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A B S T R A C T   

Human tryptophan hydroxylase 2 (hTPH2) is the rate-limiting enzyme for serotonin biosynthesis in the brain. A 
number of naturally-occurring single nucleotide polymorphisms (SNPs) have been reported for hTPH2. We 
investigated the activity and kinetic characteristics of the most common missense polymorphism rs2887147 
(A328 V/E; 0.92% allelic frequency for the two different reported SNPs at the same site) using bacterially 
expressed hTPH2. The recombinant full-length enzyme A328E had no measurable enzyme activity, but A328V 
displayed decreased enzyme activity (Vmax). A328V also displayed substrate inhibition and decreased stability 
compared to the wild-type enzyme. By contrast, in constructs lacking the N-terminal 150 amino acid regulatory 
domain, the A328V substitution had no effect; that is, there was no substrate inhibition, enzyme stabilities (for 
wild-type and A328V) were dramatically increased, and Vmax values were not different (while the A328E variant 
remained inactive). These findings, in combination with molecular modeling, suggest that substitutions at A328 
affect catalytic activity by altering the conformational freedom of the regulatory domain. The reduced activity 
and substrate inhibition resulting from these polymorphisms may ultimately reduce serotonin synthesis and 
contribute to behavioral perturbations, emotional stress, and eating disorders.   

1. Introduction 

The neurotransmitter serotonin [5-hydroxytryptamine (5-HT)] con-
trols a broad range of biological functions including mood, body tem-
perature, sleep, sexuality, and appetite. Reduced levels of serotonin 
signaling have been implicated in a range of disorders including 
depression, bipolar disorder, irritable bowel syndrome, and anxiety 
disorders [1–4]. There is an ongoing discussion as to whether trypto-
phan hydroxylase (TPH; rate-limiting enzyme in serotonin biosynthesis) 
polymorphisms may be linked to ADHD, and depression- and 
anxiety-linked personality traits [5,6]. 

Serotonin is synthesized in 2 steps from the amino acid tryptophan 
with tryptophan hydroxylase catalyzing the rate-limiting steps [7,8]. 
Until 2003, it was thought that only one isoform of TPH existed; 

however, deletion of this gene did not appreciably reduce the levels of 
5-HT in the brain, leading to the discovery of TPH2, which is responsible 
for 5-HT synthesis in the brain throughout life [9,10]. TPH2 is also found 
within nerve terminals in the small intestine and ablation of this gene 
causes disturbances in colonic function and loss of GI motility [11–13]. 
Previous TPH2 knockout studies have shown that animals are grossly 
morphologically normal and fertile. On the other hand, their central 
5-HT levels are dramatically reduced, with normal raphe serotonergic 
neuron formation [14]. The lack of serotonin in the central nervous 
system produces altered early postnatal growth, growth rates, heart rate 
and blood pressure, thermoregulation, autonomic control of sleep, sur-
vival, as well as aggressive behavior and maternal neglect [15,16]. In 
another study of the TPH2 knockout in zebrafish (Medaka), the homo-
zygous knockout leads to widespread behavioral changes [17]. 
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TPH2 belongs to a superfamily of aromatic amino acid hydroxylases 
(AAAH). These enzymes are iron- and tetrahydrobiopterin (BH4)- 
dependent monooxygenases with a common catalytic mechanism [18]. 
All family members share a structurally homologous catalytic domain, 
an amino terminal regulatory domain of varying length and a C-terminal 
tetramerization domain that can be removed with retention of enzyme 
activity [19–22]. TPH2 contains a larger regulatory domain than TPH1 
and residues 1–50 do not align with other hydroxylase family members. 
For hTPH2, the central catalytic domain (residues 151–466) is flanked 
by an amino terminal regulatory domain (1–150) and a C-terminal 
oligomerization tetramerization domain (residues 467–490) (Fig. 1A). 
Deletion of the regulatory domain results in protein that is active and 
maintains the same tetrameric quaternary structure as the full-length 
enzyme (Supplementary Fig. 2). In summary, the N-terminal domain 
of these enzymes is not essential for enzyme activity, but serves to 
regulate the activity. Similarly, the smaller C-terminal domain (~20 
amino acids) supports tetramer formation to differing extents depending 
on the enzyme. 

