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Abstract
KFase (kynurenine formamidase), also known as arylformamidase and formylkynurenine
formamidase, efficiently catalyses the hydrolysis of NFK (N-formyl-L-kynurenine) to kynurenine.
KFase is the second enzyme in the kynurenine pathway of tryptophan metabolism. A number of
intermediates formed in the kynurenine pathway are biologically active and implicated in an
assortment of medical conditions, including cancer, schizophrenia and neurodegenerative diseases.
Consequently, enzymes involved in the kynurenine pathway have been considered potential
regulatory targets. In the present study, we report, for the first time, the biochemical
characterization and crystal structures of Drosophila melanogaster KFase conjugated with an
inhibitor, PMSF. The protein architecture of KFase reveals that it belongs to the α/β hydrolase
fold family. The PMSF-binding information of the solved conjugated crystal structure was used to
obtain a KFase and NFK complex using molecular docking. The complex is useful for
understanding the catalytic mechanism of KFase. The present study provides a molecular basis for
future efforts in maintaining or regulating kynurenine metabolism through the molecular and
biochemical regulation of KFase.
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INTRODUCTION
KFase (kynurenine formamidase; EC 3.5.1.9) catalyses the chemical reaction of NFK (N-
formyl-L-kynurenine) and H2O to formic acid and kynurenine (Figure 1A). KFase is also
capable of hydrolysing some other amides and esters [1]. Any tryptophan not used in protein
synthesis is largely catabolized via the kynurenine pathway, a complex process involving a
number of enzymes. In insects, the overall pathway includes oxidation of tryptophan to
NFK, followed by hydrolysis of NFK to kynurenine. Kynurenine may then be either
transaminated to kynurenic acid or hydroxylated to 3-hydroxykynurenine, which, in turn, is
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transaminated to xanthurenic acid [2]. In rodents and humans, kynurenines are further
oxidized to nicotinamide adenine dinucleotide (Figure 1A).

In mosquitoes, there is a significant load of tryptophan and its toxic tryptophan metabolite,
3-hydroxykynurenine after the proteolysis subsequent to a blood meal. However, 3-
hydroxykynurenine is detoxified by 3-hydroxykynurenine transaminase, producing
xanthurenic acid [3,4], which is known to play a key role in Plasmodium gametogenesis
[5,6]. Thus it is possible that 3-hydroxykynurenine transaminase inhibitors could not only
increase the levels of the toxic 3-hydroxykynurenine, but also reduce parasite reproduction
in mosquitoes by reducing the concentrations of the critical Plasmodium developmental
inducer molecule, xanthurenic acid. The crystal structures of 3-hydroxykynurenine
transaminase and its homologue from mosquitoes have been solved, facilitating the
development of novel insecticides to control mosquitoes and block malaria transmission
[7,8].

In rodents and humans, several neuroactive intermediates are generated from the kynurenine
pathway of tryptophan degradation. These include kynurenine, quinolinic acid, kynurenic
acid and picolinic acid. Kynurenine is a potent vasodilator [9]; quinolinic acid is a potent
endogenous excitant at amino acid receptors in the central nervous system [10]; kynurenic
acid is an N-methyl-D-aspartate antagonist [11], and is implicated in the regulation of
leucocyte binding to endothelium [12]; and picolinic acid is considered to be a
neuroprotectant [13]. Interferon-γ and other cytokines, released during inflammation,
stimulate the kynurenine pathway, resulting in the metabolism of tryptophan and the
production of the kynurenine products [14,15]. This reduction in tryptophan and increase in
kynurenines have been shown to modulate the immune response, largely by reduction of the
T-cell population. It is not surprising that the kynurenine pathway has been implicated in
several diseases and disorders having evidence of tryptophan and kynurenine imbalances,
including acquired immune deficiency syndrome dementia complex, Alzheimer’s disease,
Huntington’s disease, amyotrophic lateral sclerosis, neoplasia, malaria, depression,
schizophrenia and cancer [16,17]. The involvement of the kynurenine pathway in these
diseases suggests that research strategies targeting the kynurenine pathway may provide an
alternative means of treatment. In fact, kynurenine metabolism enzymes are being studied
for the development of cancer therapy [18], new antidepressant drugs that target the brain
immune system [19,20], novel treatment of schizophrenia [21,22], Huntington’s disease [23]
and others [24].

