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Oxidation by DNA Charge Transport Damages Conserved Sequence Block I,
a Regulatory Element in Mitochondrial DNA
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ABSTRACT: Sites of oxidative damage in mitochondrial DNA have been identified on the basis of DNA-
mediated charge transport. Our goal is to understand which sites in mitochondrial DNA are prone to
oxidation at long range and whether such oxidative damage correlates with cancerous transformation.
Here we show that a primer extension reaction can be used to monitor directly oxidative damage to
authentic mitochondrial DNA through photoreactions with a rhodium intercalator. The complex [Rh-
(phi)2bpy]Cls (phi = 9,10-phenanthrenequinone diimine) binds to DNA without sequence specificity and,
upon photoactivation, either promotes strand breaks directly at the binding site or promotes one-electron
oxidative damage; comparing the sites of base oxidation to direct strand breaks reveals the oxidative
damage that arises from a distance through DNA-mediated charge transport. Significantly, base oxidation
by charge transport overlaps with known mutational hot spots associated with cancers at nucleotides
surrounding positions 263 and 303; the latter is known as conserved sequence block Il and is vital to
DNA replication. Since DNA base oxidation at conserved sequence block Il should weaken the ability of
damaged mitochondrial genomes to be replicated, DNA-mediated charge transport may provide a protection
mechanism for excluding damaged DNA.

The mitochondrion contains an abundance of reactive processing of a RNA transcript. The remaining short RNA
oxygen species as a result of oxidative phosphorylatipn (  transcript is used as a primer for DNA replicatioRO).
and also plays a critical role in signaling apoptos®y. (  Oxidative damage, and subsequent mutations, in hypervari-
Importantly, somatic and germ-line mutations in mitochon- able Il may therefore have implications for mtDNA replica-
drial DNA (mtDNA)! have been detected in cells excised tion. This study aims to acquire a sequence level view of
from a wide variety of tumors3—7). MtDNA suffers from the oxidative damage pattern in hypervariable Il of mtDNA.

a mutation rate that is faster than that of nuclear DA ( Our laboratory has explored the chemistry of DNA-
Moreover, links between mitochondrial DNA mutations and mediated Charge transport and its bio|ogica| consequences
cancer are thought to be associated with the biology of aging (21, 22). We have shown that one-electron oxidative damage
(9-11). to DNA can arise from a distance as a result of hole migration

The molecular events leading to the formation of mtDNA through the DNA base pair stac23 24). One-electron
mutations are in general poorly understood and can deriveoxidation of DNA, in part, converts'aleoxyguanosine to
from a combination of factors. The nuclear-encoded mito- 8-oxodeoxyguanosine and facilitates the misincorporation of
chondrion replication and repair machinery, especially poly- an adenine instead of a cytosine during subsequent replication
merasey, can be impaired, leading to decreased fidelli) ( (25—27). Remarkably, oxidative DNA damage can occur at
In tandem or alone, oxidative stresses caused by reactiveleast 200 A from the site of oxidant binding4), and thus,
oxygen species, small molecule carcinogens, and endogenouis biological consequences require consideration. Long-range
oxidants can lead to reactions centered at DNA nucleotidesoxidative damage has been demonstrated both in nucleo-
(13-17). somes 28, 29) and within cell nuclei 80).

It is known that many mtDNA mutations prevalent in To identify sites of oxidative DNA damage that arise, we
tumors have been localized within the control region of have taken advantage of the photochemistry of rhodium
mtDNA (18, 19). An area within the control region (Figure intercalators that contain the phenanthrenequinone diimine
1A, yellow) termed hypervariable Il (Figure 1A, blue) (phi)ligand @1). A phiintercalator bound to DNA sequence-
contains regulatory elements, termed conserved sequencapecifically has been structurally characterized using X-ray
blocks (Figure 1A, red), that facilitate the cleavage and crystallography32). [Rh(phikbpy]** binds by intercalation

to duplex DNA with low sequence specificity. Upon pho-
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1 Abbreviations: phi, 9,10-phenanthrenequinone diimine; mtbNA, that can be revealed as strand breaks after the DNA is treated
mitochondrial DNA; CSB, conserved sequence block. with piperidine £3). We first demonstrated oxidative damage

