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Protein and pathway engineering for the
biosynthesis of 5-hydroxytryptophan
in Escherichia coli

The hydroxylation of tryptophan is an important reaction in the biosynthesis of
natural products. 5-Hydroxytryptophan (5HTP) is not only an important com-
pound for its pharmaceutical value but also because it is the precursor of other
molecules, such as serotonin. In this study, we have extended the metabolism of an
E. coli strain to produce 5HTP. Aromatic amino acid hydroxylase from Cupriavidus
taiwanensis (CtAAAH) was selected using an in silico structure-based approach. We
have predicted and selected several substrate-determining residues using sequence,
phylogenetic and functional divergence analyses; we also did rational design on
CtAAAH to shift the enzyme preference from phenylalanine to tryptophan. Whole
cell bioconversion assays were used to show the effect of predicted sites. In general,
all of them decreased the preference toward phenylalanine and increased the trypto-
phan synthesis activity. The best performer, CtAAAH-W192F, was transformed into
a strain that had the tryptophanase gene disrupted and carried a human tetrahy-
drobiopterin (BH4) regeneration pathway. The resulting strain was capable of syn-
thesizing 2.5 mM 5HTP after 24 hours. This work demonstrates the application of
computational approaches for protein engineering and further coupling with the
bacterial metabolism.
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1 Introduction

5-Hydroxytryptophan (5HTP) is a natural non-canonical amino
acid, and it is the precursor of the neurotransmitter serotonin.
5HTP has been used for clinical purposes for over 30 years since
is effective for the treatment of a variety of conditions (e.g. de-
pression, insomnia, chronic headaches, binge eating associated
with obesity). Unlike serotonin, 5HTP is well absorbed from
oral doses and can easily cross the blood–brain barrier [1].
In terms of volume demand, 5HTP stood at 136.4 tons in
2012, which corresponds to a value of 31.7 million US dollars
(www.transparencymarketresearch.com). A key challenge for its
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manufacture stands in the fact that the production depends on
the extraction from seeds of the African plant Griffonia simpli-
cifolia, and therefore the supply of the raw material is linked to
seasonal and regional conditions. Chemical synthesis of 5HTP
has been reported [2]; however, this is not economically feasible
in large scale. Therefore, the biotechnological production pro-
vides a promising alternative for 5HTP production, especially
because microorganisms have simpler genetic background and
metabolic network than the native producer.

To date, Escherichia coli remains as the dominant industrial
microorganism producer of many complex compounds [3], and
as the prime prokaryotic genetic model, E. coli also has been
engineered to produce 5HTP [4, 5]. In the past two decades,
E. coli aromatic amino acid producers have been significantly
improved with the advent of rational metabolic engineering
[6, 7]. The construction of tryptophan producers has driven the
deep research and engineering of its pathways, a condition that
entails the emergence of new and effective strategies for the
production of tryptophan derivatives. Unlike natural amino
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acids, the biosynthesis of non-canonical amino acids from simple
sugars often requires the incorporation of an artificial metabolic
pathway to expand the cell’s capabilities, the optimization of this
pathway usually require extensive protein engineering [8, 9].

Efforts have been made to engineer E. coli strains capable of
converting tryptophan to 5HTP [4, 5]. Mammalian tryptophan
5-hydroxylase is capable of synthesizing 5HTP via tryptophan
hydroxylation, but it has low activity and poor stability when
expressed in prokaryotes [10]; therefore, this method is not suit-
able for production purposes. Often, metabolic engineering uses
enzymes with a non-native substrate to perform transforma-
tions within the novel synthetic pathways. Pioneering studies
have used bacterial aromatic amino acid hydroxylases (AAAH),
which has a strong preference toward phenylalanine, and shifted
the substrate preference for tryptophan, based on sequence com-
parison and modification [5, 11]. Protein engineering can facil-
itate the tailoring of the biocatalysts by shifting the substrate
specificity with high yields of the desired molecules.

