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ABSTRACT

Reactive oxygen species (ROS) can be induced by
both endogenous and exogenous processes, and
they can damage biological molecules including
nucleic acids. Exposure of isolated DNA to X/y-rays
and Fenton reagents was shown to lead to the
formation of intrastrand cross-link lesions where
the neighboring nucleobases in the same DNA
strand are covalently bonded. By employing HPLC
coupled with tandem mass spectrometry (LC-MS/
MS) with the isotope dilution method, we assessed
quantitatively the formation of a guanine-cytosine
(G[8-5]C) intrastrand cross-link lesion in HeLa-S3
cells upon exposure to y-rays. The yield of the
G[8-5]C cross-link was 0.037 lesions per 10° nucleo-
sides per Gy, which was ~300 times lower than that
of 5-formyl-2'-deoxyuridine (0.011 lesions per 10°
nucleosides per Gy) under identical exposure con-
ditions. We further constructed a single-stranded
M13 genome harboring a site-specifically incor-
porated G[8-5]C lesion and developed a novel
mass spectrometry-based method for interrogating
the products emanating from the replication of
the genome in Escherichia coli cells. The results
demonstrated that G[8-5]C blocked considerably
DNA replication as represented by a 20% bypass
efficiency, and the lesion was significantly muta-
genic in vivo, which included a 8.7% G—T and a
1.2% G—C transversion mutations. DNA replication
in E. coli hosts deficient in SOS-induced poly-
merases revealed that polymerase V was respon-
sible for the error-prone translesion synthesis
in vivo.

INTRODUCTION

Reactive oxygen species (ROS) can be generated during
normal aerobic metabolism or through exogenous path-
ways, and excess generation of ROS in vivo results in

damage to biological molecules including DNA (1-3).
The DNA lesions, if not repaired properly, may give rise
to mutations and induce cell death.

Several intrastrand cross-link lesions were found to
form in aqueous solution of isolated DNA upon exposure
to y- or X-rays (4-11), during which hydroxyl radical
(°OH) can be generated from the radiolysis of water.
In this context, *OH can either couple with the C5=C6
double bond of cytosine, thymine and 5-methylcytosine or
abstract a hydrogen atom from the 5-methyl group of the
latter two pyrimidine bases (12). Both processes give rise
to the pyrimidine base-centered secondary radicals, which
may attack their neighboring purine bases to yield
intrastrand cross-link lesions (4-6,8,11,13). Moreover,
recent LC-MS/MS results revealed that G[8-5m]T,
mC[5m-8]G, G[8-5m]mC and GI[8-5]C cross-link lesions,
where the C8 of guanine is covalently bonded to the
methyl or C5 carbon of its vicinal pyrimidine base, were
produced in DNA in aerated aqueous solution upon
exposure to Fenton-type reagents (14,15). These observa-
tions suggest that this under-investigated group of
oxidatively generated DNA lesions might be induced
endogenously.

The oxidative intrastrand cross-link lesions result in
significant destabilization to DNA double helix (16). In
addition, it was found that the G[8-5Sm|mC, G[8-5m]T and
GI[8-5]C lesions could be recognized by Escherichia coli
UvrABC nuclease, suggesting that these lesions might be
substrates for nucleotide excision repair (NER) enzymes
in vivo (16,17). On the other hand, in vitro replication
studies showed that G[8-5m]T and GI[8-5]C cross-link
lesions either completely blocked most of the high-fidelity
DNA polymerases or only allowed for the incorporation
of one nucleotide opposite the 3’-thymine or cytosine
portion of the two cross-link lesions (18-20). Yeast
polymerase m (pol m) was able to replicate past the
G[8-5]C and G[8-5m]T cross-link lesions; however, the
5" guanine portion of the cross-links caused a marked
reduction of both the efficiency and the fidelity of
nucleotide incorporation (9,20). These results suggested
that the oxidative intrastrand cross-link lesions, if not
repaired, can be cytotoxic and mutagenic (18-20).
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On the grounds that these intrastrand cross-link lesions
might be substrates for NER enzymes in vivo and they
can block replication and, potentially, transcription, these
lesions may pose a significant challenge for people
suffering from genetic diseases that are defective in NER
(21). Along this line, it was shown that neurodegeneration
is a major feature of people with deficiency in NER,
e.g. xeroderma pigmentosum (XP) and Cockayne syn-
drome patients (22), though the molecular mechanisms
underlying the neurodegeneration remain elusive (23). An
attractive hypothesis was put forward suggesting that
defective repair and the resulting accumulation of
oxidative DNA lesions in the nervous systems of NER-
deficient patients might be responsible for the neurode-
generation (23-25). In this regard, neurons consume
a large amount of molecular oxygen and generate ROS
as by-products of cellular respiration, which can cause
considerable damage to DNA (25). Major DNA lesions
induced by ROS were non-bulky lesions including 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxodG), 5,6-dihydroxy-
5,6-dihydrothymidine (thymidine glycol) and other
single-base lesions. These lesions are, however, thought
to be repaired primarily by the base excision repair (BER)
pathway (24,25), though 8-oxodG- and thymidine glycol-
bearing substrates could also be recognized by NER
enzymes in vitro (25). Nevertheless, bulky DNA lesions
like dipyrimidine photoproducts can only be removed by
the NER pathway in human cells (26). Therefore, it has
been proposed that neurodegeneration in NER-deficient
patients is caused by ROS-induced bulky lesions (24,25).

