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fungus-specific GlcCer.
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(Bacl(ground: Little is known about GlcCer catabolism in fungi because glucocerebrosidase has yet to be characterized.
Results: EGCrP1 specifically hydrolyzes GlcCer, and immature GlcCer accumulates in EGCrP1-deficient Cryptococcus

Conclusion: EGCrP1 eliminates immature GlcCer to control the quality of GlcCer.
Significance: The finding of EGCrP1, the first glucocerebrosidase identified in fungi, provides insight into the quality control of
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A fungus-specific glucosylceramide (GlcCer), which contains
a unique sphingoid base possessing two double bonds and a
methyl substitution, is essential for pathogenicity in fungi.
Although the biosynthetic pathway of the GlcCer has been well
elucidated, little is known about GlcCer catabolism because a
GlcCer-degrading enzyme (glucocerebrosidase) has yet to be
identified in fungi. We found a homologue of endoglycocerami-
dase tentatively designated endoglycoceramidase-related pro-
tein 1 (EGCrP1) in several fungal genomic databases. The
recombinant EGCrP1 hydrolyzed GlcCer but not other glyco-
sphingolipids, whereas endoglycoceramidase hydrolyzed oligo-
saccharide-linked glycosphingolipids but not GlcCer. Disrup-
tion of egcrpl in Cryptococcus neoformans, a typical pathogenic
fungus causing cryptococcosis, resulted in the accumulation of
fungus-specific GlcCer and immature GlcCer that possess sph-
ingoid bases without a methyl substitution concomitant with a
dysfunction of polysaccharide capsule formation. These results
indicated that EGCrP1 participates in the catabolism of GlcCer
and especially functions to eliminate immature GlcCer in vivo
that are generated as by-products due to the broad specificity of
GlcCer synthase. We conclude that EGCrP1, a glucocerebrosi-
dase identified for the first time in fungi, controls the quality of
GlcCer by eliminating immature GlcCer incorrectly generated
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in C. neoformans, leading to accurate processing of fungus-spe-
cific GlcCer.

Opportunistic fungi such as Cryptococcus neoformans,
Aspergillus fumigatus, Rhizopus oryzae, and Candida albicans
have attracted attention because of the increased numbers of
patients with immunodeficiencies such as AIDS and in some
cases cancer and diabetes (1). Very recently, highly virulent
strains of Cryptococcus gattii that threaten immunocompetent
people and animals have been found in the United States and
Canada (2). These fungi synthesize a fungus-specific glucosyl-
ceramide (GlcCer)? composed of a B-linked glucose and a cer-
amide possessing a characteristic sphingoid base that has two
double bonds at C4/C8 in the trans conformation and a methyl
substitution at C9 (3). Over the past decade, extensive studies
have identified the enzymes involved in the biosynthesis of fun-
gus-specific GlcCer. Dihydrosphingosine is acylated by cer-
amide synthase to form dihydroceramide (4), which is then
modified by various enzymes, including fatty acid 2-hydroxy-
lase (5), sphingolipid A4-desaturase (6), sphingolipid A8-de-
saturase (7), and sphingolipid 9-methyltransferase (8), generat-
ing a mature form of ceramide composed of a methyl d18:2
sphingoid base and an amide-linked a-hydroxy 16:0/18:0 fatty
acid (see Fig. 7). The genes encoding A8-desaturase and sphin-
golipid 9-methyltransferase were identified in fungi but not

3The abbreviations used are: GlcCer, glucosylceramide; Cer, ceramide;
EGCase, endoglycoceramidase; EGCrP1, EGCase-related protein 1;
egcrp1A, egcrp1-deficient mutant; GBA, acid B-glucosidase; GCase, gluco-
cerebrosidase: GCS-1, glucosylceramide synthase-1; GH, glycoside hydro-
lase; GSL, glycosphingolipid; KLrP, Klotho-related protein; NAT,
nourseothricin  acetyltransferase; NBD, 7-nitro-2,1,3-benzoxadiazole;
OPA, o-phthalaldehyde; GM1, GalB1-3GalNAcB1-4(NeuAca2-3)GalB1-
4GlcB1-1'Cer; LacCer, lactosylceramide; GalCer, galactosylceramide;
Gb3Cer, globotriaosylceramide.
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mammals. Disruption of these enzymes resulted in the lack of
fungal mature GlcCer and the significantly decreased virulence
of C. albicans (9), indicating that the maturation process of
ceramide in GlcCer is essential for virulence. In addition to its
pathogenicity, mature GlcCer is related to various biological
events such as budding and cell division (10-12), alkali toler-
ance (13, 14), hyphal elongation (15), and plant defensin sensi-
tivity (16). Immature GlcCer possessing a non-methylated
d18:1 or d18:2 sphingoid base could not compensate for the
functions of mature GlcCer (7, 9, 15).

As in mammals and plants, GlcCer is synthesized by the
transfer of glucose from UDP-glucose to ceramide by glucosyl-
ceramide synthase-1 (GCS-1; also known as ceramide glucosyl-
transferase, EC 2.4.1.80) in fungi. GCS-1 adopts not only a
mature ceramide but also an immature ceramide as a substrate
(17); therefore, immature GlcCer could also be generated in
vivo. Importantly, once immature ceramide is converted to
GlcCer by GCS-1, the maturation step is stopped, and imma-
ture GlcCer accumulates because modification enzymes such
as sphingolipid A4-desaturase and 9-methyltransferase utilize a
ceramide, but not GlcCer, as an acceptor substrate (8, 18); how-
ever, GlcCer in pathogenic fungi exclusively consists of a
mature form under normal conditions (9, 11-13, 19). The
molecular mechanism underlying the elimination of immature
GlcCer in vivo remains to be uncovered.

GlcCer is degraded by the detachment of glucose from
GlcCer by glucocerebrosidase (GCase; also known as glucosyl-
ceramidase (EC 3.2.1.45)). Although knowledge about the syn-
thesis of fungus-specific GlcCer has been accumulating, little is
known about the catabolism of GlcCer because the gene encod-
ing GCase has yet to be identified in fungi.

