
The Arabidopsis AtGCD3 protein is a glucosylceramidase that
preferentially hydrolyzes long-acyl-chain glucosylceramides
Received for publication, September 28, 2019, and in revised form, December 1, 2019 Published, Papers in Press, December 8, 2019, DOI 10.1074/jbc.RA119.011274

Guang-Yi Dai, Jian Yin, Kai-En Li, Ding-Kang Chen, Zhe Liu, Fang-Cheng Bi, Chan Rong, and X Nan Yao1

From the State Key Laboratory of Biocontrol, Guangdong Provincial Key Laboratory of Plant Resources, School of Life Sciences, Sun
Yat-sen University, Guangzhou 510275, China

Edited by Joseph M. Jez

Cellular membranes contain many lipids, some of which, such
as sphingolipids, have important structural and signaling func-
tions. The common sphingolipid glucosylceramide (GlcCer) is
present in plants, fungi, and animals. As a major plant sphingo-
lipid, GlcCer is involved in the formation of lipid microdomains,
and the regulation of GlcCer is key for acclimation to stress.
Although the GlcCer biosynthetic pathway has been elucidated,
little is known about GlcCer catabolism, and a plant GlcCer-
degrading enzyme (glucosylceramidase (GCD)) has yet to be
identified. Here, we identified AtGCD3, one of four Arabidopsis
thaliana homologs of human nonlysosomal glucosylcerami-
dase, as a plant GCD. We found that recombinant AtGCD3 has a
low Km for the fluorescent lipid C6-NBD GlcCer and pref-
erentially hydrolyzes long acyl-chain GlcCer purified from
Arabidopsis leaves. Testing of inhibitors of mammalian gluco-
sylceramidases revealed that a specific inhibitor of human
�-glucosidase 2, N-butyldeoxynojirimycin, inhibits AtGCD3
more effectively than does a specific inhibitor of human �-glu-
cosidase 1, conduritol �-epoxide. We also found that Glu-499
and Asp-647 in AtGCD3 are vital for GCD activity. GFP-At-
GCD3 fusion proteins mainly localized to the plasma membrane
or the endoplasmic reticulum membrane. No obvious growth
defects or changes in sphingolipid contents were observed in
gcd3 mutants. Our results indicate that AtGCD3 is a plant glu-
cosylceramidase that participates in GlcCer catabolism by pref-
erentially hydrolyzing long-acyl-chain GlcCers.

Sphingolipids are important structural components of mem-
branes and function as signaling molecules in eukaryotic cells
(1–3). In plants, sphingolipids are major components of the
plasma membrane, tonoplast, and endomembranes (4 –6).
Glucosylceramides (GlcCers)2 are a major group of plant sph-

ingolipids (7). Plants produce a large variety of different
GlcCers, and the GlcCer sphingoid bases can have different
modifications, including hydroxylation or desaturation (7, 8).
These sphingoid bases are linked to more than 10 different
�-hydroxy fatty acids of varying chain lengths and n-9 desatu-
ration levels, resulting in a variety of species of GlcCers (7, 8).
Unlike animals, plants do not contain galactosylceramide,
lactosylceramide, and sphingomyelin (8).

Although extensive studies have examined GlcCer structures
in animals, plants, and fungi, data about their biological func-
tions remain limited, and recent work has mainly focused on
animals (9 –12). For example, Nagata et al. (10) found that
�-GlcCer induced immune responses via macrophage induci-
ble lectin. Moreover, Brenna et al. (11) reported that C24:1
GlcCer, but not other GlcCers, acts as a self-antigen that can
effectively activate invariant natural killer T cells. This research
shows that GlcCers with different fatty acid chain lengths may
have specific and unique biological functions, as proposed by
Hannun and Obeid (12). However, fewer studies have exam-
ined the biological function of plant GlcCers. GlcCers are the
major class of sphingolipid in plasma membranes of plants and
appear to play important roles in protein sorting and organo-
genesis (13, 14). Inhibition of plant GlcCer biosynthesis led to
strong morphological changes in the Golgi bodies and decreased
protein secretion (13). Knockout of glucosylceramide synthase
leads to seedling lethality, revealing that GlcCers are essential for
plant development and growth (14). Therefore, understanding
GlcCer metabolism in plants will likely provide insight into general
and plant-specific membrane functions with key implications for
plant development, defense, and other responses.

Here we report the cloning, heterologous expression, and enzy-
matic characterization of an Arabidopsis thaliana glucosylcerami-
dase (encoded by At4g10060), which displays amino acid sequence
similarity to the human nonlysosomal glucosylceramidase known
as �-glucosidase 2 (GBA2), an enzyme involved in glucosylcer-
amide catabolism (15, 16). We characterized the enzymatic activ-
ity of the protein encoded by At4g10060 and showed its optimal
pH and substrate preference for long-acyl-chain GlcCers (C16-
C18). Identification of this enzyme uncovers a missing link in our
understanding of GlcCer metabolism in plants.
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Results

Phylogenetic analysis and characterization of recombinant
AtGCD3

The A. thaliana genome encodes four putative GBA2-type
glucosylceramidases (AT5G49900, AT1G33700, AT4G10060,

and AT3G24180) on different chromosomes (Fig. 1); these pro-
teins share 40, 37, 41, and 41% sequence identity with the
human GBA2-type glucosylceramidase, respectively. To begin
to investigate plant glucosylceramidases, we cloned and char-
acterized A. thaliana At4g10060.