The combination of crystallographic studies and the con-
tinuous progress in molecular modeling methods have opened
new perspectives for structure-based protein engineering, fur-
ther comparison of the sequences and functions of related pro-
teins can be used to identify important residues for substrate
specificity [12, 13]. The development of these areas allows for
example the design and optimization of the binding pocket con-
formation guided by the features of the ligands. In the same
way, point mutations could also be rationally designed and the
preference of different substrates could be evaluated in silico, re-
ducing significantly the number of mutants to be tested in the
laboratory.

In this work, we aimed to expand the tryptophan pathway
for the production of 5HTP. We performed protein engineering
on Cupriavidus taiwanensis AAAH based on structural models
generated in silico. Using sequence, phylogenetic and functional
divergence analyses, we identified important residues responsible
for the substrate specificity and compared the protein selectivity
at both in silico and in vivo levels. The best candidate was used to
elongate the tryptophan pathway in an E. coli strain which has a
cofactor recycling pathway.

2 Materials and methods

2.1 Computational analyses

To identify members of the AAAH superfamily the keyword
“aromatic amino acid hydroxylase” was used as a query to search
against the NCBI protein reference sequence database. Hypo-
thetical and predicted sequences were eliminated, as well as
redundant entries. Amino acid sequences were aligned using
MUSCLE [14], and refinements within the alignments were done
manually.

Phylogenetic analyses employing the Neighbor-Joining (NJ)
method with 10 000 bootstrap values were done in MEGA
v7 [15]. NJ trees were compared with Maximum Likelihood
(ML) analysis, using the best-fit models predicted with ProtTest
v2.4 [16] and constructing the tree in MEGA using a bootstrap of
1000 to assess the reliability of interior branches. Functional di-

vergence type-I and type-II (FDI and FDII, respectively) analyses
were done using DIVERGE v3.0 [17].

Tertiary structures of bacterial AAAH were generated with
the I-TASSER server [18] and compared with homologous vali-
dated protein structures. A rotamer library was used during the
structure determination [19], and side chains were refined us-
ing the Protein Database (http://www.rcsb.org) entries 1MMK
and 3E2T as guides. Molecular docking analysis of tryptophan
and phenylalanine using the generated AAAH (wild type and
variants) were performed using AutoDock Vina v1.1.2 [20]. The
ligands were manually placed in the active site using the sub-
strate position in other AAAHs crystal structures as a guide, for
these analyses we used a grid box of 15 × 15 × 15 Å and the
level of exhaustiveness set to 10. Molecular graphics and analy-
ses of all the structures were performed with the UCSF Chimera
package [21].

2.2 DNA manipulation

Chromosomal DNA from C. taiwanensis was prepared using
NucleoSpin R© Tissue (Macherey-Nagel, Germany) according to
the manufacturer’s instructions. The aaah gene from C. taiwa-
nensis was amplified by PCR using the following primers (5′

to 3′): CtAAAH-forward, TATGGATCCATGCGCATTATATG-
CATGATCTATCGAAATC and CtAAAH-reverse, ATCAAGCTT-
TCAGATGTCTTCGGTATCGGCC. The generated fragment was
cloned within the BamHI and HindIII sites of the pACYCDuet
vector to yield the plasmid pCtAAAH.

Site-direct mutagenesis experiments were carried out us-
ing QuickChange site-directed mutagenesis kit (Stratagene,
USA). The resulting plasmids were transformed separately into
NEB10ß strains by CaCl2 method [22]. All mutations were ver-
ified by DNA sequencing. The obtained mutant plasmids were
introduced into E. coli BL21(DE3)�tnaA. Tryptophanase A gene
was knocked out using the λ recombination system [23]. De-
tails of the strains and plasmids used in this study are listed in
Table 1.

