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A novel 3-transaminase gene was cloned from Mesorhizobium sp. strain LUK. By using N-terminal sequence
and an internal protein sequence, a digoxigenin-labeled probe was made for nonradioactive hybridization, and
a 2.5-kb gene fragment was obtained by colony hybridization of a cosmid library. Through Southern blotting
and sequence analysis of the selected cosmid clone, the structural gene of the enzyme (1,335 bp) was identified,
which encodes a protein of 47,244 Da with a theoretical pI of 6.2. The deduced amino acid sequence of the
B-transaminase showed the highest sequence similarity with glutamate-1-semialdehyde aminomutase of
transaminase subgroup II. The B-transaminase showed higher activities toward p--aminocarboxylic acids
such as 3-aminobutyric acid, 3-amino-5-methylhexanoic acid, and 3-amino-3-phenylpropionic acid. The
B-transaminase has an unusually broad specificity for amino acceptors such as pyruvate and a-ketoglutarate/
oxaloacetate. The enantioselectivity of the enzyme suggested that the recognition mode of (3-aminocarboxylic
acids in the active site is reversed relative to that of a-amino acids. After comparison of its primary structure
with transaminase subgroup II enzymes, it was proposed that R43 interacts with the carboxylate group of the
3-aminocarboxylic acids and the carboxylate group on the side chain of dicarboxylic a-keto acids such as
a-ketoglutarate and oxaloacetate. R404 is another conserved residue, which interacts with the a-carboxylate
group of the a-amino acids and a-keto acids. The B-transaminase was used for the asymmetric synthesis of
enantiomerically pure 3-aminocarboxylic acids. (35)-Amino-3-phenylpropionic acid was produced from the
ketocarboxylic acid ester substrate by coupled reaction with a lipase using 3-aminobutyric acid as amino donor.

B-Amino acids occur naturally in diverse forms. They have
been found as free forms of metabolites, such as B-alanine and
B-aminobutyric acid, in mammals and lower organisms (19).
They are also found as a component of peptidic or nonpeptidic
molecules (28). B-Amino acid-containing molecules have in-
teresting pharmacological roles such as antibiotics (51), anti-
tumor agents (14, 36, 53), or antifungal agents (15). B-Lactams
and taxoids are such examples of the important molecules
further developed from the natural compounds with B-amino
acid moiety (26, 38). The higher stability of B-amino acid
peptides against peptidases also has drawn great interest in
peptide chemistry (16). The significance of B-amino acids and
their related molecules attracts increasing attention for the
synthesis of B-amino acids (5, 37, 38, 41), especially for the
enantioselective synthesis of B-amino acids (26, 28, 30, 40).
Although recent reviews of the biocatalytic synthesis of
B-amino acids elaborated a wide range of approaches, most of
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the methods dealt with the chiral resolution of precursors using
hydrolytic enzymes (29). As an alternative, we have focused on
the study of transaminases for the synthesis of versatile chiral
amine compounds including unnatural amino acids.

Transaminases have been studied for the production of
chiral amino acids because they generally show rapid reaction
rates, broad substrate specificity, and no requirement for ex-
ternal cofactor regeneration (44, 49, 54). Moreover, transami-
nases allow asymmetric synthesis from prochiral ketone com-
pounds depending upon the properties of target chemical
compounds (1, 4, 10, 11, 17, 49, 50). Though transaminases are
not widespread, we have reported an w-transaminase of Alcali-
genes denitrificans which can catalyze mainly the transamina-
tion between aliphatic 3-amino acids and pyruvate (56). Other
examples were recently introduced for the transamination of
aliphatic and aromatic B-amino acids by Alcaligenes eutrophus
and Variovorax paradoxus (6).

Recently, we reported screening of a transaminase having
activity toward a B-amino acid and its N-terminal amino acid
sequence (27). We have tried to clone the gene of this enzyme
by PCR using the degenerative primers of consensus transam-
inase sequences (56). However, due to the large population of
the homologous transaminases in the screened organism, we
found a few transaminases without any activities for 8-amino
acids, even though we used genuine N-terminal amino acid
sequence to make one of the degenerative primers. Due to the
low recovery of the purified protein, our attempts to obtain any
internal peptide sequences had been also unsuccessful. The
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present study illustrates the easy isolation of enzyme with
higher recovery, molecular cloning, sequencing, heterologous
expression of the gene encoding the new B-transaminase in
Escherichia coli, and its characterization. In this article, we
report a novel B-transaminase from Mesorhizobium sp. strain
LUK showing a high activity for B-aminocarboxylic acids. In
addition, the asymmetric synthesis of a B-aminocarboxylic acid
is presented along with a short discussion on the substrate
recognition mode of B-transaminase.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Escherichia coli XL1-Blue
MRF, DH5«, and BL21(DE3) were used as hosts for the construction of a
genomic library, proliferation of cloned genes, and heterologous expression of
protein, respectively. The plasmids pOJ446 (7), pGEM-T (Promega, WI),
pET24ma (donated by David Sourdive, Pasteur Institute, France), and pET28a
(Novagen, WI) were used for DNA cloning and cloned gene expression. Meso-
rhizobium sp. strain LUK (KCCM-10752P) was previously isolated by enrich-
ment culture with a limited nitrogen source and grown as reported before (27).