10.1021/bi062024+ CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/16/2007



2806 Biochemistry, Vol. 46, No. 10, 2007

A

Apo1 sites

p190 293 395

6024 control region 576
Hypervariable I
CSB LI

PCR Hela

template
dT terminator

mDNA .

position

201 “ @ = Apo |
Restriction
Site

271

251a

231

Ficure 1: Accurate primer extension from total HeLa DNA. (A)
The mitochondrial genome contains the noncoding control regio
(yellow, nucleotides 166574). Regulation of DNA replication and
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contains several primer extension and amplification steps.
Furthermore, because each cell has many mitochondria and
each mitochondrion has several mtDNA genomes, mtDNA
is approximately 18times more abundant than nuclear DNA.
Direct primer extension, then, without additional amplifica-
tion, becomes an attractive alternative.

Here, we report the primer extension of mtDNA, in the
presence of total HeLa DNA, after photolysis by [Rh-
(phi)bpyF*. We find that irradiation of the [Rh(phbpyF™—
mMtDNA complex yields strong oxidative damage within CSB
II. Significantly, these sites of DNA damage overlap with
mutations found in tumors.

MATERIALS AND METHODS

All experiments were carried out using fresh HeLa cells.
Hela cells (Sigma) were raised t075% confluence, and
total DNA was purified using the DNAeasy kit (Qiagen) and
eluted from the column in 2.5 mM Tris (pH 8.5). Samples
were then restricted and treated with RNAses (2R52 ug
of HeLa DNA, 200 units of EcoRlI, 0.25 mg of RNase, 25
°C, 20 min). Samples were purified using a PCR purification
kit (Qiaquick, Qiagen), pooled, and stored-a20 °C (100
uL, 4 ug of total DNA, 5 mM phosphate, 25 mM NaCl,
pH 7.4).

Base oxidation experiments were carried out using addition
of 3 uM [Rh(phi);bpy]Cls. Samples were irradiated at 365
nm for 15 min by a 1000 W Hg/Xe lamp outfitted with a
320 long-pass filter, incubated with 99% piperidine (i1,

12 min, 95°C) and cooled, and 8L of glacial acetic acid
was added. The sample was prepared for primer extension
by purification with a PCR purification kit (Qiaquick,

n Qiagen) to give 4QL. The sample was divided into two 15
uL aliquots, and 1%L of 2x reaction mix was added {2

transcription occurs in the hypervariable region (blue, nucleotides taq buffer, 2 mM MgCJ, 200 uM dNTP, 20uM 3?P-end-
57—372). The hypervariable region contains three conserved |gheled primer, and 0.3 unitl. platinum tag). The sample

sequence blocks (red, nucleotides 2235, 299-315, and 346

363) that are essential to DNA replication. Two primers (pl and

p190) are used to interrogate the oxidative damage pattern

was heated to 98C for 2.5 min and cycled 40 times for

inPrimer extension (58C for 40's, 72°C for 40 s, and 98C

hypervariable II. Restriction of both genomic and mitochondrial for 30 s). Samples were precipitated, and 6% denaturing

HelLa DNA with Apo | cleaves mitochondrial DNA at nucleotide
293 (green) within hypervariable Il. (B) Primer extension of total
HelLa DNA treated with Apo | yields a large band, indicating a

single extension product. Addition of a dT terminator gives the
termination products, as with manual sequencing, indicating exten-

sion occurs from the appropriate start site. The sequence
consistent with that of mitochondrial DNA.

from a distance43d) using phi complexes of rhodium tethered

to the end of an oligonucleotide and spatially separated from

guanine doublets in DNA; the'fuanines of guanine

doublets and triplets are sites of particularly low oxidation

potential 83). In a survey of larger regions of the genome,
phi complexes cannot be tethered to the DNA and instead
noncovalent [Rh(phippy]*" complex can be employed. By

distinguishing simply between those strand breaks that result

from higher-energy irradiation, marking rhodium binding

PAGE was performed. Gels were visualized by overnight
exposure to a phosphorimager screen and scanned. Direct
strand scission was performed by irradiation at 313 nm on
the 1000 W Hg/Xe lamp oultfitted with a 295 long-pass filter,
isfollowed by purification without piperidine treatment and
primer extension.

