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Ceramide has been recognized as a common intracellu-
lar second messenger for various cytokines, growth
factors and other stimuli, such as CD95, chemothera-
peutic drugs and stress factors. To understand the
role of ceramide during apoptosis and other cellular
responses, it is critically important to characterize
direct targets of ceramide action. In this paper, we
show that ceramide specifically binds to and activates
the endosomal acidic aspartate protease cathepsin D.
Direct interaction of ceramide with cathepsin D results
in autocatalytic proteolysis of the 52 kDa pre-pro
cathepsin D to form the enzymatically active 48/32 kDa
isoforms of cathepsin D. Acid sphingomyelinase
(A-SMase)-deficient cells show decreased cathepsin D
activity, which could be reconstituted by transfection
with A-SMase cDNA. The results of our study identify
cathepsin D as the first endosomal ceramide target
that colocalizes with and may mediate downstream
signaling effects of A-SMase.

Keywords acid sphingomyelinase/cathepsin D/ceramide/
TID-ceramide

Introduction

arrest. The most prominent yet controversial role of
ceramide is the induction of apoptosis in various cell types
(Obeidet al., 1995; reviewed in Hannun and Obeid, 1995;
Kolesnick and Kiake, 1998). The production of ceramide

is mediated either bgle novasynthesis, involving ceramide
synthase located in the endoplasmic reticulum (ER) and
mitochondria, or by hydrolysis of sphingomyelin-engaging
sphingomyelinase (SMase; Spiegel and Merrill, 1996).
Ligand binding to the p55 TNF receptor (TR55), inter-
leukin-1 receptor 1 (IL-1 RI) and the Fas receptor results
in the activation of two SMases, a plasma-membrane-
bound neutral SMase (N-SMase) and an endolysosomal
acid SMase (A-SMase; Sctae et al., 1992; Wiegmann

et al, 1994, Cifoneet al., 1995; Liu and Anderson, 1995).
Each type of SMase generates the second messenger
ceramide with, however, different kinetics and, most
importantly, at different intracellular locations. Structure—
function analysis of the cytoplasmic domain of TR55
revealed that specific TNF-receptor domains link to the
respective SMases and to diverse signaling pathways
(Wiegmannet al., 1994). N-SMase activation is coupled
to a neutral sphingomyelinase activation domain (NSD),
via the adaptor protein FAN (Adam-Klages al., 1996;
Kreder et al, 1999). The domain of TR55 activating
A-SMase corresponds to the death domain that binds the
adaptor protein TRADD, which in turn recruits a further
protein, FADD, to activate caspase 8 and A-SMase
(Schwandneret al, 1998). Fibroblasts derived from
FADD-deficient mice are defective in TNF-induced
A-SMase activation (Wiegmanet al, 1999). Notably,
the apoptotic caspase 8 seems not to be involved in the
A-SMase activation pathway (Schwandredral., 1998).
The signaling cascade downstream of ceramide may,
however, involve caspase 3 (CPP32; Smatlal., 1996).

A role for A-SMase in transmitting apoptotic signals in
response to Fas/CD9%sirradiation, TNF and lipopoly-
saccharide (LPS) has been suggested by several reports
(Cifone et al, 1995; Santanat al, 1996; Haimovitz-
Friedmanret al,, 1997; Herret al., 1997; De Marizet al,
1998; Monneyet al,, 1998). However, direct evidence
linking ceramide signaling to specific effector elements
of the apoptotic response remains to be provided. As to
possible signaling functions of endosomal A-SMase the
guestion arises as to whether ceramide signals across the
endosomal membrane or targets proteins in the endoso-

Ceramide has emerged as an intracellular signal mediatormal lumen.

transducing the effects of various exogenous stimuli
including cytokines such as tumor necrosis factor (TNF),

interferon (IFN)y, interleukin (IL)-1, nerve growth factor,
or CD28 and CD95 (Fas/APO-1) receptor triggering,

Understanding the role of ceramide during apoptosis and
other cellular responses crucially requires identification of
the direct targets of ceramide. In this regard, proteins
physically interacting with ceramide produced by

ionizing radiation, glucocorticoids, anti-cancer drugs and A-SMase remained particularly elusive. Several enzymes

serum deprivation (Liwet al, 1997; Perry and Hannun,

have been described recently that can be activated by

1998). The biological responses to ceramide range from ceramide including a ceramide-activated protein kinase

induction of proliferation and differentiation to cell-cycle
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(CAPK; Mathiaset al., 1991) that has been suggested to
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Fig. 1. Human CTSD selectively binds to ceramide—Sepharose. Immunoblot analysis of lysates (L) and ceramide-affinity eluates AE)}Je3m (

cells and B) kidneys derived from wild-type C57 BL/6+/+) or CTSD-deficient C57BL/6J mice (—/—). U937 cells and kidneys were homogenized,
nuclei-free lysates prepared and proteins were subjected to ceramide-affinity chromatography followed by elution with an exrgdz®f

ceramide and analyzed by 10% SDS—-PAGE. Equal amounts of protein from each fraction were loaded. Western blotting was performed using mAbs
against human caspase 2, caspase 3 and polyclonal antibodies specific for human CTSD (U937 cells) or polyclonal anti-murine CTSD antibodies
(murine cellular lysates). The data shown are representative of four independent experi@)e@tsar@acteristic features of different processing

forms of CTSD.

be related or identical to the kinase suppressor of Ras1999). In conclusion, CTSD may link A-SMase to the
(KSR; Zhanget al.,, 1997). Further ceramide-responsive secretory pathway and to apoptotic signaling events.
proteins include protein phosphatase 2A (CAPP;

Dobrowskiet al., 1993; Lawet al., 1995), protein kinase

CZ (Miiller et al, 1995), protein kinase Raf-1 (Huwiler Results

etal, 1996; Miller et al., 1998), the stress-activatedio: Ceramide selectively interacts with CTSD

N-terminal protein kinase (JNK; Westwiokt al, 1995,  One controversy over ceramide action concerns its role in
Huanget al, 1997; Schitze et al, 1999) and a CPP32  gpoptotic cell death. Recently, apoptotic proteases of the
(caspase 3)-like apoptotic protease (Mizushietaal, caspase family (CPP32/caspase 3) have been suggested to

