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ABSTRACT: Sites of oxidative DNA damage in functioning mitochondria have been identified using a
rhodium photooxidant as a probe. Here we show that a primer extension reaction can be used to monitor
oxidative DNA damage directly in functioning mitochondria after photoreaction with a rhodium intercalator
that penetrates the intact mitochondrial membrane. The complex [RifpyiCl; (phi = 9,10-
phenanthrenequinonediimine) binds to DNA within the mitochondria and, upon irradiation, initiates DNA
oxidation reactions. Significantly, piperidine treatment of the mitochondria leads to protein-dependent
primer extension stops spaced ever0 base pairs. Hence, within the mitochondria, the DNA is well
covered and packaged by proteins. Photolysis of the mitochondria containing [Rindpi#) leads to
oxidative DNA damage at positions 260 and 298; both are mutational hot spots associated with cancers.
The latter position is the'Sucleotide of conserved sequence block Il and is critical to replication of the
mitochondrial DNA. The oxidative damage is found to be DNA-mediated, utilizing a charge transport
mechanism, as the Rh binding sites are spatially separated from the oxidation-prone regions. This long-
range DNA-mediated oxidation occurs despite protein association. Indeed, the oxidation of the mitochondrial
DNA leads not only to specific oxidative lesions, but also to a corresponding change in the protein-
induced stops in the primer extension. Mitochondrial DNA damage promotes specific changes inprotein
DNA contacts and is thus sensed by the mitochondrial protein machinery.

Mitochondria (mt) are thought to play an essential role in lator also couples the Rh oxidant into the DNA base stack
cancerous transformatiof,2). The mt of many tumor cells ~ (16) to facilitate base oxidation over direct cleavage of the
do not produce a potential energy gradie3)t Additionally, sugar phosphate backbone when lower energy irradiation at
a variety of mutations have been detected within mt genomes365 nm is used. We first demonstrated oxidative damage
of tumor cells §—6). Many such mutations have been from a distancel(6) using phi complexes of rhodium tethered
localized to the control region of mt in conserved sequence to the end of an oligonucleotide and spatially separated from
block 11 (7, 8). guanine doublets in DNA; the 'guanines of guanine

Much work has gone into understanding the role of doublets and triplets are sites of particularly low oxidation
oxidative phosphorylation in the generation of mutation- potential (7). When larger regions of DNA are surveyed, a
prone nucleotide analogues, especially 8-oxo-deoxyguanosineovalent phi complex cannot be tethered to the DNA but
(9, 10). Importantly, a sequence level view of DNA damage instead noncovalent [Rh(phpy]*" can be employed. By
in functioning mt has been limited by several technical issues. distinguishing between those strand breaks that result from
Most experiments utilize either ligation-mediated PAR)( high-energy irradiation, marking rhodium binding sites,
or an approach that measures alterations at a small subset ofersus lower energy irradiation, marking sites of one-electron
nucleotides 12). We have recently reported that detection oxidation, one can therefore identify damage to DNA that
of DNA lesions made by an exogenous oxidant can be must arise from a distance by charge transport.
accomplished by simple primer extensidr8). This meth- Our laboratory has explored the chemistry of DNA-
odology now provides an opportunity to examine and t0 megiated charge transport and its biological consequences
compare oxidative DNA damage in vivo and in vitro. (18, 19). We have shown that one-electron oxidative damage

