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Indoleamine 2,3-dioxygenase 1 (IDO1) is a key regulator of immune responses and therefore an
important therapeutic target for the treatment of diseases that involve pathological immune escape, such
as cancer. Here, we describe a robust and sensitive high-throughput screen (HTS) for IDO1 inhibitors
using the Prestwick Chemical Library of 1200 FDA-approved drugs and the Maybridge HitFinder
Collection of 14,000 small molecules. Of the 60 hits selected for follow-up studies, 14 displayed IC50

values below 20 mM under the secondary assay conditions, and 4 showed an activity in cellular tests. In
view of the high attrition rate we used both experimental and computational techniques to identify and
to characterize compounds inhibiting IDO1 through unspecific inhibition mechanisms such as chemical
reactivity, redox cycling, or aggregation. One specific IDO1 inhibitor scaffold, the imidazole antifungal
agents, was chosen for rational structure-based lead optimization, which led to more soluble and smaller
compounds with micromolar activity.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

The kynurenine pathway of tryptophan metabolism has been
recognized as a central component of both the nervous [1] and the
immune system [2e4]. The enzyme indoleamine 2,3-dioxygenase 1
(IDO1, EC 1.13.11.52) catalyzes the initial and rate-limiting step in
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tryptophan catabolism [5], leading to the depletion of tryptophan
and to the production of kynurenine metabolites, both responsible
for local immunosuppression [6]. The immunosuppressive function
of IDO1 [7,8] and the functionally related enzyme tryptophan 2,3-
dioxygenase (TDO) [9,10] is exploited by tumor cells to escape a
potentially effective immune response [6]. As high IDO1 expression
is associated with poor prognosis in a variety of cancer types [11], it
has been selected as a therapeutic target for pharmacological in-
terventions [12,13]. Results from in vitro and in vivo studies
demonstrate indeed that the efficacy of therapeutic vaccination or
chemotherapy may be improved by concomitant administration of
an IDO1 inhibitor [7,14,15].

Intense efforts to develop potent, selective IDO1 inhibitors are
ongoing in academia and in pharmaceutical companies and have
yielded different active scaffolds, such as quinones, indoles,
hydroxyamidines, triazoles, and indoles [16]. Two compounds have
entered clinical trials, the hydroxyamidine INCB024360 developed
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by Incyte [15,17,18] (NCT: NCT01604889, NCT01685255,
NCT01822691, NCT01961115), and more recently the imidazole
NLG919 from New Link Genetics [19]. High-throughput screening
(HTS) has become a routine method for the discovery of new in-
hibitors, but care must be taken to avoid compound-dependent
assay interference artifacts [20]. A few screening campaigns for
IDO1 inhibitors have been described. A yeast growth restoration
assay conducted with 2500 compounds from the NCI Diversity Set
and from algal extracts identified one IDO1 inhibitor with a Ki of
1.5 mM [21]. 50,000 compounds of the ChemBridge DiverSet com-
pound library were subject to a yeast-based screening assay [22],
validated by a low hit rate (0.2%) and a high confirmation rate (76%).
However, no chemical structures were disclosed. Amgen's com-
pound library (245,000 compounds) has been screened in an
enzymatic assay against IDO1 [23], yielding a hit rate of 1.4%. The
structure of one hit, Amg-1 with an IC50 value of 3 mM, was dis-
closed. Another screen of the NCI Diversity Set with a new fluo-
rescence detection method [24] yielded 35 hits without disclosing
their structures. Recently, a library of 352 fragments was screened
on IDO1 using differential scanning fluorimetry as detection
method [25]. 51 hits were disclosed, and lead optimization
concentrated on the hydrazine scaffold, identifying phenyl-
hydrazine as a nanomolar IDO1 inhibitor.

Review of the screening literature on IDO1 reveals that only
selected fractions of the results have been published, for example
omitting the identification of promiscuous hits, and often con-
cealing the chemical structures of the active scaffolds. While this is
understandable in view of the advantage of nondisclosure when
developing new therapeutics, it hampers the discovery of new se-
lective IDO1 inhibitors, as manifest by numerous recent publica-
tions describing compounds probably acting through an unspecific
inhibition mechanism on IDO1. Here, we describe a HTS for IDO1
inhibitors including a detailed analysis of the hits and extensive
follow-up studies to distinguish between specific and promiscuous
IDO1 inhibitors. We only leave out the description of two active
compounds to allow for their potential further development as
therapeutic agents.

In an academic screening effort, we screened two chemical li-
braries against IDO1, the Prestwick Chemical Library (PCL), which is
composed of 1200 FDA-approved drugs, and the Maybridge Hit-
Finder Collection (MHC) of 14,000 compounds. The structural
overlap between the Maybridge HitFinder Collection and previ-
ously screened libraries for which data is publicly available (NCI
Diversity Set, Chembridge DiverSet) is very low (23 and 77 com-
pounds respectively). Therefore the possibility of discovering new
inhibitor scaffolds through our screening is warranted. Although
some FDA approved compounds have previously been tested for
IDO1 inhibition [26], no systematic screening has been carried out
yet. The advantage of screening a library of FDA-approved com-
pounds is the large amount of available information. This is of value
not only for the purpose of drug repositioning [27] but also for
evaluating probable modes of action. As many of our screening hits
turned out to be false positives, we used known criteria for filtering
out HTS interference compounds [28e34] as well as different sec-
ondary assays for detecting unspecific inhibition. Oxidative pro-
teins are known to be difficult screening targets, because library
compounds capable of redox cycling may indirectly inhibit target
activity depending on assay conditions [29,35e37]. False positives
can also result from phenomena such as aggregation [28,38], co-
valent reactivity [34], or interference with the optical readout [20].
We used quantum-chemical calculations to investigate the link
between the reduction and oxidation potentials of known redox-
cycling compounds and their activity on IDO1. Aggregation was
controlled in a secondary assay by addition of small amounts of
detergent to the incubation medium [39]. Chemically reactive
compounds were detected by structural filters, or, in case of strong
electrophiles, subject to an enzymatic assay in presence of high
concentrations of a nucleophile. Interference with the optical
readout was circumvented by using HPLC separation in the sec-
ondary assay. Confirmed hit compounds were subject to a cellular
test for murine IDO1 inhibition and counter-screened for murine
TDO inhibition. One confirmed active scaffold, the imidazole anti-
fungal agents, was chosen for computer-aided structure-based lead
optimization, which we have successfully applied to the design of
new IDO1 inhibitors before [40,41]. Here, this approach led to more
soluble and smaller compounds with micromolar activity.

2. Results and discussion

2.1. High throughput screening

The employed HTS protocol was similar to commonly employed
enzymatic assay protocols [41]. Briefly, the reaction mixture con-
tained IDO1, the substrate L-tryptophan, the reducing agents
ascorbate and methylene blue, and the library compound at a
concentration of 10 mM. After incubation for 60 min at room tem-
perature, the enzymatic reaction was stopped by addition of a
hydrogen peroxide solution. Some features of the protocol need to
be taken into account when interpreting the screening results.
Firstly, to obtain a high-throughput detection method of the
enzymatic reaction product N-formyl kynurenine (NFK), no HPLC
separation was carried out. Instead, the light absorption of the re-
action mixtures was measured at a wavelength of 320 nm before
and after incubation with IDO1. However, this wavelength is not
very specific for NFK. Screening compounds that undergo chemical
modifications during incubation or after addition of hydrogen
peroxide may also cause absorbance changes in this region. Sec-
ondly, the absence of catalase, which is normally added to the in-
cubation medium [42], could facilitate the oxidation of active,
ferrous IDO1 to inactive, ferric IDO1. False positives due to these
effects were removed during the secondary assay, when kynur-
enine was quantified after HPLC separation and catalase was added
to the incubation medium.

An example of the screening result for one 384-well plate is
given in Fig.1A. The first 32wells were used for the negative control
(no inhibitor present, cyan squares), while the last 32 wells were
used for the positive control (reference inhibitor present, green
squares). Here, we used our previously developed inhibitor 4-(3-
bromophenyl)-1,2,3-triazole [41] (IC50 ¼ 2.0 mM) at a concentra-
tion of 50 mM as positive reference. At this concentration a com-
plete inhibition of IDO1 activity was achieved, as we previously
confirmed byHPLC analysis. A HTS score of zerowas assigned to the
average absorbance change at 320 nm of the negative control
samples, while a score of one was assigned to the average absor-
bance change of the positive control samples.

The blue shaded area in Fig. 1A denotes the average ±3 standard
deviations of the negative control, while the green shaded area
denotes the average ±3 standard deviations of the positive control.
The calculated Z0 value [43] for this plate is 0.80 and demonstrates
the excellent reproducibility and sensitivity of the employed
screening protocol. The Z0 values for each individual screening plate
ranged from 0.74 to 0.86. The cumulative interplate Z0 was 0.8,
illustrating the good quality and robustness of the screening assay.
Using a HTS score cutoff of 0.2 to define a hit, 36 hits were obtained
for the PCL (3.0%) and 183 hits for the MHC (1.3%).