1996; Smythet al, 1996; Zhanget al, 1996; Anjum  serve as targets downstream of ceramide (Mizushima
et al, 1998). Evidence for a direct physical interaction of et al,, 1996; Smyttet al., 1996; Zhangt al,, 1996; Anjum
ceramide has been difficult to obtain (Mar et al, 1995, et al, 1998). To investigate the ceramide-binding profile
1998; Huwileret al, 1996). In particular, in most studies  of specific apoptotic proteases, we developed a ceramide-
the specificity of ceramide binding and activation of affinity chromatography by covalently couplimgerytho
the target proteins have not been demonstrated with sphingosine via an aminohexanoic acid spacer to activated
competitive lipids or ceramide isomers. Sepharose 4B, resulting in an immobilized short chain
In the present study we sought specific ceramide targets(C6-) o-erythro-ceramide. Proteins eluted from the affinity
that colocalize with the subcellular site of A-SMase. matrix were analyzed using SDS—-PAGE and immuno-
Ceramide-affinity chromatography revealed cathepsin D blotting. As shown in Figure 1A, neither ICH-1 (caspase 2)
(CTSD) as a novel ceramide-binding protein. Using nor CPP32 (caspase 3) could be enriched by ceramide-
p-erythro-ceramide-based photo-crosslinking, we provide affinity chromatography of lysates from U937 cells. In
evidence for the specific interaction of ceramide with contrast, the aspartic protease CTSD, which was recently
CTSD, leading to enhanced enzymatic activity. CTSD is shown to be associated with the apoptotic pathway (Deiss
endosomally active and involved in the proteolytic activ- et al., 1996; Wuet al,, 1998), bound to and was specifically
ation of proteins to be secreted. CTSD has recently beeneluted from the ceramide-affinity matrix by competition
implicated in mediating apoptosis in response to TNF, with an excess ob-erythro-ceramide (Figure 1A). CTSD
IFN-y, CD95 (Deisset al,, 1996), chemotherapeutic agents, did not elute from the matrix when the biologically inactive
such as etoposide and adriamycin (\ual., 1998), and p-erythro-dihydroceramide (Bielawskat al, 1993) or
serum deprivation (Shibatat al., 1998; Ohsawat al., p-erythro-dihydrosphingosine were used as competitors.
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Fig. 2. Binding of radiolabeled TID-ceramide to CTSD. To determine the specificity%3f|TID-ceramide association to purified human CTSD

in vitro, competition assays with unlabeled lipids were performed by incubationugf TSD from human liver with 1uCi (0.5 pmol) £23]TID-
ceramide in a volume of 2fl alone or in the presence of 0.4—f®/ of unlabeled lipidsp-erythro-Cg-ceramide W), p-erythro-sphingosine 4),
p-erythro-Cg-dihydroceramide([(]) and p-erythro-dihydrosphingosine/) (A), and 40-40QuM of p-erythro-C,g-ceramide W), 1,2-diacylglycerol

(A), sphingomyelin [(J) or palmitate {) (B). Samples were UV-crosslinked and binding of radiolabeled TID-ceramide analyzed by SDS—PAGE and
autoradiography. Autoradiographs of the 32 kDa CTSD-TID-ceramide complex are shown in the upper panels, in the lower panel the amount of
[*3]TID-ceramide binding was calculated as a percentage binding in the absence of unlabeled competitor.

In addition, CTSD did not bind to an affinity matrix ceramide) as the ligand (Weber and Brunner, 1995). This
composed ob-erythro-dihydroceramide (data not shown). radiolabeled ceramide analog has previously been used to
CTSD is the major aspartic protease of endolysosomes.show the association of ceramide with the cytosolic protein
The protease is synthesized and translocated into the ERkinase Raf-1 (Huwileet al,, 1996). To demonstrate specific
as an inactive pre-proenzyme (52 kDa) that is subsequentlyceramide binding to CTSD, purified human 32 kDa CTSD
converted into an active, intermediate proenzyme (48 kDa) was photoaffinity labeled witHf3] TID-ceramide and ana-
in endosomal compartments (Gieselmaetnal, 1983; lyzed on SDS—PAGE (Figure 2). Labeling of CTSD with
Rijnbouttet al., 1992). Further cleavage in late endosomes [23]TID-ceramide allowed us to perform specificity ana-
and lysosomes generates the mature form of 32 kDalysis of ceramide binding to CTSD using different ceramide
(Figure 1C). Notably, all three isoforms of CTSD appeared and sphingosine isomers and various unrelated lipids.
in the ceramide eluates, suggesting that the ceramide-Photo-crosslinking with!fA]TID-ceramide was performed
binding site localizes within the 32 kDa CTSD polypeptide. inthe presence ofincreasing amounts of syntte@cythro-
After incubation with ceramide—Sepharose, the lysates Cg-ceramide, p-erythro-Cg-dihydroceramide, b-erythro-
were almost completely depleted of CTSD, indicating sphingosinep-erythro-dihydrosphingosine, palmitic acid,
effective binding of cellular CTSD to the ceramide matrix 1,2-diacylglycerol and sphingomyelin. As shown in
(not shown). None of the CTSD isoforms could be eluted Figure 2A,p-erythro-Cg-ceramide ana-erythro-sphingo-
from the ceramide—Sepharose matrix when loaded with sine dose-dependently competed for binding of the
lysates from kidney cells of CTSD-deficient mice radiolabeled 123]TID-ceramide, whereas the biologic-
(Figure 1B). This provides further evidence for the identity ally inactive p-erythro-dihydroceramide and-erythro-

of the eluted ceramide-binding proteins with CTSD. dihydrosphingosine were significantly less potent in
competing for TID-ceramide binding to CTSD. These
Specificity of ceramide binding to CTSD results suggest that the 4f%ns double bond within the

Direct and specific binding of ceramide to CTSD was sphingoid backbone af-erythro-ceramide is important for
additionally assessed using the radiolabeled photo-the binding of ceramide to CTSD. At lower doses of com-
crosslinking ceramide analog, 3-trifluoromethyl-( petitor,p-erythro-Cg-ceramide was more effective in com-
iodophenyl) diazirinep-erythro-sphingosine {A]TID- peting for E2A]TID-ceramide binding thanp-erythro-
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sphingosine (Figure 2A), suggesting a prevalent role of
ceramide over sphingosine as the ligand for CTSD. Long-
chain p-erythro-Cg-ceramide (Figure 2B) competed for
ceramide binding as efficiently aserythro-Cg-ceramide,
suggesting that the length of the fatty acid chains of the
p-erythro-ceramides has no major effect on the competing
capacity. The free fatty acid palmitate did not compete for
[*?Y]TID-ceramide binding to CTSD, which is consistent
with the previous notion that the alkyl chain of the sphingoid
backbone, rather than the acyl chain, interacts with ceram-
ide-binding proteins (Kinke, 1997). Other lipids, such as
1,2-diacylglycerol and sphingomyelin, also did not displace
[124]TID-ceramide from CTSD binding.