Rhodium intercalators that contain the phenanthrenquino-to DNA can arise from a distance as a result of hole migration
nediimine (phi) ligand are employed to generate oxidative through the DNA base pair stack 20). Remarkably,
damage in DNA 14). With photoactivation, these rhodium  oxidative DNA damage can occur at least 200 A away from
intercalators promote one-electron oxidation of DNA. Upon the site of oxidant binding20), and thus, its biological
photoactivation of [Rh(phippy*" at ~320 nm, direct  consequences require consideration. Long-range oxidative
cleavage of the sugar phosphate backbone at the site OEIamage has been demonstrated both in nucleos@hezd)
intercalation is observed.§). Importantly, the phi interca-  and within cell nuclei 23). We are interested here in
determining whether DNA oxidative damage is localized to
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damage by long-range charge transpt8)(The damage is
funneled to an important regulatory element, conserved
sequence block II, and overlaps with hot spots for mutation.
We were interested in understanding whether differences in
DNA oxidation would arise in the complex environment of
functioning mt, since in the mt, DNA is bound by proteins 6024
and packaged§). In this work, we show the ability of [Rh-
(phi)bpyP* to penetrate mt and damage mtDNA. We show
that the [Rh(phiopy**-induced damage pattern is highly
similar to that of bare mtDNA and results from long-range
charge transport despite the association of the DNA with
proteins. In fact DNA oxidation is found to alter protein
DNA contacts.

Hyp.ervariable | 576

no mitochondria
mitochondria
lysed mitochondria

MATERIALS AND METHODS

All experiments were carried out using HelLa cells. HeLa
cells (Sigma) were raised to75% confluence, trypsinized,
and washed twice with PBS. The cells were then homog-
enized (Mitochondrial Isolation Kit, Sigma) using a modified
procedure. The cells (50 million) were suspended in freshly
prepared extraction buffer (6 mL, pH 7.5, 10 mM Hepes,
200 mM mannitol, 70 mM sucrose, 1 mM EGTA) for 5 min . \ " - ,
at 4°C. The cells were then homogenized with 10 strokes 520 540 560 580 600
in a 3 mL glass tube with a plastic pestle. Samples were wavelength
pooled, aliquoted (5 million cells), and centrifuged for 10 Fcure 1: Assays for damage in functioning mitochondria. (A)
min at 4°C. The supernatant was removed, and each sampleThe mitochondrial genome contains the noncoding control region
was resuspended in storage buffer (200 10 mM Hepes, (orange, nucleotides 16025%76). Regulation of DNA replication

and transcription occurs in the hypervariable region (blue, nucle-
pH 7.5, 250 mM sucrose, 1 mM ATP, 0.8 mM ADP, 5 mM otides 57372) within a conserved sequence block (red,-2395).

sodium succinate, 2 mM potassium phosphate, 1 mM DTT). |Rh(phi)bpy[E*-induced oxidation was determined using p190 that

An appropriate amount of [Rh(phBpy]Cl; was dissolved  overlaps with the conserved sequence block. The primer p3206 was

in storage buffer and added to the cells. All cells were then also utilized. (B) Addition of the dye JC-1 to homogenized

incubated at 37C i the dak for 30 min. Determination of  Meshoncr () gues i rescence o 5 i, catn

funcﬂomng mt was car.ned QUF accort_ll!ng to protocol (Mi- when no mitochondria (black) are present or when mitochondria

tochondrial Isolation Kit) utilizing purified mt rather than  gre completely lysed (blue).

homogenized cells. Spectra were normalized to the 525 nm

emission. Primer p190 is 5gcacctacgttcaatattacaggcgaac, and p3206
Oxidation of DNA in functioning mt was carried out by s 5-gatatcatctcaacttagtattataccc. For manual sequencing, the

irradiation for 30 min at 37C using a solar simulator (Orion)  control region and a region including nucleotides 3123

outfitted with an additional glass filter that helps eliminate 3870 were amplified by PCR by using appropriate primers.

wavelengths below 345 nm. For studies involving direct After purification, sequencing reactions were accomplished

DNA strand cleavage, the additional glass filter was removed. py addition of acyclo-dNTP [& Vent buffer, 10QuM dNTP,

The samples were incubated with 99% piperidine 420 66 «M acyclonucleotide, 3tM 32P-end-labeled primer, 10

10 min, 95°C) and cooled, and 20L of glacial acidic acid U Vent(exo)] and cycled as listed above. The data were

was added. The sample was prepared for primer extensionquantified using the line function in ImageQuant (Amersham)

by purification with DNeasy Tissue Kit (QIAquick, Qiagen) and normalized in Excel.

