Available online at www.sciencedirect.com

sc.ENce@n.nEw

JOURNAL OF
MOLECULAR
CATALYSIS
B: ENZYMATIC

HVINO3 10N

soteet G
ELSEVIER Journal of Molecular Catalysis B: Enzymatic 36 (2005) 22—29

www.elsevier.com/locate/molcatb

Discovery of amino acid amides as new substrates
for a-aminoe-caprolactam racemase
from Achromobacter obae

Yasuhisa Asant, Shigenori Yamaguchi

Biotechnology Research Center, Toyama Prefectural University, 5180 Kurokawa, Kosugi, Toyama 939-0398, Japan

Received 20 August 2004; received in revised form 11 July 2005; accepted 13 July 2005
Available online 29 August 2005

Abstract

Amino acid amide racemizing activity was discoveredviaminoe-caprolactam (ACL) racemase (EC 5. 1. 1. 15) frankromobacter
obae. The nucleotide sequence of 1305 bp ACL racemase gene was designed for expraasiberithia coli and synthesized in a reaction
with 46 oligonucleotides by assembly PCR technique. The gene was expressed under the contriakgirtimaoter, and ACL racemase
was purified fromE. coli IM109/pACL60 harboring the gene for the enzyme. The enzyme catalyzed the racemization of newly discovered
substrates such as 2-aminobutyric acid amide, alanine amide, threonine amide, norvaline amide, norleucine amide, leucine amide, methionil
amide, serine amide, and phenylalanine amide. The relative activity towrasninobutyric acid amide was 2.7% thatfeACL (350 U/mg),
followed byL-alanine amide by 2.1%. Kinetic parameters for the tw@andv-alanine-isomers of amino acid amides (2-aminobutyric acid
amide and alanine amide) andACL were obtained from Lineweaver—Burk plots. Tkeg, values forL-ACL, p- and L-2-aminobutyric
acid amide, ana- andr-alanine amide were calculated to be 360, 40, 13, 9.8 and-#,2&pectively. Th&,, values forL-ACL, p- and
L-2-aminobutyric acid amide, ang andr-alanine amide were shown to be 10.1, 3.5, 1.1, 3.4 and 2.5 mM, respectively-efamtiomer of
2-aminobutyric acid amide (22 5mol) was completely racemized by ACL racemase ({18pin 100 min, and the same amounteélanine
amide in 120 min. The catalytic efficiency of the newly discovered racemization reaction of 2-aminobutyric acid amide was calculated for be
fairly high at about 33% that for-ACL, while that for alanine amide was about 8.1%. Here, we report that amino acid amides act as new
substrates for the ACL racemase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction aspartateracemase (EC5.1.1.13) fraprococcus faecalis
[8].
A number of studies have been made on amino acid race- «-Amino-e-caprolactam (ACL) racemase (EC 5. 1. 1. 15)
mases acting on amino acid derivatij@$, these include  from Achromobacter obae catalyzes racemization of and

alanine racemase (EC 5.1.1.1) fréaimonella typhimurium L-ACL [9,10], and the enzyme was used in combination
[2], glutamate racemase (EC 5.1.1.3) frBediococcus pen- with L-ACL hydrolase fromCryptococcus laurentii for the
tosaceus [3], threonine racemase (EC 5.1.1.6) frdtyeu- industrial L-lysine production frompL-ACL in Japan[11].

domonas putida [4], arginine racemase (EC 5.1.1.9) from Soda et al. reported the enzymatic properties of this ACL

Pseudomonas graveolens [5], amino acid racemase (EC racemase and found that the substrates for the enzyme are

5.1.1.10) fromP. putida [6] andAeromonas punctata [7], and only ACL, a-amino-®-valerolactam, and-amino-3-thioe-
caprolactam; neithex-H-amino acids nor-H-amino acid
amides appeared to be substrates. They even reported that

* Corresponding author. Tel.: +81 766 56 7500x530; fax: +81 766 56 2498. (1€ €nzyme does not act on tryptophan amide and leucine
E-mail address: asano@pu-toyama.ac.jp (Y. Asano). amide[12,13]
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Dp-Amino acids and their derivatives are important com- ation Kit ver. 2 was purchased from Takara shuzo. Crown-
mercial products with applications in feed supplements, pak CR (+) column was from Daicel Chemical Industries,
medicines, cosmetics, and as building blocks for compoundsLtd. (Tokyo, Japan). DEAE-Toyopearl 650M and Butyl-
with biological or physiological activitiefl4]. Most of the Toyopearl 650M were purchased from Tosoh Corp. (Tokyo,
proteinogenia.-amino acids are efficiently manufactured by Japan). Superdex 200 HR 10/30 and MonoQ HR 5/5 were
fermentation, bub-amino acids are hardly produced by fer- from Amersham Biotech (Uppsala, Sweden). Bacto yeast
mentation, with an exception ofalanine[15]. extractand Bacto tryptone were obtained from Difco (Detroit,

