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A system for ω-transaminase mediated (R)-amination
using L-alanine as an amine donor†

N. Richter,a J. E. Farnberger,b D. Pressnitz,b H. Lechner,b F. Zepeckc and W. Kroutil*b

Chiral amines are important building blocks for fine chemicals and pharmaceuticals. Consequently,

various biocatalytic routes in particular using ω-transaminases (ω-TAs) have been developed recently.

Although catalysts for the synthesis of both enantiomers are available, the application of alanine depen-

dent (R)-selective ω-TAs is less favourable due to the requirement of the more expensive D-alanine as an

amine donor. Here we describe an efficient method for (R)-amination using ω-TAs in combination with an

alanine racemase (AlaR). In this case, the readily available L-alanine can be used as an amine donor

leading to improved atom efficiency and significantly reduced costs.

Introduction

ω-Transaminases (ω-TAs) have been proven to be powerful cata-
lysts frequently used in the synthesis of chiral amines.1–8 As an
alternative to classical chemical strategies,9–12 they offer a
green and sustainable synthetic route and can provide access
to both enantiomers of the amine. This is enabled by the
recent identification of numerous ω-TAs with (S)- as well as
(R)-stereoselectivity.13–19 However, due to the unfavoured reaction
equilibrium of the reductive amination of ketones employing
alanine as an amine donor as well as co-product inhibition,
the reaction requires in situ techniques to remove the co-
product pyruvate to set-up efficient processes. As a conse-
quence, many studies addressed these limitations of ω-TAs
over the last decade, and a variety of methods have been devel-
oped to efficiently shift the equilibrium of the desired reduc-
tive amination reaction.2,3,6 This progress enabled the
development of various interesting applications employing
ω-TAs20–30 and their exploitation on an industrial scale.15

Nevertheless, the selection of the amine donor is a crucial
parameter, while a donor such as 2-propylamine seems to be a
good choice with respect to economic efficiency, its use is
restricted to certain ω-TAs.3,15,17,18,29,31,32 Therefore, a natural
donor like alanine might be preferred; however, while
L-alanine is readily available to be employed with (S)-selective
enzymes, (R)-selective enzymes require the far more expensive

D-alanine. This limitation makes their application less
efficient, compared to their (S)-selective counterparts, and
alternative strategies are required, in particular when amine
donors such as 2-propylamine are not an option.

Results and discussion

To overcome this limitation for applications with (R)-selective
ω-TAs we report here the combination of an alanine racemase
(AlaR) with the amination system. Thus, by using L-alanine as
the starting material the required more expensive D-alanine is
provided in situ by racemisation (Scheme 1). This racemisation
concept has been reported for the synthesis of optically pure
α-amino acids using α-transaminases; however, the strategy
has not been reported for the asymmetric amination of
ketones employing ω-TAs.33 In particular, the combination of
the AlaR with the frequently used alanine dehydrogenase

Scheme 1 Amination employing (R)-selective ω-TAs and L-alanine as
donors. D-Alanine is provided by an alanine racemase (AlaR) by racemi-
sation of L-alanine. The co-product pyruvate is recycled/removed using
either an alanine dehydrogenase (AlaDH) or lactate dehydrogenase
(LDH).
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(AlaDH) to remove the co-product of the amination, pyruvate,
by reductive amination to L-alanine (AlaDH system)34 enables
the recycling of the amine donor also in the case of (R)-selec-
tive ω-TAs.

Cloning and recombinant expression of the SeAlaR and
PpAlaR

For the racemisation of L-alanine the PLP-dependent AlaR
from Streptomyces coelicolor (SeAlaR)35 was selected as well as
an AlaR from Pseudomonas putida (PpAlaR). Both enzymes
were cloned in suitable expression vectors and heterologously
expressed in E. coli.

While the PpAlaR mainly accumulated as insoluble
inclusion bodies, good expression was achieved for SeAlaR.
However, initial activity studies showed that both enzymes
were active towards the racemisation of L-alanine. Based on the
better heterologous expression, lyophilised cell free extracts of
SeAlaR were used for all further experiments.

Characterisation of the SeAlaR

The SeAlaR was characterised to identify optimal conditions
for its application in combination with the other required
enzymes in the desired amination reaction (Scheme 1).

