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Abstract The reconstitution of the activity of the lysosomal
enzyme glucosylceramidase requires anionic phospholipids and,
at least, a protein factor, saposin C (Sap C). We have previously
proposed a mechanism for the glucosylceramidase activation
[Vaccaro et al. (1993) FEBS Lett. 336, 159-162] which implies
that Sap C promotes the association of the enzyme with anionic
phospholipid-containing membranes, thus favoring the contact
between the enzyme and its lipid substrate, glucosylceramide. We
have further investigated the properties of Sap C using a
fluorescent hydrophobic probe such as 4,4'-dianilino-1,1’-bi-
naphthyl-5,5"-disulfonic acid (bis-ANS). The binding between
bis-ANS and Sap C was pH-dependent, indicating that proto-
nation leads to increased exposure of hydrophobic surfaces of
Sap C. The interaction of Sap C with membranes, triggered by
the development of hydrophobic properties at low pH values, was
affected by the content of anionic phospholipids, such as
phosphatidylserine or phosphatidylinositol, suggesting that anio-
nic phospholipids have the potential to modulate the insertion of
Sap C in the hydrophobic environment of lysosomal membranes.
We previously showed that Sap C and anionic phospholipids are
both required for the binding of glucosylceramidase to large
vesicles. We have presently observed that Sap C is able to
promote the association of glucosylceramidase with the lipid
surface only when anionic phospholipids exceed a concentration
of 5-10%. This level can be reached by summing lower amounts
of individual anionic phospholipids, since they have additive
effects. The present data extend and refine our model of the
mechanism of glucosylceramidase activation and stress the key
role of pH, Sap C and anionic phospholipids in promoting the
interaction of the enzyme with membranes.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

Glucosylceramidase, the enzyme that degrades glucosylcer-
amide in lysosomes, requires the presence of at least another
protein called saposin (Sap) C to exert its action; either a
deficit of glucosylceramidase or of Sap C results in the block
of glucosylceramide hydrolysis [1-6].

Sap C is a member of a family of four similar glycoproteins,
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Sap A, B, C and D, generated from a common precursor,
prosaposin, in lysosomes [4,5,7]. The four Saps are small pro-
teins (each contains about 80 amino acids) and have six cys-
teine residues at similar positions. The pairings of the three
disulfide bridges present in each Sap are the same: the first
cysteine is linked to the last, the second to the second last and
the third to the forth, without intersection of the three disul-
fide bridges [8-10]. The maintenance of this structure is essen-
tial for the functional properties of Saps [8,11].

Genetic diseases have evidenced the physiological role of
Saps, that appear to be involved in the catabolism of sphin-
golipids [4,5]. The involvement of Sap C in the glucosylcer-
amide degradation has been unequivocally demonstrated by
the observation that a deficit of Sap C leads to a variant form
of Gaucher disease characterized by glucosylceramide accu-
mulation [6].

Also ‘in vitro’, the presence of Sap C is required for the
enzymatic degradation of glucosylceramide [12]. The role of
Sap C in the glucosylceramidase activation has been exten-
sively investigated. In the past, the prevailing paradigm iden-
tified glucosylceramidase as the primary and direct target of
Sap C [1-5], while our data have provided compelling evi-
dence that phospholipid membranes rather than glucosylcer-
amidase are the actual target of the Sap [12-14]. In fact, Sap
C at low pH values tightly binds to phospholipid membranes
[13] and stimulates the degradation of glucosylceramide in-
serted into phosphatidylserine (PS)-containing vesicles by fa-
voring the enzyme association with the lipid surface [12].

Both glucosylceramidase and Sap C are associated, at least
in part, with lysosomal membranes [15,16]. Since the pH of
the intralysosomal environment is maintained in the range
4.5-4.8 [17], acidic conditions most likely play a fundamental
role in regulating the properties of the two proteins. To extend
our investigation on the reconstitution of glucosylceramidase
activity by Sap C and anionic phospholipids, we have further
examined how the properties of Sap C are affected by varia-
tions of pH and how anionic phospholipids can modulate the
interaction of Sap C and glucosylceramidase with membranes.

