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The application of multiple-stage ion-trap (IT) mass spectrometric methods for the
structural characterization of cardiolipin (CL), a 1,3-bisphosphatidyl-sn-glycerol that
consists of four fatty acyl chains and three glycerol backbones (designated as A, B, and
central glycerol, respectively), as the sodiated adduct ions in the positive-ion mode was
evaluated. Following collisionally activated dissociation (CAD), the [M — 2H + 3Na]" ions
of CL yield two prominent fragment ion pairs that consist of the phosphatidyl moieties
attached to the 1'- and 3'-position of the central glycerol, respectively, resulting from the
differential losses of the diacylglycerol moieties containing A and B glycerol, respectively.
The results are consistent with those previously described for the [M — H]™ and [M — 2H
+ Na] ™ ions in the negative-ion mode, thus permitting assignment of the two phosphatidyl
moieties attached to the 1'- or 3'-position of the central glycerol. The identities of the fatty
acyl substituents and their positions on the glycerol backbones (glycerol A and B) are
deduced from further degradation of the above ion pairs that give the fragment ions
reflecting the fatty acid substituents at the sn-1 (or sn-1") and sun-2 (or sn-2") positions. The
ions that arise from losses of the fatty acid substituents at sn-1 and sn-1', respectively, are
prominent, but the analogous ions from losses of the fatty acid substituents at sn-2 and
sn-2', respectively, are of low abundance in the MS* product-ion spectra. This feature
further confirms the assignment of the positions of the fatty acid substituents. The similar
IT multiple-stage mass spectrometric approaches including MS* and MS?® for structural
characterization of CL using its [M + Na]™ and the [M — H + 2Na]" ions are also readily
applicable. However, their uses for structural characterization are less desirable because
formation of the [M + Na]" and the [M — H + 2Na]™ ions for CL is not predictable. (] Am
Soc Mass Spectrom 2006, 17, 1146-1157) © 2006 American Society for Mass Spectrometry

glycerol, which consists of a phosphatidylg-

lycerol linked to a phosphoglyceride skeleton
[1, 2]. Because the molecular species of cardiolipin are
complex due to the diversity of different chain
lengths and the varying degrees of unsaturation for
the fatty acid substituents, as well as due to the
permutations of the four fatty acyl substituents that
result in a large number of potential combinations,
unraveling the structure of cardiolipin has been a
very difficult task [3-5].

Cardiolipin (CL) (I) is a 1,3-bisphosphatidyl-sn-
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ESI with tandem mass spectrometry including tan-
dem quadrupole [6], quadrupole time-of-flight (Q-TOF)
[7], and ion-trap [8] instruments has emerged as a
powerful tool in the characterization of cardiolipin and
glucosylcardiolipin as the [M — H]™ and [M — 2H +
Na] ™ ions in the negative-ion mode, as well as the [M —
2H + 3Na]* ion in the positive-ion mode. The sub-
classes of cardiolipin of glucosyl-, alanyl-, and lysocar-
diolipins, also were previously characterized by FAB
with sector mass spectrometer [9]. These methods are
useful for identification of the fatty acyl substituents but
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Scheme 1. The fragmentation processes proposed for formation of the [a + 136] (or [b + 136]), [a +
34] (or [b + 34]), and [4] (or [b]) ions for the [M — 2H + 3Na] ™" ions of CL. The fragmentation pathways
are consistent with those observed for the [M — H]™ and [M — 2H + Na] ™ ions.

are not useful for determination of their positions on the
glycerol backbone.

Recently, we described the approaches using multi-
ple-stage ion-trap mass spectrometric methods for the
characterization of CLs as their [M — H] ™ [10] and [M —
2H + Na] ™ ions [11] generated by ESI in the negative-
ion mode. The methods permit the structure of complex
cardiolipins, including the identities of the fatty acyl
substituents and their positions on the glycerol back-
bone to be unveiled in detail. In this report, we describe
the positive-ion multiple-stage IT mass spectrometric
approach for characterization of CL as the sodiated ions
in the forms of [M — 2H + 3Na] ", [M — H + 2Na]*, and
[M + Na]*.

Materials

Cardiolipins (received as disodium salts) isolated from
E. coli were purchased from Avanti Polar Lipid (Ala-
baster, AL). All chemicals used in the analysis were
purchased from Fisher Scientific (Pittsburgh, PA).

Methods
Mass Spectrometry

Low-energy CAD tandem mass spectrometry experi-
ments were conducted on a Finnigan (San Jose, CA)
LCQ DECA ion-trap mass spectrometer (ITMS) with the
X-Calibur operating system. The methanolic CL mix-
ture from E. coli (10 pmol/uL) was continuously infused
(3 uL/min) to the ESI source, where the skimmer was
set at ground potential, the electrospray needle was set

at 4.5 kV, and temperature of the heated capillary was
260 °C. 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 107° mbar. A enhanced resolution scan
(defined as zoom scan by the vendor) was used to
acquire the baseline resolved full-scan mass spectra.
The MS" experiments were carried out with a relative
collision energy ranged from 30 to 40% and with an
activation q value at 0.25. The activation time was set at
100 ms. Mass spectra were accumulated in the profile
mode, typically for 3-5 min for MS*- and MS>-spectra.
The mass resolution of the instrument was tuned to 0.6
Da at half peak height.

