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The structures of molecular species of galactolipids, such as monogalactosyl diacylglycerol (MGDG) and
digalactosyl diacylglycerol (DGDG), isolated from wheat flour have been investigated using negative-ion
electrospray ionization (ESI) mass spectrometry interfaced with high performance liquid chromatography
(HPLC). According to the result of HPLC analysis, MGDG and DGDG were found to consist of mixtures of
five and four molecular species, respectively. The galactolipids have been also analyzed to determine their fatty
acid compositions, using HPLC/ESI-MS combined with in-source (or cone voltage) fragmentation. HPLC/
ESI-MS is very useful for one-step analysis of mixtures of galactolipids with a small sample quantity.
Especially, the carboxylate anions produced in in-source fragmentations of the negative-ion of each component
separated by HPLC provide valuable information on the composition of its fatty acyl chains.
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Introduction

The benzene-extractable lipids of bleached wheat flour
have at least two galactosyl glyceride compounds that were
identified as monogalactosyl diacylglycerol (MGDG) and
digalactosyl diacylglycerol (DGDG) by the characterization
of the carbohydrate moiety of these lipids.1 These galacto-
lipids, composed of a major class of membrane lipids in
plants, are associated largely with photosynthetic tissues.2-5

Galactolipids with unique structure and function are located
in heterocyst cell walls and have been isolated from various
organisms with pharmacological activity or unique structural
features.6 Plant seeds have a relatively low content of
galactolipids compared with their content of phospholipids
and neutral lipids, and the galactolipids account for only
about 3% of the total lipids of all seeds examined.7 Each
of the two major galactolipid classes, MGDG and DGDG,
is composed of various molecular species differing in
chain length and degree of unsaturation of their fatty acyl
groups.8

The isolation of single molecular species from plant
sources is quite difficult due to the complexity of these
mixtures and the similarities in chemical structures. As
galactolipids are thermally labile and nonvolatile, previous
ionization methods such as electron ionization (EI) or
chemical ionization (CI) are unsuitable. The development of
soft ionization techniques for mass spectrometry has
permitted the analyses of a wide variety of plant compounds.
Electrospray ionization mass spectrometry (ESI-MS) is used

primarily to analyze proteins, which are not only difficult to
ionize under any circumstances, but also have molecules too
large to be analyzed with a conventional mass spectrometer.
Recently, ESI-MS has been widely applied to the analysis of
glycoproteins,9 oligonucleotides,10,11 oligosaccharides,12,13

drugs and drug metabolites,14 environmental contami-
nants,15,16 and numerous other types of compounds.17 The
combination of the fast atom bombardment (FAB) ionization
method and tandem mass spectrometry (MS/MS) for the
analysis of mixtures has largely improved the structural
characterization of several high-mass lipids at the molecular
species level.4,18-24 This technique is uniquely suited for the
characterization of compounds featuring a long alkyl group
and a localized polar moiety.4,25 Although the complete
structural information for lipids can be obtained by fast atom
bombardment tandem mass spectrometry (FAB-MS/MS),
electrospray ionization offers several advantages over this
ionization technique, including lower background signals
due to the absence of matrix ions, longer lasting and stable
primary ion currents, ease of sampling, and compatibility
with liquid chromatographs.26-31

High performance liquid chromatography mass spectro-
metry (HPLC/MS) has great potential for the on-line anal-
ysis of lipids. A few successful analyses using HPLC/MS
systems have been described, providing separation of
phospholipid molecular species.32-34 Reverse-phase HPLC of
plant galactolipids, however, has been applied only in a few
cases. Separation by reversed-phase chromatography was
especially suitable for the partitioning of molecular species
within a lipid class.35,36

In the present study, we report the analytical method for
the determination of fatty acyl groups of the molecular
species present in complex mixtures of MGDG and DGDG,
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using HPLC/ESI-MS combined with in-source fragmenta-
tion in the negative-ion mode.

