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Abstract

Human acid ceramidase (AC) is a lysosomal cysteine amidase, which has received a great deal of 

interest in recent years as a potential target for the development of new therapeutics against 

melanoma and glioblastoma tumors. Despite the strong interest in obtaining structural information, 

only the structures of the apo-AC enzyme in its zymogen and activated conformations are 

available. In this work, the crystal structure of AC in complex with the covalent carmofur inhibitor 

is presented. Carmofur is an antineoplastic drug containing an electrophilic carbonyl reactive 

group that targets the catalytic cysteine. This novel structural data explains the basis of the AC 

inhibition, provides insights into the enzymatic properties of the protein, and is a great aid toward 

the structure-based drug design of potent inhibitors for AC, providing the detailed mechanism, 

which has eluded the scientific community for more than 30 years, of carmofur’s mysterious 5-

fluorouracil-independent anti-tumor activity.
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INTRODUCTION

The pyrimidine analogue 5-fluorouracil (5-FU) inhibits thymidylate synthase, an enzyme 

responsible for the synthesis of thymidine that contributes to DNA replication1. The 

compound has been effective in the treatment of several solid tumors, particularly head, 

neck, and gastrointestinal tumors2. In fact, the compound is the third most common agent 

employed against solid cancers globally2. Efforts to discover derivatives of 5-FU that were 

less toxic to the host and more effective against malignancies led to the discovery of 

carmofur (1-hexylcarbamoyl-5-fluorouracil), which has been used to treat patients with 

colorectal cancers for more than 30 years3,4. Early studies suggested that the 

hexylcarbamoyl structure (more lipophilic) eases the transport of carmofur through the cell 

membrane, providing a higher therapeutic ratio4. For more than 30 years, carmofur has been 

considered a masked compound of 5-FU, and believed to functions similarly to 5-FU5, 6. 

However, some researchers have questioned this mechanism as carmofur was also as 

effective in targeting 5-FU resistant cells compared to control6. The exact mechanism of the 

5-FU independent anti-tumor activity of carmofur has remained a mystery. Studies have 

implicated carmofur’s involvement in multiple pathways7,8. Carmofur, which has seen 

clinical use since 1981, significantly augments overall survival and disease-free survival in 

colon cancers9. In addition, carmofur appears effective against breast, gastric, bladder 

cancer, and colorectal cancer cancers7, 10, 11.

Human AC (EC 3.5.1.23), an intracellular two-subunit cysteine amidase catalyzes hydrolysis 

of ceramides into sphingosine and free fatty acids12–14. Ceramides favor cell-cycle arrest 

and apoptosis; on the other hand, sphingososine-1-phospate (S1P), a direct derivative of 
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sphingosine, encourages angiogenesis, cell survival, and cell proliferation15. AC levels are 

raised in several malignancies, including breast16, prostate17, colorectal18, melanoma19, and 

brain20, 21. Moreover, downregulation or inhibition of AC has been associated with anti-

cancer activity. The deletion of AC gene in melanoma cells has been shown to hinder the 

formation of cancer-initiating cells22. We have shown that inhibition of AC effectively 

combats several brain cancer cell lines, including glioblastoma, medulloblastoma, and 

atypical teratoid / rhaboid tumors13, 20, 21, 23–26. Thus, recent data has made AC an attractive 

target for designing selective and potent inhibitors, which can modulate the balance between 

cell proliferation and death with the influence on both growth and survival of normal and 

neoplastic cells. Currently, there is no AC inhibitor clinically available to treat patients.

Recently, colleagues discovered that carmofur inhibits the activity of AC and using liquid 

chromatography mass spectrometry, they revealed a derivative of carmofur inhibited AC 

through the covalent modification of the catalytic cysteine residue27–29. However, the exact 

mechanism of inhibition between actual carmofur and AC has not been elaborated. These 

results prompted us to study the interaction between the carmofur inhibitor and human AC at 

the structural level.

The inactive zymogen form of AC is secreted as a single-chain polypeptide of 374 residues 

with molecular weight of 50–55 kDa, depending on the extent of glycosylation12–14. Upon 

auto-activation, the AC proenzyme is cleaved at the Thr142-Cys143 peptide bond, 

generating an α-subunit consisting of a 13 kDa chain and a 37–42 kDa β-subunit chain held 

together by the Cys31-Cys340 disulfide bond30, 31. In recent work, a catalytic mechanism 

for AC auto-activation was described based on structural data obtained for the apo-form of 

the enzyme in its zymogen and activated states30.