Nomenclature

To simplify data interpretation, we adopt the rules
recommended by IUPAC with modification for desig-
nation of CL. Briefly, the three glycerol moieties are
designated as A, B, and central glycerol (Scheme 1). The
stereospecific numbering (sn) of the C1A and C2A (A
glycerol) carbons are designated as sn-1 and sn-2, re-
spectively. The C1B and C2B (B glycerol) carbons 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 phospha-
tidic moiety with glycerol A. Abbreviation of cardio-
lipin, 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 product-
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Figure 1. The zoom scan ESI/MS spectra of (a) the [M — 2H +
3Na]" ions and (b) the [M — 2H + Na]~ ions of the cardiolipin
mixture isolated from E. coli.

ST
i H
)

o Il \
1360 38

ion spectra from MS" (n = 2, 3, 4) experiments are
denoted as the MS"-spectra (n = 2, 3, 4).

Results and Discussion

In the positive-ion mode, the methanolic solution of
disodium salt of cardiolipin mixture, for example, from
E. coli, forms mainly the [M — 2H + 3Na]* ions (Figure
1a), but the sensitivity is nearly one order less than that
observed as the [M — 2H + Na] ™~ ion in the negative-ion
mode (Figure 1b). The profiles of the enhanced resolu-
tion ESI mass spectra of the [M — 2H + 3Na]" ions
(Panel a) and the [M — 2H + Na] ions (Panel b) are
similar, and are also identical to that obtained as the [M
— H] ™ ions from the same mixture in which Na™ has
been removed (data not shown). The ions in the forms
of [M — H + 2Na]" and [M + Na]* were observed in
the positive-ion mode when Na" was not completely
removed from the solution (data not shown). The
characterization of cardiolipins as the sodiated adduct
ions using multiple-stage IT mass spectrometry is de-
scribed below.

J Am Soc Mass Spectrom 2006, 17, 1146-1157

The Fragmentation Processes of the [M — 2H + 3Na] "
ions of Cardiolipins

Similar to the major fragmentation processes that were
previously reported for the [M — 2H + Na]™ and [M —
H] ™ ions of CL [10, 11], the [M — 2H + 3Na]™ ions of CL
mainly undergo cleavages of the C(3B)O-P and the
C(BA)O-P bonds, following resonance excitation in an
ion-trap. As shown in Figure 2, the MS*spectrum of the
[M — 2H + 3Na]" ion of (16:0/18:1)(16:0/18:1)-CL at m/z
14719 (Panel a) is dominated by the (a + 136) and (b +
136) ions at m/z 877 (Scheme 1), analogous to the ion at m1/z
831 observed for the [M — 2H + Na] ™ ion at m/z 1425.9
(Panel b) [11]. The ion is also analogous to the m/z 809 ion
observed for the [M — H] ion at m/z 1403 (Panel c).
However, the ion at m/z 809 gives rise to a prominent
phosphatidic anion at m1/z 673 (a and b) by further loss of
136 [10]; while the analogous ion at m/z 741 (877 — 136)
from consecutive loss of 136 is of low abundance in the
MS?-spectrum of m/z 1471 (Figure 2a). The ions at m/z 775
([a + 34] and [b + 34]), arising from loss of a glycerophos-
phatidic acid as a sodium salt and analogous to the ion at
m/z 729 observed for the [M — 2H + Na] ion at m/z
14259 (Figure 2b) [11] and the [M — H]™ ion at m/z 1403
(Figure 2c¢) [10] are also of low abundance.

In Figure 2a, the m/z 1215 (1471 — 256) ion reflecting
loss of the 16:0-fatty acid substituent at sn-1 (or sn-1') is
more abundant than the m/z 1189 (1471 — 282) ion,
arising from loss of the 18:1-fatty acid substituent at sn-2
(or sn-2"). The results indicate that the 18:1- and 16:0-
fatty acyl substituents are located at sn-2 (or sn-2') and
sn-1 (or sn-1") of the glycerol A (or B), respectively. This
is in agreement with the notion that when the alkali
adduct ions of glycerophospholipids were subjected to
low-energy CAD in the positive-ion mode, the dissoci-
ation leading to loss of the fatty acid substituent at sn-1
is more facile than that at sn-2, because the a-hydrogen
of the fatty acyl substituent at sn-2 (or sn-2') that
participates in the loss of R,CO,H (or R, CO,H) is more
labile than that at sn-1 (or sn-1") [12-15]. This differen-
tial loss of the fatty acid substituents dependent on their
position on the glycerol backbone provides a simple
means for assignment of the position of the fatty acid
substituents.

