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Triacylglycerols (TAGs) isolated from a biological sample provide a challenge for mass
spectrometric analysis because of the complexity of naturally occurring TAGs, which may
contain different fatty acyl substituents resulting in a large number of molecular species
having the identical elemental composition. We have investigated the use of mass spectrom-
etry to obtain unambiguous information as to the individual TAG molecular species present in
a complex mixture of triacylglycerols using a linear ion trap mass spectrometer. Ammonium
adducts of TAGs, [M + NH,]", were generated by electrospray ionization, which permitted
the molecular weight of each TAG molecular species to be determined. The mechanisms
involved in the decomposition of the [M + NH,]" and subsequent fragment ions were
investigated using deuterium labeling, MS/MS, and MS? experiments. Collision induced
decomposition of [M + NH,]" ions resulted in the neutral loss of NH; and an acyl side-chain
(as a carboxylic acid) to generate a diacyl product ion. MS/MS data were used to identify each
acyl group present for a given [M + NH,] " ion, and this information could be combined with
molecular weight data to identify possible TAG molecular species present in a biological
extract. Subsequent MS® experiments on the resultant diacyl product ions, which gave rise to
acylium (RCO™) and related ions, enabled unambiguous TAG molecular assignments. These
strategies of MS, MS/MS, and MS’ experiments were applied to identify components within

a complex mixture of neutral lipids extracted from RAW 264.7 cells.
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substances in that they are made up of free fatty

acids esterified to the 3-carbinol oxygen atoms of
glycerol. In spite of their being glycerol triesters, these
fat molecules are at the center of some of the most
complex biochemical systems that drive energy produc-
tion and storage in an organism [1]. Since these mole-
cules are essentially water insoluble, a transport mech-
anism is required for their movement in the blood and
distribution to distal cells. This is accomplished by the
family of lipoproteins such as chylomicrons, very low
density lipoproteins (VLDL), and to some extent, low
density lipoproteins (LDL) [2, 3]. These soluble com-
plexes of various physical sizes deliver TAGs to virtu-
ally every cell in the body. At the cellular site, hormone
sensitive lipase rapidly degrade TAGs to free fatty acids
and glycerol either for energy production, biochemical
intermediate metabolism, or reconversion to TAGs for
storage [4]. Evidence has been accumulating that the
extraordinary rise in Type II diabetes, in particular with

Triacylglycerols (TAGs) are relatively simple lipid
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individuals below the age of 30, is directly or indirectly
related to elevation of TAGs in the diet [5, 6].
Triacylglycerols are present in all cells in various
amounts with the adipocyte being the cell with the
largest quantity, since it is a specialized cell for the
storage of this type of lipid [7]. Also, there is evidence
that cells can transport TAGs from intracellular lipid
bodies to the cell membrane by means of an intracellu-
lar organelle called the adiposome [8]. TAGs exist as
unique molecular species of lipids within cells, and the
analysis of these lipids present considerable challenge
to the analytical biochemist. Much of our present un-
derstanding of the role of TAGs comes from measure-
ment of either the total quantity of TAG present in cells
or fatty acids that can be released from TAGs after
isolation and saponification, rather than knowledge of
TAG molecular species. GC/MS and electron ionization
was employed to assess the complexity of naturally
occurring TAG molecular species as early as the 1970s,
exemplified by the work of Hites and coworkers [9-11].
However, the volatility of some TAGs, especially those
containing polyunsaturated fatty acyl groups, require
very high temperatures (>300 °C) to elute from a gas
chromatograph, which can lead to decomposition in the
well known ester pyrolysis reaction. More recently,
electrospray ionization and atmospheric pressure ion-
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ization have been employed to analyze TAGs at the
molecular species level using considerably gentler con-
ditions°®[12-15].°Notable°advances°were®made°by°Han
and°Gross®[16]°and°Hsu®and°Turk°®[17]°using°lithium
adducts of TAGs with collisional activation of the [M +
Li]" ions to yield diacyl product ions that revealed
specific information about acyl groups esterified to
individual TAG molecular species. Also, Byrdwell and
Neff employed MS’ to study the composition of syn-
thetic®°TAG®species®[18].°Cheng,°Gross,’and °Pittenauer
used high-energy collisions of ammonium and sodium
adducts of TAGs to elucidate acyl position on the
glycerol backbone and double-bond location of unsat-
urated®acyl°moieties®[19]°of°pure°TAG°molecular’spe-
cies.

The potential complexity of TAG molecular species
derived from biological sources can be illustrated by
calculating the theoretical number of unique species
that can be derived from the common, naturally occur-
ring fatty acyl groups found in cells originating from
decanoic acid (C,) to dodecanoic acids (C,,) including
odd chain fatty acids and common unsaturated fatty
acids such as oleic, linoleic, arachidonic, and docosa-
hexaenoic acid. Such a list would include 30 different
fatty acids, but would result in more than 25,000 differ-
ent molecular species. While many of these are posi-
tional isomers (esterification of the same fatty acids but
at different glycerol carbon atoms at sn-1, sn-2, and
sn-3), the total number of unique species (differing by
different fatty acyl substituents) is still enormous. For
example, there are 129 species that could result in a [M
+ NH,]" adduct ion at m/z 878.8 ( +0.1) and 43 of those
have unique esterified fatty acids at this single mass-to-
charge ratio.

We describe here a strategy using MS® to analyze
TAGs from a complex mixture as the NH," adduct ions
using electrospray ionization. This method was used to
unambiguously identify the unique molecular species
at the level of individual esterified fatty acyl groups
present within the RAW 264.7 cells.

