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ABSTRACT: Although serotonin was discovered over 65 years ago, it has been

OH

only within the past decade that serotonin was found to be involved in a covalent

post-translational modification to proteins. The enzyme transglutaminase catalyzes
the transamidation of serotonin to a protein-bound glutamine residue; the amino
group of serotonin is covalently bound to the gamma carboxamide of glutamine.
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The term serotonylation is used to describe this transamidation reaction to

serotonin. Not only can serotonin be a substrate for transamidation to proteins but

Serotonylated Protein

also other monoamine neurotransmitters are substrates including histamine,

dopamine, and noradrenaline. The term monoaminylation has been coined to describe the transamidation of monoamines to
protein substrates. Small G proteins have emerged as the most common substrate for monoaminylation and are activated by this
post-translational modification. Fibronectin and cytoskeletal proteins are also substrates for monoaminylation. Serotonylation
and monoaminylation are involved in a number of physiological functions, including platelet activation, insulin release, smooth
muscle contraction, and regulation of membrane localization of the serotonin transporter. Stimulation of 5-HT,, receptors
increases serotonylation and activates the small G protein Racl, which plays a role in dendritic spine regulation.
Monoaminylation is implicated in pathophysiological processes as well such as diabetes and hypertension. The availability of
monoamines for monoaminylation is altered by antidepressants that target serotonin transporters, noradrenaline transporters, or
the enzymatic degradation of monoamines as well as drugs of abuse such as cocaine and amphetamines. Further research on
monoaminylation is needed to elucidate its physiological and pathophysiological roles and to explore monoaminylation as a novel

target for drug therapy.
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S erotonin (S-hydroxytryptamine, S-HT) was first described

in 1948 as a vasoconstrictor present in the serum;" it was
then found in the gut mucosa in 1950” and isolated from the
brain in 1953.> The anatomical distribution of neurons
expressing S-HT as a neurotransmitter in the brain was
described about a decade later.*® In the half-century since its
discovery, there has been an enormous amount of research on
S-HT related to its important roles in diverse physiological
functions including cognition, vascular tone, insulin release, and
gastrointestinal mobility and in disease states including
depression, psychosis, migraine, and anxiety as well as being a
target for treatment for many of these disorders. 5-HT can
interact through the cell surface either via one of the 16 5-HT
receptors or through transporters including the S-HT trans-
porter (SERT), the organic cation transporters (OCTs), and
the plasma membrane monoamine transporter (PMAT).
Despite the plethora of research on 5-HT, it is been only in
the past decade that serotonin has been discovered to regulate
physiological functions through the covalent modification of
substrates in a reaction termed serotonylation.

Serotonylation is the transamidation of 5-HT to a glutamine
residue of a protein, a reaction catalyzed by the enzyme
transglutaminase (TG, Figure 1). Serotonylation can take place
intracellularly following S-HT uptake into a cell via transporters
or following intracellular synthesis of S-HT.*” Serotonylation of
extracellular proteins, especially fibronectin, has also been
demonstrated.® Furthermore, there is also evidence for a S-HT
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receptor coordinated function for serotonylation in which
stimulation of 5-HT,, receptors results in increased serotony-
lation of downstream signaling proteins.’

While serotonylation is the covalent binding of 5-HT to a
glutamine residue of a protein, other monoamine neuro-
transmitters, such as histamine (HA), dopamine (DA), and
noradrenaline (NA), can also be bound to glutamine residues
of a protein. The term monoaminylation has been coined to
describe these transamidation reactions in which a monoamine
is post-translationally added to proteins. In 2011, Walther and
colleagues published a review on monoaminylation, emphasiz-
ing the evolutionary aspects of monoamines and the enzymes
involved in their synthesis.'"” The current review places an
emphasis on the role of monoamine transport in providing the
monoamine substrates for monoaminylation and is more
focused on the biological relevance of monoaminylation that
has emerged over the last several years.

The transamidation reaction is catalyzed by TGs (EC
2.3.2.13), a family of enzymes that catalyze a covalent bond
between free amines such as S-HT or lysine residues in
peptides or proteins and the y-carboxamide group of peptide or
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Figure 1. TG-catalyzed serotonylation reaction: (a) protein-bound glutamine residue and (b) serotonin.

protein-bound glutamines.'"'> Alternatively, TG can catalyze
the hydrolysis of the amide group on the protein-bound
glutamine in a nucleophilic attack by water in place of a primary
amine, resulting in deamidation.”® In humans, there are nine
TG genes that code for eight active enzymes (TGl—7 and
factor XIIla) and one catalytically inactive protein, erythrocyte
membrane protein band 4.2 (Table 1). TG2 is ubiquitously
expressed, in contrast to the other TGs which are more
restricted in their distribution (Table 1), suggesting that TG2
may be more likely to be involved in monoaminylation.