Polymorphisms in the TPH2 gene in humans and non-human pri-
mates have been linked to neurological and behavioral abnormalities [2, 
23–30], although the results of some of these studies remain contro-
versial. For this reason, it is important to understand the mechanisms 
whereby missense mutations in hTPH2 might affect production of se-
rotonin. To date, hundreds non-synonymous single nucleotide poly-
morphisms (SNPs) have been reported within the coding region of 
hTPH2 (NCBI, dbSNP). The vast majority of these SNPs have not been 
functionally characterized, and are present at very low allelic frequency 
within the general population. Indeed, only 5 coding region SNPs (both 
synonymous and non-synonymous) have been documented with 
appreciable allelic frequency (≥0.005) and only 37 SNPs have been 
documented with allelic frequency ≥0.0001 (https://www.ncbi.nlm. 
nih.gov/snp/?term=TPH2). 

The rs2887147 SNP, that encodes an alanine-to-glutamic acid 
(A328E) or alanine-to-valine (A328V) substitution at position 328 
within the catalytic domain of hTPH2, has been documented in the NCBI 
databases by seven different study groups (https://www.ncbi.nlm.nih. 
gov/projects/SNP/snp_ss.cgi?subsnp_id = ss4079267; accessed on 
April 1, 2023). In general, these variants, while rare, are the most 
common missense polymorphisms in human TPH2. The allelic fre-
quencies are 0.92% for A328V and 0.0008% for A328E. Previously, the 
A328V SNP was partially characterized and the authors concluded that 
A328V represented a loss of function mutation that could not be 
explained in terms of reduced solubility or expression [31]. In the pre-
sent study, we performed detailed kinetic analysis on this variant in the 
presence and absence of the regulatory domain. 

2. Methods 

2.1. Enzyme polymorphisms 

To determine the functional consequences of the naturally occurring 
polymorphisms (A328E, A328V), they were constructed in hexa- 
histidine-tagged wild type enzyme using the primers described in 

Fig. 1. A. Schematic diagram of hTPH2 domain or-
ganization showing the location of the A328 E/V 
polymorphisms. The amino terminal regulatory 
domain (amino acids 1–150 of hTPH2), the catalytic 
domain (residues 151 through 465) and the leucine 
zipper-based tetramerization domain (residues 
466–490) are shown as blocks. B. A328 is located at 
the binding interface of the ACT domain from an 
adjacent molecule. Upper Panels – Ribbon diagram of 
full length TPH2 model (left) and NΔ150 TPH2 
(right). Domains are colored individually (1, green; 2, 
gold; 3, red; 4, blue) and the iron atoms are shown as 
black spheres. Analogous to phenylalanine hydroxy-
lase, residues 1–149 are domain-swapped with an 
adjacent molecule. Lower Panels – Alanine 328 is 
located in a depression on the surface of the catalytic 
domain and, in the absence of the ACT domain 
(NΔ150-TPH2), would be surface-exposed. Left panel: 
In the full-length protein, it is predicted to form 
interdomain salt-bridging interactions as labelled. 
Right panel: Substitution at 328 with a valine residue 
can be easily accommodated and should have little 
predicted effect on catalysis. Center panel: A glutamic 
acid residue at position 328, however, would add 
charge neutralization interactions that might stabilize 
the ACT domain in this position, impacting any 
conformational changes necessary for function. 
Selected side chains from molecules 1 and 2 are 
shown in stick representation and colored magenta 
and yellow, respectively; oxygen and nitrogen atoms 
are colored red and blue, respectively. Putative 
hydrogen bonds are shown as black dashed lines. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Table 1 
Nucleotide sequences of oligonucleotide primers used for cloning, sequencing, 
and site directed mutagenesis of hTPH2.  

