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The quantitative determination of 48 molecular species of regioisomeric diacylglycerols has been made
in a single analysis of an extract of bone marrow derived macrophages. The analytical procedure involves
solvent extraction of neutral lipids, including diacylglycerols, derivatization of free hydroxyl moieties
as 2,4-difluorophenyl urethane, and analysis by normal phase liquid chromatography-tandem mass
spectrometry. The derivatization step not only prevents fatty acyl group migration, thus allowing deter-
mination of both 1,2- and 1,3-diacylglycerols, but also yields species that are sensitively and uniquely
determined by constant neutral loss mass spectrometry. The method also detected monoacylglycerols,
which were characterized by unique retention time and collisional spectra, and were present in mouse
bone marrow derived macrophage extracts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There are numerous neutral lipids present in cells that play
diverse roles in biochemistry, including the fatty acyl esters of
glycerol. The diacylglycerols (DAGs), which have two fatty acyl sub-
stituents on the glycerol backbone, play important roles in both
the biosynthesis of neutral lipids such as triacylglycerols (TAGs)
and products of metabolism of TAGs as well as being precursors
of certain glycerophospholipids; for example, the reaction of CDP
nucleotide derivatives, such as CDP choline, with a 1,2-DAG forms
a diacyl glycerophosphocholine [1]. In addition, the breakdown of
triacylglycerols can lead to regioisomeric compounds such as 1,2-
DAG, 1,3-DAG as well as 2,3-DAG by enzymatic or nonenzymatic
ester hydrolysis [2]. The 1,2-DAGs can also arise from the cleavage
of phosphatidylinositols by phospholipase C, where the 1,2-DAGs
serve as signaling molecules in the activation of protein kinase C
[3]. The 1,3-DAGs can arise from chemical isomerization of 1,2-

Abbreviations: DAGs, diacylglycerols; DCM, dichloromethane; DFPU, 2,4-
difluorophenyl urethane; MAGs, monoacylglycerols; MeDAGs, monoetherdiacyl-
glycerols; TAGs, triacylglycerols; MTBE, methyl tert-butyl ether.

* Corresponding author at: Department of Pharmacology, University of Colorado
Denver, Mail Stop 8303, RC1 South, Rm. L18-6120, 12801 E. 17th Avenue, Aurora,
CO 80045, USA. Tel.: +1 303 724 3352; fax: +1 303 724 3357.

E-mail address: robert.murphy@ucdenver.edu (R.C. Murphy).

1387-3806/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2010.09.008

diacylglycerols [4]. It is also possible to ingest 1,3-DAGs, which
are metabolized by different pathways, that do not become a part
of the TAG pool present in chylomicrons [5]. DAGs, in general,
play a central role in many aspects of cellular lipid biochemistry
as intermediates in neutral lipid metabolism, biosynthesis, and as
biologically active products in their own right.

There have been several methods described for the measure-
ment of diacylglycerols with various levels of sensitivity and
specificity for regioisomeric species [6-8]. Most recently, electro-
spray ionization mass spectrometry has been used to measure the
quantity of diacylglycerols both as the protonated and sodiated
products using homolog internal standards to establish a quantita-
tive assay [9]. This technique simply involved infusion of the sample
after chromatographic isolation of diacylglycerols by normal phase
(silica-based) chromatography. An improvement in sensitivity of
analysis was described after derivatization of diacylglycerols with a
quaternary ammonium compound (N-chlorobetainyl chloride) fol-
lowed by infusion to generate abundant positive ions which could
be quantitated again using a homolog internal standard [10]. Nei-
ther of these techniques discerned 1,2- from 1,3-regioisomers of
diacylglycerols.

The present study was undertaken with a somewhat different
goal in mind, namely one to assess the relative quantity of 1,2-
diacylglycerols versus 1,3-diacylglycerols that could be found in
cells following cellular activation. For this method a simplified
extraction system was employed, which reduced the complexity
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of lipid species extracted when compared to a more general
chloroform/methanol based solvent extraction system [11]. The
regioisomeric DAGs were then separated by normal phase HPLC
coupled to positive ion electrospray ionization tandem mass spec-
trometry after derivatization of the free hydroxyl group to a diacyl
urethane using 2,4-difluorophenyl isocyanate. Monoacylglycerols
were also detected in the cell extraction of neutral lipids.

