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In vitro biosynthesis of serotonin and halogenated tryptamine
through the heterologous expression of tryptophan decarboxylase
JIANG Jing-Xian HU Heng LI Zhi-Yong"~ ZHANG Feng-Li

Marine Biotechnology Laboratory, State Key Laboratory of Microbial Metabolism, School of Life Sciences and
Biotechnology, Shanghai Jiao Tong University, Shanghai 200240, China

Abstract: [Background] Tryptophan decarboxylases that catalyze tryptophan to tryptamine, have
specificity to catalyze target substrate in the nature. A decarboxylase from marine Bacillus atrophaeus
C89, involved in the biosynthesis of bacillamide C, is referred to as BaTDC. [Objective] We are aiming to
characterize BaTDC and explore the substrate spectrum of BaTDC including halogenated tryptophans and
hydroxytryptophan in order to provide new methods to produce novel and pharmaceutically vital
tryptamine analogues. [Methods] A phylogenetic tree was constructed using protein sequences of several
TDCs to understand the status of BaTDC in evolution. Its activity was assayed with various tryptophan
derivatives and the products were detected by HPLC and UPLC-MS. [Results] Phylogenetic analysis
revealed the similarity of BaTDC with that of the gut bacterium Ruminococcus gnavus. The optimum
temperature and pH of the purified recombinant BaTDC enzyme was 40—45 °C and 8.0, respectively.
BaTDC exhibited substrate broadness and catalytic efficiency with hydroxytryptophan and halogenated
tryptophans including 4-fluorotryptophan, 5,6,7-chlorotryptophan and 4-bromotryptophan. [Conclusion]
The study presents a comprehensive characterization of the BaTDC as a promising member of its enzyme
family. BaTDC exhibits broad substrate tolerance to tryptophan derivatives, suggesting the potential of
substrate-feeding approach in producing novel tryptamine analogs or complex secondary metabolite
analogs through precursor-directed biosynthesis.
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Tryptophan decarboxylases (TDCs) catalyze
tryptophan to tryptamine. TDCs play a critical role in
providing indole structures. Compounds with an
indole structure, known as a privileged structure,
have a wide range of bioactivities such as anticancer,
antibacterial,  antifungal, and antiangiogenic
bioactivities™.

In plants, TDCs have high substrate specificity
and can thus discriminate indoles from phenolic
substrates; however, TDCs have poor efficiency in
differentiating unnatural substrates®™. For example,
5-OH-tryptophan potently inhibits TDC activity in
rice®. and TDCs from Catharanthus roseus exhibit
no activity toward 5-Cl-tryptophan'®.

Microbial TDCs require further investigation.
Considerable attention has been given to TDCs in gut
microbiota because they may influence the host brain
and behavior through mediating microbe-host
interactionst”®l. Furthermore, Bacillus atrophaeus,
Xenorhabdus nematophilus, and Streptomyces
griseofuscus are the only bacterial species known to
produce tryptamine scaffolds for the biosynthesis of
large natural products (S. griseofuscus uses
5-OH-tryptophan as a substrate)!®**2.

Investigating tryptamine and its derivatives has
maintained research interest for many reasons. First,
tryptamine is a trace amine in low quantities in
mammalian nervous systems'®l. Second, tryptamine
is considered a precursor of many vital bioactive
molecules such as serotonin (5-hydroxytryptamine)
and melatonin®**,

Moreover, tryptamine is a
biosynthetic intermediate to numerous complex
pharmaceutic ~ natural  secondary  metabolites

(Figure 1).
As a neurotransmitter, serotonin plays a role in

numerous critical physiological mechanisms such as
sleep, mood disorders, appetite regulation, sexual
behavior, cerebral blood flow regulation, and
blood-brain barrier permeability in mammals™. It is
biosynthesized through the catalyzation of
tryptophan hydroxylase and pyridoxal-5-
phosphatemono-hydrate-dependent aromatic L-amino
acid decarboxylases™®. In plants, serotonin is
implicated in several physiological roles such as
flowering, morphogenesis, adaptation to
environmental changes, and the biosynthesis of
serotonin from tryptophan through the catalyzation
of TDC and tryptamine 5-hydroxylase (T5H)%"),

In  recent years, serotonin synthesis in
microorganisms has been reported. Park et al.
revealed the biosynthesis of serotonin through the
dual expression of TDC and T5H in Escherichia
coli™. Tryptamine as a serotonin precursor is a
biogenetic amine that belongs to the monoamine
alkaloid family. Wang et al. developed E. coli-E. coli
cocultures to biosynthesize tryptamine using glucose
and glycerol as the carbon source™. McDonald et al.
identified a TDC from the gut microbe
Ruminococcus gnavus and found that the TDC could
catalyze various substrates to diverse tryptaminesm].