Methods have been developed for evaluating the
genotoxic effects of DNA damage with a structurally
defined lesion (27). Essigmann and coworkers (28-31)
introduced the ingenious restriction endonuclease and
post-labeling (REAP) and competitive replication and
adduct bypass (CRAB) assays to measure quantitatively
the mutation frequency and lesion bypass efficiency,
respectively, of a site-specifically incorporated and struc-
turally defined DNA lesion in vivo (28-34). In these assays,
the entire population of progeny, emerging from the
replication of the lesion-bearing vector, was assayed for
bypass efficiency and mutation frequency, which offers
statistically sound conclusions about how a particular
lesion is replicated in vivo (28-34). In addition, these
experiments are conducted by using single-stranded
vectors, which are generally not subjected to DNA
repair, hence allowing for the evaluation of the efficiency
and fidelity of in vivo translesion synthesis (27).

In this study we identified and quantified, for the first
time, the formation of the G[8-5]C intrastrand cross-link
lesion in HeLa-S3 cells that were exposed to y-rays.
In addition, we incorporated LC-tandem mass spectro-
metry (MS/MS) analysis into REAP and CRAB assays
and examined how the GI[8-5]C lesion affects DNA
replication by hindering DNA polymerases and inducing
mutations in vivo. Our results revealed that, in E. coli cells,
G[8-5]C not only blocked markedly DNA replication but
also caused considerable G—T and G—C mutations.
Moreover, DNA polymerase V was responsible for the
mutagenic bypass of the lesion in vivo. This was the first
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report on in vivo genotoxicity of an oxidative intrastrand
cross-link lesion of DNA.

MATERIALS AND METHODS

[y-**P]JATP, nuclease Pl and alkaline phosphatase were
obtained from Amersham Biosciences Co. (Piscataway,
NJ, USA), MP Biomedicals (Aurora, OH, USa) and
Sigma-Aldrich (St. Louis, MO, USA), respectively. Snake
venom phosphodiesterase and calf spleen phosphodiester-
ase were obtained from US Biological (Swampscott, MA,
USA). Restriction endonucleases, DNA polymerases,
T4 DNA ligase and uracil DNA glycosylase were from
New England Biolabs (Ipswich, MA). Shrimp alkaline
phosphatase was obtained from Roche Diagnostics
(Indianapolis, IN). HeLa-S3 cells were purchased from
National Cell Culture Center (Minneapolis, MN).
M13mp7L2 and wild-type E. coli strains were kindly
provided by Prof. John M. Essigmann, and polymerase-
deficient AB1157 strains [(Apol Bl::spec (pol II-deficient),
AdinB (pol IV-deficient) and AwmuC:kan (pol
V-deficient)] were general gifts from Prof. Graham
Walker at MIT (35,36). DNA synthesis reagents
were from Glen Research (Sterling, VA). 1,1,1,3,3,
3-hexafluoro-2-propanol (HFIP) was purchased from
TCI America (Portland, OR). Isotope-labeled d(GJ[8-5]C)
(structure shown in Figure Ic) was synthesized
previously (15).

