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Abstract A simple, high-yielding preparation of monolyso-
cardiolipin (MLCL) by phospholipase A2 hydrolysis of car-
diolipin (CL) in methanol on a semi-preparative scale is
described. In methanol, phospholipase A2 preferentially hy-
drolyzes CL to MLCL. This selectivity results in ~80% yield
of MLCL. The synthesized MLCL and dilysocardiolipin
were characterized by NMR and ESI-MS/MS.HE Only the
sn-2 position of CL was hydrolyzed by phospholipase A2 in
methanol.—Kim, J., and C. L. Hoppel. Monolysocardiolipin:
improved preparation with high yield. J. Lipid Res. 2011. 52:
389-392.
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Cardiolipin (CL) is a pseudosymmetric phospholipid
that is localized in the mitochondrial inner membrane. CL
works in concert with various mitochondrial enzymes (1, 2)
and is suggested to act as a signaling molecule in apoptosis
and mitophagy (3). CL oxidation or depletion can cause
mitochondrial functional and structural damage (4-6).

Removal of one acyl chain results in generation of
monolysocardiolipin (MLCL), which is an important me-
tabolite of CL (7, 8). MLCL has been used as an inter-
mediate in the synthesis of spin-labeled CL to study the
interaction of CL with mitochondrial enzymes (9-11). Be-
cause a role for MLCL has been suggested in apoptosis,
this molecule has been used to study its interaction with
various enzymes involved in lipid remodeling and apopto-
sis (12-15). Recently, MLCL was recognized as a biomarker
for Barth syndrome (16, 17) and accurate measurement of
MLCL depends on a ready source of well-characterized
MLCL.

MLCL usually is prepared by hydrolysis of CL with phos-
pholipase A2 (PLA2), which hydrolyzes acyl chains only at
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the sn-2 position. Because CL has two sn-2 acyl chains, the
reaction preferentially generates dilysocardiolipin (DLCL)
by hydrolyzing both sn-2 chains (9). Therefore, the yield
of MLCL depends both on the reaction conditions and
stopping the reaction when MLCL is at a maximum. Re-
cently, Boldyrev et al. (18) reported preparing MLCL with
a significantly improved yield (39%), but the reaction pro-
cedure is complicated.

A previous report mentioned using ethanol as solvent to
make MLCL (19). Herein, we extend that report, describ-
ing a simple, high-yielding preparation of MLCL using
methanol as the reaction solvent. DLCL also was prepared
stoichiometrically in methanol. The synthesized MLCL
and DLCL were fully characterized using ESI-MS/MS and
NMR.

EXPERIMENTAL PROCEDURES

Material

CL [bovine heart, disodium salt; the composition of this CL has
been analyzed previously (20)] and PLA2 (porcine pancreas in am-
monium sulfate suspension) were purchased from Sigma-Aldrich
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Fig. 1. The scanned image of a TLC of the reaction mixture as a
function of reaction time. The reaction mixture was spotted on
TLC at the indicated times and visualized by I, vapor. The spots
were identified as CL, MLCL, and DLCL.

Abbreviations:  CL, cardiolipin; DLCL, dilysocardiolipin; MLCL,
monolysocardiolipin; PLA2, phospholipase A2.
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(St. Louis, MO), Whatman TLC plates (silica gel, 60A, 250pm)
from Fisher Scientific (Pittsburgh, PA), and silica gel (60, 230-
400 mesh) from EMD chemicals (Gibbstown, NJ).

Instrumentation

The 'H-NMR spectra of CL, MLCL, and DLCL were recorded
on Varian 400 MHz NMR in a 2:1 solution of CDCl;:CD3OD.
Mass spectral data were acquired on a Thermo Finnigan LCQ
Deca spectrometer. The MS and MS/MS spectra were obtained
by flow injection analysis in the negative ion mode with a colli-
sion energy of 40 eV.

Synthesis of monolysocardiolipin

PLA2 (10 pl, ~26 unit) was added to a solution of 3.5 mg of
CL and 200 pl of CaCl, (0.5 mM in H,O) in 1 ml methanol. The
cloudy reaction mixture was stirred at room temperature and the
reaction monitored by TLC as described below. After 14 h of stir-
ring, the reaction mixture was filtered through cotton and the
filtrate was evaporated to dryness under a Ny stream. The residue
was dissolved in a solution of MeOH:CHCI;, 1:1 and applied to
a silica gel column (2.5 x 20 cm) eluted with a solution of
MeOH:CHCl;3:H,O (6:2:0.2). MLCL was obtained as a white solid
with ~80% yield by weight.

