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Abbreviations
AcOrn N2-acetyl-l-ornithine
ATA  Amine transaminase
(S)-ATA (S)-Selective ATA
Cvi-ATA Chromobacterium violaceum ATA
DB Database
DH Dehydrogenase
GABA	 γ-Aminobutyrate
ID	 Identifier
KAPA 7-Keto-8-aminopelargonic acid
Lysε	 l-Lysine	ε-amino	group
MAO-N Monoamine oxidase
Orn l-Ornithine
OrnTL Ornithine transaminase-like
PDB Protein data bank
Pde-ATA Paracoccus denitrificans ATA
pyr Pyruvate

PEA 1-Phenylethylamine
SAM S-Adenosyl-l-methionine
STY Space-time yield
SuOrn N-2-Succinyl-l-ornithine
TA Transaminase
TON Turnover number
TOF Turnover frequency
U Unit [µmol min-1]
Vfl-ATA	 Vibrio fluvialis ATA
WT Wild-type
αAA α-Amino acid
αKG α-Ketoglutarate
βAA	 β-Amino	acid
βAla	 β-Alanine
βPhe	 β-Phenylalanine
ωAA	 ω-Amino	acid

Moreover, SI units and the usual one and three letter codes for amino acids were used.



Scope and outline V

Scope and outline
This thesis is about a deeper understanding of (S)-amine transaminase catalysis to guide 
protein engineering or enzyme discovery. The biotechnological usefulness of these 
enzymes is comprehensively illustrated in Article I by reviewing the recent developments 
in biocatalytic amine synthesis. Article II and III describe how structural information was 
obtained and how it helped to understand substrate recognition in (S)-amine transami-
nases. Article IV	shows	that	these	insights	were	still	insufficient	for	rational	design	and	that	
a semi-rational approach was required to achieve a broadened substrate scope. The exten-
sive review Article V presents a class III transaminase family-wide investigation of active site 
residues	determining	the	various	substrate	and	reaction	specificities	within	this	(S)-amine 
transaminase	comprising	family.	The	article	illustrates,	how	findings	of	Article II and III can 
be extended by a family-wide survey and how the knowledge thus gained can be applied 
for sequence–function or structure–function predictions and enzyme discovery. How this 
knowledge guided the discovery of an (S)-amine transaminase with different active site 
architecture is described in Article VI. These results further deepened the knowledge of 
minimal active site requirements for (S)-amine transaminase catalysis and thereby enabled 
more accurate sequence–function predictions.

Article I Recent achievements in developing the biocatalytic toolbox for chiral amine 
synthesis
Kohls, H; Steffen-Munsberg, F; Höhne, M, Curr Opin Chem Biol 2014, 19, 
180-192.

In this review biocatalytic strategies for chiral amine synthesis are compared to each 
other	and	to	 the	classical	chemical	methods	by	means	of	catalyst	and	process	efficiency.	
To provide a comprehensive overview, the different biocatalytic approaches have been 
grouped by their developmental stage in the progress towards industrial applicability.

Article II Connecting unexplored protein crystal structures to enzymatic function
Steffen-Munsberg, F; Vickers, C; Thontowi, A; Schätzle, S; Tumlirsch, T; 
Svedendahl Humble, M; Land, H; Berglund, P; Bornscheuer, UT; Höhne, M, 
ChemCatChem 2013, 5, 150-153.

The lack of structural information, a barrier for understanding and rational design of 
(S)-amine transaminases, is addressed by this article. As an alternative to crystallisation, 
the discovery of four crystal structures in the protein data bank and the characterisation of 
the	corresponding	proteins	as	amine	converting	γ-aminobutyrate:pyruvate	transaminases	
is described. 

Article III Revealing the structural basis of promiscuous amine transaminase activity 
Steffen-Munsberg, F; Vickers, C; Thontowi, A; Schätzle, S; Meinhardt, T; 
Svedendahl Humble, M; Land, H; Berglund, P; Bornscheuer, UT; Höhne, M, 
ChemCatChem 2013, 5, 154-157.

In this article, which is published back to back with Article II,	the	findings	of	the	preceding	
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study are extended and mechanisms for dual substrate recognition and amine conversion 
are elucidated. Factors determining high ‘substrate-promiscuous’ amine transaminase 
activity	as	identified	by	site-directed	mutagenesis	experiments	are	discussed	for	two	of	the	
four characterised enzymes.

Article IV Engineering the active site of the amine transaminase from Vibrio fluvialis 
for the asymmetric synthesis of aryl-alkyl amines and amino alcohols
Nobili, A; Steffen-Munsberg, F; Kohls, H; Trentin, I; Schulzke, C; Höhne, M; 
Bornscheuer, UT, ChemCatChem 2015, DOI: 10.1002/cctc.201403010.

A major limitation of (S)-amine transaminases, the restricted substrate scope, caused by 
the small binding pocket is addressed in this account. Since rational design failed, the 
systematic saturation of positions forming the small binding pocket with sets of smaller 
amino acids is reported. Finally, two substantially improved mutants applicable for (S)-1-
phenylbutylamine and (R)-phenylglycinol synthesis are presented.

Article V Bioinformatic analysis of a PLP-dependent enzyme superfamily suitable for 
biocatalytic applications
Steffen-Munsberg, F; Vickers, C; Kohls, H; Land, H; Mallin, H; Nobili, A; Skalden, 
L; van den Bergh, T; Joosten, H-J; Berglund, P; Höhne, M; Bornscheuer, UT, 
Biotechnol Adv 2015, DOI: 10.1016/j.biotechadv.2014.12.012.

The combination of literature reviewing, structural inspection and bioinformatic analysis 
to survey activity determinants within the class III transaminase family is presented in this 
article. With the help of a family-wide sequence alignment, sequence–function correlations 
are described. Therefrom a deeper understanding of (S)-amine transaminase catalysis, 
suggestions for sequence–function prediction and the retrieval of enzymes with not yet 
discovered activities within this family are derived.

Article VI Bacillus anthracis ω-amino acid:pyruvate transaminase employs a different 
mechanism for dual substrate recognition than other amine transaminases
Steffen-Munsberg, F; Matzel, P; Berglund, P; Bornscheuer, UT; Höhne, M, 
2015, submitted.

This account presents the application of enzyme discovery strategies discribed by Article V. 
The experimental characterisation of a Bacillus anthracis enzyme with unknown function 
but solved crystal structure is reported therein. Despite its differences to other known 
enzymes,	this	transaminase	is	shown	to	possess	amine:pyruvate	and	ω-amino	acid:pyruvate	
transaminase activity. A distinct mechanism for dual substrate recognition in this enzyme is 
elucidated by molecular modelling experiments. The knowledge of requirements for amine 
conversion in class III transaminase enzymes is thereby further broadened.
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1.1 Chiral amines
Chiral amines and amino acids are ubiquitously found in biologically active compounds. 
Besides their role as building blocks of macromolecules, such as proteins, they are also 
commonly found in smaller compounds such as neurotransmitters and other pharmaceu-
tically relevant molecules. The tremendous diversity of such substances includes primary, 
secondary and tertiary amines (see Fig. 1 for four examples), while primary amines are 
convenient synthons for most secondary and tertiary amines and amides.[1] This thesis is 
therefore mainly focused on ways to obtain α-chiral primary amines.
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Pharmaceutically relevant chiral amines. Building blocks (highlighted green) of the shown mole-
cules are accessible via biocatalysis and have been synthesised at industrial scale employing a (R)-selective 
amine transaminase ((R)-ATA)[2], (S)-selective amine transaminase ((S)-ATA)[3], lipase[4] or monoamine oxidase 
(MAO-N)[5], respectively.

Since the biological effect of a certain molecule is most often dependent on its absolute 
configuration,	the	demand	for	enantiopure	compounds	is	steadily	increasing.[6] For instance 
in 2013 nearly every second of the ‘top 200 drugs by worldwide sales’ were containing 
α-chiral amino functionalities.[7] Manufacturing amines in optically pure form is therefore 
a major challenge for the pharmaceutical industry. The initial strategy for obtaining those 

– resolution by enantioselective crystallisation of diastereomeric salts with optically pure 
carboxylic	acids	–	is	still	of	significant	importance.[4] However, as all methods for resolving 
racemates lacking an additional racemisation step are limited to a maximum of 50% yield 
regarding the desired enantiomer, asymmetric synthesis strategies are of increasing interest. 
A selection of available methods for this task is described in the next section.

1.2 Enzymatic vs. chemical chiral amine synthesis
A great variety of chemical methods for asymmetric amine synthesis has been established 
during the past decades. However, as this thesis’ focus is on biocatalytic approaches, only 
the	most	prominent	options,	asymmetric	hydrogenation	and	addition	are	briefly	introduced	
here. The extensive book ‘Chiral Amine Synthesis’[8] is highly recommended for further 

Article I
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interested readers.
For asymmetric hydrogenations, ketones are usually employed as cheap, achiral starting 
material. They are either converted to ketimines in one or enamides in two steps, which 
are then stereoselectively reduced to a protected amine (Fig. 2A). The imine strategy also 
allows for reductive amination: the ketimine may be generated in situ and the protected 
amine is therefore furnished in one step only. When isopropyl acetate is utilised as solvent, 
subsequent hydrogenolysis to unprotect the amine is possible in the same pot, which allows 
for a one-pot, two-steps route to some α-chiral primary amines.[9]

Figure 2:  
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Overview of the most prominent chemical amine synthesis routes.[10] Asymmetric hydrogenations 
of ketimines or enamides (A) usually start from the corresponding ketone (highlighted grey). The enamide 
formation from the oxime is traditionally achieved with acetic anhydride and iron, whereas nowadays, the iron 
is often replaced by Et3P or Rh-C with hydrogen.[1] Asymmetric additions of carbanions or radicals commonly 
utilise	 aldehydes	as	 starting	material,	which	are	first	 converted	 to	 aldimines	 (B). The addition to ketimines 
is also possible. However, the control of a selective addition to only one imine geometry, a requirement for 
achieving enantiopure products, is still challenging.[11]

Asymmetric addition often complements the hydrogenation methods, as different product 
ranges are accessible.[8,  9] For this method, usually aldehydes are employed as starting 
material	that	are	also	converted	to	imines	in	a	first	step.	A	protected	amine	is	formed	in	the	
second step by the addition of carbanions or radicals to the aldimine (Fig. 2B). Generally, 
this strategy requires three steps from an aldehyde to the deprotected amine, while the 
first	two	can	be	performed	in	one	pot.	Even	though	enantioselectivity	 is	still	challenging,	
asymmetric additions starting from ketones have been described as well. This approach, in 
contrast to all asymmetric hydrogenations, enables the synthesis of amines with a tertiary 
carbon in α-position.[11]

All these methods determine the selectivity of the chirality-introducing step by chiral 
auxiliaries (R1 or R3 in Fig. 2) or chiral ligands of the catalyst, that favour the formation of 
one product enantiomer over the other.[8] However, the enantioselectivity of the chemical 
methods is often not perfect (ee	<95%)	and	therefore	further	purification	steps	are	required	
prior to pharmaceutical applications. Additionally, these methods either apply transition 
metals as catalysts that are often not reusable, or organometallic reagents in excess and 
may therefore not regarded as environmentally friendly methods.[8] In fact, the urgent need 
for ‘greener’ alternatives to asymmetric hydrogenations and especially reductive amina-
tions has been formulated by several leading global pharmaceutical companies.[12]
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Biocatalytic amine synthesis strategies are often advertised to solve both, the selectivity 
problem and the environmentally hazard of the chemical methods by usually excellent 
enantioselectivity and applicability in aqueous systems at room temperature, respectively. 
However, also biocatalytic reactions have major drawbacks, such as strictly limited substrate 
and product loads or reaction reversibility and are therefore not per se ‘greener’ than their 
chemical counterparts.[13] To evaluate the competitiveness of the available biocatalytic tools 
for	amine	synthesis,	we	reviewed	the	recent	years’	literature	of	this	field	and	compared	the	
described processes with traditional chemical ones.[14] We therefore categorised available 
biocatalytic strategies for amine synthesis into three developmental phases that are under-
gone by each biocatalytic method until achieving industrial applicability. Most enzymes 
mentioned in this section, except amine transaminase (ATAs), are not discussed in further 
detail in this thesis. The interested reader is therefore, besides Article I, also referred to 
recent reviews on biocatalytic amine synthesis methods.[15-19]

For all biocatalysts the development begins with its discovery, either by protein engineering 
of known enzymes or by identifying wild-type (WT) enzymes possessing the desired speci-
ficity.	For	instance	the	engineering	of	amine	dehydrogenase	activity	in	amino	acid	dehydro-
genases[20] and the discovery of WT imine reductases[21] substantially broadened the range 
of available tools for amine synthesis.
In a second developmental phase the scope of known biocatalysts is extended by protein 
engineering, a smart choice of substrates or a combination of enzymes in cascades. 
Examples of processes that broadened the scope of available biocatalysts are the appli-
cation of a monoamine oxidase (MAO-N) variant for bulky amine conversion[22] or a smart 
choice of ATA substrates whose product amines spontaneously cyclised to directly achieve 
secondary amines.[23] Cascades were, for instance, applied to obtain nor(pseudo)ephedrine 
from pyruvate and benzaldehyde by combining ATAs with acetohydroxyacid synthase I[24] 
or to achieve capsaicin analogues from lignin-derived alcohols by combining an ATA with 
metal or organocatalysis.[25]

The	final	developmental	phase	employs	biocatalyst	and/or	process	optimisation	 to	allow	
higher substrate loads and productivity for industrial scale applications. This stage has 
recently been reached by a MAO-N variant with improved activity for desymmetrisation of 
a boceprevir building block[5] (Fig. 1) and a two phase process with elevated substrate load 
utilising a (S)-selective ATA WT for the synthesis of a JAK2 kinase inhibitor building block[3] 
(Fig. 1). However, the ultimate benchmark for a highly developed process is the sitagliptin 
(Fig. 1) manufacturing that employs a (R)-ATA variant.[2, 26] Several rounds of directed evolu-
tion were required to substantially broaden the substrate scope and to improve stability of 
this (R)-ATA. Immobilisation further improved stability and allowed for reusability and the 
application in organic solvent to achieve a process superior in space-time yield (STY) than 
most other known biocatalytic amine synthesis routes.[27]

Particularly, the sitagliptin and the boceprevir examples illustrate that the processes are not 
longer designed to suit the biocatalysts’ needs, but rather that enzymes are adapted to the 
processes’ requirements, a trend which was recently reviewed as the ‘third wave of bioca-
talysis’.[28] Furthermore, comparing turnover number (TON), turnover frequency (TOF) and 
STY revealed that the mature biocatalysts for amine synthesis can already compete with the 
traditional chemical methods or kinetic resolutions employing lipases. During this analysis 
ATAs were found to probably be the most mature enzymes within the ‘biocatalytic tool box’ 
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for chiral amine synthesis because their applications allowed for the highest productivities. 
Due to the success in engineering an (R)-ATA for sitagliptin production and the lack of a 
(S)-ATA variant with such a broadened substrate scope, this thesis was initiated to broaden 
the applicability of (S)-ATAs by extending the spectra of accepted substrates (for a more 
detailed discussion see section 4).

1.3 Transaminases
Transaminases (TAs) generally catalyse the transfer of an amino group (amino donor) to a 
carbonyl function (amino acceptor) forming a carbonyl and an amine product, respectively 
(Fig 3A). They are omnipresent in all biological kingdoms and particularly important for the 
amino acid metabolism. Before the biotechnologically interesting ATAs are introduced in 
more detail, a more general overview of transamination catalysing enzymes and their reac-
tion mechanism is required.
The nomenclature utilised for transaminases is often confusing and different terminolo-
gies	are	applied	dependent	on	the	authors’	preferences.	Substrate	specificity	is	a	common	
motivation	 for	 classification:	 dependent	 on	 the	 distance	 between	 the	 amino	 group	 and	
the carboxylate function in preferred amino acid substrates, α-amino acid (R3=COOH in 
Fig. 3A)	and	ω-amino	acid	(R3=(CH2)nCOOH in Fig. 3A) transaminases (αAA	TAs	and	ωAA	
TAs, respectively) are distinguished (see Article V for more details). The term amine transam-
inase is used to emphasise the ability to convert substrates lacking a carboxyl group but 
is	 unfortunately	 often	 used	 interchangeably	with	 the	 term	ωAA	TA,	which	 is	misleading	
because	many	ωAA	TAs	possess	none	or	only	low	activity	towards	amines	(section	3	and	
5).[29]	 Another	 approach	 for	 classification	 is	 based	 on	 common	 structural	 features	 and	
sequence similarities, which is dividing transaminases in six families, the so-called classes 
(see Article V for more details).[30,  31] Unfortunately, several authors still apply the earlier 
suggested	classification	in	which	the	newer	classes	I	and	II	are	summarised	in	a	single	class	
I and therefore different numbers are also applied for the other classes.[32] 
Transaminases utilise the most versatile known cofactor for catalysis: pyridoxal 5’-phos-
phate (PLP, Figs. 3B-D and 4). This cofactor enables a vast amount of different reactions and 
is	 found	 in	five	of	 the	six	enzyme	classes	defined	by	the	enzyme	commission	numbers[33] 
(i.e.	EC 1-5).[34] This versatility is discussed in more detail after the transamination mecha-
nism is introduced in section 1.3.1. Based on their overall structural fold, PLP-dependent 
enzymes are categorised in seven fold types.[34] (R)-Amine transaminases are found in fold 
type IV[35], the so-called ‘d-amino acid aminotransferase superfamily’[36] and belong to the TA 
class IV, whereas (S)-ATAs belong to fold type I[37], also referred to as ‘aspartate aminotrans-
ferase superfamily’[36] and are members of the class III TA or ‘ornithine aminotransferase-like’ 
family. Despite the structural differences, and the evolutionary independence[38, 39] of both 
fold types, the chemistry of the catalysed reactions is the same in all these transaminases 
(see section 1.3.1).	 Two	additional	 terminologies	 that	 are	 required	 to	efficiently	describe	
the	active	site	architecture	of	PLP-dependent	enzymes	are	those	of	the	O-/P-side	and	the	
re-/si-face, which are determined by the cofactors 3’-oxygen and 5’-phosphate[40] or re- and 
si-face of the C4’ atom[41], respectively (Fig. 3C-D).
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Figure 3: 
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 The transaminase reaction in general (A), PLP’s conjugated π-electron system weakens the 
Cα—proton bond (B) and active site O-/P-side (C) and re-/si-face (D) nomenclature depicted by an alanine 
quinonoid intermediate. A) During transamination, the amino group of the donor is transferred to the acceptor, 
which forms a carbonyl and an amino product, respectively. Information on equilibrium and enantioselectivity 
is omitted in this general overview but note that amino donor and amino product in most known examples 
have	the	same	absolute	configuration.	Even	though	the	overall	reaction	suggests	that	a	simple	amino	group	
transfer is catalysed, the enzymatic reaction involves the same crucial intermediate steps as chemical asym-
metric imine reduction (Fig. 2A, see also the TA mechanism (Fig. 4) for more details). B) The external aldimine 
of PLP with l-alanine is shown prior to α-proton abstraction, which would form the quinonoid intermediate (see 
Fig. 4 for more details). The Cα—proton	bond	is	weakened	by	the	overlap	of	its	σ-orbital	with	the	π-orbital of 
the cofactor (depicted as separate p-orbitals), thereby promoting quinonoid formation.[42] C)	The	O-/P-side	
nomenclature, initially introduced by Wybenga et al.[40], is applied to term the sides of the active site rela-
tive to the PLP’s 3’-oxygen (O-side, red surface) and 5’-phosphate (P-side, yellow surface), respectively. The 
quinonoid intermediate is shown as orange and the catalytic lysine as green sticks. This and all other protein 
structure	 figures	 have	 been	 created	 with	 PyMOL[43], whereas the modelling was performed with YASARA 
Structure[44] as described before.[45, 46] D) The re-/si-face nomenclature is used to refer to the active site’s ‘front’ 
and ‘back’ relative to PLP’s C4’ in the quinonoid intermediate (orange sticks).[41] In PLP fold type I enzymes (e.g. 
(S)-ATAs) the catalytic lysine is located at the si-face (as shown here in green sticks), while the re-face is solvent 
exposed. B-D	were	modified	from	Article	V.[29]

1.3.1 Mechanism	and	control	of	reaction	specificity

The	 transaminase	 reaction	 follows	 a	 ping-pong	 bi-bi	 kinetic,	 which	 implies	 that	 the	 first	
(carbonyl) product is released after amino donor binding and conversion, before binding of 
the amino acceptor, which itself is followed by the second (amino) product release. Due to 
the fact that substrates and products comprise the same functional groups (a carbonyl and 
an amino compound) the reaction can be regarded as two half reactions each consisting of 
identical	steps	but	in	reversed	order	(Fig	4,	steps	a-h).	In	the	first	half	the	amino	substrate	is	
bound and the carbonyl product is released to form pyridoxamine 5’-phosphate (PMP) from 
PLP. In the second half, the amino group of PMP is transferred to the amino acceptor and 
the amino product is released.
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Figure 4:  
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Simplified transaminase reaction mechanism. In	the	first	half	reaction	(steps	a-d) the amino group 
of the donor is transferred to the cofactor forming the carbonyl product and PMP. Geminal diamine (during 
step a) and carbinolamine (during step d) intermediates are omitted for clarity. The second half involves the 
same steps in inverted order (starting from PMP and the amino acceptor, towards regenerating the internal 
aldimine and releasing the amine product, steps e-h). The side chain of the catalytic lysine (Lys) is only partially 
shown. In (S)-amine transaminases, RS is a small substituent (methyl or ethyl), whereas RL represents a large 
substituent (either a carboxyl group or a bulky and hydrophobic one); see section 1.4 and 3 for substrate 
scope details. The cofactor’s phosphate is abbreviated by Pi.

In the resting state of most PLP-dependent enzymes, the cofactor is bound to the catalytic 
lysine’s	 side	 chain	 resulting	 in	 the	 so-called	 internal	 aldimine.	 In	 a	 first	 step	 the	 internal	
aldimine is attacked at C4’ by the amino donor to form a geminal diamine intermediate that 
decomposes to the amino donor bound cofactor (external aldimine) and a free catalytic 
lysine (Fig. 4 step a). A proton is abstracted from Cα in the second step to form a carbanion 
that is stabilised in the cofactor’s conjugated π-electron system (Fig. 3B) forming the 
quinonoid intermediate (Fig. 4 step b). The protonation of the cofactor’s pyridine nitrogen – 
induced by a conserved aspartate ‘below’ it – allows it to function as electron sink to further 
stabilise the carbanion. Facilitating this deprotonation is of special relevance for the overall 
reaction as it was found to be the rate-limiting step in some transaminases.[47, 48] In the next 
step the cofactor’s C4’ is protonated by the catalytic lysine, which leads to rearomatisation 
of the pyridine ring and formation of the ketimine (Fig 4, step c). Afterwards, the Cα is 
attacked by a water molecule to hydrolyse the ketimine to PMP and the carbonyl product 
via a carbinolamine intermediate (Fig. 4, step d). In the second half reaction the same steps 
occur but in reverse order. Thereby, the internal aldimine is regenerated and the amino 
product is formed from the amino acceptor (Fig. 4 steps e-h).
Transamination and other known PLP-dependent reactions may also be catalysed by the 
free cofactor.[49] However, the protein environment is required to determine which reac-
tion	pathway	is	followed.	Additionally,	substrate	specificity,	as	well	as	regio-	and	enantiose-
lectivity is determined by the protein environment in PLP-dependent enzymes. Toney has 
described	three	main	modes	of	how	the	enzymes	effectively	determine	reaction	specificity.
[49]	The	first	is	controlling	stereoelectronic	effects	by	the	spatial	orientation	of	binding	sites	
relative to the cofactor. In reactions where a Cα bond is to be cleaved, that bond needs to 
be	weakened	by	an	overlap	of	its	σ-orbital	with	the	π-orbital of the cofactor’s conjugated 
system (Fig. 3B). In transaminases and racemases it is the Cα—proton bond that needs to 
be aligned perpendicular to the cofactor’s plane to achieve the overlap and thereby facili-
tating deprotonation. This orientation is selectively achieved by the active site geometry in 
each of those enzymes. In decarboxylases the active site binds the substrates in a way that 
aligns the Cα—carboxylate bond in the orthogonal orientation to promote decarboxylation. 
The	second	mode	 for	controlling	 reaction	specificity	 is	modulating	 the	cofactor	pyridine	
nitrogen’s protonation state. In most PLP-dependent enzymes, including transaminases, 
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this nitrogen is coordinated by an aspartate to keep it protonated. Thereby a positive 
charge at this nitrogen is induced that enables its function as ‘electron sink’ to stabilise the 
carbanionic intermediate. In most racemases (belonging to PLP fold type III), this nitrogen 
is coordinated by an arginine and is thereby kept deprotonated. Due to this deprotona-
tion, no quinonoid intermediate is formed and therefore transamination is impossible. 
However, substrate racemisation is possible because these enzymes still allow Cα depro-
tonation due to the carbanionic intermediate stabilisation at the imine. By this mechanism 
fold type III racemases prevent the transamination side reaction. The third way in which the 
PLP-dependent	 enzymes	 influence	 the	 reaction	 specificity	 of	 their	 cofactor	 is	 by	 interac-
tions of side chain residues with the carbanionic intermediate. For instance racemisation is 
only possible if there is a basic residue at the right position of both, the si- and the re-face. 
Transamination, however, only requires one basic reside, the catalytic lysine. 

1.4 (S)-Amine transaminases
The biotechnological relevance of (S)-amine transaminases results from their ability to 
synthesise diverse amine products. Their in vivo function, however, remains unclear for most 
enzymes (see sections 3 and 5 for more details). Metabolically relevant substrates have 
often not been investigated because most research focussed only on the utilisation in amine 
synthesis. However, most (S)-ATA applications suffer one major drawback: if substrates are 
chosen as in the initial studies (i.e. l-alanine as donor and acetophenone as acceptor) the 
equilibrium strongly favours the substrates’ side.[50] This limitation was mainly addressed 
by employing the amino donor in excess and by in situ removal of the formed carbonyl[51-53] 
or amine[54-56] product. For industrial applications isopropylamine (IPA) is usually chosen as 
amino donor because it is achiral, cheap and the corresponding co-product acetone can be 
removed from the reaction mixture by evaporation.[57]

As no structural information was available, systematic amino donor and acceptor substrate 
scope investigations of the (S)-ATA from Vibrio fluvialis	(Vfl-ATA)	have	been	conducted	to	
reveal the active site shape. By this study a two binding site model was suggested for ATAs, 
comprising a large and a small pocket (Fig. 5).[58] The small pocket only accommodated 
methyl or ethyl substituents, whereas the large one accepted carboxylic or bulkier hydro-
phobic substituents, such as aliphatic, cycloaliphatic, aromatic and arylaliphatic ones.[59] 
This model also explained the commonly excellent enantioselectivity of ATAs, as a substrate 
with	a	large	and	a	small	substituent	does	not	fit	into	the	active	site	when	inverted.
From structures of related enzymes it was clear that the catalytic lysine in (S)-ATAs is located 
at the si-face	and	due	to	the	absolute	configuration	of	substrates	and	products,	it	could	be	
concluded that the small pocket is located at the P-side and the large one at the O-side. 
Interestingly, the active site of (R)-ATAs is shaped like a mirror image of that in (S)-ATAs. 
Not only the substrate is inverted relative to the catalytic lysine, also the cofactor is bound 
mirror-inverted. In contrast to the re-face, the si-face of PLP is solvent exposed and the 
catalytic lysine is therefore positioned at the re-face, while the large pocket is also located 
at the O-side in (R)-ATAs.[60]
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Figure 5: 
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 Schematic (S)-ATA active site model comprising a large and a small binding pocket derived from 
substrate scope investigations. The	model	is	exemplified	with	the	quinonoid	intermediates	of	1-phenylethyl-
amine (A) and alanine (B). The small binding pocket (black) only accepts methyl or ethyl substituents, whereas 
the large one (white) accepts various hydrophobic but also carboxylate substituents. From these results and 
structures of related enzymes it could be concluded, that the small binding pocket is located at the P-side and 
that the large one requires a mechanism for dual substrate recognition.

This two binding pocket model raised the main question how (S)-ATAs are able to accom-
modate carboxylic acids and bulky hydrophobic residues in the same binding pocket. This 
so-called dual substrate recognition is – involving different substrates – also found in other 
transaminases.[61]	However,	the	mechanistic	details	of	this	dual	specific	active	site	in	ATAs	
remained unknown without structural information available (for details see sections 3 and 
5.1). The lack of structural information constituted a major problem for (S)-ATA research, 
when this study was initiated. Detailed information on active site shape and substrate 
recognition is a basic requirement for rational design. Without understanding mechanistic 
details,	customising	the	properties	of	these	biocatalysts	was	difficult.	A	need	for	adapted	
properties can directly be concluded from the two binding site model: the small pocket of 
the known (S)-ATAs is limited to methyl or ethyl groups, therefore rendering the synthesis of 
pharmaceutically relevant amines comprising larger substituents impossible. Even though 
homology	modelling	of	the	Vfl-ATA	was	able	to	identify	active	site-near	residues	that	broad-
ened the substrate scope for aliphatic amines when mutated, other hypotheses derived 
from that model proved to be wrong.[62] An approach to switch the enantiopreference of 
the Chromobacterium violaceum (S)-ATA (Cvi-ATA) based on a homology model, was only 
successful for one substrate.[63]	 This	 substrate	dependence	 could	not	be	explained	 suffi-
ciently from the model, which further highlights the importance of structural information. A 
crystal structure would also guide the understanding of key residues in the active site that 
enable ATAs for amine synthesis in contrast to other related enzymes which are restricted 
to	the	conversion	of	amino	acids	(see	sections	3	and	5	for	more	details).	The	first	main	goal	
of this study therefore was to obtain structural data of an (S)-ATA.



2 Article IIWANTED: Structural 
information

Determining protein crystal structures is often not straightforward, particularly because 
crystallisation cannot be achieved with all proteins. For instance in 2003 a crystallisation of 
only 30% of the targeted proteins could be accomplished with the available protocols and 
even	less	per	cent	gave	sufficient	X-ray	diffraction.[64] Therefore, we concentrated on avail-
able	information	at	first	and	inspected	the	structure	of	the	Pseudomonas putida	ω-amino	
acid:pyruvate	TA	(ωAA:pyr	TA,	protein	data	bank	identifier	(PDB	ID):	3A8U)	that	was	known	
to accept simple amines, whereas its detailed amine substrate scope had not been explored 
and its enantioselectivity was unknown.[65, 66] However, attempts to recombinantly express 
the P. putida enzyme in Escherichia coli to investigate its substrate spectrum and selectivity 
failed (Ahmad Thontowi, unpublished results). 
Thus, as crystallisation was not an option for us and the detailed ATA properties of the 
P. putida	enzyme	were	unknown,	we	decided	to	try	a	different	approach	that	profits	from	
recent advances in high-throughput crystal structure determination.[67] Similar to the trend 
observed for sequence databases that, due to next-generation sequencing, accumulate 
sequences of yet unknown function[68], also the PDB, due to structural genomics projects, 
aggregates structures of otherwise uncharacterised proteins[69, 70]. We therefore inspected 
available entries in the PDB by sequence similarity to known (S)-ATAs and compared the active 
site residues with the known ones by sequence alignments. Additionally, all structures were 
compared to that of the P. putida	ωAA:pyr	TA.	This	approach	finally	led	to	four	structures	
of enzymes with probable ATA activity: 3HMU (annotated as ‘class III aminotransferase from 
Silicibacter pomeroyi ’), 3I5T (annotated as ‘aminotransferase PRK07036 from Rhodobacter 
sphaeroides KD131’), 3FCR (annotated as ‘putative aminotransferase (YP_614685.1) from 
Silicibacter sp. TM1040’) and 3GJU (annotated as ‘putative aminotransferase (mll7127) from 
Mesorhizobium loti maff303099’). All those structures had been determined by the Protein 
Structure Initiative[71, 72] and were deposited in the database in 2009. We decided to test our 
hypothesis and ordered the synthetic genes coding for the four enzymes.
To reduce experimental effort, a one-pot assay containing eight amino donors and seven 
acceptors simultaneously was established for screening (Fig. 6A). By this method the sepa-
rate measurement of each substrate combination (56 in total) could be avoided. In case that 
any combination of the given substrates was accepted the formed carbonyl product could 
be detected by gas chromatography (GC). After successful expression in E. coli we could 
verify our hypothesis because all four proteins showed ATA activity, though to a different 
extend. 3HMU and 3I5T showed relatively high activity towards most of the amines (~15 and 

~5 U mg-1 towards (S)-1-phenylethylamine ((S)-PEA):pyr, respectively), whereas 3FCR and 
3GJU	only	possessed	low	ATA	activity	(~0.2	and	~0.1	U mg-1 towards (S)-PEA:pyr, respec-
tively) at their optimum of pH 9.5. At physiological pH (7.5), the amines were converted with 
ten times less activity. We then additinoally investigated preferred substrates of related 
transaminases and found that only succinic semialdehyde, the corresponding aldehyde of 
γ-aminobutyrate	(GABA),	was	a	good	substrate	when	l-alanine was employed as amino donor. 
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Indeed, this substrate combination was converted comparably well by all four enzymes at 
pH	7.5	(~1	U mg-1). We therefore hypothesised that the in vivo function of these four enzymes 
might	actually	be	GABA:pyr	(EC	2.6.1.96)	or	in	more	general	ωAA:pyr	transamination,	while	
the amine conversion is only a more or less pronounced substrate-promiscuous activity 
found among these GABA:pyr TAs. The structural differences between the enzymes with 
high and low (S)-ATA activity and probable reasons for the different pronounced promis-
cuous activity are evaluated and discussed in more detail in section 3. Structural inspection 
of the enzyme with the highest (S)-ATA activity (3HMU) and molecular dynamics simula-
tions to model the quinonoid intermediate of PEA (Fig. 6B)	confirmed	the	small	and	large	
binding site model proposed by earlier substrate scope investigations[58] (Fig. 5). However, 
the term large binding pocket is misleading because it directly merges into the active site 
entrance	and	a	clear	distinction	of	a	pocket	is	not	possible.	We	therefore	prefer	the	O-/P-
side terminology (Fig. 3C-D), which is also applicable to other related enzymes with differ-
ently shaped active sites. By structural inspection and modelling of the GABA and alanine 
quinonoid intermediates, we could additionally uncover the mechanism for dual substrate 
recognition at the O-side, which is further explained in section 3 and Fig. 7.

Figure 6: 
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 One-pot substrate screening (A) and active site of 3HMU as 1-phenylethylamine quinonoid inter-
mediate model (B). A) The simultaneous combination of eight amines and seven amino acceptors was used 
to investigate the putative amine transaminases. In case of ATA activity, the formed carbonyl products could 
be	extracted	and	quantified	by	gas	chromatography.	This	figure	was	modified	from	Article	II.[67] B) The crystal 
structure of the (S)-ATA	3HMU	confirmed	the	small	and	 large	binding	pocket	model	 (Fig.	5).	F91,	T322	and	
the backbone of T321 (omitted for clarity reasons) mainly determine the small pocket at the P-side, whereas 
W63, I424 and R417 determine the large one, which merges into the active site entrance. The quinonoid inter-
mediate is shown in orange and active site residues in green sticks. The top right corner of this and all other 
crystal	structure	figures	in	this	thesis	contain	information	about	substrate	scope	and	the	PDB	ID	of	the	crystal	
structure they are based on.

Since the hypothesised (S)-ATA	 activity	 was	 confirmed,	 we	 succeeded	 in	 obtaining	 the	
highly desired structural information by simply seizing the opportunities made available by 
structural	genomics	projects.	Even	though	Humble	et	al.	published	the	first	(S)-ATA crystal 
structure (that of Cvi-ATA, PDB ID: 4A6T) before our study was completed, our structural 
inspections provided further insights as substrate recognition had not been addressed in 
the publication describing the Cvi-ATA crystal structure.[73] This article, in unison with a 
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later account about a Cvi-ATA gabaculine (a GABA analogue TA inhibitor) bound structure 
(PDB ID: 4BA5)[74], reported that obtaining holo structures of this enzyme was not trivial as 
most crystals were obtained in a misfolded apo form. Therefore, our strategy constituted 
a substantially faster option to obtain structural data. After these initial attempts, other 
groups succeeded in solving (S)-ATA crystal structures: by now there are additionally holo 
structures	of	the	Vfl-ATA	(PDB	ID:	4E3Q)[75] and the enzyme from Paracoccus denitrificans 
(Pde-ATA,	PDB	ID:	4GRX)[37] solved.
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Article III3Understanding substrate 
recognition

Following	the	findings	of	Article	II,	with	structural	and	activity	data	in	hand,	we	were	able	to	
reveal	the	mechanism	of	amine/amino	acid	dual	substrate	recognition	in	GABA:pyr	TAs	and	
to further investigate structural determinants that enable (S)-ATA activity in some of these 
enzymes.[45]	A	flexible	arginine	side	chain	at	 the	O-side	(R417	in	3HMU)	 is	responsible	for	
binding α-	and	γ-amino	acids	but	it	may	also	‘flip’	out	of	the	active	site	to	create	space	for	
accommodating bulky hydrophobic substrates (Fig. 7A-B and Fig. 6B). The function of this 
so-called	‘flipping	arginine’	was	proven	by	the	mutation	of	this	residue	to	an	alanine	in	the	
3I5T and 3FCR enzymes that decreased the activity for PEA:pyr transamination, whereas 
PEA:butyraldehyde activity, where no carboxylate is involved, stayed intact. This discovery 
provided knowledge of a further mechanism for dual substrate recognition in PLP fold type I 
transaminases. A variation of this example and a comparison of the different mechanisms 
known to date are given in sections 6 and 5.1, respectively.

Figure 7:  
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Carboxylate substrate recognition in 3HMU (A-B) and active site residues of 3FCR (C). The 
quinonoid intermediates and the free PLP are shown in orange and the active site residues in green (3HMU) or 
blue (3FCR) sticks. A) R417 may coordinate alanine’s carboxylate when pointing towards the cofactor. B)	γ-am-
inobutyrate’s carboxylate may also be bound by R417 when its guanidinium group is located further away 
from the cofactor. When the side chain is moved even further, enough space for amine binding can be created 
(Fig. 6B). C) The 3FCR active site differs from that of 3HMU and other ‘high activity’ ATAs at position 59, 87, 88 
and 231.

To investigate which factors of the active site architecture determine the ‘promiscuous’ 
(S)-ATA activity in GABA:pyr TAs, the active sites of the ‘high activity’ ATAs 3HMU and 3I5T 
and the ‘low activity’ ATAs 3FCR and 3GJU have been compared (see Fig. 7C for 3FCR 
active	 site	 residues).	 The	Y156	 in	 front	of	 PLP,	 the	 catalytic	K290,	T322	and	 the	 ‘flipping’	
R417 (3HMU numbering) were found in all four structures, as they are probably all important 
for GABA:pyr activity: T322 is found in all class III TAs and is hypothesised to be involved 
in catalysis by hydrogen bonding the catalytic K290[29] and Y156 is interacting with the 
PLP pyridine ring like in related enzymes[76] (see section 4 for a discussion of this residue). 
The residues W63, F91, F92 and A233 were found to differ between the ‘high’ and ‘low’ 
activity	ATAs.	To	investigate	the	influence	of	these	residues	we	exchanged	the	amino	acids	
of the ‘high activity’ ATA 3HMU with those present in the ‘low activity’ ATA 3FCR by single 
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site-directed mutagenesis and vice versa. To examine whether the 3HMU ATA activity was 
decreased and 3FCR ATA activity was raised, the mutants were tested for PEA:pyr transam-
ination activity. Interestingly, all 3HMU mutants showed decreased ATA activity, whereas 
only a few 3FCR mutants were more active towards amines than the WT. As a result W63 
and	A231	(3HMU	numbering)	are	considered	the	most	influential	residues	for	ATA	activity	
in the examined GABA:pyr TAs. Introducing these in 3FCR substantially increased activity 
for (S)-PEA (see section 5 for further discussion).



Article IV4ATA catalysis is too complex 
for rational design

After	 the	first	aim	–	 the	acquisition	of	structural	data	and	 identification	of	active	site	 resi-
dues – was achieved, we commenced a protein engineering project to enlarge the small 
binding pocket to create a more versatile (S)-ATA for bulkier amine synthesis.[77] As template 
for this engineering study we did not choose any of the newly discovered GABA:pyr TAs 
but	decided	to	rather	start	from	Vfl-ATA	because,	in	terms	of	synthesis	applications,	it	had	
been	 investigated	more	 thoroughly.	 The	 active	 site	 of	 Vfl-ATA	 could	 be	 homology-mod-
elled	using	3HMU	as	 template	with	 sufficient	quality	because	 these	enzymes	 share	35%	
sequence identity and especially the active site residues are very similar. A crystal structure 
of	 Vfl-ATA,	 published	 prior	 to	 completion	 of	 our	 experiments,	 confirmed	 the	 active	 site	
model that was initially employed for target residue selection.[75] Inspired by the impressive 
work of Savile et al. at Codexis that succeeded to enlarge the binding pocket of an (R)-ATA 
to accept the bulky sitagliptin (Fig. 1) as substrate[2], we addressed the small pocket limita-
tion in an (S)-ATA.	We	decided	 to	first	employ	model	 substrates	 that	had	 less	ambitious	
requirements for space in the small pocket than sitagliptin because our resources were 
more limited compared to those of the Codexis team. As (S)-PEA is a commonly applied 
model substrate for ATAs, its derivatives (R)-phenylglycinol and (S)-1-phenylbutylamine 
(PBA) have been applied for screening (Fig. 8B). These substrates had the advantage that 
they	could	be	applied	in	a	modified	acetophenone	assay[78] and that a very low activity was 
already measurable in the WT to which the mutant activities could directly be compared.

Figure 8: 
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 Small binding pocket residues of the (S)-ATA from Vibrio fluvialis (A) and screening substrates 
(B). The	quinonoid	intermediate	(orange,	modelled	from	structure	4E3Q	as	described	earlier[45]) and the small 
binding pocket residues are shown as sticks. Additional active site residues are shown as green lines for 
orientation reasons. The cartoon of chain A is coloured light grey, whereas that of chain B is shown in dark 
grey. Of the small binding pocket residues, only F320, G321 and T322 have been excluded from site-directed 
mutagenesis because they belong to the so-called phosphate-binding cup and are therefore important for 
phosphate binding.[73]
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First attempts to increase the space in the small binding pocket were designed rationally and 
the most obvious residues F85 and F19 (Fig. 8A) were each mutated to an alanine. However, 
the	activity	for	the	bulkier	substrates	was	not	significantly	increased	and	the	activity	for	PEA	
was almost destroyed by the F85A mutation and the F19A mutant was completely inactive. 
These	findings	were	consistent	with	the	dramatic	activity	reduction	earlier	reported	for	the	
equivalent Cvi-ATA F88A mutant.[63]	The	 low	activity	of	 the	Vfl-ATA	F85A	mutant	was	also	
reported later by Midelfort et al.[75]	We	realised	that	ATA	catalysis	is	probably	not	sufficiently	
understood for a rational approach and decided therefore to saturate positions 19 and 85 
separately with mainly small and uncharged amino acids. Since none of the F19 mutant 
clones showed any activity during the screening, mutations at position 19 are virtually 
forbidden. The saturation at position 85, however, led to an improvement for PBA conver-
sion as the F85L mutant showed two-fold higher activity than the WT. This mutation would 
probably have never been chosen by rational design because the difference in volume 
between phenylalanine and leucine is only 23 Å3 (Leu has 12% less volume than Phe).[79] 
However,	as	a	 two-fold	 improvement	was	still	 insufficient,	 the	other	residues	of	 the	small	
binding pocket (except the phosphate-binding cup residues (Fig. 8A)) have also been satu-
rated with smaller amino acids.
After screening the libraries to a coverage of 99% and combining the ‘hits’ in double or 
triple	mutants,	 the	 F85L/V153A	mutant	 was	 found	 to	 possess	 26-fold	 improved	 activity	
towards (S)-PBA. The V153A mutation that contributed the major increase of activity can 
be regarded as residue belonging to the second shell of the active site and is therefore 
particularly astonishing. However, this exchange seems to be one of the key mutations 
to achieve activity for bulkier substrates because it was also found by Midelfort et al.[75] 
and Park et al.[80], who simultaneously to our work engineered the small binding pocket in 
Vfl-ATA	and	Pde-ATA,	respectively.	The	highest	activity	 towards	phenylglycinol,	a	50-fold	
increase	 compared	 to	WT,	 was	 found	 in	 the	 Y150M/V153A	mutant.	 However,	 when	 this	
mutant was tested for the reverse reaction, the asymmetric synthesis of phenylglycinol, only 
low conversions could be achieved. Curiously enough, it turned out that the Y150M muta-
tion only improved the reaction in the deamination direction but not in the other, synthet-
ically	more	 relevant	one.	The	first	 law	of	 random	mutagenesis	 ‘You	get	what	 you	 screen	
for’[81]	was	confirmed	once	again.	Luckily,	the	second	best	mutation	at	this	position	(Y150F)	
together with V153A showed a 35-fold higher activity for deamination and also allowed for 
asymmetric synthesis of (R)-phenylglycinol with full conversion. These results taught us that 
an aromatic residue at this position is conserved in all class III transaminases for a good 
reason i.e. that its interaction with the cofactor’s pyridine ring is important for catalysis. The 
biocatalytically	usefulness	of	two	best	mutants	was	finally	demonstrated	by	semi-prepara-
tive syntheses of both (S)-PBA and (R)-phenylglycinol. Fortunately, the small pocket was not 
too enlarged in these mutants and enantioselectivity was found to still be excellent.
Even	though	we	managed	to	discover	mutants	that	broadened	the	applicability	of	Vfl-ATA,	
we	also	learned	that	the	catalysis	of	these	enzymes	is	not	sufficiently	understood	and	that	
based on the available knowledge, rational design is not yet possible. Since directed evolu-
tion requires more screening efforts to reach a goal than rational design, the latter is always 
preferred. However, to enable rational design, a broader understanding of (S)-ATA catalysis 
is	highly	desired.	Therefore	and	for	reasons	of	scientific	curiosity	we	decided	to	investigate	
these enzymes and the relation to their family in more depth.



Article V5Learning from the 
ATA’s family?

To broaden the understanding of (S)-amine transaminases and their structural scaffold, we 
investigated	sequence/structure–function	 relationships	within	 the	whole	class	 III	 transam-
inase family.[29] This family, belonging to PLP fold type I, comprises 28 known different 
substrate	 or	 reaction	 specificities:	 it	 includes	 racemases,	 phospholyases	 and	 decarbox-
ylases, whereas transaminases of various substrate scopes constitute the majority. Most 
transaminases	of	 this	 family	convert	ω-amino	acids,	 such	as	GABA,	ornithine	or	β-amino	
acids but also amines like vanillylamine, putrescine or fumonisin B1, and aminosugars, such 
as neamine. It was intriguing to us that a structurally conserved family was able to achieve 
such a plethora of active site architectures to allow for all these reactions. Due to their 
structural conservation, particularly in the active sites, we hypothesised that it might be 
possible	to	distinguish	most	of	these	activities	by	specific	sets	of	their	active	site	residues.	
Residues that are important for substrate recognition, for instance, should be conserved 
within	a	group	of	enzymes	possessing	a	similar	specificity.	These	amino	acids	should	there-
fore also differentiate this group of proteins from enzymes of other activities. The compar-
ison of active site residues in this family and the assignment of certain functional important 
sets to particular enzymatic activities would lead to a deeper understanding of this family 
and would allow for function prediction of uncharacterised enzymes with known sequence. 
However, to compare the active site residues reliably, a high-quality alignment of these 
enzymes was required. Only those sequences of the class III TA family that shared enough 
sequence similarity to a protein with solved crystal structure were therefore included in a 
structure-based sequence alignment of the whole family created with the 3DM superfamily 
analysis suite.[82] Sequences of the alignment were grouped in subfamilies by the highest 
similarity to an available crystal structure. Thereby the available 12,956 sequences were 
grouped in 21 subfamilies. Residues that were properly aligned in the majority of available 
crystal structures were termed ‘core’ regions while non-aligned positions are referred to as 
‘variable’ regions. By renumbering the positions in the core regions, a common numbering 
scheme was achieved. These so-called 3D numbers were applied to each sequence in the 
alignment, which allowed for direct comparison and facilitated statistic evaluation. As the 
human ornithine:α-ketoglutarate TA was used as initial template for the alignment and the 
class III TA family is also referred to as ‘ornithine aminotransferase-like’ family, the resulting 
3DM sequence alignment was termed ‘ornithine TA-like database’ (OrnTL DB). With the 
help of the OrnTL DB it was possible to directly compare the active site residues of all 
class III TA enzymes. Together with structural inspections and literature research this data-
base allowed for the investigation of amino acids determining substrate recognition within 
the class III TA family. The statistical tools available in the 3DM suite further facilitated this 
evaluation. 
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Table 1: Abbreviated sequence–function matrix. See Article V for a full version. Residues in bold are the 
fingerprint	 residues	 that	were	 found	 to	determine	 reaction	and	 substrate	 specificity.	No	 residue	 is	bold,	 if	
structural information was lacking. The colour code indicates the physicochemical properties of the residues. 
The degree of conservation is indicated by the following notations: capital letters – conserved residues (more 
than 70 % conservation); lowercase – residues with a conservation between 30% and 70%, up to 3 amino acids 
are listed per position with descending conservation; lowercase italic letters indicate that none of the amino 
acids at a given position occurs with more than 30%, the three most frequent amino acids are given. A minus 
(–) indicates that there is no residue that can be aligned to this position. A special character is introduced for 
sequences that do not belong to the OrnTL DB and were aligned manually to their closest homologues within 
the database. At positions where these manual alignments were ambiguous a question mark is shown.

Activitya PDB 16 45 46 47 132 145 185 216 267 269 346 348 353

Orn:αKG	TA 2OAT Y A Y S R a E Q e G K T R

AcOrn/SuOrn:αKG TA 2ORD Y G I as R y E Q std G l at R

Lysε:αKG TA 2JJG - F F A R K E Q R N L c R
GABA:αKG TA (narrow 
substrate scope) 1OHV - Q I sa R H E Q R F G C R
GABA:αKG TA (broad 
substrate scope) 3Q8N v G I A R Y E Q g G L c R

Putrescine:αKG TAb 4UOX - g f g k f e q l t n a r

βAla:pyr	TA 3A8U f G L W V N S I f G R t a

(S)-ATA (low activity) 3GJU S G L Y S F T V G G R M G

(S)-ATA (high activity) 3HMU f G L W s m A I n G R v i

Taurine:pyr TAc - L G V W T R G V R I G T C

B. anthracis	ωAA:pyr	TAd 3N5M M G L W N R G I R iv G N tq

Ala:glyoxylate TA 2e - v G I V C Y V Q lq F G G R

βPhe:αKG/pyr	TA 4AO9 - E yf t - - A M a s a R f

d-Phenylglycine:αKG TAf 2CY8 - G H G ? ? H I L Q G R S

SAM:KAPA TA 1MLZ yc S W W de -yf A A ml gs R fl Y

Lys:KAPA TA 3DU4 F S li W D F a- A F G R L v

Activity PDB 16 45 46 47 132 145 185 216 267 269 346 348 353
a abbreviations: Orn, ornithine; αKG, α-ketoglutarate; AcOrn, N-acetylornithine; SuOrn, N-succinylornithine; 
Lysε,	lysine	ε-amino	group;	GABA,	γ-aminobutyrate;	βAla,	β-alanine;	pyr,	pyruvate;	(S)-ATA, (S)-selective amine 
transaminase;	ωAA,	ω-amino	acid;	βPhe,	β-phenylalanine;	SAM,	S-adenosylmethionine; KAPA, 7-keto-8-ami-
nopelargonic acid
b only based on one sequence (the E. coli YgjG enzyme (UniProt[83]	ID:	P42588;	PDB	ID:	4UOX))
c	based	on	the	68	sequences	described	in	Article	VI	(the	characterised	taurine:pyr	TA	with	UniProt	ID:	Q6JE91	
is different at several matrix positions)
d based on the 138 sequences described in Article VI
e	only	based	on	five	characterised	mammalian	enzymes	(see	Article	V	Supplementary	data,	Table	S5,	entries	
162-166) 
f only based on two sequences (the Pseudomonas stutzeri (UniProt	 ID:	Q6VY99)	 and	 the	P. putida enzyme 
(GenBank	ID:	AX467211))	the	structure	of	the	P. stutzeri enzyme (PDB ID: 2CY8) is an unpublished apo structure

The aim of this enzyme family wide survey was to understand the different modes of 
substrate	recognition	allowing	for	the	variety	of	substrate	and	reaction	specificities.	From	
this	knowledge	the	essential	residues	required	for	each	specificity,	referred	to	as	‘active	site	
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fingerprints’,	were	identified	and	summarised	in	the	sequence–function	matrix,	the	centre-
piece of this work (Table 1; Note that in this and the following section the 3D numbers of 
the OrnTL DB are given for every amino acid position if not otherwise stated). This matrix, 
as central result of the class III TA family analysis, should allow for further sequence–func-
tion predictions and for identifying enzymes with yet unknown function. We proposed that 
experimentally uncharacterised sequences in the class III family that match the active site 
residues of one of the activities in the sequence–function matrix, probably also code for an 
enzyme	with	a	comparable	specificity.	On	the	other	hand,	enzymes	encoded	by	sequences	
that	do	not	match	any	of	 the	active	site	fingerprints	either	possess	a	yet	unknown	speci-
ficity	or	employ	a	different	way	to	achieve	a	known	activity.	In	either	case,	characterisation	
would be worthwhile as knowledge gaps within this family could be closed. In the following 
subsections	only	two	of	the	major	findings	of	this	family	survey	are	discussed.

5.1 Dual substrate recognition
Almost all class III transaminases have in common that at least two chemically different 
substrates are converted in the same active site. Therefore, most of them require a mech-
anism for dual substrate recognition. In the majority of enzymes the two substrates are 
amino or keto acids of different length (i.e. α-ketoglutarate (αKG) or pyruvate as acceptor 
and	ωAAs	as	donor)	and	therefore	carboxylate	coordination	has	to	be	realised	in	different	
distances from the cofactor and for αKG even at both, the O- and the P-side. Most of the 
investigated enzymes employ the basic residues arginine or lysine for this task and the 
three most commonly utilised solutions have been investigated structurally (Fig. 9).
The	best	known	example	is	the	dual	substrate	recognition	in	ωAA:αKG TAs by a ‘glutamate 
switch’.[61]	In	the	first	half	reaction	enzymes	such	as	lysine-ε:αKG	(Lysε:αKG) TAs convert the 
terminal	amino	group	of	an	ωAA	(e.g.	Lysε)	and	αKG is aminated to glutamate in the second 
half. The O-side of these enzymes has to accommodate αKG’s α-carboxylate (Fig. 9B) on 
the one hand but on the other hand is left empty when lysine is bound (Fig. 9A). Residue 
R353, which is binding αKG’s α-carboxylate,	needs	to	be	neutralised	in	the	first	half	reaction	
to allow for lysine recognition and to prevent α-amino acid binding.[84] This is achieved by 
E185,	which	binds	R353’s	guanidinium	group	in	the	first	half	reaction	but	points	out	of	the	
active site in the second and thereby leaves R353 free for αKG	binding.	The	residue	Q216	is	
also involved in the glutamate ‘switch’ by positioning R353, E185 and the substrate’s α-car-
boxylate (Fig. 9A-B). At the P-side substrate recognition is simpler because both, αKG and 
ωAA	substrates	contain	a	ω-carboxylate	that	needs	to	be	bound	there.	A	highly	conserved	
R132, or in some cases K132, is enabling this recognition. The four residues R132, E185, 
Q216	and	R353	are	therefore	highly	conserved	in	ωAA:αKG TAs and may be regarded as a 
strong	hint	for	a	ωAA:αKG	substrate	specificity	of	experimentally	uncharacterised	enzymes	
(see also sequence-function matrix Table 1). This combination might, particularly if R132 is 
replaced by lysine, also be employed by αKG converting TAs that prefer other donors, such 
as	 diamines	 over	ωAAs.	 For	 instance	 putrescine:αKG TAs utilise these residues for αKG 
binding but employ additional interactions (Fig. 9C) and a more narrow active site entrance 
to	 achieve	 the	 specificity	 for	 diamines.[85] However, enzymes with these residues cannot 
convert non-terminal (S)-amines such as (S)-PEA	because	R353,	which	 is	spatially	fixed	 in	
these enzymes, would clash with the hydrophobic (e.g. phenyl) substituent.
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Figure 9: 

A) B)

C) D)

E) F)

Lysε:αKG, 2CJD Lysε:αKG, 2CJH

βAla:pyr,	3A8Uputrescine:αKG,	4UOX

βPhe:αKG/pyr,	2YKXβPhe:αKG/pyr,	2YKY

132

353

216

119

185

47

346

185

348

54
45

Dual substrate recognition in class III transaminases. In	 ωAA:αKG TAs, substrate recognition is 
achieved	by	R132,	E185,	Q216	and	R353.	E185	neutralises	R353	in	the	first	half	reaction	(A) and is ‘switched’ 
out of the active site to enable R353’s αKG binding in the second (B). The same residues are involved in putres-
cine:αKG TAs (C), but putrescine is additionally coordinated by Q119	 (4UOX	 numbering).	 βAla	 accepting	
ωAA:pyr	 TAs	 probably	 additionally	 employ	 S185	 for	 βAla	 binding	 (D, compare Fig. 7B). Modelling of the 
quinonoid intermediate was performed as described before.[45]	 In	βPhe:αKG/pyr	TAs	R348	may	point	out	of	
the	active	site	to	create	space	for	βPhe	(E) or coordinate αKG (F) and pyr (not shown). Residues involved in 
substrate binding are shown as sticks, whereas other active site residues are shown as lines for orientation 
reasons. Residues of the core regions are shown in green, those of the variable regions in yellow.
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A	different	mechanism	for	dual	substrate	recognition	is	employed	in	ωAA:pyr	TAs,	which	
has been elucidated in Articles II and III and is described in more detail in section 3. The 
difference	to	ωAA:αKG TAs is that the arginine for α-carboxylate recognition is in a different 
position	(R346).	There,	in	contrast	to	position	353,	its	side	chain	is	not	fixed	but	may	adopt	
various conformations to bind α-,	β-	and	γ-amino	acids	or	create	space	for	amines	by	‘flipping’	
out of the active site (see Fig. 6B for PEA binding, Fig. 7A-B for Ala and GABA binding and 
Fig.	9D	for	β-alanine	(βAla)	binding).	The	coordination	of	βAla	in	these	enzymes	is	discussed	
in more detail in section 5.2. The R346 is also involved in S-adenosyl-l-methionine (SAM) or 
Lys and 7-keto-8-amino-pelargonic acid (KAPA) dual substrate recognition in SAM:KAPA[86] 
and Lys:KAPA TAs[87] (see sequence-function matrix Table 1).
The	third	mode	of	dual	substrate	recognition	is	found	in	β-phenylalanine:αKG/pyr	(βPhe:αKG/
pyr) TAs[40] and d-phenylglycine:αKG TAs[88].	It	is	comparable	with	that	of	R346	in	ωAA:pyr	
TAs but has the arginine two positions further away from the cofactor (R348). Due to a dele-
tion	of	three	or	four	amino	acids	compared	to	most	ωAA:pyr	and	ωAA:αKG, respectively, 
R348	is	located	in	a	loop	instead	of	a	β-strand	(compare	Fig.	9B,	D	and	F).	This	arginine	may	
point	out	of	the	active	site	to	allow	for	βPhe	(Fig.	9E)	or	d-phenylglycine binding and point 
towards the cofactor for α-carboxylate binding of αKG (Fig. 9F). The d-phenylglycine:αKG 
TAs are of special interest because they belong to the few known enzymes that catalyse 
transaminations with a d-α-amino acid and αKG to form l-glutamate. This enzyme is the only 
known class III TA that binds a α-carboxylate at the P-side. Unfortunately, only an apo crystal 
structure with disordered P-side could be solved (PDB ID: 2CY8) and the substrate recogni-
tion	in	this	region	remains	unknown.	βPhe:αKG/pyr	TAs	are	particularly	interesting	because	
some	of	them,	like	ωAA:pyr	TAs,	also	convert	amines.[89, 90] The determinants enabling these 
and other class III TA enzymes to convert amines are discussed in the next subsection.

5.2 Determinants for amine conversion
Besides	the	above	mentioned	amine	converting	ωAA:pyr	TAs	and	βPhe:αKG/pyr	TAs,	two	– 
regarding sequence – substantially different enzymes with ATA activity have been described. 
Their	ATA	activity,	however,	was	relatively	low	(80	times	lower	than	that	of	Vfl-ATA)	and	these	
enzymes are therefore not discussed here in more detail.[91, 92]

In	βPhe:αKG/pyr	TAs	amine	(e.g.	(S)-PEA) conversion seems likely because R348 allows for 
binding of phenyl groups at the O-side (Fig. 9E). However, the enzyme from Mesorhizobium sp. 
strain LUK (PDB ID: 2YKY) possesses only low activity towards (S)-PEA.[93] We initially 
reasoned that this was caused by the free R54 (2YKY numbering) and saturated this posi-
tion	with	hydrophobic	amino	acids	in	the	E45Q	single	mutant	to	remove	the	charged	R54 
and	E45	side	chains	at	 the	P-side.	Nevertheless,	 the	best	mutant	we	 found	 (E45Q,	R54N 
(2YKY numbering)) only showed ~0.2 U mg-1	 specific	 activity	 for	 (S)-PEA:pyr transamina-
tion (Alberto Nobili, Fabian Steffen-Munsberg, Matthias Höhne, Uwe Bornscheuer; unpub-
lished results). During the investigation of the whole class III TA family we realised that the 
βPhe:αKG/pyr	TAs	from	Burkholderia graminis[90] and Polaromonas sp.[89] also had the E45 
and R54 (2YKY numbering) residues. These two enzymes possess high (S)-ATA activity and 
therefore E45 and R54 can be excluded as reason for 2YKY’s low ATA activity. By comparing 
the active site residues we found that the only difference between the two groups of 
enzymes	is	a	tyrosine	(2YKY,	Fig.	9E)	or	a	phenylalanine	(βPhe:αKG/pyr	TAs	with	high	ATA	
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activity) in position 46. We therefore suggested that high (S)-ATA activity in βPhe:αKG/pyr	
TAs is determined by the presence of F45. This hypothesis, however, needs to be tested 
experimentally.
In	ωAA:pyr	TAs	more	positions	differ	between	the	‘high’	and	‘low’	activity	ATAs	as	already	
highlighted in section 3. The mutagenesis study with 3HMU and 3FCR revealed that W47 and 
A185 are particularly determining a ‘high’ (S)-ATA activity in these enzymes, which all rely on 
R346 for dual substrate recognition (see sequence-function matrix Table 1). Interestingly, the 
3FCR and 3HMU enzymes[45] as well as the Cvi-ATA[94]	and	Vfl-ATA[95] showed only very low 
activity	towards	βAla,	whereas	the	amine	accepting	ωAA:pyr	TA	from	P. putida preferred 
βAla	and	 its	derivatives	over	all	other	amino	substrates.[65]	Other	ωAA:pyr	TAs	with	high	
ATA	 activity	 showed	 a	 similar	 trend	 and	 βAla	 was	 preferred	 or	 converted	 equally	 good	
compared to amine substrates.[96-98]	 To	 distinguish	 them	 from	other	ωAA:pyr	 TAs,	 these	
enzymes	are	referred	to	as	βAla:pyr	TAs	hereinafter.	By	comparing	the	active	sites	of	the	
earlier	mentioned	 ’high’	 and	 ‘low’	 activity	ATAs	 to	 those	 of	 the	 βAla:pyr	 TAs,	 consistent	
differences	at	position	185	were	 found.	All	βAla:pyr	TAs	have	a	serine	at	 this	position,	 in	
contrast to alanine in ‘high’ activity ATAs or threonine in ‘low’ activity ATAs. Molecular 
dynamics	simulations	suggested	 that	S185	and	W47,	also	conserved	 in	βAla:pyr	TAs,	are	
involved	in	βAla	binding	and	a	correct	positioning	to	facilitate	the	formation	of	the	planar	
quinonoid intermediate (Fig. 9D). We therefore suggested that uncharacterised enzymes 
with	the	residues	W47,	A185	and	R346	(and	not	D/E132	to	exclude	SAM:KAPA	and	Lys:KAPA	
TAs) can be predicted to possess high (S)-ATA activity and those with W47, S185 and R346 
(and	not	D/E132)	are	likely	to	accept	βAla	at	least	as	good	as	amines.
A	direct	consequence	of	 these	and	all	other	findings	of	 the	class	 III	TA	family	survey	was	
that the function of a huge amount of enzymes in the OrnTL DB could at least partly be 
predicted. However, when searching the 12,956 sequences of the OrnTL DB for all sets 
of	active	 site	 residues	 that	were	assigned	 to	a	 function	 (active	 site	fingerprints,	Article	V	
Supplementary data Table S4), ~2,000 sequences are remaining, whose functions are 
unknown. Even though several of those may be assigned to a function simply by sequence 
similarity to a characterised enzyme or by chemically comparable residues to one of the 
proposed	fingerprints,	a	 large	portion	of	sequences	with	unknown	function	 is	 remaining.	
These sequences are of special interest because they might code for enzymes with new 
reaction	 or	 substrate	 specificities	 or	 they	 might	 apply	 different	 mechanisms	 to	 achieve	
already	known	specificities.
Recently discovered activities in the class III transaminase family highlighted that the possi-
bilities of this family are by far not fully explored yet. For instance phospholyases[99], an 
amino acid racemase[100]	 and	 an	 acyl-coenzyme	A	β-transaminase[101] have recently been 
described	 for	 the	 first	 time.	 Even	 though	 the	 lyases	 are	probably	 not	biotechnologically	
useful, the racemase and the transaminase could be of interest. We are therefore encour-
aging other researchers to examine representative uncharacterised enzymes of this family 
as they might catalyse biotechnologically relevant reactions. To show the potential of this 
strategy, we experimentally characterised a Bacillus anthracis enzyme with the crystal struc-
ture 3N5M but with unknown function, as explained in the next section.
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One enzyme with unknown function particularly attracted attention during the survey of 
the class III transaminase family: the B. anthracis enzyme with the crystal structure 3N5M 
was different from all other structurally characterised enzymes and was therefore used 
as template for a separate subfamily. In the PDB this structure was annotated as ‘putative 
adenosylmethionine-8-amino-7-oxononanoate aminotransferase’ but it lacks the residues 
important for SAM:KAPA or Lys:KAPA TA activity (see sequence-function matrix Table 
1). A comparison with the most sequence-similar characterised enzymes taurine:pyr TAs 
(41% sequence identity), ωAA:pyr	 TAs	 (33%	 identity),	 Lys:KAPA	 TAs	 (32%	 identity)	 and	
Ala:glyoxylate TAs (29% identity) was also inconclusive because at least one important 
residue differed in each of those from 3N5M. Interestingly, 3N5M also has L46 and W47 
as found in the ‘high’ activity ATAs (all residue numbers given in this section are the 3D 
numbers of the OrnTL DB to be comparable with Table 1 if not stated otherwise). The small 
difference	of	a	glycine	at	position	185	instead	of	an	alanine	as	found	in	ωAA:pyr	TAs	could	
be	assumed	to	allow	for	a	comparable	substrate	recognition.	The	lack	of	the	‘flipping’	argi-
nine	(G346	in	3N5M),	however,	was	believed	to	substantially	alter	substrate	specificity.	We	
therefore decided to order a synthetic gene coding for this enzyme and to investigate its 
substrate scope.[46]

After successful soluble expression in E. coli several α-	and	ω-amino	acids	and	amines	were	
tested with the most common amino acceptors α-ketoglutarate and pyruvate by employing 
improved versions of the glutamate dehydrogenase[102] or alanine dehydrogenase[103] assays, 
respectively. In these assays the amino product (Glu or Ala) is oxidised to the corresponding 
keto acid by the dehydrogenase and the formed redox equivalents (NADH) reduce the 
tetrazolium	 salt	 XTT	 (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-tetrazolium-5-carbox-
anilide) to a coloured formazan, which can be followed spectrophotometrically. Intriguingly, 
3N5M was found to catalyse ωAA:pyr	and	amine:pyr	transaminations,	with	a	preference	for	
βAla,	even	though	it	lacks	the	‘flipping’	arginine	that	was	found	to	be	essential	for	the	same	
reaction	in	other	ωAA:pyr	TAs	(section	3). To investigate how 3N5M is realising substrate 
recognition without an arginine at position 346, we performed molecular dynamics simu-
lations	with	quinonoid	 intermediates	of	alanine,	βAla	and	PEA	(Fig.	10). These modelling 
experiments suggested that alanine is only bound by W47 (Fig. 10A), whereas the by far 
best	substrate	βAla	is	bound	by	R145,	which	is	located	at	the	active	site	entrance	‘bottom’	
(Fig. 10B).	This	arginine	is	most	probably	replacing	R346	functionally	for	ωAA	coordination.	
Amine	binding,	in	contrast	to	the	other	ωAA:pyr	TAs,	does	not	require	any	side	chain	move-
ments because G346 leaves enough space at the O-side (Fig. 10C).
These results led to the insight that, in contrast to the initial hypothesis of Article II and 
III, R346 is not necessary for amine:pyr TA activity. Based	on	these	new	findings,	a	trypto-
phan	at	position	47	and	a	glycine	or	alanine	at	position	185	combined	with	sufficient	space	
at the O-side, are therefore regarded as a strong indication for (S)-ATA activity in class 
III transaminases. The knowledge of residues determining this activity in class III TAs was 
therefore substantially broadened by this study. In combination with the insight that R145 

Article VI6
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might	replace	R346	for	ωAA	coordination,	a	similar	substrate	scope	to	that	of	3N5M	could	
be predicted for 138 additional experimentally uncharacterised class III TA sequences. 
Taurine:pyruvate transaminases, which also share those residues (see sequence-function 
matrix Table 1), most probably have a different active site shape due to a glycine insertion 
in the left-handed helix before position 46 and can be distinguished from the 138 putative 
ωAA:pyr	TAs	by	this	insertion.

Figure 10: 

A) B) C)ωAA:pyr,	3N5M ωAA:pyr,	3N5M ωAA:pyr,	3N5M

47

348

46

269

353

145

Dual substrate recognition in the B. anthracis	ωAA:pyr	TA	(PDB	ID:	3N5M)	as	found	by	molecular	
modelling	of	quinonoid	intermediates	of	alanine,	βAla	and	PEA.	A) Ala is only coordinated by W47. B)	βAla	is	
coordinated	by	R145	instead	of	W47,	S185	and	R346	in	the	other	ωAA:pyr	TAs	(Fig.	9D).	C) Due to G346 (not 
shown) enough space for amine binding is available at the O-side and therefore no side chain movements 
are required. Active site residues are shown in green and quinonoid intermediates in orange. Amino acids at 
the same positions as in Fig. 9 are shown to allow for a direct comparison. Apparent structural differences to 
other	ωAA:pyr	TAs	include	an	insertion	after	position	348	at	the	O-side	and	the	shape	of	the	P-side	(compare	
Figs. 6B, 7, 8A and 9D).

Even though the 3N5M WT enzyme is, due to its narrow substrate scope regarding amines, 
not interesting for biocatalytic applications, further research will probably be able to 
enhance its applicability. The reasoning behind this is the fact, that it has two major differ-
ences compared to other known (S)-ATAs. The active site entrance and therefore the ‘large 
binding pocket’ is more open and hydrophilic than in other ATAs (Article VI Supporting 
information Figure S6), which leads to the conclusion that substrates with larger and more 
polar substituents are probably preferred over the already tested substrates. Additionally, 
the P-side of 3N5M is shaped substantially different from that in the other ATAs. The small 
pocket is mainly determined by I269 (Fig. 10) and a mutation of this residue to glycine should 
accomplish a substantially broadened substrate scope for amines with bulkier substituents 
on that side. This mutation would probably not disrupt any catalytic or structural feature as 
observed	for	many	P-side	mutations	in	Vfl-ATA	(Article	IV),	because	the	majority	of	class	III	
TAs (~8,000 of the OrnTL DB) have glycine at this position.
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In this thesis structural determinants for (S)-amine transaminase activity have been inves-
tigated.	 First,	 the	demand	 for	 structural	 information	was	 fulfilled	by	 an	unusual	 strategy.	
Instead of determining a crystal structure, already solved structures of four putative 
(S)-amine	 transaminases	 have	 been	 identified	 in	 the	 protein	 data	 bank.	 The	 functional	
characterisation of these four enzymes suggested that their in vivo	 function	 is	 γ-amino-
butyrate:pyruvate transamination, whereas the ‘substrate-promiscuous‘ activity for amines 
is more pronounced in the enzymes 3HMU and 3I5T than in 3FCR and 3GJU. With the 
structural	information	available,	first	rational	protein	engineering	approaches	with	the	aim	
for broadening the substrate scope were possible. However, (S)-amine transaminase catal-
ysis and structural integrity proved to be too complex to be easily understood and the 
rational design therefore failed. A semi-rational approach – the partial saturation of most 
small binding pocket positions – was necessary to obtain substantially better mutants for 
(S)-1-phenylbutylamine and (R)-phenylglycinol synthesis.
Additionally, due to the structural information, two major insights were possible. Firstly, the 
dual	substrate	recognition	of	amino	acids	and	amines	in	the	same	active	site	by	a	flexible	
arginine side chain could be revealed. Secondly, the structural differences that allowed 
for	efficient	amine	conversion	in	3HMU	but	only	slow	amine	transamination	in	3FCR	were	
discovered. These two main hypotheses were proven by site-directed mutagenesis and 
further investigated in the context of related enzymes. With the help of a class III transam-
inase	 family	wide	 sequence	alignment,	 substrate	or	 reaction	 specificity	determining	 resi-
dues could be compared among those enzymes. From these residues a minimum set of 
active	site	amino	acids	that	are	necessary	for	a	certain	activity	(active	site	fingerprint)	could	
be derived. This survey provided a deeper insight in (S)-amine transaminase activity-deter-
mining	residues	and	a	mechanistic	overview	of	known	class	III	transaminase	specificities.	If	
the	identified	active	site	fingerprints	match	a	sequence,	they	can	be	applied	for	sequence–
function prediction. On the other hand, if the given criteria are not met, they can be utilised 
for	the	identification	of	enzymes	with	new	activities	or	at	least	new	ways	to	achieve	known	
specificities.	 The	 latter	 case	 was	 demonstrated	 by	 the	 experimental	 characterisation	 of	
the Bacillus anthracis enzyme with the crystal structure 3N5M, whose function could not 
be	predicted	based	on	active	site	 residues.	This	enzyme	 turned	out	 to	achieve	ω-amino	
acid:pyruvate transaminase activity by different active site residues than the previously 
known ones. The understanding of its substrate recognition provided further insights in 
active	site	determinants	required	for	amine	transaminase	activity.	These	findings	substan-
tially contributed to a comprehensive understanding of (S)-amine transaminase catalysis, 
facilitated sequence–function prediction of class III transaminase enzymes and provided 
guidance for future protein engineering and enzyme discovery.



Conclusion26



8References

[1] Nugent, TC; El-Shazly, M, Chiral amine synthesis – recent developments and trends 
for enamide reduction, reductive amination, and imine reduction. Adv Synth Catal 
2010, 352, 753-819.

[2] Savile, CK; Janey, JM; Mundorff, EC; Moore, JC; Tam, S; Jarvis, WR; Colbeck, JC; 
Krebber, A; Fleitz, FJ; Brands, J; Devine, PN; Huisman, GW; Hughes, GJ, Biocatalytic 
asymmetric synthesis of chiral amines from ketones applied to sitagliptin manufacture. 
Science 2010, 329, 305-309.

[3] Meadows, RE; Mulholland, KR; Schürmann, M; Golden, M; Kierkels, H; Meulenbroeks, 
E; Mink, D; May, O; Squire, C; Straatman, H; Wells, AS, Efficient synthesis of (S)-1-(5-
fluoropyrimidin-2-yl)ethylamine	using	an	ω-transaminase	biocatalyst	in	a	two-phase	
system. Org Process Res Dev 2013, 17, 1117-1122.

[4] Breuer, M; Ditrich, K; Habicher, T; Hauer, B; Keßeler, M; Stürmer, R; Zelinski, T, Industrial 
methods for the production of optically active intermediates. Angew Chem Int Ed 
2004, 43, 788-824.

[5] Li, T; Liang, J; Ambrogelly, A; Brennan, T; Gloor, G; Huisman, G; Lalonde, J; Lekhal, 
A;	Mijts,	B;	Muley,	S;	Newman,	L;	Tobin,	M;	Wong,	G;	Zaks,	A;	Zhang,	X,	Efficient,	
chemoenzymatic process for manufacture of the boceprevir bicyclic [3.1.0]proline 
intermediate based on amine oxidase-catalyzed desymmetrization. J Am Chem Soc 
2012, 134, 6467-6472.

[6] Francotte, E; Lindner, W, Eds., Chirality in drug research. Wiley-VCH: Weinheim, 2006; 
Vol. 33.

[7] Weber, F; Sedelmeier, G, Top 200 Pharmawirkstoffe. Nachr Chem 2014, 62, 997.
[8] Nugent, TC, Ed. Chiral Amine Synthesis. Wiley-VCH: Weinheim, 2010; p 494.
[9] Nugent, TC; Marinova, SM, Step-efficient access to chiral primary amines. Synthesis 

2013, 45, 153-166.
[10] Schätzle, S, Identification, characterization and application of novel (R)-selective 

amine transaminases. Ph.D. thesis, Ernst-Moritz-Arndt University, Greifswald, 2011.
[11] Friestad, GK, Asymmetric methods for radical addition to imino compounds. In 

Chiral Amine Synthesis, Nugent, TC, Ed. Wiley-VCH: Weinheim, 2010; pp 51-73.
[12] Constable, DJC; Dunn, PJ; Hayler, JD; Humphrey, GR; Leazer, JJL; Linderman, RJ; 

Lorenz, K; Manley, J; Pearlman, BA; Wells, A; Zaks, A; Zhang, TY, Key green chemistry 
research areas - a perspective from pharmaceutical manufacturers. Green Chem 
2007, 9, 411-420.

[13] Ni, Y; Holtmann, D; Hollmann, F, How green is biocatalysis? To calculate is to know. 
ChemCatChem 2014, 6, 930-943.

[14] Kohls, H; Steffen-Munsberg, F; Höhne, M, Recent achievements in developing 
the biocatalytic toolbox for chiral amine synthesis. Curr Opin Chem Biol 2014, 19, 
180-192.



References28

[15] Ghislieri, D; Turner, NJ, Biocatalytic approaches to the synthesis of enantiomerically 
pure chiral amines. Top Catal 2013, 57, 284-300.

[16] Kroutil, W; Fischereder, E-M; Fuchs, CS; Lechner, H; Mutti, FG; Pressnitz, D; 
Rajagopalan, A; Sattler, JH; Simon, RC; Siirola, E, Asymmetric preparation of prim-, 
sec-, and tert-amines employing selected biocatalysts. Org Process Res Dev 2013, 
17, 751-759.

[17] Rudat, J; Brucher, BR; Syldatk, C, Transaminases for the synthesis of enantiopure 
β-amino	acids.	AMB Express 2012, 2, 11.

[18] Heberling, MM; Wu, B; Bartsch, S; Janssen, DB, Priming ammonia lyases and 
aminomutases for industrial and therapeutic applications. Curr Opin Chem Biol 
2013, 17, 250-260.

[19] Höhne, M; Bornscheuer, UT, Application of transaminases in organic synthesis. 
In Enzymes in Organic Synthesis, May, O; Gröger, H; Drauz, W, Eds. Wiley-VCH: 
Weinheim, 2012; pp 779-820.