2.3 In vivo enzyme assays

The in vivo assays were carried out to evaluate the activity of
CtAAAH (wild types and variants) toward phenylalanine and
tryptophan. E. coli BL21(DE3)�tnaA harboring different plas-
mids were cultivated in LB medium containing 50 μg/mL ampi-
cillin. Isopropyl-ß-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.4 mM was added to the culture when OD600

reached 0.4. Cells were then cultivated at 25°C with constant
agitation at 220 rpm. After a 16 h induction period, cells were
harvested by centrifugation at 3300 x g and washed twice with
100 mM HEPES-NaOH buffer (pH 8.0).

5HTP and tyrosine were produced in a reaction mixture
containing 100 mM HEPES-NaOH buffer (pH 8.0), 4 mM
L-tryptophan or L-phenylalanine, 4 mM BH4, 0.1 mM FeSO4,
50 mM D-glucose, 1% (v/v) Triton X-100 and E. coli whole cells
(OD600 between 15 and 20) in a total volume of 500 μL. The
reaction was performed for 30 min at 30°C. After the reaction,
cells were removed by centrifugation at 12 000 x g for 10 min
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Table 1. Bacterial strains and plasmids used in this study

Characteristics Source

Strains

C. taiwanensis DSM No.: 17343, type strain DMSZ
E. coli BL21(DE3) fhuA2 [lon] ompT gal (λDE3) [dcm] �hsdS λDE3 = λsBamHIo �EcoRI-B

int::(lacI::PlacUV5::T7 gene1) i21 �nin5
NEB

E. coli BL21(DE3)�tnaA BL21(DE3)�tnaA This study
E. coli BL21 cofactor BL21(DE3)�tnaA pBbE1k-2 This study

Plasmids

pACYCDuet Novagen
pBbE1k-2 pBbE1K inserted with DHPR, PCD [32]
pCtAAAH pACYCDuet inserted with C. taiwanensis AAAH This study
pCtAAAH L113Y pACYCDuet inserted with C. taiwanensis AAAHL113Y This study
pCtAAAH W192F pACYCDuet inserted with C. taiwanensis AAAHW192F This study
pCtAAAH Y222H pACYCDuet inserted with C. taiwanensis AAAHY222H This study
pCtAAAH S223C pACYCDuet inserted with C. taiwanensis AAAHS223C This study
pCtAAAH P229A pACYCDuet inserted with C. taiwanensis AAAHP229C This study
pCtAAAH Y244C pACYCDuet inserted with C. taiwanensis AAAHY244C This study

at 4°C, the supernatant was filtrated and stored at 4°C before
HPLC analysis.

2.4 Microbial production of 5HTP

E. coli BL21(DE3)�tnaA strain was transformed with corre-
sponding plasmids. Batch fermentations were carried out in
300 mL baffled shake flasks with a total volume of 30 mL.
Overnight LB cultures were inoculated in Seed Medium to an
initial OD600 of 0.1 and grew at 37°C for 8–10 h with constant
agitation. Seed Medium contained (per liter): glucose (12 g),
MgSO4·7H2O (0.5 g), KH2PO4 (2 g), (NH4)2SO4 (4 g), yeast ex-
tract (5 g), monosodium citrate dehydrate (2 g), biotin (0.1 mg),
DL-calcium pantothenate (0.5 mg), ascorbic acid (176 mg) and
10 mL of 100× stock trace elements. The stock trace elements so-
lution was composed of (per liter in 0.1 N HCl): Na2MoO4·2H2O
(2.5 g), AlCl3·6H2O (2.5 g), FeSO4·7H2O (10 g), CoCl2·6H2O
(1.75 g), CaCl2·2H2O (10 g), ZnSO4·7H2O (0.5 g), CuCl2·2H2O
(0.25 g), H3BO3 (0.125 g), Na2MoO4·2H2O (0.5 g). Afterward,
the cells were transferred to Fermentation Medium to an initial
OD600 of 0.05 and grew at 30°C with constant agitation. Fermen-
tation Medium was the same as Seed Medium, except for 1 g/L
of yeast extract instead of 5 g/L, and 1 g/L of tryptophan. The pH
of both media were adjusted at 6.7 using a 5M KOH solution.

