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Chemistry, Stratingh Institute for Chemistry, University of Groningen, Groningen, The Netherlandsc; DSM Pharmaceutical Products, Geleen, The Netherlandsd; Department

of Pharmaceutical Biology, Groningen Research Institute of Pharmacy, University of Groningen, Groningen, The Netherlandse

By selective enrichment, we isolated a bacterium that can use b-phenylalanine as a sole nitrogen source. It was identified by 16S

rRNA gene sequencing as a strain of Variovorax paradoxus. Enzyme assays revealed an aminotransferase activity. Partial ge-

nome sequencing and screening of a cosmid DNA library resulted in the identification of a 1,302-bp aminotransferase gene,

which encodes a 46,416-Da protein. The gene was cloned and overexpressed in Escherichia coli. The recombinant enzyme was

purified and showed a specific activity of 17.5 U mg21 for (S)-b-phenylalanine at 30°C and 33 U mg21 at the optimum tempera-

ture of 55°C. The b-specific aminotransferase exhibits a broad substrate range, accepting ortho-, meta-, and para-substituted

b-phenylalanine derivatives as amino donors and 2-oxoglutarate and pyruvate as amino acceptors. The enzyme is highly enantio-

selective toward (S)-b-phenylalanine (enantioselectivity [E], >100) and derivatives thereof with different substituents on the

phenyl ring, allowing the kinetic resolution of various racemic b-amino acids to yield (R)-b-amino acids with >95% enantio-

meric excess (ee). The crystal structures of the holoenzyme and of the enzyme in complex with the inhibitor 2-aminooxyacetate

revealed structural similarity to the b-phenylalanine aminotransferase from Mesorhizobium sp. strain LUK. The crystal struc-

ture was used to rationalize the stereo- and regioselectivity of V. paradoxus aminotransferase and to define a sequence motif

with which new aromatic b-amino acid-converting aminotransferases may be identified.

Various nonproteinogenic b-amino acids occur naturally as
free metabolites and as components of biosynthetic products

(1). The simplest b-amino acid, b-alanine, occurs in carnosine,
coenzyme A, and pantothenic acid. Other b-amino acids are pres-
ent in bioactive peptides, such as the protease inhibitor bestatin,
which contains a (2S,3R)-3-amino-2-hydroxy-4-phenylbutanoyl
group, and microcystin, a cyclic nonribosomal peptide that acts as
a phosphatase inhibitor and contains both an aliphatic and an
aromatic b-amino acid moiety (2–4). Further examples are cryp-
tophycins, which are antitumor agents containing an a-methyl-
b-alanine group (5), and paclitaxel, an antitumor agent from
Taxus brevifolia that contains a (2R,3S)-N-benzoyl-3-phenyliso-
serine group that is derived from (R)-b-phenylalanine (6). Other
b-amino acids occur as building blocks in b-lactam antibiotics (4,
7) and in antifungal compounds, such as jasplakinolide (8). In
view of the growing importance of pharmaceutical compounds
containing b-amino acid groups, there is demand for new tools
for their production in enantiopure form. Chemical and bio-
chemical reactions yielding enantiopure b-amino acids have re-
cently been reviewed (9). However, the possibilities for biocata-
lytic processes are scarce, andmost existing options rely on kinetic
resolution of racemates instead of the more attractive asymmetric
conversions (10, 11).

Microorganisms that can synthesize or degrade specific or-
ganic compounds are a rich source of enzymes for application in
biocatalytic processes. However, the microbial metabolism of
b-amino acids has been poorly investigated. Some information is
available about the formation of aliphatic b-amino acids, such as
b-lysine, b-leucine, or b-glutamate, which can be formed from
a-amino acids by catabolic bacterial aminomutases and which are
subject to deamination by aminotransferases (ATs) or ammonia

lyases (12–14). The formation of b-alanine in Escherichia coli pro-
ceeds by decarboxylation of aspartate (15). Aromatic b-amino
acids that occur in secondary-metabolite biosynthesis can be
formed from proteinogenic a-amino acids by 4-methylideneimi-
dazole-5-one (MIO)-dependent aminomutases that have a bio-
synthetic function. The uncommon MIO cofactor also plays a key
role in catabolic ammonia lyases that act upon a-histidine, a-phe-
nylalanine, and a-tyrosine (16).

Attractive enzymes for asymmetric synthesis areATs. These are
pyridoxal 5=-phosphate (PLP)-dependent enzymes that transfer
amino groups between different metabolites and are ubiquitously
present in prokaryotic and eukaryotic cells (17, 18). There is evi-
dence for a role of aminotransferases (also known as transaminases)
in the biodegradation of b-amino acids by microorganisms. For ex-
ample, a study on a b-phenylalanine-utilizing strain of Mesorhizo-
bium led to the discovery of a transaminase that converts b-phenyl-
alanine into 3-oxo-3-phenylpropionic acid (19–21).

Based on the latest update of the B6 database, which compiles
information on PLP-dependent enzymes, seven fold types can be
distinguished (22). The ATs occur in fold types I and IV. Typical
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examples of fold type I ATs are aspartate AT, aromatic AT, and
v-ATs (23). According to a broader classification introduced in
the 1980s, based on the reaction that is catalyzed, ATs are divided
into two subgroups: I, a-ATs, which catalyze transamination of
amino groups at the a-carbon, and II, v-ATs, which perform
transamination at a b-amino group, a g-amino group, or another,
more distal amino group of the substrate (24). According to this
older, nonphylogenetic classification, all ATs that convert
b-amino acids are confusingly considered to be v-ATs. Enzymes
from subgroup II include b-alanine AT, 4-aminobutyrate AT,
ornithine AT, acetylornithine AT, and 7,8-diaminopelargonic
acid AT (25, 26), as well as a b-transaminase from Mesorhizobium
sp. strain LUK (MesAT) (27).

Application of ATs in biocatalysis has mainly been investigated
for the production of proteinogenic amino acids, unnatural
amino acids, and various other amines and amino alcohols (28–
34). The catalytic activities can be quite high (apparent kcat values
up to 50 s21) (35), and apart fromPLP,which is sometimes added,
there is no requirement for an external cofactor. Aminotrans-
ferases that catalyze synthesis or conversion of b-amino acids
could be attractive for biocatalysis if they are enantioselective (36)
and stable and exhibit a wide substrate scope. Here, we describe
the gene cloning, the biochemical properties, and the three-di-
mensional (3D) structure of VpAT, an aromatic b-amino acid
aminotransferase discovered in a strain of Variovorax paradoxus
isolated from soil. Based on the crystal structure, we offer a ratio-
nale for the regio- and stereoselectivity of b-transaminases and
identify a signature sequence motif that allows the discovery of
new aromatic b-amino acid-converting aminotransferases.

