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We report negative-ion electrospray tandem mass spectrometric methods for structural
characterization of cardiolipin (CL), a four-acyl-chain phospholipid containing two distinct
phosphatidyl moieties, of which structural assignment of the fatty acid residues attached to the
glycerol backbones performed by low-energy CAD tandem mass spectrometry has not been
previously described. The low-energy MS*-spectra of the [M — H]™ and [M — 2H]*" ions
obtained with ion-trap or with tandem quadrupole instrument combined with ion-trap
MS?-spectra or with source CAD product-ion spectra provide complete structural information
for CL characterization. The MS*-spectra of the [M — H]™ ions contain two sets of prominent
fragment ions that comprise a phosphatidic acid, a dehydrated phosphatidylglycerol, and a
(phosphatidic acid + 136) anion. The substantial differences in the abundances of the two
distinct phosphatidic anions observed in the MSZ—spectra of the [M —H] ™ ions lead to the
assignment of the phosphatidyl moieties attached to the 1’ or 3’ position of central glycerol.
Upon further collisional dissociation, the MS’-spectra of the phosphatidic anions provide
information to identify the fatty acyl substituents and their position in the glycerol backbone.
The MS*-spectra of the [M — 2H]*~ ions obtained with TSQ or ITMS contain complementary
information to confirm structural assignment. The applications of the above methods in the
differentiation of cardiolipin isomers and in the identification of complex cardiolipin species

consisting of multiple molecular structures are also demonstrated. (J Am Soc Mass Spectrom
2004, 16, 491-504) © 2004 American Society for Mass Spectrometry
ardiolipin (CL) (I) contains a phosphatidylglyc- 0
erol that is lir'lked to tbe phosthglyceride skel- CH,OCOR, 3'CH2-O—|}l—O— CH,
eton to make it a 1,3-bisphosphatidyl-sn-glycerol
[1, 2]. The compound was first isolated by Pangborn [3]. R,CO0— |CH o HCZQ H (e)lg CH—-OCORy'
The trivial name “cardiolipin” is derived from the fact CHZ-O—F_O_1 CH, CH,OCOR;'

that it was first found in animal hearts, where it is
especially abundant and mostly confined to the mito-
chondria, comprising more than 10% of the total phos-
pholipids of that organ. It can also be found in mito-
chondria of all animal tissues and of the eukaryotic
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kingdom [4].
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Cardiolipin is essential for the function of several
enzymes of oxidative phosphorylation, and thus, for
production of energy for the heart to beat [5, 6]. A direct
relationship between CL loss and cytochrome c release
from the mitochondria has been identified as an initial
step in the pathway to apoptosis [7, 8]. An absolute
requirement for CL in the function of crucial mitochon-

Received August 2, 2004
Revised December 28, 2004
Accepted December 29, 2004



492 HSU ET AL.

drial proteins, e.g., cytochrome oxidase and the adenine
nucleotide translocase, are likely additional factors im-
pacting apoptosis and cellular energy homeostasis
[5-9]. Other potential clinical manifestations of pertur-
bations of CL synthesis are associated with, for instance,
Barth Syndrome, where a primary defect can be attrib-
uted to CL metabolism and is associated with dilated
cardiomyopathy [10, 11]. The regulatory properties that
govern CL biosynthesis, its remodeling, and trafficking
are beginning to emerge [5-9, 12].

Two pathways are involved in the synthesis of
cardiolipin. In the prokaryotic biosynthesis pathway,
two molecules of phosphatidylglycerol were involved.
In contrast, cardiolipin was synthesized from CDP-
diacylglycerol and phosphatidylglycerol in the com-
mon eukaryotic mechanism [12-14]. The gross struc-
tures of the major cardiolipin species from different
sources are very similar. For example, the molecular
species of cardiolipin from rat liver, bovine heart, S.
cerevisize and N. crassa contained mainly 16:0 or 18:2
fatty acid, resulting in a relatively homogeneous distri-
bution of double bonds and carbon numbers among the
four acyl positions [14, 15].

The complexities of the molecular species of cardio-
lipin stem not only from the diversity of different chain
lengths for fatty acids and the fatty acids with varying
degrees of unsaturation, but also from permutations of
the four fatty acyl chains that result in a large number of
potential combinations. Thus, unraveling the structure
of cardiolipin has been a very difficult task and has been
previously approached by a rather complicated method
that requires analysis of the total fatty acyl patterns and
the positional distribution of acyl chains between sn-1
and sn-2 positions, analysis of diacyl species of the
1'-phosphatidyl and 3'-phosphatidyl moieties and the
resolution of tetraacyl species of derivatized cardio-
lipin. This approach in the analysis of CL has been
mainly conducted by high-performance liquid chro-
matographic separation of its 1,3-bisphosphatidyl-2-
benzoyl-sn-glycerol dimethyl ester derivative, followed
by characterization of the derivatives involving 'H
nuclear magnetic resonance spectroscopy, ultraviolet
(uv) spectroscopy, thin-layer chromatography, and
fatty acid analysis [15, 16].

ESI with tandem mass spectrometric methods in-
cluding tandem quadrupole [10], quadrupole-time of
flight (Q-TOF) [17], and ion-trap [18] instruments have
been attempted for characterization of cardiolipin and
glucosylcardiolipin, and result in identifying but not
locating the fatty acyl substituents on the glycerol
backbone. The subclasses of cardiolipin of glucosyl-,
alanyl-, and lysocardiolipins also have been previously
characterized by FAB-sector mass spectrometric
method, but the structural detail including position of
the fatty acyl substituents on the glycerol backbone
cannot be determined [19]. Herein, we present tandem
mass spectrometric methods using both a triple quad-
rupole and a quadrupole ion-trap mass spectrometer to
characterize cardiolipins isolated from various biologi-
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cal sources. Structures of regio- and configuration iso-
mers of cardiolipin molecules are revealed in details.