Because most metabolites from the kynurenine pathway are biologically active, their
synthesis and further metabolism must be tightly controlled in humans. KFase, the second
enzyme in the kynurenine pathway, may be just as important for kynurenine synthesis as the
first enzyme, indoleamine 2,3-dioxygenase, which has already been targeted for the
development of cancer therapy and antidepressant drugs [18–20]. KFase inhibitors may also
reduce the metabolism of kynurenine, which is up-regulated in some diseases or disorders.
For example, it has been found that inhibition of kynurenine pathway reduces central
nervous system inflammation in a model of human African trypanosomiasis [25]. In
mosquitoes, KFase inhibitors may potentially decrease the production of the signal
molecule, xanthurenic acid, reducing the reproduction of the malaria parasite in mosquitoes.

Mouse KFase has been used as a model enzyme to study OP (organophosphorus) insecticide
toxicity [26,27]. Several OP insecticides and their metabolites induce severe teratogenic
effects, which seems due primarily to the inhibition of KFase activity, leading to lowered
levels of nicotinamide adenine dinucleotide in developing chicken embryos [1,28]. It has
been proposed that OP compounds may couple to the serine residue in the active site of
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KFases to inhibit the enzyme activity [1]. A crystal structure will validate how OP
compounds inhibit KFase.

Although the crystal structure of an α/β serine hydrolase from yeast [29] has been identified
as a KFase [30], it shares less than 10 % sequence identity with human KFase and
Drosophila KFase. Drosophila KFase is much more similar to the human KFase than the
yeast KFase, sharing more than 20 % sequence identity, and thus could be a better model to
simulate the structural characteristics of its human counterpart. We now report, for the first
time, the crystal structure of Drosophila KFase, and a complex structure with BME (2-
mercaptoethanol) and a covalent adduct structure with PMSF. The determination of these
tertiary structures may contribute to the rational design of selective inhibitors for the
treatment of various human pathological conditions, as well as to the understanding of the
toxicity of AChE (acetylcholinesterase)-based insecticides.

EXPERIMENTAL
Recombinant KFase production and KFase enzyme activity assay

KFase cDNA sequence (GenBank® accession number AAF52391.1) was amplified from a
D. melanogaster larval cDNA pool using a forward primer (5′-AAAACATATGTAC-
AATCCGAGGTGCAA-3′) and a reverse primer (5′-GAATTCA
TTCAATTTCAATGTTGCGCAG-3′) containing NdeI and EcoRI restriction sites
respectively. The amplified sequence was cloned into an Impact™-CN plasmid (New
England Biolabs) for the expression of a fusion protein containing a chitin-binding domain.
Transformed Escherichia coli cells were cultured at 37 °C. After induction with 0.2 mM
IPTG (isopropyl β-D-thiogalactopyranoside) for recombinant protein expression, the cells
were cultured at 16 °C for 24 h. Cells (12 l) were harvested as the starting material for
affinity purification. To prevent serine and cysteine protease activity, 1 mM PMSF was
added into the lysis buffer. Later on it was found that PMSF was covalently bound to the
active site Ser157 of KFase, which may deactivate the enzyme and thus PMSF was not added
in the cell lysis for characterization and crystallization of non-PMSF-bound KFase. The
soluble fusion proteins were applied to a column packed with chitin beads and subsequently
hydrolysed under reducing conditions. The affinity purification resulted in the isolation of
KFase at around 85 %purity. Further purifications of the recombinant KFase were achieved
by ion-exchange and gel-filtration chromatographies. The purified recombinant KFase was
concentrated to 10 mg/ml in 20 mM Mops buffer (pH 7.5) using a Centricon YM-30
concentrator (Millipore). Protein concentration was determined by a protein assay kit from
Bio-Rad Laboratories using BSA as a standard. NFK was synthesized as described
previously [1,31]. Enzyme assays were performed based on the previously reported method
with modifications [1]. The reaction mixture consisted of 50 mM potassium phosphate (pH
7.4), 0.45 mM NFK and 2 μg of KFase (only the batch of protein purified without adding
PMSF) in a total volume of 600 μl. The absorbance increase at 365 nm resulting from the
release of kynurenine was monitored for 90 s with a spectrophotometer (Hitachi) at room
temperature (22°C). Blanks (reaction mixture without enzyme) were used to subtract any
non-enzymatic activity. The tests were carried out in triplicate. At 365 nm, kynurenine has a
molar extinction coefficient of 4530 M−1 · cm−1. Various concentrations of NFK (0.02–1.00
mM) were used in the kinetics study.

