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Serotonin is involved in a variety of physiological processes in
the central nervous system and the periphery. As the rate-limit-
ing enzyme in serotonin synthesis, tryptophan hydroxylase
plays an important role in modulating these processes. Of the
two variants of tryptophan hydroxylase, tryptophan hydroxyl-
ase 2 (TPH2) is expressed predominantly in the central nervous
system, whereas tryptophan hydroxylase 1 (TPH1) is expressed
mostly in peripheral tissues. Although the two enzymes share
considerable sequence homology, the regulatory domain of
TPH2 contains an additional 41 amino acids at the N terminus
that TPH1 lacks. Here we show that the extended TPH2 N-ter-
minal domain contains a unique sequence involved in the regu-
lation of enzyme expression.When expressed in culturedmam-
malian cells, TPH2 is synthesized less efficiently and is also less
stable than TPH1. Removal of the unique portion of the N ter-
minus of TPH2 results in expression of the enzyme at a level
similar to that of TPH1, whereas protein chimeras containing
this fragment are expressed at lower levels than their wild-type
counterparts. We identify a region centered on amino acids
10–20 thatmediates the bulk of this effect.Wealsodemonstrate
that phosphorylation of serine 19, a protein kinase A consensus
site located in this N-terminal domain, results in increased
TPH2 stability and consequent increases in enzyme output in
cell culture systems. Because this domain is unique to TPH2,
these data provide evidence for selective regulation of brain
serotonin synthesis.

Serotonin (5-hydroxytryptamine (5HT)5) is involved in a
wide range of functions throughout the body, including the

regulation of vascular tone, appetite, wakefulness, and mood.
Its role in mood regulation is supported by the successful treat-
ment of a number of psychiatric disorders with drugs that reg-
ulate extracellular 5HT. Currently, this is accomplished by
inhibiting either the serotonin transporter or monoamine oxi-
dases, both of which increase the extracellular 5HT by blocking
clearance of released transmitter (1–4). As the rate-limiting
enzymes in 5HT synthesis, tryptophan hydroxylases (TPHs)
provide another target for the regulation of 5HT levels. Two
TPH isoforms, encoded by separate genes, have been identified
in mammals (5). In adults, TPH1 is mostly expressed in non-
neuronal cells and plays an essential role in peripheral 5HT
synthesis (5–7). In contrast, TPH2 is expressed in neurons (6, 7)
and controls brain 5HT synthesis (8). Since its discovery,
genetic variants in the TPH2 gene have been identified in
cohorts of patients with depression, suicidality, and bipolar dis-
order (9–18). Thus, mechanisms that specifically regulate
TPH2 activity may be important for the etiology or manage-
ment of psychiatric disorders.
TPH2 is part of a family of amino acid hydroxylases that

includes TPH1, tyrosine hydroxylase (TH), and phenylalanine
hydroxylase. All members of this family share a similar struc-
ture composed of an N-terminal regulatory domain, a central
catalytic domain, and a C-terminal tetramerization domain
with considerable sequence homology across family members
in all but the regulatory domains (19, 20). As closely related
members of the hydroxylase family, however, TPH1 and TPH2
do share substantial homology in the regulatory domain with
the exception of the first 41 amino acids at the N terminus of
TPH2, which are unique to this enzyme (Fig. 1). The regulatory
domains of othermembers of the family, such as TPH1 andTH,
have been shown to modulate enzyme activity and thermosta-
bility through various mechanisms, including phosphorylation
by protein kinases (21–31). In line with this, the extended N
terminus of TPH2 contains a serine at position 19, which is a
candidate for PKA phosphorylation (32) and has been recently
shown to interact with 14-3-3 proteins in a phosphorylation-
dependent manner to increase protein stability (33). This sup-
ports the hypothesis that the extended N-terminal domain of
TPH2 may contain sites involved in regulating neuronal 5HT
production.
In this study, we use a cell culture system to characterize the

role of the extended N terminus of TPH2 in modulating the
enzyme’s properties. Our results show that this region contains
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sites that markedly reduce enzyme expression levels by altering
both enzyme synthesis and stability. We also provide evidence
that phosphorylation of TPH2 at Ser19 by PKA counteracts this
reduced stability, resulting in an increase in enzyme expression
with a concomitant increase in 5HT production.

MATERIALS AND METHODS

Cell Culture and Transfection—HEK 293 cells were grown in
Eagle’s minimal essential medium with Earle’s salt supple-
mented with 10% (v/v) fetal bovine serum and a 50 �g/ml gen-
tamicin solution (Invitrogen). PC12 cells were grown in Dul-
becco’s modified Eagle’s medium supplemented with 5% (v/v)
bovine calf serum and 5% (v/v) equine serum and 50 �g/ml
gentamicin. Cells were transiently transfected by electropora-
tion using 240 V and 1000 microfarads or 300 V and 1000
microfarads for HEK or PC12 cells, respectively, using a Gene
Pulser II (Bio-Rad) and plated in 100- or 150-mm dishes
(Molecular Technologies, St. Louis, MO). To facilitate detec-
tion of expressed proteins and eliminate potential confounds
with variances in transcript initiation sequences, all constructs
used in these studies were triple hemagglutinin (HA)-tagged at
the N terminus and placed in a modified pcDNA3.1 vector (34)
with the exception of the green fluorescent protein (GFP)
fusion constructs, which also contained the triple HA tag but
were generated in the pEGFP vector.
5HT Measurement—At 48–72 h post-transfection, PC12