Materials and Methods
Isolation of Cardiolipins

Cardiolipin from bovine heart and bis-(1,2-dimyristory-
sn-glycero-3-phosphoryl)-1',3'-sn-glycerol [(14:0/14:0)
(14:0/14:0)-CL] standard were purchased from Avanti
Polar Lipid (Alabaster, AL). Cardiolipins from bacte-
rium Salmonella typhimurium and from Mycobacterium
bovis BCG were isolated using the procedures as previ-
ously described [20, 21].

Mass Spectrometry

Low-energy CAD tandem mass spectrometry experi-
ments were conducted on a Finnigan (San Jose, CA)
TSQ 7000 mass spectrometer equipped with ICIS data
system or on a LCQ DECA ion-trap mass spectrometer
(ITMS) with X-calibur operation system. Extracts con-
taining cardiolipin (10 to 50 pmol/uL) in methanol/
chloroform solution (vol/vol, 1/1) were continuously
infused (1 uL/min) to the ESI source, where the skim-
mer was set at ground potential, the electrospray needle
was at 4.5 kV, and temperature of the heated capillary
was at 260 °C. This gives both [M — H]™ and [M —
2H]*" ions in the negative-ion mode. For product-ion
spectra obtained with a triple stage quadrupole (TSQ)
instrument, the precursor ions were selected in the first
quadrupole (Q1), collided with Ar (2.3 mTorr) in the
rf-only second quadrupole (Q2), and analyzed in the
third quadrupole (Q3). The collision energies were set
at 22 to 24 eV for the [M — 2H]*~ ions and at 46 to 50 eV
for the [M — H] ions. Both Q1 and Q3 were tuned to
unit mass resolution and scanned at a rate of 3 sec/scan.
The mass spectra were accumulated in the profile
mode, typically for 5 to 10 min for a tandem mass
spectrum. For CAD tandem mass spectra obtained with
a quadrupole ion-trap instrument, the automatic gain
control of the ion trap was set to 5 X 107, with a
maximum injection time of 400 ms. Helium was used as
the buffer and collision gas at a pressure of 1 X 1073
mbar. MS™ experiments were carried out with a relative
collision energy ranged from 30 to 35% and with an
activation q value, with which the desired mass range
for the product-ion scan can be set. The activation time
was set at 100 ms. The mass resolution was 0.6 Da at
half peak height throughout the acquired mass range.

Results and Discussion

Cardiolipin possesses two phosphate charge sites, and
forms both [M — H] ™ and [M — 2H]*~ ions when being
subjected to ESI in the negative-ion mode. Beckedorf et
al.[17]reported° thatIM°—2H°+°Na] ™ and[M°—3H*+
Na]*~ ions are the major ions observed for D-glucopy-
ranosylcardiolipin using Q-TOF instrument equipped
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Figure 1. The ESI/MS spectra of cardiolipin mixture isolated from mouse heart (a), bovine heart (b),
Mycobacterium bovis (c), and bacterium Salmonella typhimurium (d) obtained with a TSQ instrument.

493

with a nanospray source, and the [M — 2H + 3Na]"
ions with lesser sensitivity were also observed in the
positive-ion mode. However, these ions were not ob-
served in our study, probably attributable to the fact
that our CL extracts contained less Na®. This was
achieved by dissolving the sample in 50% methanol
(with 0.01 % NH,OH), followed by extraction with
chloroform. This clean-up step also resulted in two to
three time increases in the detection of [M — H]  and
[M — 2H]*" ions, with the latter ion is three times more
abundant® than® the® former.° Figure® 1° illustrates® the
ESI/MS profiles of the cardiolipins isolated from mouse
heart (Panel a), bovine heart (Panel b), Mycobacterium
bovis BCG (Panel c), and bacterium Salmonella typhi-
murium (Panel d) obtained with a TSQ instrument. The

(RoCO, + [M - 2H - R,CO,I) or (RpyCOy™ + [M - 2H - RyCO,l1)

a(ora)

spectra demonstrate the diversities of cardiolipin of
biological origins, and are similar to those obtained
with an ITMS instrument (data not shown). The spectra
contain homologous [M — H]~ ions and the [M — 2H]*~
species. Structural characterizations of the individual
molecular species are described below.

The Fragmentation Processes Revealed by Tandem
Quadrupole and Ion-Trap Mass Spectrometry of
Cardiolipin Standard and Its Deuterium Analog

To simplify data interpretation, we adopt the rules
recommended by IUPAC with modification for desig-
nation of CL. Briefly, the three glycerol moieties are

o}

HO— P— O—CH,

0 CH—OCOR;' 3 undergo PA-like fragmentation
RZCO(g1 C%A{/G? &%Qh I_f'\cl) e\aj :Cgi faCORz' ° b (l;Hz_ OCOR{'
CHy—0—P—0—1CH, 4gCHa- OCORY' , N
1)' CH,0OCOR; CHz
M - 2H)> R,COO— CH o He—©

- R,CHC=0 (or R,'CHC=0)