Figure 1. Phylogenic analysis of AtGCD3. The phylogenetic tree of GBA2-type proteins was constructed by the maximum likelihood method using MEGA 6.
The leaves of the tree are labeled with the organism genus and species and a database accession number. GBA2-type glucosylceramidases occur across
Archaea, plants, and chordates. Four glucosylceramidase homologs (AT5G49900, AT1G33700, AT4G10060, and AT3G24180) in A. thaliana are shown in gray
ovals. The arrow indicates AtGCD3, which we investigated in this study.
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To examine the enzymatic activity of this protein, At4g10060
(designated AtGCD3) was expressed in Escherichia coli BL21
(DE3) as a His-tagged fusion protein. Recombinant AtGCD3
was successfully expressed in the soluble fraction and purified
with nickel-nitrilotriacetic acid beads (Fig. 2A). After ultrafil-
tration, we obtained about 3 mg of purified protein per liter of
E. coli culture.

To examine whether AtGCD3 has glucosylceramidase activ-
ity, we used the fluorescent lipid C6-NBD-GlcCer as a substrate.
When incubated with recombinant AtGCD3, C6-NBD GlcCer

was completely hydrolyzed to C6-NBD ceramide, as shown by
thin-layer chromatography (TLC; Fig. 2B). We also confirmed
the reaction by HPLC, where the retention times of the stan-
dards C6-NBD GlcCer and C6-NBD ceramide were 6.5 and 11
min, respectively, in an acetonitrile/H2O mobile phase (Fig. 2C,
top chart). Consistent with the TLC analysis, the HPLC analysis
confirmed the release of C6-NBD ceramide from C6-NBD
GlcCer by recombinant AtGCD3 (Fig. 2C, middle and bottom
charts). These results suggested that AtGCD3 has glucosylce-
ramidase activity.

Figure 2. Glucosylceramidase activity of purified, recombinant AtGCD3. A, purification of recombinant AtGCD3. Each fraction was subjected to SDS-PAGE
and stained with Coomassie Brilliant Blue. Lane 1, protein marker; lane 2, flow-through fraction; lane 3, wash-through fraction; lane 4, purified AtGCD3. B, TLC
demonstrating that the fluorescent ceramide was released from C6-NBD GlcCer by AtGCD3. In each reaction, 100 pmol of C6-NBD GlcCer was incubated with
(�) or without (�) recombinant AtGCD3 for 60 min and dissolved in MeOH as described under “Experimental procedures.” C, HPLC showing the C6-NBD-Cer
released from C6-NBD GlcCer by AtGCD3. Enzyme assays were conducted as described under “Experimental procedures.” The reaction was stopped by adding
4 volumes of acetonitrile, and the retention times of standard C6-NBD GlcCer and C6-NBD Ceramide were 6.5 and 11 min, respectively. Note that when AtGCD3
was added, the peak at 11-min retention time increased, and the peak at 6.5 min (the dashed line) decreased. D and E, inhibitory effects of CBE and NB-DNJ on
AtGCD3. Aliquots of 100 pmol of C6-NBD GlcCer were incubated with 1 �g of AtGCD3 and various concentrations of CBE (D) and NB-DNJ (E). After 1 h, samples
were loaded onto TLC plates. Fluorescence was detected with a Typhoon Trio� scanner. Values represent the mean from at least three independent experi-
ments, with S.D. (error bars).
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The activity of the mammalian nonlysosomal glucosylce-
ramidase GBA2 can be reversibly inhibited by alkylated imino
sugars (15, 17, 18); for example, N-butyldeoxynojirimycin (NB-
DNJ) exclusively inhibits human GBA2 (18), and conduritol
B-epoxide (CBE) inhibits GBA and affects GBA2 activity (18 –
20). We found that both NB-DNJ and CBE inhibited the gluco-
sylceramidase activity of AtGCD3 (Fig. 2, D and E). CBE showed
an IC50 of 1 mM, and NB-DNJ showed an IC50 of 5 �M. This
result indicated that, in contrast to GBA2, AtGCD3 was rela-
tively insensitive to CBE.

AtGCD3 exhibited low Michaelis constant (Km) values with
C6-NBD GlcCer as a substrate, when compared with human
neutral �-glycosylceramidase (KLrP) and fungal glucocerebro-
sidase (EGCrP1) (Table 1). AtGCD3 has a relatively higher
enzyme activity at pH 4.5– 6.0 and an optimal pH of 6.0, indi-
cating that AtGCD3 is an acid glycosidase (Fig. 3A). The opti-
mal temperature for AtGCD3 enzymatic activity was 40 –50 °C
(Fig. 3B). We found that 5–30% DMSO increased AtGCD3
activity (Fig. 3C). AtGCD3 did not need a metal ion for enzyme
activity, and Cu2�, Zn2�, or Fe3� inhibited its enzymatic activ-
ity (Fig. 3D). Taken together, these data demonstrated that the
product of At4g10060 shows glucosylceramidase activity.