The major fragmentation processes that cleave the
C(3B)O-P and the C(BA)O-P bonds are also seen for the
ions that undergo primary loss of the fatty acid substitu-
ent. This is shown by the MS*-spectrum of the ion at m/z
1215 (1471 — 1215, Figure 2d), following loss of one of the
16:0-fatty acid substituent, as well as by the MS*-spectrum
of the ion at m/z 959 (1471 — 1215 — 959, Figure 2e),
following losses of the two 16:0-fatty acid substituents.
The former spectrum (Figure 2d) shows the ion-pair at m/z
877 ([a + 136] or [b + 136] ion) and 621 ([b + 136 -
C,5H5,CO,H] or [a + 136 - C,5H;,CO,H] ion); while the
latter spectrum (Figure 2e) is dominated by the ion at m/z
621 ([b + 136 - C;5H3,CO,H] or [a + 136 - C,5H;3,CO,H]
ion) (Scheme 2). In Figure 2d, the ions arising from loss of
a glycerophosphatidic acid as the sodium salt are seen at
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Figure 2. The IT MS?spectra of (16:0/18:1)(16:0/18:1)-CL from (a) the [M — 2H + 3Na]* ion at m/z

14719, (b) the [M — 2H + Na]~

ion at m/z 1425.9, and (c) the [M — H]™

ion at m/z 1403.9. The IT

MS?3-spectra of the m/z 1215 ion (1471 — 1215) (d), the IT MS*-spectrum of the m/z 959 ion (1471 — 1215
— 959) (e), and the IT MS*-spectrum of the m/z 877 ion (1471 — 877) (f) identify the phosphatidyl
moieties. Ions at m/z 850, 851, 903, 904 in (a), ions at m/z 804, 805, 857, 858 in (b), and ions at m/z 646,
647, 699, 700 in (c) are from second isotopic contribution of the m/z 1469.9 (IM — 2H + 3Na] "), 1423.9
(M — 2H + Na] ), and 1401.9 ([M — H] ") ions, respectively, which give the same nominal masses as

the precursor ions.

m/z 775 ([a + 34] or [b + 34]) and 519 ([b + 34] —
C,5H3,CO,H or [a + 34] — C;5H;,CO,H). The ion at m/z
959, arising from loss of the remaining 16:0-fatty acid
substituent at sn-1 (or sn-1') is also more abundant than
the ion at m/z 933 arising from loss of the 18:1-fatty acid
substituent at sn-2 (or sn-2'), consistent with the notion
that loss of the fatty acid substituent at sn-1 (or sn-1') is
more facile than that at sn-2 (or sn-2").

Further dissociation of the m/z 877 ion (1471 — 877,
Figure 2f) leads to the formation of the ions at m/z 621 and
599, arising from losses of 16:0-fatty acid substituent as an
acid (loss of C;5sH3,CO,H, 256 Da) and as a sodium salt
(loss of C5H;,CO,Na, 278 Da), respectively; while the
ions at m/z 595 (877 — C;;H;;CO,H) and 573 (877 —
C,;H33,CO,Na) correspond to the analogous losses of the

18:1-fatty acid substituent. The ions at m/z 621 (877 —
Cy5H3,CO,H), and 599 (877 — C;5H;3,CO,Na) are, respec-
tively, more abundant than the analogous ions at 1/z 595
(877 — C;;H4CO,H), and 573 (877 — C;,H;3CO,Na),
indicating that the 16:0- and 18:1-fatty acyl substituents are
located at sn-1 (or sn-1") and sn-2 (or sn-2") of the glycerol
A (or B), respectively. The results, again, agree with the
notion that loss of the fatty acid substituent at sn-1 is more
favorable than that at sn-2, as described earlier. The
structural assignment is also consistent with that deduced
from the IT MS* and MS®-spectra of the [M — 2H + Na]~
ion at m/z 1425 [11], and of the [M — H] ion at m/z
1403 [10].

In addition to the ions that arises from the (18:1/16:
0)(18:1/16:0)-CL isomer, the spectrum (Figure 2a) also



1150 HSU AND TURK

® HC /P\
ONa ~0 o

Il ,
CHy—O—P—0—ICH,

J Am Soc Mass Spectrom 2006, 17, 1146-1157

3cH- O °

Na
1

ONa
(a+ 136) - R{COH ﬁ
R'z\ O—CH, 3CH2—0—}|> O—CH,
C—
((o— H oN® HCOH ONa CH— OCORy'

CHy- OCORY'

N O—CHj I
C—
C\/o—|CH o) HCOH ONa  CH—OCORy ﬁN%’
I L
!ZHZ— T—o—1 Ho CHz- OCORy' |CH2_0_,|:_O_CH2
ONa NaO_ /O\CH ONa H— OCORy'
P
2\ /LHz CHx OCOR{'
- R1COoH o o
® b+136
ONa [¢]
Glycerol A 5 I s 3 |
CH,OCOR CHy—O—P—0—CH, CH,OCOR; CHz—O—ll:’—O—CHZ
>
R,COO—CH |C|> H|C0H ONa H—OCOR; ———= R,COO—CH ﬁN‘é’ H|COH ONa  CH—OCOR
3ACHZ—o—P—o—1bH2 CHz- OCORy' pCHr—0—P— 1CH, Hz- OCOR4'
Glycerol B
ONa - + + ONa
[M -2H + 3Na] _RyCOM
o
. I
CH,0COR4 chz—O—T—O—CHz
R
(b + 136) - RyCORH] + [a + 136] <«——— ReCOO—CH ﬁN’:—? HTOH ONa ICH—O\C_ < 2
CHy— O—P—0—1CH, CHrO™
ONa

