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Chapter 5

Exploiting the catalytic promiscuity of L-lysine-ε-dehydrogenase
for the enzymatic synthesis of primary alcohols and (a)chiral
amines

A manuscript based on this chapter has been submitted to chemistry: A European Journal
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5.1 Abstract
L-lysine-ε-dehydrogenase

(LysEDH)

from

Geobacillus

stearothermophilus

naturally catalyzes the oxidative deamination of the ε-amino group of L-lysine.
Recently, this enzyme was found to be capable of converting aromatic
aldehydes into primary alcohols. Herein, we exploited the promiscuous catalytic
activity of LysEDH and created enzymes that exhibit increased activity for the
reduction of a wide range of benzylic aldehydes to primary alcohols.
Interestingly, these novel engineered alcohol dehydrogenases (ADHs) also
catalyzed the reductive amination of a variety carbonyl containing compounds
with excellent enantioselectivity. We envisioned that the bi-functionality of the
enzymes could be harnessed for the direct conversion of alcohols to amines. As
a proof of principle, we were able to perform an unprecedented one-pot
hydrogen-borrowing cascade of benzyl alcohol to benzylamine using a single
enzyme (5% analytical yield). Conducting the same biocatalytic cascade in the
presence of cofactor recycling enzymes (NADH-oxidase and formate
dehydrogenase), increased the yields up to 34%. This work provides the first
examples of enzymes showing ‘alcohol aminase’ activity.

5.2 Introduction

5.2 Introduction
During the past decades, catalytic enzyme promiscuity has been exploited for
the generation of novel enzymes that are able to catalyse alternative chemical
reactions than the ‘natural’ ones.1-4 These promiscuous enzymes served as
excellent starting points for the evolution of enzymes possessing novel catalytic
activities.5,6 Indeed, it was shown that even a few point mutations can enhance
a promiscuous activity by several orders of magnitude.7 In the past, we and
others have studied this phenomenon. For instance, we have exploited the
catalytic promiscuity of amine dehydrogenases (AmDHs) for the synthesis of
secondary or tertiary amines.8 In another work by our group, we have also shown
that the promiscuous activity of galactose oxidase enables the efficient synthesis
of nitriles,9 although this enzyme was engineered for the oxidation of alcohols.
Oxidation of alcohols to aldehydes or ketones can be accomplished using
alcohol

dehydrogenases

(ADHs).

ADHs

are

NAD(P)H

dependent

oxidoreductases that catalyze the reversible reduction of aldehydes and
ketones to their corresponding alcohols.10-12 ADHs have been commonly studied
for the asymmetric reduction of ketones to the corresponding chiral alcohols, for
the deracemization of secondary alcohols via stereoconversion;13 furthermore,
they have been applied in cascade processes that entail a ketone intermediate
formed by ADH-catalyzed oxidation.14,15 However, the use of ADHs for the
aerobic oxidation of primary alcohols has not been frequently applied possibly
due to the scarce availability of primary ADHs although this reaction is also
gaining more interest recently.12 In the past, the conversion of aromatic
aldehydes to primary alcohols (and vice versa) has been achieved with
engineered

or

wild-type

stearothermophilus,16

ADHs

mainly

Saccharomyces

originating

cerevisiae,17

from

Bacillus

Acinetobacter

calcoaceticus,18 Sulfolobus solfataricus19 and horse livers.20 The applicability of
these enzymes has also been demonstrated in the hydrogen borrowing
amination of alcohols when combined with AmDHs.
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Amine dehydrogenases (AmDHs) catalyze the reductive amination of carbonyl
compounds at the sole expense of ammonia and a hydride source. Because of
their impressive enantioselectivities they have been applied for the synthesis of
enantiopure α-chiral amines.21-23 Since the pioneering work of Bommarius and
coworkers,24 the toolbox of AmDHs have been significantly expanded either by
engineering L- amino acid dehydrogenases or by the discovery of native AmDHs
(nat-AmDHs) using metagenomic data.24-29 We have recently created an AmDH
by introducing the F173A mutation into L-lysine-(ε-deaminating)-dehydrogenase
(LysEDH) scaffold that normally catalyzes the oxidative ε-deamination of
L-lysine.30 This single mutation created a new hydrophobic cavity capable of
accommodating small aromatic ketones that were converted into α-chiral
amines. However, we recently observed that the wild type LysEDH is also able to
produce primary alcohols starting from aromatic aldehydes.
Herein, starting from this promiscuous enzyme scaffold, we were able to obtain
enzymes that showed both AmDH and ADH activity. The additional mutations
introduced in the scaffold of L-lysine-(ε-deaminating)-dehydrogenase resulted
either in AmDHs with increased catalytic performance for the reductive
amination of carbonyl-containing compounds compared with the previously
reported AmDH from the same scaffold (LE-AmDH-v1) or in ADHs with superior
catalytic activity for the reduction of aldehydes to alcohols compared with the
wild type enzyme. Notably, by controlling the conditions of the reactions, these
variants could produce exclusively either amines or alcohols. As amine
dehydrogenases, these enzymes were highly enantioselective and afforded
(R)-configured amines with >99% ee. As ADHs, the enzymes proved to be
excellent catalysts for the synthesis of primary alcohols. This bi-functional role of
the enzymes was harnessed for the direct conversion of benzyl alcohol to
benzylamine using two cascades. As a proof of principle we were able to obtain
the amine product confirming an unprecedented ‘alcohol aminase’ behavior
by these catalysts.

5.3 Results and discussion

5.3 Results and discussion
5.3.1 Substrate selection
A range of carbonyl containing compounds were tested in this study. Group A
(Scheme 1) consists of aromatic aldehydes and was tested both in the reductive
amination reaction and in the reduction to the corresponding alcohols (1-19a).
Group B, aromatic and aliphatic ketones, were tested in the reductive amination
reaction. The aldehydes of Group A (1-19b), their corresponding alcohols (1-19a)
and amines (1-19c) were first tested if they could be extracted from aqueous
media; this evaluation was accomplished by comparing the obtained response
factors (area of the compound divided with the area of internal standard) with
the response factors obtained from reference compounds directly prepared in
organic solvent. Due to their known high volatility after prolonged incubation as
during the biocatalytic reaction, these compounds were incubated in the
reaction buffer for 24 h and, after extraction, the obtained response factors were
compared with the ones obtained from the reference compounds directly
prepared in organic solvent. A possible interaction of these compounds with the
residues of the enzyme was also excluded by preparing the same reference
compounds in the presence of the enzyme. As always, the obtained response
factors were compared with the response factors initially obtained. Only those
aldehydes that showed response factors ≥60% (compare with the response
factors of the same compounds directly prepared in to the organic solvents)
were used; these compounds are depicted in Scheme 1. All results are
summarized in Table 1 (for more details about the preparation of the reference
compounds and data analysis see methods, section 5.5.2).
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Figure 1. List of compounds used in this study. Group A was used for the reductive amination
and the reduction to alcohols, while group B was used only for the reductive amination
reactions.
Table 1. Response factors in percentage calculated for aldehydes (group A) under different
conditions. The response factor of the references directly prepared in organic solvent is
considered as 100%.
Response factor (RF)
Compound

Prepared in

Extracted

Incubated

In presence

Organic solvent

from buffer

for 24 h

of enzyme

1a

1.18 (100%)

1.12 (95%)