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 (107 cells/ml) was exposed
to vy-rays delivered by a Mark I '*’Cs Irradiator
(JL Shepherd and Associates, San Fernando, CA) at a
dose rate of 2.8 Gy/min. Immediately after the exposure,
the cells were harvested by centrifugation and the nuclear
DNA was isolated by phenol extraction and desalted by
ethanol precipitation.

The resulting DNA was digested with four enzymes
following previously described procedures (14). 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 absorbance measurements and to the
mixture was added stable isotope-labeled d(GJ[8-5]C).
The d(G[8-5]C) was enriched from the digestion mixture
following previously published procedures by HPLC
with a 4.6 x 50mm C18 column (5um in particle size,
Phenomenex®, Torrance, CA) (14). A gradient of 5-min
0-2% acetonitrile followed by a 55-min 2-5% acetonitrile
in 10 mM ammonium formate (pH 6.3) was employed and
the flow rate was 0.60 ml/min. The HPLC fractions eluted
between 20.0 and 26.0 min were pooled, and we collected
fractions in a wide retention time range to ensure that the
cross-link lesion is completely collected. The collected
fractions were dried in the Speed-vac, redissolved in 10 pl
H,0, and injected for LC-MS/MS analysis.
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Figure 1. Identification of a G[8-5]C intrastrand cross-link lesion in HeLa-S3 cells. Shown are the SICs for the m/z 555—457—261 (a) and m/z
558—460—264 (b) transitions for the in vivo formed intrastrand cross-link and the isotope-labeled internal standard, respectively. Depicted in (c¢) is
the structure for the isotope-labeled internal standard (bold italic letters designate the '’N- and '’C-labeling sites). Panel (d) reveals the dose-

responsive formation of the G[8-5]C lesion.

LC-MS/MS identification and quantification of G[8-5]C

A 0.5 x 150 mm Zorbax SB-C18 column (5 pum in particle
size, Agilent Technologies, Palo Alto, CA) was used for
the separation of the DNA hydrolysis samples, and the
flow rate was 8.0 ul/min, which was delivered by using an
Agilent 1100 capillary HPLC pump (Agilent Technol-
ogies). A 60-min gradient of 0-30% acetonitrile in 20 mM
ammonium acetate was employed. The effluent from the
LC column was coupled to an LTQ linear ion-trap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA),
which was set up for monitoring the fragmentation of the
[M + H]" ions of the labeled and unlabeled d(G[8-5]C).

Restriction endonuclease and mass spectrometry
(REAMS) assay

The procedures for the preparation of lesion-bearing
16-mer ODNs were described in the Supplementary Data.
The lesion-carrying ODNs were ligated into the EcoRI-
linearized M13mp7(L2) genome in the presence of two
ligation scaffolds flanking the lesion site (30). The scaffolds
were then degraded by the 3'—35" exonuclease activity of
the T4 DNA polymerase (30). To examine the bypass
efficiency, we also prepared a control competitor genome
by inserting a 19-mer unmodified ODN, [d(GAAGACCA

GCTAGCTGCGG)], into the M13 genome. The amount
of the lesion-containing genome was normalized against
that of the competitor genome following the previously
described method (30). The lesion-containing genome was
then mixed with the competitor genome at a fixed ratio of
85/15, transformed into wild-type and DNA polymerase-
deficient AB1157 E. coli cells by electroporation, and
allowed for replication in the host E. coli cells for 6h
(29-33). The ABI1157 cells were then pelleted and the
supernatant, which contained progeny phages, was
collected. Because not all copies of the lesion-containing
genome were electroporated into cells, the isolated super-
natant carried, other than the progeny phage, unreplicated
genomes. To minimize the effect of residual lesion-
containing genomes in subsequent analysis, the progeny/
lesion-genome ratio was increased by several orders of
magnitude via infecting SCS110 E. coli with the viable
progeny phage (29-33). After culturing the cells at 37°C
for 5h, single-stranded DNA was extracted from the
progeny phage.

