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1. Sphingolipids 
 
The major classes of lipids which compose mammalian cellular membranes are 
glycerophospholipids, sterols and sphingolipids (SLs)1,2, and they differ by the structure of their 
hydrophobic skeleton. SLs are derived from the amino-alcohol sphingosine and are present in all 
eukaryotic membranes3. In the 19th century, J. L. W. Thudichum4 was the first to describe and 
isolate these lipids, which would later be known as sphingosines. Inspired by the mythological 
figure of the sphinx and its enigmatic nature, he assigned them the name “Sphingolipids”5. SLs 
comprise a vast family of lipids with a broad variety of functions. Besides their structural function 
as membrane lipids, SLs are involved in different cellular processes such as growth, death, 
senescence, adhesion, migration, inflammation, differentiation, and intracellular transport6,7. 
 

1.1 Structure of Sphingolipids 
 
SLs are amphipathic molecules, similar in that to all other membrane lipids8. They are usually 
composed of a polar (hydrophilic) head and two non-polar (hydrophobic) tails9. One of the two 
tails is an amino-alcohol called sphingosine or sphingoid base, which in mammals is often made of 
18 carbon atoms10, and the other tail is a fatty acid of variable lengths. Both tails are joined 
together by an amide bond (Figure 1). 
 

 
 
Figure 1. General structure of sphingolipids: SLs are made up of a sphingosine (Sphingoid base) bound to a fatty acid chain via an 

amide bond. R represents the different polar groups11. 

 
In mammals, the most commonly occurring sphingoid bases are sphingosine (So), sphinganine 
(Sa), also called dihydrosphingosine (dhSo), and phytosphingosine (PHS)12. These bases can exist 
in their free formula or amide-linked to a fatty acid chain of more complex sphingolipids13. SLs may 
be classified based on: the sphingoid base, the fatty acids attached to the sphingoid base, as well 
as their diverse polar groups. As shown in figure 2, N-acylated So, Sa and PHS become ceramide 
(Cer), dihydroceramide (dhCer), and phytoceramide (phCer), respectively. 

Castillo et al. Schizophrenia, Metabolic Syndrome, and Sphingolipids

FIGURE 1 | General sphingolipid structure. Sphingolipids are composed of a sphingosine backbone linked to a fatty acid via an amide bond. There are three main

types of sphingolipids, which differ in their hydrophilic attachments: ceramides, sphingomyelins, and glycosphingolipids.

(Holland et al., 2007; Kaur, 2014). Several molecular pathways
have been studied to understand the events linking central fat
mass, FFAs and MS (Holland et al., 2007), but current data do
not yet provide compelling answers. In this context, emerging
evidence demonstrates that overnutrition induces SLs synthesis
and turnover, which in turn “remodels” SLs profiles and their
topological distribution.

A plausible explanation for this is that overnutrition and
visceral obesity change FFAs profile, principally elevating levels
of saturated fatty acids (SFAs) (Holland and Summers, 2008;
Heilbronn et al., 2013; Kaur, 2014). These molecules promote
ceramides synthesis through the production of palmitate-CoA
and acyl-CoA, SFAs-derivatives involved in the de novo and
salvage pathway of SLs metabolism, respectively (Figure 2).
Palmitate-CoA is a substrate for palmitoyltransferase, the rate
limiting enzyme of the de novo synthesis pathway of ceramides,
and it stimulates palmitoyltransferase in a concentration-
dependent manner. On the other hand, acyl-CoA can increase
ceramides synthesis as a substrate of ceramides synthase
(CerS) in the salvage pathway (Figure 2; Merrill et al., 1988).
These metabolic changes increase ceramides levels, which in
turn modify intracellular signaling and promote MS-associated
conditions, like atherothrombotic status and glucose intolerance
(Cowart, 2008).

Sphingolipids and Alterations of the
Glucose Metabolism
The current literature shows that certain SLs can impair glucose
metabolism in different organs, including pancreatic, skeletal
muscle, and adipose tissues.

In pancreatic islets, lipid oversupply increases the ceramides
β-cell induced apoptosis (or “lipoapoptosis”) (Shimabukuro et al.,
1998b; Unger and Orci, 2002) In fact, pharmacological inhibitors
of the ceramides biosynthesis ameliorate the lipotoxic effect
on pancreatic β-cells (Shimabukuro et al., 1998a). Interestingly,
ceramides also inhibit the expression of pro-insulin genes
through the activation of c-Jun N-terminal kinases (JNK), an
inhibitor of kappa B kinase beta (IκKβ) (Summers, 2006). Both
mechanisms decrease pancreatic insulin secretion.

Ceramides also contribute to the glucose-resistance
phenotype in the skeletal muscle. Here, ceramides impair
glucose caption by the inhibition of the kinase B (Akt/PKB)
insulin signaling pathway (Chavez et al., 2003). This is effect
is achieved through protein phosphatase 2 (PP2A) (Zinda
et al., 2001) or protein kinase C zeta (PKCζ ) dependent
mechanisms (Bourbon et al., 2002) and also by the inhibition
of Akt translocation to the plasma membrane (Stratford et al.,
2001). Notably, in vivo studies on insulin resistant obese patients
showed increased ceramides levels in muscle biopsies (Adams
et al., 2004; Straczkowski et al., 2007) and newly discovered
evidence has identified C16:0-ceramide as the principal mediator
of obesity-related insulin resistance (Hla and Kolesnick, 2014;
Raichur et al., 2014; Turpin et al., 2014).

Finally, ceramides display other pro-inflammatory properties,
inducing inflammation in adipose tissue via tumor necrosis
factor α (TNFα) signaling (Bikman, 2012; Maceyka and Spiegel,
2014). TNFα induces insulin resistance by direct down-
regulation of the insulin-regulatable glucose transporter type
4 (GLUT-4). TNFα also acts indirectly on the glucose uptake,
by inducing the up-regulation of ganglioside GM3, which is

Frontiers in Neuroscience | www.frontiersin.org 3 November 2016 | Volume 10 | Article 488
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Ceramide, among all other sphingolipids, contains the simplest polar head structure consisted of 
two hydroxyl groups14,15. Derivatives of ceramide are formed by the substitution of the hydroxyl 
group at the first carbon atom (C1) (Figure 3). For example, Glycosphingolipids are the products 
of ceramide glycosylation with a a wide range of carbohydrates of varying complexity16,17, among 
which glucosylceramide representing the simplest structure18. Another derivative is 
Sphingomyelin (SM) which has a phosphorylcholine moiety. The addition of a phosphate group to 
the hydroxyl at C1 of the ceramide or Sphingosine, produces ceramide-1-phosphate (Cer1P) or 
sphingosine-1-phosphate (S1P), respectively. Thousands of SLs species have been identified over 
the years19. They differ in solubility, as well as in their biological properties depending on the 
degree of unsaturation, the polar head and the length of the fatty acid contained20.   
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Així doncs l’So, l’Sa i la PHS N-acilades esdevenen la ceramida (Cer), la dihidroceramida (dhCer), i la 

fitoceramida (phCer), respectivament (Figura 2).  

 

Figura 2. Estructura de les bases esfingoides més comunes i els productes de la seva N-acilació. 

La Cer és l’esfingolípid amb la regió polar més simple, formada per dos grups hidroxil. La substitució 

d’aquest grup en posició 1 dona lloc als derivats de la Cer (Figura 3). L’esfingomielina (SM) hi té una 

cadena de fosforilcolina, mentre que els glicoesfingolípids el presenten glicosilat amb gran diversitat de 

carbohidrats de diferent complexitat, essent la glucosilceramida (GlcCer) el representant més senzill. 

L’addició d’un fosfat a l’hidroxil de la posició 1 de la ceramida o l’So genera la ceramida-1-fosfat (C1P o 

Cer1P) o l’esfingosina-1-fosfat (S1P), respectivament. La llargada de la cadena de l’àcid gras i els graus 

d’insaturació donen lloc a una gran diversitat d’espècies d’esfingolípids que varien en solubilitat i 

propietats biològiques. Des del seu descobriment s’han identificat milers d’espècies diferents4. 

 

Figura 3. Estructures de la glucosilceramida, l’esfingomielina, la ceramida-1-fosfat i l’esfingosina-1-fosfat. 
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1.2 Sphingolipids Metabolism  
 
Probably, the domain most explored in the field of sphingolipids is their metabolism, where most 
of the metabolic pathways and the enzymes by which they are synthesized and degraded have 
been well illustrated21. Cer, the central molecule of sphingolipid metabolism, is mostly synthesized 
from non-sphingolipid precursors via the de novo anabolic pathway. Yet, Cer can also be formed 
through two other alternative pathways: The catabolic pathway where hydrolysis of complex 
sphingolipids takes place, particularly SM, and the recycling pathway of sphingoid bases (Figure 4).  
 
The equilibrium between biosynthesis and catabolism of different SLs will often ensure the 
metabolic homeostasis of the total mass of sphingolipids. This is achieved through a well-balanced 
de novo biosynthesis, catabolic and recycling pathways20.  
 

1.2.1 The de novo biosynthesis pathway  
 
The de novo biosynthesis of ceramide is a multi-step process that occurs at the endoplasmic 
reticulum (ER)22,23. It commences with the conjugation of L-serine with palmitoyl-CoA to form 3-
ketosphingnanine (KSa)24. The former reaction is catalyzed by the action of serine 
palmitoyltransferase (SPT), a heterodimeric enzyme possessing an N-terminal hydrophobic region 
in each monomer25.  In mammals, SPT utilizes palmitoyl-CoA as a substrate to produce the most 
common sphingoid base of 18-carbon atoms. Thus, in eukaryotes, SLs are mostly consisting of an 
18-carbon backbone26. However, in certain cases, 20-carbon atoms or 16-carbon atoms 
sphingolipids backbones can be generated when SPT uses other substrates such as stearoyl-CoA 
and myristoyl-CoA, respectively27. Mutations in SPT exhibit an increased preference for L-alanine 
as a substrate rather than L-serine, rendering an increased production of 1-deoxysphingolipids (1-
deoxySLs)28,29. Moreover, in cases of low serine levels, SPT may use other amino acids as 
alternative substrates, such as glycine30. These atypical sphingolipids differ structurally from 
canonical SLs in that they lack the C1-hydroxyl group, which is essential in the synthesis of complex 
SLs and for their final degradation to phosphoethanolamine and hexadecenal28. As such 1-
deoxySLs conversion to complex SLs and their degradation via the canonical catabolic pathway, 
are both not possible28.  
 
The de novo synthesis continues with the reduction of KSa to Sa catalyzed by 3-ketosphinganine 
reductase (KSR). Acylation of Sa, binding the corresponding fatty acid, yields dhCer. This reaction 
is catalyzed by various ceramide synthases (CerS) differing in their specificity for fatty acid chain 
lengths31. Next, desaturation of dhCer by adding a cis double bond at C4-C5 is catalyzed by 
dihydroceramide desaturase 1 (Des1) to ultimately generate Cer20,32. Later, Cer and, to a lesser 
extent, dhCer form more complex sphingolipids such as Sphingomyelin (SM) and 
dihydrosphingomyelin (dhSM) or glucosylceramide (GlcCer) and glucosyldihyroceramide 
(GlcdhCer). This takes place in the Golgi apparatus, after Cer translocation from the ER to it 
through vesicle-dependent or vesicle-independent pathways33. The addition of specific 
constituents at the C1-OH position of Cer yields different complex sphingolipids. Thus, the addition 
of a phosphorylcholine group to Cer by the action of Sphingomyelin synthases (SMS1 and SMS2) 
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generates SM34, whereas under the action of glucosylceramide synthase (GlcCerS)35 or ceramide 
kinase (CerK)36 yields glycosphingolipids and ceramide-1-phosphate (C1P), respectively (Figure 3).  
 

1.2.2 The catabolic pathway  
 
An alternative pathway of Cer metabolism is its hydrolysis through different ceramidases (CDase) 
to produce So, which is a substrate of sphingosine kinases (SK1 and SK2) to generate sphingosine-
1-phosphate (S1P)37. The final products of this pathway; phosphorylethanolamine (PEA) and 
hexadecenal are produced through the irreversible degradation of S1P by sphingosine-1-phospate 
lyase (S1PL)38.  
 
Complex sphingolipids are a source of Cer when degraded. The hydrolysis of SM by 
sphingomyelinases; acidic (aSMase) or neutral (nSMase), produces phosphorylcholine and Cer39. 
This pathway occurs in the lysosomes, mitochondria and plasma membrane, and is commonly 
known as the sphingomyelinase (SMase) pathway. Also, the hydrolysis of glycosphingolipids via 
specific lysosomal hydrolases generates Cer40. In addition, Cer can be generated from the 
hydrolysis of the phosphorylated sphingolipid C1P41.  
 

1.2.3 The recycling pathway 
 
This pathway occurs in the lysosomes where S1P is hydrolyzed by sphingosine-1-phosphate 
phosphatase (S1PP) to generate So, which is then recycled back into ceramide under the action of 
ceramide synthase (CerS)42.  
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Figura 4. Vies del metabolisme dels esfingolípids. Síntesi de novo, verd; vies catabòliques, lila; via de reciclatge, taronja. 
Abreviatures: KSa, 3-cetoesfinganina; Sa, esfinganina; SaP, esfinganina-1-fosfat; dhCer, dihidroceramida; Cer, ceramida; So, 
esfingosina; S1P, esfingosina-1-fosfat; PEA, fosforiletanolamina; SM, esfingomielina; GlcCer, glucosilceramida; C1P, ceramida-1-
fosfat; SPT, serina palmitoïltransferasa; KSR, 3-cetoesfinganina reductasa; CDasa, ceramidasa; CerS, ceramida sintasa; Des1, 
dihidroceramida dessaturasa; S1PP, esfingosina-1-fosfat fosfatasa; SK, esfingosina cinasa; S1PL, esfingosina- 1-fosfat liasa; SMS, 
esfingomielina sintasa; SMasa, esfingomielinasa; GlcCerS, glucosilceramida sintasa; GBA, glucocerebrosidasa; CerK, ceramida 
quinasa; C1PP, ceramida-1-fosfat fosfatasa. 
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1.3 Compartmentalization of Sphingolipids  
 
Biosynthesis of SLs is a highly conserved process comprising a series of enzymatic reactions that 
occur in various cellular compartments43 (Figure 5). The initial stages of the de novo synthesis of 
Cer take place in the cytosolic face of the ER44, as well as in other membranes such as the 
prenuclear membrane and mitochondrial-associated membranes (MAM), an ER-like membrane 
involved in cell signaling and closely associated with both mitochondria and ER45. The formation 
of SM and GluCer by the addition of a polar head to the Cer occurs in the Golgi apparatus. The 
translocation of Cer from the ER to the Golgi apparatus is not carried out via regular transport 
through the cytosol but rather by active mechanisms due to Cer hydrophobic properties46.  
 
These mechanisms of Cer transport to Golgi apparatus, with or without vesicles, were described 
by Fukasawa et al47. Ceramide transfer protein (CERT) is one of the proteins that was characterized 
as responsible for the non-vesicular transport of Cer48,49. SM synthesis is initiated on the luminal 
face of the Golgi apparatus, and it is dependent on CERT for Cer delivery50. GluCers, however, are 
synthesized in the cytosolic face of Golgi51, where Cer is delivered to it via vesicles52. GluCer 
synthesis takes place in the cis-Golgi region and is subsequently translocated to the trans-Golgi 
compartment through FAPP2 protein (four-phosphate adaptor protein 2)53. It is at this region of 
Golgi where the enzymes responsible for lactosylceramide (LacCer) and glycosphingolipids 
synthesis exist54. And for these complex molecules to be formed, GluCer shall move from the 
cytosolic surface to the Golgi lumen55, via P-glycoprotein or multidrug resistance 1 (MDR1) 
protein56.  
 
Once SM and GluCer are synthesized at the Golgi, they are generally transferred to the plasma 
membrane in a vesicular manner57. In the plasma membrane, SMase, CDase and SK catalytic 
actions over SM and GluCer, generate Cer, So and S1P respectively. Cer can be phosphorylated by 
CerK to form C1P58 on the cytosolic face of the Golgi59. Unlike both SM and GluCer, C1P is not 
transported in vesicles, however it requires the specific ceramide-1-phosphate transfer protein 
(CPTP) for its trafficking to the plasma membrane or to other cellular compartments60,61. 
Interchangeably, complex sphingolipids in the plasma membrane are endocytosed and delivered 
to the lysosomes, where they are hydrolyzed into So, under the action of the acidic isoforms of 
SMase, glucocerebrosidase (GBA), and CDase62. This free So base is then capable of leaving the 
lysosome and being trafficked across membranes due to its solubility, until it reaches ER where it 
is recycled to form Cer.   
 
SLs are also metabolized in the nucleus as the nuclear matrix contains SM63–65. By SMase and 
CDase, SM is hydrolyzed generating So. The synthesis of S1P is catalyzed by SK2,  the nuclear 
isoform of SK, which could be involved in the transcription of certain genes66. Cer and several 
additional SLs are also found in the mitochondria67. Although Cer in the ER can be translocated to 
the mitochondria by the membrane contact of the two organelles, Cer is also generated within the 
mitochondria by the actions of CerS or a reverse isoform of neutral CDase68.  
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2. Sphingolipids in cell signaling 
 
The metabolism of SLs can be regulated at various levels, ranging from controlling the expression 
of the enzymes involved in the pathways to allosteric mechanisms. Among the several SLs found, 
each one has its signaling and regulatory functions and this may in turn explain their vast structural 
diversity and the complexity of their metabolic pathways.  
 

2.1 Bioactive sphingolipids 
 
Besides their structural role as cell membrane lipids, Cer and its metabolic products take part in 
regulating signaling pathways involved in many physiological and pathophysiological processes 
such as proliferation, differentiation, migration, angiogenesis, apoptosis, senescence, autophagy 
and inflammatory responses69. Although SLs play an essential role in cellular homeostasis, their 
metabolic dysregulation and/or changes in their cellular localization can cause the onset and 
progression of diseases70. 
 

2.1.1 Ceramide 
 
Cer is the key molecule of sphingolipids metabolism, and possibly the most investigated SL among 
all others. Cer role in various cellular processes has been illustrated, including their involvement 
in cell differentiation71,72, apoptosis73–75, senescence76 and cell cycle arrest77. The study of the roles 
of the different Cer subspecies has been made possible through the analysis of the 
sphingolipidome using mass spectrometry78. The Cer subspecies are diverse owing to the 
heterogeneity of the fatty acid chain contained in each one, which its determination is subject to 
the activity of six different CerS79. Each CerS has a specific preference for fatty acids, and therefore 
generating certain subspecies of Cer80. According to the length and the unsaturation of the fatty 
acid attached to the sphingoid base, the physicochemical properties of Cer will be determined and 
therefore also its physiological properties81. 
 
The subcellular location of Cer also has its own role in determining its biological behavior82. In the 
plasma membrane, for instance, it has been noted that the Cer generated from the hydrolysis of 
SM initiates growth arrest and cell death by oxidative stress83,84. Whereas in the mitochondria, 
acting as a cellular messenger in apoptosis is Cer’s most prominent function85. Particularly, the 
effects of Cer converge at the mitochondrial level, at which the anti-apoptotic proteins (Bcl-2 and 
Bcl-XL) are inhibited and the potential of the mitochondrial membrane is decreased, allowing 
pores to be created and the release of cytochrome C into the cytosol86,87. This triggers apoptosome 
formation followed by the activation of caspases, which in its turn leads to the initiation of the 
intrinsic apoptotic cell death88,89. In the lysosome, Cer can also be generated by the action of acid 
SMase, activating then cathepsin D90,91, which cleaves the BID protein leading to the induction of 
apoptosis92,93. Since the membranous structures of ER and the nucleus are connected, the Cer 
generated in the ER can function in the nucleus by inhibiting the activity of telomerase, and thus 



CHEMICAL TOOLS FOR THE STUDY OF SPHINGOLIPID METABOLISM IN DISEASES  

 - 11 - 

regulating senescence and aging94,95. The nuclear Cer can also activate phosphatase-1 which 
triggers the alternative splicing of the pro-apoptotic caspase-996.  
 
Besides their apoptotic role, Cer’s most characteristic signaling is its ability to induce cell cycle 
arrest, in the G0/G1 phase, via the activation of retinoblastoma protein (Rb)97,98. Moreover, it has 
been shown that Cer is also involved in cell cycle arrest through modulating cyclin-dependent 
kinases (CDKs), such as the cell division protein cyclin-dependent kinase 2 (cdk2)99 and in the 
regulation of cell differentiation71,82,100. Finally, autophagy is affected by Cer involvement in the 
regulation of the autophagic protein Beclin 1101,102.  
 

2.1.2 Sphingosine-1-phosphate 
 
Many essential physiological and pathological processes are influenced by S1P, working as a 
mediator molecule103. One of the most prominent effects of S1P is its resistance to apoptosis, 
which is a signaling opposite to that of Cer104. Besides that, S1P is involved in cell growth, survival, 
proliferation, migration, inflammation and angiogenesis105–107. Also, S1P has shown an ability to 
induce autophagy, as a way to protect the cell from apoptosis and to promote its survival108.  
 
In addition to its intracellular signaling, S1P can also act extracellularly as it is often released out 
of the cell binding cell surface receptors of high specificity to S1P, through which they signal in 
autocrine and/or paracrine manners109. These receptors are named S1P receptors (S1PRs) and are 
coupled to the G protein, therefore regulating multiple intracellular signaling pathways110. Five 
S1PRs (S1P1-5) have been identified, of which their expressions vary depending on tissue and cell 
type. S1P1-3 receptors are ubiquitously expressed, while the expressions of S1P4 is restricted to 
the lung and lymphatic tissues, and S1P5 is limited to the skin and the brain111. Once activated, 
these receptors trigger various signaling pathways including phosphatidylinositol-3-kinase (PI3K), 
mitogen-activated protein kinase (MAPK), AMP-activated protein kinase (AMPK), as well as other 
intracellular mediators112. Signaling of S1P through these receptors has effects on cell 
proliferation, invasion, migration, angiogenesis and rearrangement of cytoskeleton113. Although 
the extracellular signaling of S1P via S1PRs is very well known, its intracellular effects are not 
exactly determined. Though, it appears that the S1P which has no involvement in extracellular 
signaling, has effects on regulating cell growth and suppressing apoptosis114.  
 
The multiple and diverse actions of S1P have shed light on the importance of regulating its 
intracellular levels. S1P is a product of the phosphorylation of So by the SK enzyme, which is 
eventually degraded through the action of S1PL, as well as by phosphatases. Although S1P 
generation has been shown to be mainly dependent on the activities of SK1 and SK2, it is also 
restricted by the availability of So. It is this point at which sphingolipid rheostat is spoken of (Figure 
6).  
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Reaching this rheostat confers homeostasis to cells, and this is achieved through the balance 
between Cer and S1P levels, which are understood to be metabolites of opposite roles. There is 
Cer on one side, which is associated with anti-proliferative processes such as apoptosis, 
senescence and cell cycle arrest. Similarly, and on the same side, there is So which is also related 
to cell cycle arrest and apoptosis115. On the other side, there is S1P which is involved in pro-survival 
processes such as proliferation, cell survival and growth, thus making it a lipid of an antagonistic 
function to that of Cer. As Cer and S1P are interconvertible metabolites, it is not their absolute 
amounts that determine cell fate, but rather their relative levels. Given that So generation is 
dependent on CDase activity, it is possible to say that the right balance between CDase and S1PL 
activities is the key determinant for a well-maintained cellular homeostasis. 
 

2.2 Enzymes of sphingolipid metabolism  
 
Disorders of sphingolipid metabolism are commonly known by sphingolipidoses116. Mutations in 
the genes that encode the enzymes responsible for metabolizing SLs, cause their inactivation or 
lack of activity, which in its turn lead to the accumulation of associated lipids in cell organelles and 
thus, the manifestation of diseases. For instance, Farber’s disease (also called lipogranulomatosis) 
is a metabolic disorder which is caused due to mutations in ASAH1 gene encoding lysosomal acid 
CDase117. Whereas, mutations in SMPD1 gene, which encodes aSMase, cause autosomal recessive 
Niemann-Pick types A and B diseases, result in severe lysosomal disorders often leading to death 
before completing three years of age118. Another sphingolipidosis is Gaucher disease which is 
caused due to point mutation in GBA1 gene, leading to the accumulation of glycosphingolipids in 
the lysosomes of immune cells (macrophages or monocytes)119.  
 
Although SLs constitute only a minor percentage of the total cellular lipids, changes in their levels 
or in the activity of their metabolic enzymes are strongly related to the onset and progression of 
several diseases120. Apart from the disorders mentioned earlier, abnormal sphingolipid 
metabolism has been observed in cardiovascular diseases, type 2 diabetes, cancer, chronic 
inflammation and neurodegenerative disease such as Alzheimer’s disease. This involvement 
explains the reason why several enzymes of sphingolipid metabolism have been considered 
promising therapeutic targets.   
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Figure 6: The interconvertible relationship between Cer and S1P. The balance between bioactive SLs with opposing signaling 

effects determines cell fate. 
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2.2.1 Ceramidases  
 
CDases hydrolyse Cer to produce So and a fatty acid chain. So can be later phosphorylated to 
generate the S1P by the action of SKs. As the only pathway for S1P generation is by the 
phosphorylation of So, S1P levels are totally dependent on the availability of So formed by the 
action of CDases. This indicates that CDases are key players not merely in Cer regulation but also 
in S1P generation, which therefore make them enzymes of significant role in cell fate 
determination121–123. According to their optimal pH of activity, CDases are classified into acid (AC), 
neutral (NC) and alkaline (ACER). There are five human CDases encoded by five distinct genes: AC 
encoded by ASAH1 gene, NC encoded by ASAH2 gene and the three alkaline CDases ACER1, ACER2 
and ACER3 encoded by ASAH3, ASAH3L and PHCA genes, respectively (Table 1).  
 
 

Enzyme Gene Optimal pH Subcellular location 
 

Acid ceramidase (AC) 
 

ASAH1 4.5 Lysosome 

 
Neutral ceramidase (NC) 

 
ASAH2 7.6 

Plasma membrane, mitochondria, 
Golgi apparatus and secreted 

 
Alkaline ceramidase 1 

(ACER1) 
 

ASAH3 8.5 Endoplasmic reticulum 

 
Alkaline ceramidase 2 

(ACER2) 
 

ASAH3L 7-9 Golgi apparatus 

 
Alkaline ceramidase 3 

(ACER3) 
 

PHCA 9.5 Endoplasmic reticulum and Golgi 
apparatus 

 

 
 
CDases vary in their subcellular location, tissue distribution and substrate specificity. AC is 
expressed in the lysosomes, while NC is found in the mitochondria124,125, Golgi apparatus126, 
plasma membrane or secreted into extracellular space127. In regards to alkaline ceramidases, 
ACER1 is solely expressed in the ER of epithelial skin cells128,129, ACER2 is found in Golgi 
apparatus130,131 and ACER3 is located in ER and Golgi132. Together ACER2 and ACER3 are expressed 
in all tissues. However, their expressions in the placenta are particularly high133–135. In addition to 
the hydrolysis of Cer, certain CDases have shown a reverse activity under the action of the same 
enzyme. In this context, Cer is generated from a sphingoid base by a CDase (in this case its reverse 
action) 136–138. Unlike the activity expressed by CerS which utilizes acyl-CoA as a substrate, the 
reversed activity of CDase employs free fatty acids139,140.  

Table 1: Five types of human CDases encoded by five different genes can be found in cells and they are classified according 

to the optimal pH for their enzymatic activity and their subcellular location. 
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2.2.1.1 Acid ceramidase  
 
In humans, AC (also known by N-acylsphingosine amidohydrolase 1) is encoded by ASAH1 gene. 
AC is a heterodimeric glycoprotein made of two subunits, an a non-glycosylated subunit of 13 kDa 
and a b glycosylated subunit of 40 kDa141. It is initially synthesized as an inactive precursor in the 
ER, which is then processed in the lysosomes into the mature form of the enzyme, where the a 
and b subunits are attached via disulfide bonds142. This post modification of AC requires an acidic 
pH to be initiated, thus preventing premature activation of the enzyme prior to its arrival to the 
lysosome. After the cleavage of the precursor protein, the enzyme has an active site nucleophilic 
thiol contained in the cysteine residue (Cys 143), which is exposed at the N-terminus of the b 
subunit. Regarding substrates, Cers containing fatty acids with carbon chains of C12-C14 are 
considered AC best substrates, as compared to shorter chains (£C6) or longer ones (³C16)143. 
Moreover, unsaturated Cer (C18:1 or C18:2) are preferred substrates for AC over saturated Cer 
(C18)144. The hydrolytic action of AC functions optimally at a pH of 4.5 and its enzymatic activity 
does not require the binding of metal ions145.  
 
In human cells, AC is considered a central enzyme in the degradation of Cer, and deficiency in its 
activity causes Farber’s disease, also known as lipogranulomatosis117. It is a congenital autosomal 
recessive disease, which is characterized by the accumulation of Cer in multiple tissues such as 
liver, lungs and spleen. AC also plays a role in other disorders such as type 2 diabetes, where it 
prevents it from happening by the modulation of the insulin signaling pathways146. In Alzheimer’s 
disease, significantly high levels of AC controls neuronal apoptosis147,148. Aberrant AC expression 
have also been observed in several tumor cell lines such as prostate cancer149,150, melanoma151,152 
and neck and head cancers153. Generally, AC overexpression promotes the survival of cancerous 
cells through the excessive conversion of Cer (pro-apoptotic) into S1P (anti-apoptotic). For 
example, knockout of AC in mice was found to cause death in the early stages of embryos, which 
reinforces the validity of the role AC plays in cell survival. Conversely, death was delayed in 
embryos after treatment with exogenous S1P, indicating that the deadly effect of AC silencing is 
partly due to the inability to generate S1P154.  
 
2.2.1.2 Neutral ceramidase 
 
NC (also known as N-acylsphingosine amidohydrolase 2) is an integral protein of the plasma 
membrane, with a catalytic domain facing towards the extracellular space155. In regard to 
substrates, it seems that NC has preference for long-chain Cer (C16-C22) over very long ones 
(³C24)156, with an inability to hydrolyze dhCer143. However, its exact substrate specificity has not 
yet been determined. NC optimum pH of activity is in the range of 6.5 and 8.5, where metal ions 
are not required for its activity124. NC can be secreted when a proteolysis of its terminal region 
occurs, causing it to be loosely attached to the membrane and finally leaving it157. The presence 
of NC in mitochondria has also been described in HEK293105 and MCF-7 cell lines. Given that NC 
is found in the plasma membrane and extracellularly secreted, NC can hydrolyze Cer found in the 
membrane, as well as that one freely floating outside the cell. This is the reason why the primary 
function of neutral ceramidase is being a digestive enzyme that takes part in the degradation of 
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dietary SLs, and it is highly expressed in the villi throughout the small intestine158. Like AC, NC 
promotes cell survival and proliferation through decreasing Cer levels and increasing S1P effect. 
Thus, the inhibition of NC leads to cell cycle arrest and/or apoptosis159.  
 
2.2.1.3 Alkaline ceramidases  
 
Three different types of alkaline CDases exist: ACER1, ACER2 and ACER3, which they are alike in 
that they have multiple transmembrane domains and being of similar molecular weights of 
approximately 31 kDa. Although, there is a great similarity in their protein sequence, each enzyme 
has its specific properties. As they differ in cell location, substrate specificity, tissue distribution 
and level of expression, ACERs are anticipated to play various roles in cellular signaling160.  

 
2.2.1.3.1 Alkaline ceramidase 1 

 
Located in ER, ACER1 is a protein of multiple transmembrane domains129. The pH optima for the 
activity of ACER1 has been reported to be 8.5, and the absence of cations causes a dramatic 
decrease in its activity129. In addition, it has been reported161 that very long-chain, unsaturated Cer 
(such as Cer C24:1) are the preferred substrates for ACER1. Initially, ACER1 was described as 
incapable of hydrolyzing neither dhCer nor phCer129. Later on, it has been revealed that ACER1 
actually can hydrolyze unsaturated dhCer yielding dhSo species, however it cannot hydrolyze 
saturated dhCer143. This hydrolysis, however, occurs only in certain types of cells such as epidermal 
keratinocytes. In vitro, the activity of ACER1 increases exclusively with Ca2+, but not other cations, 
suggesting that Ca2+ is a specific ionic activator for ACER1. Moreover, the generation of So in 
response to ACER1 overexpression is hindered under the treatment with Thapsigarin, which is a 
Ca2+ ATPase inhibitor that depletes ER Ca2+ levels134. This indicates that the cellular activity of 
ACER1 is regulated by the levels of Ca2+ in the ER.  
 
