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a b s t r a c t
In this report we describe the ﬁrst human case of hypertryptophanemia conﬁrmed to be due to tryptophan 2,3dioxygenase deﬁciency. The underlying etiology was established by sequencing the TDO2 gene, in which there
was compound heterozygosity for two rare variants: c.324G N C, p.Met108Ile and c.491dup, p.Ile165Aspfs*12.
The pathogenicity of these variants was conﬁrmed by molecular-level studies, which showed that c.491dup
does not produce soluble protein and c.324G N C results in a catalytically less efﬁcient Met108Ile enzyme that is
prone to proteolytic degradation. The biochemical phenotype of hypertryptophanemia and hyperserotoninemia
does not appear to have signiﬁcant clinical consequences.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
L-Tryptophan (L-Trp) is an essential aromatic amino acid. It is a precursor to the neurotransmitters serotonin and melatonin, as well as nicotinamide which is also supplied from niacin in the diet. The overall
metabolic pathway is summarized in Fig. 1: about 95% is catabolized
via the kynurenine pathway. The ﬁrst rate-limiting step in this to Nformylkynurenine is catalyzed by two heme-containing enzymes: Ltryptophan 2,3-dioxygenase (TDO, EC 1.13.11.11) and indoleamine
2,3-dioxygenase (IDO, EC1.13.11.52). TDO, encoded by the TDO2 gene,
is mainly expressed in the liver, has high substrate speciﬁcity for L-tryptophan, and its activity is increased by the substrate, whereas IDO,
encoded by the IDO1 gene, has more widespread tissue distribution,
less substrate speciﬁcity, and its activity is increased by inﬂammation
[1]. A third enzyme, IDO2, encoded by the IDO2 gene catalyzes the
same reaction; although its relative activity is less than IDO, recent
work suggests that it has an important immunoregulatory role [2].

Abbreviations: TDO, tryptophan 2,3-dioxygenase; ITC, isothermal titration
calorimetry; L-Trp, L-tryptophan; 5-HIAA, 5-hydroxyindoleacetic acid; αMTrp, αmethyltryptophan.
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TDO activity is thought to be quantitatively more important than IDO
activity under normal physiological conditions: using knockout mouse
models, it was estimated to account for 75% of tryptophan oxidation
[3], and TDO2−/− mice had plasma tryptophan concentrations 9.3
times controls [4], compared with only 1.3 times for IDO1−/− [5].
Hypertryptophanemia has rarely been reported in the medical literature. Tada et al. described a 9-year-old girl with signiﬁcant
hypertryptophanuria and parental consanguinity [6]. She had growth
and developmental delay, ataxia, and photosensitive pellagra-like rash
with hyperpigmentation, all features clinically suggestive of Hartnup
disease. However, unlike that disorder, her fasting plasma tryptophan
was high rather than low, at 91 μmol/L (controls 51–81 μmol/L, N =
10), and after tryptophan loading became higher, and for a longer
time, than controls, with less kynurenine excretion. There was also no
accompanying neutral aminoaciduria. The suggested explanation was
a block in the conversion of tryptophan to kynurenine. A 7-year-old
boy with somewhat similar clinical and biochemical ﬁndings was described by Wong et al., though the fasting tryptophan level was more
normal [7]. In this case the renal clearance of tryptophan was documented as being normal, and the photosensitive skin rash was responsive to nicotinamide therapy. Much higher plasma tryptophan levels
were observed in two adult siblings, who also had marked
hypertryptophanuria, but without other signiﬁcant aminoaciduria [8,9,
10]. Fasting plasma tryptophan in the brother at age 23 was
476.7 μmol/L (mean of 3 measurements), and 406.9 μmol/L at follow
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In this report we describe an apparently asymptomatic adult who
has signiﬁcant chronic hypertryptophanemia and hyperserotoninemia,
and we provide evidence that it is due to deﬁcient activity of the TDO
enzyme.
2. Methods
2.1. TDO2 sequencing
Genomic DNA was extracted from EDTA anti-coagulant peripheral
blood using an Autopure LS System and Gentra Puregene Blood Kit reagents (Quiagen, Toronto, Canada). Bi-directional Sanger sequencing
of TDO2 was undertaken with primers designed by NCBI Primer-BLAST
software (sequences are available upon request), the HotStar Plus ampliﬁcation system (Qiagen, Toronto, ON), and resolution using a
3130xL Genetic Analyzer (Life Technologies, Burlington, ON). Sequence
subtraction was performed using Mutation Surveyor V4.05 software
(SoftGenetics, State College, PA) and variants analyzed using Alamut
Software (Interactive Biosoftware, San Diego, CA).
2.2. Cloning, expression and puriﬁcation of human TDO

