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Aim: Tryptophan hydroxylase 1 (TPH1) catalyzes serotonin synthesis in peripheral tissues. Selective TPH1
inhibitors may be useful for treating disorders related to serotonin dysregulation. Results & methodol-
ogy: Screening using a thermal shift assay for TPH1 binders yielded Compound 1 (2-(4-methylphenyl)-1,2-
benzisothiazol-3(2H)-one), which showed high potency (50% inhibition at 98 ± 30 nM) and selectivity for
inhibiting TPH over related aromatic amino acid hydroxylases in enzyme activity assays. Structure–activity
relationships studies revealed several analogs of 1 showing comparable potency. Kinetic studies suggested
a noncompetitive mode of action of 1, with regards to tryptophan and tetrahydrobiopterin. Computa-
tional docking studies and live cell assays were also performed. Conclusion: This TPH1 inhibitor scaffold
may be useful for developing new therapeutics for treating elevated peripheral serotonin.
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Serotonin (5-hydroxytryptamine, [5-HT]) is an evolutionarily old monoamine neurotransmitter associated with
the control of a broad spectrum of physiological functions in the human body, with important implications
for neurology, cardiology and psychiatry [1]. Many different symptoms or disease states have been attributed to
decreased or elevated levels of peripheral serotonin, including osteoporosis [2,3], carcinoid syndrome [4,5], obesity and
diabetes [6,7], ulcerative colitis [8] and pulmonary arterial hypertension [9,10]. Other research has implicated central
serotonin dysregulation in the development of neuropsychiatric disorders; for example, schizophrenia, attention-
deficit/hyperactivity disorder (ADHD), anxiety, obsessive-compulsive disorder (OCD) [11] and depression [12,13].
In addition, several studies have indicated elevated levels of serotonin in the blood of children with autism [14,15].
Multiple lines of evidence in animals and patients suggest that modulators of the central and peripheral production
of serotonin may prove effective therapeutics for the treatment of these disorders [1,2,13]. TPH exists as two
isoforms; TPH1 and TPH2 and catalyzes the initial and rate-limiting step in the biosynthesis of serotonin from
the essential amino acid, tryptophan. TPH1 and TPH2 belong to the iron- and pterin-dependent AAAHs. In
addition to the TPHs, this family, which shares a highly conserved active site, includes TH and PAH [16,17]. It
was long believed that TPH was encoded by a single gene, until Walther et al. reported that two distinct genes are
responsible for the two TPH isoforms [18,19]. These two isoforms exhibit different patterns of expression, kinetics
and regulatory properties [20]. TPH1 is expressed in non-neuronal serotonergic tissues such as enterochromaffin
cells of the gut, pancreas, fat, heart and lung, as well as in the pineal gland where it participates in the biosynthesis
of melatonin [21–23], while TPH2 is mainly expressed in the central nervous system [24].

Multiple studies have suggested TPH1 as an important drug target for disorders characterized by increased levels
of serotonin in peripheral tissues [25,26]. Attempts to develop TPH inhibitors have been undertaken by academia
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and pharmaceutical companies, (structures of representative TPH1 inhibitors reported in the literature are shown
in Supplementary Figure 1), even before the discovery of the second isoform, TPH2. One early TPH inhibitor, p-
chlorophenylalanine (pCPA or fenclonine), reached clinical trials ,and was shown to be effective for treating diarrhea
in patients with carcinoid syndrome and emesis induced by chemotherapy [27]. However, while pCPA remains a
widely used research tool, major side effects, including depression, prevented further clinical development of this
compound. The unwanted side effects are likely due to the blood–brain barrier penetration of this compound,
effectively reducing CNS serotonin levels, and to the lack of selectivity for the TPH enzymes over the other members
of the AAAH family, TH and PAH, with consequent effects on other neurotransmitters [28]. Following the discovery
of TPH2, the search has intensified for ligands inhibiting peripheral serotonin synthesis without affecting the CNS.
Novel strategies include designing compounds with reduced blood–brain barrier permeability, or allosteric TPH1
inhibitors which bind to less conserved regions out of the active site and therefore may show greater selectivity.
A series of compounds; for example, LP-521834, LP-534193 and LP-533401 have been developed by Lexicon
Pharmaceuticals (TX, USA), using pCPA as a point of departure [29]. Other spirocyclic, proline-based TPH1
inhibitors, such as KAR5585 and KAR5417, have been developed by Karos Pharmaceuticals (CT, USA) [30]. Both
Lexicon and Karos purposely designed these ligands to have low blood–brain barrier permeability. To date, only
telotristat ethyl (LX-1032), developed by Lexicon, has been approved by the US FDA for the treatment of carcinoid
syndrome-related diarrhea [31,32]. LX-1032 inhibits both TPH1 and TPH2 in vitro but selectively lowers 5-HT
levels in the GI tract [33]. Most TPH inhibitors have similar affinity for TPH1 and TPH2; however, the pro-drug
mol002291, derived from the Chinese herb Rheum officinalis, was recently described by Shi et al. [34] as a TPH1
inhibitor showing selectivity over TPH2. Finally, a team at Novartis (Basel, Switzerland) recently reported a novel
series of allosteric TPH1 inhibitors [35]. However, the similarity of TPH1 and TPH2 to TH and PAH still creates
challenges related to specificity since these enzymes share many critical residues in their catalytic sites [36]. Thus,
there remains a need for more specific TPH1 inhibitors that do not cross the blood–brain barrier, which could
be used to treat disorders associated with peripheral serotonin dysregulation without affecting serotonin levels in
the brain. We hypothesized that screening the Prestwick Chemical Library, along with 100 drug-like in-house
compounds, might yield TPH1 binders with promising characteristics for further optimization.