Materials and Methods
Materials

Triacylglycerol standards glyceryl 1,2-dipalmitate-3-
stearate (16:0/16:0/18:0) and glyceryl 1,2-dipalmitate-3-
oleate (16:0/16:0/18:1) were obtained from Avanti Po-
lar Lipids (Alabaster, AL). Labeled triacylglycerols
glyceryl-1,1,2,3,3-D5 trihexadecanoate, 98% (Ds-tri-
palmitin) and glyceryl tri(hexadecanoate-2,2-D,), 98%
(Dg-tripalmitin) were purchased from C/N/D isotopes
(Pointe-Claire, Quebec, Canada). Glyceryl trioleate (18:
1/18:1/18:1), ammonium-D, acetate-D;, 98%, metha-
nol-OD, 99.5% and deuterium oxide (D,0), 99.9% were
purchased from Aldrich (Milwaukee, WI). All solvents
were HPLC-grade and obtained from Fisher Scientific
(Fair Lawn, NJ). Discovery DSC-NH, amino propyl
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solid-phase extraction columns (3 mL tube, 500 mg)
were purchased from Supelco (Bellefonte, PA).

Cells

The cells used in this study were the RAW 264.7
macrophage-like cell line derived from tumors induced
in male BALB/c mice by the Abelson murine leukemia
virus. The RAW 264.7 cells were obtained from ATCC
laboratories (cat. no. TIB-71; lot no. 3002360) for use by
the LIPID MAPS consortium. In brief, the cells were
grown in an incubator with a 5% CO,, humidified
atmosphere maintained at 37 °C. Cells were allowed to
grow until 80% confluent (2 to 3 days) at which time
they were passed and/or harvested. Passage involved
dispensing 5 X 10° cells into a new 150 cm® flask with
fresh medium.

Extraction and Isolation of Neutral Lipids

Lipids were extracted from the RAW 264.7 cells using
theBligh-Dyer°method 20].°TAGs werethen®eparated
from the lipid extract as part of the neutral lipid fraction
by°a°solid-phase® extraction®method®[21].° Briefly,® the
lipid extract from 1 X 10° cells was added to an amino
propyl column (Supelco DSC-NH,, 3 mL tube, 500 mg)
previously equilibrated with hexane (9 mL) before
loading the lipid extract dissolved in chloroform (200
uL). A mixture of chloroform:isopropanol (2:1, 6 mL)
was then used to elute the neutral lipids. The neutral
lipid fraction was then dried under nitrogen and redis-
solved in CHCI; (1 mL) and stored at —20 °C.

Preparation of Samples for Mass Spectrometric
Analysis

An aliquot (100 uL) of the neutral lipid fraction was
diluted in 900 pl chloroform:methanol (1:1, vol/vol)
and 20 puL aqueous NH,OAc (0.1 M) was then added,
resulting in a final ammonium ion concentration of 5
mM. TAG standard ESI mixtures were prepared in an
identical solvent system at a concentration of 10 ng/uL.
ESI mixtures for experiments involving active hydrogen
atom exchange of the ammonium ion were prepared
using aqueous ammonium-D, acetate-D; (98%, 0.1 M in
D,0, 99.9%) and methanol-OD, 99.5%.

Electrospray lonization Mass Spectrometry
(ESI/MS)

ESI mass spectrometry was carried out using a Thermo-
Finnigan LTQ linear ion trap mass spectrometer (San
Jose, CA) equipped with an electrospray ionization
source. The sample was introduced into the ESI source
directly, via a drawn microcapillary, at a rate of 1.0
wul/min. The mass spectrometer was operated in posi-
tive ESI mode and the signal tuned for the transmission
and detection of TAG ammonium adduct ions. Typical
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Table 1. MS/MS data of the [M+NH,]" ions from various labeled TAGs and corresponding observed mass-to-charge ratio of the

diacyl product ion

Molecular adduct

Diacyl product ion Neutral loss

TAG lon (m/z) (m/z) (amu)’
[16:0/16:0/16:0INH,* 824 551 273
[De-16:0/16:0/16:0INH, 830 555 275
[Dg-16:0/16:0/16:0INH,, * 829 556 273
[16:0/16:0/16:0IND,* 828 551 277
[16:0/16:0/18:0]NH, " 852 579, 551 273, 301
[16:0/16:0/18:0IND,* 856 579, 551 277, 305
[16:0/16:0/18:1INH,* 850 577, 551 271, 299
[16:0/16:0/18:1IND,* 854 577,578, 551 277, 276, 303
[18:1/18:1/18:1INH,* 902 603 299
[18:1/18:1/18:1IND,* 906 603, 604 303, 302

Calculated mass loss of the molecular adduct, corresponding to the loss of NH; and a carboxylic acid, to produce the observed diacyl product ion

in the MS/MS spectrum.

experimental conditions were as follows; source volt-
age, 240 kV; capillary temperature, 250 °C; capillary
voltage, 29.0 V; ion isolation window, 1.5 u; maximum
ion inject time, 100 ms; collision energy (MS?), 30% and
collision energy (MS?), 25%. ESI/MS spectra were av-
eraged over 50 scans, while MS/MS and MS® scans
were collected for 0.5 min and spectra averaged over
~100 scans.

A mass shift of the precursor TAG molecular adduct
was observed during MS/MS scans, such that centering
on the mass of interest gave substantial isotopic inter-
ference. This was investigated further by stepping over
the mass range m/z 822-826 in 0.2 u increments and
recording the MS/MS spectrum at each m/z value. The
most intense MS/MS spectra over this range were
found to correspond to the TAGs ['*C]48:2, 48:1, [**C]48:
1, and 48:0 at m/z 822.7, 823.5, 824.5, and 825.7, respec-
tively, equating to an average mass shift of 0.9 u. This
mass shift was also observed using TAG standards,
16:0/16:0/18:0 (m/z 850) and 16:0/16:0/18:1 (m/z 852),
both combined and separately. We therefore corrected
for this phenomenon in all our MS" experiments using
the empirical mass shift of 0.9 u.

Results
MS/MS of Labeled TAGs

The collision induced decomposition (CID) of TAG
ammonium adduct ions [M + NH,]" resulted in the
characteristic loss of the elements of RCOOH and NH;,
as%Ppreviously“described118,°19],°anda%mallbutreal M
+ H]" corresponding to the loss of NH;. While we
typically observed relative ion abundances from 1 to
5%, other investigators using the 3-D ion trap have
observed® abundances® up® to°20%°[18].° A° number® of
structures for the resultant diacyl product ion have been
suggested[15,°19],°but°no’extensive°mechanistic’study
has been reported for this abundant ion. Therefore, a
series of experiments with deuterium labeled TAGs
were conducted to determine the mechanism of diacyl
product ion formation in the MS/MS spectra of ammo-

niatedadducts°(Table®1).°Asimilar°study°of°deuterium
labeled lithiated TAGs revealed that an analogous car-
boxylic acid loss resulted from a complicated mecha-
nism involving the abstraction of an a-methylene pro-
ton°from°the®acyl°side-chain®[17].

