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Abstract w-Transaminases (w-TAs) are one of the most
popular candidate enzymes in the biosynthesis of chiral
amines. Determination of yet unidentified w-TAs is important
to broaden their potential for synthetic application. Taurine—
pyruvate TA (TPTA, EC 2.6.1.77) is an w-TA belonging to
class III of TAs. In this study, we cloned a novel thermostable
TPTA from Geobacillus thermodenitrificans (TPTAg4y,) and
overexpressed it in Escherichia coli. The enzyme showed
the highest activity at pH 9.0 and 65 °C, with remarkable
thermostability and tolerance toward organic solvents. Its
Ky and vy, values for taurine were 5.3 mM and
0.28 pumol s ' mg ", respectively. Determination of substrate
tolerance indicated its broad donor and acceptor ranges for
unnatural substrates. Notably, the enzyme showed relatively
good activity toward ketoses, suggesting its potential for cat-
alyzing the asymmetric synthesis of chiral amino alcohols.
The active site of TPTAy, was identified by performing pro-
tein sequence alignment, three-dimensional structure simula-
tion, and coenzyme pyridoxamine phosphate docking. The
protein sequence and structure of TPTA,q, were similar to
those of TAs belonging to the 3N5SM subfamily. Its active site
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was found to be its special large pocket and substrate tunnel.
In addition, TPTA,, showed a unique mechanism of
sulfonate/«-carboxylate recognition contributed by Argl63
and GIn160. We also determined the protein sequence finger-
print of TPTAs in the 3N5M subfamily, which involved
Argl63 and GIn160 and seven additional residues from 413
to 419 and lacked Phe/Tyr22, Phe85, and Arg409.

Keywords Taurine—pyruvate transaminase -
w-Transaminase - Biocatalysis - Thermostable transaminase -
Chiral amine

Introduction

Chiral amines are important intermediates and have been
widely used in pharmaceutical and fine chemical industries
(Breuer et al. 2004; Gotor-Fernandez and Gotor 2009; Hohn
and Bornscheuer 2009). Several biosynthetic methods, with
improved optical purity and yield, involving efficient
biocatalysts have been developed for performing amination
to replace asymmetric chemical synthesis and to reduce envi-
ronmental impact. These biosynthetic methods mainly in-
volve enzymes such as amine oxidases, ammonia lyases,
amine dehydrogenases, and transaminases (TAs) (Breuer
et al. 2004; Gotor-Fernandez and Gotor 2009; Hohn and
Bornscheuer 2009). TAs catalyze the introduction of amine
groups at carbonyl positions. Therefore, these enzymes are
preferred for both kinetic resolution and directed
stereoselective synthesis of chiral amines (Ward and
Wohlgemuth 2010).

TAs are key enzymes in the synthesis and metabolism of
amines in most cellular organisms. They use pyridoxal phos-
phate (PLP) as a cofactor and catalyze its covalent binding to
an amino group from a donor to form pyridoxamine
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phosphate (PMP). The amino group is then transferred to a
carbonyl group of an acceptor to complete the transformation
(Shin and Kim 2002). According to sequence- and structure-
based analyses, TAs are classified into the fold type I and type
IV PLP enzymes (Jansonius 1998). TAs in the former type are
further divided into five classes (Rausch et al. 2013). Of these,
w-transaminases (w-TAs), which belong to class III (Rausch
et al. 2013), are the most popular candidate enzymes in bio-
catalysis because of their synthetic capability to transfer amino
groups to isolated carbonyl moieties, thus increasing the range
of substrates and products for enzymatic transamination
(Koszelewski et al. 2010; Malik et al. 2012).

In the past decade, several studies have been performed on
the screening, characterization, crystal structure determina-
tion, directed evolution, and synthetic application of w-TAs.
Typical w-TAs such as those isolated from Vibrio fluvialis
(Shin et al. 2003), Paracoccus denitrificans (Park et al.
2010), Caulobacter crescentus (Hwang et al. 2008),
Chromobacterium violaceum (Kaulmann et al. 2007), Pseu-
domonas aeruginosa (Ingram et al. 2007), and Burkholderia
vietnamiensis (Jiang et al. 2014) have been successfully
cloned and used for the asymmetric synthesis of optically pure
aliphatic, aromatic, and arylaliphatic amines (Koszelewski
et al. 2010; Malik et al. 2012). Besides (S)-specific w-TAs,
(R)-specific w-TAs have also been identified, especially by
using in silico strategy or single point mutations (Hohne
et al. 2010; Iwasaki et al. 2003; Iwasaki et al. 2006; Mutti
et al. 2011; Svedendahl et al. 2010). This discovery has en-
abled the asymmetric synthesis of both (S)- and (R)-amines
(Iwasaki et al. 2003; Iwasaki et al. 2006; Schatzle et al. 2011).

Although TAs are promising biocatalysts in industry, some
properties of w-TAs limit their broader synthetic application.
One of the main disadvantages of w-TAs is the limited space
in their “large-small” active pockets (Park et al. 2012). Ketone
acceptors with bulky moieties are not accurately accepted by
wild-type w-TAs (Malik et al. 2012). In addition, TAs cata-
lyze reversible transamination, which results in an unfavor-
able reaction equilibrium. These problems can be partly over-
come by protein engineering to increase the size of the active
pocket (Savile et al. 2010) or by removing reaction by-
products to decrease product inhibition and to shift the overall
reaction equilibrium (Koszelewski et al. 2010). Determination
of yet unidentified w-TAs is a key topic because diversity of
native TA substrates indicates the presence of diverse
substrate-binding pockets that may show high affinity toward
various unnatural acceptors. Identification of such w-TAs is
expected to broaden their potential for synthetic application.