Scheme 2. The fragmentation pathways proposed for the [M — 2H + 3Na —

R, 2CO,H]™ ions,

arising from primary loss of the R, ;,CO,H substituent from the [M — 2H + 3Na]" ions of CL.

contains another (a + 136) and (b + 136) ion pair at m/z
891 and 863, indicating the presence of an additional
(16:0/19:1)(16:0/17:1)-CL structure. Structural charac-
terization of the cardiolipin molecules consisting of
multiple isomeric structures will be described later.

The IT MS? product-ion spectrum of the [M — 2H +
3Na]* ion at 1471.9 from M. bovis BCG [10] with a
isomeric structure of (18:1/16:0)(18:1/16:0)-CL also con-
sists of a prominent ion at m/z 877 ([a + 136] + [b + 136]
ions) along with the ion at m/z 1189 (1471 — 282), arising
from loss of the 18:1-fatty acid substituent at sn-1
(Figure 3a). The MS® product-ion spectra of the ions at
m/z 1189 (1471 — 1189) (Figure 3b) and at m/z 877 (1471
— 877) (Figure 3c) contain ions analogous to those
observed in Figure 2d and f, respectively, and clearly
demonstrated that the 18:1- and 16:0-fatty acid substitu-
ents are located at sn-1 (or sn-1') and sn-2 (or sn-2'),
respectively.

Structural Characterization of Cardiolipin
Molecules Consisting of Two Various Phosphatidyl
Moieties

The formation of two distinct (a + 136) and (b + 136)
ions by the cleavages of the C(3B)O-P and the

C(BA)O-P bonds, respectively, is seen in the MS*
spectra of the [M — 2H + 3Na] " ions of cardiolipins that
consist of two various phosphatidyl moieties. As illus-
trated in Figure 4a, the product-ion spectrum from MS?
of the [M — 2H + 3Na]" ion at m/z 1495.9 is dominated
by the ion at m/z 903 (a + 136), which is more abundant
than another prominent ion at m/z 875 (b + 136). The
results are similar to those observed for the correspond-
ing [M — 2H + Na] ™ ion at m/z 1449.9, which shows a
higher abundance of the m/z 857 (a ion) ion than the m/z
829 (b ion) ion [11], and are consistent with the notion
that CL contains two chemically distinct phosphatidyl
moieties [2, 5, 16, 17] that may be liberated by the
differential cleavage of the C(BA)O-P and C(3B)O-P
bonds upon CAD. The finding that the (a + 136) ion is
more abundant than the (b + 136) ion may indicate that
the two ions correspond to the phosphatidyl moieties
containing glycerol A and glycerol B, respectively
[10, 11].

In the MS*-spectrum of the m/z 875 ion (1495 — 875)
(Figure 4b), the m/z 593 (875 — C;H33CO,H) and 571
(875 — C;;H35CO,Na) ions arising from further losses of
the 18:1-fatty acyl substituent as an acid and as a
sodium salt, respectively, are respectively more abun-
dant than the ions at m/z 621 (875 — C;5H,,CO,H) and
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Figure 3. The IT MS*-spectra of (a) the [M — 2H + 3Na]* ion at
m/z 1471.9, and the IT MS’-spectra of (b) the m/z 1189 (1471 —
1189) and (c) the m/z 977 (1471 — 877) ions from the (18:1/16:0)(18:
1/16:0)-CL isomer isolated from Mycobacterium bovis BCG. The
spectra are in contrast with those observed in Figure 2 that arise
from a (16:0/18:1)(16:0/18:1)-CL isomer.

599 (875 — C;5H,0CO,Na) arising from the analogous
losses of the 16:1-fatty acyl substituent, suggesting that
the 18:1- and 16:1-fatty acyl moieties reside at sn-1" and
sn-2" of glycerol B, respectively. The MS*-spectrum of
the m/z 903 ion (1495 — 903) (Figure 4c) is dominated by
the ions at m/z 621 (903 — C,,H;3CO,H) and 599 (903 —
C,,H33CO,Na), arising from losses of the 18:1-fatty acyl
substituent as an acid and as a sodium salt, respectively,
indicating that the m/z 903 ion consists of a 18:1/18:1-
structure. The above results demonstrate that the m/z
1495 ion is a (18:1/18:1)(18:1/16:1)-CL. This structural
assignment is also consistent with the presence of a
prominent ion at m/z 1213, arising from loss of the fatty
acid substituent at sn-1 (or sn-1'); while the ion at m/z
1241 from loss of the 16:1-fatty acid at sn-2' is of low
abundance (Figure 4a). The structural assignment is
also in agreement with the fact that the ion at m/z 931
(1213 — 282) arising from further loss of the 18:1-fatty
acid substituent at sn-1 (or sn-1") is more abundant than
the ion at m/z 959 arising from further loss of the
16:1-fatty acid substituent at sn-2' in the MS®> mass
spectrum of the m/z 1213 ion (1495 — 1213) (Figure 4d).
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The observation of the abundant ion pairs of m/z
875/621 and 903/593 in Figure 4d is also consistent
with the notion that the 18:1-fatty acid substituent at
sn-1 (or sn-1") was first cleaved from the ion at m/z 1495,
followed by cleavages of the C(3B)O-P and the
C(3A)O-P bonds, respectively. The IT MS *-spectrum of
the m/z 931 ion (1495 — 1213 — 931) (data not shown)
arising from consecutive losses of the 18:1-fatty acid
substituents at sn-1 and sn-1" is also dominated by ions
at m/z 621 (903 — 282) and 593 (875 — 282), further
supporting the pathways that cleave the C(3B)O-P and
the C(3A)O-P bonds.