First the racemisation of 250 mM L-alanine was studied over
a period of 30 min, using different amounts of the enzyme
(mg mL−1). The results indicated that an efficient racemisation
within that time was achieved using 5 mg as well as 2.5 mg of
the lyophilised cell free extract (Fig. 1a). In addition to the
enzyme loading the influence of DMSO, a co-solvent com-
monly used with ω-TAs, was studied. For this purpose, activi-
ties were determined in the presence of 10 vol% DMSO. As
depicted in Fig. 1a the racemisation rate in the absence of
DMSO was slightly higher than the reaction in the presence of
DMSO. Nevertheless, the results indicate that DMSO can be
employed in a reaction with SeAlaR, when the addition of
DMSO is required to improve the solubility of lipophilic sub-
strates. As a further crucial parameter the stability of the
SeAlaR under ω-TA reaction conditions was investigated. The
enzyme was incubated under process conditions (30 °C, in the
presence of pyruvate, acetophenone, 1-phenylethylamine and
PLP) and the activity in the racemisation of L-alanine after
different incubation times was monitored (Fig. 1b, c). The
study showed that AlaR is a rather stable catalyst and even
after an incubation time of 24 h the racemisation still proceeds
equally well as at the start of the reaction (Fig. 1b). The same
is true for the racemisation in the presence of DMSO
(10 vol%). Here the racemisation still proceeded well although
slightly slower than the reaction without the co-solvent
(Fig. 1c).

Combination of racemisation and transamination reaction

For the amination employing (R)-selective ω-TAs and D-alanine
as amine donors, two systems were used to remove the co-
product pyruvate in order to shift the equilibrium: an AlaDH
to transform pyruvate to L-alanine (AlaDH system, Scheme 1)
or a LDH to reduce pyruvate to lactate (LDH system,

Scheme 1).2,3 A comparative study was performed using either
only D-alanine or L-alanine in combination with the SeAlaR.

SeAlaR and the AlaDH system

The amination of acetophenone (1a) employing the ω-TA from
Aspergillus terreus (AT ω-TA)13,14,17–19 and five equivalents of
D-alanine (Fig. 2a, black bars) was compared to the reaction
with L-alanine and SeAlaR. For the biotransformation using
L-alanine 10 equivalents were used to provide five equivalents
of the desired D-enantiomer after racemisation by the SeAlaR
(Fig. 2a, grey bar). In addition, the same reaction was per-
formed using rac-alanine (10 eq., white bar) and L-alanine

Fig. 1 Activity and stability of the SeAlaR. (a) Racemisation profile of
L-alanine catalysed by the SeAlaR. The racemisation of 250 mM L-alanine
was monitored over a period of 30 min using different amounts of AlaR
(mg mL−1) in the presence and absence of DMSO as the co-solvent. (b,
c) Racemisation profile of SeAlaR after incubation in the absence (b) and
in the presence of DMSO (c) under process conditions (30 °C, in the
presence of pyruvate, acetophenone, 1-phenylethylamine and PLP).
Samples were taken after 0 min (black bars); 5 min (dark grey bars);
15 min (light grey bars) and 30 min (white bars).
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(5 eq., light grey bar) without the addition of SeAlaR. The
highest conversion was achieved using five equivalents of
D-alanine in the absence of SeAlaR (78%). The addition of
L-alanine to produce five equivalents of D-alanine in situ led to
a conversion of 61%. Since rac-alanine in the control reaction
led to a conversion in a similar range (64%) it seemed that
inhibition occurs to a certain extent due to the presence of the
L-enantiomer. However, when providing only one equivalent of
D-alanine both systems led to the same conversion and at 0.5
equivalents even a higher conversion was achieved starting
with L-alanine and SeAlaR. This clearly demonstrated that by
employing the SeAlaR-catalysed racemisation of L-alanine the
efficiency of the desired amination reaction was improved.

Interestingly, the control reaction with L-alanine (5 eq.) in
the absence of SeAlaR also led to a moderate conversion.
Additional experiments using purified ω-TA for the transform-
ation could prove that this conversion is due to the presence of
an AlaR in the E. coli host.36,37 Thus, the ω-TA employed was
highly specific for D-alanine not accepting L-alanine and the
E. coli AlaR slowly racemised L-alanine consequently leading to

the observed conversion (for results see ESI section 2†).
However, the studies also showed that the racemisation by the
E. coli AlaR was insufficient, in particular with respect to the
reaction time and conversion. This becomes obvious when
comparing the reaction rates of the transformations with
D-alanine and L-alanine within the first ten hours: while the
reaction was almost completed using D-alanine (72%) as
the amine donor, a conversion of only 16% was reached in
the case of L-alanine (ESI Fig. S3†).