Endoglycoceramidase (EGCase) is an enzyme capable of
cleaving the ceramide-glucosidic linkage of various glycosphin-
golipids (GSLs) to release an intact oligosaccharide and cer-
amide (20, 21). In the present study, a homologue of EGCase
was found in C. neoformans, A. fumigatus, R. oryzae, and many
other fungal genomic databases. Although GlcCer is resistant
to hydrolysis by EGCase (20), we found that recombinant pro-
teins of a homologue (tentatively designated EGCase-related
protein 1 (EGCrP1)) from C. neoformans, A. fumigatus, and R.
oryzae hydrolyzed GlcCer but not other GSLs; i.e. EGCrP1 was
identified to be a novel GCase of fungi. Furthermore, an egcrp1-
deficient mutant (egcrpIA) of C. neoformans exhibited not only
the accumulation of fungus-specific GlcCer but also immature
forms that are incorrectly synthesized in C. neoformans con-
comitantly with a decrease of GCase activity at neutral pH in
the membranous fraction. Interestingly, disruption of egcrpI in
C. neoformans resulted in aberrant formation of the polysac-
charide capsule, which is known to be required for virulence in
C. neoformans (22). These results indicate that EGCrP1 is
involved in the catabolism of GlcCer in fungi and especially
eliminates the immature GlcCer generated as by-products due
to the broad specificity of GCS-1 toward ceramide species.

This study provides mechanical insights into the quality
control of GlcCer by EGCrP1 by which immature and less func-
tional GlcCer is eliminated from the pathogenic fungi. This
study uncovers a missing link in GlcCer metabolism in fungi
through the discovery of a novel enzyme, EGCrP1 and should
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facilitate the development of drugs for pathogenic fungi based
on the catabolism of fungus-specific GlcCer.

EXPERIMENTAL PROCEDURES

Materials—Cg-7-nitro-2,1,3-benzoxadiazole (NBD)-cer-
amide, C4,-NBD-GlcCer, and C,,-NBD-Gb3Cer were pur-
chased from Matreya, and C;-NBD-LacCer, C,-NBD-GalCer,
and para-nitrophenol glycosides were from Sigma-Aldrich.
C,,-NBD-GM1, C,,-NBD-sphingomyelin, C6:0-GlcCer, C16:
0-GlcCer, C18:0-GlcCer, C22:0-GlcCer, C24:0-GlcCer, and
a-hydroxy 24:0-GlcCer were prepared using sphingolipid cer-
amide N-deacylase by the method described (23). C,-NBD-tri-
galactosylceramide was prepared as described (24). The fungal
GlcCer was extracted from R. oryzae cells with chloroform/
methanol (2:1, v/v). The extract was partitioned using the Folch
method, and the organic phase was applied to a Sep-Pak silica
cartridge (Waters) previously equilibrated with chloroform/
methanol (95:5, v/v). GlcCer was eluted from the cartridge with
chloroform/methanol (85:15, v/v). GlcCer was identified by
TLC plate (Merck) with orcinol-H,SO, staining, and MALDI-
TOF MS using 2,5-dihydroxybenzoic acid as a matrix. The
sugar composition of GlcCer was determined by gas-liquid
chromatography with a Shimadzu HiCap-CBP1 column (0.22
mm X 25 m) as a trimethylsilyl derivative.

Sequence Analysis—The phylogenic tree and alignment of
EGCrP1 and EGCase were conducted with ClustalX (25). The
phylogenic tree of full-length amino acid sequences of EGCrP1
was constructed by the neighbor-joining method (26) and visu-
alized by NJplot. The alignment was shaded in ESPript 2.2 (27).

Fungi—C. neoformans var. grubii serotype A strain H99
(ATCC208821) was purchased from American Type Culture
Collection, and R. oryzae (NBRC9364) and A. fumigatus
(NBRC33022) were from the National Institute of Technology
and Evaluation Biological Resource Center, Chiba, Japan. C.
neoformans, A. fumigatus, and R. oryzae were cultured at 30 °C
in YPD medium (2% Glc, 2% peptone, 1% yeast extract), PD
medium (0.4% potato extract, 2% dextrose), and YPG medium
(0.5% yeast extract, 0.5% peptone, 0.5% NaCl, 1% Glc),
respectively.

Construction of Expression Vectors—Total RNA and mRNA
were obtained from 1 g of fungus cells using Sepasol-RNA I
(Nacalai Tesque) and a QuickPrep Micro mRNA purification
kit (GE healthcare) according to the instructions of the manu-
facturers. First strand cDNA was synthesized from 1 ug of
mRNA using an avian myeloblastosis virus reverse transcrip-
tase first-strand cDNA synthesis kit (Roche Diagnostic). To
introduce the restriction site, PCR was carried out using the
first strand cDNA as a template and expression primers listed in
supplemental Table S1. The amplification was conducted for 25
cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for
10 s, and extension at 72 °C for 150 s using PrimeSTAR HS
DNA polymerase (Takara Bio Inc.). The amplified product was
digested with appropriate restriction enzymes and inserted into
the corresponding sites of pGEX4T3 (GE Healthcare) and
pCold-TF DNA (Takara Bio Inc.) to express the GST-fused
EGCrP1 and the trigger factor-tagged EGCrP1, respectively.
The mutants of EGCrP1 (E254Q and E483Q) were generated
with the PrimeSTAR mutagenesis basal kit (Takara Bio Inc.)
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using mutation primers listed in supplemental Table S1
(E254Q-S, E254Q-A, E483Q-S, and E483Q-A) according to the
instructions provided by the manufacturer.

