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Abstract

Singlet oxygen, 10,, is produced by absorption of red light by the phthalocyanine dye, Pc 4,
followed by energy transfer to dissolved triplet molecular oxygen, 30,. In tissues, Pc 4
concentrates in lipid bilayers, and particularly in mitochondrial membranes due to its positive
charge. lllumination of cells and tissues with red light following uptake of Pc 4 results in cell
death. The potential initial chemical steps that result in cellular dysfunction have been
characterized in this study. Both unsaturated acyl chains of phospholipids and proteins are
identified as targets of oxidation. Tetra-linoleoyl cardiolipin was oxidized in both liposomes and
mitochondria following Pc 4 mediated 10, generation. Evidence for formation of both mono and
bis hydroperoxide adducts of single linoleoyl side chains is provided by ESI-MS and ESI-MS/MS.
Similarly illumination of Pc 4 into liposomes and mitochondria resulted in cytochrome c oxidation
as detected by oxidation of HZ% in the peptide, H28*KTGPNLHGLFGK, further supporting the
potential use of this peptide as a biomarker for the presence of mitochondrial oxidative stress
characteristic of 10, in vivo [1]. These observations provide evidence that formation of lipid
hydroperoxides and/or protein oxidation can be the initial chemical steps in Pc 4 mediated
induction of apoptosis in PDT.
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Introduction

Oxidative stress is believed to contribute to the decrease in cellular function that
accompanies aging [2] and that is associated with numerous degenerative diseases and even
certain types of cancers [3-5]. Oxidative stress commonly involves reactive oxygen species
(ROS) which may oxidize almost every class of biomolecules, including DNA, RNA, lipids,
carbohydrates and proteins. Singlet oxygen (10,) is a highly reactive oxygen specie which
may be generated in biological systems via several different procedures: by excitation of
endogenous photosensitizers [6], by the activity of peroxidase enzymes [7], or by the
decomposition of lipid peroxidation products which are formed during ischemia-reperfusion
injury [8] or by other mechanisms [9-11].

10, can be generated intentionally by photodynamic therapy (PDT) to induce cell death as
part of treatments for cancer and other pathological conditions. During PDT, 10, and other
ROS are generated by illuminating a tissue region that has a natural or exogenously applied
photosensitizer [12,13]. Pc 4, a silicon phthalocyanine (Si-Pc) sensitizer [14], effectively
generates 10, when exposed to red light in aerobic solutions, having a quantum yield of
~0.4 [15] which is not effectively different in liposomes containing polyunsaturated acyl
groups such as linoleic acid [16]. While 10, is the only detected product in these purified in
vitro systems, depending on environment the photochemistry of Si-Pcs can be altered, e.g. in
the presence of an oxidizable porphyrin, a Si-Pc can accept an electron potentially both
oxidizing the donor and subsequently reducing O to superoxide [17] and in the presence of
an electron acceptor the Si-Pc can be oxidized[18]. These alternative modes of reaction
make photoinduced chemistry observed in biological matrices less certain than in dilute
aerobic solutions.

As an exogenous photosensitizer, Pc 4 has shown excellent treatment response in several
different tumor models, including human tumor xenografts in immunocompromised mice
[19-25], and is currently in a Phase | human clinical trial of PDT for the treatment of
cutaneous tumors. In PDT, Pc 4 localizes in mitochondrial and endoplasmic reticulum/Golgi
membranes [26] and induces apoptosis in many types of cells and tumors [27]. The primary
apoptotic mechanism triggered by Pc 4-PDT is the mitochondrial (intrinsic) pathway
involving release of cytochrome c (Cyt c) from mitochondria into the cytosol [28,29], and
the activation of a cascade of apoptosis-mediating caspases [13].

