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Synopsis
The NMDAR (N-methyl-D-aspartate receptor) is a central regulator of synaptic plasticity and learning and memory.
hDAAO (human D-amino acid oxidase) indirectly reduces NMDAR activity by degrading the NMDAR co-agonist D-serine.
Since NMDAR hypofunction is thought to be a foundational defect in schizophrenia, hDAAO inhibitors have potential
as treatments for schizophrenia and other nervous system disorders. Here, we sought to identify novel chemicals
that inhibit hDAAO activity. We used computational tools to design a focused, purchasable library of compounds.
After screening this library for hDAAO inhibition, we identified the structurally novel compound, ‘compound 2’ [3-(7-
hydroxy-2-oxo-4-phenyl-2H-chromen-6-yl)propanoic acid], which displayed low nM hDAAO inhibitory potency (Ki = 7 nM).
Although the library was expected to enrich for compounds that were competitive for both D-serine and FAD, compound
2 actually was FAD uncompetitive, much like canonical hDAAO inhibitors such as benzoic acid. Compound 2 and an
analog were independently co-crystalized with hDAAO. These compounds stabilized a novel conformation of hDAAO
in which the active-site lid was in an open position. These results confirm previous hypotheses regarding active-site
lid flexibility of mammalian D-amino acid oxidases and could assist in the design of the next generation of hDAAO
inhibitors.
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INTRODUCTION

DAAO (D-amino acid oxidase) is a flavoprotein with exquisite
stereospecificity for catalysing the oxidation and, hence, degrad-
ation of D-amino acids [1,2]. DAAO has been studied for many
decades and its catalytic mechanism is well-understood. Using
FAD as cofactor, DAAO binds to D-amino acids and, via a hy-
dride transfer mechanism, oxidizes the amino acid and, in the
process, reduces the FAD cofactor. DAAO has weak activity to-
wards D-amino acids with acidic side chains, but has significant
activity to oxidize a diversity of D-amino acids, typically amino
acids with small hydrophilic, large aromatic or basic side chains
[1,2].
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DAAO is evolutionarily conserved, and in mammals, the sig-
nificant levels of DAAO protein and enzymatic activity are found
in the kidney, liver (some species) and brain [3]. Although the
function of DAAO in liver and kidney is likely to degrade D-
amino acids originating from bacterial sources [4], the function
of DAAO in the mammalian brain was mysterious until the early
1990s, when it was determined that the mammalian brain contains
D-amino acids, most notably D-serine [5,6]. Furthermore, brain D-
serine exists at concentrations sufficient for functionally serving
as a co-agonist at the glycine site of the NMDA (N-methyl-D-
aspartate) receptor [7–9]. The NMDAR is a glutamate receptor
in the brain known to play a central role in the nervous system
processes such as synaptic plasticity, learning and memory and
pain sensation [10]. This link between D-serine and NMDAR
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function suggested that, by controlling D-serine brain levels,
DAAO and serine racemase, the D-serine-synthesizing enzyme
[11], are also involved in regulating the key brain functions. Des-
pite the apparent low levels of DAAO in forebrain regions [12],
pharmacological studies with DAAO inhibitors [13,14], genetic
studies in DAAO knockout animals [15,16] and genetic studies
with serine racemase-mutated mice [17,18] have all clearly in-
dicated that D-serine regulatory enzymes impact NMDAR func-
tion, synaptic function and cognitive ability. Furthermore, chem-
ical regulators of D-serine metabolism could be effective disease
treatments. More specifically, as NMDAR hypofunction is a core
pathway deficit in schizophrenia [19,20], DAAO inhibitors, per-
haps in combination with D-serine systemic administration [21],
have the potential to be effective treatments of schizophrenia
via their capacity to increase D-serine in the brain and enhance
NMDAR-dependent functions [13,14,22]. Moreover, although
the mechanistic underpinnings of DAAO’s roles in nociception
are not fully understood, DAAO inhibitors have been shown
to reduce pain in various rodent models of neuropathic pain
[23–25].

Although multiple academic laboratories and pharmaceutical
companies have designed inhibitors of hDAAO (human DAAO)
[26], the known collection of potent hDAAO inhibitors is struc-
turally rather limited. Modelled after the classic inhibitor, ben-
zoic acid, the original pharmacophore for hDAAO inhibitors
was a low molecular weight, aryl-acid compound that occupied
the hDAAO active site on the re side of the isoalloxazine ring
of FAD [27]. Further efforts revealed that bioisosteric replace-
ment of the acid could produce compounds which were also
hDAAO inhibitors with low nM potency [22]. Guided by the
knowledge that the active site could accommodate D-amino acids
with large aromatic side chains, such as D-tryptophan [28] and
D-DOPA [29], a newer generation of hDAAO inhibitors were
designed that occupy the so-called ‘subpocket’ of the hDAAO
active site [13,30,31]. Additional plasticity in the hDAAO active
site beyond the re side of flavin and the subpocket has yet to be
explored.

hDAAO, unlike other known DAAOs, has low affinity for the
FAD cofactor [32], so it likely exists as an equilibrium of FAD-
bound (active)- and FAD-unbound (inactive) species in physiolo-
gical environments [33]. Guided by this knowledge and by the
precedented FAD-competitive DAAO inhibitors described in
the literature [33–35], we sought compounds that are FAD com-
petitive. To gain specificity for hDAAO inhibition, we sought
compounds that combined elements of both the D-amino acid
and the flavin portion of the FAD cofactor. Such bisubstrate ana-
logues would be expected to compete with both D-serine and FAD
and would represent compounds divergent from existing hDAAO
inhibitors. We used computational tools to identify a focused lib-
rary of bisubstrate analogue-like compounds and screened them
for hDAAO inhibition. Serendipitously, however, we discovered
a compound that did not compete with FAD, but instead occu-
pied a novel pocket in the hDAAO active site and stabilized an
hDAAO conformation with its active-site lid open. The DAAO
active-site lid (amino acids 216–228) had previously been hy-
pothesized to open up to allow for substrate access [28]. The

X-ray crystal structures described here confirm this hypothesis,
extend our knowledge of DAAO active-site flexibility, and enable
future opportunities for structure-guided drug design of DAAO
inhibitors.

EXPERIMENTAL

Compound procurement
The compounds composing the focused library were iden-
tified using computational chemistry methods. Briefly, the
eMolecules catalogue of commercially available compounds
was filtered for acceptable drug-like molecular properties.
After filtering, compounds were computationally scored (us-
ing both 2D and 3D methods) for their potential to occupy
portions of the D-amino acid and FAD-binding pockets within
hDAAO. The 1016 best scoring compounds were purchased
from eMolecules for screening. Please see Supplementary Online
Data (at http://www.bioscirep.org/bsr/034/bsr034e133add.htm)
for details on library assembly and screening.

Compound 1 (4H-furo[3,2-b]pyrrole-5-carboxylic acid) was
synthesized as described previously [27]. Compound 2 [3-(7-
hydroxy-2-oxo-4-phenyl-2H-chromen-6-yl)propanoic acid] was
purchased from eMolecules as an original compound from the fo-
cused library screen. Compound 3 [4-hydroxy-6-(2-(7-hydroxy-
2-oxo-4-phenyl-2H-chromen-6-yl)ethyl)pyridazin-3(2H)-one],
Compound 5 (6-(2,4-dihydroxyphenethyl)-4-hydroxypyridazin-
3(2H)-one) and Compound 6 (6-(2,4-dimethoxyphenethyl)-4-
hydroxypyridazin-3(2H)-one) were synthesized and charac-
terized by NMR and MS. Synthesis and analytical details are
described in the Supplementary Online Data. ADP disodium
salt was purchased from Sigma-Aldrich and Compound 4 was
purchased from eMolecules.

Enzymatic assays
All enzymatic assays were conducted at room temperature (23–
24 ◦C) in 96-well plate format. Dose response data to generate
IC50 data were analysed via Prism (Graphpad Software) or by a
script executed by Pipeline Pilot (Accelrys). In each case, data
were fit to a standard, four parameter equation to determine curve
top, bottom, concentration producing 50 % inhibition (IC50) and
Hill Slope.

