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Abstract

ESI multiple-stage linear ion-trap (L1T) mass spectrometric approaches for a near-complete structural
characterization of cardiolipins (CLs), including identification of the fatty acyl substituents,
assignment of the fatty acid substituents on the glycerol backbone, and location of the double bond
(s) or cyclopropyl group along the fatty acid chain are described. Upon collisionally activated
dissociation (CAD) on the [M — 2H + 3Li]* ions of CL in an ion-trap (MS?), two sets of fragment
ions (designated as (a + 136) and (b + 136) ions) analogous to those previously reported for the [M
—2H + 3Na]* ions were observed, leading to assignment of the phosphatidyl moieties attached to 1'-
or 3'-position of the central glycerol. Further dissociation of the (a + 136) (or (b + 136)) ions (MS?)
gives rise to the (@ + 136 — Ry(or 2CO,LI) (0r b + 136 — Ry(or 2)CO,LI) ion pairs that identify the
fatty acid moieties and their position on the glycerol backbone. This is followed by MS* on the (a +
136 — Ry(or 2)CO,LI) (or b + 136 — Ry(or 2)CO,LIi) ion to eliminate a tricylic glycerophosphate ester
residue (136 Da) to yield the (a — Ry(or 2)CO,Li) ion, which is then subjected to MS®. The MS®
spectrum contains the structural information that locates the double bond(s) or cyclopropyl group of
the fatty acid substituents. Finally, the subsequent MS® on the dilithiated fatty acid ions generated
from MSP® also yields feature ions that confirm the assignment.
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Introduction

Cardiolipin (CL) (1) is a bis-(1,2-diacyl-sn-glycero-3-phosphoryl)-1',3'-sn-glycerol [1,2]. The
molecular species of cardiolipin are complex, in particular those found in prokaryotic kingdom,
due to the different chain lengths and the various degrees of unsaturation of the fatty acid
substituents, more importantly, due to the permutations of the four fatty acyl substituents that
result in a large number of potential combinations [3,4]. Therefore, unraveling the structure of
cardiolipin has been a very difficult task [4,5].
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Mass spectrometric approaches with or without HPL C separation have been used for qualitative
and quantitative analysis of CLs and their structurally related compounds [6-10].. The
multiple-stage ion-trap mass spectrometric methods with ESI for characterization of complex
CLs as their [M —H]~, [M — 2H + Na]~, [M — 2H + 3Na]*, [M — + 2Na]* and [M + Na]* ions
afford identification of the fatty acyl substituents and assignment of the fatty acyl groups on
the glycerol backbone [8-10]. However, none of the above methods is applicable for location
of the double bond(s) of the unsaturated fatty acid substituents. Recently, we developed linear
ion-trap (LIT) multiple-stage mass spectrometric approaches for locating the double bond(s)
on the unsaturated fatty acids [11], and on the unsaturated fatty acid substituents of
glycerophospholipids [12] and of triacylglycerols [13]. In this report, we describe LIT multiple-
stage mass spectrometric approach for characterization of CLs that were desorbed as their [M
— 2H + 3Li]*ions. The application of MS" advances the structural characterization of CLs to
a new level, leading to unveil the location of the double bond(s) and of the cyclopropyl chain
of the fatty acyl moieties.

Materials and Methods

Cardiolipins isolated from Mycobacterium Bovis BCG (M. Bovis BCG) were prepared as
previously described [14]; CLs from E. coli and bovine heart were purchased from Avanti
Polar Lipid (Alabaster, AL); 9,10-methyleneoctadecanoic acid (dihydrosterculic acid) was
purchased from Metreya LLC (Pleasant Gap, PA). All other chemicals were purchased from
Fisher Scientific (Pittsburgh, PA). The CL solution (10 pm/ul) was prepared by adding 3 ul
saturated methanolic LiOH to 100 ul CL. The three glycerol moieties on CLs are designated
as A, B, and central glycerol (Scheme 1) as previously described [8].. 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 are located at sn-1, sn-2, sn-1' and sn-2', respectively. Cyclopropane
fatty acid such as 9,10-methyleneoctadecanoic acid was abbreviated as Pr¢18:0(9)-fatty acid.
Low-energy CAD tandem mass spectrometry experiments conducted on a Finnigan (San Jose,
CA) LTQ linear ion-trap mass spectrometer (ITMS) were described previously [10].