2. Materials and methods
2.1. Chemicals

HPLC grade solvents: acetonitrile, ammonium acetate,
dichloromethane (DCM), isooctane, methyl tert-butyl ether
(MTBE) were obtained from Fisher Scientific. The derivatization
reagent, 2,4-diflourophenyl isocyanate, was purchased from Acros
Organics and dimethyl-4-aminopyridine was purchased from
Sigma-Aldrich. Ammonium acetate was purchased from Fisher
Scientific.  Synthetic 1,3-eicosanoyl-2-hydroxy-sn-glycerol-ds
(1,3-20:0/20:0-d5 DAG internal standard), 1,3-dihexadecanoyl-2-
hydroxyl-sn-glycerol (16:0/16:0 DAG), 1,2-dihexadecanoyl-3-
hydroxy-sn-glycerol (1,2-16:0/16:0 DAG) 1,2-dioctadecanoyl-3-
hydroxy-sn-glycerol (1,2-18:0/18:0 DAG), 1,3-dimyristoyl-2-
palmitoleoyl-glycerol-ds (14:0/16:1/14:0 TAG internal standard)
were obtained from Avanti Polar Lipids (Alabaster, AL) and
dissolved in toluene at a concentration of 1mg/mL. ['3Cyg.1]-
octadecadienoyl cholesterol ester was synthesized as previously
described [11] and used as the cholesterol ester internal standard.

2.2. Extraction of cellular neutral lipids

The general extraction scheme employed essentially followed
the previously reported method [11]. The bone marrow derived
macrophages were obtained from Dr. C. Glass (University of Cal-
ifornia, San Diego) after differentiating bone marrow cells with
macrophage colony stimulating factor for 16 h [12]. These cells
were chosen for these studies as a representative case of diacyl-
glycerol production in cells carried under culture conditions. Cell
pellets were received in 1 mL buffer frozen on dry ice and stored
at —70°C until extracted. The quantity of DNA present in these
cell suspensions had been previously determined [13]. Prior to
extraction the samples were thawed at room temperature and
then were extracted in their original glass culture tube. Dulbecco’s
phosphate buffered saline (1 mL) was added to the samples and
thoroughly mixed. The internal standards (isotope labeled DAG,
TAG, and cholesterol ester; 25 ng, 25 ng, and 250 ng, respectively)
were added and the sample extracted twice with 2 mL of 25% ethyl
acetate/isooctane. The samples were then centrifuged at 3000 rpm
for 3 min. The organic (upper) layers were combined in a previously
solvent-rinsed culture tube. The solvent was removed under a gen-
tle stream of nitrogen and the extract was reconstituted in DCM
(100 pL).

2.3. Derivatizations of DAG species

An aliquot of the extract was treated with 10pL 2,4-
diflourophenyl isocyanate in DCM (10 pg/p.L) and 10 pL dimethyl-
4-aminopyridine in DCM (10 pg/p.L), followed by the addition of
400 pL DCM. The sample was then sealed with a Teflon-lined screw
cap and placed in a 60°C hot plate. After 30 min, the DCM solu-
tion was cooled to room temperature and transferred to a 0.8 mL
crimp-top LC vial and reduced to dryness under a gentle stream of
nitrogen. The extract was reconstituted with 4% MTBE/isooctane
(50 pL). The tube was sealed with a Teflon-lined crimp-top and
analyzed using scheduled LC/MS/MS and LC/MS protocols for
cholesterol esters (CE), monoetherdiacylglycerols (MeDAGs), and

TAGs [11] along with the DAG analysis described below. The yield
for this derivatization was typically between 85 and 90% which
could be assessed by LC/MS analysis after derivatization followed
by extraction of the ions corresponding to the [M+NH4]* for the
internal standard DPFU derivative at m/z 858.8 and comparison
to the underivatived [M+NH4]* at m/z 703.7 eluting at 31.8 min
(Supplemental Fig. 1).