AtGCD3 preferentially hydrolyzes long-acyl-chain GlcCers

To determine the substrate specificity of AtGCD3, we used
silica cartridges to purify naturally occurring GlcCers from WT
Arabidopsis leaves. The fraction of naturally occurring GlcCers
mainly contained t18:1 and d18:1 long-chain base GlcCers and
also had d18:0 and t18:0 GlcCers (Fig. 4). We assayed the
enzyme activity of AtGCD3 by incubating appropriate amounts
of naturally occurring GlcCers with the enzyme for 24 h in the
dark and then subjecting the reaction to LC-MS/MS analysis.
As shown in Fig. 4 (A and B), peaks a and b were subsequently
identified by MS/MS as Glc-t18:1-h16:0 (m/z 732.6) and Glc-
d18:1-h16:0 (m/z 716.6) (Fig. 5). After incubation with
AtGCD3, Glc-t18:1-h16:0 (peak a) and Glc-d18:1-h16:0 (peak
b) decreased compared with corresponding peak in the control
(Figs. 4 and 5). Along with the observed reduction of GlcCers,
we observed two new peaks, peaks g and h, that were absent in
solutions without AtGCD3; these were subsequently identified
by MS/MS to be t18:1-h16:0 (m/z 570.5) and d18:1-h16:0 (m/z
554.5), respectively (Fig. 5). The fragmentation of m/z 716.6 to
m/z 554.5 represents a neutral loss of glucose (m/z 162.1; Fig. 5).
Statistical analysis showed that the two hydroxyceramides (cer-
amides with �-hydroxylated fatty acids) were produced from

hydrolysis of the corresponding Glc-t18:1-h16:0 and Glc-d18:
1-h16:0, respectively (Fig. 4, C and D). In addition to the two
major long-acyl-chain GlcCers, Glc-d18:0-h16:0 is a minor
Arabidopsis sphingolipid, and we observed hydrolysis of Glc-
d18:0-h16:0 by AtGCD3 and an increase in the corresponding
d18:0-h16:0 (top right corner in Fig. 4D). By contrast, very long-
acyl-chain (fatty acids � 20, VLACFA) GlcCers showed no sig-
nificant changes when incubated with AtGCD3, and their
corresponding hydroxyceramides also did not significantly
increase (Fig. 4, C and D).

To confirm the substrate preference of AtGCD3, we used
commercially available GlcCer with different acyl chain lengths
as a substrate. As shown in Fig. 4E, Glc-d18:1-c12:0 and Glc-
d18:1-c16:0 showed a significant decrease when incubated with
AtGCD3. For Glc-d18:1-c18:0 and Glc-d18:1-c24:1, no signifi-
cant change was detected in the presence of AtGCD3 (Fig. 4E);
however, d18:1-c18:0 and a small amount of d18:1-c24:1 were
detected (Fig. 4F). The small quantity of d18:1-c24:1 indicates
that AtGCD3 could hydrolyze very long-acyl-chain GlcCers,
although the glucosylceramidase activity was very low. Taken
together, the results revealed that AtGCD3 preferentially
hydrolyzed long-acyl-chain GlcCers.

To analyze whether the sugar headgroup is important for
AtGCD3 activity, galactosylceramides and monogalactosyldia-
cylglycerol (MGDG) were used to evaluate the substrate speci-
ficity of AtGCD3. We used Gal-d18:1-c16:0 or MGDG as sub-
strates and found no significant changes in the presence or
absence of AtGCD3, indicating that galactosylceramide and
MGDG cannot be hydrolyzed by AtGCD3 (Fig. 4G). These data
suggest that the glucose headgroup of sphingolipids is impor-
tant for AtGCD3 hydrolysis.

Determination of the catalytic amino acid residues of AtGCD3

Glycosidases generally use a double displacement mecha-
nism catalyzed by two enzymatic carboxylates; this mechanism
involves formation and hydrolysis of a glycosyl intermediate
(21). Conserved aspartic/glutamic acid residues generally serve
as nucleophilic amino acids in acid-base catalysis of glycoside
hydrolase (22). Alignment of the deduced amino acid se-
quences of GBA2-type glycosidases revealed that 6 Asp/Glu
residues were highly conserved (Fig. 6A). Based on previous
reports (22), we speculated that Glu-499 and Asp-647 might be
the acid-base catalyst and nucleophile.

To confirm whether these two amino acids function as cata-
lytic residues, we used site-directed mutagenesis to produce the
mutants E499Q and D647H and then expressed and purified
the two mutant enzymes, which gave similar concentrations
and degrees of purification (Fig. 6B). We found that the mutants
assayed at 30 °C on C6-NBD GlcCer in 50 mM MES, pH 6.0,
were completely inactive (Fig. 6C), suggesting that Glu-499 and
Asp-647 function as an acid-base catalyst and nucleophile in
AtGCD3. These invariant amino acids at the position preceding
the catalytic glutamic and aspartic acids are conserved in the
GH116 family (22).

Subcellular localization of AtGCD3

Subcellular location often indicates protein function, and
earlier subcellular fractionation experiments using density gra-

Table 1
Comparison of kinetic parameters for glucosylceramidase using
C6-NBD-GlcCer as a substrate
The reaction mixtures containing various concentrations of C6-NBD-GlcCer were
incubated in 50 mM MES buffer, pH 6.0, at 40 °C for 5, 10, 15, 20, 30, 40, 60, 100, 150,
and 240 s. The concentration of AtGCD3 was 1.3 �g/�l. The kinetic parameters
were calculated using Hanes–Woolf plots. The values for human neutral �-glyco-
sylceramidase (KLrP) and fungus endoglycoceramidase-related protein 1 (EGCrP1)
are from Hayashi et al. (38) and Ishibashi et al. (26), respectively.