Primer name Primer sequence (5′ to 3′) 

T7 promoter - sense 5′-AATACGACTCACTATAGG-3′ 
T7 terminator - antisense 5′-GCTAGTTATTGCTCAGCGG-3′ 
A328E - sense 5′-CACTACTTGAGGATCCT-3′ 
A328E - antisense 5′-AGGATCCTCAAGTAGTG-3′ 
A328V - sense 5′-CACTACTTGTGGATCCT-3′ 
A328V - antisense 5′-AGGATCCACAAGTAGTG-3′  
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Table 1 (using the QuikChange Site Directed Mutagenesis Kit (Stra-
tagene, La Jolla, CA)). Also, A328E and A328V mutations were created 
in the NΔ150 catalytic domain lacking the N-terminal regulatory 
domain [21]. All primers were obtained from IDT (Integrated DNA 
Technologies, Inc., Coralville, IA). PCR conditions were: denaturation at 
95 ◦C, annealing at 55 ◦C, and extension at 68 ◦C for 20 cycles. 

2.2. Expression and purification of hTPH2 

Full length hTPH2 and variants were expressed in the bacterial 
pET28 TEV recombinant vector. Altered recombinant proteins were 
expressed in BL21 (DE3) pRIL (E. coli) cells in ZYP-5052 auto-induction 
media and proteins partially purified on HiTrap nickel columns as pre-
viously described [21,32]. 

2.3. Enzyme activity assay 

A radio-enzymatic 3H2O release assay was used to measure hTPH2 
activity as previously described [21,33,34]. Activity values derived from 
each assay were normalized to specific hTPH2 protein as determined by 
Western blot analysis (ImageQuant TL v2005). Michaelis-Menten 
models of enzyme kinetic analyses were conducted by varying the 
substrate concentrations of tryptophan in the range 3–400 μM and BH4 
in the range 0.5–200 μM separately, each at a fixed concentration of the 
other substrate (50 μM BH4 and 50 μM tryptophan, respectively), and at 
ambient saturating concentrations of oxygen. The resulting data were 
converted to specific enzyme activities (correcting for varying radioac-
tive amino acid concentrations, as necessary) and analyzed by Prism 
(GraphPad Prism 5 Software, San Diego, CA) to determine kinetic con-
stants (KM, Vmax, Ki [substrate inhibition]). 

2.4. Enzyme stability 

Purified wild type hTPH2 and variants were incubated at 37 ◦C and 
aliquots were removed and placed on ice every 5 min from initiation to 
30 min. Enzyme activity was then determined as described above and 
analyzed as a function of activity decay (on a logarithmic plot) with 
substrate concentrations of 50 μM BH4 and 50 μM tryptophan. Given the 
previously documented stability of the NΔ150-hTPH2 construct (the 
enzyme lacking the amino terminal regulatory domain [21]), these en-
zymes were analyzed over the course of 12 h. 

2.5. SDS-PAGE and structural analysis 

Purified recombinant proteins were subjected to SDS-PAGE in 
4–12% NuPAGE Bis/Tris gels and analyzed by Western blot to confirm 
molecular weights and to measure the abundance of the proteins as 
described previously [21]. Partially purified wild type hTPH2 and 
A328V (both full length and NΔ150 TPH2) were subjected to 
size-exclusion chromatography using a Superdex 200 10/300 GL column 
(Amersham Bioscience) in 25 mM HEPES (pH 7.5), containing 100 mM 
NaCl, 1 mM DTT, and 0.1 mM EDTA as previously described [21]. 

2.6. Homology modeling 

To generate a model of the tetrameric NΔ150 TPH2, the unpublished 
structure of the catalytic domain of TPH2 determined to 2.6 Å resolution 
was employed (4V06.pdb) by applying a rotation to the dimer across a 
crystallographic dyad. To generate a model of the full-length construct, 
homology modeling was performed. TPH2 belongs to the superfamily of 
pterin-dependent aromatic amino acid hydroxylases and the structures 
of other family members have been determined, providing a range of 
templates on which to model full length hTPH2. The crystal structure of 
human phenylalanine hydroxylase (hPAH) in an auto-inhibited confor-
mation (5DEN.pdb) was found to be the best template for residues 
41–490 (56% identity; GA341 = 1; dope = − 0.9). A weak model 

