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ABSTRACT: Human tryptophan dioxygenase (TDO) and indoleamine 2,3-
dioxygenase (IDO) are two important targets in cancer immunotherapy.
Extensive research has led to a large number of potent IDO inhibitors; in
addition, 52 structures of IDO in complex with inhibitors with a wide array of
chemical scaffolds have been documented. In contrast, progress in the
development of TDO inhibitors has been limited. Only four structures of
TDO in complex with competitive inhibitors that compete with the substrate L-
tryptophan for binding to the active site have been reported to date. Here we
systematically evaluated the structures of TDO in complex with competitive
inhibitors with three types of pharmacophores, imidazo-isoindole, indole-
tetrazole, and indole-benzotriazole. The comparative assessment of the protein-
inhibitor interactions sheds new light into the structure-based design of enzyme-
selective inhibitors.

■ INTRODUCTION
Tryptophan dioxygenase (TDO) and indoleamine-2,3-dioxy-
genase (IDO) are the only two heme-based dioxygenases in
humans that catalyze the first and rate-limiting step of the
kynurenine pathway, the dioxygenation of L-tryptophan (Trp)
to N-formyl kynurenine.1−4 The kynurenine pathway repre-
sents the primary route for Trp metabolism, accounting for
∼95% of Trp catabolism.5,6 The two dioxygenases hence play a
vital role in controlling the systemic Trp flux. In addition to the
house-keeping function, TDO and IDO are highly expressed in
some cancer cells, where they function as immunosuppressors
to promote cancer immune escape.7−12 Accordingly, they have
been considered as two key cancer immunotherapeutic drug
targets. A great deal of research in drug discoveries targeting
each enzyme have been initiated.13−23 Although TDO and
IDO were discovered in 1930s and 1960s, respectively, the
three-dimensional structure of human IDO was not solved
until 2006, based on two substrate-free derivatives,24 while that
of the Trp complex was not documented until a decade later.25

The structure of human TDO, on the other hand, was first
reported in 2016 based on Trp-bound complexes.26 These
structural data have been instrumental in guiding structure-
based inhibitor design.

TDO is a tetramer organized as a dimer of dimers (Figure
S1A). Each dimer in TDO is stabilized by domain swapping of
a small N-terminal domain. Each monomer contains three
domains: (i) the active site domain containing a heme
prosthetic group that is coordinated by a histidine (H328),
(ii) the Helix−loop−Helix domain extending out of the active

site domain, and (iii) the N-terminal domain from the
neighboring subunit that forms the roof of the active site
(see the inset-i). Substrate binding to the active site on the
distal side of the heme induces the organization of a disordered
loop, JK-Loop, into a reverse β-turn structure, which sequesters
the substrate from the bulk solvent and positions it in a
favoring regioorientation for the Trp dioxygenation chemistry.

The indole ring of the substrate Trp occupies the “A” pocket
of the active site (see the inset-ii), where it is stabilized by
hydrophobic interactions with the surrounding residues (not
shown) and an H-bond with H76 on the B-Helix. The
carboxylate and ammonium groups extend into the “B” pocket,
where they are stabilized by an interlaced H-bonding network
with the JK-Loop, the R144 on the D-Helix, and the
propionate-7 group of the heme.

IDO and TDO catalyze the same Trp dioxygenation
reaction with a similar mechanism,27 but IDO is a monomer,
rather than a tetramer. It contains two domains, the active site
domain, which contains a heme, and the N-terminal domain
sitting on top of it (Figure S1B). The active site domain shares
high structure-based sequence homology with that of TDO.
The substrate Trp binds to the distal heme pocket in a binding
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pose similar to that in TDO, except that H76 is replaced by
S167 that H-bonds with the indoleamine group of the
substrate via an intervening water molecule (see the inset-iii).

Despite the similarities in their active site structures, IDO
displays several unique structural features distinguishing it
from TDO. First, the N-terminal domain present in IDO is
absent in TDO, while the Helix−loop−Helix domain present
in TDO is absent in IDO. Second, the A-Helix forming the
roof of the active site in IDO is from the N-terminal domain,
while that in TDO is from the neighboring subunit. Finally,
there is a DE-hairpin insertion between the D and E-Helix and
an ∼20 residue long extension of the JK-Loop in IDO that are
absent in TDO. Despite the differences, the resemblance in the
active sites of the two enzymes makes the design of enzyme-
selective inhibitors challenging.

