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Abstract

Monoamines were first discovered at the end of the 19% century when William
Bates identified epinephrine (EPI) and noted its hemostatic effects. During the 20t
century, norepinephrine (NE), dopamine (DA), and serotonin (5HT) were discovered in
both the periphery and the brain. Due, in part, to the implication of monoamines in the
etiology of a wide range of dysfunctions, the examination of their physiological
functions became the subject of a considerable volume of research. Much progress has
been made in describing the function and endogenous regulation of these systems, as
well as their response to pharmacological intervention. However, many aspects of these
systems remain unexplored. For example, though the role of pharmacological agents in
regulating monoamine transporter function has been widely studied, relatively little is
known about basal regulation in terms of protein processing and targeting. Similarly,
the role of phosphorylation has been well characterized in the regulation of tyrosine
hydroxylase (TH), but little is known about the regulation of the closely related
tryptophan hydroxylases. The recent discovery of the second isoform of tryptophan
hydroxylase (TPH2) has brought renewed interest to this field as the majority of this
second isoform is centrally expressed and it contains an additional 41 amino acids at the
N-terminus compared to TPH1, the peripheral enzyme. To increase the understanding

of these aspects of monoamine signaling, this study characterizes the regulatory role

iv



played by the extended N-terminus of TPH2 using mutagenesis and cell culture systems
and identifies determinants of monoamine transporter targeting and processing using
the dopamine transporter (DAT) as a model. In chapter 2, we demonstrate that TPH2 is
synthesized less efficiently and is also less stable than TPH1 when expressed in cultured
cells. Furthermore, we identify a region centered upon amino acids 10-20 in TPH2 that
appears responsible for the bulk of this difference. We also demonstrate here that
phosphorylation of 519 in TPH2 results in increased TPH2 stability, and a consequent
increase in 5HT production. Because this domain is unique to TPH2, these data provide
evidence for selective regulation of brain 5HT synthesis. Based on measured uptake
capacity and both visual and biochemical markers of protein localization, the results
presented in chapter 3 suggest that a conserved YAAY motif in the C-tail of the
monoamine transporters is essential for normal levels of membrane expression. We also
demonstrate that disruption of this sequence interferes to some extent with the
previously described hDAT/Hic-5 interaction. Together, the data presented here
contribute to the understanding of the physiological regulation of brain monoaminergic

signaling.
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1. Introduction

An estimated 26.2 percent of Americans ages 18 and older suffer from a
diagnosable mental disorder in a given year. This statistic from the National Institute of
Mental Health (NIMH) (Health 2007) helps explain the extensive research and funding
dedicated to treating various mental disorders. In the 1950s a link between monoamines
and depression emerged as patients treated for hypertension with reserpine often
reported depression as a side effect (Freis 1954; Kass and Brown 1955; Burrell 1956;
Krogsgaard 1958; Jensen 1959; Aillon 1971), which was later attributed to a depletion of
brain norepinephrine (NE) (Holzbauer and Vogt 1956). Shortly thereafter, this
connection was further supported with the finding that monoamine oxidase (MAO)
inhibitors reversed this effect (Bueno and Himwich 1967). This led to the addition of
serotonin (5HT) to the neurotransmitter etiology of mood disorders (Lidbrink, Jonsson et
al. 1971; Garver and Davis 1979) and later, a possible role for dopamine (DA) was
postulated (Korf and van Praag 1971; Garver and Davis 1979). As the understanding
and treatment of mental illness has evolved over the years, the involvement of
monoamines has become increasingly well-supported (Ruhe, Mason et al. 2007). Even
today, most treatments for mood disorders involve the monoamine system (Chen and
Skolnick 2007; Krishnan 2007).

Furthermore, monoamines have been implicated in other neurological disorders

such as schizophrenia (Woolley and Shaw 1954), and play a role in neurodegenerative
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diseases such as Parkinson’s (Ehringer and Hornykiewicz 1960) and Huntington’s
diseases (reviewed in Klawans and Weiner 1976). Because of their involvement in such
a large number of disorders, the study of monoamines in the etiology and treatment of
these various disorders has been of great interest for the past several decades. In
addition, to better understand the systemic dysfunctions that underlie these diseases, a
great deal of effort has been devoted to understanding the precise workings of the

monoamine systems themselves.

1.1 Monoamines

Monoamine signaling occurs all over the body. Monoamines play a role in
physiological processes ranging from appetite and blood pressure modulation to mood
regulation and muscle movement. These widely varying targets stem from systems that
display remarkable similarity in a variety of ways including structural components and
regulatory pressures. From synthesis, to signaling, to reuptake, the components of the
monoamine systems and aspects of their regulation tend to be highly homologous. The

forces acting on these components and their physiological outcomes, however, vary.

1.1.1 Epinephrine
The first monoamine discovered was epinephrine (EPI also called adrenaline),
which was discovered in 1886 by William Bates. Bates later extracted the substance from

the adrenal glands of sheep and noted its hemostatic effects (discussed in Rosengart



2006). Three other groups, led by Napoleon Cybulski (1895), John Jacob Abel (1897), and
Jokichi Takamine (1900) also independently discovered, isolated, and began to
characterize the effects of the compound (Yamashima 2003; Rosengart 2006). After the
initial discovery of EPI, a large body of research was produced characterizing the effects
of synthesized EPI and isolated adrenal extracts on smooth muscle cells of the gut and
the vascular system, among others (discussed in Dreyer 1899). Following the
characterization of EPI’s effects, researchers discovered that the application of EPI and
adrenal extracts to various tissues mimicked the effects of sympathetic nerve stimulation
(Langley 1901; Elliott 1905). This led to the discovery that stimulation of the splanchic
nerve resulted in regulated release of EPI (Dreyer 1899; Stewart 1912; Stewart, Rogoff et
al. 1916; Stewart and Rogoff 1920; Stewart and Rogoff 1924), leading to the hypothesis
that EPI was, in fact the substance released in response to sympathetic nerve

stimulation.

1.1.2 Norepinephrine

During this time, it was also discovered that the liver produced and released a
substance that elicited increases in heart rate in response to sympathetic nerve
stimulation after removal of the adrenal glands (Cannon and Uridil 1921). Despite
mimicking the effects of EP], this substance had a slightly different pharmacological
profile on the heart (Cannon and Uridil 1921) and several other tissues (Cannon and

Rosenblueth 1933). This information became especially relevant in 1946 when Von
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Euler identified the second substance, previously called sympathin, as the EPI precursor,

NE (reviewed in von Euler 1971).

1.1.3 Dopamine

Both NE and dopamine (DA) had been previously described as intermediates in
the synthesis of EPI (Blaschko 1942). It wasn’t until 1957, however, that Von Euler and
Lishajko discovered dopamine’s existence in high concentrations in the lungs of cows in
the absence of significant noradrenergic innervations (Von Euler and Lishajko 1957).
During this time, Falck, et al. discovered unique dopamine-containing chromaftfin cells,
different both in terms of morphology and location from the chromaftin cells of the
adrenal medulla (Falck, Hillarp et al. 1959). As adrenal chromaffin cells were known to
release EPI and NE into the bloodstream in response to sympathetic nervous system
activation, the discovery of DA-specific chromaffin cells led to the designation of DA as

a potential signaling molecule.

1.1.4 Serotonin

Like NE, serotonin (SHT) was independently discovered by two different groups;
one finding it in the serum (Rapport, Green et al. 1948), and the other in the gastric
mucosa (Erspamer 1940) as a factor that induced smooth muscle and vascular

constriction. Expression of SHT was then demonstrated in a number of tissues, most
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notably in the cells of the gut, the platelets, and the brain (Twarog and Page 1953) with
implications in respiratory rthythm, blood pressure, and gastric motility (reviewed in
Freyburger, Graham et al. 1952). Also like EPI and NE (and later, DA), SHT was found
to be stored in chromaffin cells, named enterochromaffin cells for their location in the gut

(Adams-Ray and Nordenstam 1956).

1.2 Monoamines in the brain

In addition to the previously discussed endocrinological roles, EPI, NE, DA, and
5HT were all found to be expressed in the brain (Carlsson, Lindqvist et al. 1958; Falck
and Hillarp 1959; Carlsson, Falck et al. 1962). Here, their roles are less well defined as
they don’t fit the definitions of classic excitatory or inhibitory neurotransmitters. In fact,
these transmitters can all be either excitatory or inhibitory depending on the receptors
present on the postsynaptic membrane. Nearly all the adrenergic, dopaminergic, and
serotonergic neurotransmitter receptors belong to the G-protein coupled receptor
(GPCR) family (5HT3 receptors are ionotropic). Each of these neurotransmitters has a
related family of receptors, each of which is associated with a G-protein with its own
specific signaling properties. Thus, depending on the receptor subtype present and its
associated G-protein coupling, release of monoamine neurotransmitters can produce
excitatory or inhibitory results.

Monoaminergic neurons do not generally comprise the only inputs to a given
neuron. Rather, monoaminergic neurons tend to form synapses with neurons that also

5



receive inputs from other types of neurons (usually these other inputs involve classic
excitatory or inhibitory transmitters). In doing so, the monoaminergic inputs are able to
modulate the postsynaptic neuron’s response to the classic excitatory or inhibitory
inputs, leading to their designation as neuromodulatory inputs. These
neuromodulatory synapses can be proximal to synapses with the classic excitatory or
inhibitory neurons (Smiley, Williams et al. 1992), closer to the cell body, on the cell body
(Triarhou, Norton et al. 1988), or on the axon (Smith and Kieval 2000) of the target
neuron. This is an interesting facet of monoamine neuromodulation as it can alter the
postsynaptic cell’s response to other excitatory or inhibitory inputs at a number of points
in the signaling process. Another departure from classical signaling is the somewhat
unique structure of monoaminergic neurons. Rather than having a single synaptic
terminal at the end of an axon or even multiple synaptic terminals at the end of multiple
axons, monoaminergic neurons have a series of varicosities along their axons which
contact and form synapses with other neurons (Olschowka, Molliver et al. 1981; Liposits,
Phelix et al. 1987; Triarhou, Norton et al. 1988; Maley, Engle et al. 1990). Also, unlike the
distribution of classic excitatory and inhibitory neurons which are found in a variety of
brain areas and project within a region or connect two regions, the bulk of brain
monoaminergic neurons originate from a single region in the brainstem and project to a
variety of cortical areas (Dahlstroem and Fuxe 1964). Here, the patterns diverge,

however as NE and 5HT neurons project to a broad distribution of cortical regions while



the bulk of dopaminergic projections terminate in the striatum and the neurons of the
limbic system. More specific characterization of the various projection patters of the

monoamine neurons has lead to their association with different physiological functions.

1.2.1 Dopamine

There are four main dopaminergic pathways in the brain: the mesolimbic, the
mesocortical, the nigrostriatal, and the tuberoinfundibular.

The mesolimbic and mesocortical pathways both originate in ventral tegmental
area (VTA), with the mesolimbic projection terminating mostly in the nucleus
accumbens and the mesocortical projections primarily terminating in the prefrontal
cortex (Oades and Halliday 1987). Because of the overlapping projections of these two
pathways and their shared point of origin in the VT A, a number of researchers have
combined the two into one meso-limbo-cortical pathway. Regardless of classification,
however, this pathway is commonly referred to as the dopamine reward pathway. This
reward was initially attributed to NE signaling (Schmitt, Eclancher et al. 1974), but was
later attributed to DA by Corbett and Wise in a series of lesion and self-stimulation
experiments that showed that NE pathways from the locus coeruleus were not
correlated with measures of reward (Corbett, Skelton et al. 1977; Corbett and Wise 1979).
These researchers then discovered the association of DA fiber density at the site of
electrode placement and the frequency of self-stimulation in the VT A-accumbens tract of

electrode implanted rats (Corbett and Wise 1980). Since that time, this pathway has
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been associated with both natural and pharmacological reward modulation (Wise and
Rompre 1989).

The neurons of the nigrostriatal pathway originate in the substantia nigra and
project to the striatum where they synapse on the medium spiny neurons of the basal
ganglia system (Anden, Carlsson et al. 1964). Medium spiny neurons are inhibitory
neurons, connected by a network of interneurons which integrate inputs from the cortex,
the thalamus, and the brainstem to regulate and modulate muscle movement. This
system is postulated to be responsible for fine tuning movements as well as coordinating
movement initiation. Dopaminergic signaling was implicated in this process by studies
utilizing mechanical and pharmacological lesions as well as studies involving the direct
application of DA to the striatum (Anden, Dahlstrom et al. 1966; reviewed in
Ungerstedt, Butcher et al. 1969; Laverty 1975). As previously noted, monoamines can
have either excitatory or inhibitory effects on their target cells depending on the
receptors present on the target neuron. Likewise, even within the nigrostriatal pathway,
released dopamine can have either excitatory or inhibitory effects on medium spiny
neurons depending on the type of dopaminergic neurons present. Medium spiny
neurons containing D1-like dopamine receptors, which are coupled to Gs proteins to
have a stimulatory effect on adenylyl cyclase (AC) while those containing D2-like
receptors, which couple with Gi, have an inhibitory effect on AC. This differentiation

also corresponds to the two identified signaling loops within the basal ganglia. The



excitatory loop contains neurons with D1-like receptors and is called the direct loop as it
has fewer intermediate connections. Likewise, the inhibitory basal ganglia loop is called
the indirect loop and its neurons contain D2-like receptors. The complex interplay of
these two loops is responsible for the fine tuning of movements. In fact, motor
dysregulation, including difficulty initiating and fine-tuning movements is one of the
hallmark symptoms of Parkinson’s disease, which is characterized by the preferential
degradation of nigrostriatal dopaminergic neurons (reviewed in Kety 1966).