2.5 Analytics

Aromatic amino acids and 5HTP were analyzed by HPLC as de-
scribed in da Luz et al. [24]. Samples were derivate using the
AccQ-tag method (Waters, USA) and fluorescence was detected
as described in the manufacturer’s manual. Measurements were
done on an Ultimate-3000 HPLC system (ThermoFisher, Ger-
many) with a binary gradient where eluent “A” was 140 mM
sodium acetate with 0.1% v/v ACN and eluent “B” was 60% v/v
ACN. The gradient was as follows: at 0 min 0% B; at 0.5 min
1% B; at 21 min 12% B; at 26 min 17% B; at 55 min 33% B;
and remained constant from 62 until 80 min at 100% B. All

gradient changes were linear between the points given above.
Separation was done using a Kinetex RP column (2.6 μm, C18,
100 × 4.6 mm, Phenomenex, USA) at 45°C, and an injection
volume of 10 μL was used.

3 Results and discussion

3.1 Computational analysis and selection of an AAAH
prototype

A total of 507 AAAH protein sequences were collected after the
database search and selection process. The results revealed the
presence of AAAH homologs in different taxa: 284 eukaryotic
sequences of which the mayor group, 235 sequences, belonged to
the Metazoan taxon (Animal Kingdom), the other 49 sequences
were distributed among the Fungi, Viridiplantae (mosses and
green algae), and Protista groups. For the Prokaryote group, 223
sequences were retrieved from the database, these sequences
were distributed among different taxa: Proteobacteria, Bac-
teroidetes, Actinobacteria, Firmicutes and so on (Supporting
Information Table 1).

To explore the phylogenetic relationship among AAAH paral-
ogous proteins, a NJ phylogenetic tree with the 507 sequences was
inferred from the amino acid sequences. A ML tree was also con-
structed under the best-fit model, Jones-Taylor-Thornton (JTT),
with discrete gamma distribution in three categories (gamma
shape = 3,163). The tree topologies assessed by ML and NJ
methods were substantially similar. The phylogenetic analysis
placed the prokaryotic AAAH at the base of the tree. The eukary-
otic taxon showed three distinct clusters: phenylalanine (PAH),
tryptophan (TPH), and tyrosine (TH) hydroxylase (Supporting
Information Fig. 1). These groups were unambiguously sepa-
rated from protists, fungi and lower plants (mosses/green algae).
The results are consistent with previous phylogenetic studies of
AAAHs [5, 25].

Functional diverse analyses among prokaryotic and eukary-
otic clusters appear to be of great interest, given that with these
we could identify potential sites that differ between the groups
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of enzymes that have phenylalanine or tryptophan preference.
Such sites could be helpful in designing novel enzymes for the
production of 5HTP. The FDI analysis for these clusters revealed
significant θI values between the bacterial and eukaryotic AAAH,
indicating that diversification has taken place during evolution
(Table 2). We identified three different groups of residues in
our analysis: (i) sites that are conserved within all the clusters,
many of these amino acids are involved in the enzyme activity,
e.g. conserved motifs and functionally important residues such
as the 2-His-1-caboxylate facial triad which is involved in the
coordination of the iron molecule in the active pocket of all hy-
droxylases [26]; (ii) sites that are conserved within Eukaryotes
and Prokaryotes taxa, but that are different between them; and
(iii) sites that seem to be related with specific substrate pref-
erence (Fig. 1). The FDII analysis showed a low θII value of
the TPH/PAH pair (Table 2.). Since there is compiling evidence
regarding of the substrate specificity of these two groups, the
FDII analysis confirms that the predicted substrate-determining
residues between the latter group might have relevant functions
specifically related to phenylalanine or tryptophan (activity, in-
hibition, activation, etc.). To gain more insight into the possible
function of these predicted FDII sites, we mapped residues with
high posterior probability (Qk) values in the modeled AAAHs
structures (Fig. 2).

