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Abstract: ATAs engineered for having an enlarged small binding pocket were applied for the synthesis of
enantiomerically pure (R)-benzo[1,3]dioxol-5-yl-butylamine, a chiral component of human leukocyte elastase
inhibitor DMP 777 (L-694,458). Kinetic resolution of the racemic amine was performed by using the L59A
variant of the (S)-selective ATA from Chromobacterium violaceum (Cv-ATA), providing the residual (R)-
enantiomer in excellent yield and >99% ee. At moderate enzyme loading and absence of co-solvent, high
volumetric productivity of 0.22 molL� 1 h� 1 (42.5 g L� 1 h� 1) was achieved. Complementarily, the (S)-
enantiomer was generated via kinetic resolution using the (R)-selective ATA-117-Rd11 from Arthrobacter sp.
with acetone as the amino acceptor. In an alternative approach, we employed ATA-117-Rd11 for the
asymmetric amination of the prochiral ketone precursor, which at 86% conversion gave the (R)-
benzo[1,3]dioxol-5-yl-butylamine with excellent >99% ee. We further evaluated the utility of Cv-ATA L59A
for the asymmetric synthesis of pharmaceutically relevant (S)-1-phenylbutan-1-amine, a chiral component of
the deubiquitinase inhibitor degrasyn (WP1130). The enzyme showed good tolerance to high concentrations of
isopropylamine, producing (S)-1-phenylbutan-1-amine in enantiomerically pure form (>99% ee).
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Introduction

The chiral amine moiety is prevalent in numerous
natural and synthetic compounds of pharmaceutical
and agrochemical value and often determines their
biological activity.[1] Among 200 small-molecule phar-
maceutical blockbusters in 2020, more than 30%
included a chiral amine group in their structures.[2]
Exemplary components are found in the human
leukocyte elastase inhibitor DMP 777 (L-694,458), a
promising candidate for the treatment of cystic fibrosis,
rheumatoid arthritis and chronic obstructive pulmonary

disease,[3] as well as of deubiquitinase inhibitor
degrasyn (WP1130), possessing anticancer and anti-
bacterial activity against multi-resistant Staphylococ-
cus aureus[4] (Figure 1). Besides, chiral amines are
widely used as ligands or organo-catalysts for asym-
metric chemical synthesis.[5]

While notable achievements have been realized in
the chemical synthesis of chiral primary amines,[6]
development of biocatalytic methods for the stereo-
selective amination of a prochiral ketone precursor
offers an environment-friendly alternative for industrial
processes. Among the enzymes that are capable of
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performing such conversion, transaminases (TAs) are
attractive catalysts due to their robustness, outstanding
enantioselectivity and independence from consumable
co-factors. Over recent decades, a plethora of prokary-
otic enzymes were discovered that can be applied for
efficient biocatalytic transformation of a wide variety
of amine substrates of scientific and industrial
importance.[7] Amine transaminases (ATAs) are a
subgroup of ω-TAs ((S)- and (R)-selective, class III
and IV transaminase family, respectively[8]) that are
capable of converting substrates lacking a carboxyl
moiety. Therefore, ATAs are of special value for
biocatalytic applications due to the broad range of
acceptable carbonyl compounds.

Substrate scope and enantioselectivity of TAs are
determined by the spatial structure of the active center,
which is formed by residues from both subunits at the
interface of the homodimeric enzyme. Substrate
orientation depends on its relative fit to match a large
(L) and a small (S) binding pocket, while the absolute
amine configuration is controlled by the direction of
amine transfer mediated by a pyridoxal-5’-phosphate
(PLP) cofactor.[9] The L-pocket of native ATAs is large
enough to embrace bulky aryl or even biaryl
substrates[10] and can adapt both hydrophobic as well
as polar groups; the capacity of the S-pocket is usually
very limited and can accommodate an ethyl moiety at
maximum.[11] As a rare exception from this rule, the
TA from Paracoccus denitrificans can accept up to a
butyl group in its S-pocket, but only if an α-
carboxylate binds to an arginine moiety in the
corresponding L-pocket.[12]

The first landmark engineering of an (R)-selective
ATA was reported toward the manufacture of anti-
diabetic drug sitagliptin, where the enzyme from
Arthrobacter sp. was extensively engineered via
several rounds of directed evolution to achieve drastic
improvements in enzyme activity with the bulky
substrate pro-sitagliptin ketone, as well as robustness
under harsh industrial conditions.[13] Numerous later
studies achieved substantial expansion of the substrate
scope for both (R)- and (S)-selective ATAs towards