Fig. 1. Fate of L-tryptophan: TDO/IDO-mediated kynurenine pathway is the principle route
of catabolism.

up 10 years later. The sister at age 22 had similar levels: the mean of two
measurements was 472.5 μmol/L. Both had markedly increased levels of
urinary indoles (indolelactate, indolepyruvate, indoleacetate and 5HIAA), but normal or low kynurenine, 3-hydroxykynurenine, kynurenic
acid and xanthurenic acid. They had some similar psychiatric features
including descriptions of emotional lability, and hypersexuality, but
otherwise their clinical descriptions were very different; a complicating
factor in the sister was possible congenital rubella. She had more severe
intellectual disability throughout childhood as well as profound sensorineural hearing loss. The brother's growth and development was apparently normal until adolescence when he developed hyperacusis
and hyperalgesia, and joint issues including ulnar drift of ﬁngers and
limited elbow extension as well hyperﬂexibility, which may have been
a familial trait. He was also noted to have high myopia, strabismus,
and ocular hypertelorism. Neither sibling had ataxia or skin rashes.
Tryptophan is not routinely measured or reported in most neonatal
metabolic screening programs, though an exception was in Manchester
UK where paper chromatography of amino acids was used from 1961 to
1990. Persistently elevated plasma tryptophan (N49 μmol/L) was observed in 12/1,196,113 infants screened (1:99,743), but no consistent
adverse effects were apparent, and it was concluded that it was a benign
condition [11]. Tryptophanuria, as part of the characteristic pattern of
urinary neutral amino acids seen in the renal transport defect Hartnup
disease, was reported in 56/2,469,929 (1:44,106) infants in the Quebec
urine newborn screening program, but it was never found to be isolated,
or secondary to hypertryptophanemia [12].