By combining phylogenetic evidence with the FDI and FDII
analyses, we hypothesized that even after a long-term evolution
process, prokaryotic AAAH and eukaryotic PAH still share some
conserved amino acids that determine their substrate prefer-
ence. Furthermore, the low divergence between animal PAH and
TPH (and high sequence similarity) indicate that the substrate
preference may involve only a small number of residues. Based
on this hypothesis we selected six residues and did site-directed
mutagenesis of the protein.

Before exploring the substrate-determining amino acids,
we generated protein structure models of the AAAHs of 10
bacteria: Chromobacterium violaceum, Pseudomonas aeruginosa,
Xanthomonas campestris, Streptomyces kanamyceticus, Echinicola
vietnamensis, Pseudoalteromonas atlantica, Pseudomonas putida,
Mesorhizobium plurifarium, Archangium violaceum and Cupri-
avidus taiwanensis. Some of the crystal structures of these pro-
teins have been already determined [26, 27], and we use these,
as well as others eukaryotic AAAHs for verification and com-

Table 2. Functional divergence between eukaryotic TPH/PAH and
prokaryotic paralogous proteins

Group 1 Group 2 Type-I Type-II

θI
a) Qk>0.9b) θII

a) Qk>0.9b)

AAAH PAH 0.664 ±
0.090

37 0.374 ±
0.160

66

AAAH TPH 0.747 ±
0.094

34 0.445 ±
0.161

78

TPH PAH 0.201 ±
0.060

0 0.059 ±
0.095

15

a)θI and θII, correspond to the functional divergence Type-I and Type-
II coefficient, respectively. Coefficients were estimated using DIVERGE
v3.0 [17].
b)Qk, posterior probability.

parison purposes. We performed phenylalanine and tryptophan
docking analyses using the generated structures. AAAH from
C. taiwanensis (CtAAAH) performed better during the in silico
tryptophan docking analysis, hence we decided to use this en-
zyme as a prototype for our further work. Moreover, when we
used this model and created variants with homologous sites that
have been reported to increase the tryptophan affinity for bac-
terial AAAHs, the docking results showed higher affinity toward
tryptophan than the other structures. Relative binding energies
of CtAAAH for phenylalanine and tryptophan are present in
Table 3.

3.2 Protein engineering for the modification
of substrate preference

The design of synthetic metabolic pathways often requires dif-
ferent roles of the wild-type proteins we would like to use. The
CtAAAH enzyme has high similarity with other hydroxylase re-
ported to have phenylalanine preference. We aimed to alter its
substrate specificity and create a new catalyst with characteristics
that fulfill our needs.

The aaah gene from C. taiwanensis was cloned into the
low copy plasmid pACYCDuet under control of an isopropyl
ß-D-1-tiogalactopyranoside (IPTG)-inducible T7 promoter.
The resulting expression construction, pCtAAAH, was trans-
formed in strain BL21(DE3)�tnaA. Because tryptophanase en-
coded by tnaA has been reported to catalyze the degradation
of tryptophan and 5HTP to pyruvate, ammonia, and indole or
hydroxy-indole, respectively [4, 28], we knocked out this gene
from E. coli strain BL21(DE3).

The selectivity and activity of the selected model was evalu-
ated using E. coli strains expressing CtAAAH wild-type. The in
vivo specific activity assay results showed that the enzyme has a
strong preference toward phenylalanine (86.8 ± 4.3 μM · h−1

· OD600
−1) when compared with tryptophan (10.5 ± 0.4 μM

· h−1 · OD600
−1). However, when the tryptophan activity was

compared with other bacterial wild-type AAAHs reported in the
literature, CtAAAH showed around three-fold higher activity
toward tryptophan (X. campestris = 2.91 ± 0.21 μM · h−1 ·
OD600

−1) [5]. These confirm the prediction of our initial com-
putational screening.

