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Abstract Serotonin derivatives belong to a class of phenyl-
propanoid amides found at low levels in a wide range of
plant species. Representative serotonin derivatives include
feruloylserotonin (FS) and 4-coumaroylserotonin (CS).
Since the first identification of serotonin derivatives in
safflower seeds, their occurrence, biological significance,
and pharmacological properties have been reported. Re-
cently, serotonin N-hydroxycinnamoyl transferase (SHT),
which is responsible for the synthesis of serotonin
derivatives, was cloned from pepper (Capsicum annuum)
and characterized in terms of its enzyme kinetics. Using the
SHT gene, many attempts have been made to either
increase the level of serotonin derivatives in transgenic
plants or produce serotonin derivatives de novo in microbes
by dual expression of key genes such as SHT and 4-
coumarate-CoA ligase (4CL). Due to the strong antioxidant
activity and other therapeutic properties of serotonin
derivatives, these compounds may have high potential in
treatment and prophylaxis, as cosmetic ingredients, and as
major components of functional foods or feeds that have
health-improving effects. This review examines the biosyn-
thesis of serotonin derivatives, corresponding enzymes,
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Introduction

Serotonin derivatives are an important class of phenyl-
propanoid amides (PAs) that play diverse roles in plant—
plant, plant-pathogen, and plant-environment interactions
(Martin-Tanguy 1985; Facchini et al. 2002). PAs are
synthesized by the condensation of two substrates (e.g.,
cinnamoyl-CoA thioesters and amines), which are linked by
an amide bond. The cinnamoyl-CoA thioesters include
cinnamoyl-CoA, p-coumaroyl-CoA, caffeoyl-CoA, feruloyl-
CoA, and sinapoyl-CoA. The amines consist of both
aliphatic and aromatic substrates. The aliphatic amine
substrates are mono-, di-, and polyamines, such as methyl-
amine, putrescine, and spermine, which are found in at least
34 compounds in plants, whereas the aromatic amines
include tyramine, tryptamine, octopamine, tryptamine, sero-
tonin, dopamine, histamine, adrenaline, and noradrenaline
(Wink 1997). Thus, the combination of these two substrate
types can lead to the production of at least 215 different
kinds of PAs. Among the diverse array of PAs, serotonin
derivatives represent the condensed products of various
cinnamoyl-CoA thioesters and serotonin, and comprise
feruloylserotonin (FS), 4-coumaroylserotonin (CS), caffeoyl-
serotonin (CaS), sinapoylserotonin (SS), and cinnamoylser-
otonin (CiS) (Fig. 1). Furthermore, these serotonin
derivatives can be coupled with other phenolic compounds
to form macrolactam-type compounds (Jenett-Siems et al.
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Fig. 1 Biosynthesis of seroto-
nin (a), 4-coumaroyl-CoA (b),
and serotonin derivatives (c¢) by
the corresponding enzymes.
TDC tryptophan decarboxylase;
T5H tryptamine 5-hydroxylase;
4CL 4-coumarate-CoA ligase;
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2003). Like most plant-specific secondary metabolites,
serotonin derivatives play not only a defensive role against
pathogen attack (Tanaka et al. 2003) but also exhibit various
health-promoting properties such as anti-oxidative and
chemotherapeutic properties (Zhang et al. 1996; Park and
Schoene 2002). Since their initial identification in safflower
seeds (Sakamura et al. 1978), serotonin derivatives have
been found in at least 16 plant species representing eight
different families. The levels of serotonin derivatives in
plants vary greatly among species and tissues, ranging from
0.1 to 740 pg g ', and are preferentially found in the seeds
of Asteraceac. Among the various serotonin derivatives in
plants, FS and CS are commonly detected, whereas CaS, SS,
and CiS have not been reported. Recently, serotonin N-
hydroxycinnamoyl transferase (SHT), the enzyme essential
for the biosynthesis of serotonin derivatives, was cloned
from pepper (Capsicum annuum), and its characteristics were
reported in detail (Jang et al. 2004; Kang et al. 2006). Since
the first cloning of the SHT gene, many attempts have been
made to express SHT ectopically in either plants or microbes
in order to engineer the production of serotonin derivatives.
This review describes the biosynthesis of serotonin deriva-
tives in plants, the enzymes involved and their regulation,
metabolic engineering of the pathway in plants, and
approaches to overproduce serotonin derivatives in microbes
through fermentation processes.