Enzyme assay and analytical methods. One unit of enzyme activity is defined
as the amount of enzyme that catalyzes the formation of 1 pmol of r-alanine
from 10 mM racemic 3-amino-3-phenylpropionic acid and 10 mM pyruvate for 1
min in 100 mM phosphate buffer (pH 7.0) at 37°C. Quantitative chiral analysis of
3-amino-3-phenylpropionic acid was performed using a C,;g Symmetry column
(4.6 X 150 mm; Waters, MA) with a Waters high-pressure liquid chromatogra-
phy system after the derivatization of sample with 2,3,4,6-tetra-O-acetyl-B-D-
glucopyranosyl isothiocyanate (24). Separation of alanine and each enantiomer
of 3-amino-3-phenylpropionic acid was achieved with an isocratic elution using
20 mM of phosphate buffer (pH 6.4) and acetonitrile (66:34, vol/vol) with a flow
rate of 1 ml/min, observed at 250 nm. Kinetic constants were obtained from the
transamination reactions performed by varying the concentrations of 3-amino-
3-phenylpropionic acid and pyruvate. The reactions were started by adding
0.0006 U of the purified enzyme at 37°C. Substrate specificity was investigated by
transamination reactions between different sets of amino donors and amino
acceptors (see Table 2). To determine the optimum reaction pH, initial enzyme
activity was measured by analyzing the amount of 3-amino-3-phenylpropionic
acid consumed within a pH range of 5.3 to 9.0. The buffer systems used were 50
mM sodium acetate buffer (pH 5.3), 50 mM sodium phosphate buffer (pH 6.0 to
7.6), and 50 mM borate buffer (pH 8.0 to 9.0).

Rapid partial purification of B-transaminase using native gel electrophoresis.
Frozen cell pellets (15 g, wet weight) were resuspended in 75 ml of lysis buffer
containing 100 mM potassium phosphate buffer (pH 7.0), 0.2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, and 0.01% (vol/vol) 2-mercaptoethanol. Cells
were disrupted by two passages through a French press at 18,000 Ib/in% The
supernatant obtained after centrifugation (17,000 X g, 20 min) at 4°C was used
as cell extract. Solid ammonium sulfate was added carefully to the cell extract
with gentle stirring until 30% saturation was reached. After equilibration for 30
min, the supernatant after centrifugation was taken and ammonium sulfate was
added again to 38% saturation. The solution was allowed to equilibrate for 30
min, and the resulting precipitate was collected by centrifugation. The precipitate
was dissolved in 100 mM potassium phosphate buffer (pH 7.0) and dialyzed
overnight against dialysis buffer containing 20 mM Tris-HCI buffer (pH 7.4) and
20 pM pyridoxal 5'-phosphate (PLP). The dialyzed ammonium sulfate fraction
was loaded onto a Q-Sepharose FF column (40 ml, 1.6 cm by 16 cm; Pharmacia,
Uppsala, Sweden) preequilibrated with 20 mM Tris-HCI buffer (pH 7.4). After
the column was washed with the same buffer, elution was carried out with a linear
gradient from 0 to 20% of elution buffer containing 20 mM Tris-HCI (pH 7.4)
and 1 M KCI. The active fractions were collected and dialyzed against 50 mM
potassium phosphate buffer (pH 7.0) containing 20 uM PLP. Partially purified
fractions from the Q-Sepharose FF column were run on a 4 to 21% gradient
native polyacrylamide gel for 3 h with an 80-mA constant current at 4°C. The gel
was stained with native gel activity stain solution containing 15 mM racemic
3-amino-3-phenylpropionic acid, 10 mM pyruvate, 1 mM NAD™, 0.4 mM phen-
azine methosulfate, 0.5 mM nitroblue tetrazolium, and 20 U of alanine dehy-
drogenase in 50 mM sodium borate buffer (pH 9.0). The fraction of gel stained
as a purple band (42) was sliced and crushed into small pieces in order to use the
crushed gel as a loading sample onto a sodium dodecyl sulfate (SDS)-polyacryl-
amide gel (10%). After the separation by SDS-polyacrylamide gel electrophore-
sis (PAGE), major bands were used for analysis to get partial sequences of
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protein by matrix-assisted laser desorption ionization (MALDI)-mass spectrom-
etry (MS).

Determination of partial peptide sequence of B-transaminase. N-terminal
amino acid sequence was previously determined by Edman degradation with a
Procise 492 cLC protein sequencer (Applied Biosystems, CA) at the Institute of
Korea Basic Science Institute (Seoul Center, Korea) (27). For internal peptide
sequencing, a major protein band of ca. 47 kDa was isolated and digested with
sequencing-grade trypsin (Promega, WI) with iodoacetamide modification on
Cys residues to obtain tryptic fragments for mass analysis. Internal sequences
were determined by MALDI-time of flight/time of flight-mass spectrometry with
a Voyager system (Applied Biosystems, CA) at Yonsei Proteomics Research
Center (Seoul, Korea).

Construction of genomic DNA library of Mesorhizobium sp. strain LUK. DNA
manipulations, including preparation of chromosomal DNA and plasmids, re-
striction enzyme digestion and ligation, transformation of E. coli, Southern
hybridization, and colony hybridization, followed the methods of Sambrook et al.
(46). Purified chromosomal DNA of Mesorhizobium sp. strain LUK was partially
digested with Sau3AlI to achieve DNA fragments of 10 to 20 kb. The fragments
were ligated into the cosmid vector pOJ446 cut with BamHI and Hpal. The
ligation mixture was packaged in vitro by using a lambda packaging system
(Stratagene, CA) and transfected into E. coli XL1-Blue MRF. The colonies were
selected on an LB agar plate containing apramycin (100 pg/ml).

Construction of the probe for colony hybridization. Degenerated PCR primers
were designed according to the partial amino acid sequences from purified
protein. The first eight amino acids of the N-terminal sequence (MNEPIGEP),
which had no unidentified sequence gap, were used to generate the forward
degenerated primer, PrIN (TTATGAAYGARCCIATHGGIGARCC; Y = CT,
R = AG, I = inosine, and H = ATC). Consistent sequences of seven amino acids
(FFFHMJI or L]R) were selected from the five candidate internal sequences,
and Pr2r (TTCKIAICATRTGRAARAARAA; K = GT) was synthesized as
reverse degenerated primer. PCR was performed with the primers using the
genomic DNA of Mesorhizobium sp. strain LUK as a template. The PCR product
was ligated into pGEM-T vector, and the DNA sequence was analyzed.

