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ABSTRACT: Kynurenine aminotransferase (KAT) II has been identified as a
potential new target for the treatment of cognitive impairment associated with
schizophrenia and other psychiatric disorders. Following a high-throughput screen,
cyclic hydroxamic acid PF-04859989 was identified as a potent and selective
inhibitor of human and rat KAT II. An X-ray crystal structure and *C NMR
studies of PF-04859989 bound to KAT II have demonstrated that this compound
forms a covalent adduct with the enzyme cofactor, pyridoxal phosphate (PLP), in
the active site. In vivo pharmacokinetic and efficacy studies in rat show that
PF-04859989 is a brain-penetrant, irreversible inhibitor and is capable of reducing

PF-04859989
hKATII IC5=23 nM

brain kynurenic acid by 50% at a dose of 10 mg/kg (sc). Preliminary structure—
activity relationship investigations have been completed and have identified the positions on this scaffold best suited to modification
for further optimization of this novel series of KAT II inhibitors.
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I ynurenic acid (KYNA, 3) is a neuroactive metabolite
produced in the kynurenine pathway of L-tryptophan
degradation (Figure 1). Interest in the pharmacological
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Figure 1. KYNA biosynthesis.

modulation of this pathway has been prompted by reports that
KYNA is an inhibitor of @, nicotinic acetylcholine receptor
function' and an antagonist at the glycine site of the N-methyl-p-
aspartate (NMDA) receptor.” KYNA has also recently been
identified as a potent agonist at the aryl hydrocarbon receptor
(AHR).> A growing body of preclinical evidence suggests that
KYNA is directly involved in the pathophysiology of schizo-
phrenia,* among other psychiatric and neurological disorders.>®
Elevated KYNA levels have been observed in the cerebrospinal
fluid”® and postmortem prefrontal cortex” of schizophrenia
patients. Studies have also shown an elevation of KYNA in
the cerebrospinal fluid of patients with bipolar disorder.'®
Thus, the reduction of KYNA levels in the brain via modulation
of the kynurenine pathway may provide a novel treatment
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for schizophrenia and other diseases of the central nervous
system (CNS).

The synthesis of KYNA in the brain is catalyzed primarily by
astrocytic kynurenine aminotransferases KAT I and KAT IL"!
KAT II is currently viewed as the major determinant of KYNA
biosynthesis in rat and human brain. An X-ray structure of the
homodimeric human KAT II complex bound to its endogenous
cofactor, pyridoxal-5-phosphate (PLP), has been reported, and
unique structural features of this enzyme suggest the possibility
of structure-based design of isozyme-specific inhibitors.'* The
recent X-ray structure of human KAT II bound to the selective
inhibitor BFF-122 further confirms that structure-based design
strategies may be useful for the design and optimization of
selective KAT 1I inhibitors."?

Several recent studies have employed the selective tool com-
pounds (S)-ESBA (4) and BFF-122 (S, Figure 2) via central
administration for study of KAT II inhibition in preclinical
models."*'® However, identification of brain-penetrant KAT II
inhibitors with druglike properties remains a challenge. Addi-
tionally, recent reports have established that sequence variants in
human and rat KAT II cause siogmiﬁcant cross-species enzyme
potency shifts for inhibitor 4."”*° Our primary objective was to
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Figure 2. Selective KAT II inhibitors.

identify a selective, brain-penetrant tool compound for further
exploration of KAT II inhibition in preclinical models of
schizophrenia and cognition. Identification of a series of KAT II
inhibitors with submicromolar binding affinity at both the rat and
the human isoforms of KAT II would facilitate preclinical studies
and clinical candidate identification. To enable rapid series
optimization toward a clinical therapeutic agent, our crlterla for
novel lead compounds included high ligand efficiency”' (LE >
0.35) and excellent drug-like Ehysicochemical properties (MW,
log P, polar surface area).””™>

In an effort to identify novel KAT II inhibitors, a high-
throughput screen of the Pfizer compound file was conducted.
Aminodihydroquinolone 6 (Figure 3) initially emerged as an
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6 PF-04859989 (7)

hKAT II ICg0 = 23 nM
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MW = 178.1; clogP = -0.1
NH; logD = -0.7; tPSA = 66.6
LE = 0.82; LipE = 8.4
CNS MPO =52

