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hydrolase encoded by the  ASAH1  gene. The main clinical 
features include painful and progressively deformed joints, 
subcutaneous nodules, a hoarse cry due to laryngeal in-
volvement, and premature death. Hepatosplenomegaly 
and nervous system dysfunction may also occur ( 1, 2 ). Al-
though the pathogenesis of FD is still unclear in terms 
of the molecular lesions caused by ceramide storage, the 
involvement of aCDase defi ciency is   unquestionable. Re-
cent interest in aCDase also stems from the fact that this 
enzyme appears to modulate cell functions by controlling 
the levels of ceramide and sphingoid bases, which are both 
considered as putative bioactive molecules ( 3 ). 

 Diagnosis of FD must be biochemically confi rmed by 
the demonstration of defi cient activity of aCDase, which 
can then be further documented by characterization of 
the  ASAH1  molecular defects. Although aCDase is a very 
well known enzyme, existing methods for determining its 
activity and for FD diagnosis still exhibit many disadvan-
tages. The methods that have been used for FD diagnostic 
purposes can be classifi ed into three groups:  i ) aCDase en-
zymatic assays ( 4–16 ), classically performed with radiola-
beled substrates ( 4–13 ), which are rather water-insoluble 
and require at least one detergent (see   Table 1  ) ;  ii ) load-
ing tests, consisting of the addition of exogenous radiola-
beled sphingolipids, e.g., ceramide ( 17, 18 ), sulfatide ( 19, 
20 ), or sphingomyelin ( 21 ), on cultured living cells and 
the study of their metabolism; and  iii ) determination of 
accumulated ceramide, either by sophisticated chromato-
graphic methods ( 22, 23 ) or through the use of the di-
acylglycerol kinase assay in the presence of  � [ 32 P]ATP to 
measure the radiolabeled ceramide 1-phosphate produced 
( 24 ). Some of the main drawbacks of these methods are 
the use of radiolabeled compounds, most of them being 
no longer commercially available; the laborious process of 
separation and identifi cation of reaction products; the 
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 Farber disease (FD) is a rare inherited lipid storage dis-
order, also known as lipogranulomatosis, which is charac-
terized by accumulation of ceramide in the cells and tissues 
of patients ( 1, 2 ). This accumulation is the consequence 
of a defi cient intracellular activity of aCDase, a lysosomal 
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er need for specifi c instruments such as a radiochromato-

scanner, HPLC, GC-MS or phosphorimager; the possibility 
of ceramide breakdown by nonlysosomal ceramidases; the 
requirement of large quantities of biological material; and 
the complex incubation mixture in aCDase activity assays. 
All these disadvantages make both the aCDase assay and the 
diagnosis of FD restricted to very few expert laboratories. 

 Recently, our group published a versatile fl uorimetric 
procedure to determine the activity of ceramidases by us-
ing a synthetic ceramide analog carrying a 2-oxo-2H-
chromen-7-yloxy moiety in the CH 3 -terminal part of the 
sphingoid chain ( 25 ). This structure enables the release 
of umbelliferone after hydrolysis by ceramidase, perio-
date oxidation of the resulting aminodiol, and further 
 � -elimination of the aldehyde oxidation product. The pro-
cedure provided an easy and useful assay that could be car-
ried out in 96-well plate format for high-throughput 
screening of combinatorial libraries in the search of po-
tential ceramidase inhibitors. 

 In order to improve the substrate specifi city toward 
aCDase, we have synthesized several analogs of the origi-
nal substrate that differ by their fatty acid chain length. 
From all the molecules tested as a substrate for aCDase, 
Rbm14-12, an analog that possesses a 12-carbon fatty acid 
chain length, proved to be more specifi c to determine 
aCDase activity. In this work, we have optimized the previ-
ous method using this new substrate. The high affi nity and 
specifi city for aCDase make this substrate very suitable for 
convenient determination of its activity and consequently, 
a very useful tool in FD diagnosis. 

