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Endoglycoceramidase is a glycohydrolase capable of hydrolysing the O-glycosidic
linkage between oligosaccharides and ceramides of various glycosphingolipids.
However, no endoglycoceramidase reported so far can hydrolyse 6-gala series
glycosphingolipids which possess the common structure R-Galb1-6Galb1-1’Cer.
Recently, we found a novel endoglycoceramidase (endogalactosylceramidase,
EGALC) which specifically hydrolyses 6-gala series glycosphingolipids. Here, we
report that EGALC catalyses the hydrolysis as well as transglycosylation. An intact
sugar chain of neogalatriaosylceramide (Galb1-6Galb1-6Galb1-1’Cer) was found to be
transferred by EGALC to a primary hydroxyl group of various alkanols and non-ionic
detergents such as Triton X-100 generating corresponding alkyl- and Triton-
trigalactooligosaccharides. Furthermore, fluorescent 6-gala series glycosphingolipids
were synthesized by transglycosylation in a reaction with EGALC using fluorescent
ceramides as acceptors. Because of high efficiency and broad acceptor specificity,
EGALC would facilitate the synthesis of fluorescent glycosphingolipids and neoglyco-
conjugates which contain 6-gala oligosaccharides.
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Abbreviations: BODIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; CDS, ceramide disaccharide,
Galb1-6Galb1-1’Cer; CTS, ceramide trisaccharide, Gala1-6Galb1-6Galb1-1’Cer; CTeS, ceramide tetrasac-
charide, Gala1-6Gala1-6Galb1-6Galb1-1’Cer; DHB, 2,5-dihydrobenzoic acid; EGALC, endogalactosylcerami-
dase; EGCase, endoglycoceramidase; GalCer, galactosylceramide; GSLs, glycosphingolipids; 6-gala
series GSLs, GSLs containing a R-Galb1-6Galb1-1’Cer structure; MALDI-TOF MS, matrix-
assisted laser desorption/ionization time of flight mass spectrometry; NBD, 7-nitro-2,1,3-benzoxadiazole;
TLC, thin-layer chromatography; TGC, trigalactosylceramide (neogalatriaosylceramide), Galb1-6Galb1-
6Galb1-1’Cer.

Glycosphingolipids (GSLs), amphipathic compounds
consisting of sugar and ceramide moieties, are ubiquitous
components of the plasma membrane (1). More than
500 species of GSLs differing in structure in the sugar
moiety have been found in vertebrates and invertebrates
(http://lipidbank.jp). Among them, 6-gala series GSLs
possessing the common structure R-Galb1-6Galb1-1’Cer
have been found in the mollusk (2), the leech (3), the
earthworm (4) and some pathogenic cestode parasites
(5–7). Recently, some anti-fungal reagent-resistant fungi
were found to synthesize 6-gala series GSLs instead
of inositol phosphoceramide (IPC), the synthesis of which
is specifically inhibited by anti-fungal reagents such
as aureobasidin A (8). Thus the synthetic pathway of
6-gala series GSLs in pathogenic fungi and cestode
parasites is a possible target for the development
of new anti-fungal/parasite reagents, although the
metabolic pathway of 6-gala series GSLs has yet to be
elucidated.

Endoglycoceramidase (EGCase, EC3.2.1.123, also
known as ceramide glycanase) is a GSL-specific enzyme
that hydrolyses acidic and neutral GSLs to produce
intact oligosaccharides and ceramides of various GSLs
(9, 10). However, none of the EGCases/ceramide glyca-
nases reported so far were able to degrade 6-gala series
GSLs (11–14), except Rhodococcal EGCase III (15).
Recently, we cloned the EGCase III which specifically
hydrolyses the internal b1-1’galactosyl linkage between
the oligosaccharide and ceramide of 6-gal series GSLs
(16). Based on its specificity, the enzyme was tentatively
designated ‘endogalactosylceramidase (EGALC)’ (16).
EGALC belongs to glycohydrolase (GH) family 5,
members of which hydrolyse glycosides or glycoconju-
gates retaining the stereochemistry at the anomeric
centre via a double displacement mechanism (http://
afmb.cnrs-mrs.fr/CAZY/fam/GH5.html).