SeAlaR and the LDH system

Similar to the AlaDH system, the LDH system was studied in
the presence and absence of SeAlaR. Again the influence of
different alanine concentrations was investigated. A maximal
conversion of 81% for the amination of 1a was reached using
five equivalents of D-alanine without racemisation by the
SeAlaR. The best conversion (75%) was obtained for the race-
misation system using 5 equivalents of L-alanine leading to 2.5
equivalents of D-alanine after racemisation by the SeAlaR
(Fig. 2b). Actually, when comparing both systems (AlaDH and
LDH) comparable conversions (78% and 81%) were obtained
using five equivalents of D-alanine in the absence of the
SeAlaR (Fig. 2a and b, black bar). However, in the presence of
SeAlaR-catalysed racemisation slightly different results were
obtained. A combination of SeAlaR with the LDH system led to
a conversion of 75%, whereas the AlaDH/SeAlaR system led to
a conversion of 63%. This variation might be caused by the
fact that D-alanine is consumed when using the LDH system
and not recycled as in the AlaDH system, hence the con-
centration of both alanine enantiomers is reduced over time.
The decreasing amount of L-alanine present might have a posi-
tive effect on the reaction assuming an inhibition by this
enantiomer.

Since a reduction of alanine equivalents had no significant
effect in the case of the AlaDH system (Fig. 2a) the influence of
lower alanine concentrations was investigated also with the
LDH system. However, in this case the conversion decreased
with lower amounts of alanine in the presence of the SeAlaR
(Fig. 2b). This decrease might be due to the constantly decreas-
ing alanine concentration in the LDH system, while the con-
centration in the AlaDH system remained constant.

As a further example, the amination of 4-phenyl-2-butanone
(1b) was studied initially using the AT ω-TA. Fig. 3 shows that
the amination of 1b led to conversions close to 100% using
both the LDH and the AlaDH systems. Even when employing
only one equivalent of D-alanine a conversion of 95% was
obtained. It is important to note that the additional racemisa-
tion catalyst (SeAlaR) did not have any influence on the optical
purity of the product which was still very high (ee >99%).
This was also true for the amination of 1a where exclusively
(R)-1-phenylethylamine (2a) was detected (ee >99%).

Finally, the system was tested with a second ω-TA originat-
ing from Arthrobacter sp. (ArR)17,38 and 4-phenyl-2-butanone
1b as the substrate. Transaminations with five equivalents of
D-alanine were compared to reactions with SeAlaR using the
identified optimal conditions for both pyruvate removal

Fig. 2 Conversions of the ω-TA-catalysed amination of 1a using AT
ω-TA with and without SeAlaR. (a) Conversions for the AlaDH system
after 24 h in the presence (grey bars) and in the absence (black bars) of
SeAlaR at different equivalents of D-alanine. (b) Conversions for the LDH
system in the presence (grey bars) and in the absence (black bars) of
SeAlaR at varied amounts of alanine. With the exception of the control
reaction where L-alanine was used (a, light grey bar), results are always
correlated to the equivalents of D-alanine available in the reaction
mixture.
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systems [AlaDH/FDH (1 eq.) and LDH/GDH (2.5 eq.)]. Again, it
was clearly shown that L-alanine can be used successfully as an
amine donor in the presence of the SeAlaR. Moreover, compar-
able conversions were obtained with respect to the use of
D-alanine without the SeAlaR (Fig. 4).

Comparison of efficiency

In summary, it was clearly demonstrated that L-alanine can be
applied for (R)-selective ω-TAs when used in combination with
an AlaR. The most prominent advantage of this method is that

the cost of the process using (R)-selective ω-TAs can be signifi-
cantly reduced by using the much cheaper L-alanine as an
amine source as well as being able to reduce the equivalents of
the amine donor employed. Table 1 outlines the relative cost
for the production of (R)-4-phenyl-2-butylamine [(R)-2b] for the
systems applied. By just employing 10 equivalents of L-alanine
instead of 5 equivalents of D-alanine the cost of the reaction
can be reduced 6.8-fold. Moreover, since an efficient pro-
duction was also possible using less equivalents of L-alanine
the price could be even reduced by 97%, with respect to the
amine source, compared to the previously applied reaction
conditions.

