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1 Summary and List of Publications

Chiral amines represent high-value fine chemicals serving as key intermediate products in phar-
maceutical, chemical and agrochemical industries. In the past decades, application of amine
transaminases (ATAs) for stereoselective amination of prochiral ketones emerged to an environ-
mentally benign and economically attractive alternative to transition metal-catalyzed asymmetric
synthesis to afford optically pure amines at industrial scale. However, the restricted substrate
scope of wild-type transaminases prohibited the conversion of particularly sterically demanding
substrates, making protein engineering indispensable.

The following thesis covers elaboration of a novel assay for transaminases (Article I) and
identification and development of transaminase variants in order to achieve biocatalytic prepa-
ration of a set of pharmaceutically relevant model amines, ideally in optically pure form for both
stereoisomers, preferentially using asymmetric synthesis and most preferably using isopropy-
lamine as cost-efficient amine donor co-substrate (Article II-IV). The aforementioned target
amines and the corresponding precursor ketones (see Scheme 4.1) were conceived and provided
by the company F. Hoffmann-La Roche to attain suitable biocatalysts for a variety of potential
intermediates for active pharmaceutical ingredients.

Protein engineering of the transaminase scaffolds investigated in this thesis comprised: Initial
screening for suitable starting enzyme scaffolds, structure-guided rational design of these scaffolds
to enable bulky planar substrate acceptance, elaboration of a sequence motif, verification of the
motif and preparative-scale asymmetric synthesis reactions (Article II). For non-planar and
structurally different target substrates, namely spatially bulky or bi-cyclic bridged substrates,
the transaminase variants were specifically refined and a different evolutionary route had to be
pursued (Article III and Article IV). These results (Article II) represent not only the first
successful endeavor to engineer a PLP-fold type I amine transaminase (commonly denoted as
(S )-selective) for the conversion of highly sterically demanding substrates, but also generally
expanded the scope of available fold type I amine transaminases by enzymes having a novel and
exceptionally broad substrate spectrum.

Aside from structure-guided rational protein engineering, as well non-rational methods, such
as site-specific saturation mutagenesis or directed evolution, were applied for protein-engineering.
In order to do so for all of the target compounds, a novel high-throughput solid phase activ-
ity assay for transaminases that was actually developed during the master thesis, was refined
and published (Article I). In the context of this thesis, the same assay principle was as well
adapted for quantification of specific activities in liquid phase (Article III). A comparison of
different methodologies for developing agar plate assays and a detailed step by step protocol of
our transaminase assay are illustrated in a book chapter.
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2 Preparation of Chiral Amines

Until 1984, about 88 % of all chiral drugs were formulated and delivered as racemates, when E.J.
Ariens claimed that the therapeutically inactive enantiomer in racemic formulations should actu-
ally be considered as impurity, due to its possible cause of side-effects.[1, 2] This novel awareness
for the significance of stereochemistry in therapeutic action triggered a revolution of pharma-
cology, gradually increasing single enantiomer entities, while decreasing racemate formulations.
Twenty years later, in 2004, only three of all 16 newly approved synthetic drugs were achiral,
while all the other 13 were single enantiomers.[2] This move from racemates to single enantiomers
was driven by strict regulations of regulatory authorities in the late 1980s, which required phar-
maceutical companies to investigate the stereochemical features of their drug candidates in the
early stage of development.[2] In most cases, single enantiomers were selected for further de-
velopment, while racemates were only selected exceptionally, in case of similar pharmacological
and toxicological properties, synergetic effects or spontaneous racemization of the individual
enantiomers.[2] In addition to that, there is a general trend to chiral entities, independently from
these regulations, as the amount of new non-chiral drugs constantly decreased over the past two
decades.[2]

This change had also a great impact on the pharmaceutical and agrochemical industries, whose
total revenue was estimated to exceed 20 billion US dollar for the year 2000, of which the greatest
shares belong to the pharmaceutical industry.[3] Optically active intermediates had an estimated
fraction of 15 % of the market and sales of these special intermediates annually increased by 7 -
8 %.[3]

Chiral amines represent a major fraction of these high-value products and primarily serve
as building blocks for the synthesis of pharmaceutical drugs (Figure 2.1) and agrochemicals
but are as well applied as chiral auxiliaries or chiral resolving agents in chemical industry. The
increased demand for optically pure amines poses a challenge to provide efficient, sustainable
and economical solutions to afford any kind of desired chiral amine in sufficient quantities and
enantiomeric purities.

2.1 Traditional Ways to Access Chiral Amines

Historically, chiral amines are prepared by chiral resolution, which implies separation of the dif-
ferent enantiomers by diasteriomeric salt crystallization, chiral derivatization or chromatographic
methods involving chiral stationary phases.[6] However, all these methods share one major draw-
back: They have a restricted maximum yield of 50 %, as only one enantiomer is exploitable,
independently from the methods’ individual demand for more or less cost intensive equipment
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Figure 2.1: Exemplary pharmaceutical drugs that contain chiral amine building blocks (high-lighted in red).
Structures were taken from references [4, 5] with minor corrections.

and processing.
Thus, the direct chemical asymmetric synthesis of the desired enantiomer is highly attractive

and was intensively studied. Over the past three decades innumerable diverse synthetic strategies
were developed and further optimized for the efficient preparation of chiral amines with high
yields at high to excellent enantiomeric purities (Scheme 2.1).[7–10]

The synthetic strategies are subdivided by their type of reaction and have different scope of
applications depending on the type of the desired amine product and the starting synthons. Hy-
droamination reactions allow the addition of N-H bonds across unsaturated carbon atoms,[11, 12]

affording primary, secondary or tertiary amines that are α-secondary or α-tertiary chiral†. The
C-H insertion reaction allows the amination of a C-H σ-bonds affording α-secondary or α-tertiary
chiral primary amines.[13] The addition of carbanions to imines and subsequent imine cleavage
reaction affords α-secondary or α-tertiary chiral primary amines.[9, 14] The last type of reaction
comprises asymmetric reductions of prochiral ketones via imine formation affording α-secondary
chiral primary amines or reductions of enamines affording α-secondary chiral primary, secondary
or tertiary amines.[7–9, 15]

Research was predominately focused on reductive approaches for the synthesis of α-chiral
primary amines to which also the target amine compounds of this thesis belong. Thus, the
majority of these primary amines are synthetically prepared by reductions and only in some
cases, typically if the reductive approaches fail to provide useful enantiomeric excess, other
approaches such as the carbanion addition are considered as alternatives.[9]

Nevertheless, all of the aforementioned methods require metal catalysis, in most of the cases
transition metals such as Ti, Cu, Zn, Ru, Rh, Pd, Ir to achieve sufficient yields without side-

†Explanation of α-secondary or α-tertiary chiral amines: The carbon atom bearing the amine functionality is
chiral and secondary or tertiary.
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2.2 Alternative Biocatalytic Approaches

Reduction
Hydrogenation of ketones, imines and enamines

 => α-secondary chiral prim-, sec- or tertiary amines
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Hydroammination
Addition of NH bonds across unsaturated carbon bonds

=> α-sec- or α-tertiary chiral prim-, sec- or tertiary amines

C-H Insertion
R1, R2, R3 can be substituted carbon atoms

 => α-secondary or α-tertiary chiral primary amines

Carbanion Addition
R1, R2, R3 can be substituted carbon atoms

=> α-secondary or α-tertiary chiral primary amines

R1

R2 R2NH

R1

R2R2N

H

*
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O
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Scheme 2.1: General synthetic strategies to afford chiral amines. This thesis focuses on alternative strategies using
transaminases to access α-secondary chiral primary amines, which is in most of the cases synthetically achieved by
reduction and carbanion addition strategies (right).

product formation. In addition to that, complex and expensive chiral ligands are required
to control stereoselectivity for sufficient enantiomeric excess of the desired amine product. In
Scheme 2.2, an exemplary overview of the latest developments for the chemical reductive asym-
metric synthesis of (R)-sitagliptin, an anti-diabetic drug, is depicted to demonstrate some selected
chiral catalysts and parameters influencing yield and enantiomeric excess.

Although there are diverse and efficient methods to access many chiral amines, a lot of chal-
lenges remain for instance maximizing reaction step efficiency and functional group compatibility,
as well as furthering access to remaining chiral amine structural classes.[9] Major drawback of
the majority of these traditional methods for the preparation of chiral primary amines is that
the reaction itself or an inevitable hydrogenolysis deprotection step after the conversion of the
afore activated precursors is supposed to be conducted at pressures of at least 15-20 bar H2 and
50-60°C.[9] This contributes to high production costs, aside from heavy metal waste disposal and
application of chiral ligands. Thus, alternative environmentally benign and cost-efficient routes
to access chiral amines with high enantiomeric excess are of great interest.

2.2 Alternative Biocatalytic Approaches

Enzymes intrinsically exhibit the capability to discriminate enantiomers or the different faces
of prochiral compounds and thus represent attractive alternatives for the preparation of chiral
compounds. Research endeavors of the past decades made a truly impressive variety of different
type of enzymes accessible for chiral amine synthesis. By now, this tool-box[16] comprises among
others: Imine reductases, monoamine oxidases, hydrolases such as lipases or amidases, amine

3



2 Preparation of Chiral Amines

Scheme 2.2: Overview on synthetic reductive approaches for the asymmetric synthesis of the anti-diabetic drug
Sitagliptin (17). Reproduced from reference [10] with permission of The Royal Society of Chemistry. Different chiral
catalysts and additives influence yield and enantiomeric excess. (S/C: molar ratio of substrate load and catalyst
load, 435 psi ≈ 35 bar) a): Ru catalyzed enantioselective hydrogenation of the enamine. b): Ru and Rh catalyzed
enantioselective reduction of the di-ketone via imine formation and cleavage using different catalysts and additives.
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2.2 Alternative Biocatalytic Approaches

dehydrogenases, ammonia lyases, Picktet-Spenglerases, opine dehydrogenases, berberine bridge
enzymes and transaminases.[16–22]

Despite the use of enzymes for chiral catalysis seems obvious, the necessary development
process for their actual application as industrial catalysts is elaborate and usually encompasses
three different phases: Discovery of suitable enzymes or activities, further development, for
instance substrate scope expansion, and finally maturation of the biocatalysts to fit the industrial
manufacturing conditions.[16] In case of transaminases their first records date back more than 50
years,[21, 23, 24] but it took until the end of the 20th century until they came into focus as possible
catalysts for chiral amine synthesis,[25] and almost another ten years before further examples for
their application at industrial scale were published.

2.2.1 Monoamine Oxidases (MAOs)

Monoamine oxidases (MAOs) represent very versatile and attractive enzymes for chiral amine
preparation, as they can be applied for deracemization of racemic amines allowing yields up to
100 % and excellent enantiomeric purities. This is feasible by combining a chemical reducing
agent with a MAO, which enantioselectively oxidizes one enantiomer of a racemic amine to
an imine. The reducing agent in turn reduces the previously formed imine, which eventually
enriches the desired enantiomer (Scheme 2.3). This approach provides several advantages,
most importantly up to quantitative yields with excellent enantiomeric purities, but as well no
impairment by equilibrium issues, as the oxidation of amines to imines with molecular oxygen is
irreversible.

Major constraints for their application as industrial catalysts exhibit their restricted substrate
scope and the desired enantiopreference. However, MAOs are currently subjected to protein
engineering studies[26, 27] and shortly before our project started MAO variants from Aspergillus
niger were reported to be capable to deracemize structurally demanding amines, among them
a variant for the preparation of the (R)-enantiomer of amine I.1a targeted in this study (see
Scheme 4.1).[17]

MAO-N

O2

BH3-NH3

Racemate

R1 R2

N
HR3

R1 R2

N
R3

+
R1 R2

N
HR3

Reducing agent

Scheme 2.3: Deracemization of racemic primary-, secondary- or tertiary amines by application of an enantiose-
lective amine oxidase (MAO) and a chemical reducing agent. The desired enantiomer is enriched with yields up to
100 %. When a tertiary amine is oxidized by the MAO, an iminium ion is formed.
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2 Preparation of Chiral Amines

2.2.2 Imine Reductases (IREDs) and Reductive Aminases

Imine reductases (IREDs) were newly discovered in 2010[28] and since then they are emerging
as new biocatalytic alternative for chiral amine synthesis, particularly for the preparation of
chiral secondary amines by catalyzing the NADPH-dependent reduction of imines to amines
(Scheme 2.4).[29] Although, IREDs are most efficient in reducing endocyclic and thus stable
imines, they have as well been shown to be applicable for the reduction of unstable and transient
acylic imines for the preparation of chiral secondary or tertiary amines. In some cases, even
ammonia could serve as amine substrate to perform asymmetric reductive aminations, which
in principal makes IREDs even accessible for the preparation of chiral primary amines, albeit
with lower conversions so far.[29, 30] There are IREDs with (S )- or (R)-selectivity and certain
motifs were suggested to determine their selectivity, but so far no systematical sub-categorization
seems to be consistent.[29] The restricted substrate scope in terms of ketone and amine pairings
represents one of the most important constraints for their industrial application. However, future
research is likely to identify more IREDs and variants thereof for their application at industrial
scale.

Very recently, a reductive aminase from Aspergillus oryzae was identified to catalyze both
imine formation and reduction, even at low amine:ketone ratios of 1:1 at high yields (up to 94 %
conversion) and excellent optical purities (>98% ee).[31] These reductive aminases represent an
important sub-group of IREDs with unique properties for the biocatalytic preparation of chiral
amines.

N

n

R N
H

n

R* R1 R2

O

H2N
R3

R1 R2

HN
R3

*

NADPH + H+ NADP+

IRED IRED

NADPH + H+ NADP+

+

a) Endocyclic Imine Reduction b) Acyclic Imine Reduction

Scheme 2.4: NADPH-dependent reduction of endocyclic - a) and acyclic imines b) catalyzed by imine reductases
(IREDs). IREDs allow up to 100 % yield with high to excellent optical purities. In case of performing reductive
aminations of ketone and amine pairings, the transient imine intermediate is reduced, affording primary, secondary
or tertiary chiral amines, albeit with restricted scope of amine and ketone substrates. Reductive aminases represent
an important sub-group of IREDs and catalyze both imine formation and reduction, which allows the reductive
amination of ketones with amines at low ketone:amine ratios at quantitative yields.[31]

2.2.3 Amine Dehydrogenases (AmDHs)

Amine dehydrogenases (AmDHs) were recently identified via engineering amino acid dehydro-
genases (AADHs) for expanding their restricted substrate scope from keto acids to ketones.
AmDHs and AADHs catalyze the NAD(P)H-dependent reductive ammination of ketones or keto
acids to amines or amino acids using ammonia as amine substrate. Search of sequence databases
for motifs that had been defined on the basis of the key mutations for ketone acceptance in
AADHs, revealed as well existing wild-type AmDHs.[32] As until now all AmDHs are derived
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2.2 Alternative Biocatalytic Approaches

from AADHs, there is only one type of selectivity available and the substrate scope can be
expected to be restricted to compounds resembling amino acid structures.

2.2.4 Transaminases (TAs)

Transaminases (EC 2.6.1.) belong to the largest group of pyridoxal 5’-phosphate (PLP)-cofactor
dependent enzymes[33] that aside from transamination, catalyze a lot more entirely different reac-
tions, such as decarboxylation-, aldol-, elimination- and racemization reactions.[34] For instance,
even unactivated carbon-carbon bonds can be oxidized by PLP-dependent enzymes, as shown
recently.[35] A systematic sub-categorization of PLP-dependent enzymes based on their sequence
similarities or their catalyzed type of reaction was not stringently feasible. Instead, analysis of
protein structures revealed that enzymes of the same type of three-dimensional structure cat-
alyze different reactions at different carbon atoms of their substrates. Thus, sub-division of
PLP-dependent enzymes was eventually based on five different fold types instead of chemistry
(Figure 2.2).[36, 37]

Figure 2.2: PLP-dependent enzymes exhibit different protein folds and are subcategorized based on these different
fold types. Phylogenetic analysis of 204 PLP-dependent enzymes of four exemplary superfamilies. Each fold type
originates from separate evolutionary ancestries resulting in entirely different protein structures. Amine transaminases
are present in fold type I (commonly denoted as (S)-selective) amine transaminases and in fold type IV (commonly
denoted as (R)-selective) amine transaminases. Protein engineering results from fold type IV amine transaminases
are not directly transferable to fold type I transaminases and vice versa due to their structural differences. The figure
was taken from reference [38] and was reproduced with permission from John Wiley and Sons. The red, yellow,
green, and blue colored areas and protein structures belong to fold types I-IV. The small numbers 1-13 indicate
individual clusters within the folds and represent groups of function specific enzymes.
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2 Preparation of Chiral Amines

There are two structurally different types of amine transaminases, fold type I (commonly
denoted as (S )-selective) amine transaminases and fold type IV (commonly denoted as (R)-
selective) amine transaminases.[39] Despite their structural differences, both fold type I and IV
amine transaminases possess quaternary structures most frequently composing of two homod-
imers. Each monomer consists of a smaller and a larger domain and possesses an active site
with a covalently bound PLP-cofactor at the dimer’s interface. Thus, each of the active sites
at the interface of the dimers involve residues of both monomers for active site formation. The
major difference of the two fold type transaminases is the fact that the site of cofactor binding is
arranged in a near mirror-inverted way so that the active site lysine in fold type IV transaminases
is positioned on the re-face and the si-face is exposed to the solvent and vice versa in fold type
I enzymes.[34]

Synthesis Strategies Using Transaminases

Transaminases catalyze the transfer of an amino group of a donor amine to the carbonyl carbon
atom of an α-keto acid, a ketone, or an aldehyde. This allows application of transaminases
for the preparation of secondary α-chiral primary amines starting from prochiral keto-substrate
synthons like it is the case for many chemical reductive approaches. However, in contrast to
the chemical counterpart, the transaminase-catalyzed asymmetric amination (Scheme 2.5a),
provides the desired chiral amine in a single step with up to 100 % yield without any need for
high-pressure hydrogen supply, without need for increased temperatures and without reactive
group incompatibilities except for the need for aqueous reaction conditions in most of the cases.

Apart from this asymmetric synthesis mode, transaminases are as well suitable to be used for
kinetic resolution of racemic amines (Scheme 2.5b), by deaminating the undesired enantiomer
and enriching the other one, with an inherently restricted maximum yield of 50 %, as only one
enantiomer is sustained. Combination of the two aforementioned strategies in a one-pot, two-
step process allows deracemization of a racemic amine with up to 100 % yield (Scheme 2.5c),
which is in particular interesting, if the precursor keto-substrate is more difficult to access than
the racemic amine and if two enantio-complementary transaminases for the desired substrate are
available.

Chemo-enzymatic Processes Involving Transaminases

Although in the last decade many alternative enzymatic options for chiral amine synthesis were
discovered that may rival transaminases in the future, transaminases will still remain attractive
for industrial process applications, especially using isopropylamine as cheap amine donor sub-
strate. Until now, transaminases represent the most mature biocatalysts for asymmetric chiral
primary amine synthesis, which comes along with invaluable industrial experiences and know-
how for their application at industrial scale. These findings were extensively reviewed, but go
beyond the scope of this thesis.[21, 40]

8
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a) Asymmetric Synthesis b) Kinetic Resolution

 c) One-Pot, Two-Step Deracemization

R1 R2
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R3 COOH
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R1 R2
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O2 H2O2
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Scheme 2.5: Different synthesis strategies using transaminases for the preparation of α-secondary chiral primary
amines. a) Asymmetric synthesis: The amino group of a donor amine such as isopropylamine or alanine is transferred
to a prochiral keto-substrate affording the desired chiral amine with up to 100 % yield. b) Kinetic resolution: The
desired opposite enantiomer is enriched by deaminating the undesired enantiomer using e.g. pyruvate as amino
acceptor. c) Combination of the two aforementioned methods allows deracemization of a racemate with up to 100
% yield using two enantio-complementary transaminases in a one-pot, two-step process.
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2 Preparation of Chiral Amines

Mechanism of Transamination and Shift of the Equilibrium

Transaminases operate in two reversible half-reactions, each involving two different pairs of educts
and products but comprising identical steps exhibiting ping-pong-bi-bi kinetics. In (Scheme 2.6)
an exemplary reaction cycle of an (R)- or (S )-selective amine transaminase using isopropylamine
as amine donor in asymmetric synthesis is depicted. A disquisition on the detailed reaction
mechanism can be retrieved from references [34, 41] but also from [39, 42]. In the past three
years, the reaction mechanism of transaminases and the mechanism of dual substrate recognition
were further supported by means of density functional theory calculations.[43, 44]
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Scheme 2.6: Exemplary reaction mechanism of an engineered transaminase variant catalyzing the asymmetric
synthesis using isopropylamine as amine donor. The co-product acetone is removed by reduced pressure and
elevated temperatures to shift the equilibrium in the desired direction. The symbol P○ represents the phosphate
group of PLP.
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2.2 Alternative Biocatalytic Approaches

As can be seen from the scheme above, the transamination reaction represents an equilibrium
reaction, which is relevant for its application for industrial purposes to achieve high or full con-
versions. Many methods were developed to displace the equilibrium to the side of the products,
such as the application of the amine donor in excess, removal of the desired product or the
co-product by extraction, vaporization or by degrading the co-product in biochemical cascade
reactions.[40]

The most prominent amine donors are alanine and isopropylamine. The former one inevitably
requires application of pyruvate-degrading enzymes due to the unfavorable equilibrium situation,
which is in most of the cases achieved by combination with a lactate dehydrogenase (LDH)
and an NADH-cofactor recycling system, for instance a glucose dehydrogenase (GDH).[45] The
application of isopropylamine as amine donor is very attractive, as it is cheap and can be applied
in large excess without the need for expensive co-enzymes. Additionally, the application of
isopropylamine as amine donor facilitates the downstream process, as the reaction side-product
is acetone, which can be easily removed by vaporization. Removal of acetone is as well feasible
by nitrogen gas-flow or reduced pressure,[40, 46] which was recently rationalized.[47] The authors
identified the specific thermodynamic equilibrium constant of the reaction of interest, as well
as the volatility of the keto-substrates as critical parameters for the efficiency of in-situ acetone
removal.[40, 47] However, the major limitation for the application of isopropylamine remains the
suitability of the biocatalysts regarding their stability and their sufficient activity for the amine
donor.

Substrate Scope Limitation of Wild-Type Transaminases

The natural substrate scope of transaminases constitutes a major constraint for the synthesis of
structurally diverse chiral amines. Especially, the accommodation of substrates with two large
substituents encompassing the carbonyl carbon atom is generally not feasible for any wild-type
transaminase known until now. In 2002, Shin et al. investigated the active site of the fold
type I Vibrio fluvialis JS17 transaminase and finally proposed a binding model consisting of a
small and a large binding pocket (indicated by L and S, respectively), that was conform to their
experiments (Figure 2.3).[48, 49] While the large binding pocket shows dual recognition for both
the accommodation of hydrophobic groups up to n-hexyl and a carboxylate functionality, the
small binding pocket was found to be strictly restricted to substituents no longer than an ethyl
group.[48, 49]

Although, it is actually questionable, if this binding model can be directly transfered to all
fold type I and fold type IV amine transaminases, it has been widely accepted as general binding
model for all transaminases.[21] In fact, there are only rare exceptional literature reports of wild-
type transaminases that have detectable activities against substrates with propyl moieties to
be accommodated in the small binding pocket.[50] Nevertheless, even the acceptance of propyl
moieties does not allow the synthesis of many pharmacologically interesting but larger amines
by application of transaminases.
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Figure 2.3: Substrate binding model of two binding pockets proposed by Shin et al.[48] for the fold type I transam-
inase of Vibrio fluvialis.[48] The large binding pocket (L) provides dual substrate recognition for the accommodation
of both carboxylic groups and hydrophobic groups of the size of up to n-hexyl moieties, while the small binding
pocket (S) is restricted to accommodate moieties no longer than an ethyl-group. Adapted from reference [49], with
permission from Elsevier.

Protein-Engineering of Transaminases for Substrate Scope Extension

Protein Engineering is a large scientific research field that is engaged in the development and
optimization of new biocatalysts by directed evolution or rational bioinformatic means.[51] Aside
from enhancing the thermostability, the enantioselectivity and the stability against organic sol-
vents, particularly the extension of the natural substrate scope to afford tailor-made biocatalysts
are central intentions of protein engineering.

In case of fold type IV transaminases there is an ultimate example of successful protein en-
gineering that finally provided an efficient catalyst for the industrial scale production of the
above-mentioned antidiabetic drug sitagliptin at 45 °C, 1 M isopropylamine, 0.5 M ketone, 50
% DMSO yielding 92 % conversion and 99.95 % e.e., demonstrating the synthetic potential of
transaminases.[52] The resulting biotechnological process eliminated the dependency on heavy
metal catalysis, made high-pressure hydrogenation equipment dispensable and thus allowed to
decrease the total manufacturing costs due to a 10 – 13 % increased overall yield and a 53 % in-
creased overall productivity compared to the chemical asymmetric hydrogenation process.[52, 53]

The protein engineering effort to do so was tremendous and involved a substrate walking model-
ing approach with a truncated substrate, in which the large trifluorobenzyl group was substituted
by a methyl group (Figure 2.4), followed by ten iterative rounds of directed evolution under
successively increased demanding conditions. In total, 36 480 variants were screened, by analyz-
ing each reaction with liquid chromatography-mass spectroscopy (LC/MS) or achiral HPLC. The
final transaminase variant of the (R)-selective ATA-117 from Arthrobacter sp. for the synthesis
of sitagliptin contained 27 mutations,[52] which equals 8 % of its entire sequence.[54]
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2.2 Alternative Biocatalytic Approaches

Figure 2.4: Substrate walking approach for opening the active site for prositagliptin. A truncated precursor substrate
in which the large trifluorobenzyl group had been substituted by a methyl group to subsequently enlarge the large
binding (L) pocket was applied, before enlarging the small binding pocket (S) by screening against the entire, actually
desired substrate. The figure was adapted from Mathew and Yun[55] with clearance from ACS Publications.

In contrast to this outstanding example for fold type IV transaminases, only few reports
about successful protein engineering for bulky substrate acceptance of fold type I transaminases
(commonly denoted as (S )-selective) were published until this project started. All of these
endeavors were based on Vibrio fluvialis transaminase to expand its small binding pocket for the
accommodation of propyl moieties,[56, 57] methyl alcohols for the synthesis of phenylglycinol[56] or
sec-pentyl moieties for the synthesis of imagabalin.[58] However, until then no general solution for
the conversion of bulky substrates, such as sitagliptin, was available for fold type I transaminases.
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3 Enzyme Screening Assays versus
Instrumental Analytics

In-depth investigation of each single enzyme variant by determining reaction conversions via
conventional analytical methods including HPLC or GC-MS analysis as conducted by Savile et
al.[52] is extremely laborious, time consuming and expensive and thus hampers the productivity
in protein engineering, not to mention the extraordinarily high demand for HPLC and GC
laboratory equipment.[59] Therefore, screening assays are applied to convert enzyme activities into
a detectable signal such as temperature changes, spectral changes, change of turbidity, change
of electrochemical properties or microbial growth, in order to estimate the enzyme’s activity
without entire analytics. Depending on the time effort for screening an individual mutant, assays
are categorized in low- to high-throughput assays. Apart from the time effort, also screening cost
and the amount of volume in the assay reaction that is necessary for screening plays an important
role for their categorization as high-throughput assay. Particularly when directed evolution[60, 61]

is applied, library sizes increase exponentially. For instance substitution of one, two or three
random amino acids in a 100 residues-protein results in about 1.9 · 103 (for one substitution),
2.0 · 106 (for two substitutions), 1.3 · 109 (for three substitutions) unique protein-sequences
without consideration of redundant or truncated sequences.[60] Simultaneous saturation of three
amino acid positions at once by NNK codon usage, results in about 3.3 · 104 possible DNA-
sequences.[62] For screening 95 % of all these individuals an oversampling factor of three has
to be multiplied with the number of possible combinations,[62] provided the composition of the
library is equally distributed, which leads to even bigger library sizes. All these aspects emphasize
the need of fast and facile screening methods.

Until now, many different types of screening methods, all entailing different advantages, dis-
advantages and requirements, were developed. Most of them, require innoculation, cell growth,
cell-lysis and removal of cell debris in subsequent steps in microtiter plates, which allows screening
of up to 96 different variants per plate. However, this type of screening assay provides only mod-
erate throughput compared to high-throughput assays, such as selection-based assays, which are
virtually restricted by transformation efficiency and library generation methods, as only vari-
ants possessing the desired feature are able to survive and breed. Methods such as in vitro
compartmentalization, or strategies involving cell surface displays, allow handling library sizes
of approximately 109 individual mutants,[61] but require microfluidic or fluorescence-activated
cell sorting (FACS) equipment and fluorogenic enzyme products for detection. Agar plate-based
assays allow at least one order of magnitude higher throughput than microtiter plate-based as-
says, as the colonies can be directly screened on the agar plate or on nitrocellulose membranes,
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3 Enzyme Screening Assays versus Instrumental Analytics

respectively. Thus, many time-consuming steps such as inoculation or removal of cell debris are
not applicable, which increases the throughput.

3.1 Principle Screening Options for Transaminases

In general, assays for transaminases detect the conversion of one of the two substrate pairs,
which is in most of the cases alanine or pyruvate. Alternatively, there are assays that allow
the detection of the conversion of certain other substrate pairs that are not keto-acids or amino
acids. However, these assays usually make specific demands on these substrates or products,
which prohibits to freely select both substrates simultaneously for screening. Accordingly, an
independent simultaneous selection of two desired substrates is only feasible if an assay for one of
the two substrates is available or conventional analytics are applied. Until the start of this project
the vast majority of assays for transaminases were only available as microtiter plate (MTP) assays
with the exception of very few assays with higher throughput but restricted applicability.[63] The
following paragraph demonstrates what type of screening options are available for transaminases.

