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Hydrophobic nature of mammalian ceramide glycanases:
Purified from rabbit and rat mammary tissues*®
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The ceramide glycanase (CGase) activities, which cleave the intact oligosaccharide
chain and the ceramide moiety of a glycosphingolipid, have been characterized from
two mammalian sources. The enzymatic activities are almost comparable in rabbit
and rat mammary tissues. The majority of the activities has been concentrated in the
soluble fraction which could be partially purified using hydrophobic columns. The
rabbit mammary ceramide glycanase activity has been purified up to 1438-fold using
ion exchange and hydrophobic columns in tandem. The purified protein exhibited a
molecular mass of 54 kDa which could be immunostained on the Western blot with
clam anti-CGase polyclonal antibody. In addition, a 98 kDa protein also exhibited
positive immunostain in a successive purified fraction with that antibody and is under
investigation. The requirement for the optimal enzymatic activities are similar for
both rabbit and rat CGase activities. The CGase activity requires the presence of de-
tergent for optimal u.ctnuty but is llﬂt dependent on the presence of any divalent cati-
ons. However, , Zn**, and Cu®" are inhibitory to the enzymatic activities. It has
been observed that rat. as well as rabbit CGases are inhibited by both p- and L-PDMP
(1-phenyl-2-decanoylamino-3-morpholino-1-propancl - HCI) and its higher analogue
PPMP (1-phenyl-2-palmitoylamino-3-morpholino-1-propancl - HCI). Alkyl amines con-
taining C,, and higher chains are also found to inhibit both rat and rabbit CGase ac-
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tivities. Substantial levels of CGase activities have also been observed in various hu-
man tumor cells as well as in developing avian brains. These observations are signifi-
cant in view of the recent findings that ceramide, which is one of the enzymatic reac-
tion products of CGase activity, is mediating different cellular events like signal trans-
duction and apoptosis. The role of this enzyme in development, metastasis and cellu-

lar regulation are anticipated.

Recent interest in glycosphingolipid re-
search has taken a turn toward the investiga-
tion of their functional aspects. A number of
biological and pathological functions are at-
tributed to different glycosphingolipids. The
role of oligosaccharide moieties of glycosphin-
golipids in antigenicity and tumorigenicity is
well accepted [1, 2]. The expression of various
gangliosides on the cell surfaces has been cor-
related with cell transformation and tumor
progression [3]. Gangliosides also serve as dif-
ferentiation markers and they are known to
participate in various cell regulatory fune-
tions [4]. Previously, very commonly occur-
ring glycoconjugate epitope sialyl Le® has
been implicated in receptor function during
lymphoeyte homing [5, 6]. More recently,
other related glycolipids, sialyl Le® and a
higher analogue of sialyl Le* present in vari-
ous tumor cells have been shown to bind to the
vascular endothelium with equal affinity [7,
8.

Ceramide and its breakdown products sphin-
gosine, dimethyl sphingosine, and sphin-
gosine-l-phosphate, have been emerging as
the key molecules in various signaling path-
ways [9-12]. The ceramide has recently been
shown to be involved in the process of pro-
grammed cell death or apoptosis also [13, 14],
and the major pathway for the production of
ceramide is believed to be the hydrolysis of
sphingomyeline by the action of neutral sphin-
gomyelinase [15]. Various tissue factors like
TNFa and others are also involved in these
signaling processes by stimulating the sphin-
gomyelinase [16, 17]. The recent discovery of
mammalian ceramide glycanase which
cleaves glycosphingolipids (GSLs) in a one-
step process liberating ceramide [18] could

also play a significant role in cellular signaling
processes. This enzyme was reported almost
simultaneously from bacteria [19, 20] and
leech [21, 22]. Later the same activity was re-
ported from earthworm [23, 24] and clam {25,
26]. The endoglycoceramidase (EGCase) from
Rhodococeus species has been extensively pu-
rified and found to contain three molecular
species with unique specificities [19, 20, 27].

The first evidence for the mammalian CGase
came from our laboratory with the characteri-
zation of the enzyme in rabbit mammary tis-
sues [28]. The rationale for the presence of
this enzyme in mammary tissue came from
the fact that the milk is enriched in lactose
and oligosaccharides containing glucose as re-
ducing sugar. So it was anticipated that there
might be a high turnover for both synthesis
and degradation of GSLs in mammary tis-
sues. Recently, CGase activity has been char-
acterized and partially purified from another
mammalian source, rat mammary tissue [18].
The enzyme is ubiquitous in nature in differ-
ent organs of rat though the highest activity
was observed in the mammary tissues. We
have also observed that the activity of CGase
gradually increases during gestation period
and stays high during lactation whereas vir-
gin rat mammary tissue has a minimum level
of activity. It is important to investigate
whether the CGase is hormonally regulated as
is reported for bovine mammary glucosidase 1
[29].