(GA341 = 0.86, Zdope = 0.31) for the regulatory domain (residues 
3–139) was also generated based on the structure of L-phenylalanine- 
inhibited prephenate dehydratase (2QMX residues 130–275; identity 
23%). This dimeric protein has an N-terminal PTD and a C-terminal ACT 
domain (the name originates from three of the proteins in the domain 
family: aspartokinase, chorismate mutase, and TyrA (prephenate dehy-
drogenase)). Since the two homology models contained ~100 amino 
acids that overlap, superposition of equivalent residues in each model 
allowed a full-length homology model to be constructed. Superposition 
between this model and the structures of other members of this protein 
family show excellent agreement within the catalytic domains. By 
contrast, the relative tilt of the terminal helix varied significantly 
resulting in larger RMSD between the monomers comprising the 
tetramer. Therefore, in order to simplify modeling, the entire structure 
of PAH in its auto-inhibited state was used as a template for the tetra-
meric full length TPH2 model presented here. 

2.7. Statistical analysis 

The hTPH2 activity determinations were analyzed using one-way 
analysis of variance (ANOVA), followed by an unpaired Student’s t- 
test (no data points were excluded for statistical analysis). Statistical 
significance was associated with values of p < 0.05. GraphPad-5 Prism 
software was used for kinetic constant determinations and substrate 
inhibition calculations. 

3. Results 

3.1. Expression efficiency and solubility of full length and NΔ150-hTPH2 
expressed in E. coli 

The full-length wild type and variant hTPH2 proteins containing an 
N-terminal hexa-histidine affinity tag expressed well in the auto- 
induction media (a representative Coomassie stained gel is presented 
Fig. 2A). However, based on the total expression and quantification of 
Coomassie-stained SDS-PAGE gels, only about 6% of the enzyme is 
recovered in a soluble form (data not shown) consistent with previous 
reports [21]. These proteins were therefore quantified based on the 
densities determined by Western blot analysis (a representative Western 
blot in presented in Fig. 2B). By contrast, removal of 150 amino acids 
from the amino terminus (NΔ150 WT, NΔ150 A328V and NΔ150 
A328E) resulted in approximately 70% of the protein being soluble 
consistent with our previous report [21]. Electrophoresis demonstrated 
that wild type and A328V and A328E hTPH2 (in both full length and 
NΔ150 forms) displayed identical molecular weights on denaturing 
SDS-PAGE (Fig. 2). Size exclusion chromatography demonstrated that 
they all migrated as tetramers (Supplementary Fig. 1 and Supplementary 
Fig. 2). Note that insufficient amounts of the inactive full-length A328E 
could be purified for size exclusion chromatography. Furthermore, as 
demonstrated by these gel filtration profiles, while the enzymes are 
extensively purified, they are not homogeneous. 

3.2. Enzyme activity 

Initial enzyme activity assays were performed using 50 μM BH4 and 
50 μM L-tryptophan. In the context of the full-length protein, the A328V 
variant had reduced activity (60% reduction in activity compared to 
wild type), whereas the A328E variant had no measurable activity 
(Fig. 3A). This observation was similar when the regulatory domain was 
removed; although, NΔ150-A328E had a very small, albeit reproducible, 
activity (2% of wild type; Fig. 3B). 

3.3. Thermal stability of the wild type and variant proteins 

The stabilities of the hTPH2 and A328V variant proteins, expressed 
from the full length and NΔ150-hTPH2 constructs, were determined at 
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37 ◦C. A328E had insufficient activity (in either construct) to accurately 
measure stability, the half-life of the A328V variant was reduced by 50% 
with respect to the wild type hTPH2 enzyme (Fig. 4). However, just as 
previously reported in Carkaci-Salli et al. [21], the NΔ150 constructs 
were significantly stabilized and there was no difference between 
NΔ150 wild type and NΔ150 A328V (Fig. 4; note differences in scale). 