2.4. Liquid chromatography electrospray ionization mass
spectrometry

Chromatographic separations were conducted on a normal
phase Phenomenex Luna 5 pum particle size, 150 mm x 2 mm id sil-
ica column. Total flow into the mass spectrometer (AB Sciex 4000
QTRAP linear ion trap quadrupole mass spectrometer, Thornhill,
Ontario, Canada) was 0.2 mL/min. A linear normal phase solvent
gradient system was generated using 100% isooctane (mobile phase
A) and mobile phase B, MTBE/isooctane (1/1) from 8% mobile phase
B for the first 7 min, then raised to 30% from 7 min to 25 min, then
raised from 30% to 90% from 25 min to 29 min and held at 90%
mobile phase B for 2 min. The column was then re-equilibrated
back to 8% mobile phase B. For these separations 1 L sample was
injected onto the column using an autosampler.

2.5. Mass spectrometry

The derivatized DAG species were analyzed using electrospray
ionization conditions in the positive ion mode as the ammonium
adduct ion. In order to generate this charged adduct species, a
10mM ammonium acetate (95% acetronitrile/5% water) solution
was introduced post-column just prior to the electrospray interface
at a flow-rate of 0.030 mL/min. The various gas flows were set at the
following values as described by the manufacturer: entrance plate
temperature (300°C), curtain gas (10 psi), collision gas (7 psi), ion
source gas (1-40 psi), ion source gas (2-20 psi), ion spray (5500V),
de-clustering potential (85V), entrance potential (9V). For the
analysis of the diacylglycerol derivatives a mass range from 500
to 1200 Da was scanned at a rate of 4.0s/scan. For quantitative
experiments constant neutral loss operation was employed with
a mass offset between quadrupole-1 and quadrupole-3 mass fil-
ters of 190.1 Da. For those experiments the collision cell was filled
with nitrogen (0.01 Torr) and collision energy of 80V (laboratory
frame of reference) employed. For quantitative analysis of the 1,3-
and 1,2-DAGs, standard curves used the unlabeled 1,3-16:0/16:0
DAG and 1,2-18:0/18:0 DAG as well as 1,2-16:0/16:0 DAG as refer-
ence material. Various quantities of reference standards as well as a
constant amount of internal standard (1,3-20:0/20:0-d5 DAG) were
derivatized with DFP isocyanate and analyzed by LC/MS/MS by neu-
tral loss of 190 u. Ratioing the neutral loss ion signal from these
reference standards to the same neutral loss for the internal stan-
dard generated 1,2- and 1,3-DAG calibration curves which were
found to be linear over the range from 1 to 60 pmoles using 25 ng
of ds internal standard added to samples (Supplemental Fig. 2).

3. Results

The 2,4-difluorophenyl urethane (DFPU) derivative was chosen
for the analysis of DAG molecular species because of favorable nor-
mal phase HPLC properties as well as ease of formation. Previous
work on the separation of urethane derivatives of diacylglycerols by
chiral phase HPLC [14] revealed excellent separation for both 1,3-
DAG and 1,2-DAG derivatives. The DFPU derivatives were found to
retain that behavior in a normal phase separation of synthetic 1,3-
dipalmitoyl-DAG-DFPU from 1,2-dipalmitoyl-DAG-DFPU (Fig. 1A).
While each naturally occurring 1,3-DAG-DFPU molecular species
in a biological extract had somewhat different retention times, all
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Fig. 1. (A) Normal phase HPLC separation of 1,2- and 1,3-dihexadecanoy! diacyl-
glycerol (1,2-16:0/16:0 DAG and 1,3-16:0/16:0 DAG) as the difluorophenyl urethane
derivatives (DFPU). (B) Collision-induced dissociation of the [M+NH4]* ion of 1,2-
16:0/16:0 DAG-DFPU at m/z 741.6. The ion at m/z 551.4 corresponds to the loss
of 190.1 u. (C) Collision-induced dissociation of the [M+NH4]* ion of 1,3-16:0/16:0
DAG-DFPU ion at m/z 741.6.