Expression of Recombinant EGCrPI—EGCrP1 of R. oryzae
(RO3G_04172), C. neoformans (CNAG_00623), and A. fumiga-
tus (AFUA_3G08820) were expressed in Escherichia coli
BL21(DE3) transformed with a pCold-TF vector containing
egcrpl (DDBJ accession numbers AB669191 and AB669901).
After incubating at 37 °C with shaking in medium A (Luria-
Bertani medium supplemented with 100 ug/ml ampicillin)
until the A, reached ~0.5, the culture medium was kept at
15°C for 30 min. Then isopropyl B-p-thiogalactopyranoside
was added to the culture at a final concentration of 1 mm to
cause transcription. After being kept at 15 °C for 24 h, the cells
were harvested by centrifugation (8,000 X g for 10 min), washed
with PBS, suspended in 20 mm sodium phosphate buffer, pH
7.3, and kept in a sonic bath for 150 s. Cell debris was removed
by centrifugation (25,000 X g for 30 min at 4 °C), and the super-
natant was subjected to the enzyme assay.

Purification of Recombinant EGCrP1—E. coli BL21(DE3)
cells transformed with the expression vector pGEX4T3 con-
taining an intact or mutated egcrp1 were grown at 37 °C for 24 h
in 200 ml of medium A with shaking. The cells were harvested
by centrifugation (7,500 X g for 10 min) and suspended in PBS.
After sonication for 150 s, cell debris was removed by centrifu-
gation (25,000 X g for 30 min). The supernatant was applied to
a GSTrap HP column (1 ml; GE Healthcare) that was equili-
brated with PBS. Then the column was washed with PBS, and
the recombinant enzyme was eluted with Tris-HCI buffer, pH
8.0 containing 10 mm reduced glutathione. The purified
enzyme was dialyzed against 25 mm sodium phosphate buffer,
pH 7.3.

Protein Assay—Protein content was determined by the bicin-
choninic acid protein assay (Pierce) with bovine serum albumin
as a standard. SDS-PAGE was carried out according to the
method of Laemmli (28). The proteins were stained with Coo-
massie Brilliant Blue.

Enzyme Assay—An aliquot of 100 pmol of NBD-labeled GSL
or 2.5 nmol of fungal GlcCer was incubated at 30 °C for an
appropriate period with a suitable amount of enzyme in 20 ul of
50 mm sodium phosphate buffer, pH 7.3 containing 10%
DMSO. The reaction mixture was then dried using a SpeedVac
concentrator, dissolved in 10 ul of MeOH, and centrifuged
(10,000 X g for 5 min), and the supernatant was applied to a
TLC plate developed with chloroform/methanol/water (65:
25:4, v/v/v). The plate was scanned in a Shimadzu CS-9300
chromatoscanner with the fluorescence mode set at 475-nm
excitation for NBD-labeled GSLs. Unlabeled GlcCer and glu-
cose were visualized by spraying the TLC plate with orcinol-
H,SO, reagent and scanned in the Shimadzu CS-9300 chroma-
toscanner with the reflection mode set at 540 nm. The extent of
hydrolysis of NBD-labeled GSLs was calculated as follows:
hydrolysis (%) = (peak area for NBD-ceramide) X 100/(peak
area for NBD-ceramide + peak area for remaining NBD-GSLs).
Alternatively, the extent of hydrolysis of unlabeled GlcCer was
calculated as follows: hydrolysis (%) = (peak area for Glc) X
100/(peak area for Glc + peak area for remaining GlcCer).
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Characterization of Recombinant EGCrPI1—The pH depen-
dence of EGCrP1 was determined in a pH range of 4-9 using
the following buffers (at a final concentration of 50 mm):
sodium acetate buffer (pH 4-5.5), MES (pH 6-7.5), sodium
phosphate buffer (pH 7—8), HEPES (pH 8 -9), Tris-HCl buffer
(pH 8.0 - 8.5), and boric acid buffer (pH 8 —9). The optimal tem-
perature was determined in the range from 16 to 40 °C. The
effect of organic solvents was examined using DMSO at a con-
centration of 0—50%. The effects of detergents were examined
using Triton X-100 and sodium cholate at a concentration of
0-1.0%. The effects of metal ions were examined by adding
Caz+, C02+, Cu2+, Fez+, F63+, Hg”, Mg2+, Mn2+, Na*, N12+,
Pb>",Zn>", and EDTA to the reaction mixture at 1 mm. Kinetic
constants of EGCrP1 were measured by using C,-NBD-GlcCer
as a substrate at concentrations ranging from 1.5 to 50 um.

Disruption of egcrpl of C. neoformans with Nourseothricin
Acetyltransferase (NAT) Split Marker—The EGCrP1 gene of C.
neoformans (locus number CNAG_00623 in C. neoformans var.
grubii serotype A genome database) was deleted with a NAT
split marker (29). A gene-specific disruption cassette, which
contains 350 bp of the 5’- and 3’-flanking regions of egcrp1, an
860-bp fragment of the promoter sequence and the ATG start
codon of the C. neoformans actin gene (30), a 310-bp fragment
of the terminator sequence and the stop codon of C. neofor-
mans TRP1 (31), and a gene for the selectable marker NAT (32),
was designed as shown in supplemental Fig. SIA. The DNA
fragments were amplified in the first round of PCR using prim-
ers CN0O0623N-U and CNO00623N-AP-D for the 5'-flanking
region, CN00623C-U and CN00623C-D for the 3’-flanking
region, ActinP-U and Act-Nat-Down for the actin promoter,
Ttrp-Up and Ttrp-CN00623C-D for the TRP1 terminator with
genomic DNA as a template, and Nat-Up and Nat-Ttrp-Down
for NAT with pYL16 (WERNER BioAgents) as a template. The
C. neoformans genomic DNA was prepared using ISOPLANT II
(Nippon Gene). The sequences of these primers are listed in
supplemental Table S1. The length of the flanking region of
egcrpl was determined according to a previous study (33). PCR
products were analyzed in a 1% agarose gel, then extracted from
the gel, and used as a template in overlap PCR to combine DNA
fragments. All PCR amplifications were performed using
PrimeSTAR GXL DNA polymerase (Takara Bio Inc.). Finally,
the combined overlap PCR product was inserted into T-vector
pMD20 to construct pAegcrpl after adding adenine overhang
using the Mighty TA cloning kit for PrimeSTAR (Takara Bio
Inc.). A NAT split marker containing the 200-bp overlapping
sequence was PCR-amplified with primers CN00623N-U and
NSL-2 (29) for the 5'-region of NAT and primers NSR-2 (29)
and CN00623-D for the 3'-region of NAT (supplemental Fig.
S1A) using pAegcrpl as a template. The two PCR fragments
were extracted from the agarose gel, then precipitated onto 600
pg of gold microcarrier beads (0.6 wm; Bio-Rad), and intro-
duced into C. neoformans H99 by biolistic transformation as
described previously (34) using a Model PDS-1000/He Biolistic
particle delivery system (Bio-Rad). Stable transformants were
selected on YPD medium containing 100 ug/ml nourseothricin
(WERNER BioAgents). Putative mutant strains were screened
by PCR using expression primers neoEGCrP1KpnI-S and
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neoEGCrP1Xbal-A, and the results were confirmed by South-
ern blot analysis using genomic DNA digested with HindIIIL