The FDII analysis showed 15 residues with high Qk: large Qk
values indicate high evolutionary rates or physiochemical dif-
ferences between homologous amino acids of two clades. These
sites were tracked within the alignments and the corresponding
position of the C. taiwanensis sequence was compared with the
sequence from the enzymes that have either phenylalanine or
tryptophan preference. Six out of this 15 sites were selected be-
cause the C. taiwanensis amino acids were similar (belong to the
same chemical group) to the sequences of the PAH cluster, and
at the same time different from the TPH group (L113Y, W192F,
Y222H, S223C, P229A, Y244C). Three amino acids L113, W192
and Y244 seem to be involved in the substrate and ligand sta-
bilization and predicted mutations would be favorable for the
tryptophan hydroxylation due to binding interactions and vol-
ume effect [29] (Fig. 2).

In the modeled CtAAAH·BH4·Trp complex, the pterin ring
of BH4 π-stacks with P119, the L113 residue is also involved
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Figure 1. Protein tree and alignment for the AAAH superfamily: unrooted protein distance tree and alignment for 30 aromatic amino acid
hydroxylases with phenylalanine (AAAH and PAH) or tryptophan (TPH1 and TPH2) affinity. Amino acids in the alignment are mainly present
in the active pocket, amino acids colored in orange indicate conserve residues, amino acids highlighted with blue and light blue are strongly
related to the substrate preference. A consensus graph is present below the alignment.

in the binding since it is located within 3.5 Å from the
cofactor. The mutation L113Y adds an extra π-π stacking in-
teraction (3.2 Å), so that the enzyme-cofactor complex could
be stabilized and orientated. Homologous mutations Y235L of
human TPH decreased the Km of BH4 [30], which in turn af-
fected the apparent affinity for tryptophan. Similar results were
reported by Kino et al. 2009 [11] using DMPH4 as an analog
cofactor. In our model tryptophan is docked in the structure
and stabilized by ionic interaction with S215 and R135, and
through π stacking interactions with H150, F197 and W192.
TPHs present a phenylalanine in the W192 homologous site,
in our W192F-model this position seems to be involved in the

binding of the indole ring of the L-tryptophan. Also, volume-
effect may play an important role in the stabilization of the
substrate, since the distance between the residue and the sub-
strate (or an analog) is between 3.8 to 4.1 Å in different re-
ported structures. In our case, when the wild-type is docked
with tryptophan the distance to the W192 residue is 3.6 Å, and
it increases to 4.0 Å in the case of the W192F variant. Residue
Y244 stabilizes the position W192 through a π- π interaction, a
modification in this position could give more flexibility to the
W192 residue, thus increasing the tryptophan preference due to a
volume-effect as mentioned before. The residues Y222, S223 and
P229 are out from the binding pocket, predicted mutations could

Figure 2. Prediction of substrate-determining residues based on functional divergence type-II analysis of tryptophan and phenylalanine
hydroxylase, and their position in Cupriavidus taiwanensis modeled structure: (A) posterior probability (Qk) of the homologous sites, a
threshold line of Qk = 0.9 is indicated in the graph; (B) predicted amino acids (blue) are mapped in the structure, phenylalanine (magenta)
is present at the active site, as well as the cofactor, 2-His-1-caboxylate facial triad and the iron molecule (orange).
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Table 3. In silico relative docking binding energy and in vivo activity of Cupriavidus taiwanensis AAAH (wild-type and mutants) using
phenylalanine or tryptophan as substrate

AAAH in silico RBEa) Preference (Phe/Trp) in vivo activityb) Preference (Phe/Trp)

Phe Trp Phe → Tyr Trp → 5HTP

CtAAAH (wt) 1.00 1.00 1.00 86.8 ± 5.7 10.5 ± 0.4 8.3
wt L113Y 0.83 0.84 0.99 73.8 ± 2.3 24.1 ± 0.9 3.1
wt W192F 0.75 0.86 0.87 79.1 ± 3.7 57.8 ± 1.2 1.4
wt Y222H 0.78 0.82 0.95 41.9 ± 2.9 25.0 ± 0.8 1.6
wt S223C 0.90 0.80 1.12 63.7 ± 3.1 21.6 ± 0.9 2.9
wt P229A 0.81 0.90 0.90 59.5 ± 3.5 35.4 ± 1.0 1.7
wt Y244C 0.81 0.84 0.96 48.8 ± 2.7 33.5 ± 1.2 1.5

a)RBE, relative binding energy estimated using AutoDock Vina v1.1.2 [20].
b)Activity estimated as μM · h−1 · OD600