Substrate Enzyme Km Kcat Kcat/Km

�M s�1 M�1 s�1

C6-NBD-
GlcCer

GCD3 1.52 � 0.1 (8.0 � 0.9) � 10�3 (5.3 � 0.6) � 103

KLrP 4.6 � 0.2 (121.0 � 5.5) � 10�3 (26.2 � 0.5) � 103

EGCrP1 5.8 � 0.3 (38.3 � 0.2) � 10�3 (6.6 � 0.4) � 103
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dient centrifugation and free-flow electrophoresis indicated
thatGBA2localizesclosetothecellsurface(9,15,22).Glucosylcer-
amide occurs in the plasma membrane in plants (4 –6). To
investigate whether AtGCD3 is linked to the distribution of
GlcCers, AtGCD3 with enhanced GFP fused to the N-terminal
was co-transformed with plasma membrane (PM), and endo-
plasmic reticulum (ER) markers into Arabidopsis protoplasts.
As shown in Fig. 6D, AtGCD3 mainly localized to the PM and
partially to the ER.

Characterization of T-DNA insertion alleles of AtGCD3

To test the function of AtGCD3 in planta, we identified two
T-DNA insertion mutants, SALK_099838 (gcd3-1) in the first
intron of AtGCD3 and SALK_019663 (gcd3-2) with a T-DNA
insertion in the promoter region (Fig. 7A). The positions of the
T-DNA insertions were verified by sequencing. The gcd3-1 and
gcd3-2 alleles were both identified as homozygotes. RT-PCR
experiments detected no AtGCD3 transcripts in gcd3-1 plants
but showed that gcd3-2 mutants retained some AtGCD3 tran-
scripts (Fig. 7A). Therefore, gcd3-1 was used in subsequent
experiments. We found that the gcd3-1 mutants showed no
obvious phenotype compared with WT (Fig. 7B).

We next performed comprehensive analyses of sphingolipids
in the gcd3-1 mutants. Electrospray ionization-MS/MS (ESI-
MS/MS)-based profiling was used to assess long-chain bases,
GlcCers, ceramides, hydroxyceramides, and glycosyl inositol-
phosphoceramides (GIPCs). Analyses were performed on
extracts from rosettes of 3-week-old plants. We found that sph-
ingolipids in the gcd3-1 mutants showed no significant changes
compared with WT (Fig. 7C), indicating that other redun-

dant enzymes might hydrolyze long-acyl-chain GlcCers in
Arabidopsis.

Discussion

The A. thaliana genome encodes four putative glucosylce-
ramidases (AT1g33700, AT3g24180, AT5g49900, and AT4g-
10060), which are annotated as GBA2-type proteins. Microar-
ray analysis indicated that these loci are expressed in different
tissues in developing embryos, dry seed, mature pollen, and
elsewhere (23). AT5g49900 is predicted to be expressed exclu-
sively in pollen (23), and the contents of glucosylceramides in
leaves and pollen are strikingly different (24). AT3g24180 dif-
fers slightly from the others, as the predicted protein localized
in the plasma membrane and may participate in stress
responses. For this first characterization of a plant glucosylce-
ramidase, we focused on one of these, AtGCD3 (AT4g10060),
to take advantage of the available mutant line. We found that
the gcd3 loss-of-function mutants showed no obvious defect in
growth or sphingolipid contents. As our phylogenetic analysis
showed that AT1g33700 is closely related to AtGCD3, we
therefore speculate that it might have redundant functions with
AtGCD3. Further research will elucidate the functions of these
four proteins in sphingolipid metabolism.

As a first characterization of a plant glucosylceramidase, this
study presents the characterization of the AtGCD3 glucosylce-
ramidase from A. thaliana. Our molecular analysis using lipids
purified from Arabidopsis leaves revealed that it acts mainly on
long-acyl-chain glucosylceramides (fewer than 20 fatty acids).
Additionally, site-directed mutagenesis of conserved glutamic/
aspartic amino acids identified Glu-499 and Asp-647 as the

Figure 3. General properties of the recombinant AtGCD3. A, pH dependence of glucosylceramidase activity of purified AtGCD3. To vary the pH, 50 mM

sodium acetate buffer (pH 4.0 –5.5), MES (pH 5.5– 6.5), sodium phosphate buffer (pH 6.5–7.5), or HEPES buffer (pH 7.5– 8.0) were used. B, optimal temperature.
Assay mixtures were incubated at 15– 60 °C. C, effects of DMSO on AtGCD3 activity. D, metal ion dependence of AtGCD3 activity. Assay mixtures were incubated
with a 1 mM concentration of the indicated metal ions. Data represent the mean � S.D. (error bars) (n � 3) of independent experiments.
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likely acid/base and the nucleophile of the reaction, respec-
tively. Amino acid sequence analysis showed that AtGCD3
belongs to the nonlysosome glucosylceramidase family GH116.
Subcellular localization analysis revealed that AtGCD3 mainly
localizes in the plasma membrane and near the ER. Our results
demonstrate that this plant glucosylceramidase can hydrolyze
naturally occurring long-acyl-chain glucosylceramides.

AtGCD3 displays most of the typical features of GBA2 (sim-
ilar subcellular localization, pH optimum, kinetic parameters,
etc.), and the Arabidopsis genome has no predicted GBA-like
protein. We detected some differences between GBA2 and
AtGCD3. In particular, AtGCD3 was relatively insensitive to
CBE, which is an irreversible inhibitor of GBA and reduces
GBA2 activity (18 –20, 25). However, another inhibitor re-

vealed the similarities between GBA2 and AtGCD3. NB-DNJ
inhibits GBA2 but not GBA (19), and our results showed that
NB-DNJ inhibits AtGCD3 more effectively than CBE. These
observations confirmed that AtGCD3 is a GBA2-like glucosyl-
ceramidase, and not GBA-like.