Phylogenetic tree analysis indicates that TAs belonging to
class III can be further divided into six clades, of which clade 6
includes most of the identified w-TAs (Rausch et al. 2013).
Taurine—pyruvate TA (TPTA, EC 2.6.1.77), which catalyzes
the transamination between taurine and pyruvate in many an-
imals (Fig. 1), is classified under clade 6a (Huxtable 1992).
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TPTAs are also extensively present in microorganisms that
use taurine as carbon, nitrogen, and sulfur sources (Cook
and Denger 2002). Although several TPTAs from Bilophila
wadsworthia (Laue and Cook 2000), Rhodopseudomonas
palustris (Novak et al. 2004), Rhodobacter sphaeroides
(Novak et al. 2004), Clostridium pasteurianum (Chien et al.
1997), Klebsiella oxytoca (von Rekowski et al. 2005),
Paracoccus denitrificans (Felux et al. 2013), Ruegeria
pomeroyi (Gorzynska et al. 2006), and other microorganisms
have been identified, their substrate specificities toward un-
natural donors and acceptors and their synthetic capabilities
are unknown. Therefore, we focused on the enzymatic prop-
erties of TPTAs and examined their potential for application in
chiral amine synthesis.

Thermostable enzymes normally maintain their cata-
lytic activity for long term and show better tolerance
toward organic co-solvents (Bruins et al. 2001). Use of
thermostable w-TAs at higher reaction temperatures can
help in the evaporation of ketone by-products arising
from consumed amine donors, thus preventing product
inhibition and shifting reaction equilibrium toward
amine synthesis. Therefore, we cloned a novel thermo-
stable TPTA from Geobacillus thermodenitrificans and
identified its enzymatic properties.

Materials and methods
Materials

G. thermodenitrificans (DSM No.: 465) was obtained from
Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSMZ, Germany). Fast HiFidelity
PCR Kit, pZeroBack/blunt vector, and Escherichia coli
competent cells were purchased from Tiangen Biotech-
nology (China). Restriction enzymes and ligase were
purchased from TaKaRa (China). Genome extraction
kit and PCR primers were obtained from Generay Bio-
tech (China). (S)-1-Methylbenzylamine, (R)-1-
methylbenzylamine, acetophenone, and pentanal were
obtained from Aladdin (China). Taurine, (R,S)-1-
methylbenzylamine, 2-phenylethylamine, glyoxylate, eth-
anol, butanal, propanal, hexanal, benzylacetone, 1-
indane, and acetoin were purchased from J&K (China).
Pyruvate, hydroxypyruvate, o-ketoglutarate, cyclohexa-
none, glycolaldehyde, D-glyceraldehyde, D-erythrose,
hydroxyacetone, 1,3-dihydroxyacetone, and L-erythrulose
were purchased from Sigma-Aldrich (China). (S)-1-
phenylpropylamine was obtained from Alfa Aesar (Chi-
na), and (S)-1-methyl-3-phenylpropylamine was pur-
chased from Acros (USA). L-Glyceraldehyde was syn-
thesized by Boyle Chemical (China).
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Cloning of TPTA, ¢, analyzed by performing HPLC with SinoChrom ODS-BP

G. thermodenitrificans was cultivated in a medium containing
5.0 g tryptone, 3.0 g meat extract, and 10 mg MnSO, in 1 1
water (pH=7.0) at 55 °C and by shaking at 250 rpm for 2 days.
Genomic DNA of G. thermodenitrificans was extracted using
the genome extraction kit (Generay Biotech, China). The gene
encoding TPTA,y, was amplified using the Fast HiFidelity
PCR Kit with primers TPTAf (5 -CATATG AAA ACT GAA
CAA GCC ATC AAT TAT GGC T-3 [forward]) and TPTAb
(5§ -CTCGAG TTT GAT TTG TGC TAA TGC CTC CG-3
[reverse]). Restriction sites for Ndel and Xhol were designed
at the 5 and 3 termini, respectively, of the gene encoding
TPTAyum. PCR products were ligated into the pZeroBack/
blunt vector for subcloning, and the vector was inserted into
pET21a(+) vector to obtain an expression plasmid pET21a-
TPTA,. The sequence of the gene encoding TPTAy, was
confirmed by performing DNA sequencing (Sunny Biotech,
China). Next, the pET21a-TPTA,y, plasmids were trans-
formed into E. coli BL21(DE)3 competent cells for overex-
pressing recombinant TPTA g¢,.

Recombinant E. coli cells were grown at 37 °C in 500-ml
LB medium containing 100 pg/ml ampicillin and were treated
with 0.1 mM isopropyl 3-D-thiogalactoside (IPTG) at 28 °C
for 12 h to induce the expression of recombinant TPTA 44, The
cells were harvested by centrifugation at 4000g for 20 min and
were resuspended in 20 mM potassium phosphate buffer (pH
8.0) supplemented with 50 mM NaCl and 20 uM PLP. The
cells were then treated with lysozyme and were ultrasonicated
to obtain a crude cell extract. Recombinant TPTAy, was pu-
rified by performing Ni-affinity chromatography (GE
Healthcare, USA). The buffer solution was replaced by
20 mM potassium phosphate buffer (pH 8.0) supplemented
with 20 uM PLP in ultrafiltration tubes (Merck, Germany),
and the samples were stored at —40 °C. Purity of the obtained
recombinant protein was determined by performing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Kinetic constants of TPTAy,

Kinetic constants of TPTA, toward taurine were determined
at 37 °C in a 1-ml reaction mixture containing 100 mM Tris
buffer (pH 9.0), 0.5-80 mM taurine, 10 mM pyruvate, and
20 uM PLP. The reaction was initiated by adding 0.1, 0.05,
or 0.025 mg/ml (final concentration) of the purified enzyme to
the reaction mixture. The reaction was stopped after 10 min by
adding 2 ml methanol. The amount of pyruvate consumed was

(Elite, China) and a mobile phase of MeOH/H,0 (20:80) con-
taining 0.03 % H3PO, (flow rate, 0.8 ml/min). UV detection
was performed at 210 nm. The reaction rate at each concen-
tration was calculated. The resultant data were applied in a
nonlinear fit to Michaelis—Menten equation by using Origin
8.0 software (OriginLab, USA) to obtain enzyme kinetics
values.