[**3]TID-ceramide did not react with recombinant
CPP32 (caspase 3; not shown), consistent with the inability
of caspase 3 to bind to the ceramide-affinity chromatograph
(Figure 1).

Ceramide stimulates CTSD activity

To investigate the functional consequences of ceramide

binding to CTSD, methods were developed that allowed

measurement of the specific enzymatic activity of CTSD

in whole cells, in cellular lysates or of the purified enzyme.
To detect CTSD activity in whole cells, proteolysis

of the cell-permeable peptide glycine—leucine-rhodamine ¢

110 (CellProbe GL*cathepsin D enzyme substrate,
Coulter), resulting in formation of fluorescence, was
analyzed by flow cytometry. The effect of exogenous
ceramide on cellular CTSD activity was estimated by
incubating U937 cells fio4 h with 100uM p-erythro-Cg-
ceramide and 10QM p-erythro-Cg-dihydroceramide. As
shown in Figure 3A,bp-erythro-Cgs-ceramide, but not
p-erythro-Cg-dihydroceramide, stimulated CTSD proteo-
lytic activity, which is in line with the requirement of the
4,5+4ransdouble bond for biological activity af-erythro-
ceramide.

The CTSD activation in intact cells by-erythro-Cg-
ceramide and-erythro-sphingosine was dose-dependen
with half-maximal effects at a concentration of R0A.
Again, b-erythro-dihydroceramide and-erythro-dihydro-
sphingosine were inactive (Figure 3B).

No CTSD activity was detected in fibroblasts derived
from CTSD-deficient mice (CTSH; Figure 3C). CTSD
activity was reconstituted in CTSD fibroblasts trans-
fected with CTSD cDNA (CTSEB~ pCTSD), revealing
the specificity of this assay for CTSD.

To measure CTSD-specific protease activityitro, an
independent assay was established using purified huma
parathyroid hormone 1-84 (PTH) as substrate. Digestion
of PTH with CTSD results in cleavage of the hormone
between Phe34 and Val35 yielding PTH (1-34) and PTH
(35-84) fragments (Figure 4A; Zull and Chuang, 1985;
Hamilton et al., 1986). Proteolysis of the intact hormone
was detected by immunoblotting using a monoclonal
antibody (mADb) generated against peptide 1-34. As shown
in Figure 4B, incubation of human PTH with lysates from
HelLa cells overexpressing CTSD resulted in proteolysis
of PTH starting after 30 min. PTH proteolysis could be
blocked by the aspartate-protease inhibitor pepstatin A, a
selective inhibitor of CTSD (Conner, 1989; Metcalf and
Fusek, 1993; M.Heinrich, M.Wickel and S.Sithe, unpub-
lished observations).

The potency and selectivity af-erythro-Cg-ceramide

t
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Fig. 3. Ceramide stimulates CTSD enzymatic activity in intact cells.
(A) To estimate the effect of ceramide on enzymatic activity of CTSD
in whole cells, U937 cells were left untreated or were incubated with
100 pM p-erythro-Cg-ceramide ana-erythro-Cg-dihydroceramide in
DMSO for 4 h. Cells were then stained with CellProbe GL*cathepsin
D enzyme substrate (Coulter) and proteolysis of the peptide glycine—
leucine—Rho 110 was estimated by flow cytometry (Becton-Dickinson
FACSCalibur). B) The dose-effect of increasing concentrations of
p-erythro-Cg-ceramide A), p-erythro-sphingosine M), p-erythro-Cg-
dihydroceramide £) andp-erythro-dihydrosphingosine(]) in DMSO
was determined as in (A) and the shift in fluorescence calculated as a
percentage of the DMSO-treated controlS) {To determine the CTSD
specificity of the assay, fibroblasts from CTSD-deficient mice
CTSD™), wild-type mice (CTSD'*) or CTSD'- fibroblasts
retransfected with the CTSD cDNA (CTSD pCTSD) were assayed

by flow cytometry.

to stimulate CTSD enzymatic activity directly were also
revealed when ceramide, incorporated into PC liposomes,
was added either to lysates from HelLa cells overexpressing
CTSD or to purified CTSD (Figure 4C and D). In both
cases, b-erythro-ceramide, but notp-erythro-dihydro-
ceramide, enhanced CTSD proteolytic activity. Pepstatin
A blocked ceramide-induced PTH digestion confirming
the specificity of action of ceramide towards CTSD.
Together, our findings suggest that ceramide directly
stimulates CTSD enzymatic activity in intact cells, in
cellular lysates and purified CTSD protein.

To dissect the specificity of ceramide and sphingosine
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substrate in the absence or presence ofiB0each ofp-erythro-Cg-
ceramide p-erythro-sphingosine or palmitate in DMSQ\}, or each

lipid complexed in phosphatidylcholine liposomes (at 1 mM/9 mM

PC) B). Aliquots were separated by SDS-PAGE and the amount of
PTH was assayed by immunoblotting using anti-PTH mAb (peptide 1—

34) and the ECL detection system (Amersham) as in Figure 4.

