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CHAPTER 1

CHAPTER 1. GENERAL INTRODUCTION

In this thesis, the author describes the catabolism and functions of a steryl B-glucoside in
fungi and yeast. Before the experimental details are discussed, some fundamental background in-
formation is provided as part of a general introduction. The scope of this research is also summa-

rized at the end of this section.

Cryptococcus neoformans

The pathogenic fungus Cryptococcus neoformans causes cryptococcosis, an opportunistic
infectious disease. The typical symptoms of cryptococcosis are meningitis and pneumonia, and this
disease frequently occurs in immunodeficient patients such as those with AIDS. It is estimated that
cryptococcosis causes one million infections and 600,000 deaths per year; it is especially prevalent in
Africa (1,2).

The most characteristic feature of C. neoformans is a thick polysaccharide capsule that sur-
rounds the cell body (Fig. GI-1A). The capsule is composed of glucuronoxylomannan (GXM),
which is a very long heteropolysaccharide comprising mannose, xylose, and glucuronic acid (3).
The capsule allows C. neoformans to invade and remain in hosts (4) because it protects against
phagocytosis by macrophages (5). The capsule also allows the fungi to grow in phagocytic cells by
protecting against attacks by host cells (6,7). This result was disclosed by an experiment using
acapsular mutants of C. neoformans that cannot replicate inside phagocytic cells (6-9).  Collectively,
the polysaccharide capsule was demonstrated to be an important virulence factor that allows C.
neoformans to infect humans.

C. neoformans was originally divided into four serotypes (A, B, C, and D) (Fig. GI-1B);

however, serotypes B and C were classified as C. gattii in 1970 (10). Although C. neoformans is
1



CHAPTER 1

distributed worldwide, C. gattii is restrictively distributed in tropical areas (11-13).  C. neoformans
is primarily an opportunistic pathogen; in contrast, C. gattii causes cryptococcosis in immunocom-
petent individuals (13). In the early 2000, C. gattii became well known after an outbreak of infec-
tions on Vancouver Island in British Columbia, Canada (14-17).

Cryptococcosis is classified among deep-seated mycoses, and several antibiotics have been
developed to treat this serious disease. Amphotericin B, which binds ergosterol and forms pores in
the fungal membrane, is frequently used to treat mycoses, including cryptococcosis. Other drugs
used for cryptococcosis include fluconazole and flucytosine; the former inhibits ergosterol synthesis,
and the latter inhibits DNA synthesis. However, these drugs have caused problems such as severe
side effects and the appearance of a highly drug-resistant form of C. neoformans (18). Thus, the

development of new anti-cryptococcal drugs is urgently required.
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FIGURE GI -1. Serotype and structure of Cryptococcus neoformans.

A, C. neoformans serotype A stained with India ink. After culture at 25°C for 1 day in 10%
Sabouraud liquid medium, pH 7.0, cells were stained with India ink. B, C. neoformans is divided into C.

neoformans (serotype A, D, and AD hybrid) and C. gattii (serotype B and C).



CHAPTER 1

Fungal sphingolipids and glycosphingolipids

Sphingolipids are a class of lipids that contain a ceramide or sphingoid base within the
molecule. Sphingolipids are mainly classified as glycosphingolipids (GSLs) and phosphosphin-
golipids; as hydrophilic moieties, the former possesses sugar residues, whereas the latter possesses
phosphoryl groups. Sphingolipids, including GSLs, are membrane components and form the lipid
microdomain (so-called lipid raft) with cholesterol within the membrane. GSLs and their metabo-
lites are involved in many cellular events such as cell-cell interactions, cell adhesion, cell differentia-
tion, cell growth, and signal transduction (19-23). GSLs are also utilized by pathogens and intesti-
nal bacteria to invade cells or remain at the cell surface (24).

The molecular species of membrane lipids are somewhat different between mammals and
fungi. Fungi do not have sphingomyelin (SM); alternatively, they have inositol phosphoryl
ceramide (IPC) as their main phosphosphingolipid (25). In fungi, ergosterol is the major sterol,
whereas cholesterol is the main sterol in mammals. Sterols are essential for forming lipid micro-
domains, and ergosterol exhibited stronger domain-promoting activity than cholesterol in in vitro
experiments (26). It was reported that ergosterol interacts with IPC, mannose-IPC (MIPC), and
mannose-(inositol phosphoryl), ceramide (M(IP)2C) in the microdomain of fungi, whereas choles-
terol interacts with GSLs and SMs in the microdomain of mammals (27-30).

The putative sphingolipid synthesis pathway proposed for fungi (31) is described below.
3-Ketosphinganine is generated from the condensation reaction of L-serine with palmitoyl-CoA that
is catalyzed by serine palmitoyl transferase (SPT). 3-Ketosphinganine reductase converts
3-ketosphinganine into dihydrosphinganine. = Ceramide synthase (CerS) then transfers the
a-hydroxy fatty acid (hFA) (32,33). Through the overall reaction, dihydroceramide (d18:0/hFA) is

synthesized. However, after the synthesis of phytosphingosine (t18:0) by dihydroceramide
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C4-hydroxylase (Des2), phytoceramide is synthesized by CerS (34). Phosphosphingolipids such as
IPC, MIPC, and M(IP).C are mainly synthesized from the precursor phytoceramide. Dihydrocer-
amide is modified by dihydroceramide A4-desaturase (Desl) (35), sphingolipid A8-desaturase (36),
and sphingolipid C9-methyltranseferase (SMT1) to produce fungal-specific ceramide
(d18:2+9Me/hFA), which is very unique in structure because of the presence of not only double
bonds at C4 and C8 but also a methyl branch at C9 in the sphingoid base (37-39). The fungal
ceramide is then converted to glucosylceramide (GlcCer) by GlcCer synthase 1 (GSC1).

GCSI1, which is highly conserved from lower eukaryotes to humans, catalyzes the transfer
reaction of glucose (Glc) from UDP-GIc to ceramide. The specificity of GCS1 for lipid moieties is
very broad; thus, the enzyme can utilize fungal-specific ceramide as well as ceramide, dihydrocer-
amide, and phytoceramide as a substrate. As a result, both GlcCer with fungal-specific ceramide
(d18:2+9Me/hFA) and GlcCer with immature ceramide (d18:2/hFA, d18:1/hFA, d18:0/hFA) were
generated via the fungal GlcCer synthesis pathway. In the ceramide synthesis pathway, the fun-
gal-specific ceramide (mature ceramide) is sequentially generated from immature ceramide, which
lacks double bond(s) or methyl branch, in the following order: d18:0/hFA =» d18:1/hFA =>
d18:2/hFA. Endoglycoceramidase (EGCase)-related Protein 1 (EGCrP1) hydrolyzes immature
GlcCer during GlcCer synthesis in C. neoformans, resulting in the production of homogenous Glc-
Cer with homogeneous ceramide moieties (d18:2+9Me/hFA)(40). C. neoformans EGCrP1-deletion
mutants exhibited GlcCer with heterogeneous ceramide moieties, resulting in incomplete synthesis
of the polysaccharide capsule in these mutants. This result may indicate that the quality control of
GlcCer ceramide moiety by EGCrP1 is deeply related to capsule formation in C. neoformans (40).

GlcCer is thought to be biologically relevant in fungi; this simple GSL is involved in cell

division and budding (41-43), interactions between fungi and insects or plants (44), alkaline toler-
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ance (45,46), and infection processes in mice and plants (45-47). Notably, however, the budding

yeast Saccharomyces cerevisiae, which is a subject in Chapter 3, does not contain GlcCer (48).
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FIGURE GI -2. Hypothetical scheme for the sphingolipid biosynthetic pathway

in C. neoformans.
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Steryl glucosides

Steryl glucoside (SG) is the most abundant sterol in many organisms (49). However, the
abundance of sterols differs in different organisms (Fig. GI-3A); cholesteryl glucoside (CG) (50),
sitosteryl glucoside (51), and ergosteryl glucoside (EG) (52) are the major SGs in animals, plants,
and fungi, respectively. [-Glc is usually bound to sterol moieties; however, a-Glc is bound to sterol
moieties in Helicobacter pylori (53).

In fungi, SG is synthesized by a sterol glucosyltransferase (SGT), which transfers Glc from
UDP-Glc to sterols (Fig. GI-3B). For example, Ugt51/Atg26, a homologue of plant Ugt80A1 and
2, appears to be responsible for EG synthesis in fungi and in budding yeast (54-57). However, it
remains to be elucidated in yeast whether Ugt51/Atg26 can actually synthesize EGs in vivo because
EGs cannot be detected in wild type (WT) or UGT51/ATG26-mutant yeast. This issue will be dis-
cussed in Chapter 3.

The SGT domain structures (PpSGT) have been studied in Pichia pastoris (58). PpSGT
comprises a PH domain, a GRAM domain, and a catalytic domain.  Although the catalytic domain
1s essential for SG synthesis, the PH and GRAM domains are not required for the catalytic reaction.
However, the GRAM domain is necessary for the correct localization of PpSGT. Sakai et a/ clearly
indicated that PpSGT was involved in peroxisome degradation through a type of autophagy termed
pexophagy (58). At least two patterns of peroxisome degradation have been proposed; macropex-
ophagy and micropexophagy (Fig. GI-4A) (59). During macropexophagy, peroxisomes are indi-
vidually released from membranes, thereby forming a pexophagosome (Fig. GI-4B). This orga-
nelle fuses with the vacuolar membrane, exposing the incorporated peroxisome to vacuolar hydro-
lases. During micropexophagy, a cluster of peroxisomes is enclosed by vacuolar membrane protru-

sions and/or segmented vacuoles as well as by a newly formed membrane structure termed ‘microp-
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exophagy-specific membrane apparatus (MIPA)’. GRAM domain-deleted PpSGT mutants were
found to form SGs but not MIPAs in vivo (58-60). Catalytic domain-deleted PpSGT mutants were
unable to form MIPAs. These results indicated that PpSGT requires not only the catalytic domain
but also the GRAM domain to perform pexophagy in vivo. In contrast to P pastoris,
UGTS51/ATG26 was not involved in the process of autophagy in S. cerevisiae and Yarrowia lipolyti-
ca (61,62).

SG synthesis is induced in cells treated with unusually high temperature (heat shock). In
human fibroblasts, heat shock induces CG accumulation, followed by expression of heat shock pro-
tein 70 (HSP70) (50). Upon adding CG to human fibroblast cultures, HSP70 was induced without
heat shock, suggesting that CG is a lipid mediator of stress-induced HSP production (63). Because
SG also accumulates in mold cells following heat shock (64), this glycolipid appears to be a signal-
ing molecule in lower eukaryotes as well as in mammals under stress conditions. The GC content
is increased not only by heat but also by cold shock; the CG content in the rat stomach is increased
under cold conditions, possibly to inhibit ulcer formation (65).

Arabidopsis thaliana has three sterol glucosyltransferases (Ugt80A2, Ugt80B1 and
Ugt713B1) (66,67). Ugt80A2-deletion mutants showed relatively minor growth effects, whereas
ugt80B[-deletion mutants exhibited pronounced abnormal phenotypes, including abnormal devel-
opment, the abnormal accumulation of seed suberin, which is a hydrophobic substance that prevents
water from penetrating the tissue, and the abnormal formation of cutin, which is a component of the
plant cuticle in the seed coat (66). S. cerevisiae expressing recombinant Ugt713B1 synthesized SG;
however, it is unlikely to synthesize SG in vivo (67). In the plant-pathogenic fungus Colleto-
trichum gloeosporioides, SGT is required for the infection of its natural host, the avocado fruit, alt-
hough fungal growth and appressorium formation appeared to be normal in SGT-deletion mutants

(68). In the cucumber anthracnose fungus Colletotrichum orbiculare, SGT is also an essential vir-

9
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ulence factor for host invasion (69). Furthermore, pexophagy is significantly delayed in the
SGT-deletion mutants of C. orbiculare, and both the GRAM and catalytic domains are required for
pexophagy in C. orbiculare. C. orbiculare SG was also shown to be involved in the infection pro-
cess; however, this was not the case for the rice pathogen Magnaporthe oryzae (70). aCG-deficient
H. pylori was found to induce the inflammatory response and was unable to survive in host cells (71).
Furthermore, the addition of aCG but not BCG to H. pylori SG-deletion mutant cultures protected
against phagocytosis by macrophages, suggesting that alCG is involved in the suppression of phag-
ocytosis in the host (71).

As described above, the synthesis of SG by SGT and its biological significance have been
extensively investigated. However, SG catabolism remains poorly understood because the enzyme
responsible for SG degradation in vivo has not been identified. Sinapis alba seedlings (72), as well
as Sulfolobus solfataricus LacS, expressed in E. coli (73), hydrolyzed SG under acidic conditions.

However, it remains unclear whether these enzymes are involved in SG catabolism in vivo.

10
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ophagosome; PE, phosphatidylethanolamine; PI(3)P, phosphatidylinositol 3-phosphate ;PI(4)P, phosphatidyl-

inositol 4-phosphate.

12



CHAPTER 1

Vacuoles

Vacuoles are the largest organelles in fungi and yeasts. The basic functions of fungal
vacuoles are common to those of mammalian lysosomes and plant vacuoles. They degrade cellular
components and pool ions and metabolites to maintain cellular homeostasis (74-77).

The acidic organelles in fungi include vacuoles, early and late endosomes, and the late Gol-
gi apparatus (78). The pH within the vacuoles is acidic (approximately pH 6.0), in contrast to the
neutral pH that is maintained in the cytosol (79-82). The major player in acidification is a vacuolar
H'-ATPase, which transports protons from the cytosol to vacuolar lumen (83). Many vacuolar
functions are dependent on its acidity; vacuolar lumenal and membrane enzymes work most effi-
ciently at an acidic pH (80), soluble proteins are efficiently sorted at an acidic pH (84,85), and ions
and metabolites are transported across the vacuolar membrane under acidic conditions (86-89).
Vacuolar fission and fusion are also regulated by the vacuolar pH (90-92).

The yeast vacuole is a highly dynamic organelle that continuously undergoes fusion and
fission. Fusion requires regulatory lipids such as ergosterol, diacylglycerol, phosphatidylinositol
3-phosphate (PI3P) and phosphatidylinositol 4-phosphate (PI4P) (93,94). In cells lacking these li-
pids, the fragmentation of vacuoles was observed, suggesting that fusion is inhibited. These “regu-
latory lipids™ are necessary for the enrichment of other fusion factors such as SNAREs, Ypt7pl and
HOPS in vacuoles (94). Ergosterol is of special interest because the disruption of genes encoding
ergosterol biosynthesis enzymes caused striking vacuole fragmentation despite the presence of er-
gosterol precursors such as ergostatetraenol and zymosterol (93).