Collision induced decomposition of the [M + NH,]*
ion of (unlabeled) tripalmitin (m/z 824) resulted in a
diacyl®production‘atm/z 5519Figure°la).’This®observed
loss of 273 u corresponded to the combined loss of
CH,(CH,),4,COOH and NH;. CID of the [M + NH,]"
ion of Dg-tripalmitin (m/z 830), where all six a-methyl-
ene hydrogen atoms are replaced with deuterium at-
oms, underwent a neutral loss of 275 u corresponding to
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Figure 1. MS/MS spectra of (a) m/z 824 [M + NH,]" from a
mixture of tripalmitin (10 ng/uL) in CHCl;:MeOH (1:1) with 5
mM NH,OAc, and (b) m/z 828 [M + ND,]" from a mixture of
tripalmitin (10 ng/pL) in CHCl;:MeOD (1:1) with 5 mM ND,OAc,
obtained on a LTQ mass spectrometer.
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Table 2. MS?® data from unlabeled and labeled tripalmitin ammonium adducts'

TAG ion MS/MS fragment ion (m/z) RCO* (m/2) [RCO + 74]* (m/2)
[16:0/16:0/16:0]NH,* 551 239 313
[Dg-16:0/16:0/16:0INH,, * 556 (+5) 239 318 (+5)
[Dg-16:0/16:0/16:0INH,, * 555 (+4) 241 (+2) 316 (+3)

T0bserved mass shift of ions from labeled tripalmitin compared to the unlabeled tripalmitin is indicated in parenthesis.

the combined loss of CH4(CH,),;CD,COOH and NH,,
indicating that an a-methylene hydrogen atom was not
involved in the carboxylic acid loss. It was possible that
this process involved a hydrogen atom on the glycerol
backbone which might be abstracted by a carboxyl
oxygen via a six-membered cyclic intermediate. If the
process was active in the decomposition of tripalmitin,
the neutral loss from the [M + NH,]" ion of Ds-
tripalmitin (m/z 829), where all five hydrogen atoms on
the glycerol backbone are replace with deuterium at-
oms, would be mass shifted to 274 u to reflect the
combined loss of CH;(CH,),,COOD and NH;. How-
ever, the observed neutral loss of 273 u corresponded to
the loss of CH;(CH,);,COOH and NHj, indicating that
the glycerol hydrogen atoms were not involved the acyl
side-chain loss. At this stage, the only remaining hydro-
gen atoms likely to be involved in the acyl side-chain
loss from ammoniated TAGs originated from the am-
monium ion itself. Labeling of the ammonium hydro-
gen atoms was therefore carried out through active
hydrogen atom exchange conditions and the [M +
ND,]" ion of (unlabeled) tripalmitin (m/z 828) was
observed‘to®undergo‘a‘neutral?ossof277°u%Figure®lb),
consistent with the combined loss of CH;(CH,),,COOD
and NDj; to form the product ion at m/z 551. The ion
observed‘atm/z 5529Figure°lb)°was°duetothe‘presence
of the *C isotope from the [M + ND;H]* ion present at
m/z 828.8 from incomplete H-D exchange. Correcting
for°contribution®to°the®ion°observed at®m/z 551°(Figure
1b)°attributable®to’the®**C-[M°+°ND,;H]* ion indicates
that greater than 85% of the total ion abundance of m/z
551 was indeed due to loss of CH;(CH,);,COOD and
ND; from the [M + ND4]" ion. This result strongly
supported an ammonium ion origin for the carboxylate
proton in the palmitic acid, which was lost in the
decomposition of ammoniated tripalmitin.

To further investigate the mechanism involved in the
decomposition of [M + NH,]* derived from TAGs,
additional ND, " labeled studies were carried out using
TAG standards 16:0/16:0/18:0, 16:0/16:0/18:1, 18:1/18:
1/18:1°(Table°1).°In°each°case,’neutral®losses’from°the
labeled ND," adducts were mass shifted by 4 u in
comparison with the unlabeled NH,* adducts, consis-
tent with the involvement of the ammonium hydrogen
atoms. For example, the neutral loss of the acyl side-
chain 18:1 plus ammonia from the ND,* adduct of
16:0/16:0/18:1 (m/z 854), which resulted in a diacyl
product ion without acyl double bonds (m/z 551), was
found to mass shift from 299 to 303 u. However, the
neutral acyl losses which formed the unsaturated diacyl

product ions, 16:0/18:1 (m/z 577 and 578) and 18:1/18:1
(m/z 603 and 604), from the ND," adducts of 16:0/16:
0/18:1 (m/z 854) and 18:1/18:1/18:1 (m/z 906), were
observed to be mass shifted by both 3 and 4 u, most
likely corresponding to losses of (RCOOH + ND;) and
(RCOOD + ND:3) in competing processes.

The dissociation of diacyl product ions formed from
TAGs reported as MS® experiments were observed to
give rise to RCO™ and [RCO + 74]" ions, both of which
underwent®lossof°water°[18].°MS* experiments®on°the
diacyl product ions from the [M + NH,]" ions of
tripalmitin, Ds-tripalmitin and Ds-tripalmitin were car-
ried out using a LTQ mass spectrometer and the rele-
vant®product®ion’data’is°listed °in°Table2.°Decomposi-
tion of the diacyl product ion (mm/z 551) from unlabeled
ammoniated tripalmitin gave rise to RCO™ (m/z 239)
and [RCO + 74]" (m/z 313) ions. The corresponding
resultant ions in the MS® spectrum of the diacyl product
ion (m/z 556) from the Ds-palmitin ammonium adduct
(m/z 829) were unlabeled RCO™ (m/z 239) and partially
labeled [RCO + 791" (m/z 318), while the resultant ions
in the MS® spectrum of the diacyl product ion (m/z 555)
from the Dj-tripalmitin ammonium adduct (m/z 830)
were D,-RCO™ (m/z 241) and [D,-RCO + 75]* (m/z 316).
Thus, the MS® data indicated that both a-methylene
protons were retained in the acylium ions and one
additional a-methylene hydrogen atom was retained in
the [RCO + 74]" ion.

