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ABSTRACT: ω-Transaminases are enzymes that can introduce an amino group in industrially interesting compounds. We
determined crystal structures of two (S)-selective ω-transaminases, one from Arthrobacter sp. (Ars-ωTA) and one from Bacillus
megaterium (BM-ωTA), which have 95% identical sequences but somewhat different activity profiles. Substrate profiling
measurements using a range of (R)- and (S)-substrates showed that both enzymes have a preference for substrates with large, flat
cyclic side groups, for which the activity of BM-ωTA is generally somewhat higher. BM-ωTA has a preference for (S)-3,3-
dimethyl-2-butylamine significantly stronger than that of Ars-ωTA, as well as a weaker enantiopreference for 1-
cyclopropylethylamine. The crystal structures showed that, as expected for (S)-selective transaminases, both enzymes have
the typical transaminase type I fold and have spacious active sites to accommodate largish substrates. A structure of BM-ωTA
with bound (R)-α-methylbenzylamine explains the enzymes’ preference for (S)-substrates. Site-directed mutagenesis experiments
revealed that the presence of a tyrosine, instead of a cysteine, at position 60 increases the relative activities on several small
substrates. A structure of Ars-ωTA with bound L-Ala revealed that the Arg442 side chain has been repositioned to bind the L-Ala
carboxylate. Compared to the arginine switch residue in other transaminases, Arg442 is shifted by six residues in the amino acid
sequence, which appears to be a consequence of extra loops near the active site that narrow the entrance to the active site.

Transaminases (EC class 2.6.1.−) catalyze the transfer of an
amino group from a donor substrate to an acceptor

molecule, replacing a carbonyl group on the acceptor molecule.
Transaminases use pyridoxal 5′-phosphate (PLP) as a cofactor,
which, in the resting state of the enzyme, is covalently attached
to the ε-amino group of a lysine residue in the active site. The
catalyzed reaction consists of two half-reactions. In the first
half-reaction, the enzyme transfers the amine group from the
donor substrate to the PLP cofactor; in the second half-
reaction, the PLP-bound amino group is transferred to the
acceptor substrate. The amine donors can vary, but an often-
used amino donor is L-alanine, which is converted into pyruvate
(Figure 1).
Transaminases can be distinguished according to the position

of the amino group that is transferred. α-Transaminases

(αTAs) transfer the amino group at the α-position of an
amino acid, whereas ω-transaminases (ωTAs) act on an amino
group at any other position than the α-position.1 In contrast to
α-transaminases, ωTAs do not necessarily require a carboxylate
group in their substrates, which makes them much more
versatile in biocatalytic transformations than αTAs. Moreover,
they often have well-defined enantioselectivity, which puts
them among the most useful enzymes for the production of
amine-containing, chiral intermediates for the pharmaceutical
and fine chemical industry.1,2
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An impressive example of the application of an ωTA is in the
production of the anti-diabetic compound sitagliptin, in which
an extensively engineered (R)-selective ω-transaminase from an
Arthrobacter species replaced a rhodium-catalyzed asymmetric
enamine hydrogenation, which suffered from inadequate
stereoselectivity and a product stream contaminated with
rhodium.3 A second example, using (S)-selective ωTAs, is the
total synthesis of S-rivastigmine, one of the most potent drugs
for the treatment of early stages of Alzheimer’s disease.4 ωTAs
are also applied in the production of halogenated aromatic
chiral amines, which are building blocks for potent potassium
channel openers with application in the treatment of, e.g.,
hyperparathyroidism.5

Nevertheless, the enantioselectivity of ω-transaminases is
often substrate-dependent and not always high enough for
unnatural substrates. Furthermore, the enzymes must be able to
cope with, sometimes harsh, process conditions like high
temperatures, nonphysiological pH, and the presence of organic
solvents. Adaptation of enzymes to new substrates and process
conditions is an important goal in making them suitable for
application. Moreover, the transaminase reaction is often
affected by unfavorable steady state kinetics in the direction
of the ketone. Changing the kinetics is essential for increasing
the amine product yield. This can be done by, for example,
removing the coproduct pyruvate by lactate dehydrogenase or
pyruvate decarboxylase, or by employing an amine donor
(alanine) regeneration system.6−8 As an alternative, the product
yield can be increased by replacing the amine donor alanine
with another amine donor like α-methylbenzylamine (α-MBA)
or 2-propylamine,2 which usually also requires adaptation of the
enzyme.
To aid rational modification of transaminases for biocatalytic

applications, various crystal structures have been elucidated
over the years. In 1989, the structure of the (S)-selective ω-
amino-acid:pyruvate transaminase from Pseudomonas sp. F-126
was determined.9 Examples of more recently determined
structures are the structure of the (S)-selective Chromobacte-
rium violaceum transaminase (CV-ωTA),10 the gabaculine-
bound structures of CV-ωTA and the β-alanine:pyruvate
aminotransferase from Pseudomonas aeruginosa (PA-ωTA),11

and the recent structure of an (R)-selective ωTA from an
Arthrobacter sp.12 These structures showed that (S)- and (R)-
selective ωTAs have very different three-dimensional structures.

