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We describe features of tandem mass spectra of lithiated adducts of triacylglycerol (TAG)
species obtained by electrospray ionization mass spectrometry (ms) with low-energy collision-
ally activated dissociation (CAD) on a triple stage quadrupole instrument. The spectra
distinguish isomeric triacylglycerol species and permit assignment of the mass of each fatty
acid substituent and positions on the glycerol backbone to which substituents are esterified.
Source CAD-MS2 experiments permit assignment of double bond locations in polyunsaturated
fatty acid substituents. The ESI/MS/MS spectra contain [M 1 Li 2 (RnCO2H)]1, [M 1 Li 2
(RnCO2Li)]1, and RnCO1 ions, among others, that permit assignment of the masses of fatty
acid substituents. Relative abundances of these ions reflect positions on the glycerol backbone
to which substituents are esterified. The tandem spectra also contain ions reflecting combined
elimination of two adjacent fatty acid residues, one of which is eliminated as a free fatty acid
and the other as an a,b-unsaturated fatty acid. Such combined losses always involve the sn-2
substituent, and this feature provides a robust means to identify that substituent. Fragment
ions reflecting combined losses of both sn-1 and sn-3 substituents without loss of the sn-2
substituent are not observed. Schemes are proposed to rationalize formation of major fragment
ions in tandem mass spectra of lithiated TAG that are supported by studies with deuterium-
labeled TAG and by source CAD-MS2 experiments. These schemes involve initial elimination
of a free fatty acid in concert with a hydrogen atom abstracted from the a-methylene group of
an adjacent fatty acid, followed by formation of a cyclic intermediate that decomposes to yield
other characteristic fragment ions. Determination of double bond location in polyunsaturated
fatty acid substituents of TAG is achieved by source CAD experiments in which dilithiated
adducts of fatty acid substituents are produced in the ion source and subjected to CAD in the
collision cell. Product ions are analyzed in the final quadrupole to yield information on double
bond location. (J Am Soc Mass Spectrom 1999, 10, 587–599) © 1999 American Society for
Mass Spectrometry

Triacylglycerols (TAG) are important long-term
fuel storage molecules, and each molecule con-
tains three fatty acid substituents esterified to a

glycerol backbone. An individual TAG molecule may
contain up to three distinct fatty acid substituents, each
of which can have varying chain lengths, degrees of
unsaturation, and locations of double bonds. Although
TAG have long been viewed as passive storage mole-
cules, recent evidence suggests that they must be
present at some minimal levels within certain cells, such
as pancreatic islet beta cells, to support specialized
functions and that accumulation of high levels of TAG

impairs such functions [1–3]. It is not known whether
such effects depend only on TAG amount or are also
influenced by TAG molecular composition. Under some
conditions, accumulation of unusual TAG species, such
as triarachidonin, can be induced [4].

Whether accumulation of unusual TAG species ad-
versely affects beta cell function is an important ques-
tion because insulin secretion by beta cells is impaired
in type II diabetes mellitus, and disturbances of fatty
acid and TAG metabolism precede the insulin secretory
defect in human and rodent type II diabetes [1–3, 5, 6].
Rodent islets also accumulate abnormally large
amounts of TAG as the insulin secretory defect evolves
[1–3]. Existing information on islet TAG derives from
methods involving hydrolysis to glycerol and free fatty
acids [1–3], which cannot determine the structures of
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intact TAG molecules. Because islets are obtainable in
only small quantities, structural determination of islet
complex lipids is difficult, and highly sensitive electro-
spray ionization (ESI) mass spectrometric (MS) meth-
ods have proven valuable in characterizing islet glyc-
erophospholipids and sphingolipids [7, 8]. We have
therefore examined whether ESI/MS/MS is similarly
useful in determining TAG structures to develop meth-
ods applicable to the small quantities of TAG in islets.

Our studies have been influenced by previous mass
spectrometric approaches to TAG characterization in-
volving various ionization methods, including electron
impact [9–11], chemical ionization [9, 12–23], field de-
sorption [24, 25], desorption chemical ionization [26–
28], fast atom bombardment (FAB) [29–31], thermo-
spray [32, 33], electrospray ionization (ESI) [34–37], and
atmospheric pressure chemical ionization [38–44]. Such
techniques can determine TAG molecular weights and,
when combined with collisionally activated dissocia-
tion (CAD) and tandem mass spectrometry, can identify
the mass of each fatty acid substituent, from which their
chain lengths and degrees of unsaturation can be in-
ferred. It is more difficult to determine the positions of
fatty acid substituents on the glycerol backbone and the
locations of double bonds within fatty acid chains.

Complete structural characterization of TAG as so-
diated adducts by FAB/MS/MS using high-energy
CAD on a multisector mass spectrometer has recently
been achieved [35]. The tandem mass spectra generated
from CAD of [M 1 Na]1 ions produced by FAB yielded
sufficient information to determine the mass of each
fatty acid substituent, positions of fatty acid substitu-
ents on the glycerol backbone, and double bond loca-
tions in unsaturated substituents [35]. ESI/MS/MS
analyses of cationized TAG under conditions of high-
energy CAD on a multisector instrument indicated that
sodiated adducts were unsatisfactory because of rapid
diminution in [M 1 Na]1 ion abundance, but [M 1
NH4]1 ions of ammoniated adducts yielded a stable ion
current during continued infusion [35]. High-energy
CAD of TAG [M 1 NH4]1 ions yielded ESI/MS/MS
spectra that identified the fatty acid substituents, in-
cluding the locations of double bonds in unsaturated
substituents, but these spectra did not identify the
position of the fatty acid substituents on the glycerol
backbone [35]. The combination of ESI/MS/MS of TAG
[M 1 NH4]1 ions and FAB/MS/MS of [M 1 Na]1 ions
using high-energy CAD was found be useful in TAG
characterization, with the former offering both better
sensitivity and the potential for combination with liquid
chromatography (LC) separation and the latter offering
more detailed structural information [35].