−1. All data are reported as the mean ± standard error of the mean (SEM) from three independent experiments.

play a role in the interaction or stabilization of the flexible loop
(242-251).

To investigate the performance of the predicted substrate-
determining residues, enzyme assays were done using generated
mutants. As a result, the W192F mutant exhibited a 5.5-fold
increase in tryptophan hydroxylation activity when compared
with the wild type, meanwhile the activity toward phenylalanine
decreased by �10%. The substrate preference for phenylalanine
over tryptophan was shifted from 8.2 to 1.3. The other mu-
tations, in general, presented a similar pattern: phenylalanine
activity decreased, meanwhile the tryptophan activity increased.
It is worth noting that although we did not observe a strong
correlation between the in silico and in vivo Phe/Trp preference
(R2 = 0.61), we did observe correspondence among the high
and the low performers in terms of substrate selectivity: mu-
tants W192F and P229A were predicted to have more preference
toward tryptophan, meanwhile L113Y and S223C showed low
Phe/Trp ratio (Table 3).

Advances have been made to predict mathematically favorable
mutations for the creation of enzymes with wanted character-
istics based on limited experimental data. This approach would
facilitate protein engineering greatly, especially in the absence of
high-throughput screening methods. The example developed in
this paper has great potential for the tailoring of enzymes with
desired substrate specificity for synthetic biology and metabolic

engineering. Nevertheless, final scope of this method should be
prudently addressed, since we are aware that this is a specific
example, and future experiments could bring different insights.

3.3 Pathway engineering for the production of 5HTP

If one aims to expand the tryptophan metabolism to produce
5HTP in E. coli, three important components are needed: the hy-
droxylase enzyme, a pterin cofactor, and a cofactor regeneration
systems since E. coli lacks it. One of the issues of the expression
of AAAHs in bacteria is the availability of the cofactor. The most
common cofactor reported to participate in the hydroxylation
of aromatic amino acids is tetrahydrobiopterin (BH4). While a
few bacterial taxa, such as Cyanobacteria and Chlorobia, produce
BH4, most of the prokaryotes cannot synthesize this cofactor.
As aaah genes are present in different groups of bacteria, they
must use a different cofactor available in prokaryotes. Pribat
et al. [31] reported that tetrahydromonapterin (MH4), which
is naturally produced in E. coli, is the cofactor of Pseudomonas
AAAH and can also be used in eukaryotic tyrosine hydroxylase as
well. Therefore, we explored the possibility that CtAAAH could
use endogenous MH4 as a cofactor.

When compared E. coli BL21(DE3)�tnaA cultures har-
boring pCtAAAH, wild-type and W192F, the latter showed

Figure 3. Synthetic pathway for
the hydroxylation of trypto-
phan to 5-hydroxytryptophan.
CtAAAH hydroxylates trypto-
phan in the presence of oxy-
gen and tetrahydromonapterin.
In this reaction the cofac-
tor is oxidated. Afterward,
the pterin-4a-carbinolamine de-
hydratase (PCD) dehydrates
MH-4a-carbinolamine, and dihy-
dropteridine reductase (DHPR)
reduces back the pterin cofactor.
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Figure 4. Modification of CtAAAH via protein engineering: (A) in vivo activity of wild-type (wt) CtAAAH and its mutants, dark gray and blue
bars indicates the activities toward phenylalanine and tryptophan, respectively. (B) Cell growth (dark gray) and 5HTP production (blue)
during fermentation by fed-batch using shaken flasks. BL21(DE3)�tnaA (squares), BL21(DE3) pCtAAAH-W192F (diamonds), BL21(DE3)
cofactor (triangles), BL21(DE3) cofactor pCtAAAH-W192F (circles). Bars present in the graphs correspond to the standards errors means
(SEM) from three independent experiments.