cells were collected in a solution of phosphate-buffered saline
with 1 mM EGTA and 1 mM EDTA and centrifuged at 1000 � g
for 5min at 4 °C. The resulting pellet was resuspended in 100�l
of 0.1 M perchloric acid for lysis using a tissue dismembranator
(Fisher). The solution was then centrifuged at 15,000� g for 10
min at 4 °C. The resulting supernatant was filtered using a
0.2-�mcentrifuge filter tube (Millipore Corp., Billerica,MA) at
4 °C. 5 �l of the filtrate was analyzed by HPLC as previously
described (35). Briefly, samples were separated on a microbore
Unijet C18 reverse-phase column (5 �m, 1 � 150 mm; BAS,
West Lafayette, IN) using a mobile phase of 50 mM monobasic
sodium phosphate, 0.2 mM octyl sodium sulfate, 0.1 mM EDTA,
10 mM NaCl, and 10% methanol at pH 2.6. The applied elec-
trode potential was�0.65V. 5HTconcentrationswere normal-
ized to endogenous dopamine levels to correct for variations in
sample size (8).
5-Hydroxytryptophan (5HTP) Measurement—At 48 h post-

transfection, cells were treated with 100 �MNSD-1015 (Sigma)
to block amino acid decarboxylase (AADC) activity and either
2.5�M forskolin (Sigma) or an equal volume ofDMSO (control)
for 16 h. Cells were then prepared as described above for 5HT
measurement, and 5HTP concentrations were measured using
the same HPLC conditions. Because we experimentally deter-
mined that in the presence ofNSD-1015, forskolin did notmea-
surably alter accumulated DA levels (data not shown), 5HTP
concentrations were normalized to endogenous dopamine lev-
els to correct for variations in sample size.
Western Blotting—Cells were collected as noted above for

HPLC assays and lysed in a solution of 20mMTris (pH 7.5), 150
mMNaCl, 1 mM EDTA, 1mM EGTA, and 1% Triton X-100 plus
1� Complete, EDTA-free protease inhibitor mixture (Roche
Applied Science) for 15 min. The lysate was centrifuged at

20,000� g for 10min at 4 °C, and the resulting supernatant was
collected, and its protein content was assessed using a Bio-Rad
DCprotein assay kit. Sampleswere diluted to 4�g of protein/�l
in lysis buffer and further diluted to 2 �g/�l in Laemmli sample
buffer supplemented with 5% �-mercaptoethanol. Samples
were incubated for 20min at 55 °Cbefore theywere loaded onto
a 10% SDS-PAGE gel (Invitrogen) and run at 110 V. Transfers
were performed using theX-Cell blotmodule (Invitrogen) at 25
V overnight at 4 °C. HA-tagged proteins were analyzed using
the anti-HA antibody (Covance, Inc., Princeton, NJ) diluted at
1:3000. Anti-actin (Chemicon International, Inc., Temecula,
CA), diluted 1:1000, anti-neomycin phosphotransferase
(Upstate Cell Signaling Solutions, Lake Placid, NY), diluted
1:500, and anti-vimentin (Chemicon), diluted 1:1000, antibod-
ies were used as controls. All primary antibody incubations
took place overnight. Blots were then incubated for 1 h with
sheep anti-mouse or goat anti-rabbit secondary antibodies con-
jugated to horseradish peroxidase (Amersham Biosciences)
and revealed using the Pico Lum ECL kit (Pierce) and Eastman
Kodak Co. BioMax film.
Messenger RNA Levels—Total RNA was prepared using the

TRIZOL Reagent (Invitrogen). First strand cDNA was then
generated using the iScript cDNA synthesis kit (Bio-Rad).
Quantitative reverse transcriptase PCR was run for 40 cycles
using SYBR green dye on a Lightcycler 2.0 system (Roche
Applied Science). The following primerswere used at a concen-
tration of 1 �M: GFP forward, 5�-TGACCCTGAAGTTCATC-
TGCACCA-3�; GFP reverse, 5�-AAGAAGTCGTGCTGCTT-
CATGTGG-3�; TPH2 forward, 5�-TGGAGCAGGGTTACTT-
TCGTCCAT-3�; TPH2 reverse, 5�-AGTAAGCGTCCTGAA-
AGGTGGTGA-3�; TPH1 forward, 5�-TCCTCTCTTGGCTG-
AACCCAGTTT-3�; and TPH1 reverse, 5�-TCTTGTTTGCA-
CAGCCCAAACTCC-3�. The second derivativemaximumwas
used to derive the cycle number for each sample. Sample cycle
numbers were then normalized to actin to account for differ-
ences in cell number.
Solubility—Cells were prepared as described above forWest-

ern blotting except that after removal of the postlysis superna-
tant (soluble fraction), the resulting pellet (insoluble fraction)
was then denatured using a mixture of 8 M urea and 0.5% SDS
for 15 min on ice. This new sample was then centrifuged again
at 20,000 � g for 10 min, and both supernatant fractions were
processed as described above for Western blotting.
PulseChase—Cellswere placed inMet- andCys-freeDulbec-