The molecular mechanism of fission of vacuolar vesicles remains largely unknown. Up-
on cell division, vacuoles are inherited (95). Vacl4-, Vac7- or Fabl-deletion mutants, which lack

the protein required for PI(3,5)P2 production, exhibited grossly enlarged vacuoles. PI(3,5)P2 was

13
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not detectable in the Vacl4-, Vac7-, and Fabl-deletion mutants. PI(3,5)P2 is considered to be a
binding site of Atgl8, which is a Fabl effector, on the vacuolar membrane. Atgl8 is recruited from
the cytosol to the vacuolar membrane in a manner that is dependent on the amount of PI(3,5)P2 on
the vacuolar membrane. Atgl8-deletion mutants also exhibited enlarged vacuoles (96), although
the PI(3,5)P2 content in Atgl8-deletion mutants was increased. These results may indicate that

Atgl8 is a ’sensor” for PI(3,5)P2 levels that is related to vesicle fission and membrane recycling in

vacuoles (96-98).

14
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The scope of this study

C. neoformans contains large amounts of EG, most popular SG in fungi; thus, the enzymes
involved in SG metabolism could be promising targets for the treatment of cryptococcosis; however,
the metabolism of fungal SG, especially its catabolism, has yet be fully understood. To develop
anti-fungal drugs based on this new concept, it is necessary to elucidate the catabolic pathway of SG
in C. neoformans.

This thesis addresses the catabolic pathway of SG and its physiological significance in C.
neoformans (Chapter 2) and S. cerevisiae (Chapter 3).

Chapter 2 describes the characterization and functional analysis of an SG-degrading en-
zyme (steryl-B-glucosidase) in C. neoformans. The author and co-workers first tried to identify an
EGCrP1 homologue in the genome database of C. neoformans. EGCrP1 is a glucocerebrosidase in
C. neoformans that participates in GlcCer quality control in vivo (40). Because C. neoformans
EGCrP1-deletion mutants still showed glucocerebrosidase activity, the EGCrP1 homologue EGCrP2,
was expected to be another glucocerebrosidase. A candidate gene for EGCrP2 was identified in the
genome database of C. neoformans, and the gene was disrupted by the split marker method using
nourseothricin (NAT)- and hygromycin-resistance genes as selection markers. Recombinant
EGCrP2 expressed in E. coli hydrolyzed various SG as well as GlcCer. This result indicated that
the specificity of EGCrP2 is completely different than that of EGCrP1 because EGCrP1 is specific to
GlcCer and is unable to hydrolyze SGs. Unexpectedly, GlcCer did not accumulate in
EGCrP2-deletion mutants; alternatively, an unknown glycolipid accumulated in the mutants. Mass
spectrometry and 2-dimensional NMR analyses revealed that this unknown glycolipid was EG, in-
dicating that EGCrP2 is involved in EG catabolism in vivo. This is the first report to identify the

steryl-B-glucosidase in fungi. EGCrP2-deletion mutants showed distinct growth arrest, dysfunc-

15
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tional cell budding, and abnormal vacuole morphology, suggesting that EGCrP2 is a potential target
for antifungal drugs.

Chapter 3 describes the identification of an EG-degrading enzyme in S. cerevisiae and the
functional analysis of the enzyme in relation to vacuole formation. The EGCrP2 homologue Eghl
in budding yeast was found in a genome database of S. cerevisiae; this microorganism is considered
to be a powerful tool for investigating the molecular mechanism of vacuole formation. Recombi-
nant EGHI expressed in E. coli hydrolyzed various B-glucosides, including SGs and GlcCer.
EGH]I-deletion mutants were generated by homologous recombination using the kanamy-
cin-resistance gene as a selectable marker. The EGHI-deletion mutants accumulated EG similar to
C. neoformans, indicating that the EGCrP2 homologues of S. cerevisiae is also involved in EG ca-
tabolism in vivo. UGT51/ATG26, which is an SGT in S. cerevisiae, was then disrupted in
EGH ]-deletion mutants. The double-knockout mutants did not accumulate EG, indicating that EG
is synthesized by Ugt51/Atg26 and degraded by Eghl in S. cerevisiae. In the EGHI-deletion mu-
tants, the fragmentation of vacuoles was observed; this was in contrast to C. neoformans
egcrp2-deletion mutants, which displayed enlarged vacuoles. The discrepancy in vacuole mor-
phology in steryl-B-glucosidase-deletion mutants may stem from the different EG contents of C.
neoformans and S. cerevisiae. The EG content of C. neoformans is >10 times higher than that of S.
cerevisiae. Taken together, these results indicate that EG catabolism is deeply related to vacuole

formation in fungi and yeasts.
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CHAPTER 2

Sterylglucoside catabolism and its biological significance

in Cryptococcus neoformans

2-1. INTRODUCTION

Cryptococcosis is an infectious disease caused by pathogenic fungi such as Cryptococcus
neoformans and C. gattii. The prevalence of cryptococcosis has increased over the past 20 years
because of the increase in AIDS patients and expanded use of immunosuppressive drugs. More
than 600,000 patients with immune deficiencies were reported to have died within 3 months of being
infected with C. neoformans (1). The highly virulent C. gattii, a primary pathogen in healthy indi-
viduals and animals, was recently detected in the US and Canada (99). Thus, the development of
new drugs against cryptococcosis is urgently needed.

C. neoformans synthesizes a glucosylceramide (GlcCer) composed of B-linked glucose and
ceramide that possesses a characteristic sphingoid base, which has two double bonds at C4/C8 in the
trans conformation and a methyl substitution at C9 (31). Previous studies reported that this fun-
gus-specific GleCer may be strongly associated with the pathogenicity of C. neoformans, and, thus,
the enzymes involved in the synthesis of GlcCer, (e.g. UDP-glucose:ceramide glucosyltransferase
(45,48), sphingoid base C4/C8 desaturase (36,100) and C9 methyltransfearase (37,38) have been
intensively studied and the genes responsible for these enzyme activities have also been identified.
However, how GlcCer is catabolized in fungi remains unclear because the enzyme(s) responsible for
degrading GlcCer in fungi have not yet been identified.

Endoglycoceramidase-related protein 1 (EGCrP1) is a homologue of endoglycoceramidase

(EGCase, ceramide glycanase; EC.3.2.1.123), which is an endo-type glycosidase capable of cleaving
17
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the B-glycosidic linkage between the ceramide (Cer) and oligosaccharide of various glycosphin-
golipids (GSLs) to release an intact oligosaccharide and Cer (101-103). EGCase very weakly hy-
drolyzes GlcCer, while EGCrP1 specifically hydrolyzes GlcCer, but not oligosaccharide-linked
GSLs such as LacCer, GMla, and Gb3Cer, which are favorite substrates for EGCase. Thus,
EGCrP1 was the first identified GlcCer-degrading enzyme (glucocerebrosidase) in fungi (40).
Although the disruption of egcrpl in C. neoformans reduced glucocerebrosidase activity under neu-
tral conditions, the activity remained almost unchanged under acidic conditions, suggesting the
presence of other glucocerebrosidase(s) that function in C. neoformans under acidic conditions.

Fungi have two major glycolipids: GlcCer and sterylglucoside. The former is related to
pathogenicity of fungi (45) and the latter is involved in stress-mediated signal transduction (63).
Sterylglucoside synthase (UGT51) was identified in budding yeast (54). However, the enzyme(s)
involved in sterylglucoside catabolism have not yet been identified in fungi or yeasts.

The author herein reported the molecular cloning, enzymatic characterization, and physio-
logical relevance of EGCrP2, a homologue of EGCrPl, in C. neoformans. The specificity of
EGCrP2 for aglycone moiety differed completely from that of EGCrP1; the former hydrolyzed not
only GlcCer, but also various [-glucosides including steryl [B-glucosides, para-nitrophenyl
(pNP)-B-glucoside, and 4-methylumberifellyl (4MU)-B-glucoside, while the latter specifically hy-
drolyzed GlcCer, but not the other -glucosides tested. Neither EGCrP1 nor EGCrP2 hydrolyzed
B-galactosides or o-glucosides, indicating that both enzymes were [B-glucosidases with different
aglycone specificities. The disruption of egcrp2, but not egrcpl, resulted in the accumulation of an
unknown glycolipid, which was subsequently identified as an ergosteryl B-glucoside (EG) after puri-
fication. EG is a major molecular species of sterylglucoside in fungi and yeasts. These results indi-
cated that EGCrP2 functioned in vivo as a steryl-B-glucosidase, which is a missing link in sterylglu-

coside metabolism in fungi. This study also provided evidence to show that EGCrP2 may be a
18
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promising target for the development of anti-fungus drugs for C. neoformans.

19
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2-2. MATERIALS AND METHODS

Materials

C6-7-nitro-2,1,3-benzoxadiazole (NBD)-Cer, C6-NBD-GlcCer, and C12-NBD-Gb3Cer
were purchased from Matreya, and C6-NBD-LacCer, C6-NBD-GalCer, pNP glycosides, 4MU gly-
cosides, and resorufin-B-D-glucopyranoside were from Sigma-Aldrich. C12-NBD-GM1 and
C12-NBD-sphingomyelin were prepared using the sphingolipid Cer N-deacylase by the method de-

scribed in (104).

Strain and culture
C. neoformans var. grubii serotype A strain H99 (ATCC 208821) was purchased from the
American Type Culture Collection (ATCC). C. neoformans was cultured at 30°C in YPD medium

(2% Glc, 2% peptone, 1% yeast extract).

Construction of expression vector

Total RNA was obtained from fungus cells using Sepasol-RNA I Super G (Nacalai Tesque).
First strand cDNA was synthesized from 1 pg of total RNA using PrimeScript Reverse Transcriptase
(Takara Bio Inc.). To insert the restriction sites, PCR was carried out using first strand cDNA as a
template and the expression primers listed in Table 2-1. Amplification was performed using
PrimeSTAR GXL DNA polymerase (Takara Bio Inc.). The amplified product was digested with

appropriate restriction enzymes and inserted into the corresponding sites of pET23a (Novagen).

Expression of recombinant EGCrP2

The EGCrP2 gene (egcrp?) of C. neoformans (CNAG 05607) was expressed in Esche-
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richia coli BL21 (DE3) by inserting a pET23a vector (Novagen) containing egcrp2. After incu-
bating the transformants at 37°C in Luria-Bertani (LB) medium containing 100 pg/ml of ampicillin
until the 4600 nm reached ~0.6, isopropyl B-D-thiogalactopyranoside was then added to the culture at a
final concentration of 1 mM. After cultivation for 24 h, the cells were harvested by centrifugation
(8,000 x g for 15 min), and suspended in 50 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl
and 20 mM imidazole. The suspension was kept in a sonic bath for 30 sec, this procedure was re-
peated 4 times to crush the cells, and cell debris was removed by centrifugation (18,000 x g for 15
min). The supernatant was applied to a Ni Sepharose 6 Fast Flow resin (GE Healthcare) packed in
a Muromac mini column M (Muromachi Technos), and the column was then washed with 50 mM
Tris-HCI, pH 7.5, containing 150 mM NaCl and 40 mM imidazole. Recombinant EGCrP2 was
eluted with 50 mM Tris-HCI, pH 7.5, containing 150 mM NaCl and 200 mM imidazole. The puri-
fied enzyme was dialyzed against 50 mM Tris-HCI, pH 7.5, containing 150 mM NaCl using Amicon
Ultra-4 30k unit (Merck Millipore), and subjected to gel filtration chromatography on a Superdex
200 10/300 GL (GE Healthcare) column equilibrated with 25 mM MES, pH 6.0, containing 100 mM
NaCl. EGCrP2 was eluted from the column with the same buffer at a flow rate of 0.5 ml/min, and

each 0.5 ml fraction was collected using a fraction collector (GE Healthcare).

Protein assay

Protein content was determined by Pierce 660 nm Protein Assay Reagent (Thermo Fisher
Scientific) with bovine serum albumin as a standard. SDS-PAGE was carried out according to the
method of Laemmli (105) with Pre-Stained Protein Markers (Nacalai Tesque) as a standard. Proteins

were stained with CBB Stain One (Nacalai Tesque).
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Enzyme assay

An aliquot of each substrate (NBD-labeled GSLs, pNP glycosides, 4MU-B-glucosides, and
resorufin-B-glucoside) was incubated at 30°C for an appropriate period with 100 ng of enzyme in 20
ul of 50 mM MES buffer, pH 6.0, containing 0.025% cholic acid. The reaction mixture, dried us-
ing a SpeedVac concentrator, was dissolved in 10 ul of chloroform/methanol (1:2, v/v) and applied to
a Silica Gel 60 TLC plate (Merck Millipore), which was developed with chloroform/methanol/water
(65:25:4 or 65:16:2, v/v/v). NBD-labeled GSLs were visualized using AE-6935B VISIRAYS-B
and EZ-capture I (ATTO). The extent of the hydrolysis of NBD-labeled GSLs was calculated as
follows: hydrolysis (%) = (peak area for the NBD-Cer generated) x 100 / (peak area for the
NBD-Cer generated + peak area for the remaining NBD-GSLs).  GlcCer and glucose were visual-
ized by spraying the TLC plate with orcinol sulfate reagent. p-Nitrophenol released from pNP gly-
cosides by the action of the enzyme was measured at 405 nm by Multiskan FC microplate reader
(Thermo Fisher Scientific). 4-Methylumbelliferone and resorufin released from 4MU-B-glucoside
and resorufin-B-glucoside, respectively, were measured at 355/460 nm and 544/590 nm of Ex/Em,

respectively, by ARVO MX 1420 fluorescence microplate reader (Perkin Elmer).

Characterization of recombinant EGCrP2

The pH dependency of EGCrP2 activity was determined in a pH range of 4 - 9 using the
GTA buffer (3,3-dimethyl-glutaric acid, Tris (hydroxymethyl) aminomethane, and
2-amino-2-methyl-1,3-ropanediol) at a final concentration of 150 mM. Temperature dependency
was determined in the range between 15 and 40°C. The effects of DMSO were examined in the
range between 0 and 50%. The effects of detergents were examined using sodium cholate and Tri-
ton X-100 at the concentration indicated. The kinetic constants of EGCrP2 were measured using

various glucosides (Table 2-2) at concentrations ranging between 0.08 and 10 uM. The reaction
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product C6-NBD-Cer was separated from C6-NBD-GlcCer on a normal phase HPLC column (In-
ertsil SIL 150A-5, GL Science) and quantified according to the method described by Hayashi et al

(106).

