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ABSTRACT

Psychiatric disorders are syndromes characterized by cognitive disturbance and
behavioral dysfunction, which affect over 800 million people worldwide. It is considered
a major public health problem responsible for severe distress with significant impairment
in social and working relationships. In the United States and Canada, psychiatric disorders
are considered the main cause of disability in young individuals, in addition to being a
key factor underlying suicide. Missense mutations in tryptophan hydroxylase 2 enzyme
(TPH2) are associated with the development of psychiatric disorders. TPH2 catalyzes the
first step of serotonin biosynthesis, a neurotransmitter that plays a central role in the
regulation of emotional behavior and cognition. These mutations lead to TPH2
dysfunction with impaired enzymatic activity, which ultimately results in abnormally low
levels of serotonin in the brain. Despite the importance of missense mutations in TPH2
to the development of psychiatric disorders, most of them have not yet been characterized,
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so their effects are still unknown. In this study, we characterized the impact of missense
mutations in TPH2 using prediction algorithms and evolutionary conservation analysis.
We also used a penalty system to prioritize the most likely harmful mutations of TPH2
by combining the predictive analyses, evolutionary conservation, literature review, and
alterations in physicochemical properties upon amino acid substitution. Three hundred
and eighty-four missense mutations of TPH2 were compiled from the literature and
databases. Our predictive analysis pointed to a high rate of deleterious and destabilizing
predictions for the TPH2 mutations. These mutations mainly affect conserved and,
possibly, functionally important residues. Among the uncharacterized mutations of
TPH2, variants V295E, R441C T311P, Y281C, R441S, S383F, P308S, Y281H, and
E363G received the highest penalties, thus, being the most likely deleterious and,
consequently, important targets for future investigation. Our findings may guide the
design of clinical and laboratory experiments, optimizing time and resources.

Keywords: psychiatric disorders, Tryptophan Hydroxylase 2, in silico analysis.

RESUMO

Os distarbios psiquiatricos sdo sindromes caracterizadas por distdrbios cognitivos e
disfungcdes comportamentais, que afetam mais de 800 milhdes de pessoas em todo o
mundo. E considerado um grande problema de sadde publica, responsavel por graves
problemas de saude, com significativa deficiéncia nas rela¢fes sociais e de trabalho. Nos
Estados Unidos e no Canadd, os distUrbios psiquiatricos sdo considerados a principal
causa de incapacidade em individuos jovens, além de serem um fator-chave subjacente
ao suicidio. As mutaces de Missense na enzima triptofano hidroxilase 2 (TPH2) estdo
associadas ao desenvolvimento de disturbios psiquiatricos. A TPH2 catalisa o primeiro
passo da biossintese da serotonina, um neurotransmissor que desempenha um papel
central na regulacdo do comportamento emocional e da cognicdo. Estas mutacbes levam
a disfuncdo do TPH2 com atividade enzimatica prejudicada, o que resulta em niveis
anormalmente baixos de serotonina no cérebro. Apesar da importancia das mutacoes de
falta de sentido no TPH2 para o desenvolvimento de distdrbios psiquiatricos, a maioria
deles ainda nédo foi caracterizada, portanto seus efeitos ainda sdo desconhecidos. Neste
estudo, caracterizamos o impacto das mutacGes de falha em TPH2 usando algoritmos de
previsdo e analise de conservacdo evolutiva. Também utilizamos um sistema de
penalidades para priorizar as mutacbes mais provavelmente prejudiciais do TPH2,
combinando as analises preditivas, conservacdo evolutiva, revisdo de literatura e
alteracOes nas propriedades fisico-quimicas sobre a substituicdo de aminoécidos. Foram
compiladas trezentas e oitenta e quatro mutacgdes de falta de sentido do TPH2 a partir da
literatura e bancos de dados. Nossa andlise preditiva apontou para uma alta taxa de
previsdes deletérias e desestabilizadoras para as mutacdes do TPH2. Estas mutacdes
afetam principalmente residuos conservados e, possivelmente, residuos funcionalmente
importantes. Dentre as mutacOes ndo caracterizadas do TPH2, as variantes V295E,
R441C T311P, Y281C, R441S, S383F, P308S, Y281H, e E363G receberam as maiores
penalidades, sendo, portanto, os alvos mais provaveis de deletérios e, conseqlientemente,
importantes para investigacOes futuras. Nossas descobertas podem orientar o desenho de
experimentos clinicos e laboratoriais, otimizando tempo e recursos.

Palavras-chave: disturbios psiquiatricos, Tryptophan Hydroxylase 2, em analise silico.
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1 INTRODUCTION

According to the DSM-5 (Diagnostic and Statistical Manual of Mental Disorders
5t edition), psychiatric disorders are syndromes characterized by clinical cognitive
disturbance, in addition to significant behavioral and hormonal dysfunction. By
definition, the following illnesses are included in the psychiatric disorders category:
depression, anxiety, addiction, attention deficit hyperactivity disorder (ADHD), bipolar
affective disorder (BPAD), eating disorders, and schizophrenia (American Psychiatric
Association, 2013). Although there is no consensus on the cause of psychiatric disorders,
most studies suggest that they are polygenic and multifactorial brain syndromes caused
by neurotransmitter deregulation, genetic abnormalities, and defects in brain structures
(OLIVEIRA et al., 2019).