AtGCD3 hydrolyzes glucosylceramides, with a substrate
preference for long-acyl-chain glucosylceramides. The recom-
binant AtGCD3 hydrolyzed long chain fatty acid GlcCer in nat-
urally occurring lipid substrates extracted from Arabidopsis
leaves (Fig. 4, C and D). Using commercially available GlcCers
with different fatty acid chain lengths as a substrate revealed
that AtGCD3 has a strong preference for long-acyl-chain
GlcCer substrates and very low enzymatic activity on very long-
acyl-chain GlcCer substrates (Fig. 4). Previous reports indicate

Figure 4. Substrate specificity of recombinant AtGCD3. A and B, the recombinant AtGCD3 hydrolyzes C16 long-chain fatty acid GlcCer to C16 long-chain
fatty acid hydroxyceramide in naturally occurring lipid substrates extracted from Arabidopsis leaves. Natural glucosylceramides were extracted from Arabi-
dopsis, incubated with (B) or without (A) recombinant AtGCD3 at 30 °C for 24 h, and then subjected to HPLC ESI-MS/MS analysis. Each peak (a, b, c, d, e, and f) was
further subjected to MS/MS, as shown in Fig. 5. C and D, quantitative analysis of hydrolysis using Arabidopsis leaf lipids. Naturally occurring glucosylceramides
(C) were hydrolyzed to hydroxyceramides (D). The inset in D indicates that Glc-d18:0-h16:0 was hydrolyzed to d18:0-h16:0. E and F, the recombinant AtGCD3
preferentially hydrolyzes long-acyl-chain GlcCer. 500 nM commercially available GlcCers with different fatty acid chain length were incubated with (�) or
without (�) AtGCD3 at 30 °C for 13 h, respectively, and analyzed by HPLC ESI-MS/MS. Commercial glucosylceramides (E) were hydrolyzed to ceramides (F). G,
the recombinant AtGCD3 has no activity on galactosylceramide and MGDG. 500 nM Gal-d18:1–16:0 or MGDG was incubated with (�) or without (�) AtGCD3 at
30 °C for 13 h and analyzed by HPLC ESI-MS/MS. Data represent the mean � S.D. (error bars) (n � 3) of independent experiments. The statistical significance of
differences was determined with (�) or without (�) AtGCD3 in each GlcCer by Student’s t test; p values are indicated where p � 0.05.
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that the method we used for testing substrate specificity works
well for VLCFA-containing GlcCers (26). Therefore, the
observed substrate specificity was unlikely to be caused by the
low solubility of VLCFA-containing GlcCer in the reaction
buffer.

The substrate glucose headgroup is specific for enzymatic
activity. The purified GlcCer fraction from leaves contains large
quantities of MGDG. However, AtGCD3 cannot hydrolyze
MGDG and failed to hydrolyze galactosylceramide (Fig. 4G).
These results indicate that the sugar headgroup might be
important for AtGCD3 activity in plants.

AtGCD3 mainly localizes in the plasma membrane and in
close association with the ER membrane. Bioinformatics anal-
ysis showed that AtGCD3 has neither a transmembrane
domain nor a signal peptide. Given the absence of a signal pep-
tide, it remains unclear how AtGCD3 reaches its final destina-
tion. Homology modeling with �-glucosidase from Thermoan-
aerobacterium xylanolyticum TxGH116 (27) produced no
additional information about the subcellular localization.
Human GBA2 is also a nonintegral membrane protein that
localizes at the cytosolic surface of the ER and Golgi, where it
closely associates with membrane phospholipids (28). PM
localization can be achieved by specific lipid-protein interac-
tions. Therefore, we speculate that the lipid composition of the
PM directly influences and drives the insertion of the AtGCD3
protein within the membrane bilayer (29); however, this
remains an intriguing prospect for future research.

GlcCers and GIPCs are two of the glycosphingolipids found
in Arabidopsis leaves (7). Ceramides are synthesized in the ER,
and certain species (ceramides containing VLCFA bound to
t18:0) are preferentially trafficked to the Golgi for GIPC biosyn-
thesis. Ceramides remaining in the ER are available for incor-
poration into GlcCers (30). As shown in Fig. 7, sphingolipid
profiling showed that the GIPCs show no significant change in
the gcd3 mutants compared with WT. We speculate that
knockout of AtGCD3 results in no perturbation in the flux of
ceramide to GIPC, or another AtGCD3 homolog (AT1g33700)
may have a redundant function in the gcd3 mutants.

Experimental procedures

Materials

A. thaliana WT plants of the Columbia (Col-0) ecotype were
used in this study. T-DNA insertion mutants (SALK_099838,
SALK_019663) were obtained from the Arabidopsis Biological
Resource Center (Columbus, OH). Plant seeds were sown on
soil after 2 days of stratification at 4 °C and then grown under
16-h light/8-h dark at 22 °C.