2. Materials and methods

2.1. Materials

Phosphatidylcholine (PC) from egg yolk and PS from bovine brain
were from Avanti Polar Lipids (Alabaster, AL, USA). Phosphatidyl-
inositol (PI) from bovine liver, cholesterol (Chol) and 4-methylumbel-
liferyl-B-p-glucopyranoside (MU-Glc) were from Sigma. L-o-Dipalmi-
toyl [dipalmitoyl-1-"*C]JPC (110 mCi/mmol) was from NEN Research
Products, DuPont de Nemours (Germany). 4,4'-Dianilino-1,1’-bi-
naphthyl-5,5’-disulfonic acid (bis-ANS) was purchased from Molecu-
lar Probes (Eugene, OR, USA). All other chemicals were of the purest
available grade.
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2.2. Sap C preparation

Sap C was purified from spleens of patients with type 1 Gaucher’s
disease following a previously reported procedure [13,14]; it consisted
essentially of heat treatment of a water homogenate, ion exchange
chromatography on DEAE-Sephacel, gel filtration on Sephadex G-
75 and reverse-phase high pressure liquid chromatography on a pro-
tein C4 column (Vydac). The purity of the final Sap preparation was
verified by N-terminal sequence analysis, sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot-
ting.

2.3. Glucosylceramidase preparation
Glucosylceramidase was purified from human placenta following
the procedure described by Murray et al. [18].

2.4. Glucosylceramidase antibody

The anti-glucosylceramidase monoclonal antibody 8E4 was kindly
provided by Dr. H. Aerts and Dr. S. van Weely (E.C. Slater Institute
for Biochemical Research, University of Amsterdam, The Nether-
lands).

2.5. Vesicle preparation

Large unilamellar vesicles (LUV) were prepared by filter exclusion
using a high pressure extrusion apparatus (Lipex Biomembranes, Van-
couver, B.C., Canada) as previously described [19,20]. In short, the
dry lipids were dispersed by vortex mixing in 2 mM r-histidine, 2 mM
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, 150 mM
NaCl, 1| mM EDTA, pH 7.4. The suspension was submitted to
10 cycles of freezing and thawing and then extruded 15 times through
two stacked 0.1 um pore size polycarbonate filters (Nucleopore Corp.,
Pleasanton, CA, USA). All vesicles were supplemented with trace
amounts of labelled PC and their concentration was determined by
radioactivity measurements.

2.6. Binding of bis-ANS to Sap C

The fluorescence of the bis-ANS solution (10 uM) was recorded in
the absence and presence of Sap C. In the last case, the Sap (1 uM)
was added to 1 ml of buffer at pre-set pH (pH 4.0-7.0) containing bis-
ANS. The buffers were buffer A (10 mM acetate, 150 mM NaCl,
1 mM EDTA) adjusted to the desired pH in the range between pH
4.0 and 6.0 and buffer B (20 mM Tris, 150 mM NaCl, ] mM EDTA)
for pH 6.5 and 7.0. The fluorescence was measured at an excitation
wavelength of 390 nm (2 nm slit width) and scanned from 400 to
600 nm (2 nm slit width) at 25°C using a Fluoromax spectrofluorom-
eter equipped with a constant temperature cell holder and stirrer
(Spex Industries, NJ, USA).

2.7. Tyrosine fluorescence measurement

Tyrosine fluorescence of Sap C was monitored at 37°C, using a
Fluoromax spectrofluorometer equipped with a constant temperature
cell holder and stirrer (Spex Industries, NJ, USA). Emission spectra
were obtained at an excitation wavelength of 277 nm (2.5 nm slit
width) and scanned from 280 to 360 nm (2.5 nm slit width). The
spectra were recorded in the absence and in the presence of LUV
(60 pg total lipid) added to 1 ml of a Sap C solution (4 pM) in buffer
A adjusted to pH 4.5. The spectra were corrected for the fluorescence
associated with LUV themselves.