Biosynthesis and regulation of serotonin derivatives
in plants

Theoretically, five basic serotonin derivatives can be
generated due to the presence of five cinnamoyl-CoA
thioesters in plants: FS, CS, CaS, SS, and CiS (Fig. 1). FS
and CS were first identified in safflower seeds (Carthamus
tinctorius L.) as bioactive compounds exhibiting cathartic
activity (Sakamura et al. 1978). The richest source of
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Cinnamoyl-CoA (R,=R,=R,=H)
4-Coumaroyl-CoA (R,=R;=H; R,=OH)
Caffeoyl-CoA (R,=H; R,=R,;=OH)
Feruloyl-CoA (R,=H; R,=OH; R;=OCH,)
Sinapoyl-CoA (R,=R;=OCH,; R,=OH)

Cinnamoylserotonin (R,=R,=R;=H) (CiS)
4-Coumaroylserotonin (R,=R;=H; R,=OH) (CS)
Caffeoylserotonin (R,=H; R,=R;=OH) (Ca$S)
Feruloylserotonin (R,=H; R,=OH; R;=OCHj,) (FS)
Sinapoylserotonin (R,=R;=0OCHj,; R,=OH) (SS)

serotonin derivatives in seeds is in Leuzea carthamoides
(family Asteraceae), which contains up to 600 ug g ' FS
and 740 ug g ' CS (Pavlik et al. 2002), whereas many
other plants, including rice and pepper, produce low levels
of FS and CS in various tissues (Table 1). Pepper flowers
contain a relatively high level of CS (7.3 ug g ') compared
to other tissues, although the exact reason for this remains
to be examined. So far, CaS, SS, and CiS have not been
identified in plants, although caffeoyltyramine and a CaS
analog are found in many plant species, including Lycium
chinense (Lee et al. 2004). In general, PAs such as
caffeoylspermidine and feruloyltyramine have been impli-
cated in a series of plant growth and developmental
processes, including flowering, tuber formation, storage
compounds, cell wall fortification, and alleviation of
tyramine toxicity (Facchini et al. 2002). In contrast, studies
on the physiological roles of serotonin derivatives have
received little attention from plant biologists due to either
the low abundance in agricultural plants or their relatively
short history since their initial identification. According to
Tanaka et al. (2003), FS and CS are induced in twigs of
diseased bamboo and show antifungal activity, suggesting
that serotonin derivatives play a role as phytoalexins.
Similarly, rice leaves also show increased synthesis of FS
and CS upon pathogen infection (Ishihara et al. 2008). In
addition, FS and CS are highly induced upon senescence in
rice plants, indicating that serotonin derivatives may be
associated with an aging-inhibitory mechanism because of
their strong antioxidant activity (Kang et al., in prepara-
tion). Besides importance for the plant itself, plant-specific
serotonin derivatives are of interest because they have
various health-promoting and disease preventative effects.
For example, the anti-oxidative activities of FS and CS are
stronger than «-tocopherol, a natural antioxidant, and
comparable to that of butylated hydroxyanisole (BHA), a
synthetic antioxidant (Zhang et al., 1996). In addition, CS
and FS have several biological activities that may be useful
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Table 1 The occurrence
of serotonin derivatives in plants

29
Family and species Serotonin derivatives (ug g ' plant mass) Reference
FS CS
Araceae
Amorphophallus konjac Seeds nd Seeds 9.2 Niwa et al. 2000

Asteraceae
Carthamus tinctorius
Centaurea cyanus
Centaurea montana
Centaurea nigra
Leuzea carthamoides
Chrysantimum
Cichorium intybus
Lactuca sativa
Convolvulaceae
Ipomoea obscura
Cruciferae
Brassica campestris
Liliaceae
Allium fistulosum
Poaceae
Echinochloa utilis
Oryza sativa
Phyllostachys bambusoides
Solanaceae
Lycopersicon esculentum

