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L-threo-3,4-Dihydroxyphenylserine (L-DOPS, Droxidopa) is a psychoactive drug and synthetic amino acid
precursor that acts as a prodrug to the neurotransmitters. SadA, a dioxygenase from Burkholderia ambi-
faria AMMD, is an Fe(II)- and a-ketoglutarate (KG)-dependent enzyme that catalyzes N-substituted
branched-chain or aromatic L-amino acids. SadA is able to produce N-succinyl-L-threo-3,4-dimethoxyphe-
nylserine (NSDOPS), which is a precursor of L-DOPS, by catalyzing the hydroxylation of N-succinyl-3,4-
dimethoxyphenylalanine (NSDOPA). However, the catalytic activity of SadA toward NSDOPS is much
lower than that toward N-succinyl branched-chain L-amino acids. Here, we report an improved biocata-
lytic synthesis of NSDOPS with SadA. Structure-based protein engineering was applied to improve the a-
KG turnover activity for the synthesis of NSDOPS. The G79A, G79A/F261W or G79A/F261R mutant
showed a more than 6-fold increase in activity compared to that of the wild-type enzyme. The results
provide a new insight into the substrate specificity toward NSDOPA and will be useful for the rational
design of SadA mutants as a target of industrial biocatalysts.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

L-threo-3,4-Dihydroxyphenylserine (L-DOPS, Droxidopa) is a
psychoactive drug and synthetic amino acid precursor that acts
as a prodrug to the neurotransmitters norepinephrine and epi-
nephrine. L-DOPS has been used to treat orthostatic hypotension
in patients with pure autonomic failure, multiple system atrophy
and Parkinson’s disease [1–3]. Since commercial production of
L-DOPS by chemical synthesis suffers from complex multistep reac-
tions with protection and deprotection cycles and also increases
the environmental burden, the enzymatic approach with high
substrate specificity has been accepted as an alternative to the chem-
ical synthesis [4,5]. Although L-DOPS can be directly synthesized
using L-threonine aldolase, the products include two different
stereoisomers of L-DOPS, and thus the process requires an optical
resolution to obtain diastereospecifically pure L-DOPS [6–8].
Currently, it is difficult to enzymatically synthesize L-DOPS on a
commercial scale due to the extremely low yields, low stereoselec-
tivity and enzyme instability [5,9].

Dioxygenases are involved in the biological processes ranging
from antibiotic biosynthesis to oxygen sensing in humans
[10–12]. The enzymes catalyze a number of oxidation reactions.
In previous studies, we have reported an Fe(II)- and a-ketoglutar-
ate (KG)-dependent dioxygenase from Burkholderia ambifaria
AMMD (SadA, 30,664 Da) [13,14]. SadA enantioselectively cata-
lyzes the C3-hydroxylation of not only N-succinyl branched-chain
L-amino acids but also N-succinyl aromatic L-amino acids to pro-
duce the hydroxy amino acids. Furthermore, SadA catalyzes
hydroxylation of N-succinyl-L-3,4-dimethoxyphenylalanine (NSD-
OPA) to N-succinyl-L-threo-3,4-dimethoxyphenylserine (NSDOPS),
coupled with the conversion of a-ketoglutarate (a-KG) to succinate
as illustrated in Scheme 1. Although NSDOPS is useful as a precur-
sor of L-DOPS, the a-KG turnover activity of SadA toward NSDOPA
is much lower than that toward N-succinyl branched-chain
L-amino acids (Fig. 1). Here we applied structure-based modifica-
tion of SadA to increase its activity toward NSDOPA targeting as
an improved industrial catalyst.
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Scheme 1. Enzyme reaction scheme for the SadA-mediated hydroxylation of NSDOPA.

Fig. 1. Enzymatic activity of SadA. The a-KG turnover activity with the five
substrates of NSLeu, NSVal, NSIle, NSPhe and NSDOPA were determined. Error bars
are standard deviations (n = 3).
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2. Materials and methods