TAGs in RAW Cells

The neutral lipid fraction obtained from RAW 264.7
cells contained a complex mixture of TAGs with the
majority of the molecular ions observed between m/z
800 to 950 which was a mass-to-charge window that did
not overlap with any other class of neutral lipids, such
as°cholesterol®esters,°in°this°neutral®lipid °fraction°(Fig-
ure® 2a).° The® major® ions® observed® in°® the® spectrum
corresponded to ammoniated TAGs and thus appeared
at even masses with a large fractional mass attributable
to°the®large°number®of°hydrogen°atoms°[1].°No°abun-
dant ions corresponding to [M + H]" or [M + Na]*
were observed in this sample. This level of ESI MS data
were used to calculate the molecular weight of individ-
ual species assuming the ions corresponded to [M +
NH,]" ions of TAGs. The total number of acyl carbons
and double bonds was then determined using expected
fatty acyl groups, e.g., m/z 824 corresponded to an
ammoniated TAG with 48 acyl carbons and no double
bonds (48:0). An expanded mass spectrum of the neu-
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Figure 2. ESI mass spectra of the neutral lipid fraction of RAW
264.7 cells obtained on a LTQ mass spectrometer showing (a) the
TAG region of the mass spectrum, and (b) the expanded m/z of the
[M + NH,]* corresponded to TAGs containing a total of 48 and 49
acyl carbon atoms.

tral°lipid°fraction®(Figure°2b)°revealed°to°some°extent
the complexity of the TAG mixture including species as
48:0 (m/z 824), 48:1 (m/z 822), and 48:2 (m/z 820). Parent
ions corresponding to TAGs with an odd number of
total acyl carbon atoms were also present, namely 49:0
(m/z 838),°49:1%(m/z 836),°and°49:2°(m/z 834)°(Figure2).

Dissociation of each TAG molecular ammonium
adduct ion would result in the loss of each acyl group as
a neutral fatty acid and thus three, possibly distinct,
diacyl product ions for each species making up the
nominal [M + NH,]* ion. When the [M + NH,]" ions
corresponding to the TAGs 48:0 (m/z 824), 48:1 (m/z 822),
48:2 (m/z 820), 49:0 (m/z 838), 49:1 (m/z 836), and 49:2
(m/z 834)°were® collisionally® activated,® (Figure®3° and
Figure®4)°the°MS/MS°yielded’a’large’number°of°diacyl
product ions. For example, collisional activation of m/z
820, which corresponded to the 48:2 TAG molecular
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species,yielded°10°r°more°diacyl°productions®(Figure
3c).°Eachdiacyl®production‘could be®used toidentify°a
unique fatty acyl substituent (from the neutral loss) in
the®original TAG®(Figures°3°and®4).

This identification of fatty acyl substituents was then
assembled for each nominal mass that was collisional
activated(Table3)°where‘columns‘arerepresentativeof
individual TAGs in a specific mass-to-charge ratio,
while rows represent the possible acyl side chains.
Table® 3°reflected® both® positive® (shaded)® or° negative
(unshaded) diacyl product ions observed correspond-
ing to the loss of each acyl side-chain listed. For
example, the MS/MS spectrum of m/z 824 (48:0) yielded
ions at m/z 523, 537, 551, 565 and 579 which corre-
sponded to the loss of the fatty acyl substituents; 18:0,
17:0, 16:0, 15:0, 14:0, respectively, but not other fatty
acyl groups.

A list of possible TAG molecular species using the
MS/MS°data°from°Table°3°could thenbe°calculated by
combining the acyl chains present for each [M + NH,]*
such that the total number of carbons and double bonds
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Figure 3. MS/MS spectra of (a) 48:0 (m/z 824), (b) 48:1 (n/z 822),

and (c) 48:2 (m/z 820) obtained on a LTQ mass spectrometer by
infusing a neutral lipid fraction of RAW 264.7 cells in CHCl,:
MeOH (1:1) with 5 mM NH,OAc.
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Figure 4. MS/MS spectra of (a) m/z 838 (49:0), (b) m/z 836 (49:1),
and (c) m/z 834 (49:2) obtained using a LTQ mass spectrometer by
infusing a neutral lipid fraction of RAW 264.7 cells in CHCl;:
MeOH (1:1) with 5 mM NH,OAc.

was consistent with the molecular weight of the TAG
(Table® 4).° It° should® be® noted® that® this® list® did° not
distinguish between regioisomers. However, this list
did include some TAG molecular species which were
not present. For example, loss of acyl substituents 14:0,
15:0, 16:0, 17:0, and 18:0 from 48:0 (m/z 824) occurred
with an approximate ratio of 1:1:10:1:1 and, given that
the loss of 16:0 was much more abundant than the other
acyl losses, it might be argued that the TAG species
16:0/16:0/16:0 was undoubtedly present, however
there is no direct evidence for this species.