The reaction catalyzed by ceramide glyca-
nase 18 given in Scheme 1:
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MATERIALS AND METHODS

Materials

Lactating rabbit mammary tissue were pur-
chased from Pel-Freez (Rogers, AR, U.5.A.).
Rat mammary tissues of different days of ges-
tation and lactation have been obtained from
the Frieman Life Science Centre at the Uni-
versity of Notre Dame (Notre Dame, IN,
U.8.A.). Galactose oxidase, Triton X-100, so-
dium taurocholate and taurodeoxycholate
were purchased from Sigma Chemical Com-
pany (St. Louis, MO). Tritiated sodium boro-
hydride (NaBT,) was purchased from Du Pont
Company (Boston, MA). All other chemieals
used were of reagent grade. Pentaglycosyl-
ceramide (Gala1-3Galf1-4GlcNA¢f1-3Galf1-
4Gle-Cer; nLcOse5Cer) was isolated from bo-
vine blood and purified by previously pub-
lished methods [30, 31]. Lacto-neo-tetra-
osyleeramide (Galf1-4GleNAcfS1-3Galf 1-4Gle-
Cer; nLcOsed4Cer) was obtained from partial
hydrolysis of nLcOsebCer using a-galactos-
idase isolated from fig following published
methods [32].

Gangliotetraosylceramide (Galf1-3GleNAcS-
1-4Galf31-4Gle-Cer; GgOse4Cer) was obtained
by formic acid-hydrolysis of ganglioside, Gy,
isolated from bovine brain and purified as pre-
viously described [33]. All other glycolipids
used in this study were prepared according to
published methods {30, 34].

Radiolabeling of the substrate

The glycosphingolipid substrates were triti-
ated at the double bond of ceramide according
to the method of Schwarzman & Sandhoff
[35]. Briefly, 1 mg of nLcOse5Cer (Galal-
3Galf1-4GleNAcf1-3Galf1-4Gle-Cer),
GgOsed4Cer (Galf1-3GalNAc¢S14Gal31-4Gle-
Cer), or any other glycolipid was suspended in
tetrahydrofuran and radiolabeled with NaBT}
in the presence of palladium chloride as cata-
lyst at room temperature for 6 to 8 h with
shaking followed by treatment with excess
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NaBH, for another 4 to 6 h. The unreacted
NaBT, was removed by passing the reaction
mixture through a SepPak C-18 column. The
labeled GSL was further purified by Biosil col-
umn, and specific activity was determined
with a densitometric scanner before using as a
substrate [18, 25].

CGase purification from mammary tissue

The CGase from rat mammary tissue has
been prepared as described recently using hy-
drophobic column [18]. Rat mammary tissues
are homogenized in 20 mM Hepes buffer con-
taining 0.32 M sucrose using Polytron 10 ST.
The supernatant, buffy coat, and pellets are
separated after the homogenate is spun at
100000 X g for 1 h. The soluble supernatant
has been purified through hydrophobic col-
umns for part of the study. The supernatant is
passed through an octyl-Sepharose column
which has been equilibrated with high salt
concentration (1 M sodium chloride) in 50
mM Hepes buffer, pH 7.0, containing 0.1% -
mercaptoethanol.

The enzyme, bound to the column, has been
eluted with 1% octylglucoside in the same
buffer in absence of salt. Recently we have
used phenyl-Sepharose column and the bound
CGase activity eluted in the same fashion. All
procedures were performed at 4°C, unless
mentioned otherwise.

Lactating rabbit mammary tissues (30 g)
were homogenized in 4 volumes of a buffer
containing 0.32 M sucrose, 1.0% dextran, 0.1%
p-mercaptoethanol, 10 mM MgCl and 20 mM
Hepes, pH 7.0 (Buffer A). Homogenization
was performed with a Polytron 20ST (Kine-
matica, Lucerne, Switzerland) followed by a
Potter-Elvehjem tissue grinder. The rabbit
mammary homogenate (RMH) was centri-
fuged for 60 min at 100000 X g. The resulting
supernatant (RMS) was collected, incubated
at 60°C in a water bath for 1 min, and recentri-
fuged for 30 min at 100000 X g. The heat
treated supernatant (RMSH) was adjusted to
pH 5.0 by the dropwise addition of acetic acid.
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After stirring for 30 min at 4°C, this mixture
was centrifuged for 30 min at 100000 X g.
The resulting heat-ireated, acid-supernatant
(RMSHACc) was decanted and could be stored
at -70° for more than 2 years.