The (S)-selective enzymes all belong to fold type I of PLP-
dependent enzymes, and (R)-selective ωTAs have fold type IV.
Despite these crystal structures, the structural determinants

that govern the stereoselectivity and substrate range of ωTAs
are not fully understood. Here, we report on the ∼54 kDa (S)-
selective ω-transaminases from Arthrobacter sp. (Ars-ωTA)13

and Bacillus megaterium (BM-ωTA),14 which have 95%
identical amino acid sequences but somewhat different activity
profiles. Extended substrate profiling experiments, using a range
of R and S substrates, and crystal structures revealed several
amino acid residues involved in the different substrate
preferences.

■ MATERIALS AND METHODS
Expression of BM-ωTA(His6) and Ars-ωTA(His6). For

expression, the BM-ωTA and Ars-ωTA genes were cloned into
pET21a(+) vectors containing a C-terminal His6 tag to
facilitate purification. Expression was tested in Escherichia coli
strains C43,15 BL21* (Invitrogen), Rosetta II (DE3)
(Novagen), and Rosetta II pLysS (Novagen), and the best
systems, E. coli Rosetta II (DE3) for BM-ωTA(His6) and E. coli
C43 for Ars-ωTA(His6), were used for protein production.
For BM-ωTA(His6) production, cells were grown at 37 °C in

1 L of Luria-Bertani broth containing 100 μM vitamin B6, 100
μg/mL ampicillin, and 34 μg/mL chloramphenicol. At an
OD600 of 0.6−0.8, protein expression was induced with 0.5 mM
isopropyl β-D-thiogalactopyranoside. Three hours after in-
duction, the cells were harvested and resuspended in 40 mL
of lysis buffer containing 50 mM Tris-HCl (pH 8.0), 300 mM
NaCl, 50 μM PLP, a catalytic amount of DNase I, and one
EDTA-free protease inhibitor tablet (Roche Applied Science,
according to the protocol). The resuspended cells were passed
twice through a French press (Thermo Scientific), and after
centrifugation, the supernatant was used for protein isolation
and purification.
Expression of Ars-ωTA(His6) was performed in a similar

fashion, without the addition of chloramphenicol, but to obtain
soluble protein, a cold shock (10 min, 0 °C) followed by
expression at 25 °C for 6 h was required.

Protein Purification and Characterization. The purifi-
cation protocols were similar for both transaminases. Cell-free
extracts were loaded on a Hi-Trap IMAC (immobilized metal
affinity chromatography) column (GE Healthcare, Bucking-
hamshire, U.K.), prewashed with 6 column volumes (CV) of
IMAC buffer [50 mM Tris-HCl (pH 8.0), 300 mM NaCl, and
50 μM PLP]. After being washed with 6 CV of IMAC buffer
containing 30 mM imidazole, the target protein was eluted with
3 CV of IMAC buffer containing 300 mM imidazole. The
eluted fractions were analyzed for protein content and purity,
using Coomassie blue-stained sodium dodecyl sulfate−poly-
acrylamide gel electrophoresis (SDS−PAGE) gels. Fractions
containing ω-transaminase were pooled and diluted to a NaCl
concentration of <50 mM by adding AEX buffer [50 mM Tris-
HCl (pH 8.0) and 50 μM PLP]. The diluted sample was loaded
on an anion-exchange column (ResourceQ, GE Healthcare)
equilibrated with AEX buffer. After being washed with 5 CV of
AEX buffer, the protein was eluted using a 0 to 500 mM NaCl
gradient (20 CV) in AEX buffer. Fractions containing ω-
transaminase were identified by SDS−PAGE and pooled and
concentrated using an Amicon Ultra 10K concentrator
(Millipore). Purified enzymes were characterized by recording
absorption spectra (NanoDrop1000, Thermo Scientific) in the
range of 250−600 nm. The absorption at 280 nm was used to

Figure 1. Overall ω-transaminase reaction. The transaminase reaction
consists of two half-reactions, one using an amide acceptor and the
other using an amide donor. Here the alanine−pyruvate amide donor
substrate−product pair is shown, but several other donor−acceptor
pairs can be used. Like α-transaminases, ω-transaminases can be (R)-
or (S)-selective. However, in contrast to the α-enzymes, they can
perform the transamination on substrates without a carboxylic acid
group and can thus accept a wide range of substrates with various
substituents at positions R1 and R2.