2.1. Protein expression and purification

The expression and purification of SadA were performed
according to previous reports [14,15]. In brief, Escherichia coli
Rosetta (DE3) cells (Novagen, Madison, WI) were transformed with
the pQE80 plasmid harboring SadA sequence (pQE80-SadA) and
were grown in lysogeny broth (LB) medium at 37 �C. Isopropyl
b-D-1-thiogalactopyranoside (IPTG) was added at a final concentra-
tion of 0.5 mM when the OD600 value reached 0.6, and the culture
was then further incubated at 25 �C overnight. After harvesting, the
cells were disrupted by sonication in the resuspending buffer
(20 mM Tris–HCl, pH 8.0, 10 mM imidazole, 0.5 M NaCl and
1 mM dithiothreitol) and the cell debris was removed by centrifu-
gation. SadA was trapped on Ni–NTA Superflow resin (Qiagen, Ven-
lo, Netherlands). After washing, the protein was eluted and the
solution containing SadA was concentrated to 10 mg ml�1 for the
activity assay. Site-directed mutagenesis was performed by PCR
with a QuikChange kit (Stratagene, La Jolla, CA) and pQE80-SadA
plasmid as a template. The primers used for the mutants are sum-
marized in Supplemental Tables S1–S3. The mutations were con-
firmed by DNA sequencing. SadA mutants were expressed and
purified using the method described above for wild-type SadA.

2.2. Activity assay

Five kinds of substrates—N-succinyl-L-leucine (NSLeu), N-succi-
nyl-L-valine (NSVal), N-succinyl-L-isoleucine (NSIle), N-succinyl-L-
phenylalanine (NSPhe) and NSDOPA—were synthesized as
described previously [13]. The reaction proceeded at 30 �C for 2 h
and the reaction mixture was composed of 10 mM substrate,
15 mM a-KG, 0.5 mM FeSO4�7H2O, 10 mM L-ascorbate, 50 mM
Tris–HCl buffer (pH 8.0), and 1 mg ml�1 purified SadA. The reaction
was terminated by the addition of 20 mM EDTA. The activity of
SadA was determined based on the production of succinate mea-
sured spectrometrically with a succinate test kit (R-Biopharm,
Darmstadt, Germany). Enzymatic activity was determined by mea-
suring the amount of succinate produced in the reaction mixture.

2.3. Ligand docking simulations

The initial model of SadA.Zn(II).a-KG.NSDOPA was constructed
using the Molecule Builder of the molecular operating environ-
ment (MOE; Chemical Computing Group, Montreal, Canada) based
on the model of binding between SadA.Zn(II).a-KG and NSPhe [15].
Fe(II) was replaced by Zn(II) in the model based on the crystal
structure reported previously [15]. For the binding model of the
G79A, G79A/F261W and G79A/F261R mutants, individual residues
identified by the MOE site finder search were substituted into the
initial model. The final models were obtained by molecular dynam-
ics (MD) simulations that were performed using MMFF94x with
the Nose–Poincare–Anderson (NPA) algorithm and the generalized
Born method. MD minimization was performed with a time step of
0.001 ps until the model energy was converged.

3. Results and discussion

3.1. Characterization of SadA activity

SadA showed similar levels of a-KG turnover activity, which is
an indicator of hydroxylation potential toward several kinds of
N-substituted branched-chain L-amino acids (NSLeu, NSVal and
NSIle), whereas it showed lower a-KG turnover activity toward
NSPhe (approximately 30% of the activity toward NSPhe) than
toward N-succinyl branched-chain L-amino acids (Fig. 1). In addi-
tion, SadA showed extremely low activity toward NSDOPA
(approximately 17% compared with the activity toward NSPhe).

3.2. Structure-based modification

We previously determined the crystal structure of the SadA.
Zn(II).a-KG complex [15]. The active-site residues coordinating
the zinc ion were located in a deep cavity of the double-stranded
beta-helix (DSBH) fold at the core of the structure and were con-
served in the Fe(II)- and a-KG-dependent dioxygenase family
[16–18]. Furthermore, Gly79 and Phe261 of SadA was reported to
play a pivotal role in the recognition of substrates NSLeu and
NSPhe. Based on the NSPhe-binding model [15], we constructed a
binding model of NSDOPA in the catalytic cavity of SadA.Zn(II).
a-KG (Fig. 2). The cavity is not large enough to accommodate NSD-
OPA, and the binding of NSDOPA would cause steric hindrance
with Gly79 and/or Phe261 (Fig. 2), which is consistent with the
low a-KG turnover activity toward NSDOPA (Fig. 1).