MATERIALS AND METHODS

Chemicals. PLP and rac-3-amino-3-phenylpropionic acid (b-phenylala-
nine) were purchased from Acros Organics, and 2-oxoglutarate (a-keto-
glutarate) disodium salt and Brij 35 were purchased from Fluka. Ortho-
phthalaldehyde (OPA), dimethyl sulfoxide (DMSO), trans-cinnamic
acid, sodium pyruvate, rac-b-leucine, and 2-aminooxyacetic acid (AOA)
were purchased from Sigma-Aldrich. (S)-b-Phenylalanine and (R)-b-
phenylalanine were purchased from PepTech Corp. Racemic and enan-
tiomerically pure ortho-, meta-, and para-substituted b-phenylalanines
and a-phenylalanines were either purchased from PepTech Corp. or syn-
thesized according to published procedures (37). Other chemicals were
purchased as follows: (R)-3-amino-butyric acid (Chemcube), (R)-3-
amino-5-methyl-hexanoic acid (Fluorochem), b-asparagine (Bachem),
and rac-3-amino-3-(4-hydroxyphenyl)-propionic acid (b-tyrosine) (In-
nochemie GmbH).

Enrichment of a b-phenylalanine-degrading microorganism. Sam-
ples of grassland soil (1 to 2 g) were used as a source of microorganisms.
Minimal medium, pH 7.0, contained (per liter) 5.3 g Na2HPO4·12H2O,
1.4 g KH2PO4, 0.2 g MgSO4·7H2O, 1.0 g (NH4)2SO4, 1 ml vitamin solu-
tion (38), and 5 ml trace element solution (39). In nitrogen-free minimal
medium, (NH4)2SO4 was replaced by Na2SO4 and Ca(NO3)2·4H2O was
omitted from the trace element solution. Stock solutions of a carbon
source (cinnamic acid or glucose) and a nitrogen source (rac-b-phenyl-
alanine) were prepared in 50 mM sodium phosphate buffer (pH 7.5).
Inoculated flasks containing 50mlminimalmedium supplementedwith 5
mM cinnamic acid and 1 mM rac-b-phenylalanine were incubated in the
dark at 20°C without shaking. After 2 or 3 transfers, pure cultures were
isolated on minimal medium agar plates supplemented with b-phenylal-
anine as a sole nitrogen source and cinnamic acid as a carbon source. A
fast-growing strain, named CBF3, was chosen for further study.

Bacterial strains and plasmids. E. coli strains VCS257, DH5a,
MC1061, and C41(DE3) were used as hosts for the construction of a
cosmid library and a sublibrary, for proliferation of cloned genes, and for

overexpression of protein, respectively. Plasmids pLAFR3, pZErO-2 (In-
vitrogen), and pET28b1 (Novagen) were used for DNA libraries, sub-
cloning, and overexpression, respectively.

Preparation of cell extracts. To obtain a high yield of cells expressing
aminotransferase, strain CBF3 was grown on glucose (10 mM) with rac-
b-Phe (2mM) as a nitrogen source. Froma 1-liter culture, about 1 g ofwet
cells was obtained. The cells were washed with 50 mM Tris-SO4 buffer
(pH 8.0) and then suspended in 3 ml of this buffer containing 0.01%
(vol/vol) b-mercaptoethanol. Sonication was performed with a Sonic
Wibra cell, followed by centrifugation at 15,000 rpm and 4°C for 1 h. The
supernatants were used as cell-free extracts (CFEs).

Enzyme assays and amino acid analysis. To test the enzyme activity,
an AT assay cocktail was prepared, consisting of 10 mM rac-b-phenylal-
anine, 5 mM 2-oxoglutarate (or pyruvate), and 50 mM PLP in 50 mM
MOPS (morpholinepropanesulfonic acid), pH7.6. Reactionswere started
by addition of purified enzyme or CFE and incubated at 30°C. The con-
version was monitored by taking samples at different times. To a 50-ml
sample, 50 ml 2 M HCl was added to quench the reaction, and the mixture
was kept on ice for 5 min. Then, 45 ml 2 M NaOH was added to neutralize
the pH and 50 ml of water was added for dilution. Immediately prior to
injection, 1 ml of sample was mixed with 2 ml OPA solution and 5 ml of 0.4
M NaBO3, pH 10.4, in a high-performance liquid chromatography
(HPLC) autosampler (40). The OPA solution was prepared by first dis-
solving 15 mg OPA in 50 ml absolute ethanol, which then was added to a
mixture of 4.42ml of 0.4MNaBO3, pH10.4, 15 ml of 30% (wt/vol) Brij 35,
and 11 ml of b-mercaptoethanol.

Quantification of glutamate, alanine, and b-phenylalanine was per-
formed with a C18 OPA Adsorbosphere column connected to a Jasco
HPLC system after prederivatization with OPA. Elution was done with 20
mM sodium acetate, pH 5.5, containing 5% (vol/vol) tetrahydrofuran
(THF) as eluent A and acetonitrile as eluent B, with a flow rate of 1 ml/
min. Eluent A and eluent B were used with a gradient program as follows:
0 to 5 min, 100:0; 5 to 12 min, from 100:0 to 80:20; 12 to 16 min, 80:20; 16
to 24 min, from 80:20 to 40:60; 24 to 28 min, 40:60; from 28 to 30 min,
40:60 to 100:0; from 30 to 35 min, reequilibration at 100:0. Detection was
done with a fluorescence detector, using excitation at 350 nm and mea-
suring emission at 450 nm.Retention times for derivatized L-a-glutamate,
L-a-alanine, and b-phenylalanine were 2.3 min, 7.7 min, and 23.2 min,
respectively. One unit is defined as the amount of enzyme that catalyzes
the formation of 1 mmol of L-a-glutamate min21 at concentrations of 10
mM rac-b-phenylalanine and 5 mM 2-oxoglutarate. Protein concentra-
tions were determined with Coomassie brilliant blue.

To determine the pHoptimumof VpAT, Britton-Robinson buffer was
used at a pH range from pH 2 to pH 12. The buffer consists of a mixture of
0.04 M H3BO3, 0.04 M H3PO4, and 0.04 M CH3COOH titrated to the
desired pH with 0.2 M NaOH. A sufficient amount of enzyme was added,
and its activity was assayed using rac-b-phenylalanine (10 mM) as the
amino donor and 2-oxoglutarate (5 mM) as the amino acceptor. The
initial reaction rates were plotted against pH.

The optimum temperature was determined by measuring the specific
activity of VpAT in MOPS buffer (50 mM, pH 7.6) at temperatures be-
tween 20°C and 65°C. Enzyme was added, and activity was assayed with
rac-b-phenylalanine (10 mM) as the amino donor and 2-oxoglutarate (5
mM) as the amino acceptor.

To follow the kinetic resolution of rac-b-phenylalanines with VpAT,
separation of enantiomers was performed using a Crownpak CR(1)
HPLC column connected to a UV detector (210 nm), as described previ-
ously (37). Because of the low solubility of the racemates, they were tested
in 50 mM MOPS (pH 7.6) at a concentration of 3 mM, using 5 mM
2-oxoglutarate and 50 mM PLP at 30°C.