ESI/MS/MS using low-energy CAD on a tandem
quadrupole instrument has also been used to character-
ize TAG in experiments involving infusion in chloro-
form/methanol solutions containing sodium acetate or
ammonium acetate to yield [M 1 Na]1 or [M 1 NH4]1

ions, respectively [34]. Low-energy CAD tandem mass
spectra of TAG [M 1 Na]1 ions did not contain abun-

dant, structurally informative fragment ions, but CAD
spectra of [M 1 NH4]1 ions contained abundant prod-
uct ions, such as [M 2 (RnCO2NH4)]1, [RnCO 1 74]
and RnCO1, that identified the mass of each fatty acid
substituent [34]. Neither the positions of the fatty acid
substituents on the glycerol backbone nor the locations
of double bonds in unsaturated fatty acid substituents
could be determined from these spectra [34].

We have reported that formation of lithiated adducts
of glycerophosphocholine (GPC) lipids facilitates as-
signments of the identifies and positions of their fatty
acid substituents by ESI/MS/MS using low-energy
CAD on a triple stage quadrupole instrument [45]. We
report here that this approach is also useful in deter-
mining identities and positions of fatty acid substitu-
ents in TAG. Infusion of TAG in solutions containing
lithium acetate yields abundant [M 1 Li]1 ions on
ESI/MS, and the ion current is stable over hours of
infusion. Low-energy CAD tandem spectra of TAG
[M 1 Li]1 ions contain product ions that identify the
mass of each fatty acid substituent, and the relative
abundances of these ions identify the locations of these
substituents on the glycerol backbone. Under condi-
tions of source CAD, dilithiated adducts of fatty acid
substituents are produced from TAG molecules, and
CAD of these ions yields spectra that contain product
ions that identify double bond locations in unsaturated
substituents.

Experimental

Material and Chemicals

Synthetic triacylglycerol standards rac-glyceryl-1,3-di-
palmitate-2-oleate [(16:0/18:1/16:0)-TAG], rac-glyceryl-
2,3-dipalmitate-1-oleate [(18:1/16:0/16:0)-TAG], rac-
glyceryl-1-palmitate-2-oleate-3-stearate [(16:0/18:1/18:0)-
TAG], rac-glyceryl-1-palmitate-2-stearate-3-oleate [(16:0/
18:0/18:1) -TAG], rac -glyceryl -1,3 -distearate -2 -oleate
[(18:0/ 18:1/18:0)-TAG], rac-glyceryl-2,3-distearate-1-
oleate [(18:1/18:0/18:0)-TAG], and tripalmitin [(16:0/
16:0/16:0)-TAG] were purchased from Matreya (Pleas-
ant Gap, PA). The synthetic triacylglycerol standards
triarachidonin [(20:4/20:4/20:4)-TAG] and trilinolein
[(18:2/18:2/18:2)-TAG] were purchased from NuChek
Prep (Elysian, MN). The deuterium-labeled triacylglyc-
erol standards tripalmitin-d31 [(d3116:0/d3116:0/
d3116:0)-TAG] and glyceryl tri(hexadecanoate-2,2-d2)
[(d216:0/d216:0/d216:0)-TAG] were purchased from
C/D/N Isotopes (Quebec, Canada). All solvents and
other chemicals were obtained from Fisher Chemical.

Mass Spectrometry

ESI/MS analyses were performed on a Finnigan TSQ-
7000 triple stage quadrupole mass spectrometer
equipped with an electrospray ion source and con-
trolled by Finnigan ICIS software operated on a DEC
alpha station. Standard triacylglycerols were dissolved
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in chloroform/methanol (1/4) at final concentration of
10 pmol/mL. Lithium acetate was then added to this
solution to achieve a final [Li1] of 2 mM. Samples were
infused (1 mL/min) into the ESI source with a Harvard
syringe pump. The electrospray needle and the skim-
mer were operated at ground potential and the electro-
spray chamber and the entrance of the glass capillary at
4.5 kV. The heated capillary temperature was 250 °C.
Ions of interest were selected in the first quadrupole
and accelerated (collision energy 40–50 eV) into a
collision cell containing argon (2.3 mtorr) to induce
CAD. Product ions were then analyzed in the final
quadrupole. For source CAD experiments, the skimmer
voltage was set at 50–60 V to induce fragmentation
within the ion source. Selected fragment ions were then
isolated in the first quadrupole and accelerated (colli-
sion energy 25–35 eV) into the collision cell containing
argon (2.3 mtorr) to yield second generation fragment
ions, which were then analyzed in the final quadrupole.

Results

Determination of the Identities of Fatty Acid
Substituents in Triacylglycerol Species

When infused into the ion source in solutions contain-
ing 2 mM lithium acetate, TAG species yielded abun-
dant [M 1 Li]1 ions on ESI/MS, and the ion current
was stable over hours of infusion. Upon CAD, [M 1
Li]1 ions yielded abundant fragment ions that reflect
the identities and positions of the fatty acid substituents.
Fragment ions that reflect the mass of each fatty acid
substituent are observed at m/z values corresponding to
[M 1 Li 2 (RnCO2H)]1 and [M 1 Li 2 (RnCO2Li)]1,
where n denotes the glycerol carbon to which the fatty
acid is esterified. For example, the CAD tandem spectra
of lithiated adducts of (16:0/18:0/18:1)-TAG (Figure
1A) and of (16:0/18:1/18:0)-TAG (Figure 1B) contain
ions at m/z 611, 583, and 585, reflecting neutral loss of
palmitic acid (16:0), stearic acid (18:0), or oleic acid
(18:1), respectively, from [M 1 Li]1. Ions at m/z 605,
577, and 579 reflect neutral losses of the lithium salts of
these fatty acids from [M 1 Li]1.

The mass of each fatty acid substituent is also re-
flected by [RnCO2H 1 Li]1, RnCO1, and [RnCO1 2 18]
fragment ions in the tandem spectra of lithiated adducts
of TAG. In Figure 1, [RnCO2H 1 Li]1 ions for the fatty
acid substituents 18:0, 18:1, and 16:0 occur at m/z 291,
289, and 263, respectively. The acylium (RnCO1) ions
derived from 18:0, 18:1, and 16:0 occur at m/z 267, 265,
and 239, respectively, and the corresponding [RnCO1 2
18] ions occur at 249, 247, and 221, respectively.