We previously reported that newly discoverent USA). All other chemicals were of commercial sources and
stereospecific hydrolasg44,16-19]can be used for the used without further purification.
preparation ofb-amino acids by an asymmetric hydrolysis
of racemic amino acid amides, which are prepared by hydra-2.2. Bacterial strain, plasmids, and culture condition
tion of the corresponding amino nitriles synthesized from
an aldehyde and cyanide by the Strecker syntHasi0] E. coli IM109 (ecAl, endAl, gyrA96, thi, hsdR17,
The amino acids can only be obtained in 50% yield, since S4PE44, relAl, A (lac-proAB)IF'[iraD36, proAB™, laclg,
the enzyme accepts only tieamino acid amide as a sub- lacZAM15]) was used as a host for the recpmbinant plasmid.
strate. In this process, if amino acid amide racemase could bePYC18 (Takara Shuzo) was used as cloning vector. Recom-
used together with-stereospecific hydrolases, the remain- PinantE. coli was cultured at 37C for 12h in LB medium
ing L-amino acid amide would be racemized andik@mino ~ containing 109/l Bacto tryptone, 5g/l Bacto yeast extract,
acid amide formed could be hydrolyzed bystereospecific ~ and 109/l NaCl, pH 7.2, supplemented with a final concen-
hydrolases, resulting in the production of optically active tration of 80ug/ml ampicillin. To induce théac promoter,
p-amino acid in 100% theoretical yield. It would also be pos- 1SOPropyl8-p-thiogalactopyranoside (IPTG) was added to a
sible to synthesize optically activeamino acids in 100% final concentration of 0.5 mM.
yield, when amino acid amide racemase is used with
stereospecific hydrolases.

Knowing the unique properties of ACL racemase which
specifically acts on neutral cyclic amides but not on amino
acids, we were prompted to examine the detailed catalytic
activity of ACL racemase on amino acid amides. We syn-
thesized ACL racemase genetfobae and transformed.

2.3. Substrates

L-ACL was prepared fromr-ACL by the optical resolu-
tion using §)-(—)-L-pyrrolidone carboxylic acid according to
the method of Brenner et gR3]. Amino acid methylesters
were prepared from the corresponding amino acids with
thionylchloride in methanol at20°C. Amino acid amides

coli with a plasmid harboring the gene, and then selected . : : .
- . were then obtained by ammonialysis of the corresponding
ACL racemase-positive. coli transformant. The ACL race- . .
methylesters with dry NElgas in methanol at room tem-

mase gene was synthesized based on the published geng, o1 ong13c.NMR spectra were recorded by JEOL
sequence, using the assembly PCR approach that provides : .

. : A-400 spectrometers (Tokyo, Japan) with tetramethylsilane
fast way to synthesize the gene. The synthetic ACL racemase .

L . as an internal standard.

gene was then expressedAscherichia coli. We report the
newly discovered activity towards-H-amino acid amides
of the ACL racemase, as one of the first reports on amino

acid amide racemizing activity ever shown by an enzyme.  The standard reaction mixture (10 for assaying the
After completing our studies, we noticed thatH-amino  ACL racemase activity contained 100 mM potassium phos-

2.4. Enzyme assay

acid amide racemizing activities froAgrobacterium rhizo- phate buffer (KPB), pH 7.0, 2M pyridoxal phosphate (PLP)
genes, Arthrobacter nicotianae andOchrobactrum anthropi, and 100 mML-ACL. The reaction was performed at 30
and some of the gene sequences were described in a recefby 10 min and stopped by the addition of 202N HCIO,.
patent21]. Our preliminary report has appearf@2]. ACL racemase activity toward-ACL was determined by

measuring the amount ofACL formed. The amount of-
ACL formed was determined with a high-performance liquid

2. Materials and methods chromatography (HPLC) equipped with a Crownpak CR (+)
_ . column at a flow rate of 0.6 ml/min, using the solvent system
2.1. Materials, enzymes, and chemicals of 60 mM HCIO,. Absorbance of the eluate was monitored

_ _ _ at 200 nm. One unit of the enzyme activity was defined as the
Oligonucleotides were purchased from Hokkaido System gmount of enzyme that catalyzed the formation pftol of
Science Co., Ltd. (Hokkaido, Japaffjikara Ex Tag DNA p-ACL from L-ACL per minute.

polymerase was obtained from Takara Shuzo (Shiga, Japan).