Fig. 4. Ceramide activates CTSI vitro. (A) Structure of PTH ) ) ) ) )
consisting of a 34 aa fragment (1-34) and a 50 aa fragment (35-84).  orientation of the molecule required for CTSD interaction
(B) Kinetics of P(':I'IT-iscggestior_\. Lyts)atte(sj from _I;‘eLg ?fellsf he i with the alkyl chain of ceramide.

overexpressing were incubated in acidic buffer for the times o ;
indicated in the presence of 50 ng PTH as substrate. Aliquots were The PTH assay appears tQ be SpECIfIC for CTSD in
separated by SDS—PAGE and the amount of PTH was assayed by ~ cfude cellular lysates because in homogenates from CTSD-
immunoblotting using anti-PTH mAb (peptide 1-34) and the ECL deficient fibroblasts, PTH was not degraded (Figure 6A).
detection system (AmershamiC)The effect of ceramide on In contrast, in CTSE~ fibroblasts reconstituted with
endogenous cellular CTSD was assayed by incubating humgn PTHas cTsD cDNA, PTH was degraded completely (Figure 6B).
substrate alone or with lysates from HelLa cells overexpressing CTSD The | | f CTSD - in both Il i

at pH 4.2 for 30 min at 37°C to allow for autoproteolysis of pre-pro e . evels o - eXpre,SS'on In bo Ce, Inés were
CTSD. p-erythro-Cg-ceramide om-erythro-Cg-dihydroceramide monitored by immunoblotting, demonstrating that the
complexed to PC liposomes (1 mM ceramide/9 mM CTSD" fibroblasts used in these assays were completely

phosphatidylcholine) was added and incubation was continued fora  depleted of the enzyme (Figure 6A and B).
further 6 min. D) The effect of ceramide on purified CTSD vitro

was assayed by incubating purified human liver CTSD for 6 min . . . . .
together with PTH as substrate in the absence or presence of Ceramide-induced post-transcriptional maturation

p-erythro-Cg-ceramide om-erythro-Cg-dihydroceramide each of CTSD
complexed to PC liposomes (1:9). To demonstrate CTSD specificity of The processing of CTSD from the 52 kDa precursor to
the reactions, 0.pM pepstatin A was added to the assay as indicated. the mature 32 kDa isoform is one hallmark of CTSD
activation. As shown in Figure 7A, incubation of U937
effects we investigated the potencymerythro-ceramide cells with ceramide induced an increase of the mature
and p-erythro-sphingosine to stimulate CTSD activity 32 kDa isoform of CTSD within 4 h. After 8 h, the
under different conditions. As shown in Figure 5, both ceramide-mediated increase in 32 kDa CTSD was ~2.4-
ceramide and sphingosine are capable of stimulating CTSDfold (Figure 7B). A slight increase in 52 kDa pre-pro
enzymatic activity when applied in dimethylsulfoxide CTSD was also observed, which possibly reflects enhanced
(DMSO) (Figure 5A); however, only ceramide, not resynthesis of the precursor as a consequence of increased
sphingosine, stimulates CTSD when incorporated into ceramide-induced production of the 32 kDa mature iso-
detergent-free lipid bilayers. The free fatty acid palmitate form. These data suggest that ceramide induces CTSD
is inactive in DMSO as well as in PC-liposomes either enzymatic activity by triggering proteolytic processing of
alone or in combination with sphingosine (Figure 5B). the CTSD to yield mature and active CTSD. Similar results
These observations indicate that in a lipid environment, were obtained usinim vitro transcribed and translated pre-
the fatty acid chain of ceramide is required for association pro CTSD. Incubation of the radiolabeled protein in an
with the liposomal bilayer, possibly to ensure a proper acidic micellarin vitro system in the presence ofgC
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Fig. 6. PTH is a specific substrate for CTSD. To determine the CTSD  |eft untreated or were incubated with 1 p-erythro-Cg-ceramide

specificity of PTH proteolysis, lysates from CTSDfibroblasts A) or in DMSO for 2, 4 and 8 h. Total cell lysates were subjected to SDS—
CTSD™ fibroblasts reconstituted with CTSD cDN/BY were PAGE and analyzed for CTSD isoform expression by immunoblotting.
incubated at pH 4.2 with 50 ng PTH as substrate for the times (B) CTSD levels were analyzed by two-dimensional laser scanning
indicated in the absence and presence ofi/bpepstatin A. (Molecular Dynamics Personal Densitometer). The increase in mature
Expression of CTSD protein was estimated by immunoblotting using 32 kDa CTSD was estimated using the PC-BAS TINA program
polyclonal anti-CTSD antibody. The level of PTH protein was (Raytest) and calculated as a percentage increase over untreated
estimated by immunoblotting using anti-PTH mAb (peptide 1-34). controls.

ceramide resulted in an enhancement of pre-pro CTSD substrate, markedly reduced PTH cleavage was observed
autoproteolysis, which was already evident after 30 min in Niemann—Pick lymphoblasts compared with JY cells
of incubation (Figure 8A). Finally, lysates from HeLa cells (Figure 9C, lanes 3 and 2, respectively). When A-SMase
overexpressing pre-pro CTSD showed autoproteolysis of activity was restored in A-SMase-deficient Niemann—Pick
native 52 kDa pre-pro CTSD to form the 48 kDa propeptide clone MS1418 by transfection with A-SMase cDNA, high
and further maturation to 32 kDa CTSD within 10 min levels of 48 kDa CTSD protein were again observed
in vitro (Figure 8B). The 52/48 kDa CTSD conversion was (Figure 9B), corresponding to elevated enzymatic activity
specifically inhibited by the aspartate protease inhibitor of CTSD (Figure 9C, lane 4). The 48 kDa form represents
pepstatin A, but not by antipain or serine-, cysteine- or the enzymatically active membrane-bound CTSD isoform.
metalloprotease inhibitors (Boehringer Complete ProteaseTogether, our data suggest a functional association of
Inhibitor Cocktail; data not shown). These observations A-SMase activity and pre-pro CTSD processing in
indicate that the processing of pre-pro CTSD occurs auto- lymphoblasts.

proteolytically, not requiring other proteases. Ceramide In contrast to Niemann—Pick cells that are defective in
treatment of the lysates again resulted in enhanced produc-ceramide production based on defective A-SMase activity,

tion of the 32 kDa mature isoform (Figure 8B). fibroblasts from patients affected with Farber lipogranulo-
Together, our data suggest that ceramide is able tomatosis contain high levels of ceramide based on the
induce autocatalytic processing of pre-pro CTSD. reduced acid ceramidase activity (van Echten-Deckert
et al, 1997). Enhanced CTSD activity was observed in

CTSD activity is functionally coupled to A-SMase Farber fibroblasts (F92/5) compared with control

Because of its endolysosomal location, CTSD was sensedfibroblasts (F19/17; Figure 9D). This finding provides
as a possible target of A-SMase-derived ceramide. In orderfurther evidence for a role of intracellular ceramide in the
to evaluate whether A-SMase regulates CTSD activity and regulation of CTSD activity.