For TLC analysis, about 1 pl of reaction mixture was removed
at each time point, applied to the TLC plate, and developed with
a solution of MeOH:CHCI;:HyO (6:2:0.2). The spots on TLC
plates were visualized by I, vapor and the intensity of each spot
was quantified using Image] software (Image] 1.42q, http://rsb.
info.nih.gov/ij/). Peak areas corresponding to MLCL and DLCL
were multiplied by 4/3 and 2, respectively, to normalize the peak

—~-CL Fig. 2. The change in relative amounts of CL,
— & MLCL MLCL and DLCL during reaction. TLC image was
.-.o-- DLCL quantified using NIH Image | software. The density of

spots that correspond to MLCL and CLCL was multi-
plied x3/4 and x2, respectively.

areas to that of CL. The relative amounts of CL, MLCL, and
DLCL were calculated by dividing the peak area for each compo-
nent by the total peak area of CL, MLCL, and DLCL in each lane.

DLCL was prepared by treating 3.5 mg of CL with PLA2 (40 pl,
~104 unit) and 400 pl of CaCl, (0.5 mM in HyO) in 1 ml metha-
nol for 2 h.

RESULTS

The TLC of the reaction mixture is shown in Fig. 1.
Three spots are identified as CL, MLCL, and DLCL, and
their relative retention factor (Rf) values are well matched
with their expected polarities. The absence of spots be-
low DLCL suggests that trilysocardiolipin is not gener-
ated. The relative amounts of MLCL, DLCL and CL
analyzed during the reaction are shown in Fig. 2. At early
reaction times (before 1 h) when CL is the major compo-
nent, MLCL increases rapidly with a corresponding de-
crease in CL. After 1 hwhen MLCL is the major component,
MLCL increases slowly with a slow decrease in CL. How-
ever, there is still no detectable DLCL, clearly showing a
low hydrolytic rate of MLCL. DLCL starts increasing
slowly only after 9 h when MLCL accounts for more than
70% of the reaction mixture. The maximum yield of
MLCL under these reaction conditions is between 10 and
14 h of reaction with about 80% yield, according to TLC
analysis.
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Fig. 3. MS (A) and MS/MS (B) spectra of MLCL and proposed structures of fragment ions.
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Fig. 4. MS (A) and MS/MS (B) spectra of DLCL and proposed structures of fragment ions.

As expected, an increased amount of PLA2 accelerates
the hydrolysis reaction. When the same amount of CL in
3.5 ml methanol is treated with 40 pL. (104 unit) PLA2, CL
is almost completely hydrolyzed in 2 h to DLCL.

The structure of MLCL and DLCL was characterized by
ESI-MS/MS and NMR. The observed peak at m/z 1186 by
MS corresponds to the molecular weight of MLCL (Fig.
3A). MS/MS of the precursor ion (m/z 1186) is shown in
Fig. 3B. Peaks at m/z 831.5 and 695.5 correspond to the
diacylglycerol phosphatidylglycerol phosphatidate and di-
acylglycerol phosphatidate, and the peaks at m/z569.3 and
433.3 correspond to their hydrolyzed counterparts. The
MS and MS/MS spectra of DLCL are shown in Fig. 4. The
absence of fragment ions at m/z 831.5 and 695.5 indicates
that only one acyl chain was hydrolyzed from each phos-
phatidylglycerol phosphadiate moiety (Fig. 4B). MLCL
and DLCL were further analyzed by "H-NMR and the spec-
tra compared with previously reported results (Fig. 5)
(21). The peak at 5.0 ppm corresponds to the protons at
the sn-2 position and shifts upfield with hydrolysis of the
acyl chain. The extent of the upfield shift depends on the
position of the hydrolysis. Hydrolysis at the sn-2 position

DLCL

)

MLCL A/ | L
- haom L

—— 7
6 5 4 3

Fig. 5. '"H.NMR spectra of CL, MLCL, and DLCL. The presence
of only one peak corresponding to CH-O-CO group of MLCL as
indicated by the arrow shows that MLCL has been hydrolyzed at
the sn-2 position.

shifts by about 10 ppm, whereas hydrolysis at the sn-1 posi-
tion shifts by about 2 ppm (22). The observed peak at
5.0 ppm and the absence of a peak at 4.8 ppm of MLCL
and absence of any peak at about 5 ppm of DLCL prove
that the position of hydrolysis is only at the sn-2 position.
Although studies have shown that the acyl chains can
migrate to an empty hydroxyl group (23), our current
characterization methods cannot detect the occurrence of
acyl chain migration during hydrolysis. The combination
of MS/MS and NMR spectra unequivocally characterizes
the structure of MLCL and DLCL.

DISCUSSION

PLA2 hydrolysis of CL in methanol is a very effective
method to prepare MLCL. Reaction in methanol results in
a high yield of MLCL and the reaction and work-up process
are very simple. Moreover, after reaching the maximum,
the amount of MLCL decreased only slowly. This slow de-
cline is a great advantage, because the end product over
time will be converted to undesirable side products.

The authors thank Dr. Bernard Tandler and the Hoppel
Laboratory “Writing with Style” group for editorial assistance.
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