Psychiatric disorders are considered a major public health problem responsible for
severe distress for the affected ones and their families, in addition to significant
impairment in social and work relationships (TRAUTMANN; REHM; WITTCHEN,
2016). In 2016, 792 million people were affected by any type of mental disorder, mainly
because of depression or anxiety disturbances (MUKHERJEE, 2016). The results of the
National Comorbidity Survey Replication (USA) suggested that approximately half of
the population will experience at least a mental disorder throughout life (KESSLER et
al., 2005). In the United States and Canada, psychiatric disorders are considered the main
cause of disability in individuals from 15 to 44 years of age, corresponding to 3.5% of all
cases (SANSONE; SANSONE, 2010). The cost of lost productivity in the workplace only
due to depression and anxiety is estimated at one trillion dollars per year (WHO - Mental
Health, 2017). The morbidity rate is also drastically increased in patients affected by
psychiatric disorders, corresponding to two and a half times higher than that observed in
the general population (STANLEY et al., 2019). This rate is even higher for suicide, in
which 90% of all deaths result from underlying mental health disorders, killing over
800.000 people every year (WHO - Mental Health, 2017).

Serotonin, or 5-hydroxytryptamine (5-HT), is a tryptophan-derived
neurotransmitter that plays key roles in the regulation of several physiological processes
in vertebrates, including appetite, homeostasis, sleep, emotional behavior, and cognition
(STRAC; PIVAC; MUCK-SELER, 2016). Serotonin is mainly produced by neurons from
the raphe nucleus of the midbrain. Serotonin biosynthesis occurs in two steps: i) the first
and also the rate-limiting step consists of the hydroxylation of L-tryptophan, which is

catalyzed by tryptophan hydroxylases (TPH) enzymes; ii) the second step consists of the
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decarboxylation of 5-hydroxy-L-tryptophan by aromatic L-amino acid decarboxylase
(AADC). Two isoforms of TPH enzymes are currently known: TPH1, almost exclusively
expressed in peripheral tissues, and TPH2, mainly expressed in the central nervous system
(WELFORD et al., 2016).

Missense mutations in TPH2 can lead to severe alterations in protein’s stability
and solubility (ZHANG; WANG, 2021), which results in inactive and dysfunctional
forms of the enzyme, impairing serotonin synthesis and leading to abnormally low levels
of this neurotransmitter in the brain. These mutations have been associated with the
development of psychiatric disorders, including depression, BPAD, and ADHD
(UNIPROT CONSORTIUM, 2021).

Millions of genetic variants have been discovered due to improvements in next-
generation sequencing methods. Nonetheless, analyzing the effect of mutations by
traditional wet-lab methods is an arduous and expensive task, so most of them have not
yet been characterized (DE BAETS et al., 2012). Bioinformatics, on the other hand,
proved to be efficient in predicting the effect of genetic variants using only information
obtained from the amino acid sequence. This approach has relatively high accuracy, i.e.
around 80% (LOPEZ-FERRANDO et al., 2017), being successful in the study of several
genetic and metabolic disorders. The in silico characterization of mutations saves time
and resources thanks to its ability to screen for the most likely deleterious mutations so
that they can be prioritized in future in vitro and in vivo studies (PEREIRA et al., 2020).

Despite the relevance of TPH2 mutations in psychiatric disorders, the majority of
them have not yet had their effects characterized (UNIPROT CONSORTIUM, 2021).
Thus, this study aims to characterize these variants in silico following the methodology
previously established by our group (PEREIRA et al., 2020; PEREIRA et al. 2022;
PEREIRA; ABRAHIM-VIEIRA; DE MESQUITA, 2021), which could guide the design
of future experiments and provide relevant information in the field precision medicine
(ROY CHOUDHURY et al., 2017).

2 MATERIALS AND METHODS
2.1 DATA RETRIEVAL

The sequence of wild-type TPH2 was obtained from the UniProt database, which
is stored under the identification code Q8IWU. Information on functional domains of
TPH2 and relevant protein residues were obtained from the UniProt (NCBI, 2017) and a

literature review on PubMed.
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Missense mutations of TPH2 protein were compiled from the databases OMIM,
dbSNP, and UniProt, in addition to a literature review (NCBI, 2017). Information on the
effects of already characterized mutations was obtained from the same data sources.

The structure of wild-type TPH2 was obtained from the Protein Data Bank (PDB),
which is stored under the identification code 4V06 (ROSE et al., 2021).

2.2 PREDICTIVE ANALYSIS

The algorithms SNAP2, SNP&GO, PolyPhen-2, PMUT, PhD-SNP, MutPred2,
Provean, SIFT, Panther, and Predict-SNP (PEREIRA et al., 2022) were used to predict
whether the mutation is neutral or deleterious.

The algorithm [I-Mutant 3.0, FoldX (PEREIRA; ABRAHIM-VIEIRA; DE
MESQUITA, 2021), and INPS were used to predict whether the mutations reduce,
increase, or do not affect protein’s stability. A consensus approach was used for the
stability prediction analysis so that the final prediction was considered when more than
half of all algorithms converge to the same response.

At last, the algorithms TANGO, WALTZ, and LIMBO of SNPEffect4.0 were
used to predict whether the mutations increase, decrease, or do not affect the protein’s
aggregation, amyloid-fiber formation, or chaperone binding, respectively (DE BAETS et
al., 2012).

The predictive algorithms used in this study are based on different machine
learning methods aiming at classifying the effects of missense mutations. These methods
initially identify rules and patterns from large data sets (training), from which they build
mathematical models able to predict new observations (PAIXAO et al., 2022) with
relatively high precision, i.e. around 80% (LOPEZ-FERRANDO et al., 2017).