processing, we analyzed CTSD activity in an Epstein—  The functional link between A-SMase and CTSD pro-
Barr virus (EBV)-transformed B-cell line. When compared cessing also became apparent when A-SMase activity was
with the control B-lymphoblast cell line JY, A-SMase- blocked by the tricyclic antidepressant desipramine, an
deficient cells from a Niemann—Pick patient expressed agent that induces proteolytic degradation and irreversible
similar levels of 52 kDa pre-pro CTSD and 32 kDa down-modulation of A-SMase (Hurwitet al., 1994). As
mature form, yet lacked almost completely the 48 kDa shown in Figure 10, desipramine pretreatment of Hela
intermediate pro CTSD isoform (Figure 9B). When cells resulted in a dose-dependent reduction of the levels
assayed for enzymatic CTSD activity using PTH as of mature 32 kDa CTSD with concomitant increments in
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using the reticulocytén vitro translation systems (Promega) in the
presence ofPS]methionine. Aliquots of 0.5 radiolabeled

recombinant pro CTSD protein were added top2@eaction mixture

at pH 4.2 containg 0.75% (w/v) Triton X-100. After incubation with

60 uM p-erythro-Cg-ceramide at 37°C for the times indicated, samples
were subjected to SDS—PAGE and the radioactive protein detected
using the FUJIX-BAS 1000 Bioimager. The insert shows
representative results, the quantitative data of three independent
experiments are depicted as black and gray columns for ceramide and
solvent-treated samples, respectiveB) Ceramide-induced processing
of native CTSD was analyzed in lysates from HelLa cells
overexpressing recombinant pre-pro CTSD in acidic buffer. Aliquots
were left untreated or were incubated in the presencegafe€amide

for the times indicated. Expression of CTSD isoforms was detected by
Western blotting using polyclonal anti-CTSD antibodies. The lower
panel containing the 32 kDa CTSD is a longer exposure of the same
blot showing the precursor forms in the upper panel. The result is
representative of three independent experiments.

the 52 kDa pre-pro CTSD isoform, indicating a reduction

in CTSD processing. In contrast, using the ceramide-

synthase-inhibitor fumonisin B1 (Merrilet al., 1993)
significant changes in CTSD maturation could not be

A-ceramidase-defective Farber patients correlates with
enhanced CTSD activity. These findings suggest that
A-SMase-derived ceramide targets endolysosomal CTSD.

The interaction of ceramide with CTSD was revealed
by the binding of CTSD to and specific elution from
a ceramide-affinity matrix. The ceramide specificity of
binding to CTSD was demonstrated by competition ana-
lysis employing the UV-crosslinking ceramide analog
[*?A]TID-ceramide, showing that CTSD specifically binds
the naturally occurringp-erythro-ceramide but not the
functionally inactive analogs-erythro-dihydroceramide,
p-erythro-dihydrosphingosine or other unrelated lipids,
suggesting a specific role for ceramide in CTSD activation.
Notably, p-erythro-sphingosine, but not the fatty acid
palmitate, competed for TID-ceramide binding to CTSD.
The length of the alkyl chain in ceramide had no effect.
These observations suggest that the alkyl chain rather than
the acyl chain in ceramide is important for the interaction
with CTSD.

A specific ceramide binding site within CTSD remains
to be delineated. Since all three CTSD isoforms, the
52 kDa pre-pro, 48 kDa pro and 32 kDa mature CTSD,
eluted from the ceramide-affinity column, the ceramide-
binding domain obviously resides within the C-terminal
32 kDa peptide. This assumption is further supported by
the [*23]TID-ceramide binding to mature 32 kDa CTSD
isolated from human liver.

Based on the ceramide effects on protein kinases Raf-1
and PKC (Mdller et al, 1995, 1998; Huwileret al.,
1996), it was speculated that the conserved C1 and C2
domains in the regulatory part of PKC isoenzymes are
candidates for lipid interaction motifs. The C1 domains
contain tandem repeats of cysteine-rich motifs, a so-called
zinc butterfly, which is believed to represent the DAG
and phorbol ester binding site (Newton, 1995). The C2
domain in conventional PKC isoenzymes contains &' €a
phospholipid-binding domain (CaLB domain), responsible
for the interaction with phospholipids. Since DAG did not
effectively compete for TID-ceramide binding to CTSD,
lipid-binding motifs similar to C1 or C2 domains seem
not to be involved in ceramide binding to CTSD. We are
currently examining mutations within the CTSD gene to
delineate the ceramide-binding domain.

Ceramide is shown to stimulate the enzymatic activity
of CTSD in intact cells as assessed by employing a cell-
permeable fluorescent dipeptide substrate. The specificity
of the fluorescent substrate for CTSD was revealed in
fibroblasts from CTSD-deficient mice and CTS$D
fibroblasts transfected with CTSD cDNA. The possible

observed (data not shown), suggesting that the A-SMase-involvement of other ceramide-responsive enzymes in
generated rather than ceramide-synthase-generated cerellular CTSD activation, however, cannot be ruled out

amide levels are involved in CTSD maturation.

Discussion

when ceramide effects are studied in intact cells. A cell-
free assay was, therefore, established to measure ceramide
action on CTSD activity directly. The use of PTH as
substrate and a mAb specific for the 1-34 PTH peptide

In the present report we have identified the aspartic to detect proteolysis of the 1-84 PTH by immunoblotting
protease CTSD as a novel intracellular target protein for allowed the quantitative estimation of CTSD enzymatic
the lipid second messenger ceramide. We show thatactivity. Fibroblasts from CTSH mice again served as

ceramide specifically binds to and induces CTSD proteo-

lytic activity. A-SMase-deficient cells derived from

a control for the specificity of the assay. Both endogenous
CTSD in cellular lysates and purified mature CTSD

Niemann—Pick patients show decreased CTSD activity responded top-erythro-ceramide but not tm-erythro-

that was reconstituted by transfection with A-SMase
cDNA. Ceramide accumulation in cells derived from
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dihydroceramide with enhanced enzymatic activity.
Importantly, p-erythro-sphingosine is also able to bind to
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Fig. 9. CTSD maturation and activity in A-SMase- and A-ceramidase-deficient cells. To analyze the effect of A-SMase expression in Niemann—Pick
lymphoblasts on CTSD activity, MS1418 NPD cells were transfected with vector control or pRK-A9M.Y(lymphoblasts and the transfectants

were analyzed for A-SMase activity in a miceliarvitro assay using’f'C]sphingomyelin as substrat)(CTSD expression in JY, MS 1418 and