As mentioned above, the diacyl product ions from
[M + NH,]" ions of TAGs gave rise to the following
ions in the MS® experiment: RCO™, [RCO — H,0]",
[RCO + 74]", and [RCO + 74 — H,O]", following an
additional collisional activation and therefore the
expected ions corresponding to common fatty acyl
groups found in mammalian TAGs could be readily
calculated®(Table°5).°Collisional®activation®of°diacyl

MS® OF TRIACYLGLYCEROLS 1503

product ions from TAGs m/z 824 (48:0), m/z 822 (48:1),
m/z 820 (48:2), m/z 838 (49:0), m/z 836 (49:1), and m/z
834 (49:2) were carried out to generate the MS®
spectra exemplified by collisional activation of the
two major diacyl product ions, m/z 822 — 549 and 822
—°551°(Figure©5).°These®diacyl°productions,°m/z 549
and 551, would result from the respective losses of
acyl moieties 16:0 and 16:1 from the 48:1 molecular
species. The major ion in the MS?® spectrum of m/z 822
— 549 was observed at m/z 313 which corresponded
to the expected [RCO + 74]" for the fatty acyl 16:0
(Table® 5).° Since® the® diacyl® product®ion® (m/z 549)
isolated for this MS® experiment was formed by loss
of 16:0 from m/z 822 (48:1) and the major ion in the
MS?® spectra was due to the acyl group 16:0, the
remaining acyl side-chain must be 16:1. Closer in-
spection®of°the®MS*” spectrum® (Figure®5a)°revealed
ions at m/z 237 and 219, which corresponded to RCO*
and [RCO — H,O]" ions from 16:1, confirming the
diacyl pair 16:0/16:1 to make up m/z 549 as the diacyl
product ion from m/z 822. In addition, the neutral loss
component of this transition, m/z 549 — 237 was
consistent with the loss of a 16:0 acyl group attached
to the glycerol backbone remnant. Thus, the MS® data
uniquely identified the TAG 16:0/16:0/16:1 in the
neutral lipid fraction of RAW 264.7 cells. The assign-
ment of the remaining ions in the MS® spectrum
(Figure®5a)°to°diacyl°pairs°resulted in°the’identifica-
tion of isobaric TAGs; 14:0/16:0/18:1, 14:1/16:0/18:0,
15:0/16:0/17:1, and 15:1/16:0/17:1. The abundance of
ions at m/z 211, 285, 247, 265, and 341, which arose
from the diacyl pair 14:0/18:1, indicated that this
diacyl pair was a significant but minor contributor to
the m/z 549 diacyl product ion. In turn, this suggested
that the TAG 14:0/16:0/18:1 was a minor component
of 48:1. The abundance of the other fragment ions in
this MS? spectrum suggested that the remaining 48:1
species could be identified as 14:1/16:0/18:0, 15:0/16:
0/17:1, and 15:1/16:0/17:1, and likely were of low to
trace®abundance®(Figure®5).

The most intense ion in the MS/MS spectrum of
m/z 822°(Figure®3b)°corresponded to’the°diacyl°prod-
uct ion m/z 551 formed by the loss of a 16:1 fatty acyl
group. Since 16:0/16:0/16:1 had already been identi-
fied as a major component of 48:1, the MS® spectrum
of m/z 822 — 551 served as a check for this assign-
ment, as well as to identify additional isobaric TAGs.
As expected, the major ion in the MS® spectrum
(Figure® 5b)° corresponded® to° the® acyl® group® 16:0,
identifying the diacyl pair 16:0/16:0, and in turn
indicated that the TAG 16:0/16:0/16:1 was a major
component of 48:1 (m/z 822).

The°complete®MS* data®for°the°48°and°49°carbon
series0f TAGscanbeSummarized(Tables%6%and7)s
the loss of an acyl group to form a diacyl product ion,
which was collisionally activated to give rise to ions
characteristic of each fatty acyl substituent as ob-
served in the MS® experiment and the third acyl
substituent from the neutral loss in the MS® experi-
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Table 3. Fatty acyl composition of TAG molecular species (48:0, 48:1, 48:2, 49:0, 49:1 and 49:2) extracted from RAW 264.7 cells
determined using MS/MS. Acyl chains identified are indicated as a shaded entry

Acyl Chain

TAG(48:0)

TAG(48:1)

TAG(48:2)

TAG(49:0)

TAG(49:1)

TAG(49:2)

13:0

14:0

14:1

15:0

15:1

16:0

16:1

17:0

17:1

18:0

18:1

18:2

19:0

19:1

19:2

20:0

20:1

20:2

ment.®In° Tables® 6°and®7,° triacylglycerol® molecular
species were defined by (1) the acyl loss in the
MS/MS spectrum, (2) diacyl identity from the ob-
served MS® product ions, and (3) neutral mass loss
from the diacyl product ion. Twelve isobaric species
could be identified as present in the single
[M + NH,]" ion corresponding to 48:0 and 23 species
comprising 48:1 TAG.

Discussion

The identification of TAGs from biological samples
presents a challenging problem since naturally occur-
ring mixtures of molecular species are quite complex.
While approaches to separate species using HPLC are
possible® [18,°22,° 23],° a° direct® mass® spectrometric
method would preclude the added complexity of

Table 4. Possible TAG molecular species from RAW 264.7 cells consistent with fatty acyl identification from MS/MS data and

molecular weight

TAG(48:0)

TAG(48:1)

TAG(48:2)

TAG(49:0)

TAG(49:1)

TAG(49:2)

14:0/16:0/18:0
14:0/17:0/17:0
15:0/15:0/18:0
15:0/16:0/17:0
16:0/16:0/16:0

14:0/16:0/18:1
14:0/16:1/18:0
14:0/17:0/17:1
14:1/16:0/18:0
14:1/17:0/17:0
15:0/15:0/18:1
15:0/15:1/18:0
15:0/16:0/17:1
15:0/16:1/17:0
15:1/16:0/17:0
16:0/16:0/16:1

14:0/16:0/18:2
14:0/16:1/18:1
14:0/17:1/17:1
14:1/16:0/18:1
14:1/16:1/18:0
14:1/17:1/17:0
15:0/15:0/18:2
15:0/15:1/18:1
15:0/16:1/17:1
15:1/15:1/18:0
15:1/16:0/17:1
15:1/16:1/17:1
16:0/16:1/16:1

14:0/15:0/20:0
14:0/16:0/19:0
14:0/17:0/18:0
15:0/15:0/19:0
15:0/16:0/18:0
15:0/17:0/17:0
16:0/16:0/17:0