Experimental Procedures

Material . Monogalactosyl diacylglycerol [1,2-diacyl-3-O-
(β-D-galactopyranosyl)-sn-glycerol : MGDG] and digalac-
tosyl diacylglycerol [1,2-diacyl-3-O-(α-D-galactopyranosyl-
(1→6)-O-β-D-galactopyranosyl)-sn-glycerol : DGDG] from
whole wheat flour were purchased from Sigma Chemical
Co.(St. Louis, MO, USA). Information on the fatty acid
composition of each molecular species in mixtures of
MGDG and DGDG was not available from the commercial
source. All other reagents were of analytical grade.

Liquid Chromatography . The liquid chromatography
was carried out with a LC-10AD solvent delivery module
(Shimadzu, Kyoto, Japan) and Rheodyne 7520 injector with
a 0.5 µL sample loop (Rheodyne, CA, USA). The separations
were performed on a microcolumn 1.0 mm i.d. × 250 mm
Length CapcellPak C18 (Shiseido, Japan). The injection
volume was 0.5 µL of sample with a concentration of 50 ng/
µL. The flow rate was 50 µL/min and a mobile phase
consisted of methanol, water and acetonitrile (90.5 : 7 : 2.5,
v/v/v) was used.37 The UV detector was operated at 205 nm.

Mass Spectrometry. The mass spectrometry was carried
out with a VG Quattro triple quadrupole mass spectrometer
(Fisons Instruments, VG Organic, Altrincham, UK) equipped
with a pneumatically assisted electrospray ionization source.
Nitrogen was used both as a nebulizing gas and drying gas at
flow rates of 500 L/h and 15 L/h, respectively. The capillary
voltage was −2.26 kV (in the negative-ion mode) with a
source temperature of 80 oC. A voltage applied to the orifice
of the instrument, also known as the cone voltage, created a
potential difference between the skimmer lens and cone of
Quattro source. The cone voltage was set to a soft value of
20 eV to detect deprotonated molecular ion [M-H]− of the
separated molecular species of galactolipids in the effluent.
On the other hand, in the in-source fragmentation experi-
ment, the cone voltage was increased to a higher energetic
value (60 eV) to promote fragmentation in the source. A full
scan mass spectrum was acquired over the mass range
between m/z 200 and 800 for MGDG and between m/z 200
and 1000 for DGDG. The scan time was 3 s and the
interscan time 1 s. Data handling was performed with a VG
MassLynx data system.

Results and Discussion

The structures of the galactolipids isolated from wheat
flour are shown in Figure 1. The two non-polar fatty acyl
chains (R1 and R2) are attached at the sn-1 and sn-2 positions
of the glycerol backbone with a polar head group such as
monogalactose and digalactose. Since galactolipids differ
mainly in the chain length and the position and degree of
unsaturation of fatty acyl groups, it is difficult to separate
and purify a naturally occurring mixture of galactolipids.
Therefore, galactolipids are analyzed using a mixture in

itself or after separation through complex multistep proce-
dures. The analysis of molecular species has usually been
performed in a series of steps, which include partial
hydrolysis, derivative formation, and/or a combination of
several different types of chromatographic procedures.
However, we separated the molecular components in a
mixture with reverse-phase HPLC system. The molecular

Figure 1. Structures of monogalactosyl diacylglycerol (MGDG)
and digalactosyl diacylglycerol (DGDG). The acyl groups design-
ated R1 and R2 are attached at the sn-1 and sn-2 positions of the
glycerol backbone, respectively. 

Figure 2. Separation of the molecular species of (a) MGDGs and
(b) DGDGs extracted from wheat flour by reverse-phase HPLC.
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species in each lipid class was identified as shown in Figure
2. According to previous reports (37,38), UV detection in
HPLC separation depends on their double-bond number.
According to the result of the HPLC analysis, DGDG elutes
faster than MGDG and within both galactolipid classes the
order of elution of molecular species was constant and
entirely dependent on the composition of the fatty acyl group
of the molecular species. The chromatograms in Figure 2
show the peaks of five molecular species for MGDG and
four molecular species for DGDG, respectively.