Restriction endonucleases were obtained from Takara Shuzop. 5. Synthesis of ACL racemase gene from A. obae

Toyobo (Osaka, Japan), and New England Biolabs (Bev-

erly, MA, USA). Shrimp alkaline phosphatase was obtained  The ACL racemase gene from obae is composed of
from Roche Diagnostics GmbH (Penzberg, Germany). Lig- 1305 nucleotides (435 amino acid residug))]. Forty-six
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oligonucleotides (26 nt 50nt, 10 ntx 49nt, 2ntx 48 nt, complementary oligonucleotides, which will overlap by 20 nt
4ntx 47 nt, 2ntx 46 nt, 2 ntx 40 nt) were designed on the (Fig. 1). EcoRI andSphl sites were introduced into the flank-
basis of the nucleotide sequence of the ACL racemase geneéng region of the ACL racemase gene by using two primers
from A. obae [25]. Forty-six oligonucleotides configured (ACL1 and ACL46 oligonucleotides); ACL1 primer,’-5

Al 5 - gccgggaattcgaaggaggcaTAGtggatgacgaaggegetttacgateg —3°
A2 5> - ctgcaggttaccgatggecgeaccgtegegategtaaagegeetteg -3’
A3 5’ - gccatcggtaacctgcagaagetgegettettecegettgeeateteggg —3°
A 5 - ctcttcgatcaggegggegecteggeecgeeccgagatggecaageggg -3’
A5 5> - gcecgectgatcgaagagaacggacgegagetgategatetttecggege —3°
A6 5’ - ggcegtagectaggetegecgegececaggegeeggaaagategateag —3°
A7 5’ - gcgagectaggctacggecaceeggecategtegeegeggtttecgeege -3
A8 5 - ggatcgttgegecggeeggattggeggeageggeggaaacegeggegae —3°
A9 5’ - ccggeeggegeaacgateettteggegtecaacgeaceggeegtgacee —3°
Al10 5’ - ccgggaaagctggccaacagecttteggecagggteacggecggtgeg -3
All 5’ - ctgttggccagetticeeggegaaggaacgeacaagatetggtteggee —3°
A12 5’ - cgttggcatccgagecggaatggeegaaccagatettgtg -3’
Al13 5’ - ccggeteggatgecaacgaagecgectategggegategtgaagge —3°
Al4 5’ - cggegaaggegatgacgeecgetgeggeeggtigeetteacgategeceg -3’
A15 5 - cggegteategecttcgecggegectatcacggetgeacggteggtteg —3°
Al6 5’ - cggectgaacgetgtggeeggaaaaggecategaacegacegtgeageeg —3°
Al7 5 - cggccacagegttcaggecgacgeggecaaageggacgggetgatectte =37
A18 5’ - gataggggcgatagggatcggggtagggcagaaggateagecegteeget —3°
A19 5’ - cgatccctategecectatcggaacgatcegacgggegatgecatecte —3°
A20 5° - gaaccgcagccagcttttccgtgagaagegtgaggatggecategeecegte =3’
A21 5’ - ggaaaagctggetgeggttceggeeggetegateggtgeggeetttateg =37
A22 5’ - cgatcagcccgecgtecgactggatecggttegataaaggeegeacegate —3°
A23 5’ - gtecggacggeggectgategttectegggacggetttetgegeaagtteg —3°
A24 5’ - cgagaatgccatgggegeggeagatateggegaacttgegeagaaageeg =37
A25 5 - ccgegeccatggeattetegtegtetgegacgaggtgaaggtggeecttg —3°
A26 5° - gctcgaageagtgeaggeggeegetgegggeaaggeecacctteaceteg =37
A27 5’ - ccgcctgeactgettegageatgagggettegttecegatatectggtge -3
A28 5° — gcggeageccgecgecaageectttgeccageaccaggatategggaacg —3°
A29 5’ - gettggeggegggetgeegeteteggeggteategeaceggeegagatee —37
A30 5’ - gcatggcaaatgcgctcgegeagtegaggateteggeeggtgegatg —3'
A31 5’ - gagcgcatttgecatgeaaaccttgcacggeaaccegatetecgeegetg —3°
A32 5’ - ggtcgatcgtttccageacggeaaggeeggeageggeggagategggtty —3°
A33 5’ - cgtgctggaaacgatcgaccgggacgacetceceegetatggeegagegg —3°
A34 5° - ccgacagaccatcacgcaggagcctgeectteegeteggecatagegggg —3°
A35 5’ - cctgegtgatggtetgteggaactegeaaaacggeatecgetgateggeg —3°
A36 5’ — gccgeaggeaagtcegeggeegeggatategeegateageggatgeeg -3
A37 5’ - ccgeggacttgectgeggeatggaactegtatgegaceggeagageegeg —3°
A38 5’ - gagctttgecgteteggetetegeeggttegeggetetgeeggtege -3’
A39 5’ - gccgagacggcaaagetcatctaccgegectaccageteggtetegteg —3°
A40 5’ - gcacattgccgttcatgecgacataatagacgacgagaccegagetggtag —3°
A41 5’ - cggcatgaacggcaatgtgetggagttcacacegeceetgacgataacgg —3°
A42 5’ - ggaggtcaagcgccttatggatgteggtttecgttategtecaggggegg —3°
A43 5’ - ccataaggcgettgacctectggacagggetttcagtgaactttetgeeg —3°
A44 5’ - cagcgaactgegegattticctegttegaaacggeagaaagticactg -3’
A45 5° - ggaaatcgcgcagttegetggetggtaaaacgttecaacacggagtagee —3°
5