bulky compounds especially by modifying the S-
pocket geometry.[14] However, challenges remain for
the use of ATAs in the scalable synthesis of chiral α-
aryl amines from the corresponding phenones caused
by the poor water solubility of the substrates possible
substrate inhibition of the enzyme, and the thermody-
namically unfavorable situation from ketone stabilizing
aryl conjugation.[15] For example, the value of the
equilibrium constant for the transamination of aceto-
phenone (1) was estimated at 10� 3 – 10� 5 for the
substrate/product pairs of L-alanine (3)/acetophenone
(1) and pyruvate (4)/(S)-1-phenylethanamine (1-meth-
ylbenzylamine or MBA), 2).[15b,16] In addition, relative
conversion rates of ATAs with ketones are several
orders of magnitude lower than the corresponding
activities for aldehydes or α-keto acids.[17] Recently, we
engineered the highly effective (S)-specific ATA from
Chromobacterium violaceum[18] (Cv-ATA) to accom-
modate more bulky substrates. In the Cv-ATA L59A
/F88A variant, the S-pocket was sufficiently enlarged
to accept the doubly bulky substrate 1,2-
diphenylethanamine.[15c] In the course of this study
using a series of fluorogenic substrates for highly
sensitive detection,[19] we observed that the single
replacement L59A initiated significantly higher activ-
ity against 1-(6-methoxy-2-naphthyl)butanamine (7) as
compared to the L59A /F88A variant, whereas the
wild-type enzyme showed barely any activity.[15c] This
inspired us to investigate the suitability of Cv-ATA
L59A for the preparation of enantiomerically pure
arylbutylamines 5 and 6 (Figure 2) as exemplary,
valuable building blocks for pharmaceutical synthesis.

In view of the thermodynamic obstacles, comple-
mentary strategies of both kinetic resolution and direct
asymmetric synthesis processes were considered using
the (S)-selective Cv-ATA L59A or (R)-selective ATAs,
respectively (Scheme 1). For the latter, we screened a
commercial panel of genomic and metagenomic
TAs.[13a] As a result, both pure enantiomers of 5 could
be prepared with ee >99% in fair to excellent yield. In
addition, the Cv-ATA L59A was evaluated for direct
access to the pharmaceutically relevant chiral amine
building block (S)-6 from butyrophenone (9).

Results and Discussion
Especially, we focused on the development of an
effective protocol for a sustainable enzymatic synthesis
of (R)-5 from the corresponding ketone 8 to replace
the palladium catalyzed chemical transformation.[3b]
Also, access options to its enantiomer (S)-5 were
investigated as well as to the structurally related
building block (S)-6.
Cv-ATA was used for experiments exploiting (S)-

selectivity; however, (R)-selectivity is rather rare in
nature. Thus, in an attempt to broaden the biocatalytic
toolbox by adding new TAs having both desired (R)-

Figure 1. Exemplary chiral arylbutylamine motifs in the struc-
ture of small molecule pharmaceuticals.
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specificity as well as ATA-type activity we first
screened a large commercial library of genomic and
metagenomic TAs (192 candidates; Prozomix Ltd, UK)
that was designed to cover maximum sequence
diversity.

Screening of a Native TA Library for the Stereo-
selective Synthesis of (R)-5
In the last decade, a versatile toolbox has been
developed for the high-throughput screening of TA
activities.[20] A commercial arrayed library of 192 TAs
obtained by genome and metagenome mining (PRO-
TRANS 001-192) was screened for enzymes that could
be utilized for the asymmetric synthesis of (R)-5
(Scheme 1A). Firstly, we screened the panel against
(S)-2 and (R)-2 as amino donors using pyruvate (4) as
amino acceptor for differentiation of (R)- and (S)-
selective TAs. The assay relies on the detection of UV-
absorbance from acetophenone (1) formation for
quantitative estimation of conversion rate.[21] Eleven
(S)-selective ATAs were found that displayed an
activity of 30–112% relative to that of wild-type Cv-
ATA whereas no promising (R)-selective candidate
could be identified (Figure S1). The most potent (R)-
selective enzyme in the panel, PRO-TRANS(113),
exhibited some activity against (R)-2 (7% of the Cv-
ATA activity) but more readily accepted α-amino and
keto acid substrates (data not shown), indicating that
this enzyme belongs to the α-TA subgroup. These
results are in accordance with the distribution of TAs
in nature, where the predominant part of the enzymes
shows (S)-enantioselectivity.[7a]

Secondly, we assayed the TA library against bulky
ketone substrate 8 using p-nitrobenzylamine (10) as a
smart amino donor in a colorimetric assay (Fig-

ure 2).[22] No or negligible color formation was
observed in the 8 containing samples as compared to a
control lacking the ketone (Figure S2). These results
suggest inapplicability of native ATAs in the panel for
the direct stereoselective synthesis of 5; apparently,
there is no appropriate metabolic function in nature
that required specificity for similarly bulky substrates
(or such enzymes are yet unknown). Therefore, the
evaluation of potential synthetic routes to the target
compounds was conducted by utilizing the engineered
variant of (R)-ATA from Arthrobacter sp. (ATA-117-
Rd11) instead, which offered a suitably enlarged
substrate scope and an especially robust nature.[13a]

Direct Asymmetric Synthesis of (R)-5 Using Engi-
neered ATA-117-Rd11
Efficient amination of α-aryl alkyl ketones remains a
challenging task for biocatalysis. Asymmetric syn-
thesis of 6 from butyrophenone (9) by engineered
ATAs was previously carried out at either low
concentration (�10 mM) or moderate conversion rate
(�50%).[13b,14a–d] Remarkably, the engineered variant
ATA-117-Rd11 had showed excellent to moderate
yields for the conversion of various bulky ketones
(including 9) that were unreactive with the (R)-
selective wild-type enzyme from Arthrobacter sp.[13b]
Thus, we selected this biocatalyst for the synthesis of
(R)-5 from the prochiral ketone 8 (Scheme 2) also in
view of the enzyme’s enhanced activity towards
isopropylamine (11) as an inexpensive amino donor as

Scheme 1. Complementary routes to chiral 1-arylethanamines
(blue) via direct asymmetric synthesis (A) or kinetic resolution
(B).