Results and Discussion

Characterization of cardiolipin from Escherichia coli (E. coli)

Earlier studies with LIT MS" on the [M —2H + 3Na]* ions showed that CL yields two prominent
ions containing A or B glycerol from cleavages of the C(3B)O-P and the C(3A)O-P bonds,
following resonance excitation in an ion-trap. Similar results were also observed for the [M —
2H + 3Li]* ions (Scheme 1) [10]. For example, the LIT MS2-spectrum of the [M — 2H +
3Li]" ions of the major E. coli CL species containing unsaturated fatty acid substituents [9]
seen at m/z 1449.9 (Figure 1a) is dominated by the ions at m/z 855 (a + 136) and 829 (b + 136),
analogous to the ions of m/z 903 (a + 136) and 877 (b + 136) seen for the [M — 2H + 3Na]*
ions [8,10]. The ion at m/z 855 is more abundant than the ion at m/z 829, consistent with the
earlier notion that the (18:1/18:1)- and 16:0/18:1-diacyl-sn-glycero-3-phosphoryl residues
attached to the 1' and 3' of the central glycerol, respectively [8]. This assignment is supported
by further dissociation of the ion of m/z 829 (1449 — 829; Panel b), which gave rise to the
ions at m/z 573 and 567 arising from losses of 16:0-fatty acid substituent as free acid and as
lithium salt, respectively. The spectrum also contains the ions at m/z 547 and 541, arising from
the analogous losses of 18:1-fatty acid moiety. The former ion pairs are respectively more
abundant than those of the latter, indicating that the ions at m/z 829 (b + 136) consists of a
16:0/18:1-diacyl residue [10,15]. The MS* spectrum of the ion at m/z 567 (1449 — 829 —
567; Panel c) is dominated by the ion at m/z 431, probably arising from loss of a tricylic
glycerophosphate ester residue (136 Da) [9,10,16]. The results are consistent with the
observation of the ions at m/z 247, representing a lithiated diphosphorylglycerol ion, and at m/
2229 (247 — H,0) (Scheme 1).

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu and Turk

Page 3

The assignment of the position of double bond of the 18:1-fatty acid moiety was achieved by
MS? on the ion of m/z 431 (1449 — 829 — 567 — 431; Panel d), which yields ions at m/z 361,
305 and 263, arising from charge-remote fragmentations (CRF) involving p-cleavage with y-
H shift as previously reported [12], indicating that the double bond is located at C11. The
spectrumalso contains the ions at m/z 295 and 287 representing a dilithiated and a monolithiated
ions of 18:1-fatty acid, respectively, along with ions at m/z 167 and 149, arising from further
losses of 18:1-fatty acid as a ketene and as an acid, respectively. These ions clearly show the
presence of 18:1-fatty acid substituent. The location of the double bond is confirmed by the
MS® spectrum of the ion at m/z 295 (1449 — 855 — 567 — 431 —295; Panel €), which contains
the ions at m/z 225, 169 and 127, arising from similar CRF involving p-cleavage with y-H shift.
These ions are analogous to the ions at m/z 361, 305 and 263 seen in Figure 1d and the spectrum
(Figure 1e) is identical to that arising from A1118:1-fatty acid standard [11]. The above results
indicate that the CL species consists of a 16:0/A1118:1-diacyl-sn-glycero-3-phosphoryl residue
attached to 3' of the central glycerol.

The MS3 spectrum of the ion at m/z 855 (a + 136) (1449 — 855; Figure 1f) is dominated by
the ion pairs at m/z 573 (loss of 18:1-acid) and 567 (loss of 18:1-L.i salt), indicating the presence
of 18:1/18:1-diacylglycerol moiety. The position of double bond of the 18:1-fatty acid attached
to the 18:1/18:1-diacylglycero-phosphoryl residue is determined by the subsequent MS* on
the ion at m/z 567 (1449 — 855 — 567) and MS® on the ion at m/z 431 (1449 — 855 — 567
— 431), together with the MS® on the ion at m/z 295 (1449 — 855 — 567 — 431— 295) (data
not shown). The spectra are respectively identical to those shown in Panels c—e, indicating that
the double bond is also located at C11. Taken together, the results indicate that the m/z 1449
ion represent mainly a (A1118:1/A1118:1)(16:0/A1118:1)-CL.