1.09 (92%)

1.11 (94%)

1b

1.01 (100%)

0.97 (96%)

0.86 (86%)

0.88 (88%)

1c

0.88 (100%)

0.75 (85%)

0.77 (88%)

0.79 (90%)

2a

1.16 (100%)

1.12 (96%)

1.12 (96%)

1.12 (97%)

2b

1.04 (100%)

0.98 (94%)

0.88 (85%)

0.91 (87%)

2c

1.09 (100%)

1.14 (104%)

1.12 (102%)

1.14 (104%)

3a

1.01 (100%)

1.03 (103%)

1.05 (104%)

1.05 (104%)

3b

0.98 (100%)

0.95 (97%)

0.83 (85%)

0.83 (85%)

3c

1.10 (100%)

1.10 (99%)

1.06 (96%)

1.08 (98%)

4a

1.11 (100%)

1.09 (99%)

1.09 (98%)

1.14 (103%)

4b

0.93 (100%)

0.89 (97%)

0.76 (82%)

0.75 (81%)

4c

1.05 (100%)

1.02 (97%)

1.01 (96%)

1.01 (96%)

5.3 Results and discussion
Response factor (RF)
Compound

Prepared in

Extracted

Incubated

In presence

Organic solvent

from buffer

for 24 h

of enzyme

5a

1.09 (100%)

1.12 (103%)

1.16 (107%)

1.15 (106%)

5b

1.04 (100%)

1.04 (100%)

0.79 (76%)

0.76 (73%)

5c

1.17 (100%)

1.18 (100%)

1.13 (97%)

1.16 (99%)

6a

0.98 (100%)

0.97 (98%)

0.95 (96%)

0.98 (99%)

6b

0.54 (100%)

0.52 (98%)

0.33 (62%)

0.34 (63%)

6c

N.D.

N.D.

N.D.

N.D.

7a

1.14 (100%)

1.19 (104%)

1.18 (103%)

1.18 (103%)

7b

1.01 (100%)

0.97 (95%)

0.53 (53%)

0.58 (57%)

7c

N.D.

N.D.

N.D.

N.D.

12a

1.32 (100%)

1.34 (102%)

1.34 (102%)

1.37 (104%)

12b

1.19 (100%)

1.15 (96%)

0.78 (66%)

0.81 (68%)

12c

1.19 (100%)

1.24 (104%)

1.24 (104%)

1.27 (106%)

13a

1.15 (100%)

1.18 (103%)

1.11 (97%)

1.11 (97%)

13b

1.08 (100%)

1.04 (96%)

0.72 (66%)

0.76 (70%)

13c

1.32 (100%)

1.29 (98%)

1.24 (94%)

1.26 (95%)

18a

1.09 (100%)

0.91 (84%)

1.01 (93%)

1.01 (93%)

18b

0.99 (100%)

0.85 (86%)

0.72 (73%)

0.46 (46%)

18c

1.28 (100%)

1.06 (83%)

1.04 (81%)

1.09 (85%)

19a

1.15 (100%)

1.04 (90%)

1.10 (95%)

1.11 (96%)

19b

1.06 (100%)

0.96 (90%)

0.96 (90%)

0.73 (69%)

19c

1.44 (100%)

1.47 (102%)

1.48 (103%)

1.47 (102%)

N.D.: Not determined

5.3.2 Reductive aminations of aldehydes
The reductive amination of aldehydes was performed using the WT LysEDH, the
LE-AmDH-v130—that showed high activity for the reductive amination of
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benzaldehyde—and four other variants that were originally designed to
accommodate bulky-bulky ketones in different binding poses. These variants
were obtained by mutation of the residues involved in the interaction of the
enzyme’s active site with the amino group of the natural substrate L-lysine (Y238A
and/or T240A). Combining these mutations with the F173A or F173S resulted in
variants:

Y238A/F173A

(LE-AmDH-v22),

Y238A/F173S

(LE-AmDH-v24),

Y238A/T240A/F173A (LE-AmDH-v25), Y238A/T240A/F173S (LE-AmDH-v27). The
F173A mutation was included in order for the enzymes to retain the previously
engineered amine dehydrogenase activity, while serine was introduced further
in order to investigate the effects of a hydrophilic, yet not bulky residue in this
position. In all of the reactions, two blank samples were included. Only the
cofactor but no enzymes were present in blank 2, whereas in the blank 1 the FDH
was also present to exclude any product (amine) or by byproduct (e.g., alcohol)
formation as a result of the action of the cofactor-recycling enzyme alone. All
biocatalytic reactions with aldehydes as substrates were analyzed using internal
standards as described in methods. Therefore, both the conversions and the
analytical yields could be accurately determined based on these response
factors. Table 2 summarizes the results obtained for the reductive aminations
reactions. It is evident that all variants bearing the F173A mutation performed
better in the reductive amination of aldehydes than variants containing the
F173S mutation. Among these variants, LE-AmDH-v22 possess the highest
catalytic activity followed by LE-AmDH-v1. Among the variants containing the
F173S mutation, the highest analytical yields for the amine formation were
obtained with the double variant LE-AmDH-v24. No amine formation was
observed in any of the blank reactions, thus indicating that the LE-AmDHs
catalyze the reductive aminations. In some cases, we observed that the wild
type LysEDH as well as both variants containing the F173S mutation, produced
alcohols as by-products. In contrast, none of the reactions with LE-AmDHs variant
possessing the F173A mutation resulted in any alcohol formation; alcohol
formation was also not observed in the blank samples hence indicating that the
introduction of F173S favored the formation of alcohols. This was further

5.3 Results and discussion

confirmed in biocatalytic reactions that were performed in ammonia-free
environment as described later in this chapter.
Table 2. Reductive amination of aromatic aldehydes catalyzed by LE-AmDHs variants.
Enzyme

WT

LE-AmDH-v1

LE-AmDH-v22

LE-AmDH-v24

LE-AmDH-v25

LE-AmDH-v27

Blank 1

Blank 2

1b

2b

3b

4b

5b

12b

13b

18b

19b

Conversion (%)

62

70

19

22

17

1

0

16

54

Amine yield (%)

17

23

0

2

0

0

0

0

0

Alcohol yield (%)

35

28

12

0

0

0

0

0

20

Conversion (%)

>99

>99

85

>99

19

3

97

15

50

Amine yield (%)

>99

90

74

98

3

6

91

0

0

Alcohol yield (%)

0

0

0

0

0

0

0

0

11

Conversion (%)

>99

>99

>99

>99

26

15

97

19

43

Amine yield (%)

>99

89

99

>99

11

13

92

0

0

Alcohol yield (%)

0

0

0

0

0

0

0

0

9

Conversion (%)

94

58

28

71

16

2

3

18

49

Amine yield (%)

80

34

11

54

1

0

6

0

0

Alcohol yield (%)

0

0

6

0

4

0

0

0

15

Conversion (%)

>99

>99

85

>99

16

6

92

19

31

Amine yield (%)

>99

91

74

>99

5

8

87

0

0

Alcohol yield (%)

0

0

0

0

0

0

0

0

0

Conversion (%)

97

84

46

63

44

8

3

22

65

Amine yield (%)

52

36

4

44

0

0

6

0

0

Alcohol yield (%)

22

28

30

0

18

0

0

0

33

Conversion (%)

9

0

3

4

0

2

0

17

14

Amine yield (%)

0

0

0

0

0

0

0

0

0

Alcohol yield (%)

0

0

0

0

0

0

0

0

0

Conversion (%)

1

0

0

2

0

0

0

15

0

Amine yield (%)

0

0

0

0

0

0

0

0

0
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Enzyme
Alcohol yield (%)

1b

2b

3b

4b

5b

12b

13b

18b

19b

0

0

0

0

0

0

0

0

0

Experimental conditions: 1 mL final volume in Eppendorf tubes; buffer: ammonium formate
2 M pH 8.2-9.0; T: 30 °C; reaction time: 24 h; agitation orbital shaker (170 rpm);
[substrate]: 20 mM; [NAD+]: 1 mM; [LysEDH]: 45 μM; [Cb-FDH]: 16 μM. Blank 1: reaction
without LE-AmDH, Blank 2: reaction without LE-AmDH and FDH
The conversion and yield depicted here are the average values obtained from four
independent experiments.