3.1.1 Transaminase Assay Principles

Assaying Keto-Acids or Amino Acids

Several assay methods for transaminases are available for the detection of keto-acids or amino
acids formed upon transamination in asymmetric synthesis or kinetic resolution, respectively. For
the asymmetric synthesis with transaminases using alanine as amino donor substrate coupled
assays were developed to detect pyruvate formation (Scheme 3.1 a)). This was realized for
instance by converting pyruvate to lactate using a lactate dehydrogenase (LDH) combined with
a glucose dehydrogenase (GDH) for NADH recycling, which eventually causes a decreasing pH
upon gluconic acid formation. A suitable pH-indicator allows a spectrophotometric read-out.[64]

For kinetic resolution using pyruvate or other keto acids as amino acceptor substrates, as-
says were developed to monitor amino acid formation. One of the first assays available for
transaminases features the detection of α-amino acids by formation of blue copper complexes
(Scheme 3.1 b))[65] with the drawback of a relatively high background signal in crude lysate
applications caused by cellular amino acids.[40] Similarily, amino acid oxidase coupled assays
were developed for the detection of primarily alanine formed upon transaminase-catalyzed ki-
netic resolution of a racemic amine of interest by detecting hydrogen peroxide formation using
a horseradish peroxidase in combination with a suitable chromogenic substrate (Scheme 3.1
b)).[66] Major disadvantage of this type of assay is that for L- or D-alanine separate enzymes
with respective selectivities have to be applied. Both of them increase the screening cost, as
particularly L-amino acid oxidases are challenging to be heterologously over-expressed.[67, 68]
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Scheme 3.1: Selected assays for screening transaminase-catalyzed reactions using alanine as amine donor a) or
pyruvate as amino acceptor b).

Direct Assays

Direct assays provide several major advantages compared to coupled assays, as one of the educts
or products can be directly monitored without additional assay enzymes or ingredients, which
simplifies the screening and is much more cost efficient. The most prominent direct assay for
transaminases represents the acetophenone assay, which allows to screen for activity against
amines having an aromatic group in α-position and thus have significantly different spectropho-
tometric properties in the UV range compared to the resulting keto-products (Scheme 3.2 ).[69]
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Scheme 3.2: The acetophenone assays allows screening of transaminases in kinetic resolution mode by spec-
trophotometrically detecting the formation of the phenone product in the UV range at around 245 nm.
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3.1.2 Towards High-throughput Options for Transaminases

For screening applications of transaminase libraries comprising several thousands or even more
individual transaminase variants assay methods with significantly higher throughtput than MTP-
based assays are of great interest. However, until this research project started, the only example
for a high-throughput transaminase screening method was not applicable for other targeted sub-
strates†, as a screening in kinetic resolution was only feasible due to the fact that the keto
product (substituted tetralone) forms a colored dye upon air exposure (Scheme 3.3). Thus, cell
colonies could be directly transferred from petri dishes to nitrocellulose membranes for screening
in solid phase leading to a thermostable transaminase from Arthrobacter citreus for aminotetra-
line synthesis.[63]

Substituted (S)-aminotetralin  Pyruvate Substituted tetralone
colored product

L-Alanine

(S)-ATA
NH2

R +

OH

O

O
O

R +

OH

NH2

O

Scheme 3.3: The tetralone assay can be used for high-throughput screening of transamminases variants on
nitrocellulose membranes (solid phase assay) for activity against substituted aminotetraline. The resulting tetralone
product forms a dye when exposed to air. The assay is restricted to aminotetraline and can not be simply applied
for protein engineering against other target ketones. The scheme was adapted from reference [63].

Further assays, that rely on the same principle where published later, when this project was
already in progress: O’Reilly and co-workers reported on the application of ortho-xylenediamine
dihydrochlorid as amine donor substrate that forms a colored precipitate via spontaneous poly-
merization of the aromatic isoindole formed upon transamination.[70] Similarly, Hailes and co-
workers reported on the application of 2-(4-nitrophenyl)ethan-1-amine as amine donor that forms
a red precipitate upon transamination.[71] Both methods are suggested as a solid phase assay
screening option on nitrocellulose membranes, however with two major disadvantages: The amine
donors are no natural substrates for transaminases and have to be compatible with the screening
scaffold. Particularly, if the target substrate is structurally very different from the amine donors,
it is unclear if mutations will be found that provide activity for both the amine donor and the
targeted keto substrate. Additionally, there is a false positive staining visible in controls with-
out keto substrate of interest, indicating that the amine group is transferred also on other cell
contained keto compounds than the actually targeted substrate.[71]

This gap in existing high-throughput assays for transaminases was intended to be closed with
our further below introduced glycine oxidase assay. In contrast to the above described assays,
the glycine oxidase assay involves glyoxylate as natural and small transaminase substrate that
is converted to glycine using any amino donor of interest without significant false positive signal
and is as well available for screening colonies on nitrocellulose membranes.

†Theoretically, aminotetraline could serve as amine donor for screening against other keto substrates of interest.
However, aminotetraline is not a natural substrate for transaminases, which hampers its application for other
screening purposes. In addition to that, a background signal can not be excluded, when the amino group is
transferred to other cell contained ketones or keto acids instead on the desired keto substrate of interest.
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A different approach was reported in March 2015 by Fessner and co-workers that is based on the
conversion of 1-(6-methoxynaphth-2-yl)alkylamines with variable moieties that is suitable for a
substrate walking approach for increasing the size of the small binding pocket of transaminases.[72]

Upon transamination the fluorophore acetonaphthone is released (Scheme 3.4), similar to the
acetophenone assay, but with higher sensitivity and further possible high-throughput options.
Additionally, several wild-type transaminases were shown to be active against the amine donor.[72]

Nevertheless, the assay is substrate dependent and to the best of our knowledge, no FACS or
microfluidic based screening procedure has been elaborated and applied for transaminases, yet.

R

NH2

MeO

R

O

MeO
Pyruvate Alanine1 2

λEx  = 310 nm
λEm = 460 nm

TA

Scheme 3.4: Fluorometric assay for transaminases. As amine donor 1-(6-methoxynaphth-2-yl)alkylamines (1) are
applied. These are converted into the fluorophore acetonaphthone (2) upon transamination. The assay provides
higher sensitivity than the acetophenone assay and is suitable to expand the small binding pocket by enlarging
the alkyl substituent and application of a substrate walking approach. The assay principle is amenable for FACS
or microfluidic based screening procedure, which to the best of our knowledge has not yet been elaborated for
transaminases. The scheme was adapted from reference [72].
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4 Protein-Engineering of Ruegeria sp.
TM1040 Transaminase

4.1 Requisite Substrates and Project Strategy

In this thesis the objective was to develop transaminases, in particular transaminases of fold
type I, that allow the conversion of substrates with two bulky substituents next to the chiral
center. In order to evaluate and to evolve the ability of potential transamianse candidates to
do so, five structurally different test substrate pairs were conceived by the company of Roche
(Figure 4.1).

Based on their structure, the compounds can be divided into three different groups and the cor-
responding results were accordingly published in three publications. The first three amine/ketone
substrate pairs (II.1-II.3) predominantly consist of aromatic groups: Two phenyl rings adjacent
to the carbonyl carbon atom, one of them para-substituted with a chlorine atom (II.1), two
phenyl rings adjacent to the carbonyl carbon atom, one of these phenyl rings is separated from
the carbonyl carbon atom by a flexible aliphatic linker consisting of two carbon atoms (-CH2-
CH2-) (II.2) and the last compound consisting of two fused benzene rings (naphthalene), where
C1 and C8 are connected via two aliphatic carbon atoms, one of them carrying the amino group
or the carbonyl oxygen, respectively (II.3). All of these three compounds are relatively planar.
The latter one is definitely most planar, while the middle one is most flexible and thus can as
well adopt non-planar conformations. The two phenyl rings of the first amine substrate are able
to rotate as well.

The other two substrate pairs differ significantly from the aforementioned substrates. Com-
pound (IV) carries only one phenyl ring on one side, but having a spatially bulky, aliphatic
tert-butyl moiety on the other side. Compound (III) is a bicyclic bridged compound of signif-
icant three-dimensional bulkiness. The corresponding amine can be endo or exo relative to the
smallest bridge.

Due to the structural differences of the model substrates, it was expected that different so-
lutions would be necessary to accommodate the substrates in the active-site, which might lead
to a set of versatile enzyme variants for the conversion of other bulky and structurally diverse
pharmaceutically interesting compounds.
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Scheme 4.1: Target chiral amine products and their corresponding precursor keto substrates addressed in this
thesis. The numeration of the compounds is based on the numbering of the respective articles:

II.1 a) 1-(4-chlorophenyl)-1-phenyl-1-aminomethane, II.1 b) (4-chlorophenyl)-phenyl-methanone,
II.2 a) 1,3-diphenyl-1-aminopropane, II.2 b) 1,3-diphenylpropan-1-one,
II.3 a) 1,2-dihydroacenaphthylen-1-amine, II.3 b) 2H-acenaphthylen-1-one,
III.1) 8-benzoyl-8-azabicyclo[3.2.1]octan-3-one, III.2) 3-amino-8-benzoyl-8-azabicyclo[3.2.1]octane,
IV.1) 2,2-dimethyl-1-phenyl-propan-1-one, IV.2) 2,2-Dimethyl-1-phenylpropan-1-amine.
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4.2 Screening Assays for the Target Substrates

Before any protein engineering experiments could be carried out, it was important to have suitable
screening assays available. These assays were not only supposed to allow quick evaluation of
single point mutations and site-saturation mutagenesis experiments, but were also supposed to
be utilized for substrate profiling to identify suitable starting transaminase scaffolds.

As four of the five requisite substrates carry aromatic substituents next to the carbon atom
with the targeted amino group, a direct assay for kinetic resolution of the corresponding racemic
amines based on different absorbance spectra of the amines and their corresponding ketones in
the UV range could be established (Scheme 4.2). Preparation of calibration curves and deter-
mination of absorption coefficients allowed to determine specific activities in kinetic resolution
for four of the five reactions. (These experiments had been assigned to the area of responsibility
of I.V.P.).
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Scheme 4.2: Direct microtiter plate-based assays for screening in kinetic resolution are available for four out of
five target substrates. The last substrate pair had a too low difference of their spectra of absorbance, so that a
different type of assay had to be adapted.
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For compounds III.1 and III.2 no sufficient difference in absorbance was found, which required
us to establish another type of assay for these substrates. Furthermore, the direct assays are as
denoted above restricted to microtiter plate-based throughput formats. For directed evolution
of our transaminase scaffolds an assay with higher throughput was of great interest to screen
higher library sizes.

4.2.1 Adaption of the Glycine Oxidase Assay

During my master-thesis an alternative assay for transaminases amenable to high-throughput
screening on nitrocellulose membranes was developed and a prove of principle for the agar plate
assay was demonstrated. This assay allows screening either (R)- or (S )-selective transaminases
for activity against variable amine substrates in kinetic resolution. Instead of pyruvate, the one
carbon atom smaller aldehyde acid glyoxylate is applied as amino acceptor. This is advantageous,
as the amino side-product glycine is non-chiral and thus no separate L- or D-amino acid oxidases
are required. Glycine will be detected by a glycine oxidase, producing hydrogen peroxide that
in turn is used to synthesize a quinone imine dye (Scheme 4.3). This way, also substrate pairs
without different absorbance spectra can be assayed with two additionally coupled enzymes. As
glycine represents a natural substrate for most transaminases, the amine acceptor is applicable
in many cases and due to its small size incompatibilities with the targeted substrate seem to be
unlikely. Further detailed information on the choice of the horseradish peroxidase substrate are
given in our book chapter and in Article I.
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Scheme 4.3: Glycine oxidase assay: Application of glyoxylate as natural amino acceptor substrate allows screening
either (R)- or (S)- selective transaminasesor for activity against different variable amine substrates. Production
of achiral glycine is then followed by oxidation and hydrogen peroxide formation leading to the formation of a red
quinone imine dye. Toxic phenol can be substituted by vanillic acid as demonstrated in the supporting information
of Article I. The scheme was reproduced from our article reference [73] with permission from ACS. The article is
available under ACS AuthorChoice license http://pubs.acs.org/doi/full/10.1021/ac503445y.
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Although the assay principle was already shown in solid phase, the transformation efficiency
was too low for directed evolution, as the glycine oxidase gene was not available in a plasmid that
is compatible with the other plasmids containing the genes for our in-house transaminases.∗ Thus,
for application of the solid phase assay in directed evolution experiments the glycine oxidase gene
was subcloned into a compatible plasmid. Furthermore, the glycine oxidase assay was supposed
to be applied for microtiter plate-based monitoring of activities against substrate (III) for that
no direct assay was feasible. In order to do so, the liquid phase assay had to be elaborated for
substrate profiling and later as well for quantification of the amount of glycine formed, which
even allowed the determination of specific activities in liquid phase (Article III). Furthermore,
the screening protocol of the agar plate high-throughput assay had to be finalized to make it
more robust to evolve future transaminase variants for increased activity. All experiments to
demonstrate the applicability of the assay both in liquid phase and solid phase described in
(Article I) were designed and conducted within the scope of this PhD-project.

Microtiter Plate Assay Elaboration

The microtiter plate assay was calibrated by application of glycine standards and end point
measurements of absorbance at 498 nm, which revealed a linear range up to 0.67 mM (Supporting
Information of Article I). To investigate the dynamic range of the assay involving continuous
glycine formation, sequential dilutions of a purified (R)-selective transaminase were applied and
screened against racemic α-phenylethylamine by following the increase of absorbance at 498 nm
(Scheme 4.4).

For low transaminase activities a nearly linear relationship between the observed initial rate
and the amount of transaminase activity in the assay has been found. The nonlinear relationship
for higher transaminase activities can be explained by the fact that the transamination reaction
is no longer the rate-determining step and the amount of assay enzymes has to be increased in
turn to guarantee a faster downstream conversion of glycine to form the quinone imine. Thus,
it was demonstrated that the assay distinguishes different transaminase activities, provided the
amount of assay enzymes is adapted. Controls without transaminase gave a negligible slope,
which may be explained by autocatalytic quinone imine dye formation.

Later in the project, the linear range of the assay was expanded by increasing the amount
of glycine oxidase and for determination of specific activities always two dilutions of the same
variant were applied to certify that at least the lower transaminase concentration is in the linear
range.

As a next step, it was demonstrated that the glycine oxidase assay is suitable to screen different
transaminases in crude lysate for the acceptance of different amines by screening 15 different
wild-type transaminases (supporting information of Article I) by application of the gylcine
oxidase assay and comparison of the results with the data derived by screening using the direct
acetophenone assay under identical conditions. After expression, lysis and screening for activity
for (R)- and (S )-α-phenylethylamine using the two assays under identical conditions, volumetric

∗Compatible plasmids have independently regulated origins of replications, which is crucial to achieve high enough
transformation efficiencies transforming the ep-PCR libraries.
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Scheme 4.4: Relation between the observed initial rate in the glycine oxidase assay and the actual transaminase
activity applied. A purified (R)-selective transaminase was sequentially diluted and screened against racemic α-
phenylethylamine. As long as the transaminase activity is low enough, which is realized by corresponding dilutions
of the sample, the assay signal is almost linear to the activity. The scheme was reproduced from our article reference
[73] with permission from ACS. The article is available under ACS AuthorChoice license http://pubs.acs.org/
doi/full/10.1021/ac503445y.

activities for each transaminase duplicate were calculated based on the direct acetophenone assay
and were compared with the slopes derived from the glycine oxidase assay. All transaminases
that have been found active against (R)- or (S )-α-phenylethylamine in the direct photometric
assay were also found active in the glycine oxidase assay, which showed that the liquid phase
assay was applicable for screening libraries in crude lysate. As screening in crude lysate causes
high deviations, only rough comparison between the data and no quantitative correlation was
made (Figure 4.1).

26

http://pubs.acs.org/doi/full/10.1021/ac503445y
http://pubs.acs.org/doi/full/10.1021/ac503445y


4.2 Screening Assays for the Target Substrates
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Figure 4.1: Substrate profiling results of 15 different transaminases (supporting information of Article I) that
were screened for the acceptance of (R)- and (S)-α-phenylethylamine (PEA) in crude lysate using the glycine
oxidase assay opposed to results obtained by screening with the acetophenone assay under identical conditions.
The symbols 0 (no activity), +, ++, +++ and ++++ (very high activity) exemplify the amount of activity that
was detected by the respective assays. The figure was reproduced from our article reference [73] with permission
from ACS. The article is available under ACS AuthorChoice license http://pubs.acs.org/doi/full/10.1021/
ac503445y.

Solid-Phase-Screening

The idea of an agar plate assay is to directly apply the whole cell colonies for growth, expression,
lysis and screening on a solid-support after transformation instead of picking colonies for inocula-
tion in microtiter plates, which facilitates the screening procedure and increases the throughput.
A detailed disquisition on the procedure of the agar plate assay can be found in Article I and
in our book chapter.

To demonstrate that the solid phase assay is applicable under realistic screening conditions,
several experiments are reported in Article I. Among those, there are experiments with mix-
tures of cells containing genes coding for different transaminases that were plated out for colony
growth and screening on nitrocellulose membranes. For these transaminases the following dif-
ferent volumetric activities had been determined in the prior microtiter plate screening using
the acetophenone assasy: 3HMU-transaminase (16 U/mL), 3FCR-transaminase (0.4 U/mL) and
3GJU, which was not active or below detection limit. In the agar plate screening experiments
the different activities could be discriminated as expected by two different staining intensities
of colony mixtures having expressed 3FCR or 3HMU transmainses and slightly colored colonies
versus uncolored colonies for mixtures of 3FCR and 3GJU (Figure 4.2).
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a. 3HMU and 3FCR Transaminase b. 3FCR and 3GJU Transaminase

Figure 4.2: Proof of principle of the agar plate assay to demonstrate discrimination of different transaminase
activities. The figure was reproduced from our article reference [73] with permission from ACS. The article is available
under ACS AuthorChoice license http://pubs.acs.org/doi/full/10.1021/ac503445y. In the prior liquid phase
screening volumetric activities for (S)-α-phenylethylamine were determined for 3HMU (16 U/mL), 3FCR (0.4 U/mL)
and 3GJU (not active or below detection limit) by the direct acetophenone assay. After incubation of the membranes
with colonies having expressed 3HMU and 3FCR (a.) showed two different staining intensities, while in case of 3FCR
and 3GJU transaminase (b.) only slightly colored and uncolored colonies were found.

Importantly, negative controls were included as well: Active transaminases were screened
on assay plates containing all necessary ingredients but without amine substrate and inactive
variants screened on assay plates with α-phenylethylamine, which resulted in both cases in no
staining of the colonies (Article I, and supporting information).

Furthermore, in (Article I) insights into ongoing directed evolution experiments were granted.
Screening an ep-PCR library of the 3HMU transaminase against (S )-α-phenylpropylamine in
solid phase allowed discrimination of active from inactive colonies, which was certified by a mi-
crotiter plate screening using the direct acetophenone assay. However, in this project a different
scaffold was in our focus for protein engineering for the acceptance of our requisite substrates.
Thus, the variants of 3HMU were not further investigated. Instead, experiments for the valida-
tion of the quality of an ep-PCR library based on the 3FCR_59W_87F_152F_231A variant
were shown in the supporting information of (Article I). The library was screened against the
standard transaminase substrate (S )-α-phenylethylamine to investigate how many variants are
active or inactive in the library, which resulted in various different staining intensities depending
on the duration of incubation of the membranes on the assay plates (Figure 4.3). These exper-
iments implied that the glycine oxidase agar plate assay, is applicable as a prescreening method
in our project for directed evolution.
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a. 15 min incubation b. 45 min incubation

Figure 4.3: Validation of an epPCR-library of the 3FCR transaminase variant (Y59W_Y87F_Y152F_T231A)
by screening against the standard substrate (S)-α-phenylethylamine. The figure was reproduced from our article
reference [73] with permission from ACS. The article is available under ACS AuthorChoice license http://pubs.
acs.org/doi/full/10.1021/ac503445y. Pictures after 15 minutes (a.) and after 45 minutes (b.) of incubation
on assay plates show different staining intensities and different staining velocities of the colonies.

4.3 Identification of a Starting Scaffold and Bioinformatic
Analysis

After reliable screening assays for the requisite substrates were elaborated, the first aim was to
select a suitable enzyme scaffold for protein engineering. Ideally, one of the in-house transam-
inase variants of previous projects,[74] or one of the wild-type transaminases[75, 76] that were
discovered previously by our group, would exhibit initial activity towards one of the desired
substrates. Thus, all wild-type in-house transaminases from fold type I and IV and some of
the mutants from previous projects were screened in microtiter-plate format against the racemic
amines (Scheme 4.1).

Surprisingly, several of them exhibited marginal activity towards amine II.2a, II.3a and III.2
but no activity against amine II.1a or IV.2 was detectable in crude lysate. All interesting
transaminases were purified to certify their activity with higher protein-concentration (all kinetic
resolution assays were certified by analytical scale reactions and HPLC analysis).

These in-depth investigations revealed that one of the transaminase variants based on the
Ruegeria sp. TM1040 Transaminase (abbreviated as 3FCR from its pdb code) exhibited even a
marginal initial activity against amine II.1a and III.2, which immediately brought it into our
focus for investigation by further structural analysis and protein engineering. None of our active
site focused rational mutagenesis efforts in the other transaminase scaffolds led to significantly
increased activities or generated new activities. Thus, we eventually restricted all of our efforts
on the 3FCR-transaminase scaffold with mutations Y59W and T231A that was identified in the
initial substrate screening and that seemed to be quite evolvable.
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4.3.1 Quinonoid Analysis and Rational Mutagenesis

As during catalysis of transamination (Scheme 2.6) the formation of the quinonoid intermediate
is considered to be the energetically most demanding and spatially bulky reaction step, all
requisite substrates were modeled in their quinonoid form bound to the PLP-cofactor in the
active site of the 3FCR-transaminase for further analysis (supporting information of Article
II, the bioinformatics were assigned to the responsibility of I.V.P.). These subsequently energy-
minimized complexes were applied to study the possible interactions of the neighboring amino
acid positions of the enzyme scaffold with the quinonoids (Figure 4.4).

Thus, additionally to position 59 and 231, three further amino acid positions were identified to
directly interfere in the accommodation of the substrates. Tyrosine in position 87 seemed to be
interacting with the moiety of the substrate in the small binding pocket and the hydroxyl group
of that tyrosine was suspected to pose a steric hindrance for large moieties there. However, as
most of the substrates provide an aromatic residue to be accommodated in the active site, it
was expected that π-π-interactions of a phenylalanine in this position 87 would lead to favorable
interactions. In fact, mutation Y87F significantly increased the specific activity for all aromatic
amine substrates (Table 4.1), while smaller amino acids such as valine or glutamine provided
drastically decreased activity up to a decrease of up to 97 % (data not shown). The second
amino acid position of interest was tyrosine in position 152, which is supposed to coordinate the
PLP-cofactor by the aromatic hydroxy phenyl ring. Thus, in this position it was clear to keep
an aromatic residue. In order to prevent any negative effect of the hydroxyl group, which points
towards the PLP-phosphate group and the bound substrates, a phenylalanine substitution was
selected in this position 152. The experimental data indeed demonstrated a beneficial effect of
mutation 152F on the stability of the scaffold (supporting information of Article II), which
resulted in an overall improved catalytic behavior, probably due to the stabilization of the PLP-
cofactor in the active site. In addition to that, the specific activity for amine II.1a and II.3a was
significantly increased by mutation 152F (Table 4.1). The third amino acid position was proline
in position 423, which was replaced by a histidine in this study, as it was assumed to facilitate
the diffusion of substrates in the active site by providing more flexibility at the entrance loop.
However, despite an increase of the specific activity was evident (Table 4.1), this mutation has
been discarded, due to its destabilizing effect.
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Figure 4.4: Quinonoid of compounds II.1 and II.2 accommodated in the active site of 3FCR. A–D: The quinonoid
(cyan sticks) of II.1 (A,B) and II.2 (C,D) was modelled and energy-minimized in silico into the active site of wild-type
3FCR (A,C) and the variant exhibiting the highest activity (3FCR Y59W/Y87F/ Y152F/T231A/P423H) (B,D). The
bulky substrates cannot be accommodated in the binding pockets of wild-type 3FCR and thus the quinonoid cannot
be planar (A,C). When the five mutations are implemented in the scaffold, the quinonoid is accommodated much
better within the engineered active site. The catalytic lysine K288 (grey stick) is located behind PLP, the residues
of interest are shown as green lines, and the surface of the residues 5 Å around the quinonoid is represented in
grey (40% transparency). Non-polar electrons are hidden for clarity. The bioinformatic analysis was assigned to the
responsibility of I.V.P, who prepared this figure (as taken from reference [54]).

Table 4.1: Specific activity [U mg-1] of purified 3FCR and 3GJU mutants as determined in kinetic resolution mode
using pyruvate as amine acceptor. Assay conditions: 50 mM CHES buffer pH 9.0, 0.1 mM PLP, 1 mM rac-amine,
2mM pyruvate, 5 % (vol/vol) DMSO, 0.002-0.8 mg mL-1 purified transaminase, 30◦C.

Variant rac-II.1a rac-II.2a rac-II.3a

3FCR wild-type NAa 0.001 ± 0.000 0.014 ± 0.000

3FCR_Y59W 0.002 ± 0.000 0.50 ± 0.02 0.27 ± 0.01

3FCR_T231A NA 0.019 ± 0.001 0.065 ± 0.001

3FCR_Y59W_T231A 0.005 ± 0.000 0.92 ± 0-03 0.075 ± 0.005

3FCR_Y59W_Y87F_T231A 0.32 ± 0.01 3.3 ± 0.4 0.51 ± 0.01

3FCR_Y59W_Y87F_Y152F_T231A 0.54 ± 0.01 2.9 ± 0.1 0.66 ± 0.08

3FCR_Y59W_Y87F_Y152F_T231A_P423H 0.62 ± 0.04 8.9 ± 1.1 1.38 ± 0.01

3GJU wild-type NA 0.003 ± 0.000 NDb

3GJU_Y60W_T232A 0.003 ± 0.000 0.66 ± 0.02 0.11 ± 0.01

3GJU_Y60W_Y88F_Y153F_T232A_P423H 0.22 ± 0.02 0.92 ± 0.07 0.90 ± 0.08

aNA, not active or below detection limit
bND, not determined
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Remarkably, all of the four core mutations 59W, 87F, 152F, 231A that were identified to in-
crease the activity against bulky aromatic substrates in the 3FCR transaminase (Table 4.1),
have been described before. For instance, the single mutations 59W, 87F and 231A were in-
troduced into the 3FCR-transamianse to increase its activity against the standard benchmark
substrate 1-phenylethylamine in previous work by our group, but no determination of activities
for larger compounds were conducted.[74] The latter three mutations were originally derived from
a multiple sequence alignment of the 3FCR transaminase with the Vibrio fluvialis (VibFlu)- and
the Chromobacterium violaceum (Cv)-transaminase, that both already have these amino acids in
the respective positions in their wild-type sequence. However, both of them are most strikingly
no efficient catalysts for the desired compounds addressed in this study. The aforementioned
positions of our mutation motif are as well reported in literature to be part of investigations
in different transaminases,[58, 77, 78] but eventually other specific mutations were chosen or the
focus was directed to other positions in these transaminase scaffolds, without combining these
mutations to determine their influence on the acceptance of bulky substrates and eventually
without succeeding to convert as bulky substrates as investigated in this study.

However, combining all four mutations in a suitable scaffold such as the 3FCR-transaminase,
enabled us to create a transaminase with significant activity towards the very bulky substrates
II.1, II.2 and II.3 (as well compound III), which directly implies that both is crucial: The
right amine transaminase and the motif consisting of the mutations 59W, 87F, 152F and 231A
equivalently!

4.4 Vaildation of the Identified Sequence Motif

The actual goal of this study was not only to create a single transaminase with activity against
various bulky substrates, but rather to provide a more general solution that would allow to
acquire versatile catalysts from the entire sequence space by incorporating our motif into other
further specified scaffolds.

To approach this goal we first of all investigated, whether transferring our sequence motif would
have the same desired effect in other transaminases. As we knew from previous experiments that
the VF-transaminase and the Cv-transaminase with sequence identities of about 33 % and 37 %
were too remote, we selected the (S )-selective transaminase from Mesorhizobium loti maff303099
(abbreviated as 3GJU from its PDB code), which exhibits a 71.5% amino acid sequence identity
to 3FCR, for initial studies. Similar to the 3FCR-scaffold, the 3GJU-transaminase exhibits
negligible activity against amine II.2a but notably no activity against amine II.1a (Table 4.1).

In fact, incorporating the two mutations 59W and 231A in the corresponding positions of
the 3GJU transaminase expanded as well its substrate scope for amine II.1a, similarly as the
two mutations did in the 3FCR-scaffold (Table 4.1). Incorporation of all five former identified
mutations in the corresponding positions of the 3GJU transaminase, generated even significant
activity for all aromatic amines II.1a - II.3a (Table 4.1).

These results indicated that the identified motif seemed to be transferable to other transami-
nases with sequence identities at least as low as about 70 % to the 3FCR-transaminase, yielding
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variants with considerable activity against the aforementioned bulky substrates. To further sup-
port this finding, we decided to search our M5nr[79] database∗ for putative transaminases with
sufficient sequence identity to the 3FCR-transaminase scaffold for further investigation (The
database search was assigned to the responsibility of I.V.P.). This in silico screening using
the 3FCR_59W_87F_152F_231A as reference sequence returned 100 matches. Despite the
sequence identity was as low as 69.2 %, all residues in the four targeted motif positions were
conserved regarding to the 3FCR transaminase wild-type amino acid sequence. We selected
seven sequences exhibiting sequence identities between 69 and 91 % to the wild-type sequence
of 3FCR to be ordered as synthetic genes already having the four suggested mutations of our
motif incorporated. Muation P423H was excluded as this mutation exhibited reduced stability,
while having only a limited effect on activity. Remarkably, none of these seven proteins had ever
been biochemically characterized and some of them have not even been annotated as putative
transaminase.