Capsicum annuum

FS feruloylserotonin,
CS 4-coumaroylserotonin,
nd not detected

Qil cakes 13

Oil cakes 41 Zhang et al. 1996

Seeds 318 Sarker et al. 2001
Seeds 225 Shoeb et al. 2006
Seeds 545 Kumarasamy et al. 2003
Seeds 600 Seeds 740 Pavlik et al. 2002
Leaves 0.1 Leaves nd Ly et al. 2008
Leaves 0.1 Leaves nd Ly et al. 2008

Seeds 300 Jenett-Siems et al. 2003
Leaves 0.1 Leaves nd Ly et al. 2008
Leaves nd Leaves 0.7 Ly et al. 2008

Seeds 16 Watanabe 1999
Roots 0.1 Roots 0.3 Jang et al. 2004
Twigs 2.8 Twigs nd Tanaka et al. 2003
Leaves 0.1 Leaves 0.7 Kang et al. 2009
Leaves nd Leaves 0.7 Kang and Back 2006
Stems 0.2 Stems 0.7
Fruits nd Fruits 0.8
Flowers nd Flowers 7.3

in prophylaxis, such as in atherosclerosis (Koyama et al.
2006), inflammation (Takii et al. 2003), and cardiac
ischemia-reperfusion injury (Hotta et al. 2002). CS and
FS are also reported to have anti-tumor (Nagatsu et al.
2000; Shoeb et al. 2006), anti-bacterial (Kumarasamy et al.
2003), anti-stress (Yamamotova et al. 2007), and anti-
melanogenesis (Roh et al. 2004) effects, and appear to
promote the growth of fibroblasts (Takii et al. 1999). In
addition to CS and FS, CaS may be involved in reducing
depression and anxiety (Park 2008).

SHT, a key enzyme for serotonin biosynthesis, exhibits a
broad substrate affinity for both aromatic amines (e.g.,
serotonin, tyramine, and octopamine) and various cinnamoyl-
CoA thioesters, which results in the synthesis of a series of
PAs. In contrast, tyramine N-hydroxycinnamoyl transferase
(THT) lacks serotonin affinity (Kang et al. 2006). SHT shows
high substrate affinities for cinnamoyl-CoA thioesters, with
K, values ranging from 3.5 uM (feruloyl-CoA) to 32 uM
(cinnamoyl-CoA). In contrast, SHT shows a relatively low
substrate affinity for serotonin (K,,=73 puM) compared to

cinnamoyl-CoA thioesters. This difference in substrate
affinity may be one of factors that make serotonin a limiting
role in the biosynthesis of serotonin derivatives in plants.
Accordingly, the overexpression of SHT in transgenic rice is
insufficient to enhance the production of serotonin derivatives
in young seedlings due to the low level of serotonin (Jang et
al. 2004). Likewise, serotonin overexpression only is not
directly associated with the enhanced synthesis of serotonin
derivatives in transgenic rice plants due to the low level of
SHT expression (Kang et al. 2007a); therefore, combined
serotonin and SHT overexpression are required to increase the
production of serotonin derivatives. In plants, serotonin is
synthesized in two enzymatic steps, in which tryptophan is
first converted to tryptamine by tryptophan decarboxylase
(TDC), and this is followed by tryptamine 5-hydroxylase
(T5H) to form serotonin (Schrdder et al. 1999). However, in
St. John’s wort (Hypericum perforatum), serotonin synthesis
is reported to occur via 5-hydroxytryptophan, as in mammals
(Murch et al. 2000). TSH enzyme activity is very high in all
tissues of rice plants, with a low K, of 20 uM toward
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tryptamine as a substrate, whereas TDC has marginal enzyme
activity in all tissues tested (Kang et al. 2007a, b). Since TDC
has a high K, of 690 uM toward tryptophan as a substrate,
TDC overexpression is insufficient to increase serotonin
levels because tryptophan levels are very low (<15 uM)
compared to other amino acids. In addition, the tryptophan
pathway in plants is tightly feedback regulated by micromolar
concentrations of tryptophan (Radwanski and Last 1995).
Hence, the biosynthesis of serotonin derivatives in plants is
strictly regulated not only at the substrate concentration level
but also at the level of key enzymes such as TDC and SHT.
To overcome these bottlenecks in the production of serotonin
derivatives in plants, it is necessary to increase the production
of tryptophan and serotonin as well as increase the expression
of the terminal enzyme SHT. Recently, it was demonstrated
that tryptophan levels can be greatly increased by the
expression of a mutant form of anthranilate synthase ol
(ASx1 D323N), which is insensitive to feedback inhibition
by tryptophan (Tozawa et al. 2001). In addition, TDC from
Cathranthus roseus, which shows a low K,,, of 72 uM toward
tryptophan, may be highly beneficial to increase serotonin
levels in plants (No¢ et al. 1984). In addition to K, values,
the catalytic efficiency of an enzyme which is a function of
K../K., has to be considered for all relevant enzymes in the
biosynthesis pathway of serotonin derivatives. Taken togeth-
er, the simultanecous expression of ASxl (D323N), TDC
from C. roseus, and SHT could significantly increase the
levels of serotonin derivatives in plants (Fig. 2). In contrast to
the regulatory roles of AS, TDC, and SHT, the enzyme 4CL,
which catalyzes the conversion of cinnamic acids into
cinnamoyl-CoA thioesters, does not seem to have a rate-
limiting role in the biosynthesis of serotonin derivatives.
Instead, 4CL exists as a small gene family in plants with a