An Amplex Red-based assay has been utilized by oth-
ers to measure hDAAO product formation and screen for
hDAAO inhibitors [36]. For our assay, N-terminal hexaHis (His)-
tagged hDAAO (prepared as described previously [32]), HRP
(horseradish peroxidase), FAD, and compound inhibitor were
incubated for 20–30 min. After that pre-incubation period, D-
serine and Amplex Red were added and reaction proceeded
for 1 hour. Fluorescent product, caused by hydrogen peroxide-
dependent, Amplex Red oxidation during hDAAO-catalysed sub-
strate turnover, was measured on a FlexStation II (Molecular
Devices) in endpoint mode with these settings: excitation 530 nm,
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emission 590 nm, cutoff 590 nm and photomultiplier tube on
Low. The final concentrations for reaction components were
as follows: 50 mM sodium phosphate (Sigma), pH 7.4, 0.001 %
(v/v) human serum albumin (Sigma), 0.73 nM His-hDAAO (pre-
pared as described in [32]), 4 units/ml HRP (Sigma), 450 nM
FAD (Sigma), 50 μM Amplex Red (Life Technologies), 5 mM
D-serine (Alfa Aesar) and 1.5 % (w/v) DMSO. For the counter as-
say, hDAAO was omitted and 800 nM hydrogen peroxide (Sigma)
was included. For the rDAAO (rat DAAO) assay, the protocol was
identical except that hDAAO was replaced with 5 nM hexaHis-
tagged rDAAO (prepared as described in [37]) and D-serine con-
centration was increased to 30 mM.

For the LC–MS-based hDAAO inhibition assay, his-hDAAO,
FAD and compound inhibitors were incubated for 20–30 min.
After that period, D-phenylglycine was added and reaction pro-
ceeded for 1 h. The final concentrations for reaction components
were as follows: 50 mM ammonium bicarbonate (Sigma), pH of
approximately 8.0 (not adjusted), 0.001 % (v/v) human serum al-
bumin, 5 nM His-hDAAO, 450 nM FAD, 5 mM D-phenylglycine
(Sigma) and 1 % (v/v) DMSO. Following the 1 h enzymatic
reaction, an equal volume of 100 % (v/v) acetonitrile was ad-
ded. Quantitation of benzylformic acid concentrations was per-
formed using negative ion liquid chromatography/mass spectro-
metry/mass spectrometry (LC–MS/MS). A 2 μl aliquot of sample
was injected onto an ultra-high performance liquid chromato-
graphic system (UPLC Waters Corp) equipped with an API 5500
QTrap mass spectrometer detector (Applied Biosystems/MDS
Sciex) operated in the negative TurboIonSpray® mode. Instru-
ment conditions were adjusted and optimized for benzylformic
acid that was monitored using transitions from m/z 149–77. The
separation of benzylformic acid from extracted matrix materials
was accomplished with an overall run time of 1.5 min using a Wa-
ters Acquity BEH C-18 1.8 μm column (50 mm×2.1 mm) main-
tained at 25 ◦C. The mobile phases used for elution consisted of
1.0 mM ammonium formate with 0.2 % (v/v) formic acid in wa-
ter (A) and 1.0 mM ammonium formate with 0.2 % (v/v) formic
acid in acetonitrile (B) at a total flow rate of 0.600 ml/min. Wash
solvent 1 was 3 % formic acid in acetonitrile and wash solvent 2
was 3 % formic acid in water. Calibration standards were injected
once before and once after the analysis of unknown samples to
construct a standard curve. A linear weighted (1/concentration2)
regression analysis of the analyte peak area ratio versus theoret-
ical concentration was used to produce calibration curves from
standards.

A jump-dilution protocol [38] was utilized to confirm revers-
ibility of compound inhibition and to determine compound ap-
parent dissociation rate (koff). The assay mixture was similar to
that described above for the Amplex Red-based assay system. For
the jump-dilution assay, in 5 μl, 15–40 nM hDAAO was incub-
ated with inhibitor compound at a high concentration (typically
6-fold higher than the IC50) in the presence of 80 μM FAD.
As all the compounds tested were FAD uncompetitive, the high
[FAD] facilitated inhibitor–hDAAO complex formation. After a
30 min pre-incubation to form inhibited complexes, 195 μl of
reaction mixture was added. Compared with the standard assay,
50 mM D-serine was utilized as the hDAAO substrate. With the

40-fold dilution into high-substrate concentration, after dissoci-
ation, compound re-association with hDAAO would be unlikely
and marginal, as the diluted compound concentration would be
well below an effective inhibitory concentration. Immediately
after adding the reaction mixture, fluorescent substrate was mon-
itored kinetically by the FlexStation II. Data were fit using the
following equation [38] in which Pis the fluorescent product
formed, tis the time, vs is the final, steady-state reaction velocity,
vi is the initial reaction velocity, and k is the koff:

[P] = vst + vi − vs

k
(1 − e−kt) (1)

To determine inhibitor mechanism of action (D-serine- or
FAD-competition), saturation experiments were performed us-
ing the Amplex Red system. Keeping D-serine or FAD constant,
concentration of the other substrate was varied, and hDAAO en-
zymatic product was measured fluorescently as described above;
these saturation tests were conducted in the presence of variable
amounts of inhibitor. In these experiments, there was no pre-
incubation period, such that hDAAO was exposed to D-serine,
FAD and inhibitor simultaneously. The final concentrations for
reaction components were as follows: 50 mM sodium phosphate,
pH 7.4, 0.001 % (v/v) human serum albumin, 0.15 nM hDAAO,
4 units/ml HRP, 40 μM FAD (constant for D-serine saturation),
50 μM Amplex Red, 50 mM D-serine (constant for FAD sat-
uration), and 1.5 % DMSO. After a 1 h reaction, product was
measured using the FlexStation II in the endpoint mode. Data
were plotted and fit with a one site, specific binding equation
(Graphpad Prism):

y = Vmax × x

KM + x
(2)

Equation (2) permitted a determination of Vmax and KM at vari-
able inhibitor concentration for a determination of competitive,
uncompetitive or non-competitive profile. For D-serine compet-
itive inhibitors, the same data were fit using the GraphPad Prism
‘Competitive inhibition’ equation to derive a global Ki value:

KM,obs = KM(1 + [I]Ki) (3)

y = Vmax × x

KM,obs + x
(4)

Crystallization and structure determination
Full-length, untagged hDAAO protein was prepared as de-
scribed previously [32]. The hDAAO preparation at 2 mg/ml
was dialysed overnight at 4 ◦C against 50 mM sodium phos-
phate, pH 6.6 and 10 μM FAD prior to crystallography. hDAAO
samples were incubated overnight with 250 μM compound 3 or
1 mM compound 2 and then subjected to crystallization trials.
Crystals of the compound 3 complex were grown in sitting
drops containing 0.4 μl hDAAO + 0.4 μl crystallant consist-
ing of 30 % (w/v) PEG2000MME, 0.1 M potassium thiocyn-
ate. Crystals of the compound 2 complex were grown in sit-
ting drops containing 0.4 μl hDAAO + 0.4 μl crystallant con-
sisting of 13.64 % (w/v) PEG3350, 0.1 M Tris pH 7.4, 0.15 M

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

489

http://creativecommons.org/licenses/by/3.0/


R. T. Terry-Lorenzo and others

potassium citrate tribasic. Crystals were harvested in 20 % (v/v)
ethylene glycol and flash frozen in liquid nitrogen. X-ray data
for the hDAAO:FAD:compound 2 complex crystals were collec-
ted at SSRL beam line 7-1 and reduced with the XDS/XSCALE
package to 2.85 Å. The CCP4 program Phaser was used for
Molecular Replacement using chain A from the 3CUK struc-
ture as the search model. The model was iteratively extended in
real space using Coot and refined in reciprocal space using Re-
fmac5. The final model had R/Rfree = 0.24/0.29. X-ray data for
the hDAAO:FAD:compound 3 complex crystals were collected
at APS beam line 21-idf and reduced with the XDS/XSCALE
package to 2.4 Å. The CCP4 program Molrep was used for Mo-
lecular Replacement using chain A from the 3CUK structure as
the search model. The model was iteratively extended in real
space using Coot and refined in reciprocal space using Refmac5.
The final model had R/Rfree = 0.18/0.23.