In Figure 4a, an ion at m/z 889, representing both a
(b + 136) and a (a + 136) ions is also present. The
MS®-spectrum of m/z 889 (1495 — 889) (shown later in
Figure 5d) contains ions that are typical of an 18:1/17:
1-structure. The results indicate that the m/z 1495 ion
may also consist of a minor (18:1/17:1)(18:1/17:1)-CL
structure. The MS®-spectrum of the m/z 875 ion (Figure
4b) contains two minor peaks at m/z 607 and 585,
corresponding to losses of the 17:1-fatty acid substituent
as an acid and as a sodium salt, respectively, in addition
to the major ions arising from the 18:1/16:1-structure
that has been identified. The presence of the ions at m/z
585 and 607 indicate that the m/z 875 ion may also
consist of a minor 17:1/17:1-isomer and hence, the m/z
1495 ion may also consist of a minor (18:1/18:1)(17:1/
17:1)-CL species. Indeed, a minor ion at m/z 1227 (1495
— 268), corresponding to loss of a 17:1-fatty acid sub-
stituent is also present in the MS*-spectrum of m/z 1495
(Figure 4a). The characterization of the cardiolipin spe-
cies consisting of multiple isomeric structures is de-
scribed below.

Characterization of Cardiolipin Molecules
Consisting of Multiple Isomers

More than one isomeric structures were identified for
all the CL molecular species isolated from E. coli [11].
The characterization of the complex structures is exem-
plified by revealing the m/z 1483.9 ion in the mixture.
The MS*-spectrum (Figure 5a) contains two prominent
ions at m/z 903 (a + 136) and 863 (b + 136) along with
several sets of the ion pairs at m/z 889 (a + 136) and 877
(b + 136), at m/z 875 (a + 136) and 891 (b + 136), and at
m/z 849 (a + 136) and 917 (b + 136), consistent with
those derived from the [M — H] ion at m/z 1415.9
(Figure 5b) and the [M — 2H + Na] ™ ion at m/z 1437.9
(data not shown) in the negative-ion mode. The MS*-
spectrum of the m/z 903 ion (1483 — 903) is identical to
that shown in Figure 4c, which represents an 18:1/18:
1-structure. The MS>-spectrum of the m/z 863 ion (1483
— 863) (Figure 5c) represents a 16:0/17:1-structure,
which is seen by a higher abundances of the ions at m/z
607 (863 — C;5H3,CO,H) and 585 (863 — C,5H;,CO,Na),
arising from losses of the 16:0-fatty acid substituent as
an acid and as a sodium salt, respectively, than the ions
at m/z 595 (863 — C,4H;;CO,H) and 573 (863 —
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Figure 4. The IT MS*-spectrum of (a) the [M — 2H + 3Na]" ion at m/z 1495.9, and the MS>-spectra
of (b) the m/z 875 ion (1495 — 875), (c) of the m/z 903 (1495 — 903) ion, and (d) of the m/z 1213 ion (1495
— 1213). These spectra reveal a major (18:1/18:1)(18:1/16:1)-CL isomer and two minor (18:1/18:1)(17:
1/17:1)-CL and (18:1/17:1)(18:1/17:1)-CL structures.

C,¢H3,CO,Na), arising from the corresponding losses of
the 17:1-fatty acid substituent. Therefore, a major spe-
cies with a (18:1/18:1)(16:0/17:1)-CL structure can be
assigned.