Fig. 2 Proposed regulatory COOH
steps for the biosynthesis of
serotonin derivatives. 4Sa/
(D323N) mutant anthranilate
synthase «1, in which Asp-323
has been replaced by Gln;
OsTDC Oryza sativa tryptophan
decarboxylase; Cr7DC
Cathranthus roseus tryptophan
decarboxylase; T5H tryptamine
S-hydroxylase; SHT serotonin
N-hydroxycinnamoyl
transferase

Chorismate

COOH

<)\/NH2

Anthranilate

P S
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N

H
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basal level of constitutive expression and has a high affinity
toward its substrates (Ehlting et al. 1999). Thus, cellular pools
of cinnamoyl-CoA thioesters may be sufficient for the
synthesis of serotonin derivatives without a bottleneck role
at the level of substrate.

Heterologous production of serotonin derivatives
in plants and microbes

Since the cloning of SHT gene (Jang et al. 2004), a number
of experiments have attempted to express SHT heterolo-
gously to increase the production of serotonin derivatives in
various organisms (Table 2). In parallel, the production of
tyramine derivatives such as feruloyltyramine and 4-
coumaroyltyramine, which are synthesized by tyramine N-
hydroxycinnamoyl transferase (THT), has been studied in
transgenic tobacco plants (Guillet and De Luca 2005; Hagel
and Facchini 2005). SHT was first heterologously introduced
in the rice genome to determine whether transgenic rice
plants produce high levels of serotonin derivatives. As
expected, the transgenic rice leaves expressing SHT under
the control of the maize ubiquitin promoter showed abundant
FS (200 pg g ' fresh weight [fw]) and CS (224 ug g ' fw)
production, with a 170-fold increase compared to the wild
type (Jang et al. 2004). However, this enhanced production
of serotonin derivatives in transgenic rice leaves required
treatment with amines and cinnamic acids. Like leaves, the
same transgenic rice also produced 20-fold more FS+CS in
seeds than the wild type (Kang et al. 2005). In contrast to the
constitutive expression of SHT, the ectopic expression of
SHT under the control of the endosperm-specific prolamine
promoter produced serotonin derivatives in rice seeds at

Cinnamoylserotonin (R,=R,=R,=H) (CiS)
4-Coumaroylserotonin (R,=R,=H; R,=OH) (CS)
Caffeoylserotonin (R,=H; R,=R,=OH) (Ca$S)
Feruloylserotonin (R,=H; R,=OH; R,=OCH,) (FS)
Sinapoylserotonin (R,=R,=OCH,; R,=OH) (SS)
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Table 2 Heterologous produc-

Serotonin derivatives Reference

tion of serotonin derivatives Organisms Introduced gene(s)
in various organisms

Rice SHT

Tomato SHT

Yeast 4CL+SHT
SHT serotonin N- E coli 4CL+SHT

hydroxycinnamoyltransferase,
4CL 4-coumarate-CoA ligase,
F'S feruloylserotonin,

CS 4-coumaroylserotonin,
CaS caffeoylserotonin,

CiS cinnamoylserotonin

FS 200 pg g fw (leaves)
CS 224 ug g ' fw (leaves)

