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Since its discovery at the beginning of the past century, the
essential nutrient l-Tryptophan (l-Trp) and its catabolic path-
ways have acquired an increasing interest in an ever wider
scientific community for their pivotal roles in underlying many
important physiological functions and associated pathological
conditions. As a consequence, enzymes catalyzing rate limiting
steps along l-Trp catabolic pathways - including IDO1, TDO,
TPH1 and TPH2 - have turned to be interesting drug targets for
the design and development of novel therapeutic agents for

different disorders such as carcinoid syndrome, cancer and
autoimmune diseases. This article provides a fresh comparative
overview on the most recent advancements that crystallo-
graphic studies, biophysical and computational works have
brought on structural aspects and molecular recognition
patterns of these enzymes toward l-Trp. Finally, a conforma-
tional analysis of l-Trp is also discussed as part of the molecular
recognition process governing the binding of a substrate to its
cognate enzymes.

1. Introduction

l-Tryptophan (l-Trp, 1; Figure 1) is an aromatic amino acid
discovered in 1901 by Hopkins and Cole from the hydrolysis of
casein.[1] It constitutes a key substrate both for protein synthesis
and generation of several bioactive metabolites with important
physiological functions.[2] Since mammals lack the anabolic
pathway for l-Trp, they must take this essential amino acid from
diet, with a recommended daily dose of 3.5–6 mg/kg body
weight.[3,4] Out of this amount, a minor part of dietary l-Trp is
used for protein synthesis, with protein degradation turnover
satisfying the requirement for this purpose.[5] The majority of
dietary l-Trp is used for the production of a wide array of
bioactive metabolites along specific metabolic routes which
include the kynurenine (l-Kyn, 3) pathway (KP) and the
serotonin (5-HT or 5-hydroxytryptamine, 13) pathway (SP,
Figure 1).

Serotonin is a neuroactive metabolite which regulates
important functions in central nervous system (CNS) and
peripheral districts, such as appetite, mood-anxiety, cognition,
nociception, gastrointestinal activity, immune responses, and
hemodynamics.[6,7] Its biosynthesis originates from the 5-hydrox-
ylation of l-Trp by tryptophan hydroxylase (TPH, EC.1.14.16.4)
and the subsequent decarboxylation of the α-aminoacidic
group by the substrate-promiscuous aromatic amino acid
decarboxylase (AADC, EC.4.1.1.28), with the first reaction
constituting the rate-limiting step of SP. Two isoforms of TPH
have been characterized differing in kinetic properties and
tissue expression.[8] Specifically, TPH1 is expressed in enter-
ochromaffin cells of the gut epithelium wherein serotonin is
produced and released, exerting local actions and being taken

up by platelets that distribute this metabolite to peripheral
districts. Moreover, TPH1 is also expressed in the pineal gland,
wherein serotonin is used as precursor for the synthesis of the
circadian regulators N-acetyl-serotonin (NAS, 15) and melatonin
(MLT, 16).[9,10]

TPH2 is expressed in the Raphe nuclei and enteric neurons,
accounting for the production of serotonin as neurotransmitter
of serotoninergic synapses in the brain and gut,
respectively.[11,12]

Since serotonin cannot pass the blood-brain barrier, there is
not a cross-talk regulation between peripheral tissues and CNS
for the relative serotoninergic functions. Whereas the develop-
ment of small molecules potentiating the central SP could be of
interest for providing novel therapeutic opportunities against
psychiatric disorders, the design of peripheral TPH inhibitors is
actively pursed for the therapeutic treatment of diverse
disorders including hemostatic disease, inflammation, fibrosis,
gastrointestinal disorders, and metabolic diseases.[13] In this
framework, the last decade has witnessed the approval by FDA
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Figure 1. The kynurenine pathway and the serotonin pathway along the
catabolic route of l-Trp.
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of the first peripheral non-selective TPH inhibitor (Telotristat
ethyl) for the treatment of carcinoid syndrome.[14,15]

Despite the important roles of serotonin and its down-
stream metabolites NAS (15) and MLT (16) in CNS and
peripheral tissues, studies in mammals have shown that only a

minor fraction of l-Trp available from diet enters the SP. Indeed,
the largest fraction (~95%) of this essential amino acid is
conveyed into the KP.[16]

Herein, a large array of bioactive metabolites is produced
starting from the conversion of l-Trp in N-formyl-kynurenine
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(NFK, 2) and then l-Kyn (3).[17] Specifically, this latter metabolite
is the first bioactive product of the pathway that, upon binding
to the Aryl hydrocarbon Receptor (AhR), regulates the expres-
sion of anti-inflammatory genes.[18–21]

