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Fatty acid amide hydrolase (FAAH) is a member of the amidase signature (AS) family of serine hydrolases. FAAH hydrolyzes
anandamide and oleamide, which regulate pain perception, inflammation, and the cognitive state. Thus far, a limited
number of structures of mammalian FAAH and non-mammalian AS family members have been determined. In this study,
to understand structural features and functional diversity of FAAH, we crystallized the FAAH protein from the pathogenic
fungus Candida albicans. X-ray diffraction data were obtained at 2.2 Å resolution. The crystal of the C. albicans FAAH
(CaFAAH) belonged to P21, with the unit cell parameters a = 84.8, b = 68.7, c = 100.9 Å, α = γ = 90, and β = 99.6°. The
crystals contained two CaFAAH molecules in asymmetric units.

INTRODUCTION
Fatty acid amide hydrolase (FAAH) is a membrane-bound
enzyme, a member of the amidase signature (AS) family that is
responsible for the catabolism of neuromodulatory fatty acid
amides including anandamide (AEA) and oleamide (Ahn et al.,
2008). The catabolism of AEA by FAAH results in the production
of ethanolamine and arachidonic acid (AA). The endogenous
cannabinoid (i.e., endocannabinoid) system is comprised of two
cannabinoid receptors (CB1 and CB2) and the endocannabinoids
AEA and 2-arachidonylglycerol (2-AG) (Lu and Mackie, 2016).
Other compounds have been found to bind to CB1 and CB2;
however, these may have limited effects in organisms.
FAAH has a core structure that is involved in the catalytic
function of the unique Ser-Ser-Lys triad. The catalytic
mechanism of FAAH includes the formation of a tetrahedral
intermediate, derived from nucleophilic attack of the catalytic
Ser241 residue on the carbonyl group of the substrate (Mileni
et al., 2009). Lys142 acts as a general base/general acid during
these two events, mediating the deprotonation of Ser241 and
the subsequent protonation of the leaving group. Both of these
events are coordinated through Ser217, which acts as a proton
shuttle between Lys142 and Ser241. Kinetic studies have
revealed the distinct roles of Ser241, Ser217, and Lys142 in
FAAH catalysis (Mileni et al., 2009).
Since FAAH is known as a drug target, various FAAH inhibitors
have been reported (Bertolacci et al., 2013; Kono et al.,
2013; Mileni et al., 2008; Mileni et al., 2010). Inhibition of the
degradation of endogenous signaling molecules is an attractive
approach for therapeutic intervention as this approach may
prevent side effects related to direct cannabinoid receptor
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agonism by synthetic molecules (Pacher et al., 2006). As FAAH
blockade only potentiates an activated signaling pathway by
increasing the endogenous concentration of the lipid-signaling
molecule at its site of action, this blockade provides a temporal
and spatial pharmacological control that is not typically available
to a more classic direct receptor agonist.
Several crystal structures of AS family proteins have been
reported; however, none of them are from yeast. In this study,
to determine the structural features of fungal FAAH and its
functional relevance to human FAAH, we overexpressed, purified,
crystallized, and performed preliminary crystallographic analysis
of full-length FAAH protein from the pathogenic fungus Candida
albicans .

RESULTS AND DISCUSSION
The full-length FAAH gene amplified from the genomic DNA of
C. albicans was cloned into the expression vector pET26b to
obtain the C-terminal His-tagged protein following expression
in the E. coli host BL21 (DE3) (Table 1). The full-length CaFAAH
protein was well expressed and showed high solubility (Figure
1A). To purify the C-terminal His6-tagged CaFAAH protein,
the crude cell extract was applied to the Ni-NTA resin to
perform affinity chromatography. Subsequently, the eluted
samples were applied to a gel filtration column to perform size
exclusion chromatography (SEC). The SEC profiles showed
a single and symmetric peak with an elution volume of 69.7
mL, corresponding to a molecular weight of ~80 kDa, which
indicated a monomer of CaFAAH (63 kDa) in the solution (Figure
1A). The purified proteins showed 95% purity as determined
by SDS-PAGE analysis (Figure 1B). The purified proteins were
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TABLE 1 I Protein production information
Source organism
DNA source