2.2. Structural and functional analysis of the PCL hits

Based on the large amount of literature available for the FDA-
approved compounds of the PCL, we developed the hypothesis



Fig. 1. A. HTS results for one sample plate. Each dark blue spot corresponds to one library compound. B. Results of the single-point assay for the 60 purchased compounds from the
PCL and the MHC. Compounds producing less than 5% of inhibition (dashed line) were classified as inactives and are thus false positives of the HTS. C. Correlation between the HTS
score and the score of the secondary assay calculated at a concentration of 10 mM for the active compounds (correlation coefficient ¼ 0.55). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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that many of the identified hits act through unspecific inhibition on
IDO1 for one or more of the following reasons.

� Redox-cycling compounds may interfere with the active
reduced state of IDO1 under the HTS assay conditions (e.g.
ebselen, primaquine, idebenone, chrysene-1,4-quinone,
anthralin, eseroline, nisoldipine, lacidipine, nifedipine, disul-
firam) [37].

� Iron chelators may interfere with the heme cofactor (e.g. ciclo-
pirox, disulfiram, deferoxamine, mercaptopurine) [44].

� Tetracycline antibiotics (e.g. lymecycline, oxytetracycline,
doxycycline) might act through a redox mechanism or as iron
chelators [45]

� Some compounds may inhibit IDO1 through chemical reactivity,
for example the alkylating agent dacarbazine.

� Aggregators may promiscuously inhibit enzymes by denatur-
ation (miconazole, econazole, and sulconazole) [28].

� Dye molecules could produce a signal by changing absorption at
320 nm during incubation or after addition of hydrogen
peroxide (e.g. Chicago sky blue, propidium iodide, merbromin).

To test our hypotheses, some of these compounds were chosen
for experimental follow-up studies. These include miconazole (HTS
score 0.91), sulconazole (0.91), econazole (0.83), ciclopirox (0.61),
mercaptopurine (0.61), disulfiram (0.59), nisoldipine (0.42), laci-
dipine (0.22), and nifedipine (0.09). Additionally, 14 compounds
were chosen for further testing:

� The imidazole antifungal drugs sertaconazole (score 0.91), tio-
conazole (0.68), oxiconazole (0.60), isoconazole (0.47),
butoconazole (0.34), enilconazole (0.19), ketoconazole (0.15),
and bifonazole (0.14). These are known to inhibit the enzyme
CYP51A1 (lanosterol 14 a-demethylase), a heme-containing
cytochrome P450 [46] but they could also act unspecifically
through aggregation [28].

� Rabeprazole (0.75), a proton pump inhibitor.
� Phenelzine (0.30), an irreversible monoamine oxidase inhibitor
of the hydrazine class, which has been suggested to modulate
drug metabolism through heme binding in cytochrome P-450
[47].

� Amiodarone (0.21), an antiarrhythmic agent.
� Phentermine (0.15), a psychostimulant drug and appetite
suppressant.

� Liranaftate (0.15), a squalene epoxidase inhibitor used as an
antifungal.

� Raloxifene (0.14), a selective estrogen receptor modulator.

Our hits show a good overlap with the recently described FDA-
approved compounds active on mIDO1 [26], which included some
anti-fungal imidazoles (miconazole, econazole, clotrimazole, sul-
conazole) as well as lansoprazole, fenretinide, nifedipine, and
troglitazone.

See SI Table S1 for a list of all 23 purchased compounds from the
PCL, ranked according to their enzymatic IC50 value measured un-
der standard conditions.
2.3. Structural and functional analysis of the MHC hits

The hits from the MHC were also analyzed structurally and
functionally. Again, many of these compounds were identified as



Table 1
Results for all confirmed hits of the Prestwick Chemical Library (PCL). Name, chemical structure, number of failed structural filters (FScore), enzymatic IC50 value on hIDO under
standard conditions and with 0.01% Triton-X added, cellular IC50 value on mIDO, cellular IC50 value on mTDO, cellular LD50 value. All values are given in mM. NI: no inhibition.
ND: not determined.

Name Structure FScore Enzymatic tests Cellular tests

IC50/standard IC50/Triton IC50/mIDO IC50/mTDO LD50

Sulconazole 0 6.4 ND NI NI 10

Miconazole 1 6.7 3.8 NI NI 10

Econazole 0 8.1 ND NI NI 10

Sertaconazole 0 8.4 ND NI NI 10

Phenelzine 1 14 ND NI NI >25

Bifonazole 0 23 ND NI NI 10

Enilconazole 1 23 ND NI NI >25

Isoconazole 1 23 ND NI NI 10

(continued on next page)
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Table 1 (continued )

Name Structure FScore Enzymatic tests Cellular tests

IC50/standard IC50/Triton IC50/mIDO IC50/mTDO LD50

Oxiconazole 1 28 ND NI NI 10

Ketoconazole 2 32 25 NI NI 25
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potential unspecific inhibitors because of redox-cycling capacities,
chemical reactivity, iron chelation, or strong optical absorption.

It is noteworthy that the five top-ranking hits from the MHC
were all para-quinones, which were also strongly enriched among
the screening hits (0.2% of the MHC, 5.5% of the hits). A similar
enrichment was observed for thiosemicarbazones, known iron
chelators (0.7% of the MHC, 13.7% of the hits).

We clustered compounds according to common chemical mo-
tifs, and one or a few representatives of each groupwere chosen for
follow-up studies. A total of 37 compounds was acquired, ranging
from 0.97 to 0.21 in the screening score (SI Table S2).

2.4. Experimental follow-up studies

2.4.1. In vitro assay
For detailed single-point and doseeresponse studies, we

quantified kynurenine production and tryptophan degradation
precisely by HPLC. Chromatographic separation of the reaction
mixture into its components allows for the use of higher
amounts of the reductive co-factors (ascorbate and methylene
blue) as well as the presence of catalase, shown to be necessary
for the removal of hydrogen peroxide from the medium [42].
Additionally, chromatographic separation prevents the interfer-
ence of colored compounds with the detection of the enzymatic
reaction product.

2.4.2. Single-point activities at highest soluble concentration
In order to be able to detect even weak IDO1 inhibitory activity

among the 60 purchased compounds, we tested each compound at
its previously determined highest soluble concentration (in phos-
phate buffer at pH 6.5 containing 5% DMSO). The results are given in
Fig. 1B, SI Tables S1 and S2. About half of the compounds (31
compounds, 52%) displayed more than 5% of IDO1 inhibitory ac-
tivity in this test, while the other half were inactive and therefore
false positives of the HTS. The HTS score does not allow filtering out
the false positives as they show scores in awide range between 0.84
and 0.09.

From the PCL, only phenelzine and most of the imidazole anti-
fungal agents were confirmed as positives. As expected, the false
positives included the compounds ciclopirox, disulfiram, mercap-
topurine, nisoldipine, lacidipine, and nifedipine. However, also the
imidazole antifungal agents butoconazole and tioconazole as well
as the drugs amiodarone, rabeprazole, phentermine, liranaftate,
and raloxifene were not confirmed as hits.
From the MHC, 17 compounds were selected for IC50 determi-
nation based on their activity in the single-point assay. The un-
confirmed hits included all five tested thiosemicarbazones.

2.4.3. Enzymatic IC50 determination
Enzymatic IC50 values were determined for the positives from

the single-point measurements. The assay conditions were the
same as for the single point measurements, except for the con-
centration of the tested chemical compounds, that was seven times
3-fold diluted from its highest soluble concentration. For 21 com-
pounds an IC50 value could be determined, and for 14 compounds
this value was below 20 mM (Tables 1 and 2). For the active com-
pounds, a positive correlation was found between the HTS score
and the score in the secondary assay calculated at a compound
concentration of 10 mM (Fig. 1C, r¼ 0.55), corroborating the validity
of the screening protocol for confirmed positives. However,
reproduction of measured IC50 values in independent experiments
was in general more challenging than in case of our previously
established inhibitor scaffolds [41], suggesting that they were
influenced by an experimental parameter that was not systemati-
cally monitored.

From the PCL, nine imidazole antifungal agents showed a
micromolar IC50 value (Table 1). The only structurally distinct hit
from the PCL was phenelzine (phenylethylhydrazine) with an IC50
value of 12 mM. It is known that hydrazine can directly bind to the
ferrous heme of cytochrome P450 (CYP) [47], so an interactionwith
the active site heme of IDO1 is probable. Indeed, our docking results
suggest that the hydrazine group can bind to the heme iron of IDO1,
locating the phenyl ring in the buried hydrophobic A pocket
(Fig. 2A). This binding mode is in agreement with the recently
proposed binding mode of phenylhydrazine (IC50 ¼ 0.25 mM) [25].

For eleven compounds from the MHC, an IC50 value could be
determined. The structures and results for these compounds,
except for two undisclosed compounds, are shown in Table 2.

2.4.4. Cellular IC50 and LD50 determination
We tested compounds with a low IC50 in the enzymatic assay for

their ability to inhibit tryptophan degradation and kynurenine
production in cells expressing murine (mIDO1). Murine IDO1
shares 62% of sequence identity with human IDO1 [48], and the
active site residues are 100% conserved. In an earlier workwe found
an excellent correlation between cellular assay results on mIDO1
and on hIDO1 (r ¼ 0.95) [41]. Such cellular assay is informative for
drug development, as it evaluates not only the IDO1 inhibitory



Table 2
Results for the confirmed hits from the Maybridge HitFinder Collection (MHC), excluding two undisclosed compounds. Product code, chemical structure, number of failed
structural filters (FScore), enzymatic IC50 values on hIDO under standard conditions andwith 5mMGSH or 0.01% Triton-X added, cellular IC50 value onmIDO, cellular IC50 value
on mTDO, cellular LD50 value. All values are given in mM. NI: no inhibition. ND: not determined.