Downstream the KP, and along two specific branches that
take over depending on the relative enzymes expressed in
distinct cell types, l-Kyn is transformed into the neurotoxic
metabolite quinolinic acid (QUIN, 6) or into the neuroprotective
metabolite kynurenic acid (KYNA, 8).[22] Other bioactive products
of this pathway include 3-hydroxykynurenine (3OH-Kyn, 4) and
3-hydroxyanthranilic acid (3OH-AA, 5) that induce neuronal
damage by generating reactive oxygen species,[23,24] and
picolinic acid (PIC, 11) which is a macrophage activating ligand
promoting inflammatory reactions.[25,26] Accordingly, unbalanced
production of KP metabolites has been involved in the patho-
genesis of several human disorders including autoimmune
diseases, inflammation, cancer, neurologic and psychiatric
illnesses.[27–31]

Of note, KP leads to the synthesis of NAD+ specifically in
the liver, with this district accounting for more than 90% of l-
Trp degradation in physiological conditions. Hence, the afore-
mentioned bioactive metabolites are produced in extrahepatic
tissues including CNS, placenta, lung and immune cells.[16] The
rate limiting step of KP consists in the oxidative opening of the
indole ring of l-Trp to produce N-formyl-kynurenine (NFK, 2).[32]

The reaction is catalyzed by tryptophan-2,3-dioxygenase (TDO,
EC.1.13.11.11) and indoleamine 2,3-dioxygenases (IDO1 and
IDO2, EC.1.13.11.52).[33] Although the design and synthesis of
TDO and IDO1 inhibitors is sought for the development of novel
anticancer agents able to stop the tumor immuno-editing
process and some of them are being evaluated in clinical
settings, none of such compounds has been approved for
therapy yet.[34–36]

TDO is a homo-tetrameric enzyme which is mainly ex-
pressed in the liver and shows a high specificity toward its
substrate l-Trp. Its gene expression is induced by l-Trp, tyrosine,
histidine, glucocorticoids and l-Kyn.[37] IDO1 and IDO2 are
monomeric enzymes that catalyze the oxidative cleavage of a
broad range of indole-bearing substrates.[38–40] While IDO1 is
ubiquitously expressed in many tissues and its expression is
regulated by immunological signals,[41,42] IDO2 is mostly ex-
pressed in murine kidney, liver, and reproductive system.[43]

It is worth noting that NAS (15), the circadian bioactive
metabolite produced by the serotonin pathway, has recently
been shown to act as positive allosteric modulator of IDO1,
providing the first evidence about a small-molecule mediated
cross-talk between the two pathways of the endogenous l-Trp
catabolism.[44]

In this framework, another level of balance between SP and
KP may rely on the substrate avidity of the rate limiting
enzymes in those districts wherein these proteins are co-
expressed. Indeed, TPH1, TPH2, TDO, IDO1 and IDO2 show
different substrate’s affinity to l-Trp, as evidenced by the
relative Michaelis-Menden constants (KM, Table 1), with some of
them (TDO and IDO1) possessing also multiple binding sites for
the substrate.[45–47]

Crystallographic, spectroscopic, biophysical and computa-
tional approaches have been instrumental to get insights into
the molecular basis of the different affinity of l-Trp to some of
the rate limiting enzymes of the kynurenine and serotonin
pathways, unveiling specific molecular recognition and stereo-
selectivity patterns of the substrate to human IDO1 and
TDO.[45,47–50]

In this article we provide a survey of such studies,
integrating the account with an analysis on the molecular
recognition of l-Trp to human TPH1 and TPH2, as well as some
new studies on the conformational properties of l-Trp that may
in part affect the substrate binding affinity.

2. Structure and Substrate Binding Pockets of
Tryptophan Dioxygenases

2.1. IDO1

Since the determination of the first crystal structure of IDO1
(PDB codes: 2D0T, 2D0U),[51] an increasing number of crystallo-
graphic studies proved successful to disclose different ligand-
bound and unbound forms of the enzyme that show a
conserved architecture with specific ligand-induced conforma-
tional changes of secondary motifs.[52] According to these
studies, the heme-containing catalytic site is located into a large
domain of IDO1, whereas two functional immunoreceptor
tyrosine-based inhibition motifs (ITIM, Tyr111, Tyr249) are
placed in a small domain which, upon phosphorylation by Src
kinases, accounts for the non-catalytic signaling functions of
the enzyme (Figure 2A).[53] A further conserved phosphorylation
site is located at YENM motif (residues 145–148) which
protrudes from the small domain toward α-helix B of the large
domain (Figure 2B). Upon phosphorylation, this site accounts
for the interaction with class IA phosphoinositide 3-kinases
(PI3Ks) which become activated and promote the shift of IDO1
from the cytosol to early endosomes. Herein, the ITIM
phosphorylated form of IDO1 acts as a signaling molecule
activating genomic effects that lead to long-lasting
immunosuppression.[54]

Table 1. Michaelis-Menten constants and catalytic rate constants of l-Trp
to tryptophan hydroxylases and dioxygenases.