Here, we report that EGALC transfers the sugar
moiety of neogalatriaosylceramide to the primary
hydroxyl group of fluorescent ceramides, various alka-
nols and non-ionic detergents with high efficiency,
generating fluorescent GSLs and neoglycoconjugates
which contain 6-gala oligosaccharides. Thus, EGALC
will facilitate the study of 6-gala series GSLs.
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MATERIALS AND METHODS

Materials—Neogalatriaosylceramide (trigalactosylcera-
mide, TGC, Galb1-6Galb1-6Galb1-1’Cer) was prepared
from a turban shell, Turbo cornutus, by a method
described previously (2). The recombinant EGALC and
its mutants were expressed in Escherichia coli
BL21(DE3) and purified as reported previously (16).
Triton X-100 was purchased from Sigma-Aldrich Co.
(USA). A pre-coated Silica gel 60 TLC plate was obtained
from Merck (Germany). C6-NBD-Cer was obtained from
Matreya Inc. (USA). C5-BODIPY-Cer was obtained
from Invitrogen Co. (USA). C12-NBD-Cer was prepared
as described in (17). CDS, CTS and CTeS from a
fungus, Mucor hiemalis (8), were kindly donated by
Dr K. Yamamoto, Kyoto University, Japan. All other
reagents were of the highest purity available.
Protein Assay—Protein content was determined by the

bicinchoninic acid protein assay (Pierce, USA) with
bovine serum albumin as a standard.
Assay of EGALC Activity—The activity of EGALC was

measured using TGC as a substrate as described in (16).
One unit of EGALC was defined as the amount
of enzyme that catalyses the hydrolysis of 1 mmol of
TGC/min.
Transglycosylation Reaction with EGALC—The trans-

glycosylation reaction with the enzyme was carried out
using TGC as a donor substrate and various acceptor
substrates as described later. (i) For the reaction using
alkanols as an acceptor substrate, the reaction mixture
contained 2.5 nmol of TGC and 0.2 mU of the enzyme in
20 ml of 50 mM sodium acetate buffer, pH 5.5, containing
0.1% Triton X-100 and 10% 1-alkanols. (ii) For the
reaction using Triton X-100 as an acceptor substrate, the
reaction mixture contained 2.5 nmol of TGC and 0.1 mU
of the enzyme in 20 ml of 50 mM sodium acetate buffer,
pH 5.5, containing 0.1% of the detergent. (iii) For the
reaction using fluorescent ceramides as acceptors, the
reaction mixture contained 2.5 nmol of TGC, an appro-
priate amount of C6-/C12-NBD-Cer or C5-BODIPY-Cer,
and an appropriate amount of the enzyme in 10 ml of
50 mM sodium acetate buffer, pH 5.5, containing 0.2%
Triton X-100. After incubation at 378C for the times
indicated, the reaction was stopped by heating in a
boiling water bath for 5 min. The reaction mixture was
evaporated dry, re-dissolved in 10 ml of methanol, and
applied to a TLC plate, which was then developed with
chloroform/methanol/0.02% CaCl2 (5/4/1, v/v/v). GSLs
and transglycosylation products generated were visual-
ized by spraying the TLC plate with orcinol-H2SO4

reagent and quantified with a Shimadzu CS-9300
chromatoscanner with the reflection mode set at
540 nm. Ceramide and GSLs labeled with fluorescent
were quantified with the fluorescent detector (excitation
475, emission 525 nm).
Purification of Fluorescent TGC—Hundred nanomoles

of TGC was incubated with 160 mU of the enzyme
in 160 ml of 50 mM sodium acetate buffer, pH 5.5,
containing 0.1% Triton X-100 in the presence of 8 nmol
of C5-BODIPY-Cer, C6- or C12-NBD-Cer. After
incubation at 378C for 1 h, the reaction mixture was
dried with a speed vac concentrator, dissolved in 5 ml of

methanol/water (1/1, v/v), and then applied to a Sep-Pak
plus C18 cartridge (Waters) previously equilibrated with
methanol/water (1/1, v/v). Fluorescent Cer and fluores-
cent TGC were eluted with methanol/water (9/1, v/v),
while unlabelled TGC was eluted with methanol. The
methanol/water fraction was dried, dissolved in chloro-
form/methanol (9/1, v/v), and then applied to a Sep-Pak
silica cartridge previously equilibrated with chloroform/
methanol (9/1, v/v). Fluorescent TGC was eluted from the
cartridge with methanol.
Preparation of Samples for MALDI-TOF MS—