S-Sepharose column chromatography.
REMSHAc fraction was applied to a 1.5 em
X 15 cm S-Sepharose Fast Flow column, pre-
equilibrated in 20 mM Hepes, pH 6.0, contain-
ing 0.1%, dextran and 1 mM S-mercaptoeth-
anol (Buffer B). After collecting the effluent,
the column was washed extensively with
Buffer B until no protein could be detected by
the UV monitor at 280 nm. Proteins were
eluted off the column with a linear gradient of
NaCl (0-1.0 M) in Buffer B. Absorbance was
monitored at 280 nm and fractions containing
protein were collected (S-Seph. elu.) and as-
sayed for CGase activity as described below.

Octyl-Sepharose column chromatogra-
phy. CGase active fractions from the S-
Sepharose eluent were pooled together, and
ammonium sulfate was added to the pooled
sample to a final concentration of 1.0 M, The
sample was then loaded on an octyl-Sepharose
column (1.0 em X 10 em) which was pre-
equilibrated with Buffer B containing 1.0 M
ammonium sulfate. After extensively wash-
ing the column with the egiulibration buffer,
proteins were eluted off the column with a re-
verse gradient of ammonium sulfate (1.0-0
M). Absorbance was monitored at 280 nm
and fractions were assayed for CGase acti-
vity.

HPLC size-exclusion column chromatog-
raphy. CGase active fractions from oetyl-
Sepharose eluent were pooled and concen-
trated over a Diaflo PM30 membrane (Ami-
con, MA) and applied onto an Ultraspherogel
SEC 3000 column at a flow rate of 1 ml/min.
The column was eluted with Buffer B, and the
elution of proteins was monitored at 280 nm.
Peaks were collected, concentrated by Centri-
con 30 and assayed for CGase activity.

SDS-PAGE analysis. Samples of CGase ac-
tive eluents from S-Sepharose, octyl-Sepha-
rose, and Ultraspherogel SEC 3000 columns,

as well as the heat and acid-treated rabhit

mammary supernatant, were electrophoresed
on a 10% slab gel of 0.75 mm thickness under
reducing conditions according to Laemmli
[36]. The gel was stained with 0.2% Coomassie
Brillant Blue G-250 for visualization of the
protein bands [37].

Western-immunoblot

The rat or rabbit ceramide glycanase was re-
solved on 10% polyacrylamide gel/sodium do-
decylsulfate according to the published
method as deseribed above and the proteins
were identified on one half of the gel using
Coomassie Blue stain [36, 37]. The protein
bands from the other half of the gel were
transblotted onto a nitrocellulose paper at 80
volts for 1 h in Tris/glycine/methanol (pH
8.0) buffer. The blot was immunostained with
anti<clam CGase antibody. In brief, the nitro-
cellulose paper was first treated with 1% milk
in phosphate-buffered saline (PBS) for 1 h at
37°C, followed by anti-CGase antibody at a
specific dilution for the same period of time.
The blot was washed three times with PBS
containing 0.1% Tween 20, after which it was
treated with horseradish peroxidase-conju-
gated goat anti-rabbit antibody for 1 h at 37°C.
After washing off the second antibody with
PBS, the antibody-conjugated protein band
was visualized using 4-chloro-1-naphthol rea-
gent.

Enzyme assay

Assay conditions with radiolabeled sub-
strates. The incubation mixture contained
the following components in micromoles, un-
less otherwise stated, in a final volume of 50
ul: [*HIGSL substrate (nLcOsebCer), 1 nmol
{20 108 c.p.m./#mol); detergent, taurode-
oxycholate, 20-30 ug; sodium acetate buffer,
pH 5.5, 10 gmol; enzyme protein up to 50 ug.
After incubation of 2-4 h at 37°C, 50 ul each 2-
propanol and hexane was added to the reac-
tion mixture, vortexed, and spun at 5000
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r.p.m. for 5 min. The upper layer was then
quantitatively spotted on SG81 paper, and de-
scending chromatography was performed us-
ing chloroform/methanol (9:1, v/v) solvent.
The cleaved ceramide moved one inch behind
the solvent front which was then quantita-
tively determined using toluene scintillation
counting technique [18].

Previously FACE (Fluorophore Assisted Car-
bohydrate Electrophoresis) N-linked oligosac-
charide profiling kit (Glyko Inc.) was used in
our laboratory for the analysis of the oligosac-
charides generated by the action of purified
clam ceramide glycanase when unlabeled gly-
colipids were used. Fluorophore labeling of
the cleaved oligosaccharides were performed
using ANTS (8-aminonaphthalene-1,3,6-tri-
sulfonic acid), without any modification, as
described in the instruction manuals accom-
panying the kits and electrophoresed [25].
The oligosaccharide profiling gels were ana-
lyzed using FACE Imager and FACE Analyti-
cal Software (Glyko, Ine.).

