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Abstract

Growing evidence indicates that RNA oxidation is correlated with a number of age-related
neurodegen-erative diseases, and RNA oxidation has also been shown to induce dysfunction in
protein synthesis. Here we study in vitro RNA oxidation catalyzed by cytochrome c (cyt c)/H,0,
or by the Fe(ll)/ascorbate/H,0, system. Our results reveal that the products of RNA oxidation
vary with the oxidant used. Guanosine residues are preferentially oxidized by cyt ¢/H,0O5 relative
to the Fe(lIl)/ascorbate/H,04 system. GC/MS and LC/MS analyses demonstrated that the guanine
base was not only oxidized but also depurinated to form an abasic sugar moiety. Results from gel
electrophoresis and HPLC analyses show that RNA formed a cross-linked complex with cyt cin
an H,O, concentration-dependent manner. Furthermore, when cyt ¢ was associated with
liposomes composed of cardiolipin/phosphatidylcholine, and incubated with RNA and H,0», it
was found cross-linked with the oxidized RNA and dissociated from the liposome. Results of the
quantitative analysis indicate that the release of the cyt ¢ from the liposome is facilitated by the
formation of an RNA—cyt c cross-linked complex. Thus, RNA oxidation may facilitate the release
of cyt ¢ from the mitochondrial membrane to induce apoptosis in response to oxidative stress.
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Introduction

Free radicals and reactive oxygen species (ROS)? play major roles in normal biological
functions. However, they also react rapidly with biomacromolecules such as nucleic acids,
lipids, and proteins, which leads to a loss of or change in their biological functions. Thus,
they have been implicated in a wide range of age-related neurodegenerative conditions and
in aging (for reviews see [1-3]). Among nucleic acid oxidations, much attention has been
focused on DNA, which is protected by its binding proteins and by a number of repair
systems to minimize damaging effects [4]. Because RNAs are less protected against ROS,
they are more susceptible to oxidation than DNA [5]. Growing evidence indicates that age-
related diseases, including atherosclerosis [6], dementia with Lewy bodies [7], Parkinson
disease [8], amyotrophic lateral sclerosis [9], and Alzheimer disease [10], are correlated with
elevated levels of oxidized RNA. Furthermore, it has been reported that during the very
early stages of Alzheimer disease, protein synthesis declines, whereas RNA oxidation
increases, suggesting that oxidized RNA could be one of the primary causes for the disease
pathogenesis [11-13]. Despite the fact that there is sufficient evidence implicating RNA
oxidation with various age-related neurodegenerative diseases and other ROS-induced
physiological damage, knowledge of the nature of RNA oxidation is quite limited,
particularly compared to that reported for DNA oxidation. In fact most RNA oxidation
studies are based on monitoring the formation of 8-hydroxyguanosine (8-OH-Guo).

Studies of DNA oxidation reveal that in addition to the oxidation of bases, depurination and
depyrimidination are major oxidative modifications. To detect the abasic deoxyribose
moiety after depurination/depyrimidination, Ide et al. [14] developed an aldehyde-reactive
probe (ARP) using N“aminooxymethylcarbo-nylhydrazino o-biotin to react with the
aldehyde moiety in the abasic sugar derivatives. We found that ARP reacts quantitatively to
as little as 10 fmol of depurinated tRNAP"€ or chemically synthesized RNA containing
abasic sites, indicating that abasic RNA is recognized by ARP. In vitro experiments showed
that ARP reacted effectively with RNA oxidized by Fenton-type reactions, y-irradiation, or
peroxynitrite. Furthermore, ARP reactivity was also found to be elevated when it reacted
with cellular RNA obtained from cultured cells that had been subjected to oxidative stress
conditions. Using ARP we have developed a method to isolate and quantify oxidized levels
of specific RNA species [15]. Together, these observations indicate that ARP can serve as a
sensitive probe for RNA oxidation induced by ROS or reactive nitrogen species because
abasic residues are generated during RNA oxidation [16].

In vitro DNA oxidation mediated by metal ions or carcinogenic agents has been shown not
only to generate discrete oxidized nucleotides but also to promote DNA cross-linking with
proteins [17-19]. In addition, formation of DNA—protein cross-links between DNA
polymerase £, the repair enzyme that catalyzes the excision of abasic sites, and the C1’-
oxidized abasic residue (2-deoxyribonolac-tone; dL) of oxidized DNA has been reported
[20]. These authors showed that dL functions as a suicide substrate by forming an amide
linkage with the lysyl-72 residue of the polymerase and inhibiting its activity. In the case of
protein—-RNA cross-linking, Mirzaei and Regnier [21] reported that several ribosomal
proteins and rRNA were cross-linked when yeasts were treated with H,0,, suggesting that
cross-linking between RNA and protein occurs under oxidative stress conditions.
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Cytochrome c (cyt c) is known to possess peroxidase activity. This positively charged cyt ¢
readily associates with cardiolipin, the acidic lipid in the mitochondrial inner membrane
[22], and the negatively charged nucleic acid [23], as shown in the case of tRNA [24],
through electrostatic interaction. Thus, in the presence of H,0, these molecules are
preferentially oxidized by the cyt c-mediated catalytic pathway. In fact, cyt c has been
shown to induce peroxidation of cardiolipin [25] and ROS have also been implicated in the
dissociation of cyt c from the inner mitochon-drial membrane[26], suggesting that
peroxidation of cardiolipin catalyzed by cyt ¢ may play an important role in cyt c release
into the cytoplasm during the apoptotic process. However, there has been no investigation
into the physiological effects of cyt c-mediated RNA oxidation.