Figure 2. Synthetic targets (blue) and substrates utilized for the
synthesis (ketones) and activity screening (amines).

Scheme 2. Asymmetric synthesis of (R)-5 using (R)-selective
ATA-117-Rd11.
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well as an outstanding tolerance to elevated temper-
atures (up to 60 °C), organic co-solvents and alkaline
reaction conditions (pH 8–11).[13a]

When incubated with amino donors 2, 10 or 11 for
17 h, ATA-117-Rd11 achieved 14%, 5% and 15%
conversion of 8, respectively. Consequently, 11 was
selected as cost- and process-effective amino donor for
subsequent experiments. A high concentration of non-
protonated amine was secured by maintaining the
reaction mixture at pH 11.0 for maximum efficiency.[23]
In a pilot experiment with 250 mM 11, 10 mM 8, 40%
DMSO and 10 mg/mL ATA-117-Rd11 (cell free ex-
tract; CFE), a 70% conversion was achieved after
216 h incubation at 45 °C (Figure 3A), confirming the
unusual operational stability of the enzyme under harsh
conditions.

Application of an excess amino donor in combina-
tion with product/co-product removal is an efficient
way to shift a thermodynamically unfavorable amina-
tion equilibrium to maximize conversion of a stabilized
ketone.[24] Acetone (12), generated from 11 as amino
donor, can be efficiently eliminated from the reaction
mixture either enzymatically or by using various
physical procedures.[25] In view of the low volatility of
8 and the stability of the enzyme, we chose incubation
at slightly elevated reaction temperatures and reduced
pressure for continuous removal of 12 as
recommended.[13b,14b]

Preparative-scale synthesis was performed in a total
reaction volume of 20 mL containing 50 mM 8 at
45 °C and 400 mbar vacuum under magnetic stirring.
The DMSO level had to be raised to 50% to aid in the
solubilization of the ketone. The reaction was stopped
after 216 h of incubation when conversion had reached
86% (Figure 3B). Product was isolated by liquid-liquid

acid-base extraction (90% extraction yield) followed
by preparative RP-chromatography to eliminate resid-
ual DMSO (70% extraction yield). Solvent evaporation
gave 141 mg of pure (R)-5 as its formate salt (61%
overall yield; ee >99%; Figure S3–S5).

Kinetic Resolution of rac-5by Cv-ATA L59A
Despite the high conversion rate and excellent stereo-
selectivity, productivity of the asymmetric synthesis of
(R)-5 was rather low due to the moderate activity of
ATA-117-Rd11 towards ketone 8. Therefore, the
kinetic resolution of readily accessible rac-5[26] seemed
to be a promising alternative. This should profit from
good aqueous solubility of the (protonated) amine
substrate, avoiding the need for DMSO co-solvent
undesired for industrial applications,[15c] and from the
energetically more favorable direction to produce a
resonance stabilized ketone product (Scheme 3). For
optimization of the kinetic resolution, pH and co-
solvent tolerance of the variant Cv-ATA L59A were
examined by using the UV-assay calibrated at the
310 nm absorbance maximum of ketone 8 (Figure S6).

The pH-optimum of Cv-ATA L59A was found to be
pH 8.0 (Figure 4A), which is intermediate between that
of WT (pH 8.5)[27] and the L59A /F88A variant
(pH 7.5).[15c] As a compromise to improve aqueous
solubility of the amine 5, the kinetic resolution was
nevertheless performed at pH 7.5, where the enzyme
retains 90% of its activity (Figure 4A). Similarly, Cv-
ATA L59A displayed intermediate tolerance to DMSO
with its maximum activity at 10% (v/v) DMSO
(Figure 4B) as compared to WT (max. activity at 0%
DMSO) and the solvent-tolerant L59A /F88A variant
(max. activity at 20–30% (v/v) DMSO).[15c] The
activity of Cv-ATA L59A at 0% DMSO was around
40% of the maximum, which is still acceptable for
performing the kinetic resolution in the absence of co-
solvent to facilitate downstream processing.

Figure 3. ATA-117-Rd11 catalyzed conversion of 8 under
different process conditions. The conversion was estimated by
quantifying the concentration of 8 via HPLC analysis. Reaction
conditions: A) total volume 0.6 mL; 250 mM 11, 10 mM 8,
0.5 mM PLP, 40% DMSO and 10 mgmL� 1 ATA-117-Rd11 CFE
in 0.1 M KPi buffer; pH 11.0; 45 °C, 450 rpm; B) total volume
20 mL; 500 mM 11, 50 mM 8, 0.5 mM PLP, 50% DMSO and
25 mgmL� 1 ATA-117-Rd11 CFE in 0.1 M KPi buffer; pH 11.0;
45 °C; 400 mbar vacuum; all samples were measured in
duplicates.

Scheme 3. Kinetic resolution of rac-5 using either (S)- or (R)-
selective ATA resulting in (R)-5 or (S)-5, respectively.
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Interestingly, Cv-ATA L59A showed slightly higher
thermal stability (Tm=82.9 °C) than the wild type
enzyme (Tm=80.6 °C) as determined by nanoDSF
analysis[28] and good stability in the presence of 10% -
20% (v/v) acetone (Figure S7).