Cloning and sequence analysis. All chemicals used in DNA manipu-
lation procedures were purchased from Roche Diagnostics (Mannheim,
Germany) and Qiagen NV (Venlo, The Netherlands) and used as recom-
mended by the manufacturer.

The 16S rRNA gene of strain CBF3 was sequenced after PCR amplifi-
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cation. For amplification, two universal primers of the 16S rRNA gene
were used, namely, 27F as the forward primer (5=-AGAGTTTGATCMT
GGCTCAG-3=) and 1492R as the reverse primer (5=-GGYTACCTTGTT
ACGACTT-3=), with genomic DNA as the template (41). The PCR prod-
uct was sequenced by GATC Biotech, Konstanz, Germany.

Genomic DNA was isolated from bacterial cells as described previ-
ously (42) and subjected to paired-end sequencing by Baseclear BV (Le-
iden, TheNetherlands), using an IlluminaGAIIx platform to obtain about
50-bp reads as raw data. The DNA reads were assembled into contigs
using CLC Genomics Workbench software (CLC Bio).

For library construction, chromosomal DNA was partially digested
with Sau3A, resulting in DNA fragments of 15 kb to 40 kb, which were
cloned in BamHI-digested and dephosphorylated cosmid vector pLAFR3
(43, 44). Ligated DNA was packaged in vitro and transfected to E. coli

VCS257 according to the recommendations supplied with the kit (Strat-
agene). Recombinant clones were stored as glycerol stocks at 220°C.
Transformants were grown in 96-well microtiter plates (MTPs) contain-
ing 1 ml of LB medium and tetracycline (25 mg/ml) at 30°C and 900 rpm.
After 24 h, rac-b-phenylalanine was added to a final concentration of 7.5
to 10 mM to each well of the MTP. Screening for AT activity was per-
formed by testing for the formation of acetophenone, which is formed by
spontaneous decarboxylation of the expected transaminase product
3-oxo-3-phenylpropionic acid. The assay is based on the reaction of ace-
tophenone with 2,4-dinitrophenylhydrazine (DNPH), forming a hydra-
zone that appears as an orange-red precipitate (45). For screening, MTPs
were covered with a paper filter impregnated with a DNPH solution and
incubated for 2 days at 30°C and 900 rpm.

For subcloning, the vector pZErO-2 and the pLAFR3-positive clone
were digested with EcoRI, and fragments were ligated. DNA was trans-
formed to E. coli DH5a ElectroMax cells (Invitrogen), and screening was
performed as described for the pLAFR3 cosmid library. A 5-kb insert
containing the CBF3 VpAT-encoding gene was isolated and sequenced by
primer walking (GATC Biotech). Sequence comparisons were performed
with Clustal V (46) and Geneious Pro software version 5.5 (47).

For amplification of the entire VpAT gene, two primers were designed,
a forward primer (5=-GCGCGCATATGACCCATGCCGCCATAG-3=)
(the NdeI site is underlined; the start codon is in boldface) and a reverse
primer (5=-CGCGCGCTCGAGTTAGTTCGCGCGGGGCAGC-3=) (the
XhoI site is underlined; the stop codon is in boldface). The 1.3-kb PCR
product was cloned using the NdeI and XhoI sites of the pET28b1 plas-
mid. The MesAT I56V/A312S/M414F triple mutant was expressed and
purified as previously reported for the MesAT wild type (WT) (48).

The VpAT R41A mutant was prepared by site-directed mutagenesis
(QuikChange; Stratagene). The R41A forward primer (5=-GGAGCCAAC
AGCGCCTCCGTGCTGTTC-3=) and R41A reverse primer (5=-GAACA
GCACGGAGGCGCTGTTGGCTCC-3=) (mutated codons are in bold-
face) were used according to the manufacturer’s recommendations. All
constructs were confirmed by sequencing (GATC Biotech AG, Konstantz,
Germany). The MesAT I56V/A312S/M414F triple mutant was prepared
by site-directed mutagenesis (QuikChange; Stratagene) in three rounds.

Overexpression and purification of VpAT in E. coli. The pET28b1

construct containing the gene for VpAT was used to produce the enzyme
with an N-terminal His6 tag (MGSSHHHHHH) followed by a 10-amino-
acid linker (SSGLVPRGSH) in E. coli C41(DE3). Cells were grown at 37°C
in LB medium with 50 mg/ml kanamycin. Expression of VpAT was in-
duced by adding 0.8 mM isopropyl-b-D-thiogalactopyranoside (IPTG) to
the growing cells when the optical density at 600 nm (OD600) reached 0.6.
Cultivation was continued for 16 h at 28°C and 170 rpm. Cells were ob-
tained by centrifugation and disrupted by sonication at 4°C, followed by
centrifugation for 45 min at 15,000 rpm to obtain CFE. The enzyme was
purified in two steps using immobilized metal affinity chromatography
(IMAC) (HisTrap HP column; 5 ml; GE Healthcare) and ion-exchange
chromatography (IEXC) (Q-Sepharose HP column; 5 ml; GE Health-
care). In the case of IMAC, VpATwas eluted at a flow rate of 1ml/minwith
15 column volumes of a linear gradient of 0 to 0.5 M imidazole in a buffer

containing 20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, and 0.01% (vol/vol)
b-mercaptoethanol, whereas for IEXC, elution was performed with 15
column volumes of a gradient of 0 to 1 M NaCl in a buffer containing 20
mM Tris-HCl, pH 8.0, and 0.01% (vol/vol) b-mercaptoethanol. For use
in crystallization experiments, the fractions containing active enzyme
were pooled, concentrated (Ultracel 30K MWCO; Amicon), and applied
to a Superdex 200 10/300 GL size exclusion chromatography column (GE
Healthcare) equilibrated in 20 mM Tris-HCl, pH 7.5, containing 200 mM
NaCl. After elution, the fractions corresponding to the protein peak were
pooled, concentrated (Amicon), and dialyzed overnight against a buffer
containing 20 mM Tris-HCl, pH 7.5, and 10 mM PLP and concentrated to
20 mg/ml.

Protein crystallization. Crystallization experiments were set up at
20°C, and a single crystal was obtained under 0.02 M sodium/potassium
phosphate, 0.1 M 1,3-bis[tris(hydroxyl-methyl)-methylamino]-propane,
pH 6.5, and 20% (wt/vol) polyethylene glycol (PEG) 3350K. Crystals of
VpAT grew within a week, after which they were transferred to a cryopro-
tection solution consisting of the mother liquor with 20% (vol/vol) glyc-
erol. This was achieved in 4 steps of 5 min each, starting with a solution
containing 2% (vol/vol) glycerol, followed by solutions with 5, 10, and
finally 20% glycerol. Crystals from the last solution were cooled in
liquid nitrogen. For the AOA binding study, the same steps were fol-
lowed, but with the cryoprotection solutions supplemented with 2, 5,
10, and 20 mM AOA.