A46 - tgectegtggeggetgeatgeggetacteegtgttggaacg —37

Fig. 1. Oligonucleotides synthesized based on the nucleotide sequence of ACL racemase ganeHem
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gccgggaattgaaggagggaggcaTAGtgatgacgaaggcegctttacg-  tures were run on DNA sequencer 4000L (Li-Cor, Lincoln,

atcg-3; ACL46 primer, B-tgctegtggeggctgcatggctactcegt-  NE, USA).
gttggaacg-3 The ACL1 oligonucleotide contained an
EcoRlI recognition site (underlined sequence), a ribosome- 2.7, Purification of recombinant ACL racemase from E.
binding site (double underlined sequence), a TAG stop coli JM109/pACL60
codon (upper case letters) in frame with theZo gene
in pUC18, and the "send of the ACL racemase gene E. coli IM109 harboring pACL60 was subcultured at
starting with an ATG start codon (bold letters). The ACL46 37°C for 12h in a test tube containing 5ml LB medium
oligonucleotide contained &phl site (underlined sequ-  supplemented with ampicillin. The subculture was then inoc-
ence). ulated into a 21 shaking flask containing 500 ml LB medium
The 46 oligonucleotides were combined and assembledsypplemented with 8@g/ml ampicillin and 0.5mM IPTG.
by PCR. The reaction mixture (0) for PCR contained  After 8h incubation at 37C with reciprocal shaking, the
2mM Tris/HCI, pH 8.0, 10mM KCI, 0.01mM EDTA,  cellswere harvested by centrifugation at 860§for 5 min at
1mM DTT, 0.05% Tween 20, 0.05% Nonidet P-40, 5% 4°C and washed with 0.85% NaCl. The buffer used through-
Glycerol, 0.25mM dNTP, 0.02pmail of each oligonu-  out this study was 10 mM KPB, pH 7.0, containing 250 mM
cleotide, and 0.05 Yl Takara Ex Taqg DNA polymerase.  sucrose, M PLP and 5mM 2-mercaptoethanol. Washed
The first PCR program consisted of 55 cycles at®4  cells from 101 culture were resuspended in 10 mM buffer
for 30s, 52C for 30s and 72C for 30s. PCR was car-  and disrupted by sonication for 10 min (19 kHz; Insonator
ried out on an MJ Research (Watertown, MA, USA) ther- model 201 M; Kubota, Tokyo, Japan). For the removal of
mal cycler, PTC-200. Then the assembled ACL racemaseintact cells and cell debris, the lysate was centrifuged at
gene was amplified in a 2nd PCR by using oligonucleotides 12 000x g for 30 min at £C. The supernatant was heated
ACL1 and ACL46 as outside primers. Gene amplification at 60°C for 10 min followed by centrifugationi26]. The
mixture for this 2nd PCR contained 1uB gene assem-  supernatant was applied to a DEAE-Toyopearl 650M column
bly reaction mixture, 2mM Tris/HCI, pH 8.0, 10mM KCl,  equilibrated with 10 mM buffer. After the column was washed
0.01mM EDTA, 1mM DTT, 0.05% Tween 20, 0.05% thoroughly with 10 mM buffer, the enzyme was eluted by
Nonidet P-40, 5% Glycerol, 0.25mM dNTP, 2pmdl/ 3 jinear gradient of 0 to 300mM KCI in 10mM buffer.
of both outside primers, and 0.05W/ Takara Ex Taq The active fractions were combined and then brought to
DNA polymerase. The PCR program was performed with 3094 (NH,),SO;4 saturation and added to a Butyl-Toyopear
23 cycles at 94C for 30s, 50C for 30s and 72C 650M column equilibrated with 10 mM buffer 30% saturated
for 60s. (NH4)2S0y. After the column had been washed with the same
buffer, the enzyme was eluted by a linear gradient of 30—0%
(NH4)2SOy in 10 mM buffer. The active fractions were com-
bined, concentrated by a Centricon YM-10, and applied to a
column of Superdex 200 HR 10/30 equilibrated with 10 mM
buffer containing 150 mM NaCl and eluted using FPLC sys-
tem (Amersham Biosciences, Sweden) at 0.4 ml/min, and the
active fractions were collected and concentrated by a Centri-
con YM-10. The enzyme was applied to a MonoQ HR 5/5
column which had been equilibrated with 10 mM buffer. The
enzyme was eluted using FPLC system by a linear gradient of
0-300 mM NacCl in 10 mM buffer. The active fractions were
combined and concentrated by a Centricon YM-10. Protein
concentration was estimated by an absorbance at 280 nm, and
determined by the method of Bradford using the dye reagent
supplied by Bio-Rad. Bovine serum albumin was used as
standard.