[20] Abrahamson, MJ; Vazquez-Figueroa, E; Woodall, NB; Moore, JC; Bommarius, AS, 
Development of an amine dehydrogenase for synthesis of chiral amines. Angew 
Chem Int Ed 2012, 51, 3969-3972.

[21] Mitsukura, K; Suzuki, M; Shinoda, S; Kuramoto, T; Yoshida, T; Nagasawa, T, Purification 
and characterization of a novel (R)-imine reductase from Streptomyces sp. GF3587. 
Biosci Biotechnol Biochem 2011, 75, 1778-1782.

[22] Ghislieri, D; Green, AP; Pontini, M; Willies, SC; Rowles, I; Frank, A; Grogan, G; 
Turner, NJ, Engineering an enantioselective amine oxidase for the synthesis of 
pharmaceutical building blocks and alkaloid natural products. J Am Chem Soc 2013, 
135, 10863-10869.

[23] Simon, RC; Zepeck, F; Kroutil, W, Chemoenzymatic synthesis of all four diastereomers 
of 2,6-disubstituted piperidines through stereoselective monoamination of 
1,5-diketones. Chem Eur J 2013, 19, 2859-2865.

[24] Sehl, T; Hailes, HC; Ward, JM; Wardenga, R; von Lieres, E; Offermann, H; Westphal, 
R; Pohl, M; Rother, D, Two steps in one pot: Enzyme cascade for the synthesis of 
nor(pseudo)ephedrine from inexpensive starting materials. Angew Chem Int Ed 
2013, 52, 6772-6775.

[25] Anderson, M; Afewerki, S; Berglund, P; Córdova, A, Total synthesis of capsaicin 
analogues from lignin-derived compounds by combined heterogeneous metal, 
organocatalytic and enzymatic cascades in one pot. Adv Synth Catal 2014, 356, 
2113-2118.

[26] Desai, AA, Sitagliptin manufacture: a compelling tale of green chemistry, process 
intensification, and industrial asymmetric catalysis. Angew Chem Int Ed 2011, 50, 
1974-6.

[27] Truppo, MD; Strotman, H; Hughes, G, Development of an immobilized transaminase 
capable of operating in organic solvent. ChemCatChem 2012, 4, 1071-1074.

[28] Bornscheuer, UT; Huisman, GW; Kazlauskas, RJ; Lutz, S; Moore, JC; Robins, K, 
Engineering the third wave of biocatalysis. Nature 2012, 485, 185-194.



References 29

[29] Steffen-Munsberg, F; Vickers, C; Kohls, H; Land, H; Mallin, H; Nobili, A; Skalden, L; van 
den Bergh, T; Joosten, H-J; Berglund, P; Höhne, M; Bornscheuer, UT, Bioinformatic 
analysis of a PLP-dependent enzyme superfamily suitable for biocatalytic applications. 
Biotechnol Adv 2015, DOI: 10.1016/j.biotechadv.2014.12.012.

[30] Grishin, NV; Phillips, MA; Goldsmith, EJ, Modeling of the spatial structure of 
eukaryotic ornithine decarboxylases. Protein Sci 1995, 4, 1291-1304.

[31] Hwang, B-Y; Cho, B-K; Yun, H; Koteshwar, K; Kim, B-G, Revisit of aminotransferase in 
the genomic era and its application to biocatalysis. J Mol Catal B: Enzym 2005, 37, 
47-55.

[32] Mehta, PK; Hale, TI; Christen, P, Aminotransferases: demonstration of homology and 
division into evolutionary subgroups. Eur J Biochem 1993, 214, 549-561.

[33] Webb, EC; International Union of Biochemistry and Molecular Biology, Enzyme 
nomenclature 1992. Recommendations of the Nomenclature Committee of the 
International Union of Biochemistry and Molecular Biology on the nomenclature and 
classification of enzymes. Academic Press: San Diego, 1992.

[34] Percudani, R; Peracchi, A, The B6 database: a tool for the description and classification 
of vitamin B6-dependent enzymatic activities and of the corresponding protein 
families. BMC Bioinf 2009, 10, 273.

[35] Thomsen, M; Skalden, L; Palm, GJ; Höhne, M; Bornscheuer, UT; Hinrichs, W, 
Crystallographic characterisation of the (R)-selective amine transaminase from 
Aspergillus fumigatus. Acta Crystallogr D Biol Crystallogr 2014, 70, 1086-1093.

[36] Jansonius, JN, Structure, evolution and action of vitamin B6-dependent enzymes. 
Curr Opin Struct Biol 1998, 8, 759-769.

[37] Rausch, C; Lerchner, A; Schiefner, A; Skerra, A, Crystal structure of the 
ω-aminotransferase	from	Paracoccus denitrificans and its phylogenetic relationship 
with other class III aminotransferases that have biotechnological potential. Proteins 
Struct Funct Bioinf 2013, 81, 774-787.

[38] Mehta, PK; Christen, P, The molecular evolution of pyridoxal-5‘-phosphate-dependent 
enzymes. In Advances in Enzymology and Related Areas of Molecular Biology, Purich, 
DL, Ed. Wiley: New York City, 2006; pp 129-184.

[39] Christen, P; Mehta, PK, From cofactor to enzymes. The molecular evolution of 
pyridoxal-5‘-phosphate-dependent enzymes. Chem Rec 2001, 1, 436-447.

[40] Wybenga, GG; Crismaru, CG; Janssen, DB; Dijkstra, BW, Structural determinants of 
the	β-selectivity	of	a	bacterial	aminotransferase.	J Biol Chem 2012, 287, 28495-28502.

[41] Soda, K; Yoshimura, T; Esaki, N, Stereospecificity for the hydrogen transfer of 
pyridoxal enzyme reactions. Chem Rec 2001, 1, 373-384.

[42] Dunathan, HC, Conformation and reaction specificity in pyridoxal phosphate 
enzymes. Proc Natl Acad Sci U S A 1966, 55, 712-716.

[43] The PyMOL Molecular Graphics System, Version 1.6.0.0; Schrödinger, LCC: New York 
City.

[44] YASARA Structure, Version 14.7.17; YASARA Biosciences: Wien.



References30

[45] Steffen-Munsberg, F; Vickers, C; Thontowi, A; Schätzle, S; Meinhardt, T; Svedendahl 
Humble, M; Land, H; Berglund, P; Bornscheuer, UT; Höhne, M, Revealing the structural 
basis of promiscuous amine transaminase activity. ChemCatChem 2013, 5, 154-157.

[46] Steffen-Munsberg, F; Matzel, P; Berglund, P; Bornscheuer, UT; Höhne, M, Bacillus 
anthracis	ω-amino	acid:pyruvate	 transaminase	employs	 a	different	mechanism	 for	
dual substrate recognition than other amine transaminases. 2015, submitted.

[47] Yu, PH; Durden, DA; Davis, BA; Boulton, AA, Deuterium isotope effect in 
γ-aminobutyric	acid	transamination:	determination	of	rate-limiting	step.	J Neurochem 
1987, 48, 440-446.

[48] Kuramitsu, S; Hiromi, K; Hayashi, H; Morino, Y; Kagamiyama, H, Pre-steady-state 
kinetics of Escherichia coli aspartate aminotransferase catalyzed reactions and 
thermodynamic aspects of its substrate specificity. Biochemistry 1990, 29, 5469-5476.

[49] Toney, MD, Controlling reaction specificity in pyridoxal phosphate enzymes. Biochim 
Biophys Acta, Proteins Proteomics 2011, 1814, 1407-1418.

[50]	 Shin,	 J-S;	 Kim,	 B-G,	 Kinetic	 modeling	 of	 ω-transamination	 for	 enzymatic	 kinetic	
resolution of α-methylbenzylamine. Biotechnol Bioeng 1998, 60, 534-540.

[51] Koszelewski, D; Lavandera, I; Clay, D; Guebitz, GM; Rozzell, D; Kroutil, W, Formal 
asymmetric biocatalytic reductive amination. Angew Chem Int Ed 2008, 47, 9337-9340.

[52] Höhne, M; Kühl, S; Robins, K; Bornscheuer, UT, Efficient asymmetric synthesis of chiral 
amines by combining transaminase and pyruvate decarboxylase. ChemBioChem 
2008, 9, 363-365.

[53] Engelmark Cassimjee, K; Branneby, C; Abedi, V; Wells, A; Berglund, P, Transaminations 
with isopropyl amine: equilibrium displacement with yeast alcohol dehydrogenase 
coupled to in situ cofactor regeneration. Chem Comm 2010, 46, 5569-5571.

[54] Yun, H; Kim, B-G, Asymmetric synthesis of (S)-α-methylbenzylamine by recombinant 
Escherichia coli co-expressing omega-transaminase and acetolactate synthase. 
Biosci Biotechnol Biochem 2008, 72, 3030-3033.

[55] Truppo, MD; Rozzell, JD; Turner, NJ, Efficient production of enantiomerically pure 
chiral	amines	at	concentrations	of	50	g/L	using	transaminases.	Org Process Res Dev 
2010, 14, 234-237.

[56] Rehn, G; Adlercreutz, P; Grey, C, Supported liquid membrane as a novel tool for 
driving	 the	 equilibrium	 of	 ω-transaminase	 catalyzed	 asymmetric	 synthesis.	 J 
Biotechnol 2014, 179, 50-55.

[57] Matcham, G; Bhatia, M; Lang, W; Lewis, C; Nelson, R; Wang, A; Wu, W, Enzyme 
and reaction engineering in biocatalysis: Synthesis of (S)-methoxyisopropylamine                
(= (S)-1-methoxypropan-2-amine). Chimia 1999, 53, 584-589.

[58] Shin, J-S; Kim, B-G, Exploring the active site of amine:pyruvate aminotransferase on 
the	basis	of	the	substrate	structure−reactivity	relationship:  How the Enzyme controls 
substrate specificity and stereoselectivity. J Org Chem 2002, 67, 2848-2853.

[59]	 Koszelewski,	D;	Tauber,	K;	Faber,	K;	Kroutil,	W,	ω-Transaminases	for	the	synthesis	of	
non-racemic α-chiral primary amines. Trends Biotechnol 2010, 28, 324-332.



References 31

[60] Höhne, M; Schätzle, S; Jochens, H; Robins, K; Bornscheuer, UT, Rational assignment 
of key motifs for function guides in silico enzyme identification. Nat Chem Biol 2010, 
6, 807-813.

[61] Hirotsu, K; Goto, M; Okamoto, A; Miyahara, I, Dual substrate recognition of 
aminotransferases. Chem Rec 2005, 5, 160-172.

[62] Cho, B-K; Park, H-Y; Seo, J-H; Kim, J; Kang, T-J; Lee, B-S; Kim, B-G, Redesigning 
the	substrate	specificity	of	ω-aminotransferase	for	the	kinetic	resolution	of	aliphatic	
chiral amines. Biotechnol Bioeng 2008, 99, 275-284.

[63] Humble, MS; Cassimjee, KE; Abedi, V; Federsel, H-J; Berglund, P, Key amino 
acid	 residues	 for	 reversed	 or	 improved	 enantiospecificity	 of	 an	 ω-transaminase.	
ChemCatChem 2012, 4, 1167-1172.

[64] Hui, R; Edwards, A, High-throughput protein crystallization. J Struct Biol 2003, 142, 
154-161.

[65]	 Yonaha,	 K;	 Toyama,	 S;	 Yasuda,	 M;	 Soda,	 K,	 Properties	 of	 crystalline	 ω-amino	
acid:pyruvate aminotransferase of Pseudomonas sp. F-126. Agric Biol Chem 1977, 41, 
1701-1706.

[66] Watanabe, N; Sakabe, K; Sakabe, N; Higashi, T; Sasaki, K; Aibara, S; Morita, Y; Yonaha, 
K;	 Toyama,	 S;	 Fukutani,	 H,	 Crystal	 structure	 analysis	 of	 ω-amino	 acid:pyruvate	
aminotransferase with a newly developed Weissenberg camera and an imaging 
plate using synchrotron radiation. J Biochem 1989, 105, 1-3.

[67] Steffen-Munsberg, F; Vickers, C; Thontowi, A; Schätzle, S; Tumlirsch, T; Svedendahl 
Humble, M; Land, H; Berglund, P; Bornscheuer, UT; Höhne, M, Connecting unexplored 
protein crystal structures to enzymatic function. ChemCatChem 2013, 5, 150-153.

[68] Schuster, SC, Next-generation sequencing transforms today‘s biology. Nat Meth 
2008, 5, 16-18.

[69] Jaskolski, M; Dauter, Z; Wlodawer, A, A brief history of macromolecular crystallography, 
illustrated by a family tree and its Nobel fruits. FEBS J 2014, 281, 3985-4009.

[70] Skolnick, J; Fetrow, JS; Kolinski, A, Structural genomics and its importance for gene 
function analysis. Nat Biotech 2000, 18, 283-287.

[71] Berman, HM; Westbrook, JD; Gabanyi, MJ; Tao, W; Shah, R; Kouranov, A; Schwede, T; 
Arnold, K; Kiefer, F; Bordoli, L; Kopp, J; Podvinec, M; Adams, PD; Carter, LG; Minor, W; 
Nair, R; Baer, JL, The protein structure initiative structural genomics knowledgebase. 
Nucleic Acids Res 2009, 37, D365-D368.

[72] Terwilliger, TC; Waldo, G; Peat, TS; Newman, JM; And, KC; Berendzen, J, Class-
directed structure determination: Foundation for a protein structure initiative. 
Protein Sci 1998, 7, 1851-1856.

[73] Humble, MS; Engelmark Cassimjee, K; Håkansson, M; Kimbung, YR; Walse, B; Abedi, 
V; Federsel, H-J; Berglund, P; Logan, DT, Crystal structures of the Chromobacterium 
violaceum ω-transaminase	reveal	major	structural	rearrangements	upon	binding	of	
coenzyme PLP. FEBS J 2012, 279, 779-792.

[74] Sayer, C; Isupov, MN; Westlake, A; Littlechild, JA, Structural studies of Pseudomonas 
and Chromobacterium	 ω-aminotransferases	 provide	 insights	 into	 their	 differing	
substrate specificity. Acta Crystallogr D Biol Crystallogr 2013, 69, 564-576.



References32

[75] Midelfort, KS; Kumar, R; Han, S; Karmilowicz, MJ; McConnell, K; Gehlhaar, DK; 
Mistry, A; Chang, JS; Anderson, M; Villalobos, A; Minshull, J; Govindarajan, S; Wong, 
JW, Redesigning and characterizing the substrate specificity and activity of Vibrio 
fluvialis aminotransferase for the synthesis of imagabalin. Protein Eng Des Sel 2013, 
26, 25-33.

[76] Shen, BW; Hennig, M; Hohenester, E; Jansonius, JN; Schirmer, T, Crystal structure of 
human recombinant ornithine aminotransferase. J Mol Biol 1998, 277, 81-102.

[77] Nobili, A; Steffen-Munsberg, F; Kohls, H; Trentin, I; Schulzke, C; Höhne, M; Bornscheuer, 
UT, Engineering the active site of the amine transaminase from Vibrio fluvialis for the 
asymmetric synthesis of aryl-alkyl amines and amino alcohols. ChemCatChem 2015, 
DOI: 10.1002/cctc.201403010.

[78] Schätzle, S; Höhne, M; Redestad, E; Robins, K; Bornscheuer, UT, Rapid and sensitive 
kinetic	assay	for	characterization	of	ω-transaminases.	Anal Chem 2009, 81, 8244-8248.

[79] Zamyatnin, AA, Protein volume in solution. Prog Biophys Mol Biol 1972, 24, 107-123.
[80] Park, E-S; Park, S-R; Han, S-W; Dong, J-Y; Shin, J-S, Structural determinants for 

the	 non-canonical	 substrate	 specificity	 of	 the	 ω-transaminase	 from	 Paracoccus 
denitrificans. Adv Synth Catal 2014, 356, 212-220.

[81] Arnold, FH; Moore, JC, Optimizing industrial enzymes by directed evolution. Adv 
Biochem Eng Biotechnol 1997, 58, 1-14.

[82] Kuipers, RK; Joosten, H-J; van Berkel, WJH; Leferink, NGH; Rooijen, E; Ittmann, E; 
van Zimmeren, F; Jochens, H; Bornscheuer, UT; Vriend, G; Martins dos Santos, VAP; 
Schaap, PJ, 3DM: systematic analysis of heterogeneous superfamily data to discover 
protein functionalities. Proteins Struct Funct Bioinf 2010, 78, 2101-2113.

[83] Magrane, M; UniProt Consortium, UniProt Knowledgebase: a hub of integrated 
protein data. Database 2011, 2011.

[84] Markova, M; Peneff, C; Hewlins, MJ; Schirmer, T; John, RA, Determinants of substrate 
specificity	in	ω-aminotransferases.	J Biol Chem 2005, 280, 36409-36416.

[85] Cha, HJ; Jeong, J-H; Rojviriya, C; Kim, Y-G, Structure of putrescine aminotransferase 
from Escherichia coli provides insights into the substrate specificity among class III 
aminotransferases. PLoS ONE 2014, 9, e113212.

[86] Eliot, AC; Sandmark, J; Schneider, G; Kirsch, JF, The dual-specific active site 
of 7,8-diaminopelargonic acid synthase and the effect of the R391A mutation. 
Biochemistry 2002, 41, 12582-12589.

[87] Dey, S; Lane, JM; Lee, RE; Rubin, EJ; Sacchettini, JC, Structural characterization of 
the Mycobacterium tuberculosis biotin biosynthesis enzymes 7,8-diaminopelargonic 
acid synthase and dethiobiotin synthetase. Biochemistry 2010, 49, 6746-6760.

[88] Wiyakrutta, S; Meevootisom, V, A stereo-inverting d-phenylglycine aminotransferase 
from Pseudomonas stutzeri ST-201: purification, characterization and application for 
d-phenylglycine synthesis. J Biotechnol 1997, 55, 193-203.

[89]	 Bea,	H-S;	Park,	H-J;	Lee,	S-H;	Yun,	H,	Kinetic	resolution	of	aromatic	β-amino	acids	by	
ω-transaminase.	Chem Comm 2011, 47, 5894-5896.

[90] Shon, M; Shanmugavel, R; Shin, G; Mathew, S; Lee, S-H; Yun, H, Enzymatic synthesis 
of	chiral	γ-amino	acids	using	ω-transaminase.	Chem Comm 2014, 50, 12680-12683.



References 33

[91] Kwon, Y-C; Lee, K-H; Kim, H-C; Han, K; Seo, J-H; Kim, B-G; Kim, D-M, Cloning-
independent	expression	and	analysis	of	ω-transaminases	by	use	of	a	cell-free	protein	
synthesis system. Appl Environ Microbiol 2010, 76, 6295-6298.

[92] Seo, J-H; Hwang, J-Y; Seo, S-H; Kang, H; Hwang, B-Y; Kim, B-G, Computational 
selection,	 identification	 and	 structural	 analysis	 of	 ω-aminotransferases	 with	
various substrate specificities from the genome sequence of Mesorhizobium loti 
MAFF303099. Biosci Biotechnol Biochem 2012, 76, 1308-1314.

[93] Kim, J; Kyung, D; Yun, H; Cho, B-K; Seo, J-H; Cha, M; Kim, B-G, Cloning and 
characterization	of	a	novel	β-transaminase	from	Mesorhizobium sp. strain LUK: a new 
biocatalyst	 for	 the	synthesis	of	enantiomerically	pure	β-amino	acids.	Appl Environ 
Microbiol 2007, 73, 1772-1782.

[94] Kaulmann, U; Smithies, K; Smith, MEB; Hailes, HC; Ward, JM, Substrate spectrum of 
ω-transaminase	 from	Chromobacterium violaceum DSM30191 and its potential for 
biocatalysis. Enzyme Microb Technol 2007, 41, 628-637.

[95] Shin, J-S; Yun, H; Jang, J-W; Park, I; Kim, B-G, Purification, characterization, and 
molecular cloning of a novel amine:pyruvate transaminase from Vibrio fluvialis JS17. 
Appl Microbiol Biotechnol 2003, 61, 463-471.

[96] Hwang, B-Y; Ko, S-H; Park, H-Y; Seo, J-H; Lee, B-S; Kim, B-G, Identification of 
ω-aminotransferase	from	Caulobacter crescentus and site-directed mutagenesis to 
broaden substrate specificity. J Microbiol Biotechnol 2008, 18, 48-54.

[97]	 Yun,	 H;	 Lim,	 S;	 Cho,	 B-K;	 Kim,	 B-G,	 ω-Amino	 acid:pyruvate	 transaminase	 from	
Alcaligenes denitrificans	Y2k-2:	a	new	catalyst	for	kinetic	resolution	of	β-amino	acids	
and amines. Appl Environ Microbiol 2004, 70, 2529-2534.

[98] Ingram, CU; Bommer, M; Smith, ME; Dalby, PA; Ward, JM; Hailes, HC; Lye, GJ, One-pot 
synthesis	of	amino-alcohols	using	a	de-novo	 transketolase	and	β-alanine:pyruvate	
transaminase pathway in Escherichia coli. Biotechnol Bioeng 2007, 96, 559-569.

[99] Veiga-da-Cunha, M; Hadi, F; Balligand, T; Stroobant, V; Van Schaftingen, E, Molecular 
Identification of hydroxylysine kinase and of ammoniophospholyases acting on 
5-phosphohydroxy-l-lysine and phosphoethanolamine. J Biol Chem 2012, 287, 
7246-7255.

[100] Mutaguchi, Y; Ohmori, T; Wakamatsu, T; Doi, K; Ohshima, T, Identification, purification, 
and characterization of a novel amino acid racemase, isoleucine 2-epimerase, from 
Lactobacillus species. J Bacteriol 2013, 195, 5207-5215.

[101] Perret, A; Lechaplais, C; Tricot, S; Perchat, N; Vergne, C; Pellé, C; Bastard, K; Kreimeyer, 
A; Vallenet, D; Zaparucha, A; Weissenbach, J; Salanoubat, M, A novel acyl-CoA beta-
transaminase characterized from a metagenome. PLoS ONE 2011, 6, e22918.

[102] Bommer, M; Ward, JM, A 1-step microplate method for assessing the substrate range 
of l-α-amino acid aminotransferase. Enzyme Microb Tech 2013, 52, 218-225.

[103] Sayer, C; Bommer, M; Isupov, M; Ward, J; Littlechild, J, Crystal structure and substrate 
specificity of the thermophilic serine:pyruvate aminotransferase from Sulfolobus 
solfataricus. Acta Crystallogr D Biol Crystallogr 2012, 68, 763-772.



Author contributions34

Author contributions

Article I Recent achievements in developing the biocatalytic toolbox for chiral amine 
synthesis
Kohls, H; Steffen-Munsberg, F; Höhne, M, Curr Opin Chem Biol 2014, 19, 
180-192.

MH initiated the review and with the help of HK and FS performed the literature search. All 
authors read and edited the manuscript.

Article II Connecting unexplored protein crystal structures to enzymatic function
Steffen-Munsberg, F; Vickers, C; Thontowi, A; Schätzle, S; Tumlirsch, T; 
Svedendahl Humble, M; Land, H; Berglund, P; Bornscheuer, UT; Höhne, M, 
ChemCatChem 2013, 5, 150-153.

UTB and MH initiated the project. FS and MH designed and with the help of CV, AT, SS and 
TT, FS performed the lab experiments. MSH, HL, PB and MH designed and MSH and HL 
conducted molecular modelling experiments. MH and UTB with the help of FS wrote and 
all authors read and edited the manuscript.

Article III Revealing the structural basis of promiscuous amine transaminase activity 
Steffen-Munsberg, F; Vickers, C; Thontowi, A; Schätzle, S; Meinhardt, T; 
Svedendahl Humble, M; Land, H; Berglund, P; Bornscheuer, UT; Höhne, M, 
ChemCatChem 2013, 5, 154-157.

UTB and MH initiated the project. FS and MH designed and with the help of CV, AT, SS and 
TM, FS performed the lab experiments. MSH, HL, PB and MH designed and MSH and HL 
conducted molecular modelling experiments. MH and UTB with the help of FS wrote and 
all authors read and edited the manuscript.

Article IV Engineering the active site of the amine transaminase from Vibrio fluvialis 
for the asymmetric synthesis of aryl-alkyl amines and amino alcohols
Nobili, A; Steffen-Munsberg, F; Kohls, H; Trentin, I; Schulzke, C; Höhne, M; 
Bornscheuer, UT, ChemCatChem 2015, DOI: 10.1002/cctc.201403010.

UTB initiated the project. AN with the help of FS and MH designed and with the help of FS, 
HK and IT performed the experiments. AN, CS, MH and UTB wrote and all authors read and 
edited the manuscript.



Author contributions 35

Article V Bioinformatic analysis of a PLP-dependent enzyme superfamily suitable for 
biocatalytic applications
Steffen-Munsberg, F; Vickers, C; Kohls, H; Land, H; Mallin, H; Nobili, A; Skalden, 
L; van den Bergh, T; Joosten, H-J; Berglund, P; Höhne, M; Bornscheuer, UT, 
Biotechnol Adv 2015, DOI: 10.1016/j.biotechadv.2014.12.012.

MH and UTB initiated the review, FS and MH devised the conceptual design, FS and CV coor-
dinated data and literature analysis of the subsections and together with MH performed the 
in-depth analysis of the superfamily. FS, CV, HK, HL, HM, AN and LS analysed literature and 
3DM	alignments	of	subgroups,	created	fingerprints	and	were	involved	in	writing	subchap-
ters. TvdB and H-JJ established the 3DM database and wrote the corresponding chapter. 
MH created the reaction mechanism movie. With the help of CV and UTB, FS and MH did 
the	main	editing.	FS,	CV,	PB, MH	and	UTB	finalised	the	review.

Article VI Bacillus anthracis ω-amino acid:pyruvate transaminase employs a different 
mechanism for dual substrate recognition than other amine transaminases
Steffen-Munsberg, F; Matzel, P; Berglund, P; Bornscheuer, UT; Höhne, M, 
2015, submitted.

PB, UTB and MH initiated the project. FS designed and with the help of PM performed the 
experiments. FS with the help of MH wrote and all authors read and edited the manuscript.

 



Articles36

Articles

For	coloured	figures	in	each
supporting information,
the reader is referred to the
digital version of this thesis



Articles 37

Article I



Articles38



Recent achievements in developing the biocatalytic toolbox for
chiral amine synthesis
Hannes Kohls1, Fabian Steffen-Munsberg1,2 and Matthias Höhne1
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ScienceDirect
Novel enzyme activities and chemoenzymatic reaction

concepts have considerably expanded the biocatalytic toolbox

for chiral amine synthesis. Creating new activities or extending

the scope of existing enzymes by protein engineering is a

common trend in biocatalysis and in chiral amine synthesis

specifically. For instance, an amine dehydrogenase that allows

for the direct asymmetric amination of ketones with ammonia

was created by mutagenesis of an L-amino acid

dehydrogenase. Another trend in chiral amine chemistry is the

development of strategies allowing for the synthesis of

secondary amines. For example the smart choice of substrates

for amine transaminases provided access to secondary amines

by chemoenzymatic reactions. Furthermore novel biocatalysts

for the synthesis of secondary amines such as imine

reductases and Pictet-Spenglerases have been identified and

applied. Recent examples showed that the biocatalytic amine

synthesis is emerging from simple model reactions towards

industrial scale preparation of pharmaceutical relevant

substances, for instance, as shown in the synthesis of a Janus

kinase 2 inhibitor using an amine transaminase. A comparison

of important process parameters such as turnover number

and space–time yield demonstrates that biocatalytic

strategies for asymmetric reductive amination are maturing

and can already compete with established chemical

methods.
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Introduction
Chiral prim-amines, sec-amines, and tert-amines are

important building blocks for the pharmaceutical indus-

try. As the structural scope of amines is very large

(especially for secondary and tertiary amines), a diverse
Current Opinion in Chemical Biology 2014, 19:180–192 
spectrum of enzymes has been developed during the past

decade to address specific synthetic problems.

The identified enzymes often feature high regioselectivity

and stereoselectivity and therefore have great potential to

serve as a ‘green alternative’ to common metal catalyzed

chemical reductive aminations [1]. Although the high

optical purities and conversions are often impressive, these

are not always sufficient for industrial applications. There-

fore both, the biocatalyst and the reaction conditions often

need optimization prior to their (industrial) application

[2,3]. These endeavors are often as challenging as the

discovery of the enzymes itself. As an economically feas-

ible industrial process requires a high space–time yield

(STY), the catalyst needs to meet certain criteria in view of

turnover number (TON) and turnover frequency (TOF)

values. Furthermore, a high substrate loading is desired,

which is significantly different from the natural conditions

under which most enzymes have evolved. For a compari-

son of chemical catalysts with established, optimized or

newly developed enzymes, Table 1 summarizes important

reaction characteristics of chosen recent examples.

The current biocatalytic toolbox for amine synthesis

represents a diverse collection of enzymes with respect

to their catalytic scope. Several of the established tools,

such as transaminases (TA) [4–6], monoamine oxidases

(MAO) [7] and lyases [8] have been reviewed in detail

recently. In this review, we structure the major achieve-

ments in the field according to three development phases

of a biocatalytic process: discovery of novel enzyme

activities, advancements by broadening the catalytic

scope and finally the maturation towards industrial scale

applications. In the first two sections we focus on the

discovery phase and highlight proof of concept examples

of novel enzyme activities obtained either by protein

engineering or wild-type enzyme identification. The

second section will summarize how basic research com-

bined with protein and reaction engineering can widen

the scope and improve applicability. In the third and final

section, the last maturation phase in process development

is addressed, which often requires the extensive use of

(bio) reaction engineering methods to facilitate the inte-

gration of a biocatalyst into a chemical manufacturing

process. As stated in a recent review, we are currently

experiencing the third wave of biocatalysis [9��], where

enzymes can be tailored to fit the needs of the process

conditions rather than building the chemical process

around the needs of the biocatalysts. From this process

application perspective we present a comparison of
www.sciencedirect.com

matthias.hoehne@uni-greifswald.de
http://www.sciencedirect.com/science/journal/13675931/19
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Table 1

Summary of important reaction parameters for the comparison of established and recently developed biocatalytic strategies for amine synthesis

No. Enzyme Product cSubstrate

[mM]
Time
[h]

C (y)
[%]

%ee Catalyst loada,b

[mg mmol�1

product]

TONb

[�1000]
TOFb

[min�1]
STY

[g l�1 d�1]
Comment Ref.

1 Rh(I)/tBu JOSIPHOS Sitagliptin (50) 308 17 (99) 95 2.0 0.53 0.52 145 Enamine reduction, 250 psi of
hydrogen at 508C

[42]

2 Ru(II)/(R)-DM-SEGPHOS Methyl (3R)-3-aminobutyrate 853 12 86 95 2.4 0.42 0.01 260 1 equiv. NH4
+, 808C reductive

amination of b-ketoester
[68]

3 Aspartase L-Aspartate 1500 0.07 95 99 72 000 174 g l�1 immobilized isolated
enzyme

[15]

4 Lipase B. plantarii (R)-2-methoxy-N-(1-
phenylethyl)acetamide

825 24 52 93 25 CE 3.6–11 2.5–7.6 83 Kinetic resolution, solvent: MTBE,
STY �600 g l�1 d�1 achieved in
industrial application [15]

[69]

5 D-Amino acid DHG (R)-2-Amino-5,5,5-
trifluoropentanoic acid

368 22 88 99 10 DCW 20–98 15–75 61 1.4 equiv. NH4
+, 95 U/ml GDH for

cofactor recycling
[12]

6 Amine DHGPhe (R)-1-(4-Fluorophenyl)-propyl-
2-amine (2)

20 48 94 >99 9.3 4.52 1.57 1.4 10 equiv. NH4
+, 2 U/ml GDH for

cofactor recycling
[11]

7 MAL Q73A (2S,3S)-N-Methyl-3-
methylaspartate

26 1 90 >95 26 1.80 30.0 91 100 equiv. methylamine required
to achieve fast reaction

[17��]

8 MAL L384A 3-n-Hexylaspartate (6) 30 0.25 84 >95 28 1.68 112 525 167 equiv. NH4
+ required to

achieve fast reaction
[17��]

9 PAL (S)-2-Chlorophenyl-
alanine (34)

140 8.5 91 99 255 DCW 1.7–8.4 3.3–16 72 27 equiv. NH3, substrate feeding,
initial concentration 10 mM

[50]

10 (S)-ATA
V. fluvialis

(S)-1-(5-Fluoropyrimidine-2-
yl)-ethyl-amine (44)

289 16 66 97 18 DCW 16–82 17–86 51 1 equiv. PEA, two phase system
20% toluene

[62�]

11 (S)-ATA TA-P1-
A06 (Codexis)

(S)-1-(5-Fluoropyrimidine-2-
yl)-ethyl-amine (44)

350 18 68 >99 4.6 CE 31–94 29–87 57 1.15 equiv. PEA, two phase
system 20% toluene

[61]

12 (S)-ATA ATA-302
(Codexis)

(S)-5-(4-Bromophenyl)-
piperidine-2-one (27)

255 44 (84) >99 175 CE 0.8–2.4 0.3–0.9 31 4 equiv. IPA, IPA feeding to keep
pH constant

[58��]

13 (S)-ATA C. violaceum (S)-2-Methyl-6-propyl-2,3,4,5-
tetrahydro-pyridine (31)

50 26 99 99 455 DCW 0.6–3.1 0.4–2.0 9.6 10 equiv. L-alanine, AlaDH and
FDH for cofactor recycling

[48�]

14 (R)-ATA A. terreus (1R,2R)-Norpseudoephedrine
(42)

20 17 83 99 120 CE 0.8–2.5 0.8–2.5 3.5 5 equiv. D-alanine, pyruvate
removal by acetohydroxyacid
synthase I

[51�]

15 (R)-ATA ATA-117
(Codexis)

(6R)-Methyl-6-methyl-2-oxo-
piperidine-3-carboxylate (23)

446 31 74 99 14 CE 7.3–22 4.0–12 44 3.6 equiv. D-alanine, LDH and
GDH for equilibrium displacement

[46]

16 (R)-ATA CDX-017
immobilized (Codexis)

Sitagliptin (50) 492 24 91 99 27 CE 3.8–12 2.7–8.0 183 2 equiv. IPA, reaction in water
saturated isopropylacetate, 10�
reusability not taken into account
for TON calculation

[63]

17 MAO MAON401
(Codexis)

(1R,5S)-6,6-Dimethyl-3-
azabicyclo[3.1.0]hex-2-ene (47)

661 19 96 99 72 CE 2.1–6.4 1.9–5.6 88 Substrate charged over 19 h,
1.25 equiv. NaHSO3 for sulfonate
formation, catalase for H2O2

removal

[45��]

18 MAO-N-D11C (R)-(4-Chlorophenyl)
(phenyl)methanamine (20)

6.5 48 97 97 280 DCW 0.3–1.4 0.1–0.5 0.7 4 equiv. BH3-NH3, deracemization
1 M phosphate buffer

[38��]

19 IRED Streptomyces
sp. GF3546

(S)-1-Methyl-1,2,3,4-
tetrahydroisoquinoline (13)

20 24 98 98 544 DCW 0.3–1.6 0.2–1.1 2.9 glucose for cell internal cofactor
recycling

[21]

20 IRED: artificial
metalloenzymec

Salsolidine 69 115 (86) 96 22 3.44 0.50 1.8 43 equiv. formate, 1.2 M MOPS
buffer, reaction at 58C to reach
high enantioselectivity

[27]
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biocatalytic routes to developed chemical methods for

asymmetric reductive amination to guide the evaluation

of current biocatalytic processes (Table 1).

Discovery: novel catalytic activities by protein
engineering
In recent years, novel biocatalytic routes were developed

by altering the substrate specificity or reaction specificity

of known enzymes, or by isolating and exploring the

potential of novel wild-type enzymes.

For the preparation of primary amines, the direct asym-

metric amination of ketones with ammonia is a highly

desirable reaction. Until now, no wild-type enzymes with

this activity are known, but the group of Bommarius

successfully engineered two (S)-selective amine dehydro-

genases, AmDHLeu and AmDHPhe, starting from L-leucine

[10��] or L-phenylalanine dehydrogenase (LeuDH and

PheDH respectively) [11] (Scheme 1a). The carboxylate

binding site of the wild-type enzymes could be modified by

focused mutagenesis of residues in the active site. For

LeuDH, eleven libraries were screened targeting 14 resi-

dues, resulting in a quadruple mutant with activity towards

methyl isobutyl ketone (0.69 U/mg). Interestingly, only

two amino acid residues in PheDH had to be mutated to

obtain an enzyme (AmDHPhe) with activity comparable to

a wild-type amine transaminase (ATA) (4 U/mg for the

amination of p-fluoroacetophenone). As a proof of concept,

in small preparative scale reactions, (R)-1,3-dimethylbu-

tylamine and (R)-1-(4-fluorophenyl)-propyl-2-amine could

be synthesized by AmDHLeu and AmDHPhe, respectively.

Important issues towards broader applicability of these

enzymes are twofold. The first is improving the substrate

scope, as the enzymes show a distinct preference for their

model substrates while other investigated ketones were

converted with only �1–10% relative activity. The

AmDHPhe prefers ketones having a methyl substituent,

similar to wild-type amine transaminases [6]. The second

issue concerns the reaction equilibrium. In the proof of

concept reactions good conversions (85% and 94% maxi-

mum conversion) were achieved if a 10–50 fold excess of

ammonia was employed and glucose dehydrogenase was

used to shift the equilibrium. The non-quantitative con-

versions of the model substrates suggest that the amination

in thermodynamically more unfavored reactions might

suffer from low conversion, for example when acetophe-

none derivatives are used as amino acceptor.

Overall, the optimization of amine dehydrogenases for

synthetic purposes similar to amino acid dehydrogenases

[12,13] (see Table 1, entries 5 and 6, Scheme 3d) would

be clearly advantageous in terms of step efficiency com-

pared to chemical hydrogenations of ketimines or enam-

ides using chiral metal complexes or auxiliaries [14�].
Beneficially, ammonia is a cheap amino donor and its

use further simplifies the separation of the obtained

amine product from the reaction mixture.
www.sciencedirect.com
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A similar highly desired reaction would be the hydro-

amination of alkenes, but for this reaction only biocata-

lysts for the synthesis of amino acids are available, as

demonstrated in the astonishingly efficient aspartate pro-

cess using aspartate ammonia lyase (aspartase) [EC

4.3.1.1] [15] (Table 1, entry 3). Additionally, protein

engineering of a 3-methylaspartate lyase (MAL) [EC

4.3.1.2] afforded variants applicable for the synthesis of

non-canonical amino acids. Initially, the nucleophile

specificity was extended from ammonia to amines by a

single mutation located in the ammonia binding region of

the active site [16,17��]; whereas methylamine is not

accepted as a substrate by MAL wild-type at a detectable

level, the Q73A variant utilized methylamine with a kcat

of 0.8 s�1 and a KM of �0.5 M (Scheme 1b). However, the

turnover number is relatively low compared to the ammo-

nia addition by the WT enzyme (kcat 50 s�1). More bulky

amines such as cyclobutylamine or 3-hydroxypropyl-

amine were also accepted and allowed the synthesis

of secondary amines containing the aspartate moiety

(Table 1, entry 7). A second mutation (L384A) allowed

the utilization of a broad range of C2-fumarate deriva-

tives, such as 2-n-hexylfumarate that is converted

with high efficiency (kcat = 36 s�1 and KM = 4.6 mM,

Scheme 1c, Table 1, entry 8). As the L384A/Q73A

double mutant was almost inactive, further research

aims to create double mutants by focused mutagenesis

of both positions simultaneously  to yield more versatile

catalysts with both a relaxed electrophile and nucleo-

phile specificity. Additional research also aims to gen-

erate mutants that can be useful for b-amino acid

synthesis, as the a-carboxylate of aspartate seems to

be dispensable for the reaction mechanism, in contrast

to the C4-carboxylate [8]. Researchers at c-LEcta were

able to demonstrate a first proof of concept using aspar-

tase: a mutant converting crotonic acid yielding 3-amino

butanoic acid was identified after screening 300 000

mutant clones (Scheme 1d). Although details of the

protein engineering were not disclosed, the activity

was reported to be 6 U/g DCW (compared to

21 000 U/g DCW for the natural reaction) [18]. Further

evolution of aspartase or MAL could furnish enzymes

suitable for b-amino acid synthesis. Alternative

approaches of b-amino acid synthesis include the appli-

cation of b-aminotransferases or 4-methylideneimida-

zole-5-one (MIO) dependent ammonia lyases or

mutases. However, both strategies are hampered by

certain drawbacks. The substrates for transamination,

b-keto acids, undergo spontaneous decarboxylation.

Using mutases or ammonia lyases, b-amino acids are

accessible from a-amino acids or a,b-unsaturated car-

boxylic acids, respectively. Unfortunately in both cases, a

mixture of a-amino acids and b-amino acids is obtained, as

an enzyme featuring an exclusive b-selectivity is not yet

known. An ammonia lyase for the preparation of amines

from alkenes lacking a carboxylate, however, still seems

out of reach.
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In the above-mentioned examples, the substrate speci-

ficity was altered. McIntosh et al. showed that it is also

possible to change the reaction specificity: an engineered

P450BM3 monooxygenase was able to catalyze an intra-

molecular asymmetric C-H amination with reasonable

TON (Table 1, entry 23), which is not observed in nature

but is known from organic synthesis [19�]. As a proof of

principle, resting cells containing a 15-tuple mutant of

P450BM3 were used as a catalyst under anaerobic con-

ditions to afford 39 mg sultam 10 with 87%ee at 77%

conversion, together with sulfonamide 11, which was

generally observed as a by-product (Scheme 1e). There-

fore, exploring enzymatic C-H amination would be very

interesting from a synthetic point of view, especially if the

substrate scope is widened or an intermolecular C-H

amination could be realized. Details for the protein

engineering of P450 enzymes can be found elsewhere

in this issue [20].

Discovery: identification of novel wild-type
enzymes
Besides optimization of known enzymes through protein

or reaction engineering, the discovery of novel wild-type

enzymes is still an important strategy to access new

biocatalysts. Two examples of recently recognized

enzymes are imine reductases (IREDs) [EC 1.5.1.X]

[21,22] and ‘Pictet-Spenglerases’ [23�,24,25], which are

useful for the preparation of secondary amines. Strictly

NADPH-dependent (S)-selective and (R)-selective

IREDs from Streptomyces sp. were identified by classical

enrichment cultures, similar to the identification strategy

employed in the discovery of some of the early amine

transaminases. (S)-IREDs prefer six-membered cyclic

imines, such as dihydroisoquinolines and dihydro-b-car-

bolines over 5-membered methylpyrrolines; the larger

cyclic imines being converted with an activity up to

1 U/mg [21] (Scheme 1f). The conversion of an iminium

ion indicated that these enzymes might also be useful for

the preparation of tertiary amines. Whole cell reactions

facilitating cofactor recycling demonstrate the biocataly-

tic potential of (S)-IREDs (Table 1, entry 19). In contrast,

a (R)-IRED showed a very narrow substrate specificity

and activity of only 10 mU/mg for methylpyrroline, the

best model substrate reported [26]. The crystal structure

of the (R)-IRED with bound NADPH revealed a very

large active site [26]. As the metabolic function of these

enzymes has not yet been discovered, the relatively low

activity might indicate that the natural substrates differ

substantially from the compounds investigated so far. In

addition to the naturally occurring imine reductases,

artificial metalloenzymes bearing iridium complexes in

a protein scaffold have been investigated [27,28].

Remarkably, formate acts as reducing agent, and reason-

able turnovers and enantioselectivities have been

achieved with a streptavidin scaffold [27]. Recent results

with iridium complexes in human carbonic anhydrase II

[28] by contrast gave only low turnover numbers with
Current Opinion in Chemical Biology 2014, 19:180–192
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reasonable %ee, which suggests that the protein scaffold

mainly determined the catalyst’s performance (compare

entries 19–21 in Table 1).

Although norcoclaurine synthase (NCS) [EC 4.2.1.78]

and strictosidine synthases [EC 4.3.3.2] have been known

for over three decades [29], the biocatalytic potential of a

plant NCS was investigated only recently [23�,25].

During the reaction, a C–C bond is formed via an elec-

trophilic addition reaction, which is in stark contrast to the

other available biocatalysts for amine synthesis, where a

C–H or a C–N bond is formed as the key asymmetric step.

Owing to the requirements of the reaction mechanism,

the substrate scope is restricted to 2-phenylethanamines

with a free hydroxyl group in the ortho position. In a proof

of principle reaction, several structurally different alde-

hydes could be used (Scheme 1g) and the final products

were isolated using preparative HPLC, as they racemize

during silica gel chromatography. Strictosidine synthases

seem to have a narrow substrate specificity leading

to products with a common tryptoline skeleton,

although recently products based on the rare piperazino

[1,2-a]indole scaffold could be synthesized [24].

These examples demonstrate that careful analysis of the

secondary metabolism can be an interesting resource for

enzyme mining to find new biocatalysts useful for amine

synthesis.

Advancements by broadening the catalytic
scope
Understanding the reaction mechanism and the avail-

ability of crystal structures significantly aided in the

identification of novel enzymes and guided the engin-

eering of the substrate scope of known enzymes to

broaden the amine synthesis toolbox. During the last

few years, several structures from (S)-ATAs [30�,31–
33], b-amino acid TAs [34,35] and very recently also from

(R)-ATAs [36,37] were solved, along with structures from

MAOs [38��,39] and IREDs [26–28]. Interestingly, since

2009 crystal structures of four uncharacterized proteins

were deposited in the PDB that could only recently be

characterized as (S)-selective transaminases with varying

activities towards amines [40�]. The structures facilitated

an understanding of the mechanism of dual substrate

recognition and of factors influencing the level of ATA

activity [41].

The strategic use of structure guided protein engineering,

the smart application of known enzymes, process optim-

ization and the combination thereof, led to four major
( Scheme 1 Legend ) Reaction schemes of newly developed or further explo

(a) Glucose dehydrogenase (GDH) was applied to accomplish a displaceme

facilitate the cofactor recycling. (S)-AmDHG, (S)-selective amine dehydroge

Soret peak of the ferrous CO-bound enzyme is shifted to 411 nm compared 

amine transaminase; MAO, monoamine oxidase.
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advances that significantly expanded the scope of bioca-

talytic amine synthesis:

(i) Protein engineering allowed for broadening the

substrate scope of several enzymes. Enlarging the

small binding pocket of (S)-selective ATAs enabled

the conversion of substrates with two bulky

substituents. An eight-fold mutant of ATA from V.
fluvialis showed a 60-fold improved activity towards

the bulky 1,3-ketoester 17 (kcat of 0.02 s�1), which is

a first step towards an asymmetric synthesis of

imagabaline [30�] (Scheme 1h). Regarding this low

activity, it seems to be more difficult to engineer the

active site in (S)-ATAs compared to the success story

reported for (R)-ATA-117 by Codexis and

Merck&Co [42,43]. Furthermore, engineering

MAO-N yielded an enzyme variant able to

deracemize amines with two bulky substituents,

such as 19, an important intermediate for Levoce-

tirizine [38��] (Scheme 1i). A recent protein

engineering approach to broaden the substrate

scope of a 6-hydroxy-D-nicotine oxidase filled a gap

in the biocatalytic amine toolbox by providing the

missing enantiocomplementary (R)-MAO [44]. In

contrast to transaminases it is striking that MAOs

do not suffer from an unfavourable equilibrium,

however, only low substrate concentrations can be

applied owing to pronounced substrate and product

inhibition [45��].
(ii) Secondary and tertiary amines became accessible

from primary amines when the substrate was

properly chosen to enable cyclization after the

enzymatic reaction (Scheme 2a–d). Cyclization has

been demonstrated for a 1,5-amino ester 22 [46],

aminoketones 30 [47,48�,49], and o-halogenated L-

phenylalanine 34 [50], as well as imine 38, which

underwent a Pictet-Spengler reaction to the tertiary

amine harmicine 40 [38��]. The cyclized products

were then further processed by a MAO catalyzed

reaction [49] or by reduction. In the latter case, a

careful choice of reagents and reaction conditions

allowed a diastereoselective reduction and thus

access to the syn-piperidine and anti-piperidine 32.

All four diastereomers were accessible via modular

combination of either a (R)-selective or a (S)-

selective ATA followed by a syn or anit-selective

chemical reduction [48�].
(iii) Challenging substrates: the diastereomers of 1,2-

aminoalcohols were synthesized by two consecutive

asymmetric steps combined in a one-pot cascade

reaction (Table 1, entry 14, Scheme 3e). For the
red enzymes for the synthesis of amines and non-canonical amino acids.

nt of equilibrium. (e,f) Whole cells where applied. GDH was used to

nase; MAL, 3-methylaspartate lyase; P411BM3, mutant of P450BM3: the

to 450 nm for the wild-type; IRED, imine reductase; (S)-ATA, (S)-selective
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Scheme 3
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Reactions optimized for larger scale synthesis. (a) The biphasic system phosphate buffer/toluene was used as solvent. The by-product acetophenone

was removed by extraction from the equilibrium. (S)-ATA, (S)-selective amine transaminase; MAON401, monoamine oxidase mutant; IPA,
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synthesis of norephedrine and norpseudoephe-

drine, the hydroxyketone generated by a carboliga-

tion was aminated with a (R)-ATA or (S)-ATA.

Surprisingly, the (R)-ATA showed a strict pre-

ference for 41 over benzaldehyde [51�]. This was

unexpected, as aldehydes are considered the much

more reactive substrates. Hence, the cascade could

operate in a simultaneous mode with all enzymes

present in one pot during the whole reaction. The

combination of ketoreductases and transaminases

was also investigated [52] in order to access the

remaining diastereomers of 42. Many different

cascade reactions were conceptualized to enable
www.sciencedirect.com 
deracemization [53], or the conversion of alcohols to

amines [54] and were reviewed in detail recently

[55–57]. Upscaling and optimization of these

cascade reactions to afford higher STY will be an

important issue in the future.

(iv) A dynamic kinetic resolution was developed for the

preparation of b-chiral-1,5-amino ester 26, which

spontaneously cyclized to 3-phenylpiperidone 27.

Luckily, a b-enantioselective TA could be ident-

ified, as most screened ATAs showed low b-

enantioselectivity [58��]. After reduction this com-

pound can be used for the synthesis of Niraparib, a

potential drug for cancer treatment.
Current Opinion in Chemical Biology 2014, 19:180–192
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Maturation: optimization for industrial scale
application

Optimizing a biocatalytic reaction for industrial appli-

cations is a challenging task as many parameters need

to be optimized, which can often only be achieved by a

combination of extensive reaction and protein engineer-

ing. Although biocatalysis often claims to be environmen-

tally friendly because aqueous solvents are employed

(which are usually not considered in the calculation of

the E-factor for a process), water miscible or immiscible

cosolvents are often required to allow high substrate

loadings [59] or to decrease product inhibition. As organic

solvent contaminated water causes high costs for disposal,

increasing the product concentration to minimize reaction

volume is of high importance, especially as many of the

proof of concept reactions employ very low concen-

trations. Secondly, a high activity is crucial to ensure

low enzyme concentration in the reaction, as this is

considered a significant cost factor [2,60]. Additionally,

high protein concentrations often cause problems in

downstream processing.

The successful upscaling of several reactions using amine

transaminases [46,58��,61,62�,63], PAL [50], MAO [45��]
and amino acid dehydrogenase [13] were reported

recently. For the synthesis of a Janus kinase 2 (JAK2)

inhibitor, the aryl-alkyl amine 44 bearing a p-fluoropyr-

imidine ring was required as an intermediate (Scheme

3a). The mild reaction conditions were the decisive factor

for developing a transamination reaction, as with numer-

ous other strategies oily tars were formed due to the

instability of the pyrimidine ring. The ‘strong’ amino

donor 1-phenylethanamine (PEA) enabled a near quan-

titative conversion at already 1–1.15 equivalents and a

substrate load of �300 mM was facilitated by using

toluene as a cosolvent to circumvent product inhibition

from acetophenone. The STY of 50 g l�1 d�1 using a

wild-type transaminase is a remarkable success, but

switching to the engineered Codexis enzyme eventually

enabled an as-yet unmatched low catalyst load (Table 1,

entries 10, 11) [62�]. Although asymmetric syntheses like

this reaction featuring near 100% conversion are con-

sidered favorably compared to classical kinetic resolution

with lipases (Table 1, entry 4) because of its higher atom

economy, it is worth mentioning that the utilized chiral

amino donor (S)-PEA is presumably also prepared by

biocatalysis from a classical kinetic resolution with a

lipase.

A second very successful example is the development of

an efficient oxidative desymmetrization of a bicyclic pro-

line intermediate for the boceprevir manufacture

(Scheme 3b) using a MAO [45��]. Protein engineering

afforded a suitable catalyst, which displays 8-fold higher

activity, improved enzyme solubility and thermal stability

at 508C compared to the wild-type. In spite of these
Current Opinion in Chemical Biology 2014, 19:180–192 
achievements, the main challenge was the still remaining

susceptibility of the MAO for substrate and (irreversible)

product inhibition: already 0.8 mM imine 47 decreased

activity by 40% over time. By careful fine-tuning of the

substrate feeding and the addition of bisulfite to achieve a

trapping of the imine product, these inhibition issues

were overcome. Another successfully applied solution

for inhibition issues is the application of a two phase

system to avoid high substrate and product concentrations

in the aqueous phase [62�].

The sitagliptin process [42,43] published in 2010

(Scheme 3c) can be seen as an ultimate benchmark

reaction and as a true maturation of a transaminase

process in terms of space–time yield, which could not

be outperformed over the last three years. Furthermore,

the engineered (R)-ATA of Codexis was reported to be

active in an immobilized form in water saturated isopro-

pyl acetate [63]. This afforded sitagliptin with a similar

STY to the established process, simplified the workup,

and enabled reusability of the catalyst (Table 1, entry 16).

Recent results suggest that freeze dried crude extracts

containing wild-type ATA can also be employed as

enzyme formulation for performing transamination in

organic solvents [64]. In our opinion, further research is

important to increase the robustness of this method.

Conclusion
As discussed in this review most enzymes have to go

through a certain maturation process to be eventually

applied as a biocatalytic tool on an industrial scale.

Furthermore, important challenges and achievements

at the different stages within this progression were sum-

marized. For example protein engineering of dehydro-

genases [10��] and ammonia lyases [17��] acting on a-

amino acids allowed the creation of enzymes for reductive

amination of ketones and the preparation of b-amino

acids and N-alkyl substituted aspartate derivatives. Also

a P450 monooxygenase could be redesigned to catalyze

intramolecular C-H aminations [19�]. It is remarkable that

these engineering efforts created genuine novel activities,

as these could not be detected in any of the wild-type

enzymes. The biocatalytic potential of NCS [23�] and

reductases [21] acting on imines demonstrate that the

secondary metabolism is an interesting resource for

enzyme discovery, and we expect that future research

will reveal other useful enzymes allowing the synthesis of

secondary and tertiary amines.

In the proof of principle reactions, reasonable TON and

excellent %ee were achieved, but enzyme activity, sub-

strate scope and concentration were limited. We know

these issues are solvable, as this has already been demon-

strated in other cases: reaction engineering and structure

inspired protein design were undertaken to facilitate the

biocatalytic conversion of bulkier substrates [30�,38��].
www.sciencedirect.com
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Unfortunately, the obstacle of product inhibition and

substrate inhibition could not yet be overcome by rational

design approaches. Having the high substrate load of the

sitagliptin process [43] in mind, directed evolution is a

more promising strategy to address this challenge. A more

tempting approach would be the application of enzymes

that do not suffer from inhibition. One ATA was recently

characterized which has this feature and might be a

promising candidate for further studies [65]. This finding

stresses the importance of having a large collection of

enzymes in the toolbox. The importance of high diversity

is furthermore demonstrated in another case, where only

one ATA screened from a large collection showed high

enantioselectivity in the amination of the chiral aldehyde

25 [58��].

Through these explorations, reactions with reasonable

STY were realized by the application of a high catalyst

load. In favor of simpler downstream processing, enzyme

loadings need to be lowered for the maturation towards

industrial applications. This issue is often addressed by

immobilization [63] or protein engineering [43] to obtain

catalysts with enhanced activity and stability. Special

tricks in process design, such as trapping of reactive

products can further improve economic efficiency

[45��]. The examples of developed processes on indus-

trial scale demonstrated that there is no generally

applicable solution to improve STY. Instead, each bio-

catalytic reaction required an individual optimization to

address important issues such as equilibrium, enzyme

stability, and inhibition.

Lipases are the most mature enzyme class in the biocata-

lysis field today as they have been used synthetically for the

longest time. Industrial processes utilizing lipases have

STY in the 200–600 g l�1 d�1 range (Table 1, entry 4), and

this provides an aspirational target for these relatively new

asymmetric reactions reviewed here. Only a few of the

mature asymmetric chemistries presented have attained

this level of productivity (aspartate ammonia lyase or

aspartase, Table 1, entry 3, methylaspartate ammonia

lyase, Table 1 entry 8 and the sitagliptin (R)-transaminase,

Table 1, entry 16). However even at lower STY, the

asymmetric nature of these reactions has a dramatic

positive impact on the productivity and efficiency of the

overall chemical syntheses by substantially improving step

and atom efficiency and providing enhanced flexibility in

reaction design. These same high STY processes also

compare favorably to the chemocatalytic processes (Table

1, entries 1 and 2) with STYs of 145 and 260 g l�1 d�1

respectively. In addition, research efforts have expanded

the scope of asymmetric amine synthesis. Until recently

the use of lipases constituted the only biocatalytic method

to access b-chiral amines or those with two similar sub-

stituents [1,66,67]. Due to persistent research efforts, these

amines are now accessible asymmetrically via transamin-

ases and by monoamine oxidases. As such, the biocatalytic
www.sciencedirect.com 
toolbox has been substantially extended in terms of

additional possibilities to access such compounds by asym-

metric synthesis. In conclusion, the current biocatalytic

toolbox contains new advanced tools and has matured to a

level competitive with asymmetric chemical synthesis.
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ammonia lyases and amine transaminases: standardization of
production process and preparation of immobilized
biocatalysts. Electron J Biotechnol 2013, 16 http://dx.doi.org/
10.2225/vol2216-issue2223-fulltext-4.

19.
�

McIntosh JA, Coelho PS, Farwell CC, Wang ZJ, Lewis JC,
Brown TR, Arnold FH: Enantioselective intramolecular C–H
amination catalyzed by engineered cytochrome P450
enzymes in vitro and in vivo. Angew Chem Int Ed 2013, 52:9309-
9312.

Protein engineering changed the reaction specificity to facilitate C–H
amination, which is not known in nature. The two key mutations, C400S
and T268A, are conserved residues that play an essential role in the
reaction mechanism of P450 WT enzymes: C400 ligates the heme
cofactor, and T286 protonates the iron-peroxo intermediate.

20. McIntosh JA, Farwell CC, Arnold FH: Expanding P450 catalytic
reaction space through evolution and engineering. Curr Opin
Chem Biol 2014, 19:126-134.

21. Leipold F, Hussain S, Ghislieri D, Turner NJ: Asymmetric
reduction of cyclic imines catalyzed by a whole-cell
biocatalyst containing an (S)-imine reductase. ChemCatChem
2013, 5:3505-3508.

22. Mitsukura K, Suzuki M, Shinoda S, Kuramoto T, Yoshida T,
Nagasawa T: Purification and characterization of a novel (R)-
imine reductase from Streptomyces sp., GF3587. Biosci
Biotechnol Biochem 2011, 75:1778-1782.

23.
�

Pesnot T, Gershater MC, Ward JM, Hailes HC: The catalytic
potential of Coptis japonica NCS2 revealed — development
and utilisation of a fluorescamine-based assay. Adv Synth
Catal 2012, 354:2997-3008.

The developed photometric assay enabled a fast and in depth character-
ization of the substrate specificity of NCS. The results obtained by the
assay could be confirmed by small scale preparation of these com-
pounds. Based on these results and molecular docking studies, an
alternative binding mode of the substrate is proposed in contrast to a
previously reported reaction mechanism.

24. Wu F, Zhu H, Sun L, Rajendran C, Wang M, Ren X, Panjikar S,
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Bornscheuer UT, Höhne M: Connecting unexplored protein
crystal structures to enzymatic function. ChemCatChem 2013,
5:150-153.

Structural information of four transaminases converting (S)-amines was
already available (but not recognized) in the PDB three years before a
crystal structure of the established C. violaceum ATA was solved. In a one
pot screening reaction, various amino acceptors and amino donors were
combined to rapidly elucidate the function of these enzymes. Interest-
ingly, the level of activity towards amines is pronounced very different.
These findings and mutagenesis studies in the active site might guide
identification of ATAs in the future.

41. Steffen-Munsberg F, Vickers C, Thontowi A, Schätzle S,
Meinhardt T, Svedendahl Humble M, Land H, Berglund P,
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Connecting Unexplored Protein Crystal Structures to
Enzymatic Function
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Uwe T. Bornscheuer,*[a] and Matthias Hçhne*[a]

Biocatalysis has emerged as an important alternative to tradi-
tional chemical synthesis for the preparation of fine chemi-
cals,[1] as recently demonstrated by the biocatalytic manufac-
ture of the drug sitagliptin by using an (R)-amine transaminase
(ATA) created by intensive protein engineering.[2] This process
was superior with respect to optical purity, yield, and waste
generation to the already established transition-metal-cata-
lyzed production of sitagliptin.[3] Process development, identifi-
cation, and optimization of an appropriate enzyme represent
inportant requirements to obtain a successful and efficient
enzyme-catalyzed process. Nature has a rich reservoir from
which a suitable enzyme can be found as a starting point. In
contrast to classical approaches such as screening of strain col-
lections, modern developments in the area of metagenomics
offer enormous potential to screen for activity within noncul-
turable biodiversity.[4] A major advancement was the develop-
ment of next-generation sequencing techniques, which led to
a substantial increase in the genetic information deposited in
public databases;[5] currently >20 million protein sequences
are waiting to be explored. This development also led to the
accumulation of protein sequences with unknown (or wrongly
annotated) function, and thus a large part of this rich resource
cannot be used reliably. We recently took advantage of this in-
formation and developed an in silico enzyme discovery strat-
egy and identified 17 novel and unique (R)-selective ATAs in
>5000 sequences deposited in public databases,[6] although
no gene or protein sequence was described in the literature
ahead of our work. Furthermore, we could show that these (R)-
ATAs are synthetically useful, as demonstrated recently in the

asymmetric synthesis of a set of 12 chiral amines by using 7
out of the 17 enzymes.[7]

Modern protein engineering methods[8] rely on high-quality
structural information as obtained by X-ray crystallography,
which is then the basis for focused, directed evolution to im-
prove the properties of the enzyme. Similar to developments
in the genomics area, in the last years automated high-
throughput methods were developed for crystallization and
determination of crystal structures, which has resulted in
a rapid increase in the number of solved protein structures.[9]

Still, for many enzymes no structure is available, as for exam-
ple, (R)- and (S)-selective ATAs, which have become very popu-
lar in the last years.[10] Hence, structural information is highly
desired to understand experimental results and to guide pro-
tein engineering.[11] Interestingly, a trend similar to that pointed
out above for the discovery of sequences exists: there is
a growing number of crystal structures of enzymes that were
never characterized with respect to substrate scope, enantiose-
lectivity, or reaction specificity, and their physiological func-
tions are also often unknown. Similar to the lack of experimen-
tal validation of annotated proteins in sequence databases,
crystallized proteins with unknown function are only rarely
characterized.[12] Thus, many structures remain unexplored: For
example, from 104 crystal structures of different transaminases
found in the Brookhaven protein database (PDB), 46 structures
do not have a literature citation that provides a description of
the structure or the characterization data of the protein. Con-
necting the enzymatic function to unexplored proteins in the
PDB could provide information that would be of diverse inter-
est. These include protein engineering in the context of bio-
technology or biochemical studies to explore enzyme
mechanism.

Herein we explore the crystal structures with unknown func-
tions in the cluster of “ornithine-aminotransferase (OAT)-like
proteins” (cd00610 of the NCBI conserved domain database)
deposited in the PDB database. OAT are pyridoxal-5’-phosphate
(PLP) dependent enzymes; they belong to PLP fold class I,[13]

which represent a very large and diverse superfamily. In the
OAT subfamily, eight different enzyme activities are known
(Table S1, Supporting Information). All 58 available 3D struc-
tures of this cluster show considerable similarity, but they are
different in important residues in the active site that are obvi-
ously involved in substrate recognition. This search identified
four structures (PDB codes: 3HMU, 3I5T, 3FCR, 3GJU), for which
we could not find any information associated with their struc-
tures or functions. Additionally, these structures differed in im-
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portant active-site residues involved in substrate coordination
relative to the enzymes with known structures in the OAT-like
cluster (Figure S1, Supporting Information). We therefore per-
formed extensive characterization of these proteins.

The first challenge was the identification of the reaction and
substrate specificity, as the natural function of these enzymes
was unclear. We hypothesized that these proteins might con-
vert amines, as the proteins are structurally similar to the
active site of an w-amino acid:pyruvate transaminase (PDB
code: 3A8U) from Pseudomonas putida.[14] This enzyme transa-
minates the terminal amino group of linear w-amino-n-alkyl
carboxylic acids of different chain lengths. Simple amines are
also converted,[15] but enantioselectivity towards chiral amines
was never analyzed.[16] Although many of the known ATAs
show broad substrate specificity,[17] there are also known en-
zymes that accept only a relatively narrow range of sub-
strates.[6] Hence, we needed to identify the amino donor while
keeping in mind that it could only be converted if the appro-
priate amino acceptor was present. Therefore, we designed
a screening set comprising eight structurally different amino
donors (aliphatic/arylaliphatic amines with different chain
lengths) and seven different amino acceptors (ketones, alde-
hydes, a-keto acids) in one pot (Scheme 1; Figure S2, Support-
ing Information).

As the pH profile of the enzymes is also unknown, we con-
ducted the reactions at two different pH values. This revealed
that all four proteins (crude extract from recombinant expres-
sion in E. coli) were able to convert a range of structurally dif-
ferent amines/ketones. From subsequent, detailed characteriza-
tion of the amino donor specificity, we could show that the
catalytic efficiency of the enzymes towards a panel of eight dif-
ferent amines differed by three orders of magnitude (Fig-

ure 1 a; Table S2, Supporting Information). Additionally, we
could demonstrate that all four proteins exhibit (S)-enantiopre-
ference (Table 1).

1-Phenylethylamine (6), which is often used as a benchmark
substrate for many ATAs, was well accepted by 3HMU and 3I5T.
In contrast, 3FCR and especially 3GJU converted (S)-6 very
slowly. 3GJU preferred benzylamine over (S)-6 to a greater
extent than the other three enzymes, but displayed only low
specific activity. Surprisingly, 1-N-Boc-3-aminopyrrolidine (Boc =

tert-butoxycarbonyl), which is often not a preferred substrate
for ATAs,[6, 19] was the best substrate for 3FCR and 3GJU.

After determination of the optimum pH value of approxi-
mately pH 9.5 (Figure S3, Supporting Information), we found
that various amino acceptors such as pyruvate, glyoxylate, and
succinate semialdehyde were accepted by the enzymes (Fig-
ure 1 b). As a result of the very unusual optimum pH value (i.e. ,
pH 9.5–10.5) and the observed dramatic decrease in activity at
neutral pH values, the ATA activities of 3FCR and 3GJU are vir-
tually absent at physiological pH (�7.5). Furthermore, other
substrates (ornithine, lysine, b-alanine, dimethylglycine, and 8-
amino-7-oxononanoic acid) that are accepted by enzymes that
are structurally similar to the OAT cluster (Scheme S1, Support-
ing Information) were converted only to a small extent. From
these observations, we conclude that the major activity of the
identified enzymes at physiological pH is the transamination of
small amino and a-keto acids, for example, alanine and succi-
nate semialdehyde (Table 1), and the catalytic performance for
these substrates was observed to be of the same order of
magnitude for all four enzymes. Additionally, we suggest that
ATA activity displays a type of substrate promiscuity, which is
more (for 3HMU, 3I5T) or less (for 3FCR, 3GJU) pronounced in
the four different enzymes.

In the next step, we analyzed
the structures of the enzymes by
focusing on features that might
explain the observed substrate
profile. The four enzymes show
a sequence identity of approxi-
mately 35 % with the exception
of 3FCR and 3GJU, which are
highly similar (75 % sequence
identity). All structures align well
(Figure S4, Supporting Informa-
tion) and show a typical overall
structure of a protein of PLP fold
class I enzyme. 3GJU, 3FCR, and
3I5T crystallize in the apo form
containing PLP. 3HMU lacks the
PLP unit, but a sulfate ion is co-
ordinated in the position where
the phosphate group of PLP is
placed in other transaminases
(referred to as phosphate group
binding cup). Thus, we believe
that the structures represent
a proper active site conforma-
tion. High-resolution structures

Scheme 1. Screening reaction for the initial detection of amine transaminase (ATA) activity. Various amines and
keto substrates were combined in a one-pot reaction. This increases the probability to identify the preferred (co)-
substrates of the enzymes
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[1.6 (for 3GJU), 1.8 (for 3FCR), 2.0 (for 3I5T), and 2.1 � (for
3HMU)] allowed a detailed view of the active site of these en-
zymes. From earlier characterization studies,[20] it was hypothe-
sized that the active site of an ATA should consist of a large
and a small binding pocket, which should accommodate the
large and small substituents of an amine/ketone (Figure 2 a).

Residues contributing to the active site pockets are high-
lighted in a multiple sequence alignment (Figure S5, Support-
ing Information). The large binding pocket provides a lot of
space, and this reflects the general trend that larger substrates
are converted with higher catalytic efficiency, for example, 2-
aminononane>2-aminohexane, or 1-methylnaphthylamine>
4-phenyl-2-aminobutane>1-phenylethylamine. This is in ac-
cordance with previously reported models of the active site.[20]

The preference of 3FCR and 3GJU for 1-N-Boc-3-aminopyrroli-
dine might be explained by the presence of Tyr59: its hydroxy
group forms a hydrogen bond to the carbonyl oxygen atom of
B3AP in docking simulations (Figure S6, Supporting Informa-
tion).

Interestingly, the position of the side chain of an arginine
residue near the active site, R417, varies greatly in the four
structures (Figure 2 b), which is indicative of the high flexibility
of this residue. In 3HMU, two different positions of R417 are
observed in the two monomers of the enzyme, and in 3FCR,
the final model actually contains two different positions of this
arginine side chain in each monomer. A mutagenesis experi-
ment and MD-simulation studies show that this flexible R417
residue allows the enzymes to accommodate different types of
substrates. This is known as dual substrate specificity and is
described in more detail elsewhere.[21]

Finally, all four enzymes were tested in the asymmetric syn-
thesis of a panel of amines (Table 2) by using l-alanine as the
amino donor. The co-product pyruvate was removed by lactate
dehydrogenase to shift the equilibrium of the reaction. Al-
though 3FCR and 3GJU turned out to be inactive for most of
the substrates, 1-N-Boc-3-pyrrolidinone was converted into
product 4 in a nearly quantitative manner.

In conclusion, owing to the advancements in high-through-
put crystal structure determination, the protein database is
worth exploring in more detail, as it contains a rich source of
structures of many proteins that are not characterized in suffi-
cient detail or that have unknown function. The structures of

Figure 1. Characterization of the substrate spectrum of the 3HMU, 3I5T,
3FCR, and 3GJU proteins. a) Amino donor substrate spectrum for 1–8 ; see
Scheme 1 for the structures of 1–8. b) Amino acceptor substrate spectrum
for 9 : pyruvate, 10 : ethyl pyruvate, 11: glyoxylic acid, 12 : succinate semial-
dehyde, 13 : levulinic acid, 14 : a-ketoglutarate, 15 : hydroxypyruvate, 16 :
mercaptopyruvate, 17: hexanal, 18 : 2-hexanone.

Table 1. Specific activities for the transamination of the donor/acceptor
pairs 1-phenylethylamine (6)/pyruvate and succinate semialdehyde (12)/
alanine at two pH values.

Enzyme pH 7.5 pH 9.5
12[a] (S)-6[b] 12[a] (S)-6[b] (R)-6[b] Eapp

[c]

3HMU 1.50 1.25 11.4 14.9 0.014 1070
3I5T 0.46 0.34 0.37 4.95 0.029 169
3FCR 1.05 0.008 1.73 0.17 0.004 44
3GJU 1.63 0.007 1.96 0.092 0.002 53

[a] Activities (U mgprotein
�1) were measured by spectrophotometric deter-

mination of pyruvate with lactate dehydrogenase (LDH assay). [b] Activi-
ties were measured by using the acetophenone assay.[18] [c] Eapp = v(S)/v(R).

Figure 2. a) A view of the large binding pocket in the active site of 3HMU. A
docked quinonoid intermediate corresponding to the first planar quinonoid
in the reaction between PLP and 1-phenylethylamine is shown in magenta.
b) Superposition of the crystal structures. PLP and R417 are shown as stick
diagrams with different colors ; 3HMU:A (green), 3HMU:B (green), 3FCR (ma-
genta), 3I5T (cyan).
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the amine transaminases used in this study were deposited
three years ago and remained unrecognized, although struc-
tural information of these popular biocatalysts is highly de-
sired. With a growing number of solved crystal structures (in-
cluding those of uncharacterized proteins), the PDB continues
to develop into a great resource that can be considered a gold
mine for various areas. We hope that this work will convince
other researchers to connect structures of uncharacterized pro-
teins with their function. This will help to uncover and apply
these resources in the field of protein engineering or the
discovery of novel biocatalysts.
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Table 2. Conversion and enantiomeric excess values of the amines
obtained by asymmetric synthesis from the corresponding ketones.

Product[a] Enzyme Conversion[b]

[%]
ee[c]

[%]

2
3HMU 93 87
3I5T 9 96

6
3HMU 26 >99
3I5T <5 >99

3
3HMU >99 98
3I5T >99 88

8
3HMU 92 99
3I5T 9 >99

4

3HMU >99 97
3I5T 99 90
3FCR[d] >99 95
3GJU[d] 97 90

[a] Structures of the products are given in Scheme 1. [b] Measured after
24 h by HPLC or by capillary electrodes (CE). [c] After derivatization with
trifluoroacetic anhydride measured by chiral GC. [d] Using 3FCR and
3GJU, no significant conversion (<5 %) was observed for the other ke-
tones, and thus, optical purity could not be determined.
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Material & Methods 
All chemicals were of analytical grade purity and obtained from Sigma Aldrich (München, Germany), 
ABCR (Karlsruhe, Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), VWR 
(Hannover, Germany) or Acros (Geel, Belgium). 
 
Functional expression of proteins 
The codon-optimized genes encoding the proteins (pdb-codes: 3HMU, 3I5T, 3FCR and 3GJU) were 
ordered from GeneScript (Piscataway, U.S.A.) subcloned in the pET-22b vector containing a C-terminal 
His6-tag. Transformed E. coli BL21(DE3) cells were grown in 400 ml LB supplemented with 100 µg ml-1 
ampicillin. Cultures were initially incubated on a gyratory shaker at 37°C until the OD600 reached 0.7. 
Afterwards protein expression was induced with IPTG (0.1 mM) and the cultures were shaken at 20°C 
for 20 h (3GJU) or 30°C for 6 h (3HMU, 3I5T and 3FCR) and then centrifuged for protein harvest. 
 
Purification  
The cell pellet was washed with HEPES buffer (50 mM, pH 7.5) and then resuspended in 50 mM HEPES 
buffer pH 7.5, containing 0.3 M NaCl, and 0.1 mM PLP. After disruption by French press (Thermo 
Fischer Scientific, MA, USA) at 0°C the suspension was centrifuged (10,000 x g, 45 min) and the 
supernatant was passed through a 0.2 µm filter prior to chromatography. Affinity chromatography was 
performed using an Äkta Purifier (GE Healthcare, Chalfont St Giles, GB) and a 5 ml IMAC Sepharose 6 
Fast Flow column (GE Healthcare). After washing the column with HEPES buffer (50 ml, 50 mM, pH 7.5; 
containing 0.3 M NaCl, 0.1 mM PLP and 0.03 M imidazole; 5 ml min-1 flow rate) the crude extract was 
injected. The enzymes were eluted by 0.3 M imidazole containing HEPES buffer (50 mM, pH 7.5, 0.3 M 
NaCl and 0.1 mM PLP; 5 ml min-1 flow rate) and the fractions containing the desired protein were pooled. 
For desalting size exclusion chromatography using 50 mM HEPES buffer pH 7.5 was performed. The 
enzyme solutions were stored at 4°C and protein concentrations were determined with the BC Assay kit 
(Uptima, Montluçon, France). 
 
Analytics 
For the detailed analysis of the enzymes, various analytical methods were used as described below. 

GC quantification of ketone products 
This assay was used to simultaneously measure the formation of 8 ketones in one chromatogram. The 
quantitative ketone analysis was performed using a Hewlett Packard 5890 Series II gas chromatograph 
equipped with a BP21 column (Nitroterephthalic acid modified PEG stationary phase; 30 m x 0.25 mm; 
SGE Analytical Science, Milton Keynes, UK). All ketones could be separated with the temperature 
program: 40°C initial temperature for 5 min, heated to 80°C with 10°C min-1, kept for 3 min, heated to 
140°C with 20°C min-1, kept for 1 min, heated to 220°C and kept for 5 min (for retention times see Table 
below). 

Retention times of the ketones 

 Ketone Retention time 
[min] 

2-Heptanone 7.0 
2-Hexanone 4.3 
2-Nonanone 10.7 
Benzaldehyde 12.6 
Acetophenone 14.9 
4-Phenyl-2-butanone 18.5 
1-N-Boc-3-pyrrolidinone 20.4 
p-Nitroacetophenone 24.0 
2-Acetonaphthone 25.5 
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HPLC quantification of amino acids 
This assay was used to investigate the transamination of various amino acids with pyruvate or glyoxylate 
as amino donors. Instead of detecting the remaining pyruvate as done in most studies, we quantified the 
produced alanine/glycine after derivatization with o-phthalaldehyde, as this allows a more sensitive 
detection of reaction products. 
The HPLC-analyses were performed on an ELITE LaChrome system equipped with a Column Oven L-
2300, Organiser, Autosampler L-2200, UV-Detector L-2400, Pump L-2130 from Hitachi High-
Technologies Europe GmbH, Mannheim, HPLC reversed phase-column Kromasil® C18 125 x 4 mm from 
Syntrex. A flow rate of 0.8 ml min-1 and a mixture of 25 % MeCN and 75 % H2O (0.01 % TFA) were used. 
The column oven was set to 30°C. UV absorption of the OPA derivatives was monitored at 338 nm. 
 
OPA/NAC derivatization reagent: 
O-phthalaldehyde (161 mg, 1.2 mmol) and N-acetyl-cysteine (196 mg, 1.2 mmol) were dissolved in 10 
mL methanol. The mixture was stored in the fridge (4°C) and prepared freshly every 3 days. 
 
For reactions with monoamines: 
A sample of the reaction mixture (10 mM, 0.1 mL, 0.001 mmol with respect to the amine) was treated 
with NaOH (1 M, 0.007 mL, 0.007 mmol) and the mixture filtered before the OPA-NAC reagent (0.12 M, 
0.042 mL, 0.005 mmol) was added and the reaction was shaken at 700 rpm at 30°C for 30 min before 
being diluted to 1 mL with distilled H2O for HPLC analysis. 
 
For reactions with diamines (lysine and ornithine): 
A sample of reaction mixture (10 mM, 0.1 mL, 0.001 mmol with respect to the amine) was treated with 
NaOH (1 M, 0.014 mL, 0.014 mmol) and the mixture was filtered before the OPA-NAC reagent (0.12 M, 
0.084 mL, 0.01 mmol) was added and the reaction was shaken at 700 rpm at 30°C for 30 min before 
being diluted to 1 mL with distilled H2O for HPLC analysis. 
 