However the limitation in detecting 1O, in biological systems makes it hard to prove the role
of 10, in oxidative stress. We have recently discovered 10,-derived oxidative products from
His residues in Cyt ¢ [1]. When oxidized by 10,, His is converted to oxidative products
characteristic of 10,; mass increments of +14 and +32, e.g., His 26 in

LAbbreviations
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CHCA
Cytc
DMPC
ESI-MS
LA
PDT
ROS

cardiolipin (an adoption of the lipid maps notation identifies the four acyl chains in parentheses following the
acronym CL, e.g. CL(18:2 (92,122))4 is tetralineoyl-CL)

a-cyano-4-hydroxycinnamic acid
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dimyristoylphosphatidyl choline
electrospray ionization mass spectrometry
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reactive oxygen species

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 3

H26K TGPNLHGLFGR?38 peptide. His 26 in this peptide is believed to form a crosslink with
Lys 27. This unique crosslinked structure has significant potential to be used as a biomarker
suggesting the presence of 10, in many biological systems. Because any protein containing
the sequence of HK would potentially generate an analogous product, looking for this
specific modification from tissue subjected to oxidative stress will provide evidence for the
involvement of 10,. His+14 also might be used to monitor the presence of 10, in biological
systems by mass spectrometry.

Cardiolipin (CL) is highly localized to the mitochondrial inner membrane, where it interacts
specifically with proteins of the electron transport chain (ETC). The negatively charged CL
anchors Cyt c to the cytoplasmic side of the inner membrane. Because CL’s constituent fatty
acids are linoleic and other polyunsaturated acids, it is also a likely target for oxidation

by 105 [30].

Evidence for the role of CL oxidation during PDT sensitized by protoporphyrin 1X was
obtained both by mass spectrometry and by suppression of hydroperoxide formation [31].
Additionally, evidence suggests that oxidized CL is less able to interact with Cyt ¢ [3,31].
Thus, a consequence of CL oxidation is a decrease in the association of Cyt ¢ with the inner
mitochondrial membrane and an increase in the pool of free Cyt c in the intermembrane
space [32]. This pool of Cyt c is available for release into the cytoplasm through pores
formed in a process dependent upon the pro-apoptotic proteins Bax and/or Bak. Oxidation of
CL may be further enhanced when Cyt ¢ acquires peroxidase activity by its own oxidation
[32].

The structures of oxidized CL have been studied from cells exposed to H,O, [31] and from
mouse intestine exposed in vivo to y-irradiation [33]. Peroxidation of either of the terminal
carbons of the homoconjugated cis, cis double bonds present in linoleic acid (LA) results in
the pseudosymmetric structures shown in Scheme 1 that have been chemically determined
[34] and serve as a model of the anticipated modifications of the LA acyl groups of CL.

In the current work, Cyt ¢ and CL were exposed to Pc 4 generated ROS in liposomes and
mitochondria to test their potential use as markers of PDT induced oxidative stress and
potentially for 10,. The results indicate that photosensitization produces an effective oxidant
of CL and Cyt ¢ and that the oxidized products can be readily identified in isolated
mitochondria exposed to Pc 4-mediated PDT conditions.

Experimental

Materials

The commercial sources of experimental materials were as follows: Cyt ¢, a-cyano-4-
hydroxycinnamic acid (CHCA), and CL - Sigma-Aldrich (St. Louis, MO, USA);
sequencing-grade modified trypsin - Promega (Madison, WI, USA); microcon centrifugal
concentrators and ZipTip microscale Cqg solid phase extraction tips - Millipore (Bedford,
MA, USA); dimyristoylphosphatidyl choline (DMPC) - Avanti Polar Lipids (Alabaster,
AL); Whatman TLC plates - Fisher Sci. (Pittsburgh, PA). Pc 4 was a generous gift of Dr.
Malcolm Kenney (CWRU, Cleveland). Mitochondria were isolated from male Fisher 344
rats, aged 6 months [35], and used within 5 h of isolation. Millipore water (18 MQ) was
used throughout.

Mass Spectrometry

Analyses of Cyt c tryptic digests were performed with a Bruker BiFlex 11l MALDI-TOF-MS
equipped with a pulsed N laser (3 ns pulse at 337 nm) and XTOF acquisition software. The
reflectron mode was used with an accelerating voltage of —20 kV. LC-MS/MS analyses of
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digested Cyt-c were performed with a Thermo Finnigan LCQ orbitrap spectrometer in the
Case Center for Proteomics (Cleveland, OH, USA). Analysis of CL was performed with a
Thermo Finnigan LCQ Advantage spectrometer. The MS and MS/MS spectra were obtained
by direct infusion in the negative ion mode with a collision energy of 35 eV.

