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a-Hydroxylation of Carboxylic Acids Catalyzed by Taurine

Dioxygenase

Dennis Wetzl, Jennifer Bolsinger, Bettina M. Nestl, and Bernhard Hauer*®

Enzymes still have a limited application scope in synthetic or-
ganic chemistry. To expand this, different strategies exist that
range from the de novo design of enzymes to the exploitation
of the catalytic capabilities of known enzymes by converting
different substrates; denoted as substrate promiscuity. We har-
nessed the synthetic potential offered by the taurine dioxyge-
nase (TauD) from Escherichia coli (E. coli) by studying its promis-
cuous catalytic properties in the hydroxylation of carboxylic
acid substrates. TauD showed high selectivities in the hydroxyl-

Introduction

The taurine dioxygenase (TauD) from Escherichia coli (E. coli) be-
longs to the class of a-ketoglutarate (a-KG)-dependent en-
zymes that are known to catalyze a plethora of reactions.
Members of this family are involved in DNA repair mecha-
nisms, modifications of amino acids, and the degradation of
xenobiotics.!" TauD is part of the sulfur-starvation response of
E. coli and, therefore, part of the tauABCD gene cluster that is
involved in the utilization of aliphatic sulfur compounds such
as the natural substrate of TauD, taurine (1).>3 The mobiliza-
tion of the sulfonate from the organic compound is performed
by an intermediate hydroxylation reaction of the substrate,
which leads to an unstable a-hydroxy sulfonate compound
(Figure 1) that decomposes spontaneously. This decomposition
liberates the sulfite as the sulfur source. Eichhorn et al. have
shown that the substrate scope of TauD extends from the nat-
ural substrate 1 to longer-chained and sterically more demand-
ing sulfonic acid substrates that include N-morpholine pro-
panesulfonic acid (24)."" Furthermore, TauD has been described
to accept aliphatic analogues of 1, which include butanesul-
fonic acid (25). The crystal-structure solution and different
mechanistic investigations have helped to clarify the reaction
mechanism of this hydroxylation reaction.®™ Important resi-
dues for substrate anchoring and positioning in the active site
were also identified and include the residues H70, F159, F206,
and R270.57%" These studies have also revealed that the hy-
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ation reaction but reduced levels of activity (26% conversion,
>96% ee). We enhanced the enzyme substrate scope and im-
proved the conversions for the tested substrates by introduc-
ing a point mutation at position 206 (F206Y). The conversions
of the improved catalyst increased by at least 140% compared
to that of the wild-type enzyme. The number of carboxylic
acids that accepted by the enzyme variant doubled from four
to eight carboxylic acids.

droxylation of TauD is performed by an intermediate iron(lV)
oxo species similar to that known for heme-type oxygenases.””

We speculated that the oxidative potential of TauD could
also be used for the a-hydroxylation of carboxylic acids by the
insertion of oxygen into a C—H bond adjacent to a carboxylic
acid functional group. This type of reaction has already been
reported for long-chain fatty acids using cytochrome P450
monooxygenases and enzymes involved in the fatty acid me-
tabolism of different plants.">"® However, these enzymatic
routes are restricted in their application scope to longer-
chained fatty acid or arylic carboxylic acid substrates.>'® Clas-
sical synthetic routes to enantiomerically enriched a-hydroxy
carboxylic acids involve the diazotation of a-amino acids, the
stereoselective reduction of a-keto acids, the addition of ni-
triles to aldehydes with the concomitant hydrolysis of the ni-
trile, or the deracemization of racemic a-hydroxy acids."”*? Re-
cently, Kroutil and co-workers established an one-pot bienzy-
matic approach for the production of enantioenriched a-hy-
droxy carboxylic acids with aliphatic or arylic side chains.'®
Furthermore, the groups of Schofield and Zaparucha have de-
scribed the hydroxylations of amino-substituted carboxylic acid
substrates by using related dioxygenases. Schofield and co-
workers demonstrated that the a-KG-dependent y-butyrobe-
taine hydroxylase (BBOX) could be applied in the desymmetri-
zation of achiral N,N'-dialkyl piperidine-4-carboxylates to the
corresponding hydroxylation products to show the versatility
of these enzymes to introduce chiral centers.”? The group of
Zaparucha also discovered alternative members of this enzyme
family with altered regioselectivities in a genome-mining ap-
proach.”” These current findings in combination with our work
indicate the not yet fully explored potential of this class of en-
zymes as catalysts for synthetic tasks.>?¥