In this study, we report that RNA oxidized by cyt c-mediated peroxidation (compared to the
Fenton reaction) leads to depurination of guanosine and abasic formation. However, 8-OH-
Guo is not detected when RNA is oxidized by the H,O»/cyt ¢ system. Furthermore, under
these experimental conditions, cyt c is found cross-linked with RNA in an H,0,
concentration-dependent manner. This RNA-cross-linked cyt ¢ appears to facilitate the
dissociation of cyt ¢ from the liposome that is composed of cardiolipin/phosphatidyl-
choline. Based on our findings, the deficiency of monitoring RNA oxidation based solely on
8-OH-Guo measurement and the potential role of the RNA—cyt ¢ cross-linked complex
generated during cyt c-catalyzed peroxidation of RNA in the cyt c release from the
mitochondrial membrane to initiate apoptosis under oxidative stress conditions are
discussed.

Materials and methods

Reagents

All the buffer solutions for the RNA synthesis, isolation, and oxidation were pretreated with
Chelex 100 (Bio-Rad) or contained 1 mM EDTA as indicated. All the reagents used were
purchased from Sigma—Aldrich unless otherwise specified.

Preparation of RNA

The RNA synthesis reaction was initiated by incubating a DNA template encoding a FLAG-
tagged luciferase 2 gene (approximately 1.9 kb) with T7 RNA polymerase (MEGAscript Kit;
Ambion, Austin, TX, USA). For radiolabeled RNA, 5 uCi of [8/-14C]guanosine triphosphate
(Moravek Biochemicals, Brea, CA, USA) was added to the reaction mixture including the
DNA template encoding part of human 18 S rRNA (128 bases) included in the
MEGAshortscript kit (Ambion). After incubation for up to 4 h at 37 °C, followed by
incubation with DNase for 10 min, the synthesized RNA was purified with the PureLink
total RNA isolation kit (Invitrogen, Carlsbad, CA, USA) and eluted with RNase-free water
according to the manufacturer’s protocol. The synthesized RNA (250 ug/ml) was reacted
with either H,O, and 1/1 Fe(ll)/ascorbate mixture or H,O, and bovine cyt ¢ in 10 mM
Hepes (pH 7.4) buffer for 1 h at 37 °C. The oxidation reaction was terminated by adding 5
mM EDTA, then quickly precipitated with 2.5 vol of cold ethanol and 0.1 vol of 3 M
sodium acetate, and stored at —80 °C until use. Precipitated RNA was suspended in 10 mM
Tris—=HCI (pH 8.0), 1 mM EDTA (TE buffer) for analysis.
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High-performance liquid chromatography (HPLC) analysis of hydrolyzed RNA

HPLC analyses were performed on an Agilent Model 1100 system (Agilent Technology,
Santa Clara, CA, USA) equipped with an Agilent G1315A diode array detector and G1311A
quaternary pump equipped with Agilent ChemStation software. Based on a previous report
[27], hydrolysis of oxidized RNA was performed as follows: 20 pg of RNA suspended in 10
mM ammonium acetate (pH 5.3) was digested with 1 U of P1 nuclease at 37 °C for 1 h.
One-tenth volume of 1 M freshly prepared ammonium bicarbonate and 0.1 U of
phosphodiesterase were added to the reaction mixture and incubated at 37 °C for 1 h,
followed by treatment with 2 U of alkaline phosphatase at 37 °C for 1 h. An aliquot of the
hydrolysate was applied to a preheated (30 °C) RP-18 HPLC column (4.6 x 250 mm, 5.0-um
particle size) (Waters Corp., Milford, MA, USA) equilibrated with buffer A, 0.1%
trifluoroacetic acid (TFA), and eluted at 1 ml/min with buffer A and then with buffer B,
80% acetonitrile, 0.1% TFA, with a gradient shown in Fig. 5. Gradient conditions were as
follows: 0-8 min, linear gradient from 0 to 2% buffer B; 8-24 min, gradient from 2 to
12.5% buffer B; 24-30 min, gradient from 12.5 to 80%; 30-45 min, hold at 80% buffer B.
Each ribonucleoside was quantified with the diode array detector to monitor absorbance at
260 nm. To examine oxidation of guanosine, radiolabeled RNA with [8/-14C]guanosine was
enzymatically hydrolyzed and applied to the HPLC. Fractions were collected every 30 s
with a FoxyJr (Isco, Lincoln, NE, USA) fraction collector, and the radioactivity of each
fraction was measured using a scintillation counter (Beckman, Brea, CA, USA). UV
absorbance spectrum from 200 to 400 nm was monitored as necessary.