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00370
Biochemistry 2016, 55, 4422−4431

4423

http://dx.doi.org/10.1021/acs.biochem.6b00370


estimate the protein concentration (ε values of 86290 for Ars-
ωTA and 89270 for BM-ωTA, based on their amino acid
contents). Ars-ωTA was concentrated to 32 mg mL−1 and BM-
ωTA to 20 mg mL−1. Both transaminases were characterized by
analytical size exclusion chromatography (SEC) using a
Superdex200 column (GE Healthcare), with a 50 mM Tris-
HCl buffer (pH 8.0) containing 200 mM NaCl and 50 μM
PLP. The purified protein samples were divided into aliquots,
frozen in liquid nitrogen, and stored at −20 °C until they were
used.
Crystallization. Crystallization conditions of both proteins

were screened for, using the JCSG+ (Qiagen Corporation) and
PACT (Qiagen Corporation) screens, set up with a Mosquito
(TTP Labtech) pipetting robot. For each condition, two drops
were pipetted, one consisting of 125 nL of protein solution and
75 nL of reservoir solution and the other 75 nL of protein and
125 nL of reservoir solution. The resulting drops were
monitored using a RockImager imaging system (Formulatrix).
For Ars-ωTA, PACT screen conditions, containing a range of

PEGs, 0.1 M Bis-Tris propane buffer (pH 6.5), and 0.2 M salt
(NaNO3, sodium malonate, NaF, or NaCl), showed the most
promising crystals. After optimization, diffraction quality
crystals were obtained from sitting drops of 1 μL of protein
solution and 1 μL of reservoir solution [13−18% PEG 3350,
0.2 M sodium malonate, 100 mM MMT buffer (DL-malic acid,
MES, and Tris base) (pH 5.0), and 10 mM PLP]. The crystals
appeared after approximately 2−3 days and were cryoprotected
using 20% glycerol. For alanine binding studies, Ars-ωTA
crystals were soaked for ∼30 s in cryo-mother liquor containing
200 mM alanine. Cocrystallization and longer soaks did not
result in diffracting crystals.
BM-ωTA crystals were obtained from a JCSG+ screen

condition, consisting of 30% PEG300, 50 mM sodium
phosphate/citrate (pH 4.2), and 10 mM PLP. Crystals suitable
for data collection grew in approximately 1 day, using the
hanging drop vapor diffusion method with drops consisting of 1
μL of protein solution and 1 μL of reservoir solution. Special
care was taken to use fresh crystals for data collection, as
diffraction quality deteriorated after storage for ∼3 weeks at

room temperature. Crystals of BM-ωTA complexed with
substrate were obtained by soaking crystals for ∼1 min in
mother liquor saturated with (R)-α-methylbenzylamine [(R)-α-
MBA, ∼60 mM]. Because the mother liquor contained 30%
PEG300, further cryoprotection was not needed.

Small-Angle X-ray Scattering. Small-angle X-ray scatter-
ing (SAXS) experiments were performed using BM-ωTA at
beamline X33 at the EMBL outstation at DESY (Hamburg,
Germany). Data were collected on samples using a
concentration range from 1.8 to 5.5 mg mL−1 in 50 mM
Tris-HCl (pH 8.0), 150 mM NaCl, and 50 μM PLP. The BM-
ωTA SAXS data were processed using ATSAS16 (scattering
curves and Guinier plots shown in Figure S1).

Data Collection and Processing. All crystals were cryo-
cooled in liquid nitrogen, and data sets were collected at 100 K.
Diffraction images were processed and scaled with XDS17 and
SCALA18 from the CCP4 package.19 Native and (R)-α-MBA-
soaked BM-ωTA crystals have the same space group (P212121)
with highly similar cell parameters. The native Ars-ωTA crystals
had space group P21, and the crystal used for the alanine soak
had space group P1. An overview of the data collection statistics
can be found in Table 1.

Transaminase Activity Assay. Assays were performed in
96-well microtiter plates, with 10 μL of a substrate stock
solution [200 mM in 100% DMSO (dimethyl sulfoxide)], 95
μL of an assay stock solution, and 95 μL of an enzyme solution.
The assay stock solution consisted of 10 units of D-amino acid
oxidase, 1 mg of horseradish peroxidase, 2 mg of pyruvate, 3 mg
of 4-aminoantipyrine, and 2 mg of 2,4,6-tribromo-3-hydrox-
ybenzoic acid, all dissolved in 10 mL of 100 mM HEPES buffer
(pH 8.0). Pyruvate is used as an amino acceptor in the assay
and is converted into D-alanine. Subsequently, the D-alanine is
oxidized by a D-amino acid oxidase (Sigma) and molecular
oxygen, which regenerates the pyruvate with concomitant
formation of ammonia and H2O2. The formed H2O2 is a
substrate for horseradish peroxidase, which converts equimolar
amounts of hydrogen peroxide, 4-aminoantipyrine, and 2,4,6-
tribromo-3-hydroxybenzoic acid into a quinone imine dye.20