Another set of primers was designed using the partially determined internal
DNA sequence for the preparation of probe for colony hybridization and South-
ern blot analysis. Using the pPGEM-T vector clone as template, PCR product was
obtained with primers Pr3f (forward primer, 5'-TCGACGAGGTGATGACCT
C-3") and Prdr (reverse primer, 5-TCCTTGAGTTGCTGGTCGG-3"), and
digoxigenin-labeled random-primed DNA probe was prepared using a DIG High
Prime DNA Labeling and Detection Starter Kit I (Roche Applied Science,
Germany).

Isolation of B-transaminase gene. Colony hybridization was performed using
the DIG High Prime DNA Labeling and Detection Starter Kit I on a positively
charged nylon membrane. Positive clones were confirmed by PCR with a primer
set of Pr3f and Pr4r. Cosmid plasmid obtained from the candidate clone was
digested with various restriction enzymes, and a fragment of ca. 2.5 kb containing
the structural gene of B-transaminase was obtained from Southern blot analysis
by digestion with EcoRI and Pstl. This fragment was cloned into pUC18, and the
nucleotide sequence was determined with an ABI3100 DNA sequencer (Perkin-
Elmer, MA). Sequence alignments were performed with ClustalX (25) using a
BLOSUM45 matrix with a gap opening penalty of 1.0 and a gap extension
penalty of 0.10. A phylogenic tree was generated using the NJPlot function in
ClustalX. Graphic presentations of the alignments were made by ESPript (18).

Heterolog: expr of B-tr in E. coli. To express the enzyme
without excessive flanking parts, the coding region of the B-transaminase gene
was amplified by PCR using Pr5f (5'-TTAACCATGGGCAACGAGCCGATT
GGAGAACCTGG-3'; underlining indicates a restriction site on the primer) and
Pror (5'-TCGAGAATTCACATCAGCAAGGCGC-3') primers. The fragment
was digested with Ncol and EcoRI and inserted into the IPTG (isopropyl-B-p-
thiogalactopyranoside)-inducible expression vector pET28a. The plasmid was
transformed into E. coli BL21(DE3), and the transformant was grown in LB
broth containing 50 wg/ml of kanamycin at 37°C. When the optical density at 600
nm reached 0.5, IPTG was added to 0.5 mM. After 6 h of induction, the cells
were harvested and disrupted by sonication. After centrifugation, the enzyme
activity of the cell extract was measured to evaluate expression efficiency.
B-Transaminase was purified from the E. coli expression clone by following the
method of a previous report (27) using crude extract obtained by ultrasonic
disruption with 50 ml of resuspended cell pellet harvested from 1 liter of E. coli
culture broth.

Two other transaminases were cloned in order to compare their activities with
that of newly found B-transaminase. The transaminase gene of Polaromonas sp.
strain JS666 (Geninfo identifier [gi], 91787361) was amplified by PCR (forward
primer, 5'-TTAACATATGAACAAGCCGTCCACGTCTTCC-3'; reverse primer,
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FIG. 1. (A) Native PAGE of partially purified protein from Mesorhizobium sp. strain LUK showing the stained activity band (arrow).
(B) SDS-PAGE of partially purified protein from native PAGE. The protein band of ca. 47 kDa (arrow) was analyzed further by mass
spectrometry. (C) MALDI spectrum of the in-gel tryptic-digested 47-kDa protein from SDS-PAGE. One hundred images were collected to draw
the cumulative chromatogram. Twenty peaks were selected from the identically observed peaks from the three independent experiments. The 10
highest peaks correspond to the signals for the peptides of residues 234 to 240 (a; AFLDLLR; M + H/z, 847.5036; calculated, 847.56), residues
396 to 404 (b; ELFFFHMLR; M + H/z, 1,239.6343; calculated, 1,239.57), residues 281 to 294 (c; YIGGGMSFGAFGGR; M + H/z, 1,376.6415;
calculated, 1,376.53), residues 413 to 426 (d; GMYALSLEIADAGR; M + H/z, 1,466.7307; calculated, 1,466.61), residues 427 to 441 (e;
DAFAEALADFIGEQR; M + H/z, 1,652.7914; calculated, 1,652.64), residues 55 to 73 (f; SILFHRPFPLVIAQGTGSR; M + H/z, 2,096.1763;
calculated, 2,096.05), residues 141 to 162 (g; FINSGTEANLMALATATAITGR; M + H/z, 2,211.1074; calculated, 2,211.00), residues 355 to 378
(h; IAVENQAPLQFTGLGSLGTIHFSR; M + H/z, 2,556.3568; calculated, 2,556.26), residues 306 to 335 (i; DGAFAHAGTFNNNILTMSAG
HAALTQIYTR; M + H/z, 3,163.5377; calculated, 3,163.32), and residues 74 to 102 (j; FODVDGHAYVNFLGEYTAGLFGHSHPVIR; M + H/z,
3,246.5755; calculated, 3,246.38). Peak b was analyzed by MALDI-MS/MS to get the internal peptide sequence.

5'-TTAACTCGAGTCAACCTGCAACGGGCAACAG-3'), cloned into Ndel/
Xhol-cleaved pET24ma, and expressed in E. coli BL21(DE3). The glutamate-
semialdehyde aminomutase (GSA) gene of E. coli K-12 (gi, 1786349) was cloned
into BamHI/Xhol-cleaved pET24ma (forward primer, 5'-TCGCGGATCCATG
AGTAAGTCTGAAAATCTTTA-3'; reverse primer, 5'-TCGCCTCGAGTCAC
AACTTCGCAAACACCCGAC-3') and expressed in E. coli BL21(DE3).

Asymmetric synthesis of enantiomerically pure (35)-amino-3-phenylpropionic
acid by coupled enzyme reaction. Enantiomerically pure (35)-amino-3-phenyl-
propionic acid was synthesized using a coupled enzyme reaction with B-transam-
inase and lipase. A 10 mM concentration of ethylbenzoylacetate and a 20 mM
concentration of racemic 3-aminobutyric acid were mixed in 1 ml of 50 mM
sodium phosphate buffer (pH 7.5) containing 100 wuM PLP. The reaction was
started by adding 100 U of Candida rugosa lipase (Sigma, MO) and 0.8 mg of
B-transaminase, and the mixture was incubated at 37°C for 24 h.