using a modified procedure. Cell lysis buffer (244,

guanidinium chloride) was added to the neutralized samplesSRESULTS

without additional proteinase K, purified as described by the

Fluorescence (arb. units) m

manufacturer, and eluted into 100Q. Primer extension was Primer Extension of DNA from Functioning Mitochondria
carried out by adding 3@L of this mix to a 2< primer In this study we used two primers, p190 and p3206, which
extension mix (% Vent buffer, 200uM dNTP, 1M 32P- are named for the mt position of thé-Bucleotide (Figure

end-labeled primer, and 0.2 4l Platinum Tag). Extensions ~ 1). In contrast to ligation-mediated PCR, primer extension
were carried out by heating to 9& for 2.5 min and cycled permits the visualization of DNA lesions generated in vivo
40 times (55°C for 40 s, 72°C for 40 s, 95°C for 30 s). in a few hours. Figure 2 shows the strategy we employed.
The samples were precipitated, and 6% denaturing PAGE HeLa cells (5 million) were raised to 780% confluence,
was performed. The gels were visualized by overnight trypsinized, and homogenized to facilitate [Rh(pbpy]**
exposure to a phosphorlmager screen and scanned. Agarosé@corporation into mt. Addition of 1575 uM [Rh-

gel analysis was done by adding 48 of DNA purified (phi)bpyP* at 37°C causes mt and other cellular compo-
after piperidine treatment with 3L of 50% glycerol with ~ nents to turn orange, an indication that [Rh(gbpy]**
bromophenol blue. Oxidation experiments on bare DNA were traverses the mt membrane.

carried out in a manner similar to that describ&8) (using We evaluated the functioning of mt using JC-1, a cationic
Taq polymerase. fluorophore, as a reporte2®). Addition of JC-1 to a buffered
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Ficure 2: Schematic illustration of the strategy to detect oxidative damage to functioning mt with the Rh photooxidant. HeLa cells were
homogenized to facilitate [Rh(phBpy]** incorporation into mitochondria. Irradiation induces DNA oxidation (blue squares). After workup,
the sites of oxidation can be interrogated via primer extension assay.

solution yields the expected spectrum containing both piperidine p190 p3206
monomer and dye aggregates (Figure 1B, black spectrum)  treatment & &  sequencing @
centered at 525 and 590 nm, respectively. Because of the before .
potential energy gradient generated in functioning mt, JC-1  Purification BCTA &3

enters mitochondria and subsequently aggregates. As a result,

addition of fractionated mt causes an increase in the 590

nm emission, reflecting JC-1 aggregation due to transport

inside the mt because of the gradient (Figure 1B, red

spectrum). Emission at 590 nm is not evident with overho-

mogenization, where all membranes are ruptured (Figure 1B,

blue spectrum). Spectra of the homogenized whole cells give a5

results similar to those observed with functioning mitochon-

mtDNA

dria; in this case dye aggregates could be dependent on 301
number

increased dye concentration within the homogenized cell

membrane (data not shown). 281 '-‘ - =

Faithful primer extension requires processing of the L E 3317
mtDNA. Previously, we reported that a sufficient signal could 261 - ' 3297
be visualized with as little as dg of total HeLa DNA, 10 & § -
fmol in mtDNA, if the mtDNA were restricted bycoRlI 241 d - g L
(13). Because cellular DNA fractions are damaged in the _ . o : %] el
presence of [Rh(phibpy]*", a restriction approach is not e* &
reliable: the enzyme may exhibit lower specificity or be s ool i
inhibited. Without restriction, to achieve high signals of 2% e v e
primer extension of the isolated mtDNA, a piperidine _— $ & u' '
treatment at 95C was utilized. MtDNA exists as closed :::mber 9 Q =
circular, supercoiled DNA. Piperidine nicks the mtDNA R 3237

