THE
@ PROTEIN
SOCIETY

High resolution crystal structures of
human kynurenine aminotransferase-|
bound to PLP cofactor, and in complex

with aminooxyacetate

Naveed A. Nadvi,"2 Noeris K. Salam,’ Joohong Park,? Fady N. Akladios,’
Vimal Kapoor,® Charles A. Collyer,* Mark D. Gorrell,2 and

William Bret Church ®@*

'Group in Biomolecular Structure and Informatics, Faculty of Pharmacy, University of Sydney, Sydney, New South Wales,

Australia

2Molecular Hepatology, Centenary Institute and Sydney Medical School, University of Sydney, Sydney, New South Wales,

Australia

3School of Medicine and Pharmacology, The University of Western Australia, Perth, Western Australia, Australia

“4School of Molecular Bioscience, University of Sydney, Sydney, New South Wales, Australia

Received 23 October 2016; Accepted 9 January 2017
DOI: 10.1002/pro.3119
Published online 18 January 2017 proteinscience.org

Abstract: In this study, we report two high-resolution structures of the pyridoxal 5 phosphate
(PLP)-dependent enzyme kynurenine aminotransferase-l (KAT-I). One is the native structure with
the cofactor in the PLP form bound to Lys247 with the highest resolution yet available for KAT-I at
1.28 A resolution, and the other with the general PLP-dependent aminotransferase inhibitor, amino-
oxyacetate (AOAA) covalently bound to the cofactor at 1.54 A. Only small conformational differ-
ences are observed in the vicinity of the aldimine (oxime) linkage with which the PLP forms the
Schiff base with Lys247 in the 1.28 A resolution native structure, in comparison to other native
PLP-bound structures. We also report the inhibition of KAT-1 by AOAA and aminooxy-
phenylpropionic acid (AOPP), with IC50s of 13.1 and 5.7 pM, respectively. The crystal structure of
the enzyme in complex with the inhibitor AOAA revealed that the cofactor is the PLP form with the
external aldimine linkage. The location of this oxime with the PLP, which forms in place of the
native internal aldimine linkage of PLP of the native KAT-I, is away from the position of the native
internal aldimine, with the free Lys247 substantially retaining the orientation of the native structure.
Tyr101, at the active site, was observed in two conformations in both structures.
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Introduction

Kynurenine aminotransferases (KATs) catalyze the
synthesis of kynurenic acid (KYNA), an intermediate
in the tryptophan catabolic pathway, by irreversible
transamination of L-kynurenine (KYN). Tryptophan
metabolism occurs in most cells and is important in
liver, leucocytes, heart, lungs, and astrocytes and
microglia in the brain. Both indoleamine 2,3-dioxy-
genases (IDO-1 and IDO-2)"® and tryptophan 2,3-
dioxygenase (TDO)* are also key enzymes that initi-
ate the pathway and degrade tryptophan into KYN.
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KYNA is a broad spectrum antagonist of the
three ionotropic excitatory amino acid receptors.>® At
low concentrations, KYNA preferentially blocks the
glycine coagonist site of the N-methyl-p-aspartate
(NMDA) receptor (NMDA-R) [IC5q ~15 uM1.”® It has
neuroprotective and anticonvulsant properties. It was
discovered over a century ago, as a tryptophan metab-
olite,” and a considerable gap occurred until it was
also identified as a constituent of the mammalian
brain.”!° The main arm of the tryptophan catabolism
pathway produces 3-hydroxykynurenine and then
quinolinic acid. KYN can pass through the blood—
brain-barrier and 60% of the brain KYN comes from
the periphery.!