2.8. Binding of glucosylceramidase to vesicles

For binding studies, glucosylceramidase (1 ug), Sap C (10 pg) and
BSA (10 pg) were incubated with LUV (100 pg total lipid) in 0.2 ml of
buffer A adjusted to pH 4.5, at 37°C, for 10 min. In some experi-
ments, Sap C was omitted. The mixtures were centrifuged with a
42.2 Ti rotor (Beckman), in polycarbonate centrifuge tubes (7X20
mm), at 100000X g for 1 h. After separation of the supernatant, the
pelletted vesicles were resuspended in 0.2 ml of the same buffer. Free
glucosylceramidase in the supernatant and liposome-bound glucosyl-
ceramidase in the resuspended pellet were identified by SDS-PAGE
and Western blotting (see below).

To further evaluate the binding of glucosylceramidase to vesicles,
the enzyme activity remaining in the supernatant after centrifugation
(free glucosylceramidase) was determined. The enzyme assay con-
tained in a final volume of 0.2 ml, an aliquot of the supernatant,
0.1/0.2 M citrate/phosphate buffer, pH 5.6, 2.5 mM MU-Glc, 0.1%
(v/v) Triton X-100 and 0.25% (w/v) sodium taurocholate [20]. The
assay mixtures were incubated for 30 min at 37°C and the extent of
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reaction was estimated fluorometrically. The percentage of liposome-
bound glucosylceramidase was expressed relative to the amount of
free enzyme in the supernatant.

2.9. SDS-PAGE and enhanced chemiluminescence (ECL) Western
blotting

SDS-PAGE was performed with 10% acrylamide separating gels
and 4.5% stacking gels [21]. After electrophoresis, the proteins were
electroblotted to polyvinylidene difluoride membranes (Bio-Rad) and
glucosylceramidase was detected with anti-glucosylceramidase mono-
clonal antibody 8E4 using an ECL Western blotting kit according to
the manufacturer’s instructions (Amersham International plc, Buck-
inghamshire, UK).

3. Results

3.1. pH modulates the hydrophobic properties of Sap C
We have previously obtained indications that the superficial
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Fig. 1. pH dependence of the bis-ANS fluorescence in the presence
of Sap C. (A) Fluorescence emission spectra of bis-ANS (10 uM) in
the absence (a) and presence of 1 uM Sap C at pH 7.0 (b) or pH
4.0 (d). To test the reversibility of bis-ANS binding to Sap C, the
pH of the sample recorded at pH 4.0 (d) was readjusted at pH 7.0
by injecting appropriate amounts of 1 M NaOH and the emission
spectrum collected again after 5 min (c¢). Without Sap C, the same
spectrum of bis-ANS was obtained either at pH 7.0 or pH 4.0.
(B) pH dependence of fluorescence intensities for bis-ANS in the
presence of Sap C (Aex =390 nm, Aey =495 nm). Fluorescence was
measured 5 min after addition of 1 uM Sap C to buffers of the in-
dicated pHs containing 10 uM bis-ANS. The points represent means
of at least four different experiments. The deviation for all samples
was less than *5% of the corresponding mean value.
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Fig. 2. Intrinsic fluorescence spectra of Sap C at pH 4.5 in the ab-
sence (a) and presence of LUVs (b, ¢, d, e). Sap C in the presence
of LUV composed of Chol:PC:PI (25:65:10) (b) or Chol:PC:PS
(25:65:10) (c) or Chol:PC:PI (25:55:20) (d) or Chol:PC:PS
(25:55:20) (e). The addition of LUV composed of Chol:PC (25:75)
did not change the fluorescence spectrum of Sap C (a).