3.4. Kinetic parameters 

The kinetic properties of the wild type and A328V variant hTPH2 
enzymes were investigated in the context of the full length and NΔ150- 
hTPH2 (Table 2). In the full-length enzyme, the KM values for trypto-
phan and BH4 for the A328V variant were similar to the wild type 
enzyme; however, in initial screening assays, the activity at sub- 
saturating substrate concentrations was reduced (Fig. 3A). In agree-
ment with this, during Michaelis-Menten analysis, the maximal velocity 
obtained under varying BH4 concentrations was found to be reduced 
approximately 6-fold (Table 2, top panel) and with varying tryptophan 
concentrations, the Vmax was reduced over 3-fold. Within the enzyme 
lacking the amino terminal regulatory domain (NΔ150) these effects 
were abolished and none of the kinetic constants were statistically 
different (Table 2, bottom panel). Significant tryptophan substrate in-
hibition was detected for the A328V variant enzyme within the context 
of full-length enzyme (Fig. 5B; Ki ~300 μM, data not shown), but not 
observed in the construct lacking the N-terminal 150 amino acid regu-
latory domain (Fig. 5D). No appreciable substrate inhibition was 
observed for either of the wild-type enzymes (Fig. 5A and C). Moreover, 
no substrate inhibition was evident for tetrahydrobiopterin (see Fig. 6). 

3.5. Homology modeling 

In our homology models, alanine 328 resides within a hydrophobic 

depression on the surface of the catalytic domain. For the NΔ150 hTPH2 
construct, substitution with valine can be accommodated without 
altering the conformation of the domain and we would predict little 
effect on catalysis (Fig. 1B). Substitution with a glutamic acid residue 
could result in a new interaction with the guanidine group of R270. In 

Fig. 2. A. Representative Coomassie staining of total proteins expressed in 
autoinduction media [32] in E. coli BL21 (DE3) pRIL. Lane 1 – Molecular weight 
markers; High speed supernatants of TPH expressed in E. coli BL21: Lane 2 – 
Wild-type hTPH2; Lane 3 – A328E; Lane-4 A328V, Lane 5 – Wild Type NΔ150; 
Lane 6 – NΔ150-A328E; Lane 7 – NΔ150-A328V. B. Representative Western 
blot of the partially purified TPH: Lane 1 – Molecular weight markers; Lane 2 – 
Wild Type hTPH2; Lane 3 – A328E; Lane 4 – A328V; Lane 5 – Wild Type 
NΔ150; Lane 6 – NΔ150-A328E; Lane 7 – NΔ150-A328V. 

Fig. 3. A. Enzyme activity of full-length wild type hTPH2 (WT), A328E and 
A328V enzymes assayed under sub-saturating conditions of 50 μM tetrahy-
drobiopterin (BH4) and 50 μM tryptophan. B. Activity of the variant enzymes in 
the context of the NΔ150-hTPH2 catalytic domain. Data are presented as mean 
± SEM (n = 3 independent cell culture preparations, protein purifications, and 
enzyme activity assays). *p < 0.05; **p < 0.01; ***p < 0.001. 

Fig. 4. Thermal stability of full-length WT hTPH2 and polymorphic A328V at 
37 ◦C. Data are presented as mean ± SEM (n = 3 independent cell culture 
preparations, protein purifications, and enzyme activity assays) for both full- 
length and NΔ150-hTPH2 forms of the enzyme. **p < 0.01; ***p < 0.001. 
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the model of the full-length tetramer, alanine 328 is occluded by the ACT 
domain of a neighboring subunit, although it does not interact with it 
directly. The equivalent residue in hPAH is a serine, which could be 
incorporated without steric or chemical clashes. In phenylalanine hy-
droxylase, the ACT domain undergoes a conformational change from 
auto-inhibited to active which involves movement towards the oligo-
merization motif, possibly forming a dimer with the adjacent ACT 
domain. Based upon this reasoning, introduction of a valine at position 
328 should also be accommodated with relative ease; however, it would 
change the surface character of the region, perhaps hindering the 
movement of the regulatory domain. Substitution with a glutamic acid 
residue would allow electrostatic interaction with arginine 270 and 
lysine 98 from an adjacent regulatory domain, perhaps favoring the 
auto-inhibited conformation (consistent with the inactive variant 
enzyme we observe; Fig. 3). However, it is noteworthy that the surface 
exposed NΔ150 A328E hTPH2 is also found to be largely inactive 
(Fig. 3B). 