The increase in absorption at 510 nm due to the formation of

Table 1. Data Collection Statisticsa

native BM-ωTA BM-ωTA with (R)-α-MBA native Ars-ωTA Ars-ωTA with alanine

beamline PX3 (SLS) ID23-2 (ESRF) ID14-1 (ESRF) ID23-2 (ESRF)
wavelength (Å) 1.0 0.87260 0.93340 1.710
space group P212121 P212121 P21 P1
unit cell parameters

a (Å) 119.1 119.3 64.4 64.3
b (Å) 124.6 124.6 142.7 99.8
c (Å) 126.8 127.0 99.7 217.3
α (deg) 90 90 90 81.6
β (deg) 90 90 105.3 89.1
γ (deg) 90 90 90 75.5

resolution (Å) 43.4−1.7 (1.80−1.70) 44.5−1.9 (2.00−1.90) 48.1−1.9 (2.00−1.9) 43.0−2.3 (2.42−2.30)
Rmerge

b 3.1 (38.6) 9.3 (62.1) 9.1 (64.1) 6.8 (41.4)
Rpim

b 1.7 (21.4) 5.0 (33.4) 5.0 (35.5) 6.2 (39.2)
Wilson B factor 22.04 22.93 18.17 29.81
total no. of observations 847462 (110578) 649835 (92531) 580893 (82384) 450169 (57344)
total no. of unique reflections 200029 (26554) 149076 (21375) 137172 (19735) 214456 (29180)
mean I/σ(I) 27.4 (3.6) 11.0 (2.5) 14.1 (2.2) 8.5 (1.8)
completeness (%) 96.9 (89.0) 99.8 (98.8) 99.8 (92.4) 93.8 (87.5)
multiplicity 4.2 (4.0) 4.4 (4.3) 4.2 (4.2) 2.1 (2.0)
aValues within parentheses are for the last resolution shell. bFormulas for Rmerge and Rpim. were taken from ref 37.
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the dye was monitored with a spectrophotometer at 30 °C for
30 min.
Phasing and Refinement. The structure of BM-ωTA was

determined by molecular replacement with PHASER21 using a
putative aminotransferase from Mesorhizobium loti as a search
model [25% identical sequence, Protein Data Bank (PDB)
entry 3gju]. The refined structure of BM-ωTA was
subsequently used to determine the structure of Ars-ωTA.
Both molecular replacement solutions were good enough to
allow automatic model building by ARP/wARP.22

Models obtained from ARP/wARP were improved by
manual rebuilding using COOT23 alternated with refinement
using Refmac5.24 Initially, noncrystallographic symmetry
(NCS) restraints were applied to the four molecules in the
asymmetric unit during model building and refinement. TLS
(translation/libration/screw) refinement25 was added in the

final steps for all structures presented here. At this stage, the
NCS restraints were also released, except for the 12 molecules
in the P1 Ars-ωTA alanine structure. Restraints for the alanine
PLP adduct were generated using JLigand26 and for the (R)-α-
MBA PLP adduct using PRODRG.27 The occupancy of the
alanine was estimated by matching the temperature factors of
the alanine with those of the PLP cofactor. An overview of the
refinement statistics, final R factors, and various nonprotein
molecules found in the structures can be found in Table 2. The
quality of the final models and the geometrical restraints were
checked using Molprobity.28 The coordinates and structure
factor amplitudes have been deposited in the PDB as entries
5g0a (native BM-ωTA), 5g09 [BM-ωTA with (R)-α-MBA],
5g2p (native Ars-ωTA), and 5g2q (Ars-ωTA with alanine).
Figures of the structures were created using PYMOL.29

Table 2. Refinement Statistics

native BM-ωTA BM-ωTA with (R)-α-MBA native Ars-ωTA Ars-ωTA with alanine

refinement
resolution (Å) 43.4−1.7 44.5−1.9 48.1−1.9 48.0−2.3
Ra 17.3 16.6 15.6 19.2
Rfree

a,b 20.0 20.3 20.1 24.9
no. of atoms

protein 14911 15964 14571 43519
ligands 187 225 4 252
water 1096 918 1165 790

B factor
protein 32.9 24.9 23.2 74.7
solvent 39.2 28.4 29.3 65.4

root-mean-square deviation
bond lengths (Å) 0.01 0.01 0.01 0.01
bond angles (deg) 1.32 1.42 1.40 1.52

aR = ∑hkl|Fobs − Fcalc|/∑hkl|Fobs|.
bRfree is the R factor calculated with 5% of the reflections excluded from the refinement.