Imbalance in the metabolites of tryptophan deg-
radation has been implicated in a number of psycho-
ses. The role of KYNA as an endogenous NMDA-R
antagonist supports the hypothesis of NMDA hypo-
functioning in schizophrenia,'>'* where deficient
glutaminergic neurotransmission has been linked to
the disease, especially after the original observation
of reduced glutamate levels in the cerebrospinal flu-
id (CSF) of schizophrenic patients.'® Glutaminergic
hypofunction provided an improved explanation of
neurochemical disturbances in schizophrenia based
on a role for KYNA. KYNA is the only known endog-
enous antagonist of the NMDA subtype of a gluta-
mate receptor in brain.'® High concentrations of
KYNA in postmortem prefrontal cortex'” and in the
CSF!® occur in people experiencing schizophrenia
when compared with control samples. As KYNA is
also a a7-nicotinic acetylcholine receptor antagonist,
this represents another potential mechanism by
which psychotic symptoms could be induced.®

In the cerebrum it seems the synthesis of KYNA
is catalyzed almost exclusively by two kynurenine
aminotransferases (KAT-I and KAT-II). These
enzymes, KAT-I [glutamine transaminase K (GTK;
EC 2.6.1.64)] and KAT-II [a-aminoadipate amino-
transferase (a-ADA; EC 2.6.1.7)], are distinguished
by substrate specificity and other discrete biochemi-
cal and biophysical characteristics.2®22 The amino
acid sequence identity between KAT-I and KAT-II is
11% for the two human enzymes. The KAT-I struc-
ture has been previously reported at 2.0 A resolu-
tion?® (PDB ID 1W7L) in which the homodimeric
structure was reported with the fold-type I of pyri-
doxal 5-phosphate (PLP)-dependent enzymes. In its
PLP form, KAT-I carries the PLP molecule covalent-
ly bound in the active site by a Schiff-base linkage
to the catalytic Lys247, and the substrate binding
site of KAT-I consists of a region of the aromatic res-
idues Trp18, Tyr101, and Phel25 of one monomer,
and Tyr63*, Phe278* and His279* from the second
monomer in which the substrate side chain inserts.
The hydrophobicity at the binding site generally
explains the efficiency of KAT-I transamination of
relatively hydrophobic amino acids such as leucine
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and tryptophan. The native human KAT-II crystal
structure has also been solved at 2.30 A resolution®*
(PDB ID 2VGZ), and at 1.83 A resolution?® (PDB ID:
5EUN). The protein architecture of KAT-II revealed
that it, like KAT-I, belongs to the fold-type I PLP-
dependent enzymes, but it was considered a novel
subclass because of the different folding at its 65 N-
terminal residues. The chain shift of residues 16-31
affects binding and catalysis in KAT-II and is consis-
tent with a shift in substrate profile. The aromaticity
of the active site is more pronounced in KAT-I than in
KAT-II and is also larger in KAT-II in part due to not
having an amino acid equivalent to Trp18. Two other
KAT molecules have been reported in mammalian
brain. These are KAT-IIl/cysteine conjugate beta-
lyase 2 (EC 4.4.1.13) and KAT-IV/glutamic-oxaloacetic
transaminase 2/mitochondrial aspartate aminotrans-
ferase2 (EC 2.6.1.1, EC 2.6.1.7).

Analyses of transgenic mice in which KAT-II
was knocked out were consistent with a relatively
modest decrease in brain KYNA levels and normal-
isation of behavior and KYNA levels occurred as the
mice approached maturity.?*® From this, an expec-
tation has emerged that KAT-II, rather than KAT-I,
is the enzyme producing the majority of the kynur-
enic acid in the rodent brain.?° The differences sug-
gest the possibility of important and different roles
for each of the KATs.