Alanine-reference 
To the alanine stock solution (0.1 M, 0.1 mL, 0.01 mmol) was added NaOH (1M, 0.07 mL, 0.07 mmol) at 
which point the pH of the solution was checked to be >10 with universal indicator paper. The OPA-NAC 
reagent (0.12 M, 0.42 mL, 0.05 mmol) was then added and the mixture was shaken at 700 rpm at 30°C 
for 30 min (with thin layer chromatography control: Rfalanine = 0.55 in 100 % methanol, stained with 
KMnO4 solution; to ensure that no alanine remained and that the reaction had reached completion after 
30 min). 
In order to obtain a 1 mM reference sample for HPLC analysis, a sample (16.9 mM, 0.0592 mL, 0.001 
mmol) of the reaction mixture was taken and diluted with distilled H2O to 1 mL.  
 
Acetophenone Assay 
This quick photometric assay[1] was used to determine pH-profiles, amino acceptor substrate specificity 
and kinetic constants (kcat and KM). The measurements were performed using 2.5 mM 5 (3GJU) or 6 
(3HMU, 3I5T and 3FCR), 2.5 mM pyruvate and 0.25 % (v/v) DMSO at 30°C. The acetophenone 
formation was measured at 245 nm and formed benzaldehyde was measured at 250 nm. 
 
Lactate dehydrogenase assay 
This assay was used to follow the transamination of L-alanine and succinate semialdehyde.  
For activity measurements employing L-alanine as amino donor the formed pyruvate was converted to 
lactic acid using a lactate dehydrogenase (LDH). The consumption of NADH by this reaction could be 
followed spectrophotometrically at 340 nm. Other amino acids (e.g. glycine, serine) could not be used as 
amino donors, as the LDH converts the corresponding keto acids (glyoxylic acid, hydroxypyruvate) with 
high activity.  
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All measurements were performed in 200 µl using microtiter plates with 2.5 mM L-alanine, 2.5 mM amino 
acceptor, 0.75 mM NADH, 11 U ml-1 LDH and adequate amounts of purified enzyme in 50 mM HEPES 
buffer pH 7.5 or 50 mM CHES buffer pH 9.5 at 30°C. 
 
Substrate screening 
Initial screening for ATA activity 
The first test for amine transaminase activity was performed in one pot biocatalysis reactions containing 
several amino donors and acceptors at different pH values. Reactions were carried out in 0.5 ml scale in 
1.5 ml glass vials using crude cell extract as enzyme preparation. For each enzyme, two reactions were 
performed: one at pH 7.5 (phosphate buffer, 50 mM) and the second at pH 9.0 (Tris-HCl buffer, 50 mM). 
All reactions contained amino donors (1-8, each 5 mM, racemate), amino acceptors (pyruvate, glyoxylic 
acid, succinate semialdehyde, α-ketoglutarate, levulinic acid, hexanal and hexanone; each 50 mM), and 
10 % DMSO. The reaction vials were shaken at 30°C and 1000 rpm for 7 h, quenched by addition of 
50 µl conc. HCl and extracted with ethyl acetate containing 5 mM 2-heptanone as internal standard. The 
formed keto products in the organic phase were quantified by gas chromatography (see above). As 
negative control, the same reaction was performed using an E. coli BL 21 cell extract harboring a 
pGASTON vector containing the encoding sequence for a pyruvate decarboxylase from Zymomonas 
mobilis in the pET22b plasmid. 
 
Conversion of various amino acids 
To investigate the conversion of various amino acids, pyruvate or glyoxylate were used as amino 
acceptors. After the reaction, the conversion was analysed by detection of the formed alanine/glycine by 
HPLC (see above). 
0.1 M stock solutions of L-alanine, L-valine, γ-amino butyric acid, L-lysine, L-ornithine, L-leucine, 
dimethylglycine, benzylamine, pyruvic acid and glyoxylic acid were prepared via dissolving 1 mmol of the 
solute in 10 mL of Milli-Q water.  
To a mixture of the amino acid stock solution (0.1 M, 0.1 mL, 0.01 mmol) and pyruvic acid or glyoxylic 
acid stock solution (0.1 M, 0.1 mL, 0.01 mmol) in Tris-HCl or HEPES pH7.5 buffer (50 mM, 0.7mL) was 
added the purified enzyme (0.1 mL, approx. 0.15 mg). The reaction was then shaken at 700 rpm at 30°C, 
samples were taken after 2 hours and 24 hours. A control reaction was performed without the addition of 
enzyme.  
 
Biochemical characterization 
pH-profile 
Due to the activity observed with 5 or 6, the pH profiles could be determined utilizing the acetophenone 
assay (see above). Measurements were performed using 2.5 mM 5 (3GJU) or 6 (3HMU, 3I5T and 
3FCR), 2.5 mM pyruvate and 0.25 % (v/v) DMSO. For determining pH profiles, Davies buffer at different 
pH values was used as reaction medium.[2] 
 
Amino acceptor spectrum 
The amino acceptor spectrum could be determined utilizing the acetophenone assay in CHES buffer 
(50 mM, pH 9.5) containing 2.5 mM of the investigated acceptor. 
 
Kinetic constants for model substrates 
Kinetic measurements were also performed with the acetophenone assay. For this the reaction volume 
had to be reduced to 100 µl to lower the initial absorbance at higher concentrations of 5 or 6. The pH-
values of (S)-PEA and pyruvate stock solutions were adjusted to pH 9.5 with diluted HCl or NaOH in 
order to prevent pH changes. First, the concentrations of the substrates were determined, which were 
necessary to reach saturation. These concentrations were kept fixed when measuring the kinetic 
parameters of the other substrate (see Table below).  



 4 

Concentrations used for measuring the apparent kinetic data for (S)-1-phenyl-ethylamine or 
benzylamine and pyruvate. 

Enzyme Substrate 1 Conc. 
[mM][a] 

Substrate 2 Conc. 
[mM] 

3HMU 1-phenyl-ethylamine 10 pyruvate 0.2 - 15 
3HMU pyruvate 20 1-phenyl-ethylamine 1 - 25 
3I5T 1-phenyl-ethylamine 15 pyruvate 0.5 - 20 
3I5T pyruvate 20 1-phenyl-ethylamine 1 - 25 
3FCR 1-phenyl-ethylamine 20 pyruvate 1 - 25 
3FCR pyruvate 20 1-phenyl-ethylamine 1 - 25 
3GJU benzylamine 15 pyruvate 1 - 15 
3GJU pyruvate 10 benzylamine 0.5 - 20 

[a]The concentration of substrate 1 was kept fixed in the measurements at different concentrations of 
substrate 2.  

The apparent kinetic constants were calculated from the obtained initial velocities by nonlinear 
regression using SigmaPlot Software (Systat Software Inc., version 12.0). 
 
Characterization of the amino donor substrate profile 
Reactions were carried out in 0.5 ml volume in 1.5 ml glass vials using 50 mM pyruvate, 5 mM of each 
(S)-amine and adequate amounts of purified ATA in 50 mM CHES buffer (pH 9.5). After shaking at 30°C 
and 1000 rpm, the reactions were quenched after 2, 4, 6, 8, 10 and 30 min by addition of 50 µl of conc. 
HCl. The formed ketones were extracted with 400 µl ethyl acetate containing 5 mM 2-heptanone as 
internal standard and quantified by GC analysis (see above). In a control reaction without the enzymes, 
no formation of ketones was observed over the incubation time, although a small amount of some 
ketones was already present in the beginning (the ketone is detected as trace impurity in some of the 
amine preparations).   
 
Asymmetric synthesis 
All reactions were performed in 0.5 ml volume in 1.5 ml glass vials containing 200 µl ATA crude extract, 
90 U ml-1 lactate dehydrogenase, 15 U ml-1 glucose dehydrogenase, 250 mM L-alanine, 150 mM D-
glucose, 1 mM NADH, 0.1 mM PLP and 20 mM keto substrate in 100 mM CHES buffer pH 9.5. The 
solutions were shaken at 30°C and 1000 rpm for 24 h. Then 150 µl samples were taken for high 
performance liquid chromatography (HPLC) or capillary electrophoresis (CE) quantification. Another 
150 µl were used for chiral GC analysis. 
 
Quantification 
The formation of the amine 4 was quantified by capillary electrophoresis (CE) as described elsewhere.[3] 
All other amines were quantified by (achiral) HPLC analysis as described elsewhere.[4] For 8 the same 
gradient program as for 3, 6 and 7 was used, the retention time was 3.0 min. 
Chiral analysis of amines (2-4, 6 and 8) was performed by chiral GC after derivatization to the 
trifluoroacetamides as described elsewhere.[3-4] Enantiomeric excess of 8 was analysed after 
derivatization to the trifluoroacetamide (isothermal at 210°C using an octakis-(2,3-di-O-acetyl-6-O-t-
butyldimethylsilyl)-γ-cyclodextrin column (50 m x 0.25 mm). The retention times were 15.2 min for (S)-8 
and 15.6 min for the (R)-enantiomer. 
 
Docking experiments 
Using the YASARA software (Version11.5.22)[5], the atomic coordinates of PLP were adopted from 
3FCR. The two SO4 molecules and seven water molecules bumping on PLP (hoh 767, 634, 672, 724, 
742, 517, 652) were deleted. The structure of 3FCR is only available as a monomer. First it was 
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oligomerized with YASARA in order to obtain the dimer. Llp288 (the internal aldimine of Lys288 and 
PLP) was deleted, as PLP and Lys288 are additionally present in the crystal structure. For Arg420, two 
different conformations of the side chain are present in the crystal structure. Therefore the Arg420 side 
chain pointing towards PLP was deleted. In both structures, all missing protons were added. The 
hydrogen bonding network was optimized by repeated energy minimizations and short molecular 
dynamics simulations for 1200 fs at 298 K in vacuum using the AMBER99[6] force field with a 7.86 Å 
force cut-off point and the particle mesh Ewald algorithm[7] to treat long-range electrostatic interactions. 
Then, all waters were removed.  
The quinonoid structure of PLP-1-phenyl-ethylamine (corresponding to the first planar quinonoid in the 
reaction mechanism, that is formed after α-proton abstraction of the external aldimine by the catalytic 
lysine) were built in YASARA and kept planar by keeping the dihedral angle of C4, C4A, N4A and C7 
fixed. In case of 1-N-Boc-3-aminopyrrolidine, the external aldimine with PLP was also built as ligand. The 
force field parameters for the quinonoid structures were assigned by AutoSMILES.[8] 
Molecular docking simulations were performed using AutoDock[9] included in the YASARA software. 
Simulation cells were set 5 Å around each PLP molecule. The PLP molecules were then deleted. 
Docking simulations were performed with a prewritten script (dock_run.mcr), which applies Lamarckian 
genetic algorithm, Amber99 force field, wall conditions and no long-range in the YASARA software. All 
other values were kept at default by AutoDock.  
The docking simulations were evaluated according to a productive binding mode definition, where the 
ligand should position the pyridine nitrogen proton within hydrogen bond distance to Asp261 and the 
phosphate group into the “phosphate group binding cup”. 
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Supplementary Tables and Figures 
 

Table S1: Enzymatic activities observed within the ornithine-TA subfamily. 
 

Enzyme  Substrate(s) PDB accession 
code 

Transaminases    

2.6.1.18[a] (S)-amine-TA 
 

pyruvate 
3HMU, 3I5T, 
3FCR, 3GJU, 

4A6T 

 β-amino acid TA 
 

pyruvate - 

 ω-amino acid TA 
 

pyruvate 3A8U 

2.6.1.19 γ-aminobutaryte: 
2-oxoglutarate-TA  2-oxoglutarate 1SF2 

2.6.1.36 lysine-ε-TA 
 

2-oxoglutarate 2CJD 

2.6.1.13[b] ornithine-δ-TA 
 

2-oxoglutarate 2OAT 

2.6.1.11[b] acetylornithine-δ-TA 

 

2-oxoglutarate 1WKG 

2.6.1.62[c] DAPA-transaminase 

  

1QJ3 

Other enzyme activities    

4.1.1.64[d] dialkylglycine  
decarboxylase   

pyruvate 1D7V 

5.4.3.8[e] glutamate-1-semialdehyde  
aminomutase 

 

 

- 2HP2 

5.1.1.15[e] α-amino-ε-caprolactam  
racemase 

 

- 3DXV 

[a] At least three different enzyme activities were assigned with the E.C. number 2.6.1.18, because of partially overlapping substrate spectra. 
For example, many of the characterized (S)-amine:pyruvate transaminases are not able to convert β-amino acids, but most β-amino acid 
transaminases can convert a range of amines. [b] Acetylornithine-TA is able to convert ornithine and acetylornithine, whereas ornithine-TA only 
accepts ornithine. [c] Alternative name: 7,8-diaminopelargonic acid (DAPA)-synthase. [d] The catalytic cycle of dialkylglycine decarboxylase 
consists of two reactions: In the first reaction, PLP and dialkylglycine form a Schiff base followed by the decarboxylation and release of acetone 
and PMP. In order to regenerate PLP, the amino group of pyridoxamine (PMP) is transferred in the second reaction (transamination) to pyruvate, 
yielding PLP and alanine. [e] For the reactions catalysed by these enzymes, no second substrate is needed. 
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2OAT    45 EREYKYGAH....N..YH.........P......LPVA....LER..GKGIYLWD.VEGRKYFDFLSSYSAVNQGHCHPKIV...NALKSQVDK..LTLT  
1WKG    14 EAEKTLDSG....V..YN.........K......HDLL....IVR..GQGARVWD.AEGNEYIDCVGGYGVANLGHGNPEVV...EAVKRQAET..LMAM  
3OKS    29 DRKGTAVAR....GV.GT.........T......MPVY....AVR..AGGGIVED.VDGNRLIDLGSGIAVTTVGNSAPKVV...EAVRSQVGD..FTHT  
2CJD    35 ........................................IVLDLTRSGGSYLVDAITGRRYLDMFTFVASSALGMNPPALVDDREFHAELMQAALNKPS  
2HP2    16 AAAQKLMPGGVSSP..VR.........AFKSVGGQPIV....FDR..VKDAYAWD.VDGNRYIDYVGTWGPAICGHAHPEVI...EALKVAMEK..GTSF  
3DXV    10 DRDGAAIGN....LQKLR.........F......FPLA....ISG..GRGARLIE.ENGRELIDLSGAWGAASLGYGHPAIV...AAVSAAAAN..PAGA  
1D7V    27 ........................................MIIER..AKGSFVYD.ADGRAILDFTSGQMSAVLGHCHPEIV...SVIGEYAGK..LDHL  
1QJ3     7 AFDQRHILH....P..YTSMTSP....L......PVYP....VVS..AEGCELIL.SDGRRLVDGMSSWWAAIHGYNHPQLN...AAMKSQIDA..MSHV  
3A8U    34 ........................................RLIVA..AEGSWLVD.DKGRKVYDSLSGLWTCGAGHTRKEIQ...EAVAKQLST..LDYS  
3HMU    17 ALDAAHHLH....P..FSANNALG..EE......GTRV....ITR..ARGVWLND.SEGEEILDAMAGLWCVNIGYGRDELA...EVAARQMRE..LPYY  
3I5T    38 ........................................PVLTH..AEGIYVHT.EDGRRLIDGPAGMWCAQVGYGRREIV...DAMAHQAMV..LPYA  
3FCR    10 QWDRDNFFH....P..STHLAQHARGES......ANRV....IKT..ASGVFIED.RDGTKLLDAFAGLYCVNVGYGRQEIA...EAIADQARE..LAYY  
3GJU    11 AWDRDHFFH....P..STHMGTHARGES......PTRI....MAG..GEGVTVWD.NNGRKSIDAFAGLYCVNVGYGRQKIA...DAIATQAKN..LAYY  
4A6T    12 ELDAAHHLH....P..FTDTASLN..QA......GARV....MTR..GEGVYLWD.SEGNKIIDGMAGLWCVNVGYGRKDFA...EAARRQMEE..LPFY  

 
                                                                                                          
2OAT   112 S.R.A..FYNNVLGEYEEYITK.LFN...YHKVLPMNTGVEAGETACKLARKWGYTVKGIQKY....KAKIVFAAGNFWGRTLSAISSSTDP........  
1WKG    81 P.Q.T..LPTPMRGEFYRTLTA.ILPPE.LNRVFPVNSGTEANEAALKFARAHTG............RKKFVAAMRGFSGRTMGSLSVTWEP........  
3OKS    97 CFM.V..TPYEGYVAVCEQLNR.LTPVRGDKRSALFNSGSEAVENAVKIARSHTH............KPAVVAFDHAYHGRTNLTMALTAKV........  
2CJD    95 N.S...DVYSVAMARFVETFARVLGDPA.LPHLFFVEGGALAVENALKAAFDWKSRHNQAHGIDPALGTQVLHLRGAFHGRSGYTLSLTNTKPT......  
2HP2    93 G......APCALENVLAEMVND.AVP.S.IEMVRFVNSGTEACMAVLRIMRAYTG............RDKIIKFEGCYHGHAD...MFLVKAGSGVATLG  
3DXV    79 T.ILS..ASNAPAVTLAERLLA.SFPGEGTHKIWFGHSGSDANEAAYRAIVKATG............RSGVIAFAGAYHGCTVGSMAFsghsvqadaaka  
1D7V    79 F.S...GMLSRPVVDLATRLAN.ITPPG.LDRALLLSTGAESNEAAIRMAKLVTG............KYEIVGFAQSWHGMTGAAASATYSA........  
1QJ3    79 M.F.G.GITHAPAIELCRKLVA.MTPQP.LECVFLADSGSVAVEVAMKMALQYWQAKGE.A......RQRFLTFRNGYHGDTFGAMSVCDPD........  
3A8U    86 P.G.F.QYGHPLSFQLAEKITD.LTPGN.LNHVFFTDSGSECALTAVKMVRAYWRLKGQAT......KTKMIGRARGYHGVNIAGTSLGGVNG.......  
3HMU    91 N.T.FFKTTHVPAIALAQKLAE.LAPGD.LNHVFFAGGGSEANDTNIRMVRTYWQNKGQPE......KTVIISRKNAYHGSTVASSALGGMA........  
3I5T    90 S.P.W.YMATSPAARLAEKIAT.LTPGD.LNRIFFTTGGSTAVDSALRFSEFYNNVLGRPQ......KKRIIVRYDGYHGSTALTAACTGRTG.......  
3FCR    86 H.S.YVGHGTEASITLAKMILD.RAPKN.MSKVYFGLGGSDANETNVKLIWYYNNILGRPE......KKKIISRWRGYHGSGLVTGSLTGLE........  
3GJU    87 H.A.YVGHGTEASITLAKMIID.RAPKG.MSRVYFGLSGSDANETNIKLIWYYNNVLGRPE......KKKIISRWRGYHGSGVMTGSLTGLD........  
4A6T    86 N.T.FFKTTHPAVVELSSLLAE.VTPAG.FDRVFYTNSGSESVDTMIRMVRRYWDVQGKPE......KKTLIGRWNGYHGSTIGGASLGGMK........  

 
2OAT   192 T.SYDGFGP..F.MPGFDIIPYN.........................................DLPALERALQ....DPNVAAFMVEP.IQGEAGVVVP  
1WKG   155 K.YREPFLP..L.VEPVEFIPYN.........................................DVEALKRAV.....DEETAAVILEP.VQGEGGVRPA  
3OKS   173 MPYKDGFGP..F.APEIYRAPLSYPFRD......AEF...GKE.........LATDGEL.....AAKRAITVIDKQIGADNLAAVVIEP.IQGEGGFIVP  
2CJD   184 I..TARFP...K..FDWPRIDAPYMR.PGLDEPAM.......A.................ALEAEALRQARAAFETR.PHDIACFVAEP.IQGEGGDRHF  
2HP2   169 L.PSSPGVPKKT.TANTLTTPYN.........................................DLEAVKALFAEN..PGEIAGVILEP.IVGNSGFIVP  
3DXV   163 d..............GLILLPYPDPYRP......YRN...DPT.........GDA.........ILTLLTEKLAAVP.AGSIGAAFIEP.IQSDGGLIVP  
1D7V   153 G..RKGVG...PAAVGSFAIPAPFTY.R......PRFERNGAY.................DYLAELDYAFDLIDRQS.SGNLAAFIAEP.ILSSGGIIEL  
1QJ3   159 N.smhslwk..gyLPENLFAPAPQ............................SRMdGEWD..ERDMVGFARLMAA.H.RHEIAAVIIEPIVQGAGGMRMY  
3A8U   168 N..RKLFG...QPMQDVDHLPHTLLA................SNAYSRGMPKE.......GGIALADELLKLIELHD.ASNIAAVFVEP.LAGSAGVLVP  
3HMU   173 G.MHA.QS...GLIPDVHHINQPNWWAE......GGD....MD.........P.....EEFGLARARELEEAILELG.ENRVAAFIAEP.VQGAGGVIVA  
3I5T   172 N..WPNFD...IAQDRISFLSSPNPR.H......AG....NRS.........Q.....EAFLDDLVQEFEDRIESLG.PDTIAAFLAEP.ILASGGVIIP  
3FCR   168 L.FHKKFD...LPVEQVIHTEAPYYFRR......EDL...NQT.........E.....EQFVAHCVAELEALIEREG.ADTIAAFIGEP.ILGTGGIVPP  
3GJU   169 L.FHNAFD...LPRAPVLHTEAPYYFRR......TDR...SMS.........E.....EQFSQHCADKLEEMILAEG.PETIAAFIGEP.ILGTGGIVPP  
4A6T   168 Y.MHE.QGD..LPIPGMAHIEQPWWYKH......GKD....MT.........P.....DEFGVVAARWLEEKILEIG.ADKVAAFVGEP.IQGAGGVIVP  

 
                                                               
2OAT   242 DPGYLMGVRELCTRHQVLFIADEIQTGLARTGRWLAV.DYENVRPDIVLLGKALSG.GLYPVSAVLCDDDIM...LTI.....K..........P...GE  
1WKG   204 TPEFLRAAREITQEKGALLILDEIQTGMGRTGKRFAF.EHFGIVPDILTLAKALGG.G.VPLGVAVMREEVA...RSM.....P..........K...GG  
3OKS   246 ADGFLPTLLDWCRKNDVVFIADEVQTGFARTGAMFAC.EHEGIDPDLIVTAKGIAG.G.LPLSAVTGRAEIM...DSP.....H..........V...SG  
2CJD   250 RPEFFAAMRELCDEFDALLIFDEVQTGCGLTGTAWAY.QQLDVAPDIVAFGKKTQ......VCGVMAGRRVDEVADNVFA.............VP...S.  
2HP2   223 DAGFLEGLREITLEHDALLVFDEVMTGFR.IAYGGVQ.EKFGVTPDLTTLGKIIGG.G.LPVGAYGGKREIM...QLV.....A..........PAGPMY  
3DXV   220 PDGFLRKFADICRAHGILVVCDEVKVGLARSGRLHCF.EHEGFVPDILVLGKGLGG.G.LPLSAVIAPAEIL...DC......A..........S...AF  
1D7V   222 PDGYMAALKRKCEARGMLLILDEAQTGVGRTGTMFAC.QRDGVTPDILTLSKTLGAG..LPLAAIVTSAAIE...ERAHE.............LG...Y.  
1QJ3   224 HPEWLKRIRKICDREGILLIADEIATGFGRTGKLFAC.EHAEIAPDILCLGKALTGGT.MTLSATLTTREVA...ETISNGeaG..........C...FM  
3A8U   238 PEGYLKRNREICNQHNILLVFDEVITGFGRTGSMFGA.DSFGVTPDLMCIAKQVTNGA.IPMGAVIASTEIY...QTFMN......QPTPEYAVE...F.  
3HMU   242 PDSYWPEIQRICDKYDILLIADEVICGFGRTGNWFGT.QTMGIRPHIMTIAKGLSSGY.APIGGSIVCDEVA...HVIGK...D..........E...FN  
3I5T   240 PAGYHARFKAICEKHDILYISDEVVTGFGRCGEWFASEKVFGVVPDIITFAKGVTSGY.VPLGGLAISEAVL...ARISG...E.NAKG....SW...F.  
3FCR   239 PAGYWEAIQTVLNKHDILLVADEVVTGFGRLGTMFGS.DHYGLEPDIITIAXGLTSAY.APLSGSIVSDKVW...KVLEQ...GTD.EN....GP...IG  
3GJU   240 PAGYWEKIQAVLKKYDVLLVADEVVTGFGRLGTMFGS.DHYGIKPDLITIAXGLTSAY.APLSGVIVADRVW...QVLVQ...GSD.KL....GS...LG  
4A6T   238 PATYWPEIERICRKYDVLLVADEVICGFGRTGEWFGH.QHFGFQPDLFTAAKGLSSGY.LPIGAVFVGKRVA...EGLIAG..G..........D...FN  

 
2OAT   319 .HGSTYGGNPLGCRVAIAALEVLEEENLA.....ENADKLGIILRNELMKL..PS.DVVTAVRGKGLLNAIVI.............K.............  
1WKG   280 .HGTTFGGNPLAMAAGVAAIRYLERTRLW.....ERAAELGPWFMEKLRAI..PS.PKIREVRGMGLMVGLEL.............K.............  
3OKS   322 .LGGTYGGNPIACAAALATIETIESEGLV.....ARAQQIEKIMKDRLGRLQAED.DRIGDVRGRGAMIAMEL.............VK.....AGTTEPD  
2CJD   326 RLNSTWGGNLTDMVRARRILEVIEAEGLFERAV.QHGKYLRARLDE.LAAD...FPAVVLDPRGRGLMCAFSL.............P.............  
2HP2   301 .QAGTLSGNPLAMTAGIKTLELLRQPGTY.....EYLDQITKRLSDGLLAIAQET.GHAACGGQVSGMFGFFFTEGPVHNYEDAKKS.............  
3DXV   295 .AMQTLHGNPISAAAGLAVLETIDRDDLP.....AMAERKGRLLRDGLSELAKRH.PLIGDIRGRGLACGMEL.............VC.....DRQSREP  
1D7V   299 LFYTTHVSDPLPAAVGLRVLDVVQRDGLVARAN.VMGDRLRRGLLD.LMER...F.DCIGDVRGRGLLLGVEI.............VK.....DRRTKEP  
1QJ3   306 .HGPTFMGNPLACAAANASLAILESGDWQ.....QQVADIEVQLREQLAPAR.DA.EMVADVRVLGAIGVVET.............T.............  
3A8U   323 PHGYTYSAHPVACAAGLAALCLLQKENLVQSVA.EVAPHFEKALHG.IKG....A.KNVIDIRNFGLAGAIQI.............A.............  
3HMU   321 .HGYTYSGHPVAAAVALENLRILEEENILDHVRNVAAPYLKEKWEA.LTD....H.PLVGEAKIVGMMASIAL.............TP.....NKASRAK  
3I5T   324 TNGYTYSNQPVACAAALANIELMEREGIVDQAR.EMADYFAAALAS.LRD....L.PGVAETRSVGLVGCVQC.............LLdptraD.....G  
3FCR   323 .HGWTYSAHPIGAAAGVANLKLLDELNLVSNAG.EVGAYLNATMAEALSQ....H.ANVGDVRGEGLLCAVEF.............VK.....DRDSRTF  
3GJU   324 .HGWTYSAHPICVAAGVANLELIDEMDLVTNAG.ETGAYFRAELAKAVGG....H.KNVGEVRGDGMLAAVEF.............VA.....DKDDRVF  

 
                                                                
2OAT   384 ..........ETKDWD..AW..KVCLRLR.DN.GLLAKPT..H..G.....DIIRFAPPLVIKEDELRESIEIINKTIL................  
1WKG   345 ..........E....K..AA..PYIARLEKEH.RVLALQA..G..P.....TVIRFLPPLVIEKEDLERVVEAVRAVLA................  
3OKS   397 A.........D....L..TK..ALCAGAH.AA.GVIVLSCGTY..G.....NVVRFLPPLSIGDDLLNEGLDVLEEVLR................  
2CJD   395 .......TTAD....R..DE...LIRQLW.Q.RAVIVLPA.....GA....DTVRFRPPLTVSTAEIDAAIAAVRSALP................  
2HP2   381 ..........D....LQKFS..RFHRGML.EQ.GIYLAPS...........QFEAGFTSLAHTEEDIDATLAAARTVMS................  
3DXV   370 AR........A....E..TA..KLIYRAYQ.L.GLVVYYV..GMNG.....NVLEFTPPLTITETDIHKALDLLDRAFSELSAVSNEEIAQFAGW  
1D7V   375 .......ADGL....G..AK...ITRECM.N.LGLSMNIV.....QLPGMGGVFRIAPPLTVSEDEIDLGLSLLGQAIE................  
1QJ3   372 ..........H....P..VNMAALQKFFV.EQ.GVWIRPF.....G.....KLIYLMPPYIILPQQLQRLTAAVNRAVQ................  
3A8U   390 ..PRDGDAIVR....P..FE...AGMALW.K.AGFYVRFG.....G.....DTLQFGPTFNSKPQDLDRLFDAVGEVLN................  
3HMU   396 FASE...PGTI....G..YI...CRERCF.AN.NLIMRHV.....G.....DRMIISPPLVITPAEIDEMFVRIRKSLD................  
3I5T   399 T.AE...DKAF....T..LK...IDERCF.E.LGLIVRPL.....G.....DLCVISPPLIISRAQIDEMVAIMRQAIT................  
3FCR   398 F.DA...ADKI....G..PQ...ISAKLL.EQDKIIARAM..PQ.G.....DILGFAPPFCLTRAEADQVVEGTLRAVK................  
3GJU   399 F.DA...SQKI....G..PQ...VATALA.A.SGVIGRAM..PQ.G.....DILGFAPPLCLTREQADIVVSKTADAVK................  
4A6T   394 F.PD...FGEI....G..TL...CRDIFF.RN.NLIMRAC.....G.....DHIVSAPPLVMTRAEVDEMLAVAERCLE................  

 
Figure S1: Partial Multiple Sequence Alignment of the enzymes in the ornithine-TA subfamily. The alignment was performed with the 
program STRAP[10], using the structural alignment algorhithm ClustalW_3D. Yellow shaded are β-sheets, red regions are α-helices. Red 
arrows/letters mark specific residues in the alignment: All enzymes show a catalytic lysine (e.g., K290 in 3HMU, site B) Most of the 
transaminases coordinate the substrates α-carboxyl group with a more or less fixed arginine (R413 in 2OAT, site D). All amine-TA and the ω-
amino acid TA 3A8U lack the arginine at this position, but have a flexible arginine (e.g. R417 in 3HMU, site C). Only DAPA-transaminase (1QJ3) 
has a flexible Arg at this position, too. From the sequence level, this enzyme can be distinguished from ATA by the presence of D147 (site A), 
which is a unique residue in DAPA-TA. D147 is located in the active site and necessary to coordinate the additional amino group of the 
substrate 8-amino-7-oxo-nonanoic acid (see Table S1). 
 
 

A 

B 

D C 
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Figure S2: GC-chromatogram for the simultaneous analysis of 8 ketones of the screening reaction. The 
conditions for separation are given above in the methods section. 
 
 
 

Table S2. Kinetic parameters for the transamination of benzylamine (3GJU) or (S)-1-phenyl-ethylamine 
(3HMU, 3I5T and 3FCR) and pyruvate.  

Enzyme Substrate KM [mM][a] kcat
 [sec-1][a] kcat/kM [sec-1 mM-1][a] 

3HMU 1-phenyl-ethylamine 4.0±0.5 
38.0±11.1 

9.40±3.00 
3HMU pyruvate 9.5±7.4 4.00±3.35 
3I5T 1-phenyl-ethylamine 23.9±13.6 

15.0±12.7 
0.63±0.64 

3I5T pyruvate 11.9±8.5 1.26±1.39 
3FCR 1-phenyl-ethylamine 16.8±7.8 

1.0±0.2 
0.06±0.03 

3FCR pyruvate 7.8±11.2 0.13±0.19 
3GJU benzylamine 16.4±11.7 

0.4±0.2 
0.02±0.02 

3GJU pyruvate 3.6±1.0 0.11±0.06 
[a]Mean values and standard deviations of the measurements from four independent protein batches (four times 
expression and purification). 
 

2-heptanone 

2-hexanone 

2-nonanone 

benzaldehyde acetophenone 

4-phenyl-2-butanone 

1-N-Boc-3- 
pyrrolidinone 

p-nitroacetophenone 

2-acetonaphthone 
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Figure S3: pH-profile of the four enzymes. The transamination of (S)-1-phenyl-ethylamine and pyruvate (3HMU, 
3I5T, 3FCR) or benzylamine and pyruvate (3GJU) was measured using the acetophenone assay (see method 
section for details). 

 

 
Figure S4: Superposition of 3HMU (green), 3I5T (cyan) and 3FCR (magenta) dimeric structures. PLP and the 
catalytic lysine of 3FCR are shown as sticks. The structure of 3GJU was omitted for clarity, as the cartoon 
representation is virtually identical with the structure of 3FCR. 
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3HMU            59  63                 91                    156 
3HMU    56 EILDAMAGLWCVNIG   84 ELPYYNTFFKTTHVP   151 IISRKNAYHGSTVAS     
3I5T    55 RLIDGPAGMWCAQVG   82 VLPYASPWY.MATSP   149 IIVRYDGYHGSTALT     
3FCR    51 KLLDAFAGLYCVNVG   80 ELAYYHSYVGHGTEA   146 IISRWRGYHGSGLVT     
3GJU    51 KSIDAFAGLYCVNVG   81 NLAYYHAYVGHGTEA   147 IISRWRGYHGSGVMT     
4A6T    51 KIIDGMAGLWCVNVG   81 ELPFYNTFFKTTHPA   146 LIGRWNGYHGSTIGG     
3A8U    51 KVYDSLSGLWTCGAG   81 TLDYSPGFQ.YGHPL   145 MIGRARGYHGVNIAG     
Vfl     48 RYLDANSGLWNMVAG   78 RFPGYHAFFGRMSDQ   143 ILTRWNAYHGVTAVS     
Rsp     50 AYLDANSGLWNMVAG   80 RFPGYHAFFGRMSDQ   145 IITRVNSYHGVTAVS     
Ade     44 QILDGTAGLWCVNAG   74 VMDYAPGFQ.LGHPL   138 LIGRERGYHGVGFGG     
Pfl     52 KILDGMAGLWCVAIG   82 ELPYYNLFFQTAHPP   147 IISRKNGYHGSTVAG     
Pde     48 RYLDANSGLWNMVAG   78 RFPGYHAFFGRMSDQ   143 ILTRWNAYHGVTAVS     
Oan     49 RYIEAMSGLWSVGVG   79 KLPFYHTFSYRSHGP   144 IISRKRGYHGVTIAS     
Aba     62 EIFDSLSGLWTCGAG   92 QLDYSPAFQ.FGHPL   156 LIGRARGYHGVNVAG     
Apa     53 RLLDTLSGLWCTPLG   83 TLDFAPSFQ.MTHPG   147 MIGRERGYHGVGFGG     

 
3HMU               233                   322                417      424 
3HMU    228 IAEPVQGAGGVIVAP   316 EFN.HGYTYSGHPVA   413 NLIMRHV..GDRMIISPP 
3I5T    226 LAEPILASGGVIIPP   319 WFT.NGYTYSNQPVA   414 GLIVRPL..GDLCVISPP 
3FCR    225 IGEPILGTGGIVPPP   319 PIG.HGWTYSAHPIG   416 KIIARAMPQGDILGFAPP 
3GJU    226 IGEPILGTGGIVPPP   320 SLG.HGWTYSAHPIC   416 GVIGRAMPQGDILGFAPP 
4A6T    224 VGEPIQGAGGVIVPP   315 DFN.HGFTYSGHPVC   412 NLIMRAC..GDHIVSAPP 
3A8U    224 FVEPLAGSAGVLVPP   321 EFP.HGYTYSAHPVA   410 GFYVRFG..GDTLQFGPT 
Vfl     221 FAEPVMGAGGVI.PP   316 EFP.HGFTASGHPVG   411 GLICRPL..GQSVVLCPP 
Rsp     223 FAEPVMGAGGVI.PP   318 EFP.HGFTASGHPVG   413 GLICRPL..GQSIVLCPP 
Ade     218 IVEPMAGSTGVLVPP   313 EFF.HGYTYSAHPLA   402 GLMVRYT..GDILAVSPP 
Pfl     225 IAEPIQGAGGVIVPP   315 GDFNHGFTYSGHPVA   412 GLIMRAV..GDTMIISPP 
Pde     221 FAEPVMGAGGVI.PP   316 EFP.HGFTASGHPVG   411 GLICRPL..GQSIVLCPP 
Oan     223 IGEPVMGAGGVVVPP   318 TLG.TGFTASGHPVA   414 .VISRAM..GDTLAFCPP 
Aba     234 IVEPISGSAGCIVPP   331 EFT.HGYTYSAHPVA   382 TAYFRYS..QLWLDWCFA 
Apa     227 IVEPVQGSTGVLVPP   322 EFC.HGYTYSGHPLA   411 GLLLRCT..GDTVSFGPP 
 
 
3HMU    Silicibacter pomeroyi  
3I5T    Rhodobacter sphaeroides KD131  
3FCR    Silicibacter sp. TM1040  
3GJU    Mesorhizobium loti maff303099  
4A6T    Chromobacterium violaceum ATA[11]  
3A8U    Pseudomonas sp. ω-Amino Acid TA[12]  
Vfl     Vibrio fluvialis ATA[13]  
Rsp     Rhodobacter spaeroides [14]  
Ade     Alcaligenes denitrificans[15]  
Pfl     Pseudomonas flourescence[16]  
Pde     Paracoccus denitrificans[16]  
Oan     Ochrobactrum anthropi[16]  
Aba     Acinetobacter baumannii[16]  
Apa     Acinetobacter pasteurianus[16]  
 

 
 
 
 
 

Fig. S5: Partial multiple amino acid sequence alignment of 3HMU, 3I5T, 3FCR, 3GJU and additional, literature 
known amine transaminases. Amino acids, which are part of the active site are highlighted in bold font. For orientation, 
the structural representation of the active site of 3HMU (Figure 2A of the main manuscript) is reproduced in the right 
bottom corner. The alignment was performed with the program STRAP using the ClustalW_3D algorithm.  
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Figure S6: Structural model of 3FCR with docked external aldimine of (S)-1-N-Boc-3-aminopyrrolidine. The 
external aldimine and Tyr59 of the large binding pocket are shown in sticks. Tyr59 is in hydrogen bonding distance 
to the carbonyl oxygen atom of the Boc-group, which might explain the preference of this enzyme for this amine. 
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Revealing the Structural Basis of Promiscuous Amine
Transaminase Activity
Fabian Steffen-Munsberg,[a] Clare Vickers,[a] Ahmad Thontowi,[a] Sebastian Sch�tzle,[a]

Tina Meinhardt,[a] Maria Svedendahl Humble,[b] Henrik Land,[c] Per Berglund,[c]

Uwe T. Bornscheuer,*[a] and Matthias Hçhne*[a]

Enzymes are nature’s tool to speed up biochemical reactions
that would otherwise hardly proceed.[1] As a result of the com-
plexity of the metabolic network of living cells, enzymes have
to fulfill partially competing demands. On the one hand,
a high precision in terms of reaction and substrate specificity is
often required. This is achieved, for example, by a fine-tuned
interaction between the active site structure and the substrate,
which forces a defined positioning of the substrates’ reactive
groups relative to the catalytic residues.[2] On the other hand,
some enzymes have evolved with a relaxed substrate specifici-
ty, which is useful and economic in several metabolic tasks:
For example, a single enzyme can thus break down various
chemically similar nutrients or transform different poisonous
compounds for their detoxification.[3] The ability to catalyze
more than one chemical transformation within a single active
site, called promiscuity,[4] is not only an important property of
some enzymes, but it is also recognized as a key mechanism
of evolution and thus facilitates adaptation of enzymes to new
metabolic needs.[5] Furthermore, the enzymes’ ability to take
over more than one physiological function renders metabolism
more plastic,[6] even if the promiscuous “underground activi-
ties”[7] are very weak.

Substrate[4c, d] and reaction[4a] promiscuity are also often the
reasons why enzymes can be applied in biocatalysis. Many fine
chemicals that are synthesized by biocatalytic transformations
are not produced in nature, but nevertheless, enzymes that
can be applied in their syntheses have been identified. For ex-
ample, pyruvate decarboxylase can be used for the production
of (R)-phenylacetylcarbinol.[8] Esterases and lipases are success-
fully used in organic synthesis[9] for the preparation of various

optically active alcohols, acids, and amines. Their natural func-
tion, however, might be totally different, as shown for pig liver
esterase, which plays a role in signal transduction by ester
cleavage of methylated and prenylated proteins.[10]

Still, for most enzymes their promiscuous potential has not
yet been revealed. One reason is that, after the main activity
and possible function has been identified, further in-depth
characterization is often not performed. Furthermore, if the
promiscuous activity is unrelated to the natural one, a general
activity screen is very laborious. Therefore, the understanding
of the molecular principles of promiscuity is a challenging fron-
tier in biocatalysis, as the knowledge obtained can be used as
a starting point for protein engineering or for the discovery of
other promiscuous enzymes.

In a recent study,[11] we identified four crystal structures [pro-
tein database (PDB) codes: 3HMU, 3I5T, 3FCR, and 3GJU] of
transaminases with unknown function, and we could show
that these enzymes interconvert small amino acids, for exam-
ple, alanine (1) and succinic semialdehyde (2, Scheme 1). Addi-
tionally, chiral amines can be transaminated, but with very dif-
ferent efficiencies that range from 0.4 to 80 % relative activity,
compared with the transamination of 1 + 2 (see values given
in Scheme 1). From these observations, we concluded that the
conversion of amines is a type of substrate promiscuity, which
is pronounced to varying degrees in these four enzymes.
Transaminases showing this type of catalytic activity are desig-
nated amine transaminases (ATAs): In contrast to the ubiqui-
tous a-amino acid transaminases, they accept substrates lack-

Scheme 1. Natural and promiscuous activities of four recently characterized
transaminases (PDB codes: 3HMU, 3I5T, 3FCR, 3GJU).
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ing a carboxylic acid function, but only a few enzymes have
been characterized to date.[4b, 12]

Although ATAs have become an important biocatalytic alter-
native for the asymmetric synthesis of optically active amines
(Scheme 1),[4b, 12a] neither an understanding of the physiological
function nor structural information of these enzymes was avail-
able until recently.[13] From a biochemical perspective, it is of
great interest to understand why this promiscuous activity
arises, especially in these enzymes (and not in other transami-
nases), and to understand why the level of promiscuity is so
different between these four enzymes. Therefore, we here
present a structural analysis and mutagenesis study to address
these questions.

Transaminases (TAs) are interesting enzymes with respect to
substrate recognition, as they convert chemically different sub-
strates (e.g. , glutamate and phenylalanine, which represent
amino acids with acidic and hydrophobic side chains). In con-
trast to enzymes that provide multiple binding sites for differ-
ent substrates,[1, 2] TAs have only one site for binding different
amino acids, that is, they have developed dexterous mecha-
nisms to adapt the active site to fit chemically different sub-
strates.[14] This ability—that one single “lock” accepts multiple
“keys”[15]—is known as dual substrate recognition (Scheme 2).

A prominent example is the Paracoccus denitrificans aromat-
ic amino acid TA. Like all TAs of fold class I, its active site is
composed of two binding pockets: One is located above the
3’ oxygen atom of PLP (pyridoxyl-5’-phosphate) and recognizes
the a-carboxylate function of the substrates. The opposite
binding pocket next to the phosphate group of PLP accommo-
dates the hydrophobic side chain of aromatic amino acids; al-
ternatively, the acidic side chain of the acidic substrate—aspar-
tate or glutamate—is bound in the same pocket. This is realiz-
ed by a flexible arginine residue. Arg292 either forms a salt
bridge to the glutamate’s g-carboxylate group or alternatively
moves out of the active site[16] (Scheme 2 a, see Figure S1 in
the Supporting Information for a more detailed view). Most of

the TAs in the ornithine TA subfamily (cd00610 of the NCBI
conserved domain database) convert glutamate and a substrate
with a terminal amino group (e.g. , ornithine, g-aminobutyrate).
Here, dual substrate recognition appears in the binding pocket
opposite to that found in tyrosine TA: A flexible glutamate resi-
due neutralizes Arg413,[17] which normally forms a salt bridge
to the substrates’ a-carboxylate. The g-carboxylic acid group of
this flexible glutamate side chain is quasi taken as a surrogate
for the missing carboxylate of the substrate (Scheme 2 b).

In contrast, the four enzymes identified by us convert sub-
strates differing in the position and presence/absence of a car-
boxylic acid group.[11] Small l-a-amino/a-keto acids and succin-
ic semialdehyde (the transamination product of g-aminobuty-
rate) are accepted well, but remarkably, glycine and b-alanine
are almost not converted. Additionally, (S)-amines/ketones,
which lack the carboxyl group, are utilized. Therefore, it was of
special interest for us to elucidate how the enzymes recognize
these different types of substrates so that their substrate spe-
cificity could be explained.

Interestingly, these enzymes lack the highly conserved Arg
residue that normally binds the substrates’ a-carboxylic group
in most amino acid TAs (Arg386/Arg413 in tyrosine or ornithine
TA; Figure S1, Supporting Information). Instead, we identified
the basic residue Arg417 located on an adjacent loop near the
active site that might play a key role in dual substrate recogni-
tion. The position of the guanidino group of Arg417 varies
greatly in the four structures (Figure 1 a), which indicates
a high flexibility of this residue. In 3HMU, two different posi-
tions of Arg417 were observed in the two monomers of the
enzyme, and in 3FCR, the final model actually contains two dif-
ferent positions of this arginine side chain in each monomer.
In 3I5T and 3GJU, Arg417 is directed towards the cofactor PLP.
Different kinds of interactions were observed between the
Arg417 side chain conformers in the different proteins (Fig-
ure S2, Supporting Information).

Although there are no structures with bound inhibitors/sub-
strates available, we propose
the following model for dual
substrate recognition: As shown
from molecular modeling re-
sults, a-carboxylic substrates
can only be accommodated in
the active site if Arg417 adopts
a stretched conformation, in
which the guanidine group
points closely towards PLP (simi-
lar to that observed in 3I5T, Fig-
ure 1 b). The flexibility of
Arg417, furthermore, allows the
enzymes to bind acidic sub-
strates with different distances
between the carboxylic function
and the reactive group bound
to PLP (e.g. , pyruvate compared
to succinic semialdehyde; Fig-
ure 1 c).

Scheme 2. Schematic representation of the dual substrate recognition mechanisms of transaminases. a) Paracoc-
cus denitrificans aromatic amino acid TA (PDB code: 1AY8). b) Human ornithine TA (PDB code: 1OAT). c) (S)-Amine-
TA (PDB codes, e.g. : 3HMU, 3I5T, 4A6T).
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If the side chain of the flexible, “flipping” Arg417 residue is
oriented away from PLP (as in 3HMU:A), a large cavity is creat-
ed in the active site that corresponds to the so-called large
binding pocket of ATAs that was proposed in earlier studies
(Figure 1 d).[18]

As a result of the absence of a positive charge and the con-
comitant generation of space, amine substrates lacking a car-
boxylic acid group can be accommodated in the active site.
Note that amines are bound differently to the aromatic amino
acids in tyrosine TA, as the bulky (aromatic/aliphatic) substitu-
ent of the substrates occupy opposite binding pockets in the
active site (Figure S1, Supporting Information). This model fits
nicely to the observed enantiopreference of these amine-con-
verting TAs: It was proposed earlier that the large substituent
of the amine substrate (e.g. , phenyl or greater) has to be ac-
commodated in the same binding pocket, in which the carbox-
ylic function of pyruvate is bound.[18]

Next, we affirmed this structural hypothesis by molecular
docking and mutagenesis studies: On the one hand, large
amine substrates (bound to PLP as a quinoid intermediate; see
Table S1, Supporting Information) could only be docked suc-
cessfully in protein 3HMU if the R417 residue is oriented away
from PLP. On the other hand, we constructed the R418A and
R410A mutants in proteins 3I5T and 3FCR, respectively (Arg418
and Arg420 are equivalent to Arg417 in protein 3HMU).
Mutant transamination activities towards 8 a in combination
with the acidic pyruvate or succinate semialdehyde cosub-
strates decreased significantly. In contrast, the catalytic perfor-
mance of the mutants was hardly affected if butyraldehyde
was used as the amino acceptor (Table S2, Supporting Informa-
tion.) This demonstrates the significance of this flexible argi-
nine residue for recognition of acidic substrates. Additionally,
Trp63/Tyr59 might be involved in recognition of the carboxyl-
ate group of pyruvate, as suggested from molecular modeling
results, which explains the residual activity of the mutants
(Figure 2).

From these results we conclude the following: First, it seems
plausible for us that the enzymes’ main function is the transa-
mination of g-aminobutyric acid and pyruvate. Second, Arg417

forms the structural basis for the dual substrate recognition of
these g-amino butyrate:pyruvate TAs. Arg417 is virtually
unique in these enzymes, and this explains why only these en-
zymes and not other fold class I aminotransferases are able to
convert amines. As the main difference, a-amino acid TAs have
a fixed arginine residue on the adjacent b-sheet. Their guanidi-
no group is more or less tightly packed in the active site and
can exclusively accommodate an a-carboxyl group of the re-
spective substrates (Figure S1, Supporting Information). Our
above proposed dual substrate recognition also differs to that
of the well-known g-aminobutyrate TAs, which use a-ketoglu-
tarate as cosubstrates (Scheme 2 b).[19] Interestingly, plant g-
aminobutyric acid TAs were recently purified that also use pyr-
uvate instead of a-ketoglutarate as cosubstrates.[20] By compar-
ing their amino acid sequences with the four TAs investigated
in this study, we observed that the features responsible for
substrate recognition are similar at the sequence level. From

Figure 1. A flexible, flipping arginine residue in the active site allows the enzyme to recognize different substrates. a) Superposition of crystal structures. PLP
and Arg417 are shown in sticks and different colors: 3HMU:A (green), 3HMU:B (green), 3FCR (magenta), 3I5T (cyan). b–d) PLP–quinoid intermediates (magen-
ta) of different substrates modeled into the active site of 3HMU: b) l-alanine, c) g-aminobutyrate, d) (S)-1-phenylethylamine.

Figure 2. Comparison of active site residues. The structures of 3HMU and
3FCR are shown in cyan and yellow, respectively. The modeled (S)-1-phenyl-
ethylamine quinoid intermediate is shown as magenta sticks.
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three g-aminobutyrate–pyruvate TA isoenzymes found in toma-
to,[20b] isoenzyme 2 lacks the switching arginine residue, and
a >100-fold reduced activity was reported relative to the activ-
ity of isoenzyme 1 (a partial sequence alignment is shown in
Figure S3, Supporting Information). This underlines that key
residues required for recognition of the different substrates
can be used to discriminate the function of the TAs in the orni-
thine AT subfamily. Finally, we started to explore why the pro-
miscuous activity towards amines varies so greatly in the four
enzymes.

A more detailed mutation analysis is currently in progress,
but from preliminary data we can show that it is possible to
(partially) exchange the level of ATA activity of 3HMU and
3FCR by interchanging amino acids that line the substrate
binding pocket (Figure 2). The conversion of 8 a and pyruvate
was reduced 2–50-fold in 3HMU mutants W63Y, F91Y, and
A233S/T and was not detectable in F92V (Table 1). In contrast,

the promiscuous activity towards 8 a in 3FCR could be en-
hanced 10- and 4-fold by Y59W and T231A mutations, respec-
tively. Mutation Y87F, however, affected the promiscuous ATA
activity in a negative manner. So far, the observation that most
mutants showed a reduced activity for succinic semialdehyde
remains unexplained (Table 1).

In summary, we investigated amine transaminases as one ex-
ample of enzymes whose application in biocatalysis is based
on promiscuous activity. Identification of novel biocatalysts by
sequence homology searches might be difficult if the desired
activity is not the natural function of the protein and if the
structural determinants causing the promiscuous activity are
not well understood. By exploring the structural determinants
responsible for (the different degrees) of ATA activity, we ob-
tained valuable information that can be used in the identifica-
tion and discrimination of transaminases or in structure-based
protein engineering.
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Table 1. Effect of different active site mutations in 3HMU and 3FCR on
ATA activity.

Enzyme Mutation Specific activity [U mg�1]
8 a + 4[a] 1 + 2[b]

3HMU WT 1.27 0.95
3HMU W63Y 0.77 0.12
3HMU F91Y 0.26 0.25
3HMU F92V 0.00 0.05
3HMU A233S 0.57 0.33
3HMU A233T 0.06 0.07
3FCR WT 0.03 1.27
3FCR Y59W 0.65 0.21
3FCR Y87F 0.01 1.57
3FCR T231A 0.13 0.03

[a] Activity measurements were carried out with the acetophenone assay
{2.5 mm 8 a and 4, 0.25 % DMSO, 100 mm CHES [N-cyclohexyl-2-aminoe-
thanesulfonic acid] pH 9.5}. [b] Determined with the LDH assay {2.5 mm

1 and 2, 100 mm HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid] pH 7.5}.
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Material & Methods 
All chemicals were of analytical grade purity and obtained from Sigma Aldrich (Munich, Germany), ABCR 
(Karlsruhe, Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), VWR (Hannover, 
Germany) or Acros (Geel, Belgium). 

Functional expression of proteins 
The codon-optimized genes encoding the proteins (pdb-codes: 3HMU, 3I5T, 3FCR and 3GJU) were 
ordered from GeneScript (Piscataway, U.S.A.) subcloned in the pET-22b vector containing a C-terminal 
His6-tag. Transformed E. coli BL21(DE3) cells were grown in 400 ml LB supplemented with 100 µg ml-1 
ampicillin. Cultures were initially incubated on a gyratory shaker at 37°C until the OD600 reached 0.7. 
Afterwards protein expression was induced with IPTG (0.1 mM) and the cultures were shaken at 20°C 
for 20 h (3GJU) or 30°C for 6 h (3HMU, 3I5T and 3FCR) and then centrifuged for protein harvest. 

Mutant generation 
The W63Y, F91Y, F92V, A233S, and A233T mutants of 3HMU and the Y59W, Y87F, and T231A 
mutants of 3FCR and the R418A mutant of 3I5T were constructed using the QuikChange® standard 
method (oligonucleotide sequences used as primers are shown in the Table below).  
 
Primer sequences used for QuikChange® mutagenesis. 

Enzyme Mutant Primer sequence 

3HMU 

W63Y fw  GCCATGGCAGGTCTGTATTGCGTCAATA 
rv ACCGATATTGACGCAATACAGACCTGCC 

F91Y fw CAACACCTATTTCAAAACCACGCATGTTCCG 
rv GCGTGGTTTTGAAATAGGTGTTGTAATACGGC 

F92V fw CAACACCTTTGTGAAAACCACGCATGTTCC 
rv CGTGGTTTTCACAAAGGTGTTGTAATACGGC 

A233S fw GTTCAGGGTTCTGGTGGCGTGATCGTTG 
rv ACGCCACCAGAACCCTGAACCGGTTCA 

A233T fw GTTCAGGGTACCGGTGGCGTGATCGTTGCA 
rv GCCACCGGTACCCTGAACCGGTTCAGCAAT 

3FCR 

Y59W fw GGCCTGTGGTGCGTTAATGTCGGCTAC 
rv ATTAACGCACCACAGGCCCGCGAAAGCAT 

Y87F fw TACCATAGCTTTGTGGGCCACGGTACCG 
rv GCCCACAAAGCTATGGTAATAGGCCAGTTCG 

T231A fw GATTCTGGGTGCGGGCGGTATTGTGC 
rv ATACCGCCCGCACCCAGAATCGGTTC 

3I5T R418A fw CTGATTGTCGCTCCGCTGGGTGATCTGTGTG 
rv CCAGCGGAGCGACAATCAGGCCCAGTTC 

Transformed E. coli BL21 (DE3) cells containing the mutated plasmids were grown in 50 ml LB 
supplemented with 100 µg ml-1 ampicillin. Cultures were initially incubated on a gyratory shaker at 37°C 
until the OD600 reached 0.7. Afterwards the protein expression was induced with IPTG (0.1 mM) and the 
cultures were shaken at 30°C for 6 h.  
 
Purification  
The cell pellet was washed with HEPES buffer (50 mM, pH 7.5) and then resuspended in HEPES buffer 
(50 mM, pH 7.5, containing 0.3 M NaCl and 0.1 mM PLP). After disruption by French press (Thermo 
Fischer Scientific, MA, USA) at 0°C the suspension was centrifuged (10,000 x g, 45 min) and the 
supernatant was passed through a 0.2 µm filter prior to chromatography. Affinity chromatography was 
performed using an Äkta Purifier (GE Healthcare, Chalfont St Giles, GB) and a 5 ml IMAC Sepharose 6 
Fast Flow column (GE Healthcare). After washing the column with HEPES buffer (50 ml, 50 mM, pH 7.5; 
containing 0.3 M NaCl, 0.1 mM PLP and 0.03 M imidazole; 5 ml min-1 flow rate) the crude extract was 
injected. The enzymes were eluted by 0.3 M imidazole containing HEPES buffer (50 mM, pH 7.5, 0.3 M 
NaCl and 0.1 mM PLP; 5 ml min-1 flow rate) and the fractions containing the desired protein were pooled. 
For desalting size exclusion chromatography using HEPES buffer (50 mM, pH 7.5) was performed. The 
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enzyme solutions were stored at 4°C and protein concentrations were determined with the BC Assay kit 
(Uptima, Montluçon, FR). 
 
Alternative purification of the mutants 
The cell pellet was washed with sodium phosphate buffer (50 mM, pH 7.5) and then resuspended in 5 ml 
sodium phosphate buffer (50 mM, pH 7.5, containing 0.3 M NaCl, 15 mM imidazole and 0.1 mM PLP) 
and aliquoted by 500 µl in FastPrep® 2 ml tubes (MP Biomedicals, Illkirch Cedex, FR) containing 200 µl 
glass beads (0.1-0.11 mm diameter). After disruption by FastPrep®-24 Instrument (MP Biomedicals, 
Illkirch Cedex, FR) at 0°C, 4 m s-1 for 40 s the suspension was centrifuged at 17,000 x g for 15 min. 
Affinity chromatography was performed utilizing Ni-NTA Spin Kit (Qiagen, Hilden, DE), according to the 
manufacturer’s instructions. Desalting was performed utilizing Vivaspin 500 centrifugal concentrators 
(Sartorius, Göttingen, DE) in HEPES buffer (50 mM, pH 7.5) according to the manufacturer’s instructions. 
The enzyme solutions were stored at 4°C and protein concentrations were determined with the BC 
Assay kit (Uptima, Montluçon, FR). 
 
Analytics 
Acetophenone Assay 
This photometric assay[1] was used to determine amine transaminase activities with (S)-1-phenyl-
ethylamine 8a and pyruvate 4 as substrate pair. The measurements were performed using 2.5 mM 8a, 
2.5 mM 4, and 0.25 % (v/v) DMSO at 30°C. The acetophenone formation was measured at 245 nm. 
 
Lactate dehydrogenase assay 
This assay was used to follow the transamination of L-alanine 1 and succinate semialdehyde 2.  
For activity measurements employing L-alanine as amino donor the formed pyruvate was converted to 
lactic acid using a lactate dehydrogenase (LDH). The consumption of NADH by this reaction could be 
followed spectrophotometrically at 340 nm. Other amino acids (e.g. glycine, serine) could not be used as 
amino donors, as the LDH converts the corresponding keto acids (glyoxylic acid, hydroxypyruvate) with 
high activity.  
All measurements were performed in a reaction volume of 200 µl using microtiter plates. The assay 
reaction contains 2.5 mM 1, 2.5 mM 2, 0.75 mM NADH, 11 U ml-1 LDH and adequate amounts of purified 
enzyme in HEPES buffer (50 mM, pH 7.5) or CHES buffer (50 mM, pH 9.5) at 30°C. 
 
Molecular docking simulations 
The configuration of amino acid residue Arg417 differs between subunit A and B in the crystal structure 
of 3HMU. To explore the structural consequences caused by the Arg417 flexibility, molecular docking 
simulations were applied to both subunits.  
Using the YASARA software (Version11.5.22)[2], the atomic coordinates of PLP were adopted from 
3FCR. The two SO4 molecules and seven water molecules bumping on PLP (hoh 767, 634, 672, 724, 
742, 517, 652) were deleted. All missing protons were added. The hydrogen bonding network was 
optimized by repeated energy minimizations and short molecular dynamics simulations for 1200 fs at 
298 K in vacuum using the AMBER99[3] force field with a 7.86 Å force cut-off point and the particle mesh 
Ewald algorithm[4] to treat long-range electrostatic interactions. Then, all waters were removed.  
Quinonoid structures (corresponding to the first planar quinonoid in the reaction mechanism, that is 
formed after α-proton abstraction of the external aldimine by the catalytic lysine) were built in YASARA 
and kept planar by keeping the dihedral angle of C4, C4A, N4A and C7 fixed. The force field parameters 
for the quinonoid structures were assigned by AutoSMILES.[5] 
Molecular docking simulations were performed using AutoDock[6] included in the YASARA software. 
Simulation cells were set 5 Å around each PLP molecule. The PLP molecules were then deleted. 
Docking simulations were performed with a prewritten script (dock_run.mcr), which applies Lamarckian 
genetic algorithm, Amber99 force field, wall conditions and no long-range in the YASARA software. All 
other values were kept at default by AutoDock.  
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The docking simulations were evaluated according to a productive binding mode definition, where the 
quinonoid structure should position the pyridine nitrogen proton within hydrogen bond distance to 
Asp261 and the phosphate group into the “phosphate group binding cup”. 

Molecular dynamics simulations 
For molecular dynamics simulations, the energy minimized structure of 3HMU containing PLP (see 
above) was used as starting point. Using the YASARA software[2], all waters were deleted. Quinonoid 
structures consisting of alanine, β-alanine and γ-amino butyrate were built into both subunits. Then, the 
substrate part of the PLP quinonoid intermediate (see figure below) was minimized with a steepest 
descent and a simulated annealing energy minimization (the yellow part of the PLP moiety and the 
protein was fixed, see figure below). Then, R417 and the substrate part of PLP were energy minimized 
with a simulated annealing minimization. In subunit A, slight force had to be applied manually to the 
guanidino group of R417 in order to move it towards the carboxyl group of the quinonoid intermediate. 
Next, water was added and the whole structure was minimized. Subsequently the system was simulated 
(Amber03 force field[7] time step 2 fs, standard parameters) for 15 ps. During the simulations, the 
backbone including the PLP-phosphorus atom was fixed to prevent major rearrangements. After the 
simulation, the final structures were energy minimized. Finally, the torsion angle χ that includes the bond 
from the substrate amino nitrogen to the PLP C4 atom (see figure below) was analyzed for each 
quinonoid structure. In the optimal case, all carbon atoms from the substrate lie in plane (c=180°). 

 
 
 
 
 
 
 
 
 
 

Quinonoid structure consisting of L-alanine. The atoms (from PLP) shown in yellow sticks were kept fixed 
during the energy minimization of the substrate part of the quinonoid structures. After the molecular dynamics 
simulation and energy minimization of the whole protein structure, the torsion angle χ was analysed, which is 
defined by the atoms drawn as balls.   

χ  
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Supplementary Tables and Figures 
 
 

        
 
 

        
 

Figure S1: Position of active site arginine residue responsible for recognizing acidic substrates 
in different transaminases. PLP and the arginine responsible for substrate coordination are shown in 
black sticks. A) Paracoccus denitrificans tyrosine-TA[8] in complex with maleate (inhibitor, aspartate 
analogue lacking the amino group. PDB-code 1AY5; B) Paracoccus denitrificans tyrosine-TA[8] in 
complex with phenylpropionate (inhibitor, phenylalanine analogue lacking the amino group, PDB-code 
1AY8. The position of the Arg-386 in tyrosine-TA and many other α-amino acid transaminases is tightly 
fixed by several hydrophobic interactions and hydrogen bonds to neighboured residues. Note that 
Arg292 has to move outwards the active site in order to bind the hydrophobic side-chain of the inhibitor; 
C) Human ornithine-TA[9] complexed with an analogue of the ornithine external aldimine (PDB-code 
2OAT) Here, the active site arginine is less tightly packed. This enables it to form hydrogen bonds to 
either the substrates α-carboxylate or the γ-carboxylate of Glu235. D) Transaminase (PDB-code 3FCR). 
In this transaminase, an arginine equivalent to position 386/413 is absent (its position is marked by a 
yellow star). Instead, R420 responsible for recognition of acidic substrates is located in a position that 
allows a greater flexibility.  

A) Tyrosine-TA B) Tyrosine-TA 

C) Ornithine-TA D) 3FCR 

* 

R292 R292 

R386 R386 

R413 

R420 

E235 
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Fig. S2: Interactions of the ‘flipping’ arginine with the environment of the active site. PLP, and the 
flipping arginine are shown in magenta, amino acids contributing to hydrogen bonds are shown in green, 
water oxygen atoms molecules observed in the tunnel towards the active site are shown as red spheres.  

In 3HMU, two conformations of R417 are observed in chain A and chain B. Both conformations form 
hydrogen bonds only with a network of water molecules. Each conformation forms a contact with 3 water 
molecules. In chain A, the arginine is placed in a kind of a hydrophobic pocket. One water molecule is 
positioned at the top of the guanidino group and has access to the solvent. In chain B, one polar contact 
between the carbonyl oxygen atom of H418 and one of the nitrogen atoms of the guanodino group of 
R417 is observed. A hydrogen bond, however, is not formed because of an unfavourable geometric 
orientation. 

In 3FCR, two conformations of R420 are observed in the crystal structure in one chain. If R420 adopts 
the upwards oriented (conformation 1), there is only one hydrogen bond observed between the 
guanidino group and a water molecule, which in turn is coordinated by the carboxyl group of D53, the 
hydroxyl group of Y87 and the carbonyl oxygen atom of G57 (a distorted tetrahedral is observed with the 
water oxygen in as central atom). As both R420 conformers appear in the same chain, we guess that 
there might be other important interactions with water molecules, which just are not observed. If R420 is 
oriented towards PLP (conformation 2), two hydrogen bonds to the side chains Y59 and T231 are 
observed. Additionally, three water molecules form hydrogen bonds with the guanodino group of R420. 
As the crystal structure of 3FCR and 3GJU show a high similarity in the position of the active site 
residues, no separate pictures are given for 3GJU. 

In 3I5T, the guanodino group of R418 forms one hydrogen bond with a water molecule, and one 
hydrogen bond is observed between R418 and the hydroxyl group of Y90. 3I5T is the only protein where 
also a side chain (Y90) has to move so that R418 can adopt an upwards-oriented position. This might 
explain the fact that 3I5T shows a significantly decreased (approx. 5-10 fold) activity towards succinic 
semialdehyde compared to pyruvate with the other enzymes. 

 
  

S230 

R418 

Y90 
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Table S1: Fraction of docked structures in productive binding mode [%] for two sets of 50 
independent docking simulations of quinonoid intermediates derived from different amine 
substrates to subunits A and B of 3HMU. In subunit A, amino acid residue R417 points away from PLP, 
which generates more space compared to subunit B. In subunit B, the side chain of R417 is oriented more closely 
to PLP. Consequently, quinonoid structures containing larger amines produced insufficient dockings in subunit B. 
This underlines the importance of R417 in substrate recognition.  
 

No Quinonoid structure Fraction of docked structures in productive 
binding mode [%] 

  Subunit A Subunit B 
  Set 1 Set2  Set 1 Set 2 
1 (S)-PEA 94 76 36 36 
2 4-Phenyl-2-butanone 80 74 2 0 
3 Pentane-2-one 54 54 54 38 
4 Nonane-2-one 52 52 0 0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S2: Relative activity of the ‘flipping’ arginine mutants compared to the wildtype.  
 

   Amino acceptor 
Mutant pyruvate[a] butyraldehyde[a] Succinate semialdehyde[b] 
3FCR R420A 2.4 248.6 1.8 
3I5T R418A 18.1 58.5 0.0 

 
[a] measured with acetophenone assay: 100 mM CHES pH 9.5, 2.5 mM (S)-1-phenylethylamine, 2.5 
amino acceptor, 0.25 % DMSO, 30 °C 
[b] measured with LDH-assay: 100 mM HEPES pH 7.5, 2.5 mM L-alanine, 2.5 amino acceptor, 30 °C 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Ornithin-TA (PDB-code: 2OAT_A)           400 NGLLAKPT..HGDIIRFAPPLVI  
γ-Aminobutyrate:α-Ketoglutarate-TA (PDB-code: 1SFF)    383 KGLILLSCGPYYNVLRILVPLTI   
3HMU                  414 NNLIMRHV...GDRMIISPPLVI  
3GJU                  416 SGVIGRAMPQ.GDILGFAPPLCL  
3FCR                  416 DKIIARAMPQ.GDILGFAPPFCL  
3I5T                  416 LGLIVRPL...GDLCVISPPLII  
Chromobacterium violaceum ATA (PDB-code: 4A6T)[10] 411 NNLIMRAC...GDHIVSAPPLVM 
Vibrio fluvialis ATA[11]                  424 LGLICRPL...GQSVVLCPPFIL 
Arabidopsis_γ-Aminobutyrate:Pyruvate-TA[12]   453 HGMLVRVA...GDGILMSPPLII  
Tomato γ-Aminobutyrate:Pyruvate-TA Isoenzyme 3 AAO92257 466 HGVLVRVA...GDNIMMSPPYIL 
Tomato γ-Aminobutyrate:Pyruvate-TA Isoenzyme 2 AAO92256   408 HGMLVSFS...GDHVNMAPPFTL 
Tomato γ-Aminobutyrate:Pyruvate-TA Isoenzyme 1 AAO92255   466 NGMLVRVA...GDTIMMSPPFVV  
 

Fig. S3: Partial amino acid alignment of different amine/γ-aminobutyrate transaminases. In most α-
amino acid transaminases  (including ornithine- and γ-aminobutyrate:α-ketoglutarate transaminases), the 
substrates α-carboxylate is coordinated by an arginine (site B in the alignment). γ-aminobutyrate:pyruvate 
transaminases (that show ATA-activity) have a small to large hydrophobic amino acid at this position. They use a 
flexible arginine (site A in the alignment) to coordinate the carboxylic acid function of pyruvate and γ-aminobutyrate. 
From three γ-aminobutyrate-pyruvate transaminase isoenzymes found in tomato[13], isoenzyme 2 lacks this arginine 
residue. Interestingly, this enzymes shows a >100 fold reduced activity compared to isoenzyme 1. 

 

A	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B	  
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Engineering the Active Site of the Amine Transaminase
from Vibrio fluvialis for the Asymmetric Synthesis of Aryl–
Alkyl Amines and Amino Alcohols
Alberto Nobili,[a] Fabian Steffen-Munsberg,[a, b] Hannes Kohls,[a] Ivan Trentin,[a]

Carola Schulzke,[a] Matthias Hçhne,[a] and Uwe T. Bornscheuer*[a]

Although the amine transaminase from Vibrio fluvialis has
often been applied as a catalyst for the biocatalytic prepara-
tion of various chiral primary amines, it is not suitable for the
transamination of a-hydroxy ketones and aryl-alkyl ketones
bearing an alkyl substituent larger than a methyl group. We
addressed this problem through a systematic mutagenesis
study of active site residues to expand its substrate scope to-
wards two bulky ketones. We identified two mutants (F85L/
V153A and Y150F/V153A) showing 30-fold increased activity in
the conversion of (S)-phenylbutylamine and (R)-phenylglycinol,
respectively. Notably, they facilitated asymmetric synthesis of
these amines with excellent enantiomeric purities of 98 % ee.

Enantiomerically pure amines and amino alcohols play a funda-
mental role in the pharmaceutical industry. One in four of the
200 top-sold drugs contains a chiral amine moiety and these
drugs had a total market value of more than 88 billion USD in
2013 according to Weber and Sedelmeier.[1] When it comes to
the choice of the synthetic strategy for the preparation of the
amine building blocks, amine transaminases (ATAs) are increas-
ingly recognized as an attractive option as they facilitate
a one-step asymmetric synthesis starting from the correspond-
ing prochiral ketone.[2] A very impressive example is the appli-
cation of an engineered (R)-selective ATA from Arthrobacter sp.
(ATA117-mut), which is currently being used for the production
of sitagliptin, the active ingredient of the drugs Januvia and Ja-
numet.[3] This example demonstrates the importance of protein
engineering of wild-type amine transaminases to expand their
limited substrate scope. Known wild-type ATAs are not able to
convert bulky compounds demanded by the pharmaceutical
industry. Compared to the success story of engineered (R)-se-
lective transaminases with relaxed substrate specificity, (S)-se-
lective ATAs that convert a range of bulky ketones with similar
efficiency as the engineered ATA117-mut are still not available,

despite the progress of first engineering studies.[4] The crystal
structures of several (S)-selective ATAs were solved recently, en-
abling a detailed understanding of the mechanism of substrate
binding.[5]

Both (R)- and (S)-selective ATAs that were found in nature
possess a large and a small pocket in their active sites (Fig-
ure 1 a).[5a, 6] Although the large pocket can accommodate sub-
stituents with a rather broad size distribution, such as small
alkyl to naphthyl groups, the small pocket creates a strict steric
constraint: if the size of the small substituent exceeds that of
a methyl group, activity drops significantly.[6] For instance, ke-
tones with a hydroxymethyl group as small substituent are
hardly accepted.[7] This active site architecture limits the sub-
strate scope, but at the same time contributes to the usually
high enantioselectivity of these ATAs.

Midelfort et al.[4a] and Park et al.[4b] recently reported the first
attempts of rational engineering: they identified key residues
via bioinformatic methods or structural inspection and investi-
gated up to two substitutions per position by site-directed
mutagenesis to achieve the transamination of their bulky
target ketones. By combining eight mutations in Vibrio fluvialis
ATA, a b-keto ester bearing a long (6 carbon) alkyl chain could
be converted employing 1-phenylethylamine 1 b as amino
donor, affording the amine imagabalin at 28 % yield via asym-
metric synthesis. A single mutant in Paracoccus denitrificans
ATA[4b] showed increased activity in the deamination of 1-alkyl
substituted benzyl amines and the amination of 2-oxo-octa-
noate. Interestingly, this study showed that larger n-alkyl sub-
stituents are accepted in the small binding pocket if the sub-
strate bears an a-carboxylate functional group instead of
a large hydrophobic substituent such as a phenyl group.

Despite these first successes, further efforts are needed to
create an (S)-selective ATA that is useful for asymmetric synthe-
sis of bulky amines. In the present study, we systematically ad-
dress this problem by a (partial) saturation mutagenesis of all
amino acids that form the small binding pocket of the ATA of
Vibrio fluvialis.

We employed 1-phenylbutane-1-one 2 a and the hydroxy
ketone 2-hydroxyacetophenone 3 a as model substrates
(Table 1). The amine product (R)-phenylglycinol 3 b is a building
block for many important pharmaceuticals, such as an inhibitor
of the 3-phosphoinositide-dependent protein kinase-1 (PDK1),
which was identified as a target enzyme for cancer therapy.[8]

Additionally, 3 b is applied as a chiral auxiliary in the synthesis
of some of the top selling drugs, saxagliptin[9] (treatment of
type 2 diabetes), femoxetine and paroxetine[10] (antidepres-

[a] A. Nobili, F. Steffen-Munsberg, H. Kohls, I. Trentin, Prof. Dr. C. Schulzke,
Prof. Dr. M. Hçhne, Prof. Dr. U. T. Bornscheuer
Institute of Biochemistry, University of Greifswald
Felix-Hausdorff Str. 4, 17487 Greifswald (Germany)
Fax: (+ 49)3834-86-794367
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[b] F. Steffen-Munsberg
KTH Royal Institute of Technology, School of Biotechnology
Division of Industrial Biotechnology
AlbaNova University Center, SE-106 91 Stockholm (Sweden)

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cctc.201403010.
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sants). These substrates exert an increased steric demand on
the small binding pocket compared to the well-known aceto-
phenone 1 a, which is often employed as a benchmark sub-
strate. Furthermore, (S)-phenylbutylamine 2 b and (R)-phenyl-
glycinol 3 b facilitate an easy activity screening owing to the
increase in UV-absorption upon deamination to their corre-
sponding ketones 2 a and 3 a. Hence, the acetophenone
assay[11] could be used with slight modifications to screen for
active variants with high throughput and sensitivity (see Fig-
ure S1 in the Supporting Information). We assumed that muta-
tions which would facilitate asymmetric synthesis of 2 b and

3 b would also lead to higher activity in the deamination reac-
tion, and thus be detected during screening.

When pyruvate is used as the amino acceptor, the reaction
is virtually irreversible, reducing the screening time and reac-
tion complexity compared to asymmetric synthesis. As this
assay works with both enantiomers, we were also able to de-
termine if a mutation affected the enzyme’s enantioselectivity.
Based on the crystal structure of the transaminase of Vibrio flu-
vialis (PDB-code: 4E3Q), the small binding pocket, located at
the interface of the homodimer, is composed of eight residues
that completely surround the cofactor, from Tyr 150 at the
active site entrance (re-face of PLP[12]) to the catalytic Lys 285
on the other (si-) side (Figure 1 B, the residues that belong to
the second monomer are indicated with an asterisk).[4a] Resi-
dues Tyr 165, Tyr 150, Phe 19, Phe 85*, and Phe 86* create a con-
tinuous p–p stacked shell and thus form a relatively hydropho-
bic environment. Three of the eight residues, Gly 320*,
Phe 321*, and Thr 322*, were excluded in our mutagenesis
strategy, as they are known as the “phosphate-binding cup”[13]

and are responsible for the coordination of the PLP phosphate
group. All the other positions (Phe 19, Leu 56, Phe 85*, Tyr 150
and Val 153) were sifted through for improved properties in
the transamination between the enantiopure amines and pyru-
vate. In a first step, we generated libraries with a (partial) satu-
ration at each position. The allowed residues in the partially sa-
turated libraries included those amino acids that aim to create
more space in the pocket, while still maintaining structural sol-
idity (Figure 1 B). The quality of each library was checked to
ensure 99 % library coverage during the screening,[14] then
each library was screened using the modified acetophenone
assay.[11] Variants with improved activities were purified and fur-
ther investigated to confirm their improved properties. Finally,
the best mutants were combined to elucidate positive additive
effects. When positions 19 and 56 were randomized, no im-
proved variants were found for the substrates tested (data not
shown).

Single mutations at positions 85, 150, and 153 led to up to
40-fold improvements. For the conversion of 3 b, the results
suggest that the positioning of its hydroxyl group in the small
binding pocket is hindered by the presence of the Tyr 150 in
the wild-type scaffold (Figure 1), whose hydroxyl group occu-
pies the required space. The simple substitution Y150F im-
proves the template’s performance 23-fold, whereas the best
mutant discovered in this project is the double mutant
Y150M/V153A for a final improvement of the reaction velocity
of 53-fold. By combining the mutations F85L and V153A it was
possible to achieve a 26-fold improvement towards 2 b. We
then tested the ability of the best mutants to catalyze the
asymmetric synthesis of our target amines, using the LDH/GDH
system to shift the equilibrium.[15]

Regrettably, the mutants carrying the mutation Y150M had
a decreased activity towards 2 a. The Y150M-containing mu-
tants were not among the best mutants for the transamination
of 3 a, either. Consequently, we investigated with increased
enzyme concentrations all the different improved variants
identified by the screening in the asymmetric synthesis reac-
tion and we found that variant Y150F/V153A formed 3 b with

Figure 1. Active site architecture of Vibrio fluvialis ATA (PDB-code: 4E3Q).
A) Schematic drawing of residues that form the large and small binding
pocket around the external aldimine intermediate (PLP-Schiff’ base with (S)-
1-phenylethylamine). B) View of the small binding pocket. The side-chains of
five residues form a hydrophobic shell by p-p stacking interactions. Y165
and F86* are omitted for clarity. The catalytic lysine and PMP are shown as
gray sticks; the targeted residues for mutagenesis and their surface are
shown in orange and are labeled by one-letter abbreviation and number.
The libraries were constructed by choosing those residues that were poten-
tially able to decrease the steric hindrance in the pocket, that is, smaller and
aliphatic residues. Residues with different chemical properties derive from
the selection of the randomized codons (see the Supporting Information).
The phosphate-binding cup is shown in blue.
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88 % conversion after 24 h. In agreement with the previous ob-
servations, the asymmetric synthesis of 3 b is possible when
the active site is freed from the Tyr 150’s hydroxyl group and
Y150F is now the key mutation to accomplish this transamina-
tion. Variant F85L/V153A afforded 2 b with quantitative conver-
sion after 5 days (Table S1).