N-[6-[(7-Nitro-2–1,3-benzoxadiazol-4-yl)amino]hexanoyl]-
D-erythro-sphingosine (C6-NBD-ceramide), C6-NBD-GlcCer,
D-glucosyl-�-1,1�-N-lauroyl-D-erythro-sphingosine (C12 glu-
cosyl(�) ceramide d18:1/12:0), D-glucosyl-�-1,1�-N-palmitoyl-
D-erythro-sphingosine (C16 glucosyl(�) ceramide d18:1/16:0),

D-glucosyl-�-1,1�-N-oleoyl-D-erythro-sphingosine (C18:1 glucosyl(�)
ceramide d18:1/18:1(9Z)), D-glucosyl-�-1,1�-N-nervonoyl-D-
erythro-sphingosine (C24:1 glucosyl(�) ceramide d18:1/24:
1(15Z)), D-galactosyl-�-1,1� N-palmitoyl-D-erythro-sphingo-
sine (C16 glucosyl(�) ceramide d18:1/16:0), MGDG, and the
sphingolipid internal standard (C17 base D-erythro-sphingo-
sine, C12-ceramide, and C12-glucosylceramide) were purchased
from Avanti Polar Lipids (Alabaster, AL). NB-DNJ and CBE
were from Santa Cruz Biotechnology, Inc. (Dallas, TX). The
Easy Mutagenesis System was purchased from TransGen Bio-
tech (Beijing, China).

Extraction of natural glucosylceramides

Arabidopsis GlcCer was extracted from leaves according to
the method of Bligh and Dyer (31). The total lipid extract was
separated into neutral lipid (primarily free sterols) and glyco-
lipid fractions using silica SepPak cartridges (Agela Technolo-
gies, Inc.) (32). The crude lipid extract dissolved in 2–3 ml of
chloroform was applied to an equilibrated silica cartridge
attached to the barrel of a 10-ml glass syringe. Residual lipids
were washed into the column with 20 ml of chloroform, and
neutral lipids were eluted with an additional 15 ml of chloro-
form/acetic acid (100:1, v/v). Ceramides and hydroxyceramides
were eluted by adding 10 ml of chloroform/acetone (80:20, v/v).
Glucosylceramides were eluted by adding 10 ml of chloroform/
acetone (20:80, v/v). The glucosylceramide fraction was dried
under nitrogen and resuspended in methanol. Natural GlcCer
was identified by LC-MS/MS (AB SCIEX 5600 plus triple TOF
MS) using acetonitrile as a solvent.

Sequence analysis

The alignment of AtGCD3 with related proteins was con-
ducted with ClustalX. The phylogenetic tree was constructed,
and bootstrap tests were calculated using the maximum likeli-
hood method in MEGA 6.0.

Construction of vectors

An Arabidopsis cDNA clone with a full-length ORF of
At4g10060 (stock name U21964) was ordered from the
Arabidopsis Biological Resources Center. The AtGCD3 ORF
was amplified using primers 10060ET-F (5�-CGGGATCCA-
TGGAGAAGAATGGTCACACGGAAA-3�) and 10060ET-R (5�-
GCGTCGACTTACAAGCGGAGAGTCTTGAGAACG-
3�), which introduced BamHI and SalI restriction sites,
respectively. The full-length coding sequence of AtGCD3
was subcloned into the pET28a plasmid (Novagen). The ORF
was also amplified using primers with an AscI restriction site
and then subcloned into the dephosphorylated GFP tran-
sient expression vector pX-DG and DsRed transient expres-
sion vector pX-DR for subcellular localization (33).

Figure 5. Mass spectra of glucosylceramides and the product hydroxyceramides. a–d, mass spectra of purified natural GlcCer containing Glc-t18:1-h16:0
(a and b: m/z 732.6) and Glc-d18:1-h16:0 (c and d: m/z 716.6) with or without recombinant AtGCD3, as shown in Fig. 4. e and f, MS/MS spectra showing that C16
hydroxyceramide was generated through hydrolysis of relevant GlcCers with recombinant AtGCD3. t18:1-h16:0 (e, m/z 570.5) and d18:1-h16:0 (f, m/z 554.5)
were hydrolyzed products of Glc-t18:1-h16:0 (b) and Glc-d18:1-h16:0 (d), respectively. The two-way arrows indicate neutral loss of sphingolipids, and one-way
arrows show the product ion.
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Site-directed mutagenesis

The mutants of AtGCD3 (E499Q and D647H) were gener-
ated by site-directed mutagenesis from the pET10060 plas-

mid, following the manufacturer’s instructions. The muta-
genic primers were as follows (mismatches underlined):
E499Q-F, 5�-GGCCAATTCATCTACCTACAAGGAATTGAG-

Figure 6. Alignment of the AtGCD3 amino acid sequence with nonlysosomal glucosylceramidase and analysis of catalytic residues of AtGCD3. A,
multiprotein alignment of the AtGCD3 amino acid sequence with other glucosylceramidases. Invariant residues are indicated with an asterisk; increased levels
of conservation are indicated with a colon and a dot. The residues corresponding to the nucleophile Glu-499 and acid/base Asp-647 of AtGCD3 are boxed.
Arabidopsis, gi�332657434 (AT4g10060) from A. thaliana; Oryza, gi�215704397 from Oryza sativa; Medicago, gi�355479745 from Medicago truncatula; Homo,
NP_065995.1 from Homo sapiens; Sulfolobus, NC_002754.1 from S. solfataricus P2. B, SDS-PAGE of the purified E499Q and D647H mutant proteins. The two
mutant enzymes were produced by site-directed mutagenesis, as shown in A (boxes), and were expressed and purified as described under “Experimental
procedures.” C, TLC showing the hydrolysis of NBD-GlcCer by the WT and mutant AtGCD3. Note that AtGCD3 mutant proteins E499Q and D647H were
completely inactive. D, subcellular localization of GFP-AtGCD3 fusion protein. GFP-AtGCD3 was co-transformed with organelle markers (mCherry) in WT
Arabidopsis protoplasts. After incubation at 23 °C for 16 h under the light, fluorescence was observed by laser confocal microscopy. Row 3 panels are shown in
three-dimensional maximum projection (eight sections at 0.84-�m step size), and others are single-plane. Free GFP was used as control (row 1 panels). The
graph below shows the overlap of fluorescence intensity peaks along profiles as indicated in the merged micrograph. Bars, 10 �m.
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3�; E499Q-R, 5�-GTAGGTAGATGAATTGGCCAATGTTCT-
CTT-3�; D647H-F, 5�-TTTCCGGATCAGACATATCATGC-
TTGGAGT-3�; D647H-R, 5�-GATATGTCTGATCCGGAA-
ACCCTTCGTTTTCG-3�. The mutant genes were confirmed
by complete sequencing.