In this work, we crystallized and solved the structure of human active AC in complex with 

carmofur at 2.7 Å resolution. The mature form of AC in the complex adopts the same fold as 

the apo protein. The fatty acid moiety of the carmofur molecule after catalytic cleavage of 

the inhibitor at its carbonyl group covalently modifies the active site Cys143 and occupies 

one of the hydrophobic cavities close to the enzyme active site. Simple modeling data 

reveals the plausible mechanism of substrate degradation. Also, the structure of the AC-

inhibitor complex provides important information about the geometry of the binding site, 

which is a critical asset for understanding the determinants for selectivity and specificity in 

AC-ligand interactions.

Via crystal structural analysis, this study is the first to definitively demonstrate that carmofur 

directly binds to AC, and prompts its inhibition, providing the detailed mechanism, which 

has eluded the scientific community for more than 30 years, of its mysterious 5-FU-

independent anti-tumor activity. This provides the impetus to now engage in clinical trial 

with carmofur for treatment of various types of cancers targeting AC as a new class of 

anticancer drugs.
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RESULTS AND DISCUSSION

Overall structure of the AC-carmofur complex

The structure of human AC in covalent complex with the free fatty acid tail of the small 

carmofur inhibitor (5-fluoro-N-hexyl-2,4-dioxo-pyrimidine-1-carboxamide, supplemental 

Figure 1) was solved at a resolution of 2.7 Å (Table 1). For the final model, 114 residues 

(residues 27–140 excluding the signal peptide) of the α-subunit and all 253 residues 

(residues 143–395) of the β-subunit, with the exception of a few side chains, were traceable 

in the electron density map (Figure 1). The heterodimeric structure of AC displays strong 

structural similarity with that of other members of the Ntn-hydrolase family, consisting of 

two β sheets forming the substrate-binding site and the catalytic residues, Cys143, Asp162, 

Glu225, and Asn320, located at the cleft between these two sheets, which are flanked by six 

α helices (Figure 1A). The main body of the α-subunit is positioned on the molecular 

surface of the β–subunit far away from the active site entrance with its N-terminal segment 

wrapping around the β-subunit to reach a distance of 12.5 Å between Cα atoms of the α–

chain N-terminal Trp27 and the α-chain C-terminal Trp396, and is covalently linked to the 

β-domain through a disulfide bridge between Cys31–Cys340. The α-chain also makes 

contacts from both the backbone and side chains of its C-terminus to the residues in the β-

domain located close to the active site cleft (Figure 1A). These include a weak hydrogen 

bond from the backbone carbonyl of Glu138 to the backbone amino group of Gly232, a 

hydrogen bond from the side chain of Glu138 to the backbone amino group of Ile249, and a 

hydrogen bond from the side chain of Asn134 to the backbone amino group of Val208. 

Finally, the side chains of Phe140, Leu139, Tyr137, and Ile135 of α–subunit form extensive 

hydrophobic interactions with residues located on the helix (230–241) and the loop (244–

249) of the β–subunit.

The AC protein has 6 cysteine residues. Four of them form two disulfide bridges, Cys31-

Cys340, Cys388-Cys392, whereas two other are not oxidized: Cys143 is the active site 

cysteine, and Cys292 is buried in the body of the protein molecule. There are 6 potential N-

glycosylation sites in the molecule of human AC and only four of them, Asn173, Asn259, 

Asn286, and Asn342, could be modeled in the final electron density map. The sugar residues 

of N-glycosylation sites at Asn173 and Asn259 located on the surface loops of the β–subunit 

make extensive hydrogen bonds with both subunits.

The structure of the complex is very similar to that of the apo-form in its active 

conformation with an overall root mean square deviation (RMSD) of 0.41 Å for all Cα pairs 

(Figure 1B). The main conformational differences between the two structures are observed 

in the areas of the N-terminal part of helix (230–241) and the surface loop (319–322) of the 

β–subunit with the maximum distances between the corresponding Cα atoms of 3.1 Å. 