PCR amplification of the region of interest in the
resulting progeny genome was performed by using primers
d(CAGCTATGACCATGATTCAGTGGAAGAC) and
d(CAGGGTTTTCCCAGTCACGACGTTGTAA) (30).
The PCR products were cleaned up by using QIAquick



nucleotide removal kit (Qiagen, Valencia, CA) and
digested with 45 U of Bbsl. The terminal phosphate
groups in the restriction fragments were removed by
treatment with 20 U of shrimp alkaline phosphatase at
37°C for 4h, and the shrimp alkaline phosphatase was
deactivated by incubating the reaction mixture at 65°C for
20min. The resulting DNA fragments were further
digested with 40 U of Tsp5091 at 65°C for 1h. After the
above restriction cleavages, the DNA fragment of interest
from the full-length replication product was liberated as
an 8-mer ODN, d(XYGACGCC), where ‘XY’ designate
the nucleobases present at the initial G[8-5]C lesion
site after DNA replication in vivo (Figure 2). On the
other hand, the corresponding DNA fragment liberated
from the competitor genome was an Il-mer ODN,
d(GCTAGCTGCGQG). In this context, it is worth noting
that the removal of the 5'-phosphate groups from ODNs
with shrimp alkaline phosphatase can avoid partial
spontaneous dephosphorylation, which may affect the
accuracy for the quantification of replication products.
A 0.5x150mm Zorbax SB-C18 column (Sum in
particle size, Agilent Technologies) was used for the
separation of the ODNSs after restriction enzyme digestion,
and the flow rate was 8.0 pul/min, which was delivered
by using the Agilent 1100 capillary HPLC pump.
A gradient of Smin of 0-20% methanol followed by a
35min of 20-50% methanol in 400 mM HFIP buffer (pH
was adjusted to 7.0 by the addition of triethylamine) was
employed for the separation (37,38). The effluent from the
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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 8-mer and
11-mer ODNSs.

RESULTS

To understand the biological implications of oxidatively
induced intrastrand cross-link lesions, it is important to
determine whether this type of lesions can be formed in
human cells. To this end, we exposed HeLa-S3 cells to a
series of doses of y-rays, isolated the genomic DNA from
these cells, and digested the DNA with a combination of
four enzymes (nuclease P1, calf spleen phosphodiesterase,
alkaline phosphatase and snake venom phosphodiester-
ase). The digestion method was shown to be effici-
ent in liberating intrastrand cross-link lesions from
DNA (4,14,39,40). We then added the isotope-labeled
d(GI8-5]C) (structure shown in Figure Ic) to the digestion
mixture, enriched d(G[8-5]C) by HPLC, and analyzed the
collected HPLC fractions by LC-MS/MS and LC-MS®.
It is worth noting that the enrichment procedure is
essential for the identification and accurate quantification
of DNA lesions of very low abundance. In this respect, the
enrichment allows for the removal of most salts employed
for the enzymatic digestion and most undamaged nucleo-
sides, thereby improving the ionization efficiency of the
analyte under investigation (14).

GAAGACCAXYGACGCC GAAGACCAGCTAGCTGCGG
EcoRlI Site o Progeny of lesion Progeny of competitor
Y genome genome
M13mp7(L2
p7(L2) lPCR amplification
Cleave with EcoRl Bbsl ¥P509!
Annealwith 2 scaffolds 5/ .. -CATGATTCAGTGGAAGACCAXYGACGCCAATTCACTGGCC: - - 37
Add 5-phosphorylated ODN 30 .- ~GTACTAAGTCACCTTCTGGAMNCT*GCGGTTAAAGTGACCGG~ - 5t
Ligation Add T4DNA ligase/ATP :
Scaffc{ld _Ligation Bbsl
Scaffold Alkaline phosphatase
CTTCTGG CTGCGG TSp509|
/GAAGACCAG [8-5] CGACGCC
5’ ---CATGATTCAGTGGAAGACCA XYGACGCC pAATTCACTGGCC:--3"
3’ ---GTACTAAGTCACCTTCTGGAMNCT GCGGTTAAp GTGACCGG:--5'
¢T4 DNA polymerase lLC-MS/MS