4. Discussion 

The serotonin field was surprised by the discovery, in 2003, of a 
novel gene responsible for TPH activity in the central nervous system 
(TPH2; [9,10]). In the time since the initial description of TPH2, work 
has moved forward on the characterization of hTPH2 polymorphisms in 
mental health and disease. To date, there have been hundreds coding 
region polymorphisms reported by NCBI dbSNP (https://www.ncbi. 
nlm.nih.gov/snp/?term=TPH2); 

accessed on April 1, 2023). Of these, 37 have been reported by the 
1000 Genomes Project, and seven of them are statistically associated 
with human disorders. Moreover, nine coding region polymorphisms 
reported in hTPH2 and their activity and solubility have been charac-
terized [31]. The A328 V/E SNPs have 0.92% allelic frequencies in the 
general population, but there has been no disease association reported. 

In the present report, we have investigated the enzymatic conse-
quences of these changes in hTPH2 (A328V and A328E) and the effects 
of the regulatory domain on their respective phenotypes. We found that 
introduction of the valine substitution produced a marked 60% reduc-
tion in activity, while introduction of the A328E SNP results in complete 
loss of activity. The A328V activity results for gross enzyme activity 
(Fig. 3) were similar to those reported by McKinney and coworkers [31]. 
Under maximal velocity characterizations (Michaelis-Menten analysis), 
however, reductions in Vmax were more pronounced (Table 2). More-
over, A328V displays enhanced substrate inhibition (Fig. 5; Ki ~300 
μM). Additional characterization indicates that this polymorphism re-
sults in a measurable decrease in enzyme stability (Fig. 4). Studies on 
tyrosine hydroxylase, phenylalanine hydroxylase and tryptophan hy-
droxylase have shown a strong correlation between loss of enzyme 
function and thermostability and solubility [31]. 

Examination of the NCBI website indicates that A328V has an allelic 
frequency in the general population of 0.92%. While rare, this is still the 
most prevalent missense polymorphism in the enzyme and homozygotes 
would be predicted to be present at a frequency of 1:12,000 individuals. 
One must therefore consider the marked reduction in activity observed 
for the enzyme with this polymorphism with the continued presence of 
this variant in the general population given the importance of serotonin. 
First, we note that this SNP does retain activity. Second, in vitro and in 
vivo studies using neurotoxins, SSRIs, or genetically driven changes in 

Table 2 
Table of kinetic constants. Full length and NΔ150 analyzed separately. (±
Standard Error).   

Km, L-Trp 

(μM) 
Vmax, L-Trp 

(nmol/min/ 
density) 

Km, BH4 

(μM) 
Vmax, BH4 (nmol/min/ 
density) 

Wild type 
TPH2 

39.6 ± 5.7 17 ± 4.7 27.6 ±
4.5 

27.6 ± 3.7 

A328V 28.5 ± 7.4 5.1 ± 1.8 18.3 ±
5.6 

4.7 ± 0.2  

p = 0.140 p = 0.027 p = 0.139 p = 0.0003 
n = 4 n = 4 n = 3–4 n = 3–4 

NΔ150- 
hTPH2 

57.6 ± 14.3 5.3 ±
0.4 

2.7 ± 1.4 4.5 ± 0.2 

NΔ150- 
A328V 

36.2 ± 1.1 7.3 ±
3.4 

1.99 ±
0.4 

3.6 ± 0.6  

p = 0.283 p =
0.294 

p = 0.326 p = 0.089 

n = 3 n = 3 n = 3 n = 3  

Fig. 5. Tryptophan substrate inhibition of wild type hTPH2 and A328V variant enzymes both as full-length enzymes (A & B) and NΔ150 enzymes (C & D). 
Tryptophan was varied at a constant concentration of BH4 (50 μM). Each curve represents the average of three independent assays performed on independent enzyme 
purifications. Data are presented as mean ± SEM. 
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neurotransmitter synthesis [35–37] show that 5-HT deficiencies pro-
duce viable animals with altered brain functions. Third, it is well-known, 
for genetic knockouts of the related tyrosine hydroxylase, that hetero-
zygote animals (TH+/− ) fully compensate and produce normal levels of 
catecholamines [38]. We therefore anticipate a similar compensation in 
hTPH2 A328V heterozygotes. Previous research has shown that the loss 
of one gene copy in heterozygous TPH2+/− mice results in just a 13% 
drop in 5-HT level in the brain [39], in spite of a 50% reduction in TPH2 
mRNA in the total brain. A drop of 22% in 5-HT was found in another 
investigation utilizing TPH2 heterozygous mutant mice [40]. 