Kinetics of inhibition
It has been documented that KFase is inhibited by two major types of AChE-based
insecticides, OP and carbamate [26,27,32]. The inhibition kinetics of some OP and
carbamate insecticides and PMSF have been tested in chicken liver KFase [33]. In the
present study we investigated the inhibition kinetics of OP compounds (diazinon and
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diazoxon) and PMSF for Drosophila KFase. PMSF and diazinon were purchased from
Sigma–Aldrich; Diazoxon (a diazinon-O analogue) was purchased from Crescent Chemical
Company. Inhibition of KFase was measured in the presence of 0.5 mM NFK by four or five
concentrations of inhibitors, 4, 2, 1 and 0.5 mM for Diazinon, 0.9, 0.5, 0.25 and 0.13 mM
for PMSF, and 188, 250, 375, 500 and 750 nM for diazoxon. A reaction without the
inhibitor was included as a control. All of the assay conditions were the same as that used
for the enzyme kinetics assay described above. The inhibitory data were analysed according
to the reactions depicted in the following equation:

where IX is the inhibitor, X is the leaving group of the inhibitor and k2 is the
phosphorylation or sulfonation constant.

Progressive inhibition of Kfase activity over time was continuously recorded for 60 s. The
activity of Kfase at each 5 s interval was measured and the arithmetic average of three
measurements for each time was used for fitting the inhibition curve. The apparent rate
constant k (slope of the regression, the natural logarithm of residual activity compared with
time) was determined according to pseudo-first order reaction. The 1/k was plotted against
1/[IX](1 − α) to obtain the dissociation constant Kd and k2 by the linear regression [34]:

where α = [S]/(Km + [S]) = 0.5/(0.32 + 0.5), therefore the equation for KFase can be
expressed as:

The bimolecular reaction constant ki can be calculated by k2/Kd.

X-ray crystallography
The crystals were grown by a hanging-drop vapour diffusion method with the volume of
reservoir solution at 500 μl and the drop volume at 2 μl, containing 1 μl of protein sample
and 1 μl of reservoir solution. The optimized crystallization buffer for KFase-1.5 [1.5 Å (1
Å = 0.1 nm) resolution structure] consisted of 0.1 M Hepes (pH 7.5), 18 % PEG
[poly(ethylene glycol)] 4000, and 8 % 2-propanol. Individual KFase crystals were
cryogenized in the crystallization buffer containing 25 % ethylene glycol as a cryo-
protectant solution. The KFase–PMSF covalent adduct was obtained by co-crystallization of
the enzyme in the presence of 2 mM PMSF in 25 %ethylene glycol and 2 mM BME, and
KFase-2.0 was crystallized under the same conditions excluding the PMSF. The protein
used in the crystallization of KFase–PMSF and KFase-2.0 (2.0 Å resolution structure) was
not treated with PMSF during the purification process. Diffraction data of KFase crystals
were collected at the Brookhaven National Synchrotron Light Source beam line X29A (λ =
1.0750 Å). Data were collected using an ADSC Q315 CCD (charge-coupled device)
detector. All of the data were indexed and integrated using HKL-2000 software; scaling and
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merging of diffraction data were performed using the program SCALEPACK [35]. The
parameters of the crystals and data collection are listed in Table 1. The structure of KFase
was determined by the molecular replacement method using a putative thioesterase (PDB
code 2PBL, 22 % amino acid sequence identical) deposited by the Joint Center for Structural
Genomics. The program MolRep [36] was employed to calculate both cross-rotation and
translation of the model. The initial model was subjected to iterative cycles of
crystallographic refinement with the Refmac 5.2 [37], Phenix.refine [38] and graphic
sessions for model building using the program COOT [39]. The ligands were modelled
based upon both the 2Fo − Fc and Fo − Fc electron density maps. Solvent molecules were
added using COOT and refined with Refmac 5.2. PyMOL (http://www.pymol.org) was used
to generate figures and analyse protein and substrate interaction.