Determination of the Position of Fatty Acid
Substituents on the Glycerol Backbone of
TAG Species

Fragment ions reflecting neutral loss of the sn-2 fatty
acid substituent either as a free fatty acid or as a lithium

salt were less abundant than the corresponding ions
reflecting such losses of either the sn-1 or the sn-3 fatty
acid substituent. In Figure 1A, for example, the ions at
m/z 585 and 611 reflect neutral losses of the sn-1
substituent 16:0 or the sn-3 substituent 18:1, respec-
tively, as a free fatty acid. Both of those ions are of
similar abundance, and each is about 1.5-fold more
abundant than the ion at m/z 583, which reflects neutral
loss of the sn-2 substituent 18:0 as a free fatty acid.
Similar relationships are observed in comparisons with
the intensities of ions reflecting losses of the fatty acid
substituents as lithium salts. The ion (m/z 577) reflecting
loss of the sn-2 substituent 18:0 as a lithium salt is less
intense than the ions at m/z 605 or 579 reflecting loss of
the sn-1 substituent 16:0 or the sn-3 substituent 18:1,
respectively, as lithium salts (Figure 1A).

Comparison of Figure 1B and Figure 1A, which are
tandem spectra of lithiated adducts of two positionally
isomeric TAG species with identical fatty acid substitu-
ents, illustrates that it is the position of the fatty acid
substituent on the glycerol backbone and not the iden-
tity of the fatty acid that governs the relative abun-
dances of ions that reflect losses of fatty acid substitu-
ents as free fatty acids or as lithium salts. In Figure 1B,
the ions at m/z 611 and 583 reflecting loss of the sn-1 or
sn-3 substituent, respectively, as free fatty acids are of
similar abundance, and each is about 1.5-fold more
abundant than the ion at m/z 585 reflecting loss of the
sn-2 substituent as a free fatty acid. Similar relation-

Figure 1. Tandem mass spectra of lithiated adducts of two
positionally isomeric TAG species that contain three distinct fatty
acid substituents. Panels A and B are tandem spectra of the
lithiated adducts of (16:0/18:0/18:1)-TAG and of (16:0/18:1/18:0)-
TAG, respectively.
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ships are observed when comparing the relative inten-
sities of ions reflecting loss of the fatty acid substituents
as lithium salts at m/z 605 and 577 for the sn-1 and sn-3
substituents, respectively, and at m/z 579 for the sn-2
substituent (Figure 1B).

Two other characteristic ions in the tandem spectra
of lithiated adducts of TAG reflect the combined loss of
either the sn-1 or sn-3 substituent and the loss of the
sn-2 substituent. One of the substituents is eliminated as
a free fatty acid and the other as an a,b-unsaturated
fatty acid. (Grounds for assigning an a,b-position to the
new site of unsaturation in the eliminated fatty acid
substituent are considered in the Discussion section. To
follow arguments developed in the Results section, it is
important to recognize only that the second fatty acid
eliminated has a new site of unsaturation.) The two
resultant ions are of approximately equal abundance
and yield a pair separated in m/z value by the difference
in masses between the sn-1 and sn-3 substituents. In
Figure 1A for (16:0/18:0/18:1)-TAG, this pair occurs at
m/z 329 [M 1 Li 2 (R1CO2H) 2 (R92CHACHCO2H)] and
m/z 303 [M 1 Li 2 (R3CO2H) 2 (R92CHACHCO2H)].
The difference between 329 and 303 is 26, and that is
also the difference in mass between the sn-1 substitu-
ent palmitic acid (MW 256) and the sn-3 substituent
oleic acid (MW 282). Similarly, in Figure 1B for the
positional isomer (16:0/18:1/18:0)-TAG, the corre-
sponding pair of ions occurs at m/z 331 [M 1 Li 2
(R1CO2H) 2 (R92CHACHCO2H)] and m/z 303 [M 1

Li 2 (R3CO2H) 2 (R92CHACHCO2H)]. The difference
between 331 and 303 is 28, and that is also the difference
in mass between the sn-1 substituent palmitic acid (MW
256) and the sn-3 substituent stearic acid (MW 284).
Such ion pairs identify the sn-2 substituent because that
substituent is lost from both members of the pair.

There are no analogous ions of high abundance in
the tandem spectra of lithiated adducts of TAG species
that reflect combined losses of both the sn-1 and sn-3
substituents. For example, in the tandem spectrum for
(16:0/18:1/18:0)-TAG in Figure 1B, an ion reflecting loss
of both the sn-1 and sn-3 substituents as free fatty acids
would exhibit an m/z value of 327, and an ion reflecting
loss of one of those substituents as a free fatty acid and
the other as an a,b-unsaturated fatty acid would exhibit
an m/z value of 329. There are no abundant ions at m/z
327 or 329 in the spectrum in Figure 1B. Ions that reflect
loss of two fatty acid substituents from a lithiated TAG
species have therefore always undergone loss of the
sn-2 substituent, and the presence of a pair of such ions
identifies the sn-2 substituent.

That these distinctive losses involving the sn-2 sub-
stituent can be used to distinguish positional isomers
and to assign the identity of the sn-2 substituent in TAG
species is further illustrated by the tandem spectra for
two additional pairs of positional isomers in Figure 2.
Panels A and B are the tandem spectra of the lithiated
adducts of the positional isomers (18:1/18:0/18:0)-TAG
and (18:0/18:1/18:0)-TAG, respectively. In the former,

Figure 2. Tandem mass spectra of lithiated adducts of two sets of positionally isomeric TAG species
with different sn-2 fatty acid substituents. Panel A is the tandem spectrum of the lithiated adduct of
(18:1/18:0/18:0)-TAG and panel B that of its positional isomer (18:0/18:1/18:0)-TAG. Panel C is the
tandem spectrum of the lithiated adduct of (18:1/16:0/16:0)-TAG and panel D that of its positional
isomer (16:0/18:1/16:0)-TAG.
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the difference in mass between the sn-1 substituent
(oleic acid, MW 282) and the sn-3 substituent (stearic
acid, MW 284) is 2, and a pair of ions that differ in m/z
value by 2 units is observed at m/z 331 and 329 (Figure
2A, see magnified inset). These ions correspond to [M 1
Li 2 (R1CO2H) 2 (R92CHACHCO2H)] and to [M 1
Li 2 (R3CO2H) 2 (R92CHACHCO2H)], respectively. In
contrast, for (18:0/18:1/18:0)-TAG, the sn-1 and sn-3
substituents are identical, and there is no difference in
mass between them. The tandem spectrum of this com-
pound therefore contains a single ion (m/z 331) in the m/z
region where ions reflecting loss of two fatty acid substitu-
ents are represented (Figure 2B). This ion corresponds to
[M 1 Li 2 (RnCO2H) 2 (R92CHACHCO2H)], where n
is either 1 or 3.