Diffractiondata collection andprocessing.Diffractiondatawere col-
lected at beamline ID14-4 of the European SynchrotronRadiation Facility
(ESRF) (Grenoble, France). Indexing and integration of reflections was
done using XDS (49), and scaling and merging of the data were achieved
using SCALA (50) from the CCP4 software suite (51). For molecular
replacement, the Phaser program (52) was used with MesAT (Protein
Data Bank [PDB] code 2YKU [48]) as the input model. The resulting
model structure was subjected to successive rounds of automatic model
building using ARP/wARP (53) at 1.7-Å resolution, followed by manual
model building and manipulation in Coot (54). Refmac5 was used for
refinement of the atomic coordinates and atomic B factors (55). After
refinement, the model quality was validated with MolProbity (56). Het-
erocompound coordinate files were obtained from the HIC-Up server
(57), while the PRODRG2 server (58) was used to generate the stereo-
chemical restraints. Structural homologues of VpAT were obtained with
the Dali server (59). PISA from the CCP4 software suite was used for
protein interface analysis (60), while PyMOL (http://www.pymol.org/)
was used to make images of the protein structure. Data collection and
refinement statistics are given in Table S2 in the supplemental material.

Substrate docking. Docking of the PLP–(S)-b-phenylalanine inter-
mediate was carried out with Rosetta software, which allows both side
chain and backbone flexibility during docking (61, 62). Rosetta’s redesign
specificity application (63) was used (without permitting mutations); the
application allowed optimization of the surrounding protein structure to
bind the (S)-b-phenylalanine intermediate while preserving the known
binding orientation of the PLP (MesAT; PDB code 2YKY). To model the
flexibility of the protein, Monte Carlo optimizations of side chain rotam-
ers (collections of thermodynamically accessible conformations) were
carried out three times. Each of these optimization rounds was followed
by an energy minimization, which also allowed backbone atoms to move.
Residues up to 8 Å from the intermediate were allowed to change confor-
mation. Rotamers for the PLP–(S)-b-phenylalanine intermediate were
prepared with Yasara (http://www.yasara.org) (64). AM1-BM3 charges of
the PLP intermediate were assigned by OEchem (65). A total of 1,040
docking runs were carried out, among which the lowest-energy solution
was selected.

Accession numbers. The 16S rRNA gene sequence of V. paradoxus

CBF3 has been deposited at GenBank under accession number JN990697.
The sequences of the DNA contig containing the VpAT-encoding gene
and of the VpAT enzyme were deposited at EMBL under accession num-
bers HE608883 and CCE46017, respectively. Atomic coordinates and
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structure factors have been deposited in the Protein Data Bank (http:
//www.pdb.org) under accession codes 4AO9 for the VpAT holoenzyme
and 4AOA for VpAT complexed with 2-aminooxyacetic acid.

RESULTS

Isolation of a b-phenylalanine-degrading bacterium. The isola-
tion of a bacterial strain possessing b-phenylalanine transaminase
activity was carried out by an enrichment procedure using rac-b-
phenylalanine as the sole nitrogen source. After growth was ob-
served, a pure culture was obtained by repeated transfer to fresh
medium and streaking onto minimal medium plates supple-
mented with b-phenylalanine and trans-cinnamic acid. The most
rapidly growing strain (named CBF3) was selected for further in-
vestigation. The 16S rRNA gene (1,517 bp) of strain CBF3, iden-
tified by PCR and paired-end genome sequencing, has 99% se-
quence identity to the 16S rRNA genes of V. paradoxus S110
(CP001635.1) and V. paradoxus EPS (CP002417.1) (66). This af-
filiates strain CBF3 with the species V. paradoxus.

Activity assays with HPLC analysis showed that strain CBF3
possesses a b-phenylalanine AT activity that converts b-phenylal-
anine and 2-oxoglutarate (or pyruvate) to 3-oxo-3-phenylpropi-
onic acid and L-a-glutamate (or L-a-alanine). Attempts to purify
VpAT using wild-type CBF3 as the source of enzyme failed due to
low protein recovery after partial purification.

Isolation of the VpAT gene. A DNA library, consisting of
about 4,000 clones, was constructed in cosmid pLAFR3. The insert

size of the DNA fragments was between 15 and 25 kb. The genome
size of V. paradoxus is about 6.7 Mb (67); thus, the number of
clones obtained was sufficient for 9-fold coverage of the whole
genome. Screening individual clones for AT activity yielded two
positive clones, one of which was investigated further. The insert
was subcloned into vector pZErO-2, and rescreening for aceto-
phenone formation yielded six positive hits. Restriction analysis
identified a shared 5-kb EcoRI fragment that likely contains the
AT-encoding gene.

DNA sequence analysis showed the presence of a 1,302-bp gene
encoding an aminotransferase, which was subsequently transferred
to the pET28b1 expression vector. The encoded 434-amino-
acid protein has a theoretical pI of 6.06 and a calculated molecular
mass of 46.42 kDa (http://web.expasy.org/compute_pi/). The se-
quence of a 20.6-kb contig found by paired-end genome sequenc-
ing indicated that around the VpAT gene there were no regulatory
regions or open reading frames related to other enzymes of amino
acid metabolism.

Protein sequence analysis. Sequence analysis showed that
VpAT has 55% sequence identity to glutamate-1-semialdehyde-
2,1-aminomutase from Polaromonas sp. strain JS666 (PoGSAM),
which has been reported to have activity with aromatic b-amino
acids (ABE43415.1) (Fig. 1), 51% sequence identity to the aro-
matic b-phenylalanine aminotransferase (MesAT) (ABL74379.1)
from Mesorhizobium sp. LUK, and 35% sequence identity to a

FIG 1 Partial sequence alignment of VpAT with other aminotransferases made with Clustal V (46). The structures of MesAT and SeGSAM are known, and
a-helices have been assigned based on these structures. For PoGSAM, they have been assigned on the basis of sequence conservation. Since the structure of
AdbpAT has not been elucidated, and since the sequence identity to VpAT is low, secondary-structural elements are not indicated. The proposed aromatic
b-transaminase signature sequence is boxed, and its residues are highlighted in dark gray. Light gray shading indicates the boundaries of secondary structure
elements. The black squares indicate relevant residues for substrate and cofactor binding. Proteins: VpAT, b-transaminase of V. paradoxus (this study)
(CCE46017.1; PDB code 4AO9); PoGSAM, glutamate-1-semialdehyde 2,1-aminomutase of Polaromonas sp. strain JS666 (ABE43415.1); MesAT, b-transaminase
of Mesorhizobium sp. strain LUK (ABL74379.1; PDB code 2YKY); SeGSAM, glutamate-1-semialdehyde 2,1-aminomutase from S. elongatus (ABB56677.1; PDB
code 2HOZ); AdbpAT, b-alanine:pyruvate transaminase of A. denitrificans (AAP92672.1). The numbers 6, 11, 17, 23, 29, 35, 40, and 46 refer to proteins that are
listed in Table S3 in the supplemental material.
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glutamate-1-semialdehyde-2,1-aminomutase from Synechococcus
elongatus (SeGSAM) (ABB56677.1). These data suggest that
VpAT, just like MesAT and PoGSAM, is a fold type I aminotrans-
ferase, and furthermore, that VpAT belongs to subgroup II
transaminases, which is based on an enzyme’s substrate specificity
(27, 48, 68). VpAT has 19% sequence identity to a transaminase
from Alcaligenes denitrificans that has been reported to have activ-
ity toward aliphatic b-amino acids (AdbpAT) (AAP92672.1) (21).
A sequence comparison between VpAT, MesAT, PoGSAM, and
AdbpAT shows that the amino acid residues that are involved in
cofactor binding are conserved, in addition to several residues
that, based on the structures of VpAT and MesAT, are involved in
substrate and cofactor binding (Fig. 1).