MS 1418 A-SMase overexpressing cells was analyzed by immunoblotting using polyclonal anti-CTSD antil@digwymatic CTSD activity was

assayed in lysates of the JY, MS 1418 and MS 1418 A-SMase transfected cells using PTH as substrate by immunoblotting using anti-PTH antibody.
(D) The effect of A-ceramidase deficiency on CTSD activity was analyzed in fibroblasts derived from Farber disease patients (F92/5, lane 3), in
comparison with control fibroblasts (F19/17) expressing normal levels of A-ceramidase (lane 2). PTH was used as substrate for endogenous CTSD
activity as in (C).

and activate CTSD, only when applied in DMSO or
Triton X-100 micelles, however. When sphingosine was
presented to CTSD as a component of a liposomal lipid
-4 52/48 kD CTSD bilayer in the absence of detergent, sphingosine lost its
ability to activate the enzyme. In contrag;erythro
; ceramide retained its stimulatory effect when incorporated
o s s et | 32 kD CTSD into phosphatidylcholine (PC) liposomes. Since PC lipo-
' i somes mimic the conditions of lipid bilayers, these observ-

0 10 20 5 75 ations suggest that ceramide in its membrane-bound form
Diesiptamine juhs) is the physiological activator of CTSD. The acyl chain in
ceramide is important for membrane association and the
alkyl chain for interaction with the protein. This model
implies that ceramide, through protrusion of an alkyl
chain, interacts with the hydrophobic cavity of CTSD, as
suggested recently (Knke, 1997). Together, our results
identify CTSD as the first protease to be directly and
specifically activated by the lipid second messenger
ceramide.

In addition,in vitro expression of recombinant 52 kDa
pre-pro CTSD revealed that ceramide is capable of induc-
ing accelerated autoproteolysis of the pre-pro CTSD
isoform. As a possible explanation, ceramide binding to

0 10 20 50 75 CTSD may lead to a conformational change in the inactive
Desipramine [pM] proenzyme, eventually resulting in refolding of the CTSD
Fig. 10. CTSD maturation is blocked by desipraminé) HelLa cells propeptide that masks the active site of the enzyme (Beyer
overexpressing pre-pro CTSD were left untreated or were pretreated and Dunn, 1996)'

A

T

change in CTSD isoforms [%]
~@ 8 EBESH

with 10-75pM desipramine. B) CTSD levels were analyzed by two- By employing cells that carry genetic defects in the
dimensional laser scanning (Molecular Dynamics Personal A-SMase gene (Niemann—Pick type A), A-SMase transfec-
?'?;’I‘(Sti)tonc“_e}tgg f’i”‘]ij s Chatf‘gef ic'i‘ 52_/48tED<’; pro gi'?NaA”d mature  tjon and A-ceramidase-deficient fibroblasts from Farber
a isoforms estimated using the PC- program . : . . .
(Raytest) and calculated as a percentage increase over untreated Q|sease patients, eVIder.lce was prowded fOI‘ a functional
controls. The result of three independent experimentSEM) is link between A-SMase, intracellular ceramide and CTSD
shown in (B). activity. We demonstrate here that endogenous ceramide
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levels in endolysosomal compartments regulate CTSD addition, fibroblasts derived from CTSD-deficient mice
post-transcriptional maturation as well as enzymatic showed a reduced apoptotic response to etoposide and
activity. Thus the aspartic protease CTSD representsadriamycin treatment (Wt al, 1998). CTSD is also
the first ceramide-binding protein that colocalizes with involved in the apoptotic cascade in PC12 cells following
A-SMase within the endolysosomal compartment. serum deprivation (Shibatat al., 1998; Ohsawat al.,

The functional significance of ceramide-induced CTSD 1999). Our own unpublished observations suggest that
activation in acidic compartments can be deduced from CTSD is able to cleave pro-caspase 3. This finding may
the main physiological functions of CTSD. The essential explain the previous notions that ceramide is upstream of
function of CTSD for cellular homeostasis and survival CPP32 (caspase 3; Mizushireaal., 1996; Smythet al.,
is documented in CTSD-deficient mice, which die at 1996; Anjumet al., 1998; Yoshimuraet al., 1998), where
around day 26 in a state of anorexia, developing atrophy CTSD would be the missing link between ceramide and
of the ileal mucosa, progressing towards intestinal necrosiscaspase 3. Indeed, translocation of CTSD from endolyso-
accompanied by thromboembolisms and profound destruc-somal compartments has been demonstrated after treating
tion of lymphoid cells (Saftiget al,, 1995). Bulk lysosomal  cells with oxidized LDL (Yuanet al, 1997; Li et al,
proteolysis was maintained in these animals; thus the vital 1998) or in response to oxidative stress (Brugikal,
physiological function of CTSD resides in the activation 1997; Roberg and Inger, 1998). Thus, ceramide-
or inactivation of hormone-like acid phosphatase, PTH, activated CTSD may have access to cytosolic substrates
hemorphin-peptides and angiotensin | (Hamiltenhal, such as caspases including CPP32.

1986; Dimentet al, 1989; Tanakeat al., 1990; Katawa
et al, 1996; Fruitieret al, 1998), as well as major
histocompatibility complex (MHC) Il antigen processing
(van der Driftet al., 1990; Lutzet al, 1997), androgen
receptor hydrolysis (Mordentt al., 1998) or processing of
microtubuli-associated proteins tau and_ MAP-2 (Johnson 10% fetal calf serum (F 10 M alutamine 0.1 ) !

et al, 1991; Ke”esse?t al, 1997). Limited proteolysis e?han(?Itaancgl SBTJ;/mI(eES%‘ 019 strep?olrjgcin eén% pmlel:‘in?aplitgv-
of these substrates in the endosomal and/or lysosomalransfected human lymphoblasts JY and EBV-transfected human lympho-
compartment results in maturation and secretion. It will blasts from Niemann—Pick patients (clones MS1418 and MS1271) were
be interesting to de"neate further the bio'ogica| Signific- kindly provided by D.Green (La Jolla, CA). Fibroblasts from Farber

ol ot disease patients were kindly provided by K.Sandhoff and G.van Echten
ance of ceramuje mquceq act|vat|9n of CTSD to one or (Bonn, Germany). CTSD-deficient mice (C57BL/6 CT$D and
other of these vital biological functions.