RESULTS

Purification and characterization of mam-
mary CGase

The majority (65%) of ceramide glycanase ac-
tivity of both rabbit and rat mammary tissues
was found to be concentrated in the soluble su-
pernatant fraction after the mammary ho-
mogenate was centrifuged at 100000 x g.

Further purification of the enzyme was car-
ried out using this 100000 X g supernatant
fraction in both cases. The CGase protein
from both rat and rabbit tissues was found to
be hydrophobic in nature and the enzyme was
partially purified using hydrophobic column.
The partial purification of the rat mammary
CGase has been reported recently [18]. Hence,
the detail purification of the rabbit mammary
CGase is being reported in the present article.
The CGase activity, in general, was found to

be partially heat stable [18, 28] and that par-
ticular characteristic of the protein was util-
ized for purification of rabbit mammary en-
zyme. As seen in Table 1 about 2-fold purifica-
tion of the rabbit mammary CGase was ob-
tained without any loss of enzyme activity
when the supernatant was heated at 60°C for
1 min. The heat-treated protein was then pH-
adjusted with acetic acid before it was purified
on an ion-exchange column. The S-Sepharose
eluent fraction was further purified on a hy-
crophobic octyl-Sepharose column. The rat
mammary CGase was also purified using the
same hydrophobic column. However, 1% de-
tergent was needed to elute the rat mammary
CGase from this hydrophobic column whereas
the rabbit mammary CGase eluted out from
the octyl-Sepharose column just by elimina-
tion of the salt from the wash buffer. That in-
dicates the stronger hydrophobic nature of
the rat CGase. The final purification of the
rabbit CGase was obtained using spherogel
SEC 3000, and approximately 1438-fold puri-
fication was achieved for rabbit mammary ce-
ramide glycanase as seen in Table 1.

The purified CGase was found to be a 54 kDa
protein (fraction E, Fig. 1a) which could be im-
munostained with clam anti-CGase antibody.
However, in the successive Spherogel SEC
3000 fraction (fraction F, Fig. 1a) a 98 kDa
protein also co-immunostained in addition to
the 54 kDa protein (Fig. 1b). The molecular
mass of clam CGase was found to be around
64 kDa [26] and that for rat CGase was found
to be 63 kDa [18].

Different fractions from rabbit mammary
tissues were tested for exoglycosidase activi-
ties during purification using parg-nitro-
phenyl-sugar substrates as indicated in Table
2. As seen in the Table 2, majority of the exo-
glycosidase activities were completely sepa-
rated from the CGase activity. The most puri-
fied fraction obtained after spherogel SEC
3000, was almost devoid of exoglycosidase ac-
tivities.
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Figure 1 (a and b). SDS/PAGE-Western blot analysis of rabbit ceramide glycanase.

a. Different fractions of rabbit mammary (RM) CGase has been used for SDS/PAGE analysis, After electrophoresis
the gel is stained with Coomassie Blue. The samples shown on the gel are as follows: Lane A, molecular mass stan-
dard; Lane B, heat-treated RM CGase; Lane C, S-Seph. efflu.; Lane D, S-Seph.elu.: Lanes E and F, Spherogel SEC
elus. P1 and P2; Lane G, mixed fractions. b. Western-immunoblot of clam and rabbit mammary CGases. The
SDS/PAGE electrophoresed samples have been electroblotted on nitrocellulose membrane as described in the text
and immunostained with anti-CGase antibody against clam CGase. Lane A, purified clam CGase fraction; Lane B,
molecular mass standard; Lane C, purified rabbit mammary CGase fraction (fraction F of Fig. 1a).

Table 1. Purification of rabhit ceramide glycanase.

The prurlfmaunn method of rabbit CGase is described in the text. The substrate used for this purification proce-
dure is Gg'{]ua-i[ H]Cer. Different {ractions are identified as follows: RMH, rabbit mammary homogenate; RMS,
rabbit mammary supernatant; RMSH, rabbit mammary heat treated supernatant: RMSHAc, rabbit MAmMMmAry
heat-, and acid-treated supernatant; S-Seph., 8-Sepharose eluent; Octyl-Seph., octyl-Sepharose eluent: SEC 3000,

SEC 3000 eluent,

Tot. vol. Tot. prot. Tot. act.

Sp. act.

Recovery

Fraction (ml) (mg) (pmol) (pmiot/mg) % Purity fold
RMH 100 2007.0 28880 14.4 00 1
RMS 72 702.7 84326 120.0 292 8
RMSH 68 321.0 80730 251.5 277 18
RMSHAc 66 221.1 85180 385.3 295 27
8-Seph. 36 23.8 25891 1087.9 90 76
Octyl-Seph. 78 3.32 10469 3153.2 36 219
Secretary 3000 12 0.32 6634 20781.3 23 1438
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Table 2. Exoglycosidase activities in purified rabbit CGase fractions.