The MS*-spectrum of the m/z 877 ion in the m/z
889/877 ion pair is identical to that shown in Figure 2f,
which represents a 16:0/18:1-structure; while the MS3-
spectrum of the m/z 889 ion (1483 — 889) (Figure 5d)
mainly consists of a 18:1/17:1-structure, which is iden-
tified by the observation of a greater abundance of the
ions at m/z 607 (889 — C,;H;,CO,H) and 585 (889 —
C;H;3CO,Na) than the ions at m/z 621 (889 —
C,H5,CO,H) and 599 (889 — C,4H3,CO,Na). The spec-
trum also contains another two sets of minor ion pairs
at m/z 593 (889 — C;H3sCO,H) and 571 (889 —
C,3H35CO,Na) corresponding to the losses from the
19:1-fatty acid substituent and at m/z 635 (889 —
C,5H;,CO,H) and 613 (889 — C,;5H;,CO,Na), corre-
sponding to the analogous losses of the 16:1-fatty acid
substituent, indicating the presence of an additional

19:1/16:1-isomer. These results indicate that the 889/
877 ion pair arises from a major (18:1/17:1)(16:0/18:
1)-CL and a minor (19:1/16:1)(16:0/18:1)-CL. The MS>-
spectra of the ions at m/z 875 (1483 — 875) (same as
Figure 4b), 891 (1483 — 891) (not shown), 849 (1483 —
849) (not shown), and 917 (1483 — 917) (not shown)
contain ions reflecting an 18:1/16:1-, 16:0/19:1-, 16:0/
16:1-, and an 18:1/19:1-configurations, respectively. Be-
cause the m/z 875 ion is more abundant than the m/z 891
ion in the 875/891 set, the CL with a (18:1/16:1)(16:0/
19:1)-CL structure can be assigned, while the 849/917
ion set may arise from a (16:0/16:1)(18:1/19:1)-CL
structure.

The above structural assignments are further sup-
ported by the MS*-spectrum of the m/z 1201 ion (1483 —
1201) (Figure 5e), which contains a prominent ion at m1/z
863, along with ions at m/z 877, 891, and 849. The
presence of these ions is in agreement with the fact that
the ion at m/z 1483 consists of a major (18:1/18:1)(16:0/
17:1)-CL component along with the (18:1/17:1)(16:0/18:
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Figure 5. The IT MS*spectra of (a) the [M — 2H + 3Na]™ ion at m/z 1483.9, (b) the [M — H] ™~ ion at
m/z 1415.9, and the IT MS>-spectra of the ions at m/z 863 (1483 — 863) (c), at m/z 889 (1483 — 889) (d),
atm/z 1201 (1483 — 1201) (e), and at m/z 1227 (1483 — 1227) (f). These combined structural information
identified the (18:1/18:1)(16:0/17:1)-CL, (18:1/17:1)(16:0/18:1)-CL, (18:1/16:1)(16:0/19:1)-CL, and (18:
1/19:1)(16:0/16:1)-CL species. Because the m/z 889 ion also represent a minor 19:1/16:1 species (Figure
4d), a minor component with a (19:1/16:1)(16:0/18:1)-CL (or (16:0/18:1)(19:1/16:1)-CL) structure can

also exist.

1)-CL, (18:1/16:1)(16:0/19:1)-CL, and (16:0/16:1)(18:1/
19:1)-CL species. Upon CAD, ions from these species
undergo preferential losses of the 18:1-fatty acid sub-
stituent at sn-1 (or sn-1') to yield a variety of the ions at
m/z 1201, which undergo further cleavages of the
C(3A)O-P bonds to form a major ion at m/z 863 along
with ions at m/z 877, 891, and 849 from the various
isomers; while the ions at m/z 621, 607, 593, and 635
arise from cleavages of the C(3B)O-P bonds (Scheme 2).
The MS*-spectrum of the m/z 1227 ion (1483 — 1227)
(Figure 5f) also contains a prominent ion set at m/z
903/607, along with the ion pairs at m/z 889/621,
875/635, and 917/593, arising from consecutive cleav-
ages of the C(3B)O-P and C(3B)O-P bonds, following
primary losses of the 16:0-fatty acid substituents at
sn-1". The relative intensities of the aforementioned ions
in Figures 5e and f are also in good agreement with

those observed in Figure 5a, further supporting the
fragmentation processes and the structural assignment
for the m/z 1483 ion.

Another example that reveals the complex structures of
CL is illustrated by the MS *-spectrum of the m/z 1469 ion
(Figure 6a), which contains three major sets of the
(a + 136)/(b+ 136) ion pairs at m/z 875/877, 903 /849, and
889/863. The former ion is more abundant than the latter
in each set and, thus, the position of the phosphatidyl
group attached to 1'- or 3'-position of the central glycerol
can be determined. The results are also in agreement with
those observed for the [M — H]  ion at m/z 1401.9 (data
not shown) and the [M — 2H + Na] ™ ion at m/z 1423.9
(Figure 6b) in the negative-ion mode. The MS*-spectra of
the m/z 875, 877, 903, 849, 889, and m/z 863 ions are
identical to those observed earlier and represent 18:1/16:
1-, 16:0/18:1-, 18:1/18:1-, 16:0/16:1-, 18:1/17:1-, and 16:0/
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Figure 6. The IT MS?-spectra of (a) the [M — 2H + 3Na]™ ion at m/z 1469.9 and (b) the [M — 2H +
Na] ™~ ion at m/z 1423.9. The consecutive fragmentations are shown in the MS*>-spectra of (c) the m/z
1213 ion (1469 —1213), (d) the m/z 1187 ion (1469 — 1187), and (e) of the m/z 1201 ion (1469 — 1201).
The m/z 1469 ion (a) consists of two major (18:1/16:1)(16:0/18:1)-CL (from 875/877 pair) and
(18:1/18:1)(16:0/16:1)-CL (from 903/849 pair) species, along with the minor (18:1/17:1)(16:0/17:1)-CL
and (17:1/17:1) (16:0/18:1)-CL species (from 889/863 pair), consistent with those observed in (b), in
which the analogous ion pairs are also seen. Only the major structure in each pair is shown. For
example, the m1/z 889 ion consists of a major 18:1/17:1- and minor 19:1/16:1-structures and the m/z 849
ion consists of a major 16:0/16:1- and a minor 14:0/18:1-structures, but only the (18:1/17:1)(16:0/17:
1)-CL and (18:1/18:1)(16:0/16:1)-CL structures are described.