Quantification of oxidized base derivatives by GC/MS

To quantify 8-OH-Guo, 20 pg of oxidized RNA was lyophilized overnight together with
stable isotope internal standards including 0.2 nmol of 8-hydroxydeoxyguanosine (8-OH-
dGuo)-13C,,15N, and 20 nmol of deoxyguanosine-15Ns. The RNA was hydrolyzed with 0.5
ml of 60% formic acid in evacuated, sealed tubes at 140 °C for 30 min and then lyophilized.
The hydrolysate was trimethylsilylated and then applied to GC/MS according to the
procedures reported previously [28]. For quantification of 8-hydroxyguanine (8-OH-Gua)
cleaved from the RNA chain, oxidized RNA was precipitated with ethanol. The supernatant
fraction was mixed with 0.1 nmol of internal standard of 8-OH-Gua-13C5,1°N, and then
lyophilized without hydrolysis. The mixture was trimethylsilylated and then applied to
GC/MS.

Identification of abasic sites by LC/MS

Twenty micrograms of RNA was oxidized by 100 uM Fe(ll)/ascorbate and H,O5 or cyt c-
H,0, as described above. Synthetic oligo RNA containing abasic sites was prepared using
the method reported previously [29]. Oxidized RNA or oligo RNA was derivatized with
ARP as described previously [16] and then mixed with formaldehyde to terminate the
reaction. After RNA was enzymatically hydrolyzed [27], 0.4 ug of hydrolysate was applied
to a C-18 capillary column (Magic MS C18; 5-um particle size, 200-A pore size, 0.5 x 120
mm) and eluted with solution A (0.09% formic acid, 0.01% TFA, 2% acetonitrile) and
solution B (0.09% formic acid, 0.0085% TFA, 95% acetonitrile) with the following
gradients: 0-10 min, linear gradient from 2 to 35% solution B; 10-12 min, gradient from 35
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to 60% solution B; 12-25 min, hold at 100% solution B, with a flow rate of 20 pl/min. Mass
spectrometric analyses were performed with the positive ion mode using an HCT Ultra lon
trap system (Bruker Daltonics, Billerica, MA, USA). The nozzle-skimmer voltage was set at
40 V, the capillary voltage at 4000 V, and desolvation temperature at 300 °C, and the flow
rate was 10 L/min.

Cross-linking between RNA and cyt ¢

Short RNA (128 bases) was synthesized in the presence of 50 uCi of [32P]CTP
(PerkinElmer, Waltham, MA, USA) as described above. The radiolabeled RNA was
oxidized with cyt c and H,O5 at 37 °C for 1 h. The reaction mixture was transferred into
Laemmli sample buffer and heated at 95 °C for 5 min and then applied onto a 4-12%
gradient SDS-PAGE gel. After electrophoresis the gel was fixed with 10% methanol and
10% acetic acid for 20 min, followed by staining with Coomassie brilliant blue (CBB). The
gel was then dried overnight on a filter paper using a gel dryer. The dried gel was exposed
on a phosphorimager screen (GE Healthcare).

Dissociation of cyt ¢ from liposomes

Based on a previous report [30], cardiolipin (CL) derived from bovine heart (Avanti,
Alabaster, AL, USA) or phosphatidylcholine (PC) derived from egg yolk was suspended in a
chloroform/methanol mixture at a concentration of 20 mg/ml. CL (25%) and PC (75%) were
mixed in a glass tube and evaporated by flashing nitrogen gas for 30 min to make a thin film
and then subjected to vacuum evaporation for 4 h. The lipid film was suspended in Hepes
buffer containing 10 mM Hepes (pH 7.4), 1 mM EDTA, to a final concentration of 10
mg/ml total lipid. The mixture was vortexed occasionally for 1 h. The multilamellar
liposomes were centrifuged at 2000g for 5 min to remove clogged lipid, then precipitated by
ultracentrifugation at 100,000g for 15 min, and resuspended in Hepes buffer and stored at —
10 °C until use.