The structures exist for KAT-I in complex with
several important inhibitors, such as indole-3-acetic
acid at 1.55 A resolution®® (PDB ID 3FVU) and with
phenylalanine at 2.7 A resolution,?)(PDB ID 1W7M)
and KAT-II inhibitor complexes were subsequently
more actively pursued and exist for BFF-122°! (PDB
ID 2XH1), PF-04859989 and analogues derived from
the scaffold®>33 (PDB ID 3UES, 4GE4, 4GE7, 4GE9,
and 4GEB), and with alpha-ketoglutarate alone®*
(PDB ID 3DC1). Along with BF-122, PF-04859989,
and analogues form covalent adducts to the PLP
cofactor. Aminooxyacetic acid (AOAA) has long been
known as an inhibitor of aminotransferases,>36
inhibition by aminooxy-phenylpropionic acid (AOPP)
had been reported previously but specifically for
tyrosine aminotransferase alone.?’” We sought a
description of the structure of AOAA inhibited KAT-
I, to determine the mode of action, and also to
extend the understanding of the modes of inhibition
of this enzyme.

and

Results

Inhibition assays

Enzyme inhibition assays have identified AOPP and
AOAA as potent inhibitors of PLP-dependent KAT-I.
In addition, the inhibition assays have included trypto-
phan and phenylalanine (Fig. 1) because inhibition of
KAT-I by these amino acids has been reported previ-
ously, and our assays for Phe (IC50 = 3.0 mM) and Trp
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Figure 1. Inhibition assays for aminooxyacetic acid (AOAA),
aminooxy-phenylpropionic acid (AOPP), phenylalanine (Phe),
and tryptophan (Trp).

(IC50 = 1.0 mM) are consistent with these reports.>® In
contrast, inhibition by AOPP is more potent, with

Structural studies

The crystallographic experiments have provided two
high-resolution KAT-I structures. One is of the
native protein with the cofactor in the PLP form
bound to Lys247, with the highest resolution yet
available for KAT-I at 1.28 A resolution, and another
with the general PLP-dependent aminotransferase
inhibitor, AOAA, covalently bound with the cofactor
at 1.54 A (Fig. 2). In the AOAA inhibited structure
the native Schiff base covalent linkage to the cofac-
tor is not observed and rather the linkage is an
oxime covalent bond to the AOAA. The structure of
the KAT-I:AOPP complex could not be achieved.
Although there were physical indications that the
KAT-I:AOPP complex existed in the crystals in
which we had AOPP, based on an obvious change in
color of the yellow native crystals to colorless, the
measured potency of AOPP, and the observation of
discontinuous electron density consistent with the
presence of the free end of Lys247, the inhibitor
could not be unambiguously placed within the active
site.

Both the structures exhibit the homodimeric
structure with its two active sites located at the
domain interface in each subunit, and at the subunit
interface in the dimer. This commentary applies to
both monomers. The interface of the monomers pro-
vides the active site. The cavity at the interface
mainly derives from loops (Tyr63*, Phel25,
Phe278%, His279%) and some amino acids that are
close to the N-termini of a-helices (Trpl8, Tyr101).
Another important contribution to the stability of
the KAT-I dimer is provided by the first residues of
the N-termini. The KAT-I active site was originally
revealed by Rossi et al.,?® and descriptions in that
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work hold true in our high resolution structure,
most fundamentally with the PLP bound to Lys247.
The active site is formed of amino acid residues
from both monomers, and conformations of both
active sites were observed to be similar in both
structures. The cofactor ring is part of a stack with
the Phel25 aromatic ring, the nitrogen of the ring
hydrogen bonded to a carboxylate O of Asp213, and
the phosphate group of the cofactor is engaged in
interactions with residues contributing to the “PLP-
phosphate binding cup” as it was originally referred
to in PLP-dependent enzymes.’® Structures of the
active site with corresponding electron density maps
are presented (Fig. 2) as well as superposed (Fig. 3).
The PLP and the Lys247 to which it is linked
through the aldimine occupies the same general
region as observed in other structures, although
small conformational differences were observed in
the vicinity of the aldimine linkage itself.

