrements
. nM/min
on thrée independ&nt meéasurements)

)

S-N?-CEdG crosslink containing substrates

0.62 +0.07 (8.41 +£0.74) x 7.37x10°
0.23 £0.02 (6.83 £0.63) x 336x10°
0.19+£0.02 75+ 8.4 2.53x10°
0.46 £ 0.06 (5.83+£0.68) x 7.89x10°

R-N*-CEdG crosslink containing substrates
0.16 £ 0.01 (7.90 £ 0.89) x 2.02x10°
0.49 +0.08 (1.49 £ 0.26) x 328x10°
0.16 £0.03 (1.14+0.28)x 10 1.40x10°
0.48 £0.05 (1.23+0.05)x 10 3.89x10°

Control normal substrates

n/a n/a n/a

n/a n/a n/a
0.34+0.07 53+8.2 6.42x10°
0.073 +£0.001 (4.61 +£0.56) x 1.58x 10~

7

(I]({?ng/ll}%)l/max arc av, £3§71¥21ues base?mc

291x107*

133x10*
1.00

3.12x107*

144x 107
234x107*
1.00
2.78x 10

n/a

n/a

1.00
2.46x 107
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replacements of dG with an S- or R-N*-CEdG caused decreases in the efficiency (VmaxKm,
Table 5-1) for nucleotide insertion by 2.5- and 4.6-fold, respectively, which is consistent
with the observation that R-N*-CEdG is a stronger block to DNA replication than S-N*-
CEdG in E. coli cells (see above).

We also measured the steady-state kinetic parameters for nucleotide incorporation
opposite the N>-CEdG lesion by human pol « (Figure 5-12 and 5-13). The nucleotide
insertion by human pol « is again highly accurate, and the polymerase inserts
preferentially dCMP opposite the lesion (Table 5-2). More strikingly, the efficiencies for
human pol « to incorporate the correct nucleotide, dCMP, opposite S- and R—Nz-CEdG,
were increased by 6- and 3.5-fold, respectively, relative to the unmodified substrate. Thus,

N*-CEdG is a better substrate for human pol « than an unmodified dG.
Discussion

MG is induced endogenously as a byproduct of glycolysis, a metabolic process
conserved in all organisms (22, 23, 38). The concentration of MG human cells can be
elevated under various pathological conditions (e.g., diabetes) (24). It was found recently
that MG induces modifications in calf thymus DNA mainly on dG to give N>-CEdG (39).
N*-CEdG can also be detected in urine samples of healthy human subjects (40), and in
kidney and aorta cells of diabetic and uremic patients (4/). LC-MS/MS with the isotope
dilution method revealed that N>~CEdG can be formed in untreated WM-266-4 cells at a
level of approximately one lesion per 10 nucleosides; treatment of cells with MG or

glucose can further stimulate the formation of the lesion, supporting that N>-CEdG is an
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Figure 5-12. In vitro replication studies of N>-CEdG-bearing and control undamaged
substrates with human polymerase k (X represents S-N*-CEdG, R-N*-CEdG or
unmodified dG). The primer extension was carried out at 37 °C in the presence of all
four dNTPs at a concentration of 200 pM each for 60 min, and the amounts of human
pol k were indicated. A 5’-[**P]-labeled d( GCTAGGATCATAGC) was used as the
primer.
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Primer 57 ~32P-GCTAGGATCATAGTG ~— TP incorporation
Template ~ 3”-GATCCTAGTATCACXCGGTA-5"
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Figure 5-13. Steady-state kinetic measurements for incorporation of dAMP, dGMP,
dCMP and dTMP opposite the S- N>-CEdG, R- N*-CEdG or undamaged dG on the
20 mer ODNs. Human pol k (5 ng) was incubated with 10 nM primer-template
duplex substrate at room temperature for 10 minutes for each reaction. The highest
dNTP concentration is shown in the figure, and the concentration ratio of ANTP
between adjacent lanes was 0.5-0.6.
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Table 5-2. Fidelity of nucleotide incorporation by human polymerase k on N*-CEdG-
containing substrates and the undamaged substrate as determined by steady-state kinetic

measurements (K, and V¢ are average values based on three independent

measurements).

ANTP  Vipax (MM min") K, (nM) Vi / Kn(min™) — fine
S-N*-CEdG-containing substrate

dATP  0.24 + 0.004 (1.21+0.10) x 10° 1.98 x 10° 6.39 x 107
dGTP  0.08 +0.01 (3.31+0.32) x 10° 2.41 x 107 7.77 x 107
dCTP  0.25+0.03 (8.06 + 0.95) x 107 3.10 x 10 1.00

dTTP  0.30+0.02 (3.46 £ 0.55) x 10* 8.67 x 107 2.80 x 10
R-N*-CEdG-containing substrate

dATP  0.28+0.02 (9.83 +0.20) x 10° 2.84 x 107 1.49 x 107
dGTP  0.10+0.01 (5.28 + 1.05) x 10° 1.89 x 1077 9.90 x 10™
dCTP  0.91+0.09 (4.77 £ 0.39) x 10° 1.91 x 10 1.00