The final dopaminergic pathway is the tubulo-infundibular pathway, which
projects from the hypothalamus to the median eminence. The role of this pathway is not
well understood and it has been the subject of considerably less research, but a number
of studies have associated its function with the regulation of gonadotropin and prolactin
release (Fuxe and Hokfelt 1966; Hokfelt 1967) and a few have also linked it with
regulation of melanocyte stimulating hormone and others (reviewed in Missale, Nash et
al. 1998). This is one contribution to the complex system of neural control of hormone

release.

1.2.2 Norepinephrine

As previously stated, the majority of central norepinephrine projections emanate
from the brainstem structure called the locus coeruleus (reviewed in Amaral and
Sinnamon 1977). However, unlike DA projections, the targets of these projections are

very widespread including nearly all brain regions and the spinal cord. The functional
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role of NE in the brain was initially proposed by Jouvet and colleagues who found that
NE levels change during various stages of the sleep cycle (Pujol, Mouret et al. 1968;
Jouvet 1969). This gradually evolved to the hypothesis that brain NE regulated “general
arousal” (Berridge and Waterhouse 2003) as it was observed that NE levels changed in
response to activity and environmental stimulation. “General arousal”, however,
remained poorly defined and didn’t address findings that showed that environmental
stimuli alone were sometimes not sufficient to elicit increases in NE levels, so Aston-
Jones and Cohen developed the theory of vigilance (Aston-Jones and Cohen 2005). This
new theory suggested that NE maintained target neuron activation at a state appropriate
for modulating responses to environmental stimuli. Thus, they combined the theory of
arousal with the idea of attention. In their scenario, the brain NE system constantly
adjusts its outputs in response to input from the environment to ensure that target
neurons maintain the appropriate level of sensitivity to respond to sensory stimuli and
produce a suitable response to these stimuli. Despite the lack of clear characterization of
brain NE function, given the current knowledge base, coupled with an understanding of
NE’s actions outside the brain, it is understandable that dysfunctions in this system have
been associated with disorders involving chronic anxiety, attentional deficits, or

problems maintaining interaction with the environment.
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1.2.3 Serotonin

Similar to those of NE and DA, brain 5HT neurons start in the brainstem, though
in this case the region of the Raphe nuclei, and like NE neurons, 5HT neurons project to
a wide variety of cortical, subcortical, and spinal areas (Carlsson, Falck et al. 1962;
Dahlstroem and Fuxe 1964). Also like NE and DA, 5HT neurons contain varicosities
along the length of the axon which have proven to be the sites of synapse formation with
other neurons.

The idea of brain serotonin was first suggested by Gaddum, who described an
antagonistic effect between LSD, a known psychostimulant, and 5HT on rat uterine
contractions (Gaddum 1953). This, coupled with LSD’s structural similarity to 5SHT,
suggested that 5SHT may modulate the psychological effects of LSD. This interaction in
the brain was confirmed in experiments by Shore, et al. examining interactions between
reserpine, LSD, and 5HT in the brains of rats (Shore, Silver et al. 1955), leading to the
final conclusion that serotonin does, indeed, have a function in the brain (Brodie,
Pletscher et al. 1955). From here, though, the field diverges considerably as 5SHT does
not appear to have a single clear function. The activity of serotonergic neurons exhibits
a circadian rhythm with very low activity during periods of sleep and a regular basal
output during levels during more active periods, which decreases in frequency over the
course of the day. This is especially interesting in light of the large serotonergic input

into the supriachiasmatic nucleus, which is recognized as the site of endogenous
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circadian rhythm generation. In fact, lesions of portions of the raphe nuclei have been
shown to disrupt endogenous rhythms, and in some cases, to disrupt the entrainment of
circadian rhythms to light (Meyer-Bernstein and Morin 1996).

Another aspect of 5HT signaling, which may be related to circadian rhythms, is
that 5HT neurons increase their activity in response to physical activity. This is
especially true in the cases of cyclic activities or movements modulated by central
pattern generators (Jacobs and Fornal 1993; Jacobs and Fornal 1999). Interestingly, like
NE, 5HT neuron activity is not increased by environmental stimuli alone, however,
unlike NE neurons, which respond to so-called “relevant” stimuli, 5HT neurons appear
to only respond when the stimuli evoke movement (Jacobs and Fornal 1999).

There are a large number and wide variety of other behaviors and systems
associated with 5HT projections, perhaps the most well known of which involves social
behaviors including the regulation of mood (Kalin, Risch et al. 1981; Risch, Kalin et al.
1981; Coppen and Wood 1982)and the inhibition of aggressive behabiors (Pucilowski
and Kostowski 1983; Canli and Lesch 2007), however the mechanisms underlying this
are also among the most poorly understood. Serotonergic projections are also
implicated in regulated feeding and controlling feelings of satiety (Simansky 1996), and
like other monoamines, there is also a connection between 5HT and hormonal regulation
with 5HT playing a role in modulating the release of adrenocoticotropin (ACTH),

prolactin, and growth hormone.
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1.2.4 Epinephrine

EPI has been considered as a minor neurotransmitter with its expression in the
brain largely restricted to the hypothalamus and its surrounding areas (Howe, Costa et
al. 1980; Mefford, Roth et al. 1981; Mefford, Foutz et al. 1982; Mefford 1987). Thus, the
bulk of brain adrenergic signaling has been associated with regulation of the
hypothalamus and hormonal release. Interestingly, it has been suggested through both
lesion and surgical isolation studies that brain epinephrine is not synthesized in neurons
in which it is stored. In fact, it has been postulated that epinephrine is synthesized in
post-synaptic tissues and is released into the extracellular space, where it is taken up
into brainstem noradrenergic nerve terminals by the NE transporter for co-storage and

release with NE (Mefford 1988).

1.3 Monoamine system components

The evolutionarily close relationship of the central monoaminergic systems is
clear when one examines the structure of the components and their signaling
mechanisms, both at the single neuron level and at the level of the projection patterns.
However, the divergence of these similar systems is clear in the comparison of the
functional roles these systems play. This interplay between the similarities inherent in
closely related systems and the differences necessary to produce different physiological
outcomes carries through to the examination of the individual components involved in

producing signaling molecules and regulating the signaling processes.
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1.3.1 Monoamine Synthesis

Monoamines, as the name suggests, are all synthesized from a single amino acid,
tryptophan, in the case of serotonin (5HT), and tyrosine, in the cases of dopamine (DA),
norepinephrine (NE), and epinephrine (EPI). The first two steps in the synthesis are
nearly identical in all the monoamines. In the first step of the process, the amino acid in
question has a hydroxyl group added by the appropriate hydroxylase (tryptophan
hydroxylases (TPH1 or 2) for 5HT, tyrosine hydroxylase (TH), for DA, NE, and EPI).
The second step, identical for all of the monoamines, is decarboxylation by aromatic I-
amino acid decarboxylase to form 5HT and DA. At this point, NE and EPI are formed
by additional reaction steps involving the addition of another hydroxyl group by
dopamine B-hydroxylase to form NE, and finally, the addition of a methyl group to the
amino group by phenylethanolamine-n-methyltransferase to form EPI. Of these
enzymes, the hydroxylases are the most highly regulated as they mediate the rate-
limiting step in the processes. Though it seems counterintuitive for DA, NE, and EPI
synthesis to have the same synthetic regulatory mechanisms given the differences in the
processes they mediate, the spatial segregation of their expression allows for differential

regulation through similar mechanisms.

1.3.1.1 Amino Acid Hydroxylases

These hydroxylases are part of a family of amino acid hydroxylases that also

contains phenylalanine hydroxylase (PAH). The family as a whole shares significant
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homology, with all members sharing a similar general morphology, comprised of an N-
terminal regulatory domain, a central catalytic domain, and a C-terminal tetramerization
domain (Fitzpatrick 1999). This tetramerization domain is necessary because the
individual enzyme monomers must combine to form a tetramer in order for the
enzymes to be functional. Members of this family also require the cofactor
tetrahydrobiopterin (BH4) and an incorporated iron molecule for proper function.
Despite these enzymes operating on different substrates, the biggest differences in
sequence and structure between members of the family are found in the regulatory
domains. Here, PAH contains a relatively short regulatory domain whereas the
hydroxylases modulating the production of releasable signaling molecules, TH and the
two members of the TPH family, contain longer regulatory domains, suggesting
increased regulatory pressure on these enzymes. Despite their general homology and
the presence of an extended regulatory domain in TH, and the TPHs, there are a number
of significant differences between these two hydroxylase subfamilies. First, under
normal physiological circumstances, TH operates at roughly full capacity, whereas TPH
is only ~50% occupied at a given time. Also, TH is generated from a single gene
product, which undergoes alternative splicing to generate four enzyme subproducts,
which undergo differential and sequential phosphorylation to regulate enzyme function
(Dunkley, Bobrovskaya et al. 2004). In contrast, it was recently discovered that there are

two TPHs, which are synthesized from separate genes and are expressed in separate
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tissues (Walther and Bader 2003; Walther, Peter et al. 2003; Patel, Pontrello et al. 2004).
Since the discovery of TPH2, a substantial amount of effort has been devoted to
characterizing this new isoform. The two TPHs enzymes are 86% homologous with the
only major difference being that TPH2, the CNS expressed variant, contains a ~41 amino
acid extension at its N-terminus that is lacking in TPH1. It is interesting to note here that
the members of the family that mediate CNS monoamine production, TH and TPH?2, are
the two with the longest N-termini, hence the greatest potential for regulation. The
sequence homology between TPH2 and the longest isoform of TH is 70% and again, the

bulk of the difference lies in the N-terminal regulatory domain.

1.3.1.2 Amino Acid Hydroxylase Regulation

The regulation of TH has been studied extensively. The first site of TH
regulation, which is alluded to above, involves mRNA splicing, which produces 4
different TH molecules from a single gene. The differences between these molecules lie
exclusively in the regulatory domain. The factors that determine which TH variant
predominates in a given tissue remain unclear, but there are indications that this
alternative splicing is regulated in some manner (Kumer and Vrana 1996). TH is also
subject to both substrate (reviewed in Kaushik, Gorin et al. 2007) and end-product
inhibition (Okuno and Fujisawa 1985). The mechanism behind end product inhibition
has been debated for some time, but the current thinking is that the effect is bipartite: the

catecholamine product appears to bind to the catalytic site, inhibiting substrate binding,
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and also binds to inactive TH, which contains an oxidized iron moiety, stabilizing this
inactive form. To reverse this effect, it is necessary to not only reduce the ambient level
of catecholamines, but also to activate the enzyme via phosphorylation of serine-40 (S40)
by cAMP dependent protein kinase (PKA).

TH activation by phosphorylation is also heavily studied. Full length human TH
is known to be phosphorylated at threonine-8, serine-19, serine-31, and serine 40
(Dunkley, Bobrovskaya et al. 2004). As previously mentioned, PKA phosphorylation of
540 is necessary to reactivate TH inactivated by end product inhibition. This is thought
to occur through the phosphorylation-mediated release of bound catecholamines,
exposing the iron moiety and allowing for its reduction and the resulting six-fold
activation of the enzyme that marks its transition into the active form (Haavik, Martinez
et al. 1990). Phosphorylation of the active enzyme at S40 also results in a slight
activation of the enzyme through a small increase in its binding affinity for BHa4
(Daubner, Lauriano et al. 1992). Activation of other kinases such as calcium-calmodulin
dependent protein kinase (CAMKII), protein kinase C (PKC), and others have also been
shown to result in TH phosphorylation at S40 and the consequent activation, but the
mechanisms behind this are not well understood (Dunkley, Bobrovskaya et al. 2004).
The main effects of phosphorylation of S19 are the potentiation of phosphorylation of
540, with the previously mentioned activation, and the recruitment of 14-3-3 proteins

(Itagaki, Isobe et al. 1999). Phospho-serine-mediated 14-3-3 protein interaction with TH
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results in an increase in TH output (Yamauchi and Fujisawa 1981; Funakoshi, Okuno et
al. 1991; Toska, Kleppe et al. 2002), but the mechanism behind this effect remains unclear
(Haycock and Wakade 1992; Sutherland, Alterio et al. 1993). Phosphorylation of S19
alone appears to have no direct effect on either the active or inactive form of TH
(Sutherland, Alterio et al. 1993; Toska, Kleppe et al. 2002). The effects of
phosphorylation of T8 remain unknown as well, though this phosphorylation is
mediated by proline directed protein kinase (PDPK) and extracellular regulated signal
kinase (ERK). The functional role of S31 is more clear as, similar to phosphorylation of
active TH at 540, phosphorylation at S31 by ERK increases TH activity by increasing the
enzyme’s binding affinity for BH4 (Haycock and Wakade 1992; Sutherland, Alterio et al.
1993). This only occurs on uninhibited enzymes, however, and has no bearing on end
product binding and inhibition (Haycock and Wakade 1992). It has been suggested that
the delay observed in S31 phosphorylation in vivo compared to S19 may indicate a role
for this residue as an alternate regulator of S40 phosphorylation, but this has not been
fully explored (reviewed in Dunkley, Bobrovskaya et al. 2004).