TABLE 2 I Crystallization

Candida albicans
Genomic DNA

Forward primer* (5´-3´)

GCGCGCGCTAGCATGTCAGTATCTTATGAAACT
TTTTTAA

Reverse primer* (5´-3´)

GCACCTCGAGTTAATGTTTATACAAATCAACAC
CTAAA

Cloning vector
Expression host

Complete amino
acid sequence of the
construct produced
(5´-3´)

pET26b

Escherichia coli BL21 Star (DE3)
MASMSVSYETFLNKDPLDKYEDSEIYTKEWLPKV
EKYRQDLKDAIPKNYTIELPKPIDDLIKDQFNAVD
YLYSQKLLTPEEFAITDLSATELAKKIAAGELSSVE
VFKAFAHRATLAHQFTNCAMELFIDEGLKQAEER
DNYFKEHGKTVGPLHGIPISLKEQMNYKDKITHGG
YVSKIVNIPNSHGVTTSILEKLGAVFYVRTSQPQTL
MHLDSANNFTGLTKNPFNLLLSSGGSSSGEGAIVG
YGGSAIGVGSDIGGSIRAPAAYSGCHGLRPTTKRIS
VKGGVSSGAGQESVPAVAGPMARSIDDLELWMK
AYINEGKPWESDSTSLPMPWRDVSLQKLVILEHH
HHHH

Method

Vapor diffusion
96-well sitting-drop crystallization plate,
Art Robbins Instruments

Plate type for screening
Plate type for optimization
Temperature (°C)

7

Protein concentration (mg/mL)
Composition of protein
solution

20
20 mM Tris-HCl pH 7.5,
150 mM NaCl, 2 mM DTT

Composition of reservoir
solution

0.1 M Tris pH 8.5, 0.2 M Li2SO4,
34% w/v PEG 4000

Volume (μL) and ratio of drop
Volume of reservoir (μL)

24-well plate, Hyundai Micro

2, 1:1
500

* Underlined sequence: restriction-enzyme site.

(A)

FIGURE 2 I Crystals of the CaFAAH protein. Rod-shaped crystals of
CaFAAH were obtained in a solution of 34% w/v PEG 4000, 0.1 M Tris pH 8.5,
and 0.2 M Li2SO4 at 7°C after 1 day. The scale bar is shown at the bottom right
side.

(B)

FIGURE 1 I Preparation of the CaFAAH protein. (A) The SEC profile of
CaFAAH shows the elution of the target protein at an elution volume of 70 mL.
The elution volumes of apoferritin (443 kDa), albumin (66 kDa), and carbonic
anhydrase (29 kDa) are indicated above the profile. (B) SDS-PAGE gel showing
the purification process, including affinity chromatography and SEC steps.
Molecular weights of the standard size markers are shown on the left-hand
side, and the size marker (low range) is in the first lane. The lanes are organized
as follows: 1, whole cell extract after induction with IPTG; 2, soluble fraction; 3,
insoluble fraction (pellet); 4, unbound fraction from His-affinity chromatography;
5, washed fraction with 20 mM imidazole from His-affinity chromatography;
6, washed fraction with 25 mM imidazole from His-affinity chromatography; 7,
elution fraction with 250 mM imidazole from His-affinity chromatography; 8-13,
elution fractions from the peak of the SEC profile indicated in Figure 1A.
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concentrated up to approximately ~20 mg/mL prior to sparsematrix crystallization screening.
To obtain the crystals of CaFAAH, the sitting-drop vapor
diffusion method with over 500 different crystallization conditions
was used with sparse-matrix screening kits such as Wizard 1/2,
Salt Rx 1/2, PEG/Ion, and Crystal Screen 1/2. The initial crystals
were observed with the following conditions: 0.1 M Tris pH 8.5,
0.2 M Li2SO4, and 30% w/v PEG 4000 [from Crystal Screen I
(B5)] and 0.1 M Bis-Tris pH 6.5, 2% Tacsimate pH 6.0, and 20%
w/v PEG 3350 [from PEG/Ion Screen (G9)]. Optimized rod-shape
crystals were produced using 0.1 M Tris pH 8.5, 0.2 M Li2SO4,
and 34% w/v PEG 4000 (Table 2). The average size of the crystals
was approximately 0.1 mm × 0.05 mm × 0.5 mm (Figure 2). The
crystals were cryostabilized with a cryoprotectant including 20%
of glycerol under crystallization conditions prior to being frozen
in liquid nitrogen. X-ray diffraction data were collected at the
beamline 7A of the Pohang Accelerator Laboratory (Pohang,
Republic of Korea). The diffraction data of CaFAAH crystals were
collected at 2.2 Å resolution with the space group P 21 (Figure 3).