We studied the TauD-catalyzed enantioselective a-hydroxyl-
ation of short-to-medium-chain-length ®-amino carboxylic
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Figure 1. Substrates and expected products of the TauD-catalyzed a-hydrox-
ylation reaction.

acids. These 2-hydroxy-w-amino carboxylic acids are highly val-
uable products for different glycoside antibiotics, which in-
clude amikacin or arbekacin, and antibiotic peptides such as
edeines.” We created mutants to elucidate the binding
mode of the new substrates and to improve the catalytic prop-
erties of this promiscuous hydroxylation reaction.

Results and Discussion
Reactivity of TauD from E. coli

Many studies were performed to determine the kinetics and
the mechanism of the TauD from E. coli with its natural sub-
strate 1 and analogues thereof.®*'” However, to date, the cat-
alytic potential of TauD for the introduction of hydroxy func-
tionalities to chemically more distinct but structurally related
carboxylic acid substrates has not been exploited. As the TauD
is closely related to the 2,4-dichlorophenoxyacetic acid dioxy-
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genase (TfdA) from Ralstonia eutropha that catalyzes the hy-
droxylation of the carboxylic acid substrate 2,4-dichlorophe-
noxyacetic acid, we assumed that TauD could catalyze the a-
hydroxylation of carboxylic acid substrates such as f-alanine
(4; Scheme 1 and Figure 1).5%®

TauD

Sd spontaneous
- —_—
HaN /\1/ s o-KG

= HN HSO;
decomposition 2 m

Hs"\‘l/\(SO;;
2 OH

(0]

Q _tap ~ A
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Scheme 1. a-Hydroxylations of 1 and 4.

Thus, we performed an initial activity test with TauD and
1 as well as the carboxylic acid substrate 4. We used the assay
developed by Eichhorn et al™ to determine a specific activity
of (147+0.04) Umg™' for 1 for our enzyme preparation,
which is similar to the activity reported in literature.”” We were
pleased to find that TauD converts 4 to p-isoserine (5) selec-
tively with an overall conversion of (22.6+0.7)% (>96% ee,
Table 1). Encouraged by these preliminary findings, we ana-

Table 1. Conversions and selectivities of non-natural substrates 4-22
with wild-type (WT) TauD and mutant F206Y. The ee values are given for
the b enantiomer.

Substrate® Conversion [%] Enantiomeric excess [%]
WT F206Y WT F206Y

4 226+0.7 542+3.8 > 961 > 969
6 8.1+13 37.7+£49 1041 > 96
8 12.140.2 53.5+1.1 > 961 > 969
10 <3 28.1428 nd. > 969
12 - 52406 - nd.
14 - 41403 - nd.
16 - 3.6+0.2 - nd.
18 - - - -

2004 - 71409 - > 96!

[a] The other enantiomer was not detected. [b] Conversion determined
by substrate consumption. No reference material was available for prod-
uct quantification. The stereochemistry of the product could not be con-
firmed. Enantiomeric excesses were calculated from the consumption of
the substrate enantiomers as only one enantiomer was consumed in the
course of the reaction. n.d.: not determined. [c] The proposed position
for hydroxylation of substrate 20 is derived from the position of hydroxyl-
ation of substrates 4-18.

