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We prepared GD3–7-aldehyde (GD3–7) and determined its apoptotic potential. GD3–7 proved to be more
efficient to induce pro-apoptotic mitochondrial alterations than GD3 when tested on mouse liver mito-
chondria. GD3–7-induced mitochondrial swelling and depolarization was blocked by cyclosporin A
(CsA) supporting a critical role of the permeability transition pore complex (PTPC) during GD3–7-medi-
ated apoptosis. In contrast to GD3, GD3–7 was able to induce channel formation in proteoliposomes con-
taining adenine nucleotide translocase (ANT). This suggests that ANT is the molecular target of GD3–7.
Using a specific antiserum, GD3–7 was detected in the lipid extract of the myeloid tumor cell line
HL-60 after apoptosis induction, but not in living cells. Therefore, GD3–7 might be a novel mediator of
PTPC-dependent apoptosis in cancer cells.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Intracellular GD3 formation is a consequence of pro-apoptotic
signals induced by FAS/FASL [1], TNF-a [2] and b-amyloid [3]. It
has various effects such as production of reactive oxygen species
(ROS) [4], opening of a mitochondrial multiprotein complex, the
permeability transition pore complex (PTPC) [4], release of cyto-
chrome C from mitochondria [1], activation of caspases [5], and
inhibition of the translocation of NFjB into the nucleus [6].
Apoptosis mediated by GD3 can be blocked by CsA and by the
oncoprotein Bcl-2, two inhibitors of the PTPC-dependent perme-
ability transition (PT) [7,8], which underlines the important role
of mitochondria in the signalling of GD3-induced apoptosis. The
GD3 effect is suppressed by antioxidants [9]. This suggests that
GD3 oxidation may be critical for apoptosis induction. In cells,
especially in certain types of tumors GD3 is frequently found
ll rights reserved.
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along with a derivative that is 9-O-acetylated at the terminal sia-
lic acid yielding 9-O-acetyl GD3 (acGD3) [10–12]. AcGD3 is able
to suppress the pro-apoptotic effect of GD3 [13]. While 9-O-acet-
ylation probably has only a limited effect on the hydrophobicity
or steric conformation of GD3, it was found to block the oxidative
modification of GD3 thus preventing the formation of oxidized
GD3 variants [14]. The aims of this study were to compare the
impact of GD3 and its derivatives for the regulation of apoptosis.
We prepared GD3–7-aldehyde (GD3–7) as a highly effective pro-
apoptotic variant of GD3 and addressed the question of ANT as its
mitochondrial target. In addition we demonstrated the formation
of GD3–7 in the human tumoral cell line HL-60 after apoptosis
induction.
Materials and methods

Cell culture and induction of apoptosis. When not indicated
otherwise, chemicals were from Sigma (St. Louis, MO). HL-60 cells
were obtained from the Department of Immunology, University of
Munich, Germany. They were maintained at a concentration
of <1 � 106 cells/ml in RPMI 1640 medium containing 5% heat-
inactivated fetal bovine serum, 100 U/ml penicillin G, 100 lg/ml
streptomycin, and 2 mM glutamine. To induce apoptosis a
10 mM solution of C2-ceramide in dimethyl sulfoxide (DMSO)
(Merck, Darmstadt, Germany) was added directly to cell suspen-
sions to obtain the indicated concentrations for a 24 h culture.
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The extent of apoptosis was measured using the method of Nico-
letti et al. [15].

Gangliosides. GD3 and acGD3 were purified from bovine butter-
milk and characterized as described [16]. Oxidized GD3 was pre-
pared as follows: 2 mg GD3 was sonicated in 2 ml of 100 mM
sodium acetate buffer pH 5.5 in an ultrasonic bath for 15 min at
0 �C. The solution was then mixed with 2 ml of 10 mM sodium per-
iodate in the same buffer and incubated in the dark at 0 �C for 2 h.
Excess sodium periodate was removed by incubation with 2 ml of
50% glycerol at 0 �C for 20 min. The incubation mixture was then
dialyzed at 4 �C and dried. HPTLC resulted in a single band. The
oxidized ganglioside was analyzed by NanoESI-MS/MS mass
spectrometry.

MS/MS mass spectrometry. NanoESI-MS/MS-analysis was per-
formed with a triple quadrupole instrument [VG micromass
(Cheshire, UK) model Quattro II] equipped with a nano-electro-
spray source and gold-sputtered capillaries as described [17,18].
Parameters for cone voltage and collision energy of the different
scan-modes are listed in Supplemental Table 1.