ACER1 is mainly expressed in the skin128, particularly in the upper layers of the epidermis. ACER1 
is located in this tissue in which it plays its most significant role of regulating keratinocytes 
differentiation, the main epidermal cell type162. The differentiation of keratinocytes is promoted 
by the anti-proliferative properties of the bioactive lipid So. Thus, the growth arrest and induction 
of keratinocyte differentiation are caused as a result of the increased levels of So due to the activity 
of ACER1.  
 
2.2.1.3.2 Alkaline ceramidase 2 
 
Via the analysis of mRNA levels, ACER2 has been shown to be of high expression in the placenta, 
and of moderate expression in other tissues135. ACER2 and ACER1 have quite similar protein 
sequences, including several trans-membrane domains. However they differ in their subcellular 
location being ACER2 found in the Golgi apparatus163. Composed of odd transmembrane domains, 
the N-terminal tail is facing Golgi lumen and the C-terminus is oriented towards the cytosolic face. 
It has been shown that this arrangement is essential for its correct location in the Golgi, as well as 
for its CDase activity130. Its pH optima has been determined to be between 7 and 9, and it requires 
Ca2+ to optimally function in the Golgi lumen, both in vitro and in cells130. Similar to ACER1 
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substrate preference, ACER2 preferentially hydrolyzes Cer, over dhCer and phCer163. It has been 
reported that ACER2 catalyzes the hydrolysis of most mammalian Cer species, having a preference 
for unsaturated long-chain Cers130. Although both ACER1 and ACER2 prefer Cer as a substrate, 
they are also able to hydrolyze very long and unsaturated dhCer chains (C24:1), being considered 
the most abundant dhCer species in tumor cells143. In tumor cells, the CDase responsible for the 
generation of dhSo from dhCer is ACER2, since AC and NC are incapable of hydrolyzing dhCer, the 
activity of ACER1 is limited to keratinocytes143 and ACER3 hydrolyzes low-abundance dhCers, as 
discussed in the next section. 
 
Depending on its expression level, ACER2 either promotes cell proliferation or growth arrest. 
ACER2 moderate increased expression stimulates cell survival and proliferation, which is likely due 
to the decrease in Cer levels and the increased in S1P ones163. However, very high ACER2 
expression may lead to the fragmentation of the Golgi apparatus, as it increases ceramide 
hydrolysis and therefore generating abnormally high So levels that lead to the inhibition of cell 
proliferation163–165. ACER2 also plays a key role in regulating protein glycosylation in Golgi130. Thus, 
the overexpression of ACER2 results in the inhibition of the glycosylation of the precursor of the 
b1 subunit of integrin, leading to the inhibition of cell adhesion to the extracellular matrix. In 
addition, a study conducted in HeLa cells has showed that ACER2 expression increases in response 
to serum deprivation. This increased expression has probably a protecting role by promoting cell 
survival since the knockdown of ACER2 in serum-free culture medium Hela cells led to the 
inhibition of cell proliferation, and caused apoptosis163.  
 
2.2.1.3.3 Alkaline ceramidase 3 
 
ACER3, also known as alkaline phytoceramidase (aPHC) for its ability to hydrolyze the synthetic 
analogue of Cer D-ribo-C12-NBD-phytoceramide in vitro, was the first alkaline ceramidase to be 
cloned in mammmals133. ACER3 is located in both the ER and Golgi apparatus, and it is  
homologous to both ACER1 and ACER2, possessing multiple transmembrane domains133. Its 
optimum pH of activity is approximately 9.5, and it is stimulated by the presence of Ca2+ ions133. 
ACER3 is distinguished from other alkaline CDases by having a unique substrate specificity. As 
substrates, ACER1 and ACER2 utilize the long-chain Cer species abundant in mammals (such as 
C16, C24 and C24:1), whereas, ACER3 only hydrolyzes sparse Cer species such as mono- or poly-
unsaturated Cer long chains (e.g. C18:1, C20:1 or C20:4), but is it incapable of hydrolyzing Cer long 
saturated chain (e.g. C18) or very long unsaturated chain (such as C24:1)166. Unlike other alkaline 
ceramidases (ACER1 and ACER2), ACER3 has the ability to hydrolyze Cer, dhCer and 
phytoceramides with similar efficacy in cells and in vitro166. It is important to note that non-
mammalian polyunsaturated Cer and dhCer long chains are also substrates of ACER3166.  
 
Through the analysis of ACER3 mRNA levels in many cell lines via qPCR, an overexpression of this 
CDase was noted in fibroblasts, endothelial cells, hematopoietic cells and smooth muscles166. 
Moreover, mRNA levels were correlated with an increase in CDase activity. These results suggest 
that, among all other alkaline CDases, ACER3 is considered to be the most active in a wide range 
of cellular models. The knockdown of ACER3 leads to the inhibition of cell proliferation as a result 
of the activation of p21, a cyclin-dependent kinase inhibitor. Undoubtedly, this inhibition is due to 
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the accumulation of Cer, which in its turn alters cell growth. In addition, this gene knockout results 
in overexpression of ACER2, thus suggesting that ACER3 and ACER2 function coordinately to 
compensate for the loss of CDase activity, and therefore being able to regulate cell proliferation 
and control the levels of Cer, So and S1P166.  
 
2.2.1.4 Methods for the determination of ceramidase activity  
 
The growing interest in CDases has led researchers to develop methods for the determination of 
their enzymatic activity. The first assay introduced used Cer radiolabeled with 3H or 14C.  After the 
hydrolysis of these radiolabeled Cer, the levels of radioactivity in the reaction product and fatty 
acid were measured167. Due to the disadvantages of the use of radioactive substrates, fluorescent 
Cer analogues were the alternatives, such as Cer-NBD168 or Cer-BODIPY169. The fluorophore in 
these substrates is linked to the end of the fatty acid chain of Cer, and under the action of CDases 
a fluorescent fatty acid is generated. Another testing approach to determining CDase activity is to 
evaluate the So generated after its derivatization with fluorescent compounds such as NDA 
(naphthalene-2,3-dialdehyde)170. To determine the enzymatic activity using the prior substrates it 
is necessary to separate the reagents and products via high-resolution liquid chromatography 
(HPLC) coupled to a fluorescent detector.  
 
Given that CDases have been validated as being therapeutic targets, the development of inhibitors 
of CDases received increased attention. The majority of these inhibitors were rationally designed; 
however, many of them were discovered through the screening of compound libraries. Despite 
the existence of many procedures for the determination of CDase activity, only few of them can 
be employed in compound library screening, as the latter requires high-throughput screening 
(HTS) methodologies, which cannot be applied in most of these CDase activity assays (for example 
the ones requiring chromatographic separation of the substrate and the product). Among these 
handful methods suitable for HTS, one can find a FRET (fluorescence resonance energy transfer)-
based assay that uses a Cer analogue labelled with two fluorophores, NBD and Nile Red. Changes 
in fluorescence emission upon hydrolysis allowed the determination of the enzymatic activity in 
real time171. Our group has also developed some CDase substrates suitable for HTS, such as the 
Cer coumarin analogues RBM14172,173 (Figure 7).   
 
 

 
 

 
 

 
 

NaIO4 CDase 

	METABOLISME DELS ESFINGOLÍPIDS: NOVES METODOLOGIES I EFECTE SOBRE L’AUTOFÀGIA | 23  

determinació de l’activitat bacteriana, es va descriure la Cer-C10-pyrene, un anàleg 

de Cer no fluorescent però que una vegada hidrolitzat per les CDases emet 

fluorescència119.  

 

Degut a la validació de les CDases com a dianes terapèutiques, s’han desenvolupat 

inhibidors de les CDases com a possibles nous fàrmacs. La majoria d’aquests 

inhibidors han estat fruit d’un disseny racional, però molts d’ells han sorgit després 

de provar petites quimioteques de compostos. Tot i que existeixen diversos 

procediments per determinar l’activitat CDasa, el cribratge de llibreries de 

compostos requereix metodologies high-troughput screening o cribratge d’alt 

rendiment (HTS), i són pocs els procediments que permeten aplicar-les. Com s’ha 

indicat anteriorment, la majoria requereixen separació cromatogràfica. Un d’aquest 

mètodes HTS és l’ús d’un anàleg de Cer marcada amb dos fluoròfors, NBD i Nile Red, 

que exerceix transmissió d’energia de ressonància (FRET) i al hidrolitzar-se per acció 

de les CDases, permet la determinació de l’activitat enzimàtica a temps real120. Així 

mateix, en un treball del nostre grup es va descriure l’ús d’un  substrat fluorogènic, 

un anàleg cumarínic de Cer, anomenat RBM14C16, per la determinació de l’activitat 

de l’AC121 (figura 12). 

 
 

 

Figura 12: Transformació enzimàtica i química del RBM14 a umbel·liferona fluorescent 

 

Els diferents RBM14 poden ser hidrolitzats per les CDases i el grup aminodiol 

resultant s’oxida químicament a un aldehid. Seguidament una β-eliminació espontània 

fa que s’alliberi la umbel·liferona fluorescent. La umbel·liferona no emet fluorescència 

mentre es troba unida a l’estructura de la Cer. Altres anàlegs del RBM14C16 amb 

diferents longituds de cadena es van utilitzar més tard com a substrat de l’AC per el 

diagnòstic de la malaltia de Farber122.  

 

 

2.2.3 Esfingosina-1-fosfat liasa 

 

La S1PL és l’últim enzim del catabolisme dels esfingolípids que degrada de manera 

irreversible la S1P. La S1PL catalitza l’escissió de la cadena de carboni en les posicions 

2-3, el que comporta la formació d’un aldehid de cadena llarga (hexadecenal) i 
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Figure 7: The hydrolysis of RBM14 by CDase and the release of fluorescent umbelliferone. 
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The different CDases can hydrolyze different RBM14 analogues, generating an aminodiol group 
which is subsequently oxidized to an aldehyde. The release of the fluorescent umbelliferon occurs 
as a result of spontaneous b-elimination, while attached to Cer, the umbelliferone does not emit 
fluorescence. As a representative example, RBM14C12172 is a good substrate of AC and therefore 
can be used to determine AC activity. This compound has shown to be useful for the diagnosis of 
diseases related to altered AC activity such as Farber’s disease, which is a genetic disease 
characterized by the deficiency of AC activity172. 
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The main goals of this PhD thesis are closely related within the field of CDases and their key role 
in the regulation of sphingolipid metabolism. Thus, the roles of ACER3 and AC in different human 
diseases are of valuable interest. However, research in this area has been hampered by the lack 
of specific inhibitors. For this reason, one of the objectives in this thesis was the discovery of 
specific inhibitors for AC and ACER3 displaying activity in intact cells. 

 
AC is highly expressed in several types of cancer, and its deficiency is correlated with the Farber’s 
disease. The existence of a method able to visualize the intracellular active form of AC, not the 
inactive one, is essential for the diagnosis of diseases associated with alterations in AC activity. 
Moreover, it is also important for the evaluation of the beneficial outcomes of therapeutic 
strategies. Hence, no methods have been yet presented to fulfill that aim, which hindered the 
development of therapeutic approaches based on chaperones due to the inability of imaging and 
following the existence of active AC in live cells. Activity-based probes (ABPs) have been proved 
useful in the visualization of active enzymes. Although few examples of ABPs for AC labelling have 
been reported, none of them was successfully used for live cell imaging of AC. Therefore, the other 
aim of this thesis was to develop an optimal ABP able to visualize the catalytically active (AC) in 
intracellular compartments of living cells. 
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SUMMARY 

Discovery of deoxyceramide analogs as highly selective ACER3 inhibitors in live cells  
 
Objective: AC, NC and ACER3 are the most ubiquitous CDases, and targeting them for therapeutic 
purposes has been gaining interest in cancer treatment. Thus, the existence of specific and potent 
inhibitors for the different types of CDases is important for therapeutic use. Although, some 
inhibitors have been identified, yet nearly all are targets for AC, and few are for NC. However, well-
characterized specific inhibitors for ACER3 do not exist. Therefore, and due to the lack or absence 
of specific inhibitors targeting CDases in intact cells, two small libraries of compounds were 
screened against AC, NC and ACER3.  
 
Methodology: The determination of CDase activity was done by measuring the fluorescence 
released after the hydrolysis of RBM14 substrates. In 96-well plates, the assay was performed 
using the appropriate buffer for each CDase, according to the pH optima of its activity. To 
determine AC activity, Farber cell lysates stably overexpressing AC (FD-AC) were used. The activity 
of NC was evaluated in recombinant human NC (rhNC) enzyme, as well as in HT29 cell lysates. NC 
and ACER3 inhibition in intact cells was evaluated using two different cell lines (MEF-WT that 
display NC and ACER3 activity and ASAH2-null MEF that only display ACER but not NC activity) that 
combined enabled the identification of specific ACER3 inhibitors. All compounds and substates 
were incubated for the specified time required for each enzymatic reaction.  
 
Results: The screening of the two libraries of compounds (series 1 and series 2) against AC, NC and 
ACER3, has led to discovering highly selective ACER3 inhibitors in intact cells. Compounds 8, 20, 
20I and 20m succeeded in inhibiting the activity of rhNC, however, they lost their inhibitory 
potency or were totally inactive when tested in cell lysates and intact cells. On the other hand, no 
significant inhibition was observed when the 4 compounds were tested against AC activity, in both 
cell lysates and intact cells. Compound 8 showed a very little inhibitory action over ACER3 activity 
in cell lysates, whereas compounds 20I and 20m showed significant inhibition in lysates and in 
intact cells. As a confirmatory step, the obtained inhibitory results of 20I and 20m over ACER3 
activity in fluorescent assay, were reinforced by the analysis of Cer levels in treated cells using 
high-resolution mass spectrometry (HR-MS), which showed an increase in Cer levels in samples 
incubated with either of the two inhibitors.  
 
Conclusions: In intact cells, compounds 20I and 20m are specific inhibitors of ACER3 activity and 
these results are confirmed by an increase in cellular Cer levels as detected by HR-MS. 
Interestingly, compounds 20I and 20m were highly cytotoxic when tested in the presence of 
methyl-b-cyclodextrin (MBCD). The mechanism by which such cytotoxicity occurs is still unknown. 
Overall, the results suggest that lysates and intact cells should be used when performing a 
screening of compounds against NC, and that the use of rhNC must be avoided.  
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a b s t r a c t

Acid (AC), neutral (NC) and alkaline ceramidase 3 (ACER3) are the most ubiquitous ceramidases and their
therapeutic interest as targets in cancer diseases has been well sustained. This supports the importance
of discovering potent and specific inhibitors for further use in combination therapies. Although several
ceramidase inhibitors have been reported, most of them target AC and a few focus on NC. In contrast,
well characterized ACER3 inhibitors are lacking. Here we report on the synthesis and screening of two
series of 1-deoxy(dihydro)ceramide analogs on the three enzymes. Activity was determined using flu-
orogenic substrates in recombinant human NC (rhNC) and both lysates and intact cells enriched in each
enzyme. None of the molecules elicited a remarkable AC inhibitory activity in either experimental setup,
while using rhNC, several compounds of both series were active as non-competitive inhibitors with Ki
values between 1 and 5 mM. However, a dramatic loss of potency occurred in NC-enriched cell lysates and
no activity was elicited in intact cells. Interestingly, several compounds of Series 2 inhibited ACER3 dose-
dependently in both cell lysates and intact cells with IC50’s around 20 mM. In agreement with their ac-
tivity in live cells, they provoked a significant increase in the amounts of ceramides. Overall, this study
identifies highly selective ACER3 activity blockers in intact cells, opening the door to further medicinal
chemistry efforts aimed at developing more potent and specific compounds.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Besides playing structural roles, sphingolipids are acknowl-
edged as a family of bioactive lipids. Ceramides are the central

molecules in sphingolipid metabolism. They can be generated via
three different pathways, the de novo pathway, hydrolysis of com-
plex sphingolipids, and the salvage pathway from sphingosine 1-
phosphate [1]. The canonical de novo pathway begins with the
condensation of palmitoyl CoA with L-serine catalyzed by serine
palmitoyltransferase. Mutations in this enzyme induce a perma-
nent shift in the substrate specificity of the enzyme from L-serine to
L-alanine and glycine, resulting in increased production of 1-
deoxysphingolipids [2].

After their synthesis, ceramides are converted to complex
sphingolipids (sphingomyelin, ceramide 1-phosphate and glyco-
sphingolipids) by substitution at the C1-hydroxyl group with polar
groups. Due to the absence of this function, the addition of a head
group to form complex sphingolipids is precluded in 1-
deoxysphingolipids. Moreover, while ceramides are degraded to
ethanolamine phosphate and a fatty aldehyde via sequential hy-
drolysis of ceramides, phosphorylation of the resulting long chain
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istoylamino)-1-phenyl-1-propanol; LC/MS, liquid chromatography coupled to mass
spectrometry; MEF, mouse embryonic fibroblasts; NC, neutral ceramidase; rhNC,
recombinant human NC.
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base to the corresponding phosphate and final irreversible retro-
aldolic cleavage by sphingosine-1-phosphate lyase [1], this
pathway is not possible for 1-deoxysphingolipids, as the essential
catabolic intermediate, sphingosine 1-phosphate, cannot be
formed from the 1-deoxybases [2].

Hydrolysis of ceramides occurs by the action of ceramidases,
which are encoded by five known genes and are distinguished by
the pH required for optimal activity (acid ceramidase (AC, ASAH1),
neutral ceramidase (NC, ASAH2) and alkaline ceramidases 1, 2 and 3
(ACER1, ACER2 and ACER3) [3]. Conversely, 1-deoxy(dihydro)
ceramides are exclusively hydrolyzed by AC [4]. Amongst the five
different enzymes, AC, NC and ACER3 are the most ubiquitous and
their therapeutic interest as targets in cancer diseases has beenwell
sustained [5].

AC is a glycosylated 50 kDa enzyme belonging to the N-terminal
nucleophile (Ntn) superfamily of hydrolases. It is synthesized in the
ER as an inactive proenzyme that is activated in the lysosome
through autocleavage, rendering a mature heterodimeric enzyme
containing a- and b-subunits [6]. The crystal structures have shown
that the catalytic center is buried in the proenzyme, while auto-
cleavage triggers a conformational change exposing the active site
hydrophobic channel [7]. Genetic loss-of-function mutations in AC
are the underlying cause of two severe rare diseases: Farber disease
and spinal muscular atrophy with progressive myoclonic epilepsy
[8]. Furthermore, changes in the expression levels of AC has been
found to be relevant in melanoma [9e12], prostate cancer [13e16]
and acute myeloid leukemia [17e19].

NC is a single transmembrane domain glycoprotein highly
expressed in the small intestine and colon and it appears to regu-
late the levels of bioactive sphingolipidmetabolites in the intestinal
tract [20]. Its crystal structure revealed a catalytic domain, a short
linker, and an immunoglobulin-like domain. The structure also
revealed that the active site of human NC is composed of a narrow,
20 Å deep, hydrophobic pocket with a Zn2þ ion at the bottom [21].
Besides a few other roles [22e26], a function of NC in cancer is
supported by the findings that NC downregulation is involved in
gemcitabine-induced growth suppression [27] and by recent
studies showing that NC regulates cell survival in colon cancer cells
[28,29]. These studies demonstrated that inhibition of NC in a
xenograft model delayed tumor growth and that mice lacking NC
were protected from azoxymethane-induced tumor formation [28].

ACER3 is a seven-transmembrane domain with an intracellular
N-terminus exposed to the cytoplasm and the C-terminus facing
the lumen of the endoplasmic reticulum or Golgi apparatus. The
protein contains functionally connected catalytic Zn2þ and Ca2þ-
binding sites, providing a structural explanation for the known
regulatory role of Ca2þ on ACER3 enzymatic activity [30,31]. Ge-
netic ACER3 deficiency leads to progressive leukodystrophy in early
childhood [32], a rare disease for which no treatment is available.
Furthermore, ACER3 has been reported to contribute to hepato-
cellular carcinoma [33] and acute myeloid leukemia pathogenesis
[34] and its downregulation has been shown to inhibit cell prolif-
eration [35].

The role of ceramidases in human diseases is gaining increasing
attention. However, current research in this field has been
hampered by the lack of specific inhibitors for some of these en-
zymes. Although several inhibitors of ceramidases have been
discovered [36], most of them target AC. Over the last two decades,
a number of NC inhibitors have been reported, but their potency is
low, their specificity has not been thoroughly investigated and
none has reached clinical effect [36]. A recent article reports on a
large (>650,000 small molecules) high-throughput screening assay
for NC inhibitors that has resulted in interesting leads [37]. Unfor-
tunately, no chemical structures are provided and further investi-
gation of hits in cell free systems and intact cells has not been

performed. On the other hand, only one inhibitor of alkaline
ceramidases (ACER) has been reported, namely (1S,2R)-D-erythro-
2-(N-myristoylamino)-1-phenyl-1-propanol (D-e-DMAPP) [38],
but the specific ACER target has not been identified and a few ar-
ticles claim that D-e-DMAPP inhibits also AC [39] and NC [40]. Thus,
the identification of new tools should significantly advance our
knowledge on the function of the different ceramidases, allow a
better understanding of their role in the regulation of biological
processes and in addition, may potentially lead to novel therapeutic
strategies.

From the biological stand point, 1-deoxysphingolipids are rele-
vant in diseases such as hereditary sensory and autonomic neu-
ropathy, a genetic condition caused by mutations in serine
palmitoyltransferase (see above). Furthermore, several clinical
studies showed that 1-deoxysphingolipids are altered the meta-
bolic syndrome and in type 2 diabetes [41]. Moreover, plasma 1-
deoxysphingolipids are also elevated in von Gierke disease [42],
and appear to be also relevant in the progress from hepatosteatosis
to steatohepatitis [2].

In the light of these overall precedents, we envisioned that 1-
deoxysphingolipid analogs might provide compounds with inter-
esting biological properties. Herein, we report on the screening of
1-deoxysphingolipid analogs (Fig. 1) on AC, NC and ACER3 that
yield to the identification of highly selective ACER3 inhibitors
acting both in lysates and intact cells.

2. Materials and methods

2.1. Chemical synthesis

Synthesis and characterization of compounds is detailed in the
supplementary materials.

2.2. Cell culture

The A375 cell line stably overexpressing ASAH1 under the
control of a doxycycline-responsive promoter was kindly provided
by Dr. Carmen Bedia and Prof. Thierry Levade. HT29 cells were
obtained from ATCC, Farber disease (FD) cells transformed to stably
overexpress AC (FD10X) were a kind gift of Prof. Jeff Medin and
ASAH2("/") mouse embryonic fibroblasts (MEF) were kindly pro-
vided by Prof. Richard Proia. In the latter, experiments were con-
ducted at least two weeks after thawing. All cells were maintained
in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with
10% FBS (Fetal Bovine Serum). Cells were kept at 37 #C and 5% CO2
and routinely grown up to 70% confluence.

2.3. Cell transfection

The antibiotic selection in the A375 cell line stably over-
expressing ASAH1 under the control of a doxycycline-responsive
promoter was performed with blasticidin (3 mg/mL) and hygrom-
ycin B (250 mg/mL). Ectopic expression of AC was induced with
doxycycline at 1 mg/mL for 24 h before use.

Transient transfections with the ASAH2-containing plasmid
were performed with Lipofectamine® 2000 (Invitrogen) in a 12-
well plate format. One day before transfection, 3x105 cells/mL
were plated in growth medium without antibiotics, so that cells
would be 90e95% confluent at the time of transfection. For each
transfection sample, cDNA was diluted in 50 mL of Opti-MEM®I
without serum; lipofectamine (2 mL) was diluted in 50 mL of Opti-
MEM®I Medium and incubated for 5 min at 25 #C. Next, both so-
lutions were combined, mixed gently, and incubated for 20 min at
25 #C. The resulting solutionwasmixed with 400 mL of medium and
it was added to cells. After 4 h at 37 #C and 5% CO2, 1 mL of medium
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containing 10% FBS and tetracycline (10 ng/mL) was added. Cells
were incubated for 24 h prior to testing for transgene expression
and compounds addition for inhibitory activity determination.

2.4. Cell viability

Cells (0.1-0.25x106/ml) were seeded in 96 well plates (0.1 ml/
well) and grown for 24 h. Cell viability was examined in triplicate
samples by the MTT method after treatment with the indicated
compounds or with the corresponding percentage of vehicle
(!0.25% ethanol)

2.5. Fluorogenic ceramidase activity assay in vitro

Experiments with rhNC (R&D Systems, >95% pure) were carried
out with 5 ng of protein (MW ¼ 83 KDa) in 0.1 mL of buffer (see
below), which affords a protein concentration of 0.6 nM for a
substrate concentration of 20 mM. These conditions (substrate
concentration much larger than protein concentration) are appro-
priate to use the Lineweaver-Burk plot to study the enzyme
kinetics.

To prepare the lysates, cell pellets were resuspended in the
appropriate volume of a 0.25 M saccharose solution containing the
protease inhibitors aprotinin (1 mg/mL), leupeptin (1 mg/mL) and
PMSF (100 mM). The suspension was submitted to three cycles of a
5 s sonication (probe) at 10 W/5 s resting on ice. The cell lysate was
centrifuged at 600 g for 5 min. The supernatant was collected, and
protein concentrationwas determinedwith BSA as a standard using
a BCA protein determination kit (Thermo Scientific) according to
the manufacturer’s instructions.

All the enzyme activity assays were carried out in 96-well plates
at a final volume of 100 mL/well. Reaction buffers were: 25 mM
sodium acetate buffer pH 4.5 (AC), 25 mM phosphate buffer
150 mM NaCl 1% sodium cholate (NaChol) pH 7.4 (NC) and 50 mM
HEPES 1 mM CaCl2 pH 9 (ACERs). The reaction mixtures contained
25 mL/well of protein (5 ng recombinant NC or 25 mg cell lysate), 70
mL/well of substrate (prepared from 4 mM stock solutions in
ethanol) and 5 mL/well of inhibitor (tested at concentrations indi-
cated in the figure legends, prepared from 10mM stock solutions in
ethanol). The following fluorogenic substrates were used at the
concentrations specified in the figure legends: for AC, RBM14C12
[43]; for NC, RBM14C24:1 [44] and for ACER, RBM14C16 [45]. Re-
action mixtures were incubated at 37 #C for 1 h (recombinant NC)

or 3 h (cell lysates). In all cases, reactions were stopped with 25 mL/
well of MeOH and then 100 mL/well of NaIO4 (2.5 mg/mL in 100mM
glycine-NaOH buffer, pH 10.6) was added. After incubation at 37 #C
for 1 h in the dark, 100 mL/well of 100 mM glycine-NaOH buffer (pH
10.6) was added and fluorescence was measured spectrophoto-
metrically at excitation and emission wavelengths of 355 and
460 nm, respectively. The same reactionmixtures without enzymes
were used as blanks.

2.6. Fluorogenic ceramidase activity assay in intact cells

To determine ceramidase activity in intact cells, 2x104 cells/well
were seeded in 96-well plates 24 h prior to the assay and main-
tained at 37 #C and 5% CO2. Mediumwas replaced by 100 mL of fresh
medium (DMEM 10% FBS) containing 10 mM of the corresponding
RBM14 substrate and different concentrations of the indicated test
compounds. The plate was incubated for 3 h at 37 #C in 5% CO2. The
reaction was stopped with 25 mL/well of MeOH and then 100 mL/
well of NaIO4 (2.5 mg/ml in glycine-NaOH buffer, pH 10.6) were
added. After incubation at 37 #C for 1 h in the dark, 100 mL/well of
100 mM glycine-NaOH buffer (pH 10.6) were added and fluores-
cence was measured spectrophotometrically at excitation and
emission wavelengths of 355 and 460 nm, respectively. The same
reaction mixtures without cells were used as blanks. The following
fluorogenic substrates were used at the concentrations specified in
the figure legends: for AC, RBM14C12 [43] and for NC and ACER3,
RBM14C16 [45]. Both substrates and test compounds were added
simultaneously to the cell culture.

2.7. Lipid analysis

Cells were seeded at 0.2x106 cells/mL in 6 well plates (1 mL/
well). After 24 h, medium was replaced with fresh medium con-
taining either the treatment of interest or the corresponding
vehicle as a control. After the indicated incubation times, medium
was removed and cells were washed with PBS. Cells were collected
by trypsinization. Ten mL of the cell suspension were used to count
cells for each sample. Sphingolipid extracts, fortified with internal
standards (N-dodecanoylsphingosine, N-dodecanoylglucosyl-
sphingosine, N-dodecanoylsphingosylphosphorylcholine, C17-
sphinganine (0.2 nmol each) were added and lipids were
analyzed by LC/MS with the reported equipment and instrument
conditions [46].

Fig. 1. Chemical structures of the 1-deoxyceramides studied in this work. Internal codes are shown in grey between brackets.
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3. Results

3.1. Synthesis

Due to the interesting properties, biological activity and
improved metabolically stability of 1-deoxysphingolipids, as well
as to the finding that 1-deoxydihydroceramides with the natural
stereochemistry are exclusively hydrolyzed by AC [4], a small li-
brary of derivatives was prepared based on the structure of 1-
deoxysphingosine and 1-deoxysphinganine covering the four
possible stereoisomers. The N-acyl moieties were chosen because
of our previous reports showing that the corresponding (dihydro)
ceramides are ceramidase inhibitors [15,47]. Sphingoid bases were
prepared as previously reported [48] and deoxyceramide analogs
(Fig. 1) were synthesized by amidation of the proper enantiopure
sphingoid base with the corresponding acid derivative according to
the previously described methodology (Scheme 1).

3.2. Studies in recombinant protein and cell lysates

Given the interest of AC, NC and ACER3 as therapeutic targets in
cancer, Series 1 was first screened over these three enzymes at
equimolar concentrations with the appropriate substrates. The
activity over AC was tested in lysates from AC-overexpressing cells
using RBM14C12, as the best AC fluorogenic substrate [43]. As
shown in Figure S1, none of the compounds exhibited a remarkable
inhibition of AC, evenwhen the inhibitor/substrate molar ratio was
increased to (2:1) (data not shown). Intriguingly, the bromoacetyl
derivatives of 1-deoxysphingosine and 1-deoxysphinganine with
the natural configuration (13 and 33, Fig. 1) did not inhibit AC, in
contrast to their analogs containing the C1eOH, which are potent
activity based irreversible AC inhibitors [15,49].

Activity over NC was initially tested using recombinant human
NC (rhNC) and RBM14C16, as the best NC fluorogenic substrate [45].
Two compounds, 8 and 20, completely blocked NC activity when
tested at a substrate/inhibitor ratio of 1:1 (20 mM) and provoked a
70 and 90% inhibition, respectively, at 5 mM (20 mM substrate) (data
not shown). Reducing 8 and 20 concentrations to 1 mM (substrate/
inhibitor molar ratio of (20:1)) provoked a 50% and 70% inhibition
of NC, respectively (Figure S1). It is worth noting that the two
compounds are 1-deoxyceramides, while the corresponding satu-
rated analogs were inactive at inhibiting NC, indicating that the C4-
double bond is required for inhibition. Furthermore, they have a
(2R,3R) configuration, different from that of the natural substrate
(2S,3R), which agrees with a non-competitive inhibition where the
inhibitor binds the enzyme at allosteric sites (see below).

Next, compounds were screened against ACER3 using lysates of
ASAH2-null (ASAH2(!/!)) mouse embryonic fibroblasts (MEF). These
cells are considered a suitable model to screen ACER3 inhibitors
since they lack NC, and ACER3 is the only alkaline ceramidase
detected [45]. No significant ACER3 inhibition was elicited by these
compounds at basic pH, in the presence of Ca2þ and at a substrate/
inhibitor molar ratio of (1:1) (Figure S1).

Based on the structure of one of the most potent compound
identified (20) as NC inhibitor, a focused library of analogs was next
prepared including a set of more hydrophilic derivatives (Table S1)
by modification of the benzene para-substituent by either short-
ening the chain length or introducing oxygen atoms. In this case, O-
alkylbenzoic acids bearing a alkyl/polyoxygenated side chain were
obtained by coupling of p-hydroxybenzoic acid methyl ester with
the respective halogen derivatives using a two-step sequence
(condensation and saponification) (Scheme 1).