 MATERIALS AND METHODS 

 Synthesis of substrates 
 The Rbm14 substrates were prepared by  N -acylation of the 

coumarinic aminodiol under standard conditions using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide, 1-hydroxybenzotriazole, 
and the fatty acid of choice. The long-chain base was prepared as 
reported ( 25 ) from Garner’s aldehyde, which was transformed 
into  tert -butyl (4 S ,2’ S )-2,2-dimethyl-4-(oxiran-2-yl)oxazolidine-3-
carboxylate as described ( 26 ). Treatment of the resulting 
epoxide with dimethylsulfonium methylide gave  tert -butyl 
(4 S ,1’ R )-4-(1-hydroxy-2-propenyl)-2,2-dimethyloxazolidine-3-
carboxylate, which was hydroborated to afford  tert -butyl (4 S ,1’ R )-
4-(1,3-dihydroxypropyl)-2,2-dimethyloxazolidine-3-carboxylate. Its 
primary mesyl ester, prepared by selective mesylation of the pri-
mary alcohol, was treated with the umbelliferone salt to give an 
adduct that afforded the corresponding aminodiol upon removal 
of the protective groups. 

 Details about synthesis and characterization of the compounds 
will be published elsewhere. 

 Cell lines 
 The cell lines used to characterize the substrate specifi city of 

Rbm14-12 were FD1, a Farber disease fi broblast cell line with null 
aCDase activity, and FD1 AcCer10×, the same Farber cell line 
fully corrected due to overexpression of aCDase ( 27 ), The other 
Farber and control cell lines, whether skin fi broblasts or Epstein-
Barr virus-transformed lymphoid cells, came from the Labora-
toire de Biochimie Métabolique (Institut Fédératif de Biologie, 
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 RESULTS 

 Substrate specifi city of acid ceramidase 
 We tested the synthesized substrates on FD1 and FD1 

AcCer10× cell lysates in order to check whether these sub-
strates are hydrolyzed by and specifi c for aCDase. Under 
the same incubation conditions, we found that among the 
seven substrates tested, only four, i.e., Rbm14-10, 12, 14 
and 16 were hydrolyzed by lysates of cells overexpressing 
AcCer (  Fig. 1  ).  These results agree with the previously re-
ported fatty acid chain specifi city of aCDase. In addition, 
the lack of detectable substrate hydrolysis by FD lysates 
indicates the specifi city of these substrates for aCDase. 
The aCDase specifi c activity obtained using the already 
published compound Rbm14-16 showed that, among all 
the molecules tested, this analog exhibited the lowest af-
fi nity for aCDase, whereas Rbm14-12 showed the highest 
hydrolysis rates, up to 7 times those of the C16 homolog. 
Taking into account these results, the enzymatic assay for 
aCDase was optimized using Rbm14-12 as a novel fl uoro-
genic substrate. 

 Enzyme assay optimization 
 We investigated the pH dependence of Rbm14-12 hy-

drolysis in FD1 AcCer10×, but also in FD1 fi broblasts and 
normal lymphoid cells to further test the substrate speci-
fi city for aCDase. Using the FD1 cell line, we found no hy-
drolysis of the substrate at any pH tested, whereas the FD1 
AcCer 10× cells hydrolyzed Rbm14-12 at acidic pH with 
optimal activity around pH 6 (  Fig. 2  ).  Normal lymphoid 
cells showed the same pattern as FD1 AcCer10× fi broblasts 
but exhibited lower activity levels. Although enzyme activ-
ity peaked at pH 6, comparable results, albeit with lower 
fl uorescence intensity values, were obtained at pH 4.5. 

CHU Purpan, Toulouse, France). Cells were cultured as previ-
ously described ( 24, 27 ). 