As tryptamine is the starting point of various
natural products, synthesizing a tryptamine substitute
has attracted considerable attention. For example, in
the last decade, scientists have attempted to establish
methods for introducing halogens into compounds in
drug design and development owing to their unique
physicochemical properties®®?2. However, producing
tryptamine substitutes using enzymatic approaches
has not advanced to the extent of organic synthesis
approaches???.
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Figure 1 Important tryptamine derivatives in nature
1 EEMGERTEY

In relevant studies, a decarboxylase from marine
B. atrophaeus C89 (GenBank accession No.
JQ400024) was predicted to be responsible for
decarboxylating L-tryptophan to tryptamine in the
biosynthesis of bacillamide CI*"\. In the present study,
we report a comprehensive characterization of it

(BaTDC) as a promising member of its enzyme family.

We purified recombinant BaTDC by heterologous
expression. The optimal temperature and pH for
obtaining purified BaTDC to catalyze L-tryptophan
was considered to be 40-45 °C and 8.0, respectively.
Hydroxytryptophan and halogenated tryptophans were
used to detect enzyme activities. Halogenated
tryptophans at C-4, C-5, C-6, and C-7 were used to
interrogate the steric constraints of the active site. The
results showed that BaTDC exhibited broad substrate
selectivity to tryptophan derivatives, thus laying a
foundation to introduce a small atom or group into
useful bioactive molecules in the future.

1 Materials and Methods

1.1 Main reagents and instruments

KOD-Plus DNA  Polymerase, TOYOBO
(Shanghai) Biotech Company Limited; Restricted
enzymes, TaKaRa Biomedical Technology (Beijing)
Company Limited; Plasmid Extraction Kit, Gel

Physostigmine
Inhibits acetylcholinesterase

Psilocybin
Hallucinogenic

A\
N
H

o

Vincristine
Cancer therapeutic

Extraction Kit, Tiangen Biotech (Beijing) Company
Limited; Competent  cell, Shanghai  Weidi
Biotechnology Company Limited; Pyridoxal-5-
phosphatemonohydrate, Sigma-Aldrich Llc;
4-F-tryptophan, 5-Cl-tryptophan, 5-OH-tryptophan,
7-Cl-tryptophan, Shanghai Yuanye Biotechnology
Company Limited; 4-Br-tryptophan, Bide Pharmatech
Ltd;  Isopropyl-pB-D-thiogalactopyranoside,  6-Cl-
tryptophan, Ark Pharm, Inc; 4-Br-tryptophan,
Shanghai Macklin Biochemical Company Limited.

PCR instrument, Bio-Rad Company; AKTA Pure,
HisTrap FF crude, GE Medical System China
Company Limited; Amicon Ultra filter, Merck KGaA,;
High-performance liquid chromatography,
Ultra-high-performance liquid chromatography-time
of fligh mass spectrometer, Agilent Technologies
Company.
1.2 Bacterial strains and plasmids

B. atrophaeus C89 was isolated from the South
China Sea sponge Dysidea avara in previous study!??.
The plasmid SK(+) was used for cloning tdc, and
pET-28a was used for expressing tdc. E. coli DH5a
was used to propagate the plasmids. E. coli
BL21(DE3) was a host for expressing the target gene.
Cells were cultivated in Luria-Bertani (LB) medium at
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37 °C and shaken at 200 r/min.
1.3 Construction