baCkbon_e at damaged S'te,s’ facilitating relaxat'on, frF’m the Ficure 3: Primer extensions utilizing piperidine to monitor protein-
supercoiled form and melting of the duplex to aid in the dependent DNA stops. Two primers, one inside (p190, left side)
annealing of the primer. and one outside (p32086, right side) the control region, were extended
Pieridine can be added befoe or afer pufcaton of 0B D e g gon
DNA from proteins and other cellular components. Extenq_lng )F/’ield with no stgps (lane marked “NO”) bgcause pipegdine ren%oves
p190 on a total HeLa DNA sample that has been purified g percoiling and melts DNA strands. In contrast, addition of
and then piperidine-treated gives a large high molecular piperidine to functioning mitochondria causes protein-related stops
weight product (Figure 3). The wide product distribution is during the primer extension reaction. These stops are visualized
indicative of uninterrupted extension limited by the polym- by both primers even though they interrogate positions 3000 base
erization time. Most interestingly, addition of piperidine Pa'rs apart
before DNA purification leads instead to a repetitive primer the mtDNA control region. Purification of DNA, piperidine
extension stop pattern spaced5—20 base pairs. The stop treatment, and extension of p3206 leads to a high molecular
pattern begins to coalesce to give a shorter size product tharweight product similar in length to that observed with p190.
that obtained when total HeLa DNA is purified prior to Treatment with piperidine prior to DNA purification leads
piperidine treatment. Within the initial 80 base pairs, 7 also to a primer extension stop pattern. The stop pattern is
discrete stops can be visualized. less frequent, with only 3 stops visualized within the first
We then tested whether these stops were specific to the80 base pairs. Addition of proteinase K leads to removal of
control region or to the area surrounding p190 of the mtDNA this primer extension stop pattern (Supporting Information
genome; p3206 is far removed from p190 and is not within Figure 1). Because the stop pattern is removed by treatment
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irradiation = + +* + primer eﬁerrl]s(ior?;top]sgattgw z;re_dependent odnc';he concen-
Rh(phi), b tration of [Rh(phibpy]**", with the increases and decreases
[ (‘()“ )2 Py] 15 75 0 changing proportionally. The major sites of oxidative damage

by Rh occur at positions 220, 260, and 298, with parallel
decreases in stop sites evident at 225, 266, and 302. The
sequences associated with the oxidative lesions or damage
sites (complementary to the sequence of the primer used)
are 3-AAGCATT, 5-GTGGCTG, and 5G/AAAGG.

A comparison between the sites with increased cleavage
in functioning mt and those on bare DNA shows a correlation
between locations of DNA damage induced by [Rh-
(phi)bpy* (Figure 5B). Two of the sites, at positions 260
and 298, are well correlated to sites that are prone to damage
FicuRe 4: Agarose gel analysis of oxidized HeLa DNA. DNA from via ba_se oxidation b_y charg.e transport (F_lgure 58' red and
functioning mitochondria were irradiated in the absence of [Rh- black lines). These sites, as indicated previously in character-
(phi)bpyF" or were treated with [Rh(phpyF* without irradia- izing oxidative damage on naked mitochondrial DNA,
tion. These lanes show only high molecular weight products. correspond to guanine tracts and represent sites of low

Additi f [Rh(phixbpyP*™ (15 or 75uM) gi DNA duct ot : . e .
of |0:,\;g?”?0|£ecu€gr \',)\fe%ﬂt’ irgdic:tirng tﬁat)[lg;]v(gibpy]% o e Oxidation potential 13). The increase at position 220 is close

the mitochondrial membrane and oxidized DNA, creating strand 0 @ [Rh(phiYopy]*" binding site (Figure 5B; compare red
breaks after piperidine treatment. and olive lines). The small but consistent two base pair shift

versus that seen with bare mtDNA in the position of damage
is likely due to the difference in Vent and Tag polymerase
&ecognizing the piperidine-cleaved DNA-damaged products,
with Vent polymerase recognizing thé-@ycol from pip-
eridine treatment and halting extension.

with guanidinium chloride (in the DNA purification protocol)
or proteinase K, these primer extension stops appear to b
protein-related.