Nucleotide and protein seq e accessi bers. The nucleotide and
protein sequences of the B-transaminase of Mesorhizobium sp. strain LUK were
deposited in the GenBank database under accession numbers EF127643 and
ABL74379, respectively.

RESULTS

Partial purification and determination of internal peptide
sequence. Mesorhizobium sp. strain LUK was previously se-
lected for B-transaminase activity specific for p-B-aminocar-
boxylic acid, and the corresponding enzyme has been success-
fully purified (27). The sequence of 23 amino acid residues
(MNEPIGEPXRSPAXDTAEKAQXI) was obtained earlier
from the N-terminal sequencing of the partially purified trans-
aminase (27). However, a BLAST search showed no similar
sequence of known proteins having any significant homology
with the determined N-terminal sequence. To obtain more
sequence information, the protein was partially purified using
native PAGE. Previously, the single band of proteins had been
obtained after fractionation with ammonium sulfate precipita-
tion and two successive column chromatographic procedures
(27). However, the recovery yield of the proteins dramatically
decreased at the last step of purification with hydrophobic

affinity chromatography (from 45% to 1.1%). To prevent such
loss of the proteins, we carried out native PAGE after frac-
tionation with an anion-exchange column (Q-Sepharose FF).
Active fraction from the anion-exchange column was resolved
by successive gel electrophoresis with native PAGE (Fig. 1A)
and SDS-PAGE (Fig. 1B). A single major band was observed
at a previously determined molecular mass (47 kDa). The
major band from SDS-PAGE was subjected to internal peptide
sequencing. Five candidate peptide sequences were obtained
from the molecular ion peak of 1,239.57 m/z (M + H), (i)
KNFFFHMIR, (ii)) KGGFFFHMLR, (iii) NKFFFHMIR, (iv)
LEFFFHMLR, and (v) ELFFFHMLR, resulting in a defined
peptide sequence of XXFFFHM(I/L)R (peak b of Fig. 1C).
Determination of nucleotide sequence of B-transaminase
gene. Using the degenerate primers based on the N-terminal
sequence and partial peptide sequence obtained above, a
1,217-bp DNA fragment was obtained from the PCR using the
genomic DNA of Mesorhizobium sp. strain LUK as the tem-
plate, and the fragment was cloned into pGEM-T vector. The
translated peptide sequence of the fragment indicated that 9
out of 10 peptide fragments found from the highest peak of
MALDI mass signal were well matched with the deduced pep-
tide sequence. However, the fragment lacked the partial se-
quence information encoding ca. 4.2 kDa of the C-terminal
fragment of the protein. We tried to find the genomic DNA
fragment containing this partial fragment by hybridization. The
pGEM-T partial clone was used as a template to make a probe
for colony hybridization to screen the genomic cosmid library
of Mesorhizobium sp. strain LUK. A 433-bp partial gene frag-
ment was generated by PCR using primer set Pr3f/Pr4r, and
this fragment was used to make the probe for further analysis.
By colony hybridization, 12 out of 850 colonies showed blue
spots. Among the four colonies picked, one of the clones
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GACTGAAATCGAGAGAGCGGTCGACGCGTCGGGAGGATGC