Forward primer BaTDC-F (5'-TATAGATCTAG
CTAGCGTGAAACAAGTGTCGGAAAAC-3', Bgl 11
site is underlined) and reverse primer BaTDC-R
(5-AAAGTCGACTTATTCAGCAACGCATGGATA-
3’, Sal | site is underlined) were used for the
amplification of tdc according to its sequence in the
genome of B. atrophaeus C89 (GenBank accession
No. JQ687535). The polymerase chain reaction
(PCR) mixture (50 pL) contained 0.2 mmol/L
deoxy  ribonucleoside  triphosphates  (dNTPs),
1 mmol/L MgSO,, 0.2 mmol/L of each primer, 1 U
KOD-Plus DNA polymerase, and 1 pL of
B. atrophaeus genomic DNA as a template.
B. atrophaeus C89 genomic DNA was isolated using a
modified version of Marmur’s method®*. The purified
PCR product was first ligated into the pSK(+) to
screen for positive recombinants with the right
sequence using T7 promoter and T7 terminator
primers. Then, the target gene was ligated into
PET-28a expression vectors digested with the same
restriction enzymes. The recombinant plasmids
containing tdc gene were transformed into competent
cells of E. coli BL21(DE3).
1.4 Protein production and purification

A ssingle transformed E. coli colony was cultivated
overnight in LB (5 mL) medium with ampicillin
(50 pg/mL) and used to inoculate LB (1 L) production
culture amended with ampicillin (50 pug/mL). Cultures
were incubated at 37 °C and shaken at 180 r/min on an
orbital shaker to an ODggo Of 0.4-0.6. Subsequently,
gene expression was induced through the addition of
isopropyl-B-D-thiogalactopyranoside  (IPTG) and
pyridoxal-5-phosphatemonohydrate (PLP) at final
concentrations of 0.5 mmol/L and 0.1 mmol/L,
respectively. The incubation was continued at 25 °C
for another 9 h and the culture was centrifuged to
obtain the biomass (4 000 r/min, 4 °C, 20 min). The
biomass was resuspended in lysis buffer (1xphosphate
buffer saline (PBS), 1 mmol/L phenylmethylsulfonyl
fluoride (PMSF), 20 mmol/L imidazole, pH 7.4) and
disrupted through sonication on ice (3 s for work and
3 s for break, 66 W, 12 min). The clear supernatant
was harvested through centrifugation (12 000 r/min,
4 °C, 20 min). The supernatant containing soluble

protein was purified on the AKTA Pure FPLC
equipped with a 1 mL Ni?* affinity column. Proteins
were separated in an isocratic elution using buffer A
(1xPBS, pH 7.4) and buffer B (1xPBS, 500 mmol/L
imidazole, pH 7.4) at a flow rate of 1 mL/min. Protein
concentration was detected by ultraviolet (UV)
absorption at 280 nm (A,g). After loading the sample
in 4% buffer B (20 mmol/L imidazole), unbound
protein was washed with 8% buffer B (40 mmol/L
imidazole, 6 mL) followed by washing with 12%
buffer B (60 mmol/L imidazole, 6 mL), before elution
with 40% buffer B (200 mmol/L imidazole, 15 mL).
The eluent containing a soluble recombinant TDC
enzyme was concentrated and desalted using a 15 mL
30 K Amicon Ultra filter to 1 mL with buffer (1xPBS,
10% glycine, 0.1% B-mercaptoethanol). The purified
enzyme was monitored using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) in a 10.0% (W/V) polyacrylamide gel and
stored at —80 °C. Protein concentration was estimated
using the bicinchoninic acid (BCA) method™®!,
1.5 BaTDC activity

In vitro reactions were conducted in triplicate.
The enzyme activity was assayed at 35 °C in a 200 pL
mixture of purified protein (4 pg) containing
0.1 mol/L Tris-HCI buffer (pH 8.0), 1 mmol/L
L-tryptophan, and 0.4 mmol/L PLP; then, 10 pL of
2 mol/L NaOH was added to stop the reaction®. The
control group was prepared by placing the protein in
boiling water for 5 min. The reaction product was
extracted with a double-volume ethyl acetate mixture.
The ethyl acetate phase was evaporated to dryness,
followed by resuspension in 50 pL of methanol. The
products were detected through reversed-phase
high-performance liquid chromatography (HPLC)
using an Agilent C18 column (4.5x150 pum) with a
gradient elution of 20%-60% (V/V) acetonitrile in
water that contained 0.2% formic acid. Samples were
tested at the flow rate of 0.8 mL/min. This is the
default condition except for special instruction.
1.6 Effects of pH and temperature on BaTDC
activity and stability