1,3-DAG-DFPU species eluted first and were well separated from
1,2-DAG-DFPU molecular species (Fig. 2A). The positive ion electro-
spray mass spectra of the regioisomeric 32:0-DAG derivatives were
identical, yielding abundant [M+NH4]* ions observed at m/z 741.5
(data not shown). Collisional activation of the 1,3- and 1,2-isobaric
[M+NH4]* ions from each isomer yielded essentially identical prod-
uctions (Fig. 1B and C). The most abundant ion corresponded to the
neutral loss of 190.1 Da and neutral loss of 273 Da, corresponding to

the loss of difluorophenyl carbamic acid plus ammonia and hexade-
canoic acid plus ammonia (Cy5H3;COOH + NHj3), respectively. This
collisional activation of triester [M+NH4]* ions, leading to the loss
of a free acid plus ammonia, has been previously described for the
TAGs [15].

Derivatization of the neutral lipid extract derived from bone
marrow derived macrophage cells resulted in the separation of a
number of different classes of neutral lipids by normal phase HPLC
(LC/MS and LC/MS/MS analysis). TAG and DAG species (Fig. 2A)
could be detected, but additional components were clearly eluting,
including phthalate esters and ubiquinone as previously reported
[11]. Several 1,3-DAG molecular species were observed and their
distribution of molecular species was somewhat different for the
1,2-DAG molecular species in that the most abundant 1,3-DAG
components corresponded to 18:0/18:0-DAG DPFU (m/z797.7) and
16:0/18:0-DAG DPFU (m/z 769.7), but 16:0/18:1-DAG DPFU was
the most abundant for the 1,2-DAG derivative (m/z 767.6). The ion
at m/z 721.6 was identified as a contaminant from the plastic-ware
used to store cell pellets. The abundance of 1,2-DAG-DFPU was con-
siderably higher than each corresponding 1,3-DAG DPFU. The mass
spectra from the 1,3-DAG DPFU and 1,2-DAG DPFU regions (Fig. 2B
and C) revealed minimal sodium or potassium ion adducts of these
molecular ion species as expected due to the presence of 10 mM
ammonium acetate buffer in the mobile phase. The only evidence
for these metalated adducts was observed for the abundant ion at
m/z 858.8 from the 1,3-20:0/20:0-d5 DAG at m/z 863.8 (Fig. 2B), but
it was less than 5% of the [M+NH4]* ion abundance.

A neutral loss strategy could be employed to detect elution of
molecular species containing any fatty acyl group by using a mass
loss scan corresponding to the loss of the specific free fatty acid plus
ammonia. This scan function was performed on an identical aliquot
of derivatized macrophage neutral lipids and resulted in significant
improvement in detection of TAGs and DAGs. For example, it was
possible to determine if any of the DAGs contained oleic acid by
carrying out a neutral loss scan of 299.2 Da and observing those
[M+NH4]* ions which, after collisional activation, generated prod-
uct ions with this constant neutral loss behavior (Fig. 3A). Those
TAGs and 1,2-DAG-DFPUs containing oleate were readily detected
(Fig. 3B and C, respectively). The same behavior has been used to
detect triacylglycerols containing unique fatty acids [11], although
itis not possible to unambiguously determine each of the other fatty
acyl groups in the TAG molecular species without MS3 experiments.
In the case of the analysis of DAG derivatives, the identification of
one fatty acyl group present in either 1,3- or 1,2-DAG derivative
defines the second fatty acyl group that would make up the molec-
ular weight of the compound, since the third substituent of the
glycerol was the common difluorophenyl urethane. Although it is
not possible to determine the position of the fatty acyl groups, this
method does permit a better structural description of the diacyl-
glycerol molecular species.