The human TDO gene was purchased from DNASU. The N- and C-terminal truncated variant of TDO (40-390) was ampliﬁed by PCR using
site
speciﬁc
primers
(forward
primer,
5′GGAATTCCATATGCTTATCTATGGGAACTACCTG-3′; reverse primer, 5′AACCGCTCGAGTTAATATAGAAATTTGTGAATGGTTG-3′ and was introduced into pET28a expression vector (Novagen) which was modiﬁed
to have a TEV cleavage site behind the N-terminal polyhistidine tag
using restriction enzymes NdeI and XhoI. c.324G N C and c.491dup variants were generated by quick change method (Stratagene). All the constructs generated were veriﬁed by DNA sequencing.
Escherichia coli BL21(DE3) cells which were transformed with each
construct were grown in Luria-Bertani medium at 37 °C until OD600
reached 0.3, 160 mg of δ-aminolevulinic acid and 14 mg of ferrous ammonium sulfate (Mohr's salt) per liter of culture volume were supplemented. Temperature was lowered down to 20 °C and cell culture was
continued for 18 h. Cells were harvested by centrifugation at 8000 ×g
for 20 min, suspended in 50 mM Tris-HCl, 200 mM NaCl (pH 7.4) and
disrupted by an LM20 cell disruptor from Microﬂuidizer. After centrifugation at 30,000 × g for 1 h, the supernatant was loaded onto a Nicharged afﬁnity chromatography column (GE Healthcare) and puriﬁed
by gradient elution with 50 mM Tris-HCl, 200 mM NaCl, 500 mM imidazole (pH 7.4). The elution fraction was desalted using Sephadex G25
column (GE Healthcare) with 50 mM Tris-HCl, 200 mM NaCl, 10% (v/
v) glycerol. The puriﬁed proteins were frozen by liquid nitrogen or dry
ice with ethanol bath and stored at −80 °C for further use.
2.3. HeLa cell expression and qPCR
The native TDO in HeLa cells was knocked down by siRNA. Then, the
full-length wild-type TDO and the two variants c.491dup and
c.324G N C, were transfected into the HeLa cell line by using lipofectamine 2000. Quantitation of the gene expression was achieved by qPCR
analysis.
2.4. Enzyme characterization and activity assays
The catalytically active form of ferrous TDO was prepared from the
ferric enzyme by adding sodium dithionite under O2-free conditions
and used for the Michaelis-Menten kinetics analyses on an Aglient
8453 spectrophotometer. The steady-state kinetics experiments were
carried out as previously described [13,14,15]. The initial rate was obtained by monitoring the formation of N-formylkynurenine at 321 nm
with the known extinction coefﬁcient 3150 M− 1 cm−1 [16]. Schlenk
line and a gloveless anaerobic chamber (COY Laboratory Products)
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equipped with a digital O2 analyzer (ppm) were used to keep the
anaerobicity. The anaerobic chamber was ﬁlled with 95% N2, 5% H2
and a catalyst that removes trace oxygen by promoting water production from H2 and O2.
2.5. Isothermal titration calorimetry (ITC) measurements
Desalting and buffer exchange of puriﬁed protein were carried out
using Sephadex G-25 column (GE Healthcare) equilibrated with the
ITC buffer containing 200 mM Tris-HCl, 200 mM NaCl, and 5% glycerol
(pH 8.0). Microcal VP-ITC system (Malvern Instruments) was used to
conduct the ITC measurements under aerobic or anaerobic conditions.
The anaerobic experiments were carried out inside the COY anaerobic
chamber. For αMTrp, a total of 45 injections with a reference power of
15 μcal/s and a stirring speed of 155 rpm were performed after the temperature was equilibrated to 20 °C. ITC measurements for L-Trp binding
to TDO were carried out with identical settings except injection volumes
and the number of injections. The variant enzyme required higher concentration of L-Trp or αMTrp to reach saturation in the ITC experiment.
The ITC data were processed and analyzed using non-linear least square
curve ﬁtting with Origin version 7.0 (OriginLab Corp.) software by using
one-site or two-site binding models.
2.6. Psychological evaluation
Assessments were done using the Center for Epidemiological Studies
in Depression Scale (CES-D) [17], Sf-36v2 Health Survey (Optum Inc.),
the Pittsburgh Sleep Quality Index [18], and the Psychiatric Diagnostic
Screening Questionnaire [19]. Informed consent for this investigation
was obtained from the proband and her parents.
3. Case report
An infant female was found to have hypertryptophanemia on newborn screening [20]. (At that time, in 1986, Alberta, Canada, ﬁlter
paper blood spots were initially screened for hyperphenylalaninemia
and other amino acid disorders using a thin-layer chromatography
method). The tryptophan concentration was estimated at 129 μmol/L
from the blood spot taken at three days of life, and conﬁrmed to be
high at 479 μmol/L in a follow up plasma sample at 21 days of age (normal 11–64 μmol/L). She was mainly breast fed with occasional formula
supplements. No unusual urinary indole metabolites were found. At
three months a 50 mg/kg oral tryptophan load resulted in a rise in plasma tryptophan from a baseline of 295 μmol/L to 503 μmol/L at 1 h,
544 μmol/L at 2 h and 495 μmol/L at 4 h. Serum serotonin was also
high: 1.6 μmol/L at baseline rising to 2.1 μmol/L at 1 h and 4 h (normal
0.6–1.2 μmol/L). The baby became somnolent during the test.
The signiﬁcance and cause of the baby's hypertryptophanemia were