13:0/16:0/20:1
13:0/17:0/19:1
13:0/18:0/18:1
14:0/15:0/20:1
14:0/16:0/19:1
14:0/17:0/18:1
14:0/17:1/18:0
14:1/17:0/18:0
15:0/15:0/19:1
15:0/16:0/18:1
15:0/16:1/18:0
15:0/17:0/17:1
15:1/16:0/18:0
15:1/17:0/17:0
16:0/16:0/17:1
16:0/16:1/17:0

13:0/16:0/20:2
13:0/17:1/19:1
13:0/18:1/18:1
14:0/15:0/20:2
14:0/16:1/19:1
14:0/17:1/18:1
14:0/17:0/18:2
14:1/17:1/18:0
14:1/17:0/18:1
15:0/15:1/19:1
15:0/16:0/18:2
15:0/16:1/18:1
15:0/17:1/17:1
15:1/16:0/18:1
15:1/16:1/18:0
15:1/17:0/17:1
16:0/16:1/17:1
16:1/16:1/17:0
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Table 5. Partial list of common fatty acyl groups found in mammalian cells and nominal masses (1/z) of corresponding MS®

fragment ions

Fatty Acyl Group' RCO* (RCO — H,0)* (RCO + 74)* (RCO + 74 — H,0)"
12:0 183 165 257 239
13:0 197 179 271 253
14:0 211 193 285 267
14:1 209 191 283 265
15:0 225 207 299 281
15:1 223 205 297 279
16:0 239 221 313 295
16:1 237 219 311 293
17:0 253 235 327 309
17:1 251 233 325 307
18:0 267 249 341 323
18:1 265 247 339 321
18:2 263 245 337 319
19:0 281 263 355 337
19:1 279 261 353 335
20:0 295 277 369 351
20:1 293 275 367 349
20:2 291 273 365 347
20:4 287 267 361 343
20:5 285 265 359 341
22:0 309 291 383 365
22:5 299 281 373 355
22:6 297 279 371 353

'Total carbon atoms: number of double bonds (not counting the carboxyl group).

HPLC separation. Nevertheless, complex mixtures of
isobaric TAGs, such as those found in cell extracts,
result in multiple acyl side-chain losses with concom-
itant uncertainty in assigning TAG identities based
on MS/MS data alone. This is due to the occurrence

(a) 3133

Relative Abundance

100- (b) 2392
MS? 822+%551

Relative Abundance

2494 257.3 2671 2953 3144

213

3292 3413

200 220 240 260 280 300 320 340

m/z

Figure 5. MS? spectra of major diacyl product ions (a) m/z 822 —
549 and, (b) m/z 822 — 551, obtained using a LTQ mass spectrom-
eter by infusing a neutral lipid fraction of RAW 264.7 cells in
CHCl;:MeOH (1:1) with 5 mM NH,OAc.

of many isobaric diacyl product ions (e.g., 16:0/16:0
and 14:0/18:0) in the CID of TAGs that cannot be
unambiguously confirmed or eliminated as possible
molecular species. The analysis of lithium adducts of
TAGs, which are formed under ESI conditions after
the addition of Li*, have been investigated using
both MS/MS and neutral loss scanning on a tandem
mass°spectrometer[16,°17].°However,°the°collision°of
[TAG + Li]" ions leads to two abundant product ions
corresponding to [M + Li-RCOOH]" and [M +
Li-RCOOLI] " for each acyl group, while CID of [M +
NH,]" yields a single product ion for each acyl
group. This is a favorable property for subsequent
MS? experiments. When the diacyl product ions from
[M + NH,]" are further dissociated, the resulting
fragment ions in the MS® spectrum facilitate diacyl
product ion identification. To meaningfully employ
this previous information, an understanding of ion
formation mechanisms was needed.

Possible mechanisms for the acyl side-chain loss
process based on the analysis of isotope labeled
species are shown in Scheme 1, which illustrates the
rearrangement of the Ds-glycerol atoms. Process A
would involve the hydrogen abstraction at the sn-2
position, in a cyclic process, resulting in double-bond
formation on the glycerol backbone and liberation of
the sn-1/sn-3 acyl side-chain and ammonia. The
resultant diacyl product ion would be protonated on
the carbonyl oxygen and may then lead to the addi-
tion fragmentation in MS® experiments (see later
discussion). The loss of the sn-2 acyl group by
mechanism B would involve hydrogen abstraction at
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Table 6. Summary of TAG molecular species in RAW 264.7 cells (48:0, 48:1 and 48:2) based on neutral loss of a fatty acyl group in
MS/MS analysis (-Acyl column) and subsequent MS® acylium ions and neutral loss (diacyl pairs)*

TAG - Acyl Diacyl pairs TAG - Acyl Diacyl pairs TAG - Acyl Diacyl pairs
48:0 18:0 (m) 14:0,16:0 (M) 48:1 18:0 (m) 14:0,16:1 (M) 48:2 18:1 (m) 14:0,16:1 (M)
15:0,15:0 (t) 14:1,16:0 (m) 14:1,16:0 (m)
12:0,18:0 (t) 15:0,15:1 (t)
18:1 (M) 14:0,16:0 (M) 12:0,18:1 (t)
17:0 (m) 15:0,16:0 (M) 15:0,15:0 (m)
14:0,17:0 (t) 18:2 (m) 14:0,16:0 (M)
17:0 (m) 15:0,16:1 (M) 15:0,15:0 (m)
16:0 (M) 16:0,16:0 (M) 15:1,16:0 (m)
14:0,18:0 (m) 14:1,17:0 (t) 17:1 (m) 15:0,16:1 (M)
15:0,17:0 (t) 14:0,17:1 (1) 15:1,16:0 (m)
14:0,17:1 (t)
15:0 (m) 16:0,17:0 (t) 17:1 (m) 15:0,16:0 (M) 14:1,17:0 (t)
15:0,18:0 (t) 14:0,17:0 (1)
16:0 (m) 16:1,16:1 (M)
14:0 (m) 16:0,18:0 (t) 16:0 (M) 16:0,16:1 (M) 14:1,18:1 (m)
17:0,17:0 (t) 14:0,18:1 (m) 14:0,18:2 (t)
15:0,17:1 (t)
15:1,17:0 (t) 16:1 (M) 16:0,16:1 (M)
14:0,18:1 (m)
16:1 (M) 16:0,16:0 (M) 15:0,17:1 (t)
14:0,18:0 (t)
15:0,17:0 (t) 15:0 (m) 16:1,17:1 (t)
15:1,18:1 (t)
15:0 (m) 15:0,18:1 (t) 15:0,18:2 (t)
16:0,17:1 (1)
16:1,17:0 (t) 15:1 (m) 15:0,18:1 (t)
15:1 (t) 16:0,17:0 (t) 14:0 (m) 16:1,18:1 (M)
16:0,18:2 (t)
14:0 (m) 16:0,18:1 (M) 17:1,17:1 (t)
16:1,18:0 (t)
14:1 (m) 16:0, 18:1