Materials & methods
Materials
The Prestwick Chemical Library was purchased from Prestwick Chemical labs (Paris, France). SYPRO Orange
was purchased from Sigma-Aldrich (Darmstadt, Germany). Chromatography materials for enzyme purification
and the enzymatic activity assays were obtained from Amersham Biosciences (Buckinghamshire, UK) and GE
Healthcare, (IL, USA). (6R)-L-erythro-5,6,7,8-tetrahydrobiopterin (BH4) was from Schircks Laboratories (Bauma,
Switzerland), the cytotoxicity LDH Assay Kit was purchased from Tebu-Bio labs (Roskilde, Denmark), while all
other reagents, unless otherwise indicated, were obtained from Sigma-Aldrich with a purity of at least 95%. The
structures and purities of compounds 1–3 were confirmed by nuclear magnetic resonance (NMR). All NMR
spectra were acquired on a 600 MHz Bruker AVANCE NEO NMR Spectrometer (Bruker, MA, USA) using either
DMSO-d6 or HDMSO as the solvent. NMR results are shown in Supplementary Figure 2.

Differential scanning fluorimetry
In order to find TPH1 inhibitors, human doubly truncated TPH1 (�NH102–�COOH402) was used for high-
throughput screening (HTS) using the differential scanning fluorimetry (DSF) method (a fluorescence-based
thermal stability assay) [37,38]. The TPH1 (�NH102–�COOH402) coding sequence was cloned into the pET23a
vector (6× His C-terminal fusion) between the two sites NdeI and XhoI; and overexpressed in BL21(DE3)
Escherichia coli cells [39]. After affinity purification and removal of the fusion partner, the proteins were further
purified using a Superdex HR 200 column (Amersham) equilibrated with 20 mM Na-HEPES (pH 7.0), 200 mM
NaCl as previously described [40].

The Prestwick Chemical Library which consists of 1280 small molecules (95% approved drugs) and 100 in-house
small molecules which fulfill the requirements of the Lipinski rule of five were selected and used for DSF screening.
The compounds were prepared at a concentration of 10 mM dissolved in 100% DMSO. SYPRO Orange was
utilized at 1000× dilution to monitor protein unfolding in a Light Cycler 480 Real-Time PCR System (Roche
Applied Science, Penzberg, Germany), using the 384-well format. TPH1 was diluted in 20 mM Na-HEPES (pH
7.0) buffer with 200 mM NaCl, at a final concentration of 0.075 mg/ml. Compounds were added to a final
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concentration of 200 μM. Control experiments were performed on each 384-well plate using 2% DMSO in the
absence of ligand. The samples were incubated at room temperature for 30 min before measurements were started
on the real-time PCR system. The thermal shift curves were recorded in the presence and absence of compounds
from 20 to 95◦C with four acquisitions per degree centigrade including a 10-s hold at 20◦C before and after the
experiment.

TPH1 enzymatic activity assay
Enzymatic activity assays were performed with the selected hits from the DSF screening in the presence and absence
of 100 μM of each compound. The final concentration of DMSO was 1% (v/v) and control experiments used
1% DMSO in the absence of ligand. TPH1 activities were assayed at 37◦C in a standard reaction mixture (100 μl
final volume) containing 40 mM Na-HEPES (pH 7.0), 0.05 mg/ml catalase, 10 μM ferrous ammonium sulfate
and 20 μM L-tryptophan (L-Trp). The enzymatic reaction was initiated by adding 200 μM BH4 and 2 mM
dithiothreitol (DTT; final concentrations) and stopped by precipitation with 2% (v/v) acetic acid in ethanol. The
product, 5-hydroxy-tryptophan (5-OH-Trp), was quantified by high-performance liquid chromatography (HPLC),
essentially as described previously by McKinney et al. and Winge et al. [41], with minor modifications [40,41].
Compounds that reduced TPH1 activity by more than 50% in the preliminary activity assay were selected for
further dose-response analyses and IC50 determination. The most potent inhibitor from the screening, compound
1, was selected for further studies.