17:1-structures, respectively. These results indicate that
the m/z 1469 ion is a mixture consisting of (18:1/16:1)(16:
0/18:1)-CL, (18:1/18:1)(16:0/16:1)-CL, and (18:1/17:1)(16:
0/17:1)-CL isomers. The presence of these isomeric struc-
tures is also consistent with the prominence of the ions at
m/z 1187 (1469 — 282) and 1213 (1469 —256), arising from
losses of the 18:1- and 16:0-fatty acyl substituents at sn-1
and sn-1', respectively, in the MS? of m/z 1469.9 (Figure
6a). These structural assignments are further supported by
the MS’-spectra of the ions at m/z 1213 (1469 — 1213)
(Figure 6c) and at m/z 1187 (1469 — 1187) (Figure 6d). The
former spectrum is dominated by the (a + 136)/(b + 136)
ion pairs at m/z 903/593 and 875/621, arising from cleav-
ages of the C(3B)O-P and C(3A)O-P bonds of the major
(18:1/18:1)(16:0/16:1)-CL  and (18:1/16:1)(16:0/18:1)-CL

isomers, following primary loss of the 16:0-fatty acid
substituent at sn-1". The ion-pair arising from the similar
cleavages of the minor (18:1/17:1)(16:0/17:1)-CL isomer,
following loss of the 16:0-fatty acid substituent is seen at
m/z 889/607. The MS*-spectrum of the m/z 1187 ion
(Figure 6d) consists of the prominent ion pairs at m/z
849/621 and 877/593, along with a minor ion pair at m/z
863/607. These ions, again, arise from cleavages of the
C(3B)O-P and C(3A)O-P bonds from the (18:1/18:1)(16:
0/16:1)-CL, (18:1/16:1)(16:0/18:1)-CL, and (18:1/17:1)(16:
0/17:1)-CL isomers, respectively, following primary loss
of the 18:1-fatty acid substituent at sn-1.

As shown earlier (Figure 4b), the ion at m/z 875
represents both a 18:1/16:1 and a 17:1/17:1 isomers.
Therefore, the ion-pair at m/z 875/877 may also arise
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Scheme 3. The fragmentation pathways proposed for the [M + Na]* ion of CL. Similar pathways

were also observed for the [M — H + 2Na] " ion.

from a minor (17:1/17:1)(16:0/18:1)-CL (or a (16:0/18:1)
(17:1/17:1)-CL) species. Indeed, both the ions at m/z 877
and 607, arising from further cleavages of the C(3B)O-P
and C(3A)O-P bonds are also present in the MS>-
spectrum of the minor ion at m/z 1201 (1469 — 1201)
(Figure 6e), arising from primary loss of a 17:1-fatty acid
substituent. The spectrum also contains the ion-pairs at
m/z 863/621, 889/595, arising from further cleavages of
the C(3B)O-P and C(3A)O-P bonds, following primary
loss of the 17:1-fatty acid substituent at sn-2 from the
(18:1/17:1)(16:0/17:1)-CL isomer. The ions at m/z 945
and 919, arising from losses of the 16:0- and 18:1-fatty
acid substituents, respectively, are abundant; while the
ion at m/z 931, arising from further loss of a 17:1-fatty
acid substituent is of low abundance. These results
agree with the earlier findings that the ion at m/z 1201
also arises from a (18:1/17:1)(16:0/17:1)-CL isomer by
loss of the 17:1-fatty acid substituent at sn-2 (or sn-2').

Characterization of Cardiolipin as the [M + Na]®
and [M — H + 2Na]" Ions

Interestingly, the major fragmentation processes for the
[M + Na]” and [M — H + 2Na]" ions upon CAD arise
from cleavages of the C(3B)-OP and C(3A)-OP bonds
rather than the C(3B)O-P and C(3A)O-P bonds
(Scheme 3), probably due to the presence of the acidic
hydrogen that protonates the molecule of CL. The ion
pairs arising from the cleavages are seen at m/z 877 and
851, for the [M + Na]™ ion of (18:1/18:1)(16:0/18:1)-CL

at m/z 1453.9 (Figure 7a), which also yields the ions at
m/z 859 (877 — H,0) and 833 (851 — H,0) via further
loss of a water molecule. The analogous ions from the
similar cleavages were observed at m/z 899, 873, 881
(889 — H,0), and 855 (873 — H,0) for the [M — H +
2Na]™ adduct ion of (18:1/18:1)(16:0/18:1)-CL at m/z
1475.9 (Figure 7b). Again, the abundances of the former
ions in each pair are greater than those of the latter ions,
respectively, indicating that the former ions correspond
to the phosphatidyl moieties containing glycerol A and
the latter ions correspond to the phosphatidylglycerol
moieties that contain glycerol B. The results are consis-
tent with those observed for the [M — H] ™ and [M — 2H
+ Na] ions [10, 11]. The assignments of the fatty acid
substituents at the glycerol backbone are determined by
further dissociation of the ion pairs.