The asymmetric synthesis of 2 b and 3 b was then confirmed
on a semi-preparative scale (Table 2) employing 0.2 mmol
ketone and 0.2 mol % catalyst. We also observed a beneficial
effect of the above-identified mutations on the activity of the
ATA towards branched-chain a-keto acids, where the activity

was increased by up to 6-fold in
the synthesis of l-Leu, l-Ile, and
l-Val (Table S2).

Our results demonstrate the
difficulty of broadening the sub-
strate specificity of (S)-selective
ATAs. All amino acids that con-
tribute to the small binding
pocket are located at the dimer
interface of the enzymes (except
Y150) and they are placed on
different loops. Although the
placement of smaller residues in
positions 19, 56, and 85 would
theoretically excavate the small
binding pocket and provide
more space for bulky substrates,
mutations at these sites seem to
affect other properties of the
enzyme (such as flexibility) im-
portant for folding, catalysis or
stability. Other than the effect of
F85L on 2 b, all mutations in
these positions were detrimen-
tal. This supports previous find-
ings by Park et al. and Humble
et al. where mutations at the
structurally equivalent positions

led to a drastic drop in activity in the ATAs from Paracoccus de-
nitrificans and Chromobacterium violaceum.[4b, 16]

Most of the variants screened from those libraries showed
little-to-no residual activity in our initial screening assays com-
pared to the wild-type. In position 150, a Phe or Tyr is found in
virtually all ATA-sequences, as this position is important for the
positioning and p-stacking with PLP. The presence of the Tyr
hydroxyl group, however, determines the acceptance of the
hydroxylated substrates 3 a and 3 b in the forward or backward
reaction, respectively. This result is in agreement with those
presented in an independent study performed on the ATA

from Chromobacterium violaceum, and published by
Deszcz et al. contemporaneously to ours.[17]

The different activities of Y150F- and Y150M-con-
taining variants in the kinetic resolution or asymmet-
ric synthesis underline the importance of screening
variants under conditions as close to the desired syn-
thetic application as possible. V153A showed the
largest contribution towards a relaxed active site able
to accept bulkier substrates, which was also observed
by Park and coworkers.[4b] This second shell residue is
not in contact with the bound substrate, but its mu-
tation to alanine might increase the active site’s flexi-
bility.

Finally, we conclude that 1) there is no easy solu-
tion to generally expand the substrate scope of
Vibrio fluvialis ATA by modifying single residues of
the small binding pocket, and 2) creating space is
not sufficient to yield an efficient amine transaminase

Table 1. Specific activities of the purified wild-type and variants identified during the screening.

1 b 2 b 3 b
Variant SA [U mg�1][a] SA [U mg�1][a] Conv [%][b] SA [U mg�1][a] Conv [%][b]

VF-wt 1.33�0.02 0.19�0.00 19 0.01�0.00 14
F85L 0.58�0.01 0.32�0.00 51 0.00�0.00 0
Y150F 0.97�0.02 0.22�0.01 20 0.23�0.00 93
Y150M 0.68�0.03 0.39�0.01 8 0.41�0.02 47
V153A 5.59�0.07 3.36�0.03 71 0.11�0.00 49
F85L/Y150F 0.55�0.02 0.35�0.00 52 0.07�0.00 30
F85L/Y150M 0.69�0.04 0.74�0.01 14 0.35�0.00 0
F85L/V153A 2.38�0.14 4.99�0.07 93 0.03�0.01 0
Y150F/V153A 1.60�0.02 0.82�0.02 44 0.34�0.01 92
Y150M/V153A 1.36�0.03 0.65�0.02 8 0.53�0.03 23
F85L/Y150F/V153A 0.98�0.01 1.55�0.03 79 0.14�0.01 32
F85L/Y150M/V153A 0.47�0.01 0.02�0.00 1 0.00�0.00 0

[a] SA = Specific activity : The reaction was followed at 245, 242, and 252 nm for the detection of 1 a, 2 a, and
3 a, respectively, using 2.5 mm of the amino donor and 2.5 mm of pyruvate in 50 mm HEPES buffer pH 7.5 con-
taining 1.66 % DMSO at 30 8C. The activities were calculated as U mg�1 (purified enzyme). One Unit is defined
as the conversion of 1 mmol of product per minute. Values and standard deviations given are based on three
measurements. [b] Conversion reached in asymmetric synthesis: Reaction conditions for the synthesis of 2 b :
0.5 mg mL�1 purified enzyme, 1 mL reaction volume, 10 mm 2 a, 150 mm L-alanine, 30 % DMSO, 14 days, 30 8C,
50 mm HEPES buffer pH 7.5, 0.1 mm PLP. Reaction conditions for the synthesis of 3 b : 0.5 mg mL�1 purified
enzyme, 1 mL reaction volume, 10 mm 3 a, 250 mm L-alanine, 10 % DMSO, 4 days, 30 8C, 50 mm HEPES buffer
pH 7.5, 0.1 mm PLP. Both reactions were followed via GC analysis using a Hydrodex-b-TBDAC chiral column and
in both cases the LDH/GDH system was used to shift the equilibrium.[15]

Table 2. Asymmetric synthesis results with the best (purified) variants.

Mutant Product Conv. ee Yield
[%] [%] [%]

F85L/V153A 2 b >98[a] 98 53

Y150F/V153A 3 b >98[b] 98 60

The reaction progress was followed via TLC analysis (0.2 mm detection limit of the
ketone). To shift the equilibrium, the LDH/GDH system was applied.[15] [a] Reaction
conditions: 1 mg mL�1 purified enzyme, 20 mL reaction volume, 10 mm 2 a, 150 mm L-
alanine, 30 % DMSO, 14 days, 30 8C, 50 mm HEPES buffer pH 7.5, 0.1 mm PLP. [b] Reac-
tion conditions: 1 mg mL�1 purified enzyme 20 mL reaction volume, 10 mm 3 a,
250 mm L-alanine, 10 % DMSO, 3 days, 30 8C, 50 mm HEPES buffer pH 7.5, 0.1 mm PLP.
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activity. Instead, second shell residues should be included in
further mutagenesis studies. The prediction of further useful
mutations is not possible at the moment, because the underly-
ing factors governing catalytic efficiency are not yet under-
stood and hence, depending on the chemical structure of the
substrate, different mutations are needed to enhance activity.

Experimental Section

All experimental details are presented in the Supporting
Information.
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Experimental!Section"

Chemicals!

The"following"chemicals"were"purchased"from"Sigma"Aldrich"Co.:"Pyruvic"acid"(127C17C3),"LCalanine"(56C
41C7),"(S)CαCmethylbenzylamine"(2627C86C3),"(R)C1Cphenylbutylamine"(6150C01C2),"butyrophenone"(495C
40C9)," (S)C1Cphenylbutylamine" (3789C60C4),"2Chydroxyacetophenone" (582C24C1)," (R)C(−)C2Cphenylglycinol"
(56613C80C0)." The" following" enzymes"were" purchased" from" Sigma"Aldrich" Co.:" LClactic" dehydrogenase"
from" bovine" heart" (9001C60C9)," glucose" dehydrogenase" from" Pseudomonas, sp." (9028C53C9)." (S)C(+)C2C
phenylglycinol" (20989C17C7)"was"purchased"from"AlfaCAesar"Co,"DC(+)Cglucose"monohydrate"(14431C43C
7)" was" from" AppliChem" GmbH," NADHCNa2" (606C68C8)" was" obtained" from" Roth" GmbH." Unless" stated"
otherwise,"all"other"chemicals"were"from"Sigma"Aldrich"Co."
"
Library!cultivation!

The"pool"of"circularized"plasmids"was"transformed"in"E.,coli,BL21"(DE3)"cells."Single"colonies"were"picked"
using" sterile" toothpicks" and" inoculated" into" sterile" polystyrene" 96Cwells" test" plates" (Sarstedt,"
82.1581.001)"containing"LB"media"(Fluka,"L3152)"with"50"μg/mL"Kanamycin.""
The"seed"cultivation"was"carried"on"for"16"hours"at"37°C"under"sufficient"agitation"(Incubator"TH30"and"
shaker"TiMix""are"from"Edmund"Bühler"GmbH)."Then,"a"glycerol"stock"was"created"by"mixing"one"part"of"
the"culture"with"one"part"of"a"50%"sterile"glycerol"solution."The"remaining"amount"of"seed"cultivation"
was" reCinoculated" in" sterile" deepCwellCblocks" (Greiner" BioCOne," 780271)" containing" 1" mL/well" of" TB"
media" (TB"media"containing"50.75"g"TB"–"Roth,"X972.3,"and"4"g"glycerol" in"one" liter"deCionized"water)"
kept" at" 37°C" until" OD600" reached" ca." 0.7." Induction" of" the" gene" encoding" the" transaminase"was" then"
performed"with" IPTG" (0.1"mM"final"concentration)" for"16"hours"at"23°C"at"450"rpm."During" the"entire"
period,"the"plates"were"covered"with"sterile"breathable"membranes"(Aeraseal"BS25,"Excel"Scientific)."The"
cultures"were"then"centrifuged"for"15"min"at"4000"g"at"4°C"(Multifuge"3SCR,"Heraeus)."Immediately"after"
centrifugation,"the"supernatant"was"removed"by"tilting"the"block"and"thus"discarding"the"media."While"
facing"down,"the"edge"of"the"wells"were"dried"with"paper"to"prevent"crossCcontaminations."
,
Cells,disruption,

The"pellets"were"mixed"thoroughly"with"the"pipette"and"then"the"disruption"was"carried"on" for"3"h"at"
30°C" in" the" following" lysis" solution:"PLP" (Final" concentration"0.1"mM)," lysozyme" (final" concentration"1"
mg/mL)"and"DNAse"I"(final"concentration"1"μg/mL),"HEPES"buffer"50"mM,"pH"7.5."
"
! !
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Primers!

The"gene"encoding" the" transaminase" from"Vibrio, fluvialis, (1362"pb)"was"cloned" into"a"pET"24b"vector"
(6635"bpClong"construct)."The"primers"used"for"the"construction"of"libraries"or"of"the"mutants"were"the"
following:"
Randomization"at"F85."Residues"allowed:"GAVLISTCPQD"

• 01_FW1:"CGTTTTCCCGGTTATCACGCCRNCTTCGGCCGCATGT"
• 02_FW2:"CGTTTTCCCGGTTATCACGCCCHSTTCGGCCGCATGT"
• 03_FW3:"CGTTTTCCCGGTTATCACGCCKGCTTCGGCCGCATGT"
• 04_RV1:"CTGATCGGACATGCGGCCGAAGNYGGCGTGATAACC"
• 05_RV2:"CTGATCGGACATGCGGCCGAASDGGGCGTGATAACC"
• 06_RV3:"CTGATCGGACATGCGGCCGAAGCMGGCGTGATAACC"

Randomization"at"F19."Residues"allowed:"ILMVPGRA"
• 07_FW1:"CGCTCTATGGTVTSACCGACATGC"
• 08_FW2:"CGCTCTATGGTSSGACCGACATGC"
• 09_RV1:"GCATGTCGGTSABACCATAGAGCG"
• 10_RV2:"GCATGTCGGTCSSACCATAGAGCG"

Randomization"at"Y150:"full"saturation"
• 11_FW1:"GGAACGCCNDTCACGGCGTGACCGCCGTTTCG"
• 12_FW2:"GGAACGCCVHGCACGGCGTGACCGCCGTTTCG"
• 13_FW3:"GGAACGCCTGGCACGGCGTGACCGCCGTTTCG"
• 14_RV1:"GGTCACGCCGTGAHNGGCGTTCCAGCGGGTCAGG"
• 15_RV2:"GGTCACGCCGTGCDBGGCGTTCCAGCGGGTCAGG"
• 16_RV3:"GGTCACGCCGTGCCAGGCGTTCCAGCGGGTCAGG"

Randomization"at"L56:"full"saturation"
• 17_FW1:"CTCGGGCNDTTGGAACATGGTCGCGGGC"
• 18_FW2:"CTCGGGCVHGTGGAACATGGTCGCGGGC"
• 19_FW3:"CTCGGGCTGGTGGAACATGGTCGCGGGC"
• 20_RV1:"CCATGTTCCAAHNGCCCGAGTTGGCGTCC"
• 21_RV2:"CCATGTTCCACDBGCCCGAGTTGGCGTCC"
• 22_RV3:"CCATGTTCCACCAGCCCGAGTTGGCGTCC"

Mutant"F85A"
• 23_FW:"GGTTATCACGCCGCGTTCGGCCGCATGTCC"
• 24_RV:"GGACATGCGGCCGAACGCGGCGTGATAACC"

Mutant"F85L"
• 25_FW:"GGTTATCACGCCCTCTTCGGCCGCATGTCC"
• 26_RV:"GGACATGCGGCCGAAGAGGGCGTGATAACC"

Mutant"V153A"
• 27_FW:"CTATCACGGCGCGACCGCCGTTTC"
• 28_RV:"GAAACGGCGGTCGCGCCGTGATAG"

Mutant"Y150M/V153A"
• 29_FW:"CATGCACGGCGCGACCGCCGTTTC"
• 30_RV:"GAAACGGCGGTCGCGCCGTGCATG"

Mutant"Y150F/V153A"
• 31_FW:"CTTTCACGGCGCGACCGCCGTTTC"
• 32_RV:"GAAACGGCGGTCGCGCCGTGAAAG"

"
! !
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Parameters!for!creation!of!the!mutants!via!QuikChange®"

The"master"mix"necessary" for" a"QuikChange®"was" composed"of" sterilized"deionized"H2O" (41"μL)," Pfu+"
buffer" (10x,"5"μL,"EURx),"dNTPs" (1"μL,"10"mM"each),"plasmid"template" (1"μL,"10"ng/μL)"containing"the"
gene"encoding"for"the"transaminase"of"Vibrio,fluvialis,"a"1:1"mixture"of"forward"and"reverse"primer"(1"μL,"
0.5"μM"for"each"primer),"PfuPlus!"DNA"Polymerase"(0.2"μL,"EURx).""
The"mixture"was"divided"in"two"different"PCR"tubes"and"used"then"at"the"following"conditions:"1)"95°C,"
300"s;"2)"30"cycles:"95°C,"45"s;"one"aliquot"at"50°C"and"one"aliquot"at"65°C,"45"s;"72°C"420"s;"3)"72°C,"900"
s."Afterwards,"the"PCR"products"were"digested"by"DpnI"(0.5"μL,"NEB)"for"2"hours"at"37°C"and"then"80°C"
for" 20" minutes." ChemoCcompetent" E., coli" cells" (Top10)" were" transformed" with" the" PCR" product" for"
plasmid" amplification." Once" the" correct" cloning" was" confirmed" by" sequencing" (Eurofins" Genomics,"
Germany)," the"corresponding"plasmid"was" transformed" into"chemoCcompetent"E., coli" cells" (BL21"DE3)"
and"plated"onto"LBKANCplates."
Acetophenone!assay!conditions"

The" quick" and" sensitive" 'acetophenone'" photometric" assay[1]" was" used" to" determine" the" enzyme"
activities." The" best" conditions" for" asymmetric" synthesis" with" the" LDH/GDH" system"were" observed" to"
require"a"neutral"pH"and"30°C" (data"not" shown)."This" supported" the" findings"described" in" literature.[2]"
Thus,"the"assay"was"performed"at"the"following"conditions:"HEPES"buffer"50"mM"pH"7.5,"30"°C,"DMSO"
1.66%,"2.5"mM"amino"donor"and"2.5"mM"amino"acceptor,"200"μL" final" reaction"volume," (UV"96Cwells"
plate,"655801,"Greiner"BioCone)."The"production"of"acetophenone"was"followed"at"245"nm,"as"described"
by"Schätzle"et,al.,[1]"while"in"present"work"work,"we"followed"2a"at"242"nm"and"3a"at"252"nm"(see"Figure"
S1"in"the"dedicated"chapter"of"the"Supporting"Information)."The"detection"limit"was"3"mU/mL."

Enzyme!purification!

The" enzymes" were" purified" according" to" the" instructions" provided" in" the" supporting" information" by"
SteffenCMunsberg" et, al.[3]:" The" cell" pellet" was" washed" with" HEPES" buffer" (50"mM," pH" 7.5)" and" then"
resuspended"in"50"mM"HEPES"buffer"pH"7.5,"containing"0.3"M"NaCl,"and"0.1"mM"PLP."After"disruption"by"
French"press"(Thermo"Fischer"Scientific,"MA,"USA)"at"0°C,"the"suspension"was"centrifuged"(10,000"x"g,"45"
min)" and" the" supernatant" was" passed" through" a" 0.2" µm" filter" prior" to" chromatography." Affinity"
chromatography"was"performed"using"an"Äkta"Purifier"(GE"Healthcare,"Chalfont"St"Giles,"GB)"and"a"5"mL"
IMAC"Sepharose"6"Fast"Flow"column"(GE"Healthcare)."After"washing"the"column"with"HEPES"buffer"(50"
ml,"50"mM,"pH"7.5;"containing"0.3"M"NaCl,"0.1"mM"PLP"and"0.03"M"imidazole;"5"mL"minC1"flow"rate),"the"
crude"extract"was" injected."The"enzymes"were"eluted"by"0.3"M" imidazole"containing"HEPES"buffer" (50"
mM,"pH"7.5,"0.3"M"NaCl"and"0.1"mM"PLP;"5"mL"minC1"flow"rate)"and"the"fractions"containing"the"desired"
protein" were" pooled." For" desalting" size" exclusion" chromatography" using" 50"mM"HEPES," 0.1"mM" PLP"
buffer"pH"7.5"was"performed.""
The" enzyme" solutions"were" aliquoted" in" different" 1.5"mL" stored" at" C80°C" in" 20%" glycerol" stocks." The"
protein"concentration"was"calculated"via"the"Bradford"assay."
"
Single!variants!cultivation!for!purification!

The"sequenced"single"E.,coli,BL21"(DE3)"colonies"were"inoculated"for"16"h"in"LB"(seed"cultivation,"5"mL)"
and" then" reCinoculated" in" fresh" TB"media" (4"mL" seed" in" 400"mL" TB)." The" cultures"were" kept" at" 37°C"
under"moderate" shaking" until" the" culture" reached" OD600" reached" 0.7;" then" the" gene" expression" was"
induced"with"IPTG"(0.1"mM"final"concentration)"and"the"culture"was"shaken"for"16"h"at"20°C."The"culture"
was"then"harvested"(15"min,"4000"g"and"4°C)"and"the"pellet"was"washed"in"HEPES"buffer"(pH"7.5,"50"mM,"
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300"mM"NaCl"and"0.1"mM"PLP)."The"suspension"was"mixed"with"DNAse"I"(final"concentration"1"μg/mL)"
and"then"homogenized"(French"pressure"cell"press,"Thermo"Spectronic,"1800"psi)."The"resulting"solution"
was"centrifuged"(1"h"at"10,000"g)"and"the"supernatant"was"filtered"(Filtropur"Syringe"Filter,"0.20"μm"pore"
size,"sterile)."The"thus"prepared"solution"was"then"ready"to"be"loaded"onto"the"purification"column.""

Asymmetric!synthesis!conditions:!

All"reactions"were"performed"in"1"mL"volume"in"1.5"mL"glass"vials"containing"0.5"mg"or"2.5"mg"purified"
ATA"enzyme," 90"U"mLC1" lactate"dehydrogenase," 15"U"mLC1" glucose"dehydrogenase," 150"or" 250"mM"LC
alanine" (for" the" synthesis" of" (S)Cphenylbutyl" amine" or" " (R)Cphenylglycinol," respectively)," 150" mM" DC
glucose," 1" mM" NADH," 0.1" mM" PLP" and" 10" mM" keto" substrate" in" 50" mM" HEPES" buffer" pH" 7.5." The"
solutions"were"sealed"and"shaken"at"30°C"and"600"rpm."Then"100"µL"samples"were"taken"for"chiral"gas"
chromatography"(GC)"or"thinClayerCchromatography"(TLC)"quantification.[3]"During"the"preparation"of"the"
reaction"mixture,"to"obtain"complete"solution"of"the"ketones"it"was"necessary"to"dissolve"them"in"DMSO"
before" that" in" the"HEPES"buffer."High" initial" concentrations" of"2a," in" fact,"were" seen" to" be" extremely"
harmful"to"the"enzymes."3a"could"only"be"dissolved"after"being"solvatated"by"DMSO."

Analytics!for!asymmetric!synthesis!experiments!

GC,Analysis,–,Column,

The"evaluation"of"the"most"promising"mutants"in"the"asymmetric"synthesis"reaction"for"both"compounds"
was" performed" via" GC" analysis" (chiral" column"HydrodexCβCTBDAc" from"MachereyCNagel," 25"m"× 0.25"
mm"× 0.25"μm).""

Quantification,of,conversion,

Extraction"procedure"for"GC"analysis:"
For"the"analysis"of"the"reaction,"a"sample"of"the"reaction"mixture"was"taken"(0.1"mL)"and"treated"with"
NaOH" (10"M,"0.01"mL)."The"basified" solution"was" saturated"with"NaCl," shortly"mixed" (5" sec)"and" then"
centrifuged"(5"sec)."The"solution"was"considered"saturated"with"NaCl" if"after"mixing"and"centrifuging"a"
NaCl"pellet"was"formed"at"the"bottom"of"the"1.5"mL"tube.""
The"extraction"of"both"substrate"and"product"was"performed"with"ethylacetate"(0.3"mL)"after"vigorous"
mixing"(30"sec)."The"separation"of"the"two"phases"was"obtained"via"centrifugation"(180"sec)."The"organic"
phase"was" transferred" into"a" clean"container"and"dried"with"NaS04."The"solution"was"again"mixed" (30"
sec)"and"centrifuged"(180"sec)"before"being"filtered"and"analyzed"on"TLC"or"GC"(for"compounds"2)."For"
the"analysis"on"GC"of"compound"3,"the"reaction"was"at"this"moment"treated"with"the"derivatizing"agent,"
MBTFA." The" sample" was" injected" after" thorough" mixing" of" MBTFA" with" the" organic" fraction" and"
incubation"at"room"temperature."
"
Comments"to"the"derivatization"via"MBTFA:"
A"5"μL"aliquot"of"the"MBTFA"commercial"solution"(98%"pure),"previously"stored"at"4°C,"was"mixed"with"
200" μL" reaction" solution," extracted" as" described" above." At" this" stage," the" solutions" were" thoroughly"
mixed"by"pipetting"upCandCdown"100"μL"and"incubation"was"performed"at"room"temperature.""
According"to"our"results,"it"seems"that"the"derivatization"at"the"hydroxyl"group"takes"place"immediately"
after"mixing"and"slowly"over"time"the"second"derivatization"at"the"amine"group"takes"place."This"results"
in"two"pairs"of"enantiomeric"products"that"shift"from"49.8"and"50.6"min"(derivatized"alcohol"enantiomers"
of"3b!and"3c)"to"45.7"and"46.0"min"(both"functional"groups"derivatized)."It"is"important"to"mention"that"
after" the"derivatization," the"signal" corresponding" to" the"substrate"3a"decreased"with"a" rate"of"2%"per"
hour"after"derivatization"probably"due"to" instability"of" the"derivatized"product."Therefore,"samples" for"
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calibration"have"to"be"analyzed"frequently"and"promtly"after"the"samples"from"the"reaction."We"decided"
to"use"this"method"because"only"after"derivatization"the"detectability"and"the"resolution"of"compounds"
3"was"greatly"enhanced,"generating"sharp"peaks"nicely"separated.""
"
GC,Analysis,–,Compound,2,

The"separation"of"the"compounds"in"the"asymmetric"synthesis"of"(S)Cphenylbutylamine"was"performed"
with" the" following" program:" 100°C" initial" temperature," heated" to" 145°C"with" 1.75°C"minC1," kept" for" 5"
minutes,"heated"to"180°C"with"20°C"minC1"and"kept"for"6.54"minutes"for"a"total"time"of"39"minutes."
"

Retention times of the compounds for the synthesis of 2b. 

 

Name Compound  Time 
[min] 

Butyrophenone            
2a 

 
10.4 

(S)-Phenylbutylamine   
2b 

 
11.0 

(R)-Phenylbutylamine 
 

2c 13.2 

Representative"chromatogram"showing"the"separation"of"compounds"2:"

Compound  Ret. Time 
[min] 

(S)-Phenylbutyl amine 2b 10.5 

(R)-Phenylbutyl amine 2c 11.1 

Butyrophenone 2a 13.2 

DMSO - 32.6 

!
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GC,Analysis,–,Compound,3,

The" quantification" of" compounds"3"was" performed"with"MBTFA" (NCMethylCbis(trifluoroacetamide))" at"
least"one"hour"prior"to"the"analysis.""
The"separation"of"the"compounds"in"the"asymmetric"synthesis"of"(R)Cphenylglycinol"was"obtained"with"
the" following" program:" 65°C" initial" temperature," heated" to" 100°C"with" 1.00°C"minC1," heated" to" 180°C"
with"20°C"minC1"and"kept"for"15"minutes"for"a"total"time"of"54.""

 
Retention times of the compounds for the synthesis of 3b. 

 

Name Compound  Time 
[min] 

Hydroxyacetophenone            
3a 

 
39.9 

(R)-Phenylglycinol   
3b 

 
45.7/49.8 

(S)-Phenylglycinol  3c 46.0/50.6 

 

Representative"chromatogram"showing"the"separation"of"compounds"3:"

!
!

Chromatogram showing the trace of pure MBTFA in EtOAc: four additional peaks were detected (see table below). 
!

Compound Ret. Time 
[min] 

MBTFA 1 4.4 
MBTFA 2 23.4 
MBTFA 3 31.2 
MBTFA 4 38.4 

DMSO 41.7 
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"
TLC"analysis:"
Two"different"mobile"phases"were"found"to"be"suitable"for"the"analysis"of"the"amines"or"the"ketones:"for"
amine" separation," CHCl3:MeOH=6:1" +" 2%" NEt3" was" used," the" mobile" phase" for" the" analysis" of" the"
ketones"was"petrolether:EtOAc"="3:1."The"amines"were"stained"with"nynhydrin"solution"(1.5"g"ninhydrin,"
5"ml"acetic"acid" in"500"mL"ethanol"95%,"heating" for" color"development"necessary),"while" the"ketones"
were" observed" under" UV" light" at" 254" nm." The" detection" limit" of" 0.2" mM" (corresponding" to" 98%"
conversion)"was"established"by"direct"comparison"with"substrate"stocks"of"known"concentration."
"

  
 

Chromatograms for compounds 3 mixed with MBTFA and DMSO. Left. Taken right after the mixing with MBTFA and 
(right) after 8 hours incubation at room temperature. The chromatograms only show the peaks between 23 and 52 
minutes and with peak intensity between -5000 and +50000 µV for clarity. Since both amino and hydroxy group of 
phenylglycinol can react with MBTFA the mono- and di-derivatized compounds were detected. The chromatograms 
show clearly how the phenylglycinol peaks (3b and 3c) shift over time, indicating the slow formation of the di-
derivatized product. 

 
MBTFA derivatized 

Compound  Ret. Time 
[min] 

Arrow 
Color 

Hydroxyacetophenone (derivatized) 3a 39.9  

(R)-Phenylglycinol (di-derivatized) 3b 45.7  

(S)-Phenylglycinol (di-derivatized) 3c 46.0  

(R)-Phenylglycinol (mono-derivatized) 3b 49.8  

(S)-Phenylglycinol (mono-derivatized) 3c 50.6  
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" " " "
 

Depletion of 2a 
 

Production of 2b 
 

Depletion of 3a 
 

Production of 3b 

"

Exemplary TLC plates showing the two different detection methods. At each time point, the analysis of the best variant (second lane) was combined 
with the analysis of the wild-type sample (first lane), a negative control containing all the components of the asymmetric synthesis except the 
transaminase (third lane) and on the TLC a final spot containing just the pure standard reference. The plates show the reactions at the end of the 
asymmetric synthesis. 

Extraction"of"(S)Cphenylbutyl"amine"after"semiCpreparative"biocatalysis:"
The"pH"of"the"20"mL"reaction"mixture"was"shifted"to"pH"2"by"the"addition"of"HCl"(12"M)."The"solution"was"
extracted"once"with"20"mL"Cl2CH2" (DCM)"and" successively"with"30"mL"DCM" for"another" two" times."At"
every"washing" step," the" solution"was" centrifuged" for" the" removal" of" the" precipitated" enzymes" at" the"
interphase"between" the"organic"and" the"aqueous"solution."The"pH"was" then"shifted" to"a"value"higher"
than"12"by"the"addition"of"NaOH"(10"M),"for"the"extraction"of"the"amine"with"50"mL"nChexane"for"three"
times."We"chose"to"extract"with"nChexane"because"in"this"solvent"DMSO"is"almost"not"soluble."
The" solution"was" dried"with"MgSO4" before" being" concentrated" at" 335"mbar" and"40°C" in" a" RotaVapor"
station."The"final"volume"of"around"1"mL"was"dried"under"nitrogen"flux"in"a"GC"vial,"which"was"then"used"
to"calculate"the"final"extracted"yield."When"this"procedure"was"applied"for"extracting"a"reference"sample"
simulating" 91%" conversion," the" extracted" yield" was" equal" to" 66%" (data" not" shown)." The" reference"
solution"contained"all"the"components"except"the"transaminase."
"
Extraction"of"(R)Cphenylglycinol"after"semiCpreparative"biocatalysis:"
The" procedure" for" the" extraction" of" (R)Cphenylglycinol" had" only" slight"modifications" compared" to" the"
one" performed" for" (S)Cphenylbutyl" amine." To" increase" the" extraction" yield," after" basification" of" the"
reaction"mixture" to"a"pH"higher" than"12," the"aqueous"solution"was"saturated"with"NaCl."Due"to"a" low"
solubility"of"the"aminoCalcohol"in"nChexane"the"extraction"was"performed"with"DCM"(3x50"mL)."Once"the"
organic" solution" was" concentrated" to" a" volume" of" approximately" 2" mL," the" product" was" dried" from"
DMSO"at"0.4"mbar"and"25"°C"under"agitation"by"a"magnetic"stirrer."In"a"preliminary"test"simulating"99%"
conversion," the" extracted" yield" was" equal" to" 68%" (data" not" shown)." The" solution" contained" all" the"
components"except"the"transaminase."
! !
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NMR,spectra,

All"the"measurements"were"recorded"on"a"Bruker"NMR"unit"at"300"(1H)"MHz"and"the"shifts"are"given"in"
ppm:"
• (S)CBPA"
δH"(CDCl3)"0,76C1,01"(t,"3H),"1,09C1,42"(m,"2H),"1,45C1,83"(m,"4H),"3,79C3,98"(t,"1H),"7,02C7,48"(m,"5H)"
• (R)CPGA"
δH"(CDCl3)"2,63C3,11"(bs,"3H),"3,36C3,63"(t,"1H),"3,63C3,92"(dd,"1H),"3,92C4,27"(dd,"1H),"7,09C7,50"(m,"5H)"
"
Calculation"of"impurities:"
The"impurities"observed"in"the"chromatogram"were"identified"according"to"Gottlieb"et,al.[4]"
The"final"yield"was"then"calculated"according"to"the"instructions"provided"by"Friebolin[5]"
!

Quantification,of,the,enantiomeric,purity,of,the,products,previously,analyzed,via,NMR,

The" enantiomeric" purity" of" the" product" obtained" after" the" semiCpreparative" biocatalysis," after" being"
analyzed"via"NMR,"was"checked"with"the"GC"using"the"methods"described"above."We"cannot"state"if"this"
value"is"lower"(or"higher)"than"the"wildCtype’s"one,"since"the"wildCtype"is"essentially"not"active"towards"
these"substrates.""
"
"

" "
"

Compound Ret. Time 
[min] Area Compound Ret. Time 

[min] Area 

(S)-phenylbutyl amine 10.5 666608.5 (R)-phenylglycinol 45.7 236285.6 

(R)-phenylbutyl amine 11.1 7210.7 (S)-phenylglycinol 45.9 2321.4 
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NMR$chromatogram$relative$to$the$asymmetric$synthesis$of$2a#

#

#

$

"

!

"

"
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NMR$chromatogram$relative$to$the$asymmetric$synthesis$of$3a#

"

"

"

"
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Supplementary,Tables,and,Figures,

Acetophenone,assay,

Absorbance#spectra#for#the#compounds#2#and#3#

#

Standard#curve#of#2a#and#3a,
#

,
 
Figure S2. Standard curves for the compounds 2a (R² = 0.9909) and 3a (R² = 0.9996). 
,
Molar#exctintion#coefficients#for#the#studied#compounds#

In#the#acetophenone#assay#the#ketone#production#is#followed#at#the#following#wavelengths:#

• Production#of#acetophenone#(ketoBderivative#of#1)#measured#at#245#nm#(ε=3.66#AU#mM
B1
),
[6]
#

• Production#of#butyrophenone#2a#measured#at#242#nm#(ε=3.91#AU#mM
B1
),#

• Production#of#hydroxyacetophenone#3a#measured#at#252#nm#(ε=4.25#AU#mM
B1
).#

#

, ,
 
Figure S1. Comparison between the absorbance spectra between amino-donor (2b and 3b, 2.5 mM) 
and their corresponding ketones formed after transamination (2a and 3a, 0.125 mM). 
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The#measurements#were#always#performed#for#periods# inferior#to#5#min#because# it#was#observed#that#

the#signal#of#the#ketone#produced#decreased#linearly#over#time,#probably#due#to#absorbance#of#the#very#

hydrophobic#ketones#to#the#plastic#wall#of#the#microtiterplate.#For#example,#the#signal#of#the#ketone#2a#
loses#about#5%#of#its#intensity#after#5#minutes#of#measurement,#while#for#3a#loses#about#3.5%#(with#0.1#
mM#2a#and#3a).#This#means#that#the#calculated#enzyme#activity#is#always#slightly#underestimated.#

#

Asymmetric,synthesis,experiment,with,increased,enzyme,concentrations,

 

Table S1. Asymmetric synthesis experiments carried on with 
the best mutants with a more concentrated enzyme solution.  

Variant 

 
 
 
 

2a
[a]

 

 
 
 
 

3a[b] 

 

 
Conversions [%]  

VF-wt 46 41 

VF- F85L/Y150F/V153A 92 -- 

VF- F85L/V153A 100 -- 

VF-Y150F -- 87 

VF-Y150F/V153A -- 88 

The reaction progress was followed via GC analysis by following the 
consumption of the ketone. To shift the equilibrium, the LDH/GDH system was 
applied.[7] 

[a] Reaction conditions: 2.5 mg/ml purified enzyme, 1 ml reaction volume, 
10 mM butyrophenone, 150 mM L-alanine, 30% DMSO, 5 days, 30°C, 50 mM 
HEPES buffer pH 7.5, 0.1 mM PLP. 

[b] Reaction conditions: 2.5 mg/ml purified enzyme 1 ml reaction volume, 
10 mM hydroxyacetophenone, 250 mM L-alanine, 10% DMSO, 24 h, 30°C, 50 
mM HEPES buffer pH 7.5, 0.1 mM PLP. 

,

, ,
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Activities,on,branched?chain,amino,acids,

 

Table S2. Specific activities of the most interesting variants towards the 
conversion of branched-chain amino acids using (S)-α-methylbenzylamine 1 as 
aminodonor.  

Variant
[a]

 

 

VF-wt 0.21 ± 0.00
[b]

 0.01 ± 0.00 0.01 ± 0.00 

VF-Y150F 0.04 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

VF-V153A 1.09 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

VF-Y150F/V153A 0.31 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 

VF-F85L/V153A 1.20 ± 0.03 0.06 ± 0.00 0.05 ± 0.00 

VF-F85L/Y150F/V153A 0.50 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 

[a] The reaction was followed at 245 nm with 2.5 mM of the respective keto-acid and 2.5 mM of (S)-α-
methylbenzylamine.  [b] The activities were calculated as U/(mg of purified enzyme) in 50 mM HEPES 
buffer pH 7.5 containing 1.66% DMSO at 30°C. One Unit is defined as the formation of 1 µmol of product 
per minute of reaction and the expressed value is the average of three measurements. 

  
#

# #



16#

#

References,
#

[1]# S.#Schätzle,#M.#Höhne,#E.#Redestad,#K.#Robins,#U.#T.#Bornscheuer,#Anal.&Chem.&2009,#81,#8244B
8248.#

[2]# a)#J.#S.#Shin,#B.#G.#Kim,#Biotechnol.&Bioeng.&1999,#65,#206B211;#b)#M.#S.#Humble,#K.#E.#Cassimjee,#

M.#Hakansson,#Y.#R.#Kimbung,#B.#Walse,#V.#Abedi,#H.#J.#Federsel,#P.#Berglund,#D.#T.#Logan,#FEBS&J.&
2012,#279,#779B792.#

[3]# F.#SteffenBMunsberg,#C.#Vickers,#A.#Thontowi,#S.#Schätzle,#T.#Tumlirsch,#M.#Svedendahl#Humble,#

H.#Land,#P.#Berglund,#U.#T.#Bornscheuer,#M.#Höhne,#ChemCatChem&2013,#5,#150B153.#
[4]# H.#E.#Gottlieb,#V.#Kotlyar,#A.#Nudelman,#J.&Org.&Chem.&1997,#62,#7512B7515.#
[5]# H.#Friebolin,#Ein>&und&zweidimensionale&NMR>Spektroskopie,#Wiley,#2006.#
[6]# S.# Schätzle,# F.# SteffenBMunsberg,# A.# Thontowi,#M.# Höhne,# K.# Robins,# U.# T.# Bornscheuer,# Adv.&

Synth.&Catal.&2011,#353,#2439B2445.#
[7]# D.#Koszelewski,#I.#Lavandera,#D.#Clay,#D.#Rozzell,#W.#Kroutil,#Adv.&Synth.&Catal.&2008,#350,#2761B

2766.#

#

#



Articles112



Articles 113

Article V



Articles114



Biotechnology Advances xxx (2015) xxx–xxx

JBA-06882; No of Pages 39

Contents lists available at ScienceDirect

Biotechnology Advances

j ourna l homepage: www.e lsev ie r .com/ locate /b iotechadv
Research review paper
Bioinformatic analysis of a PLP-dependent enzyme superfamily suitable
for biocatalytic applications
Fabian Steffen-Munsberg a,c, Clare Vickers a, Hannes Kohls a,b, Henrik Land c, Hendrik Mallin a, Alberto Nobili a,
Lilly Skalden a, Tom van den Bergh d, Henk-Jan Joosten d, Per Berglund c,
Matthias Höhne b,⁎, Uwe T. Bornscheuer a,⁎⁎
a Dept. of Biotechnology & Enzyme Catalysis, Institute of Biochemistry, Greifswald University, Felix-Hausdorff-Str. 4, 17487 Greifswald, Germany
b Protein Biochemistry, Institute of Biochemistry, Greifswald University, Felix-Hausdorff-Str. 4, 17487 Greifswald, Germany
c KTH Royal Institute of Technology, School of Biotechnology, Division of Industrial Biotechnology, AlbaNova University Center, SE-106 91 Stockholm, Sweden
d Bio-Prodict, Nieuwe Marktstraat 54E, 6511 AA Nijmegen, The Netherlands
Abbreviations:AA, amino acid; AAA, amino acid amide
β-amino acid thioester; DABA,α,γ-diaminobutyrate; DAP
γ-aminobutyrate; glyox, glyoxylate; GSAM, glutamate-1-
aminopelargonic acid;αKG,α-ketoglutarate; OrnTL DB, or
pyruvate; SAM, S-adenosylmethionine; SuOrn,N-succinylo
⁎ Corresponding author. Tel: +49 3834 8622832; fax:
⁎⁎ Corresponding author. Tel.: +49 3834 864367; fax: +

E-mail addresses: matthias.hoehne@uni-greifswald.de

http://dx.doi.org/10.1016/j.biotechadv.2014.12.012
0734-9750/© 2015 Elsevier Inc. All rights reserved.

Please cite this article as: Steffen-Munsberg
applications, Biotechnol Adv (2015), http://d
a b s t r a c t
a r t i c l e i n f o
Available online xxxx
Keywords:
Protein function
Annotation
PLP-dependent enzymes
Bioinformatics
Biocatalysis
Enzyme discovery
Transaminase
In this review we analyse structure/sequence–function relationships for the superfamily of PLP-dependent
enzymes with special emphasis on class III transaminases. Amine transaminases are highly important for appli-
cations in biocatalysis in the synthesis of chiral amines. In addition, other enzyme activities such as racemases or
decarboxylases are also discussed. The substrate scope and the ability to accept chemically different types of
substrates are shown to be reflected in conserved patterns of amino acids around the active site. These findings
are condensed in a sequence–function matrix, which facilitates annotation and identification of biocatalytically
relevant enzymes and protein engineering thereof.

© 2015 Elsevier Inc. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
1.1. Motivation and learning objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
1.2. How the review is structured and where do I find what? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
1.3. The protein environment of PLP-dependent enzymes diversifies reaction specificity . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
1.4. PLP-dependent biocatalysts as a short cut for multistep chemical syntheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
1.5. The ‘predicting function from sequence’-problem: how analysis of sequence fingerprints of active site residues can provide functional insights 0

2. Analysing sequence–function relationships of PLP-dependent enzymes using 3DM — high quality alignments meet powerful analysis tools . . . . . 0
2.1. The PLP fold type I and ornithine transaminase-like (OrnTL) 3DM databases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
2.2. Special features of the ornithine TA-like family exemplify the structural flexibility of PLP-fold type I . . . . . . . . . . . . . . . . . . . . 0
2.3. Reaction and substrate specificity determining residues revealed by correlated mutations analysis (CMA) . . . . . . . . . . . . . . . . . 0
2.4. The sequence–function matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

3. Activities represented in the ornithine TA-like database . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.1. ω-Amino acid:α-ketoglutarate transaminases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

3.1.1. Dual substrate recognition: the glutamate switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
; 3AcOc, 3-acetyloctanal; AcOrn,N-acetylornithine; DAIB, D-aminoisobutyrate; ATA, amine transaminase; CoAβAA, coenzymeA
A, 7,8-diaminopelargonic acid; DGD, 2,2-dialkylglycine decarboxylase; DTS, dethiobiotin synthase; fumB1, fumonisin B1; GABA,
semialdehyde aminomutase; Lysε, lysine ε-amino group; HfumB1, hydrolysed fumonisin B1; Orn, ornithine; KAPA, 7-keto-8-
nithine transaminase-like database; βAla,β-alanine;βPhe,β-phenylalanine; PLP, pyridoxal 5'-phosphate; PUT, putrescine; pyr,
rnithine; TA, transaminase; tau, taurine
+49 3834 86 794391.
49 3834 86 794367.
(M. Höhne), uwe.bornscheuer@uni-greifswald.de (U.T. Bornscheuer).

F, et al, Bioinformatic analysis of a PLP-dependent enzyme superfamily suitable for biocatalytic
x.doi.org/10.1016/j.biotechadv.2014.12.012

http://dx.doi.org/10.1016/j.biotechadv.2014.12.012
mailto:matthias.hoehne@uni-greifswald.de
mailto:uwe.bornscheuer@uni-greifswald.de
http://dx.doi.org/10.1016/j.biotechadv.2014.12.012
http://www.sciencedirect.com/science/journal/07349750
www.elsevier.com/locate/biotechadv
http://dx.doi.org/10.1016/j.biotechadv.2014.12.012


2 F. Steffen-Munsberg et al. / Biotechnology Advances xxx (2015) xxx–xxx
3.1.2. Ornithine, acetylornithine and succinylornithine:α-ketoglutarate TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.1.3. Lysine-ε:α-ketoglutarate TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.1.4. γ-Aminobutyrate:α-ketoglutarate TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.1.5. Putrescine and cadaverine:α-ketoglutarate TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.1.6. 3-Acetyloctanal transaminase (PigE) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.1.7. 2-amino-4-oxobutyrate transaminases (diaminobutyrate TAs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

3.2. ω-Amino acid:pyruvate transaminases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.2.1. Dual substrate recognition: the flipping arginine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.2.2. Natural function of amine transaminases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.2.3. Discriminating high and low activity amine transaminases and βAla:pyr TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.2.4. Cadaverine/putrescine:pyruvate TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.2.5. Taurine:pyruvate TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

3.3. ω-Transaminases with unusual acceptor spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.3.1. Dual substrate recognition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.3.2. β-Phenylalanine aminotransferases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.3.3. Acyl-CoA-β-TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.3.4. D-p-hydroxyphenylglycine:αKG TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.3.5. Diamino pelargonic acid transaminases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.3.6. Alanine:glyoxylate transaminase 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

3.4. Glutamate-1-semialdehyde transaminases (2,1-amino mutases) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.5. Decarboxylation dependent TAs: the 2,2-dialkylglycine decarboxylases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.6. α-H-amino acid amide/α-amino-ε-caprolactam racemases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.7. Isoleucine 2-epimerase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.8. Enzymes with unclear substrate recognition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

3.8.1. Neamine TAs, 2′-deamino-2′-hydroxyneamine and neomycin C TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.8.2. (Hydrolysed) fumonisin B1 TAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.8.3. Phospholyases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
3.8.4. Multi-domain or non-enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

4. Challenges for fingerprint-based sequence–function predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
4.1. Limitations of the active site amino acid fingerprint-based approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
4.2. 3DM database related issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
4.3. The literature mining problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
4.4. The challenge to identify unknown specificities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0

5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
Appendix A. Supplementary data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0
1. Introduction

1.1. Motivation and learning objectives

What's the function of a certain gene or protein? Answering this ques-
tion precisely is still a challenging, but very important task. An over-
whelming number of potentially interesting enzymes for biocatalysis are
available in public protein databases. However, this resource is only par-
tially useful, because often the function and properties of enzymes cannot
be predicted reliably. This review exemplifies how structural knowledge
of enzymes and bioinformatics tools can be integrated to increase the pre-
cision of function prediction. As an example, we analysed enzymes of the
PLP fold type I superfamily with special focus on class III transaminases.

With the help of the review, the reader should be able to:

• understand the fascinating mechanisms and features that govern re-
action and substrate specificity of PLP-fold type I enzymes,

• understandhowbioinformatics tools and structural knowledge can be
combined to study structure–function relationships,

• understand how the enzymes' activities are reflected in small amino
acid sequence fingerprints,

• take a class III transaminase amino acid sequence and easily assign the
most probable function (out of 28 different known functions),

• apply this knowledge to guide experiments for the discovery of novel
enzymes,

• apply the guidelines and tools covered in this review to analyse other
enzyme superfamilies
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
applications, Biotechnol Adv (2015), http://dx.doi.org/10.1016/j.biotechad
1.2. How the review is structured and where do I find what?

Some basic introduction about the diversity of PLP chemistry, PLP-
dependent enzyme classification and the biotechnological relevance of
transaminases is given in the introductory sections 1.3 and 1.4. The sec-
tion 1.5 introduces the active site fingerprint concept, which forms the
basis of our structure–function relationship analysis. The most impor-
tant terms and concepts of sections 1.3, 1.4 and 1.5, which are used
throughout the review, are summarised in Boxes 1 and 2. Section 2 con-
denses all information from literature and our bioinformatic analysis:
first, in section 2.1 we provide a brief description of the algorithms be-
hind 3DM, the bioinformatics platform used for our analyses. General
structure and sequence features of the class III transaminase family
and specificity determining residues are analysed in sections 2.2 and
2.3. Section 2.4 presents the sequence–activity matrix, the central part
of our analysis. It shows a correlation of the function of different pro-
teinswith amino acid patterns of a few active site residues (fingerprint).
The most important structural details behind these analyses are pre-
sented in section 3. In this section we aim to illustrate the artful mech-
anisms and active site adaptations that facilitated the development of
28 different enzyme activities. On the one hand, specificity is created
by providing a binding pocket that is complementary to the substrate
in shape and polarity and provides electrostatic interactions. On the
other hand, different mechanisms render the active site very flexible
and allow two or more chemically different substrates to bind in the
same pocket (so called dual substrate recognition). An overview of sec-
tion 3 is given by Table 3, which contains structures of substrates and
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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products of all presented enzymes. To make understanding easy, we
provide a PyMOL (Version 1.6.0.0) session file containing the aligned
structures shown in all figures as Supplementary PyMOL session to
this review. This allows the reader to rapidly inspect all presented fig-
ures in more detail and in comparison to the others. Section 4 contains
a detailed discussion about challenges and possible limitations of the
presented approach.
Box 1
Important concepts.

Transaminase classification

Besides from the classification of PLP-dependent enzymes based on fold
common structural features and sequence similarity (Grishin et al., 1995)
3). Amine transaminases belong to the class III transaminase family, whic
termining a protein's family membership is InterPro (Hunter et al., 2012),
plied by the UniProtKB (Magrane and UniProt Consortium, 2011). For dete
combines the signatures of PANTHER (Mi et al., 2013), Pfam (Punta et a
2010).
We define the class III transaminase family according to this family in
terminology of class III transaminases differs from an earlier attempt for tr
as class II (Mehta et al., 1993).

Active site terminology

The active site architecture in PLP enzymes is often described relative to th
transaminases to indicate the face relative to the cofactor's plane (Soda et
step of the C4’ of PLP relative to the cofactor's plane (Fig. in Box 1 B). In a
face of the cofactor. To indicate the position of active site residues relative
will be applied. The side where the 3’-O of PLP is located is named the O
phosphate group of PLP (Fig. in Box 1 A).

A) B

Figure in Box 1Model of the quinonoid intermediate of alanine bound to th
clature. The intermediate is shown in orange and the catalytic lysine in gre
The protonation of the quinonoid intermediate is the chirality-introducing
will be formed through protonation by the catalytic lysine, which is locat

Active site fingerprint

We identified a set of 13 amino acids lining the active site that play an im
different enzymes.Weuse the terms ‘active site fingerprint’ and ‘active si
that were found to be the most important for a certain specificity. Fig. 1
fingerprints and search results when applying those and the sequence–fu
terns between different enzymes.

Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
applications, Biotechnol Adv (2015), http://dx.doi.org/10.1016/j.biotechad
1.3. The protein environment of PLP-dependent enzymes diversifies reac-
tion specificity

Pyridoxal 5'-phosphate (PLP) is by far the most versatile cofactor
enabling enzymes to catalyse an outstanding array of reactions includ-
ing transamination, decarboxylation, racemisation, elimination, substi-
tution and ring opening (Eliot and Kirsch, 2004). The electron sink
type, transaminases are additionally divided into six classes based on
(for a summary of members within the classes see Table 3 in section
h is also referred to as ornithine TA-like family. A suitable tool for de-
which combines several family and domain databases and is also ap-
rmining the ‘aminotransferase class-III’ family (IPR005814), InterPro

l., 2012), PIRSF (Nikolskaya et al., 2006) and PROSITE (Sigrist et al.,

the InterPro database. Note that this — initially PROSITE-based —

ansaminase classification that referred to the ornithine TA-like family

e cofactor.Wewill apply the re and si-face terminology introduced for
al., 2001). This term is derived from the protonation or deprotonation
ll PLP fold type I enzymes, the active site entrance is located at the re-
to the cofactor, the terminology introduced byWybenga et al. (2012)
-side and the other is termed the P-side, owing to the location of the

)

e Vibrio fluvialisATA (PDB ID: 4E3Q) to exemplify active site nomen-
en. A) The P-side is coloured yellow and the O-side is coloured red. B)
step in transamination. In this example the (S)-enantiomer of alanine
ed at the si-face of the cofactor (relative to its C4’).

portant role for determining substrate and reaction specificity in the
te pattern’ throughout this review to refer to subsets of these residues
0 shows their location, Supplementary data Table S4 summarises all
nction matrix (Table 2) enables a comparison of these sequence pat-

sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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Box 2
Definitions used in the 3DM-based creation and analysis of the superfamily database.

3DM-database
3DM databases comprise sequence alignments based on a superfamily wide structure alignment and thus offer a way of reliably comparing all
sequences independent from low sequence similarity. For this review, a large PLP-fold type I database and a small ornithine TA-like database
(OrnTL DB) were built. The latter offers a larger core (for details see Table 1, and section 2.1).

Subfamily
By the alignment of all available sequences to the structures of the initial structural alignment, so-called subfamilies are formed as the smallest
building blocks of the superfamily alignment. Each subfamily is formed using one structure of the structural alignment as ‘template structure’
and all sequences that could be aligned to it within a certain cut-off ( section 2.1, steps 4–7). For the OrnTL DB the template structure's PDB
code was applied to name each subfamily. Note: one subfamily can contain several proteins for which a structure is available, but these are se-
quentially so similar (see cut-off step 4, section 2.1) that they are not used as a template for a new subfamily; it is also possible that a subfamily
comprises enzymes with different activities. As long as there is a structure in the initial structure alignment with sufficient similarity to a se-
quence of interest, this sequence can be compared to the whole database.

Core and variable regions
To allow for facilitated comparisons and statistics, 3DM introduces the concepts of core and variable regions. The initial structure alignment is
evaluated to find the common structural ‘core’ that is conserved in all structures available in the database. Positions in these regions are called
core positionswhile all structurally non-aligned areas are referred to as variable regions or positions. The larger the database (i.e. themore struc-
tural variation), the smaller the core, as local differences in the structures caused by mutations, insertions or deletions prevent a meaningful
alignment.

3D number
A unified numbering scheme, called 3D numbers, is created for all sequences and structures in the 3DM database by renumbering them accord-
ing to the core positions: all structural equivalent residues get the same number. This enables easy comparison of the amino acid distribution of
all proteins in the database. All residue numbers used in this review are the 3D numbers of the OrnTL DB if not stated otherwise. Residue num-
bers within variable regions are given in italics in combination with the accession number of the enzyme to which the numbers refer.

Correlated mutation analysis (CMA)
Structural or functionally important amino acid positions are often not conserved, but mutations at these positions are made possible by addi-
tional mutation(s) within the protein. Therefore several positions, often randomly scattered over a protein's sequence, are commonly mutated
together during evolution. Compared to conserved residues, these networks of correlated mutations are much more difficult to detect in a mul-
tiple sequence alignment by visual inspection, but they can be identified and visualised by CMA.Hence, theCMAnetwork analysis tool integrat-
ed in the 3DM suite, called CorNet (publication in progress, free web based version available from www.3dm.bio-prodict.nl/Comulator), is a
powerful tool to reveal structural or functional important residues. The CMA algorithm, called Comulator, behind the CorNet tool was published
previously (Kuipers et al., 2009).
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nature of the PLP cofactor allows for this vast variety of chemistry. It is
the enzyme scaffold, however, which elegantly determines which
reaction pathway is followed. Toney (2011) recently reviewed the sub-
ject of reaction specificity and summarised three main themes.
1) Stereoelectronic control: the enzyme forces the substrate/aldimine
intermediate to adopt a certain conformation. The bond to be cleaved
has to be aligned parallel to the π-orbitals (perpendicular to the PLP
plane) for a π–σ-orbital overlap, facilitating bond cleavage and reso-
nance stabilisation of the developing charge by the conjugated
π-electron system of PLP. This principle that explains the preference
for cleavage of one of the Cα substituents over another was initially
published by Dunathan (1966) and is therefore known as Dunathan
principle (see Fig. 1). 2) The electrophilic strength of the Schiff
base—pyridine ring π-electron system: this property governs the capa-
bility of negative charge delocalisation. Different reactions, i.e.
racemisation or transamination, require a lower or higher degree of
negative charge stabilisation, respectively. Thus, different enzymes af-
fect the electrophilic strength of the aldimine intermediate by control-
ling the protonation state of the pyridoxyl N atom. Its protonation
increases the capability of resonance stabilisation and a quinonoid inter-
mediate can be formed. 3) Catalytic side chain placements: to control
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
applications, Biotechnol Adv (2015), http://dx.doi.org/10.1016/j.biotechad
the outcome of the reaction, the enzyme provides catalytic functional
groups possessing a certain positional flexibility, which promotes the
desired bond formation(s). Enzymes achieve the above-mentioned
tasks by an artful design of their active sites. For a deeper understanding
of these fascinating details we highly recommend to read the review by
Toney (2011).

Besides controlling reaction specificity, a second important
issue is controlling substrate specificity and enantioselectivity.
For many PLP-dependent enzymes, this is a complex task, as
chemically different substrates have to be accepted (e.g. acidic
and aromatic amino acids). This phenomenon of multiple sub-
strate recognition is discussed in detail in sections 3.1.1, 3.2.1
and 3.3.1.

Altogether, the majority of PLP-dependent enzymes catalysing this
plethora of reactions have been evolved in a very small number of dif-
ferent tertiary structures: only seven different fold types of PLP-
dependent enzymes were discovered until now (Supplementary data
Table S1) (Percudani and Peracchi, 2009).

The fold type I, also referred to as the ‘aspartate aminotransferase
superfamily’, combines the highest quantity and diversity of mem-
bers, compared to the other fold types (Schneider et al., 2000). It
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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Fig. 1. Stereoelectronic control of reaction specificity in PLP-dependent enzymes exempli-
fied by the alanine external aldimine of a (S)-selective transaminase. By aligning the Cα–H
bond σ-orbital with the p-orbitals of the conjugated π-system, this bond is selectively
weakened and transamination or racemisation is favoured over decarboxylation (Toney,
2011). For the transamination dependent decarboxylases (section 3.5) a three subsites
model of the active site has been proposed (A, B and C, highlighted in grey font). If the pro-
ton is placed in subsite A, transamination will occur and if the carboxylate is placed in this
subsite, the reaction will proceed via decarboxylation.
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comprises enzymes belonging to all but one of the six classes defined
by the enzyme commission numbers (i.e. EC 1–5; Webb and
International Union of Biochemistry and Molecular Biology, 1992)
that are acting on a vast variety of substrates. Fold type II or ‘trypto-
phan superfamily’ comprises alkyltransferases, ammonia lyases and
some racemases while fold type III or ‘alanine racemase superfamily’
contains amino acid racemases and decarboxylases. The second fold
class containing transaminases is fold type IV or ‘D-alanine transam-
inase family’ which also includes a lyase. Fold types V, VI and VII
contain one reaction specificity each i.e. glycogen phosphorylases,
D-lysine-5,6-aminomutases and L-lysine-2,3-aminomutases, respec-
tively. This brief list of the various activities illustrates the versatility
of PLP chemistry that is enabled through the different protein config-
urations. A summary of the simplified mechanisms is given in Fig. 2.
For a computer animation of a simplified modelled amine transami-
nase reaction see the Supplementary video.
Fig. 2. PLP-dependent enzymes catalyse a variety of chemical reactions by stabilising carbanion
many, but not all reactions, a quinonoid intermediate is formed during the reaction. In the centr
are shown. At each intermediate, there is a range ofmany possible reactions, as different bonds
ken are shown in different colours, bonds to be formedwith differently coloured electron arrow
collection of activities exist. For a more detailed version of this figure, please see Supplementa
reader is referred to the web version of this article.)

Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
applications, Biotechnol Adv (2015), http://dx.doi.org/10.1016/j.biotechad
Until today, a total of 236 chemical reactions are known to be
catalysed by PLP-dependent enzymes according to the B6-database
(Percudani and Peracchi, 2009). This highlights nature's flexibility to
tailor enzymes towards a distinct substrate specificity. In addition to the
already known activities, there are probably a number of additional un-
known enzyme functions waiting to be discovered. This great diversity
of enzyme reactions, the known and the unknown, is reflected inmillions
of amino acid sequences of proteins stored in protein databases. There-
fore, protein databases represent a gold mine for biotechnologists. To
identify the biocatalytically interesting among this diversity, however,
tools for sequence-based function prediction are required.
1.4. PLP-dependent biocatalysts as a short cut for multistep chemical
syntheses

The capability of catalysing various bond breaking and bondmaking
steps in a coordinated and selectivemanner renders PLP-dependent en-
zymes superior to chemical synthesis routes. Various PLP-dependent
enzymes have been utilised in industrial applications, such as
decarboxylases, racemases and more commonly, transaminases. For in-
stance, L-aspartate-4-decarboxylase in whole Pseudomonas dacunhae
cells was used for the production of L-alanine from L-aspartate and if
combined with aspartase, the production of L-alanine from fumarate is
possible in two biocatalytic steps (Liese et al., 2006b).

The α-amino-ε-caprolactam (ACL) racemase from Achromobacter
obae together with an enantioselective L-lysine-1,6-lactam hydrolase
from Cryptococcus laurentii have been applied in a one pot whole cell
biotransformation for L-lysine production from racemic α-amino-ε-
caprolactam (Fig. 3, see also section 3.6). This biocatalytic step in combi-
nationwith four chemical steps allowed for L-lysine production from cy-
clohexene (Liese et al., 2006a). In another example, an Ala-racemase
was used in combination with a D-amino acid transaminase (DATA) to
enable the synthesis of D-amino acids. The D-Ala required for the DATA
was obtained from L-Ala using the Ala-racemase (Soda and Esaki, 1994).

Further biocatalytic applications of PLP-dependent enzymes in-
volved lyases. Tyrosine synthesis could be achieved from phenol,
ic intermediates, after the substrate formed a covalent aldimine intermediate with PLP. In
e of the figure, themost important intermediates observed during a transaminase reaction
can be broken or formed, leading to distinct enzymatic activities. Possible bonds to be bro-
s. One enzyme activity is given as an example for each reaction, but in nature amuch larger
ry data Figure S8. (For interpretation of the references to colour in this figure legend, the

sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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Fig. 4. Transaminases are useful for the manufacture of amines. A) TA allow for amine synthesis in a single step, compared to traditional metal-catalysed chemical procedures like
B) enamide reduction or C) imine reduction (Nugent and El-Shazly, 2010).

Fig. 3. Biocatalytic process for L-lysine production from racemicα-amino-ε-caprolactam. As both enzymes have a comparable pH optimum, itwas possible to run thewhole cell process in
one reactor.
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pyruvate and ammoniawith tyrosine phenol lyases from various organ-
isms (Lütke-Eversloh et al., 2007). If a tyrosine phenol lyase is combined
with the PLP-dependent tyrosine decarboxylase in a second step, dopa-
mine could be synthesised from catechol, pyruvate and ammonia (Lee
et al., 1999). Furthermore, threonine aldolases have been applied in
asymmetric aldol reactions to form α,α-dialkyl-α-amino acids from
Ala, Cys and Ser and various acceptor aldehydes (Fesko et al., 2010).

Currently, the most useful and widely applied PLP-dependent en-
zymes are transaminases (TA) as they can be used in biocatalytic asym-
metric synthesis of amino acids and amines. Compared to organo- or
metallo-catalysis, transaminases are superior in step efficiency as they
catalyse several steps in a one-pot reaction: 1) reaction of the ketone
with a N-source (pyridoxamine 5'-phosphate, PMP) to form the imine,
2) reduction to yield a protected amine, and 3) liberation of the free
amine by cleavage of theN-protecting group (PLP) (see Fig. 4 for a com-
parison to the chemical routes).1 The enzymatic reaction substantially
helps to increase process efficiency as intermediate work-up proce-
dures as well as toxic heavy metals can be avoided. This has been nicely
1 Interestingly, the intermediates and steps in the enzymatic reaction resemble those of
the chemical synthesis, but most transaminase research overlooks these details and sim-
ply considers this as amino group transfer — matching the classification in the enzyme
commission class (EC) 2, transferases.
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demonstrated for the large scale synthesis of the antidiabetic drug
Sitagliptin, whereMerck & Co (USA) initially used an asymmetric trans-
fer hydrogenation process catalysed by a rhodium-complex, which was
later replaced by a transaminase-catalysed route, in which simply
isopropylamine could be used as amino donor. The highly active and
stable (R)-selective amine transaminasewas developed in collaboration
between Merck & Co with the company Codexis (USA) as published by
Savile et al. (2010). This improved process substantially reduced the
waste and E-factor of the process as summarised in a highlight article
(Desai, 2011). Both companies were awarded the ‘Presidential Green
Chemistry Award USA’ for this green chemistry route. For details
about the application of transaminases in biocatalysis, readers are re-
ferred to recent reviews (Berglund et al., 2012; Höhne and
Bornscheuer, 2009, 2012; Kohls et al., 2014; Kroutil et al., 2013; Rudat
et al., 2012).

In nature, two types of PLP-dependent transaminases have been
discovered, according to the type of substrate that is converted:
α-transaminases (α-TAs) and ω-transaminases (ω-TAs). Whereas
α-TAs (the majority of TAs) exclusively convert α-amino and α-keto
acids, ω-TA also accept substrates having a distal carboxylic acid group
instead of a carboxylate function in α-position. The term ω-TA is used
to summarise a very heterogeneous group of activities (see sections
3.1, 3.2 and 3.3). Two subgroups of ω-TAs studied for biocatalytic
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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Fig. 5. Common nomenclature of transaminases based on the distance of the transferred
amino group from the carboxylic function. A) α-Transaminases (α-TA) catalyse the
conversion of α-amino acids to the corresponding α-keto acid and vice versa. Note that
(S)- and (R)-selectiveα-TA occur in nature: typical examples are aspartate transaminases
(Asp:α-ketoglutarate TA) and D-amino acid transaminases (DATA). B) ω-Transaminases
(ω-TA) transfer amino groups that are more distant from a carboxylic group (e.g. in γ, δ
or ε position). Note that β-TAs are a subgroup of ω-TAs: these enzymes transaminate
β-amino groups with respect to the acid function (n = 0). A typical example for β-TAs
are β-phenylalanine TAs. Enzymes converting the ω-amino group of ω-amino acids
(e.g. γ-aminobutyrate (GABA), n = 1, R = H) and α,ω-diamino acids (e.g. Lys, n = 3,
R = NH2) are both referred to as ω-TAs. A subgroup of ω-TAs, the amine transaminases
(ATAs), also allow for the conversion of chiral amines independently from the presence
of carboxylic groups in the substrate as exemplified in C) these ATAs are very useful for
biocatalysis as they can be applied for asymmetric chiral amine synthesis from the corre-
sponding prochiral ketones if applied in reverse direction. Owing to their ability to convert
ω-amino acids aswell, the term ‘ω-TA’ has been used equally to the term ‘ATA’ in biocatal-
ysis focussing publications. This terminology is misleading because there are several
ω-TAs known that do not convert any amine substrate. As the activity towards amines is
the biocatalytically most relevant one, we prefer to term these enzymes ATAs to empha-
sise their independency of carboxylic groups in the substrate and not to confuse with
other ωAA converting enzymes, throughout this review. Both, (R)- and (S)-selective ATA
have been found in nature.
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approaches are β-TAs (Rudat et al., 2012) and amine TAs (ATAs). The
latter became particularly popular during the last decade (see Fig. 5
and legend for details).

1.5. The ‘predicting function from sequence’-problem: how analysis of se-
quence fingerprints of active site residues can provide functional insights

The ability to predict an enzyme's function based on its amino acid
sequence is central for a variety of scientific disciplines:

• Physiology and system biology aim to understand an organism's
(or habitat's) metabolic capability based on (meta)genomic data.
With this capability they could predict ecophysiological functions or
discover novel metabolic pathways.

• For biotechnological applications, researchers aim to identify and use
specific enzymes to catalyse a given reaction. Besides the targeted
identification of enzymes, discovering novel enzymes is important to
expand the enzymatic toolbox for biocatalysis.

• Protein engineers wish to apply their understanding of structure–
function relationships to the reverse direction:which (also bymodifi-
cation of an) amino acid sequence will generate the desired activity?

An important aspect complicating sequence–function prediction is
promiscuity, which is a consequence of evolution. In the case of PLP-
dependent enzymes, Christen and Mehta (2001) proposed that PLP
binding developed first, while evolution of reaction specificity preceded
substrate specificity. There are often less genes encoding PLP-
dependent enzymes than PLP-catalysed reactions needed in an
organism's metabolism (Percudani and Peracchi, 2003). Therefore, it is
not surprising that both reaction and especially substrate promiscuity
(Bornscheuer and Kazlauskas, 2004; Hult and Berglund, 2007; Humble
and Berglund, 2011) occur across all fold types of PLP-dependent en-
zymes. The fact that enzymes of very low sequence similarity can have
similar specificities, while closely related enzymes will not accept the
same substrates, makes reliable prediction of function with respect to
uncharacterised enzymes challenging (Percudani and Peracchi, 2003).

These difficulties result in error prone functional annotations of se-
quences of PLP-dependent enzymes. While reaction specificity predic-
tion is achieved with a relatively high success rate, the prediction of
the detailed function at the substrate specificity level is complicated.
For example, ATAs belong to a subfamily of PLP fold type I that is
referred to as class III transaminase family (Rausch et al., 2013) (see
Box 1). This enzyme class harbours approximately 28 different enzyme
activities (see Table 3). If one was to BLASTP (Altschul et al., 1997) the
sequence of the ATA from Ruegeria pomeroyi (PDB ID: 3HMU)
(Steffen-Munsberg et al., 2013b) against the non-redundant protein se-
quences database with pre-set parameters, one will obtain results that
do not allow any conclusion on its substrate specificity. Within the
first 100 results (all have 61–100% sequence identity to 3HMU) four
sequences are annotated as ‘class III aminotransferases’ (as is 3HMU it-
self), three are termed ‘adenosylmethionine-8-amino-7-oxononanoate
aminotransferase’ and the remaining 93 are referred to as ‘aminotrans-
ferase’, from which it is impossible to predict 3HMU's substrate scope
for small amino acids, such as pyruvate andγ-aminobutyrate or amines.
This example highlights that sequence similarity might not be sufficient
for a protein's function prediction.

The challenge of closing the gap between sequence and function in-
formation has been subject to extensive research over recent years, and
is addressed by bioinformatic annotation solutions (Radivojac et al.,
2013), solving protein structures (Jaskolski et al., 2014) and biochemical
characterisation of single enzymes and combinations thereof. For in-
stance, the Enzyme Function Initiative characterises proteins of un-
known function structurally and functionally to systematically close
knowledge gaps to enable further predictions (Gerlt et al., 2011), while
other groups predicted function by docking of metabolites to homology
models and the evaluation of genetic contexts (Zhao et al., 2013). The
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additional sequence–function connections that are gained by these stud-
ies can then be applied for further predictions and annotations.

Even though computational protein function prediction is steadily
advancing with algorithms, including literature mining and machine
learning, there is still a need for improvements: in the Critical Assess-
ment of Functional Annotation (CAFA) experiment, several methods
have recently been evaluated (Radivojac et al., 2013). Unfortunately,
many of thesemethods are not yet available for standard large-scale an-
notation projects. Radivojac et al. (2013) conclude that there is a need
for improving the availability of stand-alone tools to allow the predic-
tion of an enzyme's function independently from the slow updating
rate of sequence databases according to the recent advances in annota-
tion technology.

In our past research, we have focussed on investigating active site
design/amino acid composition for analysis and prediction of enzyme
function (Gand et al., 2014; Höhne et al., 2010; Steffen-Munsberg
et al., 2013b). The advantage we see in this approach is that predictions
are guided from hypotheses; it can be easily performed by all re-
searchers and it deepens the understanding of structure–function rela-
tionships of a given superfamily of proteins. If structural information for
the enzymes of interest is available, the structural alignment of only ac-
tive site residues provides a powerful tool for sequence independent
function prediction in evolutionary distant enzymes. For instance ene-
reductases that have completely different sequences and structural
folds, but similar active site geometry, were recently shown to possess
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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comparable activity (Steinkellner et al., 2014). Sequence independent
active site alignments can also be applied for functional comparisons
of structurally unrelated superfamilies and thereby reveal reaction
specificity determining features as recently demonstrated for the PLP
A) Substrate 1 bound by X100, Y200, Z300

B) Substrate 1 bound by X150, Y250, Z300

C) Substrate 2 bound by X100, Y250, Z300

D) Sequence alignment guides annotation
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fold types I–IV (Catazaro et al., 2014). However, these approaches re-
quire detailed structural data for the target enzymes, which is often
not available.

Another, inmany casesmore applicable, strategy is to investigate se-
quence–function relationships employing structural based sequence
alignments. This approach was recently applied to identify selectivity
determining positions in P450 monooxygenases and thiamine diphos-
phate dependent decarboxylases, thereby enabling targeted mutagene-
sis to improve the enzymes' selectivities (Pleiss, 2014). Furthermore,
discrimination between dehydrogenase and oxidase reaction specificity
was shown to bedetermined by the presence of Ala or Gly in a single po-
sition (Leferink et al., 2009) and oxaloacetate hydrolyase activity within
the lyase/PEP mutase enzyme superfamily can be predicted based on
the existence of a single Ser in the active site (Joosten et al., 2008).

The importance of tools to predict an enzyme's function if only the
sequences have been deposited in public databases but no biochemical
characterisation or evidence of their function is available can be exem-
plified by an example from our research: until 2010 (R)-selective ATA
activity was only found in two wild type strains, but the sequences of
the responsible enzymes had been unknown. By analysing the determi-
nants for substrate and reaction specificity in PLP fold type IV enzymes,
we identified sequence motifs that allowed for the rapid annotation
of all known enzymes of this fold type (i.e. branched chain amino acid
transaminases (BCAT), D-amino acid transaminases (DATA) and
4-amino-4-deoxychorismate lyases). Then, we predicted keymutations
that should facilitate amine conversion in the scaffold of a BCAT to
achieve patterns for (R)-ATA prediction (Höhne et al., 2010). Through
these fingerprints we identified 17 (R)-ATAs that had been deposited
in the sequence databases, butwithmisleading annotations. Further ex-
periments revealed that these new (R)-ATAs have a great potential in
asymmetric amine synthesis (Schätzle et al., 2011). This example indi-
cates how understanding of substrate and reaction specificity-
determining residues can result in the identification of new versatile
biocatalysts.

Whereas information about (R)-ATA (found in PLP fold type IV) was
scarce until our study, (S)-selective ATAs (belonging to fold type I) have
been explored for biocatalytic applications for more than 15 years (Shin
and Kim, 1997), the first sequence being described in 2003 (Shin et al.,
2003). However, the methods for (S)-selective amine transaminases
discovery had been restricted to enrichment cultures (Shin et al.,
2003) and sequence homology searches (E.S Park et al., 2010) until
2011 when Park et al. proposed substrate specificity determining resi-
dues based on homologymodels (E.S. Park et al., 2011). In the following
years, solved crystal structures (Humble et al., 2012; Midelfort et al.,
2013; Rausch et al., 2013; Sayer et al., 2013) displayed the spatial ar-
rangement of these residues in the active site. Interestingly, four crystal
structures of (S)-ATAs were deposited in the database since 2009, but
not recognised as ATAs because of the lacking experimental data for
these enzymes. Their detailed characterisation combined with a muta-
genesis study (Steffen-Munsberg et al., 2013a) unravelled the detailed
mechanism of dual substrate specificity and factors affecting catalytic
efficiency towards amines. All these investigations strongly focused on
(S)-ATAswithout discussing the important residues in related enzymes,
Fig. 6. Active site patterns can be used to predict enzyme function. Substrate and reaction
specificity of enzymes are governed by the presence of key residues in the active site,
which can be detected in a multiple sequence alignment. A) & B) The same substrate 1
can be converted in enzymes by placing similar residues, but at different positions in the
amino acid sequence. Because of the flexibility of the amino acid side chains, important
functional groups might be in a similar geometric position. Therefore, important residues
are not conserved in all cases. C) Chemically different residues realise conversion of a dif-
ferent substrate 2. D) In amultiple sequence alignment, sequencesmatching thepattern of
Enzyme A) or B) can be identified. Sequences 6–8 have different pattern, and thus might
have different substrate specificities. Sequence 9 differs in the catalytic residue. Therefore
it is either not catalytically competent, or catalyses a different reaction. Conserved amino
acids are shown in different colours.
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Table 1
Comparison of the size of the PLP fold type I database and the OrnTL database.

Amount of PLP fold type I OrnTL

Crystal structures found initially 717 170
Crystal structures in final alignment 406 170
Subfamilies 94 21
Sequences found initially 120,870 31,000
Sequences aligned 42,080 12,956
Core residues 290 379
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which would be required to broaden the insight into mechanisms of
substrate recognition and catalysis within the whole PLP fold type I.

From these resultswe hypothesise that reaction specificity aswell as
substrate specificity is mainly reflected by the presence of certain active
site residues, which interact with the substrate or the cofactor during
the reaction. This pattern of active site residues also referred to as ‘active
site fingerprint’ can be used to assign a function from a simple align-
ment, if the sequence matches the known pattern (Fig. 6). It is impor-
tant to keep in mind that the situation in nature is more complex:
there might exist more than one solution to realise the same substrate
specificity (as shown in Fig. 6A, B and D, sequences 1–4), and especially
PLP-dependent enzymes bind more than one substrate in the same ac-
tive site (for dual substrate recognition see sections 3.1.1, 3.2.1 and
3.3.1).

In the following, we analyse important residues of well-described
enzymes of the class III transaminases of PLP-fold type I. Together
AcOrn:αKG TAs

Ala:glyox T

GSAM

racemases

Orn:αKG TAs

Lysε:αKG TAs

GABA:αKG TAs

Not characterised

Phe:αβ KG/pyr TAs

AAAα

1.0

Fig. 7. Phylogenetic tree comprising all 12,956 sequences of the OrnTL DB. Colouring highlights
duced network is highlighted. Colouring: grey: not characterised; yellow: GABA:αKG TAs; re
green: DGD; light blue: DAPA TAs; pink: ATAs, βAla:pyr TAs and GABA:pyr TAs; black: Tau:p
βPhe: αKG/pyr TAs. Abbreviations are explained in Table 3. The unrooted tree was calculated
formatted using Dendroscope (Version 3.2.10) (Huson and Scornavacca, 2012). (For interpretati
of this article.)
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with an analysis of respective multiple sequence alignments, we show
that activities can indeed correlate with a few active site residues,
which enables a more detailed annotation compared to standard tools
which are available online. Furthermore, we elucidate, how conserved
these sequence motifs are, and which fraction of sequences cannot be
annotated by this approach at themoment and hencemight be interest-
ing for further research.
2. Analysing sequence–function relationships of PLP-dependent
enzymes using 3DM — high quality alignments meet powerful
analysis tools

2.1. The PLP fold type I and ornithine transaminase-like (OrnTL) 3DM
databases

To identify and compare residues that govern substrate and reaction
specificity in an enzyme superfamily, multiple structure and sequence
alignments have to be computed to generate an overall alignment. As
they are the basis of all further analysis steps, their quality is of extraor-
dinary importance.

The commercial software 3DM, a protein superfamily analysis suite,
employs highly sophisticated algorithms to ensure that the alignment is
reliable, and at the same time integrates tools that allow one to generate
hypothesis of relevant structure/sequence–function relationships.
Many different data types are collected for all the proteins of a super-
family in a 3DM system by extensive data collection tools (i.e. all
DGD

DAPA TAs

ATAs

βAla:pyr TAs

GABA:pyr TAs

Tau:pyr TAs

As 2

the characterised enzymes. For each group of substrate/reaction specificity the whole in-
d: Lysε:αKG TAs; light orange: Orn:αKG TAs; dark orange: AcOrn/SuOrn:αKG TAs; dark
yr TAs; brown: Ala:glyox TAs 2; dark blue: αAAA racemases; light green: GSAM; violet:
based on the core alignment of the OrnTL DB using FastTree 2.1.3 (Price et al., 2010) and
on of the references to colour in this figure legend, the reader is referred to theweb version
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2 Pairwise identity within core regions of the sequences with UniProt IDs G9N4G9 and
B8MF32 belonging to subfamilies 4A0G and 4AO9, respectively.