2.6. Cloning of ACL racemase gene and construction of
PpACL

The amplified PCR products were digested wikvRI
andSphl, and run on agarose gel electrophoresis, and then
extracted using QIAquidR! gel extraction kit. The ampli-
fied DNA was inserted downstream of the promoter in
pUC18, and then used to transfoffrcoli IM109 cells. Each
colony was inoculated in a tube containing LB medium sup-
plemented with ampicillin and IPTG and shaken at'G7
for 12h. The collected cells were resuspended in reaction
mixture containing 10 mM KPB, 10 mM-ACL, and 2uM
PLP. ACL racemase activity towargsACL was determined
by measuring the amount ofACL formed by HPLC. The
transformant. coli IM109/pACL60 showed ACL racemase
activity. The recombinant plasmid extracted frdin coli
JM109/pACL60 and the DNA sequence of the inserted frag- 2.8. Substrate specificity
ment was determined. Nucleotide sequencing was performed
using the dideoxynucleotide chain-termination method with ~ The substrate specificity was measured in a reaction mix-
M13 forward and reverse oligonucleotides. Sequencing reac-ture containing M PLP, 100 mM KPB (pH 7.0), 100 mM
tions were carried out with a Thermo sequefitecycle substrate, and an appropriate amount of enzyme, and the reac-
sequencing kit (Amersham Pharmacia Biotech, Inc., USA) tion mixture (2 ml) was incubated at 3G. The reaction was
and dNTP mixture with 7-deaza-dGTP from Amersham Stopped by the addition of HCIOThe concentration of the
Pharmacia Biotech (Uppsala, Sweden), and the reaction mix-Products was determined with HPLC.
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3. Results mid pACL60 containing the fragment coding for the ACL

racemase was extracted frafn coli IM109/pACL60, and
3.1. Synthesis of ACL racemase gene from A. obae, the DNA sequence of the inserted fragment was determined
cloning, and construction of pACL to be identical with the reported sequenE@( 2) [24].

The ACL racemase gene consists of 1305 bp that encodes3.2. Substrate specificity of ACL racemase

a protein of 435 amino acid residuigl]. Forty-six oligonu-

cleotides were synthesized on the basis of the nucleotide ACL racemase was purified from the cell-free extract of
sequence of the ACL racemase gene framobae. The E. coli IM109/pACL60 in 16% vield, by a procedure involv-
EcoRI-Sphl fragment of the amplified PCR product with a ing heattreatment, and chromatography on DEAE-Toyopearl
size of 1380 bp was extracted from agarose gel and ligated650M, Butyl-Toyopearl 650M, Superdex 200 HR 10/30, and
into pUC18, and then used to transfofincoli IM109 cells. MonoQ HR 5/5 columns. The final preparation gave a sin-
E. coli IM109/pACL60 showed ACL racemase activity. Plas- gle band on SDS-PAGE. After purification, 4.2 mg of ACL