Bio Design l Vol.7 l No.2 l Jun 30, 2019

39

Crystallographic analysis of FAAH from Candida albicans

FIGURE 3 I A representative diffraction pattern of the CaFAAH crystal.
Diffraction image of a CaFAAH crystal. The yellow circles and black texts
indicate resolution ranges.

METHODS

TABLE 3 I Data collection and processing
Se-Met CaFAAH
Diffraction source

Beamline 7A, PAL

Wavelength (Å)

0.97916

Temperature (°C)
Detector

−180
ADSC Quantum 270

Crystal-to-detector distance (mm)

220

Rotation range per image (°)

1

Total rotation range (°)

360

Exposure time per image (s)

1

Space group

P 21

a, b, c (Å)

84.87, 68.75, 100.98

α, β, γ (o)
Resolution range (Å)
Total no. of reflections

90.00, 99.63, 90.00
50.0–2.2 (2.28-2.20)a
406851 (43023)

No. of unique reflections
Completeness (%)
Multiplicity

58215 (5814)
99.8 (100)
7.0 (7.4)

I / σI

32.4 (5.8)

R merge (%)b

13.4 (61.9)

a

The numbers in parentheses are statistics from the highest resolution shell.
R merge = Σ |I obs – I avg| / I obs, where I obs is the observed intensity of individual
reflections, and I avg is averaged over symmetry equivalents.
b