Primer pl is 5ttaaataagacatcacgatgg, and p190'is 5
gcacctacgttcaatattacaggcgaac. For manual sequencing, the
control region was amplified by PCR by using appropriate
primers. After purification, sequencing reactions were con-
ducted by addition of acyclo-dNTP K Vent buffer, 100
4M dNTP, 66uM acyclonucleotide, 3:M 32p-end-labeled
primer, 10 units of Vent(exg] and cycled as listed above.
Data were quantified using the line function in ImageQuant
(Amersham) and normalized in Excel.

sites, and lower-energy reaction, marking sites of one- RESULTS
electron oxidation, one can therefore identify damage to DNA

that must arise from a distance.
To carry out these experiments in mtDNA with high

Primer Extension ProtocoDirect primer extension can
be optimized to visualize the sequence level information of

sequence resolution, we developed a primer extension assapxidative lesions in mtDNA in a few hours. In this study,

to visualize the oxidative damage in mtDNA. To date,

we used two primers, pl and p190 (Figure 1), which are

ligation-mediated PCR has been more commonly employednamed for the mitochondrial position of thé-rducleotide.

in visualizing oxidative damage34, 35), but this assay

DNA is extracted from Hela cells and treated with EcoRlI
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Ficure 2: Schematic illustration of oxidative damage of total HeLa DNA with the Rh photooxidant. The [Riftu{pyi?)" intercalator (red)

binds DNA without sequence selectivity. Irradiation of DNA-bound [Rh(iimy*" at 313 nm causes direct strand breaks at the site of
intercalation (blue square). Instead, irradiation at 365 nm followed by piperidine treatment reveals sites of base oxidation with subsequent
strand breaks that arise from DNA-mediated charge transport. Since the oxidative damage is generated from a distant photooxidant binding
site, the site of base oxidation may differ from the intercalation site. Samples containing the strand breaks are then extended to reveal the
oxidative damage pattern.

primer
extension

and RNase. EcoRI serves two purposes. (i) Restriction of As an example, a portion of a gel using p190 is shown in
DNA increases the efficiency of primer extension of mtDNA Figure 3. Extension of p1 gives similar results. It should be
by removing supercoiling from the circular mitochondrial noted that extension of HeLa DNA with p190 gives low
genome, and (ii) a decrease in the average nucleotide lengthbackground levels, and transcriptional stops at positions 298
allows a PCR purification kit to be used instead of ethanol and 312 (Figure 3, black squares) are observed. The
precipitations. Each primer extension reaction mixture transcriptional stops are consistent with known products of
contains 4ug of HeLa DNA extract, which corresponds to mtDNA replication in the growth phas&7—39). Addition
~10 fmol of mtDNA. of [Rh(phixbpy** to the DNA sample without irradiation
Experiments were carried out to ensure correct and faithful produces no change in the observed primer extension
primer extension of the HeLa DNA extract (Figure 1). Treat- products{Figure 3, no [Rh(phipbpy]**}. Incubation of the
ment of HeLa DNA with Apo | cleaves mitochondrial DNA HelLa DNA extract with piperidine at 95C adds a small
at positions 293 and 395. Results are shown for extensionbut measurable increase to the backgroyidgure 3;
with p190, which has a melting temperature of €D and compare 313 nm to 365 nm without both light and [Rh-
no secondary structure. After primer extension, a single band(phi)bpy*}. Irradiation of the DNA sample at low energy,
contains greater than 95% of the radioactivity and, compared365 nm, without addition of [Rh(phipyPt but with
to a manual sequencing lane, is located at mitochondrial piperidine treatment also causes little change in the extension
position 293. Addition of dT terminator to the Apo I-treated products. Irradiation at high energy, 313 nm, with no [Rh-
HelLa DNA extract exactly matches manual sequencing.  (phiybpyP* causes a few additional specific termination pro-
Oxidative Damage with [Rh(phibpy]?t. We then sought  ducts in the authentic HeLa DNA sample (Figure 3, empty
to determine the damage pattern of mtDNA photolyzed with boxes). Importantly, extension of mtDNA after it is photo-
[Rh(phixbpy* at both high and low energies. Figure 2 lyzed at either 313 or 365 nm in the presence of [Rh-
shows our strategy for exploring long-range oxidative (phi):bpyJ** causes an observable damage pattern (Figure 3).
damage in mtDNA. Total Hela DNA extract, 1% mtDNA Figure 4 illustrates graphically, shown as a line plot of
by weight, is incubated with [Rh(phBpy]**, to give one the gel lanes, another damage experiment with primer
phi complex per 20 bp. Irradiation at 313 nm induces direct extension using p190. Irradiation with [Rh(phipy]** at 313
strand cleavage that cannot be extended by a polymerasenm leads to direct strand breaks at all positions (Figure 4,
Therefore, the sequences bound and cleaved by [Rh-red vs gray control). It should be recalled, however, that since
(phi)bpy*t can be directly interrogated. Lower-energy cleavage here is assayed by extending the primer, shorter
irradiation at 365 nm instead causes base oxidation. Additionfragments will generally appear to have greater intensity
of piperidine promotes backbone cleavage at the oxidized (sites of lower nucleotide position). Nonetheless, while
bases 23, 24, 36). After purification, a primer extension  higher-molecular weight fragments are less intense and the
reaction is used to visualize the DNA damage pattern. cleavage pattern is not uniform across the region, all
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Ficure 4: Phosphorimager line plot comparing the base oxidation
‘ pattern (black) and the sites of intercalation (red). Note there are
221