Structure–activity relationship studies
A structure similarity search of compound 1 was performed using the Zinc database (https://zinc.docking.org)
which contains over 230 million purchasable compounds. A total of nine commercially available (in-stock and on-
demand) analogs of 1 were selected. The activity assay and IC50 determination were performed as described above.
Compounds 1–3, which showed the highest potencies toward TPH1, were selected for further characterization.

Selectivity studies: enzymatic activity assays using other AAAHs
The selectivity of compounds 1–3 for inhibiting TPH1 over the other aromatic amino acid hydroxylases; TPH2,
TH and PAH, was evaluated using in vitro functional enzyme assays. WT-TPH2 protein was used for this
purpose. The proteins were expressed as N-terminal 6 His-MBP fusion proteins, cleaved and purified as described
previously [40,41]. The activity assay for TPH2 was performed as described previously by Winge et al. [41]. Purified
human PAH was expressed and isolated in the E. coli strain, BL21-codon plus (DE3) RIL, as described by Flydal
et al. [42]. The effect of compounds 1–3 on the activity of PAH was evaluated as reported by Aubi et al. [43]. Human
WT TH was expressed and isolated in E. coli BL21(DE3) pLysS, as described previously. Enzyme activity was
determined by measuring product formation using HPLC as previously described [44,45].

Mechanism of action & kinetics analysis of compounds 1–3
Mode of inhibition studies were performed for compounds 1–3, using doubly truncated TPH1 (�NH102–
�COOH402). The TPH1 activity assay was performed as indicated above in the absence and presence of three
different concentrations of each tested compound (0–5 μM). Thus, product formation was measured either at a
fixed concentration (200 μM) of the cofactor BH4 and varying concentrations (0.625–40 μM) of L-tryptophan
(L-Trp) or in the presence of varying concentrations of BH4 (2.4–600 μM) and a fixed concentration (20 μM) of
L-Trp. Kinetic parameters were obtained using nonlinear regression to fit the Michaelis–Menten model to the data
(see ‘Data analysis’ section).

Computational studies
Molecular docking was performed with Glide that is part of the Schrödinger program package (Schrödinger
Release 2020-1: Glide, Schrödinger LLC, NY, USA). The ‘Induced Fit Docking’ (IFD) protocol [46] was used to
flexibly dock ligands into two defined pockets of TPH1 where sidechains of pocket-residues were re-oriented to
accommodate the individual ligands and to optimize calculated interaction energies. TPH1 coordinates used for
docking were based on the same construct as used experimentally (Protein Data Bank [PDB] ID: 1MLW) [39]. All
water molecules and the cofactor were removed prior to docking. The iron was given a point charge of +2. Two
binding pockets were defined for docking; the cofactor pocket, defined by the center of the cofactor in the crystal
structure, and the allosteric pocket, where the center of the docking grid box was defined as the center of residues
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that form close contacts with allosteric ligands as described by Petrassi et al. [35], in other words, residues 190, 280,
283–286, 289, 293, 311–312, 315–316, 321, 330, 354, 376, 378–379, 382 and 386. The grid box dimension
was chosen to be big enough to encompass all these residues.

Cell-based enzyme activity assay & cell toxicity
Human embryonic kidney cells (HEK 293FT) were used for the evaluation of cytotoxicity of the compounds.
Tested compounds were dissolved in DMSO (final concentration 0.3%) and incubated with the cells for 24 h at
concentrations up to 100 μM. Control cells were incubated with 0.3% DMSO in the absence of compounds.
After 24 h incubation, the effects of cytotoxicity were determined using a standard LDH assay, as described by the
manufacturer (Tebu-bio).

The cell-based enzyme activity assay was carried out using HEK 293FT cells transiently transfected with full-
length hTPH1 in pcDNA 3.1 (Genscript, NJ, USA). The transfection was performed using lipofectamine (Gibco,
MD, USA) according to the manufacturer’s instructions. Cells were incubated in 24-well plates coated with poly-
D-lysine. After 24h incubation, the cells were harvested, lysed and centrifuged (16,000×g at 4◦C for 10 min)
essentially as described by Winge et al. [41], and the extracted 5-OH-Trp was measured using HPLC–fluorometric
detection as described above.

Data analysis
Effects of compounds on the thermal stability of the enzyme were determined as a change in the melting temperature,
Tm (�Tm = Tm − Tm,ref) in the presence of 200 μM of the compound. Tm,ref is defined as the control melting
temperature in the presence of 2 % DMSO. GraphPad Prism Version 8 (CA, USA) was used for the analysis of
enzyme inhibition data. IC50 values were calculated using nonlinear regression, fitting the following Equation (1)
to the data:

Y = bottom + (Top – Bottom) / (1 + 10(X− logIC50)) (Eq. 1)

where Y is the response as a fraction of 1, X is the logarithm of ligand concentration, Top is the maximum response
and bottom is the minimum response in the presence of ligand. For estimation of kinetic parameters, fitting of the
Michaelis–Menten equation (Equation 2) to data yielded Vmax and KM.