Six of these synthetic genes could be expressed in Escherichia coli BL21 (DE3) according to
our standard protocols for transaminase expression and every six expressible proteins possessed
considerable activity towards all bulky aromatic amines in kinetic resolution (Table 4.2). Fur-
ther evaluation of small scale asymmetric synthesis reactions revealed that all of them were as
well selective catalysts (Table 4.2), albeit all of them were significantly less efficient in terms of
conversions achieved in asymmetric synthesis compared to the 3FCR_59W_87F_152F_231A-
variant (data not shown), which might be possibly due to lower stability of the variants.

Table 4.2: Specific activity and enantiomeric excess of the purified transaminases identified by the sequence
similarity database research and incorporation of the four amino acid substitutions of our motif measured in kinetic
resolution using pyruvate as amine acceptor. Assay conditions for kinetic resolution: 50 mM CHES buffer pH 9.0, 0.1
mM PLP, 1 mM rac-amine, 2mM pyruvate, 5 % (vol/vol) DMSO, 0.002-0.8 mg mL-1 purified transaminase, 30◦C.
Assay conditions for a symmetric synthesis: 50 mM HEPES-NaOH buffer pH 8.0, 1 mM PLP, 8 mM ketone, 200 mM
D,L-alanine, 2-3 mM NAD+, GDH (15 U ml-1), D-glucose (220 mM) and LDH (50 U mL-1), 20% DMSO, 0.3-1.4
mg ml-1 purified enzyme, 30◦C and 600 r.p.m. The enantiomeric excess was determined by analyzing analytical scale
asymmetric synthesis reactions using racemic alanine as amine donor. Note that the absolute configuration given
refers to the preferentially converted enantiomer, but not the enantiomer that is enriched in kinetic resolution.

Specific activity [U mg-1] (Enantiomeric excess [%])

Variant rac-II.1a rac-II.2a rac-II.3a

TA-3 0.071 ± 0.001 (>99% (R)) 1.0 ± 0.1 (>99% (S)) 0.16 ± 0.03 (79% (S))

TA-5 0.16 ± 0.01 (>99% (R)) 0.4 ± 0.1 (>99% (S)) 0.18 ± 0.02 (56% (S))

TA-6 0.117 ± 0.003 (>99% (R)) 0.6 ± 0.1 (>99% (S)) 0.058 ± 0.005 (58% (S))

TA-7 0.17 ± 0.03 (>99% (R)) 0.9 ± 0.2 (>99% (S)) 0.40 ± 0.03 (76% (S))

TA-8 0.40 ± 0.05 (>97% (R)) 1.9 ± 0.1 (>99% (S)) 0.54 ± 0.02 (63% (S))

TA-9 0.35 ± 0.03 (>99% (R)) 4.3 ± 0.2 (>99% (S)) 0.50 ± 0.02 (82% (S))

∗M5nr database: The M5nr database is a non-redundant joint database, which logically consists of sequence data
and metadata (including annotations in various different formats). The sequence data are raw sequences and
each sequence is supplied to the MD5 algorithm to generate a unique hexadecimal sequence identifier to link
the metadata for a unique sequence to this "MD5 ID". This principle allows to import other databases with
different annotation formats and just to append the metadata in case of redundant sequence entries instead of
opening a new entry, which allows cost efficient (memory and CPU power) sequence similarity queries involving
several different databases.
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Furthermore, the substrate scope of all expressible transaminases from the database research,
including the 3FCR-template with the mutations of the motif were characterized against three
additional compounds, namely 1-phenylpropylamine, 1-phenylbutylamine and 2-phenylglycinol
that are not of apparent pharmaceutical interest but that had been investigated in several
studies[50, 56, 57, 77, 80] focusing on the expansion and the investigation of the substrate scope of
transaminases and thus can be considered as common benchmark substrates for transaminases.
All of our aforementioned transaminase variants were considerably active and highly selective as
well for these bulky substrates (Article II) having up to a propyl moiety or a methyl alcohol
connected to the benzylamine group.

These results demonstrate that the implementation of the suggested motif in appropriate pu-
tative transaminases with sufficient homology to the 3FCR-transaminase scaffold provides access
to fold type I transaminases exhibiting a novel and expanded substrate scope for various bulky
substrates. Importantly, the defined sequence motif alone, is not sufficient to evolve activity for
various bulky substrates: For instance the VibFlu- and Cv-transaminases, that exhibit sequence
identities of less than 40 % to the 3FCR-transaminase, already have three of the required amino
acids in the defined positions (59W, 87F and 231A), but do not exhibit considerable activity
towards the substrates of interest.

4.4.1 Preparative Scale Synthesis of Chiral Amines I.1 – I.3

As detailed above, the motif incorporated in a suitable scaffold, generates transaminase variants
capable to perform the chiral resolution of racemic bulky amines. However, only starting from
the prochiral keto-substrates using asymmetric synthesis would afford the chiral amine with up
to quantitative yield, which was indeed the actual intention of this study.

Hence, we applied the best scaffold the 3FCR_59W_87F_152F_231A for preparative-scale
asymmetric synthesis of the chiral amines II.1 – II.3 starting from the corresponding prochiral
keto-substrates (100 mg ketone) using alanine as amine donor including the LDH and GDH
system to shift the equilibrium in the desired reaction (The asymmetric synthesis experiments
and product characterization were conducted by I.V.P and Roche). For each compound high
conversions were achieved in reasonable reaction times (Table 4.3), which emphasizes the syn-
thetic potential of the 3FCR_59W_87F_152F_231A transaminase variant also for industrial
processes.
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Table 4.3: Specific activity [U mg-1] of purified 3FCR and 3GJU mutants as determined in kinetic resolution mode
using pyruvate as amine acceptor. Assay conditions: 50 mM CHES buffer pH 9.0, 0.1 mM PLP, 1 mM rac-amine,
2mM pyruvate, 5 % (vol/vol) DMSO, 0.002-0.8 mg mL-1 purified transaminase, 30◦C.

Product: (R)-II.1a (S)-II.2a (S)-II.3a

Reaction Time [h]: 24 24 46

Ratio of Substrate to Enzyme [wt/wt]: 2 5 2.5

Conversion [%]: > 98 > 99 > 97

Isolated Yield [%]: 82 (HCl Salt) 71 (HCl Salt) 69 (HCl Salt)

Enantiomeric Excess [%]: 94.2 > 99.9 63.0

The enantioselectivity of this transaminase variant was perfect in case of reaction II.2 resulting
an enantiomeric excess of more than 99 %, very high for reaction II.1 (94.2 % ee) and still
moderate for reaction II.3 (63 % ee), which clearly correlates with the structural difference of the
two moieties adjacent to the keto group. Furthermore, preparative synthesis was demonstrated
for the other benchmark amines 1-phenylpropylamine, 1-phenylbutylamine and 2-phenylglycinol.
All of these reactions reached very high conversions (> 95 %) and very high enantiomeric excess
(> 95 %) within short reaction times (Article II).

4.5 Diversification of the Scaffolds

For the other two structurally different requisite substrate pairs (III & IV) the suggested motif
was not sufficient for useful catalysis. In case of compound IV no activity was detectable with
any of the variants having different combinations of the four motif mutations incorporated, while
for compound III activity was found in kinetic resolution but no sufficient amine synthesis using
asymmetric synthesis was feasible. Thus, we had to address these substrates by a different protein
engineering approach.

Indeed, any mutations that turned out to facilitate the conversion of one of the latter sub-
strates, reduced the activity for the other aromatic substrates (data not shown). The afore-
mentioned 3FCR_59W_231A and the 3FCR_59W_87F_152F_231A variants, were applied
as starting point for further protein engineering for the remaining substrates. The amino acid
positions 59, 152 and 231 were saturated and several single mutations in position 87 were investi-
gated. None, of the mutations improved the activity against the aromatic amines II.1a – II.3a,
but the results were the basis for further diversification of our 3FCR-scaffold for structurally
different substrates.
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4.5.1 Mutating Position 59 and Neighboring Residues Enhances the Activity
Against the Bicyclic-bridged Substrate

The saturation mutagenesis experiments for amine III.2 clearly pointed out a leucine mutation
in position 59, which increased the activity by a factor of three in the 3FCR_59W_87F_152F_-
231A template (Table 4.4). Furthermore, the analysis of the single mutations 59W and 231A
from the variant of the 3FCR-transaminase that was initially found to be active against some of
the substrates, further supported that mutation 59W of our motive was not the optimal amino
acid for the bicyclic-bridged substrate (Table 4.4). Interestingly, mutation 152F was found to
improve the stereoselectivity, as all variants without mutation 152F had only moderate selectivity
(< 40 % ee (exo), data not shown), while the 3FCR_59W_87F_152F_231A exhibited perfect
selectivity for the exo-isomer. As the saturation of position 231 and the mutations in position
87 did not result in any better variants, in three of the four positions the optimal amino acids
were already incorporated.

At this point, any further rational mutagenesis was hindered by the three-dimensional nature
of compound III that did not follow the typical transaminase design concepts of having one large
and one smaller substituent to be accommodated the two binding pockets each. Accordingly,
it was unclear how exactly the substrate is oriented in the active site. For this reason, parallel
to the optimization of the four positions we evolved the 3FCR-scaffold using directed evolution
(ep-PCR) in combination with our glycine oxidase plate assay with the intention to combine
beneficial mutations with the resulting mutations from the saturation experiments.

Screening ep-PCR libraries based on the 3FCR_Y59W_T231A resulted in a variant having
several mutations, among them mutation I234F, which was identifeid to be responsible for the
increase of activity, by characterization of the respective single mutants in the 3FCR_Y59W_-
T231A (data not shown). Further investigation of this position by saturation experiments re-
vealed that both phenylalanine and methionine are the most promising amino acids in this
position for the kinetic resolution of amine III.2. The beneficial effect of these two mutations
was confirmed both in the 3FCR_Y59W_T231A- (data not shown) and the 3FCR_59W_-
87F_152F_231A-variant (Table 4.4).

These two variants with mutations I234M and I234F were also investigated regarding their
ability to synthesize amine III.2 starting from the keto-substrate III.1 using alanine or isopropy-
lamine as amine donor (Table 4.5) and both of them were proved to acquire higher conversions
independently of the amine donor. Remarkably, mutation I234F decreased the expression yield
for unknown reasons. Hence, we had to apply 8-fold lower amount of enzyme compared to the
other variants for the experiments (Table 4.5). Despite the lower amount of enzyme, similar
conversions of the variant with mutation I234F were achieved compared to the variant with
I234M indicating a higher catalytic efficiency. However, we continued protein engineering with
mutation I234M, as it did not affect the expression yield but increased activity.
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Table 4.4: Specific activities of the purified transaminases variants in kinetic resolution of amine III.2 using
glyoxylate as amine acceptor. Assay conditions for kinetic resolution: 50 mM CHES buffer pH 9.5, 1 mM rac-
amine, 2mM glyoxylate and 0.002-0.8 mg mL-1 purified transaminase at 37◦C.

rac-III.2

Variant Specific activity [mU mg-1]

3FCR (wild-type) 70

3FCR_Y59W 35

3FCR_T231A 130

3FCR_Y59W_T231A 45

3FCR_Y59W_Y87F_Y152F_T231A 45

3FCR_Y59L_Y87F_Y152F_T231A 145

3FCR_Y59W_Y87F_Y152F_T231A_I234F 80

3FCR_Y59W_Y87F_Y152F_T231A_I234M 116

Table 4.5: Selective synthesis of exo-amine III.2 using alanine or isopropylamine as amine donors. Both mutations
I234M and I234F increased conversions independently of the amine donor.

Conversion [%] (Enantiomeric excess [%, exo])

Variant With IPAa With alanineb

3FCR_Y59W_T231A 0 (NDc) 4 (NDc)

3FCR_Y59W_Y87F_Y152F_T231A 10 (>99) 35 (>99)

3FCR_Y59W_Y87F_Y152F_T231A_I234M 19 (>99) 66 (>99)

3FCR_Y59W_Y87F_Y152F_T231A_I234Fd 8 (>99) 40 (>99)

aConditions for isopropylamine experiments: 2 mM ketone III.1, 0.2 M IPA, HEPES buffer (pH 8.0, 50 mM), 1
mM PLP, 5 % DMSO, 30◦C, 600 rpm and 20 h of incubation.

bConditions for alanine experiments: 8 mM ketone III.1, 0.2 M L-alanine, HEPES buffer (pH 8.0, 50 mM), 1
mM PLP, 20 % DMSO, 5 mM NADH, 25 mM glucose, 0.05 mg mL -1 GDH, 5 µL mL-1 LDH, 30◦C, 600 rpm
and 20 h of incubation.

cND, not determined
dLower conversions as 8-fold less amount of enzyme was applied due to expression issues, see text.
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4 Protein-Engineering of Ruegeria sp. TM1040 Transaminase

The 3FCR_Y59W_Y87F_Y152F_T231A_I234M was subjected to another round of directed
evolution revealing position 382 as a new hot spot. Subsequent saturation of the position identi-
fied mutation L382M as the most promising mutation resulting into the 3FCR_Y59W_Y87F_-
Y152F_T231A_I234M_L382M variant (Table 4.6). However, investigation of all interest-
ing variants regarding their ability to catalyze the selective synthesis of the exo-amine III.2
revealed that higher activity in kinetic resolution is not always directly correlated to higher
activity in the selective synthesis and that mutation 59L seems to be the key mutation for
efficiency, although all mutations (59L, I234M and L382M) were beneficial in kinetic resolu-
tion (Table 4.6). The other two mutations led to an improvement compared to the scaffold
(3FCR_Y59W_Y87F_Y152F_T231A) but not to the same extent as mutation 59L does. All
variants maintained perfect exo-selectivity.

Eventually, a non-optimized small scale perparative synthesis using the 3FCR_Y59W_Y87F_-
Y152F_T231A_I234M was carried out using isopropylamine as amine donor, which provided
75% conversion (60% isolated yield) and >99.5% selectivity for the exo-amine as determined by
HPLC analysis.

Table 4.6: Comparison of all interesting variants in kinetic resolution and selective synthesis of exo-amine III.2
using isopropylamine as amine donors. For the selective synthesis, mutation 59L seems to be the key mutation for
catalysis. The experimental conditions for kinetic resolution were identical as in Table 4.4 and for selective synthesis
identical as in Table 4.5 with isopropylamine as amine donor.

Specific activity Conversion

Variant [mU mg-1] [%, exo]

3FCR_Y59W_Y87F_Y152F_T231A 45 23 (>99)

3FCR_Y59L_Y87F_Y152F_T231A 175 96 (>99)

3FCR_Y59W_Y87F_Y152F_T231A_I234M 135 55 (>99)

3FCR_Y59W_Y87F_Y152F_T231A_I234M_L382M 200 60 (>99)

3FCR_Y59L_S86A_Y87F_Y152F_T231A_I234M_L382M 295 94 (>99)
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Bioinformatic Analysis

Based on the preparative results demonstrating that the exo-amine is formed upon transam-
ination, we modeled the substrate in the active site as described previously, to elucidate the
underlying reasons for the improved activity. As seen in (Figure 4.5) positions 59, 87 and 152
directly interact with the quinonoid. Mutation of tyrosine or tryptophane to leucine in position
59 provides significantly more space and increases the hydrophobicity in the large binding pocket.
An alanine mutation in position 231, clearly creates more space in the large binding pocket, as
described for the other aromatic substrates. Potentially, a hydroxyl group in position 87 could
interact with the keto-group of the substrate, which might explain the beneficial effect of the
phenylalanine mutation in this position. In case of position 152 a mutation of tyrosine to pheny-
lalanine increased the selectivity for the exo-amine, which might be explained by a potential
interaction of the hydroxyl group with the nitrogen-atom of the substrate, which would support
the formation of the endo-isomer.

The amino acid positions 234 and 382 that were found by directed evolution are located behind
position 59 and do not directly interact with the quinonoid. Thus, their influence on the activity
is difficult to elucidate, but may be presumed to be related with indirect interactions with the
amino acids in position 59 and 231. For instance, these mutations might stabilize residue 59 in a
catalytically more active orientation, while residue 234 could have an influence via the backbone
on the orientation of the neighboring residue 231, which directly interacts with the quinonoid.

Figure 4.5: Quinonoid of compound III accommodated in the active site of the
3FCR_Y59L_Y87F_Y152F_T231A. The quinonoid (pink sticks) of III was modelled and energy-minimized in
silico into the active site. The three amino acid mutations of the motif (87F, 152F and 231A) were depicted in
blue and the key mutation 59L for activity against compound III is depicted in red. Furthermore, the surfaces of
the residues directly interacting with the quinonoid forming the active site are represented as well. The amino
acid positions 234 and 382 that were identified by directed evolution and that are located behind position 59 are
depicted in yellow.
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4 Protein-Engineering of Ruegeria sp. TM1040 Transaminase

4.5.2 Aliphatic Amino Acids in Position 87 Enable Acceptance of the Spatially
Bulky Substrate

The bioinformatic analysis for compound IV identified position 87 as promising position for
mutagenesis, as it seemed obvious that no aromatic residue would be necessary to accommo-
date a spatially bulky tert-butyl moiety in the small binding pocket, as it was the case for the
aromatic substrate moieties. Thus we selected aliphatic residues such as valine or leucine for
incorporation in the 3FCR_59W_231A. The characterization results were interesting regarding
two aspects. Firstly, these variants exhibited the first detectable activity against amine IV.2,
while all other variants investigated in this project without aliphatic residues in position 87 of
the 3FCR-transaminase were inactive. Secondly, it was remarkable that the variant with the
larger leucine residue in position 87 was more active than the one with valine in this position,
indicating that in this case the hydrophobicity might play a more important role than actually
space for the accommodation of the sterically demanding substrate IV (Table 4.7).

Addition of mutation 152F to increase as well the stability of the scaffold, almost erased the
activity and thus this mutation of the motif was not considered for now and we selected the
3FCR_59W_87L_231A to further proceed. As mutation 382M was beneficial for the aliphatic
bicyclic-bridged compound III, we added this mutation for investigating its effect on activity
against compound IV. In parallel, we subjected our starting scaffold to directed evolution us-
ing ep-PCR and the glycine oxidase plate assay for screening, which resulted in a more active
variant with two additional mutations. Characterization of the respective single mutants iden-
tified G429A as beneficial for activity. A subsequent saturation of this position did not result
in any more active mutations in this positions. As both mutation L382M and G429A were
found to increase the activity in kinetic resolution, we combined the two mutations resulting in
the 3FCR_59W_87L_231A_382M_429A (WLAMA) exhibiting seven-fold increased activity
in kinetic resolution compared to the 3FCR_59W_87L_231A starting template (Table 4.7).

Table 4.7: Specific activity [U mg-1] of purified 3FCR-transaminase variants as determined in kinetic resolution
mode using pyruvate as amine acceptor. Assay conditions: 50 mM CHES buffer pH 9.0, 1 mM rac-amine IV, 2
mM pyruvate, 5 % (vol/vol) DMSO, 0.002-0.8 mg mL-1 purified transaminase, 30◦C.

Variant rac-IV.2

3FCR wild-type NAa

3FCR_Y59W_T231A NAa

3FCR_Y59W_Y87F_T231A NAa

3FCR_Y59W_Y87V_T231A 6.5 ± 0.4

3FCR_Y59W_Y87L_T231A 11.5 ± 0.8

3FCR_Y59W_Y87L_T231A_L382M 19.0 ± 1.9

3FCR_Y59W_Y87L_T231A_G429A 44.8 ± 0.9

3FCR_Y59W_Y87L_T231A_L382M_G429A (WLAMA) 77.1 ± 5.5

aNA, not active or below detection limit
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In parallel to these protein engineering endeavors, a preparative kinetic resolution experiment
(100 mg racemic IV.2-amine) was conducted with the initially identified 3FCR_59W_87L_-
231A-variant to investigate the synthetic potential of the identified variants and to certify the
results from the direct screening assay. The results had a great impact on our protein engineering
strategy, as the enriched and isolated enantiomer (38 mg) was found to be (S )-configured (96.2
% ee), which clearly implied that the opposite (R)-enantiomer was converted in contrast to our
expectations! Thus, we needed to repeat the structural analysis, this time modeling the tert-
butyl moiety in the large binding pocket and the phenyl ring in the other binding pocket, which
is now conform with the observed catalytic behavior. In this orientation, the tert-butyl moiety
directly interacts with the amino acids in positions 58, 59, 85, 231 and 422 (Figure 4.6).

Figure 4.6: Quinonoid of compounds IV accommodated in the active site of the 3FCR_Y59W_Y87L_T231A_-
L382M_G429A. The quinonoid of compound IV (depicted in pink) was modelled and energy-minimized in silico into
the active site. The relevant residues with mutations Y59W, Y87L, T231A, L382M and G429A are represented in
blue. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced from our article reference [81] with permission.
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4 Protein-Engineering of Ruegeria sp. TM1040 Transaminase

As the tert-butyl moiety was found to be accommodated in the large binding pocket, where
usually the phenyl ring of the other investigated substrates is bound, we decided to further
investigate these neighboring residues (positions 58, 59 and 85 were investigated, data not shown),
but no further improvement of activity was detectable (Article IV).

Thus, all interesting variants were subjected to analytical scale asymmetric synthesis experi-
ments using alanine and isopropylamine as amine donors. Despite the low activities in kinetic
resolution, all variants provided full conversion after 42 hours using alanine as amine donor.
Isopropylamine was accepted as well, albeit with lower efficiency (Table 4.8). Incorporation of
mutation 152F from the sequence motif in the most active scaffold decreased its conversions in
asymmetric synthesis (Table 4.8) and the stabilizing effect was only marginal, which was ac-
counted from corresponding comparative experiments pre-incubating the variants at 30◦C with
and without isopropylamine (Article IV).

Table 4.8: Analytical scale asymmetric synthesis experiments to investigate all interesting variants that were active
in kinetic resolution using alanine or isopropylamine as amine donors. Reaction conditions: 4mM ketone (IV.1),
HEPES buffer (50 mM, pH 8.0), 5 % (v/v) DMSO, 1.35 mg mL-1 purified transaminase, 1 mM PLP at 30◦C, 600
rpm and 42 h of incubation. The amine donor was 200 mM isopropylamine or 200 mM L-alanine. In case of alanine
150 mM D-glucose, 45 U mg-1 LDH, 15 U mg-1 GDH and 1 mM NADH were supplied.

Conversion [%] (ee [%])

Variant with L-Alanine with IPA

3FCR_Y59W_Y87L_T231A 100 (>99) 22 ± 2.3 (n.d.)

3FCR_Y59W_Y87L_T231A_L382M 100 (>99) 38 ± 1.4 (>99)

3FCR_Y59W_Y87L_T231A_G429A 100 (>99) 45 ± 0.8 (>99)

3FCR_Y59W_Y87L_T231A_L382M_G429A (= WLAMA) 100 (>99) 71 ± 3.5 (>99)

3FCR_Y59W_Y87L_Y152F_T231A_L382M_G429A 100 (>99) 40 ± 2.8 (>99)
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Direct Comparison with VibFlu-Transaminase

Recently, our group reported an alternative protein engineering solution to generate activity
for compound IV in the transaminase of Vibrio fluvialis,[82] which exhibits only 33 % sequence
identity to the Ruegeria sp. TM1040 Transaminase of this study. Screening variants from a
library with six simultaneously saturated positions in the active site of the VibFlu transaminase
identified some variants with activity both in kinetic resolution and asymmetric synthesis. Thus,
two different solutions were available in two different scaffolds and it seemed interesting to analyze
in detail, which mutations lead to activity against the desired substrate in the two scaffolds.

Despite the low sequence identity, the two structures (PDB IDs: 3FCR and 4E3Q) are very
similar. Their structural alignment results in an RMSD of only 1.154 Å, which implies a very high
structural similarity. In addition to that, most residues in the active site∗ of the 3FCR_WLAMA-
variant and the VibFlu transaminase were found to be conserved. Both wild-type transaminases
are inactive against compound IV.

The best two VibFlu-transaminase variants had the following mutations: L56V, W57C, F85V,
V153A (H3_RAV) and L56V, W57F, F85V, V153A, R415C (H1_A).[82] The latter positions
correspond to the following positions in the 3FCR_WLAMA scaffold: L58, W59, L87, S155, and
R420. In general, the two transaminase scaffolds evolved almost entirely differently, despite their
structural similarity. Notably, three out of five mutations (Y59W, T231A, and L382M) of our best
variant are already present in the corresponding positions of the wild-type VibFlu-transaminase.
Vice-versa, mutations L58V, (L58A) and S155A, that were present in the most active VibFlu
transaminase variants, were found to drastically reduce the activity in the 3FCR_WLAMA
scaffold for the substrate of interest. However, a final statement seems unfeasible, as no data were
available for intermediate variants of the VibFlu-transaminase, such as VibFlu_F85V_V153A,
which might be active but was not investigated. Nevertheless, no clear motif to acquire the
desired activity could be identified, with one distinct and exceptional communality between
the two enzymes. Exclusively, variants with aliphatic amino acids such as valine or leucine in
position 87 were found to be active for the desired substrate in case of the 3FCR-transaminase
scaffold, while variants with valine in the position corresponding to position 87 in the VibFlu
transaminase were found to be the most active variants. Thus, the most important position
represents position 87, as it was proven to be beneficial in both scaffolds underlining its potential
role in the identification of other transaminases accepting substrates with tert-butyl moieties.

∗Residues within a 10 Å radius from the enamine nitrogen atom of the external aldmine of PLP and the substrate
were considered to form the active site
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5 Conclusion

In this joint project, a fold type I transaminase from Ruegeria sp. TM1040 (3FCR-transaminase)
was engineered for the conversion of a set of sterically demanding and structurally diverse model
substrates for the synthesis of chiral amines and the kinetic resolution of racemates. It was
demonstrated that implementation of the four identified core mutations (Y59W, Y87F, Y152F
and T231A) in putative, partially uncharacterized transaminase sequences derived from database
inquiries grants access to diverse transaminases with a novel and broad substrate spectrum
including remarkably bulky and thus pharmaceutically interesting compounds. Furthermore, it
was shown, that the sequence motif of the four mutations alone was not sufficient to generate the
expanded substrate profile. The target transaminase sequences are required to possess at least
70 % sequence identity to the Ruegeria sp. TM1040 transaminase in order to attain the desired
properties by implementation of the four mutations. These findings represent not only the first
successful protein engineering endeavor of fold type I transaminases for highly bulky substrate
acceptance, but also provide a more general solution for novel fold type I transaminases for the
first time. In the long term, knowledge from this project is conceived to assist in the development
of shorter, more economic and greener routes to chiral drugs and fine chemicals.

For the accommodation of compounds containing tert-butyl moieties or bi-cyclic bridged sub-
strates, the sequence motif had to be refined by additional structure guided mutations, saturation
mutagenesis and directed evolution using our novel high-throughput agar plate assay for transam-
inases. In this context, two key mutations could be assigned to be responsible for generating
useful catalytic activity in the 3FCR transaminase for the aforementioned additional substrates.
Mutation 59L seemed to be the key mutation aside from other beneficial mutations for the bi-
cyclic bridged substrate, albeit we did not investigate its effect in other transaminases scaffolds.
Mutation 87L generated activity for the tert-butyl moiety containing substrate, which was found
to play as well an important role for the activity towards the same substrate in the VibFlu
transaminase.

For the synthesis of the latter two amines (in analytical scale) the amino donor isopropylamine
could be applied, which represents the most economic amine donor for transaminases, while all
other amines could be synthesized using alanine as amine donor with high yields and good to
perfect optical purities. For each of the five target model substrates a 100 mg preparative-scale
experiment was conducted to prove the synthetic applicability of our variants.
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Figure 5.1: Substrate spectrum and selectivity of the novel transaminases identified in the present study. Com-
pounds II.1 - II.3, compound III and compound IV were selected as primary target substrates, while compounds II.4
- II.7 were investigated to further demonstrate that the novel transaminases exhibit a generally extended and broad
substrate scope. The regions surrounded by dashed boxes represent the moiety of each molecule that is accommo-
dated in the large binding pocket of the transaminases, according to the experimental results. For compound IV, we
observed an inverted selectivity, as the aliphatic moiety is bound in the large binding pocket instead of the aromatic
ring. As observed, not always the larger or smaller moiety is consistently bound by one or the other binding pocket.

Remarkably, wild-type transaminases such as the transaminase from Vibrio fluvialis (VibFlu-
transaminase) (33 % sequence identity to the 3FCR-transaminase) were found to have already
three of the four core mutations of our motif in the corresponding positions in their protein
structure, but do not possess significant activity towards the bulky substrates. These find-
ings underline the importance to select the right transaminase for evolution and that the four
core mutations alone are not sufficient to expand the substrate scope. Notably, the wild-type
3FCR-transaminase exhibits only miserable activity against standard benchmark substrates for
transaminases such as α-phenylethylamine, which was likely the reason why it had not been
previously selected for mutagenesis experiments for more bulky substrates. In contrast, the
VibFlu-transaminase was frequently selected for protein engineering, most probably due to its
high activity against standard benchmark substrates. Thus, despite the structural similarity
of the 3FCR- and the VibFlu-transaminase, there must be essential and beneficial differences
between transaminases with higher sequence identities to the 3FCR-scaffold and other distantly
related scaffolds that allow the bulky substrate acceptance in the 3FCR-transaminase, when the
four mutations are implemented. However, these differences could not be further specified within
the scope of this project.