Transglycosylation products were separated from accep-
tor and donor substrates on a TLC plate as described
earlier. The plate was immersed in a solvent, isopropa-
nol/methanol/0.2% CaCl2 (40/7/20, v/v/v), for 20 s (18).
The product on the TLC plate was then transferred to a
PVDF membrane at 1808C for 30 s using a TLC blotter
(Atto Inc., Tokyo, Japan). The part of the membrane
corresponding to the area containing the product was cut
off and the product was then extracted with 20 ml of 50%
(v/v) methanol with sonication for 1 min.
MALDI-TOF MS Analysis—The MALDI-TOF MS

analysis was performed by a Voyager-DE mass spectro-
meter (PE-Biosystems, USA) using 10 mg/ml of
2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich, USA)
dissolved in H2O/ethanol (9/1, v/v) as a matrix. After the
sample was mixed with the matrix on the sample plate,
it was dried completely. The operation was conducted in
the positive polarity mode and the accelerating voltage
was 20 kV.

RESULTS

Transglycosylation Reaction of EGALC for 1-Alkanols
as Acceptors—It was reported that jellyfish EGCase
catalysed the transglycosylation reaction in which the
intact sugar chain was transferred from GM1a to the
primary hydroxyl group of various 1-alkanols (19).
In this study, it was thus examined whether EGALC
can catalyse the transglycosylation reaction using TGC
as a donor substrate and methanol as an acceptor
substrate. Interestingly, an orcinol-H2SO4-positive band
having a different Rf to that of TGC or TGC-oligosac-
charide was observed on the TLC plate when the enzyme
was incubated with TGC in the presence of methanol
(Fig. 1A, lane 3). This product was not generated when
mutant EGALCs whose acid/base catalyst (Glu234) or
nucleophile (Glu341) was mutated with Gln were used
for the reaction (Fig. 1A, lanes 4 and 5), suggesting that
generation of the product was catalysed by the same
amino acid residues for the hydrolysis reaction with
EGALC. Next, the product of the reaction of TGC with
EGALC in the presence or absence of methanol was
analysed by MALDI-TOF MS. A pseudo-molecular ion
detected at m/z 527.8 in the absence of methanol
coincided with the sodium adduct, [MþNa]þ, of the
TGC-oligosaccharide (Gal-Gal-Gal-), while that at m/z
541.8 in the presence of methanol may be attributed to
methyl-TGC-oligosaccharide (Fig. 1B). The proposed
structure of the transglycosylation product from the
reaction of TGC with EGALC in the presence of
methanol is shown in Fig. 1C.
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To examine the acceptor specificity of EGALC, various
1-alkanols and TGC were used for the transglycosylation
reaction. As shown in Fig. 2A, new bands having
different Rf values were generated which may be
attributed to the 1-alkyl-TGC-oligosaccharides corre-
sponding to 1-alkanols used. The acceptor specificity
and transfer efficiency of EGALC were quite broad
and high, i.e. TGC-oligosaccharide was efficiently
transferred from TGC to not only methanol, but also

ethanol, 1-propanol, 1-butanol, 1-pentanol and 1-hexanol
(Fig. 2A and B). The optimum concentration of all
1-alkanols used was 10% when TGC was used as a
donor substrate. However, both transglycosylation and
hydrolysis were strongly inhibited by 20% of 1-propanol
in the reaction mixture (data not shown).
Transglycosylation Reaction with EGALC Using