Determination of enzymatic properties

A general enzyme assay was performed at 37 °C in a 1-ml
reaction mixture containing 100 mM Tris buffer (pH 9.0),
10 mM (S)-methylbenzylamine ([S]-MBA), 10 mM pyruvate,
and 20 uM PLP. The reaction was initiated by adding
0.125 mg/ml (final concentration) of the purified enzyme to
the reaction mixture. The reaction was stopped after 10 min by
adding 2 ml methanol. Acetophenone produced was analyzed
by performing HPLC with Zorbax SB-C18 column (Agilent,
USA) and a mobile phase of MeOH/H,0 (50:50) containing
0.1 % trifluoroacetic acid (TFA) (flow rate, 1 ml/min). UV
detection was performed at 254 nm.

Optimal pH was determined by using100 mM potassium
phosphate buffer (pH 6.0-7.5), Tris-HCI bufter (pH 8.0-9.0),
and glycine-NaOH buffer (pH 9.5-10). TPTA,, activity was
measured at 60 °C. Optimal temperature was determined by
using 100 mM Tris buffer (pH 9.0) at temperatures ranging
from 30 to 70 °C. Thermostability of TPTA;, was determined
using potassium phosphate buffer (pH 8.0) containing 20 uM
PLP at 50, 60, and 70 °C for up to 8 h. The enzyme samples
were taken to determine enzyme activity at 50 °C. T}, value
was measured in a 25-ul reaction mixture containing 100 mM
sodium borate (pH 8.0), 150 mM NaCl, 20 uM PLP, 10 nug
enzyme, and 5 pul Sypro Orange (StepOnePlus Real-Time
PCR; Applied Biosystems, USA). The real-time PCR pro-
gram was 25-95 °C, 1 °C per min. Fluorescence data were
recorded and were processed with real-time PCR software.
Tolerance toward organic solvents was determined at 37 °C
by adding up to 40 and 20 % concentrations of dimethyl
sulfoxide (DMSO) and methanol, respectively, to the reaction
mixture.

Determination of substrate tolerance

Donor spectrum of TPTA 4, was determined at 37 °C ina 1-ml
reaction mixture containing 100 mM Tris buffer (pH 9.0),
10 mM donor, 10 mM pyruvate, and 20 uM PLP. The reaction
was initiated by adding 0.06, 0.16, or 0.20 mg/ml (final
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concentration) of the purified enzyme to the reaction mixture
according to the donor examined. The reaction was stopped
after 10 min by adding 2 ml methanol. In the assay for taurine,
pyruvate consumed was analyzed by performing HPLC with
SinoChrom ODS-BP and a mobile phase of MeOH/H,O
(20:80) containing 0.03 % H;PO, (flow rate, 0.8 ml/min).
UV detection was performed at 210 nm. In the assay for other
donors, aromatic ketone produce was analyzed by performing
HPLC with Zorbax SB-C18 column and a mobile phase of
MeOH/H,0 (50:50) containing 0.1 % TFA (flow rate, 1 ml/
min). UV detection was performed at 254 or 210 nm. Enzyme
activity was defined as 1 U of the enzyme required for con-
suming 1 pumol of pyruvate in 1 min under the described
reaction conditions.

Acceptor spectrum was determined at 37 °C in a 200-ul
reaction mixture containing 100 mM Tris buffer (pH 8.0),
10 mM (S)-MBA, 10 mM acceptor, and 20 uM PLP. The
reaction was initiated by adding 0.125 mg/ml (final concen-
tration) of the purified enzyme to the reaction mixture. In-
crease in UV absorbance was determined at 245 nm by using
a plate reader SpectraMax 190 (Molecular Devices, USA).
Enzyme activity was defined as 1 U of the enzyme required
for producing 1 pumol of acetophenone in 1 min under the
described reaction conditions.

Structure simulation of TPTAq,

Computational simulation was created using SWISS-Model
web tool (http://swissmodel.expasy.org/), which
recommended Protein Data Bank (PDB) entry 3N5M as an
optimum template for aligning protein sequence data and PDB
database search. PMP was docked into the active pocket of
TPTA,, and energy minimization was optimized using Dis-
covery Studio 3.5 software (with default parameters) to obtain
a complex of TPTA ¢, with PMP. The structure with the low-
est energy was chosen for the structural analysis of the en-
zyme. PyMOL software (Schrodinger, USA) was used as a
visual tool to show and align the simulated structure.