Figure 2. Relative activities of Ars-ωTA and BM-ωTA for a range of amine donors. The activity on 4-bromo-α-methylbenzylamine was taken as
100%. For most of the substrates, both the (R)- and the (S)-enantiomers were tested.
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■ RESULTS AND DISCUSSION

Protein Expression, Purification, Crystallization, and
Data Collection. Expression tests for BM-ωTA and Ars-ωTA,
using several different E. coli strains, showed that for BM-ωTA
the highest level of expression was achieved in E. coli RII
(DE3). In contrast, similar tests with Ars-ωTA produced
protein in inclusion bodies. To obtain soluble Ars-ωTA, the
growth temperature was decreased to 25 °C, which gave the
best results using E. coli strain C43.
For the crystallization experiments, Ars-ωTA and BM-ωTA

were both purified by immobilized metal affinity and anion-
exchange chromatography. Whereas Ars-ωTA showed the
typical yellow color of a PLP-containing protein, the BM-
ωTA cell pellet and purified protein were pink. A UV−vis
spectrum showed absorption at 550 nm, indicative of a
quinonoid form of the PLP.30 BM-ωTA crystals obtained
using these protein samples produced the yellow color usually
observed for PLP−enzyme complexes after ∼1 week and were
subsequently used for data collection (Table 1). The crystals
diffracted to a resolution better than 2.0 Å. Crystallization of
Ars-ωTA yielded crystals that diffracted to 1.9 Å resolution.
Substrate Ranges of Ars-ωTA and BM-ωTA. The

activity of Ars-ωTA and BM-ωTA was tested on a range of
(S)- and (R)-amines with pyruvate as the amino acceptor (see
Materials and Methods). Both enzymes show comparable
activities for most of the substrates tested (Figure 2). In
particular, both proteins prefer substrates with large R groups
like (S)-naphthylethylamines and halogenated (S)-methylben-
zylamines, although the activity of BM-ωTA on these
compounds is generally somewhat higher than that of Ars-
ωTA. BM-ωTA is also significantly more active on (S)-3,3-
dimethyl-2-butylamine. Both enzymes are active not only on
(S)-α-methylbenzylamine but also on (S)-α-ethylbenzylamine,
a substrate with a slightly larger secondary side group. The
enzymes show high (S)-enantioselectivity. The only exception
is 1-cyclopropylethylamine, of which both enantiomers are
converted with approximately equal efficiency by BM-ωTA
(Figure 2). To analyze the molecular basis of these intriguing
activity differences, we determined crystal structures of Ars-
ωTA and BM-ωTA.
Three-Dimensional Structures of BM-ωTA and Ars-

ωTA. As expected from their 95% sequence identity, the crystal
structures of BM-ωTA and Ars-ωTA (see Table 2 for
refinement statistics) are highly similar. The monomers exhibit
the typical transaminase type I fold, consisting of two main
domains (Figure 3). The large domain (residues 69−351)
binds the PLP cofactor and contains a mostly parallel seven-
stranded β-sheet flanked by α-helices on both sides. The small
domain comprises residues 1−68 and 352−474. The latter part
contains a three-stranded antiparallel β-sheet flanked by α-
helices, and residues 430−434 form a mixed four-stranded β-
sheet with residues 37−55. The N-terminal tail (residues 1−
36) forms a long loop and an α-helix and is involved in dimer
contacts.
Native BM-ωTA and Ars-ωTA crystallized with a homote-

tramer in the asymmetric unit. The protomers of this tetramer
have virtually identical structures, as shown by the pairwise
root-mean-square deviations of Cα positions, which are all <0.6
Å. Analytical gel filtration yielded single peaks for both proteins,
corresponding to an apparent molecular weight of approx-
imately 150 kDa, which would indicate a trimer. However,
SAXS data indicate a molecular weight of 210 kDa, in

agreement with a tetramer, with the Rg (∼4.0 nm) and Dmax
(∼12 nm) values matching those of the tetramer found in the
X-ray structures (Rg = 3.6 nm, and Dmax = 11.7 nm) (see Table
S1). Because a PISA analysis31 also indicates that the proteins
likely oligomerize as tetramers, organized as a dimer of dimers
(D2 symmetry; buried surfaces of 5600−5800 Å2 within the
dimer and of 2850 Å2 between the dimers), we conclude that
the tetramers in the crystals are in agreement with the
oligomerization states of the proteins in solution, as observed
for other fold type I transaminases.32

Active Sites of BM-ωTA and Ars-ωTA. In both BM-ωTA
and Ars-ωTA, the PLP cofactor is covalently attached to the
Lys298 side chain. PLP binds in a pocket lined with residues
conserved in both proteins (Figure S2), and all its non-carbon

Figure 3. (a) BM-ωTA tetramer (dimer of dimers) found in the
asymmetric unit. The four molecules are colored red, blue, purple, and
green. In each BM-ωTA monomer, a PLP molecule is bound
covalently to Lys298 (both shown in CPK). (b) BM-ωTA dimer. One
of the two molecules is colored according to the secondary structure,
and the other monomer is colored blue. As in the dimeric ω-
transaminases, the active site is formed by residues from two
monomers. The PLP (yellow) is covalently attached to Lys298 and
bound at the dimer interface.
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atoms are involved in hydrogen bonding interactions. In
particular, the phosphate group is hydrogen bonded to the
backbone amides of Gly121 and Ser122 and to the Ser122 side
chain. Thr330-B, a residue coming from the B monomer in the
dimer, hydrogen bonds to the phosphate group with its
backbone amide and side chain. Four water molecules that are
hydrogen bonded to the protein complete the hydrogen
bonding interactions of the phosphate group. The phenolate
oxygen has a hydrogen bond to a water molecule held in place
by Glu237 and Ala242.
The N1 atom of the PLP is within hydrogen bonding