The effect of temperature on BaTDC was
measured using the following steps. The reaction
system was incubated for 10 min in the same buffer
described above at a pH of 8.0 with 4 pg of purified
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protein at a specified temperature in the range of
25-70 °C. The activity of BaTDC was determined at
25, 30, 35, 40, 45, 50, 55, 60, 70 °C. The temperature
stability of BaTDC was tested through preincubation
of the enzyme at different temperatures for 30 min;
the residual activity was measured immediately using
the method described previously. The control was
prepared by placing the protein in boiling water for
5 min.

The effect of pH on BaTDC was measured
through the incubation of the reaction product in an
appropriate buffer in a pH range from 4.0 to 10.0 for
10 min at 40 °C with 4 pg of purified protein. The
buffers used for the experiments are as follows:
acetate (pH 4.0-5.0), phosphate (pH 6.0-7.0),
Tris-HCI (pH 8.0), and glycine-NaOH (pH 9.0-10.0).
The pH stability was tested through a 30 min
preincubation of the purified TDC in buffers at
different pH values at 40 °C. The remaining activities
were measured immediately after this treatment.

1.7 Activity  detection and  product
identification of BaTDC with various tryptophan
derivatives as substrates

The enzyme reaction was assayed at 40 °C in
the Tris-HCI buffer. Substrates in individual
reactions were (final concentration: 1 mmol/L)
5-OH-tryptophan, 4-F-L-tryptophan, 4-Br-L-
tryptophan, 5-Cl-L-tryptophan, 6-ClI-L-tryptophan
and 7-Cl-L-tryptophan. The incubation times were
30 s, 1 min, 3 min, 5 min, 10 min, 20 min, 40 min, and
60 min. The samples were first detected using HPLC.
The product of 4-F-L-tryptophan and
4-Br-L-tryptophan were detected with a flow rate of
0.4 mL/min Then, the products were analyzed using
an Agilent 1290 Infinity Il ultra-high-performance
liqguid chromatography (UPLC) equipped with a
ZORBAX Eclipse XDB-C18 column (4.6x150 mm,
5 pm), coupled to a 6230 time-of-flight mass
spectrometry (TOF-MS) in which a mass spectrometer
was operated in positive electrospray ionization mode.
The solvents and procedure were the same as those
described above, except that the flow rate was
0.4 mL/min. tryptamine and its derivates were
detected by Ang. The UPLC-TOF-MS analysis was
conducted in Core Facility and Technical Service
Center for School of Life Science and Biotechnology
(SLSB) with the help of Dr. ZHANG Wki.

2 Results

2.1 Phylogenetic analysis

A phylogenetic tree was constructed using MEGA
version X software on the basis of the maximum
likelihood method with 1 000 bootstrap replicates to
understand the status of BaTDC in evolution™”.
Twenty-two sequences were chosen, including
10 orthologs of BaTDC, 3 sequences from bacteria,
2 sequences from fungi, 3 TDC sequences from plants,
and 3 TDC sequences from animals. Orthologs were
retrieved through the BLAST search, other sequences
representing enzymes capable of catalyzing tryptophan
were chosen through research reports.

The results showed that BaTDC (marked with a
star) was clustered with other TDCs in Bacillus
(Figure 2). All the other 10 TDC amino acid
sequences (WP_098188440.1, WP_106034294.1,
ATO26721.1, WP_017152000.1, WP_098337285.1,
WP_111922184.1, WP_033678921.1, WP_070128405.1,
WP_098133372.1, and EEMA41597.1) are annotated
by automated computational analysis and none of
them have been characterized in vivo. No typical rules
were found among bacterial sequences. TDCs in
bacterium R. gnavus (RgnTDC, Swiss-Prot:
A7B1V0.1) has a closer relationship with BaTDC.
RgnTDC has characterized in X-ray crystallography,
hence four structural components of it important for
substrate binding were revealed™®. We aligned the
amino acid sequences of BaTDC with RgnTDC. A
slight similarity was noted (data not shown),
supporting the inference that the substrate specificity
is more likely governed by the differences in the
active site structures and the orientations of the
substrates instead of some key amino acid residues.
2.2 Purification and catalytic activity of
BaTDC