[M - 2H - R',CHC=0]*

lCH O—P—0 ClH — 3 underego PE-like fragmentation
2—O0—P—0—Chy
I

(e}
a+56

Scheme 1. The major fragmentation pathways proposed for the [M — 2HJ*~ ions of CL.
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Figure 2. The tandem quadrupole product-ion spectra of (a) the [M — 2H]*~ ion at m/z 619.6, (b) the
[M — HJ™ ion at m/z 1239 of the (14:0/14:0)(14:0/14:0)-CL standard; (c) is the product-ion spectrum of
the [M — H] ™ ion of d,-(14:0/14:0)(14:0/14:0)-CL standard at m/z 1241, of which the exchangeable
hydrogens have been substituted by deuterium atoms via H-D exchange. The mass shift(s) to m/z 1012
(from°1011),°728°(from°727),°and °592°(from°591)°observed in°Figure®2c,’along with°the°product-ion
spectra of the m/z 728 (d), m/z 592 (e), and m/z 647 (f) ions generated by source CAD of the [M — H]~
ion of d,-(14:0/14:0)(14:0/14:0)-CL suggest the fragmentation pathways as proposed in Scheme 2. The
peaks labeled with a star symbol in all the figures denote doubly-charged fragment ions.

designated as A, B, and central glycerol (Scheme 1). The
stereospecific numberings (sn) of the C1A and C2A car-
bons (Glycerol A) are designated as sn-1 and sn-2,
respectively. The C1B and C2B carbons (Glycerol B) are
designated as sn-1" and sn-2’, respectively. The carbon
number of the central glycerol is designated as C-1’,
C-2" and C-3’ with the C-1" attached to the phosphatidic
moiety with Glycerol A. Abbreviation of cardiolipin,
such as (16:0/16:1)(18:0/18:1)-CL signifies that the 16:0-,
16:1-, 18:0-, and 18:1-fatty acyl substituents attach to
C1A, C2A, C1B, and C2B, respectively.

The synthetic (14:0/14:0)(14:0/14:0)-CL standard
contains four identical 14:0-acyl substituents residing at
sn-1, sn-2 (Glycerol A), sn-1" and at sn-2’ (Glycerol B).
The compound gives an [M — H] ™ ion at m/z 1239 and
an [M — 2HJ*™ jon at m/z 619.4. Selection and CAD of
the IM°—2H]*~ ionsatm/z 6199Figure®2a)°atacollision
energy of 22 eV yield the 14:0-carboxylate anion at m/z
227, reflecting the uniform fatty acyl moiety of the
molecule. The product-ion spectrum also contains the
m/z 514.4 ion, a doubly-charged fragment ion arising
from loss of the 14:0-fatty acyl substituent as a ketene
(619.4 X 2 — 210)/2. However, ions corresponding to
loss of the fatty acyl substituents as acids were not
observed, consistent with the hypothesis that the [M —
2HJ*" ion, which contains one less proton than does the
[M — HJ] ion, is a basic precursor ion and undergoes

more¥acile’ketenethan‘cid9oss{22].TheR,CO, " ion at
m/z 227 mainly arises from nucleophilic attack of the
anionic phosphate charge site onto C(2A) or C(2B) of
the glycerol (Scheme 1). This fragmentation process also
gives rise to m/z 1011 (619 X 2 — 227).

In contrast, the [M — H]™ ion at m/z 1239 yields the
m/z 1011 (1239 — 228) ion by elimination of a tetrade-
canoic® acid® (Figure® 2b)° (in® the® IT° MS*-spectrum® as
shown’in°Figure®3b,°this®ion°is°more°prominent).°The
spectrum also contains ions at m/z 591(a and b ion), m/z
647 [(b + 56) and (a + 56)], and m/z 727 [(a + 136) and
(b + 136)] (Scheme 2). The formation of these ions
involves the participation of the exchangeable hydro-
gens. This is supported by the product-ion spectrum of
d,-(14:0/14:0)(14:0/14:0)-CL°at°m/z 1241(Figure®2c),°of
which the exchangeable hydrogens at the central glyc-
erol and at phosphate have been substituted by deute-
rium atoms via H—D exchange. The spectrum contains
the analogous ions at m/z 592 and 728 with a mass shift
of 1 Da, and at m/z 647 with no mass shift. This is
consistent with the proposed mechanism as shown in
Scheme 2 [the hydrogen atoms that were exchanged by
deuterium atoms are denoted as “(D)”]. The m/z 591 is
structurally equivalent to a deprotonated dimyristoryl
phosphatidic (14:0/14:0-PA) anion, which arises from
m/z 727 by neutral loss a tricylic glycerophosphate ester
moiety°0f°136°(Scheme©2a)°[23-25].°This°fragmentation
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Figure 3. The ion-trap MS*-spectra of (a) the [M — 2H]*~ ion at m/z 619.4, (b) the [M — H] ™~ ion at m/z

1239 of the (14:0/14:0)(14:0/14:0)-CL standard; (c) is the MS>spectrum of the [M — H] ion of
d,-(14:0/14:0)(14:0/14:0)-CL (m/z 1241)prepared by H-D exchange. The MS*-spectra of m/z 727 (1239
—727) (d), m/z 591 (1239 — 591) e), and m/z 647 (1239 — 647) (f) support the mechanisms depicted in

Scheme 2.

pathway is supported by the source-CAD product-ion
spectrum of m/z 727 (not shown) arising from the [M —
H] ™ ion of (14:0/14:0)(14:0/14:0)-CL at m/z 1239, and of
the®m/z 728%on°(Figure®2d)°arisingfrom°the’[M°—°H] "~
ion of d,-(14:0/14:0)(14:0/14:0)-CL at m/z 1241. The
spectrum is similar to the source-CAD product-ion
spectrum®of®m/z 592°(Figure®2e)°arising*from°m/z 1241,
confirming the fragmentation process. The proposed
structure of the m/z 647 ion [(b + 56) ion] resulting from
the fragmentation process (Scheme 2b) is also consistent
with the hypothesis that the m/z 647 is a basic ion, which
undergoes fragmentation processes similar to those
observed for phosphatidylethanolamine (PE) and gives
rise to a higher abundance of the m/z 437 ion (647 — 210)
than®of°the®m/z 419°%ion®(647°—°228)°upon°CAD°(Figure
2f),"duetothe’preferential lossofthe14:0%atty acylasa
ketene’than®as®an®acid[26].