Enzyme KM [mM] kcat [s
� 1] Reference

hTPH1 0.023 (pH 7.0) - [8]
hTPH2 0.040 (pH 7.0) - [8]

hTDO

0.190 (pH 7.0) 2.1 [87,111]
0.222 (pH 8.0) 1.4 [48]
0.120 (pH 7.0) 2.24 [49]
0.135 (pH 8.0) 1.071 [50]

hIDO1

0.021 (pH 6.5) 1.7 [88,112]
0.007 (pH 8.0) 1.4 [48]
0.023 (pH 7.4) 4.3 [57]
0.021 (pH 6.5) 2.97 [89,113]
0.022 (pH 7.5) 652 (min� 1) [69]

hIDO2 6.809 (pH 7.5) 0.103 [89,113]
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A flexible loop (DE-loop, residues 260–268) connects the
large catalytic domain and the small signaling domain, shaping
the catalytic pocket above the sixth coordination site of the
heme-iron. The access to this site is governed by a large flexible
loop (JK-loop, residues 360–382), whose distinct closed, inter-
mediate and open conformations regulate substrate recogni-
tion and binding of inhibitors and heme cofactor to the
catalytic site.[47,55–58] A channel for the shuttling of water and
oxygen molecules from/to the catalytic site is shaped by α-
helices E and F, extending into the distal and proximal pockets
above and below the plane of the heme group, respectively
(Figure 2).[46]

Molecular recognition of l-Trp to IDO1 was investigated
using a wide array of studies including biochemical, spectro-
scopic, biophysical, crystallographic and computational ap-
proaches. Specifically, pioneering biochemical studies provided
first evidences that high concentrations of l-Trp were able to
inhibit the catalytic activity of IDO1.[38,39] Further spectroscopic
and biochemical studies confirmed these early observations,
supporting the existence of an inhibitory substrate binding
pocket in IDO1 along with the catalytic binding site.[59–61]

The determination of the crystal structure of IDO1 in
complex with l-Trp shed light on the binding modes of the
substrate into the active site as well as into the inhibitory
binding site.[46,62]

At micromolar concentration (<40 μM) and following oxy-
gen binding to ferrous IDO1,[61,63–65] l-Trp occupies the distal
pocket above the sixth coordination site of the heme-iron to
generate the active ternary complex (Figure 3A). Herein, the
nitrogen atom of the indole ring makes a water-mediated
hydrogen bond with Ser167, whereas the aromatic moiety
engages Phe163 and Tyr126 in face-to-edge π-stacking and
hydrophobic interactions, respectively. The aminoacidic moiety
of the substrate forms two donating hydrogen bond inter-
actions from its protonated amino group to Thr379 and the
negatively charged 7-propionate moiety of the heme, and at
least three accepting hydrogen bonds from its carboxylic group
to the side chains of Arg231 and Thr379.

Type and number of these interactions are in agreement
with those frequently observed for primary amine and carbox-
ylic moieties in the crystal structures of ligand-bound protein
complexes.[66,67] Although Tyr126, Arg231 and Thr379 are
conserved in the catalytic site of human TDO (Tyr42, Arg144,
Thr342), Ser167 is replaced by a residue of histidine (His76)
(Figure S1, Supporting Information).[45,50]

Since both IDO1 and TDO catalyze the same reaction, the
above observation prompted mutagenesis and biochemical
studies to investigate the role of Ser167 in the catalytic turnover
of IDO1. Early results found that mutants Ser167Ala and
Ser167His dampen the enzymatic activity (Table S1, Supporting
Information).[51,68] More recent studies have provided a tentative
explanation to this detrimental effect, showing that mutant
Ser167His induces conformational changes of Phe270 and
His287, and secondary motifs including the DE-loop and EF-
loop (residues 277–287).[65] Collectively, these movements
distort the water and oxygen channel which becomes partially
occluded, hampering oxygen delivery to the catalytic site.

Thr379 belongs to a conserved GTGG motif of the JK-loop
which controls substrate/product shuttling (Figure 2C),[57]

whereas Arg231 was proposed to be part of an electrostatic
gate that undertakes inward movement upon binding of the
substrate.[55] Consistent with the importance of these residues
in the molecular recognition of l-Trp, mutant Thr379Ala shows
a five-fold reduction of the enzymatic activity, whereas mutants
Arg231Ala and Arg231Leu abrogate IDO1 activity, albeit not
heavily affecting the dissociation constant of the substrate
(Table S1, Supporting Information).[51,57]

Likewise, mutagenesis studies on ancestral IDO1/IDO2
chimeric enzymes disclosed a crucial role of Tyr126 in
determining the high affinity of l-Trp to ancestral IDO1 over
IDO2.[69] Conversely, the effect of mutant Phe163Ala was found
negligible on the catalytic activity yet significant on the
substrate dissociation constant (Table S1, Supporting Informa-
tion), highlighting the importance of the π-stacking interaction
in the molecular recognition of the substrate by IDO1.[51]