The BaTDC gene was cloned to create an
N-terminally hexa-histidine-tagged fusion protein and
purified using Ni** affinity chromatography. The
protein purity was judged using SDS-PAGE analysis,
which revealed an apparent molecular mass of
approximately 56 kD (Figure 3A). To analyze the
biological activity of purified proteins, TDC was
incubated using PLP-containing Tris buffer and
tryptophan for 10 min at 35 °C and with a pH of 8.0.
Negative controls included heat-inactivated enzymes.
HPLC analysis showed that L-tryptophan was
decarboxylated to tryptamine within 5 min (Figure 3B).
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% Bacillus atrophaeus Aromatic-L-amino-acid decarboxylase (AFH88381.1)
Bacillus atrophaeus Aminotransferase class I/11-fold PLP-dependent enzyme (WP 106034294.1)
87 Bacillus atrophaeus 2,4-diaminobutyrate decarboxylase (AT026721.1)
Bacillus endophyticus Aminotransferase class I/1I-fold PLP-dependent enzyme (WP 111922184.1)
Bacillus cereus Aminotransferase class I/1I-fold PLP-dependent enzyme (WP 098337285.1)
Bacillus pseudomycoides Aminotransferase class I/1I-fold PLP-dependent enzyme (WP 098188440.1) |
Bacillus bingmayongensis Aminotransferase class I/11-fold PLP-dependent enzyme (WP 017152000.1)
Bacillus gaemokensis Aminotransferase class 1/[1-fold PLP-dependent enzyme (WP 033678921.1)
53V Bacillus wiedmannii Aminotransferase class I/I1-fold PLP-dependent enzyme (WP 098133372.1)
7 Bacillus mycoides Aminotransferase class V-fold PLP-dependent enzyme (WP 070128405.1)
Bacillus thuringiensis PLP-dependent decarboxylase (EEM41597.1) |
{. Ruminococcus gnavus Tryptophan decarboxylase (A7B1V0.1) o
Penicillium expansum Tryptophan decarboxylase (AOAOA2IDH4.1)
Catharanthus roseus Tryptophan decarboxylase (P17770.1)

Bacillus

Plant

Camptotheca acuminata Tryptophan decarboxylase (P93083.1)
Papaver somiferum Tyrosine/dopa decarboxylase (6EEM) i

—® Streptomyces griseofuscus PLP-dependent decarboxylase (AHL44346.1) o
31 Cavia porcellus Dopa decarboxylase (P22781.1) |

Homo sapiens Aromatic L-amino acid decarboxylase (3RBF)
9 L Rattus norvegicus Dopa decarboxylase (P14173.1) |
® Clostridium sporogenes Tryptophan decarboxylase (J7SZ64.1) @
Psilocybe cubensis Non-canonical aromatic amino acid decarboxylase (AYUS58582.1)

Animal

—

|
0.50

Figure 2 Phylogenetic tree of BaTDC from B. atrophaeus C89
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Note: The phylogenetic tree was drawn using the maximum likelihood method with 1 000 bootstrap replicates, those degree of

confidence lower than 95% are marked. BaTDC is marked with a star, bacterial sequences other than sequences from Bacillus are marked

with dots, and fungal sequences are marked with triangles. The phylogenetic tree listed in turn species names, NCBI accession numbers,

protein names. Bar: 50% sequence divergence.
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Figure 3 Purification and catalytic activity of BaTDC
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Note: A: SDS-PAGE of purified recombinant decarboxylase. M: Protein Marker; 1: Purified enzyme. B: HPLC results showed that
tryptophan was decarboxylated by the BaTDC enzyme. (1): L-tryptophan; (2): Tryptamine.
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2.3  Optimum temperature and temperature 2.4 Optimum pH and pH stability

stability

The optimum temperature range was from
40-45 °C (Figure 4A). The protein activity sharply
declined when the temperature increased to more than
45 °C. BaTDC retained 80% activity when the reaction
was maintained for 2 h at a temperature below 45 °C
(Figure 4B), but the activity was lost when the reaction
was maintained at a temperature above 45 °C for
2 hours. Thus, BaTDC activity is stable below 45 °C.