Fractionation of C. neoformans Cells—Wild type and egcrpl
deletion mutants (egcrpIA) of C. neoformans were incubated
for 2 days at 30 °C in YPD medium with shaking, and the cells
were collected by centrifugation (2,300 X g for 5 min). The
fungal cells were washed with buffer A (50 mm sodium phos-
phate buffer, pH 7.3 containing protease inhibitor mixture
(Roche Diagnostics)), resuspended with buffer A, and homog-
enized by using glass beads to prepare cell lysate (35). After
centrifugation at 1,000 X g for 5 min, the precipitate was
washed three times with buffer A and used as the cell wall frac-
tion (36). The supernatant was centrifuged at 100,000 X g for 60
min, and the precipitate was resuspended with buffer A and
used as the membranous fraction. The supernatant after ultra-
centrifugation was used as the cytosolic fraction. The culture
supernatant was saturated with 70% ammonium sulfate and left
overnight at 4 °C. The precipitate was collected with centrifu-
gation at 17,000 X g for 30 min, dissolved in 50 mm sodium
phosphate buffer, pH 7.3, and used as the supernatant fraction.
Ten micrograms of protein of each fraction was used to mea-
sure the enzymatic activity at neutral pH, and 2 ug of the mem-
branous fraction was used at low pH.

HPLC-based Quantitative Determination of GlcCer—Lipids
were extracted from C. neoformans by the method of Bligh and
Dyer (37). The GlcCer-containing lower phase was collected
and dried using a SpeedVac concentrator. Five micrograms of
each lipid sample was subjected to the HPLC-based quantita-
tive determination of GlcCer after derivatization with o-phtha-
laldehyde (OPA) (38). The OPA derivatives were analyzed by
HPLC using a normal phase column (Inertsil SIL 150A-5, 4.6 X
250 mm; GL Science) with an isocratic mobile phase consisting
of n-hexane/isopropyl alchol/H,O (76:24:0.5, v/v/v) at a flow
rate of 2.0 ml/min and detected by a fluorescence detector set to
excitation and emission wavelengths of 340 and 455 nm,
respectively. The amount of GlcCer in the samples was deter-
mined with a standard curve of OPA-labeled lyso-GlcCer. The
hydrolysis of GlcCer by EGCrP1 measured with HPLC was cal-
culated as follows: hydrolysis (%) = (peak area for control —
peak area for EGCrP1 treatment) X 100/(peak area for control).

Structural Analysis of GlcCer—GlcCer was isolated from C.
neoformans as described (13). Briefly, total lipid was dissolved
in chloroform/methanol (95:5, v/v) and loaded onto a Sep-Pak
silica cartridge (Waters) equilibrated with chloroform/metha-
nol (95:5, v/v). The GlcCer-containing fraction was eluted with
chloroform/methanol (90:10, v/v) and dried. Pellets were sus-
pended in chloroform/methanol (50:50, v/v) containing 0.2 N
KOH, incubated for 1 h at room temperature, and neutralized
with an equal amount of acetic acid, and H,O was added. The
lower phase was withdrawn and dried, then resuspended in
chloroform/acetic acid (99:1, v/v), and applied to a Sep-Pak
silica cartridge equilibrated with chloroform. The column was
eluted with chloroform/acetic acid (99:1, v/v), chloroform/
methanol (95:5, v/v), chloroform/methanol (90:10, v/v), chlo-
roform/methanol (80:20, v/v), and finally methanol. The frac-
tions were examined by TLC. The structure of GlcCer in the
chloroform/methanol (90:10, v/v) fraction was analyzed by
chip-based nanoelectrospray ionization MS/MS using a 4000Q
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TRAP (AB SCIEX) with a TriVersa NanoMate ionization
source (Advion BioSystems) (39). The ion spray voltage, gas
pressure, and flow rate were set at 1.25 kV, 0.3 p.s.i., and 200
nl/min, respectively. The mobile phase was chloroform/meth-
anol (1:2, v/v) containing 5 mm ammonium formate. Each frac-
tion of GlcCer was directly subjected to MS/MS with individual
GlcCer molecular species ([M + Na] ") operated in the positive
ion mode with a scan speed of 1,000 atomic mass units/s, scan
range of m/z 200-1000, trap fill time of 5 ms, declustering
potential of 100 V, collision energy of 70-75 eV, and resolu-
tions of Q1/Q3.