The MS*-spectrum of the m/z 851 ion (data not
shown) is dominated by the ion at m/z 577, reflecting
loss of a sodium glycerol-1,3-diphosphate moiety
(Scheme 3), and the spectrum is not sufficient for
structural identification. However, further dissociation
of the ion at m/z 577 (1453 — 851 — 577) (Figure 7c)
gives the ion at m/z 321, reflecting loss of the 16:0-fatty
acid substituent at sn-1. In contrast, the ion expected at
m/z 295 arising from loss of the 18:1-fatty acid substitu-
ent at sn-2 is absent. The spectrum also contains a
prominent ion at m/z 265, corresponding to a 18:1-fatty
acyl cation, which is more abundant than the ion at m/z
239, corresponding to a 16:0-fatty acyl cation. The
results indicate that the 16:0- and 18:1-fatty acyl sub-
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Figure 7. The IT MS*spectra of (a) the [M + Na]* ion at m/z 1453.9 and (b) of the [M — H + 2Na]*
ion at m/z 1475.9. (c) The MS*-spectra of the m/z 577 ion (1453 — 851 — 577). (d) The MS>-spectra of
the m/z 873 ion (1475 — 873), and (e) of the m/z 855 ion (1475 — 855). The combined spectral
information indicates that ions at m/z 1453 and 1475 arise from (18:1/18:1)(16:0/18:1)-CL; while (c), (d),

and (e) arise from a 16:0/18:1-structure.

stituents are located at sn-1 and sn-2, respectively [13];
whereas the analogous ion at m/z 603 arising from
further dissociation of the ion at m/z 877 is composed of
a 18:1/18:1-structure (data not shown). Therefore, a
(18:1/18:1)(16:0/18:1)-CL structure can be assigned.
The MS®-spectra of the ions at m/z 873 (1475 — 873)
(Figure 7d) and at m/z 899 (data not shown) are also
dominated by the ions at m/z 577 and 603, respectively,
and the spectra also do not provide the information
regarding to the identities and the positions of the fatty
acid substituents. However, further degradation of the
ions at m/z 577 and 601 gives the identical spectra as
described earlier (Figure 7c), consistent with the pres-
ence of a (18:1/18:1)(16:0/18:1)-CL. The MS*-spectrum
of the ion at m/z 855 (1475 — 855) contains the ion at m/z
599, arising from loss of a 16:0-fatty acid substituent.
The ion is more abundant than the ion at m/z 573,
corresponding to loss of a 18:1-fatty acid substituent,
indicating that the m/z 855 ion contains a 16:0/18:1-
structure; while the MS3-spectrum of the ion at m/z 881

leads to the assignment of a 18:1/18:1-structure. The
combined information confirms that the [M — H +
2Na]" ion at m/z 1475 is a (18:1/18:1)(16:0/18:1)-CL,
identical to that deduced from the [M + Na]* ion at m/z
1453.

Conclusions

The structural assignments of CL and its fragmentation
processes from the [M — 2H + 3Na]" ions are consis-
tent with those derived from the [M — 2H + Na]  and
[M — H] ions [10, 11]. The feature that the ions
reflecting the losses of the fatty acid substituents at sn-1
and sn-1’ {i.e., the ((M — 2H + 3Na]*- R,CO,H) and the
(IM — 2H + 3Na]"- R;.CO,H) ions} are prominent as
seen in the MS*-spectra, as well as the structural infor-
mation deduced from the MS’-spectra of the (a + 136)
ion and the (b + 136) ions, along with those obtained
from the MS’-spectra of the (M — 2H + 3Na]'-
R,CO,H) and the ((M — 2H + 3Na]*- R, CO,H) ions



J Am Soc Mass Spectrom 2006, 17, 1146-1157

readily permit confident assignments of complex CL
structures. Because the [M — 2H + 3Na]* ions of CL is
readily formed from its methanolic solution of the
disodium salts upon desorption by ESI, characterization
of CL as a [M — 2H + 3Na]" adduct ion in the
positive-ion mode may be an alternative for its struc-
tural identification.

Although the IT multiple-stage mass spectrometric
approaches for structural characterization using the [M
+ Na]* and the [M — H + 2Na]* ions of CL can be
achieved, the formation of the mono- and the disodi-
ated CL species, nevertheless, is not predictable. In
addition, fragment ions informative for assignments of
the fatty acid substituents relied on the spectra from
MS* experiments that result in a drastic decline in
sensitivity. Hence, the approaches for structural char-
acterization are not very useful.
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