In a recently published multi-step synthesis of a dual orexin
receptor antagonist a ω-TA catalysed amination was performed
on a preparative scale (22.3 mol) using D-alanine as an amine
source.39 The desired intermediate (piperidone) was produced
in 74% yield and excellent stereoselectivity. However, due to its
solubility limit only 3.6 equivalents of D-alanine were used,
prolonging the reaction time to 31 h. Also, 7.2 kg of D-alanine
used on this scale is rather expensive. In theory, by applying
the described concept the cost of the amine donor could be
reduced by 85.5% when using equal equivalents of d-alanine
(7.2 eq. of L-alanine). Moreover, when using the optimised
AlaDH system and consequently reducing the equivalents a
reduction of even 96% of the cost is possible, demonstrating
the impact for amination reactions on an industrial scale.

In addition to the significant reduction in cost, the E-factor
was also calculated to address the environmental impact of the
different systems (Table 1, for calculations see ESI†). The
process without the additional racemisation step using the
AlaDH system can be considered as a rather green process
(E-factor 13.75). Nevertheless, by introducing the racemisation
step a further reduction of the E-factor by 5.5% was possible
when employing the AlaDH/SeAlaR system (E-factor 12.99).
The additional fermentation, which is required to produce the
SeAlaR, has to be taken into account, too. However, it has to be
considered that the possibility to use L-alanine instead of
D-alanine is also a significant improvement towards a greener
process which is unfortunately not considered in the calcu-
lation of the E-factor, since using an amine source from the
readily available chiral pool of nature makes the whole trans-
formation more environmentally friendly. In particular, a bio-
based production of L-alanine using organisms such as Coryne-
bacterium glutamicum as well as E. coli at the expense of
glucose is possible.40,41

In addition, the introduced racemisation step improves the
efficiency by enabling the recycling of the amine donor when
using the AlaDH system. Based on the L-selectivity of the
employed AlaDH, L-alanine is produced which can then be
racemised to provide the amine donor for the (R)-selective
ω-TAs. Theoretically, only one equivalent of L-alanine should
be sufficient to aminate the starting ketone with complete con-
version and indeed, studies starting with 1 eq. of L-alanine
(providing 0.5 eq. of D-alanine after racemisation) led to
similar results compared to those observed with 10 times
more the amine donor (Fig. 2). The benefit of recycling the

Fig. 3 Amination of 1b applying the best conditions (see text) of both
the AlaDH and LDH systems with and without the SeAlaR using the AT
ω-TA. Conversions after 24 h for the AlaDH system (black bars) and LDH
system (grey bars). Control reactions using D-alanine as an amine donor
are indicated by the hatched bars.

Fig. 4 Results of the amination of 1b employing the ArR ω-TA compar-
ing both systems with and without the addition of SeAlaR. Conversions
are given for the LDH (grey bars) and AlaDH systems (black bars) after
24 h. Control reactions using D-alanine as an amine donor are indicated
by the hatched bars.
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amine donor in the case of the AlaDH system becomes even
more obvious when comparing the atom efficiency of the
AlaDH process, whereby atom efficiency is increased from 50%
without to 71% with the addition of AlaR (for calculations
see ESI†).

Conclusion

The application of (R)-selective ω-TAs requiring D-alanine as an
amine donor is limited by the 13.8-times more expensive
D-enantiomer compared to L-alanine. The here introduced race-
misation step catalysed by an AlaR from Streptomyces coelicolor
(SeAlaR) led to an economically improved and greener (R)-
amination reaction system using L-alanine as an amine donor.
The experiments showed that comparable conversions were
achieved using either D-alanine as an amine donor or L-alanine
with the SeAlaR. In addition, it could be shown that the
equivalents of the amine donor can be significantly reduced
using the described system. In particular, when the AlaR is
used in combination with an AlaDH for the removal of the co-
product pyruvate, a significantly improved process was esta-
blished due to the recycling of alanine. As a consequence, the
cost for the amine donor alanine can be reduced by up to 97%
while simultaneously decreasing the E-factor of the process as
well as increasing the atom efficiency.