hydrophobicity of Sap C increases at low pH values [14]. To
further analyze the pH dependence of Sap C hydrophobicity,
the Sap interaction with bis-ANS, a hydrophobic fluorescent
probe, has been examined as a function of pH (Fig. 1A,B).
Bis-ANS is known to have a high affinity for non-polar cav-
ities in proteins and a quantum yield which is very much
higher in such hydrophobic environments than in aqueous
solutions. An increase in bis-ANS fluorescence along with a
concomitant blue shift are generally assumed as evidence for
its binding to apolar sites of proteins [22,23]. Upon addition
of Sap C, the fluorescence intensity of bis-ANS was poorly
enhanced at pH 7, while a marked increase and a blue shift of
the emission maximum (about 20 nm) were observed at pH
4.0. The effect was partly reversible as evidenced by the de-
crease of the bis-ANS fluorescence after switching from pH
4.0 to 7.0 (Fig. 1A). The pH profile for fluorescence indicated
that the major changes begun at pH lower than 5.5 (Fig. 1B).
The enhancement observed under acidic conditions most
likely reflects increased binding of bis-ANS as a result of
the exposure of hydrophobic sites on the surface of Sap C.
These results support our previous hypothesis [14] that the
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Fig. 3. Glucosylceramidase binding to LUV of different composition
in the presence of Sap C. A mixture of glucosylceramidase and Sap
C was incubated at pH 4.5 with LUV of the following composition:
A, Chol:PC:PS (25:70:5); B, Chol:PC:PI (25:55:20); C, Chol:
PC:PS (25:55:20); D, Chol:PC:PI:PS (25:55:10:10). Free and lipo-
some-bound glucosylceramidase were separated by centrifugation
and analyzed by SDS-PAGE and Western blotting as reported
under Section 2. Lanes 1, free glucosylceramidase; lanes 2, mem-
brane-bound glucosylceramidase. Each experiment was repeated at
least three times with similar results.
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hydrophobic properties of Sap C are regulated by the pH of
the environment.

3.2. Anionic phospholipids modulate the fluorescent properties
of Sap C

At low pH values, Sap C tightly binds to phospholipid
membranes [14]. We have presently characterized the spectro-
scopic properties of Sap C in order to use them as a probe to
monitor possible conformational changes during lipid bind-
ing. Sap C contains two tyrosines, two phenylalanines and
no tryptophan residues. As a result, the intrinsic fluorescence
spectrum of Sap C is dominated by tyrosines, albeit with a
low quantum yield, and shows a characteristic maximum at
306 nm (Fig. 2). The addition of vesicles containing PS or PI,
two anionic phospholipids normally present in lysosomes,
greatly enhanced the intrinsic fluorescence of Sap C at pH
4.5, indicating a decreased polarity of the tyrosines environ-
ment. As shown in Fig. 2, the increase was related to the
amount of anionic phospholipids in the membrane. The effect
of PS was significantly more pronounced than that of a
matched amount of PI. Unlike PS- or PI-containing vesicles,
the addition of LUV composed of only PC and Chol did not
change the fluorescence spectrum of Sap C. At pH 7.0, the
presence of vesicles with or without PS and PI had no effect
on the fluorescence properties of the Sap (data not shown). It
thus appears that the amount and the nature of anionic phos-
pholipids regulate the mode of interaction of Sap C with
membranes and/or its conformation.