Y = Vmax × X / (KM + X) (Eq. 2)

where X is the substrate concentration and Y is enzyme velocity. In vitro assay and cell data are presented as mean ±
standard deviation (SD).

Results & discussion
Identification of potential TPH1 inhibitors using DSF
To identify novel ligands with TPH1-modifying activity, HTS using DSF detection was performed using a
commercial screening library (Prestwick 1280) and 100 in-house molecules. The shift in the midpoint denaturation
temperature �Tm was recorded to find binders that could alter the thermodynamic stability of TPH1. The
fluorescent dye, SYPRO Orange, was used to record the Tm of the protein. Hits were identified by determination
of �Tm (�Tm = Tm − Tm,ref). The mean control value (Tm,ref) in the presence of 2% DMSO was 51.8 ± 0.47◦C.
Compounds which induced a positive thermal shift were considered stabilizers and compounds which caused a
negative thermal shift were considered destabilizers. A total of 90 compounds were selected as preliminary hits
(Figure 1). Whereas the utility of DSF destabilizers has been debated, recent studies have revealed that such
compounds might often represent useful hits [47,48]. Thus, 40 compounds that stabilized TPH1 with �Tm ≥3◦C
or destabilized the protein with �Tm ≤-3◦C were selected among the preliminary hits for further investigation.
These compounds were subsequently subjected to further validation and investigation in concentration–response
DSF experiments, followed by an enzyme activity assay using HPLC with fluorometric detection to quantify
5-OH-Trp.

Preliminary hits from the DSF screen, which showed at least 50% inhibitory activity at 100 μM in the enzyme
activity assay, were identified as primary hits and subjected to further analyses and determination of IC50 values. The
top candidate, compound 1 (2-(4-methylphenyl)-1,2-benzisothiazol-3 (2H)-one), also known as PBIT, reduced
the activity of hTPH1(�NH102–�COOH402) with nanomolar potency (IC50 = 0.098 ± 0.030 μM; Figure 2B).
Whereas truncated TPH1 was used for DSF screening and further characterization in the enzyme assay, 1 showed
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Figure 1. Results of high-throughput screening using
differential shift fluorimetry to identify binders to TPH1.
Human doubly truncated TPH1 (�NH102–�COOH402)
was used for screening. Compounds that showed �Tm

between -3 and +3◦C are shown as gray dots, while
compounds inducing positive or negative �Tm changes
of 3◦C or greater are shown as black dots. These 40 hits
underwent further characterization. Compound 1
(2-(4-methylphenyl)-1,2-benzisothiazol-3(2H)-one) is
shown as a red dot and destabilized TPH1, resulting in
�Tm = -8.5◦C. Dotted horizontal lines indicate �Tm -3, 0
and 3◦C.
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Figure 2. Results of structure–activity relationship studies. (A) Effect of the analogs of 1 tested against TPH1. (B)
Comparison of the inhibitory activities of 1–3 with the reference compounds, pCPA and LP 533401, at TPH1. Human
doubly truncated TPH1 (�NH102–�COOH402) was used in these studies. Data represent means ± standard deviation
of three separate experiments performed in duplicate.
Ctrl: Control; pCPA: p-Chlorophenylalanine.

very similar inhibitory activity at full-length TPH1 (IC50 = 0.096 ± 0.057 μM; Supplementary Figure 3). Thus, 1
was found to be more potent than the commercially available TPH1 inhibitor reference compounds; in our assay,
pCPA displayed an IC50 of 11.250 ± 0.097 μM, whereas LP 533401 showed an IC50 of 0.409 ± 0.060 μM
(Figure 2B & Table 1). Sayegh et al. previously reported that 1 inhibits the histone demethylase JARID1B in vitro
with an IC50 of 3 μM [49].

A compound similarity search of the ZINC database was performed with the aim of studying the structure–
activity relationships (SAR) of compounds related to 1 as TPH1 inhibitors. Nine analogs of 1 were identified and
purchased; structures of the compounds are shown in (Table 1). Interestingly, three of these compounds; 2, 3 and
4, showed relatively high potency in inhibiting TPH1 activity, while compound 5, which contains a secondary-
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Table 1. Inhibitory activities of reference compounds, pCPA and LP533401, compound 1 and selected analogs of
compound1 at human doubly truncated TPH1 (� NH102–� COOH402).
Name Structure IC50 (μM)

pCPA

Cl

OH

O

NH2

11.250 ± 0.097

LP-533401

HOOC

NH2

NN

NH2

O

CF3

F

0.409 ± 0.060

Compound 1
(2-(4-methylphenyl)-1,2-benzisothiazol-3(2H)-one)