Figure 3. Properties of HTS hit PF-04859989 (7).

interesting hit, but follow-up testing of an authentic sample of 6
demonstrated that this compound had no significant inhibitory
activity toward hKAT II
characterization, resynthesis, and screening of minor impurities
from the original HTS sample batch led to the identification
of (3S)-3-amino-1-hydroxy-3,4-dihydroquinolin-2(1H)-one
(PF-04859989, 7) as the active constituent (hKAT II ICg, =
23 nM) from the HTS sample. Because of its high potency and
low molecular weight (178 Da), compound 7 is an attractive
hit from the standpoint of ligand efficiency (LE = 0.82).
Furthermore, other physicochemical properties of 7 (clog
P = —0.1, tPSA*™® = 66.6, and CNS MPO score®® = 5.2),

combined with its clean profile in the standard CEREP panel,27

Chromatographic separation,

position 7 in excellent chemical space for a lead compound
targeting the CNS.”* Compound 7 is also selective for KAT II
over human KAT I, KAT III, and KAT IV (IC, values of 22, 11,
and >30 uM, respectively).”® Finally, the modest potency shift
(~10x) between human and rat KAT II (rKAT II ICs, = 263 nM)

suggests that compounds of this type could serve as useful tools in
preclinical rodent models.

An X-ray crystal structure (3.2 A) of 7 bound to human KAT
II reveals several key interactions that account for the remarkable
potency and selectivity of this inhibitor (Figure 4).*° First, the
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Figure 4. X-ray structure of KAT II-PLP adduct with 7 (carbon
scaffold from 7 in orange and PLP in magenta). A cutaway section of
the molecular surface forming the catalytic site of KAT II is shown in
pale blue. The substrate-binding pocket is formed by residues from
both subunits of the KAT II dimer, one colored in green and the other
in orange. Hydrogen bond interactions between the ligand and the
protein are indicated as dotted lines, with distances indicated in A.

X-ray structure indicates that 7 is covalently attached to PLP in
the active site of KAT II, via a linkage between the primary
amine of 7 and the aldehyde functionality of PLP. At the resolu-
tion of this structure, the two most likely adduct structures, a
Schiff base I and enamine II (Scheme 1), are indistinguishable,
but additional NMR studies have confirmed the enamine
structure (vide infra). A series of dialysis and kinetic studies
were carried out to further characterize this adduct, confirming
that it is formed irreversibly.>' This covalent adduct bears a
number of similarities to the recently reported KAT II-bound
adduct formed between PLP and inhibitor BFF-122 (5)."* As in
the case of S, the formation of a covalent adduct between 7 and
PLP is crucial to the observed potency of this inhibitor. The PLP
portion of the adduct, although not covalently linked to KAT II,
maintains numerous H-bond donor—acceptor interactions with
the enzyme, as detailed in the previously reported human KAT
ILPLP structure.'” For example, the nitrogen atom of the
pyridine ring of PLP interacts with the highly conserved Asp-230
residue, whose side chain is held in place by a hydrogen bond to
the OH group of Tyr-195. Likewise, the PLP O3 atom forms
hydrogen bonds with Tyr-233 and Asn-202. The PLP phos-
phate group participates in a network of hydrogen-bonding
interactions, including contacts with Ser-262, Arg-270, Ser-117,
GIn-118, and Ser-260 of one subunit and Tyr-74 of the other

Scheme 1. Postulated Imine—Enamine Isomerization of the PF-04859989-PLP Adduct
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subunit. The other two elements of the functional triad of the
3-aminohydroxamic acid moiety of 7 also contribute key binding
interactions: the carbonyl oxygen of 7 serves as an H-bond
acceptor in an interaction with the side chain of Asn-202, and the
other oxygen atom in the hydroxamic acid functionality of 7
accepts a hydrogen bond from Arg-399. The fused phenyl group
of 7 contributes to van der Waals interactions with the
hydrophobic pocket formed by Leu-40, Tyr-74, and Leu-293.