Ganglioside analysis. 3–20 � 107 cells were extracted succes-
sively with 5 ml each of methanol, chloroform–methanol (1:2, v/
v), and chloroform–methanol (2:1, v/v) in an ultrasonic bath
(5 min in ice cold water). The combined solvent extracts were evap-
orated at 25 �C under reduced pressure. The residue was homoge-
nized in 5 ml of 0.88% aqueous KCl in an ultrasonic bath and
desalted on a glass column filled with 600 mg Sep-Pak C18 coated
55–105 lm silica particles (Waters, Milford, MA, USA) as described
[19]. The desalted lipids were separated on silica 60 HPTLC plates
(Merck, Darmstadt, Germany), (solvent: chloroform–methanol–
water (120:70:17, v/v/v), containing 0.02% (w/v) CaCl2) and were
immunostained as described [20,21]. Gangliosides were quantified
by densitometry of the HPTLC plates with a Shimadzu PC
9000 scanner at 580 nm using orcinol staining and quantified
standards.

Isolation of mouse liver mitochondria. Mitochondria were
isolated from mouse liver (Balb/c, female, 6–8 weeks old, Charles
River, l’Arbresle, France) by differential centrifugations and puri-
fied on Percoll gradient [22]. Protein concentration was deter-
mined using the micro-BCA assay (Pierce Chemical Company,
Rockford, Illinois).

Monoclonal antibodies and preparation of GD3–7-specific antise-
rum. A culture supernatant of the GD3-specific monoclonal anti-
body (mAb) R24 (CD60a) was a kind gift from Johannes Müthing,
Münster, Germany. For preparation of a GD3–7-specific antiserum,
2 Balb/c � C3H/F1 mice (Charles River, Sulzfeld, Germany) were
immunized intraperitoneally with an emulsion of 50 lg purified
GD3–7 in sterile physiological NaCl in complete Freund́s adjuvant.
After four injections in 3-week intervals, the serum was tested at a
1:100 dilution for GD3–7 and GD3 immunoreactivity using TLC
immunostaining. The serum, named anti-GD3–7, reacted strongly
with GD3–7 but not with GD3 and other non-oxidized gangliosides
from human leukocytes.

Swelling and depolarization assays. For swelling and depolariza-
tion measurements, mitochondria (25 lg protein) were diluted in
a hypo-osmotic buffer (10 mM Tris–MOPS, 5 mM succinate,
200 mM sucrose, 1 mM phosphate, 10 lM EGTA, and 2 lM rotenone,
pH 7.4) and distributed into 96-well microtiter plates (200 ll/well).
After addition of various doses of calcium (Ca2+), carboxyatractylo-
side (CAT), GD3, GD3–7, and acGD3, the mitochondrial swelling
was immediately measured by the decrease in absorbance at
540 nm for 1000 s. The depolarization of the mitochondria was mea-
sured concomitantly by the rhodamine 123 fluorescence dequen-
ching assay (1 lM, kexc: 485 nm, kem: 535 nm, Molecular Probes).
Both assays were adapted from [23,24] and were performed at
37 �C in a spectrofluorimeter (TECAN Genios, TECAN, Grödig,
Austria).

PTPC purification and reconstitution into liposomes. The PTPC was
purified from four rat brains (Wistar rats, male, 11–12 weeks old,
Charles River) and reconstituted into cholesterol: phosphatidyl-
choline (1:50 w/w) liposomes [25,26]. The ability of GD3 and
derivatives to activate the pore function of PTPC was evaluated
by addition of alkaline phosphatase (which converts 4-methylum-
belliferylphosphate (4-MUP) into the fluorochrome 4-methylum-
belliferone) to measure the release of entrapped 4-MUP in
comparison to calcium induced 4-MUP release [22]. The 100% of
4-MUP release was determined by adding 0.5 mM Ca2+ to proteo-
liposomes. The fraction enriched in the PTPC components, which
was used for the reconstitution into liposomes was analyzed for
the presence of ANT, voltage-dependent anion channel (VDAC)
and cyclophilin D (CypD) by sodium dodecylsulfate–polyacryl-
amide gel electrophoresis (SDS–PAGE, 12%) and Western-blotting
with a rabbit polyclonal serum against ANT (Genosphere, Paris,
France), a rabbit polyclonal serum against VDAC (Genosphere,
Paris, France), and a monoclonal antibody against CypD (Mito-
sciences, Eugene, Oregon).