lyzed TauD systematically for the conversion of further sub-
strates similar to 4. We tested a set of substrates (Figure 1)
that included longer-chained homologues of 4 such as 4-ami-
nobutyric acid (6) and 5-aminovaleric acid (8). In addition, we
tested valeric acid (12) and homologues thereof as well as o-
methyl-B-alanine (20). These analogues of 4 lack the terminal
amino functionality or possess a substitution on the position
adjacent to the carboxylic group (Figure 1). The substrate
scope of wild-type TauD is distinctly limited to 4 and its higher
homologues that range from w-amino carboxylic acid sub-
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strates of chain lengths C;—C,. The results of this screening are
summarized in Table 1. We found that substrates with even-
numbered chain lengths showed significantly lower conver-
sions than the substrates with odd-numbered chain lengths.
Aliphatic carboxylic acids of chain lengths C,-C; (14-20) and
the substituted f3-alanine analogue a-methyl-3-alanine (22) did
not show any detectable conversion. Biotransformations were
further subjected to chiral analyses. The enzyme could convert
nearly all accepted substrates almost exclusively to the b enan-
tiomeric product. Compound 6 was the only substrate to yield
a hydroxylation product with a poor enantiomeric excess of
only 10% ee (Table 1).

Binding mode of -alanine to TauD

Previous work by Elkins and co-workers revealed that the resi-
dues that form the substrate binding motif are partially con-
served within a defined group of members of the a-KG-depen-
dent dioxygenases.”) An arginine at position 270 (R270) found
within different members of this family is considered to be an
ion-pairing residue to the natural substrate. However, the histi-
dine at position 70 (H70) of TauD is only found in family mem-
bers that metabolize sulfonate or sulfate substrates and is,
thus, supposed to be involved in the discrimination of tetrahe-
dral substrates against planar ones through hydrogen
bridges.®™

To study the role of these amino acids in the conversion of
the planar carboxylic acid analogue 4, we replaced R270 and
H70 with alanine or serine amino acid residues. We created
single-point mutants H70A, H70S, R270A, and R270S and the
corresponding double mutants H70A_R270A, H70A_R270S,
H70S_R270A, and H70S_R270S. We hypothesized that these
substitutions would impair hydrogen bond formation to 4.
Based on results from previous work, we expected the mutants
with substitutions at position R270 to show a significantly re-
duced activity towards 4. In contrast, the mutations at posi-
tion H70 were expected to have minor effects on the activity.
As expected, mutants R270A and R270S and the double mu-
tants showed no detectable conversion of 4 to 5. This is most
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probably because of the loss of the ion-pairing ability of the
substrate binding pocket of TauD towards the tested substrate.
The mutation H70A also showed almost no conversion of 4
(conversion 1.9+£0.2%), whereas the H70S mutant displayed
a dramatically decreased formation of product 5 of (4.8+
1.7)%

Optimization of the substrate binding site for non-natural
substrates

To improve the activity of TauD towards new non-natural sub-
strates, we first aimed to gain a deeper understanding of the
binding mode of these planar carboxylic acid substrates. We
expected them to be similar to those of the natural sulfonate
substrates. Having shown that the model substrate 4 utilizes
the same anchoring mechanism in the active site as the natu-
ral substrate 1, we modeled the docking of 4 to TauD (PDB ID:
10S7) by using Rosetta Design.

Residues that surround the catalytic side chains and transi-
tion state were repacked and redesigned to optimize steric,
Coulombic, and hydrogen-bonding interactions with the transi-
tion state and associated catalytic residues by using Rosetta
Design as described previously.”>*” We intended to analyze
amino acids at the substrate binding site that hinder the bind-
ing of new substrates and to target amino acids that could
possibly be mutated to introduce additional interactions to im-
prove the binding of 4.3 The docking of the model sub-
strate 4 indicated a positioning of the new substrate at the
same substrate binding site as for the natural substrate
1 (Figure 2). The docking also revealed that the carboxylic acid
substrate seems to have a distinct orientation that exposes
one hydrogen atom, namely, the pro-p-hydrogen atom, almost
exclusively towards the reactive Fe center. These results resem-
ble the enantiomeric excess values found experimentally for
the products of the tested conversion for the new substrates
as shown in Table 1.