The ion-trap MS*-spectra of the [M — 2HJ*~ ion
(Figure®3a)°andof°the IM°—°H] ™ ion%(Figure°3b)‘arising
from (14:0/14:0)(14:0/14:0)-CL, and of the [M — H] ™ ion
arising from d,-(14:0/14:0)(14:0/14:0)-CL° (Figure® 3c)
contain ions similar to those obtained with TSQ instru-
ment. The IT MS’-spectra of m/z 727 (1239 — 727)
(Figure®3d),’m/z 591°(1239°— 591)°(Figure®3e),’andm/z
647(1239°— 647)%(Figure3f)°also°containions%similarto
those acquired by TSQ and further support the pro-
posed mechanism. However, carboxylate anions at m/z
227°are’not°observed°in°Figures°3b°and°c°because®of
low-mass cut-off nature of ITMS. The m/z 227 ion is of
low-abundance‘in°Figure3b,°consistent®withthe‘notion
that the carboxylate anions observed in the product-ion

spectra obtained by TSQ arise mainly from consecutive
fragmentation®processes®[22,°23,°26].

Structural Characterization of Cardiolipins with
Symmetric Acyl Moieties by CAD Product-lon
Spectra of the [M — H]™ and [M — 2H]*~ Ions

The carboxylate anion reflecting the fatty acyl substitu-
ent at sn-1 (or sn-1') is more abundant than the corre-
sponding ion reflecting that at sn-2 (or sn-2') in the
product-ion spectra of the [M — H] ions, while the
abundances of these two carboxylate ions are reversed
in the product-ion spectra of the [M — 2H]*~ ions. As
shown‘in°Figure®4,°the’R,CO,™ (or R, CO,") ion at m/z
253 is more abundant than the R,CO," (or R;.CO, ") ion
at m/z 255 in the product-ion spectrum of the [M —
2H]*" ion of (16:0/16:1)(16:0/16:1)-CL at m/z 673.6
(Panel a) but the m/z 255 ion is more abundant than the
m/z 253 ion in the product-ion spectrum of the [M —
H] ™ ion at m/z 1347 (Panel b), obtained with a TSQ
instrument. This reversal in the abundances of the
carboxylate anions observed for precursors of cardio-
lipin with different charge states is similar to that
reported® for® phosphatidylinositol® bisphosphate® [22]
and provides complementary information to confirm
the position of fatty acyl substituents on the glycerol
backbone.

Both the 1’- and 3'-phosphate anionic sites of the [M
— 2HJ*™ precursors render nucleophilic attack on the
carbons of the glycerol backbone to which the fatty acyl
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Scheme 2. The major fragmentation pathways proposed for formation (a) of the a (or b), a + 136 (or
b + 136) ions and (b) of the a + 56 (or b + 56) ions for the [M — H] ™ ion of CL. The exchangeable
hydrogens are denoted as “(D)”. The m/z values expected for fragment ions of (14:0/14:0)(14:0/14:
0)-CL and d,-(14:0/14:0)(14:0/14:0)-CL (in parentheses) are shown.

substituents attached. The 1’-phosphate site attacks on
the C(2A) and results in ions of m/z 1093 (673 X 2 — 253)
and m/z 253 (16:1-carboxylate anion), simultaneously;
while the attack on C(1A) resulting in ions of m/z 1091
(673 X 2 — 255) and 255 (16:0-carboxylate anion). The
nucleophilic attack of the 3’-phosphate anionic site on
C(2B) and C(1B) gives rise to the similar ions (Scheme
1). The m/z 1093 ion is more abundant than the m/z 1091
ion and the m/z 253 ion is also more abundant than the
m/z 255 ion in the spectrum. This is consistent with the
notion that the mechanisms underlying the fragmenta-
tion processes for the gas-phase ions of [M — 2H]*"~ are
similar to those observed for the [M — H] ™ ions of PE,
and results in a greater abundance of R,CO,” (or