2.3 EVOLUTIONARY CONSERVATION ANALYSIS

The crystallographic structure of wild-type TPH2, i.e. 4V06, was submitted to
ConSurf, which computed the evolutionary conservation degree of each amino acid of
TPH2. ConSurf performs multiple sequence alignments to construct a phylogenetic tree,
which is used to estimate the evolutionary conservation score of protein residues
(ASHKENAZY et al., 2016). The evolutionary conservation degree of each amino acid
was then also projected on the protein’s surface and colored according to ConSurf color-
coding scale, which varies from 1 and cyan, representing variable positions to 9 and

maroon, representing conserved positions.
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The following parameters were selected for the ConSurf analysis: PDB 1D:4V06;
Chain identifier: A; homologous search algorithm: PSI-BLAST; number of iterations: 3;
E-value cut-off: 0.0001; protein database: UniProt; reference sequence: closest; number
of reference sequences selected: 150; maximum sequence identity: 95%; minimum
identity for counterparts: 35%; alignment method: MAFFT-L-INS-i; calculation method:
Bayesian; evolutionary substitution model: best model.

2.4 PENALTY ANALYSIS

We combined the predictive analysis with the evolutionary conservation degree,
a literature review, and alterations in physicochemical properties to rank all
uncharacterized mutations in TPH2 using a penalty system. The penalty system ranked
the mutations according to their deleterious propensity so that mutations receiving the
highest penalties were ranked first. Alterations in physicochemical properties upon amino
acid substitution considered the following parameters: hydrophobicity, size, and charge,
which were defined according to the classification described by Jean-Baptiste, Berthelot
& Favre (2016). The penalties were attributed to alterations considered damaging for

TPH2 in the literature consulted.

3 RESULTS AND DISCUSSION
3.1 DATA RETRIEVAL

The TPH2 sequence obtained from the UniProt has 490 amino acids, which
corresponds to the complete protein length. As shown in Fig 1, TPH2 can be divided into
three functional domains: regulatory domain (residues 1 — 150), catalytic domain (151 —
450), and tetramerization or oligomerization domain (residues 451 — 490) (CARKACI-
SALLI et al., 2006).

The regulatory domain contains two relevant regions: an initial flexible region,
also known as the N-terminal tail (residues 1 — 46), and an ACT subdomain (residues 65
— 140). The first 46 residues of TPH2 are a highly mobile and relatively unstable region,
which is believed to limit TPH2 purification and hamper protein crystallization.
Truncation of the flexible region has been shown to impair TPH2 tetramerization and
dimerization, suggesting that this region might also be involved in the protein’s
oligomerization (TIDEMAND et al., 2016). The ACT subdomain receives this name from
the first three enzymes in which this motif was recognized: aspartate kinase, chorismate

mutase, and TyrA. ACT subdomain is a small structural motif associated with allosteric
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regulatory function upon ligand binding, which is commonly observed in enzymes related
to amino acid metabolism, including TPH2. The binding of L-Phe to the regulatory
domain of phenylalanine hydroxylase (PAH), an enzyme that shares structural and
functional similarities with TPH2, has been shown to stabilize the protein and activate
PAH by inducing a conformational shift towards the exposure of its active site. A similar
mechanism is believed to occur in TPH2 upon L-Phe or L-Trp binding (SKAWINSKA,
2020). Most of the regulatory domain has not yet been experimentally determined (ROSE
et al., 2021), as shown in Fig 1B, possibly due to the high mobility and instability
(TIDEMAND et al., 2016).

Two important phosphorylation sites are present in human TPH2 protein, all of
them located within the regulatory domain of TPH2. Serl9 and Serl04 are
phosphorylated by cyclic AMP-dependent protein kinase A (PKA), which acts as a post-
translational mechanism that regulates TPH2 activity. Serl9 can be additionally
phosphorylated by calmodulin-dependent protein kinase Il (CaMKIIl) (CARKACI-
SALLI et al., 2014). TPH2 phosphorylation is responsible to increase enzymatic activity
by up to 30%, possibly through a similar allosteric activation mechanism to that
previously described by PAH upon L-Phe binding (SKAWINSKA, 2020).

The catalytic domain is the most evolutionarily conserved among the three TPH2
domains, being responsible for its enzymatic activity (PEREIRA et al., 2020). TPH2 uses
the Fe?* co-factor and the co-substrates pterin and Oz to hydroxylate the L-Trp substrate
and generate 5-hydroxytryptophan (SHTP), which constitutes the rate-limiting reaction
in the biosynthesis of serotonin neurotransmitters (TIDEMAND et al., 2016). As shown
in Fig 2, human TPH2 interacts with the L-Trp substrate through residues Tyr281,
Arg303, Thr311, Pro314, Ser336, Phe359, Phe364, and lle412. Among them, Tyr281,
Phe359, and lle412 are key residues to determine substrate specificity. Tyr281 is directly
required for the correct placement of L-Trp on the active site of TPH2. The catalytic
domain also contains all the TPH2 residues involved in pterin co-substrate binding, which
are Gly280, Tyr281, Leu282, and Phe307 (SKAWINSKA, 2020). Fe?* is the enzymatic
co-factor of TPH2, thus being crucial for its catalytic mechanism. Residues His318,
His323, and Glu363 are known to bind to Fe?* (UNIPROT CONSORTIUM, 2021).

The oligomerization domain is composed of an alpha helix located at the C-
terminus of TPH2. This helical structure is crucial for TPH2 tetramerization (PEREIRA
et al., 2020), which occurs through the formation of a coiled-coil motif. The coiled-coil

motif formed consists of 4 amphipathic a-helices interacting through their hydrophobic
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interfaces, which is responsible for maintaining the quaternary structure of TPH2
(SKAWINSKA, 2020). Truncation of this domain resulted in disrupted tetrameric
assembly, reaffirming its role in TPH2 oligomerization (TIDEMAND et al., 2016).