Detergents as Acceptors—Similar to the reaction in
the presence of 1-alkanols, orcinol-H2SO4-positive bands
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Fig. 1. Transfer of galactooligosaccharide from TGC to
several alkanols by EGALC. (A) TLC analysis of the
transglycosylation product using methanol as an acceptor. The
reaction mixture containing 0.1 mU of EGALC or 100 ng of
EGALC mutants, 2 nmol of TGC and 10% methanol in 20ml of
50 mM sodium acetate buffer, pH 5.5, containing 0.1% Triton
X-100 was incubated at 378C for 1 h. Lane 1, TGC standard;

lane 2, TGCþEGALC; lane 3, TGCþEGALCþmethanol; lane 4,
TGCþE234Q EGALC mutantþmethanol; lane 5, TGCþE341Q
EGALC mutantþmethanol. (B) MALDI-TOF-MS spectrometric
analysis of the galactooligosaccharide obtained from TGC (left)
and transglycosylation product from the reaction of TGC with
EGALC in the presence of methanol (right). (C) Proposed
structure of Methyl-TGC-oligosaccharide.
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were observed on the TLC plate when TGC was
incubated with EGALC (25 mU) in the presence of
non-ionic detergents such as Triton X-100 (Fig. 3A,
lane 2). On the other hand, ionic detergents such as
sodium cholate and taurodexycholic acid strongly inhib-
ited both the transglycosylation and hydrolysis
(data not shown). The product from the incubation
of TGC with EGALC in the presence of Triton
X-100 was purified and then analysed by MALDI-
TOF MS. Pseudo-molecular ions at m/z 891.7,
935.6, 979.6, 1023.5 and 1067.5 were detected
(Fig. 3B), which coincided with the sodium adduct,
[MþNa]þ, of Gal-Gal-Gal-C14H21O(C2H4O)4, Gal-Gal-
Gal-C14H21O(C2H4O)5, Gal-Gal-Gal-C14H21O(C2H4O)6,
Gal-Gal-Gal-C14H21O(C2H4O)7 and Gal-Gal-Gal-
C14H21O(C2H4O)8, respectively. These results suggest
that EGALC transferred the intact sugar chain from
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Fig. 3. Transfer of trigalactooligosaccharide from TGC to
Triton X-100 by EGALC. (A) TLC analysis of transglycosyla-
tion products using Triton X-100 as an acceptor. The reaction
mixture containing an appropriate amount of EGALC, 2 nmol of
TGC and 0.1% (w/v) of Triton X-100 in 20 ml of 50 mM sodium
acetate buffer, pH 5.5, was incubated at 378C for 1 h. Lane 1,
TGC standard; lane 2, TGCþ0.1% Triton X-100þEGALC
(25 mU); lane 3, TGCþ 0.1% Triton X-100þEGALC (0.1 mU).
The transglycosylation product was indicated as Triton-
TGC-oligosaccharide. (B) MALDI-TOF-MS spectrometric analy-
sis of the transglycosylation products. The pseudo-molecular
ions, [MþNa]þ, were consistent with the molecular mass of the
trigalactooligosaccharides attached with Triton X-100 (n¼ 4–8),
respectively. (C) Proposed structures of Triton X-100 and Triton-
TGC-oligosaccharides.
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Fig. 2. The efficiency of the transglycosylation reaction
toward 1-alkanols by EGALC. (A) TLC showing the trans-
glycosylation products from the reaction of TGC with EGALC
using various 1-alknols as acceptors. The reaction mixture
containing 0.1 mU of EGALC, 2 nmol of TGC and 10% alkanols
in 20 ml of 50 mM sodium acetate buffer, pH 5.5, containing 0.1%
Triton X-100 was incubated at 378C for 1 h. Lane 1, methanol;
lane 2, ethanol; lane 3, 1-propanol; lane 4, 1-butanol; lane 5,
1-pentanol; lane 6, 1-hexanol. (B) Quantification of A by TLC
chromatoscanner. The extent of transglycosylation was calcu-
lated as follows: DR for alkyl-TGC-oligosaccharide�100/DR for
TGCþDR for TGC-oligosaccharideþDR for alkyl-TGC-oligosac-
charide, where DR¼densitometric response at 540 nm. The
results are means of three independent experiments. Lane 1,
methanol; lane 2, ethanol; lane 3, 1-propanol; lane 4, 1-butanol;
lane 5, 1-pentanol; lane 6, 1-hexanol.
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TGC to the primary hydroxyl group of Triton X-100
(n¼ 4–8) generating Triton X-100-TGC-oligosaccharide
as shown in Fig. 3C. However, it should be noted that
the generation of Triton X-100-TGC-oligosaccharide dis-
appeared when the amount of EGALC was increased by
4 times (0.1 mU) (Fig. 1A, lane 3), possibly because the
product was hydrolysed by EGALC.
Transglycosylation Reaction of EGALC for Fluorescent