distance of the Asp269 side chain. This interaction promotes
protonation of N1, which is beneficial for PLP enzymes
involved in transaminase reactions.33 Thr330-B and the
carbonyl of Leu59 are close to the Schiff base and bind the
Lys298 Nζ group, when it is not involved in Schiff base
formation with the PLP (see Figure 5).
The transaminase substrate-binding site contains two

pockets, in which the substrate’s R1 and R2 side chains (Figure
4) bind.34 The original naming based on the size of the pockets
is no longer consistent with the size observed in various
transaminase structures. Therefore, we prefer to name the
pockets according to their proximity to either the 3′-oxygen (O
pocket, previously L) or the phosphate group (P pocket,
previously S) of the PLP.35

To analyze substrate binding, a 1.9 Å resolution crystal
structure of (R)-α-MBA bound to BM-ωTA was elucidated. In
all four molecules in the asymmetric unit, the compound is
covalently attached to PLP without any large conformational
changes of the protein or PLP. The phenyl ring of (R)-α-MBA
is bound in the hydrophobic O pocket, between the side chains
of Leu59 and Ala242 (Figure 5). The bound (R)-α-MBA
completely occludes the PLP from the solvent, limiting access
of the solvent to the Schiff base. The methyl group of (R)-α-
MBA is bound in the small P pocket, located at the dimer
interface, and lined by Val328-B, Thr330-B, and Leu59.
In both BM-ωTA and Ars-ωTA, the O pocket is the last part

of a funnel leading up to the PLP. The funnel provides space
for substrates with large side chains, but close to the PLP

cofactor, it becomes narrower, defining a slitlike space. Leu59
and Ala242 (a Val in Ars-ωTA) function as “gate residues” that
restrict access to the PLP cofactor to flat molecules. This
explains the preference of BM-ωTA and Ars-ωTA for
substrates with large, planar aromatic substituents like (S)-
naphthylethylamines and (S)-methylbenzylamines. At the edge

Figure 4. Tunnel leading up to the active site. The PLP cofactor is accessible by an ∼15 Å deep tunnel in the protein. A surface representation of the
native enzyme with bound PLP is colored gray, and the other monomer that contributes to the active site is colored blue. The internal aldimine is
colored gray. For the sake of clarity, the aligned (R)-α-MBA substrate (pink) has been added. The red circle marks the P pocket where the methyl
group of (R)-α-MBA binds and the blue circle the O pocket where its phenyl group is located. Leu59 and Ala242 (not shown) are located above and
below the plane of the phenyl group, respectively.

Figure 5. Structure of the BM-ωTA dimer (1.9 Å resolution) bound
with (R)-α-MBA. One of the monomers is colored blue and the other
according to secondary structure as in Figure 3B. For the sake of
clarity, the side chain of Val328-B is not shown. The external aldimine
between the PLP cofactor and (R)-α-MBA (yellow) is formed through
a Schiff base. The phenyl ring of (R)-α-MBA is bound between the
side chains of gate residues Leu59 and Ala242. Lys298 is positioned
below the adduct 3.9 Å from the C7 atom (yellow dashes), held in
place by hydrogen bonds (red dashes) with the side chain Thr330-B
and the carboxyl group of Leu59. It is positioned opposite the C7
proton of (R)-α-MBA, explaining the minimal activity toward R-
substrates. The two water molecules closest to the C7 atom of (R)-α-
MBA (5.3 and 4.1 Å) are shown (yellow dashes). Of these two, the
one at 4.1 Å has a hydrogen bonding pathway via the PLP phosphate
and Thr330-B to lysine 298.
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of the (R)-α-MBA phenyl ring, near Leu272 and Val328-B,
space is available to provide some freedom of orientation of the
bound substrate and to accommodate substrates with even
larger substituents.
Covalent binding of (R)-α-MBA frees Lys298, of which the

Nζ group now forms hydrogen bonds with the backbone
carbonyl oxygen of Leu59 and the hydroxyl group of Thr330-B.
In the PLP−(R)-α-MBA complex, the C4′ atom of the PLP
moiety clearly shows sp2 hybridization and the C7 atom is sp3

hybridized. This confirms that the adduct is the external
aldimine intermediate (see Figure 6).
(R)-α-MBA Binding Explains Activity toward S-Sub-

strates. For most substrates, BM-ωTA shows higher activity
toward S-compounds than to R-compounds. The structure of
the (R)-α-MBA external aldimine intermediate allows the
enzyme’s (S)-enantioselectivity to be rationalized. To proceed
from the external aldimine to the ketimine intermediate (Figure
6), a proton needs to be transferred from the C7 atom of the
external aldimine adduct to the C4′ atom of the PLP. In the
(R)-α-MBA-bound structure, no proton acceptor is available,
and the C7 proton points away from the Lys298 Nζ group,
precluding involvement of Lys298 in the reaction. This is
consistent with (R)-α-MBA being trapped in the external
aldimine state in the crystal structure.
In contrast, BM-ωTA readily processes (S)-compounds.