Phenotypic Analysis of Wild Type and egcrplA Mutant—
Capsule production was measured by the method described
(40). Briefly, C. neoformans cells were grown in Sabouraud
medium overnight at 30 °C, and then the cultures were diluted
to 1:100 in either Sabouraud medium (non-inducing condi-
tions) or 10% Sabouraud medium buffered to pH 7.3 with 50
mm MOPS (capsule-inducing conditions) and grown at 30 °C
for 2 days. India ink was added, and the capsules were visualized
using light microscopy. To quantify capsule size, the diameters
of the cell and capsule were measured with ImageJ 1.39u soft-
ware (National Institutes of Health). The scale bar was esti-
mated by the hematocytometer. To address the stress resis-
tance, each strain was grown overnight, serially diluted in
distilled water, and spotted onto YP (1% yeast extract, 2% pep-
tone) or YPD medium containing 5 mm H,O,, 1 M NaCl, or
0.01% SDS. The pH of the medium was adjusted to 7.3 or 4.0.

RESULTS

Characterization of Recombinant EGCrPI—EGCase, an
enzyme capable of cleaving the glucosidic linkage between an
oligosaccharide and the ceramide of various GSLs, is distrib-
uted in bacteria and some invertebrates such as jellyfish and
hydra (Fig. 1). We found that an EGCase orthologue (EGCrP1)
is distributed across the phyla/genera of fungi, including in
pathogens such as R. oryzae, C. neoformans, C. albicans, and A.
fumigatus (Fig. 1). To characterize the EGCrP1, egcrpl of R.
oryzae was expressed in E. coli BL21(DE3) as a GST-fused pro-
tein. The recombinant EGCrP1 was purified as a single band on
SDS-PAGE after elution from a GST affinity column (Fig. 2A4).
The specificity of the purified EGCrP1 was examined using var-
ious NBD-labeled fluorescent GSLs. Unexpectedly, EGCrP1
was not able to hydrolyze LacCer, GM1, and Gb3Cer, which are
substrates for EGCase (Fig. 2B). Trigalactosylceramide and
GalCer were also resistant to hydrolysis by EGCrP1 (Fig. 2B),
although these substrates are susceptible to hydrolysis by
endogalactosylceramidase, which is a paralogue of EGCase
(41). Alternatively, EGCrP1 specifically hydrolyzed GlcCer
(Fig. 2B) in contrast to EGCase and endogalactosylceramidase
(20, 41). It was confirmed that not only NBD-labeled GlcCer
but also native GlcCer isolated from R. oryzae was hydrolyzed
by EGCrP1 (Fig. 2C). The ceramide moiety of R. oryzae GlcCer
is composed of a methyl d18:2 sphingoid base and an amide-
linked a-hydroxy 16:0 fatty acid. No para-nitrophenol glyco-
sides tested, including para-nitrophenol glucose, were hydro-
lyzed by EGCrP1 (Fig. 2D). The hydrolysis of GlcCer by
EGCrP1 was somewhat affected by chain length and the
hydroxylation of fatty acid moieties of GlcCer under the condi-
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FIGURE 1. Phylogenic tree of EGCrP1 and EGCase. Amino acid sequences of EGCrP1 of several fungi and EGCase were reconstructed by the neighbor-joining
method. The shaded area indicates EGCase (41, 54-57). The genes investigated experimentally in this study are indicated in bold type. The scale bar represents

0.1 amino acid substitution per site. EGALC, endogalactosylceramidase.

tions used (Fig. 3A4). Maximal activity was observed at around
pH 7.5, indicating that EGCrP1 is a neutral GCase (Fig. 3B).
Compared with the mammalian neutral GCase Klotho-related
protein (KLrP) (42), EGCrP1 exhibited lower k_,, and similar
K, values toward C,-NBD-GlcCer as a substrate (Table 1). The
optimal temperature was around 30 °C, which is suitable for
growth of R. oryzae (Fig. 3C). The activity was enhanced when
0.1% sodium cholate or 10% (v/v) DMSO was added to the reac-

tion mixture (Fig. 3, D and E). However, Triton X-100, which

372 JOURNAL OF BIOLOGICAL CHEMISTRY

stimulates the activity of EGCase and endogalactosylcerami-
dase, strongly inhibited the activity of EGCrP1 even at a low
concentration (Fig. 3D). No metal ions were required for the
activity of EGCrP1 (Fig. 3F).

Determination of Catalytic Amino Acid Residues of EGCrP1—
Alignment of the deduced amino acid sequences of R. oryzae
EGCrP1, C. neoformans EGCrP1, and Rhodococcus EGCase
(EGCase II) revealed that eight residues, which are essential for
the catalytic activity of glycoside hydrolase (GH) family 5 gly-
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FIGURE 2. Substrate specificity of purified recombinant EGCrP1. A, purity of recombinant EGCrP1. The purified protein was subjected to SDS-PAGE and
visualized with Coomassie Brilliant Blue. Lane 1, protein marker; lane 2, pass-through fractions; lane 3, wash fractions; lane 4, eluted fractions from a GSTrap HP
column. B, TLC showing the fluorescent ceramide (Cer) released from NBD-GlcCer by EGCrP1. Each fluorescent GSL (100 pmol) was incubated with (+) or
without (—) recombinant EGCrP1 at 30 °C for 16 h except for fluorescent GlcCer, which was incubated for 60 min. Samples were loaded onto a TLC plate that
was developed with chloroform/methanol/water (65:35:8, v/v/v). Fluorescent GSLs and Cer were detected by AE-6935B Visirays. C, TLC showing the glucose
(Glc) released from fungal GlcCer (methyl d18:2/a-hydroxy 16:0). GlcCer and glucose were visualized with orcinol-H,SO, reagent. D, the hydrolysis of various
substrates by EGCrP1. The structures of GSLs are shown in a dotted box. Error bars represent the mean = S.D. of three experiments. An asterisk indicates no

hydrolysis of substrates. SM, sphingomyelin; TGC, trigalactosylceramide; pNP, para-nitrophenol.

cosidases (43), were well conserved in the EGCrP1 (Fig. 4A).
Notably, two glutamates, Glu*** and Glu®®** at the end of
B-strands 5 and 8 in R. oryzae EGCrP1, were thought to be an
acid/base catalyst and nucleophile, respectively (Fig. 4A, black
circles). To address whether they function as catalytic residues,
Glu?** and Glu*®*® were replaced with Gln (E254Q and E483Q)
by site-directed mutagenesis. The two mutant enzymes and
wild type enzyme were separately expressed in E. coli
BL21(DE3), purified (Fig. 4B), and subjected to the assay using
C4s-NBD-GlcCer as a substrate. In contrast to the wild type
enzyme, no activity was detected in the E254Q and E483Q
mutant enzymes (Fig. 4C), suggesting that Glu®>** and Glu*** do
function as an acid/base catalyst and nucleophile, respectively.