Several proposals have been advanced in literature for the
reaction mechanism adopted by IDO1 for the production of
NFK (2) in the distal pocket.[51,70–72] This topic has been
thoroughly reviewed elsewhere and is still matter of debate.[39,73]

Figure 2. Cartoon structure of IDO1 (PDB code: 6CXU) displaying the large
(yellow) and small (blue) domains. Functional ITIM motifs are highlighted in
green (box A) and the YENM motif in magenta (box B). Lys238 and the GTGG
motif are also evidenced (box C). The tunnel cavity for water/oxygen is
shown with orange spheres (Caver 3.0.2, PyMOL).

Figure 3. Binding mode of l-Trp into the catalytic cleft (A) and the inhibitory
site (B) of hIDO1 (PDB code: 5WMW). Hydrogen bond interactions are shown
with yellow dashed lines; π-stacking interactions are shown with blue
dashed lines.
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Recent works suggest a two-steps reaction mechanism (Fig-
ure S2, Supporting Information), with two alternative scenarios
for the first step.[74–79] In particular, the first step is proposed to
occur alternatively by (i) electrophilic addition of the lone pair
of indole nitrogen to the bound oxygen molecule, or (ii) radical
addition. Then, the second step is proposed to occur through a
stepwise insertion of oxygen into the indole moiety of l-Trp,
followed by the formation of a ferryl heme species and an
epoxide intermediate which undergoes to ring opening for the
formation of NFK (2).

Beyond the distal pocket, a high concentration of substrate
enables l-Trp to occupy both the catalytic site and an inhibitory
binding cleft which is located in the proximal pocket below the
heme plane. As a consequence, the enzymic activity of IDO1 is
dampened giving rise to the long-observed phenomenon of
inhibition by substrate.[38,39] The putative binding mode of l-Trp
into the proximal inhibitory pocket was disclosed by crystallo-
graphic experiments, using the IDO1 variant Phe270Gly (PDB
code: 5WMW; Figure 3B).[46] It was found that no strong polar
interaction is formed between l-Trp and polar residues of the
pocket, which include Glu171, Ser267 and Arg343. Conversely,
the substrate makes hydrophobic contacts with the heme
cofactor and the side chains of Val170, Val269, Leu339 and
Leu342. A face-to-edge π-stacking interaction is also observed
between the side chain of His346 and the indole ring of l-Trp
(Figure 3B). This binding mode is in agreement with the high
dissociation constant reported for l-Trp to the inhibitory pocket
of ferric IDO1-CN-Trp complex, being in the millimolar range of
potency (Kd=26 mM).[61] While positive allosteric modulators of
IDO1 such as indoleamine-ethanol (IDE) and NAS,[44,46] or some
uncompetitive inhibitors such as mitomycin C,[60] have been
observed or proposed to occupy this proximal pocket, recent
computational and biophysical studies unveil clues on the
existence of additional metastable and putative hidden pockets
of l-Trp in the structure of IDO1.[47]

Specifically, supervised molecular dynamics (suMD) drew a
plausible approaching pathway of l-Trp from the solvent to the
catalytic site of IDO1, pinpointing a metastable binding site on
Lys238 that promotes a first interaction to the substrate
(Figure 2C). The conformational plasticity of the JK-loop
imparted by Gly378 was also found crucial for the molecular
recognition process of L-Trp. These results were supported by
mutagenesis experiments in murine P1.HTR cells that found
mutants Lys242Met and Gly382Pro (mouse residue numbering)
reducing and abrogating the catalytic activity of IDO1,
respectively. In the same study, microscale thermophoresis was
used to study binding interactions between l-Trp and IDO1 in
the catalytically competent heme-bound and apo- states.
Notably, multiple binding events of the substrate to the enzyme
were found in both states. In particular, low (IDO1, Kd=0.31�
0.09 μM; apo-IDO1, Kd=4.84�1.48 μM) and high (IDO1, Kd=

574�73 μM; apo-IDO1, Kd >6000 μM) dissociation constants
were detected, suggesting the presence of two distinct binding
pockets for l-Trp in the enzyme, whose substrate affinity is
affected by the presence/absence of the heme cofactor.
Although the high dissociation constant agrees with previous
studies on the binding interaction of l-Trp to the catalytic active

site of IDO1 (Kd=320 μM;[51] or Kd=570 μM;[80] or Kd=

900 μM,[60,61] the low dissociation constant is not in agreement
with the high dissociation constant associated to the binding of
the substrate into the inhibitory pocket of the enzyme (Kd=

26,000 μM),[61] suggesting the existence of a putative exo site in
the structure of IDO1 yet to be identified.