Three hundred and eighty-four missense mutations of TPH2 were compiled from
the literature and databases consulted (S1_Table). Among them, only 12 mutations have
already been characterized. Thus, the effects of most TPH2 mutations, i.e. 372, are still
unknown. The mutations P206S, R303W, and R441H are known to be pathogenic, being
previously associated with the development of BPAD, ADHD, and depressive disorder,
respectively (UNIPROT CONSORTIUM, 2021). The study by CICHON et al. (2008),
which analyzed 2183 patients, suggested that the mutation P206S in TPH2 increases the
risk of developing BPAD by 4.8 times (CICHON et al., 2008). The study by McKinney
et al. (2008) identified complete loss-of-function and deficient serotonin levels upon
R303W mutations which is believed to make the mutation carriers susceptible to
developing ADHD (MCKINNEY et al., 2008). MCKINNEY et al. (2009) also studied
the impact of nine missense mutations in TPH2 protein. The study reaffirms the complete
loss of function for R303W and also indicated a severe loss of function for variant R441H,
which has already been associated with the development of major depression
(MCKINNEY et al., 2009).

The mutations L36P, L36R, R88C, P138L, R471C, D473N, and N482D are
known to impair serotonin synthesis (NCBI, 2017). Reduced serotonin levels in the brain
have already been related to the development of psychiatric disorders, especially
depressive disorders (YANG et al., 2019). Therefore, these mutations may be potential
targets for future investigation. At last, mutations L36V and S41Y are believed to be
benign to TPH2. According to ClinVar, an extensive predisposition screen test performed
in a healthy population together with literature evidence was sufficient to determine that
the variants L36V and S41Y are unlikely to cause disease, thus being classified as likely
benign (LANDRUM et al., 2018). Furthermore, variant S41Y was previously reported to
increase the enzymatic activity of TPH2, but no increase in serotonin levels was observed
for this variant (CARKACI-SALLI et al., 2014).
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Fig 1. Crystalographic structure and schematic representation of human TPH2 protein. The regulatory
domain is colored yellow, the catalytic domain (CAT) is colored green, and the tetramerization domain is
colored blue (TET). (A) The structure of human TPH2 available at the Protein Data Bank (4V06) is
shown as a three-dimensional representation displaying the secondary structure elements, where helices
represent a-helices, arrows represent [3-sheets, and thin lines represent coils. Iron binding residues are
colored red. (B) Schematic representation of TPH2 sequence displaying the functional domains and
relevant residues. The regulatory subdomains N-terminal tail (NTT) and ACT are highlighted in red and
orange, respectively. The dashed region represents the absence of three-dimensional information for
TPH2.
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As shown in Fig 2, all mutations were displayed together with the functional
domains and relevant residues of TPH2 for further comparison. The 384 mutations
compiled are distributed all over the protein, similarly affecting the three functional
domains of TPH2. Two TPH2 mutations affect known phosphorylation sites of the
protein: S19F and S104C. Among the 20 essential amino acids, nine of them are currently
known to be phosphorylated in human proteins: Ser, Thr, Tyr, His, Lys, Arg, Asp, Glu,
and Cys. Approximately thirty percent of all phosphorylation occurs in Ser, Thr, and Tyr,
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which also results in a relatively more stable form of this post-translational modification
(ARDITO et al., 2017; MAKWANA; MUIMO; JACKSON, 2018) S19F results in the
substitution of a phosphorylable residue, Ser, for a non-phosphorylable one, i.e. Phe. Thus
this mutation possibly impairs S19F phosphorylation, which is a key post-translational
modification to modulate TPH2 activity that can increase enzymatic activity by up to 30%
(SKAWINSKA, 2020). On the other hand, variant S104C results in the substitution of
Ser to Cys, which is also phosphorylable. Nonetheless, Ser is known to be considerably
more stable than Cys.

The mutations H318R, H323R, E363G, and E363K affect iron-binding residues,
which is the cofactor required for the catalytic activity of TPH2 (UNIPROT
CONSORTIUM, 2021). The study by Cao et al. (2017) analyzed the conservation of iron
binding residues within protein sequences, which suggested that His, Glu, and Asp are by
far the more frequent amino acids binding to iron. Cys, Tyr, and Asn are relatively less
frequent than His, Glu, and Asp, but they present moderate to low frequency as iron-
binding residues. The other 14 essential amino acids, in turn, are rarely bound to Fe?* and
Fe3* ions (CAO et al., 2017). The mutations H318R, H323R, E363G, and E363K result
in the substitution of His and Glu, which are highly conserved amino acids binding to
Fe2*and Fe*" ions for Arg, Gly, and Lys, which are rarely bound to iron. The substitutions
of His to Arg upon H318R and H323R mutations result in small differences in amino acid
properties, not affecting the amino acid charge. On the other hand, the substitutions of
His to Gly upon E363G significantly affect amino acid properties, resulting in the change
of a negatively charged and hydrophilic amino acid into a relatively small, hydrophobic,
and non-charged amino acid. The substitutions of His to Lys upon E363K also result in
substantial alteration in amino acid properties since His, which is positively charged is
altered to a negatively charged amino acid. Thus, particularly E363G and E363K may
hamper iron binding with consequent implications for TPH2 catalytic activity.
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Fig 2. Schematic representation of TPH2 protein missense mutations, functional domains, and relevant
residues. The regulatory domain is colored yellow, the catalytic domain is colored green, and the
tetramerization domain is colored blue. The regulatory subdomains N-terminal tail (NTT) and ACT are
highlighted by red and orange rectangles, respectively. Iron binding residues are represented by the blue
triangles, pterin residues are represented by purple triangles, and substrate binding residues are
represented by the red triangles. TPH2 phosphorylation sites were highlighted by the yellow triangles.
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Variants Y281H, Y281C, L282M, and D307Y occur in TPH2 residues involved
in pterin co-substrate binding. Interestingly, position 281 is also known to interact with
the enzymatic substrate of TPH2, i.e. L-Trp. Tyr281 is a key residue to determine
substrate specificity and is also required for the correct placement of L-Trp on the TPH2
activity site (SKAWINSKA, 2020). Thus, mutations Y281H and Y281C may affect
TPH2’s ability to bind to pterin and L-Trp, which are central interactions for TPH2

enzymatic activity, requiring further attention. Especially Y281C, which causes important
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alterations in the physicochemical properties of Tyr, changing a hydrophobic and non-
charged residue into a hydrophilic and positively charged amino acid.