A

0.05
0.04 ;
0.03
0.02
0.01

BaTDC activity
(nmol/(s'mg-protein))

0 1 1 1
25 35 45 55 65
Temperature (°C)

Q

BaTDC activity
(nmol/(s'mg-protein))

%0 50 60 70 80 90 100
pH

Figure 4 Catalytic activity of recombinant BaTDC
B4 ZHESHBEEDH

The optimum pH was relatively broad (6.0-9.0),
and the maximum enzyme activity was detected at
8.0; a considerable loss of activity was noted on
either side of the given pH range (Figure 4C). The
activity profile of the enzyme was stable between pH
values of 7.0 and 9.0. Thus, BaTDC exhibited a
higher activity in an alkaline medium than in an
acidic medium. The physicochemical properties of
BaTDC are provided in Table 1.

Relative activity (%)

20 1 1 1 1 1 J
0 20 40 60 80 100 120

Incubation time (min)

80 [
60 1

1
40 -

20

Relative activity (%)

0
6.0 65 70 75 8.0 8.5 9.0
pH

Note: A: Effect of temperature on BaTDC activity; B: Effect of temperature on BaTDC enzyme stability; C: Effect of pH on BaTDC

activity; D: Effect of pH on BaTDC enzyme stability.

W A RENGENT BaTDC BYEGEE 20 ; B: AR X BaTDC AEEAGAEMER I ; C: AN[E pH % BaTDC FIEHE M0 ; D.

AN pH XF BaTDC 1 pH Fa e 5.

2.5 Enzyme activities and substrate spectrum
of BaTDC

Using  4-F-L-tryptophan, 5-CI-L-tryptophan,
6-Cl-L-tryptophan, 7-Cl-L-tryptophan, and 4-Br-L-
tryptophan as substrates separately, the catalyzing
potential of these substrates was determined.

After incubation with 0.1 mol/L Tris-HCI and
0.4 mmol/L PLP for 10 min, fluoro-tryptamine
(C1oH11FN,, Figure 5A), with a calculated m/z of
179.097 9 [M+H]", was found at an m/z of 179.108 9

Table 1 Enzymatic properties of BaTDC
% 1 BaTDC BG4

Enzymatic parameter Value

Apparent molecular mass (kD) Approximately 56
Km (mmol/L) 0.35

Vinax (IU/mg-protein) 1.02

pH optimum 8.0

Temperature optimum (°C) 40-45
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Figure 5 Chromatographic analysis of product formation by BaTDC

E 5 BaTDC I~ &ILH

Note: Panels show decarboxylase activity. A: 4-F-L-tryptophan; B: 5-Cl-L-tryptophan; C: 6-Cl-L-tryptophan; D: 7-Cl-L-tryptophan; E:
4-Br-L-tryptophan; F: 5-OH-L-tryptophan. Controls include reactions with heat-treated enzymes. Insets display high-resolution mass
traces (electrospray ionization) and UV/Vis spectra.
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[M+H]" at a retention time (R, of 9.108 min.
Chloro-tryptamine was found at an m/z of 195.066 3
[M+H]" and a calculated m/z of 195.068 4 [M+H]"
(C1oH11CIN,, Figure 5B), at a R; of 5.542 min.
Bromo-tryptamine was found at an m/z of 239.021 5
[M+H]" and a calculated m/z of 239.017 8 [M+H]"
(C1oH11BrN,, Figure 4E), at a R; of 13.737 min.
HPLC and UPLC-TOFMS analyses showed that
BaTDC accepted F-L-tryptophan, CI-L-tryptophan,
and Br-L-tryptophan as substrates, and halogenation
at C-4, C-5, C-6, and C-7 did not affect the catalytic
reactions. A peak occurred at Ry of 2.786 min for
hydroxytryptamine, which was found at m/z 177.102 2
[M+H]", and the calculated m/z was 177.102 2
['\/H'H]+ (CloleNzo, Figure 5F)

3 Discussion and Conclusion

The TDCs came from bacteria found in the
National Center for Biotechnology Information (NCBI)
database were reported in two gut-associated species
named R. gnavus and Clostridium sporogenes in 2014.
Additionally, no other TDCs were observed in marine
organisms in the NCBI database.