Liposome preparation and Pc 4 incorporation

Large unilamellar vesicles were prepared with a Mini-Extrudor from Avanti Polar Lipids,
Inc. (Whatman® membrane diameter = 100 nm). Typically, an aliquot of lipid solution in
absolute ethanol was evaporated to form a thin film of lipid which was rehydrated by the
addition of 2.5 mL of PBS (pH = 7.4, 0.1 M NaH,PO4 and KoHPOy4, and 0.15 M NaCl).
Aliquots of the mixture were extruded at 45 °C. Pc 4 was incorporated into liposomes e by
addition of a Pc 4 stock solution in THF/EtOH (1:1) and incubating for 30 min. at 45 °C
with stirring. Finally Cyt c in aqueous solution was added and stirred gently at 37 °C for 20
min. The final concentration of lipid was 2.1 mM with 20 % of CL for CL oxidation and 20
or 50% of CL for Cyt ¢ oxidation.

Pc 4-mediated photo-oxidation of Cyt ¢ and CL in liposomes

Liposomes (2 mL each) incubated with 5 uM Cyt ¢ and 6 uM Pc 4 were pipetted into 3.5-cm
diameter tissue culture dishes, resulting in solution depths of about 2 mm. The liposomes
were exposed to 100 mW/cm? red light produced by a light-emitting diode array (EFOS,
Mississauga, Ontario, Canada, Amax 670-675 nm) at room temperature for 40 min while
control liposomes were kept in the dark. CL was extracted from 0.5 mL of the DMPC+CL
liposome solution using 1.5 mL CHCl3:MeOH (2:1). The extract was dried under a stream
of N5 and redissolved in 20 uL. CHCl3. The solution was dispensed on silica gel TLC plates,
developed with CHCl3:MeOH:acetic acid:H,0 (3: 0.52: 0.36: 0.12) [36] and visualized by
I,. The CL spot was scraped into a 1.5-mL Eppendorf tube and extracted using 100 uL
CHCI3:MeOH (1:1). The CHCI3:MeOH solution of CL was analyzed by negative ion ESI-
MS with direct infusion. Cyt ¢ in the illuminated and control liposomes was digested using
trypsin in solution without separation from the liposomes or other purification, and the Cyt ¢
digest was analyzed both by MALDI-TOF-MS with CHCA as a matrix and by LC-MS/MS.

Pc 4 mediated photo-oxidation of rat heart mitochondria

Mitochondria (0.5 mg/mL) in a buffer containing 100 mM KCI, 50 mM MOPS and 0.5 mM
EGTA were incubated with 200 nM Pc 4 at room temperature for 10 min. The suspension
was illuminated for the indicated time while control mitochondria were incubated with Pc 4
and kept in the dark for the whole time course at room temperature. After irradiation, the
mitochondrial suspensions were centrifuged at 2250xg for 10 min, and the pellets and
supernates were saved separately.

Cyt c and CL isolation from mitochondria

CL was isolated from control and illuminated mitochondrial pellets by suspending 1.0 mg of
mitochondria in 0.5 mL of saturated NaCl. The CL was then extracted using the same
method described above as that used for extraction of CL from the liposome. Proteins were
also extracted from the control and illuminated mitochondrial pellets using n-butanol and
concentrated ammonium sulphate [37]. The protein extract was fractionated by filtration
through a YM-50 microcon and the filtrate concentrated with a YM-3 microcon. The
retentate, which contained the Cyt c, was digested using trypsin in solution. Cyt c in the
supernates from the mitochondrial pellets was similarly isolated and digested.