In addition to Y281H and Y281C, previously discussed, the following mutations
affect TPH2 residues involved in L-Trp binding: R303W, R303Q, T311P, and P313L.
Among them, variant R303W is already known to be deleterious and associated with the
development of ADHD. R303W induces complete loss of function in TPH2 with
consequent deficient serotonin levels in the brain (MCKINNEY et al., 2009).
Interestingly, R303Q occurs at the same position as R303W and causes alterations in

amino acid charge, thus, being an important target for future investigation.

3.2 PREDICTIVE ANALYSIS

Ten algorithms were used to predict the functional effects of TPH2 missense
mutations, including SNAP2, SNPs&GO, PolyPhen-2, PMUT, PhD-SNP, MutPred2,
Provean, SIFT, Panther, and Predict-SNP. As described in Table 1, these algorithms use
particular training sets, predictor variables, and machine learning methods to classify
whether the mutation is neutral or deleterious for the protein’s function.

Overall, the algorithms presented high accuracy in detecting the deleterious or
neutral potential of the five already classified mutations in TPH2. PANTHER, SIFT,
Provean, PolyPhen-2, PHD-SNP, SNPs&GO, and PMUT were the algorithms with the
highest accuracy rate, correctly classifying L36V, S41Y, P206S, R303W, and R441H
mutations. On the other hand, MutPred2 and SNAP2 were the algorithms with the lowest
accuracy rate, correctly classifying only 60% of these mutations. PredictSNP, in turn,
presented an 80% accuracy rate.

Table 1. Description of the functional prediction algorithms used.

Algorithm Training set Predictor Variables Learning Reference
method
datasetderived | 30 e, | Newal | (BROMBERG;
SNAP2 from Protein flexibilit y,and inforr%ation on ' networks YACHDAV;
Mutant Database Y, , ROST, 2008)
functional domains
. evolutionary conservation, Support
SNPs&GO dataset d_e rived secondary structure, and functional Vector (CAPRIOT Tl et
from SwissVar : - al., 2013)
domains Machines
dataset derived structural information, evolutionary
: conservation, electrostatic Naive (ADZHUBEI et
PolyPhen-2 | from HumDiv . . .
interactions, hydrophobicity, and Bayes al., 2010)
and Humvar D .
binding sites
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dat?fg:ndfgleved physicochemical properties, protein Neural (LOPEZ-
PMUT - interactome, and evolutionary FERRANDO et
SwissProt : networks
conservation al., 2017)
database
dat?fg:ndteg'e"ed Support | (CAPRIOTTI;
PhD-SNP SwissProt evolutionary conservation Vector FARISELLI,
Machines 2017)
database
dataset derived solvent accessible surface
from HGMD, - Neural (PEJAVER et al.,
MutPred2 . secondary structure, metal binding,
SwissProt, and . e networks 2017)
and post-translational modifications
dbSNP
dataset derived . . )
Provean from UniProtkKB e;]/ O;?::)%?]ae%iizrsigva;gr;’s Clustering (CH(%IO,EI)-IAN,
and SwissProt Py prop
SIET dataset derived evolutionary conservation, Naive (VASER et al.,
from dbSNP physicochemical properties Bayes 2015)
dataset derived prediction scores of eight different
from the algorithms (MAPP,
Predict-SNP | UniProtkB and | nsSNPAnalyzer, PANTHER PhD- C(:?::;?;‘f (BE'\Z'%E al.
Protein Mutant SNP, PolyPhen-1, PolyPhen-2,
Database SIFT, and SNAP)
proprietary evolutionary conservation and Hidden
Panther database of ary . Markov (Ml et al., 2017)
. functional annotations
human mutations Model

Individually, the functional prediction algorithms presented a moderate rate of
deleterious predictions. PMut presented the highest rate of deleterious predictions,
classifying 56% of the analyzed mutations as deleterious, while MutPred2 presented the
lowest rate, with a 23% of deleterious rate (Fig 3A). Thus, it points to divergent
predictions for TPH2 variants that can be attributed to unique aspects of the algorithm,
including the training data, the set of predictor variables, and the machine learning method
used, as described in Table 1. Since no currently gold standard method is currently
available, it is indispensable to combine multiple algorithms to predict the functional
effects of missense mutations (PEREIRA; ABRAHIM-VIEIRA; DE MESQUITA, 2021).
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Fig 3. Functional prediction analysis of TPH2 missense mutations. (A) The number of deleterious
(maroon), and neutral (gray) predictions per algorithm for the TPH2 missense mutations is displayed in a
bar plot. (B) The number of mutations predicted as deleterious from zero (light maroon) to ten functional

prediction algorithms (dark maroon) is displayed in a donut plot with the corresponding percentage
values.
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The state of art methods has individual accuracies ranging from 60% to 81%
(LOPEZ-FERRANDO et al., 2017; PEJAVER et al., 2017), but as previously shown by
BENDL et al. (2014), combining multiple algorithms can significantly increase the
overall predictive performance (BENDL et al., 2014). By combining multiple algorithms
in a consensus approach, i.e. considering the response of half plus one algorithm (> 6),
our findings suggest that 41% of the analyzed TPH2 mutations were classified as
deleterious (Fig 3B). Detailed information on the functional prediction analysis is shown
in S2_Table.