unknown at the time, but there was some concern because of the previous reports of hypertryptophanemia associated with developmental issues [6,7,8,9,10]. She was therefore placed on a low protein diet, with
supplementation using an amino acid mixture lacking tryptophan. Plasma tryptophan on this diet over the ﬁrst two years averaged 126 μmol/L,
range 16–265 μmol/L (n = 13). As her growth, development, and general health was clearly normal at 2 years of age, the diet was relaxed,
then discontinued. Subsequent intermittent plasma tryptophan measurements to age 26 averaged 239 μmol/L, range 161–385 μmol/L
(n = 12, normal b 51 μmol/L), on a diet containing approximately
1 g/kg of protein per day. Reevaluation at age 26 revealed elevated
serum serotonin: mean 2.024 μmol/L, range 1.75–2.16 μmol/L, n = 4,
(normal 0.17–1.174 μmol/L) and a normal plasma melatonin at
27 ng/L (normal 11–135 ng/L). 24 hour urinary 5-HIAA measurements
were in the high normal range (mean 37 μmol/day, n = 3,
normal b 41 μmol/L. She had completed university education. Height,
weight and BMI were normal. The only health issues in the past had
been bilateral inguinal hernia repairs at age 6, and tonsillectomy and
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adenoidectomy at age 9. Her parents were unrelated, and had completely normal tryptophan levels: father 30 μmol/L, and mother 23 μmol/L.
Her one brother declined testing.
At age 28, she was considering a pregnancy, so sought advice regarding possible teratogenic risks. Since there was little information in the
literature, we sought to determine if the tryptophan and serotonin
levels could be normalized by dietary means. Food records on an unrestricted diet showed an average protein intake of 1.1 g/kg/day. Restriction of natural protein to 0.8 g/kg/day (close to daily requirements for
an adult) did not reveal any difference in tryptophan and serotonin
values compared to an unrestricted diet. Further natural protein restriction was undertaken. To avoid protein deﬁciency, we supplemented
with tryptophan free protein formulas. The goal was to maintain total
protein intake between 0.8 and 1 g/kg/day, but at times actual intake
dropped to 0.6 g/kg/day. Various combinations of natural and medical
protein ratios were trialed, but natural protein was never lower than
0.3 g/kg/day. Plasma tryptophan normalized on a few occasions but
was not sustained. Serotonin could not be normalized and always
remained elevated. Low tryptophan and low serotonin could not be
achieved in conjunction; for example, plasma tryptophan between 46
and 75 μmol/L correlated with serotonin levels between 1.4 and
2.7 μmol/L. When compared to an unrestricted diet, average tryptophan
values were lower with protein restriction but a sustained decrease in
serotonin levels could not be achieved. The lowest serotonin achieved
was 1.4 μmol/L and highest was 2.7 μmol/L with an average of
1.9 μmol/L (n = 21) with no obvious correlation with protein intake,
so an unrestricted diet was reinstituted. She has subsequently had two
ﬁrst trimester miscarriages (10 weeks and 8 weeks). She had normal
serum albumin and blood pressure, and was being supplemented continually and preconceptually with a daily prenatal multivitamin containing 18 mg niacinamide.
Psychological testing did not reveal any signiﬁcant abnormalities.
The CES-D score was in the “no depressive symptoms” range. The Sf36v2 Health Survey scores were all in the normal range across all of
the scales and the two summary scores related to physical and mental
health. The Pittsburgh Sleep Quality Index score indicated “good sleep
quality”. The Psychiatric Diagnostic Screening Questionnaire revealed
no indication of any psychiatric problems in the past 2 weeks or
6 months.
4. Results
Sequencing of the TDO2 gene in the proband and her parents revealed that she is a compound heterozygote for a paternally inherited
variant c.491dup, p.Ile165Aspfs*12, and a maternally inherited variant
c.324G N C, p.Met108Ile. Expression studies were therefore done to
characterize the effects of each variant on transcription, translation,
and enzyme activity. We expressed TDO2 in E. coli BL21 (DE3). The
two variants were generated by site-directed mutagenesis.
The c.491dup variant results in a frame shift and introduces a premature stop codon 10 amino acids distal to Ile165Asp, resulting in a predicted truncated protein only 43% of its normal length. The E. coli
expression system did not produce a soluble protein, so we also examined expression in a human cell line. We overexpressed the wild-type
TDO and the c.491dup variant in HeLa cells. The wild-type expression
generated TDO with anticipated catalytic activity, but the variant expression did not. We then analyzed the mRNA expression levels by
qPCR, which revealed similar mRNA expression levels in both
c.491dup and wild-type genes (Fig. 2D), suggesting a problem in translation or protein stability rather than in transcription.
Both the wild-type and Met108Ile variant yielded soluble and catalytically active proteins. Gel ﬁltration chromatography on a Superdex200 column (Fig. 2A) revealed that Met108Ile is predominately a
homotetramer as reported for the native human enzyme [21], so the
protein quaternary structure appears unaffected. Fig. 2C shows the
Soret and the α/β bands under various conditions. The Soret peak of