In the AOAA-bound structure the cofactor is the
PLP form linked by the external aldimine where the
Lys247 is no longer bonded, and essentially the
Lys247 keeps the conformation of the native protein,
except for the N°, which is a viable location as the
aldimine bond securing the AOAA is impervious to
the actions of Lys247, and the oxime linkage is swiv-
elled away to the other side of the face of the pyri-
dine ring. The only significant overall change to the
AOAA-bound structure of KAT-I is at the Vall9-
Glu26 a-helix and the Trpl8 preceding it, in which
the main chain is approximately 2.0 A further away
from the active site in the AOAA-bound structure.
Of the residues with significant overall changes it is
the Trpl8 side chain indole that is closest to the
AOAA and the active site and may be responsible
for promulgating the changes.

In the native structure, hydrogen bonded sol-
vent is displaced from the location that the oxygens
of the carboxylate of the AOAA occupy. In the native
structure, the carboxylates of the AOAA form salt
bridges to both guanidine nitrogens of Arg398. The
network of hydrogen bonds here is more extensive,
with one of the carboxylate oxygens of the AOAA in
a hydrogen bond to N°2 of Asn185, which is also
hydrogen bonded to the hydroxyl of the cofactor. The
network is completed by a hydrogen bond of the O
of Asn185 back to the adjacent guanidine nitrogen of
Arg398.

Tyr101 is quite near the active site, and has the
side chain closest to the site at which the aldimine
bond is formed with the cofactor. It was observed simi-
larly in both native and AOAA-bound structures with
two conformations, and is the only observation of
alternate positions in these structures. The Tyr101
conformations are separated by 0.8 A at the O"
in a comparison of these two structures, which
may be consistent with the presence of the small
inhibitor AOAA. In a comparison of the alternate
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Figure 2. OMIT maps and structure in the vicinity of the cofactor and ligands. 2mFo — DFc OMIT maps are shown, and the
structure has been clipped from the front. The maps are after refinement, in the native and inhibitor structures, in which the
components omitted are, respectively, the cofactor and the inhibitor with the cofactor bound. In addition to these omissions
from the refinements, Lys247 is omitted in both. The carbons of the cofactor and Lys247 in the native structure are colored
mauve. (A) and (B) The native structure showing the contiguous PLP and Lys247 density with no inhibitor. The map is con-
toured at 1o. In addition to the cofactor the carbons of Lys247 are colored mauve. (C) and (D) The aminooxyacetate bound
structure in the vicinity of the ligand. The map is contoured at 1c. In addition to the cofactor the carbons of the inhibitor are
colored mauve. The views have been chosen to be approximately a 90° rotation and relatively similar, with each to best depict
the structure in its locale. Figure was created with PyMOL.%®

conformations of Tyrl01 in both the native and the 3.1 A distant, respectively. An extensive Tyr101 shift
AOAA-bound structure, the centroid of the aromatic  was first observed in the KAT-I-indole acetic acid com-
ring of Tyr101 and the O™ is approximately 1.5 A and  plex structure,®® (PBD ID 3FVU) representing a
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Figure 3. View of the active site and interaction of the AOAA
with hKAT-1 superimposed on the native structure. Carbon
atoms are colored according to their structural origins: on the
PLP colored mauve, native structure blue and AOAA inhibited
structure green. Figure was created with PyMOL.%®

situation in which the indole acetic acid was consid-
ered sizeable to induce the Tyr101 O™ shift of 3.7 A,
moving the Tyrl01 phenol away from the cofactor,
and also with the O" then achieving a hydrogen bond
to O(GIn274). Although the two similar conformations
of Tyr101 are observed in the vicinity of the inhibitor
binding location, there is also evidence for hydrogen
bonding disruption at Tyr101 on the attachment of
the AOAA inhibitor, due to its proximity to the exter-
nal aldimine bond. Additionally, the region occupied
cannot support a hydrogen bond network of two sol-
vent molecules and O" (Tyr101), as observed in the
native structure.