TPH regulation has been less well characterized, but it is known that both TPH1
and TPH2 can be phosphorylated by PKA and CamKII and that this phosphorylation
results in increased 5-OH-tryptophan (5HTP) production (Ehret, Cash et al. 1989; Vrana,
Rucker et al. 1994; Johansen, Jennings et al. 1995; Kuhn, Arthur et al. 1997; Kumer,

Mockus et al. 1997; lida, Sawabe et al. 2002; Kuhn, Sakowski et al. 2007). Moreover, it
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has been shown that phosphorylation dependent binding of 14-3-3 proteins can also
increase TPH output (Ichimura, Uchiyama et al. 1995; Banik, Wang et al. 1997). The
mechanisms behind these effects, however, remain unclear. There is also some
indication of 5SHTP inhibition of TPH enzymes, but this is controversial as in vitro and in
vivo studies have produced conflicting results (Ichiyama, Hasegawa et al. 1976;
Martinez, Knappskog et al. 2001). Substrate inhibition, in contrast, is more clearly
demonstrated (Friedman, Kappelman et al. 1972) and acts to decrease 5SHTP production,
possibly through an activity-mediated decrease in enzyme stability.

It is interesting to note here that similar regulatory events, such as
phosphorylation by PKA and CamKII and 14-3-3 binding affect the function of TH and
both TPHs despite the lack of homology in the regulatory region. Though the effects of
these pressures have been extensively studied in TH, their roles in modulating TPH
function remain relatively unclear. In addition, the differences in regulation of TPH2
compared to TPH1 conferred by the additional regulatory domain segment are, to date,

generally unexplored.

1.3.2 Monoamine Release and Presynaptic Signaling

There are generally three pools of transmitter in a monoaminergic neuron: Free
cytoplasmic transmitter, transmitter stored in vesicles in the storage pool, and
transmitter stored in vesicles docked at the presynaptic membrane that make up the so-

called readily releasable pool. This readily releasable pool is released through Ca*-

19



dependent fusion of neurotransmitter-containing vesicles with the membrane of the
presynaptic nerve terminal. The process is mediated by a complex series of proteins
called SNAREs and involves the neurotransmitter containing vesicles fusing with the
neuronal membrane at predetermined presynaptic sites to release. From here, the
neurotransmitter diffuses throughout the synaptic area, with some of it crossing to the
postsynaptic neuron, where it binds to postsynaptic neurotransmitter receptors. As
previously noted, in the case of monoamines, the vast majority of these postsynaptic
receptors are members of the GPCR family. This family is composed of seven
transmembrane spanning receptors that interact with heterotrimeric G-proteins, which
upon activation, activate or inhibit a wide variety of cellular signaling cascades, some of
which have been previously described. Released transmitters can also bind to
presynaptic autoreceptors, which are also GPCRs and, through another set of signals,
alter the activity of the presynaptic neuron and, consequently, it's propensity to release
transmitter in response to external events. Some of these autoreceptor-mediated
signaling events may also result in phosphorylation or de-phosphorylation of the

hydroxylase enzymes, with the consequences discussed above.

1.3.3 Cessation of Monoamine Signaling

Once released, monoamine signaling is predominantly halted by the reuptake of
the released neurotransmitter through the appropriate member of the monoamine

transporter family though catechol-o-methyl transferases (COMTs) also degrade
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extracellular monoamines. As was the case with the hydroxylases, the serotonin
transporter (SERT), norepinephrine transporter (NET), and dopamine transporter (DAT)
are members of the same family of Na*/Cl- dependent neurotransmitter transporters.
These 12 transmembrane domain proteins transport released monoamines back into the
releasing neuron in a process driven by the cotransport of Na* and Cl.. Once inside the
neuron, the monoamines are either broken down by monoamine oxidases (MAOs) or are
reloaded into vesicles through the vesicular monoamine transporter (VMAT), which is
another 12 transmembrane domain protein from a closely related family.

Modification of monoamine transporter function is one of the primary methods
used for pharmacological intervention in monoamine signaling systems. This is because
each monoamine has a single transporter responsible for its uptake and these
transporters are responsible for clearing the vast majority of their neurotransmitter from
the synaptic space. Thus, the function of a single protein represents the main
determinant of that particular monoamine’s signaling duration (Giros, Jaber et al. 1996;
Bengel, Murphy et al. 1998; Wang, Xu et al. 1999; Zahniser and Doolen 2001). Because of
this, transporters, along with monoamine receptors, represent the major targets for
pharmacological interventions in monoamine signaling. Again, as with the
hydroxylases, monoamine transporters are highly homologous, and because of this,
many pharmacological agents interact with multiple members of the monoamine

transporter family with varying levels of specificity.
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1.3.3.1 Regulation of Monoamine Transporters

There are two main ways to regulate transporter function: Alter their ability to
transport or alter the number of transporters at the cell membrane. There are a number
of pharmacological agents that alter transporter function, either by blocking uptake, as
in the case of cocaine (Giros, el Mestikawy et al. 1992; Kuhar 1992) and the uptake
inhibitor class of antidepressants including sertraline, fluoxetine, bupropion,
venlafaxine, citalopram, escitalopram, and others (Anderson 2004; Carrasco and
Sandner 2005). These inhibitors appear to bind in different locations on the transporter
and do so with different specificities, but have the same general effect of inhibiting
transport. Amphetamine, in contrast, alters the function of the DAT and NET such that
they reverse their direction of transport to move DA and NE out of the neuron into the
synapse. The mechanism for this involves uptake of amphetamine by the transporter
(Zaczek, Culp et al. 1991), where it alters the proton gradient of the DA containing
vesicles (Floor and Meng 1996), causing them to release DA into the cytoplasm of the
synaptic terminal. At this point, the transporter both reverses its direction of transport
and opens to form a channel-like structure (Kahlig, Binda et al. 2005) to convey the
intracellular DA into the extracellular space (reviewed in Fleckenstein, Volz et al. 2007).
The result is an increase in the amount of neurotransmitter available for receptor
binding in the synapse. Similar to amphetamine’s actions on the DAT,

methylenedioxymethamphetamine (MDMA, ecstasy) causes reversal of the SERT to
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dump intracellular 5HT into the extracellular millieu (Rudnick and Wall 1992; Rudnick
and Wall 1993).

Mechanisms that regulate the number of transporters at the plasma membrane
are less well-characterized, though it is known that the DAT constitutively cycles to and
from the membrane in a clathrin-mediated fashion that appears to be dependent upon
PKC activity (Loder and Melikian 2003). It is also known that monoamine transporters
must form oligomers for proper targeting and function (Kocabas, Rudnick et al. 2003;
Ozaslan, Wang et al. 2003; Sorkina, Doolen et al. 2003; Torres, Carneiro et al. 2003;
Horschitz, Lau et al. 2007) and that they interact with a number of other proteins that
direct their localization. Proteins such as PICK1 have been shown to promote the
perisynaptic targeting of the DAT (Torres, Yao et al. 2001), while overexpression of Hic-5
(Carneiro, Ingram et al. 2002) and Torsin A have (Torres, Sweeney et al. 2004) been
shown to retain DAT in intracellular clusters. Moreover, overexpression of a-synuclein
has been shown to decrease NET, DAT, and SERT membrane expression (Wersinger,

Prou et al. 2003).

1.4 Protein Expression and Targeting

Hydroxylases, receptors, and transporters, are all examples of proteins that play
major roles in monoamine signaling. Moreover, these proteins represent the major sites
for both endogenous and exogenous regulation of these signaling pathways. Thus, a

greater understanding of how these proteins come to be where they are and how their
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location and function are regulated will lead to a greater understanding of how to
manipulate these components in cases of monoamine system dysfunction. Protein
expression and localization is a complex, multistep process with the potential for
regulation at nearly every step. To study this regulation, however, it is necessary to
have general understanding of the steps involved in the production of a functional

protein.

1.4.1 Transcription

Genes encoding proteins are transcribed from genomic DNA by a system of
RNA polymerases. This process begins with the coordinated binding of several proteins
including a polymerase at the transcription initiation site, known as the promoter
sequence. Transcript initiation can be promoted or inhibited by the binding of other
elements in the region of the gene in question. This transcriptional regulation is the
target of a number of cellular signaling cascades and is a major mode for regulating
protein expression. As a gene is transcribed, RNA is produced and, at the end of
transcription, its 5" and 3’ ends are modified with a methyl cap and a poly-a tail,
respectively. At this point, the transcript is referred to as a “primary transcript” as its
coding regions, or exons, are interspersed with non-coding regions, termed introns,
which are removed through RNA splicing. After removal of its introns, nascent RNA is

called mRNA and is translocated out of the nucleus through the nuclear pore complex.
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1.4.2 Translation

Once mRNA has left the nucleus, it binds to ribosomes, which are made up of
two subunits, termed the 40s and 60s subunits, which, in turn, are complexes of
ribosomal RNA (rRNA) and proteins. After ribosome binding at the translation
initiation site known as the Kozak sequence (Kozak 1984), transfer RNA (tRNA) are
recruited and translation commences. The translation from mRNA to protein involves
the recognition of groups of three nucleotides called codons by the tRNA with the
complimentary RNA sequence at its mRNA binding site. This tRNA then binds to
mRNA with the help of the ribosome and the ribosome attaches the amino acid carried
by the tRNA to the nascent peptide chain. Once the amino acid is transferred, the whole
complex moves to the next codon and the amino acid depleted tRNA is released. The
cycle then repeats for each set of three nucleotides until the complex reaches a
termination codon (UAG, UGA, or UAA). At this point, the ribosomes detach from the
mRNA and the new protein is released.

Because different proteins undergo different post-translational processing and
targeting, translation can occur in a number of places. Generally, cytosolic proteins that
do not require additional processing are translated by clusters of polyribosomes in the
cytosol and are folded into their functional conformation with the help of cytosolic
chaperones. In contrast, secreted proteins and membrane proteins bind ribosomes in the

cytosol, but have an endoplasmic reticulum (ER) signal peptide on their N-terminal that,
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once it is translated, binds the signal recognition particle (SRP), which mediates its
transport to the endoplasmic reticulum (Austen and Ridd 1981). These proteins are then
synthesized in the same manner as cytosolic proteins, but their signal peptide is cleaved
and they are either released into the ER lumen (in the case of secreted proteins) or
synthesized directly into the ER membrane with transmembrane regions delineated by
stop transfer signals encoded within the protein sequence (in the case of membrane
proteins) (Blobel, Walter et al. 1979). Once these proteins are synthesized, they are also
folded with the assistance of molecular chaperones and may undergo additional
posttranslational processing.

Regulation of protein translation can also affect protein expression levels. The
tirst regulator of translation rate is mRNA secondary structure. Some time ago, it was
discovered that unbound mRNA folds into characteristic shapes including hairpins and
loops in a nucleotide sequence directed manner. This secondary structure can affect
ribosome binding and progress and can therefore alter protein synthesis rates (Kozak
1980). The binding of mRNA binding proteins can also alter the rate of translation by
promoting or preventing ribosome binding. Finally, the recently discovered micro
RNAs can bind to specific sequences within a given mRNA and target that mRNA for

degradation by the dicer complex (Banerjee and Slack 2002).
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1.4.3 Post-translational Processing

Once proteins are synthesized in the ER, they may begin to undergo
posttranslational processing such as the early stages of glycosylation. From here they
are transported to the Golgi via the ER-Golgi intermediate complex (ERGIC) by COPI
and COPII coated vesicles. Proteins undergo additional processing, including sugar
group modification, as the progress through the Golgi from the cis Golgi to the
intermediate Golgi to the trans Golgi network (TGN). Here, too, proteins can be
transported via COP coated vesicles or they can remain on a given Golgi segment as it
matures. Once the segment becomes part of the trans Golgi network, large numbers of
vesicles bud off as proteins are directed to their final targets. Secreted proteins may
remain in these vesicles until they are released into the extracellular space. Membrane
proteins, in contrast, are transported to their final destinations through the sequence-
directed binding of another set of chaperone proteins which direct grouping of the
proteins in the TGN membrane so they bud off with the appropriate vesicles for
subsequent fusion with the target membrane.