co’s modified Eagle’s medium for 1 h prior to treatment with
300 �Ci of [35S]cysteine and methionine EXPRE35S35S Easy
Tag (PerkinElmer Life Sciences) for 45 min. Medium was then
removed and replaced with complete Dulbecco’s modified
Eagle’s medium. Cells were collected at the indicated times and
lysed as described above for Western blotting. Samples were
then immunoprecipitated using anti-HA-conjugated agarose
beads (Sigma) and run on a 10% SDS-polyacrylamide gel at 110
V. The gel was then dried overnight on a Savant slab gel dryer
(ThermoFisher Scientific, Waltham, MA). Following drying,
gels were exposed to Kodak BioMax MR film for 3–6 days at
�70 °C. Band intensities were quantified and fit to a first order
decay function to estimate the half-life of each enzyme for each
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experiment. These values were then averaged to obtain the
mean half-life for each enzyme.
Cellular Protein Stability—Cells were initially serum-starved

for 4 h and then treated with 10 �g/ml cycloheximide to arrest
protein translation. Cells were then harvested at the stated time
points and lysed, and the TPH contents remaining were ana-
lyzed by Western blotting as described above. Similar to the
pulse-chase experiments, half-lives were estimated by curve fit-
ting for each individual experiment and averaged to obtain the
mean half-life for each enzyme.
In Vitro Translation—0.5 �g of the cDNA used to transfect

cells mentioned above was used with the TNT�T7 coupled
reticulocyte lysate in vitro translation system (Promega, Madi-
son, WI). Samples were then diluted 1:5 in Laemmli sample
buffer and run on a 10% SDS-PAGE, and protein levels were
analyzed by Western blot as described above.
Phosphorylation Assays—Apeptide with the sequence corre-

sponding to amino acids 11–24 of TPH2 with an N-terminal
HA tag (YPYDVPDYAKYWARRGFSLDSAV) and a control
peptide with an alanine substitution at position 19 (YPYDVP-
DYAKYWARRGFALDSAV) were obtained from Sigma and
used as substrates for a PKA assay kit (Upstate Cell Signaling
Solutions). Briefly, 5 �g of peptide was incubated with
recombinant PKA, cAMP, and both cold and [32P]ATP in the
presence of inhibitors of PKC and calcium- and calmo-
dulin-dependent protein kinase for 10 min at 30 °C, and the
resulting mixture was aliquoted on P81 paper. The paper was
then washed several times, and the levels of incorporated 32P
were determined using a Packard 1900 TR liquid scintilla-
tion counter.
PKAActivation—Cells were treated with 2.5�M forskolin for

4 h at 37 °C, and changes in protein expressionwere assessed by
Western blot as described above.
Statistical Analysis—A one-tailed t test was used to compare

themean half-lives of TPH1 andTPH2 and differences in trans-
lation efficiency between TPH1 and TPH2. All other data were
compared by analysis of variancewithTukey’s post hoc analysis.
p � 0.05 was considered statistically significant. GraphPad
Prism version 3.02 was used to generate all graphs and to per-
form all statistical analyses (GraphPad Software, San Diego,
CA).

RESULTS

Differences in Expression of TPH1 and TPH2—TPH1 and
TPH2 share considerable homology across themajority of their
sequences with the exception of the additional 41 amino acids
at the N terminus of TPH2 that are lacking in TPH1 (Fig. 1).
Because these amino acids lie in the regulatory domain of the
enzyme, our first step in characterizing the role of these resi-
dues was to identify differences in the regulation of TPH2 ver-
susTPH1. To this end, we generated stable cell lines expressing
each of the two hydroxylases in PC12 cells. When protein
expression levels were examined through Western blotting of
whole cell lysates, we found that TPH1was expressed at amuch
higher level thanTPH2 (Fig. 2A) despite similarmRNA levels as
measured using quantitative reverse transcription-PCR (Fig.
2B) (p � 0.07). In addition, analysis of the insoluble/noncyto-
solic fraction of the cell lysate revealed that TPH1 and TPH2

exhibit similar levels of solubility, with �70% of both enzymes
appearing in the soluble/cytosolic fraction of the lysate (Fig. 2,C
andD). Thus, the difference in expression levels betweenTPH1
and TPH2 results from differences in either their translational
efficiency or stability. To address the first possibility, plasmids
containing the cDNA for both HA-TPH1 and HA-TPH2 were
used for in vitro translation, which revealed markedly less syn-
thesis of TPH2 comparedwithTPH1 (Fig. 2,E andF) (p� 0.01).
The two enzymes differed in both maximum enzyme produc-
tion and rate of synthesis with a �2.5-fold greater maximum
expression of TPH1 over TPH2 and an �25% faster rate of
synthesis. To address the second possibility, that differences in
stability underlie the differences in enzyme expression, we
examined degradation of both enzymes in cells following inhi-
bition of new protein synthesis with cyclohexamide as well as
pulse-chase experiments. TPH1 exhibited a half-life of 59.0 �
3.9 min, and the half-life of TPH2 was 43.5 � 3.7 min (Fig. 2G)
(p � 0.05). Similarly, in the pulse-chase experiments, TPH1
exhibited a half-life of 58.0 � 3.8 min, whereas that of TPH2
was 41.7 � 2.7 min (Fig. 2H) (p � 0.05). These results suggest
that TPH2 is degraded more rapidly than TPH1. Thus, it
appears that differences in the rate of enzyme synthesis coupled
with differences in enzyme stability both contribute to the
observed differences in expression levels.
Role of TPH2 Extended N-terminal Domain in Modulating