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.
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RESULTS

Pc 4-mediated photo-oxidation of CL in liposomes

Oxidation of CL present in liposomes was investigated using ESI-MS and ESI-MS/MS. The
nominal monoisotopic mass for standard tetra-linoleoyl-CL ((18:2)4CL) [M-H]" is 1447 and
the ESI-MS and ESI-MS/MS spectra have been characterized by Lesnefsky et al. [38]. The
tandem mass spectrum of standard CL with m/z 1447 shows three major fragment ions, m/z
695, 751, and 831 (Figure 1). The mass spectrum of oxidized CL isolated from the Pc 4-
containing liposomes showed several new peaks with nominal monoisotopic m/z [1447+32]
and [1447+64] (Figure 2). The structures of ions [1447+32]", [1447+64]", presumed to have
incorporated one and two O, molecules, respectively, were further characterized by ESI-
MS/MS. The tandem mass spectrum of the [1447+32]" ion is consistent with the formation
of two pseudosymmetric hydroperoxide structural isomers labeled 11 in Scheme 1 as found
in the oxidation of LA by 10,. The structures of the predicted fragment ions derived from
these products are shown in Figure 3. The presence of peaks at m/z 727 and 709 (derived
from dehydration of 727) and absence of an m/z 711 peak strongly support the assignment of
the major product with m/z [1447+32] as a monohydroperoxide.

Treating the oxidized CL with NaBH, resulted in the elimination of the peak at m/z
[1447+64] with concomitant increase in the peak at m/z [1447+16]", while the intensity of
[1447+32] was moderately decreased. The MS/MS spectrum of the [1447+32] obtained
following NaBHj, treatment showed a different fragmentation pattern from that observed in
Figure 3. An m/z 711 peak was present while peaks at m/z 704, 1310 and 1391, were absent;
suggesting that this different species with a monoisotopic mass at m/z [1447+32]" is
dihydroxy CL generated by reduction of dihydroperoxyl CL (data not shown).

The tandem mass spectrum of m/z [1447+64] is more complicated. Oxidative addition of
two oxygen molecules could occur to one side chain or to two different side chains. If two
separate acyl groups are oxidized, these two side chains may be attached to the same or
different glycerol moieties, and both cases are suggested by peaks at m/z 727 and 759 in MS/
MS spectrum (data not shown). The major species observed by ESI-MS/MS were
CL(18:2),(18:2 13-O0H), with fragment peaks at 1423, 1405, and 1335, as shown in Figure
4,

When two hydroperoxide groups are present in a single chain, there are three possible
structural isomers predicted by the reaction mechanism: 9,12-dihydroperoxide, 10,12-
dihydroperoxide and 10,13-dihydroperoxide, as shown in Scheme 1. The major fragment
ions in the m/z region from 1250-1500 are well matched with the theoretical fragments from
only the 9,12-dihydroperoxide and 10,12-dihydroperoxide (Figure 4). The peak at m/z 1423
may derive from 10,13-dihydroperoxide; however, the lack of additional correlating peaks
and the presence of the peak at m/z 1335 strongly suggest that the m/z 1423 ion may derive
from the fragmentation of a species containing two 13-hydroperoxy acyl chains. This
interpretation indicates that there is a significant propensity for a single acyl chain to
incorporate both O, molecules. However, potentially different ionization efficiencies of each
isomer and fragmentation patterns make the comparison of relative intensities inappropriate
to quantify relative yields of the oxidized products.

Pc 4 mediated photo-oxidation of Cyt c in liposomes

Cyt c was exposed to ROS generated by illumination of Pc 4 incorporated into DMPC
liposomes with or without CL. Following the illumination, the Cyt ¢ was digested and
analyzed using MALDI-TOF-MS. The mass spectra showed that two peptides previously
identified as Pc 4 mediated oxidation products, the H8KTGPNLHGLFGK +32 Da and the
TGPNLH33GLFGK +14 Da peptides [1], were present (Figure 5). Modifications of the His
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residue in these peptides were further confirmed by LC-MS/MS. These two peptides have
been proposed to be products attributed to 10,. As in previous studies, the
H28KTGPNLHGLFGK +32 Da tryptic peptide is the most intense peak associated with a
modified peptide. The presence of CL in the liposomes was thought to potentially reduce or
eliminate the oxidation of Cyt ¢ by scavenging ROS produced in the interior of the liposome
bilayer. This anticipated decrease, however, may be offset by an increase in association of
Cyt c with the liposomes in the presence of CL. Under the conditions employed the Cyt ¢
should have largely associated with the CL-containing liposomes. The presence of CL (20 or
50%) did not reduce the observed modification of Cyt c. However, 50% of CL rather
resulted in enhanced modification of His26 as shown in Figure 5, where the relative
intensity of the H®K TGPNLHGLFGK +32 Da peak to the unmodified TGPNLHGLFGK
peak has increased from 4% to 10%. This increase may be attributed either to the association
of Cyt ¢ with the liposome or alternatively to the excess CL solubilizing the Pc 4 in a second
hexagonal phase [39]. In either case, it is clear that the Pc 4 generated oxidant is not
completely scavenged by the presence of the linoleic acyl groups of the CL.