These results suggest that the covalent modification of the active site cysteine during the 

inhibition of the enzyme by the potent carmofur inhibitor does not induce major 

conformation changes in the body of both the α– and β–subunits.
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Inhibitor binding

In a recent work, the small compound 2-oxo-N—(4-phenylbutyl)-1,3-benzoxazole-3-

carboxamide (supplemental Figure S1), a close structural homologue of carmofur, was 

shown to be an effective noncompetitive inhibitor of the enzyme with an inhibition constant 

of 64 nM for the human AC27, 29. The authors proposed that the catalytic Cys143 attacks the 

electrophilic carbonyl group of the inhibitor, which results in the covalent modification of 

the cysteine residue by the C11H14NO moiety of the compound29. We revealed a similar 

mechanism of inhibition of human AC by carmofur, which is a close structural homologous 

of the above mentioned 2,4-dioxopyrimidine-1-carboxamide and a potent inhibitor of acid 

ceramidases with an IC50 value of 29 nM for the rat ortholog27. The fatty acid moiety of the 

carmofur inhibitor (C7H14NO, supplemental Figure S1) in the crystal structure is clearly 

defined by electron density in the enzyme substrate-binding site, with Cys143 positioned at 

the bottom of the pocket (Figure 2A). Continuous electron density links the inhibitor C7 

atom to the Sγ of Cys143, indicating the presence of a covalent linkage between the 

inhibitor moiety and the enzyme. In addition, other electrostatic interactions include 

hydrogen bonds between the backbone carbonyl oxygen of Asp162, the backbone amide of 

Glu225, and the Nδ of Asn320 with the carbonyl and amide groups of the free fatty acid tail. 

An extended conformation of the fatty acid moiety of the inhibitor molecule in this complex 

is sandwiched between the side chains of Phe136, Phe163, Met161, Leu211, and Leu223 

(Figure 2A). This binding mode is similar to the covalent inhibition of the related enzyme N-

acylethanolamine acid amidase (NAAA) by the beta-lactam inhibitor ARN72632.

There are several hydrophobic patches on the surface of the AC enzyme around its active 

site (Figure 3). Based on biochemical and mutagenesis experiments, these hydrophobic 

surfaces were shown to be very important for substrate hydrolysis and for binding to 

membrane lipids in order to assess its substrates30. For instance, the mutagenesis 

experiments showed substantial reduction of ceramide hydrolysis for the AC variants where 

hydrophobic patches containing Leu80/Val165/Leu167 and Phe328/Phe329/Leu330 residues 

were mutated (>80% reduction). Our structural data also confirm these mutagenesis results: 

the loop (161–165) is involved in the inhibitor’s fatty acid moiety binding and simple 

modeling of a ceramide substrate also suggests that Val165, Phe166, Trp176, Phe227, 

Leu367, and Trp396 reside on the hydrophobic surface underneath the modeled d17 

substrate moiety (Figure 3A). It should be noted that plausible interchain hydrophobic 

interactions could result in dimer formation as was observed by Al et al33. This dimer was 

disrupted with addition of Triton-100. In our work, we observed some interchain 

hydrophobic contacts between symmetry related molecules in the crystal packing, however, 

there is no biological or biochemical evidence that dimer or multimer formation have 

potential relevance for AC functions.

Optimal superposition of the fatty acid tail of ceramide substrate onto that of the carmofur 

molecule sitting in the enzyme active site can provide a reliable structural model for the 

acyl-enzyme intermediate. Our simple modeling based on this superposition followed by 

introduction of a covalent bond between the Cys143 Cγ and C8 ceramide substrate shows 

that the N-terminal amino group of Cys143, the backbone amide of Glu225 and the Nδ atom 

of Asn320 are at hydrogen-bonding distance (3.3 Å, 2.8 Å and 3.0 Å, respectively) from the 

Dementiev et al. Page 5

J Med Chem. Author manuscript; available in PMC 2019 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



carbonyl oxygen of the substrate scissile bond (Figure 3B). This suggests that these groups 

form the oxyanion hole that stabilizes the tetrahedral transition state. These three residues 

constituting the oxyanion hole are highly conserved among all acid ceramidase orthologs30. 