The exoglycosidase activites of different fractions from rabbit mammary tissue were measured during purifica-
tion using synthetic substrates para-nitro-phenylglycosides. After incubation for 2 h at 37°C (pH 4.0) the cleaved
para-nitrophenol was measured by addition of sodium carbonate at 400 nm.

Substrate (0.5 mM) . Eeee o "
(nmol/h) (amol/h) (nmol/h)
pNPA-pGal 2.93 063 0.17
pNP-a-DGal 0.00 0.00 0.00
pNPA-D-GleNAc 1.91 0.00 0.00
pNPc-D-GlcNAc 0.00 0.00 0.00
pNPA-D-GalNAc 6.34 0.53 0.12
pNPa-D-GalNAc 4.59 0.00 0.00
pNPa-L-Fue 1.01 0.29 0.00
pNPA-DGle 0.20 0.00 0.00

Requirement for CGase

The requirement for the optimal CGase ac-
tivity from rabbit mammary tissues is shown
in Table 3. Taurodeoxycholate was found to be
the best detergent for optimal rabbit CGase
activity compared to either taurocholate or
Triton X-100 as indicated in the Table.

Similar detergent requirement was also
found for rat CGase [18). The optimum pH for

both rat and rabbit CGase activities was found
to be between 5.0 and 5.8 in sodium acetate
buffer.

Either heat-killed (5 min at 100°C) or tryp-
sin-treated (1 h at 37°C with 2 mg/ml trypsin)
rabbit CGase was completely inactive for the
hydrolysis of the labeled glycolipid substrate
(Table 3). Like all other CGase activities, rat
as well as rabbit CGase activities were not

EDTA I
o (L B e
T o QL2777 i
B oo QL
2 _ P
N AT I IS H I A AI IS IV VIV Figure 2. Effect of diva-
ﬁ " 7777777777 7] lent cations on mammal-
€ ian CGase activities.
2 ng T -
E Assay conditions are the
A same as described in the text
using n[.nﬂaeﬁ[:lﬂlﬂer as
A A L7 7 7 A substrate, Different divalent
cations are used as indi-

0 50

150 cated.

% CGase Activity Remaining
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Table 3. Requirement of rabbit CGase.

The complete incubation mixture contained the follow-
ing in a final volume of 50 1l ["H]GSL substrate (nLcO-
gehler), 1 nmol (20 x 10° c.p.m./umol); detergent,
taurodeoxycholate, 20-30 siz; sodium acetate, pH 5.0,
20 pmol; enzyme protein up to 50 ug (RMS fraction).
After incubation for 4 h at 37°C, 50 ul each 2-propanol
and hexane were added to the incubation mixture, vor-
texed, and spun for 5 min at 5000 r.p.m. The upper
layer was guantitatively spotted on SG81 paper and
chromatographed in descending fashion using chloro-
form/methanol (9:1, by vol.) solvent. The cleaved cera-
mide moved near the solvent front and quantitatively
estimated using scintillation technique.

[*H]Ceramide released
(nmol/mg protein per 2 h)

Incubation conditions

Complete mixture 3.05
minus TDC 1.0
minus TDC plus TC 0.1
Fsmo 0o
plus Try(pza.in treated 0.4
enzyme (2 mg/ml)

plus heat inactivated 0.2
enzyme

TDC, taurodexycholate.

stimulated by any divalent cations neither
were they inhibited in the presence of EDTA,
However, some divalent cations were inhibi-

tory to both rat and rabbit CGase activities as
seen in Fig. 2.

Mercuric ion was found to be the most inhibi-
tory to both rat and rabbit CGase activities as
found for all other CGase proteins (Fig. 2).
Whether this common mercury ion inhibition
of CGase activities from all different sources
is indicative of some structural similarities
has yet to be investigated.

Substrate specificity of CGase activities

Various glycosphingolipid substrates with
labeled ceramide (at sphingosine double
bond) were tested with rabbit ceramide glyca-
nase. The Vi, values for different substrates
used with rabbit CGase were found to be com-
parable as seen in Table 4. However, the K,
values for different substrates were different.
The apparent K, value for GgOsedCer was
found to be 0.27 mM with rabbit ceramide gly-
canase (Fig. 3).

We have used both galactoae[ﬁ-al-l]-
nLcOsebCer and -GgOsed4Cer as substrates
with rabbit enzyme and corresponding
cleaved oligosaccharides comigrated with
standard oligosaccharides on thin-layer plate
after developing with butanol/acetic acid/wa-
ter (2:1:1, by vol.).

Table 4, Substrate specificities of rabbit ceramide glycanase activity.