Oxidative Damage to DNA in Functioning Mitochondria
The primer extension method allows us to determine the ) . )
sequence dependence of oxidative DNA damage generated 'Next, we ascertained whether the [Rh(phy[°*-induced
by Rh photolysis in functioning mt compared to bare DNA damage.snes occur via base' oxidation by.a charge transport
treated with Rh in the absence of proteins or other compo- Mechanism. The external filter of the light source was
nents from the mt. We first explored conditions for optimum Fémoved, allowing wavelengths between 320 and 400 nm
uptake of [Rh(phibpyP* into the mt. For optimization, ~ Nto _the sample; p|p(_er|d|ne was not added since it is not
piperidine-treated, single-stranded HeLa DNA samples were 'equired to reveal direct strand cleavage by Rh at high
examined using agarose gel electrophoresis. Incubation ofénergy. Under these conditions, an 8-fold loss in signal is
homogenized HeLa with [Rh(phBpy* in the absence of observed, but_ the signal is still dlscernlple .above the
light or irradiation of homogenized cells without [Rh- background (Figure 6). As a reference, functioning mt were
(phi)bpy** causes a large molecular weight DNA product treated with [Rh(phpppy**, irradiated, and piperidine-
as visualized by ethidium bromide staining (Figure 4). treated to give a similar primer extension stop pattern but
Incubation of the homogenized cells with 7BVl [Rh- with new peaks evident also corresponding to [Rh¢ppy**
(phi).bpy[** followed by irradiation leads to a decrease in binding sites (Figure 6; compare black line to Figure 5).
the average molecular weight, indicative of oxidative damage Without piperidine treatment, incubation of homogenized
and subsequent piperidine-dependent strand cleavage. IncueLa with [Rh(phi)bpy*" alone (data not shown) or
bation with 154M [Rh(phi):bpy[** causes a much wider irradiation of the homogenized cells without [Rh(phpyP*
distribution of both high and lower molecular weight (Figure 6, blue line) causes a large molecular weight product
products similar to a mixture of unmodified DNA and DNA  to be observed. Addition of [Rh(phpy** and irradiation
with oxidative damage. Subsequent experiments utilize a Rhwithout piperidine treatment also yield a large molecular
concentration of 1545 uM. These data indicate that [Rh- ~weight product accompanied by an observable damage
(phi)bpy* can traverse the mt membrane, bind DNA, and pattern that is similar to that of the piperidine-treated samples,
initiate oxidative photoreactions within functioning mt. but with one key difference: several of the peaks are

Under conditions that permit [Rh(phipy]**-induced noticeably higher in peak height with piperidine treatment
oxidative damage of mtDNA, the sequence details were (compare peaks in piperidine-treated and non-piperidine-
investigated with p190. As before, incubation of homog- treated samples). Base oxidation promotes strand cleavage
enized HeLa with [Rh(phippy** alone or with irradiation ~ only with piperidine treatment, and thus, sites of base
of the homogenized cells without [Rh(piipyPt causes the  oxidation are of higher intensity by this method. Positions
same protein-related stop pattern upon primer extension260 and 298 are therefore assigned to sites of base oxidation,
(Figure 5A) as homogenized HelLa (Figure 3). Therefore, while position 220 is not. Furthermore, three locations,
no sequence-dependent damage to mt is caused by irradiatiopositions 218, 225, and 253, are identified as binding sites
without Rh or incubation with [Rh(phibpy]*™ without light. for [Rh(phikbpyF*. Since these sites of base oxidation by
Upon addition of [Rh(phibpyF* followed by irradiation, [Rh(phi)bpy?t (positions 260 and 298), which correspond
we observe increases in the primer extension stop patternto sites of low oxidation potential, do not overlap sites of
attributed to new oxidative lesions, and decreases in the[Rh(phikbpy* binding, these data indicate that one-electron
primer extension stop pattern, attributed to the removal of base oxidation of DNA is a consequence of long-range
protein-related primer extension stops. The changes to thecharge transport within functioning mt.
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Ficure 5: [Rh(phipbpyPT-induced oxidation in functioning mitochondria. (A) In control experiments, primer extension of DNA from
functioning mitochondria, where the oxidant [Rh(phpy]** is omitted or no irradiation occurs, shows no change in the protein-related
stop pattern. Addition of 1xM [Rh(phi),bpy*" causes new primer extension products (red triangles), which correspond to sites that are
oxidized and subsequently cleaved with piperidine treatment. A greater extent of DNA lesion formation can be visualized by increasing the
Rh photooxidant concentration to 481. A decrease in intensity is observed near DNA damage sites (black triangles). (B) Line plot of
[Rh(phixbpyFt-induced oxidative damage in functioning mitochondria (red), base oxidation of purified DNA (olive), and direct strand
cleavage of purified DNA at Rh binding sites (black). For reference, sequencing lanes are plotted (various colors). Two sites of oxidative
damage in functioning mitochondria, positions 260 and 298, overlap with sites of base oxidation on bare DNA. The third site, position 220,
overlaps with a Rh binding site.