GCase Activity and GlcCer Content in egcrpl-deficient
Mutants of C. neoformans—The egcrpl has been found in the
genome of C. neoformans and A. fumigatus as well as R. oryzae
as shown in Fig. 1. Thus, the egcrpI genes of A. fumigatus and C.
neoformans were cloned and expressed in E. coli, and the
recombinant enzymes were characterized. The two enzymes
specifically hydrolyzed GlcCer (Fig. 5A4), the same as the
enzyme from R. oryzae. C. neoformans EGCrP1 also exhibited
maximal GCase activity at a neutral pH (Fig. 5B).

JANUARY 2,2012+VOLUME 287+NUMBER 1

To verify whether EGCrP1 is involved in the catabolism of
GlcCer in vivo, an egcrp1-deficient mutant (egcrp1A) of C. neo-
formans var. grubii serotype A strain H99 was generated by
gene-targeting homologous recombination using the NAT split
marker (supplemental Fig. S1A). The egcrpIA strains were
selected by PCR (supplemental Fig. S1B) and GCase activity
(supplemental Fig. S1C) and subjected to a Southern blot anal-
ysis using HindIII-digested genomic DNA (supplemental Fig.
S1D). The GCase activity of the wild type and egcrp 1A strains of
C. neoformans was examined using C,-NBD-GlcCer as a sub-
strate at pH 7.3 and 5.0. A significant decrease in GCase activity
was observed in the lysate of egcrpIA cells at pH 7.3 (Fig. 5C).
To verify the intracellular localization of EGCrP1, GCase activ-
ity was measured using the cytosolic, membranous, cell wall,
and supernatant fractions of the wild type and egcrp1A strains.
The GCase activity of egcrpIA significantly decreased in the
membranes at a neutral pH but not atlow pH (Fig. 5C), whereas
the activity in the cytosol, cell wall, and supernatant was
unchanged. These results suggest that EGCrP1 occurs in the
membranes where it functions as a neutral GCase.

GlcCer levels in the wild type and egerpIA strains were deter-
mined by HPLC-based methods. As expected, the amount of fun-
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FIGURE 3. General properties of recombinant EGCrP1. A, effects of fatty acid moieties of GlcCer on EGCrP1 activity. C6:0-GlcCer, C16:0-GlcCer, C18:0-GlcCer,
C22:0-GlcCer, C24:0-GlcCer, and a-hydroxy 24:0 (h24:0)-GlcCer were prepared using sphingolipid ceramide N-deacylase as described under “Experimental
Procedures.” Incubation was carried out at 30 °C for 16 h. B, pH dependence of the recombinant EGCrP1 of R. oryzae. MES (pH 5.5- 6.5, open circles), sodium
phosphate buffer (pH 6.5-7.5, closed diamonds), HEPES (pH 7.5- 8, open squares), boric acid buffer (pH 8 -9, closed squares). C, effects of temperature on EGCrP1

activity. D, effects of detergents on EGCrP1 activity. Open squares, sodium cholate; closed circles, Triton X-100. E, effects of DMSO on EGCrP1 activity. F, metal ion
dependence of EGCrP1. Error bars represent the mean * S.D. of three experiments.

TABLE 1

Kinetic parameters of recombinant EGCrP1 and KLrP toward C,-NBD-GlcCer
The values for KLrP are from Ref. 42.

Substrate Enzyme K, Ko ko /K,
M st ) M s
C4-NBD-GlcCer EGCrP1 58 + 0.3 (38.3+0.2) X 1073 (6.6 + 0.4) X 10°

C¢-NBD-GlcCer KLrP 4.6 £0.2 (121.0 = 5.5) X 102 (26.2 £ 0.5) X 10?

gus-specific GlcCer containing the methyl d18:2 sphingoid base  fungus-specific GlcCer in egcrpIA but not in the wild type (Fig.
was increased in egcrplA compared with the wild type (Fig. 5, D 5D). Similar to the fungus-specific GlcCer (peak 2), the new peak
and E). In addition, a new peak emerged just before the peak of the ~ (peak 1) was susceptible to hydrolysis by EGCrP1 (Fig. 5, Fand G).
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Structural Analysis of GlcCer Accumulated in egcrplA—To
clarify the structure of the GlcCer accumulated in egcrplA,
purified GlcCer fractions of wild type and mutant cells were
analyzed by nanoelectrospray ionization MS/MS. Peaks a and b
at m/z 778 were observed in both strains (Fig. 64). They were
identified by MS/MS to be a fungus-specific mature GlcCer
composed of a methyl d18:2 sphingoid base and a-hydroxy 18:0
fatty acid (Fig. 6B). Meanwhile, three new peaks (peaks ¢, d, and
e) were observed only in the egerpIA strain (Fig. 6A, right
panel). Similar but not identical to the mature GlcCer, peaks c,
d, and e were assigned by MS/MS to GlcCer composed of d18:0
(m/z 768), d18:1 (m/z 766), and d18:2 (m/z 764) sphingoid
bases, respectively (Fig. 6B). Three GlcCer species generated in
the mutant cells contained a-hydroxy 18:0 fatty acid similar to
the mature GlcCer. These results indicate that the three molec-
ular species of GlcCer accumulated in the egcrpIA strain con-
tain immature forms of ceramide that are intermediates gener-
ated from the pathway of GlcCer synthesis in C. neoformans
(Fig. 7). No significant difference in susceptibility to EGCrP1
was observed between mature and immature GlcCer (Fig. 5, F
and G).