46



This implies, that modeling the quinonoid intermediates in the active site and analysis of
possible repulsive or unfavorable interactions for according mutations will not alone and generally
lead to success in any transaminase scaffold. Thus, the same protein engineering strategy alone,
is not generally applicable for similar protein engineering questions, or one could also summarize:
Not all enzymes are equally suitable to serve as starting scaffold for protein engineering. Hence, it
seems to be interesting to recapitulate some of the crucial parameters that might have contributed
to successfully identify novel transaminases with bulky substrate acceptance in the present study:

1. Screening for a set of model substrates and not only for one single target substrate,

2. venturing to select some ambitious target substrates for screening,

3. screening many different potential wild-type enzymes as possible starting scaffold for muta-
genesis, including distantly related enzymes with unspectacular substrate scope regarding
standard substrates compared to common scaffolds,

4. designing straight-forward single mutations in the active site of putative transaminase
candidates after structural analysis and literature research to expand their substrate scopes
from initial activity towards one of the target substrates and no activity for the other
substrates to detectable activity for more than one of the target substrates to identify
evolvable scaffolds.

All these elements should rather maximize the chances to identify a suitable generalist enzyme
for specialization, than focusing on existing, well characterized and already specialized scaffolds
for standard substrates. As observed, always screening closely related enzymes for the same
standard substrates will most probably not render access to novel catalysts with novel substrate
scopes. As proven in the present study, certain paradigms, such as the strict limitation of
the small binding pocket of all transaminases to substrate moieties no larger than an ethyl
group, in hindsight prove to be not correct – at least not for generally all transaminases (The
3FCR_59W_231A variant was active against most of the bulky substrates. Both mutations are
located in the large binding pocket and do not increase the size of the small binding pocket. The
wild-type of the 3FCR transaminase exhibits detectable activity against amines II.2a, II.3a and
III.2). Thus, screening for activity towards multiple different but challenging substrates, will
generally increase the probability to identify new starting scaffolds with initial activity for some
of the desired substrates. These scaffolds should serve as a starting point by subjecting them
to further analysis and mutagenesis to further broaden their substrate scope for the remaining
test substrates. If available, the enzyme collection should consist of heterogeneous enzymes of
various similarities from similar to entirely distantly related and mutants thereof to ensure novel
enzymes with new properties are available for identification. All scaffolds identified to exhibit
initial activity for some of the target screening substrates should be subjected to structural
analysis, following straight-forward mutations in the active site to elaborate, which of the enzymes
is actually evolvable. For instance, efforts were as well invested to generate the activity for the
requisite substrates in other transaminase scaffolds, for instance by engineering the transaminase
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from Ruegeria pomeroyi (abbreviated as 3HMU from its pdb code), which exhibits high specific
activities for standard substrates and was identified to have little activity for compound II.3 and
III. However, none of the efforts improved its activity or extended the substrate scope causing
us to switch to another scaffold.

To summarize in short, furthering the frontiers of science goes along with taking risks to ques-
tion standard paradigms, considering new, maybe initially uninteresting scaffolds and challenging
the until then seemingly impossible. Specifically for protein engineering, working on an evolvable
template seems to be the key to success and sometimes presupposes a good portion of fortune.
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ABSTRACT: Transaminases represent one of the most important enzymes of the
biocatalytic toolbox for chiral amine synthesis as they allow asymmetric synthesis with
quantitative yields and high enantioselectivity. In order to enable substrate profiling of
transaminases for acceptance of different amines, a glycine oxidase and horseradish
peroxidase coupled assay was developed. Transaminase activity is detected upon
transfer of an amine group from an amino donor substrate to glyoxylate, generating
glycine, which is subsequently oxidized by glycine oxidase, releasing hydrogen
peroxide in turn. Horseradish peroxidase uses the hydrogen peroxide to produce
benzoquinone, which forms a red quinone imine dye by a subsequent condensation
reaction. As glycine does not carry a chiral center, both (R)- and (S)-selective
transaminases accepting glyoxylate as amino acceptor are amenable to screening. The
principle has been transferred to establish a high-throughput solid-phase assay which
dramatically decreases the screening effort in directed evolution of transaminases, as
only active variants are selected for further analysis.

Transaminases belong to the largest group of pyridoxal-5′-
phosphate (PLP)-dependent enzymes1 and catalyze the

transfer of an amino group of a donor amine to the carbonyl
carbon atom of an α-keto acid, a ketone, or an aldehyde. In the
past decade, amine transaminases came into strategic focus to
be applied as efficient biocatalysts for the preparation of
optically pure amines, which represent highly valuable key
intermediates or products in the pharmaceutical, chemical, and
agricultural industries.2,3 However, for application as efficient
biocatalysts, numerous challenges have to be overcome, such as
a limited substrate scope, issues of thermostability, or tolerance
to high concentrations of organic solvent, achieving high levels
of enantioselectivity and unfavorable equilibrium in asymmetric
synthesis mode, as well as substrate and product inhibition.
Besides rational protein engineering approaches, directed
evolution still represents the key to engineer proteins to fit
the manufacturing process, inevitably causing huge library sizes
predominantly containing inactive or less active variants.4 To
speed up a directed evolution process, the availability of fast,
sensitive, and efficient assays is crucial to avoid time-consuming
and technically demanding analysis of each variant by HPLC or
GC analysis as successfully applied by Savile et al.5 Several
assays for amine transaminases have been developed, mostly
working in kinetic resolution mode due to the unfavorable
equilibrium of asymmetric synthesis, and all of them are based
on screening in microtiter plate format only.6 Among those, the
acetophenone assay represents the most facile screening
method for transaminases, as transamination of α-phenylethyl-
amine can be followed directly by spectrophotometric detection

of the corresponding ketone.7 However, the assay is restricted
to amines carrying a phenyl group in the α position. Hence,
Hopwood et al. developed a coupled microtiter plate assay for
the detection of alanine by application of an L-amino acid
oxidase (L-AAO) for (S)-selective transaminases and a D-amino
acid oxidase for (R)-selective transaminases, respectively.8 This
way, a range of amine substrates and pyruvate can be applied as
substrate pairs for screening, generating hydrogen peroxide
which is detected by horseradish peroxidase in turn. However,
the drawback of this assay is that L-amino acid oxidases are
difficult to access for larger screening projects, as few L-AAOs
have been successfully expressed as recombinant proteins in
reasonable amounts.9,10 Similar assays are also available for
amino acid aminotransferases.11,12

Solid-phase assays have been successfully applied for directed
evolution of many different proteins to increase the throughput
by directly screening colonies expressing variants of the gene of
interest.13−18 The first solid-phase assay in which the protein of
interest is coexpressed together with an additional assay
enzyme has been developed for directed evolution of an
alanine racemase by Willies and co-workers.15 While preparing
our manuscript, O’Reilly and co-workers published the
application of ortho-xylenediamine dihydrochloride as amino
donor substrate that forms a colored precipitate via
spontaneous polymerization of the aromatic isoindole formed
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upon transamination.19 Hence, direct high-throughput screen-
ing of transaminase libraries for asymmetric synthesis by
application of a range of ketones is feasible owing to a shift of
the equilibrium by in situ coproduct removal. However, it is yet
unclear if this artificial amine donor is a widely accepted
substrate for transaminases.
In this study, we report on a solid-phase assay that is

amenable to high-throughput screening of both (R)- and (S)-
selective transaminases for activity toward different amine
substrates. In order to do so, we took advantage of the fact that
many transaminases accept glyoxylate as the amino acceptor at
similar rates compared to pyruvate.20−22 Glyoxylate is
converted into achiral glycine upon transamination of any
chiral amine. Formation of glycine is detected by application of
a thermostable glycine oxidase from Geobacillus kaustophilus
that has been characterized by Martińez-Martińez et al.,23

leading to the formation of hydrogen peroxide. For detection of
hydrogen peroxide formation at alkaline pH values up to pH
9.5, the 4-aminoantipyrine assay involving horseradish perox-
idase catalyzed oxidation of phenol to benzoquinone and
formation of a red quinone imine dye by a subsequent
condensation reaction was adapted (Scheme 1).23 The

principle of this versatile assay is easily transferable to a
microtiter plate assay (liquid-phase assay), by supplementing
purified glycine oxidase externally to the reaction mixture.

■ EXPERIMENTAL PROCEDURES
Materials and Software. The following chemicals and

enzymes were ordered from Sigma-Aldrich: Horseradish
peroxidase, glyoxylic acid monohydrate, 4-aminoantipyrine,
phenol, and agarose. Nitrocellulose membranes (HP44.1, 0.2
μm pore size, >200 μg/cm2 binding capacity for proteins) were
obtained from Carl Roth.
Data analysis and graphs were made using R.26 Where

applicable, the ggplot2 package was applied.27

Cloning, Expression, and Purification of Geobacillus
kaustophilus Glycine Oxidase. Locus tag GK0623 of
Geobacillus kaustophilus encoding for glycine oxidase was
ordered as a codon optimized synthetic gene in the pET28a(+)

vector using EcoRI and NotI, downstream of the T7 polymerase
promotor (GenScript). Subcloning in the compatible pCDF-1b
vector was carried out by BamHI and NotI restriction and
ligation. For addition of the N-terminal His-Tag, a frame shift
was carried out using the following oligonucleotides (5′-CGT
AGC GAT GCG TCA TTG AAT TCG GAT CC-3′ and 5′-
GGA TCC GAA TTC AAT GAC GCA TCG CTA CG-3′) in a
50 μL QuikChange-PCR (2 μL of each oligonucleotide (10
μM), 13 ng of template vector, 5 μL of 10× PfuPlus buffer, 1
μL of dNTPs (10 mM), 0.5 μL of PfuPlus! DNA polymerase (1
U/μL)). The reaction was performed using the following
thermocycling conditions: (1) 95 °C for 2 min, (2) 24 cycles:
95 °C for 30 s, 55 °C for 30 s, and 72 °C for 6 min 30 s, and
(3) 72 °C for 12 min. Afterward, 10 U of DpnI was added; the
reaction mixture was incubated for 2 h at 37 °C to digest the
parental DNA and finally was used to transform E. coli TOP10
cells.
For production of His-tagged glycine oxidase, transformed E.

coli BL21(DE3) cells were grown at 37 °C in LB medium
supplemented with 50 μg/mL spectinomycine. When the
OD600 reached 0.8, expression was induced by addition of 1
mM IPTG and cells were incubated for 20 h at 30 °C at 180
rpm. Harvested cells were resuspended in sodium pyrophos-
phate buffer (75 mM) pH 8.5 containing 0.5 M NaCl, 0.2 μM
FAD, and 5 mM imidazole and were lysed twice with a French
press at 1700 psi. Two mg of DNaseI was added, and the
suspension was centrifuged at 8000g for 30 min. The insoluble
fraction was washed by resuspending in sodium pyrophosphate
buffer (75 mM) pH 8.5 containing 0.5 M NaCl, 0.2 μM FAD, 5
mM imidazole, and 0.5% Triton X-100 and incubated at 37 °C,
180 rpm for 20 min. After another centrifugation, both the
supernatant and the lysate were passed through a 0.45 μm filter
and applied for IMAC purification using an ÄKTA-FPLC
system at room temperature. A 5 mL His-Trap FF chelating
affinity column was equilibrated with the resuspension buffer.
After the sample injection, the column was washed with
resuspension buffer until the UV-absorption reached baseline
level again. Elution was carried out by application of a gradient
from 0% to 55% of elution buffer (resuspension buffer
supplemented with 0.5 M imidazole) over 24 column volumes.
Finally, fractions at around 30% of elution buffer were collected
and dialyzed against pyrophosphate buffer (25 mM) pH 8.5
containing 0.2 μM FAD and 0.1% Triton X-100 overnight at 4
°C. For long-term storage, 30% glycerol was added and samples
were stored at −80 °C.

Liquid-Phase Screening. Detailed experimental proce-
dures for expression, preparation of crude lysate of the different
transaminases, and screening are given in Supporting
Information 2.1. For screening using the GO assay or the
acetophenone assay,7 20 μL of crude lysate dilution was
pipetted in a microtiter plate and the reaction was started by
adding the corresponding master mix solutions. Final substrate
concentrations amounted to 2 mM α-phenylethylamine and 2
mM glyoxylate in CHES buffer (50 mM) pH 9.0 in total
reaction volumes of 200 μL (acetophenone assay) or 150 μL
(GO assay). In the glycine oxidase assay, the following final
assay enzyme concentrations and reagents were additionally
included: 0.14 mg/mL horseradish peroxidase (52 U/mg
lyophilizate), 0.12 mg/mL glycine oxidase, 3 mM 4-amino-
antipyrine, and 4.7 mM vanillic acid. In previous experiments, 7
mM phenol was applied instead of vanillic acid (data not
shown). An increase of absorbance was followed at 498 nm
(GO assay) and at 245 nm in the acetophenone assay at 37 °C.

Scheme 1. Application of Glyoxylate as Amino Acceptor
Substrate Allows Screening for Activity Towards Different
Amines by Either (R)- or (S)-Selective Transaminases (TA)a

aProduction of achiral glycine is then followed by oxidation and
hydrogen peroxide formation leading to the formation of a red
quinone imine dye. Toxic phenol can be substituted by vanillic acid as
described by Holt and Palcic (Supporting Information 2.1).24,25
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Solid-Phase Assaying. E. coli BL21(DE3) cells carrying
the pCDF-1b His-tagged glycine oxidase gene construct were
made electro-competent and were used for the transformation
of different transaminases of interest or for transformation of
error-prone PCR (epPCR) libraries of transaminases. These
transaminases were available in pET22 vectors subcloned as
described previously.28 Transformed libraries were directly
plated out on LB agar supplemented with 50 μg/mL of
spectinomycine (spec) and 100 μg/mL of ampicillin (amp) and
were applied for solid-phase assaying. In the case of wild-type
transaminases, transformation was carried out only once and
the resulting colonies on LB agar plates (amp, spec) were
stored at 4 °C. To plate out cells with different wild-type
transaminases, a 5 mL LB-medium tube containing 50 μg/mL
spec and 100 μg/mL amp was inoculated with the cells carrying
both plasmids coding for glycine oxidase and the plasmids for
the transaminases of interest. After 75 min of incubation at 37
°C at 180 rpm, the OD600 was determined. Finally, 20 μL of a
dilution corresponding to an OD600 of 3.3 × 10−4 was plated
out on LB agar plates containing 100 μg/mL amp and 50 μg/
mL spec. After 11 h of incubation of the plates at 37 °C,
colonies have grown to a reasonable size and a nitrocellulose
membrane was placed on top of the agar plate. When the
membrane is taken off, colonies stick to it and the membrane
can be placed, colonies facing up, on an induction plate
containing 50 μg/mL spec, 100 μg/mL amp, and 1 mM IPTG.
For coexpression of glycine oxidase and the transaminase of
interest, the induction plates with the membranes are incubated
for 8 h at 30 °C. After expression, the membranes were placed
in a desiccator containing chloroform for 45 s at room
temperature for cell permeabilization. Afterward, membranes
were placed on dialysis plates (0.4% agarose in TRIS buffer (30
mM) pH 8.5, 40 μM PLP, and 5 μM FAD) and incubated
overnight at 4 °C. Assaying transaminase activity was then
carried out by incubation of the membranes on assay plates
(1% agarose, 50 mM CHES pH 9.0 or 9.5, 1.2 mM 4-
aminoantipyrine, 3.86 mM vanillic acid, 2−10 mM glyoxylate,
and variable concentrations of amine donor) at 37 °C. Before
incubation, 1.3 mg of horseradish peroxidase lyophilizate (52
units/mg solid) dissolved in 150 μL of Milli-Q water was
spread on the assay plate applied for screening. In Scheme 2,
the solid-phase assay procedure is depicted for screening of an
epPCR library of any transaminase of interest.

■ RESULTS AND DISCUSSION

Expression, Purification, and Cloning of Glycine
Oxidase. The gene coding for Geobacillus kaustophilus glycine
oxidase has been subcloned in a pCDF-1b vector carrying a
CloDF13 origin of replication, which is compatible to ColE1
(other pET vectors), P15A, and RSF1030 replicon carrying
vectors.29 As reported by Martińez-Martińez et al. and Mortl et
al. for B. subtilis glycine oxidase, no expression of the Geobacillus
kaustophilus glycine oxidase was detectable without the N-
terminal His-tag.30,31 Interestingly, the comparison of the
original pET28a construct with the new pCDF-1b_HisTa-
g_GO construct with regard to expression level revealed that
the ratio of soluble to insoluble glycine oxidase increased
significantly (Supporting Information 2.2). Geobacillus kausto-
philus glycine oxidase was purified by IMAC purification using
an ÄKTA-FPLC system. Desalting was carried out in a
convenient one-step dialysis without any detectable protein
precipitation. Expression yields of the pCDF-1b glycine oxidase

construct with the His-tag amounted to 47.5 mg of purified and
desalted protein per liter of LB fermentation broth.

Establishment of a Microtiter Plate Assay. In order to
establish a liquid-phase assay for transaminases, the standard 4-
AAP assay for detection of glycine oxidase activity was adopted
for the detection of glycine produced upon the transamination
reaction. Apart from horseradish peroxidase, purified glycine
oxidase was added and, instead of glycine, the substrates for the
transaminase of interest, glyoxylate and a range of amine
donors, were added to the assay mixture. Calibration by
application of glycine standards and end point measurements of
absorbance at 498 nm revealed a linear range up to 0.67 mM
(Supporting Information 2.1). In order to investigate the
dynamic range of the assay involving continuous glycine
formation, sequential dilutions of a purified (R)-selective
transaminase were applied and screened against racemic α-
phenylethylamine by following the increase of absorbance at
498 nm. Thus, an asymptotic relationship between the value of
the observed initial rate and the amount of purified trans-
aminase applied in the assay was ascertained (Figure 1).

Scheme 2. General Procedure of the Solid-Phase Assaya

aE. coli BL21(DE3) cells are transformed with both plasmids coding
for glycine oxidase and the transaminase library of interest (1) and
colonies are grown on dual selection LB agar plates (2). Afterwards,
colonies are transferred to nitrocellulose membranes (3) that are
placed, colonies facing up, on induction plates containing IPTG for
expression of the proteins (4). Then, cells are permeabilized by
chloroform treatment (5). To eliminate false positive background
color formation, permeabilized cell colonies are dialyzed overnight by
placing the membranes on dialysis plates (6). Finally, screening is
conducted by incubation of the membranes on assay plates (7).

Analytical Chemistry Article

dx.doi.org/10.1021/ac503445y | Anal. Chem. 2014, 86, 11847−1185311849



For low transaminase activities up to 2 mU per well, a nearly
linear relationship between the observed initial rate and the
amount of transaminase activity in the assay has been found.
The nonlinear relationship for higher transaminase activities
can be explained by the fact that the transamination reaction is
no longer the rate-determining step and the amount of assay
enzymes has to be increased in turn to guarantee a faster
downstream conversion of glycine to form the quinone imine.12

These results are in accordance with the results of Barber et al.,
who also needed a >100-fold excess of assay enzymes for a
linear relationship.12 Increasing the amount of glycine oxidase
in the assay could potentially lead to a larger dynamic range but
would require the use of greater concentrations of purified GO.
Controls without transaminase gave a negligible slope of ∼3 ×
10−3 mAU/s which may be explained by autocatalytic quinone
imine dye formation. Hence, it was demonstrated that the assay
distinguishes different transaminase activities, provided the
amount of assay enzymes is adapted.
As a next step, it should be demonstrated that the glycine

oxidase assay is suitable to screen different transaminases in
crude lysate for acceptance of different amines. In order to do
so, 25 different wild-type transaminase genes (Supporting
Information 1.1.1) were expressed in E. coli BL21(DE3) in
duplicates in a 96-deep-well block including a negative control
of cells carrying an empty vector. The cells were lysed and two
different dilutions of the resulting lysate were applied for a
microtiter plate screening in both acetophenone assay and
glycine oxidase assay against (R)- and (S)-α-phenylethylamine
under identical conditions. On the basis of the data derived
from the acetophenone assay, volumetric activities for each
transaminase duplicate were calculated and compared with the
slopes derived from the glycine oxidase assay.
All transaminases that have been found active against (R)- or

(S)-α-phenylethylamine in the photometric assay were also
found active in the glycine oxidase assay. As screening in crude
lysate causes high deviations, only rough comparisons between
the data were made and no quantitative correlation was made
(Table 1). In our screening, a slope of more than 2-fold as high
as the background signal was detected in the duplicates of the
(S)-selective transaminase from Vibrio f luvialis in the glycine
oxidase assay when screened against the (R)-enantiomer of α-
phenylethylamine, while no increase of absorbance could be
detected in the acetophenone assay. Particularly, for low

transaminase activities (<0.5 mU per well), the discrimination
of actual transaminase activity from background noise is
difficult in the glycine oxidase assay and may result in false
positives and/or negatives. Prolonged measurements and
increased amounts of lysate can help to solve these problems.
For prescreening and substrate profiling, 0.12 mg/mL glycine

oxidase (200 mU/well) proved to be sufficient for discrim-
ination of a total transaminase activity of 0.5 mU per well (150
μL). Hence, one liter of shake flask fermentation broth provides
enough glycine oxidase (47.5 mg of glycine oxidase yield) for
prescreening of more than 20 microtiter plates (150 μL for
each well).

Establishment of a Solid-Phase Assay. Initially, it was
planned to apply purified glycine oxidase together with
horseradish peroxidase onto the assay plates to screen colonies
having expressed exclusively the transaminase of interest.
However, this approach was discarded as only diffuse color
formation in the whole assay agar was observed in preliminary
experiments (data not shown) as reported by Willies et al. for
the alanine racemase solid-phase assay.15 Additionally, limited
expression yields of glycine oxidase would have been a
bottleneck for high-throughput screening of large transaminase
libraries. Hence, a coexpression approach was followed in which
glycine oxidase is expressed together with the transaminase of
interest. In this way, high local concentrations of the reactants
and the involved enzymes are achieved, which makes accurate
staining of the colonies possible. Additionally, no purification of
the glycine oxidase is required. Cells carrying the glycine
oxidase gene on a pET28a plasmid were made electro-
competent and transformed with different transaminases

Figure 1. Relation between observed initial rate and transaminase
activity. A purified (R)-selective transaminase was sequentially diluted
and screened against racemic α-phenylethylamine.

Table 1. Substrate Profiling Results of 15 Different
Transaminases (Supporting Information 1.1.1) for
Acceptance of (R)- and (S)-α-Phenylethylamine Obtained by
the Glycine Oxidase Assay Screening in Crude Lysate
Opposed to Results Obtained by Screening with the
Acetophenone Assay
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coded on incompatible pET22 plasmids for proving the assay’s
principle. As transformation efficiencies amounted to only 20
transformants per 50 ng of incompatible plasmid DNA, later
the glycine oxidase gene was subcloned into a compatible
pCDF-1b vector to improve transformation efficiencies.
Usually, more than 10 000 transformants per 50 ng of plasmid
DNA are obtained by application of the compatible glycine
oxidase pCDF-1b construct providing the possibility to
transform error prone PCR based libraries for directed
evolution.
For all published solid-phase assays so far, horseradish

peroxidase substrates derived from staining protocols of
immunohistochemistry or immunocytochemistry (like 4-
chloronaphthol or 3,3-diaminobenzidine) have been applied
as chromogenic substrates,14−18 as they are initially soluble for
good distribution and then precipitate in situ upon oxidation by
horseradish peroxidase to prevent diffusion and to allow
accurate staining.32 However, the pH-working range of these
horseradish peroxidase substrates is below pH 8.0,33 while
many transaminases are reported to have a narrow pH
optimum above pH 9.0.20 However, in all experiments
involving 4-chloronaphthol and α-phenylethylamine, a yellow
side product was formed preferably at pH values higher than
pH 7.5. Hence, an alternative horseradish peroxidase substrate
offering a higher sensitivity and screening at pH values above
pH 9.0 was required. In this study, we successfully applied 4-
aminoantipyrine and phenol or vanillic acid, respectively, as
horseradish peroxidase staining substances for detection of
hydrogen peroxide in a solid-phase assay at pH 9.0 and pH 9.5.
In this way, we were able to detect low transaminase activities
of approximately 50 mU/mg of an ordinarily overexpressed
transaminase without problems of diffuse color formation or
dye diffusion, despite the fact that the quinone imine dye is
soluble. Thus, even transaminase activities corresponding to the
activity of 3FCR toward (S)-α-phenylethylamine (0.4 U/mL
crude lysate) can be detected in less than 1 h of incubation of
the membrane on assay plates. In case of decently active
transaminases like the 3HMU transaminase, staining begins
already within 5 min of incubation at pH 9.0 or pH 9.5 on assay
agar instead of hours of incubation at pH 7.5 by application of
4-chloronaphthol, as screening conditions could be harmonized
to the pH optimum of 3HMU. Membranes can be taken off the
assay agar after up to approximately 5 h of incubation
depending on the amount of dye that has been formed and
can be dried before considerable diffusion of the dye is relevant
(Supporting Information 2.5.1).
In order to allow discrimination of low initial transaminase

activities for acceptance of a desired amine compound, it is
required that absolutely no staining of the colonies occurs that
is not due to conversion of that amine. Hence, it should be
investigated whether background color formation of an active
transaminase occurs when no amine is supplemented in the
assay agar. To do so, BL21(DE3) E. coli cells having
coexpressed glycine oxidase and highly active 3HMU trans-
aminase were placed on assay agar without amine donor.
However, all colonies placed on assay agar without amine
showed considerable color formation most likely due to
hydrogen peroxide generated by oxidation of intracellular
glycine or transamination of other intracellular amines. In order
to solve these problems of high and unspecific background
noise, an on-membrane dialysis step at 4 °C was introduced.
After cell permeabilization, the nitrocellulose membranes were
placed on a 0.45% agarose agar plate overnight to allow low

molecular weight compounds to diffuse into the dialysis agar.
Membranes after dialysis did not show any unspecific color
formation on assay plates without amine, while controls, that
were placed on LB agar plates at 4 °C and treated with
chloroform for cell permeabilization afterward, showed
unspecific color formation (Figure 2).

To investigate the sensitivity of the solid-phase assay, the (S)-
selective transaminases 3HMU and 3FCR were applied to the
solid-phase assay procedure (Scheme 2) and screened against
10 mM racemic α-phenylethylamine at 37 °C for 30 min
(Figure 3). Colonies expressing 3HMU became intensely red

colored within minutes of incubation on the assay agar, while
the 3FCR sample, which showed a 40-fold lower volumetric
activity in crude lysate screened in the acetophenone assay (0.4
U/mL instead of 16 U/mL) was less intensely colored, while
samples incubated on assay agar without amine did not develop
color at all (Supporting Information 2.5.2). As the detection
limit depends also on the expression level of the transaminase
of interest, no specific activities shall be compared.
To prove the applicability of the solid-phase assay as a

prescreening method for error-prone PCR libraries that usually
contain many inactive variants due to stop-codon and/or
deleterious mutations incorporation, mixtures of cells carrying
plasmids coding for glycine oxidase and different transaminases
have been plated out. Mixtures of cells carrying transaminases
of variable activity, namely 3HMU (16 U/mL), 3FCR (0.4 U/
mL) and 3GJU (inactive), were prepared. These plates were
screened against 2 mM (S)-phenylethylamine and 4 mM
glyoxylate. Active transaminases 3HMU and 3FCR (Supporting
Information 2.5.3) could be discriminated from inactive

Figure 2. On-membrane dialysis diminishes background color
formation. BL21(DE3) E. coli cells having coexpressed 3HMU and
glycine oxidase after 2 h of incubation at 37 °C on an assay plate
without amine donor. The left membrane was treated with chloroform
after expression for cell permeabilization and placed on a dialysis plate
overnight at 4 °C before screening. The right membrane was placed on
an LB agar plate at 4 °C overnight after expression and then treated
with chloroform before screening. Overnight dialyzed samples did not
show unspecific staining compared to samples that had not been
dialyzed.

Figure 3. (S)-selective transaminases 3HMU (left) and 3FCR (right)
showed different color intensities after 30 min of incubation at 37 °C
on assay agar supplemented with 10 mM rac-α-phenylethylamine,
owing to the difference in their activity.
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transaminase 3GJU carrying colonies. Mixtures of 3HMU and
3FCR transaminases containing colonies showed different
staining intensities of colonies on the membrane according to
their volumetric activities (Supporting Information 2.5.3).
Currently, the solid-phase assay is applied in our group for

screening epPCR libraries. To evaluate the viability of the
variants, the libraries are screened against α-phenylethylamine
acceptance, a substrate well accepted by the template. The
screening results in different pattern of coloring, as expected
(Supporting Information 2.5.4). Colored colonies were picked
as positive hits, and noncolored colonies were negative
(inactive variants). These variants were expressed and were
tested for activity in the acetophenone assay against α-
phenylethylamine. The results were in line with the solid-
phase assay; the positive hits have shown activity, while the
negative ones did not have any detectable activity.
Screening of an epPCR library of 3HMU that possesses an

average mutation frequency of 10 mutations per gene against
the more bulky (S)-α-phenylpropylamine in the solid-phase
assay resulted in a small number of colored colonies (Figure 4).
These colonies were picked, and their activity toward (S)-
phenylpropylamine was confirmed by a photometric assay,
similar to the acetophenone assay (data not shown).