AOAA inhibited PLP-dependant aminotransfer-
ase structures have been reported for five other pro-
teins: chicken aspartate aminotransferase (open and
closed conformations)*' (PDB IDs 10XO and 10XP),
E. coli gamma aminobutyrate aminotransferase*?
(PDB ID 1SFF), bacterial (Mesorhizobium sp.)(Mes),
S-selective aminotransferase®® (PDB ID 2YKV), and
a novel Variovorax paradoxus (Vp) B-phenylalanine
aminotransferase® (PDB ID 4AOA). The hydrogen
bonding of the carboxylate of the AOAA to an argi-
nine is a common theme in these structures except
for the case of the aspartate aminotransferase.
Hydrogen bonding with the O of the oxime linkage
of the Schiff base lysine is also observed in most
cases, but while the N°® is close by, no such hydrogen
bond is observed in the case of KAT-I. For the gam-
ma aminobutyrate aminotransferase structure the
displacement of the N° from the O of the oxime is
observed to be more distant again than that
observed for KAT-I.

Discussion

This work has reported the inhibition behavior of
KAT-1 in which AOAA and AOPP were studied,
with the AOPP suggested from the addition of the

Nadvi et al.

phenyl ring to AOAA as a rational bioisosteric modi-
fication and a hybrid derived using structural fea-
tures of AOAA and L-Phe. The ICsy of AOPP is 5.7
uM, which is half that of AOAA (13.1 uM). We also
performed our inhibition assay to determine the
IC5¢ of Phe and Trp (1.0 mM and 3.0 mM, respec-
tively) as comparators that have been reported pre-
viously. AOAA is a nonselective inhibitor of PLP-
dependent aminotransferases, as both AOAA and
AOPP contain the O-alkylhydroxylamine moiety
that irreversibly forms an oxime with PLP present
in these enzymes as a co-factor covalently bound to
the catalytic lysine by a Schiff-base linkage. This
bonding prevents the regeneration of enzyme-bound
PLP and thus ablates the enzyme activity. AOPP,
however, represents an inhibitor which is more
potent than AOAA, indicating a synergistic effect
resulting from the addition of the phenyl ring to the
AOAA. The involvement of the hydrogen bonding of
the carboxylate of the AOAA to Arg398 is observed,
but no hydrogen bonding is observed at the oxime
linkage. The observations of the Tyr101 conforma-
tions suggest that it is sensitive to inhibitor binding.
The most systematic effect on the protein on binding
AOAA is a movement of the main chain of approxi-
mately 2 A at Trpl8 and the first residues of the
helix beyond.

Inhibitor studies have previously been per-
formed on tryptophan and indole-3-pyruvic acid,
along with four similar indole derivatives selected
because the «-amino and «-keto groups were
absent.?® In that study, indole-3-propionic acid
(IC50=0.14 mM) and DL-indole-3-lactic acid
(IC50=0.22 mM) were the more potent of the six
compounds studied and provided potential lead can-
didate inhibitors. The crystal structure of KAT-I
bound to DL-indole-3-acetic acid shows that the com-
pound inserts into the hydrophobic pocket with its
carboxylic moiety forming hydrogen bonds with
Arg398,2° with both of the oxygens satisfying hydro-
gen bonds with the guanidinium hydrogens, and
also analogous to the binding of the carboxylate of
phenylalanine?® (PDB ID 1W7M). More recent work
has shown other compounds of series of indole and
phenylhydrazone to be approximately sixfold—seven-
fold more potent KAT-I inhibitors.*® The most potent
indole based molecule was provided by a bromo-
substitution with an ICsy of 271 puM, while the 3-
and 4-chlorophenylhdrazone hexanoic acid deriva-
tives were significantly more potent (both with
IC50 =20 HM)

This work has demonstrated an approach
toward the design of improved irreversible inhibitors
for KAT-I, and the anticipated covalent bonding cre-
ated by the inhibitor was observed in the inhibitor-
enzyme crystal structure. Although the high resolu-
tion crystal structures reported here are generally
consistent with the other AOAA-bound structures of
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PLP-dependent aminotransferases, this work sup-
ports the notion of the possibility of the design of
further more potent and specific inhibitors of KAT-I
using the O-alkylhydroxylamine moiety with sub-
stituents on the phenyl ring of AOPP, or with other
substitutions.