Code Structure FScore Enzymatic tests Cellular tests

IC50/standard IC50/GSH IC50/Triton IC50/mIDO IC50/mTDO LD50

NRB00511 2 0.71 7.1 ND NI NI 5

CD02761 3 0.89 ND 1.2 2.1 NI 10

BTB13360 3 1.0 1.6 0.96 NI NI >25

S14435 1 1.8 130 ND NI NI >25

DP00477 2 7.0 71 6.3 NI NI >25

KM04550 1 11 200 4.8 NI NI 10

HTS01525 4 13 ND 15 NI NI >25

KM04416 1 15 100 11 NI NI 10

NRB04258 2 54 31 53 0.34 4.2 10

U.F. R€ohrig et al. / European Journal of Medicinal Chemistry 84 (2014) 284e301 289



Fig. 2. A. Phenelzine docked into the IDO1 X-ray structure. BeI. Imidazole antifungal agents docked into the IDO1 active site as present after molecular dynamics simulations. As
exemplified for miconazole (B, C), both the S and the R enantiomers can be accommodated in the active site.

Table 3
Number of compounds from the screening libraries, the screening hits, and the
confirmed hits failing different structural filters for the detection of problematic
screening compounds. The total number of compounds for each column is given on
top.

Filter Library Hits Confirmed hits

PCL MHC PCL MHC PCL MHC

Nr. of Compounds

1200 14,000 36 183 10 11

Lilly [34] 423 (35%) 5640 (40%) 20 (56%) 131 (72%) 1 (10%) 10 (91%)
Pfizer LINT [31] 518 (43%) 5850 (42%) 21 (58%) 95 (52%) 5 (50%) 6 (55%)
Abbot ALARM

[32]
170 (14%) 2265 (16%) 14 (39%) 75 (41%) 0 (0%) 4 (36%)

Glaxo [30] 134 (11%) 1200 (9%) 5 (14%) 22 (12%) 0 (0%) 1 (9%)
PAINS [33] 21 (2%) 365 (3%) 2 (6%) 10 (5%) 1 (10%) 1 (9%)
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effect of the compounds but also their capacity to permeate the cell,
their inhibition of tryptophan and kynurenine transport, and their
potential cytotoxicity. To control specificity, we also tested the
inhibitory activity of the compounds on cells expressing murine
TDO (mTDO). The same murine cell type, stably transfected with
murine IDO1 or TDO, was used for inhibition and cell viability
assays.

Inhibition tests on mIDO1 and mTDO at a maximal concentra-
tion of 25 mM yielded negative results for all PCL compounds
(Table 1). One reason could be their high toxicity displayed in these
tests, resulting in LD50 values around 10 mM, except for phenelzine
and enilconazole. The observed toxicities for miconazole, econa-
zole, and sulconazole are slightly higher than the ones reported
earlier [26], which could be due to the different cell types (P815B
here vs. HEK), the different cell quantities (2 � 105 cells here vs.
1 � 105 cells), and the different medium (IMDM-2% FCS here vs.
Opti-MEM). In this earlier report, cellular IC50 values for these
compoundswere determined to be 18 mM for miconazole, 11 mM for
econazole, and 30 mM for sulconazole [26].

Of the eleven confirmed hits of the MHC, only four showed a
LD50 value above 25 mM in the cellular assays (Table 2), but these
were inactive both on mIDO1 and on mTDO. Four of the remaining
compounds showed an activity on mIDO1. By addressing affinity,
selectivity, and safety, these active compounds might be pursued
for lead optimization.

In summary, the attrition rate among the compounds acquired
for follow-up studies of the HTS was very high. Of the 60 acquired
compounds, 29 failed the single-point activity assay. For 21 com-
pounds an enzymatic IC50 value was obtained, but only for 4
compounds a cellular IC50 value could be determined. In order to
better understand the effects leading to these results, we investi-
gated some of their potential causes.

2.5. Analysis of unconfirmed or promiscuous hits

2.5.1. Structural filters
Several structural filters for the detection of problematic

screening compounds have been developed [30e34], and algo-
rithms for automated filtering are publicly available. The purpose of
the Glaxo filter [30] is to describe reactive functional groups, un-
suitable leads, and unsuitable natural products. The Pfizer LINT
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filter [31] aims to detect reactive functional groups as well as
mutagenic or carcinogenic functionalities. The ALARM filter from
Abbott Laboratories is based on a specifically developed NMR assay
and predicts thiol reactivity of small molecules [32]. This is of
special interest for IDO1, as cystein modification has been shown to
inhibit enzymatic activity [49]. The “pan assay interference com-
pounds” (PAINS) filter relies on the analysis of large numbers of
screening hits and on literature data mining [33]. Most recently,
also Lilly Research Laboratories published an extensive list of rules
for identifying reactive or promiscuous compounds based on re-
view by a panel of experienced medicinal chemists [34].

As Table 3 shows, the Lilly Medchem Rules and the Pfizer LINT
filters flag the largest numbers of compounds, about 40% of the two
Fig. 3. Filtering results and doseeresponse curves of secondary enzymatic assays. Ratio of c
library (blue) and its hits (red), and (B) from the MHC library (blue) and its hits (red). Enzym
with 0.01% Triton X-100 (red). Enzymatic doseeresponse curves of compounds (E) KM0455
(For interpretation of the references to color in this figure legend, the reader is referred to
screening libraries, while the other filters are more permissive. The
failure rates of all filters increase significantly among the screening
hits as compared to the full libraries, indicating that the hits contain
a higher number of problematic compounds. This trend is shown
graphically in Fig. 3A and B, where the number of failed filters per
compound among the full libraries and among the screening hits
are displayed. For the confirmed hits the filtering results are biased
by our cherry-picking procedure and the low structural diversity in
case of the PCL compounds. However, especially in case of the
confirmed hits of the MHC, the substantial number of failed filters
per compound (2 ± 1, Tables 2 and 3) suggests that unspecific in-
hibitors are also present among the confirmed hits. Interestingly, a
more than twofold increase in the failure rate of the Abbot ALARM
ompounds that failed the indicated number of structural filters (0e5) (A) from the PCL
atic doseeresponse curves of (C) miconazole and (D) ketoconazole without (black) and
0 and (F) S14435 without (black) and with (red) preincubation with 5 mM glutathione.
the web version of this article.)
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filter is observed when passing from the full libraries (14% and 16%)
to the screening hits (39% and 41%), suggesting that thiol reactivity
plays a role in the detection of screening hits (Table 3).

The number of failed filters for each purchased screening hit is
given in SI Tables S1 and S2.

2.5.2. Aggregators
Assay interference by aggregation has been extensively dis-

cussed in the literature over the last decade [28,38], but the
detection of aggregation-prone compounds in silico remains chal-
lenging. Two algorithms developed in the Shoichet Laboratory
[28,50] yield widely disparate results when filtering the MHC, the
recursive partitioning filter [28] detecting 4825 compounds as
possible aggregators, the similarity filter [50] detecting only 332
compounds, and the overlap between the two methods being only
117 compounds. However, experimentally the interference of
aggregators can easily be minimized by the addition of small
amounts of non-ionic detergent, which increases their IC50 values
substantially [51,39]. Promiscuous aggregators often yield steep
doseeresponse curves with large Hill slopes [38].

Counter-screening for aggregation-based inhibition was espe-
cially important for the imidazole antifungal agents, as three of
them (miconazole, econazole, sulconazole) have been described as
promiscuous aggregating inhibitors before, while another (keto-
conazole) was not [28]. We therefore tested two of our antifungal
agents, miconazole and ketoconazole, in the absence and in the
presence of 0.01% Triton X-100 (Fig. 3C and D, Table 1). Interest-
ingly, the doseeresponse curves of miconazole and ketoconazole
display Hill slopes close to unity and do not shift to higher values in
presence of detergent, as it would be expected for an aggregation-
based inhibitor. We therefore propose that the imidazole antifungal
agents act through a specific mechanism on IDO1.

We also tested most of the active compounds of the MHC for
detergent-dependent inhibition (Table 2), including the three
compounds (HTS01525, DP00477, NRB04258) that fail the stricter
recursive partitioning filter for aggregators [28]. None of these
compounds showed a significant increase of IC50 value character-
istic for this type of promiscuous enzyme inhibition.

2.5.3. Chemically reactive compounds
Chemically reactive compounds may act on IDO1 activity not by

specifically binding to its active site, but rather by reacting for
examplewith the cofactors necessary for enzyme activation or with
nucleophilic amino acid side chains. It has been shown, e.g., that the
selenazal drug ebselen inhibits IDO1 by covalently modifying
multiple cysteine residues [49].

The Lilly Medchem Rules [34] filter out 72% of the screening hits
of the MHC, a 1.8-fold enrichment with respect to the ratio of failed
compounds in the full library (Table 3). An even higher enrichment
among the screening hits is observed for a number of specific
exclusion rules, such as quinone_para (25.5-fold enrichment), acy-
l_aromatic_nn (7.9-fold), hydrazone (4.9-fold), sulfonly_michael (3.1-
fold), enamine (2.9-fold), and vinyl_cyano_2 (2.3-fold), all detecting
potentially reactive compounds [34].