Molecular docking
To obtain insight into substrate binding and catalysis of the enzyme, AutoDock Vina was
used for molecular docking to obtain KFase–NFK complex [41]. The NFK molecule for
AutoDock Vina was prepared by using Marvin 5.3.7, 2010, ChemAxon (http://
www.chemaxon.com). AutoDock Tools 1.5.4 (http://mgltools.scripps.edu/) was used to
prepare the ligand and the receptor, after which docking was performed using AutoDock
Vina. All of the protein side chains were immobilized and the rotatable bonds were left free
to rotate for the ligand. The X, Y and Z dimensions of the grid were set to 48 Å×40 Å×44 Å
around the benzyl ring of the SEB (o-benzylsulfonylserine) molecule in the KFase structure.
The grid box covered the whole active-site cavity. The lowest energy configuration was
considered the best docking pose for NFK.

RESULTS AND DISCUSSION
Enzyme purification and activity assay

Using affinity, ion-exchange and gel-filtration chromatography, KFase recombinant protein
was purified to very high purity as judged by SDS/PAGE. KFase showed high activity
towards chemically synthesized NFK (Figure 1B). The spectral changes in Figure 1(B) did
not lead to an exact isosbestic point, which might be due to the formation of intermediates or
an initial protein conformation change caused by addition of the substrate. The enzyme
kinetics study determined its kinetic parameters towards NFK, with Km = 0.32 ± 0.06 mM,
kcat = 1584 ± 267 min−1 and kcat/Km = 4950 min−1 · mM−1. The Km value is slightly higher
than mouse recombinant KFase, which is 0.19 mM [42]. KFase has been previously studied
in insects owing largely to the influence that the metabolites in the tryptophan oxidation
pathway exerted on the colour of the compound eyes and wing colour pattern. In addition to
the KFase activity shown to be present in D. melanogaster [43,44], a number of insect genes
encoding KFase have been identified and cloned, including the KFase genes from Aedes
aegypti mosquito [45], Heliconius butterfly [46], Tribolium castaneum and Bombyx mori
[46]. The data shown in the present paper enabled the identification of D. melanogaster
KFase for the first time at the biochemical level.

Overall structure
The first crystal structure of KFase (KFase-1.5) was determined by molecular replacement
and refined to 1.5 Å resolution. The final model contains 605 amino acid residues (302 in
chain A and 303 in chain B) and yields a crystallographic R value of 17.1 % and an Rfree
value of 19.8 %. A total of 98 % of the residues are in favourable regions and 100 % of the
residues are in allowed regions of the Ramachandran plot as defined with MolProbity [47].
Although there are two monomers in an asymmetric unit, its biological molecule is a
monomer analysed by PISA (protein interfaces, surfaces and assemblies service) [48]. The
second structure (KFase-2.0) was crystallized under a different condition without PMSF and
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refined to 2.0 Å resolution; the last structure (KFase–PMSF) was co-crystallized with 2 mM
PMSF using the same conditions as for KFase-2.0 and refined to 1.64 Å resolution. The
results of data collection and refinement are summarized in Table 1.

An overview of the structure model is shown in Figure 2(A). A structure homology search
by Dali [49] revealed that, among those structures where the function is positively identified,
KFase shows the most structural similarity with the carboxylesterases, which play an
important role in the efficacy and detoxification of insecticides, and have been proposed as
markers in environmental monitoring and toxicity identification evaluations [50]. The
typical α/β hydrolase fold consists of an eight-stranded β-sheet surrounded by a number of
α-helices [51]. KFase, as well as four different hydrolases which we superimposed on to the
KFase-1.5 structure, all exhibited the distinctive α/β hydrolase fold structure or eight-
stranded β-sheets surrounded by α-helices. The superimposed hydrolases include a
carboxylesterase from Archaeoglobus fulgidus [PDB code 1JJI, rmsd (root mean square
deviation) = 2.9, number of aligned positions = 250] [52], an acetylesterase from
Rhodococcus sp. (PDB code 1LZL, rmsd = 2.8, number of aligned positions = 248) [53], a
bacterial homologue of the mammalian hormone-sensitive lipase (PDB code 1JKM, rmsd =
3.2, number of aligned positions = 257) [54] and human AChE (PDB code 3LII, rmsd = 3.0,
number of aligned positions = 232) [55] (Figure 2B). Close examination of the KFase
structure reveals that residues Ser157, His276 and Asp244 line up perfectly (Supplementary
Figure S1A at http://www.BiochemJ.org/bj/446/bj4460253add.htm). These three amino acid
residues are important to KFase for its catalytic function as a hydrolase. They are conserved
in most hydrolases and are known as the catalytic triad. These signature structural features
place KFase in the α/β hydrolase fold group of the hydrolase family.