A large group of IDO inhibitors with diverse pharmaco-
phores have been developed to date, some of which, such as
epacadostat,28 navoximod (NLG919)29 and PF-06840003
(IPD)30 (see Figure 1), have entered clinical trials. Most of
these inhibitors are competitive inhibitors, with a large
aromatic group occupying the “A” pocket of the Trp binding
site and an auxiliary group extending into the “B” pocket. TDO
inhibitors, in contrast, are much less developed. Less than a
handful of TDO inhibitors have been reported so far, among
which 680C9131 and LM1015 are two most commonly utilized
inhibitors for functional studies of the enzyme. Both inhibitors

show an outstanding inhibition potency, with IC50 of 0.08 and
0.62 μM, respectively.11 However, the application of 680C91 is
restricted due to its poor solubility and bioavailability,11 while
that of LM10 suffers from instability problems.20 Recently, two
new groups of TDO inhibitors derived from an imidazo-
isoindole32 or indole-tetrazole20 scaffold, as well as a novel type
of inhibitor targeting the heme binding site in the apo-form of
the enzyme (Rac-1),33 have been designed and tested, which
show great promise.

To develop enzyme-selective inhibitors, it is essential to
comprehend protein-inhibitor interactions at the molecular
level. While more than 50 crystal structures of IDO-inhibitor
complexes with a wide variety of chemical scaffolds have been
documented in the protein data bank, only four structures of
TDO in complex with competitive inhibitors that bind to the
Trp binding site are available in the protein data bank (PDB
codes: 6VBN, 6PYY, 6PYZ and 6A4I). In this work we sought
to determine the structures of TDO in complex with a group of
competitive inhibitors with three types of pharmacophores: (i)
an imidazo-isoindole (NLG919′, a NLG919 analogue where
the fluoride and hydroxide on the cyclohexane ring are
eliminated), (ii) an indole-tetrazole (LM10), and (iii) seven
indole-benzotriazoles (derived from LM10). The structural
data offer important new guidelines for the rational design of
TDO-selective inhibitors.

Figure 1. Chemical structures of typical IDO and TDO-selective inhibitors. (A) Active site structure of the TDO-Trp complex (PDB code: 5TIA)
highlighting the “A” and “B” pocket of the substrate binding site (in light blue and gray background, respectively). (B−C) Chemical structures of
competitive inhibitors targeting the Trp binding sites in IDO and TDO, as well as a new inhibitor, Rac-1, targeting the heme binding site in the
apo-form of TDO. The detailed structures of the indole-benzotriazoles studied in this work are illustrated in Table 1.

Table 1. IC50and PDB Code Associated with Each TDO Inhibitor Studied in This Work. The IC50 Values Were Determined by
Spectroscopy-Based Enzyme Assays
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■ RESULTS AND DISCUSSION
The reported IC50 values of the TDO inhibitors studied in this
work were measured using either cell- or enzyme-based assays
under various pH and temperature conditions and thus are not
directly comparable. We first systemically examined the IC50
value of each inhibitor using an enzyme-based spectroscopic
assay in pH 7.4 Tris buffer, in the presence of 100 μM Trp at
25 °C. The data are shown in Figure S2 and summarized in
Table 1. The inhibitory potencies of these inhibitors will be
discussed in the context of structure and activity relationships
in the ensuing sections.
Crystal Structure of TDO-NLG 919’ Complex. NLG919’

(Figure 2) is a unique inhibitor as it targets not only IDO
(with an IC50 of 0.06 μM),34 but also TDO (with an IC50 of
0.37 μM, see Table 1). Here we crystallized TDO in complex
with NLG919’ and solved its structure with a resolution of 2.30
Å (Table S1). Clear electron density associated with the
inhibitor is evident in the active site on top of the heme in each
of the four subunits of the tetramer (see an example in Figure
S3A). The best modeled structure shows that the imidazo-
isoindole group occupies the hydrophobic “A” pocket, formed
by the B-Helix, the A-Helix (from the neighboring subunit),
the DE-Loop and the heme, where it coordinates to the heme
iron via the N atom (Figure 2A). The cyclohexane tail occupies
the “B” pocket, flanked by the D-Helix and the DE-Loop,
where it extends out into the solvent. The hydroxyl group
forms an H-bond with the propionate-7 group of the heme and
is within a H-bond distance of the isoindole nitrogen.

