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Abstract Glycosylphosphatidylinositol (GPI) anchor is a
major lipidation in posttranslational modification. GPI
anchor precursors are biosynthesized from endogenous
phosphatidylinositols (PIs) and attached to proteins in the
endoplasmic reticulum. Endogenous PIs are characterized
by domination of diacyl species and the presence of poly-
unsaturated fatty acyl chain, such as 18:0-20:4, at the sn -2
position. In contrast, the features of mammalian glycosyl-
phosphatidylinositol-anchored proteins (GPI-APs) are domi-
nation of alkyl/acyl PI species and the presence of saturated
fatty acyl chains at the sn-2 position, the latter being consis-
tent with association with lipid rafts. Recent studies showed
that saturated fatty acyl chain at sn-2 is introduced by fatty
acid remodeling that occurs in GPI-APs. To gain insight into
the former feature, we analyzed the molecular species of
several different GPI precursors derived from various mam-
malian mutant cell lines. Here, we show that the PI species
profile greatly changed in the precursor glucosamine
(GlcN)-acyl-PI and became very similar to that of GPI-APs
before fatty acid remodeling. They had alkyl (or alkenyl)/
acyl types with unsaturated acyl chain as the major PI
species. Therefore, a specific feature of the PI moieties
of mature GPI-APs, domination of alkyl (or alkenyl)/acyl
type species over diacyl types, is established at the stage of
GlcN-acyl-PI.—Houjou, T., J. Hayakawa, R. Watanabe, Y.
Tashima, Y. Maeda, T. Kinoshita, and R. Taguchi. Changes
in molecular species profiles of glycosylphosphatidylinosi-
tol anchor precursors in early stages of biosynthesis. J. Lipid
Res. 2007. 48: 1599–1606.
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Glycosylphosphatidylinositol-anchored proteins (GPI-
APs) are attached to the plasma membrane in all eukary-
otes (1–3). Glycosylphosphatidylinositol (GPI) anchors

are normally composed of three to four mannoses, a glu-
cosamine (GlcN), two to three phosphorylethanolamines,
and an inositol phospholipid, and the ethanolamine amino
group is bound to the C terminus of GPI-AP (4, 5). GPI
is one of the many posttranslational modifications that
regulate various functions, such as intracellular localiza-
tion and signal transduction (3–10). GPIs are biosynthe-
sized at the endoplasmic reticulum membrane in eight or
nine steps and then transported to the plasma mem-
brane via the Golgi apparatus (11). Many genes related
to GPI biosynthesis, such as PIGA and PIGM, have been
cloned (12, 13). It is widely known that mutations in the
PIGA gene cause paroxysmal nocturnal hemoglobinuria, a
clonal hematopoietic stem cell disease (14).

Many GPI-APs aggregate at lipid rafts, which are
sphingolipid- and cholesterol-enriched microdomains on
the plasma membrane, and play important roles in signal
transduction (3–10). In mammalian cells, phosphatidyl-
inositol (PI) moieties in mature GPI-APs contain saturated
or monounsaturated fatty acyl chains at the sn-2 position,
although PIs in general cells are polyunsaturated molecu-
lar species such as 20:4. Previous reports have shown
that GPI-APs are matured by remodeling of their PI moie-
ties (1, 15–18). It was also found recently that PGAP2 (for
Post-GPI Attachment to Proteins 2), which mainly exists
in the Golgi, is involved in fatty acid remodeling. How-
ever, there are many remodeling mechanisms that have
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not yet been elucidated (19). In a previous report, we used
liquid chromatography-electrospray ionization-tandem
mass spectrometry (LC-ESI-MS/MS) for analysis of GPI
precursors trapped in several mutant cells during the
early steps of GPI biosynthesis. ESI-MS with the feature of
soft ionization is usually used for profiling of molecular
weight-related ions (20, 21). We also attempted to elu-
cidate the precise structures of the GPI precursors by MS/
MS analysis. Here, we conducted a precise comparison of
the compositions of GPI precursor species during the early
biosynthetic steps.

MATERIALS AND METHODS

Cells and materials

All solvents used were MS grade and were purchased from Wako
Pure Chemicals (Osaka, Japan). Deionized water was obtained
using a Milli-Q water system (Millipore, Milford, MA). All cell lines
used were derivatives of CHO cells. Wild-type 3B2A cells (22) were
cultured in Ham’s F12 medium (Sigma). All mutant cell lines
[M2S2 (accumulating N-acetyl glucosamine-PI; GlcNAc-PI) (22),
CHOPA10.14 (accumulating GlcN-PI) (23), and Lec15 (accumu-
lating GlcN-acyl-PI) (24)] were cultured in Ham’s F12 medium
supplemented with 10% fetal calf serum and 600 mg/ml G418.