a stagnation during cell growth and low 5HTP production
(0.21 mM), whereas the wild-type reached a maximum growth of
OD600 = 7.6 (comparable to the control) and no 5HTP was
detected. A similar effect has been observed in previous stud-
ies [5]. This result could be explained because the enzyme might
have been using MH4 as a cofactor and there is no recycling
system in E. coli. To establish an artificial MH4 regeneration
pathway we transformed plasmid pBbE1k-2, which encodes for
human pterin-4a-carbinolamine dehydratase (PCD) and dihy-
dropteridine reductase (DHPR). PCD and DHPR participate in
a well-known BH4 recycling system in animals [32]. After the
tryptophan hydroxylation, the pterin cofactor is converted into
pterin-4a-carbinoalamine, and PCD catalyzes its dehydration
and produces dihydropteridine. The cycle is closed when DHPR
reduces and reactivates the pterin (Fig. 3) [33].

There were no differences in the growth of BL21(DE3)�tnaA
when these cells were carrying the cofactor regeneration system;
and as expected, when pCtAAAH-W192F was cotransformed
with pBbE1k-2, cell viability dramatically improved, compara-
ble with the values of the strains without the CtAAAH-W192F.
These cells grew in media supplied with 5 mM tryptophan, they
produced up to 2.5 mM 5HTP in a 24 hs cultivation period
(Fig. 4), three times more than previously reported by Lin et al.
2014 [5]. This result shows that the strain expressing the en-
gineered CtAAAH-W192F and the MH4 regeneration pathway
genes successfully produces 5HTP.

4 Concluding remarks

The dramatic increase in healthcare cost has become a significant
burden to the world. The biosynthesis of chiral drugs interme-
diates with environmentally friendly approaches help provide
more affordable pharmaceuticals.

Here, we have expanded the natural metabolic capability of
E. coli to produce the non-canonical amino acid 5HTP using
protein engineering added with a computational screening ap-
proach of a selection of a wild-type enzyme and the prediction of
key mutations. Initially, we generated 10 structures and selected
CtAAAH as the prototype enzyme to work in the laboratory. Us-
ing sequence comparison, phylogenetic and functional diverge

analyses we successfully identified relevant residues for pheny-
lalanine/tryptophan substrate preference. All these sites were
shown to increase the tryptophan preference of the enzyme at
the expense of phenylalanine. We succeeded in introducing an
artificial pathway for the L-tryptophan oxidation into E. coli us-
ing the best generated mutant CtAAAH-W192F, the endogenous
MH4 cofactor, and the human proteins PDC and DHPR for the
cofactor regeneration pathway.

This engineered strain is capable of producing 5HTP, and
when combined with a tryptophan overproducing strain, a sim-
ple sugar could be used as a carbon source for the production,
which will make the microbial system more economically attrac-
tive.

Practical applications

The selection of native enzymes is keynote before pro-
tein and metabolic engineering. In this work, we present a
practical approach for the prediction of suitable enzymes
based sequence and structure analysis. We identify key
residues involved in the protein-ligand interactions and
based on these we selected a fit enzyme as starting mate-
rial for protein engineering. The paper details the elonga-
tion of the tryptophan pathway for the biosynthesis of 5-
hydroxytryptophan (5HTP) via the incorporation of a mod-
ified AAAH and a cofactor regeneration system. These re-
sults can help to reduce production costs 5HTP, which
is used by the pharmaceutical industry and serves as a
chemical platform to produce other derivatives. Based on
computational analyses, we also identified novel sites in-
volved in the AAAH’s phenylalanine/tryptophan selectivity.
A further combination of these mutations could increase
the selectivity and/or activity toward tryptophan.
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