GAAGACCAG[8-5]CGACGCC

Electroporation with
competitorM13 genome

into E.coli

Identification and
quantification of
replication products

Figure 2. The REAMS assay for the monitoring of the in vivo cytotoxicity and mutagenicity of the G[8-5]C lesion. For the ligation scaffolds, only the
portions of the sequences that are complementary to the 16-mer lesion insert are shown, while the remaining sequences are indicated by black lines.
The PCR products and restriction fragments for the competitor genome are not listed. Bbsl and Tsp5091 cleavage sites are indicated by solid and
broken arrows, respectively, and the recognition sites for these two restriction endonucleases are highlighted in bold.
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Our LC-MS results revealed that G[8-5]C could be
induced in human cells upon exposure to y-rays. In this
context, we found a strong peak in the selected-ion
chromatogram (SIC) for the m/z 555—457 transition for
the DNA sample obtained from vy-irradiated cells
(Figure S1). The retention time for this peak is identical
to the peak found in the corresponding SIC (i.e. m/z
558—460) for the internal standard. Moreover, the
product-ion spectrum of the [M + H] " ion of this fraction
showed the presence of two abundant and diagnostic
fragment ions, i.e. the ions of m/z 261 and 457 (Figure S1),
resulting from the eliminations of the 2-deoxyribose-
phosphate backbone and a 2-deoxyribose component,
respectively (41). The corresponding fragment ions, that
is, the ions of m/z 264 and 460, were also abundant in the
product-ion spectrum of the [M + H]" ion of the internal
standard (Figure S1). The same retention time and the
similar MS/MS of the analyte and the isotope-labeled
internal standard support that this lesion can be induced
in HeLa-S3 cells upon exposure to y-rays. Corresponding
analysis of DNA samples obtained from control cells
without y-ray exposure revealed that the G[8-5]C lesion
was not detectable.

It is worth noting that, other than the two characteristic
fragment ions found in the MS/MS for the internal
standard and the analyte, ions from impurities were also
present (Figure S1). In this respect, these impurity-related
ions were also present for the control samples. However,
further collisional activation of the ion of m/z 457 allowed
us to obtain a product-ion spectrum, that is, MS®, of high
quality (Figure la). Corresponding LC-MS® analysis of
control sample again revealed that the G[8-5]C was not
detectable (data not shown), substantiating our conclusion
that the intrastrand cross-link lesion is not produced in
detectable quantity in unirradiated cells.

Because of the high specificity offered by MS?, we chose
to employ LC-MS? to quantify the G[8-5]C lesion induced
in HeLa-S3 cells. The quantification results showed that
the formation of the lesion is dose-responsive (Figure 1d).
In addition, the yield for the formation of the G[8-5]C
lesion is ~0.037 lesions per 10° nucleosides per Gy, which
is ~300 times lower than what we recently found for the
rate of the formation of 5-formyl-2’-deoxyuridine (FodU,
0.011 lesions per 10° nucleotides per Gy) under identical
exposure conditions (42).

Other studies indicate that the yields for the forma-
tion of some other oxidatively generated single-base
modifications, e.g. 8-0xodG and 5-(hydroxymethyl)-
2'-deoxyuridine, were in a similar range as that of FodU
(43). In addition, another tandem lesion, 8,5 -cyclo-
2'-deoxyadenosine could be induced at a similar yield as
these single-nucleobase lesions. For instance, the abun-
dance of (5'S)-8,5-cyclo-2'-deoxyadenosine in keratino-
cytes increased from about 0.23 to 0.32 lesions per 10°
nucleosides after receiving 5Gy of X-rays (44). In
addition, we found that the structurally related
G[8-5Sm]T lesion could be induced at a rate of 0.050
lesions per 10° nucleosides per Gy (20), which is slightly
higher the rate for the formation of G[8-5]C. Thus, the
rates for the formation of the intrastrand cross-link lesions
GI[8-5m]T and G[8-5]C are approximately two orders of

magnitude lower than that for the formation of the
(5'S)-8,5-cyclo-2'-deoxyadenosine.