Spectroscopic studies show that NLG919’ binding to the
ferric enzyme induces a shift of the Soret band from 405 to 414
nm and the appearance of two new visible bands at 535/567
nm at the expense of the charge transfer band at 632 nm; while
that to the ferrous enzyme leads to a shift of the Soret band
from 431 to 426 nm and the conversion of the visible band
from 557 to 531/567 nm (Figure 2B). The spectral transitions
induced by the NLG919’ binding are in good agreement with
the coordination of a N-based ligand to the heme iron.25

Superimposing the structure of the TDO-NLG919’ complex
with that of the Trp complex (see the inset-i-ii) reveals that the
direct coordination of the inhibitor to the heme iron leads to a
∼ 40° tilt of the imidazo-isoindole ring toward the heme iron
with respect to the indole ring of the Trp. The conformations
of the residues lining the inhibitor binding site, however,
remain largely unperturbed upon the substitution of the
substrate with the inhibitor (see the inset-iii), except that (i)
the DE-Loop (in particular the [150−152] fragment) is
slightly pushed out by the bulky imidazo-isoindole ring, (ii) the
side chain of R144 (ion-pairing with the carboxylate group of
the Trp) swings out into the solvent to accommodate the
cyclohexane moiety, and (iii) the JK-Loop (H-bonding with
the carboxylate and ammonium groups of the Trp) becomes
disordered.

Although the inhibitory potency of NLG919’ is ∼6-fold
lower in TDO with respect to IDO, the binding poses of the
inhibitor in the two enzymes are nearly identical (Figure S4).
However, the substitution of the substrate Trp with the

Figure 2. Binding pose of NLG919’ in human TDO. (A) The active site structure of the NLG919’ complex, with the “A” and “B” pocket
highlighted by light blue and gray background, respectively. (B) Absorption spectral changes induced by NLG919’ binding to the ferric or ferrous
TDO. Insets (i-ii) shows the binding pose of NLG919’ superimposed with Trp. The red dotted lines indicate the hydrogen bonds in the Trp
complex. Insets (iii-iv) shows the protein conformational changes induced by the substitution of Trp with NLG919’ in TDO and IDO, respectively.
The inhibitor and substrate are not shown for the sake of clarity. The PDB codes of the TDO-Trp, TDO-NLG919’ and IDO-NLG919’ complexes
are 5TIA, 7LU7 and 5EK3, respectively.
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inhibitor in IDO, unlike that in TDO, leads to significant
conformational rearrangement of the active site residues (see
the inset-iv). In particular, the side chains of F163 and S167 in
the B-Helix forming the base of the inhibitor binding site move
forward to interact with the inhibitor; in addition, the DE-
Loop undergoes a large-scale rearrangement to accommodate
the imidazo-isoindole ring. The structural data suggest that the
inhibitor binding site in TDO is rigid, which binds NLG919’ in
a lock-and-key mode, while that in IDO is more flexible, which
binds the inhibitor in an induced-fit mode, allowing the
optimization of the protein-inhibitor interactions, thereby
accounting for the superior inhibitory potency in IDO versus
TDO.
Crystal Structure of TDO-LM10 Complex. We next

crystallized TDO in complex with LM10, an indole-tetrazole-

based inhibitor that selectively targets TDO. We solved the
structure with a resolution of 2.29 Å (Table S1). The overall
structure of the complex is similar to that of the NLG919’
complex. However, LM10, unlike NLG919′, does not
coordinate to the heme iron (Figure 3A), which is in good
agreement with the spectroscopic data showing that LM10
binding does not perturb the spectral features of the ferric or
ferrous enzyme (Figure 3B).

The inhibitor binds to the active site in a trans configuration,
with the indole and tetrazole rings occupying the “A” and “B”
pocket, respectively, in a nearly coplanar fashion. The fluoride
on the indole ring points toward the hydrophobic cavity
formed by Y42, Y45 and L46 on the A-Helix (not shown).
Superimposing the structure of the LM10 complex with that of
the Trp complex shows that the binding pose of the indole ring

Figure 3. Binding pose of LM10 in human TDO. (A) Superimposed structures of the LM10 and Trp complexes, highlighting their distinct binding
poses, and the rotation of the R144 side chain. Inset (i) shows the binding pose of LM10 superimposed with NLG919’. (B) Absorption spectra of
ferric or ferrous TDO in the absence or presence of LM10. The PDB codes of Trp and LM10 complexes are 5TIA and 8VZV, respectively.