Figure 3 shows the total ion chromatogram and extracted
ion chromatogram of [M-H]− ion of each MGDG species
obtained at cone voltage (CV) of 20 eV, using the reverse-
phase HPLC interfaced with electrospray ionization tech-
nique in the negative-ion mode. The MGDG was separated
into five components differing by the composition of the
fatty acyl groups. The total ion chromatogram in Figure 3 is
very similar to the one shown in Figure 2(a). The extracted
ion chromatogram of each deprotonated molecular ion [M-
H]− at m/z 779, 777, 775, 773 and 753 corresponding to the
molecular species of MGDG is shown in the same figure. 

ESI mass spectra of the components of MGDG are shown
in Figure 4. The major peaks observed in the spectra were
assigned to the deprotonated molecular ions [M-H]− of
individual MGDG molecular species. The molecular ion
peaks observed at m/z 779, 777, 775, 773 and 753 in ESI
mass spectra indicate that each MGDG species has total
fatty acid composition of C36:3, C36:4, C36:5, C36:6 and
C34:2, respectively. In addition, the chlorine adducted ions
[M+Cl] − of the components were also observed at m/z 815,
813, 811, 809 (not shown in Figure 4) and 789. Their mass

spectra provide only information on total fatty acid composi-
tion but no information on the double-bond positions and the
composition of each fatty acyl chain. 

In our previous reports (4,25), FAB in combination with
tandem mass spectrometry (MS/MS) has been demonstrated
for the structural analysis of the molecular species of
galactolipids. The positions of the double bonds in the fatty
acid chains could be determined from a series of charge-
remote fragmentation occurring along the fatty acid chains.
In this work, we obtained the CID spectrum of each
component by using an in-source fragmentation technique
for the structural analysis. The most suitable cone voltage
was determined by observing the carboxylate ion inform-
ative on the composition of each fatty acyl group. The
spectra obtained by the in-source fragmentation of individ-
ual components at a cone voltage of 60 eV are shown in
Figure 5. From the C18:1 and C18:2 carboxylate anions
observed at m/z 281 and 279, it was concluded that the major
component (m/z 779) of MGDG with total fatty acid
composition of C36:3 contained C18:1 and C18:2 fatty acyl
groups. The results for the compositions of the fatty acyl
groups obtained for the other components are summarized in
Table 1. Based on the results, we concluded that the highly
unsaturated species with the same carbon length among the
species was first eluted and then other molecular species
eluted in order of decreasing unsaturation. However, for two
species with the respective compositions of C16:0/C18:2
and C18:2/C18:1 (carbon number : number of double-bond),

Figure 3. Extracted ion chromatograms of deprotonated molecular
ions [M-H]− obtained at cone voltage 20 eV for five molecular
species of MGDG, which were separated in reverse-phase HPLC
and total ion chromatogram (TIC). Figure 4. ESI mass spectra obtained for the molecular species

eluting at 65.7, 61.0, 44.4, 31.2 and 21.3 min in TIC of MGDG
shown in Fig 3.; (a) M5(C36:3) (b) M4(C34:2) (c) M3(36:4) (d)
M2(C36:5) and (e) M1(C36:6) (carbon number: number of double-
bond).
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the molecular species with shorter fatty acyl chain eluted
more rapidly than species with longer fatty acyl chain.

Figure 6 shows the total ion chromatogram of ESI mass
spectrum of DGDG obtained at cone voltage of 20 eV and
the extracted ion chromatogram of the deprotonated molec-
ular ion of each component present in a mixture of DGDG.
The chromatographic pattern of DGDG is very similar to
that of MGDG. The molecular mass of individual compo-
nents of DGDG eluted at 33.3, 43.4, 55.8 and 59.2 minutes
were identified as 938, 940, 916 and 942 Da, respectively.

The negative-ion ESI mass spectra of D1, D2, D3 and D4
corresponding to each components of DGDG in Figure 6 are
shown in Figure 7. The dominant ions observed in each ESI
mass spectrum are the deprotonated molecular ion [M-H]−

and chlorine adducted ion [M+Cl]− of each component.
Thus, the mixture of DGDG was composed of four molec-
ular species containing total fatty acid composition of C36:5,
C36:4, C34:2 and C36:3, respectively. 