Similarly, the LIT MS2-spectrum of the [M — 2H + 3Li]* ions at m/z 1395.8 (Figure 2a) from
the same CL extract is dominated by the ions at m/z 829 (a + 136) and 801 (b + 136). The LIT
MS3-spectrum of the ion of m/z 829 and the subsequent MS# spectrum of m/z 567, the MS®
spectrum of m/z 431, and the MS® spectrum of m/z 295 (data not shown) are identical to those
shown in Figure 1, indicating that the molecule consists of the identical 16:0/A1118:1
diacylglycerol phosphoryl moiety as seen earlier. By contrast, the LIT MS3-spectrum of the
ion of m/z 801 (1395 — 801; Figure 2b) contains ions at m/z 545 and 539, arising from losses
of the 16:0-fatty acid substituent as an acid and as a lithium salt, respectively, together with
the ions at m/z 547 and 541, arising from the analogous losses of the 16:1-fatty acid moiety.
The preferential losses of the 16:0-fatty acid moieties than the similar losses of the 16:1-fatty
acid moieties indicate that the 16:0- and 16:1-fatty acids are located at sn-1' and sn-2' of the
glycerol backbone, consistent with the notion that the ion at m/z 1395 represents mainly a
(16:0/18:1)(16:0/16:1)-CL isomer [9].

Further dissociation (MS?) of the ion at m/z 539 (1395 — 801 — 539; Figure 2c) gave rise to
the prominent ion at m/z 403 (539 — 136) arising from loss of a tricylic glycerophosphate ester
residue, and the ion at m/z 303 arising from loss of 16:1-fatty acyl ketene, together with ions
at m/z 247 (lithiated diphosphorylglycerol) and 229 (247 — H,0) as described earlier. The
presence of 16:1-fatty acyl residue and the position of its double bond is also determined by
the sequential MS® on the ion of m/z 431 (1395 — 801 — 539 — 403; Figure 2d) and MS6 on
the ion of m/z 267 (1395 — 801 — 539 — 403 — 267; Figure 2e). Again, the MS® spectrum
of the ion of m/z 403 (Figure 2d) is dominated by the ions at m/z 167 (loss of C15H29CO2H)
and 149 (loss of C15H,9CO,Li), and the ions at m/z 267 and 261, representing the dilithiated
and monolithiated 16:1-fatty acid ions. The spectrum also contains the ions at m/z 333, 291,
and 235, arising from the CRF processes involving p-cleavage with y-hydrogen shift. The
results indicate that the double bond of the 16:1-fatty acid moiety is located at C9. This
assignment is further confirmed by the observation of the ions at m/z 197, 141 and 99 in the
MS® spectrum of the ion of m/z 267 (Figure 2e and inset). These ions are analogous to the ions
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atm/z 333, 277 and 235 (Figure 2d) and are 136 Da lighter. The above results give assignment
of a (16:0/A1118:1)(16:0/A%16:1)-CL structure.

In Figure 2a, the ion at m/z 815 was also observed. Further dissociation of the ion at m/z 815
(Figure 3a) and the subsequent MS? on the ions of m/z 553 (1395 — 815 — 553) (Figure 3b)
and MS® on the ions of 417 (1395 — 815 — 553 — 417) (Figure 3c) confirm the presence of
(16:0/17:1)(16:0/17:1)-CL as a minor isomer. The spectrum (Figure 3c) also contains the ion
at m/z 281, which is equivalent to an [M — H + 2Li]* ion of 17:1-fatty acid together with the
ion at m/z 275, corresponding to a monolithiated ion of 17:1-fatty acid. The MS® spectrum of
the ion at m/z 281 (1395 — 815 — 553 — 417— 281; Figure 3d) contains abundant ions at
m/z 141, 183, along with ions at 197 and 195, which is similar to those seen in the LIT MS2
spectrum of the [M — H + 2Li]* ion of 9,10-methyleneoctadecanoic acid standard (Figure 3e
and inset), indicating that the 17:1-fatty acid may represent a 9,10-methylene hexadecanoic
acid (Prc16:0(9)), a cyclopropane fatty acid rather than a unsaturated fatty acid. This structure
assignment is further supported by the observation of the analogous ions at m/z 235, 277, and
319 in Figure 3c. These ions are 136 Da heavier, consistent with the notion that the precursor
ion at m/z 417 is 136 Da heavier than the ion at m/z 281. The structure assignment is also
consistent with the notion that 9,10-methylene hexadecanoic acid is present in the
phospholipids isolated from E. coli [17].