Experimental
Chemicals

Commercial grade chemicals were purchased from different
suppliers and used without further purification. DNA-modify-
ing enzymes were obtained from Thermo Scientific or New
England Biolabs. L-Lactate dehydrogenase (LDH, evo-1.1.150),
formate dehydrogenase (FDH, evo-1.1.230) and glucose de-
hydrogenase (GDH, evo-1.1.060) (all from evocatal, Germany)
are commercially available. The L-alanine dehydrogenase (AlaDH)
was used as a purified enzyme which was prepared as
described previously.23 Both the used ω-transaminases were
employed as lyophilised whole cell preparations prepared as
previously reported.17

Cloning and recombinant protein expression of SeAlaR
and PpAlaR

The previously reported AlaR from Streptomyces coelicolor
(SeAlaR, pEG238)35 and the novel AlaR from Pseudomonas
putida (PpAlaR, pEG236) were designed as codon-optimised
genes (both sequences can be found in ESI†) (GeneArt,
Germany). Both genes were subsequently cloned into the
expression vector pET21a (Invitrogen, USA) using the restric-
tion sites NdeI/NotI to construct a variant containing a C-terminal
His-tag.

The AlaRs were expressed in E. coli BL21(DE3)pLysS in lyso-
geny broth medium containing ampicillin (100 mg mL−1).
Cultures were grown at 37 °C until an OD600 of 0.5–0.7 was
reached. Enzyme expression was induced by the addition of
isopropyl-β-D-thiogalactopyranoside (0.5 mM), and the tem-
perature was reduced to 25 °C. After 16–20 h cells were har-
vested by centrifugation and stored at −20 °C. To prepare a cell
free crude extract, cells (10% v/w) were suspended in sodium
phosphate buffer (10 mM, pH 8), and disrupted by ultrasonica-
tion (2 × 1 min, 0.1 s pulse on and 0.4 s pulse off, 40%
output). The crude extract was cleared by centrifugation
(20 min, 14 000 rpm), freeze dried and stored at −20 °C.

Determination of the racemisation rate

To test the activity of both AlaRs the racemisation of L-alanine
was followed over time. Different amounts of AlaR (0.4–5 mg
mL−1) were incubated with L-alanine (250 mM) in sodium
phosphate buffer (50 mM, pH 8) containing pyridoxal-5′-phos-
phate (PLP; 1 mM) at 30 °C and 500 rpm. For the determi-
nation of the co-solvent tolerance of the AlaR, DMSO (10 vol%)
was added to the reaction. After 2.5, 5, 10 and 30 min samples
were withdrawn (10 µL), quenched with MeOH (10 µL) and
subsequently diluted 500-fold with a HPLC-MS eluent (MeOH–

H2O = 65 : 35 with 0.1% of formic acid). Denatured protein was
removed by centrifugation (3 min, 13 000 rpm) and the super-
natant was analysed by HPLC-MS (1260 Infinity equipped with
a quadrupole 6120, both from Agilent, USA) using a chiral
Chirobiotic-T column (150 × 4.5 mm, Astec, Sigma-Aldrich,
Switzerland) under the following conditions: MeOH–H2O–
HCO2H (65 : 35 : 0.1) at a flow rate of 1 mL min−1; elution
times; L- (2.3 min) and D-alanine (2.7 min).

Table 1 Comparing the systems in the absence and presence of the SeAlaR with respect to the relative cost of the amine donor as well as E-factor
for the production of (R)-2b

Process
Equivalents
D-alaa Alanine

Relative
costb [%] E-factor

AlaDH/FDH system 5 D 100 13.75
LDH/FDH system 5 D 100 13.78
LDH/GDH/SeAlaR system 2.5 L + AlaR 5.2 14.57

1 L + AlaR 2.1 13.21
AlaDH/FDH/SeAlaR system 1 L + AlaR 2.1 12.99

a Equivalents of D-alanine available; for L-alanine + AlaR double equivalents of L-alanine were used to provide comparable equivalents of
D-alanine. b Prices for the calculation were taken from Sigma Aldrich (D-alanine, # A7377) and Carl Roth (L-alanine, # 3076) (26.10.2014).
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Stability of the SeAlaR

For the determination of the SeAlaR stability, the enzyme was
incubated under process conditions (30 °C, in the presence of
pyruvate, acetophenone, 1-phenylethylamine and PLP) and the
activity was determined after different incubation times. For
this study the SeAlaR (2 mg mL−1) was incubated in sodium
phosphate buffer (50 mM, pH 8) containing sodium pyruvate
(12.5 mM), acetophenone (12.5 mM), 1-phenylethylamine
(12.5 mM) and PLP (1 mM) at 30 °C and 600 rpm. After 0 h,
1 h, 4 h and 24 h L-alanine (250 mM) was added to start the
reaction and samples were taken over 30 min and analysed as
described before.