Extraction of phospholipids

Wild and mutant CHO cells (1 3 108) were homogenized
with methanol, and the lipid mixture was extracted using the
method of Bligh and Dyer (25). The total lipid extract was dried
under a gentle stream of nitrogen and then dissolved in 100 ml of
chloroform-methanol (1:1).

ESI-MS analysis of phospholipids

ESI-MS analysis was performed using a quadrupole time-
of-flight hybrid mass spectrometer, Q-TOF II or Q-TOF microTM

(Micromass, Manchester, England), and an Ultimate HPLC
system combined with a FAMOS autosampler (LC-Packings, San

Francisco, CA). The mass range of the instrument was set at m/z
400–1,400. Spectra were recorded in positive and negative ion
modes. Capillary voltage was set at 3.0 kV, cone voltages at 30 V,
and source block temperatures at 100jC. The collision gas used
for MS/MS experiments was argon (pAr 5 7.5 3 1025 mbar), and
the collision energy was set at 50 V.

LC-ESI-MS

LC separation was carried out using a Si60 (Nomura Chemi-
cals) normal phase LC column (150 3 0.3 mm inner diame-
ter) at room temperature. The mobile phase composition was
acetonitrile-methanol-water (18:11:1; 0.1% ammonium formate,
pH 7.8). The mobile phase was pumped at a flow rate of 3 ml/min
for isocratic elution. Typically, 3 ml of sample was used.

RESULTS

Comparison of molecular species at each biosynthetic
step of GPI

GPI anchors are synthesized from intracellular PI [(i)
in Fig. 1] by sequential additions of hexoses, an acyl chain,
and phosphorylethanolamines. First, GlcNAc [(ii)] from
UDP-GlcNAc is added to PI. Next, GlcNAc-PI is deacety-
lated to GlcN-PI [(iii)]. Then, GlcN-PI is transferred to
the lumen side by flip-flop transfer and converted to
GlcN-acyl-PI [(iv)] by palmitoylation at C-2 of inositol.
Subsequently, three mannoses and two phosphoryletha-
nolamines are added to GlcN-acyl-PI, generating the com-
plete GPI anchor (Fig. 1).

Endogenous PIs are dominant in 18:0-20:4 diacyl PI. In
contrast, the features of mammalian GPI-anchored pro-
teins are domination of alkyl (or alkenyl)/acyl (alk/acyl)
PI species and the presence of saturated fatty acyl chains at
the sn-2 position. To determine structures of PI moieties in
early GPI precursors, the lipid mixture extracted from
each biosynthetic mutant cell was subjected to LC-ESI-MS
analysis. GPI precursors, which are minor components,

Fig. 1. Biosynthetic pathway of glycosylphosphatidyl-
inositol-anchored proteins (GPI-APs). Glycosylphos-
phatidylinositol (GPI) precursors are biosynthesized
at the endoplasmic reticulum membrane. First, N-
acetyl glucosamine [GlcNAc; (ii)] from UDP-GlcNAc
is added to phosphatidylinositol [PI; (i)]. Next, GlcNAc-
PI is deacetylated to form glucosamine-PI [GlcN-PI;
(iii)]. Then, GlcN-PI undergoes a flip-flop transfer to
the lumen side and is converted to GlcN-acyl-PI (iv)
by palmitoylation at C-2 of inositol. Next, three man-
noses and two phosphorylethanolamines are added
to GlcN-acyl-PI, and then complete GPI anchor
binds to a protein at the lumenal membrane. The
cells defective in the second, third, or fourth reac-
tion [(II) to (IV)] accumulate GlcNAc-PI, GlcN-PI, or
GlcN-acyl-PI, respectively. alk, alkyl or alkenyl; DG,
diacylglycerol; PE, phosphatidylethanolamine.
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were detected with LC-ESI-MS by separating from major
phospholipids. For example, GlcNAc-PIs were eluted
before PIs and other phospholipids (Fig. 2). In the origi-
nal precursor (PI), the major molecular species was 38:4
(18:0-20:4) diacyl type, with other species present only in
small amounts (Fig. 3A). In the second (GlcNAc-PI) and
third (GlcN-PI) precursors, the 38:4 diacyl type was also a
major species; the composition of molecular species was
almost unchanged up to the third precursor, although
some minor species were increased (Fig. 3B, C). However,

in the fourth precursor (GlcN-acyl-PI), not only 38:4 diacyl
species but also many other molecular species, such as 38:4
alk/acyl, were detected as major components (Fig. 3D).
In this process, molecular species containing longer acyl
chain also seem to be accumulated. This result showed
that the alkyl or alkenyl binding type of GPI molecule
increased greatly between the third and fourth precursors.
The high content of alk/acyl PI in GlcN-acyl-PI was also
found in a DPM1-defective mutant of mouse T-cell lym-
phoma cells, BW5147Thy-12e (data not shown), suggest-
ing that dominance of alk/acyl types in GlcN-acyl-PI is
common in mammalian cells. It was a common character-
istic up to the fourth step that most GPIs had unsaturated
fatty acyl chains (Fig. 4).