Which of these TG proteins is capable of catalyzing the
monoaminylation reaction? Limited evidence suggests that
TG2 is preferentially involved in monoaminylation. In a
neuronal cell line, A1Alv cells, the reduction of TG2 using
siRNA diminished serotonylation of Racl to below baseline
levels.” Second, although TG2 was able to catalyze the
monoaminylation of histamine to small G proteins in vitro,
neither TG1 nor TG3 was capable of catalyzing the reaction."*
However, several pieces of evidence taken together suggest that
a TG other than TG2 may be able to catalyze serotonylation in
vascular smooth muscle cells. Rat aorta and vena cava express
TG1, TG2, and TG4; the selective TG2 inhibitor Z-DON
inhibited 5-HT-induced and T'G-dependent contraction to an
extent that was less than that with the nonselective TG
inhibitor cystamine. Furthermore, Z-DON reduced protein
transamidation to an extent that was less than that of the
nonselective TG inhibitor cystamine in rat aorta cells."®
Additional experiments are needed to directly determine if
TGl or TG4 is capable of catalyzing monoaminylation in
vascular smooth muscle as well as the ability of other TGs to do
so in other cell and tissue types. However, FXIIIA has been
shown to be capable of catalyzing serotonylation of extracellular
fibronectin in osteoblast cell cultures.'®

B METHODS TO DETECT MONOAMINYLATION

Monoaminylated proteins are difficult to identify, visualize, and
enrich from biological samples. Since effective antibodies
against specific serotonylated proteins are difficult to make
due to the high abundance of 5-HT in hosts,"” in most reported
studies, detection of TG-mediated protein serotonylation was
carried out using immunoprecipitation of the target protein
followed by immunoblotting with an anti-5-HT—BSA con-
jugate antibody.'®"*° Radioactive isotope-labeled monoamines
have also been used in assays for detecting protein
monoaminylation.””! However, only low-energy A-emitting
[*H] and ["*C] can be used to isotopically label small amines,
limiting the use of radioactive methods for precise character-
ization of monoaminylation.'® Furthermore, to demonstrate
serotonylation using these two approaches, it is necessary to
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demonstrate that the association of the substrate protein and
monoamine is TG-dependent. TG dependence can be
demonstrated using a pharmacological inhibitor such as
cystamine or a molecular approach such as siRNA to reduce
TG expression. A well-characterized antibody, 81D4, which is
specific for peptide- or protein-bound N-e-(y-L-glutamyl)-L-
lysine isopegtide, immunoprecipitates monoaminylated pro-
teins as well.”® In another study, 5-HT was labeled by EZ-Link
Sulfo-NHS-LC-LC-biotin as a substrate to identify serotony-
lated proteins through tandem mass spectrometry.”” However,
because this commercial biotin analogue does not cross the
plasma membrane, only extracellular proteins can be studied
using this method. In two recent studies, an in vivo tagging
method was reported to characterize protein serotonyla-
tion.'”** 5-HT was modified at the S5-hydroxyl moiety to
generate propargylserotonin, which is able to cross the plasma
membrane and is recognized by TG2. Using click chemistry, an
alkyne-functionalized S-HT derivative was bound to N3-PEG4-
biotin and was used as a substrate for serotonylation; the
labeled proteins were subsequently characterized using
immunoblotting and mass spectrometry. Site-specific identi-
fication of protein serotonylation is achievable using this
technique.