R, CO,") than of R;CO,~ (or R;.CO,"). This is attribut-
able to the fact that the fragmentation processes leading
to the ion formation are sterically more favorable at sn-2
than‘at%n-1922-26].°Thelossof the¥attyacylsubstituent
at sn-2 or at sn-2' as fatty acyl ketene leads to a
doubly-charged fragment ion at m/z 555.5 (673.5 X 2 —
236)/2, which is more abundant than the m/z 554.5 (2 X
673.5 — 238)/2 ion, a doubly-charged fragment ion
arising from the similar loss at sn-1 or at sn-1'. The
charge states of the above two ions are confirmed by the
tandem mass spectrum of the same ions obtained with
a Q-TOF instrument (data not shown), which provides
sufficient resolution to show the charge state. This
preferential formation of the ions reflecting the ketene
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Figure 4. The tandem quadrupole product-ion spectra of the [M — 2H]*~ ion at m/z 673.6 (a), and of
the [M — H]~ ion at m/z 1347 (b); (c and (d) are the IT MS*-spectra of the [M — 2H]*" ion at m/z 673.6
(c), and of the [M — H] ™ ion at m/z 1347 (d) from bacterium Salmonella typhimurium; (e and £) are the
IT MS>-spectra of m/z 645 (1347 — 645) (e), and m/z 781 (1347 — 781) (f). The structural assignments
of the major (16:0/16:1)(16:0/16:1)-CL species along with a minor (14:0/18:1)(18:1/14:0)-CL isomer are
supported by the various tandem mass spectra shown above.
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Figure 5. The tandem quadrupole mass spectra of (a) the [M — H]™ ion at m/z 1403 and (b) the [M
— 2HJ* ion at m/z 701.5 from cardiolipin mixture isolated from Mycobacterium bovis. Both the
product-ion spectrum of m/z 673 (c) from source CAD and the IT MS*-spectrum of m/z 673 (1403 —
673) (d) identify the symmetric 18:1/16:0-PA moiety of the molecule and lead to identify the
(18:1/16:0)(18:1/16:0)-CL structure.
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Figure 6. The tandem quadrupole mass spectra of (a) the [M — H]™ ion at m/z 1403 and (b) the [M
— 2HJ*™ ion at m/z 701.5, and (c) the IT MS*spectrum of the [M — H]~ ion at m/z 1403 from the
cardiolipin mixture isolated from bacterium Salmonella typhimurium. The IT MS>-spectrum of the m/z
673 (1403 — 673) ion (d) is identical to that arising from 16:0/18:1-PA. The assignment of the major
isomeric®structure®of°(16:0/18:1)(16:0/18:1)-CL°is°consistent°with°that°described in°Figure°5.

loss at sn-2 (or sn-2") over that at sn-1 (or sn-1') is also
consistent with the concept as described earlier and
permits structural determination of complex CL mole-
cules, including configuration isomer and positional
isomers as described later. The IT MS*-spectrum of the
[M — 2HJ*" ions at m/z 673.5 (Panel c) contains ions
similar°to°those®observed in°Figure®4a,’but®ions’at®m/z
1093 and 555.6 are among the most prominent and the
carboxylate anions at m/z 253 and 255 are of low
abundance. This is in accord with the results observed for
(14:0/14:0)(14:0/14:0)-CL(Figure®a).

The product-ion spectra of the [M — H] ™ ion at m/z
1347 obtained with a TSQ instrument (Panel b) and
with an IT instrument (Panel d) contain ions at m/z
645 (a and b), 701 [(a + 56) and (b + 56)], and 781 [(a
+ 136) and (b + 136)], resulting from the fragmenta-
tion processes involving the exchangeable hydrogens as
described earlier (Scheme 2), and these ions are more
prominent® in° the® IT° MS*-spectrum® (Figure® 4d).° The
MS?-spectrum®of°the®n/z 645°%ion°(1347°— 645)°(Figure
4e)%is%identical°tothat’arisingfrom®he {M°-°H] " ion°of
16:0/16:1-PA, which contains major fragment ions at
m/z 391 and 389 arising from loss of the palmitoleic acid
(16:1) at sn-2 and loss of the palmitic acid (16:0) at sn-1,
respectively°[23].°This°confirms°assignment®of°the°(16:
0/16:1)(16:0/16:1)-CL structure. The MS>-spectrum of
the®m/z 781°on°(Figure°®4f)°contains®a’major°ion°at’m/z

645 and fragment ions similar to those observed in the
MS3-spectrum of m/z 645, indicating that m/z 781 is
precursor ion of m/z 645 and undergoes further disso-
ciation to m/z 645 (781 — 136) via neutral loss of a stable
tricyclic glycerophosphate ester (136 Da), similar to that
described earlier.
In°Figures“a‘andb,the’spectra‘also‘containa°minor
set of the carboxylate anions at m/z 281 (18:1) and 227
(14:0), indicating the presence of an isobaric structure
consisting of 18:1- and 14:0-fatty acyl substituents. The
results are in accord with the observation of m/z 1119
(673 X 2 — 227) and m/z 1065 (673 X 2 — 281) ions in the
Figure®4c,°probably°arising®from©a°(14:0/18:1)(18:1/14:
0)-CL [or a (18:1/14:0)(14:0/18:1)-CL] isomer. This spec-
ulation is based on the fact that the two ions are nearly
equal abundance. The ions at m/z 281 and 227 are also
equally abundant in the product-ion spectra of both the
[M°—=°H]" ion°at’m/z 1347°(Figure®4a)°and of the’[M°—
2HJ*" ion‘atm/z 673.6%(Figure®4b). The structure®ofthis
isomer is further recognized by the observation of the
ions at m/z 417 (645 — 228) and m/z 363 (645 — 282),
arising from losses of 14:0- and 18:1-fatty acids, respec-
tively, in the MS>-spectrum of the m/z 645 ion (1345 —
645)°(Figure°®4e).°’The®abundances‘ofthe®ions®at®m/z 417
and at 363 are nearly identical, indicating the presence
of both a 18:1/14:0-PA and a 14:0/18:1-PA isomer.
The observation in the differences in abundances of the
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Figure 7. The tandem quadrupole mass spectra of the [M — H] ™ ion at m/z 1373 (a) and of the [M —
2H]* ion at m/z 686.5 (b) from cardiolipin mixture isolated from bacterium Salmonella typhimurium.
The IT MS?-spectrum of the [M — H]~ ion at m/z 1373 is shown in (c), and the MS®-spectrum of the
m/z 671 ion (1373 — 671) is shown in (d). The information from these spectra combined identifies the

major (16:0/16:1)(18:1/16:1)-CL structure.