5.3.3 Reductive amination of ketones
The applicability and stereoselectivity of the LE-AmDHs were further investigated
in the reductive amination of ketones (Scheme 1, group B). Ketones are known
to be more stable and less volatile than aldehydes, therefore the use of
reference compounds for the determination of the response factors was not
strictly necessary in these cases (i.e., response factors of ketone and related
amine are very similar when using GC-FID analysis). In this set of reactions, the
four variants: LE-AmDH-v22, -v24, -v25 and –v27 were tested for the reductive
amination of a diverse panel of ketones. The LE-AmDH-v1 was already tested for
the reductive amination of most of these compounds in our previous study. These
results are also included here for comparison (Table 3). The reactions were
performed at 50 °C for 48 h, since we have shown that LE-AmDH-v1 is highly
thermostable and its kinetics are accelerated at higher temperatures.30 We
therefore assumed that the other variants would also exhibit similar thermostable
behavior. In agreement with the results obtained for the reductive amination of
aldehydes, Table 3 shows that LE-AmDH-v22 was the most active variant for the
reductive amination of ketones, exhibiting similar or even higher conversions than
LE-AmDH-v1. In fact, LE-AmDH-v22 showed the highest catalytic activity among
all variants tested. Interestingly the LE-AmDH-v25, containing the same mutations
as LE-AmDH-v22 and the additional mutations T240A, led to lower conversions for
the ketones tested. This is likely due to the larger volume of the active site of this
variant that enables a higher flexibility of the substrate into the binding pocket of
LE-AmDH-v25. The increased flexibility possibly affects the crucial distance

205

5.3 Results and discussion

between the prochiral carbon of the substrate and the hydride of the cofactor.
This hypothesis is supported further by the fact that this variant was the only one
capable of aminating the larger substrate 27b, albeit with low conversion (5%).
Notably,

all

variants

bearing

the

F173S

mutation

(LE-AmDH-v24

and

LE-AmDH-v27) showed a dramatic decrease of the conversion for the prochiral
ketones tested, thus indicating that the introduction of the hydrophilic serine in
this new binding cavity has a major impact in the accommodation of small
hydrophobic substrates. In all cases in which we were able to obtain information
about the stereoselective outcome of these reactions, the amines were always
obtained with >99% ee for the (R)-configured product.
Table 3. Reductive amination of ketones catalyzed by LE-AmDHs variants.
20b

LE-AmDH-v1

LE-AmDH-v22

LE-AmDH-v24

LE-AmDH-v25

LE-AmDH-v27

Blank 1

Blank 2

21b

23b

24b

25b

26b

27b

>99

86

76

87

-

0

>99.9

89

97

>99

28b
99

29b

30b

31b

-

79

82

>99

99.4

Conv.(%)

0

ee (%) R

N.D.

Conv.(%)

0

97

52

83

93

13

0

97

85

80

99

ee (%) R

N.D.

>99

>99

>99

>99

N.D.

N.D.

>99

N.A.

>99

>99

Conv.(%)

0

50

3

0

8

0

0

50

5

9

41

ee (%) R

N.D.

>99

N.D.

N.D.

N.D.

N.D.

N.D.

>99

N.A.

>99

>99

Conv.(%)

0

84

32

53

53

10

5

84

75

64

85

ee (%) R

N.D.

>99

>99

>99

>99

N.D

N.D.

>99

N.A.

>99

>99

Conv.(%)

0

34

1

0

0

0

1

34

7

12

27

ee (%) R

N.D.

>99

N.D.

N.D.

N.D.

N.D.

N.D.

>99

N.A.

>99

>99

Conv.(%)

0

0

0

0

0

0

0

0

0

0

0

ee (%) R

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

Conv.(%)

0

0

0

0

0

0

0

0

0

0

0

ee (%) R

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

>99.9

Experimental conditions: 0.5 mL final volume in Eppendorf tubes; buffer: ammonium
formate 2 M pH 9.0; T: 50 oC; reaction time: 48 h; agitation orbital shaker (170 rpm);
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[substrate]: 10 mM; [NAD+]:1 mM; [LysEDH]: 90 μM; [Cb-FDH]: 16 μM. Blank 1: reaction
without LE-AmDH, Blank 2: reaction without LE-AmDH and FDH
N.D.: Not determined, N.A.: Not applicable

5.3.4 Investigation of the optimal reaction conditions for the reduction of
aldehydes to alcohols
As reported before, when the WT LysEDH and variants LE-AmDH-v24 and -v27
were tested for the reductive amination of aldehydes, we observed formation of
alcohols. LE-AmDH-v27 produced the highest amount of alcohol among all
enzymes tested. We envisioned that this promiscuous activity could be increased
in an ammonia free environment under the optimized conditions. Therefore the
LE-AmDH-v27 was applied in a series of optimization studies for the reduction of
benzaldehyde to benzylalcohol. Initially, the pH optimum for this biocatalytic
transformation was investigated using the Britton-Robinson’s universal buffer in pH
range values 6.5-9.0. Results (Figure 1) showed that the highest velocity (μM min1)

was obtained at pH 7.0. In contrast, we have previously reported that the

reductive amination reaction proceeds better at increased pH values (pH
9.0-9.5).30 However, at this pH, the rate of the reduction of benzaldehyde to
benzylalcohol was reduced approx. 4 times compared with the rates obtained
at pH 7.0.

5.3 Results and discussion

Figure 2. pH optimum for the reduction of benzaldehyde to benzylalcohol using the LysEDH
variant.

In the next step, the progress of the reduction of benzaldehyde to benzylalcohol
was monitored using several buffers all prepared at pH 7 (see methods). In total,
five different buffers (HEPES, Tris, MOPS, KPi, NaH2PO4) were tested, all prepared
at 100 mM and pH 7.0. Figure 3 summarizes the analytical yield (expressed in mM)
of the produced alcohol. These results show that the reactions proceeded
almost equally well in all buffers tested. The enzyme showed no preference for a
certain type of buffer since the reactions always resulted in ≥98.6% conversion
and ≥18.84 mM of benzyl alcohol produced after 24h. Therefore, the KPi buffer
was chosen for further experiments.
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Figure 3 Progress of the reduction of benzaldehyde to benzylalcohol at different types of
buffers.