The assay conditions are the same as described in the text except that different labeled glycolipid substrates

were used.
Substrates i [*H]Ceramide produced
(0.3 mM) {nmol/ml per h)
Endogenous 0.2
Gala1-3Galf14GlcNAS1-3Galf1-4Glc-["H]Cer (nLcOse5Cer) 6.1
GalB1-3GalNAcH 1-4Gald1-4Glc{ H]Cer (GgOse4Cer) 6.3
Galf1-3GalNAcS14GalB14Gle PHICer 4.2

I 23

NeuAe  (Gyy)

Galf14Glc [ H]Cer 5.4

1a23

NeuAc  (Gyg)
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Figure 3. Substrate saturation
of rabbit CGase with [PHIGg-
OsedCer

Assay conditions are the same as

described for Fig. 2 except that

w.0 0.1 0.2

Thin-layer chromatographic (TLC) assay
was used when unlabeled substrates were
tested. The cleaved ceramides were identified
on TLC using Coomassie stain [38] when
globo-, lacto, and ganglio-series glycolipids
were tested as substrates with CGases from
both rat and rabbit mammary tissues (not
shown). The rabbit mammary CGase appears
to cleave the acidic glycolipids with almost
equal specificity also when radiolabeled (at
sphingosine doublebond) substrates were
used (Table 4). The characterization of oligo-
saccharides using FACE technology has been
under investigation in the purified enzyme
preparation of both rat and rabbit mammary
CGase fraction as used previously for clam
CGase [25]. Exo f-galactosidase inhibitor p-
NHgf}-galactose did not inhibit either rat or
rabbit CGase activities and was added to the
incubation mixture routinely to inhibit any -
galactosidase activity.

Inhibitors of CGase activities

The glycolipid:glycosyl transferases have
been classified as CARS (carbohydratesite
recognizing enzyme) and HY-CARS (hydro-
phobic as well as carbohydrate-site recogniz-
ing enzyme) according to their substrate rec-

0.3 0.4
[3H])GgOsedCer Cone. (mM)

different concentrations of [°H]
(GgOsedCer has been added in the
incubation mixture as indicated.

ognition site specificities [39]. The CGase, an
enzyme which cleaves between hydrophobic
ceramide moiety and the carbohydrate chain
of a glycosphingolipid might also exhibit such
a specificity. PDMP (1-phenyl-2-decanoylami-
no-3-morpholino-1-propanocl - HC1), the well-
known inhibitor for GSL biosynthetic enzyme
glucosyltransferase (GleT-1), [40] and its ana-
logue PPMP (1l-phenyl-2-hexadecanoylamino-
3-morpholino-1-propanol - HC1) [41, 42] has
been used to study the inhibition of CGase ac-
tivity. Previously, both D- and L-PPMP had
been shown inhibitory to the rat mammary
CGase activity [18] and this was confirmed in
the present work (Fig. 4a). [t is apparent from
the Figure that inhibition by PPMP is
stronger than inhibition by both D- and L-
PDMP. The same observation is also true for
the rabbit mammary CGase activity (Fig. 4b).
However, quite high concentrations of both
PDMP and PPMP are needed in either case
for inhibition of CGase activity which is in
contrast to the D-PDMP concentration needed
for inhibition of glycosyltransferases [43]. 1-
PDMP rather stimulated GlcT-1 activity at the
concentrations tested.

The inhibition by PPMP is also found with
purified clam CGase and the inhibition is of
mixed nature [26]. Recently, myristoyl-amino-
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120
100 —&— D-POMP
—— L-POMP
—O— D-PFPUP
BO —0— L-PPNP

% CGase Activity Remaining

0.0 0.5 1.0 1.5 : 2.0
Concentration (mM)

Figure 4 (a and b). Inhibition
of mammalian CGase activi-
ties by PDMP and PPMP.

a. Rat CGase; b. Rabbit CGase.
Different concentrations of D- and
L-threo-PDMP and PPMP were
added in the incubation mixture

% CGase Actlvity Romaining

b . : . under the assay conditions as de-
0.0 0.5 1.0 1.8 2.0 scribed in the text using nLcO-
Concentration (mM) aeﬁ[s'ﬂ]ﬂer as substrate.

propanol has been shown to inhibit the cera- . gpbit CGase fractions are used as enzyme
midase activity [44]. A similar kind of inhibi- (not shown).
tion has also been observed with cerebroside, These results in combination with stronger

sphingosine, and ceramide when either rat or  jhhihition of CGase activity by PPMP sug-
Table 5. Ceramide glveanase activities in carcino-embryonic cells.

The assay conditions are the same as described in the Method section.