At a mechanistic point of view, the hydroxyl radical,
produced from vy radiolysis of water, can add to the C6
carbon of cytosine to afford the 6-hydroxy-5-yl radical of
the cytosine base, which can couple with the C8 of its
neighboring 5 guanine to render the GI[8-5]C lesion.
The latter radical, however, can also couple with O,,
which reduces the yield for the formation of G[8-5]C.
Thus, it is of interest to assess the formation of G[8-5]C in
hypoxic cells in the future.

We next examined how the G[8-5]C lesion blocks
DNA replication and induces mutations in vivo. We
chose to develop an LC-MS/MS method based on the
REAP and CRAB assays, first introduced by Essigmann
and coworkers (29-32,34), because, in these assays,
the entire population of progeny was assayed for bypass
efficiency and mutation frequency, which offers statis-
tically sound conclusions. In addition, these assays
are high throughput and do not require phenotypic
selection (30).

The assay begins with the insertion of the lesion under
study at a defined site in a replicable single-stranded
genome, i.e. M13mp7(L2) (Figure 2). After in vivo repli-
cation, the progeny genome was isolated and the DNA
sequence of interest was amplified by PCR. The PCR
products were digested with Bbsl and Tsp5091, and the
digestion products were subjected to LC-MS/MS analysis
(Figure 2). Because MS was employed for interrogating
the restriction fragments of replication products, we
termed the method ‘restriction endonuclease and mass
spectrometry’ assay, or REAMS assay. In the original
REAP assay, the identity and frequency of mutation
occurring at the lesion site were determined by [**P]-
labeling the site that originall;/ had the lesion and
resolving at the end the Y-[**PJANTP by thin-layer
chromatography. In the CRAB assay, the lesion bypass
efficiency was calculated from the rise in the relative
amount of the restriction fragment from the competitor
genome over the lesion-containing genome. In our
method, the restriction fragments were subjected directly
to LC-MS/MS analysis under the similar conditions as
described recently (38). In this context, we monitored
specifically the fragmentation of the [M—2H]*~ ions of the
8-mer full-length products where the nucleobase incorpo-
rated at the original 3’ cytosine site was mutated to a
guanine, adenine or thymine. However, none of these
products were detectable. We then monitored the frag-
mentation of the doubly deprotonated ions of d(XCGA
CGCCQ), where X is a A, T, C or G, it turned out all of
them except d(ACGACGCC) could be found [The SICs
and tandem mass spectra for d(GCGACGCC) and
d(TCGACGCC) identified from the restriction digestion
mixture are shown in Figure 3]. Moreover, we attempted,
but failed to detect the —1 and —2 frameshift muta-
tion products emanating from the replication of the
GI[8-5]C-bearing genome.

We were also able to find the restriction fragment from
the progeny of the competitor genome, d(GCTAG
CTGCGG) (11-mer). We then quantified the relative
amounts of different replication products by LC-MS/MS
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Figure 3. LC-MS/MS for monitoring the restriction fragments of interest without mutation or with a G—T mutation at the original guanine portion
of the lesion [i.e. d(GCGACGCC) and d(TCGACGCC)]. Shown in ga) and (b) are the SICs for the formation of indicated fragment ions of these two

ODN:s, and illustrated in (¢) and (d) are the MS/MS of the [M—2H]™™
ions follow that described by McLuckey et al. (56).

with the consideration of difference in ionization efficien-
cies for different ODNSs (calibration curves are shown in
Figure S7) (38). The relative amounts of d(GCGACGCC)
8G), d(TCGACGCC) (8T), d(CCGACGCC) (8C)
allowed for the calculation of mutation frequencies. The
bypass efficiency was then calculated from the ratio
of the total amount of 8G, 8T and 8C, which were from
the replication of the lesion-containing genome, over the
amount of the 11-mer, which was the replication product
of the competitor genome. In this respect, the lesion/
competitor genome ratio employed for the initial trans-
formation was also considered for the calculation.

Our results with the G[8-5]C intrastrand cross-link
revealed that the lesion blocked considerably DNA
replication in vivo as represented by a 20% bypass
efficiency in the wild-type AB1157 strain (Figure 4). The
mutation frequency of the 5 guanine moiety of G[8-5]C

ions of these two ODNSs (m2/z 1196.9 and 1184.3). Nomenclature for fragment

was significant, which included 8.7% G—T and 1.2%
G—C transversion mutations (Figure 4).