In order to experimentally test the prediction that some of the
confirmed MHC hits could react with nucleophilic protein side
chains, we carried out a secondary enzymatic assay, pre-incubating
the compounds with high concentrations of glutathione (GSH)
before adding IDO1 to the reaction mixture. Besides being a strong
nucleophile, GSH is also a reducing agent. However, as the incu-
bationmedium already contained high concentrations of ascorbate,
its reducing properties should have a minor influence on the
enzymatic reaction. Indeed, the addition of GSH neither altered
IDO1 activity, nor had it any effect on themeasured IC50 value of the
chemically inert compound 4-phenyl-imidazole (PIM). However, as
it is shown in Fig. 3E and F, preincubationwith GSH strongly shifted
the IC50 values of two electrophilic compounds, KM04550 and
S14435, to higher concentrations. These results suggest that these
compounds inhibit IDO1 through covalent modification of nucle-
ophilic amino acid side chains. A similar trend was seen for com-
pounds NRB00511, DP00477, and KM04416, which all failed at least
the Lilly Medchem Rules or the Abbot ALARM thiol reactivity filter.

2.5.4. Redox-cycling compounds and para-quinones
Repetitively coupled reduction and oxidation reactions

involving oxygen and reactive oxygen species are called “redox
cycling”. Redox-cycling compounds have been described as prob-
lematic compounds for HTS because of their appearance as false
positives in many screens [29,36,37]. Since we observed numerous
known redox-cycling compounds among our hits, we tried to
determine if they inhibit IDO1 by entering into the active site and
oxidizing active ferrous heme into inactive ferric heme (specific
inhibition), or if they inhibit IDO1 by redox-cycling with the
reducing cofactors in solution (ascorbate, methylene blue) to
inactivate IDO1 (unspecific inhibition) [37]. This is an important
question, not only for the interpretation of our HTS results, but also
in view of the large number of published IDO1 inhibitors which
contain a quinone or a quinone-like function [40,49,52e63]. The
matter is complicated by the fact that quinones are not only redox-
cycling compounds [64], but some are also chemically reactive to-
wards nucleophilic amino acid side chains [32,65].

In the present HTS, 2 of the 7 para-quinones present in the PCL
and 10 of the 29 para-quinones present in the MHC were classified
as hits with the very high average score of 0.9 (SI Table S3).
Structurally these compounds can be divided into benzoquinones
(9 compounds, 2 hits), naphthoquinones (9 compounds, 7 hits),
anthraquinones (15 compounds, 1 hit), and other quinones (3
compounds, 2 hits). In spite of the large structural diversity of the
12 active para-quinones, exemplified by their molecular weight
(168e380 g/mol), number of rotatable dihedrals (0e12), number of
hydrogen bond acceptors (2e6), and clogP (�2.1e3.6), their HTS
scores only span the narrow range from 0.83 to 1.07 with two ex-
ceptions (0.62 and 0.60). This flat structureeactivity relationship is
indicative of an unspecific inhibition mechanism.

To address the question if there exists a correlation between
redox potentials and HTS score, we calculated the redox potentials
of all screening compounds by a semi-empirical quantum-chemical
approximation. Additionally, the redox potentials of the 29 para-
quinones present in the MHC were calculated by higher level
density functional theory calculations (see SI for details). Indeed,
the calculations showed that on average the screening hits are
more prone to redox cycling than the inactive compounds, but the
differences are statistically not significant (Fig. S1A). For the para-
quinones, we did not find a correlation between their oxidation
potential and the HTS score (Fig. S1B). A similar absence of corre-
lation between calculated oxidation potentials and redox-cycling
activity has recently been found in a screening specifically
designed to detect redox-cycling compounds [64]. These findings
suggest that the chemical reactivity of quinones [32,65] must also
be taken into account. In fact, the 29 para-quinones on average
failed 4.3 out of the five structural filters we applied (Table S3). It
seems common medicinal chemistry knowledge that quinones do
not present valid lead-like properties.

2.6. Lead optimization of the imidazole antifungal agents

The high and uniform activity of the imidazole antifungal agents
in the enzymatic assay (Table 1) is remarkable, especially when
confronted with the complete inactivity of the structurally very
similar class of 1,2,4-triazole antifungal drugs (anastrozole,



Table 4
Derivatives of the imidazole antifungal scaffold. The modified part according to the IDO1-binding analysis, the respective substitutions, and the enzymatic IC50 values are
indicated. NI: no inhibition.

Comp. Modification R1 R2 R3 Enz. IC50 [mM]

2 A NI

4a B Imidazol-1-yl H 2,4-di-Cl 820
4b A þ B Imidazol-1-yl H e NI
6a B Imidazol-1-yl OCH3 2,4-di-Cl 140
6b B Imidazol-1-yl OCH2-3-pyridyl 2,4-di-Cl 84
7 B Imidazol-1-yl ]O 2,4-di-Cl NI
10a B Imidazol-1-yl OH 2,4-di-Cl 130
10b A þ B Imidazol-1-yl OH e NI
10c A þ B Imidazol-1-yl OH 2-Cl 200
10d A þ B Imidazol-1-yl OH 3,4-di-Cl 830
10e A þ B Imidazol-1-yl OH 3-Cl NI
10f A þ B Imidazol-1-yl OH 4-Cl NI
10g A þ B Imidazol-1-yl OH 2,6-di-Cl NI
10h A þ B Imidazol-1-yl OH 2-OH NI
10i Heme 1,2,4-Triazol-1-yl OH 2,4-di-Cl NI
13 Heme 1,2,3-Triazol-4-yl OH 2,4-di-Cl NI

4c Spacer þ B 310

15 Spacer þ B NI

16 Spacer þ A þ B NI

17 Spacer þ A þ B NI
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fluconazole, itraconazole, letrozole, terconazole, voriconazole) also
present among the screening compounds. This striking difference
between the imidazole and the 1,2,4-triazole heterocycle is remi-
niscent of the discrimination of IDO1 between the regioisomers 4-
phenyl-1,2,3-triazole (enzymatic IC50 ¼ 83 mM) and 3-phenyl-1,2,4-
triazole (no inhibition) [41]. Together with the known binding
mode of imidazole antifungal drugs to the iron of heme proteins via
their unsubstituted imidazole nitrogen, resolved in many X-ray
structures [46], this finding suggests that also in IDO1 the imidazole
ring binds directly to the heme iron. As we described above, testing
of representative members of the imidazole antifungal agents for
aggregation-based inhibition returned negative results, suggesting
that they inhibit IDO1 through a specific mechanism. Although the
cellular IC50 values of the antifungal agents could not be deter-
mined due to their high toxicity in the MTS/PMS cell viability assay,
we selected this scaffold for optimization, expecting that the
cytotoxicity issue may be resolved based on the low number of
structural alerts (Table 1). Imidazoles substituted on the carbon
atom in position four have been described previously as IDO1 in-
hibitors [66e68]. Recently, also 4,5-disubstituted imidazoles active
on IDO1 have been discovered [69]. Here, we explore for the first
time the structureeactivity relationship of 1-substituted
imidazoles.

2.6.1. In silico studies
To date only two X-ray structures of IDO1 have been published,

one with cyanide and the other with the inhibitor 4-phenyl-imid-
azole (PIM) bound to the heme iron [70]. The latter has successfully
been used by ourselves [40,41] and by others [66,71,72] for the
structure-based design of new IDO1 inhibitors. In order to guide
lead optimization, we attempted to dock the imidazole antifungal
agents into the IDO1 active site. However, since PIM is much
smaller, there is not enough space in the corresponding X-ray
structure to fit the larger antifungal agents.

We therefore modeled the induced fit resulting from imidazole
antifungal agent binding by carrying out molecular dynamics (MD)



Scheme 2. Reagents & conditions: (a) Imidazole, K2CO3, THF, reflux, 14 h.
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simulations of fully solvated IDO1 with miconazole bound in a
putative binding mode, and slowly removing all restraints such as
to obtain an intrinsically stable complex. The initial binding mode
of miconazole was chosen similar to the binding modes of imid-
azole antifungal agents in CYP proteins, with the free imidazole
nitrogen bound to the heme iron, one of its chlorinated phenyl rings
extending into the hydrophobic and buried A pocket, and the other
into the B pocket at the entrance of the active site.

In order to accommodate miconazole, IDO1 undergoes slight
structural rearrangements which increase the size of pocket A, but
the overall backbone displacements remain small
(RMSD ¼ 0.95 ± 0.09 Å for the residues within 5 Å of the ligand).
Miconazole rearranges undergoing several dihedral transitions to
accommodate one phenyl ring deeper in pocket A and the other one
deeper in pocket B. In this conformation it remains stable without
constraints for several tens of nanoseconds (Fig. 2B).

Using the central structure of the stable conformation of mi-
conazole from the MD simulations for docking with EADock-DSS
[73], a consistent binding mode for all antifungal agents was
found, with the imidazole bound to the heme iron, the phenyl ring
deeply buried inside the A pocket, and the second aromatic or
conjugated moiety located in the B pocket (Fig. 2BeI). Miconazole,
as many other imidazole antifungal agents, possesses a chiral
center. However, both enantiomers can bind to the IDO1 active site
in a very similar manner (Fig. 2B, C).