Materials and methods

Cells, mice and reagents
U937, HeLa and HEK 293 cells were obtained from ATTC and maintained
in CLICK's RPMI culture medium (Biochrome) supplemented with

! ! CTSDfibroblasts were kindly provided by Dr Saftig, @agen (Saftig
A regulatory function of cytokines such as TNF and

IFN-y in the modulation of CTSD isoform expression
has been suggested previously (Dedtsal, 1996). We
observed similar effects of TNF on CTSD maturation in
U937, B lymphoblasts and HelLa cells (data not shown).
In light of the capability of TNF to stimulate ceramide
production in endolysosomal compartments (Szeet al.,
1992; Wiegmanret al, 1994, 1999; Schwandnet al.,
1998), it is tempting to speculate that TNF may induce
CTSD maturation and activation via A-SMase-generated

et al, 1995). Progeny of heterozygous CTSD-deficient mice were
genotyped by PCR of genomic DNA from tail biopsies as described
previously (Saftiget al., 1996).

In vitro expression of pre-pro CTSD
The cDNA encoding human pre-pro CTSD (Faestal, 1985) was
obtained by PCR using a cDNA library from U937 cells and subcloned
into pRK5 (provided by D.Goeddel, Tularik Inc., San Francisco, CA).
Oligonucleotides used for PCR were’{6CGCCATGCAGCCCTCC-
AGC-3) and (B-GACTCTCCTCTGTTTCTGTGC-3.

In vitro expression of the CTSD cDNA was performed in the
reticulocytein vitro translation systems (Promega) in the presence of

ceramide. Recent data suggested that TNFE-induced[®*S]methionine fo 1 h at32°C following the manufacturer’s protocol.

A-SMase activation is coupled to the ‘death domain’
pathway of the p55 TNF receptor (TR55), mediated via
the adaptor proteins TRADD and FADD (Wiegmaetral.,
1994, 1999; Schwandnet al., 1998). The results of our

Retroviral transfections with A-SMase and CTSD cDNA

The cDNAs of human A-SMase and human pre-pro CTSD were
subcloned into the retroviral vector pLSXN or pBabe puro, respectively.
Transient transfection of the retroviral producer line FLYA13 (Cosset

study suggest that the endolysosomal protease CTSD iset al, 1995) was performed by calcium phosphate precipitation with

a novel member of the TNF-induced TRADD/FADD/
A-SMase pathway. As to the question of how cytokines
such as TNF could signal A-SMase-induced CTSD activ-
ation, recent evidence indicated that internalization of
TR55 is required for A-SMase activation (Stheet al.,
1999). TR55-bearing endosomes may fuse widns
Golgi vesicles containing A-SMase, as well as the 52 kDa
pre-pro CTSD. A-SMase-derived ceramide may then bind

10 pg pLXSN-ASMase or pLXSN-CTSD and pg pCMV/VSV-G
expressing the G protein of vesicular stomatitis virus to produce
pseudotyped amphotropic retroviral particles. Cellsx(10f) were
plated on 100-mm dishes in DMEM without HEPES the night before
transfection. The medium was changed 12 h post-transfection. Transduc-
tion of MS1418 Niemann—Pick lymphoblasts or CT$mibroblasts was
performed by incubating & 10*cells with recombinant viral supernatant
harvested 48 h post-transfection and containingg@ml polybrene at
37°C overnight. Transduced cells were selected by G418 for 10-14 days
(MS1218 lymphoblasts) or with puromycin for 4-6 days (CTSD

to and activate the inactive pre-pro CTSD to generate the fibroblasts) and pooled cell populations were used for further experiments.

48/32 kDa active mature CTSD isoforms.
The role of A-SMase and ceramide in apoptosis is

Ceramide-affinity chromatography and immunoblotting
Generation of the affinity matrixActivated CH-Sepharose 4B (4 g;

rather controversial. The results of this study suggest that Amersham Pharmacia Biotech) was resuspended in 1 mM HCI and

CTSD may couple A-SMase-derived ceramide to the
apoptotic pathway. An apoptotic potential of CTSD has
recently been inferred from employing antisense CTSD
MRNA, which protected HelLa cells from IFi¢; TNF-
and Fas/APO-1-induced apoptosis (Dessl., 1996). In
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subsequently transferred to 30, 70 and 100% tetrahydrofuran (THF).
p-erythro-sphingosine (50 mg; Sigma) in 6 ml anhydrous THF was
coupled to activated CH-Sepharose 4B following the addition of{100
N-ethylmorpholine. The reaction between tihehydroxysuccinimide
ester in the activated CH-Sepharose 4B and the amine in sphingosine
resulted in the formation of an amide bond and release of



N-hydroxysuccinimide. After 15 h incubation at 4°C, the beads were
washed in 100% THF and residual active sites were blocked by
ethanolamine (2 h at room temperature). After washing three times in
100% THF followed by three times in J@, the ceramide-affinity
matrix (~10 ml packed volume) was filled in column XK 16/20
(Pharmacia Biotech).

The efficiency of sphingosine coupling was estimated by using a
related radiolabeled compound-([1*C]6-aminohexanoylp-erythro-
sphingosine (4.0 mg; 0.288 10° d.p.m.). Incubation was performed
with ~600 pl (corresponding to ~200 mg freeze-dried material) of
activated CH—Sepharose 4B in anhydrous THF in the presence joff 10
triethylamine. After incubation at 4°C for 3 h, 50 of ethanolamine
were added and incubation was continued for 2 h. The gel was then
transferred onto a filter and washed with THF, methanol and 1 mM HCI.
Scintillation counting revealed that under the above coupling conditions
at least 86% of the amino-group-containing ligand became covalently
bound to the Sepharose matrix.