RESULTS

Characterization of compound 2 as a novel inhibitor
of hDAAO
We utilized a novel screening strategy to identify compound 2,
a potent inhibitor of hDAAO (See Supplementary Online Data;
compound 2 structure in Table 1). To confirm that compound 2
was a reversible inhibitor of hDAAO, we profiled it in a series of
biochemical assays, using the previously characterized hDAAO
inhibitor compound 1 [22,27] as positive control. As shown in
Figure 1(A), compounds 1 and 2 inhibited hDAAO activity. How-
ever, they did not display inhibition in the counter assay, verifying
that these compounds did not interfere with the assay detection
system non-specifically. To fully exclude fluorescence artefacts
that could arise in the Amplex Red system, we developed an or-
thogonal assay in which the direct product of the hDAAO oxidat-
ive reaction was measured by LC–MS, when D-phenylglycine
was used as substrate. In this assay, both compounds 1 and
2 were confirmed as potent hDAAO inhibitors (Figure 1B and
Table 1). Both compounds inhibited rDAAO, although the com-
pounds were less potent as inhibitors of rDAAO compared with
hDAAO (Figure 1C and Table 1). Compound 1 and other hDAAO
inhibitors have previously been observed to be less potent rDAAO
inhibitors [22]. To confirm that the compounds were reversible,
we utilized a jump-dilution assay protocol, in which the inhib-
ited enzyme–ligand complexes were diluted to allow for kinetic
measurement of inhibitor dissociation and reconstitution of en-
zyme activity [38]. For compound 2, we pre-incubated in 200 nM
(a concentration yielding >80 % inhibition; see Figure 1A), and
then after dilution the compound was at 5 nM (no significant
inhibition under 50 mM D-serine recovery conditions). Reaction
product was recorded immediately after dilution (Figure 1D). Un-
der these conditions, initial velocity (V i) was low, but over time,
inhibitor dissociated and a steady-state velocity (Vs) was reached.
These results were consistent with reversible inhibition [38]. The
recovery time course was fit with equation (1) (the Experimental

section) to obtain an apparent rate constant for dissociation (koff)
as reported in Table 1.

Compound 2 had the kinetic profile of an
active-site hDAAO inhibitor
As described in the Supplementary Online Data section,
compound 2 was hypothesized based upon ligand-based and
structure-based computer modelling to occupy both the active
site of hDAAO and portions of the FAD-binding site. To exper-
imentally determine competitive behaviour of compound 2 with
both substrate (D-serine) and cofactor (FAD), we tested it in D-
serine and FAD saturation experiments. To confirm that our assay
was capable of reporting FAD-competitive kinetic behaviour, we
profiled a series of molecules that we hypothesized would be
FAD competitive. One of these compounds was ADP, a molecule
identical to a substructure of FAD; the ADP portion of FAD
sits deep into the hDAAO protein [39]. ADP was a low-potency
hDAAO inhibitor (Table 1) that we hypothesized would displace
FAD and behave kinetically as FAD-competitive. In FAD satur-
ation experiments, ADP linearly increased hDAAO KM,obs for
FAD with minimal effect on hDAAO Vmax (Figure 2A, top).
This result is consistent with ADP being an FAD-competitive
inhibitor of hDAAO and confirms that our assay could report
FAD-competitive behaviour. In reciprocal D-serine saturation ex-
periments, ADP displayed a mixed competition profile in which
it both lowered Vmax and increased KM,obs (Figure 2B, top). Of
note, when the active site of hDAAO is occupied by a ligand,
hDAAO affinity for FAD increases [32,33]; thus, even a ‘pure’
FAD competitive inhibitor would be expected to appear partially
D-serine competitive in these experiments.

In contrast to ADP, compound 1, which occupies the hDAAO
active site and is stabilized by pi (π–π )-stacking interactions
with the FAD cofactor [27], dose-dependently decreased both
the Vmax and KM,obs for FAD (Figure 2A). This uncompetitive
kinetic behaviour is consistent with compound 1 binding only to
the FAD-bound, hDAAO holoenzyme [27]. In saturation experi-
ments with D-serine, compound 1 displayed classic competitive
behaviour: the value of KM,obs for D-serine increased linearly
with increasing concentration of compound 1, whereas Vmax was
only modestly affected (Figure 2B). In summary, in our experi-
ments, the hDAAO active-site inhibitor compound 1 was D-serine
competitive and FAD uncompetitive. For D-serine competitive
compounds, kinetic equations (3) and (4) (see the Experimental
section) were used to derive an inhibitory constant (Ki), as re-
ported in Table 1. For each compound, the Ki was lower (more
potent) than the IC50 value, which was likely owing to the vari-
able concentrations of FAD and D-serine used in the two assay
formats.

Compound 2 was tested in these assays and determined to be
both FAD uncompetitive (decreased FAD KM,obs and Vmax, Fig-
ure 2A) and D-serine competitive (increased hDAAO KM,obs for
D-serine without affecting Vmax, Figure 2B). This result demon-
strated that, inconsistent with the modelling predictions, com-
pound 2 did not compete with FAD. Rather, despite its larger mo-
lecular mass relative to previously reported active-site hDAAO
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Table 1 Summary of the inhibitory properties of hDAAO inhibitors
All data are presented as mean value +− S.D. (number of separate experiments in parentheses). N.D. = not determined. The four assays for which IC50 data were generated were conducted with

either hDAAO or rDAAO. Assays were conducted either in the Amplex Red format (Amplex) or by direct product detection using LC–MS. The Ki values were determined by fitting data from the
saturation experiments to equations (3) and (4) (see Figure 2 and the Experimental section).

IC50 (μM)

Counter Mechanism of

Compound Structure hDAAO (Amplex) (Amplex) hDAAO (LC–MS) rDAAO (Amplex) inhibition Ki (nM) koff (per min)

Compound 1 0.0030 +− 0.0011 (33) > 1 (31) 0.0076 +− 0.0022 (19) 0.087 +− 0.011 (9) D-serine competitive,
FAD uncompetitive

0.66 +− 0.09 (3) 0.034 +− 0.005 (4)

Compound 2 0.037 +− 0.014 (13) > 10 (9) 0.23 +− 0.18 (5) 4.0 +− 1.4 (4) D-serine competitive,
FAD uncompetitive

7.0 +− 1.4 (3) 0.12 +− 0.02 (8)

Compound 3 0.020 +− 0.005 (5) > 10 (3) 0.11 +− 0.02 (3) 0.047 +− 0.016 (3) D-serine competitive,
FAD uncompetitive

9.6 +− 1.0 (3) 0.015 +− 0.03 (3)

ADP 580 +− 80 (5) > 5000 (2) N.D. N.D. D-serine mixed
competition, FAD
competitive

N.D. N.D.

Compound 4 18 (1) > 100 (1) N.D. N.D. N.D. N.D. N.D.

Compound 5 0.054 +− 0.010 (3) 9.1 (1) 0.013 (1) 0.13 (1) N.D. N.D. N.D.

Compound 6 0.0072 +− 0.0010 (3) > 50 (1) 0.024 (1) 0.083 +− 0.007 (2) N.D. N.D. N.D.