Based on the docked structures of the antifungal agents, we
divided the representative structure of miconazole (IC50 ¼ 7.6 mM)
into four structural entities: a heme binding motif (imidazole), a
spacer, an aromatic moiety occupying the A pocket, and an aro-
matic moiety occupying the B pocket (Table 4). All active antifungal
agents share the same heme binding motif, and, except for bifo-
nazole, all share the same spacer and A-pocket moiety. The greatest
structural variety is seen in the B pocket moiety.

2.6.2. Synthesis
The derivatives of the imidazole antifungal agents were syn-

thesized using previously published protocols or procedures
adapted from the literature [(2, 6ae6b) [74], (4ae4c) [75],
(10ae10i) [74,76], (13) [77,78] (15) [79]]. Compound 2was obtained
by treatment of 2,4-dichlorobenzyl bromide with 2-(1H-imidazol-
1-yl)ethanol and sodium hydride in THF (Scheme 1). Compounds
4ae4c were obtained by treatment of an aryl bromide with imid-
azole and potassium carbonate in THF (Scheme 2). Compounds
6ae6b were prepared by reaction of the 1-(2,4-dichlorophenyl)-2-
(1H-imidazol-1-yl)ethanol with alkyl and aryl halides (Scheme 3).
A series of target compounds, namely the 1-aryl-2-(1H-imidazol-1-
yl)ethanols (10ae10h) and 1-(2,4-dichlorophenyl)-2-(1H-1,2,4-
triazol-1-yl)ethanol (10i) were prepared by reaction of the
respective 1-aryl-2-bromoethanones with imidazole/1H-1,2,4-
triazole (Schemes 4 and 5). Most of the required 1-aryl-2-
bromoethanones were commercially available. Compound 13 was
obtained by allylation of 2,4-dichlorobenzaldehyde with prop-
argylbromide mediated by zinc powder. The resulting ethynyl de-
rivative was reacted with TMSN3 (Scheme 6). Compound 15 was
obtained by treatment of 2,4-dichloro-1-fluorobenzene with 1-
Scheme 1. Reagents & conditions: (a) 2-(1H-imidazol-1-yl)ethanol, NaH, THF, reflux,
3 h.
(trimethylsilyl)-1H-imidazole and CsF in DMF (Scheme 7). All other
compounds (7, 16, 17) were bought from SigmaeAldrich.
2.6.3. Structureeactivity relationship
In order to establish a structureeactivity relationship and to

increase the solubility of the imidazole antifungal family, we
chemically modified all four elements of the scaffold separately and
in combination (Table 4). All IC50 determinations were carried out
in the presence of 0.01% of Triton X-100 to minimize aggregation-
based inhibition.

Complete removal of the A-pocket group resulted in an inactive
compound (2), while complete removal of the B-pocket group
resulted in a compound with weak but detectable activity (4a,
IC50 ¼ 820 mM). Replacement of the aromatic B-pocket moiety by a
3-pyridyl group (6b) yielded a compound with an IC50 value of
84 mM. Limitation of the B-pocket group to the methoxy (6a,
IC50¼ 140 mM) or to the hydroxyl function (10a, IC50¼130 mM) both
yielded active compounds, while the corresponding keto com-
pound (7) was inactive. All these derivatives showed the advantage
of substantially enhanced solubility (>1 mM) with respect to mi-
conazole (z10 mM). While improving solubility, modifications of
the B-pocket group lowered the activity ten to twenty-fold. How-
ever, this region seems to be amenable to optimizations and can be
explored further.

Other modifications of the A-pocket group were tested on
compounds also lacking the aromatic B-pocket group in order to
profit from improved solubility. Removal of both chloride sub-
stituents from the A-pocket phenyl ring lead to an inactive com-
pound (10b) while removal of the 4-Cl substituent alone (10c)
yielded an active compound with an IC50 value of 200 mM. Other
substitutions on the phenyl ring in pocket A yielded less active (10d,
IC50 ¼ 830 mM) or inactive compounds (10e, 10f, 10g, 10h).

Modification of the heme-binding moiety from imidazole to
either 1,2,4-triazole (10i) or 1,2,3-triazole (13) completely abolished
activity, suggesting that the 1,2,4-triazole antifungal drugs present
in the PCL are indeed inactive because of their heme-binding
moiety. Removal of the B-pocket group and simultaneous short-
ening of the spacer from two carbon atoms to one carbon atom (4c)
yielded a compound which was about 2.5 fold more active than the
corresponding compound with the original spacer (4a). However,
complete elimination of the spacer (15) yielded an inactive com-
pound. Elimination of the di-chloride substitution in pocket A of the
shortened compounds yielded inactive compounds (16 and 17), in
agreement with the inactivity of compound 4b.

In summary, our studies demonstrate that (i) the heme-binding
moiety is essential for activity, (ii) the spacer may be shortened
from two to one carbon atom, (iii) the A-pocket is sensitive to the di-
Scheme 3. (a) NaH, RX, DMF, 0 �C-rt, 1.5 h.



Scheme 4. Reagents & conditions: (a) Imidazole, K2CO3, DMF, rt, 2e3 h (b) NaBH4, MeOH, 0 �C-rt-50 �C 2 h.

Scheme 5. Reagents & conditions: (a) 1H-1,2,4-triazole, K2CO3, DMF, rt, 2e3 h (b) NaBH4, MeOH, 0 �C-rt-50 �C 2 h.

Scheme 6. Reagents & conditions: (a) propargylbromide, Zn powder, 1 h (b) TMSN3, Cul, DMF/MeOH (9:1), 100 �C, 10e12 h.

Scheme 7. Reagents & conditions: (a) 1-(trimethylsilyl)-1H-imidazole, CsF, DMF, 60 �C,
20 h.

U.F. R€ohrig et al. / European Journal of Medicinal Chemistry 84 (2014) 284e301 295
chloride substitutions in the right place, (iv) the B-pocket group is
most amenable to optimization, and (v) removal of one of the aro-
matic moieties from the A pocket or the B pocket greatly enhances
solubility. The fact thatwe obtained a structureeactivity relationship
covering an activity range of more than three orders of magnitude
suggests that the imidazole antifungal scaffold is amenable to opti-
mization and inhibiting IDO1 through a specific mechanism.

3. Conclusions

We have screened a library of FDA-approved compounds and a
library of drug-like compounds for IDO1 inhibition. The screening
assay was based on a commonly used enzymatic assay protocol and
displayed a good sensitivity and robustness, expressed in a cumu-
lative interplate Z0 of 0.8. However, of the 60 hit compounds selected
for follow-up studies, an enzymatic IC50 value could be determined
only for 21 of them, and only four were active in cellular assays.
Through experimental and computational studies we could show
that most of the screening hits inhibit IDO1 through unspecific in-
hibition mechanisms such as covalent reactivity or redox cycling.

The only compound inhibiting mIDO1 but not mTDO in a
cellular context was the MHC compound CD02761 (Table 2).
However, this compound was flagged as problematic by 3 out of 5
structural filters because of its isothiourea functionality. S-
substituted isothioureas have been described before as IDO1 in-
hibitors in enzymatic and cellular assays [80], but their activities
might be influenced by hydrolysis to the corresponding reactive
thiols, which were also shown to be active [80].

Some FDA-approved compounds from the PCL showed
confirmed IDO1 inhibitory activity, for example phenelzine, a non-
selective and irreversible monoamine oxidase inhibitor which is
used as an antidepressant and anxiolytic. Recently, similar hydra-
zines have been described as IDO inhibitors [25]. However, phe-
nelzine has been suggested to covalently bind to the porphyrin of
the heme prosthetic group of CYP, thereby destroying it [47].
Moreover, the maximal daily dose of phenelzine (75e90 mg) might
not be enough for significant IDO1 inhibition in vivo.

The imidazole antifungal agents described here provide a specific
IDO1 inhibiting scaffold.Most of these compounds are only approved
for topical application, but they might still be interesting in the local
treatmentof certain cancer types, such asmelanoma for instance. The
reported therapeutic concentrations for example for miconazole
(40 mM) and econazole (26 mM) [28] are larger than their determined
IC50 values on IDO1 and could therefore induce significant IDO1 in-
hibition invivo. Here, the imidazole antifungal scaffoldwas chosen for
rational structure-based leadoptimization,which led tomore soluble
and smaller compounds with micromolar activity.

In summary, despite the robust screening results based on the
well-established enzymatic assay protocol for IDO1, most screening
hits turned out to be false positives or unspecific inhibitors,
establishing IDO1 as a difficult screening target. We hope that the
present work will be useful for other researchers in the field to
critically assess the specificity of novel IDO1 inhibitors.
4. Methods

4.1. HTS assay

The HTS was carried out on Corning UV-transparent flat-bottom
384-well plates. The reaction mixture (80 ml) contained potassium
phosphate buffer at pH 6.5 (50 mM), ascorbic acid as reductant
(10 mM), methylene blue as electron-carrier (5 mM), the substrate
L-Trp (100 mM), the tested compound (10 mM), DMSO (1%), and
IDO1 (4 mg/mL). Before starting the incubation by addition of IDO1,
the absorbance of each reaction well was recorded at a wavelength
of 320 nm. After incubation at room temperature for 60 min, the
reaction was stopped by addition of hydrogen peroxide solution
(8 ml, 1 M), and absorbance at 320 nm was remeasured. The
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screening was carried out in duplicates. On each plate, 64 wells
were reserved for control samples.