Generation of egcrpl-knockout mutant (1KO)

1KO was generated from C. neoformans var. grubii H99 by the method described in (40).

Generation of egcrp2-knockout mutant (2KO) and egcrpl/egcrp2 double knockout mutant
(DKO)

The C. neoformans EGCrP2 gene (egcrp?2) (locus number CNAG 05607 in C. neoformans
var. grubii H99 database) was disrupted with the NAT split marker according to the method de-
scribed in (40,107). A gene-specific disruption cassette contained approximately 350 bp of the 5°-
and 3’-flanking regions of egcrp2, an 860-bp fragment of the promoter sequence with the ATG start
codon of C. neoformans actin gene (108), a 310-bp fragment of the terminator sequence with the
stop codon of C. neoformans TRP1 (109), and the selectable marker NAT gene (110) (Fig. 2-6).
DNA fragments were amplified in the first round of PCR using the primers CN05607N-U and
CNO05607N-AP-D for the 5’-flanking region, CN05607C-U and CNO05607C-D for the 3’-flanking
region, ActinP-U and Act-Nat-Down for the actin promoter, and Ttrp-U and Ttrp-CN05607C-D for
the TRP1 terminator with genome DNA as a template. Nat-Up and Nat-Ttrp-Down primers were
used to amplify the NAT gene with pYL16 (WERNER BioAgents) as a template. The sequences
of primers used in this study are summarized in Table 2-1.  C. neoformans genome DNA was pre-
pared using ISOPLANT II (NIPPON GENE). PCR products were separated on 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.).
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The combined overlap PCR product was then inserted into T-vector pPGEM-T Easy to construct
pGEM/EGCrP2-5" and pGEM/EGCrP2-3 after adding adenine overhang using 10x A-attachment
Mix (TOYOBO) and 2x Ligation Mix (NIPPON GENE). A NAT split marker containing the
200-bp overlapping sequence was amplified by PCR using the primer sets of CN0O5607N-U and
NSL-2 for the 5’-region of NAT, and NSR-2 and CN05607C-D for the 3’-region of NAT with
pGEM/EGCrP2-5" and pGEM/EGCrP2-3’ as a template, respectively (107). The two PCR frag-
ments were purified, then precipitated onto 500 pg of gold microcarrier beads (0.6 pm; Bio-Rad),
and introduced into C. neoformans H99 by biolistic transformation, as described previously (111),
using a Model PDS-1000/He Biolistic particle delivery system (Bio-Rad). Stable transformants
were selected on a YPD agarose plate containing 100 pg/ml nourseothricin (WERNER BioAgents).
DKO was generated from 1KO using hygromycin (hyg)-resistant split marker, according to the
methods described in (110,111). The gene-specific disruption cassette used was the same as that for
the generation of 2KO except for the selectable maker. Hyg-resistant split marker was used instead

of NAT split marker for the generation of DKO. The primers used are summarized in Table 2-1.

Southern blot analysis

It was conducted using 2 pg of genomic DNA digested with BamHI-Hindlll for egcrp2 and
Hindlll for egerpl. The gene-specific probes were amplified with primer sets of E2-5SENSE and
E2-5ANTISENSE for egcrp2, and 3Probe-S and 3Probe-A for egcrpl with genomic DNA as a tem-

plate. The primers used are summarized in Table 2-1.

Growth curve
The growth of C. neoformans was examined using a YPD liquid medium at 30°C with

shaking (150 rpm).  C. neoformans (Aeoonm, 0.02) pre-cultured for 2 days was transferred into fresh
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YPD medium and growth was evaluated by measuring 4¢00nm after the appropriate periods indicated.

Extraction of glycolipids

Total lipids were extracted from C. neoformans by chloroform/methanol (1:2, v/v). Total
lipids, dissolved in chloroform, were loaded on to a Sep-Pak plus silica cartridge (Waters) equili-
brated with chloroform. The glycolipid fraction, which contained GlcCer and ergosterylglucoside,
was eluted by acetone. The elution of the glycolipids fraction was monitored by TLC using chlo-
roform/methanol/water (65:16:2, v/v/v) as a developing solution, and stained with orcinol sulfate

reagent.

Purification of the glycolipid that accumulated in 2KO

The glycolipid that accumulated in the 2KO was extracted using the conventional Bligh
and Dyer method (112). The lower phase was collected and dried using a Speed Vac concentrator.
The dried lipid was dissolved in chloroform, and loaded onto a Sep-Pak plus silica column cartridge
equilibrated with chloroform. The glycolipid was eluted from the cartridge by a stepwise elution
with chloroform/methanol (98:2, v/v), chloroform/methanol (95:5, v/v), and chloroform/methanol
(2:1, v/v). The glycolipid was mainly recovered in the chloroform/methanol (95:5, v/v) fraction.
The glycolipid was purified using HPLC (EZChrom Elite, Hitachi) equipped with a Cosmosil 5SL-II
column (4.6 x 150 mm, particle size: 5 um), which was equilibrated and eluted with methanol at a
flow rate of 1 ml/min and column temperature of 40°C.  The elution of glycolipid was monitored at

278 nm.

MS spectrometry

An AXIMA-CFR instrument (Shimadzu) was used for the MALDI-TOF-MS analysis.
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Mass spectra were acquired in the positive mode and 2,5-dihydroxybenzoic acid was used as the

matrix.

NMR spectroscopy

Spectra were recorded on a Varian INOVA600 spectrometer. The operating conditions
were as follows: 'H : frequency, 600 MHz; sweep width, 8 kHz; sampling point, 44 k; accumulation,
128 pulses; temperature 30°C.  *C: frequency, 150 MHz; sweep width, 32 kHz, sampling point 160
k: accumulation, 12000 pulses; temperature 300 k. Chemical shifts were referenced to tetrame-
thylsilane (dn, dc 0) in CD30OD and CDCIs (1:1, v/v). Conventional pulse sequences were used in

the MQ-COSY, TOCSY, NOESY, HSQC and HMBC experiments.

Flow cytometric analysis

Cells harvested from 3-day cultures were fixed with cold 70% EtOH for 3 h, washed with
PBS, and then incubated for 5 min in Hoechst 33342 solution (50 pg/ml in distilled water) at room
temperature. The samples were placed on ice before the analysis and were then analyzed using an
EC800 flow cytometer (Sony). Cell volumes were estimated by the flow cytometer according to
the manufacturer’s instructions. To eliminate the signals for aggregated cells, Hoechst 33342-based

gating was performed in the analysis.

Vacuole analysis

The vacuole-enriched fraction was isolated from C. neoformans cells by density gradient
centrifugation in accordance with Cabrera and Ungermann (113). Typically, a 300-ml culture was
subjected to centrifugation at 4,400 x g for 5 min at room temperature and washed twice with PBS.

The pellet was resuspended with spheroplasting buffer containing with 14 ml of Mcllvain buffer, 6
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ml of 1 M sodium tartrate, and 250 mg of Westase (Takara Bio Inc.), and incubated at 30°C for 2 h
sharking at 60 rpm. After centrifuging at 5300 x g, for 5 min at 4°C, the supernatants were dis-
carded. The pellet was dissolved in 2.5 ml of 15% Ficoll in PS buffer (15% w/v Ficoll 400, 20 mM
PIPES/KOH, pH 6.8, 200 mM sorbitol), added 200 pl of 0.4 mg/ml DEAE-dextran in PS buffer, and
incubated for 5 min on ice, and 30°C for 90 sec. Each 3 ml of the supernatant was transferred into
centrifuge tubes, 800 ul of 8% Ficoll in PS buffer (8% w/v Ficoll 400, 20 mM PIPES/KOH, pH 6.8,
200 mM sorbitol) was carefully layered, followed by 800 pl of 4% Ficoll in PS buffer (4% w/v Fi-
coll 400, 20 mM PIPES/KOH, pH 6.8, 200 mM sorbitol). Finally, 300 pl of 0% Ficoll in PS buffer
(20 mM PIPES/KOH, pH 6.8, 200 mM sorbitol) was layered on the top. The tubes were centri-
fuged using a RPS65T Swing rotor (Hitachi) at 110,000 x g for 90 min at 4°C. The vacuole and
lipid droplet fractions were collected from the top to 0%-4% interface using a 1-ml tip. Vacuoles
and lipid droplets were separated according to the method described by Zinser ef a/ (114). Lipids
were extracted from the lysate and vacuole vesicles (50 pg of protein) by chloroform/methanol (1:2,
v/v), and dried under a stream of N2. The lipid was analyzed by TLC using chloro-
form/methanol/water (65:16:2, v/v/v) as a developing solvent. Vacuoles in cells were visualized
with the incorporation of 5-(and-6)-carboxy-2',7'-dichlorofluorescein diacetate (carboxy-DCFDA,

Molecular Probes) under microscopy (77).
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2-3. RESULTS

Molecular cloning and characterization of EGCrP2

EGCase, an enzyme capable of cleaving the B-glycosidic linkage between the oligosaccha-
ride and Cer of various GSLs, is distributed in bacteria, actinomycetes and some invertebrates such
as jellyfish and hydra (Fig. 2-1). Our group previously reported that the EGCase homologue,
EGCrP1, was a glucocerebrosidase of C. neoformans, involved in the quality control of GlcCer, pos-
sibly associated with the GlcCer synthesis pathway (40). In the present study, the author identified
another homologue of EGCase in C. neoformans and designated it as EGCrP2. It showed 28% iden-
tity to EGCrP1 and rhodococcal EGCase II. The alignment of the deduced amino acid sequence of
EGCrP2 with those of EGCrP1 and EGCase Il revealed that eight residues, essential for the catalytic
activity of glycoside hydrolase (GH) family 5 glycosidases (115), were completely conserved in
these enzymes (Fig. 2-2, open circles). Of the 8 residues of EGCrP2, two catalytic glutamates,
Glu270 and Glu520, at the end of -strands 5 and 8, respectively, were thought to be an acid/base
catalyst and nucleophile, respectively (Fig. 2-1, closed circles). EGCrP2-like homologues were
widely distributed across the phyla/genera of fungi and formed a gene family, which was independ-
ent of the EGCrP1 and EGCase families (Fig. 2-1).

To characterize EGCrP2, the egcrp2 open reading frame encoding 851 amino acid residues
was cloned from the complementary DNA of C. neoformans and expressed in E. coli BL21 (DE3) as
a His-tag-fused protein. Recombinant EGCrP2 (rEGCrP2) was purified by affinity chromatog-
raphy using a Nickel-conjugated Sepharose column and gel filtration using a Superdex 200 10/300
GL column. The purified enzyme showed a single protein band possessing a molecular mass of
approximately 120 kDa on SDS-PAGE after staining with Coomassie Brilliant Blue (CBB Stain

One) (Fig. 2-3A). Purified rEGCrP2 hydrolyzed C6-NBD-GlcCer to generate C6-NBD-Cer;
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however, it did not hydrolyze any of the other NBD-GSLs tested (Fig. 2-3B). tEGCrP2 was also
found to hydrolyze native GlcCer, which was not labeled with NBD; however, it did not degrade any
other native GSLs (data not shown). The specificity of tfEGCrP2 toward GSLs appeared to be
identical to that of EGCrP1, but was completely different from that of EGCase, which preferred oli-
gosaccharide-linked GSLs such as LacCer and GM1a (101). Both EGCrP1 and EGCrP2 were
B-glucosidases; however, the specificity of EGCrP2 was very broad for aglycone moieties, i.e.
EGCrP2 hydrolyzed pNP-B-glucoside (Fig. 2-3C) and 4MU-[B-glucoside (Table 2-2), whereas these
B-glucosides were completely resistant to hydrolysis by EGCrP1. Neither EGCrP1 nor EGCrP2
hydrolyzed other pNP-glycosides including pNP-B-galactoside and pNP-a-glucoside (Fig. 2-3C).
Differences in the aglycone specificities of the two EGCrPs were also shown with various
B-glycosides, i.e., EGCrP2 hydrolyzed ergosteryl B-glucoside (EG) to generate ergosterol and glu-
cose, but this glycolipid was not degraded by EGCrP1 (Fig. 2-3D). Furthermore, various
B-glucosides such as sitosteryl B-glucoside, n-octyl B-glucoside, indoxyl B-glucoside, and arbutin
were hydrolyzed by EGCrP2 under the conditions used (Fig. 2-3E). Salicin and phloridzin were
hydrolyzed by EGCrP2 when the amount of the enzyme was increased 10-fold; however, querce-
tin-B-glucoside was still resistant to hydrolysis by EGCrP2 under the same condition (data not
shown). The kinetic parameters of EGCrP2 for various B-glucosides and their structures are sum-
marized in Table 2-2 and Fig. 2-3, respectively.

The maximal activity of EGCrP2 was observed at pH 5.0-5.5 when C6-NBD-GlcCer was
used as a substrate, indicating that EGCrP2 was an acid B-glucosidase (Fig. 2-5A). In contrast, the
pH optimum of EGCrP1 was previously shown to be approximately 7.5 (40). The optimal temper-
ature of EGCrP2 was found between 32°C and 37°C (Fig. 2-5B), which was a suitable temperature
for the growth of C. neoformans. The activity of EGCrP2 was enhanced by the addition of sodium

cholate at a concentration of 0.025% when C6-NBD-Cer was used as a substrate; however, higher
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concentrations of the detergent inhibited activity. Triton X-100 strongly inhibited the activity of
EGCrP2 (Fig. 2-5C) and EGCrP1 (40). Although the addition of DMSO did not affect activity up

to 30% of the reaction mixture, it inhibited activity at higher concentrations (Fig. 2-5D).

Generation of egcrp2-knockout mutant (2KO) and egerpl/egerp2 double knockout mutant
(DKO)

To determine whether EGCrP2 was involved in the catabolism of B-glucosides in vivo,
2KO and DKO were generated from C. neoformans var. grubii serotype A strain H99 (WT) and
egcrpl knockout mutants (1KO) (12) by gene-targeting homologous recombination using NAT and
hygromycin (hyg)-resistant gene as a marker, respectively (Fig. 2-6A).  Southern blot analysis using
the BamHI-Hindlll-digested genome DNA revealed that the egcrp2? gene was disrupted by this
method in 2KO and DKO, as expected (Fig. 2-6B, left panel), while the egcrpl gene was present in
WT and 2KO but not 1KO or DKO (Fig. 2-6B, right panel). The B-glucocerebrosidase activity de-
creased in the cell lysate of 1KO at pH 7.3 but not at pH 5.0 when the activity was measured using
C6-NBD-GlcCer, as shown in (12).  On the other hand, the activity markedly decreased in the cell
lysates of 2KO and DKO when it was measured using C6-NBD-GlcCer at pH 5.0, indicating that
EGCrP2 possesses an acid pB-glucocerebrosidase activity (Fig. 2-6C, left panel). However, the ap-
parent decrease of B-glucosidase activity of 2KO and DKO was much lower when the activity was
measured using 4MU-B-Glc as a substrate at pH 5.0 (Fig. 2-6C, right panel), suggesting the presence

of B-glucosidase(s) which may act on 4MU-B-Glc but not C6-NBD-GlcCer under acidic conditions.