The tandem spectra of the lithiated adducts of the
positional isomers (18:1/16:0/16:0)-TAG (Figure 2C)
and (16:0/18:1/16:0)-TAG (Figure 2D) again illustrate
this phenomenon. In the former, the difference in
mass between the sn-1 substituent (oleic acid, MW
282) and the sn-3 substituent (palmitic acid, MW 256)
is 26, and an ion pair separated by 26 m/z units is
observed at m/z 303 and 329. These ions correspond to
[M 1 Li 2 (R1CO2H) 2 (R92CHACHCO2H)] and [M 1
Li 2 (R3CO2H) 2 (R92CHACHCO2H)], respectively. In
contrast, for (16:0/18:1/16:0)-TAG, the sn-1 and sn-3
substituents are identical, and there is no difference in
mass between them. The tandem spectrum of this
compound therefore contains a single ion (m/z 303) in
the m/z region where ions reflecting loss of two fatty
acid substituents are represented. This ion corresponds
to [M 1 Li 2 (RnCO2H) 2 (R92CHACHCO2H)], where
n is either 1 or 3.

The formation of an a,b-unsaturated fatty acid from
the sn-2 substituent in lithiated TAG species under
conditions of low-energy CAD is also reflected by the
presence of [R92CHACHCO2H 1 Li]1 ions in the tan-
dem spectra. Such an ion is present at m/z 287 in the
spectra in Figures 1B and 2B, D and at m/z 261 in the
spectrum in Figure 2C. In the spectra in Figures 1A and
2A, ions with the appropriate m/z value for
[R92CHACHCO2H 1 Li]1 are also present at m/z 289,
but there is also a contribution from [oleic acid 1 Li]1

to the ion current at this m/z value because oleic acid is
the sn-3 or the sn-1 substituent in the lithiated TAG for
which tandem spectra are displayed in Figure 1A or 2A,
respectively.

Scheme 1A, which is discussed in detail in the
Discussion section, proposes a route to the sequential
elimination of an outer (sn-1 or sn-3) fatty acid substitu-
ent followed by elimination of the sn-2 substituent as an
a,b-unsaturated fatty acid. The Scheme proposes that
the members of the ion pair reflecting combined elimi-
nation of two adjacent fatty acid residues from the TAG
[M 1 Li]1 ion represent lithium adducts of allyl esters
of the sn-1 substituent and of the sn-3 substituent,
respectively. This indicates that the masses of the outer
fatty acid substituents can be determined by subtracting
47 from the m/z values of the members of the ion pair

reflecting combined elimination of two adjacent fatty
acid substituents. This Scheme is supported by studies
with deuterium-labeled TAG species and with source
CAD-MS2 experiments that are considered in the im-
mediately following Results sections.

Studies with TAG Species Containing Deuterium-
Labeled Fatty Acids to Identify the Source of
Hydrogen Atoms Eliminated with Fatty Acid
Residues upon CAD of Lithiated Adducts

Figure 3A, B represent tandem spectrum of lithiated
adducts of (16:0/16:0/16:0)-TAG and of (d3116:0/
d3116:0/d3116:0)-TAG, respectively. In the latter com-
pound, all three palmitic acid substituents are perdeu-
terated. The calculated mass of the [M 1 Li]1 ion of
(16:0/16:0/16:0)-TAG 2 Li1 is 813.7, and loss of unla-
beled palmitic acid (MW 256.2) should yield a fragment

Figure 3. Tandem mass spectra of lithiated adducts of tri-
palmitin species that contain unlabeled palmitic acid substituents
or contain palmitic acid substituents labeled with deuterium
atoms in the fatty acid chain. Panel A is the tandem spectrum of
the lithiated adduct of (16:0/16:0/16:0)-TAG, panel B that of
(d3116:0/d3116:0/d3116:0)-TAG, and panel C that of (d216:0/
d216:0/d216:0)-TAG. In panels B and C, positions of deuterium
atoms are specified on structural diagrams. The compound in
panel A contains no deuterium label.
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ion at 557.5, which is quite close to the observed value
at 557.3 (Figure 3A). The members of the ion pair
reflecting loss of a palmitic acid (m/z 557.3) or its lithium
salt (m/z 551.3) from [M 1 Li]1 are also separated in m/z
value by the expected 6 units, reflecting the difference
between the mass of a lithium ion and a proton (Figure
3A). The calculated mass of the lithiated adduct of
(d3116:0/d3116:0/d3116:0)-TAG is 907.3. Loss of per-
deuterated 16:0 as a free fatty acid with a 1H or a 2H
atom on the carboxylic acid moiety should result in a
loss of 284.4 or 285.4, respectively, yielding a fragment
ion at m/z 619.9 or 618.9, respectively. The observed m/z
value (618.8) for this fragment ion in Figure 3B indicates
that the fatty acid has been eliminated with an atom of
2H and not 1H. This is supported by the fact that the
difference in m/z values between members of the ion
pair reflecting elimination of the sn-2 substituent as a
free fatty acid (m/z 618.8) or as a lithium salt (m/z 613.9)
is about 5 units rather than the 6 units expected if the
free fatty acid had been eliminated with a 1H atom
(Figure 3B).

Because there are no 2H atoms bonded to glycerol
carbon atoms in (d3116:0/d3116:0/d3116:0)-TAG, the
2H eliminated with the fatty acid must have been
abstracted from a C–2H bond in another fatty acid
substituent in the TAG molecule. The spectrum in
Figure 3C indicates that this 2H atom is derived from an
a-methylene group of a fatty acid substituent. Figure 3C
is the tandem spectrum of the lithiated adduct of
(d216:0/d216:0/d216:0)-TAG, in which each fatty acid
substituent bears two 2H atoms on its a-methylene
group but is not labeled elsewhere. The m/z value for
the fragment ion reflecting loss of a fatty acid substitu-
ent as a free fatty acid should occur at m/z 561.5 or at m/z
560.5 if the fatty acid is eliminated with a 1H or 2H atom,
respectively. The observed m/z value (560.5) matches
the latter value, indicating that the fatty acid is elimi-
nated with a 2H atom. This is supported by the 5 unit
difference in m/z value between the ions reflecting
elimination of the free fatty acid (m/z 560.5) or its
lithium salt (m/z 555.5) from [M 1 Li]1. This difference
corresponds to that between the mass of 2H and Li
rather than to that between 1H and Li. These observa-
tions indicate that elimination of free fatty acids from
lithiated adducts of TAG species involves abstraction of
a hydrogen atom from the a-methylene group of an-
other fatty acid residue in the molecule.