Figure 4. Binding poses of PPN1 and PPN3 in human TDO. (A) Schematic illustration of the design principle of the indole-benzotriazoles using
LM10 as the basis. (B−C) Binding poses of PPN3 (green) or PPN1 (magenta) superimposed with Trp bound in the Trp complex (gray). Insets (i-
ii) shows the binding pose of PPN3 superimposed with LM10. Inset (iii) shows the binding pose of PPN1 superimposed with PPN3. (D) Surface
views of the PPN1 and PPN3 binding sites. The benzotriazole-piperidine group in each complex, highlighted in yellow, is exposed to the bulk
solvent. The F-fragment and DE-Loop are colored in magenta. The PDB codes of the Trp, LM10, PPN3 and PPN1 complexes are 5TIA, 8VZV,
8VTQ and 8VUG, respectively.
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coincides well with that of Trp, with an H-bond between the
indoleamine group and H76. The tetrazole ring forms an
additional H-bond with R144, forcing it to lie above the space
occupied by the ammonium and carboxyl groups of the
substrate in the Trp complex.

The replacement of the substrate Trp with LM10, like that
in NLG919′, does not significantly perturb the conformations
of the residues forming the binding site (not shown), except
that the R144 side chain moves up to interact with the
tetrazole ring and that the JK-Loop becomes disordered to
accommodate the bulky tetrazole ring. The structure of the
LM10 complex, like that of the NLG919’ complex, indicates a
lock-and-key binding mode. Although the binding poses of
LM10 and NLG919’ are distinct and neither of them is a snug
fit to the binding site, their binding energies are comparable, as
indicated by the similar IC50 values (0.30 and 0.37 μM,
respectively, see Table 1).
Crystal Structures of TDO in Complex with Indole-

Benzotriazoles. LM10 has been shown to be valuable for the
studies of cellular functions of TDO.11 However, its clinical
application is limited due to the metabolic lability of the vinyl
group linking the indole to the tetrazole rings. To overcome
this problem, a new group of TDO inhibitors have been
developed,20 where the vinyl and tetrazole ring are fused
together by introducing a benzotriazole group (Figure 4A).
This new type of inhibitor exhibits much better chemical
stability,20 hence holding great promise as leads in drug
development.

To promote the structure-based drug design, we crystallized
TDO in complex with three types of indole-benzotriazole
based inhibitors, where the N3 or N1 of the triazole ring is
derivatized with methylpiperidine (PPN3/PPN1), methylpyr-
rolidine (PYN3/PYN1) or ethylpiperazine (PAN3/PAN1), as
well as a fluoride derivative of PAN3 (PAN3F), as listed in
Table 1. We determined the structures of these inhibitor
complexes with a resolution of 2.05−2.65 Å (Table S1). The
overall structures of the inhibitor complexes are analogous to
each other and to that of the LM10 complex. Spectroscopic
studies show that the binding of the inhibitors to TDO does
not perturb its absorption spectra (data not shown), indicating
that they, like LM10, do not coordinate to the heme iron,
which is in good agreement with the structural data.

In the PPN3 complex (Figure 4B), the indole ring of the
inhibitor binds to the “A” pocket of the active site in a binding
pose similar to that of Trp, with the indoleamine group
forming an H-bond with H76. The benzotriazole moiety
occupies the “B” pocket, where it forms an H-bond with R144

via the N1 atom. Superimposition of the bound PPN3 with
LM10 shows that its indole ring overlaps well with that of
LM10, while the benzotriazole ring partially overlays with the
vinyl-tetrazole group of LM10 (see the inset-i), confirming that
the fusion of the two functional groups does not drastically
perturb the inhibitor binding pose. The benzotriazole ring
rotates −36° away from the indole ring, which causes the
piperidine group to swing toward the DE-Loop, pushing the
[147−150] fragment away from the heme (see the inset-ii). In
the PPN1 complex (Figure 4C), the relocation of the
piperidine group from N3 to N1 does not perturb the binding
pose of the indole ring, but it leads to +60° rotation of
benzotriazole ring away from the indole ring (see the inset-iii)
and the establishment of a new H-bond between its N2 atom
and the R144 side chain. As such, the piperidine ring, unlike
that in the PPN3 complex, does not clash with the DE-Loop.