The liposomes (400 pg) were mixed with bovine cyt ¢ (1 nmol) for 10 min at room
temperature, and the free cyt c was removed by ultracentrifugation (this process was
repeated three times) as described above. The cyt c-containing liposomes were suspended in
25 pl of Hepes buffer containing 10 mM Hepes (pH 7.4) and 1 mM deferoxamine. Forty or
400 pg/ml yeast tRNA and 50, 200, or 800 uM H,0, as indicated were mixed
simultaneously with cyt c-containing liposomes and incubated at 37 °C for 40 min. The
reaction mixtures were then subjected to ultracentrifugation to separate the precipitated
liposome from the supernatant fraction. The precipitant fraction was resuspended in 25 pl of
pH 7.4 Hepes buffer. Eight microliters from each fraction was mixed with Laemmli sample
buffer at 95 °C for 5 min and loaded onto an SDS—polyacrylamide gel. After
electrophoresis, the gel was stained with Imperial CBB staining solution (Invitrogen)
according to the manufacturer’s recommended protocol to monitor the cyt c. The levels of
cyt c and cyt c-containing bands were monitored using an Odyssey (Li-Cor) fluorescence
detector at 700 nm wavelength window. Densitometric method was used to quantitate the
intensity observed for species > 10 kDa in each fraction using the software provided by Li-
Cor. The dissociated cyt ¢ was expressed as the ratio of intensity detected in the supernatant
fraction to that of the precipitant fraction.
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Statistical analyses

The experimental results were statistically analyzed using one-way ANOVA and Sigma Stat
software.

Results

Oxidative modification of RNA by Fe(ll) or cytochrome c

Because cyt c possesses peroxidase activity and it also readily interacts with negatively
charged nucleic acids, we carried out a comparative study of RNA oxidation catalyzed by
Fe(lIl)/ascorbate and by cyt c. In this study, an in vitro synthesized RNA was oxidized with
either cyt c or Fe(ll)/ascorbate in the presence of H,O, at 37 °C for 1 h. The resulting
oxidized RNA was hydrolyzed to monoribonucleosides by P1 nuclease, phosphodiesterase,
and alkaline phosphatase; each ribonucleoside was separated with reverse-phase HPLC. The
results shown in Fig. 1A indicate that a number of ribonucleoside peaks obtained from the
oxidized RNA hydrolysate were decreased compared to those observed with nonoxidized
RNA hydrolysate. In addition, some minor peaks were also observed in the sample when
RNA was oxidized by the Fe(ll)/ascorbate/H,0, system (Fig. 1A). A relative decrease in
ribonucleosides caused by either Fe(ll)/ascorbate or cyt c treatment is shown in Fig. 1B, as a
function of increasing H,O, concentration. Overall the data reveal that all ribonucleosides
were reduced readily by H,O, when Fe(ll1)/ascorbate was used as a catalyst. However, with
cyt c as catalyst, guanosine is by far the predominant ribonucleoside oxidized (Fig. 1C).

Quantitation of 8-OH-Guo in RNA

8-OH-Guo has been regarded as a major oxidized derivative in oxidized RNA. To quantify
the formation of 8-OH-Guo as a form of ribonucleotide in the oxidized RNA catalyzed
either by Fe(ll)/ascorbate or by cyt c, the oxidatively modified RNA was analyzed with the
stable isotope dilution method using a GC/MS machine as described earlier [28]. The results
shown in Fig. 2 indicate that 8-OH-Guo is generated as a function of increasing H,O,
concentration when RNA oxidation is catalyzed by Fe(ll)/ascorbate, whose activity is
greatly inhibited by the addition of 5 mM EDTA. In contrast, there was no significant
increase in 8-OH-Guo detected in the cyt c-catalyzed oxidation of RNA, even when the
concentration of cyt ¢ and HyO, was elevated to 20 uM and 1 mM, respectively.

8-OH-Guo was depurinated after oxidation

Fig. 1 shows that guanosine is readily oxidized by either Fe(ll)/ascorbate or cyt c catalysis,
yet no significant quantity of 8-OH-Guo was detected in the RNA oxidized by the cyt
¢/H,0, system (see Fig. 2). Thus, we examined whether 8-OH-Guo was further depurinated
after oxidation by either cyt ¢/H,0, or Fe(ll)/ascorbate/H,0,. To this end, oxidized RNA
was precipitated with ethanol and the supernatant fraction was analyzed using a GC/MS
machine, together with the internal 8-OH-Gua standard without acid hydrolysis. The results
shown in Fig. 3 reveal that 8-OH-Gua was detected in the supernatant fraction of the
oxidized RNA catalyzed by either Fe(ll)/ascorbate or cyt ¢, and its quantity is H,O,
concentration dependent. Furthermore, the levels 8-OH-Gua generated are significantly
higher in the cyt c/H,0, oxidizing system relative to those obtained in the Fe(l1)/
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ascorbate/H,0, system. It should be pointed out that the quantity of 8-OH-Gua detected in
the supernatant fraction does not contain the contribution from 8-OH-Guo in RNA, because
acid hydrolysis was omitted in the sample preparation. Together, these results reveal that
guanine base was not only oxidized to 8-OH-Gua but also cleaved from the RNA during its
oxidation catalyzed by either Fe(ll)/ascorbate or cyt c.