Light Control
Rh(phi),bpy 3*+hv
(no piperidine)
Rh(phi)bpy 3* +hv
(piperidine treated)
Rh(phi)abpy3+ binding sites

Sequencing
dG dC dT

T T T T T T
381 341 301 261 241 221
mtDNA number
Ficure 6: DNA oxidation by long-range charge transport. Line plots of primer extension products generated by irradiation wtA®20
nm light to induce both strand scission at Rh binding sites and one-electron base oxidation. Irradiation withoutfiR{phdauses a
large molecular weight product with no DNA damage (blue). Addition of [Rhéppy]*™ and treatment with piperidine causes both base
oxidation and direct strand cleavage at Rh binding sites (black). Comparison to a similar sample that has not been treated with piperidine

shows sites where [Rh(phibpy]*™ binds (red). The sites of binding are at positions that do not increase in intensity upon piperidine treatment
(green arrows).

DISCUSSION on bare DNA. These DNA damage sites correspond to sites

Probing Sites of DNA Oxidation in Mitochondria with Wlt.z thlgh gtuar:_one content, known positions of low
RhodiumWe have found that primer extension can be used ox! '71.|(.)n potentia ;7)‘ )
to probe oxidative DNA damage directly in functioning mt. ~ Utilizing [Rh(phi}bpyP* as an oxidant has several
Piperidine treatment of mt was found to induce protein- advantages compared to addition of peroxide, which is
dependent primer extension stops that are removed bytypically utilized to induce oxidative lesions in celt5)(The
denaturants or proteinase K. With [Rh(pbpy]** oxidation, rhodium intercalator preferentially targets duplex DNA.
we find bands that either increase (due to the formation of Peroxides, instead, are nonspecific and react also with
DNA lesions) or decrease (due to the removal of protein- proteins, lipids, and other cellular components. Thus, analysis
induced stops), and these increases and decreases afeased upon peroxide treatment is convoluted by damage to
correlated with one another. Although the data in functioning these other components. Furthermore, [Rhgbpy** ir-
mt are more complex than for bare mtDNA, these sites of radiation conditions allow one to distinguish between sites
oxidative damage are similar to sites previously observed of Rh binding and base oxidation.
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Funneling Oxidatie Damage to Specific Sites by Charge mtDNA is altered not only by the generation of an oxidative
Transport. DNA oxidation is seen to occur through DNA- lesion but also by a corresponding change in prot&hA
mediated charge transport since the [Rh{igiy]*" binding contacts. In this way, the mtDNA damage is also identified
sites do not overlap with oxidation sites. Oxidative damage by the mt protein machinery.
is therefore being funneled within the mitochondrion to
specific sites of low oxidation potential. SUPPORTING INFORMATION AVAILABLE

DNA damage. n mitochondra. Here tradiation of [ah- _ EXPeriments that show proteinase K treatment of -
(phi);bpyPF* at long wavelengths promotes one-electron base phondr]al DNA followed by primer extension. This matengl
oxidation. Biologically, Fenton chemistry and hydroxyl is available free of charge via the Internet at http://
radicals can cause base damaZjg 28). Significantly, some pubs.acs.org.

pathways that generate base lesions such as 8-oxodeoxyguas
nosine may not involve direct collision with the base but EhEFERENCES
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