Identification of each GPI precursor species

To assign the peaks shown in Fig. 3, we performed LC-
ESI-MS/MS and identified the fatty acid-related residues
and GPI precursor-specific fragments. For the first GPI
precursor, the peak at m/z 885 was identified as 18:0-20:4
diacyl PI, which is the most common molecular species in
mammalian cells (data not shown).

In Fig. 5, the fragment peak at m/z 444 was derived
from GlcNAc inositol phosphate ([GlcNAc-Ins-P]2,
C14H23O13NP; Fig. 5A); thus, it was confirmed that the
peaks at m/z 1,088 and 1,052 in Fig. 3B were GlcNAc-PI.
The peak at m/z 1,088 was identified as 18:0-20:4 diacyl by
the fatty acyl residues 18:0 (C18H35O2, m/z 283) and 20:4
(C20H31O2, m/z 303) [Fig. 5B, (i)], and the peak at m/z
1,052 was identified as 18:0-18:1 alk/acyl by the fatty acyl
residue 18:1 (C18H33O2, m/z 281) [Fig. 5B, (ii)].

In Fig. 6, the fragment peak at m/z 402 was derived from
GlcN-cyclic-inositol phosphate ([GlcN-Ins-P]2, C12H21

O12NP; Fig. 6A); thus, it was confirmed that the peaks at
m/z 1,072 and 1,046 in Fig. 3C were GlcN-PI. The peak at
m/z 1,072 was identified as an 18:0-22:5 diacyl species by

Fig. 2. Two-dimensional map of the lipid mixture from CHO
mutant cells (M2S2) accumulating GlcNAc-PI obtained by liquid
chromatography-electrospray ionization-mass spectrometry (LC-
ESI-MS). LC-ESI-MS using the normal phase column was applied
to the lipid mixture extracted from CHO mutants accumulating
GlcNAc-PI. The two-dimensional map has m/z values along the
vertical axis and retention times along the horizontal axis. When
using a normal phase column, GlcNAc-PIs were eluted before ma-
jor phospholipids, such as PI, phosphatidylethanolamine (PE),
phosphatidylserine (PS), phosphatidylcholine (PC), and sphingo-
myelin (SM).

Fig. 3. Profiles of PI and GPI anchor species in MS
spectra of early GPI anchor precursors. Alteration
of the molecular species profiles was detected at
four early GPI biosynthetic steps. The lipid mixtures
from wild-type and GPI mutant cells were investi-
gated by LC-ESI-MS. A: PI. B: GlcNAc-PI. C: GlcN-PI.
D: GlcN-acyl-PI.
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the fatty acyl residues 18:0 (C18H35O2, m/z 283) and 22:5
(C22H33O2, m/z 329) and the loss of fatty acyl residue [M 2

f.a.22:5]2 (C33H61O15NP, m/z 742) [Fig. 6B, (i)], and the
peak at m/z 1,046 was identified as an 18:0-20:4 diacyl
species by the fatty acyl residues 18:0 (C18H35O2, m/z 283)

and 20:4 (C20H31O2, m/z 303) and [M 2 f.a.20:4]2 (C33

H61O15NP, m/z 742) [Fig. 6B, (ii)].
In Fig. 7, the fragment peak at m/z 640 was derived from

GlcN-acyl-cyclic-inositol phosphate ([GlcN-Ins(-palmitoyl)-
P]2, C28H51O13NP; Fig. 7A); thus, it was confirmed that the

Fig. 4. Comparison of molecular species in PI derivatives of each GPI biosynthetic step. The bar graph compares the intensities of all
molecular species at each GPI biosynthetic step relative to the 38:4 (18:0-20:4) diacyl species, which was detected at highest intensity.
This graph was created based on the data shown in Fig. 3. Solid and hatched bars indicate diacyl and alk/acyl species, respectively. The table
at left shows the major molecular species identified by MS/MS.

