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Abstract

An aldehyde reductase gene (alrA) located between a f -1, 3-xylanase gene (tx_yA) and a
B-1, 3-xylosidase gene (xloA) was cloned from a marine bacterium Vibrio sp. strain XY-214. The alrA gene
consisted of a 975-bp nucleotide sequence encoding a protein of 324 amino acids with a predicted molecular
weight of 36,367. The deduced protein (named AlrA) showed similarities to members of the aldo-keto
reductase (AKR) superfamily. The intact coding region for AlrA was subcloned into pCold TF DNA
vector and expressed in Escherichia coli BL21 (DE3). Recombinant AlrA (rAlrA), which was treated with
thrombin protease to remove a Trigger Factor (TF) and a six-His tag at its N-terminal, was purified with
HiTrap chelating HP and Resource Q column chromatographies. AlrA showed activity toward
p-nitrobenzaldehyde, but no activities were observed toward D-xylose, D-arabinose, D-glucose,
D-mannose, D-fructose, and D-maltose (all at 20 mM). These results suggested that AlrA of Vibrio sp.
strain XY-214 is an aldehyde reductase of the AKR superfamily.
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Introduction

Aldehyde reductase (ALR) (EC 1.1.1.2), aldose reductase (EC 1.1.1.21), and carbonyl reductase (EC
1.1.1.184) catalyze the NAD (P) H-dependent reduction of a variety of carbonyl compounds and are
widely distributed in mammals, plants, yeast, protozoa, and bacteria. The amino acid sequences of aldose
reductases and ALRs show significant similarity, but that of carbonyl reductase does not show similarity
to the other sequences. These enzymes are members of the aldo-keto reductase (AKR) superfamily”,
which includes prostaglandin F synthase”, p -crystalline”, ¢ -3-ketosteroid 5- B -reductase”, a soybean
reductase”, and chlordecone reductase”. The physiological roles of the AKRs have not been established.
It is suggested that under physiological conditions aldose reductase participates in osmoregulation, but
under hyperglycaemic conditions it contributes to the onset and development of severe complications in
diabetes”.

Recently, we have cloned and sequenced xlo4 gene encoding a /3 -1,3-xylosidase, which is able to
hydrolyze [ -1,3-linked xylooligosaccharides to D-xylose, from a marine bacterium Vibrio sp. strain
XY-214%. Furthermore, we have found that an operon encoding a putative maltose o-acetyltransferase and

an aldehyde reductase (AlrA) genes, is located between the xlo4 gene and a /-1,3-xylanase gene (ixy4).
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We deduced that these genes might be concerning in xylose metabolism. In this paper, we describe the

characterization of AlrA from the strain XY-214 expressed in Escherichia coli.

Materials and Methods

Materials.
p-Nitrobenzaldehyde was obtained from Nacalai Tesque. The other chemicals were commercial special

grade products from Wako Pure Chemical Industries.

Bacterial strains, plasmids and culture conditions.

Vibrio sp. strain XY-214 isolated from seaweed was grown as described previously” and used as the
source of chromosomal DNA. E. coli XL1-Blue (Stratagene) and E. coli BL21 (DE3) (Novagen) were used
as the hosts for derivative of pCold TF DNA (Takara, Kyoto, Japan). All E. coli strains were grown in
Luria-Bertani (LB) medium supplemented with ampicillin (100 g ml™') when required.

Amplification of the alr4 gene and construction of expression plasmid.

Chromosomal DNA from Vibrio sp. strain XY-214 was isolated by the method of Saito et al."”. Plasmid
DNA was purified with the Wizard Plus miniprep DNA purification system (Promega). Agarose gel
electrophoresis, transformation of E. coli, and ligation were done as described by Sambrook et al.'"”. The
open reading frame of alrA gene was amplified from Vibrio sp. strain XY-214 genomic DNA with a
combination of two synthetic oligonucleotide primers; primer 1 containing a Nde I recognition sequence,
5-GGCATTCCATATGTCTAACATTACCGAT-3’, and primer 2 containing a Xho I recognition
sequence, 5-TATACTCGAGTTAAGCGACAGGTTCATCCC-3". The amplified DNA fragment was
digested with Nde I and Xho I, and ligated into a pCold TF DNA vector linearized with the same enzymes
to construct alr4/pCold TF. The absence of undesired mutation in the amplified DNA fragment was
verified by DNA sequencing. The plasmid, which provide the recombinant protein fused with a six-His tag
and a Trigger Factor (TF) at the N-terminal, was transformed into E. coli BL21 (DE3) competent cells
and used for the production of the rAlrA.