 Acid ceramidase enzyme assay 
 To measure aCDase activity, cultured cells were collected 

and washed twice with PBS. Cell pellets were resuspended in 
100 µl of a 0.2 M sucrose solution and then they were soni-
cated. Cell homogenates were centrifuged at 15,000  g  for 3 
min. The supernatant was collected and used for protein quan-
tifi cation to work with equal amounts of protein. The enzymatic 
assay was carried out in 96-well plates. Briefl y, each well con-
tained a mixture of 74.5 µl of 25 mM sodium acetate buffer pH 
4.5, 0.5 µl of a 4 mM Rbm14-12 substrate solution in ethanol 
(substrate fi nal concentration 20 µM; ethanol fi nal concentra-
tion 0.5%), and a fi xed amount of protein (from 10 to 25 µg) 
in a volume of 25 µl of a 0.2 M sucrose solution. Negative con-
trol samples consisted in the same incubation mixture in the 
absence of protein extracts. The plate was incubated at 37°C 
for 3 h without agitation. Then, the enzymatic reaction was 
stopped by adding 50 µl of methanol and 100 µl of a 2.5 mg/ml 
NaIO 4  fresh solution in 100 mM glycine/NaOH buffer pH 10.6 
in each well. The plate was protected from light for 2 h and 
then the released fl uorescence was quantifi ed using a micro-
plate fl uorescence reader ( �  ex  360 nm,  �  em  446 nm). The amount 
of umbelliferone released was calculated from the fl uorescence 
intensity by using calibration curves with umbelliferone, in the 
range from 0 to 3000 pmol. 

 Lysosomal  � -galactosidase assay 
 The acid  � -galactosidase activity was determined on the same 

cell lysates used for the measure of aCDase activity. This assay is 
based on a published fl uorimetric method ( 28 ) with some modi-
fi cations to adapt it to the 96-well plate format. Briefl y, each 
well contained 20 µl of a 0.5 M sodium acetate buffer pH 4.5, 
20 µl of a 20 mM EDTA solution, 40 µl of a 3 mM solution 
of 4-methylumbelliferyl- � -D-galactopyranoside (fi nal concentra-
tion of 1.2 mM), 10 µl of lysate, and 10 µl of ultra pure water. 
After incubation at 37°C for 30 min, the reaction was stopped 
by the addition of 100 µl of a 100 mM glycine/NaOH buffer 
pH 10.6. The fl uorescence released was quantifi ed using a 
microplate fl uorescence reader ( �  ex  360 nm,  �  em  446 nm) as de-
scribed above. 

 Effect of protein amount and incubation time 
 To determine the time-dependence of Rbm14-12 hydrolysis, 

the enzyme assay was carried out at different incubation times, 
ranging from 0.5 to 6 h. To determine the detection limit of 
the assay, we used variable amounts of protein extract, from 2.5 
to 180 µg. 

 pH-dependence of substrate hydrolysis 
 The pH-dependence of Rbm14-12 hydrolysis was determined 

by performing the assay with protein extracts from three differ-
ent cell lines with different degrees of aCDase activity: FD1 and 
FD1 AcCer10× fi broblasts, and normal lymphoid cells. Reactions 
were carried out in different buffers without detergents: glycine-
HCl buffer (pH 2.5 to 3.0), sodium acetate buffer (pH 3.5 to 5.5), 
sodium phosphate buffer (pH 6.0 to 8.1) and glycine-NaOH 
buffer (pH 8.9 to 9.8). 

 Determination of kinetic constants 
 Kinetic constants were calculated from Lineweaver-Burk rep-

resentations of at least fi ve aCDase activity assays, using different 
concentrations of Rbm14-12 (from 2.5 to 80 µM), and in the 
presence of protein amounts from 10 to 25 µg. 