S
N

O 0.098 ± 0.030

Compound 2
(2-phenylbenzo[d]isothiazol-3(2H)-one)

S
N

O 0.129 ± 0.044

Compound 3
(2-(thiazol-2-yl) benzo [d]isothiazol-3(2H)-one)

S
N

O

S

N

0.170 ± 0.046

Compound 4
(2-phenylisothiazol-3(2H)-one)

S
N

O 0.419 ± 0.069

Compound 5
(benzo[d]isothiazol-3(2H)-one)

S
NH

O 1.367 ± 0.092

Compound 6
(2-(4-(piperidin-1-ylsulfonyl)phenyl)benzo
[d]isothiazol-3(2H)-one)

S
N

O

S

O

O

N

1.616 ± 0.061

Compound 7
(2-phenylbenzo[d]isox, azol-3(2H)-one)

O
N

O �100

Compound 8
(2-phenyl-1,2-dihydro-3H-indazol-3-one)

N
H

N

O �100

IC50 (μM) values are shown for the compounds which showed inhibitory activity. Data are mean ± standard deviation from three independent experiments, each performed in duplicate.
IC50: Half maximal inhibitory concentration.
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Table 1. Inhibitory activities of reference compounds, pCPA and LP533401, compound 1 and selected analogs of
compound1 at human doubly truncated TPH1 (� NH102–� COOH402) (cont.).
Name Structure IC50 (μM)

Compound 9
(2-phenylbenzo[b]thiophen-3(2H)-one)

S

O �100

Compound 10
(2-phenylbenzo[d][1,2] selenazol-3(2H)-one)

Se
N

O �100

IC50 (μM) values are shown for the compounds which showed inhibitory activity. Data are mean ± standard deviation from three independent experiments, each performed in duplicate.
IC50: Half maximal inhibitory concentration.
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Figure 3. Selectivity of 1–3 at AAAH. In vitro enzyme activity assays were used to evaluate the selectivity of the most potent compounds,
1–3, to inhibit TPH1 and the other aromatic amino acid hydroxylases; TPH2, TH (not shown) and PAH. Human doubly truncated TPH1
(�NH102–�COOH402) was used in these studies, whereas the other enzymes were full length. Data represent means ± standard
deviation of three separate experiments performed in duplicate.

instead of a primary amine in the isothiazol moiety, showed considerably less potent inhibitory activity. The larger
molecule, compound 6 showed weak inhibitory activity as well. Compounds 7, 8, 9 and 10 did not show any
inhibition of TPH1 in the activity assay at concentrations up to 100 μM. Clearly, the isothiazol moiety appears to
be key for the inhibitory activity, as replacement of its sulfur atom with oxygen (compound 7), nitrogen (compound
8), or selenium (compound 10) led to a loss of activity. Replacement of the isothiazol ring with a thiophene ring
(compound 9) also resulted in a loss of TPH1 inhibitory activity. The SAR results are summarized in Figure 2A
and Table 1. Compounds 1, 2 and 3, which showed the highest potency to inhibit TPH1 (Figure 2B), were selected
for further study using Michaelis–Menten kinetic analyses and computational docking.

Since the active site is highly conserved among the AAAHs, selectivity is a challenge when attempting to develop
putative therapeutic ligands for any one of these enzymes. Although the 3D crystal structures of these hydroxylases
have provided a better understanding of the relatively minor differences that do exist between their active sites,
developing selective ligands for each of these hydroxylases remains a difficult task to this day [36,50,51]. Therefore,
it was relevant to determine the inhibitory potencies of 1–3 at each of the AAAHs. In vitro activity assays revealed
that 1–3 inhibited TPH2 with similar potency as TPH1, being two- to fourfold more potent at the latter enzyme,
while 1 and 2 inhibited PAH with at least 200-fold lower potency, compared with TPH1 (Figure 3 & Table 2).
3 showed 100-fold lower potency at PAH, relative to TPH1. Interestingly, none of the compounds produced any
appreciable inhibition of TH, even at 100 μM (not shown). Thus, this new scaffold can be considered selective
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Table 2. Selectivity of 1–3 at enzymes of the AAAH family.
Enzyme name Compound 1 IC50 (μM) Compound 2 IC50 (μM) Compound 3 IC50 (μM)

hTPH1 0.098 ± 0.030 0.129 ± 0.044 0.171 ± 0.046

hTPH2 0.229 ± 0.040 0.383 ± 0.051 0.708 ± 0.044

hPAH �25 �25 18.64 ± 0.030

hTH �100 �100 �100

The data are expressed as means ± standard deviation from three independent experiments, each performed in duplicate.
IC50: Half maximal inhibitory concentration.