As shown in Fig 3B, eleven percent of the TPH2 mutations were predicted as
deleterious by the ten prediction algorithms used, including L81Q, L81P, V110E,
W153L, W153R, F154L, Y171C, Y171N, H179T, Y187C, P206R, Y212H, Y212C,
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E238G, L245P, P258L, P277L, V278L, A279V, Y281H, Y281C, L291P, Y293C,
V295E, V295G, Q300K, R303W, P308S, T311P, P314L, C317Y, H318R, Q337P,
G430C, E363K, E363G, G365D, Q369P, S383F, Q408P, S424R, A436E, R441S, R441C,
F447C, P449H, T451l, and L481S. Despite the diverse approaches, all methods converge
on the same response, therefore, suggesting that these mutations may be potentially
damaging to TPH2. Most of them (over 90%) occur in the catalytic domain, which is
crucial for TPH2 enzymatic activity and, consequently, its function (SKAWINSKA,
2020). Interestingly, variants P206S, R303W, and R441H, which have already been
characterized as pathogenic, also occur in the catalytic domain (NCBI, 2017).

We also performed stability predictions using I-Mutant3.0, INPS, and FoldX
algorithms to further characterize the effects of TPH2 missense mutations, which are
shown in Fig 4. FoldX did not return predictions for the mutations occurring between
positions 1 and 148 of TPH2, given that this algorithm requires structural information
obtained from the PDB (DE BAETS et al., 2012), but no complete three-dimensional
structure has been experimentally determined for TPH2 (ROSE et al., 2021). Considering
the individual prediction of the algorithms, most of the analyzed mutations reduce TPH2
stability. FoldX and I-Mutant were the algorithms with the highest number of
destabilizing mutations, accounting for approximately 53% of their valid predictions,
while INPS was the algorithm with the lowest number of predictions from this class,
corresponding to 44% of the TPH2 mutations. Only a small fraction of variants were
predicted to increase TPH2 stability, ranging from 2% in I1-Mutant, to approximately 8%
in FoldX and INPS.

As shown in S3_Table, distinct results were observed in the stability prediction
analysis for the TPH2 variants, which can be attributed to the particular methods each
algorithm used. I-Mutant3.0 is an algorithm trained on a dataset derived from the
ProTerm, which contains thermodynamic information of experimentally determined
protein structures. I-Mutant3.0 is based on Support Vector Machines (CAPRIOTTI;
FARISELLI; CASADIO, 2005). FoldX, on the other hand, uses an empirical force field
trained in a database of engineered proteins to estimate free-energy alterations upon
amino acid substitution (DE BAETS et al., 2012). At last, INPS is based on a support
vector machine regressor with a radial basis function kernel (RBF) trained using a
database derived from ProTherm. INPS extracts features from protein structure and

sequence, including molecular weight, solvent accessibility, evolutionary information,
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and hydrophobicity, which are used to predict the free-energy changes upon mutation
(SAVOJARDO et al., 2016).

Fig 4. Stability and SNPEffect4.0 analyses of TPH2 mutations. (A) The bar plot shows the number of
stability predictions by INPS, IMutant, and FoldX, in addition to the number of predictions by WALTZ
(amyloid propensity), TANGO (protein aggregation), and LIMBO (chaperone binding). Blue bars
represent “do not affect” predictions, red bars represent “decrease” predictions”, and green bars represent
“increase” predictions. The yellow bars represent undetermined predictions. (B) The pie chart shows the
consensus stability prediction analysis. The blue sector represents mutations predicted as not affecting
stability, the red sector represents mutations predicted as destabilizing, the green sector represents
mutations predicted as stabilizing, and the yellow sector represents inconclusive classifications.
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The evaluations of FoldX, INPS, and I-Mutant3.0 were combined into a consensus
approach, i.e. considering the response of half plus one algorithm (> 2). As shown in Fig
4B, the consensus analysis suggested that most TPH2 mutations are destabilizing (42%),
which was followed by mutations that do not affect protein stability (34%). Interestingly,
only 1% of all mutations analyzed were predicted to increase protein stability, which
suggests that this phenotype is relatively rare among the TPH2 mutations. Twenty-three
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percent of all mutations received inconclusive results in the consensus analysis, i.e. no
prevalent classification, thus, not considered in our analysis.

Missense mutations can impact protein function by increasing or decreasing its
stability. Changes in structural stability can prevent conformational changes necessary
for protein function, constituting a frequent mechanism underlying numerous disease-
related mutations (SANAVIA et al., 2020). Deleterious mutations in TPH2, i.e. P206S,
R303W, and R441H, are known to reduce protein stability and solubility, which
ultimately leads to loss of enzymatic activity and diminished serotonin levels (UNIPROT
CONSORTIUM, 2021). Thus, mutations predicted to alter TPH2 stability, particularly
those classified as destabilizing, may lead to harmful effects on protein function.

Among the 384 variants analyzed in the TANGO algorithm, 21 of them were
classified as increasing protein aggregation (Fig 4A), while 16 mutations were predicted
to decrease this parameter. Protein aggregation is a central mechanism in the
pathophysiology of neurodegenerative diseases and has also been linked to the
development of psychiatric disorders. Nonetheless, mechanisms underlying protein
aggregation in psychiatric disorders are still poorly understood. Korth (2012) analyzed
the effects of the DISC1 gene in the development of schizophrenia and other psychiatric
disorders. According to the author, mutant forms of Disrupted-in-schizophrenia 1
(DISC1) protein were found in aggregates inside neurons of patients with schizophrenia.
Moreover, a study by the Stanley Medical Research Institute’s Consortium Collection,
involving post-mortem investigation of patients with schizophrenia, major depression,
and bipolar disorder, also found inclusions of DISC1 protein aggregates in neurons
(KORTH, 2012). Kuhn et al. (2011) proposed a link between TPH2 aggregation upon
oxidation with serotonin deficits and psychiatric symptoms. The authors observed that
TPH2 oxidation cause misfolding with consequent loss of enzymatic activity and the
formation of high molecular weight aggregates, which were associated with the
development of neuropsychiatric conditions such as depression, sleep disorders, and
anxiety (KUHN et al., 2011). The study by Winge et al. (2006), in turn, suggested that
defects in TPH2 catalytic function, usually related to the development of psychiatric
disorders, possibly result from the increased aggregation and degradation propensity
observed in mutant proteins (WINGE et al., 2007).