Furthermore, the docking study indicated that residues F159
and F206 in the active site of TauD play a key role in the sub-
strate orientation and positioning to bring the substrate in

Figure 2. Docking of 4 (blue sticks) into the wild-type TauD (on the left) and the mutant F206Y (on the right). The active site Fe is shown as an orange
sphere, and the active site residues F159 and F206/Y206 are depicted as green sticks. Acid-coordinating residues H70 and R270 are shown as orange sticks.
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close proximity to the reactive Fe center as already demon-
strated for the natural substrate 1."” McKusker and Klinman
showed that the amino acid F159 is involved in the coupling
of the oxygen activation and hydroxylation of 1."” The authors
demonstrated that the exchange of F159 with a smaller amino
acid led to a significant uncoupling of the oxygen activation
and the actual hydroxylation of 1 as well as the release of sul-
fite. The exact role of F206 is not known yet. Based on our
docking results with 4 using wild-type TauD, we assumed that
the exchange of F206 by a tyrosine will affect substrate bind-
ing through the introduction of an additional hydrogen bond.
We anticipated an increase of the enzyme affinity and the ac-
tivity towards this new substrate as binding of the substrate
constitutes a bottleneck for hydroxylation. We replaced both
residues F159 and F206 against leucine as well as tyrosine.
Both leucine variants showed no detectable conversion of 4,
which may be because of the unproductive binding of this
substrate in the active site.®¥ In the case of the two tyrosine
variants, the mutant F159Y showed a dramatically reduced ac-
tivity with conversions that decreased to 3.9%, whereas the
mutant F206Y displayed an increased conversion of 4 of
~140% compared to that of the wild-type. Encouraged by
these findings, we re-assayed the initial substrate set
(Figure 2). Additionally, we performed a second docking study
with 4 using TauD variant F206Y (Figure 2, right). All results for
the tested conversions of the improved TauD variant F206Y are
summarized in Table 1. The docking study showed that the hy-
droxyl group of the new Y206 residue lies within a distance of
1.8 A to the carboxylic acid functionality, which is in the typical
range of a hydrogen bridging interaction. The TauD mutant
F206Y displayed a twofold decreased activity towards 1. Specif-
ic activities of (0.7140.04) Umg™' for the TauD F206Y mutant
and (1.47 £0.04) Umg™" for the wild-type were determined (lit-
erature data from 1.64 to 14.04+1.5 Umg ").*™ This indicates
that the introduction of the F206Y mutation enhanced the ac-
tivity towards new substrates and induced selectivity, which
started to switch the overall substrate preference of the
enzyme from 1 to the new substrate 4.

We demonstrated that our improved TauD variant F206Y in-
creased the conversion of the model substrate 4 and improved
the activity towards all of our substrates tested.

The increase in the conversion ranged from 140% for 4 to
up to >800% for 10 relative to that of the wild type. The
F206Y variant also displayed improved stereoselectivities for
substrates that had formerly showed not very pronounced
enantiomeric excesses in biotransformations with wild-type
enzyme. Remarkably, mutant F206Y not only displayed im-
proved catalytic properties towards the substrates already con-
verted by the wild-type enzyme but also displayed a wider
substrate scope as it accepted homologues of the model sub-
strate 4 as well as aliphatic carboxylic acids that were not ac-
cepted by TauD wild-type. Conversions of the aliphatic carbox-
ylic acid substrates 12, 14, and 16 were between (5.2+0.6)
and (3.6+0.2)%. In the second screening, we tested further
analogues of 4, namely, 3-hydroxypropionic acid and 3-amino-
propionic amide in which the amine functionality was replaced
by a hydroxyl group and the acid by an amide, respectively.

ChemCatChem 2016, 8, 13611366 www.chemcatchem.org

1364

CHEMCATCHEM
Full Papers

Surprisingly, no conversion of these analogues of 4 under the
tested conditions could be detected (data not shown).

The reason for the discrimination of substrates with odd-
numbered chain lengths versus those with even-numbered
chain lengths still remains unclear. Additionally, the enzyme se-
lectivity for substrates that possess an amino substituent distal
to the carboxylic acid is not yet fully understood. We assume
that the protonated amine group facilitates the binding of the
substrates in the active site, whereas substrates that lack this
feature are, therefore, disfavored. This hypothesis is underlined
by significant differences in the Michaelis constants (K, de-
fined experimentally between aliphatic and amino-substituted
sulfonic acid substrates. The K}, values of the amino-substitut-
ed substrates are one order of magnitude lower than those of
the aliphatic substrates.” However, further experiments are
needed to clarify the exact role of substrate substituents on
their acceptance. The fact that the enzyme does not accept
substrates that bear an amide instead of a carboxylic acid can
be explained by the acid-coordinating residues H70 and R270
in the active site of TauD. This might lead to a repulsion of the
amide group and, therefore, a nonproductive positioning in
the active site.