Table 3. Enzyme kinetic parameters of TPH1 in the absence and presence of the tested compounds.
Substrate,
concentration

Inhibitor concentration
(μM)

Compound 1 Compound 2 Compound 3

Vmax

(nmol/min/mg)
KM (μM) Vmax

(nmol/min/mg)
KM (μM) Vmax

(nmol/min/mg)
KM (μM)

L-Trp† 0.625–40 μM
BH4 200 μM

0 42.66
(40.58–44.87)

3.82
(3.2–4.53)

42.66
(40.58–44.87)

3.82
(3.21–4.53)

42.66
(40.58–44.87)

3.82
(3.2–4.53)

0.05 24.60
(22.78–26.59)

2.84
(2.1–3.78)

26.75
(25.12–28.50)

3.04
(2.41–3.83)

42.33
(40.37–44.41)

3.97
(3.38–4.66)

0.5 19.02
(16.40–22.51)

9.9
(6.63–15.2)

11.08
(10.28–11.95)

3.10
(2.36–4.06)

22.26
(20.92–23.75)

9.31
(7.87–11.04)

5 4.12
(3.87–4.40)

5
(4.1–6.1)

4.01
(3.70–4.35)

2.26
(1.65–3.07)

4.752
(4.180–5.46)

7.33
(5.03–10.7)

BH4‡ 2.4–600 μM
L-Trp 20 μM

0 58.69
(57.03–60.39)

22.47
(19.9–25.25)

58.69
(57.03–60.39)

22.47
(19.9–25.25)

58.69
(57.03–60.39)

22.47
(19.9–25.25)

0.05 45.79
(43.47–48.20)

19.10
(15.3–23.69)

52.00
(49.23–54.87)

19.3
(15.43–24.03)

55.46
(53.58–57.38)

21.34
(8.53–24.54)

0.5 27.15
(26.48–27.83)

14.06
(12.57–15.72)

20.53
(19.97–21.10)

21.11
(18.75–23.70)

24.87
(23.87–25.90)

30.15
(25.66–35.38)

5 9.39
(8.89–9.92)

17.86
(13.99–22.72)

7.62
(7.01–8.35)

20.1
(13.40–29.95)

9.465
(8.67–10.33)

30.95
(21.44–44.41)

†Kinetic measurements at a fixed concentration of BH4 and varying concentrations of L-Trp.
‡Kinetic measurements at a fixed concentration of L-Trp and varying concentrations of BH4. Values in brackets represent 95% CI of the fit of the Michaelis–Menten equation to
data. Data represent means of two separate experiments performed in duplicate.
KM: Michaelis–Menten constant; Vmax: Maximum rate of reaction.

for TPH1 and TPH2 over PAH and TH. Further characterization of the binding mode of these inhibitors may
provide useful insights for the future development of more selective AAAH inhibitors.

Kinetic characterization of TPH1 inhibition by 1–3
Human doubly truncated TPH1 (�NH102–�COOH402) was used for kinetic protein–ligand interaction stud-
ies. Enzyme assays were conducted as described previously. The mechanisms of action of 1–3 at TPH1 were
investigated by measuring enzyme inhibition at different concentrations of inhibitor, amino acid substrate, and
tetrahydrobiopterin (BH4) cofactor. Kinetic parameters for both L-Trp and BH4 were calculated by fitting the
Michaelis–Menten equation to the data using nonlinear regression, in the absence and presence of different con-
centrations of 1–3 (0–5) μM. When the kinetics of the compounds were measured at different concentrations of
the substrate L-Trp (0.625–40) μM, the concentration of the cofactor, BH4, was fixed at 200 μM. As shown in
Table 3, there was a progressive decrease in Vmax while KM remained virtually unchanged with increasing inhibitor
concentration. Similarly, when the concentration of the co-factor, BH4, was varied (2.4–600 μM), in the presence
of a fixed concentration of L-Trp (20 μM), a decrease in Vmax and a nearly constant KM was again observed with
increasing concentrations of the three compounds (Table 3). These results indicate that 1–3 are noncompetitive
inhibitors, both with respect to tryptophan and to the co-factor, BH4. Steady-state inhibition data of 1–3 for TPH1
are shown in Figure 4.

Previous studies revealed that all four AAAH enzymes can use any of the three aromatic amino acids as
substrate [36]. Thus, for example, PAH may be a source of 5-HT in vivo since this enzyme is able to catalyze the
hydroxylation of L-Trp to 5-OH-Trp in vitro [52]. In addition, these enzymes use the same pterin co-factor to
convert the iron in their active sites to the ferrous form, which is a key step in the catalysis of the hydroxylation
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Figure 4. Mechanism of TPH1 inhibition by 1–3. Kinetic study of TPH1 inhibition by 1–3 in the presence of varying concentrations of
substrate (L-tryptophan, panels A1–A3) or cofactor (BH4, panels B1–B3). The Michaelis–Menten equation was fitted to data using
nonlinear regression. The data reveal a decrease in the Vmax value with increasing concentration of the compound, while KM is not
appreciably affected. Thus, 1–3 appear to inhibit TPH1 a noncompetitive manner with regard to both L-Trp and BH4.

reaction [36,53]. However, finding ligands which can inhibit TPH1 in a noncompetitive fashion, with respect to
both the substrate and the co-factor, may be a promising strategy for the development of therapeutic ligands which
selectively inhibit TPH1, as such ligands would be expected to bind outside the conserved active site. TPH1
inhibitors with potency in the low nanomolar range have been reported by Lexicon Pharmaceuticals [54–56]. These
compounds, however, were derived from pCPA and based on a phenylalanine moiety. As could be expected, they
were found to behave competitively with regards to the substrate [29].