Nucleotide sequence accession number

The nucleotide sequence of TPTA 4, has been deposited in the
GenBank database under accession number KT719298.
Results

Identification of TPTA from G. thermodenitrificans

To isolate the genes expressing thermostable w-TAs in
G. thermodenitrificans, we chose the protein sequences of

two well-studied w-TAs from V. fluvialis (w-TA,q) (Shin
et al. 2003) and Paracoccus denitrificans (w-TApq.) (Park
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et al. 2010) as the starting templates. A BLAST search
(http://blast.ncbi.nlm.nih.gov) identified six TA candidates in
G. thermodenitrificans NG80-2 (GenBank ID: NC 009328.
1), of which the top-rated candidate showed 51 and 52 %
identity with w-TA,q and w-TAq, respectively. The infor-
mation of this candidate enzyme in the BLAST search results
only indicated that it was a TA and did not provide any further
details, which increased our curiosity to identify its specificity.
To predict its potential reactivity, we aligned the obtained
amino acid sequence in the B6 database (http://bioinformat-
ics.unipr.it/cgi-bin/bioinformatics/B6db/home.pl) (Percudani
and Peracchi 2009) by performing another BLAST search.
Our result indicated that this sequence showed 63 and 62 %
identity with TPTAs of Bacillus anthracis (TPTAy,,) and Ba-
cillus subtilis (TPTAysy), respectively, suggesting that this pro-
tein was a TPTA. Therefore, this potential TPTA was chosen
for further cloning and characterization.

The obtained DNA sequence of TPTA 4, (Fig. S1) showed
99.9 % identity with the sequence of G. thermodenitrificans
NG80-2; however, the translated amino acid sequence was
completely identical. Soluble recombinant TPTA 4, was puri-
fied by performing Ni-affinity chromatography to obtain a
homogenous protein with an apparent size of 45 kDa, as iden-
tified by performing SDS-PAGE (Fig. S2). The kinetic con-
stants of TPTA,y, were determined by using taurine as the
donor and pyruvate as the acceptor. The Ky and vy, values
for taurine were 5.3 mM and 0.28 pmol s ' mg !, respective-
ly. The Ky value obtained in the present study was similar to
that of TPTAy, (7.1 mM) determined by performing coupled
method (Laue and Cook 2000).

Enzymatic properties of TPTA,

Enantioselectivity of TPTA 4, was determined using (S)-MBA
and (R)-MBA as the donors and pyruvate as the acceptor in a
reaction in which TPTA,y, could only accept the (S)-enantio-
mer. Conversion of (S)-MBA as a donor results in the forma-
tion of acetophenone. The increase in the specific UV absor-
bance of this compound is suitable for both HPLC determina-
tion (Shin and Kim 1997) and high-throughput assay in 96-
well microplates (Schatzle et al. 2009). Therefore, unless oth-
erwise specified, (S)-MBA and pyruvate were used for deter-
mining the enzymatic properties of TPTAy,.

Enzymatic transamination is normally performed under al-
kaline conditions. The apparent optimum pH of TPTA 4, was
found to be approximately 9.0 (Fig. 2a), which was similar to
that of other TPTAs (pH 8.5-9.5) (Chien et al. 1997; Laue and
Cook 2000; Novak et al. 2004). However, the optimum pH
range of TPTA,4, was very narrow. When pH was <8 or >10,
TPTA,, activity was only approximately 20 % or even less.
The apparent optimum temperature of TPTAy, was approxi-
mately 65 °C (Fig. 2b). However, TPTA, activity decreased
very quickly to <30 % at 70 °C, indicating that it was unstable


http://swissmodel.expasy.org/
http://blast.ncbi.nlm.nih.gov/

Appl Microbiol Biotechnol (2016) 100:3101-3111 3105
a 120 b 120 c
280
100 1 100 /] 260 1
I 240 I/J
g &0 & a0 1 8 2204 l
> > >
£ ol = g )
g [ g gl
0 401 0 0 160
o o S 1404
e 20 ‘ & ! &
x — 20 . 120
N — — 100{
. . . . . 0 . . . . . 80 . : . . .
6 7 8 9 10 30 40 50 60 70 0 2 4 6 8
pH Temperature (°C) Time (h)
d e f
260
100{ =
240 & —~—
\\§ -
2207 \ 80
& 2004 * & 3
2 100 2 2
© © ©
© 1604 © ©
0 g ¥ e
& 1o & &
® 120 ¢ 2
100{ # 0 _— .
80 T T T T T T T T T T T T T T 20 T T T T T T T T
0 20 40 60 80 100 120 0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45
Time (min) Time (min) Concentration (%) (v/v)

Fig. 2 Enzymatic properties of TPTAgy,. The error bars represent the
standard deviation (SD) of the mean. a Optimum pH range of TPTAy,. b
Optimum temperature range of TPTA,,. c—e Thermostability of TPTAyy,
(¢ 50 °C, d 60 °C, and e 70 °C). f Organic co-solvent tolerance of
TPTAgy. The reaction system contains 10 mM (S)-MBA, 10 mM

at temperatures higher than 65 °C. TPTA,y, activity at 37 °C
was only approximately 17 % of its activity at its optimum
temperature.

Because the optimum temperature for TPTAy, activity
ranged between 50 and 70 °C and because the optimum
growth temperature of G. thermodenitrificans is approximate-
ly 60 °C (Cihan et al. 2011), we determined the thermostabil-
ity of TPTAy, at 50, 60, and 70 °C (Fig. 2c—e). TPTAy,
showed remarkable thermostability similar to other thermo-
philic enzymes. Incubation of TPTA, at 50 °C for 8 h in-
creased its activity by up to 2.5-fold (Fig. 2¢). The same ac-
tivity increase was also observed after incubating the enzyme
at 60 °C for 30 min (Fig. 2d). This increase in activity was
probably caused by temperature-related folding that increased
stabilizing interactions, thus improving its reactivity (Bruins
et al. 2001). However, TPTA,y, lost its activity almost
completely after incubation at 70 °C for 15 min (Fig. 2e).
Thermostability of TPTA,y, was also determined by using a
ThermoFluor-based method by using the hydrophobic
fluoroprobe SYPRO orange as a dye. Denaturation of a pro-
tein at high temperatures in an aqueous solution exposes its
hydrophobic interior to the probe, leading to a sharp decrease
in the quenching of the dye. This readily detectable fluores-
cence emission can be determined by performing RT-PCR as a