Generation of abasic sites during cyt c-catalyzed RNA oxidation

Because the cyt c-catalyzed RNA oxidation leads to depurination of 8-OH-Guo, it is
assumed that under these conditions abasic sites are also generated. To verify this notion,
oxidized RNA was derivatized with an ARP, which reacts with the aldehyde moiety in
abasic sites [14,16]. The product of the ARP-derivatized abasic site, which is equivalent to
an ARP-ribose conjugate, was detected in RNA oxidized by cyt c. The extracted ion
chromatograms at 464.2 + 0.3 myz corresponding to ARP-abasic are shown in Fig. 4A. The
results from LC/MS analysis are shown in Fig. 4B and reveal that the ARP-abasic derivative
generated by cyt c-mediated oxidation of RNA and those formed with Fe (I1)/
ascorbate/H,0, and positive control, derived from synthetic abasic RNA, all exhibit a
retention time of 8.5 min. These data demonstrate that RNA abasic sites were generated by
cyt c-catalyzed RNA peroxidation.

Cross-link between RNA and cyt c

In view of the fact that cyt c-mediated RNA oxidation generates abasic sites and the
aldehyde moieties on the abasic sites can readily form a Schiff base with the amino groups
in proteins, we investigated the possibility that oxidized RNA could cross-link with cyt c. To
this end RNA radiolabeled with [8/-14C]guanosine was oxidized by either cyt ¢/H,0, or
Fe(Il)/ascorbate/H,0,. After enzymatic hydrolysis, the oxidized guanosine residue was
separated by HPLC similar to the methods used to obtain the data given in Fig. 1. As shown
in Fig. 5A, the radiolabeled products generated with Fe(ll)/ascorbate/H,O, oxidation
yielded several low-level radioactive species eluted from fraction 5 through fraction 25, with
additional radioactive peaks in fractions 3, 17, and 28. The elution pattern of these
radioactive peaks is consistent with the HPLC result shown in Fig. 1A, indicating that
several oxidized derivatives were generated by iron/ascorbate-mediated oxidation. However,
there are only two radiolabeled fractions generated by cyt c-mediated oxidation. One of
these fractions was eluted in the void fraction and the other, fraction 45, eluted with a high
concentration of acetonitrile (see Fig. 5A and its expanded y-scale chromatogram shown in
the upper right). The total amount of radioactivity eluted after cyt c-mediated peroxidation
was approximately 20% lower than that obtained with control, whereas in the case of Fe(ll)/
ascorbate-mediated oxidation the total eluted radioactivity was reduced only moderately
(approximately 6% reduction). Interestingly, the peak in fraction 45 was found to contain cyt
¢, because its spectrum exhibits a characteristic absorbance spectrum of ferricytochrome ¢
with an absorbent peak at 395 nm (Fig. 5B). It should be pointed out that the absorption
spectrum was obtained with sample eluted with solvent containing 0.1% TFA, which has a
pH of 2.0. Under this acidic condition, the Soret peak of cyt ¢ occurs at 395 nm [31]. Thus,
these observations indicate that the radiolabeled guanosine and cyt ¢ form a covalently
linked complex.

Free Radic Biol Med. Author manuscript; available in PMC 2015 February 06.
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To confirm that cyt c-mediated peroxidation leads to RNA cross-linking with cyt ¢, 32P-
radiolabeled RNA and cyt c were incubated for 1 h at 37 °C with H,0O, at the indicated
concentrations. The reaction mixture was applied to SDS-PAGE, followed by
autoradiography to identify RNA-containing fractions (Fig. 6A) and CBB staining to
identify cyt ¢ protein-containing fractions (Fig. 6B). These results show that in the presence
of RNA and H,0,, RNA and cyt c comigrated as a high-molecular-weight species (lanes 3
and 4), indicating that RNA and cyt ¢ were covalently bonded. In the absence of RNA, cyt ¢
did not form a high-molecular-weight complex; it eluted as monomeric cyt c. Interestingly,
the quantity of this monomeric cyt c decreased as a function of increasing H,0,
concentration, probably caused by its oxidative degradation (lanes 5, 6, and 7). Together,
these results indicate that RNA and cyt c indeed form a cross-linked complex in the presence
of Hy05.