The hTPH2 A328E polymorphism is much rarer in the population 
(allele frequency of 0.0008%), perhaps because it abolishes enzyme 
activity. Indeed, it appears to represent a single heterozygote individual 
of the 60,706 humans tested. In spite of this low frequency, however, it 
provides important insights into hTPH2 function given that it eliminates 
enzyme activity. 

We also detected substrate inhibition by tryptophan in the A328V 
variant enzyme compared to wild type enzyme and, after deletion of the 
regulatory domain, substrate inhibition was eliminated (Fig. 5). Previ-
ous reports [41–43] indicate that the wild-type hTPH2 shows very weak 
substrate inhibition; however, in our hands there is little or no substrate 
inhibition (Fig. 5). Our kinetic data show that the KM for BH4 utilization 
is unaffected by this polymorphism, while Vmax was reduced by 80%. 
Similarly, there was no difference in KM for tryptophan, but the Vmax was 
reduced by 70%. In the absence of the regulatory domain, the enzyme 
kinetics are the same between A328V and the wild type protein indi-
cating that the active site itself is unperturbed by this substitution as 
suggested previously for A328V [31]. 

Our homology model, based on the auto-inhibited structure of PAH, 
provides one explanation. The regulatory sequence contains an N-ter-
minal PTD domain and a C-terminal ACT domain followed by a ca-
nonical catalytic domain and a C-terminal oligomerization domain that 
likely undergo a complex set of conformational changes to the active 
form, by analogy to PAH. The current structures for family members 
show that the active site loop (residues 160–180) are in an open 
conformation or partially disordered unless both substrates/analogs are 
present. An ordered ACT domain is observed in only 3 structures of PAH 
(5DEN [44], 5FGJ, and 5EGQ [45]) despite being present in the crystal 

of TPH1 with an active site inhibitor (5L01.PDB). Interestingly, the 
tetramerization domain was also disordered in this construct, lending 
evidence to the idea that the regulatory and tetramerization domains 
communicate. The templates automatically selected for residues 
51–490, based on sequence homology, were unremarkable. However, 
we were intrigued by the identification of the regulatory domain of PDT 
(prephenate dehydratase) as a template for the first 150 amino acids 
(Fig. 1A). This enzyme is responsible for synthesis of phenylpyruvate – a 
precursor in the synthesis of phenylalanine, tyrosine, and tryptophan. 
PDT is allosterically regulated by a phenylalanine binding site in the 
regulatory domain that controls transition from an open to a closed 
form. The sequence of the binding site is conserved (IESRXSR; residues 
64 through 100 in hTPH2) between hPAH, hTPH2 and PTD and it has 
been suggested that that this domain may have been incorporated as a 
small module with the potential to provide allosteric regulation via 
transmission of finely tuned conformational changes [46]. This would be 
consistent with the related enzyme phenylalanine hydroxylase that is 
thought to be regulated by phenylalanine and phosphorylation acting in 
concert to activate the enzyme through a combination of intrasteric and 
possibly allosteric mechanisms. It is interesting then that TPH2 is also 
stabilized by phenylalanine [47]. In addition, the PTD and ACT domains 
homo-oligomerize to form an activated protein. A similar dimerization 
of the ACT domain has been proposed based on conformational changes 
observed in small angle x-ray scattering profiles of PAH. 