Materials and Methods

Macromolecule production
The KAT-I ORF, cloned into the transfer vector pBlue-
Bac4.5 (pBlueBac4.5-utKAT-I), was kindly provided
by the Jianyong Li group at the University of Illinois
at Urbana-Champaign, Urbana, IL. Recombinant
baculovirus containing the sequence-verified KAT-I
ORF was generated and purified by plaque assay
using the Bac-N-Blue transfection kit (Invitrogen;
Carlsbad, CA) according to the manufacturer’s
instructions. A number of blue putative recombinant
plaques were propagated and high titer baculovirus
stocks from individual viral strains with the largest
potency were selected for protein expression in Spo-
doptera frugiperda (Sf9) insect cells (Invitrogen; Carls-
bad, CA) according to manufacturer’s instructions.
Large-scale protein expression was carried out
in Sf9 cells grown in SF900II serum free media as
described previously.*® Suspension cultures used
250 mL culture per 1 L Schott laboratory bottles
(Aunet Pty Ltd, Perth, WA) and shaking at 140 rpm
at 27°C. High titer KAT-I baculovirus stock was
added to cultures when cell density reached 2 x 10°
cells/mL at an approximate multiplicity of infection
of two viral particles per cell. Infected cells were
harvested 96 h postinfection by centrifugation at
800 rcf for 15 min at 4°C and stored at —80°C until
required.

Protein purification

Harvested Sf9 cell pellets containing intracellularly
expressed KAT-I were resuspended in Buffer A
(1 mM phenylmethylsulfonyl fluoride, 10 mM sodi-
um phosphate, pH 7.0; 100 pL per 2 X 10° cells).
The cells were lysed by sonication for 5 min on an
ice/water slurry. The cell debris was removed by cen-
trifugation at 18000 rc¢f for 20 min at 4°C and the
resulting clarified total cellular lysate was precipi-
tated with 35% ammonium sulphate to retain the
supernatant fraction, and again at 60% ammonium
sulphate to retain the precipitated protein fraction.
The precipitated protein, containing KAT-I, was
resuspended in Buffer L (10% AS, 10 mM sodium
phosphate, pH 7.0) and applied onto 4 X 5 mL Phe-
nyl Sepharose columns using Buffer L at 1 mL/min.
KAT-I was eluted from the media by a single step
gradient at 0% AS with Buffer A. The eluted KAT-I
fraction was dialyzed against 4 L. Buffer A and the
resulting dialysate was loaded onto 3 X 1 mL DEAE
Sepharose FF columns using Buffer A at 1 mL
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min . The protein-bound media were washed at
50 mM, 75 mM, 125 mM, 150 mM, 175 mM,
200 mM, and 225 mM NaCl with Buffer C (500 mM
NaCl, 10 mM sodium phosphate, pH 7.0) at 4 mL/
min. A distinct KAT-I elution peak was observed at
125 mM NaCl. The KAT-I enzymatically active frac-
tions were desalted in Buffer A and loaded onto a
5 mL Blue Sepharose FF column using Buffer A at
1 mL/min. The KAT-I enzymatically active fraction
was present only in the flow through. The resulting
Blue Sepharose flow through fraction containing
KAT-I was reapplied onto 3 X 1 mLL DEAE Sephar-
ose FF columns using Buffer A at 1 mL min '. The
protein-bound columns were washed at 75 mM,
125 mM, and 500 mM NaCl with Buffer C.