Compounds belonging to this Series 2 were again screened
against AC, NC and ACER3. None of the compounds inhibited AC at
equimolar (Fig. S1) or two-fold molar (not shown) concentrations

with the substrate (20 mM) when assayed in cell lysates from AC
overexpressing cells. However, compounds 20 and 20lwere slightly
inhibitory at 40 mM (Fig. 3A). Conversely, several inhibitors were
also identified in the screening of Series 2 against recombinant NC,
although none of them was more active than 20 (Fig. 2A). These
results provided some insights into structure-activity relationships
on the recombinant protein. Hence, decreasing the p-alkylphenyl
substituent chain length (20a, 20b and 20c) resulted in reduction of
the inhibitory activity, as compared to 20, while compounds 20d
and 20e had a similar activity to the reference compound. Intro-
duction of one oxygen atom in the p-alkylphenyl substituent
afforded compounds with similar inhibitory activity, while addition
of two additional oxygen atoms resulted in reduction of activity
(compare 20k vs 20g; 20l vs 20h, and 20m vs 20i). In addition,
changing the oxygen position along the chain had also a negative
effect on NC inhibitory activity (compare 20l vs 20p). Interestingly,
the screening of the focused library on ACER3 also identified some
inhibitors, mostly corresponding to the u-methoxymethoxy family
(Fig. 2B). Furthermore, activity against ACER3was shown to be dose
dependent for the two compounds examined (20l and 20m)
(Fig. 3C).

To get a deeper insight into the mode of inhibition against NC
and ACER3, kinetic experiments were then conducted with 8, 20,
20l and 20m, two of the identified NC/ACER3 inhibitors2. Incuba-
tion of rhNC with different amounts of inhibitor at varied substrate
concentrations resulted in modified Vmax without significant
changes in the Km values (Fig. 4A), indicating that compounds 8, 20,
20l and 20mwere non-competitive inhibitors of NC with Ki values
of 2.0, 0.8, 5.4 and 3.6 mM, respectively. A similar outcome was
observed for the two compounds active on ACER3, which behaved
also as non-competitive inhibitors with apparent Ki values of
25.5 mM (20l) and 34.3 mM (20m) (Fig. 4B).

To compare the effects observed on ACER3 containing lysates
(Fig. 2B), the inhibitory activity of 8, 20, 20l and 20m was then
tested in lysates of HT29 cells transiently transfected to overexpress
NC (Fig. 3B). A specific NC substrate, bearing a nervonic acid amide
(RBM14C24:1) was employed in this case, thereby enabling only
the measurement of NC activity [44]. Surprisingly, only 20l and
20m were shown to dose-dependently inhibit the hydrolysis of
RBM14C24:1 (10 mM) at neutral pH (Fig. 3B) whereas no inhibition
was observed with 8 and the parent compound 20. Moreover, a
remarkable reduction in potency was found in cell lysates, as
compared to the recombinant enzyme, since a >40 mM concen-
trationwas necessary to achieve a 50% inhibition (Fig. 3B). A similar
outcome occurred with the C6-urea-ceramide (D-erythro-N-[2-
(1,3-dihydroxy-4E-octadecene)]-N0-hexane-urea-sphingosine), a
reported NC inhibitor [50], which inhibited rhNC and NC from cell
lysates with IC50’s of 18 nM and 366 nM, respectively (Fig S2A). This
decrease of potency observed when using cell lysates as compared
to recombinant purified protein suggest that caution should be
taken when interpreting data obtained with recombinant NC
protein.

3.3. Studies in intact cells

Since cell-based assays consider the biological complexity of the
cell and include factors, such as uptake and concentration by
intracellular compartmentalization, that might have a positive
impact on both inhibitory potency and selectivity, the activity of 8,

2 With the idea of testing the compounds in intact cells, we chose compounds 20l
and 20m as they have similar lipophilicity to that of cell permeable N-octanoyl-
sphingosine (Table S1) [56,57] with the lowest reduction in NC inhibitory activity,
as compared to 20.
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20, 20l and 20m was next examined in intact cells. Like in the
studies with cell lysates, test compounds and substrates were
added simultaneously to the appropriate cell lines and incubations
proceeded for 3 h. By using similar conditions, both in lysates and
intact cells, we could get an estimation of the global effects of up-
take and compartmentalization of the compounds on their inhib-
itory activity. However, a real analysis of both factors would require
the use of fluorescent derivatives and the study of their subcellular
distribution to confirm that they reach the organelles containing
the target enzymes.

Activity over AC was tested using AC overexpressing A375 cells
(A375/þDox) and the fluorogenic substrate RBM14C12. No inhibi-
tion could be observed with 20, whereas 20l and 20m exhibited
very weak AC inhibitory activity (IC50’s > 200 mM) (Fig. 5A).

Preliminary experiments to investigate the compounds’ effect
on NC revealed that they were very toxic in the presence of methyl-
b-cyclodextrin, the co-solvent required for the administration of
the specific fluorogenic NC substrate (RBM14C24:1) in intact cells
[44]. Since the NC specific substrate could not be used, RBM14C16
(substrate for both NC and ACER3) was employed and the inhibition
experiments were carried out in ASAH2-null MEF (ACER3) and their
wild type counterparts (WT-MEF) (NC and ACER3). Data compari-
son should allow discerning between NC and ACER3 inhibitory
activity. As shown in Fig. 5B and C, compounds 8 and 20 exhibited
insignificant inhibition of either NC or ACER3 while 20l and 20m,
otherwise, both inhibited the hydrolysis of RBM14C16, and thereby

umbelliferone production, in both cell lines (Fig. 5C). Statistical
comparison of the dose-response data revealed that the four curves
and their corresponding IC50 values were not statistically different
(P ¼ 0.2206). As the combined inhibition of both ACER and NC
should result in higher inhibition rates in WT-MEF, these results,
showing similar activities in both WT-MEF (which contain NC and
ACER3 activity) and ASAH2-null MEF (lacking the NC gene), support
that NC inhibition by 20l and 20m in intact cells is negligible and
that ceramidase inhibition observed in intact cells is solely due to
their action over ACER3 in both cell lines.

To confirm the effect of these two compounds on intracellular
ceramide levels, a lipidomic analysis was performed in ASAH2-null
MEF and in AC overexpressing A375 cells treated with either 20l or
20m. To this end, compounds were administered to cells and lipids
were extracted and analyzed (LC/MS) after 3 h of treatment. Grat-
ifyingly, in agreement with the results found with the fluorogenic
assays, a significant 1.5-2-fold increase in the total amounts of
ceramides was provoked by both 20l and 20m in ASAH2-null MEF,
but no effect could be detected on sphingosine, sphingomyelin and
glucosylceramide levels (Fig. 6A). Regarding the ceramides species,
all of them were elevated by treatment with the compounds over
vehicle controls, except for C24:0-ceramide, which was unaffected
(Fig. 6B). Conversely, only a small effect on ceramide levels was
provoked by 20l in AC-overexpressing A375-cells (Fig. S3).

Scheme 1. Synthesis of compounds used in this study and shown in Fig. 1. The preparation of the free bases 1e4 and 21e24 was conducted as reported [48].

Fig. 2. Activity of Series 2 over rhNC (A) and ACER3 (ASAH2-null cell lysates) (B). Concentration of substrate was 20 mM (A) or 10 mM (B) and that of test compounds was 1 mM (A)
and 20 mM (B). Suitable buffers and pH were used for each specific activity. Data (mean ± SD) were obtained from two to three experiments with triplicates. Asterisks above the SD
bars denote statistical significance over controls at *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, while statistical significance between specific groups is indicated with
asterisks above lines (One-way ANOVA followed by Dunnett’s multiple comparisons test).

N. Bielsa, M. Casasampere, M. Aseeri et al. European Journal of Medicinal Chemistry 216 (2021) 113296

5

- 99 -



    
 

 - 32 - 

 

4. Discussion

In our endeavour towards developing ceramidase inhibitors of
pharmacological interest, two series of 1-deoxy(dihydro)ceramides
were synthesized and screened against NC, AC and ACER3, the most
ubiquitous ceramidases identified as therapeutic targets in cancer
diseases [5]. Series 1 includes several diastereomeric N-acyl 1-
deoxysphingosine and 1-deoxysphinganine amide derivatives,
while Series 2 contains analogs of 20 with presumably improved
bioavailability. An important feature of both libraries is their
metabolic stability in front of enzymes acting at the C1eOH level to
produce sphingomyelin, ceramide 1-phosphate, glycosphingolipids
and the long chain base phosphates [51].

Whereas some compounds caused a significant and potent non-
competitive inhibition of recombinant NC, studies performed in cell
lysates with the most active inhibitors indicated a dramatic loss of
potency, while several compounds of Series 2 inhibited ACER3. The
identified selective ACER3 inhibitors, mostly belonging to the u-
methoxymethoxy family of Series 2, have a (2R,3R) configuration,
different from that of the natural substrate (2S,3R), which suggests
that the inhibitors bind the enzyme at allosteric sites in agreement
with kinetic experiments showing that both 20l and 20m do not
compete with the substrate active center.

This selective effect on ACER3 was further confirmed in studies
with 20l and 20m using intact cells both in activity assays and after
measurement of sphingolipid levels using mass-spectrometry
methods, showing the expected increase in ceramides upon treat-
ment with both compounds. However, no selective accumulation of
long chain unsaturated ceramides was induced by 20l and 20m,
which is at odds with reported data showing that ACER3 prefer-
entially hydrolyzes these particular species [35] and that ACER3
upregulation prevents the buildup of C18:1-ceramide in mouse

hepatocytes, while loss of ACER3 specifically augments C18:1-
ceramide and C20:1-ceramide without affecting other ceramide
species [52]. However, in another study showing that ACER3 is
involved in aging-associated neurodegenerative disorders in
humans [53], the effect of ACER3 knockout on the levels of
ceramides and sphingosine was found to depend on both the age
and the part of the brain examined, with the highest changes
occurring in older tissues. However, no specific accumulation of
long chain unsaturated ceramides was observed in ACER3 knock-
outs as compared to wild types.

On the other hand, neither 20l nor 20m provoked the expected
reduction in the amounts of sphingosine. A similar outcome was
observed in ACER3-knockout mouse hepatocytes [52] and in 6
week old brains of ACER3 knockout mice [53]. Conversely, the ex-
pected reduction in sphingosine [35] or its phosphate [33] was
observed in other ACER3 knockout cell models. Overall, although
C18:1-ceramide is clearly involved in some biological actions of
ACER3, the effects of up- and downregulation of this enzyme on
ceramide species and their catabolic products seem to depend on
the cell type, the type of stimulus and the biological context.

It is worth noting that the three cell permeable compounds,
namely 8, 20l and 20m, were very toxic when tested in the pres-
ence of methyl-b-cyclodextrin, a cholesterol depleting agent, in
HT29 cells overexpressing NC. A study reported by Romiti et al. [54]
showed that endothelial cell treatment with cyclodextrin enhanced
NC activity in caveolin-enriched membranes, indicating a negative
role for cholesterol in NC regulation. It is possible that methyl-b-
cyclodextrin removes cholesterol from membrane pools leading to
NC activation, the inhibition of which by the compounds would
lead to ceramide increases and subsequent cell death. However,
ceramide analysis by LC/MS did not show the expected increase in
cells treated with the compounds in the presence of methyl-b-

Fig. 3. Dose response of compounds on ceramidase activities in cell lysates. Experiments were carried out for 3 h (A, C) or 1 h (B) using 25 mg of lysates of AC overexpressing
A375 cells (A), NC overexpressing HT29 cells (B) and ASAH2-null MEF (ACER3) (C), in 25 mM sodium acetate buffer, pH 4.5 (A), 25 mM phosphate buffer, 150 mM NaCl, 1% sodium
cholate, pH 7.4 (B), or 50 mM HEPES 1 mM CaCl2, pH 9 (C). Concentration of substrates (A, RBM14C12; B, RBM14C24:1; C, RBM14C16) was 10 mM. Data (mean ± SEM) was obtained
from three to four experiments with triplicates. Asterisks denote statistical significance over controls at *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 (One-way ANOVA
followed by Dunnett’s multiple comparisons test).
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Fig. 4. Kinetics of inhibition of NC and ACER3 by 8, 20, 20l and 20m. Experiments were carried out using recombinant NC (5 ng, 0.6 nM) in 25 mM phosphate buffer, 150 mM NaCl,
1% sodium cholate, pH ¼ 7.5 (A) or lysates from ASAH2-null MEFs (25 mg) in 50 mM HEPES 1 mM CaCl2 pH 9 (B). Concentrations of substrate (RBM14C16) were 3.9, 6.9, 11.3 and
18 mM (8 and 20) and 5, 10, 20 and 40 mM (20l and 20m). Data (mean ± SD) were obtained from four experiments with triplicates. Ki, as determined from the slope of the regression
lines at each inhibitor concentration, were 8, 2.0 mM; 20, 0.8 mM; 20l, 5.4 mM and 20m, 3.6 mM in NC and 20l, 25.5 mM and 20m, 34.3 mM in ASAH2-null MEFs. Similar values were
obtained using the x-intercept values.

Fig. 5. Effect of inhibitors on umbelliferone production from fluorogenic substrates in intact cells. AC overexpressing A375 cells (A), WT-MEF (B,C) and ASAH2-null MEF (B,C) were
incubated with the fluorogenic substrate (A, RBM14C12 (10 mM); B and C, RBM14C16 (10 mM)) and different concentrations of the specified compounds in DMEM 10% FBS for 3 h and
enzyme activity was determined by the fluorogenic assay. Data were normalized by protein quantification (SRB assay, >90% cell viability). Data (mean ± SD) were obtained from
three experiments with triplicates. In C, statistical comparison of fits concluded that the LogIC50 was the same for all data sets (p ¼ 0.2206) and the IC50 had a best fit value of
23.7 mM.
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cyclodextrin (data not shown). This suggests that cell death is
provoked by the compounds independently of their effect on cer-
amide metabolism and that cells are sensitized to the molecules by
the disturbance of cell membranes induced by cholesterol
depletion.

An additional important finding of this article is the remarkable
decrease of potency experienced by the NC inhibitors when used in
NC-overexpressing cell lysates as compared to rhNC. Importantly,
such activity reduction also occurred with C6-urea-ceramide, a
competitive NC inhibitor [50], indicating that it is not exclusive to
the non-competitive inhibitors reported here. The reason for this
potency loss may lie in the structural differences between the
commercially available rhNC and the natural enzyme. While NC is
bound to the plasmamembranewith a single transmembrane helix
[21], rhNC lacks a part of the N-terminus that includes a few ami-
noacids of the transmembrane domain (Fig. S4). The truncated
protein is soluble in aqueous buffers and it is possible that the in-
hibitor binding domain conformation in rhNC has a higher affinity
for the inhibitors than in the membrane bound enzyme. In this
regard, as an example, removal of themembrane anchor in calnexin
to create a soluble protein resulted in changes in the profile of
substrate binding [55]. In their library screening, Otsuka et al. [37]
used secreted NC purified from Sf9 insect cells [21]. Their protein
corresponds to the extracellular region (residues 99e780) of hu-
man NC with a C-terminal hexahistidine tag and an N-terminal
secretory signal. Whether the inhibitors discovered in that high
throughput screen retain activity over the natural protein in cell
free systems or in live cells has not been reported. This would be
interesting to know, as in case of activity reduction, it would alert
against the convenience of using genetically modified soluble NC in
screening programs andwould sustain that studies in cell lysates or
preferably live cells must be conducted to avoid false expectations
in terms of inhibitory potency on the natural, membrane bound
enzyme.

Efforts of numerous groups over the last two decades have
enabled the identification of several ceramidase inhibitors.

However, in contrast to the better-characterized AC or NC, selective
inhibitors of ACER3 are still lacking. Herein, we report that the
screening of two series of deoxy(dihydro)ceramides against AC, NC
and ACER3 resulted in the discovery of highly selective ACER3 in-
hibitors in live cells and discloses a scaffold for further medicinal
chemistry efforts aimed at improving the ACER3 inhibitory potency.
Such efforts should lead compounds devoid of off-target activities
in cellulo as expected for 20l and 20m due to the high concentra-
tions required for activity in the cell-based assay. Docking studies
against the crystal structure of ACER3 [31] should aid in the design
of the best ligands for further use in the study or treatment of
diseases linked to ACER3 alterations. These include enzyme
blockers in the event of overexpression and chemical chaperones in
case of genetic deficiencies. Our results also alert about the
importance of performing NC inhibitors screening programs in cell
free systems and preferably, intact cells, since the use of rhNC af-
fords results which are not recapitulated over the endogenous
enzyme.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This work has been partly funded by the Spanish Ministry of
Economy, Industry and Competitiveness (grant CTQ2017-85378-R)
and Fundaci!on BBVA (grant 35_2018). We thank Dr. Gemma Triola
for critically reading the manuscript, and Alexandre Garcia, Pedro
Rayo, Neus Roca and Eva Dalmau for their excellent technical
assistance.

Fig. 6. Effect of inhibitors on sphingolipid levels in lysates of ASAH2-null MEF. Cells were treated with 50 mM of compound and vehicle (control) in DMEM 10% FBS. After 3 h, lipids
were extracted and analyzed by LC/MS. Data (mean ± SD) were obtained from two experiments with triplicates. Asterisks indicate statistical significance over vehicle at *, p < 0.05;
**, p < 0.01; ***, p < 0.001 (unpaired, two-tailed t-test). Total lipids are shown in A and ceramides species are represented in B.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2021.113296.
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Discovery of deoxyceramide analogs as highly selective ACER3 inhibitors in live cells 
N. Bielsa, M. Casasampere, M. Aseeri, J. Casas, A. Delgado, J. L. Abad and G. Fabriàs 
 
 

SUPPLEMENTARY INFORMATION 

 
 
SYNTHESIS OF COMPOUNDS 
 
General Synthetic Methods 
Unless otherwise stated, reactions were carried out under argon atmosphere. Dry solvents 
were obtained by passing through an activated alumina column on a Solvent Purification 
System (SPS). Commercially available reagents were used with no further purification. 
Benzoic acid, 4-etylbenzoic acid, 4-propylbenzoic acid, 4-pentylbenzoic acid, 
4-hexylbenzoic acid 4-tert-butylbenzoic acid, 4-pentyloxybenzoic acid, 4-hexyloxybenzoic 
acid, 4-heptyloxybenzoic acid, methyl 4-hydroxybenzoate, bromomethyl methyl ether, 
bromoethyl methyl ether, and 1-bromo-2-(2-methoxyethoxy)ethane were obtained from 
commercial sources.  
The following MOM bromides were prepared following reported protocols: 1-bromo-3-
(methoxymethoxy)propane, 1-bromo-4-(methoxymethoxy)butane, 
1-bromo-5-(methoxymethoxy)pentane, 1-bromo-7-(methoxymethoxy)heptane [1]. 1-
Deoxysphingoid bases 1-4 and 21-24 were obtained according to described procedures [2]. 
All reactions were monitored by TLC analysis using Silica gel on precoated aluminum 
plates with fluorescent indicator at 254 nm (Sigma-Aldrich). UV light or a 5% (w/v) 
ethanolic solution of phosphomolybdic acid were used as the visualizing agents. Flash 
column chromatography was carried out with the indicated solvents using flash-grade silica 
gel (37-70 µm). Yields refer to chromatographically and spectroscopically pure 
compounds, unless otherwise stated. The purity of all synthesized (deoxy)ceramide analogs 
was >95% as estimated by 1H NMR and TLC analysis. Specific rotations were recorded on 
a digital Perkin-Elmer 34 polarimeter at 25 ºC in a 1 mL cell. The lamp used was a sodium 
light lamp (589 nm). Results of specific optical rotation are reported in deg-1 cm3 g-1 
([α]20

D) and concentrations (c) are expressed in g/mL. 
High Resolution Mass Spectrometry analyses were carried out on an Acquity UPLC system 
coupled to a LCT Premier orthogonal accelerated time-of-flight mass spectrometer 
(Waters) using electrospray ionization (ESI) technique. 
 
Synthesis of O-alkylbenzoic acids: General method 
Synthesis of polyether alkylbenzoic acids were carried out using two reaction steps. 
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Step A. Polyalkoxy chain coupling: This reaction was performed using the methodology 
described by Bost and Winstead with minor modifications [3]. In this case, cesium 
carbonate (720 mg, 2.21 mmol) was added portionwise over a solution of methyl 
p-hydroxybenzoate (150 mg, 0,98 mmol) in dry acetone (10 mL). A solution of the proper 
bromide in acetone (1.5 mmol/5 mL) was next added dropwise. After 8h reflux, the 
reaction mixture was cooled, the solids were removed by filtration and the recovered 
solution was evaporated to dryness to give an oil which was chromatographed using a 
gradient of hexanes/EtOAc (from 0 to 20%) to give the corresponding pure methyl O-alkyl 
benzoate esters in yields ranging between 75 and 90%. 
 

Methyl 4-(methoxymethoxy)benzoate (41) [4] 

 
1H NMR (400 MHz, CDCl3) δ 7.99 (m, 2H), 7.05 (m, 2H), 5.22 (s, 2H), 3.89 (s, 3H), 3.48 
(s, 3H). 
13C NMR (101 MHz, CDCl3) δ 166.8, 161.0, 131.6, 123.7, 115.7, 94.1, 56.3, 51.9. 

 

Methyl 4-(2-(2-methoxyethoxy)ethoxy)benzoate (42) [5] 

 
1H NMR (400 MHz, CDCl3) δ 7.97 (m, 2H), 6.92 (m, 2H), 4.19 (m, 2H), 3.89 (s + m, 5H), 
3.71 (m, 2H), 3.57 (m, 2H), 3.38 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 166.6, 162.4, 131.4, 122.6, 114.1, 71.8, 70.6, 69.4, 67.4, 
58.9, 51.6. 

  

Methyl 4-(2-(methoxymethoxy)ethoxy)benzoate (43) 

 
1H NMR (400 MHz, CDCl3) δ 7.99 (m, 2H), 6.94 (m, 2H), 4.72 (s, 2H), 4.20 (m, 2H), 3.92 
(m, 2H), 3.88 (s, 3H), 3.40 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 166.7, 162.5, 131.5, 122.8, 114.1, 96.6, 67.4, 65.7, 55.2, 
51.8. 

HRMS calcd. for C12H17O5
+ ([M+H]+): 241.1071, Found: 241.1074 
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Methyl 4-(3-(methoxymethoxy)propoxy)benzoate (44) 

 
1H NMR (400 MHz, CDCl3) δ 7.98 (m, 2H), 6.92 (m, 2H), 4.63 (s, 2H), 4.13 (t, J = 6.5 Hz, 
2H), 3.88 (s, 3H), 3.72 (t, J = 6.0 Hz, 2H), 3.34 (s, 3H), 2.09 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.9, 162.8, 131.6, 122.5, 114.1, 96.5, 64.9, 63.9, 55.2, 
51.8, 29.5. 
HRMS calcd. for C13H19O5

+ ([M+H]+): 255.1227, Found: 255.1221 
 
Methyl 4-(4-(methoxymethoxy)butoxy)benzoate (45) 

 
1H NMR (400 MHz, CDCl3) δ 7.98 (m, 2H), 6.90 (m, 2H), 4.64 (s, 2H), 4.05 (t, J = 6.0 Hz, 
2H), 3.88 (s, 3H), 3.60 (t, J = 6.5 Hz, 2H), 3.37 (s, 3H), 1.90 (m, 2H), 1.79 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.9, 162.9, 131.6, 122.5, 114.1, 96.5, 67.9, 67.3, 55.2, 
51.9, 26.4, 26.1. 
HRMS calcd. for C14H21O5

+ ([M+H]+): 269.1384, Found: 269.1391 
 
Methyl 4-(5-(methoxymethoxy)pentyloxy)benzoate (46) 

 

 
 
1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 4.62 (s, 
2H), 4.02 (t, J = 6.5 Hz, 2H), 3.88 (s, 3H), 3.56 (t, J = 6.5 Hz, 2H), 3.36 (s, 3H), 1.84 (m, 
2H), 1.66 (m, 2H), 1.57 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.9, 162.9, 131.6, 122.4, 114.1, 96.5, 68.0, 67.6, 55.2, 
51.9, 29.5, 28.9, 22.9. 
HRMS calcd. for C15H23O5

+ ([M+H]+): 283.1540, Found: 283.1540 
 
Methyl 4-(8-(methoxymethoxy)octyloxy)benzoate (47) 
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1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 4.62 (s, 
2H), 4.02 (t, J = 6.5 Hz, 2H), 3.88 (s, 3H), 3.56 (t, J = 6.5 Hz, 2H), 3.36 (s, 3H), 1.84 (m, 
2H), 1.66 (m, 2H), 1.57 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.9, 162.9, 131.6, 122.4, 114.1, 96.5, 68.0, 67.6, 55.2, 
51.9, 29.5, 28.9, 22.9. 

HRMS calcd. for C18H29O5
+ ([M+H]+): 325.2010, Found:325.2019  

 

Step B: Saponification of the benzoate ester and condensation with the sphingoid 
bases. 

 

Saponification: General method. A solution of the corresponding benzoate ester (0.5 
mmol) in EtOH (5 mL) was treated with aqueous 2N NaOH (5 mL). After stirring for 12h 
at rt, the reaction mixture was evaporated to dryness and the residue taken up in aqueous 
1N HCl, extracted with CH2Cl2 (3 x 5 mL), dried (MgSO4) and evaporated to give an oil, 
which was purified by flash chromatography (CH2Cl2 /MeOH from o to 3%) to afford the 
required acid in yields ranging from 85 to 95% 

  

Acylation of the sphingoid bases: General method 
To a solution of the corresponding benzoic acid derivative (0.11 mmol) and HOBt (0.13 
mmol) in anhydrous CH2Cl2 (5 mL) was added EDC (0.14 mmol). The resulting mixture 
was stirred at rt for 5 min, and next added dropwise to a solution of the corresponding 
sphingoid base (0.1 mmol) and Et3N (0.3 mmol) in anhydrous CH2Cl2 (5 mL). The reaction 
mixture was stirred at rt for 2 h and controlled by TLC. The mixture was next diluted by 
addition of CH2Cl2 (10 mL), and washed successively with 1M NaHCO3 solution and brine 
(5 mL each). The organic layer was dried over MgSO4, and filtered. Concentration under 
reduced pressure afforded crude compounds. Final products were purified by flash 
chromatography (hexanes/EtOAc, 7/3) to give the corresponding amides in 70-85% yield. 

Compounds’ characterization 

 

33 [RBM1-32 (2S,3R-stereoisomer)] /// 35 [RBM1-58 (2R,3S-stereoisomer) ] 
1H NMR (400 MHz, CDCl3) δ 6.87 (d, J = 8.0 Hz, 1H), 4.09-3.98 (m, 1H), 4.05 (s, 2H), 
3.68 (br s, 1H), 1.58 (br, 2H), 1.44 (m, 2H), 1.19 (br, 26H), 1.15 (d, J = 7.0 Hz, 3H), 0.88 
(t, J = 8.0 Hz, 3H). 
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13C NMR (101 MHz, CDCl3) δ 165.7, 73.9, 49.8, 42.8, 33.9, 32.1, 29.9, 29.9, 29.8, 29.8, 

29.7, 29.7, 29.5, 26.1, 22.8, 14.3, 13.7. 

HRMS calcd. for C20H41BrNO2
+
 ([M+H]

+
): 406.2315 (100.0%), 408.2295 (97.3%), Found: 

406.2307, 408.2287 

33 [RBM1-32]  [α]D -4.2 (c=1, CHCl3); 35 [RBM1-58]  [α]D +4.4 (c=1, CHCl3). 

 

25 [RBM1-33] (2S,3R-stereoisomer) /// 27 [RBM1-55] (2R,3S-stereoisomer) 
1
H NMR (400 MHz, CDCl3) δ 5.81 (m, 1H), 4.01 (m, 1H), 3.62 (m, 1H), 2.16 (t, J = 8.0 

Hz, 2H), 1.62 (m, 2H), 1.48 (br, 1H), 1.39 (m, 2H), 1.19 (br, 34H), 1.09 (d, J = 8.0 Hz, 3H), 

0.87 (t, J = 8.0 Hz, 6H). 
13

C NMR (101 MHz, CDCl3) δ 173.3, 74.5, 49.6, 37.1, 33.7, 32.1, 31.8, 29.8, 29.8, 29.8, 

29.7, 29.7, 29.5, 29.4, 29.2, 26.2, 26.0, 22.8, 22.7, 14.3, 14.2. 

HRMS calcd. for C26H54NO2
+
 ([M+H]

+
): 412.4149 Found: 412.4153 

25 [RBM1-33]  [α]D  -11.6 (c=1, CHCl3);  27 [RBM1-55]  [α]D  +11.4 (c=1, CHCl3). 

 

13 [RBM1-34] (2S,3R-stereoisomer) /// 15 [RBM1-70] (2R,3S-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 6.75 (d, J = 8 Hz, 1H), 5.75 (dtd, J = 14.5, 8.0, 1.0 Hz, 1H), 

5.45 (m, 1H), 4.17 (m, 1H), 4.10 (m, 1H), 4.05 (s, 2H), 2.06 (q, J = 7 Hz, 2H), 1.65 (broad, 

1H), 1.37 (m, 2H), 1.19 (broad, 20H), 1.15 (d, J = 7.0 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 166.0, 134.7, 128.1, 75.0, 50.3, 42.8, 32.5, 32.0, 29.8, 29.8, 

29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 14.9, 14.2. 

HRMS calcd. for C20H39BrNO2
+ ([M+H]+): 404.2159 (100.0%), 406.2138 (97.3%), Found: 

404.2169, 406.2148 

13 [RBM1-34]  [α]D  -13.6 (c=1, CHCl3);  15 [RBM1-70]  [α]D  +12.2 (c=1, CHCl3). 

 

5 [RBM1-36] (2S,3R-stereoisomer) /// 7 [RBM1-67] (2R,3S-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 5.71 (m, 1H), 5.68 (d, J = 8 Hz, 1H), 5.41 (m, 1H), 4.11 (d, 

J = 6.5 Hz, 1H), 4.09 (m, 1H), 2.60 (br, 1H), 2.17 (t, J = 8.0 Hz, 2H), 2.03 (q, J = 7.0 Hz, 

2H), 1.62 (m, 2H), 1.36 (m, 2H), 1.19 (br, 34H), 1.09 (d, J = 7.0 Hz, 3H), 0.87 (t, J = 7.0 

Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 174.0, 134.2, 128.3, 75.8, 50.2, 37.0, 32.5, 32.1, 29.8, 29.8, 

29.8, 29.8, 29.6, 29.5, 29.4, 29.2, 26.8, 22.8, 22.7, 15.4, 14.3, 14.2. 

- 109 -



    
 

 - 42 - 

 

HRMS calcd. for C26H52NO2
+ ([M+H]+): 410.3993 Found: 410.3989 

5 [RBM1-36]  [α]D  -31.2 (c=1, CHCl3);  7 [RBM1-67]  [α]D  +30.4 (c=1, CHCl3). 

 

9 [RBM1-37] (2S,3R-stereoisomer) /// 11 [RBM1-68] (2R,3S-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 5.78-5.64 (ca, 2H), 5.41 (m, 1H), 4.11 (d, J = 6.0 Hz, 1H), 
4.09 (m, 1H), 2.54 (br, 1H), 2.04 (q, J = 7.0 Hz, 2H), 1.37 (m, 2H), 1.25 (broad s, 20H), 
1.20 (s, 9H), 1.10 (d, J = 8 Hz, 3H), 0.87 (t, J = 7 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 179.4, 134.2, 128.2, 76.0, 50.2, 38.8, 32.5, 32.1, 29.8, 29.8, 
29.8, 29.8, 29.6, 29.5, 29.4, 29.4, 27.7, 22.8, 15.6, 14.2. 

HRMS calcd. for C23H46NO2
+ ([M+H]+): 368.3523 Found: 368.3526 

9 [RBM1-37]  [α]D  -34.0 (c=1, CHCl3);  11 [RBM1-68]  [α]D  +33.2 (c=1, CHCl3). 

 

17 [RBM1-38] (2S,3R-stereoisomer) /// 19 [RBM1-69] (2R,3S-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8 Hz, 2H), 7.23 (d, J = 8 Hz, 2H), 6.25 (d, J = 
8.0 Hz, 1H), 5.76 (dtd, J = 15.0, 7.0, 1.0 Hz, 1H), 5.49 (ddt, J = 15.5, 6.5, 1.5 Hz, 1H), 4.31 
(ddt, J = 10.0, 8.0, 5.5 Hz, 1H), 4.24 (ddd, J = 6.5, 3.0, 1.0 Hz, 1H), 2.64 (t, J = 8 Hz, 2H), 
2.06 (q, J = 7 Hz, 2H), 1.82 (Br, 1H), 1.61 (m, 2H), 1.32-1.09 (bs, 30H), 1.21 (d, J = 7 Hz, 
3H), 0.88 (2x t, J = 6.5 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 168.0, 147.1, 134.3, 131.9, 128.7, 128.5, 127.1, 75.7, 50.6, 
36.0, 32.5, 32.1, 31.9, 31.4, 29.8, 29.8, 29.8, 29.8, 29.6, 29.5, 29.4, 29.3, 29.3, 22.8, 22.7, 
15.3, 14.3, 14.2. 