Affinity chromatography of cellular lysatel937 cells (2x 10°) were
homogenized in 1 ml buffer H [150 mM KCI, 5 mM NaF, 1 mM
phenylmethylsulfonylfluoride, 20M pepstatin, 2QM leupeptin, 2QuM
antipain (Boehringer Complete, 1:100) in 40 mM HEPES pH 7.4] by
passing the cells through a 28 G needle followed by sbnication for

10 s. Lysates were cleared by centrifugation (5 min, 1@00the
supernatant adjusted to 0.075% (v/v) Triton X-100 and membrane
proteins solubilized for 30 min. After centrifugation for 1 h at 100 @)0

Ceramide targets cathepsin D

Autoproteolysis of native, endogenous pre-pro CTSD was analyzed
by incubating 2ug of U937 lysates, or lysates from transiently transfected
CTSD-overexpressing HelLa cells, for the indicated times at 37°C in
20l acidic buffer (100 mM sodium acetate, 100 mM potassium chloride
pH 4.2). Assays were performed with or withauerythro-Cg-ceramide
or p-erythro-Cg-dihydroceramide dissolved in DMSO or integrated in
phosphatidylcholine liposomes at 10 mol% (1 mM). Reactions were
stopped by boiling the samples with Tris—tricine—SDS—sample buffer
(2% B-mercaptoethanol, 12% glycerol, 50 mM Tris pH 6.8, 4% sodium
dodecyl sulfate, 0.01% Coomassie G).

Protein was separated on 12.5% SDS-PAGE and transferred onto
nitrocellulose filters. Immunoblotting was performed with polyclonal
anti-CTSD antibody (Calbiochem), filters were washed with TBST and
incubated with a 1:10 000 dilution of anti-rabbit horseradish peroxidase
conjugate (Kodak) in TBST buffer. Filters were washed and developed
using the ECL detection reagent (Amersham).

Functional CTSD assayfo estimate the activity of purified human liver
CTSD (Sigma) or cellular CTSD, Rg lysate—protein or 50 ng human
liver CTSD were incubated for the indicated times with 50 ng PTH at
37°C in a volume of 20ul acidic buffer (100 mM sodium acetate,
100 mM potassium chloride pH 4.2). Stimulation was performed
with p-erythro-Cg-ceramide, p-erythro-Cg-dihydroceramide p-erytho
sphingosinep-erythro-dihydrosphingosine or palmitate, either dissolved
in DMSO or integrated into PC liposomes to mimic thevivo detergent-
free conditions at a ratio of 10 mol% (final concentration 9 mM

the supernatants, containing 25-30 mg protein, were loaded onto the phosphatidylcholine/l mM ceramide). The concentration of lipids in the

ceramide-affinity column by recirculating for 15 h at 4°C at a flow rate
of 10 ml/h. The column was washed in buffer H containing 0.075%
Triton X-100, and the bound proteins eluted with 108! p-erythro-

ceramide in buffer H containing 0.075% Triton X-100. Eluted proteins

low millimolar range was reported as being optimal for measuring CTSD
activity (Watanabe and Yago, 1983) and glucosidase activity (Wilkening
et al, 1998).

Proteins were separated by SDS—PAGE and immunoblotting performed

were concentrated, separated by 10% SDS-PAGE and further analyzedusing anti-PTH mAb specific for fragment 1-34 (Biogenesis) and a

by immunoblotting using the Mini-Transblot (Biometra, Bogen,
Sweden) and the ‘enhanced chemiluminescence’ (ECL) system
(Amersham Pharmacia Biotech).

['25]]TID-ceramide UV-crosslinking and competition analysis
Radiolabeling of TID-ceramide N-[3-[[[2-(tributylstannyl)-4-[3-
(trifluoromethyl)-3H-diazerin-3-yl]benzylJoxy]carbonyl]propanay]
erythro-sphingosine (tin precursor of TID-ceramide) was synthesized
and purified by HPLC as described previously (Weber and Brunner,
1995). Radiolabeling was performed by incubating 200 nmol tin-
ceramide in 20ul acetic acid, 5 mCi of N¥3 and 5 pl of peracetic
acid (32% in acetic acid) as described previously (Weber and Brunner,
1995). Radiolabeled lipid was extracted with chloroform—methanol
and subjected to thin-layer chromatography (TLC) using as solvent
chloroform/methanol (95:5) 3] TID-ceramide was identified by autora-
diography, extracted with THF, dissolved in toluene—ethanol and stored
at —20°C.

Photoaffinity labeling Purified CTSD from human liver (Rg; Sigma)
was incubated with 1Ci (0.5 pmol) of £23A]TID-ceramide in 20l
buffer H containing 0.075% Triton X-100 for 5 min at 37°C in
the absence or presence of competitor lipids. Photo-crosslinking was
performed by UV irradiation (2 min, 100 W at 365 nm) using a
UVP Model B100A Black Ray Lamp (Herolab, Wiesloch, Germany).

Radiolabeled protein was analyzed after separation on 12.5% SDS-—

PAGE by autoradiography using the Fuji BAS 1000 Bioimager (Raytest)
and quantitated using the PC-BAS TINA program (Raytest).

CTSD assays

Cellular CTSD activity was assayed by using the CellProbe GL*cathepsin
D enzyme substrate (Coulter) and proteolysis of the peptide glycine—
leucine—Rho 110 resulting in the formation of fluorescence which was
estimated by flow cytometry (Becton-Dickinson FACSCalibur). Briefly,

cells were washed with phosphate-buffered saline (PBS) and resuspende

at a concentration of X 10° cells/ml in PBS. Aliquots of 5Qul were
incubated for 5 min at 37°C, 23l of the CellProbe reagent were added
and incubation continued for 1 min at 37°C. The reaction was stopped
on ice and 1 ml cold PBS was added prior to FACS analysis.

CTSD autoproteolysis assaysor analysis of autoproteolysis of recom-
binant pre-pro CTSD, 0.5u aliquots of radiolabeled recombinant
proteins were added to 20l reaction mixture at pH 4.2 containing
0.75% (w/v) Triton X-100. After incubation in the absence or presence
of 60 uM Cg-ceramide at 37°C for indicated times, samples were

secondary horseradish peroxidase conjugate. Blots were developed using
the ECL detection reagent (Amersham).

A-SMase assay

A-SMase activity was assayed in a micellar vitro assay using
14C-labeled sphingomyelin (Amersham) as substrate as described pre-
viously (Wiegmanret al., 1994). Briefly, 3x 10° cells were homogenized,

in triplicate, in 0.2% Triton X-100, and 5@Qg of protein from the
cellular lysates were assayed for A-SMase activity in a buffer (b0
final volume) containing 250 mM sodium acetate, 1 mM EDTA (pH 5.0)
and 2.25ul [N-methyl*C]sphingomyelin. Phosphorylcholine was then
extracted with 800 ml chloroform—methanol (2:1 v/v) and 23800f
H,0, and the amount of radioactive phosphorylcholine produced from
hydrolysis of [“C]sphingomyelin determined in the aqueous phase by
scintillation counting.
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