..........................................................................................................................................................................................................................................................................................................................................................................
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Figure 1 Profiling compounds in enzymatic inhibitory assays
(A) In the Amplex Red platform, compound (cpd) 1 and cpd 2 were tested for hDAAO inhibition with D-serine as substrate
(solid lines) and counter assay inhibition (dashed lines). Neither compound produced any inhibition in the counter assay.
(B) Cpd 1 and cpd 2 inhibited hDAAO in the hDAAO inhibition assay with D-phenylglycine as substrate and using LC–MS
for direct product detection. (C) Cpd 1 and cpd 2 inhibited rDAAO, albeit less potently than they inhibited hDAAO. (D)
Jump-dilution assay example data for cpd 2. In the Amplex Red platform, activity of hDAAO was monitored kinetically as
production of fluorescent product over time. In the ‘koff’ condition (squares; ‘200 nM then 5 nM’), 200 nM cpd 2 (an
inhibitory concentration; see Figure 2A) was rapidly diluted to 5 nM (a non-inhibitory concentration). Initially hDAAO was
inhibited as reported by a shallow slope of product production defined as low initial velocity (vi). Over time, inhibitor
dissociates and a more rapid, steady-state velocity of product production (vs) was observed. Quantitative data from each
of these assays are presented in Table 1.

inhibitors [13,22,27,30,40], compound 2 displayed the kinetic
properties of a canonical, active-site-bound hDAAO inhibitor.

Compound 2 bound to hDAAO in an active-site
lid-open conformation
The binding mode of compound 2 to the hDAAO:FAD holoen-
zyme was determined by X-ray crystallography (crystallographic
data in Table 2). In agreement with our kinetic observations (Fig-
ure 2), compound 2 occupied the active site of hDAAO adjacent
to the FAD cofactor. The binding interaction was consistent with
previously published cocrystal structures of hDAAO with small
aryl carboxylic acid inhibitors or carboxylic acid bioisosteres
[13,22,27,30] and included a bidentate hydrogen bond from the
compound propanoate arm to the guanidinium group of Arg283

(Figure 3A). This propanoic acid-binding interaction was fur-
ther stabilized by hydrogen bonds with Tyr228 and Tyr55 (Fig-
ure 3A). The Tyr55 interaction was only available following local
rearrangement of the side chains of the active site because of
inhibitor binding. This interaction with Tyr55 was not seen in past
hDAAO–ligand cocrystal structures (for example, see Figure 4B).

Additional interactions not observed in previous hDAAO–ligand
structures included a hydrogen bond between the coumarin hy-
droxyl and the carbonyl backbone of Gln53 and a water molecule
interaction with the cyclic oxygen and carbonyl of compound 2’s
coumarin ring (Figure 3B).

The flexible propanoate arm allowed the coumarin portion of
compound 2 to extend at 90 ◦ relative to the face of the flavin ring
into the centre of the ligand-binding site. This active-site area,
also termed a ‘subpocket’ [30], is known to associate with the
bulky side chains of DAAO substrates such as D-tryptophan [28]
and is occupied by portions of some DAAO inhibitors [13,30].
The hDAAO-compound 2 structure demonstrated that this sub-
pocket is even more flexible than previously envisioned; it accom-
modates conformational rearrangements that allow the phenyl
group on the 4 position of the coumarin ring to occupy a previ-
ously undefined pocket in hDAAO. This new hDAAO pocket was
generated by the movement of amino acids 218–224, part of the
active-site lid of hDAAO [28], away from the inhibitor pocket, al-
lowing the compound 2 phenyl group to occupy space previously
occupied by Tyr224 (Figure 4). The movement of Tyr224 away
from the active-site pocket allowed Tyr55 to assume a rotamer
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Figure 2 Determination of compound kinetic behavior in FAD- and D-serine saturation experiments
(A) Under conditions of constant, high (50 mM) D-serine concentration, FAD saturation experiments were performed. Using
non-linear curve-fitting, KM,obs,FAD (left) and Vmax (right) for FAD were determined at variable concentrations of tested
inhibitor. (B) Reciprocally to Figure 2(A), under conditions of constant, high (40 μM) FAD concentration, D-serine saturation
experiments were performed to obtain KM,obs,D-ser (left) and Vmax (right) values at variable concentrations of tested inhibitor.

conformation extending into the pocket where it was stabilized
by π–π -stacking interactions with the coumarin heterocycle and
hydrogen-bonding interactions with Arg283.

Similar to substrates [28,29], but unlike other high-affinity
hDAAO ligands [13,22,27,30], no portion of compound 2 π–π -
stacked with the isoalloxazine ring of FAD. Also unlike other
high-affinity hDAAO ligands, there was no suitable hydrogen-
bond donor in compound 2 to interact with the carbonyl backbone
of Gly313 in hDAAO.

Compound 3 also bound to hDAAO in an active-site
lid-open conformation
As hDAAO is a brain target relevant for schizophrenia [26],
and because carboxylic acids generally restrict compounds from
entering the brain [41], we sought to replace the compound 2
carboxylic acid with a bioisostere which could maintain the in-
teraction with Arg283. After synthesizing and testing several ana-
logues of compound 2, we discovered compound 3, in which
the carboxylic acid moiety of compound 2 was replaced with a
hydroxyl–pyridazinone group (structures in Table 1). Profiling
of compound 3 in our panel of assays demonstrated that it was
more potent than compound 2 in each of the assays, with a par-
ticular improvement in rDAAO inhibition (Table 1). In addition,
it had a slow off-rate (0.015 min− 1), which was even slower than

the dissociation of the more potent compound 1 (0.034 min− 1)
(Table 1). Therefore compound 3 is a relatively slow on–off com-
pound that forms a stable, but reversible interaction with hDAAO.

The binding mode of compound 3 to the hDAAO:FAD holoen-
zyme was determined by X-ray crystallography. In this case, a
higher resolution crystal form (P212121) was identified through
sparse matrix screening and the structure resolved to 2.4 Å
(Table 2). Superimposition of the compound 2 and compound 3
structures [RMSD (root-mean-square deviation) = 0.543 Å (301–
301 atoms)] showed an overall similar binding pose within the
hDAAO active-site pocket (Figure 5A). The ketone and hydroxyl
groups of compound 3 formed hydrogen bonds with Arg283 (Fig-
ure 5B), demonstrating that the hydroxyl–pyridazinone was an
effective bioisosteric replacement of the carboxylic acid. The
hydroxyl–pyridazinone substituent was stabilized in the hDAAO
pocket by a total of five hydrogen bonds, two with Arg283, one
with the Tyr228 hydroxyl, one with the Tyr55 hydroxyl, and one
with the backbone carbonyl of Gly313 (Figure 5B). On the other
end of the molecules, the phenyl groups of compounds 2 and 3
both occupied the same activesite lid-open space in hDAAO. In
the compound 3–hDAAO structure, amino acids 219–222 were
not included in the refined structure because of a lack of defined
electron density. However, we defined the compound 3–hDAAO
structure as active-site lid open based upon two points of evid-
ence: (1) The phenyl group of compound 3 overlaid with the
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Table 2 Crystallographic data

Crystal hDAAO:FAD:Compound 2 hDAAO:FAD:Compound 3

PDB ID 4QFD 4QFC

Space group P 32 2 1 P212121

Crystal morphology

Unit cell

a (Å) 86.5 44.4

b (Å) 86.5 60.9

c (Å) 188 258.5

Alpha 90 90

Beta 90 90

Gamma 120 90

Data collection

Beamline SSRL7-1 APS 21-idf

Resolution (Å) 2.85–19.91 2.40–43.79

Highest resolution shell 2.85–2.92 2.40–2.46

Rmerge 0.069 0.096

Highest resolution shell 0.728 0.486

I/Sigma 21.8 12.25

Highest resolution shell 3.2 3.2

Completeness (%) 99.1 99.6

Highest resolution shell 99.8 99.9

Wilson B (Å2) 69.6 40.26

Refinement

Resolution (Å) 2.85 2.4

Rwork 0.245 0.176

Rfree 0.286 0.227

RMSD bonds (Å) 0.019 0.013

RMSD angles (◦) 1.969 1.595

phenyl group of compound 2 and would have sterically clashed
with a closed active-site lid. (2) Movement of the Tyr224 backbone
and side chain of hDAAO was nearly identical in both compounds
2 and 3–hDAAO structures (Figure 5A), confirming that at least
this portion of the lid moves away from the ligand. As compound
3 is a slightly larger molecule than compound 2, to accommodate
this ligand, compound 3 had a ‘tilt’ through the subpocket of the
active site (arrow in Figure 5A). This path through the active-site
subpocket was observed in a prior crystal structure of hDAAO
bound to a different ligand [SEP-137 in [13]; protein data bank
(pdb) ID: 3ZNO].

