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21The involvement of tryptophan 2,3-dioxygenase (TDO) in cancer biology has recently been described,
22with the enzyme playing an immunomodulatory role, suppressing antitumour immune responses and
23promoting tumour cell survival and proliferation. This finding reinforces the need for specific inhibitors
24of TDO that may potentially be developed for therapeutic use. In this work we have screened �2800
25compounds from the library of the National Cancer Institute USA and identified seven potent inhibitors
26of TDO with inhibition constants in the nanomolar or low micromolar range. All seven have antitumour
27properties, killing various cancer cell lines. For comparison, the inhibition potencies of these compounds
28were tested against IDO and their inhibition constants are reported. Interestingly, this work reveals that
29NSC 36398 (dihydroquercetin, taxifolin), with an in vitro inhibition constant of �16 lM, is the first
30TDO-selective inhibitor reported.
31� 2013 Published by Elsevier Inc.
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33

3435 1. Introduction

36 Tryptophan 2,3-dioxygenase (TDO) is a homotetrameric
37 enzyme, which along with indoleamine 2,3-dioxygenase (IDO)
38 and indoleamine 2,3-dioxygenase-2 (IDO2) catalyses L-tryptophan
39 dioxygenation in the first step of the kynurenine pathway. First
40 discovered in the 1930s [1], TDO is primarily expressed in the liver
41 in humans [2], but after stimuli it can be also detected in other tis-
42 sues including the placenta [3], pregnant uterus [4], epididymis,
43 testis [5] and brain [6]. In contrast, IDO was first identified in
44 1967 [7] and is expressed ubiquitously throughout the human
45 body, except for the liver. A groundbreaking discovery in 1998
46 [8] revealed for the first time the immunosuppressive role of IDO
47 and suggested a potential role for the enzyme in tumour-cell
48 survival. In the years following, a number of new pieces of
49 evidence came to show that IDO plays a key role in regulating im-
50 mune evasion by tumours [9]. The proven role of IDO in cancer
51 biology has resulted in the extensive study of the enzyme and
52 the identification of numerous IDO inhibitors [10–15]. In contrast,
53 lack of evidence for the implication of TDO in cancer, in combina-
54 tion with the predominant expression of the enzyme in liver, has
55 engendered less interest in targeting TDO for inhibition. Despite
56 the likelihood of TDO involvement in tumour immune escape, only
57 in 2011 did a brain tumour study formally associate TDO with
58 cancer [16], making the enzyme an interesting pharmacological
59 target. This work not only implicates TDO in cancer biology but

60also provides details regarding the tumour cells’ mechanism of
61action. More specifically, TDO-derived kynurenine acts as an
62endogenous ligand for the human aryl hydrocarbon receptor
63(AHR), leading to activation of the receptor and suppression of
64the antitumour immune response. Interestingly, another study
65which examined the expression of enzymatically active TDO in
66various cancers showed that the enzyme is expressed in a signifi-
67cant proportion of human tumours including bladder carcinoma,
68hepatocarcinoma and melanoma [17]. Clearly such findings have
69great implications for the potential use of TDO inhibitors as
70anti-tumour therapeutic agents. The aim of the work reported here
71was to identify TDO lead inhibitors that can be used as templates
72for the development of new selective inhibitors of the enzyme. This
73has revealed seven TDO inhibitors with inhibition potencies be-
74tween 30 nM and 16 mM, none of which have previously been
75identified as a TDO inhibitor. In order to examine the specificity
76of the newly identified compounds for TDO, they were also tested
77against human IDO and screened against Pseudomonas fluorescens
78kynurenine 3-monoxygenase (KMO). In comparison with TDO,
79these inhibitors have decreased IDO inhibition potencies (2-8-fold)
80while in the case of KMO they show negligible inhibition at 10 lM
81concentration in the kynurenine monoxygenation assay. Study of
82the flavonoid compound NSC 36398 (dihydroquercetin, taxifolin)
83revealed the first selective inhibitor of TDO that has been reported
84in vitro. This compound will be studied further towards the
85development of a new class of TDO-selective inhibitors.

862. Materials and methods

87Most of the chemicals used (L-Trp, L-ascorbate, bovine liver
88catalase, methylene blue, mitomycin C), including those for buffers
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89 (Sigma–Aldrich), were of the highest analytical grade (P97% pur-
90 ity) and were used without further purification. Compounds re-
91 ceived from the National Cancer Institute (USA), were used
92 without any further purification.
93 The expression systems used for production of recombinant
94 human TDO and IDO were as described previously [18,19]. Addition-
95 ally, the growth medium was supplemented with 5 lM hemin in or-
96 der to maximize incorporation of heme. Harvested cells were
97 resuspended in 20 mM Tris–HCl buffer pH 8.0, 300 mM in NaCl,
98 10 mM in imidazole, 1 mM in tris(2-carboxyethyl)phosphine (TCEP)
99 (buffer A). Cell lysis was initiated by incubating the cell suspension

100 for 30 min with hen egg white lysozyme (1 mg per ml of suspension),
101 phenylmethylsulfonyl fluoride (PMSF; 2 mg per ml of suspension)
102 and 1 complete protease inhibition tablet (Sigma). Lysis was
103 completed by ultrasonication of the suspension on ice. Cell debris
104 was then removed via centrifugation for 1 h at 28,000 g and 4 �C,
105 and the supernatant collected. For TDO-containing supernatant
106 batches of 100 ml were loaded at a time (to avoid aggregation on
107 the Ni-agarose column) while for IDO-containing supernatant the en-
108 tire volume (200–250 ml) was loaded onto a Ni-agarose column. For
109 TDO purification the column was washed with 1 column volume (CV)
110 of buffer A, and eluted using the same buffer but with a higher concen-
111 tration of imidazole (250 mM). For IDO the column-bound protein
112 was washed using 5 CV of buffer A and eluted in the same way.
113 Following elution of TDO or IDO, size exclusion chromatography
114 (Superdex 200 for TDO and Superdex 75 for IDO) was used in order
115 to remove imidazole. In either case the column was pre-incubated
116 in 20 mM Tris–HCl pH 8.0, 1 mM in TCEP for at least 1 CV and the pro-
117 teins collected were judged to be pure and homogeneous. Enzyme
118 concentrations were determined spectrophotometrically using
119 absorption coefficients for the ferric form of the enzymes: TDO,