~1

1 ATGAACGRGCCGATTGGAGARCCTGGCAGGTCGCCGGCCAGCGATACGGCAGAGARRGCG 60
1 M NE P I GEPGR SUPASTDTA ATE KA 20
61 CAGGCAATCGCTGCGGCACGCAACACGTTCGCTCGTGACAATCCCGTCAGCGCCGGCCAT 120
2 9 A I AAARINTTFA ARTDITNTEPPV S AGH 40
121 CACGRACGCGCACGGCGCTCGATGCCAGGGGGCAACACGCGCAGCATCCTGTTCCACCGA 180
41 H E R A R R S M P G G NTURI|S I L F HR 60
181 CCATTCCCGCTGGTCATCGCGCAAGGAACAGGTTCGCGCTTCCAGGACGTCGACGGCCAC 240
61 P F P L V I A Q G T G S R|/[F 9 DV DG H 80
241 GCCTATGTCAATTTCCTCGGGGAATACACGGCAGGCCTGTTTGGACATTCCCATCCCGTC 300
8L, A Y V N F L G E Y T A G L F G H S H P V 100
301 ATTCGCGCCGCGGTCGAACGCGCACTGGCCGTCGGCCTCAATCTTTCGACGCAGACGGAA 360
101 I R/lA AV ERA ATLAVGILUNTLS T QT E 120
361 RAACGAGGCGCTTTTTGCCGAAGCGGTGTGCGATCGCTTTCCCTCGATCGACCTGGTGCGE 420
1212 N E A L F A E AV CDURTFP S I DIL V R 140
421 TTCACCAATTCCGGTACCGAGGCCAATCTGATGGCACTGGCGACGGCAACCGCGATCACC 480
141 [F T N s 6 T E A N L M A L A TATATI T 160
481 GGTCGAARGACGGTCCTGGCATTCGACGGCGGCTATCATGGCGGCCTGTTGAACTTTGCC 540
161 6 R/K T V L A F D G G Y H G G L L N F A 180
541 RGCGGACATGCGCCGACARACGCGCCCTACCACGTGGTTCTCGGCGTCTACAACGACGTC 600
181 S 6 H A P T N A P Y HV V L G V Y N D V 200
601 GAGGGAACGGCCGATCTGTTGAAGCGCCACGGGCACGACTGTGCCGCGATCCTGGTCGAG 660
200 E G T ADTZLTULTIEKTZEREHEGHUDTC® AATITLV E 220
661 CCGATGCTCGGCGCCGGCGGATGCGTGCCGGCCGRACGCGCCTTTCTCGATCTCCTGCGT — 720
220 P M L G A GG C V P AEURIATFLDL L R| 240
721 GCCGAGGCARGTCGCTGCGGCGCGCTGCTGATTTTCGACGAGGTGATGACCTCACGCCTG 780
241 A EA S R CGATILTLTITFDTEUVMT S R L 260
781 TCGGGTGGCGGTGCACAGGAGATGCTCGGCATATCCGCCGATCTGACGACGCTCGGGRAA 840
261 S 6 G G A Q EMTILGTISADTLTTTIL G K 280
841 TACATCGGCGGCGGCATGTCGTTCGGTGCGTTCGGCGGCCGGCGCGACCTGATGGARCGG 900
281 ¥ I 6 G 6 M S F G A F G G R|R D L M E R 300
901 TTCGACCCGGCGCGCGACGGCGCCTTCGCGCATGCCGGCACGTTCAACAACAACATCCTG 960
301 F D P ARI|DGATFAHABAGTTFNNNTITL 320
961 ACCATGAGTGCCGGCCACGCTGCGCTGACGCAGATCTACACGCGCCAGGCCGCCTCCGAT 1020
321, T M S A G HAAULTOGQTIYTR/Q A A S D 340
1021 CTGTCCGCGTCCGGCGACCGGTTCCGCGCCAATCTCARTCGCATCGCGGTCGAGARCCAG 1080
341 L S A S G D RFRANTILTNRII AV EN Q 360
1081 GCACCGCTCCAGTTCACCGGGCTCGGGTCGCTCGGARCCATTCACTTCAGTCGCGCGCCC 1140
31 A P L Q F T G LG S L G T I HTF S R A P 380
1141 ATCCGCTCGGCGGGTGACGTCCGCGCAGCCGACCAGCAACTCARGGAGCTGTTTTICTTIC 1200
31 I R S A GDV RAADG QU QTLIKIETLTF F F 400
1201 CATATGCTGCGCARGGGTATCTACCTCGCGCCGCGCGGCATGTATGCATTGAGCCTCGAG 1260
401 H M L R/K 6 I ¥ L A P R|G M Y A L S8 L E 420
1261 ATTGCCGATGCCGGCCGCGACGCATTCGCCGAAGCCTTGGCCGATTTCATCGGCGAGCAG 1320
421 I A D A G R|/D A F A E A L A DT F I G E Q 440
1321 CGCGCCTTGCTGATGTGATGGCGGAACGGCACCGGGARCTCAACGCCTGARCATGTGATC 1380
441 R|/A L L M *

1775

FIG. 2. The nucleotide and deduced amino acid sequences of the B-transaminase gene. Numbering starts at the ATG starting codon. The
putative ribosomal binding site GGAGG is underlined. The peptide fragments observed by MALDI mass spectrometry are presented in boxes. The

stop codon TGA is marked with an asterisk at 1,336 bp.

showed the same size as the PCR product with Pr3f and Prdr
primers. By analyzing the plasmid of the clone, a 2.5-kb nucle-
otide fragment was found with the complete structural nucle-
otide sequence of the B-transaminase. This 2.5-kb fragment
was cloned into pUCI18 and subjected to DNA sequencing.
The nucleotide sequence of B-transaminase of Mesorhizobium
sp. strain LUK and its flanking region is shown in Fig. 2 with
deduced amino acid sequence. The open reading frame of

1,335 bp was composed of 445 amino acid residues with a
theoretical pI of 6.2 and a calculated molecular mass of 47,244
Da with a putative ribosomal binding site, GGAGG, at 4 bp
upstream of the start codon, ATG (Fig. 2).

Sequence comparison with other transaminases. Due to the
unique transaminase activity toward B-aminocarboxylic acids,
it is quite interesting to compare the amino acid sequence with
other transaminases. The B-transaminase of Mesorhizobium sp.
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strain LUK showed the highest identity (53%) and similarity
(66%) with a glutamate-1-semialdehyde 2,1-aminomutase of
Polaromonas sp. strain JS666. GSA belongs to transaminase
subgroup II, which includes acetylornithine transaminase,
ornithine transaminase, 4-aminobutyrate transaminase, 2,2-di-
alkylglycine decarboxylase, 7,8-diaminopelargonic acid syn-
thase, w-transaminase, and B-alanine-pyruvate transaminase
(12). To verify the transaminase subgroup to which the newly
found B-transaminase belongs and to obtain structural and
functional insights into the B-transaminase, the primary struc-
ture of the B-transaminase was aligned with several sequences
of transaminase group II proteins (Fig. 3A). Sequence align-
ment showed that the B-transaminase shares the same consen-
sus amino acid residues found in transaminase subgroup II
with several invariant amino acid residues (34). K280 is the
lysine residue anchoring PLP via Schiff base formation in the
active site, which supports the PLP-dependent transamination
mechanism. G227 and D253 are also invariant amino residues,
which are located at the domain interface and form a salt
bridge and a hydrogen bond to PLP, respectively (35). Pairwise
sequence alignment with a known glutamate-1-semialdehyde
2,1-aminomutase having structural information (Protein Data
Bank entry 2GSA [22]) showed that the sequence from posi-
tions 148 to 153 of 2GSA with the conserved sequences of
GxYHGxx is also well preserved in the sequence (positions 170
to 176, GGYHGGL) and consists of a putative PLP binding
site of the cloned B-transaminase. The sequence from posi-
tions 154 to 182 of 2GSA whose mobility is affected by the PLP
binding (22) is partly absent in the sequences of the newly
found B-transaminase.