The active-site cavity
As shown in Figure 3, a well-defined cavity, approximately 11 Å deep, extends to the
active-site residues Ser157, His276, and Asp244, via a wide passage (13 Å×7 Å). The active-
site residues Ser157 and His276 are found at the bottom of the active-site cavity, Asp244 is
nearby, but not on the surface of the cavity. The KFase active site is shallower than the
active site of human AChE, which has been described as an ‘active-site gorge’ [55]. A total
of 26 residues form the surface of the cavity, including residues Phe14, Pro15, Leu33, Phe36,
Val37, Phe84, His86–Tyr89, Gln91–Met93, Met97, Ser98, Ile101, His156–Ala158, Val190,
Val202, Phe248, His276, Phe277 and Ile280. Six of them are aromatic amino acid residues,
whereas human AChE has 14 aromatic residues lining the active-site gorge surface. All of
the hydrolases contain a catalytic triad, including amino acid residues serine, aspartic acid/
glutamic acid/serine and histidine/aspartic acid/lysine (typically serine, aspartic acid/
glutamic acid and histidine), which are important for catalytic function. In the tertiary
structure of these hydrolases, the three amino acids must occupy the same positions relative
to the active site. However, their positions in the primary sequence may vary widely among
different types of hydrolases. For example, trypsin (a serine protease) has His57, Glu102 and
Ser195 [56] (Supplementary Figure S1B) and AChE from Torpedo californica has Ser200,
Glu327 and His 440 [57] as the catalytic triad (Supplementary Figure S1C). There are four
groups of hydrolases which contain catalytic triads: the eukaryotic serine proteases, the
cysteine proteases, subtilisins and the α/β hydrolase fold enzymes. The order of triad
residues in KFase resembles α/β hydrolase fold arrangement, which is in three-dimensional
space a mirror-image of the serine protease catalytic triad. The triad residues are spaced out
in the primary structure in such a way that during protein folding they are all brought close
together at the active site.
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Ligand binding and catalytic mechanism
The residual electron density clearly revealed the presence of a ligand that forms a covalent
bond with Ser157 in the active site of the KFase-1.5 structure. After diligently considering
every compound added during the cell culture and purification process, we realized that the
ligand could be PMSF, a hydrolase inhibitor added to the cell lysis buffer in the first step of
protein purification. To confirm if PMSF was the ligand in the active site of KFase, we
purified the protein without adding PMSF and crystallized it with and without PMSF under
a new crystallization condition. The KFase–PMSF structure clearly shows that PMSF forms
a covalent bond with Ser157 (Supplementary Figure S2B at http://www.BiochemJ.org/bj/
446/bj4460253add.htm), whereas the KFase-2.0 structure crystallized without PMSF does
not show electron density consistent with a covalent bond at Ser157. The sulfonyl group of
PMSF is perfectly fitted into the omit map in the KFase-1.5 and KFase–PMSF structures.
The benzyl ring seems disordered, which is due likely to the rotatable nature of the bond
between the benzyl and sulfonyl groups of PMSF and also to the relatively large active site
for a small PMSF molecule (Supplementary Figure S2).

To determine if ligand binding leads to any conformational change, we superimposed four
chains from the three KFase structures. Significant conformational changes were revealed in
two loop areas (Figure 4). However, these loop conformational changes are not associated
with ligand binding because KFase-2.0 has the same conformation as KFase–PMSF.
Instead, the conformational difference is probably associated with the crystallization
conditions, because KFase-2.0 and KFase–PMSF structures crystallized in 25 % ethylene
glycol have the same loop conformation, which is different from that of KFase-1.5,
crystallized in Hepes buffer containing PEG 4000. A slight conformational difference
between PMSF binding and non-PMSF structure was noticed, i.e. side chains of Met93,
Lys33 and Tyr89 are tilted slightly away from the ligand-binding site in the non-PMSF
structure (KFase-2.0).