Characterization of the major cardiolipin species isolated from Mycobacterium bovis BCG
and Bovine heart (the related figures were prepared as supplemental materials)

As shown in Figure Sla, the MS? spectrum of the [M — 2H + 3Li]* ion of (18:1/16:0)
(18:1/16:0)-CL) at m/z 1423 from M. bovis BCG is dominated by the ion at m/z 829 ((a + 136)
& (b + 136) ion) arising from the cleavages of the CH,-OP bond. Further dissociation of the
ion at m/z 829 (1423.9 — 829; Figure S1b) gave rise to prominent ions at m/z 547 and 541,
arising from losses of 18:1-fatty acyl as an acid and as a lithium salt, respectively; whereas
ions at m/z 573 and 567 arising from the analogous losses of 16:0-fatty acid are less abundant.
The abundances of the ion pairs (i.e., 547/541 vs. 573/567) are reversed from those seen in
Figure 1b, consistent with the presence of the 18:1/16:0-diacylphosphoryl residue.

The subsequent MS* on the ion of m/z 567 (1423 — 829 — 567; Figure S1c) gave rise to the
prominent ion at m/z 431, arising from loss of a tricylic glycerophosphate ester residue, and
the ion at m/z 303, deriving from loss of 18:1-ketene, along with ions at m/z 247 and 229 as
seen earlier. The location of double bond along the 18:1-fatty acyl chain was further deduced
by the subsequent MS® on the ion of m/z 431 (1423 — 829 — 567 — 431; Figure S1d), which
contains the ion series at m/z 333, 277, 235, and 221, indicating that the double bond is located
at C(9); whereas the ions at m/z 295 and 289 represent the dilithiated and monlithiated 18:1-
fatty acid cations, respectively. The assignment of the double bond is further confirmed by the
MS® spectrum of the ion of m/z 295 (1423 — 829 — 567 — 431 — 295; Figure 4e and inset),
which is identical to that arising from the A18:1-fatty acid standard [11]. The combined
structural information from the above MS" spectra give assignment of (A18:1/16:0)
(A918:1/16:0)-CL.

The major bovine heart CL was observed at m/z 1467.9, corresponding to the [M — 2H +
3Li]* ions of (18:2/18:2)(18:2/18:2)-CL. This structural assignment is supported by the LIT
MS?2 spectrum of the ion at m/z 1467.9 (Figure S2a), which is dominated by the ion at m/z 851
((a+136) and (b + 136) ions), and by its subsequent MS?2 spectrum of the ion at m/z 851 (1467
— 851; Figure S2b), which contained the ions at m/z 571 and 565, arising from loss of 18:2-
fatty acid substituents as an acid and as a lithium salt, respectively, consistent with the presence
of two identical 18:2/18:2-diacylglycero phosphoryl groups. The assignment of 18:2-fatty acid
substituents is deduced by the subsequent MS* on the ion at m/z 565 (1467 — 851 — 565;
Figure S2c), which contained the dilithiated and monolithiated 18:2-fatty acid ions at ions at
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m/z 293 and 287, respectively, together with the ions at m/z 167 and 149 arising from losses
of the 18:2-fatty acid as a ketene and as an acid, respectively; whereas the location of double
bonds is dedued by the sequential MS® on the ion at m/z 429 (1467 — 851 — 565— 429;
Figure S2d and inset), which contained ions at m/z 373 and 277, arising from the CRF processes
involving B-cleavage with y-hydrogen shift, and ions at m/z 331 (allylic cleavage) and 319
(vinylic cleavage), together with ions at 221, 235. These ions clearly locate the double bonds
at C(9) and C(12) [11, 12]. This assignment is further supported by the MSE spectrum of the
ion at m/z 293 (1467 — 851 — 565— 429 — 293) (data not shown), which is identical to the
MS? spectrum of the dilithiated ion of A%1218:2 fatty acid [11]. The combined structural
information indicate that the CL species is a (A%1218:2/A%1218:2)(A%1218:2/A%1218:2)-CL.