In order to relieve the steric interference, Phe261 and Gly79
were selected as the mutation sites. We performed site-directed
mutagenesis of Phe261 and screened the mutants that would



Fig. 2. Docking model of SadA.Zn(II).a-KG.NSDOPA and its F261A mutant complex. NSDOPA (purple) was docked into the SadA.Zn(II).a-KG structure. Zn(II) is shown as a deep
blue sphere and a-KG as yellow sticks. The predicted residues which bind substrate are shown as green sticks. The mutated residue F261A is shown as a cyan stick.
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potentially form a sufficiently large space in the active site to
accommodate the phenyl moiety of NSDOPA in round 1 (Fig. 2).
Among the mutants, the F261A mutant showed a 4.7-fold higher
activity compared with that of the wild-type enzyme (Fig. 3A).
The binding model of NSDOPA (Fig. 2) suggested that F261A could
Fig. 3. The relative a-KG turnover activity of SadA mutants toward NSDOPA. The
activities of wild-type SadA are represented as 100 and the error bars are standard
deviations (n = 3).
enlarge the binding pocket to decrease the steric hindrance with
the substrate. Furthermore, F261Q, F261H and F261R also showed
the similar improved activity with that of F261A mutant because of
the ionic or hydrogen bonding interactions between the nitroge-
nous or amide sidechains of histidine, arginine or glutamine and
the oxygen atoms of dimethoxy groups of NSDOPA. Round 2
focused on G79 as another candidate residue for improving the
activity toward NSDOPA. In our previous report [15], the G79A/V
mutation was shown to decrease the activities toward NSLeu and
NSPhe as compared with the wild type. However, G79A showed
a 6-fold increase in activity toward NSDOPA (Fig. 3B). Since the
Fig. 4. Docking model of SadA mutants with NSDOPA. Zn(II) is shown as a deep blue
sphere and a-KG as yellow sticks. Metal-binding residues are represented by white
sticks. The predicted residues which bind substrate are shown as green sticks. The
mutated residues of G79A, F261W and F261R are shown as cyan sticks.
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G79A mutation occupies a larger space in the catalytic cavity than
the wild-type enzyme, a favorable interaction may newly form
between the mutant and NSDOPA to elevate the activity. It is nota-
ble that the hydrophobic residues (G79A/V/P) were more prefera-
ble on this site than hydrophilic ones (G79S/T) although both
hydrophobic and hydrogen bond interactions could improve the
activity. On the basis of the two improved mutants, F261A and
G79A, we generated a combinatorial mutant of F261A/G79A in
round 3 to improve the a-KG turnover activity. The mutant showed
a 4-fold improved activity relative to the wild-type enzyme, which
was lower than the activity of either of the single mutants F261A
and G79A. In contrast, the other combinatorial mutants of G79A/
F261W and G79A/F261R showed a more than 6-fold increase in
activity in round 3 (Fig. 3C).

The docking models were built to elucidate the structural basis
for NSDOPA recognition of the G79A, G79A/F261W and G79A/
F261R mutants. The substrate-binding site was slightly different
from the position in SadA.Zn(II).a-KG.NSPhe which moved outside
of the entrance. This may attribute to the recognition and hydrox-
ylation of NSDOPA for SadA mutants in round 3. The binding model
of the G79A mutant showed that the methyl group of the Ala res-
idue might undergo CH3/p interaction [19] with the phenyl ring of
NSDOPA (Fig. 4A). On the other hand, the Trp residue of the G79A/
F261W mutant was considered to form a hydrogen bond with an
oxygen atom of one of the methoxyl groups of NSDOPA and CH3/
p interaction with another methoxyl group (Fig. 4B). This strength-
ened interaction may partly explain why G79A/F261A showed
lower activity than G79A/F261W. The Arg residue of the G79A/
F261R mutant may also strengthen the interaction by forming
hydrogen bonds with an oxygen atom of dimethoxy groups of
NSDOPA (Fig. 4C). These models indicate that the increased activ-
ities of the SadA mutants toward NSDOPA arise from the interac-
tion with the phenyl ring and/or dimethoxy group of NSDOPA.

4. Conclusions

Based on the crystal structure of SadA.Zn(II).a-KG, we con-
structed the model of SadA.Zn(II).a-KG.NSDOPA. The residues
related to substrate recognition around the active site were inves-
tigated to improve the a-KG activity of SadA toward NSDOPA. The
mutated SadA showed a more than 6-fold increase in activity
compared with the wild-type enzyme. In addition, our docking
model and biochemical studies provided molecular insights into
the substrate recognition of SadA. The results will also serve as a
model for the commercial-scale manufacture of pharmaceuticals
that target an industrial biocatalyst.
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