B TARGETS FOR MONOAMINYLATION

Several groups of proteins are emerging as major targets for
monoaminylation (Figure 2). The family of small G proteins is
the largest group of target proteins for serotonylation described
to date, including Racl, Rab3a, Rab4, Rab27a, and RhoA.%>79?!
Additionally, there is also one report describing monoaminy-
lation of the heterotrimeric Ga proteins Gol and Gq in vitro."*
Monoaminylation of fibronectin has been reported in brain
tissue,”* which is a regulator of pulmonary artery smooth
muscle cell proliferation and migration™ and inhibits
mineralization of osteoblasts.'® Furthermore, cytoskeleton
proteins, including a-actin, f-actin, y-actin, myosin heavy
chain, and the actin-binding protein filamin A, are another
group of targets for monoaminylation.*>*

Platelet Activation. Serotonylation was first described to
take place on platelets wherein, following platelet activation, 5-
HT was found to be transamidated to fibrinogen and von
Willebrand factor on the cell surface.”” The term serotonylation
was coined by Walther and colleagues in a subsequent study
demonstrating that platelet activation also resulted in intra-
cellular transamidation of 5-HT to the small G protein RhoA.°
Furthermore, this study demonstrated that RhoA is activated by
transamidation to serotonin. Not only was RhoA serotonylation
demonstrated in vivo using ['*C]S-HT but also Rab4 could be
labeled with ["*C]S-HT using skeletal muscle cytosol ex vivo.
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Table 1. Properties of TG Proteins'>’*”*

pathology

biological functions

tissue and subcellular distribution

alternative names

TG
TG1

Autosomal recessive lamellar ichthyosis

Cell envelope formation in keratinocyte
differentiation

Stratified squamous epithelia of skin, upper digestive tract, lower

female genital tract, brain; Plasma membrane
Widely distributed in tissues and cell types; Cytosolic, nucleus,

Keratinocyte TG, particulate TG, TGK

Celiac disease, neurodegenerative
disorders, cataract, malignancies

survival signaling, cell adhesion, matrix

Many functions: endocytosis, apoptosis, cell
stabilization

and plasma membrane

Tissue TG, TGc or Gh, liver TG, endothelial
TG, erythrocyte TG

TG2

Impaired hair development and epidermal
diseases

during differentiation of keratinocytes

Harden hair follicle, cell envelope formation
Reproduction and fertility

Hair follicles, epidermis, and brain; Cytosolic

TG, callus TG
Prostate TG, androgen-regulated major

Epidermal TG, hair follicle TG, bovine snout

TG3

ggressive prostate cancer

Possible link to a

Prostate gland, prostatic fluids; Extracellular

TG4

phenotype76

secretory protein, dorsal prostate protein 1,

vesiculase

TGX

Ichthyosis and psoriasis

differentiation
Not clearly defined

Cell envelope formation in keratinocyte
Not clearly defined

Cytosolic
Human testes and lungs, and in the brain of mice

Foreskin keratinocytes, epithelial barrier lining, skeletal muscle;

TGS

Not known
Not known

TGY
TGZ

TG6
TG7

Ubiquitous but predominately in testes and lungs

miscarriage and tissue remodeling defects

Clotting defect, impaired wound healing,

Blood coagulation, wound healing, inflammation
and bone synthesis

placenta, chondrocytes, synovial fluid, the heart, the eyes,
osteoclast

Platelets, astrocytes, macrophages, dermal dendritic cells,

Plasma TG, fibrin-stabilizing factor, Laki—
Lorand factor, fibrinoligase

EXIITIA

Spherocytosis and altered ion transport in

red blood cells

Membrane integrity, cell attachment, signal
transduction

Erythrocytes, bone marrow, fetal liver, and spleen; Plasma
membrane

Erythrocyte membrane protein band 4.2

Band 4.2
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SERT Regulation. SERT is abundant in the plasma
membrane of circulating platelets in addition to being located
in the plasma membrane of serotonergic neurons in the brain,
where it is a target of the selective serotonin reuptake inhibitors
(SSRI) class of antidepressant drugs. The small G protein Rab4
plays a role in regulating the amount of SERT located on the
cell surface of platelets.”® Large increases in plasma S-HT
concentrations increase the activation of Rab4 and cause the
sequestration of SERT in the cytoplasm of platelets.”” The data
from two studies are consistent with the transamidation of
Rab4 by S-HT being involved in the activation of Rab4.*®*’
However, further investigation is needed to demonstrate that
the association of S-HT and Rab4 is dependent on TG-
catalyzed transamidation, thereby demonstrating serotonyla-
tion. The mechanisms of regulation of SERT by 5-HT plasma
levels are relevant to human disease, as elevated concentrations
of 5-HT are found in a subset of patients with cardiovascular
disorders and can be associated with coronary artery disease
and cardiac events.”