The following mutations were predicted to increase TPH2 aggregation propensity:
A4V, G62D, K63E, T64l, L70F, T134M, R225W, P244L, E261K, D262A, M265V,
K268I, E269K, L291P, V295E, T356M, E417G, E417K, R441H, R441S, and R441C
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(S3_Table). Interestingly, the following regions of TPH2 concentrated most of these
predictions, including 1) residues 62 — 70 in the regulatory domain; ii) residues 244 — 295
in the catalytic domain; iii) position 441, which contains three different mutations, all of
them predicted to increase protein aggregation. Interestingly, this position is also affected
by R441H mutation, which is deleterious. No mutation predicted to increase protein
aggregation occurred in the oligomerization domain.

The WALTZ analysis indicated that 13 mutations were classified as increasing
TPH2 amyloid propensity, while 13 mutations were predicted to reduce this parameter.
Amyloid propensity is a central mechanism in the pathophysiology of neurodegenerative
disorders like Alzheimer’s (XU et al., 2019). The review by Pandolfo et al. 2021
evidenced that altered amyloid metabolism is observed in major psychiatric disorders,
although the mechanism underlying these changes is still poorly understood
(PANDOLFO et al., 2021). No studies on direct changes in the amyloid propensity of
TPH2 protein were found in the literature consulted. Nonetheless, deficient serotonin
signaling has been previously described as significantly increasing the formation of -
amyloid plaques in both humans and rats (XU et al., 2019). The following mutations were
predicted to increase TPH2 amyloid propensity: T64A, R82S, M91l, H93N, T130N,
M1701, K268l, P308S, Q352R, R374W, S383F, T476l, and L481S (S3_Table).

In turn, the LIMBO analysis suggested that eight variants were predicted to
increase the chaperone binding tendency of TPH2, while seven mutations were predicted
to decrease this parameter (S3_Table). Chaperone binding is essential for the correct
folding and functioning of proteins. Thus, impaired chaperone binding may have harmful
implications for the protein (PEREIRA; VIEIRA; MESQUITA, 2021). The following
variants were predicted to decrease the chaperone binding tendency of TPH2: H166Y,
L169V, M170T, Y171C, R225W, R241Q, and F243V. Although no natural chaperones
for TPH2 are currently known, in vivo studies indicated that using pharmacological
chaperones to increase protein stability and promote the correct folding of TPH2 mutants
has shown to be a promising strategy for the treatment of psychiatric disorders
(KULIKOVA; KULIKQV, 2019).

3.3 EVOLUTIONARY CONSERVATION ANALYSIS
As shown in Fig 5, the evolutionary conservation degree of each amino acid of
TPH2 was projected on the protein’s surface and colored according to the ConSurf color-

coding scale, which varies from 1 and cyan (highly variable) to 9 and maroon (highly
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conserved). Biologically relevant amino acids, i.e. those with functional or structural
importance, are often conserved throughout the evolution due to a higher selective
pressure (CHOI et al., 2012). Thus, highly conserved amino acids within a protein are
usually functionally important (ASHKENAZY et al., 2016), and mutations affecting
these positions are those most likely to be harmful (PEREIRA et al., 2022).

The catalytic domain is the most conserved among the three functional domains
of TPH2, followed by the oligomerization domain, and then the evolutionary domain.
Evolutionary data on the regulatory domain is not shown in Fig 5A since the three-
dimensional structure of this region is still unknown (ROSE et al., 2021). Our results are
in agreement with those of SKAWINSKA, (2020), which analyzed the sequence
conservation among the human aromatic amino acid hydroxylases (AAAH) protein
family, including TPH2 (SKAWINSKA, 2020).

As shown in Fig 5B, the ConSurf analysis indicated that most TPH2 mutations
(37%) occur in conserved positions, i.e. those with conservation score > 7. It was followed
by mutations occurring in variable positions (ConSurf-score < 3), which correspond to
31%, and ultimately by mutations in average conserved positions (4 > ConSurf-score <
6), with 28%. Four percent of the TPH2 mutations did not receive a conservation score
due to insufficient data.

Furthermore, a relatively high number of mutations, 15%, lie in highly conserved
positions i.e. received the maximum conservation score (ConSurf-score = 9), thus, being
possibly important for TPH2 structure and function (CHOI et al., 2012). Most of these
mutations (93%) occur in the catalytic domain (S4_Table). It could be related to the
functional importance of this domain, which contains the catalytic site of TPH2 and

amino acids involved in binding to substrate, co-factor, and co-substrate (Fig 2).
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Fig 5. Evolutionary conservation analysis of human TPH2 protein. Each amino acid of TPH2 was colored
according to its evolutionary conservation degree and projected on the protein’s surface. The color-coding
bar shows the evolutionary conservation scheme adopted by ConSurf, which ranges from cyan and
variable to magenta and conserved. (A) TPH2 structure is represented as a space-filling model in three
different angles rotating 90° from each other. (B) The number of mutations affecting amino acids with
conservation degrees from 1 (cyan sector) to 9 (magenta sector) is shown in a pie chart.
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Interestingly, among the missense mutations classified as deleterious by all the
algorithms in the functional analysis (S2_Table), more than half also occur in positions
that received maximum conservation scores (S4_Table). It may be related to the training
strategy adopted by most of these algorithms, which mainly use evolutionary information
extracted from the sequence to predict the effect of missense mutations on protein’s
function, as previously shown in Table 1.