HRMS calcd. for C32H56NO2
+ ([M+H]+): 486.4306, Found: 486.4299 

17 [RBM1-38]  [α]D  -9.2 (c=1, CHCl3);  19 [RBM1-69]  [α]D  +9.4 (c=1, CHCl3). 

 

6 [RBM1-39] (2S,3S-stereoisomer) /// 8 [RBM1-63] (2R,3R-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 5.71 (m, 1H), 5.68 (d, J = 8 Hz, 1H), 5.41 (m, 1H), 4.11 (d, 
J = 6.5 Hz, 1H), 4.09 (m, 1H), 2.60 (br, 1H), 2.17 (t, J = 8.0 Hz, 2H), 2.03 (q, J = 7.0 Hz, 
2H), 1.62 (m, 2H), 1.36 (m, 2H), 1.19 (br, 34H), 1.09 (d, J = 7.0 Hz, 3H), 0.87 (t, J = 7.0 
Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 173.7, 134.2, 129.7, 76.2, 49.8, 37.1, 32.4, 32.1, 31.9, 29.8, 
29.8, 29.8, 29.6, 29.7, 29.5, 29.4, 29.4, 29.3, 29.2, 26.0, 22.8, 22.8, 17.7, 14.3, 14.2. 

HRMS calcd. for C26H52NO2
+ ([M+H]+): 410.3993 Found: 410.3999 

6 [RBM1-39]  [α]D  -22.4 (c=1, CHCl3);  8 [RBM1-63]  [α]D  +20.2 (c=1, CHCl3). 
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10 [RBM1-40] (2S,3S-stereoisomer) /// 12 [RBM1-64] (2R,3R-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 5.82 (d, J = 8.0 Hz, 1H), 5.68 (dt, J = 14.0, 8.0 Hz, 1H), 
5.43 (ddt, J = 15.5, 6.5, 1.5 Hz, 1H), 3.98 (m, 1H), 3.95 (m, 1H), ), 2.25 (br, 1H) 2.02 (q, J 
= 7 Hz, 2H), 1.34 (m, 2H), 1.30-1.20 (br, 22H), 1.18 (s, 9H), 1.16 (d, J = 6.5 Hz, 3H), 0.87 
(t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 178.9, 134.0, 129.7, 76.0, 49.5, 38.8, 32.4, 32.1, 29.8, 29.8, 
29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 27.7, 22.8, 17.5, 14.3. 
HRMS calcd. for C23H46NO2

+ ([M+H]+): 368.3523 Found: 368.3532 

10 [RBM1-40]  [α]D  -26.4 (c=1, CHCl3);  12 [RBM1-64]  [α]D  +25.2 (c=1, CHCl3). 

 

18 [RBM1-41] (2S,3S-stereoisomer) /// 20 [RBM1-65] (2R,3R-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.37 (d, J 
= 8.0 Hz, 1H), 5.73 (dt, J = 15.0, 7.0 Hz, 1H), 5.52 (ddt, J = 15.5, 6.5, 1.5 Hz, 1H), 4.19 
(m, 1H), 4.10 (m, 1H), 2.63 (t, J = 8 Hz, 2H), 2.34 (Br, 1H), 2.02 (q, J = 7 Hz, 2H), 1.61 
(m, 2H), 1.36–1.18 (br, 32H), 0.88 (2x t, J = 7.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 167.8, 147.0, 134.2, 132.0, 129.7, 128.6, 127.1, 75.9, 50.2, 
36.0, 32.4, 32.1, 31.9, 31.4, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 29.3, 22.8, 22.8, 
17.7, 14.2, 14.2. 
HRM calcd. for C32H56NO2

+ ([M+H]+): 486.4306, Found: 486.4212 
18 [RBM1-41]  [α]D  +9.0 (c=1, CHCl3);  20 [RBM1-65]  [α]D  -8.8 (c=1, CHCl3). 

 

14 [RBM1-42] (2S,3S-stereoisomer) /// 16 [RBM1-66] (2R,3R-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 6.75 (d, J = 8.0 Hz, 1H), 5.73 (dt, J = 14.5, 8.0 Hz, 1H), 
5.46 (m, 1H), 4.06 (m, 1H), 4.05 (s, 2H), 4.01 (m, 1H), 2.20 (broad, 1H), 2.03 (q, J = 7 Hz, 
2H), 1.36 (m, 2H), 1.19 (broad, 20H), 1.22 (d, J = 6.5 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 166.0, 134.9, 129.1, 75.5, 50.0, 42.9, 32.4, 32.1, 29.8, 29.8, 
29.8, 29.8, 29.6, 29.5, 29.3, 29.3, 22.8, 17.4, 14.3. 
HRMS calcd. for C20H39BrNO2

+ ([M+H]+): 404.2159 (100.0%), 406.2138 (97.3%), Found: 
404.2166, 406.2145 
14 [RBM1-42]  [α]D  -6.2 (c=1, CHCl3);  16 [RBM1-66]  [α]D  +5.4 (c=1, CHCl3). 

 

26 [RBM1-43] (2S,3S-stereoisomer) /// 28 [RBM1-59] (2R,3R-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 5.78 (m, 1H), 3.96 (m, 1H), 3.51 (m, 1H), 2.44 (br, 1H), 
2.17 (t, J = 8.0 Hz, 2H), 1.62 (m, 2H), 1.42 (m, 2H), 1.39 (m, 4H), 1.19 (br, 34H), 1.17 (d, 
J = 7.0 Hz, 3H), 0.87 (t, J = 8.0 Hz, 6H). 
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13
C NMR (101 MHz, CDCl3) δ 173.5, 74.8, 48.9, 37.2, 34.7, 32.1, 31.9, 29.8, 29.8, 29.8, 

29.8, 29.7, 29.5, 29.4, 29.2, 26.0, 25.8, 22.8, 22.7, 18.5, 14.2, 14.2. 

HRMS calcd. for C26H54NO2
+
 ([M+H]

+
): 412.4149 Found: 412.4150 

26 [RBM1-43]  [α]D  -11.0 (c=1, CHCl3);  28 [RBM1-59]  [α]D  +9.6 (c=1, CHCl3). 

 

30 [RBM1-44] (2S,3S-stereoisomer) /// 32 [RBM1-60] (2R,3R-stereoisomer) 
1
H NMR (400 MHz, CDCl3) δ 5.91 (d, J = 8.5 Hz, 1H), 3.94 (m, 1H), 3.53 (m, 1H), 2.23 

(br, 1H), 1.48-1.33 (4H), 1.25 (broad s, 26H), 1.19 (s, 9H), 1.17 (d, J = 7.0 Hz, 3H), 0.87 (t, 
J = 7.0 Hz, 3H). 

13
C NMR (101 MHz, CDCl3) δ 178.8, 74.9, 48.8, 38.9, 34.7, 32.1, 29.8, 29.8, 29.8, 29.8, 

29.7, 29.5, 27.8, 25.8, 22.8, 18.4, 14.3. 

HRMS calcd. for C23H48NO2
+
 ([M+H]

+
): 370.3680, Found: 370.3688 

30 [RBM1-44]  [α]D  -14.0 (c=1, CHCl3);  32 [RBM1-60]  [α]D  +13.0 (c=1, CHCl3). 

 

38 [RBM1-45] (2S,3S-stereoisomer) /// 40 [RBM1-61] (2R,3R-stereoisomer) 
1
H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.49 (d, J 

= 8.5 Hz, 1H), 4.18 (m, 1H), 3.63 (m, 1H), 2.63 (t, J = 8.0 Hz, 3H), 1.60 (m, 2H), 1.55 – 

1.38 (4H), 1.34-1.20 (broad, 36H), 1.29 (d, 3H), 0.88 (2 x t, J = 7.0 Hz, 6H). 

13
C NMR (101 MHz, CDCl3) δ 167.7, 146.9, 132.1, 128.7, 127.1, 102.7, 74.9, 49.4, 35.9, 

34.8, 32.1, 31.9, 31.4, 29.9, 29.8, 29.8, 29.8, 29.7, 29.5, 29.3, 29.3, 25.9, 22.8, 22.8, 18.6, 

14.2, 14.2. 

HRMS calcd. for C32H58NO2
+
 ([M+H]

+
): 488.4462, Found: 488.4462 

38 [RBM1-45]  [α]D  +8.4 (c=1, CHCl3);  40 [RBM1-61]  [α]D  -8.0 (c=1, CHCl3). 

 

34 [RBM1-46] (2S,3S-stereoisomer) /// 36 [RBM1-62] (2R,3R-stereoisomer) 
1
H NMR (400 MHz, CDCl3) δ 6.80 (d, J = 8.5 Hz, 1H), 4.06 (s, 2H), 4.00 (m, 2H), 3.58 (m, 

1H), 1.98 (broad, 1H), 1.52–1.34 (4H), 1.34-1.19 (broad, 27H), 0.88 (t, J = 7.0 Hz, 3H). 

13
C NMR (101 MHz, CDCl3) δ 166.0, 74.5, 49.4, 42.9, 34.6, 32.1, 29.8, 29.8, 29.8, 29.8, 

29.7, 29.7, 29.7, 29.5, 25.8, 22.8, 18.3, 14.3. 

HRMS calcd. for C20H41BrNO2
+
 ([M+H]

+
): 406.2315 (100.0%), 408.2295 (97.3%), Found: 

406.2314, 408.2294 

34 [RBM1-46]  [α]D  -4.8 (c=1, CHCl3);  36 [RBM1-62]  [α]D  +4.0 (c=1, CHCl3). 
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37 [RBM1-47] (2S,3R-stereoisomer) /// 39 [RBM1-57] (2R,3S-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 6.50 (d, J 
= 8.0 Hz, 1H), 4.21 (m, 1H), 3.75 (m, 1H), 2.63 (t, J = 8.0 Hz, 2H), 1.61 (m, 2H), 1.56–
1.36 (4H), 1.36–1.15 (broad, 34H), 1.20 (t, J = 7.0 Hz, 3H), 0.88 (2 x t, J = 7.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 167.4, 147.0, 132.0, 128.7, 127.1, 74.5, 50.0, 36.0, 33.9, 
32.1, 31.9, 31.4, 29.8, 29.8, 29.8, 29.8, 29.7, 29.5, 29.3, 29.3, 26.2, 22.8, 22.8, 14.3, 14.2, 
14.1. 

HRMS calcd. for C32H58NO2
+ ([M+H]+): 488.4462, Found: 488.4471 

37 [RBM1-47]  [α]D +5.0 (c=1, CHCl3);  39 [RBM1-57]  [α]D -4.8 (c=1, CHCl3). 

 

29 [RBM1-48] (2S,3R-stereoisomer) /// 31 [RBM1-56] (2R,3S-stereoisomer) 
1H NMR (400 MHz, CDCl3) δ 5.89 (d, J = 8.0 Hz, 1H), 3.99 (m, 1H), 3.61 (m, 1H), 2.03 
(br, 1H), 1.54-1.30 (4H), 1.30-1.20 (broad s, 24H), 1.20 (s, 9H), 1.09 (d, J = 7.0 Hz, 3H), 
0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 178.6, 74.5, 49.5, 38.7, 33.8, 32.1, 29.8, 29.8, 29.8, 29.7, 
29.7, 29.5, 27.7, 26.1, 22.8, 14.2, 14.2. 

HRMS calcd. for C23H48NO2
+ ([M+H]+): 370.3680, Found: 370.3686 

29 [RBM1-48]  [α]D  -15.0 (c=1, CHCl3);  31 [RBM1-56]  [α]D  +14.6 (c=1, CHCl3). 

 

20a [RBM1-65a] 
1H NMR (400 MHz, CDCl3) δ 7.76 (m, 2H), 7.50 (m, 1H), 7.43 (m, 2H), 6.34 (d, J = 8 Hz, 
1H), 5.75 (dt, J = 14.0, 6.5 Hz, 1H), 5.53 (dd, J = 15.5, 7.0 Hz, 1H), 4.21 (m, 1H), 4.12 (m, 
1H), 2.03 (q, J = 7.0 Hz, 2H), 1.39-1.20 (broad, 24H), 1.30 (d, J = 7.0 Hz, 3H), 0.88 (t, J = 
7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.8, 134.7, 134.4, 131.6, 129.7, 128.6, 127.1, 75.9, 50.2, 
32.4, 32.1, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 17.8, 14.3. 

HRMS calcd. for C25H42NO2
+ ([M+H]+): 388.3210, Found: 388.3219 

[α]D -3.8 (c=1, CHCl3)  

 

20b [RBM1-65b] 
1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 6.29 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.5 Hz, 1H), 4.20 (m, 
1H), 4.10 (m, 1H), 2.69 (q, J = 7.5 Hz, 2H), 2.02 (q, J = 7.0 Hz, 2H), 1.36-1.29 (m, 2H), 
1.27 (d, 3H), 1.26-1.19 (br, 24H), 0.86 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.8, 148.2, 134.3, 132.1, 129.7, 128.1, 127.2, 76.0, 50.2, 
32.5, 32.1, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 28.9, 22.8, 17.7, 15.5, 14.3. 
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HRMS calcd. for C27H46NO2
+ ([M+H]+): 416.3523, Found: 416.3515 

[α]D -8.2 (c=1, CHCl3)   
 
20c [RBM1-65c] 
1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 6.29 (d, J 
= 8.5 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.20 (m, 
1H), 4.11 (m, 1H), 2.63 (t, J = 8.0 Hz, 2H), 2.03 (q, J = 7.0 Hz, 2H), 1.65 (m, 2H), 1.33 (m, 
2H), 1.29 (d, J = 7.0 Hz, 3H), 1.31-1.21 (m, 20H), 0.94 (t, J = 7.5 Hz, 3H), 0.88 (t, J = 7.0 
Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.8, 146.7, 134.3, 132,1, 129.7, 128.7, 127,1, 76.0, 50.2, 
38.0, 32.5, 32.1, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 24.5, 22.8, 17.7, 14.3, 13.9. 
HRMS calcd. for C28H48NO2

+ ([M+H]+): 430.3680, Found: 430.3674 
[α]D -8.4 (c=1, CHCl3)   
 
20d [RBM1-65d] 
1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 6.30 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.20 (m, 
1H), 4.10 (m, 1H), 2.64 (t, J = 8.0 Hz, 2H), 2.02 (q, J = 7.0 Hz, 2H), 1.68-1.54 (m, 4H), 
1.39-1.19 (ca, 27H), 0.90 (t, J = 8.0 Hz, 3H), 0.88 (t, J = 8.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.8, 147.0, 134.3, 132.1, 129.7, 128.7, 127.1, 76.0, 50,2, 
35.9, 32.5, 32.1, 31,5, 31.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 22.6, 17.7, 
14.2, 14.1. 
HRMS calcd. for C30H52NO2

+ ([M+H]+): 458.3993, Found: 458.4004 
[α]D -8.6 (c=1, CHCl3)   
 
20e [RBM1-65e] 
1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 6.33 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.19 (m, 
1H), 4.10 (m, 1H), 2.64 (t, J = 8.0 Hz, 2H), 2.02 (q, J = 7.0 Hz, 2H), 1.61 (m, 2H), 1.39-
1.19 (ca, 31H),0.88 (2xt, J = 7.0 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 167.8, 147.0, 134.3, 132.1, 129.7, 128.6, 127.1, 76.0, 50.2, 
36.0, 32.5, 32.1, 31.80 31.3, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 29.0, 22.8, 22.7, 
17.7, 14.2, 14.2. 
HRMS calcd. for C31H54NO2

+ ([M+H]+): 472.4149, Found: 472.4139 
[α]D -8.6 (c=1, CHCl3)   
 
20f [RBM1-65f] 
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1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 6.40 (d, J 
= 8.0 Hz, 1H), 5.73 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.19 (m, 
1H), 4.10 (m, 1H), 2.70 (broad, 1H), 2.01 (q, J = 7.0 Hz, 2H), 1.33 (s, 9H), 1.33-1.19 
(broad, 24H), 0.87 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.7, 155.1, 134.3, 131.8, 129.7, 126.9, 125.6, 76.0, 50.1, 
35.0, 32.4, 32.1, 31.3, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 17.7, 14.3. 
HRMS calcd. for C29H50NO2

+ ([M+H]+): 444.3836, Found: 444.3832 
[α]D -9.0 (c=1, CHCl3)  
 
20g [RBM1-65g] 
1H NMR (400 MHz, CDCl3) δ 7.71 (m, 2H), 6.90 (m, 2H), 6.22 (d, J = 8.0 Hz, 1H), 5.73 
(dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.18 (m, 1H), 4.09 (m, 1H), 3.99 
(t, J = 6.5 Hz, 2H), 2.02 (q, J = 7.0 Hz, 2H), 1.83-1.72 (broad, 1H), 1.80 (m, 2H), 1.47-1.35 
(m, 4H), 1.35-1.28 (m, 2H), 1.28 (d, J = 7 Hz, 3H), 1.25-1.19 (broad, 20H), 0.94 (t, J = 7.0 
Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.5, 161.9, 134.2, 129.8, 128.9, 126.6, 114.3, 76.1, 68.3, 
50.2, 32.4, 32.1, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 29.0, 28.3, 22.8, 22.6, 
17.8, 14.2, 14.1. 
HRMS calcd. for C30H52NO3

+ ([M+H]+): 474.3942, Found: 474.3951 
[α]D -9.0 (c=1, CHCl3)   
 
20h [RBM1-65h] 
1H NMR (400 MHz, CDCl3) δ 7.71 (m, 2H), 6.90 (m, 2H), 6.24 (br d, J = 8.0 Hz, 1H), 5.73 
(dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.18 (m, 1H), 4.09 (m, 1H), 3.99 
(t, J = 6.5 Hz, 2H), 2.02 (q, J = 7.0 Hz, 2H), 2.20-1.85 (broad, 1H), 1.79 (m, 2H), 1.40-1.31 
(m, 6H), 1.28 (d, J = 7 Hz, 3H), 1.25-1.19 (broad, 20H), 0.91 (t, J = 7.0 Hz, 3H), 0.88 (t, J 
= 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.5, 161.9, 134.2, 129.8, 128.9, 126.6, 114.3, 76.1, 68.3, 
50.2, 32.4, 32.1, 31.7, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 29.2, 25.8, 22.8, 
22.7, 17.8, 14.2, 14.1. 
HRMS calcd. for C31H54NO3

+ ([M+H]+): 488.4098 , Found: 488.4086 
[α]D -8.8 (c=1, CHCl3) 

 
20i [RBM1-65i] 
1H NMR (400 MHz, CDCl3) δ 7.71 (m, 2H), 6.90 (m, 2H), 6.21 (d, J = 8.0 Hz, 1H), 5.74 
(dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.18 (m, 1H), 4.09 (m, 1H), 3.99 
(t, J = 6.5 Hz, 2H), 2.02 (q, J = 7.0 Hz, 2H), 1.84-1.55 (broad, 1H), 1.79 (m, 2H), 1.40-1.31 
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(m, 6H), 1.28 (d, J = 7 Hz, 3H), 1.25-1.19 (broad, 22H), 0.90 (t, J = 7.0 Hz, 3H), 0.88 (t, J 
= 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.5, 161.9, 134.2, 129.8, 128.9, 126.6, 114.3, 76.1, 68.3, 
50.2, 32.4, 32.1, 31.7, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 29.3, 29.2, 26.1, 
22.8, 22.7, 17.8, 14.2, 14.2. 

HRMS calcd. for C32H56NO3
+ ([M+H]+): 502.4255, Found: 502.4246 

[α]D -7.4 (c=1, CHCl3) 

 

20j [RBM1-65j] 
1H NMR (400 MHz, CDCl3) δ 7.72 (m, 2H), 7.06 (m, 2H), 6.24 (d, J = 8.0 Hz, 1H), 5.74 
(dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 5.21 (s, 2H), 4.18 (m, 1H), 4.10 
(m, 1H), 3.48 (s, 3H), 2.02 (q, J = 7.0 Hz, 2H), 1.28 (d, J = 7 Hz, 3H), 1.24 (broad, 25H), 
0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.3 159.9, 134.2, 129.7, 128.8, 128.1, 115.9, 94.3, 76.0, 
56.3, 50.2, 32.4, 32.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 17.8, 14.2. 

HRMS calcd. for C27H46NO4
+ ([M+H]+): 448.3421, Found: 448.3421 

[α]D -9.2 (c=1, CHCl3)   

 

20k [RBM1-65k] 
1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 6.25 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.72 (s, 2H), 
4.23-4.12 (m, 3H), 4.10 (m, 1H), 3.91 (m, 2H), 3.40 (s, 3H), 2.02 (q, J = 7.0 Hz, 2H), 1.27 
(d, J = 7 Hz, 3H), 1.39-1.15 (22H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.3 161.5, 134.3, 129.8, 128.9, 127.2, 114.4, 96.7, 76.1, 
67.5, 65.9, 55.4, 50.2, 32.4, 32.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 17.8, 
14.2. 

HRMS calcd. for C29H50NO5
+ ([M+H]+): 492.3684, Found: 492.3688 

[α]D -9.6 (c=1, CHCl3)   

 

20l [RBM1-65l] 
1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 6.25 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.72 (s, 2H), 
4.23-4.12 (m, 3H), 4.10 (m, 1H), 3.91 (m, 2H), 3.40 (s, 3H), 2.09 (m, 2H), 2.02 (q, J = 7.0 
Hz, 2H), 1.27 (d, J = 7 Hz, 3H), 1.39-1.15 (22H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.4 161.7, 134.3, 129.8, 128.9, 126.9, 114.3, 96.6, 76.1, 
65.0, 64.1, 55.3, 50.2, 32.4, 32.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.6, 29.5, 29.3, 29.3, 22.8, 
17.8, 14.2. 
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HRMS calcd. for C30H52NO5
+ ([M+H]+): 506.3840, Found: 506.3829 

[α]D -9.0 (c=1, CHCl3)   
 

20m [RBM1-65m] 
1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.5 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H), 6.22 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.64 (s, 2H), 
4.18 (m, 1H), 4.09 (m, 1H), 4.03 (t, J = 6.0 Hz, 2H), 3.60 (t, J = 6.0 Hz, 2H), 3.37 (s, 3H), 
2.02 (q, J = 7.0 Hz, 2H), 1.90 (m, 2H), 1.79 (m, 2H), 1.28 (d, J = 7 Hz, 3H), 1.39-1.15 
(22H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.4 161.8, 134.2, 129.8, 128.9, 126.8, 114.3, 96.5, 76.1, 
67.9, 67.4, 55.3, 50.2, 32.4, 32.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.3, 26.5, 26.2, 
22.8, 17.8, 14.2. 
HRMS calcd. for C31H54NO5

+ ([M+H]+): 520.3997, Found: 520.3979 

[α]D -9.0 (c=1, CHCl3)   
 
20n [RBM1-65n] 
1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.22 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.63 (s, 2H), 
4.18 (m, 1H), 4.09 (m, 1H), 4.01 (t, J = 6.5 Hz, 2H), 3.56 (t, J = 6.5 Hz, 2H), 3.37 (s, 3H), 
2.02 (q, J = 7.0 Hz, 2H), 1.84 (m, 2H), 1.68 (m, 2H), 1.57 (m, 2H), 1.28 (d, J = 7 Hz, 3H), 
1.39-1.15 (22H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.4 161.8, 134.2, 129.8, 128.8, 126.7, 114.3, 96.5, 76.1, 
68.1, 67.7, 55.3, 50.2, 32.4, 32.0, 29.8, 29.8, 29.8, 29.7, 29.6, 29.6, 29.5, 29.3, 29.3, 29.1, 
22.9, 22.8, 17.8, 14.2. 
HRMS calcd. for C32H56NO5

+ ([M+H]+): 534.4153, Found: 534.4166 
[α]D -8.8 (c=1, CHCl3)  

 

20o [RBM1-65o] 
1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.22 (d, J 
= 8.0 Hz, 1H), 5.74 (dt, J = 14.0, 7.0 Hz, 1H), 5.52 (dd, J = 15.5, 7.0 Hz, 1H), 4.62 (s, 2H), 
4.17 (m, 1H), 4.09 (m, 1H), 3.99 (t, J = 6.5 Hz, 2H), 3.52 (t, J = 6.5 Hz, 2H), 3.36 (s, 3H), 
2.02 (q, J = 7.0 Hz, 2H), 1.79 (m, 2H), 1.68-1.52 (br, 6H), 1.46 (m, 2H), 1.42-1.20 (28H), 
0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.4 161.9, 134.3, 129.8, 128.8, 126.7, 114.3, 96.5, 76.2, 
68.3, 68.0, 55.2, 50.2, 32.4, 32.0, 29.9, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3, 
29.3, 29.3, 26.3, 26.1, 22.8, 17.8, 14.3. 
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HRMS calcd. for C35H62NO5
+ ([M+H]+): 576.4623, Found: 576.4630 

[α]D -8.7 (c=1, CHCl3)   

 
20p [RBM1-65p] 
1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 6.26 (br s, 
1H), 5.73 (dt, J = 14.0, 6.5 Hz, 1H), 5.51 (dd, J = 15.5, 7.0 Hz, 1H), 4.23-4.12 (3H), 4.08 
(m, 1H), 3.87 (m, 2H), 3.72 (m, 2H), 3.58 (m, 2H), 3.39 (s, 3H), 2.10 (broad, 1H, OH), 2.02 
(q, J = 7.0 Hz, 2H), 1.42-1.15 (broad, 26H), 0.88 (t, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 167.3, 161.4, 134.1, 129.8, 128.8, 127.1, 114.4, 76.0, 72.0, 
70.9, 69.7, 67.6, 59.2, 50.2, 32.4, 32.0, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.3, 29.3, 22.8, 
17.7, 14.2. 
HRMS calcd. for C30H52NO5

+ ([M+H]+): 506.3840, Found: 506.3850 
[α]D -9.4 (c=1, CHCl3) 
 
Synthesis of (2S,3R)-N-[2-(1,3-dihydroxy-4E-octadecene)]-N-hexane-urea (C6-urea-
Cer). 

To a solution of (2S,3R,4E)-sphingosine (21 mg, 0.07 mmol) and NEt3 (10 PL) in 
anhydrous CH3CN (4 mL) and anhydrous methyl tert-butyl ether (2 mL), hexyl isocyante 
(17 PL, 0.181 mmol) was added, and the mixture was stirred at room temperature under N2 
for 4 h. After evaporation of the solvents under a reduced pressure, residue was dissolved in 
CH2Cl2 (10 mL) washed with H2O (2 x 3 mL) and concentrated to dryness. Flash 
chromatography purification with silica gel using a stepwise solvent gradient 
(CH2Cl2/MeOH, 0-4%) gave the pure urea isoster of ceramide (27 mg, 86% yield); TLC 
(CH2Cl2-MeOH, 10:1, v/v; Rf 0.5) 

1H NMR (CDCl3) 5.73 (dt, J =15.5, 7.0 Hz, 1H), 5.49 (dd, J = 15.5, 6.5 Hz, 1H), 4.22 (m, 
1H), 3.78 (m, 1H), 3.72 (m, 1H), 3.67 (m, 1H), 3.11 (t, J = 7 Hz, 1H), 2.02 (m, 2H), 1.46 
(m, 2H), 1.20 (m, 2H), 1.41-1.19 (brs, 28H), 0.88 (t, J =7.0 Hz, 3H), 0.87 (t, J =7.0 Hz, 
3H). 

13C NMR (101 MHz, CDCl3) δ 159.4, 133.9, 128.9, 77.5, 77.2, 76.8, 74.6, 63.0, 56.0, 40.8, 
32.6, 32.1, 31.7, 30.3, 29.9, 29.8, 29.8, 29.7, 29.5, 29.4, 26.8, 22.8, 22.8, 14.3, 14.2. 
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SUPPLEMENTARY TABLE 
 
 
Table S1. CLogP values of analogs of compound 20.a 

 
Name R CLogP Name R CLogP 
20a -H 7.03 20i -O(CH2)6CH3 9,39 
20b -CH2CH3 7.93 20j -OCH2OCH3 7,02 
20c -(CH2)2CH3 8.35 20k -O(CH2)2OCH2OCH3 6,86 
20d -(CH2)4CH3 9.18 20l -O(CH2)3OCH2OCH3 6,97 
20e -(CH2)5CH3 9.6 20m -O(CH2)4OCH2OCH3 7,42 
20 -(CH2)6CH3 10.02 20n -O(CH2)5OCH2OCH3 7,84 
20f -C(CH3)3 8.73 20o -O(CH2)8OCH2OCH3 8,68 
20g -O(CH2)4CH3 8.56 20p -O(CH2)2O(CH2)2OCH3 6,59 
20h -O(CH2)5CH3 8.98 N-octanoylsphingosine  7.01 

 
aCLogP were determined using the calculation algorithm included in ChemDraw Professional 15.0. 
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A 
MSAITVALLSLLFITSGTIENHKDLGGHFFSTTQSPPATQGSTAAQRSTATQHSTATQSSTATQTSPVPLTPESPLF
QNFSGYHIGVGRADCTGQVADINLMGYGKSGQNAQGILTRLYSRAFIMAEPDGSNRTVFVSIDIGMVSQRLRLE
VLNRLQSKYGSLYRRDNVILSGTHTHSGPAGYFQYTVFVIASEGFSNQTFQHMVTGILKSIDIAHTNMKPGKIFIN
KGNVDGVQINRSPYSYLQNPQSERARYPSNTDKEMIVLKMVDLNGDDLGLISWFAIHPVSMNNSNHLVNSDN
VGYASYLLEQEKNKGYLPGQGPFVAAFASSNLGDVSPNILGPRCINTGESCDNANSTCPIGGPSMCIAKGPGQD
MFDSTQIIGRAMYQRAKELYASASQEVTGPLASAHQWVDMTDVTVWLNSTHASKTCKPALGYSFAAGTIDGV
GGLNFTQGKTEGDPFWDTIRDQILGKPSEEIKECHKPKPILLHTGELSKPHPWHPDIVDVQIITLGSLAITAIPGEFT
TMSGRRLREAVQAEFASHGMQNMTVVISGLCNVYTHYITTYEEYQAQRYEAASTIYGPHALSAYIQLFRNLAKAI
ATDTVANLSRGPEPPFFKQLIVPLIPSIVDRAPKGRTFGDVLQPAKPEYRVGEVAEVIFVGANPKNSVQNQTHQT
FLTVEKYEATSTSWQIVCNDASWETRFYWHKGLLGLSNATVEWHIPDTAQPGIYRIRYFGHNRKQDILKPAVILS
FEGTSPAFEVVTI 
 

B 
HHHHHHSGTIENHKDLGGHFFSTTQSPPATQGSTAAQRSTATQHSTATQSSTATQTSPVPLTPESPLFQNFSGY
HIGVGRADCTGQVADINLMGYGKSGQNAQGILTRLYSRAFIMAEPDGSNRTVFVSIDIGMVSQRLRLEVLNRLQ
SKYGSLYRRDNVILSGTHTHSGPAGYFQYTVFVIASEGFSNQTFQHMVTGILKSIDIAHTNMKPGKIFINKGNVDG
VQINRSPYSYLQNPQSERARYPSNTDKEMIVLKMVDLNGDDLGLISWFAIHPVSMNNSNHLVNSDNVGYASYL
LEQEKNKGYLPGQGPFVAAFASSNLGDVSPNILGPRCINTGESCDNANSTCPIGGPSMCIAKGPGQDMFDSTQII
GRAMYQRAKELYASASQEVTGPLASAHQWVDMTDVTVWLNSTHASKTCKPALGYSFAAGTIDGVGGLNFTQ
GKTEGDPFWDTIRDQILGKPSEEIKECHKPKPILLHTGELSKPHPWHPDIVDVQIITLGSLAITAIPGEFTTMSGRRL
REAVQAEFASHGMQNMTVVISGLCNVYTHYITTYEEYQAQRYEAASTIYGPHALSAYIQLFRNLAKAIATDTVAN
LSRGPEPPFFKQLIVPLIPSIVDRAPKGRTFGDVLQPAKPEYRVGEVAEVIFVGANPKNSVQNQTHQTFLTVEKYE
ATSTSWQIVCNDASWETRFYWHKGLLGLSNATVEWHIPDTAQPGIYRIRYFGHNRKQDILKPAVILSFEGTSPAF
EVVTI 
 

C 
FSGYHIGVGRADCTGQVADINLMGYGKSGQNAQGILTRLYSRAFIMAEPDGSNRTVFVSIDIGMVSQRLRLEVL
NRLQSKYGSLYRRDNVILSGTHTHSGPAGYFQYTVFVIASEGFSNQTFQHMVTGILKSIDIAHTNMKPGKIFINKG
NVDGVQINRSPYSYLQNPQSERARYSSNTDKEMIVLKMVDLNGDDLGLISWFAIHPVSMNNSNHLVNSDNVG
YASYLLEQEKNKGYLPGQGPFVAAFASSNLGDVSPNILGPRCINTGESCDNANSTCPIGGPSMCIAKGPGQDMF
DSTQIIGRAMYQRAKELYASASQEVTGPLASAHQWVDMTDVTVWLNSTHASKTCKPALGYSFAAGTIDGVGGL
NFTQGKTEGDPFWDTIRDQILGKPSEEIKECHKPKPILLHTGELSKPHPWHPDIVDVQIITLGSLAITAIPGEFTTMS
GRRLREATLSAYIQLFRNLAKAIATDTVANLSRGPEPPFFKQLIVPLIPSIVDRAPKGRTFGDVLQPAKPEYRVGEV
AEVIFVGANPKNSVQNQTHQTFLTVEKYEATSTSWQIVCNDASWETRFYWHKGLLGLSNATVEWHIPDTAQP
GIYRIRYFGHNRKQDILKPAVILSFEGTSPAFEVVTIHHHHHH 

Figure S4. Comparison of amino acid sequences of human NC (>AAF86240.1 
mitochondrial ceramidase [Homo sapiens]) (A), the commercial rhNC used in this 
study (B) and the crystalized NC (C) as reported by Airola et al. [6] (>pdb|4wgk|A 
B). The signal/anchor sequence is highlighted in blue and the mucin-like domain is 
highlighted in green. The genetically introduced hexahistidine tags are in red. In the 
commercial rhNC, the MSAITVALLSLLFIT sequence from the natural protein 
(Accession # AAF86240) is replaced with a 6His tag. The crystalized protein lacks 
both anchor sequence and mucin-like domain sequences.   
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SUMMARY 

Activity-Based Imaging of Acid Ceramidase in Living Cells 

 
Objective: Acid ceramidase (AC) is overexpressed in many types of cancer and Alzheimer’s disease, 
and its genetic deficiency leads to the manifestation of various diseases, for which no treatment 
yet exists. These pathological alterations in AC activity should be intracellularly monitored for 
diagnostic purposes, as well as to follow-up treatment approaches. This requires a method capable 
of specific labelling of active AC in living cells. Activity-based probes (ABPs) proved useful for 
visualizing active enzymes, yet no ABPs were successfully used for AC imaging in living cells. 
Therefore, this work aimed at the development of an ABP that could be employed for the 
intracellular detection of AC.   
 