Enzyme Expression—After examining both the rates of synthe-
sis and degradation between TPH1 and TPH2, we sought to
assess whether the extended N-terminal domain of TPH2 may
contribute to the apparent differences between the two
enzymes. To accomplish this, we generated a chimeric protein
composed of the first 41 amino acids of TPH2 appended to the
N terminus of TPH1 (HA-TPH2-(1–41)-TPH1) and expressed
this protein in two different cell lines (HEK293 and PC12). As
seen in Fig. 3, A and B, the expression level of the chimeric
protein was significantly decreased compared with TPH1 in
both cell lines (p � 0.01 in both cases) and was more similar to
that of TPH2. These results suggest that the extended N termi-
nus of TPH2 is responsible for the bulk of the difference in
expression levels observed between TPH1 andTPH2. To assess
the specific effect of this segment, we appended HA-tagged
TPH2 N-terminal fragments (amino acids 1–35, 1–41, and
1–58) to the N terminus of GFP. These three regions represent
the sequence encoded by the first exon of the gene, the number
of residues in TPH2 not present in TPH1, and the entire region

TPH1 -----------------------------------------MIEDNKENKDHS-----LE
TPH2   MQPAMMMFSSKYWARRGFSLDSAVPEEHQLLGSSTLNKPNSGKNDDKGNKGSSKREAATE

:*:* **. *      *

TPH1  -----------------------------------------MIEDNKENKDHS-----LE
TPH2   MQPAMMMFSSKYWARRGFSLDSAVPEEHQLLGSSTLNKPNSGKNDDKGNKGSSKREAATE

:*:* **. *      *

S19

regulatory catalytic tetramerization

FIGURE 1. Schematic diagram of amino acid hydroxylases. Shown is a dia-
gram of the major domains of amino acid hydroxylases and a sequence align-
ment (ClustalW) of the first 60 amino acids of human TPH2 with the corre-
sponding residues of human TPH1. Identity is indicated with an asterisk,
conserved substitutions are indicated with a colon, and semiconserved sub-
stitutions are shown with a period. The candidate PKA site, Ser19, is indicated.
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of the TPH2 N-terminal that contains no homology to TPH1,
respectively. As illustrated in Fig. 3, C and D, the addition of
each of these three fragments to GFP significantly reduced the
expression levels of the chimeric proteins in cells compared
with the HA-GFP construct without any of the fragments (p �

0.001 in all cases). The fact that all
three fragments reduced HA-GFP
expression to a similar extent indi-
cates that the sequence contained in
the first exon of the N terminus of
TPH2 alone is sufficient to reduce
protein expression without altering
mRNA levels (Fig. 3E) (p � 0.35).
Functional Mapping of the TPH2

Extended N-terminal Domain—Be-
cause the addition of the first 35
amino acids of TPH2 proved suffi-
cient to reduce expression of GFP,
we generated a series of N-terminal
deletion mutants, progressively
removing the nucleotides corre-
sponding to 10 or 15 amino acids at
a time, with the goal of identifying
specific stretches of sequence
responsible for the difference in
protein expression. Analysis of pro-
tein levels in cells transfected with
constructs containing deletions of
nucleotides corresponding to the
first 10, 20, and 35 amino acids
revealed that although removal of
the first 10 amino acids had only a
small effect on protein expression,
deletion of the first 20 and the first
35 amino acids resulted in 15- and
10-fold increases, respectively, in
protein expression compared with
full-length TPH2 (p � 0.001 in both
cases) (Fig. 4, A and B). This indi-
cates that, although there is some
effect on protein expression of
removing the first 10 amino acids,
residues 11–20 comprise the bulk of
the sequence responsible for the
lower expression of TPH2. To con-
firm this finding and ensure that the
observed difference in expression
was due to a loss of specific nucleo-
tides or amino acids and not a gen-
eral loss of residues, we performed
an alanine-scanning mutagenesis of
the first 35 amino acids of TPH2,
altering the cDNA such that the
sequence corresponding to five
amino acids at a time would instead
code for alanine (Fig. 4C). The
results presented in Fig. 4, D and E,
show that mutation of amino acid

residues 6–10 (nucleotides 16–30), 11–15 (nucleotides
31–45), or 16–20 (nucleotides 46–60) to those coding for ala-
nine all resulted in increased protein expression, although the
mutation corresponding to residues 6–10 produced a smaller
effect than the other two, and the mutation corresponding to