10 F. Steffen-Munsberg et al. / Biotechnology Advances xxx (2015) xxx–xxx
available structures are examined and full-text articles are text-mined
to extract mutation studies from the literature; Kuipers et al., 2010a).
Besides the description of the 3DM database on PLP-dependent en-
zymes and the sub-database on ornithine TA like (OrnTL) enzymes in
this section, the most important concepts of 3DM relevant for this re-
view are briefly summarised in Box 2.

The PLP fold type I 3DM database was generated with the human
ornithine:α-ketoglutarate transaminase (Orn:αKGTA) crystal structure
as the starting template for the structural alignment. This enzyme was
chosen as the template because the biocatalytically most relevant en-
zymes of this fold type ((S)-ATAs) belong to the class III transaminase
family, which are also referred to as ornithine transaminase-like family
(see Box 1). The method of the generation of 3DM databases is, in eight
steps, briefly described below. Further details were published else-
where (Kourist et al., 2010; Kuipers et al., 2010b).

1) 3DM collects and superimposes all structures that share a common
structural fold with the starting template structure (717 structures
in the PLP fold type I superfamily). Structures that are difficult to su-
perimpose on the template — therefore resulting in only a small
number of superimposed residues — are discarded. The default
cut-off is at least 60 residues that are within a sphere of 2.5 Å from
the equivalent template residues leaving 406 structures in the PLP
fold type I database.

2) A structural alignment is generated for each combination of two
structures in an all-to-all comparison. The resulting structure align-
ments are merged into one large alignment that represents the
structurally conserved core of the superfamily.

3) The positions in this core alignment are numbered (called 3D
numbers) such that all structural equivalent residues in the 3DM
system have the same number.

4) 3DMgenerates subfamilies by grouping all structures that arewithin
a defined sequence identity cut-off (in the PLP fold type I database
this cut-off was set to 50% resulting in 94 distinct subfamilies).

5) From each subfamily the structure that structurally matches best
with the starting template, thereby maximising the number of core
residues in each subfamily, is chosen as the representative subfamily
template (see Supplementary data Table S2 for a list of enzyme ac-
tivities represented by the subfamilies' template structures).

6) The subfamily templates are used in a UniProt BLAST search to col-
lect protein sequences for which no structures are available
(120,870 proteins were collected for the PLP fold type I database).

7) For each subfamily template a profile based iterative alignment is
performed (this is beyond the scope of this article and published
elsewhere; Kuipers et al., 2010a; Kuipers et al., 2010b). The inclusion
cut-off for aligned sequences is 30% sequence identity compared to
the last profile used in this alignment procedure, which is approxi-
mately 20% identical to the starting subfamily template. Aligning se-
quences of this low sequence similarity with high quality is difficult,
but a high quality alignment is established by a quality control
mechanismdescribed by Kuipers et al. (2010b). To ensure high qual-
ity alignments, the sequences for which no evident solution can be
determined are simply deleted from the alignment. Although
many aligned sequences are removed this way, this method still al-
lows for the generation of very large superfamily alignments. In the
case of the PLP fold type I database, the final alignment generated
from the 120,870 sequences collected in step 6 contains 42,080 se-
quences.

8) The 3Dnumbering scheme is applied to all aligned sequences,which
connects all sequences, all structures, and all alignments from the
different subfamilies to each other.

The size of the conserved core is determined by the structural diver-
sity in the superfamily: the more slightly different enzymes are includ-
ed, the smaller are the structurally conserved regions that make up the
core. Not all active site residues are covered in the conserved core of the
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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PLP fold type I database due to structural diversity in the superfamily.
This protein fold was extremely adaptive during evolution, thus
allowing a large quantity of reactions to be catalysed. This database cov-
ering a large fraction of PLP fold type I enzymes might be employed for
fold type overarching questions, but more detailed investigations like
substrate specificity require a smaller ‘sub-database’ comprising
structurally more related enzymes. We therefore created a smaller
3DM database, containing only sequences that belong to the class III
transaminases, also referred to as the ‘ornithine transaminase-like’ fam-
ily (see Box 1, compare Table 3). This yielded the ornithine TA-like data-
base (OrnTL DB), comprising 21 subfamilies with a much larger core
compared to the large PLP fold type I database (see Table 1 for a compar-
ison of the two databases, see Fig. 7 for a phylogenetic tree of the whole
OrnTL DB). Almost all active site residues of class III TAs were covered in
the core and 81% of all residues in the (S)-ATA from Chromobacterium
violaceum (Cvi-ATA) belong to core regions in the OrnTL DB compared
to 62% in the larger PLP fold type I database (see Supplementary data
Figure S2 and S3 for more details). Besides the subfamily selection,
this database was generated with the same settings as the full PLP fold
type I database.

3DM was able to generate a high quality alignment that consists of
12,956 protein sequences from the 31,000 sequences collected by the
initial BLAST searches. The discrepancy between the amount of collect-
ed class III TA sequences and the sequences present in the OrnTL DB
reflects the portion of sequence space with insufficient structural
information. This demonstrates the need of further research to enhance
the structural coverage of the class III TA family.

Using this 3DM OrnTL DB we aim to extend recent studies, which
either used sequence similarity to classify ATA related enzymes and
only investigated ATAs' functional residues in detail (Rausch et al.,
2013) or focused only on a limited number of residues in the first
shell of the active site and was therefore limited to enzymes with struc-
tural information (Catazaro et al., 2014). In this review we summarise
recent literature and our findings concerning substrate and reaction
specificity determinants within PLP fold type I enzymes with special
focus on the class III transaminase family.

2.2. Special features of the ornithine TA-like family exemplify the structural
flexibility of PLP-fold type I

The PLP-fold type I is an interesting example how very distantly
related sequences still form similar tertiary structures. The diversity of
enzyme activities within PLP fold type I is reflected in extensive adapta-
tions at the amino acid sequence level: for example, aromatic amino
acid transaminase (PDB ID: 1AY4) and ornithine aminotransferase
(PDB ID: 2OAT) share only 7% sequence identity. Within the OrnTL da-
tabase low sequence identities down to 13%2 are observed. Interesting-
ly, the backbone arrangement of the majority of the active site residues
is still very similar. From an inspection of the structure alignments, we
identified several features that are conserved on the structure or se-
quence level in the OrnTL family, but differ in other fold type I enzymes.
Four regions are especially conserved among class III transaminases
(see Fig. 8 for secondary structure elements numbering):
1) A small antiparallel β-sheet (residues 23–36, comprising strands β1,
β2 and β3) close to the N-terminus ‘on top’ of the small domain is
conserved in most structures of the OrnTL family. This region is lo-
cated at the domain interface and we speculate that this sheet con-
tributes to the suppressed domain movements during substrate
binding, which is, in contrast to other fold type I transaminases
(McPhalen et al., 1992), commonly observed in this family (Cha
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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Fig. 8. Topology plot of the class III transaminases exemplified on chain A of the human
Orn:αKG TA structure (PDB ID: 2OAT). The regions with specifically conserved secondary
structure in class III TAs are highlighted red (see main text for more information). Con-
served residues among the whole family are highlighted in grey: the aspartate ‘on top’
of the left-handed helix α2 (D41), the aspartate ‘below’ PLP, coordinating its pyridine ni-
trogen (D213) and the catalytic lysine (K242). (For interpretation of the references to col-
our in this figure legend, the reader is referred to the web version of this article.)
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et al., 2014; Käck et al., 1999; Liu et al., 2004;Wybenga et al., 2012).
2) Another region that might prevent OrnTL enzymes' domain closure

is located ‘below’ the small domain at the domain interface (residues
218–234, including the helix α10).

3) All active sites (of available holoWT structures) comprise one turn of
a left-handed helix (α2) at the si-face of PLP (residues 44–47), as was
previously described for Orn:αKG TAs, γ-aminobutyrate:αKG TAs
(GABA:αKG TAs), and S-adenosylmethionine:7-keto-8-amino-
pelargonic acid TAs (SAM:KAPA TAs) (Novotny and Kleywegt,
2005). The influence of this exceptional secondary structure element
for substrate recognition was shown for the Escherichia coli
SAM:KAPA TA. The R221A mutation inverted this region to a right
handed α-helix which strongly declined the catalytic efficiency for
SAM (Sandmark et al., 2004). An arginine coordinating the left-
handed helix at the O-side is conserved in 80.1% of the sequences in
the OrnTL family (R221 might be substituted by a lysine or R220
e.g. in 2GSA or K243 e.g. in 1OHV). The helix is additionally stabilised
by a highly conserved D41 (97.9% of all sequences in the OrnTL DB,
see Supplementary data Table S3), which caps the N-terminus of
the helix. These two conserved residues and the left-handed helix to-
gether are specific for theOrnTL family and are not found in other fold
type I enzymes.

4) A second OrnTL specific region in the active site is located at the
O-side (residues 267–272). This loop contains the conserved T/S271
that is involved in PLP binding (Humble et al., 2012) andmight addi-
tionally be involved in catalysis by hydrogen bonding the catalytic
K242 as it was shown for a conserved cysteine in a comparable posi-
tion in ornithine decarboxylases (Oliveira et al., 2011). This region
substantially differs in the whole fold type I database and therefore
belongs to the variable region there, whereas it could be properly
aligned in the proteins of the OrnTL DB.

Several amino acid positions were identified as conserved and
unique within proteins of the OrnTL family (see supplementary data
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Table S3). Of particular interest is that the catalytic lysine is present in
this list: in themajority of sequences, which are not in the OrnTL family,
the catalytic lysine is found two positions later at position 244 (for a dis-
cussion see section 4.1). Most other positions in this list are not directly
explained by their functional role, which is not surprising, as the OrnTL
DB comprises a variety of substrate and reaction specificities that de-
mand different recognition mechanisms. The only amino acid that is
conserved over the whole fold type I database is D213, which is the res-
idue responsible for protonating the pyridine nitrogen of the cofactor.

2.3. Reaction and substrate specificity determining residues revealed by
correlated mutations analysis (CMA)

Evaluating sequence conservation is a fast way to identify positions
that are probably relevant for catalysis or protein architecture. However,
this strategy will only display a fraction of important residues. Often,
more than one solution (amino acid composition) exists to realise a
function in a protein. For example, in the case of a salt bridge at a do-
main interface that is required for protein stabilisation, it is probably
not important on which of the two domains the acidic or basic residue
is localised. Thus, these two positions might not be conserved but mu-
tated simultaneously. The degree to which mutations occur in a corre-
lated fashion depends on the strength of the selection pressure, which
is related to the functional relevance of these positions. Halabi et al.
(2009) demonstrated the power of such analyses using proteases:
clusters of amino acids (called protein sectors) relevant for substrate
specificity, thermostability and catalysis could be discovered from cor-
relatedmutationswithout looking at crystal structures. Thus, correlated
mutations analysis (CMA) is a powerful statistical evaluation tool
(Kuipers et al., 2009; Kuipers et al., 2010b). The informative value of a
CMA depends on the size, composition and quality of the multiple se-
quence alignment. The OrnTL DB mainly contains amino acid
sequences of transaminases with different substrate specificities. As ex-
pected, the network that resulted from a CMA on the OrnTL DB (Fig. 9)
includes 10 active site positions that are important for substrate recog-
nition (we found 13 key amino acids during our literature research and
structure inspection, see section 3; for a picture of the human Orn:αKG
TA highlighting the active site residues, see Fig. 10).

Residues 132, 185, 216, and 353 and residues 47 and 346 are part of
the CMA network; they are key positions determining amino acceptor
specificity in the transaminases (α-ketoglutarate versus pyruvate).
The majority of the sequences of the OrnTL DB are transaminases with
at least 28 significantly different substrate specificities. As more than
one amino acid residue is necessary to create a distinct substrate speci-
ficity, it makes sense that these residues mutated simultaneously. This
clearly demonstrates the potential of CMA. The CMA also detected resi-
dues involved in cofactor binding, at the dimer interface, but also resi-
dues whose relevance is not yet known.

2.4. The sequence–function matrix

From the 3DMdatabase statistics, structure inspection and literature
research concerning each substrate and reaction specificity, we con-
structed a sequence–function matrix. This is the centrepiece of this re-
view: the matrix summarises 13 active site residues within the OrnTL
family that determine reaction or substrate specificity (Table 2). As cer-
tain patterns are unique for each enzyme activity, we suggest that these
active site fingerprints can be used to predict themain activity of a given
sequence belonging to the OrnTL family. Not all 13 positions are equally
relevant for each enzyme. The most important residues for each
specificity are shown in bold. In the specificity-dedicated subsections,
we describe the details of these sequence–function relationships at a
molecular level.

We constructed the matrix in the following way: for each activity,
we built small alignments containing only enzymes with experimental-
ly confirmed activities. From crystal structures and literature, we
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
v.2014.12.012
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extracted the relevant residues and then identified all sequences of the
OrnTL DB carrying these minimal sequence patterns. Finally, we used
the larger alignment derived from the sequence pattern search to ex-
tract the most frequently observed amino acids at the other matrix po-
sitions for each specificity.

Owing to the lack of crystal structures with sufficient sequence sim-
ilarity, several class III transaminases have not been included in the
OrnTL DB (see Table 3 entries with a minus (−) sign in the ‘subfamily’
column). Most of these enzymes could be aligned to their closest struc-
ture and sequence in the 3DM database manually and thereby also be
compared to the other class III TAs. The results from thesemanual align-
ments are discussed in the corresponding sections and are also
displayed in the sequence–function matrix (see Table 2).

Further research is needed to investigate to which extent the se-
quence–function relationships can be generalised. We suggest using
45
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349
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Fig. 10.Active site residues and 3DMnumbering of theOrn TA-like database highlighted in
the human Orn:αKG TA (PDB ID: 2OAT). Core regions are shown as grey, variable regions
as yellow cartoon. The PLP bound ornithine mimicking analogue is shown in orange. This
and all other crystal structure figures were created using PyMOL (Version 1.6.0.0). (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the information stored in the matrix to address the following
questions:
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Solution
1.
 What are the main
substrates of a given
protein belonging to
this superfamily?
In an alignment, compare the active site residues of the
query sequence to the fingerprints of the matrix. In case
of a match, it is likely that also the activities are matching.
For convenience, a multiple sequence alignment of all
subfamilies' parental structures of the OrnTL DB is
available (Supplementary data Figure S1) that helps to
match the 3DM numbers of this review with the original
numbering of the crystal structures and therefore also to
the query sequence.
2.
 How can I identify
novel enzymes
having the desired
activity present in
the superfamily?
Usually, a BLAST with a query sequence is conducted to
identify enzymes with similar/equal function. We
recommend to align available sequences and check,
whether they carry the specificity determining residues
highlighted in the matrix. This helps especially to
evaluate distantly related sequences which otherwise
would often not be chosen as candidate because the
outcome would be too uncertain.
3.
 Does the superfamily
contain novel enzyme
activities, which are
not yet known?
Enzymes whose active site residues do not fit the pattern
of the matrix have either an unknown activity, or they
might contain an alternative active site design to confer
a known specificity.
3. Activities represented in the ornithine TA-like database

The class III transaminase family represents only a small fraction of
known sequences within the PLP fold class I. Nevertheless, it contains
at least 28 distinct enzymatic activities (not all have a separate EC num-
ber assigned, yet). This section aims to summarise structural details that
govern these substrate and reaction specificities.

A table of contents of this section's subsections is given in Table 3,
which provides an overview of enzyme activities by providing struc-
tures of their substrates and products, as well as a list of abbreviations.
We will discuss these enzymes in the order mentioned in Table 3. The
entries in the sequence–function matrix and the scenes in the Supple-
mentary PyMOL session are in the same order to facilitate a convenient
comparison of active site fingerprints and their underlying structural
features. Enzymes displaying transaminase activities will be described
first, followed by a smaller group of enzymes with other reaction spec-
ificities, namely decarboxylation dependent transaminases, 1,2-amino
mutases and α-amino acid amide (αAAA) racemases. Besides these
well-investigated enzymes, we mention fumonisin B1 TAs, aminosugar
TAs, phospholyases and multi-domain enzymes grouped together at
the end: due to a lack of structural information, the substrate or reaction
enzyme superfamily suitable for biocatalytic

http://dx.doi.org/10.1016/j.biotechadv.2014.12.012


13F. Steffen-Munsberg et al. / Biotechnology Advances xxx (2015) xxx–xxx
specificity determining residues of these enzymes cannot be predicted
from the sequence alignments at the moment. A list of sequences,
which have been experimentally characterised, is given in Supplemen-
tary data Table S5.

The majority of characterised enzymes found in the OrnTL database
can be classified as ω-transaminases. Whereas α-transaminases transfer
the amino group at the Cα position with respect to the carboxylate
group, ω-transaminases can accept amino acids where the position of
the amino group with respect to the carboxylate group varies (see
Fig. 5). These enzymes can further be clustered into three groups
based on the preferred amino acceptor. The first group is accepting α-
ketoglutarate (αKG) (section 3.1), the second pyruvate (pyr) (section
Table 2
Sequence–function matrix: overview of the function determining positions in correlation
to reaction and substrate specificities. Residues in bold are thefingerprint residues that de-
termine reaction and substrate specificity (as retrieved from mutagenesis or crystallo-
graphic studies). If not sufficient information was available to assign a fingerprint for a
certain specificity, no residue is bold. The colour code indicates the physicochemical prop-
erties of the residues. The degree of conservation is indicated by the following notations:
capital letters— conserved residues (more than 70% of the subset); lowercase — residues
with a conservation between 30% and 70%, up to 3 amino acids are listed per positionwith
descending conservation; lowercase italic letters indicate that none of the amino acids at a
given position occurs with more than 30%, the threemost frequent amino acids are given.
Aminus (−) indicates that there is no residue that can be aligned to this position. A special
character is introduced for sequences that donot belong to theOrnTL DB andwere aligned
manually to their closest homologs within the database. At positions where thesemanual
alignments were ambiguous a questionmark is shown. For details on substrates, products
and abbreviations of the enzymes corresponding to this matrix, see Table 3.
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3.2) and the third is converting either both αKG and pyr or other amino
acceptors (section 3.3). As all ω-TAs convert structurally and chemically
different amino donors and acceptors in the same active site, they all
require a mechanism for dual substrate recognition. Within the OrnTL
database three different solutions for this task have been found,
which are each discussed in the beginning of the sections dedicated
to the three amino acceptors (sections 3.1.1, 3.2.1 and 3.3.1). The
alanine:glyoxylate transaminases 2 (Ala:glyox TA 2) are the only
characterised transaminases within the OrnTL DB that do not require
a dual substrate recognition because only α- and βAA are converted
(section 3.3.6). The second known enzyme that only converts αAA,
D-p-hydroxyphenylglycine:αKG TA, however, requires dual sub-
strate recognition because its substrate and product have inversed
absolute configuration (D-p-hydroxyphenylglycine and L-Glu, sec-
tion 3.3.4).

Among theω-transaminases, a few have been found to additionally
convert amines independently from the presence of carboxylic groups
in the substrate. Those enzymes, referred to as amine transaminases
(ATAs), are the biocatalytically most interesting enzymes within this
family (Rausch et al., 2013), and are described in sections 3.2.2 and 3.2.3.

To facilitate the understanding of the most important features of a
given subfamily discussed below and to provide a quick summary, we
first present the active site fingerprint containing only amino acids,
which are of high relevance for substrate recognition or catalysis for this
enzyme followed by a brief summary of the essentials of each subsection.
3.1. ω-Amino acid:α-ketoglutarate transaminases

Fingerprint ωAA:αKG TAs: R132, D/E185, Q216, R353.
Summary: the specificity forω-amino acid:α-ketoglutarate (ωAA:αKG)

transamination can be reliably predicted because the four fingerprint
residues, involved in dual substrate recognition, are found in all
characterised enzymes. However, amino donor specificity prediction is
more delicate as most ωAA:αKG TAs show a relatively broad substrate
scope. Since broad substrate spectra are achieved by unspecific binding of
different substrates, predictions by use of active site fingerprints are often
not reliable. Nevertheless, the ωAA:αKG TAs with narrow substrate scopes
Notes to Table 2:
aOnly based on one sequence (Flavobacterium lutescens Lysε:αKG TA (UniProt ID: Q9EVJ7)
that was aligned to its closest homolog A9MMF7 in the OrnTL DB to determine the 3D
numbers.
bOnly based on one sequence (the E. coli YgjG enzyme (UniProt ID: P42588; PDB ID:
4UOX))
cOnly based on one sequence (the Serratia sp. 3-acetyloctanal TA (UniProt ID: Q5W267),
crystal structure (PDB ID: 4PPM))
dOnly based on nine characterised enzymes (see Supplementary data Table S5 entries
76–85)
eOnly based on two sequences (the Pseudomonas aeruginosa spuC (UniProt ID: Q9I6J2)
and its homolog from P. putida (UniProt ID: Q88CJ8))
fOnly based on four characterised enzymes (see Supplementary data Table S5 entries
137–140) (UniProt ID: Q6JE91 is different at several matrix positions)
gOnly based on one characterised enzyme (from Candidatus cloacamonas acidaminovorans
(UniProt ID: B0VH76))
hOnly based on two sequences (the Pseudomonas stutzeri (UniProt ID: Q6VY99) and the
P. putida enzyme (GenBank ID: AX467211)) the structure of the P. stutzeri enzyme (PDB
ID: 2CY8) is an unpublished apo structure
iOnly based onfive characterisedmammalian enzymes (see Supplementary data, Table S5,
entries 162–166)
jOnly based on one sequence (the Lactobacillus buchneri Ile-2-epimerase (UniProt ID:
F4FWH4))
kOnly based on two characterised sequences (the human O-phosphoethanolamine
phospholyase (UniProt ID: Q8TBG4) and 5-phosphohydroxy-L-lysine phospholyase
(UniProt ID: Q8IUZ5)); the only difference among these residues is 185 where Cys is re-
placed by a Val in the latter enzyme
lOnly based on two characterised sequences (the enzymes from Sphingopyxis
macrogoltabida (UniProt ID: D2D3B2) and bacterium ATCC 55552 (UniProt ID: E2E0Q4))
mOnly based on one characterised sequence (Seq. ID 56 in patent WO2004085624)
nOnly based on one characterised sequence (the Mycosubtilin synthase subunit A from
Bacillus subtilis (UniProt ID: Q9R9J1))
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Table 3
Overviewof the extended transaminase classification after Grishin et al. (1995) showing substrates converted and products formedwith special focus on class III transaminaseswithin the
OrnTL DB. For TA classes I, II, IV, V and VI only representative examples are shown. All transaminase specificities are described by their natural amino donor and acceptor (if known)
where pyruvate (pyr), α-ketoglutarate (αKG) and amino acids are three letter abbreviated e.g. Asp:αKG TA for aspartate transaminase. The substrates and products are drawn in the ori-
entation they bind to the PLP (if this is known) when looking from the re-face, with the P-side on the left (as in Fig. 10). In cases with more than one amino group per molecule, the
transaminated one is highlighted in grey (if known). In cases where the products undergo spontaneous further reactions (as e.g. in Lysε:αKG TA), the products of these are shown. The
common terms amino donor and amino acceptor for TA substrates might be misleading in a reversible reaction as e.g. γ-aminobutyrate:αKG TAs (GABA:αKG TAs) may also be referred
to asGlu:succinate semialdehyde TA if regarded from the reverse direction.We followed the physiological function (if known)or the reaction equilibrium to specify thedonor and acceptor
in transamination reactions and to term each enzyme.
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a
RS: small residue, RL: large residue.
bThe full coenzyme A structure is shown in Supplementary data Figure S5 A.
cFor six of these the amino donor is unknown, the sequences, however, suggest SAM:KAPA TA.
dAdditional substrates are shown in Supplementary data Figure S4 A.
eSubstrates and products are shown in Supplementary data Figure S4 B–E.
fSubstrate structures are shown in Supplementary data Figure S5 B and C.
gTransaminase class VI is equal to InterPro's DegT/DnrJ/EryC1 family.
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developed mechanisms to distinguish the different ωAAs, thereby enabling
plausible predictions of their specificity.

ω-Transaminases, which are selective for αKG as the amino accep-
tor, but differ in their amino donor specificity, include 72 characterised
enzymes of the 12,956 sequences in the OrnTL DB. The above shown
fingerprint residues are characteristic for these αKG specific enzymes.
Already small substitutions of additional active site residues vary the ac-
ceptance of amino donors (mainly ω-amino acids of different length
and substitution pattern). It is of special interest to understand how
these different enzymes learned to favour one of the very similar sub-
strates over another and to distinguish between GABA, Orn, AcOrn
and Lys. The majority of these enzymes, however, are not absolutely
specific and convert more than one of those substrates with reasonable
activity. Enzyme redundancy and substrate promiscuity seems to be a
common feature of many class III transaminases (Lal et al., 2014;
Schneider and Reitzer, 2012). Unfortunately, the substrate scope of
several enzymes has not been investigated systematically and often
only the substrate pair suggested from sequence identity to other
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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known enzymes was tested (Seong Gyu et al., 2001; Tripathi and
Ramachandran, 2006). Therefore it is often not possible to unambigu-
ously classify certain ωAA:αKG TAs and we focused on enzymes that
were tested for more than one substrate to compare active site features
that are important for amino donor discrimination.

3.1.1. Dual substrate recognition: the glutamate switch
The dual substrate recognition mechanism is conserved among the

ωAA:αKG TAs as all substrate pairs demand for the same requirements.
Given the fact that the L-enantiomer of glutamate is formed in each
reaction, the O-side (for active site nomenclature, see Box 1) has to ac-
commodateαKG's 1-carboxylate. This is achieved by a highly conserved
arginine (R353, see Fig. 11B) (Hirotsu et al., 2005).

In theω-amino acid converting half reaction the O-side only accom-
modates a proton (instead of a carboxyl group) from the terminal car-
bon of the substrate and therefore the pocket needs to be otherwise
‘filled’. For this purpose, the side chain of E185 switches into the active
site and forms a salt bridge with R353 to neutralise its positive charge.
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
v.2014.12.012
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Due to this movement, the dual substrate recognition in these enzymes
is often referred to as ‘glutamate switch’ (Hirotsu et al., 2005). The
‘switched-in’ position of the side chain of E185 is further stabilised by
a hydrogen bond from ‘below’ by Q216 (see Fig. 11A).

On the P-side another highly conserved arginine residue (R132)
forms a salt bridge with the 1-carboxylate of the ωAA substrate in the
first half reaction (Fig. 11A) and in most ωAA:αKG TAs also with the
5-carboxylate of αKG in the second half reaction (Fig. 12B) (Newman
et al., 2013). One exception is the AcOrn:αKG TA from Thermus
thermophilus, (Fig. 11B) where R132 is only involved in weak electronic
interactions to αKG (Hirotsu et al., 2005).

R132 also determines the specificity towards transamination of the
ω-amino group in α,ω-diamino acids: R132 specifically interacts with
the substrate's 1-carboxylate, thereby keeping the substrate in the
right orientation for ω-transamination. Additionally, R132 would repel
the ω-amino group when the di-amino acid would be oriented in the
alterative binding mode at the P-side; thereby the conversion of the
8215
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Fig. 11. The dual substrate recognition in AcOrn:αKG TAs is achieved by the E185 ‘switch’ (A & B
The substrate (analogue) PLP adducts are shown in orange, variable region residues are show
‘switched’ out of the active site to allow for the coordination of αKG's 1-carboxylic group by R
AcOrn binding (Q82 is 1WKG numbering, between core positions 73 & 74) R132 is omitted
Orn's α-amino group. This side chain conformation is caused by a second water molecule (com
the other water, N15 and R113 (2OAT numbering, between core positions 73 & 74). R132 is om
the reader is referred to the web version of this article.)
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α-amino group is prevented (Markova et al., 2005). The importance of
R132 for substrate recognition, which is probably the reason for its con-
servation in ωAA:αKG TAs, becomes evident in the human inborn
GABA:αKG TA deficiency, which may result from a R132K mutation in
these enzymes that reduces the vmax by 25% (Medina-Kauwe et al.,
1999). A second confirmation of its influence on αKG recognition
was provided in a mutagenesis study on a dialkylglycine decarbo-
xylase (see section 3.5) where the M132R mutation conferred the
ability to convert L-glutamate (Fogle and Toney, 2010).

The functional importance of the interplay of the three residues
E185 Q216 and R353 is also reflected by the CMA: these positions
are highly correlated in the OrnTL DB and mainly occur together (see
CMA network in Fig. 9). Therefore the presence of these three residues
together might be regarded as a strong indication forωAA:αKG activity
of an uncharacterised enzyme.

The conserved R353 is additionally found in other enzymes that
accept α-amino acids such as the 2,2-dialkylglycine decarboxylase
113

AcOrn:αKG TA, 1WKH

Orn:αKG TA, 2OAT

)

D)

) and Y16 side chain conformation determines AcOrn:αKG TAs fromOrn:αKG TAs (C &D).
n in yellow. A) E185 neutralises R353 when AcOrn is bound (PDB ID: 1WKG). B) E185
353 (PDB ID: 1WKH) C) In AcOrn:αKG TAs Y16 points out of the active site to allow for
for clarity reasons. D) In Orn:αKG TAs Y16 points towards the active site to coordinate
pared to one in 1WKG), which is held in place by a hydrogen-bonding network involving
itted for clarity reasons. (For interpretation of the references to colour in this figure legend,
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subfamily 1D7V and the α-TAs found in PLP fold type I, where it is also
coordinating the substrate's carboxylate (Sun et al., 1998).

3.1.2. Ornithine, acetylornithine and succinylornithine:α-ketoglutarate TAs
Fingerprint Orn:αKG TA: Y16, Y46, R132, E185, Q216, R353, R113

(2OAT numbering, between core positions 73 & 74)
Fingerprint Orn/AcOrn/SuOrn:αKG TA: Y16, R132, E185, Q216, R353
Summary: AcOrn/SuOrn:αKG TAs have a broad substrate specificity and

convert both AcOrn, SuOrn, and at higher pH values also Orn. The lack of
specific interactions allows for this broad substrate spectrum. On the con-
trary, Orn:αKG TAs are highly specific because the free α-amino group is
placed between the two conserved Y16 and Y46. The presence of these
two tyrosines, however, is not sufficient for creating the high specificity.
R113, an arginine residue of the variable region between position 73 and
74 is important for the correct positioning of the side chain of Y46.

Ornithine aminotransferases (EC 2.6.1.13, Orn:αKG TA, found in sub-
family 2OAT), acetylornithine aminotransferases (EC 2.6.1.11, AcOrn:αKG
TA, subfam. 2ORD, 1VEF, 3NX3 and 2EO5) and succinylornithine amino-
transferases (EC 2.6.1.81, SuOrn:αKG TA, subfam 2ORD) are found in
Archaea, Bacteria and Eukaryota, where they are involved in ornithine
homeostasis and proline biosynthesis (Jortzik et al., 2010) or the arginine
and lysine biosynthetic pathways (Xu et al., 2007).

Due to the narrow substrate scopes of Orn:αKG TAs, which are
limited to biotechnologically rather uninteresting compounds, there
are not many biocatalytic or biotechnological applications described.
However, they were utilised for equilibrium displacement in other
αKG forming transaminations as the formed aldehyde product
(glutamate-5-semialdehyde) is instantly removed from the equilibrium
by spontaneous cyclisation (Tufvesson et al., 2011).

In general AcOrn:αKG, SuOrn:αKG and often also N-succinyl-L,L-
diaminopimelate:αKG activity is found in the same, broad substrate
scope, enzymes. These AcOrn:αKG TAs have a preference for the acylat-
ed ornithine species over ornithine itself at neutral pH (Heimberg et al.,
1990; Ledwidge and Blanchard, 1999; Newman et al., 2013), whereas
the Orn:αKG TAs do not convert AcOrn (Heimberg et al., 1990) and
GABA is only converted with very low activity (Markova et al., 2005).

The substrate preference of Orn:αKGTAs can be explained by specif-
ic interactions of Y16 with the free (non-converted) α-amino group
(Markova et al., 2005). The Y16A/G mutations drastically reduced
Orn:αKG activity in the human enzyme (PDB ID: 2OAT). Additionally,
the role of the highly conserved Y46 in determining Orn:αKG TA speci-
ficity was shown by the Y46I mutation in the human enzyme, which
switched the substrate specificity towards GABA:αKG transamination.
Y16 and Y46 might therefore, together with the dual substrate re-
cognition residues (i.e. R132, E185, Q216, R353, see section 3.1.1) be
employed to distinguish Orn:αKG TAs from other class III transami-
nases. Nevertheless, these features alone are not sufficient to discrimi-
nate Orn:αKG TAs from all AcOrn:αKG TAs, as the AcOrn and AcLys
converting enzyme from T. thermophilus also has these two tyrosines
(PDB ID: 1WKG, see Fig. 11) (Miyazaki et al., 2001; Rajaram et al.,
2008). Rajaram et al. (2008) proposed that the difference in substrate
specificity between these enzymes arises from side chain conformation-
al changes of Y16, rather than from differing active site residues. In
Orn:αKG TAs the side chain is pointing towards the active side, thereby
preventing the productive binding of AcOrn, whereas this tyrosine
points out of the active site in AcOrn:αKG TAs (see Fig. 11C & D) to cre-
ate additional space resulting in a more relaxed substrate scope. The
comparison of the 2OAT and 1WKG structures implies that this subtle
difference is mediated by the presence of an additional water molecule
behind Y16 in 2OAT.We propose that N15 and R113 (2OAT numbering,
between core positions 73 and 74), that are highly conserved in
Orn:αKG TAs, but not in AcOrn:αKG TAs are responsible for the correct
positioning of the two water molecules (Fig. 11C & D). R113 (2OAT
numbering) in Orn:αKG TAs corresponds to a conserved Q82 (1WKG
numbering) or N79 (2PB0 numbering) in AcOrn:αKG TAs, while posi-
tion 15 is not conserved in these enzymes. The influence of the R113
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(2OAT numbering) on AcOrn/Orn activity has probably already been in-
vestigated as the structure of the N79R mutant of the Salmonella
typhimurium enzyme has been deposited in the PDB recently (PDB IDs:
4JF0 & 4JEZ) but unfortunately the mutant is misfolded at the P-side in
both structures (Bisht et al., 2014; unpublished crystal structures).

Searching for fingerprint Y16, Y46, R132, E185, Q216, R353 in the
OrnTL DB resulted in 816 sequences (97% of which are found in the
2OAT subfamily). 786 of those sequences have R113 (2OAT numbering,
between core positions 73 & 74) that are therefore predicted to encode
for enzymes highly specific for Orn:αKG transamination.

The fact that AcOrn:αKG and SuOrn:αKG TAs prefer the acylated or-
nithine over the free di-amino acid at neutral pH values cannot be ex-
plained by any specific interaction with the substrate. This preference,
which is not found at higher pH values (Heimberg et al., 1990), is prob-
ably established by steric and desolvation effects (Newman et al., 2013).
Newman et al. (2013) concluded that these enzymes possess a broader
substrate scope or some degree of substrate promiscuity compared to
Orn:αKG TAs due to non-specific interactions which enables the bind-
ing of different substrates in a similar orientation. Specific interactions
(e.g. hydrogen bonds) to the substratewould not allow for a broad spec-
trum because substrates not satisfying these interactions would suffer
energetic penalties.

Unspecific binding of AcOrn is probably also responsible for
AcOrn:αKG TA activity that was detected in ‘broad spectrum’ GABA:αKG
TAs (Lal et al., 2014; Voellym and Leisinger, 1976) which are discussed in
section 3.1.4. Additionally, two enzymes from thermophiles that had,
based on sequence similarity, initially been annotated as GABA:αKG TAs
turned out to be AcOrn:αKG TAs (Koma et al., 2006). These are also
discussed in the GABA:αKG TA dedicated section 3.1.4.

The inhomogeneity of enzymes possessingAcOrn TA activity and the
unspecific binding of the substratemakes thefingerprint based discrim-
ination of these enzymes from otherωAA:αKG TAs impossible. To some
extent, however, it is possible to distinguish the AcOrn:αKG TAs that
share sequence similarity to Orn:αKG TAs from the other class III trans-
aminases. Most Orn:αKG TA similar AcOrn:αKG and SuOrn:αKG have
Y16 on the P-side but not Y46 like the Orn:αKG TAs (1WKG is an excep-
tion). Even though Y16 does not coordinate AcOrn or SuOrn, its conser-
vation implies that it is structurally or functionally important for the
transaminases converting both free and acylated ornithine (see
sequence–function matrix Table 2).
3.1.3. Lysine-ε:α-ketoglutarate TAs
Fingerprint Lysε:αKG TAs similar to 2JJG: R132, E185, Q216, N/S269,

R353
Summary: three different kinds of Lysε:αKG TAs are known: 1) enzymes

similar to 2JJG with a broad substrate spectrum that match the fingerprint;
2) enzymes similar to the Flavobacterium lutescens enzyme, thatmatch the
fingerprint of broad spectrum GABA:αKG TAs, but do not convert GABA;
3) enzymes which are highly specific for Lys and do not convert Orn (se-
quence unknown).

L-Lysine-ε-transaminases (Lysε:αKG TA), which are found in the
2JJG subfamily, catalyse thefirst step in a bacterial biosynthetic pathway
towards β-lactam, the building block of several antibiotic families such
as penicillins and cephalosporins (Tobin et al., 1991). This enzyme has
been used to convert Nα-protected-L-lysine into precursors of ACE
(Angiotensin Converting Enzyme) inhibitors, which are used as antihy-
pertensive drugs (Patel et al., 1999). Other examples include the use of
Lysε:αKG TA from Sphingomonas paucimobilis to synthesise a precursor
of the vasopeptidase inhibitor Omapatrilat (Patel et al., 2000) as well as
5-hydroxy-L-proline and some protected variants thereof (Hanson et al.,
2011). The application of these enzymes (similar to that of Orn:αKG
TAs, described in section 3.1.2) to shift the equilibrium of other αKG
forming reactions is possible because the aldehyde product is
instable (Tufvesson et al., 2011): Lysε:αKG transamination forms
α-aminoadipate-δ-semialdehyde and Glu, while α-aminoadipate-δ-
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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semialdehyde undergoes spontaneous intramolecular imine formation
to form 1-piperideine-6-carboxylic acid (Soda et al., 1968) (see Table 3).

Unfortunately the only two characterised enzymes in the OrnTL DB
have been tested for very few substrates (Romero et al., 1997; Tripathi
and Ramachandran, 2006), which makes general conclusions about se-
quence–function relations in Lysε:αKG TA difficult. We suggest that
there are at least three types of Lysε:αKG TAs: the first one is found in
the 2JJG subfamily and accepts lysine, ornithine,αKG and to a lower ex-
tent also pyr and oxaloacetate as found for the Streptomyces clavuligerus
enzyme (UniProt ID: Q01767) (Romero et al., 1997). The second type of
Lysε:αKG TAswith known sequence and substrate scope is represented
by the enzyme from F. lutescens (UniProt D: Q9EVJ7) (Fujii et al., 2000;
Yagi et al., 1991), which is, however, not aligned to the OrnTL DB as it
shares too little sequence identitywith the 2JJG enzymeor anyother en-
zyme with known structure. This enzyme is also found to convert orni-
thine in addition to the favoured lysine (Yagi et al., 1991). The third type
of Lysε:αKG TAs, which is in contrast to the two other mentioned types
by not converting ornithine at all, was found in Candida utilis (Hammer
and Bode, 1992) but its sequence is unknown. Even though it would be
interesting to investigate how this third type achieves the lysine–
ornithine discrimination, sequence–function relationships can only be
investigated for the first two types.

The dual substrate recognition in the enzymeswith known sequence
is performed as described for all ωAA:αKG TAs in section 3.1.1 and
R132, E185, Q216 and R353 are therefore conserved (Tripathi and
Ramachandran, 2006).

The creation of a sequence fingerprint for this substrate specificity
has proven to be challenging owing to its similarity with the other
ωAA:αKG TAs, which all convert very similar substrates (e.g. ornithine,
acetylornithine and γ-aminobutyrate). A closer structural comparison
of the 2JJG enzymewith the GABA:αKG TAs andOrn/AcOrn/SuOrn:αKG
TAs showed very similar active sites and it is therefore likely that GABA
and AcOrn is converted by these enzymes as well. There is only one
position (N/S269) in the active site which is fairly unique for the two
characterised Lysε:αKG TAs in the OrnTL DB (Supplementary data
Table S5 entry 42 & 43) and the whole subfamily 2JJG. This residue,
however, is not involved in lysine or αKG coordination (see Fig. 12)
and therefore the function of this additional hydrogen-bonding donor
at the P-side cannot be rationalised, yet. Nevertheless, we suggest
including it in a sequence fingerprint to identify enzymes with compa-
rable substrate specificities but its function should be investigated by
mutagenesis studies. The fingerprint search for R132, E185, Q216,
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Fig. 12.Dual substrate recognition in Lysε:αKGTAs exemplified for the enzyme fromMycobacter
Q216 and R353 (PDB ID: 2CJD) B) α-Ketoglutarate is coordinated by R132 on the P-side and R
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N/S269, R353 resulted in 112 sequences of which 88% belong to the
2JJG subfamily.

The Lysε:αKG TAs of the second type are not found in the OrnTL DB,
but the enzyme from F. lutescens was aligned to the closest homolog in
the database to compare the active site residues (see sequence–function
matrix Table 2). It was found that it also possesses the common dual sub-
strate recognition residues but a G269 and an I46 instead of N/S269 and
V/F46 in the 2JJG subfamily. Interestingly, this enzyme accepts lysine
and ornithine, but not GABA (Yagi et al., 1991) even though it shares
the common active site residues with the GABA:αKG TAs as described
in thenext section. Regions that couldnot be alignedproperlymust there-
fore additionally determine substrate specificity in this enzyme.

3.1.4. γ-Aminobutyrate:α-ketoglutarate TAs
Fingerprint ‘narrow spectrum’ GABA:αKG TAs: I46, R132, E185,

F269, Q216 and R353
Summary: I46 is important for GABA:αKG TA activity but no unique fea-

ture, as I46 is also found in some other enzymes within the class III TAs. The
active site of eukaryotic GABA:αKG TAs is narrowed by F269 and there-
fore only GABA, LAIB and βAla are accepted as amino donors. Subtle
amino acid exchanges not covered by the sequence–function matrix
can substantially shift the preference from GABA towards βAla.

Fingerprint ‘broad spectrum’ GABA:αKG TAs: (NOT Y16), I46, R132,
E185, G269, Q216 and R353

Summary: bacterial GABA:αKG TAs have, due to G269, more space in
the active site and therefore have a pH dependent relaxed substrate
scope. AcOrn is also converted at neutral pH. At higher pH values substrates
with additional free amino groups like Orn, Lys and putrescine (PUT) are
accepted as well. Unidentified differences to these enzymes (as found in
thermophiles) result in transaminases prefering AcOrn over GABA.

γ-Aminobutyrate (GABA) is a neurotransmitter and catabolic
GABA:αKG TAs (EC 2.6.1.19) are involved in neurological disorders
and therefore are targets for the treatment of e.g. epilepsy. For instance
the suicide inhibitor Vigabatrin is active for epilepsy treatment (Grant
and Heel, 1991), as it irreversibly inhibits mammalian GABA:αKG
TAs by covalently linking PLP and the catalytic lysine and thereby
preventing further catalysis. Interestingly, Orn:αKGTAs are onlyweakly
and reversibly inhibited by this highly selective inhibitor (Lee et al.,
2014). The differences of mammalian Orn:αKG and GABA:αKG TAs
from a pharmaceutical point of view have been recently reviewed by
Lee et al. (2014).
Lysε:αKG TA, 2CJHB)

ium tuberculosis. A) Lysine's carboxylate is coordinated byR132 and E185 is in contactwith
353 and Q216 at the O-side, while E185 ‘switched’ out of the active site (PDB ID: 2CJH).
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From sequence similarity and substrate scope we suggest to
distinguish the GABA:αKG TAs in two groups: eukaryotic enzymes
that possess a very narrow substrate scope and are only accepting
GABA and β-alanine (βAla), and the bacterial enzymes which have a
broader substrate spectrum.

Due to the very narrow substrate scope the options for biotechno-
logical applications of eukaryotic enzymes is limited, but also for those
with bacterial origin only few biocatalytic applications have been de-
scribed. Bacterial GABA:αKG TAs can be applied as effective biocatalysts
for the production of GABA or Glu similar substances as demonstrated
for the herbicide L-phosphinotricin by the E. coli gabT enzyme (PDB
ID: 1SFF) (Schulz et al., 1990).

All described GABA:αKG TAs share the common residues for dual
substrate recognition with the other ωAA:αKG TAs (i.e. R132, E185,
Q216, R353, see section 3.1.1 and Fig. 13A & B) and I46, which has
been found to enhance GABA:αKG TA activity in Orn:αKG TAs (see
section 3.1.2) (Markova et al., 2005). However, residue I46 is not
specific for GABA:αKG TAs among the class III transaminases, as sev-
eral AcOrn or SuOrn:αKG TAs also have a I46. The discrimination of
enzymes with preference for GABA from the AcOrn/SuOrn:αKG TAs
that are similar to the Orn:αKG TAs, however, is possible if se-
quences with Y16 are excluded. This residue is highly conserved in
the AcOrn/SuOrn:αKG TAs (see section 3.1.2), but not in the known
GABA:αKG TAs.

Structural features limiting the substrate scope of mammalian
GABA:αKG TAs (e.g. from pig (UniProt ID: P80147) and mouse (UniProt
ID: P61922) in subfamily 1OHV) to GABA, L-3-aminoisobutyrate (LAIB)
and βAla (Buzenet et al., 1978; Schousboe et al., 1973; Tamaki et al.,
2000) have been investigated in detail (Markova et al., 2005; Storici
et al., 1999). The F269, which is highly conserved in the eukaryotic en-
zymes, narrows the active site at the ‘top’ of PLP, thereby preventing
the binding of larger substrates. We propose that most of the 233 se-
quences in the OrnTL DB that match the fingerprint I46, R132, E185,
Q216, F269, R353 encode GABA:αKG TAs with a narrow substrate scope.

A unique structural feature is found in the pig enzyme, where posi-
tions C98 and C101 of both subunits form a [2Fe–2S]-cluster at the
dimer interface, but its function is unknown (Storici et al., 2004; Sung
and Kim, 2000) (see Fig. 13B). It is suggested to be involved in an activa-
tion mechanism, especially in higher organisms, because this [2Fe–2S]-
cluster was not found in bacteria or yeast except for the basidiomycete
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Fig. 13. Coordination of GABA (or γ-ethynyl-GABA) by GABA:αKG TA from A) Arthrobacter aur
2004). The substrate/inhibitor-PLP adducts are shown in orange, which are coordinated by R
neutralised by E185 at the O-side. F269 in the pig enzyme narrows the P-side and forces R132
of this enzyme. In theA. aurescens enzyme, due toG269, the P-side providesmore space,which a
aswell. The iron in the [2Fe–2S] cluster of the pig enzyme is coloured brown. (For interpretation
this article.)
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Ustilago maydis. This explains why both, C98 and C101, are only
conserved in the mammal enzymes within the 1OHV subfamily.

In bacterial GABA:αKG TAs (found in subfamily 3Q8N) F269 is in
most cases replaced by a glycine (found in 91% of sequences in subfam-
ily 3Q8N), thereby creating space and allowing for a more relaxed sub-
strate spectrum (compare Fig. 13A & B). E. coli, for instance, has two
such ‘broad spectrum’GABA:αKGTAs: gabT (PDB ID: 1SFF) is constantly
expressed and puuE (UniProt ID: P50457) is induced by putrescine.
These two enzymes have recently been shown to convert AcOrn
in vitro and in vivo (Lal et al., 2014). Lal et al. (2014) for the first time in-
vestigated the function of all E. coli class III transaminases systematically
and demonstrated that four of its transaminases possess partly redun-
dant substrate spectra. The gabT enzyme that was further characterised,
was additionally shown to convert L-aspartate (Liu et al., 2005) but
interestingly, in contrast to the eukaryotic enzymes, not βAla (Park
et al., 1993). The GABA:αKG TA from Pseudomonas aeruginosa (UniProt
ID: Q9I6M4) also efficiently converts AcOrn at physiological pH and ad-
ditionally Orn, putrescine (PUT) and Lys with a higher pH optimum
compared to the GABA:αKG reaction (Voellym and Leisinger, 1976).

We suggest that other class III transaminases, also matching the
active site fingerprint (NOT Y16), I46, R132, E185, Q216, G269 and
R353 could also be able to convert AcOrn at physiological and free
α,ω-diamino acids like Orn and Lys at higher pH values.

The prediction of a GABA:αKG TAs substrate scope based on the two
proposed active site fingerprints is unfortunately not possible in all
cases. There are three examples described where very subtle amino
acid substitutions in the active sites or even in their entrances changed
the substrate spectra.

The first example is from the yeast Lachancea kluyveri, which has
two ‘narrow spectrum’ GABA:αKG TAs (UniProt IDs: A5H0J5 and
A5H0J6, 57% sequence identity), the first one favours βAla three fold
over GABA and the second is selective for only GABA (Andersen et al.,
2007). Homologymodelling of these two enzymeswith the pig enzyme
structure (PDB ID: 1OHV) as template revealed that the only active site
differences are found relatively far away from the cofactor at the P-side
of the active site entrance (substitutions from the βAla converting en-
zyme to the GABAαKG TA: P266A, F349Y (A5H0J5 numbering, between
core positions 266 and 267) and C108D (A5H0J5 numbering, between
core positions 73 and 74)) (data not shown). How these mutations
are able to effect substrate recognition in such a drastic mannerwithout
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escens (PDB ID: 4ATQ) (Bruce et al., 2012) and B) from pig (PDB ID: 1OHY) (Storici et al.,
132. R353, responsible for αKG's 1-carboxylate recognition in the other half reaction, is
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llowsmore freedom for R132 and therefore longer chainωAA likeOrn and Lys are accepted
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reaching the substrate–cofactor complexes remains puzzling without
structural information.

The second example of a few active site substitutions influencing
GABA:αKG TA relevance in vivo was discovered in Pseudomonas
syringae, which has three gabT variants (gabT1, UniProt ID: Q48QA9;
gabT2, UniProt ID: Q88AT5 and gabT3, UniProt ID: Q885E5), which pre-
sumably have different functions (D.H. Park et al., 2010). Knockout of all
three and separate complementation through recombinant expression
indicated that only gabT2 is able to restore the ability to grow on
GABA as the sole carbon and nitrogen source. The in vivo function of
gabT1 and gabT3 remains unclear. Homology modelling with the
E. coli enzyme structure (PDB ID: 1SFF) as the template revealed that
the only active site differences that might have a direct influence on
GABA:αKG TA activity due to involvement in coordination from gabT2
to gabT1 are K142M and E185D, and from gabT2 to gabT3 only is
Q80N (Q88AT5 numbering, between core positions 73 & 74) (data not
shown). Even though the exchange of glutamate to aspartate at position
185 seems very subtle at a first glance, especially as it is not directly in-
volved in substrate binding, a different substrate or reaction specificity
of gabT1 seems reasonable with the knowledge that it might prevent
dual substrate recognition and that an aspartate at position 185
was (to our knowledge) only found in the racemases among the
class III transaminase family (see sections 3.6 and 3.7). The case of
gabT3, however, is not explicable without further experimental data. If
this enzyme lacks GABA:αKG TA activity, Q80 (Q88AT5 numbering,
equal to Q79 in the E. coli gabT (PDB ID: 1SFF))might have a greater im-
pact on substrate recognition in these enzymes than anticipated. In the
Putrescine:αKG TA from E. coli this residue was found to coordinate
putrescine's non-reacting amino group (section 3.1.5).

The third example is a report of two enzymes from thermophiles
that match the ‘broad spectrum’ GABA:αKG TA fingerprint, but prefer
AcOrn over GABA (Koma et al., 2006) (the exact values, however, re-
main unfortunately unknown). A comparison of all hypothetical active
site residues of these enzymes to those of characterised GABA:αKG
TAs revealed either a S269 or S267 at the P-side as the only difference
that can be seen from the alignment. However, the N-terminus may
not be aligned properly and its contribution to the active site remains
unclear. These two enzymes' preference for AcOrn over GABA can there-
fore not be rationalised without additional structural information.

3.1.5. Putrescine and cadaverine:α-ketoglutarate TAs
Fingerprint PUT:αKG TAs: F46, K132, E185, Q216, R353, Q119

(P42588 numbering, between OrnTL DB core positions 73 and 74)
Summary: the dual substrate recognition is probably achieved as in

ωAA:αKG TAs with the exception that R132 is replaced by a lysine.
Putrescine's second amino group is coordinated by Q119 (P42588 number-
ing), which is located at the O-side in the variable region between core
positions 73 & 74. The substrate scope is additionally determined by
bulky hydrophobic residues narrowing the active site. An additional
N-terminal helix provides increased stability by interactions with the
other subunit.

Putrescine (PUT) and cadaverine are biogenic diamines that are
found in almost all living organisms and are known for modulating
translation and transcription (Schneider and Wendisch, 2011). Owing
to their drastic influences on metabolism, their cellular levels need to
be carefully tuned. Three different pathways for PUT degradation have
been proposed (Kurihara et al., 2005; Lu et al., 2002; Shaibe et al.,
1985). These catabolic routes proceed via acetylation, glutamylation or
direct oxidation and all yield GABA. The oxidation from amine to alde-
hyde is realised by amine oxidases or transaminases, the second oxida-
tion to GABA is achieved by dehydrogenases. Organisms that apply
transamination for the first oxidation step have been shown to either
use αKG (Kim, 1964) or pyr (Yorifuji et al., 1997) as amino acceptor.
For the discussion of PUT:pyr TAs see section 3.2.4. An additional option
for PUT transamination can be ‘broad substrate spectrum’ GABA:αKG
TAs (Voellym and Leisinger, 1976) or ω-amino acid:pyr TAs (Yonaha
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et al., 1977) that accept PUT as the amino donor. Transamination of
non-acylated PUT leads to free γ-aminobutyraldehyde, which sponta-
neously forms the cyclic imine 1-pyrolline (Shaibe et al., 1985).

To date only three cadaverine or PUT:αKG TAs (EC 2.6.1.82) have
been described: the YgjG enzyme from E. coli (UniProt ID: P42588),
which has been extensively studied (Schneider and Reitzer, 2012), a
cadaverine:αKG-converting enzyme involved in the lysine catabolism
in Streptomyces ambofaciens (Untrau et al., 1992) and a partially investi-
gated enzyme found in a methanogenic coculture (Roeder and Schink,
2009). Unfortunately, only the sequence of the E. coli enzyme is
known, which was found to accept PUT and cadaverine as good amino
donors while GABA and Orn showed only low activity and Lys was not
converted at all (Kim, 1964; Samsonova et al., 2003). Both αKG and
pyr were converted, while αKG was a ten times better amino acceptor.
The structure of the crystallised E. coli enzyme (PDB ID: 4UOX)was pub-
lished recently by Cha et al. (2014) after the OrnTL DB was created and
is therefore not included in the database. Even though its sequence is
not found in the OrnTL DB, a protein with 97% identity (UniProt ID:
A8APX8) is found in the 1VEF subfamily, which, together with the
structure, allowed for aligning the characterised PUT:αKG TA to the
other sequences in the database.

A special feature of this enzyme compared to other class III TAs was
revealed by its structure: the extended N-terminus folds to an addition-
al helix (residues 9–23 in P42588 numbering), that interacts with the
other subunit. By this additional interaction, the dimer and therefore
temperature stability is increased (Cha et al., 2014).

Even though there is no structure with bound αKG available, its
binding at the O-side is clear: E185, Q216 and R353 are present to
achieve the dual substrate recognition like in the ωAA:αKG TAs (see
section 3.1.1) (Cha et al., 2014). The αKG coordination at the P-side is
probably achieved by K132 (instead of R132 in the other αKG
converting enzymes) and maybe additionally by T269 (see Fig. 14).

Cha et al. (2014) state that specific PUT recognition is realised by
Q119 (P42588 numbering, between OrnTL DB core positions 73 and
74), because it is found to hydrogen bond PUT's non-reacting amino
group in chain B of the structure. However, in the two other PUT con-
taining active sites (with K242 from chain A and C) PUT adopts orienta-
tions that do not allow this H-bond (Fig. 14 shows the active site of
chain B, a scene highlighting PUT's orientation in chain A is provided
in the Supplementary PyMOL session). A mutagenesis study would
therefore be required to investigate Q119's (P42588 numbering) role
in PUT binding in more detail. This residue is also commonly found
among the ‘broad spectrum’ GABA:αKG TAs (section 3.1.4), which
might explain their ability to convert PUT as well. The reduced activity
of the PUT:αKG TA towards GABA and AcOrn may be explained by the
narrow, hydrophobic active site of the enzyme. Residues F46, F145,
F327 (P42588 numbering between core positions 266 and 267) and
L419 (P42588 numbering between core positions 348 and 350), proba-
bly hamper their binding. The insertion of amino acids between posi-
tions 348 and 350 and their orientation (protruding into the active
site; L419 in particular) is characteristic for this enzyme and not found
in other class III TA structures (Cha et al., 2014). Additionally, K132 is
not as efficient for the binding of ωAA's carboxylate as found for the
human Orn:αKG TA (see section 3.1.1).

A fingerprint identifying PUT:αKG TAs should therefore contain F46,
K132, E185, Q216, R353 and Q119 (P42588 numbering, between OrnTL
DB core positions 73 and 74), which matches only 15 sequences in the
OrnTL DB. However, as most active site residues (except the dual sub-
strate recognition residues and Q119) determine the substrate specific-
ity by unspecific hydrophobic interactions or by narrowing the active
site, several other combinations of hydrophobic active site residues
may probably achieve a comparable substrate scope.

3.1.6. 3-Acetyloctanal transaminase (PigE)
Summary: only one enzyme with this activity is known. Structural in-

formation (PDB ID: 4PPM) became available after the revision of this
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article. The substrate scope is unknown; we propose that it prefers Glu as
donor and has a broad spectrum for aldehydes as acceptor.

The biosynthesis of the red tripyrrole pigment prodigiosin in Serratia
sp. was found to involve the class III transaminase pigE (UniProt ID:
Q5W267) for aminating the aldehyde of the precursor 3-acetyloctanal
(3AcOc) (Williamson et al., 2005). This enzyme has unfortunately only
been investigated for 3AcOc conversion and amino donor and acceptor
spectra remain unknown. The crystal structure of this enzyme has been
solved recently (Lou et al., 2014), but its structure (PDB ID: 4PPM) was
not available in the PDB until the revision of this article was completed.
The sequence alignment to its closest homolog in the OrnTL DB, howev-
er, due to the standard dual substrate recognition residues at the O-side
(E185, Q216, R353, see section 3.1.1) and K132 at the P-side, suggests
that Glu is the preferred donor. 3AcOc recognition cannot be predicted
without structural information, but is probably achieved by unspecific
interactions. This enzymemust, however, be able to somehow discrim-
inate the aldehyde from the keto function in 3AcOc. We therefore pro-
pose that pigE might possess a broad substrate scope for aldehydes. In
case this enzyme is enantioselective at C3, it might be a valuable tool
for biocatalytic kinetic resolutions of aldehydes.

3.1.7. 2-amino-4-oxobutyrate transaminases (diaminobutyrate TAs)
Fingerprint for DABA TAs unknown — P-side substrate recognition

remains unclear
Summary: substrate coordination at the O-side is achieved as in

ωAA:αKG TAs (E185 & Q216), only R353 is replaced by a lysine. Substrate
binding at the P-side and the molecular basis for α/γ-amino group discrim-
ination in DABA cannot be predicted.

Diaminobutyrate transaminases (DABA TAs) catalyse thefirst step in
the biosynthesis of the compatible solute ectoine and are therefore
mainly found in halophile or halotolerant species (Schwibbert et al.,
2011). DABA:αKG transamination in some species does not need an
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Fig. 14. Substrate recognition in the PUT:αKG TA from E. coli (PDB ID: 4UOX). The sub-
strate-PLP adduct is shown in orange, which is coordinated by Q119 (P42588 numbering
between core positions 73 and 74) in chain B of the structure (see scene ‘Fig14_chainA’
in the Supplementary PyMOL session for the PUT orientation in chain A). Residues of the
variable regions are shown in yellow (Q119, F327 and L416 (P42588 numbering)). The hy-
drophobic residues F46, F145, F327 and L416 form a narrow and hydrophobic active site
(entrance), which is supposed to prevent binding of bulkier and more polar substrates.
The ‘glutamate switch’ (E185, Q216, R353) ismost probably responsible for dual substrate
recognition and togetherwith K132 bindsαKG. The loop including L416narrowing the ac-
tive site entrance is a major difference of the PUT:αKG TA compared to other enzymes in
the OrnTL DB and therefore belongs to the variable regions. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
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additional enzyme and can be achieved by ‘broad spectrum’ GABA:αKG
TAs, as found in Pseudomonas species (Brohn and Tchen, 1971), but
many halotolerant organisms were shown to have a separate enzyme
for DABA synthesis. The amino donor in the reaction from L-2-amino-
4-oxo-butyrate to L-2,4-diaminobutyrate might be either glutamate
in Glu:2-amino-4-oxobutyrate TAs (Vandenende et al., 2004) (EC
2.6.1.76) or alanine in Ala:2-amino-4-oxobutyrate TAs (Rao et al.,
1969) (EC 2.6.1.46), but for most characterised DABA TAs the amino
donor specificity was not investigated, hence we refer to all of them as
DABA TAs.

Unfortunatelymost DABA TAs are not similar enough to any enzyme
with solved crystal structure and are therefore not aligned to the OrnTL
DB. The only aligned sequence is ectB from Virgibacillus pantothenticus
(UniProt ID: Q6PR32), which belongs to subfamily 1VEF. To be able to
investigate sequence conservation among these enzymes, a manual
alignment of 20 characterised and predicted (Reshetnikov et al., 2006)
sequences has been created (for details see Supplementary data
Table S5 entries 76–96). From this alignment in comparison to the
OrnTL DB, the probable substrate coordination enabling residues could
be derived.

The substrate coordination in the DABA TAs is comparable to that in
the otherωAA:αKG TAs only at the O-side. The commonαKG dual sub-
strate recognition residues E185 and Q216 are found there (see section
3.1.1). Only R353 is replaced by K353, which is probably able to substi-
tute R353's role in the substrate's α-carboxyl coordination. The R353K
replacement in the E. coli Asp:αKG TA, for instance, was shown to retain
the enzyme's activity (Cánovas et al., 1998). K353might additionally be
coordinated from the ‘top’ by E346, which is also conserved in this small
alignment but is found relatively seldom in the OrnTL DB (only 134
sequences).

The main difference to other ωAA:αKG TAs is located at the P-side,
where position 132 is not conserved and contains mainly non-
polar amino acids instead of an arginine. The coordination of the
α-carboxylic group of DABA and the 5-carboxylate of αKG need there-
fore to be achieved in a different way. When comparing the conserva-
tion of all residues at the P-side to other families in the OrnTL DB,
mainly three residues attracted attention: Y16, H72 and R273. These
three amino acids might be involved in the substrates' carboxylate
coordination. Furthermore, position 269 contains a suitable hydrogen
bond donor (N/T/S269) in all DABA TA sequences (except A269 in the
P. aeruginosa enzyme, UniProt ID: A3KUH7) and might also be involved
in substrate recognition. However, how these enzymes achieve the
discrimination of DABA's α- and γ-amino group remains unclear. The
elucidation of this interesting feature and the amino donor coordination
at the P-side will require a solved crystal structure.

3.2. ω-Amino acid:pyruvate transaminases

Fingerprint ωAA:pyr TAs: R346 and (NOT D/E132)
Summary: amine transaminases (ATAs) are valuable catalysts for

asymmetric amine synthesis, but not all ωAA:pyr TAs possess high ATA ac-
tivity. Based on their biocatalytic usefulness,ωAA:pyr TAs can be grouped in
‘high activity’ ATAs and ‘low activity’ ATAs. Note that stereoselectivity is
usually excellentwithin this enzyme class and thus activity— and substrate
scope— is the main property of interest when interrogating the protein se-
quence for novel useful enzymes.

In addition to the ω-TAs, which accept α-ketoglutarate as an amino
acceptor, the class III transaminases of PLP fold type I also includeω-TAs
which accept pyruvate as an amino acceptor (ωAA:pyr TAs). This group
of transaminases comprises GABA:pyr TAs, Taurine:pyr TAs, βAla:pyr
TAs, vanillylamine:pyr TAs and also includes examples, which catalyse
the transamination of substrates lacking carboxylic acid moieties
(amine transaminases, amine:pyr TAs, ATAs, see Fig. 5). ATAs are of
great biotechnological interest as they can be utilised for asymmetric
amine synthesis. These enzymes proved to be able to compete with
established chemical methods for industrial amine production (Kohls
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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et al., 2014). The broad applicability of these enzymes in biocatalysis
have been reviewed recently (Berglund et al., 2012; Höhne and
Bornscheuer, 2009, 2012; Kroutil et al., 2013; Rudat et al., 2012).

The different amino donor specificities within this group are often
not clearly distinguishable, as most of the characterised enzymes have
a rather relaxed substrate specificity, but we attempted to group them
by their usefulness for biocatalytic amine synthesis. Originally,ωAA:pyr
TAs were described to be identical to βAla:pyr TAs (EC 2.6.1.18) (Yun
et al., 2004), but it turned out that not all βAla:pyr TAs could also con-
vert a variety of different ω-amino acids and amines and that others
convert several amines and ω-amino acids, but not β-alanine (Sayer
et al., 2013). Among the ωAA:pyr TAs, it is not possible to conclude an
enzyme's ability to convert amines from only regarding sequence simi-
larity to known ATAs as the group of ωAA:pyr TAs is relatively diverse
and are found in six different subfamilies of the OrnTL DB (4E3Q,
3HMU, 3I5T, 3GJU, 3A8U and 3N5M). In each subfamily amine
converting enzymes have been described. By experimentally
characterising four TAs belonging to subfamilies 3HMU, 3I5T and 3GJU
(PDB IDs: 3HMU, 3I5T, 3FCR and 3GJU), we found that only two
of them (3HMU and 3I5T) possessed relatively high activity towards
standard ATA substrates such as 1-phenylethylamine (around 0.5 U/
mg or higher). The ‘low activity’ ATAs showed at least 20 times less ac-
tivity towards those amines. Interestingly, the GABA:pyr activity (mea-
sured as reverse reaction) was comparable in all of them (Steffen-
Munsberg et al., 2013b). We therefore hypothesised that the natural
function of these enzymes is GABA:pyr transamination, while amine
conversion is based on substrate promiscuity, which is pronounced dif-
ferently among the four enzymes. By comparing their active sites, it was
found that the mechanism for dual substrate recognition was the same
in all four (see section 3.2.1), while there were main differences at the
O-side between the ‘high activity’ and the ‘low activity’ ATAs (see sec-
tion 3.2.3).

3.2.1. Dual substrate recognition: the flipping arginine
As most knownωAA:pyr TAs transaminate a variety of amino donors

with pyruvate, their substrate recognition has necessarily to be quite flex-
ible. While the P-side only needs to accommodate small alkyl groups
(ethyl or methyl) or only a proton, the O-side must on the one hand be
able to coordinate the carboxylate of pyruvate and ω-amino acids, but
on the other hand also accommodate the bulky hydrophobic substituent
of the amine substrates. The dual substrate recognition that enables car-
boxylate and hydrophobic group binding is achieved by a flexible, so-
called ‘flipping’ arginine R346 (Steffen-Munsberg et al., 2013a). This argi-
nine is highly conserved in the ωAA:pyr TA containing subfamilies (ex-
cept 3N5M) and it is most probable that the same dual substrate
recognition mechanism is utilised in all these enzymes: the flexible argi-
nine might form a salt bridge with the 1-carboxylate of the amino accep-
tor (e.g. pyruvate)when it is in its ‘flipped in’ conformation (see Fig. 15A).
By ‘flipping upwards’ and thereby out of the O-side, it allows for the ac-
commodation of large hydrophobic groups of the amine (e.g. the phenyl
group of (S)-1-phenylethylamine, see Fig. 15B). Furthermore, the coordi-
nation of ω-amino acids' 1-carboxyl group is also achieved by R346 (for
an animation of the dual substrate recognition involving R346 in ATAs,
see Supplementary video). Its side chain is able to adopt sufficient confor-
mations that are required to bind ω-amino acids of different length (see
Fig. 15C & D and section 3.2.3 for a more detailed discussion of the sub-
strate recognition). The central role of this arginine for the ‘dual’ substrate
recognition was proven by the R346A mutation, which drastically de-
creased the activity towards keto acids (pyruvate and succinic semialde-
hyde), whereas amine transamination was hardly effected (Steffen-
Munsberg et al., 2013a). We therefore suggest the fingerprint R346 and
NOT D/E132 (to discriminate from the DAPA TAs, which also have R346
for DAPA coordination; see section 3.3.5) to identify enzymes with
ωAA:pyr TA activity among the class III transaminase family. There are,
however, also enzymes with a substrate specificity for pyr or Ala that do
not match this fingerprint, such as Ala:glyoxylate TAs 2 (see section
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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3.3.6). These enzymes are, however, not comparable as they do not
need a dual substrate recognition at the O-side as only α- and β-amino
acids are converted. A notable difference is found in the vanillylamine:pyr
TAs from chilli pepper and a GABA:pyr TA from tomato (see Supple-
mentary data Table S5 entries 125, 126 and 131) that have a S346. In
this case pyruvate is probably only coordinated by W47, which is
also involved in the ‘high activity’ ATAs (see Fig. 15A), as there is
no other residue at the O-side of this enzyme to replace R346.
Whether an asparagine at position 353, which is present in these
three enzymes, is additionally involved in this coordination remains
unclear.

3.2.2. Natural function of amine transaminases
The natural function of enzymes with ATA activity is not known in

most cases. There are βAla:pyr TAs (Yonaha et al., 1977), GABA:pyr TAs
(Steffen-Munsberg et al., 2013a) and vanillylamine:pyr TAs (Weber
et al., 2014) described to accept amines, but several enzymes have only
been investigated for amine productionwithout testing their in vivo func-
tion. We hypothesised that the conversion of amines in many cases is a
‘substrate promiscuous’ activity and their natural function might be the
conversion of small ω-amino acids (e.g. βAla or GABA) with pyruvate or
glyoxylate as the acceptor (Steffen-Munsberg et al., 2013a). Rausch et al.
(2013) together with our study further strengthened this hypothesis, as
the known ATAs share high sequence identity with characterised
βAla:pyr TAs (Supplementary data Table S5 entries 109–116), GABA:pyr
TAs (Supplementary data Table S5 entries 127–136) and
vanillylamine:pyr TAs (Supplementary data Table S5 entries 125 & 126).
Another enzyme with high similarity to known ATAs is spuC from
P. aeruginosa that was described as putrescine:pyr (PUT:pyr) TA, some
ATAs, however, were found to not accept PUT as substrate (section
3.2.4). All these enzymes are found in the same OrnTL DB subfamilies
and in most cases have the same active site residues. Their substrate
spectra are relatively relaxed and it is therefore likely that many of
them possess more than one natural function (i.e. are involved in
more than one metabolic pathway). However, the conversion of
amines is in most cases (except for vanillylamine:pyr or PUT:pyr
TAs) not likely to be their in vivo purpose. As it is impossible to clear-
ly define an ωAA:pyr TA's function, we focused on their biocatalytic
usefulness and only attempted to distinguish between enzymes
with high and low ATA activity and enzymes that show a preference
for small β-amino acids (βAla:pyr TAs, for enzymes converting bulkier
β-amino acids see section 3.3.2 and section 3.3.3 for enzymes
converting thioesters of β-amino acids).

3.2.3. Discriminating high and low activity amine transaminases and
βAla:pyr TAs

Fingerprint high activity ATAs: W47, A185, R346, NOT D/E132
Fingerprint low activity ATAs: Y47, S/T185, R346, NOT D/E132
Fingerprint βAla:pyr TAs: W47, S185, R346, NOT D/E132
Summary: subtle amino acid exchanges at position 47 and 185 deter-
mine ωAA:pyr TAs' ability to convert amines and β-alanine.
Comparisons of the ‘high activity’ATAs to other class III transaminases

revealed that only thosewithW47 and A185 turned out to possess a high
‘substrate promiscuous’ ATA activity (Rausch et al., 2013; Steffen-
Munsberg et al., 2013a). Enzymes with hydrogen bond donors at these
positions (e.g. Y47 and T/S185) showed less pronounced activity for
amines (Steffen-Munsberg et al., 2013a). Site directed mutagenesis
proved that the residuesW47 and A185, among all active site differences
to ‘low activity’ ATAs, are the most important ones for high ATA activity.
The ‘low activity’ ATAs from Reugeria sp. (PDB ID: 3FCR) and
Mesorhizobium loti (PDB ID: 3GJU) showed substantially increased ATA
activity when the Y47W or the T185A single mutations had been
introduced.

We therefore suggest using W47, A185, R346 and NOT D/E132
(to discriminate from the DAPA TAs (see section 3.3.5) to identify
ATAs with high activity within the class III transaminase family.
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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Fig. 15. Substrate recognition of amines and α-, β- and γ-amino acids in ωAA:pyr TAs. The modelled quinonoid intermediates of A) alanine in 4E3Q, B) 1-phenylethylamine in 4E3Q,
C) γ-aminobutyrate in 3GJU and D) β-alanine in 3A8U are shown in orange. R346 is sufficiently flexible to coordinate the carboxylate of α-, β- and γ-amino acids, but can also ‘flip
out’ of the active site to create space for e.g. the phenyl ring of PEA (B). In particular positions 47 and 185 are different in enzymes with high ATA activity (A & B) compared to those
with low ATA activity (C) and those with preference for β-amino acids (D) as described in Discriminating high and low activity amine transaminases and βAla:pyr TAs section. The inter-
mediates were modelled with YASARA Structure (Version 13.6.16) as described elsewhere (Steffen-Munsberg et al., 2013a). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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For ωAA:pyr TAs with low ATA activity we suggest the fingerprint
Y47, S/T185, R346 and NOT D/E132. Additionally, L46 might have
an important role for ωAA:pyr TA activity as it is highly conserved
(91% of all sequences that match the fingerprint R346, NOT D/
E132). Its function, however, is not yet known.

In addition to thewell described enzymes above, there are some high-
ly active amine converting enzymes known that do not match the sug-
gested patterns, e.g., the two very similar enzymes from Arthrobacter
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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citreus (Garcia et al., 2006) and Bacillus megaterium (Hanson et al.,
2008) (98% sequence identity), both of which are not included in any se-
quence database (see Supplementary data section 5 for their sequences).
Furthermore, low ATA activity was found in additional class III transami-
nases that are comparably evolutionary distant fromωAA:pyr TAs. Two of
these enzymes were found in M. loti (UniProt IDs: Q98AI1 and Q98NJ9)
that both converted several amines with pyr (Seo et al., 2012), while
not matching the ωAA:pyr TA fingerprint. These two enzymes, however,
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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only possess very low ATA activity (80 times lower activity towards
benzylamine compared to the Vfl-ATA) (Kwon et al., 2010) and are there-
fore not discussed here in detail. Two enzymes with high ATA activity
were found among the βPhe TAs, which are discussed with their related
enzymes in section 3.3.2. These findings indicate that there might be
many more enzymes having a promiscuous ATA activity, but most en-
zymes are not characterised systematically at the moment.

Still puzzling are the structural features that allow for β-alanine
transamination as some amine accepting enzymes convert β-
alanine while others do not (Sayer et al., 2013). The first described
amine-converting transaminase (from Pseudomonas putida, PDB
ID: 3A8U (Watanabe et al., 1989)) for instance prefers βAla over
carboxylate free substrates (Yonaha et al., 1977), while several
later described ‘high activity’ ATAs do not convert βAla (e.g. the en-
zymes from Vibrio fluvialis (Vfl-ATA, PDB ID: 4E3Q) (Shin et al.,
2003) and C. violaceum (Cvi-ATA, PDB ID: 4A6T) (Kaulmann et al.,
2007)). Sayer et al. (2013) reasoned that a difference in active
site flexibility is important for amine conversion, but prevents the
conversion of βAla in the broad spectrum ATAs: the left-handed
helix (α2, see section 2.2) in Cvi-ATA was inverted in the
gabaculine (a common GABA homolog TA inhibitor) bound crystal
structure (PDB ID: 4BA5), compared to the gabaculine structure of
the βAla:pyr TA from P. aeruginosa (PDB ID: 4B98), where the left-
handed helix stayed intact. The observed inversion of the left-
handed helix in Cvi-TA might, however, not be necessary for
amine binding, but instead be forced by the inhibitor's rigidity:
the inhibitor would clash with L46 and W47 if the helix α2 was
not inverted. Normal ATA substrates are less rigid and therefore
should be able to bind without α2 inversion.

However, when comparing the active site residues of ATAs with
preference for βAla (see Supplementary data Table S5 entries
109–116 and sequence–function matrix Table 2) with those of
broader spectrum ATAs or GABA:pyr TAs that do not accept βAla
(see Supplementary data Table S5 entries 99–105), the previously
mentioned positions 47 and 185 are found to be specifically con-
served. The occurrence of W47 and S185 among the βAla:pyr TAs
might be necessary to fix βAla's carboxylate in the proper position
for catalysis, as found when modelling the quinonoid intermediate
of βAla in the structure 3A8U (see Fig. 15D). Other ATAs have A185
or Y47 instead of S185 orW47 (Fig. 15A–C), indicating that they are
not able to fix the carboxylate in the right position for βAA conver-
sion, whereas αAA and γAA are bound in a productive way.3 Fur-
ther experiments are needed to clarify, whether these are the
main factors that facilitate βAla conversion.

However, class III transaminase enzymes developed several
ways for βAla binding, which is found in other pyr and βAla converting
enzymes like tau:pyr TAs (section 3.2.5), Ala:glyox TAs 2 (section 3.3.6)
and βPhe-TAs (section 3.3.2). Owing to the different requirements for
the binding of their natural substrates these enzymes are equipped with
different solutions for substrate recognition, but all allow for βAla
coordination.

3.2.4. Cadaverine/putrescine:pyruvate TAs
Summary: the only two known sequences have not been tested for

PUT:pyr activity in purified form and share exactly the same active site res-
idues like the ‘high activity’ ATA 3HMU. 3HMU, however, does not convert
free PUT but its acylated derivatives.

For an introduction to putrescine and cadaverine, see section
3.1.5 about PUT:αKG TAs.

The knowledge of PUT:pyr TAs ismore limited compared to theαKG
accepting enzymes. This activity has been found in crude extracts of
3 Exception: the enzyme from Rhodobacter sphaeroides (PDB ID: 3I5T) has W47 and
S185. A possible explanation for its lack of βAla:pyr TA activity (Steffen-Munsberg et al.,
2013b) might be its R142 that is pointing in the active site from the ‘entrance bottom’

and thus probably disrupts the proper coordination (Supplementary data Figure S5).
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Nocardioides simplex (Kaneoke et al., 1994) and was purified from
Arthrobacter sp. TMP-1 (Yorifuji et al., 1997), both without sequence
information of the responsible enzymes. In P. aeruginosa the enzyme
spuC (UniProt ID: Q9I6J2) has been suggested to catalyse the PUT:pyr
transamination due to its PUT dependent up regulation, the disruption
of the organism's ability to utilise PUT as sole N- or C-source by knock-
out mutations and PUT:pyr activity measurements in crude extracts
(Chou et al., 2008; Lu et al., 2002). An analogue enzyme (UniProt ID:
Q88CJ8) was induced by PUT in P. putida as well (Bandounas et al.,
2011). Furthermore, spuC homologs have also been induced by PUT in
coastal bacterioplankton as shown by a metatranscriptomic analysis
(Mou et al., 2011).