This newly formed structure by PMSF and Ser157 is named SEB, which is considered to be a
sulfonate analogue of the first tetrahedral intermediate in the hydrolysis reaction (Figure 5).
SEB is also similar to the tetrahedral intermediate formed by OP compounds and the active-
site serine residue in an AChE [58]. This is because KFase has the same serine hydrolase
signature structure as AChE; a catalytic triad and oxyanion hole formed by the main chain
amide nitrogen atoms of Gly88 and Tyr89. Mouse KFase is a model enzyme to study OP
insecticide toxicity [26,27]. The effect of OP diazinon/diazoxon on kynurenine pathway
metabolites has been investigated [26,27]. Diazinon was able to increase NFK concentration
and decrease kynurenine level in mouse liver in vivo [26]. Inhibition kinetics study of OP
diazinon, diazoxon and PMSF against Drosophila KFase revealed that both diazinon and
diazoxon inhibited the Drosophila enzyme, and the inhibition of PMSF against the enzyme
was between diazinon and diazoxon (see Supplementary Figure S3 at http://
www.BiochemJ.org/bj/446/bj4460253add.htm showing the double reciprocal plot of rate of
inhibition and Table 2 showing the inhibition parameters of Drosophila KFase). Note that
diazinon (Supplementary Figure S3A) itself is not a strong AChE inhibitor, only showing
inhibition up to 0.5 mM concentration in our test. In animals, diazinon is converted into
diazoxon (Supplementary Figure S3C), a compound that is a strong AChE inhibitor [59,60].
A previous paper indicated that diazoxon was an approximately 40-fold better inhibitor of
purified chicken liver KFase than PMSF and even more than diazinon [33]. In the present
study, we showed that diazoxon was a 28 000- and 65 000-fold better inhibitor of
Drosophila KFase than PMSF and diazinon respectively. Diazoxon is also a ~900-fold better
inhibitor of Drosophila KFase than of chicken liver KFase. Note that the observed 900-fold
cross-species difference for the diazoxon ki constant, whereas almost no difference was
observed for PMSF is quite unusual. Further comparative studies of chicken KFase and
Drosophila KFase structures and their diazoxon complexes might help to better elucidate the
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underlying mechanism. Alignment of Drosophila and mouse KFases verified that the two
proteins share the same catalytic triad, the typical GHSAG motif seen in serine hydrolase
(GXSXG) and the HGGYW sequence, from which the main chain amide nitrogen atoms of
Gly88 and Tyr89 form the α/β hydrolase oxyanion hole. In addition, the active-site cavity of
KFase is large enough to facilitate the binding of most OP compounds. This covalent
association of PMSF with KFase suggests that inhibition of KFase by certain OP pesticides
may be due to their interaction with the serine residue in the KFase’s active site.

Using molecular docking and PMSF and KFase binding information, we modelled a KFase
and NFK complex. The result indicated that the lowest predicted free energy of binding is −
6.9 kcal/mol (1 kcal = 4.184 kJ). The complex with the lowest binding energy was used for
the analysis of the NFK and KFase interaction. The major interactions of PMSF and KFase
are illustrated in Figure 6(A). It is worthwhile to note that two water molecules are involved
in the hydrogen bond network in the active centre. ‘Water1’ has a close contact with Asp244