5.3.5 Reduction of aldehydes to alcohols
After amine dehydrogenase (AmDH) activity was confirmed, we investigated
the promiscuous ADH activity of the LE-AmDHs. The six selected enzymes were
tested for the reduction of aromatic ketones or aldehydes (Figure 1, group A) to
their corresponding alcohols. All results are presented in Table 4. Substrates 1-3b
were well accepted by all enzymes, resulting in moderate to high conversions
(62-100%). Interestingly, for substrate 4b only LE-AmDH-v27 was able to produce
the corresponding alcohol in moderate yield (40%) possibly because the
ortho-fluoro substituent may cause unfavorable electronic effects that
negatively affect the activity of the enzymes. This trend was not observed for the
reductive

amination

reactions

of

para-

and

meta-substituted

fluorobenzaldehyde. For substrates 5b and 12b, LE-AmDH-v27 yielded full
conversion to the corresponding alcohols (>99% yield). In contrast, LE-AmDH-v22

5.3 Results and discussion

and -v25 in particular, were less active towards these two substrates. Unlikely to
the meta-methylbenzaldehyde (12b), ortho-methylbenzaldehyde (13b) was not
accepted by any of the enzymes tested (0% yield of 13a). Remarkably, in the
reductive amination reaction, the ortho-substituted substrate was favored by
LE-AmDH-v1, -v22 and -v25. For substrate 18b, only LE-AmDH-v27 was capable of
producing the corresponding alcohol in low yield (4%). Notably, aldehyde 19b,
in which the carbonyl moiety is located a carbon further than 18b, was
converted to alcohol in high yields (67-68%). However, a similar yield (61%) was
obtained in the blank sample containing Cb-FDH, indicating that the
cofactor-recycling enzyme is probably responsible for this transformation.
Ketones 20-22b could not be reduced by any LE-AmDHs (0% analytical yield)
and therefore we were not able to determine the stereoselectivity of these
enzymes. Among all of the six LE-AmDHs, the variant LE-AmDH-v27 was the most
active in the reduction of aldehydes to primary alcohols (Table 4). Notably, this
enzyme showed relatively high activity towards substrate 4b (40% yield) compare
with all LE-AmDHs used. The wild-type enzyme (LysEDH) also exhibited
considerable ADH activity (59-84% yield of products 1-3a, 5a and 12a). In
general, the variants with the F173S mutation (LE-AmDH-v24 and LE-AmDH-v27)
were more active than the variants with an alanine at the same position (v22
and v25). Interestingly, in the reductive amination reaction this trend was
reversed (Table 2). Comparing the results obtained by LE-AmDH-v24 and
LE-AmDH-v27 is evident that the alanine mutation in position 240 (T240A) caused
an increase in alcohol dehydrogenase activity.
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Table 4. Reduction of aromatic aldehydes to alcohols by LE-AmDHs.
Enzyme

WT

Le-AmDH-v1

Le-AmDH-v22

Le-AmDH-v24

Le-AmDH-v25

Le-AmDH-v27

Blank 1

Blank 2

1b

2b

3b

4b

5b

12b

13b

18b

19b

Conv (%)

95

92

98

24

89

70

0

28

81

Yield (%)

82

74

83

11

84

59

0

0

67

Conv (%)

90

84

98

23

73

63

0

30

80

Yield (%)

76

64

85

11

65

52

0

0

68

Conv (%)

73

77

94

18

40

37

0

28

79

Yield (%)

54

59

80

7

24

28

0

0

68

Conv (%)

85

71

98

21

69

60

0

26

81

Yield (%)

66

53

84

9

59

51

0

0

67

Conv (%)

76

62

94

18

40

42

0

25

80

Yield (%)

56

46

79

7

21

33

0

0

68

Conv (%)

>99

99

>99

68

99

99

0

28

81

Yield (%)

77

80

86

40

>99

>99

0

4

67

Conv (%)

16

20

29

9

5

5

0

7

77

Yield (%)

7

5

18

1

0

1

0

0

61

Conv (%)

6

11

7

6

0

3

0

0

1

Yield (%)

0

0

0

0

0

0

0

0

0

Experimental conditions: 1 mL final volume in Eppendorf tubes; buffer: KPi 100 mM pH 7.0;
T = 30 °C; reaction time: 24 h; agitation orbital shaker (170 rpm); [substrate]: 20 mM;
[NAD+]: 1 mM; [LysEDH]: 45 μM; [Cb-FDH]: 16 μM. Blank 1: reaction without LE-AmDH,
Blank 2: reaction without LE-AmDH and FDH.
The conversion and yield depicted here are the average values obtained from four
independent experiments.

5.3.6 Reduction of benzaldehyde at higher concentrations.
In this set of reactions the influence of benzaldehyde concentration (10-100 mM)
to the analytical yield of the obtained product was investigated. The LysEDH
concentration was 90 μΜ, FDH concentration was 16 μΜ; reactions were run in

5.3 Results and discussion

100 mM KPi buffer pH 7.0 supplemented with 100 mM of HCOONa. Results are
summarized in Figure 4. After 24 h, 90% of 100 mM benzaldehyde was converted
to benzyl alcohol (76% analytical yield). In general only a small influence in the
analytical yield of benzylalcohol as observed by increasing the concentration of
benzaldehyde even 10 folds (from 95% to 76%).

Figure 4 Influence of benzaldehyde concentration in the analytical yield of the alcohol
product. Experimental conditions: buffer: KPi 100 mM pH 7.0; T: 30 oC; reaction time: 24 h;
agitation orbital shaker (170 rpm); [substrate]: 10-100 mM; [NAD+]: 1 mM; [LysEDH]: 45 μM;
[Cb-FDH]: 16 μM.

5.3.7 Investigation of the oxidation of benzyl alcohol to benzaldehyde
The oxidation of alcohols to aldehydes or ketones often proceeded better in
different reaction conditions than those favor the opposite direction. Therefore,
we performed a time study in different buffers with the aim of investigating the
potential influence of different factors (e.g., type of buffer, pH) for the oxidation
of benzylalcohol to benzaldehyde. Figure 5 summarizes the progress of the
analytical yield over the time for this reaction catalyzed by LE-AmDH-v27 in
different buffers. The LE-AmDH-v27 was chosen because of its high catalytic
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activity in the opposite direction. Results showed that there is a high variation
among the different buffers tested. Increasing the pH of the reaction correlated
with an increase in the obtained yield of benzaldehyde with the highest to be
66% after 24 h using 100 mM Tris-HCl pH 9.0. In contrast at the same pH using 2 M
ammonium formate buffer the analytical yield was reduced to 7% after the same
time. The lower formation of alcohol observed in the ammonium formate buffer,
compared with the other buffers tested, may be explained by the interaction of
the ammonia with some residues in the active site of the enzyme, and/or
significant proportion of iminium intermediate formed.

Figure 5. Progress of the conversion of benzylalcohol into benzaldehyde in different buffers
using LE-AmDH-v27. Experimental conditions: 0.5 mL final volume in Eppendorf tubes; KPi
and Tris-HCl buffer are 100 mM; ammonium formate (AF) buffer is 2 M; enzyme:
LE-AmDH-v27
(F173S_Y238A_T240A); T: 30 °C; agitation orbital shaker (170 rpm);
[substrate]: 10 mM; [NAD+]: 1 mM; [LysEDH]: 90 μM; [NOx]: 10 μM.