■ CONCLUSION

In this study, we demonstrated the proof of principle for a
novel assay that allows screening and substrate profiling of
transaminases for acceptance of a range of (R)- or (S)-amines.
Expression and purification of glycine oxidase is easily
manageable in shake flasks using E. coli as expression strain
leading to high yields of recombinant protein sufficient to
screen more than 20 microtiter plates of transaminase variants
with GO obtained from one liter of LB fermentation broth. In
addition, the assay is amenable for high-throughput prescreen-
ing of transaminase libraries on nitrocellulose membranes
enabling directed evolution of transaminases for enhanced
activity toward any amine substrate. The solid-phase assay
provides a sensitivity that allows discrimination of specific
activities of 50 mU/mg of an ordinary overexpressed
transaminase from inactive variants.
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(3) Höhne, M.; Bornscheuer, U. T. ChemCatChem 2009, 1, 42.
(4) Bornscheuer, U. T.; Huisman, G. W.; Kazlauskas, R. J.; Lutz, S.;
Moore, J. C.; Robins, K. Nature 2012, 485, 185.
(5) Savile, C. K.; Janey, J. M.; Mundorff, E. C.; Moore, J. C.; Tam, S.;
Jarvis, W. R.; Colbeck, J. C.; Krebber, A.; Fleitz, F. J.; Brands, J.;
Devine, P. N.; Huisman, G. W.; Hughes, G. J. Science 2010, 329, 305.
(6) Mathew, S.; Shin, G.; Shon, M.; Yun, H. Biotechnol. Bioprocess
Eng. 2013, 18, 1.
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Identification of (S)-selective transaminases for
the asymmetric synthesis of bulky chiral amines
Ioannis V. Pavlidis1,2, Martin S. Weiß1, Maika Genz1, Paul Spurr3, Steven P. Hanlon3, Beat Wirz3,
Hans Iding3* and Uwe T. Bornscheuer1*

The use of transaminases to access pharmaceutically relevant chiral amines is an attractive alternative to transition-metal-
catalysed asymmetric chemical synthesis. However, one major challenge is their limited substrate scope. Here we report
the creation of highly active and stereoselective transaminases starting from fold class I. The transaminases were
developed by extensive protein engineering followed by optimization of the identified motif. The resulting enzymes
exhibited up to 8,900-fold higher activity than the starting scaffold and are highly stereoselective (up to >99.9%
enantiomeric excess) in the asymmetric synthesis of a set of chiral amines bearing bulky substituents. These enzymes
should therefore be suitable for use in the synthesis of a wide array of potential intermediates for pharmaceuticals. We
also show that the motif can be engineered into other protein scaffolds with sequence identities as low as 70%, and as
such should have a broad impact in the field of biocatalytic synthesis and enzyme engineering.

Transaminases (TAs) are emerging as a promising alternative to
the use of traditional transition-metal catalysis for the syn-
thesis of chiral amines1–3. TAs are pyridoxal-5′-phosphate

(PLP)-dependent enzymes that catalyse the asymmetric synthesis
of chiral amines via reductive amination of ketones, with D- or
L-alanine or isopropylamine used commonly as amine donors4,5.
As a general rule, TAs that belong to fold class IV using D-alanine
as amine donor are referred to as (R)-selective TAs, while those
belonging to fold class I using L-alanine are referred to as (S)-selective
TAs. Asymmetric synthesis is the preferred strategy for the pro-
duction of chiral amines as the theoretical yield is 100%, in contrast
to the thermodynamically favoured kinetic resolution with a
maximum of 50% theoretical yield. Although the equilibrium can
be shifted to the desired product by means of enzymatic cascades3,6,7

or by using amine donors that shift the equilibrium2,8, the major
challenge for the application of TAs is their limited substrate
scope. All known wild-type TAs form their active site, consisting
of a large and a small binding pocket, by dimerization of the
monomer. In almost all cases, the small binding pocket is restricted
to accommodate only a methyl group9. As such, engineering TAs to
accept bulkier substituents is of high synthetic relevance.

The synthetic potential of TAs, at least for the fold class IV enzymes,
has been highlighted by the biosynthetic large-scale production of the
antidiabetic drug sitagliptin, established in a joint effort by researchers
from Merck & Co. and Codexis, which replaced the previously applied
asymmetric chemical hydrogenation2,10. However, the (R)-selective TA
from Arthrobacter sp., which was selected as a template, required sub-
stantial protein engineering (8% of its entire sequence) to accept the
prositagliptin precursor and to tolerate the reaction conditions required
for this specific industrial process. The TAs with (S)-stereopreference
belong to fold class I and differ substantially in structure from fold
class IV (R)-TA. Hence, this precludes a simple transfer of knowledge
from (R)-TA to engineer an (S)-TA, especially with respect to the
acceptance of bulky substrates.

Although some reports regarding the engineering of (S)-TA have
been published, they mostly focus on engineering the small binding

pocket to accept ethyl11–13 or propyl11,13–15 side chains adjacent to
the carbonyl function. In all these publications, similar positions
are mentioned, all of which are a reasonable distance from the
PLP cofactor and the bound substrate. As each of these studies
focused on different enzyme templates and substrates, no general
solution has been identified to date. For instance, Han and co-
workers suggested that mutation L57A in theOchrobactrum anthropic
TA increases 110-fold the acceptance of a propyl residue in the
small binding pocket in asymmetric synthesis11, but Nobili et al.
saturated the respective position (L57) in the Vibrio fluvialis TA
and screened with the same substrate, and did not find any
variant with improved activity14. Consequently, the transfer of
knowledge from one template enzyme for a given substrate to
another is not a simple operation.

With this challenge in mind, we targeted the identification of
novel TAs that accept sterically highly demanding compounds via
a rationalized intelligent design that is easily transferable to other
enzyme scaffolds (Fig. 1). To highlight the synthetic potential of
the developed biocatalysts, their applicability was exemplified for a
set of sterically demanding aromatic compounds that are useful,
representatively, for the synthesis of a range of potential pharma-
ceutical intermediates (Fig. 2, compounds 1–3), in addition to
some widely used and less bulky substrates (Fig. 2, compounds 5–7),
and acetophenone (4) serving as benchmark substrate.

Results
Initial screening for appropriate enzyme scaffolds. In all protein
engineering efforts the most important question is ‘Which scaffold
is evolvable?’—a question usually answered with hindsight. To
identify a suitable scaffold for the present study, all in-house wild
type TAs from fold classes I and IV (Supplementary Table 1), as
well as some interesting variants discovered previously by our
research group9,16, were screened in the thermodynamically favoured
kinetic resolution mode, using the racemic amines of interest (1a to
3a) as donors and pyruvate as the amine acceptor. Several of these
enzymes had minor activity towards amines 2a and 3a, but no
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wild-type enzyme was active against 1a. At this point it needs to be
stated that researchers often design their protein engineering efforts
around an enzyme that is highly active towards benchmark
substrates such as acetophenone (4b). In the area of (S)-selective
TAs, the enzymes most commonly used for such purposes are the
TAs from Vibrio fluvialis (VF-TA)14,17 or Chromobacterium
violaceum (CV-TA)18,19. Both enzymes are well studied and their
three-dimensional structures are known, so they might appear to be
ideal candidates to consider first; they were even among the
enzymes that exhibited a minor activity towards amines 2a and 3a.
However, we decided to proceed with the fold class I TA from
Ruegeria sp. TM1040 (abbreviated as 3FCR, according to its Protein
Data Bank (PDB) code)16 as the most suitable scaffold, despite it
being far from an efficient biocatalyst, even for the benchmark
substrate 1-phenylethylamine (4a)16. In previous work by our group,
two single mutants of this enzyme (Y59W and T213A) were
constructed, based on data derived from an alignment with VF-TA
and CV-TA, which exhibit increased catalytic activity towards this
benchmark substrate in kinetic resolution20. The specific activity
improvement of these single mutants underlined the potential
evolvability of this scaffold and thus we selected it for further
investigations. Although there was no indication that these mutants
would possess any activity towards much bulkier substrates, they
did exhibit a minor activity towards all three substrates of interest.
The double mutant variant (3FCR Y59W/T231A), which we
constructed directly after these positive findings, exhibited
surprisingly high activity when challenged with the bulky substrates
2a and 3a, and also considerable turnover for amine 1a (Table 1).

In contrast, while VF-TA and CV-TA have exactly these residues in
the respective positions in their sequence, they do not accept amine
1a at all, which thus supports our engineering strategy and choice
of 3FCR as the starting scaffold. As this was the only variant from
our collection that exhibited activity towards all bulky ketones, we
selected this double mutant of 3FCR for subsequent engineering steps.

Rational design of TAs for the acceptance of bulky amines. To
further improve the activity and to identify a motif for the
acceptance of the bulky amines selected in this work, we
investigated the active site of the selected scaffold (3FCR) via
molecular docking and subsequent energy minimization in
an aqueous environment (Supplementary Section ‘Bioinformatic
analysis’). As formation of the quinonoid intermediate is the most
energetically demanding step in the catalytic mechanism of TAs
(Supplementary Fig. 1) and at the same time the most spatially
demanding due to its planar character21, we modelled the
respective intermediates for all compounds of interest (1–3) in the
active centre of the enzyme and subsequently energy-minimized
the complex. This analysis served as a first filter to identify
possible clashes that could hinder the acceptance of bulky
substrates. In a second step, we investigated the interactions of the
quinonoids with the neighbouring residues to identify positions of
interest, or residues that may result in disfavoured interactions. As
shown in Fig. 3 (which shows the quinonoid of amines 1a and 2a
in the active site of the wild-type 3FCR), we identified three more
amino-acid residues as potentially influential: Y87 (located in the
small binding pocket), Y152 (which coordinates the PLP) and
P423 (which lies above the quinonoid at the entrance of the active
site). The rational for the subsequent protein engineering of each
position was based on the following concepts:

First, Y87 interacts with the moiety of the substrate that is accom-
modated in the small binding pocket. As long as all compounds of
interest possess an aromatic ring, which needs to be accommodated
there, we anticipated that an aromatic residue could facilitate π–π
interactions and lead to favourable interactions. As expected, the
mutation to phenylalanine was the best option in this position
(Y87F) as it provides more space compared to the tyrosine, while
the hydroxyl functionality that introduces polarity to the region is
removed (Table 1). To demonstrate that steric hindrance is not in
fact the only reason for the inefficiency of TA towards bulky sub-
strates, the valine variant was prepared (Y87V). However, the
activity was significantly lower (for instance, 97% decreased activity
towards 2a). This highlights the fact that the aromatic residue is
crucial for the acceptance of the substrates of interest. Curiously,
wild-type VF-TA and CV-TA already have a phenylalanine
residue in this position, but they do not possess significant activity
for substrates 1 to 3.

Second, for residue 152, the aromatic ring of the tyrosine of the
wild-type enzyme coordinates the PLP and thus it appears prudent
to keep an aromatic amino acid in this position. Consequently, a
phenylalanine substitution was chosen in order to remove any nega-
tive effect of the hydroxyl functionality of tyrosine, which points
towards the PLP phosphate group. Indeed, mutation Y152F pro-
vided a positive impact on the catalytic behaviour of 3FCR by
having a pronounced effect on the stability of the enzyme
(Supplementary Fig. 2), probably due to the stabilization of the
PLP in the active site. More than that, the activity towards bulky
substrates 1a and 3a was significantly increased (Table 1), possibly
due to the decreased polarity around the PLP molecule. As this
specific residue does not directly interact with the substrate, a satur-
ation mutagenesis was performed using the NNK codon, yet no
additional useful variants were found for amines 1a to 3a.

Third, prolines are known to provide rigidity due to restrictions
on the protein’s secondary structure22. P423 lies at a loop at the
entrance of the active site, directly above the quinonoid (Fig. 3)

Select template

In silico analysis

Mutagenesis and
characterization

Verification of motif

Substrate scope
investigation

Preparative
asymmetric synthesis

Figure 1 | Schematic representation of the strategy pursued for the
identification of novel TAs active towards bulky substrates.
A pre-screening of in-house TAs with the bulky amines of interest (1a–3a,
Fig. 2) was performed to select the optimal template for engineering. In silico
analysis of the quinonoid intermediate was then performed to understand
the interactions of the substrate with the amino acids in the binding pocket
of the selected TA. This analysis identified positions, which were mutated
and the corresponding variants were characterized. From this we derived a
distinct motif, which was verified by identification of novel TAs with as low
as 70% sequence identity. Their substrate scope towards bulky amines was
investigated and, finally, the applicability of the identified enzyme variants
was exemplified by preparative asymmetric synthesis.
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and thus a more flexible loop was potentially expected to be ben-
eficial for the diffusion of the bulky substrates to the active sites
and facilitate their acceptance. Interestingly, the respective loop in
the case of CV-TA is shorter by two residues, leaving the active site
more accessible, while VF-TA has a glycine, which should provide
enough flexibility. Histidine was selected as replacement for our tem-
plate, as it could coordinate the aromatic compounds into and out of
the active site. Variant P423H indeed increased the activity signifi-
cantly (Table 1), but at the expense of stability (Supplementary
Fig. 2). Therefore, although this histidine variant is useful for early
supply of chiral intermediates via the thermodynamically favoured
kinetic resolution, the targeted asymmetric synthesis requires TAs
with high process stability (for example, elevated temperature,
increased organic solvent content, substrate and amine donor con-
centration) to shift the reaction equilibrium and to achieve complete
conversion. As the mutation P423H variant lacked sufficient stability,
it was discarded from the motif identified by us.

Intriguingly, the rational mutations introduced one after another
to effect increasing acceptance of bulky amines continuously raised
the apparent activity except for the benchmark substrate 4a
(Table 1), indicating that steric hindrance is not the only reason
for non-acceptance of the substrates; indeed, specific interactions
for the binding of the reactants are a crucial factor to achieve
catalytic efficiency. Compared to the initial activities of the
starting scaffolds (3FCR wild-type or 3FCR Y59W), the specific
activities of the mutants could be increased up to 8,900-fold, as
shown for compound rac-2a using the variant bearing all five
mutations (Table 1).

The individual positions identified for the functional motif have
been mentioned in previous publications in which the interactions
of the PLP or the quinonoid of (S)-selective TAs were systematically
analysed. For instance, Han and co-workers identified several pos-
itions as beneficial during their bioinformatics analysis of the TA
from Ochrobactrum anthropi, including the positions correspond-
ing to 59, 87 and 152 (ref. 11). Nonetheless, even though they

were working with bulky aryl-alkylamines, their screening led
them to discard alterations to all these positions and to focus on a
different one (corresponding to L58 in 3FCR). Midelfort et al.
focused on 55 positions in VF-TA (12% of the entire sequence)
including the positions corresponding to 59 and 87 in 3FCR
(ref. 17). In their work an improved variant with eight mutations
was identified, which in this case included the respective mutants
W59F and F87A (two of the four positions of the motif proposed
herein). Similarly, Deszcz and co-workers engineered the CV-TA
to transform it from an ω-TA to an α-TA and they identified 11 inter-
esting positions, including all four positions we have suggested23.
However, after an NNK saturation of all positions, they diverged
from the motif we identified. Wild-type CV-TA already contains
the W59, F87 and A231 amino-acid residues, but in respective
position 152, they identified methionine as the best variant. This
result is interesting, as Nobili et al., who worked with VF-TA and
identified positions corresponding to 87 and 152 as favourable for
the acceptance of phenylbutylamine (6a) and phenylglycinol (7a),
also identified a methionine substitution as the best choice for pos-
ition 152 in kinetic resolutions14. When we investigated the best var-
iants of VF-TA in this work (namely Y150M/V152A, F85L/Y150M/
V153A and F85L/V153) in the kinetic resolution of our amines of
interest, we noticed significantly lower activities (for instance,
0.3 U mg−1 for 2a, while our best variant had 8.9 U mg−1).

All the aforementioned examples highlight that, although certain
positions have been mentioned in the literature (numerous further
positions have been targeted), an effective combination for the
acceptance of bulky substrates has not been determined.
Strikingly, although the wild-type VF-TA and CV-TA already
contain the suggested amino-acid residues at three positions
(W59, F87 and A231) they are not efficient catalysts for the
desired bulky substrates 1 to 3 addressed here. Incorporating all
four amino acids identified as crucial motifs (Y59W, Y87F, Y152F
and T213A) and choosing the much more appropriate scaffold
3FCR enabled us to create a TA with significant activity for all
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Figure 2 | Selected compounds of interest for the present study. Amines 1a–3a were selected as primary targets for the identification of novel TAs.
1-Phenylethylamine (4a) was selected as the benchmark compound, because it is widely accepted by most TAs, as is well documented in the literature.
To further highlight the applicability of the novel biocatalysts identified, they were further used for amines 5a–7a, all still bulkier than the benchmark
amine 4a. The objective was the preparation of optically pure amines starting from the respective ketones 1b–7b. The region delineated by a box for each
molecule is accommodated within the small binding pocket of the TAs according to the experimental results. As observed, it is not always the smaller
substituent that is directed to the small binding pockets (as exemplified by compounds 1 and 2).
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substrates of interest, suggesting that both are important: the right
motif and a concomitantly suitable enzyme scaffold. To support
this hypothesis further, we incorporated this motif in other proteins
with only moderate sequence identity to 3FCR.

Validation of the identified motif in other proteins. As our goal is
a universal solution to provide researchers with a toolbox of novel
TAs that can accept bulky amines, we wished to demonstrate the
general applicability of the identified motif (Y59W, Y87F, Y152F,
T213A and P423H). To do so, the aforementioned mutations
were transferred to the fold class I TA from Mesorhizobium loti
maff303099 (abbreviated as 3GJU from its PDB code), which has
71.5% amino-acid sequence identity to 3FCR. As in the case of
the 3FCR scaffold, the wild-type 3GJU has negligible activity for
the selected bulky substrates 1 to 3 (Table 1). Satisfyingly,
incorporation of these five mutations into the corresponding

positions of 3GJU also enabled the acceptance of amine 1a and
increased significantly the basal activity exhibited for the other
two bulky amines (Table 1). These results confirm that the
identified motif can be transferred to putative TAs sharing
sufficient homology to the original scaffold, 3FCR, yielding
variants with significant activity towards bulky substrates. To
identify more TAs active towards bulky substrates we searched our
in-house M5nr database24 using 3FCR Y59W/Y87F/Y152F/T231A
as the template. This in silico screening identified 100 optimal
matches and, despite the fact that the sequence identity was as
low as 69.2% (Supplementary Table 2), the residues in the four
selected positions were conserved with respect to the 3FCR wild-
type. To experimentally verify them, seven sequences of variable
sequence identity towards 3FCR (see Supplementary Table 2 for
identity and Supplementary Table 3 for sequences) were chosen
and ordered as synthetic genes already having the four suggested
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Figure 3 | Quinonoid of compounds 1a and 2a accommodated in the active site of 3FCR. A–D, The quinonoid (cyan sticks) of 1a (A,B) and 2a (C,D) was
modelled and energy-minimized in silico into the active site of wild-type 3FCR (A,C) and the variant exhibiting the highest activity (3FCR Y59W/Y87F/
Y152F/T231A/P423H) (B,D). The bulky substrates cannot be accommodated in the binding pockets of wild-type 3FCR and thus the quinonoid cannot be
planar (A,C). When the motif of the five mutations is implemented in the scaffold, the quinonoid is accommodated much better within the engineered
active site. The catalytic lysine K288 (grey stick) is located behind PLP, the residues of interest are shown as green lines, and the surface of the residues
5 Å around the quinonoid is represented in grey (40% transparency). Non-polar electrons are hidden for clarity.

Table 1 | Specific activity (U mg−1) of purified 3FCR and 3GJU mutants as determined in kinetic resolution mode using
pyruvate as amine acceptor.

rac-(1a) rac-(2a) rac-(3a) rac-(4a)
3FCR wild-type NA 0.001 ± 0.000 0.014 ± 0.000 0.017 ± 0.000
3FCR Y59W 0.002 ± 0.000 0.50 ± 0.02 0.27 ± 0.01 0.502 ± 0.004
3FCR T231A NA 0.019 ± 0.001 0.065 ± 0.001 0.16 ± 0.01
3FCR Y59W/T231A 0.005 ± 0.000 0.92 ± 0.03 0.075 ± 0.005 0.83 ± 0.01
3FCR Y59W/Y87F/T231A 0.32 ± 0.01 3.3 ± 0.4 0.51 ± 0.01 2.3 ± 0.1
3FCR Y59W/Y87F/Y152F/T231A 0.54 ± 0.01 2.9 ± 0.1 0.66 ± 0.08 1.0 ± 0.4
3FCR Y59W/Y87F/Y152F/T231A/P423H 0.62 ± 0.04 8.9 ± 1.1 1.38 ± 0.01 1.4 ± 0.1
3GJU wild-type NA 0.003 ± 0.000 ND 0.003 ± 0.000
3GJU Y60W/T232A 0.003 ± 0.000 0.66 ± 0.02 0.11 ± 0.01 0.34 ± 0.01
3GJU Y60W/Y88F/Y153F/T232A/P423H 0.22 ± 0.02 0.92 ± 0.07 0.90 ± 0.08 0.45 ± 0.01

NA, not active or below the detection limit. ND, not determined. Assay conditions: 50 mMCHES buffer pH 9.0, 0.1 mM PLP, 1 mM rac-amine, 2 mM pyruvate, 5% (vol/vol) DMSO, 0.002–0.8 mg ml−1 purified
enzyme, 30 °C.
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mutations incorporated (P423H was excluded as this mutation
exhibited reduced stability and had little effect on activity). Of
note, none of these seven proteins had ever been biochemically
characterized, and some were not even annotated as putative TAs.
Of these seven synthetic genes, six proteins could be expressed in
Escherichia coli BL21 (DE3) using a standard protocol, and every
one exhibited significant transamination activity for all bulky
substrates (Table 2). These findings confirm that the motif
defined herein with the selected template 3FCR has enabled us to
identify novel fold type I TAs in protein sequence databases.
More importantly, some of the identified enzymes exhibited
higher specific activity than the 3FCR variant serving as template
for their identification (for instance, TA-9 towards rac-2a), while
several exhibited higher enantioselectivity (94% enantiomeric
excess (e.e.) for 1a using the 3FCR variant, while all identified
TAs exhibit higher enantioselectivity).

Nevertheless, the motif by itself is not enough to evolve significant
catalytic activity towards bulky substrates in any scaffold. For instance,
the well-studied VF-TA and CV-TA, with a homology identity less
than 40% to 3FCR (Supplementary Table 2), already have three of
the suggested amino acids (59W, 87F and 231A) incorporated into
the respective required positions. For position 423, which requires
flexibility at the loop, VF-TA already has a residue to provide this
(glycine), while CV-TA has a shorter loop (missing two amino
acids), which should provide sufficient space for the accommodation
of bulky substrates. However, these enzymes still do not possess
useful activity.Only phenylalanine inposition 152 seems tohave a uni-
versal effect, as this mutation in VF-TA confers acceptance of phenyl-
propylamine14. It appears that the efficiency of this variant emerges
from an improvement to the stability and to a lesser extent from an
improved geometry of the active site, as discussed earlier. Hence, a
certain motif is not sufficient in itself, but needs to be presented
within an appropriate scaffold, which ourwork has identified as 3FCR.

These results are in line with protein evolutionary theory, which
proposes that generalist proteins evolved to become specialists of
high efficiency in a specific reaction, but with almost no promiscu-
ous activity. This suggests that it would potentially be more success-
ful to start from an inferior indiscriminate enzyme and evolve it,
rather than attempt to evolve or reverse engineer a highly specific
enzyme25,26. 3FCR may have seemed at first glance unappealing,
but after only four (respectively five) mutations (∼1% of the entire
sequence) could be tuned into a very efficient biocatalyst for the
conversion of bulky ketones. At the same time, enzymes that
already possess some activity towards the benchmark substrates
did not leave much room for improvement, at least with the motif
identified in the present study.

Substrate scope investigation. To further investigate the potential
of the novel TAs for the acceptance of bulky substrates, three
more compounds were selected from the literature for evaluation

(substrates 5–7). Although these substrates do not have much
apparent synthetic significance for pharmaceutical applications,
they have been widely investigated for the protein engineering of
TAs11–15. The enzymes of interest should either accommodate an
aliphatic group (compounds 5 and 6) or an alcohol (compound 7)
in their small binding pocket (Fig. 2). Although the wild-type
3FCR does not accept these substrates (as observed for the much
bulkier substrates 1 to 3), mutations Y59W/Y87F/Y152F/T231A
enabled the acceptance of these bulky substrates with very high
activity (2 U mg−1, Table 3). Even the amino alcohol 7a, a polar
bulky substrate, was moderately well accepted. The novel TAs
follow a similar pattern in their activity, yet some differentiate and
even exhibit higher activity than the 3FCR variant, as in the case of
TA-7 for rac-7a. Notably, all the enzymes exhibit perfect
enantioselectivity towards amines 5 to 7, possibly due to the high
asymmetry of the substituents at the chiral centre (Fig. 2). The
enzymes are selective towards the (S)-aryl-alkylamines (S)-5a and
(S)-6a, in line with their fold class, and towards the (R)-amino
alcohol 7a, and the switch in enantiopreference is only due to the
inversed priority based on the Cahn–Ingold–Prelog rules.

These results suggest that the variants we have identified are not
only useful for aromatic substrates; indeed, all the newly created
TAs possess a substantially expanded substrate spectrum.

Preparative synthesis of chiral amines. As already described, motif
incorporation facilitates the acceptance of bulky amines in the
kinetic resolution mode, but the ultimate goal of this work is

Table 2 | Specific activity and enantiomeric excess of purified TAs identified from the database analysis determined in
kinetic resolution mode using pyruvate as amine acceptor.

Specific activity (U mg−1) (enantiomeric excess)

rac-(1a) rac-(2a) rac-(3a) rac-(4a)
TA-3 0.071 ± 0.001 (>99% (R)) 1.0 ± 0.1 (>99% (S)) 0.16 ± 0.03 (79% (S)) 0.079 ± 0.002
TA-5 0.16 ± 0.01 (>99% (R)) 0.4 ± 0.1 (>99% (S)) 0.18 ± 0.02 (56% (S)) 0.38 ± 0.05
TA-6 0.117 ± 0.003 (>99% (R)) 0.6 ± 0.1 (>99% (S)) 0.058 ± 0.005 (58% (S)) 0.32 ± 0.03
TA-7 0.17 ± 0.03 (>99% (R)) 0.9 ± 0.2 (>99% (S)) 0.40 ± 0.03 (76% (S)) 0.90 ± 0.08
TA-8 0.40 ± 0.05 (>97% (R)) 1.9 ± 0.1 (>99% (S)) 0.54 ± 0.02 (63% (S)) 1.2 ± 0.1
TA-9 0.35 ± 0.03 (>99% (R)) 4.3 ± 0.2 (>99% (S)) 0.50 ± 0.02 (82% (S)) 0.9 ± 0.1

Assay conditions for kinetic resolution: 50 mM CHES buffer pH 9.0, 0.1 mM PLP, 1 mM rac-amine, 2 mM pyruvate, 5% (vol/vol) DMSO, 0.002–0.8 mg ml−1 purified enzyme, 30 °C. Assay conditions for
asymmetric synthesis: 50 mM HEPES-NaOH buffer pH 8.0, 1 mM PLP, 8 mM ketone, 200 mM D,L-alanine, NAD+ (2–3 mM), GDH (15 U ml−1), D-glucose (220 mM) and LDH (50 U ml−1), 20% DMSO,
0.3–1.4 mg ml−1 purified enzyme, 30 °C and 600 r.p.m. Enantiomeric excess was determined via analytical asymmetric synthesis using racemic alanine as amine donor. Note that the absolute
configuration given refers to the preferentially converted enantiomer, but not the remaining enantiomer.

Table 3 | Specific activity of purified TAs identified from the
database analysis determined in kinetic resolution mode
using pyruvate as amine acceptor.

Specific activity (U mg−1)

rac-(5a) rac-(6a) rac-(7a)
3FCR wild-type NA NA NA
3FCR Y59W/Y87F/
Y152F/T231A

1.9 ± 0.2 2.06 ± 0.08 0.10 ± 0.01

TA-3 0.27 ± 0.17 0.27 ± 0.01 NA
TA-5 0.33 ± 0.03 0.328 ± 0.003 0.125 ± 0.015
TA-6 0.55 ± 0.16 0.33 ± 0.02 0.044 ± 0.001
TA-7 1.70 ± 0.03 1.81 ± 0.03 0.26 ± 0.02
TA-8 1.53 ± 0.06 1.59 ± 0.14 0.13 ± 0.03
TA-9 0.98 ± 0.03 1.39 ± 0.03 0.108 ± 0.002

All enzymes exhibited perfect enantioselectivity (>99%enantiomeric excess) towards (S)-5a, (S)-6a
and (R)-7a. NA, not active or below the detection limit. Assay conditions for kinetic resolution:
50 mM CHES buffer pH 9.0, 0.1 mM PLP, 1 mM rac-amine, 2 mM pyruvate, 0.1% (vol/vol)
DMSO, 0.02 mg ml−1 purified enzyme, 30 °C. Assay conditions for asymmetric synthesis: 50 mM
HEPES buffer pH 8.0, 1 mM PLP, 8 mM ketone, 200 mM D,L-alanine, NAD+ (2-3 mM), GDH
(15 U ml−1), D-glucose (220 mM) and LDH (50 U ml−1), 20% DMSO, 0.3–1.4 mg ml−1 purified
enzyme, 30 °C and 600 r.p.m. Enantiomeric excess was determined via analytical asymmetric
synthesis using racemic alanine as amine donor. Note that the absolute configuration given refers
to the preferentially converted enantiomer, but not the remaining enantiomer.

ARTICLES NATURE CHEMISTRY DOI: 10.1038/NCHEM.2578

NATURE CHEMISTRY | VOL 8 | NOVEMBER 2016 | www.nature.com/naturechemistry1080

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



the asymmetric synthesis of optically pure bulky amines using
the engineered variants, as only then is a 100% theoretical yield
possible and the synthesis rendered economical. Thus, the best
variant of 3FCR (3FCR Y59W/Y87F/Y152F/T231A) was used for
the asymmetric synthesis of bulky chiral amines on a preparative
scale (100 mg ketone as substrate, compounds 1–3 and 5–7). To
favourably shift the equilibrium, a pyruvate removal system
comprising lactate dehydrogenase (LDH) and glucose
dehydrogenase (GDH)7 was employed, and the amine donor
(alanine) was used in excess. In the kinetic resolution mode, the
optimum activity was observed at pH 9.0–9.5; however, the
catalytic efficiency of auxiliary enzymes and especially that of LDH
dropped significantly at pH 8.5 or higher. Consequently, all
reactions were performed at pH 8.0. As indicated in Table 4, for all
six demanding substrates, every reaction reached high conversion
within reasonable reaction times, highlighting the synthetic
potential of the identified variants in industrial processes. The
enantioselectivity is perfect (>99% e.e., (S)) for ketones 2b and 5b,
which possess two very diverse residues, excellent (94% e.e., (R)) for
the highly symmetrical ketone 1b, and still moderate (63% e.e., (S))
for cyclic ketone 3b. Clearly, the smaller the differences between the
two moieties, the lower the enantioselectivity.