Conclusions

We demonstrated LIT MS" method for characterization of CL isolated from several biological
specimens without laborious chromatographic separation and chemical reaction. However,
higher stage tandem mass spectrometry with MS® and MS® are required for advancing the
analysis for locating the double bond(s) or the cyclopropyl group, resulting in significant
decline in sensitivity and thus extended time for signal average is often necessary for confident
assignment. The analogous fragment ions were seen among the MS" (n=2-4) spectra from [M
—2H + 3Li]*, [M — 2H + 3Na]*, or [M — H]™ ions of CL, indicating that the fragmentation
processes under low-energy CAD for all the above adduct ions are similar [10,11]. Nonetheless,
structural information for locating the double bonds or the cyclic group on the fatty acid chain
is absent employing LIT MS" on the sodiated (i.e., [M — 2H + 3Na]* and [M — 2H + Na]") or
[M —H] ions of CL. This lack of information locating the double bond(s) for the sodiated
ions has been previously reported [13], attributable to the fact that metal ions such as Na* and
K* that form adduct precursor ions were lost upon CAD, before CRF processes take place
[13]. The differences in the profiles between the spectra arising from the cyclopropane fatty
acids (Figure 3d and 3e) and those arising from unsaturated fatty acid (Figure 1e and 2e) suggest
that it may be applicable for distinction a double bond from a cyclopropyl group on the fatty
acid substituents using the present approaches..
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Figure 1.

The LIT MS2-spectra of the [M — 2H + 3Li]* ions of (18:1/18:1)(16:0/18:1)-CL at m/z 1449.9
(a) isolated from E. coli., the sequential MS3 spectrum of the ion at m/z 829 (1449 — 829) (b),
MS# spectrum of the ion at m/z 567 (1449 — 829 — 567) (c), its MS® spectrum of the ion at
m/z 431 (1449 — 829 — 567 — 431) (d), MS® spectrum of the ion at m/z 295 (1449 — 829

— 567 — 431 — 295) (e), and the MS?2 spectrum of the ion at m/z 855 (1449 — 855) (f). The
MS" spectra together determine the (A1118:1/A1118:1)(16:0/A1118:1)-CL structure. The ions
marked with “«” (Panel d and e) are feature ions that locate the double bond at C(11).
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Figure 2.

The LIT MS2-spectra of the [M — 2H + 3Li]* ions of (16:0/18:1)(16:0/16:1)-CL at m/z 1395.8
(a) isolated from E. coli., the subsequent MS3 spectrum of the ion at m/z 801 (1395 — 801)
(b), MS? spectrum of the ion at m/z 539 (1395 — 801 — 539) (c), its MS® spectrum of the ion
at m/z 403 (1395 — 801 — 539 — 403) (d), and MS® spectrum of the ion at m/z 267 (1395 —
801 — 539 — 403 — 267) (e). The combined information from the MS" spectra leads to assign
the (16:0/A1118:1)(16:0/A%16:1)-CL structure. The ions marked with “«” (Panel d and e) are
feature ions that locate the double bond on the 16:1-fatty acyl substituent..
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The LIT MS3 spectrum of the ion at m/z 815 (1395 — 815) (a) and the subsequent MS# spectrum
of the ions of m/z 553 (1395 — 815 — 553) (b), MS® spectrum of the ions of m/z 417 (1395

— 815 — 553 — 417) (c), MS8 spectrum of the ion at m/z 281 (1395 — 815 — 553 — 417—
281) (d), and the LIT MS?2 spectrum of the [M — H + 2Li]* ion of 9,10-methyleneoctadecanoic
acid standard at m/z 309 (e). Spectrum (d) contains ions similar to those seen in Panel (e) from

standard, indicating that the ion at m/z 281 may represent a dilithiated 9,10-methylene

hexadecanoic acid ion, rather than a dilithiated 17:1-fatty acid ion. The structural information
from the combined MS" spectra indicate that the ion of m/z 1395 also represents a (16:0/

Prc16:0(9))(16:0/ Pr®16:0(9))-CL. The suggested bond cleavages leading to formation of the
feature ions (marked with “¢” in Panel c, d and e) that locate the propane group are shown in
inset of Panel e.
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Scheme 1.

The proposed fragmentation pathways leading to characterization of CLs. The m/z values as
shown represent the ions observed in the various MS" spectra arising from the [M — 2H +
3Li]* ions of (A1118:1/ A1118:1)(16:0/ A1118:1)-CL at m/z 1449.
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