The results showed that the LC-MS/MS method
afforded a detection limit of 10 fmol for 8T, 8G, 8C and
8A at a signal-to-noise ratio (S/N) of greater than 10.
Therefore, the method allowed for a detection of 0.2%
mutation frequency if restriction fragments from 5 pmol of
PCR products were injected for analysis. This detection
limit is comparable to that offered by the traditional
REAP assay which used [**P]-post-labeling for the
quantification (28).

The LC-MS/MS method for the study of the cytotoxi-
city and mutagenicity of DNA lesions obviates the use
of [**P]-labeling and enables the simultaneous monitoring
of the bypass efficiencies and mutation frequencies of
DNA lesions. In addition, the REAMS method inter-
rogates a short piece of ODN carrying the original lesion
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Figure 4. In vivo bypass efficiencies and mutation frequencies of DNA
lesions in wild-type AB1157 E. coli cells determined by the REAMS
assay. The data represent the means and standard deviations of results
from three independent transformation and LC-MS/MS experiments.

site rather than examining only the nucleotide at the initial
lesion site in the REAP assay. Therefore, the sequence
information offered by MS/MS provides unambiguous
identification of the replication products and facilitates the
identification of replication products arising from muta-
tions occurring at or near the original lesion site.

To compare our results with those obtained by the
traditional REAP and CRAB assays, we also carried out
control experiments by examining the lesion bypass and
mutagenic properties of 8-oxodG and the THF analog of
the abasic site. Our results revealed that 8-oxodG only
inhibited weakly plasmid replication as represented by a
84% Dbypass efficiency and resulted in slight G—T
mutation (0.5%), whereas the abasic site analog was a
strong  DNA replication blockade (bypass% = 11%,
Figure 4) in wild-type AB1157 E. coli cells. These results
were in agreement with previous findings obtained by the
traditional CRAB and REAP assays (32,33), thereby
validating our LC-MS/MS method for the in vivo replica-
tion studies.

To determine which translesion synthesis DNA poly-
merase(s) is(are) involved in the bypass of the lesion in
E. coli cells, we also examined the bypass efficiencies and
mutation frequencies of the lesion in the isogenic E. coli
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Figure 5. In vivo bypass efficiencies and mutation frequencies of
G[8-5]C in pol II-, pol IV- and pol V-deficient ABI157 E. coli
determined by REAMS assay. The data represent the means and
standard deviations of results from three independent transformation
and LC-MS/MS experiments.

strains (AB1157 strain, see Materials and Methods
section) that are deficient in one of the three translesion
synthesis DNA polymerases, pol II, pol IV and pol V (35).
It turned out that the bypass efficiencies dropped from
20% for the wild-type strain to 14, 13 and 8% for the
strains that are deficient in pol II, pol IV and pol V,
respectively (Figure 5), though the changes are not
statistically significant (P > 0.05). In addition, no signifi-
cant difference in mutation frequency was found for the
wild-type strain and strains that are deficient in either pol
IT or pol IV; however, the G—T and G—C mutations
were almost completely abolished in the pol V-deficient
strain (only 0.5% of G—T mutation could be detected).
These results suggest that pol V was the major polymerase
responsible for the error-prone translesion synthesis of
GI[8-5]C in E. coli cells.

DISCUSSION

We demonstrated, for the first time, the dose-dependent
formation of the GI[8-5]C intrastrand cross-link lesion in
HeLa-S3 cells upon exposure to y-rays. Although the



formation rate for the cross-link lesion was low, that is,
~300 times less than that of 5-FodU under identical
exposure conditions (42), the formation of the bulky
intrastrand cross-link lesions may have significant impli-
cations in human diseases.