Furthermore, a correlation between the enzymatic activity and
flexibility of the substrates can be drawn from the data generated
(Tables 1 and 4). A higher catalytic efficiency was observed
towards ketone 2b, which, owing to its alkane chain linkage, is the
most flexible of the three substrates studied, as well for the aryl-alkyl-
amines (the alkyl groups have a significant degree of freedom). In
contrast, the reaction was slower for ketones 1b and 3b, which are
both more rigid in comparison. Keto-alcohol 7b cannot be directly
compared with the other substrates because the polarity of the
hydroxyl group in the small binding pocket apparently triggers
additional interactions.

Notably, although in most cases the variant delivered the (S)-
amine, as suggested from the fold class I enzymes, in the case of
ketones 1b and 7b the results are different. The (R)- rather than
(S)-configuration of 1a is the result of the associated correlating
energy minimized quinonoid model (Fig. 3A,B). The chloro-substi-
tuted aromatic ring orients selectively towards the enlarged binding
pocket in the same manner as the bulky moieties in the cases of (S)-
amines 2a and 3a. The absolute configuration is therefore altered
due to the Cahn–Ingold–Prelog rules, as clearly indicated for
(R)-7a, albeit all amines and their respective ketones bind in the
same fashion with respect to the steric demands of their
contrasting substituents.

Discussion
The aim of our research was to evolve a toolbox of TAs that are
active towards bulky chiral amines and their respective prochiral
ketones (differing substantially in size and rigidity). We have ident-
ified an (S)-selective TA (3FCR, belonging to fold class I) and
evolved it by rational design, leading to a synthetically highly
useful variant bearing only four mutations. This proved sufficient

for acceptance of the desired ketones and to enable asymmetric syn-
thesis of a wide set of bulky chiral amines on a preparative scale. The
identified motif, in combination with the selected template, led to
the discovery of six new TAs active towards bulky substrates,
demonstrating the potential of this design to deliver a set of novel
biocatalysts. All enzymes identified herein were active towards a
diverse set of bulky substrates, accommodating in the small
binding pocket alkyl chains, an alcohol moiety and especially volu-
minous aryl groups. A direct comparison to the benchmark TA
from Codexis, used for the production of Sitagliptin, is not feasible,
as this is an (R)-selective TA belonging to a different fold class2,27.
Furthermore, Savile et al. needed to introduce 27 mutations (∼8%
of the total sequence) to evolve the TA from Arthrobacter sp. for
the production of the sterically demanding Sitagliptin2. In this
current work, only four mutations (∼1% of the entire sequence)
were sufficient to enable the synthesis of six bulky amines, all
accomplished on a preparative scale. More significantly, under-
standing their specific function enabled these key mutations to be
transferred successfully to other fold class I TA scaffolds that
share only a modest sequence identity to the 3FCR scaffold. The
identified TAs not only accepted the three aromatic bulky test sub-
strates, yielding chiral amines of pertinent pharmaceutical rel-
evance, but they could be used effectively for the production of
aryl-alkylamines or an aryl amino alcohol. This rationale will
greatly facilitate the discovery from sequence databases of novel
TAs that are capable of accepting challenging ketones.
Furthermore, the concept used here to analyse a wide variety of
enzymes based on their protein sequences, with special emphasis
on the discovery of distinct motifs, may also guide protein engineer-
ing efforts for enzymes other than TAs to facilitate efficient
enzymatic syntheses of salient compounds.

Methods
Only the most relevant methods are provided here. Materials and details of the
experiments are described in the Supplementary Information.

Preparation of enzymes. In a 2 l shake flask, 400 ml of Terrific Broth containing
100 µg ml−1 ampicillin was inoculated with 1% (vol/vol) of an overnight culture of a
microbial colony of E. coli BL21 (DE3) transformed with the plasmid containing the
gene of interest. The E. coli strain was incubated at 37 °C with shaking at 180 r.p.m.
to grow to an optical density at 600 nm (OD600) of 0.5–0.7. The culture was cooled to
20 °C and isopropyl-β-D-thiogalactoside (IPTG) was added to a final concentration
of 0.2 mM to induce expression of the transaminase. Incubation was continued
overnight (∼16 h) at 20 °C with shaking. Cells were collected by centrifugation
(6,000g, 10 min, 4 °C) and the supernatant was discarded. The cell pellet was
resuspended in 30 ml pre-cooled (4 °C) HEPES buffer (50 mM, pH 7.5)
containing 0.1 mM pyridoxal-5′-phosphate (PLP), 0.3 M NaCl, 5 mM imidazole
and 50 µg ml−1 DNAse. The cells were disrupted with a French Press (1,600 psi) and
the cell debris was removed by centrifugation (9,000g, 30 min, 4 °C). Protein
purification was performed using metal affinity chromatography. The crude lysate
was filtered with 0.2 µm filters (Millipore) and was loaded onto a HisTrap FastFlow
5 ml column using the ÄKTA protein chromatography system after equilibration
with the lysis buffer. Non-specifically bound proteins were removed by application
of two column volumes of 10 mM imidazole. The TAwas eluted from the column by
the application of two column volumes of 300 mM imidazole. The purified TA
fractions were pooled and subsequently desalted on the ÄKTA system using a
Sephadex G60 column equilibrated with a HEPES buffer (50 mM, pH 7.5)

Table 4 | Asymmetric synthesis of chiral amines with the purified variant 3FCR Y59W/Y87F/Y152F/T231A using L-alanine
as amine donor.

Product Reaction time (h) Ratio of substrate to enzyme (wt/wt) Conversion (%) Isolated yield (%) Enantiomeric excess (%)
(R)-1a 24 2 >98 82 (HCl salt) 94.2
(S)-2a 24 5 >99 71 (HCl salt) >99.9
(S)-3a 46 2.5 >97 69 (HCl salt) 63.0
(S)-5a 24 1.5 >97 39* 99.4
(S)-6a 24 1.5 >97 76* 96.6
(R)-7a 24 1.5 95 62* 99.8

Assay conditions for asymmetric synthesis: 100 ml: final volume, 50–70 mMHEPES buffer pH 8.0, 1 mM PLP, 100 mg ketone, 200–275 mMD,L-alanine, NAD+ (2–3 mM), GDH (3 U ml−1), D-glucose (220 mM)
and LDH (6 U ml−1), DMSO 20% (1–3) or 2% (5–7), 20–66 mg purified enzyme, 30 °C under stirring. *The isolation protocol was not optimized.
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containing 0.1 mM PLP. The purified enzyme solutions were stored at +4 °C, or at
−20 °C in 30% glycerol.

Determination of activity in kinetic resolution mode. The activity measurements
were performed in a TECAN Infinite 200 PRO reader, and all measurements were
performed at least in triplicate. A direct photometric assay was used28, in which the
enzymatic reaction took place in CHES buffer (50 mM, pH 9.0) at 30 °C in a total
volume of 200 µl. 1 mM racemic amine (1a–4a) and 2 mMpyruvate were added to the
buffer (final concentrations) containing the TA of interest. Due to the preparation of
the amine stock solution in organic solvent, 5% (vol/vol) 2-propanol or
dimethylsulfoxide (DMSO, 0.1% for compounds 5–7) was present in the final reaction
medium. The kinetic resolution was initiated by the addition of the amine acceptor
(pyruvate). The final concentration of the enzyme varied between 2 and 800 µg ml−1,
depending on the specific activity towards the substrates under examination. The
production of the corresponding ketones (1b–7b) was monitored at the optimum
wavelength for each compound (1b, 16,562 M−1 cm−1 at 264 nm; 2b, 9,646 M−1 cm−1

at 245 nm; 3b, 5,714 M−1 cm−1 at 340 nm; 4b, 6,115 M−1 cm−1 at 245 nm (ref. 27);
5b and 6b, 6,530 M−1 cm−1 at 242 nm (ref. 15); and 7b, 7,098 M−1 cm−1

at 252 nm (ref. 14)).

Preparative asymmetric synthesis. The starting volume of all reactions was 100 ml
and the substrate amount 100 mg ketone. The reaction mixture also contained
HEPES buffer (50–70 mM) including 1 mM PLP, DMSO (20% (vol/vol) for 1b–3b
or 2% (vol/vol) for 5b–7b), D,L-alanine (200–275 mM), oxidized nicotinamide
adenine dinucleotide (NAD+, 2–3 mM), GDH (3 U ml−1), D-glucose (220 mM) and
LDH (6 U ml−1). The slight variations in the reagent concentrations depended on
the applied amount of purified enzyme solution (protein applied: 57 mg for
synthesis of (R)-1a, 20 mg for (S)-2a and 39 mg for (S)-3a) or 100 mg enzyme
lyophilisate (66 mg protein for the synthesis of (S)-5a, (S)-6a and (R)-7a). The
addition of the respective ketone as DMSO solution started the reaction at pH 8.0
and 30 °C. The pH of the stirred reaction was kept constant by the addition of 0.1 N
NaOH until full conversion was indicated by HPLC (Table 3). Afterwards, the
reaction was quenched with HCl to pH 2.0 and the precipitated proteins could be
removed by dicalite treatment and filtration. The products were extracted with
tert-butyl methyl ether (TBME) at pH 10 (NaOH addition), delivering (after drying
and evaporation) the crude amines as oils. These were characterized (NMR, MS,
chiral and achiral HPLC) either as their HCl salts (1–3a) or as free amines (5–7a).

For amine 3a, salt formation was essential due to the instability of the free base,
which degraded, with discolouration, fairly rapidly, most probably due to oxidative
aromatization. Secondary product formation was suppressed further by applying a
nitrogen atmosphere, minimizing the risk of oxidation by air. For amine 7a, the
aqueous solution needed to be saturated with NaCl before its extraction with TBME.

Received 4 February 2016; accepted 16 June 2016;
published online 18 July 2016
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Protein-engineering of an amine transaminase for
the stereoselective synthesis of a pharmaceutically
relevant bicyclic amine†

Martin S. Weiß,a Ioannis V. Pavlidis,a,b Paul Spurr,c Steven P. Hanlon,c Beat Wirz,c

Hans Iding*c and Uwe T. Bornscheuer*a

Application of amine transaminases (ATAs) for stereoselective amination of prochiral ketones represents

an environmentally benign and economically attractive alternative to transition metal catalyzed asym-

metric synthesis. However, the restrictive substrate scope has limited the conversion typically to non-

sterically demanding scaffolds. Recently, we reported on the identification and design of fold class I ATAs

that effect a highly selective asymmetric synthesis of a set of chiral aromatic bulky amines from the

corresponding ketone precursors in high yield. However, for the specific amine synthetic approach exten-

sion targeted here, the selective formation of an exo- vs. endo-isomer, these biocatalysts required

additional refinement. The chosen substrate (exo-3-amino-8-aza-bicyclo[3.2.1]oct-8-yl-phenyl-metha-

none), apart from its pharmacological relevance, is a demanding target for ATAs as the bridged bicyclic

ring provides substantial steric challenges. Protein engineering combining rational design and directed

evolution enabled the identification of an ATA variant which catalyzes the specific synthesis of the target

exo-amine with >99.5% selectivity.

Introduction

Transaminases are pyridoxal-5′-phosphate (PLP) dependent
enzymes that catalyse the transfer of an amino group of a
donor amine to the carbonyl carbon atom of an α-keto acid,
ketones, or an aldehyde.1 In the past decade, amine trans-
aminases (ATAs) came into focus as efficient biocatalysts for
the preparation of optically pure amines which represent
highly valuable key intermediates or products in the pharma-
ceutical, chemical, and agricultural sectors.2 However, for
application as suitable biocatalysts for stereoselective ami-
nation, extensive protein engineering of ATAs is required in
many cases, primarily due to their generally limited substrate
scope. The most prominent example of such a successful ATA
engineering resulted from a collaboration between Merck &
Co. and Codexis which led to the realisation of an industrial
process for the enzymatic asymmetric synthesis of the anti-

diabetic drug (R)-sitagliptin with >99.95% optical purity.3 Prior
to this, access to (R)-sitagliptin was via enamine formation fol-
lowed by asymmetric hydrogenation at high pressure (ca. 20
atm) using a rhodium-based chiral catalyst which rendered
lower stereoselectivity and a rhodium contaminated product
stream.3 The biocatalytic approach using the engineered
variant ATA-117 represents therefore a prime example of green
chemistry in terms of overall waste reduction, lower energy
consumption and avoidance of hazardous heavy metal catalyst
waste treatment.

3-Amino-8-aza-bicyclo[3.2.1]oct-8-yl-phenyl-methanone (2)
(Scheme 1) represents a model building block for pharma-
ceutically active ingredients and thus an attractive target for
biocatalytic selective synthesis mediated by transaminases.
The 8-azabicyclo[3.2.1]octane motif constitutes a structural

Scheme 1 Selective synthesis of exo-3-amino-8-aza-bicyclo[3.2.1]oct-
8-yl-phenyl-methanone 2 via reductive amination of ketone 1 catalysed
by the ATA 3FCR and its variants. Isopropylamine or alanine can be
applied as amine donors.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
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element within many neuroactive compounds, among which
cocaine and atropine4 and various derivatives thereof have
been patented e.g. as modulators of chemokine receptor
activity,5 an important target in the treatment of a number of
diseases. Besides its pharmacological relevance, amine 2 is
also a challenging compound for protein engineering of trans-
aminases due to its bicyclic and bridged ring system.

Recently, we succeeded in identifying and evolving ATAs of
the fold class I ((S)-selective ATAs) that accept a broad spec-
trum of sterically demanding, but planar substrates.6 The best
ATA variant enabled asymmetric synthesis of the target amines
on a preparative scale with essentially perfect optical purities.
Enzymatic routes to access the target amine 2 (Scheme 1) have
not been described before and the bicyclic bridged ring system
poses an unaddressed challenge. Thus, we herein describe the
protein engineering of the (S)-selective amine transaminase
from Ruegeria sp. TM1040 (3FCR)6,7 to transform the ketone 1
selectively to the desired exo-amine 2.

Results and discussion
Protein engineering of 3FCR

In order to identify the optimal starting scaffold for engineer-
ing we first screened our in-house transaminases. Among
them, the wild-type transaminase from Ruegeria sp. TM1040
(pdb-code: 3FCR7) and its mutants 3FCR_DM and 3FCR_QM
from our recent study6 were found to possess low activity
(Table 1). Interestingly, the single mutation Y59W reduced the
wild-type’s activity, while mutation T231A exhibited doubled
activity. These results prompted us to apply saturation muta-
genesis at the four positions already identified within
3FCR_QM. The variant 3FCR_QM exhibited perfect stereo-
selectivity towards the exo-isomer in the reductive transamin-
ation while the variants without the Y152F mutation had only
moderate selectivity (<40% exo to endo preference). This
revealed that at three of the four positions (87, 152, 231), the
optimal amino acids were already incorporated into the start-
ing scaffold. However, we had to replace tryptophan in posi-
tion 59. Saturation of this position resulted in a leucine substi-
tution which provided a 3-fold increase of activity (145 mU

mg−1) compared to the 3FCR_QM scaffold (45 mU mg−1)
(Table 1).

Having achieved this increase in activity, further rationally
guided protein engineering was hampered by the fact that the
substrate of interest does not allow following the typical trans-
aminase design concepts. As the active site of ATAs is com-
posed of a small and a large binding pocket, the common aim
of most studies is to widen the small binding pocket. For the
bicyclic and bridged ketone 1, its orientation in the active site
is difficult to model due to its “three-dimensional bulkiness”.
For this reason, parallel to the optimization of the four afore-
mentioned positions, we performed directed evolution of the
3FCR scaffold using error-prone PCR in combination with our
recently developed high-throughput glycine oxidase assay.8

Accordingly, the assay was adapted for liquid phase analysis in
microtiter plates using the racemic amine 2 as an amine
donor and glyoxylate as the acceptor. Our direct photometric
assay9 could not be used in this case as ketone 1 and amine 2
possess virtually identical spectrophotometric properties.

Screening of ca. 4600 variants from two different error-
prone PCR libraries based on the 3FCR_DM scaffold with the
glycine oxidase agar plate assay provided a variant with
increased activity and three amino acid exchanges.
Characterization of the respective single mutants identified
mutation I234F to be responsible for a 3.5-fold increased
activity in the 3FCR_DM (data not shown). Further investi-
gations by saturation of this position revealed that both
phenylalanine and methionine are the most promising resi-
dues at this position in the kinetic resolution of amine 2. The
beneficial effect of these two mutations was confirmed both in
3FCR_DM and 3FCR_QM. When the specific activity of the
3FCR_QM was only 45 mU mg−1, the 3FCR_QM/I234F exhibi-
ted 80 mU mg−1 and the 3FCR_QM/I234M 116 mU mg−1 while
maintaining absolute stereoselectivity (Table 1).

These two new variants were applied in the selective syn-
thesis (Scheme 1) using either alanine or isopropylamine (IPA)
as an amine donor (Table 2), and they both proved to be ben-
eficial. 3FCR_QM/I234M provided the best conversions, inde-
pendently of the amine donor. However, in terms of catalytic

Table 1 Specific activity of 3FCR variants in the kinetic resolution of 2
using glyoxylate as an amine acceptor

Variant
Specific activity
(mU mg−1)

3FCR (wild-type) 70
3FCR_Y59W 35
3FCR_T231A 130
3FCR_Y59W/T231A (3FCR_DM) 45
3FCR_Y59W/Y87F/Y152F/T231A (3FCR_QM) 45
3FCR_Y59L/Y87F/Y152F/T231A 145
3FCR_Y59W/Y87F/Y152F/T231A/I234F
(3FCR_QM/I234F)

80

3FCR_Y59 W/Y87F/Y152F/T231A/I234M
(3FCR_QM/I234M)

116

Table 2 Asymmetric synthesis of exo-amine 2 using alanine or IPA as
amine donorsa

Variant

Conversion [%] (% exo/endo excess)

With IPA With alanine

3FCR_DM 0 (n.d.b) 4 (n.d.b)
3FCR_QM 10 (>99) 35 (>99)
3FCR_QM/I234M 19 (>99) 66 (>99)
3FCR_QM/I234Fc 8 (>99) 40 (>99)

a Conditions for isopropylamine experiments: 2 mM 1, 0.2 M IPA,
HEPES buffer (pH 8.0, 50 mM), 1 mM PLP, 5% DMSO, 30 °C, 600 rpm,
20 h. Conditions for alanine experiments: 8 mM 1, 0.2 M L-alanine,
HEPES buffer (pH 8.0, 50 mM), 1 mM PLP, 20% DMSO, 5 mM NADH,
25 mM glucose, 0.05 mg mL−1 GDH, 5 μL mL−1 LDH, 30 °C, 600 rpm,
20 h. b n.d. = not determined. c Lower conversions as only small
amounts of enzyme could be applied due to expression issues, see text.
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efficiency 3FCR_QM/I234F appeared to be more appropriate,
as it led to conversions comparable to 3FCR_QM/I234M
despite the fact that 8-fold less enzyme was applied. For
unclear reasons, introduction of mutation I234F resulted to
significantly lower expression yield and hence this variant was
not considered further. 3FCR_QM/I234M was subjected to a
second round of error-prone PCR (∼8000 variants screened)
revealing position 382 as a new hot spot. Its subsequent NNK
saturation-mutagenesis identified L382M as the most promis-
ing variant (Table 3). In parallel, via rational design (see
in silico analysis paragraph) we decided to mutate S86 to alanine
to provide a little more flexibility in the loop where F87 is
located. However, this mutation did not have the desired
outcome and even decreased the activity when incorporated
into 3FCR_QM/I234M/L382M.

When we investigated the catalytic efficiency of all interest-
ing variants for selective synthesis, the results were quite
different from those observed in the kinetic resolution mode.

Although all three mutations (namely Y59L, I234M and L382M)
were beneficial for kinetic resolution, it seems that the key
mutation for efficiency is Y59L. The other two mutations did
lead to an improvement compared to the scaffold (3FCR_QM)
but not to the same extent. Nevertheless, all variants presented
in Table 3 maintained perfect exo/endo-selectivity (>99%) in
the formation of the exo-amine 2.

Finally, a non-optimized small scale preparative synthesis
with 3FCR_QM/I234M was performed using isopropylamine
as an amine donor, which provided 75% conversion (60% iso-
lated yield) and >99.5% selectivity for the exo-amine as deter-
mined by HPLC analysis.

In silico analysis

In order to discern the underlying reasons for the improved
activity of the best variants towards 1, we performed an
in silico analysis to identify possible interactions with the steri-
cally demanding target compound. As seen in Fig. 1, position
59 can directly interact with the quinonoid of 2. Here,
mutation to leucine provides significantly more space than
tryptophan or tyrosine and it increases the hydrophobicity of
the binding pocket. Position 87 seems to interact with the keto
group of the substrate and thus the removal of the hydroxyl
group of the tyrosine is beneficial. In order to provide more
space, we aimed at introducing additional flexibility for
residue 87 by mutating the neighboring positions. By sequence
alignment, we observe that in several other ATAs, such as the
one from Vibrio fluvialis, the adjacent position 86 is an
alanine, while in 3FCR it is a serine. This mutation was investi-
gated but as shown in Table 3, the mutants did not exhibit
improved activity. Another significant mutation is Y152F. As
described earlier,6 this mutation significantly stabilizes the
3FCR scaffold and thus facilitates the asymmetric synthesis
performance which requires transaminases being stable for

Table 3 Characterization of most interesting variants in the kinetic
resolution of 2 (specific activity, %) and asymmetric synthesis of 1 (con-
version, %)a

Variant
Specific activity
[mU mg−1]

Conversion
[%, exo]

3FCR_QM 45 23 (>99)
3FCR_QM/Y59L 173 96 (>99)
3FCR_QM/I234M 137 55 (>99)
3FCR_QM/I234M/L382M 198 60 (>99)
3FCR_QM/S86A/I234M/L382M 185 51 (>99)
3FCR_QM/Y59L/S86A/I234M/L382M 295 94 (>99)

a Conditions for kinetic resolution: 1 mM rac-amine 2, 2 mM glyoxy-
late, CHES buffer (50 mM, pH 9.5), 37 °C, measurement for 40 min;
conditions for asymmetric synthesis experiments: 2 mM prochiral
ketone 1, 0.2 M IPA, HEPES buffer (pH 8.0, 50 mM), 1 mM PLP, 0.5 mg
mL−1 of the respective variant, 5% DMSO, 30 °C, 600 rpm, 45 h.

Fig. 1 In silico analysis of the quinonoid of exo-3-amino-8-aza-bicyclo[3.2.1]oct-8-yl-phenyl-methanone 1 (blue sticks) in the active site of (A)
3FCR wild-type and (B) 3FCR_QM/Y59L/I234M/L382M. The side chains of the interesting positions are presented with green lines. The catalytic
lysine (K288) is also shown (green sticks). It is obvious that in the variant (B) the binding pocket is significantly enlarged, mainly due to the Y59L and
the Y152F mutations. It can also be seen that residues in positions 234 and 382 do not directly interact with the quinonoid, but they appear to have a
secondary interaction with residue 59.
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several hours, or even days. In this case another benefit arose:
the removal of the hydroxyl group generated more volume for
the bicyclic substrate, with its five-membered ring facing
residue 152 and hence favoring formation of the exo-amine 2
(Fig. 1). All variants bearing mutation Y152F exhibited perfect
selectivity producing as such the exo-amine exclusively. The
variants without mutation Y152F displayed only moderate
selectivity (<40% exo/endo excess). A reason might be the inter-
action between the hydroxyl group of the tyrosine and the
nitrogen atom in the bicyclic ring structure, which enables the
binding of the endo-isomer.

As expected, the mutations identified within the error-
prone PCR-derived libraries are not present in the first sphere
of the interactions of the quinonoid with the enzyme and thus
it is also more difficult to understand their effects. Both resi-
dues 234 and 382 are located behind residue 59 (Fig. 1). These
mutations might stabilize residue 59 in a catalytically favored
orientation, while residue 234 could affect via the backbone
the orientation of the neighboring residue 231, which also has
a significant impact on the catalytic activity.

Experimental
Materials

Ketone 1 and amine 2 as a mixture of exo- and endo-isomers as
well as the individual isomers were made available by
F. Hoffmann-La Roche (Scheme S1†). All other reagents were
of analytical grade. Recombinant expression of the (S)-selective
ATA from Ruegeria sp. TM1040 and all variants were performed
as described previously, see also below for details.6 The glycine
oxidase was produced also as described previously.8

Directed evolution libraries

For the preparation of error-prone PCR libraries, the genes
encoding the respective variants of the ATA from Ruegeria sp.
TM1040 were amplified using the GeneMorph II Random
Mutagenesis Kit from Agilent Technologies according to the
manual instructions and using the following flanking primers:
ePCR_Left_pET22b (GTTTAACTTTAAGAAGGAGATATACATATGC);
ePCR_Right_3FCR (GTGGTGGTGATGGTGATGTGAACC). In
order to adjust the mutation frequency, the amount of the par-
ental plasmid template was varied between 25–50 ng of the
pET22b plasmid template in a 50 µL reaction volume and 30
cycles of mutagenesis amplification were performed. Usually a
set of libraries with different amounts of the parental plasmid
template were prepared to cover variants with higher and lower
mutation frequencies. For the preparation of the error-prone
PCR libraries based on the 3FCR_DM, 25 ng or 50 ng template
and for the library based on the 3FCR_QM/I234M 35 ng or
45 ng template were applied. For the latter libraries a random
sample of 3 variants was sent for sequencing and revealed an
average mutation frequency of 5 (35 ng template) and 2–5
(45 ng template) nucleotide exchanges per gene. The resulting
PCR products were purified using the NucleoSpin® Gel and
PCR Clean-up Kit from Macherey & Nagel according to the

manual instructions, but with 50% diluted NTI buffer. The
sample was eluted in 25 µL for application as megaprimers in
a MEGAWHOP (mega primers and whole plasmid PCR). The
MEGAWHOP reaction mixture (50 µL reaction volume) was pre-
pared as follows: Pfu buffer, 0.3 mM dNTPs, 1–1.5 ng µL−1 par-
ental plasmid, 5 µL purified megaprimers from the ep-PCR
and 0.3 µL of Pfu Plus! DNA polymerase. The amplification
was performed as follows: (a) 94 °C, 2 min; (b) 28 cycles: 94 °C,
30 s; 55 °C or 60 °C, 30 s; 72 °C, 7:05 min; (c) 72 °C, 14 min.
The PCR product was digested with DpnI (20 µL mL−1) for 2 h
at 37 °C and the restriction enzyme was inactivated by incu-
bation at 80 °C for 20 min. 6 µL of the DpnI digested sample
was transformed in 50 µL of electro-competent TOP10 cells
(1.5 kV, 5 ms). After transformation, 1 mL LB-SOC was added
and after 1 h incubation at 37 °C and 800 rpm a sample of
40 µL was plated out on an LB-amp (100 µg mL−1 ampicillin)
and the remaining sample was used for inoculation of a 50 mL
LB-amp (100 µg mL−1 ampicillin) overnight culture. After over-
night incubation the colonies were counted on the agar plate
to calculate the number of variants in the library (5 000–20 000
transformants were usually obtained). The overnight culture
was then applied for plasmid isolation. Electro-competent
E. coli BL21(DE3) cells containing the compatible
pCDF-1 glycine oxidase coding plasmid were transformed with
30 ng of the library plasmid DNA as described above. After
incubation at 37 °C different amounts (30–60 µL) were plated
out on amp/spec plates (100 µg mL−1 ampicillin, 50 µg mL−1

spectinomycin) for screening on nitrocellulose membranes as
described further below.

Point and site-saturation mutagenesis

All variants were prepared using a modified version of the
QuikChange PCR method. Primers were designed with the
desired mismatches to provide the desired mutations. For site-
saturation mutagenesis primers with NNK in the desired
region were applied. For each reaction Pfu buffer, 0.2 mM
dNTPs, 0.2 ng µL−1 parental plasmid, 0.2 µM of each primer
and 0.2 µL of Pfu Plus! DNA polymerase were applied. 3% (v/v)
DMSO was applied only for reactions using primers without
NNK-codons. The amplification was performed as follows: (a)
94 °C, 2 min; (b) 25 cycles (QuikChange)/30 cycles (site-satur-
ation): 94 °C, 30 s; 55 °C or 60 °C, 30 s; 72 °C, 7:05 min (c)
72 °C, 14 min. The PCR product was digested with DpnI (20 µL
mL−1) for 2 h at 37 °C and the restriction enzyme was inacti-
vated by incubation at 80 °C for 20 min. Chemo-competent
Top10 E. coli cells were transformed with the PCR product. After
confirmation of codon distribution in the case of a site-satur-
ation mutagenesis or after confirmation of the correct sequence
for QuikChange variants, the PCR products were transformed in
chemo-competent BL21(DE3) E. coli cells for expression.