pyruvate, 20 uM PLP, and 0.125 mg/ml TPTA,. The optimum
temperature and thermostability used 100 mM Tris buffer (pH=9.0).
For the determination of thermostability, the enzymes in potassium
phosphate buffer (pH=8.0) with 20 uM PLP were incubated at 50, 60,
and 70 °C for up to 8 h before the activity determination

function of temperature (Ericsson et al. 2006; Niesen et al.
2007). This ThermoFluor-based determination showed that
the T7, value of TPTAy, was approximately 70 °C.

Tolerance of TPTA,, toward organic co-solvents was de-
termined by adding DMSO and methanol (Fig. 2f). TPTAy,
activity decreased very quickly after adding >5 % methanol.
Interestingly, an increase in DMSO concentration up to 10 %
enhanced TPTAy, activity by up to 135 %. The further in-
crease in DMSO concentration decreased the enzyme activity.
However, interestingly, TPTA ,, retained approximately 90 %
of its activity in the presence of 20 % DMSO.

Substrate spectrum of TPTA ¢,

To evaluate the substrate specificity of TPTAyy,, we deter-
mined its reactivity toward a series of aromatic amine donors
and several keto acids, aldehydes, ketones, aldoses, and keto-
ses as acceptors. The results are listed in Table 1. TPTAy,
showed the best specific activity (10.2 U/mg) toward taurine
compared with that toward aromatic amine donors. Its specific
activity toward (S)-MBA was 0.26 U/mg; however, no activity
was observed toward the (R)-enantiomer. When racemic
MBA at two times the concentration (20 mM) was used as
the donor, the specific activity of TPTA,y, was found to be
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Table 1  Substrate spectrum of TPTAy,

Substrates Specific activity (U/mg)

Donor®
Taurine 10.2+1.5
(S)-1-methylbenzylamine 0.26+0.009
(R)-1-methylbenzylamine 0
(R,S)-1-methylbenzylamine 0.29+0.012
(S)-1-methyl-3-phenylpropylamine 0.0654+0.0018
(S)-1-phenylpropylamine 0.001+0.0001
2-Phenylethylamine 0.080+0.014

Acceptor”
Pyruvate 0.24+0.004
Hydroxypyruvate 0.32+0.010
Glyoxylate 0.71£0.019
a-Ketoglutarate 0.002+0.001
Methanal 0.52+0.008
Ethanal 0.68+0.016
Propanal 0.67+£0.014
Butanal 0.68+0.016
Pentanal 0.80+0.012
Hexanal 0.78+0.001
Acetone 0.003+0.001
Butanone <0.001
Cyclohexanone 0.002+0.001
Benzylacetone <0.001
1-Indane <0.001
Glycolaldehyde 0.75+0.022
D-Glyceraldehyde 0.60+0.016
L-Glyceraldehyde 0.68+0.018
D-Erythrose 0.12+0.007
Hydroxyacetone 0.074+0.0019
1,3-Dihydroxyacetone 0.10£0.006
Acetoin 0.038+0.002
L-Eythrulose 0.13+£0.008

#The donor spectrum was measured by the HPLC methods which deter-
mined the amount of the consumed pyruvate or the produced aromatic
ketone for each donor. The reaction system contained 10 mM enantiomer
donor (20 mM for racemic ones), 10 mM pyruvate, and 20 pM PLP in
100 mM Tris-HCI buffer (pH=8.0), at 37 °C

® The acceptor spectrum was measured by a high-throughput UV assay on
microplates, which determined the formation of acetophenone. The reac-
tion system contained 10 mM (S)-MBA, 10 mM acceptor, and 20 uM
PLP in 100 mM potassium phosphate buffer (pH=8.0), at 37 °C

0.29 U/mg, which was very similar to its activity toward
10 mM (S)-MBA. This result indicated that (R)-MBA did not
inhibit TPTA 4, activity. Extension of side chains of aromatic
amines decreased the donor affinity of TPTA 4. It showed only
25 % activity (0.065 U/mg) toward (S)-1-methyl-3-
phenylpropylamine compared with that toward (S)-MBA. In
addition, TPTA, showed limited activity toward (S)-1-
phenylpropylamine (0.001 U/mg). However, TPTAy;, showed
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an activity of 0.080 U/mg toward the aromatic primary amine
2-phenylethylamine; this activity was approximately 8 and
31 % of its activity toward taurine and (S)-MBA, respectively.