3.1. Quantitation of DAG-DFPU derivatives

Since the DAG-DFPU derivatives have a common structural
feature of the DFPU substituent, it was possible to use neutral
loss scanning of 190.1Da to find all DFPU adducts in a neutral
lipid extract (Fig. 4). This neutral loss strategy was carried out on
an identical aliquot of macrophage neutral lipid extract and was
found to profoundly enhance signal-to-noise as seen in the 1,2-
diacylglycerol-DFPU profile (eluting between 25.7 and 28.0 min in
Fig. 4) when compared to just single quadrupole scanning.

This neutral loss scan was found to be an excellent approach
to carry out quantitative analysis of both 1,2- and 1,3-DAG-DFPU
derivatives. A single internal standard (1,3-dieicosanoyl-ds-
glycerol), that appears in the 1,3-DAG region at m/z 858.7, was
employed to normalize the neutral loss signals after establish-
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Fig. 2. (A) Normal phase LC/MS analysis (base peak chromatogram) of the neutral lipids extracted from bone marrow cells differentiated in culture to macrophages, then
derivatized with difluorophenyl isocyanate to the urethane derivative of the free hydroxyl moiety. Regions of the elution of neutral lipids are indicated. Imp1 is a mixture
of polysiloxanes and Imp2 is the oxidized form of a plastic antioxidant (tris(2,4-ditert-butylphenyl)phosphate) and Imp3 is the elution of phthalate esters. (B) Summation
of ions [M+NH4]* 1,3-DAG-DFPU derivatives eluting between 22.5 and 23.8 min. The added internal standard of ds-glycerol 20:0/20:0-DAG-DFPU derivatized at m/z 858.8
elutes in this area. (C) Summation of the ions [M+NH4]* from the 1,2-DAG-DFPU derivatives eluting between 25.5 and 27.1 min.

ing a standard curve with synthetic 1,3- and 1,2-DAG standards
(Supplemental Fig. 2). While standard curves using three differ-
ent DAG reference standards were found to be quite linear for this
neutral loss method, there were differences in slopes depending
upon the exact number of carbon atoms in each fatty acyl group
and total number of double bonds. Such behavior has been previ-
ously described [16]. A current limitation in DAG analysis is the very
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Fig. 3. (A) Normal phase LC/MS/MS analysis of the same derivatized neutral lipid
extract in Fig. 2 using neutral loss scanning of 299 u corresponding to loss of oleic
acid plus ammonia (NH3 ) from the [M+NH4]* ions. (B) Molecular ion species of tri-
acylglycerols contain oleoyl (18:1) fatty acyl group. (C) Molecular ion species of
1,2-DAG-DFPU derivatives that contain oleoyl fatty acyl chains. The fatty acyl con-
tent of each [M+NH4]" is indicated but no position of esterification on the glycerol
backbone is implied.

small number of DAG standards (both 1,3- and 1,2-DAGs) available
along with restricted diversity in fatty acyl groups. These limita-
tions reduce the overall absolute accuracy of this method, but will
not affect, in a major way, the precision or differential accuracy in
measuring changes in the same species when parallel experiments
are used to follow differences in molecular species content.
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Fig. 4. (A) Normal phase LC/MS/MS analysis of the derivatized neutral lipid extract
of bone marrow derived macrophages using neutral loss scanning of 190 u corre-
sponding to the loss of the difluorophenyl carbamic acid plus ammonia from the
[M+NH4]*"ions. (B) The 1,3-DAG-DFPU molecular species eluting between 22.5 and
25min including the 1,3-20:0/20:0-DAG added as internal standard. (C) The 1,2-
DAG-DFPU molecular species eluting between 26 and 28 min.
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3.2. Peritoneal macrophage DAG analysis

This neutral loss method was used to identify the 1,3- and
1,2-DAGs present in the bone marrow cells incubated for 16 h to

Table 1
Concentrations of 1,3- and 1,2-DAG-DFPU in bone marrow derived mouse cells
differentiated to bone marrow macrophages by MCSF exposure for 16 h.