The spuC enzyme from P. aeruginosa and its closest homolog in
P. putida, that are found in the 3HMU subfamily, share 59 and 58% iden-
titywith the amine transaminase 3HMU, respectively and all three have
identical active site residues (see sequence–function matrix Table 2).
However, when 3HMU was tested with different PUT derivatives, it
turned out to convert glutamyl-PUT and acetyl-PUT but not PUT (Lea
Kennel, unpublished results). The connection of spuC and its homologs
to the putrescine catabolism will therefore need to be investigated in
more detail, as free putrescine conversion by spuC seems to be unlikely.
Unfortunately, P. aeruginosa was only tested for PUT:pyr TA activity in
crude extracts and spuC was never purified. The involvement of addi-
tional enzymes in the detected activity can therefore not be ruled out.

3.2.5. Taurine:pyruvate TAs
Summary: sulfonate/carboxylate coordination is different from all other

ωAA:pyr TAs. The left-handed helix α2 is probably also oriented differently
because tau:pyr TAs have a glycine inserted before position 46.

As taurine (tau) is one of themost abundant small organic solutes in
several animals, many bacteria have developed ways to utilise it as a S-,
C- or N-source, where tau:pyr transamination (EC 2.6.1.77) is involved
inmost cases (Laue and Cook, 2000). Unfortunately only four sequences
of transaminases with proven tau:pyr activity are known and no struc-
tural information is available (three in 3N5Mand one in 3HMU subfam-
ily, see Supplementary data Table S5 entries 137–140). The enzyme
from Bilophila wadsworthia (UniProt ID: Q9APM5) is the only example
that has been characterised for its substrate scope (Laue and Cook,
2000): small α- and β-amino acids are accepted. Hypotaurine, taurine
and β-alanine are the best amino donors (in that order), while pyruvate
and 2-ketobutyrate can be employed as the amino acceptor.

The three enzymes in the 3N5M subfamily share the majority of ac-
tive site residues but the enzyme from Rhodococcus opacus (UniProt ID:
Q6JE91) (Denger et al., 2004) is completely different. All these enzymes
employ a different mechanism for substrate recognition compared to
other ωAA:pyr TAs, as they do not have R346 or other basic residues
at the O-side (see sequence–function matrix Table 2). Within the
three enzymes in 3N5M subfamily the sulfonate coordination might
be realisedwith R145 pointing towards the active site from the entrance
‘bottom’ and R414 (Q9APM5 numbering, first of seven amino acids be-
tween core positions 349 and 350), which might also point towards
the active site if this loop is folded like in the 3N5M structure. W47,
which is found in these three enzymes, might additionally be involved
in carboxylate coordination, but the region of the left-handed helix α2
has a glycine insertion (before core position 46) that might completely
change the tryptophan's orientation compared to ATAs. It is not possible
to elucidate these enzymes' substrate recognition without structural in-
formation and we are therefore not able to suggest a sequence finger-
print for this specificity.

3.3. ω-Transaminases with unusual acceptor spectrum

Even though most characterised enzymes within the group of class
III transaminases are specific for transaminations with αKG or pyr as
acceptor, there are several exceptions known as well. In this section
we summarise enzymes with an ‘unusual’ substrate scope that either
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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employ a different mechanism for substrate recognition and therefore
accept both αKG and pyr or convert completely different substrates.

3.3.1. Dual substrate recognition
Enzymes that are not specific forαKG or pyr as amino acceptors and

accept both, in most cases established other dual substrate recognition
mechanisms. The βPhe TAs, which accept βAA, αKG and pyr as sub-
strates, apply a ‘flipping’ arginine in theO-side (R348) for dual substrate
recognition, which is similar to themechanism in ATAs (R346, compare
section 3.2.1). Itmay aswell ‘flip’ out of the active site to create space for
βPhe's phenyl ring (see Fig. 16A) and when ‘flipped in’, coordinate
αKG's 1-carboxylate in the second half reaction (see Fig. 16B). This
mechanism is applied by βPhe TAs (section 3.3.2) and PhGly:αKG TAs
(section 3.3.4).

Other class III transaminases with unusual substrate scope employ
established dual substrate recognition mechanisms for a completely
different purpose, such as DAPA-TAs, that utilise a flexible R346 for
KAPA coordination but do not convert α-amino acids at all (section
3.3.5).

Some enzymes within the class III TA family do not need a dual sub-
strate recognition solution at all, as they only convert α- or β-amino
acids like alanine:glyoxylate TA 2 (Ala:glyox TA 2, see section 3.3.6).

Owing to the diversity of mechanisms for substrate recognition
among the ‘unusual’ substrate scope TAs, further details are discussed
in the corresponding sections.

3.3.2. β-Phenylalanine aminotransferases
Fingerprint β-Phe:αKG/pyr TAs: E45, R348
Summary: βPhe TAs accept both pyr and αKG due to their different

mechanism of substrate recognition. Their biocatalytic potential in asym-
metric synthesis of β-amino acids is limited, as the corresponding keto
acids are spontaneously decarboxylated. We suggest that the high ATA ac-
tivity of some βPhe TAs might be caused by F46.

β-Phenylalanine aminotransferases (βPhe:αKG/pyr TAs), which ac-
cept both αKG and pyr as amino acceptors, are found in subfamily
4AO9. The most prominent enzymes with this specificity from
Mesorhizobium sp. (UniProt ID: A3EYF7) and Variovorax paradoxus
(UniProt ID: H8WR05) had been known for several years (Banerjee
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Fig. 16. Dual substrate recognition in β-Phe:αKG/pyr TAs exemplified by the enzyme fromMe
(here R54 in A3EYF7 numbering) are coloured yellow. The cartoon of loops 53–59 and 302–3
carboxylate is coordinated by R54, which is positioned by E45, while R348 is ‘flipped’ out of th
R348 at the O-side (PDB ID: 2YKX). (For interpretation of the references to colour in this figure
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et al., 2005; Kim et al., 2007) but structural information were obtained
only recently (Crismaru et al., 2013; Wybenga et al., 2012) (PDB ID:
2YKY and 4AO9, respectively). As the amino donor they prefer
β-amino acids such asβPhe andβAla. Owing to the instability of the cor-
responding β-keto acids, these enzymes are not suitable for efficient
asymmetric β-amino acid synthesis. Unfortunately the βPhe TAs do
not convert the β-keto acid's ester derivatives that would not undergo
spontaneous decarboxylation and could therefore be suitable synthesis
substrates (Wybenga et al., 2012).When the β-keto acid was generated
in situ from the corresponding ester utilising a lipase, only yields up to
50% of βPhe could be obtained (Bea et al., 2011). The biocatalytic impact
of these enzymes is therefore relatively limited. Recently, however, two
similar enzymes have been discovered that showed high activity
towards amines (Bea et al., 2011; Shon et al., 2014) in contrast to the
first mentioned enzyme (Kim et al., 2007). Active site differences of
these enzymes, which might explain their stronger preference for
amine substrates, are not obvious from the alignment as most residues
are conserved in all four. The only amino acid in the active site that is
different is Y46, which is F46 in the in the enzymes with higher ATA
activity. Even though this exchange seems small at a first glance, it
might influence ATA activity by increasing the active site's hydro-
phobicity. This might also be the reason for higher activity towards
βPhe. Additionally, F46 is not able to bind water molecules as
found in the 2YKY structure, thereby gaining enhanced flexibility.
We therefore suggest that βPhe TAs with F46 might be more inter-
esting for amine synthesis.

Another TA fromM. loti (UniProt ID: Q98NJ9) (Kwon et al., 2010)
showed activity towards β-phenylalanine but this enzyme is very
different in its active site residues and belongs to the subfamily
3N5M (a discussion of this subfamily can be found in section 4.4).
This enzyme is rather unspecific and also converts diverse amines
(Seo et al., 2012) and it is therefore not considered to be a
βPhe:αKG/pyr TA.

βPhe:αKG/pyr TA's dual substrate recognition at the O-side was
found to be similar to that in the ωAA:pyr TAs (compare section 3.2.1)
but the ‘flipping’ arginine is located in position 348 instead of
346 (Crismaru et al., 2013; Wybenga et al., 2012). The recognition of
the phenyl ring and the 1-carboxylate is accomplished through a
Phe:αβ KG/pyr TA, 2YKXB)

sorhizobium sp. The cofactor and substrates are coloured orange, residues outside the core
11 (A3EYF7 numbering) are shown transparent for clarity reasons. A) β-Phenylalanine's
e active site (PDB ID: 2YKY) B) α-Ketoglutarate is coordinated by R54 on the P-side and
legend, the reader is referred to the web version of this article.)
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movement of the flexible R348 (compare Fig. 16A and B). On the P-side,
coordination of the 1-carboxylate of (S)-β-phenylalanine and the 5-
carboxylate of α-ketoglutarate is realised via salt-bridge formation
with R54 (A3EYF7 numbering, between core positions 17 and 18, see
Fig. 16). An E45 controls the position of R54's side chain (A3EYF7 num-
bering) and allows for the conversion of pyruvate as it permanently
neutralises the arginine via salt-bridge formation.

As these residues are important for βPhe:αKG/pyr TA activity and all
four characterised enzymes have them, we suggest the fingerprint E45
and R348 for the identification of βPhe:αKG/pyr TAs among class III
transaminases. The combination of E45 and R348 is unique for these
enzymes and the suggested pattern separates subfamily 4AO9 from all
other in the OrnTL DB.

3.3.3. Acyl-CoA-β-TAs
Summary: this enzyme might be interesting for asymmetric β-amino

acid production, if, in addition to the tested N-acetylcysteamine thioesters,
simple esters are accepted as well. The carboxylate coordination is
(in contrast to themajority of all class III transaminases) probably achieved
by R216.

Recently, a metagenomic approach within a wastewater treatment
plant has discovered a new substrate specificity within the class III
transaminases (Perret et al., 2011). The enzyme with UniProt ID
B0VH76, whose closest homolog in the OrnTL DB is that with UniProt
ID D8F1V2 (66% identity) in the 2GSA subfamily, was shown to
transaminate coenzyme A (CoA) thioesters of β-amino acids with pref-
erably αKG but also pyr and it was therefore termed Acyl-CoA β TA
(CoAβAA TA). Its physiological role is supposed to be the conversion
of β-aminobutyryl-CoA:αKG in an alternative Lys catabolic pathway in
the anaerobic lysine digester Candidatus cloacamonas acidaminovorans.
Substrate scope investigations showed that not the whole CoA moiety
is needed for substrate recognition, but N-acetylcysteamine thioesters
of β-aminobutyryl, β-homoleucine and β-phenylalanine were also ac-
cepted. Unfortunately no other esters have been investigated so far,
but if the enzyme would also convert e.g. ethyl esters efficiently, it
could be valuable for asymmetric β-amino acid synthesis. Owing to
the instability of the free β-keto acids and the low activity of known
β-Phe:αKG TAs towards the corresponding esters (Wybenga et al.,
2012) (see section 3.3.2), this acyl-CoA-β-TA could be a beneficial alter-
native for biocatalysis.

By aligning the sequence (UniProt ID: B0VH76) to its closest homo-
log in the OrnTL DB some of its active site residues could be predicted
(see sequence–function matrix Table 2) but the substrate recognition
in this enzyme cannot be elucidated without structural information as
it is too different from other class III TAs. The only part that we dare to
hypothesise is the carboxylate coordination at the O-side by R216,
which is the only basic residue there.

3.3.4. D-p-hydroxyphenylglycine:αKG TAs
Summary: PhGly:αKG TAs are the only class III transaminases accepting

solely α-amino acids. A dual substrate recognition mechanism is, however,
required as both substrates are bound in inverted orientation. The thereby
gained enantioselectivity for one (S)- and one (R)-amino acid is virtually
unique among transaminases. Substrate recognition at the O-side is
achieved like in β-Phe TAs.

D-Phenylglycine (D-PhGly) and its p-hydroxy derivative are building
blocks for the commonly used β-lactam antibiotics ampicillin and
amoxicillin, respectively. Biocatalytic approaches for their production
usually start from the carbamoyl, involving D-selective carbamoylases
and hydantoinases (Wegman et al., 2001). A second option is the appli-
cation of D-p-hydroxyphenylglycine:αKG TAs (PhGly:αKG TA, EC
2.1.6.72) in asymmetric syntheses from the corresponding keto acids
(Müller et al., 2006). These class III transaminases differ from most
other TAs by converting substrates with inversed enantio preference.
Recently it was proven that these enzymes bind D-PhGly in an inverted
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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fashion compared to other L-α-transaminases (Jomrit et al., 2011). The
phenyl ring is accommodated at the O-side, while the carboxylic func-
tion is bound at the P-side. Until now only the two Pseudomonas species
stutzeri (Wiyakrutta and Meevootisom, 1997) and putida (Müller et al.,
2006; Townsend et al., 2002) have been described to possess enzymes
with this activity. Unfortunately the attempt to solve the crystal struc-
ture (Kongsaeree et al., 2003) of the P. stutzeri enzymewasonly partially
successful with important parts missing at the P-side in the final (apo)
structure (PDB ID: 2CY8, Fig. 17), which still remains unpublished.
Owing to the missing regions in this structure it was not included in
the OrnTL DB, but it and the other sequence (see Supplementary data
Table S5, entries 146 and 147) have beenmanually aligned to the closest
homolog structures 2GSA and 4AO9 to compare it to the OrnTL DB.

The O-side of the P. stutzeri enzyme apo structure (Fig. 17) is mainly
folded as in the other class III TAs and is therefore assumed to be in the
active conformation. From this structure in combination with the
knowledge of substrate coordination in βPhe:αKG/pyr TAs (see section
3.3.2), it can be concluded that the recognition of the 1-carboxylic group
of Glu is achieved by R348. This arginine may ‘switch’ out of the active
site (as found in the apo structure) to leave a hydrophobic pocket com-
prising several Phe and His residues. Unfortunately the P-side is not
present in the crystal structure and the dual substrate recognition of
Glu's 5-carboxylate and D-PhGly's 1-carboxylate therefore remain un-
clear. An E45 in combination with an arginine, which was found in β-
Phe:αKG/pyr TAs is missing in these enzymes but the uncommon
Q269 (only 6 sequences in the OrnTL DB) might be involved in the rec-
ognition here. The fact that the P. putida enzyme accepts pyruvate
(Townsend et al., 2002) as acceptor whereas the P. stutzeri enzyme
does not (Wiyakrutta and Meevootisom, 1997) cannot be explained
from the sequence alignment. Structural information preferably with
bound inhibitors is highly desirable to finally understand the coordina-
tion at the P-side.

3.3.5. Diamino pelargonic acid transaminases
Fingerprint SAM:KAPA TAs: Y129, D/E132, R346, Y353
Fingerprint Lys:KAPA TAs: Y129, D/E132, R346, not Y353
Summary: DAPA TAs are highly specific due to fine tuned substrate rec-

ognition. The discrimination between 7- and 8-amino group of DAPA and
between (8R)- and (8S)-DAPA is achieved by a hydrogen bonding
network of Y129, D/E132 and in some cases Y16. Y353 is proposed to deter-
mine SAM coordination and is therefore suggested to discriminate Lys:KAPA
TAs from SAM:KAPA TAs.

Diamino pelargonic acid transaminases (DAPA TAs) convert 7-keto-
8-aminoperlargonic acid (KAPA) to 7,8-diaminopelargonic acid (DAPA)
employing either S-adenosyl-L-methionine (SAM) or L-lysine (for sub-
strate and product structures, see Table 3) as the amino donor and
thereby play an important role in the biotin biosynthesis (Mann and
Ploux, 2011). Owing to the limitation of biotin anabolic pathways to
only plants and bacteria, DAPA-TAs are potential antibiotic targets.
Therefore several studies focusing on selective inhibition of these
enzymes have been conducted (Mann et al., 2009).

Most known DAPA-TAs convert SAM and KAPA to S-adenosyl-2-
oxo-4-methylthiobutyric acid (which undergoes β-elimination to result
in 5-methylthioadenosine and 2-oxo-3,4-butenoic acid) and DAPA
(Stoner and Eisenberg, 1975). These SAM:KAPA-TAs (EC 2.6.1.62)
have been discovered in several bacteria and plants (Supplementary
data Table S5, entries 148–158, 160 and 161). The only example
where a DAPA transaminase did not utilise SAM as amino donor was
found in Bacillus subtilis (PDB ID: 3DU4) (Van Arsdell et al., 2005).
This enzyme is closely related to SAM:KAPA-TAs but employs L-lysine
as the amino donor and will therefore be referred to as Lys:KAPA-TA
(EC 2.6.1.105). Unfortunately, it remains unclear whether this enzyme
transaminates the α- or ε-amino group of lysine. The transfer of the
ε-amino function, however, seems more likely owing to the resulting
irreversibility of the overall reaction. As described for Lysε:αKG TAs,
the formed product, Δ1 piperideine-6-carboxylic acid, would undergo
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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internal Schiff-base formation and therefore virtually disable the back
reaction (Soda et al., 1968; Van Arsdell et al., 2005).

All characterised DAPA-TAs have a very narrow substrate scope and
only convert substrate analogues that are very similar to the natural
ones (Cobessi et al., 2012; Izumi et al., 1975; Izumi et al., 1981; Mann
and Ploux, 2006; Stoner and Eisenberg, 1975; Van Arsdell et al., 2005).
Owing to the narrow substrate scope and to their low activity (e.g. a
steady-state kcat of 0.013 s−1 for the E. coli enzyme (PDB ID: 1MLZ)
(Eliot et al., 2002)) these enzymes are of low value for biocatalytic
applications. But this perfect selectivity combined with the fact of
being absent in humans makes them valuable targets for potential
antibiotic substances.

Compared to other class III transaminases, DAPA-TAs selectively con-
vert extraordinary substrates and therefore need characteristic patterns
to bind these. In particular, the recognition of KAPA needs to be finely
tuned to allow the discrimination between the 7-keto and 8-amino
group. By selectively coordinating the 8-amino group and keeping it
away from the C4′ atom of PLP, the enzymes are able to prevent side
reactions at this position. The positioning is achieved by Y129 and addi-
tionally either Y16 or the carbonyl oxygen of residue 269 that bind the
8-amino group (see Fig. 18). A highly conserved aspartate at position
132, coordinates the tyrosine(s) and thereby keeps them in the right
place (Käck et al., 1999). This finely tuned recognition even allows the
enzyme to discriminate between the (R)- and (S)-configuration at C8
of KAPA (Mann et al., 2009). On the O-side of the active site, the carboxyl
group of KAPA forms a salt bridge to R346 (same as the ‘flipping’ arginine
inωAA:pyr TAs, section 3.2.1),which is also highly conserved (Eliot et al.,
2002; Wybenga et al., 2012). Since these features are unique among the
class III transaminases, KAPA converting enzymes can be selectively
identified by the presence of Y129, D132 and R346.

Even though SAMbinding has been studied extensively, its exact ori-
entation in the active site still remains unclear. Dey et al. (2010) have
been able to solve a structure of theMycobacterium tuberculosis enzyme
containing the SAM analogue sinefungin. Unfortunately this structure
(PDB ID: 3LV2) was not sufficient to unravel the binding of SAM. The
orientation of sinefungin in this structure must represent an unproduc-
tive binding mode for the following three reasons. The first and most
important reason is motivated by the enantioselectivity of the reaction.
The carboxylic group of sinefungin is located at the P-side, which, owing
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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to (S)-configuration, results in the amino function pointing away from
PLP. Even though unlikely, the formation of the external aldimine
might still be possible in this orientation but the deprotonation of the
substrate by the catalytic K242 to form the quinonoid intermediate
(see Fig. 2) is definitely not. Since there is no base available on the re-
side of the cofactor that could do the deprotonation instead, the carbox-
ylic group of SAM and sinefunginwould have to be located at the O-side
to enable transamination. The second reason to doubt SAM binding
being represented in the 3LV2 structure is an unexplained mutation at
the active site entrance (H268R), which substantially reshapes the
P-side, while thirdly, the substrate analogue differs from SAM in an im-
portant feature. An amino group replaces themethyl group at the sulfo-
nium ion in SAM and the sulphur itself is replaced by a carbon, which
modifies the electronic properties of the analogue and therefore most
probably also its binding. The importance of the sulfonium ion for
substrate recognition was proven by the absence of activity for
S-adenosylhomocysteine, which is a SAM analogue lacking the methyl
group at the sulphur (Dey et al., 2010). Owing to the high conservation
of Y353 in all SAM:KAPA-TAs, it was hypothesised that the sulfonium
ion is coordinated by the hydroxyl group of this tyrosine (Dey et al.,
2010). This proposal can be strengthened by the fact that the only
characterised DAPA-TA lacking the tyrosine in that position is the
Lys:KAPA-TA from B. subtilis. One could, therefore, hypothesise that
the presence of Y353 might be employed to distinguish the SAM and
Lys converting DAPA-TAs.

3.3.6. Alanine:glyoxylate transaminase 2
Fingerprint Ala:glyox TAs2: Y/W145, F269, R353, NOT D/E185
Summary: Ala:glyox TA 2, in contrast to most other class III transami-

nases, does not require a dual substrate recognition mechanism at the O-
side because only αAA and βAA are converted. The broad substrate scope
includes small αAA such as Ala, βAA, such as βAla and 3-
aminoisobutyrate (AIB) but also bulky αAA such as NG,NG-
dimethylarginine. For the conversion of βAA a (R)-enantioselectivity at
the α-position was found (selectivity for DAIB).

The mammalian mitochondrial Ala:glyox TA 2 (AGXT2, EC 2.6.1.44)
is one of the class III transaminases with the broadest substrate scope
but is limited to α- and β-amino acids and therefore requires no dual
substrate recognition at the O-side. Owing to the specificity for several
key metabolites, its annotation proved to be difficult: the rat Ala:glyox
TA 2 (UniProt ID: Q64565) had previously also been described as
D-3-aminoisobutyrate:pyr TA (EC 2.6.1.40), Ala:4,5-dioxopentanoate
TA (EC 2.6.1.43), β-Ala:pyr TA 2 (EC 2.6.1.18), 2-
aminobutyrate:pyruvate TA and NG,NG-dimethylarginine:pyr TA
(Kontani et al., 1993; Tamaki et al., 2000). This enzyme is supposed to
be the mitochondrial counterpart of the peroxisomal Ala:glyox TA 1
(AGXT1, EC 2.6.1.44) which keeps physiological glyoxylate levels low
and is involved in the hyperoxaluria disease (Baker et al., 2004). Al-
though both enzymes share the ability to catalyse the Ala:glyox conver-
sion, their sequences and substrate spectra differ substantially. AGXT1,
also referred to as Ser:pyr TA (EC 2.6.1.51), which only shares 12% iden-
tity with AGXT2 (UniProt IDs: P21549 and Q9BYV1 in humans, respec-
tively), belongs to a different class of transaminases (class V) and its
substrate scope favours small α-amino or keto acids (i.e. Ser, pyr,
glyox), but Phe Arg and Glu are also converted by the human Ser:pyr
TA (Cellini et al., 2007). These enzymes are of special interest regarding
the connection between sequence and function as Ala:glyox TAs 2 and
Ser:pyr TAs both convert Ala:glyox transamination despite their low se-
quence similarity, whereas a close homolog to Ala:glyox TA 2 in
Arabidopsis thalianadiffers in its substrate spectrumand additionally ca-
talyses the Glu:glyox conversion (Liepman and Olsen, 2003).

The Ala:glyox TAs 2, which are found in the 3N5M subfamily, also
convert β-amino acids like βAla and D-3-aminoisobutyrate (DAIB)
where they showed strict (R)-selectivity for the α-methyl group.
Its DAIB:pyr TA activity together with the enantiocomplemen-
tary LAIB:αKG TA (EC 2.6.1.22, which is identical to the above described
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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GABA:αKG TA EC 2.6.1.19, see section 3.1.4), interconvert both enantio-
mers of AIB in mammals (Tamaki et al., 2000). In contrast to the
GABA:αKG TAs, the Ala:glyox TAs 2 do not convert amino groups
more distant from the carboxylic function than in β-position (Tamaki
et al., 2000).

The conversion of these various substrates raises the question how
substrate recognition is realised in these enzymes. There is unfortunate-
ly no structural information for Ala:glyox TAs 2 available and therefore
only hypotheses based on conserved positions within these enzymes
can be developed. The coordination of the carboxylic group of α-
amino acids is probably undertaken by the conserved R353 like in the
ω-amino acid:αKG TAs (see section 3.1.1), but in contrast to those the
‘switching’ glutamate in position 185 is replaced by Val or Ile. This
might also contribute to the fact that the common dual substrate recog-
nition is not possible and no ω-amino acids (except for β-amino acids)
are converted. The unique feature of these enzymes within the class III
TA family, namely the conversion of huge α-amino acids like
dimethylarginine and the enantioselectivity at the α-position when
converting the β-amino acid DAIB, might be explained by the unique
combination of residues Y145 and F269 (only 21 sequences in the
OrnTL DB). The aromatic ring of F269 at the P-side might be involved
in cation–π interactions with the guanidinium group of
dimethylarginine, whereas Y145 that points from the entrance towards
the active site and might be responsible for the recognition of the 4-
carboxylic group of aspartate. This hypothesis is strengthened by the
fact that glutamate, due to its additional carbon, is not accepted as sub-
strate butwhen Y145 is exchanged to a tryptophan like in two Ala:glyox
TA 2 homologous enzymes from Arabidopsis, glutamate is converted as
well (Liepman and Olsen, 2003; Tamaki et al., 2000).
3.4. Glutamate-1-semialdehyde transaminases (2,1-amino mutases)

Fingerprint GSAM: N185, Y267
Summary: GSAM transaminates glutamate-1-semialdehyde intramo-

lecularly to form 5-aminolevulinate. A gating loop closes the active site en-
trance after substrate binding to prevent the intermediate diamine's
release. After product formation the entrance is opened again. GSAM is
the only known class III TA that uses PMP in its resting state in contrast to
PLP (internal aldimine) in other enzymes.
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Glutamate-1-semialdehyde 2,1-aminomutase (GSAM, EC 5.4.3.8) is
a unique enzyme within the class III transaminase family, owing to the
fact that it does not catalyse the interconversion between an amino-
and a keto function of two molecules. GSAM instead catalyses the
intraconversion between an amino- and a keto function within the
same molecule i.e. the conversion of glutamate-1-semialdehyde to
5-aminolevulinate (Hoober et al., 1988). Another unique feature of
GSAM is that the resting state of this enzyme is in the PMP-form while
the resting state of the majority of the class III transaminases is in the
PLP-form (Smith et al., 1991). This feature might be induced by the
highly conserved N185 (see Fig. 19), which is supposed to modify the
cofactor's electron sink properties by coordinating its 3′-hydroxyl
group (Orriss et al., 2010). To which extent the coordination by N185
is different from that of Q216, as present in the ωAA:αKG TAs
where the internal aldimine is the resting state (see section 3.1.1), can-
not be predicted without mutagenesis studies.

GSAM belongs to the subfamily 2GSA, which consists of 2048 se-
quences. Out of these entries, 16 enzymes were experimentally
characterised and several crystal structures have been solved (Supple-
mentary data Table S5 entries 170–185) (Ge et al., 2010; Hennig et al.,
1997; Schulze et al., 2006; Stetefeld et al., 2006). Most of these struc-
tures showed a third unique feature of GSAM when compared to the
other class III TAs, an active site gating loop (residues between core
positions 131 & 155, which cannot be aligned to the OrnTL DB) which
opens and closes the entrance to the active site during catalysis
(Contestabile et al., 2000; Stetefeld et al., 2006). The movement of the
gating loop is controlled by allosteric communication between the
two active sites of the homodimeric enzyme. The ability to close the ac-
tive site gives GSAM the ability to control substrate entry and product
release. The intermediate 4,5-diaminovalerate is kept in the active site
to avoid its release as unwanted product. The general opinion about
the gating loop is that it is controlled through negative cooperativity:
when the substrate binds to one subunit the affinity for the substrate
decreases in the other subunit (Hennig et al., 1997; Stetefeld et al.,
2006). This leads to the enzyme converting the substrate one subunit
at the time. This negative cooperativity has been shown to be controlled
by the communication of a network of the amino acids S98, E101, R108,
H153, D155 (Q31QJ2 (from Synechococcus elongatus) numbering
between core positions 131 and 155) and R111 that connects the active
sites (Stetefeld et al., 2006). This theory is, however, challenged by
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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a published structure where both monomers are in the PMP-form
(Ge et al., 2010).

GSAM is, like many other PLP-dependent enzymes, inhibited by
gabaculine (Grimm et al., 1991). This inhibition has, however, been
shown to decrease significantly when an active site methionine is mu-
tated to an isoleucine (M216I) (Ferradini et al., 2011; Grimm et al.,
1991; Orriss et al., 2010). Since GSAM is not present in animals it is a
promising target for herbicides and antibiotics and this mutation also
makes selective growth via the addition of gabaculine possible
(Hennig et al., 1997).

Asmany residues of GSAM that are involved in substrate binding be-
long to the variable regions, establishment of an active site fingerprint
only based on core positions was not trivial. We suggest applying the
two amino acids N185 and Y267 to identify enzymes performing the in-
tramolecular transamination of glutamate-1-semialdehyde to form
5-aminolevulinate. N185 modulates the cofactors electronic properties
(Orriss et al., 2010) and Y267 is involved in a hydrogen bonding
network with the substrate and with S163 (Q31QJ2 numbering, in the
gating loop) (see Fig. 19) (Stetefeld et al., 2006). Additional hints for
GSAM activity could be R108, which is highly conserved in the subunit
communication network (Stetefeld et al., 2006) involved in inter-
subunit signalling and the presence of a gating loop between core posi-
tions 131–155 that cannot be aligned to the other known class III TAs.

3.5. Decarboxylation dependent TAs: the 2,2-dialkylglycine decarboxylases

Fingerprint DGD: Q46, (W129), R353
Summary: DGD is the only known PLP fold type I enzyme that catalyses

both, transamination and oxidative decarboxylation to a comparable ex-
tent. The reaction specificity is determined by the orientation of the
substrate's substituents relatively to the cofactor's plane: if the Cα-H is
pointing towards the si-face, transamination is preferred, if Cα–CO2 is
pointing towards the si-face, decarboxylation is favoured.

In addition to the above-mentioned transaminases, the family of
class III TAs also comprises the decarboxylation dependent transami-
nase, 2,2-dialkylglycine decarboxylase (DGD, EC 4.1.1.64). This enzyme
185
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Fig. 19. Substrate and product binding in GSAM. The substrate-cofactor intermediates are sh
(Q31QJ2 numbering)) are shown in yellow. The cartoon is shown transparent for clarity reason
lease of the intermediate 4,5-diaminovalerate (PDB ID: 2HP1). Y267 indirectly coordinates the
openswhen 4,5-diaminovalerate is bound at its 4-amino group, opening up the active site entra
released from the active site (PDB ID: 2HP2). (For interpretation of the references to colour in
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catalyses the decarboxylation and transamination of dialkylglycine sub-
strates with an α-keto acid (e.g. pyr) as the amino acceptor (Sun et al.,
1998). This enzyme is uniquewithin PLP fold type I because it can cleave
both the substrate's Cα–CO2 bond and the Cα–H bond in the same
active site. Furthermore, it catalyses an oxidative decarboxylation
(forming α-keto product), which is in contrast to most other amino
acid decarboxylases where non-oxidative decarboxylation is favoured
(forming an amino product) (Li et al., 2012). By protonating the C4′ of
the quinonoid intermediate after decarboxylation instead of the Cα as
in non-oxidative decarboxylases, the ketimine is formed, which leads
to transamination and release of the keto product from PMP. PMP's
amino group is then transferred to an amino acceptor in the second,
transamination half reaction restoring the internal aldimine (see Fig. 1).

The selectivity over the site of protonation (Cα over C4′ or vice
versa) has been investigated in both non-oxidative and oxidative
decarboxylases (Bertoldi et al., 2008; Jackson et al., 2000; Sun et al.,
1998). Sun et al. (1998) proposed an active site model for the DGD
from Pseudomonas cepacia, whereby the site of protonation by the
catalytic lysine is controlled by the tilt of the cofactor, which in turn, is
influenced by the identity of the substrate. Themodel consists according
to the Dunathan principle (see section 1.3) of three binding subsites:
(A) the activated position for bond cleavage (may bind Cα–H or Cα–

CO2), which is perpendicular to the plane of the cofactor and located
at the si-face; (B) a second carboxylate binding subsite at the O-side of
the cofactor and (C) a hydrophobic subsite at the P-side of the cofactor
(see Figs. 1 and 20). For α-H-α-amino acids, for which both reactions
are possible, the accommodation of the substrate's carboxylate in the
A subsite would lead to decarboxylation, whereas binding in the B sub-
site would place the Cα–H in the A pocket and would lead to deproton-
ation and therefore to transamination. However, dialkylglycine
substrates cannot be transaminated due to their lack of a Cα–H. There-
fore binding of their carboxylates in the A subsite leads to decarboxyl-
ation, while binding in the B subsite would represent an unreactive
bindingmode. Structural investigationswith phosphonate substrate an-
alogues, however, revealed that the position of the scissile carboxylate is
probably not perfectly perpendicular, as the orbital overlap with the
216

B) GSAM, 2HP2

own in orange and residues that belong to the variable regions (S29, R32, S163 and E406
s. A) After binding glutamate-1-semialdehyde, the gating loop is closed to prevent the re-
substrate's carboxylate and the gating loop's S163 (Q31QJ2 numbering) B) The gating loop
nce. Thereafter the product 5-aminolevulinate is formed throughwater attack andmay be
this figure legend, the reader is referred to the web version of this article.)
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cofactors π–electron system would suggest (see Fig. 1), but is tilted to-
wards the O-side and placed between the subsites A and B (see
Fig. 20B) (Liu et al., 2002).

Studies of the crystal structure of the DGD from P. cepacia (PDB ID:
1D7V) led to the identification of a glutamine residue (Q46) within
van der Waals distance of the substrate's carboxylate, which could
maintain the carboxylate in the stereoelectronically activated position
via hydrogen bonding (see Fig. 20) (Fogle et al., 2005). This binding
model was supported by mutagenesis studies which showed that sub-
stitution of Q46 with amino acids incapable of forming stabilising
H-bonds resulted in a decreased rate of decarboxylation (Fogle et al.,
2005). Further investigation of the substrate scope, in combination
with mutagenesis experiments, identified two residues (M132 and
W129), as being important for substrate specificity. Mutation of W129
to the smaller phenylalanine allowed conversion of α-keto acids with
longer side chains, whilemutation of M132 to a positively charged argi-
nine conferred the ability to decarboxylate L-glutamate (this can be
compared toαKG coordination inωAA:αKG TAs as described in section
3.1.1). Additionally, a proposed non-reactive binding mode, whereby
the carboxylate of the dialkylglycine substrate is placed in pocket B
(on the O side of the PLP), and forms a salt bridge with R353, was also
investigated by mutagenesis studies (the R353M and R353K mutants
have been investigated). Quite interestingly, rather than increasing the
rate of decarboxylation by disfavouring this non-reactive binding
mode by introducing a nonpolar M353, these studies demonstrated
that a positively charged residue at position 353was required for decar-
boxylation (Fogle and Toney, 2010).

As only two sequences of DGDs have been characterised, it could be
dangerous to make presumptions about functionally important
residues, however, as these enzyme have been extensively and elegant-
ly investigated by various research groups, some conclusions and
predictions can be made (Fogle and Toney, 2010; Fogle et al., 2005;
Hohenester et al., 1994; Keller et al., 1990; Liu et al., 2002;
Malashkevich et al., 1999; Sun et al., 1998; Toney, 2001; Toney et al.,
1993; Toney et al., 1995).

Residues essential for decarboxylation dependent transamination
are Q46, R353 and the catalytic K242. Residue Q46 is fairly unique to
the DGDs, and a motif search using this residue was 91.9% selective for
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Fig. 20. Different substrate coordination mode in DGD determines reaction specificity towards
in the subsite B, transamination of α-H-α-amino acids or unproductive binding of 2,2-dialk
1D7V). B) By the coordination of the carboxylate in subsite A, decarboxylation is favoured. Th
ethylglycine with the phosphonate group located between subsites A & B. The same orientatio
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sequences found in the 1D7V subfamily. The selectivity of the finger-
print for the 1D7V subfamilywas further improved to 100% by including
the substrate specificity determining residue W129.

Sequences possessing the functionally important Q46 but not the
substrate scope limiting W129 (i.e. Y or F129), could have the same
reaction specificity but differ in their substrate specificity.

Sequences in the 1D7V subfamily, which do not possess the func-
tionally important Q46 (58 sequences), could have a different reaction
specificity. However, these sequences have a highly conserved N47
and K353. One could imagine that these residues function in the same
way as Q46 and R353 in the DGD from P. cepacia, especially as the
R353K mutant of this enzyme retained decarboxylase activity (Fogle
and Toney, 2010). Therefore, it is possible that this subset includes
decarboxylases, which have either a different substrate scope or follow
a different reaction specificity after decarboxylation (compare Fig. 2).
3.6. α-H-amino acid amide/α-amino-ε-caprolactam racemases

Fingerprint αAAA racemases: D185, K216, (E353)
Summary: αAAA racemases racemise cyclic and noncyclic amino acid

amides. Themechanism proceeds, in contrast to PLP fold type III racemases,
via a quinonoid intermediate. How the (de)protonation at the re-face is
achieved remains unknown.

The subfamily 2ZUK contains two enzymes that were found to
possess α-H-amino acid amide (αAAA) racemase activity. The enzyme
from A. obae (UniProt ID: Q7M181) was initially characterised as
α-amino-ε-caprolactam (ACL) racemase (EC 5.1.1.15) andwas industri-
ally applied for L-lysine production (Fig. 3) (Okazaki et al., 2009). The
enzyme from Ochrobactrum anthropi (UniProt ID: Q06K28) was patent-
ed for the application in amino acid amide racemisation (Boesten et al.,
2003). The third known sequence of an αAAA racemase, which was
described in the same patent, is not found in the sequence databases
but could be aligned to the 2ZUK subfamily manually. As the ACL
racemase accepts both lactams and amides (Asano and Yamaguchi,
2005), the structural requirement for being a substrate seems to be a
free amino group adjacent to an amide bond (Ahmed et al., 1984;
Asano and Yamaguchi, 2005)
B) DGD, 1M0O

transamination or decarboxylation. A) By the coordination of the substrate's carboxylate
ylglycine substrates (such as the displayed 2,2-dimethylglycine) is achieved (PDB ID:
e displayed structure (PDB ID: 1M0O) contains a phosphonate analogue of 2-methyl-2-
n of a substrate's carboxylate would lead to a productive binding for decarboxylation.
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Racemases are unique among the other types of PLP-dependent en-
zymes, as they are capable of deprotonating and protonating on both
the si- and the re-face. For the ACL racemase two mechanisms have
been proposed, a two base mechanism (where two acid–base groups
are situated on either side of the substrate–PLP complex), and a single
base mechanism (with a single base capable of accessing both faces).
Ahmed et al. (1986) found evidence for a single base mechanism,
which is at odds with the two base mechanism described by Okazaki
et al. (2009) which was proposed based on structural information. By
analogy to alanine racemases in PLP fold type III, Okazaki et al. (2009)
proposed Y129 at the re-face and K242 at the si-face to enable
racemisation in the ACL racemase (see Fig. 21). The mechanism of ACL
racemases, in contrast to alanine racemases, is believed to proceed via
a quinonoid intermediate because the cofactor's pyridine nitrogen is
kept protonated by the D213 ‘below’ it (Okazaki et al., 2009), whereas
it is deprotonated by an arginine residue in PLP fold type III racemases.
Fold type III racemases do not require the quinonoid formation for
stabilising the carbanionic intermediate: the negative charge is mainly
stabilised at the protonated Schiff base (Griswold and Toney, 2011).

The above-mentioned role of Y129 at the re-face for protonation in
the racemisation mechanism has not been confirmed by mutagenesis
studies and the fact that Y129 is found in 58% of the sequences in the
OrnTL family (e.g. in ATAs, DAPA TAs and βPhe TAs), places doubt on
its suitability as a candidate as a 2nd base (if indeed a two base mecha-
nism is followed by these enzymes). Since the mechanism in the αAAA
racemases is not yet fully elucidated, no residues determining the reac-
tion specificity may be included in the fingerprint and we therefore
focus on the substrate specificity determining residues.

Okazaki et al. (2009) proposed that amide nitrogen recognition in
this enzyme is achieved by D185 (see section 3.7 for a discussion of
this residue) and that the carbonyl O is coordinated by K216. In the ε-
caprolactam bound internal aldimine structure (PDB ID: 2ZUK), K216
is kept in place by the coordination of E353 (see Fig. 21). The two resi-
dues D185 and K216 that are believed to be essential for substrate rec-
ognition in the characterised enzymes (and optionally E353), are
therefore suggested for the active site pattern identifying αAAA
racemases. As all 18 sequences in the OrnTL DB with K216 and D185
also have E353, including this glutamate in the fingerprint is not
necessary.

3.7. Isoleucine 2-epimerase

Summary: Ile-2-racemisation probably, like in the αAAA racemases,
also proceeds via a quinonoid intermediate. The racemisation mechanism
is also unknown but we suggest that D185 is important for racemase
activity in the class III transaminase family because it was found in all so
far characterised enzymes.

The recent discovery of an isoleucine-2-epimerase (Ile-2-epimerase,
from Lactobacillus buchneri (UniProt ID: F4FWH4)) which racemises the
C2 (=Cα) in aliphatic α-amino acids, further provided insight to the
versatility of the family of class III transaminases (Mutaguchi et al.,
2013). This enzyme is especially interesting because it shares relatively
high sequence similarity with GABA:αKG TAs (e.g. 41% sequence iden-
tity to B. subtilis GABA:αKG TA (UniProt ID: P94427)) and is found in
the 3Q8N subfamily but most of the active site residues that are impor-
tant for substrate recognition differ from the GABA:αKG TAs (see se-
quence–function matrix Table 2) and therefore GABA and αKG are not
transaminated by this enzyme. Owing to the lack of structural informa-
tion the mechanism of racemisation cannot be elucidated and from the
alignment it is not obvious how the protonation/deprotonation of the
substrate at the re-face is achieved (the possible involvement of Y129
therein is discussed for the αAAA racemases in section 3.6). The cataly-
sis of this enzyme, however, seems to be comparable to the αAAA
racemases because it also has D213, which presumably leads to PLP's
pyridine nitrogen protonation and therefore a mechanism that pro-
ceeds via a quinonoid intermediate. The substrate's 1-carboxylate
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recognition is most probably achieved, as in GABA:αKG TAs, with
R353. The extent to which the relatively uncommon D185 and N216
(only present in 30 sequences in the whole OrnTL DB) or A46 and S47
(found in only 109 sequences in the whole OrnTL DB) are involved can-
not be predicted without further experimental data. Notably, position
185 seems to be important for racemase activity within the class III
transaminase family because the αAAA racemases and the isoleucine
2-epimerase share the uncommon D185 (present in 234 of the 12,956
sequences in the OrnTL DB). Additionally, position 216 is harbouring a
very uncommon K216 or N216 in the two racemases (only 28 se-
quences have K216 and only 30 have N216 in the OrnTL DB).

3.8. Enzymes with unclear substrate recognition

In this sectionwe grouped recently discovered class III transaminase
enzymes, for which not sufficient structural or functional data is
available to suggest specificity determining residues. In particular,
the aminosugar TAs (section 3.8.1) and the multi-domain enzymes
(section) share too low sequence similarity with any known structure
to reliably align their sequences to the OrnTL DB. These examples,
above all, highlight the lack of structural information within the class
III transaminase family.

3.8.1. Neamine TAs, 2′-deamino-2′-hydroxyneamine and neomycin C TAs
Summary: Glu:6′-oxoglucos(amin)yl TAs are the only known

aminosugar converting TAs among the class III transaminases. They are in-
volved in aminoglycoside biosynthesis, by selectively aminating 6′-
oxoglucos(amin)yl moieties.

Aminosugar converting transaminases are commonly found to be-
long to the class VI transaminases (degT/dnrJ/eryC1 family in InterPro),
which were recently reviewed by Romo and Liu (2011). The biosynthe-
sis of several aminoglycoside antibiotics, such as neomycin, butirosin
and kanamycin however, was found to involve class III transaminases
to aminate the C6 atoms of the glucos(amin)yl substituents with
glutamate as amino donor. The three different substrate specificities
Glu:6′-dehydroparomamine TA (EC 2.6.1.93, forming neamine),
Glu:2′-Deamino-2′-hydroxy-6′dehydroparomamine TA (EC 2.6.1.94,
forming 2′-deamino-2′-hydroxyneamine) and Glu:6‴-deamino-6‴-
oxoneomycin C TA (EC 2.6.1.95, forming neomycin C), that may be
summarised as Glu:6′-oxoglucos(amin)yl TAs, have been found in
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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different aminoglycoside producing organisms (see Supplementary
data Figure S4 for substrate and product structures). As the EC 2.6.1.93
and EC 2.6.1.95 reactions are catalysed by the same enzymes (e.g.
NeoB, BtrB and LivB, see Supplementary data Table S5 entries
192–194; Clausnitzer et al., 2011; Huang et al., 2007), and the EC
2.9.1.93 also occurred in the kacL enzyme that was originally
characterised for EC 2.6.1.94 specificity (see Supplementary data
Table S5 entry 19; J.W. Park et al., 2011), we suggest that all three
Glu:6′-oxoglucos(amin)yl transaminations (EC 2.6.1.93–95) are
catalysed by one class III transaminase enzyme. Interestingly, the C6′
is deaminated with αKG as the acceptor in the pseudodisaccharide
neamine and pseudotrisaccharide kanamycin A (J.W. Park et al.,
2011), but not when incorporated in neomycin C, where the C6‴ is ex-
clusively deaminated (compare Supplementary data Figure S4)
(Huang et al., 2007).

Unfortunately these enzymes share low sequence identity with the
enzymes in the OrnTL DB and therefore the alignments to compare ac-
tive site residues for substrate recognition hypothesis gave unsatisfacto-
ry results. Structural information of Glu:6′-oxoglucos(amin)yl TAs is
highly desired to explain the uncommon substrate scope that allows
for the discrimination of C6′ and C6‴ in neomycin C.

3.8.2. (Hydrolysed) fumonisin B1 TAs
Summary: (H)fum B1 TAs were applied to detoxify the poly-hydroxy

amine fumonisin B1. Further substrate scope investigationsmight beworth-
while, as these enzymes could have potential for amino-alcohol synthesis.

The carcinogenic mycotoxin fumonisin B1 (Supplementary data
Figure S6 B) is a common contaminant of maize produced in warm
climate areas (Hartinger et al., 2011). The studies of its degradation in
bacteria has led to the discovery of class III transaminases responsible
for the deamination of fumonisin B1 (fumB1) (Leslie et al., 2004), or
after hydrolysis, to 2-amino-12,16-dimethylicosane-3,5,10,14,15-
pentol (hydrolysed fumonisin B1, HfumB1, Supplementary data
Figure S6 C) (Hartinger et al., 2011; Heinl et al., 2011) with αKG or
pyr as the acceptor, respectively. These enzymes have been investigated
for the application as food additives to detoxify fumB1 biocatalytically
(Leslie et al., 2004; Moll et al., 2010). Unfortunately, the scope of
amino donors has not been examined and it is unknown, whether sub-
strates other than (hydrolysed) fumonisins are converted. A further in-
vestigation of their substrate specificity might be beneficial as they
could probably be applied for asymmetric amino alcohol synthesis.
Even though they share high sequence similarities, the substrate scope
of the fumB1:αKG TA andHfumB1:pyr TAs differ substantially as the lat-
ter only applies pyr as the acceptor and does not accept the non-
hydrolysed fumB1 (Hartinger et al., 2011), whereas the fumB1:αKG TA
converted fumB1 with αKG (Leslie et al., 2004). These differences can-
not be explained based on the active site residues identified by the
alignment to the OrnTL DB, as they are almost all identical among the
enzymes with these two specificities (see sequence–function matrix
Table 2). (H)fumB1 conversion seem to demand a very specialised active
site compared to the other enzymes in the OrnTL DB, as no sequence in
this database has the combination of E185 and R216 found in all
(H)fumB1 TAs.

3.8.3. Phospholyases
Summary: the two characterised phospholyases among the class III

transaminase family were found to lack transaminase activity. Factors de-
termining this switch in reaction specificity are not known as the catalytic
machinery is the same as in the related transaminases. A substantial differ-
ence, however, is the deletion of two amino acids in the left-handed helix
α2, which could reshape the active site and thereby might shift the reaction
specificity.

By discovering twophospholyases, Veiga-da-Cunhaet al. (2012) fur-
ther broadened the spectrum of known reaction specificities among the
class III transaminases. They found that the two human Ala:glyox TA 2
homologs AGXT2L1 (UniProt ID: Q8TBG4) and AGXT2L2 (UniProt ID:
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Q8IUZ5) possess no TA activity but are a O-phosphoethanolamine
phospholyase (EC 4.2.3.2) and a 5-phosphohydroxy-L-lysine phos-
pholyase (EC 4.2.3.134), respectively. Both enzymes do not belong to
the OrnTL DB, but enzymes with high sequence identity (N68%) are
found in the 2ZUK subfamily, which allowed for the elucidation of sev-
eral of their active site residues by aligning them to the 3DM database
(see sequence–function matrix Table 2). The active site of these en-
zymes must substantially differ from the other class III transaminases
because it lacks two amino acids in the common left-handed helix α2
(positions 45 and 46). At least one of the polar side chains of N/S44
and N47 (found in both enzymes) are presumably pointing towards
the active site. Whether this deletion and the polar amino acids at posi-
tions 44 and 47 are required for phospholyase activity remains unclear
without structural information. The PLP coordination and the catalytic
machinery is the same as in the transaminases of the OrnTL DB, proba-
bly because the β-elimination follows the same mechanism until the
quinonoid intermediate (see Fig. 2) and therefore has comparable re-
quirements. Owing to the high similarity between these two reaction
specificities and (given a good leaving group) the facility of this reaction,
β-elimination is commonly found among transaminase families (Eliot
and Kirsch, 2004). β-Elimination was also found to occur in class III
transaminases when certain inhibitors, especially those with good leav-
ing groups were applied as substrates (e.g. Ala:glyox TA 2 catalyses
β-elimination of β-chloro-β-alanine and halogenated alkene–cysteine
conjugates; Cooper et al., 2003). Several known transaminase inhibitors
inactivate the enzymes by forming reactive products through
β-elimination that can covalently bind to the cofactor or active site res-
idues (Eliot and Kirsch, 2004).

Given the fact that phosphate is an excellent leaving group, the oc-
currence of β-elimination with β-phosphate substrates in a class III TA
is not surprising. The selectivity for β-elimination of these enzymes,
caused by the complete lack of TA activity, however, is of special
interest. As the whole catalytic TA machinery is available, other factors
in these enzymes must prevent transamination. Since these two
phospholyases are the only characterised enzymes of the class III trans-
aminase family that lack the common left-handed helix at positions
44–47, it might be hypothesised that it is essential for TA activity
among this group of enzymes. The characterisation of additional en-
zymes with deletions in this region, however, is required to strengthen
this hypothesis.

A varied carboxylate recognition is probably not the reason for the
differing reaction specificity because the phospholyases have K353
and Q216 that should be able to position αAA properly in the O-side
as achieved by R353 and Q216 in Ala:glyox TA 2 (section 3.3.6). The
phosphate recognition in the lyases probably also involves K355 and
S346, the presence of E267 and D348, however, is puzzling because
these residues should repel the phosphate and the carboxylic acid moi-
ety on both sides of the active site entrance. Sequence fingerprints that
strictly determine the different substrate specificity of these two en-
zymes cannot be foundwithout structural information or the character-
isation of similar enzymes. The common active site residues present in
the sequence–function matrix (Table 2) did not show obvious differ-
ences compared to the transaminases except for the deletion at posi-
tions 45 and 46 and the polar residues N/S44 and N47.

3.8.4. Multi-domain or non-enzymes
Summary: PLP fold type I and in particular, the class III transaminase

family's common fold are versatile building blocks for multi-domain en-
zymes or transcriptional factors.

The versatility of the commonPLP fold type I is expressly highlighted
by recent studies that discovered non-enzymatic or multi-domain ex-
amples of this fold. The MocR-like transcriptional factors belong to the
class I transaminase family (also belonging to PLP fold type I, see
Table 3) attached to a helix–turn–helix domain for DNA binding
(Bramucci et al., 2011). Recent structural investigations of gabR, the
transcriptional activator of the GABA:αKG TA in B. subtilis (PDB ID:
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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4N0B), revealed that PLP binding is achieved as in other fold type I en-
zymes, GABA, however, is bound differently and not transaminated by
this transcription factor (Edayathumangalam et al., 2013).

Another notable example is the presence of PLP fold type I and espe-
cially class III transaminase domains in multimodular nonribosomal
peptide synthetase or polyketide synthase assembly lines (Milano
et al., 2013). The class III domains required some structural variations
(e.g. insertions of ~12 amino acids between core positions 266 and
267), compared to the stand-alone enzymes to enable integration in
the multi-domain complexes. However most active site residues and
therefore probably also substrate scopes of these enzymes differ
substantially from those in all other characterised enzymes and predic-
tions are therefore not possible. One characterised example illustrates
these differences: the class III TA domain from MycA (UniProt ID:
Q9R9J1, from B. subtilis, involved in cyclic lipopeptidemycosubtilin syn-
thesis), which has been investigated for substrate scope independently
of the whole multi-domain complex (Aron et al., 2005). This domain
prefers glutamine as the amino donor and converts acyl carrier protein
(ACP) thioesters of β-ketobutyrate. Active site residues, identified by
aligning this sequence to its closest homolog in the OrnTL DB, are not
sufficient to suggest substrate recognition as they differ substantially
from those in all other characterised class III transaminases (see se-
quence–function matrix Table 2).

4. Challenges for fingerprint-based sequence–function predictions

During the process of discovering and evaluating sequence–function
relationships within the OrnTL DB, we encountered some challenges
regarding this approach. Some resulted from intrinsic limitations of
structure-based sequence alignments; others are challenges for the
approach of predicting function based on short sequence fingerprints.
In this section we attempt to highlight the current challenges or limita-
tions for a general evaluation of this method thereby deepening its
understanding and to motivate future approaches to solve current
problems.

4.1. Limitations of the active site amino acid fingerprint-based approach

Enzyme function prediction by a few residues with known impor-
tance for catalysis or substrate recognition, as introduced in section
1.5 and summarised in Fig. 6, is a powerful approach as highlighted by
this account. It is, however, important to keep inmind that the situation
in nature is often more complex than this.

1) There often exists more than one solution to realise the same sub-
strate specificity, which leads to a general limitation of sequence
alignments: amino acid side chains of different Cα (and alignment)
positions might fill the same space in the active site (exemplified in
Fig. 6A, B and D, sequences 1–4). PLP fold type I provides a perfect
example for this case: the catalytic K242 is fully conserved in the
OrnTL DB, whereas only 20% of the full PLP fold type I database
have a lysine there. Interestingly the catalytic lysine is located two
positions later (K244) in many of the other sequences of that data-
base (40% of the whole database have K244, the additional 40%
could not be aligned properly at this position). The structural super-
position of the human Orn:αKG TA (PDB ID: 1OAT, has K242) and
the 2-aminoethylphosphonate:pyr TA from Salmonella enterica
(PDB ID: 1M32, has K244) revealed that both lysine ε-amino groups
are located close to each other, while their Cα positions differ
(Supplementary data, Figure S4). Structural alignments therefore al-
ways allow further and more accurate conclusions than sequence
alignments, but for many activities, crystal structures are not yet
available. This lack may lead to erroneous sequence alignments, for
instance if the catalytic lysine is aligned at the same common
position (242) before the crystal structure reveals that it actually
occupies another position (244).
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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2) Some interactions of amino acids to the substrate might not be con-
served. Complementary electrostatic interactions or hydrogen bond-
ing are easily analysed, but if the contacts are mainly realised by
hydrophobic interactions or if water molecules mediate them, it is
more difficult to formulate a clear pattern. Additionally, chemically
partially equivalent residues might result in comparable substrate
scopes. The suggested fingerprints in this review therefore need to
be applied with caution, always considering that similar amino
acids at the suggested positions might be found in enzymes with
related specificities. Furthermore, not all sequences thatmatch a cer-
tainfingerprint need to possess a related specificity as demonstrated
for a GABA:αKGTA that has been transformed into aDGD. In thefirst
attempt Liu et al. (2005) exchanged all active site residues of the
E. coli GABA:αKG TA (PDB ID: 1SFF) that were different to those
found in DGD. The I46Q, E185S, V215A, and G269Y quadruple mu-
tant showed, however, no increased decarboxylase activity, which
could be explained by slightly different spatial positions of the Cα
atoms of these residues in the GABA:αKG TA compared to the DGD
(Liu et al., 2005). A final mutant, that had switched reaction specific-
ity, only contained one of the residues (S185) that were predicted by
those found in DGD.

3) Proteins including the active sites have various degrees of flexibility,
which cannot be seen from sequence patterns. Further information
of potential flexibility is only accessible by substrate or product
bound crystal structures.

4) The superfamily to be analysed needs a spatially conserved back-
bone to allow for a proper alignment. If the active site ismainly com-
posed of variable loops, the position of relevant amino acids might
differ significantly, although they are the same in the sequence
alignment. This fact highlights the class III transaminase fold's versa-
tility as all active site structural elements (except the N-terminus
and the loop between core positions 73 and 74, see Fig. 10) are con-
served and allow for such a variety of catalysed reactions and accept-
ed substrates.

4.2. 3DM database related issues

Structural based sequence alignments and their organisation in crys-
tal structure derived subfamilies also have a few issues to be aware of.

Superfamily diversity is a major criterion deciding the database's
content of information. For instance the database created for the PLP
fold type I contained too diverse crystal structures, which resulted in a
relatively small structural core. Even though subgroups within this
alignment (e.g. the class III transaminases) share more structural fea-
tures, these regions cannot be analysed in the large database because
they belong to the variable positions. Creating the OrnTL DB, which
only contains structurally more related enzymes — thereby increasing
the core, but also reducing the reaction diversity in the database —

overcame this problem. The database size will in most cases be a
trade-off between contained reaction or substrate specificities and
covered positions.

4.3. The literature mining problem

A general difficulty for connecting sequence and function is gathering
all available literature that describes enzymes' sequence or specificity
characterisations. Attempts are made to connect publications regarding
function and sequence in databases like BRENDA (Schomburg et al.,
2013). These are constantly growing, but unfortunately still far from
complete. Additional hints for sequences with available experimental
data can be retrieved from the sequences' ‘evidence on protein existence’
annotations in the UniProtKB (Magrane and UniProt Consortium, 2011).

3DM integrates the literature mining software Mutator (Kuipers
et al., 2010a) and the PDF reader Utopia Documents (Attwood et al.,
2010) to provide a link between 3DMpositions in the alignment and ar-
ticles where these positions were mentioned in a certain context, such
sis of a PLP-dependent enzyme superfamily suitable for biocatalytic
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as mutagenesis studies to increase specificity or stability. This new
feature supports literature research regarding mutagenesis studies.
However, the current versions of Mutator and Utopia are made for ex-
traction ofmutation data from literature and they do not include protein
characterisation studies making manual literature studies still indis-
pensable. Although these tools are optimised for finding mutation
data from literature, only approximately one third of the characterised
enzyme list (Supplementary data, Table S5) were not found by the au-
tomated methods in combination with characterisation data retrieved
from BRENDA and UniProt. The development of such tools is a step in
the right direction as the gap between sequence information and relat-
ed literature data is a main obstacle and requires substantial reduction.

4.4. The challenge to identify unknown specificities

The attempts to identify proteins with unknown function, as
described in section 2.4, are limited to enzymes that switched reaction
or substrate specificity by only mutating a few residues compared to
the known enzymes. As the structure-based sequence alignment data-
bases only contain sequences that share a certain identity to a known
structure, and crystal structures are usually solved for already function-
ally characterised enzymes, the identification of specificities that re-
quired several mutations to develop are probably not easy to
recognise in such databases. To allow for a wider identification of bio-
technologically interesting enzymes within the databases increasing
the amount of structural information for low identity sequences
(which otherwise cannot be included in such a database) is of para-
mount importance. Therefore, projects like the Protein Structure Initia-
tive (Berman et al., 2009) or the Enzyme Function Initiative (Gerlt et al.,
2011) are of substantial value for the biotechnological community.

Most notably, the recently discovered new substrate and reaction
specificities (see section 3.8) showed that the potential of the family
of class III transaminases had been underestimated for several years.
This common structural fold allows for a variety of reaction and sub-
strate specificities that have not yet been explored or exploited suffi-
ciently. We therefore attempted to exemplify how the knowledge
gained by this work can be applied to discover new enzyme activities
or new active site designs for achieving already known specificities (as
discussed in section 2.4). The subfamilies of a 3DM database make this
task relatively easy because these groups can be searched as an evolu-
tionary related set to identify sequences that differ from known activi-
ties by not matching the common fingerprints found in each
subfamily. The investigation of such a group separately from the
whole superfamily provides a faster overview of present activities and
potentially new ones because some of the active site residues within
each group are still conserved and differences can be more easily com-
pared and evaluated when not all positions are varied at the same time.

For instance the 2ZUK subfamily contains 18 (putative) αAAA
racemases (2 characterised and 16 additional sequences match the fin-
gerprint D185/K216) and 190 sequences that do not match any of the
active site patterns for known activities (summarised in Supplementary
data, Table S4). Further analysis showed that many of those 190 se-
quences have R/K353, but no E185. Therefore, they probably convert
αAA but not ωAA because the usual mechanism for dual substrate
recognition for this specificity is not present (see section 3.1.1). Further-
more, these might be clustered by certain patterns foundwithin the se-
quence–functionmatrix (Table 2) positions. A few of these, for instance,
contain D185 and N216 (like the Ile-2-epimerase, section 3.7) and
might therefore also be able to catalyse amino acid racemisation. A
larger fraction contains a modified left-handed helix (N44, N47
and a deletion at positions 45 and 46) as found in characterised
phospholyases (section 3.8.3). It is likely, however, that many of these
enzymes have a different substrate scope than the two known
phospholyases because they do not have E267 and E348 and further-
more, several have N185 instead of the unpolar residues found in the
known enzymes. It would be interesting to determine if these enzymes
Please cite this article as: Steffen-Munsberg F, et al, Bioinformatic analy
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show phospholyase and/or transaminase activity to investigate the
mechanisms responsible for the different specificities.

For the discovery of unknown functions or other mechanisms of al-
ready known ones, the 3N5M subfamily is of special interest. Not only is
the template structure's function unknown (PDB ID: 3N5M), but also
most of the entries within this subfamily cannot be assigned with a pu-
tative specificity by the active site fingerprints. This subfamily that only
contains six characterised enzymes (tau:pyr TAs, Ala:glyox TAs 2 and a
βAla:pyr TA that is also able to convert amines, Supplementary data,
Table 5) is very heterogeneous regarding the sequence–functionmatrix
positions (Table 2). Several sequences have R346, while several have
R353 instead, and others have neither. The positions 185 and 269, how-
ever, are relatively conserved and also correlated, as revealed by CMA
(35% sequences of the subfamily have A185 and G269, while 41% have
G185 and I/V269). Regardless of whether these enzymes possess so
far unknown specificities or established other ways to achieve known
activities, the characterisation of such enzymes with unknown function
will be worthwhile as either new biocatalysts will be obtained or the
knowledge of functional determinants within the class III transaminase
family will be extended.

5. Conclusion

In this review we show that the combination of structural informa-
tion and analysis of multiple sequence alignments as exemplified for
the class III transaminase family allowed to extract active site amino
acid fingerprints that correlate with the different enzymatic activities.
The different active site designs identified allowed covering 28 known
reaction and substrate specificities of enzymes within the ornithine
transaminase like family. This analysis should be regarded as a hint for
a qualitative prediction of the substrate scope rather than a fixed rule
because, besides the amino acid distribution of the active site, additional
factors also affect the catalytic properties to a smaller or greater extend.
Nevertheless, we encourage to apply these patterns in annotation strat-
egies and to apply this methodology also for other superfamilies, which
are amenable to such analyses. A critical mass of crystal structures,
however, is necessary to build up high quality sequence alignments,
which include a possibly large fraction of the available sequences of
the superfamily. The fingerprint approach allows not only to connect
known enzyme activities to given sequences, but also to discover en-
zymes with yet unknown specificities and to suggest key mutations to
verify hypotheses derived from the bioinformatics guided in-depth
analysis of an enzyme superfamily. These kinds of systematic investiga-
tions will expand the number of useful enzymes and thereby provide
the community with potentially interesting biocatalysts as well as it
substantially helps to improve our understanding of sequence– and
structure–function relationships of enzymes.
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Supplementary	  data	  

1 Remarks	  to	  the	  provided	  PyMOL	  session	  
The	  session	  was	  created	  using	  PyMOL	  Version	  1.6.0.0[1].	  This	  software	  can	  be	  obtained	  from	  Schrödinger	  Inc.	  (for	  
free	  for	  students)	  or	  compiled	  from	  its	  open	  source	  code.	  An	  introduction	  to	  its	  usage	  can	  be	  found	  in	  the	  PyMOL	  
Wiki	  (http://www.pymolwiki.org/).	  
Chain	  A	  of	  the	  structures	  have	  been	  aligned	  with	  the	  cealign	  command.	  Because	  all	  structures	  are	  aligned	  to	  the	  
human	  Orn:αKG	  TA	  structure	  2OAT,	  they	  might	  easily	  be	  compared.	  The	  first	  object	  ‘2oat_3DM_num’	  contains	  3D	  
numbers	  derived	  from	  the	  3D	  numbering	  scheme	  of	  the	  OrnTL	  DB,	  applied	  to	  the	  structure	  of	  the	  human	  Orn:αKG	  
TA	  structure	  2OAT,	  while	  the	  object	  	  ‘2oat_label’	  contains	  this	  numbers	  as	  labels	  for	  the	  Cαs	  of	  each	  amino	  acid.	  All	  
other	  objects	  contain	  the	  original	  numbering	  from	  the	  crystal	  structures.	  On	  the	  left	  of	  the	  PyMOL	  window,	  the	  
reader	  will	  find	  scene	  buttons	  that	  recall	  the	  figures	  of	  the	  main	  text	  when	  clicked.	  If	  performance	  is	  an	  issue,	  
reducing	  the	  ‘display	  quality’	  will	  help	  (in	  the	  menu	  Display/Quality).	  

2 Remarks	  to	  the	  provided	  dual	  substrate	  recognition	  mechanism	  movie	  
The	  movie	  visualises	  the	  dual	  substrate	  recognition	  of	  amine	  transaminases	  and	  presents	  a	  simplified	  mechanism	  of	  
the	  transamination	  reaction.	  In	  the	  first	  half	  reaction,	  the	  internal	  aldimine	  of	  the	  amine	  transaminase	  (PDB	  ID:	  
3HMU)	  is	  converted	  to	  the	  PMP	  form	  with	  the	  concomitant	  conversion	  of	  L-‐alanine	  to	  pyruvate.	  	  R346	  points	  
towards	  the	  cofactor	  to	  coordinate	  alanine’s	  carboxylate.	  The	  movement	  of	  R346’s	  side	  chain	  out	  of	  the	  active	  site	  
creates	  space	  to	  facilitate	  acetophenone	  binding	  and	  conversion	  to	  (S)-‐1-‐phenylethylamine	  in	  the	  second	  half	  
reaction.	  
The	  movie	  was	  prepared	  using	  the	  YASARA[2]	  and	  PyMOL[1]	  programs.	  3HMU	  was	  used	  as	  the	  starting	  structure.	  The	  
reaction	  intermediates	  were	  modelled	  using	  YASARA	  applying	  docking	  and	  molecular	  dynamics	  simulation	  methods.	  
The	  purpose	  of	  the	  movie	  is	  mainly	  to	  visualize	  dual	  substrate	  recognition	  and	  the	  main	  steps	  during	  the	  first	  half	  
reaction.	  Therefore,	  the	  intermediates	  and	  especially	  the	  transition	  states	  do	  not	  represent	  structures	  with	  the	  
lowest	  possible	  energies	  as	  one	  could	  obtain	  by	  using	  QM	  simulations.	  Some	  (de)protonation	  steps	  are	  omitted,	  
especially	  in	  the	  late	  stages	  oft	  the	  first	  half	  reaction	  (carbinol	  amine	  formation	  and	  hydrolysis),	  as	  the	  details	  are	  not	  
yet	  known.	  Based	  on	  the	  intermediate	  structures	  generated	  with	  YASARA,	  the	  animations	  between	  the	  reaction	  
intermediates	  were	  created	  by	  using	  PyMOL’s	  morphing	  routine.	  The	  second	  half	  reaction	  was	  modelled	  only	  as	  a	  
shortened	  version.	  
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3 Supplementary	  data	  figures	  
3D Number                      1               17             18     25 26    32 
1D7VA   1                   lndDATFWRNARQHLVRYGG......t.......FEPMIIER..AKGSFVY   
1MLZB   1                     mTTDDLAFDQRHILHP.....ytsmtspl....PVYPV..s.AEGCELI   
1OHVC   1      fdydgplmktevpgprSRELMKQLNIIQNA........eav........HFFCNYeeSRGNYLV   
1VEFA   1                      WRALLEAEKTLDSGVYN..............KHDLLIVR..GQGARVW   
2EO5A   1                    mlSRKIIEESDIYLATSTR.....dpe......LFPLVIDH..GEGVWIY   
2GSAB   1                 fktikSDEIFAAAQKLMPG...gvsspvrafksvgg.QPIVFDR..VKDAYAW   
2JJGA   1                    ttPDRVHEVLGRSMLV.........d.......GLDIVLDLtrSGGSYLV   
2OATA   1                  gpptSDDIFEREYKYGAHNYH..............PLPVALER..GKGIYLW   
2ORDA   1                    ki...HHHHHHMYLMNTYS..............RFPATFVY..GKGSWIY   
2ZUKB   1                       KALYDRDGAAIGNLQ......klr......FFPLAISG..GRGARLI   
3A8UX   1               aslasql.......KLDAHWMPYT...anrnflr.....DPRLIVA..AEGSWLV   
3DU4A   1                     mTHDLIEKSKKHLWLPFT...qmkdyden.....PLIIES..GTGIKVK   
3GJUA   1              gmlnqsne...LNAWDRDHFFHPST.hmgthargesp....TRIMAG..GEGVTVW   
3HMUB   1                itnhmpTAELQALDAAHHLHPFS..annalgeeg.....TRVITR..ARGVWLN   
3I5TB   1                     a...VGAAMRDHILLPAQ..emaklgksa.....QPVLTH..AEGIYVH   
3N5MA   1              snamktkqTDELLAKDEQYVWHGMR....pfspn......STTVGAK..AEGCWVE   
3NX3B   1                                             k.......RFDIVLEK..GQGVYLF   
3Q8ND   1      tltqerrlvtaipgpiSQELQARKQSAVAAGV.......gv......TLPVYVVA..AGGGVLA   
4A0GA 277 vfkalketmvlanlerlerln..GMAKLAGEVFWWP...ftqhklvhqet....VTVIDS..RCGENFS   
4AO9B   2 haaidqaladayrrftdanpaSQRQFEAQARYMP....gansrsvlfyapfp...LTIAR..GEGAALW   
4E3QA   1                  nkpq.SWEARAETYSLYG....ftdmpslhqrg....TVVVTH..GEGPYIV   

 

3D Number 33       36             45    46            66              67    73 
1D7VA  37 DAD......GRAILDFTSGQMSAVL.....GHCHPEIVSVIGEYA...............GKLDHLF..   
1MLZB  38 LSD......GRRLVDGMSSWWAAIH.....GYNHPQLNAAMKSQI...............DAMSHVM..   
1OHVC  49 DVD......GNRMLDLYSQISSIPI.....GYSHPALVKLVQ......qpqnvstfi......NRPA..   
1VEFA  33 DAE......GNEYIDCVGGYGVANL.....GHGNPEVVEAVKRQA...............ETLMAMP..   
2EO5A  38 DVD......GNKYLDFTSGIGVNNL.gwp...SHPEVIKIGIEQM...............QKLAHAA..   
2GSAB  48 DVD......GNRYIDYVGTWGPAIC.....GHAHPEVIEALKVAM...............EKGTSFG..   
2JJGA  35 DA...it..GRRYLDMFTFVASSAL.....GMNPPA.........lvddrefhaelmqaa..LNKPS..   
2OATA  37 DVE......GRKYFDFLSSYSAVNQ.....GHCHPKIVNALKSQV...............DKLTLTS..   
2ORDA  32 DEK......GNAYLDFTSGIAVNVL.....GHSHPRLVEAIKDQA...............EKLIHCS..   
2ZUKB  34 EEN......GRELIDLSGAWGAASL.....GYGHPAIVAAVSAAA......................an   
3A8UX  39 DDK......GRKVYDSLSGLWTCGA.....GHTRKEIQEAVAKQL...............STLDYSP..   
3DU4A  40 DIN......GKEYYDGFSSVWLNVH.....GHRKKELDDAIKKQL...............GKIAHST..   
3GJUA  47 DNN......GRKSIDAFAGLYCVNV.....GYGRQKIADAIATQA...............KNLAYYH..   
3HMUB  46 DSE......GEEILDAMAGLWCVNI.....GYGRDELAEVAARQM...............RELPYYN..   
3I5TB  38 TED......GRRLIDGPAGMWCAQV.....GYGRREIVDAMAHQA...............MVLPYAS..   
3N5MA  45 DIQ......GKRYLDGMSGLWCVNS.....GYGRKELAEAAYKQL...............QTLSYFP..   
3NX3B  17 DDK......AKKYLDFSSGIGVCAL.....GYNHAKFNAKIKAQV...............DKLLHTS..   
3Q8ND  50 DAD......GNQLIDFGSGIAVTTV.....GNSAPAVVDAVTQQV...............AAFTHTC..   
4A0GA 335 IYKasdnssLSQQFDACASWWTQGPdptfq....AELAREMGYTA...............ARFGHVM..   
4AO9B  62 DAD..g....HRYADFIAEYTAGVY.....GHSAPEIRDAVIEAM...............QGGINLT..   
4E3QA  42 DVN......GRRYLDANSGLWNMVA.....GFDHKGLIDAAKAQY...............ERFPGYH..   

 

3D Number          74         84    90   91                         118 
1D7VA  78 ..sgm....LSRPVVDLAT.RLANITPpgl.DRALLLSTGAESNEAAIRMAKLVT..............   
1MLZB  79 ..fggi...THAPAIELCR.KLVAMTPqpl.ECVFLADSGSVAVEVAMKMALQYWQAKG..........   
1OHVC  93 ..lgil...PPENFVEKLReSLLSVAPkgm.SQLITMACGSCSNENAFKTIFMWYRSKErgqsafskee   
1VEFA  74 ..qtl....PTPMRGEFYR.TLTAILPpel.NRVFPVNSGTEANEAALKFARAHT..............   
2EO5A  80 ..andf...YNIPQLELAK.KLVTYSPgnfqKKVFFSNSGTEAIEASIKVVKNTG..............   
2GSAB  89 ...a.....PCALENVLAE.MVNDAVP.si.EMVRFVNSGTEACMAVLRLMRAYT..............   
2JJGA  81 ..nsdv...YSVAMARFVE.TFARVLGdpalPHLFFVEGGALAVENALKAAFDWKSRHN.......qah   
2OATA  78 ..raf....YNNVLGEYEE.YITKLFN.y..HKVLPMNTGVEAGETACKLARKWGYTVK.........g   
2ORDA  73 ..nlf....WNRPQMELAE.LLSKNTF.g..GKVFFANTGTEANEAAIKIARKYGKKKS..........   
2ZUKB  70 pagatilsaSNAPAVTLAE.RLLASFPgegtHKIWFGHSGSDANEAAYRAIVKAT..............   
3A8UX  80 ..gfqy...GHPLSFQLAE.KITDLTPgnl.NHVFFTDSGSECALTAVKMVRAYWRLKG..........   
3DU4A  81 ..llgm...TNVPATQLAE.TLIDISPkkl.TRVFYSDSGAEAMEIALKMAFQYWKNIG..........   
3GJUA  88 .ayvgh...GTEASITLAK.MIIDRAPkgm.SRVYFGLSGSDANETNIKLIWYYNNVLG..........   
3HMUB  87 .tffkt...THVPAIALAQ.KLAELAPgdl.NHVFFAGGGSEANDTNIRMVRTYWQNKG..........   
3I5TB  79 ..pwym...ATSPAARLAE.KIATLTPgdl.NRIFFTTGGSTAVDSALRFSEFYNNVLG..........   
3N5MA  86 ..msq....SHEPAIKLAE.KLNEWL.gge.YVIFFSNSGSEANETAFKIARQYYAQKG..........   
3NX3B  58 ..nly....YNENIAAAAK.NLAKASA.l..ERVFFTNSGTESIEGAMKTARKYAFNKG..........   
3Q8ND  91 ..fmvt...PYEGYVKVAE.HLNRLTPgdheKRTALFNSGAEAVENAVKIARAYT..............   
4A0GA 383 .fpenvy....EPALKCAE.LLLDGVGkgwaSRVYFSDNGSTAIEIALKMAFRKFCV...........d   
4AO9B 103 ...g.....HNLLEGRLAR.LICERFP.qi.EQLRFTNSGTEANLMALTAALHFTG.............   
4E3QA  83 .affgr...MSDQTVMLSE.KLVEVSPfds.GRVFYTNSGSEANDTMVKMLWFLHAAEG..........   
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3D Number              119                    142 143   149      150 154 
1D7VA 125 .g...........KYEIVGFAQSWHGMTGAAASATYS.a...GRKGV........GPAAV.........   
1MLZB 131 .e...........RQRFLTFRNGYHGDTFGAMSVCDP..........dnsmhslwKGYLP.........   
1OHVC 156 letcminqapgcpDYSILSFMGAFHGRTMGCLATTH..skAIHKIDI....................ps   
1VEFA 121 .g...........RKKFVAAMRGFSGRTMGSLSVTWE...PKYREPF........LPLVE.........   
2EO5A 129 .............RKYIIAFLGGFHGRTFGSISLTA..skAVQRSIV........GPFMP.........   
2GSAB 133 .g...........RDKIIKFEGCYHG..........................................a   
2JJGA 137 gidpal.......GTQVLHLRGAFHGRSGYTLSLTNT.k.PTITARF....................pk   
2OATA 128 iqky.........KAKIVFAAGNFWGRTLSAISSSTD...PTSYDGF........GPFMP.........   
2ORDA 122 .ek..........KYRILSAHNSFHGRTLGSLTATGQ...PKYQKPF........EPLVP.........   
2ZUKB 124 .g...........RSGVIAFAGAYHGCTVGSMAFSGH...............................a   
3A8UX 132 qat..........KTKMIGRARGYHGVNIAGTSLGGV...NGNRKLF........GQPMQ.........   
3DU4A 133 kpe..........KQKFIAMKNGYHGDTIGAVSVGSI...ELFHHVY........GPLMF.........   
3GJUA 141 rpe..........KKKIISRWRGYHGSGVMTGSLTGL...DLFHNAF........DLPRA.........   
3HMUB 140 qpe..........KTVIISRKNAYHGSTVASSALGGM...AGMHAQS.........GLIP.........   
3I5TB 131 rpq..........KKRIIVRYDGYHGSTALTAACTGR...TGNWPNF........DIAQD.........   
3N5MA 136 eph..........RYKFMSRYRGYHGNTMATMAATGQ...AQRRYQY........EPFAS.........   
3NX3B 107 .vk..........GGQFIAFKHSFHGRTLGALSLTAN...EKYQKPF........KPLIS.........   
3Q8ND 140 .r...........RQAVVVFDHAYHGRTNLTMAMTAKnqp..YKHGF........GPFAN.........   
4A0GA 435 hnfi.........VVKVIALRGSYHGDTLGAMEA..........................qapspytgf   
4AO9B 148 .............RRKIVVFSGGYHG...................................gvlgfgar   
4E3QA 136 kpq..........KRKILTRWNAYHGVTAVSASMTGKpyn....SVF........GLPLP.........   