Source CAD-MS2 Experiments to Examine the
Genesis of Ions Observed in the Tandem Mass
Spectra of Lithiated Adducts of TAG Species
In these experiments, an offset potential of 50–60 V was
applied to the skimmer to induce fragmentation of the
parent ions in the ion source. Fragment ions of interest
were then selected in the first quadrupole and subjected
to CAD in the collision cell to yield second generation
fragment ions. These ions were then analyzed in the
final quadrupole to obtain MS2 spectra.

The sequence of events in the genesis of fragment
ions that reflect combined losses of an outer (sn-1 or
sn-3) fatty acid substituent and of the sn-2 substituent
were first examined with lithiated adducts of the posi-
tional isomers (16:0/18:1/18:0)-TAG (Figure 4) and (16:
0/18:0/18:1)-TAG (Figure 5). In Figure 4, fragment ions
generated in the source that reflected loss from [M 1
Li]1 of the sn-1 (panel A), sn-3 (panel B), or sn-2 (panel
C) substituents as free fatty acids were isolated in the
first quadrupole and subjected to CAD. Figure 4A
illustrates that the most abundant product ion (m/z
331) from the [M 1 Li 2 R1CO2H]1 ion represents
the fragment generated by loss of the sn-2 substituent
as an a,b-unsaturated fatty acid. In addition,
[R92CHACHCO2H 1 Li]1 (m/z 287), [R2CO2H 1 Li]1

(m/z 289), and [R3CO2H 1 Li]1 (m/z 291) ions are ob-
served.

Figure 4. Source CAD-MS2 spectra obtained from first genera-
tion fragment ions arising from loss of fatty substituents from the
lithiated adduct of rac-glyceryl-1-palmitate-2-oleate-3-stearate as
free fatty acids. Each spectrum was obtained under conditions of
source CAD of parent (16:0/18:1/18:0)-TAG. First generation
fragment ions were selected in the first quadrupole and subjected
to CAD in the collision cell to yield second generation fragment
ions, which were analyzed in the final quadrupole to obtain MS2

spectra. Panels A, B, and C represent MS2 spectra obtained from
first generation product ions at m/z 611, 583, and 585, respectively.
These first generation product ions arise from loss of the sn-1, sn-3,
or sn-2 substituents, respectively, as free fatty acids from the
parent [M 1 Li]1 ion.
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Figure 4B indicates that the most abundant product
ion (m/z 303) from the [M 1 Li 2 R3CO2H]1 ion is also
generated by loss of the sn-2 substituent as an a,b-
unsaturated fatty acid. In addition, [R92CHA
CHCO2H 1 Li]1 (m/z 287), [R2CO2H 1 Li]1 (m/z 289),
and [R1CO2H 1 Li]1 (m/z 263) ions are observed. Fig-
ure 4C indicates that the [M 1 Li 2 R2CO2H]1 ion can
undergo loss of either the sn-1 or the sn-3 substituent as
an a,b-unsaturated fatty acid to yield ions of approxi-
mately equal abundance at m/z 331 and 303, respec-
tively. The observations in Figure 4 indicate that ions
reflecting combined losses of an outer (sn-1 or sn-3)
fatty acid substituent and the sn-2 substituent can arise
from initial loss of either an outer position substituent
or the sn-2 substituent as a free fatty acid, followed by
loss at the other adjacent position. The second substitu-
ent eliminated in this sequence is lost as an a,b-
unsaturated fatty acid. Source CAD-MS2 experiments

with the lithiated adduct of the positional isomer (16:
0/18:0/18:1)-TAG yielded similar findings (Figure 5).

The source CAD-MS2 spectra in Figures 4 and 5
indicate that acylium ions of the fatty acid substituents
observed in the tandem spectra of lithiated adducts in
TAG do not arise from [M 1 Li 2 RnCO2H]1 ions
because acylium ions are not observed in these spectra.
The source CAD-MS2 spectra in Figure 6 indicate that
the acylium ions rather arise from [M 1 Li 2
R2CO2Li]1 ions. To obtain these spectra, the lithiated
adduct of (16:0/18:0/18:1)-TAG was subjected to source
CAD, and the fragment ions [M 1 Li 2 R1CO2Li]1

(panel A), [M 1 Li 2 R3CO2Li]1 (panel B), or [M 1
Li 2 R2CO2Li]1 (panel C) were isolated in the first
quadrupole and subjected to CAD in the collision cell to
yield second generation fragment ions. In panels A and
B, either the R3CO1 (m/z 265) or the R1CO1 (m/z 239)
ion, respectively, but not both, are observed, and, in
each case, that ion is substantially more abundant than
the R2CO1 ion (m/z 267). In panel C, both R1CO1 (m/z

Figure 5. Source CAD-MS2 spectra obtained from first genera-
tion fragment ions arising from loss of fatty substituents from the
lithiated adduct of rac-glyceryl-1-palmitate-2-stearate-3-oleate as
free fatty acids. Each spectrum was obtained under conditions of
source CAD of parent (16:0/18:0/18:1)-TAG. First generation
fragment ions were selected in the first quadrupole and subjected
to CAD in the collision cell to yield second generation fragment
ions, which were analyzed in the final quadrupole to obtain MS2

spectra. Panels A, B, and C represent MS2 spectra obtained from
first generation product ions at m/z 611, 585, and 583, respectively.
These first generation product ions arise from loss of the sn-1, sn-3,
or sn-2 substituents, respectively, as free fatty acids from the
parent [M 1 Li]1 ion.