804
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Fig. 4. Dependence of glucosylceramidase binding on the level of
anionic phospholipids and on the presence of Sap C. Glucosylcer-
amidase was incubated at pH 4.5 with LUV in the presence
(a,@.m) or in the absence of Sap C (a,0,0). Vesicles contained
25% Chol and the indicated amount of anionic phospholipids. To
keep the total phospholipid content constant (75%), the percentage
of PC was accordingly varied. The anionic phospholipids were PI
(m,0), or PS (A,a), or an equimolar mixture of PS and PI (O,®).
Liposome-bound glucosylceramidase was evaluated by measuring
the enzyme activity remaining free in the supernatant after centrifu-
gation as reported under Section 2. The points represent means of
at least four different experiments. The deviation for all samples
was less than *5% of the corresponding mean value.
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3.3. Anionic phospholipids and Sap C modulate the interaction
of glucosylceramidase with membranes

Anionic phospholipids not only affect the interaction of Sap
C with membranes, but are also an almost absolute require-
ment for the reconstitution of glucosylceramidase activity
[3,24,25]. We have early shown that PS, together with Sap
C, promotes the binding of the enzyme to LUV at low pH
values [13]. To further investigate the interactions between
glucosylceramidase, Sap C and membranes at pH 4.5, a pH
value similar to that of the lysosomal environment, the two
proteins have been incubated with LUV of different compo-
sition. After centrifugation, the free and vesicle-bound gluco-
sylceramidases have been qualitatively recognized by Western
blot analysis. As shown in Fig. 3, the enzyme poorly interacts
with vesicles that contain a low amount of PS (5%), but a
higher concentration (20%) of either PS or PI or a mixture of
PS and PI promotes the association of most of glucosylcer-
amidase with the lipid surface.

To better evaluate the dependence of glucosylceramidase
binding on the level and nature of anionic phospholipids,
the enzyme activity remaining in the supernatant after centri-
fugation of the vesicles (free glucosylceramidase) was meas-
ured. As shown in Fig. 4, up to a level of about 10% of PS
and PI, the enzyme poorly associated with LUV both in the
presence and in the absence of Sap C. It is worth noting that
at the pH of the experiment, namely pH 4.5, Sap C is tightly
bound to the vesicles also in the absence of anionic phospho-
lipids [14]. As the concentration of PS and PI increases, most
of glucosylceramidase partitions on the lipid surface in the
presence but not in the absence of Sap C. No significant
difference in the capacity of PS and PI to favor the enzyme
association was observed, their effect being additive (Fig. 4).

4. Discussion

In the present study, we have further refined the model of
the glucosylceramide degradation by glucosylceramidase and
Sap C, developed since our first observations that glucosylcer-
amidase hydrolyzes its natural substrate by associating to
anionic phospholipid and glucosylceramide-containing vesicles
at low pH values [26] and Sap C favors the enzyme binding by
interacting with [13] and perturbing [27] the target membrane.

Our early studies suggested that the trigger for the Sap C
interaction with membranes was an increase of the Sap C
hydrophobicity that occurs at low pH values similar to that
of the lysosomal environment [14]. The ability of Sap C to
change its hydrophobic properties has presently been con-
firmed using bis-ANS as a hydrophobic probe. The pH-de-
pendent enhancement of the bis-ANS fluorescence in the pres-
ence of Sap C parallels the previously observed pH
dependence of the partitioning of Sap C between the detergent
and aqueous phases of a Triton X-114 solution [14]. Our past
and present results conclusively demonstrate that organized
hydrophobic surfaces of Sap C are exposed as the Sap passes
through a transition which is centered at pH 5.5-5.0. It can be
envisaged that Sap C, which is generated in lysosomes from its
precursor, prosaposin, undergoes a dramatic increase of hy-
drophobicity when in contact with the acidic medium of these
organelles, small local variations in pH resulting in marked
changes of the Sap C properties.