Identification of the lipid that accumulated in 2KO
TLC analysis of cell extracts showed that the accumulation of GlcCer was not significant in

2KO under the conditions used; alternatively, an unknown lipid, whose Rf corresponded to that of
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sitosteryl B-glucoside (SG), highly accumulated in both 2KO and DKO mutants (Fig. 2-7A lane 4, 5).
To clarify its structure, the accumulated lipid was extracted from 2KO, purified as described in the
MATERIALS AND METHODS (Fig. 2-7A lane 7), and then analyzed by MALDI-TOF-MS in pos-
itive mode using 2,5-dihydroxybenzoic acid as a matrix. The main molecular ion peak, [M+Na]",
was observed at m/z 581.4 for the lipid (Fig. 2-7B), which corresponded to the molecular mass of EG
(C32Hs5406, 558.39). The NMR spectra of the lipid accumulated in 2KO are summarized in Table
2-3. The 'H NMR spectrum of the purified lipid showed the characteristic signals of a glycoside
structure composed by a sterol part and hexopyranose. The 'H NMR spectrum for the sterol moie-
ty displayed signals for four secondary methyls as a doublet, two tertialy methyls as a singlet, four
olefinic protons, and one oxygen-bearing methine proton. In the *C NMR spectrum, 28 carbon
signals; six methyls, seven methylenes, six methines, two quaternary carbons, two tri-substituted ole-
fins, one di-substituited olefin, and one oxygen-bearing methane, suggested that the sterol moiety
could be an ergosterol (Table 2-3). Furthermore, the deshielded signal at 6¢ 78.2 (C-3) in compari-
son with the ergosterol suggested a glycosidic linkage at C-3. The structure of the sugar moiety
was assignable to B-glucopyranoside because of its chemical shift values and the correlation from the
H-1 [6n 4.43 (d, J/=7.8Hz)] to H2-6 (0n 3.73 and 3.87) in the MQ-COSY and TOCSY spectra, and
the glycosidic linkage at the C-3 of the ergosterol was also confirmed by the HMBC correlation be-
tween the H-1 of Glc (61 4.43) and C-3 of the ergosterol (dc 78.2).  Collectively, the structure of the
accumulated lipid was determined to be EG (ergosteryl 3-B-glucoside), a major sterylglucoside in
fungi, as shown in Fig 2-7C. EG accumulated in the 2KO in a time-dependent manner; however,
the content of this glycolipid was very low and not increased in wild type during the course of culti-
vation (Fig. 2-7D). These results indicated that EGCrP2 is involved in the degradation of EG in C.

neoformans and disruption of egcrp?2 resulted in the accumulation of EG.
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Phenotype analysis of 2KO and DKO

To assess the physiological effects of the disruption of the egcrp2 gene, the author com-
pared the cell growth of 2KO and DKO with that of WT and 1KO. The disruption of egcrp2, but
not egcrpl, resulted in the arrest of cell growth from the middle log phase to the early stationary
phase (Fig. 2-8A). Observations with DIC microscopy revealed that 2KO and DKO cells were
larger than WT and 1KO cells possibly due to dysfunction of budding process (Fig. 2-8B). In sup-
port of this observation, the flow cytometric analysis revealed that the average cell volumes of 2KO
(173.82 pum?) and DKO (191.49 um®) were 5 to 6-fold larger than those of WT (31.72 um?) and 1KO
(44.27 um?). Small cells (cell volume, ~10 um®) were found in WT and 1KO populations but not in
2KO and DKO populations (Fig. 2-8C). The vacuoles of 2KO were larger than those of WT and
1KO when carboxy-DCFDA was incorporated into these cells as an indicator to visualize vacuoles
(Fig. 2-8D). The cell densities of 2KO and DKO were compared with those of WT and 1KO using
percoll cell gradient centrifugation. The distribution of cells in the percoll gradient was markedly
different, i.e. 2KO and DKO cells were mainly recovered in the 30% percoll fraction (the specific
gravity was estimated to be 1.039; blue arrows), whereas WT and 1KO cells were recovered in the
50% (specific gravity, 1.061; yellow arrows) and 80% percoll fractions (specific gravity, 1.094; red
arrows). Almost no 2KO and DKO cells were detected in the 80% percoll fraction (Fig. 2-8E).
These results indicated that the specific gravities of 2KO and DKO cells were markedly lower than

those of 1KO and WT cells.

Vacuole analysis of WT and 2KO
The disruption of egcrp2, but not egerpl, led to the accumulation of EG (Fig. 2-7A, D) and
hypertrophy of cell body (Fig. 2-8B, C) and vacuoles (Fig. 2-8D). EGCrP2 degraded EG most ef-

ficiently at an acidic pH (Fig. 2-5A), and, thus, it was hypothesized that EG may be catabolized by
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EGCrP2 in acidic compartments in the cell, such as the vacuoles. Vacuoles were thus isolated from
WT and 2KO cells using Ficoll gradient centrifugation as described in MATERIALS AND
METHODS. The final fractions obtained from both WT and 2KO cells possessed high specific ac-
tivity for the acid a-mannosidase, which is a marker enzyme localized in the vacuole, indicating that
vacuoles were enriched in these fractions as expected (Fig. 2-9A). The specific activity of the acid
o-mannosidase in the vacuole-enriched fraction of 2KO was markedly higher than that of WT (Fig.
2-9A); however, the specific activity of B-glucosidase was significantly lower in the same fraction of
2KO than that of WT when its activity was measured using C6-NBD-GlcCer (Fig. 2-9B) and
4MU-B-glucoside (Fig. 2-9C) as substrates, indicating EGCrP2 was present in the vacuole-enriched
fraction. To determine whether EG accumulated in vacuoles, total lipids in the vacuole-enriched
fraction were extracted and analyzed by TLC. As shown in Fig. 2-9D, EG was detected in the
vacuole-enriched fraction of 2KO, but not in that of WT. These results strongly suggested that

EGCrP2 catabolizes EG in the vacuoles of C. neoformans.
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2-4. DISCUSSION

Since the activity of the glucocerebrosidase did not decrease under acidic conditions after
the disruption of egcrpl in C. neoformans (40), the author searched for glucocerebrosidase(s) capa-
ble of working under acidic conditions in this study. EGCrP2, a homologue of EGCrP1, was found
to hydrolyze GlcCer in vitro and the disruption of egcrp?2 greatly reduced glucocerebrosidase activity
when C6-NBD-GlcCer was used as a substrate under acidic conditions (Fig. 2-6C, left). However,
the author found that DKO still exhibited glucocerebrosidase activity (Fig. 2-6C, left), suggesting
that C. neoformans may possess glucocerebrosidase(s) except for EGCrP1 and EGCrP2.

The GlcCer of C. neoformans (WT) shows homogeneity in the sphingoid base, which pos-
sesses two double bonds at C4/C8 and a methyl substitution at C9 (methyl d18:2) (38,40). Howev-
er, the EGCrP1-knockout mutant (1KO) accumulated GlcCer possessing several sphingoid bases
without methyl substitution (d18:2, d18:1, and d18:0) that are intermediates generated from the
pathway of GlcCer synthesis in C. neoformans (40). This indicates that EGCrP1 is involved in the
quality control of GlcCer in C. neoformans. On the other hand, the sphingoid base of GlcCer in
2KO was exclusively methyl d18:2, as in WT (Fig. 2-10), indicating that EGCrP2 is unlikely to par-
ticipate in the elimination of aberrant GlcCer found in 1KO. This discrepancy in the physiological
role of EGCrPs may stem from the different localization of each EGCrP. The different pH opti-
mum for each enzyme may support this hypothesis; however, the precise localization of EGCrPs in
C. neoformans remains to be elucidated.

EGCrP2 seems to be a major EG-degrading enzyme in C. neoformans because
egcrp2-disrupted mutants leaded to the significant accumulation of EG (Fig. 2-7A, D), a major ster-
ylglucoside in fungi and yeast (49). Sterylglucosides, sterol-containing glucosides, are a major

class of glycolipids in fungi; however, they are also found in algae, plants, and animals (49). Sterol
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3-B-glucosyltransferase (SGT, EC 2.4.1.173), an enzyme that catalyzes the transfer of glucose from
UDP-glucose to sterols, has been found in Candida albicans (54), Colletotrichum gloeosporioides
(68), Fusarium graminearum (49), Leptosphaeria maculans (116), Saccharomyces cerevisiae (54),
and P. pastoris (54). The SGT-deficient mutants of P. pastoris were found to lack pexophagy,
which is a process for the degradation of peroxisomes in vacuoles, while SGT did not appear to be
essential for pexophagy in S. cerevisiae and Y. lypolytica (58,61,62). It remains unclear whether the
accumulation of EG affects pexophagy in C. neoformans. In the present study, the accumulation of
EG due to a dysfunction in egcrp2 may have led to the abnormal cell proliferation (Fig. 2-8A-C) and
vacuole morphology (Fig. 2-8D) in C. neoformans; however, the mechanism responsible remains
unknown.

Although both EGCrP1 and EGCrP2 are B-glucohydrolases belonging to GH family 5, the
specificity of both enzymes completely differs for the aglycone moiety; EGCrP1 only cleaved the
B-glucosidic linkage of GlcCer among the substrates tested (40), while EGCrP2 hydrolyzed various
B-glucosides including GlcCer, steryl B-glucosides, and artificial substrates such as pNP-3-glucoside
and 4MU-B-glucoside (Fig. 2-3, Table 2-2). A comparison of the primary structure of EGCrP2
with EGCrP1 revealed the presence of several inserts in EGCrP2 between possible B-strands 6 and 7,
B-strand 9 and a-helix 11, and the carboxy-terminus region (Fig. 2-2). Further studies are required
to elucidate the relationship between the structures and aglycone specificities of EGCrPs.  X-ray
crystal analysis of EGCrP1 and EGCrP2 could provide valuable information on mutual relationships,
and experiments are ongoing.

In the present study, the author identified EGCrP2 as the first steryl-f-glusosidase in fungi.
Similar activity was found in Sinapis alba (72) and Sulfolobus solfataricus (73); however, these en-
zymes show no sequence homology with EGCrP1/EGCrP2. In addition, it remains unclear wheth-

er these plant and archaea enzymes are actually involved in sterylglucoside metabolism in vivo be-
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cause knockout of the corresponding genes in plants and archaea has not been reported.

EGCrP2 appeared to localize to the vacuole because B-glucosidase activity was detected in the
vacuole-enriched fraction and its activity was decreased in the fraction after the disruption of egcrp?2
in C. neoformans (Fig. 2-9B, C).  The optimum pH of EGCrP2 was found to be 5.0-5.5 (Fig. 2-5A),
which approximately corresponded to the vacuole pH determined in C. neoformans strain H99 (117).
The expression of GFP-tagged EGCrP2 could help to estimate the intracellular localization of
EGCrP2; however, the expression of GFP-EGCrP2 has yet to be successfully achieved in C.
neoformans.

The abnormal morphology of vacuoles in Candida albicans mutants led to a decrease in
pathogenicity in a mouse model (89,118-120), and, thus, the vacuole proteins of this fungi are now
being considered as targets for the development of anti-fungal drugs (121). In this context, EGCrP2
could be a promising candidate for the development of anti-Cryptococcus drugs because a dysfunc-
tion in EGCrP2 resulted in an abnormal morphology in the vacuoles (Fig. 2-8D). One of the rea-
sons for this abnormality could stem from the accumulation of EG in the vacuoles; however, the
molecular mechanism responsible remains unknown.

Taken together, the author herein uncovered the missing link in sterylglucoside metabolism in

C. neoformans by identifying the enzyme responsible for degrading EG in vivo and in vitro.
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2-5. SUMMARY

Cryptococcosis is an infectious disease caused by pathogenic fungi such as Cryptococcus
neoformans and Cryptococcus gattii. The ceramide structure (methyl-d18:2/h18:0) of C. neofor-
mans glucosylceramide (GlcCer) is characteristic and strongly related to its pathogenicity. Our
group recently identified that endoglycoceramidase-related protein 1 (EGCrP1) as a glucocerebro-
sidase in C. neoformans and showed that it was involved in the quality control of GlcCer by elimi-
nating immature GlcCer during the synthesis of GlcCer (Ishibashi et al, J. Biol. Chem., 2012). The
author herein identified and characterized EGCrP2, a homologue of EGCrP1, as the enzyme respon-
sible for sterylglucoside catabolism in C. neoformans. In contrast to EGCrP1, which is specific to
GlcCer, EGCrP2 hydrolyzed various B-glucosides including GlcCer, cholesteryl B-glucoside, ergos-
teryl B-glucoside, sitosteryl -glucoside, and para-nitrophenyl B-glucoside, but not a-glucosides or
-galactosides, under acidic conditions. Disruption of the EGCrP2 gene (egcrp2) resulted in the
accumulation of a glycolipid, and the structure of which was determined following purification to
ergosteryl 3-B-glucoside, a major sterylglucoside in fungi, by mass spectrometric and
two-dimensional nuclear magnetic resonance analyses. This glycolipid accumulated in vacuoles
and EGCrP2 was detected in vacuole-enriched fraction. These results indicated that EGCrP2 was
involved in the catabolism of ergosteryl B-glucoside in the vacuoles of C. neoformans. Distinct
growth arrest, a dysfunction in cell budding, and an abnormal vacuole morphology were detected in
the egcrp2-disrupted mutants, suggesting that EGCrP2 may be a promising target for
anti-cryptococcal drugs. EGCrP2, classified into glycohydrolase family 5, is the first

steryl-B-glucosidase identified as well as a missing link in sterylglucoside metabolism in fungi.
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FIGURE 2-1. Phylogenetic tree of EGCrP1, EGCrP2, and EGCase.

The amino acid sequences of EGCrPs and EGCases were reconstructed using the neighbor-joining

method (122). The scale bar represents 0.2 amino acid substitutions per site.
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FIGURE 2-2. Alignments of EGCrP1 and EGCrP2 with EGCase II.