few overlapping regions with large peak heights. Importantly,
damage to conserved sequence block Il occurs via charge transport
from a distance.

% 1 ;
Ficure 3: Representative gel showing DNA oxidation. Primer

extension of total HeLa DNA shows a polymerase stop site at the o ) o
top (black square). Control experiments where the oxidant, [Rh- nm). As indicated above, irradiation at 313 nm shows two

(phi)2bpyP*, is omitted show low background. Irradiation at 313 nucleotide regions, around 218 and 230 nm, as preferential
nm without [Rh(phi)bpy]** causes a small amount of photodamage yinging sites based upon the increased peak height (Figure

(empty black square). Addition of [Rh(phipy]*+ and irradiation . . . .
at 313 nm induces strand scission at the intercalation site (center4' highest peaks in the red line). With low-energy (365 nm)

of gel, green triangle). Addition of [Rh(phBpy* and 365 nm irradiation and piperidine treatment, positions surrounding
light followed by treatment with piperidine induces base oxidation position 230 show no base damage. Positions surrounding
with subsequent strand breaks (left portion of gel, filled red triangles position 218 exhibit overlapping peaks (Figure 4, red and
for high damage, empty red triangles for moderate damage). Manualp 5 ek jines). Therefore, position 230, with the strongest [Rh-

sequencing (right portion of gel) is used to relate the oxidative . L - .
damage back to the mitochondrial DNA sequence (numbers). Note (Phi20pyF*" binding, is not the site where the most base

that the sites of base oxidation do not overlap with intercala- OXidation occurs. Significantly, positions surrounding nucle-
tion sites. otides 263, 290, and 303 do not exhibit high levels of