Using the 100 mM Tris-HCl pH 9.0 buffer the oxidation of benzylalcohol to
benzaldehyde was tested with all variants (Figure 6). All enzymes were capable
of producing benzaldehyde (1b) in moderate to high yields (44-86%). Notably,
blank reactions with NOx (blank 1) afforded the desired product (1b) in 31% yield.

5.3 Results and discussion

Only the LE-AmDH-v27 was able to achieve higher yields (86%) than the wild-type
enzyme (66% yield). Considering both the oxidation and the reduction
experiments, this variant displayed the highest alcohol dehydrogenase activity.
Generally, substituting F173 with serine (F173S) instead of an alanine increased
the activity towards the formation of benzylalcohol. This is especially evident,
when comparing the two triple mutants: LE-AmDH-v25 (44% yield) with
LE-AmDH-v27 (86% yield). Compared with LE-AmDH-v24, the additional T240A
mutation in LE-AmDH-v27 resulted in increased activity.

Figure 6. Oxidation of alcohol 1a using six LE-AmDHs. The analytical yield (%) depicted here
is the average values obtained from two independent experiments. Blank 1 did not contain
LysEDH. In blank 2, LysEDH and NOx were not present. Experimental conditions: 0.5 mL final
volume in Eppendorf tubes; buffer: Tris-HCl 100 mM pH 9.0; T: 30 °C; agitation on orbital
shaker (170 rpm); reaction time: 48 h; [substrate 1a]: 10 mM; [NAD+]: 1 mM; [LysEDH]: 90 μM;
[NOx]: 10 μM

5.3.8 Investigation of direct conversion of benzylalcohol to benzylamine
We have shown that by altering the reaction conditions the catalytic activities
of the LE-AmDHs can also be altered, thereby behaving either as highly
enantioselective amine dehydrogenases or as primary alcohol dehydrogenases.
We envisioned that this catalytic promiscuity can be harnessed for the direct
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conversion

of

benzylalcohol

into

benzylamine

via

a

one-enzyme

oxidation-reductive amination cascade. Such a cascade was first reported by
Mutti and coworkers31 but using two different enzyme families: an ADH and an
AmDH. In this scenario, the LE-AmDH has a bi-functional role, acting both as ADH
and as AmDH. Still the cofactor can be added in catalytic amounts and
regenerated by the same enzyme in an “auto-recycling” fashion. Even though
the LE-AmDH variants that were most active in the oxidation of benzylalcohol
showed decreased activity in the reductive amination (and vice versa), as well
as that benzaldehyde (formed as intermediate) can be reduced back to
benzylalcohol, we attempted this one-pot single-enzyme hydrogen-borrowing
cascade using all LE-AmDHs. In a previous experiment we have shown that this
reaction did not result in any amine formation when we used 2 M ammonium
formate buffer (Figure 4); therefore, a set of different ammonia/ammonium
containing buffers (ammonium acetate, ammonium formate, ammonium
chloride, ammonium citrate, ammonium sulfate, all prepared at 1M, pH 9) were
tested. Additionally, we have shown that the oxidation of benzylacohol
proceeded better in Tris-HCl pH 9.0 (Figure 5). Therefore, we performed the same
reaction in 100 mM Tris-HCl supplemented with 500 mM NH4OH. Notably, as a
proof of principle, we were able to obtain 5% analytical yield of benzylamine
using 100 mM Tris-HCl supplemented with 500 mM ammonia solution (Figure 7,
cascade 1). The highest yield was observed with LE-AmDH-v1 (5%) followed by
LE-AmDH-v22 (4%). Both variants were the most active in the reductive amination
direction (Table 2). Varying the NAD+ concentration (1, 5 and 10 mM) as well as
the substrate concentration (10, 50 and 100 mM, respectively) while maintaining
the molar ratio of NAD+ to substrate (1: 10), resulted in increased yield of
benzylamine (0.4, 2.1 and 2.5 mM, respectively). To avoid any possible
thermodynamic equilibrium limitation, the concept of single-enzyme, two-step
amination of benzyl alcohol was investigated by uncoupling the oxidative and
the reductive steps using NOx (for the first step) and Cb-FDH (for the second step)

5.3 Results and discussion

Figure 7. Amination of benzyl alcohol using a single enzyme for oxidation and reduction
steps. All LE-AmDHs were tested. Cascade 1: buffer: Tris-HCl (100 mM) suppl. with NH4OH
(1 M) pH 9.0; T: 30 °C; reaction time: 48 h; agitation orbital shaker (170 rpm); [1a]: 10 mM;
[NAD+]: 1 mM; [LysEDH]: 90 μM. Cascade 2: Tris-HCl (100 mM) suppl. with NH4OH (1 M) pH 9.0;
T: 30 °C; reaction time: 48 h; agitation orbital shaker (170 rpm); [substrate 1a]: 10 mM;
[NAD+]: 1 mM; [NOx]: 10 μM; [LysEDH]: 90 μM; added after 24 h: [HCOONa]: 100 mM and
[FDH]: 16 μM.

as cofactor recycling enzymes (Figure 7, cascade 2), as previously shown by
Knaus et al.15 Due to the fact that the enzymes use NAD(H) in both steps, the
benzaldehyde formed in the first step can be used for reductive amination to the
corresponding alcohol by the same enzyme, upon addition of FDH and formate.
Indeed, higher analytical yield of benzylamine was observed using this cascade.
In fact, LE-AmDH-v1 was capable of producing most of benzylamine (17% anal.
yield) among all LE-AmDHs tested. Finally, using the same enzyme, we were able
to obtain 34% analytical yield for the amine product when the first step of the
cascade (cascade 2) was performed in Tris-HCl buffer pH 9 containing no
ammonia. After 24 h, the ammonia solution was added (NH4OH, 0.5 M) as well
as HCOONa (100 mM) and FDH (16 μM) and the reaction was run for another
24 h. This result is in a good agreement with the results shown in Figure 5 (light blue
line) that shows that the oxidation of benzyl alcohol to benzaldehyde is highly
unfavorable in an ammonia containing buffer. Moreover, performing the same
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cascade using in the first step the most active variant for the oxidation of 1a
(LE-AmDH-v27), did not increase the analytical yield of the obtaining amine 1c,
which was obtained in 32% analytical yield using the combination of
LE-AmDH-v27 with LE-AmDH-v1.