Insulin Release. Insulin release from pancreatic f-cells is
dependent on serotonylation of two small G proteins: Rab3a
and Rab27a*' Serotonylation of Rab3a and Rab27a was
demonstrated by incorporation of [*H]5-HT into these small
G proteins, which could be prevented by the TG inhibitor and
competitive substrate cystamine. S-HT is stored and released
along with insulin from granules in pancreatic f-cells.
Peripheral tryptophan hydroxylase 1 (Tphl) knockout mice
lack peripheral 5-HT since Tphl is a necessary enzyme for the
synthesis of 5S-HT. Tphl knockout mice are diabetic and are
impaired in the release of insulin.** Similarly, TG2 knockout
mice are glucose-intolerant and have impaired glucose-
stimulated insulin release.>®*' Furthermore, missense muta-
tions in human TG2 that reduce the transamidation function
are associated with early onset diabetes.>’ These studies
examining human polymorphisms and using knockout mice
support an important role for serotonylation in the release and
control of insulin.

Smooth Muscle Contraction. The involvement of
receptor-independent serotonylation of proteins in contraction
was demonstrated in rat aortic cells.”> The major targets for
serotonylation in aortic smooth muscle cells are proteins
involved in contraction, including a-actin, f-actin, y-actin,
myosin heavy chain, and the actin-binding protein filamin A.
Inhibition of TG-catalyzed serotonylation with cystamine
reduced S-HT-stimulated contraction of thoracic aorta.
Serotonylation of actin was also demonstrated in other smooth
muscle cells, specifically the stomach fundus and intestine. NE
monoaminylation of proteins was suggested by the colocaliza-
tion of NE and TG2 with a-actin fibers and the presence of
NE—BSA antibody labeling of several protein bands in western
blots prepared with homogenates of aorta and vena cava.”®
Inhibition of TG activity by cystamine reduced NE-induced
contraction in the aorta and vena cava and produced a modest
inhibition of KCl-induced contractions.”® Further experiments
are needed to directly demonstrate monoaminylation with NE
in vascular smooth muscle cells.

Pulmonary Hypertension. Serotonylation of fibronectin
and the small G protein Rho are elevated in pulmonary
hypertension gatients and experimental animal models of
hypertension.”> 5-HT has been known to play an important
role in the pathophysiology of pulmonary hypertension. Indeed,
SERT knockout mice do not develop pulmonary hypertension
when given treatments, such as hypoxia, that would otherwise
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Figure 2. Serotonylation and monoaminylation are involved in the regulation of diverse physiological functions. (a) Serotonylation of the small G
proteins RhoA and Rab4 in platelet cells activates the small G proteins and promotes the exocytosis of a-granules. (b) High extracellular S-HT leads
to covalent attachment of 5-HT to Rab4, rendering Rab4 constitutively active and causing the sequestration of SERT into the cytoplasm. (c) S-HT
regulates insulin secretion by serotonylation of the small G proteins Rab3a and Rab27a within pancreatic f-cells. (d) a-Actin, f-actin, y-actin,
myosin, and filamin A are serotonylated in aortic smooth muscle cells, enhancing arterial muscle contraction. (e) Extracellular matrix proteins such as
fibronectin are monoaminylated by 5-HT, DA, and NA in C6 glioma cells. Serotonylation of intracellular fibronectin also plays a role in the etiology
of primary pulmonary hypertension. (f) Serotonylation and activation of the small G protein Racl increases following S-HT,, receptor stimulation in

neurons.

result pulmonary hypertension. Conversely, mice that over-
express SERT in the smooth muscle of the pulmonary and
systemic vessels develop pulmonary hypertension by 8 weeks of
age, and exposure to chronic hypoxia or treatment with
monocrotaline-pyrrole, which induces hypertension, results in
more severe pulmonary hypertension than that in wild-type
mice.*® 5-HT receptor signaling through 5-HT,g, 5S-HT p, and
5-HT,, is thought to contribute to pulmonary hypertension.*®
Moreover, inhibition of TG inhibited smooth muscle
proliferation and migration responses to S-HT, supporting
serotonylation as being an important mediator of the role of 5-
HT in pulmonary hypertension.'®**

Bone Extracellular Matrix. 5-HT has recently been found
to be an important regulator of bone mass. Serotonylation of
fibronectin in the extracellular matrix of osteoblast cultures
inhibits stabilization of the extracellular matrix.'® FXIIIA cross-
links fibronectin in the extracellular matrix and thereby plays an
important role in stabilizing collagen matrix. Serotonylation
inhibits the protein cross-linking, acting as a competitive
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substrate, which could lead to weakening of the bone. Patients
treated long term with SSRIs have an increased risk of bone
fractures, perhaps due to the increased availability of 5-HT as a
substrate for transamidation to fibronectin outcompeting the
cross-linking function of FXIIIA.