Fig. 5. Structural elucidation of GlcNAc-PI spe-
cies from specific fragments by LC-ESI-MS/MS. The
lipid mixture from CHO mutant cells (M2S2) accu-
mulating GlcNAc-PI was analyzed by LC-ESI-MS/MS.
The fragment peak at m/z 444 was identified as the
[GlcNAc-inositol phosphate (Ins-P)]2 ion, which
is derived from the core structure of GlcNAc-PI. A:
Fragmentation pattern. B: MS/MS of (i), m/z 1,088
(38:4 diacyl) and (ii), m/z 1,052 (36:1 alk/acyl). f.a.,
fatty acyl residue.

1602 Journal of Lipid Research Volume 48, 2007
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peaks at m/z 1,284, 1,268, 1,270, and 1,242 in Fig. 3D were
GlcN-acyl-PI. In addition, it was confirmed that these spe-
cies contained a palmitoyl chain at the C-2 of inositol,
because a 16:0 fatty acyl residue (C16H31O2, m/z 255) was
detected. The peak at m/z 1,284 was identified as 18:0-20:4
diacyl by the fatty acyl residues 18:0 and 20:4 (C18H35O2,
m/z 283 and C20H31O2, m/z 303), lyso-phosphatidic acid
18:0 (C21H43O7P, m/z 423), cyclic phosphatidic acid 18:0
(C21H41O6P, m/z 405), and [M 2 f.a.20:4]2 (C49H91O16

NP, m/z 980) [Fig. 7B, (i), 7C, (i)]. Furthermore, the peak
at m/z 1,284 contained not only 18:0-20:4 diacyl species
but also 16:0-22:4 diacyl species, because the fatty acyl resi-
dues 16:0 and 22:4 (C16H31O2, m/z 255 and C22H31O2, m/z
331) and [M 2 f.a.22:4]2 (C47H87O16NP, m/z 952) were
detected as fragment ions. Similarly, the peaks at 1,268,
1,270, and 1,242 in Fig. 3D were identified as 18:1-20:4
alk/acyl, 18:1-20:3 alk/acyl, and 16:0-20:4 alk/acyl species
(major species). In addition to these GlcN-acyl-PI species
with palmitoyl chains, GlcN-acyl-PI species with myristoyl
chains were also identified based on the presence of
[GlcN-Ins(-myristoyl)-P]2 (C26H47O13NP, m/z 612) and a
14:0 fatty acyl residue as fragment ions (C14H27O2, m/z
227). In these experiments, many molecular species with
the same mass value but with different pairs of fatty chains
were found to exist in the GlcN-acyl-PI accumulated mu-
tants (Table 1).

DISCUSSION

Previous reports have shown that saturated fatty acyl
chains in mature GPI-APs are important for integration
into the lipid rafts on the plasma membrane and that
there are few GPI-APs with high unsaturated fatty chains
(1, 15–18). It was also reported that large amounts
of alkyl/acyl-type PI are contained in mature GPI-APs
(16). However, the molecular species of intracellular PI,
which is the original precursor of the GPI anchor, is

generally an 18:0-20:4 diacyl species in mammalian cells.
These results indicate that GPI species are matured
through fatty chain remodeling and/or enzymatic se-
lection; however, clear experimental evidence for both
mechanisms had not been presented. Recently, Maeda
et al. (26) found that GPI-APs were remodeled from
PUFAs (e.g., 20:4) to 18:0 by PGAP2 and PGAP3 in the
Golgi apparatus and that only mature GPI-APs were
transported to rafts, reinforcing the idea that the fatty
acid moiety of GPI-APs is particularly important for their
precise localization and function in the membrane
(Fig. 1).

Here, we investigated the alteration in profile of several
GPI precursor species using LC-ESI-MS/MS. This tech-
nique has been shown to be very effective in lipid analy-
sis, and MS/MS mode is used broadly for identification
(27–29). The lipid mixtures extracted from CHO mutant
cells at the early stages of GPI biosynthesis were inves-
tigated using this method. In their MS/MS spectra,
the GPI precursor-specific fragments (e.g., GlcNAc-PI:
[GlcNAc-Ins-P]2; m/z 444) and fatty acyl chain residues
(e.g., 18:0-20:4: [f.a. 18:0]2; m/z 283 and [f.a. 20:4]2; m/z
303) were detected and identified. In the case of diacyl
species, two fatty acyl chain residues were detected [Fig. 5B,
(i)], whereas for alkyl or alkenyl binding types, only one
fatty acyl chain residue was detected [Fig. 5B, (ii)], because
the fatty chain residue was not fragmented from alkyl or
alkenyl binding at the sn -1 position.