Purification of VpAT expressed in E. coli. The recombinant
protein was overproduced with an N-terminal His6 tag in E. coli
strain C41(DE3). VpAT was mainly present as a soluble protein.
The enzyme was purified by three chromatography steps. Size ex-
clusion chromatography indicated a molecular mass of approxi-
mately 100 kDa, suggesting that VpAT exists as a dimer in solu-
tion. The purified protein showed a single band of about 48 kDa in
an SDS-PAGE gel (see Fig. S1 in the supplemental material). The
overall yield from1 liter of culture was 40 to 50mg (see Table S1 in
the supplemental material). The specific activity of the purified
enzyme was 17.5 U mg21 at 30°C, corresponding to a kcat of 11.8
s21 per monomer. The VpAT R41A mutant was overexpressed
and purified under the same conditions as the wild-type enzyme,
resulting in similar amounts of purified protein.

Catalytic properties. The pH activity profile of VpAT showed
that the enzyme has high activity over a broad pH range (4 to 11.2)
at 30°C. The optimum temperature of the enzyme was tested by
measuring the specific activity at temperatures between 20°C and
65°C. VpAT exhibits a maximum specific activity of 33 U mg21 at
55°C,which is about 2-fold higher than the specific activity at 30°C
(see Fig. S2 in the supplemental material). These data show that
VpAT is more active toward (S)-b-phenylalanine than other
b-transaminases reported previously (21, 27, 68). The activity of
VpAT with pyruvate is 85% of that with a-ketoglutarate as the
amino acceptor.

The relationship between the reaction rate and the substrate
concentration displayed Michaelis-Menten kinetics with sub-
strate inhibition (69). The apparent Km and kcat values (permono-
mer) for (S)-b-phenylalanine in the presence of 10 mM a-keto-
glutaratewere 1.5mMand 11.8 s21, respectively, with an apparent
substrate inhibition constant (Ki) of 40.3 mM. When using 10
mM (S)-b-phenylalanine, the apparent Km and kcat for a-ketoglu-
tarate were 0.3 mM and 10.6 s21, respectively, with an apparent Ki

of 82.4 mM.
Substrate scope and enantioselectivity (E) of VpAT.To inves-

tigate the substrate scope of the enzyme, a number of b-amino
acids and a-amino acids were tested (Table 1). The results show
that VpAT acts exclusively on b-amino acids and that the enzyme
prefers aromatic b-amino acids (Table 1, entries 1 to 3 and 8 to 20)
over aliphatic b-amino acids (Table 1, entries 21 to 27). The most
favorable substituent positions on the phenyl ring of b-phenylal-
anine for activity were para- and meta-substituted analogues,
while ortho-substituted analogues were poorly converted. The
b-phenylalanine derivatives bearing linear alkyl substituents at
the para position, i.e., ethyl or propyl (Table 1, entries 13 to 14),
were converted more efficiently than other substituted substrates
(Table 1, entries 12 and 16 to 20). However, introduction of a

branched alkyl substituent, i.e., iso-propyl, at the para position
results in a decrease of activity (Table 1, entry 15). The enzyme
showed no activity for a-phenylalanine or its meta-chloro-, meta-
bromo-, and para-hydroxy-substituted (a-tyrosine) derivatives,
which contrasts with MesAT, for which activity was reported with
a-phenylalanine and other a-amino acids (27). However, we
could not confirm the activity of MesAT toward a-phenylalanine.

VpAT further preferentially converts the (S)-enantiomers of
aromatic b-amino acids (Table 1, entries 1 to 3, 9, 10, 12, and 16)
and the (R)-enantiomers of aliphatic b-amino acids (which have a
similar configuration of functional groups around the chiral car-
bon atom but a change in Cahn-Ingold-Prelog priority). How-
ever, the activity of VpAT toward several aliphatic b-amino acids
was quite low (Table 1, entries 22 to 23). We also investigated the
regio- and enantioselectivity of VpAT with several racemic sub-
strates (Table 1, entries 1, 9, 10, 12, and 16). The enzyme appeared
highly enantioselective toward the (S)-enantiomers of b-phenyl-
alanine and its meta- and para-ring-substituted derivatives,
thereby producing highly pure (R)-enantiomer preparations
with high enantiomeric excess (ee; .95%).

3D structure of VpAT. The crystal structure of the VpAT
holoenzyme was solved by molecular replacement, using the
structure of MesAT (PDB code 2YKU) (48) as a search model, and
subsequently refined at 1.5-Å resolution. VpAT crystallizes in
space group P212121 with two molecules (chains A and B) per
asymmetric unit, which are related by noncrystallographic 2-fold
symmetry. Chains A andB are very similar to each other, with root
mean square deviation (RMSD) values of C-a atom positions of
approximately 0.2 Å. For both monomers, electron density is ab-
sent for the first 21 N-terminal residues. This includes the N-ter-
minal His6 tag, 10 amino acids included as a linker in the expres-
sion construct, and the first amino acid (methionine) of the VpAT
polypeptide. The interface between the monomers buries an area
of about 4,400 Å2, which equals a quarter of the total surface area
of the monomer pair (Fig. 2). Since the active sites of chains A and
B are located at this interface and shaped by residues from both
monomers, this suggests that the two monomers in the asymmet-
ric unit form the functional VpAT dimer observed in solution (see
above).

The structure of the VpAT monomer. The VpAT monomer
has a curved shape and consists of a PLP-binding domain and a
domain formed by the N and C termini of the polypeptide chain
(NC domain; residues 1 to 86 and 320 to 434) (Fig. 2). The two
domains line a cleft into which the PLP cofactor protrudes. The
monomer consists of 11 a-helices of at least 2 turns and 13
b-strands that form a central 7-stranded mixed b-sheet in the
PLP-binding domain and two 3-stranded antiparallel b-sheets in
the NC domain. The overall structure of the enzyme is similar to
that of aspartate aminotransferase, the archetype of a fold type I
aminotransferase (z-score, 22; RMSD, 4.3 Å for 308 C-a atoms;
17% sequence identity; PDB code 1BKG) (70, 71), but is most
similar to that of MesAT (z-score, 60; RMSD, 1.1 Å for 429 C-a
atoms; 50% sequence identity; PDB code 2YKU) (48).