In an analytical-scale experiment with 0.2 M rac-5,
0.2 M pyruvate (4), and 2.75 mgmL� 1 purified Cv-
ATA L59A at 30 °C (100 mM KPi buffer, pH 7.5, no
co-solvent), we found that complete resolution had
occurred already within 15 min of incubation and
residual (R)-5 had an ee >99%. Higher concentration
of substrates at constant enzyme load resulted in
incomplete resolution (Figure S8–S9). Rapid accumu-
lation of ketone 8, which has poor aqueous solubility,
may accelerate the conversion rate by pulling the
equilibrium towards the product side. On the other
hand, the fast generation of a non-homogeneous
mixture by formation of 8 is accompanied by protein
precipitation. Dropwise substrate addition to a biphasic
reaction system did not improve the process yield (data
not shown). For preparative scale-up, kinetic resolution
of rac-5 was performed in an 8 mL reaction volume

containing 0.2 M 4 and 2.75 mgmL� 1 purified Cv-ATA
L59A. The amine (rac-5, 309 mg) was added dropwise
over 15 min up to a final 0.2 M concentration.
Immediately after complete substrate addition, eeR was
estimated at 93% and reached >99% within a further
10 min when the reaction was stopped. Unreacted
amine was isolated by extraction to give 140 mg (91%
yield, based on the residual enantiomer) of enantio-
merically pure (R)-5 (eeR >99%) (Figure S10–S12).

Kinetic Resolution of rac-5by ATA-117-Rd11
For the production of the complementary enantiomer
(S)-5, we decided to perform the kinetic resolution of
rac-5 by using ATA-117-Rd11 with 12 as the amino
acceptor (Scheme 3). Acetone (12) as a co-substrate
has advantages against pyruvate (4) such as lower cost
and easier handling upon downstream processing,
although the native activity of ATAs towards 4 usually
surpasses that for 12 by manifold.[15b] In a comparison
of the enzymes we found that activity of Cv-ATA
L59A towards 12 was only about 1% of that for 4,
while the activity of ATA-117-Rd11 was of similar
magnitude towards 12 and 4 (Figure 5). Low activity
of ATA-117-Rd11 with 4 is due to a G136F mutation
introduced to enlarge the L-pocket; however, this alters
the conformation of the loop 129–145 responsible for
recognition of 4 in (R)-selective ATAs.[13c] On the other
hand, high tolerance of the enzyme to large concen-
trations of co-solvents and 11 was expected to facilitate
an efficient transamination of 12. Utilization of 12 as
an amino acceptor for preparative TA-catalyzed bio-
transformations is uncommon, likely due to the low
driving force of the conversion and moderate enzyme
activities. To the best of our knowledge, only a single
example of the kinetic resolution of rac-2 with acetone

Figure 4. Biochemical characterization of Cv-ATA L59A with
respect to the influence of pH (A) and DMSO concentration (B)
on the generation of 8. Activity at pH 8.0 (A; 0.24�
0.02 μmolmin� 1mg� 1 of total soluble protein (TSP)) and at
10% DMSO (B; 1.11�0.04 μmolmin� 1mg� 1 of TSP) was set
as 100%, respectively. Bars represent standard deviation of a
minimum of three replicates. Full details of experimental
conditions are given in the Experimental Section.

Figure 5. Activities of Cv-ATA L59A and ATA-117-Rd11
towards rac-5 (1 mM) as an amino donor and pyruvate (4;
1 mM) or acetone (12; 20 mM) as amino acceptor. The activity
of Cv-ATA L59A towards pyruvate was set as 100% (0.54�
0.05 μmolmin� 1mg� 1). Bars represent the standard deviation of
a minimum of three replicates. Full details of experimental
conditions are given in the Experimental Section.
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(12) catalyzed by (R)-ATA from Mycobacterium
vanbaalenii has been reported.[29]

In the pilot experiment, ATA-117-Rd11 displayed
good tolerance to 1 M acetone (12), and after 4 h
incubation resolution to (S)-5 reached ee 76%.
Employing significantly higher concentration of 12
resulted in enzyme inhibition and poor resolution
(Figure S13).

Therefore, in a preparative run the kinetic resolu-
tion was performed in a 10 mL reaction volume
containing 1.2 M 12 and 0.1 M rac-5 (192 mg) with
30 mgmL� 1 ATA-117-Rd11 CFE. After 6 h incubation
time, (S)-5 reached >99% ee when the reaction was
stopped (Figure S14). Extractive work-up furnished
53 mg (59% yield, based on the residual enantiomer)
of enantiomerically pure (S)-5 (eeS >99%) (Fig-
ure S15–S17).