Extracellular and Glial Membrane Proteins. Similar to
the serotonylation of cell surface proteins on platelets,
serotonylation of cell surface proteins and extracellular proteins
was demonstrated in C6 glioma cells.® The TG2-dependent
incorporation of [*H]S-HT and the autofluorescent synthetic
monoamine monodansylcadaverine (MDC) were used to
demonstrate serotonylation and possible monoaminylation in
cell membrane proteins. A direct demonstration of the
incorporation of other monoamines into fibronectin used
[*H]DA and [*H]NA.** Not only were [*H]DA and [*H]NA
incorporated into fibronectin in a TG-dependent manner but
also there was competition between these monoamines for
incorporation into fibronectin. The maximal amount of
incorporation of [*H]DA, [3H]NA, and [*H]5-HT into

DOI: 10.1021/cn500329r
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fibronectin was similar, suggesting that the same glutamine sites
are modified by each monoamine. However, the affinities for
incorporation varied, with NA having the highest affinity (154
nM), followed by DA (448 nM) and then 5-HT (749 nM). The
functional significance of the monoaminylation of fibronectin is
unclear. However, the authors noted an increase in extracellular
protein aggregation and accumulation with monoaminylation.
This increase was not due to TG-catalyzed protein cross-linking
alone since the addition of both TG and S-HT resulted in a
significantly greater effect than that from the addition of TG
alone (ref 32 and personal communication, P. Schloss,
Heidelberg University, Germany).

Neuronal Serotonylation. The small G protein Racl can
be serotonylated in neuronal cells following stimulation of 5-
HT,, receptors.” Serotonylation of Racl results in its
activation. 5-HT,, receptors couple to the Gq/11 family of
Ga proteins, resulting in activation of phospholipase Cp, the
production of inositol 1,4,5-triphosphate (IP3), and the release
of calcium from the endoplasmic reticulum via the activation of
IP3 receptors. Serotonylation of Racl following stimulation of
5-HT,, receptors is dependent on phospholipase C and the
subsequent increase in intracellular calcium.” An increase in
intracellular calcium is not only necessary but also sufficient to
induce the transamidation of Racl,” suggesting that other
mechanisms resulting in an increase in intracellular calcium may
activate TGs to induce monoaminylation. The transamidating
action of TG2 requires not only high calcium concentrations
but also low GTP concentrations beyond the normal
intracellular concentrations. Stimulation of G protein coupled
receptors coupled to the Gq/11 family of Ga proteins increases
intracellular calcium concentrations by producing IP3, which
stimulates IP3 receptors to release calcium from the
endoplasmic reticulum to increase intracellular concentration
in a microdomain in the cell. Furthermore, activated Ga
proteins bind GTP, perhaps lowering the GTP concentration
to further contribute to the activation of TG’s transamidating
function in the microdomain. Further experiments are
necessary to determine whether activation of other Gq/11
coupled receptors increases monoaminylation of small G
proteins and results in their activation.

We recently found that the Racl Q61N mutant cannot be
transamidated by activation via 5-HT,, receptor stimulation
and is constitutively active (unpublished results). Deamidation
or transamidation of Racl and Cdc42 at Q61 and RhoA at Q63
prevents intrinsic and GAP-catalyzed hydrolysis of the small G
proteins, rendering them constitutively active.>* >° Taken
together, these results suggest that serotonylation of small G
proteins such as Racl, Cdc42, and others increases their
activation by inhibiting GTP hydrolysis. 5-HT,, receptor
stimulation produces a transient increase in dendritic spine size
that is dependent on Pakl activation®’ and TG activity,
probably via transglutaminase-catalyzed serotonylation of Racl
(unpublished results).