FS 0.7 pg g{1 (seeds)
CS 0.4 ugg ' (seeds)

FS+CS 1.7 pg g ! (seeds)

FS 0.6 pgg ' fw (leaves)
CS 0.1 pgg ' fw (leaves)

FS 44 mgl ' (medium)
CS 1.4 mg 1" (medium)

CaS 2.7 mg 1" (medium)

FS 96 mg 1" (medium)
CS 215 mg 1" (medium)

CaS 11 mg 1 (medium)
CiS 39 mg 1" (medium)
CS 22 mg 1™ (cells)

Jang et al. 2004
Kang et al. 2005

Lee et al. 2008
Kang et al. 2009

Park et al. 2008b

Kang and Back 2009

levels similar to those of the wild type (Lee et al. 2008). In
transgenic tomatoes expressing SHT under the control of the
constitutive CaMV 35 S promoter, leaves produced 3-fold
more FS+CS (675 ng g ' fw) than the wild-type (200 ng g '
fw) upon wounding, whereas the tomato fruits contained
similar levels of serotonin derivatives in both transgenic and
wild-type plants (Kang et al. 2009). Because the tomato
fruits did not show increased serotonin derivative production,
despite the presence of abundant serotonin in fruits,
metabolic controls other than serotonin level are likely
involved in the regulation of serotonin derivative biosynthe-
sis in plants (Hagel and Facchini 2005).

In contrast to the somewhat problematic heterologous
production of serotonin derivatives in plants, microbial
hosts provide good alternatives for mass production of
plant-specific secondary metabolites with important biolog-
ical functions (Mijts and Schmidt-Dannert 2003). In
microbes such as Escherichia coli or Saccharomyces
cerevisiae, the expression of SHT alone is insufficient for
the production of serotonin derivatives, because E. coli is
unable to synthesize cinnamoyl-CoA thioester substrates
such as feruloyl-CoA or caffeoyl-CoA, nor are these
cinnamoyl-CoA thioesters commercially available. Thus,
the expression of 4-coumarate-CoA ligase (4CL), which is
responsible for the synthesis of cinnamoyl-CoA thioesters
from cinnamic acids, is required together with SHT over-
expression for the production of serotonin derivatives in
microbes. The first trial of serotonin derivative production
in microbes was carried out in yeast (S. cerevisiae) via the
coordinate expression of SHT and 4CL, which were
translationally linked using a foot-and-mouth disease virus
(FMDV) 2A sequence in a single open reading frame (Park
et al. 2008b). The FMDV 2A sequence, which consists of
1620 amino acids, is cleaved co-translationally between
Gly and Pro at its C-terminus, not by a proteolytic

mechanism, but rather by a translational ribosome skipping
mechanism (Ryan et al. 1991). The resulting recombinant
yeast harboring the SHT-2A—4CL plasmid construct led to
the production of serotonin derivatives (Table 2). FS was
produced in the extracellular medium fraction at up to
4.4 mg 1" with 2 mM serotonin and ferulic acid treatment.
In the presence of 2 mM 4-coumaric acid and serotonin,
14 mg 1" CS was produced, whereas the addition of
caffeic acid and serotonin produced 2.7 mg 1™' CaS. In
contrast, neither SS nor CiS was produced in the presence
of their corresponding precursors. Although serotonin
derivatives were produced successfully in yeast, their levels
were relatively low compared to other plant-specific
secondary metabolites, such as the indole alkaloid, stricto-
sidine (Geerlings et al. 2001). In another approach, the dual
expression of SHT and 4CL in E. coli was attempted to
determine whether serotonin derivatives were produced at
higher levels than in yeast. Unlike the coordinate expres-
sion of SHT and 4CL in yeast, SHT and 4CL were co-
expressed under the control of separate promoters (Kang
and Back 2009; this recombinant strain was deposited by
the accession number of KCTC 11272BP in Korean
Collection for Type Cultures). Surprisingly, the recombi-
nant E. coli showed high extracellular levels of serotonin
derivatives within a few hours after the addition of
serotonin and various cinnamic acids. The serotonin
derivatives produced included CS (215 mg 1''), FS
(96 mg 1), CiS (39 mg 1"), and CaS (11 mg I").
Considering that E. coli cells only contain 22 mg 1" CS,
which is a tenth of the extracellular CS level, the majority
of serotonin derivatives synthesized in E. coli appear to
have been secreted into the extracellular medium. This may
simplify the purification procedure of serotonin derivatives
by using a simple ethylacetate extraction method from an E.
coli culture system (Kang and Back 2009).
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Applications of serotonin derivatives