Pc 4 mediated photo-oxidation of CL and Cyt ¢ in mitochondria

CL was also extracted from mitochondria subjected to Pc 4-mediated photo-oxidation for 20
min and fractionated by TLC using the same method employed to purify CL from
liposomes. CL samples from control and illuminated mitochondria were analyzed by direct
infusion ESI-MS and MS/MS. The MS spectrum shows that the +32 peak, corresponding to
the incorporation of O, into CL, was detectable from illuminated mitochondria, but its
relative intensity remained at less than 10% of the unmodified CL (Figure 6). The tandem
mass spectrum of the +32 peak revealed effectively the same fragment pattern as the +32
peak of CL isolated from illuminated liposomes (Figure 7). However, the +64 peak, found
following photo-oxidation of CL—containing liposomes, was not enhanced by irradiation
(Figure 4). Following 5 min. of irradiation, any oxidized CL products were present only at
levels below our limits of detection (data not shown).

Proteins were extracted and fractionated from mitochondria illuminated in the presence of
Pc 4. The protein mixture containing Cyt ¢ was digested in solution, and the digest was
analyzed by MALDI-TOF and LC-MS/MS. Although MALDI spectra confirmed the
presence of Cyt ¢, none of the characteristic oxidized peaks were observed with a signal
greater than 1.5-times background. However, with the greater sensitivity afforded by LC-
MS/MS, the modified HZ8KTGPNLHGLFGK +32 peptide in the Cyt ¢ digest extracted from
mitochondria illuminated for 40 min. was easily detected (Figure 8). A difficulty found in
studying mitochondrial Cyt c oxidation by Pc 4 illumination was that a significant amount of
Cyt c was released into the supernate following even short irradiation times. The released
Cyt c was analyzed by tryptic digestion and LC-MS.

DISCUSSION
Photo-Oxidation of CL and Cyt c by Pc 4 Illlumination

CL is an unusual phospholipid mainly localized to mitochondrial inner membranes. The four
constituent acyl chains are enriched in polyunsaturated fatty acids, with linoleic acid being
the most prominent. A special enzyme-catalyzed exchange results in the primary CL species
containing four linoleic acid moieties, CL(18:2 (92,12Z))4 [38]. CL is required for the
optimal functioning of the electron transport chain complexes and appears specifically
bound at the protein-lipid interface in crystal structures. Consequently, oxidation of CL may
lead to functional changes in the mitochondria.

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.
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When exposed to ROS generated by illumination of Pc 4 embedded in DMPC liposomes,
CL(18:2 (92,127)),4 was readily oxidized, resulting in species with mass increments of +32,
and +64. Chemical derivatization coupled with tandem mass spectrometry are consistent
with the +32 and +64 species being derived from lipid hydroperoxides as major products.
The mass spectrum of CL from illuminated mitochondria equilibrated with Pc 4 showed
only one CL(18:2 (92,122)), oxidized peak, which had an m/z increment of +32. Tandem
mass spectrometry indicated that this ion was comprised of the same two structural isomers
identified in the liposome oxidation reactions (compare Figures 3 & 7). The similar
intensities and pattern of fragment ions in the tandem mass spectra strongly suggest that
photo-oxidation of CL in mitochondria occurred by a mechanism similar to that which
occurs in the simpler liposome model. While the absolute concentrations of Pc 4 present in
both the liposome and mitochondrial models are comparable and the light flux is similar, the
quantum yield of 10, cannot be assumed to be identical. This limits a quantitative
comparison. However, this demonstrates that the presence of Pc 4 in mitochondrial
membranes exposed to red light generates sufficient 10, to react with the CL present.
However it has not been determined that the oxidation products from the reaction with 10,
will be different from free radical-initiated lipid peroxidation, although initial studies with
LA suggest that the 10,12- dihydroperoxides formed as a result of reaction with 10, will not
be formed by free radical-mediated peroxidation [34]. And the 10,12- dihydroperoxide
identified with oxidation of CL in liposomes by 10, was not observed from Pc 4-mediated
photo-oxidation of CL in mitochondria. Careful characterization of the tandem mass spectra
of this form of CL may yet provide a distinctive fragment ion that would permit its presence
to be identified or quantified in the presence of more abundant CL-dihydroperoxides