carboxylate anions leading to the structural characteriza-
tion of CL is further demonstrated by the product-ion
spectra®oftheIM°—H] "~ ion‘atin/z 1403Figurea)‘and the
[M°—2HJ*" ion®atm/z 701.6%(Figure®5b),°observed for°the
lipid extract from Mycobacterium bovis BCG. The m/z 281
ion (18:1) is more abundant than the m/z 255 ion (16:0) in
the® product-ion® spectrum® of® m/z 1403° (Figure® 5a),° a
singly-charged ion. However, the abundances of the two
ions are reversed in the product-ion spectrum of the [M —
2HJ*™ ion‘atm/z 701.6qFigureb).Theresultssuggestthat
the 18:1- and 16:0-fatty acyl substituents probably reside at
sn-1 (or sn-1") and sn-2 (or sn-2"), respectively. This assign-
ment is further supported by observation of a greater
abundance of the m/z 1147 (701 X 2 —255) ion than the m/z
1121 (701 X 2 — 281) ion and a greater abundance of the
m/z 582.6 ion (701.6 X 2 —238)/2 than the m/z 569.6 (701.6
X 2 -264)/2 ion in the product-ion spectrum of the [M —
2H]*" ion°at°m/z 701.6° (Figure® 5b).° In° Figure® 5a,° the
spectrum contains the prominent ion set of m/z 673 (a & b),
729 [(a + 56) and (b + 56)] and 809 [(a + 136) and (b +
136)]. The identities and positions of the fatty acyl sub-
stituents are recognized by the source CAD product-ion
spectrum®of°m/z 673°(Figure5c),°whichis‘identicalto°that
of 18:1/16:0-PA obtained with a triple quadrupole instru-
ment. The IT MS*spectrum of the m/z 673 ion (1403 —
673)°(Figure°5d)°is°also®identical to°the°MS?-spectrum of
18:1/16:0-PA, which is featured by that the m/z 417 ion
(673 — 256) arising from loss of 16:0-acid is more abundant
than m/z 391 (673 — 282, arising from loss of 18:1-acid; and
that the m/z 435 ion (673 — 238 ) arising from loss of
16:0-ketene is more abundant than m/z 409 (673 — 264),

arising from loss of 18:1-ketene. The MS?-spectra in com-
bination with the MS’-spectra described above suggest
that the compound represents a (18:1/16:0)(18:1/16:0)-CL
structure.

In the lipid extract from bacterium Salmonella typhi-
murium, the m/z 255 ion is more abundant than the m/z
281 ion in the product-ion spectrum of the [M — H] ™ ion
atom/z 14039 Figure®%a), whilethe‘abundances®fthetwo
ions are reversed in the product-ion spectrum of the [M
—°2HJ*" ion°at°m/z 701.6°(Figure°6b).°These°results®are
opposite to those observed for (18:1/16:0)(18:1/16:
0)-CLCas’shown‘in°Figure®5a°andb.°The°MS*-spectra®of
the [M — H] ion at m/z 1403 obtained with a TSQ
instrument®(Figure°®6a)°and *with°IT°instrument°(Figure
6¢)°also® contain®the®ion®set®of°m/z 673,°729,°and°809
similar°to°those®observed’in°Figure®5a,®indicating®that
the compound may represent a positional isomer. The
identities and positions of the fatty acyl substituents are
further recognized by the MS’-spectrum of m/z 673
(1403° — 673)° (Figure® 6d),° which®is®identical®to° that
arising from 16:0/18:1-PA and clearly reveals the struc-
ture of (16:0/18:1)(16:0/18:1)-CL.

Structural Characterization of Cardiolipins
Containing Different Diacylglycerol Moieties
by CAD Product-Ion Spectra of the [M — H]~
and [M — 2HJ*™ Ions

The characterization of cardiolipin consisting of two
various diacylglycerol moieties is illustrated by the
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Figure 8. The tandem quadrupole mass spectra of the [M — H]~
ion at m/z 700.5 (b) from cardiolipin mixture isolated from Mycobacterium bovis. The IT

2H]?~

m/z

ion at m/z 1401 (a) and the [M —

MS>-spectra of (c) m/z 671 (1401 — 671), and (d) m/z 673 (1401 — 673) confirm the 18:1/16:0-PA and
18:1/16:1-PA structures, respectively. The assignment of the (18:1/16:0)(18:1/16:1)-CL structure is also
determined by the fact that the m/z 671 ion is more abundant than the m/z 673 ion.

product-ion spectra of the m/z 1373 ion obtained with a
TSQCinstrument®(Figure®7a)°and°with®an°ITMS°(Figure
7b).°Bothspectra°containthe®ion’sets°of°n/z 671°%a ion),
727 (a + 56), 807 (a + 136) and of m/z 645 (b), 701 (b +
56), 781 (b + 136). The MS>-spectrum of the m/z 645 ion
(1373 — 645) (data not shown) in the latter set is
identical®to°that®observed°in°Figure®4e,°suggesting®a
16:0/16:1-PA configuration. The MS3—spectrum of m/z
671° (1373° — 671)° (Figure® 7d)° of° the® former® set® is
dominated by the m/z 417 ion, arising from a 16:1-acid
loss at sn-2’, and the less prominent ion at m/z 389
arising from loss of the 18:1-acid at sn-1', exhibiting a
18:1/16:1-PA structure. These results indicate that the
m/z 1373 ion probably represents a (18:1/16:1)(16:0/16:
1)-CL. The m/z 671 (a) is more abundant than m/z 645 (b
ion) in the MS*spectrum of the [M — H] ™ ion at m/z
1373, consistent with the notion that cardiolipin con-
tains°two°chemically°distinct®phosphatidyl°moieties°[2,
27,°28].°The°observation®of°a®greater’abundance®of°the
m/z 671 ion than the m/z 645 ion may indicate that the
18:1/16:1-glycero moiety is attached to the 1’ position of
the central glycerol. This speculation is based on the fact
that the H* on the phosphate attached to sn-3 (pK; =
2.8) is more acidic than that at sn-3' (pK,.>%7.5)928]°and
the anionic charge site may more favorably reside at
sn-3' phosphate and initiates the cleavage of P—O bond
via a charge-driven process with the participation of the

exchangeable hydrogen as shown in Scheme 2a (route
a). This fragmentation process also results in expulsion
of a diacylglycerol and gives rise to an m/z 807 (a + 136)
ion, which dissociates to m/z 671 (a) by loss of a tricyclic
glycerophosaphate ester of 136 Da as described earlier.