The amino acid sequences of Rhodococcus EGCase 1I (EGCase, accession: AAB67050.1), C.
neoformans EGCrP1 (accession: BAL46040.1), and C. neoformans EGCrP2 were aligned using ClustalW
(123) and ESPript (124). White letters on a black background and black letters in an open box show identical
and similar residues, respectively. Open circles indicate amino acid residues conserved in GH family 5 gly-
cosidase. Two glutamates, the Glu258 and Glu492 of EGCrP1 (40) and Glu270 and Glu520 of EGCrP2, are
indicated by closed circles as possible acid/base catalyst and nucleophile, respectively. The secondary struc-

tural elements are shown above the amino acid sequence of EGCase 11 (125).
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FIGURE 2-3. Purification and characterization of the recombinant EGCrP2.

A, Final preparation of TEGCrP2 on 10% SDS-PAGE. The protein eluted from the Ni-Sepharose
column was purified using Superdex 200 10/300 GL. Lane 1, protein marker; lane 2, final preparation. B,
TLC showing the specificity of EGCrP2 toward various C6-NBD-GSLs. Each C6-NBD-GSL (100 pmol) was
incubated in 20 pl of 50 mM MES buffer, pH 6.0, with 100 ng of rEGCrP2 (+) or heat-inactivated EGCrP2 (-)
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at 30°C for 16 h, except for C6-NBD-GlcCer, which was incubated at 30°C for 1 h. Samples were loaded onto
a TLC plate, which was developed with chloroform/methanol/water (65:25:4, v/v/v). C, Hydrolysis of pNP
substrates by rEGCrP2.  Error bars represent the mean = S.D. of three experiments.  An asterisk indicates no
hydrolysis of pNP substrates. D, Upper TLC shows hydrolysis of ergosteryl 3-p-glucoside (EG) by rEGCrP2.
Fungal EG, purified from 2-mg dry cells of 2KO, was incubated at 30°C for 18 h with 40 pug of EGCrP1 or 20
ng of EGCrP2. TLC was developed with chloroform/methanol/water (65:16:2, v/v/v), and stained with or-
cinol sulfate reagent. Lower TLC shows C6-NBD-Cer released from C6-NBD-GlcCer by rEGCrP1 and 2.
Fifty pmol of C6-NBD-GlcCer was incubated at 30°C with 40 pg of tTEGCrP1 and 20 ng of rTEGCrP2 for 18 h.
+, with EGCrP1, 2; -, without EGCrP1, 2. E, TLC showing the hydrolysis of various B-glucosides by
rEGCrP2. Each 100 nmol of substrate was incubated at 30°C with 100 ng of enzyme for 18 h. Samples
were loaded onto a TLC plate, which was developed with chloroform/methanol/water (65:25:4, v/v/v) and
visualized by orcinol sulfate reagent. Glc shows glucose released from various B-glucosides by rEGCrP2. +,

with EGCrP2; -, without EGCrP2.
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FIGURE 2-4. Structures of B-glucosides used to analyze the specificity of rEGCrP2.

The specificity of EGCrP2 was examined using various 3-glucosides as indicated.
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FIGURE 2-5. General properties of rEGCrP2.

A, pH dependency of C. neoformans rEGCrP2. 150 mM of GTA buffer was used for the assay. B,
Effects of temperature on EGCrP2 activity. C, Effects of detergents on EGCrP2 activity. Closed circles, Tri-
ton X-100; open circles, sodium cholate. D, Effects of DMSO on EGCrP2 activity. Data represent the

mean + S.D. of three experiments. The assay was conducted using C6-NBD-ClcCer as the substrate.
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FIGURE 2-6. Disruption of the egcrp2 gene in C. neoformans.

A, Strategy for the disruption of C. neoformans egcrp2 using the split marker method. B, Southern
blot analysis of BamHI-Hindlll-digested genomic DNA for egcrp2 (left panel) and Hindlll-digested genomic
DNA for egerpl (right panel). The disruption of egcrpl and Southern blot analysis of Hindlll digest-
ed-genomic DNA were performed by the method described in (40). C, the activity of B-glucosidase was
measured using C6-NBD-GlcCer (left) and 4MU-B-Glc (right).  Activities were measured at 37°C for 18 h
using C6-NBD-GlcCer and 2 pg of protein for pH 5.0 or 10 pg of protein for pH 7.3.  When 4MU-B-Glc was
the substrates, 1 pg of protein was incubated at 37°C for 18 h for both pHs. The activity was expressed as a

percentage of that of WT. *, **_ and *** represent p<0.01, p<0.001, and p<0.0001, respectively.

44



CHAPTER 2

A
B
% int. =
100 2
+
80 =
<
60 —
- | < B
40
_— -— e <
20
J T N
200 300 400 500 600 700 800
m/z
> > <> < > > <
1 2 3 4 5 6 7
D
124
104 %
3 #
:
= 64
e,1 & .
- <+EG 44 {’
24 e
] e
0 T eeeeas ket et k|
T T T T T
10.5 17.5 26.0 33.0 64.5
vl a4 vl A G SR A Ak Sl
Culture (h)

SG WT 2KOWT 2KO WT2KO WT 2KOWT 2KO
10.5 17.5 26.0 33.0 64.5 (h)

FIGURE 2-7. Identification of the lipid that accumulated in egcrp2-disrupted mutant (2KO) of
C. neoformans.

A, TLC showing the glycolipid that accumulated in the mutants. Glycolipids were extracted by
chloroform/methanol (1:2, v/v) from the cells after cultivation at 25°C for 3 days, and purified using a Sep-Pak

plus silica column. Lipids corresponding to 4-mg dry cells were loaded onto a TLC plate, which was devel-
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oped with chloroform/methanol/water (65:16:2, v/v/v) for lanes 1-5 (left panel) and chloro-
form/methanol/water (65:25:4, v/v/v) for lanes 6-7 (right panel). ~Glycolipids were visualized by orcinol sul-
fate reagent. Lane 1, sitosteryl B-glucoside standard (5 nmol); lane 2, WT; lane 3, 1KO; lane 4, 2KO; lane 5,
DKO; lane 6, sitosteryl B-glucoside standard; 7, purified glycolipid from 2KO. Arrows are the lipid that ac-
cumulated in 2KO. B, MALDI-TOF-MS of the glycolipid that accumulated in 2KO. C, the proposed
structure of the glycolipid that accumulated in 2KO. D, TLC showing the accumulation of EG in 2KO dur-
ing the course of cultivation. Total lipids were extracted by chloroform/methanol (1:2, v/v) from cells culti-
vated at 25°C for the period indicated. SG, sitosteryl f-glucoside standard (10 nmol). EG contents on the
TLC were calculated by a TLC chromatoscanner (right column). Open circle, 2KO; closed circle, WT.

Data represent the mean + S.D of three experiment.
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FIGURE 2-8. Analysis of the phenotype of egcrp2-disrupted mutants (2KO) of C. neoformans.
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A, Growth curves of WT (open circles), 1KO (open squires), 2KO (close circles), and DKO (close
squires). Data represent the mean + S.D of three experiments. B, Cells observed under a differential inter-
ference contrast microscope. 2KO and DKO cells exhibited cell-budding dysfunction, resulted in enlarged
cells. Scale bar, 10 um. C, Flow cytometric analysis. The average cell volumes of WT, 1KO, 2KO and
DKO were presented in each panel. D, Vacuoles stained with carboxy-DCFDA of WT and 2KO. Cells,
cultured at 25°C for 1 day, were incubated with 100 uM carboxy-DCFDA at 25°C for 20 min and observed
with confocal microscopy. Scale bar, 10 um. £, Density gradient centrifugation of WT, 1KO, 2KO, and
DKO cells by Percoll. Blue and red arrows indicate the layers including cells with the lightest and heaviest

specific gravities, respectively.
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FIGURE 2-9. Cellular localization of EG that accumulated in egcrp2-disrupted mutants
(2KO) of C. neoformans.

A, The a-mannosidase activity of the cell lysate and vacuole fractions. Activity was measured at
37°C for 1 h using 0.5 pg of protein from each fraction and 20 nmol 4MU-a-mannoside as a substrate in 100
ul of 50 mM phosphate buffer, pH 6.5. L, lysate; V, vacuole fraction. B, C, The B-glucosidase activity of
the vacuole fraction of WT and 2KO. Activity was measured at 30°C for 18 h by using 0.25 pg of protein
from vacuole fraction and 50 pmol C6-NBD-GlcCer (B) in 20 pl or 30 nmol 4MU-B-glucoside (C) as a sub-
strate in 100 pl of 50 mM sodium acetate buffer, pH 5.0. C, TLC showing EG that accumulated in 2KO.
Glycolipids were extracted from the lysate and vacuole fractions of WT and 2KO (each 50 pg as protein) and
analyzed by TLC using the method described in the legend 4 of Fig. 2-5. L, lysate; V, vacuole fraction; LD,

lipid droplet fraction. * and ** represent p<0.05 and p<0.0001, respectively.
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FIGURE 2-10. MALDI-TOF-MS analysis of GlcCer from WT, 1KQO, and 2KO.

GlcCer, purified from WT, 1KO, and 2KO, were analyzed by MALDI-TOF-MS in a positive ion
mode using 2,5-dihydroxybenzoic acid as a matrix. The major ion peak at m/z 778.5 (d), which corresponds to
the molecular mass of mature GlcCer possessing Cer composed of methyl d18:2/h18:0, was detected in GlcCer
from WT, 1KO, and 2KO. However, ion peaks at m/z 764.5 (a), 766.5 (b), and 768.5 (c), which correspond to
the molecular mass of immature GlcCer possessing Cer composed of d18:2/h18:0, d18:1/h18:0, and d18:0/h18:0,
respectively, were detected in GleCer from 1KO but not WT or 2KO.
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TABLE 2-1. Oligonucleotide primers used in this study.

CHAPTER 2

Oligonucleotide Sequence (5'-3") Aim
EGCrP-05607S-Notl ATGGCGGCCGCATGCCTCCTCCACCAGAAGTCTCTCCTGTCA )
EGCrP-05607AS-Xhol ATGCTCGCGAGCAATAACGCATTCAGGACATC Fxpression
13CN005607seq-U GACGGCAAGAACATTCAAGACT
Sequencing
14CN005607seq-D CGTGAGGGTAGCTGAGGAGTT
CNO5607N-U ATGCCTCCTCCACCAGAAGTCT
CNO5607N-AP-D AATAGCGAGTCCATCGTCGAGATTCAAAGGT
ActinP-U ACTCGCTATTGTCCAGGCTGC
Act-Nat-Down CTTCTTCTTCCATAGACATGTTGGGCGAG
Actin-HygroR-D CTCGACAGACGTCGCGGTGAGCATAGACATGTTGGGCGAGT
Nat-Up ATGGAAGAAGAAGTCACTCTTGACGACACGGCTTACC
Hygro-U CTCACCGCGACGTCTGTCGAG
NSL-2 AAGGTGTTCCCCGACGACGAATCG
NSR-2 AACTCCGTCGCGAGCCCCATCAAC
HSL GGATGCCTCCGCTCGAAGTA Gene disruption
HSR CGTTGCAAGACCTGCCTGAA
Nat-Ttrp-Down TAACCCCTTACCGCCTTGGGGCAGGGCATGCTCA
GTATATATACACCCTCTAAGGAAAACTATTCCTTTGCCCTCGGA
Hygro-TrpT-D
CG
Ttrp-Up AAGGCGGTAAGGGGTTAATTTTCCTTAGAGGGTG
Trp-U(hyg) TTTTCCTTAGAGGGTGTATATATAC
TrpT-CN05607C-D GGATCGATACAGATGAGGGGTGCGACAGAAGAGA
CN05607C-U ACCCCTCATCTGTATCGATCC
CNO05607C-D CTAAGCAATAACGCATTCAGG
E2-5SENSE CGGTGACTTAATTAGAACGCTG
E2-SANTISENSE CCATCGTCGAGATTCAAAGGT
3Probe-S TCCGAAAAGAGTCCACAGAG Souther blot
3Probe-A TTGTTCCTGCCCTGGTTG

Restriction enzyme sites are underlined.
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TABLE 2-2. Kinetic parameters of recombinant EGCrP2 and EGCrP1.

Substrate Enzyme Km Keat Kca/Km

LM s M's!
C6-NBD-GlcCer EGCrP2 384+£26 0.53+£0.03 (13.8 £0.05)x10°
4AMU-B-Glc EGCrP2 340+ 134 8.8+0.18 (25.7 £ 1.4)x10°
Resorufin--Glc  EGCrP2 43.6+2.4 21.9+0.36 (504 +24.2)x10°
PpNP-B-Glc EGCrP2 817+374 13.8+0.15 (16.9 £0.16)x10°
C6-NBD-GlcCer  EGCrP1 580403  (383+020)x107 (6.6 + 0.40)x10°

Values are the mean = S.D. of three experiments.

The values for EGCrP1 are from Ref. 40.
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TABLE 2-3. 3C and 'H NMR spectral data of EG and ergosterol.