ANT purification and reconstitution into liposomes. ANT was puri-
fied from rat heart mitochondria [22], checked to be VDAC and
CypD-free, and reconstituted into proteoliposomes (phosphat-
idylcholin/cardiolipin (45:1, w/w)). Proteoliposomes were loaded
either with 4-MUP in 10 mM KCl, 10 mM Hepes, 125 mM saccha-
rose (pH 7.4), by sonication, washed on PD10 columns, dispensed
in 96-well microtiter plates and incubated with the indicated
agents at 20 �C. The release of 4-MUP was quantified by addition
of alkaline phosphatase. The 100% of 4-MUP release was deter-
mined by adding 1 lM CAT to proteoliposomes. The fluorescence
induced by the treatment of liposomes by another agent was calcu-
lated as a percentage of CAT-induced 4-MUP release.

Results

To test our hypothesis that the oxidation of GD3 is required for
its pro-apoptotic function it was subjected to mild periodate oxida-
tion and the effects of the oxidized and of the unchanged GD3 and
of acGD3 on the PTPC and ANT function were compared. The puri-
fied oxidized GD3 was analyzed by nanoESI-MS/MS. Fragmentation
of the oxidized GD3 revealed a characteristic fragment of m/z�519
instead of m/z �581, the latter being characteristic for the two
linked sialic acids in GD3 (Fig. 1A and B). The difference represents
a loss of 62 amu corresponding to C2H6O2. This fits only with the
7-aldehyde but not the 8-aldehyde form of GD3. The loss of 62
amu is due to a breakdown of the terminal sialo-group as single-
charged fragments corresponding to GM3, LacCer, GlcCer, and Cer
are unchanged in comparison to corresponding GD3 spectra. For
measurement samples were dissolved in methanol. Aldehydes eas-
ily form hemiacetals with alcohols. Hence, methanoyl-GD3–7
hemiacetals were also present and their fragmentation spectra re-
vealed a fragment due to the loss of methanol (32/2 amu/e) but
were otherwise very similar to GD3–7 fragmentation spectra (data
are only shown for the species containing the Cer(d18:1, 22:0) lipid
anchor, Fig. 1A–C).

The oxidation products of GD3 turned out to be exclusively
GD3–7 as all ganglioside molecules detected with a general scan
for sialic acids (m/z �87) were also identified with the fragment
m/z �519, specific for GD3–7 and no signals corresponding to the
molecular weights of educt GD3-species were found (Fig. 1D and
E), also not with a scan for the two intact sialic acids (m/z �581)
(data not shown). Scanning the oxidized GD3 sample with the
neutral loss of 16 amu, the subset of methanoyl-hemiacetals was



Fig. 1. Detection of purified GD3–7 by tandem-mass spectrometry and representative product ion spectra of GD3, GD3–7 and the methanoyl-hemiacetal of GD3–7. (A)
Precursor ion m/z �87 spectrum showing all gangliosides with the measured m/z range. Note: no signals corresponding to GD3 are visible. (B) Precursor ion m/z �519
spectrum: As shown in Fig. 3, the fragment m/z �519 is specific for GD3–7 but not GD3. Note: all signals seen in (A) are detectable in (B) and represent the GD3–7. (C) Neutral
loss m/z 16 corresponding to the loss of methanol from double-charged compounds. Note: signals found in (C) are present in (A) and (B) as minor pattern and corresponds by a
shift of �16 amu/e exactly to the major pattern. Therefore, all GD3–7 species are also present as GD3–7-methanoyl-hemiacetals making up roughly 20% of the aldehyde. (D)
Product ions of GD3 (d18:1, 22:0). At low collision energy (27 eV) not only the fragment for sialic acid at m/z -290 but also the signal at m/z 581 characteristic for a single-
charged disialo-group is abundant. Fragmentation of the double-charged GD3-molecules allows the detection of single-charged fragments corresponding to GM3, LacCer,
GlcCer, and Cer. (E) Product ions of GD3–7 (d18:1, 22:0). No fragment at m/z 581 is detectable showing structural changes in the disialo-group. A new single-charged
fragment (m/z 519) smaller by 62 amu/e is found, fitting to a single-charged disialo-group that has been oxidized at one sialo-group to the 7-aldehyde. This fragment was
found in all product ion spectra of the GD3–7 species detected (Fig. 2A and B). Fragments for GM3, LacCer, GlcCer and Cer have identical m/z values as GD3 (d18:1, 22:0) in (A)
by that demonstrating that the loss of 62 amu is due to oxidation of the outer NeuNAc and leaving the core GM3-structure unchanged. (F) Product ions of GD3–7-methanoyl-
hemiacetal (d18:1, 22:0). After loss of 16 amu/e the spectrum is very similar to that of (B). Therefore the compound with m/z 748 very likely represents an adduct of the
7-aldehyde m/z 732. Taking the two charges into account, the adduct has a molecular weight of 32 amu, the molecular weight of methanol.
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detected (Fig. 1F). Their pattern fits after subtraction of 16 amu/e to
the residual patterns found with the precursor ion scans �87 and
�519. Compositions of the various GD3–7 species are found in
the supplemental data.