preferential binding by [Rh(phippy]** but do exhibit strong

fragments are represented, and few sharp bands are evidentlamage after irradiation at 365 nm and piperidine treat-
Direct cleavage experiments show that binding by the Rh ment (Figure 4). Taken together, these data indicate that
complex is not sequence-specific; as with other intercalators,one-electron base oxidation by [Rh(pbpyF" leads to
some preference is found fof-pyrimidine-purine-3 steps DNA-mediated charge transport to regions of 263, 290, and
(31). Particularly strong cleavage by the Rh complex is found 303 nm.
at position 218 as is oxidative damage, seen with irradiation  Line plots of p1 and p190 primer extension products of
at 365 nm and piperidine treatment. Also noteworthy is the HelLa DNA treated with [Rh(phippy** with and without
hypersensitivity to [Rh(phippy*" photocleavage that is irradiation at 365 nm are shown in Figure 5. Manual
evident in the vicinity of position 230. Interestingly, reaction sequencing was used to map the sites of damage to the
with KMnOy is also markedly enhanced in this region (see individual mtDNA position. Nucleotide positions 2191
the Supporting Information); these observations are consistentand 201380 are visualized by pl and p190 extension,
with the greater chemical accessibility of this region of the respectively. Sites of damage were grouped into three sets:
genome. high, moderate, and little damage. Nucleotide positions where

Importantly, the damage patterns for [Rh(pbpy]** peak heights of the irradiated sample are 5 times greater than
followed by irradiation at 313 nm versus 365 nm with that of a sample lacking irradiation are termed high damage
piperidine treatment (Figure 4; compare black and red plots) (Figure 5B, red). Likewise, samples with peak heights
reveal key differences, reflecting sites preferentially bound between 2.5 and 5 are termed moderate damage (Figure 5B,
by the Rh complex (313 nm) versus base sites strongly green).
oxidized (365 nm). While photocleavage with [Rh(gbpy]*" Of the 360 mtDNA nucleotides in which Rh-monitored
at 313 nm reveals in general a low-intensity ladder pattern, oxidative damage after photolysis at 365 nm is visualized,
strong damage is evident with 365 nm irradiation in the 43 nucleotides (12%) show moderate or high damage with
presence of the Rh complex and piperidine treatment atan even distribution between the two types. Interestingly,
several sites distinct from those reflecting Rh binding (313 19 of the 22 positions with high damage are located within
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FicurRe 5: Sequences associated with DNA damage hot spots. (A) The damage pattern (red), obtained by a linear plot of the phosphorimaged
gels, is compared to a sample not irradiated (gray). The mitochondrial DNA position is identified by comparison to manual sequencing
ladders (bottom plot, various colors). Using two primers, p1 and p190, on a single sample indicates that the major areas of damage are at
positions surrounding positions 86, 215, 290, and 263. (B) Superimposing the damage pattern on the sequence of mitochondrial DNA
shows damage overlaps with conserved sequence block II.

the range of mtDNA positions 2:282. Therefore, 20% of  presence of nuclear DNA. After addition of [Rh(pipyFt
the nucleotides visualized harbor 85% of the high-damage to total HeLa DNA followed by irradiation, preferential sites
nucleotides, showing that this area is a hot spot for the of binding [Rh(phi}bpy]** can be visualized. Comparing the
localization of DNA damage. [Rh(phixbpy]** cleavage sites after irradiation at 313 nm to
Damage at guanosine and polyguanosine tracts is charthe oxidative damage sites induced by 365 nm irradiation
acteristic of a base oxidation by charge transport, since followed by piperidine treatment reveals locations in the
guanine doublets and triplets are the most easily oxidized mtDNA genome that are preferentially damaged by charge
sites in DNA @3). The heavy strand nucleotides that are transport from a distance. The sites tend to be polyguanosine
damaged include 31 of 43 sequences with a guanine at ortracts, known positions of low oxidation potential. Strong
adjacent to the damage site (Figure 5B for a map of damagesites for oxidative damage at long range have been shown
positions). At the nucleotide positions that are visualized, to arise independent of the oxidant employed as a damaging
six of 17 polyguanosine tracts show interfering backgrounds. agent and thus reflect sites of particularly low oxidation
Of the remaining 11 polyguanosine tracts that could be potential, sites where electrons may be abstracted from a
visualized, seven fall into the moderate- or high-damage distance more easil(, 24). We infer from these data that,
categories. Many of the remaining polyguanosine tracts showin general, these sites in mtDNA might represent regions to
cleavage above background, but not sufficiently high to which oxidative damage is funneled.