 

3D Number         155    162                   163      172 
1D7VA 161 ........GSFAIPAP....ftyrprferngayd...YLAELDYAFD......................   
1MLZB 169 ........ENLFAPAP......qsrmgewder.....DMVGFARLMA......................   
1OHVC 203 f.......DWPIAPFP.rlkypleefvkenqqeear.CLEEVEDLIV......................   
1VEFA 158 ........PVEFIPYN.....................DVEALKRAVD......................   
2EO5A 166 ........GVIHVPYPnpyrnpwhingyenpselvnrVIEFIED.........................   
2GSAB 148 ........NTLTTPYN.....................DLEAVKALFA......................   
2JJGA 177 f.......DWPRIDAP..ymrpgldepamaaleae..ALRQARAAFE......................   
2OATA 168 ........GFDIIPYN.....................DLPALERALQ......................   
2ORDA 160 ........GFEYFEFN.....................NVEDLRRKMS......................   
2ZUKB 150 d.......GLILLPYP....dpyrpyrndptgda...ILTLLTEKLA......................   
3A8UX 171 ........DVDHLPHT..llasnaysrgmpkeggia.LADELLKLIE......................   
3DU4A 172 ........ESYKAPIP...yvyrsesgdpdecrdq..ZLRELAQLLE......................   
3GJUA 180 ........PVLHTEAP..yyfrrtdrsmseeqfsqh.CADKLEEMIL......................   
3HMUB 178 ........DVHHINQP..nwwaeggdmdpeefgla..RARELEEAIL......................   
3I5TB 170 ........RISFLSSP...nprhagnrsqeafldd..LVQEFEDRIE......................   
3N5MA 175 ........GFLHVTPP..dcyrmpgiereniydve..CVKEVDRVMT......................   
3NX3B 145 ........GVKFAKYN.....................DISSVEKLVN......................   
3Q8ND 178 ........EVYRVPTS.....ypfrdgetdgaa....AAAHALDLIN......................   
4A0GA 469 lqqpwytgRGLFLDPP...............................tvflsngswnislpesfseiap   
4AO9B 169 pspttvpfDFLVLPYN.....................DAQTARAQIE......................   
4E3QA 174 ........GFVHLTCP..hywrygeegeteeqfvar.LARELEETIQ......................   

 

3D Number                                   173       182        187          200 
1D7VA 193 ..lidrqssg........................NLAAFIAEP.ILSSG......GIIELPDGYMAALK   
1MLZB 197 ....ahrh..........................EIAAVIIEPiVQGAG......GMRMYHPEWLKRIR   
1OHVC 241 ..kyrkkkk.........................TVAGIIVEP.IQSEG......GDNHASDDFFRKLR   
1VEFA 176 .....e............................ETAAVILEP.VQGEG......GVRPATPEFLRAAR   
2EO5A 202 .yifvnlvppe.......................EVAGIFFEP.IQGEG......GYVIPPKNFFAELQ   
2GSAB 166 ....enpg..........................EIAGVILEP.IVGNS......GFIVPDAGFLEGLR   
2JJGA 213 ....trph..........................DIACFVAEP.IQGEG......GDRHFRPEFFAAMR   
2OATA 186 .....dp...........................NVAAFMVEP.IQGEA......GVVVPDPGYLMGVR   
2ORDA 178 .....e............................DVCAVFLEP.IQGES......GIVPATKEFLEEAR   
2ZUKB 183 ...avpag..........................SIGAAFIEP.IQSDG......GLIVPPDGFLRKFA   
3A8UX 207 ...lhdas..........................NIAAVFVEP.LAGSA......GVLVPPEGYLKRNR   
3DU4A 206 ....ehhe..........................EIAALSIES......mvqgasGMIVMPEGYLAGVR   
3GJUA 216 ...aegpe..........................TIAAFIGEP.ILGTG......GIVPPPAGYWEKIQ   
3HMUB 213 ...elgen..........................RVAAFIAEP.VQGAG......GVIVAPDSYWPEIQ   
3I5TB 204 ...slgpd..........................TIAAFLAEP.ILASG......GVIIPPAGYHARFK   
3N5MA 210 ...welse..........................TIAAFIMEP.IITGG......GILMAPQDYMKAVH   
3NX3B 163 .....e............................KTCAIILES.VQGEG......GINPANKDFYKALR   
3Q8ND 208 ...kqvgad.........................NVAAVVIEP.VHGEG......GFVVPAPGFLGALQ   
4A0GA 507 eygtftsrdeifdksrdastlariysaylskhlaHVGALIIEPvIHGAG......GMHMVDPLFQRVLV   
4AO9B 195 ....rhgp..........................EIAVVLVEP.MQGAS......GCIPGQPDFLQALR   
4E3QA 210 ...regad..........................TIAGFFAEP.VMGAG......GVIPPAKGYFQAIL   
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3D Number 201  206    207             223   224   229      235         247    248 
1D7VA 229 RKCEAR......GMLLILDEAQTGVGRTG.....TMFAC.QRDGVT...PDILTLSKTLGAG.......   
1MLZB 230 ......kicdreGILLIADEIATGFGRTG.....KLFAC.EHAEIA...PDILCLGKALTGG......T   
1OHVC 276 DISRKH......GCAFLVDEVQTGGGSTG.....KFWAH.EHWGL.ddpADVMTFSKKMM.........   
1VEFA 205 EITQEK......GALLILDEIQTGMGRTG.....KRFAF.EHFGIV...PDILTLAKALGGG.......   
2EO5A 240 KLAKKY......GILLVDDEVQMGLGRTG.....KLFAI.ENFNTV...PDVITLAKALGGG......I   
2GSAB 198 EITLEH......DALLVFDEVMTGFRIA......YGGVQ.EKFGVT...PDLTTLGKIIGG.......G   
2JJGA 245 ELCDEF......DALLIFDEVQTGCGLTG.....TAWAY.QQLDVA...PDIVAFGKKTQ.........   
2OATA 216 ELCTRH......QVLFIADEIQTGLARTG.....RWLAV.DYENVR...PDIVLLGKALSGG......L   
2ORDA 207 KLCDEY......DALLVFDEVQCGMGRTG.....KLFAY.QKYGVV...PDVLTTAKGLGGG.......   
2ZUKB 216 DICRAH......GILVVCDEVKVGLARSG.....RLHCF.EHEGFV...PDILVLGKGLGGG.......   
3A8UX 240 EICNQH......NILLVFDEVITGFGRTG.....SMFGA.DSFGVT...PDLMCIAKQVTNG......A   
3DU4A 239 ELCTTY......DVLMIVDEVATGFGRTG.....KMFAC.EHENVQ...PDLMAAGKGITGG......Y   
3GJUA 249 AVLKKY......DVLLVADEVVTGFGRLG.....TMFGS.DHYGIK...PDLITIAZ.....kgltsaY   
3HMUB 246 RICDKY......DILLIADEVICGFGRTG.....NWFGT.QTMGIR...PHIMTIAKGLSSG......Y   
3I5TB 237 AICEKH......DILYISDEVVTGFGRCG.....EWFASeKVFGVV...PDIITFAKGVTSG......Y   
3N5MA 243 ETCQKH......GALLISDEVICGFGRTG.....KAFGF.MNYDVK...PDIITMAKGITSA......Y   
3NX3B 192 KLCDEK......DILLIADEIQCGMGRSG.....KFFAY.EHAQIL...PDIMTSAKALGCG.......   
3Q8ND 242 KWCTDN......GAVFVADEVQTGFARTG.....ALFAC.EHENVV...PDLIVTAKGIAGG.......   
4A0GA 570 NECRNR......KIPVIFDEVFTGFWRLG.....VETTT.ELLGCK...PDIACFAKLLTGG......M   
4AO9B 227 ESATQV......GALLVFDEVMT......srlap.HGLA.NKLGIR...SDLTTLGKYIGGG.......   
4E3QA 243 PILRKY......DIPVISDEVICGFGRTG.....NTWGC.VTYDFT...PDAIISSKNLTAG......F   

 

3D Number 249      258     259    266              267           271          284 
1D7VA 276 LPLAAIVTSA.......AIEERAH.......elgy......LFYT..........THVSDPLPAAVGLR   
1MLZB 278 MTLSATLTTR.......EVAET......isngeagcf....MHGP..........TFMGNPLACAAANA   
1OHVC 323 ..TGGFFHKE..efr......PNAP.......y........RIFN..........TWLGDPSKNLLLAE   
1VEFA 252 VPLGVAVMRE.......EVARSMPK.......g........GHGT..........TFGGNPLAMAAGVA   
2EO5A 288 MPIGATIFRK.......DLDFK..........................tfg.......GNALACAIGSK   
2GSAB 244 LPVGAYGGKR.......EIMQLVA......pagpm......YQAG..........TLSGNPLAMTAGIK   
2JJGA 290 ..VCGVMAGRrvdevadNVFA..........vps.......RLNS..........TWGGNLTDMVRARR   
2OATA 264 YPVSAVLCDD.......DIMLTIKP.......g........EHGS..........TYGGNPLGCRVAIA   
2ORDA 254 VPIGAVIVNE..ran......VLEP.......g........DHGT..........TFGGNPLACRAGVT   
2ZUKB 263 LPLSAVIAPA.......EILDCA.........sa.......FAMQ..........TLHGNPISAAAGLA   
3A8UX 288 IPMGAVIAST.......EIYQT....fmnqptpeyavef..PHGY..........TYSAHPVACAAGLA   
3DU4A 287 LPIAVTFATE.......DIYKAFY....ddyenlktf....FHGH..........SYTGNQLGCAVALE   
3GJUA 298 APLSGVIVAD.......RVWQVLV....qgsdklgsl....GHGW..........TYSAHPICVAAGVA   
3HMUB 294 APIGGSIVCD.......EVAHV........igkdef.....NHGY..........TYSGHPVAAAVALE   
3I5TB 286 VPLGGLAISE.......AVLARI.....sgenakgswf...TNGY..........TYSNQPVACAAALA   
3N5MA 291 LPLSATAVKR.......EIYEAFK.....gkgeyeff....RHIN..........TFGGNPAACALALK   
3NX3B 239 LSVGAFVINQ.......KVASNSL.....................eagdhgstyg...GNPLVCAGVNA   
3Q8ND 289 LPLSAVTGRA.......EIMDGPQS.......g........GLGG..........TYGGNPLACAAALA   
4A0GA 618 VPLAVTLATD.......AVFDSFS.....gdsklkal....LHGH..........SYSAHAMGCATAAK   
4AO9B 272 MSFGAFGGRA.......DVMALF......dprtgpl.....AHSG..........TFNNNVMTMAAGYA   
4E3QA 291 FPMGAVILGP...............elskrletaieaieefPHGF..........TASGHPVGCAIALK   

 

3D Number 285   291  292     299         311                             312  317 
1D7VA 315 VLDVVQR.d..GLVARAN.VMGDRLRRGLLDL.............merfdc............IGDVRG   
1MLZB 320 SLAILES.g..DWQQQVA.DIEVQLREQLAPA.............rdaem.............VADVRV   
1OHVC 357 VINIIKR.e..DLLSNAA.HAGKVLLTGLLDL............qarypqf............ISRVRG   
1VEFA 289 AIRYLER.t..RLWERAA.ELGPWFMEKLRAI..............pspk.............IREVRG   
2EO5A 317 VIDIVKD.....LLPHVN.EIGKIFAEELQGL...............................ADDVRG   
2GSAB 284 TLELLRQ.p..GTYEYLD.QITKRLSDGLLAI.............aqetgh............AACGGQ   
2JJGA 330 ILEVIEA.e..GLFERAV.QHGKYLRARLDEL............aadfpav............VLDPRG   
2OATA 301 ALEVLEE.e..NLAENAD.KLGIILRNELMKL..............psdv.............VTAVRG   
2ORDA 290 VIKELTK.e..GFLEEVE.EKGNYLMKKLQEM.............keeydv............VADVRG   
2ZUKB 299 VLETIDR.d..DLPAMAE.RKGRLLRDGLSEL.............akrhpl............IGDIRG   
3A8UX 334 ALCLLQK.e..NLVQSVA.EVAPHFEKALHGI.............kgakn.............VIDIRN   
3DU4A 331 NLALFES.e..NIVEQVA.EKSKKLHFLLQDL.............halph.............VGDIRQ   
3GJUA 342 NLELIDE.m..DLVTNAG.ETGAYFRAELAKA.............vgghkn............VGEVRG   
3HMUB 333 NLRILEE.e..NILDHVRnVAAPYLKEKWEAL.............tdhpl.............VGEAKI   
3I5TB 330 NIELMER.e..GIVDQAR.EMADYFAAALASL.............rdlpg.............VAETRS   
3N5MA 334 NLEIIEN.e..NLIERSA.QMGSLLLEQLKEE.............igehpl............VGDIRG   
3NX3B 277 VFEIFKE.e..KILENVN.KLTPYLEQSLDEL.............inefdf............CKKRKG   
3Q8ND 326 VIDTIER.e..NLVARAR.AIGETMLSRLGAL.............aaadpr............IGEVRG   
4A0GA 661 AIQWFKD.........................petnhnitsqgktlrelwdeelvqqisshsaVQRVVV   
4AO9B 313 GLTK...lftpEAAGALA.ERGEALRARLNAL............canegvam.............QFTG   
4E3QA 335 AIDVVMN.e..GLAENVR.RLAPRFEERLKHI.............aerpn.............IGEYRG   
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3D Number 318       328               329          341     349     350        361 
1D7VA 355 RGLLLGVEIVK....drrtkepad....GLGAKITRECMN.LGLSMNIVQ.lpgmg.GVFRIAPPLTVS   
1MLZB 359 LGAIGVVETTH........p........VNMAALQKFFVE.QGVWIRPFG.......KLIYLMPPYIIL   
1OHVC 398 RGTFCSFDTPD........e........SIRNKLISIARN.KGVMLGGCG...d...KSIRFRPTLVFR   
1VEFA 327 MGLMVGLELKE..................KAAPYIARLEKeHRVLALQAG...p...TVIRFLPPLVIE   
2EO5A 349 IGLAWGLEYNE........k........KVRDRIIGESFK.RGLLLLPAG...r...SAIRVIPPLVIS   
2GSAB 324 VSGMFGFFFT..egpvhnyedakksdl.QKFSRFHRGMLE.QGIYLAPSQ...fe.....AGFTSLAHT   
2JJGA 371 RGLMCAFSLPT........t........ADRDELIRQLWQ.RAVIVLPAG...a...DTVRFRPPLTVS   
2OATA 339 KGLLNAIVIKE.......tkd.......WDAWKVCLRLRD.NGLLAKPTH...g...DIIRFAPPLVIK   
2ORDA 330 MGLMIGIQFRE........e........VSNREVATKCFE.NKLLVVPAG...n...NTIRFLPPLTVE   
2ZUKB 339 RGLACGMELVC....drqsrepar....AETAKLIYRAYQ.LGLVVYYVG..mng..NVLEFTPPLTIT   
3A8UX 373 FGLAGAIQIAP......rdgdai.....VRPFEAGMALWK.AGFYVRFGG.......DTLQFGPTFNSK   
3DU4A 370 LGFMCGAELVR...sketkepypadr..RIGYKVSLKMRE.LGMLTRPLG.......DVIAFLPPLAST   
3GJUA 382 DGMLAAVEFVA...dkddrvffdasq..KIGPQVATALAA.SGVIGRAMP...qg..DILGFAPPLCLT   
3HMUB 373 VGMMASIALTP..nkasrakfasepg..TIGYICRERCFA.NNLIMRHVG.......DRMIISPPLVIT   
3I5TB 369 VGLVGCVQCL......lgtaedk.....AFTLKIDERCFE.LGLIVRPLG.......DLCVISPPLIIS   
3N5MA 374 KGLLVGIELVN....dketkepidn...DKIASVVNACKE.KGLIIGRNGmttagynNILTLAPPLVIS   
3NX3B 317 LGFMQGLSLDK........s........VKVAKVIQKCQE.NALLLISCG...e...NDLRFLPPLILQ   
3Q8ND 366 RGAMIAVELVK.....pgttepda....DLTKRVAAAAHA.QGLVVLTCG..tyg..NVLRFLPPLSMP   
4A0GA 705 IGTLFALELKS........l.........YAKSLLIMLRE.DGIFTRPLG.......NVIYLMCGPCTS   
4AO9B 353 IGSLMNAHF..vqgdvrssedlaavdgr.LRQLLFFHLLN.EDIYSSPR..........GFVVLSLPLT   
4E3QA 374 IGFMWALEAVK...dkasktpfdgnl..SVSERIANTCTD.LGLICRPLG.......QSVVLCPPFILT   

 

3D Number 362              379 
1D7VA 413 EDEIDLGLSLLGQAIERAl                
1MLZB 404 PQQLQRLTAAVNRAVQDEtffc             
1OHVC 444 DHHAHLFLNIFSDILADF                 
1VEFA 372 KEDLERVVEAVRAVLA                   
2EO5A 395 EEEAKQGLDILKKVIKVV                 
2GSAB 381 EEDIDATLAAARTVMSAL                 
2JJGA 417 TAEIDAAIAAVRSALPVVt                
2OATA 387 EDELRESIEIINKTILSF                 
2ORDA 376 YGEIDLAVETLKKVLQGI                 
2ZUKB 395 ETDIHKALDLLDRAFSELsavsneeiaqfagw   
3A8UX 423 PQDLDRLFDAVGEVLNKLl                
3DU4A 426 AEELSEMVAIMKQAIHEVtsled            
3GJUA 440 REQADIVVSKTADAVKSVfa               
3HMUB 430 PAEIDEMFVRIRKSLDEAqaeiekqglmkse    
3I5TB 419 RAQIDEMVAIMRQAITEVsaahgl           
3N5MA 435 SEEIAFVIGTLKTAMERI                 
3NX3B 363 KEHIDEMSEKLRKALKSF                 
3Q8ND 421 DHLLDEGLDILAAVFAEVk                
4A0GA 749 PEICRRLLTKLYKRLGEFnrt              
4AO9B 408 DADIDRYVAAIGSFIGGHgallpran         
4E3QA 430 EAQMDEMFDKLEKALDKVfaeva 

Figure	  S1:	  Structural	  based	  sequence	  alignment	  of	  all	  OrnTL	  DB	  subfamily	  template	  structures.	  The	  3D	  numbers	  are	  given	  in	  the	  first	  row,	  
sequence	  numbers	  correspond	  to	  the	  residues	  present	  in	  the	  aligned	  chain	  (indicated	  by	  the	  last	  letter	  of	  the	  enzymes’	  names).	  Core	  regions	  
are	  shown	  in	  capital	  letters	  and	  residues	  in	  variable	  regions	  are	  not	  aligned.	  The	  sequence-‐function	  matrix	  (Table	  2)	  residues	  are	  highlighted	  
red	  and	  the	  catalytic	  lysine	  is	  highlighted	  yellow.	  
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Figure	  S2:	  Core	  and	  variable	  regions	  of	  the	  whole	  fold	  type	  I	  3DM	  database	  (A)	  and	  the	  OrnTL	  DB	  (B)	  displayed	  in	  the	  active	  site	  residues	  of	  
the	  human	  Orn:αKG	  TA	  (PDB:	  2OAT).	  Core	  regions	  are	  coloured	  in	  grey	  (residues	  blue)	  and	  variable	  regions	  are	  coloured	  in	  yellow.	  All	  active	  
site	  contributing	  amino	  acids	  and	  the	  PLP-‐ornithine	  mimicking	  inhibitor	  are	  shown	  as	  sticks.	  Especially	  the	  P-‐side	  of	  the	  active	  site	  is	  not	  
conserved	  within	  the	  whole	  fold	  type	  I,	  but	  could	  be	  aligned	  in	  the	  Orn	  TL	  DB.	  

	  

	  

	  

	  

A)	   B)	  
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Figure	  S3:	  Structural	  alignment	  of	  all	  Orn	  TA-‐like	  database	  subfamilies’	  ‘template’	  structures.	  Core	  regions	  are	  shown	  in	  grey	  and	  variable	  
regions	  are	  shown	  in	  yellow.	  Cofactors	  are	  shown	  as	  orange	  sticks.	  The	  DTS	  domain	  of	  the	  Arabidopsis	  SAM:KAPA	  TA	  (PDB	  ID:	  4A0G)	  was	  
omitted	  for	  clarity	  reasons.	  A)	  and	  B)	  contain	  the	  same	  alignment	  rotated	  around	  the	  vertical	  Z-‐axis.	  

	  

	  

A)	  

B)	  
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Figure	  S4:	  Additional	  substrate	  and	  product	  structures	  to	  complement	  Table	  3.	  	  (A)	  Additional	  substrates	  accepted	  by	  Ala:glyox	  TAs	  2	  (B)-‐(E)	  
Reactions	  catalysed	  by	  Glu:6’-‐oxoglucos(amin)yl	  TAs.	  The	  transaminated	  oxygen	  and	  nitrogen	  are	  highlighted	  in	  grey.	  Note	  that	  the	  enzyme	  
only	  deaminates	  C6’’’	  in	  neomycin	  C	  (E),	  but	  transaminates	  C6’	  in	  the	  other	  neamine	  derived	  substrates	  (B)-‐(D).	  
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Figure	  S5:	  Additional	  substrate	  and	  product	  structures	  to	  complement	  Table	  3.	  (A)	  Structure	  of	  coenzyme	  A	  (CoA)	  (B)	  Structure	  of	  fumonisisn	  
B1	  (C)	  Structure	  of	  hydrolysed	  fumonisin	  B1.	  

	  

	  

	  

Figure	  S6:	  Different	  alignment	  positions	  of	  the	  catalytic	  lysine	  can	  still	  result	  in	  a	  similar	  positioning	  of	  its	  ε-‐amino	  group.	  The	  structures	  of	  
the	  human	  Orn:αKG	  TA	  (PDB	  1OAT,	  has	  K242)	  and	  the	  2-‐aminoethylphosphonate:pyr	  TA	  from	  Salmonella	  enterica	  (PDB	  1M32,	  has	  K244)	  have	  
been	  superimposed	  to	  compare	  the	  catalytic	  lysine	  positions.	  The	  cofactor	  and	  the	  catalytic	  lysine	  are	  shown	  as	  sticks.	  
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Figure	  S7:	  Active	  site	  of	  the	  ATA	  from	  Rhodobacter	  sphaeroides	  (PDB	  ID:	  3I5T).	  R142	  is	  probably	  disrupting	  βAla	  binding	  between	  W47,	  S185	  
and	  R353	  and	  therefore	  3I5T	  possesses	  only	  low	  βAla:pyr	  activity.	  The	  side	  chains	  of	  residues	  S185	  and	  R142	  seem	  to	  be	  relatively	  flexible	  
because	  of	  the	  electron	  density	  of	  the	  crystal	  structure	  and	  therefore	  also	  the	  model	  deposited	  in	  the	  PDB	  indicates	  more	  then	  one	  
orientation.	  Residues	  are	  shown	  in	  green	  and	  PLP	  in	  orange	  sticks.	  

	  

	  	  	  	  	  	  46	  

	  	  	  	  	  	  47	  

	  	  	  	  346	  

	  	  142	  

	  	  	  	  	  	  185	  
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Figure	  S8:	  Extended	  Figure	  2	  highlighting	  the	  diversity	  of	  PLP-‐dependent	  enzymes	  exemplified	  by	  their	  mechanism.	  
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4 Supplementary	  data	  tables	  
Table	  S1:	  Overview	  of	  the	  reaction	  specificities	  found	  in	  the	  different	  PLP	  fold	  types.	  	  

Fold	  
type	   Representative	  name	   EC	  number	   Description	  

I	  
Aspartate	  aminotransferase	  
superfamily	  

1.17.1	   (CH/CH2)	  Oxidoreductase	  

1.4.4	   (CHNH2)	  Oxidoreductase	  
2.1.2	   (1C)	  Transferase	  

2.3.1	   Acyl	  transferase	  
2.5.1	   Alkyl/aryl	  transferase	  

2.6.1	   Amino	  transferase	  

2.8.1	   Sulfur	  transferase	  
2.9.1	   Seleno	  transferase	  

3.7.1	   Hydrolase	  (C-‐C)	  
4.1.1	   Carboxyl	  transferase	  

4.1.2	   Aldehyde	  lyase	  
4.1.99	   C-‐C	  Lyase	  

4.2.1	   Hydro	  lyase	  

4.3.1	   Ammonia	  lyase	  
4.4.1	   C-‐S	  Lyase	  

5.1.1	   Racemase	  
5.4.3	   Isomerase	  

II	  
Tryptophan	  synthase	  
superfamily	  

2.5.1	   Alkyl/aryl	  transferase	  

3.5.99	   C-‐N	  Hydro	  lyase	  
4.2.1	   C-‐O	  Hydro	  lyase	  

4.2.3	   C-‐O	  Lyase	  (phosphates)	  
4.3.1	   Ammonia	  lyase	  

4.4.1	   C-‐S	  Lyase	  
5.1.1	   Amino	  acid	  racemase	  

III	  
Alanine	  racemase	  	  
superfamily	  

4.1.1	   Carboxy	  lyase	  

4.1.2	   Aldehyde	  lyase	  
4.3.1	   Ammonia	  lyase	  

5.1.1	   Amino	  acid	  racemase	  

IV	  
D-‐alanine	  aminotransferase	  
superfamily	  

2.6.1	   Amino	  transferase	  

4.1.3	   Oxo	  acid	  lyase	  

V	   Glycogen	  phosphorylase	  
superfamily	  

2.4.1	   Glycosyltransferases	  

VI	  
D-‐Lysine-‐5,6-‐aminomutase	  
superfamily	   5.4.3	   Isomerase	  

VII	  
Lysine-‐2,3-‐aminomutase	  
superfamily	   5.4.3	   Isomerase	  
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Table	  S2:	  Size	  of	  the	  21	  subfamilies	  of	  the	  OrnTL	  DB	  (total	  number	  of	  sequences	  in	  this	  database:	  12,956).	  	  

Subfamily	  
Subfamily	  

size	  
Specificity	  of	  the	  subfamily’s	  template	  

structure	  
2OAT	   915	   Orn:αKG	  TA	  
1VEF	   603	   AcOrn:αKG	  TA	  
2ORD	   2370	   ND	  (AcOrn:αKG	  TA?)	  
3NX3	   129	   AcOrn:αKG	  TA	  
2EO5	   188	   ND	  
2JJG	   105	   Lysε:αKG	  TA	  
1OHV	   293	   GABA:αKG	  TA	  
3Q8N	   1403	   GABA:αKG	  TA	  
3HMU	   770	   ‘high	  activity’	  ATA	  
4E3Q	   57	   ‘high	  activity’	  ATA	  
3I5T	   112	   ‘high	  activity’	  ATA	  
3GJU	   300	   ‘low	  activity’	  ATA	  
3A8U	   539	   βAla:pyr	  TA	  
1MLZ	   1384	   SAM:KAPA	  TA	  
4A0G	   67	   SAM:KAPA	  TA,	  DTS	  
3DU4	   696	   Lys:KAPA	  TA	  
4AO9	   99	   βPhe:αKG/pyr	  TA	  
2GSA	   2084	   GSAM	  
1D7V	   171	   DGD	  
2ZUK	   208	   ACL	  racemase	  
3N5M	   499	   ND	  

ND:	  not	  determined	  
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Table	  S3:	  The	  most	  conserved	  positions	  in	  the	  OrnTL	  DB	  and	  the	  corresponding	  conservation	  in	  the	  full	  PLP	  fold	  type	  I	  database.	  The	  
following	  positions	  appear	  to	  be	  characteristic	  for	  the	  Orn	  TA-‐like	  family:	  D41,	  H130,	  G131,	  E180,	  G187,	  E214,	  P235,	  K242	  and	  G319.	  	  

Amino	  acid	   %	  Conservation	  in	  
OrnTL	  DB	  

%	  Conservation	  in	  
PLP	  fold	  type	  I	  DB	  

Difference	  in	  
conservationa	  	  

D41	   98	  	  	   32	   66	  
G52	   100	   70	   30	  
G99	   100	   68	   32	  
H130	   98	   36	   62	  
G131	   100	   40	   60	  
E180	   99	   40	   59	  
G187	   92	   32	   60	  
D213	   100	   100	   0	  
E214	   98	   38	   60	  
G218	   96	   NCa	   -‐	  
G223	   100	   NCa	   -‐	  
P235	   93	   26	   67	  
D236	   99	   71	   28	  
K242	   100	   23	   77	  
G247	   95	   NCb	   -‐	  
T271	   93	   NCb	   -‐	  
G319	   97	   37	   60	  
G342	   90	   68	   22	  

a	  The	  conservation	  in	  the	  PLP	  fold	  type	  I	  database	  was	  subtracted	  from	  the	  conservation	  in	  the	  OrnTL	  DB.	  
b	  Position	  does	  not	  belong	  to	  the	  core	  regions	  in	  the	  whole	  fold	  type	  I	  database	  
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Table	  S4:	  Statistics	  concerning	  the	  active	  site	  fingerprint	  searches.	  Only	  specificities	  where	  a	  fingerprint	  could	  be	  assigned	  are	  included.	  

Specificity	   Subfamiliesa	  
Subfam.	  
sizeb	  

Known	  
functionc	  

Fingerprint	  
Match	  
finger-‐
printd	  

Not	  
match	  
finger-‐
printe	  

Orn:αKG	  TA	   2OAT	   915	   21	   Y16,	  Y46,	  R132,	  E185,	  Q216,	  
R353,	  R113	  (2OAT	  numbering)	  

786	   101	  

Orn/AcOrn/SuOrn:αKG	  TA	  
2OAT,	  2ORD,	  
1VEF,	  3NX3,	  
2EO5	  

3702	   41	   Y16,	  R132,	  E185,	  Q216,	  R353	   2825	   1084	  

Lysε:αKG	  TA	   2JJG	   105	   2	   R132,E185,N/S269,R353	   112	   6	  

GABA:αKG	  TA	  (narrow	  
substrate	  scope)	   1OHV	   293	   12	   I46,R132,E185,F269,Q216,R353	   233	   61	  

GABA:αKG	  TA	  (broad	  
substrate	  scope)	   3Q8N,	  1OHV	   1884	   13	   (NOT	  Y16),I46,R132,E185,	  

G269,Q216,R353	   1857	   428	  

βAla:pyr	  TA	   3A8U	   539	   6	   W47,(NOT	  D/E132),S185,R346	   705	   46	  

ATA	  (low	  activity)	   3GJU	   300	   2	   Y47,(NOT	  D/E132),S/T185,R346	   143	   159	  

ATA	  (high	  activity)	  
3HMU,	  4E3Q,	  
3I5T,	  3A8U	   1478	   12	   W47,(NOT	  D/E132),A185,R346	   700	   914	  

βPhe	  TA	   4AO9	   99	   2	   E45,R348	   56	   43	  

SAM:KAPA	  TA	  	   1MLZ	  3DU4	  
4A0G	  

2147	   6	  
(12)f	  

Y129,	  D/E132,	  R346,Y353	   1765	   104	  

Lys:KAPA	  TA	   3DU4	   696	   1	   Y129,D/E132,R346,(NOT	  Y353)	   278	   44	  

GSAM	   2GSA	   2048	   15	   N185,Y267	   1978	   111	  

DGD	   1D7V	   171	   2	   Q46,R353	   117	   59	  

αAAA	  racemase	   2ZUK	   208	   3	   D185,K216	   18	   190	  
a:	  Subfamily	  names	  of	  subfamilies	  where	  characterised	  enzymes	  with	  the	  given	  specificity	  are	  found	  
b:	  Amount	  of	  sequences	  found	  in	  the	  subfamilies	  mentioned	  in	  the	  ‘Subfamilies’	  column	  
c:	  Amount	  of	  characterised	  enzymes	  that	  are	  known	  to	  possess	  this	  specificity	  (compare	  entries	  in	  Supplementary	  
data	  Table	  S5)	  
d:	  Amount	  of	  sequences	  in	  the	  OrnTL	  DB	  that	  match	  the	  fingerprint	  given	  in	  the	  ‘Fingerprint’	  column	  
e:	  Amount	  of	  sequences	  in	  the	  subfamilies	  mentioned	  in	  the	  ‘Subfamilies’	  column	  that	  do	  not	  match	  the	  fingerprint	  
given	  in	  the	  ‘Fingerprint’	  column	  
f:	  Aminodonor	  specificity	  of	  six	  enzymes	  was	  not	  tested	  but	  sequence	  suggests	  them	  to	  be	  SAM:KAPA	  TA	  activity.	  
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Table	  S5:	  Characterized	  enzymes	  among	  the	  class	  III	  transaminases	  sorted	  by	  substrate	  and	  reaction	  specificity.	  

Entry	   Activity	   Subfamily	   UniProt	  IDa	   Species	   Comment	   Ref.b	  

1	   Orn:αKG	  TA	   2OAT	   Q7RT90	   Plasmodium	  yoelii	  	   PDB	  ID:	  1Z7D	   [3]	  
2	   Orn:αKG	  TA	   2OAT	   P04181	   Homo	  sapiens	   PDB	  ID:	  2OAT	   [4-‐7]	  
3	   Orn:αKG	  TA	   2OAT	   P38021	   Bacillus	  subtilis	  	   	   [8]	  
4	   Orn:αKG	  TA	   2OAT	   P60297	   Staphylococcus	  aureus	   	   [9-‐11]	  

5	   Orn:αKG	  TA	   2OAT	   P07991	   Saccharomyces	  
cerevisiae	  	  

	   [12,	  13]	  

6	   Orn:αKG	  TA	   2OAT	   A8JFR4	   Chlamydomonas	  
reinhardtii	   	   	   [14]	  

7	   Orn:αKG	  TA	   2OAT	   P49724	   Drosophila	  ananassae	   	   [15]	  
8	   Orn:αKG	  TA	   2OAT	   P04182	   Rattus	  norvegicus	   	   [16,	  17]	  
9	   Orn:αKG	  TA	   2OAT	   P29758	   Mus	  musculus	   	   [18,	  19]	  

10	   Orn:αKG	  TA	   2OAT	   Q07805	   Plasmodium	  
falciparum	  

PDB	  ID:	  3NTJ	   [20]	  

11	   Orn:αKG	  TA	  	   2OAT	   Q4KTT2	   Penicillium	  
chrysogenum	  

Has	  also	  Lysε:αKG	  
TA	  and	  low	  
AcLys:αKG	  TA	  
activity	  

[21,	  22]	  

12	   Orn:αKG	  TA	   2OAT	   Q92413	  
Emericella	  nidulans	  	  
(Aspergillus	  nidulans)	   	   [23]	  

13	   Orn:αKG	  TA	  
B0WBA3	  
(70%	  id)	  
in	  2OAT	  

P31893	   Vigna	  aconitifolia	   	   [24]	  

14	   Orn:αKG	  TA	   2OAT	   Q9P7L5	  
Schizosaccharomyces	  
pombe	   	   [25]	  

15	   Orn:αKG	  TA	   2OAT	   K5VLU0	   Agaricus	  bisporus	   	   [26]	  

16	   Orn:αKG	  TA	   2OAT	   C4P7K9	   Populus	  maximowiczii	  
x	  Populus	  nigra	  

	   [27]	  

17	   Orn:αKG	  TA	   2OAT	   B1A0U3	   Pisum	  sativum	   	   [28]	  
18	   Orn:αKG	  TA	   2OAT	   Q9FNK4	   Arabidopsis	  thaliana	   	   [29]	  
19	   Orn:αKG	  TA	   2OAT	   Q1RPP3	   Pinus	  sylvestris	   	   [30]	  

20	   Orn:αKG	  TA	   2OAT	   Q10G56	  
Oryza	  sativa	  subsp.	  
japonica	   	   [31]	  

21	   Orn:αKG	  TA	   2OAT	   B1A0U3	   Pisum	  sativum	   	   [32]	  
22	   AcOrn:αKG	  TA	   2ORD	   Q9X2A5	   Thermotoga	  maritima	  	   PDB	  ID:	  2ORD	   tbp	  
23	   AcOrn:αKG	  TA	   2ORD	   O66442	   Aquifex	  aeolicus	  	   PDB	  ID:	  2EH6	   [33]	  

24	   AcOrn:αKG	  TA	   2ORD	   P40732	   Salmonella	  
typhimurium	  

PDB	  ID:	  2PB0	  
Has	  also	  N-‐succinyl-‐
L-‐2,6-‐
diaminopimelate:	  
αKG	  TA	  activity	  

[34]	  

25	   AcOrn:αKG	  TA	   2ORD	   P18544	   Saccharomyces	  
cerevisiae	  	  

	   [35]	  

26	   AcOrn:αKG	  TA	   2ORD	   P18335	   Escherichia	  coli	  	  

Has	  also	  N-‐succinyl-‐
L-‐2,6-‐
diaminopimelate:	  
αKG	  TA	  activity	  

[35-‐37]	  

27	  
AcOrn:αKG	  TA	  &	  
SuOrn:αKG	  TA	   2ORD	   O30508	  

Pseudomonas	  
aeruginosa	  	   	   [38-‐41]	  

28	   AcOrn:αKG	  TA	   2ORD	   Q9M8M7	   Arabidopsis	  thaliana	   	   [42]	  

29	   AcOrn:αKG	  TA	   2ORD	   A8J933	   Chlamydomonas	  
reinhardtii	  

	   [43]	  

30	   AcOrn:αKG	  TA	   2ORD	   P54752	   Nostoc	  sp.	  PCC	  7120	   	   [44]	  

31	  
AcOrn:aK	  TA	  &	  
AcLys:αKG	  TA	   1VEF	   Q5SHH5	   Thermus	  thermophilus	   PDB	  ID:	  1VEF	   tbp	  

32	   AcOrn:αKG	  TA	  
AcLys:αKG	  TA	  

1VEF	   Q93R93	   Thermus	  thermophilus	  	   99%	  id	  to	  Q5SHH5	   [45]	  
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33	   AcOrn:αKG	  TA	   1VEF	   A0QYS9	   Mycobacterium	  
smegmatis	  	   	   [46]	  

34	   AcOrn:αKG	  TA	   3NX3	   Q9PIR7	   Campylobacter	  jejuni	   PDB	  ID:	  3NX3	   [47]	  

35	   AcOrn:αKG	  TA	   2ORD	   O04866	  

	  
Alnus	  glutinosa	   	   [48]	  

36	   AcOrn:αKG	  TA	  
G8ZL74	  
(72%	  id)	  
in	  2ORD	  

O14433	  

	  
Kluyveromyces	  lactis	   	   [49]	  

37	   ND	   2EO5	   F9VN77	   Sulfolobus	  tokodaii	   PDB	  ID:	  2EO5	   tbp	  

38	   AcOrn:αKG	  TA	   2EO5	   O50131	   Pyrococcus	  horikoshii	   	   [50]	  

39	   AcOrn:αKG	  TA	   2EO5	   Q9YEX6	   Aeropyrum	  pernix	   	   [50]	  

40	   SuOrn:αKG	  TA	   2ORD	   A7ZML6	   Escherichia	  coli	   PDB	  ID:	  4ADB	   [51]	  

41	   SuOrn:αKG	  TA	  &	  
AcOrn:αKG	  TA	  

2ORD	   O30508	  

	  

Pseudomonas	  
aeruginosa	  	  

	   [38]	  

42	   Lysε:αKG	  TA	   2JJG	   P63509	   Mycobacterium	  
tuberculosis	  

PDB	  ID:	  2JJG	   [52,	  53]	  

43	   Lysε:αKG	  TA	   2JJG	   Q01767	   Streptomyces	  
clavuligerus	   	   [54,	  55]	  

44	   Lysε:αKG	  TA	  
A9MMF7	  
(29%	  id)	  
in	  2ORD	  

Q9EVJ7	   Flavobacterium	  
lutescens	  

	   [56-‐60]	  

45	   GABA:αKG	  TA	  	   1OHV	   P80147	   Sus	  scrofa	  

PDB	  ID:	  1OHV	  
Also	  has	  LAIB:	  αKG	  
and	  βAla:αKG	  
activity	  

[61,	  62]	  

46	   GABA:αKG	  TA	   1OHV	   P17649	  
Saccharomyces	  
cerevisiae	   	   [63]	  

47	   GABA:αKG	  TA	   1OHV	   A5H0J6	   Lachancea	  kluyveri	   Does	  not	  accept	  
βAla	  

[63]	  

48	   β-‐Ala:αKG	  TA,	  
GABA:αKG	  TA	  

1OHV	   A5H0J5	   Lachancea	  kluyveri	  

Duplication	  of	  
GABA:αKG	  TA	  
A5H0J6	  led	  to	  the	  
development	  of	  
this	  βAla:αKG	  TA	  

[63,	  64]	  

49	   GABA:αKG	  TA	  &	  L-‐AIBAT:αKG	  TA	   1OHV	   P50554	   Rattus	  norvegicus	  
Also	  has	  LAIB:αKG-‐
TA	  and	  βAla:αKG	  
activity	  

[65,	  66]	  

50	   GABA:αKG	  TA	  
B6K481	  
(74%	  id)	  
in	  1OHV	  

O13837	  
Schizosaccharomyces	  
pombe	   	   [63]	  

51	   GABA:αKG	  TA	   1OHV	   Q9BGI0	   Bos	  taurus	   	   [67]	  
52	   GABA:αKG	  TA	   1OHV	   P80404	   Homo	  sapiens	   	   [68,	  69]	  
53	   GABA:αKG	  TA	   1OHV	   P61922	   Mus	  musculus	   	   [70,	  71]	  
54	   GABA:αKG	  TA	   1OHV	   P49604	   Ustilago	  maydis	   	   [72]	  

55	   GABA:αKG	  TA	   1OHV	   P14010	   Emericella	  nidulans	  
(Aspergillus	  nidulans)	  

	   [73]	  

56	   GABA:αKG	  TA	  
F1RBY5	  
(92	  %	  id)	  
in	  1OHV	  

Q2PZI2	   Carassius	  auratus	  
Only	  fragment	  of	  
the	  sequence	  
known.	  

[74]	  

57	   GABA:αKG	  TA	   3Q8N	   P50457	   E.	  coli	  
(puue)	  Induced	  by	  
putrescine	  (gabT	  is	  
not),	  also	  has	  

[75,	  76]	  
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AcOrn:αKG	  TA	  
activity	  

58	   GABA:αKG	  TA	   3Q8N	   P22256	   E.	  coli	  
PDB	  ID:	  1SFF	  (gabT)	  
also	  has	  AcOrn:αKG	  
TA	  activity	  

[77,	  78]	  

59	   ND	   3Q8N	   A0QWJ0	   Mycobacterium	  
smegmatis	  

PDB	  ID:	  3OKS	   tbp	  

60	   ND	   3Q8N	   A0QQ04	   Mycobacterium	  
smegmatis	  

PDB	  ID:	  3Q8N	  	   tbp	  

61	   ND	   3Q8N	   B1MIQ9	  
Mycobacterium	  
abscessus	   PDB	  ID:	  4FFC	   tbp	  

62	   ND	   3Q8N	   B2HN70	  
Mycobacterium	  
marinum	   PDB	  ID:	  3R4T	   tbp	  

63	   GABA:αKG	  TA	   3Q8N	   A1R958	   Arthrobacter	  aurescens	   PDB	  ID:	  4ATQ	   [79]	  

64	   GABA:αKG	  TA	  
	  

3Q8N	   Q9I6M4	   Pseudomonas	  
aeruginosa	  

Also	  has	  Orn:αKG	  
TA,	  AcOrn:αKG	  TA,	  
PUT:αKG	  TA	  and	  
Lys:αKG	  TA	  activity	  
	  

[80,	  81]	  

65	   GABA:αKG	  TA	   3Q8N	   Q88RB9	   Peudomonas	  putida	  
Also	  has	  5-‐amino-‐
valerate:αKG	  TA	  
	  

[82,	  83]	  

66	   GABA:αKG	  TA	   3Q8N	   Q88AT5	   Pseudomonas	  syringae	   (gabT-‐2)	   [84]	  

67	   ND	   3Q8N	   Q48QA9	   Pseudomonas	  syringae	  
(gabT-‐1)	  function	  
unknown	  

[84]	  

68	   ND	   3Q8N	   Q885E5	   Pseudomonas	  syringae	  
(gabT-‐3)	  function	  
unknown	  

[84]	  

69	   GABA:αKG	  TA	   3Q8N	   P94427	   Bacillus	  subtilis	   	   [85]	  

70	   GABA:αKG	  TA	   3Q8N	   Q9AGD3	   Rhizobium	  
leguminosarum	  

	   [86]	  

71	   GABA:αKG	  TA	  
	  

3Q8N	   Q0K2K2	   Cupriavidus	  necator	  
Also	  has	  
hypoTau:αKG	  TA	  
activity.	  

[87]	  

72	   PUT:αKG	  TA	  GABA:αKG	  TA	  

A8APX8	  
(97%	  id)	  
in	  1VEF	  

P42588	   Escherichia	  coli	   PDB	  ID:	  4UOX	  
	  

[76,	  88-‐90]	  

73	   PUT:pyr	  TA	   3HMU	   Q9I6J2	   Pseudomonas	  
aeruginosa	  

	   [81,	  91]	  

74	   ND	   3HMU	   Q88CJ8	   Pseudomonas	  putida	  
Involved	  in	  PUT	  and	  
GABA	  catabolism	  

[83]	  

75	   ND:3AcOc	  TA	  (pigE)	  
A0LRE4	  
(39	  %	  id)	  
in	  1VEF	  

Q5W267	   Serratia	  sp.	   PDB	  ID:	  4PPM	   [92,	  93]	  

76	   DABA:αKG	  TA	  
(DABA:pyr)	  

In	  1VEF	   Q6PR32	   Virgibacillus	  
pantothenticus	  

	   [94]	  

77	   DABA:ND	  TA	  
F7SRS2	  
(88%	  id)	  
in	  1VEF	  

O52250	   Halomonas	  elongata	   	   [95,	  96]	  

78	   DABA:ND	  TA	  
F7SRS2	  
(81%	  id)	  
in	  1VEF	  

Q9ZEU7	  
Chromohalobacter	  
salexigens	   	   [96]	  

79	  
DABA:αKG	  TA	  
(DABA:pyr)	  

Q3K985	  
(85%	  id)	  
in	  1VEF	  

Q9I168	  	  
Pseudomonas	  
aeruginosa	   	   [97]	  

80	   DABA:ND	  TA	  
Q1HMR3	  
(81%	  id)	  
in	  1VEF	  

Q9KED4	   Bacillus	  halodurans	   	   [98]	  

81	  
DABA:αKG	  TA	  
	  

Q1HMR3	  
(64%	  id)	  
in	  1VEF	  

O06060	  
Marinococcus	  
halophilus	   	   [99,	  100]	  
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82	   DABA:αKG	  TA	  
B0VCM6	  
(97%	  id)	  
in	  3Q8N	  

P56744	  
Acinetobacter	  
baumannii	   	   [101]	  

83	  
DABA:αKG	  TA	  
GABA:αKG	  TA	  
	  

D0BXR7	  
(71%	  id)	  
in	  3Q8N	  

P44951	   Haemophilus	  
influenzae	  	  

	   [102]	  

84	   DABA:ND	  TA	  
F9DS30	  
(76%	  id)	  
in	  3Q8N	  

Q9AP34	  
Sporosarcina	  pasteurii	  
(Bacillus	  pasteurii)	   	   [103]	  

85	   DABA:ND	  TA	  
B6BTZ4	  
(70%	  id)	  
in	  2EO5	  

Q4JQJ4	   Methylomicrobium	  
alcaliphilum	  

	   [104]	  

86	   ND	   	   Q9KLC2	   Vibrio	  cholerae	  	   Predicted	  DABA	  TA	   [104]	  

87	   ND	   	   Q87NZ7	   Vibrio	  
parahaemolyticus	  	  

Predicted	  DABA	  TA	   [104]	  

88	   ND	   	   Q93RW1	   Streptomyces	  
coelicolor	   Predicted	  DABA	  TA	   [104]	  

89	   ND	   	   Q8ESU8	  
Oceanobacillus	  
iheyensis	   Predicted	  DABA	  TA	   [104]	  

90	   ND	   	   Q7WHI8	   Bordetella	  
bronchiseptica	  

Predicted	  DABA	  TA	   [104]	  

91	   ND	   	   Q5YW77	   Nocardia	  farcinica	   Predicted	  DABA	  TA	   [104]	  
92	   ND	   	   Q5DYF3	   Vibrio	  fischeri	   Predicted	  DABA	  TA	   [104]	  

93	   ND	   	   Q829L4	  
Streptomyces	  
avermitilis	   Predicted	  DABA	  TA	   [104]	  

94	   ND	   	   Q5WL78	   Bacillus	  clausii	   Predicted	  DABA	  TA	   [104]	  
95	   ND	   	   Q6QUY9	   Streptomyces	  anulatus	   Predicted	  DABA	  TA	   [104]	  
96	   ND	   	   Q7M9K2	   Wolinella	  succinogenes	   Predicted	  DABA	  TA	   [104]	  

97	   ATA	  high	  activity	  
A7GNT9	  
(67%	  id)	  
in	  3GJU	  

Seq.	  ID	  2	  	  
in	  patent	  
WO2006063336	  

Arthrobacter	  citreus	   	   [105]	  

98	   ATA	  high	  activity	  
A7GNT9	  
(68%	  id)	  
in	  3GJU	  

Ref.	  [106]:	  Figure	  
2	   Bacillus	  megaterium	  	  

98%	  pairwise	  
identity	  	  
with	  Arthrobacter	  
citreus	  	  

[106,	  107]	  

99	   ATA	  high	  activity	   3HMU	   Q7NWG4	   Chromobacterium	  
violaceum	  

PDB	  ID:	  446T	   [108]	  

100	   ATA	  high	  activity	   3HMU	   Q5LMU1	   Silicibacter	  pomeroyi	   PDB	  ID:	  3HMU	   [109]	  

101	   ATA	  high	  activity	  	   3GJU	   A6WVC6	   Ochrobactrum	  
anthropi	  

Neither	  product	  
nor	  substrate	  
inhibition	  

[110]	  

102	   ATA	  high	  activity	   4E3Q	   A1B956	   Paracoccus	  
denitrificans	  

PDB	  ID:	  4GRX	   [111]	  

103	   ATA	  high	  activity	   4E3Q	   F2XBU9	   Vibrio	  fluvialis	   PDB	  ID:	  4E3Q	   [112]	  

104	   ATA	  high	  activity	   4E3Q	   F5M2X9	   Rhodobacter	  
sphaeroides	   	   [113]	  

105	   ATA	  high	  activity	   3I5T	   Q3IWE9	  
Rhodobacter	  
sphaeroides	   PDB	  ID:	  3I5T	   [109]	  

106	   ATA	  high	  activity	  
A0B1I8	  
(54%	  id)	  
in	  3N5M	  

Seq.	  ID	  6	  in	  
patent	  
WO2007139055	  

Pseudomonas	  
fluorescens	   	   [114,	  115]	  

107	   ATA	  high	  activity	   3A8U	   B7IC89	   Acinetobacter	  
baumannii	  	  

βAla:pyr	  TA	  activity	  
not	  tested.	  

[116]	  

108	   ATA	  high	  activity	   3A8U	   C7JE89	  
Acetobacter	  
pasteurianus	  	  

βAla:pyr	  TA	  activity	  
not	  tested.	  

[116]	  

109	  
βAla:pyr	  TA	  
	   3A8U	   Q7WWK8	  

Alcaligenes	  
denitrificans	  

Also	  highly	  active	  
on	  amines	  

[117]	  

110	   βAla:pyr	  TA	  
	  

3A8U	   Q9A3Q9	   Caulobacter	  crescentus	   Also	  highly	  active	  
on	  amines	  

[118]	  

111	   βAla:pyr	  TA	   3A8U	   Q9I700	   Pseudomonas	   PDB	  ID:	  4B9B	   [119]	  
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aeruginosa	  
112	   βAla:pyr	  TA	   3A8U	   P28269	   Pseudomonas	  putida	   PDB	  ID:	  3A8U	   [120]	  

113	   ND	   3A8U	   Q88Q98	   Pseudomonas	  putida	  

βAla:pyr	  TA?	  
Involved	  in	  GABA	  
and	  PUT	  
catabolism.	  

[83]	  

114	   βAla:pyr	  TA	   3A8U	   Q98K53	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mll1632	  

Only	  relative	  
activities	  given.	  

[121]	  

115	   βAla:pyr	  TA	   3N5M	   Q98NJ9	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mll0107	  

Broad	  spectrum.	  
Relatively	  low	  
activity.	  Accepts	  
amines	  and	  βPhe	  
equally	  good	  as	  
βAla.	  

[121,	  122]	  

116	   βAla:pyr	  TA	   3GJU	   Q98A92	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mlr6101	  

Only	  relative	  
activities	  given.	  

[121]	  

117	   ATA	  low	  activity	   3GJU	   Q987B2	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mll7127	  

PDB	  ID:	  3GJU	   [109,	  121]	  

118	   ATA	  low	  activity	   3GJU	   Q1GD43	   Reugeria	  sp.	   PDB	  ID:	  3FCR	   [109]	  

119	   ATA	  low	  activity	  
F7Y3B8	  
(55%	  id)	  
in	  3HMU	  

Q98AI1	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mlr5990	  

Relatively	  broad	  
spectrum.	  
Relatively	  low	  
activity.	  Also	  has	  
comparable	  activity	  
for	  βAla	  and	  βPhe.	  

[121,	  122]	  

120	   ATA	   3I5T	   Q98FQ6	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mll3663	  

Only	  relative	  
activities	  given.	  

[121]	  

121	   ATA	   3I5T	   Q987Q5	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mlr6963	  

Only	  relative	  
activities	  given.	  

[121]	  

122	   ATA	   3HMU	   Q98AI4	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mlr5987	  

Only	  relative	  
activities	  given.	  

[121]	  

123	   ATA	   3HMU	   Q98L27	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mll1207	  

Broad	  spectrum.	  
Only	  relative	  
activities	  given.	  

[121]	  

124	   ATA	   3HMU	   Q987I6	  
Mesorhizobium	  loti	  
MAFF303099	  –	  
mll7037	  

Broad	  spectrum.	  
Only	  relative	  
activities	  given	  

[121]	  

125	   Vanillylamine:pyr	  
TA	  

4E3Q	   O82521	   Capsicum	  chinense	   	   [123]	  

126	  
Vanillylamine:pyr	  
TA	   3GJU	   D6R3B6	   Capsicum	  frutescens	   	   [124]	  

127	   GABA:pyr	  TA	   3HMU	   Q94CE5	   Arabidopsis	  thaliana	   	   [125]	  
128	   GABA:pyr	  TA	   3HMU	   G7JPM8	   Medicago	  truncatula	   	   [126]	  

129	   GABA:pyr	  TA	   3A8U	   Q9HTP1	   Pseudomonas	  
aeruginosa	  

βAla:pyr	  TA	  activity	  
not	  tested.	  

[81]	  

130	   GABA:pyr	  TA	  
	  

3GJU	   Q84P52	   Solanum	  lycopersicum	   	   [127]	  

131	   GABA:pyr	  TA	  	   3HMU	   Q84P53	   Solanum	  lycopersicum	   	   [127]	  
132	   GABA:pyr	  TA	  	   3GJU	   Q84P54	   Solanum	  lycopersicum	   	   [127]	  
133	   GABA:pyr	  TA	   3HMU	   Q71SH3	   Oryza	  sativa	   	   [128]	  

134	   GABA:pyr	  TA	  
B9HD62	  
(86	  %	  id)	  
in	  3HMU	  

J9XGP8	   Malus	  x	  domestica	   	   [129]	  

135	   GABA:pyr	  TA	   B9HD62	   J9XGZ5	   Malus	  x	  domestica	   	   [129]	  
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(86	  %	  id)	  
in	  3HMU	  

136	   GABA:pyr	  TA	   3HMU	   Q7XN11	   Oryza	  sativa	   	   [128]	  
137	   Tau:pyr	  TA	   3N5M	   Q9APM5	   Bilophila	  wadsworthia	   	   [130]	  
138	   Tau:pyr	  TA	   3N5M	   Q5LVM7	   Ruegeria	  pomeroyi	   	   [131]	  
139	   Tau:pyr	  TA	   3HMU	   Q6JE91	   Rhodococcus	  opacus	   	   [132]	  

140	   HypoTau:pyr	  TA	  
Tau:pyr	  TA	  

3N5M	   A1B9Z3	   Paracoccus	  
denitrificans	  

	   [133]	  

141	   βPhe:αKG/pyr	  TA	   4AO9	   H8WR05	   Variovorax	  paradoxus	   PDB	  ID:	  4AO9	   [134,	  135]	  
142	   βPhe:αKG/pyr	  TA	   4AO9	   A3EYF7	   Mesorhizobium	  sp.	  LUK	   PDB	  ID:	  2YKY	   [136,	  137]	  

143	   βPhe:αKG/pyr	  TA	   4AO9	   B1G3Y1	   Burkholderia	  graminis	  
Also	  active	  on	  
amines	  

[138]	  

144	  
βAla:pyr	  TA	  
	   4AO9	   Q12DH7	   Polaromonas	  sp.	  

Also	  highly	  active	  
on	  βPhe	  and	  
amines	  

[139]	  

145	   CoAβAA	  TA	  
D8F1V2	  
(66%	  id)	  
in	  2GSA	  

B0VH76	  
Candidatus	  
cloacamonas	  
acidaminovorans	  

	   [140]	  

146	   PhGly:αKG	  TA	  
B4VLD1	  
(36	  %	  id)	  
in	  4AO9	  

Q6VY99	   Pseudomonas	  stutzeri	   PDB	  ID:	  2CY8	   [141,	  142]	  

147	   PhGly:αKG	  TA	  
B4VLD1	  
(34	  %	  id)	  
in	  4AO9	  

GenBank	  
AX467211	   Pseudomonas	  putida	   	   [143,	  144]	  

148	   SAM:KAPA	  TA	   1MLZ	   P12995	   Escherichia	  coli	   PDB	  ID:	  1MLZ	   [145-‐147]	  

149	   SAM:KAPA	  TA	   1MLZ	   P9WQ80	  
Mycobacterium	  
tuberculosis	   PDB	  ID:	  3TFT	   [148-‐152]	  

150	   SAM:KAPA	  TA	   1MLZ	   P50277	   Saccharomyces	  
cerevisiae	  

	   [153]	  

151	   SAM:KAPA	  TA	   1MLZ	   P36568	   Serratia	  marcescens	   	   [154]	  
152	   ND:KAPA	  TA	   1MLZ	   BAA03167	   Brevibacterium	  flavum	   	   [155]	  

153	   ND	   1MLZ	   P46395	  
Corynebacterium	  
glutamicum	  

Very	  similar	  to	  B.	  
flavum	  enzyme	  
(96%	  identity),	  not	  
tested	  for	  activity	  

[156]	  

154	   ND:KAPA	  TA	   1MLZ	   Q9APS9	   Uncharacterized	  
bacterium	  pCosAS1	  

Only	  tested	  in	  
whole	  biotin	  
biosynthetic	  
pathway	  

[157]	  

155	   ND:KAPA	  TA	   1MLZ	   Q9APR4	  
Uncharacterized	  
bacterium	  pCosFS1	   	   [157]	  

156	   ND:KAPA	  TA	   1MLZ	   Q9APP2	   Uncharacterized	  
bacterium	  pCosHE2	  

	   [157]	  

157	   ND:KAPA	  TA	  
D5CGJ4	  
(87%	  id)	  
in	  1MLZ	  

Q9APQ7	  
Uncharacterized	  
bacterium	  pCosHE1	   	   [157]	  

158	   ND:KAPA	  TA	   1MLZ	   P53656	  
Pantoea	  agglomerans	  
(Erwinia	  herbicola)	   	   [158]	  

159	   Lys:KAPA	  TA	   3DU4	   P53555	   Bacillus	  subtilis	   PDB	  ID:	  3DU4	   [149,	  159]	  

160	   SAM:KAPA	  TA	   3DU4	   P22805	  
Lysinibacillus	  
sphaericus	  (Bacillus	  
sphaericus)	  

	  
	  

[160]	  

161	   SAM:KAPA	  TA	   4A0G	   B0F481	   Arabidopsis	  thaliana	  

PDB	  ID:	  4A0G	  
Fusion	  protein	  of	  
SAM:KAPA	  TA	  and	  
dethiobitin	  
synthase	  (DTBS)	  

[161]	  

162	   Ala:glyox	  TA	  2	  
H2QQR4	  
(99	  %	  id)	  
in	  3N5M	  

Q9BYV1	   Homo	  sapiens	   	   [162]	  
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163	   Ala:glyox	  TA	  2	  
F7GZ11	  
(83	  %	  id)	  
in	  3N5M	  

Q64565	   Rattus	  norvegicus	   	   [66,	  163-‐166]	  

164	   Ala:glyox	  TA	  2	  
H2PFB4	  
(85	  %	  id)	  
in	  3N5M	  

Q3UEG6	   Mus	  musculus	   	   [167]	  

165	   Ala:glyox	  TA	  2	   3N5M	   F1MLG7	   Bos	  taurus	   	   [168]	  
166	   Ala:glyox	  TA	  2	   3N5M	   F1NQJ1	   Gallus	  gallus	   	   [169]	  

167	   Ala:glyox	  TA	  2	  &	  Glu:glyox	  TA	   3Q8N	   F4ISY3	  
	   Arabidopsis	  thaliana	   	   [170]	  

168	   Ala:glyox	  TA	  2	  &	  
Glu:glyox	  TA	  

B9SZ94	  
(77	  %	  id)	  
in	  3Q8N	  

Q9SR86	   Arabidopsis	  thaliana	   	   [170]	  

169	  
Ala:glyox	  TA	  2	  &	  
Glu:glyox	  TA	  

B9HFU8	  
(83	  %	  id)	  
in	  2ZUK	  

Q940M2	   Arabidopsis	  thaliana	   	   [170]	  

170	   GSAM	   2GSA	   P24630	  
Synechococcus	  sp.	  PCC	  
6301	   PDB	  ID:	  2GSA	   [171-‐176]	  

171	   GSAM	   2GSA	   Q31QJ2	  
Synechococcus	  
elongatus	   PDB	  ID:	  2HOY	   [177]	  

172	   GSAM	   2GSA	   Q8DLK8	   Thermosynechococcus	  
elongatus	  

PDB	  ID:	  2CFB	   [178]	  

173	   GSAM	   2GSA	   P42799	   Arabidopsis	  thaliana	   	   [179]	  
174	   GSAM	   2GSA	   P18492	   Hordeum	  vulgare	   	   [180]	  
175	   GSAM	   2GSA	   P30949	   Bacillus	  subtilis	   PDB	  ID:	  3BS8	   [181,	  182]	  
176	   GSAM	   2GSA	   Q9Y9I9	   Aeropyrum	  pernix	   PDB	  ID:	  2EPJ	   tbp	  
177	   GSAM	   2GSA	   G4W9I6	   Medicago	  sativa	   	   [183]	  
178	   GSAM	   2GSA	   B1XD24	   Escherichia	  coli	   	   [176,	  184,	  185]	  
179	   GSAM	   2GSA	   E1W874	   Salmonella	  enterica	   	   [186]	  
180	   GSAM	   2GSA	   P45621	   Glycine	  max	   	   [187]	  
181	   GSAM	   2GSA	   Q85WB7	   Brassica	  napus	   	   [188]	  

182	   GSAM	   2GSA	   Q39566	  
Chlamydomonas	  
reinhardtii	   	   [189-‐192]	  

183	   GSAM	   2GSA	   Q06774	  
Propionibacterium	  
freudenreichii	   	   [193]	  

184	   GSAM	  
Q976H2	  
(68%	  id)	  
in	  2GSA	  

Q980U5	   Sulfolobus	  solfataricus	   	   [194,	  195]	  

185	   GSAM	   2GSA	   Q06741	  
Xanthomonas	  
campestris	   	   [196]	  

186	   DGD	   1D7V	   P16932	   Burkholderia	  cepacia	   PDB	  ID:	  1D7V	   [197]	  

187	   DGD	   1D7V	   F9XCL1	   Mycosphaerella	  
graminicola	  

	   [198]	  

188	   αAAA	  racemase	   2ZUK	   Q7M181	   Achromobacter	  obae	   PDB	  ID:	  2ZUK	   [199]	  

189	   αAAA	  racemase	   2ZUK	   Q06K28	   Ochrobactrum	  
anthropi	   	   [200]	  

190	   αAAA	  racemase	   -‐	  
Seq.	  ID	  9	  in	  
patent	  
WO03106691	  

Arthrobacter	  
nicotianae	  

	   [200]	  

191	   Ile-‐2-‐epimerase	   3Q8N	   F4FWH4	   Lactobacillus	  buchneri	   	   [201]	  

192	   Neamine	  TA	  
G9PRA9	  
(29%	  id)	  
in	  2GSA	  

Q4H4F5	   Bacillus	  circulans	   	   [202]	  

193	   Neamine	  TA	  
G9YTB4	  
(37%	  id)	  
in	  2GSA	  

Q53U08	  	  
Streptomyces	  fradiae	  
(Streptomyces	  
roseoflavus)	  

	   [202,	  203]	  

194	   Neamine	  TA	  
E7QX19	  
(31	  %	  id)	  
in	  2GSA	  

Q2MF60	   Streptomyces	  lividus	   	   [203]	  

195	   2'-‐deamino-‐2'-‐ G9PRA9	   Q6L741	   Streptomyces	   	   [204]	  
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hydroxyneamine	  
TA	  

(34%	  id)	  
in	  2GSA	  

kanamyceticus	  

196	   hFumonisin:pyr	  TA	  
Q0BZI0	  
(57%	  id)	  
in	  2GSA	  

D2D3B2	  

Sphingopyxis	  
macrogoltabida	  
(Sphingomonas	  
macrogoltabidus)	  

Pyr	  no	  αKG	   [205]	  

197	   hFumonisin:pyr	  TA	  
Q0BZI0	  
(61%	  id)	  
in	  2GSA	  

E2E0Q4	   bacterium	  ATCC	  55552	   pyr	   [206]	  

198	   Fumonisin	  B1:	  αKG	  
TA	  

D2ATX4	  
(47%	  id)	  
in	  2GSA	  

Seq.	  ID	  56	  in	  
patent	  
WO2004085624	  

unknown	   	   [207]	  

199	  

O-‐
phosphoethanolam
ine	  phospholyase	  
(AGTX2L1)	  

G1L4L7	  
(88%	  id)	  
in	  2ZUK	  

Q8TBG4	   Homo	  sapiens	   	   [208,	  209]	  

200	  

5-‐phosphohydroxy-‐
L-‐lysine	  
phospholyase	  
(AGTX2L2)	  

I3K5C7	  
(68%	  id)	  
in	  2ZUK	  

Q8IUZ5	   Homo	  sapiens	   	   [209]	  

201	  
Mycosubtilin	  
synthase	  subunit	  A	  

B8I979	  
(42	  %	  id)	  
in	  4AO9	  

Q9R9J1	   Bacillus	  subtilis	   	   [210]	  

a	  All	  sequences	  that	  are	  not	  present	  in	  the	  sequence	  databases	  and	  therefore	  needed	  to	  be	  extracted	  from	  the	  
publications	  are	  given	  as	  FASTA	  amino	  acid	  sequence	  in	  section	  5	  below	  
b	  tbp:	  to	  be	  published	  

5 Sequences	  not	  included	  in	  the	  sequence	  databases	  
The	  sequences	  that	  have	  been	  extracted	  from	  patents	  or	  publications	  are	  listed	  below.	  They	  might	  contain	  errors,	  
therefore	  please	  check	  the	  original	  publications.	  
	  
>ATA	  (high	  activity)|Arthrobacter	  citreus|WO2006063336	  Seq.	  ID	  2	  
MGLTVQKINWEQVKEWDRKYLMRTFSTQNEYQPVPIESTEGDYLIMPDGTRLLDFFNQLYCVNLGQKNQKVNAAIKEALD	  
RYGFVWDTYATDYKAKAAKIIIEDILGDEDWPGKVRFVSTGSEAVETALNIARLYTNRPLVVTREHDYHGWTGGAATVTR	  
LRSYRSGLVGENSESFSAQIPGSSYNSAVLMAPSPNMFQDSNGNCLKDENGELLSVKYTRRMIENYGPEQVAAVITEVSQ	  
GAGSAMPPYEYIPQFRKMTKELGVLWINDEVLTGFGRTGKWFGYQHYGVQPDIITMGKGLSSSSLPAGAVVVSKEIAAFM	  
DKHRWESVSTYAGHPVAMAAVCANLEVMMEENLVEQAKNSGEYIRSKLELLQEKHKSIGNFDGYGLLWIVDYVKLDRNFT	  
HGMNPNQIPTQIIMKKALEKGVLIGGVMPNTMRIGASLNVSRGDIDKAMDALDYALDYLESGEWQQS	  
	  	  
>ATA	  (high	  activity)|Bacillus	  megaterium|Ref.[106],	  Figure	  2	  	  
MSLTVQKINWEQVKEWDRKYLMRTFSTQNEYQPVPIESTEGDYLIMPDGTRLLDFFNQLYCVNLGQKNQKVNAAIKEALD	  
RYGFVWDTYATDYKAKAAKIIIEDILGDEDWPGKVRFVSTGSEAVETALNIARLYTNRPLVVTREHDYHGWTGGAATVTR	  
LRSYRSGLVGENSESFSAQIPGSSYNSAVLMAPSPNMFQDSDGNLLKDENGELLSVKYTRRMIENYGPEQVAAVITEVSQ	  
GAGSAMPPYEYIPQIRKMTKELGVLWINDEVLTGFGRTGKWFGYQHYGVQPDIITMGKGLSSSSLPAGAVLVSKEIAAFM	  
DKHRWESVSTYAGHPVAMAAVCANLEVMMEENFVEQAKDSGEYIRSKLELLQEKHKSIGNFDGYGLLWIVDIVNAKTKTP	  
YVKLDRNFTHGMNPNQIPTQIIMKKALEKGVLIGGVMPNTMRIGASLNVSRGDIDKAMDALDYALDYLESGEWQ	  
	  
>ATA	  (high	  activity)|Pseudomonas	  fluorescens|WO2007139055	  Seq.	  ID	  6	  
MNSNNKAWLKEHNTVHMMHPMQDPKALHEQRPLIIQSGKGVHITDVDGRRFIDCQGGLWCVNAGYGRREIIDAVTRQMEE	  
LAYYSLFPGSTNAPAIALSQKLTEVAAEEGMVKASFGLGGSDAVETALKIARQYWKLEGQPDKVKFVSLYNGYHGLNFGG	  
MSACGGNAWKSSYEPLMPGFFQVESPHLYRNPFTNDPEELAEICAQILERQIEMQAPGTVAALIAEPIQGAGGVIVPPAS	  
YWPRLRQICDKYDILLIADEVITGLGRSGSLFGSRGWGVKPDIMCLAKGISSGYVPLSATLVNSRVARAWERDAGFTSVY	  
MHGYTYSGHPVSCAAALAAIDIVLQENLAENARVVGDYFLEKLLILKDKHRAIGDVRGKGLMLAVELVKERATKEPFGPA	  
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DAYPLAISEACVNNGVMIRTIVNKLIISPPLTFTTEHVDEVIEVLDRAFVANPW	  
	  
>alphaAAA	  racemase|Arthrobacter	  nicotianae|WO03106691	  Seq.	  ID	  9	  
MLEDSLYARDGRVIAGVEKLRFFPLETASGRGSMLVEPGGRELFDFSASWTAAGLGHGNPEITAAIARAAVDSPGASILS	  
ATHSEAVGLAERLLDMVPTRRSGPGGRRVYLGHAGTDSNDVAIRGCRHASGRPGVIAFEGGYHGGLGIAQRISGVHVDSG	  
VPADPHVAFVPYPDLFRPHTGDPETVLPDVLTRVRQNLQRGMTAAVIVEPLLSDGGVIVPPPEFLRGLRELCDAHNAYLI	  
VDEVKVGLGRTGSLHAFEHDGILPDIVTLGKVLGGGLPLSAAIGPSEVLDRPVASALMTTTGNPISCAAGRAAVEIVCRG	  
DVIRNAAERGEQIRDLLAAYARETGRPGAAHVGDVRGRGLSIGIEIVTDRDENVSDPGLTAKAVYRAWELGVVVHPVRGN	  
VLELTPPLTVSADEVQQAMDLLTCALDDAARGLVSDEQIAPYAGW	  
	  
>fumonisin	  B1:pyr	  TA||WO2004085624	  Seq.	  ID	  56	  	  
MRSFTNSEKLFAKAKTIIPGGMPRHLSPASLVPGQSPCFIERAKGCRFWDVDGNEYIDYMCAYGPMILGYNNPKVDAAVD	  
AQKTFGDCLPLPSPILIELAEKMVQLIAAADWATFAKNGSDVCNHAVRIARAHTGRNKVIMARDSYHGIGAWCTPYPTGV	  
TESERIDVLHFPYNDVAALEFLLKKHANEVAAIIVTPFKHETGHDQEMPTDAFIRMLKEQTNVDGPLLIMDDVRCGFRLH	  
MGGSAEYIGLKPHLSCFSKAMGNGYPISALCGVKELMGAANRVFFTGSFFAGAQAIAASIATMDEMVASNALEHAFRMGE	  
MLKAGMLKQASQLGLNVNYTGPVTIPFMSFENDASFDKAKIFCAAAYQEGAFFHPTHNWFVSAAHQEKDIEETLAATEKA	  
FAAVKAKSAS	  
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Bacillus anthracis ω-amino acid:pyruvate transaminase employs 
a different mechanism for dual substrate recognition than other 
amine transaminases 
Fabian Steffen-Munsberg[a,b], Philipp Matzel[c], Per Berglund[b], Uwe T. Bornscheuer*[a] and Matthias 
Höhne*[c] 

Abstract: The active site residues of a putative transaminase from 
Bacillus anthracis with the crystal structure 3N5M (deposited in the 
protein data bank in 2011, but not yet published) differ from those in 
related (class III) transaminases thereby preventing function 
predictions. By investigating 50 substrate combinations its amine 
and ω-amino acid:pyruvate transaminase activity was revealed. 
Structural information implied that the so-called dual substrate 
recognition of chemically different substrates (i.e. amines and amino 
acids) differs from that in known enzymes because it lacks the 
conserved ‘flipping’ arginine, which enables dual substrate 
recognition by its side chain flexibility in known ω-amino 
acid:pyruvate transaminases. Molecular dynamics studies suggested 
that another arginine (R162) binds ω-amino acids in 3N5M, but no 
side chain movements are required for amine and alanine binding. 
These results provide functional insights for the B. anthracis enzyme 
and also enable function predictions of related proteins. 

Connecting protein sequence information to enzymatic function 
is of increasing interest. As experimental characterization is not 
nearly fast enough to catch up with the sequencing technology, 
function prediction strategies are required to provide the desired 
information. Several solutions have been suggested to predict 
protein function, while the most broadly successful methods 
combine different concepts and employ machine learning 
(prediction algorithms are trained from known data).[1] As 
machine learned correlations are not comprehensible for 
researchers and some of the best performing tools are not easily 
accessible for users with little bioinformatics capabilities, we 
utilized an easily applicable, structurally guided active site 
fingerprint approach to predict function in structurally conserved 
enzyme families.[2] This approach, which is based on structural 
and functional information to identify substrate and reaction 
specificity determining residues, was utilized to predict function 

within structure-guided sequence alignment of the investigated 
enzyme families. However, the success of this active site 
fingerprint method and also all machine learning approaches are 
naturally dependent on the available training set and restricted 
to predictions that are similar to well understood examples. 
Therefore, structural and functional characterizations of 
enzymes whose sequences differ from those with known 
function are inevitable, independent from the advances in 
prediction technologies. In particular, the knowledge about 
function of enzymes in pathogenic organisms is highly desired 
because it might reveal targets for pharmaceutical treatments.  
Recently, we investigated the class III transaminase family of the 
pyridoxal-5’-phosphate (PLP) fold type I to identify the active site 
residues (fingerprint) that enable this protein family to achieve a 
broad variety of substrate and reaction specificities.[2a] This 
family is of special interest because it comprises amine 
transaminases that are applied for biocatalytic asymmetric 
amine synthesis.[3] Through the analysis of this transaminase 
family, several sequences were identified that possess yet 
unknown activities or apply different mechanisms for achieving 
known specificities because they did not match any known 
active site fingerprint. Only a structural and functional 
characterization of proteins coded by such sequences would 
provide hints for their metabolic role and would extend the 
capabilities of the active site fingerprint approach for further 
predictions. 
Particularly interesting among the sequences with unpredictable 
function was a Bacillus anthracis enzyme annotated as ‘putative 
adenosylmethionine-8-amino-7-oxononanoate aminotransferase’ 
(UniProt accession Q6I0U5) because its apo structure was 
already solved at 2.05 Å resolution by the Center for Structural 
Genomics of Infectious Diseases[4] and deposited in the Protein 
Data Bank (PDB code: 3N5M), but without publication. Herein, 
we report structural details and the functional characterization of 
this enzyme and discuss therefrom-derived implications for 
further function predictions. 
Even though the cofactor PLP is lacking in the 3N5M structure, a 
sulphate ion occupies the position where usually the cofactor’s 
phosphate group is coordinated. The structure probably 
represents an active conformation because the backbone aligns 
well with structurally similar holo enzyme structures (e.g. 
superposition with the Bacillus subtilis lysine:7-keto-8-amino-
pelargonic acid transaminase structure (Lys:KAPA TA, EC 
2.6.1.105, PDB code: 3DU4) results in a RMSD of 1.81 Å, see 
Supporting information Figure S5). 
Although reaction and substrate specificity of this enzyme is 
unknown, it was possible to draw some conclusions from its 
structure. Since the 3N5M enzyme possesses neither of the 
active site residues found in decarboxylases, racemases or 
phospholyases – also found among the class III TA family – it 
was most probable that it catalyzes transamination reactions as 
the majority of known enzymes in this family do.[2a] This 
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hypothesis is strengthened by a significant sequence similarity 
to characterized enzymes: the most similar sequences code for 
taurine:pyruvate transaminases (tau:pyr TAs, EC 2.6.1.77, e.g. 
41% identity to the enzyme from Bilophila wadsworthia[5] 
(Q9APM5)), ω-amino acid:pyruvate transaminases (ωAA:pyr 
TAs, EC 2.6.1.X[6], e.g. 33% identity to the amine transaminase 
(ATA) from Ochrobactrum anthropi[7] (A6WVC6)) and Lys:KAPA 
TA (e.g. 32% identity to the B. subtilis enzyme[8] (P53555)). 
However, due to the relatively low identities, no conclusion about 
the substrate scope was possible without experimental 
verification. 
Detailed analyses of 3N5M’s active site residues are also 
inconclusive for substrate scope predictions. The two residues 
L55 and W56 in the left-handed helix of the active site of 3N5M 
(Figure 3C-E) are also present in ωAA:pyr TAs[9] (Figure 3A-B), 
while Lys:KAPA TAs[8] have the similar residues valine and 
tryptophan there. However, both substrate specificities require 
an arginine for the substrate’s carboxylate recognition in a 
position (Figure 3A), where 3N5M has a glycine (G409, Figure 
3C). 
The related tau:pyr TAs also lack this arginine, share the leucine 
and tryptophan residues, but additionally have a glycine 
insertion before L55, which most probably results in a different 
orientation of the left-handed helix compared to 3N5M and 
ωAA:pyr TAs.[2a] 
As 3N5M, from these initial results, was hypothesized to be a 
transaminase with not yet predictable substrate specificity, 
assay systems were required to corroborate this statement 
experimentally and to investigate its amino donor and acceptor 
spectra. A spectrophotometric assay was preferred to reduce 
experimental efforts for measuring the desired 50 substrate 
combinations (Supporting information Table S1, see Figure 1 for 
substrate structures). As almost all transaminases within the 
class III TA family apply either α-ketoglutarate (5b) or pyruvate 
(2b) as amino acceptor, while the preferred amino substrates 
differ to a greater extent, it was decided to establish systems for 
measuring alanine (2a) or glutamate (5a) formation from 
pyruvate or α-ketoglutarate, respectively. For the purpose of 
glutamate and alanine detection, the two assays described by 
John Ward’s group[10] were further developed to suit the needs 
of this study. In these assays, the glutamate or alanine 
dehydrogenase (GluDH or AlaDH, respectively) oxidize Glu or 
Ala and reduce NAD+ to NADH. For regenerating NAD+ and thus 
preventing the backward reaction, methoxy-PMS (1-methoxy-5-
methylphenazinium methylsulfate) is added, which mediates the 
reduction of XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) by NADH, thereby forming a 
colored formazan.  
To minimize the screening effort, we pooled structurally similar 
amino donors according to Supporting information Table S1 and 
measured activity with either pyruvate or α-ketoglutarate as 
acceptor. This first initial screening revealed that ω-amino acids 
and amines are converted by 3N5M with pyruvate as the 
preferred acceptor. Therefore each member of the substrate 
pools that showed activity and some additional amines (see 
Figure 1), were measured separately in the AlaDH assay. 
Additionally, due to activity towards (S)-PEA ((S)-20a), the 
acetophenone assay[11] could be applied to investigate the 
amino acceptor spectrum and ascertain the pH optimum to pH 

10.0 (Supporting information Figure S3). Note that specific 
activities determined by the AlaDH assay were slightly lower 
compared to those determined with the acetophenone assay 
with the same substrates at comparable conditions (Supporting 
information Figure S4). 
The following measurements confirmed the initial results: high 
activity was found towards β-alanine (6a), γ-aminobutyrate (7a), 
δ-aminopentanoate (8a) and (S)-PEA (20a) (Figure 2). However, 
β-alanine was by far the best amino donor. The preferred 
substrate of the closest related characterized enzyme, taurine, 
was converted with only 4% relative activity which is therefore 
probably not 3N5M’s natural substrate, particularly because no 
homologues to other taurine metabolism genes were found in 
the B. anthracis genome.[12] 
Encouraged by the conversion of 20a, we tested diverse amines 
as substrate (14a-16a and 21a-24a), but unfortunately 3N5M’s 
substrate scope was found to be limited to propylamines (14a, 
16a) and (S)-20a. 