Conclusions

We studied the promiscuous activity of taurine dioxygenase
(TauD) from Escherichia coli in the hydroxylation of w-amino
carboxylic acids. We demonstrated that the native reaction
mechanism of the enzyme can be used for the direct a-hy-
droxylation of -alanine (4) and its higher homologues. We fur-
ther improved the catalytic activity of TauD by the introduction
of rational mutations in the active site. The TauD variant F206Y
showed improved catalytic activities as well as a broadened
substrate scope.

Experimental Section

General remarks: All commercially available chemicals used in this
study were purchased from Sigma Aldrich or Alfa Aesar at the
highest purity level available and used without any further purifica-
tion. Restriction enzymes were purchased from Fermentas, and the
components used for culture media from Carl Roth company.

DNA modification and sequencing: Wild-type TauD was amplified
from genomic DNA from E. coli JM109 by a standard polymerase
chain reaction (PCR) technique using the following primers (restric-
tion sites are highlighted in bold) TauD_f: GGGATTTCCATATGAGT-
GAACGTCTGAGCATTACC with the Ndel restriction site and TauD_r:
CGGAATTCTTACCCCGCCCG ATAAAACGG with the EcoRl restriction
site. The resulting PCR fragment was purified by agarose gel elec-
trophoresis, double digested using the corresponding restriction
enzymes, and subsequently cloned into a digested pET22b(+)
vector system using T4 ligase (pITB_1022). The stop codon of the
TauD was removed using site-directed mutagenesis to result in
a C-terminally His-tagged TauD construct (pITB_988) that was used
throughout this study.

Site-directed mutagenesis: Mutants were created by using the
standard QuikChange® PCR technique. The following primers were
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used for the construction of the mutants mentioned in this work
with modified sequences highlighted in bold italic letters. The for-
ward primers are always given, and the reverse primers were con-
structed by inverting the sequence. The resulting plasmid con-
structs are given in brackets behind the primer sequence. TauD-
Hise: CCGTTTTATCGGGCGGGGAATTCGAGCTCCGTCGACAAG
(pITB 988); F159 L: GCGGAGCATGATTTCCGTAAATCGTTGCCGGAA-
TACAAATACCGCAAAAC (pITB_998); F159Y: GCGGAGCATGATTTCCG-
TAAATCGTACCCGGAATACAAATACCGCAAAAC  (pITB_997); F206L:
CAGGCGCTGTTTGTGAATGAAGGCTTGACTACGCGAATTGTTGATG
(pITB_1000);  F206Y:  CAGGCGCTGTTTGTGAATGAAGGCTACAC-
TACGCGAATTGTTGATG (pITB_999); H70 A: CCCAGCGTTTTGGC-
GAATTGCATATTGCGCCTGTTTACCCGCATGCC  (pITB_989);  H70S:
CCCAGCGTTTTGGCGAATTGCATATTTCCCCTGTTTACCCGCATGCC
(pITB_990); R270 A: GCCACAGCGACGGATAATGCATGCGGCGAC-
GATCCTTGGGG (pITB_991); R270S: GCCACAGCGACGGATAATG-
CATTCCGCGACGATCCTTGGGG (pITB_992).