Acceptor specificity of TPTAy;, was determined by
performing a high-throughput UV assay by using 96-well mi-
croplates (Schatzle et al. 2009). TPTA,y, showed activity to-
ward several keto acids such as pyruvate, hydroxypyruvate,
and glyoxylate but showed almost no activity toward 2-
oxoglutarate, indicating that TPTAy, was not a taurine:2-
oxoglutarate TA (EC 2.6.1.55) (Mikosch et al. 1999). Pyru-
vate is a natural acceptor, with TPTA 4, showing 0.24 U/mg of
specific activity toward it. A substituent hydrogen group at the
[3-position of pyruvate might have formed one or more hydro-
gen bonds with TPTAy,, thus slightly increasing its activity
toward 3-hydroxypyruvate by 0.32 U/mg. The aldehyde
group of glyoxylate is more active than its ketone group.
Therefore, TPTAgy, activity toward glyoxylate (0.71 U/mg)
was approximately 3-fold higher than that toward pyruvate.
For the same reason, TPTA,q, showed higher activity toward
aliphatic aldehydes ranging from methanal to hexanal, with-
out any significant difference in the observed activity. Exten-
sion of carbon chains had no unfavorable effect on the accep-
tor affinity of TPTA 4. TPTA,y, activity toward aldoses such
as glycolaldehyde, D-glyceraldehyde, and L-glyceraldehyde
was approximately 0.60-0.75 U/mg, which was similar to its
activity toward aliphatic aldehydes. The almost equal activity
toward D-glyceraldehyde and L-glyceraldehyde suggested that
TPTA,y, did not show stereoselection toward the hydroxyl
group at o-position. D-Erythrose is mainly present in its fura-
nose form in the aqueous solution. Therefore, the specific
activity of TPTA,, toward D-erythrose was only 0.12 U/mg.
Unfortunately, TPTAy, showed very low activity toward ke-
tones. Almost no activity was detected toward acetone,
butanone, cyclohexanone, benzylacetone, and 1-indanone.
This might be because of the low affinity of TPTA, toward
ketones as well as its low activity at low temperature (37 °C).
Interestingly, TPTA,4, showed activity toward ketoses. Its ac-
tivity toward hydroxyacetone, 1,3-dihydroxyacetone, acetoin,
and L-erythrulose was 0.074, 0.10, 0.038, and 0.13 U/mg,
respectively. This may be because of the electrophilic effect
of ortho hydroxy moiety, which enhances the reactivity of the
ketone group. In addition, the hydroxy moieties of ketoses
favor the binding of the polar residues in the active pocket
of TPTA,y,, which may contribute to the higher activity of
TPTA,q with ketoses.

Identification of the active pocket of TPTA,

To determine the key amino acid residues in the active pocket
of TPTA,, we first aligned the protein sequence of TPTA,
with that of the PDB item 3N5M. We identified three con-
firmed TPTAs from Bilophila wadsworthia (UniProt ID:
Q9APMS) (Laue and Cook 2000), Paracoccus denitrificans
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(UniProt ID: A1B9Z3) (Felux et al. 2013), Ruegeria pomeroyi
(UniProt ID: QSLVM7) (Gorzynska et al. 2006) in the 3N5SM
subfamily (Steffen-Munsberg et al. 2015); two potential
TPTAs from Bacillus anthracis (UniProt ID: Q81SL2) and
Bacillus subtilis (UniProt ID: P33189) in the B6 database;
and four well-studied w-TAs from Pseudomonas putida
(UniProt ID: P28269, subclade 6b) (Rausch et al. 2013;
Watanabe et al. 1989), Paracoccus denitrificans (UniProt
ID: A1B956, subclade 6¢) (Park et al. 2010; Rausch et al.
2013), Chromobacterium violaceum (UniProt ID:
Q7NWG4, subclade 6¢) (Kaulmann et al. 2007; Rausch
et al. 2013), and V. fluvialis (UniProt ID: F2XBU9, subclade
6¢) (Rausch et al. 2013; Shin et al. 2003) (Fig. S3). A previous
study showed that Tyr(Phe)23, Phe88, and Tyrl152 (number
for w-TAp,) contributed to hydrophobic interactions in the
large pockets of most w-TAs (Park et al. 2012). Further, Trp60
and I1e262 (number for w-TA,,,,) provided a steric barrier in
the small pocket (Park et al. 2012). Results of sequence align-
ment indicated that TPTAq, had identical key residues in the
small pocket (Trp57 and 1le255). In TPTAy,, TPTAq4, and
TPTA,p,, 11262 (number for w-TA,,) is replaced by the
same nonpolar residue Val but with a shorter carbon chain.
However, the key residues in the large pocket of TPTAs are
different from those in other w-TAs, except Tyr152, which is
identical in all the TAs listed in this study. Tyr(Phe)23 (num-
ber for w-TA,,,,) is replaced by Met or Leu in TPTAs. Inter-
estingly, substitution of residues at Phe88 (number for w-
TAppu) in TPTAs does not follow any obvious rules. Thr,
Ser, Gly, Ala, and Trp can be found at this position in TPTAs,
suggesting that the residue at Phe88 (number for w-TA,,,) did
not contribute to the substrate binding of TPTAs. Furthermore,
Arg414 (number for w-TA,,,) is the key residue for -
carboxylate recognition of substrates (Park et al. 2012). How-
ever, in TPTAs, Arg414 is replaced by Gly without any side
chain. Therefore, we presumed that TPTAs represented a dif-
ferent mechanism for o-carboxylate recognition, mainly be-
cause of their special donor taurine.

Crystal structure of TPTAs has not been reported in the
RCSB PDB thus far. Lack of information on the structure of
TPTAs limits the determination of interactions between
TPTAs and their substrates. Therefore, we attempted to simu-
late a three-dimensional structure of TPTAy, by using the
SWISS-MODEL web tool (Arnold et al. 2006; Biasini et al.
2014; Guex et al. 2009; Kiefer et al. 2009). Automatic tem-
plate search based on sequence similarity recommended
3N5M as the template, with 67 % sequence identity. Although
the item 3N5M has been marked as adenosylmethionine-8-
amino-7-oxononanoate TA (ATA, EC 2.6.1.62), its apparent
activity has not been identified by any study thus far. Interest-
ingly, the protein sequence of 3N5M was almost identical to
that of TPTAya, (99 % identity) in the B6 database. Therefore,
we speculated that protein 3N5M was a TPTA instead of ATA.
The simulated overall structure of TPTA,y, obtained using

3N5M as the template is shown in Fig. 3a. This structure
was highly similar to that of 3N5M, with an almost identical
active pocket.