Computational studies
Computational docking studies were performed to explore how the compounds might interact with TPH1. 1–3
were docked to the cofactor binding site and the allosteric site of TPH1 (as defined in the ‘Materials & methods’
section). Table 4 shows the estimated free energies of binding for the three compounds to each of the two pockets.

1 had the strongest predicted binding affinity to the cofactor site, with a docking score of -10,53, whereas 2 and
3 were estimated to have slightly lower binding affinities. A closer look at the docked complexes (Supplementary
Figure 4) revealed that the carboxyl group of 1 positioned in close proximity to the active site iron, with the
benzothiazol rings sandwiched between Phe 241 and Tyr 235, similar to what is observed for BH4 in the crystal
structure, where the carbonyl group of BH4 is oriented toward the active site iron and the pteridine rings are stacked
between Phe 241 and Tyr 235. In addition, the sulfur atom of 1 had the possibility of making S–π interactions
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Table 4. Docking scores and estimated dissociation constants of compounds docked in the cofactor and allosteric pockets
of TPH1.

Cofactor pocket Allosteric pocket

Docking score Calculated Kd
† (μM) Docking Score Calculated Kd

† (μM)

Compound 1 -10.53 0.02 -8.51 0.58

Compound 2 -9.70 0.08 -8.84 0.33

Compound 3 -9.04 0.23 -8.18 1.00

Docking scores were calculated using the scoring function in the Glide software on individual docked complexes to approximate the free energies of binding, where a more negative score
indicates more favorable interactions.
†The Kd in the table are calculated from the docking score, as a crude approximation to experimental Kd values.
Kd: Dissociation constants.

with Phe 241 and Tyr 235 while the toluene ring was involved in anion–π interactions with Glu 317. The toluene
methyl group filled a hydrophobic void defined by Ile 366, Phe 318, and Cys 364. 2 docked similarly to 1 to the
cofactor binding site, without filling the hydrophobic void due to the lack of a methyl group, which might explain
the slightly lower estimated binding affinity of 2 versus 1. 3 was also sandwiched between Phe 241 and Tyr 235,
with its carbonyl oxygen oriented toward the active site iron and the thiazole ring involved in anion-π interactions
with Glu 317. The predicted binding affinity of 3 is lower than for 1 and 2.

1–3 were also docked to the postulated allosteric binding site of TPH1 (Supplementary Figure 4). 1 was found
to stack the benzothiazol rings in between two aromatic residues, Phe 330 and 379, with possible S–π and π–π

interactions. The carbonyl group of 1 had the possibility to make hydrogen bond interactions with the backbone
of Ser 378 and side chain of Ser 376. The toluene group was near both Phe 289 and Phe 286, with the possibility
of π–π interactions. 2 and 3 interacted in a similar way, with stacking interactions involving the same residues of
the allosteric site.

It should be noted that the allosteric site is a much more challenging pocket to dock compounds into as compared
with the cofactor site. The crystal structure used in this study is that of TPH1 in complex with a cofactor analog.
Thus, when the cofactor is removed prior to docking, the cofactor binding pocket is preformed to accommodate
ligands. This is not the case for the postulated allosteric site, where an induced conformational change is assumed
to take place upon binding of ligands. Although the induced fit docking protocol was used here, it may well be
that the allosteric binding pocket is more flexible to accommodate ligands than the protocol can account for. Thus,
the predicted binding poses and docking scores are less reliable for this pocket. The inability to fully account for
conformational changes penalizes size of the docked ligand, as a bulkier ligand would need more space and more
flexibility of the receptor to be accommodated. Thus, we would expect that the predicted binding affinities for
the allosteric site are underestimated and that 1 is penalized the most due to it being the bulkiest of the three
compounds.

Cell-based assay assessment
Cell toxicity assessment of 1

1, revealed to be the most potent inhibitor in this study, was subjected to cell toxicity assessment and a cell-based
TPH1 inhibition assay. Cell toxicity was determined using the HEK 293FT cell line. The cells were incubated
with different concentrations of the tested compounds; 1 and the reference TPH1 inhibitor, LP-533401, and their
cytotoxicity was evaluated by measuring the liberation of LDH into the surrounding medium. The results shown
in Supplementary Figure 5 indicate that 1 did not show significant cytotoxicity at 3.3 μM, although there was a
trend toward significance at concentrations of 10 and 30 μM.