DNA sequencing and bioinformatics approaches.

Nucleotide sequence analysis of the DNA fragment inserted into the vector was carried out on a
Beckman CEQ2000XL sequencer (Beckman Coulter) using a GenomeLab™ DTCS-Quick Start Kit.
Oligonucleotide primers designed on the basis of the known sequence were also used for DNA sequencing.
The nucleotide sequence data were analyzed with GENETIX-WIN computer software (Software
Development, Tokyo). Similarity searches were performed using the basic local alignment search tool
algorithm at the National Center for Biotechnology Information Server'”. Molecular masses of
polypeptide products were estimated using the peptide mass tool at the ExPASy server of the Swiss

Institute of Bioinformatics'”.

Expression and purification of rAlrA.

E. coli BL21 (DE3) transformants carrying alrd/pCold TF were cultivated at 37°C in 800 ml of LB
medium in the presence of ampicillin (100 £g ml ). When the optical density at 600 nm of the culture
reached about 0.5, the temperature was changed to 15°C and isopropyl- 8 -D-galactopyranoside (IPTG)

was added to the culture to give a final concentration of 1 mM for induction of gene expression. After an
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additional incubation of 20 h at 15°C, the cells harvested by centrifugation were suspended in binding
buffer (20 mM sodium phosphate, 0.5 M NaCl, 10 mM imidazole, pH 7.4), and disrupted on ice by
sonication. The supernatant of the cell lysate collected by centrifugation was applied to a HiTrap
chelating HP column (GE Healthcare) equilibrated with 20 mM sodium phosphate buffer (pH 7.4)
containing 0.5 M NaCl and 10 mM imidazole. After being washed with the same buffer, the column was
eluted with a linear gradient of imdazole (10 to 500 mM). After the removal of imidazole by dialysis
against 20 mM sodium phosphate buffer (pH 7.0), the purified protein was treated with thrombin protease
(10 units per mg of protein) at 19°C for 16 h to remove the TF and a six-His tag fused to its N-terminal.
To purify the recombinant AlrA from digested peptide fragments, the mixtures were again fractionated by
a HiTrap chelating HP column precharged with Ni’’, after the mixtures were dialyzed against binding
buffer (20 mM sodium phosphate, 0.5 M NaCl, 10 mM imidazole, pH 7.4). The eluted recombinant
protein was further purified with a 1 ml Resource Q column (GE Healthcare) according to the
manufacturer’s instructions, after the eluted solutions were dialyzed against 20 mM sodium phosphate

buffer (pH7.0). The final preparation of purified rAlrA was used in all of the experiments in this study.

Enzyme assays.

The activity of AlrA was determined spectrophotometrically by monitoring the decrease in absorbance
at 340 nm upon oxidation of NADPH at 25°C. Unless indicated otherwise, the AlrA assay mixture
(2.0 ml) for reduction contained 20 mM sodium phosphate (pH 7.0), 0.25mM NADPH, 1 mM
p-nitrobenzaldehyde, and enzyme solution (0.2 ml). The reaction was started by the addition of 0.5 ml of
substrate. To examine the substrate specificity of rAlrA, various substrates such as D-xylose, D-arabinose,
D-glucose, D-mannose, D-fructose, and D-maltose (all at 20mM) were used instead of

p-nitrobenzaldehyde.

SDS-PAGE.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a 12.5%

W After electrophoresis, the gel was stained with

polyacrylamide gel by the method of Laemmli
Coomassie brilliant blue R-250. A low molecular weight SDS calibration kit (GE Healthcare) was used

as a standard.