Methodology: Analogues of SABRAC, a previously reported irreversible AC inhibitor, were 
synthesized by our group, and were found to be highly potent AC inhibitors. And because the 
analogue SOBRAC was the most potent among all, its fluorescent-derivative BODIPY-SOBRAC was 
first synthesized to explore enzyme labelling in Farber fibroblast (FD1), which contains zero AC 
activity, and the same FD1 cells transduced to overexpress AC (FD1/AC). AC labelling was not seen 
in FD1 lysates, whereas a band corresponding to labelled AC was clearly visualized in FD1/AC 
extracts. Although, BODIPY-SOBRAC succeeded in labelling active AC in lysates, it resulted in 
unspecific background staining possibly due side-reactions with intracellular electrophiles. 
Therefore, BODIPY-SOCLAC was next synthesized and investigated as it contains a less reactive 
chloroacetyl moiety. The reactivity of BODIPY-SOCLAC with Cys143 was first confirmed by mass 
spectrometry. BODIPY-SOCLAC was then tested in lysates from cells transfected with wild-type 
(WT) ASAH1 cDNA and ASAH1 mutant, in which the active-site cysteine was replaced by serine 
(C143S). Both plasmids (WT and mutated) were transiently transfected in cells using Lipofectamine 
2000. Following the successful detection of AC using BODIPY-SOCLAC in cells transfected with 
ASAH1, the probe was then tested in cell lysates from A549, fibroblasts, FD1/AC, FD1 and three 
different homozygous Farber fibroblast FD2-FD4, displaying null or very low AC activity. The 
activity of AC was first determined by measuring the fluorescence released after the hydrolysis of 
RBM14C12 substrate. Next, AC labelling was performed by exposing cell lysates to 0.5 µM and 1 
µM of BODIPY-SOCLAC probe for 5 min at 37˚C while shaking. Selective target binding of BODIPY-
SOCLAC was assessed in FD1/AC and confirmed after competition experiments in the presence of 
unlabeled SOCLAC. Briefly, lysates from FD1/AC cells were preincubated for 5 min with the 
specified concentrations of SOCLAC (competitor) followed by 5 min incubation with 1 μM probe. 
The reaction mixtures were then quenched with 6.25 μL of Laemmli 4× buffer, and proteins were 
resolved on 12.5% SDS-PAGE. Gels were stained with Coomassie blue to confirm that equal 
amounts of protein were loaded. In-gel visualization of the fluorescent bands was performed in 
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the wet gel slabs using a Typhoon 5 Biomolecular Imager. AC labelling in intact cells was performed 
by adding a medium containing 75 nM LysoTracker Red DND-99 to culture medium of cell lines for 
1 h at 37˚C, followed by the addition of 1 µM BODIPY-SOCLAC for 5 min. Staining was viewed with 
a Leica TCS-SP2 Laser Scanning Confocal microscope, and the images were analyzed using Fiji-
ImageJ software.  
 
Results: BODIPY-SOCLAC was able to detect AC in lysates of cells transfected with WT-ASAH1, but 
not in those transfected with ASAH1-mutant. Western blot detected both WT and mutant proteins 
in previous samples, which confirms the labeling ability of BODIPY-SOCLAC in distinguishing 
between the active and inactive forms of AC. Unlike labelling with BODIPY-SOBRAC, and as it was 
anticipated, BODIPY-SOCLAC did not result in background staining, and exclusively detected one 
band corresponding to labelled AC. The probe was also successful in detecting endogenous levels 
of AC in lysates of different cell lines. In intact cells, BODIPY-SOCLAC achieved excellent imaging of 
varying levels of AC expression, contained in different intact cell lines, with a labelling intensity 
matching the AC activity detected in those cells.  
 

Conclusions: Novel ABPs were developed based on the structure of SABRAC, an AC irreversible 
inhibitor reported previously. The in-gel labelling of AC with the probe proved useful at 
submicromolar concentrations and short incubation times and the probe also succeeded in 
detecting endogenous levels of the active enzyme. Importantly, labelling of AC was not seen in 
denatured protein, indicating that the probe specifically detects active protein folding. Although 
an ABP for AC labelling was reported earlier, BODIPY-SOCLAC is distinguished in that it 
unprecedently permitted the exclusive detection of active AC, not the inactive, in the lysosomes 
of living cells. Overall, the outcomes of this work could be of biomedical interest in visualizing and 
tracking intracellular active AC, as well as in evaluating new chaperone treatments for diseases 
with altered AC activity.  
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ABSTRACT: Acid ceramidase (AC) hydrolyzes ceramides
into sphingoid bases and fatty acids. The enzyme is
overexpressed in several types of cancer and Alzheimer’s
disease, and its genetic defect causes different incurable
disorders. The availability of a method for the specific
visualization of catalytically active AC in intracellular compart-
ments is crucial for diagnosis and follow-up of therapeutic
strategies in diseases linked to altered AC activity. This work
was undertaken to develop activity-based probes for the
detection of AC. Several analogues of the AC inhibitor
SABRAC were synthesized and found to act as very potent
(two-digit nM range) irreversible AC inhibitors by reaction
with the active site Cys143. Detection of active AC in cell-free systems was achieved either by using fluorescent SABRAC
analogues or by click chemistry with an azide-substituted analogue. The compound affording the best features allowed the
unprecedented labeling of active AC in living cells.

■ INTRODUCTION

Acid ceramidase (AC) is a ubiquitously expressed lysosomal
enzyme that hydrolyzes ceramide into a sphingoid base and a
fatty acid in a key reaction that regulates the balance between
antimitogenic (ceramides and sphingoid bases) and mitogenic
(sphingosine 1-phosphate) lipids. AC is a heterodimeric
glycoprotein with a molecular weight of ∼50 kDa. Under
reducing conditions, AC dissociates into two disulfide bond-
linked subunits: a nonglycosylated 13 kDa α-subunit and a
glycosylated 40 kDa β-subunit. The biosynthesis of AC starts
with the expression of a single precursor polypeptide of ∼53−
55 kDa that is subsequently processed to the mature,
heterodimeric enzyme in the endosomes/lysosomes. Mecha-
nistically, AC belongs to the N-terminal nucleophile hydrolase
family. These enzymes, which are characterized by their ability
to cleave nonpeptide amide bonds, have the common feature
of having an active site-terminal nucleophile. In AC, the
nucleophilic thiol of Cys143 is exposed at the N-terminus of

the β-subunit after autoproteolytic cleavage of the precursor
protein.1

From the pathological perspective, overexpression of AC has
been reported in some cancers2−4 and Alzheimer’s disease
brain.5,6 On the other hand, genetic deficiency in AC activity
results in two very rare autosomal recessive disorders: Farber
disease (FD)7 and spinal muscular atrophy with progressive
myoclonic epilepsy (SMA-PME),8 both showing accumulation
of lysosomal ceramide. To date, at least 20 different Farber
disease-linked mutations have been described in the acid
ceramidase ASAH1 gene. These mutations often cause protein
misfolding and misrouting and its degradation by the
endoplasmic reticulum-associated degradation (ERAD) path-
way. Nowadays, therapy for FD is mainly palliative, and
severely affected patients die at an early age. Current treatment
trials include bone marrow or hematopoietic stem cell
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transplantation9 and gene therapy,10 but results are still far
from satisfactory. Enzyme replacement therapy and the use of
pharmacological chaperones11 are expected to emerge as
promising therapeutic approaches. Pharmacological chaper-
ones are small molecules able to serve as molecular scaffolds of
misfolded mutant proteins, thus promoting their proper
folding, ERAD escape, and correct trafficking to their site of
action. The capability of small compounds to act as
pharmacological chaperones, has been investigated in several
sphingolipidoses,12−14 but it has not been examined in FD. In
addition, progress in the discovery of pharmacological
chaperones is hampered by the lack of small molecules able
to stain and follow active proteins in the intracellular
compartments of living cells.
Activity-based probes (ABPs) have proved useful to visualize

active enzymes,15−17 including glucocerebrosidase in Gaucher
fibroblasts.18 Moreover, ABPs have a wide range of
applications. These include, apart from assessing the beneficial
effects of a potential chaperone on the amount and correct
localization of mutant proteins, the profiling of changes in
enzyme activity in healthy and disease samples and the
screening of inhibitors in a cellular environment.
Despite this growing interest, very few examples of ABP for

AC detection can be found. Recently, a fluorescent analogue of
the AC inhibitor carmofur has been reported as an ABP for AC
detection in Gaucher tissue homogenates.19 However, no ABP
has been successfully used for live cell imaging of AC. Herein,
we describe the development of a novel ABP that allows for
detection of active AC in intact cells.

■ EXPERIMENTAL SECTION
Materials. Dulbecco’s modified Eagle medium (DMEM), fetal

bovine serum, doxycycline, penicillin/streptomycin, and trypsin-
EDTA were purchased from Sigma. Blasticidin and hygromycin B
were from Invitrogen. Polyvinylidene difluoride (PVDF) membrane
was purchased from Roche. ECL Prime Western Blotting Detection
reagent was purchased from GE Healthcare. Laemmli buffer and
acrylamide were purchased from BioRad, and sodium dodecyl sulfate
(SDS) was from Fluka. Mass spectrometry-grade trypsin for digestion
was from ThermoFisher. In Figure 3, rabbit anti-AC polyclonal
antibody was from ORIGENE (reference TA306621) and antirabbit
IgG secondary antibody was from GE Healthcare (reference NA934
V). In Figure 3C, a rabbit anti-AC antiserum kindly provided by Prof.
K. Sandhoff (University of Bonn, Germany) and a goat antirabbit
coupled to horseradish peroxidase (Cell Signaling, Ozyme, France)
were used. Recombinant human acid ceramidase was purified from
the media of overexpressing Chinese hamster ovary cells according to
previously published methods.20 DBCO-PEG45/6-TAMRA was
purchased from Jena Bioscience.
NMR spectra were recorded at room temperature on a Varian

Mercury 400 instrument. The chemical shifts (δ) are reported in ppm
relative to the solvent signal, and coupling constants (J) are reported
in Hertz (Hz). Deuterated solvents were used as internal standards
(CDCl3: δ = 7.26 ppm for 1H, δ = 77.16 ppm for 13C; acetone-d6: δ =
2.05 ppm for 1H, δ = 29.84 ppm for 13C; CD3OD: δ = 3.31 ppm for
1H, δ = 49.00 ppm for 13C; and trifluoroacetic acid (TFA) (external
standard) for 19F). Chemical shift (δ) values are reported in ppm.
Signal characterization is described using the following abbreviations:
s (singlet), d (doublet), t (triplet), q and m (multiplet). High-
resolution mass spectrometry analyses were carried out on an Acquity
ultraperformance liquid chromatography (UPLC) system coupled to
a LCT Premier orthogonal accelerated time-of-flight mass spectrom-
eter (Waters) using electrospray ionization (ESI) technique.
Synthesis of Probes. BODIPY-sphingosine,21 Z-So,22 ω-

N3C14So,23 and SABRAC24 were obtained following reported
protocols. The haloacetamide probes were obtained by acylation of

the corresponding sphingoid base with bromoacetic acid, following a
reported protocol,24 or with bromoacetyl bromide or chloroacetyl
chloride (1.2 equiv/mol) in CH2Cl2/Et3N at room temperature for 12
h. Evaporation of the solvent afforded a crude product that was
purified by flash chromatography on silica gel CH2Cl2/MeOH
gradient (from 0−7%) to afford pure amides in 70−85% yield.

(2S,3R,E)-2-Bromo-N-[1,3-dihydroxyoctadec-4-en-13-(4,4-di-
fluoro-4-bora-3a,4a-diaza-s-indacene-8-yl)2-yl]acetamide (BODI-
PY-SOBRAC). High-resolution mass spectrometry (HRMS) calculated
for C28H40BBrF2N3O3

− [M − 1]: 594.2319, found 594.2413. 1H
NMR (400 MHz, CDCl3) δ 1.20−1.40 (broad, 10H), 1.61 (m, 2H),
2.04 (m, 2H), 2.39 (s, 6H), 2.49 (s, 6H), 2.91 (broad, 2H), 3.70 (dd,
J = 11.4, 3.2 Hz, 2H), 3.84 (m, 1H), 3.88 (s, 2H), 3.98 (dd, J = 11.4,
3.4 Hz, 1H), 4.35 (broad, 1H), 5.50 (dt, J = 14.6, 7.2 Hz, 2H), 5.77
(tt, J = 13.9, 6.5 Hz, 2H), 6.03 (s, 2H), 7.20 (d, J = 8.1 Hz, 1H). 13C
NMR (101 MHz, CDCl3) δ 165.93, 153.69, 140.24, 134.42, 128.53,
121.54, 77.30, 76.98, 76.67, 74.19, 61.87, 54.84, 32.17, 31.88, 30.35,
29.35, 29.09, 28.99, 28.45, 16.36, 14.41. 19F NMR: −146.67 (m).

(2S,3R,E)-2-Chloro-N-[1,3-dihydroxyoctadec-4-en-13-(4,4-di-
fluoro-4-bora-3a,4a-diaza-s-indacene-8-yl)2-yl]acetamide (BODI-
PY-SOCLAC). HRMS calculated for C28H42BClF2N3O3

+ [M + 1]:
552.2971, found 552.2953. 1H NMR (400 MHz, CDCl3): δ 1.20−
1.65 (12H), 2.04 (broad, 2H), 2.38 (s, 6H), 2.50 (s, 6H), 2.89
(broad, 2H), 3.71 (broad d, 1H), 3.89 (broad, 1H), 3.99 (broad d,
1H), 4.06 (s, 2H), 4.34 (broad, 1H), 5.52 (m, 1H), 5.77 (m, 1H),
6.03 (broad, 2H), 7.27 (broad, 1H). 13C NMR (101 MHz, CDCl3) δ
166.44, 153.65, 146.63, 140.29, 134.40, 131.39, 128.52, 121.53, 74.00,
61.86, 54.67, 42.65, 32.18, 31.86, 30.34, 29.33, 29.08, 29.02, 28.42,
16.34, 14.40.

(2S,3R,E)-N-(14-Azido-1,3-dihydroxytetradec-4-en-2-yl)-2-bro-
moacetamide (N3C14-SOBRAC). HRMS calculated for
C16H30BrN4O3

+ [M + 1]: 405.1496, found 405.1512. 1H NMR
(400 MHz, CDCl3): δ 1.20−1.35 (broad, 14H), 1.58 (broad, 2H),
2.03 (broad, 2H), 3.24 (t, 2H), 3.71 (dd, 1H, J = 11.4, 3.6), 3.89
(broad, 1H), 3.98 (dd, 1H, J = 11.4, 3.5), 4.06 (s, 2H), 4.33 (broad,
1H), 5.50 (dd, 1H, J = 14.9, 6.4), 5.78 (m, 1H), 7.27 (d, 1H, J = 6.6).
13C NMR (101 MHz, CDCl3) δ 166.41, 134.61, 128.44, 74.12, 61.90,
54.65, 51.44, 42.65, 32.20, 29.34, 29.28, 29.07, 29.00, 28.78, 26.65.

(2S,3R)-2-Chloro-N-(1,3-dihydroxyoctadecan-2-yl)acetamide
(SACLAC). HRMS calculated for C20H41ClNO3

+ [M + 1]: 378.2769,
found 378.2764. 1H NMR (400 MHz, CDCl3, CD3OD, 9:1): δ 0.85
(t, 3H), 1.23 (broad, 28 H), 1.51 (broad, 2H), 3.71 (dd, 1H, J = 11.6,
3.4 Hz), 3.72 (m, 1H), 3.80 (m, 1H), 3.96 (dd, 1H, J = 11.6, 3.4 Hz),
4.05 (s, 2H), 7.4 (d, 1H, J = 8.4). 13C NMR (101 MHz, CDCl3,
CD3OD, 9:1) δ 166.48, 73.27, 61.48, 54.08, 42.56, 34.25, 31.86,
29.6−29.3, 25.85, 22.62, 14.03.

(2S,3R,E)-2-Bromo-N-(1,3-dihydroxyoctadec-4-en-2-yl)-
acetamide (SOBRAC). HRMS calculated for C20H39BrNO3

+ [M + 1]:
420.2108, found 420.2125. 1H NMR (400 MHz, CDCl3): δ 0.85 (t, J
= 6.7 Hz, 3H), 1.23 (broad, 23H), 1.35 (broad, 2H), 2.04 (q, J = 7.1
Hz, 2H), 3.71 (dd, J = 11.4, 3.6 Hz, 1H), 3.89 (s, 2H), 3.83−3.92 (m,
1H), 3.97 (dd, J = 11.4, 3.6 Hz, 1H), 4.33 (t, J = 5.4 Hz, 1H), 5.54−
5.46 (m, 1H), 5.83−5.74 (m, 1H), 7.19 (d, J = 8.0 Hz, 1H). 13C
NMR (101 MHz, CDCl3): δ 166.03, 134.75, 128.30, 74.12, 61.88,
54.91, 32.25, 31.89, 29.66, 29.65, 29.62, 29.58, 29.45, 29.32, 29.18,
29.08, 29.06, 22.65, 14.08.

(2S,3R,E)-2-Chloro-N-(1,3-dihydroxyoctadec-4-en-2-yl)-
acetamide (SOCLAC). HRMS calculated for C20H39ClNO3

+ [M + 1]:
376.2613, found 376.2604. 1H NMR (400 MHz, CDCl3): δ 0.86 (t, J
= 6.8 Hz, 3H). 1.39−1.32 (m, 2H), 1.24 (s, 22H), 2.05 (q, J = 6.9 Hz,
2H), 3.72 (dd, J = 11.4, 3.4 Hz, 1H), 3.90 (dq, J = 7.8, 3.6 Hz, 1H),
4.00 (dd, J = 11.4, 3.5 Hz, 1H), 4.37−4.33 (m, 1H), 4.07 (s, 2H),
5.52 (dd, J = 15.4, 6.5 Hz, 1H), 5.85−5.75 (m, 1H), 7.28 (broad d,
1H). 13C NMR (101 MHz, CDCl3): δ 166.48, 134.71, 128.33, 74.00,
69.20, 61.86, 54.89, 54.70, 42.65, 32.25, 31.88, 29.64, 29.62, 29.58,
29.45, 29.32, 29.18, 29.07, 27.85, 22.65, 14.08.

(2S,3R,Z)-2-Bromo-N-(1,3-dihydroxyoctadec-4-en-2-yl)-
acetamide (cis-SOBRAC). HRMS calculated for C20H39BrNO3

+ [M +
1]: 420.2108, found 420.2123. 1H NMR (400 MHz, CDCl3): δ 0.88
(t, J = 6.7 Hz, 3H), 1.25 (broad, 22H), 2.10 (m, 2H), 3.76 (broad dd,
1H), 3.88 (m, 1H), 4.06 (broad dd, 1H), 4.07 (s, 2H), 4.70 (dd, J =
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8.1, 4.6 Hz, 1H), 5.67−5.57 (m, 1H), 5.53−5.45 (m, 1H), 7.31 (d, J =
7.7 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 166.54, 135.22, 128.27,
69.50, 62.16, 55.02, 42.82, 32.06, 29.83, 29.82, 29.80, 29.73, 29.70,
29.67, 29.50, 29.44, 28.03, 22.83, 14.26.
Cell Culture. The A375 cell line stably overexpressing ASAH1

under the control of a tetracycline/doxycycline-responsive promoter
was kindly provided by Dr. Carmen Bedia.25 The antibiotic selection
of this cell line was performed with blasticidin (3 μg/mL) and
hygromycin B (250 μg/mL). Ectopic expression of AC was induced
with doxycycline at 1 μg/mL for 24 h before use. Farber disease
fibroblasts FD1−FD4 were from Laboratoire de Biochimie Met́abo-
lique (CHU Touluse, France). FD1 cells do not produce either
precursor or proteolytically processed mature protein.26 FD2 harbors
products of normal size with a transition ASAH1 mutation c.107A>G,
resulting in the p.Y36C substitution, which has been reported to result
in <5% residual enzyme activity.30 FD3 has a c.833C>T substitution
that leads to p.P278L replacement.7 Finally, FD4 contains a
c.502G>T substitution, which leads to p.G168W replacement and a
very low enzyme activity. All cells were grown in a humidified 5%
CO2 atmosphere at 37 °C in DMEM medium supplemented with
10% fetal bovine serum and 100 ng/mL each of penicillin and
streptomycin.
Construction of the ASAH1 Mutant. The pcDNA5TO plasmid

encoding the wild-type (WT) sequence of the human cDNA of
ASAH1 was prepared as reported.25 The same vector encoding the
mutated sequence (C143S) of the human cDNA was constructed
using the above plasmid containing the WT sequence, the GeneArt
Site-Directed Mutagenesis PLUS kit (Life Technologies), and the
following pair of primers: Fw 5′GAATTATTTACCATTTCTACTT-
CAATAGTAGC3′ and Rv 5′GCTACTATTGAAGTAGAAATGG-
TAAATAATTC3′. The vector sequence was confirmed by Sanger
sequencing. Both plasmids (WT and mutated) were transiently
transfected in HEK293T cells using Lipofectamine 2000 (Life
Technologies).
Cell Lysis and Protein Determination. Cells were suspended in

0.25 M sucrose (2 × 106 cells/0.3 mL), sonicated with a 3 mm probe
(3 cycles of 5 s/9 W on ice), and centrifuged at 2300g for 5 min.
Supernatants were collected and protein concentration was measured
with bicinchoninic acid-based protein assay.
AC Activity. AC activity was measured using a fluorogenic

substrate as reported.27

Mass Spectrometry Analysis of AC Adducts. Recombinant
purified human AC (50 μg) was incubated with dithiothreitol (DTT)
(3 mM in 100 mM acetate buffer, pH 4.5; 100 μL final volume) for 1
h at 37 °C. Then either EtOH (control, 1 μL) or inhibitor (SABRAC,
SOBRAC, or N3C14SOBRAC; 1 μL from 10 mM stocks in ethanol,
100 μM final concentration) was added, and the mixture was
incubated for 20 min at 37 °C. After incubation, the reaction was
stopped by adding 100 μL of cold (4 °C) acetone. After 10 min on
ice, the tubes were vortexed and centrifuged at 5000g for 10 min at 4
°C. The supernatant was then discarded, and the resulting pellet was
carefully dried under a nitrogen stream and resuspended in 50 μL of
50 mM (NH4)2CO3, pH 8, for trypsin digestion. Proteomic-grade
trypsin was then added in 1:50 w/w ratio with the protein. After an
overnight incubation at 37 °C, the sample was diluted with 100 μL of
methanol and the resulting peptides were analyzed on a Waters
Aquity UPLC system connected to a Waters LCT Premier
Orthogonal Accelerated Time of Flight Mass Spectrometer (Waters,
Milford, MA), operated in positive electrospray ionization mode. Full
scan spectra from 50 to 1500 Da were obtained. Mass accuracy and
reproducibility were maintained by using an independent reference
spray via LockSpray. A 100 mm × 2.1 mm i.d., 1.7 mm C18 Acquity
UPLC BEH (Waters) analytical column was used. The two mobile
phases were acetonitrile (phase A) and water (phase B), both with
0.1% of formic acid. The gradient was as follows: 0 min, 95% A; 11
min, 100% A; 12 min, 95% A. In both cases, the flow rate was 0.3 mL/
min. The column was run at 30 °C. Positive identification of
compounds will be based on the accurate mass measurement with an
error <5 ppm and its LC retention time.

Strain Promoted Alkyne−Azide Cycloaddition-Based Label-
ing of Recombinant Purified Human AC. Recombinant purified
human AC (5 μg) was incubated with N3C14SOBRAC (100 μM) in
the presence of different concentrations of C2Cer (0, 20, 50, 100, and
200 μM) for 20 min at pH 4.5 (100 mM acetate buffer; 10 μL final
volume) at 37 °C. Then the adducts were reacted with 500 μM
DBCO-PEG45/6-TAMRA (10 μL of a 1 mM solution in methanol)
for 1 h at 37 °C. After incubation, the reaction was stopped by adding
two volumes of cold (4 °C) acetone. The tubes were vortexed and
centrifuged at 5000g for 10 min at 4 °C. The supernatants were
discarded, and the resulting pellets were dried under a nitrogen
stream. The pellet was suspended in 18.75 μL of phosphate-buffered
saline (PBS) and 6.25 μL of Laemmli 4× buffer and resolved on
12.5% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) at 140 V/1 h. In-gel visualization of the fluorescence
labeling was performed in the wet gel slabs using a Typhoon 5
Biomolecular imager (Amersham) with the Cy3/TAMRA settings. A
sampel of recombinant purified human AC (60 ng) was loaded in a
parallel lane, cut, and submitted to Western blot analysis as detailed in
the Western Blotting section.

Strain Promoted Alkyne−Azide Cycloaddition-Based Label-
ing of Cell Lysates. Cell lysates (9 μL, 2.8 mg/mL protein, 25 μg of
protein) were diluted in assay buffer (100 mM sodium acetate, 150
mM NaCl, 0.1% Igepal, 3 mM DTT, pH = 4.5, 25 μL) and incubated
with 0.5 μM N3C14SOBRAC for 5 min at 37 °C. In competition
experiments, lysates were exposed to the specified concentrations of
SOBRAC for 5 min at 37 °C prior to N3C14SOBRAC addition.
Iodoacetamide (IAA) was added (3 μL, 35 mg/mL, 15 mM final
concentration) and incubated for 5 min at room temperature to block
free thiol groups. Following this, DBCO-PEG45/6-TAMRA was
added (3 μL of a 6.4 μM solution in methanol, 0.5 μM final
concentration), and the mixture was incubated for 10 min at 37 °C
while shaking. The reaction mixtures were then quenched with 6.25
μL of Laemmli 4× buffer, and proteins were resolved on 12.5% SDS-
PAGE. In-gel visualization of the fluorescent bands was performed in
the wet gel slabs using a Typhoon 5 Biomolecular Imager
(Amersham) with the Cy3/TAMRA settings.

AC Labeling with BODIPY-Labeled Probes in Cell Lysates.
Cell lysates (10 μL, 2.5 mg/mL protein, 25 μg protein) were diluted
in assay buffer (100 mM sodium acetate, 150 mM NaCl, 0.1% Igepal,
3 mM DTT, pH = 4.5, 25 μL) and exposed to the indicated
concentration of the BODIPY-labeled probe for 5 min at 37 °C while
shaking. In competition experiments, samples were preincubated for 5
min at 37 °C with the competitor (0.1 μM final concentration unless
otherwise indicated). The reaction mixtures were then quenched with
6.25 μL of Laemmli 4× buffer, and proteins were resolved on 12.5%
SDS-PAGE. In-gel visualization of the fluorescent bands was
performed in the wet gel slabs using a Typhoon 5 Biomolecular
Imager (Amersham) with the Cy3/TAMRA settings.

AC Labeling in Intact Cells. Cells (5000 cells per well) were
seeded on glass-bottom 4-well plates and allowed to adhere for 24 h.
Then the medium was replaced with fresh medium containing 75 nM
LysoTracker Red DND-99 (L7528; Invitrogen), and cells were
incubated for 1 h at 37 °C. After this time, BODIPY-SOBRAC or
BODIPY-SOCLAC (1 μM final concentration) was directly added,
and cells were incubated for 5 min. Then cells were washed twice with
PBS, phenol red-free DMEM was added, and cells were kept in the
incubator for the specified times. If long incubation times were
required, LysoTracker was added 1 h prior to microscope analysis.
Staining was viewed with a Leica TCS-SP2 Laser Scanning Confocal
microscope, and the images were analyzed using Fiji-ImageJ software.

Western Blotting. Proteins were extracted from cell pellets using
Cell Lysis Buffer (Cell Signaling), 1 mM phenylmethanesulfonyl
fluoride (PMSF), and a protease inhibitor mixture (Roche Applied
Science) and brief sonication. Protein concentration was determined,
and 50 μg of proteins were separated on a 12.5% SDS-PAGE gel.
Proteins were then transferred onto a nitrocellulose membrane
(Amersham Protan) (Figure 3C) or PVDF membrane (Figure S4A).
Unspecific binding sites were blocked with 5% milk in Tris-buffered
saline, 0.1% Tween 2 (TBST) (1 h at room temperature). The
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polyclonal anti-AC antibody was diluted 1:5000 in 5% bovine serum
albumin (BSA) in TBST. Membranes were incubated overnight at 4
°C under gentle agitation. After washing with TBST, membranes were
probed with the secondary antirabbit antibody diluted 1:5000 in 5%
milk in TBST for 1 h at room temperature (Figure 3C) or diluted
1:1000 in 3% milk in TBST overnight at 4 °C (Figure S4A) under
gentle agitation. Antibody excess was eliminated by washing with
TBST, and protein detection was carried out using enhanced
chemiluminescence (ECL) and membrane scanning with LI-COR
C-DiGit Blot Scanner. Band intensities were quantified by LI-COR
Image Studio Lite Software.