Release of cyt c from liposomes is mediated by oxidative interaction with RNA

To investigate the potential physiological function of cross-linked RNA-cyt c, we examined
the oxidative interaction between RNA and cyt ¢ bound to the liposome membrane
containing CL. Cyt c was associated with a multilamellar liposome composed of 25% CL
and 75% PC. This association of cyt ¢ was specific for CL, because cyt ¢ did not associate
with liposomes composed of only PC (data not shown). The cyt c-loaded liposomes were
incubated with tRNA and H,0O, for 40 min at 37 °C, followed by ultracentrifugation to
separate the supernatant and liposomes. Each fraction was loaded onto an SDS-PAGE gel,
followed by staining with CBB to detect cyt c-containing complexes. Fig. 7A depicts the
CBB-detected cyt c and cyt c-containing complexes that migrated to the supernatant fraction
during the H,O»-mediated oxidation in the presence or absence of tRNA as indicated. Note
that we attributed all protein-containing bands to a cyt c origin because the only protein in
the reaction mixture was cyt c. The cyt ¢ and cyt c-containing complexes remaining in the
liposome after oxidation are shown in Fig. 7B. Overall, the percentages of cyt c dissociated
from the liposome induced by cyt c/H,O»-mediated oxidation are presented in Fig. 7C. Note
that the results depicted in the first four lanes of Fig. 7B indicate that cross-link formation
was detected after treatment of cyt ¢ with H,O», possibly because of cyt ¢ cross-linking with
CL. However, the data for these corresponding lanes shown in the first four lanes in Fig. 7C
indicate that cyt ¢/H,O»-mediated CL oxidation alone does not induce extensive release of
cyt ¢ from liposomes. This observation is consistent with recent reports showing that
although CL is oxidized by a cardiolipin-specific peroxidase of CL-bound cyt c [25], the
release of cyt ¢ in model membranes and in brain mitochondria seems to be independent of
CL peroxidation by H,O, [32]. However, in the presence of both tRNA and H,0,, the
quantity of cyt c together with its cross-linked complexes observed in the supernatant
fraction was significantly elevated (Fig. 7C). Thus, tRNA oxidized by cyt ¢/H,05 induces
the release of cyt ¢ from CL-containing liposomes, probably mediated by cyt ¢ cross-linking
with the oxidized tRNA.

Discussion

In this study, we examined RNA oxidation catalyzed either by Fenton reaction mediated by
Fe(lIl)/ascorbate/H,0, or by cyt c/H,0,. Our results reveal that (i) although guanosine is
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preferentially oxidized among the four nucleosides, the oxidized products vary with the
oxidants used. As a result it is necessary to use multiple oxidation markers to assess RNA
oxidation. (ii) RNA oxidation mediated by cyt c leads to the formation of cross-linking
complexes between RNA and cyt c. (iii) RNA and H,0, facilitate cyt c release from
liposomes containing CL, in part as a cross-linked complex with RNA. Thus, RNA
oxidation may be involved in facilitating the oxidative stress-induced cellular apoptosis.

It is generally assumed that 8-OH-dGuo and 8-OH-Gua are appropriate oxidation markers
for DNA and RNA, respectively. However, recent reports indicate that 8-OH-dGuo may not
be sufficient to evaluate oxidative damage of DNA, because 8-OH-dGuo has a low redox
potential and is readily subjected to further oxidation [33]. Furthermore, oxidized derivatives
other than 8-OH-dGuo have been reported to be predominantly generated depending on the
oxidative stress conditions [34]. Similarly, in the case of RNA oxidation, whether
monitoring the formation of 8-OH-Guo alone is sufficient to address its oxidative damage
remains to be investigated. Our results show that the oxidized RNA products formed are
dependent on the oxidants used. Although guanosine was highly susceptible to iron-
mediated oxidation, the data in Fig. 1 show that all the ribonucleotides were subjected to
oxidative modification with Fe(Il)/ascorbate/H,0, as oxidizing agent. In contrast, guanosine
was predominantly oxidized by cyt ¢/H,O,. However, the level of 8-OH-Guo, which was
substantially elevated by the Fenton reaction, was hardly detectable with the cyt c-mediated
peroxidation (Fig. 2). Additional products analysis reveals a distinct pattern of oxidized
guanosine between the two oxidation reactions. Although it is unknown whether production
of 8-OH-Guo is common in heme-mediated peroxidation, we have observed that in some
other oxidative reactions, 8-OH-Guo production did not correlate with the oxidative damage
(unpublished data). Together, these observations indicate that multiple oxidation markers are
necessary for assessing oxidative modification of RNA.