Post translational modifications of proteins occur throughout this process and
include oligomerization, farnesylation, prenylation, glycosylation, phosphorylation,
ubiquitination, and the addition of functional groups, all of which can affect protein
function and localization. In fact, many membrane proteins are subject to dynamic

regulation of their activity and their expression on the membrane, with a significant
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number of proteins, especially those with signalling properties such as receptors,
trafficking to and from the membrane in response to intra- and extracellular signals or
environmental cues (for reviews, see Marchese, Chen et al. 2003; Shenoy and Lefkowitz
2003; Shenoy and Lefkowitz 2003; Mayor and Pagano 2007; Moore, Milano et al. 2007).
Proteins also undergo regulated ubiquitination (reviewed in Traub and Lukacs 2007)
and degradation with cytosolic proteins generally degraded in the proteasome and

membrane proteins degraded by lysosomes.

1.5 Summary

The goal of this project is to increase the understanding of monoamine signaling
based on the regulation of the proteins involved. The processing of a protein involves
several steps, each of which plays a potential role in the quality control and regulation of
the final product. The fundamental basis for these regulatory steps often lies within the
protein sequence itself in the form of various motifs that mediate the interactions
required for the protein’s progression through the processing pathway as described
above in the case of the transporters. Sequences within the protein may also provide
substrates for its dynamic regulation as seen for phosphorylation and 14-3-3 interaction
with the hydroxylases. A more complete description of these processes and how the
sequence within these proteins contributes will allow researchers to better understand
the etiology of a number of diseases and dysfunctions as well as provide the information

necessary to develop better treatments for these maladies. To realize this goal, the
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following aims are addressed in this work. Chapter 2 presents a characterization of the
function of the extended N-terminal of TPH2 in the differential regulation of TPH2
compared to TPH1. Chapter 3 involves the identification and characterization of motifs
in the dopamine transporter that regulate its progress through the protein secretory
pathway and control its functional level at the plasma membrane. Chapter 4 is a
summary of the results presented in chapters 2 and 3 with a discussion of their relevance
in the field of monoamine signaling and their potential contribution to understanding

and treating neuropsychiatric dysfunctions of the monoamine system.
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2. A Regulatory Domain in the N-terminus of TPH2
Controls Enzyme Expression

2.1 Introduction

Serotonin (5-hydroxytryptamine, or 5HT) 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
treatment of a number of psychiatric disorders with drugs that regulate extracellular
S5HT. Currently, this is accomplished by inhibiting either the serotonin transporter or
monoamine oxidases, both of which increase the extracellular 5HT by blocking clearance
of released transmitter (Blier and Abbott 2001; Hasler, Drevets et al. 2004; Lesch 2004;
Courtet, Jollant et al. 2005). As the rate limiting enzymes in 5HT synthesis, tryptophan
hydroxylases (TPH) provide another target for the regulation of 5HT levels. Two TPH
isoforms, encoded by separate genes, have been identified in mammals (Walther and
Bader 2003). In adults, TPH1 is mostly expressed in non-neuronal cells and plays an
essential role in peripheral 5HT synthesis (Walther and Bader 2003; Walther, Peter et al.
2003; Patel, Pontrello et al. 2004). In contrast, TPH2 is expressed in neurons (Walther,
Peter et al. 2003; Patel, Pontrello et al. 2004) and controls brain 5HT synthesis (Zhang,
Beaulieu et al. 2004). Since its discovery, genetic variants in the TPH2 gene have been
identified in cohorts of patients with depression, suicidality, and bipolar disorder

(Harvey, Shink et al. 2004; Zill, Baghai et al. 2004; Zill, Buttner et al. 2004; De Luca,
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Voineskos et al. 2005; Sheehan, Lowe et al. 2005; Walitza, Renner et al. 2005; Zhang,
Gainetdinov et al. 2005; Zhou, Roy et al. 2005; Mossner, Walitza et al. 2006; Zhang,
Beaulieu et al. 2006). Thus, mechanisms that specifically regulate TPH2 activity may be
important for the etiology or management of psychiatric disorders.

TPH2 is part of a family of amino acid hydroxylases that includes TPH1, tyrosine
hydroxylase (TH), and phenylalanine hydroxylase (PAH). All members of this family
share a similar structure comprised 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 (Fitzpatrick 1999;
Martinez, Knappskog et al. 2001). 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 other members of the
family such as TPH1 and TH have been shown to modulate enzyme activity and
thermostability through various mechanisms including phosphorylation by protein
kinases (Johansen, Jennings et al. 1995; Kumer, Mockus et al. 1997; Jiang, Yohrling et al.
2000; Stenfors and Ross 2002; Dunkley, Bobrovskaya et al. 2004; Kleppe and Haavik
2004; Carkaci-Salli, Flanagan et al. 2006; Lehmann, Bobrovskaya et al. 2006; Sakowski,
Geddes et al. 2006; Tenner, Walther et al. 2007; Winge, McKinney et al. 2007). In line

with this, the extended N-terminus of TPH2 contains a serine at position 19, which is a
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candidate for PKA phosphorylation (McKinney, Knappskog et al. 2005) and has been
recently shown to interact with 14-3-3 proteins in a phosphorylation-dependent manner
to increase protein stability (Winge, McKinney et al. 2007). This supports 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 sites that markedly reduce enzyme expression levels by altering both
enzyme synthesis and stability. We also provide evidence that phosphorylation of TPH2
at S19 by PKA counteracts this reduced stability, resulting in an increase in enzyme

expression with a concomitant increase in 5HT production.

2.2 Materials and Methods

2.2.1 Cell Culture and Transfection

HEK 293 cells were grown in Eagle's minimum essential medium with Earle's salt
(MEM) supplemented with 10% (v/v) fetal bovine serum and a 50pg/ml gentamicin
solution (Invitrogen Corporation, Carlsbad, CA). PC12 cells were grown in Dulbecco's
Modified Eagle Media (DMEM) supplemented with 5% (v/v) bovine calf serum and 5%
(v/v) equine serum and 50ug/ml gentamicin. Cells were transiently transfected by

electroporation using 240V, 1000uF or 300V, 1000uF for HEK or PC12 cells, respectively
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using a Gene Pulser II (Bio-Rad Laboratories, Hercules, CA) and plated in 100mm or
150mm dishes (Molecular Technologies, St. Louis, MO). To facilitate detection 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 (Zhang, Kim-Miller
et al. 2002) with the exception of the GFP fusion constructs, which also contain the triple

HA tag, but were generated in the pEGFP vector.

2.2.2 5HT Measurement

At 48-72 hours post-transfection, PC12 cells were collected in a solution of PBS
with ImM EGTA and 1mM EDTA and centrifuged at 1000g for 5 min at 4°C. The
resulting pellet was resuspended in 100ul 0.1M perchloric acid for lysis using a tissue
dismembranator (Fisher Scientific, Pittsburgh, PA). The solution was then centrifuged at
15,000g for 10 min at 4°C. The resulting supernatant was filtered using a 0.2um
centrifuge filter tube (Millipore Corporation, Billerica, MA) at 4°C. 5ul of the filtrate was
analyzed by HPLC as previously described (Xu, Gainetdinov et al. 2000). Briefly,
samples were separated on a microbore Unijet C18 reverse-phase column (5 m, 1 x150
mm, BAS, West Lafayette, Indiana) 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 electrode potential was +0.65 V. 5HT concentrations were
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normalized to endogenous dopamine levels to correct for variations in sample size

(Zhang, Beaulieu et al. 2004).

2.2.3 5SHTP measurement

At 48 hours post-transfection, cells were treated with 100uM NSD-1015 (Sigma-
Aldrich, St. Louis, MO) to block amino acid decarboxylase (AADC) activity and either
2.5uM forskolin (Sigma-Aldrich) or an equal volume of DMSO (control) for 16 hours.
Cells were then prepared as described above for 5SHT measurement and 5-
hydroxytryptophan (5HTP) concentrations were measured using the same HPLC
conditions. Because we experimentally determined that in the presence of NSD-1015,
forskolin did not measurably alter accumulated DA levels (data not shown), 5SHTP
concentrations were normalized to endogenous dopamine levels to correct for variations

in sample size.

2.2.4 Western Blotting

Cells were collected as noted above for HPLC assays and lysed in a solution of
20mM Tris (pH 7.5), 150mM NaCl, ImM EDTA, ImM EGTA, and 1%Triton X100 plus
1X Complete, EDTA free protease inhibitor cocktail (Roche Pharmaceuticals, Nutley, NJ)
for 15 min. The lysate was centrifuged at 20,000g for 10 min at 4°C and the resulting
supernatant was collected and its protein content assessed using a BioRad DC protein

assay kit. Samples were diluted to 4ug protein/uL in lysis buffer and further diluted to
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2pg/uL in Laemmli sample buffer supplemented with 5% B-mercaptoethanol. Samples
were incubated for 20min at 55°C before they were loaded onto a 10% SDS-PAGE gel
(Invitrogen) and run at 110V. Transfers were performed using the X-Cell blot module
(Invitrogen) at 25V 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, Temecula, CA), diluted 1:1000, antibodies were used as controls. All
primary antibody incubations took place overnight. Blots were then incubated for 1 hr
with sheep anti-mouse or goat anti-rabbit secondary antibodies conjugated to
horseradish peroxidase (HRP) (Amersham Biosciences, Pittsburgh, PA) and revealed
using the Pico Lum ECL kit (Pierce, Rockford Il) and Kodak BioMax film (Eastman

Kodak Co., Rochester, NY).

2.2.5 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 Laboratories,
Hercules, CA). Quantitative RT-PCR was run for 40 cycles using SYBR green dye on a
Lightcycler 2.0 system (Roche Applied Science, Indianapolis, IN). The following primers
were used at a concentration of 1uM: GFP forward

5TGACCCTGAAGTTCATCTGCACCASZ'; GFP reverse
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5'AAGAAGTCGTGCTGCTTCATGTGG3'; TPH2 forward
5TGGAGCAGGGTTACTTTCGTCCATS3'; TPH2 reverse
5'AGTAAGCGTCCTGAAAGGTGGTGAS3'; TPH1 forward

5 TCCTCTCTTGGCTGAACCCAGTTT3'; and TPH1 reverse
S5TCTTGTTTGCACAGCCCAAACTCC3'. The second derivative maximum was used to
derive the cycle number for each sample. Sample cycle numbers were then normalized

to actin to account for differences in cell number.

2.2.6 Solubility

Cells were prepared as described above for western blotting except that after
removal of the post-lysis supernatant (soluble fraction), the resulting pellet (insoluble
fraction) was then denatured using a mixture of 8M urea and 0.5% SDS for 15 minutes
onice. This new sample was then centrifuged again at 20,000g for 10 min and both

supernatant fractions processed as described above for western blotting.

2.2.7 Pulse-chase

Cells were placed in Met- and Cys- free DMEM media for 1 hour prior to
treatment with 300uCi of [**S]cysteine and methionine EXPRE®S%S Easy Tag (Perkin
Elmer, Wellesley, MA) for 45 minutes. Media was then removed and replaced with
complete DMEM. Cells were collected at the indicated times and lysed as described

above for western blotting. Samples were then immunoprecipitated using anti-HA
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conjugated agarose beads (Sigma-Aldrich) and run on a 10% SDS-PAGE gel at 110V.
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
(Eastman Kodak, Co.) for three to six 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
experiment. These values were then averaged to obtain the mean half-life for each

enzyme.

2.2.8 Cellular Protein Stability

Cells were initially serum-starved for 4 hrs then treated with 10pg/ml
cycloheximide to arrest protein translation. Cells were then harvested at the stated time
points, lysed, and the TPH contents remaining were analyzed by western blotting as
described above. Similar to the pulse-chase experiments, half-lives were estimated by
curve fitting for each individual experiment and averaged to obtain the mean half-life

for each enzyme.

2.2.9 In-vitro Translation

0.5ug of the cDNA used to transfect cells mentioned above was used with the
TnT®T7 Coupled Reticulocyte Lysate in-vitro translation system (Promega, Madison,
WI). Samples were then diluted 1:5 in Laemmli sample buffer and run on a 10% SDS-

PAGE and protein levels analyzed by western blot as described above.
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2.2.10 Phosphorylation Assays

A peptide with the sequence corresponding 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 (YPYDVPDYAKYWARRGFALDSAV) were
obtained from Sigma Genosys (St. Louis, MO) and used as substrates for a PKA assay kit
(Upstate Cell Signaling Solutions). Briefly, 5ug of peptide was incubated with
recombinant PKA, cAMP, a mixture of cold and [*?P]ATP in the presence of inhibitors of
PKC and calcium and calmodulin- dependent protein kinase (CamK) for 10 min at 30°C
and the resulting mixture aliquoted on P81 paper. The paper was then washed several
times and the levels of incorporated P determined using a Packard 1900 TR liquid
scintillation counter.2.2.9 PKA Activation

Cells were treated with 2.5uM forskolin for 4 hours at 37°C and changes in

protein expression assessed by western blot as described above.

2.2.11 PKA Activation

Cells were treated with 2.5uM forskolin for 4 hours at 37°C and changes in

protein expression assessed by western blot as described above.

2.2.10 Statistical Analyses

A one-tailed t-test was used to compare the mean half lives of TPH1 and TPH2

and differences in translation efficiency between TPH1 and TPH2. All other data were
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compared by ANOVA with Tukey’s post-hoc analysis. P<0.05 was considered
statistically significant. GraphPad Prism v.3.02 was used to generate all graphs and to

perform all statistical analyses (GraphPad Software, San Diego, CA).