dTTP  0.14+0.02 (2.53 +0.43) x 10* 5.53x10° 2.90 x 10
dG-containing substrate

dATP  0.26 + 0.002 (7.48 +1.17) x 10* 3.48 x 10 6.4 x 107
dGTP  0.30+0.01 (1.84 +0.26) x 10° 1.63 x 10 3.0 x 102
dCTP  0.27+0.01 (5.00 + 0.54) x 10° 5.40 x 107 1.00

dTTP  0.16 +0.06 (7.75 + 0.02) x 10° 2.06 x 107 3.81 x 107
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endogenous DNA lesion and the amount of the lesion can be enhanced by byproducts of
glycolysis.

Replication studies using single-stranded M 13 shuttle vectors harboring a site-
specifically incorporated N*-CEdG revealed that the two diastereomers of the lesion
exhibited significantly different bypass efficiencies in E. coli cells. The R-N*-CEdG is
twice as effective as S-N*-CEdG in blocking DNA replication in all strains of E. coli cells
that we examined. Although the absence of pol II or V does not give rise to apparent
alteration in bypass efficiency, deficiency in pol IV results in a significant drop in bypass
efficiency by 63% and 66% for the S and R diastereomers, respectively (Figure 5-6A).

Both diastereomers are weakly mutagenic in wild-type AB1157 cells and the
isogenic E. coli cells that are deficient in pol II or pol V. However, the frequency of
G->T mutation in pol IV-deficient background was increased significantly for both
diastereomers, supporting that the pol IV-mediated lesion bypass is largely error-free.
Along this line, it was found that G>T transversion accounts for 70% of
benzo[a]pyrene-induced mutations in pol k-defective cells, whereas G=>T and G> A
mutations occur at an equal frequency of approximately 30% of total mutations in
parental cells (7).

These results are also in accordance with in vitro replication data showing that
nucleotide insertion opposite N*-CEdG is both accurate and efficient. In this respect, the
efficiencies (Vmax/Km) for E. coli pol 1V to incorporate the correct nucleotide, dCMP,
opposite dG, S-, and R-N*-CEdG were 6.42x107, 2.53x107, and 1.40x10” min™,

respectively (Table 5-1). In addition, the corresponding efficiencies for human pol « to
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insert dCMP were 5.40x107,3.10x10™, and 1.91x10™* min™, respectively (Table 5-2). In
keeping with our observations, E. coli pol IV and human pol k insert dCMP opposite N°-
furfuryl-dG with 10- to 15-fold greater catalytic efficiency than opposite an undamaged
dG (7). It is of note that N*-furfuryl-dG is a structure analog of the principal N*-dG
adduct induced by nitrofurazone (7), and there is no evidence showing that N*-furfuryl-
dG is an endogenously induced DNA adduct. Furthermore, E. coli pol IV and human pol
K can bypass accurately the bulky N*-dG-BPDE adduct (10-12), and the M13 genome
bearing an N>-dG-BPDE gave 4-fold fewer plaques when transfected into SOS-induced
pol IV-deficient E. coli cells relative to the isogenic wild-type cells (/7). Different from
what we found for the bypass of N*-CEdG, the efficiency for human pol « to insert dCMP
across N>-dG-BPDE was at least 70 times less than opposite an undamaged dG (10).

Recently, the x-ray crystal structure for the catalytic core of human pol k in
ternary complex with DNA and an incoming nucleotide has been solved (42). The
structure reveals the absence of steric hindrance in the minor groove at the primer-
template junction (42), which may explain the tolerance of the polymerase toward the
minor-groove adduct, N*-CEdG.

Taken together, the results from the present study offer solid evidence supporting
that N>-CEdG, a DNA adduct arising from MG, is an endogenous substrate for DinB

DNA polymerase.
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CHAPTER 6

Concluding Remarks and Future Directions

In this dissertation, three types of DNA lesions, namely, an oxidatively induced
intrastrand cross-link lesion (G[8-5m]T), two tandem ROS-induced nucleobase lesions
[5°-Tg-(8-0x0dG)-3" and 5°-(8-0x0dG)-Tg-3"] and a N*-dG DNA adduct (NV*-CEdG),
were identified and quantified by LC-MS/MS methods; their cytotoxicity and
mutagenicity were further characterized by traditional steady-state kinetics techniques

and LC-MS/MS-based strategies.