DAG molecular [M+NH4]* 1,2-DAG-DFPUP 1,3-DAG-DFPU
species? m|z (fmol/jg DNA) (fmol/g DNA)
30:1 7115 0.9+ 0.2 nd¢
30:0 7135 6.8 +0.7 1.6+0.2
32:2 737.5 0.8 +0.0 nd

32:1 739.5 11.2 £ 0.7 nd

32:0 741.5 27.2 +£0.1 9.4+1.0
33:1 753.5 32+03 nd

33:0 755.5 23+04 3.6+0.6
34:3 763.5 0.5 + 0.1 nd

34:2 765.5 12.0 £ 0.8 nd

34:1 767.5 55.5 + 0.5 3.4+0.7
34:0 769.5 359429 nd

35:2 779.6 1.8+03 1.9+0.5
35:1 781.6 39+03 23+0.6
35:0 783.6 1.2+02 1.4+0.1
36:4 789.6 1.1+0.2 nd

36:3 791.6 6.6 + 0.6 nd

36:2 793.6 435 + 4.6 nd

36:1 795.6 41.7 £ 6.2 49+0.7
36:0 797.6 126 £2.2 nd

37:2 807.6 14+ 0.1 nd

37:1 809.6 1.0 £ 0.1 nd

38:6 813.7 0.7 +£ 0.1 0.1+0.0
38:5 815.7 27 +04 nd

38:4 817.7 58 + 0.6 nd

38:3 819.7 7.4 +0.7 nd

38:2 821.7 7.0+ 1.1 04+0.1
38:1 823.7 39+04 0.3+0.1
38:0 825.7 1.2+0.2 1.5+0.2
40:7 839.7 0.5 + 0.1 nd

40:6 841.7 1.3+02 nd

40:5 843.7 1.5+ 0.1 nd

40:4 845.7 1.3+0.1 nd

40:3 847.7 0.6 +0.1 nd

40:2 849.7 0.5 + 0.1 nd

40:1 851.7 0.5 + 0.1 nd

40:0 853.7 0.2+ 0.0 nd

a XX:N—total fatty acyl carbon atoms:total number of double bonds.

b Average + standard error of the mean, n =3. Procedural blank values of 1,3-DAG
DPFU species were subtracted from the reported molecular species of 1,3-DAG DPFU.

¢ nd—not detected.

differentiate into a macrophage phenotype by macrophage colony
stimulating factor [12]. Over 30 different 1,2-DAG species could
be identified and quantitated while 10 1,3-DAG molecular species
were observed (Table 1). In all cases, the 1,2-DAG species were over
10-fold more abundant than the 1,3-DAG molecular species (Fig. 4B
and C) and the exact profile of major species of 1,3-DAG were dif-
ferent from the major species of 1,2-DAG. The saturated 1,3-DAG
(34:0 and 36:0) molecular species were more abundant in the pro-
cedural blanks suggesting contamination with these regioisomers
(Supplemental Fig. 3). This was not the case for 1,2-DAG (34:0 and
36:0) species which were more than 15-fold lower in the procedu-
ral blank. These contaminants did not interfere with the analysis
of samples as long as a procedural blank was determined which
enabled subtraction of these saturated molecular species quantities
from the biological 1,3- and 1,2-DAG DPFU values.

One unexpected outcome of performing a neutral loss scan
of 190u was the detection of several HPLC components eluting
at approximately 31-32 min that corresponded to the molecular
weight of a bis(2,4-difluorophenyl urethane) derivatives of monoa-
cylglyceride species (Fig. 5). The molecular ions of the first eluting
MAG-di-DFPU derivatives were consistent with 14:0, 16:0, and
18:0-MAGs (Fig. 5A). The later eluting HPLC peak in the MAG-
DFPU region had as its most abundant species 18:1-MAG-DFPU and
16:0-MAG-DFPU with minor molecular ions corresponding to sev-
eral polyunsaturated MAGs, including species that had fatty acyl
chains 20:3 and 22:6 (Fig. 5B). Collisional activation of such MAG
species revealed, as expected, two major ions corresponding to
the loss of one fatty acyl group and a much more abundant ion
corresponding to the loss of 190 u. The two separate peaks likely
corresponded to 1(3)-acyl-MAG and 2-acyl-MAG species that could
be chromatographically separated, as expected from the DAG sep-
aration behavior on this normal phase column. Thus, it is possible
that this strategy of forming the DFPU derivative would be quite
useful in the detection and quantitation of MAG species.