The PLP cofactor. Each VpAT dimer contains one PLP cofac-
tor per monomer, which is positioned close to the surface (Fig. 3).
The PLP cofactor is anchored to the protein via a covalent imine
bond,with the ε-amino group of residueK267, which is conserved
in the sequence alignment of homologous PLP-dependent en-
zymes. In addition, the three phosphate oxygen atoms are at hy-
drogen-bonding distance from the amide protons of residues
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G132, T133, and T300* (monomer B). Two of the phosphate ox-
ygen atoms alsomake a hydrogen bond to awatermolecule, which
in turn is hydrogen bonded to peptide backbone atoms. The phos-
phate ester oxygen atom is not involved in hydrogen bond forma-

tion. The PLP cofactor is positioned between V242 (at the Si face
of the C-4= of the aldimine) and Y159 (at the Re face of the C-4= of
the aldimine), while the pyridine nitrogenmakes a hydrogen bond
with the side chain of D240. The interactions of the PLP cofactor

TABLE 1 Substrate range of VpATa

Type Entry Amino donor
Relative
activity (%) Conversion (%) ee (%), E

I (b-phenylalanine derivatives) 1 rac-b-Phenylalanine 100 49 .99 (R), .200
2 (S)-b-Phenylalanine 100 99c

3 (R)-b-Phenylalanine NAb –d

4 rac-2-Methyl-b-phenylalanine 5 19 NDe

5 rac-2-Fluoro-b-phenylalanine 15 26 ND
6 rac-2-Chloro-b-phenylalanine 4 32 ND
7 rac-2-Bromo-b-phenylalanine 4 25 ND
8 rac-3-Methyl-b-phenylalanine 54 64 NDe

9 rac-3-Fluoro-b-phenylalanine 48 48 .98 (R), .200
10 rac-3-Chloro-b-phenylalanine 56 47 .95 (R), .100
11 rac-3-Bromo-b-phenylalanine 53 99 ND
12 rac-4-Methyl-b-phenylalanine 100 53 .95 (R), .200
13 rac-4-Ethyl-b-phenylalanine 134 47 ND
14 rac-4-Propyl-b-phenylalanine 126 48 ND
15 rac-4-iso-Propyl-b-phenylalanine 61 25 ND
16 rac-4-Trifluoromethyl-b-phenylalanine 73 49 .95 (R), .100
17 rac-4-Fluoro-b-phenylalanine 87 59 ND
18 rac-4-Bromo-b-phenylalanine 62 61 ND
19 rac-4-Nitro-b-phenylalanine 32 6 ND
20 rac-4-Hydroxy-b-phenylalanine 61 39 ND

II (other b-amino acids) 21 rac-3-Amino-butyric acid 1 6 ND
22 (R)-3-Amino-butyric acid 3.1 11
23 (R)-3-Amino-5-methyl-hexanoic acid 48 75
24 rac-b-Asparagine 1 4 ND
25 rac-b-Leucine 38 51 ND
26 b-Alanine NA –
27 b-Glutamic acid NA –

III (a-amino acids) 29 (S)-a-Phenylalanine NA –
30 rac-3-Chloro-a-phenylalanine NA –
31 rac-3-Bromo-a-phenylalanine NA –
32 (S)-a-Tyrosine NA –

a Reaction mixtures (0.4-ml volume) contained an amino donor (3 mM) and a-ketoglutarate (5 mM) as the acceptor. Initial rates were measured, and conversion was determined
after 16 h at 30°C. The activity for b-phenylalanine, corresponding to 17.5 U mg21, was taken as 100%.
b NA, no activity (less than 0.001 U mg21).
c Conversion after 0.5 h.
d –, no conversion observed after 16 h.
e ND, not determined.

FIG 2 Structuresof themonomeranddimerofVpAT. (A)MonomerofVpATwith thePLPcofactor (magenta)positioned in the cleft between thePLP-bindingdomain
(left half of themonomer, containing the7-strandedmixedb-sheet) and theNCdomain (righthalf of themonomer, containing the two3-strandedantiparallelb-sheets
and theN andC termini of the polypeptide chain, indicated byN andC, respectively). (B) Twomonomers of VpATassemble into a dimer, here viewed along the 2-fold
noncrystallographicaxis relating the twomonomers.The twoPLPcofactors are showninmagentaandare linked to thepolypeptidebackboneviaaSchiffbasewithK267.
The a-helices are blue, the b-strands are yellow, and the loops are red. N and C indicate the N and C termini, respectively.
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FIG 3 Wall-eyed stereo presentation of VpAT bound with an inhibitor and a docked intermediate. (A) The PLP cofactor (yellow) is shown bound to AOA
(yellow). Monomer A of VpAT is shown in light blue, whereas monomer B is shown in orange. (B) AOA bound in VpAT. The holoenzyme without inhibitor is
shown in green. The X-ray structure with AOA bound is shown with different colors for monomer A (light blue), monomer B (orange), and the inhibitor
(yellow). (C) X-ray structure of holo-VpAT with docked (S)-b-phenylalanine. The X-ray structure of the holoenzyme is shown in green, while the modeled
structure with docked (S)-b-phenylalanine is in light blue for monomer A and orange for monomer B. The docked intermediate is shown in yellow. The side
chains of residues interacting with the docked intermediate and the backbone atoms of A212 are also shown. R41 (P pocket) is the residue that binds the
a-carboxylate of b-phenylalanine. In the O pocket, R398 is the arginine switch residue (compare panels B and C).
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with residues K267, V242, Y159, and D240 keep the PLP cofactor
fixed in the active site (Fig. 3A).

The binding of 2-aminooxyacetic acid.AOA, amimic of b-al-
anine, is a known inhibitor of aminotransferases (72) and also
inhibits VpAT. To investigate how AOA binds in VpAT, enzyme
crystals were soaked with AOA. The structure of VpAT with AOA
(Fig. 3A and B) shows that the amino group of the inhibitor cova-
lently binds to the C-4A atom of the PLP cofactor, as also de-
scribed for aspartate aminotransferase (73) and recently for
MesAT (48). The ether-oxygen atom (Ox1) of AOA is positioned
close (3.0 Å) to the ε-amino group of residue K267. The carboxy-
late group binds via a salt bridge to the Nε- and Nh2-atoms of
R41. The binding ofAOA in the active site of VpAT is similar to the
way in which AOA binds in the active site of MesAT (PDB code
2YKV). AOA inhibits aminotransferase activity because the
amine-ether oxygen bond of AOA cannot be weakened by K267,
and hence, hydrolysis and formation of the pyridoxamine 5=-
phosphate (PMP) intermediate does not occur (Fig. 3B).