1 ACGAAGGCGCTTTACGATCGCGACGGTGCGGCCATCGGTAACCTGCAGAAGCTGCGCTTC 60
TKALYDRDGAAIGNLG GOGKTLTR RETF

61 TTCCCGCTTGCCATCTCGGGCGGCCGAGGCGCCCGCCTGATCGAAGAGAACGGACGCGAG 120
FPLAI SGGRU GARTILIETENSGTR RE

121 CTGATGGATCTTTCCGGCGCCTGGGGCGCGGCGAGCCTAGGCTACGGCCACCCGGCCATC 180
L1 DLSGAWGAASLGEGYGHTPA/I

181 GTCGCCGCGGTTTCCGCCGCTGCCGCCAATCCGGCCGGCGCAACGATCCTTTCGGCGTCC 240
VAAVSAAAANPAGAT I L SAS

241 AACGCACCGGCCGTGACCCTGGCCGAAAGGCTGTTGGCCAGCTTTCCCGGCGAAGGAACG 300
NAPAVTLAERLILASTFPGETGSGT

301 CACAAGATCTGGTTCGGCCATTCCGGCTCGGATGCCAACGAAGCCGCCTATCGGGCGATC 360
HK 1 WFGHSGSDANEAAYRA/I

361 GTGAAGGCAACCGGCCGCAGCGGCGTCATCGCCTTCGCCGGCGCCTATCACGGCTGCACG 420
VKATGRSGVY I AFAGAYHGECT

421 GTCGGTTCGATGGCCTTTTCCGGCCACAGCGTTCAGGCCGACGCGGCCAAAGCGGACGGG — 480
VGSMAFSGHSVQQADAAKATDSGEG

481 CTGATCCTTCTGCCCTACCCCGATCCCTATCGCCCCTATCGGAACGATCCGACGGGCGAT 540
L1 LLPYPDPYRPYRNDTPTSGTHD

541 GCCATCCTCACGCTTCTCACGGAAAAGCTGGCTGCGGTTCCGGCCGGCTCGATCGGTGCG 600
Al LTLLTEIKLAAVPAGSII GA

601 GCCTTTATCGAACCGATCCAGTCGGACGGCGGGCTGATCGTTCCTCGGGACGGCTTTCTG 660
AF I EPI Q@SDGGLTI VPRDSGTFIL

661 CGCAAGTTCGCCGATATCTGCCGCGCCCATGGCATTCTCGTCGTCTGCGACGAGGTGAAG 720
R KFADI CGCRAHGI LVV CDEVK

721 GTGGGCCTTGCCCGCAGCGGCCGCCTGCACTGCTTCGAGCATGAGGGCTTCGTTCCCGAT 780
V&GLARSG GRLUHTGCTFEHETGTFVPD

781 ATCCTGGTGCTGGGCAAAGGGCTTGGCGGCGGGCTGCCGCTCTCGGCGGTCATCGCACCG 840
Il LVLGKSGLGGSGLPLSAVI AP

841 GCCGAGATCCTCGACTGCGCGAGCGCATTTGCCATGGAAACCTTGCACGGCAACCCGATC 900
A EIl LDCASAFAMOQTLUHGNPI

901 TCCGCCGCTGCCGGCCTTGCCGTGCTGGAAACGATCGACCGGGACGACCTCCCCGCTATG 960
S AAAGLAVYLETIDRUDDLPAM

961 GCCGAGCGGAAGGGCAGGCTCCTGCGTGATGGTCTGTCGGAACTCGCAAAACGGCATCCG 1020
AERKGRILLRDSGTLZ SETLAIKRHTP

1021 CTGATCGGCGATATCCGCGGCCGCGGACTTGCCTGCGGCATGGAACTCGTATGCGACCGG 1080
L1 6GDI RGRGLAGGMETLVGCDTR

1081 CAGAGCCGCGAACCGGCGAGAGCCGAGACGGCAAAGCTCATCTACCGCGCCTACCAGCTG 1140
@ SREPARAETAKTLIYRAYS GL

1141 GGTCTCGTCGTCTATTATGTCGGCATGAACGGCAATGTGCTGGAGTTCACAGCGCCCCTG 1200
GLVVYYVGMNGNVLETFTFPPL

1201 ACGATAACGGAAACCGACATCCATAAGGCGCTTGACCTCCTGGACAGGGCTTTCAGTGAA 1260
T 1 TETDIHKALDTLTLUDRATFSE

1261 CTTTCTGCCGTTTCGAACGAGGAAATCGCGCAGTTCGCTGGCTGG 1305
L SAVSNETEIAQFAGHW

Fig. 2. The nucleotide sequence of ACL racemase gene famli JIM109/pACL60.
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Table 1

Summary of purification of ACL racemase fraincoli IM109/pACL60

Step Total protein (mg) Total activity (U) Specific activity (U/mg) Yield (%)
Cell-free extract 1200 9100 7.60 100

Heat treatment 210 8600 41.0 95
DEAE-Toyopearl 650M 150 7700 53.0 85
Butyl-Toyopearl 650M 53 4000 76.0 44
Superdex 200 HR 10/30 35 2800 80.0 31
MonoQ HR 5/5 4.2 1500 350 16

racemase was obtained with about 45-fold increase in theK¢st values forp- and L-2-aminobutyric acid amide and

specific activity. It was calculated that the enzyme comprised
about 2.2% of the total extracted cellular protein. A summary
ofthe purification of the enzyme from coli IM109/pACL60
is shown inTable 1