Assuming that the preferred substrate (S)-α-MBA binds
similarly to (R)-α-MBA (Figure S3), with its phenyl and
methyl groups in the O and P pockets, respectively, the C7
proton would be directed toward the Lys298 Nζ group (at
∼3.5 Å), and the scissile C7−H bond would be perpendicular
to the π-system of the PLP ring system, which facilitates easy
hydrogen abstraction.33 Thus, with an (S)-enantiomeric
substrate, Lys298 would be in a perfect position for hydrogen
abstraction and promotion of the formation of the ketimine

intermediate. In conclusion, the position of the lysine with
respect to the substrate’s scissile C7−H bond is crucial for the
enantioselectivity of the enzymes.
BM-ωTA is not enantioselective on 1-cyclopropylethyl-

amine; both enantiomers are converted with approximately
equal efficiency (Figure 2). Possibly, the similar size and apolar
nature of the R1 and R2 substituents could allow each of them
to bind in the O and P pockets, such that the C7 proton of
both enantiomers can be directed toward the active site Lys298
Nζ group, resulting in the loss of enantioselectivity toward this
substrate. However, Ars-ωTA does not show this lack of
enantioselectivity on 1-cyclopropylethylamine. Because its P
pocket is indistinguishable from that of BM-ωTA, and the
peptide backbone conformations around the active site are
virtually identical, the difference in enantioselectivity is likely
due to variations in the amino acid side chains in the O pocket.
Indeed, as shown by site-directed mutagenesis experiments (see
below), the O pocket residue Tyr60 is an important
determinant of the lack of enantioselectivity of BM-ωTA
toward 1-cyclopropylethylamine.

Determinants of Activity and Enantioselectivity. BM-
ωTA and Ars-ωTA differ by 20 residues, of which four are in
the active site. Three of these active site differences (Tyr/
Cys60, Tyr/Phe164, and Val/Ala436) result in a larger O
pocket in Ars-ωTA, yet both enzymes are equally able to
process naphthylethylamines (Figure 2), which were the largest
substrates we tested. Thus, the different size of the O pocket
may only be of consequence for substrates even larger than
naphthylethylamines. The fourth difference, the Ala/Val gate
residue at position 242, which is also situated in the vicinity of
the O pocket, narrows the slitlike binding site for flat groups in
Ars-ωTA. This latter amino acid difference may affect the
enzymes’ preferences for aromatic versus aliphatic ring systems,

Figure 6. Proposed reaction mechanism for Ars-ωTA and BM-ωTA based on our X-ray structures. Here the half-reaction for the reversible
deamination of the ωTA model substrate (S)-α-MBA to acetophenone is shown. This reaction consists of several steps. (1) The amide group of (S)-
α-MBA performs a nucleophilic attack on the C4′ atom of the PLP cofactor. Formation of the external Schiff base between the substrate and PLP
frees Lys298. Its resulting neutral form allows Lys298 to act as a base in the second step. (2) Lys298 abstracts the proton from the C7 atom of the
substrate. Access of Lys298 to this proton is proposed to be a key step in the stereospecificity of the protein. The resulting negative charge on the
substrate can be delocalized over the π-system of the external aldimine. (3) A minor movement of the Nζ group of the lysine would then allow the
donation of the proton to the C4′ atom of PLP. (4) A water molecule, possibly activated by Lys298, attacks the C7 atom of the substrate. (5) An
internal rearrangement results in the formation of the keto product acetophenone, leaving the amine group on the PMP cofactor.
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but unfortunately, such compounds were not included in our
tests.
To probe the importance of the amino acid differences in the

active sites of Ars-ωTA and BM-ωTA, we constructed variants
at positions 60 and 242 (BM-ωTA, Y60C and A242V; Ars-
ωTA, C60Y and V242A) and investigated their substrate
specificities (Figures 7 and 8). While neither of these mutations
has completely switched the substrate specificities, interesting
differences were found. For instance, the introduction of a

tyrosine at position 60 increases the relative activities on
cyclohexylamine, (S)-3,3-dimethyl-2-butylamine, and (R)-1-
cyclopropylamine, whereas the presence of a cysteine results
in decreased activities (Figure 7). Tyr60 is situated in the O
pocket, and the phenyl ring of the bound (R)-α-MBA lies in the
same plane as the aromatic ring of Tyr60 at ∼3.8 Å, contacting
it via edge-to-edge interactions (Figure 5). Assuming that
cyclohexylamine binds in a manner similar to that of (R)-α-
MBA, an interaction of the aliphatic ring with Tyr60 that may

Figure 7. Comparison of relative activities of variants at position 60 for Ars-ωTA and BM-ωTA with a range of amine substrates. The activity on 4-
bromo-α-methylbenzylamine was taken as 100%.