Among the RNA oxidation products is the formation of abasic sites, identified by mass
spectrometric methods coupled with liquid chromatography techniques and by its reactivity
with the aldehyde-reactive probe. The aldehyde moiety on the abasic sites can readily cross-
link with amino group on the protein via Schiff-base formation. In fact, this unique chemical
property of abasic sites has been utilized to identify the DNA binding sites on histones and
on DNA repair enzymes via in vitro cross-linking between the DNA abasic sites and amino
groups of the proteins of interest [35-37]. In addition, Wintermeyer and Zachau [38] took
advantage of this chemical property to generate a tRNA probe conjugated with fluorescent
dyes by cross-linking to a depuri-nated abasic site under mild reaction conditions. Thus, it is
likely that RNA abasic sites generated by cyt ¢ peroxidation could form a cross-linked
complex with cyt c. Indeed our results, including those shown in Fig. 5, reveal that RNA and
cyt ¢ cross-link in response to peroxidation to form a high-molecular-weight complex that
contains both RNA and cyt c. It should be pointed out that cross-linking between ribosomal
proteins and rRNA has been reported in yeast induced by H,0, treatment [21]. In addition, a
method has been reported to identify RNA—protein binding sites using UV irradiation to
induce the formation of a cross-linked complex between a protein and its bound RNA [39].
These results suggest that substantial amounts of RNA and protein are subjected to cross-
linking when they are closely associated under pathological oxidative stress conditions.
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What could be the potential physiological function of the RNA—cyt ¢ cross-linked complex?
The release of cyt ¢ from the mitochondria to the cytosol is required to initiate the
mitochondria-mediated apoptosis [40]. Although the caspase activation pathway initiated by
cytoplasmic cyt c has been extensively investigated, it has not been fully delineated how cyt
cis released from the mitochondria. Because of its basic properties, cyt c is readily
associated with CL, a major acidic lipid in the mitochondrial inner membrane [22,30]. In the
presence of an oxidant, heme-containing proteins including cyt c can catalyze peroxidation
of a wide variety of organic compounds [41,42]. The peroxidase activity of CL-bound cyt ¢
has been shown to catalyze the oxidation of CL, the only phospholipid in mitochondria that
undergoes early oxidation during apoptosis and leads to the release of cyt ¢ [25,26]. Thus, it
is hypothesized that peroxidation of the cyt c-bound biomacromolecules may facilitate
dissociation of cyt c.

Our results shown in Fig. 7 indicate that treatment of RNA and H,O» induces cyt ¢
dissociation from the liposomes containing CL in a synergistic manner. Under the
experimental conditions, it is reasonable to expect the negatively charged RNA to compete
with CL for electrostatic interaction with cyt c. The peroxidation of RNA associated with cyt
c forms covalently cross-linked complexes, and as a consequence the population of cyt c-
bound CL would be reduced. The results shown in Fig. 7A indicate that cross-linked
complexes of cyt ¢, including those possessing a high-molecular-weight species detected in
the supernatant fraction, were elevated as a function of increasing concentration of tRNA
and H,0,. However, the majority of cross-linking species, including those generated by cyt
c/H,0,-mediated CL oxidation, remained in the liposome fraction (data not shown, also see
Fig. 7B). Nevertheless, the results in Figs. 7A and C showed that combination of cyt c,
RNA, and H,0, would not only lead to increasing cyt c-containing cross-linked species, but
also facilitate the release of cyt c-containing complexes from the liposomes. Thus, results
shown in Fig. 7 suggest that oxidatively induced cyt c release from the CL-containing
liposome is mediated by the cyt c-catalyzed per-oxidation of RNA.

If the cyt c-catalyzed RNA peroxidation is involved in oxidative stress-induced cellular
apoptosis by facilitating the cyt c release from mitochondria to initiate the caspase activation
cascade, RNA has to be accessible in the mitochondrial intermembrane space. Such a
possibility is supported by the following findings. (i) Because the mitochondrial membrane
transition pore is capable of taking up a molecular size up to 1.5 kDa [43], it is possible that
RNA oligomers, resulting from oxidative stress-induced cleavage of microRNA or
cytoplasmic tRNAs, could enter into the intermembrane space through the transition pore
[44-46]. (ii) Certain cytoplasmic tRNAs are translocated into mammalian mitochondria [47],
implying the existence of a natural process to import tRNA into the matrix as well as the
intermembrane space. To this end, polynucleotide phosphorylase, a multifunctional
ribonuclease, has been located in the intermembrane space [48] and it mediates the
translocation of RNAs into mitochondria [49]. In addition, endonuclease G, a nonspecific
DNA/RNA nuclease, is located in the intermembrane space under normal conditions
[50,51]. These findings together suggest that RNA molecules probably exist in the
intermembrane spaces of mitochondria.
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To date, RNA oxidation has been shown to exert detrimental physiological effects. For
instance, oxidized RNA [52] or RNA containing abasic sites [53] shows inhibitory effects
on reverse transcriptase activity, whereas oxidized mRNA [54,55] or mRNA with abasic
sites [56] exhibits compromised translation activity as well as translation fidelity. Until now
the pathological role of RNA oxidation has been associated only with impaired function of
RNA. However, the results of this investigation suggest that oxidative modifications of
RNA, including cross-linking, lead not only to impaired RNA normal functions, but also to
the gain of a protective signal to facilitate cellular apoptosis in response to oxidative stress.
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Fig. 1.