To definitively characterize the KAT II-PLP adduct observed
in the X-ray structure, a series of protein NMR experiments
were designed to distinguish between the Schiff base I and the
enamine adduct II, the two most likely covalent inhibitor
structures (Scheme 1). The detailed studies by Silverman and
co-workers on cycloserine inhibition of y-amino butyric acid
aminotransferase (GABA-AT), another PLP-dependent enzyme,
demonstrated that initial Schiff base formation between
cycloserine and PLP in the enzyme active site is followed by a
series of proton transfer events, which ultimately lead to
aromatization of the cycloserine adduct.>**> By analogy, we
anticipated that the initially formed Schiff base adduct between
7 and PLP in the KAT II active site may undergo a series of
proton transfers, leading to the formation of a more stable
isomeric a,f-unsaturated (aromatized) product. The incorpo-
ration of a *C label into our inhibitor, affording the isotopic
analogue 7a, provided a dramatic signal enhancement of the
labeled carbon atom in the *C NMR spectra. Predicted *C
chemical shifts for the labeled carbon in 7a were significantly
different for the Schiff base I (62 ppm) as compared to the a,f-
unsaturated adduct II (139 ppm).** NMR experiments
examining 7a in a buffer solution (not shown) and in a solution
containing KAT II without PLP (Figure SIA in the Supporting
Information )™ revealed a distinctive >C signal at 50 ppm. Upon
addition of PLP to the KAT II inhibitor solution (Figure S1B in
the Supporting Information), the signal at S0 ppm disappeared
and a new signal appeared at 137 ppm, consistent with the
formation of the a,f-unsaturated adduct I1.3

Guided by the X-ray structure of 7 bound to KAT II, we
sought to build an understanding of the structural requirements
for potent and selective inhibition of KAT II within this series of
irreversible inhibitors. Although irreversible inhibition was not
one of our lead criteria at the outset of the program, maintaining
this attribute of 7 was a high priority through our optimiza-
tion efforts. The potential advantages of irreversible inhibitors
include low dose requirements and reduced off-target
toxicity.””*® Furthermore, this irreversible inhibitor does not
covalently bind to the protein, which should significantly reduce
the potential for an immune response. To fully explore the
structure—activity relationship (SAR) around the PF-04859989
scaffold, several synthetic approaches were developed (see
Scheme 2); detailed descriptions of these methods have recently
been disclosed.**** In general, the synthesis of 7 and its
analogues requires access to a-amino acids or @-amino esters,
which undergo reductive cyclization to afford 3-amino-1-
hydroxy-3,4-dihydroquinolin-2(1H)-ones. In the case of 7 itself,
direct catalytic reductive cyclization using Pt/C and H,
(method A) provided clean conversion to the desired product
without competitive over-reduction to the corresponding
lactam. However, for substituted analogues, alternate cyclization
conditions were generally required to minimize over-reduction
of the nitro functionality. Cyclization with SnCl, in the presence
of NaOAc (method C) generally provided S-, 6-, or 7-
substituted 3-amino-1-hydroxy-3,4-dihydroquinolin-2(1H)-ones
in good yield. However, efficient conversion to 8-substituted
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Scheme 2. Synthesis of Hydroxamic Acids 7—27
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Reagents and conditions: Method A: (i) Pt/C, pyridine, H,. (ii) HCl/
MeOH. Method B: Pt/C, MeOH, HCI, H,. Method C: (i) SnCl,
NaOAc, THF. (i) Boc,O, Et;N. (iii) HCL. Method D: (i) Boc,O,
Et;N. (ii) CF;CH,OTY. (iii) Pt/C, pyridine, H,. (iv) HCL. Method E:
(i) phenyliodine(IIT) bis(trifluoroacetate) (PIFA), CH,CL,. (ii) BF;
diethyl etherate, THF.

analogues (e.g, 13—16) required activation of the carboxylic
acid to the trifluoroethyl ester prior to cyclization (method D).
An oxidative cyclization approach using phenyliodine(III)
bis(trifluoroacetate) (PIFA, method E) also provided ready
access to select analogues in the series (e.g, 9 and 11).