Source I Ceramide glycanase activity®
(nmol/mg per 2 h)

Rat mammary tissue 5.6

Rabbit mammary tissue 4.1

Human colon carcinoma cells {Colo-205) 3.6

Human neuroblastoma cells (IMR-32) 28

Embryonic chicken brains (15-day-old) 35

*Substrate: uL.cOBaE[SH]Eer (0.1 mM); the values are mean of three or more experimentsa.
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% Actlvity Remaining

0.0 0.5 1.0 1.5

Amine Concentration (mM)

2.0 2.5

% CGase Activity Remaining

Figure 5 (a and b). Alkyl
amine inhibition of mammal-
ian CGase activities.

a. Rat CGGase; b. Rabbit CGase.
The assay conditions are the
same as described in the text ex-
cept that different concentra-
tions of alkyl amines containing

_.

D - - -

various fatty acyl chains have

u.0 0.5 1.0
Concentration {mM)

gests the possibility of involvement of the hy-
drocarbon side chain of the ceramide at the ac-
tive site. Figures 5a and 5b show that al-
kylamines containing longer chains (C;3 and
higher) inhibited the CGase activities more
than 90%. Similar results are also obtained
when fatty alcohols of different chain lengths
have been used (not shown). From these ob-
servations it is anticipated that either one of
the hydrocarbon chains of ceramide might be
effective in enzyme substrate recognition. In-
hibition studies are in progress using substi-
tuted sphingosine with Cy and higher hydro-
carbon chains.

1.5 2.0

been added.

CGase activity in higher animals

It has been suggested recently that apoptosis
which is a normal process in development and
morphogenesis could contribute to pathologi-
cal conditions when improperly regulated
[45]. Our recent studies show that high levels
of CGase activities are present in human co-
lon carcinoma Colo-205 and also in human
neuroblastoma IMR-32 cells when radiola-
beled neolactopentaosylceramide (at the
sphingosine double bond) is used as substrate
(Table 5). The significance of such a high level
of C(zase activity in tumor cells is not under-
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stood. These tumor cell CGase activities are
also found to be inhibited by both PDMP and
PPMP (not shown). Whether ceramide plays
any role during development is also not
known yet. However, it has also been shown in
Table 5 there is significant CGase activity in
embryonic chicken brains. Studies on the
CGase activities from developing chicken
brains indicate that there might be a gradual
increase of CGase activily in embryonic
chicken brain as previously found for GalT-3
(UDP-Gal:Gyg  f1-3galactosyltransferase)
[46-48].

DISCUSSION

The present report is mainly concerned with
characterization, purification, and inhibition
studies of the two mammalian ceramide glyca-
nases. Purification of CGase was based on the
intrinsie nature of the enzyme. Since the en-
zyme activity was found to be quite resistant
to acidic pH (4-5) and heat treatment, precipi-
tation with acetic acid and heattreatment at
60°C were performed to remove other pro-
teins from the crude enzyme fraction. This
step provided considerable purification of rab-
bit mammary ceramide glycanase protein
with 100% recovery of enzyme activity (Table
1). Further purification of CGase was achiev-
ed by S-Sepharose column chromatography
followed by hydrophobic chromatography on
an octyl-Sepharose column and finally gel-
filtration chromatography on a HPLC size-
exclusion column from which the CGase ac-
tivity was recovered as a single peak. The puri-
fied protein showed one major band on
SDS/PAGE with a molecular mass of 54 kDa
(Fraction E, Fig. 1) which was immuno-
precipitated with anti-clam CGase antibody
prepared previously in our laboratory [26].
The associated exoglycosidase activities in the
original enzyme preparation are removed by
successive column chromatography (Table 2).
Ceramide glycanase activities have been de-
tected and characterized from various non-

mammalian sources [19-27]. A comparison of
the physical and biochemical properties of
these enzymes with the CGase characterized
and purified from rat and rabbit mammary
tissues reveals important and interesting dif-
ferences. The bacterial enzyme appears to ex-
ist as three distinet isoforms of which two (en-
doglycoceramidase I and II) have been further
purified and characterized [19, 20, 28]. Except
for the CGase from leech (330 kDa), the mo-
lecular mass of the other enzymes are similar
(55.9 kDa for endoglycoceramidase I, 58.9 for
endoglycoceramidase II, 43.7 kDa for earth-
worm CGase) [19-26] compared to that ob-
tained from rabbit (54 kDa) (Fig. 1). Rat
CGase exhibited a molecular mass about 63
kDa [18] and for clam CGase it has been found
to be 64 kDa [26].