Enzymatically active KAT-I that was present
only in the 125 mM NaCl fraction was concentrated
to 1.8 mL and the resulting sample was loaded on a
Superdex200 prep grade column pre-equilibrated
with Buffer K (100 mM NaCl in 10 mM Tris, pH
7.6). The sample was passed through the column iso-
cratically using Buffer K and KAT-I enzyme activity
was confirmed in the retention peak corresponding
to the enzyme dimer. The fractions within this peak
were pooled and was stored at 4°C, protected from
light for subsequent enzymology, biochemical charac-
terization assays and crystallization studies.

Protein purification was monitored and con-
trolled using an AKTA PrimePlus or AKTA Purifier
system (GE Amersham). Pre-packed columns con-
taining up to 5 mL chromatographic media were
used for every 20 mL sample up to a maximum of
4-5 columns to avoid system back-pressure increas-
ing above 0.3 MPa. The elution of KAT-I fractions
during the purification steps was identified by KAT-I
enzyme assay.

KAT-I enzyme inhibition activity assay
All chemicals were purchased from Sigma (St Louis,
MO) unless otherwise stated. AOPP was from Wako
(Osaka, Japan). Methodologies for the determination
of KAT-I enzyme activity, and inhibition analysis by
HPLC-UV was based on our previous report,*® and
was originally described by Okuno et al. and Li and
Li.*"*® A typical reaction mixture of 30 pL containing
15 pL of substrate mixture (5 mM KYN, 2 mM «-
ketobutyrate, 40 mM PLP), 2 pg purified KAT-1 in 5
uL solution and 10 pL of inhibitor at different concen-
trations was prepared in 200 mM phosphate buffer at
pH 8. Each inhibitor was incorporated into the reac-
tion mixture at final concentrations of 0.0004, 0.004,
0.037, 0.37, 3.7, 37, 111, 333, 1000, and 3000 uM.
KAT-1 was pre-incubated with each inhibitor (or
buffer) for 10 minutes at room temperature before
adding the substrate mixture. The mixture was
incubated at 45°C for 10 minutes and the reaction
was stopped by adding 30 pL of 1 M trichloroacetic
acid. The resulting mixture was centrifuged at
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Table I. Summary of X-Ray Data Collection, Processing, and Refinement Statistics

KAT-I (PLP-form)

KAT-I in complex with aminooxyacetate

Wavelength (A) 0.9537 0.9537
Oscillation range (°) 0.5 0.5
Number of images 380 720
Detector distance (mm) 110 150
Space group C2 C2

a, b, c(A)

o, f,y () .
Resolution range (A)
Total No. of reflections
No. of unique reflections

102.4, 107.6, 81.5

90, 112.6, 90

20.1-1.28 (1.30-1.28)*
805418 (114267)

208782 (30461)

102.7, 107.7, 81.8

90, 113.0, 90

26.9-1.54 (1.58-1.54)

683702 (84844)
108232 (16441)

Completeness (%) 100.0 (100.0) 89.1 (93.9)
Redundancy 3.9 (3.8) 6.3 (5.2)
(I/a(D)) 11.4 (2.0) 13.2 (2.2)
Ronerge 0.039 (0.40) 0.035 (0.36)
Rineas 0.055 (0.57) 0.055 (0.50)
pim. 0.039 (0.40) 0.035 (0.36)
CCy 0.998 (0.676) 0.999 (0.699)
Overall B factor from Wilson plot (A?) 9.79 14.48
o cutoff F>1.340(F) F>1.340(F)
No. of reflections, working set 198278 (6575) 102037 (3332)
No. of reflections, test set 10493 (347) 5348 (206)

Final Repygt

0.172 (0.259)

0.197 (0.248)

Final Rpee 0.187 (0.274) 0.227 (0.297)
No. of non-H atoms

Protein 6601 6618

Ligand 0 42

Solvent 631 392

Total 7313 7076
R.m.s. deviations

Bonds (A) 0.009 0.011

Angles (°) R 1.347 1.361
Average B factors (A%)

Protein 12.7 15.7

Ligand 17.5

Water 21.1 21.3
Ramachandran plot®

Favored (%) 98.1 97.2

Allowed (%) 100.0 100.0
PDB code 4WLH 4WLJ

2 Values for the outer shell are given in parentheses.
b Ramachandran analysis was performed using MolProbity.>®

15,000 rcf at 4°C for 5 min, and the supernatant
used as the analyte on the HPLC. A positive control
reaction (inhibitor substituted with buffer) and neg-
ative control reaction (KAT-1 solution and inhibitor
substituted with buffer) were simultaneously per-
formed with all assays. All reactions were performed
in triplicates.