320

P. Ferreira et al. / Molecular Genetics and Metabolism 120 (2017) 317–324

Fig. 2. (A) Superdex-200 elution proﬁle of the wild-type enzyme (black trace) and Met108Ile (red trace). (B) Structural representation of the distance between Met108 and the heme
center (34 Å) in the same subunit and adjunct unit (32 Å). The coordinates were taken from 5TIA.PDB [21]. (C) The optical spectra of Met108Ile at the ferric (black trace), ferrous (red)
oxidation state, ferric-CN complex (magenta), and in the presence of L-Trp with the ferric (blue), ferrous (cyan), and ferric-CN complex (brown), respectively. The inset is a zoomed-in
view of the α/β band region. These spectra are indistinguishable from those of the wild-type enzyme. (D) The mRNA expression level of c.491dup and the native enzyme in HeLa cells
as quantitated by qPCR.

the heme center at the ferric, ferrous, and ferric-CN complex states were
407, 430, and 418 nm, respectively. In the presence of L-Trp, the absorbance maxima were 409, 430, and 420 nm, respectively. These absorbance features are identical to the wild-type enzyme and similar to
those reported for the hemin-reconstituted human TDO [22]. There
was no noticeable difference between the variant and the wild-type enzyme in the reduced and oxidized oxidation states in the response of the
exogenous ligand binding to the heme, either in the absence or presence
of L-Trp (Fig. 2C). Analysis of the catalytic properties showed that the
Met108Ile enzyme had a kcat value of 0.66 ± 0.04 s− 1, similar to
0.54 ± 0.02 s−1 for the wild-type, but the Km value was noticeably increased at 236 ± 39 μM, compared to 132 ± 25 μM for the wild-type.
We next examined L-Trp interaction with Met108Ile and wild-type
TDO. To avoid turnovers during the analysis of the substrate binding experiments by ITC, we employed two strategies. In the ﬁrst set of experiments, we treated the TDO proteins with excess sodium cyanide. After
a column ﬁltration, the resulting TDO proteins were catalytic inactive,
even though L-Trp is able to reduce the Fe ion and activate the ferric
form of TDO [23], as the heme was blocked from O2 binding by the cyanide ligand [13]. The second approach was to perform isothermal titration calorimetry (ITC) experiments in an O2-free anaerobic chamber.
The variant and wild-type TDO proteins were reduced to the ferrous
oxidation state with 1 mM sodium dithionite under anaerobic conditions. Full reduction of the heme Fe was veriﬁed by UV–vis spectroscopy
which showed a complete transition of the Soret band from 407 nm to
430 nm. Fig. 3 shows that the wild-type enzyme has two binding sites
for L-Trp with KD values of 0.11 ± 0.08 μM and 30 ± 1.7 μM - i.e. one
site has 273-fold tighter binding than the other. The Met108Ile variant
protein showed substantially larger KD values at 11 ± 4.4 μM and
220 ± 13, which is only a 20-fold difference, accounted for by the
high afﬁnity binding site having 100-fold reduced afﬁnity, the other

site b8-fold decreased. The lower afﬁnity site has been documented to
be the active site; the higher being a non-catalytic exo site [21].
To further characterize this relatively major effect of the Met108Ile
change on the exo site we performed anaerobic binding experiments
with αMTrp, an L-Trp analogue that mainly binds to the exo site [21].
We ﬁrst conﬁrmed that αMTrp is not a competitive inhibitor of TDO
at physiologically relevant L-Trp concentrations. Only at a very high concentration of 4 mM αMTrp was a mixed-type weak inhibition pattern
observed in which Vmax is decreased but Km is increased (data not
shown). As expected, ITC measurements showed evidence of a single
binding site (Fig. 4). The wild-type enzyme (KD, 5.8 ± 0.7 μM) has
6.4-fold higher afﬁnity for αMTrp than the Met108Ile variant (KD,
37 ± 2.7 μM). We also tested αMTrp by locking the active site with
2 M sodium cyanide as an oxygen surrogate (Fig. 5).