Figure 6. Source CAD-MS2 spectra obtained from first genera-
tion fragment ions arising from loss of fatty substituents from the
lithiated adduct of rac-glyceryl-1-palmitate-2-stearate-3-oleate as
lithium salts. Each spectrum was obtained under conditions of
source CAD of parent (16:0/18:0/18:1)-TAG. First generation
fragment ions were selected in the first quadrupole and subjected
to CAD in the collision cell to yield second generation fragment
ions, which were analyzed in the final quadrupole to obtain MS2

spectra. Panels A, B, and C represent MS2 spectra obtained from
first generation product ions at m/z 605, 579, and 577, respectively.
These first generation product ions arise from loss of the sn-1, sn-3,
or sn-2 substituents, respectively, as lithium salts from the parent
[M 1 Li]1 ion.
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239) and R3CO1 (m/z 265) ions are observed in approx-
imately equal abundance, and the R2CO1 ion (m/z 267)
is absent, as expected. These findings indicate that
acylium ions are preferentially generated from an outer
fatty acid substituent and arise from a precursor ion
generated by prior loss of another fatty acid substituent
as its lithium salt.

Abundant fragment ions in the m/z range from 30 to
200 are also observed in the spectra in Figure 6. These
include a series of alkyl ions at m/z 43, 57, 71, etc., and
unsaturated series (e.g., 95, 109, etc. and 121, 135, etc.).
Similar ion series observed under electron impact con-
ditions are produced from alkyl chains by charge-
driven fragmentation mechanisms [9]. The source CAD-
MS2 spectra in Figure 6 indicate that these ions arise
from decomposition of [M 1 Li 2 (RnCO2Li)]1 ions,
and the source CAD-MS2 spectra in Figures 4 and 5
indicate that such ions are not produced in high abun-
dance from decomposition of [M 1 Li 2 (RnCO2H)]1

ions. Although these ion series do not identify the
locations of double bonds in unsaturated fatty acid
substituents, the profile of ions in the m/z 30–200 range
is virtually identical in Figure 6A, C but somewhat
different in Figure 6B. The ions subjected to CAD in
Figure 6A, C contain both saturated and unsaturated
fatty acid substituents, whereas the ion subjected to
CAD in Figure 6B contains only saturated fatty acid
substituents.

Tandem Mass Spectra of Lithiated Adducts of
TAG Species Containing Polyunsaturated Fatty
Acid Substituents

The tandem spectra described above were obtained
from lithiated adducts of TAG species containing only
saturated or monounsaturated fatty acid substituents.
We were unable to identify a source of standard TAG
species that contain both a polyunsaturated fatty acid
substituent and more than one distinct fatty acid species
esterified to the same glycerol molecule. Commercially
available trilinolein [(18:2/18:2/18:2)-TAG] and tri-
arachidonin [(20:4/20:4/20:4)-TAG] were, however, an-
alyzed by ESI/MS/MS as lithiated adducts under con-
ditions of low-energy CAD, as illustrated in Figure 7.

The features of tandem spectra of lithiated adducts of
(18:2/18:2/18:2)-TAG (Figure 7A) and of (20:4/20:4/
20:4)-TAG (Figure 7B) were in general similar to those
described above for TAG species that contained only
saturated or monounsaturated fatty acid substituents.
The spectra in both Figure 7A, B contain [M
1 Li 2 (RnCO2H)]1 and [M 1 Li 2 (RnCO2Li)]1 ions
(at m/z 605 and 599 and at m/z 653 and 647, respec-
tively), and both contain [M 1 Li 2 (RnCO2Li) 2
(R9n61CHACHCO2H)]1 ions (at m/z 327 and at m/z 351,
respectively). Both spectra also contain [RCO2H 1 Li]1

ions (at m/z 287 and m/z 311, respectively). In Figure 7A,
there is a prominent RCO1 ion (at m/z 263), and in
Figure 7B there is an [RCO 2 H2O]1 ion (at m/z 269).

One fairly prominent ion observed in Figure 7B that is
not observed at comparable abundance in Figure 7A or
spectra described earlier is that at m/z 361 representing
loss of a substituted ketene from the [M 1 Li 2
(RnCO2Li)]1 ion.

One difference between the tandem spectra of lithi-
ated adducts of TAG species containing only saturated
or monounsaturated fatty acid substituents compared
to those of TAG species containing polyunsaturated
fatty acid substituents is the ratio of ions reflecting loss
of the free fatty acid or loss of its lithium salt from [M 1
Li]1. This ratio is greater for polyunsaturated fatty acid
substituents than for saturated or monounsaturated
fatty acid substituents at a given collision energy. At a
collision energy of 45 eV, the ratio of [M 1 Li 2
(RnCO2H)]1/[M 1 Li 2 (RnCO2Li)]1 is about 1.4 for
saturated or monounsaturated fatty acids (Figure 1),
about 2.3 for 18:2 (Figure 7A), and about 10 for 20:4

Figure 7. Tandem mass spectra of lithiated adducts of TAG
species containing polyunsaturated fatty acid substituents and an
MS2 spectrum obtained after source CAD of triarachidonin that
demonstrates double bond location in a polyunsaturated fatty acid
substituent in the parent TAG molecule. Panel A is the tandem
spectrum of the lithiated adduct of trilinolein [(18:2/18:2/18:2)-
TAG] and panel B that of triarachidonin [(20:4/20:4/20:4)-TAG].
Panel C is an MS2 spectrum obtained after subjecting (20:4/20:4/
20:4)-TAG to source CAD, isolating the first generation fragment
ion at m/z 317 in the first quadrupole, subjecting that ion to CAD
in the collision cell, and analyzing second generation fragment
ions in the final quadrupole.
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(Figure 7B). The collision energy also influences the
[M 1 Li 2 (RnCO2H)]1/[M 1 Li 2 (RnCO2Li)]1 ratio.
For saturated and monounsaturated fatty acid substitu-
ents, this ratio is about 1.4 at a collision energy of 45 eV
and about 20 at a collision energy of 60 eV (not shown).