Results and Discussion

The alrA gene consisted of 975-bp nucleotides encoding a protein of 324 amino acids with a predicted
molecular weight of 36,367. The deduced amino acid sequence of AlrA was compared with other protein
sequences in the GenBank database. A high level of identity was found for proteins belonging to the AKR
superfamily. Identities among ALRs from Alcanivorax borkumensis SK2, Cyanothece sp. CCY0110, Salinibacter
ruber DSM 13855, Mus musculus, and Homo sapiens were 59, 52, 51, 46, and 4695, respectively. These
enzymes, which showed high similarities to AlrA of strain XY-214, belonged to family 1 of the AKR
superfamily (AKR1). It indicated that AlrA should be classified into the AKR1. Furthermore, the AlrA
exhibited the high similarities to the xylose reductases (identity percentages are in parentheses) from
Candida tropicalis (44%), Pichia guilliermondii (439), and Candida shehatae (43%), which have been
classified into AKR2. In general, the AKRs have greater similarity at their N-terminal regions than at
their C-terminal regions (Fig. 1). Structural models of human aldose reductase suggested that Tyr-49 acts

as the acid base catalyst and Asp-44, Lys-79, and His-112 play an important role in facilitating the hydride
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transfer™ . All four of these amino acid residues are conserved throughout the superfamily, including the
AlrA from Vibrio sp. strain XY-214. The tetra-amino acid motif IPKS is conserved among these
NADPH-dependent reductases, and the lysine residue in this motif is involved in NADPH binding” (Fig.
1). Although the motif is present in Vibrio sp. strain XY-214 AlrA, some amino acid residues were not
conserved around the motif. The purified enzyme was ascertained to be a single band on SDS-PAGE (Fig.
2). Tts relative molecular mass was estimated to be approximately 32 kDa. The molecular mass is in good
agreement with that deduced from the amino acid sequence (36,367 Da). Although the majority of known
AKRs are monomeric, and most xylose reductases function as noncooperative, tightly associated dimers
with a subunit molecular mass of 33 to 40 kDa™ ", the subunit structure of AlrA has not yet been
determined.

The Vibrio sp. strain XY-214 AlrA showed highest activity toward p-nitrobenzaldehyde (Fig. 3). The
high affinity of the enzyme for p-nitrobenzaldehyde is typical for all AKRs”'. On the other hand, AlrA did
not show any activity towards D-xylose, D-arabinose, D-glucose, D-mannose, D-fructose, and D-maltose
(all at 20 mM), typical substrates used to characterize aldose reductases of the AKR superfamily. These
results suggested that Vibrio sp. strain XY-214 AlrA is an aldehyde reductase of the AKR superfamily.
Although the operon encoding the alrA gene and a maltose o-acetyltransferase gene is located between the

f3-1,3-xylan utilization genes, it might not concern with the utilization of 5-1,3-xylan.

A.b-ALR :---METLTFENGDTI Sfeldlidc A p-cEVY NAVRSATE I {c SDVLSAGTVTR- 75
C.s-ALR :MEKTLT--LNNGNII- FSEP GRVRKNAV-KYBILS 'TE3FQENVVE- 75
H.s-ALR :MAASCVLLHTGQEM- WS EP GQVRKAAV-KYBLS L ' GNEFE KEDVGP GRAVE 78
M.m-ALR: MTASSVLLHTGQRM- [ SEP GQVRAAT-KHRLS e KESVGIGRAVE 78
V.s-AlrA :MSNITDIALQSGATI (LG JADEPGQTYEAVRS I 3 VDAMHD EEVTR~ 79

A

A.b-ALR
C.s-ALR 154
H.s-ALR L S L - : 155
M.m-ALR LN . s i A 155
V.s-AlrA s A : 155

151

A.b-ALR :TROI[E QUEIHE" T 231
C.s-ALR : VENIE E@IHI A 3 274
H.s-ALR :VQAL B ; s
M.m-ALR : VEAL] 233

V.s-AlrA :VEDLE 235
A.b-ALR :THEIBDRHRASE
C.s-ALR :IK KHQATT
H.s-ALR :vLALBEKYGRSP 19

LEQWLAAEELT LSDE@DRIDATR SMDKHRMVD G GFWAQPGIDYTY 311
L QERFEAQNIVLDVERDRIEQT R NWNONY INVD G SFFALPNISYTY 314
ILOMTRVFDFTF SP) IFQLNAMWNENWiEY— - — - —————————~—— 298