The homology model and present data permit new insight into this 
enzyme and the A328 E/V polymorphisms. In the case of A328V, this 
region is a highly divergent site within the catalytic domains of the 
hydroxylases (residues 326–331 in hTPH2). Moreover, in hTPH2, this 
region begins with a conserved proline (P325 in hTPH2; P279 in hTPH1; 
P338 in human tyrosine hydroxylase (hTH); P292 in hPAH and, in 
hTPH2, the residues are followed by a proline (P330). Therefore, this is 
likely to be an area of constrained and potentially important structure/ 
function relationships. A328V and A328E are located at the dimer 
interface between their own catalytic domain and residues 75–78 and 
95–98 in the regulatory domain of an adjacent enzyme subunit. They 
pack against L245, F264 and R270 of their own monomer and K98 of the 
adjacent monomer. The Nζ of K98 makes a hydrogen bond with the 
carbonyl oxygen atom of A328. It forms part of the putative amino acid 

Fig. 6. BH4 kinetics for wild type hTPH2 and A328V variant enzymes both as full-length enzymes (A & B) and NΔ150 enzymes (C & D). Tetrahydrobiopterin was 
varied at a constant concentration of Tryptophan (50 μM). Each curve represents the average of three independent assays performed on independent enzyme pu-
rifications. Data are presented as mean ± SEM. 
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binding pocket that has been implicated in allosteric regulation in other 
family members [46]. 

Addition of a bulkier side chain at this position would change the 
shape of this pocket, either impacting the putative amino acid binding at 
the regulatory site, or affecting the conformational changes necessary 
for activation. Moreover, substitution of a larger and negatively charged 
residue A328E could easily produce misfolding and disrupt enzyme 
function. This also provides an explanation for why there is such 
sequence variability. If indeed there is amino acid binding dictated by 
this region, the different sequences in each protein would shape the 
pockets in unique ways. 

In addition to its potential physiological significance in brain sero-
tonin synthesis, the introduction of substrate inhibition into TPH2 in the 
A328V variant provides novel mechanistic insight. In vivo, at low con-
centrations of tryptophan and high or saturating concentrations of BH4, 
the substitution would have only modest impact on enzyme activity. 
However, tryptophan-substrate inhibition would become pronounced if 
BH4 levels were low and/or tryptophan levels high. This may account, in 
part, for the lack of pronounced phenotypes for this substitution. Unlike 
wild type TPH2, TPH1 displays strong tryptophan substrate inhibition 
and the mechanism has been studied in some detail [48]. Tryptophan 
hydroxide formation occurs via a partially ordered Ping-Pong reaction in 
which BH4 must bind prior to tryptophan for catalysis to occur [49]. 
A328 lies in a region that was previously shown to bind an allosteric 
inhibitor of TPH1, NVS-TPH120. This inhibitor acts via a mixed mode 
mechanism that results in increased affinity for tryptophan, decreased 
affinity for BH4 and dramatically reduced tryptophan hydroxylase ac-
tivity both in vitro and in vivo [50]. The authors indicate that it binds in a 
cavity terminated at one end by A328 that is structurally conserved in 
both TPH1 and 2. Based upon the overall high sequence conservation 
between TPH1 and TPH2 in their catalytic domains, the presence of 
allosteric regulatory site near A328 in TPH2 suggests an explanation for 
the effect of the valine substitution. In this model, the substitution re-
sults in repacking of the region surrounding the bulkier valine residue 
stabilizing a conformation similar to that promoted by NVS-TPH120. 
This conformation would have a higher affinity for tryptophan, as is 
seen with the inhibitor bound to TPH1, and thus promote the formation 
of the dead-end TPH2-tryptophan complex. This conformational switch 
may also be aided by the presence of the N-terminal regulatory domain, 
since the effects are greater in full length vs NΔ150 TPH2. Unfortu-
nately, due to the limited published information on NVS-TPH120, a 
more detailed analysis of how this compound and the A328V substitu-
tion affect catalysis is difficult, but these observations further highlight 
the potential significance of this region in developing compounds that 
selectively target the two enzymes. 

Our findings suggest that these polymorphisms exert their effects 
through the conformational freedom of the regulatory domain. Re-
ductions in catalytic activity of the full-length protein, as well as sub-
strate inhibition as a result of the polymorphisms, may change the 
biological function of hTPH2 significantly, resulting in a reduction in the 
synthesis of serotonin. The variation in levels of serotonin, related to 
these polymorphisms, may contribute to behavioral perturbations, 
emotional stress, and eating disorders. 
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