■ RESULTS AND DISCUSSION
The probes were designed based on the structure of the
reported irreversible AC inhibitor SABRAC (Figure 1),28 a

ceramide analogue modified at the amide linkage with a 2-
bromoacetyl moiety. The compounds were prepared by
standard amidation of suitable bases. SOBRAC, cis-SOBRAC,
SACLAC, and SOCLAC were first synthesized and found to
inhibit wild-type AC activity with very high potencies (Figure
S1). Because the compounds are covalent enzyme inhibitors
and their activity depends on the incubation time, the IC50
values were only used for preliminary comparative purposes.
Because, under identical experimental conditions, SOBRAC
was the most potent inhibitor, its fluorescent (BODIPY-
SOBRAC) and azide-tagged (N3C14SOBRAC) derived probes
were synthesized for enzyme labeling. Kinetic analysis showed
that the 5 compounds (cis-SOBRAC was not investigated
further) are effective AC inhibitors (kinact/Ki = 200−1220
min−1 mM−1) (Table 1 and Figure S2). All of them exhibited
similar specific reactivities (kinact = 0.017−0.034 min−1), while
SOCLAC and the three bromo-derivatives showed similar
affinities (Ki = 27−40 nM). SACLAC, with a saturated long-
chain base, had a lower affinity for AC (Ki = 97.1 nM), in

agreement with the enzyme preference for ceramides over
dihydroceramides.3

SABRAC and its analogues were expected to form adducts
with the catalytic Cys143 by displacement of the halogen atom
by the Cys thiolate function. Consistent with this model, and
as previously found for SABRAC,28 time-dependence of
enzyme inactivation supports that SABRAC analogues act as
irreversible inhibitors of AC (Figure S2). Formation of
covalent adducts has been confirmed here by mass
spectrometry analysis of the peptides resulting from trypsin
digestion of recombinant human AC (rhAC) exposed to the
inhibitors.
As shown in Figure 2, the presence in the extracts of the

expected lipid-modified CTSIVAEDK peptide (Figure S3)

Figure 1. Compounds used in this study.

Table 1. Kinetic Analysis of Covalent Inhibition of AC

inhibitor kinact
a (min−1) Ki

a (nM)
kinact/Ki

a

(min−1 mM−1)

SOBRAC 0.034 ± 0.003 29.7 ± 3.1 1139.5 ± 112.2
N3C14SOBRAC 0.017 ± 0.002 35.7 ± 3.2 463.7 ± 48.7
BODIPY-
SOBRAC

0.033 ± 0.003 26.7 ± 2.2 1217.4 ± 132.2

SACLAC 0.019 ± 0.002 97.1 ± 9.0 196.0 ± 18.9
SOCLAC 0.017 ± 0.002 40.2 ± 3.8 418.5 ± 40.9
BODIPY-
SOCLAC

0.038 ± 0.004 98.8 ± 9.2 393.7 ± 39.4

aKinetic parameters (mean ± SD) were obtained from 2 independent
determinations with triplicates. Graphs are shown in Figure S2.

Figure 2. Covalent modification of acid ceramidase Cys-143 by
SABRAC, SOBRAC, and N3C14SOBRAC. (A) Structure of the
modified Cys-143 containing tryptic peptides showing the expected
exact masses for monocharged and doubly charged peptides. (B)
Extracted-ion chromatograms of doubly charged (top) and mono-
charged native peptide from a control incubation with ethanol
(CTSIVAEDK, m/z: 483.2346 and 965.4614, black trace) and the
same peptide covalently modified by N3C14SOBRAC (m/z: 645.3427
and 1289.6775, blue trace), SOBRAC (m/z: 652.8733 and
1304.7388, green trace), and SABRAC (m/z: 653.8811 and
1306.7544, red trace). Numbers between parentheses correspond to
the peak area.

Figure 3. In vitro labeling of acid ceramidase with BODIPY-
SOCLAC. Cell lysates were incubated with the indicated concen-
trations of the specified probes for 5 min, and the reaction mixtures
were resolved on SDS-PAGE before in-gel fluorescence analysis.
Protein extracts were from HEK293T (HEK) cells or Farber FD2
cells transfected with an empty vector (EV), wild-type AC (WT), or
an inactive AC mutant (C143S) (Mut). AC activity of lysates used in
panel C are shown in A. WB detection of AC is shown in C. Arrows
indicate labeled AC. The gel stained with Coomassie blue (loading
control) is shown in Figure S6.
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after treatment with each inhibitor and the absence of these
peptides in control incubations, which showed only the native
unmodified peptide, supported that ceramide analogues with
the 2-bromoacetyl unit at the amide linkage might be useful as
AC ABPs.
Next, AC detection was attempted. Two approaches were

possible: a two-step, strain promoted alkyne−azide cyclo-
addition (SPAAC)-enzyme labeling using N3C14SOBRAC and
DBCO-PEG45/6-TAMRA as alkyne partner and a one-step
labeling using BODIPY-tagged probes. The first approach
allowed the detection of rhAC by in-gel fluorescence analysis
as a band at the expected molecular weight for the β-subunit
(ca. 40 kDa). The same band mobility was observed when AC
was detected by Western blot (Figure S4A). Specificity of the
click-based detection was demonstrated by competition with
N-acetylsphingosine (C2Cer), which reduced the band
intensity corresponding to the AC-probe adduct in a
concentration-dependent manner (Figure S4A).
We next treated cell lysates from AC-overexpressing A375

melanoma cells with N3C14SOBRAC and DBCO-PEG45/6-
TAMRA. Although AC labeling was achieved after short
incubation times and with low concentrations of both reagents
(Figure S4B), high unspecific labeling was observed. In
agreement with reports showing that thiol−yne addition with
reduced peptidylcysteines is responsible for most of the azide-
independent polypeptide labeling and that undesired thiol−
yne reactions can be prevented by alkylating peptidylcysteine
thiols with iodoacetamide (IAA),29 we found that addition of
IAA prior to incubation with DBCO-PEG45/6-TAMRA
reduced the unspecific labeling (Figure S4C). Selective target
binding was also shown by competition of N3C14SOBRAC
with untagged SOBRAC (Figure S4D).
To simplify the AC detection protocol and minimize

unspecific labeling, AC labeling with BODIPY-SOBRAC was
attempted. Using lysates from AC-overexpressing A375 cells,
time-course experiments showed that successful AC (β-
subunit) detection occurred after only 5 min of reaction with
the probe and that increasing the incubation time did not
augment the band intensity but led to augmented unspecific
labeling (Figure S5A). Importantly, the band corresponding to
the AC-lipid adduct was less visible in lysates from A375 cells
not overexpressing the enzyme (cells not induced with
doxycycline) (Figure S5A). Next, the BODIPY-SOBRAC
labeling method was applied to detect AC in extracts of

Farber fibroblasts FD1, which do not produce either precursor
or proteolytically processed mature protein,26 and the same
FD1 cells transduced to overexpress AC (FD1/AC). No band
corresponding to labeled AC was detected in FD1 lysates,
while fluorescently labeled AC was clearly visualized in FD1/

Figure 4. (A) In vitro labeling of endogenous acid ceramidase with
BODIPY-SOCLAC. Cell lysates (34 μg of protein) were incubated
with the probe (1 μM/5 min), and the reaction mixtures were
resolved on SDS-PAGE before in-gel fluorescence analysis. CRTL,
fibroblasts from a healthy individual. (B) AC activity of samples used
in gel A, as determined with the fluorogenic assay. (C) Competition
with unlabeled ligand. Lysates from FD1/AC cells were preincubated
for 5 min with the specified concentrations of SOCLAC (competitor)
followed by 5 min incubation with 1 μM probe. The gel of panel C
stained with Coomassie blue (loading control) is shown in Figure S7.

Figure 5. In situ AC labeling. Representative fluorescence micro-
graphs of cells with different levels of AC, namely, lung
adenocarcinoma A549, skin fibroblasts of a healthy individual
(CTRL), FD1 cells transduced to overexpress AC (FD1/AC), and
different Farber cells (FD1−FD4). Cells were treated with BODIPY-
SOCLAC (1 μM/5 min). Then they were washed and placed back in
the incubator, and images were taken after 2 (A549), 3.5 (CTRL),
and 5 h (FD1−FD4 and FD1/AC). LysoTracker (75 nM/60 min)
was added 1 h prior to visualization. AC activity of these cells is
shown in Figure S9. Scale 10 μm.
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AC extracts (Figure S5B). These results correlated well with
AC activity (Figure S5C). Target binding was also
demonstrated in this case in competition experiments with
SOBRAC (Figure S5B), which decreased AC labeling
concentration dependently.
As observed in Figures S4 and S5, the successful labeling of

AC with BODIPY-SOBRAC also gave rise to certain
background staining, likely resulting from unspecific reaction
with intracellular electrophiles. The lower reactivity of chlorine
over bromine as nucleophile was expected to reduce this
observed background signal.30 Therefore, BODIPY-SOCLAC
was next synthesized and investigated. The reactivity of
BODIPY-SOCLAC with Cys143 was first confirmed by mass
spectrometry (data not shown). Kinetic analysis showed that,
despite the lower nucleophilic reactivity of chlorine over
bromine,30 in the enzyme’s environment this compound and
BODIPY-SOBRAC exhibited a similar ki for AC (Table 1 and
Figure S2). In contrast, although both BODIPY derivatives
contain the same long-chain base, the affinity of BODIPY-
SOCLAC for AC is 3.5-fold weaker than that of BODIPY-
SOBRAC. Because SOBRAC and SOCLAC affinities for AC
are similar, the coexistence of both chlorine and BODIPY in
the same molecule appears to provoke the AC affinity decrease.
Consequently, BODIPY-SOCLAC exhibits an overall 3-fold
lower biochemical potency than BODIPY-SOBRAC. This
probe was then tested in lysates from cells transfected with
wild-type (WT) ASAH1 cDNA and an ASAH1 mutant in
which the active-site cysteine was replaced by serine (C143S).
As expected, this mutation provoked the loss of AC activity,
while the enzyme was active in cells transfected with the WT
gene (Figure 3A). In-gel fluorescence analysis after labeling
with BODIPY-SOCLAC revealed a band only in extracts from
cells transfected with the WT but not the mutant, ASAH1
cDNA (Figure 3B). In contrast, both WT and mutant proteins
were detected by Western blot (WB) (Figure 3C), highlighting
a promising feature of the probe: unlike antibodies, which react
with both inactive and active AC, BODIPY-SOCLAC can
clearly detect the active form of AC and distinguish it from the
inactive enzyme. Importantly, the use of BODIPY-SOCLAC
resulted in a remarkable reduction of nontarget labeling as
compared to BODIPY-SOBRAC treatment (Figure 3B), with
the band corresponding to labeled AC being the almost
exclusive one.
Encouraged by these results, the detection of endogenous

AC by BODIPY-SOCLAC was examined in lysates of cell lines
with different levels of endogenous enzyme expression. As
shown in Figure 4A, the protein was detected in both A549
cells and fibroblasts from a healthy individual, and the level of
detection correlated well with the enzyme activity (Figure 4B),
thus indicating that the probe can be employed to label
endogenous levels of acid ceramidase. As found with BODIPY-
SOBRAC, increasing the incubation time with BODIPY-
SOCLAC (1 μM) beyond 5 min did not augment the AC band
intensity but led to increased unspecific labeling (Figure S8A).
This observation agrees with the time-dependence of AC
inactivation by BODIPY-SOCLAC, showing that only 10% of
activity remained after a 15 min incubation with a 0.2 nM
concentration (5-fold lower than that used in the labeling
experiment) (Figure S2). This rapid and efficient reaction with
the target prevents off-target labeling. We next determined the
selectivity of target binding by competition with the unlabeled
ligand. As depicted in Figure 4C, AC labeling decreased

concentration dependently as SOCLAC concentration aug-
mented.
Because BODIPY-SOCLAC afforded an excellent labeling of

AC in cell lysates, we next investigated whether labeling of AC
in intact cells was also feasible. To this end, BODIPY-
SOCLAC (1 μM/5 min) was added to the culture medium of
cell lines with different levels of AC expression, and labeling
was analyzed by confocal scanning microscopy. As shown in
Figure 5, intracellular compartment staining was observed
upon treatment of A549, fibroblasts, and FD1/AC cells with
BODIPY-SOCLAC. Colocalization with LysoTracker indi-
cated that BODIPY-SOCLAC was contained in the lysosomes,
in agreement with the lysosomal location of AC, the probe
target.
In FD1 cells, BODIPY-SOCLAC did not afford a vesicular

pattern colocalizing with LysoTracker, in agreement with the
absence of AC in this cell line. No lysosomal labeling was
observed after BODIPY-SOCLAC treatment of three different
homozygous Farber fibroblasts (FD2−FD4) producing mutant
proteins (Figure 5). The impact of these mutations on AC
activity using the fluorogenic assay is depicted in Figure S9.
Interestingly, some lysosome labeling occurred with BODIPY-
SOCLAC in FD4 cells, which are those retaining some AC
activity (Figure S9).

■ CONCLUSIONS
In conclusion, we have reported on novel ABPs for AC arising
from the previously reported AC irreversible inhibitor
SABRAC. The presence of the sphingoid base scaffold is
expected to provide selectivity toward enzymes of sphingolipid
metabolism, of which only AC has been reported to be a
cysteine amidase.1 The probes proved useful for in-gel AC
detection at submicromolar concentrations and short incuba-
tion times, and they successfully stained endogenous levels of
active enzyme. Moreover, no AC labeling occurred after
protein denaturation (data not shown), showing that the
correct protein folding is a labeling requirement (as it is for
activity). Importantly, although an ABP for AC has been
previously reported,19 BODIPY-SOCLAC represents a major
advantage in that it allowed the unprecedented lysosomal
staining of active, but not inactive, AC in intact cells. These
overall results might be of biomedical relevance to visualize the
location and monitor the trafficking of active AC, as well as for
the analysis of novel pharmacological chaperones for the
treatment of FD and SMA-PME. All in all, our findings suggest
that BODIPY-SOCLAC may be a valuable tool for the study of
AC activity and open up novel opportunities for therapeutics in
diseases characterized by an aberrant expression of AC.
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activity using the fluorogenic assay is depicted in Figure S9.
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SOCLAC in FD4 cells, which are those retaining some AC
activity (Figure S9).
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metabolism, of which only AC has been reported to be a
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correct protein folding is a labeling requirement (as it is for
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previously reported,19 BODIPY-SOCLAC represents a major
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staining of active, but not inactive, AC in intact cells. These
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Figure S1. Inhibition of AC by 2-haloacetamides. Dose-response curves were determined 
on AC-overexpressing A375 cell lysates, which were preincubated for 15 min before the 
substrate addition (the inhibitor remained in the reaction mixture until the end of the 
assay). Data are expressed as mean ± SD of three independent experiments with 
triplicates. Curve adjustments with the four parameter logistic equation afforded the 
following IC50 values (95% confidence intervals): SOBRAC, 15.9 nM (13.9 to 17.3 nM); cis-
SOBRAC, 60.4 nM (56.4 to 64.7 nM); SOCLAC, 25.9 nM (23.8 to 28.3 nM) and SACLAC, 
46.7 nM (42.2 to 51.8 nM) Chemical structures of inhibitors are given in Figure 1. 
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Figure S2. Time-dependence of AC activity inhibition by different concentrations of 
inhibitors. Reaction mixtures containing 400 ng of protein, substrate (20 μM) and either 
vehicle (control) or the test compounds were incubated at 37 °C for 15, 30, 45 and 60 min 
in 96-well plates. Reactions were stopped and the formation of umbelliferone was 
measured as reported. Experiments were carried out twice with triplicates. The –Slope vs 
concentration curves were fitted with GraphPad Michaelis-Menten equation. 
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Figure S3. Amino acid sequence of AC. The α-subunit is shown in blue and the β-subunit 
is shown in red. The active site Cys-143-containing peptide fragment resulting from trypsin 
digestion is shown highlighted in yellow. 
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Figure S4. Strain Promoted Alkyne-Azide Cycloaddition (SPAAC)-based AC labelling. A. 
Recombinant purified human AC (5 μg) was allowed to react with 100 μM N3C14SOBRAC 
in the presence of different concentrations of C2Cer (0, 20, 50, 100 and 200 μM) and then 
adducts were reacted with DBCO-PEG45/6-TAMRA (500 μM). B. Cells lysates of A375 
cells overexpressing (Dox +) or not (Dox -) AC were incubated with N3C14SOBRAC (0.5 
μM/5 min/37 ºC) and DBCO-PEG45/6-TAMRA (DBCO) was added at the specified 
concentrations and incubated for the indicated times (37°C). C. Same as in B, but IAA (15 
mM final concentration) was added and incubated for 5 min at 37 °C prior to incubation (10 
min/37 °C) with DBCO-PEG45/6. D. Same as in C, but cell lysates were preincubated or 
not with 0.1 μM SOBRAC (5 min/37°C) prior to N3C14SOBRAC addition. In all cases, the 
reaction mixtures were resolved on SDS-PAGE and in-gel fluorescence analysis was 
carried out as detailed in the experimental section. In A, a sample of recombinant purified 
human AC (5 μg) was loaded in a parallel lane and submitted to Western blot analysis. 
Arrows indicate labelled AC. The AC activity of the lysates used to generate the gels 
(mean ± SD, n=3) is shown in E. The letter in the x axis indicates the reference gel. 
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Figure S5. In vitro labelling of acid ceramidase with Bodipy-SOBRAC. Cell lysates were 
incubated with the probe (0.5 μM ) for the specified times and the reaction mixtures were 
resolved on SDS-PAGE before in-gel fluorescence analysis. In (B), lysates were 
preincubated for 5 min with the specified concentrations of SOBRAC (competitor) followed 
by 5 min incubation with 0.5 μM probe. Protein extracts were from: A, A375 cells induced 
(Dox +) or not (Dox -) to overexpress AC; B, FD1 Farber cells and FD1/AC cells (Farber 
Cells overexpressing AC). Arrows indicate labelled AC. The AC activity of the lysates used 
to generate the gels (mean ± SD, n=3) is shown in C. The letter in the x axis indicates the 
reference gel.  
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Figure S6. The same gel shown in figure 3 was stained with Coomassie blue to confirm 
that equal amounts of protein were loaded. 
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Figure S7. The same gel shown in figure 4C was stained with Coomassie blue to confirm 
that equal amounts of protein were loaded. 
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Figure S8. Time course of in vitro labelling of acid ceramidase with Bodipy-SOCLAC. 
Lysates from control fibroblasts (25 µg of protein) were incubated with the probe (1 μM ) 
for the specified times and the reaction mixtures were resolved on SDS-PAGE before in-
gel fluorescence analysis (left) or stained with Coomassie blue (right) to assess loading.  

  

A                                                    B 



 

 - 76 - 

 
9 

 

 

A
C

 a
c

ti
v

it
y

(p
m

o
ls

/h
/m

g
 o

f 
p

ro
te

in
)

F D
1

F D
1 /A

C
1 0X

F D
2

F D
3

F D
4

C
T R

L

A
5 4 9

0

2 0 0 0

4 0 0 0

6 0 0 0

8 0 0 0

 

Figure S9. AC activity of cells imaged in Figure 5. Activity was determined in cell lysates 
at pH 4.5 following the standard fluorogenic protocol (see main text). FD refers to Farber 
cells and CTRL refers to skin fibroblasts of a healthy individual. Data (mean ± SD, n=4) 
were obtained from two experiments with triplicates. 
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NMR SPECTRA 
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SUMMARY 

High-throughput discovery of novel small-molecule inhibitors of acid ceramidase 
 

Objective: Acid ceramidase (AC) is highly expressed in many types of cancer, and the identification 
of selective AC has attracted increasing interest. However, the discovery of novel AC inhibitors has 
been hampered by the lack of high-density formats suitable for the screening of large compound 
libraries. Thus, efforts were made to overcome this drawback by adapting a fluorogenic assay to a 
384-well plate format and employ it to screen the inhibitory effect of a library of 4100 compounds 
over AC activity.  
 
Methodology: A fluorescent-based assay in a 96-well format was previously set up in our group 
and applied to measure acid ceramidase activity using cell lysates and intact cells as a source of 
enzyme. The assay is based on the coumarinic substrate RBM14-C12, that shows a high affinity 
and specificity for AC over neutral and alkaline ceramidases. AC activity is determined by 
measuring the fluorescence released after the hydrolysis of RBM14-C12 substrate. This assay has 
been largely used by our group and others to identify novel ceramidase inhibitors. However, assays 
with increased capacity are required to allow the rapid high-throughput screening (HTS) of large 
chemical libraries, thereby accelerating the drug discovery process as well as reducing the 
associated costs. Therefore, the AC assay was optimally miniaturized to a 384-well format and 
employed for the identification of new acid ceramidase inhibitors. The robustness and assay 
performance of the miniaturized assay were validated and assessed by the screening of a 4100 
compound library. AC-overexpressing A375 melanoma cell line was used as a source of protein 
and cells. The activity of the identified hits over NC was tested using recombinant human NC 
(rhNC) and a specific NC substrate bearing a nervonic acid amide (RMB14-C24:1). Together, 
compounds and substates were incubated for the specified time required for the enzymatic 
reaction. 
 
Results: As a first validation step, a control run consisting of 60 wells representing AC activity and 
60 wells representing the signal in absence of the enzyme. The results revealed excellent 
separation between high and low control wells resulting in a signal-to-background ratio >8 and a 
Z´factor of 0.72. The calculated coefficients of variation (CV) for both the high and low controls 
were 6.08% and 17.1% respectively. These data demonstrated that the assay was very robust, 
stable and possessed minimal well-to-well variability and therefore it is appropriate for HTS to 
identify AC inhibitors. After having successfully established the optimal reaction conditions in a 
384-well format, this newly miniaturized AC assay was employed in a pilot screen against a library 
of 4100 compounds. A total of 116 compounds of the 4100 screened in duplicates at a single dose 
of 20 μM met the active criterion, based on the hit cut-off at % inhibition >40, in the single-point 
primary screen, what resulted in a hit rate of 2.8%. The inhibitory activity of these hits was then 
validated in an additional assay performed at a single-point concentration in triplicates. To confirm 
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the results from the primary screening, top hits were cherry-picked and tested in a concentration-
dependent response assay with triplicates per sample. Thus, 101 compounds were then subjected 
to 8-points two-fold dilution series starting at a maximum concentration of 200 micromolar. 
Among them, nine exhibited dose-dependent inhibition of AC with IC50 values in the range of 6 
and 49 µM, whereas 92 compounds showed a higher IC50 value or did not yield a concentration-
dependent inhibition. Remarkably, the identified nine hits were proven selective in inhibiting AC 
over neutral ceramidase (NC). In intact AC overexpressing A375 cells, only two of the 9 tested 
compounds exhibited significant inhibition of AC activity when tested in triplicates at a single-point 
concentration of 20 µM: W000113402_C12 with a 53% inhibition and W000113414_H19 with a 
weaker 32% inhibition, whereas slight effects were observed for the other hits. Dose-dependent 
inhibition could be also confirmed for W000113402_C12 in the cell-based assay displaying an IC50 
value of 32 µM.  
 

Conclusions: HTS is still the primary hit-finding strategy both in academia and industry. However, 
the identification of novel AC inhibitors has been hampered by the unavailability of appropriate 
screening platforms. Herein, we report a robust and cost-effective assay for the determination of 
AC activity that enables the rapid profile of large compound libraries. The screening platform has 
been employed to evaluate a 4100 compound library leading to the identification of 9 novel 
compound classes targeting AC activity with low micromolar IC50. Dose-dependent inhibition was 
confirmed for the primary hits identified in the screening campaign and now they can serve as a 
basis for hit-to-lead optimization through chemical modifications, thereby opening new venues in 
the field of AC inhibition. Moreover, the reported technique can be considered an attractive drug-
screening platform with great potential to identify novel AC modulators. As several diseases are 
linked to altered AC activity, novel compounds modulating its activity should allow progress in drug 
discovery and expand our knowledge of the essential role of this enzyme.  
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Information Classification: General 

Supplementary Table 

Unique ID % Inhibition  
Neutral Ceramidase 

W000113414_I13 22.9 

W000113402_O07 8.5 

W000113403_I18 23.4 

W000113402_C12 -5.9 

W000113414_H19 -8.9 

W000113400_H06 35.6 

W000113407_J11 20.8 

W000113414_D15 -1.3 

W000113414_C16 -4.1 

Sup Table 1. The hit molecules in the acid ceramidase assay were investigated in a 
neutral ceramidase assay performed at a single-point concentration of 50 μM. Values shown are 
means of three replicates experiments. 
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The family of sphingolipids (SLs) includes a wide range of complex lipids. SLs have an important 
structural role in membranes and they have also emerged as critical modulators of several cellular 
processes such as inflammation, aging or apoptosis, among others. The bioactive lipid ceramide is 
the central molecule in the sphingolipid metabolic network and its generation and metabolism are 
key to controlling its levels and proapoptotic effects. Hence, ceramide can be generated through 
the de novo pathway starting from L-serine and palmitoyl-CoA, by hydrolysis of complex 
sphingolipids and through the recycling pathway by acylation of sphingosine. Alternatively, 
ceramide degradation occurs through the combined action of different ceramidases, classified 
according to the pH optima for their activities: acid ceramidase (AC), neutral ceramidase (NC) and 
three alkaline ceramidases (ACER 1-3) 134. 
 
The thesis has mainly focused on the role of these ceramidases. To obtain potent and selective 
inhibitors of ceramidases has been a challenge for the last two decades. Several groups have 
contributed to this field of research with important advances. However, some limitations still 
persist and there is a need to increase the toolbox of available ligands and approaches to 
characterize them. The work performed in the scope of this PhD thesis focuses on the 
development of tools and molecules to study and modulate alkaline and acid ceramidases. In the 
first chapter, we report the identification of small molecule inhibitors that selectively block ACER3. 
Chapter 2 and 3 focuses on the development of tools to study AC. In a first approach, we have 
developed an Activity-based probe (ABP) to specifically label AC and then we have set up a 
powerful activity-screening assay, which allows the testing of a large number of compounds 
thereby leading to the identification of AC inhibitors belonging to new compound classes. 
 
ACER3 is an ubiquitously expressed protein, yet very little information is known about its structure 
at the molecular level132. It is an intramembrane enzyme with a seven-transmembrane domain 
architecture132. Intracellularly, its N-terminus is exposed to the cytoplasm and the C-terminus 
faces the lumen of either the endoplasmic reticulum or Golgi apparatus132. ACER3 harbors in its 
core two catalytic Zn2+ and Ca2+-binding sites, which structurally explains the known dependence 
of ACER3 enzymatic activity on Ca2+ 129. Genetic deficiency of ACER3 causes progressive 
leukodystrophy at a young age, a rare disease with no available treatment174, while ACER3 high 
expression was found to contribute to hepatocellular carcinoma175 and acute myeloid leukemia176 
pathogenesis. The downregulation of ACER3 expression has shown successful inhibition of both 
cell proliferation and apoptosis166. Despite its important role in diseases, only one alkaline 
ceramidase (ACER) inhibitor has been reported, namely (1S,2R)-D-erythro- 2-(N-myristoylamino)-
1-phenyl-1-propanol (D-e-DMAPP)177, and the targeted ACER type has not been identified. 
Moreover, some studies claim that D-e-DMAPP also inhibits AC177 and NC178. Thus, the 
identification of new compounds with properties of relevant biological interest should advance 
existing knowledge on ACER3 and other ceramidases, and most importantly may give rise to novel 
therapeutic approaches for diseases linked to aberrant ACER3 activity.    
 
1-deoxysphingolipids (1-deoxySLs) are atypical sphingolipids differ structurally from canonical 
ones in that they lack the C1-hydroxyl group, which is essential in the synthesis of complex 
sphingolipids and for their final degradation to phosphoethanolamine and hexadecenal28. As such, 
1-deoxySLs conversion to complex sphingolipids and their degradation via the canonical catabolic 
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pathway, are both not possible28. 1-deoxySLs are produced by mutations in the de novo pathway 
enzyme SPT, resulting in an increased preference for L-alanine as a substrate rather than L-
serine28,29. Pathologically, high levels of 1-deoxySLs are of clinical relevance in hereditary sensory 
and autonomic neuropathy (HSAN1) or type 2 diabetes29. 
 
Our group has previously worked in the synthesis and biological evaluation of a set of 1-deoxySL 
analogs against NC, that yielded two potent NC inhibitors when tested against recombinant human 
NC (rhNC). Based on the structure of the most potent one (20), a small library of 17 analogues was 
next prepared. Although many compounds inhibited NC activity when screened against rhNC, two 
of the most potent identified inhibitors showed a remarkable reduction in potency when tested in 
NC-overexpressing cell lysates, suggesting that the recombinant enzyme may not be a correct 
model. In this thesis, and as a continuation of the work and results obtained earlier by members 
of our group, the 17 analogues were screened against AC and ACER3 in cell lysates. Firstly, the 
analogues were screened against AC at equimolar or two-fold molar concentrations compared to 
the substrate. The activity over AC was assayed in lysates from AC-overexpressing A375 cells using 
20 µM of RBM14-C12172. None of the compounds elicited AC inhibition under these conditions. 
Next, compounds were screened against ACER3 in lysates of ASAH2-null mouse embryonic 
fibroblasts (MEFs). These cells are considered a suitable model to screen ACER3 inhibitors since 
they lack NC, and ACER3 is the only alkaline ceramidase detected. At basic pH, in the presence of 
Ca2+, and at a substrate/inhibitor molar ratio of (1:2), the effect of the analogues over ACER3 
activity was tested using 10 µM of the substrate RBM14-C16179. Interestingly, two inhibitors of 
ACER3 were identified 20I and 20m, mostly corresponding to the w-methoxymethoxy family 
(Figure 8). These results suggest that inhibition activity should be always performed in cells and 
the use or rhNC should be avoided to discard the identification of false positive inhibitors. 
Moreover, this approach has enabled the identification of a compound class showing specific 
inhibitory activity of ACER3 (Figure 8).       
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20, 20l and 20m was next examined in intact cells. Like in the
studies with cell lysates, test compounds and substrates were
added simultaneously to the appropriate cell lines and incubations
proceeded for 3 h. By using similar conditions, both in lysates and
intact cells, we could get an estimation of the global effects of up-
take and compartmentalization of the compounds on their inhib-
itory activity. However, a real analysis of both factors would require
the use of fluorescent derivatives and the study of their subcellular
distribution to confirm that they reach the organelles containing
the target enzymes.

Activity over AC was tested using AC overexpressing A375 cells
(A375/þDox) and the fluorogenic substrate RBM14C12. No inhibi-
tion could be observed with 20, whereas 20l and 20m exhibited
very weak AC inhibitory activity (IC50’s > 200 mM) (Fig. 5A).

Preliminary experiments to investigate the compounds’ effect
on NC revealed that they were very toxic in the presence of methyl-
b-cyclodextrin, the co-solvent required for the administration of
the specific fluorogenic NC substrate (RBM14C24:1) in intact cells
[44]. Since the NC specific substrate could not be used, RBM14C16
(substrate for both NC and ACER3) was employed and the inhibition
experiments were carried out in ASAH2-null MEF (ACER3) and their
wild type counterparts (WT-MEF) (NC and ACER3). Data compari-
son should allow discerning between NC and ACER3 inhibitory
activity. As shown in Fig. 5B and C, compounds 8 and 20 exhibited
insignificant inhibition of either NC or ACER3 while 20l and 20m,
otherwise, both inhibited the hydrolysis of RBM14C16, and thereby

umbelliferone production, in both cell lines (Fig. 5C). Statistical
comparison of the dose-response data revealed that the four curves
and their corresponding IC50 values were not statistically different
(P ¼ 0.2206). As the combined inhibition of both ACER and NC
should result in higher inhibition rates in WT-MEF, these results,
showing similar activities in both WT-MEF (which contain NC and
ACER3 activity) and ASAH2-null MEF (lacking the NC gene), support
that NC inhibition by 20l and 20m in intact cells is negligible and
that ceramidase inhibition observed in intact cells is solely due to
their action over ACER3 in both cell lines.

To confirm the effect of these two compounds on intracellular
ceramide levels, a lipidomic analysis was performed in ASAH2-null
MEF and in AC overexpressing A375 cells treated with either 20l or
20m. To this end, compounds were administered to cells and lipids
were extracted and analyzed (LC/MS) after 3 h of treatment. Grat-
ifyingly, in agreement with the results found with the fluorogenic
assays, a significant 1.5-2-fold increase in the total amounts of
ceramides was provoked by both 20l and 20m in ASAH2-null MEF,
but no effect could be detected on sphingosine, sphingomyelin and
glucosylceramide levels (Fig. 6A). Regarding the ceramides species,
all of them were elevated by treatment with the compounds over
vehicle controls, except for C24:0-ceramide, which was unaffected
(Fig. 6B). Conversely, only a small effect on ceramide levels was
provoked by 20l in AC-overexpressing A375-cells (Fig. S3).

Scheme 1. Synthesis of compounds used in this study and shown in Fig. 1. The preparation of the free bases 1e4 and 21e24 was conducted as reported [48].