ω-TA-catalysed amination of acetophenone and
4-phenyl-2-butanone

AlaDH system. Transamination reactions were performed
on a 1 mL scale as follows: lyophilised E. coli cells containing
the ω-TA (20 mg) were rehydrated in sodium phosphate buffer
(200 µL, 50 mM, pH 8) containing PLP (5 mM, 1 mM final con-
centration in the reaction) at 30 °C and 120 rpm for 15 min.
To provide racemic alanine for the reaction the crude AlaR
(2 mg) was incubated in sodium phosphate buffer (200–400 µL,
50 mM, pH 8) containing L-alanine (1–10 eq., 25–250 mM
final concentration) at 30 °C and 120 rpm for 15 min. For
control reactions either D- or L-alanine was incubated without
the addition of AlaR. After this initial incubation both mix-
tures were combined and the volume was adjusted to 1 mL by
adding sodium phosphate buffer (50 mM, pH 8) containing
NAD+ (1 mM final concentration), ammonium formate
(150 mM final concentration), FDH (20 U) and AlaDH (10 U).
The reaction was started by the addition of a substrate (3.7 mg,
25 µmol, 25 mM final conc.) and incubated at 30 °C and
800 rpm. Samples (200 μL) were stopped at different time points
by the addition of an aqueous sat. NaHCO3 solution (10 vol%)
and extracted with ethyl acetate (2 × 400 μL). The organic phase
was dried (Na2SO4) and analysed by gas chromatography
(Agilent 7890 A system with a FID detector) equipped with an
Agilent DB-1701 column (30 m, 0.25 mm, 0.25 µm) using the
following temperature programmes: for acetophenone: 60 °C,
hold for 5 min, 10 °C min−1 to 160 °C, 60 °C min−1 to 280 °C,
hold for 2 min, retention time: 1-phenylethylamine 10.2 min,
acetophenone 11.2 min; and for 4-phenyl-2-butanone: 120 °C,
10 °C min−1 to 180 °C, 60 °C min−1 to 280 °C, hold for 2 min,
retention times: 1-methyl-3-phenylpropylamine 3.3 min,
4-phenyl-2-butanone 3.7 min.

For the determination of enantiomeric excess samples were
derivatised to the corresponding acetamides by adding pyri-
dine (2 µL) and acetic anhydride (6 µL) to the extracted organic
phase. Samples were incubated at 40 °C and 800 rpm for 2 h
and quenched by the addition of aqu. sat. NaHCO3 (25 µL).
Then the organic phase was analysed via gas chromatography
(Agilent 7890 A system with a FID detector) equipped with a
chiral Varian Dex CB column (25 m, 0.32 mm, 0.25 µm). The
following method was used: 120 °C, 5 °C min−1 to 180 °C,
hold 2 min, retention times: 1-methyl-3-phenylpropylamine:

(S) 9.7 min, (R) 9.9 min, 1-phenylethylamine: (S) 6.4 min,
(R) 6.7 min.

LDH system. Transamination reactions were performed on
a 1 mL scale as follows: lyophilised E. coli cells containing the
ω-TA (20 mg) and the AlaR (2 mg) were preincubated as
described above. After this initial incubation both mixtures
were combined and the volume was adjusted to 1 mL by
adding sodium phosphate buffer (50 mM, pH 8) containing
NAD+ (1 mM final concentration), glucose (150 mM final con-
centration), LDH (140 U) and GDH (35 U). The reaction was
started by the addition of the substrate (3.7 mg, 25 µmol,
25 mM final concentration) and incubated at 30 °C and
800 rpm. Samples were withdrawn at different time points,
and treated and analysed as described for the AlaDH system.
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