FIGURE 2. The extended N terminus of TPH2 contains a regulatory determinant. A, PC12 cells stably
expressing HA-TPH1 exhibited higher levels of hydroxylase expression than those stably expressing HA-TPH2
despite similar levels of mRNA (B) as assessed by quantitative reverse transcription-PCR (p � 0.07). C and D,
analysis of the soluble/cytosolic and insoluble/noncytosolic fractions of HA-TPH1 and HA-TPH2 from PC12 cell
lysates shows similar patterns of soluble versus insoluble expression, with both enzymes roughly 70% soluble
and 30% insoluble (i.e. associated with the particulate fraction). The intermediate filament protein vimentin
was used as a positive control for the insoluble/noncytosolic fraction. E and F, results of an in vitro translation
performed on cDNA in a modified pcDNA vector show that nearly 3-fold more HA-TPH1 is synthesized than
HA-TPH2 and that HA-TPH1 is synthesized �25% faster than HA-TPH2. This difference is significant (p � 0.01).
G, a representative blot of n � 3 assays using 10 �g/ml cycloheximide to block new protein synthesis in PC12
cells stably transfected with HA-TPH1 or HA-TPH2, which show that TPH2 is degraded more rapidly than TPH1
(t1⁄2 is 59.0 � 3.9 min for TPH1 and 43.5 � 3.7 min for TPH2) (p � 0.05). H, a graph displaying the average results
obtained from n � 6 pulse-chase assays reveals that TPH2 is degraded more rapidly than HA-TPH1 in stably
transfected PC12 cells (t1⁄2 is 58.0 � 3.8 min for TPH1 and 41.7 � 2.7 min for TPH2) (p � 0.05). Cells were labeled
with [35S]methionine and [35S]cysteine and then returned to regular medium for the indicated times. Labeled
HA-TPH was immunoprecipitated, and the amount of labeled protein was assessed by SDS-PAGE and autora-
diography. The half-life was calculated for each individual experiment and is presented as means � S.E. for
each enzyme. Graphical data presented represent means � S.E.
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residues 11–15 was the only one that reached statistical signif-
icance (p � 0.01). This mirrors the results seen with the dele-
tionmutants, supporting the hypothesis that themRNAand/or
amino acids corresponding to the region of residues 10–20 are
responsible for the bulk of the reduction in expression of pro-
teins containing the extended N-terminal domain of TPH2.
There was also an additional region between residues 26 and

30 (nucleotides 76–90), which, when mutated, also resulted in
an increase in protein stability, although this effect did not
reach statistical significance.
Phosphorylation of Serine 19 Regulates TPH2 Protein

Expression—Another feature within the extended N terminus
of TPH2 is a putative PKA consensus phosphorylation site at
Ser19. To confirm the ability of PKA to phosphorylate Ser19, we
assessed the phosphorylation of the residue corresponding to
Ser19 in a peptide consisting of an HA tag followed by residues
11–24 of TPH2, whereas a similar peptide with an S19A muta-
tion was used as a negative control. As Fig. 5G indicates, PKA
phosphorylated the peptide containing Ser19, whereas it failed
to phosphorylate the control peptide with an alanine substitu-

tion at Ser19 (S19A) (p � 0.01). Upon confirming the ability of
PKA to phosphorylate Ser19, we sought to assess the effect of
this phosphorylation on protein expression. To do so, we
treated cells expressing either TPH1, TPH2, or the HA-TPH2-
(1–41)-TPH1 chimera with forskolin to increase PKA activity
through increased cAMP production. As shown in Fig. 5,A and
B, this forskolin-mediated activation of PKA resulted in a sig-
nificant increase in expression of both TPH2 (p� 0.05) and the
chimera (p � 0.001) with little or no increase in TPH1 expres-
sion. To validate the role of Ser19 phosphorylation in modulat-
ing TPH2 expression levels, we generated a S19A mutant to
prevent phosphorylation of this site and an S19D mutant to
mimic its phosphorylation. Comparison of the S19A mutant
with wild type TPH2 showed no appreciable difference in base-
line expression, but the forskolin-induced increase in expres-
sion was reduced by roughly 50%, and the significance of the
forskolin effect was lost in cells transfected with the mutant
construct (Fig. 5, C and D). Conversely, cells expressing the
S19D mutant exhibited base-line protein levels 2–3 times
higher than the cells expressing wild-type TPH2, and there was
essentially no further effect of forskolin (p � 0.05 and 0.01,
respectively) (Fig. 5, C and D). Additionally, the pseudophos-
phorylated TPH2 S19D protein was expressed at levels similar
to the wild-type TPH2 in cells treated with forskolin (Fig. 5, C
andD), suggesting that phosphorylation at Ser19 is sufficient to
produce the increased expression seenwith forskolin-mediated
PKA activation. The residual response to forskolin treatment
seen with the S19A mutant may be attributable to phosphoryl-
ation of Ser104, a site homologous to Ser58 in TPH1, which has
been previously identified as a PKA target (24).
To remove the confounding effects of this secondary site

from our characterization and to, once again, assess the trans-
ferability of the effect, we generated an S19A mutant in the
HA-(1–58)-GFP hybrid construct. In this case, mutation of
Ser19 to alanine resulted in a complete loss of response to for-
skolin, whereas the nonmutated hybrid exhibited increased
expression in response to forskolin treatment similar inmagni-
tude to that seen when wild-type TPH2 was treated with for-
skolin (Fig. 5, E and F) (p � 0.01). Finally, in vitro translation
results indicate that the higher expression of the S19D mutant
does not result from changes in its translational efficiency (Fig.
5H) (p � 0.126 compared with TPH2).
Phosphorylation of TPH2 Ser19 Increases 5HT Synthesis—To