warrant labeling as moderate damage. Of note, the region Studies investigating the mutational frequency of germ-
with the highest damage level, near position 303, correspondsine mtDNA mutations in tumorsl@, 19) and other studies

to the sequence’&7AGs. Therefore, given the correlation  identifying frequencies associated with somatic mutations
between guanine tracts and damage, the oxidation potentiain cancer cells 3—7, 10) have yielded strikingly similar

does appear, as expected, to be a major determinant ofesults. Nucleotides located at positions 73, 263, and 303
oxidative damage. Areas of high damage are also located atgre generally described as mutational hot spots. Significantly,
nucleotides surrounding positions 86, 290, and 263. A few our data, which define sites of one-electron oxidation by
positions of high damage gave results not consistent with |ong-range charge transport, overlap with positions 263 and
one-electron oxidation of DNA, however. The region near 303. We conclude, then, that mutations at positions 263 and
nucleotide 218 was shown to be a preferential [Rh- 303 may likely be due to base oxidation by charge transport
(phixbpyF* binding site and KMnQreaction site. Position  from an endogenous source, rather than reflective of the
285 also exhibits high damage and contains the sequenceffects of impaired replication machinery. Indeed, sites of

Ts; reaction with KMnQ shows this site to be highly  |ong-range base oxidation may provide a useful indicator of
accessible to chemical modification (see the Supporting potential mutational hot spots.

Information). From a biological perspective, the data also reveal a

DISCUSSION powerful correlation. We have found that the region that is

most prone to oxidation by a charge transport mechanism

We have found that primer extension can be used to coincides with CSB Il. Conserved sequence block Il holds
directly probe oxidative damage on authentic mtDNA in the a critical position in the mtDNA replication pathwa@8).
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Ficure 6: Oxidative damage by DNA-mediated charge transport,
funneled to CSB I, provides a check point. Mitochondria replicate
by a transcription-coupled mechanism. A RNA (green) is cleaved
at the conserved sequence blocks (red) by a site-specific ribonu-
clease to form a RNA primer. The RNA primer is extended to make
a new DNA strand. Since CSB Il is a damage hot spot to which
damage is funneled by charge transport (blue), localization of

damaged bases could decrease the level of cleavage at CSB Il. In

this way, the replication mechanism amplifies undamaged DNAs.
This site is also a mutational hot spot in tumor cells.

CSB Il is recognized by a sequence-specific ribonuclease,
RNAase MRP, that cleaves a RNA transcript to form a RNA
primer for subsequent heavy strand synthesis in DNA
replication (Figure 6). From these data, it is apparent that
damage from one-electron oxidants is funneled to CSB II.

We hypothesize that damage at CSB Il provides a valuable
check point for DNA replication. Figure 6 shows schemati-
cally how this may work. Each cell contains many mito-

chondria that have numerous mtDNA genomes. Because of

oxidative phosphorylation, a fraction of the mtDNA genomes
will develop oxidative lesions. Oxidative lesions and sub-

sequent mutations will be localized to CSB Il. After

transcription, unmodified mtDNA genomes will be recog-

nized by RNase MRP and cleaved to form the synthesis
primer at CSB Il (Figure 6). The primer can then be used to
make the new heavy strand. MtDNA genomes, with oxidative
lesions or mutations, however, will not be recognized and
cleaved at CSB Il by the sequence-specific ribonuclease.
Therefore, damaged mtDNA genomes will not be replicated.
This mechanism serves to prevent damaged mtDNA from
being propagated. Our hypothesis thus explains the sequenc
conservation in these blocks despite a highly mutable

sequence. Finally, since many cancer and aging-associated

Merino and Barton

mutations are present in CSB Il, damaging the check point
may eventually lead to disease.

In sum, these data illustrate a general method of exploring
oxidative damage from a distance in large DNA regions and
establish the specific sites in a regulatory region of mtDNA
to which oxidative damage is funneled. Significantly, these
regions map to CSB II, a known mutational hot spot found
in tumors as well as a critical regulatory element for mtDNA
replication. Localizing damage to this site may provide the
cell with a protection mechanism by precluding the replica-
tion of damaged mtDNA.

SUPPORTING INFORMATION AVAILABLE

Phosphoimagery data for the reaction of mitochondrial
DNA with KMnO, followed by primer extension. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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