5.4 Conclusions

5.4 Conclusions
In

this

study,

we

exploited

the

catalytic

promiscuity

of

L-lysine-(ε-deaminating)-dehydrogenase (LysEDH) from G. stearothermophilus.
Starting from this scaffold, we created enzymes that show both ADH activity as
well as AmDH activity towards benzylic substrates. By optimizing and controlling
the reactions, these enzymes were used either for the preparation of a-chiral
amines or primary alcohols with high efficiency. The three engineered LysEDHs
containing the F173A mutation (LE-AmDH-v1, -v22 and -v24) were the most
active variants in the reductive amination of aldehydes and ketones. On the
other hand, LE-AmDH-v27 (F173S/Y238A/T240A) displayed the highest alcohol
dehydrogenase activity, both in the reduction of aromatic aldehydes and in the
oxidation of primary alcohols. As we only obtained achiral alcohols, the
stereoselectivity of these ADHs could not be determined. Reductive amination
of ketones afforded the corresponding amines in enantiomerically pure
(R)configuration (>99% ee). Notably, some of the LysEDH variants were able to
catalyze the single-enzyme hydrogen-borrowing amination of benzyl alcohol to
benzylamine (≤5% yield), providing the first examples of ‘alcohol aminase’
behavior. Performing the same biocatalytic cascade in the presence of NOx and
FDH as recycling enzymes, benzylamine was obtained in yields up to 34%.
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5.5 Methods
5.5.1 Enzyme expression and purification
All the enzymes in this study carry an N-terminal His6-tag. E. coli BL21(DE3)
competent cells, harboring the plasmids (pET-28bvar) with the genes for the
expression of the proteins, were used as expression strain. Glycerol stock solutions
of the corresponding E. coli cells were prepared in advance. Firstly, LB broth
(Luria/Miller) was prepared according to the standard recipe (25 g LB powder to
1 L demi-water). The resulting LB medium was sterilized. A single colony of E. coli
was used to inoculate the LB broth (ONC). The cells were grown overnight at
37 °C and 170 rpm in a shaker incubator. Next day, 800 μL kanamycin solution
(50 mg mL-1) was added to 800 mL sterilized LB broth, resulting in a final
kanamycin concentration of 50 μg mL-1. The cultures were inoculated by the
addition of 15 mL overnight culture and incubated at 37 °C in a shaker incubator
(170 rpm). The cell growth was checked by measuring the optical density at 600
nm (OD600). When the absorbance was 0.6-1.0 (after 2-3 h), the synthesis of the
enzymes

was

induced

by

the

addition

of

400

μL

of

1M

isopropyl

β-D-thiogalactoside (IPTG) solution (final IPTG concentration = 0.5 mM).
Expression was performed at 25 °C and 170 rpm, overnight. The following day,
the OD600 value was checked again, applying a 1:5 dilution. Before and after
induction a small sample of each culture was taken in order to verify the
expression level with SDS-PAGE. The cells were harvested by centrifugation (4500
rpm; 4 °C; 15 min; IEC FL40R centrifuge from Thermo Electron Corporation). After
resuspending the cells in lysis buffer (50 mM KH2PO4; 300 mM NaCl; 10 mM
imidazole; pH 8.0), centrifugation was performed (4500 rpm; 4 °C; 30 min). Then,
the supernatant was removed and the cell wet weight was determined. The
pellet was stored in the freezer at -20 °C.
The wet cells were suspended in lysis buffer (5-10 mL buffer added for 1 g of cell
wet weight). E. coli cells were disrupted by sonication (amplitude = 45%; pulse
ON = 10 s; pulse OFF = 10 s; total sonication time = 10-20 min). Sonication was
performed until the suspension became darker and less viscous. During
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sonication, the enzyme solutions were constantly cooled to prevent the loss of
activity. The disrupted cells were centrifuged at 16000 rpm (4 °C) for 60 min
(Beckman J2-21 centrifuge), and the supernatant was collected and filtered
through a 0.45 μm filter. A small sample of the pellet (insoluble part) as well as of
the filtrate (soluble part) was taken for SDS-PAGE analysis. Protein purification was
performed by column chromatography using pre-packed Ni-NTA HistrapTM HP
columns (5 mL) according to the manufacturer’s instructions. All solutions utilized
during chromatography had been filtered and degassed for 1 h. Firstly, the
column was washed with demi water (25 mL) and conditioned with lysis buffer
(50 mL). Then, the filtrated supernatant was loaded twice on the column. After
that, the column was washed with 25 mL lysis buffer and sufficient amounts
(~70 mL) of washing buffer (50 mM KH2PO4; 300 mM NaCl; 25 mM imidazole;
pH 8.0). The protein content of the washing fractions was checked using the
colorimetric Bradford assay. Finally, the enzymes were recovered with elution
buffer (50 mM KH2PO4; 300 mM NaCl; 300 mM imidazole; pH 8.0). Both the
washing and elution fractions were analyzed by SDS-PAGE. Fractions containing
sufficient purified protein were pooled and dialyzed overnight against potassium
phosphate buffer (50 mM; pH 8.0; 4 °C). The resulting protein solution was
concentrated using a Vivaspin® centrifugal concentrator (centrifuge: Eppendorf
5430R).

The

final

enzyme

concentrations

were

determined

spectrophotometrically by measuring the absorption at 280 nm and using the
extinction coefficient (ε) of the enzymes). Finally, purity of the enzyme solution
was judged by SDS-PAGE
5.5.2 Compound selection.
Several reference samples were prepared to determine if the compounds could
be used for the biocatalytic reactions: (i) samples in which the compounds
(substrate and product) were directly pipetted in EtOAc (inj), (ii) samples in which
substrate and product were first pipetted in the reaction buffer and then
extracted using the identical extraction procedure as the reaction samples (ext),
(iii) samples prepared as ext, but which were incubated for 24 h prior to
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extraction (inc), and (iv) samples prepared as inc in the presence of Ch1-AmDH
(enz). The extraction (ext), incubation (inc) and enzyme (enz) references were
used to determine the extractability, volatility and protein adsorption,
respectively. Measurements were performed in triplicate. KPi buffer (100 mM;
pH 7.0) was prepared by adding K2HPO4 (3.74 g; 21.5 mmol) and KH2PO4 (2.52 g;
18.5 mmol) to distilled water (final volume = 0.4 L). The pH was increased to 7.0
by the addition of 10 M KOH. Ammonium formate buffer (2 M; pH 8.2) was
prepared by dissolving HCOONH4 (23.96 g, 0.38 mol) in water (200 mL). Then,
NH4OH (2.47 mL; 8.1 M) was added to the solution and the pH was adjusted to
8.2 with formic acid. Alcohols and aldehydes /ketones were incubated in KPi
buffer, whereas amines were added to ammonium formate buffer. In each case,
20 mM of compound was pipetted into buffer solution (final volume 1 mL, in 2 mL
Eppendorf tubes). Additionally, 45 μM of Ch1-AmDH was added to the
enzymatic samples (enz). Then, the mixtures were incubated at 30 °C in orbital
shakers (170 rpm). Prior to extraction, 200 μL of 10 M KOH was added to the
samples

containing

amines.

Extraction

was

performed

using

EtOAc

(supplemented with 20 mM toluene) as extraction solvent. The ext samples were
extracted after 20 minutes, while the inc and enz samples were both extracted
after 24 h incubation. The inj samples were prepared by adding 20 μL of the
compound to 980 μL extraction solvent and served as the samples in which the
RF was considered 100%. Analysis was performed with GC-FID using split ratio
1:20. After the peak areas of toluene (AIS) and compound x (Ax) were
determined, the response factor (RF) was calculated from the ratio Ax/AIS. The
calculated RF of each sample was compared with the inj sample (=100%). When
for a specific set of compounds the RF-value of the inc reference was too low in
comparison with the inj reference (<65%), this compound was not used for
biotransformations.