assess the functional outcome of the observed changes in TPH2
stability, we measured 5HT production in PC12 cells express-
ing wild type TPH2 and the TPH2 S19Amutant with and with-
out forskolin treatment as well as the pseudophosphorylated
TPH2 S19D construct. Because PC12 cells do not contain any
endogenous TPH, they do not produce any endogenous 5HTor
5HTP. They do, however, contain TH and, thus, contain all the
cellular machinery necessary to support amino acid hydroxyl-
ase function. To differentiate between the products of TPH2
activity before and after forskolin treatment, both control and
forskolin-treated cells were treated with NSD-1015 to block
AADC function at the time of forskolin treatment. Because
endogenous AADC is highly efficient, pre-NSD-1015 treat-
ment levels of 5HTP are undetectable. This means that all

FIGURE 3. The N-terminal regulatory determinant is transferable.
A, attaching the first 41 amino acids of TPH2 to the N terminus of HA-TPH1
results in a chimeric protein with expression levels most similar to those of
wild-type HA-TPH2 in both HEK293 and PC12 cells. Because the vector used to
make the constructs contains a neomycin resistance gene (neomycin phos-
photransferase), a blot for this protein was used as a transfection control in
HEK293 cells. The graph shown in B is the result of a densitometric analysis of
blots from HEK293 cells (n � 3) with results presented in arbitrary units nor-
malized to neomycin phosphotransferase levels. *, p � 0.01 compared with
HA-TPH1; **, p � 0.05 compared with HA-TPH2. C and D, insertion of the first
35, 41, or 58 amino acids of TPH2 after the HA epitope of an HA-GFP construct
results in decreased HA-GFP expression levels in PC12 cells. Unlabeled GFP
was included to assess antibody specificity. Results presented are normalized
to HA-GFP levels (n � 4). ***, p � 0.001 compared with HA-GFP. E, there is no
difference in mRNA levels between the HA-GFP construct and the represent-
ative chimera, HA-(1–35)-GFP, as measured by quantitative reverse transcrip-
tion-PCR (n � 4). All graphical data represent means � S.E.
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5HTP measured here was produced during the treatment
period.
The data in Fig. 6 indicate that differences in 5HT levels and

5HTP accumulation as measured by HPLC are consistent with
the observed changes in protein levels associated with these
mutants. Specifically, there were no appreciable differences in
either the protein expression or 5HT concentrations between
untreated wild type and S19A samples. In contrast, the S19D
samples exhibited a roughly 2.5-fold higher level of 5HT (Fig.
6A), mirroring the roughly 2.5-fold increase in protein expres-
sion observed with this construct (Fig. 5, C and D). Further-
more, treatment of cells transfected with HA-TPH2 with for-
skolin produced a greater than 3-fold increase in 5HTP
production (p � 0.001), which was reduced (p � 0.05) but not
abolished by the mutation of S19A. This is not entirely unex-
pected, since the S19A mutation also did not completely block
the effects of forskolin on TPH2 expression (Fig. 5, C andD). It
is notable that neither forskolin treatment of the S19A mutant

nor the pseudophosphorylation in
the S19D mutant was able to com-
pletely mimic the effect of forskolin
treatment on 5HTP production of
wild-type HA-TPH2. However, for-
skolin treatment of the S19D
mutant brought 5HTP to levels that
were nearly identical to those
obtained with the forskolin-stimu-
lated wild-type construct. Thus,
although phosphorylation of Ser19
does appear to increase 5HTP pro-
duction by increasing enzyme
expression, additional targets also
probably contribute to the overall
increase in 5HTP production in
response to PKA activation.

DISCUSSION

The results presented here dem-
onstrate that TPH1 andTPH2 differ
markedly in their expression levels
in cultured mammalian cells. This
appears to be primarily due to dif-
ferences in the efficiency of expres-
sion of the proteins, although a dif-
ference in the post-translational
stability of the enzymes may also
play a role. The ability of the N ter-
minus of TPH2 to reduce the
expression of both TPH1 and GFP
in protein chimeras suggests that
the unique extended N terminus of
TPH2 alone is sufficient to alter pro-
tein expression. Furthermore, the
region surrounding amino acids
11–20 appears essential for produc-
ing this effect, but other factors cer-
tainly contribute as well.
Examination of the extended N

terminus of TPH2 also revealed single amino acid residues with
the potential to play a role in the regulation ofTPH2 expression.
The first of these residues, Ser19, is a PKA consensus phospho-
rylation site (32).Mutation of this residue to aspartate tomimic
phosphorylation results in increased expression of the enzyme
similar to that seen when cells containing wild type TPH2 are
treated with forskolin to activate PKA. This increase in enzyme
expression correlates with an increase in 5HT levels in cells
transfected with the pseudophosphorylated S19Dmutant. Our
results also demonstrate that PKA phosphorylation of Ser19
appears to explain at least part of the observed increase in 5HTP
production in forskolin-treated cells expressing wild-type
TPH2.
Phosphorylation-mediated changes in function are not

unprecedented among hydroxylases. In the case of TH, cate-
cholamine binding to Gi-coupled autoreceptors results in a
reduction in monoamine production through PKA-mediated
changes in TH function (21, 25). It is thus possible that a similar