To compare the mitochondrial effects of GD3, acGD3, and GD3–7,
we isolated mouse liver mitochondria and evaluated the effects of
the various GD3 derivatives on the volume of mitochondria
(Fig. 2A) and on their transmembrane inner potential (DWm)
(Fig. 2B). We found that GD3 and GD3–7 can directly induce a partial
matrix swelling (Fig. 2A). Both molecules were less efficient than
Ca2+, the prototypic inducer of mitochondrial permeability transi-
tion (PT) and than CAT, a PT inducer that targets ANT. GD3–7 proved
to be more potent than GD3. In contrast, acGD3 was inactive
(Fig. 2A). The mitochondrial depolarization by GD3 and GD3–7
was maximal and similar to Ca2+ and CAT (Fig. 2B). As previously re-
ported for GD3, the induction of mitochondrial swelling and depo-
larization of GD3–7 were inhibited by CsA indicating that the
process is mediated by the PTPC (results not shown).

Thereafter, we decided to identify the target of GD3 deriva-
tives in mitochondria. To that end, we purified and reconstituted
PTPC into liposomes as previously described [25]. The protocol
leads to proteoliposomes highly enriched in VDAC, ANT and CypD,
which are candidate proteins for PTPC [27–29]. Their presence in
the proteoliposomes is shown in Fig. 3A. The proteoliposomes
were briefly sonicated to encapsulate the fluorescent probe
4-MUP and KCl to generate a diffusion gradient [22]. After
treatment with Ca2+, we detected a dose-dependent increase in
fluorescence correlating with a probe release through open pores
of the PTPC (Fig. 3B). Comparatively, GD3–7 was able to induce a
Fig. 2. Effects of GD3 and its derivatives in mitochondria. (A) Induction of swelling.
Isolated mitochondria (25 lg protein/well) were treated with Ca2+, CAT, GD3–7,
acGD3, GD3, or not (Co.) at 37 �C and the absorbance at 540 nm was recorded for
4000 s to measure the swelling of the mitochondrial matrix. (B) Induction of the
transmembrane inner potential (DWm) depolarization. Isolated mitochondria were
treated in the same conditions as in A in the presence of a DWm-sensitive probe,
Rh123, and the fluorescence was recorded for 4000 s.
partial release of 4-MUP (Fig. 3C). This effect was dependent on
the reconstitution of PTPC proteins, since GD3–7 was inactive
on pure lipidic liposomes of the same composition (i.e. phospha-
tidylcholine:cholesterol), but devoid of proteins (not shown). GD3
and acGD3 were not able to induce the pore opening of PTPC
(Fig. 3C).

These results prompted us to evaluate the effect of GD3–7 on
ANT-liposomes to determine whether ANT could be a target of
GD3–7. We purified ANT from rat heart to homogeneity in a form
free of contaminants such as VDAC or CypD (Fig. 3D) and recon-
stituted it also into liposomes (i.e. phosphatidylcholine:cardio-
lipin). We treated the proteoliposomes with GD3–7 and
observed that this molecule was able to induce the release of
4-MUP through the pore of ANT. The effect appeared to be spe-
cific for ANT, since it was inhibited by various doses of the endog-
enous ligands of ANT, ADP, and ATP (Fig. 3E). Moreover, GD3–7
was inactive on control liposomes without ANT (not shown). As
the main isoform of ANT expressed in the rat heart is ANT1
[30], our results suggest that this ANT isoform is a functional tar-
get for GD3–7.

Having shown that only GD3–7, but not GD3 was able to form
pores in the PTPC via an effect on ANT, we wondered if GD3–7
was detectable in cells during apoptosis. Hence we immunized
mice with GD3–7 and used the antiserum for the detection of this
GD3 derivative in the lipid extracts of cells. The antiserum did
not bind to non-oxidized GD3 and the GD3-specific mAb R24
did not react with GD3–7 (Fig. 4A). Finally we analyzed the lipid
fractions of the myeloid cell line HL-60 (Fig. 4B). In these cells
GD3–7 was not present in the lipid extract of untreated cells
but after induction of apoptosis by treatment with C2-ceramide,
they showed a band with the mobility of our synthetically pre-
pared GD3–7.