Docking of PLP–(S)-b-phenylalanine in the active site of
VpAT. To investigate how an aromatic b-amino acid, such as
(S)-b-phenylalanine, binds in the active site of VpAT, initially, a
structure was determined after a VpAT crystal had been soaked
with (S)-b-phenylalanine. However, this structure only revealed
the presence of a PMP intermediate in the active site of the en-
zyme. Since trapping of (S)-b-phenylalanine in the active site of
VpAT apparently had not occurred, the external (S)-b-phenylal-
anine aldimine intermediate was modeled into the active site of
VpAT using Rosetta, which allows docking with flexible backbone
and side chains. In the docked structure, the aromatic ring of the
substrate is bound between V43, Y76, Y159, and A212 (Fig. 3C),
similar to the way (S)-b-phenylalanine is bound to MesAT (48).
We previously termed this region the O pocket, because it is posi-
tioned on the 3-hydroxyl side of the PLP cofactor (48) (see below).
Similar to the conformational changes observed in MesAT upon
formation of the external aldimine intermediate with (S)-b-phe-
nylalanine (48), in VpAT the arginine switch residueR398 in theO
pocket is also displaced during docking, freeing space for the phe-
nyl ring of the substrate. Instead, the R398 side chain Nh2 atom
forms a hydrogen bond to the carbonyl oxygen of A212. Also, V43
and Y159 have reoriented to better accommodate the docked ex-
ternal aldimine intermediate. In the absence of (S)-b-phenylala-
nine, the docking procedure resulted in minor shifts (less than 0.5
Å) of the backbone atoms around the active site. While the ortho
hydrogen atoms of the phenyl ring of the bound intermediate are
buried, the para and meta hydrogen atoms of the phenyl ring are
solvent exposed in the docked structure. The carboxylate of the
docked (S)-b-phenylalanine is buried in a region we term the P
pocket, which is at the phosphate group side of the PLP cofactor.
Here, residue R41 is directly involved in binding of (S)-b-phenyl-
alanine by making a salt bridge to the carboxylate group (Fig. 3C).
The importance of R41 for the binding of (S)-b-phenylalanine is
underscored by the observation that the R41A mutant was inac-
tive when tested with (S)-b-phenylalanine as amino donor and
a-ketoglutarate as amino acceptor.

Identification of aromatic b-amino acid aminotransferases.
The VpAT structure with boundAOA, a b-alaninemimic, and the
docking results with b-phenylalanine show that R41 is important
for binding the a-carboxylate of b-amino acids, as is the corre-
sponding residue R54 in MesAT (48). The side chain of R41 inter-
acts with E75, whichmay assist the function of R41 by orienting its

side chain and shaping the carboxylate-binding P pocket. We
therefore hypothesized that the presence of an R41-E75 pair in an
aminotransferase protein sequence indicates enzymatic activity
with b-amino acids. A comparison of the crystal structures of
VpAT and MesAT showed that the R41-E75 salt bridge is con-
served in MesAT (R54-E88). In addition, a sequence alignment
between VpAT and a glutamate-1-semialdehyde-2,1-aminomu-
tase from Polaromonas sp. JS666 (PoGSAM), for which no struc-
ture is available but which has activity toward aromatic
b-amino acids (68), also showed conservation of R41 and E75
(as R51 and E85, respectively) (Fig. 1). In contrast, the crystal
structure of S. elongatus glutamate-1-semialdehyde-2,1-ami-
nomutase (SeGSAM) (PDB code 2HOZ) (74), which is struc-
turally very similar to that of VpAT (z-score, 47; RMSD, 1.8 Å
for 404 C-a atoms; 35% sequence identity), shows that no Arg
and Glu residues equivalent to R41 and E75 of VpAT are pres-
ent, in agreement with the enzyme’s lack of activity on b-amino
acids.

We subsequently tested whether R41 and E75 could be used to
define a sequence motif with which aromatic b-amino acid ami-
notransferases can be distinguished from aminotransferases with
a similar fold but with a different substrate specificity. For this,
BLAST searches were performed using the VpAT, MesAT, and
PoGSAM (ABE43415.1) protein sequences. For each query se-
quence, 2,000 homologous sequences were retrieved with $18%
sequence identity. After omitting duplicates, the resulting 2,222
sequences were included in a multiple-sequence alignment and
inspected for residues that are important for substrate binding.

We used the P-pocket R41-E75 pair as the starting point to
identify a motif with which aminotransferases with activity to-
ward aromatic b-amino acids can be distinguished from amino-
transferases with a similar fold but a different activity. The R41-
E75 starting pair was subsequently broadened by including the
O-pocket residues V43 and Y76, since the equivalent residues in
MesAT (I56 and Y89) were shown to be involved in substrate
binding. At position 43, Val, Ile, and Ala were allowed, but hydro-
phobic residues with more bulky side chains, such as Leu, Phe,
Tyr, and Trp were excluded, since they were expected to prevent
aromatic substrate binding for steric reasons. At position 75, apart
from Glu, we also allowed Asp, Gln, and Asn, since they may still
be able to interact with the side chain of R41. At position 76, Phe
and Trp were also allowed, since they are frequently found in the
same position as Tyr in other fold type I aminotransferases. We
next extended the motif with conserved residues at positions that
appear structurally important by adding a conserved Pro at posi-
tion 50, which is in the center of a hydrophobic cluster in the
VpAT and MesAT structures, and an Asp at position 65 and a Gly
at position 66, which form a b-turn, in which the Asp is hydrogen
bonded to A23 and S24, residues that are located in the a-helix
that precedes loop 1.

The motif that was finally defined, R-X-[AVI]-X(6)-P-X(14)-
D-G-X(8)-[EDNQ]-[YFW] (Fig. 1), retrieved 46 unique se-
quences (see Table S3 in the supplemental material) that we hy-
pothesize may represent fold type I aminotransferases with
activity toward aromatic b-amino acids.

DISCUSSION

Catalytic properties and enantioselectivity of Variovorax AT.
Isolation of microorganisms that use b-phenylalanine as a sole
nitrogen source yielded a Gram-negative bacterium of the species
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V. paradoxus that produces a b-amino acid selective aminotrans-
ferase. The gene encoding this enzymewas cloned, sequenced, and
overexpressed to a high level in E. coli. Sequence analysis showed
that the enzyme is a fold type I AT, just like several other subgroup
II v-ATs. VpAT shows the highest sequence identity with bio-
chemically characterized b-phenylalanine ATs (27, 68), including
the Mesorhizobium aminotransferase (MesAT), described by Kim
et al. (27), the structure of which was recently solved (48). MesAT
and VpAT have similar activities with a-ketoglutarate and pyru-
vate as amino acceptors (27) but differ from a-transaminases,
which generally show a clear preference for either pyruvate, a-ke-
toglutarate, or oxaloacetate (75–77). Striking differences between
MesAT and VpAT are the facts that VpAT has a higher catalytic
activity, is active over a very broad range of pH values, and accepts
only b-amino acids. On the other hand, VpAT shows the same
enantiopreference for (S)-b-phenylalanine and a very high enan-
tioselectivity (E . 100), just like MesAT (19) and PoGSAM (68).
This allows a biotechnologically relevant kinetic resolution of ra-
cemic mixtures, from which the remaining (R)-b-phenylalanines
can be obtained with very high ee (Table 1, entries 1, 9, 10, 12, and
16).