Ceramides—A fluorescent TGC could be useful for
measuring the activities of TGC-metabolizing enzymes.
Thus, we tested whether or not fluorescent ceramides are
utilized by EGALC in the transglycosylation reaction as
an acceptor. As shown in Fig. 4A, fluorescent products

were generated in the reaction of EGALC with TGC in
the presence of C5-BODIPY-Cer (lane 1b), C6-NBD-Cer
(lane 2b), C12-NBD-Cer (lane 3b) and C12-NBD-
phytoCer (lane 4b). However, these fluorescent products
were not generated in the reaction with boiled EGALC
(Fig. 4A, lanes 1a, 2a, 3a and 4a). The generation of
fluorescent TGC containing C12-NBD-phytoCer was
much slower than that containing other fluorescent
ceramide, indicating C12-NBD-phytoCer was a poor
acceptor substrate for EGALC under the conditions
used. Next, various GSLs were examined as donor
substrates for the transglycosylation reaction with
EGALC using C6-NBD-Cer as an acceptor. As a result,
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Fig. 4. Transfer of oligosaccharide from gala-series GSLs
to various fluorescent ceramides by EGALC. (A) TLC
analysis of transglycosylation products using various fluorescent
ceramides as acceptors. Lane 1, C5-BODIPY-Cer; lane 2,
C6-NBD-Cer; lane 3, C12-NBD-Cer; lane 4, C12-NBD-phytoCer.
(B) TLC analysis of transglycosylation products using various
GSLs as donors. Lane 1, GalCer; lane 2, CDS; lane 3, CTS;
lane 4, CTeS. The reaction mixture containing 10 mU of EGALC,
2 nmol of TGC (panel A) or GSLs indicated (panel B) and 500
pmol fluorescent ceramides indicated (panel A) or C6-NBD-Cer
(panel B) in 10 ml of 50 mM sodium acetate buffer, pH 5.5,
containing 0.1% Triton X-100 was incubated at 378C for 1 h.

Incubation was carried out with boiled enzyme (lane a) or with
enzyme (lane b). (C) MALDI-TOF MS analysis of the transgly-
cosylation product, C5-BODIPY-TGC. (D) Proposed structure
of C5-BODIPY-TGC and C12-NBD-TGC. (E) Hydrolysis of
fluorescent TGCs by EGALC. Lane 1, C5-BODIPY-TGC; lane 2,
C6-NBD-TGC; lane 3, C12-NBD-TGC. The reaction mixture
containing 0.1 mU of EGALC and 20 pmol fluorescent TGCs
in 20 ml of 50 mM sodium acetate buffer, pH 5.5, containing
0.1% Triton X-100 was incubated at 378C for 1 h. Incubation
was carried out with boiled enzyme (lane a) or with enzyme
(lane b).
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it was found that GalCer (Galb1-1Cer), CDS (Galb1-
6Galb1-1’Cer), CTS (Gala1-6Galb1-6Galb1-1’Cer) and
CTeS (Gala1-6Gala1-6Galb1-6Galb1-1’Cer) were good
donor substrates for the transglycosylation reaction
generating corresponding fluorescent GSLs (Fig. 4B).
On the other hand, GlcCer, sulfatide, LacCer, GM1a and
Gb3Cer were not utilized as donor substrates by the
enzyme (data not shown). These results are well
consistent with the specificity of the hydrolytic reaction
of EGALC except for GalCer (16). The hydrolysis of
GalCer by EGALC was very slow in compared to CDS,
TGC, CTS and CTeS (16), while GalCer was appeared to
be a good acceptor for the transglycosylation activity.
C6-NBD-GalCer was hydrolysed very slowly and thus the
fluorescent GalCer generated was likely to accumulate in
the reaction mixture.