First, these lesions may play an important role in
the pathogenesis of human diseases associated with the
aberrant accumulations of iron and copper. In this
context, we demonstrated recently that iron and copper
ions could induce the formation of intrastrand cross-link
lesions of DNA in the presence of H>O, via the Fenton-
type reaction (14,15):

Cu'/Fe*t + H,0, — Cu**/Fe** +*OH + OH™

In humans, genetic hemochromatosis and Wilson’s
disease cause abnormal accumulation of iron and copper
in various organs, and an accumulation of highly muta-
genic oxidatively generated lesions in genomic DNA has
been considered to be relevant to iron-induced carcino-
genesis in iron-overload diseases (45). Additionally, bulky
DNA lesions were found in the liver of patients with
Wilson’s disease and primary hemochromatosis (46),
though the exact chemical structure of these lesions
remains elusive. Oxidatively generated intrastrand cross-
link lesions may account, in part, for the pathological
conditions of these diseases. It is important to examine the
formation of the intrastrand cross-link lesions in tissues
from these patients in the future.

The oxidatively generated intrastrand cross-link lesions
may also contribute significantly to neurodegeneration
and cancer developments in patients suffering from genetic
diseases with deficiencies in NER, e.g. XP, trichothiody-
strophy and Cockayne’s syndrome (47,48). In this respect,
a hallmark of XP patients is the markedly increased risk
to develop skin cancer, which is attributed to the inability
of cells to repair sunlight-induced dimeric DNA photo-
products, where neighboring nucleobases, essentially
dipyrimidines, are conjugated via the [2 + 2] photochemi-
cal reaction and Paterno-Biichi photocycloaddition
(22,49). Because of the structure similarity between
oxidatively generated intrastrand cross-link lesions and
dipyrimidine photoproducts, the oxidatively generated
intrastrand cross-link lesions are also expected to be
repaired by the NER pathway. Consistent with this
notion, we demonstrated that oxidatively generated
intrastrand cross-link lesions G[8-5]C, G[8-5m]mC and
GI[8-5m]T could indeed be recognized by the E. coli NER
machinery, and the efficiency for the cleavage of these
lesion-carrying substrates were comparable as those for
the cleavage of dipyrimidine photoproducts (16). Along
this line, it was found that XP patients often develop
neurological abnormalities due to premature neuronal
death (22). Neurons are not exposed to sunlight; thus,
DNA lesions formed from other endogenous mutagens
(e.g. ROS) contribute to those neuron losses. The
ROS-induced DNA intrastrand cross-link lesions are
expected to accumulate gradually in the long-lived,
non-dividing, albeit transcriptionally active neurons of
XP patients thereby contributing to neurodegenera-
tion in these patients. In this context, dipyrimidine
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photoproducts are known to block considerably transcrip-
tion by RNA polymerases (50-52); a structurally related
oxidatively generated DNA lesion, 8,5-cyclo-2'-deoxya-
denosine also inhibits transcription pronouncedly (53,54).
It is important to examine how oxidatively generated
intrastrand cross-link lesions affect transcription in the
future.

By using the newly developed mass spectrometry-based
assay, we demonstrated for the first time that the G[8-5]C
cross-link lesion blocked markedly in vivo DNA replica-
tion, it also induced considerable G—T (8.7%) and G—C
mutations (1.2%). Replication studies with the isogenic
E. coli strains that are defective in SOS-induced bypass
DNA polymerases demonstrated that pol V was respon-
sible for the mutagenic bypass of the lesion in vivo.

This result is also in line with in vitro replication results
showing that the pol V homolog in yeast, i.e. yeast pol 1,
is capable of synthesizing past the lesion in an error-prone
fashion (9). In this context, the in vitro replication studies
with yeast polymerase 1 showed that the cytosine portion
of the G[8-5]C intrastrand cross-link is not mutagenic; the
polymerase inserts predominantly a dGMP opposite the
3’ cytosine portion (9). On the other hand, the polymerase
exhibits significant mis-incorporations of dAMP and
dGMP opposite the guanine portion of the lesion (9),
which can result in G—T and G—C mutations for the 5
guanine portion of the lesion. In this context, it is worth
noting that pol V is also important for the efficient bypass
of a group of structurally diverse and highly mutagenic
guanine oxidation products in vivo (36).

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 translesion synthesis
DNA polymerases 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 (9). Under such circum-
stances, purine nucleotides can conceivably be incorpo-
rated 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 (55).

Taken together, we reported for the first time the in vivo
formation and the cytotoxic and mutagenic properties of
the G[8-5]C lesion. In addition, the REAMS assay
introduced here can be generally applicable for the
examination of the replication of other lesions in vivo.
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