2.3 Results

2.3.1 Differences in the Expression of TPH1 and TPH2

TPH1 and TPH2 share considerable homology across the majority 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 residues was to
identify differences in the regulation of TPH2 versus TPH1. 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 TPH1 was expressed at a much higher level than TPH2 (Fig. 2A) despite
similar mRNA levels as measured using quantitative RT-PCR (Fig. 2B) (P=0.07). In
addition, analysis of the insoluble/non-cytosolic 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 (Figs. 2C and D). Thus, the
difference in expression levels between TPH1 and TPH2 results from differences in

either their translational efficiency or stability. To address the first possibility, plasmids
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Figure 1. Schematic diagram of amino acid hydroxylases.
A diagram of the major domains of amino acid hydroxylases and a sequence alignment
(ClustalW) of the first 60 amino acids of human TPH2 with the corresponding residues
of human TPH1. Identity is indicated with a (*), conserved substitutions are indicated
with a (:), and semi-conserved substitutions with a (.). The candidate PKA site, S19 is

indicated.
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Figure 2. The 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 RT-PCR (P=0.07). C-D) Analysis of the soluble/cytosolic and
insoluble/non-cytosolic fractions of HA-TPH1 and HA-TPH2 from PC12 cell lysates
show 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/non-cytosolic fraction. E-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 rate than HA-
TPH2. This difference is significant (P<0.01) G) A representative blot of n=3 assays
using 10pg/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 TPHI. (T12is 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-TPHI1 in stably transfected PC12 cells (T1.
is 58.0 + 3.8 min for TPH1 and 41.7 + 2.7 min for TPH2) (P<0.05). Cells were labeled with
%S Methionine and *S Cysteine and then returned to regular media for the indicated

times. Labeled HA-TPH was immunoprecipitated and the amount of labeled protein
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assessed by SDS-PAGE and autoradiography. The half life was calculated for each
individual experiment and is presented as means + SEM for each enzyme. Graphical

data presented represent means + SEM.
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containing the cDNA for both HA-TPH1 and HA-TPH2 were used for in-vitro
translation, which revealed markedly less synthesis of TPH2 compared to TPH1 (Figs.
2E and F) (P<0.01). The two enzymes differed in both maximum enzyme production
and rate of synthesis with a ~2.5 fold greater maximum expression of TPH1 over TPH2
and a ~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 inhibition 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 while 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.

2.3.2 Role of TPH2 Extended N-terminal Domain in Modulating
Enzyme Expression

After examining both the rates of synthesis 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 comprised of the first 41 amino acids of TPH2 appended to
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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 Figs. 3A and B, the expression level
of the chimeric protein was significantly decreased compared to 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-terminus of TPH2 is responsible for the bulk of the difference in
expression levels observed between TPH1 and TPH2. 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 Green Fluorescent Protein (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 of the TPH2 N-terminal that contains
no homology to TPH1, respectively. As illustrated in Figs. 3C and D, addition of each of
these three fragments to GFP significantly reduced the expression levels of the chimeric
proteins in cells compared to 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 indicates 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=.35).
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Figure 3. The N-terminal expression reducing signal 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 phosphotransferase), 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 normalized to neomycin phosphotransferase levels. * represents P<0.01
compared to HA-TPHI, ** represents P<0.05 compared to HA-TPH2. C-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). *** represents P<0.001 compared to HA-GFP. E) There is no difference in
mRNA levels between the HA-GFP construct and the representative chimera, HA-1-35-
GFP as measured by quantitative RT-PCR (n=4). All graphical data represent means +

SEM.
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2.3.3 Functional Mapping of the TPH2 Extended N-terminal Domain

Because addition of the first 35 amino acids of TPH2 proved sufficient to reduce
expression of GFP, we generated a series of N-terminal deletion mutants, progressively
removing the nucleotides corresponding 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 protein levels in cells transfected with constructs containing
deletions of nucleotides corresponding to the first 10, 20, and 35 amino acids revealed
that while 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 to full-length TPH2 (P<0.001 in
both cases)(Figs. 4A and B). This indicates 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 confirm this finding and
ensure that the observed difference in expression was due to a loss of specific
nucleotides or amino acids and not a general 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 Figs. 4D 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)
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Figure 4. Isolation of the residues containing the regulatory determinant.

A-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). *
represents P<0.001 compared to HA-TPH?2, ** represents P<0.001 compared to A10, ***
represents P<0.01 compared to A10. 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 neo expression and compared to wild type
HA-TPH2 expression (n=3). t represents P<0.001 compared to HA-TPH?2, { represents

P<0.01 compared to HA-TPH2. Data are means + SEM.
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to those coding for alanine all resulted in increased protein expression though the
mutation corresponding to residues 6-10 produced a smaller effect than the other two
and the mutation corresponding to residues 11-15 was the only one that reached
statistical significance (P<0.01). This mirrors the results seen with the deletion mutants,
supporting the hypothesis that the mRNA and/or amino acids corresponding to the
region of residues 10-20 are responsible for the bulk of the reduction in expression of
proteins 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, though this

effect did not reach statistical significance.

2.3.4 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 S19. To confirm the ability of PKA to phosphorylate
S19, we assessed the phosphorylation of the residue corresponding to S19 in a peptide
consisting of an HA-tag followed by residues 11-24 of TPH2, while a similar peptide
with a S19A mutation was used as a negative control. As Fig. 5G indicates, PKA
phosphorylated the peptide containing S19 whereas it failed to phosphorylate the
control peptide with an alanine substitution at S19 (S19A) (P<0.01). Upon confirming

the ability of PKA to phosphorylate S19, we sought to assess the effect of this
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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 Figs. 5A and B, this forskolin
mediated activation of PKA resulted in a significant increase in expression of both TPH2
(P<0.05) and the chimera (P’<0.001) with little or no increase in TPH1 expression. To
validate the role of S19 phosphorylation in modulating TPH2 expression levels, we
generated a SI9A mutant to prevent phosphorylation of this site, and a S19D mutant to
mimic its phosphorylation. Comparison of the S19A mutant to wild type TPH2 showed
no appreciable difference in baseline expression, but the forskolin-induced increase in
expression was reduced by roughly 50% and the significance of the forskolin effect was
lost in cells transfected with the mutant construct (Figs. 5C and D). Conversely, cells
expressing the S19D mutant exhibited baseline protein levels two- to three-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) (Figs. 5C and D). Additionally, the pseudo-
phosphorylated TPH2 S19D protein was expressed at levels similar to the wild-type
TPH2 in cells treated with forskolin (Figs. 5C and D), suggesting phosphorylation at S19
is sufficient to produce the increased expression seen with forskolin-mediated PKA
activation. The residual response to forskolin treatment seen with the SI9A mutant may
be attributable to phosphorylation of S104, a site homologous to S58 in TPH1, which has

been previously identified as a PKA target (Kumer, Mockus et al. 1997).
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Figure 5. Phosphorylation of S19 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 2.5uM forskolin for 4 hours
demonstrates a PKA-mediated increase in TPH2 and TPH2(1-41)TPH1 expression with
no appreciable effect on TPH1 expression. B) A bar graph showing the result of n=5
experiments. * represents P<0.05 compared to untreated control, ** represents P<0.001
compared to untreated control. The data in graph B are normalized to neo expression
and compared to their respective untreated controls. C) A western blot from HEK293
cells expressing HA-TPH2(519A) to remove the putative PKA phosphorylation site, or
S19D to create a pseudo-phosphorylated protein supports the hypothesis that
phosphorylation of S19 leads to an increase in protein expression. The responses to
forskolin treatment (described above) support this as the pseudo-phosphorylated S19D
construct is not appreciably affected by forskolin mediated PKA activation and the S19A
response to forskolin is blunted compared to wild type TPH2. The graph shown in D
represents n=3 experiments. t represents P<0.05 compared to HA-TPH2, } represents
P<0.01 compared to HA-TPH2. The data in graph D are normalized to neo expression
and compared to untreated HA-TPH2 expression. E-F) To remove the possible
confound of additional PKA phosphorylation sites, the SI9A mutation was generated in
the HA-1-58-GFP construct. Though the expression of the HA-1-58-GFP construct

increased in response to the previously outlined forskolin treatment, expression of the
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S19A mutant remained unchanged. The results shown in (F) represent n=3 experiments
with treated samples normalized to neo and compared to the untreated partner sample.
# represents P<0.01 compared to HA-1-58-GFP, % represents P<0.01 compared to S19A +
forskolin. G) Phosphorylation of a peptide corresponding to amino acids 10-20 and that
same peptide with the SI9A mutation confirm the status of S19 as a PKA
phosphorylation site (n=3). *** represents P<0.01 compared to “no enzyme”, “no
substrate”, and “S19A peptide” controls. H) In-vitro translation performed on cDNA in

a modified pcDNA vector show that the S19D mutation does not dramatically alter

TPH2 translational efficiency (n=4). All results are means + SEM.
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To remove the confounding effects of this secondary site from our
characterization and to, once again, assess the transferability of the effect we generated
an S19A mutant in the HA-1-58-GFP hybrid construct. In this case, mutation of S19 to
alanine resulted in a complete loss of response to forskolin while the non-mutated
hybrid exhibited increased expression in response to forskolin treatment similar in
magnitude to that seen when wild-type TPH2 was treated with forskolin (Figs. 5E and F)
(P<0.01). Finally, in-vitro translation results indicate that the higher expression of the
519D mutant does not result from changes in its translational efficiency (Fig. 5H)

(P=0.126 compared to TPH2).

2.3.5 Phosphorylation of TPH2 S19 Increases 5HT Synthesis

To assess the functional outcome of the observed changes in TPH2 stability, we
measured 5HT production in PC12 cells expressing wild type TPH2 and the TPH2 S19A
mutant with and without forskolin treatment, as well as the pseudo-phosphorylated
TPH2 S19D construct. Because PC12 cells do not contain any endogenous TPH, they do
not produce any endogenous 5HT or 5-hydroxytryptophan (5HTP). They do, however,
contain TH, and thus, contain all the cellular machinery necessary to support amino acid
hydroxylase 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
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AADC is highly efficient, pre-NSD-1015 treatment levels of SHTP are undetectable. This
means all 5SHTP 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 SHT 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 expression observed with
this construct (Figs. 5C and D). Furthermore, treatment of cells transfected with HA-
TPH2 with forskolin produced a greater than three-fold increase in 5HTP production
(P<0.001), which was reduced (P<0.05), but not abolished by the mutation of SI9A. This
is not entirely unexpected as the S19A mutation also did not completely block the effects
of forskolin on TPH2 expression (Figs. 5 C and D). It is notable that neither forskolin
treatment of the S19A mutant nor the pseudo-phosphorylation in the S19D mutant was
able to completely mimic the effect of forskolin treatment on 5HTP production of wild-
type HA-TPH2. However, forskolin treatment of the S19D mutant brought 5-HTP to
levels that were nearly identical to those obtained with the forskolin-stimulated wild-
type construct. Thus, while phosphorylation of S19 does appear to increase 5SHTP
production by increasing enzyme expression, additional targets also likely contribute to

the overall increase in 5SHTP production in response to PKA activation.
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Figure 6. 5HT and 5HTP production in PC12 cells.

PC12 cells were transfected with wild-type HA-TPH2, HA-TPH2 S19A, or HA-TPH2
S19D and 48-72 hours post-transfection, 5HT was measured or cells were treated with
100uM NSD-1015 to block the activity of AADC and either 2.5uM forskolin or an equal
volume of DMSO for 16 hours to assess accumulation of 5SHTP. 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. § represents P<0.05 compared to HA-TPH2, t represents
P<0.05 compared to S19A. B) Similar to the results in part (A), 5SHTP content was
measured in cells transfected with each of the three constructs and treated with 100uM
NSD-1015 for 16 hours to block AADC as described above (* represents P<0.001
compared to HA-TPH2). 5SHTP accumulation was also assessed in cells treated with
forskolin and NSD-1015 for 16 hours (** represents P<0.001 compared to untreated
controls, % represents P<0.05 compared to HA-TPH2 + forskolin, # represents P<0.001
compared to HA-TPH2 + forskolin). 5HTP content in the cell lysates was also
normalized to the endogenously produced dopamine content produced by the cells
before the initiation of treatment to control for differences in cell number used to

produce the lysates. Data are means + SEM (n=4).
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2.4 Discussion

The results presented here demonstrate that TPH1 and TPH2 differ markedly in their
expression levels in cultured mammalian cells. This appears to be primarily due to differences in
the efficiency of expression of the proteins though a difference in the post-translational stability
of the enzymes may also play a role. The ability of the N-terminus 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 protein expression. Furthermore, the region
surrounding amino acids 11-20 appears essential for producing this effect, but other factors
certainly contribute as well.

Examination of the extended N-terminal of TPH2 also revealed single amino acid
residues with the potential to play a role in the regulation of TPH2 expression. The first of these
residues, S19, is a PKA consensus phosphorylation site (McKinney, Knappskog et al. 2005).
Mutation of this residue to aspartate to mimic 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 SHT levels in
cells transfected with the pseudo-phosphorylated S19D mutant. Our results also demonstrate that
PKA phosphorylation of S19 appears to explain at least part of the observed increase in SHTP
production in forskolin-treated cells expressing wild-type TPH2.