'The relative abundance of each ion and ion pair is indicated in parenthesis as M - major, m - minor, t - trace.

the sn-1/sn-3 position, in a seven centered process,
resulting in double-bond formation on the glycerol
backbone and an analogous loss of the sn-2 acyl
side-chain and ammonia. Both mechanisms A and B
were consistent with the deuterium labeled experi-
ments®of°the®saturated“TAGs°(Tablel).°A°lower°rate
of reaction for process B, compared with process A,
may explain the observed lower abundance of the
resultant diacyl product ions in the CID of ammoni-
ated® TAG® molecular® adducts® [18].° However,° the
inference of acyl positional information based on
lower diacyl product ion abundance is not straight-
forward®[15]°and°the®added®complexity°of°isobaric
TAG molecular species extracted from RAW 264.7
cells do not allow for such an analysis to be carried
out here.

Possible mechanisms for the competing losses of
RCOOH and ND; observed in the unsaturated TAGs
are also shown in Scheme 1 as reactions C and D,
which indicate the position of the Ds-glycerol atoms.
These proton migrations involved a charge remote
six-membered rearrangement, which resulted in the
elimination of an acyl side-chain and double-bond
formation on the glycerol backbone and occurred in
concert with the protonation by the ammonium ion

and the subsequent loss of ammonia. The ions formed
by processes C and D are identical to those formed by
the processes A and B, with the exception that ions C
and D retain an additional deuterium label when
ND," was used in the ionization process, but lose one
of the glycerol hydrogen atoms as the neutral carbox-
ylate proton (Scheme 1).

The dissociation of the [M + NH,]" ions of TAGs
were deceptively simple in that all molecular species
displayed the characteristic loss of an acyl side-chain
as a neutral free acid and ammonia. Furthermore,
since each of the three, possibly distinct, fatty acyl
moieties could be involved in the neutral loss pro-
cess, the identity of all acyl groups present in a TAG
of interest could be readily determined using MS/MS
data‘as‘has®beenpublished ®previously16].It*ollows
that MS/MS data from an unknown mixture of TAGs
could determine all acyl groups present in the sam-
ple. This information combined with the molecular
weight of each TAG molecular species could then be
used to readily characterize only pure TAGs, but not
complex mixtures of isobaric TAGs.

Combined MS® data from labeled and unlabeled
TAGs indicated that the acylium ion derived from the
diacyl product ion (Scheme 1) was generated in a
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Table 7. Summary of TAG molecular species in RAW 264.7 cells (49:0, 49:1 and 49:2) based on neutral loss of a fatty acyl group in
MS/MS analysis (-acyl column) and subsequent MS® acylium ions and neutral loss (diacyl pairs)*

TAG - Acyl Diacyl pairs TAG - Acyl Diacyl pairs TAG - Acyl Diacyl pairs
49:0 19:0 (t) 14:0,16:0 (M) 49:1 19:1 (t) 14:0,16:0 (M) 49:2 20:2 (t) 14:0, 15:0
15:0,15:0 (t) 15:0,15:0 (m) 13:0, 16:0
18:0 (m) 15:0,16:0 (M) 18:0 (m) 15:0,16:1 (M) 18:1 (m) 15:0,16:1 (M)
13:0,18:0 (t) 15:1,16:0 (m) 15:1,16:0 (m)
14:0,17:1 (t) 14:0,17:1 (t)
17:0 (M) 16:0,16:0 (M) 14:1,17:0 (t) 14:1,17:0 (t)
12:0,18:0 (t)
18:1 (M) 15:0,16:0 (M) 18:2 (m) 15:0,16:0 (M)
16:0 (M) 16:0,17:0 (M) 14:0,17:0 (m) 14:0,17:0 (t)
15:0,18:0 (m)
17:0 (M) 16:0,16:1 (M) 17:0 (t) 16:1,16:1 (M)
15:0 (m) 16:0, 18:0 14:0,18:1 (m) 14:1,18:1 (m)
14:1,18:0 (m) 15:1,17:1 (t)
17:1 (M) 16:0,16:0 (M) 17:1 (m) 16:0,16:1 (M)
14:0,18:0 (m) 14:0,18:1 (m)
15:0,17:1 (t)
16:0 (M) 15:0,18:1 (M)
16:0,17:1 (L) 16:0 (m) 16:1,17:1 (M)
16:1,17:0 (L) 15:1,18:1 (m)
15:0,18:2 (t)
16:1 (M) 16:0,17:0 (M)
15:0,18:0 (m) 16:1 (M) 15:0, 18:1
13:0,20:1 (t) 16:0, 17:1
16:1, 17:0
15:0 (M) 16:0, 18:1
15:0 (m) 16:1,18:1 (M)
14:0 (m) 17:0, 18:1 16:0,18:2 (m)
15:1 (m) 16:0, 18:1

'The relative abundance of each ion and ion pair is indicated in parenthesis as M - major, m - minor, t - trace.

simple process which involved cleavage of the car-

~
bonyl-oxygen bond. The formation of the [RCO + o )H\’\?H )O,\
74]" ion involved a rearrangement process resulting G/L& R
in transfer of an a-methylene hydrogen from an acyl D¢ o _r D¢ prv R
side-chain which was concurrently eliminated as a \F T i _¢p, E ’
neutral ketene. Possible mechanisms for the forma- RSJKO/CDQ © © Howe
tion of the RCO* and [RCO + 74]" ions, which were NH