Phenotype of egcrp] A—To estimate the biological functions
of EGCrP1 in vivo, the growth of egcrpIA cells was compared
with that of wild type cells under oxidative stress (hydrogen
peroxide), high salt stress (NaCl), detergent stress (SDS), and
different pH (pH 4.0 and 7.3). No significant difference was
observed between the wild type and egcrp A strains under these
conditions (supplemental Fig. S2). On the other hand, the poly-
saccharide capsule, an important virulence factor in C. neofor-
mans, was smaller in egcrpIA under capsule-inducing condi-
tions (Fig. 8, A and B) but not under non-inducing conditions.

DISCUSSION

In this study, we showed that the recombinant EGCrP1 of R.
oryzae, C. neoformans, and A. fumigatus specifically hydrolyzed
GlcCer at neutral pH and that the disruption of egcrpl in C.
neoformans caused an accumulation of GlcCer concomitantly
with a decrease in membrane-associated neutral GCase activity
(Fig. 5). The egcrpl gene is distributed across the phyla/genera
of fungi, including Ascomycota (A. fumigatus), Basidiomycota
(C. neoformans), and Zygomycota (R. oryzae), but is not found
in mammals, plants, and bacteria. These results clearly indicate
that EGCrP1 is a fungus-specific neutral GCase involved in the
metabolism of GlcCer. However, in egcrp 1A, the GCase activity
of the cytosolic and cell wall fractions at pH 7.3 and membra-
nous fraction at pH 5.0 was not decreased compared with that
in the wild type, suggesting that some other GCases in addition
to EGCrP1 are present in C. neoformans.

The gene encoding GCase had yet to be identified in fungi;
however, in some protein databases, fungal 3-1,6-glucanases
are annotated as GCases because they show sequence similarity

to the acid B-glucosidase 1 (GBA1), a mammalian lysosomal
GCase. The B-1,6-glucanase of A. fumigatus is a B-1,6-glucan-
specific glycosidase possibly involved in the degradation of cell
walls (44). This enzyme is not likely to participate in the hydrol-
ysis of GlcCer because Phytophthora infestans [-glucosidase
BGX1, which shows significant sequence similarity to both
GBA1 and -1,6-glucanase, was not able to hydrolyze GlcCer
(45).

In mammals, GlcCer is mainly catabolized by GBA1, which is
assigned to GH family 30 (46). GBA2, assigned to GH family 116
and known as a bile acid 3-glucosidase, was identified as a neu-
tral GCase located in the endoplasmic reticulum (47). We also
found that KLrP (GBA3; B-glucosidase (EC 3.2.1.21)) belonging
to GH family 1 is a cytosolic neutral GCase that could be
involved in the non-lysosomal catabolism of GlcCer (42). Addi-
tionally, lactase phlorizin hydrolase (glycosylceramidase (EC
3.2.1.62)/lactase (EC 3.2.1.108); GH family 1) was shown to par-
ticipate in the digestion of GlcCer in mammalian intestines
(48). A non-mammalian GCase belonging to GH family 3 has
also been identified in Paenibacillus sp. (49, 50). An alignment
of deduced amino acid sequences revealed that EGCrP1 and
EGCase shared eight residues important for the catalytic activ-
ities of GH family 5 glycosidases (43). Among these residues,
Glu*** and Glu*®® of EGCrP1 were estimated to be the acid/
base catalyst and nucleophile, respectively, by site-directed
mutagenesis in the present study. These results show that
EGCrP1 is the first GCase belonging to GH family 5.

Although EGCrP1 showed sequence similarity to EGCase at
the protein level, the substrate specificity of the two enzymes is
very different. EGCrP1 hydrolyzes the B-glucosidic linkage of
GlcCer but not other GSLs. In contrast, EGCase hydrolyzes the
B-glucosidic linkage between an oligosaccharide and ceramide;
i.e. the minimum structure of the sugar moiety required for
hydrolysis by EGCase is lactose (GalB1,4Glc1-). Comparison
of the primary structure of EGCrP1 with that of EGCase
revealed several inserts between B-strand 5 and a-helix 6,
between B-strands 6 and 7, and between B-strand 7 and a-helix
9 (Fig. 4A). Further study is required to elucidate the structure-
function relationships of EGCrP1 and EGCase. Because the
crystal structure of EGCase has been solved (51), an x-ray crys-
tal analysis of EGCrP1 would provide valuable information
about mutual relationships.

In this study, we found that GlcCer containing a mature cer-
amide accumulated in the egcrp IA concomitant with a decrease
of GCase activity in C. neoformans. Furthermore, immature
GlcCer containing d18:0, d18:1, or d18:2 emerged in egcrplA
but not in the wild type (Fig. 7). The mature ceramide is gener-
ated from dihydroceramide (d18:0/C18:0) through four steps
catalyzed by a fatty acid 2-hydroxylase generating a ceramide
composed of d18:0 and a-hydroxy 18:0 (h18:0), a sphingolipid

FIGURE 4. Alignment of EGCrP1 with EGCase (A) and determination of catalytic residues of EGCrP1 (B and C). A, the amino acid sequences of Rhodococcus
EGCase Il (EGCase), R. oryzae EGCrP1 (ROEGCrP1), and C. neoformans EGCrP1 (CNEGCrP1) were aligned using ClustalX. Identical and similar residues are shown
by white letters on a black background and black letters in an open box, respectively. Amino acid residues conserved in GH family 5 glycosidases are indicated by
open circles. Two glutamates, Glu?** and Glu*®® of R. oryzae EGCrP1 and Glu?*® and Glu*? of C. neoformans EGCrP1 possibly functioning as an acid/base catalyst
and nucleophile, respectively, are indicated by closed circles. The secondary structural elements are shown above the amino acid sequence of EGCase.
B, SDS-PAGE of the purified wild type, E254Q, and E483Q R. oryzae EGCrP1. C, TLC showing the hydrolysis of NBD-GlcCer by the wild type and mutant R. oryzae