The binding poses of PYN3/1 and PAN3/1, as well as the
conformation of the protein matrix surrounding the inhibitors,
resemble those of PPN3/1. The indole rings of the inhibitors
coincide well with each other, while the orientation of the
benzotriazole rings is dictated by the physical location of the
substituent on the ring regardless of its chemical nature
(Figure 5), which manifests the importance of the H-bonding
interaction with R144. The structure of the PAN3F complex
shows that the addition of a fluoride at the C5 of the indole
ring in PAN3 does not significantly perturb the inhibitor
binding pose (see the inset-ii), except that the indole ring shifts
slightly down toward the heme to accommodate the fluoride.

The inhibitor binding, like that in the LM10 or NLG919’
complex, is not a snug fit, as manifested by the ability of the
“B” pocket to accommodate the benzotriazole ring in two
distinct orientations. The substituent on the benzotriazole ring
in the inhibitor complexes extends out into the bulk solvent
without direct contact with the protein matrix (Figure 4D). As
a result, it exhibits high conformational freedom within the
four subunits of a given inhibitor (Figure S5) and significant
structural variability among the various inhibitors (Figure 5).
This unique structural feature accounts for the fact that the
inhibitory potency of the indole-benzotriazoles is not
correlated with the physical location or chemical nature of
the substituent on the benzotriazole ring (Table 1).

The observation that the IC50 values of the indole-
benzotriazoles are only slightly higher than that of LM10
(0.30 μM) indicates that the rigidification of the tetrazole ring
with respect to the indole ring does not compromise the
inhibitory potency. The protein matrices surrounding the
indole-benzotriazoles share high structural similarity, manifest-

Figure 5. Binding poses of indole-benzotriazole based inhibitors in human TDO. (A,B) Superimposed structures of PPN3/PYN3/PAN3 and
PPN1/PYN1/PAN1 complexes, respectively. Inset (i) shows the general structures of the inhibitors. Inset (ii) shows the binding pose of PAN3F
superimposed with that of PAN3. The PDB codes of the PPN3/PYN3/PAN3, PPN1/PYN1/PAN1 and PAN3F complexes are 8VTQ/8W1H/
9AT2, 8VUG/9B1Q/9B17 and 8W2K, respectively.
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ing the rigidity of the inhibitor binding site and the lock-and-
key binding mode. Nonetheless, the JK-Loop outside the
inhibitor binding site exhibits high structural flexibility.

It is well-established that the JK-Loop in the substrate-free
enzyme is too flexible to be structurally resolved and that
binding of Trp to the active site induces its organization into a
reverse β-turn structure (referred to as the “closed”
conformation hereinafter, Figure 6A). The “closed” conformer
is stabilized by an extended H-bonding network with the
carboxylate and ammonium group of the Trp, as well as the
propionate-7 group of the heme, via the “GTGG” motif (fully

conserved in TDO family of enzymes) and the ensuing S345
residue (see the inset-i).

Similarly, in the structure of TDO in complex with IPDS, an
indole-based inhibitor with a small framework,35 the JK-Loop
adopts the “closed” conformation (Figure 6B). It, however,
exhibits significantly higher conformational freedom (see the
inset-vi versus inset-iv), plausibly due to the fact that the H-
bonding network stabilizing the “closed” conformer is much
less extensive (see the inset-iii) as compared to that in the Trp
complex. The fact that IPDS is a weak inhibitor (with IC50 of

Figure 6. Structural flexibility in the TDO-inhibitor complexes. (A) Superimposed structures of the PPN1 and Trp complexes, highlighting the
“open” and “closed” conformations of the JK-Loop. The F-fragment [166−185] in the Trp complex (between the two asterisks) is too flexible to be
structurally resolved. (B) Superimposed structures of the IPDS and Trp complexes, highlighting the “closed” conformations of the JK-Loop. The
blue asterisk indicates the chiral center of IPD. Insets (i-iii) show the H-bonding network stabilizing the JK-Loop, in particular the “GTGG” motif
and the ensuing S345, in the Trp, PPN1 and IPDS complexes. Insets (iv-vi) shows the Trp, PPN1, and IPDS complex structures in the B-factor
putty representation, highlighting the distinct conformational freedom of the JK-Loop and F-fragment in each complex. The dashed lines indicate
the disordered structural components in the F-fragment. The PDB codes of the Trp, PPN1 and IPDS complexes are 5TIA, 8VUG and 6PYZ,
respectively.