. X X . : -[R,COOH + NHyJ | A [R,COOH + NHy] | B
consistent with the deuterium labeling experiments, l
are shown in Scheme 2, where the glyceryl hydrogen
atoms are labeled with deuterium and the expected iy cD; o of DC/CD 00
mass shifts of labeled ions from Ds-tripalmitin and 0}/0\0 o R, A _¢p, Ry
Dg-tripalmitin are indicated in parenthesis. The acy- R, D2
lium ion could be formed by a 1,3-hydrogen rear- lon A lon B
rangement of the diacyl product ion (mechanism a),
while the [RCO + 74]" ion formed via a cyclic process W05 R,
which involved abstraction of an a-methylene hydro- " Osen Q Ry C’(‘?"’S )O,\ /DQ (o
gen atom of the diacyl product ion and elimination of ! N e & Ri” 0" CD
an acyl side-chain as a ketene (mechanism b) (Scheme D gz’o\f D2Cg SHOD
2). An alternative mechanism for the formation of the Rs Ry 0 NHs
diacyl product ions and the [RCO + 74]" ions based
on high-energy CID experiments of ammoniated {RiCO0D N l ReCO0D N j
TAGs’has®been°reported®[19].°This°process®involves
the formation of a stable oxonium ion which may P2 o ’T’@ )ol\ /8§CD
undergo elimination of an acyl side-chain as a ketene o g/ YO RO DZ\C\ o
to give a [RCO + 74] " ion. The formation of the [RCO sz/J\o 2R \dZ
+ 74]" ion from the diacyl product ion proposed in on oD Rs

Schemes 1 and 2 is somewhat less complicated than
the previous mechanism involving formation of a Scheme 1
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D, D
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Dg-tripalmitin ~ (+5)
Dg-tripalmitin ~ (+3)

Scheme 2

protonated cyclopropane ion when ketene is lost.
However, with the tools available now, these two
pathways cannot be distinguished.

From just six [M + NH,]® ions®presentin°Figure
2a,° 55° TAGs® were® unequivocally® identified® in® a
complex neutral lipid fraction of RAW 264.7 cells
using® MS*" data® (Table® 8),° where® each® TAG® was
classified into three arbitrary categories based on
total ion abundances in the MS/MS and MS? spectra.
Using this classification, it was determined that 56%
of the TAGs were of trace abundance and were
typically composed of at least one odd acyl chain. On
comparing®the°MS/MS°and°MS> methods°®(Tables°4

J Am Soc Mass Spectrom 2005, 16, 1498-1509

and®8),itwas‘noted thatMS/MS°only missed 4°ofthe
55 TAGs identified using MS® data and that these
missed species were of trace abundance. However,
the interpretation of the MS/MS data alone led to the
identification of a total of 68 possible TAG molecular
species, 18 of which were not identified by MS?
experiments. Therefore, while MS/MS successfully
identified 93% of the TAGs using MS® data, the
interpretation of MS/MS results led to a list of TAGs
containing up to 26% incorrectly assigned TAG mo-
lecular species. While TAGs of major abundance
would likely be correctly identified using MS/MS
data, it appeared difficult to distinguish between
TAGs which were of minor or trace abundance, or
possibly absent, in a complex biological extract using
MS/MS data alone.

In conclusion, the mechanisms involved in the
decomposition of [M + NH,]" ions of TAGs and the
resultant diacyl product ions were investigated using
deuterium labeling and MS/MS and MS® experi-
ments. TAGs were found to undergo simple rear-
rangement processes to eliminate specific neutrals
and generate a number of characteristic fragment ions
in the MS/MS and MS? spectra. MS/MS was used in
the analysis of TAGs to determine possible TAG
molecular species present in a complex mixture with-
out prior HPLC purification. The use of MS® experi-
ments allowed for more complete and unambiguous
TAG assignments to be made and led to the unequiv-
ocal identification of 54 TAG molecular species di-
rectly from a small subset of the total number of [M +
NH,]" ions derived from a complex mixture of
neutral lipids extracted from RAW 264.7 cells.
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Table 8. Summary of triacylglycerol molecular species in RAW 264.7 cells (M + NH,]" from m/z 820 to m/z 840)

TAG 48:0 TAG 48:1 TAG 48:2 TAG 49:0 TAG 49:1 TAG 49:2
Major 16:0/16:0/16:0 16:0/16:0/16:1 16:0/16:1/16:1 16:0/16:0/17:0 15:0/16:0/18:1 15:0/16:1/18:1
16:0/16:1/17:0 16:0/16:1/17:1
16:0/16:0/17:1 16:1/16:1/17:0
Minor 14:0/16:0/18:0 14:0/16:0/18:1 14:0/16:1/18:1 15:0/16:0/18:0 14:0/17:0/18:1 15:1/16:0/18:1
15:0/16:0/17:0 14:0/16:1/18:0 14:0/16:0/18:2 15:0/16:1/18:0
15:0/16:1/17:0 15:0/16:1/17:1
15:0/16:0/17:1
15:0/15:0/18:1
Trace 15:0/15:0/18:0 14:0/17:0/17:1 12:0/18:1/18:1 12:0/17:0/18:0 13:0/16:0/20:1 13:0/16:0/20:2

12:0/18:0/18:0
14:0/17:0/17:0

14:1/17:0/17:0
15:1/16:0/17:0

14:0/17:1/17:1
14:1/16:0/18:1
15:0/15:0/18:2
15:0/15:1/18:1
15:1/16:0/17:1
14:1/17:0/17:1

13:0/18:0/18:0
14:0/16:0/19:0
15:0/15:0/19:0

14:0/16:0/19:1
14:0/17:1/18:0
14:1/17:0/18:0
15:0/15:0/19:1
15:1/16:0/18:0

14:0/15:0/20:2
14:0/17:1/18:1
14:0/17:0/18:2
14:1/17:0/18:1
15:0/16:0/18:2
15:0/17:1/17:1
15:1/17:0/17:1
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