Since serotonin derivatives, like many other plant-specific
secondary metabolites (e.g., lycopene and resveratrol), have
a diverse array of biological activities, including anti-
oxidative and chemotherapeutic effects, they possess great
commercial value in terms of improving the nutritional
value of foods and cosmetics. For example, CS and FS
were shown to be effective skin depigmentation compounds
that inhibited melanin synthesis in B16 melanoma cells
without cytotoxicity (Roh et al. 2004). The tyrosinase
inhibitory activities of CS and FS were 3- and 10-fold
higher, respectively, than that of the known melanogenesis
inhibitor arbutin. Based on both their high levels of
melanogenesis inhibitory activity and low cytotoxicity, CS
and FS are promising novel natural whitening agents.
Besides using serotonin derivatives as skin-whitening
agents, serotonin derivatives have been implicated as
having therapeutic effects in the treatment of atherosclerosis
(Koyama et al. 2009), inflammation (Yuji et al. 2007), and
osteoporosis (Choi et al. 2002) in several patents. In
addition, serotonin derivatives possess great potential as
natural antioxidants to retard the oxidation of lipid-
containing foodstuffs due to their strong antioxidant
activity, as mentioned above. Although no commercial
utilization of serotonin derivatives in the cosmetic, phar-
maceutical, and food industries has been reported, they will
likely be available commercially in the future.

Conclusions and future prospects

Until now, serotonin derivatives have been mainly pro-
duced via chemical synthesis in order to study their
therapeutic effects, using serotonin and cinnamic acids as
starting material. For example, CS was synthesized by
converting 4-coumaric acid to the symmetrical anhydride in
the presence of 1,3-diisopropylcarbodiimide, followed by
the addition of serotonin to produce 4-coumaroylserotonin,
with an efficiency yield of 55%. However, these chemical
synthesis steps require large quantities of solvents and
several days to complete (Ishihara et al. 2000; Park and
Schoene 2002). In comparison, the recombinant E. coli
system requires only a few hours to synthesize serotonin
derivatives, without the need for chemical solvents or
chemical synthesis techniques. Although E. coli culture
provides a good system to produce serotonin derivatives,
further fermentation processes should be developed to
optimize serotonin derivative production. Among the
unsolved tasks is product inhibition of SHT enzyme during
culture and reduced productivity of other serotonin deriv-
atives, such as CiS, CaS, and SS. During E. coli
fermentation, CS production inhibits SHT activity by
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40%, which may explain the observed CS production
ceiling of no more than 215 mg 1"'. Minimizing the cellular
levels of serotonin derivatives (i.e., retrieval or removal of
products) is required to prevent product inhibition. In
addition, the yield of FS, CiS, and CaS was relatively low
compared to CS production, which may reflect the reduced
permeability of cells toward the relevant substrates (i.e.,
cinnamic acid, caffeic acid, and sinapic acid) compared to
4-coumaric acid. Further studies on cell permeability and, if
required, methods to increase the permeability of E. coli
cells to various cinnamic acids during fermentation are
needed. Various cinnamic acids are cheap and commercial-
ly available (e.g., 4-coumaric acid costs only 242 yen/g;
TCI product no. C0393), whereas serotonin is rather
expensive (1,296 yen/g; TCI product no. S0370). This
emphasizes the need for an E. coli fermentation system that
produces serotonin via the simultaneous expression of two
serotonin biosynthesis genes, TDC and T5H (Park et al.
2008a), although TSH has not yet been cloned (Kang et al.
2007b). Therefore, either the co-expression of four genes
(i.e., SHT, 4CL, TDC, and T5H) or the co-culture of two
compatible strains (i.e., one strain expressing SHT+4CL
and another expressing TDC+T5H) may be the most
economical method to produce serotonin derivatives via
E. coli fermentation.
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