5.5 Methods

5.5.3 Determination of pH optimum for the reduction of benzaldehyde to
benzylalcohol by LE-AmDH-v27
Britton-Robinson universal buffer (BRB) was prepared using acetic acid (17.4 M),
H3PO4 (14.7 M) and boric acid (solid MW: 61.83 g/mol) in the final concentration
of 80 mM. 10 mL of this “master” stock solution was titrated with 200 mM NaOH to
give the desirable pH value. Then dH2O was added until the final volume of 20 mL
resulted in 40 mM final concentration. Using this procedure, buffers with varied
pH values were prepared. The biocatalytic reactions were performed using
45 μΜ of enzyme, 14 μM of FDH, 100 mM HCOONa, 1 mM of NAD+ and 20 mM of
substrate. The final volume of the reactions was 500 μL. For each pH value of the
BRB buffer, several reactions were prepared and run for different times
(10-80 min), at 30 °C using an orbital shaker (170 rpm). Extraction was performed
using EtOAc (2 x 500 μL) supplemented with 10 mM toluene as internal standard.
The organic phases were combined dried with MgSO4 and injected in GC.
Determination of the product produced (mM of alcohol) in each reaction
sample was performed using the following procedure: first reference benzyl
alcohol (20 mM, maximum theoretical yield) was added to BRB buffer pH 7.0 (0.5
mL) and extracted after 80 min with EtOAc (2 x 0.5 mL) containing 10 mM of
toluene as internal standard. This sample was prepared in triplicate. For each
sample, the area of alcohol was plotted against the area of toluene and the
obtained values (for the three reference samples) were averaged. This final
number served as reference response factor (RFref). After extraction of the
reaction samples, the obtained area of alcohol was plotted against the area of
toluene giving the sample response factor (RFsample). Finally the product
produced (mM) after the enzymatic reaction was calculated by multiply the
concentration of the substrate used with the RFsample and divided the obtained
number with RFref [mM produced = (RFsample x 10)/ RFref].
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5.5.4 Progress of the reduction of benzaldehyde to benzylalcohol in different
types of buffers
For the enzymatic transformations of benzaldehyde to benzylalcohol several
types of buffer were tested: 100 mM HEPES pH 7.0, 100 mM Tris pH 7.0, 100 mM
MOPS pH 7.0, 100 mM KPi pH 7.0 and 100 mM NaH2PO4. Reactions (1 mL) were
performed using 90 μM of the LysEDH variant, 16 μΜ of FDH, 20 mM of
benzaldehyde, 100 mM of HCOONa, and 1 mM of NAD+. The biocatalytic
reactions were run at 30 °C using an orbital shaker (170 rpm) for different times
(1-24 h). After the reported times, reactions were extracted with EtOAc
(2 x 500 μL) supplemented with 10 mM of toluene as internal standard. The
organic phases were combined and analyzed by GC. Both conversion (based
of the mM of the remaining starting material) and analytical yield (based of the
mM of benzylalcohol produced) were determined using the following
procedure. Three reference samples were prepared by adding 20 mM of
benzaldehyde and 20 mM of benzylalcohol (from 1M stock in DMSO) to 100 mM
KPi buffer pH 7.0 (1 mL). These samples were run at 30 °C for 24h. After this time
the samples were extracted with EtOAc (2 x 0.5 mL) containing 10 mM of toluene
as internal standard. These samples were analyzed by GC. In each sample the
area of the aldehyde was plotted against the area of toluene and the response
factor (RF) was obtained. All the response factors obtained by the three samples
were averaged. This averaged number was used as reference response factor
for aldehyde (RFref/ald). In a similar way by plotting the area of alcohol with the
area of toluene, the response factor for the alcohol was determined (RFref/alc).
The (RFref/ald) was used to calculate the conversions while the RFref/alc was used to
calculate the analytical yields. After extraction of the enzymatic reactions and
injection in GC the response factors of the reactions (RFsample/ald and RFsample/alc)
were calculated using the same procedure as before. The amount (mM) of
benzaldehyde left in the reaction mixture was calculated using the formula: mM
= (RFsample/ald x 20)/ RFref/ald. This number was used to calculate the amount (mM)
of benzaldehyde consumed (20 mM – mM remained) and therefore the
conversion. For the calculations of the analytical yield the mM of benzyl alcohol
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produced were calculated using the formula: mM produced = (RFsample/alc x 20)/
RFref/alc).
5.4.6 Influence of the substrate concentration in the conversion of benzaldehyde
to benzylalcohol
The reactions at varied concentrations of benzaldehyde were performed in 1 mL
KPi buffer pH 7.0. Reactions consisted of 90 μM of the LysEDH variant, 16 μΜ of
FDH, 10-100 mM of benzaldehyde, 100 mM of HCOONa, and 1 mM of NAD+. The
reactions were extracted with EtOAc (2 x 0.5 mL) supplemented with 10 mM
toluene as internal standard. For the calculation of conversions and analytical
yields the same procedure was followed as described before. This time for the
calculation of RFref/ald and RFref/alc the concentration of benzaldehyde and benzyl
alcohol in the reference samples was prepared to be the same as the
concentration

in

the

reaction

samples.