Fig. 2. Activity of Series 2 over rhNC (A) and ACER3 (ASAH2-null cell lysates) (B). Concentration of substrate was 20 mM (A) or 10 mM (B) and that of test compounds was 1 mM (A)
and 20 mM (B). Suitable buffers and pH were used for each specific activity. Data (mean ± SD) were obtained from two to three experiments with triplicates. Asterisks above the SD
bars denote statistical significance over controls at *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, while statistical significance between specific groups is indicated with
asterisks above lines (One-way ANOVA followed by Dunnett’s multiple comparisons test).

N. Bielsa, M. Casasampere, M. Aseeri et al. European Journal of Medicinal Chemistry 216 (2021) 113296
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Figure 8: Activity of the 17 analogues over ACER3 (ASAH2-null cell lysates). Concentration of substrate (RBM14-C16) was 
10 µM and that of the test compounds was 20 µM. Suitable buffer and pH were used. Data (mean ± SD) were obtained 
from two to three experiments with triplicates. Asterisks above the SD bars denote statistical significance over controls at 
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, while statistical significance between specific groups is indicated 
with asterisks above lines (One-way ANOVA followed by Dunnett’s multiple comparisons test). Compounds 20I and 20m 
showed the highest inhibition over ACER3 activity (Chemical structures are demonstrated). 
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The second part of this thesis has dealt with the development of tools to study and manipulate 
AC, the enzyme responsible for the cleavage of ceramide at acid pH. AC initially synthesized as a 
single precursor polypeptide of ~53 kDa. Later, in the lysosomes, it dissociates into a and b 
disulfide linked subunits (of 13 and 40 kDa, respectively), forming the mature heterodimeric active 
enzyme180. AC autocleavage and activation mechanisms resemble those of the N-terminal 
nucleophile hydrolases, which are enzymes characterized by breaking nonpeptide amide bonds 
and containing an active site-terminal nucleophile181. And after the dissociation of the AC 
precursor, the nucleophilic Cys143 is exposed at the N-terminal side of the b subunit, acting as the 
active site of the enzyme.  
 
AC is among several other enzymes that degrade ceramide within mammalian cells, thus 
regulating its intracellular levels182. It hydrolyses ceramide into sphingosine and free fatty acid in 
the lysosome183. The level of ceramide, as it degrades into its metabolites, drops within cells; while 
the level of sphingosine rises184. This increased sphingosine level will then be phosphorylated by 
sphingosine kinase and converted into sphingosine-1-phosphate (S1P). Ceramide induces 
apoptosis if it accumulates in cells. On the other hand, its metabolite S1P is anti-apoptotic in 
nature. This rheostat between the proapoptotic and the antiapoptotic agents, if not maintained, 
contributes to the pathology of many diseases. Due to the overexpression of AC observed in 
several types of cancer, the identification of potent and selective inhibitors is an emerging field of 
research. Apart from its implication in cancer development, deficiency in AC activity caused by 
genetic mutations in ASAH1 gene that encodes AC results in rare disorders among which is Farber’s 
disease (FD), also known as Farber’s lipogranulomatosis185–187. This is a rare lysosomal storage 
disorder characterized by decreased AC activity, which in turn leads to ceramide accumulation and 
diverse pathological manifestations186–188. Different mutations in ASAH1 gene have been reported 
to be linked to the manifestation of FD189–195. They often result in misfolded and misrouted 
proteins, which are ultimately degraded via the endoplasmic reticulum-associated degradation 
(ERAD) pathway. To date, treatment for FD is primarily palliative, and severely affected patients 
die at a very young age. Ongoing clinical trials entail hematopoietic stem cells196 or bone marrow 
transplantation197 and gene therapy198, however the therapeutic outcomes are still far away from 
satisfactory. Enzyme replacement therapy (ERT) and pharmacological chaperone therapy 
(PCT)199,200 are emerging as promising therapeutic approaches. PCT is based on the use of small 
chaperone molecules designed to promote proper folding of mutated enzymes and facilitate their 
correct trafficking to their site of action201,202. The applicability of this treatment approach has 
been studied in many lysosomal storage disease203–205, but not yet in FD. One attractive tool to 
study the effect of chaperones are activity-based probes (ABPs), small molecules able to label and 
therefore follow the localization of active enzymes in living cells. ABPs have proved its utility in 
visualizing several enzymes206–208, including glucocerebrosidase in Gaucher fibroblasts209. 
Furthermore, ABPs have a broad range of additional uses210. Besides evaluating the beneficial 
outcomes of a potential PCT on the quantity and proper localization of mutant enzymes, they are 
used in the profiling of variations in enzyme activity in healthy and diseased cells, as well as the 
screening of inhibitors in live cells. Thus, ABP can assess enzyme activity and inhibition in a cell 
environment, thereby showing a considerable advantage over classical enzymatic assays such as 
displaying information about cell permeability or direct target engagement. Despite all these 
useful applications, very few ABPs for AC detection have been reported. Recently, a fluorescent 
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analogue of the AC inhibitor carmofur has been reported and it has been employed for AC 
detection in Gaucher tissue homogenates211. However, no ABP has been successfully applied for 
imaging AC in live cells.  
 
Previous efforts of our group were taken to design probes based on the structure of the reported 
irreversible AC inhibitor SABRAC; a ceramide analogue modified at the amide linkage with a 2- 
bromoacetyl moiety. The SABRAC analogues were synthesized and found to inhibit wild-type AC 
activity with very high potencies. Due to the fact that in preliminary experiments SOBRAC was the 
most potent among all other SABRAC analogues, its fluorescent (BODIPY-SOBRAC) and an azide-
tagged (N3C14SOBRAC) derived probes were synthesized for enzyme labelling. SABRAC and its 
analogues were expected to form adducts with the catalytic Cys143 by displacement of the 
halogen atom by the Cys thiolate function. Formation of covalent adducts was confirmed in the 
group by mass spectrometry analysis of the peptides resulting from trypsin digestion of 
recombinant human AC (rhAC) exposed to the inhibitors.  
 
Later, AC detection was performed using a two-step and a one-step labelling protocols. In the two-
step approach, strain promoted alkyne−azide cyclo-addition (SPAAC)-enzyme labeling using 
N3C14SOBRAC and DBCO-PEG45/6-TAMRA as alkyne partner allowed in-gel fluorescence labelling 
of rhAC as a single band at the expected molecular weight of b-subunit (i.e. 40 kDa). Successful 
labelling of AC was also seen in cell lysates of AC-overexpressing A375 melanoma cells, however 
high unspecific staining was observed. To discard potential unspecific labelling of DBCO-PEG45/6-
TAMRA, the simple one-step labeling approach using BODIPY-SOBRAC was subsequently applied. 
Although AC labelling in AC-overexpressing A375 cell lysates using BODIPY-SOBRAC was successful 
with short incubation times, the background staining continued to appear (Figure 9B). The AC 
labelling was achieved in this case after only 5 min of reaction with the probe and increasing the 
incubation time did not augment the band intensity but did augment the unspecific labelling. 
Similarly, unspecific BODIPY-SOBRAC labelling was observed in-gel fluorescence analysis of lysates 
from Farber fibroblasts FD1, with zero AC activity, and the same one transduced to overexpress 
AC (FD1/AC) (Figure 9B). No band corresponding to labeled AC was detected in FD1 lysates, while 
fluorescently labeled AC was clearly visualized in FD1/AC extracts (Figure 9B). This background 
staining is likely due to unspecific reaction of SOBRAC high reactive bromine with intracellular 
electrophiles. SOCLAC, another SABRAC analogue, bearing a less reactive chlorine, was then 
nominated for fluorescent-probe designing as a potentially more specific AC labeler. Once 
synthesized, the reactivity of BODIPY-SOCLAC with Cys143 was first confirmed by mass 
spectrometry analysis of the protein exposed to the inhibitor followed by tryptic digestion.  
 
In this study, and as a continuation of the previous work and results obtained by a member of our 
group, labelling of AC using BODIPY-SOCLAC was attempted in lysates from HEK293T (HEK) or 
Farber FD2 cells transfected with empty vector (EV), wild-type AC (WT) and an in active AC mutant 
(Mut), in which the active-site cysteine was replaced by serine (C143S). The activity of AC 
contained in these transfected cells has been measured (Figure 9A). As expected, this mutation 
provoked the loss of AC activity, while the enzyme was active in cells transfected with the WT 
gene. In-gel fluorescence analysis after labeling with BODIPY-SOCLAC, revealed a band only in 
extracts from cells transfected with the WT but not in the one transfected with the mutant vector 
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(Figure 9B). Conversely, both WT and mutant proteins were detected by Western blot (WB) (Figure 
9C), highlighting a promising feature of the probe: unlike antibodies, which recognize both inactive 
and active AC, BODIPY-SOCLAC can clearly detect the active form of AC and distinguish it from the 
inactive enzyme. Importantly, the use of BODIPY-SOCLAC resulted in a remarkable reduction of 
nontarget labeling as compared to BODIPY-SOBRAC treatment, with the band corresponding to 
labeled AC being the almost exclusive one (Figure 9B). Coomassie blue staining was performed on 
the gel to confirm that equal amounts of protein were loaded (Figure 10). 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

polyclonal anti-AC antibody was diluted 1:5000 in 5% bovine serum
albumin (BSA) in TBST. Membranes were incubated overnight at 4
°C under gentle agitation. After washing with TBST, membranes were
probed with the secondary antirabbit antibody diluted 1:5000 in 5%
milk in TBST for 1 h at room temperature (Figure 3C) or diluted
1:1000 in 3% milk in TBST overnight at 4 °C (Figure S4A) under
gentle agitation. Antibody excess was eliminated by washing with
TBST, and protein detection was carried out using enhanced
chemiluminescence (ECL) and membrane scanning with LI-COR
C-DiGit Blot Scanner. Band intensities were quantified by LI-COR
Image Studio Lite Software.

■ RESULTS AND DISCUSSION
The probes were designed based on the structure of the
reported irreversible AC inhibitor SABRAC (Figure 1),28 a

ceramide analogue modified at the amide linkage with a 2-
bromoacetyl moiety. The compounds were prepared by
standard amidation of suitable bases. SOBRAC, cis-SOBRAC,
SACLAC, and SOCLAC were first synthesized and found to
inhibit wild-type AC activity with very high potencies (Figure
S1). Because the compounds are covalent enzyme inhibitors
and their activity depends on the incubation time, the IC50
values were only used for preliminary comparative purposes.
Because, under identical experimental conditions, SOBRAC
was the most potent inhibitor, its fluorescent (BODIPY-
SOBRAC) and azide-tagged (N3C14SOBRAC) derived probes
were synthesized for enzyme labeling. Kinetic analysis showed
that the 5 compounds (cis-SOBRAC was not investigated
further) are effective AC inhibitors (kinact/Ki = 200−1220
min−1 mM−1) (Table 1 and Figure S2). All of them exhibited
similar specific reactivities (kinact = 0.017−0.034 min−1), while
SOCLAC and the three bromo-derivatives showed similar
affinities (Ki = 27−40 nM). SACLAC, with a saturated long-
chain base, had a lower affinity for AC (Ki = 97.1 nM), in

agreement with the enzyme preference for ceramides over
dihydroceramides.3

SABRAC and its analogues were expected to form adducts
with the catalytic Cys143 by displacement of the halogen atom
by the Cys thiolate function. Consistent with this model, and
as previously found for SABRAC,28 time-dependence of
enzyme inactivation supports that SABRAC analogues act as
irreversible inhibitors of AC (Figure S2). Formation of
covalent adducts has been confirmed here by mass
spectrometry analysis of the peptides resulting from trypsin
digestion of recombinant human AC (rhAC) exposed to the
inhibitors.
As shown in Figure 2, the presence in the extracts of the

expected lipid-modified CTSIVAEDK peptide (Figure S3)

Figure 1. Compounds used in this study.

Table 1. Kinetic Analysis of Covalent Inhibition of AC

inhibitor kinact
a (min−1) Ki

a (nM)
kinact/Ki

a

(min−1 mM−1)

SOBRAC 0.034 ± 0.003 29.7 ± 3.1 1139.5 ± 112.2
N3C14SOBRAC 0.017 ± 0.002 35.7 ± 3.2 463.7 ± 48.7
BODIPY-
SOBRAC

0.033 ± 0.003 26.7 ± 2.2 1217.4 ± 132.2

SACLAC 0.019 ± 0.002 97.1 ± 9.0 196.0 ± 18.9
SOCLAC 0.017 ± 0.002 40.2 ± 3.8 418.5 ± 40.9
BODIPY-
SOCLAC

0.038 ± 0.004 98.8 ± 9.2 393.7 ± 39.4

aKinetic parameters (mean ± SD) were obtained from 2 independent
determinations with triplicates. Graphs are shown in Figure S2.

Figure 2. Covalent modification of acid ceramidase Cys-143 by
SABRAC, SOBRAC, and N3C14SOBRAC. (A) Structure of the
modified Cys-143 containing tryptic peptides showing the expected
exact masses for monocharged and doubly charged peptides. (B)
Extracted-ion chromatograms of doubly charged (top) and mono-
charged native peptide from a control incubation with ethanol
(CTSIVAEDK, m/z: 483.2346 and 965.4614, black trace) and the
same peptide covalently modified by N3C14SOBRAC (m/z: 645.3427
and 1289.6775, blue trace), SOBRAC (m/z: 652.8733 and
1304.7388, green trace), and SABRAC (m/z: 653.8811 and
1306.7544, red trace). Numbers between parentheses correspond to
the peak area.

Figure 3. In vitro labeling of acid ceramidase with BODIPY-
SOCLAC. Cell lysates were incubated with the indicated concen-
trations of the specified probes for 5 min, and the reaction mixtures
were resolved on SDS-PAGE before in-gel fluorescence analysis.
Protein extracts were from HEK293T (HEK) cells or Farber FD2
cells transfected with an empty vector (EV), wild-type AC (WT), or
an inactive AC mutant (C143S) (Mut). AC activity of lysates used in
panel C are shown in A. WB detection of AC is shown in C. Arrows
indicate labeled AC. The gel stained with Coomassie blue (loading
control) is shown in Figure S6.
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Figure 9: In vitro labeling of AC with BODIPY- SOCLAC. Cell lysates were incubated with the indicated concentrations of the 

specified probes for 5 min, and the reaction mixtures were resolved on SDS-PAGE before in-gel fluorescence analysis. Protein 

extracts were from HEK293T (HEK) cells or Farber FD2 cells transfected with an empty vector (EV), wild-type AC (WT), or an 

inactive AC mutant (C143S) (Mut). AC activity of lysates used in panel C are shown in A. WB detection of AC is shown in C. 

Arrows indicate labeled AC.  
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BODIPY-SOBRAC          0.5 µM                      -                               - 
BODIPY-SOCLAC              -                          0.5 µM               1.0 µM                       

 

Figure S6. The same gel shown in figure 3 was stained with Coomassie blue to confirm 
that equal amounts of protein were loaded. 
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Figure 10: The same gel shown in figure 9 was stained with Coomassie blue to confirm that equal amounts of protein were 
loaded.  
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Encouraged by these results, the detection of endogenous AC by BODIPY-SOCLAC was examined 
in lysates of cell lines with different levels of AC expression (Figure 11A). The protein was detected 
in both A549 cells and fibroblasts from a healthy individual (CTRL), and the level of detection 
correlated well with the AC enzymatic activity contained in every cell line (Figure 11A and 11B), 
thus indicating that the probe can be employed to label endogenous levels of AC. As found with 
BODIPY- SOBRAC, increasing the incubation time with BODIPY- SOCLAC (1 μM) beyond 5 min did 
not augment the AC band intensity but led to increased unspecific labeling (Figure 12A). This 
observation agrees with the time-dependence of AC inactivation by BODIPY-SOCLAC, showing that 
only 10% of activity remained after a 15 min incubation with a 0.2 nM concentration (5-fold lower 
than that used in the labeling experiment). The gel was stained with Coomassie blue to reveal the 
equal protein quantities loaded in each sample (Figure 12B).  This rapid and efficient reaction with 
the target prevents off-target labeling. We next determined the selectivity of target binding by 
competition with the unlabeled ligand (Figure 11C). AC labeling decreased concentration 
dependently as SOCLAC concentration augmented (Figure 11C). Again, the gel was stained with 
Coomassie blue for ensuring equal protein loading assessment (Figure 13).  
 

 

after treatment with each inhibitor and the absence of these
peptides in control incubations, which showed only the native
unmodified peptide, supported that ceramide analogues with
the 2-bromoacetyl unit at the amide linkage might be useful as
AC ABPs.
Next, AC detection was attempted. Two approaches were

possible: a two-step, strain promoted alkyne−azide cyclo-
addition (SPAAC)-enzyme labeling using N3C14SOBRAC and
DBCO-PEG45/6-TAMRA as alkyne partner and a one-step
labeling using BODIPY-tagged probes. The first approach
allowed the detection of rhAC by in-gel fluorescence analysis
as a band at the expected molecular weight for the β-subunit
(ca. 40 kDa). The same band mobility was observed when AC
was detected by Western blot (Figure S4A). Specificity of the
click-based detection was demonstrated by competition with
N-acetylsphingosine (C2Cer), which reduced the band
intensity corresponding to the AC-probe adduct in a
concentration-dependent manner (Figure S4A).
We next treated cell lysates from AC-overexpressing A375

melanoma cells with N3C14SOBRAC and DBCO-PEG45/6-
TAMRA. Although AC labeling was achieved after short
incubation times and with low concentrations of both reagents
(Figure S4B), high unspecific labeling was observed. In
agreement with reports showing that thiol−yne addition with
reduced peptidylcysteines is responsible for most of the azide-
independent polypeptide labeling and that undesired thiol−
yne reactions can be prevented by alkylating peptidylcysteine
thiols with iodoacetamide (IAA),29 we found that addition of
IAA prior to incubation with DBCO-PEG45/6-TAMRA
reduced the unspecific labeling (Figure S4C). Selective target
binding was also shown by competition of N3C14SOBRAC
with untagged SOBRAC (Figure S4D).
To simplify the AC detection protocol and minimize

unspecific labeling, AC labeling with BODIPY-SOBRAC was
attempted. Using lysates from AC-overexpressing A375 cells,
time-course experiments showed that successful AC (β-
subunit) detection occurred after only 5 min of reaction with
the probe and that increasing the incubation time did not
augment the band intensity but led to augmented unspecific
labeling (Figure S5A). Importantly, the band corresponding to
the AC-lipid adduct was less visible in lysates from A375 cells
not overexpressing the enzyme (cells not induced with
doxycycline) (Figure S5A). Next, the BODIPY-SOBRAC
labeling method was applied to detect AC in extracts of

Farber fibroblasts FD1, which do not produce either precursor
or proteolytically processed mature protein,26 and the same
FD1 cells transduced to overexpress AC (FD1/AC). No band
corresponding to labeled AC was detected in FD1 lysates,
while fluorescently labeled AC was clearly visualized in FD1/

Figure 4. (A) In vitro labeling of endogenous acid ceramidase with
BODIPY-SOCLAC. Cell lysates (34 μg of protein) were incubated
with the probe (1 μM/5 min), and the reaction mixtures were
resolved on SDS-PAGE before in-gel fluorescence analysis. CRTL,
fibroblasts from a healthy individual. (B) AC activity of samples used
in gel A, as determined with the fluorogenic assay. (C) Competition
with unlabeled ligand. Lysates from FD1/AC cells were preincubated
for 5 min with the specified concentrations of SOCLAC (competitor)
followed by 5 min incubation with 1 μM probe. The gel of panel C
stained with Coomassie blue (loading control) is shown in Figure S7.

Figure 5. In situ AC labeling. Representative fluorescence micro-
graphs of cells with different levels of AC, namely, lung
adenocarcinoma A549, skin fibroblasts of a healthy individual
(CTRL), FD1 cells transduced to overexpress AC (FD1/AC), and
different Farber cells (FD1−FD4). Cells were treated with BODIPY-
SOCLAC (1 μM/5 min). Then they were washed and placed back in
the incubator, and images were taken after 2 (A549), 3.5 (CTRL),
and 5 h (FD1−FD4 and FD1/AC). LysoTracker (75 nM/60 min)
was added 1 h prior to visualization. AC activity of these cells is
shown in Figure S9. Scale 10 μm.
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Figure 11: (A) In vitro labeling of endogenous AC with BODIPY-SOCLAC. Cell lysates (34 μg of protein) were incubated with 
the probe (1 μM/5 min), and the reaction mixtures were resolved on SDS-PAGE before in-gel fluorescence analysis. CRTL, 
fibroblasts from a healthy individual. (B) AC activity of samples used in gel A, as determined with the fluorogenic assay. (C) 
Competition with unlabeled ligand. Lysates from FD1/AC cells were preincubated for 5 min with the specified 
concentrations of SOCLAC (competitor) followed by 5 min incubation with 1 μM probe.  
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Because BODIPY-SOCLAC afforded an excellent labeling of AC in cell lysates, we next investigated 
whether labeling of AC in intact cells was also feasible. To this end, BODIPY- SOCLAC (1 μM/5 min) 
was added to culture medium of cell lines with different levels of AC expression, and labeling was 
analyzed by confocal scanning microscopy. Intracellular compartment staining was observed upon 
treatment of A549, fibroblasts, and FD1/AC cells with BODIPY-SOCLAC (Figure 14). Colocalization 
with LysoTracker indicated that BODIPY-SOCLAC was contained in the lysosomes, in agreement 
with the lysosomal location of AC, the probe target. In FD1 cells, BODIPY-SOCLAC did not afford a 
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Figure S8. Time course of in vitro labelling of acid ceramidase with Bodipy-SOCLAC. 
Lysates from control fibroblasts (25 µg of protein) were incubated with the probe (1 μM ) 
for the specified times and the reaction mixtures were resolved on SDS-PAGE before in-
gel fluorescence analysis (left) or stained with Coomassie blue (right) to assess loading.  

  

A                                                    B 

Figure 12: (A) Time course of in vitro labelling of acid ceramidase with Bodipy-SOCLAC. Lysates from control fibroblasts (25 
μg of protein) were incubated with the probe (1 μM ) for the specified times and the reaction mixtures were resolved on 
SDS-PAGE before in- gel fluorescence analysis. (B) the same gel stained with Coomassie blue to assess loading.  
 
 
 
 

Figure 13: The same gel shown in figure 11C was stained with Coomassie blue to confirm that equal amounts of protein 
were loaded.  
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Figure S7. The same gel shown in figure 4C was stained with Coomassie blue to confirm 
that equal amounts of protein were loaded. 
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vesicular pattern colocalizing with LysoTracker, in agreement with the absence of AC in this cell 
line. No lysosomal labeling was observed after BODIPY-SOCLAC treatment of three different 
homozygous Farber fibroblasts (FD2−FD4) producing mutant proteins. The impact of these 
mutations on AC activity was assessed using the fluorogenic assay (Figure 15). Interestingly, some 
lysosome labeling occurred with BODIPY- SOCLAC in FD4 cells, which are those retaining some AC 
activity. All in all, this part of the thesis has focused on the characterization of a novel ABP for AC 
based on the structure of the irreversible inhibitor SABRAC. The probe, bearing a chlorine moiety 
instead of a bromine, have proven useful in-gel AC detection and can be employed to stain 
endogenous levels of active, but not inactive, enzyme in intact cells. As a result, BODIPY-SOCLAC 
can be considered a valuable tool for the study of AC activity and may facilitate the screening of 
AC inhibitors or chaperones for the treatment of diseases characterized by an abnormal 
expression of AC. 
 
AC is overexpressed in numerous human cancers and its inhibition can be beneficial for cancer 
treatment212,213. Therefore, and due to the important role of AC in cancer, several investigators 
have proposed the use of AC inhibitors in cancer therapy with the potential outcome of promoting 
apoptosis and/or lowering resistance to drugs214,215. The findings suggest that the inhibition of AC 
activity may act as a valuable target, whether used solely or combined with other anti-oncogenic 
treatments215. Although AC inhibition has been intensely investigated in the last decade, only very 
few inhibitors were useful in vivo216. Moreover, most of the reported inhibitors are structurally 
related to ceramide which has a negative impact on their selectivity, potency and drug-like 
properties. Thus, the discovery of ceramide-unrelated hits would be highly desirable. The main 
issue facing the investigators concerning the use of AC inhibitors is the specificity and potency of 
the discovered hits214. AC is among five other mammalian ceramidases, thus the development of 
highly specific inhibitors is important to avert off-targeting and toxicity effects214. Some potent 
and structurally unrelated inhibitors of AC have already been described. Representative examples 
of this class of compounds are carmofur, identified after the screening of a commercial library 
using a LC/MS-based assay217 and the related dioxypyrimidine and benzoxazolone 
carboxamides218–220. Despite these relevant examples, there is still a great need for the 
identification of novel molecules that can expand the toolbox of AC inhibitors. One of the best 
methods to identify structurally diverse inhibitors is through the screening of large compound 
libraries. However, this approach requires a powerful, robust and cost-effective high-throughput 
screening (HTS) assay, allowing the rapid and reliable testing of a large number of compounds. In 
order to fulfill this demand, in the third section of this Ph.D. thesis a fluorescence-based AC assay 
has been optimized and adapted to a 384-well format. Once validated, it has been employed to 
evaluate a 4100-compound library leading to the identification of novel AC inhibitors.  
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after treatment with each inhibitor and the absence of these
peptides in control incubations, which showed only the native
unmodified peptide, supported that ceramide analogues with
the 2-bromoacetyl unit at the amide linkage might be useful as
AC ABPs.
Next, AC detection was attempted. Two approaches were

possible: a two-step, strain promoted alkyne−azide cyclo-
addition (SPAAC)-enzyme labeling using N3C14SOBRAC and
DBCO-PEG45/6-TAMRA as alkyne partner and a one-step
labeling using BODIPY-tagged probes. The first approach
allowed the detection of rhAC by in-gel fluorescence analysis
as a band at the expected molecular weight for the β-subunit
(ca. 40 kDa). The same band mobility was observed when AC
was detected by Western blot (Figure S4A). Specificity of the
click-based detection was demonstrated by competition with
N-acetylsphingosine (C2Cer), which reduced the band
intensity corresponding to the AC-probe adduct in a
concentration-dependent manner (Figure S4A).
We next treated cell lysates from AC-overexpressing A375

melanoma cells with N3C14SOBRAC and DBCO-PEG45/6-
TAMRA. Although AC labeling was achieved after short
incubation times and with low concentrations of both reagents
(Figure S4B), high unspecific labeling was observed. In
agreement with reports showing that thiol−yne addition with
reduced peptidylcysteines is responsible for most of the azide-
independent polypeptide labeling and that undesired thiol−
yne reactions can be prevented by alkylating peptidylcysteine
thiols with iodoacetamide (IAA),29 we found that addition of
IAA prior to incubation with DBCO-PEG45/6-TAMRA
reduced the unspecific labeling (Figure S4C). Selective target
binding was also shown by competition of N3C14SOBRAC
with untagged SOBRAC (Figure S4D).
To simplify the AC detection protocol and minimize

unspecific labeling, AC labeling with BODIPY-SOBRAC was
attempted. Using lysates from AC-overexpressing A375 cells,
time-course experiments showed that successful AC (β-
subunit) detection occurred after only 5 min of reaction with
the probe and that increasing the incubation time did not
augment the band intensity but led to augmented unspecific
labeling (Figure S5A). Importantly, the band corresponding to
the AC-lipid adduct was less visible in lysates from A375 cells
not overexpressing the enzyme (cells not induced with
doxycycline) (Figure S5A). Next, the BODIPY-SOBRAC
labeling method was applied to detect AC in extracts of

Farber fibroblasts FD1, which do not produce either precursor
or proteolytically processed mature protein,26 and the same
FD1 cells transduced to overexpress AC (FD1/AC). No band
corresponding to labeled AC was detected in FD1 lysates,
while fluorescently labeled AC was clearly visualized in FD1/

Figure 4. (A) In vitro labeling of endogenous acid ceramidase with
BODIPY-SOCLAC. Cell lysates (34 μg of protein) were incubated
with the probe (1 μM/5 min), and the reaction mixtures were
resolved on SDS-PAGE before in-gel fluorescence analysis. CRTL,
fibroblasts from a healthy individual. (B) AC activity of samples used
in gel A, as determined with the fluorogenic assay. (C) Competition
with unlabeled ligand. Lysates from FD1/AC cells were preincubated
for 5 min with the specified concentrations of SOCLAC (competitor)
followed by 5 min incubation with 1 μM probe. The gel of panel C
stained with Coomassie blue (loading control) is shown in Figure S7.

Figure 5. In situ AC labeling. Representative fluorescence micro-
graphs of cells with different levels of AC, namely, lung
adenocarcinoma A549, skin fibroblasts of a healthy individual
(CTRL), FD1 cells transduced to overexpress AC (FD1/AC), and
different Farber cells (FD1−FD4). Cells were treated with BODIPY-
SOCLAC (1 μM/5 min). Then they were washed and placed back in
the incubator, and images were taken after 2 (A549), 3.5 (CTRL),
and 5 h (FD1−FD4 and FD1/AC). LysoTracker (75 nM/60 min)
was added 1 h prior to visualization. AC activity of these cells is
shown in Figure S9. Scale 10 μm.
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Figure 14: In situ AC labeling. Representative 
fluorescence micro- graphs of cells with 
different levels of AC, namely, lung 
adenocarcinoma A549, skin fibroblasts of a 
healthy individual (CTRL), FD1 cells 
transduced to overexpress AC (FD1/AC), and 
different Farber cells (FD1−FD4). Cells were 
treated with BODIPY- SOCLAC (1 μM/5 min). 
Then they were washed and placed back in 
the incubator, and images were taken after 2 
(A549), 3.5 (CTRL), and 5 h (FD1−FD4 and 
FD1/AC). LysoTracker (75 nM/60 min) was 
added 1 h prior to visualization.  
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Figure S9. AC activity of cells imaged in Figure 5. Activity was determined in cell lysates 
at pH 4.5 following the standard fluorogenic protocol (see main text). FD refers to Farber 
cells and CTRL refers to skin fibroblasts of a healthy individual. Data (mean ± SD, n=4) 
were obtained from two experiments with triplicates. 

  

Figure 15: AC activity of cells imaged in Figure 14. Activity was determined in cell lysates at pH 4.5 following the standard 
fluorogenic protocol. FD refers to Farber cells and CTRL refers to skin fibroblasts of a healthy individual. Data (mean ± SD, 
n=4) were obtained from two experiments with triplicates.  
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As mentioned above, the screening for specific and potent AC inhibitors requires the availability 
of a HTS assay capable of examining relatively large number of compounds simultaneously. A 
fluorescent-based assay in a 96-well format was previously set up in our group and applied to 
measure AC activity using cell lysates and intact cells as sources of enzyme. The assay is based on 
the coumarinic substrate RBM14-C12, that shows a high affinity and specificity for AC over neutral 
and alkaline ceramidases. Briefly, the hydrolysis of the amide bond of RBM14-C12 by AC yields an 
aminodiol that can be then oxidized upon treatment with sodium periodate. The resulting 
aldehyde undergoes a b-elimination reaction to release the fluorescent product umbelliferone. 
The assay has been largely used by our group and others to identify novel ceramidase 
inhibitors218,221. However, increasing the capacity of assays is necessary to expedite drug discovery 
by conducting high-throughput screening (HTS) of massive chemical libraries. This will not only 
speed up the process but would cut down costs as well. Consequently, this thesis tackled this 
challenge by miniaturizing the existing 96-well AC assay and adapted it to a 384-well format. And 
to ensure the reliability and efficiency of this miniaturized assay, a 4100-compound library was 
screened, resulting in the discovery of novel AC inhibitors. 
 
To start with, the final reaction volume was adapted from 100 μL (96-well-format) to 32 μL (384 
well-format) with a final concentration of substrate of 20 μM. Similarly, the volumes of methanol 
and buffered solution added in 96-well assay were proportionally reduced by approximately 
threefold. Next, protein concentration was adjusted using cell lysates of AC-overexpressing A375 
melanoma cells. Ideally, the optimal amount of protein is the one that ensures reaction linearity 
over a period of time together with less than 10% of substrate depletion, in order to assume that 
the enzyme operates at steady-state conditions. Thus, different amounts of cell lysates were 
mixed with the substrate and product formation was measured over 1 hour (Figure 16(A)). Finally, 
an amount of 0.4 µg of protein was chosen, as higher amounts of proteins were not in the linear 
portion whereas lower amounts would compromise the signal window. The optimal incubation 
time of the reaction mixture was next determined. A higher signal was witnessed at 2 hours 
reaction time. However, we chose a final reaction time of one hour since it exhibited an excellent 
signal window. As a first validation step, we performed a control run consisting of 60 wells 
representing AC activity and 60 wells representing the signal in absence of the enzyme. Excellent 
separation between high and low control wells resulting in a signal-to-background ratio >8 and a 
Z´factor of 0.72. The calculated coefficients of variation (CV) for both the high and low controls 
were 6.08% and 5.61% respectively. These data demonstrated that the assay was very robust, 
stable and possessed minimal well-to-well variability and therefore it is appropriate for HTS for AC 
inhibitors (Figure 16(B)).  
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After having successfully established the optimal reaction conditions in a 384-well format, we 
employed this newly miniaturized AC assay in a pilot screen against a library of 4100 compounds. 
The screen was carried out at a single dose of 20 μM for each library compound in 6% DMSO (v/v) 
and in duplicate. The robustness of the screening assay was ensured by including six controls, six 
SOCLAC samples (AC potent inhibitor) and six blank samples. A total of 116 compounds of the 4100 
screened at 20 μM met the active criterion, based on the hit cutoff at % inhibition >40, in the 
single-point primary screen, which resulted in a hit rate of 2.8%. The inhibitory activity of these 
hits was then confirmed in an alternative assay performed in triplicates at a single-point 
concentration.  
 