HPLC detection of KYNA

KYN and KYNA were measured using reverse-phase
CLASS-VP (Shimadzu) at 330 nm. The sample was
isocratically passed through a 5 mm C18 column
(150 mm X 2 mm; PerkinElmer Life and Analytical
Sciences) using 50 mM sodium acetate and 2.5% (v/
v) acetonitrile, pH 6.2. Samples were injected in a
volume of 20 pL at a flow rate of 0.4 mL min ! for
10 min. The amount of KYNA observed in each reac-
tion was deduced from standards using authentic
reagents. The reduction in observed activities (as
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determined by the amount of KYNA produced) were
expressed as fractional activities and plotted against
the corresponding inhibitor concentrations. The soft-
ware GraphPad Prism (v5.04 for Windows; Graph-
Pad Software, San Diego, CA) was used for
graphing, statistical and regression analysis.

Crystallization

Purified KAT-I sample were buffer-exchanged into
10 mM potassium phosphate, pH 6.8 and concentrat-
ed to 10 mg/mL. The optimized crystallization condi-
tions yielding diffraction grade KAT-I crystals were
obtained using hanging drop vapor diffusion tech-
nique at 20°C. Four 1 uL drops with 0.5 pL protein
and 0.5 pL reservoir (1:1 ratio) were suspended from
thin siliconized coverslips over a reservoir of 500 pL.
The reservoir solution contained 200 mM sodium
acetate, 29% PEG4000 in 100 mM Tris, pH 7.3.
Crystals were obtained within 2-5 days.
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Data collection, processing, structure solution,
and refinement

The experiments were performed on the MX1 beam-
line of the Australian Synchrotron, using the ADSC
quantum 210r area detector. The wavelength used
was 0.9537 A and crystals cooled to 100 K. The cell
data were refined with MOSFLM.*® The programs
MOSFLM and SCALA**%° were used for data reduc-
tion. A lower than desirable completeness does not
arise from low intensity, but rather losses due to ice
rings as data in the highest resolution bin was well
represented, and diffraction beyond the reported res-
olution was clear.

Initial phases for the KAT-I crystals were solved
by molecular replacement wusing the software
PHASER®! from the CCP4 suite.’? The previously
published 3FVX structure®® (1.5 A resolution) was
used as the search model to initially solve the crys-
tal structure of the KAT-I (PDB ID 4WLH; 1.28 A).
Subsequent structure determination was performed
using this higher resolution structure as the search
model for the aminooxyacetate (AOAA)-bound KAT-I
complex (PDB ID 4WLJ). Iterative cycles of crystal-
lographic refinements were performed with the soft-
ware PHENIX®® alternated with manual model
rebuilding using the program COOT.?* Solvent mole-
cules were subsequently added in PHENIX and the
validity of the water positions were manually
checked for valid interactions to account for hydro-
gen bonding with protein or other solvent atoms.
These procedures converged to an acceptable R-
factor and free R-factor values, with ideal geometry.
The model was refined using isotropic temperature
factors, data collection, and refinement statistics are
presented in Table 1.

Exploratory refinements of alternate side chains
for which there was evidence were performed by
refining their temperature factors and occupancies.
Alternate sidechain conformations were not kept in
the final model if in the final refinements they had
any atoms with occupancies <0.2. We ensured the
double bond character of the aldimine linkage was
modeled in the native structure in the bond from
the N°© of Lys247 to the C4’ of PLP.
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