Although the differences in activity are difficult to explain, a
comparison of the residues surrounding the active site of VpAT
with those of MesAT shows that V43, S298* (monomer B), and
F400, which line the hydrophobic O pocket of the active site of
VpAT, differ from the residues found at these positions in MesAT
(I56, A312*, and M414). A triple mutant of MesAT (I56V/A312S/
M414F) was generated and showed a 2-fold increase (3.3 U mg21)
in activity with (S)-b-phenylalanine compared to the MesAT WT
(1.6 U mg21 [27]), indicating an important role of these residues
in activity with (S)-b-phenylalanine.

Structure of VpAT and architecture of the active site. The
structure of VpAT revealed the overall topology of the enzyme and
the position of the cofactor and provided insight into the archi-
tecture of the active site of VpAT. Comparison with the structure
of MesAT shows that the two enzymes are structurally similar
(RMSD, 1.0 Å for 423 C-a atoms; 51% sequence identity) and
confirms that they both belong to the fold type I aminotransferase
family (70). As in MesAT, both monomers in VpAT contribute to
the binding of the PLP cofactor, suggesting that dimerization is
essential for catalytic activity (Fig. 3).

Previously, we proposed to use the notation P pocket (pointing
in the same direction as the PLP phosphate) and O pocket (at the
side of the hydroxyl substituent of the PLP) to define substrate
binding sites of amino acid-converting fold type I ATs (48). This
notation is more generally applicable than using L(arge) and
S(mall) pocket (78), since the size of a pocket at a topologically
conserved position may vary, whereas the O pocket and the P
pocket are topologically fixed (Fig. 4).

Computer-aided docking of (S)-b-phenylalanine suggested
binding of b-phenylalanine with the carboxylate group in the P
pocket, which is opposite to the binding mode of the a-phenylal-
anine analogue 3-phenylpropionate in the active site of aromatic
amino acid aminotransferase from Paracoccus denitrificans (PDB
code 1AY8) (79) but similar to the binding mode of b-phenylala-
nine in MesAT (48). The docking results further indicated that
several residues in the O pocket, including R398, must rearrange
to enable binding of the phenyl ring of b-phenylalanine (Fig. 3C).
This switch was also observed for MesAT complexed with (S)-b-
phenylalanine (PDB code 2YKY) and 2-oxoglutarate (PDB code

2YKX) and appears necessary to allow binding of both the phenyl
group of (S)-b-phenylalanine AT and the a-carboxylate of 2-oxo-
glutarate (48). In class I ATs accepting aromatic a-amino acids, a
so-called arginine switch has also been identified (e.g., R292 in
AroAT), but here, the arginine switch and cosubstrate non-a-
carboxylate-binding site are located in the P pocket, in agreement
with the reverse mode of substrate binding of b-Phe in VpAT and
MesAT compared to a-phenylalanine inAroAT (80). The docking
further indicated that the para and meta positions of the phenyl
ring are solvent exposed while the ortho position is buried in the O
pocket of the protein (Fig. 3C). This is in agreement with the
higher catalytic activities observed for substrates substituted at the
para and meta positions relative to ortho-substituted substrates
(Table 1, entries 4 to 7), for which steric hindrance by S298*
(monomer B) and Y76 may prevent productive binding (Fig. 3C).
The importance of steric crowding at the ortho position is con-
firmed by the relatively high activity with the ortho-fluorine-sub-
stituted substrate compared to the compounds with larger sub-
stituents, i.e., chlorine and bromine (Table 1, entries 5 to 7). Thus,
it appears that the substrate specificity of VpAT with regard to
substituted b-phenylalanine derivatives is mainly determined by
the residues that line the hydrophobic O pocket.

A sequence motif for aromatic b-amino acid aminotrans-
ferases. A combination of sequence analysis, structural data, and
information on substrate rangemay be used to define aminotrans-
ferase sequence motifs that can be applied to identify enzymes
with certain substrate specificities (81). As observed in the VpAT
structure bound with AOA (Fig. 3A and B), as well as in the mod-
eled VpAT–(S)-b-phenylalanine structure (Fig. 3C), residues R41
in loop 1 and E75 in loop 2 of the NC domain contribute to
shaping the carboxylate-binding site for b-amino acids in the P
pocket. For this reason, and also taking into account that E75 is
conserved in MesAT and PoGSAMbut not in SeGSAM(Fig. 1), we
used the conserved functional P-pocket R41/E75 pair as the start-
ing point to identify a motif that may distinguish aminotrans-
ferases with activity toward aromatic b-amino acids from amino-
transferases with a similar fold but different activity. Extension of
the R41/E75 motif with residues selected on the basis of sequence
conservation or position in the structure yielded a motif, R-X-
[AVI]-X(6)-P-X(14)-D-G-X(8)-[EDNQ]-[YFW], that comprises

FIG 4 Schematic representation of (S)-b-phenylalanine (structure in bold-
face) bound to PLP (external aldimine) docked in the active site of VpAT. A
number of relevant amino acid residues for binding and catalysis are shown.
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36 residues in the N-terminal segment of the NC domain. When
used to screen a set of over 2,200 (putative) class I aminotrans-
ferases, it allowed the selection of 46 sequences (see Table S3 in the
supplemental material), among which were the sequences of the
conserved b-selective enzymes VpAT, MesAT, and PoGSAM. Al-
though several retrieved sequences have been annotated as gluta-
mate-1-semialdehyde 2,1-aminomutase (see Table S3 in the sup-
plementalmaterial), we propose that the sequences selected by the
motif are ATs with activity toward aromatic b-amino acids. Al-
though our motif may be applied to identify aminotransferases in
a set of fold type I aminotransferases, it probably cannot predict
b-aminotransferase activity in less related sequences or enzymes
lacking activity with aromatic substrates. For example, AdbpAT
(21), which is inactive with aromatic b-amino acids and has an
enantiopreference for aliphatic b-amino acids opposite that of
VpAT (Table 1) and MesAT (27), is not covered by the motif. This
may suggest that AdbpATbelongs to a different phylogenetic clus-
ter and may have a different mode of substrate binding.

Outlook. Although more experiments or structure and mod-
eling studies are needed, we are confident that the newly discov-
ered b-phenylalanine aminotransferase from V. paradoxus strain
CBF3, along with its promising biocatalytic properties and its 3D
structure, is an attractive template for future b-aminotransferase-
engineering efforts toward the synthesis of enantiomerically pure
b-amino acids.
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