A brief molecular phylogenetic tree drawn using the neigh-
bor-joining method (Fig. 3B) shows that the sequence of the
cloned B-transaminase is close to the glutamate-1-semialde-
hyde 2,1-aminomutase, 4-aminobutyrate transaminase, dialkyl-
glycine decarboxylase, 7,8-diaminopelargonic acid synthase,
w-transaminase, -alanine-pyruvate transaminase, acetylorni-
thine transaminase, and ornithine transaminase in decreasing
order. Although the sequence homology with the GSA gave us
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some insights into the classification of this protein, there is no
information about whether or not the GSA has similar B-ami-
nocarboxylic acid transaminase activity. To confirm whether
other homologs could have such an activity, we cloned two
transaminases, one from Polaromonas sp. strain JS666 showing
the highest sequence similarity and the other from E. coli K-12.
However, neither of these enzymes showed an activity for the
B-aminocarboxylic transamination using 3-amino-3-phenylpro-
pionic acid and pyruvate as substrates.

Overproduction and purification of the B-transaminase in
E. coli. The recombinant B-transaminase was overexpressed in
E. coli BL21(DE3). The total enzyme activity from the recom-
binant E. coli was ca. 27-fold higher than that of the wild-type
Mesorhizobium sp. strain LUK. The recovery of the p-transam-
inase from the recombinant E. coli was ninefold higher than
that from the wild type with the same purification procedures
(Table 1). We used affinity purification as the last step, al-
though there was some activity loss in that step, to ensure that
the homogeneous protein preparation was uncontaminated.
The purified B-transaminase gave a single protein band on
SDS-PAGE (Fig. 4) with a specific activity of 1.27 U/mg at pH
7 (Table 1).

Characterization of the B-transaminase from Mesorhizo-
bium sp. strain LUK. Though all the purification procedures
were performed at pH 7, brief optimization of its reaction pH
showed an optimum pH of B-transaminase at pH 7.6 (data not
shown), and this was used for further characterization of the
B-transaminase. In terms of the substrate specificity of the
purified enzyme (Table 2), it showed higher activity toward
B-aminocarboxylic acids than toward a-amino acids. 3-Amino-
5-methylhexanoic acid and 3-aminobutyric acid showed ca.-
twofold-higher reactivities than 3-amino-3-phenylpropionic
acid, whereas the phenylalanine showed ca.-10-fold-lower re-
activity. In the case of the amino acceptor, 2-ketoglutarate,
pyruvate ethyl ester, pyruvate, and pyruvate methyl ester
showed similar reactivities, while oxaloacetate showed slightly
lower reactivity. It is quite interesting that this enzyme has no
striking differences in the specificities toward different amino
acceptors, because transaminases generally show a clear pref-
erence either for pyruvate or for 2-ketoglutarate/oxaloacetate
(33, 47, 48, 52, 56). However, considering the fact that this
enzyme shows a high sequence similarity with the GSA which
does not need any second substrate and catalyzes the intramo-
lecular isomerization, it is possible that the unique amino ac-
ceptor specificity could be due to different structural reasons
with other transaminases. In terms of the enantioselectivity,

TABLE 1. Purification of the cloned B-transaminase from
E. coli BL21(DE3)

Purification ste rf(())tt;ln é argtcl?\tf?tl Recovery  Purification
P Py Wme ) NG @ (fold)

Cell extract 242 0.082 19.8 100

Ammonium sulfate  64.6 0.192 12.4 62 2.3
(28 to 42%)

Q-Sepharose FF 324 143 4.65 23 17.5
column

HiTrap Phenyl HP 141 127 1.79 9.1 155
column




1778 KIM ET AL.

FIG. 4. SDS-PAGE of B-transaminase expressed in E. coli at dif-
ferent stages of purification. Proteins were separated on a 10% poly-
acrylamide gel in the presence of 1% SDS. Lane 1, molecular mass
marker (sizes of marker proteins are designated on the left side in
kDa); lane 2, cell extract of E. coli BL21(DE3); lane 3, ammonium
sulfate fraction (28 to 42%); lane 4, after Q-Sepharose FF column
chromatography; lane 5, after HiTrap Phenyl HP column chromatog-
raphy.

the enzyme showed a high enantioselectivity toward the p-f-
amino acids (Table 2) and produced L-alanine with pyruvate
(27). It also showed enantioselectivity for L-a-amino acids with
much lower activity (Table 2).

The relationships between reaction rates and each substrate
concentration showed a typical substrate inhibition mode of
the reaction (55). The apparent K,, and k., for 3-amino-3-
phenylpropionic acid were 1.2 mM and 513 min~!, respec-
tively, with an apparent substrate inhibition constant (K;) of 3.2
mM in the presence of 10 mM pyruvate. In the presence of 10
mM 3-amino-3-phenylpropionic acid, the apparent K,,, and &,
for pyruvate were 3.9 mM and 228 min !, respectively, with an
apparent K; of 177 mM. The substrate inhibition by pyruvate
has been examined with several different w-transaminases
screened from soil samples (47). Compared to those results,
the B-transaminase showed a slight decrease in the reaction
rate up to 500 mM pyruvate, which is reaching half of its
maximum reaction rate. Considering the low aqueous solubil-
ity of 3-amino-3-phenylpropionic acid, the B-transaminase
maintained about 35% of its activity at the concentration of
half of its solubility (i.e., ca. 50 mM at room temperature).

Asymmetric synthesis of enantiomerically pure 3-aminocar-
boxylic acids. The asymmetric synthesis of B-aminocarboxylic
acids from their ketocarboxylic acid precursors is quite chal-
lenging, because the B-ketocarboxylic acids spontaneously lose
their carboxyl moiety through the decarboxylation reaction
(27). Instead of using labile B-ketocarboxylic acid (compound
b in Fig. 5) for the asymmetric reaction, we tried to use more
stable B-ketocarboxylic acid ester (compound a in Fig. 5).
Using the ester compound, we could not observe the formation
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of corresponding B-aminocarboxylic acid ester as the product
for transamination. A possible explanation would be the sub-
strate recognition mechanism of the transaminase subgroup II
enzymes. In general, the substrate in the active site is recog-
nized by the two substrate binding pockets around the PLP-
lysine Schiff base (9, 23). The main roles of the binding pockets
are to recognize the side chain of the substrate and to anchor
the carboxylate groups of the substrate (9, 39). Consequently,
it can be assumed that the pB-ketocarboxylic acid ester cannot
be used as its amino acceptor due to the absence of the car-
boxylate group. According to the amino acceptor specificity
data in Table 2, all the aldehydes were nonreactive as amino
acceptors, while a-ketocarboxylic acids served well as amino
acceptors, suggesting that in this case the prior key determi-
nant of the substrate would be the existence of the carboxylate
group.