B AVAILABILITY OF MONOAMINES FOR
MONOAMINYLATION

In order for serotonylation or other monoaminylation reactions
to occur intracellularly, a primary amine, such as 5-HT, must be
present in the cell in addition to the presence of a
transglutaminase enzyme. Watts and colleagues™> demonstrated
that 5-HT is present in aortic cells; 5-HT is synthesized in and
can be transported into arterial smooth muscle cells by SERT.*®
SERT is present on the plasma membrane of platelets and

965

provides S-HT for serotonylation.”®** Similarly, SERT is
present in the smooth muscle cells of the pulmonary and
systemic vessels.”> In the brain, SERT is present in 5-HT cells
originating in the raphe nucleus and projecting throughout the
adult brain. However, other transporters and other mono-
amines would likely be involved in postsynaptic 5-HT,,
receptor-dependent monoaminylation in adults. There are
numerous transporters for monoamines that could contribute
to the pool of substrate for monoaminylation reactions.

Monoamine Transporters. SERT, NET, and DAT (coded
for by SLC6A4, SLC6A2, and SLC6A3 genes) are high-affinity,
low-capacity monoamine transporters. In the brain, these
transporters are expressed predominantly in neurons using
these monoamines as neurotransmitters. SERT is located on
the axonal plasma membrane of serotonergic neurons but not
the plasma membrane of dendrites or cell bodies in adults.”
Interestingly, SERT is not found at the synapse but is in the
peri-synaptic region and along the axonal plasma membrane.*
During development, SERT is distributed throughout the entire
plasma membrane and is not limited to the axonal membrane
of serotonergic neurons.*® Moreover, SERT expression is not
limited to serotonergic neurons during development but is
broadly expressed in nonserotonergic neurons in the CA3
regions of the hippocampus, medial prefrontal cortex, the entire
medial limbic cortex from the anterior cingulate cortex to the
retrosplenial cortex, and the entire auditory pathway.*' The
high levels of expression of SERT in nonserotonergic neurons
are transient, ceasing in nonraphe neurons by postnatal day 14
in mice. Relevant to 5-HT,, receptor-stimulated serotonylation,
5-HT,, ¢ receptors appear to be expressed in neurons in limbic
regions that express SERT including the medial prefrontal
cortex, anterior cingulate cortex, and CA3 region of the
hippocampus during development.* This transient SERT
expression could supply the substrate necessary for serotony-
lation in neurons following stimulation of 5-HT,, receptors
during development. Our preliminary data suggest that 5-HT,,
receptor-stimulated serotonylation regulates dendritic spine size
in cortical cultures (personal communication). We propose that
5-HT),, receptor-mediated serotonylation is positioned to play
a role in the regulation of dendritic spines during development.
Depletion of serotonin using either neonatal para-chloroam-
phetamine or early postnatal treatment with 5,7-dihydroxy-
tryptamine results in a reduction of dendritic spines in
hippocampal dentate granule cells,* consistent with the
hypothesis that serotonylation regulates dendritic spines during
development. Since SERT is not expressed in 5-HT,, receptor-
expressing neurons in adults, intracellular 5S-HT for serotony-
lation would have to be provided by another transporter. SSRI
treatment increases the concentration of 5-HT in the synaptic
region, setting the stage for low-affinity transporters to take up
S-HT.* Alternatively, other monoamines could be used as
substrates for monoaminylation of small G proteins resulting
from S-HT,, receptor activation. For example, 5-HT,,
receptors are expressed on DA neurons in the substantia
nigra and ventral tegmentum**** as well as in projection areas
such as the prefrontal cortex.** DA would be available as a
substrate in these cells for Racl monoaminylation and
activation after 5-HT,, receptor stimulation.

SERT, NET, and DAT share a high level of structural and
sequence homology and functional overlag). NET and DAT are
capable of uptake of NA and DA.*”* Similarly, SERT is
capable of transporting DA and NE.**** NET protein
immunoreactivity is found in NA cell bodies, axons, and
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dendrites, primarily in the cytoplasm, and occasionally in the
plasma membrane of axons and in synapses.”** Drugs that
alter NET activity such as antidepressants including desipr-
amine and reboxetine or drugs of abuse including cocaine and
amphetamines increase NA and DA in the synaptic cleft
regions, providing sufficient concentrations for low-affinity
transporters to act on the monoamines. DAT is located in DA
cell bodies primarily in the cytoplasm and in the plasma
membrane of dendrites and dendritic spines in the substantia
nigra.>>** In the striatum, DAT is expressed in axonal plasma
membranes. On dendrites, DAT immunolabeling was often
found apposed to or near synapses from nonlabeled axons. In
contrast, axonal labeling for DAT was primarily distant from
synapses. The presence of DAT in dendrites and dendritic
spines places this transporter in an optimal position to provide
monoamines for monoaminylation reactions.