FIGURE 4. Isolation of the residues containing the regulatory determinant. A and B, Western blots from
HEK293 cells expressing HA-TPH2 constructs containing truncations of 10, 20, and 35 residues reveal the bulk
of the sequence required for the decreased protein expression lies within the sequence coding for amino acids
10 –20. B, results presented in the graph were normalized to neomycin phosphotransferase expression and
presented as a ratio to full-length HA-TPH2 expression (n � 3). *, p � 0.001 compared with HA-TPH2; **, p �
0.001 compared with 	10; ***, p � 0.01 compared with 	10. C, a schematic illustrating the residues mutated in
an alanine-scanning mutagenesis. D, Western blots from both HEK293 and PC12 cells showing expression
levels of HA-TPH2 proteins with the indicated residues mutated to alanine support the importance of the
sequence coding for residues 10 –20 in mediating the decreased protein expression. E, the accompanying
graph represents average protein levels in HEK293 cells normalized to neomycin expression and compared
with wild type HA-TPH2 expression (n � 3). †, p � 0.001 compared with HA-TPH2; ‡, p � 0.01 compared with
HA-TPH2. Data are means � S.E.
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principle may underlie the changes in 5HT synthesis in
response to extracellular 5HT levels. The enzymatic mecha-
nism behind the changes in synthesis, however, would differ.

Although PKA-mediated phosphorylation of TH alters cate-
cholamine production through changes in TH activity, phos-
phorylation of TPH2 S19 appears to alter 5HT production by
altering the level of TPH2 expression, an effect that was
recently attributed to an interaction with 14-3-3 proteins (33).
Given the lack of homology between the N-terminal
domains of these two enzymes, it is not surprising that
despite the fact that PKA phosphorylates the regulatory
domains of both enzymes, the results of these phosphoryla-
tion events differ. The physiological demands on these
enzymes may also contribute to the different effects of phos-
phorylation, since TH operates at full capacity in the brain,
whereas TPH2 does not (reviewed in Ref. 36). In either case,
the presence of the hydroxylase at the synaptic terminal (37)
means that regulatory mechanisms affecting either enzyme
function or stability can rapidly affect the production of neu-
rotransmitters for the releasable pool.

FIGURE 5. Phosphorylation of Ser19 modulates TPH2 expression. A, a
Western blot from HEK293 cells expressing HA-TPH1, HA-TPH2, or the
HA-TPH2-(1– 41)-TPH1 chimera with and without treatment with 2.5 �M for-
skolin for 4 h demonstrates a PKA-mediated increase in TPH2 and TPH2-(1–
41)-TPH1 expression with no appreciable effect on TPH1 expression. B, bar
graph showing the result of n � 5 experiments. *, p � 0.05 compared with
untreated control; **, p � 0.001 compared with untreated control. The data in
graph B are normalized to neomycin expression and compared with their
respective untreated controls. C, a Western blot from HEK293 cells expressing
HA-TPH2(S19A) to remove the putative PKA phosphorylation site or S19D to
create a pseudophosphorylated protein supports the hypothesis that phos-
phorylation of Ser19 leads to an increase in protein expression. The responses
to forskolin treatment (described above) support this, since the pseudophos-
phorylated S19D construct is not appreciably affected by forskolin-mediated
PKA activation, and the S19A response to forskolin is blunted compared with
wild type TPH2. The graph shown in D represents n � 3 experiments. †, p �
0.05 compared with HA-TPH2; ‡, p � 0.01 compared with HA-TPH2. The data
in graph D are normalized to neomycin expression and compared with
untreated HA-TPH2 expression. E and F, to remove the possible confound of
additional PKA phosphorylation sites, the S19A mutation was generated in
the HA-(1–58)-GFP construct. Although the expression of the HA-(1–58)-GFP
construct increased in response to the previously outlined forskolin treat-
ment, expression of the S19A mutant remained unchanged. The results
shown in F represent n � 3 experiments with treated samples normalized to
neomycin and compared with the untreated partner sample. #, p � 0.01 com-
pared with HA-(1–58)-GFP; %, p � 0.01 compared with S19A � forskolin.
G, phosphorylation of a peptide corresponding to amino acids 10 –20 and
that same peptide with the S19A mutation confirm the status of Ser19 as a PKA
phosphorylation site (n � 3). ***, p � 0.01 compared with “no enzyme,” “no
substrate,” and “S19A peptide” controls. H, in vitro translation performed on
cDNA in a modified pcDNA vector shows that the S19D mutation does not
dramatically alter TPH2 translational efficiency (n � 4). All results are means �
S.E.