Our preliminary SAR studies on the 3-amino-1-hydroxy-3,4-
dihydroquinolin-2(1H)-one template explored the role of stereo-
chemistry of the 3-amino group and the effects of substituents at the
1-, 3-, and 4-positions. Comparison of 7 [(3S)-amino-1-hydroxy-3,4-
dihydroquinolin-2(1H)-one] with its enantiomer 8 demonstrated
that the (S)-enantiomer is ~10-fold more potent, with similar shifts
against both human and rat enzymes. This enantiopre-
ference in inhibition of KAT II correlates with the stereochemistry
of the enzyme's substrate, (L)-kynurenine (2) [(S)-2-amino-4-(2-
aminophenyl)-4-oxobutanoic acid]. Methyl hydroxamate 9 displayed
a complete loss of activity at KAT II, indicating that a free
hydroxamic acid group is crucial in this series. Likewise, introduction
of a methyl group at the C3-position (compound 10) resulted in
complete loss of activity. This finding may be explained by the
possibility of unfavorable steric interactions between this methyl
group and Leu 293 and/or Tyr 142 in this region of the binding
pocket. Furthermore, this SAR observation is consistent with our
NMR studies of 7a, which demonstrated that a hydrogen substituent
at C3 is mechanistically required for potent, irreversible inhibition.
The addition of a methyl group at the C4 position (compound 11)
also led to significant loss of activity. In brief, the preliminary SAR
work around positions 1—4 of PF-04859989 demonstrate that the
(S)-configuration is preferred and that even minor modifications
within this domain lead to dramatic loss of KAT II potency. These
SAR findings are consistent with our X-ray structure and mechanistic
studies, which suggest that each moiety in this aminohydroxamic acid
functional group triad forms a key interaction with KAT IL
Furthermore, introduction of any adjacent substituents that interfere
with the formation of the inhibitor—PLP enamine adduct in the
KAT 1I active site also leads to significant potency loss.

Next, the effects of introducing substituents at positions S
through 8 on the 3-amino-1-hydroxy-3,4-dihydroquinolin-
2(1H)-one template were explored (Table 2). The relative
potency of analogues was initially assessed by evaluating ICq,
values from our human and rat KAT II enzyme assays. These
studies demonstrated that only small R! substituents (R' = F,
compound 12) are tolerated by human KAT II. Significant loss
of potency is observed with even slightly larger substituents at
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Table 1. Human and Rat KAT II Potency for Analogues of 7

Comod Structure Synthetic  hKATII  rKATII
P Method  ICs* (aM) _ ICs" (M)
H
N__O
6 @I - >10,000 -
NH,
oH
N._O
7 @I A 23 263
NH,
OH
N__O
8 A 219 1170
“NH,
9/
9 @LNIO E >10,000°  >10,000
NH,
OH
N__O
10 B >10,000  >10,000°
NH,
OH
>1330°

1
N__O
11 E 3280°
NH,

“Values represent the geometric mean of at least three independent
determinations. “n = 1. “n = 2.

this position (compounds 13—16). Interestingly, the rat KAT II
enzyme is even more sensitive than the human enzyme to

substitution at this position, with complete loss of activity
observed for compounds 13—16. The evaluation of R*
substituents likewise demonstrated that only small groups
(R* = F, compound 23) are tolerated at this position. All
compounds with larger R* substituents (compounds 24—27) are
significantly less potent than 7. This potency loss is likely due to
unfavorable steric interactions between the R* substituents and
the Tyr74 and Leu293 in hKAT IL These larger R* substituents,
like the R! substituents, also bring about complete loss of rat
KAT II potency. Evaluation of R* and R® substituents revealed
that both the human and the rat KAT II enzymes are less
sensitive to small changes at these positions. The addition of
small R* (Cl, Me, OMe) or R® (Cl, Me, CF;) groups*' to 7 does
not appear to dramatically affect the human or rat KAT II
potency: human and rat KAT II ICg, values for analogues
17—-22 are within 2-fold of the respective values for 7. Our
assessment of steric and electronic effects of R'—R* in this series
(e.g, MeO vs Cl, CF,) suggests that electronic effects do not
drive the SAR. These preliminary SAR data suggest that the R*
and R® positions hold the most promise for further SAR work to
optimize properties and potency for this series.