Phosphorylation-mediated changes in function are not unprecedented among
hydroxylases. In the case of TH, catecholamine binding to Gi-coupled autoreceptors results in a
reduction in monoamine production through PKA-mediated changes in TH function (Dunkley,

Bobrovskaya et al. 2004; Lehmann, Bobrovskaya et al. 2006). It is thus possible that a similar
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principle may underlie the changes in SHT synthesis in response to extracellular SHT levels. The
enzymatic mechanism behind the changes in synthesis, however, would differ. While PKA-
mediated phosphorylation of TH alters catecholamine production through changes in TH activity,
phosphorylation of TPH2 S19 appears to alter SHT production by altering the level of TPH2
expression, an effect that was recently attributed to an interaction with 14-3-3 proteins (Winge,
McKinney et al. 2007). 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 phosphorylation events differ. The physiological
demands on these enzymes may also contribute to the different effects of phosphorylation as TH
operates at full capacity in the brain whereas TPH2 does not (reviewed in Fernstrom 1983). In
either case, the presence of the hydroxylase at the synaptic terminal (Pickel, Joh et al. 1977)
means that regulatory mechanisms affecting either enzyme function or stability can rapidly affect
the production of neurotransmitters for the releasable pool.

Regardless of the mechanism behind this effect, the finding that PKA-mediated
phosphorylation of S19 modulates TPH2 stability raises the possibility that multiple PKA-
mediated signaling events may have the potential to alter brain SHT production, in addition to
alterations in PKA activity in response to autoreceptor activity. Studies of TH have revealed a
similar pattern whereby several non-catecholaminergic stimuli, including angiotensin (Ma,
Grattan et al. 2004), estrogen (Chaube and Joy 2005), and intermittent hypoxia (Kumar, Kim et
al. 2003) 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
signaling pathways, it is therefore possible that other inputs may also modulate brain SHT levels
by altering the phosphorylation state of S19 and, therefore, the expression of TPH2. Moreover,

there is also the possibility that other kinases including CamKII may phosphorylate this site
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(Kuhn, Sakowski et al. 2007), adding yet another dimension to the possible signaling pathways
that may alter the phosphorylation state of S19 to modulate SHT production by altering TPH2

expression.

As noted previously, while phosphorylation of S19 in the extended N-terminus of
TPH2 may play a role in regulating its function, other mechanisms may also contribute
to the overall regulation of its physiological function. In addition to the region
surrounding amino acids 11-20, there is a region corresponding to residues 26-30 which,
when mutated, also resulted in a slight increase in TPH2 expression. The mechanism
behind this effect and whether these two regions functionally interact to regulate TPH2
stability or synthesis, however, remain unclear. Another residue in this region, K11, is a
candidate for ubigitination. 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 (Mathews, Sabina et al. 1999; Zuker
2003) and CARNAC (Perriquet, Touzet et al. 2003; Touzet and Perriquet 2004)] suggests
that it may be part of an mRNA stem-loop structure and contains sequences that may
also interact with mRNA binding proteins. This provides a possible 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
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TPH2 polymorphisms have been associated with various illnesses such as depression,
bipolar disorder and anxiety disorders (Harvey, Shink et al. 2004; Zill, Baghai et al. 2004;
Zill, Buttner et al. 2004; De Luca, Voineskos et al. 2005; Sheehan, Lowe et al. 2005;
Walitza, Renner et al. 2005; Zhang, Gainetdinov et al. 2005; Zhou, Roy et al. 2005; Zhang,
Beaulieu et al. 2006). One such polymorphism identified in humans has recently been
engineered in the mouse Tph2 gene to create a model of marked serotonin deficiency
(Beaulieu, Zhang et al. 2008). Interestingly, though no polymorphisms have been found
to date in the residues highlighted in this study, there have been a few coding mutations
identified in the TPH2 N-terminal, including a deletion of M7 and two substitutions of
L36 (L36V and L36P) (Breidenthal, White et al. 2004; Nielsen, Barral et al. 2008). There
was also a functional polymorphism (S41Y) identified in a Han Chinese population in
conjunction with an increased risk for bipolar disorder (Lin, Chao et al. 2007), suggesting
the N-terminal of TPH2 represents a candidate site for functional disease-related
mutations. Current treatments for 5HT related psychiatric disorders increase 5HT levels
by blocking 5HT degradation with monoamine oxidase inhibitors (MAOISs) or blocking
S5HT reuptake through the serotonin transporter (SSRIs). Both treatments appear to
increase extracellular serotonin levels two- to three-fold (Kinney, Taber et al. 2000;
Anderson 2004). Though these drugs are effective in treating a sizeable number of
patients, both of these approaches have their drawbacks. Among these, SSRIs can

induce a host of peripheral side effects including issues with changes in blood pressure,
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sleep disturbance, gastrointestinal 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 two- to three-fold increase in TPH2,
could potentially increase brain 5HT to levels similar to those seen with SSRIs and
MAOIs. 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, though, a thorough understanding of the mechanisms behind these effects
must be acquired such that we can specifically manipulate these properties to produce

the desired effects.
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3. A Conserved Di-tyrosine motif in the C-tail of
Monoamine Transporters Is Essential for Normal Plasma
Membrane Transporter Expression

3.1 Introduction

Dopamine signaling is an important and complex part of physiological processes
including reward pathways and modulation of movement. As part of these systems,
dopamine transmission is implicated in psychological conditions such as drug addition,
depression and bipolar disorder as well as neurodegenerative diseases such as
Parkinson’s disease. The dopamine transporter (DAT) is critical for normal dopamine
signaling as it is the primary mechanism for both the termination of dopamine signaling
and the restocking of dopaminergic vesicles for subsequent release. Because of this
critical function and the DAT’s role in mediating the response to drugs of abuse such as
cocaine and amphetamine, the structure and function of the DAT has been heavily
examined (Bannon, Michelhaugh et al. 2001; Zahniser and Doolen 2001; Torres,
Gainetdinov et al. 2003).

It has been known for some time that the DAT constitutively cycles to and from
the plasma membrane both in cultured cells and neurons (Melikian and Buckley 1999)
and that phorbol ester activation of PKC leads to increased internalization of the
transporter (Daniels and Amara 1999; Loder and Melikian 2003; Holton, Loder et al.

2005; Miranda, Dionne et al. 2007). It has also been shown that DAT multimerization is
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required for membrane expression of a functional transporter (Milner, Beliveau et al.
1994; Hastrup, Sen et al. 2003; Sorkina, Doolen et al. 2003; Torres, Carneiro et al. 2003).
There have also been numerous studies of either naturally occurring, or experimentally
induced point mutations in the transporter and their effects on DAT function, assembly,
and binding of endogenous as well as pharmacological substrates and modulators (for
examples, see Lin, Wang et al. 1999; Loland, Norregaard et al. 1999; Chen and Justice
2000; Itokawa, Lin et al. 2000; Lin, Itokawa et al. 2000; Lin, Wang et al. 2000; Gu, Wu et
al. 2001; Granas, Ferrer et al. 2003; Torres, Carneiro et al. 2003; Uhl and Lin 2003;
Bjerggaard, Fog et al. 2004; Chen, Rickey et al. 2004; Chen, Zhen et al. 2004; Miranda,
Sorkina et al. 2004; Chen, Han et al. 2005; Horschitz, Hummerich et al. 2005; Miranda,
Dionne et al. 2007). In terms of transporter assembly and trafficking, residues in the
fourth and sixth transmembrane domains have been described as essential for proper
DAT oligomerization and transport to the membrane (Hastrup, Sen et al. 2003). There
are also a number of proteins that have been shown to interact with both the N- and C-
tails of the transporters to modulate the DAT’s subcellular distribution (Torres, Yao et al.
2001; Carneiro, Ingram et al. 2002; Torres, Sweeney et al. 2004; Fog, Khoshbouei et al.
2006; Lee, Pei et al. 2007). The contributions of consensus trafficking sequences within
the DAT to protein binding and regulation of transporter trafficking remain largely

unexplored.
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There are a number of interactions known to play a role in the trafficking of other
proteins to and from the cell membrane. Most of these interactions involve the binding
of chaperone proteins to consensus sequences on the cargo protein, resulting in a
complex that is then directed to the appropriate location. Di-acidic ER export sequences
such as [E/D]x[E/D] (Nishimura and Balch 1997; Sevier, Weisz et al. 2000; Nufer,
Guldbrandsen et al. 2002) have been characterized in a large number of proteins.
Likewise, cell membrane internalization motifs (YXX®) (Ohno, Stewart et al. 1995; Ohno,
Fournier et al. 1996; Marks, Ohno et al. 1997; Ohno, Aguilar et al. 1998; Sevier, Weisz et
al. 2000) and the less common ER retention motifs such as PL[F/Y][Y/F]XXN (Wang,
Zhang et al. 2002), have also been enumerated in several membrane proteins. The DAT
contains several sequences similar to those found in other proteins that may play similar
roles in DAT trafficking.

The present study identifies several putative trafficking motifs within the DAT
and, through site-directed mutagenesis, analyzes these sites’ role in the regulating the
basal trafficking of the transporter to and from the cell membrane. The results from
these experiments suggest that a YxxY motif near the C-tail/12TM domain interface is

crucial for proper targeting of the DAT though not required for normal DAT function.
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3.2 Materials and Methods

3.2.1 Cell Culture and Transfection

HEK 293 cells were grown in Eagle's minimum essential medium with Earle's salt
(MEM) supplemented with 10% (v/v) fetal bovine serum and a 50ug/ml gentamicin
solution (Invitrogen Corporation, Carlsbad, CA). PC12 cells were grown in Dulbecco's
Modified Eagle Media (DMEM) supplemented with 5% (v/v) bovine calf serum and 5%
(v/v) equine serum and 50ug/ml gentamicin. Cells were transiently transfected by
electroporation using 240V, 1000uF or 300V, 1000uF for HEK or PC12 cells, respectively
using a Gene Pulser II (Bio-Rad Laboratories, Hercules, CA) and plated in 100mm or

150mm dishes or 24well plates (Molecular Technologies, St. Louis, MO).

3.2.2 Western Blotting

Cells were collected as noted above for HPLC assays and lysed in a solution of
20mM Tris (pH 7.5), 150mM NaCl, ImM EDTA, ImM EGTA, and 1%Triton X100 plus
1X Complete, EDTA free protease inhibitor cocktail (Roche Pharmaceuticals, Nutley, NJ)
for 15 min. The lysate was centrifuged at 20,000g for 10 min at 4°Cand the resulting
supernatant collected and protein content assessed using a BioRad DC protein assay kit.
Samples were diluted to 4ug protein/uL in lysis buffer and further diluted to 2pg/uL in
Laemmli sample buffer supplemented with 5% (3-mercaptoethanol. Samples were

incubated for 20min at 55°C before they were loaded onto a 10% SDS-PAGE gel
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(Invitrogen) and run at 110V. Transfers were performed using the X-Cell blot module
(Invitrogen) at 25V 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, and anti-neomycin
phosphotransferase (Upstate Cell Signaling Solutions, Lake Placid, NY), diluted 1:500,
antibodies were used as controls. All primary antibody incubations took place
overnight. Blots were then incubated for 1 hr with sheep anti-mouse or goat anti-rabbit
secondary antibodies conjugated to horseradish peroxidase (HRP) (Amersham
Biosciences, Pittsburgh, PA) and revealed using the Pico Lum ECL kit (Pierce, Rockford

1) and Kodak BioMax film (Eastman Kodak Co., Rochester, NY).

3.2.3 Uptake

Media was replaced with 200ul uptake buffer (80mM Tris base, 125mM HEPES,
2.4M NaCl, 100mM KCl, pH 7.4). Varying concentrations of unlabeled substrate
(usually ranging from 30nM to 100ptM) accompanied by 20nM [*H]substrate were then
added and the plates incubated on a Fisher slide warmer for 5 min. The reaction was
stopped by removal of the substrate containing buffer and replacement with ice cold
uptake buffer lacking NaCl. Cells were then lysed for 1hr at room temperature using
1%SDS and the samples counted using a Packard 1900 TR liquid scintillation counter.

Uptake of radiolabeled substrate was used to extrapolate total substrate uptake.
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3.2.4 Endoglycosidase Digests

Transfected cells were lysed with RIPA buffer (100mM Tris, 150mM NaCl, ImM
EDTA, 1%Triton X-100, 0.1%SDS, 1% deoxycholate) for 1 hour at 4°C and the resulting
sample centrifuged at 20,000g for 10 minutes at 4°C. Protein content in the supernatant
was assessed using a BioRad DC protein assay kit (Hercules, CA) and samples were
diluted with RIPA buffer to 10ug/pl. Samples were then denatured using Glycoprotein
Denaturing Buffer (New England Biolabs, Ipswich, MA) at 37°C for 1hr. G7 buffer and
10%NP-40 or G5 buffer (for PNGaseF or EndoH digests, respectively) were then added,
along with the appropriate enzyme and the samples were incubated for 1hr at 37°C.
Results were analyzed by western blot as described above using the rat anti-hDAT
antibody, diluted 1:1000 (Chemicon/Millipore, Billerica, MA) and the sheep anti-mouse
secondary antibody conjugated to horseradish peroxidase (HRP) (Amersham
Biosciences, Pittsburgh, PA). Blots were revealed using the Pico Lum ECL kit (Pierce,

Rockford I1) and Kodak BioMax film (Eastman Kodak Co., Rochester, NY).