FIGURE 6. 5HT and 5HTP production in PC12 cells. PC12 cells were trans-
fected with wild-type HA-TPH2, HA-TPH2 S19A, or HA-TPH2 S19D, and 48 –72
h post-transfection, 5HT was measured, or cells were treated with 100 �M

NSD-1015 to block the activity of AADC and either 2.5 �M forskolin or an equal
volume of DMSO for 16 h to assess accumulation of 5HTP. A, 5HT content in
untreated cells was measured by HPLC and normalized to the endogenously
produced dopamine content produced by the cells to control for differences
in the number of cells used to produce the lysates. ‡, p � 0.05 compared with
HA-TPH2; †, p � 0.05 compared with S19A. B, similar to the results in A, 5HTP
content was measured in cells transfected with each of the three constructs
and treated with 100 �M NSD-1015 for 16 h to block AADC as described above
(*, p � 0.001 compared with HA-TPH2). 5HTP accumulation was also assessed
in cells treated with forskolin and NSD-1015 for 16 h (**, p � 0.001 compared
with untreated controls; %, p � 0.05 compared with HA-TPH2 � forskolin; #,
p � 0.001 compared with HA-TPH2 � forskolin). 5HTP content in the cell
lysates was also normalized to the endogenously produced dopamine con-
tent produced by the cells before the initiation of treatment to control for
differences in cell number used to produce the lysates. Data are means � S.E.
(n � 4).
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Regardless of the mechanism behind this effect, the finding
that PKA-mediated phosphorylation of Ser19 modulates TPH2
stability raises the possibility that multiple PKA-mediated sig-
naling eventsmay have the potential to alter brain 5HTproduc-
tion, in addition to alterations in PKA activity in response to
autoreceptor activity. Studies of THhave revealed a similar pat-
tern whereby several non-catecholaminergic stimuli, including
angiotensin (38), estrogen (39), and intermittent hypoxia (40),
have been shown to alter TH activity through PKA-mediated
pathways, resulting in changes in catecholamine synthesis and
release. Because PKA plays a prominent role in so many signal-
ing pathways, it is therefore possible that other inputs may also
modulate brain 5HT levels by altering the phosphorylation
state of Ser19 and, therefore, the expression ofTPH2.Moreover,
there is also the possibility that other kinases, including
CamKII, may phosphorylate this site (41), adding yet another
dimension to the possible signaling pathways that may alter the
phosphorylation state of Ser19 to modulate 5HT production by
altering TPH2 expression.
As noted previously, although phosphorylation of Ser19 in

the extended N terminus of TPH2may play a role in regulating
its function, othermechanismsmay also contribute to the over-
all regulation of its physiological function. In addition to the
region surrounding amino acids 11–20, there is a region corre-
sponding to residues 26–30, which, when mutated, also
resulted in a slight increase in TPH2 expression. The mecha-
nism behind this effect and whether these two regions func-
tionally interact to regulate TPH2 stability or synthesis, how-
ever, remain unclear. Another residue in this region, Lys11, is a
candidate for ubiqitination. However, mutation of this residue
to either alanine or arginine had no effect on protein stability
(data not shown). In addition, analysis of the mRNA sequence
corresponding to the first 40 amino acids of TPH2 using two
mRNA secondary structure prediction programs (MFOLD (42,
43) and CARNAC (44, 45)) suggests that it may be part of an
mRNA stem-loop structure and contains sequences that may
also interactwithmRNA-binding proteins. This provides a pos-
sible explanation, at least in part, for the observed differences in
translational efficiency and also suggests a potential site for
post-transcriptional regulation of TPH2 expression. TPH2-
specific regulation is particularly interesting in the context of a
number of psychiatric disorders. There is evidence for TPH2
involvement in mood disorders; for instance, a number of
TPH2 polymorphisms have been associated with various ill-
nesses, such as depression, bipolar disorder, and anxiety disor-
ders (9, 10, 12–18). One such polymorphism identified in
humans has recently been engineered in the mouse Tph2 gene
to create amodel of marked serotonin deficiency (46). Interest-
ingly, although no polymorphisms have been found to date in
the residues highlighted in this study, there have been a few
codingmutations identified in theTPH2N terminus, including
a deletion of Met7 and two substitutions of Leu36 (L36V and
L36P) (47, 48). There was also a functional polymorphism
(S41Y) identified in a Han Chinese population in conjunction
with an increased risk for bipolar disorder (49), suggesting that
the N terminus of TPH2 represents a candidate site for func-
tional disease-related mutations. Current treatments for 5HT-
related psychiatric disorders increase 5HT levels by blocking

5HT degradation withmonoamine oxidase inhibitors or block-
ing 5HT reuptake through the serotonin transporters. Both
treatments appear to increase extracellular serotonin levels
2–3-fold (50, 51). Although these drugs are effective in treating
a sizeable number of patients, both of these approaches have
their drawbacks. Among these, selective serotonin reuptake
inhibitors can induce a host of peripheral side effects, including
issues with changes in blood pressure, sleep disturbance, gas-
trointestinal disturbance, and weight gain. Thus, the presence
of a unique regulatory domain in the brain enzyme, TPH2, may
present a target for a novel type of pharmacological treatment
for mood disorders with specificity for the central 5HT system.
Successful manipulation of the mechanisms underlying the
regulatory function of the N-terminal domain, which affect a
2–3-fold increase in TPH2, could potentially increase brain
5HT to levels similar to those seen with reuptake blockers and
monoamine oxidase inhibitors. TPH2-based therapy, however,
might avoid many of the specificity-related side effects seen
with the currently available 5HT-based therapies. Before this is
a real possibility, however, a thorough understanding of the
mechanisms behind these effectsmust be acquired such thatwe
can specifically manipulate these properties to produce the
desired effects.
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