13C NMR data 'H-NMR data

Carbon EG Ergosterol Multiplicity Proton EG Ergosterol

1 39.0 39.0 CHz la 1.32 1.30
1B 1.93 1.90

2 30.5 32.0 CHz 20 2.00 1.86
2B 1.67 1.50

3 78.2 70.4 CH 3 3.72(m) 3.54(m)

4 378 40.9 CHz 4o 2.60(brd,14.7) 2.44
4B 2.33(brt,13.0) 2.27

5 140.1 140.6 C= -

6 120.5 120.1 CH= 6 5.57(brs) 5.55

7 116.9 116.9 CH= 7 5.38(brs) 5.38

8 141.8 141.6 C= -

9 46.9 46.9 CH 9 1.99 1.97

10 378 37.6 C -

11 21.6 21.7 CHz 1la 1.74 1.74
118 1.62 1.62

12 39.7 39.7 CHz 12a 1.30 1.28
128 2.09 2.09

13 434 434 C

14 55.1 55.1 CH 14 1.92 1.90

15 23.5 23.5 CHz 15a 1.69 1.67
158 1.32 1.38

16 28.8 28.8 CHz 16a 1.79 1.78
163 1.36 1.34

17 56.4 56.4 CH 17 1.30 1.28

18 12.4 12.4 CHs 18 0.65(3H,s) 0.65

19 16.5 16.5 CHs 19 0.96(3H,s) 0.95

20 41.1 41.0 CH 20 2.06 2.06

21 214 214 CHs 21 1.05(3H,d,6.7) 1.05

22 136.3 136.2 CH= 22 5.20(dd,7.8,15.3) 5.19

23 132.6 132.6 CH= 23 5.24(dd,7.3,15.3) 5.24

24 43.6 43.5 CH 24 1.87 1.86

25 33.7 33.7 CH 25 1.48 1.48

26 19.9 19.9 CHs 26 0.84(3H,d,6.9) 0.84

27 20.2 20.2 CHs 27 0.85(3H,d,6.9) 0.85

28 17.9 18.0 CHs 28 0.93(3H,d,6.7) 0.93

B-Glc

C-r 101.9 CH H-1° 4.43(d,7.8)

c2 74.3 CH H-2’ 3.22(t,8.4)

C-3 77.3 CH H-3’ 3.41(t,8.8)

Cc4 80.0 CH H-4’ 3.38(t,9.0)

C-5 76.9 CH H-5° 3.30(m)

C-6’ 62.3 CHz H-6a’ 3.73(dd,5.2,11.9)

H-6b>  3.87(dd2.7,11.9)

NMR chemical shifts of standard ergosterol were assigned by MQ-COSY, TOCSY, HSQC and
HMBC experimental data, which measured at the same condition of EG.
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CHAPTER 3

An ergosteryl-f-glucosidase (Eghl) involved in vacuole formation

in Saccharomyces cerevisiae

3-1. INTRODUCTION

Sterylglucosides (SGs), a class of glycolipid composed of a glucose (Glc) and
sterol derivatives, are distributed in bacteria, fungi, plants, and mammals (49). The
structures of SGs show diversity in the sterol moiety and anomeric linkage of glucose
bound to sterols. The main sterol in fungi is ergosterol (126), whereas that in plants
and mammals is sitosterol and cholesterol, respectively (127). Although most SGs
possess B-Glc, the SG of Helicobacter pylori is composed of cholesterol and a-Glc. H.
pylori SG was previously reported to be involved in the suppression of phagocytosis by
macrophages (71). The amount of SG is known to increase under stress conditions,
e.g., SG levels in the rat stomach were increased by cold shock (65), while those of slim
mold (64), Pichia pastoris (52), and human fibroblasts (50) were increased by heat
shock. Although SG has been shown to induce the expression of heat shock protein 70
(HSP70) in human fibroblasts (63), the physiological relevance of SGs under stress
conditions remains unclear,

Fungal and yeast SGs are synthesized by Ugt51(Atg26), a sterol
3-B-glucosyltransferase (EC 2.4.1.173) (54); however, the in vivo catabolism of SGs has
yet to be identified because a SG-degrading enzyme had not been identified until the
discovery of EGCrP2 (endoglycoceramidase-related protein 2) in Cryptococcus

neoformans. EGCrP2 was detected in C. neoformans as a paralogue of EGCrP1 (en-
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doglycoceramidase-related protein 1), which is a glucocerebrosidase that is capable of
degrading glucosylceramide (GlcCer), but not SGs. In contrast to EGCrP1, EGCrP2
hydrolyzed the B-glucosidic linkage in various SGs as well as GlcCer. Furthermore,
EGCrP2-disrupted mutants (egcrp2A) of C. neoformans were found to accumulate er-
gosteryl B-glucoside (EG) in vacuoles. These finding clearly indicated which EGCrP2
was the steryl-B-glucosidase that was missing in the catabolism of EG in C. neoformans.

The author found the EGCrP2 homologue (Eghl; ORF name, Yir007w) in the
genomic database of budding yeast S. cerevisiae, and, thus, characterized the enzyme in
vivo as well as in vitro in the present study. The author herein demonstrated that re-
combinant Eghl hydrolyzed various p-glucosides including SGs and the
EGH -desrupted mutants (eghlA) of S. cerevisiae accumulated EG in vivo, indicating
that the enzyme is responsible for the catabolism of EG in S. cerevisiae. The author
also observed the fragmentation of vacuoles in eghlA, suggesting that a dysfunction in

the catabolism of EG affected the process of vacuole fusion in S. cerevisiae.
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3-2. MATERIALS AND METHODS

Materials

C6-7-nitro-2,1,3-benzoxadiazole (NBD)-ceramide (Cer), C6-NBD-GlcCer,
C6-NBD-GalCer, and CI12-NBD-Gb3Cer were purchased from Matreya, and
C6-NBD-LacCer, C12-NBD-sphingomyelin (SM), and para-nitrophenyl (pNP) glyco-
sides were from Sigma-Aldrich. C12-NBD-GM1 and C12-NBD-GM4 were prepared
using the sphingolipid Cer N-deacylase by a previously described method (104). Pro-
tease inhibitor cocktail (Complete mini EDTA-free) was purchased from Roche Diag-

nostics.

Generation of mutant strains

The mutant strains of S. cerevisiae used in the present study were prepared
from the strain BY4741 (wild type, WT) and listed in Table 3-1. The oligonucleotide
primers used in this study are shown in Table 3-2. Mutants were prepared by
gene-specific disruption constructs generated by PCR using delYIRO07W-S1 and de-
IYIROO7W-S2 primers, and pFA6a-kanMX4 (128) as a template for eghlA, and del-
UGT51-S1 and delUGTS51-S2 primers for ugt51A, respectively. In order to generate
eghlA ugt51A, hphMX4-S and hphMX4-A primers, and pFA6-hphNT1 (128) as a tem-
plate were used to switch the selective marker of the gene replacement cassette in eghlA
from kanMX4 to hphMX4, and UGTS5] was disrupted by homologous recombination.
Yeast cells, transformed by lithium acetate and heat shock methods, were cultured on
YPD medium with 200 mg/1 of geneticin (G418) for kanMX4, 200 mg/1 of hygromycin

B for hphMX4, and 100 mg/I of nouseothricin (clonNAT) for natNT2, respectively.
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PCR was carried out using pRS416/yir007w-IF-S and pRS416/yir007w-IF-A
primers, and genomic DNA as a template, to generate revertants of EGH1 from eghlA.
The amplified products were inserted into the EcoRI digestive pRS416 vector using the
In-Fusion HD cloning kit (Takara Bio Inc.). Transformed yeast cells were cultured in
SD medium (FORMEDIUM) lacking uracil.

Green fluorescence protein (GFP)-fused Eghl was created as described in Ref.
129 and 130. Briefly, DNA fragments were generated by PCR using delYIRO07W-S1
and YIRO07W-S4 primers, and pKT127 (129) as a template for carboxy-terminal
GFP-fused Eghl. To express amino-terminal GFP-fused Eghl with TEF promoter,
DNA fragments were amplified using YIRO07W-GFP127-S and YIRO07W-GFP127-A
primers, and pYM-N21 (128) as a template. To exchange the natural EGHI promoter
with the TEF promoter, DNA fragments were amplified using the delYIRO07W-S1 and

YIR007W-S4 primers, and pYM-N19 (128) as a template.

Construction of the expression vector

Total RNA was obtained from yeast cells using the SV Total RNA Isolation
System (Promega). First strand cDNA was synthesized from 1 pg of total RNA using
the PrimeScript 1st strand cDNA synthesis kit (Takara Bio Inc.). To insert the overlap
region, PCR was carried out using first strand cDNA as a template and the expression
primers listed in Table 3-2. Amplification was performed using PrimeSTAR GXL
DNA polymerase (Takara Bio Inc.). The amplified product was inserted into the Ndel
and Pstl double digestive pCold TF (Takara Bio Inc.) vector using the In-Fusion HD

cloning kit.
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Expression and purification of recombinant Eghl

The S. cerevisiae EGHI gene was expressed in Escherichia coli BL21 (DE3)
using a pCold TF vector containing EGHI. After incubating transformants at 37°C in
Luria-Bertani (LB) medium containing 100 pg/ml of ampicillin until the 4600nm reached
~0.6, the culture was kept at 15°C for 30 min. Isopropyl B-D-thiogalactopyranoside
was then added to the culture at a final concentration of 1 mM. After being kept at
15°C for 24 h, the cells were harvested by centrifugation (8000 % g for 15 min), and
suspended in 50 mM Tris-HCI buffer, pH 7.5, containing 150 mM NaCl and 20 mM
imidazole. The suspension was kept in a sonic bath for 30 sec, this procedure was re-
peated 4 times to crush the cells, and the cell debris was removed by centrifugation
(18,000 x g for 15 min). The supernatant was applied to Ni Sepharose 6 Fast Flow
(GE Healthcare) packed in Muromac mini column M (Muromachi Technos), and the
column was then washed with 50 mM Tris-HCI, pH 7.5, containing 150 mM NaCl and
40 mM imidazole. Recombinant Eghl was eluted with 50 mM Tris-HCI, pH 7.5, con-
taining 150 mM NaCl and 200 mM imidazole. The purified enzyme was dialyzed
against 50 mM Tris-HCI, pH 7.5, containing 150 mM NaCl using Amicon Ultra-4 30k
unit (Merck Millipore), and subjected to a Superdex 200 10/300 GL (GE Healthcare)
gel filtration column equilibrated with 25 mM MES, pH 6.0, and containing 100 mM
NaCl. EGCrP2 was eluted from the column with the same buffer at a flow rate of 0.5
ml/min, and each 0.5 ml fraction was collected using a fraction collector (GE

Healthcare).

Protein assay

Protein content was determined by the Pierce 660 nm Protein Assay Reagent
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(Thermo Fisher Scientific) with bovine serum albumin as a standard. SDS-PAGE was
carried out according to the method of Laemmli (105) with the Spectra Multicolor
Broad Range Protein Ladder (Thermo Fisher Scientific) as a marker. Proteins were

stained with CBB Stain One (Nacalai Tesque).

Enzyme assay

An aliquot of each substrate (NBD-labeled GSLs, pNP glycosides, and sitos-
teryl B-glucoside) was incubated at 30°C for an appropriate period with the enzyme in
20 pl of 50 mM phosphate buffer, pH 5.5, containing 0.025% sodium cholate. The re-
action mixture, dried using a SpeedVac concentrator, was dissolved in 10 pl of chloro-
form/methanol (1:2, v/v) and applied to a Silica Gel 60 TLC plate (Merck Millipore),
which was developed with chloroform/methanol/water (60:35:8, 65:25:4 or 65:16:2,
v/v/v). NBD-labeled GSLs were visualized using AE-6935B VISIRAYS-B (ATTO).
The C6-NBD-Cer generated by the enzyme reaction was separated from
C6-NBD-GlcCer on a normal phase HPLC column (Inertsil SIL 150A-5, GL Science)
and quantified according to the method described by Hayashi et al (106). Si-
totesryl-B-glucoside and glucose were visualized by spraying the TLC plate with Orci-
nol sulfate reagent. p-Nitrophenol released from pNP glycosides by the action of the
enzyme was measured at 405 nm with a Multiskan FC microplate reader (Thermo Fish-

er Scientific).

Crude enzyme preparation

Yeast cells were harvested at Asoonm 0.8-1.0 by centrifugation at 4,400 x g for 2
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min at 4°C and washed twice with PBS. Ten microliters of the cell suspension (4600nm
1.0) was added to lysis buffer (50 mM phosphate buffer, pH 7.3) and crushed at 3,200
rpm for 30 sec on ice with a bead crusher pT-12 (Taitech) using approximately 0.2 cm?
of 0.6-mm diameter glass beads in a 1.5-ml tube. This procedure was repeated three

times. The supernatant was obtained by centrifugation at 800 x g for 15 min at 4°C.

Extraction and purification of glycolipids

Total lipids were extracted from S. cerevisiae with chloroform/methanol (1:2,
v/v), and applied to a TLC plate (corresponding to 30 mg dry cells per lane), which was
developed with chloroform/methanol/water (65:16:2, v/v/v) as a developing solvent,
and stained with Orcinol sulfate reagent. The glycolipid that accumulated in eghlA
was extracted with chloroform/methanol (1:2, v/v) and treated with 0.1 M NaOH. Al-
kaline-resistant lipids were dissolved in chloroform and loaded onto a Sep-Pak plus sil-
ica column cartridge equilibrated with chloroform. The lipids were eluted from the
cartridge by a stepwise elution with chloroform, chloroform/methanol (98:2, v/v), chlo-
roform/methanol (95:5, v/v), and chloroform/methanol (90:10, v/v). The glycolipid

was mainly recovered in the chloroform/methanol (95:5, v/v) fraction.

HPLC and MS analyses

A reverse phase HPLC analysis was conducted using an EZChromate light
HPLC system (Hitachi) with a diode-array detector and COSMOSIL 5C22-AR-II col-
umn (4.6 x 250 mm, 5 um, Nacalai Tesque) using methanol as an isocratic mobile phase,
which was operated at a flow rate of 1 ml/min at 40°C in a column oven. LC-MS was

performed using a HPLC system (Agilent Technologies) coupled to a mass spectrometry
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apparatus (3200 QTRAP/MS/MS, AB SCIEX). LC was conducted using an Inertsus-
tain C18 column (2.1 x 150 mm, GL Science) with methanol/1M ammonium formate =
99:1 (v/v) as the eluent at a flow rate of 200 pl/min at 25°C in a column oven. An MS
analysis was performed under the following conditions: ion spray voltage, 5,500 V; gas
pressure, 0.3 psi; scan speed, 1,000 atomic mass units/s; scan range, m/z 500-700; trap
fill time, 5 ms; declustering potential, 35V; collision energy, 10 eV; resolution of

Q1/Q3 unit.

Vacuole staining

Vacuoles were observed under fluorescent microscopy after the incorporation
of 5-(and-6)-carboxy-2',7'-dichlorofluorescein diacetate (carboxy-DCFDA, Molecular
Probes) or N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino)phenyl)hexatrienyl)
Pyridinium Dibromide (FM4-64, Molecular Probes). To verify vacuole formation, the
number of vacuoles per 100 cells was counted according to the method described by
Baars ef al (92). At least three independent experiments were carried out, and catego-

rized into four groups: 1-2, 3-4, 5-8, and >9 vacuoles/cell.
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3-3. RESULTS

Molecular cloning and characterization of recombinant Eghl

Eghl showed 54% and 36% identities caluculated by Protein BLAST to C.
neoformans EGCrP2 and rhodococcal endoglycoceramidase I (EGCase II), respectively.
The alignment of the deduced amino acid sequence of Eghl with those of EGCrP2 and
EGCase II revealed that eight amino acid residues, essential for the catalytic activity of
glycoside hydrolase (GH) family 5 glycosidases (115), were completely conserved in
these enzymes (Fig. 3-1, circles). Of the 8 residues of Eghl, two catalytic glutamates,
Glu265 and Glu516, at the end of B-strands 5 and 8, respectively, were thought to be an
acid/base catalyst and nucleophile, respectively (Fig. 3-1, closed circles).