Analogues of compounds 2 and 3 explore the
importance of the active-site lid open conformation
To explore the importance of the active-site lid open conform-
ation, we tested compound 4 for hDAAO inhibitory potency.

As shown in Table 1, compound 4, which is a compound 2
analogue lacking the phenyl group that occupied the active-
site lid-open pocket, was a poor hDAAO inhibitor with po-
tency approximately 500-fold weaker than compound 2. This
result suggests that the active-site lid-open conformation facilit-
ated binding of compound 2. We also tested two synthetic inter-
mediates of compound 3 (see Supplementary Figure S1; avail-
able at http://www.bioscirep.org/bsr/034/bsr034e133add.htm).
As shown in Table 1, these two compounds, compounds 5
and 6, displayed potency in several of our biochemical as-
says that was similar to the potency of compound 3 (IC50

values within 5–10-fold). This result, unsurprising based upon
data in the literature-testing compounds very similar to com-
pounds 5 and 6 [30], suggests that for these hydroxyl–
pyridazinone-containing compounds, the movement of the
active-site lid to an open conformation did not enhance inhibitor
potency.
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Figure 3 Cpd 2 interacts with the active site of hDAAO
In this figure and in subsequent crystallography images, illustrated amino acid side chain carbons are uncoloured,
carbons of FAD are yellow, and ligand carbons are differentially coloured. Compound structures of ligands included in the
crystallographic images are displayed at the bottom of the images. (A) In the X-ray crystal structure, cpd 2 (green) binds
in the active site of hDAAO adjacent to the FAD cofactor. The carboxylic acid moiety of cpd 2 forms four different hydrogen
bonds (dashed lines) with Arg283, Tyr55 and Tyr228 of hDAAO. The aromatic ring of the Tyr55 side chain also forms a π–π

stacking interaction with the coumarin of cpd 2 (π–π stacking interactions not shown for image clarity). (B) Unlike other
hDAAO inhibitors described in the literature, cpd 2 forms hydrogen bonds with the carbonyl backbone of hDAAO Gln53 and
forms a hydrogen bond with a water molecule (red sphere).

Figure 4 Cpd 2 binds to hDAAO in an active-site lid-open conformation
Overlay of the previously published (pdb ID: 3CUK [27]) cpd 1–hDAAO structure with the cpd 2–hDAAO structure. In all
panels, the cpd 1–hDAAO protein backbone is brown and the cpd 2–hDAAO protein backbone is teal. Cpd 1 carbons are
blue and cpd 2 carbons are green in all images. (A) In the overlay, the primary distinctive movement of the hDAAO backbone
is the active-site lid (a loop comprised amino acids 218–224). Relative to the hDAAO–compound 1 structure, this loop
moves away from the hDAAO active site when hDAAO is bound to cpd 2. The cpd 2-induced hDAAO conformation is defined
as ‘active-site lid open,’ consistent with past publications [28]. In these panels, solvent exposure and, hence, substrate
access is down and towards the viewer, just past the active-site lid. (B) In the active-site lid closed conformation of hDAAO
with cpd 1, Tyr224, a part of the active-site lid, is in proximity to the ligand. (C) In the active-site lid-open conformation of
hDAAO with cpd 2, Tyr224 moves away from the ligand, and the Tyr55 side chain rotates towards the ligand.
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Figure 5 Cpd 3 binds to hDAAO in an active-site lid-open conformation
In these panels, the carbons of cpd 2 are green and compound 3 carbons are tan. (A) An overlay of the active-site
structures of hDAAO in complex with cpd 2 and cpd 3, oriented such that the viewer is looking down into the hDAAO
subpocket. The hydroxyl–pyridazinone group of cpd 3 overlaps with the carboxylic acid of cpd 2. The phenyl groups of both
compounds also overlap. Relative to cpd 2, cpd 3 has a tilted path through the hDAAO active-site subpocket (arrow). In
each structure, Tyr224 and associated peptide backbone is tilted away from the active-site, consistent with the active-site
lid-open conformation. (B) The hydroxyl–pyridazinone group of cpd 3 is an effective carboxylic acid bioisostere, forming
hydrogen bonds with Tyr55, Arg283 and Tyr228. These are the same interactions formed by the carboxylic acid moiety of cpd
2 (Figure 3A). The N on the pyridazinone ring forms a hydrogen bond with the carbonyl in the backbone of hDAAO Gly313.
Although not shown for clarity, the carbonyl moiety on the cpd 3 coumarin ring forms additional hydrogen bonds with a
water molecule and with an N–H from the hDAAO backbone at Leu56.

DISCUSSION

In an effort to identify novel hDAAO inhibitors, we used compu-
tational tools to identify commercially available, putative bisub-
strate analogue-like compounds. We screened a library of ap-
proximately 1000 of these compounds for hDAAO inhibition.
The most potent hit from that screen, compound 2, had a struc-
ture unlike existing hDAAO inhibitors. Although our library was
designed to select compounds that would be both D-serine and
FAD-competitive, kinetic experiments demonstrated that com-
pound 2 was actually FAD uncompetitive. Consistent with this
observation, the ternary co-crystal structure of hDAAO with
compound 2 and FAD demonstrated that compound 2 fit into
the hDAAO active site adjacent to FAD. The bulky, aromatic
portion of compound 2 occupied the hDAAO subpocket and
stabilized an opening of the active-site lid. This finding opens
the possibility of discovering structurally more diverse DAAO
ligands.

Compound 2 interacts with hDAAO via several interactions
that are not seen in other hDAAO inhibitors. The most striking
feature is the movement of amino acids 218–224 (a portion of
the active-site lid) several angstroms away from the rest of the
hDAAO active site (Figure 4A). This backbone movement clears
Tyr224 away from the active site. As Tyr224 is thought to act
as a gatekeeper, controlling compound/substrate access to the

subpocket [13,28,30], the major backbone movement facilitates
access of compound 2 to the subpocket region. An amino acid side
chain movement facilitated by the Tyr224 retreat is the rotation of
Tyr55 towards compound 2, forming π–π stacking and hydrogen
bonds with compound 2. Other novel features of the compound
2-hDAAO structure are hydrogen bonds between the coumarin
bicyclic ring of compound 2 with water and hDAAO (Figure 3B).
This new structure is also interesting because of what it lacks.
High-affinity hDAAO inhibitors reported by Merck [27], Pfizer
[22], Johns Hopkins Brain Science Institute [40], Astellas [30],
and ourselves [13] typically have two features in common: (1) a
hydrogen-bond donor-oriented towards the carbonyl of hDAAO
Gly313, and (2) an aromatic ring that can π–π stack with the
isoalloxazine ring in FAD. Although some high-affinity hDAAO
inhibitors lack interaction with hDAAO Gly313 (for example,
compound 5 from [13]; pdb ID: 3ZNP), these compounds still
are stabilized by the π–π stack with FAD. Because compound
2 is a high-potency hDAAO inhibitor (Ki = 7 nM) which lacks
both of these two features, the novel interactions of compound 2
with hDAAO are presumably strong enough to make up for loss
of these two interactions.

Guided by high-affinity ligands that contain a hydroxyl-
pyridazinone group [30], we designed compound 3. In our
compound scaffold, hydroxyl-pyridazinone was an effective
bioisosteric replacement for the carboxylic acid of compound
2. Indeed, compound 3, unlike compound 2, displayed the two
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modes of interaction with hDAAO discussed above: a hydro-
gen bond with Gly313 of hDAAO and a π–π stacking interac-
tion with FAD (Figure 5B). Compound 3 was approximately
2-fold more potent as a hDAAO inhibitor, with enhanced po-
tency driven largely by a particularly slow koff (Table 1). How-
ever, this rather modest potency boost after gaining two addi-
tional major hDAAO interactions suggest that the path through
the subpocket by compound 3 is less favourable than for com-
pound 2 (Figure 5A), or that some of the interactions found in
compound 2 but not in compound 3 (see Figure 3B for two ex-
amples) are key drivers of binding affinity and, hence, inhibitory
potency.