The fluorescent product was purified from the reaction
of TGC with the enzyme in the presence of C5-BODIPY-
Cer and then analysed by MALDI-TOF MS. As a result,
a pseudo-molecular ion, [MþNa]þ, of C5-BODIPY-TGC
was detected at m/z 1111.4 (Fig. 4C). The proposed
structures of C5-BODIPY-TGC and C12-NBD-TGC are
shown in Fig. 4D. Fluorescent ceramides seem to be
coupled to the oligosaccharide via a b-, but not a-,
galactosidic linkage in the C5-BODIPY-TGC, C6-NBD-
TGC and C12-NBD-TGC because the synthesized fluor-
escent GSLs were completely hydrolysed by EGALC
which is an endo-type 1,10-b-galactohydrolase
(EC.3.2.1.123) generating corresponding fluorescent
ceramides (Fig. 4E).

Figure 5A shows the time course for the apparent
generation of fluorescent TGC using C12-NBD-Cer
or C6-NBD-Cer as an acceptor. The apparent
generation of C6-NBD-TGC was much faster than that
of C12-NBD-TGC. The maximal generation of fluorescent
TGC was observed at around 60 min at which time 20
and 13% of the C6-NBD-Cer and C12-NBD-Cer added
were converted to the fluorescent TGCs, respectively,
under the conditions used. The yield of fluorescent TGC
decreased gradually beyond 120 min, possibly due to
the hydrolysis of the fluorescent product by EGALC.
The effects of the acceptor’s concentration on the
transglycosylation activity of EGALC are shown in
Fig. 5B. The maximal generation of the fluorescent
TGCs was found to be �125mM for both C6-NBD-Cer
and C12-NBD-Cer.

DISCUSSION

EGCase is an endo-type glycohydrolase belonging to GH
family 5. Among EGCases reported so far, EGALC is the
only enzyme capable of degrading GSLs containing
R-Galb1-1’Cer (Fig. 6A). The three-dimensional model
of EGALC and site-directed mutagenesis have clearly
demonstrated that Glu-234 at the end of b–strand 4 and
Glu-341 at the end of b-strand 7 function as an acid/base
catalyst and a nucleophile, respectively (16). In this
study, these two glutamate residues were also found to
be essential for the transglycosylation activity of EGALC
(Fig. 1A). Thus, the transglycosylation reaction with
EGALC is thought to proceed in the manner shown in
Fig. 6B, in which R1 is a ceramide moiety and R2 is an
acceptor moiety such as alkanols, etc. On the other hand,
R2 is H for the hydrolysis reaction.