Determination of the Locations of Double Bonds in
Polyunsaturated Fatty Acid Substituents of TAG
by Source CAD-MS2 Experiments

An interesting feature of source CAD experiments with
lithiated adducts of TAG species is that [RnCO2Li2]1

ions are generated when TAG molecules are infused
into the ion source in solutions containing 2 mM lithium
acetate. Such ions are not observed when a low offset
potential is applied to the skimmer but become readily
apparent at skimmer potentials between 50 and 60 V.
This indicates that the [RnCO2Li2]1 ions arise from fatty
acid substituents esterified within TAG molecules and
not from contaminating free fatty acids. The generation
of [RnCO2Li2]1 ions from TAG species under source
CAD conditions creates the opportunity to isolate these
ions in the first quadrupole, subject them to CAD in the
collision cell, and to analyze the product ions in the
final quadrupole in order to examine the double bond
location in unsaturated fatty acid substituents. Such an
experiment is illustrated in Figure 7C for (20:4/20:4/
20:4)-TAG. An ion at m/z 317 representing dilithiated
20:4 generated in the ion source was subjected to CAD,
and the resultant MS2 spectrum is displayed in Figure
7C. This spectrum identifies the fatty acid substituent as
arachidonic acid by comparison to the tandem spec-
trum for standard arachidonic acid analyzed by ESI/
MS/MS as its dilithiated adduct in the companion
manuscript [46]. Similar source CAD-MS2 experiments
with (18:2/18:2/18:2)-TAG yielded a tandem spectrum
of the dilithiated adduct of 18:2 that demonstrated that
(9,12)-18:2 (linoleic acid) is the fatty acid substituent in
this TAG species (not shown). Under source CAD
conditions, [RCO2HLi]1 ions are also generated from
triacylglycerol species, but tandem spectra of these
monolithiated ions are not informative with respect to
double bond location.

Discussion

Proposed Pathways for the Genesis of the Major
Fragment Ions Observed in the Tandem Mass
Spectra of Lithiated Adducts of Triacylglycerol
Species

Scheme 1 proposes routes for sequential elimination of
an outer (sn-1 or sn-3) fatty acid substituent and of the
sn-2 substituent from lithiated adducts of TAG that are
supported by studies with deuterium-labeled TAG spe-
cies and with source CAD-MS2 experiments described
above. In the proposed routes, the first substituent is
eliminated as a free fatty acid and the second as an

a,b-unsaturated fatty acid. Scheme 1A rationalizes a
sequence in which an outer (sn-1 or sn-3) substituent is
first eliminated as a free fatty acid and the sn-2 sub-
stituent is next eliminated as an a,b-unsaturated fatty
acid. Scheme 1B rationalizes an alternate sequence
involving initial loss of the sn-2 substituent as a free
fatty acid followed by loss of an outer substituent as an
a,b-unsaturated fatty acid.

Studies described above with deuterium-labeled
TAG indicate that the hydrogen atom on the carboxylic
acid moiety in a substituent eliminated as free fatty acid
derives from the a-methylene group of an adjacent fatty
acid substituent rather than from a hydrogen atom
bonded to a glycerol carbon atom. When the first fatty
acid substituent is eliminated from an outer (sn-1 or
sn-3) position, Scheme 1A proposes that a five-mem-
bered cyclic intermediate structure then forms as a
consequence of this hydrogen abstraction. The mem-
bers of this cyclic intermediate include the sn-2 carbon
of the glycerol backbone, the outer (sn-1 or sn-3) carbon
of the glycerol backbone to which the expelled fatty acid
had been esterified, carbon atom 1 in the fatty acid side
chain of the sn-2 substituent, and both oxygen atoms
bonded to that carbon atom. This intermediate structure
then decomposes to eliminate the sn-2 substituent as a
neutral a,b-unsaturated fatty acid, and the charge is
retained by the remaining fragment, which is the lithi-
ated adduct of the allyl ester of the remaining outer
fatty acid substituent. Alternatively, the a,b-unsatur-
ated fatty acid may be expelled as a lithium complex
from the cyclic-five membered intermediate structure
(Scheme 1A).

As indicated in Scheme 1B, a similar mechanism can
be used to rationalize initial elimination of the sn-2
substituent as a free fatty acid, followed by elimination
of either the sn-1 or the sn-3 substituent as an a,b-
unsaturated fatty acid. As indicated in both Scheme 1A,
B, acylium ions are proposed to arise from other routes,
which involve initial elimination of the lithium salt of a
fatty acid substituent from [M 1 Li]1. The acylium ion
is then liberated from [M 1 Li 2 (RnCO2Li)]1 ions by a
mechanism which favors formation of acylium ions
from the sn-1 or sn-3 substituents over the sn-2 sub-
stituent. These schemes propose plausible structures for
intermediates in the genesis of major fragment ions
observed in tandem mass spectra of lithiated adducts of
TAG species and are consistent with features of tandem
spectra of lithiated adducts of TAG species containing
deuterium-labeled fatty acid substituents and with in-
formation provided about the sequence of fragment ion
formation obtained from source CAD-MS2 experiments.
Among the features of these schemes that are consistent
with the tandem mass spectra are that, when two fatty
acid substituents are eliminated from the lithiated ad-
duct of a TAG species, they are always adjacent sub-
stituents and therefore always include the sn-2 substitu-
ent. Fragment ions reflecting combined loss of the sn-1
and sn-3 substituent but not of the sn-2 substituent are
not observed in any spectrum in which all combinations
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of losses of two substituents can be distinguished by
m/z values of product ions.

Identification of the sn-2 Substituent in
Triacylglycerol Species from the Relative
Abundances of Fragment Ions in the Tandem
Mass Spectra of Lithiated Adducts

Several features of tandem mass spectra of lithiated ad-
ducts of TAG permit assignment of the sn-2 substituent.
These include the facts that [M 1 Li 2 (RnCO2H)]1 ions
are of approximately equal abundance for n 5 1 and n 5
3 but are less abundant for n 5 2. The same relationships
are observed with [M 1 Li 2 (RnCO2Li)]1 ions and with
the RnCO1 acylium ions. Another, and perhaps the most
robust feature of these spectra that identifies the sn-2
substituent, is the presence of a pair of ions that reflect
combined loss of the sn-2 substituent and of an adjacent
substituent, with the first substituent eliminated as a
free fatty acid and the second as an a,b-unsaturated
fatty acid.

One member of this pair of ions reflects combined
loss of the sn-1 and sn-2 substituents from [M 1 Li]1,

and the other member reflects combined loss of the sn-2
and sn-3 substituents. This ion pair is separated in m/z
value by the difference in masses between the sn-1 and
sn-3 substituents in the TAG species. Because the mem-
bers of this pair represent lithium adducts of the allyl
esters of the two outer fatty acid substituents, the
molecular weights of the fatty acids corresponding to
the outer substituents can be computed by subtracting
47 from the m/z values of the members of the ion pair.
The value 47 represents the difference in mass between
a hydrogen atom and the sum of the masses of a
(–CH2CHACH2) moiety and a lithium ion. This means
of distinguishing the outer fatty acid substituents from
the sn-2 substituent is less likely to be confounded by
effects of polyunsaturation than is comparison of the
relative abundances of [M 1 Li 2 (RnCO2H)]1, [M 1
Li 2 (RnCO2Li)]1, or RnCO1 ions for various values of n.