The substrate specificity of the purified enzyme was exam-
ined (Table 3. L-Amino acid amides and peptide compounds

were tested as substrates for the enzyme and nine compounds4.5pmol min-t mg=t mmMm—1)

were accepted as substrates. The specific activity towards
2-aminobutyric acid amide was 9.5 U/mg which was 2.7% of
the activity towards.-ACL (350 U/mg at 100 mM substrate

concentration) and for alanine amide, threonine amide, nor-

valine amide, norleucine amide, leucine amide, methionine

amide, serine amide, and phenylalanine amide, it was 2.1,

1.7,1.7,1.5, 1.3,0.94, 0.47, and 0.052%, respectively.
No racemizing activity was observed witixH-amino

p- and L-alanine amide were calculated to be 40, 13,
9.8, and 7.2S!, respectively. Thek,, values for p-
and L-2-aminobutyric acid amide and- and r-alanine
amide were shown to be 3.5, 1.1, 3.4, and 2.5mM,
respectively. TheKcaf Ky value for L-2-aminobutyric acid
amide was calculated to be 11.8'SnM~1(Vina/Km:
and KcafKm  value
for L-alanine amide was 2.88¥mM~! (VimadKm:
3.5umolmin~Img~mM~1). The KcafKm values for the
p-enantiomers were similar to those farenantiomers.
The KcalKm value for L-ACL was calculated to be
35.6SITmM~1 (ViaxdKm: 43.0pmol min~tmg-tmmM—1).
Therefore, the catalytic efficiency of the newly discovered
racemization reaction of 2-aminobutyric acid amide is
fairly high at about 33% that for-ACL, while that for

acids, dipeptides containing alanine, and alanine methylesteralanine amide is about 8.1%. The high affini#{ values

as described in the legend Gdble 2

3.3. Kinetic characterization of ACL racemase

Kinetic parameters for the>- and rL-isomers of two
amino acid amides (2-aminobutyric acid amide and alanine
amide) and.-ACL were calculated from Lineweaver—Burk
plots (Table 3. The K and Kcat values forL-ACL were
calculated to be 10.1mM and 360% respectively. The

Table 2
Substrate specificity of ACL racemase

Substrate Relative activity (%)
L-a-Amino-e-caprolactam 100
L-2-Aminobutyric acid amide 2.7
L-Alanine amide 2.1
L-Threonine amide 1.7
L-Norvaline amide 1.7
L-Norleucine amide 15
L-Leucine amide 1.3
L-Methionine amide 0.94
L-Serine amide 0.47
L-Phenylalanine amide 0.052

The enzyme activity was assayed as described in Se2tidime follow-
ing compounds were not a substrate for the ACL racemesgginine
amide, L-lysine amide,L-tyrosine amide,L-tryptophan amidep-valine
amidet-zerr-leucine amider-phenylglycine amides-alanine methylester,
L-alanylp-alanine, p-alanyli-alanine, p-alanylglycine, L-alanylglycine,
L-2-aminobutyric acid,L-threonine,L-alanine, L-serine, L-norvaline, L-
norleucine, L-methionine, L-valine, L-leucine, L-phenylalanine, and -
phenylglycine.

at 1-3.5 mM) for these aliphatic amino acid amides caused
rather good catalytic efficiencies as compared with ACL.
When thoseK5; and K, values were used, the calculated
Keqfor 2-aminobutyric acid amide racemization and alanine
amide racemization were 1.0 and 1.0, which agrees well with
the theoretical value for the chemically symmetric reaction.

Keq= [Kcat/Km]D-isomer=
a [KCEH/Km]L-isomer

Fig. 3shows the time course of the racemization reaction
of L-amino acid amidei{-2-aminobutyric acid amide and
L-alanine amide) using ACL racemase. The reaction mix-
ture contained gM PLP, 100 mM KPB (pH 7.0), 40 mM
substrate, and ACL racemase, and the reaction mixture was
incubated at 30C, and controls were run without enzyme
at the same condition. After 100 min;2-aminobutyric acid

1.0

Table 3

Kinetic parameters for ACL racemase

Substrate Keat Km Kcal Km

(s (mMm) (Stmm-1)

L-a-Amino-e-caprolactam 360 10.1 35.6
L-2-Aminobutyric acid amide 13 11 11.8
D-2-Aminobutyric acid amide 40 35 11.4
L-Alanine amide 7.2 2.5 2.88
p-Alanine amide 9.8 3.4 2.88

The enzyme activity was assayed as described in Seztidre initial veloci-
ties were determined, and the steady-state kinetic parameters were calculated
by using Lineweaver—Burk plots.
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Fig. 3. Enzymatic racemization ofisomer @) andr-isomer (O) of different amino acid amide by ACL racemase. The reaction mixture (2.0 ml) contained
200pmol of potassium phosphate buffer (pH 7.0), 4 nmol PLRLB®I of L-2-aminobutyric acid amide aralanine amide and 1369 of ACL racemase. The
reaction was followed by HPLC at the point shown in the graphics. (A) 2-Aminobutyric acid amide; (B) alanine amide.