Oxidative modification of ribonucleosides by Fe(ll) or cyt c. (A) In vitro synthesized RNA
was oxidized with 20 uM cyt c or 20 uM iron/ascorbate in the presence of 1 mM H,0, for 1
h at 37 °C. The enzymatically hydrolyzed RNA was applied to a reverse-phase HPLC
column and absorbance monitored at 260 nm. Recovery of each ribonucleoside after
oxidation with the indicated concentration of H,O5(no added H,O» for control), catalyzed
(B) by 6 uM/6 uM of Fe(lIl)/ascorbate, or (C) by 6 uM of cyt ¢ was quantified by the peak
volume. The values shown represent means + SD from triplicate samples. *p < 0.05 relative
to the nonoxidized control. Ado, adenosine; Cyd, cytidine; Guo, guanosine; Urd, uridine.
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Fig. 2.
Quantification of 8-OH-Guo in oxidized RNA. In vitro synthesized RNA was oxidized using

the indicated concentrations of Fe(ll)/ascorbate/H,0, or cyt ¢/H,O5 for 1 h at 37 °C. The
oxidized RNA was monitored using the GC/MS method together with the internal standard
as described under Materials and methods. The results represent means + SD in triplicate
experiments. *p < 0.05 relative to the nonoxidized control.
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Qt?antification of cleaved 8-OH-Gua. After in vitro oxidation with 10 uM Fe(lIl)/ascorbate or
10 uM cyt c and the indicated concentrations of HoO5, oxidized RNA was precipitated with
ethanol. The supernatant was mixed with internal standards and then trimethylsilylated
without acid hydrolysis. The resulting mixture was analyzed with GC/MS. The quantities of
8-OH-Gua generated are presented as percentage increase relative to that observed with
control. The results represent means + SD in triplicate experiments. *p < 0.05 relative to the
nonoxidized control.

Free Radic Biol Med. Author manuscript; available in PMC 2015 February 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tanaka et al.

Intensity

Intensity (AU)

X10° |
1.0 -

0.8:
0.6 4
0.4:
02]

309.2

361.2

300 350

421, 2
354 377 2390 1
O 0 _JM&.‘

400

Page 18

1+

464.2

1+
502.1

446 7

500 550 m/z

Non-oxidized

L positive ctrl

o

. Fe(ll)/asc/H,0,

A cyt. ¢/H,0,

N

Fig. 4.

7.5

10.0 125 150 175 200 225
Retention time (min)

Identification of abasic site produced by cyt c. RNA oxidized by cyt ¢ was derivatized with
ARP and hydrolyzed. The hydrolysate was applied to LC/MS to identify ARP-derivatized
abasic sites. As a reference, nonoxidized RNA with or without synthetic abasic sites or RNA
oxidized by Fe(ll)/ascorbate/H,0, was eluted and analyzed under the same conditions. (A)
The extracted ion chromatograms at 464.2 + 0.3 m/z corresponding to ARP-abasic. (B) The
mass spectra of the oxidized RNA in the presence of 20 pM/1 mM cyt ¢/H,0, for 1 h at 37
°C eluted at 8.5 min.
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Tracer experiment using RNA labeled with [14C]guanine. RNA radiolabeled with
[14C]guanosine was oxidized by either 20 pM/1 mM of cyt ¢/H,0, or 20 pM/20 uM/1 mM
of Fe(ll)/ascorbate/H,0,. After hydrolysis, oxidized guanosine was separated using an
RP-18 column. (A) Radioactivity measured in each fraction and the HPLC gradient pattern.
A chromatogram with expended scale of the y axis is shown at the upper right. (B) The
radioactive fraction (No. 45) indicated by the arrow in the RNA oxidized by cyt ¢ shows a
spectrum similar to that of ferricytochrome c.
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Fig. 6.

Cr%ss—linking between RNA and cyt c. Radiolabeled RNA and/or cyt ¢ was incubated with
H»0-, at the indicated concentrations for 1 h at 37 °C. The reaction mixture was heat
denatured and loaded onto an SDS-PAGE gel. The gel was (A) autoradiographed or (B)
stained with CBB.
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Fig. 7.

HSOZ and RNA facilitate the dissociation of cyt ¢ from liposomes. Bovine cyt ¢ (1 nmol)
was associated with 25 pl of liposomes composed of cardiolipin (25%)/phosphatidylcholine
(75%) by mixing the cyt ¢ with the liposomes for 10 min at room temperature. The free cyt ¢
was removed by ultracentrifugation three times as described under Materials and methods.
After 40 min incubation at 37 °C with the indicated concentrations of tRNA and/or H,O, or
0.4 M NacCl, the reaction mixtures were ultracentrifuged to separate the supernatant fraction
from the liposome fraction. Both fractions were heat denatured and then loaded onto an
SDS-PAGE gel. Protein bands (cyt c-containing bands) in the supernatant and in liposomes
were stained with CBB and are shown in (A) and (B), respectively. (C) The intensities of cyt
c and cyt c-containing bands were monitored using the Odyssey (Li-Cor) method. A
densitometric method, based on the intensity observed for species > 10 kDa in both
fractions, was used to quantify all the cyt c-containing species in the supernatant and in the
liposomes and expressed as the ratio of cyt c dissociated from the liposomes. The values
shown represent means + SD from triplicate experiments.
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