3.2.5 Immunocytochemistry and Confocal Microscopy

For immunostaining experiments, transiently transfected HEK-293 cells were
grown on glass coverslips placed in six-well dishes. Cells were fixed 48-72 hours post-
transfection with 4% paraformaldehyde for 10 minutes. After three washes with PBS,
cells were permeabilized in PBS containing 0.1% Triton X-100 for 15 min and incubated

in blocking solution (PBS, 1% bovine serum albumin, 5% goat serum) for 1 hr. Cells were
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incubated with rat anti-DAT, diluted 1:1000 (Chemicon) for 1 hr at room temperature
followed by incubation with Texas red—conjugated anti-rat IgG secondary antibody,
diluted 1:200 (Jackson ImmunoResearch, West Grove, PA). Cells were washed five
times in blocking solution and the coverslips were mounted on glass slides using
Vectashield (Vector Laboratories, Burlingame, CA). Immunofluorescent images were
generated using a Zeiss laser scanning confocal microscope (Thornwood, NY) at 498 nm

for FITC and 585 nm for Texas red.

3.2.6 Cell Surface Biotinylation

Sixty mm dishes containing 60%-80% confluent HEK-293 cells were washed three
times with PBS and then incubated with gentle agitation for 45 min at 4°C with 1 ml of 1
mg/ml EZ-Link Sulfo-NHS-SS-biotin (Pierce Biotechnology, Rockford, IL) in 150mM
NaCl, 2mM CaCl2, 10 mM Triethanolamine, pH 8.0. The reaction was quenched by
incubation with 100 mM glycine in PBS for 10 min at 4°C. and washed three times in PBS
before lysis in RIPA buffer at 4°C for 1 hr. Biotinylated proteins were isolated by
rotation overnight at 4°C with UltraLink Immobilized NeutrAvidin (Pierce). Samples

were analyzed by Western blot as described above.
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3.3 Results

3.3.1 Putative Trafficking Motifs in the Dopamine Transporter

The first step in searching for the basis of DAT targeting and regulation was to
identify motifs that might play a role in this process. Initial analysis of the DAT
revealed several potential sites as illustrated in figure 7. There are two broad categories
of regulation of membrane protein trafficking: regulation of export to the membrane and
regulation of internalization. Within this first category, there are multiple sites for
regulation including ER export and membrane targeting. There are three potential ER
export regulatory sites within the DAT; twoDRE sequences conforming to the DXE
diacidic ER export motif (Ma, Zerangue et al. 2001) are present in the transporter at the
N-and C-tails. There is also a FXXXPXXF which bears resemblance to the FXXXFXXXF
ER export motif previously described in the dopamine D1 receptor (Bermak, Li et al.
2001). There is also a PLFYMEL sequence in the second transmembrane domain that is
somewhat similar to the PL(Y/F)(F/Y)xxN sequence in the transmembrane domain of the
muscle nicotinic acetylcholine receptor subunits, which has been shown to result in ER
retention of improperly assembled receptor subunits (Wang, Zhang et al. 2002). There
are also two potential Yxx® motifs in the DAT. The first, starting at position 335 has
been previously characterized as necessary for proper function, but does not affect
targeting (Loland, Norregaard et al. 2002; Torres, Carneiro et al. 2003; Loland, Granas et

al. 2004; Kahlig, Lute et al. 2006). Last, there is a YAAY near the interface of the twelfth
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Figure 7. Schematic of putative trafficking signals identified in hDAT.
Putative signals are outlined with a box and labeled with their function and the protein

where the sequence was first identified.
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transmembrane domain and the C-tail, which may play a role in AP2 binding and,
consequently, clathrin-mediated endocytosis (Ohno, Stewart et al. 1995; Boll, Ohno et al.
1996; Ohno, Fournier et al. 1996; Ohno, Aguilar et al. 1998; Bonifacino and Dell' Angelica

1999).

3.3.2 Effects of Putative Trafficking Motif Mutations on Dopamine
Transporter Mediated Uptake

The identified putative trafficking motifs were mutated to alanine and the effects
on subcellular distribution assessed by confocal microscopy on transiently transfected
HEK?293 cells. Under these conditions, all of the ER export mutants appear normal in
terms of subcellular distribution with the bulk of the transporter on the cell membrane
while the PLFYMEL and YAAY mutants appear to be largely intracellular (Figs. 8a-f).
To assess the function of the mutated transporters, dopamine uptake was measured in
transiently transfected HEK293 cells (Figs. 9a-e). Similar to the confocal experiments,
only the PLFYMEL and the YAAY mutants showed significantly differences in uptake
compared to wild type hDAT, with uptake completely abolished in cells expressing the
PLFYMEL mutant and an ~85% reduction in the Vmax of the YAAY mutant. However,
despite a dramatically lower amount of dopamine uptake, the affinity of YAAY mutant

for dopamine was similar to that of the wild type (Fig 9f).
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Figure 8. Subcellular distribution of putative HA-hDAT trafficking mutants.

HEK 293 cells transiently transfected with 3xHA tagged hDAT constructs were fixed
and permeablized before staining with monoclonal anti-HA and Texas Red conjugated
anti-mouse antibody. A) The majority of wild-type HA-hDAT is expressed at the
plasma membrance. HA-DREI1 (B), HA-DRE2 (C), and HA-FF (F) display similar
expression patterns to wild-type HA-hDAT. HA-YAAY (D) and HA-PLFYMEL (E), in
contrast exhibit a larger intracellular pool with HA-PLFYMEL exhibiting almost total

intracellular expression. Images are representative of at least three samples.
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3.3.3 Intracellular Localization of Transporter Mutants

Because misfolded proteins are often retained in the endoplasmic reticulum (ER)
and sent to the proteasome for degradation, we used endoglycosidase digests and
confocal microscopy to determine if the mutations resulted in gross protein misfolding
and the resultant ER retention. Because glycoproteins are not fully glycosylated until
they reach the golgi, misfolded glycoproteins that are retained in the ER are sensitive to
endoglycosidase digest by EndoH, an endoglycosidase that digests high mannose
glycoproteins, which correspond to those that have not been trafficked beyond the
medial golgi. The finding that the majority of the PLFYMEL mutant is EndoH sensitive
suggests that this mutation has prevented proper folding of the DAT and, thus, the
transporter is retained and sent for degradation (Fig 10a). Conversely, the YAAY
mutant displays EndoH sensitivity similar to that of the wild type DAT, suggesting that
misfolding and subsequent ER retention is not the cause of the intracellular distribution
of the transporter (Fig 10a). For the confocal microscopy experiments, permeablized
HEK293 cells transiently transfected with the YAAY construct was double labeled with

anti-DAT and anti-protein disulfide isomerase (PDI), an ER marker (Fig 10b).
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Figure 9. Effects of mutation of putative trafficking sequences on dopamine uptake.
HEK293 cells transfected with the A) HA-YAAY and C) HA-ACh mutants displayed
decreased (10%) or no discernable uptake capacity, respectively, compared to those
transfected with wild-type hDAT (F), in line with their observed intracellular
distribution. The uptake capacity of cells expressing the plasma membrane expressed
mutants, E) HA-DRE1, D) HA-DRE2, and B) HA-FF, in contrast, are virtually
indistinguishable from that in cells expressing the wild-type transporter. The affinities of
all mutants with measurable uptake were similar (F). Curves represent the average of 4-

7 experiments + SEM.
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Figure 10. The HA-PLFYMEL mutant appears to be trapped in the ER while the HA-
YAAY mutant does not.

A) Western blots from HEK293 cells transiently transfected with HA-hDAT, HA-
PLFYMEL, and HA-YAAY and digested with either EndoH or PNGaseF reveal that,
while HA-hDAT and the HA-YAAY mutant are largely EndoH resistant, suggesting
they undergo the glycosylation modifications that take place in the Golgi, the HA-
PLFYMEL mutant is EndoH sensitive, suggesting it does not progress beyond the ER.
The absence of excess HA-YAAY mutant in the ER of transfected HEK293 cells is
supported by immunostaining using the anti-PDI antibody as an ER marker and an anti-

HA antibody to recognize the HA-YAAY
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3.3.4 Intracellular Distribution of hDAT YAAY Does Not Appear to
Result From Increased Internalization

Since the YAAY mutant appears to be fully glycosylated and binds dopamine
with normal affinity, the cause of the abnormal distribution of the YAAY mutant is
either due to a destabilization of the transporter on the membrane or a disruption in
membrane targeting. Because the DAT normally cycles to and from the membrane via
clathrin-mediated endocytosis (Melikian and Buckley 1999), a decrease in membrane
stability would be dynamin dependent and result in an increase in DAT concentrations
in recycling endosomes. Coexpression of the dominant negative dynamin K44A mutant
with the YAAY mutant failed to restore membrane expression of the transporter (Fig
11a), indicating the lack of membrane expression was not due to an increased rate of
internalization. Moreover, staining of Rab 5 demonstrates that the internal DAT is not in
early endosomes (Fig 11b). All of this together suggests that the YAAY mutant is

somehow mistargeted after being processed in the ER and Golgi.
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Figure 11. Subcellular distribution of HA-YAAY.

A) Coexpression with the dominant negative dynaminK44A mutant does not rescue
membrane expression of the HA-YAAY mutant in permeablized HEK293 cells,
suggesting the reason for intracellular expression is not an increase in endocytosis. B)
HA-YAAY immunostaining does not with glucosyltransferase-YFP (Golgi-YFP)
expression, indicating the YAAY mutant is not retained in the Golgi. C) HA-YAAY
incompletely overlaps with the early endosome marker, Rab5-YFP, indicating that while
some HA-YAAY may be in endosomes, this does not explain the whole intracellular

pool of HA-YAAY. All cells are representative of at least 3 separate experiments.
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3.3.5 The YAAY Sequence and Its Effects Are Conserved in Other
Monoamine Transporters

To confirm the importance of this motif in DAT trafficking and dopamine system
function, homologous residues in the other members of the monoamine transporter
family were mutated. The results of uptake experiments on transiently transfected
HEK?293 cells presented in figure 12a, b and c demonstrate the importance of these
residues in ensuring proper cell surface expression of the NET and SERT. Thus, it
appears that the monoamine transporter YAAY sequence is critical in ensuring proper

targeting of the proteins to the plasma membrane.

3.3.6 The YAAY Mutation Alters the Interaction Between Hic-5 and
hDAT

As previously mentioned, Hic-5, a multiple LIM domain containing protein
similar in structure to paxillin (Thomas, Hagel et al. 1999), has been shown to alter the
subcellular distribution of the dopamine transporter through an interaction with DAT
residues 575-580 (Carneiro, Ingram et al. 2002). Hic-5 was originally characterized as a
DNA binding protein with implications for cellular senescence (Shibanuma, Mashimo et
al. 1994; Shibanuma, Mochizuki et al. 1997), but has since been described as a focal
adhesion protein (Shibanuma, Mochizuki et al. 1997; Fujita, Kamiguchi et al. 1998;
Hagmann, Grob et al. 1998; Matsuya, Sasaki et al. 1998; Thomas, Hagel et al. 1999), a

nuclear receptor adaptor-like protein
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Figure 12. Mutation of the YAAY sequence in HA-hNET and HA-hSERT also reduce
uptake capacity.

A-C) Uptake capacity in HA-tagged YAAY mutants of monoamine transporters
compared to their wild-type counterparts. HA-hNETYAAY is ~50% of that in wild-type
HARQNET (B) and uptake capacity in HA-hSERTYAAY is ~20% of that in wild-type HA-
hSERT (C). This suggests that this sequence plays a role in the proper targeting of all of

the monoamine transporters.
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(Guerrero-Santoro, Yang et al. 2004; Heitzer and DeFranco 2006; Heitzer and DeFranco
2006; Heitzer and DeFranco 2006; Heitzer and DeFranco 2007), and an activator of
platelets (Hagmann, Grob et al. 1998; Osada, Ohmori et al. 2001). This last effect that
may be modulated, in part, by changes in the distribution of the serotonin transporter
(SERT) (Carneiro and Blakely 2006).

As seen in Figure 13, coexpression with Hic-5 increased dopamine (DA) uptake
in cells expressing wild-type hDAT despite an apparent intracellular retention of the
transporter. This paradoxical effect has been previously reported (Carneiro, Ingram et
al. 2002). Disruption of the reported Hic-5 binding site on the hDAT through the
replacement of tyrosines 575 and 578 with alanine blocked the Hic-5 mediated increase
in uptake, but the intracellular coexpression pattern appeared intact as Hic-5 still

appeared to colocalize with the hDAT YAAY mutant.