The isolation of CL hydroperoxides from mitochondria immediately following photo-
oxidation indicates that when generated by Pc 4 illumination, these species are generated
more rapidly than they are metabolically removed. The observation of accumulating
hydroperoxides indicates that mitochondrial antioxidants, e.g. a-tocopherol, either competed
unsuccessfully or were overwhelmed by the 10, flux. Additionally the CL hydroperoxides
were not removed either by reaction with glutathione other endogenous nucleophiles or with
alkyl hydroperoxide reductases (peroxiredoxins) which would convert the hydroperoxides to
alcohols [40]. Further, the absence of either mono hydroxyl acyl chains or cleaved acyl
chains suggests that no detectable one electron reduction of the hydroperoxides in Fenton
type reactions occurred in these isolated mitochondria, as that process leads to a wide variety
of chain shortened products.

The unique His oxidation originally found in solution was also identified in Cyt ¢ oxidation
by 10, associated with liposomes and in photo-illuminated mitochondria. The fact that this
crosslinked product is still the most intense oxidized peptide peak further establishes its
potential to be used as a biomarker of short-term 10, exposure.

The oxidation of both CL and Cyt ¢ by Pc 4 present both in liposomes and mitochondria
during irradiation validate these molecules as potential targets of the 10, generated during
PDT of cells and tissues. The similarity of the results suggests that the liposome model can
be a relevant vehicle for studying the products of Pc 4-mediated photo-oxidation.

Role of 10, in mitochondrial dysfunction

Mitochondria are suggested to play a key role in PC 4 mediated apoptosis. Mitochondria in
illuminated cells showed mitochondrial inner membrane permeabilization resulting in
mitochondrial depolarization, loss of membrane potential, swelling and released Cyt ¢
[28,29]. Using the same irradiation conditions used for these studies, illuminated
mitochondria showed significant functional and structural deficits, including Cyt c release,
complete decoupling, activity loss of complex 1V and swelling, within 5 min. (companion
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manuscript). The current results suggest that lipid hydroperoxides formed from unsaturated
fatty acyl groups contribute to these mitochondrial functional and structural deficits.
Consistent with this role for CL hydroperoxides, exogenous peroxidized CL has been shown
to induce Cyt c release, mitochondrial permeability transition, swelling, and complex IV
activity loss [41,42]. However, it is still a challenge to correlate the extent of lipid and CL
oxidation to the functional and structural damage of mitochondria. If structural changes of
CL initiate gain or change of function of critical bio-molecules, this gain/change in function
could lead to any of the deficits found with a minimal extent of oxidation. The effects of
oxidation of CL by 10, on the functional and structural damages of mitochondria will be
pursued.

SUMMARY

10, has been generated in situ in phospholipid bilayers by irradiation of Pc 4. The 10,
generated reacts both with CL and Cyt c. The oxidized CL obtained from liposomes, as
characterized by ESI-MS and ESI-MS/MS, consisted of two major ions with mass
increments of +32 and +64, while the oxidized CL isolated from illuminated mitochondria
had a single prominent ion with a +32 mass increment. The +32 ions are both attributed to
formation of hydroperoxides at either C9 or C13. Cyt ¢ oxidation by 10, generated by Pc 4
in liposomes and mitochondria was also studied by MALDI-TOF and LC-MS/MS.
Modifications of His26 and His33 were detected with and without CL present in the
liposomes as well as in the mitochondrial samples by MALDI and LC-MS/MS.
Modification of His26, present as an intra-peptide crosslink, was detectable by LC-MS/MS
following in situ 10, generation by Pc 4. This modification indicates that CL does not
effectively scavenge all of the 10, generated in the liposomes or mitochondria by
illumination of Pc 4. The 10, mediated oxidation of phospholipid and/or protein are
proposed to be the initiating steps in Pc 4 photodynamic therapy.
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Figure 1.