Discussion

In this study, we demonstrated for the first time, that in isolated
mitochondria GD3–7 induces a PTPC-dependent swelling and
depolarization, and that it is more potent than GD3 (Fig. 2). In con-
trast to GD3–7, acGD3 proved to be nontoxic on isolated mitochon-
dria. This may be due to its resistance to oxidation. Moreover, using
proteoliposome assays, a direct effect of GD3–7, but not of GD3, on
PTPC proteins was observed. The GD3–7 effect was not seen in con-
trol vesicles without PTPC proteins or ANT indicating, that a spe-
cific ANT-GD3–7 interaction is responsible for the permeabilizing
activity of GD3–7.

ANT is a bi-functional protein that exchanges cytosolic ADP
against mitochondrial ATP in physiological conditions and can
form a non-specific pore upon apoptosis induction. Although a
genetic study in mice suggested that ANT would be non-essential
for PT [31], its pharmacological conversion into a pore is consid-
ered as a potent means to induce MMP and cancer cell death [22,
for review: 29]. In our study, the conversion of ANT into a pore
by GD3–7 implies a conformational change that can be prevented
by an excess of endogenous ligands of ANT, ADP, and ATP (Fig. 3).
This suggests that conditions of low mitochondrial ATP production
may favor the interaction of GD3–7 with ANT in cells.

Our study shows in addition the presence of GD3–7-aldehyde as
a variant of the ganglioside GD3 only after apoptosis induction in
HL-60 myeloid cells (Fig. 4B). The formation of GD3–7 in cells im-
plies two main steps: (1) generation of GD3 from GM3, the most
abundant ganglioside in human leucocytes, by a 2–8 sialyltransfer-
ase, and (2) oxidation of GD3 by ROS formed by the mitochondrial
respiratory chain. This may explain the observation that GD3 is ac-
tive at the cellular (not shown) the mitochondrial (Fig. 2) but not at
the molecular level (Fig. 3).



Fig. 4. Analysis of GD3–7 in apoptotic HL-60 cells. (A) Mutual exclusive binding of
the GD3-specific antibody R24 and mouse antibody raised against GD3–7-aldehyde
(GD3–7). GD3 and GD3–7 were separated on HPTLC plates in chloroform–
methanol–water 120/70/17 for 35 min and immunostained with the GD3–7-
specific serum and R24, respectively as described in Experimental Procedures. Left,
4.6 lg GD3; right, 0.2 lg GD3–7. (B) Detection of GD3–7 in apoptotic HL-60 cell
extracts. Aliquots of desalted lipid extracts each corresponding to 1 � 107 cells were
separated on HPTLC plates in chloroform–methanol–water 120/70/17 for 35 min
and immunostained with anti-GD3–7 as described in Materials and methods. From
left to right: about 10 ng GD3–7, lipid extracts of untreated and apoptotic HL-60
cells, respectively. Untreated HL-60 cells were 7% apoptotic and cells treated for
24 h with 30 lM C2-ceramide were 63% apoptotic. The experiment was repeated
two times with similar results.

Fig. 3. Opening of the permeability transition pore (PTP) and the ANT pore in proteoliposomes. A. PTP was purified from rat brain and the presence of VDAC, ANT, and CypD in the
enriched fraction was checked by Western-blotting after separation of proteins in SDS–PAGE (12%). H, brain homogenate; PTP, enriched fraction containing PTP proteins. (B)
Calibration of the calcium response of PTP-containing liposomes. Proteoliposomes were incubated with various doses of Ca2+ for 1 h at 22 �C. Then, alkaline phosphatase and
MgCl2 were added and the 4-MU fluorescence was measured for 15 min. The maximal release induced by Ca2+ was normalized to 100% of 4-MUP release. (C) Effects of GD3 and its
derivatives on PTP-containing liposomes. Proteoliposomes were incubated with Ca2+, GD3–7, acGD3, GD3, or not (Co.) for 1 h at 37 �C and analyzed as in (B). The results are
representative of three independent experiments performed in triplicate. (D) ANT was purified from rat heart and its absence of contamination by VDAC and CypD was checked
by Western-blotting after SDS–PAGE separation (12%). (E) The effect of GD3–7 was evaluated on ANT-liposomes at the indicated doses at 20 �C. After 1 h of treatment of
proteoliposomes, 4-MUP release was analyzed as in (B). The release of 4-MUP is calculated as percentage of the 100% release induced by CAT. Various doses of ATP and ADP were
used to pretreat proteoliposomes for 30 min before GD3–7 and CAT addition. Results are representative of two independent experiments performed in triplicate.
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