Among the TPH2 variants associated with the development of psychiatric
disorders, only P206S does not affect a conserved position. R303W affects a position with
the maximum conservation degree (ConSurf-score = 9), while R441H affects an amino
acid that received a conservation degree of eight. On the other hand, P206S affects a

variable position of TPH2, with a conservation score of three. The high conservation of
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positions 303 and 441, together with the known deleterious potential of R303W and
R441H, suggest that these positions are likely to be biologically relevant for TPH2.

3.4 PENALTY ANALYSIS

From the 384 missense mutations compiled for TPH2 in the literature and
databases, only five mutations have already been completely characterized. Additionally,
seven TPH2 mutations have been partially characterized, so they are known to reduce
serotonin synthesis but the functional consequence of this phenotype is still unknown
(S1_Table). Thus, the effects of most TPH2 mutations, i.e. 379, are still unknown. In this
scenario, aiming at facilitating the prioritization of most-likely deleterious mutations of
TPH2, we adopted a penalty system by combining the predictive analysis with the
evolutionary conservation degree, a literature review, and alterations in physicochemical
properties. This approach was used to rank all uncharacterized mutations of TPH2
according to their harmful potential so that mutations receiving the highest penalties were
ranked first, as shown in S5_Table.

The maximum penalty a mutation can receive is eleven, from which:

)] 0-2 points account for the number of deleterious predictions. Mutations

consensus predicted as deleterious, i.e. equal or more than half plus one algorithm

(> 6), received one point. An additional penalty was attributed to mutations

predicted as deleterious by all the ten algorithms used (S2_Table).

i) 0-2 points were attributed according to the evolutionary conservation

degree. Mutations affecting conserved positions, i.e. ConSurf-score equal to or

higher than 7, received a penalty. An additional point was attributed to mutations

occurring in positions with the maximum conservation degree, i.e. 9. Biologically

relevant residues are often conserved. Thus, mutations affecting these positions

may have harmful consequences for protein function (S4_Table) (ASHKENAZY

etal., 2016).

iii) One point accounts for mutations consensus predicted as destabilizing (>2

algorithms). Deleterious mutations in TPH2 are known to reduce protein stability

and solubility, which ultimately leads to loss of enzymatic activity and diminished

serotonin levels (S3_Table) (UNIPROT CONSORTIUM, 2021).

iv) 0-2 points were assigned to increased aggregation tendency and increased

amyloid propensity. These alterations are known to be related to the development
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of psychiatric disorders (S3_Table) (KUHN et al., 2011; PANDOLFO et al.,
2021).
V) One point is attributed to whether the mutation occurs at a relevant residue
for TPH2 function, which includes those binding to co-factors, co-substrate, and
substrate, in addition to those involved in post-translational modifications (Fig 2).
vi) 0-1 point accounts for alterations in physicochemical properties upon
amino acid substitution, including hydrophobicity, size, and charge. Two
alterations received a penalty, while three alterations received 2 points. Changes
in the size or biochemical properties of an amino acid can alter or prevent protein
function, which is observed in most genetic disorders (KHAN; VIHINEN, 2007).
Among them, radical amino acid substitutions, i.e. those involving amino acids
with very distinct physicochemical properties, are more likely to be deleterious
due to a stronger negative selective pressure (S5_Table) (WEBER; WHELAN,
2019).
vii)  One point is attributed to whether a mutation occurs in the same position
as a deleterious mutation of TPH2. Considering that positions 206, 303, and 441
are affected by mutations already known to be associated with psychiatric
disorders (UNIPROT CONSORTIUM, 2021), these positions are likely to be
biologically important for TPH2 (S1_Table).
viii)  One point was attributed to TPH2 mutations already known to reduce
serotonin synthesis (S1_Table). Altered serotonin levels in the brain have been
related to the development of psychiatric disorders (FAROOK et al., 2012).
Among the non-characterized variants of TPH2, VV295E and R441C received the
highest penalties, with 7 points, followed by variants T311P, Y281C, R441S, S383F,
P308S, Y281H, and E363G, which received six penalty points (S5_Table). According to
the criteria discussed earlier, these mutations are most likely to be deleterious for TPH2,

thus, being important targets for future investigation.

4 CONCLUSIONS

In this work, we compiled 384 missense mutations of TPH2, which are distributed
all over the protein, similarly affecting the three functional domains. Among them, 379
have not yet been characterized. Thus, their effects are still unknown. Our predictive
analysis pointed to a high rate of deleterious and destabilizing predictions for the TPH2

mutations. These mutations mainly affect conserved and, possibly, functionally important

Brazilian Journal of Development, Curitiba, v.8, n.9, p. 61944-61970, sep., 2022



Brazilian Journal of Development
ISSN: 2525-8761

61967

residues within the catalytic domain, responsible for protein’s enzymatic activity. The
predictive analysis also suggested that 16 mutations increase protein aggregation
tendency, while 13 mutations increase amyloid fiber formation, which are alterations
related to the development of psychiatric disorders. We also used a penalty system to
prioritize the most likely harmful mutations of TPH2 by combining the predictive
analyses, evolutionary conservation, literature review, and alterations in physicochemical
properties of amino acid substitution. Among the uncharacterized mutations of TPH2,
variants V295E, R441C T311P, Y281C, R441S, S383F, P308S, Y281H, and E363G
received the highest penalties, thus, being the most likely deleterious and, consequently,
important targets for future investigation. It may guide the design of clinical and

laboratory experiments, optimizing time and resources.
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