  Fig.   1.  A: General chemical structure of Rbm14 compounds, 
(e.g., for Rbm14-12, n = 10). B: Comparison of the hydrolysis rates 
of the seven substrate analogs. The ceramide analogs (all at 40 µM) 
with the indicated side chain length were incubated for 3 h in the 
presence of FD1 AcCer10× (empty bars) or FD1 (solid bars) cell 
lysates (20 µg protein) in the absence of detergents. The activities 
measured in FD1 cells (solid bars) are too low to be seen. Results 
are the means of three independent experiments.   
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ranging from 2.5 to 180 µg, showed a linear response up to 
25 µg of protein, reaching a plateau at 50 µg (  Fig. 3A  ).  
Therefore, a 10 to 25 µg quantity was chosen as an optimal 
protein amount in subsequent aCDase assays. 

 When studying the optimal time of incubation, we found 
linearity up to 6 h ( Fig. 3B ). An incubation time of 3 h was 
selected in aCDase assays as high values of fl uorescence 
intensity with low amounts of protein were already ob-
tained at this time point. 

 We also tested the infl uence of detergents on Rbm14-12 
hydrolysis. Indeed, previously reported enzyme assays for 
aCDase include the use of at least one detergent and often 
a mixture of different detergents ( 6 ). The effect of Triton 
X-100, sodium cholate, or CHAPS in the incubation buffer 
was tested at different pH. In the presence of detergents, 
we could not measure any release of fl uorescence ( Fig. 
3C ), suggesting that the above detergents decreased fl uo-
rescence intensity or, more likely, have an inhibitory effect 
on Rbm14-12 hydrolysis. This was unexpected because the 
previously published compound for aCDase activity deter-
mination, Rbm14-16, worked in the presence of 0.25% 
(w/v) of TritonX-100. Later experiments demonstrated 
that the hydrolysis of this substrate was 20-times higher in 
the absence of Triton X-100 and that reduction of sub-
strate hydrolysis was dose-dependent (activity was reduced 
by 20% already at a 0.001% fi nal concentration of Triton 
X-100; data not shown). The same pattern was observed 

Therefore, all subsequent assays were performed at pH 4.5 
as this is close to the physiological pH in lysosomes and 
because any possible interference by nonlysosomal cerami-
dases needs to be avoided for specifi c determination of 
aCDase activity and FD diagnosis. 

 Hydrolysis of Rbm14-12 was dependent on protein con-
centration. Incubation of the substrate in the presence of 
different amounts of FD1 AcCer 10× protein extracts, 

  Fig.   2.  pH-dependence of Rbm14-12 hydrolysis by human cells. 
The ceramide analog (at 20 µM) was incubated for 3 h with lysates 
(20 µg protein) from three cell lines exhibiting different degrees 
of aCDase activity: FD1 AcCer10× fi broblasts ( � ), normal lymphoid 
cells ( � ), and FD1 fi broblasts ( � ). The buffers were: glycine-HCl 
(pH 2.5 to 3), sodium acetate (pH 3.5 to 5.5), sodium phosphate 
(pH 6 to 8.1), and glycine-NaOH (pH 8.9 to 9.8). Results are rep-
resentative of at least four independent experiments.   

  Fig.   3.  Characteristics of Rbm14-12 hydrolysis. A: Effect of protein concentration on Rbm14-12 hydrolysis. The substrate (at 20 µM) was 
incubated for 3 h in the presence of different amounts of FD1 AcCer10× fi broblast cell lysates. Results are representative of two indepen-
dent experiments. B: Time-dependence of Rbm14-12 hydrolysis. The substrate (at 20 µM) was incubated for the indicated time periods in 
the presence of FD1 AcCer10× cell lysate (20 µg of protein). Data are representative of two independent experiments. C: Effect of deter-
gents on Rbm14-12 hydrolysis. The substrate (at 20 µM) was incubated for 3 h at different pH in the presence or absence (�) of 0.5% so-
dium cholate (�), 0.05% Tween-20 (�) or 0.1% Triton X-100 (X). Results represent the mean of two independent experiments performed 
in duplicate. D: Kinetics of Rbm14-12 hydrolysis. The substrate was incubated for 3 h at different concentrations in the presence of FD1 
AcCer10× cell lysate (10 to 25 µg of protein). Lineweaver-Burk representation and the resulting parameters are shown. Results are the 
means of fi ve independent experiments.   
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behind this assay has already been reported by our group 
( 25 ). Briefl y, it is based on the use of a fl uorogenic sub-
strate having the same stereochemistry as that of natural 
ceramide and bearing a coumarin group in the sphingoid 
base moiety. After enzymatic cleavage of the amide bond by 
ceramidase and subsequent oxidation by external NaIO 4 , 
the product undergoes a  � -elimination at alkaline pH to 
eventually release the fl uorescent product umbelliferone. 