Expression and purification of recombinant AtGCD3

AtGCD3 (At4g10060) was expressed in E. coli BL21(DE3)
transformed with the AtGCD3 ORF cloned in pET28a. After
incubating the cells at 37 °C with shaking in 100 ml of Luria–
Bertani medium supplemented with 100 �g/ml kanamycin and
30 �g/ml chloramphenicol until the A600 reached �0.7, isopro-
pyl-D-thiogalactopyranoside was added to 0.5 mM to induce
transcription. After being kept at 18 °C for 12 h, the cells were
harvested by centrifugation (8,000 	 g for 10 min) and sus-
pended in lysis buffer (50 mM potassium phosphate buffer, pH
8.0, 300 mM KCl, 10 mM imidazole, 10% glycerol, 0.1% Triton
X-100) and then incubated for 30 min on ice with 1 mg/ml

lysozyme and sonicated for 15 	 10 s. Cell debris was removed
by centrifugation at 12,000 	 g for 30 min at 4 °C, and the
supernatant was applied to a column filled with nickel-nitrilo-
triacetic acid His-bind beads (Novagen), which was equili-
brated with lysis buffer. Then the column was washed twice
with wash buffer (50 mM potassium phosphate, pH 8.0, 300 mM

KCl, 20 mM imidazole, 10% glycerol) and eluted four times with
elution buffer (50 mM potassium phosphate, pH 8.0, 300 mM

KCl, 250 mM imidazole, 10% glycerol). The purified enzyme
went through an ultrafiltration concentration step Amicon
Ultra-0.5 (Merck Millipore) and was stored in enzyme storage
buffer (50 mM potassium phosphate buffer, pH 7.0, 150 mM

KCl, 1 mM DTT, 1 mM EDTA, 50% glycerol). The protein con-
centration was determined with a Quick Start Bradford Protein
Assay Kit (Bio-Rad).

Enzyme activity

An aliquot of 100 pmol of C6-NBD GlcCer was incubated at
30 °C for 1 h with a suitable amount of enzyme in 20 �l of 50 mM

MES buffer, pH 6.0, containing 5% DMSO. The reaction mix-
ture was then dried using a SpeedVac concentrator, dissolved in
10 �l of MeOH, and centrifuged (12,000 	 g for 5 min), and
then the supernatant was applied to a TLC silica gel plate
(Merck), which was developed with chloroform/methanol/wa-
ter (65:25:4, v/v/v). The plate was scanned in a Typhoon Trio�

scanner (GE Healthcare) with the fluorescence mode set for
excitation at 475 nm for C6-NBD GlcCer. The extent of hydro-
lysis was calculated as follows: hydrolysis (%) � (band area for
NBD-ceramide) 	 100/(band area for NBD-ceramide � band
area for remaining NBD-GlcCer). For HPLC analysis, the
enzyme reaction was stopped by adding a 4-fold volume of ace-
tonitrile and centrifuged at 12,000 	 g for 5 min at room tem-
perature. The solution was then subjected to HPLC (DIONEX
UltiMate 3000) analysis using acetonitrile/H2O (80:20, v/v) as
the mobile phase. The extent of hydrolysis was calculated as
follows: hydrolysis (%) � (peak area for NBD-ceramide) 	 100/
(peak area for NBD-ceramide � peak area for remaining
NBD-GlcCer).

Activity on GlcCer from Arabidopsis leaves

An appropriate amount (5.8 �mol) of GlcCer purified from
Arabidopsis leaves was incubated at 30 °C for 24 h with 1 �g of
enzyme in 20 �l of 50 mM MES buffer, pH 6.0, containing 5%
DMSO. After incubation, samples were diluted 4-fold with ace-
tonitrile and centrifuged at 12,000 	 g for 5 min at room tem-
perature, and then sphingolipid internal standards were added.
Samples were injected on the Shimadzu UFLC XR/Triple TOF
5600 LC/MS system and gradient-eluted from the Phenomenex
Luna C8 column (150 	 2.0 mm, 3 �m). Peaks corresponding to
the target analytes and internal standards were integrated and
processed using the AB SCIEX MultiQuantTM 2.1 software.
The sphingolipid composition was determined as described
previously (34).