Therefore, we tried to couple the reaction with lipase, which
has activity for the hydrolysis of the B-ketocarboxylic acid ester
to its acid form. Using the coupled lipase reaction, we expected
to be able to control the release of labile B-ketocarboxylic acid
from the stable ester substrate. Among the lipases examined,

TABLE 2. Substrate specificity of the B-transaminase from
Mesorhizobium sp. strain LUK

Amino donor or acceptor Relative activity (%)

Donors”
3-Amino-3-phenylpropionic acid.........cccevvurrrererrrenne. 100 (D,S)
3-Amino-5-methylhexanoic acid... .185 (D,R)
3-Aminobutyric acid ............... .208 (D,R)

1-Phenylethylamine... . 143 (S)
Phenylpropylamine ..........coeeeveveereeeneneennenrieeeenes 11.0
L-ValiNe ..o 9.6
DL-Phenylalanine . 84(L)S)
L-Asparagine....... .79
L-Tyrosine . 65
L-Leucine...... . 58
L-Glutamic acid.. . 40
L-LYSINE oot 22
L-ASPArtic acid.......cceeueururirrririeiririeirieeerieeeseee s 1.0
D-Glutamic acid.. . NR°
D-ASPArtiC aCid ......ceveueurieieirieieirieieieeeeeee s NR
L-Phenylglycine........cccccoevieiiinciiniininiincncce NR
Acceptors”
Pyruvate 100
3-Phenylpyruvate ... NR
Oxaloacetate . 37
2-Ketoglutarate..........ccceueuevrieieirinieininieiinireeeeieenes 111
Pyruvate methyl eSter.......cooeeuvveevieieirinicireerreene 90
Pyruvate ethyl ester .. .101
Propioraldehyde.... 4
Acetophenone ... . NR
Butylaldehyde...... . NR
Benzoformate . . NR
Benzaldehyde.......c.coeveivvicininiricreeceeee NR

“ Pyruvate (10 mM) and 5 mM each amino donor were used at pH 7.6. The
initial reaction rate was measured by analyzing the amount of substrate con-
sumed by the GITC (2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl isothiocyanate) de-
rivatization of each amino donor. The activity for 3-amino-3-phenylpropionic acid,
corresponding to 1.6 U/mg, was taken as 100%. For racemic amino donor, the
concentration of each substrate was 10 mM.

 Racemic 3-amino-3-phenylpropionic acid (10 mM) and 10 mM each amino
acceptor were used at pH 7.6, and the initial reaction rate was measured by
analyzing the decrease of 3-amino-3-phenylpropionic acid. The activity for pyru-
vate, corresponding to 1.6 U/mg, was taken as 100%.

¢ NR, not reactive.
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FIG. 5. Reaction scheme for the asymmetric synthesis of enantiomerically pure 3-aminocarboxylic acid and the chiral analysis of asymmetrically synthesized
(3S)-amino-3-phenylpropionic acid using the coupled enzyme reaction with a lipase and the B-transaminase. The lower chromatogram was obtained with racemic
3-amino-3-phenylpropionic acid for comparison. (a) Ethylbenzoylacetate; (b) benzoylacetatic acid; (c) 3-aminobutyric acid; (d) acetoacetic acid; (¢) (3R)-amino-

3-phenylpropionic acid; (f) (35)-amino-3-phenylpropionic acid.

the one from Candida rugosa showed activity for the hydrolysis
of B-ketocarboxylic acid ester (data not shown). In the lipase-
transaminase coupled reaction, the formation of 3-amino-3-
phenylpropionic acid was observed only using 3-aminobutyric
acid (compound c in Fig. 5) as an amino donor. The reaction
scheme could be figured as the hydrolysis of keto acid ester
followed by transamination, as no reactions were observed
without the addition of lipase. Chirality analysis of the product
showed only (35)-amino-3-phenylpropionic acid (compound f
in Fig. 5) with 20% yield (Table 3; Fig. 5).

DISCUSSION

As one of the promising biocatalysts for the preparation
of enantiomerically pure B-aminocarboxylic acids, a novel
B-transaminase was cloned from previously isolated Mesorhizo-
bium sp. strain LUK, which shows B-transaminase activity for
the transamination between B-aminocarboxylic acids and keto
acids (27). The cloned enzyme shows high sequence similarity

with GSA and belongs to subgroup II transaminase. It is in-
teresting that the cloned B-transaminase shared significant se-
quence similarity with GSA, because it is not known yet
whether GSA shows any intermolecular transaminase activity,
although the GSA shared a common PLP-dependent catalytic
mechanism with the B-transaminase. Our analysis of the two
other selected GSAs showed no activities for the B-transami-
nase reaction. This result suggests a hypothesis that this en-
zyme is somewhat structurally evolved from GSA to obtain a
new function of B-transaminase activity and has achieved quite
successful adaptation for the new function (13, 21, 43).