For several proteins, for instance proteins of enveloped vi-
ruses such as Semliki Forest virus and influenza virus, the
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interaction with membranes is specifically triggered by acidic
pH [28,29]. In early studies, we showed that also Sap C uses
its hydrophobic properties to interact with membranes. Ac-
tually, at pH values lower than 5.0, Sap C extensively binds to
LUV composed of PC and Chol slightly altering the bilayer
integrity; the Sap C-induced destabilization increases sharply
when the membrane is supplemented with an anionic phos-
pholipid such as PS [14]. On the other hand, we have presently
found that membranes containing anionic phospholipids such
as PS and PI dramatically affect the fluorescent properties of
the Sap, the effect being related to the level and the nature of
the anionic phospholipids. The enhancement of the Sap C
fluorescence induced by PS and PI is indicative of conforma-
tional alterations or/and of a deeper insertion of the Sap in
the membrane. These results show that, even when Sap C is
completely bound, there are differences in the mode of inter-
action of the Sap with the lipid surface that depends on the
content of anionic phospholipids.

The importance of anionic phospholipids as activators of
glucosylceramidase is well documented [3,24,25]. In the lyso-
somal compartment, PS, PI and lysobisphosphatidic acid have
been reported to be the major anionic phospholipids and the
most effective lipid activators of glucosylceramidase [30,31]. In
the past, we showed that the presence of anionic phospholip-
ids and the size of the liposomes used as model of biological
membranes are critical parameters in the interaction of gluco-
sylceramidase with lipid surfaces, namely the enzyme sponta-
neously binds to vesicles, provided that they are small (small
unilamellar vesicle (SUV)) and contain anionic phospholipids;
as the diameter of the liposomes increases, the glucosylcer-
amidase binding decreases probably as a consequence of the
tighter packing of the lipids in the outer surface of LUV,
compared with the loose packing in SUV [20]. The capacity
of anionic phospholipid-containing LUV to bind glucosylcer-
amidase is restored after the addition of Sap C, that facilitates
the insertion of the enzyme by perturbing the lipid organiza-
tion [12-14]. It was presently observed that Sap C is able to
promote an extensive glucosylceramidase association only
when the level of anionic phospholipids in membranes exceeds
a threshold of about 10%. At lower concentrations, most of
the glucosylceramidase remains free in solution (see Figs. 3
and 4), while Sap C partitions on the lipid surface [14]. The
critical level can be reached by summing lower amounts of
individual anionic phospholipids since they have additive ef-
fects. These results indicate that anionic phospholipids, that
altogether represent more than 10% of the phospholipid con-
tent of lysosomal membranes [31,32], have the potential of
serving as the ‘in situ’ glucosylceramidase binding lipids. Ac-
cording with this view, changes in their content and/or the
formation of membrane domains containing these lipids can
have a key role in regulating the topology and activity of
glucosylceramidase on the lysosomal membranes.

Our past and present results indicate that the Sap C acti-
vation of glucosylceramidase is a complex multistep process
which is triggered by the low lysosomal pH and comprises a
pH-dependent change of Sap C hydrophobicity, the Sap C
association with lipid surfaces and the Sap C-mediated bind-
ing of the enzyme to membranes containing an appropriate
amount of anionic phospholipids. Conversely, it was claimed
for a long time and widely accepted that the Sap C activation
of glucosylceramidase was due to a direct interaction between
glucosylceramidase and Sap C [1-5]. Some authors, who de-
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fended in the past this mechanism [5,33-34], have lately pre-
sented data in full agreement with our model [35,36]. In fact,
our previous findings on the reconstitution of glucosylcerami-
dase on binding to acidic phospholipid-containing vesicles
[12-14,37] have received further support by fluorimetric stud-
ies [35] showing that glucosylceramidase penetrates into the
outer leaflet of membranes composed of negatively charged
phospholipids undergoing a conformational change. More-
over, surface plasmon resonance experiments [36] have re-
cently offered additional evidence to our early studies showing
that Sap C spontaneously binds to phospholipid liposomes,
especially in the presence of anionic phospholipids [12-14,27].

We thus conclude that, under conditions mimicking the
lysosomal milieu, the glucosylceramide degradation in lyso-
somes depends on the Sap C-induced binding of glucosylcer-
amidase to membranes and can be modulated by variations in
pH and in anionic phospholipid levels.
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