Asymmetric Synthesis of Both Enantiomers of 6
using Cv-ATA L59A or ATA-117-Rd11
Examples of enzymatic amination of butyrophenone
(9) by engineered ATAs have been reported at
moderate conversion rate and/or reaction
scale.[13b,14b,c,17] Recently, asymmetric amination of
50 mM isobutyrophenone was performed using a triple
mutant of (S)-ATA from Ochrobactrum anthropic. The
yield reached 45.6%, probably limited by approaching
the equilibrium.[30]

To evaluate Cv-ATA L59A for the stereoselective
synthesis of the amine (S)-6, we tested the enzyme for
conversion of 9 in the presence of two potential amino
donors (S)-MBA (2) and isopropylamine (11)
(Scheme 4). Although the enzyme activity of Cv-ATA
L59A for 2 was higher as compared to 11 (Figure 6A;
0.033�0.001 μmolmin� 1mg� 1 and 0.007�
0.001 μmolmin� 1mg� 1, respectively), the latter amino
donor ensured a better conversion rate (83% as
determined by HPLC; Figure 6B) when applied at 100-
fold excess (0.5 M) over 9. The specific activity of Cv-
ATA L59A towards 9 and 11 surpassed the correspond-
ing value of ATA-117-Rd11 by an order of magnitude
(Figure 6A) but was slightly inferior to that of the (S)-
ATA variant from O. anthropic harboring a triple

mutation (0.028 μmolmin� 1mg� 1; recalculated from
ref.[30]).

For scaling up the process, we tested the conversion
of 50 mM 9 in the presence of 1 M, 1.5 M and 2 M 11
(20-, 30- and 40-fold excess, respectively). We noticed
that the concentration of 11 above 1.5 M inhibited the
enzyme and decreased the yield (Figure S18). The
preparative conversion was therefore carried out in a
9 mL volume containing 50 mM 9, 1.5 M 11 and
4.8 mgmL� 1 purified Cv-ATA L59A . The reaction
was stopped after 24 h when approaching the equili-
brium (42% conversion), yielding enantiomerically
pure (S)-6 (4 mg, 7% overall yield, eeS >99%) (Fig-
ure S19–22). The moderate conversion rate can be
explained by insufficient excess of the amino donor to
further drive the equilibrium. Selective removal of the
co-product 12 under reduced pressure is not an option
for volatile ketone substrates, as reported for acetophe-
none (1).[24a] Henry’s constant of 9 even surpasses that
of 1 (1.73E-05 atm m3 mole� 1 and 1.04E-05 atm m3

Scheme 4. Asymmetric synthesis of (S)- and (R)-6 using Cv-
ATA L59A and ATA-117-Rd11, respectively.

Figure 6. Activities of Cv-ATA L59A and ATA-117-Rd11
towards (S)- or (R)-2 (5 mM) and 11 (0.5 M), respectively, as an
amino donor, and 9 (5 mM) as amino acceptor: A) relative
activity; B) yield. The activity of Cv-ATA L59A towards (S)-2
was set as 100% (0.033�0.001 μmolmin� 1mg� 1). Bars repre-
sent the standard deviation of a minimum of two replicates. Full
details of experimental conditions are given in the Experimental
Section.
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mole� 1, respectively), indicating its higher volatility.
Thus, alternative strategies for withdrawal of 12 (e.g.,
enzymatic removal[31]) would be required to further
improve the conversion rate.

In a complementary approach, the kinetic resolution
of rac-6 was also performed by using ATA-117-Rd11
with acetone as the amino acceptor as described above.
After 72 h incubation, (S)-6 reached 96% ee when the
reaction was stopped (Figure S24). Extractive workup
furnished 25 mg of (S)-6 (86% yield, based on the
residual enantiomer; eeS=96%) (Figure S25–S27). We
suppose that the lower stereoselectivity of ATA-117-
Rd11 towards rac-6 originates in the less bulky phenyl
moiety (as compared to rac-5), which renders the two
hydrophobic moieties at the amine functionality more
difficult to differentiate for this enzyme.

Conclusions
We have studied two ATAs of complementary stereo-
selectivity, engineered for having an enlarged small
binding pocket, for the synthesis of two arylbutyl-
amines 5 and 6 as pharmaceutically relevant building
blocks in enantiomerically pure form, considering both
direct asymmetric synthesis and kinetic resolution
strategies.

For the direct asymmetric synthesis of (R)-5, which
is a key chiral component of human leukocyte elastase
inhibitor DMP 777 (L-694,458), we employed the
commercial (R)-selective Arthrobacter ATA-117-Rd11.
Under optimized conditions with removal of acetone
generated as a co-product, 86% conversion of prochiral
ketone 8 gave (R)-5 with excellent purity (>99% ee).
However, the productivity of the process (0.17 mmol
L� 1 h� 1 (0.033 g L� 1 h� 1) was rather inefficient due to
the thermodynamically unfavorable equilibrium char-
acter of the reaction. No alternative (R)-selective ATA
could be identified by screening of the commercial
PRO-TRANS library, despite a broad coverage of TA
sequence space.

In a complementary approach, we applied the
recently created Cv-ATA L59A variant, enabled to
accept a bulky butyl group in the S-pocket, towards the
kinetic resolution of racemic 5.[15c] The variant dis-
played a shift in pH optimum, improved co-solvent
tolerance and a slightly higher thermal stability as
compared to the wild type enzyme. The kinetic
resolution of 0.2 M (39 g L� 1) rac-5 was carried out at
a moderate enzyme loading (2.75 g L� 1) with amino-
transfer to pyruvate in the absence of co-solvent,
leaving the unreacted (R)-enantiomer in excellent yield
and >99% ee after a very short incubation time of
only 25 min. The outstandingly high volumetric
productivity of this reaction (0.22 molL� 1 h� 1 or 42.5 g
L� 1 h� 1), still offers room for further improvement of
the process efficiency, such as by enzyme immobiliza-
tion and/or compartmentalization of the reaction

products. Similarly, the corresponding enantiomer (S)-
5 was obtained via kinetic resolution of rac-5 but using
ATA-117-Rd11 instead and acetone (12) as an industri-
ally attractive amino acceptor.