 

Figure 1. Investigated amino donor (a) and corresponding amino acceptor (b) 
substrates. 

The amino acceptor spectrum showed that only pyruvate (2b) 
and methylpyruvate (3b) are good acceptor substrates, while 
aliphatic, cyclic and aromatic ketones were only converted with 
very low activity (Table 1). Interestingly, 2-butanone (17b) also 
was a poor acceptor, whereas propylamines were found to be 
relatively good donors (Figure 2). In conclusion, these findings 
suggest that the physiological role of 3N5M is β-alanine or ω-
amino acid:pyruvate transamination. 
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Figure 2. Amino donor spectrum of 3N5M with pyruvate (2b) as acceptor. 
Activities have been determined by the AlaDH assay coupled with XTT 
reduction. The activities are given relative to that for β-alanine (6a) (2.5 U/mg 
specific activity) The measurements have been performed in quadruplicates 
with each of two independent purification batches; mean values of these eight 
measurements are shown with standard deviations given as error bars. 
Conditions: 2.5 mM donor, 1 mM 2b, 1 mM NAD+, 0.3 mM XTT, 5 µM 
methoxy-PMS, 0.3 mg/ml AlaDH, 1.9% (v/v) DMSO, 50 mM CHES buffer pH 
10.0, 30°C. 

Table 1. Amino acceptor spectrum of 3N5M with (S)-1-phenylethylamine 
(20a) as donor. 

Number Amino acceptor Specific activity ± 
standard deviation[a] [mU/mg] 

2b Pyruvate 940 ± 30 

3b Methylpyruvate 940 ± 70  

4b Oxaloacetate 7.0 ± 1.5 

5b α-Ketoglutarate 1.3 ± 0.3 

17b 2-Butanone 2.1 ± 0.1 

18b 2-Heptanone 1.9 ± 0.3 

19b Methoxyacetone 2.8 ± 0.1 

21b 4-Phenyl-2-butanone 1.6 ± 0.1 

25b β-Tetralone 6.7 ± 1.3 

26b Cyclohexanone 2.0 ± 0.2 

rac-27b rac-2-Methylcyclohexanone 1.8 ± 0.4 

28b Cyclooctanone 3.8 ± 0.3 

[a] Activities have been determined by the acetophenone assay.[11] The 
measurements have been performed in quadruplicates with each of two 
independent purification batches; mean values and standard deviations of 
these eight measurements are given. Conditions: 2.5 mM (S)-20a, 1 mM 
acceptor, 1.9% (v/v) DMSO, 50 mM CHES buffer pH 10.0, 30°C. 

A thorough literature and sequence database research 
suggested that a similar enzyme from Bacillus cereus has 
already been characterized in 1977 by Nakano et al.[13] This 
enzyme, which was induced when utilizing β-alanine as sole N- 

and C-source, and characterized as β-alanine:pyruvate TA 
(βAla:pyr TA), was found to possess almost identical properties 
as 3N5M. It was only partially purified from crude extract and its 
sequence is not known. 
However, nine out of ten class III enzymes of B. cereus[14] could 
be assigned to other functions, based on very high sequence 
similarities and unambiguous matches of their active site 
fingerprints. Therefore, the remaining class III TA sequence in B. 
cereus probably possesses the described βAla:pyr TA activity: a 
sequence with 98% sequence identity to 3N5M (Q81FH7, see 
Supporting information Table S2 for the detailed analysis and 
Supporting information Figure S8 for the alignment of these 
sequences). As B. anthracis and B. cereus are regarded to 
belong to the same species, when only regarding chromosomal 
sequences and excluding the virulence determining plasmids[15], 
the high similarity of the (chromosomal) B. cereus enzyme to 
3N5M is not surprising. 
Regarding the experimental characterization, the only 
discrepancies between the reported properties of the B. cereus 
enzyme and 3N5M are the good conversion of oxaloacetate 
(115% relative activity compared to pyruvate but only 0.8% in 
3N5M) and the lack of glyoxylate (1b) conversion, whereas 
3N5M showed 2% relative activity (compared to β-alanine) 
towards glycine (1a). The finding of the B. cereus enzyme 
preparation’s activity towards oxaloacetate could have resulted 
from other enzymes that co-purified with the βAla:pyr TA and 
from partly degraded oxaloacetate (oxaloacetate spontaneously 
decarboxylates to pyruvate[16]). The conversion of glycine by 
3N5M, however, is striking because transaminations with the 
corresponding keto acid (glyoxylate) were found to be virtually 
irreversible.[17] A possible explanation for the detected glycine 
conversion is the displacement of the reaction equilibrium 
through co-product (Ala) removal by the AlaDH, which is virtually 
irreversible due to the subsequent XTT reduction. 
Glycine:pyruvate transamination by 3N5M is probably not 
occurring at physiological conditions. 
From a structural point of view, the preference for an α-keto acid 
as acceptor was unexpected because the above mentioned 
arginine at the O-side of the active site - responsible for α-
carboxyl binding in other ωAA:pyr TAs - is replaced by G409 in 
3N5M (the O- and P-side nomenclature was introduced by 
Wybenga et al. and refers to the sides relative to the cofactor’s 
3’-oxygen and 5’-phosphate, respectively[18]). This arginine 
residue is essential to enable ωAA:pyr TAs binding chemically 
different substrates, such as α-keto acids and amines, in the 
same active site. This feature, often referred to as dual substrate 
recognition, is realized by the arginine side chain’s flexibility. It 
may, on the one hand coordinate the substrate’s α, β or γ-
carboxylate when pointing towards the active site (Figure 3a) 
and on the other hand ‘flip out’ and create space for bulkier non-
polar substituents (e.g. the phenyl ring of PEA, Figure 3b).[9b] 
When this, so called ‘flipping’ arginine residue, was replaced by 
alanine in the ωAA:pyr TAs 3FCR and 3I5T, activity for keto 
acids dropped substantially, while conversion of carboxyl free 
substrates was hardly effected.[9b] 
Because 3N5M lacks this residue, molecular modeling 
experiments were performed to unravel its alternative solution 
for multiple substrate recognition of α, β or ω-amino acids and 
amines. Therefore, quinonoid intermediates with the substrates 
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alanine, β-alanine and 1-phenylethylamine were modeled in the 
active site of the 3N5M structure with subsequent molecular 
dynamics simulations (Figure 3c-e). Interestingly, no additional 
coordination of alanine in 3N5M compared to the known 
ωAA:pyr TAs was found: only W56’s nitrogen interacts with 
alanine’s carboxyl group. This recognition seems to be sufficient 
to achieve the high activity with pyruvate as acceptor, which also 
explains why the pyruvate ester 3b is accepted equally good as 
pyruvate. 
For binding the carboxylic acid group of ω-amino acids, an 
interaction with W56 is impossible. However, from molecular 
modeling of the quinonoid intermediate of β-alanine, we 
suggested that its recognition is achieved by R162 (Figure 3d) 
which is probably able to substitute the function of the arginine 
at the O-side of other ωAA:pyr TAs (position 409 in 3N5M). The 
arginine in position 162 seems to be suited even better for β-

alanine binding than an arginine at position 409 as not all 
ωAA:pyr TAs with R409 convert β-alanine.[2a] 
Amine conversion does probably not require side chain 
movements in 3N5M, as G409 leaves enough space for PEA 
binding (Figure 3e). Dual substrate recognition of α-amino acids 
and amines in 3N5M is therefore mainly achieved by W56, 
which either coordinates the α-carboxylate or interacts with a 
non-polar substituent of the amine. However, the narrow amine 
substrate scope of 3N5M is puzzling, as the space should be 
sufficient to bind aliphatic or arylaliphatic amines, but this might 
be explained by the active site’s hydrophilicity and openness. 
The active site entrances of other ωAA:pyr TAs are more narrow 
and the active site is less polar, thereby enabling bing of diverse 
hydrophobic amines (see Supporting information Figure S6 for 
more details). However, this hypothesis has to be tested by 
further mutagenesis studies. 

 

Figure 1. Dual substrate recognition in the ω-amino acid:pyruvate transaminases from (a-b) Vibrio fluvialis (PDB code: 4E3Q[19]) and (c-e) Bacillus anthracis 
(PDB code: 3N5M) depicted by models of quinonoid intermediates with alanine (a&c),  β-alanine (d) and PEA (b&e). Active site residues are shown in blue (V. 
fluvialis) or green (B. anthracis) sticks, the quinonoid intermediates are shown in orange. The intermediates were modeled with YASARA[20] and the figure was 
created using PyMOL[21]. 
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The comparably high activity for propylamines (14a, 16a) but low 
activity for butyl or heptyl substrates (15a, 17b, 18b) is not 
explicable from the crystal structure. Nevertheless, propylamine 
conversion is a prerequisite for economical feasibility of an 
application in asymmetric syntheses because 16a is a cheap 
achiral and commonly applied amino donor.[22] However, due to 
the restricted substrate scope, 3N5M WT is probably not 
interesting for such applications. However, the best amine 
substrates for this enzyme have presumably not been 
discovered in the present study and further detailed substrate 
screening, especially with bulkier and more polar amine 
substrates to match the active site might be worthwhile. 
Furthermore, as 3N5M has only low sequence identity to known 
ATAs and some active site loops’ spatial orientations differ from 
those, 3N5M is an interesting target for protein engineering that 
might be able to achieve substrate scopes that are not 
accessible through the other ATAs. 
Structural and functional characterization of the B. anthracis 
ωAA:pyr TA also provided insights for further sequence based 
function predictions of class III transaminases. The active site 
fingerprint for identifying amine converting ωAA:pyr TAs 
introduced before[2a] included W56 in the left-handed helix in 
addition to R409 and A222. This study revealed that the A222G 
and the R409G replacements also allow for amine and pyruvate 
transamination and that an arginine at position 162 also enables 
ω-amino acid binding. We therefore propose that other class III 
TAs that share W56, R162 and G/A222 also possess activity 
towards ωAAs and amines. 206 sequences of the earlier 
published alignment comprising 12,956 class III TAs[2a], are 
matching this fingerprint. Remarkably, among these sequences 
are three experimentally verified taurine:pyruvate TAs (tau:pyr 
TAs, see Supporting information Table S3). All these tau:pyr 
TAs share, in contrast to 3N5M, a glycine insertion in the left-
handed helix (before L55), which probably results in a different 
orientation of the L55 and W56 side chains. Additionally, M413 
of 3N5M, is replaced by arginine in the tau:pyr TAs, whose 
guanidine group might point towards the active site and, 
additionally to R162, bind taurine’s sulphonate (for the O-side of 
3N5M, including M413 and R162, see Supporting information 
Figure S7a). However, structural characterizations of a tau:pyr 
TA are required to evaluate these hypotheses. 
When additionally including these two residues in the active site 
fingerprint query, 68 class III TAs are found that probably 
possess tau:pyr TA activity (see Supporting information Table 
S3). The 138 sequences that lack these two residues, but match 
the fingerprint W56, R162 and G/A185 (and not R409), probably 
catalyze amine:pyr and ωAA:pyr transamination. Interestingly, 
all these 138 sequences are from bacteria belonging to the 
Bacillaceae family. The 68 putative tau:pyr TAs, however, are 
from different orders of Proteobacteria. Despite these 
differences, a common feature is found in all these 206 enzymes 
that distinguish them from most other class III transaminases. 
The loop at the O-side, comprising M413 in 3N5M, is an 
insertion of seven amino acids compared to other ωAA:pyr TAs 
(Supporting information Figure S7). 
In conclusion, the Bacillus anthracis enzyme with the structure 
3N5M was found to catalyze amine:pyruvate and ω-amino 
acid:pyruvate transaminations and to share 98% sequence 
identity with the B. cereus β-alanine:pyruvate transaminase.[13] 

Even though 3N5M showed a relatively narrow amine substrate 
scope within the tested substrates and is therefore not suitable 
for synthetic purposes as WT, it accepts 2-propylamine, which is 
a prerequisite for industrial asymmetric amine synthesis. 
Furthermore, molecular modeling suggested that the best amine 
substrates may have not been found in this study and that 
bulkier and more polar substrates are worth testing. Due to its 
structural differences from known amine transaminases, 3N5M 
is a promising target for protein engineering to create activity 
towards pharmaceutically valuable amines. Its mechanism for 
dual substrate recognition differs from that in other known ω-
amino acid:pyruvate transaminases. Instead of a ‘flipping’ 
arginine at the O-side (G409 in 3N5M), R162 points towards the 
cofactor from the active site entrance ‘bottom’ and coordinates 
the carboxylate in ω-amino acids. The carboxyl of α-amino acids 
is only coordinated by W56. These findings revealed the function 
for a further enzyme of the human pathogen Bacillus anthracis 
and broadened the knowledge regarding ω-amino acid and 
amine converting transaminases, thereby also closing a 
knowledge gap for active site residue based ATA and 
taurine:pyruvate TA function predictions within class III 
transaminases. 

Experimental Section 

Experimental details are given in the Supporting information. 
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Methods 
All chemicals were of analytical grade purity and obtained from Sigma Aldrich (München, Germany), 
ABCR (Karlsruhe, Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), VWR 
(Hannover, Germany), Bachem (Bubendorf, Switzerland) or Acros (Geel, Belgium). 
 
Functional expression of proteins 
The codon-optimized genes encoding the Thermus thermophilus alanine dehydrogenase[1] (PDB 
code: 2EEZ) and the Bacillus subtilis ω-amino acid:pyruvate transaminase (PDB code: 3N5M) were 
ordered from GenScript (Piscataway, U.S.A.) subcloned in the pET-28b vector containing a C-
terminal His6-tag. Transformed phage resistant E. coli BL21(DE3) cells were grown in 500 ml TB 
medium supplemented with 100 μg ml-1 kanamycin. Cultures were initially shaken at 37°C until the 
OD600 reached 0.7. Afterwards protein expression was induced with IPTG (0.2 mM) and the cultures 
were shaken at 20°C for 20 h and then centrifuged for protein harvest. 
 
Purification 
The cell pellet was washed with HEPES buffer (50 mM, pH 8.0) and then resuspended in IMAC 
binding buffer (20 mM sodium phosphate, pH 7.4, containing 0.5 M NaCl and 15 mM imidazole). 
After disruption by ultrasonication (two times 90 s, 30% pulse, 50% intensity at 0°C) the suspension 
was centrifuged (48,000 × g, 30 min) and the supernatant was passed through a 0.4 μm filter prior to 
chromatography. Affinity chromatography was performed using an Äkta Explorer (GE Healthcare, 
Chalfont St Giles, GB) and a 5 ml HisTrap HP column (GE Healthcare). After washing the column with 
binding buffer (50 ml, 3 ml min-1 flow rate) the crude extract was injected and the flow through was 
collected for SDS-PAGE analysis (see Figure S2 for SDS-gels). After washing away unbound proteins 
with binding buffer (20 ml, 3 ml min-1 flow rate), the target proteins were eluted with IMAC elution 
buffer (20 mM sodium phosphate, pH 7.4, containing 0.5 M NaCl and 0.5 M imidazole; 20 ml, 3 ml 
min-1 flow rate) and the protein containing fractions were pooled. For desalting size exclusion 
chromatography with PD-10 desalting columns (GE Healthcare) using HEPES buffer (50 mM, pH 8.0) 
was performed. The enzyme solutions were stored in darkness at 4°C and protein concentrations 
were determined with the BSA Assay (Bio-Rad, Hercules, CA USA). 
 
Analytics 
Acetophenone assay 
This direct and quick photometric assay[2] was used to determine the pH-profile and the amino 
acceptor substrate specificity. The measurements were performed using 2.5 mM (S)-PEA (20a), 1 
mM pyruvate (2b) and 1.9 % (v/v) DMSO at 30°C in UV-transparent 96-well plates (BD, Franklin 
Lakes, NJ, USA) in a final volume of 200 µl. The acetophenone formation was measured at 245 nm. 
See Figure S1 for standard curve and extinction coefficient. 
 
Alanine and glutamate dehydrogenase assay 
The indirect photometric alanine (AlaDH) and glutamate dehydrogenase (GluDH) assays needed to be 
combined with methoxy-PMS (1-methoxy-5-methylphenazinium methylsulfate) and XTT (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) to recycle NAD+, thereby preventing 
the backward reaction. These assays were published recently by John Ward’s group[3, 4], but needed 
some adaption for being applied in this study. The pyruvate concentration (5 mM) applied by the 
Ward group, was found to strongly reduce the measured alanine dehydrogenase activity (only 10% 
and 15% relative activity of the B. subtilis (Sigma Aldrich) and T. thermophilus enzyme[1], respectively 
when compared to the activity without pyruvate present, data not shown). Furthermore, the 
concentration of 15 mM NAD+ was also found to strongly inhibit the T. thermophilus AlaDH (10% 
activity compared to that found with 1 mM). 
The adapted conditions for the glutamate dehydrogenase assay, utilizing the bovine liver GluDH[5], 
which was only applied for the initial substrate screening in a qualitative manner, are described 
below. The adapted standard conditions for the alanine dehydrogenase assay were, if not otherwise 
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stated: 2.5 mM amino donor, 1 mM pyruvate, 1 mM NAD+, 0.3 mM XTT, 5 µM methoxy-PMS, 0.3 
mg/ml AlaDH, 1.9% (v/v) DMSO, 50 mM CHES buffer pH 10.0, 30°C in 96-well plates (NuncTM 
MicroWellTM 96-well microplates; Thermo Scientific, Waltham, MA, USA) and a final volume of 200 µl. 
See Figure S1 for standard curve and extinction coefficient. Due to backgroud reactions, the 
application of crude extract was not possible and the AlaDH and 3N5M were only applied in purified 
form. 
 

 
Figure S1: Standard curves for the acetophenone (a) and alanine dehydrogenase assay (b) as obtained in 96 
well plates with a volume of 200 µl in a CLARIOstar spectrophotometer (BMG Labtech, Ortenberg, Germany). 
The solutions contained all substrates and products (PEA, acetophenone, pyruvate, alanine and for the alanine 
dehydrogenase assay also NAD+, NADH, methoxy-PMS and XTT), thereby simulating enzymatic conversion. 
The extinction coefficients were found to be ε=5.29 mM-1 (R²=0.9988; in UV-transparent 96 well plates (BD, 
Franklin Lakes, NJ, USA)) for acetophenone formation and ε=12.64 mM-1 (R²=0.9997; in Nunc MicroWell 96-
well microplates; Thermo Scientific, Waltham, MA, USA)) for reduced XTT. The acetophenone standard curve 
was determined in duplicates and the NADH standard curve as triplicates. Mean values are shown as dots and 
error bars represent the standard deviations. 

 
Biochemical characterization 
Initial substrate screening 
To unravel the substrate specificity of 3N5M, several amine and amino acid substrates have been 
tested qualitatively with pyruvate (2b) and α-ketoglutarate (5b) as acceptor in the alanine and 
glutamate dehydrogenase assay, respectively. To reduce the experimental efforts, the substrates 
have been grouped according to Table S1 and measured together. The measurements have been 
performed in 96-well plates in 200 µl final volume according to the conditions given in the caption to 
Table S1. Since the pH optimum was unknown, the initial screening was performed at pH 9.0 where 
most class III transaminases are active.[6-10] 
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Table S1: Substrate classes that have been tested together in the initial substrate screening with the AlaDH and 
GluDH assays. Assay conditions: 1 mM of each concurrently tested donor, 1mM pyruvate or α-ketoglutarate, 
1mM NAD+ (AlaDH assay) or 3 mM NAD+ (GluDH Assay), 0.3 mM XTT, 5 µM methoxy-PMS, 0.25 mg/ml AlaDH 
or GluDH,  1.9% (v/v) DMSO, 50 mM CHES buffer pH 9.0, 30°C. 

Substrate class  Substrate 

Short chain α-amino acids L-Glycine 
L-Valine 
L-Threonine 
L-α-Aminobutyrate 

Long chain α-amino acids L-Asparagine 
L-Leucine 
L-Lysine 
L-Arginine 

Aromatic amino acids L-Histidine 
D,L-Phenylglycine 
D,L-Phenylalanine 
L-β-Phenylalanine 

ω-Amino acids β-Alanine 
γ-Aminobutyrate 
δ-Aminopentanoate 
ε-Aminohexanoate 
L-Ornithine 
N2-Acetyl- L-ornithine 
L-Lysine 

Amines Taurine 
Putrescine 
Heptylamine 
(S)-2-Aminononane 
(S)-1-Phenylethylamine 
rac-4-Phenylbutan-2-amine 

 
pH-profile 
Due to the observed activity towards (S)-PEA (20a), the pH profiles could be determined utilizing the 
acetophenone assay (see above). Measurements were performed in Davies buffer[11] at pH values 
between pH 5 and 12 (see Supporting Information Figure S3). 
 
Amino donor spectrum 
The amino donor spectrum could be determined with the AlaDH assay in CHES buffer (50 mM, pH 
10.0) containing 2.5 mM investigated donor, 1 mM pyruvate, 1 mM NAD+, 0.3 mM XTT, 5 µM 
methoxy-PMS, 0.3 mg/ml AlaDH from Thermus thermophilus, 1.9% (v/v) DMSO, at 30°C. 
 
Amino acceptor spectrum 
The amino acceptor spectrum could be determined utilising the acetophenone assay in CHES buffer 
(50 mM, pH 10.0) containing 1 mM of the investigated acceptor, 2.5 mM (S)-1-phenyethylamine, 
1.9% (v/v) DMSO at 30°C. 
 
Molecular dynamics simulations 
Utilizing the YASARA Structure software[12] (version 14.7.17) the cofactor was adopted from the 
structure of the B. subtilis Lys:KAPA TA (PDB code: 3DU4), after removing the sulphate ions and 
clashing water molecules in the active sites of chain A and C of the 3N5M structure (PLP was linked 
to K281 to model the internal aldimine). The chains B and D have been deleted from the structure 
and Chain C is referred to as chain B in the whole article because it forms the active dimer with chain 
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A. All missing protons were added. The hydrogen bonding network was optimized by repeated 
energy minimizations and short molecular dynamics simulations for 1200 fs at 298 K in vacuum using 
the AMBER03[13] force field with a 7.86 Å force cut-off point and the particle mesh Ewald algorithm[14] 
to treat long-range electrostatic interactions. The resulting internal aldimine structure was used as a 
starting point to model the quinonoid intermediate containing structures. After all waters were deleted 
and the imine bond to K281 was broken, quinonoid structures consisting of alanine, β-alanine, δ-
aminopentanoate or (S)-PEA were built into both subunits. Then, the substrate part of the PLP 
quinonoid intermediate and the catalytic K281 was minimized with a steepest descent and a 
simulated annealing energy minimization (PLP moiety and the protein was fixed). Then, the catalytic 
K281 and the substrate part of PLP were energy minimized with a simulated annealing minimization. 
Next, water was added (pH 7.4, 0.9% NaCl) and the whole structure was minimized. Subsequently 
the system was simulated (AMBER03 force field[13], time step 2 fs, standard parameters) for 1 ns. 
During the simulations, the backbone including the PLP-phosphorus atom was fixed to prevent major 
rearrangements. After the simulation, the final structures were energy minimized. 
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Figures 
 

 
Figure S2: SDS-PAGE gel of the crude extract (lanes A & D), flow through (lanes B & E) and elution fractions 
(lanes C & F) of the His6-tag affinity chromatography purification of 3N5M (lanes A-C) and the AlaDH from 
Thermus thermophiles (lanes D-F). Lane M: Spectra Multicolor Broad Range Protein Ladder (Thermo Scientific). 

 

 
Figure S3: pH-optimum of 3N5M as determined through the acetophenone assay in Davies[11] buffer. The mean 
of quadruplicate measurements and the error bars as standard deviation are given. 
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Figure S4: Comparison of the AlaDH (a) and acetophenone (b) assays. The His6-tag purified 3N5M 
transaminase solution (5.4 U/ml (determined with the acetophenone assay), 6.4 mg/ml protein content) has 
been diluted between 400 and 12800 times (AlaDH assay) or between 100 and 3200 times (acetophenone 
assay), which resulted in different slopes obtained during the quadruplicate measurements (x-axis) these slopes 
were used to calculate specific activity values (y-axis). The standard deviation of the slope values was too small 
to be shown as error bars. Both assays underestimated the specific activity when too small slopes were 
obtained through too extensive diluted solutions. Even though the conditions were comparable in both assays, 
the AlaDH assay consistently results in 30% lower calculated activities. However, as the specific activity 
calculated from the AlaDH assay was constant when a slope between 0.03 and 0.23 ΔAbs./min was obtained, 
no further investigations of the reason for the discrepancy to the acetophenone assay were conducted and the 
amino donor spectrum (Figure 2) was therefore recorded with enough enzyme present to achieve comparable 
results from the AlaDH assay. Conditions acetophenone assay: 2.5 mM (S)-1-phenyethylamine, 1 mM pyruvate, 
1.9% DMSO, 50 mM CHES buffer pH 10.0, 30°C. Conditions AlaDH assay: 2.5 mM (S)-1-phenyethylamine, 1 
mM pyruvate, 1 mM NAD+, 0.3 mM XTT, 5 µM methoxy-PMS, 0.3 mg/ml AlaDH,  1.9% (v/v) DMSO, 50 mM 
CHES buffer pH 10.0, 30°C. 
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Figure S5: Structural superposition of the structure 3N5M (green ribbon) with the Bacillus subtilis lysine:7-keto-
8-amino-pelargonic acid transaminase[15] (Lys:KAPA TA) structure 3DU4[16] (yellow ribbon). The good alignment 
of the Cα carbons of both structures (RMSD of 1.81 Å) is shown for the overall structure of the dimer (a) and as 
active site close-up (b). The PLP of the 3DU4 structure is shown in orange sticks for orientation reasons. Due to 
this reasonably good alignment with the Lys:KAPA TA holo structure, we suggest that the structure 3N5M 
represents an active conformation even though it is an apo structure. 

 
 

a 

b 
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Figure S6: Comparison of the active site surfaces of the PEA quinonoid models of ω-amino acid:pyruvate 
transaminases from (a) Bacillus anthracis (PDB code: 3N5M) and (b) the ω-amino acid:pyruvate and amine 
transaminase from Vibrio fluvialis (PDB code: 4E3Q), respectively. Active site residues are shown in green 
(3N5M) and blue (4E3Q) sticks, the intermediates are shown in orange. The intermediates were modeled into 
the active sites with the YASARA Structure software[12] and the figure was created using PyMOL[17]. 

 
 

 

Figure S7: Comparison of the O-side of (a) Bacillus anthracis (PDB code: 3N5M) and (b) Vibrio fluvialis (PDB 
code: 4E3Q) ω-amino acid:pyruvate transaminase, respectively. a) The loop comprising M413 in 3N5M and the 
arginine at 3N5M position 162 are common features of ωAA:pyr TAs from the Bacillaceae family and 
taurine:pyruvate TAs. In tau:pyr TAs, M413 is replaced by an arginine, which is probably (together with R162) 
involved in the recognition of taurine’s sulphonate. b) In most class III transaminases, including the V. fluvialis 
ωAA:pyr TA, the above mentioned loop at the O-side is shorter. Active site residues are shown in green (3N5M) 
and blue (4E3Q) sticks, the intermediates are shown in orange. The intermediates were modeled into the active 
sites with the YASARA Structure software[12] and the figure was created using PyMOL[17]. 
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 Q81ZE4_BA_GABA:αKG TA 1    MNTKKFAKVNEQIPG......................PKAASLLERRQNIVPKG..........VSN 
 Q81IM9_BC_GABA:αKG TA 1 MLEKKVGIYFAIKRENNVKKRMGYAMNTKKFAKVNEQIPGPKAASLLERRQNIVPKG..........VSN 
 P94427_BS_GABA:αKG TA 1    MSQTTAS..............................ITTAQWQQKRDQFVSKG..........VSN 
 Q81TV3_BA_Orn:αKG TA 1                                        MIQTKDIIELTDTYGAN...........NYH 
 Q81GP2_BC_Orn:αKG TA 1                                        MIQTKDIIELTDTYGAN...........NYH 
 P38021_BS_Orn:αKG TA 1                                     MTALSKSKEIIDQTSHYGAN...........NYH 
 Q81M98_BA_AcOrn:αKG TA 1                                             MISHLFQTYGRR.............. 
 Q818W2_BC_AcOrn:αKG TA 1                                             MTSHLFQTYGRR.............. 
 P54752_NS_AcOrn:αKG TA 1    MSLQTLIEQATN..........................PPESGSAASSPFSTDSFDAS...VMSTYG 
 Q81NA3_BA_Orn:αKG TA 1                                         MVVSSKMDIFNELESQVR........SYSR 
 Q9KED4_BH_Orn:αKG TA 1                                          MSQTDMNVFEQLESEVR........SYCR 
 Q81NZ2_BA_unknown1 1                                           MSDWFQLDKEYMMS...........TYC 
 Q81BY1_BC_unknown1 1                                           MLDWFQLDKEYMMS...........TYC 
 Q81QX1_BA_unknown2 1                                              MRDYLIKPLVG.............. 
 Q81DV6_BC_unknown2 1                                              MRDYLIKPLVG.............. 
 Q6I0U5_BA_ωAA:pyr TA 1    MKTKQTD...............................ELLAKDEQYVWHGMR..........PFSP 
 Q81FH7_BC_ωAA:pyr TA 1   MMKTKQTD...............................ELLAKDEQYVWHGMR..........PFSP 
 Q9APM5_BW_tau:pyr TA 1                                    MTYDKAELVALDKKYVWHHLT..........QHKN 
 F2XBU9_VF_ωAA:pyr TA 1    MNKPQ.................................SWEARAETYSLYGFT.......DMPSLHQ 
 Q81MA8_BA_Lys:KAPA TA 1  MTFSKSTTDKPS........................YTYEELSVKNKAYVWHPFT.......QMKDYLE 
 Q818W8_BC_Lys:KAPA TA 1  MTINSKTIEKSS........................YTYEELAEKNKAYVWHPFT.......QMKDYLE 
 P53555_BS_Lys:KAPA TA 1                                       MTHDLIEKSKKHLWLPFT........QMKDYD 
 Q81LD0_BA_GSAM1 1    MRKFD.................................KSIAAFEEAQDLMPGGVNSP.VRAFKSVG 
 Q817R3_BC_GSAM1 1    MKKFD.................................KSIAAFEEAQDLMPGGVNSP.VRAFKSVG 
 P30949_BS_GSAM1 1    MRSYE.................................KSKTAFKEAQKLMPGGVNSP.VRAFKSVD 
 Q81YV0_BA_GSAM2 1                                    MVVKFTKSEALHKEALEHIVGGVNSPSRSFKAVGG 
 Q81I85_BC_GSAM2 1                                      MNFTKSEALHKEALEHIVGGVNSPSRSFKAVGG 
 P71084_BS_GSAM2 1                                       MHTKSIELHNEALQHIVGGVNSPSRSYKAVGG 
                               abc 
 Q81ZE4_BA_GABA:αKG TA 36 GIPTFVQSANGALVTDVDGNQYIDFAGA.IGTINVGHCHPAVKEALHKQVDQYIHTGFNV.MMYEPYIEL 
 Q81IM9_BC_GABA:αKG TA 61 GIPTFVRSANGALVTDVDGNQYIDFAGA.IGTINVGHCHPTVKEALHKQVDQYIHTGFNV.MMYEPYIEL 
 P94427_BS_GABA:αKG TA 28 GNRSLAVKGEGAELYDLDGRRFIDFAGA.IGTLNVGHSHPKVVEAVKRQAEELIHPGFNV.MMYPTYIEL 
 Q81TV3_BA_Orn:αKG TA 21 PLPIVISKAEGVWVEDPEGNRYMDLLSA.YSAVNQGHRHPKIINALIDQANRVTLTSRA..FHSDQLGPW 
 Q81GP2_BC_Orn:αKG TA 21 PLPIVISKAEGVWVEDPEGNRYMDLLSA.YSAVNQGHRHPKIINALIDQANRVTLTSRA..FHSDQLGPW 
 P38021_BS_Orn:αKG TA 24 PLPIVISEALGAWVKDPEGNEYMDMLSA.YSAVNQGHRHPKIIQALKDQADKITLTSRA..FHNDQLGPF 
 Q81M98_BA_AcOrn:αKG TA 13 ..TVEFVKGNGTKVIDNNGKQYLDFTSG.IGVCNLGHCHPTVMKAVQEQLNDIWHIS......NLFTNSL 
 Q818W2_BC_AcOrn:αKG TA 13 ..TIEFVKGTGTKVIDNKGKEYLDFTSG.IGVCNLGHCHPTVLKGVQEQLDDIWHIS......NLFTNSL 
 P54752_NS_AcOrn:αKG TA 39 RFPLALERGAGCRVWDTQGKEYLDFVAG.IATCTLGHAHPAMVEAVTRQIQKLHHVS......NLYYIPE 
 Q81NA3_BA_Orn:αKG TA 23 SFPTIFTKSKGYKLWDVDGKEYIDFFSG.AGALNYGHNDDKMKQVLIDYLLEDGIIHSLD.MGTSAKVNF 
 Q9KED4_BH_Orn:αKG TA 22 SFPTVFTKAKGYKMWDEAGKEYIDFFSG.AGALNYGHNDEKMKKALVDYIMDDGITHSLD.MATTPKGKF 
 Q81NZ2_BA_unknown1 18 RTKIAIERGEGCKLYDVDGKEYLDLFSG.VGVNVLGYNHPKIVQTTMDQVTKSLHLPFH..FLNPVAIEY 
 Q81BY1_BC_unknown1 18 RTEVAMERGEGCKLYDVDGKEYLDLFSG.VGVNVLGYNHPKIVQTTMEQVVKSLHLPFH..FLNPVAIEY 
 Q81QX1_BA_unknown2 12 QPYPMISHGKGVYLYDQNGNKYFDGSSG.AITAGIGHGVKEIADVIKKQAEEIAFVYRSQ.FTSEPAEKL 
 Q81DV6_BC_unknown2 12 QPYPMISHGKGVYLYDQNGNKYFDGSSG.AITAGIGHGVKEIADVIKKQAEEIAFVYRSQ.FTSEPAEKL 
 Q6I0U5_BA_ωAA:pyr TA 27 NSTMVGAKAEGCWVEDIQGKRYLDGMSG.LWCVNSGYGRKELAEAAYKQLQTLSYFPMS..QSHEPAIKL 
 Q81FH7_BC_ωAA:pyr TA 28 NSTMVGAKAEGCWVEDIQGKRYLDGMSG.LWCVNSGYGRKELAEAAYKQLQTLSYFPMS..QSHEPAIKL 
 Q9APM5_BW_tau:pyr TA 26 FEPAIYVKGEGMRITDIDGKTYLDAVSGGVWTVNVGYGRKEIVDAVAKQMMEMCYFANG..IGNVPTIKF 
 F2XBU9_VF_ωAA:pyr TA 28 RGTVVVTHGEGPYIVDVNGRRYLDANSG.LWNMVAGFDHKGLIDAAKAQYERFPGYHAFFGRMSDQTVML 
 Q81MA8_BA_Lys:KAPA TA 39 EDPVIIERGEGRKLYDVNGNEYWDGVSS.IWLNVHGHQVPELDEAIREQLNKIAHSTMLG.LANVPSILL 
 Q818W8_BC_Lys:KAPA TA 39 EDPVIIERGEGRKLYDVNGNEYWDGVSS.IWLNVHGHQVPELDEAIREQLNKIAHSTMLG.LANVPSILL 
 P53555_BS_Lys:KAPA TA 25 ENPLIIESGTGIKVKDINGKEYYDGFSS.VWLNVHGHRKKELDDAIKKQLGKIAHSTLLG.MTNVPATQL 
 Q81LD0_BA_GSAM1 34 MNPLFMERGKGSKVYDIDGNEYIDYVLS.WGPLIHGHANDRVVEALKAVAERGTSFG....APTEIENKL 
 Q817R3_BC_GSAM1 34 MNPLFMERGKGSKVYDIDGNEYIDYVLS.WGPLIHGHANDRVVEALKSVAERGTSFG....APTEIENKL 
 P30949_BS_GSAM1 34 MDPIFMERGKGSKIFDIDGNEYIDYVLS.WGPLILGHTNDRVVESLKKVAEYGTSFG....APTEVENEL 
 Q81YV0_BA_GSAM2 36 GAPIAMERGKGAYFWDVDGNKYIDYLAA.YGPIITGHAHPHITKAITTAAENGVLYG....TPTALEVKF 
 Q81I85_BC_GSAM2 34 GAPVAMERGKGAYFWDVDGNKYIDYLAA.YGPIITGHAHPHITKAITTAAENGVLYG....TPTALEVKF 
 P71084_BS_GSAM2 33 GSPVAMEKASGAYFWDVDGNKYIDYLAA.YGPIITGHAHPHITEAIKKAAENGVLYG....TPTKHEVTF 
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 Q81ZE4_BA_GABA:αKG TA 104 AEKLAALAPG...SFDKQVLFLNSGAEAVENAVKIARKYTK........RPGIIAFSKGFHGRTLMTMTM 
 Q81IM9_BC_GABA:αKG TA 129 AEKLAALAPG...SFDKQVLFLNSGAEAVENAVKIARKYTK........RPGIIAFSKGFHGRTLMTMTM 
 P94427_BS_GABA:αKG TA 96 AEKLCGIAPG...SHEKKAIFLNSGAEAVENAVKIARKYTK........RQGVVSFTRGFHGRTNMTMSM 
 Q81TV3_BA_Orn:αKG TA 88 YEKVAKLTNK......EMVLPMNTGAEAVETAIKTARRWAYDVKKVEANRAEIIVCEDNFHGRTMGAVSM 
 Q81GP2_BC_Orn:αKG TA 88 YEKVAKLTNK......EMVLPMNTGAEAVETAIKTVRRWAYDVKKVEANRAEIIVCEDNFHGRTMGSVSM 
 P38021_BS_Orn:αKG TA 91 YEKTAKLTGK......EMILPMNTGAEAVESAVKAARRWAYEVKGVADNQAEIIACVGNFHGRTMLAVSL 
 Q81M98_BA_AcOrn:αKG TA 74 QEEVASLLTEN..IALDYVFFCNSGAEANEAALKLARKHTG........KSLVVTCEQSFHGRTFGTMSA 
 Q818W2_BC_AcOrn:αKG TA 74 QEEVASLLTEN..RALDYVFFCNSGAEANEAALKLARKHTG........KSLVVTCQQSFHGRTFGTMSA 
 P54752_NS_AcOrn:αKG TA 102 QGELAQWIIQH..SCADRVFFCNSGAEANEAAIKLARKYAHTVLDIE..KPIILTANASFHGRTLATITA 
 Q81NA3_BA_Orn:αKG TA 91 LKHFNKIILEPRDLNYKIMFPGPTGTNSVESALKIARKVTG........RTNIISFSNAFHGMSLGSLSI 
 Q9KED4_BH_Orn:αKG TA 90 LQKFHDVILKPRNLDYKVMFPGPTGTNTVESALKLARKVTG........RTDIISFTNGFHGMTIGSLSV 
 Q81NZ2_BA_unknown1 85 AKKLVDCSLK.....NGKVFFTNSGTEATETTLKLIDKYRAITNEE...REGIVVLKNSFHGRTLGALHF 
 Q81BY1_BC_unknown1 85 AKKLVECTLK.....SGKVFFTNSGTEATETTLKLIDKYRSIANEE...RDGVVVLKDSFHGRTLGALHF 
 Q81QX1_BA_unknown2 80 AKKLSDLSVG....DLNWSFFVNSGTEANETAMKIAIQHFQERGIQG..KHKILSRWMSYHGITMGALSM 
 Q81DV6_BC_unknown2 80 AKKLSDLSVG....DLNWSFFVNSGTEANETAMKIAIQHFQERGIQG..KHKILSRWMSYHGIPMGALSM 
 Q6I0U5_BA_ωAA:pyr TA 94 AEKLNEWLGG.....EYVIFFSNSGSEANETAFKIARQYYAQKGEPH..RYKFMSRYRGYHGNTMATMAA 
 Q81FH7_BC_ωAA:pyr TA 95 AEKLNEWLGG.....EYVIFFSNSGSEANETAFKIARQYYAQKGEPH..RYKFMSRYRGYHGNTMATMAA 
 Q9APM5_BW_tau:pyr TA 94 SEKLISKMPG.....MSRVYLSNSGSEANEKAFKIVRQIGQLKHGGK..KTGILYRARDYHGTTIGTLSA 
 F2XBU9_VF_ωAA:pyr TA 97 SEKLVEVSPFD....SGRVFYTNSGSEANDTMVKMLWFLHAAEGKPQ..KRKILTRWNAYHGVTAVSASM 
 Q81MA8_BA_Lys:KAPA TA 107 AEKIIEVVPEG....LKKVFYSDSGSSAVEIAIKMAFQYWQHKGKPK..KQRFVTLKEAYHGDTIGAVSV 
 Q818W8_BC_Lys:KAPA TA 107 AEKISEVVPDG....LKKVFYSDSGSTAVEIAIKMAFQYWQHKGKPK..KQRFVTLKEAYHGDTIGAVSV 
 P53555_BS_Lys:KAPA TA 93 AETLIDISPK....KLTRVFYSDSGAEAMEIALKMAFQYWKNIGKPE..KQKFIAMKNGYHGDTIGAVSV 
 Q81LD0_BA_GSAM1 99 AKLVIERVPS.....IEIVRMVNSGTEATMSALRLARGYTG........RNKILKFIGCYHGHGDSLLIK 
 Q817R3_BC_GSAM1 99 AKLVIERVPS.....IEIVRMVNSGTEATMSALRLARGYTG........RNKILKFIGCYHGHGDSLLIK 
 P30949_BS_GSAM1 99 AKLVIDRVPS.....VEIVRMVSSGTEATMSALRLARGYTG........RNKILKFEGCYHGHGDSLLIK 
 Q81YV0_BA_GSAM2 101 AKMLKEAMPA.....LDKVRFVNSGTEAVMTTIRVARAYTG........RTKIMKFAGCYHGHSDLVLVA 
 Q81I85_BC_GSAM2 99 AKMLKEAMPA.....LDKVRFVNSGTEAVMTTIRVARAYTG........RTKIMKFAGCYHGHSDLVLVA 
 P71084_BS_GSAM2 98 AKMLKEAIPA.....MDKVRFVNSGTEAVMTTIRVARAYTG........RTKIIKFAGCYHGHSDLVLVA 
         e   
 Q81ZE4_BA_GABA:αKG TA 163 TSKVKP....YKFGFGP..FAPEVYKAPFPYEYRCPEG.LTEEQYDDFMIEEFKNFFISEVA.PETIAAV 
 Q81IM9_BC_GABA:αKG TA 188 TSKVKP....YKFGFGP..FAPEVYKAPFPYEYRRPEG.LTEEQYDDFIIEEFKNFFISEVA.PETIAAV 
 P94427_BS_GABA:αKG TA 155 TSKVKP....YKFGFGP..FAPEVYQAPFPYYYQKPAG.MSDESYDDMVIQAFNDFFIASVA.PETVACV 
 Q81TV3_BA_Orn:αKG TA 152 SSNEEY.....KRGFGP..MLPGIIVIPYG..................DLEALKAAITPN......TAAF 
 Q81GP2_BC_Orn:αKG TA 152 SSNEEY.....KRGFGP..MLPGIVVIPYG..................DLEALKAAITPN......TAAF 
 P38021_BS_Orn:αKG TA 155 SSEEEY.....KRGFGP..MLPGIKLIPYG..................DVEALRQAITPN......TAAF 
 Q81M98_BA_AcOrn:αKG TA 134 TGQNKV.....KEGFGP..LLPSFLHTPFN..................DIKALKEVMN......EEVAAV 
 Q818W2_BC_AcOrn:αKG TA 134 TGQDKV.....KEGFGP..LLPSFLHIPFN..................DIKALEEVMN......EEVAAV 
 P54752_NS_AcOrn:αKG TA 168 TGQAKY.....QKYFDP..LVPGFHYVNYN..................DISAVEAAISELDEGDYRVAAI 
 Q81NA3_BA_Orn:αKG TA 153 TSNHFK.......RKGAGVPLNNSIIMPYENYLDSLN...........SLSYLEKVLGDSGSGVALPAAI 
 Q9KED4_BH_Orn:αKG TA 152 TGNSFK.......RKGAGIPLTNVVTMPYDNFVSES..........LDTLDYLERFLEDGGSGVEIPAAM 
 Q81NZ2_BA_unknown1 147 TRQESV.....YQNFPT..TSIPVYEVERE..................NIEQLEETIIN.....ENPIAI 
 Q81BY1_BC_unknown1 147 TRQEKV.....YQNFPK..TSIPVYEVERE..................NIDQLEETIIK.....EKPIAI 
 Q81QX1_BA_unknown2 144 SGHPLR.....RQRFVS..ILEDYPTIPAPYCFRCP.VQKVYPTCQLACATELERSIERIG..AEHIAAF 
 Q81DV6_BC_unknown2 144 SGHPLR.....RQRFVS..ILEDYPTIPAPYCFRCP.VQKVYPTCQLACATELERSIERIG..AEHIAAF 
 Q6I0U5_BA_ωAA:pyr TA 157 TGQAQR.....RYQYEP..FASGFLHVTPPDCYRMPG.IERENIYDVECVKEVDRVMTWEL..SETIAAF 
 Q81FH7_BC_ωAA:pyr TA 158 TGQAQR.....RYQYEP..FASGFLHVTPPDCYRMP.EIEGQHIYDVECVKEVDRVMTWEL..SETIAAF 
 Q9APM5_BW_tau:pyr TA 157 CGQFER.....KVQYGP..FAPGFYEFPDCDVYRSKFG..DCADLGVKMAKQLEEVILTVG..PDELGAV 
 F2XBU9_VF_ωAA:pyr TA 161 TGKP.Y.....NSVFGL..PLPGFVHLTCPHYWRYGEEGETEEQFVARLARELEETIQREG..ADTIAGF 
 Q81MA8_BA_Lys:KAPA TA 171 GAIDLF.....YQVYSS..LLFEAIKMPYPYTYRSPYG.NDKAEIVKKHLEEMEELLKDK...HEEIAAI 
 Q818W8_BC_Lys:KAPA TA 171 GAIDLF.....HQVYSS..LLFDAIKMPYPYTYRSPYG.NNKEEIVKSHLEEMEELLKEK...HEEVAAI 
 P53555_BS_Lys:KAPA TA 157 GSIELF.....HHVYGP..LMFESYKAPIPYVYRSES..GDPDECRDQCLRELAQLLEEH...HEEIAAL 
 Q81LD0_BA_GSAM1 156 AGSGVATLGLPDSPGVPEGVAKNTITVAYN..................DLESVKYAFEQF...GDDIACV 
 Q817R3_BC_GSAM1 156 AGSGVATLGLPDSPGVPEGVAKNTITVAYN..................DLESVKYAFEQF...GDDIACV 
 P30949_BS_GSAM1 156 AGSGVATLGLPDSPGVPEGIAKNTITVPYN..................DLESVKLAFQQF...GEDIAGV 
 Q81YV0_BA_GSAM2 158 AGSGPSTLGTPDSAGVPQSIAQEVITVPFN..................NVETLKEALDKWG...HEVAAI 
 Q81I85_BC_GSAM2 156 AGSGPSTLGTPDSAGVPQSIAQEVITVPFN..................NVETLKEALDKWG...HEVAAI 
 P71084_BS_GSAM2 155 AGSGPSTLGTPDSAGVPKSIANEVITVPFN..................DIDSYKAALEKWG...SEIAAV 
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 Q81ZE4_BA_GABA:αKG TA 225 VMEP.VQGEGGFIVPSKKFAQEVRNICSEHGILFVADEIQTGFSRTGKYFAIDHYDVVPDLITVSKSLGA 
 Q81IM9_BC_GABA:αKG TA 250 VMEP.VQGEGGFIVPSKKFVQEVRRICSENGILFVADEIQTGFSRTGKYFAIDHYDVVPDLITVSKSLGA 
 P94427_BS_GABA:αKG TA 217 VMEP.VQGEGGFIIPSKRFVQHVASFCKEHGIVFVADEIQTGFARTGTYFAIEHFDVVPDLITVSKSLAA 
 Q81TV3_BA_Orn:αKG TA 191 ILEP.IQGEAGINIPPAGFLKEALEVCKKENVLFVADEIQTGLGRTGKVFACDWDNVTPDMYILGKALGG 
 Q81GP2_BC_Orn:αKG TA 191 ILEP.IQGEAGINIPPAGYLKEAFEVCKKENVLFVADEIQTGLSRTGKVFACDWDNVTPDMYILGKALGG 
 P38021_BS_Orn:αKG TA 194 LFEP.IQGEAGIVIPPEGFLQEAAAICKEENVLFIADEIQTGLGRTGKTFACDWDGIVPDMYILGKALGG 
 Q81M98_BA_AcOrn:αKG TA 173 MVEV.VQGEGGVIPADLSFLKEIETLCKKFGSLFIIDEVQTGIGRTGTLFAYEQMGIDPHIVTTAKALGN 
 Q818W2_BC_AcOrn:αKG TA 173 MVEV.VQGEGGVIPVDLSFLKEIETLCNKFGSLFIIDEVQTGIGRTGTLFAYEQVGIEPDIVTVAKALGN 
 P54752_NS_AcOrn:αKG TA 213 LIEP.LQGEGGVRPGDVEYFQKLRQICDDTGILLMFDEVQVGMGRSGKLWGYEYLGVEPDIFTSAKGLGG 
 Q81NA3_BA_Orn:αKG TA 205 ILET.VQGEGGLNTASSQWLKGIDRLCKKYNILLIVDDIQAGCGRTGTFFSFEPASIKPDIICLSKSISG 
 Q9KED4_BH_Orn:αKG TA 205 ILET.VQGEGGINAARTEWLQRVEKICKRWGILLIIDDVQAGVGRTGTFFSFEDAGITPDIVCLSKSIGG 
 Q81NZ2_BA_unknown1 187 LLEP.VLGSGGIYPLSREYLHGVQNLCDKYNVILIVDEVQSGMGRTGKLFAYQNFNITPHIIQIGKGAGG 
 Q81BY1_BC_unknown1 187 MLEP.VLGSGGIYPLSSKYLHGVQNLCEKYNVLLVVDEVQSGMGRTGKLFAYQNFNITPDIIQIGKGAGG 
 Q81QX1_BA_unknown2 204 IAEPIIGAAGGAVVPPKEYYKVIKDICSHYDILFIADEVMTGLGRTGAWFAMEHWGVEPDIMTLGKGLGA 
 Q81DV6_BC_unknown2 204 IAEPIIGAAGGAVVPPKDYYKVIKEICDHYDILFIADEVMTGLGRTGAWFAMEHWGVEPDIMTLGKGLGA 
 Q6I0U5_BA_ωAA:pyr TA 217 IMEP.IITGGGILMPPQDYMKAVHETCQKHGALLISDEVICGFGRTGKAFGFMNYDVKPDIITMAKGITS 
 Q81FH7_BC_ωAA:pyr TA 218 IMEP.IITGGGILMPPQDYMKAVHEMCQKHGALLISDEVICGFGRTGKAFGFMNYDVKPDIITMAKGITS 
 Q9APM5_BW_tau:pyr TA 216 IVEP.MTAGGGILVPPAGYYETIREICDKYELLLIIDEVVCGLGRTGKWFGYQHFNVQPDIVTMAKGVAS 
 F2XBU9_VF_ωAA:pyr TA 221 FAEP.VMGAGGVIPPAKGYFQAILPILRKYDIPVISDEVICGFGRTGNTWGCVTYDFTPDAIISSKNLTA 
 Q81MA8_BA_Lys:KAPA TA 230 IVEPLMQGAGGMITMPKGYLRGLRNLCTKYNVLFITDEVATGFGRTGKMFACEHENVTPDILTAGKGLTG 
 Q818W8_BC_Lys:KAPA TA 230 IVEPLMQGAGGMITMPKGYLKGLRDLCTKYNVLFITDEVATGFGRTGKMFACEHENVTPDILTAGKGLTG 
 P53555_BS_Lys:KAPA TA 215 SIESMVQGASGMIVMPEGYLAGVRELCTTYDVLMIVDEVATGFGRTGKMFACEHENVQPDLMAAGKGITG 
 Q81LD0_BA_GSAM1 205 IVEP.VAGNMGVVPPQPGFLEGLREVTEQNGALLIFDEVMTGF.RVAYNCGQGYYGVTPDLTCLGKVIGG 
 Q817R3_BC_GSAM1 205 IVEP.VAGNMGVVPPQPGFLEGLREVTEQNGALLIFDEVMTGF.RVAYNCGQGYYGVTPDLTCLGKVIGG 
 P30949_BS_GSAM1 205 IVEP.VAGNMGVVPPQEGFLQGLRDITEQYGSLLIFDEVMTGF.RVDYNCAQGYFGVTPDLTCLGKVIGG 
 Q81YV0_BA_GSAM2 207 LVEP.IVGNFGIVEPKPGFLEKVNELVHEAGALVIYDEVITAF.RFMYGGAQDLLGVTPDLTALGKVIGG 
 Q81I85_BC_GSAM2 205 LVEP.IVGNFGIVEPKPGFLEKVNELVHEAGALVIYDEVITAF.RFMYGGAQDLLGVTPDLTALGKVIGG 
 P71084_BS_GSAM2 204 LVEP.IVGNFGIVEPKEGFLEQVNELTHNAGALVIYDEVITAF.RFMYGGAQDLLQVKPDLTALGKIIGG 
     
 Q81ZE4_BA_GABA:αKG TA 294 G.VPISGVIGRKEIMNESAP........GELGGTYAGSPLGCAAALAVLDVIE.KENLNDRAIELGKVVM 
 Q81IM9_BC_GABA:αKG TA 319 G.VPISGVIGRKEIMNESAP........GELGGTYAGSPLGCAAALAVLDVIE.NEKLNDRAIELGKVVM 
 P94427_BS_GABA:αKG TA 286 G.LPLSGVIGRAEMLDAAAP........GELGGTYAGSPLGCAAALAVLDIIE.EEGLNERSEEIGKIIE 
 Q81TV3_BA_Orn:αKG TA 260 GVFPISCAAANRDILGVFEP........GSHGSTFGGNPLACAVSIAALEVLE.EEKLTERSLQLGEKLV 
 Q81GP2_BC_Orn:αKG TA 260 GVFPISCVAANRDILGVFEP........GSHGSTFGGNPLACAVSIAALEVLE.EEKLTERSLQLGEKLV 
 P38021_BS_Orn:αKG TA 263 GVFPISCIAADREILGVFNP........GSHGSTFGGNPLACAVSIASLEVLE.DEKLADRSLELGEYFK 
 Q81M98_BA_AcOrn:αKG TA 242 G.IPVGAMIGRKELGTSFTAG........SHGSTFGGNYVAMAAAKEVLQVSKRLSFLKEVQ.EKGEYVL 
 Q818W2_BC_AcOrn:αKG TA 242 G.IPVGAMIGGKELGTSFTAG........SHGSTFGGNYIAMAAAKEVLQVSKKPSFLKEVQ.EKGEYVL 
 P54752_NS_AcOrn:αKG TA 282 G.IPIGAMMSKKFCDVFQPG.........EHASTFGGNPFACGVALAVCQTLERENILQNVQ.DRGEQLR 
 Q81NA3_BA_Orn:αKG TA 274 IGLPMAITLIKPEYDKWEPG.........EHNGTFRGNNLAFLAATEALSYWK.DIEFINALKWKSEKIT 
 Q9KED4_BH_Orn:αKG TA 274 FGLPLAITLFRPELDIWAPG.........EHNGTFRGNNHAFVTATEALSYWE.DDSFEKDIQEKSATIS 
 Q81NZ2_BA_unknown1 256 G.IPLGGIIVGEKLCDVFAPG........DHGTTFAHSSMGTALGLTVLNTLL.DDGLMQEAYEMSLYLN 
 Q81BY1_BC_unknown1 256 G.IPLGGIIVGEKLCDVFSPG........DHGTTFAHSSMGTALGLTVLNTLL.DDGLMQEAYETSLYLN 
 Q81QX1_BA_unknown2 274 GYTPMAATVVSDRVMEPILRG....SRSVMSGHTLSANPLSAATALAVIEYME.KHNLPEKTAEKGEYLI 
 Q81DV6_BC_unknown2 274 GYTPMAATVVSDRVMEPILRG....SRSVMSGHTLSANPLSAATALAVIEYME.KHNLPEKTAEKGEYLI 
 Q6I0U5_BA_ωAA:pyr TA 286 AYLPLSATAVKREIYEAFKGK..GEYEFFRHINTFGGNPAACALALKNLEIIENENLIERSA.QMGSLLL 
 Q81FH7_BC_ωAA:pyr TA 287 AYLPLSATAVKKEIYEAFKGK..GEYEFFRHINTFGGNPAACALALKNLEIMENENLIERSA.QMGSLLL 
 Q9APM5_BW_tau:pyr TA 285 GYAPISCTVTTEKVFQDFVNDPADTDAYFRDISTFGGCTSGPAAALANIEIIERENLLENCT.KMGDRLL 
 F2XBU9_VF_ωAA:pyr TA 290 GFFPMGAVILGPELSKRLETA.IEAIEEFPHGFTASGHPVGCAIALKAIDVVMNEGLAENVR.RLAPRFE 
 Q81MA8_BA_Lys:KAPA TA 300 GYLPVAITVTTDEIYNAFLGS.YEEQKTFFHGHSYTGNPLGCAVAIANLELYEKTNLIEEVA.RKTEYVA 
 Q818W8_BC_Lys:KAPA TA 300 GYLPIAVTVTTDEIYNAFLGE.YEEQKTFFHGHSYTGNPLGCAVAIANLELYEKTNLIEEVARKTDYVAA 
 P53555_BS_Lys:KAPA TA 285 GYLPIAVTFATEDIYKAFYDD.YENLKTFFHGHSYTGNQLGCAVALENLALFESENIVEQVA.EKSKKLH 
 Q81LD0_BA_GSAM1 273 G.LPVGAYGGKAEIMRQV.....APSGPIYQAGTLSGNPLAMAAGYETLVQLT.PESYVEFE.RKAEMLE 
 Q817R3_BC_GSAM1 273 G.LPVGAYGGKAEIMRQV.....APSGPIYQAGTLSGNPLAMAAGYETLVQLT.PESYVEFE.RKAEMLE 
 P30949_BS_GSAM1 273 G.LPVGAYGGKAEIMEQI.....APSGPIYQAGTLSGNPLAMTAGLETLKQLT.PESYKNFI.KKGDRLE 
 Q81YV0_BA_GSAM2 275 G.LPIGAYGGKKEIMEQVAP.....LGPAYQAGTMAGNPASMASGIACLEVLQQEGLYEKLD.ELGAMLE 
 Q81I85_BC_GSAM2 273 G.LPIGAYGGKKEIMEQVAP.....LGPAYQAGTMAGNPASMASGIACLEVLQQEGLYEKLD.ELGAMLE 
 P71084_BS_GSAM2 272 G.LPIGAYGGKQEIMEQVAP.....LGPAYQAGTMAGNPASILSGIACLEVLKEKGVYEKLD.HLGAMLE 
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 Q81ZE4_BA_GABA:αKG TA 354 NRFE.EMKNKYNCIGDVRGLGAMCAFELVQDRK...TKTPD..KTLTANLCTEANKR.GLLLLSAGTYG. 
 Q81IM9_BC_GABA:αKG TA 379 NRFE.EMKNKYHCIGDVRGLGAMCAFEVVQDRK...TKAPD..KTLTANLCAEANKR.GLLLLSAGTYG. 
 P94427_BS_GABA:αKG TA 346 DKAY.EWKQEFPFIGDIRRLGAMAAIEIVKDPD....TREP..DKTKAAAIAAYANQNGLLLLTAGIN.. 
 Q81TV3_BA_Orn:αKG TA 321 GQLK...EIDNPMITEVRGKGLFIGIELN................EPARPYCEQLKAAGLLCKETHEN.. 
 Q81GP2_BC_Orn:αKG TA 321 GQLK...EIDNPMITEVRGKGLFIGIELN................EPARPYCEQLKAAGLLCKETHEN.. 
 P38021_BS_Orn:αKG TA 324 SELE...SIDSPVIKEVRGRGLFIGVELT................EAARPYCERLKEEGLLCKETHD... 
 Q81M98_BA_AcOrn:αKG TA 302 QKLQ.EELQHVECIQNIRGKGLMVGIECT................HEVASFIEQLEKEGLLVLQAG.... 
 Q818W2_BC_AcOrn:αKG TA 302 EKLQ.EELQHVECIQNIRGKGLMIGIECK................HEVASFIEQLENEGLLVLQAG.... 
 P54752_NS_AcOrn:αKG TA 341 SGLRAIAAKYPHHLTEVRGWGLINGLELAADIP............LTAADVVKAAINEGLLLVPAG.... 
 Q81NA3_BA_Orn:αKG TA 334 SFLNEICLKYPQLQGEVRGRGFMQGIACNTFG.............IAKKICSVAFEN.GLIIETSGPN.. 
 Q9KED4_BH_Orn:αKG TA 334 DFLVKLVTEYPEIKGEVKGKGFMVGIASDVEG.............FASKVTEEAFSR.GLIMETSGPN.. 
 Q81NZ2_BA_unknown1 316 DKLQEIQKENSYYIEEVRHAGMMFGISLNDTN.............ENVKKLQVELMEKGILVDVTQG... 
 Q81BY1_BC_unknown1 316 DKLQDIQKENSYYIQEVRHAGMMFGISLNDTN.............ENVKKLQVELMNKGMLVDVTKG... 
 Q81QX1_BA_unknown2 339 KGLQ.KVQQQSTIIADVRGKGLLIGVELQPFS.............KASELISVAAKNGLLLYQAVSGQAG 
 Q81DV6_BC_unknown2 339 KGLQ.KVQQQSTIIADVRGKGLLIGVELQPFT.............KASELISVAAKNGLLLYQAVSGQAG 
 Q6I0U5_BA_ωAA:pyr TA 353 EQLK.EEIGEHPLVGDIRGKGLLVGIELVNDK..ETKEPID..NDKIASVVNACKEK.GLIIGRNGMTTA 
 Q81FH7_BC_ωAA:pyr TA 354 EQLK.DEIGEHPLVGNIRGKGLLVGIELVNDK..ETKEPID..NDKIASVVNACKEK.GLIIGRNGMTTA 
 Q9APM5_BW_tau:pyr TA 354 EGLK.GLMAKHPIIGDVRGKGLFAGIEIVKDRAT...KEPI..AEAVANAMVGAAKQAGVLIGKTSRSFR 
 F2XBU9_VF_ωAA:pyr TA 358 ERLK..HIAERPNIGEYRGIGFMWALEAVKDKASKTPFDGN..LSVSERIANTCTDL.GLICRPLG.... 
 Q81MA8_BA_Lys:KAPA TA 368 TQLE..ELFACKHVGDIRQCGLMVGIELVKNKETKEAFEWT..ERVGVQVCKRSREL.GMILRPLG.... 
 Q818W8_BC_Lys:KAPA TA 369 QLEK...LFAYKHVGDIRQCGLMVGIELVKNKETKEAFDWT..ERVGVQVCKRSREL.GMILRPLG.... 
 P53555_BS_Lys:KAPA TA 353 FLLQ..DLHALPHVGDIRQLGFMCGAELVRSKETKEPYPAD..RRIGYKVSLKMREL.GMLTRPLG.... 
 Q81LD0_BA_GSAM1 335 AGLR.KAAEKHGIPHHINRAGSMIGIFFTDEPVINYDAAKSSNLQFFAAYYREMVEQ.GVFLPPSQ.... 
 Q817R3_BC_GSAM1 335 AGLR.KAAEKHGIPHHINRAGSMIGIFFTDEPVINYDAAKSSNLEFFAAYYREMVEQ.GVFLPPSQ.... 
 P30949_BS_GSAM1 335 EGIS.KTAGAHGIPHTFNRAGSMIGFFFTNEPVINYETAKSSDLKLFASYYKGMANE.GVFLPPSQ.... 
 Q81YV0_BA_GSAM2 338 KGIL.EQAAKHNIDITLNRLKGALTVYFTTNTIEDYDAAQDTDGEMFGKFFKLMLQE.GVNLAPSK.... 
 Q81I85_BC_GSAM2 336 KGIL.EQAAKHNIDITLNRLKGALTVYFTTNTIEDYDAAQDTDGEMFGKFFKLMLQE.GVNLAPSK.... 
 P71084_BS_GSAM2 335 EGIL.KHAETHGITITVNRLKGALTVYFSDEKVENYEQAERSDGETFSTFFKLMLER.GINLAPSK.... 
         l 
 Q81ZE4_BA_GABA:αKG TA 416 ...NVIRVLMPLVITDEQLEEGLTIIEESLQICYEKANTARV 
 Q81IM9_BC_GABA:αKG TA 441 ...NVIRVLMPLVITDEQLEEGLTIIEESLQACYEQTNIARV 
 P94427_BS_GABA:αKG TA 407 ..GNIIRFLTPLVISDSLLNEGLSILEAGLRA 
 Q81TV3_BA_Orn:αKG TA 370 ....VIRIAPPLVISEEDLEWAFQKIKAVLS 
 Q81GP2_BC_Orn:αKG TA 370 ....VIRIAPPLVISEEDLEWAFQKIKAVLS 
 P38021_BS_Orn:αKG TA 372 ...TVIRFAPPLIISKEDLDWAIEKIKHVLRNA 
 Q81M98_BA_AcOrn:αKG TA 351 ..PNVIRLLPPLIVTNEELEQAVYMIKKVVCTKNVSII 
 Q818W2_BC_AcOrn:αKG TA 351 ..PNVIRLLPPLIVTNEELEQAVYIIKKVVCTKNVSII 
 P54752_NS_AcOrn:αKG TA 395 ..PKVVRFVPPLIVTEAEINTALKLLEKALATVTA 
 Q81NA3_BA_Orn:αKG TA 388 ..DEVIKLLPSLTIDLEGLSKGLEMLEDSISTILKEVTH 
 Q9KED4_BH_Orn:αKG TA 388 ..DEVFKLFPPLTIDDEGLEKGLAIIEESIKALVETKELVMQ 
 Q81NZ2_BA_unknown1 370 ...NIIRLLPPYIITKEEIDTFITQFIFCIDKVAAVVSA 
 Q81BY1_BC_unknown1 370 ...NIIRLLPPYIITKEEIDAFINQFIICLDKVAAVVSA 
 Q81QX1_BA_unknown2 395 KEDSALLVAPPMTTTYSELDELLSIFAKSVEEMMQKGGHSIA 
 Q81DV6_BC_unknown2 395 KEDSALLVAPPMTTTYSELDELLSIFSKSVEEMMQKGGHSIA 
 Q6I0U5_BA_ωAA:pyr TA 417 GYNNILTLAPPLVISSEEIAFVIGTLKTAMERI 
 Q81FH7_BC_ωAA:pyr TA 418 GYNNVLTLAPPLVISSEEIAFVVGTLKTAMERI 
 Q9APM5_BW_tau:pyr TA 418 EFNNTLTLCPALIATEADIDEIVAGIDKAFTTVEQKFGL 
 F2XBU9_VF_ωAA:pyr TA 419 ...QSVVLCPPFILTEAQMDEMFDKLEKALDKVFAEVA 
 Q81MA8_BA_Lys:KAPA TA 429 ...NTIVFMPPLASTIDEIDEMLRILYKAISDITEGE 
 Q818W8_BC_Lys:KAPA TA 429 ...NTIVFMPPLASTFEEIDDMLRILYKAISDVTEGE 
 P53555_BS_Lys:KAPA TA 414 ...DVIAFLPPLASTAEELSEMVAIMKQAIHEVTSLED 
 Q81LD0_BA_GSAM1 399 ....FEGLFLSTVHSDADIEATIAAAEIAMSKLKA 
 Q817R3_BC_GSAM1 399 ....FEGLFLSTAHSDADIEATIAAAEIAMSKLKA 
 P30949_BS_GSAM1 399 ....FEGLFLSTAHTDEDIENTIQAAEKVFAEISRR 
 Q81YV0_BA_GSAM2 402 ....YEAWFLTTEHTKEDIEYTIEAVGRAFAALADNK 
 Q81I85_BC_GSAM2 400 ....YEAWFLTTEHTKEDIEYTIEAVGRAFAALADNK 
 P71084_BS_GSAM2 399 ....YEAWFITTAHTEQDIKDTLTAVEDAFKHLKN 

Figure S8: Alignment of all Bacillus anthracis and Bacillus cereus class III transaminases and the most similar 
experimentally characterized enzyme (an evaluation of their function can be found in Table S2). The given 
names are composed of the UniProt accession, an abbreviation of the organism name (BA, Bacillus anthracis; 
BC, B. cereus; BS, B. subtilis; NS, Nostoc sp.; BH, B. halodurans; BW, Bilophila wadsworthia; VF, Vibrio 
fluvialis) and the (putative) function (for abbreviations see Table S2). The alignment has been created with the 
STRAP software[18] using ClustalW[19]. Highlighted sequence positions (for a detailed description of these 
residues’ functions, see the recent review by Steffen-Munsberg et al.[20]): a, glycine insertion in left-handed helix 
as found in tau:pyr TAs; b, position in left-handed helix (L55 in 3N5M); c, position in left-handed helix (W56 in 
3N5M); d, position the P-side, that requires an arginine for ωAA binding in ωAA:αKG TAs; e, position where 
3N5M and tau:pyr TAs have an arginine for ωAA coordination (R162 in 3N5M); f, ‘glutamate switch’ position at 
the O-side, that is required for dual substrate recognition in ωAA:αKG TAs; g, aspartate residue coordinating 
the cofactor’s pyridine nitrogen; h, position at the O-side that is involved in α-carboxylate binding in ωAA:αKG 
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TAs; i, catalytic lysine; j, position at the O-side where most ωAA:pyr TAs and Lys:KAPA TAs have the ‘flipping’ 
arginine, required for dual substrate recognition; k, position at the O-side which is an arginine in tau:pyr TAs 
and probably involved in taurine’s sulphonate binding; l, position at the O-side where ωAA:αKG TAs have an 
arginine for α-carboxylate binding.  
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Tables 
Table S2: Specificities of all class III transaminase enzymes in Bacillus anthracis and Bacillus cereus. Evidences 
for their activities are gained from similar characterized enzymes and the active site fingerprints according to 
Steffen-Munsberg et al.[20] Since Nakano et al. found only one enzyme in B. cereus with βAla:pyr TA activity, 
which showed almost identical properties compared to 3N5M[21] and a sequence with 98% identity to 3N5M is 
found in this organism (UniProt accession: Q81FH7), we propose that this sequence of B. cereus codes for the 
enzyme that has been characterized by Nakano et al. as βAla:pyr TA in 1977.  

Specificity B. anthracis 
gene name 

B. anthracis 
accession 

Identity 
[%] 

B. cereus 
accession 

Characterized 
enzyme Commenta 

‘broad spectrum’  
γ-aminobutyrate: 
α-ketoglutarate 
(GABA:αKG) TA 

gabT Q81ZE4 96 Q81IM9 P94427 (from B. 
subtilis 63 % id)[22] 

All three match the 
active site fingerprint[20] 

Onithine: 
α-ketoglutarate 
(Orn:αKG) TA 

rocD Q81TV3 98 Q81GP2 P38021 (from B. 
subtilis 76% id)[23] 

All three match the 
active site fingerprint[20] 

N2-Acetylornithine: 
α-ketoglutarate 
(AcOrn:αKG) TA 

argD Q81M98 93 Q818W2 P54752 (from 
Nostoc sp. 44% 
id)[24] 

All three match the 
active site fingerprint[20] 

unknown 1 BA_3029 Q81NZ2 91 Q81BY1 - Probably accepts Glu 
(due to R139, Q225 
and R373) but not ω-
amino acids (no 
‘glutamate switch’ for 
dual substrate 
recognition: S194) 

α,γ-Diaminobutyrate: 
α-ketoglutarate 
(DABA:αKG) TA 

ectB Q81NA3 - - Q9KED4 (from B. 
halodurans 63% 
id)[25] 

Matches active site 
residues of other 
diaminobutyrate TAs[20] 

Lysine:7-keto-8-
aminopelargonic acid 
(Lys:KAPA) TA 

bioA Q81MA8 93 Q818W8 P53555 PDB: 
3DU4 (from B. 
subtilis 60% 
id)[15, 16] 

All three match the 
active site fingerprint[20] 

ω-amino acid:pyruvate 
(ωAA:pyr) TA 

BAS1519 Q6I0U5 98 Q81FH7  3N5M, characterized in 
this study 

unknown 2 BA_2294 Q81QX1 99 Q81DV6  Probably also accepts 
ω-amino acids (due to 
R149) but not pyruvate 
(no Arg at positions 
391, 393 and 401; 
furthermore, A40 and 
I41 differ from ω-amino 
acid:pyruvate 
transaminases) 

Glutamate-1-
semialdehyde 2,1-
aminomutase (GSAM1) 

hemL2 Q81LD0 
PDB: 3K28 

99 Q817R3 P30949 PDB: 
3BS8 (from B. 
subtilis 80% 
id)[26, 27] 

All three match the 
active site fingerprint[20] 

Glutamate-1-
semialdehyde 2,1-
aminomutase (GSAM2) 

hemL1 Q81YV0 99 Q81I85 P71084 (from B. 
subtilis 80% id)[28] 

All three match the 
active site fingerprint[20] 
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a: Residue numbers given in the “Comments” column are each based on the corresponding B. anthracis 
enzyme’s numbering. Most active site residues are highlighted in the alignment (Figure S8). 

 
 
Table S3: Class III transaminases matching the active site fingerprint L55, W56, R162 and not R409 (L46, W47, 
R145 and not R346). Putative taurine:pyruvate transaminases additionally have a glycine or alanine insertion 
before L46 in the left-handed helix and an arginine at position 413 at the O-side. Accessions of sequences of 
experimentally verified taurine:pyruvate TAs are given in bold case. 

Putative ωAA:pyr TA UniProt accessions  Putative taurine:pyruvate TA UniProt accessions 
B3Z7B8; B0AMH4; A0RC45; Q6I0U5; C3HGF8; 
B1EYC1; C2MYV1; B5V322; D5TVP6; C3EZL6; 
C3C0C1; Q6HKU8; C2NWW2; C2TEJ0; C3G126; 
C3GGT2; C2QR05; B9IWA3; C2SYY9; C2WKF7; 
C3GZ11; Q81FH7; Q73AP5; C2UBV7; C2RL39; 
F0PWU6; C2R637; C3E1J6; C2S1P9; G9QBG0; 
B3YS67; Q3EXD1; C2PCW7; C2MIQ7; C2Q9Y8; 
B7JHX7; D8H8A1; B7HI15; C2PTY6; Q63DD6; 
C2VRU1; D7WFS0; C2YPM1; B3ZTQ4; C2XRY6; 
C3A409; C3HYE8; B5URL1; Q4MT37; A9VNB5; 
C2UTC3; C2NFL1; C2SI04; B7IQ71; C2Z5W4; 
C2TVA0; C3BII7; C3B1S7; A7GNE4; C2W6C2; 
A9VMS5; C2SMY5; C3A8M1; C2UXJ7; D5DLA5; 
C2ZAL1; D5DRP8; C2X0S4; C2ZS49; C3B5S0; 
C3AND6; G2RIM2; C2VE79; E5WQ15; Q2BAE4; 
C2TZS6; G2TQD0; E3II16; C5DA52; I0F255; 
G4P5E2; D5N3L1; E6TTE7; A4IMV2; D7D7W5; 
A6CS51; D4G6W2; G4EYH4; E8VFI0; P33189; 
Q5L024; I3DZS6; F4E4Q8; I2HP14; H0FLT9; 
B4AFU7; I4V6A9; I2C2X8; D3FRV7; C9S160; 
I3E4D9; J0DB62; H8XHR0; G8N3D4; A8FBE7; 
E1UQ52; A2RH44; F4EN72; A7Z2U0; E3DT55; 
F5L3E5; I8UIK8; B1HU33; D7WNJ3; I0JLI1; 
H1I720; B1HZZ8; F2F070; D7WYP1; A3I8S7; 
C6D5M1; A3I7Y2; J3B846; J2P533; C0ZEL3; 
D5WWD7; A3IE88; F8IKV0; I0BHD4; D7WTX7; 
C8WTT0; H6NHL0; B7DRU9; F8F847; E5WKJ6; 
B1HVU2; Q5WBE3; F0YFU1 

H1IHW1; F6DSQ5; F6CT13; A3Y8Y7; Q9APM5; 
Q2BM65; Q2BN79; A1SR10; B8DKP4; G2H4B0; 
D9YFR0; H2IND8; B8J2Z6; F3S2X1; A9CV07; 
Q6AQU9; F3KY95; H0A0T4; K0MMA3; Q6AQV3; 
F9Y5M7; D0DAZ3; E3F2B4; F4LD16; A4ENT9; 
D0CV94; B6BCH3; D5AKY0; Q0FL19; A3SQK1; 
Q1GKC4; B7QYT3; B5J228; Q0G7D3; B7RNC6; 
B6B1U9; A6DWB9; A3XEX5; A3U255; D0CZV6; 
B5KCB8; B9KN87; A3K3N4; C7DBK9; A9DWW0; 
Q3IZA9; A4WWU4; C9CTV5; A3PMY8; B9NLD4; 
Q5LVM7; A3VKQ3; A4EE35; A6FKG9; Q1YT26; 
Q0FG64; A3SV63; I3TWB4; A3V890; A3SG07; 
E0MJT6; B9R4B7; A1B9Z3; A8LPS6; A3VG89; 
I1AQT3; E2CL08; F7ZFN2; Q16BJ5 
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