Figure 7. Potential binding pocket for TDO-selective inhibitors. The inhibitor binding pocket (yellow mesh) was generated by the CavitOmiX
plugin for PyMOL, using the LM10 complex as the model. The structure of the LM10 complex is shown in cartoon (A) and surface (B)
representation (where the bound LM10 is not shown for clarity). The structure is overlaid with NLG919’ (magenta) and PPN1 (green). Inset (i)
shows the inhibitor binding pocket from a different viewing angle. The dashed line in (A) shows the disordered JK-Loop. The PDB codes of the
LM10, PPN1 and NLG919’ complexes are 8VZV, 8VUG and 7LU7, respectively.
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424 μM)35 suggests that the entropy cost for establishing the
“closed” conformation is high.

In contrast, in all the inhibitor complex structures examined
in this work, the JK-Loop is disordered, due to steric hindrance
imposed by the bulky groups occupying the “B” pocket of the
inhibitor binding site, except that in the PPN1 complex it
assumes a unique “open” conformation (Figure 6A) in two
subunits of the tetramer. The “open” conformer is stabilized by
the H-bonding network involving Y175 in the F-fragment
[166−185] (see the definition in Figure S1) and the
propionate-7 group of the heme (see the inset-ii). Its unusually
high conformational freedom (see the inset-v) suggests that
the JK-Loop in all the inhibitors examined in this work adopts
the “open” conformation, some of which are too flexible to be
structurally resolved.

The F-fragment, which houses the Y175 residue stabilizing
the “open” conformer of the JK-Loop, like the JK-Loop,
exhibits high structural flexibility. It is not in direct contact
with substances bound in the active site, but the Y175 residue
in the F-fragment is critical for controlling product unloading
during enzyme turnover, by destabilizing the “closed”
conformation of the JK-Loop,26 suggesting that the outer-
sphere interactions between the F-fragment and the JK-Loop
may modulate inhibitor affinity.

Using the CavitOmiX plugin for PyMOL, with LM10
complex as a model, we identified an inhibitor binding pocket,
extending out of the active site into a valley flanked by the F-
fragment and the DE-Loop/A-Helix bundle (Figure 7). This
unique binding pocket, which is capable of accommodating all
the inhibitors studied in this work (see PPN1 and NLG919’ as
examples), presents a potential binding target for future drug
development.

■ CONCLUSION
We have systematically examined the binding modes of nine
competitive inhibitors with three types of pharmacophores,
imidazo-isoindole, indole-tetrazole, and indole-benzotriazole,
in TDO. We found that the bound inhibitor in each inhibitor
complex is stabilized by hydrophobic interactions with
surrounding residues and H-bonding interactions with H76,
R144 and/or the propionate-7 group of the heme. The binding
pose of each inhibitor is distinct and is not a snug fit, but the
inhibitors exhibit similar inhibitory potency, with the IC50
values in a narrow window (0.30−1.65 μM). We revealed that
the inhibitor binding site in TDO, unlike that in IDO, is rigid,
and that the inhibitor binds in a lock-and-key mode. The
structural data provide important new insights into structure-
based drug design.

■ EXPERIMENTAL SECTION
Materials. TDO protein was expressed and purified as reported

previously.36,37 NLG919’ was purchased from Fisher Scientific
((IDO-IN-7, Cat. No. 502030500, with a purity of 99.93% by LC-
MS). LM10 was purchased from Sigma-Aldrich, Inc. (catalog no.
SML3499, with a purity of 98% by LC-MS). The indole-benzotriazole
based inhibitors were prepared as reported previously.20 All these
compounds are ≥95% pure by HPLC (see Figure S6).
Spectroscopic Measurements. All of the absorption spectra

were obtained with a UV2100 spectrophotometer (Shimadzu
Scientific Instruments, Inc.) with a spectral slit width of 2 nm. The
samples were prepared with 5 μM TDO and 100 μM inhibitor in 50
mM pH 7.4 Tris buffer.
IC50 Measurements. The enzyme activity of TDO was

determined by the initial linear production rate of the product, N-

formyl kynurenine, by measuring the absorbance at 321 nm (ε = 3750
M−1 cm−1) as a function of time (within ∼300 s). The reaction was
initiated by mixing 100 μM substrate L-Trp and 100 μM ascorbate (as
a reductant) with 0.25 μM TDO in 50 mM pH 7.4 Tris buffer
containing 150 mM NaCl at 25 °C as reported previously.36,37 The
IC50 value of each inhibitor was determined by measuring the enzyme
activity as a function of the inhibitor concentration. Each inhibitor
stock was prepared in DMSO. The final concentration of DMSO in
each assay solution was controlled at 2.0% (v/v).