Figure 8. Comparison of relative activities of variants at position 242 for Ars-ωTA and BM-ωTA with a range of amine substrates. The activity on 4-
bromo-α-methylbenzylamine was taken as 100%.
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contribute to the affinity for this substrate can be envisaged.
Mutation of Tyr60 to a cysteine will remove those interactions
and could explain the lower activity. (S)-3,3-Dimethyl-2-
butylamine is smaller than (R)-α-MBA, and modeling (using
COOT23) shows that it is unlikely to interact with the side
chain of Tyr60. However, also with this compound, a Tyr to
Cys mutation reduces the activity. Possibly, the additional space
in the active site created by the Tyr to Cys mutation causes less
specific binding resulting in lower activity.
The introduction of an Ala at position 242 in Ars-ωTA

(Figure 8) results in the significantly increased activity of Ars-
ωTA toward (S)-3,3-dimethyl-2-butylamine. In contrast, the
reverse mutation in BM-ωTA (A242V) has no effect on the
activity. Modeling shows that the trimethyl group of (S)-3,3-
dimethyl-2-butylamine barely fits between the gate residues.
The alanine present in Ars-ωTA may provide extra space to
accommodate this substrate and, thus, may explain the higher
activity. The lack of any effect of the reverse mutation in BM-
ωTA may be due to the presence of Tyr60, which is beneficial
for activity on (S)-3,3-dimethyl-2-butylamine (see above).
BM-ωTA and Ars-ωTA differ in enantioselectivity to only a

limited extent. This is reflected in the mutational data. Only for
1-cyclopropylethylamine, a substrate for which BM-ωTA lacks
enantioselectivity, did the Y60C mutation confer the (S)-
enantioselectivity found in Ars-ωTA. Apparently, a tyrosine at
position 60 in BM-ωTA allows binding and conversion of both
enantiomers of 1-cyclopropylethylamine. It is conceivable that
the small apolar side chains of this compound can be
accommodated in both the O and P pockets, thus explaining
the lack of enantioselectivity of BM-ωTA. Alternatively, a water
molecule present in the active site, 4.1 Å from the C7 atom of
(R)-alpha-MBA (Figure 5), may function as a nucleophile to
hydrolyze the ketimine intermediate of the nonpreferred
substrate. This water molecule could be activated by Tyr148
and/or the PLP phosphate group (Figure 5).
With preferred enantiomers, hydrolysis has been proposed to

occur by a water molecule directly activated by the catalytic
lysine side chain (Figure 6). However, where this water is
positioned is currently unclear, and further studies are required.
Structure of Ars-ωTA with a Bound Alanine: The Role

of the Arginine Switch. To study the interaction of Ars-ωTA
with an amino donor, we soaked a crystal with alanine. The
resulting structure revealed electron density close to the PLP
cofactor in several of the 12 molecules in the asymmetric unit.
Although weak, an alanine could be modeled in the strongest
density (molecule C, estimated occupancy of 60%). The
alanine is covalently bound to the C4′ atom of the PLP, and its
carboxylate group forms a salt bridge with the guanidinium
group of Arg442 in the hydrophobic O pocket (Figure 9). To
accommodate the hydrophobic side chain of a substrate as well
as the carboxylate group of the amino donor alanine in the O
pocket, ω-transaminases often use an arginine residue that
switches between “in” and “out” positions in the active site.32 In
the Ala-bound Ars-ωTA structure, Arg442 has the “in” position,
but in the native structure, the residue has moved aside into the
“out” position. There it is held in place by hydrogen bonds to
the carbonyl groups of Gly241, Gln240, and Trp383 and the
side chain of Ser239. The equivalent arginine in BM-ωTA,
Arg442, could take the same “in” position, although a minor
movement of the Tyr60 side chain would be needed. The
structures of Ars-ωTA clearly demonstrate the role of Arg442
as the arginine switch in these ω-transaminases. Arg442 as the
arginine switch residue is in contrast with the arginine switch

identified in other ω-transaminases. A NCBI BLAST search of
BM-ωTA against the PDB identified entries 3HMU, 3I5T,
3FCR, and 3GJU (all unpublished) and that of CV-ωTA
4AH310,11 as the entries with the highest level of sequence
identity. Structural alignment of these fold type I transaminases
using the PDBeFold server36 showed that Ars-ωTA and BM-
ωTA have two extended loops near the active site (residues
163−178 and 402−416, respectively), which are absent in the
other proteins. These loops result in the more closed active site
funnels found in Ars-ωTA and BM-ωTA. If the arginine switch
residue would have the same position in the sequence as in the
canonical ω-transaminases, it would restrict access to the active
site tunnel of Ars-ωTA and BM-ωTA, when the arginine side
chain is in the “out” position, prompting the observed six-
residue sequence shift of the arginine switch residue in Ars-
ωTA and BM-ωTA.
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