amide was completely racemized by the enzyme, and Recently, the genetic information has been tremendously
alanine amide was also completely racemized in 120 min. expanded and the functions of the proteins are assumed and
These facts clearly show that lineatH-amino acid amides  discussed by homology comparisons of their primary and
can be racemized by ACL racemase. higher structures. However, it goes without saying that their
functions are not fully understood by these methods, until
they are proven by experiments. It is one of the surest ways
to express the gene and prove their functions by an actual
experiment as we did here, if one really would like to use the
genetic resources.

4. Discussion

Many different kinds of racemases acting on amino acids
and hydroxyl acids, etc. have been reported to occur in some
bacteria, however, it is generally accepted that none of thempje 4
acts on amino acid amides. As for amino acid racemases, alaProperties of ACL racemase fram obae
nine racemase froM\ typhimurium [2], glutamate racemase  pyoperty Value
from Pediococcus pentosaceus [3], and aspartate racemase
from Streprococcus faecalis [8] have very high specifici-
ties for the amino acid substrates. Threonine racemase from“olecular weight

Specific activity (U/mg) 38(26]

P. putida [4], argiqine racemase froPseudomonas grave- gzlngltgzz?;ncmg 514%%%}

olens [5], and amino acid racemase fraputida [6] and No. of subunits MonomeL2]

Aeromonas punctata [7] show rather broader substrate speci- .

L . : pH optimum for

ficities on amino acids. b-ACL 8.8[12]
a-Amino-e-caprolactam is a heterocyclic compound used  1-acL 8.8[12]

as the substrate for the enzymatic production-bfsine in a L-a-aminosd-valerolactam 7.010]

Japanese chemical company, Toray Industries, 1RACL L-a-amino-3-thice-caprolactam  1¢13]

. . Inhibitor
is hydrolyzed to formc-lysine by L-ACL hydrolase ofC. Gly [12], Ala [12], Glu[12], Pro[12], Leu[12], L-Arg [12], -His [12],

laurentii, and the unreacteckisomer is racemized by ACL | | ys712], 1-Met[12], 1-Orn [12], L-Phe[28], L-Trp [28], o-Lys [28],
racemase of. obae [11]. Soda et al. reported that ACL race-  p-orn[28], L-a-aminobutyratd28], p-a-aminobutyraté28], p-cycloserine
mase fromi. obae acts only on cyclic amino lactams such as [12], s-caprolactanj12], L-a-amino3-valerolactani28], p-a-amino3-
ACL, a-amino9-valerolactani27,28] and a-amino-3-thio- valerolactanj28], taurine[28], 2-methyl-3-benzothiazolonohydrazone
e-caprolactam[13]. The properties of the ACL racemase Ydrochloride(L2], hydroxylamin€12], NEM [12], PCMB[12], CuSQ

. . ) [12], HgCl, [12], phenylhydrazingl2], sodium borohydrid§l2]
hitherto known and the results of this study are summarized ,osthetic group pyridoxal §hosphaté12]

in Table 4 [9,10,12,13,26—29There has been no report that  Formation Induciblg9]
ACL racemase shows an activity towards amino acid amides.
We predicted that ACL racemase would catalyze the racem-APParentm (mM) andKear (S ) values for Km Keat
ization of amino acid amides as well as cyclic amino lactam 1-ACL 6[12] 360[27]
compounds, based on a consideration in the structural simi—;‘ﬁgt (this study) %30[-112] 360
Iarlt.y of ACL to glmple amlno_aC|d r_slmldes: ACL hasafree "™ . -« lerolactam 2927 520027]
amino group adjacent to cyclic amide structure, and can be, _,_amino-3-thio«-caprolactam 1.613] _
regarded as a homologue @fH-amino acid amides with a  L-2-Aminobutyric acid amide (this study) 11 13
free amino group on the-position. Indeed, we have shown  p-2-Aminobutyric acid amide (this study) 35 40
in this paper for the first time that the substrate specificity of L-Alanine amide (this study) 2.5 7.2
p-Alanine amide (this study) 34 9.8

ACL is rather wide and it acts on several amino acid amides.




Y. Asano, S. Yamaguchi / Journal of Molecular Catalysis B: Enzymatic 36 (2005) 22-29 29

Construction of a synthetic gene using assembly PCR pro- stereospecific amino acid amide hydrolases will be reported
vides a fast way to clone and express such genés inali elsewhere.
without isolating the target gene from biological materials.
We have succeeded in the synthesis of the ACL racemase
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