The carboxylate anions were observed at m/z 281
(18:1), 255 (16:0), and 253 (16:1), and the m/z 253 ion is
5-fold the abundance of m/z 255 and of m/z 281 in the
product-ion spectrum of the [M — 2H]*~ ion at m/z
686.5°(Figure®7b).°This®is°consistent°with°the°notion
that the [M — 2H]?~ ion at m/z 686.5 is a basic ion and
undergoes fragmentation processes similar to those
observed® for® PE° [26],° resulting® in® more® favorable
formation of the R,CO,™ (or R,,CO, ") anions than of
the R;CO,~ (or R;.CO,") ions. The results are also
consistent with the fact that the molecule consists of
two palmiteoyl fatty acyl substituents, respectively
residing at sn-2 and sn-2’, and one palmitoyl residing
at sn-1 and one oleoyl residing sn-1'. In contrast,
differences in the abundances among the m/z 253, 255,
and 281 ions are not subgtantial in the product-ion
spectrum‘oftheIM°—°H] "~ “jon°atm/z 1373%Figure%a),
which undergoes fragmenatations similar to those
observed for PA (23). The fragmentation processes
occurred to the [M — 2H]*  ion at m/z 686.5 also
result in the preferential loss of the fatty acyl sub-
stituents at sn-2 (or sn-2') as ketene and leads to
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formation of a doubly-charged fragment ion at m/z
568.5 (686.5 X 2 — 236)/2, arising from loss of the
16:1-fatty acyl ketene at sn-2 (or sn-2'). The preferen-

tial attack

C(2B)] of the glycerol also results in more favorable
formation of m/z 1119 (686 X 2 — 253) than of m/z 1117

(686 X 2 —

281) that arises from the similar attack on C(1A) [or
C(1B)], and provide information to confirm the posi-
tion of fatty acyl substituents on the glycerol back-

bone.

The tandem quadrupole mass spectra of the [M —
H] ™ ion‘at®m/z 14019Figure®8a)®andoftheTM°—2H]*~

ion°at°m/z

extract of Mycobacterium bovis BCG contain carboxy-
late anions at m/z 281 (18:1), 253 (16:1) and 255 (16:0).
The structural determination is established by the
observation of the ion sets of m/z 671 (a), 727 (a + 56),

Figure 9. The tandem mass spectra of the [M — H]™ ions of m/z 1401 obtained with (a) a TSQ
instrument, (b) with an ITMS. The IT MS>-spectra of m/z 671 (1401 — 671) (c), m/z 673 (1401 — 673)
(d), m/z 699 (1401 — 699) (e), and m/z 645 (1401 — 645) (f) provide information for locating the fatty
acyl substituents. The structural information from the above spectra combined suggests that the
species consists of a major (18:1/16:1)(16:0/18:1)-CL along with a (18:1/18:1)(16:0/16:1)-CL isomer.

of the anionic charge site on C(2A) [or

255) (not seen) or of m/z 1091 (686 X 2 —

501

807 (a + 136) and of m/z 673 (b), 729 (b + 56), 809 (b
+ 136). The two ion sets reflect a 18:1/16:1- and a
18:1/16:0-phosphatidyl moiety, respectively, as evi-
denced by the source-CAD tandem mass spectra of
m/z 671 and 673 (not shown), and further confirmed
by°the I TMS*-spectraofm/z 673%(1401°— 673)Figure
8c¢)%and 67191401~ 671)YFigure8d).Sincethe%former
ion set is more abundant than the latter, a (18:1/16:
1)(18:1/16:0)-CL structure can be easily assigned. In
the product-ion spectrum of the [M — 2H]*~ ion at

m/z 700.5°(Figure®8b),°the®m/z 1147°(700°X°2°—°253)

700.5° (Figure®8b)°arising® from°the®lipid

and 1145 (700 X 2 — 255) ions, reflecting the R,CO,™~
and R,/ CO," losses, respectively, are more abundant
than m/z 1119 (700 X 2 — 281), reflecting the R;CO,"~
(or R;.CO,7) loss. The doubly-charged ions at m/z
582.5 (700.5 X 2 — 236)/2 and at m/z 581.5 (700.5 X 2
— 238)/2 arising from the respective 16:1- and 16:0-
acyl losses as ketenes are also more abundant than
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Figure 10. The product-ion spectra of (a) the [M — H]~ ion at m/z 1375 and (b) the [M — 2H]*~ ion
at m/z 687.5 obtained with a TSQ instrument. The IT MS?*-spectrum of the [M — H] ™ ions at m/z 1375
is shown in (c), which contains ions similar to those observed in (a) and (b), but carboxylate anions are
absent because of low-mass cutoff. The IT MS’-spectrum of m/z 645 (1375 — 645) (d) is typical of
16:0/16:1-PA, and the MS*-spectrum of m/z 673 (1375 — 673) (e) is probably a mixed spectra consisting
of both a 16:0/18:1- and an 18:1/16:0-PA. The combined information suggests that the molecules are
isomers of (16:0/16:1)(16:0/18:1)-CL and (16:0/16:1)(18:1/16:0)-CL.

m/z 568.5 (700.5 X 2 — 264)/2, arising from loss of a
18:1-acyl moiety as a ketene. These results further
confirm the assignment of the positions of the fatty
acyl substituents of the molecule.