2.2. IDO2

It is thought that IDO2 and IDO1 are evolutionary orthologs,
originating by duplication of an ancestor gene in vertebrates.[69]

Human IDO2 and IDO1 share 42.75% sequence identity (Fig-
ure S3, Supporting Information). Although no structural data
are available on IDO2, sequence alignment shows that some
key residues of substrate binding of IDO1 are conserved in IDO2
sequence. Specifically, residues Phe163, Arg231, Gly378 and
Thr379 of the catalytic site, and Lys238 of the metastable
binding site, are conserved in both sequences, suggesting a
common basis of molecular recognition for the substrate.
Notably, Ser167 and Tyr126 are replaced by Thr184 and His143,
which account for the poor l-Trp affinity and scarce catalytic
activity of IDO2.[69] Polar and hydrophobic residues of the
substrate inhibitory pocket (Glu171, Ser267, Arg343, Val170,
Val269, Leu339 and Leu342) are also conserved in IDO2 with
the exception of Phe270 that is replaced by a leucine residue.
This latter observation combines with a not conserved His287
and a shorter loop connecting α-helices E and F (residues 295–
300, Figure S3, Supporting Information), which leads to con-
jecture a differently shaped water/oxygen channel that may
also account for the poor catalytic activity of IDO2 due to a
scant oxygen delivery.

2.3. TDO

Human TDO adopts a catalytically active homo-tetrameric form
that is assembled as dimer of dimers, with each monomer
being composed of twelve α-helices (A� L).[45,81] Three regions
can be identified in the structure: a small N-terminal region
(residues 1–65) that contributes to shape the catalytic site of
the adjacent monomer in the tetramer (Figure 4); a large region
(residues 66–213 and 281–360) holding the heme cofactor, and
a C-terminal region (residues 360–382) that is also composed of
residues protruding from the large region (residues 214–280) of
the enzyme.

In the tetrameric complex, α-helices B, C and J from each
monomer form the central part of the interacting interface. Of
note, heme binding to human TDO stabilizes the tetrameric
form, whereas apo-TDO adopts a dimeric form.[81] In contrast to
the broad substrate specificity of IDO1 toward indole bearing
compounds, TDO is endowed with a narrower specificity to l-
Trp. The catalytic site is located on the terminal part of the large
region of each monomer and is also composed of part of the N-
terminal region originating from another adjacent monomer of
the tetramer. Although TDO has a distinct evolutionary origin
from IDO1,[82] both enzymes catalyze the same reaction. This
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has led to conjecture a similar reaction mechanism adopted by
both enzymes to produce NFK (2).[84] At odds, recent spectro-
scopic studies have shown that the steady state behavior of
TDO is different from IDO1. In particular, it was found that a
ternary complex [Fe(II)-O2, l-Trp] accumulates during TDO
steady state,[83] instead of a ferryl heme species as it occurs in
the case of IDO1 (Figure S2, Supporting Information).[77,79]

The crystal structure of TDO in complex with l-Trp and
oxygen unveils the binding mode of the substrate into the
catalytic site, as well as into an accessory exo pocket (PDB code:
5TIA; Figure 5).[45] Within the catalytic cleft, the carboxylic group
of the aminoacidic moiety of l-Trp makes hydrogen bond
interactions with the side chain of Arg144 and the backbone of
Thr342, whereas the amino group forms hydrogen bonds with
the side chain of Thr342 and the 7-propionate group of the
heme. The indole ring engages Phe72, Tyr42 and Tyr45 in face-
to-edge π-stacking and hydrophobic interactions, with tyrosine
residues that are located on the N-terminal region of the
adjacent monomer. The indole nitrogen is also hydrogen
bonded with His76. The resulting orientation of l-Trp within the
catalytic site places the substrate next to the oxygen molecule

for the catalysis. Specifically, the plane of the indole ring closely
approaches the terminal oxygen atom of the co-substrate which
is involved in a coordinative bond by the proximal oxygen
atom to the heme-iron.

The role of these interactions in substrate binding and
catalytic activity has been thoroughly investigated by muta-
genesis experiments. Specifically, mutants Tyr42Phe and Hi-
s76Ala were found to abrogate substrate cooperative binding
and reduce the catalytic activity of TDO, respectively.[85]

In an independent study, site directed mutagenesis of
Tyr42, Tyr45 and Arg144 with alanine residues resulted in
significant reductions of the catalytic activity, with the mutant
forms retaining only 0.50%, 1.13% and 0.88% of the wild type
activity.[50] Furthermore, a complete loss of TDO activity was
also observed in variants His76Ala and Phe72Ala. While these
results highlight the detrimental effects of deletion of some
specific substrate interactions into the catalytic cleft, the addi-
tional reported abrogation of catalytic activity by His328Ala as
well as its reduction by Phe140Ala and Ser151Ala (Table S1,
Supporting Information) find an explanation with the role of
the three residues in anchoring the heme cofactor to the
protein.