We also evaluated the utility of Cv-ATA L59A for
the asymmetric synthesis of the pharmaceutically
relevant amine (S)-6. Enzyme activity was slightly
lower than the reported value of the triple ATA mutant
from O. anthropic.[30] Cv-ATA L59A displayed toler-
ance to isopropylamine (11) concentrations of up to
1.5 M and produced enantiomerically pure (S)-6 (>
99% ee) from butyrophenone (9) in satisfactory overall
yield, which was limited by equilibrium effects.

The reported data suggest that minimum rational
engineering of an ATA seems to be sufficient for
obtaining an efficient biocatalyst with expanded sub-
strate scope and improved robustness.[15c] Thus, the
coordinated optimization of enzyme characteristics and
suitable process configuration can allow for the
biocatalytic synthesis of sterically and thermodynami-
cally demanding amine building blocks with high
volumetric productivity, excellent stereoselectivity and
moderate enzyme loading.

Experimental Section
Synthesis of Benzo[1,3]dioxol-5-yl-butylamine rac-
(5)
Racemic amine 5 (eeR=5�1%) was prepared according to
Amato et al.[26] with few modifications (see Supporting Informa-
tion S1.2 for details).
1H NMR (300 MHz, CDCl3) δ 6.86 – 6.79 (m, 1H), 6.74 – 6.72
(m, 2H), 5.92 (s, 2H), 3.80 (t, J=6.9 Hz, 1H), 1.58 (td, J=

12.8, 6.3, 2.9 Hz, 2H), 1.47 (brs, 2H), 1.38 – 1.12 (m, 2H), 0.89
(t, J=7.3 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 147.67,
146.26, 140.93, 119.47, 107.96, 106.61, 100.83, 55.83, 41.89,
19.74, 14.01.

Enzyme Expression and Purification
Escherichia coli BL21 (DE3) competent cells were transformed
with a pET28(α+) vector containing the sequence encoding Cv-
ATA (NCBI: WP 011135573.1) L59A protein linked to a
polyhistidine tag. After overnight incubation on solid LB
medium (50 μg/mL kanamycin), a positive colonies were
picked, cultured in liquid LB (50 μg/mL kanamycin) at 37 °C
for 6 h and stored in 16% glycerol at � 80 °C. SDS-PAGE
analysis confirmed a high expression level of the recombinant
protein (>50% total soluble protein (TSP), Figure S28). A
larger-scale expression was performed in baffled 2 L flasks with
0.5 L autoinduction medium ZYM-5052[32] (50 μg/mL kanamy-
cin, lacking trace metals) in an Ecotron shaker (Infors AG,
Bottmingen, CH) for 6 h at 37 °C, followed by 18 h at 30 °C and
220 rpm. Cells were harvested using a Thermo Scientific™
Contifuge™ Stratos™ centrifuge (Fisher Scientific GmbH.,
Schwerte, Germany) and frozen at –20°C overnight. Cells were
thawed in 20 mM sodium phosphate buffer (pH 7.4) supple-
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mented with 0.5 mgmL� 1 lysozyme and 5 U mL� 1 DNase I at
37 °C for 30 min. The lysate was adjusted to 0.5 mM PLP and
1 mM dithiothreitol and incubated for 1 h at room temperature
under magnetic stirring. After incubation, the lysate was
adjusted to 0.5 M NaCl and centrifuged at 4 °C and 12.000 g for
30 min for clarification. The supernatant was adjusted to
30 mM imidazole and loaded onto a pre-equilibrated HisTrap™
FF column containing Ni Sepharose® 6 Fast Flow (Cytiva
Europe GmbH, former GE Healthcare, Freiburg, Germany).
The column was washed, and the target protein was eluted with
a buffer containing 20 mM sodium phosphate, 0.5 M NaCl and
50 mM EDTA (pH 7.4). The buffer was exchanged with 50 mM
HEPES (pH 7.5) containing 0.5 mM PLP by size exclusion
chromatography, and the sample was freeze-dried.

The sequence encoding ATA-117-Rd11 (PDB: 5FR9 A) linked
to a poly-His tag was ligated into a pET28(α+) vector, and the
construct was transformed into Escherichia coli BL21 (DE3)
competent cells for protein overexpression. The prepared cell
free extract contained 50�2% TSP as determined by bicincho-
ninic acid assay and thereof around 60% target protein
(estimated by SDS-PAGE).

A commercial panel PRO-TRANSP (Prozomix Limited, Halt-
whistle, UK) of 192 TAs was provided in MTP format as
lyophilised cell-free extracts (1 mg/well). Concentration of TCP
in the samples was 70�13% (determined by bicinchoninic acid
assay) and thereof 40–80% target protein (estimated from SDS-
PAGE of the selected samples).