The relative activity, calculated based on the ratio of the observed
activity in the presence versus absence of the inhibitor, was plotted as
a function of inhibitor concentration and fitted with the Hill equation
described below, where [I] is the inhibitor concentration and n is the
Hill coefficient.

= [ + [ ] ]RelativeActivity 1/ 1 (IC / I )50
n (1)

The data summarized in Figure S2 were analyzed with the Origin
8.5 software (OriginLab Corporation).

In addition to the nine inhibitors studied in this work, the IC50
value of the lead compound (referred to as BTA) of the indole-
benzotriazole group of inhibitors (without R1 and R3 substituents)
was measured as a reference. The Hill coefficient n was determined to
be ∼1 for all inhibitors except for NLG919’ and BTA, which are 1.8
and 3.5, respectively, suggesting significant cooperativity in the
inhibitor binding reactions. It is noted that the IC50 values reported
here for LM10 and the indole-benzotriazoles are in general lower than
those reported by Kozlova et al.,20 which is likely a result of the
fundamental differences in the assay methods.
Crystal Preparation. All the TDO crystals were grown using the

under-oil microbatch method as reported previously.26 Briefly, the
crystal growth was initiated by mixing a protein solution (45 mg/mL)
in 50 mM pH 7.4 Tris buffer, containing 5 mM α-methyl tryptophan
and 150 mM NaCl, with a precipitant solution, containing 50 mM
sodium citrate, 2% (v/v) Tacsimate and 5% (w/v) PEG 3350 at pH
5.6. Mature TDO crystals were harvested and transferred to the
harvest solution containing 100 mM Tris buffer (pH 7.4), 5% (w/v)
PEG3350 and 1 mM α-methyl tryptophan. For the NLG919’ and
LM10 complexes, the harvest solution was the same as the
crystallization mother solution. The crystals were reduced with 1
mM sodium dithionite and then washed to remove excess dithionite.
They were subsequently soaked with 4 mM inhibitor in 2% (v/v)
DMSO for ∼60 min and then cryoprotected by sequentially soaking
in 12.5% and 25% (v/v) ethylene glycol for 2 min each before they
were flash-frozen in liquid nitrogen for data collection. It is notable
that the structures of the TDO-LM10 and TDO-NLG919 complexes
can also be obtained with a cocrystallization method and that there is
no difference between the structures obtained with the soaking and
cocrystallization methods. To be consistent, only the structures with
the soaking method are presented here.
Crystallographic Data Collection and Analysis. The crystallo-

graphic data were collected by the Lilly Research Laboratories
Collaborative Access Team (LRL-CAT) beamline staff at Sector 31 of
the Advanced Photon Source or by remote user access at National
Synchrotron Light Source II beamline 17-ID-2. The diffraction images
were processed through the autoPROC pipeline,38,39 which were
indexed, integrated, and scaled with XDS,40,41 POINTLESS42 and
AIMLESS.43 The Karplus-Diederichs method44 was used to find a
proper resolution cutoff for each structure. Molecular replacement
was conducted with Phaser45 through the CCP4i2 graphic interface46

using the TDO-IPDS complex structure (PDB code: 6PYZ) as the
search model. Further model building was performed using COOT.47

Structure refinements were performed using Refmac5.46,48,49 It is
noted that as two of the nine data sets (PDB codes: 9B1Q and 9B17)
exhibit significant anisotropy, they were subjected to anisotropic
correction by STARANISO.50 Data processing and refinement
statistics are summarized in Table S1. The polder map associated
with each inhibitor is shown in Figure S3, based on Subunit D of the
tetramer. It should be noted that the electron density maps of each
inhibitor in the four subunits of the tetramer are comparable, but
Subunit D typically shows the strongest density. The structural
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models were displayed with PyMOL (http://www.pymol.org/). All
the structures shown are based on the Subunit D, expect that in
Figure 6, which is based on Subunit B, as only the JK-Loop in
Subunits A and B displays the “open” conformation.
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