Similar to substrate pockets of other w-TAs, the substrate
pocket of TPTA,y, contained several flexible loops (Fig. 3b).
The coenzyme PMP was located at the bottom of the pocket.
Lys281 was the active residue that formed an internal aldimine
link with the cofactor PLP. Trp57 and Ile255 formed the small
pocket with Glu219 and Gly224, which was very similar to
that in w-TApge, w-TAyg, W-TA i, and w-TA,,,,. However,
Met22 and Thr85 in the large pocket of TPTA,y, constricted
an uncharged polar pocket with Val315, Asn316, Thr317, and
Leu56 compared with a hydrophobic pocket formed by Tyr23
and Phe88 (number for w-TAp,,) in w-TApge, w-TAyg, w-
TA i, and w-TA,,,,. Compared with Tyr and Phe, smaller side
chains of Met22 and Thr85 apparently offered more room to
accept a bulky moiety of substrates.

The result of protein sequence alignment showed that
Arg414 (number for w-TA,,,) was missing (substituted by
Gly) in all TPTAs of the 3N5M subfamily listed in this study.
In the TPTAy, structure, we did not observe any alternative
Arg residue in the loop containing Arg414 (number for w-
TAppu). However, at the “bottom” of the substrate tunnel,
Argl63 showed a side chain in a rational rotation into the
active pocket (Fig. 3b). Arg163 may perform the same func-
tion as Arg414 (number for w-TApp,) in W-TApge, W-TAyg,
w-TA.y;, and w-TA,. In addition, GIn160 was spatially lo-
cated between Argl63 and Tyr147, which may offer a hydro-
gen bond to the sulfonic group of taurine (Fig. 3b). Argl163
and GIn160 are highly conserved in TPTAs belonging to the
3N5M subfamily. Therefore, we presumed that they were key
residues for sulfonate recognition and binding.

The structure of TPTA,y, also showed an additional se-
quence (ATVAGYN) between «l15 and 313 (Steffen-
Munsberg et al. 2015) (Fig. S3), which formed a relatively
bulky loop, in the overall structure compared with that in the
structures of w-TA,qe, W-TA g, w-TAy;, and w-TA,,,
(Fig. 3b, c). Interestingly, structural alignment suggested that
this loop blocked substrate entry in w-TAyge, W-TAg, w-
TA.yi, and w-TA,,, (Fig. 3d). However, substitution of
Tyr23, Phe8, and Arg414 (number for w-TA,,,) in TPTA4,
by Met, Thr, and Gly, respectively, opened an alternative tun-
nel that was also present in other TPTAs listed in this study
(Fig. 3¢). Therefore, we speculated that this tunnel was impor-
tant for substrate entry in TPTAs.

Discussion
Several thermophilic Geobacillus strains such as Geobacillus
stearothermophilus, G. thermodenitrificans, Geobacillus

thermoglucosidasius, and Geobacillus thermoleovorans have
been isolated from soil (Cihan et al. 2011; Nazina et al. 2001).
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Fig. 3 Simulated structure and active pocket of TPTAyy. a Overall
structure alignment of TPTAgth (orange) and 3NSM (cyan). b Active
pocket of TPTAyy,. ¢ Substrate tunnel of TPTAyy,. d Substrate tunnel of
w-TA,q. The key residues for the large and small pockets are marked in
green and cyan, respectively. The reactive Lys was marked in salmon.

Genome sequences of 11 Geobacillus spp. are recorded in the
NCBI genome database, thus offering a valuable repository
for determining genes encoding various thermostable en-
zymes. We used BLAST search to successfully identify the
gene encoding TPTA,, and overexpressed its recombinant
form in E. coli. TPTAyy, shows the common features of ther-
mophilic enzymes. The high thermostability of TPTAy, can
facilitate its simple purification by using a heat shock method,
its long-term activity for biosynthesis, especially with weak
substrates, and its potential synthetic capability by increasing
reaction temperature to evaporate ketone by-products to shift
the reaction equilibrium. Low tolerance of w-TAs toward or-
ganic solvents has limited their synthetic application with in-
soluble acceptors that require organic co-solvents for improv-
ing their solubility in aqueous reaction systems (Savile et al.
2010). Therefore, the remarkable tolerance of TPTA 4y, toward
organic solvents can improve the solubility of substrates by
increasing co-solvent concentration in the reaction system.

@ Springer
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The key residues for substrate recognition were marked in slate. The PMP
docking into the active pocket is in magenta. Blue and red in the residues
represent nitrogen and oxygen, respectively. The additional loop
(ATVAGYN) was marked in warm pink. The red arrows show the
direction of substrate entrance into the substrate tunnels

We observed that TPTA4q, was a (S)-selective w-TA. This
was also confirmed by performing a novel fluorescent assay
for high-throughput discovery and engineering of
stereoselective w-TAs, in which 1-(6-methoxynaphth-2-
yl)alkylamines were used as sensitive fluorescent probes
(Scheidt et al. 2015). The Ky, values of TPTAyy, were 0.80
and 1.6 mM for (S5)- and (R)-1-(6-methoxynaphth-2-
yl)ethylamine, respectively, with an E-factor of 38(S) (Scheidt
etal. 2015). The substrate spectrum of TPTA ¢, was relatively
wide, which was similar to that of other w-TAs such as the
two well-studied w-TAs w-TA,q (Shin and Kim 2002; Shin
etal. 2003) and w-TA.,; (Kaulmann et al. 2007) (Fig. 4). The
donor spectrum of TPTA¢, was similar to that of w-TA,q. In
addition, both the enzymes showed better activity toward (S)-
MBA than toward other aromatic amines. However, w-TA;
showed much higher activity toward (S)-1-methyl-3-
phenylpropylamine. With respect to acceptors, TPTA,y, and
w-TA.,; showed increased activity toward pyruvate,



Appl Microbiol Biotechnol (2016) 100:3101-3111

3109

D1 D2 D3

D4 D5 D6 Al A2 A3 A4

TPTAgth

w-TAvA

W-TAwi

A5 A6 A7 A8 All Al2 Al3 Al4 Al5
TPTAgth
w-TAvA

W-TAci . nd. nd. nd. nd.