Protein expression and purification

The glycine oxidase was expressed and purified as described
previously.8 As the expression medium, TB-medium (Terrific
Broth) instead of LB-medium was applied.
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The expression of the transaminase variants was carried
out in baffled 250 mL flasks using 50 mL TB-medium contain-
ing 100 μg mL−1 ampicillin. Inoculation was carried out using
1 mL of an overnight culture of a microbial colony of E. coli
BL21 (DE3) transformed with the plasmid containing the gene
of interest. The E. coli strain was incubated at 37 °C with
shaking at 180 rpm to grow to an optical density at 600 nm
(OD600) of 0.6 to 0.8. The flasks were moved to a 20 °C shaker
and after 10 min of incubation with shaking at 180 rpm iso-
propyl-β-D-thiogalactoside (IPTG) was added to a final concen-
tration of 0.5 mM to induce the expression of the transaminase.
Incubation was continued overnight (ca. 16 h) at 20 °C
with shaking. Cells were harvested by centrifugation (4500g,
15 min, 4 °C) and the supernatant was discarded. The cell
pellets were stored at −20 °C or were directly used for cell dis-
ruption and purification. For purification the cell pellets were
resuspended in 6 mL pre-cooled (4 °C) lysis buffer (HEPES
buffer 50 mM, pH 7.5 containing 0.1 mM PLP, 0.5 M NaCl,
10 mM imidazole and 50 μg mL−1 DNAse). The cells were dis-
rupted via ultrasonication (Bandelin Sonopuls HD2070,
Bandelin UW2070, MS 73 sonotrode) at 50% cycle and 55%
power 5 minutes on ice, twice handled. The suspension was
transferred to 2 mL tubes. To remove the cell debris, the tubes
were centrifuged for 20 min at 16 000g and 4 °C. The super-
natant was applied for protein purification via metal affinity
chromatography using Roti®garose-His/Co Beads self-packed
columns (∼1.5 mL bed volume). The clear lysate was loaded
onto the columns and after 5 min of incubation the cap was
opened and the flow-through was discarded. The column was
washed 3 times with application buffer (HEPES buffer 50 mM,
pH 7.5 containing 0.1 mM PLP, 0.5 M NaCl, 10 mM imidazole)
and the flow-through was discarded. The cap was closed and
2.5 mL of elution buffer (HEPES buffer 50 mM, pH 7.5 contain-
ing 0.1 mM PLP, 0.5 M NaCl, 350 mM imidazole) was applied
onto the columns. After 5 min of incubation the cap was
opened and the protein solution was gathered for desalting
using GE Healthcare PD10 desalting columns and desalting
buffer (HEPES buffer 50 mM, pH 7.5 containing 0.1 mM PLP)
according to the manual of instructions. Fig. S2† shows an
SDS-PAGE of the purified variants. Protein concentrations were
determined via the Pierce BCA Protein Assay Kit. The purified
enzyme solutions were stored at +4 °C, or at −20 °C in 30% gly-
cerol. For asymmetric synthesis experiments the desalting
buffer was adjusted to pH 8.0 instead of pH 7.5. For prepara-
tive scale asymmetric synthesis experiments the transaminase
variants were prepared as described previously.6

Quantification of activity in liquid phase assay

To investigate our variants for activity in kinetic resolution, the
glycine oxidase coupled assay8 was adapted for the application
in microtiter plates. The assay was optimized for a reaction
volume of 150 µL and to have a linear range under the further
below specified conditions on the condition that the detected
slope is below 0.8 OD h−1. For any samples providing higher
slopes the assay was repeated with diluted samples in order to
have a linear relationship between the activity and detected

slope. Thus, we standardized protein concentrations to
0.25–1.0 mg mL−1 depending on the respective activity using
desalting buffer (HEPES buffer 50 mM, pH 7.5, containing
0.1 mM PLP). To certify that the assay was working accordingly,
an additional 1 : 5 dilution of each sample was prepared. To run
the assay, 20 µL of each sample and each dilution were added in
triplicates in a microtiter plate. The reaction was started by
adding 130 µL of the mastermix solution and the increase of
absorbance was followed at 498 nm for at least 40 min at 37 °C.
The final assay concentrations were as follows: CHES buffer (pH
9.5, 50 mM), 1 mM rac-amine 2 (3-amino-8-aza-bicyclo[3.2.1]oct-
8-yl-phenyl-methanone), 2 mM glyoxylate, 0.17 mg mL−1 glycine
oxidase from Geobacillus kaustophilus, 5 U mL−1 horseradish
peroxidase, 3.9 mM vanillic acid, 0.5% (v/v) methanol, 1.2 mM
4-aminoantipyrine and 0.08% ethanol (v/v). To guarantee the
best comparability as possible, we always compared the activity
with the parental mutant which was purified in parallel and
treated identically with the variants of interest.

To quantify the specific enzymatic activity, a calibration
curve was recorded by using sequential dilutions of an
aqueous 1 M glycine stock solution. 20 µL were applied in tri-
plicates to the microtiter plate and 130 µL of the mastermix
solution described above, were added. After incubation at
37 °C, an endpoint measurement at 498 nm was made. Linear
regression provided a slope of 12.44 AU µmol−1 of glycine in
150 µL that allowed quantifying the reaction velocities from
the slopes obtained in the kinetic assays (Fig. S1†).

Solid-phase assay screening of error-prone PCR libraries

The screening procedure of the error-prone PCR libraries was
performed as described previously.8 The pH of the assay plates
was pH 9.25 (first screening round) and pH 9.5 (second screen-
ing round) and the assay plates had the following final compo-
sition: CHES buffer (pH 9.5/9.25, 50 mM), 100 mM isopropyl-
amine, 10 mM glyoxylate, in 3.9 mM vanillic acid, 0.5% (v/v)
methanol, 1.2 mM 4-aminoantipyrine and 0.08% ethanol (v/v),
and 1% (w/w) agarose. 100 U of horseradish peroxidase dis-
solved in 100 µL MilliQ water were spread on the surface of
each plate directly before placing the membranes on top of the
plates for screening. After incubation of the assay plates at
37 °C the most colored colonies were picked from each plate
for expression in 96-well deep-well blocks and screening in
microtiter plates as described previously.8

Analytical reductive amination experiments

Reductive amination reactions in the analytical scale were per-
formed in a total volume of 400 µL in glass vials using a glass
vial shaker from Eppendorf. Detailed final concentrations and
conditions are given in the main text. For HPLC analysis 50 µL
of the sample were mixed with 50 µL of acetonitrile including
0.1% diethylamine that was passed through a tip filter before
injection into HPLC.

Preparative reductive amination

Into 82 ml reaction buffer (HEPES 50 mM; 2 mM PLP; 0.2 M
2-propylamine hydrochloride; pH 7.5) the purified mutant
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transaminase 3FCR Y59W/Y87F/Y152F/T231A/I234M solution
(in total 78 mL, protein 1.1 mg mL−1) and 100 mg 8-benzoyl-8-
aza-bicyclo[3.2.1]octan-3-one (1) dissolved in 20 ml DMSO were
added under stirring at 30 °C. The reaction was allowed to
proceed for 9 d (non-optimized) enabling a conversion of
75 area% (IPC-HPLC). The reaction mixture was acidified to
pH 2.0 to precipitate the enzyme and stirring was continued
for 15 min. Subsequently, the reaction mixture was filtered
through a 25 g filter aid (Dicalite) bed and extracted twice with
50 mL dichloromethane to remove the remaining ketone 1. The
combined organic phases were dried over anhydrous MgSO4,
filtered and evaporated under vacuum at 40 °C yielding 37 mg
of (HPLC: 97 area%) ketone 1 as a slightly yellow oil. The pH
of the aqueous phase was adjusted to 12 using 2 N NaOH and
extracted four times with 50 mL dichloromethane. The com-
bined organic phases were dried over anhydrous MgSO4, fil-
tered, evaporated under vacuum at 40 °C and dried 36 h under
high vacuum at 60 °C yielding 60 mg of target amine 2 (60%)
as a yellow oil. Optimization and scale-up of this proof-of-
concept small scale preparative reaction to reduce reaction
times and replace dichloromethane for work-up is the subject
of future studies.

HPLC methods for analytical scale reactions

HPLC-analysis of analytical scale reactions was performed via
direct injection of the 20 µL sample on a 150 × 4.6 analytical
OD-RH column from Chiralcel running 27% acetonitrile and
73% water, 0.1% diethylamine at 30 °C and 0.55 mL min−1

flow. Detection of the analytes took place at 230 nm.

Analysis of preparative scale reaction product 2

Chemical purity HPLC (see also Fig. S3†): 98.9 area% [210 nm;
X-Bridge C8; 50 × 2.1 mm, 2.5 µm, flow 1 mL min−1, 40 °C,
A: 90% 10 mmol ammonium acetate in H2O/ACN (95/5),
B: ACN, 10%]; chiral SFC: 100% exo [210 nm; Chiralpak AD-3;
150 × 4.6 mm, 5 µm; flow 3 mL min−1; left 40 °C; right 42 °C;
A: 82% CO2, B: 18% methanol with 0.2% 2-propylamine];
1H NMR (600 MHz, DMSO-d6, 120 °C) δ ppm 7.44 (s, 5 H),
4.29 (br s, 2 H), 3.16 (dt, J = 11.1, 5.5 Hz, 1 H), 1.86–2.00
(m, 3 H), 1.79 (ddd, J = 13.2, 5.1, 3.0 Hz, 3 H), 1.67–1.75
(m 3 H), 1.34–1.47 (m, 2 H); LC-MS: 231 (M + H)+. CAS registry
number: 637018-99-6.

Conclusions

Several variants of a (S)-selective transaminase were identified
enabling an enzyme-catalyzed synthesis of the pharmaceuti-
cally relevant exo-3-amino-8-aza-bicyclo[3.2.1]oct-8-yl-phenyl-
methanone in good yield and excellent optical purity via reduc-
tive amination. The key mutations were identified by (a) satu-
ration of the positions known to play a role in the accommo-
dation of bulky substrates, and (b) two rounds of directed evo-
lution. The results represent the first example of the
transaminase-catalysed synthesis of an amine containing a

bicyclic bridged moiety. Our study also shows that a combi-
nation of rational protein design with random mutagenesis by
error-prone PCR was required to identify the most suitable var-
iants, similar to the findings reported by Savile et al. for the
development of an (R)-transaminase for Sitagliptin synthesis.3

Furthermore, our careful analysis of the performance of the
3FCR variants confirms that enzymes found to be active in
kinetic resolution must not be suitable for asymmetric syn-
thesis as published earlier for a mutant of the ATA mutant
from Vibrio fluvialis.10
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Amine Transaminase Engineering for Spatially Bulky
Substrate Acceptance
Martin S. Weiß,[a] Ioannis V. Pavlidis,[a, b] Paul Spurr,[c] Steven P. Hanlon,[c] Beat Wirz,[c]

Hans Iding,*[c] and Uwe T. Bornscheuer*[a]

Introduction

Amine transaminases (ATAs) are a promising alternative to

transition-metal catalysts for the stereoselective synthesis of
chiral amines.[1] Transaminases are pyridoxal-5’-phosphate
(PLP)-dependent transferases that catalyse the amino group
transfer to ketones or aldehydes, from a donor amine, usually

d- or l-alanine or isopropylamine (IPA).[2] When prochiral ke-
tones are applied for synthesis, amine transaminases perform

an asymmetric amino group transfer to provide optical pure

amines. This makes ATAs valuable tools for the synthesis of
chiral key intermediates for pharmaceutical compounds.[1b, c]

However, the major challenge is their limited substrate scope.
Transaminases in general are homodimeric proteins with two

active sites, each located at the interface of the two subunits.
Thus, each of the two active sites is surrounded by amino acid
residues from both monomers thereby encompassing a large

and a small binding pocket. In most cases, the small binding
pocket accommodates only small moieties such as methyl
groups.[2a,3] Accordingly, protein engineering is required to
expand the active site for larger substrates to enable biosyn-

thesis of chiral amines of high pharmaceutical or synthetic in-
terest. In the past decade, many groups succeeded in bringing

ATAs into the spotlight of organic synthesis. The most promi-

nent example of protein engineering of ATAs was the synthesis
of (R)-sitagliptin. Codexis introduced 27 mutations into a fold

class IV ATA, which exhibited minimal (but detectable) activity
towards prositagliptin.[1c] This engineering effort led to the

development of an industrial process. In a more recent and
broader study, we identified a sequence-based motif compris-

ing four core mutations in ATAs of fold class I to enable them

to accept a set of bulky aromatic and thus planar ketones. We
demonstrated their catalytic potential by performing prepara-

tive asymmetric synthesis of the corresponding amines, there-
by leading to high isolated yields and excellent optical puri-

ties.[1b] The sequence motif was demonstrated to be transfera-
ble to fold class I ATAs with at least 70% sequence identity to
the enzyme from Ruegeria sp. TM1040 (PDB ID: 3FCR) by incor-

porating the motif in previously uncharacterized putative ATAs.
All the synthetic constructs that expressed as soluble protein
exhibited activity towards the tested bulky amines (as verified
for kinetic resolutions), thus underlining the generality of our

sequence motif.[1b]

The motif we suggested—70% sequence identity to 3FCR

and four specific mutations in the active site—provides a tool-
box of ATAs for aromatic and aliphatic substrates that have
planar bulky substituents, but these variants were not efficient

catalysts for spatially bulky ketones. Recently, we reported the
first solution for the asymmetric synthesis of a bridged bicyclic

amine.[4] The engineering was based on the same scaffold, but
the positions targeted were different, thus showing that bulky

substrates require a different approach.

In the current study we investigated the acceptance of the
ketone 2,2-dimethyl-1-phenylpropan-1-one (1) in the synthesis

of the (R)-2,2-dimethyl-1-phenylpropan-1-amine (2 ; Scheme 1).
This substrate is of interest because of its tert-butyl substituent

in addition to the aromatic ring. We recently investigated the
acceptance of 1 by the ATA from Vibrio fluvialis (VF-ATA) in an

Amine transaminase (ATA) catalyzing stereoselective amination
of prochiral ketones is an attractive alternative to transition

metal catalysis. As wild-type ATAs do not accept sterically hin-
dered ketones, efforts to widen the substrate scope to more
challenging targets are of general interest. We recently de-
signed ATAs to accept aromatic and thus planar bulky amines,
with a sequence-based motif that supports the identification

of novel enzymes. However, these variants were not active
against 2,2-dimethyl-1-phenyl-propan-1-one, which carries a

bulky tert-butyl substituent adjacent to the carbonyl function.
Here, we report a solution for this type of substrate. The
evolved ATAs perform asymmetric synthesis of the respective R
amine with high conversions by using either alanine or isopro-
pylamine as amine donor.
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extensive engineering work, and identified several variants that

could perform asymmetric synthesis.[5] In another recent exam-
ple VF-ATA was engineered to catalyze the synthesis of (S)-1-

(1,1’-biphenyl-2-yl)ethanamine.[6]

The ATA from Ruegeria sp. TM1040[7] (PDB ID: 3FCR; Rsp-ATA)
differs significantly from VF-ATA (~33% sequence identity). In

a previous report[1b] we showed that the evolution of the two
ATAs of fold class I is different : although several amino acids

engineered by us in Rsp-ATA are present as native residues in
wild-type VF-ATA, the latter does not exhibit any activity

against any of the bulky planar substrates studied.

Thus, in order to facilitate the engineering of the enzymes
and understand the features that enable acceptance of this

challenging substrate, here we present another engineering
solution based on the Rsp-ATA scaffold. We also provide a com-

parison of the most prominent variants of the two protein
scaffolds (with little shared homology) to understand the bind-

ing and conversion of its specific target compound, in order to

facilitate the engineering of ATA to accept other bulky ketones
of this type.

Results and Discussion

Protein engineering for acceptance of amine 2

Wild-type Rsp-ATA has a narrow substrate scope with low ac-
tivities even for standard substrates such as 1-phenylethyla-

mine. For this reason, our engineering efforts started with the
most prominent variant (Y59W/T231A) identified in our previ-

ous study[1b] as this enabled the acceptance of planar bulky
substrates. However, this variant did not exhibit any detectable

activity towards 2 in kinetic resolution reactions. From in silico
analysis, we identified Y87 as an important target, as it seems
to block the entrance for the sterically demanding tert-butyl
moiety. We selected hydrophobic residues for this position, as
they need to coordinate a hydrophobic group. Variants Y59W/

Y87V/T231A and Y59W/Y87L/T231A exhibited, for the first
time, activity towards the desired amine (Table 1). These find-

ings were quite interesting. Firstly variant Y59W/Y87F/T231
(developed in our previous work for activity towards aromatic
bulky substrates)[1b] was not active, thus supporting our belief

that a different engineering approach was needed. More inter-
estingly, the leucine variant was more active than the valine

mutant. This is striking, as one would expect that smaller resi-
dues would be preferred to accommodate a sterically challeng-

ing substrate. However, it seems that the hydrophobicity of

the residue plays a role. Smaller residues might provide more
space, but this extra space might be occupied by water mole-

cules and thus disfavour diffusion of hydrophobic substrates in
the binding pocket. When the mutation provides just enough

space for the binding, then hydrophobic interactions between

position 87 and the substrate can take place, thereby leading
to higher specific activity.

Our rational analysis on the quinonoid intermediate of PLP
and compound 1 did not suggest any other position of inter-

est. In this scaffold—for which we observed the first measura-
ble activity—we incorporated mutation L382M, which was

identified as beneficial in our previous work dealing with a

bridged bicyclic amine.[4] In parallel, we performed error-prone
PCR on variant Rsp-ATA_Y59W/Y87L/T231A. After screening

about 5000 colonies of three different ep-PCR libraries with
our solid-phase assay[8] with 2 as the amine donor, we identi-

fied a variant with increased activity in kinetic resolution
(Table 1). Variant Rsp-ATA_Y59W/Y87L/T231A/P281S/G429A ex-
hibited almost threefold increased activity compared to Rsp-

ATA_Y59W/Y87L/T231A (incorporation of just two additional
mutations).

Position 429 is close to the large binding pocket, thus we
focused on this mutation. Mutation P281S seemed to have a

negative effect on specific activity (Table 1) and thus it was
discarded. When mutation G429A was incorporated into Rsp-

ATA_Y59W/Y87L/T231A/L382M, the effect was almost the

same: a fourfold increase (Table 1). As the mechanism of the
effect of the mutation at position 429 on the specific activity

of the ATA is not clear, and the epPCR random mutagenesis
might not provide the best mutation at a given position, we

performed saturation mutagenesis at position 429. No variant
was better than G429A (data not shown).

In parallel to the protein engineering experiments, we inves-

tigated the synthetic usefulness of the identified variants. First,
we performed a preparative scale (100 mg) experiment in

kinetic resolution mode for Rsp-ATA_Y59W/F87L/T231A. The
findings were striking, as the isolated residual enantiomer of 2
(38 mg) had S configuration with 96.2% ee. This shows that
the enzyme did not prefer the S enantiomer for this specific

Scheme 1. Asymmetric synthesis of (R)-2,2-dimethyl-1-phenylpropan-1-
amine (2) by amino group transfer to 2,2-dimethyl-1-phenyl-propan-1-one
(1) catalyzed by ATAs. Isopropylamine (R1=R2=CH3) or alanine (R1=CH3,
R2=COOH) serve as the amine donor.

Table 1. Specific activities of Rsp-ATA variants towards rac-amine 2
(1 mm) determined in kinetic resolution mode by using pyruvate as
amine acceptor (2 mm) at 30 8C, pH 9.0 (N-cyclohexyl-2-aminoethanesul-
fonic acid (CHES), 50 mm).

Variant Activity [mUmg@1]

Rsp-ATA_Y59W/T231A n.a.
Rsp-ATA_Y59W/Y87F/T231A n.a.
Rsp-ATA_Y59W/Y87V/T231A 6.5:0.4
Rsp-ATA_Y59W/Y87L/T231A 11.5:0.8
Rsp-ATA_Y59W/Y87L/T231A/L382M 19.0:1.9
Rsp-ATA_Y59W/Y87L/T231A/P281S/G429A 32.4:0.1
Rsp-ATA_Y59W/Y87L/T231A/G429A 44.8:0.9
Rsp-ATA_Y59W/Y87L/T231A/L382M/G429A
(Rsp-ATA_WLAMA)

77.1:5.5

n.a. : Not active (below the detection limit, 1 mUmg@1).
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compound as one would have assumed for an enzyme of fold
class I. With this result, we performed another round of in

silico analysis : we docked the tert-butyl moiety in the large
binding pocket, in a conformation that is in line with the pref-

erentially converted R enantiomer. In this position the hydro-
phobic group interacts with the positions 58, 59, 85, 231 and

422. Based on the best variant created so far (Rsp-ATA_
WLAMA, Figure 1) further saturation mutagenesis libraries were

designed. Position 59 was fully saturated with a NNK codons,

and L58 was mutated to alanine, valine, methionine, isoleucine,
and cysteine, in order to provide more space and potentially

trigger specific interactions with the substrate in the large
binding pocket. Two hydrophobic residues (valine or leucine)

were incorporated at H85, but these variants did not exhibit
improved activity (data not shown).

Next, all interesting variants were applied in analytical scale

asymmetric synthesis reactions; this is the desired mode as it
theoretically can yield 100% product. We used l-alanine ((S)-

alanine) or IPA as amine donors. Despite the low activity in ki-

netic resolution assays, all variants were active in asymmetric
synthesis. Interestingly, the use of l-alanine as amine donor

with lactate dehydrogenase (LDH)/glucose dehydrogenase
(GDH) cascade for the removal of pyruvate[9] led to full conver-
sion after 42 h. Isopropylamine was also accepted as an amine
donor, but at lower conversions (Table 2). As expected from

the kinetic resolution experiments, Rsp-ATA_WLAMA exhibited
the highest conversion rates. In order to increase the produc-
tivity of the best variant, we incorporated the mutation Y152F,
as in previous studies this was related to significant stabiliza-
tion of the enzyme under the experimental conditions.[1b] How-

ever, this mutation did not provide any benefit for the current
reaction; indeed, it decreased the specific activity towards the

desired amine.

Next, we compared our most active Rsp-ATA variants under
identical conditions with the two most active VF-ATA var-

iants:[5] VF-ATA_H1_A was the most active variant in kinetic res-
olution with pentanal as amine acceptor; VF-ATA_H3_RAV was

the only variant that reached full conversion in asymmetric
synthesis of 10 mm 1 with alanine as amine donor, however

with a significantly higher enzyme concentration (3.8–
4.6 mgmL@1).[5] The Rsp-ATA variants reached significantly

higher conversions than the VF-ATA variants (Table 3).
We were interested to compare the stability of Rsp-ATA_

WLAMA to that of the Rsp-ATA variant with mutation Y152F
(previously reported to stabilize Rsp-ATA). We performed asym-

metric synthesis reactions either without pre-incubation or
with a six-hour pre-incubation before addition of the keto sub-

strate to start the reaction. Both enzymes lost some activity
during the six-hour incubation with 200 mm isopropylamine:
4% lower conversion for Y152F, and 8% for Rsp-ATA_WLAMA.

However, Rsp-ATA_WLAMA still provided the highest overall
conversions despite six hours of pre-incubation (Table 4).

Bioinformatics and structural comparison of active variants
of Rsp-ATA and VF-ATA

We established two solutions to synthesize (R)-2,2-dimethyl-1-

phenylpropan-1-amine with engineered ATAs: one based on
Rsp-ATA and the other based on VF-ATA. It was interesting to

analyze in detail which mutations lead to active enzyme var-
iants in the two ATA scaffolds. Rsp-ATA and VF-ATA share only

Figure 1. A in silico model of Rsp-ATA_WLAMA with the quinonoid of 2,2-di-
methyl-1-phenylpropan-1-one (1), based on 3FCR structure. The side chains
of the engineered positions are colored in blue.

Table 2. Asymmetric synthesis of (R)-amine 2 catalysed by the most inter-
esting variants.

Variant Conversion [%] (ee)
with l-alanine with IPA

Rsp-ATA_Y59W/Y87L/T231A 100 (>99) 22:2.3 (n.d.)
Rsp-ATA_Y59W/Y87L/T231A/L382M 100 (>99) 38:1.4 (>99)
Rsp-ATA_Y59W/Y87L/T231A/G429A 100 (>99) 45:0.8 (>99)
Rsp-ATA_Y59W/Y87L/T231A/L382M/
G429A (Rsp-ATA_WLAMA)

100 (>99) 71:3.5 (>99)

Rsp-ATA_Y59W/Y87L/Y152F/T231A/
L382M/G429A

100 (>99) 40:2.8 (>99)

Reaction conditions: 4 mm ketone (1), HEPES buffer (50 mm, pH 8.0), 5%
(v/v) DMSO, 1.35 mgmL@1 ATA, 1 mm PLP at 30 8C and 600 rpm. The
amine donor was 200 mm IPA or 200 mm l-alanine. In the case of l-ala-
nine, 150 mm d-glucose, 45 Umg@1 LDH, 15 Umg@1 GDH and 1 mm
NADH were added. Samples were taken after 42 h incubation at 30 8C
and 600 rpm.

Table 3. Comparison of the most active Rsp-ATA variants with the most
active variants of VF-ATA in analytical scale asymmetric synthesis reac-
tions with alanine or isopropylamine as amine donors.

Variant Conversion [%]
with l-alanine with isopropylamine

VF-ATA_H3_RAV 24:2 3:0.4
VF-ATA_H1_A 0:0 17:1
Rsp-ATA_WLAMA 75:7 28:1
Rsp-ATA_WLAMA/152F 69:4 15:1.7

Reaction conditions: 4 mm ketone (1), HEPES buffer (50 mm, pH 8.0), 5%
(v/v) DMSO, 1 mm PLP at 30 8C and 600 rpm. In case of isopropylamine as
amine donor 0.725 mgmL@1 ATA and 200 mm isopropylamine were ap-
plied. In the case of alanine as amine donor, 0.25 mgmL@1 ATA, 200 mm
l-alanine, 150 mm d-glucose, 45 Umg@1 LDH, 15 Umg@1 GDH, and 1 mm
NADH were applied. Samples were taken after 23 h.
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33% sequence identity and only 54% sequence similarity.

However, their structures (PDB IDs: 3FCR and 4E3Q, respective-
ly) are quite similar as the alignment of their monomers results

in an RMSD of only 1.154 a. Moreover, most of the residues
that are 10 a from the enamine nitrogen atom of the external

aldimine of PLP and the substrate (and thus are supposed to

form the active-site), as defined from our in silico modeling
studies, are conserved. Aligning the predicted dimeric struc-

tures of Rsp-ATA_WLAMA and crystal structure of wild-type VF-
ATA returned 49 amino acids with the above-mentioned crite-

ria (25 identical, 32 similar). Notably, both wild-type enzymes
did not accept the bulky 2.

The best VF-ATA variants had mutations L56V, W57C, F85V,

and V153A (H3_RAV), or L56V, W57F, F85V, V153A, and R415C
(H1_A);[5] the latter correspond to L58, W59, L87, S155, and

R420 in Rsp-ATA_WLAMA. It is interesting to note that in the
previous study[5] the library theoretically comprised 16384 dif-

ferent variants (including wild-type codons at each position),
but in fact only 2240 variants needed to be screened to find
improved variants. L58 was already targeted in Rsp-ATA in the

current study and no mutation to L58 resulted in improved ac-
tivity. An interesting position in Rsp-ATA is residue 59: in this
position in VF-ATA mutation to cysteine was found to be bene-
ficial. Interestingly, in Rsp-ATA the Y59W mutation was found

to be the best (this residue is tryptophan in wild-type VF-ATA).
Saturation mutagenesis of this position in Rsp-ATA_Y59W/

Y87L/T231A and Rsp-ATA_WLAMA did not identify any residue

resulting in higher activity than for tryptophan. The most im-
portant mutation however was at position 87. Mutations Y87L

or Y87V were the ones that created activity for amine 2 in the
first place in the Rsp-ATA_59W/231A variant. In VF-ATA this

mutation is not crucial, as there are variants that accept the
amine without the mutation F85V, although the variants that

included this mutation showed higher conversion in asymmet-

ric synthesis. So, although the side chain at this position does
not interact directly with the tert-butyl moiety of compound

1 as the quinonoid intermediate, an aliphatic hydrophobic side
chain is required. This can be related to the hydrophobicity of

the microenvironment and the diffusion of the substrate to
the large binding pocket.

Finally, mutation V153A was previously incorporated into
the mutants of VF-ATA,[5] based on literature reports.[10] The

effect seemed to be specific for this template, as the residue is
in the second sphere of interactions and does not interact di-

rectly with the quinonoid.[10a] Indeed, introduction of this ala-
nine mutation at the corresponding position in Rsp-ATA (Rsp-

ATA_WLAMA/S155A) reduced the activity in kinetic resolution
(data not shown). Three out of the five mutations identified in
our best variant Rsp-ATA_WLAMA (Y59W, T231A, and L382M)

are found in wild-type VF-ATA. The mutation G429A is also
a second shell residue, and seems to be specific for the Rsp-

ATA scaffold.
From this analysis it can be seen that despite the structural

similarity and conservation of the residues of the active site,
no motif can be easily identified. The most crucial position for

substrates with a tert-butyl substituent is position Y87 (Rsp-
ATA)/F85 (VF-ATA), as its mutation to aliphatic hydrophobic res-
idues had a beneficial effect in both enzymes.

Conclusion

The amine transaminase of Ruegeria sp. TM1040 (Rsp-ATA) was
engineered to enable the synthesis of the bulky amine (R)-2,2-

dimethyl-1-phenylpropan-1-amine. Although the wild-type

enzyme did not exhibit activity towards this substrate, incorpo-
ration of five mutations led to the acceptance of the corre-

sponding bulky ketone and allowed the asymmetric synthesis
of (R)-amine 2, even with isopropylamine as the amine donor.

We show that these mutations are different from those re-
quired to convert planar bulky compounds, and hence a differ-

ent protein-engineering strategy was needed. The most critical

mutation to enable acceptance of the bulky substrate was
Y87L, a position that was also important for VF-ATA; thus, this

seems to be a critical residue for the identification of ATAs that
are active towards compounds with a tertiary carbon substitu-

ent.