The in-source fragmentation of each component at cone
voltage of 60 eV yielded the carboxylate anions correspond-
ing to the fatty acyl groups as shown in Figure 8. The ions
produced by in-source fragmentation of the [M-H]− ion at
m/z 941 indicated intense peaks at m/z 279 (C18:2) and m/z
281 (C18:1) in the acyl region of the mass spectrum. Base on
the results summarized in Table 1, the components of
DGDG isolated from wheat flour had two fatty acyl groups

Figure 5. Mass spectra obtained by in-source fragmentation of
MGDG species at CV 60 eV; (a) M5(C18:2, C18:1) (b) M4(C16:0,
C18:2) (c) M3(C18:2, C18:2) (d) M2(C18:3, C18:2) and (e)
M1(C18:3, C18:3).

Table 1. Fatty acid compositions of MGDG and DGDG molecular
species isolated from whole wheat flour

Lipid class Species MW [M-H]− Structure of fatty 
acyl groupsa

MGDG M1 774.6 773.4 C18:3/C18:3
M2 776.6 775.4 C18:2/C18:3
M3 778.6 777.4 C18:2/C18:2
M4 754.6 753.5 C16:0/C18:2
M5 780.6 779.6 C18:2/C18:1

DGDG D1 938.6 937.5 C18:2/C18:3
D2 940.6 939.5 C18:2/C18:2
D3 916.6 915.5 C16:0/C18:2
D4 942.6 941.5 C18:2/C18:1

aThe fatty acyl groups are symbolized by the convention, carbon
number: number of double-bond. 

Figure 6. Extracted ion chromatograms of deprotonated molecular
ions [M-H]− obtained at cone voltage 20 eV for four molecular
species of DGDG, which were separated in reverse-phase HPLC
and total ion chromatogram (TIC).

Figure 7. ESI mass spectra obtained for the molecular species
eluted at 59.2, 55.8, 43.4 and 33.3 min in TIC of DGDG shown in
Fig 6.; (a) D4(C36:3) (b) D3(C34:2) (c) D2(C36:4) and (d)
D1(C36:5).
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exactly the same as those of MGDG except for the absence
of C18:3/C18:3 component. This component in DGDG may
not be detectable due to its extremely small quantity. This
similarity between the fatty acyl groups of MGDG and
DGDG may owe to a common biosythesis pathway of
galactolipids involving successive acylations of glycerol-3-
phosphate at the sn-1 and sn-2 positions of glycerol
backbone. This is followed by dephosphorylation to 1,2-
diacylglycerol, which finally involves a transfer of galactose
(or digalactose) from a galactose (or digalactose) donor at
the sn-3 position.39

In the negative-ion mode, all classes of galactolipids
underwent similar fragmentation processes. The principal
product ions due to the cleavage of the acyl moieties with
negative charge retention on the free fatty acids provide the
information about the fatty acid composition of each
component. The less prominent ions were also observed due
to the elimination of RCOO− from the [M-H]− ion. In
addition to providing information on the composition of the
two acyl groups, the negative-ion in-source fragmentation
also allowed us to identify the polar head group by
difference between the molecular masses of the two fatty
acids and the total molecular mass.

The HPLC/ESI-MS with in-source fragmentation in the
negative-ion mode provides a highly sensitive tool for
determination of fatty acid compositions of galactolipids at
the level of their individual molecular species. For routine
analyses, HPLC/ESI-MS offers advantages, such as clear-cut
separations, simple, rapid and cost-effective analyses and
consumption of a small amount of sample, over the conven-
tional HPLC analysis. The positions of double bonds cannot
be determined, whereas the number of double-bonds in the
fatty acyl chains can be identified. However, this problem
can be solved by using high-energy collision-induced
decomposition (CID) techniques with FAB as reported

previously.19,21,25 But HPLC/ESI-MS combined with in-
source fragmentation techniques in the negative-ion mode
can provide insight into the fatty acid composition of each
galactolipid species present in the mixture without the use of
tandem mass spectrometric techniques (MS/MS).
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