In the present study, we found that EGALC could
transfer the intact sugar chain of TGC to the primary
hydroxyl group of alkanols, non-ionic detergents and
fluorescent ceramides. The transglycosylation activity
has been also found in EGCases (ceramide glycanase)
from the leech (20), bacteria (21) and jellyfish (19). The
most striking difference in the transglycosylation reac-
tion between EGALC and other EGCases/ceramide
glycanases is in the specificity for donor substrates,
i.e. GSLs containing the R-Galb1-1’Cer can be utilized
as a donor substrate by EGALC but not other enzymes.
On the other hand, the acceptor specificity of the
transglycosylation activity of EGALC was much broader,
i.e. not only methanol but also ethanol, 1-propanol,
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Fig. 5. Time course of the generation of NBD-TGC by
EGALC (A) and effect of the concentration of NBD-Cer on
the transglycosylation activity of EGALC (B). The reaction
mixture containing 10 mU of EGALC, 2 nmol of TGC and
500 pmol (A) or the indicated amount (B) of NBD-Cer in 10ml
of 50 mM sodium acetate buffer, pH 5.5, containing 0.1%
Triton X-100 was incubated at 378C for the indicated periods
(A) or 1 h (B). (A) Closed-circle, C6-NBD-Cer; open square,
C12-NBD-Cer. (B) Closed-circle, C6-NBD-Cer; open square,
C12-NBD-Cer.
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1-butanol, 1-pentanol and 1-hexanol were found to
be good acceptors for the reaction with EGALC. Among
them, methanol is the most preferable acceptor and
80% TGC was converted to methyl-TGC-oligosaccharide
under the conditions used (Fig. 2B). EGALC was
also able to utilize Triton X-100 and C6-NBD-Cer as
acceptor substrates but not monosaccharides. The accep-
tor specificity of EGALC seems to be quite different
from that of leech and coryneform enzymes. Because, the
leech enzyme was strongly inhibited by short chain
1-alkanols and no transglycosylation products were
observed when methanol, ethanol, 1-propanol, 1-butanol
and 1-pentanol were used as an acceptor (20). On the
other hand, methanol was a pretty good acceptor for
coryneform enzyme, although ethanol, 1-propanol and
1-butanol were poor acceptors (21). The difference
in substrate specificity between EGALC and other
EGCases (ceramide glycanase) will be disclosed when
X-ray crystal structures of EGALC–substrate complex
are solved.

EGALC can catalyse the transglycosylation using
GalCer as an acceptor and C6-NBD-Cer as a donor,
generating C6-NBD-GalCer. Thus we have examined
whether EGALC can catalyse the condensation reaction
using galactose and C6-NBD-Cer. As a result, the
C6-NBD-GalCer was not produced under the conditions

used (data not shown), indicating EGALC hardly catal-
yses the condensation reaction.

Recently, it was shown that long chain (C5–C8)-alkyl-
glucosides completely inhibit ultrasound-induced cytoly-
sis, possibly because these alkyl-glucosides efficiently
quench cytotoxic radicals and/or their precursors at
the gas/solution interface of collapsing cavitation bub-
bles (22). These protective effects by alky-glucosides
could be used for ultrasound-assisted tumour therapy,
drug delivery and gene therapy. EGALC could transfer
the trigalactooligosaccharide from TGC to various
alkanols (C1�C6) and non-ionic detergents such as
Triton X-100. It is expected that the addition of
oligosaccharides to alkanols and detergents would pro-
vide some new features, for instance, solubility, affinity
for biomembranes, quenching of free radicals and
solubilizing ability for membrane proteins. The functions
of alkyl-TGC-oligosaccharides and Triton X-100-TGC-
oligosaccharides prepared in the present study remain
to be elucidated.

EGALC was able to transfer the trigalactooligosacc-
charide from TGC to fluorescent ceramides, C5-BODIPY-
Cer and C6-/C12-NBD-Cer, generating corresponding
fluorescent TGCs (Fig. 4A). These fluorescent TGCs
were easily purified with Sep-Pak silica and plus
C18 cartridges. It is worth noting that these fluorescent
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Fig. 6. The point where EGALC acts on 6-gala GSLs (A)
and transglycosylation mechanism of EGALC (B). (A) The
point where EGALC acts on the 6-gala GSLs which contain the
common structure of R-Galb1-6Galb1-1’Cer. The enzyme hydro-
lyses the O-glycosidic linkage between the oligosaccharide and
the ceramide of 6-gala GSLs. (B) EGALC, which is a GH5

glycosidase, catalyses hydrolysis or transglycosylation via a
double displacement mechanism involving a covalent glycosyl-
enzyme intermediate. In this figure, R1 is a ceramide moiety of
TGC and R2 is an acceptor moiety such as an alkanol, non-ionic
detergent or fluorescent ceramide, respectively.
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TGCs were hydrolysed by EGALC to produce trigalac-
tooligosacccharides and corresponding fluorescent cera-
mides (Fig. 4E). Thus, these fluorescent TGCs would be
useful for the development of a sensitive assay of EGALC
and possibly other enzymes which are involved in the
metabolism of 6-gala series GSLs that are physiologically
relevant in some pathogenic fungi and parasites.
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