Comparison of the GPI precursor species showed that
their profiles were almost identical up to the third pre-
cursor of biosynthesis (GlcN-PI), although the amounts of
alk/acyl species were slightly higher in GlcNAc-PI and
GlcN-PI than in the initial PI. However, we observed a
marked increase between the third and fourth (GlcN-acyl-
PI) precursors (Fig. 7). A similar increase in alk/acyl types
was seen in murine lymphocytes, suggesting that it is a
general phenomenon in mammalian cells. There is a
report that ?15% of GlcN-acyl-PI from HeLa S3 cells was

Fig. 6. Structural elucidation of GlcN-PI species
from specific fragments by LC-ESI-MS/MS. The lipid
mixture from CHO mutant cells (CHOPA10.14)
accumulating GlcN-PI was analyzed by LC-ESI-MS/
MS. The fragment peak at m/z 402 is the [GlcN-
Ins-P]2 ion, which is derived from the core structure
of GlcN-PI. A: Fragmentation pattern. B: MS/MS
of (i), m/z 1,072 (40:5 diacyl) and (ii), m/z 1,046
(38:4 diacyl).
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Fig. 7. Structural elucidation of GlcN-acyl-PI species from specific fragments by LC-ESI-MS/MS. The lipid mixture from CHO mutant cells
(Lec15) accumulating GlcN-acyl-PI was analyzed by LC-ESI-MS/MS. The fragment peak at m/z 640 is the [GlcN-Ins-palmitoyl (Pal)-P]2 ion,
and that at m/z 612 is the [GlcN-Ins-myristoyl (Myr)-P]2 ion, which is derived from the core structure of GlcN-acyl-PI. A: Fragmentation
pattern. B: MS/MS of (i), m/z 1,284 (38:4 diacyl); (ii), m/z 1,268 (38:5 alk/acyl); (iii), m/z 1,270 (38:4 alk/acyl); and (iv), m/z 1,242 (36:4 alk/
acyl). C: Spectrum shown in B expanded between m/z 200 and 500. cPA, cyclic phosphatidic acid; LPA, lyso-phosphatidic acid.
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alk/acyl type (30). Together, these results indicate that
selection of alkyl/acyl species occurs either in the flip-flop
step of GlcN-PI or in the catalytic process of inositol acyl-
ation (Fig. 1). In this process, molecular species con-
taining longer acyl chains also seem to be accumulated.
Normally, longer fatty acyl (or alkyl) carbon chains have
relatively higher hydrophobicity than shorter ones. Also,
saturated fatty acyl (or alkyl) chains have relatively higher
hydrophobicity than unsaturated ones. Furthermore, fatty
alkyl chains have relatively higher hydrophobicity than
fatty acyl chains. Thus, alkyl/acyl species have relatively
higher hydrophobicity than diacyl species with the same
fatty acyl carbon length and the same number of double
bonds. If the selection of molecular species could exist
in this step, hydrophobicity of substrates might be an im-
portant factor. However, other possibilities, such as re-
modeling of the acyl chain to an alkyl chain at sn-1 or
substitution of diacyl for alk/acyl diglycerol, cannot be
denied. Interestingly, GlcN-acyl-PIs are composed mainly
of molecular species with polyunsaturated fatty acyl chains,
and saturated chains are rarely present at the sn-2 position.

It was shown in two recent reports that fatty acid re-
modeling of mammalian GPI occurs after GPI is attached
to protein (19, 26). Mature GPI-APs on the cell surface are
composed mainly of saturated fatty acyl chains, whereas
nascent GPI-APs generated in the endoplasmic reticulum
contain unsaturated fatty acyl chain at the sn-2 position,
which is exchanged with stearic acid in the Golgi apparatus
during transport to the cell surface. The fatty chain com-
position of nascent GPI-APs is similar to that of GlcN-acyl-
PI shown in this study. Therefore, it seems that GPI anchor
precursor that is competent for attachment to protein has
a similar fatty chain composition.

Several previous studies demonstrated that acyl chain
linked to inositol is heterogeneous in trypanosomes,
such as Trypanosoma brucei (31, 32) and T. congolense (33).
In another report, it was found that GlcN-acyl-PI contained
myristic acids as minor components (apart from palmitic
acids, the major components) at the C-2 position of inosi-
tol in malaria parasites (34). It was reported previously that

GlcN-acyl-PI contained only palmitic acid at this position
in mammalian cells (30). However, based on our detection
of [GlcN-Ins(-myristoyl)-P]2 fragments (m/z 612) (Fig. 7B),
we conclude that myristic GlcN-acyl-PIs may also exist.

The authors thank Ms. Noriko Kagi at Jasco International Co.
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formed with the help of Core Research for Evolutional Science
and Technology, Japan Science and Technology Corporation.
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