120 e408 = 196,000 M�1 cm�1 IDO, e406 = 172,000 M�1 cm�1.
121 Both TDO and IDO inhibition assays were carried out according
122 to the method of Takikawa et al. with minor modifications [20].
123 The assays were carried out in 96-well microplates with the com-
124 ponents dissolved in 100 mM KPi buffer, pH 6.5. Each well con-
125 tained 200 ll of assay mixture. The reaction mixture was
126 composed of 20 ll of 400 mM ascorbic acid, 4 ll of 1 mM methy-
127 lene blue, 4 ll of 10 mg/ml catalase, 20 ll of L-tryptophan at final
128 assay concentrations from 0–800 lM for TDO to 0–45 lM for
129 IDO, 2 ll of the inhibitor dissolved in DMSO (1% final DMSO
130 concentration in the assay) and 50 ll of TDO or IDO at final
131 concentrations of 20 and 10 nM respectively. The reaction mixture
132 was incubated at room temperature for either 20 min (TDO) or
133 15 min (IDO) and the reaction was terminated by adding 40 ll of
134 trichloroacetic acid (30 w/v) into each well. Subsequently the
135 microplate was transferred into an oven and incubated at 50 �C
136 for 30 min. The microplate was then centrifuged for 15 min at
137 4000 rpm and 125 ll of the supernatant transferred to a new
138 microplate and mixed with an equal volume of 4-dimethylamino-
139 benzaldehyde (DMAB) in acetic acid (2% w/v). Finally, the absor-
140 bance was measured at 490 nm, where the kynurenine-DMAB
141 adduct has an absorbance maximum. For purposes of accuracy
142 and reliability, multiple data sets for each enzyme/inhibitor combi-
143 nation were obtained and compared with either published results
144 (IDO) or cuvette assay results (TDO) and found to be in agreement.
145 Any contribution to absorbance at 490 nm caused by the presence
146 of the NCI compound was eliminated by subtracting the
147 absorbance from a control well that was identical in composition
148 except for the absence of substrate.

149 3. Results

150 Plate screening of �2800 potential inhibitor compounds ob-
151 tained from the National Cancer Institute indicated that 7 of these
152 compounds (Fig. 1) displayed promise as reversible competitive

153inhibitors of TDO, as evidenced by inhibition constants either in
154the nanomolar or low micromolar range (Table 1).
155NSC 26326, known as b-lapachone, is a natural occurring
156quinone that can be isolated from the lapacho tree (Tabebuia
157avellanedae). A series of studies have shown that NSC 26326 affects
158the survival rate of cancer cells such as pancreatic, breast, colon,
159retinoblastoma, leukemia and non-small-cell lung cancer, with
160LD50 and IC50 values in the region of 1–4 lM, depending upon cell
161type, and likely via activation of a noncaspase proteolytic pathway
162[21–26]. Of all the reported inhibitors in this paper, NSC 26326 is
163the strongest inhibitor of both IDO and TDO with inhibition con-
164stants of 97 ± 14 nM and �30–70 nM respectively (see Supplemen-
165tary material for Dixon plots for all compounds). Like NSC 26326,
166NSC 36398 (dihydroquercetin, taxifolin) is another natural product
167that belongs to the class of flavonoids. Among the several flavo-
168noids examined NSC 36398 is the most potent inhibitor of TDO
169with a Ki of 16.3 ± 3.8 lM (Fig. 2). In contrast with TDO, IDO was
170not inhibited by NSC 36398 at concentrations up to 100 lM. The
171low toxicity of flavonoids in combination with their previously re-
172ported anticancer function makes NSC 36398 an attractive target in
173cancer therapy [27]. NSC 267461 or nanaomycin A (in use as an ani-
174mal antibiotic) is a naphthoquinone based inhibitor, inhibiting IDO
175and TDO with Ki values of 950 ± 270 and 360 ± 30 nM respectively.
176NSC 267461 is active in 59 tumour cell lines, killing several types of
177cancer cells with IC50 values lying somewhere 400 nM and 4 lM
178[28].
179NSC 111041 also inhibits TDO and IDO with inhibition constants
180of 1.1 ± 0.3 and 4.3 ± 0.9 lM respectively. Examination of this
181compound revealed activity against colon and breast tumour cell
182lines [28]. NSC 255109 (17-aminodemethoxygeldanamycin) is a
183strong inhibitor for both TDO and IDO, with inhibition constants
184in the nanomolar and micromolar ranges respectively. For TDO,
185Ki was found to be 600 ± 70 nM and for IDO it was 1.4 ± 0.5 lM.
186Tests on tumour cell lines showed that NSC 255109 is active in
18765 different cell lines (with IC50 values between �200 nM and
1888 lM in breast cancer cell lines [29]) and the types of cancer cells
189that this compound is effective on are given in Table 1 [28]. NSC
190261726, or 3-deazaguanine, is an inhibitor with activity in the
191lower micromolar range (Ki values of 5.6 ± 0.4 and 21.4 ± 2.4 lM
192for TDO and IDO respectively). In addition, NSC 261726 activity in

Fig. 1. Structures of the seven TDO and IDO inhibitors as identified by screening of
NCI compounds.
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