To characterize the enzymatic properties of the Eghl, EGHI gene encoding
764 residues was cloned from the complementary DNA of S. cerevisiae and expressed
in E. coli BL21 (DE3) as a Trigger factor-fused protein. The recombinant Eghl
(rEghl) was purified by a Nickel-conjugated Sepharose column, followed by gel filtra-
tion using a Superdex 200 column. The purified rEghl showed a protein band with a
molecular mass of approximately 138 kDa on SDS-PAGE after staining with Coomassie
Brilliant Blue (Fig. 3-2A).  This molecular mass coincided with the deduced molecular
mass of Trigger factor-conjugated Eghl.

Purified rEghl1 hydrolyzed sitosteryl B-glucoside and cholesteryl B-glucoside to
generate Glc (Fig. 3-2B). The enzyme also hydrolyzed C6-NBD-GlcCer to generate
C6-NBD-Cer; however, it did not degrade any of the other NBD-glycosphingolipids
tested or NBD-sphingomyelin (Fig. 3-2C). The specificity of rEghl was to the

B-glucosidic linkage because it hydrolyzed pNP-B-Glc, but not other pNP-glycosides
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including pNP-B-galactoside and pNP-0-Glc (Fig. 3-2D). These results clearly indi-
cated that Eghl was a B-glucosidase with broad aglycone specificity similar to EGCrP2.
In contrast to EGCrP2, the EGCrP1 of C. neoformans was specific to GlcCer and was
not able to hydrolyze any SGs including EG.  An EGCrP1 homologue was not found
in the S. cerevisiae genome database, and this was consistent with S. cerevisiae not pos-

sessing any GlcCer (48).

Identification of the glycolipid that accumulated in eghlA

To determine the physiological functions of Eghl, eghlA were generated from
S. cerevisiae BY4741 (WT). B-Glucosidase activity was markedly greatly reduced at
acidic as well as neutral pH in egh/A when C6-NBD-GlcCer was used as a substrate
(Fig. 3-3A). The glycolipid, whose Rf corresponded to that of SG, was detected in the
total lipid fraction of eghlA, but not in that of WT (Fig. 3-3B lanes 2, 3). The glycoli-
pid fraction was prepared from eghlA by a silica-based cartridge and subjected to re-
verse-phase HPLC with diode array detection. The UV spectra of the glycolipid eluted
at 6.3 min (peak indicated by the arrow, Fig. 3-3C, upper panel) showed four absorb-
ance peaks at 262, 271, 282, 293 nm (Fig. 3-3C, lower panel), which are typical UV
spectra for ergosterol (130). The main molecular ion peak, [M+NH4]", was observed
at m/z 576 for the glycolipid with LC-MS, which is consistent with that of EG (Fig.
3-3D, upper panel). The MS/MS spectra showed the typical fragment ion of EG at m/z
379 (Fig. 3-3D, lower panel). Furthermore, the purified glycolipid was hydrolyzed by
C. neoformans EGCrP2 to generate Glc, indicating that Glc was linked to ergosterol via
the B-glycosidic linkage (Fig. 3-3E). Collectively, these results clearly demonstrated

that the glycolipid that accumulated in eghlA was EG, indicating that Eghl was respon-
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sible for the degradation of EG in S. cerevisiae. EG was not detected in
EGHI1/UGT51-double knockout mutants (eghlA ugt51A) (Fig. 3-3B, lane 5), which in-

dicated that EG was synthesized by Ugt51(Atg26) and degraded by Eghl in vivo.

Intercellular localization of Eghl

To clarify the intracellular localization of Eghl, GFP-fused Eghl was expressed
in S. cerevisiae BY4741 (WT). In the present study, two types of Eghl overexpressors
driven with the TEF promoter were generated; one was fused with GFP at the carboxyl
terminal of Eghl, while the other was fused at the amino terminal of Eghl. Both
GFP-fused Eghl were detected as a 138-kDa band on Western blotting using an an-
ti-GFP antibody (Fig. 3-4A, lanes 2 and 4). However, the expression of GFP-fused
Eghl was too low to detect under the conditions used whether GFP-fused protein was
expressed with a natural EGHI promoter (Fig. 3-4A, lane 3). The author confirmed
that the enzyme activities of the two Eghl overexpressors were higher than that of WT,
even though GFP was conjugated at either the amino terminal or carboxyl terminal (Fig.
3-4B). The intracellular distribution of two GFP-fused Eghl differed depending on the
site of GFP conjugated to Eghl, i.e., both were mainly localized at the cytosol, whereas
one with the amino terminal GFP was also localized at an intracellular organelle with a
granular structure (Fig. 3-4C), suggesting that a putative targeting signal was located at
the C-terminal. However, the organelle to which amino terminal GFP-fused Eghl was

delivered has not yet been identified.
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Effects of the disruption of EGH1 on vacuole morphology

The author previously reported that the EGCrP2-deficient mutants (egcrp2A) of C.
neoformans showed distinct growth arrest, a dysfunction in cell budding, and an ab-
normal vacuole morphology (131). However, no apparent difference was observed in
cell growth and cell budding between WT and egh/A in under the conditions used. On
the other hand, a marked difference was detected in vacuole morphology. The
egcrp2A of C. neoformans exhibited the hypertrophy of vacuoles, while the eghlA of S.
cerevisiae showed the fragmentation of vacuoles when cells were observed under fluo-
rescent microscopy after staining with carboxy-DCFDA (Fig. 3-5B). To quantify the
fragmentation of vacuoles, cells were stained with FM4-64 and the number of vacu-
oles/cell was counted (Fig. 3-5C). The results revealed that the number of cells exhib-
iting 1-2 vacuoles/cell decreased while those exhibiting 5-8 vacuoles/cell increased in
eghlA (Fig. 3-5D). Furthermore, the size of vacuoles decreased with the disruption of
EGHI (Fig. 3-5C). The abnormal vacuole morphology observed in eghl/A was re-

stored by the expression of EGHI in eghlA (revertants) (Fig. 3-5C, D).
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3-4. DISCUSSION

Endoglycoceramidase (EGCase, EC3.2.1.123; ceramide glycanase) is an en-
zyme that is capable of hydrolyzing the O-glycosidic linkage between an oligosaccha-
raide and ceramide of various glycosphingolipids (GSLs). However, EGCase hardly
hydrolyzed GlcCer, and the minimum sugar structure required for the hydrolysis of
GSLs is lactose (101,102). EGCrP1 and EGCrP2 are homologues of EGCase; howev-
er, neither can hydrolyze GSLs, except for GlcCer, and, thus, the specificities of
EGCrP1/EGCrP2 are completely different from that of EGCase. EGCase is distributed
from procaryotes to invertebrates, but not in fungi and yeasts, while EGCrP1/EGCrP2
are distributed in fungi and yeasts.

EGCase is a glycohydrolase that belongs to Glycoside Hydrolase (GH) family
5, which is one of the largest of all CAZy glycoside hydrolase families and includes
endoglucanase (cellulase), endomannanase, B-glucosidase, and f-mannnosidase. EG-
Case was clarified the sole enzyme capable of hydrolyzing GSLs in GH family 5; how-
ever, EGCrP1/EGCrP2 emerged as other enzymes capable of hydrolyzing GSLs in GH
family 5. The aglycone specificities of EGCase and EGCrP1 are strict (narrow) be-
cause they are specific to GSLs that are glycolipids containing a ceramide (sphingoid
bases). In contrast, the aglycone specificity of EGCrP2/Eghl was previously shown to
be very broad (131), which was consistent with our results, i.e., they were able to hy-
drolyze various B-glucosides, not only GlcCer, but also various SGs and other artificial
B-glucosides such as pNP-B-Glc. However, it was important to determine how
EGCrP2/Eghl functioned in vivo, and the author demonstrated that EG accumulated in

the egerp2A of C. neoformans (131) and eghlA of S. cerevisiae (this study), thereby in-
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dicating that EGCrP2/Eghl physiologically functioned as an EG-degrading enzyme
(ergosteryl B-glucosidase), which is involved in the EG catabolic pathway in fungi and
yeasts. EGCrP2 was distributed widely in fungi, which possess SGs including EG,
and, thus, EGCrP2 may be a universal ergosteryl B-glycosidase involved in the catabo-
lism of SG in fungi.

Fungal SGs are synthesized by Ugt51(Atg26) and this enzyme appears to be
responsible for the synthesis of EG in S. cerevisiae (54). However, EG was undetecta-
ble not only in ugt5/A, but also in WT of §. cerevisiae; thus, it remains ambiguous
whether Ugt51(Atg26) can synthesize EG in vivo of the budding yeast. The reason
why EG was undetectable in S. cerevisiae regardless of the presence of Ugt51(Atg26)
may have been due to the active catabolism of EG (54), although the enzyme responsi-
ble for the degradation of EG had not been identified until this study. EG was detected
in eghlA as expected (Fig. 3-3B), indicating that Ugt51(Atg26) synthesized EG in vivo.
However, the EG content in the WT of S. cerevisiae appears to be 10-fold less than that
of C. neoformans when estimated by the HPLC-based assay (data not shown).

SG levels are known to increase in human fibroblasts with heat shock (50,64).
Since SG can induce the expression of heat shock protein 70 (HSP70) in fibroblasts (63),
it is considered to be a HSP-inducible as well as stress-induced glycolipid in mammals.
Heat shock also induced the accumulation of EG, a major SG in lower eucaryotes, in
slime mold and fungi. However, the mechanism underlying the EG-mediated stress
response may differ between mammals and lower eukaryotes because the enzymes re-
sponsible for the synthesis and degradation of SG (EG) are completely different, i.e.,
homologues of Ugt51(Atg26) and EGCrP2/Eghl have not been found in mammals; al-

ternatively, the synthesis of SG appeared to be catalyzed by glucocerebrosidase GBAL,
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which transfers Glc from GlcCer to sterols (132). The enzyme responsible for the
degradation of SG remains unknown in mammals.

The physiological significance of SGs remains to be elucidated; however, a
study on the relationship between EG and pexophagy is of particular interest. Pex-
ophagy, which is a kind of autophagy characterized by the degradation of peroxisomes
in vacuoles, is frequently observed in the methylotrophic yeast P. pastoris, in which EG
is a major glycolipid and inducible by heat shock. The UGT5-disrupted mutants of P,
pastoris, which lacks EG, lost the ability to undergo pexophagy, suggesting that EG and
Ugt51 are involved in the process of pexophagy. This phenomenon was not observed
in S. cerevisiae, and was attributed to the low quantities of EG.

In the present study, the author showed that the disruption of EGH! resulted in
vacuole fragmentation, as well as the accumulation of EG, in S. cerevisiae (Fig.
3-4B-D), and these phenotypes were restored by the expression of EGHI in eghlA. This
result suggests that the content of EG is closely related to vacuole formation, especially
the vacuole fusion process. Several S. cerevisiae genes have been identified in relation
to the formation of vacuoles, i.e, disruption of the genes responsible for the synthesis of
ergosterol, phosphoinositide-3-phosphate, phosphoinositide-4,5-diphosphate, phospha-
tidic acid, and phosphatidyl ethanolamine led to abnormal vacuole phenotypes
(93,133-135). The morphology of vacuoles in eghlA was similar to that in ergoste-
rol-deficient mutants. One possible interpretation is that EG is a reservoir that regu-
lates the content of ergosterol in vivo.

Abnormal vacuole phenotypes were observed not only in eghlA but also in
egerp2A; however, these phenotypes appeared to be reversed, i.e., the former (exhibiting

fragmented vacuoles) stemmed from a dysfunction in the fusion process, while the latter

68



CHAPTER 3

(exhibiting enlarged vacuoles), from a fission process during vacuole formation. The
reason for the discrepancy is currently ambiguous; however, variations in the quantity of
EG in C. neoformans and S. cerevisiae cells (the EG content of C. neoformans is >10
times higher than that of S. cerevisiae) may explain these different phenotypes.

The results obtained herein on of Eghl will shed light on the relationship

between EG catabolism and vacuole formation in S. cerevisiae.
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3-5. SUMMARY

Sterylglucosides (SGs) are composed of a glucose and sterol derivatives, and
are distributed in fungi, plants, and mammals. The author recently identified EGCrP1
and EGCrP2 (endoglycoceramidase-related proteins 1 and 2) as a B-glucocerebrosidase
and steryl-p-glucosidase, respectively, in Cryptococcus neoformans. The author herein
described an EGCrP2 homologue (Eghl; ORF name, Yir007w) involved in SG catabo-
lism in Saccharomyces cerevisiae. The purified recombinant Eghl hydrolyzed various
B-glucosides including ergosteryl B-glucoside (EG), sitosteryl B-glucoside, cholesteryl
B-glucoside, para-nitrophenyl B-glucoside, and glucosylceramide. The disruption of
EGHI in S. cerevisiae BY4741 (eghlA) resulted in the accumulation of EG and frag-
mentation of vacuoles. The expression of EGHI in eghlA (revertant) reduced the ac-
cumulation of EG, and restored the morphology of vacuoles. The accumulation of EG
was not detected in EGHI or UGT51(ATG26) double-disrupted mutants (ugt5 /A eghlA),
indicating that EG was synthesized by Ugt51(Atg26) and degraded by Eghl in vivo.
These results clearly demonstrated that Eghl is an ergosteryl-f-glucosidase that is func-

tionally involved in the EG catabolic pathway and vacuole formation in S. cerevisiae.
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FIGURE 3-1. Alignment of EGCrP2 and Eghl with EGCase II.

The amino acid sequences of Rhodococcus EGCase 11 (accession: AAB67050.1), C.

neoformans EGCrP2, and S. cerevisiae Eghl were aligned using ClustalW (123) and ESPript
(124).

White letters on a black background and black letters in an open box show identical and

similar residues, respectively. Open circles indicate amino acid residues conserved in GH

family 5 glycosidase.

Two glutamates, the Glu270 and Glu520 of EGCrP2 and Glu265 and

Glu483 of Eghl, are indicated by closed circles as a possible acid/base catalyst and nucleophile,

respectively. The secondary structural elements are shown above the amino acid sequence of

EGCase II (125).
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A, Final preparation of recombinant Eghl on 10% SDS-PAGE. The protein eluted
from the Ni-Sepharose column was purified using Superdex 200 10/300 GL. Lane 1, protein
marker; lane 2, proteins eluted from the Ni-sepharose column; /ane 3, final preparation of Eghl.
B, TLC showing the specificity of recombinant Eghl (rEghl) toward cholesteryl B-Glc and si-
tosteryl B-Glc. Each substrate was incubated in 20 ul of 50 mM phosphate buffer, pH 5.5, at
30°C for 18 h with 2 pug of rEghl (+) or heat-inactivated enzyme (-). TLC was developed with
chloroform/methanol/water (65:16:2, v/v/v), and stained with orcinol sulfate reagent. C, TLC
showing the specificity of rEghl toward various NBD-GSLs and NBD-sphingomyelin (SM).
Each NBD-GSL or NBD-SM (50 pmol) was incubated in 20 pl of 50 mM phosphate buffer, pH
5.5, with 1 ug of rEghl (+) or heat-inactivated enzyme (-) at 30°C for 18 h. Samples were
loaded onto a TLC plate, which was developed with chloroform/methanol/water (60:35:8, v/v/v).
D, Hydrolysis of pNP substrates by rEghl. Error bars represent the mean + S.D. of three ex-

periments. An asterisk indicates no hydrolysis of pNP substrates.
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S. cerevisiae.