4. Discussion

The DAGs represent an important neutral lipid class that is
the center of much lipid biochemistry from the standpoint of
biosynthesis as well as metabolism of more complex lipids. Thus
measurement of these molecules in a quantitative way can be
an important component of any lipidomics analysis. Brown and
coworkers [9] recently reported the DAG molecular species in RAW



108 TJ. Leiker et al. / International Journal of Mass Spectrometry 305 (2011) 103-108

cells with similar results as those reported here for bone marrow
derived macrophage cells. This method employed generation of
sodium ion adduct ions and direct injection electrospray which
did not permit distinguishing between 1,3- and 1,2-DAG isomers.
While several methods have been published outlining means by
which one can generate abundant molecular ion species by elec-
trospray ionization that can be used for quantitative analysis, none
of the methods have integrated this technique in a general protocol
that can analyze multiple neutral lipid species including choles-
terol esters, TAGs, and monoacylglycerols (MAGs). The formation
of this derivative now makes it possible to carry out such an anal-
ysis from a single extract of neutral lipids where all of these lipid
species are indeed present and a normal phase LC separation sys-
tem employed [11]. A major component of this strategy, however,
is the application of HPLC separation of each of these major classes
of lipids so that there is little electrospray ionization suppression
taking place when major lipids, such as TAG molecular species,
would be considerably more abundant than other species, e.g.,
MAGs.

One of the unique approaches in detecting diacylglycerols
and monoacylglycerols is the formation of a product ion cor-
responding to the loss of the derivatizing group difluorophenyl
carbamic acid (plus ammonia) corresponding to a loss of 190 Da.
This neutral loss permits one to detect all derivatized species in
a way that significantly reduces chemical noise and allows one
to readily detect the elution of DAGs and MAGs. Furthermore,
this derivative enables separation of 1,3-DAGs from 1,2-DAGs by
normal phase chromatography and presumably 1(3)-MAGs from
2-MAGs, and the corresponding molecular species of each of these
regioisomers.

1,2-Diacylglycerols are the expected biosynthetic products of
phospholipid biosynthesis and TAG hydrolysis, but little atten-
tion has been paid to the appearance of 1,3-DAGs. However we
found these isomers to be minor components present in biological
extracts. If acyl group migration is allowed to proceed to equi-
librium then the thermodynamically most stable 1,3-DAG isomer
predominates in a ratio of 9 to 1 [17]. While there has been no
report of 1,2-DAG acyl group migration during mass spectrometry,
it is known that acyl group migration can be chemically catalyzed
by normal phase silica chromatography used during isolation and
purification [17]. Therefore a strategy was employed to utilize a
derivatization reaction of the free hydroxyl group that is required
for acyl group migration in order to eliminate this isolation artifact
even ifit occurred to a minor extent. In this way a faithful represen-
tation of the population of 1,3-DAGs and 1,2-DAGs in the biological
neutral lipid extract was obtained even when normal phase HPLC
separation was employed. The minor extent of acyl group migra-
tion was evident by the appearance 0f20:0/20:0 d5-DAG DPFU (acyl
group migration within the internal standard) in the 1,2 diacyl-
glycerol LC region (Supplemental Fig. 3). Thus it is possible that the
origin of the 1,3-DAGs observed in these macrophages was different
than the 1,2-DAGs in terms of synthesis or as metabolic products
from esterase hydrolysis of TAGs.

5. Conclusion

Arapid and facile derivatization of DAGs and MAGs that freezes
the stereochemistry of the di- or monoglycerol esters in a way
that allows one to determine the molecular species for each
regioisomer of this class of lipids as they are found in biological
samples. The application of this technique to a biological extract has

been demonstrated and revealed different populations of 1,3-DAG
molecular species from 1,2-DAG molecular species. An unexpected
additional benefit of this derivatization approach was the discov-
ery of MAG species. These were most readily detected in a constant
neutral loss of 190 u.
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