HPLC Analysis
RP-HPLC analyses were carried out with a Shimadzu LC20AT
HPLC system (Shimadzu U.S.A. Manufacturing Inc., Canby,
USA) using an XBridge™ C18 (Waters, Milford, USA)
analytical column (3×150 mm, 3.5 μm) and the mobile phase
consisting of 0.1% (v/v) formic acid (A) and 0.1% (v/v) formic
acid in acetonitrile (B). For the separation, the following binary
gradient elution program was applied (% B): 10 within 3 min;
10–90 within 12 min. The column was flushed with 99% B for
4 min and re-equilibrated with 10% B for 5 min. The flow rate
was set to 0.5 mLmin� 1 and absorbance of 8 was detected at
280 nm, absorbance of 1 and 9 at 250 nm. The absorbance of
amine 6 was detected at 190 nm.

For chiral HPLC analysis, amines 5 and 6 were derivatized with
9-fluorenylmethyl chloroformate (Fmoc-Cl) as described[33]
with minor modifications (see Supporting Information S1.3 for
details). Chiral HPLC was performed on a Shimadzu 20A
system, using a Lux® Cellulose 1 (Phenomenex, Torrance,
USA) column (250×4.6 mm, 5 μm) and the mobile phase
consisting of a) 5% (v/v) isopropyl alcohol and 0.1% (v/v)
diethylamine in acetonitrile (Figure S5, S9 and S10); b) 99% (v/
v) acetonitrile and 0.1% (v/v) formic acid (Figure S15) for
separation of Fmoc-5 enantiomers or c) 25% (v/v) isopropyl
alcohol and 0.1% (v/v) diethylamine in hexane for separation of
Fmoc-6 enantiomers. The flow rate was set to 0.75 mLmin� 1,
the column temperature to 25 °C and absorbance of the products
after Fmoc derivatization was detected at 256 nm.

Alternatively, for separation of Fmoc-6 enantiomers (Fig-
ure S27), a mobile phase consisting of 0.1% (v/v) formic acid
(A) and 0.1% (v/v) formic acid in acetonitrile (B) was

employed, and the following binary gradient elution program
was applied (% B): 60–95 within 10 min, 95–99 within 5 min.
The column was flushed with 99% B for 5 min and re-
equilibrated with 60% B for 4 min. The flow rate was set to
0.75 mLmin� 1, the column temperature to 30 °C and absorbance
of the products was detected at 250 nm.

High-Throughput Screening of a Commercial TA
Library
A commercial panel of 192 TAs (PRO-TRANS; Prozomix Ltd,
Northumberland, UK) was screened against (S)-2 or (R)-2 as an
amino donor and pyruvate (4) as an amino acceptor in
microtiter plate format, and enzyme activities were detected
using UV assay for acetophenone formation.[21] TAs from the
panel were also screened against 10 as an amino donor with 8
as an amino acceptor in a qualitative colorimetric assay.[22]
Detailed assay protocols are provided as Supporting Informa-
tion (S1.4).

Biochemical Enzyme Characterization
To determine pH optimum, co-solvent tolerance and the
substrate specificity of the enzymes, we employed a UV
assay,[21] adapted for the detection of ketone product 8 in the
reaction mixture. Reactions were performed in 96-well UV
transparent flat-bottom microtiter plates (Thermo Fisher Scien-
tific, Weaverville, USA) in a total volume of 0.2 mL. The plates
were incubated at 30 °C (Cv-ATA L59A ) or 45 °C (ATA-117-
Rd11), and the absorbance of 8 was detected in a kinetic mode
at 310 nm. Specific activity was quantified using a calibration
curve built for the standard solutions of 8 (Figure S6).

Analysis of enzyme activity as a function of the pH was
performed using universal Davies buffer solutions[34] at a range
of pH values between 6.5 and 10.5. Reaction conditions: 1 mM
rac-5, 1 mM 4, 0.05 mM PLP, 0.03 mgmL� 1 of purified Cv-
ATA L59A in 100 mM Davies buffers of different pH values.
Specific activity was quantified by the amount of 8 produced in
10 min.

The enzyme tolerance to co-solvents was estimated at a 0–50%
(v/v) range of DMSO or acetone concentration. Reaction
conditions: 1 mM rac-5, 1 mM 4, 0.05 mM PLP, 0–50% (v/v)
co-solvent, 0.03 mgmL� 1 of purified Cv-ATA L59A in 100 mM
KPi buffer (pH 7.5). Specific activity was quantified by the
amount of 8 produced in 10 min (DMSO) or 20 min (acetone).

Activities of Cv-ATA L59A and ATA-117-Rd11 towards rac-5
as an amino donor and pyruvate (4) and acetone (12) as amino
acceptors were determined under the following conditions:
1 mM rac-5, 1 mM 4 or 20 mM 3, 0.05 mM PLP, 0.03 mgmL� 1
of purified Cv-ATA L59A or 0.25 mgmL� 1 of ATA-117-Rd11
CFE in 100 mM KPi buffer (pH 7.5). The activity was
determined by the amount of 8 produced in 5 min (Cv-ATA
L59A for 4) or 90 min.