 The novel fl uorogenic substrate Rbm14-12 exhibits a 
higher affi nity for aCDase as compared with the reported 
homolog with an  N -palmitoyl chain. This was exemplifi ed 
by a 7-fold higher intensity of fl uorescence under the same 
assay conditions. The kinetic parameters values are im-
proved with respect to the previously reported assay: 
whereas  K m   and  V max   values for Rbm14-12 were 25.9 µM, 
and of 334 pmol/min/mg, respectively (giving a  V max   /  K m   
ratio of 12.9), a  K m   of 113 µM and a  V max   of 3.6 pmol/min/
mg ( V max   /  K m   ratio of 0.032) were reported for Rbm14-16, 
indicating that the effi ciency of hydrolysis of the new com-
pound under these conditions is about 400-fold higher 
than that of the previous reported one. In addition, the 
specifi city of Rbm14-12 toward aCDase was demonstrated 
in comparative assays between protein samples derived 
from several control and FD cell lines. These properties 
make this molecule an excellent tool for accurate mea-
surement of aCDase activity and for FD diagnosis. 

 As compared with the previously described methods for 
diagnosing FD through aCDase assay, the present enzyme 
assay exhibits many advantages (see also  Table 1 ):  i ) this 
new substrate is not radiolabeled and, consequently, does 
not require any specifi c instrument for detection of radio-
activity nor authorization;  ii ) our substrate is a water-soluble 
analog of ceramide, does not need the use of detergents 
for solubilisation, and does not require halogenated sol-
vents for extraction (thus reducing the quantity of con-
taminants and limiting hazard);  iii ) the substrate is stable 
under storage (e.g., at least 6 months when stored in solu-
tion at  � 20°C);  iv ) the assay does not require separation 
of the product from the substrate and thus avoids complex 
and tedious procedures (such as TLC, HPLC, or GC);  v ) 
detection of the product is based on the measurement of 
fl uorescence intensity using common instruments;  vi ) the 
assay with Rbm14-12 is very sensitive, exhibiting a detection 

for Rbm14-12, suggesting that this effect of Triton X-100 is 
related to the nature of their sphingoid base. The possibility 
that Triton X-100 inhibited the oxidation or  � -elimination 
processes was ruled out, because its addition at different 
concentrations after the enzymatic reaction did not affect 
the production of fl uorescence (data not shown). A possi-
ble explanation of this inhibition of hydrolysis is that 
Triton X-100 affects the accessibility of these artifi cial sub-
strates (e.g., by engulfi ng the substrate into micelles and 
preventing interaction with the catalytic center of the en-
zyme), which display a reduced partition coeffi cient as 
compared with natural ceramides (predicted logP values 
of 5.8 and 13 for Rbm14-12 and C16:0-ceramide, respec-
tively). Thus, all assays were then performed in sodium 
acetate buffer 25 mM without addition of detergents. 

 Determination of kinetic constants 
 When the substrate concentration was varied at pH 4.5 

under the above-mentioned conditions, maximum aCDase 
activity was observed above 40 µmol/L of substrate with an 
apparent  K m   of 25.9 ± 9 µM, and a  V max   of 334 ± 62 pmol/
min/mg ( Fig. 3D ). 