Experimental Section

Materials : Ketone 1 and amine 2 (racemic mixtures and individual
enantiomers) were made available by F. Hoffmann-La Roche. All
other reagents were of analytical grade. Recombinant expression
of ATA from Ruegeria sp. TM1040 (Rsp-ATA) and all variants was as
described previously.[1b] The glycine oxidase was produced as de-
scribed previously.[8]

Directed evolution libraries–point and site-saturation mutagene-
sis: For the preparation of error-prone PCR libraries, the gene of
the respective template of the ATA from Ruegeria sp. TM1040 was
amplified by using a GeneMorph II Random Mutagenesis Kit (Agi-
lent Technologies) according to the instructions and with the previ-
ously described flanking primers,[4] and 40, 50, and 60 ng of plas-
mid DNA template. All other variants were prepared by using
a modified version of the QuikChange PCR method as described
before.[4]

Protein expression and purification : Protein expression and purifi-
cation were performed as described previously.[4]

Table 4. The effect of mutation Y152F on the Rsp-ATA_WLAMA stability
was evaluated in terms of conversion after 42 h reaction time with or
without six hours pre-incubation (one sample at 30 8C (shaking at
600 rpm) without isopropylamine and another sample with 200 mm iso-
propylamine).

Conditions Conversion [%]
Rsp-ATA_ Rsp-ATA_
WLAMA WLAMA/Y152F

no pre-incubation 43:2.5% 30:1.9%
pre-incubation without IPA (6 h) 41:2.0% 30:2.0%
pre-incubation with IPA (6 h) 35:0.0% 26:1.8%

Final reaction conditions: 4 mm ketone (1), HEPES buffer (50 mm, pH 8.0),
5% (v/v) DMSO, 1 mm PLP, 200 mm IPA and 1.15 mgmL@1 TA at 30 8C,
600 rpm for 42 h.
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Kinetic resolution experiments: For determination of specific ac-
tivities and for screening libraries in crude lysate, a direct spectro-
photometric assay was applied as described previously.[1b] Forma-
tion of the ketone (1) was monitored at 245 nm (e=
7953m@1 cm@1). Saturation libraries based on Rsp-ATA_59W/87L/
231A were screened in crude lysate by a glycine oxidase assay as
described previously.[4]

Solid-phase assay screening of error-prone PCR libraries: The
ep-PCR libraries were screened by using the glycine oxidase solid-
phase assay[4] with all subsequent steps performed as described
before.[4] The assay plates contained racemic 2,2-dimethyl-1-phe-
nylpropan-1-amine (4.44 mm) and glyoxylate (10 mm) as transami-
nase substrates.

Asymmetric synthesis experiments: These were performed in an-
alytical scale (0.5 or 1 mL) in glass vials on an Eppendorf shaker.
Detailed final concentrations and conditions are given in the main
text. For HPLC analysis, a sample (65 mL) was mixed with acetoni-
trile (65 mL) including diethylamine (0.1%) and passed through
a filter tip before injection into the HPLC instrument. For chiral
analysis, a sample (150 mL) was used for extraction as described
previously.[5] Chiral GC-analysis was performed as described previ-
ously.[5] In GC the ketone eluted after 35.26 min, the (S)-amine
eluted after 35.9 min, and the (R)-amine eluted after 37.58 min.
Conversions were determined by HPLC analysis on a Luna C8

column (150V4.6 mm; Phenomenex) with a gradient of acetonitrile
containing TFA (0.1%) and water containing TFA (0.1%): 0–4 min,
10% acetonitrile; 8–12 min, 60% acetonitrile; 12–25 min, 10%
acetonitrile (1 mLmin@1; oven temperature 45 8C; detection at
210 nm). A standard curve for amine (2, 0–4 mm) returned a slope
of 10094443 AUmm@1 for an injection volume of 15 mL. In achiral
HPLC the amine peak eluted after 9.38 min. For each reaction with
full conversion, it was confirmed by GC that the ketone was entire-
ly consumed.

Preparative scale preparation of (S)-amine 2 : sodium pyruvate
(129 mg) and purified mutant transaminase Rsp-ATA_Y59W/Y87L/
T231A (18.5 mL, protein 2.47 mgmL@1) were added to TRIS buffer
(89.75 mL, 50 mm, pH 8.5) containing PLP (Sigma–Aldrich, 1 mm)
and stirred for 5 min at 30 8C. The reaction was started by the addi-
tion of rac-2 (100 mg in DMSO (1 mL)). After 48 h and a conversion
of roughly 55 area% (IPC-chiral HPLC), the reaction was acidified to
pH 2.0 to precipitate the enzymes, and stirred for 20 min. Subse-
quently, the reaction mixture was filtrated through 25 g filter aid
(Dicalite) bed, then the filter cake was washed with deionized
water and MTBE (50 mL). After phase separation the aqueous
phase was extracted with MTBE (50 mL) to remove the 2,2-dimeth-
yl-1-phenylpropan-1-one (1). The combined organic phases were
dried over anhydrous MgSO4, filtered, and evaporated in a vacuum
at 40 8C thereby yielding 1 as yellow viscous oil (25 mg, 26.5%;
chiral HPLC: 99 area %). The pH of the aqueous phase was adjust-
ed to pH 12 with NaOH (2 n) then the mixture was extracted with
MTBE (2V50 mL). The combined organic phases were dried over
anhydrous MgSO4, filtered, and evaporated in a vacuum at 40 8C
thereby yielding 38 mg (40%) (S)-2,2-dimethyl-1-phenylpropan-1-
amine (2) as yellow oil.

Chiral HPLC: 98.1 area% (S enantiomer), 1.9 area % (R enantiomer)
[220 nm; Chiracel OD-3R; 150V4.6 mm, 3 mm, flow 1.0 mL, 25 8C,

A) 50% acetonitrile (ACN), B) 50% 6.3 g ammonium formate in
950 mL H2O : 50 mL ACN]; 1H NMR (600 MHz, CDCl3): d=7.27–7.31
(m, 4H), 7.24 (dt, J=6.0, 2.6 Hz, 1H), 3.71 (s, 1H), 0.91 ppm (s, 9H);
GC-MS: 162 (M).
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i. Summary 

 

Agar plate assays represent a useful method for high-throughput prescreening of larger enzyme 

libraries derived from e.g. error-prone PCR or multiple site saturation mutagenesis to decrease 

screening effort by separating promising variants from less active, inactive or neutral variants. In 

order to do so, colonies are directly applied for enzyme expression and screening on adsorbent and 

micro porous membranes instead of elaborately preparing cell lysates in 96-well plates. This way, 400 

to 800 enzyme variants can be prescreened on a single membrane, 10000 – 20000 variants per week 

and per single researcher respectively (calculating 25 membranes per week).  

The following chapter gives a detailed protocol of how to screen transaminase libraries in solid-phase, 

but it also intends to provide inspiration to establish a direct or coupled agar plate assay for screening 

variable enzymatic activities by interchanging assay enzymes and adapting assay conditions to 

individual needs. 

 

ii. Key words (5-10 key words) 

Agar plate assay, solid-phase assay, high-throughput screening assay, directed evolution, 

transaminase, horseradish-peroxidase, glycine oxidase   

  



1. Introduction 

Random mutagenesis or multiple site saturation mutagenesis still represent key methods for evolving 

biocatalysts to fit the desired process conditions such as high solvent, substrate and product titers or 

elevated temperatures [1]. In most of the cases random mutagenesis methods are applied to improve 

an already existing enzyme property by mimicking nature´s evolution process and simply screening a 

large number of random variants [2]. To reduce the screening effort by sorting out less active or 

inactive variants and to focus only on the promising ones, various assay systems with different 

throughput levels are available. Among those, 96-well microtiter plate assays are commonly used and 

allow growth of the expression host, expression and screening of the variants. This way the screening 

throughput is more or less restricted to screening not significantly more than 1000 variants per week 

and researcher without any robotic support [2].  

Solid-phase assay screening intends to increase the throughput by circumventing the laborious 

inoculation of single variants from agar plates in microtiter plates. Instead, colonies carrying the 

plasmids with the mutated genes are directly transferred from the master agar plate to micro porous 

membranes. Placing the membranes – colonies facing up – on different agar plates (containing 

appropriate inducer and assay substances) allows expression and screening of the enzyme variants by 

diffusion of the assay compounds from the agar into the membrane. In general, agar plate assays 

comprise the same principle steps as microtiter plate assays do: (i) Transfer of the colonies to a 

microporous membrane, (ii) enzyme expression on an induction plate, (iii) cell permeabilization, e.g. 

by chloroform treatment and (iv) finally assaying the desired reaction by placing the membrane on an 

assay plate containing all the reagents necessary for the detection of the desired activity. Thus, up to 

~800 colonies can be prescreened on a single membrane and as handling of the membranes does not 

involve any time consuming and elaborate processing steps, such as centrifugation of microtitier 

plates after cell disruption, it is easily feasible to prescreen 25 membranes representing 10000–20000 

different variants per week and researcher. However, not only the throughput is relevant for efficient 

catalyst evolution, but also a well prepared library, which should not contain too many wild-type 

clones and optimal mutation frequency is crucial for success. Using an agar plate assay allows 

preparation and investigation of several different libraries in parallel. Observation of the ratio of 



active to inactive variants on a membrane can help to adjust the mutation frequency to the individual 

needs or can help to select one of the investigated libraries for further screening.    

There are various interchangeable principle assay reactions available that allow translation of the 

desired enzyme activity into a detectable signal, most frequently by formation of a dye to visualize 

colonies containing the desired enzyme variants on agar plates or membranes (see Table 1) [3].  

For coupled assay systems, co-expression of one or more assay enzymes together with the variant of 

interest allows efficient screening in solid-phase without any need to apply purified enzymes and 

taking advantage of very close proximity of all involved assay enzymes [4, 5]. Application of 

externally applied purified assay enzymes may lead to diffuse color formation due to diffusion of the 

intermediate products before its local concentrations are high enough to allow fast subsequent 

conversion by the assay enzymes in situ, if the activity of the assay enzymes is insufficient [4, 5]. For 

co-expression of multiple enzymes on different plasmids, subcloning in compatible plasmids 

exhibiting independently regulated plasmid replication origins is required [6]. 

Horseradish-peroxidase coupled assays allow screening of a variety of different enzymatic activities 

by detection of hydrogen peroxide and subsequent formation of a dye [4, 5, 7-10]. There are several 

chromogenic substrates for horseradish peroxidases that lead to soluble or insoluble products. 

However, the pH-working range is different for each substrate due to changes in the absorbance 

spectra, altered stability or specific reactivities leading to the proper formation of the dye at different 

pH-values (see Table 2).  

The following chapter intends to provide general inspiration to establish a direct or coupled agar plate 

assay for screening variable enzymatic activities. Thus, we exemplarily describe a glycine oxidase and 

horseradish-peroxidase double-coupled agar plate assay for detection of transaminase activities 

towards amines by following the formation of the by-product glycine, which is oxidized in situ, 

generating hydrogen peroxide and finally leading to the formation of a red quinone imine dye (see 

Figure 1) [4]. 

The solid-phase assay screening procedure consists of several consecutive steps depicted in Figure 2. 

E. coli BL21 carrying the plasmid coding for glycine oxidase (Figure 2.1) is transformed with the 

plasmid mixture obtained from the mutagenesis experiment. Transformed cells are spread out on agar 



plates and are incubated overnight for colony growth on the plates (Figure 2.2). Transfer of the 

colonies on a microporous membrane (Figure 2.3) allows induction of the colonies on agar plates 

containing suitable inducers (Figure 2.4), while the original plate is kept to serve as a master plate. 

After expression, the membrane is treated with chloroform for cell permeabilization (Figure 2.5). To 

reduce possible background reactions the membrane is placed on dialysis plates overnight allowing 

low molecular weight compounds to diffuse into the dialysis agar (Figure 2.6). Finally, incubation of 

the membranes on assay plates containing all the substrates and reagents for the assay reaction allows 

screening of the library of interest by selecting most colored colonies for further investigation (Figure 

2.7). In Table 3 we suggest a possible time-table for the assay procedure for screening 25 agar plates 

per week. 

  

2. Materials 

2.1. Biological and Chemical Materials 

1. A transaminase gene of choice subcloned in a suitable plasmid, such as pET22b(+) as 

described in [11]. 

2. The glycine oxidase gene should be subcloned in a plasmid, which is compatible to the one 

containing the transaminase. The two plasmids should contain different antibiotics selection 

markers. In our hands, a codon-optimized glycin oxidase gene [4] subcloned in the 

compatible vector pCDF-1b worked well for co-expression with the transaminase. 

3. Expression strain: E. coli BL21 (DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ DE3 = λ 

sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

4. LB medium and LB agar from any supplier 

5. Sterile SOC medium: 20 g/L tryptone; 5 g/L yeast extract; 10 mM NaCl; 2.5 mM KCl; 20 

mM glucose. 

6. 10% glycerol (autoclaved) 

7. Suitable antibiotics stock solutions. We used ampicillin stock solution (100 mg/mL ampicillin 

in deionized water) and spectinomycin stock solution (50 mg/mL spectinomycin in deionized 



water) after sterilization by filtration (0.2 µm pore size filter), aliquots can be stored at -20°C 

for several months. 

8. IPTG stock solution: Dissolve 238 mg/mL IPTG in distilled water and sterilize by filtration. 

Aliquots can be stored at -20°C for several months. 

9. Agarose: Standard agarose for DNA electrophoresis 

10. 30 mM Tris-HCl buffer, pH 8.5 for dialysis plates  

11. 50 mM CHES buffer, pH 9.5. Adjust the pH to 9.5 with NaOH.  

12. Glyoxylate stock solution: 1 M glyoxylic acid solution in ultra-pure water. Weigh 920 mg of 

glyoxylic acid monohydrate, add 10 mL of ultra-pure water, mix and store at 4 °C   

13. 4-AAP stock solution: 0.3 g/mL 4-aminoantipyrine in pure ethanol. Store at room 

temperature. 

14. Vanillic acid stock solution: 0.13 g/mL vanillic acid in methanol. Store at room temperature. 

15. Amine donor stock solution: 1 M (S)-1-phenylethylamine in pure ethanol. Pipette 262.67 µL 

of (S)-(−)-1-phenylethylamine, add 1737.33 µL of pure ethanol, mix and store at room 

temperature.    

16. HRP-solution (1200 U/mL): Carefully dissolve 3000 U horseradish peroxidase lyophilisate in 

2.5 mL ultra-pure water. Keep on ice and do not store the solution longer than necessary. 

Always prepare it fresh directly before usage. 

17. Nitrocellulose membranes: Binding capacity for proteins > 200 µg/cm2, pore size 0.2 µm, 

membrane strength 0.15 mm ± 0.05 mm.   

2.2 Equipment 

1. Electroporation device:  

2. Desiccator: Fill up a desiccator with chloroform to 1 cm height, close the lid and store it for at 

least five hours at room temperature 

3. Sieve: A usual steel strainer used in the kitchen, remove the handle in order to fit it in the 

desiccator 

 

3. Methods 

3.1 Preparation of Plates for Selection, Induction, Dialysis and Assaying 



1. Add 12 g of agar-agar and 20 g LB-medium to 800 mL of deionized water and autoclave the 

mixture (sufficient for 30-35 plates à 20-25 mL). Cool down to ≈45 °C while stirring. For 

preparation of selection plates for the simultaneous selection of cells that harbor both 

plasmids (the glycine oxidase and the transaminase library of interest) add 800 µL of 

ampicillin stock solution and 800 µL of spectinomycine stock solution (see Note 1). For 

preparation of induction plates add the corresponding antibiotics and additionally 800 µL of 

the IPTG stock solution. After mixing, aliquot the solution in sterile petri dishes and store 

them at 4°C after solidification. 

2. For preparing dialysis plates add 800 mL of TRIS buffer (sufficient for 30–35 plates à 20–25 

mL) and 3.2 g of agarose (0.4 %) and boil the suspension by microwave heating or on a hot 

plate until the agarose is completely dissolved. Cool down the solution to 38 °C while 

stirring. Add 19.77 mg PLP and 6.28 mg FAD to achieve an end concentration of 100 µM and 

10 µM. Aliquot the homogenous solution into petri-dishes (see Note 2).  

3. For preparation of assay plates add 200 mL of CHES buffer (sufficient for 8–10 assay plates à 

20–25 mL) and 2 g of agarose (1 %) and boil the suspension by application of a microwave or 

a hot plate until the agarose is completely dissolved. Cool down the solution to 38 °C while 

stirring. Add 160 µL 4-AAP stock solution, 1 mL vanillic acid stock solution, 2 mL glyoxylic 

acid stock solution and 0.2–2 mL of amine donor stock solution to achieve an amino donor 

end concentration of 1–10 mM (see Note 3). Horseradish peroxidase application on the assay 

plates takes place right before the membranes are applied as described below. 

 

 3.2 Electrocompetent Cells / Multiple plasmids 

1. Inoculate 500 mL of LB-medium with 5 mL of a fresh overnight culture of E. coli 

BL21(DE3) and let them grow at 37°C and 180 rpm until OD600 of 0.5–0.7. Cool them on ice 

for 20 min. Centrifugation of the suspension at 4000 g and 4°C allows sequential washing of 

the cells. To do so resuspend the cell pellets in 500, 250, 20 and finally 1.5 mL ice-cold ultra-

pure and sterile water containing 10 % glycerol.  Aliquot 50 µL in 1.5 mL tubes and 

immediately deep-freeze in liquid nitrogen. Store the competent cells at -80 °C.  



2. The plasmids for co-expression of the assay enzymes (in this case coding for glycine oxidase) 

are transformed and corresponding transformants are made electro-competent again to 

achieve high transformation efficiencies for multiple plasmid transformations. Repeat the 

protocol for the preparation of electro-competent cells for the cells carrying the plasmids 

needed for the assay. Do not forget to add the corresponding antibiotics in the culture media.      

 

3.3 Transformation and Colony Transfer to the Membranes, Induction 

1. Thaw a sample of electro-competent cells containing plasmids necessary for the assay on 

ice for 5–10 min. Add 0.5 µL of plasmid DNA from your library of interest having a 

plasmid DNA concentration of around 20 ng/µL (see Note 4). Add the aliquot containing 

the DNA in a precooled 0.2 mm electroporation cuvette and pulse with 1.8 kV (see 

Note 5). Immediately afterwards, add 1 mL of LB-SOC medium and carefully transfer the 

suspension in a sterile 1.5 mL tube. Cure the cells for 1 h at 37 °C and 180 rpm. To 

achieve suitable colony numbers on the plates, plate out 10, 20, 30, 40 and 50 µL of the 

suspension on agar plates (room temperature) containing ampicillin and spectinomycine. 

Incubate the plates at 30 °C overnight. The next morning, incubate the plates at 37°C, if 

the colonies are not big enough until the desired size is obtained (see Note 6).     

2. Use a water-proof pen to label the nitrocellulose membranes with a membrane number 

and the current date. Additionally, put three different check marks on the margin of each 

membrane (ideally in a triangle), to be able to document the orientation of the membrane 

on the agar plate. Place one labeled nitrocellulose membrane, labeling facing down, on an 

agar plate covered with colonies of reasonable size (see Note 7). Make sure the membrane 

has contact to the assay agar over the whole plate. Use a water-proof pen to label the agar 

plate with the same check marks in the same orientation, plate number and date.    

3. Take off the membrane from the agar plate using tweezers and place it, colonies facing 

up, on an induction plate. Make sure the membrane is in contact with the induction 

medium over the whole plate. For co-expression of the variants of interest and the assay 

enzymes, incubate the membrane for 6–7 hours at 30 °C (see Note 8). 



4. The selection plates where the colonies were transferred from are incubated for 6 hours at 

37 °C for regrowth of the colonies. By doing so, an exact copy of the colonies on the 

membranes is generated that can serve as a master plates for further investigation of the 

interesting variants. Seal the master plates and store them at 4 °C. 

 

3.3.  Cell Permeabilization, Dialysis and Assaying 

1. After expression, the membranes are placed on a mesh in the desiccator saturated with 

chloroform vapor for 60 seconds at room temperature (see Note 9, Figure 3 and 4) to 

permeabilize the cells. 

2. After cell permeabilization place the membranes on precooled dialysis plates and store 

them overnight at 4 °C (see Note 10).  

3. Spread 100 µL of horseradish peroxidase solution on an assay plate (see Note 11). 

Immediately afterwards place a membrane covered with chloroform treated and dialysed 

colonies, colonies facing up, on the assay plate with horseradish peroxidase. If necessary 

strip off remaining liquid of the membrane at the lid of the petri dish. Make sure the 

whole membrane is in contact with the assay agar. Incubate the assay plates at 37°C and 

monitor color formation for up to six hours (see Note 12). 

4. Select the most colored colonies on each membrane and locate them on the corresponding 

master plate for regrowth on a hit-agar plate or for rescreening in microtiter plates, 

depending on the number of interesting variants for further investigation (see Note 13). 

 

 

2. Notes 

1. In this case selection on two plasmids is carried out by ampicillin (transaminase of interest) 

and spectinomycine (glycine oxidase, assay enzyme). Substitute these antibiotics according to 

your needs. For three or more different plasmids reduce the amount of each antibiotic. 



2. Do not dry the dialysis plates after aliquoting. They are supposed to be wet enough to 

facilitate diffusion during the dialysis step.  

3. Do not stir the assay agar too strongly to avoid air intake and air bubble formation. The 

amount of substrate for the protein of interest (here transaminases) is depending on the 

activity of your template and the cost of the amine substrates. For higher amine substrate 

concentrations it is important to check, whether the pH-value is affected. Readjust the pH, if 

necessary. For other assay systems substitute all reagents to assay your reaction of interest. Be 

advised: Depending on both the substrates and your protein of interest the choice of buffer 

compound and the adjusted pH value is crucial. For transaminases even pH 9.0 instead of pH 

9.5 will dramatically affect the signal strength. Make sure that all assay enzymes (here 

glycine oxidase and horseradish peroxidase) at least tolerate or are compatible to the 

conditions required by your enzyme of interest. Make sure to use chromogenic dyes that are 

suitable for the desired pH-value of the assay agar. Besides of the desired assay reaction, a 

background color formation might occur which often also has a certain pH optimum. Do not 

store the assay plates for more than a few hours to avoid auto-oxidation or other side 

reactions. 

4. Please consult further literature for preparation of random mutagenesis libraries or saturation 

libraries [12, 13], as it would go beyond the scope of this chapter to discuss this in details 

here. 

5. In our hands, transformation by electroporation provided highest and quite reproducible 

transformation efficiencies. Both properties are crucial for efficient screening of large 

libraries. However, despite all efforts, transformation efficiency varies. In order to be able to 

distinguish each colony on the membrane and to be able to assign interesting colonies on the 

membrane to the corresponding colonies on the master plates, less than 800 colonies should 

be plated out per membrane. Too few colonies per membrane are not worth the screening 

effort. The amount of colonies obtained is very dependent on the amount of DNA added. Try 

to add always the same amount of DNA (e.g. 20 ng) and find out the individual 



transformation efficiency for each batch of competent cells. With some experience it is easily 

possible to get the ideal amounts of colonies.  

6. Do not grow the plates too long, as too large colonies cannot be discriminated form each 

another. This will decrease the screening efficiency.  Too small colonies are difficult to 

transfer to the membrane and later on are more difficult to locate on the master plate, when 

interesting colonies are supposed to be selected for further investigation. As well consider that 

during expression the colonies still continue to grow. For these reasons colonies should not be 

larger than the head of a pin (< 1 mm diameter) when they are transferred to the nitrocellulose 

membrane. 

7. Whenever possible try to implement a positive control on each membrane. In best cases the 

template already shows initial activity against the target substrate. This way properly working 

assay reagents and procedure can be monitored for each membrane. It is as well possible to 

apply a positive control from a different plate. To do so cut out a piece of agar from a plate 

covered with colonies carrying wild-type or reference plasmids and transfer the colonies to 

the membrane before placing the membrane on the plate with the target library. However, this 

positive control will not exactly behave as the colonies obtained from placing the membrane 

on the agar containing the colonies of the library of interest as cell material will remain on the 

master-plate.  

8. Expression conditions such as temperature, duration, kind of inducer and inducer 

concentration need to be adapted to the need of both your assay enzymes and your protein of 

interest, as well as to your expression system. We recommend elaborating the expression 

conditions for the assay enzymes in a first step (in this case expression of cells containing 

only glycine oxidase and incubation on glycine containing assay agar). In parallel, expression 

conditions for the protein of interest can be investigated in shake flasks to get an idea where 

to start. In every case a good compromise needs to be made for all enzymes involved in the 

assay reaction. Investigation of the whole enzymatic setup is possible by application of 

characterized wild-type proteins (here transamianses) and application of different substrates 



being accepted with different activities. Thus, determine the limit of detection for your 

individual assay conditions. 

9. In our hands, cell permeabilization using chloroform was most straightforward to serve its 

purpose. Freeze-thawing cycles or liquid nitrogen might be possible as well, but we observed 

that the nitrocellulose membranes broke into pieces and we did not put further effort for 

investigation. Membranes from different suppliers might behave differently. 

10. In every case a negative control experiment employing assay plates without the substrate of 

interest (in this case 1-phenylethylamine) is required to investigate if any compounds in the 

cell lysate lead to a false positive signal in the assay. In our exemplary case a background 

signal could arise from intracellular glycine, or other amino acids that are converted to 

glycine by the transaminase. Incubating the membranes in a dialysis step helped to remove 

most of the background signal.   

11. Make sure to apply the membrane immediately after application of horseradish peroxidase 

solution in order to avoid diffusion into the assay agar and to allow the membrane to soak in 

the solution. Make sure there is not too much liquid between the membrane and the assay 

agar. The amount of humidity should be enough for the substrates to diffuse into the 

nitrocellulose membrane when placed on the agar but few enough to avoid any easy diffusion 

of reaction products.   

12. Too long incubation of the plates lead to color formation that is potentially not correlated to 

the desired enzyme activity. As well, diffusion of the dye plays a bigger role for longer 

incubations. Investigate the maximum duration of incubation by application of positive and 

negative controls. We recommend application of insoluble dyes for long-term incubations.   

13. According to our experiences variants with more than 5-fold increased activity compared to 

the reference can be discriminated in solid-phase on a hit plate. For more accurate 

investigation most colored colonies should be expressed in deep-well blocks and subsequent 

screening of the crude lysates. For multiple plasmids in the cells, add both antibiotics and 

express all cascade enzymes. As a reference, apply E. coli BL21 cells transformed as well 



with all the plasmids necessary for the assay cascade and the protein of interest to guarantee 

comparability.   
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4. Figure Captions 

1. Figure 1:  Application of glyoxylate as amino acceptor substrate allows screening for activity 

towards different amines by either (R)- or (S)-selective transaminases. Production of achiral 

glycine is then followed by oxidation and hydrogen peroxide formation leading to the 

formation of a red quinone imine dye [4]. Toxic phenol can be substituted by vanillic acid [4]. 

Link: http://pubs.acs.org/doi/pdf/10.1021/ac503445y  

2. Figure 2: General procedure of the solid-phase assay. E. coli BL21(DE3) cells are 

transformed with both plasmids coding for glycine oxidase and the transaminase library of 

interest (1) and colonies are grown on dual selection LB agar plates (2). Afterwards, colonies 



are transferred to nitrocellulose membranes (3) that are placed–colonies facing up–on 

induction plates containing IPTG for expression of the proteins (4). Then, cells are 

permeabilized by chloroform treatment (5). To eliminate false positive background color 

formation, permeabilized cell colonies are dialyzed overnight by placing the membranes on 

dialysis plates (6). Finally, screening is conducted by incubation of the membranes on assay 

plates (7) [4]. Link: http://pubs.acs.org/doi/pdf/10.1021/ac503445y  

3. Figure 3: a) Arrangement of the membranes on a mesh and b) chloroform treatment of the 

mesh in a desiccator filled with chloroform to 1 cm of height. 

 

5. Table Captions  

Table 1: Selected exemplary literature using the most commonly used assay principles in agar 

plate screening. 

Table 2: Suitable horseradish-peroxidase substrates for agar plate screenings at different pH-

working ranges. 

Table 3: Suggested schedule for solid-phase assaying. 

 

 

6. Tables 

Table 1 

Enzyme activity Principle References 

Hydrolases, decarboxylases, kinases 

glycosyltransferases 
Detection of pH-change [14] 

Transaminases 
Direct formation of a colored 

product 
[15–17]  

Glycosynthase 
Coupled assay using chromogenic 

substrates 
[18] 

Oxidases 
Direct detection of hydrogen 

peroxide 
[7–10] 

Racemases, transaminases  
Coupled assays detecting hydrogen 

peroxide 
[4,5] 

 

Table 2 



 

Compound name pH-working range Dye solubility 

3-amino-9-ethylcarbazole (AEC) < 6.0 insoluble 

4-Chloro-1-naphthol (4-CN) 7.0 – 8.0 insoluble 

3,3'-Diaminobenzidine (DAB) 7.0 – 7.6 insoluble 

4-Aminoantipyrine (4-AAP) and vanillic acid or phenol > 8.0 soluble 

 

Table 3 

Monday Tuesday Wednesday Thursday Friday 

Preparation of 

agar plates, 

induction 

plates, dialysis 

plates, buffers 

and stock 

solutions 

Transformation of 

the libraries and 

plating out 75 

plates for 

incubation 

overnight 

If no suitable 

colony density on 

the plates was 

achieved, repeat the 

program of 

yesterday 

Preparation of 

fresh assay plates 

Reserved for 

repetitions and 

organization of 

the next week´s 

experiments 

Preparation of 

1 % agarose in 

screening 

buffer and 

storage at 

60 °C 

 

Labeling of 25 

membranes, transfer 

of the colonies to 

the membranes, 

induction and 

regrowth of the 

colonies on the 

master plates  

Screening of the 

membranes: 45 

minutes time-

delayed for every 

five or ten 

membranes  

 

  

After at least 6 

hours of expression 

on induction plates 

chloroform 

treatment and 

overnight dialysis 

Following color 

formation of the 

colonies and 

selection of the 

most colored 

colonies on the 

master plates  

 

   
Arrangement of a 

hit plate 
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