Identification of the sn-2 substituent provides a key
feature of TAG structure. Because the sn-2 carbon on
the glycerol backbone is the only asymmetric center in
a TAG molecule, determination of the sn-2 substituent
specifies the positions of the fatty acid substituents as
completely as is possible by mass spectrometric meth-

Scheme 1. Proposed pathways in the genesis of the major fragment ions observed in the tandem
mass spectra of lithiated adducts of triacylglycerol species. A rationalizes formation of fragment ions
arising from initial elimination of the sn-1 or sn-3 fatty acid substituent in triacylglycerol species as a
free fatty acid (upper portion of scheme) or as a lithium salt (lower portion of scheme). B rationalizes
formation of fragment ions arising from initial elimination of the sn-2 fatty acid substituent as a free
fatty acid (upper portion of scheme) or as a lithium salt (lower portion of scheme). In A, the structure
of the allyl ester of the sn-1 substituent is drawn that results from sequential elimination of the sn-3
fatty acid substituent as a free fatty acid (step a2) and then of the sn-2 substituent (step a02) as an
a,b-unsaturated fatty acid. Analogous allyl esters formed in B are designated [MLi1 2 R2CO2H 2
R0nCHACHCO2H], where n 5 1 or n 5 3, but the structures of these esters are not drawn in B.
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ods. TAG molecules that differ only with respect to the
placement of the sn-1 and sn-3 substituents, such as
(A/B/C)-TAG vs. (C/B/A)-TAG, where A, B, and C are
distinct fatty acid residues, are enantiomers and cannot
be distinguished by mass spectrometric methods alone.
Such distinction would require the involvement of a
second chiral center at some point in the analysis, such
as using a chiral-phase separation technique before
introduction of the analytes into the mass spectrometer.

Preferential Elimination of Polyunsaturated Fatty
Acid Substituents as Free Fatty Acids from
Lithiated Adducts of Triacylglycerols
Fragment ions reflecting elimination of saturated or
monounsaturated fatty acid substituents from lithiated
adducts of TAG species as free fatty acids or as lithium
salts occur with comparable abundance in the tandem
spectra. In contrast, polyunsaturated fatty acids, such as
linoleic acid and arachidonic acid, are preferentially elim-
inated as free fatty acids rather than as lithium salts, and
the magnitude of this preference appears to increase with
the degree of unsaturation. Effects of fatty acid unsatura-
tion are also observed in elimination of the phosphocho-

line head group from lithiated adducts of GPC lipids in
ESI/MS/MS under low-energy CAD conditions [37].
Lithium adducts of GPC species containing only saturated
or monounsaturated fatty acids preferentially eliminate
phosphocholine as a lithium salt, but GPC species contain-
ing polyunsaturated fatty acids preferentially eliminate
phosphocholine as a protonated species [37]. We do not
yet understand the basis for these phenomena, but they
may reflect some interaction of lithium ions with polyun-
saturated moieties under low-energy CAD conditions.

Determination of Double Bond Location in
Polyunsaturated Fatty Acid Substituents in TAG
Species by Source CAD-MS2 Experiments

Generation of [RCO2Li2]1 ions from TAG species under
source CAD conditions was unexpected, but it provides
the opportunity to determine double bond location in
unsaturated fatty acid substituents using approaches
described in the companion manuscript [46]. The gen-
esis of these [RCO2Li2]1 ions has not been characterized
beyond the demonstration that these ions are CAD
products and do not arise from contaminating free fatty
acids. This is reflected by the fact that such ions are not
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observed if a low offset potential is applied to the
skimmer and that their production requires offset po-
tentials in the range of 50–60 V. Production of these
ions under source CAD conditions may involve initial
elimination of RnCO2H or RnCO2Li as a neutral species
from the TAG 2 Li1 adduct and subsequent complex-
ation of Li1 with the neutral. As described in this paper,
elimination of both of these neutral species is observed
in the tandem spectra of TAG 2 Li1 adducts, and, as
described in the companion manuscript [46], formation
of [RnCO2Li2]1 ions is observed upon ESI/MS analyses
of free fatty acids infused into the ion source in solu-
tions containing lithium acetate.

Although the precise mechanism for production of
[RCO2Li2]1 ions from TAG under source CAD condi-
tions has not been elucidated, the generation of these
ions has permitted us to assign double bond location in
arachidonic acid and linoleic acid esterified to TAG mol-
ecules using features of the spectra discussed in the
companion manuscript [46]. The ESI/MS/MS methods
described here thus offer the opportunity to determine the
identity of each fatty acid substituent in a TAG molecule,
to determine the positions of the carbon atoms in the
glycerol backbone to which the fatty acid substituents are
esterified, and to determine the location of double bonds
within polyunsaturated fatty acid substituents.

Differences in Fragmentation Patterns Between
Lithiated and Sodiated Adducts of TAG upon
Low-Energy CAD

Although TAG 2 Li1 adducts undergo informative
fragmentation upon low-energy CAD, TAG 2 Na1 ad-
ducts do so less readily and yield a more limited array
of informative fragment ions [34]. Similarly, Li1 ad-
ducts of GPC lipids yield much more informative
tandem mass spectra upon low-energy CAD [45] than
do Na1 adducts [47]. The Na1 ion is observed in
low-energy CAD tandem spectra of TAG 2 Na1 ad-
ducts [34], but the Li1 ion is not observed in tandem
spectra of TAG 2 Li1 adducts even at high collision
energies (not shown). Less internal energy must be
required to release Na1 from a complex with TAG than
is required to release Li1, and this is also the case for
complexes of fatty alcohols with these ions [48]. Differ-
ent affinities of Na1 and Li1 for various lipid species
may account for different low-energy CAD fragmenta-
tion patterns of lipids complexed with these ions.

Applications of TAG Structural Characterization
by ESI/MS/MS

We find that the small quantities of TAG species from
islets isolated from Zucker Diabetic Fatty (ZDF) rats
[1–3] are readily characterized using methods described
here, and we are determining whether changes in islet
TAG composition accompany evolution of the insulin
secretory defect in these animals.
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