ESI-MS/MS spectrum of control CL with m/z 1447.7. Major fragment with m/z 695.2 is
phosphatidic acid containing two C18:2 residues and m/z 831.2 is glycerophosphatidic acid
containing two C18:2 residues. The fragment with m/z 751.2 is glycerol added to the
fragment with m/z 695.2.
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Figure 2.

ESI-MS spectra of CL extracted from liposomes. Control was kept in the dark in the
presence of Pc 4 while the sample was illuminated with light for 40 min. The observed
oxidative modifications are identified by their mass increments, +32 and +64, are indicated
by the increment in mass of the monoisotopic peak.
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Figure 3.

ESI-MS/MS spectrum of m/z 1479.7 precursor ion. The presence of the hydroperoxide leads
to prominent ions associated with acyl chain cleavage. As indicated, the fragment ions at m/z
1310.4 and 1391.5 are attributed to the 9 and 13-hydroperoxides derived from peroxidation
of the terminal carbons of the homoconjugated cis, cis double bonds of LA, respectively (R
=lyso CL).
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Figure 4.
ESI-MS/MS spectrum of oxidized CL with m/z 1511.7. CL was isolated from - illuminated

liposomes containing Pc 4. The identified fragment peaks derived from predicted acyl chain
cleavage sites are labeled in bold. The peaks with m/z 1393 and 1411, fragment ions are
consistent with the structure of the 9,12-dihydroperoxide and 10,12-bis hydroperoxide. The
peaks with m/z 1310, 1339 and 1367 are consistent with the former and 1325, 1351, 1383
and 1365 with the latter. The boxed peaks with m/z 1423, 1405 and 1335 are predicted
fragments from species with two 13-hydroperoxides on separate linoleates. The unassigned
peak at m/z 1478 has the potential to be derived from a 10, specific reaction product (R =
lyso CL).
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Figure 5.

MALDI spectra of Cyt ¢ digest. 5 pM Cyt ¢ was illuminated in the DMPC liposome (A) or
DMPC and CL (1:1) liposome (B) in the presence of 6 uM Pc 4 for 40 min. The total
concentration of liposome was 200 uM. The peak at m/z 1465.9 represents

H26*K TGPNLHGLFGK peptide with H26 modified. The intensity of this oxidized peptide
peak relative to the unmodified peptide has increased from 4% in spectrum A to 10% in B.
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ESI-MS spectra of CL extracted from control and illuminated mitochondria. Unmodified CL
(1447.8), +16 and +48 peaks are present in both spectra. But +32 (1469.8) peak is
significantly increased by 20 min of irradiation in the presence of Pc 4.
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ESI-MS/MS spectrum of oxidized CL with m/z 1479.7. CL was isolated from illuminated
mitochondria. The intensities and patterns of the peaks are similar to the spectrum of CL

isolated from Pc 4- illuminated liposomes.
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Figure 8.

LC- MS/MS spectrum of precursor ions whose m/z corresponds to that predicted for the
doubly + charged ion of HZ8K TGPNLHGLFGR peptide+32 (733.4). Cyt ¢ was extracted
from the pellet fraction of mitochondria that had been illuminated for 40 min in the presence
of Pc 4.

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al. Page 20

CaHg™ N=""""=""(CH,)sCOOR;
"
R1/\|—/\=/\R2 + R1/E/\I_/\R2
1

OOH g l OOH
R1/\|_/\|_/\R2 + Ri X F R,
OOH OOH |, OOH OOH

\"/

R4 or Ry, = (CH,)3CH3, R, or Ry = (CH,)sCOOR3

Scheme 1.
Pseudosymmetric structures of linoleate peroxidized by 10, (adapted from reference 34).
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