To ensure a rigorous evaluation of SAR within this series of
irreversible inhibitors, potency was also assessed in terms of the
second order rate constant k;,./K; (Table 2). Unlike ICs,
values, k./K; values are independent of substrate concen-
tration and preincubation time and are considered the best
measure of potency for irreversible inhibitors.*” In the case of 7
and its analogues 12—27, the ICy, potency trends are paralleled
by the ki../K; values. The k;,./K; values indicate a subtle
differentiation of compounds 17—19 from 7, suggesting that
small R? substituents may provide a boost in potency. This trend
was not observed in the ICs, SAR, perhaps due in part to the
relatively high enzyme concentration (30 nM) employed in that
assay format.

Table 2. Human and Rat KAT II Potency for Analogues of 7

R1
R2

R3
R4

3

7

compd R! R?
7 H
12 F
13 OMe
14 Cl
15
16
17
18
19
20
21
22
23
24
25
26
27

o

T TTTTT

2 Q

e
Me

ITITTZTITTITITTT

anijaviiia i niia v i i@}
Asa
TIITZTITTLTITITITITITIIT

ITITTITITITITITTITTOX
Ll
T T T T

H H CF,

OH

(o]
NH,
IC5,” (nM) K/ KE (M 51
hKAT II rKAT II hKAT II rKAT II
23 263 18 500 573
40 631 5310 57
572 >10 000 21.3
252 >10 000 42.0
1050° >10 000°
174 >6810 541
29 118 28 300 1170
37 368 33 400 590
22 137 31700 1840
36 258 19 000 465
30 402 11 900 167
29 488 15300 102
45 2060 6680
349 >7970 9.5
319 >10 000
179 >4920 1940
>10 000 >10 000

“Values represent the geometric mean of at least three experiments. Values represent the arithmetic mean of at least three experiments. Additional

statistical details are provided in the Supporting Information. “n = 2.
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Compound 7 was selected as a protypical tool compound for
evaluation of the in vivo characteristics of this series of KAT II
inhibitors. In vivo pharmacokinetic experiments were carried
out to evaluate the utility of 7 as a systemically dosed tool
compound. Compound 7 displayed excellent CNS exposure in
rat after subcutaneous administration (Table 3). This

Table 3. Rat Fractions Unbound and Plasma, Brain, and CSF
Exposure for 7

fraction unbound concn® (nM)
brain plasma free plasma free brain CSFE
39.3 89.3 10200 + 403 3760 + 776 4060 + 969

“Drug concentrations measured at 0.25 h time point, 10 mg/kg sc dose.

compound displays relatively high free fraction in rat brain
and plasma protein binding assays and is brain-penetrant, with a
free plasma:free brain:CSF exposure ratio of 2.7:1:1.1.

In vivo efficacy of 7 was confirmed by measuring KYNA in
dialysates from prefrontal cortex in freely moving rats. At the
drug exposures described in Table 3 (dose, 10 mg/kg sc),
KYNA concentrations decreased to approximately 50% of basal
values (Figure 5).> This decrease was achieved approximately

150+
(&)
'S
a
g
&
®
[’}
-3
(1] -~ Vehicle
B - PF-04859989 10 mg/kg
c T T T L) T
0 5 10 15 20
Time, Hours

Figure S. PF-04859989 (10 mg/kg, sc) was dosed at time = 0. The
KYNA concentration was monitored over time in rat prefrontal cortex
using microdialysis, as described in the Supporting Information. Data,
expressed as percent of basal KYNA of each individual, are plotted as
means + SEMs, n = 11—14 animals per group.

1 h after dosing, and KYNA concentrations returned to baseline
levels approximately 20 h postdose. This prolonged duration of
action is attributable to the irreversible inhibition of KAT II by 7.

In conclusion, 7 is a potent, brain-penetrant KAT II inhibitor
that exhibits all of the necessary attributes to serve as a
pharmacological tool for building confidence in the biological
rationale of this target. As irreversible inhibitors of KAT II,
compounds in this series may have unique advantages as
potential clinical candidates. Preliminary SAR investigations
have identified that the R* and R? positions on this scaffold are
ideal for additional modifications to optimize properties and
potency for this series. Future publications will detail the
further elaboration of this series and advancement of our
understanding of structural—functional relationships for this
unique series of irreversible inhibitors of KAT II
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Experimental procedures for the synthesis of 7—27, assay
protocols, and CEREP screening data for 7. This material is
available free of charge via the Internet at http://pubs.acs.org.
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