A, Activity of cell lysates from wild type (WT) and eghlA at different pHs. Blue cir-
cles, WT; red circles, eghlA. In this assay, C6-NBD-GlcCer was used as a substrate in 150
mM of GTA buffer at different pHs. Relative activity was expressed as a percentage of the
activity of WT at pH 5.0. B, TLC showing the glycolipid that accumulated in egh/A. Glyco-
lipids were extracted by chloroform/methanol (1:2, v/v) from cells after cultivation at 30°C for
36 h. Lipids corresponding to 30 mg dry cells were loaded onto a TLC plate, which was de-
veloped with chloroform/methanol/water (65:16:2, v/v/v). Glycolipids were visualized by an
orcinol sulfate reagent. The arrow indicates the accumulated lipid. Lane 1, sitosteryl gluco-
side; lane 2, WT; lane 3, eghlA; lane 4, ugtS1A; lane 5, ugtS1A eghlA; lane 6, revertant of
eghlA with EGHI. C, UV spectra of the glycolipid that accumulated in egh/A. Lipids were
subjected to a mild alkaline treatment and then purified by Sep-Pak plus silica cartridge, fol-
lowed by HPLC equipped with a COSMOSIL 5C22-AR-II column and diode array detector.
The upper panel shows the elution profile of glycolipids from HPLC monitored at 206 nm,
while the lower panel shows the UV spectra of glycolipids eluted from HPLC at 6.3 min (arrow
in upper panel). The four arrows in the lower panel show specific UV absorbance at 262, 271,
282, 293 nm, which are typical characteristic UV absorbances for ergosterol. D, An LC-MS
analysis of the glycolipid that accumulated in egh/A. The upper and lower panels show MS
and MS/MS analyses of the glycolipid, respectively. The arrow in the upper panel indicated
the [M+NH4]" of EG (m/z 576). MS/MS was conducted using the peak at m/z 576 as a pre-
cursor ion. The arrow in lower panel indicated the typical fragment ion of EG at m/z 379. E,
The glycolipid eluted by HPLC at 5-10 min was pooled and digested by 1 pg of EGCrP2 (+) or
heat-inactivated EGCrP2 (-) for 18 h at 30°C. Std., sitosterylglucoside (upper) and glucose

(lower) standards.
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FIGURE 3-4. Localization of Eghl in S. cerevisiae.

A, Western blotting of GFP-fused Eghl using an anti-GFP antibody. B, B-glucosidase
activity of Eghl as measured by C6-NBD-GlcCer as a substrate. Activities were measured at
30°C for 18 h using 50 pg of protein. Lane 1, WT; lane 2, overexpression of Eghl fused with
GFP at the N-terminal (GFP N-OE); lane 3, normal expression of Eghl fused with GFP at the
C-terminal; /lane 4, overexpression of Eghl fused with GFP at the C-terminal (GFP C-OE). C,
intracellular distribution of GFP-fused Eghl observed under fluorescence and differential inter-

ference contrast (DIC) microscopy.
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FIGURE 3-5. Vacuole morphology of WT, eghlA, and revertant with EGH1.

A, B-glucosidase activity of cell lysates as measured by C6-NBD-GlcCer as a substrate.
WT, KO, and Rev represent wild type, eghlA, and revertant with EGHI, respectively. Activi-
ties were measured at 30°C for 18 h using 50 ug of cell lysate at pH 5.5. *, p<0.0001; ns, not
significant. Error bars represent the mean = S.D. of three experiments. B, C, Vacuole mor-

phology after staining with carboxy-DCFDA (B) and FM4-64 (C). D, Extent of fragmentation

of vacuoles. The number of vacuoles/cell were counted using at least 100 cells after staining

with FM4-64, and categorized into 4 groups: 1-2, 3-4, 5-8, >9 vacuoles/cell, respectively.
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TABLE 3-1. Yeast strains used in this study.
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Strain Genotype Source
BY4741 (WT) MATIa his2A1 leu2A0 met1 540 ura340

eghlA BY4741; eghlA::kanMX4 This study
Revertant eghlA, pRS416-EGH1 This study
GFP N-OE BY4741; TEFp-yeGFP-EGHI::natNT?2 This study
GFP C BY4741; EGHI1-yeGFP::kanMX4 This study
GFP C-OE BY4741; TEFp-EGHI1-yeGFP::natNT2,kanMX4 This study
ugtSIA BY4741; ugt51A: :kanMX4 This study
ugtSIA eghl A BY4741; ugt51A::kanMX4, eghlA::-hphMX4 This study
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TABLE 3-2. Oligonucleotide primers used in this study.

Oligonucleotide

Sequence (5'-3")

Purpose

YIRO07W-IF-S

YIRO07W-IF-A2

delYIRO07W-S1

delYIRO07W-S2

YIR007W-S4

YIR0O07W-GFP127-S

YIR0O07W-GFP127-A

pRS416/yir007w-IF-S
pRS416/yir007w-IF-A

delUGTS51-S1

delUGTS51-S2

hphMX4-S

hphMX4-A

TCGAAGGTAGGCATATGCCTGCCAAAATACACATT
TC
GATTACCTATCTAGACTGCAGTTAGCTGATAACGC
ATTCCG
TTTTTCTTTCGTACCTAAATTGTTTGAATTTAATAA |
GAACAGATCATATGCGTACGCTGCAGGTCGAC
TGTATATATATATATATGACTACTATAGCTTTTGGT
TCAATTTTTGTTTAATCGATGAATTCGAGCTCG
CCATCTTTATCGCAAAACTGACCGTCTGCAGAAATG
TGTATTTTGGCAGGCATCGATGAATTCTCTGTCG
CCCCTGGAAGTGACACTTCGAATGACTTACCAGCG
GAATGCGTTATCAGCGGTGACGGTGCTGGTTTA
TGTATATATATATATATGACTACTATAGCTTTTGGT
TCAATTTTTGTTTATCGATGAATTCGAGCTCG
| GCTTGATATCGAATTCAATCGGTTATCGTGAGCA
CGGGCTGCAGGAATTATTGGCTGGACAATCCAAG
 TTCAGTTGCACTTTATGCTTTGGTGAAAATCCGTAT
AACTTAAAAGAATGCGTACGCTGCAGGTCGAC
ATGATTAGATGTTACGCTTTTTTATAAAAGTGAGA
GTGATACTCGGTTTAATCGATGAATTCGAGCTCG
TGCTAGGATACAGTTCTCACATCACATCCGAACAT
AAACAACCATGGGTAAAAAGCCTGAACTCA

GACAAGTTCTTGAAAACAAGAATCTTTTTATTGTC

AGTACTGATTATTCCTTTGCCCTCGGACGA

Expression

Disruption &
GFP fusion
for EGHI

Disruption

for UGT51
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CHAPTER 4. GENERAL DISCUSSION

GlcCer degrading enzvme in fungi

GlcCer, which is the simplest GSL, comprising ceramide and -glucose, is hy-
drolyzed by glucocerebrosidase (136). Four types of glucocerebrosidase have been
found in humans and mice: GBA1, a lysosomal acid glucocerebrosidase assigned to GH
family 30 (137); GBA2, a bile acid B-glucosidase assigned to GH family 116 (138);
GBA3, a non-lysosomal neutral glucocerebrosidase (Klotho-related protein, KLrP) as-
signed to GH family 1 (139); and lactase phlorizin hydrolase (140). As the
non-mammalian glucocerebrosidases, Paenibacillus sp. B-glucosidase, assigned to GH
family 30, and C. neoformans EGCrP1 and EGCrP2, both assigned to GH family 5,
were identified (40,141). Paenibacillus sp. appears to possess no GlcCer; thus, the
enzyme is likely to participate in the digestion of extracellular GSLs for nutrition. As
described in Chapter 1, C. neoformans EGCrP1 is the first glucocerebrosidase to be
identified in fungi and is involved in GlcCer quality control, which is related to poly-
saccharide capsule production (40). In contrast to the strict specificity of EGCrP1,
EGCrP2 is a B-glucosidase with a broad specificity for a glycon moieties. However,
EG was shown to be an in vivo substrate for EGCrP2 because EG but not GlcCer spe-
cifically accumulated in C. neoformans EGCrP2-deletion mutants. Notably, the dis-
tribution of the EGCrP1 homologue is restricted in some fungi such as Cryptococcus
and Rhizopus, whereas that of EGCrP2 is broad, as shown in Fig. 2-1 in Chapter 2.
The author generated egcrpl/egcrp2-double-knockout mutants in this study. However,
glucocerebrosidase activity was maintained at neutral pH (Fig. 2-6, Chapter 2), and

GlcCer accumulation was not significant even in the double-knockout mutants, indicat-
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ing the presence of other glucocerebrosidases that are involved in GlcCer catabolism in

C. neoformans.

SG-degrading enzvme in fungi and other organisms

SG is the most abundant sterol derivative in many organisms. The
SG-degrading enzyme remained unknown for a long time; however, the author and
co-workers identified EGCrP2 as the SG-degrading enzyme in C. neoformans. This
enzyme was likely to be conserved in fungi, including the four popular deep-seated
mycoses Candida albicans, Aspergillus fumigatus, Rhizopus oryzae, and C. neoformans.
However, the SG-degrading enzymes of plants and mammals remain unknown because
EGCrP2 homologues have not yet been identified in plant and mammalian genome da-
tabases.

The discovery of EGCrP2, a missing link in SG metabolism, reveals the whole

picture of SG metabolism in fungi (Fig. GD-1).
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Sterol biosynthesis
pathway

Sterol Sterylglucoside synthase
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metabolic pathway EGCrP2 (Fungi)
Ergosterylglucoside hydrolase
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biosynthesis pathway

Ergosterol
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FIGURE GD-1. Sterylglucoside metabolic pathway in fungi and yeast.
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The localization and biological functions of SG

The localization of SG, a stress-inducible biological lipid, remains ambiguous
in fungi. One potential reason is the lower amount of SG compared with that of sterols
and phosphoglycerolipids. In addition, no good tools such as specific monoclonal an-
tibody or toxins specific to SG are available at present to detect SG in vivo. However,
biochemical analysis after the extraction of SG from cells revealed that SG is present in
lipid rafts (a Triton X-100 insoluble membrane fraction) in plants, whereas fungal SG is
not present in the raft fraction (142,143). This suggests that the localization of SG
may differ depending on the organism as well as on the cell type. In this study, the
author showed that EG accumulated in the vacuole fractions in C. neoformans
EGCrP2-deletion mutants (See Chapter 2). This may indicate that EG catabolism oc-
curs in vacuoles in the mutants; however, this does not rule out the possibility that EG is
catabolized in a different organelle in wild type C. neoformans.

In A. thaliana, SG was reported to function in the trafficking of lipid precursors
such as suberin and cutin and as a glucose acceptor for cellulose (66,144). SG is re-
quired for pexophagy in P. pastoris and C. orbiculare but not in S. cerevisiae (59,69).
Interestingly, however, SG is commonly induced in mammals, plants and fungi by stress
such as heat shock stress (50,64,65). Identifying the intracellular localization of SG is
necessary to understand the physiological functions of SG in vivo.

The morphology of vacuoles was completely different in C. neoformans and S.
cerevisiae upon disrupting the gene encoding the SG-degrading enzyme (Table. GD-1);
vacuoles were enlarged in the C. neoformans mutants and fragmented in the S. cere-

visiae mutants. This result suggests that the lack of the SG-degrading enzyme leads to
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dysfunction of the vacuolar fission and fusion processes in C. neoformans and S. cere-
visiae, respectively. In addition, severe effects on cell growth and cell budding were
observed in the C. neoformans mutants; however, these abnormalities were not detected
in the S. cerevisiae mutants. The author considered that this difference could stem
from the difference in the SG content in these organisms. The SG content of C.
neoformans is >10 times higher than that of S. cerevisiae under normal cultivation con-

ditions.
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TABLE GD-1. Vacuole morphology of C. neoformans and S. cerevisiae.

C. neoformans

S. cerevisiae

SG degrading
enzyme

Substrate
specificity

Vacuole
morphology

Vacuole
formation

Growth of KO

SG
accumulation

EGCrP2

Eghl

various B-glusodies

KO

(middle log phase)
enlargement

Fusion «—=  Fission
growth defect at late log phase

very high

(Stationary phase)

fragmentation

Fusion ———— Fission

unchanged

low
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CHAPTER 4

New target of antifungal drugs

The drugs that are commonly used to treat deep-seated mycoses are categorized
into 4 groups: polyene antibiotics (e.g., amphotericin B), azole antibiotics (e.g., imidaz-
oles and triazoles), fluoropyrimidines (e.g., flucytosine), and candins (e.g., caspofungin
and micafungin). Each of these drugs has merits and demerits. The action of am-
photericin B against pathogenic fungi is very strong but is also associated with a rela-
tively high number of side effects. Azole antibiotics inhibit the ergosterol biosynthesis
of fungi. Flucytosine is effective for both Cryptococcus and Candida; however, it
cannot be used to treat other deep-seated mycoses. Furthermore, antibiotic-resistant
fungi have appeared (145). Candins, which are drugs that inhibit 3-1,3-glucan syn-
thase, are widely used to treat systemic infections caused by Candida and Aspergillus
because of their high potency and low toxicity to humans; however, these drugs are not
effective against Cryptococcus.

Recently, new targets for the development of anti-cryptococcal drugs have been
proposed. For example, Do et al and Kretschmer et al indicated the usefulness of tar-
geting fungal-specific amino acid synthase (146) and fungal fatty acid/lipid metabolism
(147), respectively. To develop specific anti-fungal drugs with wide spectra, the iden-
tification of new drug targets is still required. In this context, EGCrP2 could be a po-
tent and promising target of anti-fungal drugs because EGCrP2 is widely distributed in
fungi, including four major deep-seated mycoses, but not in humans (Fig. GD-2).
However, the physiological effects of disrupting EGCrP2 in pathogenic fungi other than

C. neoformans remain to be assessed.
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