This study enables us to comment on the rigidity or flexibil-
ity of various regions of the hDAAO active site. In all hDAAO
substrate and inhibitor complexes examined, including the com-
pounds reported here, Arg283 and FAD appear inflexible. This
rigidity could be expected as the Arg283–carboxylic acid asso-
ciation in substrates is critical to position the substrate in the
correct orientation on the re face of the flavin portion of the FAD
cofactor to facilitate oxidation [2]. More distant from the precise
site of the oxidative reaction, the hDAAO active site appears to
be more flexible. The region termed the subpocket [30] (occupied
by the coumarin ring in compounds 2 and 3), has demonstrated
flexibility in past structures, particularly in rotamer movements
of Tyr224 [13,28,30]. In this study, with the hDAAO backbone
movement causing a several angstrom Tyr224 movement away
from the active site, additional flexibility in the subpocket is re-
vealed. This can be observed most clearly by the different routes
ligands traverse through this region (e.g. Figure 5A). Finally, the
active-site lid (a loop formed by amino acids 216–224) may be a
region of extensive flexibility. We did not observe electron density
for the full active-site lid in the compound 3–hDAAO structure,
indicating that this flexibility is associated with structural het-
erogeneity. Additional structural information will be required to
make firm conclusions about the various conformations that can
be adopted by this region of hDAAO. The flexibility/adaptability
of the DAAO active site correlates well with its broad sub-
strate specificity: the rearrangement of residue side chains loc-
ated on the re side of the flavin isoalloxazine ring allows DAAO
to bind D-amino acids with significantly different size, includ-
ing unnatural ones such as cephalosporin C and naphthyl-amino
acids [42,43].

The active-site lid of DAAO has long been suspected of being
a mobile region of the protein, which must open to allow entry
of D-amino acids into the DAAO active site [28,44]. Follow-
ing substrate entry, the closed lid conformation of DAAO gene-
rates a hydrophobic environment that contributes to DAAO
substrate specificity [45] and facilitates hydride transfer during
substrate oxidation [28]. To date, all structures of yeast, pig,
and human DAAO, whether in the substrate-bound, inhibitor-
bound, or unbound forms, have portrayed DAAO with this lid
closed. Thus, the structures reported here are revealing in that,
by capturing hDAAO in a lid-open conformation, they provide
direct evidence which confirms past hypotheses of lid flexibility
[28,44]. Compounds 2 and 3 are potent hDAAO inhibitors with
Ki values<10 nM and slow off-rates (for example, compound

3 has a dissociative half-life of nearly 1 h; Table 1). Thus, this
ligand-induced, active-site lid-open conformation is an alternat-
ive, stable conformation of hDAAO. Although the lid-open con-
formation is stable, it is revealing that the non-substrate-bound
form of hDAAO has only been crystalized in the closed conform-
ation [29]. This result suggests that, although the active-site lid
can sample at least two distinct conformations, the closed form is
presumably a more favourable, lower free-energy state. As seen
with compounds 4, 5 and 6 (Table 1), the lid-open conforma-
tion has variable influence on inhibitor potency. In the compound
2 scaffold, loss of the phenyl group that occupies the active-
site lid-open pocket greatly reduced potency and, presumably,
affinity (compound 4 in Table 1). However, in the hydroxyl–
pyridazinone compound series, the additional interactions af-
forded by the lid-open conformation did not enhance inhibit-
ory potency (compare compound 3 with compounds 5 and 6 in
Table 1). Further experiments are needed to explore the energetic
favourability of the active-site lid-open versus -closed conform-
ations of hDAAO. As a final consideration of the relevance of
the active-site lid-open conformation, because compound 3 is a
potent rDAAO inhibitor (Table 1), this lid-open conformation
is likely to exist in DAAO proteins from non-human species as
well.

Multiple groups have pursued the discovery of potent, brain-
penetrant, drug-like hDAAO inhibitors for use in treating schizo-
phrenia and other nervous system disorders [26]. Thus, the iden-
tification of a novel hDAAO conformation could guide the design
of the next generation of hDAAO inhibitors. The structures de-
scribed herein reveal a lid-open space for the design of DAAO
inhibitors and show that π–π stacking interactions with FAD are
not required for potent inhibition. As we expected, in in vivo
studies in which compound 2 or 3 were dosed intraperiton-
eally in mice, each compound displayed low brain penetration
(brain:plasma compound ratios <0.05; results not shown). Like
all existing high-affinity hDAAO inhibitors, interaction of these
compounds with Arg283 of hDAAO requires a carboxylic acid or
other electronegative moiety, a feature that is known to reduce
brain penetration [41]. Therefore we hypothesize that one could
optimize the interaction of compound 2-like compounds with
the subpocket and newly revealed active-site lid-open pocket.
Potency gained by optimizing ligand binding in these hDAAO
regions could conceivably reduce the need for extensive Arg283

association, and, thus, could facilitate the creation of novel in-
hibitors of hDAAO.
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EXPERIMENTAL

Designing the focused library
To prepare a library of compounds for screening we first
filtered the then current (as of June, 2012) snapshot of the
eMolecules database of commercially available compounds
(http://www.emolecules.com; released March, 2012, and last ac-
cessed 22 January 2014). A set of molecular property filters
(Table S1) were then applied to the eMolecules compounds (ini-
tially over 6 million compounds in total). This filtering reduced
the total number of compounds to just over 320 000. This filtered
set of eMolecules compounds was then used as input into three
different computational methods: a 2D ligand-based method; a
3D ligand-based method; and a 3D structure-based method.

The ligand-based methods required a set of known active mo-
lecules. These were obtained directly from the protein–ligand
structures listed in Table S2. This set of three compounds (the
‘query’ set) was used in all of the ligand-based searching on the
filtered eMolecules’ compounds (the ‘database’ set). The three
query compounds shown in Table S2 were selected from the set of
known DAAO actives by optimization of structural diversity (i.e.
dissimilarity) using ECFP-6 (extended connectivity fingerprints
of length 6) [1].

Before performing the 3D calculations it was necessary to
generate 3D conformations for each molecule in both query and
database sets. Omega (v2.4.6) [2] was used to generate plaus-
ible sets of conformations for each database molecule using the
default settings for all command-line parameters, with the excep-
tion of the following: an energy window value of 50; a maximum
number of conformers of 1000; and root-mean-square conformer-
clustering threshold of 0.75 Å. For the query compounds, Omega
was used with default settings for everything except the maximum
number of conformers, which was set to 1.

To incorporate 3D structural information into our assessment
of the database compounds, we used a docking and scoring ap-
proach. There were two primary reasons for introducing protein

1 To whom correspondence should be addressed (email Ryan.Terry-Lorenzo@sunovion.com).

Table S1 Property cut-off values used to perform a first-pass
triage of the full set of eMolecules compounds
All properties were calculated and filtered using Pipeline Pilot
(v8.5.0.200) (Accelrys, http://www.accelrys.com; accessed 22 Janu-
ary 2014)

Property Min Max

Molecular mass 250 450

Hydrogen-bond donors 0 8

Hydrogen-bond acceptors 0 4

AlogP − 0.5 4.5

Polar surface area 0 100

Rotatable bonds 0 8

Number of aromatic rings 0 4

structure into the calculation: First, we were looking to bias our
screening library for active-site similarity to obtain compounds
more generally compatible with the full size and shape of the
DAAO active site. Secondly, we sought to explore new regions
of the binding site by requiring additional positional constraints
on the docked poses during the docking procedure.

In the following sections, we describe three different methods
used to search the database compounds. In the final section, we
describe the steps to combine the individual methods and produce
the final prioritized list of candidate compounds for consideration
in the screening library.

2D ligand-based calculations
To assess 2D ligand similarity against the query compounds,
we used ECFP-6, which was calculated and processed within
Pipeline Pilot (v8.5.0.200) with a bit length of 4096. The out-
put from this was three separate rank-ordered lists of database
compounds, one for each of the three query molecules. The com-
pounds in each of these lists contain an ECFP-6 Tanimoto sim-
ilarity value to each known active, the values of which ranged
from 1.0 (identical) to 0.0 (orthogonal).

c© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.
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Table S2 Chemical structures for the three query compounds used in the ligand-based
strategies, along with the accompanying truncated FAD fragment
Also listed in the table are the pdb sources of the 3D coordinates for each molecule.