The change in absorbance at 320 nm before and after incubation
with IDO1 is expected to be proportional to the quantity of NFK
formed by the enzymatic oxidation of L-Trp by IDO1 and thus yields
a measure of IDO1 activity in presence of the tested compound.

4.2. In vitro assay

The enzymatic assay was carried out on 96-well plates. The
reaction mixture (100 ml) contained potassium phosphate buffer at
pH 6.5 (100 mM), ascorbic acid as reductant (20 mM), methylene
blue as electron carrier (10 mM), bovine catalase to remove
hydrogen peroxide (400 units/mL), the substrate L-Trp (100 mM),
the screening compound at varying concentrations, DMSO (5%),
and IDO1 (2.5 mg/mL). After incubation at room temperature for
60 min, the reactionwas stopped by addition of trichloroacetic acid
solution (40 ml, 30% w/v), and the samples were incubated at 50 �C
for 30 min to allow hydrolysis of the enzymatic reaction product,
NFK, to kynurenine. After centrifugation, 80 ml of supernatant from
each well were used for HPLC analysis.

The mobile phase for HPLC analysis was composed of 50% (v/v)
of methanol and 50% of sodium citrate buffer (40 mM, pH 2.35)
containing 400 mM sodium dodecyl sulfate. An Agilent Zorbax
Eclipse XDB C18 column (150 � 4.6 mm) was used at 23 �C with a
flow rate of 1 mL/min and an injection volume of 20 ml. For
detection of kynurenine, absorption at 365 nm was measured,
while remaining L-Trp was detected at a wavelength of 280 nm. All
assays were carried out in duplicates.

4.3. Cellular assays

For evaluating inhibition of murine IDO1 and murine TDO in a
cellular context, we used cell lines P815-mIDO1 clone 6 and P815-
mTDO clone 12, respectively, as described in Ref. [40]. The inhibi-
tion assays were performed in 96-well flat bottom plates seeded
with 2 � 105 cells in a final volume of 200 ml of IMDM (Iscove's
Modified Dulbecco's Medium, Invitrogen) (80 mM L-tryptophan)
supplemented with 2% FCS and a titration of the compound ranging
from 0.024 to 25 mM. The cells were incubated at 37 �C for 18 h
(mIDO1) or for 24 h (mTDO). The reaction was stopped before 50%
of the initial amount of tryptophan was converted into kynurenine
to assure linearity of the reaction. The plates were then centrifuged
for 10min at 300 g, and 150 ml of the supernatant were collected for
HPLC analysis of tryptophan and kynurenine concentrations. Pro-
teins were precipitated by mixing 50 ml of supernatant with an
equal volume of TCA 6%. After centrifugation, 70 ml of supernatant
were collected, diluted in an equal volume of water and injected
into the HPLC system (C18 column). Tryptophan was detected at an
absorption wavelength of 280 nm, and kynurenine at 360 nm.

To estimate cytotoxicity (LD50), 2� 105 P815 cells were plated in
96-well flat bottom plates in a final volume of 200 ml of IMDM
(Invitrogen) supplemented with 2% FCS and a titration of the
compound ranging from 0.024 to 25 mM. After 24 h of incubation at
37 �C, the number of living cells was evaluated with a MTS/PMS
assay (Promega) as described by the manufacturer.

4.4. Structural filtering of screening compounds

We used the implementation of the Lilly Medchem Rules [34]
provided by one of the original authors which is available free of
charge at http://github.com/IanAWatson/Lilly-Medchem-Rules.
The PAINS filter (Tables S6eS8 from the original reference [33]) was
applied within the Filter-it software from Silicos-it (http://silicos-it.
com/), using the SMARTS list from Chris Swain (http://www.
macinchem.org/reviews/pains/painsFilter.php). The Pfizer LINT
[31], Abbot ALARM [32], and Glaxo [30] filter calculations were
performed through the SmartsFilter web application, kindly pro-
vided by the Division of Biocomputing, Dept. of Biochemistry &
Molecular Biology, University of New Mexico, Albuquerque, NM,
(http://pasilla.health.unm.edu/tomcat/biocomp/smartsfilter). For
the Abbot ALARM filter, we used a lower cutoff of 0.3 for the thiol
reactivity index [32]. For the Glaxo filter, the three subfilters for
reactive functional groups, unsuitable leads, and unsuitable natural
products [30] were considered as a single filter. The detection of
aggregators based on the recursive partitioning filter [28] was used
as implemented in FILTER version 2.0.2. from OpenEye Scientific
Software, Santa Fe, NM. The detection of aggregators based on
similarity to known aggregators [50] is available through the
“Aggregator Advisor” web service (http://advisor.bkslab.org).

4.5. Modeling

We docked the hits of the two compound libraries in silico into
the IDO1 active site as provided in the PIM-bound X-ray structure
(PDB: 2D0T, chain A) [70].

A consensus docking procedure based on our in-house docking
algorithms EADock [81e83], EADock DSS [73] and AttractingCav-
ities [84] was used. All three algorithms rely on the physical scoring
function of the CHARMM22 force field [85], while solvation effects
are taken into account by the FACTS model [86], which has been
shown to allow for accurate docking results [87]. Ligand force-field
parameters were derived with the SwissParam tool [88]. A Morse-
like metal binding potential (MMBP) was used to describe the in-
teractions between the heme iron of IDO1 and ligand atoms that
display a free electron pair for iron binding [89]. Two molecules of
N-cyclohexyltaurine bound at the entrance of the binding site [70]
were removed during setup, and the protein was kept fixed during
docking. For more details see Ref. [41].

An induced-fit structure of miconazole bound to IDO1 was
created by relaxing the protein structure around a putative binding
mode of the antifungal agent, forcing one phenyl ring into pocket A,
the other one into pocket B, and the imidazole binding to the heme
iron. We carried out MD simulations of the IDO1/miconazole
complex using the GROMACS code version 4.5.1 [90] in combina-
tion with the all-atom CHARMM27 force field [91,92] and the
explicit TIP3P water model [93]. A neutral system at physiological
ion concentration (z150 mmol/L) was obtained by adding sodium
and chloride ions. The box dimension of (100 Å)3 was chosen so
that the initial minimum gap between periodic images of the
protein was 30 Å. Electrostatic interactions were calculated with
the particle mesh Ewald method [94]. Bonds involving hydrogen
atoms were constrained using the P-LINCS algorithm [95]. The time
integration step was set to 2 fs. The system was kept at ambient
temperature (300 K) through velocity rescaling with a relaxation
time of 0.2 ps [96] and at ambient pressure (1 bar) by coupling to a
Berendsen bath [97] with a relaxation time of 1 ps. A distance re-
straint between the heme iron and the available imidazole nitrogen
of miconazole served to mimic a covalent bond.

Thewhole systemwas energyminimized, heated to 300 K over a
period of 100 ps, and equilibrated for 900 ps at 300 K, restraining
protein heavy atoms to their positions in the X-ray structure. For a
further 10 ns, only the positions of the heme and the ligand heavy
atoms were restrained to their initial positions, before removing all
structural restraints andcontinuing the simulation for another 10ns.

4.6. Calculation of redox potentials

For the two libraries of 15,200 compounds in total, we opti-
mized the molecular geometries in gas phase with the semi-

http://github.com/IanAWatson/Lilly-Medchem-Rules
http://silicos-it.com/
http://silicos-it.com/
http://www.macinchem.org/reviews/pains/painsFilter.php
http://www.macinchem.org/reviews/pains/painsFilter.php
http://pasilla.health.unm.edu/tomcat/biocomp/smartsfilter
http://advisor.bkslab.org
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empirical AM1 method [98] using the Gaussian09 code [99]. Their
reduction and oxidation potentials were approximated by the
resulting HOMO and LUMO energies, as described before [100]. We
checked that the inclusion of implicit aqueous solvation with the
conductor-like polarizable continuum model (CPCM) [101,102] did
not change the results qualitatively.

For more detailed calculations on the 29 para-quinones of the
MHC, we adapted a recently reported procedure [103]. Each com-
pound was geometry optimized in the gas phase both in its
oxidized and in its one-electron reduced state at the density
functional theory level using the B3LYP hybrid functional [104,105]
and the 6-31G(d) basis set in the Gaussian09 code [99]. Aqueous-
phase molecular energies were calculated by using the
conductor-like polarizable continuum model (CPCM) [101,102]
with its default settings. It has been shown that the difference
between the solution-phase molecular energies of the reduced and
the oxidized species are highly correlated with experimentally
measured reduction potentials [103]. As reported recently, the en-
ergy difference computed in this way is highly correlated with the
LUMO energy of the oxidized compound [106] thus reducing the
necessary calculations per compound from four to two.