There are also other close contacts stabilizing the transition state around the catalytic 

Cys143 residue between the backbone amide of Asp162 and the amide of the scissile 

substrate bond (2.9 Å), meanwhile the N-terminal amino group of Cys143 and the guanidine 

group of Arg333 make a hydrogen bonds with the O19 atom of the substrate (2.7 Å and 3.4 

Å, respectively, Figure 3B). In our previous work, we proposed a plausible mechanism of 

substrate hydrolysis by AC where all of the above mentioned residues were shown to be 

involved30.

CONCLUSION

In conclusion, a high quality structure of human acid ceramidase in complex with a potent 

covalent inhibitor, an enzyme which likely contributes to different pathological diseases via 

its biological functions, is presented. The new structural features of the inhibitor binding, the 

hydrophobic surfaces around the substrate binding site could be a foundation for an efficient 

structure-based drug design platform targeting the AC activities. Currently, there is no AC 

inhibitor clinically available to treat patients. This study is the first to crystallographically 

demonstrate that carmofur directly binds to AC, and prompts its inhibition, providing the 

detailed mechanism, which has eluded the scientific community for more than 30 years, of 

its mysterious 5-FU independent anti-tumor activity.…There is a strong clinical interest in 

developing AC inhibitors to treat GBM, prostate cancer, and melanoma13, 20–22, 34–37. This 

provides the impetus to now engage in clinical trials with carmofur for treatment of various 

types of cancers targeting AC as a new class of anticancer drugs.

Experimental Section

Protein Expression and Purification

Recombinant full-length AC (molecular weight ~ 50 kDa) was expressed as a secreted 

protein in Sf9 insect cells (Invitrogen) infected with baculovirus as previously described30. 

AC protein sample was isolated from culture media using nickel-nitrilotriacetic acid (Ni-

NTA) resin (Thermo Fisher Scientific) and further purified by size exclusion 

chromatography on a Superdex 200 column (GE Healthcare) in 15 mM Tris-HCl buffer, pH 

7.5, supplemented with 100 mM NaCl30. Protein for crystallization first underwent 

proteolytic autocleavage at 37 °C for 60 h. 100 mM sodium acetate solution, pH 5.0, was 

added for autocleavage and the solution was subsequently exchanged back into the neutral 

buffer followed by protein concentration up to 9.7 mg/ml30. Protein purity >95% was 

confirmed by gel electrophoresis.

Complex formation, crystallization and structure determination

A small aliquot of 1 M sodium-phosphate citrate buffer, pH 4.3, was added to the protein 

sample to adjust the pH value to 4.5. The complex between the protein and the inhibitor was 

formed by adding 30 mM carmofur (Sigma-Aldrich) in 100 % DMSO and 5 % Triton X-100 

in water to the protein solution at a final concentrations of 1mM each. Initial crystals of the 
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AC-carmofur complex were obtained at 16 °C from drops containing 1.5 μL of the protein 

sample and 1.5 μL of reservoir solution (0.2 M sodium-phosphate-citrate, pH 4.3, 0.275 M 

lithium sulfate, and 18% polyethylene glycol 1000). Protein crystals of the complex suitable 

for x-ray analysis were obtained after several cycles of microseeding under similar 

crystallization conditions.

For data collection, crystals were harvested with 20 % (v/v) glycerol in the reservoir 

solution. Diffraction data were collected from a single flash-frozen crystal on the SBC-CAT 

BM beamline (APS, Argonne National Laboratory) at 100 K. Data were indexed and 

processed with HKL-300038. The crystals belonged to the monoclinic space group C2 and 

contained two molecules of the complex per asymmetric unit. Cell parameters are listed in 

Table 1.

The structure of the complex was solved by molecular replacement using the PHASER 

program from the CCP4 software suite, with the structure of the activated apo-AC (PDB 

code 5U7Z) as a search model39, 40. The final model of the complex was obtained by 

carrying out several cycles consisting of manual model building using COOT, followed by 

structure isotropic refinement with Phenix.Refine from the PHENIX software suite41. 

Coordinates have been deposited in the Protein Data Bank (PDB ID 6MHM). Final 

refinement statistics are listed in Table 1.