So far, several B-transaminases have been isolated and their
substrate specificities toward amino donors and acceptors were
measured (6, 56). These enzymes showed high activity toward
specific B-aminocarboxylic acids, mainly aliphatic ones such as
B-alanine and B-aminobutyric acid, while they showed low
activity toward aromatic B-aminocarboxylic acids such as
3-amino-3-phenylpropionic acid. However, the 3-transaminase
isolated from Mesorhizobium sp. strain LUK shows high activ-
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TABLE 3. Comparison of the efficiencies of known transaminases for the asymmetric synthesis of B-aminocarboxylic acid enantiomers

Conversion (%); enantiomeric

Substrate Enzyme and source excess of product (%) Reference
0o 0o
OEt B-Transaminase from Mesorhizobium sp. strain 20; >99 (S) This work
LUK and lipase from C. rugosa
10mM
O O
OH Cell extract from A. eutrophus 1.2; 42,9 (5) 6
45mM
F
o) 9]
/\/U\/H\OH Cell extract from V. paradoxus 15; >99 (R) 6
50mM

ity toward the aromatic B-aminocarboxylic acids. Therefore, its
unique substrate specificity makes this enzyme a candidate for
the asymmetric synthesis of chiral B-aminocarboxylic acids as
described here. Another unexpected characteristic of its sub-
strate specificity was that this enzyme has no striking differ-
ences in the specificities toward amino acceptors like the other
transaminases do, which generally showed a clear preference
either for pyruvate or for 2-ketoglutarate/oxaloacetate. How-
ever, the reason for this is not clear from the given informa-
tion.

We tried several sequence alignments with different sets
of sequences to find more sequence-level information. One
of the results showed R404 of B-transaminase as the ana-
logue of R398 of 4-aminobutyrate transaminase of Esche-
richia coli (Fig. 6A). This is noteworthy because this arginine
residue is conserved among all the transaminases and is
known to bind the a-carboxylate group of a-amino acids and
a-keto acids (31). A pairwise alignment with known GSA
showed that E406 in the 2GSA is not conserved in this
B-transaminase (data not shown); E406 is an important res-
idue positioned to repel the a-carboxylate group (22). These
results suggest that the B-transaminase is able to recognize

A 390 400

ArobATms .-+ -AADQQILKELFFFH. ...M
AcornATec FLYAGAEAGVIMVLNAGP...D
AcornATsc @ - - - - - - ELGLLIITAGK...S[T R
GabaATec @ + « « « « DEKGLILLSCGPY . YNVLEI
GabaATsc . .LLLEKLEKLNGCNVGGCAVH
OrnATsc LCLLMEDQGLLAKPTHD. . . HZII)J
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the a-carboxylate group of a-amino acids and a-keto acids
via R404 without repelling or masking by the glutamate
residue (31). The pairwise alignment with 2GSA also
showed the R43 in B-transaminase conserved with R32 of
2GSA (Fig. 6B) which participates in recognizing the car-
boxylate group of gabaculine (22). Considering the position
of R43 relative to the N-terminal sequence, this result sug-
gests the possible role of R43 as a residue recognizing the
B-carboxylate group of the substrates. According to the en-
antioselectivity data in Table 2, p-B-aminocarboxylic acids
are preferred over the L form, while L-a-amino acids are
preferred over the p form. Therefore, we can expect that
B-aminocarboxylic acid and 2-ketoglutarate bind to the ac-
tive site through their a-carboxylate groups, forming a hy-
drogen bond and a salt bridge to R32 and R404, respec-
tively. At the given orientation of two arginine residues (Fig.
7), B-hydrogen of 3-amino-3-phenylpropionic acid is toward
the opposite side (si) face at C4’ of the conjugated = system
of the external aldimine complex and abstraction of the
B-proton occurs on the si face. In the same manner, a proton
should be added from the si face into a-ketoglutarate during
the amination step to give L-glutamate.
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FIG. 6. (A) Partial alignment of B-transaminase sequence with group II transaminases. (B) Partial alignment of B-transaminase sequence with
GsaAMse (gi, 581789). See the Fig. 3A legend for definitions of abbreviations and boxes.
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FIG. 7. Proposed mechanism of substrate recognition in the active site of B-transaminase from Mesorhizobium sp. strain LUK. The structure
shows the external aldimine intermediate for transamination of (35)-p-amino-3-phenylpropionic acid (left) and a-ketoglutarate (right).

For the successful asymmetric synthesis of the unnatural
amino acids using transaminase, it is important to select a
proper amino donor in many cases. In the case of the transam-
ination catalyzed by a-transaminase, L-aspartate was often
used as the amine donor to overcome the reversible nature of
the enzyme reaction, as the use of L-aspartate often accelerates
the reaction equilibrium shift by the spontaneous decarboxyl-
ation of the resulting oxaloacetate (8, 54). L-Alanine and L-
glutamate are the other examples of amine donors in the asym-
metric synthesis (8). However, frequent observation of product
inhibition against the corresponding keto acids requires an
additional coupled enzyme reaction to remove the keto acid
product (3, 8, 45, 54, 56). In several previous studies, L-lysine
was successfully used as an alternative amino donor that was
transformed into self-degrading keto acid (2, 32). Here, we
found that 3-aminobutyric acid is also a promising amino do-
nor for the asymmetric synthesis of chiral amine compounds
using transaminases, as this molecule is changed into aceto-
acetic acid (compound d in Fig. 5) which is decomposed spon-
taneously into acetone and carbon dioxide (20), leading to easy
removal from the reaction mixture at the end of the reaction
(Fig. 5).

Conversely, the B-ketocarboxylic acid has some limitations
as an amino acceptor in the asymmetric synthesis reaction
owing to substrate inhibition and its spontaneous decarboxyl-
ation under the reaction conditions. Here, using the coupled
lipase reaction, we successfully controlled the release of labile
B-ketocarboxylic acid from the stable ester substrate. Conse-
quently, the limitation caused by the labile substrate could be
easily overcome by the simple coupled enzyme reaction with
more-stable substrate. In this study, optically pure B-amino-
carboxylic acid was asymmetrically synthesized using the newly
characterized B-transaminase from Mesorhizobium sp. strain
LUK. When our results are compared with the data filed in the
recent patent by Banerjee et al. (2005) (6), the B-transaminase
of Mesorhizobium sp. strain LUK appears to be a very prom-

ising biocatalyst for the preparation of chiral -aminocarboxylic
acids.
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