5. Discussion
The observation of chronic hypertryptophanemia associated with
hyperserotoninemia and borderline high 5-HIAA without any excessive
excretion of indole metabolites, led us to hypothesize that a deﬁciency
of the enzyme TDO could be responsible. As it is mainly expressed in
the liver, direct measurement of activity would require a liver biopsy,
which was not justiﬁed by the clinical circumstances. We therefore
took the approach of sequencing the TDO2 gene, discovering that the individual was a compound heterozygote for two variants that in subsequent expression experiments were shown to be deleterious. The
variants are rare: c.491dup, p.Ile165Aspfs*12 was reported heterozygote in 1/121,218 chromosomes, and c.324G N C, p.Met108Ile was not
listed in the ExAc database [24]. The Met108 position is highly conserved in mammals.
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Fig. 3. Isothermal titration calorimetry (ITC) binding assays of L-Trp show two binding sites with distinct afﬁnities to the wild-type TDO (left panel) and Met108Ile variant (right panel). The
experiments were performed under O2-free conditions in an anaerobic chamber.

The c.491dup, p.Ile165Aspfs*12 variant did not express soluble protein, likely because of a problem in transcription or instability, but the
c.324G N C, p.Met108Ile variant did express catalytically active protein
with a normal quaternary structure. As this variant is N 30 Å away
from the closest heme (Fig. 2B), the electronic structure of the catalytic
heme center is unlikely to be altered. However, it does have a remote

allosteric effect as evidenced by an increased Km, and therefore its predicted activity would be signiﬁcantly reduced at anticipated physiological L-Trp concentrations. (Human intrahepatic L-Trp concentrations do
not appear to be well documented in the literature, but in rats, the concentration is similar to plasma [25]). More importantly is a markedly increased susceptibility for degradation. The crystal structure of holo-TDO

Fig. 4. ITC binding assays of αMTrp show a single binding sites with distinct afﬁnities to the wild-type TDO (left panel) and Met108Ile variant (right panel). The chemical structure of
αMTrp is shown at the top of the ﬁgure.
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Fig. 5. Binding of αMTrp to the cyanide complex of wild-type (left panel) and Met108Ile variant (right panel).

recently became available and detailed functional analysis showed that
the second high-afﬁnity non-catalytic exo L-Trp binding site functions as
a protein degradation signal via ubiquitin dependent proteasomal degradation [21]. TDO has a very short half-life: in mice estimated at 2–3 h
compared to 2–3 days for total liver protein [26], so this explains a
mechanism whereby the substrate increases in vivo activity. Our data
show that the Met108Ile variant decreases the afﬁnity for L-Trp at the
exo site by two orders of magnitude. This would therefore predict a
greatly accelerated rate of degradation. The signiﬁcantly altered binding
of αMTrp at this site compared with the wild-type enzyme further conﬁrms this rather unusual mutational mechanism.
Met108 is located near the high-afﬁnity L-Trp binding site (Fig. 6A),
so we propose the following mechanism to explain the altered binding
characteristics of the Met108Ile protein. The aromatic ring of L-Trp is
ﬂanked between Trp208 and Pro213, and the ring nitrogen atom
forms a hydrogen bond with the carbonyl oxygen of Trp208. The carboxyl group of L-Trp forms a salt-bridge with Arg211. The amino
group is stabilized by hydrogen bonds with the main chain oxygen
atom of Arg103 and Glu105, whose position is ﬁxed through interaction

with Arg303. The Met108Ile alteration would perturb the van der Waals
interaction to the Cα carbon of Glu105; thereby the H-bonding between
Glu105 and the amino group of L-Trp would be affected. Trp208 is supported by the hydrophobic residues: Phe97, Val102, Leu310, and
Met108. The Met108Ile variant would disrupt the tight packing below
Trp208 and affect the binding efﬁciency of L-Trp to the signaling site of
the enzyme.
We noticed that Met108 is close to one of the newly identiﬁed
ubiquitination site in human TDO, i.e., Lys110 [21]. Even though both
Met108 and Lys110 are located in the same helix (Fig. 6B), it is not likely
that the Met108Ile change can affect the residue of Lys110 because the
residue of Met108 is heading toward the exo site but Lys110 is protruding the opposite side.
Fig. 7 illustrates our understanding of the molecular mechanism of
Met108Ile pathology. The protein is less active at physiological L-Trp
concentrations, and is very much more vulnerable to protein degradation. It is possible that there may be some residual activity in vivo; if
so, L-Trp levels in our case may not be as high as it might be in an individual with biallelic null mutations. In conclusion there is strong