The tetrahedral enzyme-substrate intermediate was modeled by superposition of the C8 fatty 

chain of ceramide substrate (d17:1/8:0) and free fatty acid tail of carmofur (5-fluoro-N-

hexyl-2,4-dioxo-pyrimidine-1-carboxamide, C11H16FN3O3, molecular weight: 257.265 g/

mol) from the covalent complex followed by introducing a covalent bond between Cys143 

Sγ atom and the carbonyl carbon of the C8 ceramide scissile bond. The d17 moiety of the 

substrate was manually placed in the second hydrophobic cavity of the protein to avoid any 

steric clashes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

AC acid ceramidase

S1P sphingosine-1-phosphate

5-FU 5-fluorouracil
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Figure 1. Crystal Structure of Human AC in Covalent Complex with the Carmofur Fatty Acid 
Moiety.
(A) Ribbon diagram (α-subunit in magenta, β-subunit in cyan) of the covalent complex. The 

inhibitor fatty acid moiety is shown in yellow sticks. The side chains of N-glycosylated 

Asn173, Asn259, Asn286, and Asn342 are shown in cyan sticks and modeled sugar units are 

shown in orange sticks. One disulfide bond, Cys31-Cys340, is shown in yellow. The N- and 

C-termini are labeled. (B) Superposition of the covalent complex (cyan) and apo-form of AC 

(magenta) crystal structures. The two structures are superimposed by aligning all Cα atoms 

of β-subunits and are presented as cartoon diagrams.
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Figure 2. Binding interactions of the inhibitor fatty acid to AC active site.
(A) Close up view of the binding area in the complex (magenta and cyan ribbons for α– and 

β–subunits, respectively). The inhibitor moiety (yellow sticks) and the residues defining the 

interaction with the inhibitor (cyan sticks) are shown. The electron density map (grey) 

around the bound inhibitor is contoured at 1σ. Hydrogen bonds are indicated by grey dotted 

lines. (B) The part of the protein surface (in the same colors as in A) showing the deep 

channel into the active site with Cys143 covalently modified by the fatty acid (in yellow 

sticks) is presented.
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Figure 3. Hydrophobic surface of AC with a modeled ceramide substrate.
(A) The surface representation of the hydrophobic areas of the AC in ribbon diagram are 

colored yellow and the remaining residues are colored in magenta (α-subunit) and in cyan 

(β-subunit). The locations of the residues mutated in our previous work (black) and that of 

the residues forming plausible hydrophobic contacts with the substrate d17 moiety (red) are 

labeled30. (B) Close-up view of the modeled C8 ceramide substrate (d17:1/8:0, ball and stick 

in orange) interacting with enzyme residues in the substrate-binding area. The positions of 

several AC catalytic residues, which can form hypothetical interactions with the substrate in 

the tetrahedral complex, are indicated.
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Table 1.

Data collection and refinement statistics.

Data collection

Wavelength (Å) 0.9793

Resolution range (Å) 50.00 – 2.74 (2.79 – 2.74)
a

Space group C 2

Unit cell (a, b, c) (Å) 153.718 68.650 98.386

(α, β, γ) (°) 90.000 120.727 90.000

Total reflections 114,299

Unique reflections 23,259 (1,186)

Multiplicity 4.9 (4.0)

Completeness (%) 100.00 (99.9)

 <I>/(I) 17.86 (1.89)

 Rmergeb
 (%) 11.1 (68.0)

Wilson B-factor (Å2) 53.95

Refinement

Resolution range (Å) 48.65 – 2.74 (2.84 – 2.74)

Rwork/Rfreec
 (%) 21.41 (29.57)/226.16 (36.72)

Number of non-hydrogen atoms
d 6208

 protein 5864

 ligands 265

 waters 79

RMS (bonds, Å) 0.006

RMS (angles, °) 1.006

Ramachandran favored (%) 97.25

Ramachadran allowed (%) 2.75

Ramachandran outliers (%) 0.00

Average B-factor (Å2) 51.13

 macromolecules 50.36

 ligands 69.90

 waters 45.25

RMS, Root Mean Square deviation from ideal values (crystallography).

a
Statistics for the highest-resolution shell are shown in parentheses.

b
Rmerge = 100Σ(h)Σ(i)|I(i)-<I>|/Σ(h)Σ(i)I(i), where I(i) is the ith intensity measurement of reflection h, and <I> is the average intensity from 

multiple observations.

c
Rfactor = Σ||Fobs|-|Fcalc||/Σ|Fobs|. Where Fobs and Fcalc are the structure factor amplitudes from the data and the model, respectively. 8.6 % 

reflections were used to calculate Rfree values.

d
Per asymmetric unit.
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