 Acid ceramidase activity in Farber disease cell lines 
 The optimized assay was then used to determine aCDase 

activity in a series of FD cell lines, to assess its usefulness 
for diagnosing FD. Five lines of FD fi broblasts and fi ve 
lines of FD lymphoid cells were tested. In both cases, the 
aCDase activity in FD cell lines was very low or undetect-
able, whereas in control cells specifi c aCDase activities 
ranged from 4 to 9 nmol/h/mg in fi broblasts and from 8 
to 15 nmol/h/mg in lymphoid cells (  Table 2  ).  As a con-
trol for integrity of lysosomal hydrolases in the FD cell 
lines tested, the activity of acid  � -galactosidase was deter-
mined. Despite interindividual variations,  � -galactosidase 
activity was measurable in all samples. Calculating the 
 aCDase to  � -galactosidase activity ratio clearly demon-
strated the aCDase defi ciency in all FD cell lines. 

 DISCUSSION 

 Here we present a novel method to determine aCDase 
activity that proved useful for FD diagnosis. The rationale 

 TABLE 2. Acid ceramidase activity in normal and Farber disease cell lines 

FIBROBLASTS LYMPHOID CELLS

aCDase 
(pmol/h/mg)

lysosomal  �  Gal 
(nmol/h/mg)

aCDase/lysosomal 
 �  Gal

aCDase 
(pmol/h/mg)

lysosomal  �  Gal 
(nmol/h/mg)

aCDase/lysosomal 
 �  Gal

 CTRL1 5816 ± 553 1546 ± 38 3.761  CTRL5 8396 ± 1675 260 ± 25 32.32
 CTRL2 3785 ± 404 2114 ± 370 1.790  CTRL6 14367 ± 2781 516 ± 42 27.86
 CTRL3 5628 ± 1337 767 ± 53 7.330  CTRL7 15625 ± 4725 468 ± 114 33.36
 CTRL4 9388 ± 2731 2827 ± 333 3.321  CTRL8 8416 ± 2892 420 ± 59 20.06
 FD1  � 32 ± 76 2726 ± 1139  � 0.012  FD6 235 ± 153 480 ± 105 0.49
 FD2  � 1 ± 115 2145 ± 489  � 0.001  FD7 241 ± 211 395 ± 233 0.61
 FD3 45 ± 125 2634 ± 162 0.017  FD8 539 ± 369 605 ± 305 0.94
 FD4 55 ± 74 1815 ± 695 0.031  FD9 707 ± 438 664 ± 121 0.66
 FD5  � 18 ± 13 846 ± 311  � 0.022  FD10 200 ± 76 268 ± 181 0.74

aCDase activity was determined using Rbm14-12 at 20 µM after incubation for 3 h with lysates (20 µg protein) from fi broblasts or lymphoid cells 
derived from control individuals (CTRL) and patients affected with FD. As a control enzyme,  � -galactosidase activity was determined. Results are the 
average of three independent experiments.
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limit of about 50 pmoles, and requires very minute amounts 
of cell lysates (about 10–20 µg protein);  vii ) measurement 
of ceramidase activity can be applied to various biological 
materials (such as human blood lymphocytes, cell culture 
medium, cultured skin fi broblasts, and other cultured cell 
lines);  viii ) the assay is fast (the overall duration of the as-
say does not exceed 5.5 h) and can be miniaturized for 
high-throughput screening and simultaneous multiple 
measurements;  ix ) the assay is specifi c for aCDase, and al-
lows the assessment of the hydrolytic activity only, but not 
the reverse reaction (i.e., formation of ceramide), cata-
lyzed by aCDase; and fi nally,  x ) when performed at pH 4.5, 
this assay is well suited for diagnosing inherited aCDase 
defi ciency (FD) using clinical samples as nonlysosomal 
ceramidases do not interfere.  

 The authors thank Dr. J. A. Medin for FD1 AcCer10X cells, 
M. A. Gauthié for FD cell culture, and S. Carpentier for 
ceramide determinations. 
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