The unit cell parameters were a = 84.8, b = 68.7, c = 100.9 Å,
α = γ = 90, and β = 99.6°, and data completeness was 99.8%
(Table 3). The values of V M and Matthew’s coefficient were
580947.1 and 2.27 Å3/Da, respectively, indicating the presence
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of two molecules in the asymmetric unit with 46% of solvent
content. The dimeric state was consistent with the results of the
gel filtration experiment shown in Figure 1A.
To obtain phase information, we used the molecular
replacement method with an initial search using the structures of
FAAH from Rattus norvegicus (PDB ID: 1MT5, 26.74% sequence
identity) and transamidosome from Thermus thermophilus (PDB
ID: 3KFU, 23.18% sequence identity) as starting models (Blaise
et al., 2010; Bracey et al., 2002). However, no correct solution
was obtained using the MOLREP program (Lebedev et al., 2008)
or Phaser (McCoy, 2007). To overcome the phasing problem,
we next collected diffraction data using selenomethioninederivatized crystals formed with 0.1 M Tris pH 8.5, 0.2 M
Li 2SO 4, 34% w/v PEG 4000, and 0.01 M dithiothreitol (DTT).
Selenium site searching and experimental single-wavelength
anomalous diffraction (SAD) phasing were performed using
the PHENIX.AutoSol program in the PHENIX package program
(Adams et al., 2010). Currently, model building on the obtained
electron density is being performed using the Wincoot program
(Emsley and Cowtan, 2004). The detailed crystallographic
parameters are presented in Table 3.
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Preparation of the CaFAAH protein
The CaFAAH gene was amplified from C. albicans genomic DNA (gDNA)
by polymerase chain reaction (PCR), and the amplified fragment was
digested with the restriction enzymes NheI and XhoI (R016S and R0075,
respectively; Enzynomics, Republic of Korea) for 3 h at 37°C. The digested
fragments were ligated into the pET26b vector using T4 ligase overnight
(M0202S; Roche, Germany) at 20°C. The plasmids were then transformed
into Escherichia coli (E. coli ) strain DH5α, and the transformants were
confirmed by colony PCR. The plasmids encoding CaFAAH were
transformed into E. coli strain BL21 (DE3). Cell cultures were grown at
37°C to an OD600 of ~0.7 in LB medium (L4488; MBcell, Republic of Korea)
containing 50 mg/L kanamycin (A1493; Applichem, USA). Following
induction with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG;
420322; Calbiochem, Germany), the cells were grown for 16 h at 20°C.
The cultured cells were harvested by centrifugation at 5,000 × g for 20 min
at 4°C. The cell pellet was re-suspended in a buffer containing 250 mM
sodium chloride (NaCl; A2942), 5% glycerol (56515; Affymetrix, USA), 0.2%
Triton X-100 (9002931; Sigma-Aldrich, USA), 10 mM β-mercaptoethanol
(60242; BioBasic, Canada), 0.2 mM phenylmethylsulfonyl fluoride
(PMSF; P7326; Sigma-Aldrich), and 20 mM Tris pH 8.0 (T1895; SigmaAldrich). The cells were disrupted by ultrasonication, and the cell debris
was removed by centrifugation at 15,000 × g for 50 min. The lysate was
incubated with Ni-NTA agarose (30230; Qiagen, Germany) for 90 min
at 4°C. After washing with buffer A (200 mM NaCl, 50 mM Tris pH 8.0)
containing 20 mM imidazole (I5513; Sigma-Aldrich), the bound proteins
were eluted with 250 mM imidazole in buffer A. SEC was performed on the
purified proteins using HiPrep 16/60 Sephacryl S-300 HR (17116701; GE
Healthcare, Canada). The buffer used for SEC contained 150 mM NaCl, 2
mM DTT (233155; Calbiochem), and 20 mM Tris pH 7.5. Following SEC,
the protein was stored at −80°C until crystallization trials. The purified
proteins were assessed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis using a 15% acrylamide gel, which
showed a single band corresponding to the calculated molecular weight
of the target protein. To overcome the phasing problem, we produced a
selenomethionine-substituted protein. Plasmids encoding CaFAAH were
transformed into the methionine-auxotrophic E. coli strain B834 (DE3) and
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cultured using synthetic M9 minimal media supplemented with glucose,
vitamins, and all amino acids except L-methionine (Ramakrishnan et al.,
1993). The culture and purification of cells were performed using the same
method as that for the native CaFAAH. To preserve the oxidation of the
Se-Met crystals, a buffer containing 150 mM NaCl, 10 mM DTT (233155;
Calbiochem), and 25 mM Tris pH 7.5 was used.
Crystallization
All crystallization trials were performed at 7°C using the sitting-drop vapor
diffusion method in 96-well sitting-drop plates (102000100; Art Robbins
Instruments, USA). Over 500 different conditions from sparse-matrix
screening kits were used to identify crystallization conditions. The kits used
included PEG/Ion (HR2-126 and -098), Index (HR2-144), Salt Rx 1/2 (HR2107 and -109), and Crystal Screen 1/2 (HR2-110 and -112) from Hampton
Research (USA) and Wizard (CS-311) from Jena Bioscience (Germany).
CaFAAH crystals grew within a day in drops containing equal volumes (1
μL) of the mixed protein sample (20 mg/mL in 150 mM NaCl, 2 mM DTT,
and 20 mM Tris pH 7.5) and reservoir solution (30% PEG 4000, 200 mM
lithium sulfate, and 100 mM Tris pH 8.5). The selenomethionine-derivatized
CaFAAH crystals were tested under conditions similar to those for the
native crystals of CaFAAH; however, 10 mM DTT was included.
Data collection and processing
Prior to flash cooling all crystals in liquid nitrogen, 20% glycerol was added
to the reservoir solution as a cryoprotectant. All diffraction datasets were
collected at 100 K on beamline 7A of the Pohang Accelerator Laboratory
(PAL; Republic of Korea) using a Quantum 270 CCD detector (USA). Data
were processed using HKL-2000 suite. An experimental electron density
map was obtained by SAD phasing methods using the PHENIX.AutoSol
program in the PHENIX package version 1.9-1692 and was interpreted
using the Wincoot program (Adams et al., 2010; Emsley and Cowtan,
2004).
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