Organic Cation Transporters. Organic cation transporters
(OCT1-3; gene symbol SLC22A1-3) are capable of high-
capacity, low-aflinity transport of monoamines as well as
numerous physiological and xenobiotic compounds. OCTs are
expressed in the kidney, liver, placenta, and brain. For a recent
review of OCTs in brain, see Couroussé and Gautron.>® In
contrast, this review is limited to discussing OCTs in relation to
monoaminylation. Both OCT2 and OCT3 could play a role in
providing S-HT and other monoamines for the monoaminy-
lation reaction in 5-HT,, receptor-containing neurons. OCT1
is not detected in rat brain.** OCT2 is expressed in neurons in
the hippocampus, frontal and cingulate cortex, amygdala, dorsal
raphe, and locus coeruleus.””*® Relevant to 5-HT,,-stimulated
serotonylation, OCT?2 is expressed postsynaptically in dendrites
and neuronal cell bodies.® OCTS3 is the most abundant of the
three OCTs in the brain.****% With regard to supplying
monoamines for monoaminylation in 5-HT,, receptor-
containing postsynaptic neurons, OCT3 is expressed in most
monoamine projection areas, predominantly in neuronal cell
bodies and proximal processes but not dendrites.*”

Pharmacological OCT inhibitors increase extracellular
concentrations of monoamines used alone and in conjunction
with high-affinity transporter inhibition in various brain regions
tested: frontal cortex, hypothalamus, and nucleus accum-
bens.’ " OCT3 expression and function is increased in
SERT*/~ knockout mice.*> Neuroactive steroids have differ-
ential inhibitory effects on the OCTSs; corticosterone,
deoxycorticosterone, and progesterone inhibit OCT2 and 3
with an ICy; in the low micromolar range (10.5—1.1), whereas
estradiol inhibits OCT3 with an ICg, of 1.1 uM but OCT?2 with
an ICy, of 85 uM.** Since corticosterone is a selective
antagonist for OCT3 (not SERT or PMAT), Daws and
Gould® hypothesized that early life stress could result in
corticosterone inhibition of OCT3 during development,
especially in the face of low expression of SERT, such as in
SERT knockout mice or humans carrying the low-expressing S
allele of SERT. Although Daws and Gould interpreted the
transporter problem to be related to high extracellular levels of
5-HT, it is equally plausible that low intracellular levels of 5-HT
or other monoamines could be problematic. In light of the role
of intracellular S-HT in serotonylation and dendritic spine
regulation, low levels of intracellular 5-HT could play an
important role in long lasting perturbations in serotonergic
function.

OCT3 knockout mice have reduced levels of dopamine in all
brain regions examined, minimal differences in histamine and $-
HT levels, and no differences in NA.>® Limited behavioral
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changes were found in the OCT3 knockout mice, suggesting a
possible increase in anxiety consistent with alterations in
dopamine levels. Whether the knockout of OCT3 alters
intracellular availability of monoamines for monoaminylation
has not been explored.

OCT?2 knockout mice have reduced levels of 5-HT in the
hippocampus, hypothalamus, and striatum and reduced NE in
the cortex, striatum, hippocampus, brainstem, and cerebellum.*®
The knockout mice had increased sensitivity to low-dose acute
treatment with NET and SERT-selective inhibitors reboxetine
and citalopram. Chronic administration of corticosterone was
used to model depression and compare the OCT2 knockout
mice to wild-type mice in the development of depressive-like
behavior and response to treatment. The OCT?2 knockout mice
developed depressive-like behaviors similar to those of wild-
type mice but did not demonstrate improved behavior with
long-term treatment with the NET inhibitor venlafaxine.® The
study’s authors suggested that this demonstrates that OCT?2 is
necessary for the rescue of corticosterone-induced depression-
like behavior by the NET inhibitor. Inhibition of SERT and or
NET could increase the concentration of monoamines to a
level sufficient to engage the low-affinity OCT?2 transporters to
increase the uptake of monoamines into the postsynaptic
region by OCT2. In the OCT2 knockout mice, high
extracellular levels of monoamines would be achieved by the
NET inhibitor, but OCT2 would not be present to increase the
postsynaptic intracellular levels of monoamines available for
monoaminylation of small G proteins such as Racl. Higher
levels of intracellular monoamines available for monoaminyla-
tion and activation of the small G proteins may be needed for
an antidepressive response to the NET inhibitor.