Protein expression and purification: Expression and purification
of the Hiss,tagged wild-type TauD and the corresponding TauD
mutants were performed in E. coli BL21(DE3).Cells were grown at
37°C in LB-medium (low salt) until the ODg,, reached 0.4-0.6 and
isopropyl B-thiogalactoside (IPTG) was added to a final concentra-
tion of 0.5 mm. After induction, the cells were grown at 30°C for
another 5 h and harvested by centrifugation. Cells were resuspend-
ed in 50 mm BisTris buffer pH 7 (5 mL per g cell wet weight) and
disrupted by sonification (Branson sonifier W250, Danbury, USA).
The resulting solution was clarified by centrifugation to remove
cell debris. The supernatant was filtered through a 0.2 um syringe
filter. In the next step, the protein was purified by using an AKTA-
purifier system (GE Healthcare, Chalfont St. Giles, UK) through
a 5mL HiTrap Chelating HP column (GE Healthcare, Chalfont St.
Giles, UK). After the sample was applied, the column was washed
with two column volumes of binding buffer (20 mm phosphate
buffer pH 7, 150 mm NaCl, and 20 mm imidazole). In the second
step a linear gradient over eight column volumes was applied and
the buffer concentration was varied from 0 to 80% elution buffer
(20 mm phosphate buffer pH 7, 150 mm NaCl, and 500 mm imida-
zole) to elute the target protein. The protein preparation was
>90% pure as judged by using sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). After the elution of the pro-
tein, the concentration of the elution buffer was increased to
100% for two column volumes to wash the column. After purifica-
tion, the resulting enzyme preparation was dialyzed twice against
50 mm BisTris buffer pH 7 to remove salts from the purification
and then concentrated with VivaSpin concentrator columns until
the targeted protein concentration was reached. The protein con-
centration was determined by using a Pierce BCA protein kit
(Thermo Scientific) following the manufacturer’s instructions. The
activity of the enzyme preparations were determined as described
elsewhere.”

Biotransformations of alternative substrates: All biotransforma-
tions were performed in 1.5 mL Eppendorf tubes. For the biotrans-
formations, a reaction setup adapted from the standard reaction
setup reported by Eichhorn et al. for taurine was used.”’ The reac-
tion mixture contained the corresponding purified protein in
a final concentration of 1.2 mgmL™" and 10 mm BisTris buffer pH 7.
The target substrate and the cosubstrate o-ketoglutarate were
both added in a final concentration of 10 mm. Ascorbic acid was
added to the reaction mixture at a final concentration of 0.4 mm.
The reaction was started by adding iron(ll) sulfate to a final con-
centration of 0.1 mm. The iron solution was prepared freshly
before addition to prevent the iron from oxidation. Ascorbic acid
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solutions were prepared fresh weekly. All reagents besides the
iron(ll) solution were adjusted to pH 7 before use. The reaction
mixture was incubated at 30°C for 18 h by using an Eppendorf
ThermoMixer at a shaking speed of 850 rpm.

Synthesis of reference substances for HPLC analysis: Substrate
13 was not commercially available and was, therefore, synthesized
as a reference for analysis according to Ref.[35]. The purification
procedure of the product, however, was altered from that de-
scribed in the literature. After the reaction, the pH of the reaction
mixture was adjusted to 1 by adding concentrated hydrochloric
acid, and the mixture was extracted by adding a Dowex SCX
strong cation exchanger. The Dowex pearls were then collected by
filtration, and the bound products were eluted by adding aqueous
NH; (25%). The aqueous phase was evaporated to dryness, and
the resulting oil was re-dissolved in water. In the next step, the re-
sulting aqueous product mixture was separated by using HPLC
and a Reprosil Chiral AA column (250x4.6 mm; 8 um; Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany) and the method de-
scribed below for the analysis of amino carboxylic substrates.

Chiral HPLC analysis of ®w-amino carboxylic substrates: The anal-
ysis of 4 and its higher homologues was performed by using an
Agilent HPLC system (1200 series) equipped with an Agilent Infini-
ty 1260 evaporative light scattering detector (ELSD) and Reprosil
Chiral AA column (250%x4.6 mm; 8 um; Dr. Maisch GmbH, Ammer-
buch-Entringen, Germany). The mobile phase was an isocratic mix-
ture of methanol and water (50:50), the column temperature was
set to 30°C, and the flow was set to 0.8 mLmin". The retention
times of the reagents were proven by the injection of standard ref-
erences.

HPLC analysis of carboxylic substrates: The analysis of the ali-
phatic carboxylic acids such as acetic acid and its higher homo-
logues was performed by using an Agilent HPLC system (1200
series) equipped with an Agilent Infinity 1200 refractive index de-
tector (RID) and an Aminex HPX-87H column (7.8 x300 mm; 9 um;
BioRad, Hercules, CA). The mobile phase was 5 mm aqueous sulfu-
ric acid, the column temperature was set to 50°C, and the flow

was set to 0.5 mLmin™".
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