Structural Characterization of Cardiolipin
Molecular Species with Multiple Isobaric Isomers

Structural characterization of cardiolipins of biologi-
cal origin is often complicated by numerous ho-
mologs®that®onsist®of%arious‘isomers(Figure°l).°For
examples, the product-ion spectra of m/z 1401 ions
obtainedwitha°TSQ%nstrument(Figurea)°and with
an’ITMS®(Figure®9b)°arising°from°the°lipid extract®of
bacterium Salmonella typhimurium contain prominent

ion set of m/z 671 (a), 727 (a + 56), and 807 (a + 136),
along with the ion set of m/z 673 (b), 729 (b + 56), 809
(b + 136). The m/z 671 is more abundant than m/z 673,
suggesting the presence of the (18:1/16:1)(16:0/18:
1)-CL isomer. This structure is further confirmed by
the°MS>-spectra®of°m/z 671°(1401°— 671,°Figure®9c)
and®m/z 673°(1401° — 673,° Figure® 9d),° which® are
equivalent to 18:1/16:1-PA and 16:0/18:1-PA, respec-
tively.°The°tandem®mass°®spectra® (Figure®9a®and°®b)
also contain the ion set at m/z 699 (a), 755 (a + 56), and
835 (a + 136), along with its complementary ion set at
m/z 645 (b), 701 (b + 56), and 781 (b + 136), suggesting
the presence of a second isomer, probably represent-
ing a (18:1/18:1)(16:0/16:1)-CL. This speculation,
again, is based on the findings that the m/z 699 ion is
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more abundant than m/z 645, and further confirmed
by°the®MS>-spectrum®of°m/z 699°(1401°— 699,°Figure
9e),°which’is®equivalent®to©18:1/18:1-PA°and°of°m/z
645°(1401°— 645,°Figure®of)°representing©a®16:0/16:1-
PA. Structural determination of complex CL contain-
ing multiple isomeric structures are further demon-
strated by the product-ion spectra of the [M — H]~
ion°at°m/z 1375°(Figure®10a)°and°the’[M°—°2H]** ion
at°m/z 687.5%(Figure®10b)°observed in°thelipidextract
from bacterium Salmonella typhimurium. The two
spectra contain the carboxylate anions at m/z 281, 255,
and 253, reflecting the 18:1, 16:0 and 16:1-fatty acyl
substituents, respectively. The tandem mass spectra
of the m/z 1375 ion obtained with an TSQ instrument
(Figure®10a)°and°ITMS°(Figure®10c)°contain®two’ion
sets observed at m/z 645 (a), 701 (a + 56) and 781 (a +
136), and at m/z 673 (b), 729 (b + 56) and 809 (b + 136).
The°IT°MS*spectra®of°m/z 645°(1375°— 645)°(Figure
10d)° clearly® identify® the® 16:0/16:1-PA° moiety,° as
supported by observation of the preferential loss of
the 16:1- over the 16:0-fatty acyl moiety. However,
ions at m/z 417 (673 — 256) and 391 (673 — 282),
corresponding to losses of 16:0- and 18:1-fatty acids,
respectively, are nearly equal abundance in the IT
MS>-spectrum®of°m/z 673°(1375°— 673)°(Figure°10e),
indicating that the m/z 673 ion probably represents
isomers of 16:0/18:1-PA and 18:1/16:0-PA. This spec-
ulation is based on the MS’-spectra of the m/z 673 ions
observed‘in°Figure®8f°arising°from°18:1/16:0-PA,°and
in°Figure®9d°arising*from°®a°®16:0/18:1-PA%isomer.°The
speculation is also consistent with the fact that ions at
m/z 255 and 281 are also nearly equally abundant
(Figure©l0e).°The°results®suggest°that°the®ionspecies
mainly consist of both a (16:0/16:1)(18:1/16:0)-CL
and a (16:0/16:1)(16:0/18:1)-CL isomer.

Conclusions

The above results demonstrate that structural charac-
terization of cardiolipin can be achieved by multiple
stage (MS®) tandem mass spectrometry with ESI in
negative-ion mode. The tandem quadrupole product-
ion spectra or the MS*-spectra from ITMS provide
structural information regarding the identity of the
fatty acyl substituents and the information for assign-
ment of the diacylphosphatidyl moieties attached to
1'- or 3’ position of the central glycerol. The MS>-
spectra or source CAD product-ion spectra of the
diacylphosphatidyl fragment anions provide the
structural information to reveal the position of the
fatty acyl substituents on the glycerol backbone.
Product-ion spectra arising from the [M — 2H]™ ions
are also useful and provide complementary informa-
tion to confirm the structure. However, standard
cardiolipins with various fatty acyl substituents are
required to confirm the assignment described above.
The limited mass window for precursor ion selection
in ITMS and TSQ instrument has also restricted its
application in this study, because homologous ions
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differentiated by two daltons in biological extract are
often inseparable from isotopic ions and therefore are
subjected to collision dissociation simultaneously. In
addition, assignment of doubly-charged fragment
ions is also restricted by the limited resolving power
of the quadrupole analyzers. More improvements in
resolution and in selectivity of precursor ions are
required for unambiguous structure characterization.
Therefore, the implementation of analyses with high
resolving power instrument with MS" capability,
such as FT-ICR, may have an impact in the structural
determination of more complex lipids such as CL in
future.
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