4.7. Chemistry

4.7.1. General remarks
Materials and reagents were obtained from commercial sup-

pliers and used without further purification. For extraction and
chromatography, all solvents were distilled prior to use. Thin layer
chromatography for reaction monitoring was performed on silica
gel plates (Merck 60 F254) with detection by UV light (254 nm) and
charring with KMnO4 or Pancaldi reagent. Flash chromatography
was conducted using silica gel 60 Å, 230e400 mesh (Merck 9385).
Melting points were measured with a Mettler FP52 apparatus and
are uncorrected. IR spectra were recorded on a PerkineElmer
Paragon 1000 FT-IR spectrometer. Mass spectra were recorded on a
Nermag R 10-10C instrument in chemical ionization mode. Elec-
trospray mass analyses were recorded on a Finnigan MAT SSQ 710C
spectrometer in positive ionization mode. 1H and 13C NMR spectra
were recorded Bruker-DPX-400 or Bruker-ARX-400 spectrometer
at 400 MHz and 100.6 MHz, respectively. Data for 1H NMR spectra
are reported as follows: chemical shift, multiplicity, coupling con-
stant, and integration. Data for 13C NMR spectra are reported in
terms of chemical shifts. Chemical shifts are given in parts per
million, relative to an internal standard such as residual solvent
signals. Coupling constants are given in Hertz. High-resolution
mass spectra were recorded via ESI-TOF-HRMS. The purity of all
novel compounds was confirmed to exceed 95% by NMR and high-
resolution mass spectra.

4.7.2. Procedures
4.7.2.1. 1-(2-((2,4-Dichlorobenzyl)oxy)ethyl)-1H-imidazole (2).
A suspension of sodium hydride (2 mmol, 2 eq) in THF (5 mL) was
treated with a solution of 2-(1H-imidazol-1-yl)ethanol (1 mmol,
1 eq) in THF (3 mL) at 0 �C. The resulting mixture was stirred under
a nitrogen atmosphere at room temperature for 1 h. The mixture
was cooled to 0 �C before addition of 2,4-dichlorobenzyl bromide
(1, 1.5 mmol, 1.5 eq). The resulting mixture was stirred under reflux
for 3 h. The reaction was quenched by addition of a saturated
aqueous solution of NH4Cl (5mL). The aqueous phasewas extracted
with ethyl acetate (15 mL, three times), the organic phase was
washed with water (10 mL), dried over Na2SO4 and the solvent was
removed in vacuo. Purification by column chromatography (SiO2,
MeOH/ethyl acetate) afforded 2 as an oil in 65% yield. IR (film): nmax:
3109, 2868, 1898, 1589, 1505, 1469, 1075, 813, 737 cm�1. 1H NMR
(400 MHz, CDCl3): d 7.55 (bs, 1H), 7.37 (s, 1H), 7.24e7.23 (m, 2H),
7.07 (bs, 1H), 6.98 (s, 1H), 4.56 (s, 2H), 4.17 (t, 2H, J ¼ 5.1 Hz), 3.79 (t,
2H, J ¼ 5.1 Hz) ppm. 13C NMR (100 MHz, CDCl3): d 137.5, 133.9,
133.88, 133.3, 129.6, 129.4, 129.1, 127.0, 119.4, 70.0, 69.6, 47.0 ppm.
ESI-TOF-HRMS:m/z calcd for (MþH) C12H12N2Cl2O 271.0405 found
271.0416.

4.7.2.2. 1-(2,4-Dichlorophenethyl)-1H-imidazole (4a) [107].
Under a nitrogen atmosphere, a mixture of imidazole (2.1 mmol,
2.1 eq) and K2CO3 (1 mmol, 1 eq) in dry THF (6 mL) was stirred at
room temperature for 10 min. A solution of 1-(2-bromoethyl)-2,4-
dichlorobenzene (3a, 1 mmol, 1 eq) in THF (1 mL) was added, and
the mixture was heated under reflux for 14 h. The solution was
filtered and the filtrate was concentrated in vacuo. The residue was
dissolved in CH2Cl2, and the solutionwas washed with water (5 mL,
twice). The CH2Cl2 layer was extracted with dilute aqueous HCl
(5 mL, three times). The aqueous extract was neutralized with solid
NaHCO3, and the free base was extracted using CH2Cl2 (10mL, three
times). The combined organic extracts were dried (Na2SO4) and
concentrated. High-vacuum drying gave 4a as an oil in 45% yield. 1H
NMR (400 MHz, CDCl3): d 7.44e7.42 (m, 1H), 7.33 (s, 1H), 7.14 (dd,
1H, J ¼ 8.2, J ¼ 2.2 Hz), 7.05 (bs, 1H), 6.88 (d, 1H, J ¼ 8.0 Hz), 6.85 (s,
1H), 4.20 (t, 2H, J ¼ 7.0 Hz), 3.16 (t, 2H, J ¼ 7.0 Hz) ppm.

4.7.2.3. 1-Phenylethyl-1H-imidazole (4b) [75]. Same procedure as
for the preparation of 4a, using imidazole and (2-bromoethyl)
benzene (3b) affords 4b as an oil in 42% yield. 1H NMR (400 MHz,
CDCl3): d 7.33e7.22 (m, 4H), 7.09e7.02 (m, 3H), 6.83 (s, 1H), 4.17 (t,
2H, J ¼ 7.0 Hz), 3.05 (t, 2H, J ¼ 7.0 Hz) ppm.

4.7.2.4. 1-(2,4-Dichlorobenzyl)-1H-imidazole (4c) [108]. Same pro-
cedure as for the preparation of 4a, using imidazole and 1-(bro-
momethyl)-2,4-dichlorobenzene (3c) affords 4c as a white solid in
60% yield. 1H NMR (400 MHz, CDCl3): d 7.59 (s, 1H), 7.47 (d, 1H,
J ¼ 2.2 Hz), 7.25 (dd, 1H, J ¼ 8.2, J ¼ 2.6 Hz), 7.15 (bs, 1H), 6.96 (bs,
1H), 6.88 (d, 1H, J ¼ 8.0 Hz), 5.22 (s, 2H) ppm.

4.7.2.5. 1-(2-(2,4-Dichlorophenyl)-2-methoxyethyl)-1H-imidazole
(6a) [109]. A suspension of sodium hydride (1.5 mmol, 1.5 eq) in
DMF (5 mL) was treated with a solution of 1-(2,4-dichlorophenyl)-
2-(1H-imidazol-1-yl)ethanol (5, 1 mmol, 1 eq) in DMF (5 mL) at
0 �C. The resulting mixture was stirred under a nitrogen atmo-
sphere at room temperature for 1.5 h. The mixture was cooled to
0 �C and methyliodide (1 mmol, 1 eq) was added. The resulting
mixture was stirred for 1 h at room temperature. The reaction was
quenched by addition of water (15 mL). The aqueous phase was
extracted with ethyl acetate (15 mL, three times), the organic was
washed with water (15 mL), dried over Na2SO4 and the solvent was
removed in vacuo. Purification by column chromatography (SiO2,
MeOH/ethyl acetate) afforded 6a as an oil in 60% yield. 1H NMR
(400 MHz, CDCl3): d 7.48e7.42 (m, 2H), 7.30e7.21 (m, 2H), 7.03 (bs,
1H), 6.92 (s, 1H), 4.78 (dd, 1H, J ¼ 7.0, J ¼ 2.6 Hz), 4.21e4.16 (m, 1H),
4.04e3.97 (m, 1H), 3.25 (s, 3H) ppm.

4.7.2.6. 3-((1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethoxy)
methyl)pyridine (6b). Synthesized from 5 and 3-(bromomethyl)
pyridine using the same procedure as for 6a to afford 6b as an oil in
62% yield. IR (film): nmax: 3366, 2923, 2868, 1918, 1717, 1588, 1504,
1468, 1229, 1090, 786 cm�1. 1H NMR (400 MHz, CDCl3): d 8.56 (dd,
1H, J¼ 5.0, J¼ 1.5 Hz), 8.45 (s, 1H), 7.49e7.44 (m, 3H), 7.35e7.24 (m,
3H), 7.04 (bs, 1H), 6.90 (s, 1H), 4.99 (dd, 1H, J ¼ 7.6, J ¼ 2.6 Hz),
4.50e4.45 (m, 1H), 4.30e4.18 (m, 2H), 4.09e4.01 (m,1H) ppm. 13C
NMR (100 MHz, CDCl3): d 149.3, 148.8, 137.7, 135.5, 135.1, 133.6,
133.3, 132.4, 129.7, 129.0, 128.4, 128.0, 123.7, 119.8, 69.1, 51.3 ppm.
ESI-TOF-HRMS:m/z calcd for (MþH) C17H15N3OCl2 348.0670 found
348.0684.
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4.7.2.7. General procedure for the synthesis of imidazole alcohols
(10ae10h). A mixture of the a-bromoketone (8aeh, 1 mmol, 1 eq),
imidazole (3 mmol, 3 eq), and anhydrous K2CO3 (3 mmol, 3 eq) in
DMF (3 mL) was stirred at room temperature for 2e3 h. The reac-
tion mixture was diluted with H2O (10 mL) and extracted with
EtOAc (15 mL, twice). The combined organic phase was washed
sequentially with H2O (10 mL) and brine (10 mL). The combined
organic extracts were dried over Na2SO4, and evaporated. High-
vacuum drying gave crude 9aeh. A solution of crude 9aeh
(1 mmol, 1 eq) in methanol (4 mL) was added to a suspension of
sodium borohydride (1 mmol,1 eq) in anhydrous methanol (20mL)
maintaining the temperature below 5 �C under atmospheric pres-
sure. The resulting mixture was stirred at room temperature for 1 h
and then heated to 50 �C for 1 h. After cooling to room temperature
the reaction mixture was concentrated and water (8 mL) was
added. The product was extractedwith ethyl acetate (10mL, twice).
The organic phase was dried over Na2SO4 and purified by flash
chromatography on silica gel using MeOHeEtOAc (6:94) as the
eluent to afford the imidazole alcohol (10ae10h); overall yields up
to 77%.