Identifier Structure Source

Compound S-1 PDB: 3CUK

Compound S-2 PDB: 1DDO

Compound S-3 PDB: 3ZNO

FAD fragment (3D coordinates taken from each of the above structures)

3D ligand-based calculations
The three queries shown in Table S2, along with their accompa-
nying FAD fragments, were used to perform the 3D similarity
comparisons. To compare 3D similarity we used the program
ROCS (v3.1.2) [3]. The ROCS calculation returns shape Tan-
imoto and colour Tanimoto values for the single best conformer
overlay of each database molecule onto each of the three query
molecules. The full calculation also incorporates an accompany-
ing FAD fragment that adds its shape and colour to each query
molecule. The 3D coordinates for each FAD fragment were ob-
tained from the cognate structure of each query molecule (spe-
cified in Table S2). From this step we generated a separate list
of rank-ordered compounds for each query, which was sorted by
the combined score of shape Tanimoto plus colour Tanimoto.

3D structure-based calculations
We used the protein coordinates from the three X-ray crys-
tallographic structures (the cognate structures for each query)
listed in Table S2. To prepare the protein structures for con-
sistent handling in the scoring procedure, we added explicit
hydrogen atoms to each complex using OpenEye Scientific
Software’s hydrogen-atom placement algorithm in OEChem
(http://www.eyesopen.com/; last accessed 22 January 2014). All
of the database compounds were then docked into each protein
structure using FRED (v2.2.5) [4]. FRED broke down the process
into three phases: (1) a grid was constructed that encompassed
the region of the protein within which we wished to search; (2)
the input conformations for each molecule were systematically
translated and rotated on the protein active-site grid to produce an
exhaustive set of putative binding poses, which were then triaged
down to a manageable number by initial scoring; and (3), the top-

scoring poses from (2) were passed into final score optimization
to produce a single highest-scoring best pose for each compound.

To generate the grids in (1) we used the position of the crystal
structure ligand to centre each grid ‘box,’ after which 4.0 Å
was added to each side of the grid box. We added to each grid
an additional pose filter that contained three constraints in the
active site. The first two constraints placed two spheres with
a radius 1.5 Å on FAD fragment atoms O2 and O4. The final
constraint placed a 1.5 Å sphere on the atom labelled CZ in the
protein active-site arginine residue (residue Arg283 in 2DU8). Any
docked poses that could not place at least 1 atom of the correct
functional group into each of these spheres was eliminated from
consideration. Poses that survived these constraints were then
scored in step (2) using CGO (Chemical Gaussian Overlay),
which filtered out all but the top scoring 100 poses. The CGO
score was chosen in order to provide a measure of similarity
against the known ligands, which allowed for incorporation of
additional bias towards experimental data. These poses were then
optimized using ChemGauss3 [4] in step (3) of the docking. The
above docking procedure produced three rank-ordered lists, one
for each structure used.

Combining scores
To combine the information from all of the above methods we
used a general framework based on Belief Theory [5] to provide
a final net cumulative score. This requires all of the similarities
from the ligand-based methods [6], as well as the docking scores
from the structure-based method, to be converted into probabil-
ities [7]. The individual probabilities, or ‘beliefs,’ from the each
method were then combined in a formal way to create a total be-
lief in the activity of each database molecule. We used equation
(S1) to combine the probabilities for the ligand-based beliefs
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from ECFP-6 and ROCS, and the structure-based beliefs from
FRED: (S1)

Cumulative belief = 1 −
N ,M∏

i=1, j=1

(1 − Pi, j ) (S1)

where N is the number of methods, M is the number of queries,
and Pi,j is the probability for the ith measure on the jth query.
The cumulative beliefs produced by the conjunctive combination
in equation (S1) were then used to produce a final ranked list
of database compounds. The top several thousand compounds
from this list were retained and passed for final evaluation by a
project-team medicinal chemist, who then generated the final list
of compounds to be screened.

Compound screening
The focused library of 1016 compounds was screened for hDAAO
inhibition using the Amplex Red-based platform. Compounds
were screened at 50 and 5 μM in parallel in the hDAAO in-
hibition and counter assays. Hits were considered compounds
in which the% inhibition at 50 μM was >35 percentage points
higher in the hDAAO inhibition versus the counter assay. These
hits were further characterized by determining an hDAAO IC50.
To quantitatively determine assay performance, a Z’ factor [8]
was determined using standard protocols and equations. Briefly,
hDAAO activity (based upon fluorescent product produced) was
determined in 32 interleaved wells each of 3 conditions: DMSO-
treated (Signal), 3.3 nM compound 1-treated (Mid value), and
3.3 μM compound 1-treated (background). The compound 1 con-
centration in the Mid value condition was chosen as an approx-
imate IC50, and the background concentration was a compound 1
concentration that produced 100 % hDAAO inhibition. This ex-
periment was repeated using three plates each on three different
days. The signal and background wells were used to determine
a Z’ Factor, a single metric that quantitatively defines the suit-
ability of an assay for screening by accounting for assay signal,
background and S.D. of both signal and background [8].

Synthesis of compound 3
The general synthetic scheme for compound 3 is described in
Supplementary Figure S1. More details are below.

((2,4-dimethoxyphenyl)ethynyl)trimethylsilane

To a solution of 1-iodo-2, 4-dimethoxybenzene (1.32 g,
5.0 mmol), PdCl2(PPh3)2 (0.07 g, 0.1 mmol) and CuI (0.02 g,
0.1 mmol) in TEA (triethanolamine) (20 ml) (stirring for 5 min
beforehand), 6.0 mmol of trimethylsilyl acetylene (0.588 g,
6.0 mmol) in 5 ml of TEA was added dropwise over 10 min
under Ar atmosphere. Then the mixture was stirred at room
temperature for 1.5 h. The resulting solution was filtered,

washed with brine and extracted with ethyl acetate (2 × 10 ml).
The combined organics were dried (MgSO4) and concen-
trated under vacuum to provide the crude product. Puri-
fication by flash chromatography to provide 1.1g (93 %
yield) of ((2,4-dimethoxyphenyl)ethynyl)trimethylsilane as a
brown solid. 1H NMR (400 MHz, CDCl3) δ 7.32 (d, J =
8.0 Hz, 1H), 6.36 (d, J = 8.0 Hz, 1H), 6.34 (s, 1H), 3.78 (s,
3H), 3.72 (s, 3H), 0.25 (s, 9H). MS (ESI) m/z 235 (M + H) + .

1-Ethynyl-2,4-dimethoxybenzene

A solution of NaOH (1.60 g, 40.0 mmol) in 15 ml of water was ad-
ded dropwise to [(2, 4-dimethoxyphenyl)ethynyl]trimethylsilane
(2.34 g, 10 mmol) in 45 ml of 50 % of CH3OH/diethyl ether. The
reaction mixture was stirred for 3 h at 25 ◦C. CH3OH was re-
moved under vacuum. The reaction mixture was diluted with
ether and neutralized with 2 M HCl. The ether layer was washed
with water, dried (Na2SO4), filtered, and the solvent removed
under vacuum. Purification by flash chromatography to provide
1.1 g (68 % yield) of 1-ethynyl-2,4-dimethoxybenzene as a clear
oil. 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.4 Hz, 1H), 6.42
(d, J = 8.4 Hz, 1H), 6.41 (s, 1H), 3.84 (s, 3H), 3.78 (s, 3H), 3.25
(s, 1H). MS (ESI) m/z 163 (M + H) + .