Activities of Cv-ATA L59A and ATA-117-Rd11 towards 11 and
(S)- or (R)-2, respectively, as amino donors and 9 as an amino
acceptor were determined using HPLC. Reaction conditions
(total volume 0.4 mL): 0.5 M 11 or 5 mM (S)- or (R)-2, 5 mM
9, 0.1 mM PLP, 0.9 mgmL� 1 of purified Cv-ATA L59A or
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4 mgmL� 1 of ATA-117-Rd11 CFE in 100 mM KPi buffer
pH 8.0 or pH 11.0 (ATA-117-Rd11 and 11 as an amino donor).
The vials were incubated at 30 °C (Cv-ATA L59A ) or 45 °C
(ATA-117-Rd11) and 450 rpm. Activity was determined by the
amount of 6 or 1 produced in 15 min (Cv-ATA L59A ) or
30 min (ATA-117-Rd11); the yield was HPLC determined by
the residual amount of 9 after 88 h of incubation. Specific
activities were quantified using a calibration curve built for
standard solutions of 6, 1 and 9.

Protein melting point (Tm) was calculated from the first
derivative of the fluorescence emission intensities at 330 and
350 nm using a Prometheus nanoDSF instrument (NanoTemper
Technologies, München, Germany).

Preparative Synthesis of (R)-5, (S)-5and (S)-6
Preparative synthesis of (R)-5 was performed in a round-bottom
flask with 20 mL reaction volume containing 0.5 M 11, 50 mM
8, 0.5 mM PLP, 50% DMSO and 25 mgmL� 1 ATA-117-Rd11
CFE in 0.1 M KPi buffer at pH 11.0, 45 °C and 400 mbar
vacuum under magnetic stirring. During incubation, the pH
value was maintained at 11.0 with 4 M 11. See also figure
captions for specific conditions regarding analytical scale
reactions.

For the extraction, pH value of the reaction mixture was
adjusted to 1.3 with conc. HCl and precipitated proteins were
separated by centrifugation. The supernatant was decanted and
extracted two times with equal volumes of ethyl acetate. The
aqueous phase was saturated with NaCl, and pH was adjusted to
12.5 with 6 M NaOH. The aqueous phase was extracted two
times with equal volumes of ethyl acetate; the organic fractions
were combined, dried over magnesium sulfate, and the solvent
was rotary evaporated.

The obtained extract was submitted to a preparative RP
chromatography. The separation was performed with a Combi-
Flash® EZ Prep system (Teledyne ISCO, Lincoln, USA), using
a MultoKrom® 100-5 C18 (CS-Chromatographie Service
GmbH, Langerwehe, Germany) preparative column (20×
150 mm, 5 μm) and the mobile phase consisting of 0.1% (v/v)
formic acid (A) and 0.1% (v/v) formic acid in acetonitrile (B).
For the separation, the following binary gradient elution
program was applied (% B): 5 within 7 min; 5–95 within
18 min. The flow rate was set to 18 mLmin� 1 and absorbance
was detected at 200 nm. The fractions containing 5 were
combined and evaporated, giving 5 as a formate salt.

Preparative kinetic resolution of rac-5 for obtaining enantiopure
remaining (R)-5 was performed in a round-bottom flask with
8 mL reaction volume containing 0.2 M 4, 0.5 mM PLP and
2.75 mgmL� 1 purified Cv-ATA L59A in 0.1 M KPi buffer
(pH 7.5) at 30 °C with magnetic stirring. A solution of 0.5 M
rac-5 in 0.1 M KPi buffer (pH 7.5) was added dropwise over
15 min to give a final concentration of 0.2 M.

For obtaining enantiopure remaining (S)-5 or (S)-6, the kinetic
resolution was performed in a round-bottom flask with 10 mL
or 3.3 mL reaction volume, respectively, containing 1.2 M 12,
0.5 mM PLP and 30 mgmL� 1 ATA-117-Rd11 CFE in 0.1 M KPi
buffer (pH 8.5) at 45 °C with magnetic stirring. 0.4 M rac-5 or
rac-6, respectively, in 0.1 M KPi buffer (pH 8.5) was added

dropwise over 12 min or 15 min, respectively, to give a final
concentration of 0.1 M.

The efficiency of the resolution was monitored by chiral HPLC
analysis. The extraction was performed as described above,
giving enantiopure (R)- and (S)-5, or (S)-6, respectively, as
slightly brownish oils. See also figure captures for specific
conditions regarding analytical scale reactions.

Direct synthesis of (S)-6 was performed in a round-bottom flask
with 9 mL reaction volume containing 1.5 M 11, 50 mM 9,
0.5 mM PLP, 20% DMSO and 4.8 mgmL� 1 purified Cv-ATA
L59A in 0.1 M KPi buffer (pH 8.0) at 30 °C under magnetic
stirring for 24 h. The pH was maintained at 8.0 with 4 M 11. A
0.5 M solution of 9 in DMSO was added dropwise over 60 min
to give a final concentration of 50 mM. Extraction was
performed as described above with minor modifications: the
residual DMSO was removed by re-extraction of the final
organic fraction with water and brine. After the solvent
evaporation, the extract was uploaded onto 2 preparative
0.5 mm TLC plates and run in the solvent system containing
chloroform, methanol and 25% (v/v) ammonia (ratio 8:2:0.2).
Elution of the sample from silica followed by the evaporation
of volatiles yielded (S)-6 as a yellow oil. See also figure
captures for specific conditions regarding analytical scale
reactions.
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