EGCrP1.
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FIGURE 5. Characterization of egcrp1 deletion mutants of C. neoformans. A, hydrolysis of NBD-GlcCer by cell lysate of E. coli transformed with pCold-TF
(mock) harboring egcrp 1 from A. fumigatus, C. neoformans, or R. oryzae. The enzyme assay was carried out as described in the legend of Fig. 2. n.d., products were
not detectable. B, pH dependence of the recombinant EGCrP1 of C. neoformans. Fifty micromolar sodium acetate buffer (pH 4-5.5, closed squares), MES (pH
5.5-6.5, open circles), sodium phosphate buffer (pH 6-7.5, closed diamonds), HEPES (pH 7-8, open squares), and boric acid buffer (pH 8-9, closed circles) were
used. G, hydrolysis of NBD-GlcCer at pH 7.3 by the cell lysate and cytosolic, membranous, cell wall, and supernatant fractions (left panel) and at pH 5.0 by the
membranous fraction (right panel). D, HPLC-based quantification of GlcCer. GlcCer fractions were labeled with OPA and analyzed by normal phase HPLC (38).
A black arrow shows the peak that emerged in only egcrp1A. An asterisk shows the OPA left after the reaction. E, amounts of fungus-specific GlcCer (methyl
d18:2). F, HPLC showing the hydrolysis of fungus-specific mature (peak 2) and immature (peak 1) GlcCer by recombinant EGCrP1. G, extent of hydrolysis
estimated from F. Error bars represent the mean = S.D. of at least three experiments.

A4-desaturase generating a ceramide composed of d18:1 and expressed in yeasts (17), an immature GlcCer possessing d18:2

h18:0, a sphingolipid A8-desaturase generating a ceramide
composed of d18:2 and h18:0, and finally a sphingolipid
9-methyltransfearase generating the mature ceramide com-
posed of methyl d18:2 and h18:0 (Fig. 7). Immature GlcCer was
probably generated because of the broad specificity of GCS-1;
i.e. GCS-1 is likely to adopt not only a mature ceramide but also
an immature ceramide as a substrate in vivo. This notion is
supported by previous findings. Immature forms of GlcCer
(d18:0,d18:1, and d18:2) were generated when GCS-1 was over-

JANUARY 2,2012+VOLUME 287+NUMBER 1

was generated in sphingolipid 9-methyltransferase-disrupted
Pichia pastoris, C. albicans, and Fusarium graminearum (4, 8,
15, 52), and GlcCer possessing d18:1 was generated in sphingo-
lipid A8-desaturase-disrupted P. pastoris and C. albicans (4, 7).

Several reports have indicated the biological relevance of
fungus-specific GlcCer possessing a methyl d18:2 sphingoid
base e.g. to cell growth (52), hyphal elongation (15), and viru-
lence (9, 13). On the other hand, immature GlcCer possessing
d18:1 or d18:2 could not compensate for the functions of fun-
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FIGURE 6. Structural analysis of GlcCer accumulated in egcrp1A strains. A, MS spectra of GlcCer isolated from the wild type (left panel) and egcrp1A (right
panel). Each peak (g, b, ¢, d, and e) was further subjected to MS/MS. B, MS/MS spectra of GlcCer containing different sphingoid bases (methyl d18:2,d18:0,d18:1,
and d18:2) and a-hydroxy 18:0 fatty acid (h18:0). FA, fatty acid.
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gus-specific GlcCer (7, 9, 15). Sphingolipid A4-desaturase and
9-methyltransferase utilize ceramide, but not GlcCer, as an
acceptor substrate (8, 18). Thus, once immature ceramide is
converted to immature GlcCer by GCS-1, the process of matu-
ration would be terminated, resulting in the accumulation of
immature GlcCer. EGCrP1 seems to convert the immature
GlcCer to immature ceramide by which the maturation of
GlcCer would again proceed. Taken together, EGCrP1 is an
enzyme responsible for controlling the quality of GlcCer during
the course of its synthesis. EGCrP1 acts to eliminate less func-
tional and wasteful forms of GlcCer that are generated as by-
products due to the broad specificity of GCS-1. Kinetic analysis
showed that the k_,, of EGCrP1 is lower than that of another
neutral GCase, KLrP (42), a property suitable for the quality
control of GlcCer. Because the susceptibility of immature
GlcCer to EGCrP1 is almost the same as that of mature GlcCer
(Fig. 5, F and G), catalytic reactions that are too efficient may
cause not only the elimination of immature forms but also a
decrease in mature GlcCer during the course of production.

JANUARY 2,2012+VOLUME 287+NUMBER 1

It is widely accepted that the polysaccharide capsule of C.
neoformans is closely related to its pathogenicity (22). In this
study, we found that the polysaccharide capsule was smaller in
egcrplA than in the wild type in the culture with capsule-induc-
ing medium. The reason for this is unclear. However, it may be
related to the transport of polysaccharide-containing vesicles
to the outside of the cell, which triggers capsule formation,
because the vesicles are mainly made of GlcCer and sterols (53).
In contrast, the polysaccharide capsule in a gcsi-deficient
mutant of C. neoformans was almost the same size as that of the
wild type (13). Therefore, the accumulation of immature
GlcCer in egcrp1A may affect the formation and/or transport of
vesicles.

Opportunistic fungi such as C. neoformans have attracted
attention over the past decade because of the increase in the
numbers of patients with immunodeficiencies such as AIDS
(1). Very recently, highly virulent strains of C. gattii have
been found in the United States and Canada (2), and impor-
tantly, the gene encoding EGCrP1 was also found in the
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genome database of C. gattii. This study should facilitate the
development of antifungal drugs based on the EGCrP1
involved in the metabolism of fungus-specific GlcCer across
fungal phyla/genera.
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