Characterization of the recombinant AtGCD3

The pH dependence of AtGCD3 activity was tested in the pH
range of 4.0 – 8.0 using the following buffers (50 mM): sodium
acetate (pH 4.0 –5.5), MES (pH 5.5– 6.5), sodium phosphate

Figure 7. Characterization of T-DNA insertion mutants of AtGCD3. A, sche-
matic diagram of the GCD3 locus. Gray boxes, UTR; white boxes, exons. Thin
lines between exons represent introns. T-DNA was inserted in the promoter
region of AtGCD3 in SALK_019663 (gcd3-2) and was inserted in the first intron
of AtGCD3 in SALK_099838 (gcd3-1). The triangles indicate the insertion sites.
The T-DNA insertion mutants gcd3-1 and gcd3-2 were homozygotes, as veri-
fied by two-round PCR. Primer LBb1.3 and RP indicated the existence of the
T-DNA insertion, and primer LP and RP showed that both are homozygotes.
RT-PCR confirmed that gcd3-1 was a genuine null mutant. TUBULIN was used
as an internal control. B, normal phenotype of a 32-day-old gcd3-1 plant. Bar,
2 cm. C, sphingolipid profiles of 3-week-old rosette leaves of WT and gcd3-1
plants. The contents of sphingolipid in WT and gcd3-1 plants were quantified
after extraction, separation, and identification by HPLC ESI-MS/MS as
described under “Experimental procedures.” All data are available in Table S1.
The relative values indicate the level of sphingolipids in gcd3-1 relative to that
found in WT (set as 1). The values represent the mean � S.D. (error bars) (n �
9 independent experiments). Significance was determined using Student’s t
test.
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(pH 6.5–7.5), and HEPES (pH 7.5– 8.0). Optimum temperature
was determined in the range of 15– 60 °C. The effect of organic
solvents was determined using DMSO at 0 – 40%. The effects of
metal ions were examined by adding CaCl2, KCl, NaCl, MgCl2,
FeCl2, ZnCl2, CoCl2, FeCl3, MnCl2, CuCl2, or EDTA to the
reaction at a final concentration of 1 mM. Kinetic constants of
AtGCD3 were measured using C6-NBD GlcCer as a substrate
ranging from 1 to 20 �M.

For inhibition of the recombinant AtGCD3, NB-DNJ and
CBE were used (15, 17, 25). One microgram of purified
AtGCD3 was incubated in the presence of increasing concen-
trations of the inhibitors (0.001–10 mM CBE and 0.01–100 �M

NB-DNJ) in 50 mM MES buffer, pH 6.0, at 30 °C for 1 h and
assayed by TLC as described above.

Subcellular localization of AtGCD3

The transient expression vector used was pX-DG with GFP
in the N-terminal to produce GFP-AtGCD3. The CaMV 35S
promoter was used to drive expression. Arabidopsis protoplasts
were harvested using a sandwich method (35), and 10 �g of
each plasmid, GFP-AtGCD3, and the respective organelle
marker were co-transformed into the protoplasts, as described
(36). After a 16-h incubation under light conditions, GFP and
mCherry fluorescence were observed using a confocal laser-
scanning microscope (LSM-780, Zeiss). GFP was excited with a
488-nm laser and mCherry with a 561-nm laser. Emission fluo-
rescence signals were collected as follows: 500 to 540 nm for
GFP, 590 to 640 nm for mCherry. The fluorescence of GFP and
mCherry emissions was collected sequentially. Each single-fluo-
rescence experiment showed no detectable crossover between
green and red channels at the settings used for data collection.

T-DNA mutant characterization

T-DNA insertion was confirmed by PCR genotyping using
the T-DNA right border primer LBb1.3 (5�-ATTTTGCCG-
ATTTCGGAAC-3�) and the gene-specific primers, as fol-
lows: SALK_099838 RP, 5�-TCTCTCGAACAAAATGGAT-
GG-3�; LP primer, 5�-AGTTCAGTTTCCCTTTGACCG-3�;
SALK_019663 RP primer, 5�-GTGGAGAAACAACTCCT-
GCAG-3�; LP primer, 5�-GAAAGATGTTGGCTTTGT-
TCG-3�, followed by sequencing.

RNA isolation and RT-PCR

Total RNA was isolated using the E.Z.N.A. Plant RNA Kit
(R6827-01) according to the manufacturer’s instructions
(Omega Bio-tek). For each sample, 1 �g of RNA was reverse-
transcribed into cDNA using the PrimeScript RT reagent kit
with gDNA Eraser (TAKARA, DRR047A). Tissue-specific
expression was assayed by RT-PCR using total RNA isolated
from 3-week-old WT plants, and the relative expression of tar-
get genes was assessed using skip-intron primers (forward
primer, 5�-GTCCCATTAGGTGGAATTGGTG-3�; reverse
primer, 5�-CAGGCTCGTTGTATACGGTCCAAGA-3�), and
TUBULIN was used as an internal control.

Sphingolipid analysis

Measurement of sphingolipids was performed by electros-
pray ionization/MS/MS analysis on a Shimadzu UFLC XR/Tri-

ple TOF 5600� LC/MS system operating in a product ion mode
as described previously (3, 37). Briefly, 30 mg of each lyophi-
lized samples was homogenized. The internal standards were
added, and the lipids from the leaf, together with the internal
standard, were extracted with isopropyl alcohol/hexane/water
(55:20:25, v/v/v). After incubation at 60 °C for 15 min, the
supernatants were dried with nitrogen. The dried extract was
de-esterified by dissolving in 1 ml of 33% methylamine solution
in ethanol/water (7:3, v/v) and incubated at 50 °C for 1 h. After
being dried with nitrogen, the sample was dissolved and
injected on the Shimadzu UFLC XR/Triple TOF 5600� LC/MS
system: GS1, 50 p.s.i.; GS2, 40 p.s.i.; Cur gas, 20 p.s.i.; source
temperature, 450 °C; voltage, 5000 V. Samples were gradient-
eluted from Phenomenex Luna C8 column (150 	 2.0 mm, 3
�m) at a flow rate of 0.3 ml/min, and data were processed using
the AB SCIEX MultiQuant 2.1 software.
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