M.m-ALR : VLALBERHGRSP L I LT QVFDFTF SERERK QLD AMNK |- —— - ——————————— 298
V.s-AlrA : IQ3IBINEHSVTPERE VIR T QLPLNAQEVNLT TRNGAD IQKMDLNY B LAGEFWALEGIPYTL 315
A.b-ALR :ANLWDD-===== === mm—m e e 317
C.5-ALR :ESIWA---==== oo —m—mm e oo 319
H.s-ALR :---IV--PMLTVDGKRVPRDAGHPLYEFNDPY 325
M.m-ALR : ---IV--PMITVDGKRVPRDAGHPLYP FNDPY 325
V.s-AlrA :ENLWDEPVA-——-—————————————— 324

Fig. 1. Comparison of the deduced amino acid sequences of aldehyde reductases,
The sequences of ALR from Alcanivorax borkumensis SK2 (A.b-ALR),Cyanothece
sp. CCYO0110 (Cs-ALR), Homo sapiens (H.s-ALR), Mus musculus (M.m-ALR),
and Vibrio sp. strain XY-214 (V.s-AlrA) are aligned. The amino acid residues
conserved in the five sequences are highlighted. The putative active site
residues are indicated by triangles. Dots represent the predicted NADPH-

binding motifs, IPKS.
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Fig. 2. SDS-PAGE of the rAlrA.
Lane M, standard markers; lane 1, rAlrA fused with a Trigger Factor (TF) and
a six-His tag which was purified with HiTrap chelating HP column; lane 2,
rAlrA which was purified with HiTrap chelating and Resource QQ columns after
the removal of a TF and a six-His tag by thrombin protease.
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Fig. 3. The NADPH-dependent reduction of various carbonyl compounds by rAlrA.
The purified enzyme was assayed in the standard assay condition for reduction
with various substrates. Each value represents the mean of triplicate measure-

ments.
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JEEHE Vibrio sp. XY-214 #EH3E
Z7IWFERLY VS —FORBEEMEE

Ak =0 WA RS
SRR R TR

C:3 #

HEPEHITE Vibrio sp. XY-214 kD 5 B-1,3-F ¥ 5+ —¥BIGT (wd) & B-1,3-F oy ¥ —Hilifn
F (xlod) DFNICHRIBET AMETNVTE KLY 7 5 —¥RBIET (@hd) 2#r7o—=27 Lk, ard BiE
Fid, 34 T VEBBHEAEI-FT2 955 EEMOA—T L) =T VTV LOBRENTED,
ZOBRY v BOWES TR 36,367 Da THoToo KTIATFERNLY V7 —+¥ (ArA) &, %
DT I JBERFINSTINVREA MLy 5 —+F (AKR) Z—/3—7 7 3 ) —iZHEhic, abd i+
% pCold TF DNANXRZYZ ¥ —iz#7r7u—=r7 L, KEE BL2D) IZB8WTHBZ S v X7 HER
BB S H 7, HBAK AA (AIrA) O N K& hicw]ig{b s 7 Tdh % Trigger Factor (TF)
BLUERF Y 72 ba v E L DY L, Z D% HiTrap chelating HP /7 7 1 & Resource Q
H5LERNT rAIrA ZFEBL U 72, AlTA I p-— bR U XTIV TF B Nt U TEERE2R Lo,
D-#3vo0—ZX$D-7T5E/)—Z, D-YVa—X, D/ —X, D-7)IV7 b—Z, D-=)Lb—2Z (&
WIEE 20mM) REOEBFITRMEMLEL -/, IO DEEMNS, Vibrio sp. XY-214 BRHIE AlrA
MAKR Z— =7 7 3 —IZBTA3TNTERNLVLY 77 —FETH DI EIREENTI,