Al6 Al7 Al18 A19 A20 A21 A22 A23

w-TAvii nd. nd. nd. nd. nd. nd nd nd

W-TAwi - n.d. n.d.

Fig. 4 Fingerprint comparison for TPTA g, w-TAyq, and w-TA.;. The
relative specific activity data was converted to grayscale values. The
specific activity with donor (R,S)-1-methylbenzylamine, (S)-1-
methylbenzylamine, and (S)-1-methyl-3-phenylpropylamine was
calculated as 100 % reference for TPTAyy,, w-TAn, and w-TA;,
respectively. The specific activity with acceptor pentanal, butanal, and
glyoxylate was calculated as 100 % reference for TPTAy,, w-TAyq,
and w-TA.,;, respectively. DI (S)-1-methylbenzylamine, D2 (R)-1-
methylbenzylamine, D3 (R,S)-1-methylbenzylamine, D4 2-
phenylethylamine, D5 (S)-1-phenylpropylamine, D6 (S)-1-methyl-3-
phenylpropylamine, 4/ pyruvate, A2 hydroxypyruvate, 43 glyoxylate,
A4 «-ketoglutarate, 45 methanol, 46 ethanol, A7 propanal, A8 butanal,
A9 pentanal, A/0 hexanal, A1/ acetone, 412 butanone, 473
cyclohexanone, 414 benzylacetone, 415 1-indane, A16 glycolaldehyde,
A17 p-glyceraldehyde, 418 L-glyceraldehyde, 419 p-erythrose, 420
hydroxyacetone, 42/ 1,3-dihydroxyacetone, 422 acetoin, 423 L-
erythrulose (n.d. no data)

hydroxypyruvate, and glyoxylate, while w-TA,q preferred py-
ruvate over glyoxylate. w-TA.,; showed slight activity toward
a-ketoglutarate, while TPTAy, and TA,q did not. The highest
activity of w-TA,y was observed toward aldehydes, which
was similar to that observed for TPTA . However, w-TA,;
showed slightly lower activity toward aliphatic aldehydes than
TPTA. Both TPTA,y and w-TA,q showed weak activity
toward keto acceptors. The relatively high activity toward
aldoses and ketoses is a remarkable property of TPTA,; how-
ever, w-TA.,; showed a similar but slightly lower activity.
Therefore, TPTA,y, could be a potential biocatalyst for the
asymmetric synthesis of chiral amino alcohols.

The active site of w-TAs for recognizing substrates can be
divided into a large and a small pocket (Park et al. 2012).
However, the diversity of amino acid residues in these two
pockets leads to different substrate recognition by w-TAs. A
recent systematic bioinformatics analysis of TAs, especially
class III TAs, provided details of the key amino acid residues
for the functional prediction of these enzymes from their protein
sequences and provided a better understanding of the

mechanism underlying substrate recognition by these enzymes
(Steffen-Munsberg et al. 2015). Unfortunately, the fingerprint
of TPTAs in the 3N5M subfamily could not be obtained be-
cause of the lack of structure information, which becomes spe-
cial interest in the studies on w-TAs (Steffen-Munsberg et al.
2015). We identified the active pocket of TPTAy, by
performing protein sequence alignment, three-dimensional
structure simulation, and coenzyme PMP docking. Although
the large and small pockets of TPTAy, were similar to those
of other w-TAs, TPTA,y, also contained a special substrate
tunnel, mainly composed of Met22, Thr85, Val315, and
Argl63. Interestingly, this substrate tunnel was located closer
to the large pocket than to the small pocket in other kinds of w-
TAs. This apparently enlarged the large pocket, which might
help in the entry of substrates with bulky moieties. Our results
showed that TPTA, had a unique mechanism for sulfonate/oc-
carboxylate recognition and binding, which was contributed by
Argl63 and GIn160. The results of sequence and simulated
structure alignment showed that other TPTAs in the 3N5SM
subfamily had the same sequence and structural features as
TPTA. Therefore, we concluded that the protein sequence
fingerprint of TPTAs in the 3N5M subfamily involved
Argl63 and GInl60 and seven additional residues from 413
to 419 and lacked Phe/Tyr22, Phe85, and Arg409.

In conclusion, we cloned and characterized a novel
thermostable TPTA from G. thermodenitrificans that
showed remarkable thermostability, organic solvent tol-
erance, and relatively broad donor and acceptor spectra,
including unnatural substrates. The active site of
TPTA,y, was found to be its special large pocket and
substrate tunnel. In addition, TPTA,y showed a unique
mechanism of sulfonate/x-carboxylate recognition. We
also determined the protein sequence fingerprint of
TPTAs in the 3N5M subfamily. We expect that this
sequence and structural fingerprint could be used as a
reference for identifying more TPTAs belonging to the
3N5M subfamily from gene and protein databases and
for performing rational design and evolution studies on
TPTAs to obtain valuable variants for chiral amine
synthesis.
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