and ‘water2’ forms hydrogen bonds with Gly88 and Tyr89. The major interactions of KFase
and NFK are shown in Figure 6(B). Briefly, the KFase–NFK complex obtained by
molecular docking revealed that the substrate lies near the OG atom of Ser157, the NE2 atom
of His267 and the N atoms of Gly88 and Tyr89. Ser157and His267 are directly involved in
catalytic reaction and the main chain amide nitrogen atoms of Gly88 and Tyr89, which form
the oxyanion hole, are used to stabilize the negatively charged transition state during
hydrolysis. In addition to the aforementioned major interactions between NFK and KFase,
NFK also connects to Pro15, Ser16 and Glu92 through hydrogen bonding and to Phe14,
Leu33, Phe36, Met93, His156 and Phe277 via hydrophobic interactions. Interestingly, the
binding sites of NFK and PMSF are well superposed, showing that their benzyl rings are
essentially overlapping (Figure 6C).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SEB o-benzylsulfonylserine
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Figure 1. Kynurenine pathway and KFase activity assay
(A) Comparison of kynurenine pathways in insects and humans. Pathways specific to human
are indicated by broken arrows and those specific to insects by open arrows. Shared
pathways are indicated by normal arrows. HKT, 3-hydroxykynurenine transaminase; KAT,
kynurenine aminotransferase. (B) Maximum absorbance for NFK and kynurenine is at 315
nm and 365 nm respectively. After adding KFase to the reaction mixture, the spectrum was
scanned every 10 s. The production of kynurenine is indicated by the increase in absorbance
at 365 nm and the decrease in absorbance at 315 nm. ABS, absorbance.
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Figure 2. KFase fold
(A) Cartoon presentation of KFase showing an eight-stranded β-sheet surrounded by a
number of helices. The catalytic triad is labelled as S (Ser157), H (His276), and D (Asp244)
and the β-sheet strands were labelled as β1–β8. The α-helices are shown in cyan, the β-
strands in purple and the loops in brown. (B) Superimposition of a carboxylesterase
(yellow), an acetyl esterase (orange), a bacterial homologue of the mammalian hormone-
sensitive lipase (pink) and human AChE (green) on to KFase (cyan) indicates that all of
them have the α/β hydrolase fold signature structure. N-ter, N-terminus.
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Figure 3. Active-site cavity
(A) KFase structure is shown as a cartoon diagram. The residues forming the active-site
cavity are shown as sticks and a dot surface. (B) The top view of the surface of the active-
site cavity. C, N, O and S atoms are coloured as silver, blue, red and yellow respectively.
(C) One side view of the active-site cavity wall. The cavity shape is shown in black. The
residues forming active-site cavity surface are shown as sticks. (D) The other side view of
the active-site cavity wall.
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Figure 4. KFase conformational changes
Superposition of all the subunits (three monomers) of KFase-1.5 and KFase-2.0 on to
KFase–PMSF. Fragments with significant conformational changes are indicated by an
arrow.
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Figure 5. Formation of SEB and enzyme reaction of NFK hydrolysis
(A) The suggested molecular mechanism of covalent bonding of PMSF and Ser157. (B)
Enzyme reaction of NFK hydrolysis. The first tetrahedral intermediate is shown in the
Figure, which is mimicked by SEB, a sulfonate analogue of the tetrahedral intermediate.
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Figure 6. The major interactions between ligand and KFase revealed by molecular docking
The major residues involved in the catalytic reaction are shown in sticks. The distances
between atoms directly involved in the reaction are labelled. (A) SEB and KFase interaction.
(B) NFK and KFase interaction. (C) The superimposition of (A) and (B), showing that
benzyl rings are well superimposed.

Han et al. Page 18

Biochem J. Author manuscript; available in PMC 2013 July 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Han et al. Page 19

Table 1

Data collection and refinement statistics of KFase

Crystal data KFase-1.5 KFase-2.0 KFase–PMSF

Space group C2221 C2 C2

Unit cell

 a (Å) 71.6 75.8 75.5

 b (Å) 76.0 47.1 47.0

 c (Å) 210.4 85.7 85.3

 α = γ(°) 90.0

 β (°) 90.0 90.3 90.6

Data collection

 X-ray source BNL-X29 BNL-X29 BNL-X29

 Wavelength (Å) 1.0750 1.0750 1.0750

 Resolution (Å) 1.50 (1.55–1.50) 2.00 (2.07–2.00) 1.64 (1.70–1.64)

 Total number of reflections 1 296 704 140 315 270 305

 Number of unique reflections 91 964 20 558 36 922

 R-merge 0.15 (0.34) 0.07 (0.62) 0.06 (0.68)

 Redundancy 12.2 (12.5) 7.0 (6.7) 7.5 (6.0)

 Completeness (%) 98.4 (86.9) 97.0 (98.8) 97.8 (88.9)

Refinement statistics

 R-work (%) 17.1 22.5 21.7

 R-free (%) 19.8 27.3 24.8

 Rmsd bond lengths (Å) 0.024 0.020 0.018

 Rmsd bond angles (°) 2.070 1.663 1.525

 Number of ligand molecules 2 SEB 1 BME 1 SEB

5 EDO 4 EDO 4 EDO

1 Na 1 Na

 Number of water molecules 515 83 155

 Average B overall (Å2) 15.9 21.8 18.2

Ramachandran plot (%)

 Favoured regions 98 97 97

 Allowed regions 100 100 100

The values in parentheses are for the highest resolution shell. BNL, Brookhaven National Laboratory; EDO, ethylene glycol.
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Table 2

Inhibition parameters for Drosophila KFase

Inhibitor Kd (mM) k2 (min−1) ki (min−1 · mM−1)

Diazinon 1.8 ± 0.5 3.6 ± 0.02 2.0

Diazoxon 3.1×10−4 ± 1.2×10−4 40 ± 9 1.3×105

PMSF 0.3 ± 0.05 1.3 ± 0.1 4.6

Data are expressed as means ± S.E.M.
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