In Chapter 2, a cross-link lesion, G[8-5m]T, in which the C8 carbon atom of
guanine and the 5-methyl carbon atom of its 3’ neighboring thymide are covalently
bonded, was identified by LC-MS/MS from the y ray-treated Hela-S3 cells for the first
time, and its yield of formation is proportional to the dose of the y-rays applied. Our in-
vitro replication studies showed that the DNA synthesis mediated by Klenow fragment, a
representative replicative DNA polymerase, was stopped mostly after incorporating the
correct nucleotide dAMP opposite the 3'-thymine moiety of the lesion, suggesting strong
blocking effect of this lesion toward replicative polymerases. By contrast, translesion
synthesis polymerase, i.e. yeast pol 1, could replicate past the lesion with a markedly
reduced efficiency as well as with considerable frequencies of nucleotide
misincorporation (i.e., dAAMP and dGMP were inserted opposite the 5’-guanine moiety of

the G[8-5m]T). Taken together, our data suggested that this ionizing radiation-inducible
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intrastrand cross-link lesion may render certain difficulty for DNA replication and lead to

mutations.

In Chapters 3 and 4, we discussed our study on tandem nucleobase lesions. An
efficient dose-dependent formation of the 5’-Tg-(8-0x0dG)-3’ tandem lesion in isolated
DNA upon treatment with Fenton type reagents or y-rays in the presence of Cu(Il)
/ascorbate was revealed for the first time. It is worth highlighting our strategy for the
quantification of this lesion, where we took advantage of the fact that nuclease P1 can not
cleave the phosphodiester bond between Tg and its 3° adjacent nucleotide. This results
the release of the tandem lesion as a unique chemical entity, i.e. 5’-p-Tg-p-(8-0x0dG)-3°,
which could be easily detected and quantified by LC-MS/MS. The high yield of this
lesion may indicate novel mechanisms of its formation as well as potentially high
biological significance of this lesion. In light of this finding, we further assessed the
cytotoxic and mutagenic properties of this tandem lesion together with 5°-(8-0xodG)-Tg-
3’ both in vitro and in vivo. Chapter 3 focused on examining how they are replicated
with purified DNA polymerases and how they are interpreted by purified BER enzymes.
We found that both tandem lesions blocked primer extension mediated by the Klenow
fragment and yeast pol 1 more readily than when the Tg or 8-0xodG was present alone
and the mutagenic properties of Tg or 8-oxodG differed while they were present alone or
in tandem; in addition, the activities of purified BER enzymes were also altered when
they encountered substrates bearing the tandem lesions. In Chapter 4, we extended our
replication studies on these tandem lesions from in vitro to in vivo by assessing their

bypass efficiencies and mutation frequencies in E. coli cells. In consistency with our in-
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vitro results, the bypass efficiencies for the tandem lesions were considerably reduced
comparing to those for the two isolated single-nucleobase lesions. Surprisedly, the 5'-Tg-
(8-0x0dG)-3' could also give rise to a significant frequency of TG=>GT tandem double
mutation, which has never been reported before. Taken together, both in-vitro and in-
vivo results indicated that tandem lesions could exert a greater cytotoxic effect than when
the composing lesions are present alone and the mutagenic properties of the tandem

lesions could be markedly altered.

In Chapter 5, we assessed the formation, cytotoxic and mutagenic properties of
the N*>-CEdG, a major stable DNA adduct formed from methylglyoxal. We found that N*-
CEdG could be detected at a frequency of one lesion per 10" nucleosides in WM-266-4
human melanoma cells, and treatment of these cells with MG or glucose led to a dose-
responsive increase in its formation. Furthermore, our in-vitro replication results showed
that E. coli pol IV and its human counterpart polymerase k were able to bypass N>-CEdG
accurately and efficiently. Our in-vivo replication study on this lesion in wild-type and
bypass polymerase-deficient E. coli cells also confirmed that pol IV is the major DNA
polymerase responsible for bypassing N*-CEdG in E. coli cells. Taken together, our data
support that N>-CEdG, a minor-groove DNA adduct arising from MG, is an important

endogenous substrate for DinB DNA polymerase.

Future studies can be conducted focusing on the identification and quantification
of these lesions in other biological samples, i.e. tissues. For example, the accumulation of

intrastrand cross-link lesions may be associated with neurodegeneration in NER-deficient
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patients, thus it is helpful to assess the lesion formation in NER-deficient animals or
human tissues. In this dissertation we showed the efficient formation of the 5'-Tg-(8-
0oxodG)-3' tandem lesion in isolated DNA upon exposure to Fenton-type reagents. It is
necessary to analyze its formation in vivo. In this regard, Cu ions are accumulated
abnormally in liver, brain, kidney and other tissues of Wilson’s disease patients.
Therefore, reagent-treated cultured cells, Wilson’s disease model animal or patient tissues
could be assessed. This may help to illustrate the significance of Cu ions and DNA
damage involved in the pathogenesis. In addition, it is important to further extend in-vivo
replication study from E. coli to mammalian cells, viewing that, both replication and
repair systems in the mammalian cells are much more complicated than those in
prokaryotes. The strategies discussed in Chapters 4 and 5 should be readily adaptable for
such studies. In addition, we assessed how tandem lesions are recognized by purified
BER enzymes in Chapter 3, it is of interest to investigate whether intrastrand cross-link

lesions and tandem nucleobase lesions are substrates for eukaryotic NER repair system.
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