Fig. 6. (A) A stereoview of the non-catalytic signaling site for L-Trp (i.e., exo site) in human TDO (coordinates were taken from 5TIA.PDB, [21]). L-Trp bound is shown as green carbons. The
magenta Met108Ile in silico variant is overlaid with Met108. Dashed lines represent hydrogen bonds or van der Waals interactions. (B) Met108 is pointed toward the exo site rather than
the potential ubiquitination site at Lys110.
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Fig. 7. Schematic model comparing the Met108Ile TDO variant with the wild-type enzyme. The variant has a higher Km; but more importantly shows a hundredfold reduction of L-Trp
binding afﬁnity to the non-catalytic exo regulatory site, predicting a greatly increased rate of proteolytic degradation.

molecular and biochemical evidence to conclude that TDO deﬁciency is
the explanation for the individual's chronic hypertryptophanemia and
resulting hyperserotoninemia.
TDO deﬁciency has not been previously documented in humans, but
a knock-out mouse model was developed by Kanai et al. [4]. TDO2−/−
mice had mean plasma tryptophan levels of 360 μmol/L, or 9.3 times
that of TDO2+/+ controls, and 20 times the concentration in brain tissue.
Brain serotonin was twice that of controls, and 5-HIAA 5 times; plasma
serotonin levels were not reported. Interestingly, behavioral differences
were observed: TDO2−/− mice seemed to exhibit less anxiety in elevated plus maze and open ﬁeld tests than WT controls. Also they demonstrated increased adult neurogenesis. Serotonin has numerous
essential functions both within the central nervous system and without,
and modulates most human behavioral processes [27]. Therefore we
wondered whether the hyperserotoninemia observed in our case
might have any discernible consequences, but we were unable to ﬁnd
any signiﬁcant behavioral, physical or pathological effects either in routine clinical assessments or more detailed psychological evaluations.
We wondered whether the altered tryptophan metabolism in our
case might be a cause of recurrent pregnancy loss. There is considerable
literature on the role of tryptophan and metabolites in pregnancy, recently reviewed by Badawy et al. [28]. Some of the many potential factors that might be considered include toxic or teratogenic effects of
high levels of tryptophan and/or serotonin, depletion of kynurenine
and other metabolites that may have a role in fetal immune tolerance,
and decreased nicotinamide production. On the other hand, placental
and peripheral IDO and IDO2 activity might increase kynurenine and
metabolite concentrations, particularly in the context of elevated tryptophan levels, and the individual was on niacinamide supplements.
The frequency of two consecutive ﬁrst trimester miscarriages in the
general population is around 5%, and there are a variety of possible
causes, though the etiology remains unknown after thorough investigation in about half the cases [29]. It is notable that in none of the knockout
mouse models TDO−/−, IDO−/− and IDO2−/−, is there any apparent adverse effect on fertility or ability to maintain pregnancy [30]. Therefore
in summary we do not believe that any conclusion can be reached on
this point at the present time on the basis of a single case.
It remains speculative whether the previous case reports of
hypertryptophanemia [6–10] were due to TDO deﬁciency, but the

biochemical data presented seem to be generally consistent with that
conclusion. Although the hypertryptophanemia was associated with
signiﬁcant, but rather different clinical problems in several cases, this
is likely due to ascertainment bias. Unbiased ascertainment by newborn
screening as in our case and by Cleary et al. [11] strongly suggests that
this is a benign biochemical variant of no clinical signiﬁcance, though
additional data from similarly affected individuals, particularly with regard to pregnancy loss, would be helpful to document this more
conclusively.
In summary, we have documented the ﬁrst human case of TDO deﬁciency. It results in the biochemical phenotype of persistent
hypertryptophanemia and hyperserotoninemia, but without any discernible clinical phenotype.
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