Combining mutagenesis experiments and molecular dynam-
ic simulations, another study found that the hydrogen bond
interaction of the substrate with Thr342 is important for the
stereospecificity of molecular recognition toward the l- (KM=

1.19 mM, kcat=0.101 s� 1) over the d-enantiomer (KM=1.59 mM,
kcat=0.082 s� 1; Table S1, Supporting Information).[49]

More recently, mutagenesis studies of residue Tyr175
belonging to the EG-loop have found that this region regulates
the catalytic turnover of the enzyme, promoting product release
(hTDOWT kNFK=5.8 s� 1; hTDOThr175Gly kNFK=0.9 s� 1).[45]

The binding of l-Trp to the exo pocket of TDO features a
dissociation constant (Kd=0.5 μM) lower than the catalytic site
(Kd=54 μM).[45] Herein, the carboxylic group of the substrate
forms a salt bridge interaction with Arg211, while the amino
moiety interacts through hydrogen bonds with Glu105 and the
backbone of Arg103. A further hydrogen bond interaction is
established between the backbone of Trp208 and the nitrogen
atom of the indole ring, with the aromatic part of this moiety
also engaging the side chains of Trp208 and Pro213 in aromatic
and hydrophobic contacts, respectively. In agreement with
these interactions, binding experiments of l-Trp to the double
mutant Trp208Val/Arg211Leu resulted in the loss of the low
dissociation constant, without perturbing the high dissociation
constant that is associated to the interaction with the main
catalytic cleft.

Further biochemical and cellular studies showed that the
occupancy of the exo pocket by l-Trp improves TDO stability
against ubiquitin (Ub)-dependent proteasomal degradation.[45]

Of note, a human disease condition of hypertryptophane-
mia was found associated to two single nucleotide poly-
morphisms of TDO, including Met108Ile mutation.[86] Biochem-
ical and binding studies of l-Trp against Met108Ile mutant
showed that this aminoacidic replacement decreases the
catalytic activity of the enzyme (hTDOWT KM=0.132 mM;
hTDOMet108Ile KM=0.236 mM) while increasing the proteolytic

Figure 4. Tetrameric quaternary structure (A) and folding domains (B) of
hTDO (PDB code: 5TIA). The small N-terminal region is depicted in blue
cartoon; the large region is shown in yellow cartoon; the C-terminal region is
pictured in red cartoon.

Figure 5. Binding modes of L-Trp into the catalytic cleft (A) and into the
allosteric site (B) of hTDO (PDB code: 5TIA). Hydrogen bond interactions are
shown with yellow dashed lines; π-stacking interactions are shown with blue
dashed lines.
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degradation of TDO due to a poorer affinity of the substrate to
the exo pocket (hTDOWT KD=0.11 μM; hTDOMet108Ile KD=

11 μM).[86]

At odds with IDO1, it has long been reported that the ferric
inactive form of TDO can be activated to the catalytically ferrous
active form by hydrogen peroxide in presence of l-Trp.[87,88]

Using Mössbauer and electron paramagnetic resonance spec-
troscopy, the mechanism of TDO reactivation by hydrogen
peroxide and l-Trp has been more recently proposed, showing
that the substrate acts as reductant for the enzyme.[89]

Specifically, the enzyme reactivation pathway proceeds with
the hydrogen peroxide triggering the formation of a reaction
intermediate which is composed of a ferryl species and a
protein-based free radical. This intermediate is then reduced by
l-Trp leading to the catalytically ferrous active form of TDO. The
reactivation mechanism may allow the activation of TDO in
oxidizing environments such as those found in the hepatocytes,
wherein the enzyme is mostly expressed.

3. Structure and Substrate Binding Pockets of
Tryptophan Hydroxylases

3.1. TPH1

TPH1 is a homo-tetramer belonging to the family of aromatic
amino acid hydroxylases.[90] It is composed of three functional
domains: a N-terminal regulatory domain being able to
dimerize,[91] a central conserved catalytic domain, and a C-
terminal oligomerization domain.

The reaction mechanism of tryptophan hydroxylation
proceeds with two coupled steps.[92] In the first step, the
reaction among tetrahydrobiopterin (BH4) cofactor, oxygen and
catalytic site iron leads to the formation of an iron peroxypterin
intermediate. Then, the insertion of oxygen into position C5 of
l-Trp occurs in the second step of the reaction (Figure S2,
Supporting Information), so that a molecule of product (12) is
formed for each molecule of BH4 being oxidized.