4.7.2.8. 1-(2,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethanol (10a)
[110]. Synthesized from 2-bromo-1-(2,4-dichlorophenyl)ethanone
(8a) according to the general procedure to afford 10a as a white
solid in 75% yield, 1H NMR (400 MHz, CDCl3): d 7.61e7.57 (m, 1H),
7.44e7.39 (m, 2H), 7.34e7.30 (m, 1H), 6.93 (s, 1H), 6.92e6.87 (m,
1H), 5.30e5.25 (m, 1H), 4.28e4.20 (m, 1H), 3.94e3.85 (m, 1H) ppm.

4.7.2.9. 2-(1H-imidazol-1-yl)-1-phenylethanol (10b) [111].
Synthesized from 2/bromo/1/phenylethanone (8b) according to the
general procedure to afford 10b as a white solid in 70% yield, 1H
NMR (400 MHz, CDCl3): d 7.43e7.29 (m, 6H), 7.02 (bs, 1H), 6.92 (s,
1H), 4.98e4.93 (m, 1H), 4.20e4.08 (m, 2H) ppm.

4.7.2.10. 1-(2-Chlorophenyl)-2-(1H-imidazol-1-yl)ethanol (10c)
[112]. Synthesized from 2-bromo-1-(2-chlorophenyl)ethanone
(8c) according to the general procedure to afford 10c as a white
solid in 72% yield, 1H NMR (400 MHz, CDCl3): d 7.60e7.54 (m, 2H),
7.40e7.37 (m,1H), 7.35e7.27 (m, 2H), 7.02 (bs, 1H), 6.98 (s, 1H), 5.35
(dd, 1H, J ¼ 7.8, J ¼ 2.2 Hz), 4.34e4.27 (m, 1H), 4.03e3.96 (m, 1H)
ppm.

4.7.2.11. 1-(3,4-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethanol (10d)
[113,114]. Synthesized from 2-bromo-1-(3,4-dichlorophenyl)etha-
none (8d) according to the general procedure to afford 10d as a
white solid in 75% yield, 1H NMR (400 MHz, CDCl3): d 7.49e7.41 (m,
3H), 7.14 (dd, 1H, J ¼ 8.3, J ¼ 2.0 Hz), 7.01 (bs, 1H), 6.91 (s, 1H), 4.95
(m, 1H), 4.18e4.01 (m, 2H) ppm.

4.7.2.12. 1-(3-Chlorophenyl)-2-(1H-imidazol-1-yl)ethanol (10e)
[113,114]. Synthesized from 2-bromo-1-(3-chlorophenyl)ethanone
(8e) according to the general procedure to afford 10a as a white
solid in 77% yield, 1H NMR (400MHz, CDCl3): d 7.42 (bs, 1H), 7.38 (s,
1H), 7.34e7.28 (m, 2H), 7.22e7.16 (m,1H), 6.99 (bs, 1H), 6.91 (s, 1H),
4.96e4.90 (m, 1H), 4.18e4.03 (m, 2H) ppm.

4.7.2.13. 1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanol (10f) [76].
Synthesized from 2-bromo-1-(4-chlorophenyl)ethanone (8f) ac-
cording to the general procedure to afford 10f as a white solid in
68% yield, 1H NMR (400MHz, CD3OD): d 7.50 (bs, 1H), 7.35e7.27 (m,
4H), 7.07 (bs, 1H), 6.90 (s, 1H), 4.95e4.90 (m,1H), 4.26e4.12 (m, 2H)
ppm.

4.7.2.14. 1-(2,6-Dichlorophenyl)-2-(1H-imidazol-1-yl)ethanol (10g)
[113,114]. Synthesized from 2-bromo-1-(2,6-dichlorophenyl)
ethanone (8g) according to the general procedure to afford 10g as a
white solid in 65% yield, 1H NMR (400MHz, CD3OD): d 7.63 (bs, 1H),
7.41e7.36 (m, 2H), 7.29e7.23 (m, 1H), 7.08 (bs, 1H), 6.93 (s, 1H),
5.75e5.69 (m, 1H), 4.69e4.61 (m, 1H), 4.49e4.42 (m, 1H) ppm.
4.7.2.15. 2-(1-Hydroxy-2-(1H-imidazol-1-yl)ethyl)phenol (10h).
Synthesized from 2-bromo-1-(2-hydroxyphenyl)ethanone (8h)
according to the general procedure to afford 10h as a white solid in
70% yield, m.p. 149e152 �C, IR (film): nmax: 3360, 2938, 1594, 1511,
1454, 1282, 820, 752 cm�1, 1H NMR (400 MHz, CDCl3): d 7.42 (bs,
1H), 7.14 (td, 1H, J ¼ 7.6, J ¼ 1.5 Hz), 7.05e7.01 (m, 1H), 6.94 (bs, 1H),
6.90 (s, 1H), 6.84e6.77 (m, 2H), 5.03e4.97 (m, 1H), 4.23e4.11 (m,
2H) ppm. 13C NMR (100 MHz, CD3OD): d 153.9, 137.5, 128.2, 127.2,
126.8, 126.3, 120.2, 119.2, 114.6, 68.7, 52.3 ppm. ESI-TOF-HRMS:m/z
calcd for (MþH) C11H12N2O2 205.0977 found 205.0984.
4.7.2.16. 1-(2,4-Dichlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethanol
(10i) [115,116]. Synthesized from 2-bromo-1-(2,4-dichlorophenyl)
ethanone (8a) and 1H-1,2,4-triazole according to the general pro-
cedure to afford 10i as awhite solid in 74% yield, 1H NMR (400MHz,
CD3OD): d 8.43 (s, 1H), 7.96 (s, 1H), 7.56 (d, 1H, J ¼ 8.2 Hz), 7.47 (d,
1H, J ¼ 6.0 Hz) 7.36 (dd, 1H, J ¼ 8.3, J ¼ 2.1 Hz), 5.41e5.36 (m, 1H),
4.51e4.44 (m, 1H), 4.38e4.30 (m, 1H) ppm.
4.7.2.17. 1-(2,4-Dichlorophenyl)-2-(1H-1,2,3-triazol-5-yl)ethanol
(13). Activated zinc powder (5.75 mmol, 1.15 eq) was placed in a
flame-dried round-bottom flask (50 mL) fitted with a magnetic stir
bar. 2,4-Dichlorobenzaldehyde (5 mmol, 1 eq) and propargyl-
bromide (5.75 mmol, 1.15 eq) were added. The resulting mixture
was vigorously stirred for 1 h at room temperature. After reaction
completion, sat. aq. soln of NH4Cl was poured into the mixture and
stirred for several minutes. Diethyl ether was added and the
organic layer was separated and dried over anhydrous MgSO4. The
residue was purified by flash chromatography on silica gel giving 1-
phenylpropargylalcohol (12). To a stirred solution of 12 (1 mmol,
1 eq) and CuI (0.05 mmol, 0.05 eq) in DMF/MeOH solution (2 mL
9:1) under an argon atmosphere was added trimethylsilyl azide
(1.5 mmol, 1.5 eq). The resulting solution was stirred at 100 �C for
10e12 h. After consumption of ethynyl substrate, the mixture was
cooled to room temperature and the precipitate was filtered off and
the solution concentrated under reduced pressure. The crude res-
idue was purified by silica gel column chromatography to afford 13
as an oil in 60% yield. IR (film): nmax: 3142, 2932, 2828, 1588, 1560,
1467, 1069, 1043, 818, 789 cm�1. 1H NMR (400 MHz, CD3OD): d 8.20
(s, 1H), 7.54e7.47 (m, 2H), 7.38e7.33 (m, 1H), 5.37e5.30 (m, 1H),
3.39e3.33 (m, 1H), 3.20e3.12 (m, 1H) ppm. 13C NMR (100 MHz,
CD3OD): d 140.5, 133.2, 132.1, 128.5, 128.4, 127.0, 68.5, 32.4 ppm.
ESI-TOF-HRMS: m/z calcd for (MþH) C10H9N3Cl2O 258.0201 found
258.0191.
4.7.2.18. 1-(2,4-Dichlorophenyl)-1H-imidazole (15) [79].
Synthesized from 2,4-dichloro-1-fluorobenze and 1-(trime-
thylsilyl)-1H-imidazole, according to reported procedure [79] to
afford 15 as a solid in 70% yield. 1H NMR (400MHz, CDCl3): d 7.70 (s,
1H), 7.60 (d, 1H, J ¼ 2.2 Hz), 7.40 (dd, 1H, J ¼ 8.3, J ¼ 2.2 Hz), 7.32 (d,
1H, J ¼ 8.4 Hz), 7.25 (bs, 1H), 7.16 (bs, 1H) ppm.
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