Therefore,

for

each

different

concentration of benzaldehyde used three replicates of reference samples were
prepared with the same concentration.
5.5.5 Determination of conversion and analytical yield in the biocatalytic
reductive amination or reduction of aldehydes to alcohols
In each experiment, calculations are based on response factors (RF) of extracted
(ext) or incubated references (inc). For example, when a reaction was
performed with 20 mM substrate, reference samples were prepared containing
20 mM of substrate or product. The reference samples were extracted with the
same extraction procedure as the reaction samples. By using GC-FID, the peak
areas of toluene (AIS) and compound x (Ax) were determined. Next, the response
factor (RF) was calculated from the ratio Ax/AIS. By relating the response factors
of the reaction samples to the response factors of the reference samples, the
conversions and yields were calculated as described before.
5.5.6 General procedure for the reductive amination of aldehydes and ketones
Ammonium formate buffer (2 M; pH 8.2) was prepare by dissolving HCOONH4
(23.84 g, 0.378 mol) in water (final volume = 200 mL). Then, 2.72 mL of 8.1 M NH4OH
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was added and the pH was adjusted to 8.2 with formic acid. The biocatalytic
transformations (performed in duplicate) were conducted in a final volume of
1.0 mL (2 mL Eppendorf tubes). Reactions were started by adding NAD+ (1 mM),
Cb-FDH (16 μM), LysEDH (45 μM) and aldehyde (20 mM) in consecutive order.
Two different blank reactions were prepared. Blank 1 did not contain any LysEDH,
while in blank 2 both LysEDH and Cb-FDH were absent. During the same day of
the execution of the reductive amination experiment, new incubation
references (inc) were measured. These reference samples (also measured in
duplicate) were prepared by pipetting 20 mM of compound x in ammonium
formate buffer (1 mL final volume). All samples, also the references, were
incubated at 30 °C in orbital shakers (170 rpm). After 24 h incubation, 20 μL formic
acid was added which lowered the pH to 4.5-5.0. Then, extraction was
performed with EtOAc (supplemented with 20 mM toluene) according to the
standard procedure. The pH of the remaining water layer was increased to 13-14
by the addition of 300 μL of 10 M KOH. Another extraction step was performed
using EtOAc (supplemented with 20 mM toluene). Both the acidic extract and
the basic extract were dried with MgSO4 and analyzed as separate samples with
GC-FID (split ratio 1:20). Peak areas of alcohols and aldehydes were measured
in the acidic extract, whereas the amine peak area could be quantified in the
basic extract. Response factors of alcohols and aldehydes were calculated by
using the peak area of toluene in the acidic extract. In contrast, RF-values of
amines were determined with the peak area of toluene in the basic extract.
For the reductive amination of ketones, the NAD+ (1 mM), Cb-FDH (16 μM),
LysEDH (90 μM) and ketone (10 mM) were added in 0.5 mL ammonium formate
buffer. The reactions were run at 50 °C for 48 h at 170 rpm in orbital shakers. After
the reported time, the reaction mixture was basified (100 μL of 10 M KOH) and
the extraction was performed with EtOAc (1 x 600 μL). The organic phases were
dried with MgSO4 and analyzed by GC.
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5.5.7 Derivatization of chiral amines to determine the absolute configuration
50 mg 4-dimethylaminopyridine (DMAP) was dissolved in 1 mL acetic anhydride.
Depending on the amine concentration, either 30 µL or 50 µL of this solution was
added to the samples. The mixtures were shaken in an incubator (30 °C;
1000 rpm) for 30 minutes. After addition of distilled water (500 µL), the samples
were shaken for an additional 30 min (30 °C 1000 rpm). Then, the mixtures were
centrifuged for 5 minutes at 14800 rpm and 4 °C . The top layer (organic phase)
was removed and transferred to another Eppendorf tube. Subsequently, the
organic layer was dried with MgSO4 and centrifuged at 14800 rpm for 5 min
(4 °C). Enantiomeric excess was determined by GC-FID using a CP-Chirasil
Dex-CB column.
5.5.8 Investigation of the oxidation of benzyl alcohol to benzaldehytde
During this study five different buffer solutions were tested: KPi pH 7.0 (100 mM);
KPi pH 8.0 (100 mM); Tris-HCl pH 8.5 (100 mM); Tris-HCl pH 9.0 (100 mM); ammonium
formate pH 9.0 (2 M). The biotransformations (single replicates) were performed
in 0.5 mL (1.5 mL Eppendorf tubes) in the presence of NAD+ (1 mM), NOx (10 μM),
LysEDH (90 μM) and alcohol 1a (10 mM). Only one enzyme was employed:
LE-AmDH-v27 (F173S_Y238A_T240A). A blank sample was included, which did not
contain LE-AmDH-v27. On the same day, new incubation references (triplicate)
were prepared by pipetting 10 mM of compound 1a and 10 mM of compound
1b in KPi buffer pH 7.0 (final volume = 500 μL). All mixtures, including the
incubation references, were incubated at 30 °C in orbital shakers (170 rpm).
Seven different incubation times were applied: 2, 4, 7, 16, 24, 31 and 48 h. When
a time-point was reached, the samples were extracted with EtOAc (containing
10 mM toluene) following the standard protocol. GC-FID (split ratio 1:10) was
used for analysis.
5.5.9 Screening of LE-AmDHs for the oxidation of benzyl alcohol to benzaldehyde
Tris-HCl (pH 9.0; 100 mM) was prepared by dissolving 2.42 g Tris base (20 mmol) in
150 mL demi water. After adjusting the pH to 9.0 with concentrated HCl, the
volume was increased to 200 mL by adding more water. Biocatalytic
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transformations were carried out in duplicate in 500 μL reaction buffer (1.5 mL
Eppendorf tubes). The reactions were started by adding NAD+ (1mM), NOx (10
μM), LysEDH (90 μM) and substrate 1a (10 mM) in consecutive order. Two blanks
were included: blank 1 did not contain LysEDH, while in blank 2 both LysEDH and
NOx were absent. In addition, new incubation references (duplicate) were
made by pipetting 10 mM of compound 1a and 1b in Tris-HCl buffer (final
volume = 0.5 mL). After 48 h incubation at 30 °C in orbital shakers (170 rpm), the
samples were extracted with EtOAc (supplemented with 5 mM toluene). Finally,
the extracts were analyzed with GC-FID (split ratio 1:10; injection volume = 2 μL).
Calculations of conversion and yield are based on response factors (RF) of
incubated references as described above.
5.5.10 Investigation of direct conversion of benzylalcohol to benzylamine
For the cascade 1, Tris-HCl (100 mM) supplemented with NH4OH (1 M) pH 9.0 was
used in this study. Firstly, 1 M Tris-HCl pH 9.0 was prepared. After slow addition of
a 8.1 M solution of NH4OH (1 M final concentration), the pH was lowered to 9.0
by addition of concentrated HCl. The solution was then diluted until the desired
concentrations were obtained. Biocatalytic reactions (single replicates; 1.0 mL
final volume; 2.0 mL Eppendorf tubes) were performed in the presence of NAD+
(1 mM), LysEDH (90 μM) and benzyl alcohol 1a (10 mM). All six variants were
employed. In addition to blank reactions (without LysEDH), new incubation
references were prepared by adding 10 mM of compound 1a-c to buffer 1 (final
volume = 1.0 mL). All samples were incubated at 30 °C in orbital shakers (170 rpm)
for 48 h. Prior to extraction, 200 μL of 10 M KOH was added to each tube.
Extraction was carried out with EtOAc (supplemented with 10 mM toluene)
following the general extraction procedure. Then, GC-FID (split ratio 1: 10) was
used for analysis. Calculations of conversion and yield are based on response
factors (RF) of incubated references.
For the cascade 2, the same buffer solutions and incubation references were
used. Biocatalytic transformations (single replicates) were carried out in 1.0 mL
reaction buffer (2.0 mL Eppendorf tubes). Reactions were started by adding

5.5 Methods

NAD+ (1mM), NOx (10 μM), LysEDH (90 μM) and substrate 1a (10 mM) in
consecutive order. All six LysEDH enzymes were utilized and a blank was included
(without LysEDH). Incubation was conducted at 30 °C in orbital shakers (170 rpm).
After 24 hours incubation, HCOONa (100 mM) and Cb-FDH (16 μM) were added.
Then, the mixtures were incubated for another 24 h. After adding 200 μL of 10 M
KOH, the samples were extracted with EtOAc (2x500 μL; supplemented with 10
mM toluene) according to the general procedure. The final extracts were
analyzed with GC-FID (split ratio 1:10). Calculations of conversion and yield are
based on response factors of incubated references as described above.
5.5.11 Analytical methods
Conversions and yields were determined by gas chromatography using an
Agilent 7890B chromatograph, equipped with a FID detector. An Agilent J&W
DB1701 (30 m, 250 μm, 0.25 μm) column was used and H2 was applied as carrier
gas. Depending on the substrate concentration, a specific split ratio (e.g. 1:20)
was chosen. Unless stated otherwise, the injection volume was 1 μL. All
measurements were performed with Method B:
•

Constant pressure = 6.9 psi; Flow = 1.05 mL/min; T injector = 250 °C.

•

Temperature program: T initial = 60 °C; hold 6.5 min; gradient 20 °C
min-1 up to 100 °C; hold 1 min; gradient 20 °C min-1 up to 280 °C; hold
1 min.

Enantiomeric excess of the derivatized amines was measured with the same
chromatograph using a CP-Chirasil Dex-CB column (25 m, 320 μm, 0.25 μm).
Method:
•

Constant pressure = 3.8 psi; Flow = 1.4 mL/min; T injector = 200 °C.
Split ratio 1:20

•

Temperature program: T initial = 100 °C; hold 2 min; gradient
1 °C min-1 up to 130 °C; hold 5 min; gradient 10 °C min-1 up to 170 °C;
hold 10 min; gradient 10 °C min-1 up to 180 °C; hold 1 min.
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