Although no structural information is still available for the
N-terminal and C-terminal domains of human TPH1, the first
structure of its catalytic domain was released in 2002 in
complex with the cofactor 7,8-dihydro-l-biopterin (BH2) and
iron (Fe3+) (PDB code: 1MLW; Figure 6A).[93]

Since then, other crystallographic studies followed solving
different inhibitor-bound complexes of human TPH1 (hTPH1)
catalytic domain.[94–96] Yet, only the atomic coordinates of the
chicken isoform (cTPH1; PDB code: 3E2T) are available for the
substrate-bound structure that show also an iron-bound
imidazole in the active site.[97] The two species specific isoforms
share high sequence identity (85.8%) and conserved binding
site residues (Figure S4, Supporting Information). As a conse-
quence, the binding mode of l-Trp to cTPH1 can be discussed
assuming that it may also be conserved into the catalytic cleft
of hTPH1 (Figure 6B). In particular, the carboxylic group of l-Trp
makes a salt bridge with Arg258 and hydrogen bonds with the
side chain of Ser337 and the amide backbone of Thr266. A π-

cation interaction is observed between the side chain of Tyr265
and the protonated amino group of the substrate, which also
forms hydrogen bonds with two water molecules and the
carbonyl backbone of Thr266. The indole ring engages the side
chains of His273, Tyr236, Phe314 and Phe319 in face-to-edge π-
stacking interactions, whereas making hydrophobic contacts
with Ile367 and Pro269. An important role in substrate binding
is also played by two water molecules which allow bridge
interactions of the substrate with Tyr265, Gly334, and Glu341
through a hydrogen bond network.

Mutagenesis experiments confirmed the important roles of
Tyr236 and Phe314 in substrate binding and specificity.[98–100]

Specifically, Tyr236Ala and Tyr236Leu mutants show a
decrease of substrate binding, whereas Phe314Trp variant
broadens substrate specificity. A further conserved residue,
namely Pro403 in the C-terminal domain, was found to reduce
the catalytic activity of murine TPH1 and TPH2 (Pro447) when
mutated into an arginine residue,[101] as a result of a single-
nucleotide polymorphism.[102]

Two phosphorylation sites have been identified in the
sequence of hTPH1 on Ser58 for cyclic AMP-dependent protein
kinase (PKA), and Ser260 for calcium calmodulin-dependent
protein kinase II (CaMKII).[98,103,104] Although the functional out-
come of Ser260 phosphorylation is still elusive,[98] phosphoryla-
tion by PKA of Ser58 within the regulatory domain of the
enzyme has been associated to the activation of hTPH1.[103]

3.2. TPH2

Although hTPH2 and hTPH1 are encoded by two different
genes, the primary sequence of hTPH2 shares an overall identity
of 63.8% with hTPH1 (Figure S4, Supporting Information) and a
conserved structural architecture which is composed of three
functional domains.[8,70] Only one crystal structure is available
for the catalytic domain of human TPH2 (PDB code: 4V06),
albeit no supporting paper has been published yet. No ligand is
co-crystallized into this structure, except for the imidazole
molecule and an iron atom (Fe3+).

Since binding site residues of hTPH2 are conserved in
cTPH1 and hTPH1 (Figure S4, Supporting Information), it may

Figure 6. Catalytic domain of hTPH1 (A; PDB code: 1MLW) and the binding
mode of L-Trp into the binding site of cTPH1 (B; PDB code: 3E2T). Hydrogen
bond interactions are shown with yellow dashed lines; π-stacking inter-
actions are shown with blue dashed lines.
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again be suggested that a conserved binding mode of l-Trp
exist among the catalytic clefts of these enzymatic isoforms
(Figure 6B).

Notably, hTPH2 contains a functional phosphorylation site
on Ser19 of the N-terminal regulatory domain that promotes
enzyme activation by CaMKII.[105,106] This site is not conserved in
the human and chicken isoforms of TPH1, but it is present in
the sequence of cTPH2 (Figure S4, Supporting Information).
Upon phosphorylation, hTPH2 is able to interact with 14–3-3
proteins increasing its protein stability and catalytic activity.[106]

4. Conformational Properties of l-Trp

Molecular recognition of a substrate to its cognate enzyme is a
complex and dynamic event that involves the conformational
rearrangement of both binding partners according to their
energetic landscapes.[107] The binding of a substrate to its
protein target determines a restriction of the conformational
freedom to a bioactive conformation that may be different from
the global energy minimum of the solvated ligand.[108,109]

A recent study has shown that conformational preferences
and energetics in molecular recognition between ligand and
protein cognate partners are primarily determined by intrinsic
barrier to rotation around single bonds of ligand, and that
ligand/target intermolecular interactions have a minor role in
determining the bioactive conformation.[110]

In this paragraph we discuss the conformational properties
of l-Trp and its conformational preferences in the recognition
of the cognate enzymes IDO1, TDO, and TPH1. The conforma-
tional profile of l-Trp is determined by two torsional angles (θ
and ϕ, Figure 7).