3,4-Bis(benzyloxy)-6-chloropyridazine

To a solution of sodium hydride (4.98 g, 124.4 mmol) in THF
(200 ml) was added phenylmethanol (13.45 g, 124.4 mmol) at
room temperature. The resulting mixture was stirred for 1 h
and then cooled to 0 ◦C. 3,4,6-trichloropyridazine (11.41 g,
62.2 mmol) in THF (tetrahydrofolate) (50 ml) was then added
dropwise. The reaction mixture was stirred at room temperature
for 4 h. EtOAc (400 ml) was added to the reaction vessel and
the resulting biphasic mixture was transferred to a separator fun-
nel. The layers were separated and the organic phase was washed
with saturated aqueous NaCl (1 × 75 ml). The combined organics
were dried (Na2SO4), filtered and concentrated in vacuo. The res-
ulting oil was purified by flash column chromatography with 20/1
PE/EA) to provide 6.2 g (30.5 % yield) of 3, 4bis(benzyloxy)-6-
chloropyridazine as a white solid. MS (ESI) m/z 327.0 (M +
H) + .

3,4-Bis(benzyloxy)-6-((2,4-
dimethoxyphenyl)ethynyl)pyridazine

To a solution of 1-ethynyl-2,4-dimethoxybenzene (0.16 g,
1 mmol) in THF (5 ml) was added 3,4-bis(benzyloxy)-6-
chloropyridazine (327 mg, 1 mmol) followed by copper iodide
(0.02 g, 0.1 mmol), DBU (0.46 g, 3 mmol) and PdCl2(Ph3P)2
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Figure S1 Chemical synthesis scheme for compound 3

(0.04 g, 0.05 mmol) in a 20 ml microwave vial. The mix-
ture was purged with nitrogen before the whole mixture was
subjected to microwave radiation for 1 h at 85 ◦C. The re-
action mixture was cooled to room temperature and diluted
with ethyl acetate and purified by silica gel chromatography
to provide 320 mg (71 %. yield) of 3,4-bis(benzyloxy)-6-((2,4-
dimethoxyphenyl)ethynyl)pyridazine as an orange oil. MS (ESI)
m/z 453 (M + H) + .

6-(2,4-Dimethoxyphenethyl)-4-hydroxypyridazin-
3(2H)-one

To a solution of 3, 4-bis(benzyloxy)-6-((2,4-dimethoxyphenyl)
ethynyl)pyridazine (1–7) (230 mg, 0.05 mmol) in ethanol (10 ml)
under nitrogen was added palladium (10 wt.% on activated car-
bon, 23 mg). The reaction mixture was deoxygenated under va-
cuum and then hydrogenated at room temperature for 2 h. After
the reaction completed, the reaction mixture was filtered through
a pad of celite and washed with ethnol (2 × 25 ml). The filtrate
was concentrated to provide 114 mg (81 % yield) of 6-(2, 4-
dimethoxyphenethyl)pyridazine-3,4-diol) as a brown solid. This
crude product was used for the next step without further puri-
fication. 1H NMR (400 MHz, DMSO) δ 12.64 (s, 1H), 10.69 (s,
1H), 6.99 (d, J = 8.3 Hz, 1H), 6.56–6.49 (m, 2H), 6.41 (dd, J =
8.3, 2.4 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 2.77-2.71 (m, 2H),
2.68–2.61 (m, 2H). MS (ESI) m/z 277 (M + H) + .

6-(2,4-Dihydroxyphenethyl)-4-hydroxypyridazin-
3(2H)-one

To a solution of a 6-(2, 4-dimethoxyphenethyl)-4-hydroxypyr-
idazin-3(2H)-one (2 mmol) in dry CH2Cl2 (5 ml) was added
dropwise BBr3 (1.2 mmol, 0.3 ml) at − 20 ◦C. Then the reac-
tion mixture was warmed to room temperature and stirred at that
temperature overnight. HCl in methanol (1 M, 2 ml) was added to
quench the reaction at 0 ◦C. The mixture was concentrated under
vacuum. The crude product was enough pure for the use of next
step. 1H NMR (400 MHz, DMSO) δ 12.64 (s, 1H), 10.67 (s, 1H),
8.85–9.25 (m, 2H), 6.77 (d, J = 8.2 Hz, 1H), 6.51 (s, 1H), 6.26
(d, J = 2.3 Hz, 1H), 6.10 (dd, J = 8.1, 2.4 Hz, 1H), 2.70–2.60
(m, 4H), 2.54 (s, 1H). MS (ESI) m/z 249 (M + H) + .

4-Hydroxy-6-(2-(7-hydroxy-2-oxo-4-phenyl-2H-
chromen-6-yl)ethyl)pyridazin-3(2H)-one

To a solution of 6-(2,4-dihydroxyphenethyl)-4-hydroxypy-
ridazin-3(2H)-one (302 mg, 1.21 mmol) in methanesulfonic acid
(5 ml) was added ethyl 3-oxo-3-phenylpropanoate (230 mg,
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Figure S2 Screening strategy identified compound 2
(A) In the Amplex Red system in 96-well plate format, hDAAO activity, based upon RFUs (relative fluorescent units) of product
produced, was determined in 32 interleaved wells each of three conditions: DMSO-treated (‘High’), 3.3 nM compound
1-treated (‘Mid’), and 3.3 μM compound 1-treated (‘Low’). Shown in Figure 1(A) are results without normalization or
background-subtraction from an average (median) plate. (B) On nine repeat plates (three plates each on three different
days) of the experiment described in Figure 1A, the High and Low wells were used to determine a Z’ Factor [8]. The Z’
Factors on all nine plates were above 0.6, indicating that the assay was suitable for differentiating hDAAO inhibitors and
non-inhibitors when screening compounds in single-dose format. (C) Inhibition curves with compound 1 in four independent
experiments demonstrated assay reproducibility in reporting IC50 values. (D) 127 hits from the screen were tested for
hDAAO inhibitory potency. Shown are the numbers of compounds in each histogram bin of inhibitory potency. Compound
2 was the most potent hit from the screen.

1.21 mmol).The reaction mixture was stirred at room temper-
ature for 1 h. Water (50 ml) was added to the reaction vessel
and the resulting solid was collected by filtration. The solid
was purified by Pre-HPLC to provide 270 mg (59 % yield)
of 4-hydroxy-6-(2-(7-hydroxy-2-oxo-4-phenyl-2H-chromen-6-
yl)ethyl)pyridazin-3(2H)-one (compound 3) as a white solid. 1H
NMR (400 MHz, DMSO) δ 12.65 (s, 1H), 10.77 (s, 2H), 7.58-
7.48 (m, 3H), 7.34 (dd, J = 6.4, 2.8 Hz, 2H), 6.94 (s, 1H), 6.84
(s, 1H), 6.52 (s, 1H), 6.10 (s, 1H), 2.79 (t, J = 6.9 Hz, 2H), 2.65
(t, J = 7.0 Hz, 2H). MS (ESI) m/z 377 (M + H) + .

RESULTS

Identification of compound 2 as a novel inhibitor
of hDAAO
To identify the novel inhibitors of hDAAO, we performed a
series of modelling techniques to guide the purchase of com-
mercially available compounds. These techniques ultimately pro-
duced a group of compounds modelled as bisubstrate analogues
containing, in a single molecule, structural features of an act-
ive site hDAAO inhibitor adjacent to structural elements of the
FAD cofactor. 1016 compounds were purchased and screened for
hDAAO inhibition.

To screen these molecules for hDAAO inhibition, we used an
Amplex Red-based fluorescence enzyme assay to measure the
hydrogen peroxide produced during the hDAAO catalytic cycle
of FAD reduction and re-oxidation [9]. The assay was robust with
low S.D. and good signal-to-noise ratio, as evidenced by high Z’
factor [8] values (Supplementary Figures S2A and S2B). hDAAO
activity was inhibited potently and reproducibly by a known
hDAAO inhibitor [10,11], compound 1 (Supplementary Figure
S2C and Table 2). The screen of 1016 compounds was executed,
using a counter assay to exclude compounds that interfered with
the HRP/hydrogen peroxide detection system. For hit confirma-
tion, 127 compounds that displayed >35 % specific hDAAO in-
hibition at 50 μM were characterized in concentration–response
experiments to generate IC50 values. The range of IC50 results
are listed in Supplementary Figure S2(D). The most potent hit
compound was compound 2.
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