Plasma Membrane Monoamine Transporter. Plasma
membrane monoamine transporter (PMAT, SLC29A4) is
abundantly and widely expressed in the brain.®” On the basis
of its substrate specificity, it is primarily a monoamine
transporter, especially for S-HT and DA and to a lesser extent
histamine and NA. PMAT is another high-capacity, low-affinity
transporter for these monoamines. It is not inhibited by
corticosterone as OCTs are.® Colocalization of PMAT and
MAP?2 labeling in neuronal processes indicates that dendrites
express PMAT, including cells that do not synthesize
monoamines.”” PMAT is expressed in regions that receive
dense monoaminergic input,” placing it in an ideal position to
provide monoamines, especially 5-HT and dopamine, for
monoaminylation following S-HT,, receptor activation.”

To summarize the transporter issues when considering the
ability of a cell to provide monoamines for monoaminylation, it
is not sufficient to match the expression of the high-affinity
transporter for a particular monoamine with the monoamine of
interest. It is important to consider the possibility that SERT,
NET, and DAT are able to transport monoamines other than
those for which they are named. The low-affinity monoamine
transporters, particularly OCT2 and PMAT, appear to be
strategically located and able to provide monoamines for
monoaminylation in postsynaptic regions of neurons. These
low-affinity, high-capacity transporters may be especially
relevant in the presence of high-affinity uptake inhibitors for
SERT, DAT, and NET. Indeed it is possible that one of the
beneficial mechanisms by which SERT and NET inhibitors
provide therapeutic effects is by increasing the concentration of
synaptic monoamines available for uptake by postsynaptic low-
affinity transporters, which then supply monoamines for
monoaminylation.

DOI: 10.1021/cn500329r
ACS Chem. Neurosci. 2015, 6, 961—969


http://dx.doi.org/10.1021/cn500329r

ACS Chemical Neuroscience

B CONCLUSIONS

Over the past decade, the role of monoaminylation in
physiological processes and disease states has begun to emerge.
Serotonylation plays important roles in platelet activation® and
regulation of membrane expression of the SERT in platelets.”®
Serotonylation is involved in insulin release®" and as such can
play a role in diabetes. Monoaminylation of cytoskeletal
proteins is involved in smooth muscle contraction,”* whereas
serotonylation of fibronectin and small G proteins in smooth
muscles in pulmonary vessels has been shown to be involved in
pulmonary hypertension.*® Similarly, fibronectin and small G
proteins are monoaminylated in glia cells® and neurons,’
respectively. The consequences of monoaminylation in these
cells in the nervous system are less apparent, although
monoaminylation of small G proteins in neurons appears to
regulate dendritic spine morphology. Modulation of dendritic
spines is an important factor in synaptic plasticity and is
abnormal in psychiatric disorders including depression and
schizophrenia.”' 7> Drugs currently used to treat these
psychiatric disorders target the high-affinity transporters that
can supply monoamines for monoaminylation. Taken together,
monoaminylation is a novel drug target for a range of disorders
from depression and schizophrenia to diabetes and hyper-
tension. Clearly, further studies are needed to elucidate the
roles of monoaminylation in normal physiology and
pathophysiology.
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B DEFINITIONS

Transamidation, the formation of a covalent bond between an
amino group of a primary amine or the e-amine group of a
peptide-bound lysine residue and the y-carboxamide group of a
peptide-bound glutamine residue; Serotonylation, the trans-
amidation of serotonin to a glutamine residue of a protein
catalyzed by the enzyme transglutaminase; Monoaminylation,
the transamidation of a monoamine to a glutamine residue of a
protein catalyzed by the enzyme transglutaminase; Trans-
glutaminase, a family of enzymes that catalyze the formation of
an isopeptide bond between free amines and the acyl side chain
of a peptide or protein bound glutamine; Serotonin transporter,
a membrane-bound transporter protein that shuttles serotonin
into cells with high affinity but low capacity; Organic cation
transporter, a membrane-bound transporter protein capable of
high-capacity low-affinity transport of monoamines; Plasma
membrane monoamine transporter, a membrane-bound trans-
porter protein capable of low-affinity high-capacity transport of
monoamines, especially serotonin and dopamine
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