Most of the CGases are active at pH 5.0 ex-
cept for earthworm and elam where the opti-
mum pH was found to be 4.0 [23, 25, 26]. How-
ever, the mammalian ceramide glycanase
geems to be optimum between pH 5.0 and 6.0
[18]. Although EDTA or most of the divalent
cations have no effect on any of the CGases,
all of them appear to be sensitive to the inhibi-
tion by Cu®", Hg®" and Zn>* ions, with vary-
ing extents (Fig. 2). It is possible that the
heavy metal ions are binding to catalytically
important residues on CGase or are disrupt-
ing an ordered structure in the protein, the
maintenance of which is essential for cataly-
sis. It appears that none of the CGases are ac-
tive in the absence of detergents; however, the
detergent requirements vary. Triton X-100
and sodium cholate {up to 0.4%) are the deter-
genis of choice for the bacterial enzymes. So-
dium cholate is also the most stimulatory de-
tergent for both leech and earthworm CGase.
Sodium taurodeoxycholate was the next best
detergent for leech but had no effect on earth-
worm CGase which was stimulated by Triton
X-100. For mammalian CGases, taurodeoxy-
cholate has been found to be the best deter-
gent and no effects are observed with either
sodium taurocholate or Triton X-100 (Table
3). Such wide differences in detergent effects
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in the presence of the same GSL substrate in-
dicates that the detergent-enzyme interaction
is defined by subtle but critical interaction be-
tween the functional groups of the detergent
and amino-acid residues on the protein. The
detergent probably mediates the role of an
amphipathic, physiological activator(s) for
this class of enzymes.

Substrate specificity studies indicate that,
excepting for endoglycoceramidase I (which
does not hydrolyze globo-series GSLs and
cleaves sialyl-neolactotetrosylceramide most
efficiently), all the other CGases work best
with the ganglio-series glycosphingolipids.
The leech CGase is reported to work better on
globo-series GSLs than on the neolacto-core
GLSs while the reverse is true for earthworm
and rabbit CGases. However, the enzymes ap-
pear to differ widely in their kinetic proper
ties. Thus the rabbit CGase has an apparent
K of 0.27 mM for GgOsedCer (asialo-Gyy.
Fig. 3) which is comparable to the K,'s for
Gy for endoglycoceramidase I (0.1-0.25
mM) and endoglycoceramidase (0.2-0.5 mM)
but is very different from the Ky, for Gy for
leech (15.4 M) and earthworm (16.7 uM)
CGase. None of the CGases is active on gala-
series GSLs or cerebrosides but cleave lacto-
triaosylceramide, thereby indicating a mini-
mal requirement of a trisaccharide moiety in
the glycan portion of the molecule. Both
PDMP and its higher analogue PPMP inhibit
the enzymatic reaction at high coneentrations
(Fig. 4) which is in contrast to the concentra-
tion needed for the inhibiton of the synthetic
enzymes. The binding of the CGase protein to
the hydrophobic column and inhibition by
PDMP and PPMP indicates the presence of a
hydrophobic center at the active site of the en-
zyme [39, 48]. To investigate this hypothesis,
inhibition studies were condueted with sub-
strate analogues. Both sphingosine and cera-
mide (non-hydroxy fatty acid or hydroxy fatty
acid) inhibited both rat and rabbit mammary
CGase activities (not shown). Alkyl amines
and alkyl alcohols of different chain lengths
have been used as inhibitors to investigate the

importance of the hydrocarbon chains in
these inhibitions. The alkyl amines of C15 and
higher chain lengths inhibited the CGase ac-
tivities (Fig, 5) and the same observation was
true for alkyl aleohols. These inhibiton studies
suggest that the two hydrocarbon tails of cera-
mide moiety in the substrate contribute sig-
nificantly in the binding to the active center
by hydrophobic interaction [39, 48]. Further
experiments are needed to understand these
interactions.

The presence of CGase activity in human tu-
mor cells as well as its presence in developing
avian brains indicate probable involvement of
CGase and ceramide in developmental pro-
cess. Previously we have reported that the
CGase activity increases in rat mammary tis-
sues with the progression of gestation, and
during lactation it stays in high level which de-
clines after lactation period ends. This indi-
cates probable involvement of CGase during
hormonal regulation also.

Identification of a ceramide glycanase from
mammary tissues provides the first evidence
that this activity is ubiquitously distributed
across species, from bacteria to mammals and
perhaps, possess considerable significance.
The necessity to cleave intact oligosaccha-
rides from glycolipids might arise to fulfill a
diverse array of littleknown physiological
functions (such as metabolizing the glyco
sphingolipids of blood in leech, or enriching
the milk with GSL-type oligosaccharide in rab-
bit mammary tissue). Ceramide, being a key
modulator of apoptosis, might be involved in
the initiation of a lytic cycle of the cancer
cells. Further studies on the role of animal ce-
ramide glycanases in cancer cell lytic cycle,
apoptosis and embryonic development are un-
der investigation.
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