Employing a molecular mechanic approach, a systematic
rotation of each of these angles from 0° to 360°, with an
increment of 1°, allows the generation of a total of 130,321
theoretical conformers (see methods in Supporting Informa-
tion). These conformations were energetically minimized using
quantum chemistry calculations, yielding the identification of
four distinct energetic minima (Table 2).

Energetic levels of the bioactive conformations of l-Trp
extracted from available crystallographic data were determined
placing energetic constrains on the torsional angles θ and ϕ,
and refining bond stretching energies with quantum chemistry
calculations. The inspection of results shows that IDO1 and TDO
recognize the same bioactive conformation of the substrate
into the catalytic site (Table 3 and Table 4, conf. #4).

Although this observation is in agreement with the
common biochemical reaction that both enzymes adopt for the
oxidative cleavage of the indole ring of l-Trp, it does not
explain the lower KM value of the substrate to hIDO1 than hTDO
(Table 1).

Hence, additional enthalpic and entropic factors may
account for a different KM value of l-Trp into the catalytic clefts
of hIDO1 and hTDO, which are determined by specific non-
conserved structural features of these two enzymes. Notably,
this bioactive conformation is distinct from those conformations
adopted by l-Trp to occupy the proximal inhibitory pocket of
IDO1 (Table 3, conf. #2) or the exo site of TDO (Table 4, conf.
#3). Hence, medicinal chemistry strategies may be envisaged
aimed at constraining θ and ϕ angles to yield conformational
restricted analogues of l-Trp that selectively bind to the
proximal inhibitory pocket of IDO1 or the exo site of TDO. In the
case of TPH1, l-Trp adopts a bioactive conformation that is very
close to its global minimum (Table 4, conf. #2), which may in

Figure 7. Torsional angles of l-Trp considered for the generation of the
conformational profile. The dihedral angle θ (N-Cα-Cβ-C2) and dihedral
angle ϕ (Cα-Cβ-C2-C1) are colored in blue and red, respectively.

Table 2. Torsional properties (θ and ϕ angles) and energetic values of l-
Trp minima conformations.

Conf. θ [°] ϕ [°] Solution Phase Energy
(Hartree)

ΔE global min.
[kcal mol� 1]

#1 55.4 86.2 � 686.4095 0.439
#2 48.9 264.4 � 686.4102 0.000
#3 295.2 273.5 � 686.4084 1.130
#4 296.8 106.4 � 686.4098 0.251

Table 3. Torsional properties (θ and ϕ angles), energetic and RMSD values of l-Trp bioactive conformations binding to hIDO1.

PDB Site ΔE global min.
[kcal mol� 1]

#1[Å] #2[Å] #3[Å] #4[Å]

5WMX[a] Cat. 1.890 1.775 1.739 2.271 0.694
5WMW[a] Cat. 4.554 1.700 1.881 2.369 0.530
5WMU Cat. 1.674 1.664 1.917 2.413 0.451
5WMV Cat. 1.692 1.632 1.907 2.416 0.522
6E46[b] Cat. 1.998 1.949 1.732 2.103 1.020
6E35 Cat. 1.843 1.679 1.887 2.406 0.440
6CXU[c] Cat. 2.004 1.780 1.776 2.290 0.638
6CXV[c] Cat. 2.195 1.794 1.792 2.293 0.618
5WMW[a] Inhib 1.194 2.428 0.289 1.527 1.877

[a] hIDO1 mutant F270G. [b] hIDO1 mutant K118 A, K199 A. [c] hIDO1 mutant S157H.
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part explain the low KM value of the substrate toward this
enzyme (Table 1).

5. Conclusions

l-Trp is an essential aminoacidic nutrient for human body that
is exploited for protein synthesis and production of important
bioactive metabolites. This latter occurs at the crossroads of the
kynurenine and serotonin pathways, wherein IDO1, TDO, TPH1
and TPH2 constitute pivotal enzymes regulating a wide array of
physiological functions in CNS and peripheral tissues through
consumption of l-Trp and production of downstream signalling
molecules. In this review article, we have surveyed structural
aspects and recognition patterns of these enzymes toward l-
Trp, as hitherto unveiled by crystallographic studies, biophysical
and computational works available in scientific literature.
Collectively, these studies depict a scenario representing such
enzymes as sophisticated protein machineries containing differ-
ent hot spots for enzymic and non-enzymic regulatory
functions. These hot spots come as accessory binding pockets
complementing the main catalytic site for the substrate, or as
specific phosphorylation sites that are localized on distinct
domains of the protein. The advancements that such studies
bring in the scientific community is proving of utmost
importance to fully exploit the potential of IDO1, TDO, TPH1
and TPH2 as targets for the development of new drugs in
distinct therapeutic areas.
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Table S1: Michaelis-Menten constants, catalytic rate and dissoci-
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tryptophan hydroxylation (B; Scheme adapted from Ref. [92]).
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