To confirm the results from the primary screening, top hits were cherry-picked and tested in a 
concentration-dependent response assay with triplicates per sample.  Thus, 101 compounds were 
then subjected to 7-points two-fold dilution series starting at a maximum concentration of 200 
micromolar. Among them, nine exhibited a dose-dependent inhibition of AC with IC50 values under 
50 µM (Table 2, Figure 17), whereas other compounds showed an IC50 > 50 µM or did not yield a 
concentration-dependent inhibition (structures not disclosed). The concentration-dependent 
inhibition of AC using these 9 compounds was repeated with triplicates for reassurance, and they 
persisted in giving an IC50  under 50 µM. The chemical structures of these 9 compounds were 
revealed by their provider (Eli Lilly and Company) (Figure 17).  
 

16/12/22, 5:28 AMHigh-throughput discovery of novel small-molecule inhibitors of acid Ceramidase | Enhanced Reader
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Figure 16: (A) Percentage of substrate conversion obtained using different amounts of AC (measured as µg of total protein). 
(B) Determination of the Z’-factor (Z’) of the AC assay in the 384-well plate format. Solid black squares and solid blue circles 
represent negative (without protein) and positive reaction, respectively. 
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Table 2: The hit molecules identified through the primary assay performed at a single-point concentration of 20 µM were dose-
titrated to establish their IC50 values (95% confidence interval). 
 
 
 
 
 
 
 

Figure 17: Structure of the identified inhibitors and their concentration-response curves. Active compounds were dose-
titrated to establish the corresponding IC50 values (N = 3 well per replicate point, errors bars are shown). 
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As mentioned above, hydrolysis of ceramides occurs by the action of ceramidases which are 
encoded by five known genes and are distinguished by the pH required for their optimal activity. 
A common problem with AC inhibitors, especially those with a scaffold related to the structure of 
ceramide, is the lack of selectivity over other ceramidases. Thus, to discard the selectivity issue, 
the activity of the nine detected hits against neutral ceramidase was next explored. Activity over 
NC was tested using recombinant human NC (rhNC) and a specific NC substrate bearing a nervonic 
acid amide (RMB14-C24:1)222. Remarkably, none of the molecules elicited a significant inhibitory 
activity, thereby confirming the selective inhibition of AC over NC (Table 3). 
 

 

 
On the basis of AC inhibition by the previously identified specific and potent 9 inhibitors in the cell-
free system, their ability to inhibit endogenous AC in intact cells was subjected to investigation. 
Cell-based assays allow the evaluation of biological activity in a more physiologically relevant 
system that also considers additional factors that might have a positive impact on inhibitory 
potencies such as permeabilization through cellular membranes, metabolization or concentration 
by intracellular compartmentalization. Thus, the activity of the nine selected hits was next 
examined in intact cells using AC-overexpressing A375 cells and the fluorogenic substrate RBM14-
C12. First, compounds were tested in a primary screening assay. Measurements were performed 
in triplicate at a single-point concentration of 20 µM. The results showed that only two out of the 
9 tested compounds exhibited significant inhibition of AC activity at this concentration: 
W000113402_C12 with a 53% inhibition and W000113414_H19 with a weaker 32% inhibition, 
whereas slight effects were observed for the other hits (Figure 18(A)). Dose-dependent inhibition 
could be also confirmed for: W000113402_C12 in the cell-based assay displaying an IC50 value of 
32 µM (24.3-44.7) (Figure 18(B)).  
 
 

 

Information Classification: General 

Supplementary Table 

Unique ID % Inhibition  
Neutral Ceramidase 

W000113414_I13 22.9 

W000113402_O07 8.5 

W000113403_I18 23.4 

W000113402_C12 -5.9 

W000113414_H19 -8.9 

W000113400_H06 35.6 

W000113407_J11 20.8 

W000113414_D15 -1.3 

W000113414_C16 -4.1 

Sup Table 1. The hit molecules in the acid ceramidase assay were investigated in a 
neutral ceramidase assay performed at a single-point concentration of 50 μM. Values shown are 
means of three replicates experiments. 
 

Table 3: The hit molecules in the AC assay were investigated in the NC assay performed at a single-point concentration of 50 
µM. Values shown are means of three replicates.  
 
 
 
 
 
 
 



CHEMICAL TOOLS FOR THE STUDY OF SPHINGOLIPID METABOLISM IN DISEASES 
 

 - 133 - 

 

 
The cytotoxicity of W000113402_C12 and W000113414_H19 compounds, which demonstrated 
decent AC inhibition both in vitro and in vivo, was studied in melanoma (A375), prostate cancer 
(PC3M) and colorectal cell lines (HT29). Both compounds were not toxic at concentrations under 
100 µM in all three cell lines.  
 
 

16/12/22, 5:28 AMHigh-throughput discovery of novel small-molecule inhibitors of acid Ceramidase | Enhanced Reader

Page 5 of 7safari-web-extension://2F201F31-D035-4205-A39E-C3B0F9F257C3/…ndfonline.com%2Fdoi%2Fpdf%2F10.1080%2F14756366.2022.2150183

Figure 18: (A) Cellular validation of hit compounds on AC. The hit molecules identified during the primary validation were 
investigated using a cellular assay. Values shown are mean of three replicates and results are expressed as percentage of 
activity compared to vehicle control. Compounds are identified with the last 5 letters/numbers of their unique code (B) 
Concentration-response curve of the most potent hit molecule W000113402_C12 in a cellular assay. 
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SLs are a structural and functional class of bioactive lipids223,224. They comprise of a wide range of 
biologically significant molecules, and are the second most found lipids in the membranes of 
eukaryotic cells225. Their defining feature is the amino-alcohol backbone of eighteen carbon 
atoms, also known as “spingoid base”, which is synthesized in the endoplasmic reticulum (ER) from 
precursors of nonsphingolipid origins225–227. This basic structure, when it is modified, gives rise to 
several other SLs that play key roles in cell biology226. SLs are involved in the regulation of many 
essential biological processes such as cell signaling228, growth229, differentiation230, 
proliferation231,232, apoptosis233, senescence234 and cell death235,236. The proper regulation of their 
metabolism is fundamental to maintain cellular homeostasis. Conversely, the dysregulation of 
their metabolism is associated with key human diseases224,237. For instance, mutations in the 
central enzymes involved in SL metabolism cause lysosomal storage disorders238 such as Gaucher 
and Farber’s diseases, which are characterized by aberrant accumulation of SLs. In contrast, in 
numerous tumors, the high expression levels of theses enzymes increase sphingolipid metabolism, 
thus generating more SLs with pro-survival signaling239. Therefore, studies targeting these 
metabolic enzymes may present promising therapeutic approaches and aid in better 
understanding their roles and functions.   
 
Among these enzymes, ceramidases (CDases) play a significant role in maintaining cellular 
homeostasis. And this is done by regulating the rheostat between the pro-apoptotic species of  
Cer82 and the pro-survival and proliferative S1P105 and, thus, contributing substantially to the 
cellular fate. CDases are a family of amidohydrolases that hydrolyses Cer to So and a fatty acid121. 
S1P can be generated only by the phosphorylation of So, therefore their levels are dependent on 
the activity of CDases. There are five human CDases, encoded by five different genes. According 
to their optimum pH, they are classified into acid ceramidase (AC), neutral ceramidase (NC) and 
three alkaline ceramidases (ACER1, ACER2 and ACER3). Each of these enzymes resides in different 
cellular compartment and displays distinct substrate specificities. AC is located in the lysosomes 
and to a lesser extent in the extracellular space141,240. It functions optimally at a pH value of 4.5145 
and prefers unsaturated ceramide substrates of medium chain size144. NC resides to the outer 
leaflet of the plasma membrane as an integral protein125 and can be found secreted in the 
intestinal lumen155. NC has a pH optima that ranges from 7 to 9 and has a substrate preference for 
D-erythro-ceramide isomer over other ceramide isomers124. ACER1 is found in the ER and favors 
unsaturated ceramide substrates of very long chain129,161. ACER2 is localized to the Golgi apparatus 
and it utilizes ceramide of long or very long chain size as substrates130,163. Lastly, ACER3 is located 
both in the ER and Golgi apparatus and favors unsaturated ceramide of long chain, however not 
very long ones, as substrates133,166.  
 
There is growing evidence for the role that these CDases play in several cellular responses, 
specially by balancing the levels of Cer, So and S1P. As example, it has been reported that alkaline 
ceramidases (ACER1-3) are the only active ceramidases in erythrocytes and are responsible for 
generating the plasma S1P through regulation of So production241. ACER1 action has been also 
shown to mediate in the calcium-induced growth arrest and differentiation of epidermal 
keratinocytes by regulating So and S1P levels128,129. Similarly, ACER2 activity has been shown to 
regulate cell proliferation and survival by controlling the levels So and S1P163. In another study, 
ACER2 activity has also demonstrated a role in regulating the maturation of beta 1 integrin and 
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cell adhesion through the control of So generation242. Mao et al. demonstrated a role of ACER2 
activity in mediating the cytotoxicity of an inhibitor of dihydroceramide desaturase in tumor cells, 
in this case through regulation of dhSo levels143. In the case of ACER3, it has been shown that its 
knockdown did not only inhibit cell proliferation but also inhibited serum-deprivation-induced 
apoptosis166. The role of NC in the regulation of Cer and S1P has been also extensively studied. 
Hence, numerous reports have shown that the activation of NC renders cells protection from 
cytokines-induced apoptosis by controlling Cer and S1P levels243–246. Tani et al. demonstrated that 
in CHOP cells this increase in So and S1P levels is caused by NC-mediated hydrolysis of ceramides 
specifically those located in the plasma membrane and the extracellular matrix127. In addition, 
Kono et al. have shown that the loss of NC activity decreases the degradation of intestinal 
ceramide, which therefore suggests a key role of this enzyme in the degradation of dietary SLs as 
well as in the regulation of Cer and So cellular levels in the gastrointestinal tract158. Moreover, 
Snider et al. demonstrated that a decrease in NC activity in inflammatory bowel diseases leads to 
an unanticipated increase in S1P and inflammatory responses, suggesting a possible protective 
role for NC in this disease247. In the case of AC, generally, its overexpression promotes the survival 
of cancerous cells through the excessive conversion of Cer into S1P. However, additional roles 
have been suggested for AC. Thus, Lucki et al. reported that the nuclear expression of AC in 
adrenocortical cells plays a role in regulating steroidogenic gene transcription by governing the 
levels of nuclear SLs248,249. Furthermore, AC expression has been found to play a critical role in the 
survival of newly formed embryos, as it has been shown that the knockout of AC in mice caused 
death in the early stages of embryos154,250. Conversely, death was delayed in embryos after 
treatment with exogenous S1P, indicating that the death occurred in embryos as a result of AC 
silencing was partly due to the inability to generate S1P. Additionally, AC activity has been 
identified to play a significant role in the development of ovaries and the survival of oocyte in 
theca cells, thus protecting them from death251.  
 
In part due to this involvement in the regulation of cell survival and proliferation, mutations or the 
aberrant expression of CDases are strongly connected to several diseases. For instance, genetic 
deficiency of ACER3 activity results in leukodystrophy in early childhood174, a rare disease with no 
current treatment. Additionally, ACER3 activity has been shown to contribute to hepatocellular 
carcinoma175 and acute myeloid leukemia pathogenesis176. On the other hand, the downregulation 
of ACER3 activity has been reported to not only inhibit cell proliferation through the upregulation 
of the cyclin-dependent kinase inhibitor p21 but also inhibit serum-deprivation-induced 
apoptosis166. There is an evidence that NC has also role in cancer supported by the findings that 
its downregulation has been involved in gemcitabine-induced growth suppression252, and by 
recent studies demonstrating that NC participates in the regulation of cell survival in colon 
cancer253,254. Collectively, these studies have shown that NC inhibition in a xenograft model has 
delayed tumor growth and that mice lacking NC were protected from azoxymethane-induced 
tumor formation253. High expression of AC has been documented in various types of cancers255, 
entailing head and neck cancer256, colon adenocarcinoma217, prostate cancer149,150,257–261 and 
melanoma151,262,263. In fact, the overexpression of AC renders cancerous cells resistance against 
therapy (chemo-/radio-therapy), whereas its inhibition sensitizes them to the therapy, decreasing 
tumor growth and preventing cancer relapse153,264–268. On the other hand, genetic deficiency in 
genes encoding AC leads to substantial decrease in its activity causing a lysosomal storage 
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disorder, known as Farber disease (FD)142. All of the above explains the significance of CDases in 
diseases, the growing interest in their study and why they have been considered promising drug 
targets in the past few years269. Therefore, in this thesis, we have focused on the development of 
tools to study, characterize and modulate the activity of CDases. The work performed in this thesis 
and that will be discussed below include the development of three important tools facilitating the 
study of CDases: selective inhibitors, activity-based probes (ABPs) and a powerful high-throughput 
screening (HTS) assay. 
 
A number of CDase inhibitors have been reported along the past two decades. The majority were 
identified as AC inhibitors, fewer were active on NC and almost none were potent on ACER. The 
problem with these identified inhibitors is that most of them were structurally related to ceramide. 
And this in turn has a negative impact on their selectivity, potency and drug-like properties269. A 
handful of these inhibitors, however, were not ceramide-related. For example, carmofur which is 
a potent AC ceramidase inhibitor identified through a screening of a commercial library217. Also, 
dioxypyrimidine and benzoxazolone carboxamides, which are structurally related to 
carmofur218,220. Despite these relevant examples, there is still a great need for the identification of 
novel molecules that can expand the toolbox for inhibitors of CDases.  
 
As mentioned above, in contrast to the better-characterized AC or NC, selective inhibitors of ACER 
were still lacking at the time of performing this study. Here we have identified two highly selective 
inhibitors for ACER3, which is the most ubiquitous ACER121. To start with, a set of compounds 
belonging to the 1-deoxy (dihydro) Cer compound class was selected. These compounds are of 
interest because they lack the hydroxyl at the C1 position what prevents its further metabolization 
in complex sphingolipids thereby ensuring its metabolic stability. Initially, the screening of the 
compounds using a recombinant NC (rhNC) identified certain inhibitors. However, when the 
screening was performed with cell lysates as a source of NC, none of the inhibition could be 
confirmed. These results indicate that rhNC may not be an adequate source of enzyme for the 
identification of inhibitors. The reason behind these controversial results may lie on the structural 
differences existing between the commercially available rhNC and the natural enzyme. Thus, while 
the NC is bound to the plasma membrane with a transmembrane helix, the rhNC is a truncated 
enzyme soluble in water. Next, the set of compounds was tested on AC using cell lysates as a 
source of enzyme; however, no inhibition was observed. Finally, a screening assay to test them as 
ACER3 inhibitors enabled the identification of two potent inhibitors 20I and 20m (Figure 19). 
Interestingly, both compounds have a 2R,3R stereochemistry, differing from the natural 2S,3R, 
what suggests that they may bind an allosteric pocket and therefore they do not compete with 
the natural substrate for the binding site. In addition, another group member tested the inhibition 
effect of these inhibitors in cellular context and both compounds also inhibited ACER3 in this 
model system. This interesting result discloses a scaffold for further medicinal chemistry efforts 
aimed at improving the ACER3 inhibitory potency. Docking studies against the crystal structure of 
ACER3270 should aid in the design of the best ligands for further use in the study or treatment of 
diseases linked to ACER3 alterations. These include enzyme blockers in the event of 
overexpression and chemical chaperones in case of genetic deficiencies. 
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Another attractive enzyme target in the field of CDases is the lysosomal AC, found overexpressed 
in many types of cancer and responsible, when mutated, for a rare lysosomal storage disease. As 
a result, there is growing interest in the development of tools to characterize and study this 
enzyme. Our interest in this field of research was the development of novel activity-based Probes 
(ABPs) for AC relying on the structure SABRAC, a known AC inhibitor. SABRAC is an irreversible AC 
inhibitor reported previously by our group271. It is a ceramide analogue modified at the amide 
linkage with a 2-bromoacetyl moiety. SABRAC and its analogues form adducts with the catalytic 
Cys143 by displacement of the halogen atom by the Cys thiolate function. The presence of the 
sphingoid base scaffold is expected to provide selectivity toward enzymes of sphingolipid 
metabolism, of which only AC has been reported to be a cysteine amidase181. Moreover, the fact 
of being a covalent and an irreversible inhibitor made it a perfect candidate for the development 
of an ABP probe. 
 
To start with, a fluorescent tag was attached to the probe, either directly (BODIPY-SOBRAC) or 
indirectly (via click chemistry reaction of an azide moiety (N3C14SOBRAC) with a strained alkyne 
(DBCO-PEG45/6-TAMRA)). Although labeling could be observed in all the cases, high background 
was always an issue. In the case of DBCO-PEG45/6-TAMRA, the high background could be caused 
by the reaction of the strained cyclooctyne with cellular thiols, that could be diminished with a 
pretreatment step with iodoacetamide. However, the high background observed with BODIPY-
SOBRAC was solely caused by the inherent nature of the probe. As bromoacetyl moieties are highly 
reactive, we reasoned that the substitution of the bromo by a chlorine atom could modulate the 
reactivity of the probe. As a result, BODIPY-SOCLAC was prepared and its suitability as an ABP for 
AC was investigated. The probe proved useful for in-gel AC detection at submicromolar 
concentrations and short incubation times, and it successfully stained endogenous levels of active 
enzyme, without additional labeling of background proteins. Moreover, no AC labeling occurred 
after protein denaturation, showing that the correct protein folding is a labeling requirement (as 
it is for activity). A challenge for the development of ABPs is their potential use in intact cells using 
fluorescence microscopy approaches. Hence, the only ABP for AC reported so far was a fluorescent 
analogue of the AC inhibitor carmofur which was employed for AC detection in Gaucher tissue 
homogenates211. However, no ABP has been successfully applied for imaging AC in living cells. As 
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Figure 19: Chemical structures of 20I and 20m, which were found to be highly selective ACER3 inhibitors. 
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a result, our next goal was to explore the use of the BODIPY-SOCLAC for the labeling of AC in cells.  
To achieve this, we incubate culture medium of cell lines with different levels of AC expression 
with the probe and visualize the localization of the ABP probe using confocal microscopy together 
with lysosomal tracker to explore a potential colocalization of the probe. BODIPY- SOCLAC (1 μM/5 
min) was added to culture medium of cells, and labeling was analyzed by confocal scanning 
microscopy. Intracellular compartment staining was observed upon treatment of A549, 
fibroblasts, and FD1/AC cells with BODIPY-SOCLAC. Colocalization with LysoTracker indicated that 
BODIPY-SOCLAC was contained in the lysosomes, in agreement with the lysosomal location of AC, 
the probe target. In FD1 cells, BODIPY-SOCLAC did not afford a vesicular pattern colocalizing with 
LysoTracker, in agreement with the absence of AC in this cell line. No lysosomal labeling was 
observed after BODIPY-SOCLAC treatment of three different homozygous Farber fibroblasts 
(FD2−FD4) producing mutant proteins. The impact of these mutations on AC activity was assessed 
using the fluorogenic assay. Interestingly, some lysosome labeling occurred with BODIPY- SOCLAC 
in FD4 cells, which are those retaining some AC activity. BODIPY-SOCLAC have proven useful in-gel 
AC detection and can be employed to stain endogenous levels of active enzyme in intact cells. 
Importantly, although an ABP for AC has been previously reported272, BODIPY-SOCLAC represents 
a major advantage in that it allowed the unprecedented lysosomal staining of active, but not 
inactive, AC in intact cells. These overall results might be of biomedical relevance to visualize the 
location and monitor the trafficking of active AC, as well as for to facilitate the screening and 
identification of novel pharmacological chaperones for the treatment of diseases characterized by 
aberrant AC expression. Recently, the use of ABPs has been expanded form protein profiling to 
drug discovery273. High-throughput screening (HTS) of a large number of potential inhibitors 
against a protein target is one of the basis of drug discovery274. Most of the reported HTS assays 
are in-vitro methods275 which may lack the ability to provide the real interaction between the 
target protein and a potential drug in the cellular enviroment274. This often leads to failure of the 
potential hit in clinical trials due to undesirable side effects276. Thus, it is highly recommended that 
preclinical trials are performed in native cellular environment so that the mechanism of action of 
the discovered hit can be explored277. To overcome this drawback, recent studies have proposed 
the use of ABPs for drug screening in cellular context273,278,279. When the ABP binds the target 
protein, the signal is strongly visualized by fluorescent scanning. However, this signal is decreased 
in the presence of a competitor (potential drug target). This strategy allows the screening of drug 
candidates in a natural environment280, and the evaluation of their selectivity and potency 
simultaneously in a single experiment. As a result, BODIPY-SOCLAC may open the door in 
combination with a HTS screening, as an alternative and complementary approach to identify AC 
inhibitors in-vivo.  
 
Due to the relevance of AC as a target involved in several diseases, there is also a growing interest 
in the identification of selective and potent inhibitors of this enzyme. The identification of selective 
AC inhibitors has been mainly hampered by the lack of formats suitable for the screening of large 
libraries. This approach requires a powerful, robust and cost-effective HTS assay, allowing the 
rapid and reliable testing of large number of compounds. Recently, our group reported a flow-
cytometry-based assay that uses a deoxyceramide analog to monitor AC activity in intact cells. This 
assay could be potentially useful in the future for screening purposes, but it would require proper 
optimization and the use of high-throughput flow cytometry platforms281. A fluorescent-based 



DISCUSSION 

 - 142 - 

assay in a 96-well format was previously set up in our group and applied to measure AC activity 
using cell lysates and intact cells as a source of enzyme. The assay is based on the coumarinic 
substrate RBM14-C12173, that shows a high affinity and specificity for AC over neutral and alkaline 
CDases. Briefly, hydrolysis of the amide bond of RBM14-C12 by AC yields an aminodiol that can be 
then oxidized upon treatment with sodium periodate. The resulting aldehyde undergoes a b-
elimination reaction to release the fluorescent product umbelliferone. The assay has been largely 
used by our group and others to identify novel ceramidase inhibitors221,282,283. However, to be able 
to identify the most promising drugs from large chemical libraries quickly and accurately, assays 
with higher capacity are essential. This would not only speed up the drug discovery process but 
also reduce its overall costs. 
 
Interestingly, remarkable advances have been recently reported in this area of research. Although 
covering other members of the CDase family. Thus, Spicer et al, established a HTS assay for the 
identification of NC inhibitors utilizing an analogous substrate RBM14-C16, developed in our 
group284. This is a 96-well format NC inhibitor fluorescence assay which has been miniaturized and 
optimized in a 1536-well plate format for HTS. The high-throughput screening of >650,000 small-
molecules has resulted in several hits that are now being pursued in crystal docking studies and in 
vitro drug metabolism and pharmacokinetics (DMPK). Furthermore, Granier et al. has reported a 
novel suite of doubly fluorophore-modified ceramides as turn-on for probes for the direct FRET-
based analysis of CDsae activity in real-time. Although ACER3 was able to hydrolyze one of the 
probes, no synthetic substrates were hydrolyzed by AC285. Therefore, although the Granier’s 
method has the advantage of monitoring CDase activity in real-time, it cannot be applied to AC 
until suitable FRET ceramide substrates are discovered for this enzyme. This assay, however has 
identified specific ACER3 inhibitors in live cells. Despite these advances covering NC and ACER3, 
there was no a suitable platform enabling HTS screening of AC. As mentioned earlier, a well set 
96-well fluorescent assay for the evaluation of AC activity has already been used extensively by 
our group and others. And encouraged by the aforementioned HTS discoveries for NC and ACER3, 
we hypothesized that the correct miniaturization of this AC assay into a 384-well plate format 
would continue to give robust results, thereby ensuring a cost-effective assay that enables the 
screening of larger loads of compounds with a good signal window and a high reproducibility. To 
start with, the final reaction volume was adapted from 100 mL (96-well-format) to 32mL (384 well-
format) with a final concentration of substrate of 20 µM. Next, protein concentration was adjusted 
using cell lysates of AC-overexpressing A375 melanoma cells. Ideally, the optimal amount of 
protein is the one that ensures reaction linearity over a period of time together with less than 10% 
of substrate depletion, in order to assume that the enzyme operates at steady-state conditions. 
Thus, different amounts of cell lysates were mixed with the substrate and product formation was 
measured over 1 h. The reaction progress curve for the hydrolysis of RBM14-C12 by AC was 
obtained at a range of protein concentrations. Finally, an amount of 0.4 mg of protein was chosen, 
as higher amounts of proteins were not in the linear portion whereas lower amounts would 
compromise the signal window. The optimal incubation time of the reaction mixture was next 
explored. Although a higher signal was witnessed at 2 h reaction time, a final reaction time of 1 h 
was chosen since it exhibited an excellent signal window. As a first validation step, we performed 
a control run consisting of 60 wells representing AC activity and 60 wells representing the signal 
in absence of the enzyme. The results revealed excellent separation between high and low control 
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wells resulting in a signal-to-background ratio >8 and a Z’ factor of 0.72. The calculated coefficients 
of variation (CV) for both the high and low controls were 6.08% and 17.1% respectively. These 
data demonstrated that the assay was very robust, stable and possessed minimal well-to-well 
variability and therefore it is appropriate for HTS to identify AC inhibitors.  
 
After having successfully established the optimal reaction conditions in a 384-well format, we 
employed this newly miniaturized AC assay in a pilot screen against a library of 4100 compounds. 
The screen was carried out at a single dose of 20 µM for each library compound in 6% DMSO (v/v) 
and in duplicate. The AC inhibitor SOCLAC was used as a pharmacological control for the assay283. 
The Z’-factors per plate were consistent with those obtained during the initial validation. A total 
of 116 compounds of the 4100 screened at 20 µM met the active criterion, based on the hit cut-
off at % inhibition >40, in the single-point primary screen, what resulted in a hit rate of 2.8%. An 
example hit map from one screening plate is shown. The inhibitory activity of these hits was then 
validated in an additional assay performed at a single-point concentration in triplicates.  
 
To confirm the results from the primary screening, top hits were cherry-picked and tested in a 
concentration-dependent response assay with triplicates per sample. Thus, 101 compounds were 
then subjected to 8-points two-fold dilution series starting at a maximum concentration of 200 
micromolar. Among them, nine exhibited a dose-dependent inhibition of AC with IC50 values in the 
range of 6 and 49 µM, whereas 92 compounds showed a higher IC50 value or did not yield a 
concentration-dependent inhibition. 
 
As mentioned above, hydrolysis of ceramides occurs by the action of CDases which are encoded 
by five known genes and are distinguished by the pH required for optimal activity134. A common 
problem with AC inhibitors, especially those one with a scaffold related to the structure of 
ceramide, is the lack of selectivity over other CDases. Thus, to discard a selectivity issue, the 
activity of nine detected hits against NC was next explored at 50 mM. Activity over NC was tested 
using recombinant human NC (rhNC) and a specific NC substrate bearing a nervonic acid amide 
(RBM14-C24:1)222. Remarkably, none of the molecules elicited a significant inhibitory activity, 
thereby confirming the selective inhibition of AC over NC.  
 
Cell-based assays allow evaluating biological activity in a more physiologically relevant system that 
also considers additional factors that might have a positive impact on inhibitory potency such as 
permeabilization through cellular membranes, metabolization or concentration by intracellular 
compartmentalization. Thus, the activity of the nine selected hits was next examined in intact cells 
using AC overexpressing A375 cells and the fluorogenic substrate RBM14-C12. First, compounds 
were tested in a primary screening assay. Measurements were performed in triplicated at a single-
point concentration of 20 µM. The results showed that only two of the 9 tested compounds 
exhibited a significant inhibition of AC activity at this concentration: W000113402_C12 with a 53% 
inhibition and W000113414_H19 with a weaker 32% inhibition, whereas slight effects were 
observed for the other hits. Dose-dependent inhibition could be also confirmed for 
W000113402_C12 in the cell-based assay displaying an IC50 of value of 32 µM (24.3–44.7). 
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HTS is still the primary hit-finding strategy both in academia and industry. However, the 
identification of novel AC inhibitors has been hampered by the unavailability of appropriate 
screening platforms. Herein, we report a robust and cost-effective assay for the determination of 
AC activity that enables the rapid profile of large compound libraries. The screening platform has 
been employed to evaluate a 4100 compound library leading to the identification of 9 novel 
compound classes targeting AC activity with low micromolar IC50. Dose-dependent inhibition was 
confirmed for the primary hits identified in the screening campaign and now they can serve as a 
basis for hit-to-lead optimization through chemical modifications, thereby opening new venues in 
the field of AC inhibition. Noteworthy, the identified hits are non-ceramide related and belong to 
different non-carmofur chemical classes (Figure 20). Moreover, the reported technique can be 
considered an attractive drug-screening platform with a great potential to identify novel AC 
modulators. To further validate hits obtained in HTS campaigns of large libraries, an orthogonal 
assay using a different detection method (e.g. C12-Ceramide Bodipy and HPLC-based detection of 
substrate and reaction product) could be applied to discard potential interference of compounds 
on the fluorescence-based assay169. As several diseases are linked to altered AC activity, novel 
compounds modulating its activity should allow progress in drug discovery and expand our 
knowledge in the essential role of this enzyme. 
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Figure 20: Chemical structures of the nine compounds which inhibited AC activity.  
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The following are the conclusions drawn from the studies presented in this thesis: 
 
Discovery of deoxyceramide analogs as highly selective ACER3 inhibitors in live cells  
 

• 1-deoxySLs are an interesting class of compounds to identify ACER3 inhibitors. Thus, the 
profiling of a set of 1-deoxySLs over different CDases has led to the identification of 
Compounds 20l and 20m as selective inhibitors of ACER3 activity.  

 
Activity-Based Imaging of Acid Ceramidase in Living Cells 

 
• We have proven that the irreversible AC inhibitor SOBRAC can be successfully employed 

as starting point for the development of an ABP for AC. 
• The replacement of bromine by chlorine is a good approach to reduce the non-selective 

staining of the ABP, probably by diminishing its reactivity and side-target interactions.  
• BODIPY-SOCLAC successfully stained endogenous levels of active AC in cell lysates and 

intact cells.  
• BODIPY-SOCLAC can clearly detect the active form of AC and distinguish it from the inactive 

enzyme.  
• BODIPY-SOCLAC represents a major advantage over a previously reported ABP, in that it 

allowed the unprecedented lysosomal staining of active, but not inactive, AC in intact cells. 
• BODIPY-SOCLAC may be of biomedical relevance to visualize the location and monitor the 

trafficking of active AC, as well as for the analysis of novel pharmacological chaperones for 
the treatment of FD.  

• BODIPY-SOCLAC may open the door for its use in combination with HTS assays as an 
alternative approach for the identification of AC inhibitors in-vivo. 

 
High-throughput discovery of novel small-molecule inhibitors of acid Ceramidase 
 

• The previously reported AC assay can be miniaturized and adapted to 384-well plate and 
it has been validated for the screening of AC inhibitors. The assay is a powerful platform 
for the identification of AC inhibitors in a cost-effective manner. 

• The assay can be employed for the identification of novel inhibitors.  
• Nine ceramide-unrelated compounds inhibited AC activity with IC50 < 50 µM.   
• Two, out of nine, compounds W000113402_C12 and W000113414_H19 were AC 

inhibitors in intact cells. W000113402_C12 exhibited a 53% inhibition of AC activity in 
intact cells with an IC50 value of 32 µM, whereas W000113414_H19 showed a weaker 32% 
inhibition.  

• Both compounds were not cytotoxic at concentrations under 100 µM in melanoma (A375), 
prostate cancer (PC3M) and colorectal cell lines (HT29).  
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