3.4 Discussion

The results presented here demonstrate the importance of tyrosine residues 575
and 578 in determining the subcellular localization of the DAT. Mutation of these
residues to alanine or phenylalanine results in what appears to be a functional
transporter with abnormal subcellular localization. We also demonstrate that tyrosines
575 and 578 in the DAT are conserved in NET and semiconserved in SERT and that these

residues appear to play a similar role in these proteins.
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Figure 13. Mutation of Tyrosines 575 and 578 alters the interaction of Hic-5 with
hDAT.

DA uptake in HEK293 cells transiently transfected with hDAT or hDAT YAAY with or
without Hic-5 (A,B) reveals that mutation of tyrosines 575 and 578 disrupts Hic-5
mediated potentiation of DA uptake. C) Immunostaining of permeablized HEK293 cells
with rat anti-hDAT and mouse anti-Hic-5 (BD Transduction Laboratories, San Diego,
CA) antibodies reveals a preservation of colocalization of Hic-5 with the hDAT YAAY
mutant. Cells were visualized using FITC-tagged anti-rat or Texas Red-conjugated anti-

mouse secondary antibodies (Jackson ImmunoResearch, West Grove, PA).
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The intracellular retention of DAT mutants has been shown numerous times in
the literature (Torres, Gainetdinov et al. 2003; Uhl and Lin 2003; Bjerggaard, Fog et al.
2004; Loland, Granas et al. 2004; Horschitz, Hummerich et al. 2005; Norgaard-Nielsen
and Gether 2006; Lee, Pei et al. 2007). Usually, however, the function of the mutants is
disrupted and the phenomenon is attributed to a defect in folding and consequent
retention in the ER. Similarly, though residues 112-120 appear critical for proper DAT
function, they do not appear to be part of an ER retention motif as originally speculated
because their mutation results in incomplete processing of the transporter and retention
in the ER rather than ER export of improperly assembled proteins. This may be due, in
part, to the inclusion of leucines 113 and 120, which are part of a previously
characterized leucine repeat motif that is known to be critical for proper oligomerization
and, therefore, trafficking to the plasma membrane (Torres, Carneiro et al. 2003). Thus,
the effects of mutation of the putative ER retention signal may be superceded by other
structural determinants. This work represents the first characterization of post-ER
intracellular expression of a DAT mutant. This suggests the presence of a targeting
signal in the region of the C-tail/twelfth TM domain junction, the absence of which does
not grossly disrupt protein folding, but which prevents normal levels of membrane

expression of the transporter.

93



Interestingly, other mutations in this region have produced remarkably different
results. For instance, numerous studies have produced C-terminal truncations with the
result that truncation in this region produces a transporter that fails to exit the ER
(Torres, Carneiro et al. 2003). Similarly, mutation of glycine 585 resulted in a transporter
that failed to oligomerize and appeared to remain in the ER (Miranda, Sorkina et al.
2004). This, however, was concluded based on uptake numbers and
immunocytochemical colocalization with the ER marker, PDI. Thus, it is feasible that
this mutation may also disrupt the same mechanism disrupted by the DAT YAAY
mutant. One difference, however, is that, the DAT YAAY appears to interact with wild-
type DAT. This may be explained by the importance of proper conformation of this
region in multiple functions including the twelfth TM oligomerization domain and an
additional targeting domain.

The results presented here suggest that the mutation of tyrosines 575 and 578 to
alanine disrupt the interaction of the hDAT with Hic-5 to some extent as the Hic-5
mediated potentiation of DA uptake. However, the colocalization of Hic-5 and hDAT
appears to be intact. This, however, should be studied more directly by
coimmunoprecipitation to confirm the maintenance of the interaction as colocalization
does not guarantee interaction. If, however, interaction is maintained, these results
would suggest that the paradoxical effects of Hic-5 coexpression with hDAT described

by Carneiro, et. al (2002) may result from separate interactions — one involving residues
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575-580 that potentiates uptake, and one possibly involving another binding site that
mediates hDAT clustering and targeting.

There is also evidence for the DAT C-tail directing DAT positioning through
interactions with proteins such as PICK1 (Torres, Yao et al. 2001), Hic-5 (Carneiro,
Ingram et al. 2002), torsin-A (Torres, Sweeney et al. 2004; Cao, Gelwix et al. 2005), and
CamKII (Fog, Khoshbouei et al. 2006). Most of these interactions seem to direct post-
processing clustering of the DAT either at the membrane (PICK1) or in pronounced
structures within the cell (Hic-5, torsin-A). Moreover, disruptions of these interactions
result in a transporter with a nonspecific plasma membrane distribution. This is in
sharp contrast with the process mediated by DAT residues 575 and 578, the mutagenic
disruption of which results in a seemingly nonspecific distribution of DAT both on the
plasma membrane and inside the cell.

Because the DAT has been implicated in so many diseases and pathologies,
increased understanding of the mechanisms controlling transporter function and
movement has the potential to advance the understanding of a number of clinical

dysfunctions.

3.5. Critical analysis and future experiments

There are a number of experiments directly pertaining to the results presented

here that need to be undertaken to fully support the conclusions proposed:
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An immunostaining experiment needs to be performed to confirm colocalization
of the HA-PLFYMEL mutant with the ER marker anti-PDI. This would also
serve as a positive control for the HA-YAAY immunotstaining experiment.

The HA-PLFYMEL and HA-YAAY mutants should also be coexpressed with
LysoTrack to confirm that the PLFYMEL mutant is retained in the ER and
degraded and confirm the hypothesis set forth based on the Rab-5 coexpression
experiment, that the YAAY mutant is mistargeted within the cell and is not
simply degraded after it leaves the ER or Golgi.

The HA-YAAY+dynaminK44A coexpression experiments should be augmented
with controls such as the addition of wild-type HA-hDAT, HA-
hDAT+dynaminK44A, HA-hDAT+PMA, and HA-hDAT+dynaminK44A+PMA to
demonstrate the functional capacity of dynaminK44A coexpression to block
PMA-mediated internalization of the transporter.

Immunostaining experiments should also be carried out with the HA-
hNETYAAY and the HA-hSERTYAAY mutants.

The experiments described above will allow for more concrete conclusions to be
drawn regarding the function of residues 575 and578 in modulating the behavior
of the hDAT protein in HEK293 cells, but for the work to be physiologically
relevant, the effect of the YAAY mutation needs to be confirmed in neurons. As

shown by Carneiro, et al. (2003) and Torres, et al. (2001) DAT-interacting proteins
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have different effects on hDAT localization in different cell types. Moreover, the
subcellular distribution of the YAAY mutant in neurons may provide additional

insight into the mechanism underlying the mistargeting of the transporter.

4. Discussion and Future Directions

4.1 Discussion

Disruptions in monoamine signaling are implicated in a range of diseases. Some
mutations in coding regions of various monoamine system proteins have been
implicated in diseases such as depression and bipolar disorder (Lin and Uhl 2003;
Horschitz, Hummerich et al. 2005; Mazei-Robison and Blakely 2005; Zhang, Gainetdinov
et al. 2005; Zhang, Beaulieu et al. 2006; Harvey, Gagne et al. 2007). These, and others
have also been associated with changes in protein function and expression (Lin and Uhl
2003; Mazei-Robison and Blakely 2005). There have also been numerous studies on the
functions of various structural components of the proteins involved in monoaminergic
signaling (reviewed above). The current work explored areas of monoamine system
protein structure and function that had not previously been addressed: the structural
determinants of monoamine transporter (specifically, hDAT) processing and targeting to

the plasma membrane, and the role of the extended N-terminus of TPH2 in regulating
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that enzyme’s output. Both these lines of research reveal interesting aspects of the
regulation of monoamine biostasis.

The increased understanding of regulation of monoaminergic signaling
generated by the results presented here and the future experiments suggested based on
these results have to potential for great influence in the study of neuropsychiatric illness.
These results, particularly those pertaining to the additional regulatory prospects
conferred by the extended N-terminus of TPH2 present a completely novel substrate for
monoaminergic regulation. The characterization of this regulation and the players
involved has the potential to dramatically increase our understanding of these systems,
especially the differences between the central and peripheral serotonergic systems. This
may lead to both an increased understanding of the systemic dysfunctions underlying
various neuropsychiatric disorders and a novel substrate for treatment of these
disorders.

Furthermore, the identification and characterization of novel protein interactions
of both the monoamine transporters and TPH2 provides additional targets for
exploration in determining the etiology of neuropsychiatric diseases as the cause of
these dysfunctions may lie with the interacting proteins rather than the monoaminergic
system proteins themselves. The relative paucity of identified polymorphisms in these
proteins coupled with the tenuous linkage of many of these with actual dysfunction

renders the idea of interacting protein dysfunctions more appealing.
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4.2 Future Directions

4.2.1 TPH2

The characterization of the N-terminus of TPH2 as a multifunctional regulatory
element is extremely important in understanding the differences between brain
serotonin synthesis and synthesis that occurs in the periphery. This work outlines the
role of specific residues within this region as a translational inhibitor and a destabilizing
influence and also characterizes a serine residue within this region as a site for dynamic
regulation of enzyme stability. To fully appreciate the function of these regulatory
modalities, however, additional studies should be performed:

- The role of and mechanisms behind mRNA secondary structure and/or binding
proteins in inhibiting TPH2 translation should be experimentally examined.

Using sequence analysis, mutagenesis, binding, and polyribosome loading

experiments, target sequences can be identified and their interactions

characterized to provide a clearer understanding of how TPH2 is translated so
much less efficiently than TPH1.

- The mechanisms and interactions leading to TPH2 degradation must also be
identified. This will allow for a better understanding of why TPH2 is degraded
more rapidly than TPH1 and how phosphorylation of S19 interrupts or inhibits

this process.
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o Sites of ubiquitination of TPH2 should be identified and the factors that
regulate this ubiquitination should be clarified. All that is known about
ubiquitination of the hydroxylases is that they are ubiquitinated
(Doskeland and Flatmark 1996; Kojima, Oguro et al. 2000; Doskeland and
Flatmark 2001; Doskeland and Flatmark 2002) and that PAH is
ubiquitinated somewhere in the catalytic domain. TPH2 is more highly
ubiquitinated than TPH1, but this is not the result of direct ubiquitination
of the extended N-terminus as point mutations of all lysines in the N-
terminus alone or in concert failed to disrupt ubiquitination (data not
shown). It also does not appear that a single, conserved ubiquitination
site exists for all hydroxylases of this family as the individual mutation of
each conserved lysine failed to affect protein expression. This does not
preclude ubiquitination at these sites, however, as it is possible that
multiple ubiquitination sites exist and removal of one may be
compensated for by others. Obviously, however, much work remains to
fully characterize this system.

o Ithas also been known for some time that the binding of 14-3-3 proteins
activates TH and also that 14-3-3 proteins bind to TPH1. However, the
binding of 14-3-3 proteins to TPH2 has only recently been characterized

(see Winge, McKinney et al. 2007), and the mechanism underlying its
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interaction with phosphorylated S19 and the TPH2 degradation

machinery remains unknown.

4.2.2 Monoamine Transporters

The discovery of a conserved sequence in all three monoamine transporters that
appears essential for proper targeting of the protein to the plasma membrane may be
valuable in understanding the etiology of monoamine signaling dysfunctions and may
prove useful in designing novel pharmacological interventions. It is already known
that the number of transporters on the plasma membrane is a critical determinant of the
amount of neurotransmitter in the synaptic cleft and its residence time, and,
consequently the duration and strength of the signaling event (Giros, Jaber et al. 1996;
Bengel, Murphy et al. 1998; Wang, Xu et al. 1999). For this to be a possibility, however, a
number of additional experiments need to be performed.

Once the role of residues 575 and 578 are described in neurons, additional
experiments are needed to characterize the regulatory forces underlying this role:

- It needs to be confirmed that the YAAY mutation specifically disrupts targeting
rather than disrupting global function of the transporter. This is suggested by
the preservation of the Km for dopamine in the hDAT YAAY mutant, but should
be further supported by a thorough characterization of the binding properties
and function of the YAAY mutant. This would include verifying the integrity of

the oligomerization process in the YAAY mutants. Also, the identification of a
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binding partner or chaperone whose binding properties are altered by the
mutation of tyrosines 575 and 578 would suggest a specific function for these
residues. Though this region is postulated as the site of interaction between
hDAT and Hic-5, mutation of these residues does not appear to alter this
interaction (Fig. 13). This, in conjunction with the finding that the YAAY
mutation does not alter hDAT affinity for DA, suggests there is another protein
interaction involved. Identification and characterization of this interaction,
especially as it affects or interacts with the hDAT/Hic-5 interaction would greatly

improve our understanding of the regulation of plasma membrane hDAT levels.

4.3 Conclusion

The results presented here, augmented by the results of the experiments
suggested above have the potential to dramatically improve the understanding of
monoaminergic system function. The characterization of regulatory mechanisms
specific to TPH2, in particular, and the development of ways to exogenously modulate
these factors could potentially lead to a better understanding of the specific regulation of
the brain serotonergic system and, thus neuropsychiatric diseases postulated to involve

the serotonin system including depression, bipolar disorder, and anxiety disorders.
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