Cell-based TPH1 inhibition assay

A cell-based assay using HEK 293FT cells transiently transfected with TPH1 was employed to determine intra-
cellular TPH1 inhibition. Cells were incubated with test compound, or vehicle, for 24 h prior to measuring the
synthesized 5-OH-Trp using HPLC–fluorometric detection. 1 showed inhibition 5-OH-Trp synthesis with an IC50

of 0.528 ± 0.25 μM, while LP533401 displayed an IC50 of 0.955 ± 0.106 μM (data not shown). These results
indicate that 1 exhibits a sufficient degree of cell penetration to be able to inhibit TPH1 in cultured cells.
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Conclusion
In summary, via high-throughput screening using the DSF technique and medium-throughput screening using a
functional enzyme assay, we discovered a promising new scaffold for TPH1 inhibitors. Several compounds sharing
this scaffold inhibited TPH1 with nanomolar affinity. Compared with previously reported inhibitors, our new
compounds were more selective toward TPH over the other aromatic amino acid hydroxylases, TH and PAH.
Preliminary docking studies revealed that the compounds can be accommodated in both the cofactor- and the
allosteric binding site of TPH1, contacting aromatic residues in both sites mainly through stacking interactions.
Kinetic characterization of 1–3 suggests that they are noncompetitive toward both the cofactor and the substrate,
indicating that they may not bind to the cofactor binding site. Instead, these compounds may elicit their inhibitory
effects through allosteric interactions, either via the previously identified allosteric site, or by binding elsewhere in
the protein. Cell-based evaluations revealed 1 to display low toxicity and good ability to penetrate cell membranes.
We envisage that this series of compounds may be useful leads for developing new therapeutics for the treatment
of disorders related to dysregulation of peripheral serotonin.

Future perspective
The discovery of inhibitors of serotonin synthesis directly acting on the two isoforms of tryptophan hydroxylase is
an attractive aim for academia and pharmaceutical industry. For example, selective TPH1 inhibitors may address
previously unmet clinical needs by correcting disorders related to dysregulation of peripheral serotonin. A number
of TPH1 inhibitors have already been described; most of these have been developed to have TPH1 inhibitory
activity limited to the gut. Hitherto, only one such compound has been approved by the FDA for the treatment
of carcinoid syndrome-related diarrhea. Our effort to find new TPH inhibitors led to the identification of three
compounds sharing a new scaffold, which may exert their inhibition by binding to a region outside the catalytic
site. Thus, this novel scaffold can potentially be exploited for further development of inhibitors showing greater
selectivity over the other AAAHs, including TPH2, and a more favorable side effect profile compared with
presently available TPH inhibitors. This biological profile warrants further study (e.g., co-crystallization and in vivo
evaluation) to assess their mechanism of action and potential as peripheral serotonin inhibitor drug candidates. A
limitation of this study is that compounds 1–3 inhibit TPH1 and TPH2 with similar potencies. It will therefore
be important to further investigate their blood–brain barrier permeability, as well as their uptake and effect on
serotonin concentrations in peripheral and brain tissues, to assess whether they might selectively target TPH1 in
vivo due to low brain penetration. Finally, it will be relevant to determine whether the noncompetitive nature of
TPH1 inhibition observed in the present investigation reflects irreversible binding of compounds 1–3 to TPH1.
For a peripherally-acting compound, such an irreversible action may be clinically favorable, as it would prolong the
effect of a single drug dose. This in turn might enable reduced dosage, lower off-target drug exposure and hence
reduced side effect liability.

Summary points

• Tryptophan hydroxylase catalyzes the synthesis of serotonin and belongs to the family of aromatic amino acid
hydroxylases which shares a similar catalytic domain.

• Both academia and the pharmaceutical industry have taken an interest in developing TPH1 inhibitors for treating
disorders related to dysregulation of peripheral serotonin.

• Several TPH1 inhibitors have been reported, but only one has been approved by the US FDA.
• Differential shift fluorimetry represents a successful high-throughput screening method for finding

small-molecule ligands of TPH1.
• Here, we present compounds sharing a new scaffold and which showed nanomolar potency in inhibiting TPH1

and selectivity over the other aromatic amino acid hydroxylases, phenylalanine hydroxylase and tyrosine
hydroxylase.

• Docking studies suggest the compounds can be accommodated in both the cofactor and allosteric site where they
bind mainly through stacking interactions.

• The most promising inhibitor, compound 1, demonstrated low toxicity and ability to cross the cell membrane of
HEK 239FT cells.

• The new scaffold represents a promising lead for developing new therapeutic agents for disorders related to the
dysregulation of serotonin synthesis.
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Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.future-

science.com/doi/suppl/10.4155/fmc-2020-0127
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