The optimum pH and temperature suggest its
optimal operation for in vitro application. BaTDC had
optimum activity at 40-45 °C and was heat-stable
below 45 °C. Alkalinity was optimal for BaTDC
catalytic activity compared with neutral or slightly
alkalescent conditions for the majority of plant TDCs.
This is a reflection of the marine environment habitat
and suggests that marine TDCs have considerable
potential application in alkaline conditions. Other
enzymes from marine sources have shown the same
properties. Marine urease from Sporobolomyces
roseus has an optimum activity at a temperature of
65 °C and pH of 8.5, and an alkaline protease

Substituted tryptophan

Figure 6 Scheme of Bacillamides and their derivatives
6 Bacillamides LA B fiT4 1 89 & R B% 2%

\ /= \

Substituted tryptamine

produced by marine bacteria strain Pseudoalteromonas
sp. 129-1 showed optimal activity at 50 °C and pH 8.0,
whereas the enzyme activity of lipase purified form
the marine bacterium Oceanobacillus sp. PUMBO02
was optimal at 30 °C and pH 8.0,

BaTDC is notable for several reasons. First, with
the continuous expansion of marine resources, potential
secondary metabolites are constantly being explored.
This represents a breakthrough for establishing a
repository for marine TDCs. Second, precursor-directed
biosynthesis can produce novel bacillamides. The
introduction of halogen may improve the bioactivities
of bacillamides and their derivatives, which exhibited
anti-cell proliferation activity and anti-inflammatory
activity as well as the ability to regulate harmful algal
blooms®®.  The mechanism of bacillamide C
biosynthesis has been preliminarily explored in our
previous work™****!: we analyzed a putative pathway
for synthesizing bacillamide derivatives in B.
atrophaeus C89 by using a tryptophan substitute.
Tryptophan substitutes as biosynthetic precursors are
particularly useful because they are structurally
similar to natural substrates (Figure 6).

Additionally, with the continuous development
and improvement of new biotechnologies in
bioengineering, BaTDC can participate in
synthesizing tryptamine analogues and further
complex secondary metabolites. BaTDC was tested
for substrate selectivity among 17 types of natural
amino acids by using thin-layer chromatography (),
In this study, halogenated substrates were detected for
the first time. Halogenated compounds generated from
the hydrogen parents could have modulated
pharmacokinetic properties. New properties and new
functions had been noticed in two desferrioxamine B

(O H

Bacillamides and derivatives
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analogues®®1. The fluoro-substituted analog was

superior to the original one in identifying inhibitors of
V-RAF murine sarcoma viral oncogene homologue B1
(BRAF) V600E kinase with improved
pharmacokinetic properties and was advanced into
clinical trials™®. Novel halogenated chaetoglobosins
have been detected with more preferable
immunosuppressive activity®. McDonald et al.
provided a strategy to produce tryptamine analogues
with a two-step in vitro biocatalytic reaction using
RgnTDC with substrate broadness to obtain
tryptamine derivates’?”). Exlcuding BaTDC, RgnTDC
is the only other characterized microbial TDC. The
optimal temperature for BaTDC is 40-45 °C, whereas
that for RgnTDC is 37 °C. Protein BLAST showed
that the similarity between these two protein
sequences is only 39%. Therefore, based on the
analysis of the binding situation with the substrates of
RgnTDC, different side-chain residues or different
steric clashes with substrates can be inferred in the
BaTDC structure. Therefore, BaTDC probably has
different promiscuity and catalytic efficiency levels
with substrates. Plant TDCs involved in the
biosynthesis of many compounds affecting human
health have been investigated™’“**!. Although plants
are valuable sources of supplements containing these
compounds, microbial production has advantages for
mass production and straightforward purification.
N-hydroxycinnamoy! tryptamine and serotonin were
produced successfully in bioengineered E. coli
through the introduction of BaTDC and other
necessary enzymest*?,

In conclusion, with the broad substrate tolerance
of BaTDC, we provide a useful enzyme of metabolic
engineering in producing tryptamine derivates. We
suggest the possibility of the substrate-feeding
approach in producing novel tryptamine analogues or
more complex secondary metabolic analogues through
precursor-directed biosynthesis.
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